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Chapt-émtitoducti on

1.1.Background on cablestayed bridges

Thefirst cablestayed bridge was designed in tt#" centuryby C.T.Loescheras a
draft when concrete and steel were not yet employed in the construction of bridge
structures.Timber was the main construction material used for this bridge. The first
modern cablestayed bridgeonstructed wathe Stromsund Bridge, which w#uilt in
Sweden in 1955 by using higitrength steel cabl¢sarquhar, 2008)The span length
of the cablestayedbridges at the tim rangedrom 80 to 100 m. However, with the
choice of multistay suspension bridges with small cable spacings and with the
development of construction materials in cables and girders, but also the advances in
bridge deck shapes, nowadays the main spancablestayed bridge can be extended
to exceed 1,000 m. Today, the longest catdged bridge is the Russky Bridge, which
was built in Russia in 2012 with a span of 1,104Minola and IngFEANI, 2011)
Cablestayed bridges are popular among bridge structures, due t@tbeomic
efficiency, technical requirements and aesthetical appearance. They require fewer
materials and no anchorages, which are significant ecoabatganages, ad imply
a shorter construction time, when compared with cable suspension bridges. The cable
stayed bridge consists of three main structuratsyigtems: stiffening girder, tower,
andinclined cablesas shown in Figure 1(Hua et al., 2009)Theinteraction of these
components makes the structural behavior of estslged bridges more efficient,
considering the length of their span. The girder is subjected to bending and axial loading,
and it cartrarsmit the load to the tower(s) through the cables.tdivers are the main
structural components, whidiearthe load andransmitit to the foundation. Multiple
cables which connect the decksd the towersare subjected to high stress. By
comparing tlem to suspensiorbridges, in which thaleck is hung below the main
suspension cable by vertical hangeelestayedoridges do not need firm anchorages

1



in each bank to resist therizontalload of the main cables. The stiffness of cable
stayed bridgessigreater,since the cables can handle higher stress, reducing the
deformation of the decks under live load. Because no anchorages are employed, these
bridges can be designed symmetrically. Therefore, it is challenging to design a long
span cablestayed hidge considering the action of wind or seismic loads, which can
threaen this slender and flexible structure. The static and dynamic characteristics of
this type of bridge should be carefully considered in the design stage, especially when

subjected to wid load.
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Fig. 1.1. Drawing of cablstayed bridgéHua et al., 2009)

In addition, cablestayed bridges can be vulnerable to the actions of the exposure
environment over their service lif€orrosion can & caised by the penetration of
chloride ions into the steel wires inside the cables, through the sheath breakage which
may be caused during the delivery or installation. This corrosion mechanism can be
severe in the marine environment, where there is ¢hé¢dride concentration in the air
(Lu and He, 2016)Cable corrosion induced by an aggressive environment has a direct
impact on the rupture of the steel wires and therefore on the bearing capacity of the
cablegPipinato et al., 2012Yhe mantenance of these stayables, after the bridge has
been built is difficult to implement, especially for the prestressed cables. Because the
cables areunder tension and vulnerable to corrosion, due tohtlimaid and salty
environment above the sea, theg prone to be replacedthin the service life of the
bridge. It is thus important to make sure that the bradgeremairstable, even if several

cables are in critical condition due to steel corrosion.



1.2.Cable corrosion

The stay cables are connectedhe bridge tower at one end and are anchored to the
bridge deck at the other enfithe cablefransmitting the forces applied to the deck to

the towersTherefore, hestability of stay cables is vital to thategrity of cablestayed
bridges. For the earlcablestayed bridges, the cables were made by chains and bars,
while for the modern bridges these are produced by-$tigtmgth steel wires, bundled
together and protected by membranes which usually resultyhnarical shape and a
diameter of 3 to Tam. Thus, multiple steel wires are arranged in ropes and strands.
For cablestayed bridges, the strands can be formed from the helical winding of wires,
while several strands are bundled together to form a dq&adetano, 2016)The
coatings are thmaincomponenhof corrosion protection. In the early design, uncoated
strands and cement grouts were used forcthles. Howeveryith time it has been
observed that the strands can be left unprotected by grouting and can corrode in just
several months. Later on,@bkicant coating has been usually applied to the strands for
corrosion protection. Nowadays, galvangis commonly used for coating the strands.
The sheathings are the direct protection for the strands. The sheathing can be made of
high-density polyethydne (HDPE), steel, stainless steel or aluminum. The HDPE with
bright surface color is recently usedaalsetter method to protect the strdmebatabai,

2005) The challenge in using this sheathing is that it can become brittle and can crack
under ultravolet radiation. The cablesre the vulnerable components of the bridge
system, due to their flexibility and the high tensile load they carry. Any datodge

cables will endanger the stability and safety of the entire bridge.

Thereare several ways that cables can be damaged, including physical methods
and chemical methods. Chemical damage is always induced by the exposure
environment. High amount oflsand humidity in the environment are the main factors
to corrode the cables. Albugh the steel wires are manufactured with ana@mtosion
treatment and covered byplasticsheathing, the breakage of gteeathingnay result
in moisture and other haiful substances penetrating the strands and the wires inside

3



the cable. The corram of wires consists of uniform corrosion, pitting corrosion, stress
corrosion, fatigue corrosion and so(®@ranci, 2017)The most common types are the
uniform corrosion, pitting coeosion and fatigue corrosion. Uniform corrosion is a type
of corrosion that is uniformly distributed over the entire wire. This happens when the
cable is exposed to an opemmasphere. Pitting corrosion refers to the corrosion that
induces cavities on theurface of the wires, which cagmow deepr, breakng the wire.
Fatigue corrosion is thgype of corrosion due to the coupling effect ofcarrosive
environment and cyclic &d. The fatigue corrosion caused by cyclic load will accelerate
theelectrochemidacorrosion weakening the characteristics of the wipéang, 2013)

A corrodingcable can put the entire bridge systensenousdanger. When cable
corrosion occursthe effective crossectional area of the cable is reduced, thus the
stiffness of thecable as well as its capacity will decrease. Sewermsion carresult
in a sudeén breakage of the cable. Different approaches for performing cables
inspection consist of visual, magnetic, ultrasonic, radiographic araly Xnethods
(Tabatabai, 2005)However, they are all timeonsuming and expensive to implement

on site.

1.3.Wind effects on bridges

The wind effect onstructuresis a complex aerodynamic @homenon. When the
random variation of thevind acts on a bridge and on its components, which have
already small vibrations, the wiridduced pressure on the bridge surface forms a
specific distribution, which is also continuously changing. The effechefwind
induced pressure distribution can bgarled as liftindoad, drag load and torsional
moment on théridgedeck. Therefore, to simplify the phenomenon, random wind flow
effect can be divided into these three different forces, when acting octaisgrinder

the effect of wineinduced load,He response of the entire bridge can be regarded as a

resultof mean wind load and fluctuating wind load.



Wind load can be very damaging to bridges if design engineers do not pay enough
attention to the bridg aerodynamics. The Tacoma Narrows Bridge &xtain
Washington dramatically collapsed just a few months after it opened to traffic in 1940.
The bridge was discovered to sway and buckle dangerously umidngind condition.

The Tacoma Narrows Bridge hadrertical vibration mode, which led tonehdf of

the mainspan to rise while the other span lowered. The mass of the bridge could
sufficiently control this kind of vibration, under standard wind conditions. However, a
twisting mode suddenly occurredder mild wind conditions, thus the left sidetbé

road raised, and the other side of tbedlowered, with the centerline of the road
remainingstill. The entire bridge oscillated, and it finally collapsed due to cables
rupture under the effect of sustvere vibration mode. Furthermore, flutter wasated

as the terminology used for such wimdluced vibration(Billah and Scanlan, 1991)
Although theravereno casualtiebutonly money loss in this unexpected accident, the

event made engineers realize th@amance of bridge aerodynamics.

1.4.Research objetives

As more cablestayed bridges are set into use, glbéentialthreat that cables corrosion
poses for the entire bridge hassenincreasingattention of structural engineeighe
cables, whiclcan suppd most of the weight of a bridge deck and mafsthe loads
induced by vehicles, pedestrians and wind, are vital for the structural integrity of the
whole bridge system. The corrosion of cables has a major effect on the strength,
funtionality and life of staycable bridges. Thereforehd inspectionof a bridge,
especially the inspection of cabledter its completion, is critical tlmcate unreliable
components and to ensure restoiisgtability. The common methods evaluate the
condition of cablescludevisual inspection, vibratichased chle force measurement,
laserbasedforce measurement, ultrasonic assessment, etc. These methods have the
advantage of detecting rupture, corrosion or force loosening of cables. However, it is

time-consuming an@xpensive to perform the inspection for ak tcables of a bridge.



Inspections can also produce traffic disruption. Therefioris difficult to perform
frequent inspections on a bridge, especially for the aging strucutres which need to be
regularly exanined and monitored. Theorrosion levebf corroded cables is also hard

to know once the corrosion is detected.

Themain target of this thesis is find an analysis method to estimate the effect of
the corroded cables and thearrosion levebn the stuctural response oflang-span
cablestayed bridge model. Toachievethis goal, first different combinations of
corroded cables of a cabttayed bridge must be investigated in this research. The
differentlayouts of the affected cables daad to varios responses of the bridge, thus
identifying the significant response for a certain corroded cables combination becomes
a second objective of the current resealldte structural responses to be analyzed in
this research include the static and winduceddynamic behaviors, focusing on the
deflectin of the main deck and the variation of cable stresses for the static response.
Natural frequencies and the demkdtowers responses under wind loading condition
are analyzed for thdynamicresponse. Each casdéth a different cable corrosion
condition @n reflect the location and the degree of corroded cables, as well as the
consequent behaviour of the bridge.

In this research, the Stonecutters Cadtbgyed Bridge was used as a case study to
perform both stat and dynamic analyses. The Stonecutters Bridge was chosen not only
because it can represent the world stipeg main span bridge with a length of 1,018
m, but also because its twin decks are only supported by cables. The response for this
kind of long-span bridge is worth studyinghe completed cabistayed bridge model
was built bySabi (2012) andFeng (2015performed a modification on the model for
investigating the flutter analysis. After validation, thedel is chosen as a starting point
in the current research to apply differeatrrosion leved for the stay cables and to
perform the static and dynamic analysis with the corroded cables.

A series ofcomparisonsdetween ahealthybridge and a damagedidige with

corroded cables is made in this research. In the static analysis, the cable stresses and



deflection of themainspan are carefully investigated for different scenarios, which can
demonstrate the effect of corroded cables and their position #iendeck on the

overall structural response of the bridge. As for dynamic analysisathealfrequency

of eachscenarids checked, and each frequency with its corresponding mode ishape
studied Finally, wind load during a period of time, calculateta@ding to recorded

wind data, is applied to the model. The tid@mmain responses of cable stressas-

spanand tower tops in each scenario are studied and compared to each other. The data
processing from timelomain to frequencgomain is needed and i with the help of

MATLAB.

1.5.Analysismethodology

The model of the Stonecutters Bridge investigatexds developed using the finite
element method as a primary method for structure analysis. The finite element method
(FEM) employed through theommercialsdtware ABAQUS is an efficient tool to
conduct a structural analysis of such complex structurebelourrent thesis, several
modelling assumptions were considered for better simulating the interaction between
the cables and the bridge deck for diffedenels of cable corrosiohe option of the
implicit and explicit integrationschemes can handle maplex contacts and load

conditions(ABAQUS Inc., 2012)

1.6.Thesis layout

Chapter 1 provides a brief introduction which includes the main objective, thatcurre
problem about cabistayed bridges, the method applied in the study and the importance
of this research. Chapter 2 contains the literature review ésiqurs studies on cable
stayed bridge design, corrosion model details and the structural anabadestayed
bridges with problems in stay cables. Chapter 3 mainly describes the details of the
numerical model created in ABAQUS and the validation ef tmodel through the
comparison between natural frequency and the mode shape of this model and the

reference model published in the available literature. In Chapter 4, the static results are
7



compared within different corrosion levels and cases. The deftextidecks and stress
variance of each cables due to gravity load only are discussed. ChaptersSehsihe
dynamic results in terms of natural frequencies, mode shapes and response of deck and
tower when wind load is applied. The Power Spectra De(RB8) is used as a tool to
display the frequency domain of the responses. Chapter 6 concludes rasuhe

obtained and proposes recommendations for future work.



ChatperLi2t erature review

2.1.0verview of cablestayed bridges

2. StXuctur al | oad-sspaykeembof dgee cabl e

The desi gt aoyfe dc abbrlied g epsi nhga ss i Bnéceamytt dhe€/aebl 8oe

stayed bridges benefit from the stability
pattern is &l sogsdem mapl s {fdmecmi2iDdkigggr e 2. 1
inclined elastic cabl deckappomwt ntghe hgr dv i td

a longerl cgpdasxp ! i Edeon the deck are transfer
cables, thus forming a complex structur al
T
T = Tension T C
C = Compression
C C
_—

Fig. 2.1 Force systenof a cablestayed bridg€éOlamigoke 2017)

Howetvdédr, cabl es cannot provide rigid supp:
designed to resist only tension. The <cabl e
di fficulty to deotrecrensi naendt hree aicnttieornnsalusi ng
equatMoorneso.v er , the compression in the deck
cables subjects it to bendingomomentaushaeaeg
seconder behaviorh dhe @9lyéodsr &whe ment s, t
compressioablfesm bbhe al so bend due to the t
or earthquake | oads, or due the unsymmetr
Therefor e, the decknexwdiicnmakemontdedeasttIre

staticall y( Olnadmi2@dakied nat e



2.1. 2. Co mp o nsetnatyse do fb rai dcgaeb | e

The stay cables play an i-smpayéad,nbtrirargefsd rne t
special attention i3halwayespard &Boranhedr.i
can be bundled as parall el o(r KijpdllQi9gtaH e s hap
par al | eloranerdarbdy ias gfr oup wirpasallaaeld, wiwhe g F
simplest and most common &Wwr airg nids omaed & olr)
wire. A bundle ofwbBokbd stawndabkan Tbemhal.
name frcam Iwelnidi ng of multilayer wires arol
strand is made from the assembly of wires
helical strand,weogseh agwe dneosr ea nlda yheerdsshaogflel v ar
wires uitrert HEaayer@si 6 )The st dealy wadd efsorn ss stro
regul ar steel , arduen tpertcheentlaiggeghern c he ¢ omj

strength for a |l ong span briHhge armd, Arecherhs

2011)However, thetdebot isttiety of hiegmmti vel y |
nor mal steel GambengAeoco@OWpkoghgeaeamsedul i of e
for simple helical, sA9OalGPand 1l70cIGPR aomidl

respectivel y.

Fig. 2.2 Types of strands: (a) parallel strand, (b)ire strand, (c) helical strand, (d)
locked coil strandKivi, 2009)

The decksstamafyedalblra dges are designed to ¢
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dead | oad, traffic | oad, mwsifnedr Itohaed ,b eentdci.n g n
torsional moment, sheatsefcaricoene aidd daxeit @l bfeo |
designed car efguilrldyer ,Ushucax |gyi,r dehre dnd tr uss
bridge deckgidedseirgsn .weTrthee wsuypglolryt usheed concr et
on top of them i n thhees ee aarrley edaessyi gtnos , d ebseicgan
However, the ogiemdsesystiesn mdt tdfefilci ent in r
The truss girdersdeosnsasshinol acgigmd dtrriees Islu tg i
with the deck spaemdcdger gt rbied sveese,n drhee wiwtoh c |
which have | ower bracing at the bottom chor
t he advantlaiggbhuto f & thiedytnkgr si on al stiffness. T
girders are i myirnodv ®ldoeatdo o xvelgii csldl d @ héee d wi t h e
closed shagprosdh pFfroessef gr atrer siuon albl feorf e
S pan -sctaabyleed Thhbes h @lgpee . 0of a box girder can be
trapezoidal s$shkza&pe, o faaatadt etolme cmesed t o take th
stability( Olnami2d@dtkie unt

The pyl onasi mrcomphoenemt to bear the entire
components.er Thsitsr ust end shoul d be designe
compr essitamnadmnanrdsheeg moment. Therefore, the
such fasamkyamMe ancecidi asheamomapo®dveerts;, ar e

adopt ed &f odre(sBogagne ng an,® 0GdqgTrhgea ktioswer can be

concrete, steel or combination of concrete
behaivh@ompr essi on, and ftahber asctdheteels semd | ies e a s )
2 1.3. Stay cables arrangements

Theaystcabl es arrangements can be classified
vertical directpil@am,e ibmad-pdigeen @ gdloruibg eha@ e e d

bridge apdamel birpldge, whucsé 2a@Be)(.al)Tsh s hoavinl e
are connected to the centersarmlbemnd Whrhieddor

(Figure 2.3 (a)) and arba |lamncech drheed clhenmeatth ot
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of bridge requires a main spains wiytphe hofg hbrtio
has span and wi dtrhesltiromfictt@iagraist W uien ttohé¢ heab
t ower s.

The dplubhe briyggeofsbthdge for which two
|l ocated on t hepé&miogusriaed. ®dlh lighge. aMd connec
edgesdeoefaktdha haagewérfsconnections with the
the two pylons sits traqusivieed et otnomesnt s appl i
i nclplnaende bridge is #@nhamlkeegler kwintdh otfh ed otuvbd e
connected at the top to increase the | ater:
anchored at tdhe top of the tower

The muplltainpel ebri dge has more than two pl an:
edges ofotharrdecikorte than one span (Figure
bridgehiagkepadcdiety to traffic fl owtdardtmwiogh I

decks.

SRSNSESENN
X

-~
N

Fig. 2.3 Different types of bridges: (a) singt#ane bridge, (b) doublplane bridge,

(c) inclinedplaned bridge, (d) multiptelanebridge(Olamigoke 2017)

The ®Gowehrapeti sgpmet hod, span | engt h, | o
factors that deter mi necotmmonc ablresngameahge .l
arr angseankiaair,r angement , harp arrangement an:
(Figubkeami,g80pkeé Figure 2.4 (a) shows the fa
the cables are connected temmtt heast sp reefadt e
on the main deck, and the cables, which mai
and dead | otaldeongar edegdadse of the main deck

the tower. However, the naerswreguonneet aonc®|
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design and | ead to stress concentrations o

i's 1l lustrdatéth)i wi Fhgpaealbl el cables at di
deck and tower. Thi s arraknsgeammett avheil s ¢ &
concentrations on the tower, but it Il ncr eeé
stressesf.anl haererseenmyemhi ch i s seen in Figure

i deal design of cabbettalvaanhggmerdtah anmbihmai
arrangement s. The assyhhomem r iFc gare agdme ndt)
unbaldnsedi bution e¢t cabl ebewtoweresphi s t

desi ghelldfetqgaui r ement s of aesthetic design or

(a)

Fig. 2.4 Different types of cable arrangement: fa) arrangement, (b) harp
arrangement, (c) seAmn arrangement, (d) asymmetaicangementOlamigoke
2017)

2.2 Corrosion on stay cables

The ecdlmalyed bridge is vulnerable to the dan

deterioration is a cestaypedthredgetoCbheoe
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i's a main cause ofcadmmoanr icearbalyee d O Kandgés mo|
2017)The Gener al Raf ¥ekezUeldanepan&8di dge 1986
cables rupturing due to deterioration in 1¢
wi t h caa bnlgewesny i n 1999, c oiroalsdireodn swabsk esttsi,| | f
caused up to 30% t g nrSsairRoona gliolslz® Gé8)TStable. c a b |
NazairenBrFirdaagmee built in 1974 allsexs exipeerri e
several years of service, and a°Blimi amad ca
brildgeat ed i(mMBaBEIMTwm nMor achgle IBodated in Geno
harsecleyntcol | apsed in the summer of 2018, Wi
being the cause (®@bIl,bO&B Yrhied ceor fr isli wme o f b
concerns bridge designers and dwnverss meartd i

mai ntenance and replacement of affected cal
2. 2.dr.rdsli oness

Cabl e corrosion has a major i mpact on the
cabl e corrosionmbastuheegastwptpa®bakbongi de
t hrough -dtemesi hygtlpol yethyl ene r(sHDPE) epm.he@he
permeability of any materi al cannot be ze
through them. The molecules of gases try
di stromulbotom si des of HDPE sheat hws Anhoet her
corrosive gases to get in contact( Swmijltthert he

2006)The damage of otclcaurHRIRIE isnhge atrlancsgpror t at i

t hus acddealeeraagtiinmg of the materi al and maki
corrosion happens in the second step, sinc
to air. The conssutmairntgsk offrzozrmngc zcoatltowg zi nc
which i powdehitlkat i's unabl:d tthoe nditsusronlsv e nit

zinc cartb/ohat ei oc: HWydrnoxainde z(i B¢ )s wmhfeant e (
reacting with carbobdeddibossdevaddi Bumdbust di

| ayer i swhi dlomi nant compound, is found to f
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to dissolve, mitigating the coBfbsieasgffe:r
to be dissolved and erodes from the metal
(Kar,204diMWhen the zinc coating is fully <con:
cooded as the | ast step. The factors contr
wetness, ewianhdyetembpl @8dahbli rapod Gipyaiom s

types of corrosion are observedoicmlikZedst
corrosi on. Uni form corrosion results in th
oxiidnigz reaction between met al surface and
product of wire surf&A&e ,i swhhycdr o uss uadltesror okunso
The wetting and drying cycles induced by tF

acelerating the corrosion rate for the wire

corrosion is one of the most ¢ ocnomorno slioocnal i
rate in the |l ocalized region is gneaher th
sur face. Pitting corrosion happens when t h
protective coating, creatingonameHKedgriaonnc ie x p o
2017The deep pits can be isolated or a gr ol
damage. The stress concentration also occu
Stress corrosion and corrosion fatigue | e
corrosiomaamandaimel oading. Stress corrosion |

simultaneously to a corrosive environment
wi mhl| tcahpdnei ¢ al components such as carbon (C
and siladalcomm nm&kes itself sensitive-to stre
section is normally displ alyLeid2 tagdBaly raintcti | e r
2017)Corrosion fatigue occurs when the me
envir oamnmde nntepeated | oads, such as traffic
fractures pemrmanentdondun i on of simultaneo
cyclic |l oading at | ower stress or fewer <cyc

(Coca26etl1al
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2. 2. 2. Di stribuobspbpanof cabl e co

The extent of corrosion in the cabye secti
examined by vElsauahadhidmeHcstaldanre.d t hat t he wi
i s rel adtiesd atncc et lheet ween the wire and the sh
i's in prhoipordiXKothamao@ Co&l)hso found that the ¢
severe for the most outside | ayer and miti (
corrosion sectiroen,2.as. sCoowno siimnFicgaunn vary
higher risk at anchernhaddel od eatgitdhno.f FRilret ltea
accounting for the possibility of corrosi o
to corrodehibbenuséeshkhf oh dama¥Yungndh€henot
(2018B8n@hen an@O0 lsathgpdi ed t he ecorirnossitoany ocfa bwiel
found the corrosion extent was related to
of the distamt¢e fcroamet hene, as shown in F
appears because the wires ,armaktiingghtilty Iwarac

rainfall to penetrate through the gaps bet:

Fig. 2.5 Observation of corrosion distribution, whehe tdarker the wire, the higher
the corrosion incidendgXu and Chen2006)
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Fig. 2.6 Corrosion distribution in the cable secti@hen and Yand2014)
22 2.3. Cable scorrosion model

Thenodebifnghe corrosion procesiscitinthestagutc
damage and to assess t hestoavyeerda Iblr ipdegref o rnmat nec
ticependlemeéer abi lity.

The corrosion rate is essential to estim
The corrosion comesstonnotabnhhehwnr be deter
known corrosion rate. Liang (200Bat pcapose
estimate the corrosion condition of each |
aut hor performedsaaonaexpébermertt torirnvest:i
bet ween the different str essaetsi mon,d rceos preocstiic
The experiment was performed toi tshenull ali,e t|
which includtoarmd dt he@ai nor Hesi on rate was
subjected stress for both stesladadd2.zi nc
Equat )i @WPWgds est ablished for estimating
reached corcoest.aidnnn| ¥Eyelt G &. unkmanhwefract or s
determined by tha&cda&mdwinheviarl uesr rodspondi ng
known corr/Aodefdorc atbhHe sdi s-secbudonpnthe tberos
of each | ayer wer e adcdisutmerdc e of rboem rtehleat cean tt
corrosion deppPlLi @i0@BwWehdr ocEulgg h (t2hi s model , i
depth of theewmobsitk nloawynge,het hoeu corrosi on dept

of wires and corresponding time can be est|

17



G- £- 0 ( 2).

wheteservice |ife of wires, days
mn parameters that can be determined ac
a thickness>of zinc coating,
b | aboratory corromiton rate for zinc co:
cC average corrwisrre,n depth of steel

d |l aboratory corr>mdlion rate for steel wi

0 Y O ( 2.
wheive: radial cYovriQfsianthatsi case.
0:the average corrosion depth of the first

6:t he averoamg ed ettt agfert he

50 -

Corrosion rate /mg * dm” * d*

0 200 400 600 800 1000
0 / MPa

Fig. 2.7. Corrosion rate of steel wire under different stregsesg, 2008)

)
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10

o d

-2

Corrosion rate / mg * dm

0 L | L ] L 1 L 1 ) 1
0 200 400 600 800 1000

o /MPa
Fig. 28. Corrosion rate of zinc coatingnder different stress€kiang, 2008)

Hower, the dr@whhadet&]|l ofi2iDgn8oprge ss tthheatst r es s
due to redwotiioomalofarceeaossf the wires, and
vary whil e t hé&hreetfroegses addhraangesbhe rate neec
det erfmadm ¢ deex pon@mmv ier onment s.

Lu an@O}el so studied stay cable corrosi on
and they defined acomsmi®@aéei pashmpt eeswaead th
periThoed.di stri buti orroese ctwae oonssiiodne rae do ntgo ab e
di strTwaenaiedd factor s, which are the chlorid
stress | evel in the weorrer ocdoends ioduetreerd sitne etlh ew

I n the corrosion modelodsarlisseHeat widr & 0, tth
di ameter reduati an reaotitdhre amdi t he chl ori
expression i s3 (glhweamndyLWe&ldh.e (a2nmpl i fi cati on
OYo was introduced for describing the effec
corrosion process, amd Liut ajas lea¢ph e swsreade ratsa ij
par amen eE3.., WwhacgkeG, HanoO¥w,are assumed thro
existing repdMotrsidnad Kdpeardrks nf 6anal)ri aelt. (20
al(.200n) this reseasr cMapeghlde g DODacttdhe | ocat.i

bridge is | ocated.

00 6 "0 o 6_ 0 Q6 p — ( 3).
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wheiO®:di amet er |l oss>mggue to corrosi on,
0:section |larssofafenpgosluryes,

irexponent remantedltexpoasurenparameters;

"Ymean stress | evel in the steel wire;
OY:amplification coefficient of corrosi
tt time of exposure, year s;

CL chloride cdncentration, mg/ m

G, : Heimr i c al coefficients.

‘o¥ 'O Of G O ( 2).
whefCan®are the independent ahfdecdthe cftrelss
§

Gis the dual coupled effect

Fis the constaas$E=mlunp8br) for all

Thesenvice stress, di ©tr esisclswudis owe lolff &orrb
spatial distribution of chloride penetrati
model . However, the internalotmoer meadt dred wt

affect theemsaglesst sd.at e

The corr osrioopno sneodd eblys Lpi ang (2008) and Lu
corrosion conditi on ctrhlessasuagiho .mHbeeae reerd,uct hen
uncertain factoed,tlWwhououbhatrkbedexpe®m ments |
model and through assumptions and measur e me
Hé& modekpor mpkednmnt isdmgf ctalbd eSC & ldetecauytetde r s
Bridge difficulmatduoen.t oColrawks i @fn iirsf carn el e
gover neénck Wsyp bh bceaitchodi ¢ and anodic reactions,
in terms of the corrd@silosaw.c uByheampgdIlaywirnogo gt
corroding steelswiiore,f ar gtemerrae maixmpirreg di a

Eq(.3( Andr ade3fgthealrr psi®d period can then be
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the corrosi oiodesurkrngingn .ete nisdéd urydt heklh &for r osi on
currentsreemsiedy eostae shDlwm timi Fitghe i 2,0 t
for the corrosion | evel-secntitohnealc aabrleeas ,a ftthee
has taken p(lacreetitsi ;¥adto pasleetABALT or2M 13839r r oS i
di stributtiheemectriossal ariesa aosfs utmeal dabl esi mpl
Equati on (& .sbe) megpkrpotve sdseirse ol i clti fteh eo fg ietvheen ccea b | «
the corneandnarpéecenti agecefd domamesieon!| oss
Q0 Q mico D ( B).

wheiQea:di ameter ofYnwire at ti me t,

‘Q :corrosion cAfrémnt density,

Gt i me of service, year;

4.5%107 7

4.0x10™ = Bare -
" "y ®  (Galvanized

3.5x10 s ZooAl N

Corrosion Current Density (A..*’cmz)

0 100 200 300 400
Tensile Stress (MPa))

Fig. 29. Corrosion current densities of cable wires with different strg38et al,

2015)
2.4Mechanical properties of corroded cabl es
Corrnoscihbanges some of the mechanical proper

of wires has found t(oBadeacrddfele adallaz)o corr
Barton et al . (2000) | gnavl evsawiii gzaetsde d utnlga | wlamni
wi ramrsgt r i-gpaplevda nirzeesd bw appl ying an accel er at
Their experi mentcy aickdingatoead ptihati ngheff ect ¢
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influence the decay rate of the ultimate |
sensitivity tion tthhed apwaerex &2d0 ldevallbr med sever
experitmenitrsvestigate the tensile strength,
corroded galvanized and bare wires. They
breakrmeg diovi ded b ysetchtel ornead u caerde ac rdouses t 0 C ¢
decreaseorarsostihoen | evel i ncre@s end,wea®er shoWwe
nomi nal or engineering tensile strength, t|
sectiean,alwaas observed to decreas® .wiTthhe i nc
materians nosebensitive to the corrosion. T
decreased |inearly for bare steel and galyv
surfaascesehown 2n Hiighurnee rB.dliced by Li et al
rel atpobshween the stress and the strain c
shown in3Fitghueier 2stludy proved that the el «
strengtohr ofiewderdkeecesased and showed high s
corrosion., HRuret heelransotriec modul-csr rod d ddc ewicroa s
remained the same.

1800

-
= P ——— |
= __—0

W

& 1600 <

W

=

[;:; 14004 —&— hare steel

= —o— galvanized

o

< 1200

0 500 1000 1500

Mass Loss due to Corrosion (g/m?)

Fig. 2.10. True tensile strength of corroded wi@akamureaet al, 2004)
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18007

= D_D\El\n
"
2. 1600 1
=
z 400
j‘l: 14009 —®&— bare steel
EJ —o— galvanized
1200 - T . :
0 500 1000 1500

Mass Loss due to Corrosion (g/m’)
Fig. 2.11. Nominal tensile strength of corroded wil@sakamura et al2004)
H -

—a— bare steel

—o— galvanized

f

Elongation (%)

2

0 500 1000 1500

Mass Loss due to Corrosion (g/m’)

Fig. 2.12. Elongation of corroded wirgdNakamura et al2004)

2200
2000+ | -—- Non-Corroded wires

—— Corroded wires

1800+
1600+
14000
12000 7
1000-  {
800
600~
400/ |
200»/-/
0('J

Stress MPa

1 2 3 4 5 6 i
Strain pe <10

Fig. 2.13. The relationshipbetwea stress and strain of wir€ls et al., 2012)

Xu andOChe@dnducted a series of tensil e
reveal i ng tbheet weeelna ttihoen sdhiiapmet er | oss and tt
the cabl e, as 4s hed lmwni e lnd Fiogaud yew lui .itinantae es il mai
decreasedr mnssithrerleaseld (i .e., for | ower di.

the yieldostsagni wasant
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(a) yield strain vs. minimum diameter (b) yield force vs. minimum diameter
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Fig. 2.14. The elationshipbetween mechanical parameters and diameteasand
Chen 2013)

2. 2. 5. Corrosion control and detection meth

The dimecitomoagontr ol techniques for stay ¢c
sheath wrapping aeractuhnd st haep pwiireeds maf hheheshc ab
against rainfaldl and ac3i/danglds fnobmn pbél oaab
The gaked surface can not only protect the
but it aps@ecbeobowruae ahe zinc isomodezesact
in preferemeco®diueci ingomn i mpact byproduct to
I n the 1980s, the carbon fiber composite

reinforced popsgmelr!| ICFRPre bundles were pr
strength steel cables considering its corr
founbetbightweight, to have a higher strer
propagation wailkbrenagf ctheesfructur e, ma K i
appliedstiayaadhlipMej2a0gles)Furt her mor e, the CFC
numeri cdllled mepean | oanlgl e st aoyipelda nber iidngset afboairl

under wind | oadavandmabhsefoandi z o mtseel and
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when compar ed (tkoa o [l QGt)le.e | cabl e

Thenost common wayy ctaoblierss pesctbystvai sual I n:
vi sual i nspection, the crack and aging of
wires under et theshmadatnh parts to inspect. Fo

i s hard to per f otrhme aacva wsutailc iennsipsescitamn n(, AE)
engineers to detect and | ocate the area of
el astic eemnceregayt ewdavby i nt er n(aGu2o0 & #4 ¢Acntost hoefr t h
met hod applied to detecMaghetosetensestdo@B®Bdnc
whi ch uses t he phenomenon known as the d
magneti zation. nAony deédogeatnostrcan create
to change the magnetic induction of a mate
by MBet t,20&4)Tdale. AE and MS technol ogies are
the damaged wires. Otherhepoddésttacofveambt

of magnetic | eakage det €604 )Ahd wmabnati o

| eakage method is an itnhdel reicze meft had debdbec
measuring the | eaking magnetic Haehdrefl a
will happen when the defects exist inside ¢

system can detect t he ndaal mafgoer cbeys .d eTtheer nfiirneignug

gathered by the sensors mountiemt emnadlhef c@wrad

with the preconditions, which are the caht

conditions. The relatiemsal pf dbredaeve 6ins f 3w

The changes in internal f or chees ccaabn erse.f | ect
Q- - ( B).

wheriQet:hebmder frequency
L: the I ength of cabl e
S the tensile force
>t he | inear density, mass per unit | engt
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Il n this research, the possibillodagt iodn det
i's investigated through numerical anal ysis
notestructive technoltbegey momi bodengtof ofdtama

bridge.

2.3.Structural analyss ofcable-stayedbridges

23. Devel opmenttefel ement model

Wit t he devel opment of taecitefdioo tpynfaidmyg mput er
compl ex struCdmparo Pthasp Emifyu me rmecanlod s
heet he advasdwigreg toif me traobdé ii munteeyl aa red
equi paeadat col |l ectiThgnittaet aelecarseinlty. met hod i s
analmgopn i cated structurfalni peo kdlafmewmanBy, us.i
componemtri dpea asbeplasfileedam or truss el emen
chaacteristic of each material and connect i c
wel | . Af t éfr feelpopd dyst hg model can provide th
responses corr esemiaodsi ng to various

The diffioutepnedbemnmemdslteayed bridges is to

the type of el ement used tosrepreeebersheh

can only bear axial tensile forckbse bat hav
node truss el ement, wihsvicthe lhyasu d e isramei rbiet
model s. However, the eff eveti glhftes smglre mea gi c
nonl i naheibygidge structure and needs to be

To idealize the cameatbehahieormwmvBlkEans s ¥o
i ntrodibrckd 6b5g) wi dely used, &nd it i s shown

0 SE— ( 2).

wheiOe: ishe equivalent truss el ement modul u:
0O i's the amotdwdlusceaobfl eel asticity,
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"i s ctalbhd e materi al densi ty,
g is the acceleration due to gravity,
O ishe horizontal projected Il ength of th

.1 S the-sdalelses.pr e

The -eolneemelne¢ kad sat i sdtiaetdi cgsatsastiitcs a ma ltyhsei ¢
cab-seayed (IChiecdhge sa&2md 2llHauwtelvies , ki nd of cabl e
simul at e t he transver seen &@higlmigata @O OB u dyn
i nvest i gfaetcetd otfh eusafer gc & hireee nkn & amd letsi i nst e
s ngle trussdymalmeewawvnort hef the bridge, Wi
accounting for the nonlinearityl ohktbebtaebl
mo d el referedthee bhetansverse motion od cabl es
truss cable. The coupled movement of stay
the first few frequencileisnkofc abhlee sb rwedrgee smon
anal yequeueaehcifes ob6)ai nienddibcyatBEogn.g (tZhadelt he c a
has |ittle effects ®Hab200tlhRegre dp ar tss mofl at h enu
el ement catbHe dnomdaerhi d nanal ysi stafyedh&r S$dge
Modslhowing the same benefit of modeling th

and the deck.

I n this thesis, investigabtnghehmaehfebi s
and tther purpose of simplificatiaem, cabsengl
however, the equival ent cabl7e asdpt edbness wlt

conduct anklé ybiisdge
2. 3D2nami ¢ anmdtywriasl afnrdequencies of bridge

The dynamic motion of the bridge wbhi dlesocs et
the theory of Ca adys taen(l OB ndeitlpaned t hat t he
stiffness and damping properties are the

structure to determine it® dtylmea miahidriemnsg ofncsre
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and the s@ariengdesocrcieed)(Ryn@qc2.elspectivel y:

O Awo ( 3.
O w@o (9.
"0 Qa ( 20) 1
whex(eé): the displacement of the structure
wo0: the velocity of the structure,
wo: the acceleration of the structure,

m the mass of the system,
cc the damping coefficient,

k the stiffness of the structural systei

The equation of motion resahtdstfoopmbgappbmb

all of the three internal f@#fces and the e:
I wo A ®o E ®o Jiio) (21 1
wherme& : the displacement vector of the stru
w0 : the velocsttyuwttenrneoyr of the
wo: the acceleration vector of the stru
[ mM] : the mass matrix of the structure,
[ c]: the dampimatgricoedf i tchenstructur e,
[ k] : the stiffness matrix of the struct
A: the external thecetvectwre.applied t

The dynamic response of the structure cz¢

frequency. The eanodtatisponsendtuineni bt X (t)
compl ex for m, ag® sahmdvn( .elskgesti {iRanl, ofand t
undampedasmogtiivoennd) i m sEqqsed2tb solve the ei

ge
(Ewins 2003)
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A &S QA (22 1

@0 . 85 Q A (23 1
+ 1 - @0 yizo) (24) 1
whe.iehe an rfcnéeéquency,

i the imaginary number.

The solutidngit oeBqt he2eclrprecbav bl eageenwhesh
structur e, and its coryrsasemo n dlihneg eeiiggeennvvae cute
the square of theondtyuooal ¢ imcetpu & tuichtfunreed s c & |
mass, and they can reflemtitshéikeeéquemcyi d
without any damping fporecsean.t The anogen vsehca
structure for c erdtyanianninfad ¢ ¢ i s n wife st.h el nb rti ey
applied dynamic | oad needsuépncheotomparsestdr
to avoid resonance when Q@thheeyr wiosteh, rreeascohn atnh

|l ead to an amplification of the dynamic re:
2.3.3. Wind |load simulation

As sl ender -spaocbur dgreasbllaeng ov ualenr odynami ¢ i
to wind action, vihoirc hs elveesr ab e adrecatdedi esd nc e

Tacoma Narrow¢$Bbtilahe ditdRTIE@4a4@kandynamic r e:

of the bridge is caused by the interaction
it is the combination of the mean wind | oa
| oadbe acthi vi ded into three componentds, whi ct

the torsional moenfefiefc tpc ecssdir(@Qhdé GO S)a® ut i on
shown i n5Bcaumwil&®@eilved the mean wind | oad
three componBnt 6§ 2iam dE, sx.elH ®Re lly :
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0O -"7Y6 60 (25 1

0 -"Y6 6 0 ( 26) 1
0 -"Y6 6 0| (27) 1
whe®eb anid : the dtadoladaadandl itforsi onal mome

" thesaitry,de

Y the mean wind velocity,
B the bridge deck width,
L: the bridge | ength,

h:t he attack angle of wind,

6,06,and: the drag, liftrasgemomert ycoef f

Fig. 2.15. Three components of wind load on treck(Chen et al.2000)

The wind fordc,® ,amde aif iec de me sarndbentleersmi ned
by wind tunnel experi ments. I n tah ewimodd etlunn
aienwli tattack angle of wind and wind veloci
val ues iatruet edubisme} p 6Egah d)( 2t2d 1der i ve t he u
coefficients. From t he Qhag2dd Ofbdgmud Fieba® nal h
coefficients vary as the attack angle of wi
i s affect esdechbtyi otnh eprfdrhddsesdnl ¢ Bevhiicsh rel at ed

to the wind velocity an@g:deck width as sho

Yo =2 (2B
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wheV.ethe wind velocity,
B the reference | ength for the deck wid

ANthe air kinetic viscosity.

Di ana (2e0t1B9tFr f or med wind tanhelVeeipgat enenh
force coefficients oRi ghedd Mecrss hraatbes diglkee n
aerodynamic odeftfhei dmti dge deck for di f f
correspomodaeanig tough surfaces. Ude @bt dhiomed f
for a smooth deck vary with the wind atta
changes the coefrfaoucghenetsss vcaanueismp alchte t he
coefficients when changing ws maostulef aceti es
Fut hermore, the values of the three coeffi

close to those obt airfeacc ebyatad souwmiwi gh da srpeLed

93 ey 03 —=— Rough Model - V=10 mis
% Vet Rough Model - V=15 mis

—w— Rough Model - V=26 mis
—&— Rough Model - V=36 m/s
~4— Rough Model - V=45 m/s

Coll
°
Col-l

C.lH
C.lH

0.035

0.025
0.02
0.015

0.01 : ]
0.005 = 1
0 ~ 1
-0.008 g
-0.01

-0.015
e

Cul]

Cull

2 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
wind angle of attack o [deg] -2 <10 -8 -6 -4 -2 0 2 4 6 8 10 12

( a) vﬂndangi(egn)acx « [deg]
Fig. 2.16. Wind load coefficients as a function of wind attack angles and wind

velocities (a)n the smooth surface; (b) in the rough surfd2iana et al.2013)

Lar sef20eltRki)dl a si mi | ar st udy tfaore dt BBa i Sltgoen €
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obtain the three fitmpgdrem@mBpr ovndeboathecdet a

the expeeswmens al

014 . 014 0-14
[ 2~ Re=2x108
a2 {—o—aeﬂ 5x108 o12f 012
z ¢ o — ¥
2 01 [ Re 075-1(}. 2 © 01
® v ¥
g 2 8
z $ = 0:08
) - 3
© o' £
® ~ £ 0-0
8 8 g
€ 004 = £ 004
(<) = a
002 33 oL 4C,4d, =034
0 . oL : A : ) ol Cul07]%0:008
5 25 0 25 5 -5 25 0 25 5 5 -25 0 25

Angle of wind incidence [deg.] Angle of wind incidence [deg.) Angle of wind incidence [deg.]

Fig. 2.I7. The wind load coefficients obtained for Stonecutters estaiged bridge
model(Larsen et al., 2012)

When compar iGagndHi2gtuhm e sv r.ilat i on of the th
the angle of attackbobhidgedekpebemenms]| at h
angles have more influence Rewynohleadnbal ues o
Di ana(2®tla3ldd o menti oned that theubgihgphaceRe c
was closer to readecowndiltampmpnlset Whemet hes i h
foork, 36 m/ s 6(nb)Fiagmd etn2d7;il gwearey 21.ilt t 1 e di ffer
be observed bettwpenRRe2i—FRILG BSLDQO0arnd 2.1
respectively. dhentws ndamhotbbdercofeddfé be assu
speci fic wind ast toafc kisseaynngolfi e(y@ Hsaur nunkaer di
the wind tunnel experiment oHu@®Wdarkd onecut

|l i sted the steadyTah2nel .| oad coefficients i

Tabl eSt2atli ¢ wi nd |l oad coefficients for t he
wi nd at t(afE&a@ilnsg)l e s

Angle(Deg.) Co C. Cum
-5 0.083 -0.29 -0.049
-3 0.074 -0.212 -0.029

0.07 -0.155 -0.018
0.073 0.021 0.029
0.079 0.079 0.048

g w o
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2. 3. 4. Fourier analysis

Il n dynamic analysi s, Four i erdacammaail ny sri ess pad Nsse
i nt br eaguWeomMmanig® nseurier series is wused to
response t hrough di viding it i nto freque

frequencies with their own phases and ampl
can be extended tdeamBduwri s ghrafdipssifvidet ch iam
(Heez@mhBe wl @0deXYpl aihmed t o make sux(® the pe
could be transfor medt huesi sx@n gddeoruil edr starta rsd fy
condition exppPerssed in Eq. (2.

WONO W (29

The Four i er)ctarna nbsef oprrme sXek)t eidn i@hqg .t e(r2ms2 o f

85 — ©o0Q QO ( 20) 2
Il n practice, x() e i rsesrpeocrosred esli gansala finite
di screte dpomignttso atchceorsampl i ng scheme. The
(DFT) , which iIis thbBdFsareee poanssorm wi ffl

i ntr obdNeweldd2 01 2)The f or mal definitico,n of t he
r =0, IN-1)2,i s. .g.i,v®B(n in Eq. (2.2

» -B ®Q (21) 2
wh ek=e 0, IN;1 ) 2, A (

The Fast Fourier taaoemputmen F&MJor iwthh mhf
DFT or inverse discrete FobiyNeewl @rdazn)sf or m,
The FFT is more efNtcileatamandntregual epowéae
reducing the processing time to (Haeleawlhat e t
2009)

When performing the FFT, the time histor

frequency dwaraiient ivamphl iat ude. For the rando

function is assumed ntoaibnes wahlilt et hneo i fsreg q uwehni
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frequency spectrum. The random responses
transform, becausé¢ 2®Pheyheéo Power s &piesfty uthg D
was introduced to presefdedrmah fER@uRdB yadgdo
wrtten i2n IEgg.tH{&aR®@dfoitdmnre aut ocoYrtedfati on f
the randomnt r ¢eswloa0skk2 )Ar A 9@ 6 t hé& Wedtchho

i mproved the PSD by considering aneéeérl appi
computing the power (sTpreacuttPhQ Ge6 HTdaré eNadSiDhs e g me
has the advantage of increasing the signal

l osing fregqdHeey@d@sol uti o

Y1 — Y tQ Qf ( 22) 2

WherY:téh power spectrum density
.:the angul ar velocity,

the time increment.

2.4.Structural behavior of bridge with damaged cables

The structur al-s thaeyheadv iborri dogfe sc ahbalse been i ncre

use of finite elnmemepnatr amoedteel rss. hlanvliee stso sboe o0 b

e X preernit s, ot her analysis can be performed v
model results can be a powerful prediction
't is worth studying ifadamagsafenythel st

i mete sl endkao ban(2dgketely e st i gated the effects
on the struct urcadb |lbee hbarviidogre so.f TBshteayaaet h @rad
study o%p an tsdiaawleed br indagempmamwidfh 6@ 0hE m, and

cables one by onstigatkeetheralysius ngoriemaen
hor i zdd rstpd lac e memwte raonfd tthhee s aggtimeg sofam he ce
The authors noted that the cables adjacent

in cabl e forcescabWhe nr uphteu roeud ,e rbnootst t he t ow
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mai n span underwent a signisfi2ca2ntanidnc2r.e3as.e
al so observed that cable ruptdeels | ead to
Tabl eD@vi2at i eodto wefr tdoipspl acement from broke

l ocatKamsa,2d 1R9 u

Side span Center span
Top-of-tower Influence of Top-of-tower Influence of
No. . No. .
of broken cable Displacement top-of-tower of broken cable Displacement ) top-of-tower
(after breakage, m) displacement (%) (after breakage, m) displacement (%)

1 2.4551 196.94 15 0.3949 -52.24

2 1.0580 27.96 16 0.7586 -8.25

3 1.0423 26.06 17 0.7826 -5.35

4 0.9240 11.75 18 0.8225 -0.52

5 0.8552 343 19 0.8414 1.77

6 0.8156 -1.35 20 0.8463 2.36

7 0.8004 -3.20 21 0.8431 1.97

8 0.8005 -3.18 22 0.8352 1.01

9 0.8090 -2.16 23 0.8287 0.23

10 0.8186 -0.99 24 0.8242 -0.32

11 0.8250 -0.22 25 0.8228 -0.49

12 0.8275 0.08 26 0.8244 -0.30

13 0.8272 0.05 27 0.8283 0.18

14 0.8263 -0.06 28 0.8291 0.27

Top-of-tower displacement (m) with no 0.8268
broken cable
Tabl eD&vi3ati on of

l ocatKamsa,2d 1R9Q u

mai ngspaonomdéfbé&eni cabt es e

Side span Center span
No. of broken Displacement, center of Deviation of the No. of broken Displacement, center of Deviation of the
cable girder of center span(m) displacement (%) cable girder of center span(m) displacement (%)
1 5.8266 62.43 15 5.1222 42.79
2 3.9085 8.96 16 3.8991 8.69
3 3.8909 8.46 17 3.9523 10.18
4 3.7270 3.90 18 3.8004 5.94
5 3.6296 1.18 19 3.6998 314
6 3.5742 -0.36 20 3.6227 0.99
7 3.5516 -0.99 21 3.5770 -0.28
8 3.5481 -1.09 22 3.5516 -0.99
9 3.5592 -0.78 23 3.5521 -0.98
10 3.5722 -0.42 24 3.5594 -0.78
11 3.5803 -0.19 25 3.5686 -0.54
12 3.5858 -0.04 26 3.5757 -0.32
13 3.5931 0.16 27 3.5860 -0.03
14 3.5869 -0.01 28 3.5858 -0.04
Displacement, center of girder of 35872
Center-span with no broken cable(m)

Vi kas (220188 udi ed

t he

behavi orstafy edalblra dges
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strength and failing. The cable that faile

t hnei-sipan

1
]

‘ . - —
| s l 268+ 810+ 14=100 m 14+ 9010+ 12+ 9@10+ 142220 m 14+ 8@10+2@8=(00 m

20

Fig. 2.18. The lyoutof the bridge and towdNikas et al, 2013)

Th@aut hors foundortcheast dfh ec abnlteesr naarlound t he
increased and that those of <cables away fr
def | efcth alnf odeckKi g2ilr% usshtorwvast eadn iinncr ease of
| ocati on wher e atdluem | c @lelce efasiel a dh. nAtgurr al f r

l evel increased was observed in tbhe dynami

0.7

g —e— lormal condition .
= 06 4 -
=' ’
-g 0.5 - --0->Afterfallurec.f )
g cable 19
% 04 4
a
0.3 1
i
@
a 0.2 4
@
%Il 0.1 -
=
us]

o+ ¥"F"—"T—T——T—T—T

24 25 26 27 28 29 30 31 32 33 36 37 38 39 40 41 42 43 44 45

BridgeDeck Anchorage pomts
Fig. 219. Comparison of deflection ideckbefore and after cable failu(¥ikas et
al,, 2013)
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B Normal condition
107 g afterfailure of cable 19
1st

2nd 3rd 4th Sth 6th 7th 8th 9th 10th

Frequency, Hz
S a @

N

Modes
Fig. 2.20. Comparison ohatural frequencies before and after cable faijMikas et
al., 2013)

Das @tolgl)oposed a progr d0gi aetcaaybdl lealpsied g @
wi th am 4ma7i.n2 span and cable failures in tfF
nonbhrndynamic procedure to extract the res
centespamthbet op of t he Moyleon hanfdaadtnhaercessbd e
were considered in this study. Thhdwesgh the
of either side of the bridge were the most
t hroughout the wholle cdtironc tounr et.h eT hpey | eoxnt rtao |
observed due tomaklbéamiag 6 KsFtleu dafe dt tehe sudder
| oss i-ml @nadditreehereidd ge and al so o bisemr vaeldontdg e
the span, as hdwniisnikhiteguresta2.ngy to find t|I

carnesuletssi ni nsctrrease i n another plane.
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(b)
Fig. 2.21. Load distribution along the span with one cable lost (a) case of CP1 )ost, (b

case of CP21 logDlamigoke 2017)

The previesusf oxtusced on the effect of rup
corrosion or sudden event s-stomyed ebrsitdguecst.u i
stdies have investigat ed bdltlesly rsiddrguec twirtahl  gbreah
corr Zshiamrg. i(2WdHt)i gat ednatglea efafbd cdst afyfoerdd aa c «
bridge wmtnhaian 2s2p0a B .( Hihgeu rree daixc2 moshudinnd Yo u n
cresestional area were also used to simula
obtained the results ofnddeak udafll ateigaire,n ciy
cables were damaged from 10% to 10Q@%, degr ece
as shown i3 RagRdbe@sRr2om Bi gurnes 2DdDbZxerved t|
defl ection increased as & hmi c¢olre opoiomt | &wva |

near the towers have the | argest tchheange.
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damaged cables and of adjacent ones due to
observed #¥n AFsi dgfuorre t2h.e2 dyrMamihe madspomd e . frmaa
decreased as the corrosion | evel i ncrease
caresponded to higher vibra{(bdPnamddeéd) . aFhes!
and dynamic responses fr omgehse cnauunseerd caatl dmc
corrosion | evels and corrosi ont ayadgdeebrliod a't
However, there are missing studies -on the ¢
stayed bridges. The cureedétstudyabndy cbnl
at the same | ocation, and t he seftfoe dte dofurdihf
investigated. Furt her nsopraen, -sctabbgleed ebpodge w
corroded cables subj ecst endott ob ereenall owikned ¢ onn
research wil|l f ocust lmar tt Hihg ogiagma loyusnitest @ ocfa i aa
| os@an -sctaabyleed bri dge.
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Fig. 2.2. Configuration of the bridg&Zhang 2015)

39



Difference of deflection (mm)
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Fig. 2.23. The deck diection change at different corrosion levels, and the corrosion
cable located at (a) L1 and R1 cables, (b) L10 and R10 cables, (c) L11 and R11
cables, (d) L20 ahR20 cable$Zhang 2015)
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Fig. 2.24. The cable forces at different corrosion levels, and the corrosion cable
located at (a) L1 and Rdables, (b) L10 and R10 cables, (c) L11 and R11 cables, (d)
L20 and R20 cable&hang 2015)
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Fig. 2.5. The frequency relative changedifferent corrosion levels, and the
corrosion cable located at (a) L1 and R1 cables, (b)antbR10 cables, (c) L11 and
R11 cables, (d) L20 and R20 cab{ghang 2015)

2.5.Conclusion

Thi s chapt ecro rhracss irceavisidi éew esdtbal yee d. blrn dpeerst i cul .
it has present edt hheo ws acfoertryotsa fyoetd hadf if ceatlglse ¢ o |
model s propetsdedstadberedi on mor photliongey and

to achieve a ¢tédret men hdawmagdreaeegdtowdi evriroast
have i ndtdet i godfl eceonianed scicagd e amimbfger ent br i dc
Al t hough twordsfber @mtst drieb wsaed teis ocnraols sar e a

reported i,n duamiefdrimecanmuaoxei on i s nfoormal |y
model | i nPupatmoswefsfi of entmat ¢ loar acptoesruirzee t he
environmdémrtr eosttt adyieeld!, purbil dcgpdnse @ si on melde!l s wh
o pediafbi experi ment s alaoda ime @ cvwarnenoo| mebiset afp p | i
t o stehrevi greedindit@i magedalltayy astyayeydel r i d

t hus sd mpe ashuertec orratoessi amd & pll ygw Ftao adagdi ct
i nducedWdamagensi dering the wind | oad, the

directions are found to be strheeg asradbhbeesfsor s p
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Reynol dsPrmawsbiewr@dine < o ri rnadsuiccerd damaged stay c
focusedtoobthewal or -otfayted nrrdilkedrgges of deck de
cable stresses awhdkoormatar amorf ¢.¢ qal@mines aigklwyp ton
the stebavumeldodpma bslteayed hrhiedgenal ysi s f oc
the etctfabtkwdrfe graduat!| @gi ¢ 6 eraeldendg otchag i dencsk
Howevemwer numbdémocofbktelde osii @ si cr essmpd ndyersa noifc
| os@an -sctaabyleed bri dge dueThe «ojrea otdiede sdfayt k
research is to fill this gap by conducting
cabl e damage, whi ch coedtdr bieit ncgoeribdi eneeddd rwe st sh

mentilboedcemi ngs.
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ChapBeModel i ng and valid

3.1.Introduction to Stonecutters Bridge

The Stonecutters Bridge was built to conne
spanniRambtCheea n n e | opngHomgeKconsdmaicut toenr sof
Bridge began in 2004 and tvha sodicgoensptt ectyaebd ei n
bridge in the worl d, wi t h a | ength of 1,5
geometricalbrdegtigppei € semtf ed hien Fi gurieqg®e 1. Th
sl endéroxt wlieck, which is 53 m whadsepaccoendnect e
| ongi t U@nicrealtley Tlhoerceesest ®if om he bri dge deck i
FigurTehed .n2ai n spanadewhifcltieel , ils sentwhridley
the connectioepemébyt ba tewmprag dewicéds. Thi
havtbde sawmecti ons ar ea nmrdegppoorft ecdo nbcyr ectaeb | es &
pi eAns aerodyngmtconi andstai wi nd-bwumgneldetrest

wercarried ouaetodynse d ditigel aj ,2 @0 al .

[T

NAVIGATION CHANNEL : 900m

|t53| APPROX.

PlERS ——— i ¢ ——-rirs
289m | 1018m | 283m
WEST BACK SPANS MAIN SPAN EAST BACK SPANS
49.75m|_| __[49.75m
CONCRETE SU-’-’ERST«‘U({TUHE STEEL SUPERSTRUCTURE CS‘IC%?ETE SUPERSTRUGTURE

Fig. 3.1.Sideview of Stonecutters cabktayed bridg€Kaji et al, 2010)

3300 11000 1000 15 500 1000 11000 ..3300_
o
]
e R [ &= AL \
g A Wy Ty o i | i i zozze s ey Ty
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] S — . | =!_‘_1:_._r. S S BT

Fig. 3.2. Crosssection of théridgedeck(Kaji et al, 2010)
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Thei ndependweenrtmma daafe concret e, up to | evel
composition of concrete and .$heetmdvgeiomn | eve
as an oval section with 24 m @cwowess safctive
with 7 m in dianfehtepmpeat tloeveels wk7® mesi gne
outer skin and inner steel anchor boxes fo
side consist of thr ee -csolnugnhne pcoorltuanin sptireurcst ua
anldeari ngs on ttohbeett otwoe rr ewsotrrkanoimn d hlea tderc&l If)
( Fa-Habres en , 20179 Fi guh e wtsh.e3 esssc tdieatnai | s of t h

Stonecutters Bridge towers and end piers.

HDPE (White)
HDPE(Black)

Filament Tape

418

Fig. 3.4. Cross section of stay caliaji etal., 2010)

The stay cabalsse+haacnentargangedon, with a to

stay cabl & & esatpipaktr ®@rf &8 m, 112 caWeéets on ea
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siadfe the&h#eteck.cabl es aall pftedvaamd s cane ddexirg
a compact f orerd,ubwheaxepeotsoeadwi ncd .essdsheif om h e

st ay whaibcdéehso,wm Fi gure 3. 4mmigalcoampirzesee dwiorf e
a tensile strength ofblwedpele sMPrae § stehde 0wy rtelse
anwr@apevd t h f i |l amentt hteaapbdatsi Trdeev e rr-nend twhitchk 10
HDPE co&aij nge@ei10Ohhd .diomphne sHDPE coating of tF
break the water fl ow cacdksteli byer aamd (rovaod e

t rea-winnd i widhurceetdi ons .

3.2.Modeling method

Tl nfiite el ement met hod (cHEeNhlgiinse ewii chegl yf iwed a
efficient met hosd rtadstysdlevress . colrhel elxEM i s app
anal ysi s, vi bration analysis, dticpl brcemamt
prvodas i mpl i fied way to simulate the structu
The FEM can also perform dynamics anal ysi :
caused by dynamic | oads such as éeéa&rthquak

dynamic thasaof efTdhieetsul ¢tsureasti mated by FEM

to the real responses of the structure whe
conditions, l oading anmdihteiro nst, r uncd tuarailal f @
simul ati nmditthieoms atthe ostructure i s subject e

The finite element analysis software ABAC
t he Stoneeutatyerds BCaldilgee. ABAQUS software is

progr am, sui taea |l fyel ssit dd b @a@lyentatnt omagnet i

analysis. This software specializes in sol
mechanics systems, simulating hude n®amad com
probl ems. ABARMWBehaé$ al dmegntad anoderha | i br ar
can si nmnuaraivdetom i cated geometrical shapes
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materi al s, such as di ffeardat hemteed @emsi,c arlei r

materi al s. It i's abbomedsytbhg HDebimet ag sof L
parts, boundary conditions, material proper
enables visualization when building the s

structure.t @dwmkei cadnnatlaiiddnyf ¢ medont maj arypesoaoedinr

seversatleapdsBAQUS, are related to outputs reg

boundary conditions. When the job is finist
resulwvist taernedfainlt ® and .obd file, datamcwehi Ol
e X ttedh c

3.3.Scope of work

The prtiamagrey of wusing ABAQUS in this resear
mod el of the StayeduBtr eé¢ s ellrdide] ceyomadmica anal )
and study the effagtcabl eeroastbe tcal théEat:
el ement cable method (OEC) is wused in the
defl ection and cables stresses aWbsirt@l cul a
the frequency setneca,etdhbhecoataspbntiregqumode
determined. &Newithr athieomrrneggonse under a pe
i's simulated. Since there are dcofeodptd | e
cabl es, tammdysitaant | oabdoaded to be applied to

the resul ts.

3.4.Finite element model

3.14T.heeognetr pr opfertthheesbri dge

Figure 8i5fwihews of the finite element disc
Cabdteayed Br imbge.l Theatedi-BdmdBAQUSwI s hai't
structure being very similar diomipdéisefe bone ¢
structur e ahnds trreupcltaucreaslo negad omene & it oawadtnhefntn.i t e

The | ocati omassfest lmg el mpeded from the geol
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and shear centers of the real structure.
The mpeo i c det aidmexdfrathedbfiredamsdtihentaivfaii:
i ter &apr e ab(30 &0 daldbgen s e 2 OeOd4n@ & I-hbaen sen et al
2017)Every part of the bridge model has the
tot al | ébrrg tdlgy edf, 59 enms,i swhsi cof c@o main span of
m and two back spans ofrivaeahgthebive@B89t Ime ej
79.75 m, 70 m, 70 m and 69réespedhievoelrplses t o
girder comwierhdheaglabhedagtB m. The el evation
andctme of | rtohaed e 298 mramspetd8.i ¥emy. The spac

the cabl e maispat8lamfd tfroeg t hosda $&f m.he side

(b)
Fig. 3.5. ABAQUS model of Sinecutters cabistayed bridge: (a) general view, (b)

side view
Al t hough the oiviresemofd tgheeo nbertirdgce can be e
fropmbrlesxxources, psomearttliéthbedteeedr mi ned and ass

Becauseethmwl osonfaptehe steel deckregdmaoncr et
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geometric praopiemtTeaelsl,e taa.blu,l aweer e extracted
sectionSabad)lysiTlshe warping constants for bc
t he modgiel Ibecausestehbhei ohossedconesdered stif
cenddemass ,wwehntcdhr are presented IimMiFifgurat3.

|l ocationsé dwri q we delt&pe.

TabllGe8ametric prdegska 2i08,s of t he

t\\ R S, a:’
——— - ‘ >
< l -
N @ ) 1, hs

i
Steel Deck Girder Concrete Deck Girder

Area (n‘?) 1.05 Area (n‘?) 19.27

G 1.42 G 20.68

I (M) 31.32 Iy (M) 609.64

J (nf) 3.96 J (nf) 60.69
Warping Constant (P 15.78 Warping Constant (P N/A

I1,= Moment inertia about 1 axisz# Moment of inertia about 2 axis J= Torsiona
moment of inertia,

|Q[ 55[/
)

[

_

—————

(b
Fig. 3.6. Gosssection of the deck: (a) Steel deck, (b) Concrete (feakri,2012)

Thestay cabl es amm galmparsiedle d hwei7rl easr gweistt C

having a tot(&laj o2 @406 dlowierveg , st hoed dihnee ncsaibd n
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are not the same throughout the Dbridge owi
among t heorcdaebrl etsoo elansi |y i dentify the cabl e
by specifying theirxdioceattiddboat 8 oan tihre ABA QWS
repr et h and West directions in global
3.5(a)). nlgh e nmdu mograiti on convention for eac
3. 7. The point of-span.giBha swesskttht Aasen dn bseo unti h
decks are named as WN axntd, SMSH e rresrptelc td evced ya
deake reedeas elN and ES, mwemperequeel yal Cabf e
t fetcabl e nesapar Hteosdibile on t hé&obackss$pace,
EShemsents the fi-span ceasitedhea eoar tthhee smwiud h d
3. dvprdes the details of the 224 stay cabl e

N
Mid-span
North deck
W WN 1-56 EN 1-56
e © ¢ ¢ & ¢ ¢ ¢ (o o ¢ ©o ¢ ¢ 0o o
West side East side
e ¢ & & & & o o ¢ o o © © 0o 0 o
WS 1-56 ES 1-56 South deck

Fig. 3.7. Numbering and notation convention of cables in the plan view
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Talbe2.Bi.mensi ons (SmBGla) cabl es

. Angle of .
Length of  Horizontal Angle of S Diameter
Cable No. cable (m)  length (m) inclination rad Inclination (m) Avrea ()
degrees
ES1 EN1 WN1 WsS1 533 509 0.30 17.26 0.192 0.029
ES2 EN2 WN2 Ws2 515.18 491.7 0.30 17.36 0.192 0.029
ES3 EN3 WN3 WS3 497.37 473.7 0.31 17.75 0.192 0.029
ES4 EN4 WN4 Ws4 479.45 455.7 0.32 18.11 0.192 0.029
ES5 EN5 WN5 WS5 461.7 437.7 0.32 18.56 0.182 0.026
ES6 EN6 WN6 WS6 444 419.7 0.33 19.04 0.182 0.026
ES7 EN7 WN7 WS7 426.2 401.7 0.34 19.52 0.182 0.026
ES8 EN8 WN8 WS8 408.6 383.7 0.35 20.11 0.182 0.026
ES9 EN9 WN9 WS9 391.1 365.7 0.36 20.76 0.175 0.024
ES10 EN10 WN10 WS10 373.44 347.7 0.37 21.40 0.175 0.024
ES11 EN11 WN11 WS11 356 329.7 0.39 22.16 0.175 0.024
ES12 EN12 WN12 WsS12 338.74 311.7 0.40 23.05 0.175 0.024
ES13 EN13 WN13 WS13 321.39 293.7 0.42 23.96 0.170 0.023
ES14 EN14 WN14 WS14 304.3 275.7 0.44 25.04 0.170 0.023
ES15 EN15 WN15 WS15 287.37 257.7 0.46 26.27 0.170 0.023
ES16 EN16 WN16 WS16 270.48 239.7 0.48 27.60 0.170 0.023
ES17 EN17 WN17 WS17 253.92 221.7 0.51 29.18 0.160 0.020
ES18 EN18 WN18 WS18 237.6 203.7 0.54 30.98 0.160 0.020
ES19 EN19 WN19 WS19 221.49 185.7 0.58 33.03 0.160 0.020
ES20 EN20 WN20 WS20 205.85 167.7 0.62 35.45 0.160 0.020
ES21 EN21 WN21 ws21 190.7 149.7 0.67 38.28 0.144 0.016
ES22 EN22 WN22 WS22 176 131.7 0.73 41.56 0.144 0.016
ES23 EN23 WN23 WS23 162.2 113.7 0.79 45.49 0.144 0.016
ES24 EN24 WN24 WS24 149.3 95.7 0.88 50.13 0.144 0.016
ES25 EN25 WN25 WS25 137.7 7.7 0.97 55.65 0.113 0.010
ES26 EN26 WN26 WS26 124.34 59.7 1.07 61.31 0.113 0.010
ES27 EN27 WN27 WS27 114.4 41.7 1.20 68.62 0.113 0.010
ES28 EN28 WN28 Ws28 106.8 23.7 1.35 77.18 0.113 0.010
ES29 EN29 WN29 WS29 107.4 19.7 1.39 79.43 0.113 0.010
ES30 EN30 WN30 WS30 113.8 29.7 1.31 74.87 0.113 0.010
ES31 EN31 WN31 WS31 121 39.7 1.24 70.85 0.113 0.010
ES32 EN32 WN32 WS32 130.5 49.75 1.18 67.59 0.113 0.010
ES33 EN33 WN33 WS33 137 59.75 1.12 64.14 0.144 0.016
ES34 EN34 WN34 WS34 144.3 69.75 1.07 61.09 0.144 0.016
ES35 EN35 WN35 WS35 151.8 79.75 1.02 58.31 0.144 0.016
ES36 EN36 WN36 WS36 159.8 89.75 0.97 55.83 0.144 0.016
ES37 EN37 WN37 WS37 168 99.75 0.94 53.58 0.160 0.020
ES38 EN38 WN38 WS38 176.4 109.75 0.90 51.53 0.160 0.020
ES39 EN39 WN39 WS39 185 119.75 0.87 49.66 0.160 0.020
ES40 EN40 WN40 WS40 194 129.75 0.84 48.02 0.160 0.020
ES41 EN41 WN41 WS41 203.1 139.75 0.81 46.52 0.170 0.023
ES42 EN42 WN42 Ws42 212.4 149.75 0.79 45.17 0.170 0.023
ES43 EN43 WN43 WS43 221.7 159.75 0.77 43.90 0.170 0.023
ES44 EN44 WN44 WS44 231.2 169.75 0.75 42.76 0.170 0.023
ES45 EN45 WN45 WS45 240.8 179.75 0.73 41.71 0.175 0.024
ES46 EN46 WN46 WS46 250.45 189.75 0.71 40.74 0.175 0.024
ES47 EN47 WN47 WS47 260.2 199.75 0.70 39.85 0.175 0.024
ES48 EN48 WN438 Ws48 270 209.75 0.68 39.03 0.175 0.024
ES49 EN49 WN49 WS49 279.88 219.75 0.67 38.26 0.182 0.026
ES50 EN50 WN50 WS50 289.8 229.75 0.66 37.55 0.182 0.026
ES51 EN51 WN51 Ws51 299.84 239.75 0.64 36.91 0.182 0.026
ES52 EN52 WN52 WS52 309.83 249.75 0.63 36.28 0.182 0.026
ES53 EN53 WN53 WS53 319.86 259.75 0.62 35.70 0.192 0.029
ES54 EN54 WN54 WS54 330.1 269.75 0.61 35.20 0.192 0.029
ES55 EN55 WN55 WS55 340.2 279.75 0.61 34.68 0.192 0.029
ES56 EN56 WN56 WS56 350.3 289.75 0.60 34.19 0.192 0.029

3.24El ement types

ABAQUS promiedfysebhements to si medtan ec tvuarre .ou
Tese el ements are defined aonombdaff ngode®s t he

and behavior during | oaldi nTg3.D3l, anRBPCDL , br i d
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el ememwttriel i zed t o -baosnsee nmbol dee It hoef ftihseh br i dge.
ThB3 k|l emenD &%t iac 3beam el ementdeggodld t wo n

freeasltomeach end. ABAQUS assumes tBh3el tr ans\y

el ememas | inearfiextieaddtii c¢ jwe mdadoardependent of
response of the beam section to axi al and
used for the twin decks, the candhs @irdeasrs

Nor mgl] ABAQUS can use the defined peofib
material to calculate the stiffnestsoproper:
define the height, depth or thickness of h
theisaat properti esandfettdhegriaiaydk tsheectproongr ar
due to i1ts irregular shapfgenthdplreodfw diet tios
cal cul aAtBeA QiUiSe enss etth eof mreopet trii €albell,i@st ed 1 n
crae @ ¢ figee n e raapl ri ozfeidl e, to edetffior ofhetite o Wi ©
Al t houfigk nte hdgplrioAed e does not represent the
fdri naenadd nonl i ngbhe2d@eS)ponsesi ti on, the def.
section was assigned to r etphree sreenditod nhgewlsaerc t
section was assbacskptaed.to piers at the

The T3D3 el ement wi oh 3reedesm ped Bodegr
simul ate slender structures, which can onl )
and shearhedrtwirfef nedhe. TBD3 el ementayi cadbl esaod
Thi®o@e el ement i gmo d e bchu rhvge du sperde sftare s s e d
structures or pipelines in the offshore in
defined asnla tmembiean t hrough its matari al f
prteensi on | oad acconmedeitn gt hteo rceagl uciurleamei notnss ,o ft
avoid numerical singularities and converg
subj ect a@d stpd alcaernreent anatl grssison Tlheaodpp ph e lem
some transverse stibfneéedsnpgo etnhd ocaalsl eaxpp.pl D

cables can be found in Appendix A.
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TheRB3 D2 el emeode isi cagi d2 beam el ement whi c
connection to the bridgbodiTese andi hakéemba
toget her. ht ea gteo off hemoadcwd cul ati on &f or t he
motion is determined only by the 6 degr ec
(ABAQWUIMSc. . 2002 hi s model ,r rtelgeu | daerc ks esce d toino ma
Section 3.4.2., and the shear <center and n
il lustrated in Figure 3.6 (a) and (b). He
conowectf or the mass and sdteair|l €ecndreran@d mdnmh

RB3D2 el ement bet ween the shear center and

N?s Girder

Fig. 3.8. L-shape arrangement of RB3D2 elem@@ng 2015)

The #qmpwlitnit constraints (MPC) beams in ABA
di spl acement and rotation of a first node
deck el ements can mbeefassannendeenmobllego kno
foll ows the movement of the degrees of free
node. I n the bridge model, the MPC beam co
on the upper towerdeahsl. t hite edB€@ mbhéeam const
the nodes of stay cables and St awecaltleens eon
eachde theédratvvewdrwo separahat MPGn ooe aotshtet b 8 mt
tower’she MPC basanm bhosnprodndewn | n.ThRicigagrddot3. 9 ( a

of 4 ,cabloens eachectidreg to the same el evat.i
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definedmabhet hal section in ABAQUS and I i st

Tabl3eMald3 er i al propert(Ega@nh5)X he bridge mode

Mass Density  Young's Modulus

Material Structural Members Poisson's Ratio

(kg/m®) (GPa)
Reinforced Towers, Piers, Back
span, Side Cross 2400 60 0.2
concrete .
girders
Steel/sazom CENtre Deck, Cross 7850 205 0.3
Girders
Cable steel Stay Cables 7800 200 0.28
Theta al cabl es are not trusses as defi nce
associated with cable nonlinearities. The

behavior by truss el ements whsi ctho cnaond irfeys itsht
defileectagainst the cable force and support

el astO ciotftyhea bilseal cul at eHEr nfsrto ng du,alt®it6a5n)

mentioned in sectiommf2.thelyr edrert hd ¢ envemwi
(0] S (3.1)
wheiOe: ishe equiebhkbepenhtt modsl us of el astici:
0O i s the amotdwdluscaobfl eel asticity,
"i s ctaltbhd e materi al density,
g is the acceleration due to gravity
O ishe horizont al projected | ength of th

., I Bhe cashtlree spsr e

Thenass properties for the deck séction al

sdd on wizar d, and they are I|listed in Tabl e

decks, respectively.
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Table 3. 4. Massrpseperones (afFf
(Fea@l5)
Moment of inertia about the mass center fc
steel deck (kg*rm2)

Ixx 5.81E+06

lyy 1.16E+07

Izz 6.32E+06

lyy 3.59E+04

Iy, -0.114

| 1.51

Total mass (kg) 204883.28
(a)
Moment of inertia about the mass center 1

concrete deck (kg*rm2)

lix 3.89E+06

lyy 1.16E+07

|2, 1.36E+06

lyy -1.46E+04

Iyz 0

Iy -7.45E-09

Total mass (kg) 412241.13
(b)

3.4. 4. Boundary conditions

Boundary

value probl em. I n an
are determined by restraining
condi tiomnustfuore.t he str

I n the bridge model, the back spans,
the model FiAsureedn l0n-si e
fixed to the ground. Besi des, t he
foll owing considerations. I n the bri
and supportedibyrn pewvers. The spacings

coaed ictorosstsrit i e dmwar gol uti ons
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are smaller than those of the dtee&l odpdarme |
back spans can provide stiffer properties
and dfoatdhe main span. It is for these reasct

be fixed in this study.

Fig. 3.10.The undaryconditions of thdackspan

3.5.Analysis steps

3. 55tlatic response

When conducting the anapysisstion dEBAQUS net H
response of this model when only gravity 1| o
types oifoncadtcauggsatdepending on the results
Gtati Ot gereewas createdm The pbpesputsreqmest
this thesis, the deflection of the main sp
indi tc@atoe$l ect the influence of corroded ce
corresponding withtpertacdl cadabksesacemeaspo

and strain components were selected in the
3.5. 2. Dynamic response

Thenali c response of the bridge consists of
the wi-nddluoadl respomrsgauenthesnatamr alefflrect

frequencies of the structure, especially w
frequéEhey.wi nidnducad response mahh ing tyorpr es e

di spl aceme-spantf @ameélres .mi d
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The r eqbsefnecwas created to calculate the f|
their corresponding mode shapes. The subsp
This method has the advantage of achieving
spacdhe modan sihe peis.eoMed! & nafttheer f i ni shing
The first ten vibration modes are the mos
include | ateral, vertical, torsional or <co

| nr doer toei hhhestsitgatct ure unde-rndeae¢d | 0ac
| oading was considered in this study. The
recorded wind dat a, which was <collected t
SUNLab tesaoml art pameehH ssirteesel ocated on the f
Parking Building at the University of Otta
The wind speed and wind direction can be r ¢

sol ar panel

-
+

-
*
7L
+ *
g
*

Q - e T

Fig. 3.11. The solapanel and sensofsehranfar 2014)

The sensors can record wind speeds and i1

corespondisegonhds50Which was coll ected in F
Figure 3.12. I n this study, the angle of
simplification. The wind was assumed to ha

maxi mumi vgl amosngcomes 50Ond data is 8.20 m/s
is 4.15 m/s (Figures 3.12 (a) and (b)), wh

where the Stonecutters Bridge is. The bridc¢
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Wwiiwdemeéat a wa
nd speed becomes
to simulate t
wind enviror

(c)),
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by Scanlan (1996) were ushedtboydwi edmil ma d
equations are |isted below from Eqs. (3. 2)

three equi val etnhte cdenapdgomeondtdsi @ tl bea dmdment M

0 -"Y6 60 (3.2)
0 -"Y66 0 (3.3)
0 -"Y6 6 0| (3. 4)

whemes t htey doefnsaii #, 1.225 kg/ m

Yis the mean(nwihdsveltoadytypgeaed cwdd ecd eedd

asYas a simplification).

6 ardrag, |ift and moment coefficients

B, L are the bridge deck width and bridc¢

Jis the attack analses uanfedt e wiend (dlregmre ei

I n this analysis step, the three compone
bridge decksgmodlen tdyyhgaesitcapg, Cc a esaetceodn dwsi tth nee !
period. TMmeeatdiogpltdheee decks aonfd tthhee csatbrl eesss w
defined in the fi-bidtouypuespplher ,anfdh elathil m
was extracted.

After extracting the ti me dg@rmament hdoad a, t
was wsedndfher-cbamei n dat gddmaifnr edqautean.c The |
di stribution of the discrete freqguency com
Spectrum Density (PSD) met hod. 't is clear
to the ,fraengduetnhcey structuse wtlthbhatVeebaegesgy
hi ghestdeposwey

The time domain of tshpeandiasnpdl &od rme n to wefr st h
as a signal t hat contains dynamic characte
characteristics,udPeésd aan aMattdalb twa process t

be found in the Appendi x C. The frequency
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frequency of vertical, | at er al and torsio

di spl acement of daodver wunder the wind |

3.6.Bridge model validation

3. 6Qvlervi ew

Thebri dge model validation is an i mportant
anal ysi s. Only i f the finite el ement model
real structure,déehedmaseVakiaad, bandonhbke r es.!
aceptabl e. The differmoadceleirmagrres en & hrelrt ifnrgo
simplified assumptions, or from the par amé
material and geometric properties.

The dwaliion of the finite ealelnye ngernioodrente do
comparing the measured datatr wnmbonhalbsi mgua
system, wid hr @ el tmo.deThe measured natur al
c absltecaly@ige has not been r el easoefd Hoyn gt hkeo nHji g
unt i | present. Therefore, the natur al freg
from another finite element model built by
Department H. MAaogudespeed &s a refere@Gre Ccasehi #t
research, the pubd(@kdse d sccat eamédge Blui oepemraatfor

the validation.
36 ZheatrmfFrequencscyYy rafctule

The dynamic r espiosnsce todr mihree @ fnlw yu Cto e eehceu at |
symt ésee Egqg. (3.5)). The main structural c|
mas s, stiffness and ddkamnptinmer eptriofpfeme s .5, | nve
damping forces vafngt hteh es yesgtueanh i boyn soofl mot i on
The solution of the equTahtei oeni giesn vaa |l sueersi easr eo f
of the angular frequencies with the units

the angul arefirtelgeeaci € sneowhdampi ngsaed. no e:
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Theatural frequency is the fr eguwenaynowhen t
without any driving or damping force. The

vi bration modes.

- 0 #Ho + 0 M (3.5)

where: [ M] i s tthtee smasusc tmater i x of

[ C] i s the damping ratio matrix of the

[ K] is the stiffness matrix of the strui

X i s the displacement of the structure

f(x) iIs the exteasmpndalcefmemde xi n terms of

A series of natural f rteoqthd rgchi.e ST haer ¢ oawvrersd n

means a | ong period, | ow acceleration and
with | ow energy, therefore theesbfudtowr e
frequency. The first tenr mavalraés freequanal
focusing on.
3.6.3. The comparison of published data an:
Wi tthhe frequency step in ABAQUS, the natur
deterniene3xdD fTinite el ement model can provi o
vi bration modes. The first t en vi bration

frequencikEM ooff tthhee St esnteacywetdt eBrsi d@eaeblar e i |

Fiug 8838. 22.
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(a) (b)

(c)
Fig. 3.13. #'mode shape, f=0.14491 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view

(a) (b)

(c) (d)
Fig. 3.14. 29mode shape, f=0.17225 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view
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(a) (b)

(¢) (d)
Fig. 3.15. ' mode shape, f=0.19197 Hz, (angeal view,(b) front view, (c) plan

view, (d) side view

(a) (b)

(c) (d)
Fig. 3.16. 4 mode shape, f=0.25343 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view
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(a) (b)

(c) (d)

Fig. 3.17. % mode shape, f=0.25621 Hz, (a) general view, (b) front view, (c) plan

view, (d) side viev

(a) (b)

(c) (d)

Fig. 3.18. 8 mode shape, f=0.32384 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view
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(b)

(d)

Fig. 3.19. ¥ mode shape, f=0.3583 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view

(b)

(c) (d)
Fig. 3.20. § mode shape, f=88733 Hz(a) general view, (b) front view, (c) plan

view, (d) side view
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(a) (b)

() (d)
Fig. 3.21. 9 mode shape, f=0.42366 Hz, (a) general view, (b) front view, (c) plan

view, (d) side view

(c) (d)
Fig. 3.22. 18y mode shape, f=0.5811 Hz, (a) general view, (b) front ieyplan

view, (d) side view
Figures 3.13 to 3.22 present the four Vvie
pl an and side views). TheéeéHmrator @l 58lletiaen Al
the ten mode shapes, t he denckcstiniseey bdmahe proi
starts from only horizontal or vertical or
movements. The | owesb5Hzm adarrrad s g aredqiuregy ctyo otf h
being the first hori zondeadk bEemhidg mrge md.t 1 d)n

al most symmetri c. The second horizont al I
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correspondifmgdea os htehpee 7as i BlL a9t r amhadc hi n sF
asymmetric mode at a natwural ffegqgeeoygi et
for the | ateral bending modes of the bridg
motion of the bridge deck i0s 12rmimeddi2c at
shape in Figure 3.14), and thet @HEt®hd8 one i
mode shape in Figure 3.15). Unl i ke the ho
frequencies for the verti dalsemotTihcen | aft etrhad
dominates the vibration of theet owwess T8
symmetric at a natur@dhodea egjlueme yi Tonfe i0g Rr56
towers move in opposite di'fmredéeiom Bigar é€r 8c
The early occurrence of tower wuwbsbdati nomhmo
bridge are r(edhaud L ¢ ¥fthye dliemsdert or si onal mo d e
in megtmric motion at adHzdthédael shapgeuéenc Figlur
The second one is an asymmetric vibration
0.4z 'mdde shape in Figure 3.21). The first
decrke anot so cl ose.

The widely accepted natuHal H2 GlpSlency da

compared with the rdewi3t3s5from this study

Tablse Gompari son of natural frequencies anc

Published natural frequency by Hui, et al. Natural Frequency from finite element model

Mode No. Natural Frequency (Hz) Mode shape Mode No. Natural Frequency (Hz) Mode shape

1 0.145 S-H-deck 1 0.145 S-H-deck
2 0.19 A-H-towers 2 0.172 S-V-deck
3 0.197 S-H-towers 3 0.192 A-V-deck
4 0.201 S-V-deck 4 0.253 S-H-tower
5 0.246 A-V-deck 5 0.256 A-H-tower
6 0.302 A-V-deck 6 0.324 S-T-deck
7 0.311 S-V-deck 7 0.358 A-H-deck
8 0.361 A-H-deck 8 0.387 S-V-deck
9 0.376 A-V-deck 9 0.424 A-T-deck
10 0.422 S-V-deck 10 0.581 A-T-V-deck

S : symmetry, A : asymmetry, H : horizontal, V : vertical, T : torsion
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Accor diihnegpdiaotla shed by Hui et al . (2006) ,
from the results ®If, tdhx csefdt ntihe feil resgnte nmo dne ¢
sets of results have the same dominant mooc
moti on. Thzeomstealonmdothioon of vibratiofi of the
mode at a natur alThfer efgiuresntc yt woof nOa.t3uérla IHzf.r e q

motion of the decks are relatively separat ¢

t oweres bhreenvdi ng movement at a | ower frequenc
model . However odtlse diowmo na Hineygeaithdmt taotwemat u
frequencies of 0.19 Hz =and 0.197 Hz, resi
occurrences af ttthe rcaguletnt FE model . The f i

the main deck movremeams a@aft a2 Wt az fareduk. 24

The first two natur al frequencies in the
whi ch i sanael saos tthhee sresult from the current
torsional motionepoVedi wWrahionthe hbtsbbsen
results reported by Hui et al. (2006) .

Tabl i3 f@&rence bet ween pubfliisihtead alad me mtn dmi

Published natural

. Natural Fr ncv fron
frequency by Hui, et al, Na.ura Frequency fro

" finite element model

(2015)
Mode No. Natural Frequency (Hz) Natural Frequency (HzDifference
1 0.145 0.145 0.06%
2 0.19 0.172 9.34%
3 0.197 0.192 2.55%
4 0.201 0.253 -26.08%
5 0.246 0.256 -4.15%
6 0.302 0.324 -7.23%
7 0.311 0.358 -15.21%
8 0.361 0.387 -7.29%
9 0.376 0.424 -12.68%
10 0.422 0.581 -37.70%
Tabl3 .e6abul ates the natural frequemgies f o
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from Huli et al . (2006) and the current i nv
both sets offrommehe caé¢sdlat®Hm..presenteaedted T
natur al frequencies associat ed fwiotnh btohteh f i
sets of results (within 15% difference), e

the frequencies obtained by the current |

di fferences in natur al frequenceab 1tdorge f
cl osest frequency to the published one, W
frequency is the same for both model s. T h e

di fferences of 26.8% and 37. 7%, respectivel
thaeli fferent el ement properties or constrairtr
frequency differences are acceptable, with
frequencies from both sets of models tends
tre modes are very important because these ¢
within tolerant differences.

I n additio®m wor Hu@2@@®)ah(B 0 leblassaow sment i oned

in their study the frequency results of th

of t he StonstcautadrBr iChgpd eare shown in Fig
verticland tlarntsiran movement s. I't can be seer
deck also occurs in the first mode shape af

in these eight mode shapes and no coupl ed
movementsssreadr e nobt he | ower frequencies, whic
Hz, and the deck starts to twist at a freq

The results from the FEM nhoadesle nofa ntdh eL aS toc

(20 1br)e compared with Hui et al. (2015) res
the current study, as presented in Tabl e.
shosv simil ar eigenmodes as the frequencies
modes obtained in the current study are cl
those corresponding to the torsional modes
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Table 3.7. fCémuamicsers dy di fferent model s

Natural Frequency (Hz) of the Stonecutters Cable-st:
Bridge

Eigenmode FEM by Larsen anc FEM by Hui et
Larose (2015) al. (2015) FEM in this study
1st vertical (sym) 0.191 0.201 0.172
2nd vertical (asym) 0.233 0.246 0.192
1st lateral (sym) 0.145 0.145 0.145
2nd lateral (asym) 0.361 0.361 0.358
1st torsion (sym) 0.428 0.425 0.324
2nd torsion (asym) 0.592 X 0.424

x: the value is not listed in the reference
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Side view :'lupvit.'.\t
| Fagenmoe ! cigenfrequency

e ———

Ist. daternl / 0045 He

T —

2nd. torsion (asymmetric) / 0892 Hz

Fig. 3.23. Side view and top view of basic eigenmodes in the Stonecutters Bridge
(Larsenand Larose 2015)

n

general, the

results repoGdtedtliemesn
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The fundamental frequency and correspondi ng¢

study are same as that of resdiodrhee fmaddl sl

modes show close values to published resul

this research is considered to be valid to
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Chapt-&atdc behavior

I n t he s, fcihipttemed eslmeintsdi cal |l y anal yzed under
| oad iomsdtyheFresponse of t&lee dadrgeadidgeesitgon s er v
serviceabi |l.i tTyh esnt,ctald fdreeteartii @du doeodyi nt r

the behavior of the bhriWdgthywavit hyaftbheedt agp$
chapter presendtd | e btehneaih ap §gshree mantdi ve chang
ratios of fcadbilfef esteméssceosrrosi on tewvnpbs, |
Comparisons are made against the reference

corrosi on.

4.1.Serviceability limit state check

The behavior of the finite eeluenndeenrt sneordveilc eo f
was checked agdaitnystr esqeurivriecreeanbt s speci fi ed
particul ar, the serviceability | imit Sstat e
deformation under serviece alyedd®Brwaibed8&sogae
based on the HdDeeikonngMahturadc tfwrre Hi ghways a
and supplemented by BritisfhF&hamsandetBSaHUO
20QB@3Ye to | ack ogn acadcke sf rtcomtHhenglekkdang, t he
bridg®i gn 6Ed@H& W&SsA used as a reference.
Table 4.1 presents the different |l oad f a
CSAEO6 The SLS cwhmbcihn actonotnailns boitthheead ar
table was chosen tog dhendk fsdrattehefsdrhwi dbealt
of design informati on, the calculation was
| oads on the decks. The | oad fadt®@r®0for
respectivel y. The dretadc dm alde od u tecansant iccoanhpl oyr
defining the material density of the mater.

clause 3:S8 B wopge CiSTAI eB €t-h25 [ tirviec K ganwisisdh ha
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wei ght of 625 kN, wa sv eu sl eoda dt od udee tteor mitnse wti he
| ower | imit in designing interprovincial tr
and | ane | oad are shown in Figdraemed4. b.adAs
reduces each ax| anplosaed tao udhQ % oamd ys wdp esrtir i b
Then, the axle | oads and the wuniform distr
with the factor of 0.90. Wherdnd tthe avalie Ispa

the critical deV¥¥kedcasoshown be Bbgure 4. 2.

Table 4. 1. Load factor-Se&&nd | oad combinatio

Permanent

loads Transitory loads Exceptional loads
Loads D E P TR 4 W v s EQ F A H
Fatigue limit state
FLS Combination 1 1.00 1.00 1.00 100 0 0 0 0 0 0 0 0
Serviceability limit
states
SLS Combination 1 1.00 1.00 1.00 0.90 0.80 0 0 1.00 0 0 0 0
SLS Combination 2} 0 0 ] 0.90 0 ] V] 0 ] 0 0
Ultimate limit states}
ULS Combination 1 an  ap ap 1.70 0 0 0 0 0 0 0 0
ULS Combination 2 ap  ap ap 1.60 1.15 0 0 0 0 0 0 0
ULS Combination 3 an  ap ap 1.40 1.00 0.50§ 0.50 0 0 0 0 0
ULS Combination 4 ap oy ap 0 1.25 1.658 0 0 0 0 0 0
ULS Combination 5 ap o ap 0 0 0 0 0 100 0 0 0
ULS Combination 6** ap  a; ap 0 0 [} 0 0 0 130 0 0
ULS Combination 7 ap @ ap 0 0 0.908 0 0 0 0 130 0
ULS Combination 8 an  ap ap 0 0 0 0 0 0 0 0 1.00
ULS Combination 9 135 a; ap 0 0 0 0 0 0 0 0 0

*For the construction live load factor, see Clause 3.16.3.

tFor superstructure vibration only.

tFor ultimate limit states, the maximum or minimum values of ap, ¢, and ey specified in Table 3.2 shall be used.
§For wind loads determined from wind tunnel tests, the load factors shall be as specified in Clause 3.10.5.2.

**For long spans, it is possible that a combination of ice load F and wind load W will require investigation.

Legend:

A = ice accretion load

D = dead load

E = loads due to earth pressure and hydrostatic pressure, including surcharges but excluding dead load
EQ = earthquake load

F = loads due to stream pressure and ice forces or to debris torrents

H = collision load arising from highway vehicles or vessels

K = all strains, deformations, and displacements and their effects, including the effects of their restraint and

the effects of friction or stiffness in bearings. Strains and deformations include strains and deformations
due to temperature change and temperature differential, concrete shrinkage, differential shrinkage,
and creep, but not elastic strains

live load (including the dynamic load allowance, when applicable)

secondary prestress effects

load due to differential settlement and/or movement of the foundation

wind load on traffic

wind load on structure

RS

Uniformly distributed load

9 kN/m
0.032w 0.08W 0.08W 0112w 0.096W Wheel loads
0.064W 0.16W 0.16W 0.224W 0.192W  Axle loads
| || | |
AR AR R RN AR RN R RR AR
3.6m 1.2m 6.6m 6.6 m

18m

Fig. 4.1. Lane load definition (CSA6-06)
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Deflection (m)

-100 -80 -60 -40 -20 0 20 40 60 80 100
Distance from mid span (m)

Fig. 4.2. The deck deflection in SLS

The result in Figure 4. 2 oBilgopwism tahte tnhaex i mi
center point of the ma4iS® 6s,p atnh.e Idne ftlheec tdi eosni
| os@gan -sctaabyleed bri dge is not clearly defined
l'imit for cable s@¥pehdedwand dgewbes2Ql 309
the main span | ength, and t he aslp aonw-acbalbel ed e f
stayed bridge (Bhuwuedndekhalismdt/hdiDD1Mdésear ch,
el ement model -gppEgpm esctadntesd arli dmge , whi ch sh
defl ection requirement of L/ 400. The all ow
whi clharnger than the oBaxpmommndet| &dtSi,orensfur
the finite el ement model meets SLS require

|l oad is ignored, and only the.dead | oad wa:

4.2.Distribution of cor roded cables

The static analysis was conducted for di f-
damaged to various |l evels of corrosion and
l ength of the twin decKosionful Sattlea & choet tceasbis o 1B |
cases, which consider both symmetric and a:
critical case, the corroded cables are pl e
with respect to the middfl et Ipiossniba dodsgyedrhveatd ev
in terms of strength and number of <cabl es.

mi ght not have significant effect on the o
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Mid-span
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/
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South deck
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corrosi

4. 3.

Fig. 4.3. Four major corrodembnfiguratiors with respect to middle point of the span

(a) major case 1, (b) major case 2, (c) major case 3, and (d) rasgos c
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I n these four maj or cases, each dot rep
represents the midpoint of the bridge deck
mi dd| es poafn tahree represented by 32 ddbdtys for s
corrosion in the bridge model are colored
are colored blue. Each cables corrosion ca
ofettheck and to engage certain tpwpesabfemod
corrosion case 1 (Figure 4.3 (a)), wher e
corroded, is to affect the vertical vibrat.

and 3 (Figures 4.3 (b) and (c)),riicral Wi ch

di stributed relative to the | ongitudinal a:
dynamic | oadings exciting the torsional %
(gure 4.3 (d)), in which allspar, aiff eme¢ 2t
facilitate the excitation of the vertical

al so has t he tpdse puwsshadaepoefs naaskyimnmget r i c .

Within eaachibm&] corrosion case presented
al soasenmyul in order to investigate the res
corroded cabl es fr om Suhbec ansied del xea nppol ienst foofr tn
are showndiwmi Feguhmhe 4est of the subcases &
Each icomresbcase affects the cables at dif
exampl e, for the <cabl esl caofrfreocstiso nt hcea scea b3l, e
the middle gmpmwamt wHes2dasBdsaBbfceacste sc a3l es sl i
from tmhddle of the deck, as it can be seer
eashbcdisfef erent | evels of coorossjpobhWkeeel n
corrosiomanbceoi&losi ofhkeepebrceaos edemoltewelt he
pecentage Isexds i omhakr as e otilh rftdheer ecnatb | ®or r o
d a malgeev el s sclomgshirtd @nseidoinum corrosion and sev
respecltti vieslkyailny tchoartr o i 6B % damage woul d be

serviee Iboweger, the most severe corrosion
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has ruptured.

N

Mid-span
North deck
W J WN 1-56 EN 1-56 o dee

7/

West side East side

® @ & & & & 0 00 00 0 0 0 00

N

WS 1-56 ES 1-56 South deck

(@)

Mid-span
~ North deck
W WN 1-56 EN 1-56

® & 0 & & & 0 0 0 00 00 0 0 0

West side East side

® @ 0 @ 0 & 0 0 O 0 0 00 0 0 0

— — \

WS 1-56 ES 1-56 South deck

N
Mid-span
I North deck
W J | wN 1-56 EN 1-56

7

® o & o 0 & 0 0|0 o0 ° O O 0 0

West side East side

— - N

WS 1-56 ES 1-56 South deck

(©)

Fig. 4.4. Subcases of major case 3: (a) subcds€ld subcase-3, (c)subcase 3.

The nomencl ature used herfmnaowthemes st i ngu
t he maj or nd¢ &sseubbmuanside € Ai, s &twwldea osi on | evel r ey
by pérceindragae redhet iadd eich ed cadd-&5s@B For e
represents the major cabl es adowwnrgnlss iomglcea s e
deck affected), subcassepah (@addlelcds ddplsd wang th
|l ewél 50% in the affected cabl es.

I n the curreondedtodb)] esheecer si mul ated b
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area of theooablTdhecrcossoseoni | evel empl oye
does not change the elastic modulus of 't he
strength and hyi elad | set.r elrhg tsh aosfs utmpt i on was
studLes,20lL2a)where a couple of corroded wire
tested fr 8m Trieg ucruer r2d nltc hmondgeel tchiednul t i mat e

strength and the elastic moduleBESareause t |
the staticlilddlPredi(tFigurwad$1l0 in Appendi x D)

strengt h. Ehé&epgt Rsgeect h ® O | $ area <can prope
corrosion condition of the <cabl elshyr eecaus
di fferent degrees of <corrosi on cwerreo sy elnect

|l evdletdnby the Eq. 4.1

] ol
A p x pmm 4.
0
where: carresst(d® | evel

Ai's the $do¢ctailomcalosar ea

oli s theceff edssidwce i @ al ar ea

The design | ife for t he (SKiotheeceaitt.t at s, BR
According taon EdgFHingurhea p2t.etro 2r,ed dile a i-aner t ai n
i nduced tdlaenagablien canFdrdhhbespggetxhmemd é&®d.i on
current density?2@Abkdmsas umeeldu et ot dokedralr e 2 .
gal vani sedtwi nesg alllkPmas i Flehok&&rbd s ®fn  WN,
EN, WS and ES sifoestwer ayemduuiccddéod amal di f f e
di ameters along the cabl es, the smallest d
effectseetcoosa$s area was 182 mm among t he ¢
into S5EQ.tHE. est az2na, e dd Ot % cnaen sifi a/nt % S5e. \I7e8 14

and7y$ear s, r,e sapsescutmivnegl ya constant .Tcloer osi on
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r eal

tisnei gcnmtnlglee dueprt ovipded elcy i lboilnte

wi t hisnertvhece | i fEherfe fébhhaes duimeldecomr

analcgoswlsd

happen &Gusemygi ¢del bffedge

4.3.Deck deflection comparison

43. Ef f ect

Th &t onechBirtitdeges

of corrosion | evel

connegobtdhed at er al edges of each deck,

cabl es.

it lelr

a shieo n

ssagedabl edgakhsvicthh htawi n he

t hus

The defl ections of both sides of

araen ad dy zi n

i ngti e

m)

Deflection {
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C

the curderft sxfe attalmapna nfreepdeskeat ed

4. 5(a) to (h) for different
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Subcase 1-1, South deck

reference 11-25 —— 1150 ——1-1-75

(@)

80

cabl es

C

=

a

t

r

(



Deflection (m)

Deflection (m)

Deflection (m)

-0.69

-0.71

-0.73

-0.75

-0.77

-0.79

-0.69

-0.71

-0.73

-0.75

-0.77

-0.79

Distance from mid-span (m)

-20 20

Subcase 1-1, North deck

refere —— 1-1-25 —— 1-1-50 1-1-75

(b)

Distance from mid-span (m)

-20 20

ssss s s s s s s s

Subcase 2-1, South deck

-0.69

-0.71

-0.73

-0.75

-0.77

-0.79

2-1-25 ——2-1-50 2-1-75

reference

()

Distance from mid-span (m)

20

-20

Subcase 2-1, North deck

2-1-25 —— 2-1-50 2-1-75

(d)

reference
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Distance from mid-span (m)
-0.65

-1po - - - -20 0 20 1

-0.67

-0.69

-0.71

Deflection (m)

-0.73

-0.75

-0.77

Subcase 4-1, North deck

-0.79

reference

4125 —— 4-1-50 4-1-75
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Fig. 4.5. Deflections of both decks with different degrees of corroded céd)es.
South deck for subcasell (b) North deck for subcasel] (c) South deck for
subcase-1; (d) North deck for subcasel? (e) South deck for subcasel 3(f) North
deck for subcase-B; (g) Southdeck for subcase-#; (h) North deck for subcasel4

FFgure(aplbbe (thefl ection of the decks for
t hetef ec adNeod e tdhaftebtdamee represents a bridg:t
corrodedheabbesti ve coowdsnhateddmrdglrbeke nt
repeamtiddt € poismptanaihdt hdhe negtive ones corre:
the deck.

Figure 4.5(a) and (b)) show thel dwiftlhect i c
di fferemwmtsi on | evel s. Thex®pmaxm my mpdgef |l ecti o
pmtm an@x pnmtm for s4-Bbaldbds abhdtl5,1 respective
The deck deformed symetrically, and the ma:
of the deelk . wiBYWbcaasreodi on darmeaegd iroegicd toeree
the reference case, which hagppngemncmrroded ¢
The defl ections of-1l botédh gdreawrs ifrorFisgbrcas e4 .
maxi mum def |l ect2il@ B $1-5D0 ra-b 36 Rapspe s T m,

X&T pmtm an@yx pmt m, respectivel y. However,

both decks are asymmetrical, and the maxim
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and 3.91 mdifer oirm tthhee mwedst si de .f7e2r,tmhe s out
and. 91 m from the middle in the east side f
the defl ection of -lhotCwidec ktso ftohre spubecsaesnec e3
cabl es omloytban dehek, the maximum defl ectio
X8 pmm, X wpm m an@tpnmtm for sdBBas&s 3

50 a#i-d5,3 respectively. On the south deck
X8t pmm m, X8t pmt m anyBtt pn m fort hhree differei
corrosion levelsensTbe dlkeé south deck are al
the referenceg®capgstem. wBotcth maxi mum defl ect i
the middle of the span. Figune 4f50p0) hande c
for sulb.cdlsheegdest defl ecti olR2506b54eravkddd 4 n sub
arexpxy pmm, x@&Ypm m an@ YprmrT m, respectivel y.
decks have an asymmetric deformati on, and

si dée maxi mun nde fcloacteisopnd md i e @acrlper € atsind e d

n Figure B4 of Appendi x B.
Thmaxi mum deck deflection was encounter e

corrosion condition,l.L nAsneadycdh e gqeacrkcess ihadmo

—+

he | argebtdeelrection for the ssbchbBenalit
ar@Bacause the design for the bridge is con
nortesul t himdmo t Kchtainont he r8ifectemeedealsei s
suppborthed lod datelryt It @ bd edsfl, etchicdaadseecck by 50% and
corr bevieshdootbl e t hat of F25%tdher sysnmen rli ev € :
asmajoase 1, the increasing vertical defl ec
cabl e corrambobh declag®abdse Borin which the ¢
are |lant dtedort hsidmclka megneesy observed on the
dett eon; thhoewesvatw® ki d h thvitiywdh i nccorreraossiitnagn | e v el
counterbal ance the deffoogremasteirgn tihre tmae i Mmamt

occatr strgami ddue to their symmnorses ,2iasndid
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which have asymmetric tdhestcemtudgs poathmee wa tt h mir
| argest defl ection does not hRpe@oehoat he he
i mbadanséri bution of cor-X odlediregceasbtl ede filne cg
hammel ose to thel coatridAdme d oclaibmueéwaiseh 4al | t
corroakldes are | ocahedsboemtshefsetdet isi dea,r ge

of wveest reisdie t i ng i n temec oluanotgedr 8 tnwe sttt es ¢ die o o
deck.

432 . Effect omi-dpathance from

Tha fd erent cabheesortbssbonasetd in Figure 4
di stance betweenothedéodcatmbdpambhdaebte

mxi mum defl ection of the decks and their-r c

this is.lIlneghemerseida il ocati on of the corrod
i nvestigat ed fsoeas tfheoeo rf7oBu%ii ama {lbeev eclabl e s, S i
can cause the most <critical deflection con:

Figdr ()l lustratedtélapefbdbkct he south an
majoases 1 to 4, and their corresponding s
cabl es tofcarb%e lnoticcrdr otshimosn tWwheevnesia me f or
affected a@taibdmre, oft hdaeehbbl oecso r wiotdhend relegpsapaekcets t o t F

t he main span behave differently under the
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Distance from mid-span (i)
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-40 -20 0 20
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Fig. 4.6. Vertical deflection of thenainspan for different subcases with 75%
corrosion level(a) South deck famajar case 1; (b) North deck fonajorcase 1; (c)
South deck fomajorcase 2; (d) North deck fonajorcase 2; (e) South deck for
majorcase 3; (f) North deck fanajorcase 3; (g5outh deck fomajorcase 4; (h)

North deck fomajorcase 4.

For theamaj ar it was noticed that the d
corroded cables weaslpanandt ed awgysteomd val
ofx&@ x pmtm tg®&x pmm, as it can be noticed in
The smhaefilect represented by the purple 1in
the reference case, where no corrosion was
def | ectx® qrp morh. The slwbcasxsgi Btered a smal.l
the brk,bgedrdaom the reference -2a5eghdholwever
75, the deflections of t hexd d@patkm ramd st er e
XV p1mT m, respectively. Al so, for these two
similar diostgr itthet spgmang because the arrange
symmetric wimhslpashsecftornr ot téhemaj or case 2 s
andtthde) vertical defl ection also-lirber @ased
2275 aix™® Pegistered maxx&mummdefx®apcpgm ons of
m anx® wptm m, respectivel y. T h37 5d eifsl ecclto soenr f
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the refeSwkehceb/etsa s> 2have a similar defl ect
6.11 m dmir-ggpndm hehe east ksiadned owe snto rstihd edse co f
deck. However, the | ocation corresponding
subc8%86 R2s9latm,2 which is closer to the mid:a
t wo subcases. The maxi mumreéepbedi ngn |l ocati
corroded cabl es. For the major case 3 in F
observed ifnx8tthemmang®cemn m for the south de

Xd o ptm txY®t pmtm on the north-1déckegThe eg el
a | arger de®itd eatm ofnoroft he north deck and
X8ttt ptm on t he Groutthhe dodoekt.s aB-¢aseesgiBstered
| arger dexd @pttimmnonoft he north deck and a s
xp¢cpmm of the south deck. The deck defl ec
similar, for whitcihon hvwa snarxid @niusni @ddeldfel epcd i nt o
due to their symmetric corroded -xmédbrd.es ar
Figure 4.6(g) and (h) presented the defl ect
was spotted wi tehn cree scpaescey e aonfdo It sFibbylaeds e s 4
75 a-B8U5 4dwer e regi stx®&@ wepdtr, mwRd @ p manr eand
XL p1T M, respect i vel75 dlehtee rsnuibnceads ea 4hi gher
3.51 m on west si-@8&25 a5l £h atdh eseasadl bl eear s edsetf 4
3.11 -h.4hddm, respectively.

Maj or @aasle®2 khow similar deck defl ecti on
subcases, with increasing vertical defl ect
further awmagpédnOm kdhteknadke adeesh | eect i on of sub
i s | artghear$ wiohéslen and 3 i n major caswheh and 2
t hearaent wo corroded cab'l%msdtodb leeasc hf rsoind et, h e hre
poitnatktner e | oad to ,wupimertl artrlgestdedibl ecti on
corroscanridpgaitenmt he coamehced iacaslhl els cabl e

the midad espiBddHs bl ectdeakspfnottha nereased
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span but is slighttlyeFlosrgamary oant ontthhfes h@ntds o
foemabl emif-sspameor r odeddwd f & r doefés a adle ctkh e

def | @attit@m n issu bsciafsiebsa a2r7d50 2wtihten | ar gest def |
for suX/icthlepe2r, thefttangemsst he si de where ¢
cabdrees eldolcang each deck. However, the corre
defl ection -3frbrslsaudbenmnmiespadnhe t o t he asymme
arr aemmgiechm s unbal anced deflection between ¢t}
of both dec-BB%halse sssubadeafsleec2ti on than the otfhf
in Figure 4.6(c) and (d).

The sublc aassiedsa43e t he most cr ictaisceasl 3c aasneds 4f
proving the |impodtsabbesalblf s$heed with respe
poimhheoudehdle f |l ecti on slightly increased cor
defl ection as sthoownbhtabhemegooet . éek wher e
wer e daOmagtende north deck, however, -the hig
spanand the corrodedeétcd bt sk isephadc oivne r
subcdsel2ad to the | arigestotdedl endthideaacdd mp
healctalby es | ocdbbedbivemsmd hte tstpeachp menvde ént e d
ded¢k om denfolréeo.t i hge major case 4, both deck
The su-bhcaswefhdadrroded cabbesbwehedéoksatefl t
si,degi stered the | argest defl éect aBmeste dafe t o
asymmetry in the distributi esnpaonf, ctohrer oldoecda t
of the | amgpewtasdeafploedcted from the west side

of corroded cabl es mwaslpashi fted away from t
43. Ef fefctcorroded cables distribution

Thiempaot hhiedgek def | ect idoins tcrriebautteido nb yo ft hteh e
cabh®s been investigated by comparing the
i nvesti gatled, 2lm@anmagi2yl?2 22 a+#d-343 23 3aBd 4

The deck defl ection comparisons arset presen
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advanced

Deflection (m)

-0.65

-0.67

-0.69

-0.71

-0.73

-0.75

-0.77

-0.79

corrosiosedamagel o6§s75%

Distance from mid-span (m)

-20

0

20

Subcase 1, 75%, South deck

reference

(@)

(b)
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1-1-75 —— 2-1-75
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