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ABSTRACT

This study investigates t he dbersacknet vsadn sdaart i s0)

structur al heal th monitoringthofodaghi gukeercraptk
(FOSswith a focus on deaeeasnprnaodiia b ic @ouaeke kiyo st
bending loifmiFtGSSomhsni ng experi ment al testing,
theoretical validation, ®bhackeseamowoohi gdemahsbn

i mi taft i B®S s aeamagb-imoymsi ve strain meat@acemsst s

regi ons. Laboratory experiments confirmed the
a®.2mm, with measur ablie cdptaimednalgyhoft ibidemwmi ¢ A2
bracket . FEA simulations isolated strain var.i

stiffeners, revealing #drsacke@n &% oai . d minf er a
and. D or O0.2mm cracks-29 a®ain-8c%.Mhda atespeicnti vely
strain subtraction met hodaeilnodguyc eedf fsetcriaia Vneslt ¢ drdoir
effects, enabling targeted assessments of str
Ti me Domain Anal ysirselti eadolHreol dbigsyt rarbsudreadd st r aj
protecting sensors from arexdla ndaebtad dtdigonavges. c O

t hrough FitniAneal Flsé me nsi-snudlad i ghsdern rhawddl s, (o
adapt abtine tfyi eflod aTphpelsiec aftiinodnisngs c-ol deke¢et veengs
system aasddaiftooobndet ecting cracks in traditiona
overcbmberg omptindi sgndsomitati ons and enhancing
precise, |l ocalized monitoring.

A comprehensive case study on a steel bridge
capabil ity acket heseepbsor sys-tesolfwtri ccrondti malioru st
specificakrytinafastgtéenedck edje toemst.i Anictoms e s |
was established from controlled | aboratory r ej
instrumentation. The proposed crack detection

and enhancedsé®yngigeaeahnipgoee to compensate fo
noi se, was success$falabya. valithaotugd a@aiancstti ve

during moni t osrhiongeed ¢ ihtei wiytsyt eamand r obusthadedin
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strain signals from normalossruThesalr andl| tes v
foundation for future deployments aimed at e i

structural safety, maintenance prioritization
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The foundation for this research was establis
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Thomson (Concept B), and Dr. Bai dar Bakht (Co
shaped the woré&cfrom ohet busset.

Building on these foundational ideas, my orig
a fully reali-bedckhett sdhaocmteed om&km.t he det ail e
model ing, fabrication, | aboratory validati on,
of field condiTthiroomsyrt seihpde e Al bnaegnutss. asnidmu li,anti it cen se
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Il n addition, I devel oped and i mplement-ed a s
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al so intelgraclkeat twietpidi strspeaetieefli ¢abley oDipt owg
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This thesis provides comprehensi vier ggak dtel s ears

system in structural heal th monitoring. |t 0 1
detection in steel Dbridgese therebyaatdvanotuneg
transforming the initial conceptual ideas of I
fieleadady system, this work makes a substanti v
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CHAPTER 1: I NTRODUCTI ON

1. GENERAL BACKGROUND

Bridges are critical infrastructure component ¢

net work and economic system. They facilitate t

an essreonltel ailln connecting communities and suppo

of bridge structures, steel girder bridges

approxi mat eslhyr40 % naf bmeeilddiguens swpoarn d wiu dndod r A hse sgen i
structures wer ¢ heo e xdaonmssti iv@ottiueord nHhe, 1WHIOcsh s
rapi d infrastructure development across Nort
Conseqmanoytlhyese bri dges are now approaching or
servi(cMufltiifeet al. 2011; Raeisi et al. 2018)

The aging procads dfoo flarpvbgearsdti ya l dedpmgaamci es
i nadequate structur al strengt h, damage resul
f or maotfi ofnati guaededin @dln dioausmndati on integrity. A
formation and propagation of crSackesd ign rdteaesl,
of web plates with welded flanges, are key ¢
suscepfiabli gueocrfacakctfuoremati on. These cracks of
stresses and cyclic | oading caused by truck t

prevdiel ti mely deaeksiiosn paramobnt to prevent

and

A
fre

co

=]

wh i
ar e
i nc

ma k

mitigate the as(sPaeiastie detecaolnon?2iOcl9%)mpact s

particularly problematic aeedsitodlfeneels, b wihdg

guently a source of cracks due to the wel
nections at stiffeners introduce residual
ch can serve atsi gwma tdraadlosn. phi midise €oarf & @acdc
common in these areas because the stiffen
reasi ngotfherlaickelfiomonad i on and propagati on
es the monitoring of stiffener regions es

egrity of steel bridges (Russo et al. 2016

N



Traditionally, bridge condition assessments h
codified in standards such as (@GWBE@mwadi aan HIL
However, this approach is fraught with | imitat
restricted access to certain structural compo:
nherent difficulty ikis iwvieshotaéfdyyienrg stnhael It ifrmeet i

sual i nspricdgenst il eavesed unmonitored, dur i
wanted Tonddtdresas. these shortcomings, the I

structive evaluation techniques, including

trasonic inspections. While these amet lodd = no

ostly and are typically performed at discret

O cc o c <
® S

row undetected be{Raesdmnetildsip.ec20 on peri ods

response topetrheodeont pabbesgesds,ruct S&HM) He al

—

N O O Qo
o ®©o 9 < ®d® S
— (@)

hni ques have emerged as a promising alter

Q

ntitattivme amgls asesarhent s of structur al integ
egorized into discrete moni toar isnhgorsy d toenmgs ,
sor s, and distributed monitorFIOSgMesflytsit eens, a
1)

= 35

Recent research has made significant strides
for bridge structures. A successful experi ment
explored the use of var i ocutsa tscegnaseokrs monn isttoereiln gg
study found that continuous monitoniDiFgaS9e/ st em
among the most eff edtnidwe ewla ys atck sd @ tne ogti rfdaetrisg
to note hbdthabia memitation wvertcaoddtbiareg scr a
et al.. 2011)

The timely detection of cracks is paramount tc
associated economic i mpacts. As such, t he d
monitoring techniques represéemeeaioagitwcah ah
to significantly enhanceftédetisvadmedasys dfongewvd
managdgmeaurftt2). 200



This thesis aims to contribute to this field
monitoring, with a particular focus on steel

analysis and expearsiedm&ktadyv avoodk htehte s hacteack de

and structural health assessment, ultimately
sustainable transportation i nfr aBstarcikkeettursey/.stSpm
bersed asgssas DoTFfSEMARTOPFEOS ai med at reducing the
neaertsitecdlf eners where crack detection is | i mi

potenti aBr aocfk etthecrPalck sensor to achieve simila

which can reliably detect cracksomssnabtddredd ai
' i mitations i n current monitoring techni ques
assessment of bridge structural heal t h.

Wel ded
Stiffe

St &Get d

DF OB
unatt a
area

DFO S

Locati
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crack

Figure 1.1: Steel gi FOBrcwindntwerharidt agriiifd esnyes



1. RROBLEM DEFI NI TI1 ON

The monitoring of Dbridge structures has advan
effeicdetvecti-ngdiiaedgueacks in steel girder s. |
technol ogy i s irted idareddyk 94 i tt tya & rofs idddesh| e dheea resn,ds o f
which are particularly prone to crack initiat]
di scontinuities from welding, and stress congc
repeated |l oading cycles (Rass®dO®lse ahatkadbeéd

sti f,feinteaterwemMdmamintes-186xteoadeagh58i de of the

in Figure 1.1. In addition, the unattached poi
surrounding structure in these r egilondsamamgaeki I
These |l imitations raise concerns about the rel
safety and structur al integrity of steel brid

1. dETHODOLOGY

The Bracket Fatigue Sensor -swialgle unredsetrignog ap r oo
i ts effectiveness and r eliind Wielail tgyn. scdomegcetpiio M

ex per iwelnitdditniotne el e(nfFeE&t) aarkeaelto/pssi €sms la @b o roant, or vy

val i daantd dfFriEA ad i mul atisemsotr o bphadicopr e scemncae of
| arsgeglierr #ach stage is designed to progressiyv
perfor mance, beginning with <collaborative de

constraints, advancilnagbdrhatoargyl tdagtmtmddrmod el n
FEAi mul ations. This systematic approach all ow
the sensor.60s capabilities

An additional chapteoaf wa |Hr ipdgees einnto UMalngi atsoebaps, tt
instrumentation procedur e, data collection me
met hodol ogy, pumomderds ngmymadissggoat afi el d depl oy me

evaluati on.



1. 3DéasiCgmc &pt ecti on

I'n the initial phase of this research, t he
coll aboratiwd hki pPpawgicaing eam, | badichgtt ast hée
promising concept for the Bracket Crack Sensdc
theoretical considerations and practical i np
anticipated performance. Materi al selection w

made manufacturingmcwaabichiosieas .f oAl unhien i ni t
availability, ease of fabrication, and suitahb
considered for its superior mechani cal and t
avai lmamlud acturing setup necessitated the us ¢

devel opment and testing.

At t hitsh rpeteamget,ri ¢ concepts, il lustrated in Fi -

Fi gl eBraakaktsGancAapt



Omega Bracket

Stiffener

Fi gl eBraakakts@ancBpt

Fi gl4d e Br @aalksktsGancéE€pt

The-bPacket was advanced to experimental test
di scussions. The subsequent stages of the re
experi ment al i nvestigation usiomgewalsypaetca awh ete

chosen bracket geometry angc amaet etre satl i nagr,e aonpdt
simulation to predict tshcealsee nsstoereds gpierrdfeorr nmaintch



1. 3E2peri Mahtdhti on

The most pr owmdasseilnegc tceodn cfeoprt manuf acturing and s
using specialized apparatus. This expgaugnent al
sensé&R200RlI Tokyo Sokki Kenkyigjaa)g,e amnd |la mmeiacsruor ne
opening signal Ssimul ated by the micrometer. l
applied to split the hinged plates at the hin

crack width.

This experiment al setup offers several advant
mi crometer enables precise control over crack

sensor performance across lal eedangreviorfonammeard k es

experiments are highly reproducible, making it
trials. Additionally, the versatility of the
crack sensdmrsa, nsuwyahlhigas, smaking it a valuabl

assessment .

1.3La@bor &abrgation

Tle | aboratorny o ari@sdaat i dne el -ébxeiasnmt iwig Rhe paa opkr eat

created by <cutting through the flange 1into
subsequently rewelding. A poisimpand otaad iimrsd wlmela e
in the rewelded region. The actuator | oad 1is
crack, moniitme edsimgraalPl Gauge readout unit 1
Concurrently, a Brillouin Optical Ti me Domair
cali brated to capture distributed strain dat a,

|l ocali zed strains for ¢ onpBA ipsroendiwittiho nbsot hB eFaOr

continuously monitored throughout the test.



1. 3FEA Si mul ati ons

FEA i s employed at two key stages in the resea

t he chmrseanketi geometry and aluminum materi al

such as elasticity, ther mals enxepdnsaisont,heanidntceor
the aluminum bracket and steel girders. This
initial design choices, assesses their impact
|l omgegrm duyabialhd identifies potenti al opportu

modi fications to bracket thickness or the cons

Second, af-seal Eabesttongy FEA simul ation-s are

bracket sensor would pearcfadremswhken igngtdaelrl evd td

These simulations allow farespenaiel ad amalcyks ii:
propagation under realistic | oading scenarios
crack opening displacement, -amac kete dderseirgan | i re
structurali hgaappl moatiitomns.

By combining digital model ing with physical t
scale | aboratory experiments, this methodol og
desi gn, sensitivity, and reétméibtiilony, uadrtr ivia

devel opment of more accurate and dependabl e s

1.3Chse Study

This case study focuses on t hber acd&plt oysmeennsto r a i
integrated with distributed fiber optic sensi
The purpose is to bridge the igagd WKdteweae naplpdh
assessing how the sensworr|sdy sctoenmd i pt @ rofnosr nasn du nodpeel

A key objective of the field trial I's to estab
evaluat-bngsclkemsopi systemdbs installation and pe
The field trial systemati cal | ybreavcakl eutat seesn st ohre
focusing on the practical chall enges of mount



under operational conditions. Sensor signal gl

nor mal bridge use, enabling the est abpriosnheme nt
regions. These basel i ner enfeearseunrceemepnotisn tsse rfvoer aisd
indicative of Il nci pi ent cracking. Further mor

met hodol ogy btyi mer ad aytza ncgo Irleeadt ed from the brid
systembs sefifrecdetveamteisng crack activity wunder
environment al conditions experienced in the f

model s and practical application.

1. 8COPE OF RESEARCH

This research propoC asckridamsr asbhaoDEOSe fBddthes
curtemitations in crack detmsdenByn imeargrati nfge
Crack wWietnlsDoFrp t he stmidyi mnzeat ¢ ot abl e regi ons
wheec @n v e nctriaocnka | dreett ehcotdisoma rt e d . Furthermaessesst he
whet her tCha6&eBrsaocctkleean usedawi alc hDE®@8, per f or man
to that of the DitFedsho SMARAaphb i s capalalse of

smaa®d. 2 immtdfRo c tneksd@ver Al $§, i hvestiogat aloutahtfeioncqu s
effectiveness of this combined appradacéandéinngn

SHM syst emsbrtiod giempsracveet y .

1. BESEARCH OBJECTI VES
Proposed study investigates and evaluates the

T To develop and validate an innovative Br ac

mu lsttiage testing process.

T To manufacture and test t he mo s t promi si

experi mental apparatus.

T To condschl katgbdor at or yymetaédn dapamnstteaslt sbe.

the sensorodés performance under realistic |

0]



To

compare and correlate data from multipl

Crack Sgmasas@®S Bnd Strain Gauges, validatir

reliability.

Tanal yze the relationship between applied
range of detection.

To evaluate the reproducibility and consi st
across repeated tests and varying conditio
To empl oy FEA simulations bosskcate pgiediect
presence of cracks and to retrosplkcackety
geometry and aluminum materi al wahseropddsamadgr
and material optimization.

To assess ftdre iprottddg@r aBailancgk e t C8 HbBky s§ eemssqg r
considering its, pduwrcahbiclailt ya pgrd calbiilliittyy t o
stiffeners

To develop a crack detection methodol ogy |
objective, automated detection and monitotl
through the establishment and validation o
To contribute to the devree borpdateldet p 8adfd arbd ree
technol ogies through the comprehensive eva
Sensor design.

N M



CHAPTER 2: LI TERATURE REVI EW

2. AINTRODUCTI ON

This chapter presents a compr elsélis iwy e hr eavipawt
focus on its application in bridge structures
understanding the curwlinlte sdlag® addiSéHdMsit eg hinlo d

met hods to monitor cracks in steel girders

The chapter begins by exploring the fundament
and key principles. It then delves into the t

devel opment and examining egmeardgvianngc etneecnhtnso liong it

A significant portion of the review is dedica
with a special emphasi s dmOSs@dhsoreveelwnoclrogi e
the capabilities and | imitations of wvarious
highlights the unique advantages and chall eng
The <chapter al so explores different met hods
advanced technologies sunheaselrBécéni ngdvane
trends in SHM are discussed, encompassing tec
sustainability considerations.

Speci al attention is given to BOTDA, a key t
review examines the principles of BOTDA, i ts

this area.

Further more, this chapter includes an invest
determine the most appropriate tool for our r
such as accuracy, c ofmpiue rad |i iomepdast ,é od il & it ¢ n awy ,t hu
integration. By assessing popul,asuchHEAs sBAP %A/
ETABS, STAAD Pr o, Aba,quiatiendAgNBiYdBe raengde art hlearss i

these options and maekn nsge liencftoirnnge ds odfetcw asri eo nfso rw

NN



Finally, the chapter FEAMdl udess rwilteh i aan SHWMe r v ina

of various software tools used in civil engin
By synthesizing current knowledge, identifyin:
review aims to contextualize the research que

framework for the subsequent chapters.

2. QL VSO RUCTURAL HEALTH MONI TORI NG

2.2Définition and Distinction of Civil Struct
Civil Structural Health Monitoring (CSHM) is |
analyzing the integrity ansducphe rafso rbnraindcgee so,f bcuii
and t,onveel $s heir service | ife. The primary obj
mai ntenance, and extend the | ifespan of these

on damage, deterior gtMudn,i arndabirhomealn RORaAViI o

Whil e the core principles of SHM apply across

several i mportant ways

Aerospace SHMIored to aircraft and spacecraft
dynami c, and subject to extreme operational
aerospace empmasdrzagnosbl cs, fmitnigmeal csemncsko rd e
(Farrar and Worden 2006)

Mechani cfad c uSHM on machinery and rotating ec
mi sal i gnment, i mbal ance, and wear. Monitoring
l ubricant monitoring, with an emphagpkesabhoimpale
downt(iFrme r ar and Worden 2006)

Civil SHM, in costalkhset,stddresaeyg $s$trgetures ¢
and temm degradation processes | i ke corrosior
complexity and scale of ci vsitlr uicrt fi roans tnautcet ruir ael

chall enges of sensor deployment and maintenan

Z
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consequences of failure, including pu(bMufct isaf e
and Thomson 2024)

Il n summary, CSHM is wuniquely dhareact eamidz esda lieyt
infrastructure, requiring robust, scal able, a

engineering context.

2. 2FAndament al s of SHM

SHM s a comprehensive process that i nvol ves ¢
over ti me. The SHM process can be broken dow
acquisition, pr-ma&sagng, and deci sion

2.2.2. 0ODverview of the SHM Process

SensThmg first step in SHM involves the depl oy
parameters. These sensors c¢anFQOS canudd eo tahcecre | cee
capabl e of measuring physic@Faguant anmncil ee mceé mt

selection and plfawcredremaentod!f seatsiove momit ori ng.

Data ac@Qucei sensors are in place, data acqui si
dat a. This involves converting analog signal s
acquisition hafdwacéd amdT e hd a@t®a0&adc qui si ti on
reliable and capable of handling | arge vol ume

ProcesTdhienq@acquired data undergoes processing tc
often involves signal processing techniques,
algorithms to i dentifyWohdergeandnMadhecans idmd@ 7
include noise reduction, data normalizati on,

met hods.

NO



Deci gna&mige f i nal stage involves interpreting
deci sions about the structure's health. Thi s

recommendations for maintenance(Boowmpokncamp

2.2.2.KRey PrindiMples of S

The key principles of structural heal th monit
to ensuring the safety and | ongevity of critdi
detection, which entails 1 dtemitn fai saigr aatyu rde ma
deviations from its nor mal behavior, of ten tt
patterns (Sohn et al. 2003). Once damage i s de
systems work ftcospepi hpaeaiant omhefptéee damage with
sensor data fusion and advanced signal pr o
Quantification is equally important, as it ir
deted damage to assess its impact on the stru
is prognosis, which focuses on predicting the
useful l i fe, and f or ecastriargg nmo the rsttioali cfad i Idwart
assessments, and predictivBy modeeé¢gmnat i( Farrhes
and principles, SHM provides a comprehensive
enhancing safety, and optimizing maintenance
2.2T8chnol ogi cal Evol uti on

The technol ogi cal evolution of SHM has been c
decades. I nitially, SHM systems relied primar
collection, as described byonwufitnivoeltv ead .b a(s2i0c2
data |l oggers that provided only fundamental st

sophisticated sensing devices such as strain
greatly enhancicnogmptrheeh eancsci wreanceys sanodf data col | e
Mufti et al. 2011).

NI



A major milestone occurred in the early 2000s

enabl ¢4d meeadlata coll ection and transmission, t
of monitoring systems. Th(el oiTn)t etgercahtniool no goife sl nftu
these capabilities by allowing seamless conne
2020) .

Il n recent year s, the field has experienced
technol ogies. Artificial intelligence (Al) an
| arge volumes of structur al daeati dmciahdt gtrie
mai ntenance (Pulse 1 oT Technologies 2024). | o
strain gauges, provide continuous monitoring :

rebar or cracks 2i0nd4dondMoetee n( ¥eenstoralt echnol oc¢
greater precision, reduced si ze, enhanced dur
optic sensors becoming essenti al due to their
i nterence (Rakha and Gorodetsky 2018).

The adoption of drone and robotic inspections
and more effici &mprteacehs paerceiaasl I(ySeion ehtarad . 2016)
mat er i alsse nasnidn gs esltfr uct ur ebsi liist i eexsp anodri nign ttehger ap ¢
(Smart Structures 2024; Nati onal | ns tvriuwnmeunatl s

model s continuousgli yneupgddattdedie swi drmgirneeadr s wi t h
simul ati on alnysisx e(nlaaii oetanal . 2023) .

The convergence of these emerging technologie
efficient SHM systems. As the discipline <con
i ntegrat dan,v e an-odaeksilinsgi oamr e expecgkd bt pll ayoli
safeguarding and extending the |lifespan of cr
Smart Structures 2024).

NP



2. BETHODS AND TECHNI QUES I N SHM
2.3Sénsor Technol ogi es

SHMempl oys a variety of sensor technol ogi es
structures. The most used sensofrOSIi Eacbhdeyper
sensor has wunique capabilities and | imitation
S HM.

2.3. 1. IThRMosCommoSsensors in SHM

The most common sensors used in SHM offer dis
are widely wuwtilized to measure the deformati c
making them ideal for statss armpd |sitcraaiino nnse a shuart
strain gauges provide accurate | ocalized dat a

conditions such as temperature changes and moi
(Glisic 2022).

Accel erometers, on the other hand, are esser
acceleration forces acting on a structure. T
vi brations resulting froit  eafafcice, ewiomat eos P
understanding of a sthegtcanedbdbedypynamiectbehavhise

cali brated for specific monitoring scenarios

Acoustic and wultrasonic sensors detect struc:
making them valuable for both surface and sub
Ul trasoni c sfernespuen eynigo thn @ wtaevrersa It hcha f e etf 4 escu
voi ds, and del aminati on, providing precise th
and steel el ement s. Acoustic -emegsemMay SENSOF S
generated by actdsvieoncr accrk ngatoemtihd I moaidlet eet i e
damage initiation and progression. These sens:

require sophisticated signal processingsto di s

N Z



and are typically limited t@arkacaloWaedgmoniat
2003)

Fiber optic sensors have gained popularity i
i nt er ftereeinrgkt wei gihdhi landy tthoe be embedded di r ¢
Al t hough FOS are still relatively rare in pra
their advantages become more widely recogni ze

caeteéct a range of parameters, including stra
and spati dlheiesal sttiroduted sensing capabiliti
|l ong distances, of fering comprehensive data t

(Roctest n.d.).

Video and camera based systems, including inf
non contact, real time visual il nspection and
al . 2022) . Thwiseelsyyspaimsedarwi t h mashche ag$ea
convolutional neural ,het waunk®s mandd demapgd epr a
real time detection, |l ocalization, and quant:.
damage across | arge maseasapHugé sesbdbhuoti dref ec
identify subsurface issues | i ke delamination

These vision based approaches enabl e remot e,

Il ighting, gchlte,aranldi nceo nopfutsait i on al resources for
et al. 2022).

The Pi gauge is a Pi shaped Fdigs ptelaaZe miehe a s wimr €
crack opening width or smal | relative displ a
converting mechanical movement into an electr
a spring type arch. | n ybpriicdag e ya pspulrifcaactei obnosn,d etc
fixed across a crack or joint |ine on concret
width or panel t me plamaedi ma,p iumdleudisreg vtir af f i c
device is widely wused in field and | oad test
prestressed concrete girders, segment al box
quaati ¢ e, repeatabl e measurements that I i nk

NT



indicators (Tokyo Measuring Instruments Labo
Services CookydatMWMea20O0Rilng I nstrumpnts Laborat

Fi gultRig 2uge

Wit hin SHM,ugteche sPicommonly adopted to monitor
concrete bridge component s, especially in pr.
where small crack openings and panel 9o mpanel

early fatigue related deterioration (Tokyo EI

Power Services Co. , Lt d. reports that a pi S
gauges, is used to monitbae bradigeopgnsngse pee
road bridges, enabling engineers to estimate

NY



and track aging related deterioration without
Co. , Ltd. -gabWLRdle .i sThsei miil arl'y applicable to st.c¢
mounted across welds, joints, or crack | ike g
fatigue | oading, al though its wuse ien sltne edo tthe
material -daypees ,sdrheedPias a practical, field ve
j oi nt monictubmairhg, i marctointroll ed experiments,

condition assessment programs.

Compared Wwrtakbkethespnsor system developed in t
i s t heatautglhee iRisel f functions a$®rabé&epriaBmy mee
harness that hosts a FOS to measuré@ratkatn
configuration, the bracket transfers | ocali ze
to the FOS, which records a distributed strai
spati al i nfooamtaitn wonu so vseegmaent of the stfructur e
gauge provides only a local, point based disp
it I's installed and does not supply continuot

Additionaldauyge yipmnstadl IPaAti ons in bridge heal't

toward intermittent or semi continuous monito
inspections), and themidedatacaguissireiten mesasaoaf e
true, l ong term continuous streaming. Many p
automated read outs, whereas modern FOS based
with di dteri mptted fsiensing (e.g., BOTDA) to en:
monitoring with high tempor al andasgpatial ar ev

established, field verified tool fdreedr &ak dvgiec
it is fundamentally a | ocal, point based sens
SHM, wher-brackE®8 @onfiguration is explicitly

l ong term monitoring of crack related strain

2.3.1. 2Zomparative Analysis of Sensor Capabil:

A comparative analysis reveal s t hat whil e st

measur ement s, they are | imited in their abild.i

N ®



Accel erometers excel in dynamic monitoring b
conditions and require escabksesiceveeager (Bans:i
2006) . Fi ber optic sensors reprrmacreintortihreg o@ft i
bridge girdsepan imrinkegdesumdue to their unigue ¢

capability spanning th2 ¢tablegjrothanageablté da
established Brilloanmal gsd sRayn sit@amdacaat-t eerfirmg
intensive Al/ ML pipelines required for video
without the thermal compensation errors commo.
Unl i kegasheo®r alternatives that demand hundreds
strain profiles detecting fatigue <c¢cracks and
expansion characteristics, of feringengsliotbyal a ss

confirmed by Table 2.1 (Farrar and Worden 2006
to monitor multiple parameters along a single
| arsgel e infrastructurey fiRoet ehtal Nenges $ ok
complexity and sensitivity to bending constr a

Tabl&€£odnplari son of common SHM sensor s

Sensor T|Monitor|{Spati al (Coverag|/Data Pro
Type compl exi

Strain G|ContinulLocal-crtamgpShort G Simpl e

Accel ero|ContinulLocal / Gl ¢Short GIModer at e

FOS (Dis|Continu/DistributLong Ga|Advanced
Di stri k m) Distrib
Vi deo / ContinuLocalkm)(cnArea balAl [/ ML

T C

Acoustic|Trigger|{Locatlm)(cnShort G|/Advanced
Ultrason|/Event
PiGauge Periodi|lLocal-ctiynnShort G|Simpl e

111
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2. 3FRber Optic Sensors

FOS epresentedge cuethnglogy in the field of S
properties of I|ight traveling through optical

tempemnatuséerain

2.3.2. 0Overview of FOS Technology and its Adval

FOProvi de sniugmeibfeinceafaitipsac @n t ensteinosnianlg t echnol og

smal | size and | ightweight nature allow for
significant mass or altering structur al i nteg
interference, makuesg themnsuroamkeeat S owher e ¢

compr omi se sensRorcteertT e Mk@iBlei tpy oowfi de di strib

capabilities enabl esnngcdrtei emndu g emad reintgd i rod a lh
ti me assessment of structur al conditions over
The SMARTape |1l sensor system, developed by R

di stributed straiSHMspmlsiingt itechnoTlhgysdmgi ng ¢
sinmgddeke optical fiber within a Glass Fiber R
matri x, providing superior mechani cal dur abi l
This senmoengllagd eboourmt esdurdmmcdc eembedded depl oy
demonstrating exceptivodelr madaxsursememtv i gtoabmelnit
optimized form factor and r obtuesrtm meemlamy mardt p
and geotechnical engineering applications, pal

conventiogalmesdwslol ogi es dgmMmRorcdtersat en.Idi.mi t ed

2.3.2.Pimitations of FOS

Despite the&iO8ldasbdweaenttaagens, i mitations. One sign
bending constraints; excessive bendMunfgtticah. | e
201 Additionally, whil e FOS technology is ver

111
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hi ndered by practical i ssues such as install
materials that <Wamagaf dPh.ct 2p8r f or mance

Il n concl Uifanre,s ewmhi Ireemar kabl e opportunities fo
their unique capabilities, addressing their |

in various structur al monitoring scenari os.

2. 3M8t hofdsData Coll ecti on

SHMntails observing and analysing a system co
its performance. These measurements help moni
characteristics of infrastructure including b

Predomi nant met hod of the performance measur e
visual inspectiowest Comprekbeneistengomand analy
when necessary to assess spethéigobabcaf gai ob
i nsight i nto the structure. Mor eover, contin
exceptional cases where the necessity for suc

systems or striuxdwes.s Ilwin tdhc &kmamwinos where repalil

or unfeasible in the i mmediate future, monit o
the stEadtowmey and Al ampalli 2012)

Vi sual i nspection has served as the primary
However, i n recent year s, there hasesheemrt ave

evaluation (NDE) techniques to supplement vis
girder, it induces a change in the | ocal str
propagation can generate an aonudthiesewawhe.noh
empl oying various typesgos$t daivinQSp achitgdd slc asne nlseo r
categorized as periodic moRaeiosrii neggt oal .c o2n(x 1i 8)u



2.3.3. PeriMdanictoring

Periodic inspection can be utilized through sce

Testing, Acoustic Emission, etc.

The heablrtildgef i's usually mofEtoboedepyanmndsAlaamp
Vi sual Il nayee ¢t iecm niosni cal solution to assess p
not require any spRaefbsc kestling264q8) pment

Damage assessment using SHM techniques are us

their @EEemewmnsy andSeAldearmaplallliimi2tOalt2i)oons whi ch m
in bridwer d aidademei el the | imitations are i n:
and acceRaebsil i.ety al . 2018)

The most traditional performance assessment r
traffic | oading. |l nspection | evels of out dat e

Bridge Design Code are not bhdégquafetihe o&st idoma
el ements. That can |l ead to recommendations fo
repairs i f eeosntdiinaitoend ,i sorunidnerc-estirmatedfi coaoadr
dangerous saérmySHBssestem®d can overcome i ss
of bridge condition. Mor eover, i nexpensi ve, a
serve both, to monitor structural healrtgherof tI
amount-spkecsite data that c(avufbtei ueste dalf.o r2 0olt8h)e.

According to Section 14 of the Canadian Hi ghw

bet ween visual i nspections must not exceed 214
of i nspection. The first | evelt, bl eNSiPrls p epcetretda i
accessibility challenges, such as hidden stru
including internal webs or voided slabs. The

the evaluator®oh alklQuiirediemgs,tworoughly docum

evaluatordés review. The third and most compr ¢
specifically direct the Iinspection of al | cri
substandard, ensuring a thorough assessment of

111
@)



While the code mandates that periods between
i mportant to note that this alone may not ade
primary objective of perfor mgmhe &S Fagameirbtu. |
case proposing addition ofSHMwW ICNSP4A&nitnd pme ctei
|l evel s of the bridge condition assessment arg
bridges. Resear cthheer sc ucrornecnitu deedf ttehpatrt el § aluinlr ietd y
cali bration methodology is significantly 1infl
manual I nspection procedures conducted by fie
assessmentNefw anNeSAPodr k. nspection | evel would reqg

el ectronic sensors, cont i(nMuofutsil yetmoanli.t o2r0iln8g) s

2.3.3.2onti Mooawsoring

There are several met hods SHMtiIi calhu didnags eyl 1y &

damage detebbased vensingidetection using diff.

One of the most common methods wutilized to mo
This method offers two approaches, direct and

gauge is applied directley ctractkhe mgeiarsduigri nsgu rt fhaec

or propagation of the crack wildl result I n
acquisition readout wunit. While this approach
measuremekt setectcoa¢ it requires a considera
areas This can |l ead to intricate wiring, a h

drives up the ovéRakl scoset af . ma@oil8dring

The indirect sensing method relies on strain
surface where the crack i s present. Il n this
flanges of the girder, monhaorithgseratctkain g:
directly applied to the surface with the crack
the ¢Raeééesi .et al. 2018)

Whil e strain gauges have proven reliability |

alternative solutions due to theiFOSawmetheéeé e omn

n



ut il igeM The prFriObBeil ples @i the transmission of
measure physicaldi gpam@tietmip@doassturcabi Thaesr e ar e di
mechani smEOBpewhiteh i ndlascidnrbgapsiheads eannsd-twseel e n g
met hB®@$an be intrinsic or extrinsic, with i nt
gauge, |l ong gauge, DRQSY ednpd toryiimwyt edd ffemrssants .me
practical for gteeaelcthbnigdgea mgigrede ms , monitorin
|l ength. Some of the most used methods of sens
Refl ectometr(yetamd nRQTRAd Al ampalli 2012)

2. 3Dd4ta Processing Techniques

Data processing techniques are essential in St
of meaningful information from vast amounts of

vol umes of heterogeneous dasanghaechrigguese

interpretation and decision support. This sec:
empl oyed in contemporary SHM data analysis
Statisti &ahtastl gal sanalysis forms the founda
met hods such as Principal ComponesstrArasl yaniad \y
to process vibration data and asseaeadfqimniguresctaur
particul arl yt eusrefnmuolniftor ilngng where historical
patterns and anomalies in strnuespomse behhmwt ioa
principal component analry sfiesathuavwe elxgaemcwi o @l
applications, enhancing system efficiency by
recognition (Wang et al. 2023).

Machine Meahnneg:!l earning has revolutionized
processing of | arge datasets to uncover comp
overl ook. I n SHM applications, machine | earni
da-teai ven damage diagnostics. Support Vector M.
classifiers ar e exampl es of machi ne l ear ni ng

framew

o

rks for detecting sesupuchodal mghemgaetin
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mai ntenance in infrastructure monitoring syst
accuracy in detecting structural damage usi ng¢
integrates a deep neur al net wenkawcehcPackcidp
and |l ocalization, using a reduced strain gauc¢

di mensional ity reduction and predictive model

ArtificialAritntfelcliiadenicret:el | i gence methodol ogi
extend beyond conventional machine | ear-ning f
making architectures capable of processing he
s ructural ass-dsbment SHResgntehkb integrate mac
and transfer | earning paradigms, enabling 1 mp
t hrougshc dlag gekat a analtytainsd oamda tdiiogni tf r amewor ks

algorithmic i mplementations encompass the com
advanced sensing technol ogi es, sophisticated
met hodolnadgi € e-ma ka og framewor ks. Toget her, t h
comprehensive structural assessment paradigm
Di gitabi gtiwianl: t wins offer an innovative appr
generating virtual models of physic-al metdatau

This technology enables engineerpetbosmamtat e

make i nformed decisions about maintenance or |
i ntegrate sensor data withtidmepdil @@mens tnigc snoare
of potentia$, senmhhancairay osvswal l efficiency an:
Newcastle University are deveiftopgnengtaudiagiraal
identification, using a virtual repléedactbosujy
with high accuracy (Wang et al. 2023).

These data processing technigues are transfor
enabl es mor e accur at e assessment s of structu

i mproved safety for critical infrastructure.

111
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2. RECENT ADVANCES AND TRENDS

2.4Té&chnol ogi cal l nnovations

SHMias experienced substanti al progress with 1
the I nternet of Things (l1oT), and big data a
systems wutilizing drones and riogppodat a Thmra lcyotm
transformed SHM methodol ogi es, facilitating
infrasWrubt Atreand | oT, SHM systems can now cC
all owing for i mmediate assessment of structur

anomal vy detection ar e mad e possi bl e t hrougt

i che i fi cation of potential i1issues before they
also facilitated by these innovations, enabl
proactively. Furthermore, thesdesehgpomeonesf a

has expanded the reach and safety efacicnesspse cotri i

hazardous areas without putting personnel at

Distributed fiber optic sensors have pl ayed
innovations. Their ability to provide continu
and vibration along the entiernet elde nsgptaht i cafl a ofv
resolution in monitoring civil infrastructure
subtl e changes and emerging issues owxagalveast
structures | i ke AgsildgeS taemdhnalnoey sbecomes mo
and autonomous inspection systems, it enabl es
s

olutions that significantly enhance the safe

2.4. 1. Redli Dat@ | | ectAncan yan s

| oéefnabl ed sensors embedded in structures cont
strain, temperatur e, and vibrattiome a@raley aaits n
advanced Al algorithms (Wangaetd Al . hae28)eadhs
the effectiveness of SHM systems, enabling mo

integrity. Strategically placed sensors provic

T



understanding of a structure's -tcioma@iits oassddhi
mai ntaining operational reliability, op-timal

time nature of this dat atmadklilnegct iGonnc ef accaipltiutraetc

IS transmitted to centr al processing uni ts
i mmedi ately. This rapid processing allows for
mi nor 1 ssues tfor osm gensicfailcaatnitngstirnuct ural fail ure

Distributed fiber opti e isrensdoartsa hcaov d erce vi oolnu tain

by enabling continuous monitoring over |l ong di
generate | arge volumes ofaldattiamet htaot cceannt rad tpl
where advanced Al algorithms analyze the infol
nature of DFOS ensures that even minor anomal
captured, p rcovmipd ieregnrds | avoecs leressisfmeat st ruct ur eds
capability suppmaksengi mebdy rdpcdsiremlsponse to
i mproving the &fifmectSIHMé Wesg eanfsSawkrad 26i2 3al . 20z
Al algorithms, particularly those based on mai
extensive datasets generated by |1 oT sensors.
trends that may not be apumndernstt athod i ujpnea nh eaanl at
performance of structures. Over ti me, as t hes
predictive capabilities, further enhancing th
(Abruzzese et al. 2024).

2.4.1. EnhanPa¢edRecnogni tAnomaleydcct i on

Mac hi

=]

e |l earning algorithms detecting subtl e
potenti al problems, facilitating early interv
a significan$HMmenabkemegt mbne proactive and a
Dee | earning models within machine | earning

obs

Y

data from numerous sensors and recognizing cor
ervers. These algorithms sdarmbl|lhbe ht raaibmesd | u
u

ctural Dbehavior, allowing them to identi f

111
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detection of anomalies that may indicate the ¢

corrosi on, or alterations in |l oad distributio

The early detectioas ®é&fndprioaneanitntadi npirnogb | tehmes i st
of structures. By identifying issues in their
intervene before minor problems escalate into

safety &dnmutl eaddsota significant cost savings by

repl acement of infrastructure (Muttillo et al
Mor eover, as these machine | earning models <co
their predictive capabilities, becoming incre

variations and genuine anomahaesesThhe adapali

and effectiveness of SHM systems, pkr noovw I del dngge s
for nhe&kdinsggegasdi ng infrastructure management a
2023) .

The <cont i nudoeunss ianyd dhaitggh provi ded by distribut
i mproves pattern recognition and anomaly dete
|l everage the detailed datasetd Ttooml BFOPBatbeit

may i ndi-ctad ge edhamage, such as crack initiati ol
capability ensures that no critical area 1 s
establish accurdatadelvasad¢eliiomss dmd sdemd@ances th

systems and supports proactive maf(Khahaocet it
201Mr esno V®l)ez et al. 2024

2.4. 1. BrediMatiinteenance

Alpowered systems can forecast potenti al fail
withtirmal conditions, facilitating the adoptio
al . 2023) . niTahiinst ei nnannocvea tanameh o ameh | wtairdnnadnesi d i ¢ o rail

inteltoganakyze extensive sensor and monitor.i

Sstructures

111
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By

det
fac
pro

war

continuous-tymandbhtyai agdreamparing it to hi

ect subtle signs of potenti al structur al

Ilitates a transition bDremmpbpeaceéef-&#ecoecnis ¢ aE
active maintenance model. Predictive algor
ning signs of equipment failure or structu

temper atluires ,anmmasitmeaeiscsatvarg att hatnsmi ght go un

i ns
The
var
i n
fai
t he
et
Di s
res
By
al g
s hi
sch
fra
(Sc

As
pr e
var
and
dec

al

pections (Muttillo et al. 2024).

i mpl eme-dt aveonpoédAtti ve maintenance has
i ous industries. Studies have demonstrated
operational expendit urMeosr eroevieart,e doyt o rmeaviemtted |
|l ures and optimizing maintenance schedul es
|l i fespan of critical-stienimrasstachabel asyeta
al 2023) .

tributed fiber optic sensors contribute to

olution deotavetrrat sylshewms Alo i dentify early
monitoring parameters vseucht ianse, s tDrFaGSn eanmad |

orithms to detect trends and forecast pote
ft from reactive or scheduled maintenance
edul es and hreediurctienggr add vtns .ofT DFOS data ir
mewor ks extends asset | ife and enhances th
ur o eNMutatli.l 2D 28t al . 2024) .

these machine | earning models continue to
dictive capabilities, becoming i ncreasing
iations and genuine anomalie®. oVikkiral ada gt i
effectiveness of SHM systems, providing s
i-md koinng regarding infrastructure management
2024) .
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2.4PAal i cy and Standards Devel opment

Il n Canada, the devel opme9dHMygbt pmsi csesrahnhdcal
effective i mpl ementati on and i ntegration i n
"Guidelines for Structural Heal th Monitoring,
2001, provides a fooumsHM pomalt i ceamawomnols sf t he
outline best practices for the design, i nst al

ensuring that st akeihtodrdestsr watnu redlf eicrtti evgerliyt ymo(

The emergence of these standards has had a si

technol ogi es. By establishing <clear protocol
uni formity in monitoring practipcoerst add¢roms sanwda
infrastructure. This consistency not only enh
public confidence in the safety and |l ongevity
Furthermore, the hguiadelpitn®esn efcownmagatti ve t ec
sensor networks and advanced data analytics.
ti me monitoring and data collection, which is
Caada 2001). As a resul t, stakehol ders can i
significant problems, thereby i mproving overa
The devel opment of the "Guidelines for Struct

involving researchers from across Canada wunde

figure in SHM research and DildadbtooratofonSleMBRe

gui del i nes addressed diverse regional chall e
di sciplines within civil engineering
The " Guidelines for Structural Heal th Monitor

practices within Canad®dd8nidheyvemghtas imnmad etrh el s
durability and accuracy of monitoring syste
met hodol ogi es for sensor placement, data coll

wi despread adopltog@inesofadcrHMs 4 e€Cdamadi an pr ovi nce

The i mpact extends beyond technical i mpl ement

devel opment by encouraging coll aboration bet

ON



government agencies. This coll aborative appro
infrastructure priorspeesfiwhi cbalaldemgssi sgcih
conditions common in Canada.

Mor eover, Mu f t i et al . (2018) proposed addi ni
existing three inspection | evels ou$dadtniean i ng t
Thi s proposed | NSP4 l nspection l evel emphas
technol ogies, significantly enhancing bridge
of bridge conditions. The aut horrastarrwateurteh agal
addressing |limitatiioos pmacuircesnt bridge eval
Additi ofQahkbydj anhéli ghway Bri dg@3)nbeésidgns QCoodei 6
structur al monitoring and maintenance of bric
guides the design, evaluation, ahd cebabrli t(:

2019). THe® CcsMHMeS@mphasi zes integrating SHM pr

safety and reliability.

2. 4S8stainability Considerations

SHNM s essential for promoting sustainable infr
of structures, optimizing mai nt enance strat e
| ncor pOHMtyishn@ms i nto i nfrhaedtprsu otrgraeni man a geame m
sustainability Umjttedi Wasj onsrclSuditagnabl e De"

(Encardi o. SRHIM esyXsQ 24ns-t dmé i dat areal structur al
proactive maintenance that optimizes resour Ce

reducing the need. for costly replacements

2. 4. 3. LifedpohgemeRets oaudpmd @ mi zati on

A significanfHMonsusbatmnami bfty is its capacit
of i nfrastructur e. SHM systems facilitate ong

from design and construct i penn atbol i-whpge daattiaare ca s d

O



making at each phase. Thi s i ntegration mi ni

unnecessary repairs, t hereby conserviegmmMmat e
reliability (AtaAamtanktxramel eal brP2@@éesF@Ad bui
provide immediate feegpradlormbooe whehoutst com
aesthetic or structur al integrity, ensuring

processes (Smart Structures 2024).

2. 4. 3. ExtenSirwviliciee RaddcEnvg r on hmepnatcat |

Anot her critical aspect of SHMés role in sus
i mpacts by extending the service |ife of i nf
deterioration, SHM systems atéeowheynwgeseat at &
probl ems, reducing the need fotepgteasrepares
only | owers greenhouse gas emi ssions associ at
natur al resourdes 20190 n gAdldliit i emahbl y, advanc
technol ogies have enabled SHM systems to har
vi brations, ensuring a sustainable energy sup
on conveetrggnabueces (Encardio Rite 2024).

Recent studi es have guanti fied t he environm
management . Raei si et al. (2021) demonstrated
techniques on steel girder bridgGs) ceam sssiipmisf
extending the service |ife of aging infrastru
extend the service |ife of a bridge by 5 to 1

with bridge reconst9lu7c%.i oFu rctahne rbmeo rree d uac ebdr obayd ¢
SHM across a fleet of structurally deficient
reductions. For exampl e, in the state of | owa
the setvie of 80% ofilde fyiecairesn,t thortiadg eGO bye nb

repl acemenytesarovpeerriaod20coul d be reduced by up t

i mportant role of SHM not only iimgi refnrva stornumnetr
sustainability by minimizing the carbon footp
et al. 2021).
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2. BRI LLOUI N OPTI CAL TI ME DOMAI N ANALYSI S
2.5PLinciples of BOTDA

BOTDA is a sophisticated distributed sensing

variations throughout an optical fiber by wusi

BOTDA i s based on the Brillowiustefcf e@gdhto,nowlse we

fiber materi al (Ettouney and Al ampalli 2012).
Pump Laser Area of

temperature event

‘ Temperature

..D monitoring
sensor

Pobe Laser
frequency unable)

Area whele strain
sensing cable is
elongated o
compressed

Strain /

monitoring
sensor

Fi guz e BDTDA sensing method (Omnisens 2009)

on



Ettouney and Al ampalll.i (2012) explained that
where 1 ight interacts with the vibrational W &
Sending a | aser pulse throughiamg, opvhical i fSi e
|l ocal temperature fluctuations or mechanical

in the frequesrmayatdfertelde | Brgihltl, owihn ch i s subseq
ascertain theatempaer at st eé nect $tocation al ong t

shown in 2he Figure 2.

According t20@mMIMniBreinlsl ouwicranf bheqexmpecyesshkridf tas

CEL

whemies refrasgdidpvet haedewayel engaits dfhet Hocmu mmcan

velocity, which changes due to the compressiyv
stresses. Abovementioned equation can be simp
U 0

wheAgies factor of satnHdas nn rrmgloritd manlalsttryai n

Because of direct relationship between Brillo
shipfictan be generalized to:
U O o Y

wheAres factor of tempeTiat Uroec agdr apemrpteirarn aulriet.y

Through examining the frequency shift of the

along the | ength of the fiber can be deter mir
strain profile of the fiber (Omnisens 2009).
The BOTDA met hod of fers sever al advantages
Compared to Brillouin Optical Time Domain Ref
spati al resol ution and greater me as er efnoern t
applications requiring precise |l ocalization o
measur ement range, attributed to the strong

OoP



significant benefit is its ability to simulta

for comprehensive monitoring in environments
The spati al resolution achievable with BOTDA |
which typically ranges from 0.1 meters to 2 me

to the specific requiremmhssehsd2008)yent SHM

2.5T@€chnical Capabilities and Performance of

The effectiveness of BOTDA in SHM depends on
these, accurate peak frequency determinati on
of strain and temperature melays,urementeprddung
measurements ensures BOTDAMD ng uiotra migl,i wyh i fl @r hili

resol uti on enabl e t he detection of subtl e al

capabilities debhihettyheapdepirsacotncalehviaaue of
applications.

A fundament al aspect of BOTDA is the accurate
which encodes the |l ocal strain and temperatur

shift is extracted by scalhnatingetthe drpymnengyl <
the Brillouin gain spectrum at each point alo
corresponding to the |l ocal Brillouin frequenc)

or advaakegrecgansing tecbnirgqguasi sunchThe precis

frequency determination is crucial, as it dir
temperature measurements, all owenggoebendsmatt
guantified (Nikles et al. 1997).

Another <critical performance parameter i s ref
t heir excell ent measur ement stability and re

typicall yelwndhiBmi NGouin frequeintlyi shN2t MHzpu
controlled conditions. This hight drememo mift orrei
applications, ensuring that BOTDA can consi st

o



which is wvital for tracking gradual structur

monitoring system (lIlnaudi and GIlisic 2006; Ba
Strain resolution is also a defining strength
as smag¢ iviash s®Ome advanced | aboratory setups a

eBuch high sensitivity emamde®lss .t hleoealril ze d eyt i

subtle deformations, providing engineers with
bef ore they escalate into major structural da
Spati al resolution, determined primarily by
BOTDA can |l ocalize <c¢changes along the fiber.

resolutions ranging from 0.1 m toed2t mail d€vipiul s e
pair technique, have pushed spati al resolutio
resolution is particularly valuable for detect

or stress concemttargensandespepil ak|l ¢gi vil stru

summary, the technical strengths of BOTDA,
cellent reproducibility, high strain resol ul
l i abl e tool for distriThesedcapahbhctutakshens

_‘
® d® X S

n provi de -tacrtm oinmdil ght 4 oinlgt o t he i ntegrity &

2. 5ABplications in SHM

BOTDA technology has become widely adopted i
di stri buted measurements over |l ong distances.

refall me strain measurements al ong stihvee eanstsi erses nse

than traditional poi nt sensor s -sacnadl emaikn fnrga sit tr
monitoring programs (Mufti et al. 2011). The t
it facilitates t hset rcad mt iannudo utse nidpeetreacttuiroen cohfan g
identification of |l eaks or structur al I ssues

BOTDA systems are employed to monitor sl ope st
2015)riMdiegibbuil ding monitoring is another area

oT



measure differential shortenings in columns a

creiennduced deformations across multiple floors

The benefits of BOTDA in SHM applicatimas in
monitoring, high spati al resolution, and meas
range sensing and ability twowmgdehecti bad | ecat
BOTDA systems do have some | imitations, such
fiber, increased system compl exity compared

measur ement erfremrsgbtedtwdetdyyro sctrrossisn and t emper at

These applications demonstrate the versatilit
SHM scenari os. As the technology &evolves, a
perfor mance, BOTDA is poised tosmplraywgan hencn
| ongevity, and efficiency of critical i nfrast

techniques and advanced data analysis method:s
SHM applications, unaer ac &reiyn gt oiotls iinmptohret afniwct

management and maintenance.

2. SBUMMARY

This chapter has presented a comprehensive r €

focus on its application to bridge structures
were outlined, emphasizing theaitmport guaataofi
prognosis in maintaining the safety and | onge
given to the use of FOS, which are becoming a
to their abiliedy, heisgoht ovi d@ ditstai hnhbmeasur emen
| oh@rm monitoring in challenging environments
By synthesizing current knowl edge, identi fyir
particularly in the area of crack detection

context and rationale foretBradkettl OCpameckhtSamdc

t hi s Tthhee sfiisnndi ngs underscore the growing i mpor

oY



the need for innovative sensing solutions and

SHM for bridge safety and reliability.

oo



CHAPTBEXPERI MENMPARARATUS

3.INTRODUCTI ON

This chapter describes a series of experiment :
to validate the pradebmrRaxzkee a@afnhdt e laoprnd mi ze
system settings for the FOSe whet lpearn mahg hbdmne

bracket functions effectively as a sensor har

FOS, ensuring accurate and reliable crack di
experimental met hotdiodalg yma dnetleigmroa,t epsr e chiesoer ei nst
validation. Through these experiments, the re
SHM applications in | ater stages of the proje

3.RPPARATUS EXPERI MENT WITH STRAI N GAUGES

The first section focuusseisngoai h hegaag ereejasiuir ®e X |
along thvalbdadckety t he HEA tshiinsuleaxtp eorni meenstu,l tsst.|

attached-bt ac&mrhde, iRi wi | | be subjected t o con
comprehensive assessment of iits mechanical pr
experiment al results align with computational

Sev grbalackets were hand( 3n@d4.e8 i mhR Wdnadi dmps, fle

t hroughout the research. I n the pppacaeuts was
selected because its |l arger size made it easi
version. The additional space all owed for a m
setup, enabling a taokeugd meckkasimealt prfopdareti

and the correliamenotnalb ertewseuvelnt se xapnedd FEA si mul at i

nM



3.2Egtperi mental Setup

The expeap preersattuilsp was specifically designed

measure the str-arackespaoanderotonheoPl ed condi

ThRibr acket, made of al umi num, was bonded to
adhe@irwaé di-1)e W lapparatus consisted of a pai
fl exhumagle, a micrometer to i ndtwaa geeo rstbh&I®lre d Pd
Tokyo Sokki Kenkyuj o) to monitor and quantif

apparatus a&arhroavmg EBheglot ei s

<>

Opening created by adjusting
micrometer to investigated crack width.

Strain gauge

Pi-gauge

Experimental apparatus consists of
two hinged steel plates, micrometer
and Pi-gauge.

12" Pi-Bracket glued on experimantal
apparatus centred to the simulated
crack opening.

Micrometer

FigBrle Experimental wapgmarsdtrwas nargraaimggement

The strain gauges werhatcioonmnaectlerds twl QahdwitdsaetsH | |
acquisition system, which recorded strain mea:

MN



ensured data collection for subsequent analys

pi-bracket, prmaugpenetaenrd DAQ sysBzZm, is shown in

DAQ
Pibr ack
Strain
Pigau

Experin
Appar at

Mi cr om

Fi g32 eComppetr € metialh ssetrtap n gauges

Seveanalai nwegadutgaecsh pid rtac ktehet o measure the stra
crack opehhing swwetdiugp ladd oaveejdd ctomeéarctb | openi ng wi
fram iO0mmpal O,.idymmncrements of 0. 1mm.

|
111



3.2.1. EEA Model

The model comprises a single part created as
sy mmetpr-brcaaclk et |, as il3BusThatenndeh &igureed al
properties, with a Young's modulus of 69000MPas

beam section with di mensions of 25.4 mm x 3.1

7
./.
:f’
‘:.
T R70.
85. AN
i SR V 310.
V 85. AN
R70. 4 4
|
:”f
.'/4
H - -

H 100.

H 240.

Fi g833 ellPiacket geome(tsrhyowdni nmenn smno)n s

The simulation consisted of four "static, gen
opening, followed by three steps correspondin
Boundary conditions were i mplemented at two |
the 100mm foot, a "Displacement boundary cond

excepddifrectxon displ acement .ndAatr yt hceXi®¥iMtW'no,n a
restricted disqyliaeememnmin alsowegdi hacx doma&n o oz .
Loading conditions were represented by displ a

increments.

no



| XSYMMSy mme {
\ boundary c

el | Di spl aceme

Fi g84 eBoundary conditions

The model was meshed with optimal part seedi ng
in 19 nodes. These B31 el ements in Abaqus ass:!

with a constant modul us, redgar cihbearsminanf b ¢ hai e
(Dasault Systemes 2012)

3.2.1.PiBracket Geometry

The-bPacket geometry was specifically designed
continuous fiber optic SMARTape sensors neatr
SMARTape sensor, effectively emiatdiagestt gt hdeF

| i mi tfaotri obnesndi ng

While the pmopasadd'desS3@®@h. 8mm) deep bracket, t
was 310mm due to I-madd agri odwscltinnotnt fagdrloycoensesa ¢ h |
geometry was proposed to have a radius of 50r
radius of 70mm, resulting in a width ompadoOar

mnn



note that the shape of the bracket may not
commercially, which could introduce some var.i

mo d e |

The-bPacket's unigue sh&8pme,aldwowisl Ifuwgt rsatread eign ¢

sensor, enabling more comprehensive monitorin
particul hbeglareas near stiffeners, which are
consequently, crack initiation.

CROWN

140

310

2
BOTTOM ——
Y

o ¥ B

100 100

Fi g3 ellPiacde®tmet ry

To support <clear di scussi-borna caknedt 6psr epceirsfeo remvaanlcu
reference @oBlontttsom,Craorwen est abl i shed and used t
in FigufCeo®ebersheo the wmppeoerf-mbaekeur vemdr Keogi
where the sensor transiThieomBottoomi onde chégst o6h
where the bracket curves into theThésaé kocatic
are of pagmtifcelamaces as they represent key ar
indicative of the bracketodos effectiveness 1in

activity.

ne



This geometry enhances (Slidés yosvteenal florefdteedli vier

potentially improving early detection of <crac

3.2.1.8train Gauge Instrumentation

To measure str aibnm arcskervpeom st (ofF -6 HpdaTuPgieTso k' y o S o k
Kenkyujo) were affixed at assp ekhiojlinGenhleo qpd taicaemse n¢
of these strain gauges was determined based
ensuring opti mal positioning for capturing tt

conditions.

SG4
SG3 SG5
SG2 SG6
SG1 —— — SG7

Fi g8 r6e Strain gauge | ocations

The instrumentation process began with surfac

manufacturer s recomme-bdatkenss(yFigoaeewd8s 73an:

gauge |l ocations to create angs moiotthh,h alccloehaonl atroe
contaminants. A conditioner was then applied
optimal adhesion for the strain gauges.

nz



Fi g3r7e

Fi g8 r8e

Sur face

Strain

preparat.

gauge aff

nT

on

Xxat
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Next, the strain gauges were car ef ulbryacakfefti x €
(FigureBGN®B)200M KI'T adhesive was used to bond
the adhesive was allowed to enty. cbompl ewiehg it o0
t hegalPuge&lQPbl Tokyo Sokki Kenkyujo) was <calibr

measurement of crack opening width.

The <calibration process invol veodn iancdiegnetndlal |
cal i Broatkorown di splacements andjavgeomcaciandg nghe
procedure establ i shedgaaaqrer eoluattpiuotn abnedt wtelreen a dts
all owing for reliable conversion of. sEmsoPi r

gauge was capable of measuring crack openings
within N1% of the measwmradevalnde,r ednsabd ien gnomii

smal |l est crack width changes during testing (

Fi gBr9egaRuige cal i brati on

ny



Finally, the strain gauges were condé®dtled aby
acquisition readoudt ruapiltgcEemegtr eend. 2)n.st Bheé at

gauges, combined with data acquisition syste
experi mental results and the FEA predictions.
of t-thhreadPiesysememofor crack detection in steel

3.2E2peri ment Procedure

Prior to each experiment, a comprehensive syst
with both the strain and initial crack openi
measurements were recordedadgrythéasmdOkmmpeai
mm in steps of 0.1 mm. A micrometer was used
crack, while the crack opening width -gvaassge,ont i
which offers a nr easnadl uatni oanc coufr a0c.y0o Owlimt hi n N1 % o f
reaching each tarsgedpecaiafcikc alpleyni h.gl wnrd,t hO. 2 mm
was temporarily paused to allow for stabl e da
both the crack opening width and the strain f
perofodapproxi mately 30 seconds, with a sampl.i
experi ment was r eperaetaddo usti xaatrésihniesatbeitniai yteyn saifr et t
Throughout the process, strain gauge readings
SCXI001 data acquisition readout uni t . This p
strain data under coonndtinololnesed @mawk domegniang obu

with the FEA simulation results-baadkéorsemabuou

3.2R8sults and Analysi s
3.2.3.EEA Results

The Abaqus model was anadynedolbhddr | bhdeagdrs
mm, 0.2 mm, and 0.3 mm. The resulting strain

3.12, wher @l ®Omethembernnsc ket I odatciavesspecific

no
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However, to enable direct comparison with the
were specifically obtained, using a query com
strain gauge phraaccekmeetn tuss eodntitnh atshPd | d xupset rrTahheesde i n
extracted nodal stimaib3 éval ues are presented i

Tab3 ¢: Asbmgbter gawnfpecat i ons

Crac SG1 SG2 SG3 SG4 SG5 SG6 SG7

[ mm]| [ & [ & [ & [ & [ @ [ & [ @

0.1 2.8 1.6 -1. 6 2.9 -1. 6 1.6 2.8

Only hal-bracdkethewd®s model ed, utilizing a symm
geometric symmetry. I n Table 3.1, each strain
SG1 corresponds to node 10, SG2 to node 3, S C

PN



symmetric shape of the bracket, it is expecte
identical under symmetric |l oading conditions.
of t-headcket, whi ch corr esapmoen dass ttoh eS Gslt,r awinl |f
corresponds to node 10 on the right half of t
the | eft half and SG6 on the right half, whil
the Thghef ogwel,t & hferr-nmomd élheachcadrfat el y represent

the entire bracket, and the relevant nodal st

Fi g8rle3 provides a graphical representation of

for the different crack openings.

1 0 T T T T T

Strain (pe)
o
A

N FEA 0.1mm

87 BN R R FEA 0.2mm [|

——————— FEA 0.3mm
1

1 2 3 4 5 6 7
Strain Gauge #

Fi g3rl@redAbaegidrsahndes corrsesgaongdec agi 6os

o
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3.2.3.Experiment Results

The | aboratory experi ment wa s perfor med at

measur ememnt 4§ eserede crack opening nvasctrgaecakd wBa |l |
mm, in increments of 0.1 mm. To process the d
calcul ated for each crack openingBwi FiBgt@r each
Next, the mMhaeaseured sthrahe iniwasalsshtta@&ctwed hfo
strain values recoamd@dO0Oad3 M®Mml1 MmMmi,s Oa@j ummt, ment
research was focused on the changes in strairtr
initial state of the crack. The resulting mea
f or setarcahh n gauge across the range of crack ope
of these measured strain val ues, il lTustrating

|l ocati on.

10 . . . . ;
8 - -
6 L -
e
L
7
= ]
=
- _
i
o _
'H—_______HU - |
-6 i
0.1mm
-8 r 0.2mm [
0.3mm
_10 | 1 | | |
1 2 3 4 5 6 7
Strain Gauge #
Fi gBrleédver aegaes wsnreainnbRia@aketstrain gauge | ocati on

0. 1, 0.2 and 0. 3mm
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This graph reveals strai-braclkeéetrwiddittit oiarcdoragd a& sea ¢
ul ti mate strai v ad2uy e sp raorve dpirnegs ean tceodnpirne hTeanbsl i ev
behavior each gauge | ocati for different
Tab3l Av e rneges rreadstr gatngpec at i amswikd © h 0.

Cracl SG1 SG2 SG3 SG4 SG5 SG6 SG7

[ mm]| [ & [ & [ @ [ & [ & [ & [ &

0.1 1.3 0. 8 1.7 -1. 8 -1.1 1. 4 2.6

0. 2 2.3 1. 4 3.1 -3. 6 2. 4 2.1 4. 3

3.2.3.8Bomparison

Fi g®Bibei | l ustrates a comparative analysis of

experi ment al data concerning the varying widt

To quantify the extent of the disparity, stral
Yo I ©000QQ1 32 GMAEANODOOCKABHAOET AT O

Tabld 8 presents these calculated values, revea

0.4t 4.90

PN



Tab3 8: dtfrfeeirmnc e
Crac SG1 SG2 SG3 SG4 SG5 SG6 SG7
[ mm]| [ @ [ & [ & [ & [ & [ & [ &
0.1 1.5 0. 8 0.1 1.1 0.5 0.2 0.2
0. 2 3.4 1.8 0.1 2. 2 0. 8 1.1 1.4
0. 3 4 .9 2.9 0. 6 3.3 1.2 2.0 2.7

10 ; ; .

Strain (pe)

FEA 0.1mm
) FEA 0.2mm

i —— FEA 0.3mm ||
7 0.1mm

0.2mm
0.3mm

Figure 3.
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pnimtb

Table 3.4 displays the percent error for each
measure of the discrepancy between simulation
Tabl e 3d4f:f eSpermatenant age

Cracl SG1 SG2 SG3 SG4 SG5 SG6 SG7

[ mm]| [ %] [ %] [ %] [ %] [ %] [ %] [ %]

0. 1] 53 5 50.0 0 6.2 5 3 B3 31.2 5 125 71 4

0. 2| 59.65 56.2 5 313 3MP3 25. @ 348 3 24. 6

0. 3| 5765 59.1 8 12.24 37. 3 24.4 9 4 B2 317 6
The Abaqus model pr e ddiacsthieodn sl ianrees ,d ewphiicltee dt haes |
measurements ar e r elpirsecsreenptaendc i beys sheoeltiwde elni ntehse. .
experi mental results arise from several sourc:
to measurement errors and noise, which can af
Abagqusatsiioomusi are deterministic and consistent
conditions, whereas strai readings in abor a
anot her.
Anot her i mportant factor i sacttlmeedndi ti ensencdhke
model operates under idealized assumptions, Wwi
the experiment al set upl iifse dceosn dginteido ntsq rwehp Icihc

i mperfectboaskeThesPdri menmntmadweasyhadreddi ng it

process

t hat

computational

can i

mod el

ntroduce

Pz

subtl e

manuf act u



The precise positioning of strain gauges al so
variations in placement can | ead to differenc
which should theoretical lymnyeterlidc sporsiiltairo nvsa,l u
|l evel s of agreement with the Abaqus model . At
Abaqus predictcioornr ebsypodn.dd n@ to a percent erro
only02.wi tth a pdger3clen’te%er rSdarmid andiyf f SG8n sd ofwis o
Ssimulation at 0.3 mm crack width, with a perc
of Dam®d Oa percent error of 24.49% at the same

Temperature effects further complicate the ¢

(@]

hanges in temperature can induce significant
umi num, the temperature comfleers addprne d aCdlosi
r steel, vperidegbeatCélls7vu® (ASM Internatior

Q

_..,
o

hange of just 1AC can UOfesubtumnnam, ewhochof s
tempeocrt uwlelr@chmemt . | n this context, Ghe ma:
t ween the experimental and Abaqus results (!

o T 9 O
(¢

e explained by a temperature fluctuation of

These factors underscore the challenges in ac
experiment al resul ts, hi ghlightwonbd ttar iianbploe

interpreting and applying model predictions.

3.2Cd8ncl usions

The integration of FEA with experiment al dat
comprehensive understanding of the-bmachkahicah
results revealed a considerable Il &tviednsofandr
| aboratory experiments, with discrepancies ge
The observed strain ditfof edr.e9cces espoageidndgrom |
bet ween 3. 13% and 593.645.%,F oars edxeanap |llee,d atn aTl adrl &
| argest observedfdri f$@r,enwli aovlascairMeODponds to

PT



whil e other gauges such as SG3 at the same cr
as 0(b2.024% error).

Whil e the Abaqus simulations consistently pro
the | aboratory experiments exhibited some var
fluctuations and unpr edi aitga b iSleivtey ail n f earcd rotr si n
observed differences between simulation and

inevitable in | aboratory settings and can inf

Abagqus simulwaysnygjelwdi theakame outcome for a

vari abil iactyespepemi mennt s . Addi tionally, the sir
conditions, whereas the experiment al setup i s
actual materials and fmeldrei cnaatti uorber amefk dtordes n P iT dn
potenti al manufacturing i mperfections that ar
Finally, the precise positi oniongaconhfi etvhee satnrdaie
mi salignments may | ead to further discrepanci

Temperature effects also played a significan
tempexcanhorel |l ed environment, smal | fluctuati o
measur ement s. For exampl e, td(es 7l.a6r50% setr roobrs efrovi
0.3 mm crack width) could be attributed to a

guite realistic under | aboratory conditions.

These findings underscore the importance of ¢
when evaluating SHM systems. The study not onl
experiment al approaches but @&alesso rperfdwmiedreesnta o¢

bracket sensbrapgbtemtaod. its

3.8PTI MI ZADFODNAQ SETTORNGEEASUREMENTS

The optimization of the DAQ system for the F
settings for fiber optic sensor measurements,
averaging resolution as theapciimbrgalf astepsi 8"

performanc-br aadk etthesemisor system, as it ai ms

PY



configurations -fesoladhioeamvi agd hi ghi abl e me a s
experi ments. |l mportantl vy, the reason for eva
practical dwonalndl sap | irceaatli ons: i ¢ o rtthii ,su osuyss,t e2

n

mo

toring, t owi | generate an enormous vol u

sel ect a configuration that not only manages

—

ma i ains sufficiemticaamnsichiagh@gegeti @andeg@dctno si
tial forimatg loulod bae ceampghlkasi zed t hat the

ure the precise size of the cThh&ikmsa,s dwt r

—

ify the most effectsovael OAResmteXx @i meomt

©
o
—
® S5 »wW ®d® S @
>

o
o O Q

]

optic sensor, which is presented in the

3.3E4peri mental Setup

For the DAQ settings optimization, the exper.i

strain gauge experiment to specifically invest
resolution on IFOSt mMeasymhamenwalse omi tted, as p
measurements were not the primary focus. l nst
consistent crack width opendndge®r mréffemeadutr@m
exact width measaotr emeintiscalke for the DAQ opt i mi
crack widths across alll measurements was | mp
di fferent configurations. The micrometer allc
rotation opened the crack by about 1 mm, ensu
measurement s. This approach guaranteed that a
attributed to adjustments in t heacdkAQWisdtth.i n
experi ment al apparatus arrangement with fibre

P®



Figure 3.16:

Experi ment

NEUBRESCOPE
NBX-6050
P-4 7 7
Neural Optical Fiber Scope

DAQ /

Fiber optic FC/APC connector

Fiber optic extension cable —&

Pi-Bracket

\ Fiber optic extension cables fusion

SMARTape Sensor

S/

spliced to both ends of SMARTape

Figure 3. 17:

Di agram of

M

Opening created by adjusting

micrometer.

Experimental apparatus

consists of two hinged steel

plates and micrometer.

12" Pi-Bracket glued on
experimantal apparatus centred

to the simulated crack opening.

Fibre optic sensor glued on 12"

Pi-Bracket. Both ends of
SMARTape to be spliced to fiber

optic extension cables and

connected to DAQ read out unit.

Fusion splice

Fiber optic extension cable

Micrometer

al

t

setup

Fiber optic FC/APC connector

/ Fiber optic extension cable

he

exper.i

arrangement

ment al

W

setu



The FOS was connect ed 500 daa tNae uabcrgeusi csoiptei oONNB X5 y st
cabl es /ussPsihggF€ mode fiber opFigurc@dhdsest DAQS,
system was configured with various settings t
strain measurements.t Ri3g8idHawtt rtalt e se x pheer icroanptl
setup, Iindradkeg ,t e bPie optic sensor, the app.

system.

This method ensured that our experi mdmtal re
mi crometer6s ability to create uniform crack
the effectBAQQONndi dfg@abhentsSshedr)eby 1 sol ating th
settings on the quality and resolution of the

Pibr ac Kk

SMARTape
fiber op

Experil
Appar aft

DAQ

FC/ AP
Conne

Fi ber o]
extensi

Fusi on

Fi gB®&e Compl ete experimental setup with fibre

2N



3.3.1. PiBr aclkmeesgtr umevnttat iIF®OBS

To measure t he stbrraicrk ertetsyppoerr sfeb boefn tohpet iRRIi s enso
Di TeSt SMARTape 2 Strain Sensor manufactured
l enghéd i nstrumentation process involved sever .

strain measur ements.

First, the fiber optic sensor preparation was
2 does netr epaameedprwa t h connectors, fiber optic
the sensor wusi-iQ@s af ursuijonk uerjpat eFcSeMp |l |1 Thing -preces
| oss;qulalghy connections between the sensor a

nature of the splice points, these | ocations

handling and installati on.

Fi g3i&te Fi bre Dpsd mlniseinrsgr

M
111



Next, the surfackr pcleeptarfadliloowed tthe $ame pro
strain gauge instal |l abriacnk etT hwea s ntth areo d gehmigyt hs a
to create a smooth and clleeaann isnugr fwvaicteh aTllhci osh owa
dust, oils, or contaminants that could interf

The fiber optic sensédmrawaetthési Afgfalbheddivee t .
Di TeSt SMARTape 2 sensor was precisely bonded

proper positioning during cbriacgetpapercur ape

firmly in place. After allowing sufficient ti
removed, |l eaving the fiber -bpdadicets.ensor secur
Finally, the data acquisition system connect.i

bonded boathket Piwas connected via the prepar e
NBX050 DAQ wunit. This careful eamsdr endt hdcei cpar
functioning of the Di TeSt SMARTape 2 Strain St

3.3.1.PAQ System Configuration

A NeubrNdBX®OD® data acquisition uni t wi t h er
capabilitiesewasmnmittsddilttiedgs absequent experi me
DAQconfigur asiyehe manteincaulaltasd s ummar i 5eTdheise Tal
configurations wer e d€esfisgrhed wee ne sglat-a btad s & hees 0

(S/' N) ratio, and data processing requirements

The FOS was configuf0edmetteera, tomnal udengt hhef e

represents the minimum all owable | ength for t
Beyond sampling and averaging resolut606B88, ot
were also optimized for each configuration. S|

were set to values appropr inaotset fcorri te accahl tseesttt
selection of t he measur ement mode . Based on
Progressive mode was selected, as it iI's knowr

i mproved resolutioneénorn tstrreaiun rmesad wie€ementhe t

20



measur(eeMemnhbhr exSek628)ng Progressive mode was p
study, as it reduces noise and enables -the ac
bracket. This ensures high measuremehfeptieces
crack detection and monitoring using the fibe

Tabls5e Summar yooffi QUArQat i ons f or FOS

Config Sampl i Averag Description

Name |[Resol ut |Resol ut

510 0.05m (( 0.1m (1Hi gh Sampling wit

520 0.05m ( 0.2m (ZHi gh Sampling wit

NY

Averaging

1@0 O.1m (1 0.2m (ZModer ate Sampling
Averaging
160 O.1m (1 0.5m (Moderate Sampling
Averaging
The careful selection angaatdjostamehy bDhet hses
measur emevretr emddendamental to optimizing the DA
objective was to identify the configuration t

measurements for crack debeatkeh ardsmbhsyset g

3.3E2periment Procedure

The experiment to optimize thhacBAQ Jottiowes fa
and structured -bppcaacthi nBirsmented with the
to the experimental apparatuwuel] yemnsurpilmmag ealalnd

testing.

2 n



The Neubr es@CHDP eDA® Xu 5 ie ttP rwoagsr et shseimvde frnoord deawrh o f

DAQonfigurations, the appropriate dampleiancgh a
configuration, crack widths-cwateobied| appar a
di fferent states were established for each t
mi crometer, serving as Ppekeichggelsiproa)d,i nWi dtoh oln

of the magprooneitmat el yWi dtrmm)2, (aam ¢ rar @ p o rodiemg nic

revol,appoogi mately 2 mm).

At each crack width, the micrometer was adj ust
was recorded from the FOS. To ensur e dat a
measurements were taken for e,acrhe DAIQt icrogy fiimgua

measurements (4 configurations I 3 widths T 3

Thi s pardojcuesstsi ng the crack width, recording t he
configwastcanried out systceomaftiigcgaBl @t O0Grdsd O0al |
and-500D0. The initial measur ement , taken with

compari son against the subsequent measur ement

2000 T T T \

Initial Strain
1500 b

1000 .

500

-500

Strain (pe)

-1000

-1500

-2000

-2500 .

_3000 1 1 1 |
0 10 20 30 40 50

Distance along the sensor (m)
Figure 3st2@inl metisal ement
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He
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An
st
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r e

To
of
pr
3.

in

en the initial measur ement was t-bkaokeft wawva
cated along the | ength of the fiber optic s

ectronic noise (Figure 3.@209f i IHoweivter wasr e

aningful signal was only present within the
ebrpacket was | ocated in this region, whil e
i se.

i's important to note that the initial stra
ro, even when no external | odbdiiil s a@pplaiieand. |

ise from the manuf acltluatiinogn,p ramncd sen v ihraonndnhe m
mperature changes. Suchebageizee pheaomendh:

ber optic sensing and must be accounted for

e Neubrescope calcul ates strain at each poi

0QE ANION 6 QE MDA QR 6 B, .
. I Q'QQ1 Q& lwdQEe

W
re, the center frequency is the measured Br
i ft is the idiass etlhienes tfrraeignu ecnaclyi,brcati on const a
y differences in temperature or handl-ing be
rain during instadzleati am, twial | st eamsudnt, r ieaal d &

bsequent measurements are compared to this |
| atigebtneet hne (Neubrex 2023).

accur at e l-byr a cokceatl,i zae htehaet pgiun was wused to ap

t-threa qpk e t . By comparing the resulting strair
onounced change i n strlai nl.wasmedhbesresr vaeldo nagt ta
21), confirmingbrtahcékrelto bat ifomgdaglyed biepalr elein

dicate the idedbriatctked.| ocation of the pi

PAD



/ |l ocat
2000 .
Initial Strain

1500 Pi-bracket Heated |

1000

500

-500

Strain (pe)

-1000

-1500

-2000

-2600 | 7

_3000 1 1 1 1
0 10 20 30 40 50

Distance along the sensor (m)

Figure-b3.azk:etPit her mal | ocalization

The SMARIThRpe optic sensor i1itself measured app

addi ti onal 1 meter of extension fiber on each

The signal observed between BGaméadomise, amd 50 en
physical | SMARThd pabfe rt hoept i ¢ ammrsoxi maatse |l ynlly. 5n
extending -begokdt t b.e Bpeictahuesre stihdee-6N)e5uOb rweassc cspeet N
mi ni mum all owabl e sensor | ength of 50 meters,
represent only electronic noiseT@anidmpmpmowetclrea
Figure 3.22 disphayedthe sheai ntrpe edba tirae sbeel yso, n e

this range as it is irrelevant to the anal ysi

2T



Pibr ac
1000 . . . .

Initial Strain
Pi-bracket Heated |

800

600

400

-200

-400

-600 |

_800 1 1 1 1

Distance along the sensor (m)

Figure-b3.azketPit herimal alidcal i zati on

Foll owing data coll ection, the recordellfstrai

bet ween spat$/aM atriecs,ol ahdond,at a processing re

configuration. Thi s comprehensi ve met hodol oc¢
configuration and crack width, enabled a robu
approach éaicdénmntiatiedathon of the optimal confi

monitoringbrusdkegt theengpiing wbnkéesérsaCcy across

3.3R8sults and Analysi s
3.3.3. %igAamAl ysi s

The signal processing methodol ogy described i

the thesis, with MATLAB serving as the primar

2Y



standardi zed approach ensured consistency acrtr
flexibility needed to address the unique r e
processing was essenti al n ohi meamasagfaoh, i as
from raw data and facilitated accurate compar
For the experimental program, strain measur emi
states: t mexriandk)i,ala st amm dr ack, and a 2 mm ¢c¢
process the raw data and to plot the resultin
5-10 Average Strain 5-20 Average Strain
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of t-heapkeBedawssed ft he fiber optic sensor i's |
i ntrinsic cdorrvaactkuerte ionfdutchees i resi dual strain
experience residual compr esediao m,s tweeisliiedundi hse
geometric constraint, not external |l oadi ng,

mirroring thebrcacthwewngi ofy thlee ppid t o reduce r a
the effect ofhecrsaakaionp emionfg loers twas not | mmedi
di fferences could be seen bet weeln0 tahfed ,nodsh e di
intermedi at e confi g20 atainald 1 0¢ howedexmmpi mal 5r
di f feesr.enTchi s observation highlighted the need

the i mpact of crack opening across the differ

Subsequently, the averaged strain profiles fo
DAQonfiguragiiohnlsustrated in Figure 3.24. This
the influence of DAQ configuration on the mea:«
the total strain profile of t h ec ks ewisdoern i nrgat
di stinction between the comparison plots for
apparent, asthhesampl averaged data as in Fig

di fferent format for comparison across DAQ se

Strain Comparison of various DAQ Configurations (1mm Crack) Strain Comparison of various DAQ Configurations (2mm Crack)
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To isolate the strain changes specifically due

correspommdriancgk twas subtracted from the averag

openings. This step was <cruci al, as the main
from ocpeandtknggur e 3. 25 presents the isolated str
openings, from which the baseline strain has

5-20 Average Strain difference

5-10 Average Strain difference

80 80
60 - 60
40 40
it
20 1 20 it

Strain (pe)
o

Strain (pe)
o

-20 + 201 ; i
i
Pt
40 40 Ui
60 60
80 - 80
0 1 2 3 4 5 0 1 2 3 4 5
Distance along the sensor (m) Distance along the sensor (m)
80 10-20 Average Strain difference 80 10-50 Average Strain difference
60 60
40 40
i ‘\ i
20 1 20 P
@ i ® Ay .
2 I = 5 B I .
c 4 ! : [= =T Iry, s
-§ 0 ’u | -§ 0 \\‘L lL} . e , %
7 i ‘ @ i N
-20 A -20 IR,
\ ¥
40 ! 40
60 60
80 . . . . 80 . .
0 1 2 3 4 5 0 1 2 3 4 5
Distance along the sensor (m) Distance along the sensor (m)

FigBB28asel i ne s ubsttrrpaconé ddriafsfderkd@enf i gur ati ons

The subtracted strain profiles for each cr a
configurations, as shown in Figure 3.26. This
in the strain response of the sreensswlrt isnygs tgerma ptl

|l acked clarity due to residual noi se and meas:|
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sufficiently refined to draw clear concl usi on

strain profiles was necessary to enhance inte
8%hange in Strain comparison of various DAQ Configs (1mm Crack) 8([%ha nge in Strain comparison of various DAQ Configs (2mm Crack)
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3.3.Zomparison

e smoothened strain profiles corresponding
nfiguration are shown in Figure 3.28. Thi s
sponse -bofack énte pensor system tovadiyDA@r ent

nfiguration

ross all DAQ configurations, the system den
idenced by the consistently |l arger strain c
mm esaek.peMdtecabl O, aZthebASQ settings yield hi
of il es-10wcohfitbher &8&ti on (featuring 0.05 m sa
e greatest sensitivimpyrttandthagngeseinntdharadlo\
tti-;m@) (ilY cepahblngg dfotdhetl mm and 2 mm crack
nfigurations are viable for i dentifying cr ac
at the objective of this study i s onateltioabnhey:
tect their presence and to select the- most

ale beam testing.

e shape of the strain profile remains cons
pically oacaowomi hgsebwmackite. pThis is the reg
ansitions from being adhesivel Yhbengdattéeont

reement with the expected mechanical behavi ¢

e nfl uence of DAQ settings on signal qual i
the 0.05 m i-h®dea@dl Soaskeidguma ttiheen s5 produce
of il es, capturing finery vcarracak i de@tse ctthiaadn.ar|
creased detail comes at the cost of signifi
me and storage, an i-mpromt-anmeemibsi derianhgoap
ghter averadi mgawdnOo@®smjOpreserve more | oc
easier to identify subtle changes near the

wi ndow-5i0n ctomd ilglur ati on) results i ngstabot her

noi se ratios, particularly for | arger cracks,

sensitivity to initial crack formation.
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Despite these differences, al |l DAQ configurat
changes associated with both 1 mm and 2 mm si
the highest sampl i ngl0andd e mogrhsttersaet actadey ®trha g e n g i
evidenced by the highest maxi mum strain valu
especial-byvyagerceackydetection whreegxolsutriaom get

are most effectihwe.diFbfredl eamgeri crdaetkascti on cafr

0.1 m sampling intervals becomes | ess pronoun
may be sufficient for identifying more develoc
dema s .

The strain responses observed in this experim
for tsheealfeuldheam | aboratory experiment, where

arounW@Thedrlefore, the pri mag yt hceo nosptdiemalt i DAG S &
maxi mum strain values observed and the clarit
The maxi mum strain values for ,emeslhsDA®dcasiing
FO&re summari@ed in Tabl e 3.

Tab3d6e Maxsmuwmanlnued fff @r emnd n fDIARU raantaizvikd t((hhesa s ur e d
using FOS)

DAQ Set I1mm 2mm
Strai nj max Strai nj max
510 31.69 52.16
520 27. 74 46. 20
120 13. 72 37. 42
160 21. 66 20. 44

This compari son demonstrates that-1&Whséet hnghect
the most detailed strain profiles and highes
effectively detect and di ftfhesr.enTth eatch diectewecfn
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setting wil!/ depend on the specific requireme
as detection sensitivity, data processing cap

monitored.

3.3ldentification of Optimal Configuration

Based on the comparative analysis of the foul
guality, sever al conclusions can be drawn reg
10 configuration, which wusem av dr.a0dgi Mg svaimpd a w,
the highest sensitivity to crack detecti on, p
mo s t suitable choice when early detection ar
configurati on radesot gdeantea saettess, twhei dm may pr esen

and storage, especita&lrimy momicomti ingquseswee na@amr iloeng

On the other hand, -2®o0 afbidg, U ahtiicohn su sseu cl ho waesr 1sOa n
and | arger averaging wi ndows, produce smoot
characteristics but at the exmempda caft isomat iwale

term monitoring and efficient data management

detecti on, these settingf20maynbiegumoatei oanp po fofp
compr omi se, pr ovi dhi nngo rgeo onda nsaegnesai btliev idtayt awivto | un
Ultimately, the selection of the opti mal DAQ
requirements of t he i ntended mo n i-stcoarlien g b eaapnp
experi ment, where the expd&¢hedb5msaexsitniueng osntmeani dne
to ensure reliable detection of small strain

a significant20cocnocnefringur aheon may of fer an
recommendati ons are madke wptihmahye aoabjdectsitaea do
to measure the precise size of cracks, but r af

most suitable DAQ conwomglud ade phoymentpr acti cal
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3.3

mo n

Not
cra
sen
ar e
det

con

The

exp

Chncl usi ons

resul ts cl ealrOl yDA dsicectdtthen gimvastt tshue t abl e cc
oratory beam experiment. This setting consi
ection, which is particularly important f ol
i ciimpattheed beam test. The det daiOl edndtirgalirmtp roc
precise | ocalization and ch-bBracketj zat ical
abil iotnyi twhremmgmd e dcamdge dhi i appcoachki mgs
hest possible resolution and sensitivity f
ancing the development of a robust and eff

itoring applications.

ably10 tskketbdbng yielded the highest maxi mum
ck openings, withandc &R2d drde sfpeeacktsi veoefl y3 1 .TA9 :
sitivity is especially relevant given that
on the)l oByYeselbéctlion® t his conf i-egquuriaptpieodn ,t ot
ect even subtle changes, maximizing the re|

ditions.

findings from the DAQ optimization prov
estigations, ensuring that t he most effec

eri ment al program progresses.
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CHAPTERIBRACKET OPTI MI ZATI ON

4 . INTRODUCTI ON

FEModel i ngpiploadoyhde aa n the devel opment and opti
Sensorchafphuied i nes t he &Eproadaed s tod amud datiipinge geo
to investigate whether t-be as &k ércecporaenseeprid patliunmail
solution. This transition sets the stage for
perfor mance eval uati on, bridging t he gap b
i mpl emehheatbhromcket concept design was selected
t he choice of alumi num as t hceo nmd ¢r & Ahimauls ewa s
ma n ufuarci ndsi ng FEA, this chapter explores h o
combination responds to operational stresses
identifying opportunities for further optimiz

4. AATERI AL SELECTI ON

The materi al selection process is critical i n
and manuf &Adtt throaulgihl ibtoyt.h st eel and aluminum ar
each possesses distinct properties that i nf |
manufacturing constraints. Il n this satuidoyns ad fu
t he -mathe production procedise a sviveacrhk .dwaHmolw eevde rma
to ensure that this selection is optimal, FE
al umitmumel . This comparative anal ywatsheilddsthe
choice or i f steel should be recommended for
strength, durability, cost, and ease of produc

aims to peoowinddee da rveelolinmesgedaa tei oinmpfloerme nt at i on

Crack Sensor.
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4. 2Steel Properties

Structur al steel |, particularly American Soci e
of fers a combination of properties that make
This steel grade is widely preedogmamed fdredi tys

strengtth ormaBg5 to 448 MPa and a minimum ul ti me

and Dexter 2001). These strength characteri st
under a vagieongdiofi dowsadiwhich is essential fo
demandi ng structur al environments. Addi tiona
ductility, with a minimum elongation at failuwuw
all ows the materi al to deform under stress wi
sensors intended to detect and respond to str
The ther mal properties of structur al steel f L
Carbon steel, such as ASTM A992, has a ther ma
which influences heat t ransiftesr sweintshiitni vtihe e
variations. The high melting point of steel,
materi al can withstand el evated temperatures
speci fic herauc tcuarpaalcialyl coyf sstteel , wK, chomtamiglewst
to the ther mal stability of sensor s, hel pi ng
environmental temperatures fluctuate (Bartl et
El astic properties are also critical for sens
modul us, with ASTM A992 having a value of 200
al. 2000). This high modutusl assucebepaedioct al

the accurate detection of strain and def or mat

Al together, the combination of high strength,
reliable elastic properties make ASTM A992 st
such has Bracket Crack Sensor. These attributes

durability, and the prdcaeiram ano nrid @uiimegd offorstefu

TO
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mi num Properties

um, and particularly the 6061 all oy, p
ti ve nsatne rSiHM afpprd icans oms . One of its n
With a density of-thppdoxhantef ystRed&l g,
e creation of sensors that add mini mal
ations where weight apdubexbari 2808@1lprio
ion resistance is another significant a
tive oxide film on its surface, whi ch

y of environments. alrhliys vianl huearbelnet fdourr ase
d to fluctuating atmospheric conditions

sensor system (Diler et al. 2021).

um 6061 also exhibits high ther ml cond

i's considerably higher than that of ma

For sensors mounted od bBéeeeltgandktes, ¢
nsor and the girder maintain similar te
ir interface. The high ther mal responsi
d measumsamemns owi thompeme sensor system
i cally,-T@al afmfi etbuar andobedd | combi nati on of s
tensile strength of 310 MPa, a yield s
gauge l engt h. These mechtaabhiclail t yprfoprr
ations while allowing for some fl exibil
astic modul us, or Youngb6s modul us, of a
s |l ower than that of steel, resul ting

ant consideration intsemsorwheexi gsro,mep drl
ble (ASM International 1990).

Y, alumi numbés high malleability and for
ries, giving designers the freedom to o

ett and Dexter 2001).

YM



Collectively, these properties make al uminum
of fering a unigue combination of l i ght wei ght

el ectrical responsi veapeplsine@anwi derabnbgetpftBH

4. 2FBA Si mul ations for Materi al Sel ection

This section presents two simple simulations
aluminum beams under different | oading condit
initial choice of aluminum f oprr otvh i Birga g kuestt i @ri

the selected materi al

4. 2. 3. Displa€eméenpbl |l ed Simulati on

I n the firsameastwrliang oln, meat eébr-seat il emgoh Witk

analyzed. These di mensions were chosen to ref
commer ci al retailers. The simulation invol ved
| oingudi nal di splacement of 0.2 mm, while the ¢
to evaluate and compare the mechanical respor
identical geometric and | oading conditions

The modeling process was eaarnmeinesd oomuatl idre fAobrangaub:

represemtri wast ke elated with a I ength of 1000
definitions were established for both steel a
MPa and a Poisson's ratio of 0.3 weO0 eMRa®eand w
0. 33, respectively. A rectangular beam sectio
assigned The thyeé pmrepmprso of ahwaws tnhoeded ed i n Aba

including key settings and selections, is il

The assembly process invoayrveaedtereathiircd an sitmad
was defined to si-mohttel tde ldosplagemBaundary
such that one end of the beam was fully const

at the f raemeasentdh.enT hneesbhed using an appropriate

YN



Resulting displacement, strain, and stress dis
't is i mportant to note that Abaqus does not
be entered consistently utat i man nappnoacltueaa

comparison of the two materialsdéo performance

4. 2. 3. Bor€@entroll ed Simul ati on

Il n the second sagnedtmet oyn, wabheusade Ibut I nstea
di spl acement , a concentrated force of 100 N w
of the beam, while the opposictoentemnd | remaicreaend
modebedbbdbth steel and aluminum materials to al

responses under identical conditions.

The modeling process in Abaqus/ CAE cl osely fo
controll ed saimmausl add foinme dlehrees Ib@an dl, -skctx oh/ &'l rer
with material properties assigned for steel ar
the part, a static gener al anal-gsenmntrcalglegsd wa s
shown in Appendi X h@, bBiuguwrae yCchba)di ti ons wer e
was fully cooehcanhedtedanfiomce of 100 N was
n

gitudi paéedApprpendion C, Figure C. 13 for the

The model was then meshed and submitted for
di spl acement, strain, and stress distr-i butio
controlled simulation provided vead nusa bbleeh a wvnes i ugnl
direct loading, further informing the materia

highlighting differences in mechanical perfor

4. 2Cdmparison of Steel vs Al uminum

This section compares the performance of steel

controll ed -dersttr alfldedrtto®utces offer a comprehe

_<
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behavior of these

opti mal material f or
4. 2. 4. Displa€eménpbl | ed
Il n this

end whil e fixed at

par ameters

describing

materi al s
t he

Simul ati on

anot her

how materi al s

under

Bracket

The

vari ous
Crack

| oai

Sensor

Resul t s

simul ation,asbwehesseabjeanddalomanidm?2ir
materi al

re«pgond t

shown i n Appendi x C, iFncglurdckidmgCedtdn aainl@, CFildur e
C. la7n)d StArpeexndi x C, Figuilfase €Ces$8l anda@ell 8y mmal
Tabd &: Di s+od natcresmmlundt cetsiucbrmmp ar i s on

Materi a Di spl acem Stradj n Stress |

Steel 0.2 200 40

Al umi nu 0. 2 200 13. 8

4. 2. 4.

| n t hi s S i

di spl aTleemedt spl acement

Eor-€entroll ed Si

mul ati on,

mul ati on

100N

resul ts

ar e

Resul ts

faair cset evaads oa p ptl h e ¢

s hown i n A

c. 22

strain results are presented Figures
C.24 amtdeCr2Sults ared4d 2ummar i in Tabl e
Tabdl 8: -toortae Imué detsiucbmmp ar i son

Mat eri a Di spl acem Straj n Stress |

St eel 0. 0062 6. 2 1. 24

Al umi nu 0. 01797 17.97 1. 24
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wi del
prece
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si mul

bet we

rimary function of the bracket is to ser
objective of the sensor systemvadarettiecdli n
ener s. Due to the sensor's installation
wi dt h. I n t hi-sorctorndlelxed <ihneulda tsipd na creemsewn

pplication, as tRkResypyohmesttt ¢ rtepr&s @epte nti mg
mat etiedl $ hex siabaen dd isstpdaa cexnmeendt ed for a fi

num experienced | ower stress (13.8 MPa)
acement, which initially appeared advant
er , a critical factor in the Canadian coc
tures eXplkl i4dh€Ce, Af ummnumobés high ther ma
ici al for rapid heat di ssipati on, can i
ents and differenti al expansion between
nati bnal mL9®m@) chTmay cause the bracket é
rature changes, ap ot emetaisallrleynemd m@mrcamir icryg
ntrast, using steel for the bracket ensu
teel girder across fluctuating t¢mper at u
oring in harsh clmnimadremit ydohi hi mnaés yf he
sion, which can occur when dissimilar me
021) .

alumi numés | ighter weight and ease of f
opment , t hese advant ages ar e out wei ghec

acturing. St eel brackets nbheogiydat $ gbu

de greater durability and measurement re

roposed method for mounting the bracket 1
y utilized by researchers in similar ap|
dent and the decisiontboobaoash Babdbegivdef os
ive bonding wil/l al so be employed to mou
d further emphasi zes the | mpocdnmtnrcel |oefd
ati dnl iFlilduesrteppbpesdd bracket system, hi

en the bracket, FOS, steel girder, and s
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Bracket | Beam
Glue Stiffener
Crack

Sensor Tape

Fi garle Proposed bracket system

The use of adhesive bonding in this -conaexve al
and easily install able sensor systems are pref
only simplifies the instaddtaentoinalprdamasge btua
structure, which is vital in bridge monitorin
The higher stress experienced by the steel br
could potentially |l ead to premature failure of
The | ower stress experiencelatbyi tt hwo uall du mb en ulme
i nduce high stresses at the adhesive interface

sol ution.

I n summary, al though aluminum was suitable foc
comparative analysis demonstr at essc atl ea td eptl eogylm«
St eel brackets offer i mprovedr eémenmabhccompayi
temperature environments, and materi al consi s

recommended option for the Bracket Cirdaolas8ensc
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manufacturing capabilities, the experiment al
wi || emp!l oybraacukneitnsum IPti shoul d be noted, howeyv

preferred material for mass production applic

4 . BRACKET CRACK SENSOR GEOMETRY SELECTI ON

4. 3Géometric Concepts

The selection of the opti mal bracket geometry
coll aborative discussions among the research
considered: th4 2Bi, KWmegke tdr@)ikeand FLagmbhea br a
4. 4) . Each concept was devel-epetdi osahgdamambnc
1/ 8" and a wuniform depth of 200 mm, as estab
sketches of these dieosn gins3.alr.e presented in Se
70 /\RSO.
V100. v vV 200.
RS50. } !
\/
, o
Lo
H 100.
Fi g#ar2ebrRPaicket model di mensions

Y 2



H110.

H 60.
./\
f
‘ RS0.
\
N\
\\
v 200. I
.
\
\
R50. |
Y /
L. /
Fi g#4r3e Omega bracket model di mensions
RS0,
vV 200.
RSD.\
Y
Lo
: H 200.
Fi g#4arde Lambda bracket model di mensions
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4. 3FEA Modeling of Geometric Concepts

Having selbgatckktt mes Rihe preferred design thro

to rigorously investigate whether this choice
were performed for all t hrdies pl accoknaternagl el oentde tlroie
conditions. Thi s approach, chrasiest esnttr uwit tulm a lt
monitoring (Kralovec and Shager/| 2020) , i nvol
crack opening. Symmétr ywowas sutiol ienddnice compu
preserving accuracy.
The boundary <conditions were <carefully defin
scenarios. A symmetry boundary condition, |l ab
bracket (the tdp5).ight end in Figure
\XSYMMSymmet
boundary c
Y
L Di spl aceme
X boundary ¢

s
1

Fi g4 r5e Lambdmubdacketrtondi tions

This condition restricts displacement in the
and Z axes (UR2=UR3=0), while allowing free m
about-akxhe. XAt the bottom Imdnt /emat atfi drheb onordde

YY



was introduced, permitting translation only i

support. A prescribed displacement of 0.1 mm
bracketds opening movement in response to the
The primary focus of the analysis is on the m
wi || be reading strain values-:baBlids camprrko anom i

techniques discussed by Krvad obveeecn aenxdt eSrhsaigweerlly

4. 3P8rformance Analysi s

The performance analysis of the three bracket
based on theowntispllaee@ menmul ati on results. For
was applied to the bottom | ¢éhe eneéevobdbus hseobt
represents displacement of O0.2mm of a whol e |
maxi mum strains (E11) at the top (Crown) and

di spl acement -oifr ¢ ditei climhogwr2gisrulvt s arde3 summari ze

Tabd. e3: Br ack e | egcaiomaent ar¢ys wootnmgp ar ( smwder a hori z
di spl acement of O01. mm)

Conceptl StraiQroBM Strain E1Di spl aceme
[ @ [ @ [ mm]
Pi brac -:13. 41 13.55 -0.0214
Omega br -8.02 10. 009 0.051
Lambda b -12. 73 12. 87 -0. 082
The Obneagcak et demonstrated the | owest perfor mar

i mpofoantrack detecKr aharaS®hcaeqgnprtla8) zedheéylLambd
bracket concepts showebd asikmitl ayri erl edd winlgt ss,| i vgihttH

small er displacement in the U2 direction.

Y @



I n addition to its favor oblacekmeédbamiacalowper fpa
practical advantages for installation. This g
fiber optic sensor to thegigidrederc,ovmirnmneidmibzyi ntgt
potentially enhancing the overall sensitivit)

system.

Overall, these findings val i dlarnt a&c ktehte acso |l tl méd o

geometry for the Bracket Crack Sensor.

4. 30pti mization Process

The results of the comparative plrédokebbpncer iagi
selected through coll aborative team discussio
Crack Sensor. With this vfatltd dadoi opt-lemnid @hkbe tf Gah ¢

di mensions to maximize its effectiveness whil

For both the depth and t hickrmesns rooptliendi zZaEtAI ®n
were performed. I n each case, the simulation ¢

corresponding to the targleitalclrea cke toepcetniionng. di s

The first aspect of optimization considered v
clear stiffeners or other obstacles on a var |
conductedbrfaoackdtwode’pt hs, amrcdt hed. fTadulet s ar e ¢

Tabdl d: Opetpitnhi matudbmp ar i son

PiBr adkeet StraiGr oBM Strain E1IDi spl aceme

[ mm] [ & [ & [ mm]
200 13. 41 13.55 0.024
300 6.809 6. 94 0.012
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t h
Si
0.
Th
di
w h

S e

Fu

an

Ta

e comparison betweenbrnaekdtnidanmndl t [2r0a3cOkde tmm@
veal s that increasing the bracket depth si gt
e 300 mm bracket exhibi-6e@%apgrhcaxnidmatadldy Oh a
e bottom) compareitli3t datt Otehovdd MmBa.tH% @k dtot (t o
milarly, the displ acemrmemmt24atmnt e rc rtchven 2dedc rn
012 mm for the 300 mm bracket.

ese results suggest that a deeper bracket r
splacement . However, this reduction in stra
ich relies on strain mea®eme nbernmtcsk.e t T hdeerpetfho

nsitivity needs to be considered during opt

rther optimizatuonngotthd bnaoket fhhekness t

d durability. The r4s$ults are summarized in

bd 6: Thoptkmemestudmpari son

PiBracke| StraiQroBM Strain E1Di spl aceme

Thickne [ & [ & [ mm]

1/80 (3.] 13. 41 13.55 0.024

1/ 40 (6. -26. 63 27 . 2 -0. 024

3/ 80 (9.1} -39. 64 40. 92 -0. 024

Th

vV a

pr
br

cr

Ho

e thickness optimi-bpaacéet sirmuvlealt som fsorgni lé
|l ues while maintaining consistent di spl ace
175mm to 6.35mm and 9. 525mmoamdebsttamninat
oportionally. The 6.35mm thick bracket showe
acket, while the 9.525mm thick bracket exhil
own r emai nCke.d0o Zdomsltfatnhtr ecastIhhscbherbased®r i s exfy
ct t hat al |l simul ations were conducted witdtk

okeds Law applies. Since the same displ aceme

® N



in | ength was =equal for al |l bracket s, resul
increasing the bracket thickness | ed to highe
strain values wunder the sametapmiciredas| nogdit he
thickness enhances strain sensitivity without

the bracket's ability to detect small changes

Due to current materi al availability, only 1/
experiment al phase. However, should the brack
wi || be considered to pot entcioanlsliiybeaoadigotndt ert tr

research indicating that material thickness ¢caé

The depth and thickness optimization, guided |
Pibracket s superior perfor mancewaarnldd ianpfpolrintsa tpil
further validat e rtalceksed8 ddidnmdGiBsgxs , mm)w oawRd!l 11 2he ( 3
fabricated and tested, both with a thickness
identify any unforeseen factors affecting per
opti mal dBsagkefo€rabk Sensoschékobeamreceedi:l
potenti al mass producti on.

4. GONCLUSI ONS

The comprehensive anal ysi s -bamd keegt ii i zt ahtei comp td
for the Bracket Crack Sensor. Admoancgk etth ec otnhsri ese
exhibited the highest strabotbsecgsitiwvialy famd e
detection in structur al heal th monitoring app
direct and efficient bonding of the fiber opt

accuracy onfgthesmem.i tori

Di mension optimizati oo 208v €a Imand thh atc kteh e memalu
than the(B&Ag&r mhl ver si-iomch Threraeckeotr ewi lthhebé
| aboratory experiment to maximize strain sens
proportionally higher strain val uesatwhmigl et hma

thicker brackets could further enhance sensit

0]



Al

advant ag

umi hum was used f or phroautscet ynpaen uff aabcrtiua a tnigon i dr

t her mal

t
t

emper at

h
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e pref

d e ma

r t he

vest.i

n

g

es such as | ight weight, corrosion re
conductivity can i netnrvo druocnememe ass uwietnhe n
ure fluctuati orAse.r nFoarp pnha scsa tp roond, u csttieoen
erred material due to its superior th

ding environments

purposes of-brhcgketeswatthcoakt umueumoP

ations due to current manufacturing c:

ale i mplementation, steednsasindein eadrteasfeur tt e

nsitivity.

t he
al uat
tabl i

nex-t chapnhetbrRchet owi i ni el e8go | abor

e

S

its performance under realistic | oad

hed through FEA optimizati on.
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CHAPTEBR EXPERIAMENSTUDY

S.INTRODUCTI ON

The | aboratory lpphearsiemeint enaalkwsata ng-bt ek epter f
sensor system for crack detection infisnegiehg®Hr i
gained from previous <chapters, particularly
300mm br &OkKSetl nandhi s chapter, we -hmaanlsett,i owhito
expected to offer higher strain sensitivity.

The main components of the | aboratory experim
beam measuring 3.2 meters in | ength, arrange
supports spaced 3 meters aplanmratck dah eS MAeRTp ealld
optic sensor, and6bhe dNeuvudrasqgoapesi NBXn syste
schematic diagram in Figure 5. 1. This arrange

girder environment fnods acsrsaecsks idnegt etchtei osne ncsaopra bsi

Fiber optic extension cables
fusion spliced to both ends

of SMARTape sensor /
/ NEUBRESCOPE
SMARTape Sensor / NEX-6050

P —— - - O—=——

{ Beam =g yed ped =

N e — — = - _ _ _ — — _ Neural Optical Fiber Scope

- ﬂ r— O P P
I | /]

)
Fiberoptc ——~

extension cables

Figureememperili-snemématic diagram

(O}



A central focus of this chapter is the use of

by FEA simulations .peTlios medmhismned Appgoach

assess mertr accfk etth es emisor systembés capabilities.
the systembébs ability to detect and monitor cr
whil e alisng udlei deaftf ecti veness of the optimize

conditions.

Furthermore, the experiment al results obtaine
with FEA simulations, providing a robust wvali
comparison also offers val eaml exipresi gnietintiamt one
and computational predictions, shedding light

observed during physical testing.

By conducting this experiment and comparing i
bet ween theoretical predictions and practical
all ows f edre paa hmourned eirnrst andi ngp otf e tthiea Islyys treem/ esa |t
in stress distribution and crack propagati on
dual approach of | aboratory testing and complL
val i dat-bmgck éte t pat soref S-waralcd/y amplrieadt i ons.

5.REA MODEL

A computational model was constructed using AL
components: the sbeackgtrdand asakteminemi piener,
pl anar shell el ements with thicknesses matchi

15. 7mm for girder fl-mmagekMat ¢garnidal 3 .plr7o5pnenr tficers pw
reflect the actual materials: aluminum was mo
Poissonbds ratid ofas0.a33,i gwkeidl ea sfoteeemgds modul
Poi ssond6és ratio of 0.3. Only the linear el ast:i

the simulation.

®P



E, E11
SNEG, (fraction = -1.0)
(Avg: 75%)
+1.384e-03
+1.262e-03
+1.13%e-03
+1.017e-03
+8.945e-04
+7.721e-04
+6.496e-04
+5.272e-04
+4.048e-04
+2.824e-04
+1.600e-04
+3.757e-05
-8.484e-05

ODB: BeamExperiment_Final.odb Abaqus/Standard Learning Edition 2023 Wed Aug 20 13:43:02 Central Day

Y
L x Step: Step-1

Increment 1: Step Time = 1.000
Primary Var: E, E11
Deformed Var: U Deformation Scale Factor: +2.290e+02

Figure rmod2l FEA

To accurately simulate the simply supported st

of 3.2 meters and supports spaced 3 meters ap

Fi gux eD®t ai | mode lt heer daoEn&dc K ehte P

(OD3



Figure 5.3 shouws oaf dtehtea i F EAd 4ol doedlkee dor.noeu nedn dt,h ea py
support was applied, restricting al/l transl al
rotations aboulantdhz2URed6€tekctaxeby URreventi ng mo
except axial displacement. The wippoesidies pinac ae
in the U2 and U3 dwhialdd ioovi h@gwe mevementajnetder
the realistic support conditions of the exper
a stationary geometric discontinuity at the m
the beam.exTthemsded awwekr t i cally 57 mm from the b

preexi sting flaw rather than simulating crack g

The connecti ons -bbreatcwkeeetn, tahned FoGSa,m pwer e model e
tie constraints. This approach enforces i den

effectively simulating a c¢onidplceotneployn ernitgsi.d Ad anrh

represents an idealized scenario, it is suffi:¢
ability to detect the initiation of cracks.

The crack was explicitly introduced as a stat
web, created by partitioning the face of the

bottom edge of thexweh, nrgepgrndasmannmtaitmmulatpme cr

The crack was further defined as a contour int
t he extensi onvedtroercst.i oTho uascicnugr agt el vy model t he
a col llameend esi de with a singl e-snadce nwase iprap lae

was set to 0. 3.

The mesh was primarddeg aguwanproisleadt eorfalf osuhre | | el
we-slbui t ed fparr pioesreeraanlal yses and capable of hanct
vicinity of-nbpde ¢traakgut bhreehalsledelt emeretts e(r S

geometric complexity. The S4R el ements provid
bilinear interpolation for accuracy.
Loading in the simeglbatrohn| eds Wi spl soeawmemt r at

mi dspan to produce crack opening widths of 0
conditions. The applied displ acte nbeenttweweans tdneof it
| ocated at t he -bsraamek ehte,i gohnt eaist htehre spiide of t he

oT



i mply that the entire crack opens uniformly b
the crack tip remains zero, while the maxi mum
the flanges. For exampl e, ivwhden tahe0 .aZ tnuna | d iosppeln:
tip is zero, and the opening at the bottom of

This FEA model configuration enabled a detail
specified | oading chenpdtiit i @amal, ysaild oavfi ngt f@gs i:
particularly in the regi-matc.lsallrhreo yprrdimag yt hme nc |
was to assess t hler acnkfeltuemr estoffaitnhedipsitri but. i
comparison with experiment al Sstrain measur eme
than i nvestigat,i ntgh e rfaccku sp rwgsa goant ibdves cekr enti ns enngs
system could reliably detect changes in strai

crackébés size or the presence of mul tiple cr e

expernialherata is essenti al f o rb rvaaclkied a tsienngs otrh es
enhancing crack detection, supporting the br.
structural health monitori ng aacptpul riec ameicohnasn ircast |

5.BXPERI MENTAL SETUP
5.3Bé&am Speci men

The experi MEAOXAWRBED&xBEY|I abeam speci men desi gne
of a bridge gi meawm,t hht esafvl 2 eredtgdarhg,e was arr an
supported configuration with supports positio
Figudaemsdhsbbeffeepl vekryesesructur al behavior of a

|l oading conditions relevant to the study.

To simulate realistic bridge girder geometry
stiffener was welded to the beam 25 mm from t
asymmetric design was i nt e-nthi 6 oraersl sys tdcihsotsreinb u
charactegsemstiice olhriichge environments and to en;

stiffenediddfdenreanregions. The geometlrrya cokiett he

oY



pl acement were al/l carefully designed to emul

bridge infrastructure.
Stiffener welded to one Pi-Bracket, centred to the
side of the beam \ crack.
TA-A
/ ~
Vo]
™~
A I .
Q SMARTape Sensor 4 “— Crack Pin support —
1500 25
Fa ":,‘ )’*
‘— Roller support 3000
s
3200 AA

Fi gbh4d eBéfamnt el evati on

A-A
x
M~
o
/ N
~ — J
W10x45 Beam / / Pi-Gauge ()
) i
SMARTape Sensor — Crack /
Pin support Roller support —/
3000
AR 3000
Fi gbht e Bémmr el evation
Structur alr edpanedsggentveads oducing an artificial cr

This crack was <created by cutting through t he
into the web from the under ssae®et iodndlhevébew mj, n

(ONO)



W10x45 Beam 204 Stiffener
Pi-Gauge \ / Pi-Bracket

Crack extent 7 f
o QX
SMARTape Sensor
Segment S1
SMARTape Sensor
Segment S2 Crack (Red Area)

Fi gb6 Be aime ctA-An

Thebpacket apsesemblbpnmendsabove the upper edge of
its central X iaxoksil tiigomre.d Thi st heonf i gumatdi on O
mai netdai axi mity to critical stress zeamedsu,c eanhe

strain fields.

On the stiffened side of-brlaekkRé¢éamasauB@®H Mmoun
whil e on the unstiffened side, the FOS was di
only enabled a direct <c¢ompiafrfiesroenntofs tdreutcetcutriaoln
al so provided valuable insight into the infl.

emul ating the complex and asymmetric stress d

structures, partienéeémas!| wheear crack detection
experi ment al setup offered a robust framewor
applications.

5. 3P8Bracket

Based on the results of previous experiments
(300mMB)y akket to an 80 (200mm) wversion. Thi s

sensor's sensitivity and i mpr ove cirtaxc k o wa rda |hls

NMM



However, its dimensions have been optimized t

detection capabilities.

The geometry -Brfadhet 200 mmlSIRu sw hriacthe ds hi onw sF itghuer er

used in the | aboratory experiment and replica
CROWN
N
@\
i 100 ’ § 5
N
BOTTOM / ‘OK
RN ! \
100 100
v v 7 o
Attached Unattached Attached
7/ vé 7 vé

Fi gbh7t&®4ibr acket

This transition to a smaller bracket size rep
process, aiming to achieve more accurate and
girders, both experimentally and computationa

5. 31 8Bstrumentati on

The | aboratory experi ment empl oyed a compr et

measure and monitor crack formation and propa

sensing technology utilized was ct hsee nB»ioTre S td eSyM/
by Smartec. This sensor consists of a single
to provide detailed strain measurements along

NMN



The instrumentation ppoce $lserbeeajtahn twhiet hh ytdhrea uld

centered at mi dspan. The beam waswictohn f9 Wup cerdt
spaced 3 MReteonrs taopdretsting, the beam surface v
sanding to ensure opti mal adhebiaoketf s$href secea

thoroughly sanded at the designatedmoersamyl o

contaminant s. This meticulous surface prepar e

bonding

W10x45

Wel ded s {

Cra

Pibr ack
Fi gb& elPiaclkeedati on
Thebpacket was then installed 25 mm above the
axis aligned precisely with the crack | ocatio

sensor routing and t ol mthexdi sitzreaisne Msietlidwi,t yast o

NM=



|l nstallation of the FOS involved splicing ext
carefully protected to prevenbradakkmageandheoshk
of the beam udi adhesalveéli a©n2@B et He omdam, t he S
sensor was routed over -birhaec kseétmud sate dg wirdaec,k wlsi
protective MWadnnaesdoampeparebmesthawi megtfupont f &

of t he beam.

Hydraul i

Pibr ac

W10x45

SMARTape
fiber op

Ext ensi

DAQ

Fi g Eexperi meeshalvi bgonjpef abbe beam

As il 1l ustr dtped hien skinggwrre om. t he rear face was
across the crack region. Fiber continuity was

NMO



face at one end of the beam. During bonding,

was removed after the adhesive had fully cure

Hydr aul i

W10x45

SMARTape
fiber op

Fi gulreExSp.eri meshalvi aghboq@f atclee beam

The termini of the SMARITaped stosexkt eesieornf uki l
connected to a DA® isnyestmomi teonraibnigi nagn dr edadt a c o
experiment. Various confi-ga5@tbDAQssyst emewdrea ol
to the expeyimenitmal paeamefers. The final col
interval and a 10 c¢cm spatial resolutesol ut eoan
strain distributi dn bmeeaas Uroegmedmattsa alcognug stihte on,
t he Neubr & 06ddpanNBX as il |l ugtaugtednidn!| olad add

NMMN



connected to a National l nstruments DAQ reado

mechani cal | oading and strain responses.

Prior t o i nsh2®I01 a(tTiockny,o tShoekdkd® Ul gkee nikrnyduig rowye npti  a
cali bration to ensure accurate crack width m
adjusting the micrometer on a dsipgliatcaelmegqda wsg ewl
recording thegawge erspadidny. pBy establishing
pgauge output and the actual c¢crack opening, t
readings into preti vyval plegsasu gieh leo fefiesrpd aac ermesno | u't

and maintains an accuracy within N1% of the me

of even the smallest changes in crack width d
cal iy atgnamu gpee was centered over the induced c
DFOS, all owing for direct correlation between

from the fiber dphows semecdfioegtetagnafuirFeOS5 .plosi ti on

rear face of the beam.

SMARTape
fiber op

Pigau

W10x45

Cr a

Fi gbhldi:®et ai Ipi-geafuggtel e SMARTape position relative

NMP



I n the context of steel bridges, critical f at

widths in the range of 0.1 mm to 0.3 mm, as ¢
significant for early i ntle2r)v.e nAtcicoomr da mdy maoi nttheel
specifications, the Di Test SMARTape |1 fiber

and it was antici-paptaekdethaystbe ppapdsadhpeve
't i s I mpoatahhetobpetei véd of this shhruadgkets t
sensor system to accurately detect and monit ol
exact widths. The primary goal idsetteoc td ettheer minnie
of a crack and thereby enabl e i mmediate inter

approach supports proactive maintenance and t
the safety and lachggveiutiyt eo fetbraildg e 0ilmf)r

This instrumentation process, encompassing pr
and reliable data acquisition, ensured the acc

throughout the study.

5. 3Ndébr es c o p6e0 BEBtXt i ngs

The DAQ systefmorc am®d&&g pri avtoitan aspect of the ex
influences the accuracy and rel FOBINtietgy aa fe dt hve
t hebrpacket. Based on tHhe tthiendipnganalfr cmetCh agtse¢

experiment were déOt eomifngdrtad il men.t he 5

The DAQ reading unit was configured to foll owi
Di st ance Ran§g0em

Sampling I ntbcwmal

Spati al ResollQt mon:

Averaging Coa@antts (32768)

Frequency Rafhfe7680aGHz

Frequency RathgyyedB00pHZ

NMZ



Step: 5 MHz

Spa@ount : 141

Pul s Adjust méOnt :

Auto FrequenOw Adjust ment:

Measurement HWNodgressive

5. 3FB®al i brati on

Accurate calibration of the FOS is <critical
monitoring of crack development in the steel
met hodol ogy employed to | ocabraekéehe eraAabbIrng

correlation between experiment al data and str

800 T .

SMARTape sensor|

600 | 7

400 | 1

200 r .

Strain (pe)

-200 1

_400 1 1 1
0 5 10 15 20

Distance along the sensor (m)
Figbh2te I nitial <calibration measurement of the

NMT



I ni ti al strain measurements did netr aaclkedr lay orr
the fiber optic sehsdo, rasoslwewhhis,Fiagheat5gi
tool to accurately identify key positions al or
one end of the beam with the heat aguns haomh rien
FiguBe 5.1

800 . . I
Initial Reading
——— Heat 1 w
Heat 2 !'
600 N Heat Pi-Bracket { 1
|
400 \f I .
2 |
£ 200 ’p |
© |
& 5 »J
I+
|
0 ”‘;‘F\!“’H
ht
I
| I
-200 ! ]
-400 : : :
0 5 10 15 20
Distance along the sensor (m)
FiguBdhgr inal |l ocali zation of fiber optic sens

This process was then repeated for the-opposi
br acBkyets.ubtracting the initial, unheated strai
heati ng, t he t her mal Uespormsag cohled male |ismd
identification of the paebsriatcikoents aolfo nbgo tthh et hsee nbs
This methodology 1Is essenti al for establishin

meani ngfiusomomptawersemteaXpeneasurements and FEA

NMY



800 . . .

B
Heat 1
700 - C Heat 2 7
Heat Pi-Bracket
600 [ 1
500 [ 1
= 400 | 1
=
£ 300 |
g
)
200 E 1
100 1
-100 1
_200 1 | |
0 5 10 15 20
Distance along the sensor (m)
Figbhdte Thermal | ocal i zatfiteemr dfniftiibadr sdptaiion seaur
The experi ment al setup utilized a single, con
the back of the beam at one end. This confi gu
both sides of t he beam, facthet apeocgmeompiéalk
|l ocalization technique allowed for the identi
FigurdePo5 nk* s A through E in this figure ident
Specifically, Setnos otrh eS 1p ocratriroens paotntdaecdh ed t o t h
from 5.(7TA)met9erdsCAlébeaegst he sensaebrr alcekregt h,o cvaittehd
met @By Sensor S2 referred to the segment affix
met éDyo 13. 3 Enewtietrhs t he crack opening situate
enabl ed precise mapping of the sensor posi ti
accurate interpretation of rsadbdlemuemdgasttir@an nt e

NM®



Figubpr &sdnts a comprehensive schematic diagr
spati al rel ationships bet weenbrtalte&k e SMA FTod p eo wi

completion of sensor installationeandogydtesmi

Fiber optic extension cables ,
fusion spliced to both ends /
of SMARTape sensor /

/ NEUBRESCOPE
D Segment S2 E / NBX-6050

-~ Y -
|/ Pi-Bracket

N e ————— = ﬂ r— - e+ = prd g g
C l | A Neural Optical Fiber Scope
(B)

Segment S1

Fiber optic —/

extension cables

FighB8&chematic diagrameafupfi ber optic sensor

5S.BXPERI MENTAL PROCEDURE

The experiment al procedure was designed to sy

i ntegrated-brwactkhett hien pdetecting and moni torin

repeatability and statistical asednibucamncegest
each repetition, a comprehensive system reca
measurements and initial crack opening were a
consistent basel i nrei meomtdalt irounns. f or each expe

The initial setup i nvol ved cormreacctkientg wtihteh btehaer
FOS andgatuhgee ,pito the data acquisiti-@50 emao ut
configured following the partahmeete®@S wads |l calidb
described in section 5.3.5. Once the system
were executed using an MTS 311.51 hydokNl i c a

NNM



at the beamdbs midspan. The actuator facilitate

30 seconds.

Strain measur ement s wer e recorded for crack
increments of 0.1 mm, mat ching the crack widt

process, the crack opening widt hsiwnag -gaweagtg inuo

which was connected to a National I nstrument
software. Data were collected at a sampling |
tempor al resol ution.

For each target crack width increment, a base
any static | oad. The actuator was then pause:q

monitor edgabuyget. heAtpit hi s st agaend tthhee accotruraels ploona
di spl acement were recorded (as detailed in Tat
FOS were collected u605g. tber Negbtkessoper NB8X,

measurements codednoweeértappeoxiematrel y 30 sec:i

reading per second sampling rate.
This procedure ensured the collection of <cons
compari son between experimental results and F

parameters with thedsrhemhesatckat modelFOBalsiyd a te m¢
early crack detection and monitoring.

5.BESULTS AND ANALYSI S
5. 5FBAResul t s

FEA conducted using Abaqus provided an -assess
bracket sensor system wunder simul at ed crack
configuration within a computantiinvrealt i ¢@gmati romn m
patterns along tThe FEAgtddamitde doleo bddbmet ween tF
bracket and the beam
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Figuke St.rlain profile for AFEA BeamoO scenario

The strain in a cracked beam is higher than i
because the presence of <cracksarreyiuncgscamacietf
beam section. When the beaneries pcrreavci koeuds,| yt hcea rtre
are now redistributed, causing |l ocalized 1inecr
cracked section behaving less rigidly, result
applied | oad.

However, at the | ocation of the crack, the st
di scontinuity where the materi al can no | onge
the continuity of the etraidefioél d heocrheks mo
ot her rather than deforming uniformly. Whil e s
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due to | oad redistribution and sti ffness red

effectively behaving as an open gap under ten

180 T T T T T T T

T FEA Beam
160 P - Expected no crack

140 | 1 -
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Distance along the sensor (m)

Figuie St.rlain profile for AFEA Beamd scenario

The study focused on t(Twe di sgtsd arsicveaxdar aiogmsct e
condition of the beam with t h-br ackeks,i lginsatweidt re
AFEMeanmdhi s scehhecbs typical conditions i n C
continuous FOS is | eft unattached to the gir
centi met er sAsons heoancnh i sBia dFel ffuorrle st hSe. 10 . 1 cmina caknd O
condirteisopnesd thiiwselgyap does not correspond to the
|l nsteadcd,enitts ntédwer e ength along the sensor, whic

|l onger sensor path compared to the straight b
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This arrangement is generally due to practica
radius and challenges associTai sdswifiahai phual ks
as a baseline, illustrating t-beacketaiandibitgh
the challenges associated with monitoring 1in

The second scenREBeogmde shicikredt ©&d | avtkcro@d ploetatierdt d
model . In this case, the strain was plotted cc
both the bebanckmrd talse ipi passes over-btheketif
enables an wuninterrupted sensor path by over
stiffener, thereby bridging the gap present i
monitoring across this crictti ccaolmpraegisom. wTl hihs
scenario and demonstrated the bracketods eff ect
region near stiffeners. The strain results f ol

Figue@andd5b.respectively.
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I n these fdiaghreds, cadeémnes i debmrtaicfkyett had omays ittt

profil e, providing spatial reference points f
daskhedtical l ines separate t he -lartacakete dt ca ntdh eu
This distinction is important for interpretin

regions-bopbackée exhi bit diofrfserdeunet tnoe cthhaeniirc ail n the
beam. Pleas’7e beghFigatambached and dbmatctkaed he d
the beam.

Fi guRasn d33.prr. esent a comparative analysis of t
AfBeamb#taPketo under crack conditi dms emfsu® el t
computational results matched the experiment a
FEA were averaged between two points along th

performed by the DAQ sgstem during the physic
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ThesepF&di cted strain profiles wild.l be compar
obtainedFO&omstsheess t he accuracy of the- FEA m
bracket sensor system.

5. 5E2per iRmesmntl t s

The experimental phase of t his study vyielde
SMART®pF®OSYy sttéhm,t can be used to tehwehlpaakett benes
confi gwmrddri omontroll ed crack propagation condi
Figbr2presents trlmevt aaenagpedfiles obtained fro

il lustrating the sensor's response to Imcreme
this figure, the baseline strain, representin

direct comparison of the sensordés response be

StbracS2ino br
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Exp Baseline
3500 Exp Crack 0.1mm | ]
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— 2000 -
@
=
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o
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500 T
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PN J\ Lw/"““\
-500 r \
-1000 ‘ : '
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[ Distance along the sensor (m)

Fi gbh®&EMARTaperaged strain profiles
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These profiles demonstrate the system's abil.i
with crack formati ondasniedtriogpalgaltii meas dalgieme a
sensor segments Sldanmedt2icahelriemss gdernt e t |

bracket along the sensor path.

Il n actual use the strain wild.l al ways be comp:
simul ated IS whpe elBieqaurse t h.e2 ecl haat ni gveer id 1o u sbttarisaeid ni fn re
crack widening, as measured by the SMARTape
corresponding to crack openings of O0.1mm and
strain profipreof(iil.e . fwirt heonsd irdagipoini ed | oad) fr «

obtained at each crack opening.

SktbracS2ino br

2500 T
Exp Crack 0.1mm
Exp Crack 0.2mm
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1500 +
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=
£ 1000 -
£
0
500 -

_500 | 1 1
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l Distance along the sensor (m)

Fi gbhB2&SMARTape changerehastvai hopbatel ere

This approach isolates the strain response re
any resi-@wiagt iomg psterains within the FOS. Analy
contrast in strain magectudes. b&pweehnhi thel ywo

change observed within sensor -Beatken, Sdeaawhe
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Q. I n contrast, sensor section S22, whi ch

S
substantially higher maxiThmim stmgaidichanbgeai o6f
val ues indicates a substantial strain concent
bonded sensor segment (S2). This magnitude of
the prevemoeaamefntean |y i nduced changes.
Figbm@presents a detailed analysis of the <cha
includ#e#s aclkketpiat the center, specifically sho
O.1mm and 0. 2mm. Despite the paestmeeowér dsloime
the strain profiles clearly demonstrate the s
crack opening, even when tphreessee nc e mogt € &iechter e T
presemhdeb rpd dkoeets not stop sheaicmuphf aogmatfi arhe
all owing for crack detection even in | ocation
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Figh@&traini prohel esechirnadskgectof) onh&1Pi

Figbhmeocuses on the section S2 change in stra

0. 2mm. Il n this configuration, the FOS is dire:
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a direct measur ement of t he | ocali zed strain

significantly higher compared to sechiaonk&tl,

Specifically, for a cr ack aapemidn g hoef cOilaZxrkm,r et:
indicating a substanti al strain concentration
measur ement highlights the sensitivity of the

provides a walpwalmite froef evanau at ibm@ctkklee per fsercm

It is i mportant to note that while the strai:
23820, 1t ®Be corresponding strainm rAlctoradegh byi greil
|l ower i n magnitude, this distributedEstnain

t he pr d el pa cskueftf i ciiesntc osutprlaeidn tfoort her &K dethesa

2500 T T T T T T
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Iw| Exp Crack 0.2mm
2000 f T
II ‘
|
|
1500 - [ |
n
@ I ”
£ 1000 [ a 1
g I
w |‘
|
500 |[ b
N
- :/) | -
0r e — e — _
_500 1 1 1 1 1 1
10 10.5 1 11.5 12 125 13 135

Distance along the sensor (m)

Fi gh@2&8train profiwietshdbwtrackied¢t i on S2

The presence of noise in the strain measur eme
including environment al vi brations, temperatu
sensor section S1 el docriadoskieesdt rtahien idifsltureinbcuet iod n
di fferences compared to the strain data col | e

N=N



sensor was directly bonded over the <cr-ack. T

bracketds significant role in modulating and
t hat i'ts i nclusion may imprcoaeksheéensgstremdssr e
regions, such as areas adjacent to stiffeners

5.5C8mparofsoEwxperi ment and FEA Results

This section presents a comparative analysis
| aboratory experiment samdl.athielecoprriemsgroyn do mjge d
comparison is to evalrimatkeett lsee nesfofri csaycst eanf ftohe
vicinity of stiffeners. The analysis focuses

system, speltaicfkiectaliltys etlhfe apnid t he region direct

FigurBand®pmRe&sent a visual comparison of the o
| aboratory experiment and the FEA simulation

respectively.
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Grekansthhedti cal | ines inthraeaakett ladé¢ omagsitthieostofai
clear spati al mar kers to facilitadashedtirpalet
|l ines demarcate the transitions betbweacnk etth eo na
the beam. This consistent identification schel

and continuity.
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Fi gbB@&aaniBlpresent a detailed view of the | ongi't
t hebrpacket region for crack openings of 0.1
facilitate a focused analysis ofa,sthiad ml idg tsttirr

l ocali zed strabmadbdldhtavamdaderofvdryi pg crack conc
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Tabsl &: Experi mentl taand FEA

Laboratory Experim FEA Si mul &

Cra( Loa Beam| Strqg Strg Str g Strég Str g St r &

wi dl [ KN|/di spl a| S2 S1 S1 P4 P4 Beai

[ mm] [ mm] ma X P4 max|bracbrac no

[ & |brac [@® |Crov max|brac

Cr oV [ & [ O ma x

[ @ [ @

0.1 15. -1.26[{1402 8.3 60. 5.4 695 73.

0.2 31. 2.38/2383-11.|129] -1®.| 139D 146
The FEA simul ations pr edufcotreda a rnaacxki noune nsitnrga iol
the corresponding experiment al me@as Theé me mmowin
to a discrepancy of 12.8% between the simul at
opening, the FEA asimauxlianuino 3®tpamend-bodt eiet at t
| ocation of direct contact with the beam for e
strain recorded by isean =arbosaedkteitdreoSols, BRi%si Mmi O
crack opemihbgi ¢ Tabpeesents 7% discrepancy bet

experi ment al Renaesaosnusr efmemt clains beéi saduwtarpifauwdsear st o

di scussed in Section 5.6.1.

Fi gu2dMedasurement | ocations of maximum strain



