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me n ts ucsfly s t. R mlka soepdt | miod atoipem at i onsamatdginketdén a
t hset r at eogpy il tiphad tatnleceo Otr contr ol |l i mgtdetceémnur at at
wi the achieved nrsipssi@mrdeodnont it ®is emagroths eper at i o1
mai nt enanes Thetyyapagegad i gr med t o reduce the un
condi timmmhdamids imansntoemance -magsednsptilmi zatsikor
and maintenanceuptdraud speyd reish u Bayiesfi ammatsip@r -c
ti on mintddmid radiperre d iodthieost ructAlrlalcomputadtiilony
repeated many times for differentTlpios emdt iaVv a
the devel opment of r otbtwsatosnapnudalbeififahait earetk ga pnpgr

The reliability of desetviambabbngesttheathwdraals
theapaethtange wint hmotsitme.r act ircal i apiployft wdseit oenrsi
orating st rcuacnt uwbrea la pgpyr sotietedimhisei df ebtpit me di scr et e t i
Thtei marraht abildany tpreorblbeemr epr esaeanbedalmy a ed
pr oblUsma.gmetthhiosdaod oy ystgarpoi nt, t hi sappbeeashpt
comptuhe darmeant reliability odf odetwdriicdir atnismge
mo ni tdatiangar el haev apirloabbll eemi n s a fwaeysmhe dcthed pr ed i c |
of thecsur ails csoefpdaotimtdefie comput ation of the s
on the strud¢mdomalmad omadi tinonpeoshyadpsaad ono
moni tiog iingcl uded in the reliability assessme
terioration model empl oyed to predict tibe st
obt ai ned bey pdadtegticel rnigoordadtl i avm t h st puotb@ambal i mdde
to cal dali dtue et pe obabidtinwyctcowmal tdc @omdilt oant he€
main outcome of tleiss etdhe i $ admnalpi firga asdabdnh oyhsti s
striabewd numeresatomrgathplting inspected and mo
higlycl e fatigue.

An altereaentvieyi apywredvpkelds ol Itcdhvwes strategy of

ti mMescdieberi orating structur al systems with
( DBN)B.IN combined with appr oxi malteemeaotrh @ xcaocmp u tn
tion ofwvarhieanti meel i abil ity odcoddat @mniodraditman g

provi dedplegti on andnmaohmilseatphmepifdactiam.coacewar
prot ot ylpepbeass eddér wen®BNr oachhanwbhechsed to asses
a corroding cbocr aleEéhodtxe gt ir alle ranrea sauv eimeald Ise
t he smeaciomdout come of this thesis.



Abstract

Both approaches parskhlnag edagilalabbhilgfttyherespde ytse &
moni t or ed hsattr uvacctcuoruenst s f or ¢w@3hteemr ef AeCcCbB amoc
rioratianfdeateendt of & It)heel einmmetnetrsact i deteeli wean i
and system( dtiehdinmegoctmmdati on gai nedummb stehrev ecdo
structurfanombpment sgtbe mondidtomgobbor.@abmel| e me
bot h apemaodalcdyesst @ erls & soepdt | mi zat i on onft eonpaenrcaet isotnr
egies fongdeteuvcbumrmali systems.

ThEBRApproach can beveilnypleeamsda ntye dvirtehl astuibes et si
guenMoinale Card wi theeltlhesti mating rare event prob
robusdonasnidder ably more efficient than crude M
samp-besdgnd its efficiency is thus a function
outcomes, as well as the valThe ot@trtéet si mopl am
t he NRA pompiromeamdir at e subsed sstmuibmkat albinfde f §y er e
pointsThe ®ifmeciency of the NRA approach wit't
i mprbyedxploiting the fact that feailliumel eaent
bility of deteystwammsithgsstomuctempalsedchrmormol og
singubeset simulation run.

The i mpl emeedmt@BN oampwmrfoach i s mu cihmpmoernee ndteantainod
t NeRAAapproach bruai n ta dvaassh ptatgdees . g rFa ptsit c afl a d iolr ma't

| t dtheesesent ati on of the model and whe &andenby
experts in reliability analysis. Seconaly, it
this case, its adthincuinebnecry onfe iitnhsepre cdteipcem dand mo

on the value of the event probabi NR&ipgeg otaax hbe
with subset simul ati on,r & henpBN sa prpdar sotar cirhal tmib @& nhs
of random v bdeeipaenldeesn caentdu r @ mipH andegnatnh & emo d e |



Acknowl edgement s

Researmanliimgi ng t hi s | tomewiam dhga sr ohaeddein daanldi K e t o
everywomepporttherdkoungeghout the process

Isi ncer lry ftelsasmkr Darciceelp t $tnrga unted decstroer sael aamitdle € n ¢
f ohriisnvalsuppard encowwvazdgementWietahrosut hi s ment
gui dance, this work waml dxthoembayéaghb etppboprd-§ &
tuntiag ycol | abortaweaeo s e cha tha sre connfda ro j telt @e gt fihoeret a n
has dewsthtae dintgo il ésd g e Inagpd diimgdearsd pgrnegai dabl e
feedBgc kel coimmtnog hd@so rgkrsehunopesni ,har prompdepant
por tufnoirt inees my peeaedncdwissh . p&acé visit to Ml
extremely fruitful and deeér prewj éoeglelde t ®@x i
t heasdivsiasnadr t o call .him a good friend

I wadllsibke t o extendPmyfeissoer Sethiaan kesamslu AhH ? n g
por t ihreegs eparracihect s fr ome mvéhnn gcend trdas i tihmelgo ghl y ¢
preciumaadyicsissi dincsormntdf eetdbaek

| anmrheodh t haloliPm oDalssgpagprech t SMhri esnrperve ceiwad unsg tmym
and aarnefdlensesi gfbmmeht s anlkavweggpeshédaonos t his

[ thank Professor Anhte®eBRami manmomoc oomait it ie

Thi s itshetshemyresaklttcBdnmedesanstalt f¢sr-pMgtf emniga
( BAM) .am hi ghlIDy .i Mdab t¢teda diRemagretiahety obd ,Stru
DrWer ner ahigc kber. Ma t(ft dri mexr uBaaiex@id@ iosfii o MBUi. 2di ngs
and Stofuert wtrometiisnwpoppoartti aemdhe s ci ent ilf iaan dpiasrctu
ul atrbhaynkf ul to Dr. Androgriawi Rg @me p @toodntiMarn & tlye a
C 0 n dhueame s eparrocjaiesc tas post doc

Amaj or panot | vdandomrf i deome | fbwargime fexanhangi n
i deaansd ex pwirtiernmesf el beowadtobBABDI viBri.onFIl7ar2i
Berchtold, Dr. Jeffrey BronSema, ZdhkdtPab bGdaiC
sl er, Dr . Dort.evlehni HOWGdDegHp, B a |l kkrHa slsliemi rDeg .Kar abe

Kul I'Loiljliig WDomg ni k SMangeBmE®R e Vi.bd dhrnuseisder my
vefypyrtunahadtodpipmaveror Ky alsouneghhs ivdger ® @ p orfe -peorf
searchandgowdcdsantd structural engineering.

My r e deared mme dfsredngy colgarad oir mtive madnadt il recarrnei-ng f
searchers at the Tec.hniesplkekDawd Wk d & idgh 2 BzeaMzent ch
Bi smut, Dr. habMdxi Kari,a8hBpogedeglRiVBc Hambert o
Ji m@Warzc el , NDwaPkalpaasi ogpna Dh g @ Gpaanldkkdbui§i an Zwi r gl



Acknowl edgement s

lgr at eafckinlow!| edge | dndumiursi st r atyi vivea rsgu p pt & ektasytsienr ¢
Bonover thelpas$thbhypéahbiakkIsotiolGer pr owipgiomBj %rinds
Schl adrirtenabdtiirBgh Mies gileor f orcroanpaignifnrgas.t ruct ur e

Thansklksoul dtal sng dor mat &M | Eaguy@dre.erSinmgortThur |
DaiSlandeaniomnr ew ,Medé exten on ar epsaetahr othot hgem gied d o
neeri ng,rriedrkida Wiaoiatdyy®sn s

Il woul d al sny Idielae,Ttho memgskGui do,,f Annahandufpmo
i nspiration twhaey iphnapuwey YW(eodf tt dereer Pprast vy

I am deeptloy myn dieidbrtaendd 1§ do rH@t nhoea n dli @ & \esdu g IpTohrety
have made it possi bl e f dr arhesaomylo bg,Dt higwheavh er e

provimpambaaiscarduppocontandues to. be an i nspi
Fi ndWwowl d tlhiaknek tmdya bwibfeeds aneud @kxtprmesgrati tude
the | ove, spaand nxcepspo htas whiolwen Imewas f ol |l owi n

winding rebdi demeafhgeml| t he mg o h theamtko fyto u !



Content s

l I ntroducti on 11
11 o T A T V20 - U S S« N o SRR 11
S N o o Y o N =TSP P PP PPPPPPPPPPPPN 14
. © U I S O I o O - U 16
2 Ti menvariant structur al reliability 17
2. 1IThe structur al..r.el.i.abi.l.i.t.y..pr.abl.eml7
2. Structur al rel..abi.l.i.t.y.met.hods.......18
2. 2FLrst order ur.el..ab.i.l.i.t.y..met. . h.ad..19
2.2MBnte Carl.o..s.i.mul.at b 0D ... 21
2. 2SBbset s.l.mul.at. i oD .. 23
2. 3Trhe system r el..ab.i.l..t.y..pr.obl.em........ 26
2. 4Rel i ability of..st.r.uct.ur.al..s.y.s.t.ems...29
2.4S1atically det.er.mi.nat.e..s.t.r.uct.ures$g
2.4SPatically indet.er.mi.nait.e..s.t.r.uct.29es
2. 4D3ANT €] S S Y Sl M 35
3 Bayesian analysis 39
1C TR | T S G T o RN I o A O o 1 o TR 39
3. Zi kel i hood. . . .folnCl O NS s 41
3. Bayesian updating with st..uct.ur.al... Ma&l i ab
3. 3Rejection..s.ampl g . . 4 3
3.3TBe BUS ap.pr.0.aC.Na 44
3. 3TBEONSA &N BILS. ..ot 46
3.3BWS with subs.et.. .s.i.mul.at.i. o0 ... 46
3.48US for fail.ur.e..pr.obabi.l.i.t..es........... 48
4 Reliability of deteriorating structurbl sy
72 N | T O G T o LN o A O o 1 o R 51
4. 25t ochastic deterioration models resultin
L T T S O o 101 S PSSR PP PPPPPUPPRPTRPPN 53
4. PDeteriorating structures with..s.e.pababl e
4. 4Gener al cf@asesaglkeprobs. B mM 57
4. ®Deteriorating structureg .dat.hA..l.nspdOAti on
4. @Deteriorating struct ur.es..wi.t.h..mai.ntdnanc
5 Nested reliability analysis approach 63
5. 0 Nt r 0 AuUeColide Ol 6 3

C

<



Content s

5. Deteriorat..on.madel..ng. ... 6 4
5.2Géneric system.det.er.i.or.at..an.mo.édéel
5.2D2pendence..model.i.ng. ... 65

5. Model ing of 1 nsp.ec.t.i.o.n..and..mo.ni.t.ar.i6g
5.3Classification of inspe.ct.i.on..anéd6émoni:t
5.3LRkel i hood...f.unclt. i 0 n.S .. 6 8

5.4Prior fail.ur.e..pr.obabi. L.t y. ... 69

5.5%o0sterior fai.ld.ur.e..pr.abab.i.l it y. ... 70

5.6Comput ati onal...as.P.e.Cl. S e 72

5. NWumerical exampl es: sicgell es.ti.rad.g.tgured83 subj
57 . Zayas . ol @iMe e 73
5. 7DANi el S S Y .S LBl 90

6 Dynami c Bayesian network approach 103

6. U Nt r O Colid DDl e 103

6. Bayesi an..net WOl K. S e 104
6. 2 G @ Pl s 104
6. 2DRPscrete Bay.es.i.an.net.wor.ks........ 105
6. 21 Bference i n discdro.et.e..Bayes.i.an.in®8 wor k
6. 2D¢gnamic Bayesi an..net.wao.r.ks...(.DBN).111

6. Model ing of det et ems.at.l.ng..s.t.r.uct.urhl2 sys
6. 3Gégneric DBN model o.f...el.ement..delle2 i or a
6. 3DBpendence..model. i.n.g ., 113
6. 3MB8del i ng of i nsp.ec.t..on..and..monitlo& i ng
6. 3Géneric DBN model of a .det.er.i.orlltd ng s

6. 4Comput ati o.n.al... A.S. PG L S 119
6. 4Dlscretization of c.ont.i.nuou.s...r.ahlddom va
6. 41 B8f erence..al.g.o.r.i.t.hm...........nn.. 121

6. Numerical exampl e: concret.e..box..glkder su
6. 5DBN model of the det.er.i.or.at.i.ng.bdXx gir
6. 5SBftwar e..pr.0l. 0.0 Y. P e 135
6. 5PBi or reli.ahbi.l.i.t.y..anal.y.s.i.s........... 136
6. 5Posterior rel..abi.l..t.uy..anal.y.s..s..141

7 Di scussi on 145

T o AG @ N Bl Al 145

7. Nested reliabil..t.y..anal.y.s.i.s...a.p.ptL.o.akh6

7. dDynamic Bayesi an..net.wo.r.k..a.ppr.aach.149

7. dNumer i cal... L. Sl S 151

8 Concluding remarks and outl ook 153

8. 1Concl udi ng...r.ema.r. K S 153



Content s

S I @ U A (R« o T RSP PPPPPPR 155
8. 2Mbdel ing and comp.ut.at..anal...chall®hges
8. 2RRdHlased planning of a.p.e.r.at..on..alns5d5 ma i

A Mar kov chain Monte Carl o sampling fol59ubsce
A. IMar KOV ...C.ha NS 159
A. 2MCMC sampling four..s.ubs.et..s.i.mul.at.i.oh59

Bi bl i ography 165






11l ntroducti on

1.1 Mot i vation

Engi neer i mg estirmpetothsaeasn s port, wat er, emeér gy
strucyutrBemsdges, tunnel s, & oeweprescaaalp btelsadsaiksisn i
of st rQecnteurraklddys, u @atrseurtejisectdet eri or at i ©@or pPo Dic @n
and fBepguouet mg a@hopt ed ,detshegnc s taamcd ett kpess ug & a
to environmeddtade dhmwieoimen adv dpesref efhhaecigomee
i ng st.Teaosameadequatet hperufgdhroman ¢ ,h eiitr may vh e ¢
sar pet bnoarinmt éancatniccen s

On many strucsandempomirpe@p ammedt ai n i nfor mat.i
tur al cbedi bubavnwnpEpscret predi ctisomuecfootdmd i foumt «
performamalkl andiic oinndplbricoisveetd o r)pp reenchinanigh v erca n c e
tionts is common practice to perform visual I
deteriorati oos st ataensdn scurgabcokai snrge toef ss wrefodnccase t e

spal |l iNdegpst rtuecdtioviretgd i di if zewd £wadli oirmssfaf rikoire etx.a m-
pl etcfhl | potential measurements are carried
structures. I n addition to performing inspe
equi pped withesmerciatucri md gysent advances 1in
mi ssion and processing. Applications include
to monihgresbhepfarcd| ®ensderss recording vi-brat
mati on on the structural condition.

The afosdpermai mtgaianidng detceansabriesstt.iankgoirsatler xuacnd pul
20 1t6h e Géderdmreagoavier n me n4. 8 iple htoopne rcant mag naaddhrei ng
t ransrreogaidd weolokit wW®@.bwhildlon were spent on mai |
types of engineering BMWVLUCRIIL®Eceswibltohcien® ptehrea tr
and maintaining dateeriiaom ateidng tshteryusthowdd&di be
citeper ati on astr sbéad ppinecreassndene cost of contr ol
systems with the ,acti etrptdli @ s gikv e re drueed uiorne me n
viceability, safety of users and personnel

q
time. |1 dent i fsyuicnhgr atnadlg m@oprne higp sapo @thgrpacd tF
gual ity aff ethymeemibaerrds s0f society, the quality
governments and industry.

1l'n this thesis, maintenance is understood to incl uc
understood to include i ffssepee catlisoon ,h 3.Bmmoennisteonr i2n0g0 9a nd s er
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1l ntcodan

To opti noaplelryatpiloann amdt maaspsespsasmurnetdi cti on of
conditpemf ammance of deeessehtspelicidg ot ranadt umroens
subtheul d bwéhewnt itlhiezetbecome avail able rtoruppddt e
anfdutawaredi tp emf @amida nacne . @Xxcaimppleeatcd a rcsa glatihne as -
sessmengi nteri wgtthhhemmuGetehepnadt worflkeke st auet ur e
regubaskbygyerxpeby ahgeneers formin@. gi sWal |l 1t aslp
Tat hof).f 2h0eD2engi neer s det er mi nedadmg@geasnan ,r att yep e
condboti bhesafliebmpdiléhret s ndiompodmathitngs are t he
gated i nto a systdeno emmidriit@alard@d di9® 9dmmsreoac h
several (@mas$ aesioamesnut@ajnelc gua el h adad gietuidyn condu
i n the United States of Amer i das fsarnde ctthato tsh
vari aPhdridy 6. bUnler t 20X it s a&ag ®et snserheonetch@) | y
Ther ecionsib@matse st f oirnfi rcthau@me i ii wisp etchte ad s e s s me
The faomdenhdoper bas mauwmwmaeuote be Fporre dtihcetseed .r eas or
Si onosp eornatmadinntaemmance at had mp rtomaegsé bianseefdf iocni en't

As an aldtedremradtoirvadcianng bset rauscsteusrseest uo al ng.ellinabi |
struct ur arle nrge Inieaelili | ncgb ympidg tshiatsgeedd e r i or at i on and
model s i s appbtedcboadptieema@nahevsen and Mads
Mel che)ySud® 9@r e diinacteiln e my rde fnd r @ x asngp dEe ma n d

o

on the  ,stmaducectrurad properties, geometriTaocaacdi me
count sfeamrcetrieaengi amediednagmb iwneé dh probabil istic
mod el paBymetbabs o deli icradrittyghientuinecse i n t he mode
propagating ehgmnmbedetaghprtohbeabi | i striuc tdigsadr icpt
diti de haivd oabBas em& don t hen @ir vdeadd g sbarbarda ti e
Syssteéeanftteyspi calclayn fbaei lewommgpluseéd uct ur a.l nr skt iralkit ui
rel i albadda tpr, aaliraeb ialpiptlii eesdhsey e p@ mé o ttlimfaypcaertthiecul ar
probabthe tgompl| esmesrtte mefl gtnit.eerm o b dlei Ipi t ysbe sur
system reliability.

Il n a probabilistic setting, Bayesian anal ysi s
I nclumadertain and incompl et as pamtdi groosndi atibochryi ncgo r
t hper eid oot thceo ndi tp eornf ammeaernt cee ioofr at.Thagritspy siceéur ers
probabilistic modelcomfdittheenmdbadrnado ni a Oz @ ettge e S |
det er,miwhiehden rtmse bapidatigher pr obabiaBiesit esmm dfnat ke
this way, the effect of i ncsopnedcittipemfamdiamacrei t0d
teriorating structural systems can be quantif
Probabilistic model lainnag hgagneds hsitgrhu cptou reanlt iraell itaob
agement of deteriorating structures. The reas

(@ An i mirteidalct i on @ hplerhfeo rerbanmie@d @ mino rcaatni nbge sotbr-u
t aineesdetdhpew m or probabil i sTthiencengiane@éi iesgi modtd
are addr e shsee dpprtribobra niohdietdftsitche mod el parcamet ¢
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1. Motivati on

deri ved fr om alfln froerl apavaai niotraribs@oeupr ecrefs®e e mv inge i in
spectimonianodr i ng., Tfhars eixnacmpuldee,sd&ée¢ saitdensdimn f
performed duri agdkermwpterdgei on

() Bayeanahcyasni sbhe appl i e dh ctidea d@o nasviasi tiseant i @yefer o
Spectinmoniamnadr t Mm@ pr e dsitcrtuicdomm doafk itohne anldt per
provides tthhes nthewamsat i on f r anmm dtihfef esraemto nsoodu
accountasfsorcuinadteer d Tah ing i peracnc ebses r epeat ed eac
become avail abl e.

(c) Rel i aabnialsiytesyan be appltbdttodoedembdisra tcachng) It ¢
tioni wspéacti on daafdamphytwirimgsafety requir
demonst rsattaendd empidohb abi | i sfTacmgep p adbrack ,h efscers e
pl e, OafPrhoebda tMoldied t(JC®IIS )2 AIGIO 2394 (2015)

(d Rel i aabniailbypsy ms tfhoerp bhipdhalas nopgr ahdomai atenan
ti oussipnrgeost eri or ehabtBayasifammmde@®iasif 6a tam
Schl ai fBeernjladn6iln and.PCmro atedéd i dr37 &ma lif wsaienset-
wor k for jodetctli gi @omtsiodin 2 end plnenahteii leghi or at i n
t oget hdeerc iwsi imadm ntem ag(ecel po@htr oat ensen and SB
Faber efStalaub20an0dNiFalbeen 28&€ 1M d ; LSu3g ueen seemd 2Dtl
2019

Al'l this motivates the apaltyos assiscers so ft hset rcuwmitc
f ornncee of det er i oraanta baygeesit preuscft aurrmesd &tu cthhe st
| evel porechaaubsiel i stmocd edledy gairdead ihdyta bthleiT e ek ev enb del
are pri maresltyi mgptpd ti demd puow d a te edlecit teyr isd rad teiso rs u c
fatiguewéhbhdédredeidagcg ;(MDES en.HOVE TV e |, deterio
cesses at differentgdmeaerdli foglaets dtaa sit a luiclt iutry
common influ@ecgergrfdetomasir Raw&mwy &;|dMbdrD 6R@O0 -
2009uque edThab. c?oOrtedd @3 i tomeofr ed ecalbndarnty str uc
(Gol Il witzer anft Rauohk Wa tud e@&Panida®) 1dinf evhitato c a

be | eaadbrorued t he over dWInsspyestta mgec amddi tmoan t or i n
t uveouwenve)lFber thCkel®4e reasons, t huwectrwerldsabsihoiu
analyzed andt hpdatedctural system | evel

A numlparb |l dfc @ n smaddeenl gs ppadfd e mé¢ ndence among deter
i n structhbuyr ailntsrycsduvecmisng correl ations armomg t
deterioration of strmuandomlf igqédeSyeanvaatretlb ya nnde aM
200y ng and VrouwenaweebhbB&pPaROOIt anti nou),, ahd- S
erar chi delFgnboedre lestMaeels. an0d0 6Ba mma ud0 @I ucpue &t004
20 )larnddd i ci ent s (eefMgamr raenlda tSocorg w2 B 0 @, Mdéj a2 0 8 ¢
and VrouwenVbéedern20tihe effect owft ciomsdpee ObF 0N
abidofi teddarhreasi orneisnfaotrecse d nc o arn @ tgau esstftraaied| tu usrd exs
tuigsanti fied usi nHgo wBavyeers, i anh ea nanpyascidsi.d f ed et
me nams dthreusy st am r edti aibniclliuvtdyed si m t hese wor ks
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Il ntroducti on

Theeliability analysis of deteepni aafa btniamge ahtr uc
reliabil begapsebtommsacdhamdame capaairtyy woGteht -lt @ nset
erglltyhe outcrossing appr odgRac k wi jJukskeriGrlo coan-v e
ponent of this appprfoach iex ptelcd ecdo muwuntbetr h if n otu
i's estimated dirrogn dlhtec BRimb & eersgprotnamet hodse f or ¢
vari ant brasleidalbinl tthy outcrossi e Sgmhprldaoch hadv.e
AndrRemnaud e)tThael app004ation of these met hods
deteriorasiubgeechbe hemtry il,0 dad wesrnwaiewisals. Addi t i
| enges darnispe cwhieoon and monimnotrhegassaésasmenrtinc

The tviement mralailcydal st gppthygadhhniedsprgvi ce | i fe
tur ediinndroenieer ivimai s ormsobcdusceat(del olae). e VENIAIM i s
casereltihgbiobdoeryr esponds to the calcul ation of
any time intervall eaddogi mg toyaVaoa idotuasv B repsoei anrt
adopt thteanapphizemehr aht abil ity eft udeatl ésiygt @& imis
Mori and EI ]Sitregwaaad alnd9 FEonsr o wygshkty aln9d9;8Fkxda n cad p o |
2000t ewar tHaann ch ylAil2 0e0t8 ;Wd ng 2&tl)Slad .t RDsler wor ks, t
cori®naamong el ememandd ¢ hhersiepbefcaatitooon fand moni t ol
systemiabil ity is not considered.

Whidwebst ant ihals preagvreenasd dve ,past hftreagrmehesr k f or
l yzing the reliathidatyrwali hsysetwe msma @ nidgortoni t o
avai ThAbkkemoti vates the devel opment of novel m
t ask. Ulti matel yh darhee tmoaed ommputappiromal met ho
and robust software that can be used by engi

analysis. Only in this way can structur al rel
ratsitnrguct ures i n practice.

1.2 Scope

Mot idbayt &€ he albhosvet hesi s explores nwowaeli aapprea
bility ofsudetetr ualatdsi yogtfoemshat i onnespetaioedand
i tori.fFgl da¥%iangub ett hael .qu(ant20f)i ovatrii @amtofr et ha b
deeriorating stamugitturersi whes ¢ lvatirleeaentdi mes | i abi | i
can be transformedviant anarde acihBsssmmsf. t thiime di scu
and wor k gSucbhl ni esi hdeedr), hedt caolr.e 200ffh gtnhoipso rstelde pir ® a ¢ h

comput e -vtalre atnitmea el i abi l ity of deteriorating ¢
and mo rdiatffaarei mpg ob | e ma & s a froeelsugeldid leilade ywhi ch t he
putation of the system condition is deonupl ed
di tioomnalhe system conidmngs$ pbioyn etdhTehVde oa gapnrdd aChhe ni s( 1
and called nested reliiamitihea yT lming dptyoavagi dfesBR A)

tailed prtbpentpdBmgpmrdfachudi ng
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1.S2cope

- adescri pgemer iod model fr cerp r e relaebt debrimigsrsatt ui coanl t §
systems,

- abr de s c wamsoidoenng de ppemmodieert cee i or ataitonm i Ff ®kacexnde

i Btructural systems,

- aproposal for a clasonfitoetihgp| awfgi ieres pe otvii @
mation onatdhredsttdoamchaearpar ameters, influencir

- aproposal for a fwarmud matt orfoenldi@# e it ihietr ot imeg st
conditional on oirnisnpge armedlsaud tasn,d moni t

- apr opfommelf fi ci ené¢ v anktuhteoet dtrmeant . rel i abil ity

ThBRA ppr odemo n sthrroautgehd t wo numeomnsciaderixmgnpwels
strucubitesticiygh e f at iegxkuaemgpd Teh dniafi iessa al ogy t o a
struicttheer ¢ el i abi |l it yt yopfe afnr @ mes.p elctt esdt y daicekse tt h
tiomenianiober ms of | hs peddt ioun chlemerdgopdnesi der s
a monitored Daniels system, whichheisam@pole-dea
semt sconcept for modeling gl obal d a nma gse t dyeptee
[

nf or mat i on ama loyhshides ted ri i®drnd teitrgg sy st em.

Il n addhi $ onhe s o saephporpd a pebslt yfazce-tdarmeant rel i abil
rating structural systems conditionalkiagnniandd
proposSedably anad0 X)t ended badwd St MTawwpabr o(a2pdhle6s)e n t
deteriorating structural syst eamsdswittelh mkydn DmBil
proach in t het lhnoadiestvasivigendaf yt he DBN pp pveo-aecHk
cludi Mdgscription of

- a gebBNimboel probabil i stlieodrnlteyr co@patsent i n
- an approach t o descerliebmenngt ddeepteenrdieonrcaet iaanmo nwgi

- a generic model for probabilistically repr
whi ch provi deliemdestrtaait d rearm do otnh & t i@ frela udeet @ ir 15 g
teriqgration

agen®BiNwtodel for prepabsbkembomnmatadl @tyes tarndct ur
- an exisfiemaggoeietvhanh faotri ng t he DBN of the de

Thi s t heshies DBriNp lagpypsr otac h t ot amaryabtamdl| upgat
crete bowxbijge otdedits tarl il yut e dc orreri onsfd @mo easnédm tat e s
can be i mplementedThe gsaosofwawar prpt ot gpgpwas
tion with researchers from the Technische Un
Denmé&rckhnei der;Sethnali de2Q®dhmdi.der0)letd hael . a u2t Ohl
main contri butiothest ymetdree stolie whe welpopment a
rioration and structausr awe Imo daesl tolfe tihmep |lbeome myti
ference algorithm.
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Il ntroducti on

1.3 OQutl i ne

Sect2i ohr daditelt @easm ¢ mett h ardesv agtiramdet ur &le cri3d lbieaab i | i
di scusses kocw i malbhesbohst gtently updated with

datsiBmgyesi an analysis. I n particular, the BUS
met hapgp)oacent | y (PropuwsStaidddlh and2@&Bbhraabnet
al . )29 1br eskemdreadafit ev | eWsct hen quamrtairfitamat ir@m ic

ity of deteriorating stdisctussals ssyaethamb er Bh ima
can be approxi mat ed ntvharroi uagnht a eslBearaileadsli mtf yd titpsroads |
S Qgn Se&pirieoshenheR %8 p pr aadldimo n s ttrhir tadewgly mer i cal exam
consideri mgpetkiepdf s baemed a mDan isglse deBsht r uct ur es
arseubjtacwgly dlad ISyybs eqgientbp ya stendeBsappr anamppsl i e
lita numer i ccaoln seixdaemrpilregoanrien®pbbkedt hidred u adesd
reinforcem@8heeumeriroal odasamp hedkelt het t he deter
gi rderi mmlde mamst @at $ oht waS ueb spergodt eont trylpye,t. ott ype i s
analayade utphleatmear raht abi I ity of t hRei rdaltflé@ynida matsi r
of i 6 hiess darsec u s &d/catnidomc | udi rag er emanowiedt ehde r wi t h
outlimolke&cti on
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2 Ti menvartiranat ur al reli abil ity

Tlef ol | oewitsigotsr o dtelceemm ¢ meotfthiomdesvy agti amdct ur al r e
SecRifdnr mutlhget esit aluce lbr abi |,i twe iagporhobbel esnp e ¢ e d | wi
l zed met hods call ed é6SRNbhevue aV ISKR&plrooavh idleidt yi nm
tidn2 | i mited to the scope r eSqubisreqgd® efndil @nh e
I ntradwecessystem r eFliinaabdilly2, d4sxrucwlasmi mpor t ant
tur al syst ems rCeolmpakbeihleintsyy vaenalnytsriosducti ons t

foungdt amdar d(Dt e xtelve@ekhs anide Malls e®Bh mM@&@®hout t h
tion and the remainder oft htehirs atdlreegs ii s ifta mwill
notions of pTloéabatisaty dthh eso it Shtersal usb . f (02l O 108vas)

21 Thestrucrteulriaalbi Il ity probl em

Consider theheademanhtealpracch ndy st r uaxittei Anaml v asryis-t

ant ih.ee stteutfhaagirles whe n tihdee ina ni dh edvijeaeilch hda sds e, al
stocipas aimeh aetr si tnti d upenrcfeor manc e odnnab detdnreaddt ur
abilibkyitiiadhtwday i ant r.andmear vamIf e hesealb d idc trhan

variablesl drdepwves ¢ hreaendd dm . Reat ¢ rz Atair en o emfo t e
by. Each realirepapbnds to a poRfMhei 6prherdukn
on hset ocpastaimet ers i s charajcoiemti zprdob dbioluighy t
(PD"@)’)oﬁwhich i's typically derived from both

Il n struct urhal frad Douérbed lesvtepniticd arg @rl | Usgyhds tamlimit o st a
funciQdb@ars a functindmomo fQddrihtalbelvessen aniMe Malses
199By conventi on, a negative value of the ||
systemt feaeancuegCe sederdti ned as

O O T (2.1)

Thlei mi f untc®d emc|l ugdpesshbly computagi omalé&yge:
of the striwctthhals gnogdted maddif triaoneavior kandom v
cluddoiaccount for (a) model uncertainties
system behavior and from omitting parameters
(b) statistical undeaeothai héeéiegstiemm paraametlkers

Fai laufrea strucgemeaeftablypteef§ i oe&deni afludnécathe® r e each f un
represents a differ @nad3nad.)adi | Tuhree driofdfee r(esrete |Siemsitti osntsat e
a single Ilimit state 2udblbtenthatdH8esconbédbgnal$stem
function is not necessarily the computationally opti
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2Ti Amlenvari ant structur al reliability

The problem can be :Thleiemipitf eithe®t g@enoareit b a < ad | fya
domangi n 6DQ6 min the outfommfdapghoekabeguiatly tios t h
probadbdftldkiyng aheaf aelnmntelathb meiah c blyatiend egr at i
t heo PD® flowe hfeai d amani: n

000 00 ™ QO Ao (2.2)
o
Equa@Roaorr espoddass stiocal f ¢rimuel vad)s toann ot Lt alei | it
pr obThepnr o biliselmt us tFn gRE & i n

Not e nt hdhte icont ext bDhesiysEeuwa@Rdd mddllligdd a con
reliabil(igsege pRae.Btl Heamne , the term component ref

eveEdts described in ter msQo.f lan stimigd esdnama,t &t
not necessarily corregqmanclotéan@an ssitrruuccttuurraall scyos
Therobability of the compl ement oft bréed ifadiillurt
of the striuctural system

YQap 0 OO (2.3

An al ternatdtvreu aonelaisabiel ofy i s t hel gvhnerhaliiszed
|l ated to the fail(@irtel pvobabamndtMadsenhol 9d6vs

I B 000 (2.4)
whelg edi s the inverse standard nor mal cumul at i
22 Structur al reliability methods

Avari ety of methods call edastr a#atouitsab iveelgihab i
i EquaRomhM typically transform the problem f
random wardhalBlie st o the outcome spacemaf iadep
dom vaihi &YNYMEY with jeiht BPDR wheer @i s the stan
ard nor(mak, PDBr exampl €hi Ram&tvainbsaf 029 Oder f or me

a etnene maijppYang | f al | r @anrde ns tvaatrii satbil @asl |y i ndc¢
il able can be transformed individually as:

Y B O ® h'Q pBh (2.5)
whe®enw i s the marwi nanl nDsFt oafppl i cati ons, the r
rel ated. | f t hefqijsoi kinowhi,sttriduRO0O®@anblfatt tra
(Hohenbichler &andl fRatctkkewi t FadelBdlefairnad | ey t heir
butions and pkedensiechasti dederi bed in terms

Nataf transformbtuoandabDaemheKBhepeghkd
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2.S2tructur al reliab

x 10

16
14
12t

10}

fx(x) = const.

X2

gx)=0

failure domain Q

40 50 60 70 80 90
X1

Figure 2.1: lllustration of the(time-invariant)structural reliability problenfadapted from Straub 2014 & this ex
ample fatigue of a metal component is modeled with the Palmdtener damage accumulation rule andiagle
slopeSN curvewith a negative inverse slope of The component is subjectéo p m fatigueloadcycleswith
identicalamplitudeTheconstantamplitdefatiguestress rangsrepresented bgnormal distributedandonmvariable
® . with meart v m T | dandstandard deviatign ~ p & . ¥ i 4 Theinterceptith thel -axis of the S
curveat astressamplitudeof p. 7 I dis describedby alognormal distributedandom variablé with parametet
: o™l 1 . Tk and, md T . 7lkk.d and® are independenEatigue failureof the
componenbccurs if the accumulated damag&y Qb is greater thap. Thelimit state function describing col
ponent fatigue failure ithusformulatedas™ @6 p €3 W .

Using the invefr se Hof a hter amagufpd romécddisecr i bi ng t

failure ddb@i nmi f-space can now be defined as
01 QY Ul (2.6)
Fig2a2id |l ustrates the transformation of ouhe st
comepace to the standard nor mal space.
The mapp¥mgs probabili 00O pd@fernvin@i im. e.
Thus, the failure probability can be express
000 00OR ™ o 1Al (2.7)

Two cl asses of met hods exi s27):f dra)s alevihrodg st e
desi gn poit Mmftei -0 enttd ru dri enlgi (afbb® RaW{dip ) me vbhapstleidn gnet h o
such as Monte Carl o Simulati dmRMICIMCSaaadedS uSh

briiemt yoduced in the following.
221 Firsdem reliability method
FORMpPPTroxi mates tnhe "IfD®i | uirbey daesnpaai¢cré. Thi s i s
by | inedriingitihumtdcdileeah t he dEesern gmoptoi hi k&l y f a
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2Ti Amlenvari ant structur al reliability

12

x 10 (a) original outcome space (b) standard normal space

16
14t
12t l 2t

10F
fx(x) = const.

X2
uz

@>(u) = const.

40 50 60 70 80 90 -2 0 2 4 6 8 10 12
X1 ua

Figure 2.2: lllustration of the transformation of the component reliability problem from (a) the outcome spac

original random variablg§ to (b) the outcome space of independent standard normalmarat@bles) (details o

the example are described in the captiokiglire2.1). In this example, which followStraub (2014a}he randor

variablesb andd areindependent, and they can, therefore, be transforpadsely. The inverse transformat

from standard normal spaceiis Y Q, “© andd AQW ]

wher d itmhidgs ugtfatceDO’l mis cl osest to the origin
space. Thi shea sf aihlemrp@ itdtot mahren tmaxi mum pr obabi |l i
probabil ity i s estliowaetre dt tbe rsepshelgtriaidy eigasli fmp | e
Hasofer and Lind 19714

000 B T (2.8)
wh efr e El'E 1 "1is the ditdbttaondle giwhomdt he EQRMed
reliabil ity 9 ndleex @tha@andard nor mal CDF. The pr
Fi g3 e

The desilPgmnp dienti denti fied by solving the foll
7 ACOCEAIE subj ecODéd mt o (2.9)

Several optimized algorithms are avaiilabtitkrefo
HasolfieRa c kWwiitess| er(Has gfoein tdmRladk wmidt 2 9@y Fi es s

The accuracy of FORM can be ver-orfderd amgr o xnpm
of Itihnei f usntcdtieon at (Brheei tduensg Tghn® 8pdoa jpr oach 1 s kn

oder reliability method (SORM).

FORM and SORM have been successfully applied
However, identifying the désimgnr usdcidarte® nmmaiys bfeocr
i n terms of @a@arnurer idd anle nma denl of t he probl em i
variabl es GBehamé¢d elnarciGeratlher2mddrde, i n high dim
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2.S2tructur al reliab

P(u?)
u*

Pr(F) = ®(-Brorm)

uz

/ @,(u) = const.

-2 0 2 4 6 8 10
uy

Figure 2.3: lllustration if the @k sign point anthelinear approximation of the limit state surfdeelapted from Strat
20149. The marginal PB ofij in the direction of the design poiitt is the standard normal PDF. Consequently
FORM approximation of the failure probabilitygsCO &

probl ems wi-ltihnldiamg lslug tf @B®dE SOPRM sol uti ons may
raRackwi ).z 2001

222 Monte Carl o simulation
MCS can be derived by r d2wyiint itrhge tfhoel lionwienggr af |«

0 0O « 1 Al VO 1T me 1Al (21§
“I A
wheWl s the indicator fpunfctiitosn,arwhuimebnh e s vée g &
Equa@lLlpcrorresponds to W@Grg expkttedl Vawset bhat
ability can mer adii mdpeag eerdd ébryt gaeend i dentically

| ,Q pl8BRfremland cal cul ati ngilOfhen:sampl e mean

000 MVUOR m 0 UE

O T (21}
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2Ti Amlenvari ant structur al reliability

up

samples in the failure domain

@;(u) = const.

-2 0 2 4 6 8 10
Figure 2.4: lllustration of MonteCarlo simulation with)  p Ttsamplegthis example follows Straub 2014ahe

blue crosses and green circles are i.i.d. sanible€Q pf8 [ frome “I . Two sample$ the green circlei are
in the failure domain.

whelr edenoteseshée fMC®he fai) uwhei ph oprabvd sitgis- an
mabobé the fai [(swereg fgroab a&kialmptME€S Stsr &u ly2aMirat e d
a tdwomensi onal probl em.

The accuracy ofD tcheen MCeS mesas umraedorin terms of

1 , which (s®egi vem kwxampl e, Straub 2012
p 000
LS 2.1
7 50 00 @1}

From Eg@aPwdni mportant conc(usThensacawmr ey dofa
estimator does neither dependormhetébapemoboertt
state Fiusictohemaf r ob(udks)t miee hoai i arfee peedda mat et
i s smalhymber Obhshsennipalregse t o achieve a reasona
Il n ,fact

g P 0% 2.1
sampl es are required to] achlitevieolal ocwse ftfhiacti evhQS
estimating small failure probabilities.

Sever al met hods have been devel opSed ntco uedni hnagn ci
portance sampl il g melt $)o dtse mahrniiquecsi.al | y i ncr eas
faidamdiynsampling from an appropriately chose

the design point obt aiymséSdk hfurtd nh earn )ainmidit&ipd lx vRROR
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2.S2tructuryal mated d s

schemes that do not require pri or (Bkuncohwel e d1g9e8
Au and B&oakt ¥9and,Paprag c20hduAnetahblei v2ed 1li6mp ot
sampling schemeélohenbiocéal eampKdonfBaocuwel akiL 988
This met hod pr oducesorstahnopgl oensa lo nt o& iao ydpopnoi prhaannt e
wards tsheatlei miur face. The dominant di rMaorte on
recebBucdhyer ha280d@yel oped asymptotic sampling,
proxi mation of t(BreeiftaudCpt2odp4 aeabianNndnRaelkwi f

mates the failure probabiilliittyy iinn deex nibsa soefd tohr
foll owed by a regression analysis. IlAuanecent
Beck GhaGO0Dblecome popul ar. l't expresesensdt heoh;
probabilities of nested intermediate failure
ure events, the condige oennaol u gphr osbuacbhi Itihtaite st hbee
ficiently by simulation. SuS is presented in

223 Subset simulation
SuS proposaddbBeacsk eaf 2 VbIn)t &1 Car.l of hmee tblassd ¢ i d
I s t o efxgirlewsrse tehwewent & qare niepit@etfilsemedonat ef ea

'O 0. 0. 8 O 2.1 ¥

whe®ikes the cer@aDoaE®WWenDThede@ame sdefi ned as

o OfF & 2.1%

~

whebetb 0 & E @ TmApplying the chaamdrmuoti og
O O O0,.,8 O, the probability of failure can
000 0@ 0O 8 ©
0 DADO DDOPHO B D O O HO
21§
0 DY

With a suitable &hotoediofri othaditDteiscam| e mad
much | ap@@sudthatnhat they can bemaédteirmavemgl| ef

Thenditi ona0dO)s® oa®iild tcyomputed using standa
Oof the PrO®babidleift wed analldigous to Equati on

0@ 0 DB \ "0l ® (21

wheteQ plBhiare i.i.ds $@mplds Themconditional
0P ,QcBh are computed Wwiitkpu a tRil @8 twihmathorr e q
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2Ti Amlenvari ant structur al reliability

samples condi tOohlheésensampdesenti butceodn daictcioa da |
PDFs:
‘g e TNOT B
0 0D

h Q ¢ h (21}

Sampl es IEOr oanr e gemyerappmMbdy kog Che@&anM@MdPstaem-
plgmet hodwvhi ch si mul ate states of a Markov cha
the desired condiDiifdealkndi MCMCb atl igem i t hms f o1
cuss@apian oannou kh Bahis20h&sis, an al giprithm
spapcreopbyYyeapai oannoui ta@mpl.i d®20dbe t o i(tsseesi mp
Appemfiox mor Ondet aaimg) @B f r emIO are avail abl e
est eorfatt he condi tG@galc gpm obbea be & o pt ui t eesd

0 AP 0 03

\ "0’ ®h Q ¢B (213

The sdmpNeh are identically dilgQrbbutetegcaon

generally not statistically independent. The
on the efficicefic@ean®apaconag.oplut eits ail mp &r0tlént
MCMC sampling algorithm that produces sampl es

probaidPt icaen be eshi mamiedi mum nusmdberalo$ o sAapmy
diA.
Fi nalelsyt,i mabbrt he f ai tame wrriotbtadn las vy

~ ~

000 0 0 (2.2 §

The inter medof@afBés t b arb tstell thient eaddavsantclkee act ual

pr obamdlaintdyt he shape of Ofl me el inmit h k a tb sveh e cs& veracdt,
the tharcdlbelkaos dearf hy subset simulation such t
0P ,Q pBA) pare equal ta.a Thlkeodem stalsuep of

simubiatiesd IsagmpB@ér om 1. Theni f usitc®ti ®sn t hen eva
uated for e@tch samphBguumardtfioltendssul ti ngl vali tes

st Aueac®i oM pBhH. The second step of Gshmel esi mi
for Wi chas seeds 0t d adkdietriadreal sampl es usi ng
maki ng updca ntdoittailo ribafl’Q sl Mpliess ri but ed "l&Oc.cor di n
Subsequdntriy,usttd@l @8 e v alewacthe cc ofnadri t i@in® | s e@amp
equal ftqa atndifé tehees ul t i ng | v anli f eusntc@il et, R eph8 h).

The second stepn-quamegdehes mneadatli tdne At t hi s
O ™Oi's reached, nf ofThevhés toifmatthoer f ai |l ure probab
reri tten as:
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2.S2tructur al reliab

000 ¥ n o0 (22 )
whel 6 s t heooefs ttihmea tcpa mdiab@d@Paly whicompiug ed wi
Equa@lpani tQh0.The SuS al gori tAlmgo rRilsimanmialrli zsetdr i
Fi gas e

The value of t he doannddi ttihen anlu npbreorb aolf i bscadmp d sees
chosenAd ramed yBescukg g(e2s0tf) laywpvias huoeul d be sel ect ed
to give accumatEollsowimadypEqmwdtsiaonp| es are r e
obtain a coeff i cmgeinnt eosftnvnaptwiiatdgn ot andar d MCS
t hi s eslOtniengdteec tosf t he cor r edeanteiroant eadnowigt b hMC MC
termines the number of ef fheuctamnwde Begporko lv(eZiOetla)
appxi mate expressopoachbevestaimanrti aign accur ac

probability that considers the correlation a
The number of it equnerdé htteo e einit mat er derf aof
000 pmi®& Qf the value of theé cwndThe otnatlalpr
of sampl es r eqoudOorwe d ht os udsteit mastienul ati on i s,

IT QO since the number ofliskaempl e nmdranstubde
total number of sam@POwist r esqtua nrdeadr ¢ oM @B OO smaptr eo
(see E@Q@QLBti SGonbset sconudiaderoarbliyserdhiwseatfif h gi s mi
ur e pr otbraadn Isittanedsar d MCS.

Al gordltSumpset simul adid®@n0 @odr Te@ui matdi Bg c k

l npiyt( val ue of conditi (ounmbeprobabiampt es

Ol (i mit state functi oOn Neesaacrei)bi ng t
1. Genetbiatie. d."1 s@ miildefsr ® nil .

2. Seddequal g atntd | e 0@ t,MepsE.mpl es
.IlnitialiZ&pthe counter

4. Whider

a.l ncrease @ ®ep. counter

b. Use Otshempl es "©br dwhscleeds 0t @& agdediet
samples using an MCMC s amptlaingo fad ig
sampll e® phidi stributeedlgOccordi ng tc

c. Seddequal ntqgauatntid | e 0®1 t Hep@mp!l es
5, EvalWwWateor di ng (2l ®wiEtRhdat i on
6. Ret 0ras defi ned22iln Equati on
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2Ti Amlenvari ant structur al reliability

(a) MC sampling, identification of 1st intermediate threshold (b) MCMC sampling at 1st intermediate failure level

LSO
E )
+ ]
i

T G(u) = by
+
1 +-

Sl
+
01F

g ’%t
LITE 06
S sceds for generating samples from

@2(u|Eq) with MCMC sampling,
where E1 = {G(U) < ¢{} g

@(u) = const.

uy

Figure 2.5: lllustration of subset simulation with v 1T samples per subset leghis example follows Stra
20143. (a) The blue crosses and green circles arei.i.d. safhplg® ph8 i) frome "I . The threshold defin-
ing the first intermediate failure eve@®  "Of @ is set equikto fj -quantile of the samplé®”l ,Q
pf8 F). The samples for whiclD”"l @ i the green circlek are used as seeds for generating sample:
« "I with MCMC. (b) The blue crosses are samplles'Q pf8 i frome 190 .

23 The system reliability problem

Asystem reliability probBbdemdexi sed When tbeabi:
| i mitthuectQog®spB. aElhi mi tf umtcDdbamirescr i bes a com
failur 8 eRntnvaist h correspondii ngDR&I Mime thema i
out come AsTpvoc eb acsfi ¢ t ypes of sy sttheen sreerliieasbialnidt
system reliability problem. A series pyobem f.

abidfitay seri es syswreim tekanheansbhehékfor @ndbac k wi

~

00O 00O O 00 QR n (2.2 }

| £t he c otmpfoanielniOae ee wsamtts st i cal ly i ndeapseenrdieenst ,
systemcomput ed

000 00 O p 00O O p p 000 (2.2 }

Generalt hg compon€eMar e asitlautries teiveeanltlsy dependent
the component f0adOliusr ennoptu @b &wimlpiut iPersotbadfi 4d It yr «
seri esHowyesvieam.! essdbm utnkde f ai | ur e pr ocbabnilielr i vy do f
basedhenextr efrueldlcypesrecdse mtf and mutual ly excl usi
(e.g. Madseéen et al. 1986
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Nirééﬁ@oc‘)o 0 0O 0 0O (2.2 ¥
| f stthaet dependéntchleoampoment fGiisl yprdes iCc@Devi@t s
000 MOO), a narrower upper bosutnadt idsatr egme hdyefnit n
ponent ffabBkarael-Ebefmbsskensen gnd Mur ot su 1986

Ni&@oc‘)o 000 p p 000 (2.2 %

A parallel system fails i f alprobadbfohaetyasr 4l
syst emexp@amne §oehde maksi chl er a@nd Rackwitz 1983

000 00 O 00 ORI 1} (2.2 ¥

I f the compon®arte fatidtuiret evaht y i ndependent ,
system i s:

000 00O O 0 0O (2.2)

Il n anal ogy22tyo <£iqgmpalkt € omounds on the failure p

found based on mutually exclusive and fully
n 00O NI%I%OOO (2_2;
The two khfassystegmersel i abi |l i tFy g®R6Goebl ems ar e |

A gener @lameydéemnsedtbyoamautti on, which desc
system of-spat(ednsenbisabl er andl Ratckiws tizol 8B a

all edystudm i s.setl t eprasenting a set of compo
currence represents fail ur eepafobtaltberisigisye e m. T
000 00 O 00 RO T 1 (22 %

N N

wheUies the nwmehed Ropfd ht Witenot es t he QO medmaxt.s et

Agener al allse edre fciamesdktby oa muilmk i on, whi ch de
evedy the intersection of t mk@Hohreindn < hdferc ammp:
1983

000 00O O 00 ORI 1 (2371
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2Ti Amlenvari ant structur al reliability

(a) series system reliability problem (b) parallel system reliability problem

91x)=0 g1(x)=0

X2
X2

fx(x) = const. fx(x) = const.

X1 X1

Figure 2.6: lllustration of the (a) series and (b) parallel system reliability problem.

whelies t he nusndtes) RopfB ) iinskitntdee x s h -b e Khienk
set is a set of components whose joint surviyv

Di f f eetemddsn are avail able for solvi-ngdeysstemut
tions for series arfHlo hpeanrbailclhelle rs yasi deenR aptr Kosbel heznast
SBrensgaandl 999&@r gener al syst ems-sek@faienveod das ns ar
SBrensenMb9®3recebbbgd shet mimoakigabi;BEabhy meo
and Kanpgn®20t0®e sequenti aKacgogmaodnBang mWmeéet@ogr
posed to solve the genler aaldS8soysjtosnm dr ©leir a Ki ur &g
shawat | inear programming can be applied to c
of any type of system.

Al t er ntati @ vced hyp onm ¢ & tt ide@ B can be c oanbs inregl & n
equi MalmEnftusntc®d s an ehka medwdiivdil feumsttc®di or a
general systemetiefonmdiMavsenca®8ds

o TETIABO (23 )
Series and parall el systemsA ager is@pse csS yadt ecem secs
custet s with a singl e compminfewmsitcd tiTanm sf, ot hae s@mi
be wr i'Qot eilnEl@$MEQ 6. A parallel systesmtciwmgihst ¢

components, ahdmttiesnedtionalQénil A mBIEQ as

Once an ekgwmi fahe®Rt @ f or mul ated, the system f
computiemdt ebgyr at i ngRd b&ojveirntt hDR®I®dI . Thi s
problem is equivalent to a compd22entNbrael itdakei |
equi viailmeintf usntctbederf i ned b(23 )& greateinart | Wi fferent
Hence, the resulting comperednusi elpiaskidpiney hprd
(see 8Rti on
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24 Reliability of structural systems

Structures can be understood as systems of

bearings and foundations. Each avarysd®dt brealm enla
for example, fail i n benditng tarucltaitrearl als ytsdres
ure of more than one structural el ement befo
reliability due to strucHfanadlurreedbemdanoy aodép
ment s, ase Walnlctaontth and stochastic depende
events. These aspects must be considered whe
t emsn. the follllmevi bigsesoet gytim@ovnass,i ramdct ur al | st € 1t
presented..4d8kctibaes a model suitable for eva
cally determinate stirmgdrutraerst. HSumpesectqu eanft | nya d
mi nate structures 2ard@e2dtisawshscd du diers Sva a thi cam

il deali zed redundant structur aflaislystembelmavi d
tur al el ements and dependence amongyAelnmomeent
detailed introduction to the undlehreBi#tr ngt £€hee
and Mur gMelucheopBs 1999

241 Statically determinate structures
Statically determinate structures do not exh
Such structural systems fail as soon as one ¢

as a ser ibecso nspyosnteennt of AT H alrhte | esvt eemtsse n 3dwhle Me r o
each componendc ofraielsproem dessveémt an el ement f ail

of statically determinate (Xtpructures i s thus
As an exampl e, consider the st &tiigaAlaiyOhlet er
structural el emahtkoadbpgctThe &exues i s here
capacity as soon as one structural el ement f
in compression. Dhebbblboleretmedesuss has

Depending on the structurafl sysatemaltlyedeeéelkr
musatl so consi der possible gl obal i nstability
failure events in the series system model

242 St aticaliypyatedsteumtures

Statically indeterminate Fitgucédd)or astsneflt ess a
as soon as one Barbustsirateetl Reneamppl i ed | oads
tribution of the | oad eRdielcurse waft ha ns ttahtei csalrl
ture usually requires the joint anddioruseqme
such that a system dearndtuea et hmo dreu hloe rmsa fOLed mp
representing the different el entorit af asitlaur & ant
terminate structurelcayshemodelcompdpydeamt p d @i
whed © plBh) denot es t h@ hi nsdyesxt esne tf acifl ur e mode.

mi nate structures have a | arge number of pos
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(@) A S, S3 (b) MY S, S3

RN K

Figure 2.7: Statically (a) determinate and (b) indeterminate tfadapted from ThofChristensenand Murotsu 19¢

t akes hpelnactehew weakest sy(@ heQhtrfiad tleurrsee rmogdned fMurrr

Statically indeterminate structur epacanh,| etthery
t esmr -caitts of comporn@whtevfeéeinlotees & \henthsimber of
fail uerse. mlohde corresponding fail @R probabil it

Load effects mu st be redistributed within a

failure mode o¢cumpoadrrnmiacd dly htelree froercenani c all I
ment failure modes. Two i mpomitdaeaal -iedpaadd idd idlte
anfil deal -iedeaasltofpalialsuriec modeBi ga& ell Ihus hefat edll omi
el asitdecal obberhiatvti loe wi | | be céaldleaad -ediamithb @l Resh ¢
behavior will bieorcall ed ductil e behav

An el ement failure motears ngprcapheiitfy tbhétein
after failure has taken place. As an exampl e,
Sstructure weakened duea tcoo nfnaetcitgiuoen crmaayc ki agirlo wtnl
storm conditions because of rupture. After fa
any | oad effects. Another example is buckling
alized &sai&dubrei mbHbe.

An el ement failure mode is ductile if the str
after failure while deformation occurs. There

carrying capacity béntbensitdecitogadustyslt emfaWw
to ensure that enough plastic deformation cap:

of a steel member may be | imited due to the o
The ef fiedcualodlraagdsng capacity and | oad redistri
of a failure sequence | eading to ltihmi f ontmatte o
(a) ideal elatstic - ideal brittle (brittle) (b) ideal elastic - ideal plastic (ductile)
Aload J load
ideal brittle failure ideal plastic failure
deformat&l deformat@l

Figure 2.8: (a) Ideal elastieideal brittle (brittle) and (b) ideal elastitddeal plastic (ductile) element failure mc
behavior.
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2. Rleliability of str

ti dnosdescri bing the ¢ dOodo me mias fad il ledhr Baeeenhbs
|l at ed s dQlucdrttrii asltleynsen @dndT MV 1 foit Hsutntc@ 8 & n des

the occurrence of the first el ement failure
The sleidcmnéuac¢tei on describes the formation of
that the first el ement failure mode has o0cc.l
process i s continued until a dsystem failure

As an exampl e, consider the conttig9e®eegi rd
Faber 2009 f or). aEasdhmid pain exaeofYirsn gdtpdpaldi ed a't
of the | eft span. Assuming ductile materi al
t he apapd iaesd FhogBb( di)nThe system failure mode
ways: (a) the first floasltoiwedhirimgg a bfeo rorhs aa tp | le
| ocagtoirof b) the plastic hivymgad efnortm it er eV earsd
capacities of thedgiThaeenr aatdolmo vati ams §s of t
Y RY RY .

The Itiamiet fsuncti ons describing the f opramglt i on
can be written as:

oo i a i "9 (23 }
QT
. o, ..
Qo 1 a I —i 3w (2.3 }
oGQ

whea eand are the bendi ng paopcgdernttes naitn el do chayt il d mse
ysis of the undamaged girder.

Suppose the first plpasTthiec shtirnucet d roa Imsenuactie i goics
a corresponding hinge and fictitious bendi ng¢
structural nfoidgIXcg s s hown i n

(a) S Q) s
l - 5 M
A, e A, .,
a/2 af2 a a/2 a/2 a
e > fe——c—— >

(c

) S
Ry l R, l R, Ry
o n

5 - - T - 5 A

a/2 a/2 a a/2 a/2 a
fe—lc— > jfe— >
Figure 2.9: (a) Continuous girder with point load, (b) system failure mode of the gfadenation of glastic hing
and fictitious bending momenés (c) locatiorp and (d) locatiorg. The fictitious bending momerase introduced 1
counteract the rotation.
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Thlei mi f uaaitcatt ®en descri bing the f qgimadn otnh atf a
hi nge has f opgcnaend naotw |boec adteifammed as:

Qs 0 i a g e Gl (2.3 )
whea gi s the bendi nggcnoompeuntte datbyl dcianteiaon el asti c
structural model

The modified structural model corresponding t
| oc actiisoms hBiwg2ddmT heondiltiimintalst ate function des
of a plasti cpalfitrege tahte Ifmaaraitdmn cofs aepl aetdi as
“ n NN e (I
Q§O l GS | T ? (23;
whed gi s btehnedi ng mo memrte sautl tliorcdanééraamnt aa anal ysi
modi fied stThicg mrAiusmatein. i s equival 8# t o t h

The girder can now be modsdtes wlsemetcecaeceRsesy s

failure sequence |l eading to the formapoma- of |
ing system failure probability is defined as:
000 00QR m QA W QAR M QAR m (2.3 §

BaseHganh@dharqui vhali mnhf usicat enf desarebohgt he gi
f or mudsat ed

06 [ ETAmOoNQ, 6 H Am ok, o
e . , (23)
I EIQy 0 hQg o
Si n@,eb an, 6 areequi val énis sufficient to afescrih
the girder with duwcittoffeert hatser f alnclhe lawi or

Now suppose the girder behaves brittle, i.e.
Taesctrhiebebri ttl e fail ur e Imomief useidhdaive ms ,mu shte It
as foll ows:

. e )

QS (0] | a s | T (23 ;
, i 30

QS (0] | a s l T (235

Tle alkxwardpd neo n stthraast egslu edreti it anlb hheionii f usitcati ®ens r eq
a reanalysis of the structemenaf f arhleu g pfha tbale
structural modetohasceds dryblei cgptalbé emecdhani cal |
the failure sequence.
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Il n struamtsuwat hspst ew degree of redundancy, r
occurrence of a brittle failure mode typical
tur al el ements. This effect I s Kynotweamsa sa rpa otg

model ed as series syst €nmseQlaf i setl eemeeennt af;nadi | Mu
Mel chel)s WheMN9 assessing the reliabiltiyt f aafl us
modes, it iIs also i mportant to accurately mo
This problem-pasdbkpewdMebhcdalenadl 999

Ductil ar &lt r scyasatl smos be model ed (BhoGhieclsarminsmn |
Mur ot s)u TabBpBpSr can i der sOeé&dohmavemn of cQdd aps
a component fail ur e leivmeintt usticd i emrelly sitne m eframsl w
when any of the possible coll apse mechanism

bcomponent f'‘@whl eurrices etvheen ttsot al snyusnthestnl aod s ep onses
nNi sms. The systesn tfhaen ugiev P BAW b U atyiaamp | e,

t hpeorftrad me skiogBir ee al so MaG.selmhetf rad me 1i988
hori zont a®anpdoiantv elrotaodc allt pboei hnat VYeH8di¥ddurcet itlhee apnl d:

moment capacities at the | ocations where pl a
abl es of the Quryrehvtiohpr ofhemt Aree domi nant ¢
of the frame Farg&lrél so shown i n

Thlei mi tf untcdtieens describing all three coll aps

ciple of (Madsamle)woalk. 1986

SN TR R T T B o'e 1 (2.4 §
WO i od 1 0 (2.4 )
Vo 1 o d 1 o 03 (2.4 }
74
H ~— l
- R, R; R,
Ry Rs

3. combined mechanism

1. sway mechanism 2. beam mechanism

Figure 2.10: Framewith three dominant collapse mechanig@dapted from Madsen et al. 1986
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The frame fails i f any of the threetdhelrledps e,
defined as:

000 000 0°'0 000QfF mn° QR W QR ™ (2.4}

The ogwirtdherduct i | e smatwdérn ig@&d eb)aanl asvoh ot ed te dme ¢ h a -
ni sm Tlhee elliimit state functionidbesor ftbhpang nbire
ci mlive rtual wor k:

Qo Ci i

L% (24 )
c .

As expheoct édmitt state functuonogi @ amquuan(2adnesnt t
an@3hb

An i mportant aspect of system reliabimhpby ana
nent faiQQrpB8heaenws|l | as the ddpehdeene amshgl
modes. The dependence among tMexi stdtsvbdoalseo
res polnidminfgusitc d&tidecrosnt ai n dommamrand ated random
exampl e, tomsifdeatcat e s (23Rt @8 bdaetsicornisbi ng t he c«
failure events dfi g® e )gTlihretrielso asdhowtva il mem ti ns teaa
function. The component failure events are, t|
state functionsYamnit aThetsbecappact ir@abismatyi bas
but they are |Iikely to be correlated. The comg
dependent . Further moueadiffdepemdesyxet amofmai It hree
often sharna@r/cemmemasnhtcabmpodepénétiail ure even
Il n theory, all possible system failure modes
ment . However, t he faiolt wd e nm ondi e su caefu r ders IsiinbtIrea c
| ar ge. For this reason, only the dominant sy
occurrence are typically considésea&,i host exal

Mur ot su efthoe@lhtr i $984sen anSde vMuradt smue t 1h%Bdesatar e
I dertoimfiynant fand uerset imoadtees btabbéi Isiatryuoct(®eal Ssayct
and Murotsu 1999 Anoorn game Xahgetdevni garvddloculnd t ec hni g
(Mur ot su ¢éandadl si mM@l8ztdi of®itthloedwss en an;dMeBjceéhreager
199%Ar e consideredushkeoretomput gtr ogamédtyhedpen
such as the i ncr éloesretsy, |11 BHa®azd iprpg ghiend€hhichdd 8 t e n s en
and Mur ot sued®Wm®Bibgues employing | inear progran
met h@ds oti s andaNdf dney hd €89 ut($Hadatzti yXglado®k4darnids t
Mahadevaar el 9@adlmmuwatl dty effi cient but they do nc
system fail ure moSdheaso. aAmsd aMuaroadbiipsnuo erti 1s@®@dep)l 0¥ 0 1 3
a si mtblasteidors el ecti ve search ted¢hlrdieque fwyt idloima i
system f ai |lamwdes enqaapeptd ye y nbaatsreidx sy st em (Kealnigabi | i
et albSorRdO0oaBnd )KangpR0e@9t he syst.em failure prol
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243 Dani el s system

Consider the ideal iczeelde md mtusFtisuh2ohvien Siyrs h ean svy
known as a Damiiell)st hseyoddtbeerme nt s of a Dani el s s
under thadamppl ieeadc hl cel ementDama re | fsaasi(slludmeds) ttehnas
el ements have the same axial stiffness, and
Y, Q plBRE . When Yilse alppdd ed, the weakest struct
the second weakest el ement and so on. Af¢ter
the remaining el amentasp.plAtebsed e s amianmtedt by t
el ements and the system fails. It follows th
Not eDahiaéel ne(@l®43)s anyduriyinmgnilcoadfreedisstri bu

To il lustrate the influence of mechanical f a
dant structures, the r eloimphiitoleidtbyr iotft Iteh ea nDda nd
behaviors follsowidiygpa@e@leimaimtelz &y and TRhae kevi ¢ m
capacdli®ipleE are modeled as i.i.d. noramal st amad
ard tdieewn aThe coefficient of vavriisatcihoon§ eonf ttoh e
w K M. The applied |l oad i s mtdiel dd sa v ad uce ti ¢
such that the reliafisligyii.edex! pf ddaeh ralndr
variables of thile ¥Y®BHYent problem are

| f the el ements behave Yoofi tt he, Detehne eilssa xgsigvaen
(Gol Il witzer angd Rackwitz 1990

Y NIESAF:Q € QpY (2.4 %

whe¥Yare the order ed seallcenvetnivat&a pra.chiatniieed s (19
provides an exact recur siw.eoéxwreézeroanfdoRart
note that the system fail ur gipremnbabyi:l ity of

000 0O E QpY i (24 ¥

Thi s expression correspoGodsl wiot zae rp aar nad ¢ Real e kswy
the probl em ucsridegr fmetshaddsse.c oHodwe met y s bé vedol

Figure 2.11: Daniels system with elementsO "B the flexural rigidity.
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MSC wimtstampl es. The corfresetoindm ndye 1 fi amii Ingrsét laat vees
i QO i i.

| fhe members behave ductil e, theY imaxgimupn Y agia
by the sum ofbuttheed rmcarpraach tdrigsstnrsieg& e rst lay ,so norn
di stributed awmidt hstnmaenadnae ¢ . deé v i dtoill bmws t hat t he
of the ductile Daniels system is given by:

000 00Oy i Bi £
. (24 )

The parall el system and series system configu
current example, th®acempondepéntiant usieiveeenhs
are independent. The sysalelmel asy str e n(psrepeb taatl uissoi
Equat2 P:n

0 0O 0 0O (24 %

whed@ B I ,Q plBR .The failure probabiid igtiyv eonf htyh e
al so E@aption

000 p p 000 (24 %
Note that the parallel system has no pl ausi bl
el ement failure is not considered in this sys
Fi gar22hows t he systfem 3 el @Oadfi Itihtey Danndieex| s sy st
tion of the numbe&gfof diffuetemtal metkareint sl f a
The reliability of t bewhseerreiaess tshyes treerh idaebcirleiatsye
significamilteyh i Wecemrabkead redistribution i s coc¢
strongly depends on the mechanical behavior o
ductile system is considerably hirgedleiratbihlaint y hec
brittle system initially decreadescbdlinova tbhrea t

system with a smailtl insambrelri loél e |ltehmetnttshe extr
remai ni ng membesrts edfetneerntt feaiwesakeBr i ttl e syste

mi nacy behave | i ke a series system. Only for
brittle system exceeds the el ement reliabilit
As discusseddidh&edependence among el ement f &
reliability of structural systemsg. (ol edmenotns t |
i's consiTher schme probabilistic model i s appl i e

el ement ¢,@Mpabchi bfes he Daniels syst-emramébatrew m
madtandom variables with ¢oanmmomg csoYrérneg #ERri on co
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12 T T T T T T T T T T T T T
- parallel system |
10
Q g}
x
3 gt ductile |
=i
2 7r
)
? st
ES J
a3 brittle
2 E=|
1k series system
0 L L L L L L L L L L L L L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of system elements ng

Figure 2.12: Systemreliability indek 0 OO ofthe Daniels systemas a function of the number of ele
¢ for different mechanical failure mode behavigse also Gollwitzer and Rackwitz 1990

plBRE ,Q Q Ductile and brittle el ement behavior
sidered.
For the ductile case, it can be shown that
maxi mum ¥a@BacYatrye ¢ ‘ an,d E, p ¢ p” . The f ail
probability of the ducuwteinl d@dyDani el s system i s

R . , i &

000 0O i B — ‘ (257

E p & p”

The system failure probability of the britt!]

pnisampl es, -andet heo f iHoshbenn Igii cvlelne i nad i ® 8Bpp k we d
compute the system failure probabi Figalr3f th

The | argest redundancy exists if the struct.
uncorrelated. I n case of full positive corre

4.5

ductile

~
T

hed
(5
T

w
T

154
wn
T

System reliability index

5

- brittle /

[ series system

—_
W

1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Correlation coefficient pg

Figure 2.13: System reliability indekx 0 OO ofthe Danielssystemwith v elements asa function
the common correlation coefficierits amongall pairs of element capacitiéandY for different mechanicalfailu
mode behavior&see also Gollwitzer and Rackwitz 1990
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reliability of a si ngd et Isd rduwccttuirlad gsnesmbem .hd N
positive correlations reduce the reliability
t he -czoerrroe|l at i”"onptchaes er.elFioabi | ity of the brittle
reliilallby. The reliability of the series systenm
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3 Bayesanahysi s

31l ntroducti on

For structural systems watdeat duge @geoaddgue it d
one year r eanedr eulctei maeareeldi mi tghe tparnr @3S oX001
| SO 2394 A X0Ih5i gyt rgabedtnadst i(@adtLiIGgn of such
abilities by means of probabilistic structur
main of observation, and the computedektaal s0
Mel che) s HOwW@Yer, t mé odemadn dnasadr catpapgmt ws & t
by 1 nsanedctmoonni t or i ng can pbreo baaphpilliieBdy yteos iti anmpardqe
y sSi st oinss ifag taenetwbo hk s(Madmg kN®dSenSiLA8&] and ;Rackw
Straubh. 2011a

Essenthis pikdkammdonm t o8 i ngct uspalo vsirydset rema tsi toonc hoans tt it
par ametthéams$ leuke@ier f orTnhaen cien f or ma ti inccro mpsh st pyepci acsa
tisomd monitoring do nopapamen ek siignliirdnaitr fonr r
i's subject Bagesnaarttheeahbhgmati sal framewor k f
PDPMfwith incomplieitref ammMatuinkcre.uBibg i &¢ anal ys
correspondst atoi €1 iasB i tclae f o esn tuepPdDaFt eodf wi t h  di
ments or osnaempdreamamel@es,i ior exampl 8Th&el m
anal ysis corresponds toifa psobppai edttth el j oive
with measurements or pébsadmeéi omdabédithheedat r
fortmse basis for updating ®Ohe probability of

Measurements/sampling
of the model parameters

Bayesian updating
(classical statistical inference)

Parameters X | Model of the structure - | Structural performance « | Reliability and
(model input) - “| (model output) | risk analysis
Bayesian model updating Y

(inverse analysis, parameter identification) K
Measurements/observations

(e.g. deformations, survival)

Figure 3.1: lllustration of Bayesian updating with direct or indirectinformation on the stochastic paraftta!
influence the structural performan@dapted from Straub and Papaioannou 2D I%ee information is directif p
rameters im) are directly measured or sampled, and indirect if the relation befpaema measurement or obse
tion is defined through a model.
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Annspection or nooann thoee ppmapdbenlbti & ggrea B odb hy.var i ab
Essentwalstgagse be diidt acmgruti isnaeotiem ivfari abt epr es e
me as uroermesnamp bhecont i,ouooadsi ssqgauraentded my viatreipa belsee nitf
ani nspechomoint@wctomg th di sAtgpeegaimpd ears peocrt i on
moni t or i rwg tiohustcxrioeafiteae € | Gaartih @ n d i oaft | dbanma g e

Alpr obabinlsipetcita on and monitoring outcomes are
vecHomMMBh) .l nBayeseuathiengr,eltat it he d@msieeEad i on
andsthhe pas aimpitsernsodebeghtt heuhclkodonlwhoadh i s p
portional to the condiHt dwhens tph easbta gt ttagkres f o
a va(Sie aub and Papaioannou 2015b
Dod 8 OCH oF o (3.1)

Bayeh6éoroernmal i zes t het heofp e sfpwiotPhD Btphdeh Wiad § o n

Do QO
”Wﬁuogo R0 Ao

"Bn 0D (3.2)

whefelenot es the donﬁaié@"lédein"%a’)ﬁjiarriet itdhre opfri or ai
ri ®DF AoAs an eRiagP2lied,l ustrates the computatio
G omof a singleco awdosmediamdnmmtalsys ed. The meas.!
subject to an add@ihbi s eemavmp I$¢ efm@lbt ae@edr Papai oa

Clodgdedm soluti @saotl|l,FgdaBasypeaesi aypupgeh diymgdi s
using sampling methods. A popul darr dall ea spso sotf e rme
PDRy, 0O ar e Mar kov Cahéion ( ME&EMIQRi |nkest heoGlesh manl @96 a |
2004 Theses imettdh asdt seMtag K oovf ¢ hwaning wtois@enary di str
equal to thg,d.AdiegadvaPtDdgeet todd MCiM tnfnreo i b @ ma

whi ch tnheaatn ss ¢evém&klkesal samples before the margi
1 T T T T T T T T T
posterior PDF fyz(x|z=2) o L(x|2=2) fx(x) likelihood function L(x|z=2)
0.8 |- -~ .
0.6 |- .
04k prior PDF fy(x) 1
o _ -
/
02 B / -
7
-~ AN
0 — e — ) ] SO |
-5 —4 -3 -2 -1 0 1 2 3 4 5

Figure 3.2: Bayesian updating of arandom variafl@vhose prior PDF is the standard normal PDEy  p7Ac” <
A @Bw T¢ (see also Straub and Papaioannou 2D 1%k measured to e The measurementis subjectto ano
distributed additive measurement error withoz@ean and standard deviatig®. The likelihood function describil
this measurement is therefdreasd ¢ pF ™M Y R DM O¢ @ Td (see also Sectidh2).
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sampl es i s suf fcihcaisetn@sl iyo rcd royd eddtdsot triii@beuftfii ocnu | t
choose an apmr pparmideootdee bcue ni t  maeg elnee rsppmpekde | ¢
haweytectonverged to the stationary distr4d buti o
per({Podbdmmer &t al. 2006

An al teersnaamipilvi ng met hod th-an goebl pmmd B8fhAar]
of BUS (Bayesian updat iend owlist)h widttrhu.8tuprmsalt rsa
poseSlt byub and Papaitca nreceu (@40 liSda)| aslagroprl ii tnhgm
Bayesi an(Smptdat and Yael fgaemd r1lax 9 #&h g i ddaommmal ieeisi n end &
i n the outtlsehe h aspyascteemm fpar amet er s augmandadd
uni froarnrmom VYhrsabhterpretation enabl es the arg
ity meSRMJear n t hdei sptorsittehsdi ioa s yosftp i@ ena mlen ea &d i -
ti &@8hyaub edembnsthm@ar@bSbe tadaypygoedrdfBoaryne si an u
datifag | ufre probabilities

The foll owing sections present t h=a.bBUSe fflrya nue
scrhbesfferentnstperds omf and moeri modehgdowt th
functSieand..8Bhen introduces thedbadgisc iindd e meeh
subset simul at BosdshohiF@w aBUSy ,c a&Sre old ¢p eBngf yoérsne @ n u
dating of fai.l ure probabilitie

32 Li kel i hoosl functi on

Firensiadesrni mglpeecti on or donir e@r iewg meits@a nrene n

a continuous quaodigtly pgrfedihet emeaksyur ement i s
measur em@wtt BfOP-DF fhkl owing é&quan i ®ythdlodd ow
th@at® A A.ln this special but commoin dCagiseent h
B o0is equal to the probabil idtyakiengid ypdVval he
The |l ikelihagdo@0fduniksi icoaf itrhepecti on or moni:t
W acatnhbe written as:
Do Qa no (3.3)

Thi s exsasnprhes t hipdptbdi mbdet he true value of
probabilistic setting, this assumption i s rE€
raomm variables are included in the (addlevtsen

198J2CSS )20DHese additional mpdgddmtoat ha@blt ande

Probabridpgedtimtomi t ori ng out comés kfeqjri whécam eq
bd or mudrad espariodweiddoa | i ty (Madose mat ® &@wmbO). 2DMDhHe&kal i -
hood ifounmmts pecti on and smoaptovitbygsgitypemmdat i c
I s gendkafiicrgdtdrymisb and Papai oannou 2015b

Doxx Qg aD (34)
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wheDeadis the conditdomtailmBPEs) i onlve@t camoei t or
gi viem, which is typically defined in terms of
(see al so Betz 2017 for mor e d)eNtoaielhdehahrti kiteolrintud
function dedrB4iendci nd&E&gutahée evaluation of the
ured quanti t(33.as i n Equation

Next@ preeprtebledni scnepefti onoan cioaneg umrnd diggt ed
by thej mbdel arger théan aeatdthrreepsrheoslednt t fike c o mp |

i nspearnoindn oorri g pcwatnd dfedyed he | i mi'Qd sfjat e f un
n oas

O p QR T (3.5)
Il n this formulation, measurement and model un

abl e)sAni nspection or mbnthbsi hgpeuisomai d to
mat MamdsenStie8abhTheltanditi onal pd odgaibvielni ty of
0i s:

0@ p@ 6 \VQo ™ (3.6)

whe\tld s the i ndNDagiofr tfhuen ¢@tosnodhiri®eorma nh de rTwnies e
| i kelfiumaecdd bensfpoercti on or d@onc atahrbieargi @E & © 0 me

p VQo m id& m

b ow U'Qo m i & p (3.9
More general l vy, t laen nlsipkeecltiihoono do rf wrnocatpit corv ifdogrn g u
Il nequal i tydiehfasemat i on
Do 1N g aP (3.8)
wher g4 0@ a9 06is the conditional probabili:t

(di sdirrespecti on or dnghimemdri ng out come

Whesnmeveéenapecti on and Homarbeoni,bgbdtlpgloetnindood f u
ti o mudbe formde saditrdjcdbb b s er Wad.li fohper ob abinlsipetci- c
tion and moniHaorei rsg adutsctanteash | & ali inldelpiemade@a tf g
Dogy ,Q piBRY canf demufl eart éetlascphe ct i on or @ohdisepraing
rat,elaywd the | itkedihbedj biHNOt ®# O mp migRttlri @b and
Papai oannou 2015hb

0 0D 0 0 (3.9

4 2
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| fh @otr o b ahbinlsipsetcitd on and fiHa nsett aotrii sntgi codilblcy goeespeer
valfedt he combined |0ioenu ¢hto ofdo f munlc attiheeth dGeaigen c
encies amongi hépectnidonwi dnadl momo d e e amE@rolgyt c o
Si moen e)tAsala.n X&é@&G8npaleso Straub pmodshaEm@masiuodaenn
meg&t AaMBh of qudmti finddM 7 .Suppbeemeasur emen
subj eotr rteabdadtietdi,ve meaBduOBM@nt whirohh are prob
model ed by a Roiwnt hnaremal mRRFh anRgdl hecov arispo e
i ng obsiesr vdaetfiHonbe d 1 &s A 6, ahned Iti kel i HoD d ef-unc:
scribing thetse&k ene atslhue efmelnltowi ng f or m

0o = O —— A@DP-0 10 340 106 3.1
D %] D q“ AAQ"’A C AA ( g

33 Bayesian updating with gtBrUlSgt ur al re

331 Rejection sampling

Samples from thedgant drei grenRDRAted with a si.i
gor idtetsrma r iShma ddhb @@enl f anfd (de99 )e t hi smsadtehdargit tt h m
foll owingsfel aanynl hlod@:hood functi on

WO O D (31}

whebiesn indepeaddatd uniformPABFdqoman@bFabl e
'O 1f), awmd positive coh®Dampf orb@haeeamxiddde g
camolve expressed as:

T o 6@ n \ Ny ”n \ Ny
w VoY Qn A - an A
® (31}
Un o Qn A
Consequent | iygd Rbeamr dbeduewtr i tten as:
boH Qo @ Uf olH QN Al Qo
(31}

® U ol Qo Qn Ay

| nsewrgt Eq3ilai noo E@B2dait vesn:
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I L Un ok "Ro QN Ay
Fent 0D T @, - (313
In w0l "Ro "Qn AjA0

v "-ﬁw

The posterior cumul at i vig sdiosbttryaiibnoetdegn aft i mgt t &
PDF A¢sft raub and Papai oannou 2015b
o

U Qoo "o Qn AjAo
U oo "Ro Qn AAd

“@S ’ ”n
h ~ ) . ( " ;
\_I ] ] \J \ ¥ ong n 1\@ ) “Q \ ARy Al

>v n.ﬁ)v

Lo AN O Qo an Ay
mn

A Monte Camlaoi ampodxtigsod @asatne bimput @LDF as :

B,V 0 6 \n w00 D

Qg 0 D e = 3.1
ECR BL.UA Gl D (313
wheoeQ plBhiar e sampRloeasnidf ,iQoptBhiar e s amp hsetsa nfdraornd
uni foren ADF f ol dlelsnpd Batdnd t hfaal | i nto the doma
m oM Dy @D (31)

are distri butheed paccsctéggrooBon ek .omet hegection s
al gosiummar Ak gdr3ilihdm gebeampli ey fr oMDBEflmnpost e
belef iTrheed pri nciple of rejekitgd3&ne sampling is i

The probability that a deam@imienato @3did@EpE cqueat iso
ad Papaioannou 2015b

n N @id "Ro Qn Qi (31}
T
This probability becomes very small i f the nu
ence betweemi bhhtei pni @omddtilse | i kel i hood functi
tion sampling algorithm is inefficient.

332 The BUS approach

Straub and Papnadtoea ntnlobaut (t2M0el 5dbgBodviomr atesrp oind SsEd
structural rahdaibitihdea manen ofp De NMOOD asw Afa@i l ur e
domain in the augnrpanntid da gorueteanivemet speb et of &l ty
vent ihgndefdomayt he caudh mit state function:
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Al gordltRremecti on samplingusadmgmplreg himr 6 o rRpes (Bo=t
Gel fan8td8@B and Papai oannou 20155b

| npu¢number of requirgd(posben)AE® (s &nkpel
functi®noonsathant chiwdermpfoudhl i hat

L.l nitiali Z®&pt he counter
2. WhiQe:
a. Gener at edo & rsigninp | e
b. Gener at e a rsoaimpglhee st an@Qard uni form
c. 11 O D:
i. Accepas a sample of@utode posteric
ii. Il ncrease Q ®ep. counter
3. Ret ar,® ph8ho.

1 T T T

o)
o ¢ @ 9 9 cL(x|z=2)
085 fx()p(p) = const. © 0 B, B, [ @ o .
0.6 ° 4 9 CF c S 3 -
Q @) © ©o d O
q o
04 3 i
© OE Z o | o
0.2 1 0 o 0 § o o%° 1
0 | | 'Q) ‘ 8 ? | | .
-5 -4 -3 -2 1 2 3 4 5

Figure 3.3: lllustration of rejection samplindollowing Straub and Papaioannou 2@L% is standard normal d
tributed and measured to heThe measurement is subject to a normal distributed additive measurement e
zero mean and standard deviati@n The likelihood function describing this measuremeiitagy ¢ pf T <
e R BPpfcd¢ @ F® . The constanbis selecteda® 1@ JIC” . The green and red circlesare it
pendent and identically distributed (i.i.d.) samples filam aff)  "Q @ JQ 1) . The red circles are samples in
domainm o) Dy ®Ousx ¢ andarethus accepted.

QoM ) QD (31%
as) oM DQom m.Thleimit st@Qifpdésacitheoesn an camlsser v
®w Qnh (32171

The probability

0@ O0CMAM U'Qof TR O QR AjAd (32 )

45



3Bayasiamal ysi s

i's the Afail ureeguipwraellbeandtb i i it ty yiog r e@diepetnt, &€ owthii &kl
very acntae pft anc ey pofo ldahidaglientagict i on sadhpfingdai g
Equatlgn

The i dea behiemg leBly Ssstiisnugt buf a) rrstedormaputle ttyhenepg
abi0@tayndgebpr at & hilsiaenpibre8f ai Imi me &p ¢ @ m dssteei pn g
The simplest and most r ofbarstc o fh@uwitcst ugoant e eCaira
si mul(aMGSogne advantagetofdi ME@S$ sihgnptd eastemdaucraisnegd |
t hreel i abil.i ttyn dmalty,siasn i mpl ement ati ooar o§gi BB
rejection sammlei g saldgami @ bies oifn eMId® Ccibse attrhad tf |
(see al Qo pB8RchanoimMd,erin@itmet hods cabd@bnmeorappl i e
efficiently. Thesesmaenpheds appd awdamaDe dwsad ngdelt ierndg
step is required to(sekktaifrorureweainmpHtedd dsoumrelte
al t er natainMléaStso subset si mulcatmnooaplpysu8y, t whi omipl
t he BUS (8ppauobhcand Papaibae®erhaO;@i0clvasni s2;0elt7 al
Betz et)Tahli.s 2108 Bbst B useenhti ginhmensvongl reliabi
(see al o p&m@dtitrieocnt | y gener attehse sia nap |l egst kleo cdaot mes
combinat ianm@®lusf IBUPres8nBed in Section

| f the number ojfi srandomewdamingbtémi domati o f ai |l
typically encount erFeOR B ann sbter wcsteuwr at (& trreahpi bacbaiel di
Papai oannStur a2u0bl 58bt Wahle.n 2a0plpd yi ng FORM, atph-e pos
proxibmadendsotramdltr dvmornmdle di stri bution in sta
al so Qe@tilddmmpl es from tdhdm Ue pé¢eered r aitioessd reix laur
Chopi npamgulb2s e qureanntslfyor med i nto the outcome spa
bl es.

3.33 The ¢ oAisnt aBnkS

To apply the BUS amuwsrto abcehAs e thees t{fpehtsseda nig)i . 201
the opti malo OPBod evhie®@Pi s the supremumdGoi dt-he e
anmen how todyisresdpeecdt i ng t he ilpirkoevliidedo diunb umatdi
Papai oannot n2@p®ibdéad caas diel, w esaedl ect ed. Consi d
a single measwhegmraert s or améwitt e IP-DF The supr emt
of the correspondiO@botii k € A@h-0.Bck tfzuredt iachmd i(s20
Di azDel aO demahst (@8 7hewi dentwihfeBnédd iaslapo myiemh
withl®8u&aadBetzoat mrlopdPdidB8agsessti ng step for BU
an unbi ase@@easntdi rsatsnepf @fo st dihetor i b upfiosn weleac t d
small er than the supremum of the | i kelihood f

334 BUS with subset simulati on

As di s cPuaspsaeido anmmnou dtt als. a(da0ain&jaSge csu sa ntdoa rpde rnfc
spake.t his end, the @&ardlsiystne tdred n ¢ @paavesertieaasl se-
formed totisnndepeéadennor mijal 'YiBaYiiYro mwv athi abli s P
e« 1 B +06 wher®@i s the standam@amerimade POFdent
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be transformed separatel yjt 0olamai snusr(fed twlanc
Straub iaonadn nPoayp a2 0 1 5 b

0 BTY (32}
whelg i s the standard nor mal CDF, and
n Y YBRY (3.2 }

"YOi's a probabi ltidrnye pmaeprirnvg nfgr omet heftoo i gh e a
standard nfermalal apddect i mnt 'Qdinad ef if ued tii o nEq
(819 amolwe expressed as

QoM 01 B O oU0Y oM D (3.2 ¥
'Ol descri besmt mestthhaemara md m@&y mallDO8 p awc. e

I t he c onStueSxtp rceefs sBWBS,t he pr obabidaist ya @fr otdhue
conditionaDQ@prhbhbatdyd itivweldrse the cerQ@®n even
E6O0 & The i ntermeGQanee devenesd in stanhdard
O @, whierHB @ & E @® mnThe t hroeasrdeelt ¢s and axpe-d
t i viedlyl owi ng Subegonisglem®&RZle gBBomppl|l progelldr s
estimattefined (22 lEgqouaitd®sn an estid@Bmdte of the
Betz et @mdi. ntt(h2ayeBrbf) or MBaJBc e8idSh can be | mpr ovec

tion between the intermediat e aepvpelmtnsngqsu isvnad C
l i mi t dtoamtte funct

~ PPN

Qom 1 1 100D (32}
The corimaegspomdt sitsgtaetdi:@imscti on i n
Qo 01 1186 by o 9D (32§

whelri®i s the natThall i miga rednhdres ¢ uinlceé s otnhe s a
domaiQoyebsut the intermediate MPRHiclomved geo saio«
to the finalm@eaizl @t dcalldd i2dd8 bt he | i@t st a
avoids numerical probl emndd Wreemwm miels e Vioirk eclseimiat dad
val mes

The originalprSeusSe mtl g riing BiSsepmtse d a mmaAt ig o €3 t ihm
suchvs @amp | iedgnftaol ldjamei natddi niiom t o the probat
ti onwevent
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Al gord2tBhuns wi t h-s pa(8ter aub and Papaioanno

| npru¢val ue of condi0Ot(inounmable rp roofb asbaim piltdiseug
ber of required sampl esOdf( etqhuat vpholisehnet
function defBa2gddk sicrr i Bogiunagt it chngdi s parc e

1. Genebiatie. d."l s@ rpBhiefsr em "1 .

2. Seddequal Niguwatnhd | e 0@ t,Mep@mpl es
.l nitialiZ®pthe counter

4. Whid et

a.l ncrease @ ®e. counter

b. Use Otshempl es ®dr dwhiscls eeds 0t & agdedniet
sampl es using aal gwOMC hsna, mpmai Knigoagq du |
sampll e® phdi stributed dg®cording tc

c. Seddequal Nfigauatntid | e 0@l t he pBEmMp!l es
5. Evalateor di ng (21l wiERQdat i on
6. Evaluat@@ n according2d Equation

7. Us e Utshaemp |l es @br mavbi €sdeds 0t 0 agledn et ri aotne
using an MCMC sampling abgonmndi thimo rfilaj
Q pBRdi stributed dlgcording to

8. Transform’t heo stehmeplogs gi nal ©dYubch e ,:
QO pBht o obtain samples fr.om the post

9. Ret 0 @nand ,Q pBh.

34 BUS for failure probabilities

Straubanh0daaeab eapply BRBB816D perform Bayesi an
abilities. Fi rgtod dtelfd npeads ti(&lr fiEgru aR WO INt t en i n t
l i mit st®dhp: functi on

. L . \I QoM TR0 QN A
Rt 00 = ? , — (32)
Qo m'Ro "Qn ANA0

>v n.ﬁ>v

The conditional profOgbvkeiHt phat bbenfabsereedyv
by integrating@uodeveostaei 6mi PADRE@ diomai n
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L. s .o VQoam meo Qn Ao
00QH 6 Qi 0P Ao - — (323
8 e VOQOM TR Qn AjAo

Equa@Bk28anan be tetwowtté@at c onudriet iporno bridghoitlbiet yf :
equi val ent t ot lt® neéld e fiiitonnei dn go32 PE qgounat i o n

00GH & o . ¢ o an M
- RO QN A
000f m QAR m (323
o 1

0 OGxd
o0 can be expressed in termps of the standar

000 1 Of m

0 O 0OR m

(33

Theumeroaft oBq B8H¢c @oamr esponds to a parall el sSys
denomitmataocomponent SrtelaiudbhipBiOtldapr ebhem. h¢wO0
these problems can be solved with different

An il lu8USaftpbonfai |iug es IplivwgBdibe | i t i es
1 T T T T T T T
=0
0.8 I fx(x)fp(p) = const. 9t h(xp)=0 i
0.6 | .
Q OF Q
0.4 .
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Figure 3.4: lllustration of BUS for failure probabiliti@ollowing Straub and Papaioannou 28015 he limit state
function describing failure i'Qw @ p.&is standard normal distributed and measured tm hhe measurement
is subject to a normal distributed additive measurement error with zero mean and standard d@vi@herlikeli-

hoodfunction describing this measureménts;  pf T® P~ A BDpIcOc¢ w Fd . The constarbis
selected a® T® JC” .
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4 Reli ability of deteriorating

Thi s dectaidmmp$terdaudbr,omD. , BiScrmhuwte,i dEer-JarRd, Ki n
(2@ . Reliability analysis Sdfrudetuadrail orSatf ier
1018S/0/me passages and figumressearcaceirectly

41 Il ntroducti on

The dematndtamail ssgseshewmali gintamandty al so typ
with time due t o ldhehtiesradodadet,eadstpnurcdaesablglsgdt
a t-diempendent | i AMNRiD a¢ ahef fitnthme t Dtomoh asittihcatpar
i nfleubacsyosnemdpg ernf anfDdatnilceevsen anMe Malisjlsn LD
Dependi megptafr et hes e, pgmmrpermehld eelrisl i sti cally mode
bl esm@argodi ¢ par amet er s ,suntohd eals umnackkerattan bnttsit

uncer tari ntaredssom processes (e.g. |l oads and en
t i meh)e. | i mi t "Qdmaitrec If mde ghiaaseendg i nmed e hgof t he s
antdelet eri or atWhen ptrioe elsismiQl e péad 80 hamet isdm uc
reliability probareimans. said to be ti me

As usmuedati ve val ue ofQohceo rlriensipio rsd satt weitd lu sfca i
t hpes sidoelfatneshe pendent (bhi $ohaes sveht

30 QT (4.1)

Thi s iesvecnoommonl y -calilmed(tohei pstanTlheeooas)etpi
i ng -pai mBr i ns tfaan tlaunreeo ipgri)ovbeanb iblyi:t y

00006 o0 (4.2)

00006 isftusred as a metric for describing the r
(eSgrveswaran aBdsRANbNMBsadaga 1@B@A92a0InNEr 20@9 p, o | 2 (
Schneider ;2ahmdi.de2rQ.lesthowev 8@l Ppoebabdti tagptu
happened khefaordetgi @t s t he possinibghidiadyr @ encay
f aielaerdl hetviames antucelbriali ty, one 1 shei resvteand duoient
at any i nvdtiaogwbttieca 5 e n

06 MmN o DOQARt T (4.3)

or equivalently,

Ssee al s@QoRkokd/get e
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"00 [ E;,mﬁﬁr Tt (4.4)

Applying t he de(#4),thi¢tciuommu I[pantoiBwgeb)at i wigt hoifn frtehid ur
i nt enhoviasl

00006 001 |§T‘Qﬁﬁf T (4.5)

Thi s prmobatbi begeugantta & yr el i abil ity adf sd/bsthermsor :
port amtelayscommountliylt iozeddscridlbeeetrobd nttaabmehi neeo fi ng
systems can be expO®s@RRadsanda afinan &itRiya mshal? @ 0 0 4
Fa | mpmonedsaarttees cumul ative distributionYfuncti

o 00Y O 0000 (4.6)
theorrespoobdabgl ity density function (PDF)

AO o6 A0 000

"Q ¢ . 4.7
Q o 75 " (4.7)
the reliability of the structure
YQ&tr 0O0OY o p 0000 (4.8)
andétil urhrpazartdk4*founcti on
Q0 A0 GO0
o P 4% (4.9)

= YQ&a p 0000 T A

Anaddi tgiuamd liwthyseeH evdeti 6oon makodegi gonr peswel |
operation aoflemer msteaé&itcugiasl tshyes trei nssks tarsuscotcuiraatl
failurtetheusysartgemd@Tee lpréees.ent value of the servi
as a function of t h® OR®&Ec lowi ttSt e2a0udin® 0tl@ af ai | u

Y Qi O OAGE 5Q oA (4.1

whelWYés thepegvioetleifedof sthdesttosct asastp diiaree d
oanidis the continuousl|l y.Them@dFecdead beéi compnt ed
0000 (see E@Dati on

“The f ai_lounmsder dtienit of the pinbianhtiee!éﬁgt%gtiryaatn ftdiatume d
has o@aunrie@®ausand and) HRB klean@ “¥0d Y 0jYo
I Eb O 0 Yo O 0j YoOYQa 'Q o7YQar.

52



4.2t ochastic deterioration models resgchiiomg

't caonn dléeldhded t he adelt iea bsidlrriautcyt ugiat heswust mmmi nt e
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ofa t-vawei ant relDabilkevsenpraoglle &alks)S$ | v® 3% s

type ofiiggmobhemgiemearl d lénncgasegr appl i daet eonsey al
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which all ow a tr awmarfioamatrieolni aldi It ihtey-it\ypancebad retm
reliabilitVbherawsemsof sftodre hasitsaoantohdagtiese nab
such a transf orimatSedanadadies phr & searbeerdaglif $cyausses eid
I n SectdiSubsequently, the effect of inspectio

nance on Y hef rckdtiearbiidriatiisngdisgorwSadudSrddnG yst e

42 St ochastic det greisaud anioin@nt omoacealld y dec
't mit state function

The TComsdlnass o fmosdtiéolodsk & € t 1sd rrautéid g @tsreodd eals c | a s

(a) s 1l IFugthtr ®tModdel s Oy ptmwmraddigdtasdcdetfeun cotriaani
Q A, which is monotonidod@ll pniyncreadsizmdg i wint o
paranpt &ras l ure is considered to occur when

exce@dasmage tOhy ewlhiodldt he gieinseordaeld yacdarsaend om v ar
and incluliked pesdlitmingstate function i s:

Qo Q  Q o (4.1}

Limit state functions of this fodroamaalaurfpe onio n
An exampl e bel onging toctaclk ngadaeslsehdo fwiniohd eA a
wheamn equi val einst asppleisestd hemonrgeeedoenseprguence of
when failure i s defined assi zteh ¢ seexecSead fs@h iEBee cotf
class also includes deterioratfi @ind enowdiiesd ns tbhaes
resi stance fSalddge beolrowxa mphree) van NoortwijKk

When the | i mQom sa&naotneo tf cumiccta I6loyn cdteicowme d 41 e ne
timef it i s negatioveAsata amaen ssexgrke mheffodaiel ur e

Damage threshold D, Failure

D(t), D,

Damage D(t) = hp(X, t)

-
>

Time t

Figure 4.1: First common class of stochastic models for deteriorating struqadapted from Straub et al. 20:
Models of this class lead to a monotonically decreasing limit state function witk.time
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Note that fbr smusiwelbind iiefd t he e(fe.eqge.te xoefip @amagien t
or retaomtfl)iarntd nigl utdheed r el i abitlhiet y iamiatl gddias eb e cue
wihtbenonotonically ddcreeasil d4g.6iSectthiomnn case

43 Deteriorating structures wiphrampaenab

Thecond ccodnmnsosn of stochastic moidded o tfeod bdyetnmea
cl asisinqlbydes t hoset hnodredrsddm wehrifcehdh else os epama
i nto & igrfoluwencing the capaciftdetodr mihrei rsg rtuhcet |
on the Isn rtulceg ugiamp |l eussttFicaptsetd ¢i Wle mand on t he st
be characterized byn®andaltdar ramphdcmtpyr odeg he
to thisYddimBependi ng on the for mul aYqilhmaonf t he
be a | oadf eocrt .a Ilno aadp erdfyonr mer es@ne¢, the uncert a
of the di¥imi bubi bhepimatyt ere praese,nt the uncer
properties. For the sak¥nfi sesmamediicn ttyhheet hel H

Capacity R(Xp, t)

Failure

Demand S(X, t)

S(XS! t)! R(XRI t)

RTYe AT ST

Time t

'R -
>

Figure 4.2: lllustration of the second common class of stochastic models for deteriorating structures. Modt
class include those in which the deteriorating capacify o can be modeled statistically independent of th
mand’Y\] fo .
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capa¥fifiy ncludes t he deeatnedr iiosr aat imoom optroonci ecsasl | vy
of ofiowme anyf Vidhleug adgfamet ers of the deat.eriorat

The demendent reliability of deteriorating ¢
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An intervalOdan lmuovwe ke echdf i ned as t he hevent
without dbnhn&iedeheinmei fnai'Q wirteh e veeanstsi bi |l ity ¢t}
may have failed earlier.

O mtv o B DYn At Yt (4.1}

An evaluati ondionfg tihnet ecrovrarleOsfgoine quer gsob dlei Isio
frisptassage( peebBedHoiwer &0 andfl Mare statistical
end ,conservative®Odmmmoiemathit am nefd as

000 o00O'R Y j; (4.1 %
wheYeh is the capaci®h anteheaéndaodl t he

Y o5 ADYS (417
shexmmum demand (a ns ttahtavid$ ti ifidh eafd & K'Y rpickawnt iboen

bt abyneper f or mi ng an .Bhke rpmdbldmiluietyagmnmady sh e
omputed by pemivVarmang aetimbébility analysis

O o —

n most atplpdeiqua toiCmmsiti asttepahdeNcanWwmion ¢ at

east apopfruolxfiAmalteedaymp ig& cil € f ati gue whmaienlfyat
ausadebyageonldo,add rmeningor of ohhe damage i s acc
xtrenmevelisoraed al so Maijlbencethlheabasd sl 8@@ttii osnt iocfa l
endencde maaonddg p adcoietsy n oat shtorl udc ti Ut roe -tiypsovl seu f jag dt
n this case, fatigue damage is mainly caus
atfgue&mad estructural failure can occur durin

- =T O O — —

Mo sstt r usatrseu kej ¢ dijteoitmt ef f eobdsesf asaedet he desmand
characteri zneod bwhia hv eratyoragai n dependnolnf add
more than owarlaaad@mbdi niame on pr obl emhmmusbmbe
put ant hoef i nterval 0f08i(Mallr eh @rSeeblsd®li tayp pr oxi ma
t o Itcheed combi nati on (psreoeb,| efnroRa rcebxvwaanvpali ela alof|l & i e
Turkstra andMeNMadhsgd.Bi 1P®@®sdac(RRbB88)an approxi
to this problem, whiowmhAhr¢éamdbe sappimi dasi mgdme
domi hawmearl antd i s raprxdgemeed adyuer di Is i dtue i
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the r etmawmaringnt | oddbsy acocen dnotdiedhea | | d@a b’ @ +beut i ¢
mari zed im {fhoer vtehcéTohret enval val O QGOiiltuhreen peroonb-a k
puted as:

000 oA m f (4.1

whe®Qreh M desctheéeisnt er v®Dli nf aintlaal wt@hyepv eente x pr e s
i Equatil B n ia.id.urfe nc ginft etrhvealma xi mumt kién ttelrev ad e |
exceeds the capacit.iynathehtokbhdwbhgtf hieti nseas
funcenln i can be formul ated.

Now consider the edenahiocdh fid6dlduerhido it ugpd etboy ntti meo r
tohe uniiomt eorfvalhef anguupeg ceoent smel eadi

"06 0" "0 8° 0 (41)
The corresponding prodbiai l ity of failure up t
0 Q0o 000" 0" 8° 0 (4.1}
Theorresponds to a series system relladdilngy

up t ®. t Helee ef, olt |l owi ng si mpl e0 ®du (8 8 eEqihastbieo d e
2.2 9:

I é&ﬁ@c‘xﬁ 0 000 0 00 (4.1
The statistical dependencd@wialmo nlge,t piefs ii tinlit ee rnvaax |
demamdsare statistioralilfy ti meierp emntdatnit S.t ilcna lt hdiesy
case, aump@eoruciwlercan be def i(32epd (see al so Equat
NI' r&QD(‘)O 0 Q00 P p 000 (4.2

Note that the ODR0 lwardeé preolcdoisleirt v o the upper
domi nated by the -uacétatmthedihgi onmakRkemai me di ff

are independent or weakly correl atigfdh.e Irtelwialbli
ity i s d(oamy ntah e duonnc etrhteaicnapyad intvya r o rgonit bb)y o th ilhme
uncert aitntiwa roinaathidF oatdei r maxima in different
| at ed

Theomputodt itdire f ai D@O®0e M@WrOBDH®b Bl Otryequires t he
titon of a series isympamlagriommnraeé mgd ewmhedbwgl uati o
the individual inD&dMal Sfdxi & wyieoam rcoodPibitliiintgi e s

5Note that Yhi® widpa diet ipeossi ti vel yo.correl ated among di f-
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ofO 60 (see 8¢dti on

44 Gener al fciaqpats spardpoeb | e m

I n the gaeser bl e gaugfee d virdee tefr iaor at sngosasrdet

ocowhrdgrhe -dépeendent | i mdbt akeeegavfalied i bhe fir ¢
The problem of leattii v tdinsgt i®ihdeu Gc@enmo f utnlc ¢ i toinm
failYuse kn@aw tphaes Jfaogresada ut rr olsTsld en.gu)s u a | approac
this type of probl enfRackwihleE hi2i® @& pogsssotlseghta p p r
the | ittoreradmpuwrte thel aeil valkylesi mplé ( 9ge sttt o
exampdlral | pAInNda-Reernud 8 81letHoalevezQO0O4£hall enges a
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For the sake of compbétehessutchesmaing pppno
rized in kel ofboe Iteheidmgmb err oosfe IQAF 6§ r om a posi t
a negatnveheat udak.Fianl @rteiaihent drfidvwacilcur s i f t he
fail soamortbiigie mtHenchee, ftai | urGOOprcodah s®|1 Wt iyt t en

\
M /A/\i

Time t v

Figure 4.3: lllustration of the firstpassage (or outcrossing) problem.

g(X, 1)
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0006 o0O0QAm m° 0 O ™ (4.2 )
BoumddsOOd6 can be (BhiumoadzaBal b9§4 1981
I’Nﬁﬁ\ﬂm'l' 0006 003 m MO o (4.2 )
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one out ctrhoes sthihngeftiv @ i s e g | isgniabhleym© mUnder thi s r e
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MO o ot at (4.2 ¥
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for thetdhaese iwhan®nate sdenp esoudfi foinci ent | y emi xi ng
(see, f dDi telxeavnspelne ,anMe IMallesdRsa cIkBV®%H.z 2006
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proeaeasd -t nwmari ant r.Amdaomingaprpiapwicesd Sethaby et a
(190®d4n be,whpprlhi stelpecapahast iffi neactfd meti ®@mda d Jom
procgsbemwmil yragpomcé&ERaesng sl ow fl udontdtim®ns ¢
i nvari ant rafdde® ondbaddutadrarkeastseée ng

.0 OOnfl IRt ., OAflRIAf Yt

tSE 1 1 ] E

Js o (4.2}

i shdet ermasednahyti cal and . aslysngdqwentcl ys,0ltulte o
expemure@dodrut crasvyiahgat ed as:

MO OSE 1h ' TSE 1 71 Af (4.2}

Findlhlepycondliexpemwtmddrut cr ossi ngs itsheexlpteait me d ol
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i equal t e #tihnee pfoaiinitur e oOpir.0el@odd i tOoyOOOtIH & i. me
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For model class (b), otclhean dfi 4 ilOwmira® goimodmbb y:i ty
0 G0O FWO 000" 0" 8° OO (4.2 %

Equa@2pinmpl i es that al Otidmestvabefaohsiirdered,:
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OO0 .0 nnwo6 anwWd 600 are then applied to comput
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faiQuogwe® ,t he updht earffdaghbd ta/ntdhuep d aftaeidl urogoor at e
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Figure 4.4: (a) Filtered failure probabilitp G006 306 of the welded steel frame considered in Sechdhi(the
results are reproduced frdfigure5.14(b)). The frame is subjectto higtycle fatigue and some of its welded ¢
nections are inspectedin year p 1y .INo fatigue cracks aradicated. (bPriorand posteriofailure probability
0 QDO ando Do gH o  ofthe frame

i n Sé&ctZi. dme < ulajmegkc gtddadhi gsuoeemer vef | ded nect i ons
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mum c apatchtattye amrdnand i s nlont aedkdcietsisa nv,e Ityh d aorbgsee.r
up to the time of iimetpeich d omeaendgreimoamfonoandg mc
datTa orlmandc I( @tdheeb s er ot s onvi valandp (b9 tihmei nspe
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6 This issue is irrele0®&ootsdd or0 Gooded .cl ass (a) because
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[
I n EquSRain@@B)c an be tramemmpaomedt relsifTabitesyl pr

compomelnitabi | ity pr obldd ms nari eo npadetseed tivieeadl ldyy e hm ega
of subset simul ati 9nbha8RApprcDsckedmoines Stevad erdun-
mer i cal ienx aSvepcltéosn i dering an inspected steel

system sukjyefddet t gudvarmdant meoadi ng.

5.2 Det er i omoadteila m g

521 Genesryisctdeetner i or ati on model

Det etriiiom ast r uctiusr amo ce/lsd ¢ vestt etmed s i mpeewbh bi | i st
det er imordeetl iso ma wea inbate ntileyi s | evel . An el ement ma
wel ded connection or a Segamemtamnmd Rerg.okmt umeaegh
di s etrientee a,p pd eotaecrhg wa lau d toend i att itnheet ebravta ko fr aenadconm
vari able (orOjrapdemewnéct be) &otn dtilidi [O@ih doif n ted revnael
The irerd atethweaemrt eri or at ian@yimopdees pairbemetkry sa
mo d®J.Not agegihnat the caplachthugartameserisnfl uenc
the deter i@piat iwon tmoedneli n generic form as:

O Qpn o (5.4)

I n this fdodrimuiloantailonr,anadom watro adbtesunar ef onc( a)
cert airntsiiemsg sfirmprh i fi ed representation of the
freomi tpgarmagmet ers that al soriomgpfelawan gebi)tshe chet e

taiduees o the | imideder nboamabnomodal t hpar amet
Al | random variadbdddestideseribdingt tkdnal od | @ me retr s
arceol liemta dve OHRBHO  ,whed es t he dembdried @éreinn ¢

considered in the system reliabiktbbhdio&nalhyesi s

structur al 0.syBhe omoyadltirddiisma e g e n & bbeyalsayl sltyem det er
rtai on imade|l

~ ~
3

A i on Qs O BRQ;, n (5.5)

Fighlid | ustraboespuherddpbyeodbbi pystem deterior
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5.keterioration n

Parameters Xp _ | Deterioration _ | System condition D;
(model input) ~| model hp(Xr.t)) ~| (model output)

Figure 5.1: lllustration of the generic system deterioration model. The model describes the relation betwe
rameters) and the system conditioh .

522 Dependmmndel i ng

Generatéyjodadi bheriemt set emmeing 1 e s ¢ sSpuecrhd ednet -
pendearcanes omea case@shywbbbuttyhey mainly exi st
I ng f(Bct @aulBAZ0 A8 bexamplded ishmeahsstuouatedreut

grade by one contractor, using the same wel d
ards, the correl @t i oonfaadnanfge f eartti ganeee dleed c o mm
mat eri al properties andhfealtoirc &t iado mioqnt i e dwg e
the system reliabil ity zanndgoitdhecft iroeml @¥ an and ov

Il nspection and monitoring.

Stochasti ofdedapedridemoudred teidorby i nt soadamrg ntghe op a
eters of the model ©podfe stchrei ediienfrgf@ehnhiesen it ct ounntaiyt t eal oyn,
l i mi t ed sntuundbiccep ecird mnnog det er i cerxa(teittogn. eptr pacle.s s
VrouwenveMdeaoR0@@ue ed)l al mo0O1applicati ons,
the deterioration model parameters has to be
ment .

Hi erarchi cal model s amammamlidy ma g p fed edd mobdeaet] isc
amodgteri or par a me tiedesld ya dlpgelr imodl etto contn buous
ut ed detparoiceraasthisars corr osi ormstirmn ¢readgrefgoerna € dd e
and Rackwhttezwalra92and;YMaog!| amd 2000 Mahv eolkader20D
StraubPa@2pakbomsotuamtnd ShiThezukad?2dlBnioedadl pappr c
tiall yparaamathegra r andoimatl ae aald lealedétcithterb e r r e -
| atsitornuactt hdeid f er ent r @dd eamt \easmid attelfibelsee | at i on f
Sucdaandom ariteglpddias tyeti zed t o enabl e (stehee,i rf onri
exampl e, BefThuetm nalono fX0dedsdpati al |l yde Aibye g p
di screte set of correlated .Thedogmiwnwaridalles
variabl es i n sa croanmebpirheys @a@thadsbwan copul a, al s
Nat af daimsotdeii buutaind Der Xi ureghian 1986

Hi erarchiacap plmoeanlosiel st ochastic demgemdemce
i nfluencswmghfastoosmonoedviri onmeetnecrdibamiact er i
of omodel un cSeurctha inmtdied s define the parameter

di tailomamdom var hapeepaFahewrdregsMaaels.d a2Dlanén 200
Straub &Modél s2@i0Oh multiple he.eg.arlclhqwees etan
The additional randiohoceo mammonabhés ureapragemibichgr s
are ingludléeerarchical models camlada ti mplaemmd o
(Hohenbichler @nd Rackwitz 1981
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Common influenciangvdfwscd elr sd céamimbitcial t .t ma&ttiivcea l

pendamoeagteri orationcaondbpr paemamedeémypi on coef
As an exampl e, sofatfiasttiigcuach nideet geerw dokrdaetdi ocno n ne ct
common fabrication quality may b eamotdgd e dnibtyi a
defeicmds di ffer(Maoanhatdp®borsogu wz2h@@;IMadrj azald G4 an
Vouwenvel)der thd1s4 case, t he tNatmaddenlodtehe cjami te
of the deotreril at &tdi on model parameters.

Note thatti dreteocdeomtagl 8 i mari ant. Sucihdeal laynet
model ed by r a(nsdecem pfrobrc pesxsaendp I;YBagncgk 1a9m8l5 Mel cher
Straub andAlFtasneur & 0a0njdL i Saterraaunbd p2nt@alivipe bt ess r epr
sents-vartyi mg @{pag aamet amdOmavaeaah|l @andnedescr i be
correlation among@otthte asagrhdoalr Ivealr a il m $fi ennucotuiso |
time stochagtei diprcaoccedesszeesd t o facil heatesuhein
set of correlatiedct afgdldhme wjaaiimtb | disstirsi but i on
Sstoclpaotciees may be reprebBeatedoblyad thecsNpinthaet e <
Mar kpaow ptehé yYRosenbl amayt benAlptpa marda oaan)d Straub

53 Modeloifimtmmgspection and monitoring

53311 Cl assi finapeohi oh anedc hnma ngiuteosr i ng

To facinmodealtien§ dioefmat i onsemr owwnis@esart d yomo mdiattaar i ng
it i s benefiinsipalc ttim nc laangds imfaylistt o rhien g ot sepcehent i nqgune
and monitori md atsescihfniieqdu easc caorredi ng t o t he:

l.Ilnspectmodiadamnd edingpasdnidoymoni tor imgdpee ftoheneu
cert ai rstyys toenmdtidteir ondiideect ionf onthateoh on the
model paramefless si | hoBiug®te Omigs i nspected or

guanasistoyci athed wertain I nspecctanonbeora nbeti & roil
model panfaometaenr eilne n@;nt Fooneéixaimphe, the conc
reinforced concrete structures I s &depamreamet e

uredt h a c.ovliehre maitzeeraoé lhrem&ckhgi haaigileded ¢
the output ofthamiodabscfackegamwlas,e db e ndetdd
curtestilng manyhwowaver, otnhegg eimeadit c ®poord sitrmdoin-s
cators of theA cagbmsaneans coad i ¢Riadoebrs earnvde d3.Rr en s e
| ndi cat ogds taog et hee | alt@zmoetnoth ec onyds tt éAtntsoodghi an
(posssitbhdecyhastic) pmodelde amdlitrleres i nfor mati on
par ameffer 5ornexampl e, rust stainitmgr omf trhei |
forcement corrosion in concrete structures,
concret@@eeyr faceexamp)lhls dmdtelrere teahd prledA.MmémM
(modal frequeatcties,addmmoadg shapes) are ofte
system Aondiheiyowman be derived fro@. geafarea
et al).. 2001
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5.Modeling of inspectio

Measurements/samples
of paramaters Xp

A

direct information

Parameters Xp _ | Deterioration _ | System condition D;
(model input) ~| model hp(Xgt)) “1 (model output)

Y

indirect-information
Measurements/observations

of element conditions D;;

Figure 5.2: Inspection and monitoringgechniquegmployedto reduce the uncertainon thesystemcondition’A
provide(a)direct information on the deterioration model paramétefis throughdirectmeasurements or samy
of deterioration modgbarameters im , or (b) indirect informationon the detedration model parametersin
through measurements or observation of element condi@ignidirect information on the deterioration model
rametersn fj is also obtained through measurements or observations of indicators of element coDgitim
indicators of the system conditid.

(a) Inspection data (b) Monitoring data
®) @)
®)
©)
Time " Time "

Figure 5.3: lllustration of the temporal characteristics ofifegpections and (b) monitorimtata

2. Type of i:nfAs mhits owms3s..e2di m sigpdBeEtcitmommn t or i ng ¢
equali tyyornfoegqaal on.

3. Temporal charlacg pectsitorcs are performed at d
itoring is perforkedi b@mam nlge | perrgfear med i want
ically or foll owing a trtiegrgiesrtiincgs eovfe nitn.s plehc
i ng are iFilghgtoated hisneec¢tshkbedatetd bystaemnest or
potentially | arge. To exploit these dataset
to derive summariciagtsebati ecthers meani ngf ul

4. Spati al chiarlancstpeercitsitoincss gener ally cover | ar
I ng systems typically consist of mul tiple
However, a clear distinction among Chepeect.i
ticsnesesstrisiwcpoani bhepecti on may only i
a structural system and monitoring may <COV ¢

The proposedctchleamsesffirmat i on ppercéa nodhe o tpyetror i n
formeeaectudde uncertainty onstbemm@inbSdedr ah con
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5Nested reliability analysis approach

Table5.1: Classification ofnspection and monitoring techniqueaployedoreducehe uncertainty on the structt
condition(adapted from Fischeretal. 2014

Classification Categories

Inspected/monitored quantity A parameter of the deterioration model (model input)
An element condition (model output)
An indicator related to an element condition

An indicator related to the condition of the system or subsystel

Type ofinformation Equality information

Inequality information

Temporal characteristics Data collection at discrete points in time

Data collection over a longer period

Spatial characteristics Spatially discrete data collection

Spatially continuous datallection

)l
)l
)l
)l
|l
|l
)l
)l
)l
l

532 Li kel i hood functions

ThreandomHyecHtM®iH represents all probabilistic
comesthp ©0@ hofi ntthevdt ek di f f evreecntHorrespnedl®ennpr ob -
abi liinsstpieomtdo ont or i nigh W@ h ciomfeoadrivoawi n3y Sbet rehat
bet wehpeoi nspecti on and Hyo migtammdi n ¢ eo wWlted eme or at i
rameitieriss modehedjbynt | i0koedd { howldidieli n meidoms (
al so E@l)ati on

00Dg ®0CHy b4df O (5.6)

Under the common assumption thaojarld dtnastpiesttii
independrﬁ:nté,gijvbeénmﬂ(elihoc")dg")fdbuins:td:rrmputed as (
Equatd)on

00Dy 00 o (5.7)
wheb g, 0@ arf] 0 is the likelihoodFmunngdd-on
tion or moniitno M@ilmegi mud@kceanlact ual definition of

00, depends onprtohkel Emmamplf €€ ar e 5pr7¢ slenr8tpescc tiinor
of wel ded conbe@({BbBbapl Bambgendet ebc.th(olnn Xy st
spection of reinforced concrete structures).

The ass tompnamnar aot i st i cadoe 1 drepte nadlemayes stpal-d. A
ticaolr r el ati on aneoxnsgsftimeé haeusemas ot sl na rteh icsh ocsaesley,
curatythe meiass uirrefmenagamsced by commagn fionf lewxeanmcpil
temperndt ume.pecti on an’wqmoaissbaiiingtbutf]bbmedepe
6, the combined0Obi®kermu dito olde ffumcmuloamt ed such t
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5.P&ior failure p

tempor al dependenciienss paentotnigo nt heea ticnodo @vsit daurael n m
correedttyaub andSiFmdhenr t00a831 . 2013
I n gemermbds#éHgvajdmweas not provide i nfprTrheetsieo n

par ancearerrost bTael eakeeédhbo@q ifduenfcitnieodn such t hat
with respect to those parameters.

54 Prifoai l ure probability

Thénterval f gofl ua ed eptreorbiaddri diitnagny Qrisetatesesls esdy
conditional on tr e oc(aspeaeEictl ystdlPHma met er s

0009y o oo m s m (5.8)

wherm esrepresents the maxi mum déQfama(G8)oatr ne-st
spoad®i mva@iyapreerhi abi |l (dgepRebiTleons proél b,

probabilistic structural moefilinedewi tim d&lheme
according to the syst®mmMadndiot.i on at end of

To ensure that the di'®fQepiehtarientsaratalstfieaiall u
gi Mlend, al-l nv adeermgprad a neeraekismc | und.é d iitniter val f a
eventsondieti mahapéryd@nto ,gitcleandi ti onal probabi
0 000 9 O can be computEgad a#hd) o di d ¢ thperoonbianbei | i t
fai0@Oe, the thatlaltypttthaeppleinme & ¢(b.2)tFiod n avnri dnega
proposMed mywd Chent (1898nhpw shown h ¢S5 ctame bient
transformed i nto a compdmeamt amdli il aldirlyi sy apmrde
dom vlaérwii a th OMDFpand ®©ODF ni s i ntThed uccenddi ti onal
ity ofcafnainlowr &e written as:

00OA 6 00006 FH o (5.9)
It foll owsBithat (see al so
p e ~ 37] (')
0 OO0 9 0 QN A
_oan A (517§
9 o

Un 0000 § O "Qnf Aj

l nserti obllEoguaot IEBI @ItV O@N:

69



5Nested reliability analysis approach

0 Q00 U 00009 o "Qn A} R o Ao
6
! (5.1
Un 0000 9 6 @ 0 Qn AA
m
Equagglpmrresponds to a structural reliabil ity
R andwi th | imit state function:
Momm n 00O d O (5.1}
Therif@an puokabi |l ity of utphed ascttainunathuursa b es ywsrtietnm e n
0 Q0o R o Qi AAd oo MM m (5.1}
6 hh
Al | structural reliability methods can be use
55 Post dnraiiomure probability

The posterior ufpaitloc‘m,l(lé‘)Oc‘rng&) ba@agp,ilsiotmp atcedr di ng t
EquaGB.onl n t he hfeolilnawveignr@gld)isti markEguat m@thwo compo
reli abielmssyngr ohke approac3hadpiesEnt stlern it epbis
off gi vigyn 64i s written as:

DOHy QR O
D0Hy RO D

Ry 0Dy (5.1

>v n.ﬁ

l nserti nBlEaoquEtqi(b@mgi g s:

L 0o o0 Doy RO A
0006 Hy b4 — . (5.1}
boHy R o Ao
5 4

The following relation hdlOasf oad atntde t cheen dii tkied r
funcho oqg:

009 o6 WoPHy 00O o0 W Dy (5.1}

whe®@dis again the CDF of the Usatna@insl aa dpasi f ov a
stant thf)d‘)dg’)@nq)rﬂroeéalslee al 809 3Serdteio®PBoogy u c t
6 DO PHy catnhbme written ass(@lspaa@hrPso Equation
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5.Posterior fail ur e

000 g 6 oDy
ol S 5 s T oy " - (51)
W I 0000 9 0 b0 g QN AY

I n the same way, Otohgdey t & keedh @ rheososdé € elen ca(Bls@n: Eq u ¢

~

0oy & \Un QO Dy Qn A (5.1}
l nsertin®lEaquat itthe nume (54 Biont @ ntdh &€ qdieart 0 minn at
(5.1bl eads t o:

Un 0000 @) o Mo PHy Qo Qn Ak (51§

v ”-r':’l >v

. U wdd &4 @ 6 Q1 AjA0

The numer at ¢5r1 i #«# &goamponent imeltihabialuigtmg np rea

spachieaadlwi t h | if mintctsd toat e
Q oMM N 0000 o o Dy (52§
The denomina}(Sdr))glsoEqualafemponlenttm)rebiamiiht
augment ed paciecamie whidels cirs bed by the | imit s
Momm N ©io Dy (52 )

The posteriodr fmmpduabstdinmeyow bie written as

0000 sHy 04
(52}

The denomi nat®™2Pcaini beeeaprened asambberprobhami
i mand the numerator corresponds to

o
5

nmmwp T, i.e.:
0000 O

00006 gHy 0y 0 Q00 IO 0o (5.2 ¥

Both the numerator a2 pdemomée nabbvednwiEgQhast
met hods.
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56 Computational aspects

The reliabiEqu gtOiBaosbd2eans e i-chiimgehnsi onal since ¢t}
(celtated) deteriorating el ements of a structu
Sect2i.n Bas been sel ected st a osbhoulsvte atnhde seef fpircoi belr

tural reliability prob.l elnrms awt drht bream,ymprita md o me o
easgy. | n htehiasl gdesit im it s Paphieonzmneud étol dlowi 3
To apmwhbeyt si,mutlhae iroenl i abi |l ity pi¢5dRd e@sPadef i nec

transformed to standar d3.nd.rdnhael csorarcees @ o dionwg nl
ti dn® anB@are

oM 1156 Il0o0Oo s Y 6Bl (5.2 ¥
(5.2 §

and
oM 116 110y 6B D4 (5.2 §
The @amnidompopsrtoebraiddirl fi @ jyl ¢ otectammev be defined i n t
standard nor mafi: random variabl es
0 000 oo A = (52
000 fdR

0 Q00 o oo m

(52 §

To comMpOd ewi s hbset simbmat uDw®d emi ned BEXEquat i
i's used Ad g oirdilguthEn mbl ami ¥ usitckil em@def i ned i n Eq
ti g2span2pPpare appl iadlugortdatthom eval uate the p
0000 @6 and@o witshubset si muh aonmndiprobabdi | it
0000 o ishen si mployCod h e or d4t0i@od o(fsE@u a (.2 B.n

Al t er na@b 8edl yc,ancbmpdi e@ct |y with a new subset
ing the el@d mMas é onalorfoi der;Set aab. @2 OFhoBr. t2h0ils6
pose, a set ofewneGtt® d Eiorfoties meafi ia®ed owfDer e

"0 AR ®,Q pBH and ® E & m The conditional
0006 060 can now be expressed as:

0 000 WO 0O 0O, 8 0L 0 DO (5.2 %

The firsbdehreshgltdhe Ont@r fffefdi ad ¢ se wdertter mi ne
from the samplCGsdconawht cbnalk eo-phbad du ote do fa se st |l
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O0@6 witshhubset S(s enal |Ad ltgsom 82t hMihe remai mi ®g t hr
¢ pare determined following the original
this approadh,detfie eads t{ABMEM@Witd ©®:n an esti mat e
pr ob atdob igioy .

57 Numeri cal: extaemnll est rtutcit goly ef $aet si ugbujee c t

571 Zayfarsa me

Considevwitmeaea stiwcmal wel debfBi gheewhif camesskowowwr
fradhayas exThad .f da@MBgeicyr avi ayt-vamdhgrarodnt al

|l oad at the eppitonmemtadehtt asdsmuyubijidect &driagnee i
throughout |I1ts vsyeeaariiXlee | e ff fee atu t ccfo mensshpee crteil o n:
estimbtekBe structural system is studied.

5711 System model

The Zayasnbrame o fenteunbtusl awi tsht evell deeld connect i
vul nerable to fla¢itguemateereiralorianhomogenei ti e
centrations arRr irceksei du@ad atsitores swlser e f ati gue

call ed hotspots. A welded connection may con
Fatigue crack growth reduces the capacity of
deterioration ishaeaswalmdsd ¢conmectuirn@tt he br ac
Smax,j Braces Hotspots
B
12
9 10
1524m |, A
11 /’5 6\
\ [
7 8
3 1
3.048 m lof’g
2 4

Section properties
Braces 1-4 & 11-13: OD 102 mm WT 2 mm

/ \
12 /13 14\_ Braces 5-8: OD 127 mm WT 3 mm
7| Braces 9 & 10: OD 152 mm WT 3.2 mm
) 5 15 16| Legs: OD 324 mm WT 7.1 mm
3.048 17 Yield strength
m 187 Braces 1-13: 248 N/mm?
6 8 Legs: 324 N/mm?
19 20
13 '/ /21 22 \\_ Top horizontal member is rigid
0.762 m
]
3.048 m

Figure 5.4: Zayas fram¢Zayas et al. 19800D is the outer diameter and WT the wall thickness of the tubule
members.

73



5Nested reliability analysis approach

upper horizontal el ement as wel-dr aacse sa.t Ruhret hneel
it is assumed that each deteriorating wel ded
therée grheot spots aFsi gb#kde cated i n

The appfomabboénd Der i Ki acdedgehticcatnhidn20dall) abi | it
wel ded steebjiectfacti gune. At system tl eeedcld,- no ¢
pacities is conso,adewelddedtc@anme wteinon i mes ei t hi
compl etely |l ost its capacity because of fatig

t hat a wel ded connefcattiiognu d ocsreasc ki tast caanpya coift y hiel
beyond a Grieti tar sxaepl| Elpendads eam yICh®%tsipmod
I's, therefore, model €, bwlOgr pii s1atrtye rhamtdopno tv afr
ure eveOmtmiand hemecnamplThe evenbtfohdhsapbpme f ai
definéd mby umtc@dddnasO; p QAWM mn,whefeepresents
t he stmparhardnifadrisenci ng t he."@oalpacsi twy iaft ethh easf:r a

Mo HF o (53]

whedpi s the critidald ics artekaelsiizzaetf ismamdgafe tch e c k
hot SAbt Digmeend.lts computed by means of a f af
present é&d 7S@atdiyorbe defined such that failure
unséeabtack growth are approxi mately accounted

The f inxathh defining the rcalpapcimdampebdbbhsphbe
condiOfdam now be written as:

O QrA M VQA M (5.3 )

Usi ng EBH),attihoencenpdfAe mogiBHO  of the Zayas fr ame
quent | yllme edalas ac & papcatrtiapmme toeff st feoA il ®wa bhaar
random vecposswbktdéd states.

Il n t heexampkmdgtier i orati on i s assnmeasxsiendumto fy etah
environment gdlechkoat¥d;.byThe @i §,fOepefiYtariend e -

pendent alnGgl mbded n tdiivgdtirhi Rutceef fi ci gnt, aduvvari af
The CD¥ 068 denOteid.- May er i al and geometry prop
deterministic pRirgpted Bhriss asi mpisit edcani on i s r
tainties associated with these parameters are
t hheot spotdsAdmcd t Ave sl oad ol § cws stitsats of t he st o
eters influencing fatigue deterioration of al

Now tlheet randAmoy@etsBrtd  represent the conditi
braces aft itnhierevladlrppa s t he numbeFRi P4 ehebdées - (s
ferbegratr e binary random var i abcléast nmohdee leinfdg otfh ei
Wi t h 6t apt(bersa@ & ul | yati nti)iamand (b r a@heacso mpll ye tleo st

i t| paacti thyi . meA brace |l oses its capaoittsipdeéhse $o0o0n
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assoaiedtded c dfnaniklcst i roenlsa tti hoen Huoedtredtd mch t he co
dition ofActame ber deés ned as foll ows:

A AJA (53 ¥

whehies an adj acefncy vwnatthr iexd eonpe fsti & @t eslpoontgs t o |
and® Tmother wi se.

The capaci tyatofdwnheeh frreasmpgecitiochd ¢wel uated i n
t hber accoen d $atti abnAme and t hus i mpRi Faiitlluy ei roff urheet
franee@®eccurs when the %nparad e dmkesx f ana fmee\Eite a d
Consequdmttidygyv dtllnree pr o b a bhiulnicttyic @nf t chfihea f e & Imie z ¢
br acoen dsatti ddp’AmeH,c an bpeu tceodn a s :

000sA "™H O0O™H Y 5 p O . i’H (53 }
wheir'd dendthesal i zati on of wh &t a kreasmet’Bhieh evagphauaen t
of the annua’ly gmasx isneu ne cl toeadh dsaumzha ¢ ahsa tf rtahnee e h a s
vaflai puolea®dOEA ty p&pm, | .e. gkN

The capkhcecist were computapd s hy v pigbrabsoeadmiyebng nae arr o r
fi neilteeme n o f mirhainet Mhraldlemaged acdAc o, diinlge .4 oxlsl

wi tfrmi |l ed wel dadecoemecttidorns om t he model us
Throughmeat gtshe ul tiorhatf e amepma cwitetyehl rsetsrpueccttu rt
pl i edcdnmabdes quanitniefaire ce.f fNeocnt sl iarsesarc i naa teedr iwa It h
perfections, | arge displacements and def or ma
ysis esaptomward redi stribution within the struct
Ultimately, it simulates the entire coll apse
i ng, formation of plasticrimanges, omembglt obat

mec hamhslet i guiSdkealll9e9r9ud an.d Amdahl 2002

Il n the cuwrr @ptpgussthuodvye,r anal ysedS&OS (¢t adO 11pid ged
c o mptuh e c ajHafcalrtlyapossi bl e rea@loindaiA.iTobmp pofoatche
i's here pognai blFreasi and gbemetry properties a
ters and the number of possiAblse nmaenad ¢ ezaaltld @ornes
sponding icondiatidlumrel ProddhabH i i €® mputged oacc

EquaGBBaand col |l ectedThmg af radiadtivar eb apsreobabi | i t i e
perofodpamsdmut they are iChdeadedsed eamtn uafl yiaagri mum
are i denti calllny tdhies tsruibbsuetgeude nt reliability a

comput a0tdO0®n wfcorrespomdd ookup wpbiecht dadmeal i
mat c hepdr-ctommpa tne @fravid lur e 0p0Ogfb a'H ialt i tbyo ggeo mbi ni ng

Equag(G5mm@3® H &d o6 .

Thetrucmpoat an ®eamdhullBreacsd ruct umall hmpbspogisoe
to b@ageant itihe deibggineadt | mpo3Elasee BGaAYPUT en
which is definkat weaeet hentdirfvfadr dmdd ure pr obal
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5Nested reliability analysis approach

Table 5.2: Single-element importancéY'Q i@easure and structural importance category of all beambhotspots
the Zayas frame.

Brace Hotspot SEI Structural importance category
1,3 7,8,9 PP T pT medium

2,4 10, 11, 12 P8l p T medium

57 15, 16, 17 pBwW p T high

6,8 18, 19, 20 ¢t pm high

9,10 1,2,3,4 X& L pTm low

11 5,6 yg @ pm low

12 13,14 e p pT low

13 21, 22 CX pm low

the interval failure prQbearboi(@eidtayu bo fa ntdh eDefrr ake
201SIt r aub. 2DH8-&% ie mgdnoer tiamce measures for all b
Zayas frame aflaebiRemae i-kceale @ X{ §)r aacrees t he mos
portt abnr aces fobt aowes oy the pKevel Tdotvep (brace
wan@it and the hori parmtyalarber atchees |(ebarsatc eesmpor t an

SEI 0009 mBh  mdp; pd ; 1TBMH [ ™
N (5.3
0 OOsA

5712 Fat i gue model

Fatigue failure of tubular joints typically ¢
cracks ati hbdts we t(lda £eero nasn d). FRE bplua p200sDeb wsft r at i ¢
the evolution of ©Ohlhe faatgiig@®e diresssk odbeepdidiby a s
mensi ac&l gcrowt h MRadledagRobraise® dama )Er dogan 1963

™ ¢ o
: O YYE “0 ¢ 5.3
OF 0 YY¢ 0 ¢ (531}

whe®et Q& s t he cr akiks gtrlbewtrhu mbaere ,of a ppalnided f a
O are empirical matYeriisalt hpea rfaameyticknrdsafaangs e ast r e
functi ernrefsst cghbeé eHuadiviei tdy € is the stress int
(SI'F) Thangedel c damrd elbsecrna kbeee 0 d mpskhkaxh®s s pot geom
trapdtress dies$grn dwiMad®Gdar s). etl faldesa2lexd, t he
repl aced altogether with alemgreAlatdvmnica.darcd as
This will not affect the method as descri bed

Fatil ogmels are generally rand¥Wwe i ni satdea@!| hpdmb|
by a stochastic proceéefsler e.ies & o¥Yaie d eumydveart irtahlse
condition that the fatidue sanhdesgfprocess!| iysm
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approach mayn bwhhadeap tae k'Dgéa jdwg ihv e m tbey (5B Hiusat i o
approxi matedvbhyuiet wi eXvgleletsaprducrta taon)i Str aub 2

™ ¢ . S .
o Vv 8 YYE B¢ 5 "6 & Oy YV (5.3 §

The fatigue stress process is desx?di had =ayn i
annual streesgcyhklaesdatfete ad u a nt9i8téy

o s s T
Y'Y, My YYe¢ (53
i's interpreted as an equivalent stress range
ary distribution o0® M hceanf abtel gmaed eslt e ke sksy ra n\We
The equivalent stress range is hence given b
5 T
YYy Oyps p — (5.3 §
30denotes the Gaupmpeand jpanrcet itohne awed bul | scal e &

yri s model ed as a | ogrneop rneasteinstda n cayh nwarhiea telad |
tion of the& Marpgmest assuarfed t o be determini st

The pardaamedtoefr sPari sé6 | aw -iameamioamret erdamado miwmaer
uncertainties due to the variability of the
attemudbmwnpai d to model i DgnidheThbk enyprianiactalo np aarna
generally derived from the same experiments
dependence among the Parisodo | aw Ipbaarndadmgitveears ,
i Gurneyi 4938o0pted

[} p&T oD (53 %
EquaGBpins valid if straangded her e rgiawe agyréonet Nn/ Imm
foll adwisngnodel ed as a | ognor malilsy tdhi usst rniobruntael
Ut eude dd o the | inealrbaeil.ati onship bet ween

To captur e uheadrrti xiarttiiomms qiurml 0 fiys, mdcee li ead tasal
variable with exponenti al di stributio@andUnce
SI'F range are captured by i ntoygadcdcyg, ngvhli cdn ar

8l n general, fatigue | oads &Werebaeaseneingetdhkeysthesa
procy&gss’yY &¢FY € representing stthree sso rrragtsgp@aand ivehger € t he
mini mum and maxi mum strée(seesadsoi Agteaphadlotied s Stat p @b
di sregards the effect of the stress ratio.
SEqua(sBpcnhandgebs dd pllonnm pat oD i f stresses 2ame gi v
the crack growklker aaesiem fmm/dc Rekcdo 2006
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5Neted reliability analysis approach

multiplied with the caV¥4ul Ghedmeagsi oalhéncr ack
model gi veh3ibins Egewrtiitonhen as:
Q¢

6 6 Oy rYYr “0 & (541

Using the i 6ittimaldsgcondi ahahydt Rfébatahubetiobhai
from E@G4dPttd opnr edi ct t he f attipjate bsmek as isne Matd s
et al):. 1986

v o~ U —
6 R p o 80 ;8 (547

wheries the annual 'sdirsestsheaeytcdtealr aniemmenrd of st
gi ven "umpt stpod.®Yiiime& comput ed @s,_sa;afmidmoctcioard i onfg t
EquatGB@n

The vecsbochpasmalimet ers describi ng hfodtsippites dceotne

ered in the system reliability analysis is de
R OM M fhyafy B B B ; Myr Wy (54}

For il lustration purposes, the same probabil:i

model paramet e®@ pBfto.r TaH e s eh ommshd &532r e | i st ed i

The mean and standard devi¥Yaoe afftuhetieqnoi vh
buti drbgraeonfldb t hr ough (EYRaant@i3@nsThey . aqg N/ mr

ang : L& N/ mr. Note that in real structures, the
model will vary from hotspobttafietcspodthe Mmeit $
this thesis.

Table 5.3: Prior probabilistic models of the fatigue crack growth parameters for all hot©pqit8 rE .

Parameter Dimension Distribution Mean Standard deviation
I Dyw corresponding to N/m#n normal 2.0 0.275

Vi - deterministic 0.8 -

’ yri deterministic  5Q0® -

0 i mm exponential 0.11 0.11

WO mm deterministic 20 -

1 b corresponding to N and mmnormal -29.97 0.514

0 - calculated from Equatiof5.39)

0y r - lognormal 1.0 0.1

0 i - lognormal 1.0 0.1
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Fatigue fail @rse dds ardiyibraidft bsgpecdRtha@mdnd ef i ned i n E
ti BR Al |l stochasthiar é rtpiwmeerp@addmeEsmamenot oni «
decreasi mg Wiht s tmioohe Imotdheuls ableca sosnigise)dt oRas 8edct |
on the prior probabiTlaibd3tei tch mam gjir @mdBbmMMmarniyz ed
failure ofTatany0d@dt spean M m, i s computed wit|
results &naghskrown in

Statistical dependence among hotspot fatigue
among the fatigue model par amet erar amét,¢ he
6,0y, 06ypand par e assumecdo rtroe Ibaet eedq uai ifRo pHyhe aMi It hh ot
correlation,’cqog®eff, I giamidt s The correl’atriepmecoce
sent sdcthhaegseepecndence due t o commoeaf If easbitr@ ccadistoi
dependence due to comrhop mmde éssticachkkEh@inaen ee i

to common | oading jcahrdd ad ¢ € cstisdheaspteimaheince d
commomcertainties in the calculation of the
di stribution of all fatigue model par amet er s

(Nataf(Limoadaeld Der Xiureghian 1986

To study the influence of different | evels o
t wbi fferent dependencentmageépeajde nelenshdaredd
terms of the correl™atji,'onaadet i i ctTaeides

57131 nspection model

| n ctuhrer ent ¢tbet exrel evant i nspet e dvdémalk tcioomes
measuremedéet eandofmeasurement of a fatigue cr
are directly sed@hedi nheooptesyeetidhrea ctki me .lddr ¢ he
Il nspection outcomes of tHhe tiyspaeasSa)meand h@h)
I nspectisnappPdisstuedctacaetk a gi (seee ,hoft srpoadax amp |
199Bhe met hod applies acompoatAte tfhiee Isda men ttihne
particles are sprapgseur oadenk test eh atpetrsatgenidel t ei wer MHf g C

1.0

10k

10}

Pr{F;(1)]

0 1'0 26 36 46 50

Time ¢t [yr]
Figure 5.5: Prior marginal probability of fatigue failug 0O 0 ofhotspotsQ ph8 e .0 V(‘Igc‘) is approximate
by interpolatiorof thefailure probabilitiesd Q0 6 oo v T fortimesd pHB v 1y .IComputation
of0 G006 are performed with FORM.
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5Nested reliability analysis approach

Table5.4: Correlation coefficients modeling stochastic dependence among the parametefatijile crack grow
model.

Low dependence High dependence

" 0.2 0.8
" 0.2 0.8
", 02 0.8
" 0.2 0.8
" 0.2 0.8

through the componens drme arlobalpaed i@l elsdh eo ®a
crackhaatesiviilhenf or ma b vioy eahns p aucsti in@gnsMRIl assi f i
foo wong Sbe.c3t.iTima s s iifsiuarentair dlma bSth.ei n

Theuabf tygn itnesolefcid weestuag cCtaiaregk swesl dcso mmonl y des.
by a probabiléidy whidek faise i on

VDEGD OO detection of a bHadi gue c (54}

Theé¢ @ccounts for uncertain factors such as me
environment(@tr & wnld2 @ckdred t he perdmmremapaecree of i &
ability of demnepi(Moradn caitr)vael i s2000

VETD p ATDOT_ (5.4 )
wi t h pgunm

Il n addi Vié®Onanoinkedomtri are treectth aidg fcatair quce eari aocel
probability ofQ0haviicshe tihned ipa atbiadn | (i ty ofguoebt ai n
crack when nios fmpltdhgalkes pearc&iliaedl t o a reference
(Straup 20014

During an aweslpdec tainoni nodfie ¢ adhueeo nt ac atnh eo cdceutre ct i o n
cr aoak dueeitmndiacTdetaiVsmite t ecft i @anf atdamfluael se aiockadi cat

Table 5.5: Classification of magnetic particle inspettemployedo detect surface cracks at hotspots in tul
joints.

Classification Categories

Inspected/monitored quantity An indicator relatedo anelement condition (Thebservedquantityis
the cluster ofron particlesat the edges of trsurfacecrack athe in-
spected hotspot at the time of the inspection.)

Type of information Inequality information (detection/no detection of a fatigue crack)
Temporal characteristics Data collection at discrete points in time
Spatial characteristics Spatiallydiscrete data collection (Only hotspot regions of tubular jc

are inspected, which are spatially confined.)
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cannot be when i mmegaumciemidnigc e I nspec,iStomaubFdr2O0f
c omb it he3a ntdh0eOiOndsoi ngl e quantity call &d:Q he pr

0VED VED p 0¢ @ DOO (54 %

Theé¢iOal defiwiddcd rnteosmectert abeacaed@®Obragf onct i
| enf¢ hor dSitmrga utbp (02AEH 4 MP1 f or t®ucbguel ra rmejAseissrm ms$ ni
that the i nsped&mpar whands ptelineg tolc ciusr r ¢ m e @ fana |
model ed by a Pot s0i0sppa@ient hFha@ediduse, adopt ed i
current exampl e.

I n the Aol l owopustgctonwen i s model ed by wi tbh natr gt
@ m(niondi caft ating ot odrpwa@&Datapdp( ndi odft atoingu e

crack afi nho@esapdthe | i kembdebdéheendtnispresti on

constructed D¥ridmdenbiwiitnty tigireo W tahdiegoudee iicbreadc ki n

5. 7. 1TRe |l i kelihood functi odydpiswrriitbhtienrg ashe
Doy p 0E&EdDO M (5.4 §

The | i kelihood function dgesmirs bdenfgi nehde dsn:spe
Doy m p VEDOM (5.4 )

Il n the curirtenits eaxsmasmpmedionl vy done iihhainfsfpercd m:
i nspecti ol acset c © maisn d e md bgfienme n de p HWOED . hE
combined | i ka&lbi®howofd & lulocnt noguptBcgotig i p t o0 itsi me
t hgisven byb®quati on

Not e ttolcehthess @ rcd & hienes pienc t i o nfrom ene locatiromtaanatherf t e n
exidste to common influencing factdoraespaeachoasc
teristics. Scuacnh bdee pceanpdteunrceide st hr o u g h0 émi@oddsel Ii n g
as correlated (s&mredonf quSa rrei xaaldoh pelse d; Mad j earar 8 0 (a:
Vrouwenve)lldert ha®sl4vay, thé&ednudn ctelret ad enpteyn d enn o eh
tion quality atandibfefoemeetd fo@cati ons

Si nicnedi ¢ aion dineateinars provide i nequadtihayt ierfsour
o H4 pforoabh be Ohmsen as

5714 Pr i oel liiatby anal ysi s

An esti martieorofpathkeh@®douafy t he Zayas frame is
degree of dependence afmminigo Wwio 853.pW.c & Blb @ gpureo bl
I's sol vSaudwi ushi cgopndi ti omfaleagrhohbh aaldielfmrgizidgat™ ev
MCMG ampl es tp dre vsaleh sseh afd OBOt iac £ a et e runTiimnedde -f r ¢
pendSseunSunmmsh.i s approach i s appl pedseéent &&5c.t7h ome
The rcefs wtlntad ayrsei ss hFo wgrbla.ileh e wi dtwwb ko fe dti tbée e i nt er
cates the &oa.8uTrhaecyi midepn wdelabhds ty of containi
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1.0 T T 1.0 T -
(a) low dependence (b) high dependence

10 10}

10} 10}
=10} =10}
& 10t £ 10}

10°} 10}

]076 3 95% credible interval 1076 L 95% credible interval |

mean mean
10’ : - - - 10 : . : -
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time t [yr]

Figure 5.6: Failure probabilitd) GD0 of the Zayas frame as a function of different degrees of dependence
hotspot fatigue behavior.

failure probabil i tey mowlietlhi.n Tthhee accocrufrianceys ooff tth
tiasei nce the number of samples per subset | eve
Results are | ess @ac chuercaatues ef oorf |tohwe vaaslsuoecsi.aotfe d
The accuiSaS&gnobet hemproved by increasing the n

Fi gbtsehows the bounds on the failure probabil
420 To determine the requiifOegd tihiet eownal f ai l wr
abi 0 Qoo 0 in the |l imiQdeftianed fibn RES wmp BEpn
placed by the condiabiodntdfy int(eee adl $§ai Sahee ipd
20L000 is then comput e d51fRo | NootWei mtGffrdeigluyat s oows t
mean of eshem80G® &ond the mean of the SuS esti.
bounds.

At the bégthei sagghencdekiefeor aitimen hasl uretpro
0000 i s close to the upper bourddFigmKsa)b e hGwvveiro
ti me, the failure probability converges to th
framebds contdheiomcantdat huy on the frameds cap.

1.0 : : : : 1.0 : : : —
(a) low dependence _ - = (b) high dependence -
10} 10
10} 10}
=10} =10}
& 10t & 10}
10°} 10°}
10°} 10 °}
10’ ' ' ' ' 10 ' ' ' '
0 10 20 30 40 50 0 10 20 30 40 50
Time ¢t [yr] Time ¢t [yr]

Figure 5.7: Best estimate of the bounds @000 together with the best estimate®D0 as a fundbn of the
degree of dependence among hotspot fatigue behavior.
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5 .Nu mearli cexampl es: steelcgthreaecfatec

(@) (b)
high dependence

10 1 high dependence

low dependence
low dependence

Pr{F ()]
A [yr ]

without deterioration without deterioration 7}

0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time ¢ [yr]

Figure 5.8: (a) Failure probabilitp 006 and (b)failurerate 6 ofthe Zayas frame with and without deteriora

Figh8 @) cotnhppemesof t hef obriafa iepsutoilengd@d@d iotf t he
Zayfarsacroemp ditoedt he di fferent degrees of depenc
additionally showBOdhef fZalydasr é r mrmeb avh it lhiotuy ¢
correspondi ng afreeialluuraet erddofeaso mor di ng (49%anEdgu at
showii gB8 dNThe effect of deteri or atfi drhdogrf rtahn
clearly visible. I n adcaipteinadre,n ciet aim® rsg viifnc etnhg
structtiermall emaydss to a | arger syst dpr dlaa btiviraet pr
or more simultanedbhssfatisgue fiadi lexpested fo
(Straub and De). Kiureghian 2011

Theepr esahuteheofservice | ife risk@l®wictohgphut ed
and o Opm iWhout det er iCoodmWiitohn ,d ettheer @r@§ xSkt ii osn |
when the dependence among hOwWBsipaivhéantt gaedbp
ence is high. The effect of deterioratagaian
evident .

5715 Posterior reliability analysis

I n this section, different Iinspection scenar
are considered to study t heesetfiffeectheesoZayaspeéerc
Firsaoltgpmphatcpcare i nsped tpawr aTthetsiemehot spot s

ated with the | east i nkpogroutraenida blZleac e s ofs tales u
no fatigue cracks arieomingb9cchoewd dhei pgobhéil
of the structure conditional on the inspect.i

amohgt spot fatigue dhehaei dra.i | Aitr ee pa to btaibmd i t
spection out comets pawraiFload Itpdrynpept hios t ¢ aoner espon
i ng (see 4a)5s oT IBe cd 0 EAOILAPtTY Ofno lolf o ws 5 SBN&dt. 6o n s

Fighlr@®ompares the Ol@ssbp mstwwi mhteehefbest estinm
sponding boundosCO6 Eipey rbaoruen desv aolnuat ed by substi
val faili bicdOss bBRdpHE PWiotnh t he posterior intei
00xwpryr. The pro6GGbagi aresin turn deitewntmiimg
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1.0 T T 1.0 T -
(a) low dependence (b) low dependence

10} ] 10}
— 10} — 10}
5 5
gi 10 " S 10 ¢
S S
g 10 ¢ § 10
= =
=10} & 051

10° 95% credible interval | 101 95% credible interval |

mean mean
10’ : : : : 10 - - - -
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time t [yr]

Figure 5.9: Updated failure probabilit9 QDo b p U Oof the Zayas frame. Hotspotshphp &p T pc carein
spectedattimé p 1y .INo fatigue cracks are indicated during the inspection.

1.0 T T T T 1.0 T T - -
(a) low dependence — (b) high dependence _
10 10"
— 10} — 10}
5 5
-3 -3
S 10 a 10 "
S SO
10 10
= =
= . S .
=100} & 907}
10 °} 10°}
10 - - - - 10 : . . -
0 10 20 30 40 50 0 10 20 30 40 50
Time ¢t [yr] Time ¢t [yr]

Figure 5.10: Best estimate of the bounds@r0006 g p 1) Otogether with the best estimatedofdD06 € p T O
Hotspots uhphp &p T f care inspected attime p 1) Mo fatigue cracks are indicated during the inspec

0 000 9 O in t he i mitQstdaetf e nddndctfh2dihgiutahb i on
00051 O (see al so Schhne@dry reits aslub s2e0glirent | y c a
| owi ng ®BBRati on

The updated f@&OODOErpat Qirso bcalbasleirt yfy o the upper b

t he pfrygasrts. This result i mplies that in this |
tainty owartihaentt ilmeads. Thereafter, the failwur
bountdhaseffect of the inspection decreases Wwi
condition dominates again the reliability.

Fi gbhrlshowshetshe esti mate of t hec ofnadiiltuiroen aplr oobna bti
mation availoabd @O .t oThtiismecorresponds to fil
4)5 | n Ridghiltlgiloont,s t he best esti mat éc ordditthieoh al
on the informati @anpgvailO@bsdheJOp Iktto its mevi dent
failure probability of the frame reduces beca
the dependence amonghihghspot fatigue failures
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(a) low de'pendence ' (b) high dépendence '
—1 1
10 10
10} 10}
— > —
£ 07} £ 107}
2 2
S 10t S 10t
=% =¥
10} 10"}
10° Pr[F(8)|2(2)] (filtered) | 10° Pr[F(8)|2(2)] (filtered) |
— — = Pr[F(8)|Z(10 yr)] — — = Pr[F(8)|Z(10 yr)]
—7 —7
10 - - - - 10 - - - -
0 10 20 30 40 50 0 10 20 30 40 50
Time ¢t [yr] Time ¢t [yr]

Figure 5.11: Best estimate of the failure probability of the Zayas frame atdicomditional the inspection outcor
The solid line is the failure probability at timeonditional on the information available up to titnee.0 QD0 b 6
(filtering). The dasheline is the failure probability at tinteconditional on the information available up to titne
p 1y ri.e.0 QDO I p 1 O Hotspots vhpp dp . pg ¢ areinspected in year iNo fatigue cracks are indica
during the inspection.

I n the second ephdgnpgpharnahet s metpe otenir aThesg ance
hot spots are associated with the FmogsbGt4dan thpor
Tabi2elt i s agahmd asastuimgue cr.aclTkhse aroapraesddsaaialti
fail ubeloplogydbaryrof t he istrsih@iwgblEorot h degr ee
dependence among hotspot fatigue behavior

Fi gbr3 howsbetshe est bmaneadls@dIdtphyert oget her wi th
esti nmalOexoefiy r.The pddtadd ur e ipsr ochtabbs el uiptpgep p ro@>u-n d
I mately paqgreatriski ¢ atdesttgr tibsa tnteigdn gi bl e in this
bility is domiatraiteendivieyo dbheemee i enef ect o@t ¢ bme i
di mi ni 4dhhees uncertainty on taegasibter ucetl dradli |danyc

Fi ghlr&ehowsst estthiembht er efli f al QOux® tpa gebtatbe rl iwiyt

best estifmattauref prlodabil ity conditional on
pryr 0COBIHpPpMWO. I n contrast to the first inspe
1.0 : : 1.0 . . :
(a) low dependence i (b)hi gh dependence
10_] 10'1.
— 1072_ ]é-‘ 1012_
5 _
g 10} E 103}
N "
s 10} g gt
= g
=W 10" o lo|5_
10’6 [ 95% credible interval ] 1076 | 95% credibleinterval 4
mean mean
10 ' : : ' 107 : : : '
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time Gyrl

Figure 5.12: Updated failure probabilitp G006 b p 1) Oof the Zayas frame. Hotspots b @ jp o & mare
inspectedattimé p 71y .fMNo fatigue cracks are indicated during the inspection.
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1.0 T T 1.0 T -
(a) low dependence ] (b) high dependence _
10} ] 10}
— 10"} — 10}
= =
S 107 S 107}
= =
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= =
= _ = _
=~ 107} = 10°}
10°} 10°}
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Figure 5.13: Best estimate of the bounds@r0006 g prtU Otogether with the best estimatedofd006 € p T O
Hotspotsp tp & Jp o dg mtare inspected attinie p 1y .INo fatigue cracks are indicated during the inspet

1.0 . . 1.0 . .
(a) low dependence (b) high dependence
10 10}
10} 10}
> — > _
£ 107} £ 107}
< 2
ERUM RN
A A~
10} 10°}
10°L Pr[F(£)|Z(8)] (filtered) 10° Pr[F(t)|Z(£)] (filtered)
, — — ~ Pr[F(9)|Z(10 yr)] ; — — = Pr[F(8)|Z(10 yr)]
10 . . . . 10 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time ¢t [yr]

Figure 5.14: Best estimate of the failure probability of the Zayas frame attioosditional the inspection outcor
The solid line is the failure probability at timeonditional onthe information available up to titpee.0 QD0 L0 O
(filtering). The dashe line is the failure probability at timiconditional on the information available up to ypap
i.e.0 GDO 30 p U O. Hotspotsuhphp @p t fic ¢ areinspected in yegr iNo fatigue cracks are indicated du
the inspection.

important structural el ements has a significal
degree of dependence among hotspot deteriorat

Il n t he t hhotds pstotépsipalp @y oa raeg aiinns pect pd iln yesarassu
that no fatigue crapkpiprgandntiathaged at abhkbssap
hot sp@tns The updat ed 0fCRQIOUMIOI gr o hRIWOTELISH VT h e

best estthbemah dsOObxbp WOand t he be®GAOO &Pt Gaartee o f
showhi gmlr6he filtered 0 @GiORKWrteo penwotienb it hiet ¥ ai | ur
ability conditional on toh e 1yirt @0 sopati @, o ra raev apirlea
sentkidg®n n the | ow dependence case, the no i
pear to counterbal abhcenepebhtobhepopytandtet has | k
mated failure probability. I n the high depend
small reduction iensttihreatfeai | ure probability
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(a) low dependence (b) high dependence
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Figure 5.15: Updated failure probabilit) 000 <o p 1) Oof the Zayas frame. Hotspofs i ¢ jp o & Tare
inspectedattime p 1y .fNo fatigue cracks areindicated athotspptép & ¥p Wand fatigue cracks are indicated
at hotspotsp @
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Figure 5.16: Best estimate of the bounds@r0006 g p T Otogether with the best estimatedof06 g p 11 O
Hotspots p tp ¢p Jp tp dg T are inspectedt timeo p 1y e.aNo fatigue cracks are indicated at hotspots
p o ¢ Jp Yand fatigue cracks are indicated at hotspptég 1

1.0 . . 1.0 . .
(a) low dependence (b) high dependence
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Figure 5.17: Best estimate of the failure probability of the Zayas frame atdicosditional the inspection outcome.
The solid line is the failure probability at time conditional on the information available up to timei.e.

0 QDO I O (filtering). The dashe line is the failure probability at timconditional on the information available
up to timed p 1y ri.e.0 000 g0 p T O Hotspots p o §p Jp o &y mare inspectedattime p 1y e.&lo
fatigue cracks are indicated at hotspatdp 4o ¥p Yand fatiguecracks are indicated at hotspotséy Tt
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I n the | ast scenario, reguyaar snspéubipwns ar e
are inspech @dyrathot pmpddpdp 1 at to6i megr hotspots
plmpdt gcat Diengrand hodilpats Dimygr This inspec

scheme ensures that (a) each hotspot is inspe
(b) hotspots associated with braces of each i
tion, wit hoft hteh e xlcaesptt iiomspecti on, in which onl
| ow I mportance catkigopideenda B2 .n shercteidmglsieei t vy
assumed that all inspections result in a fAno
000OWTTIYTri s s hbiwnbilisga The Feghlr@eesmonstrate that
tion outcomes influence the entire |Iifetime r

Fi gbhr®hotwse best esti madoOd gotfry t énretdhbeo ubnedsst oens t i n
0000t Yr.The fail urodopsotyabisl ct pse to the uppe
fieytears i f t he dlepmeirdte ndtiees easmmoanirgla t | emde afrosr i tfh e
the dependeEmetfiedateh irgghduced i nfl uence of det el
pr obaibn Itintiys peri od.

1.0 T T 1.0 - r
(a) low dependence (b) high dependence
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Figure 5.18: Updated failure probabilitp D6 b1 11 Oof the Zayas frame. Hotspotg tp gxhlivfp are in.
spectedattime p 1y rhotspotsp jp idp 1p T attimeo ¢ 7y rhotspotsp & 1p P @@ M@ ¢ attimeo
o 1y and hotspotspltiolt attimed Tt 1y No fatigue cracks are indicated.
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(a) low dependence (b) high dependence
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Figure 5.19: Best estimate of the bounds@r000 IO T Ty I together with the best estimateDofDO IO T 1y .
Hotspots p tp gxfpivtp are inspected attime p 1y rhotspotsp Jp fdp fp & T attimeo ¢ 1y ,rhotspot
ptmip &g x cattimed o 1y amnd hotspotsplglohlt attimed 1 71y .INoO fatiguecracks are indicated.
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(a) low de'pendence ' (b) high d'ependencc '
—1 1
10 '} 10}
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0} 107}
- -
S 10} S 10}
Ay (=¥
10} 10"}
10 °} Pr[F(6)|Z()] (filtered) ] 10°} Pr[F(6)|Z(0)] (filtered) ]
. — — = Pr[F(t)|Z(t))] for t,= 10, 20, 30, 40 yr . — — = Pr[F(t)|Z(t))] for t; = 10, 20, 30, 40 yr
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Figure 5.20: Best estimate of the failure probability of the Zayas frame atdio@nditionalonthe inspection ot
comes. The solid line is the filtered failure probabil'(Dy(;O(‘) g0 0 . The dashed lines are the conditional fa

probabilities) Q06 gH 6  for inspection time®  p fi; o 1w 1y rHotspotsp @ g hlvhy are inspected
timeod p 1y rhotspotsp jp tdp 10 ¢p T attimedo ¢ 1y rhotspotsp & p fp & X ¢ attimed o 1y BnC

hotspots pltloh  areinspected attinee 1 1Y .NO fatigue cracks are indicated.

Figh2@dditionally presents the bestCOs%ti mat e

of the frame. 't also shows t hHHeOb®stcesdi ma
ti onedeonnformation avail abl & upplg tooft tylre Tdief f
i nspection outcomes | ead toO@Ogheadadcteironaich t
tion. The | argest reduction itspohbt aien ed iwlreant

Tabslbeummawblesdi bl e interval hmfadtie®uoS est i
ati mespigioiwiyr whisgqhhal denomheat or51i%5tEqdiat iami
Papai oanhnloitusmzdakaubr e of t heaspsluamoesdedmn ¢ iod tgi)hoe t h
pri or sftaotcihgauset idcet €1 i. @r. at-ih@agdodetcesr i or ati on
with the prior i smoadeHh a sptaiaca(@ephdeerls yosftpecti on mo
| i kel i hoodn fBuanycetsiioann) .sy s he mq ibad @Bkoi yi isecdteir o d
aseedvii dence of t dmreusaesisauyneest ced diereld eBeCc&N.2®10

the current exampl epontdi@gé f ewo i asdielpeeenddeempondge | O
hot spot f atwihgueédhebishadi on terms of the coef fi
Tabide The Madiblsthstwiant hi ghyidelpeésn dteme ehi ghest
given the considered inspection dat a.

Fi ghX(lea) shows the cond0@iogurayr dfaitlhuer eZ apyraosb afl
both degrees of dependence Fam@Zgbhosbpws fhe
sponding condi_bgomwa.l Iftaiil surcea®Oa@gdleda taesd df ersocnt i b
i n Selc.tbiFoilmmal | y, the o iyl adissd cu rctoengp utt e dt ibae
PDR oY of ttihnee t o, fahil almei s al @ COOLEY e.r nWint end
' ¢bando Opmhe -mreésent val@@ pfii n htehe ilskwi dep
caseO®gmnin the high dependence case. These v

ONote thataitshec hcoosnesstivagiyfc hpftohratalllout hent, eéxampl @ hosen
(see SedriloB
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5Nested reliability analysis approach

Table5.6: wu keredible interval of the SuS estimate of the model evidéng (‘D’)\(‘) as afunctionofthe d
ferent degrees of dependence among hotspot fatigue failures. The statistic8bid ¢ are determined fro
v Tt mdependent SuSruns.

O Do
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¢m & QU8 Yp T 0p8t 0p T
omn p& P& Cp T ¢ 68 o T
T 8 PR wp T @0 ¥p&H ¢p 1
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Figure 5.21: Updated (a) failure probabiliy Q0o g T U Oand (b) failure rate O@o 1 1U Oof the Zayas fram

Hotspots p tp dp(hvh)hp are inspected at time p 1y rhotspotsp o Idp fp & T attimed ¢ 1v ,rhotspot
p @ ip dp &t Ix cattimed o 1y mnd hotspotspltfoht attimed 1 1y .No fatigue cracks are indicated.

small er than the corresponding val ues pceocmput e
tion (ske7)Secd4ion
572 Dani el s system

TheRAppriosachpplied to a Dani el selse/mwirettns cdouncstii sl

el ement behawvi.dgliTlBessygsEGepmbe sBnai maivd. Aldadad i on -
al,l whe structswrbglecheambidet eramne aheosyshemégheat
of”Y viyear dhe effect of monitore ngtmrectudnal ony
studi ed.

5721 System model

The nvesDagateédhassy sptteemh e meint Is ¢ aYp @cph8thi .eEsa ¢ h
structural el ement is assumed to have one wel
deterioration is again assessed at yearly i nt
5. 7. 1TRe r amdtohmuy ecdmtrai WsQtpiBé&E amep atch ¢ i feast i gue
parameters desc7iThhee® jioni nfte cRt D&mroifn represent e
model
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The conditiohtobi amemetiemedtby a [ np(regl marndto
@s full yaf ub)c m®pdTti(neg ethesnthas compl eteatl yt il mes |
0) . An ebement sl capaeitde das onmerctdohiAfEi | s.
describing the relation) metdwe ée teh eleEasy adedon y
finmemd Eq®Bali dme total capacYatty dtafaet me wDdrei € lo s
as:

YR p Op oY xEOBr, Qyn M (54 %

The el emenY,x aphcairtei enso @ elodd radddamed cal |y nor
ut ed randovn char.iv@bla®&alorrel ati dn MoeThecdeht e
annual maxi ma of ;Qhp8 FeYpapriei e ch deopaedndent and i d
distrV\iibtuht‘]ecd.ﬁo.Tm.u The ratio ofB tyhenthgamsaval ue
br asedh t haetl st hseyisObeout dledaseramriabht enval fail
p& pm, which corresponotg tToher erleisaghbl'itftintgy riantdiec
o8uWpe calibration i s performed with FORM.

Based on hehe mtbeorveal tf ai |l ure pr ob’@bsi lai tfyw nocft it
a real i zcaap apoai rtafmettdecsan be written as:

0009) o odo Y 5 p O 10 (5.4 %
wheireeld denotes the realizat i omnwlod)nttahkee sf rtahnee ov
6, @&ndiis theYCDF of
Each el ement of the Daniels system is equal./l
structural el ements. The singl e el &nfenttha nipaor
el s sygBIt@mpinsli t f ol hewDamnshtadnstissy hi ghly r ed
spect to single el ement failure wheén ichdempear e
failure of el eimmamarst @mcede heathd gdireystl ead t o a

reli abTéahhiRg. (see

5722 Moni t oring model

Consider a monpéepnprothgasays gemvinbakhia emaycgel er -
ati bnepyDarieel 31 ndgemb ieennt cewer tfaitniotse Buodkamiahd

provide infooméovfiomhe maantdha citusr € ndi r eccatp a cnif toyr
paramept eflse basi c isidrefal uenté@athdasnagect ur eds
itsmidignaharacterimadals par ametmsr o f ( mMdadal f r e

and moadpe€spnges i n the dghamhe matymbatcdme i s di
damaAgne .i nt r oduc th eosned od avmabg ea f doeot ngeext@ivnop@ @ dsr iam

et al)Fo2O0O@O@Wing ani (Theéaspabdi)PhbHhenethBilRcal ¢
ampdreesent sf gruaononhtc ngpinng or i rmgislyisttyemdos det ect
i n the Daniel s systofm nowndi ti rtiergg aitn fnamdtyiso s
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5Nested reliappldodaghanal ysi s

As descri bé&d7, At Ibeeceliement s of the Daniel s sy
functiomoti nfgupc taitonihnegaesiidaddee abh f uncti on of f at
ti dhus, ato tahneyr etjiirmadel ed e E e mMeretlseneenndt s ar e ava
resist the applied | oad. Be c aussree porfe stehnat rsett thhea
condiofi amme Dani elos0 siyst eomptt ¢ d™ed d hfeu tatpiaa
parangter s

~

0 QAR VRO T I 1 (55§

The | imit Qfdt eesendcthi oy f ati Quse dafiilrued iof &
(53 1

Nowetlhe cont i ndyduwsd equ aurrtei tbyhiad nde faatttodrgy ma ¢ ®

in the Da.nildtesiifw wan@ehrh e ed atratie dResrangsuiat gabt e

ri tdymoul d, fom eammapglde¢niele maned by a damage d
(. g. D°hl er )aentd.  Mawe  b20hle3 c o n diotly,0 nvahl ie PD & -
sdrhe probatbhd idama diesy i nofgc aear t hato ftahdleau mb e |
me ntlsy; iéspat ©dmei s Fipgwus2r at ed

To enabl e an i nteragysr et at hooiass bdbel fdihineg @2rfEsi ecEahteo r
Daniels system is assumed @ ios bgr e atadanrid eti thaam ahge
undamaged condition otherwise. Note that (smal
even in the undamaged colgi m(isaleSerchiicdh .li.s1 her

't is now possible to detffdsnesthefipg@Pmodi | ity
) € & 0@y wd i ¢ ; Qs - WOFE Aoy, (55}

Th&édan be interpreted as t he ipmrdoibcadtidsi tfya ttihgau
in the Daniel system when thge &gt ual dneupnebnedrs o

~ YN OiklnE k= 0)

Pol(ngi=0)

Sy g Wiklngk=x) 4

J¥, N OikInE )

Pol(ngk=x)

YT Yik

Figure 5.22: lllustration of the conditional PDE)

2 W, €  ofthe damage indicatos;, and the probability ¢
indicationy ¢ 8y foré y Tmande ; @

h
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conditi@nalos@RFof the yadd ctah@dt hBgshalgi ng t
ber ofelfeanelpnttdr a f i xwe d tthher edsihfofled0é 0anvh b udset
mi ned.

To derive the dondiatiaoralomPRMmeofundamargeed an
gui Mreae .acqui sition of dat aty pir omadtlt ypeo sdEadnhaegee d

monitoring outcomes associated wibadseadrotowa-s

chastic data prediction model , whtihcaht itrrec!|autde
observaheodamalglemosdileahit a c c otuhnet associ ated unce
due(d@ameasurement (b¢estatnsésye ctad wulmeelk  mua héeg
mer itcrailal s per f omoneidt mbaod, &dbg)r invoed e jdew e ceo t ah et s
fied representatiofd omotale sneddmirlidbtgd yst e
cessmienh ge@rdqg died c e yd wae ntto paglaewttheenrg t han t he nu
el ements that al so i nfilncd uade ntgh enamemnii tagie “prag &
ometry, r andoam yeirenfdgerca sme mt p ecroantdii,et ni@hnuwsman er -
r ¢fs e eo a3tsr a)ub 2004

To det eomt ivmdiutee of @ Bea ytehsri-pasnd tp&rcei or decaculsd on
be appsleiegd f oo tetxoannep (deh,° als. a2 @ 1)Rfalnmaei t2@rli3n g

tem i s wimphioyetdhe context ionft emanagi md thhkee Dta
opti mal threshoxpactmd diiermier 4 bteb @ n &iesitoisrnpge cotfi o
moni teonrderpgi r / rlerpeltarcoedmdintwwenlgl as the structur

A derivation of t he dd @jedriatri tomeadti HBrDddsehydobnodeh ¢ h e
ot hi s case tshaes s yaréei@ondsetl e ssEhioghr3dsn adopt éd | ustr
pur plbBaebl7eummari zes itchre ofl reishsa rfiincgatsy sseam, wt
ti®n3. 1

I n the fo®howongt ot hagQiosutnodeel ddi byyeaa bi nar
Op Wi th tat(e® indication of a fatigué& damdge
O p(indicati ammafgea ifna ttihgupydeanT oe | dse rsiyvset etnh e |
funcuddsoonrst heasag moni t otrhiengf gt iodnefsi,ned i n Eq
(550 which predicts t hieyatu nohiemeso éedfbiedndliodeced |. e

The | i kel irodeat Hmognd tt oo n aclogmepi s wr i tten as:
Dogy, p 0£0VOM (5.5 }

The |l i kelihood function dgsarsibmmlgyt he moni t
Dory m p 0DEDVDOD (5.5 }

1l n the present example, the followiy gofl oigréddtdat imord:e

n 0fp A@P@:; @ wifjh M0 ™™ Q pdra na T.
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5Nested reliability analysis approach

Table 5.7: Classification othemonitoring systenemployedo detect fatigue damage in the Daniels systen

Classification Category

Inspected/monitored quantity An indicator related to the condition of the system (dhservedindi-
catordy, is derived from theecordeddata ands relatedto the number
of failed element§ |, attimeo .)

Type of information Inequality information (indication/no indication of fatigue damage ir
the Daniels system)

Temporal characteristics Periodic data collection over a certain period

Spatial characteristics Spatially discrete data collection (Data are collected by different st

sors,which are installed at discrete locations in the Daniels systernr

1.0 . . .OuOOCOOOOOOOOO

©)

0 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Number of failed elements nj,

Figure 5.23: Assumed) ¢ ffibdel describing the ability of the monitoring system to detect fatigue damag
Daniels system as a function of the number of failed eleraepts

| n t hee xamptesstsdtmetalh e dimfofne t ®mt n@y aorue csotmeetsi st i
i ndependemumbéeveaft hiej | &dTle tleemednotnsbi ned | i kel i
tiobn®dy of all moni Her opQup oud®dtsimme ven (B7®. Equat |

The canhwvanbadyr epf ordo kbl e psit e i ¢ aior edbtnc on
events provide inequali3t) i nformation (see al

The moni t osrhionmghk inpoBdebl assever al Esmenhtatabhg, the
tempeésttact i nformati drhaftr dm tuhse fwilarbaotuit ot hdean
capaci ty fparHommetveeaus r ent ( ¢ on c evpatluuharbfl odr dmramu lo a t
which i s potentiall y T©TislndBtifnsetdeeaiaino taadi(eoneera-s ur e
t i nuonudsi)ordtsors mal | ert ttehrgecepaled i ddsanl ess i nforn
obser vadyiiosn etghuaatl t owraP rcoevwritidag n tvhael duces hd Db u b h ah
Wp gi voegn € 5,Q.s . WrE f ,is avahkabl kelti hood function
| ati on bet weedy tohandbsbevdeieni or aakhe nwrmotdtee n
as® o w; Qs - OrE R QO §9)

Secotnhde, i mgi keamedel ed condidt ismmanlb egdgn otf hd ai | ed
€. The measucrned dhpwaviede i nf or(cmanttiiponu eatbko usti z ense

t hdei f freotesigot s. monniitmwrdadge § dd it haletslcyy i batt be r
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bet ween t d&zeanidncdrilaceakt osrd z &€ sreatespgdvtes ch i n turn ¢
of capeaci ty Aphn amhpi strheea sdei mmo s i boa didigtrheea g e s

ni fi aairdg fago,mp utodt it dhre odd msdirtoithguft ealtpio ssi bl e com
tions of (bcarsaecdk osni zaesst ochastic dat a)wpruédi ct i
i ntralcn saathdhaed ,condi ti omatoddatt | o Ouwd wind ofave t
constr udfteled @eamch ti me t Bé V;iikse leivhaol ouda tfeudn.c tQbo
appriosastui tfaobl ¢e omput ati onal purposes.

Thitride monit oFi g@23me®semaenomtitaotr i ng out cosmes (
o) derived dadoaarseki fi fnadregretndenits MAdisam adagu @t
t hesedatsa recorded by the sameH@redefihmreoreihtyo ri -n
i ng oudam,mefsor exampd g uded ecraeagied (ped erdecor ded
si mamhbhrirceomtdi.Goirornesl ati ontamong matcomes shoul d
for as it can have ailsdarrg e hisedi doenc topf a$ia mnedere pets
al . )200d3 consequentley, adsnt itinaey epso.st er i or

Fournrtmeodebeptieidgu2niempl| desctkrybes the relation
Ohand the structur al oddnmadintejmo cheystIpivaredr dd.i @at o
Thulse itnf or matiison oinnd eéerhsee dd aatnad s beae 0§ wHef uh
i ng i nf et bcracpea caibtoyutparFdme tmorde | could be i mpr
the relation behceeepalc itthye dpdaar¢aahdayed A corr es pc
f uncmaloen f or mul a(teepdt bals&duiod s pradhidelwhi ch 1 ncl

model of thendp( éap& @sa@ecrtriooon model describing
the true structur al response and the predict
obsereatoonmodel | inking the measgmemstr ewletr
uncer feaignt ySede hiHo we vtearim.i ghQ1 %t i |l I-pbecbkbmsef he
tenti al | dadvettisy dlea 1 gnee ammu Iintgid pillee. gs nat ur al fr e
shapes, dampnsgendtob etliky)a ssaitimreglca ifbeeadt warbe v

t i dfieea tcuasna b s e cpueesna d ytt ddeii saitf reirbut | par ahded feiosiha g
the prTohblse mippir mial tawpttaogea Bayesi an stru@uur al
and Zhang 2016

5723 Pri or reliability analysis

The prior prob@widfityhef Ddmiedlus may edamhi deg
dependence among hotspot fhabddhgdueThehangsoltto

I Ri gbh24 n gener al , a | ahrogted @mdetieghueelreesawel tasmoinng a
probability of jofatfguoéeRirgbfmcleo wosf tsheavtertalHi s
severel yheedetesabil ity of the Daniels syster

systeml ai gd r €3dturnaduabn caynd De ). Kinu rceognhtiraans t2,0 1t1h
puted for the Ztahjeegrkeeamk dbpwntikbate amang h
| eissf |l uence on t loe tfravicltwrrealp rsoybsatbeimsi twy @ én | i T
Fi ghGaeki ghd) e
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Fi ghirSehowdesheesthomandces odbntthiee 0fOAG t oget hreob avh i
t bee st eoshtdOmat @he abroeu ncdosmput ed ac@d® dWng ht a E@
degree of dependence among hot sPO@Y dfaitlhue eDare-
el s systdem ithecluppett hdeeoruwnidc @ hiriofuegg hiorudi cat i ng
omi nated by the uncert¥int ylhoen btethea vmmaoxri mu m t d
em with a high degree of dependemne famamg | hyo
ase, t he f ai0Durae pproalwateisl itthyey upper bound on
service |life, when the effect of deteriorati
0000 approaches thetiowerhabundei melicabil ity i s
associated with the deterioration process.

o —+ o —

Fi ghX@ompares the best esti0o@t efot heh®ahail sr
with and without deterioration. For the Danie
hot spot fatigue behavi or, c¢dvetlenrdc¢oornattrihoing hh adse me
among hotspot fatigue behavior significantly

1.0 T T 1.0 - -
(a) low dependence (b) high dependence
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Time t [yr] Time t [yr]

Figure 5.24: Failure probabilityd QD0 of the Daniels system as a function of different degrees of depel
among hotspot fatigue behavior.
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Figure 5.25: Best estimate of the bounds on the failure probalfilifioo of the Daniels system gether with th
best estimate di D6 as a function of different degrees of dependence among hotspot fatigue behavior.
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@ T Em)
10 high dependence 3

high dependence

low dependence

PrF(0)]
A [yr ]

low dependence

without deterioration

10} 10 °}
without deterioration
7 ~7
10 - - . . 10 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time ¢ [yr]

Figure 5.26: (a) Failure probabilit) G006 and (b) failure rate ¢ of the Daniels system with and without de
oration.

5724 Posterior reliability analysis

Di fferent scenari os apbpestoadyi dtbeedff acltihae-f f o
bi leisttyy meathees Dani.ellsn stylsd efm r st scenari pm mon
t i s asnsou ndeadniatgtea .t ask heed fuidlad ree OpGOO W bUidiist y

showhi gm27&o0r the Daniels system with | ow dep
t he monitor innogf foseitnccoemed ehtaesr i or ati on doe&e not
(seeFiag®xdeadT he monoiuttocroirmneg has & hlearf cpa rl uerfef epcrto
t he Daniels system with | arge depmabddonws 4armhe
bounds on the postRirgbd#rmaf) aiclonrfe rprrso kd ehkaitl itthye.
outcome has no effect on the estimated failuwu
ence among el eMmeatFiddesddari gbhiafb oni ndi cates th
t oroguntgcome reduces the uncertainty on the str
dependence among el ement deterioration. Cons
tainty on the demand and t hea fbaiulndr.e Onrceb & khie
on the structural condition grows again, the
1.0 T T 1.0 T T
(a) low dependence (b) high dependence

10" 10"

— 10" — 10}

‘glofﬁ 51073r

5 5

S 10t} S0’}

£ =

=0} ~ 0t

1076 L 95% credible interval 1076 L 95% credible interval |

mean mean
10’ : : : : 10’ : : : :
0 10 20 30 40 50 0 10 20 30 40 50
Time ¢ [yr] Time t [yr]

Figure 5.27: Updated failure probabilit) G006 go p 1tJ Oof the Daniels system. Monitoring is performedin
p niNo damage is indicated.
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The best estimate of OtChesDitlotgeertende rf awiltuhr e hper of
bility conditional on thepiyndf@MomapttiCyn aavaipl &b
senteidg®3nte Both figures demonstrate agai

1.0 T T 1.0 T -

(a) low dependence (b) high dependence

10" 10"}
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S 10| S 10}
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= 10} £ 0%
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Figure 5.28: Best estimate of the bounds@r©00 %0 p U Otogether with the best estimatedofD0o <H p U O
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Monitoring is performed in yegr TNo damage is indicated.

Figure 5.29: Best estimates @ (000 and0 G006 I p U Oof the Daniels system with low depsence amor
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Figure 5.30: Best estimate of the failure probability of the Daniels system atdicoeditional the monitoring ot
come. The solid line is the failure probability at timeonditional on the information available up to tie.e.
0 DO W o (filtering). The dahed line is the failure probability at tirdeonditional on the information availal

(a) low de'pendence '

— — = Pr[F(8)|Z(10 yr)]

Pr[F(8)|2(8)] (filtered)
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(b) high dépendence '

Pr[F(¢)|Z(t)] (filtered) 4
— — = Pr[F(®)]|Z(10 yr)]
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uptotimed p 1v ri.e.0 OO0 go p WU Q Monitoring is performed in year No damage is indicated.
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on th
ti on
ence

e reliability estimatdeaftet maenoDanied lesnedn
while it has a | arger effect on the rel
among el ement deterioration.

The second scenari o assumes that damagpem i s |
The corresponidiunrge ppd<ODdegbpintdDitsya shbBwgbhdla The
monitoring result has only a marginal effect
| ow dependence among hotspot fatigue Foeghuawi o
532 a reduction in the overall uncertainty o
outcome | eads to an initial reduction of 't he
ot he failure probability exceeds the prior e
dicts a faster fatigue crack growt h. The ef
outcome significantly i norbeadbgdgs ttyhe fe dthiematae
| arge dependence among el ement deterioration
The best esti matwsogdOardbobedbe®dOgpttidnat e
are shHdwhaBnWhile the reliability of the Dan
el ement deterioration is dominated by the un
1.0 T T 1.0 T -
(a) low dependence (b) high dependence

10"} 10"}

— 10} — 10"}

510’3- 510’3-
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Figure 5.31: Updated failure probabijtd0 G006 g0 p 11J Oof the Daniels system. Monitoring is performedin
p nDamage is indicated.
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Figure 5.32: Best estimates @f 006 and0 000 b p T Oof the Daniels system with low dependence ar
element deterioration. Monitoring is performed in yeamNo damage is indicated.
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(a) low dependence (b) high dependence == —
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— 10} — 10"
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= 10} ~ 10t
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Figure 5.33: Best estimate of the bounds@r©00 30 p U Otogether with the best estimatedof00 LH p 0 O
Monitoring is performed in yeqr mDamage is indicated.

(a) low de'pendence ' (b) high df':pendence '
10 10l
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Time t [yr] Time t [yr]

Figure 5.34: Best estimate of the failure probability of the Daniels system atdicoaditional the monitoring ot
come. The solid line is the failure probability at timmeonditional on the information available up to tige.e.
0 GO I O (filtering). The dashed line is the failure probability at tiveonditional on the information aieble
uptotimed p v ri.e.0 Q00 gb p U QO Monitoring is performed in year mDamage is indicated.

of the Daniels engdeérmraene wambndg aelgemedep deteri or
uncertainty on the structural condition.

Figb¥4«dditionally shows the best ®@®LDoighmte of
together with the probabndi tipp w0 tThee feafifleucrte
degree of dependence among el emaetnets doeft erhieo rraet
structural system is again evident

I n the third scenari o, monitoring is perfor me
For simplicity, it is atstsruanegih d thta t.t hiNe tsbantshige e
I' s a monitoring outcome with R gbd@ye. pMohkealbipldiat
probabi | i0do0g@f rtfuoifl utrheel sDasnyist erriigb3Sehotwe bast
estimate of the cOOQOEPdDtdo met b nwist tont he be
O0OogHuOare shFdwm3ien Il n both dependence cases,
results |l eads to a sustained reduction in the
|l i ke a structureewi d6hohhe pesieri oe amo mint diui ng
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Fi gu¥®howwskeredi ble interval and the mean of
w D@BO as a functhgntopbmemeniet ohe abest@gaal t
Secthi.dh 2The model considering high dependenct
t hegelsatr model evidence given the corbsi7ile€r &d

1.0 T T T 1.0

(a) low de'pendence (b) high d'ependence '
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Figure 5.35: Updated failure probabilit) G006 g0 v 1) Oof the Daniels system at tinteMonitoring is performe
every year. No damage is indicatbdoughout the service life.
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Figure 5.36: Bounds on the updated failure probability000 b v U Oofthe Daniels system at timdeMonitoring
is performed every year. No damage is indicated throughewervice life.
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Figure 5.37: w v leredible interval and mean of the SuS estimate for the model evidlen@® @ 6 . Monitoring
is performed every year. No damage is indicated throughosttiree life.
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6 Dynami c Bayesaippm ormethwor k

61 Il ntroducti on

Bayesi an netrveorpkrso b(@a®N)l i stic graphical mo d e |
field of artificial i1intell i géRuce ealsl aantylo oNo rfy
OverpadadtaddovaRiINhavecr edbeiemgldayp leinggd neeminmg ri elk
anal(yesFigsHiasis e nF2W&®O0 e;iGr Rie.g a2rmely2 and;L&ngaebh2af
Pari nal;&t2@@b and Der ;Bkinwsr e gehL aaglu.@ 02400143 ;St r a L
Zwi rgl mai er @Bndnlttr etthqa@l@&9d .St raub 2019

A BiNs a cemppacwinha joint probability distrib
It consists of a set of nodes and a set of di
( DAG) . The nodes in the graph r é@r ersaetnhte rt hteh
of Iliiremlpgs esent conditionaEauopdndompa&midemice ias sas
| ocalndipgr owmabdi | i t,whidicds tdreif b unteidoi mpamr deimtt isohnea | g roa
The i ndependence assumptions enceonaddfea cit haehiez 8

tiofn the joint probhbitongi di ehal bptolabi ht b
bl e given its parents.

BN are useful f ore.Bafyoers icaonmpuutdiantg ntghe ipost er
dom variables given that the values of anoth
call ed probabilistic inference. Severatthef fi
conditional independencde.ag.s uMuyprtjpdoys sk Gdcnodd eNd
200nD7

Thfeol | & @ia tngarkeesalBNetf aidh  engi ne emin garniasl kyssaibsi & i ¢
Straubzwiolglamai er 2016

(@ The graphi cBaNf afcod matatefs &8 he presentation
sumptions i mplemented in the moecaelhbidhits e
| i mitati ong$ nofadthlee il mondkeslt oifntreenMhee ge mfphc aus a
among atnhdemmi abl es. Thus, & meo doe gBNbkamna eg t-
st oo d -ebxypsenrotn

() Data on engineering Bysdeamaempaeosiingtg ipa alblay il
tribution of the random vari ablperso atfiiidnii tny
tri but@euonbbe r tof rpeaq ubinreegdatahper o b g bmioldied ti €educ e
|l n addi ti on,ctturree noofd uBINari sstirdueal | y ssuyist-ed
temodel s iremaii medalr i abpidlarntagitky si s i n wiad-h mit
el s are typiimcmadd yywsweomdni Ime d e |

(c) Bayesi ancampdad i pvdrefnoarbeseedr v astoinoen so Bonfd o, v ar |
bl eshenhedcomesi | abl e.
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(dd BNcan be extendedyt a nktd awwidd in@gn dgrcdJmhngs e na radc du
Ni el s.mez206@7 onnamgif @ap h & a& awmigiole ,ozpaide enii geo n 6 s k
mi tigati ofnolnmecawiumrgescl assi cal (RBayésai amdde&cih:
196Blenj amin ang Cornell 1970

Il n the contextuofudabes no badgn® (h @9npotaded tya 6 fr

deteri or ataiianh pdryoncednsast B@DBMyu ks e and 1l®tharveeub (.
extendBdnd diferl Stnr au bt H@ddDdSt)er i or ati ng structur a
represented by model 4£.Thses DBON) ndoedsedr icloaud liens S

i ng the condition of the structural system wi:
I's defined conditiohal idrs tchuereynst émrenandi ttiha
eval oodgtitnhteer val failure probabil i tcioemsidfi otnhae

i nspection and monitoring outcomes thBhi rovi
model i ng hppeomebappB N aktihs aingilsendd et afol | io.mvi nige
Fi rSstc,t6i.p2rno vanmbease det ai l ed introdB8echsendeomt Byaye
ti®@nBresents the generic DBN modeSle cfta.mtheat er i
di scusses some computational aspects related
I's apml iSeagt.tSbpomanal ysd ittlye of elai alboncrete box gi
di stributed r eiSefcotfia@®@nmhe mbd n shoorvdteed®in.of t he bo>»
cani mpl emented into a software prototype.

6.2 Bayesian networ ks

BN can be formul ated for discrete and/ or cont |
i's restricted to BN consisting exclusively of
compades and theory reqgqBect®idodeo@rt rddes ernd mait haee b ac
tions of gr apkj a&eéerewlrfyf faornd &wabdssgegnu e6i2t@l o2, ) m&Slelcyt |
defi nesBNiasmrd ed>xpl ains how the graphical stru
PMF of a set of discrete random \6a rpir&dbvliedse si nan
overview on inference6.idbrdesty®8b8sFNIrbead ded @l
i ntroduction to BNJenmbenr aadeRN\isesseslelafand éNo rt voi
Mur phy,Kp@é@2ul ff ahd Madsen 2013

6.21 Gr aphs

A grapdoconsists of a finionahadsat seft vOP eidges
® w A directed"Wioknmédem desdegnaercadiblysiam or
O Often DBé6Ii souatidoaibo. detnoitse assumed that a g
any directed Db mesandfngt hdatypdepe. afdkee noe tsse |
0 DO v 'O andU ODOR MO ar e t hse apnadr ecnhti I0.d rA nh owde no
is a rojod modA lifnk bathileesnanodediuUllee Oanddl i nk
Olb YO, An undirecbeaddils ntky ppied aviley. d &n §0f e g lab y

di recte@dagesapmot fcontain any "@rmsdiarne asrtnedd rleicnt kesd
Odoes not contain any directed | inks.
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A p@tthh G s a sequencelVodD hode® pBiEcip. t htag | eng
of a pashniumber dfFBMOnksa Ai patohe df opra t@a ci hf

pl8RE p. The mbodbias i oMt en applied to desdtiagnmddcke s
0. Thelé¢wetdEDODP UV an@Qive ODUVd VU are theaadcédieonrds
scendantds ®hée@s di# 0 QQivbar e t-hesmemdamts of n

A directed cycOéh & fa |deinrgecht egd epaatter t han t wo
is equal tw. tAhediemac tnaoatlsegm @atpphc ¢ mtaai o any dir
directed acyclic gruaPh ( PAS)topbkogegakbnocede
a DA@, iPFOMBRN forQeolBIk, i.e. parents come bef
ordering.

Grhpcally, nodes are represented Fasgtilsdhews d
a simple DAG and an wunde rfeicues dn @d easp ha n B oft chu rg
Fi g@¥beel ong to the c¢class of singly connected
undi r e dted dvepeant la n(RRu ¢ svel hoaed Nopwvsgi OOt opol

T ™ T

of t heFDAa6&Y i) ahdai.

Figt2id | ustrates the parents, aheaescsdmdant < hdfl
bin a more compl ex DAG.

6.22 Di screte Bayesian networ ks

A discrete BN is @ dfior ewhoe dield&yix li isc agrsa&ph of
random vaiOPaebbhies andet of directed |inks co
var icawilteh maid eint sassi gned an apand, twhasadre PMF
the realizations0d6 s p & e nThus, each random variable is defined conditional on its
parents. The joim MF of t he random variables in a BN I
PMBEpeci fie¢@g.ign tlJlreemsBM )and Niel sen 2007

n ok N 09 ww (6.1)

(a) (b)

Figure 6.1: (a) A directed acyclic graph (DAG). (b) An undirected graph.
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Figure 6.2: DAG with noded . The gray nodes respectively indicatd s ( a )i P a(b)ances®ordé @ |
(c) childrend3Qu , (d) descendan®'Q i 0@, and (e) nordescendants Q) .
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Figure 6.3: A Bayesian network representing the joint probability distributicd B ho  of five discrete rando
variablegd B h .

The conRIMMibgwial, Q pRare often called condit |
(CPTs) since the numbers def isniamg eax aRMyWH ec,a nc ¢
BN Ring63Tehe joint PMF of the variables repres

NoOMBh Mo oW o o o (6.2

To demonstrate t h@&l),valti dist yf iorfs tEgnuoatteido nt hat

assumptions encoded in the graphical structu
dseparati on ( depernidveendc ef osre pcéBreaatail)o Nhj@r8d®& r Kas U S ¢
work, a direcoed Idiomktka nfsr oonh@areaudnepsl.ensdeh net w

may be interpreted as & ema plpeinnsge no fa nhdu m\ai ne | rse
det)ai | s

Consider “nodwf&y Ghatt we e ® anndddiens a BN. Such a pa
dseparated if at | east one ofQ ¢hthie d(eeeowi BQ

Kjaerul ff aifgd Madsen 2013

1. “contains a ser%a@d ocomndaitNiéwon and tde st e
is known (ibhies oheevaetdlp of

2. “contains a di weNg@gi%ay ,c cammnde ¢ thiecsms ka o wn o f
3.“contains a conwe? Nrmdg, camdeaei obheort hdées
states abfs aAmpcemdant s i s known.

Nowetl t he r aif,danidrveepcrteosresnt t hree di sj oint sub
a BN. Thdjawnglai ebs @issde ptaor abtee dd f or gi Met fvaalue
pat hsijtfaorns edbar at el & orl ngiavepr obadbeépatsitdnc aor
sponds to condi(feignaKjaaedaepehddrhcedMads §dn th@l
anfin a BNemaratde® 6 ort hgeiywvear e condi t iHo®al | vy
and tlhevifngl rel ati onships must hol d:

nd  NUIH N 0P (6.3)

e

HIMEJi s (6.4)
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Note that when constructing BN it is not requ
ships among the variables. A BN should, howeve
erties, which d@ensenh aoduldll eEfhsexi 28007

Now consi dirg@dheF BiNweplae ad i on cr wi ercanidi tfi @inl
i ndependent efGbomdcal(lalHodggsay vabdes) ofnfavt Bepar
(bl ack nodes) are known Bf0dotall vahiues oddeg s
nod®@ are unknown. This property of a BN is a
(Mur phy. 2012

Finally, conrdiider ed eBN amididhB iy aarnidadifits be a
topol ogical ordering of the variables in the
it can be conclud®d st hcsothndeaclonalalry abhdepend
OB ARd given the valjudsaroef kintoswnp aarnednttshe v a
scen@@On® & M are unknown. Thi s metainns tttheatBN c
the condiragnfBihd P&MEu crecss) doo. Substituting this intothg oi n't
PMF

Aol fog Mo s M 8o Ao (6.5)

const r uc toban rueof progabilitynieetl dast t he j oint PMF of al
simply the produRMFODfeabtle cvandabilijsergilweears eint |
Ni el sen 2007 f).dhisdeamorksteatesithe vadidity op BEquatjofl). It follows that

the graphical structure of g blv tacguficidenets wi t h
fully specify the joint PMF of the variablesin a BN

6231 nference in discrete Bayesian net wor k¢
Two cl asses of inference methods can be disti
inference mehbdbdat eTo hdethtaes i fco pmea sicd ealdeas -BN  w
crete randlomdM&r i.abdlnes he following, tmhme vari e

Figure 6.4: lllustration of the local Markov propertgh is conditionally independent from all gray nodfebe value:
of its parents (black nodes) are known and the values of its descendants (all white nodes excludir)gane
unknown.
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RMAH to represent three disjoint subsets of
the jonomt NRMBE. Supposeof heheal aaldaorme voabrsiearbvl eec
the posterior RYFvVHfi shef vanbebéeemput edcasns f

n 1o By 1) “Ihofd
no B By 1 "1foMD

n ‘10 (6.6)

Essentiall Hareheéixaedi abl edhet heabtharve dmaragilre
i zed out by summilmy otvlee dil 4t rsit mufesisodo ff i tnhad | w
di strmthat sonormalized. Thed nob@Hmaiiszihgeg poondt
of ob&Heoving

The summati o@8can Beuper d6ormed dir qdddysif t

represent-ddmasnsaomalltitable. The number of en
of the number of states of al/l rctaecdomiveasr i &b
of é&vhaer i abl es a8t ahesuBnfbhelriasg rm ws ex pnocr eematsieas! |
di rect summations quickly become intractable
t he | oi nth ldomsitnrpilbivetdi dory t he BN, it is possi bl
vari albktkeare not of interest. The sizes of th
depend on the order in which the variabl es a
able elsmenat oonexampl e, )Russell and Norvig

As an examgdkee, t benBiNgGdhecewnesanting the join
OBhyY. Al 1l varisatbalteess .thbaSmep po v ser cohdand onheé
N i s required. The desiredowwos Nedu Mro di str
Now consider the problem ofiwcomBytapgl yhegno
i zed form of the §lbe nBNPMFwrein@toare da 3 :

N o Now Ao Ao Ao e (67)

The i dea of wvariable elimination i s to move
and commuti tEoqu@Edicimoms f or example, be rewritt
NG RAe® A6 NomAG Ao 69)
Thi s expression is evaluated®9rom right to |

12Sekensen and fNorelasreno|&r0Wi7Tew on the algebra of poter
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nw Now No now e nowp

Nogw No  noghd fo

h
(6.9)

Ao o % ol

o % O

The operati G®< ainn bEequ anttieampreted as a series o0
i allies el i minated &opl téhamdl fody.n aTlehrey aibnlneer most s
ove&rcan be sonmdchtwoead p. The process thus starts

the terms in the scoBe8bbdb ¢theasemmat empobpey:
called a potenti al
% O N ogwh o (6179
Subseqwéest marginali zed out to compute a new p
%o %o G hd Fro (6.1 )
Il n the next step, all term$8 8arehmubktopki efl t

create a temporary potenti al
%o G Fto nw % oho (6.1}
Wis then margi nalwi ped euti atla obt ain a ne

%o G 6 % G 6.1 )

Thi s process irsequwimtreidabd d su mtriel edlilmi nat ed. ClI
ables sequentially as shown abov&g7ids rment ¢é yef b
cause theossmamae performed over small er poten
the |l argest G @otie i fibv @elnteésal Thsis potenti al i
nitude smaller than the pot emwiBadb whe pcrite shearst i n
val ues.
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6.B2Zayesi an netw

Thexample demonstrates that the efficiency o
| argest potential created during the eli mina
the size ofPMF es pceocnidfiiteedonianl t he BN. On t he ot
tion order and {(Rwues ssetlrlucatnddr dicad\cittghiehGBEN ence i
efficient in singly connecFRKiega3Bdhasiuecm anul tt he
nected BN such as Fhgod(sdevoalks o | Baunsstir aette da li.n

Essentially, exact inference algorithms sear
computational ti me and/ or-h a¥eahmodr yi td einsa ntdh u sT hu
vel op an algdsithm Dpai mial el i mi rfGotoi poenr). oIr A%eC
Therefore, existing algorithms apply heuri st
on available algorith@auripsh,yJfegdr éenx ampll). N, ep rsa
|l f exact inference becomes inefficient (i.e.
i nference met hodst enmayabevaeppMoed appaaxamat e
pl thmgsed such as | i keli hood weighting and Mal
sentially, these methods generate samples of
anot heri abteefaeregbserveadampl e, Russel)l and
A significant di sadvantage of approxi mate in

siderably with dhserevasstiingn s uambck/rorofdecr easi n
bilities.
6.24 Dynami c BayegqiDB8mM)net wor ks

Di sctrieme random processes can be moddlsed,wiftol
exampluephy;R28821 1 ang MorDBINg cbhisG sts of a s
mpl8 AiY each of which represeass. aEdcBcslkiteet ¢
random variables fRepwkhsehtadebyypi @jéiHt podi vi
designate unobservable and obser vablderv aair &k

assum®useerl | an)d Nbrei gtiBienl Gsaniicacbbégi t ndepén
ent of all oftMBEr ipnr esdfiltceesssiowesn it s diff eict pr
sl bce It follows that:

nogw h BH /oD (6.1

Equat(el pinmpl i es thajti n h&t wmeh aabd epsar ent s i n t|
the previphBisg@hséhoaevs a si mpl e dBMNIiwi teha awha rsilaik
I n accor danc(el),witthhe Ejgdigroti oPaMFl fyari @ B8 he s

i n a DBN can be written as:

BNPhard statetsefmrnneshi c polynomial time hard. This i
(see, f Amr ogxaamamldeVB grdeek sp®M0 2019
“Note that this is noRuaseéfuandmbNatvayg (R29&03sed by
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6Dynami c Bayesian network approach

Co——(D—() - ()

Figure 6.5: A simple dynamic Bayesian network.

nog N WpY) R (6.1}
wheties the number of random variables i n each
Twmai n i nference tasks can be formul ated for

1. Filtering is the task of computinmiahé pos
s| ogievienne obsH{ vlgtuiportsm, sij i@ g.
2.Smoothing is the task of computi nlgesi me pos
anyl Qwietth™@ o6gi ven the Hyb®gupat aoosnisd ©.¢
wi thQ o
A number of exact and approxi mate i nference n
probl ems, whi ch setxrpulcotiut(see boefMuDeBpNe ¥ i 2O ©@)2 f or mo

6.3 Modeloidnegt er i sratucngr al Ssyst ems
6.31 Generi c DBN model of el ement deterior at
As di scuss4ed3theSeetiability of deteriorating

class (b)) can be apprmegi amppreadaacbki nign at Wi s capp
the structure i so toi,Q ghehd. i Détoerd indreatviadrs i s mo
ment | evetledanat etvlad ueamd othiesaemdi, mbdpnvakanssed c
bystraubi § 20®P0jaegdaiehbeesent t he ‘€otn dihtei @rhdofofe
i nterVhe frame@pbryk a epsacrra Mggtsr whci anlo died wr i tt en
form as:

Or QfOrh h B O h Q pB MW (6.1}
whe®pd s the initialQ caaneditthi@ovriaironf@ retl enmoednety par al
are tdartiiameé model par ameteewos .k Amadkietsi a nveol lmya,i |
Il ndependence assumptions. First, the fQOsamewor
i's conditionally MKadkovyg am.gi.ven

QOB RQ; h h ;Bh f QN h h  hQ pBh (6.1)
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6.MBodel inegrofordhé i ng struc

whefQ®;sOi s t he condi;tSitogrmalbhRRRIOO®Yht s t hat t he
kov piOpcessaot necessarily homo®emeobd$ sjas t h
may change wi Qh Seeaccom dtliyme tshtee f r a mienwoa rki a retq um
par ameptaeres condi ti onally avwed; ko®4 an igieven

Q is sMBh 5 RO QF h Q s HQr h h Q pfB (6.1 %

whefepsdi s the condiptThen als sRRDFptaofons of t hi s |
(Straup 2009

Based on the conditional i ndependence assumg
t he genefritcheDBeN eoment det eFriigdb aetEiaccritd fisol tikcke DB
represents a discrete time stéepeindtdhei adredl

iBh are introducéeQ ps by atrheati daelnlt isclailc.esThese
i stically related byy tiheof0boi8liwa mdy f un cTthiiosn s
approach simplifies the model buil ding and t
As hi ghlStgrha uvebd h(#2yOn0o9d)es of t he DBN represent
Depending on the specific i mpl ementeadti @ms orha
be included as individual nodes in the DBN.

ence assumptions in the DBN and can thus 1inc

632 Dependemdeé¢ i mg
Dependendcdeampmamg@gmet er si bfOpgaer medebaptdesdrir

hi erarchi aal aappxaamph e, consider the fgepende
OB with mar gOmalQ pgDEand correlfjat P gn riater i
foll owi ngn pdeensoennsttartaitoes how such a correlati

chicqdls8BBNaub and Der;LKgueeghdaB8t2@aubaz2pie fo

Given that tfibenjbéenapgbBxbfmated by a Gaussi a
can be used to transforfim W coorebatedat adc

Time-invariant
model parameters

Time-variant
model parameters

Condition of element i

Figure 6.6: Generic DBN model of element deteriorat{@after Straub 2009
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nor mal r andijo moM RdY ibayb llagpspng t he foll owi ng marg
(Li u and Der Xiureghian 1986

& B O & hQ pli (6.1 3

wheg @i s the standard nor majar@DF.o iTrhtel yr asntdaonnd avr
tributed withncorgyelateont i@odoiskeiguna-Vva&bbatdee
standard Boarmal TEBBF &F efpeanrrtes defined in terms c
i ng correl atizydrmroauagfhf itchieennflosd W owvhndgDerel Kt unag!
Ditlevsen and Madsen 1996

E Mo Gde ool 5 Ao Ad (6.2 1

wi t h

« >89 (62)

whereand are the mean and®dst andiag dt e mievadsi onab
standard nor mal PD®2DPSan uldd ofnosu rod fEqru achd sotn c o r
tri bufLiiaunsanidn Der JKOiurlegvhsieann alnddeé Malles)jesr LDDD

Now suppose rtihaehareasn D&mme# cl ass standard norn
i .e. the correlationacndlesf spieenfi jgklifadle® each
and, pfo® Q For such a cDhurmrredtatt i somdhséwduest hudgrviery -
that the joint CDF of the cor"@éellgtc‘)é’]d csatna rbcear d
wr it {seene aasl-€br Treokenhsen gnd Murotsu 1986

Qo B om Oy 0P + 6 Ao (6.2 )
wi t h
. . NI T .
0, 0 B—O0h Q pf8 R (6.2}
é’p lﬁof
whelies an independent standar d 6nomr®adbdriandom

the condi té @ritagi \ODF o f

From Eq@2aRandg@2spi t foll ows that the -8obell alt ao:t
standard nor madB Ramam mb e amd daeblleeds t hr oug™ a c ol
with standard mehmafthfdairset rciobnudtiitanonsal WYyo i ndep
with condiQgicomd pl€BFsThe common Yparenttharfabl
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6.MBodeling of deteriorati:

Figure 6.7: Hierarchical BN of correlated standard normal random variablsity . "Yis an independent stand
normal random variable.

call edpar ampeer. This correlation modedwrcan
I Ri g@7 e

Using the marginal tr a9 ot matcondi gi venali €D
tidBcan be expressed in termsE8bfag:he ori gin:

0O w i RO-. N
. ::h Q ph8 Fe (6.2 ¥
u Pt u

U
0, 0P B k: :

Thus, the correlation ambBf daire e i mgd chall e d am
archical BNg@thewWwhedBditden the hierarchical BN
the condi Of awpa pBOE s

| f Wbl have identi calOwmanrdyiavae raedgusia r € ¢ uwii tom sc
effi’c,i etnte con®f ¢gh o @ ddes® D& | s 0o Luubg ulde0 la6bnd St r a

o~ e B Ow "m0

wher @es the corresponding correlation coeff i
mi ned by sol62@ng Equati on
As sugg@®snedamy Kanbe( B069®pr cchig@&dea B Nb s hexvine |

by introducingandtet enosal ohy@present more ge
the vaxBhbl @a8i s approach can be consiSdoebredd

Figure 6.8: Hierarchical BN of correlated random variabde$8 Ftd ."Yis an independent standard normal rar
variable.
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class standard Ines maAd diamg gaalrdaatreiteeairad thypiec al |
densely connected BN and thus i nBeresis eest tdile. cf
present methods for reducing the complexity o
mi ni mizing the error in modeling the correlat
As noted5b5inRR. 8eatti@an dependence of deteriorati
exists due to common i nfl uemmixn @ifraacutbo r240 flr8abt |
these common influencing f asptaddiegplenamremate @0 m
deterioration model parameters can be represe
suctures can often be i mplemented bFi gé8pd yi ng

which is basSdobeh thasBusneaommdavar nablmad . r
Secthi @gnl 30 notes that prohabd.l iMades dackaRapri 2

plicable if common features and factors influ
tural system canFhbemodedradl.reakupbD Deba)ptallyy., (20 O 9}
ampl e, probabilistic hierarchicalrmedeins tord
sion in concrete structures. Such correlation
BN( see, f oQi ne xaanndp |Feaybgeure 2e0)12al . 2017

6.33 Modeloiimgpecti on and monitoring

Inspecti on aonfd dneotneirtioorriantgi thygpist aulde upm@ad os ynat e o
initialOcohtbdetnodelarpdBa me taeneds ermeent Qro nAny i on
measurement osuljbsetr vtad i omcRtrrtaau n t (y2r0odHDEl clt o wi nn
monitoring outcomes are included in the DBN b
t henspectedéadmobabtesedovaccount for any wuncert
sl icfe t he generFicg@®B&I shiown| udeasbbgrapdiesieanaah
an observation of t h®y elFomhd mntwidthegt BeicEaimb b h es
described bwnatilorkel i hood f

0 Qrdtir & 0 @pr G raOR Qi (6.2 §

This function is proport idgn als vihoe nt hteh e rwrbcaebri tl
memrctondiOt t akes @y, vahde it fullydbgehi nde DOB&N. vd
var idagpmay, for example, represent the outcome
casvgpi soatcnuous random variable whose outconm
mensions. The | i kelihood function of this mea
as descri Be® Nont eSetchtaitont hi s modedy;ias sawomedi tt ihan
i ndependent of all otPgrQwariables in the DBN

To represent observati amsj, ofesatciefe molde | g@ae aime
model of el ement Fdegttbrae m reaxttieomnd esch omint h naddi t i ¢
dren of t hésee pLargaume taenrds St r aub 2016 for mor e
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Time-invariant
model parameters

Time-variant
model parameters

Condition of element i

Observation of the element
condition

Figure 6.9: Slice’®f the generic DBN model of element deterioration including an additionakb ggleepresentin
an observation of the element deterioration <Dgtafter Straub 2009

6.34 Generi c DBN model of a deteriorating

The structural sSeseemnits diovimbee!|i nte det er i
aléelel ements is described with sepabr.adt.espaBN ar
dependence among el ement deterioration i s mc
scribed 6.n3.SEacrt itohmi s ppapasiet &tihhY hayrpeeri nt r
duced, which Iink the uncertain parameters i
I T usti gbik@ i n

The kyaperniet ¥hghY explicitly model t hei ncwarr-el
i ant parpaamemeerrisant pprpanadmetneirtsi al ©F a&atmetnihechbead
ning of the structurebds service |Opfied. aTHe saud
qguent tTOnmearset eapsfunction of (a) the correlat
prews oti @g ,st(eébp t he corr eilmvtaroina mtmommogd.e IN eplatri
t he correl at ivoanr iaamotn gpret rheemdti@meysy t he mat hemat i
in the underl yi nNnQ;,.ddthet ador ®aini amomya reihan tt i preer
ris the same wheeaals ttihmecotremlaai aon @m@mo@age
may vary from time stepotroetiame otvamo afh e paa
etegpsoul d be model ed explicidplay abme tierrtsr @acdu ¢ ih
parents it mealHdhwesvieirc,ce t hegsar amdi ei snat ehlypee
pose as the proposed hHiegedriecahciiclailt asttersu ctthuer ed
efficient inference algorithms, which expl oi
ment deter i ornattihep dnymdee(s ® egsiiwgue and Straub

The generic DBN model of a déigar@®@onat aingssar
"Yi n eadhosrnemreesent tthhee esnyds ©d mwhsntt detrévsalta st oc
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Figure 6.11: Converging connection at notéin sliceONode"Ymodels the system state conditional on the sy
conditonA  OyMB RO ; atend ofinterval

of thecehdmenbns rel ation is reflected in the
pointing fOQ®ptBHtet owdeds 'Yabe i hoddFe tgiiteed i n

Il n the gé&ner aismateer andom variabl e.Yisn modt a
el ed as a binary G aiwdepmsvamhieabheéerwhdr é ail ure
tidm3n® Y mis the compl ement . I™i & hfiwl Ify rdweuflial
the tondltsystem 0G@iSA uHe whebebA h®tBEX Lt or

represents the condition of Qtshee salrGcRIaddIi sry

determine these probabilities, a probabilist:i
propemtdiedast edr ding to the SAysHaemd divivme i anfitsor
tural system reliability 2aaladl.)y3seNotae et pat fiom m
the number of deteriorating elements is | arge
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system Hosdiusiuvuahl y i ntractable. For this rea
turalssygse eonf {seere rad ggwi rLasdqu)e and Straub 2016

64 Comput ational aspects

641 Di scretization of continuous random V:

Probabilistic inference in BN can be perform
are tyypsiacndpldlsardd t heir performance degrades w
tions (seeb.apl.s30 nSeacdtdiiebma 9 @ad mmamipddsngare gene

simulating rare events. Il n contrast, the per
by the number of observati ons c6o.ngs.i3dTehreeidr ipne
mance is also independent of the value of t

exact algorithms are a suiltisldliee dmdieade nfceer i

n most applications, DBN model s of deterior
rete variables. Such networks belong to the
nly possible i(thaagétewh9pe(cam)h!lwheAm @tshe model

i near Gausstap modet whetei bution of the cc
ariables is the multivariate normal distrib
S mixtures of truncated basic functs otnos .diAs

retize the continuous variables such that e

e aplpamggslet h )etThails. apiplr2oach repkbhygea aisan

ount®r pvhritch i s obtained by di vaidndnawut el ¢ gn
xclusi ve, col lteecrtvavled .y Exdhhuistti arevaln corres
aricablTéee conditionavli sorn hmar giomalut RMF fafom t |
i nal .6PDF of

A strategy for computing the contiptiexampbe, |
i Straup ZZGOYemonstrate some basic principle
si mpl e BNFisch&@iwawmi tilmm f our continuous variabl es
according to their topowi.cal ordering in t

First, oriosotdinsocdreet i zed. lotws tidhs $ at es e de o b tedr
plBht . The mar iirsalsi AMPA yofgi ven by:
no 0@ o6 OO O® (6.2

wheOD®i s t heo,Chibnaed are the upper and | ower b
corresponding to state

Next, Gasimbplkeaced by 6twheéihdt ateset embibed,aby e
Q piBha . The condibtiisomcalmpRIMF dofas :
NOLW OO O oW (6.2 ¥
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Figure 6.12: A simple BN with four continuous variables.

wheD&h i s thed CORdiof Poal amandare the upper ar
boundaries of the i n&erThael 6GDoFn dofsPo®d@dbE ngo me s
puted as:

0dg O dE R 00 (623

whefeaegw i s t heotPrDFn codt ed wi n tdhe Troaregueal uat e t he
Equa(@GRBn MCS may, for exampfer mbropipsbed Vdr in
is substituted Bwit hedbiDaphehet eanvdartihaeblceondi t i ¢
0is computed in the samebd.way as the condition

Now suppo®esvardabéemihandds uch®uahd i06as di scr et
count e®Opiarh G siatpf8sitt . To obtai n MFh €0,fc MESint i on e
albe applied. ConsiGdercobhdi tompat aPMBnfof a g
parenté8ownsan@tdls For t hi ) scaomphbliiersat,ié opfBh) ar e
generated from ke acnancdd.t i Sounbasle PuDeFrst | y, t he co
pl @s,&¢ pBAare comput edQfboyr eevaaclhu agénfegr at ed pai r
plBR). Finally, a normalized hist@grapBhgs oconst
approxi malt ees$ hef Q wiwey, 6P VB8 . The bins of the |
defined in accordance witoh at pBhii nt Ehival pr deé &
repeated fdrdh ecaoarntb i onfa®bidwepsa refnt s .

The approach presented above i s babdsaenddgpme hwo

6 wand ol s appr o draifeld dOdeo IQ gy, and (b) the
ti onalQ@DEsRogithave toetes@daadbdare here unknc

To this end, a uniform distribution odandte di :
cmay be applied a€©dadnandpiphiok i mae s eoni mfer val s
bot h sides, and an exponenti al PDF may be use:

siGee Straub 2009 for mode detail s
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The choice of the intervals influences the a
erence algorithms. | f the number of discret
arge &s rtohe conditi ®@nan e anap o m ad p PPrMd-x iorha t
r margi alTHIDF erfror can be reduced by incr
ntroducing too many states hafs @wmacatdviemfser
ithms. As hi ¢ohl2i.Bhtedd ienf fSecciteinocny depends or
andl ed during t,hewheildhmnignractwso na poprroacxeismsat el y
er of states of the involved variables. To
putation time, several discretization strate
ysisee, f oNeielx aep;ISalr.auB8@MaOWOb and Der ; Kiur
Zwi rgl mai er xand Straub 2016

o>~ —To — —

I n the context of modeling det erStorraautph a2n0eOpdr o

proven to be effective. The model is kept si
all time slices. The discretizagdroaamastcdrresmea ©
for their influence on the el ement deteriora
parameter such that after applying the det el
spaced intervadce i of tthtee oallt emenet spet eri or at i

6421 nference algorithm

Luque and Ptropuwoise( 20l@xact inference algorit
DBN of a deterioratinrg gsitrteudheral gsystém sbo
taakhd hence computes the posterior diostntihkeui
DBN conditional on talhheé awd les€sspodt @allslloipPaSubsBeyrivoer
exploiting the conditional Il ndependence of t
hy peear ampt drhse al gorithm computes the pofkteri
the systYemtbtaeerly | i omprexbmpuwiat honabkpec!
el ements and time steps. The computation ti m
sidered in the analysis. However, the €éWal ua
i's the namphbhotatli eneck of the algorithm. This
PMKisH, which grows exponentially with the nt
posterior "¥dan rgubiuctkiloyn boefc o me oifn terl aecnteantt Ise ga so
a more efficient representation of the relat
verging connlkicg@ldama rs hibevn(Ldemutei faineld)St raub 201

An I mpl ementation of t he e XlLaucgtu el rafinddr ERsA & ea-l1 ¢

yond the scope of this thesis. |l nstead, pr
wei glRrunngg and Ghcahmage h1 %89 andhPeeti s19488i mpl e a
that generates samples of the variables i n a
variables in the network. To tohlsl eobsetvé&dl\
and salmpletsher variables in topological orde
random variablebds value is sampled is condit

5The algorithm IBas mue¢eanadt&p rsaadl bsbeft2hOhle8g)s ma s k .
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sampl es are, however, not equaildht e dnplboy ttame .I i
that the sample explains the observed values.
conditional probabilities of each observed va
Thi s guaranteeschhabhesampkeesatnowls are unli ke
An advantage of approximate inference algorit
be applied to perform inference in BN with <co
tinvwvaud ables are in this thesis discretized
algorithm in future applications.

Li keli hood weighting i sAli gnprbietmeimti esd i arsp | seumenmat r:
ploits the repetitive Dtwed gtharea ofa mpHé sDBN dr
AAH in SBfi ctethe DHBNOigd vems elrsvaentp laensd of At he vari
sl Qcpear e avipdridadbelneo.t e t he unobservabl e@nd obs

The weightedd sBhpls ,Q pBh) aresed to sol,ve t he
predicti on taamsdk o mdsddadwisBeg@t 4o n

Filtem® ngost rwjddy oPMENY unobsyeirnv el ovieadiita bolnea |
the values of aHyl 6Q|b}setr<§ﬂe(sjd)rinpmet05mdel,aes$or exampl
and Chang 1989

Al gor@ltLirmel i hood we i guteiinggh tfeodr sgaenmpelifgass fdiflg it i e L2\
the DBRNH gdiivserobs a@rsvaantp laersd offjtihe Dlagaireeblavsai | abl
| nput: DBN encofldgnoft vanjjaibmig $®MF ,6 ( ob -
servedfvalavkisnmho@di cteh ed (DBBUNDber of sam
atedd AnpoBh(Osampl es offtha hgoda btlhee:

1. Let OB hd; be a topol ogli.ical ordering of
2. Fo@ pMBh:
a.lnitiali zep.wei ght
b. Gener at ed a eafhiml; e:
Fo®@ piBFe:
L elt; bethevaluesabpd s p & Kxeznih ® O
| &si s an observed variabl e:
w; Observedoyval ue of
0 0 Oy w9 ;
El se:
w; a random 9Sawwg] e from

3. Returnd N ,Q p8 .
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whetW®i s t he indi(bﬁ:atso"‘mItnfeusnacrxh‘pihoamv,cpjI§ O is the
wei ght representing the | ®igntd b BKoeliirm diie o f
sampl e offqvajrhy BB e.s EqueBtPsompl y di vides the v
pl@swi toh @by the towft adl Iwes @gmpl es

Smoot:hiTnhge postwgdj of BMF unobsyeirnv esdiivcdeni abl e
Tz:onditH@nihdjiaopnproxdsrn:ated

~ o a . n B Vo ‘bﬁ(’q,
NnwWpHLy 0@y wrsHy 04 - (6.3 )

whed:ei s @ hesamypl e of

When computing the posteri™r tdwos tsciatbauattdiioan son
gui shed: (a) the numbenrd Adifisogitiamietse d fa nch et hsey ¢
nisHcan bceo nppruet e dt,h ea nrdu b rAios sod@tlesr géo m-o0 e
putations. |In caséd@ad)s, atplpe opxo smaetreido rb yP MK mp |
sampl™asndofappl yieBd( Emaat hobng i s perf o@@pd by
I n case (b), wei ghacnddiAtaimpri genef at bd agydt e me
ities of the  Yairfef erveardtuadteat dsaasefd Bn nt fae pwsit
processing step, in whinée¢$gH ame « oang urtteaapuni drleap r
fly. As an exampl e, consi d¥irs trhedeelassce d<n ahb
variable and the piosteé&nmialurGer &b @biinl iatny '@ fn tteh
gi verbstehrev aot 4 no 46 vse rotf (it ti sr e ®r r e s.p ofnhdiss tpor o b a

I S appr oxi mpatoecde sisni nag psatsetp as f ol |l ows:
L ) o B O0OOsA "H 0 4
0OOsHy 064 0 O0sA  "H N "HD 4 - (6.3 ¥
" B Uq,

wheHei s @hesampl e oéndihteli sylst®mis the corres
wei ght (see®6R) s Dal®guaHi snctomedi ti ohal |l uneepval
Ity condiAt i'TMnaMotoen t hat t his approach assu
0O00OsA "™Hare relativelgdioexpenandesmoothing o
i nterviareev epretrsf or med i f63dnal ogy to Equati on
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6.5 Numeri caé& exam@gke tgs wuhlje¢aoctcorr osi on

Thi s seecvtiiscers ammadt eygdadt eosr i gi nal ly publ i she
Fischer, J., B¢egl er M. , Nowak, M. , Th°ns,
Assessing and updatitegbthdgesl|l sabj kectgdotf oc
rat-pomnci pl es and s oSfttrwacrteu ridntgp3 Geirl éBribtedd tei o n .
Some passages and figuresfeareaceirectly take

For il lustration purposes, 6 hids DaBpf\mlaipdidhmaac h |
reliability of an exiFstgi6fr8& hhei gbhrwiadyg eb rwadsg ec csnhno
pwxatn@donsitswos sodparate structures; one for weac

structures awaonusi sk hdgfl pa esdnmteissed concrete box
framnmt gm( seieg6lrEa) ) . Eac ho bplxo g crédmed i d es; t hei i
cresescti ompaant amidd above t hEei g@ligegbmn.s ar e shown

The current case st edy bexiny icrodnesbilr@esree .t Te @acs
the reliability of the box girder, sever al a !
First, the box girder i s asnsduunteedd tre i nd og «lejme
t hroughout 1 ts -bamsseidocceh dsitfiec. mo dehly safc st he i ni t
oration process(ses, rfeadi ¢ yamwplae | abi Fe Bar dley,i n
i ni ti atiisonextoedred esdi my!l iaf ihe dyhpryopagati on model

forcement steel after corrosion initiation. T
the conditional interval failuretpabbabil bagi
structural model is developed based on design

Sectbi. dpnr Esent s a DBN inboedse It hteh aptr odgersess of r ei n
box girder. The model Qi ins ammalt iFvaabted d ¢b3yd 4dtPhilee rvso rt

correlation of the corrosion process and incl
ha-tél | potential measurements, which can be p
concretes.structure

The deterioration model underl ying the DBN mi
gi rderd6s reinforcement after corrosion initia
described by a set of conttmaeoluess amfdomeivat ok
section throughout the structure. Although th
6. 4.0he numbenrnl ofzagooaisbloé t he condition i s s
of the structural system performance (failed/
|l emati c, because probabilistic infermgpceThe t
posterior system failure probability @f othe b

cessing step based on the weighted samples of
ti®nd. Zhipsr gpeoesstsi ng step i ncludes the evaluat.i
ditional on each generated sample of the syst
evaluati ontopbnahei nobedval failur@&. probabil ity
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Figure 6.13: (a) Elevation and plan view of the highway bridge. (b) Grsesstions of the box girders at rsdan an
above the columns

To proof the concept, 6hBrmodenlpd epreend erdt ¢ ¢h ia
tye, which is d®&edciPihleegdrion oSe@ptei 03 applied t
reliability of the deterieosammagilzetd HNI Ser.

6. 5. 4

651 DBN model of the deteriorating box gi:

6.5.1.1 DBN model ofndaukleac #« & mtf occor r osi on

The box girder is exposed to chloride attacl
applicaticomgofsade . Over time the chlorides
concrete. This proclkgsaidi comsmiooh ymaesicr i @erd
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of reinfor avesmeanrtt satwhdeenptthhe concentratidon of ¢
and the passive | ayer protecting the reinforc
of the diffusfob Batdéektgpinude. tB8Me2@®6 i ni ti at.
corrosisogi:ven by
) R 0

’ X - 6.3

Y w%AOﬁEp z (6.3}
whe®ies the di ffasison heoehfliocii@mt concemtirsat i on
a random variable representi NYgnAlCDEsmothel Gans s
error f unctSitom.ubFclaln@wn na n2d0 0MWa) beelr| (p2edOl&met er s
O anWare model ed as |l ognormal random variabl es

The state of cordiosinoonddlngd ibayt iao o i@mtaetyi®nmea n d o n
m s the event of noOOpobsrboleée omvemi tofatd omr asnidon
are descHdiibnad usyc®ttideen

QoY 0o (6.3

The &VvOoemotccufso i fi, @ndmot her wi se.

The chlorides continue t o mi gorasstsda vianttioo nt hoef cta

i nforcement | ayersi.ohAs s$hageameftcomeroshenvpar
corrosion products start to build up on the s
corrosion product is sufficiently | arge, s mal
pradw then di sperse through the cracks and be
tihe The concrete cover may spall when the cor

surface of the reinforcement.e Spalulcitnug eo fe vtehne
the environment and thus accelerates the corr
reduces the structurebds serviceability and | o

Rei nf orcement cor rmariroyni me dauaeasc itthye dfoardei nf c
mai nly becaugCstoefr miwos keif fdenc a9c hHioesGle ¥ 0 HZhal car
of the reinforcement due to uniform and/ or pi

reinforcement and the concrete due toispallin
il lTustratioohypuheosfefsect of tsheectliomsmalofamrea nif«
and the propagat-imhu tdirseee mdgntc hcdoorrriodsei on 1 s m
| i near modelFiag@lidd | ustrated in

The state of corr wsisormeprdpieEesgatriedmsatoft it e r
proghreamsgi mg pf r@idhy eh he r e mad mtiingnalr osrsea of t h
0Oat ©Oimecomputed as:

®Cracking of the concrete cover and visible coloring
progressed reinforcemenf{secar fogi e aimp)lceo n dradbteer <ttr wdt.
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>
>

complete loss of
reinforcement cross-section

corrosion initiation

Relative corrosion progress A;

4;=0

} } } Time t

Figure 6.14: Initiation and propagation phase of chlorideuced reinforcement corrosion. The propagation ph
here described by a simple linear model.

0 p Y o (6.3 }

wheo é s t he isneicttiiaoln adr caesemf Wif s¢ medtuncti on of
corrosiotwWwandithettiiome bet ween corrosion init
cr essesc tYi( s Riegbilrle A deter i@das ¢ Vicbanmp gneolw be wr i

1h o Y
[N 4
Yy Q oWy ”% O YhY o Y Y (6.3 §
trph o Y Y
For the sake "¥ifsdmmobaelsed aas oam,|l ognor mal var.i

model can be repl ace e absye da( mmothfeed r d txaamipe €St p v
200@Msterminski and SchieCl 2012

The det er i ®rcaotnitcan nnse doewldpya rAanmeet er s. These ar
generic model ®e Bc rLiviiyeldw h efiviese cat ifaamct i oon, of t
0,0 ,6 anas definedb6ly Eqeadéeoeari oration state
mod®l Y. Téeulrti ng DBN mndealc eadf rehliIndroirdce ment
i ARi g@lrse

The DBN model describes tihmecproosso®n pnotcles
eachi1ickee DBN represents the sta@eaoné the
sl dbcerresponds to the service |ife of the st

As discuss@&ddiheSeontonuowsOd,andoY Yram¥Mabl es
are discretized according to theiwi $opiosomgert
by dividing its cond iinmutoeursv alug .c oThhee ssep aicret d rnut
o fi pi nterval ObéBhdar,i evdaireh chosen as foll ow
OV and are set equal to the wosweutamdeupparr ebc
rieand are defined such wtthaakti ntgh e prrad bueeb ioluit
0 0 0 i s kemalthamp &l Vvareeai nifB boanmnedasies
|l ected such that the G4 ndierkavve wguhl nl ehgtha
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Concrete cover depth

Diffusion coefficient

Chloride surface
concentration

Time to initiation of
reinforcement corrosion

Critical chloride

concentration State of corrosion

. initiation at time t;
Model uncertainty j
associated with T; Outcome of half-cell

potential measurements

at time ¢

Time between corrosion
initiation and complete loss
of reinforcement cross-section

Relative corrosion
progress at time ¢;

Figure 6.15: DBN model of chloridenduced reinforcement corrosion.

PMHAO i s computed f ¢6l2ly. o wiamnr §, @Byl ueastdiaacre di screti z
the same. way as

Next, vwandgparees di scretized. Their aoud cpme sp:
intervals. The correspondi mnipig FYibe r vichle bscaumed adr
cretoinzatciheme in aPpThed mfao miowlals $diFtcaeisned an al
foll owi n(p2FEquAasst ideerscr i bed i n6.tdh eMMSeCx a nsp laep pil N eSde
pute the c ofodddenfelb aPsMeed on(G.ERudThieos M&Ei t i on
Nordr anfdopdy, ,Q plBhrare unit mMaanmd,aee -ikivieerei ant .

Fi nal dys,t atthees &farwardiedblned. The first and | as
Y man¥ p. All remaining states are Yiemndyped by
¢intervals with equal | engths. 1t fal Yows t ha

pFdy ¢, the third st @lfdey ics ¥qafaih ¢ antdthsoewvant N
that t he peruwlotrirmeatpeo nsdtsastt @ fdith e eWw emt The s ame
di scretization sch&@melhies caopnpdiiejddqfeokr BaMA s tsrl U cct
as a funchiasedobn@&ERuAati 6o IODgvs cthlmamtges wi t h
s| iQc e

The di sdoet @ @Piasabdtear acteri zed rhy@st,hewliomh iits
determined as G af e dcldimointfheshtcHtieeacnef i ned i n Equ
63% THw®; al so changesQwith each slice

6.5.1.2 Modeltihreg out c ocneel lo fp ohtaelnft i al measur ement s

Hadcfel | potential measurements datexmeneat heep
el ectrode and the reinforcement. TIhepmeaseureenn
surfaces. A |l ow potential dif(deeenfcer i axampl
et al).. T2h0i0s3 i nspection methodt ahesoprogrdesi oI
6@t ©O. miebte the uncertain potenti acleldi fpfoetreenntc
measur ement at a gi ven | ocat iobon Fant haer anom e@r,
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Qg 6 Qmbe tnhdei tcioonal PDF representing the pr
di fferYemcgei viesn t hat the staft@nmohocoorosesiooanir
Si mi I'agr bgoQp i ndi cates the prwrbamédt the & whlatts
given that the stat@potocopbpsbshonni hi atabhndpn
functQ;oosQman®, 6xQp can be derived( fageo,m fex
exampért 22008 en KeChler 2.00Tahle.y 2a0rieBiigl6lrest r a

A threshobdd spdtddaitrdeed bl e an i nterpretation o
i I I ustFriggté&a @y ndef ihei tiinempectt i on i ndi caitfest hreei
measured potential differende Aspsmbhbbefltitlya
0¢ ®xan tdheatse hawas :ne d

0ED®Q 08Y 6 HO DOQ Qs 6D (6.3 )

Theéfodel s t he -qailall ipoyt eorft ihall fmeasur ements. T

perfect if the probability of0é¢®Ripcaptaindn t diiev
probability of indicationO0Ogi®Qm #fhat corrosi
The tho eshdlybically selected to achieve a h
state of corBdsp omid@Dpi adisem,i $ or exampl e,
With a fixed tthher pgtodlacdbi | ity of indication gi
i80O mnmis then compute@3Ppased on Equation
Hadcfel | potenti al measur ement s 5c a3n Inhoew chlea scslial
i's summaabéded i n
)(1073

~

e (uilcii = 0)
threshold potential uy fu"a’ 11¢i

[=)}
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Figure 6.16: lllustration of the conditional PDE2 0 20 "(of the potential differenc® and the probability of
indicationd ¢ d@ ford "O m(no corrosioninitiation) and O p (corrosion initiation).
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Table 6.1: Classification of hakcell potential measurements.

Classification Categories

Inspected/monitored quantity Indicator related to the output of the deterioration model (The mesa
indicator is the potential difference which is related to the state of (
rosion initiation)

Type of information Inequality information (indication/no indication of corrosion initiatic
Temporal characteristics Data collection at discrete points in time
Spatial characteristics Spatially (quasi) continuous datallection (The measurements are |

formed on a grid over the entire concrete surfaces.)

Table 6.2: Likelihoodn & r0™Q 0 @ ; & ;D 'O & of half-cell potential measurements

0 'O m(noinitiation) 6 "O p (initiation)

® j T(noindication) p U € ®Q T p 0E®OP
® ; p(indication) 0¢& @&Qm 0& & p

To represent tched |lo uwtoctcemme ioafl hmaelafs ur Emg@alts, t he
includes a biné@rwsr ahiobmd @ar veaabdhha mloe;rcemi s

the event of no i nmdj cpdtsi drheo fc ocnoprirréodsd hasn. diehde v
scribed by ftahyedd DKBed icthy@o@ @ Q The Ifjkedb@hsood
fully characterized WY @Chse phoasbl2ée hAist ya no fe xi annlp
the probability of no indicationmGbfy ediOr osi on
P p 0E£OQD.

6.5.1.3 DBN model doeft esryisotreamt i 0 n

Chl orndeced reinforcement corrosion varies r alil

tial camoblgat panameters influencing the progr
depth, chloride surébeepcopeentesati Do andowemon:
of the corrosion procesessectthieom®d xaliigrakdsr c a tse d
Each section is further divided into four ele
t wo webs. TehusZ etl heenreen tasr.e

The progressandafcedhlr@erninder cement corrosion i s
separate DBN model s 6a $ aih@itls.o HWi2teldi n na rS eeclt @ nnenrst
oration statassumedmeo be unif or mn8liv.eep.r eas a retlss
an avuebr ®glaict ioovne rianlsle bcerioosnsal area of the reinf
el ement. Note that the current discretizati on
corrosion process around the circuemterpnopenf
each el ement should be further divided in the

the box girder.

Foll owi n@g. S.e& t hiiccearla rntond e | i s applied to repre:
el ement deterioratipanambd ¥y ,&naln taree hHyper
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section k section ng

A

section 1

S

Figure 6.17: Sections defining the element sizes ofthe deterioration model of the box girder. Each section ¢
four elements: deck plate, bottom flange and two webs.

troduced. I n the system model , al/l el ement d
pexar amet ers BRbg@alt8 ulsnt matceowridtaln t he not ati on
6.,3all random variables in the DBN dsidigd e ar e

The conditionab, CDBDES ;dfa Vi, QapBle ar e det er mi n
a function of the specifiedb2cior3weh sad quwentclowef
par am¥ét™YefYsYY ;Y and are discretized following t
for veriinalSleg tbi..dd le ¢ ®Mdoift ivoanua,l@,®l;,®& sz, ®rand

“Yir,Q pBRR are then compute@2% ol |l owing Equati on

The DBN model descri b-esduhedpregntescemenhl ¢
the box girder at yearly intervG@lss. i hhd esgyns
generi c model (or. s dretfe cheidn a%e dtoil d ows:

A YiBW g (6.3 ¥
Il n t he cur’Aremiety dei xsatmpnlcet, st at es.

I n contrast to the generi@. 3ys$hemsyosdein e d ¢
Fi gbr#oes not cofvaaim a&hvadi@bphelai naklae®dh s i
to represent system@ dSthatse i &t btetausrd t dife weam
system deteAiorheient eb alceampaittad i @ema lf e t hree ¢

nisH. Il nstead, the DBN enoweil ghtse dipgdtritmeldeigkoolfg
wei ghting asAlsguoménlatrhimhed ei s ampl es are subseql
t he porstteerrvialr fiai l ure probability6of. Phesbpa:
processing step i ncludes t he comppt abalinl io

0O0OsA "™Hof the box girder fAr A& amnddaglentelr att ealn &
uat i @@Osdf Hi s described in the following sect

6.514 Condi tiinadreréviallur e probabil ity

The box girder is moodeldedeatmi mechamrei smnide ¥ & lo
bi I0ICDSA "H (see Qedti2do thi seamdmoaesi merdlayplp!
considers gl obal bending failure. The ul ti m;:
using plastic |imit analysis. The damaged b
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Figure 6.18: DBN model of the deteriorating box girder.

hi nges devel opoadsesuchet aappl aedolll apse mecha
counts for structural r edwndaomcaile s adouaec ittoy tamea
nacy of the box girder. It allows for inmgel ast

the formation of plastic hinges.

The box sgibit@®em itglaf ftilhce | ouwrdrent study, the tr
spanaani for mly dwhdgd brua xeiditusno aldnn'ytged Thye di ffer
'Y rarmodel as independent and identi®©aliy dist
Di fferent | oad cases are defined such that th
umn are maki molePe.d ( see

Dead and prestressing |loads, including | osses
el ed as deterministic parameter s, tlhiek ebwixs g itrhd
Therefore, 1t is possible to calculate a dete

cresescti on along the box girderAa$H al huhbeioaon
of reinforcemensectdrinmosiloayeahefctdesreinforc
ement of the deterioratiAdnHmpdeppl gi @@PEGedt i
Not ei hhahe current exampl e aAr érdeifzianteiso ra ocfo mb
tion of discreVgQsaBadt esAof desci iHhde dianl d$S esatried
state ofjcwamieaslplomds to an interval of its con-
nmtp. To enable ABC=A eWHal aatdi e raefti &pd ,eaher ef r g p |
sented by the midpoint of the corresponding i

Fi gz hows the plastic bending resistance of
posidgiailoomg the girder. The plastict i beandiepgnds:

ar ea roefi ntfhoer cement and prestressing tendons, t
well as the resistance of the compression zon
the number and | ocations of t, heveprse satnrde shoitrnt g
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Traffic load case 1 (maximum bending moment along spans 1, 3 and 5)

_IA 0 _ J o O _ o J o

1
o g

Traffic load case 2 (maximum bending moment along spans 2, 4 and 6)

0 _ J o Iy O _ o o _QL

Traffic load case 3 (maximum bending moment at column 1)

TR RN R

[ N © -0

Traffic load case 4 (maximum bending moment at column 2)

EEEERRN RENE o

D O -0 0 0 -0 -0

Traffic load case 5 (maximum bending moment at column 3)

L IEERREN RN

[ ]
AN 0 0 Q0 0 0 -0

Traffic load case 6 (maximum bending moment at column 4)

il EEEEENE S

[ N © -0 o 1 0 0 o g

Traffic load case 7 (maximum bending moment at column 5)

Ll il EEEREEE

]
O _ O

L
v O _
>l
>t

JL|O

46 m 60 m 60 m 60 m 70 m 56 m

Figure 6.19: Traffic load cases. They are defined such that the bending moments along each spanandat e
are maximized.

varies along the girder. This explRigqB2&E he
Note that tehteersmianatcealplayr-timnddiceldebpnds hgemsing

as a structural | oad in the analysi s.

Dead and prestressing | oads as well as mater
i stically, becausada etdheviunhc erhteassientqiueasnta stsi cecsi ¢
i cantly | ower than the wuncertainties associ e
the traffic | oad.

The damaged box girder can fail by pfloiremd ntgr aaf

| oad caseBi gléelf%s M@&dl einmt e the event of formin
ye&aunder trafQf iA mi dadtcRdlwercri bing this event

MMHA 5 1 H i j (6.3 %
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||_)X

]
0 0 0O O 0 —0_

e

"46m  60m  60m  60m  70m  56m

—500 r Hogging moment resistance

500

Plastic bending resistance (MNm)

- Sagging moment resistance

Figure 6.20: Initial plastic bending resistance of the box girder as function of positdong the girder.

wheir esi s a reali zati onofottrhadi é i an"ilwald egaamlixdii 2Zreutm o
ot hbeo x gicragpawidtshy r ¢ s mé ¢ i cQgiovdedndasW t h t he str
model modi fied accor diAndgH t & btelee nulangi asatifiteys at i on
here computed usi bgspdafeihmict €eieni e mamtal YBE)S be

Overall system fail uryge@fc dhres daasnasgoeadn bask tgh e
mechani sms forms. Fr om swss ttehna tr etlhiea bceol nvdhilyt it chne:
probam@OA t'Mi s defined as:

000SA "H 003G 8 "GgA "H

R . . (647
0 OQ "HRY ™ 8° "Q "HAY T
Foll owi n2g, 2S&mc td tpinimv & lueict tt ® n de s©aarbimogw tbhee vervi
as:
QHi [ EIQHA { BRQHA
i ET "H i sMHE H [ ¢
. (64 )
i Eif HBAR "H {
i "H iy
wheir® [ Ei HBRA H can be interpreted as the mi:Ht
girdenH iOancknoavainditthieohali |iumtteepvababil ity of
cal cul ated as:
000sA "H O0OQHRY [ 1
0A"H Y j (6.4

p O .1"H

h
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6.5.2 Soft ware prototype

To prove the concept, H6hBrieodenpd epreend eerdt € ¢h ia
typgeonsi sts of two parts: ad efrfarcte € icdJI Wi ti mp

Java, and a back end i mplemented i n Matl ab.
defining the DBN model of the deteriorating
results. The pathkteondal senhgeneomnmf the soft wa

totype has mainly beent htilgelsé sentTéned kay cthh & eacu
prototype IiFs gi@kleustrated in

The GUI i's divided iFntg@a2fPewdhpauopper apasbbwdi
3D model of the box girder. The data require
XML (eXtensible Markup Language) for mati gand
ure)l. This file also contains information or
of the girder. The | ower panel consists of d

The user may assign the relevant deteriorat:.
el so tab is active. The default data of poss
model dathi b@ax)E.0 Thseeefiassi gn damage groupso t
the user to define groups of correlated el e
bel ongi ngt tgr oduipfsf.erTehne user may set the par a

XML with
deterioration
model data
base

XML with DBN model

deterioration generator

model data

back end

Generates
DBN model

XML with > model

inspection

front end

u

GUI

data

N

DBN
XML with structural model
results

XML with
structural
model data
base

Generates weighted
samples of the system
condtion

Figure 6.21: Architecture of the software prototype.

7Curr eonntllyy cihddwdeddke rei nforcement corrosion is avail a
to include additional deterioration processes.
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— — = T —— =t

............

:., : TUTI /X g4 1B PROTO
Figure 6.22: ScreenshotaheGUI (front end).

table provided in the Aset model parameterso
ration (deterioration model assignmepbtstedrba
an XML fileFag@alkdiocapedti an results providin;

of any el ement cppoar beolknerevatdi ofisd htealliries act i
al so be explofritlecdi(g@&pa.n XM

The back ebhdreensnasins moduili g@2EsThaea dfiicrad te dmao au
ates a DBN model of the deteri6orfaaed bdoxt lger

terioration model datao (deterioration model
and the ndeterioration model data baseo (def
model data baseo (sculve cpr dvifees (The datca ndt mu
and i mplements the | ikeli hoAldg wesil.g hThhien gt hail rgdo rn
ulmpliements the structural capaci6t p.mdodel daf a
required to initialize the stalucmadal daotdaelba:
try, material and | oad datiant.e rTyhal mfoaiull ler &€ opmrpa

box girder ftbasedcani nherwaighted sampRAes of
foll ®wicnég. atn The comdidtraviamhuarlei @O0 a BH & iceo m-

puted as a function of the ulitihi mat PowapgcEguya
642 To deéetHer mihmet hird modumemonmhpl e mehit shahoFBE

for performing the plastic |imit analysis of
ities of el ement deterioration states and sys
(skeieg@2)e. These results can be i mported and vi

GUI as Fhg@n2ein

653 Prior reliability analysis

The software praoanaltwprepystoamphogdreboabil ity
rodi ng bldveogi gdemder i s assuYedriyteoa rhahvee naa xsiem wi
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of the timafafniQ¥ yjemadassumed to have the Gumbe
cient of vamdb atTihen parameters of the Gumbel d
t he undamargkeadr bhoaxs gapr oba®IOMa t yf pddp mr e

To modsysttehm condethoxn girédepyxdesctdi omsledTh enrt
model¢é ha3® xmnel ements. Each section is 2 m |
ments are al so chosen to be 2summe dT hteo dbeec ke xppl
hi gher chloride surface concentration than |
model s of the corrosion model parameters for
| i s tTead6l3den

The corrosi onwm0,0gd paa difpeatreer snodel ed as part
among allQ gHhe mefMosstudy the influence of dif

ence among el ement corrosion behavior, two d
high). Thesedciasetserame dadfefti me& cbdrr’el,ati,on co
” and | i s tTead6lden

Tabélbsummari zes the applied discretization sc
eters.

Table 6.3: Prior probabilistic models of the corrosion model parameters for all elef@er$s Ft .

Parameter Dimension Distribution Mean Standard deviation
® mm lognormal 40.0 8.0

0O mm?/year lognormal 20.0 10.0

0 R wt.%¢ lognormal 1.5 0.6

0 rP wt.% lognormal 1.0 0.4

o wt.% lognormal 0.8 0.1

Wp - lognormal 1.0 0.05

“YiR year lognormal 20.0 6.0

adeck plate

bwebs and bottom flange
¢ percentage by weight of cement

Table 6.4: Correlation coefficients modeling stochastic dependence among the parameters of the corrosio!

Low dependence High dependence

” 0.2 0.8
” 0.2 0.8
” 0.2 0.8
” 0.2 0.8
? 0.2 0.8
? 0.2 0.8
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Table 6.5: Discretization scheme for thgperparameters and corrosion model parameters.

Parameter Number of states Interval boundaries
YLLYLY LYY 20 mh opd, o 0% Tp dodphb
) 12 iy @d,x & ¢ @ To X @b
(o) 12 &g x X T& Tp Wy Xtb

6 R2 12 g ¢ 1& 1@ Tp upHphb

6 {P 12 g ¢ op TR p upditb

6 12 TIT® T, p X T® TTp Upd Kb
AR pC T ¢, 0 @ TEY 9T o b
“Yii Y 51 Tpdy b

Y 22 mgpTc Tpe

adeck plate

b webs and bottom flange
cthese interval boundaries define states 2 to 21 of vat¥aplsee Sectiof.5.1.)

Based on the model data summar i zceodn chibtoiven s pan (
prior interval failure probabilitpaweiofghtédec |
samples of thé&igwuZeeam clhows ttitoen.pri or ( margi na
initiati o0 @@ tpo, tfiome al | deck plate, web and
addiitioom | | ustr ad@r t bRii paPBapr)e shoomfs t he prior (
ability that the Yehatheedeok rmlsdtom ogir & i eamtgys,
el ement s&axcendsti mOOUP 1. tTihmes probability
probabil ity thartgmmndnh avheer aoge crad rbenatthoaans ea of t h

in the associated el emdmtes piro DE®L iptdiumed t o
0 o0 m are determined by interpo6l®a ipngnd he d
00; ™ computed with the DBN model

The reBiud@2sdelilnustrate t 0kt hpeamdCobald Esti es
ti mated for all deck plate el ements are highe
all web and bottom flange el ements. These res
exposed to a higher surface concentration of

Note that the corrosion i ®©6i 6b&t bogsmaaddelmopreds
descri bed .i2nT hSuesc,t itone P rpob@®A 6 i tmiworresponds t
probability of corowosThe sameéiRolid Uupr toheéei a
whi ch combines whehinohei ptopagmbdeh model . |t
00, M O00® Y; mis equal to the probability th
in el @mea@gdp t ®. ti me

Al so note that the préian¥m®r gt fivaar e MFd eorft ivaaa i
deck plate el ements irrespective of the degre
This is because the same prior probabilistic
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Pr[CIi(t) = 1]

Pr[A(t) 2 0.2]

(b)

10 deck plate 10 deck plate 3
— = webs and bottom flange — — webs and bottom flange
1076 1 1 1 1 1 076 1 1 1 1
10 20 30 40 50 0 10 20 30 40 50
Time ¢t [yr] Time ¢ [yr]

Figure 6.23: (a) Prior marginal probability of corrosion initiation@ "G f
flange elements. (b) Prior marginal probability that the relative corrosion progresshe deck plate elements,

p ofall deck plate, web and bott

bo

web and bottom flange elements excemgisit any time uptotimg0 & 0 TR .

model p aorfa neeatcenr sdec k P h hba3e. eTleenennda md sapepl i es
bottom fl ange el ement s.

The corrosion initiation state and the rel at]
related. To study the corr el altatoinom momgf feil i
the corrosi 0"nd0O0MIOD I aanttdhaen csotrarted at i otnhe ordlf aft
corrosion YoWegressewo deck Qph@atree ecloempeurttesd f
simul at elhes amed wist. 5i g@izedd bdownesh aeoiwvormat t he be

of the servitchee |siniael Ib epcracubsaeb iolf iHoiwe ¥ &defn ca cerarses
with. tAammeexpectedpetheccengbyadepend on t he
parameters influencing the el ement deteriora
Fi g2%®hows tdei maieroe the i nO&Dd V¥ alr feaiclhude g|
dependence among el ement corrosion behavior
probability of corrosion nitiatiomn o si tlsow, o0\
0.6 0.6
(a (b)
high dependence
0.5 high dependence ] 0.5
= 04 1 = 04f 1
S =
S 03 1 = 03} g
S =)
0.2 E < 02t i
low dependence low dependence
0.1 - - - - 0.1y s
0 e, - - 0 DY S s
10 20 30 40 50 10 20 30 40 50

Time ¢t [yr]

Time ¢ [yr]

Figure 6.24: (a) Correlation coefficient among corrosion initiation st&t€s0 6 606 and (b) correlation coet
cientamong the relative corrosion progressés o Y 0 of two deck plate element@&nd’Gs a function of tir
oand degree of dependence among element corrosion behavior.
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1.0 T T T T T T T T T

10 F
eeeeeee
102 F @@@@eeeee
_ high dependence @i@:@@ §
o100 \08@@@@@
= 80
£ 10tk 88 N
s e low dependence
10k o
4
1 ¢0000000000008
10" L ! ! ! ! ! ! ! !
0 5 10 15 20 25 30 35 40 45 P

Time t [yr]

Figure 6.25: Prior interval failure probabilitp O3 of the box girder as a function of the degree of depen
among elementcorrosion behavior.

l i mit. Thereafter, the system failure probabi
i ngly influences the reliability of the struc
The reBiug@azsshow t hat the degree of dependence
havior has I|little influence on the prior esti
box girder has | imointsad &rteedduunbdyaamady .DeAs Kaeurrreeg-hi

| ati on among el emenef eceroomrtahe omehiaabl sty
Il ted or no redundancy.

Note that the computed intervapnthaiveuael pwolaa
racy with the applied i mportance sampling sct
mated f ol | o®3zhaq sEgoveenii pmt ed sampl es of the sys
the compu@ sh i in sofexact within the confines of
approach canmre@ptr esenur &txealryeme deteri oration st

bility at the beginning of the service |ife. I
i's typically in the higher faivVviuce IprboeabiFuit
the | ower I imit of the interval failure proba
bility of the undamaged box girder, is exact
1.0 T T T T T T T T T
10 F
10°F
=10 F
£
TS
10° F
10° B
107 ! ! ! ! ! ! ! ! !
0 5 10 15 20 25 30 35 40 45 50

Time t [yr]

Figure 6.26: Bounds on the prior failure probabilily ©O0 of the box girder with high dependence among et
deterioration.
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Fi ge2@hows the bounds o®OOD hoef ftah e ubroex pgiorbdaebri
pendence among el ement deteriorati(@nl) vhiech
bounds on the failure probability of the box
ration are similar becaudsG® arhee s innidlradra Ip ern abiedr

casesi(@Qéakk.

654 Posterior reliability analysis
Acm | ong section ofwtchpedtadnegdc kK ofmbhat enbdEcgeed i
627 s i nspegéeaasd ngehldl|l fpotenti al measur ement s.

To model t hecalulalpdtyeotfi,d@lahrbe pswhbament ¢y of
reinforcement corrosdtéo®Qpaswandrthd psobabi h
cation given that the reinbs@®@Qamemtfsies =t islhb

Faber andO3@RrFeorsame2Onumeri cal evalwuations st
are adsstubome esult in no indication of corrosi
Posterior probabilitiespomgtié¢nmteoncV aelmefnai lcwmea i

the boar gicdfemp@mweaeli ght ed samples afs tdescsy dEe
Secthi.Ri2g62&B hows the posterior pro®b@KH I itie:
psHy 064 for all deck plate, weth aamygd tbibred pmob & k|
corrosion initiatioinns paschibtanvamd aadibi€harpa lp i ore
cess i s known as f4i.)8theer icnogr r(csseieo ma | psroo bSeebcit liiotr
pl ate el ements reduces after the inspection

inspected section of the deck plate

||_)X ]

D O -0 0 0 O 0

le ! ! ! ! le >l
T T T T T T

>
46 m 60 m 60 m 60 m 70 m 56 m

Figure 6.27: Inspected section of the deck plate between¢ p mandw ¢ o m.

1.0 1.0
(a) low dependence deck plate (b) high dependence deck plate
_ (uninspected) - i

10 1 p N ] 10 1 (uninspected)
EN ER
Yoot Y o10°
= deck plate b
% | 0—3 (inspected) ; | 0—3
% webs and q-I_I; < deck plate
= ot bottom flange = 107 webs and (inspected)
& & bottom flange

10°} 10°

1076 1 1 1 1 1076 1 1 1 1

0 10 20 30 40 50 0 10 20 30 40 50
Time ¢t [yr] Time ¢t [yr]

Figure 6.28: Posterior probability of corrosion initiatiédh @ '@  ps 4 U] g forall deck plate elements, ¢
web and bottom flange elements as a function of different degrees of dependence among element corrosir
A 20 mlong section of the deck plate between¢ p mandw ¢ o mis inspected using hatfell potential mea
urementsattime ¢ v e.&lo corrosionis indicated. At any tindethe probability of corrosion initiation is sho
conditional on all informgon available up time (filtering).

141



6Dynami c Bayesian network approach

(a) low dependence deck plate ' (b) high dependence  deck plate
1 0*1 (uninspected) ] 1 071 (uninspected)
W 102 N 1072
3 deck plate 3
3 -3 (inspected) 5 -3
N
2 10 c 10
Al Al
O \webs and S 4 dAeck plate
3 10 bottom flange 3 10 S (inspected)
= = webs and
=9} 5 = —5
10 10 bottom flange
1076 1 1 1 1 1 076 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Time t [yr] Time t [yr]

Figure 6.29: Posterior probability that the relative corrosion progbéss in the deck plate elements, and web
bottom flange elements exceeds 0.20.6Y 6 T@&sH q 0O . The probability is presented as a functio
differentdegrees of dependence among element corrosion behavior. A 20 m long section of the deck pla
@ ¢ pmand®w ¢ omis inspected using hatfell potential measurements at timme ¢ vy e.aNo corrosior
initiation is detected. At any tinte the probability of the eveit o ] is shown conditional on all informati
available up time (filtering).

outcome has al so a positive effect on the cor
ef f dcatr gijer when the degree of dependence among

Fi g2®hows the posterior pr olpamighfiétsym tthhaet dtehcel
pl ate el ements, and web am@ blohtet orme sfullatnsg ec oenlf.
i ndirect effect of ctome@oifnomectunonmnspescdletds ed e m
i ncreasing coreel adetoenr aonoagi ehelmehavi or .

The posterior intd)r@@s:fh—lldb fog i o fu rteh ¢ raodbea bg hiFoi Wi e re sn
ure8@ds a function of the degree ofFodepewndenter

Q the interval failure probability is shown c
end of the structureds seriwigc g sleief el AohddSse ccta |
6. #TRe i ntervali Feidluccree dpureo i @b it lhiet posi ti ve i n
the effect is | arger when the dependence amon

Fi g¥y®hows the bounds on thOeOO@sjb-I&tiéO[d)forthaibux
girder in function of the | evel of dependence
putbeyd substituting tlhedapidditiiesEe @2 @wiothihaitl ue e
posterior inter@é‘xﬁs’H&aB&uﬁrte e diabnbdoiumidess on t h
probability are shown conditi oaali lotnertihneg)i.n fTad
ence of the positive inspection result and th
i's evident
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Figure 6.30: Interval failure probability of the box girderith and without inspectiohe probability is shown as a
function of different degrees of dependence among element corrosion be@dan long section of the deck plate
betweenw ¢ pmandw ¢ omis inspected using halfell potential measurements at time ¢ iy e aMos
corrosion initiation is detecteBor any intervalQthe posterior interval failure probability is shown conditional on all
information available up the end of the sesiiife (smoothing).
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