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SAFETY EVALUATION METHOD OF STRUCTURAL SYSTEM
AND ITS APPLICATION TO SEISMIC DESIGN OF RC BRIDGE PIER

(Translation from Proceedings of JSCE, No.578/ V -37, November, 1997)
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Motoyuki SUZUKI Mitsuyoshi AKIYAMA Yasunori YAMAZAKI

A new evaluation method for the probability of failure of a structural system based on reliability
theory is proposed. Using numerical examples, it is demonstrated that this method is accurate yet
simple to implement. The safety of an RC bridge pier against earthquakes is evaluated on the basis of
the proposed method. Three limit states -- flexural capacity, shear capacity and ductility — are taken
into consideration in the analysis. It is shown that the shear/flexural capacity ratio and ground
conditions are very important factors in evaluating the seismic performance of RC bridge piers.
Finally, a new concept of seismic design for RC bridge piers based on reliability theory is proposed.
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1. INTRODUCTION

Reuability-baseddesign is foundedon the conceptthat one can estimatethe probabilityof an
undesirableeventsuchas afracture,occumingoverthelifetimeof astructure,despitetheuncertainties
involved.It is a designmethodthatprovidesan assuredlevelof safetyby reducingtheprobabilityof
suchanoccurence(referredtoas thefailureprobability)belowa targetvalue(referredto as thetarget
failureprobability).Thequalityof a designis judgedby comparingthe failureprobabilitywith the
targetfailureprobability,andthis useof thefailureprobabilitymakesit possibletoevaluatethesafety
of a structurequantitatively.Aboveall, this designmethodenablesone to gaina flrmgraspOfthe
safetyleveldesired,and todesigna structureso as to attaintheprescribedreliabilityindependentlyof
otherdesignrequirements[1].

Evenwhenbased on reliability,however,conventionaldesignmethodsapply such safety checks
separatelyto each limitstate consideredrelevantby the designer;all ukely Omitstates are not
consideredsimultmeously.Moreover,safetyverificationis usuallycarriedout onlyon thelimitstate
whichis mostlikelyto arise; i.e. theonewiththehighestfailureprobability.Forexample,according
toconventionalthinking,inthe caseof anRC bridgepierdesignedto undergoflexuralfailure,it is
consideredsufficientto ensurethatthe shearcapacityexceedstheshear forceat the momentwhen
flexuralapacity is reachedandto examinesafetyagainstflexuralfailureonly. In a caselikethis, the
failureprobabilityof thepier is assumedto be totallyunaffectedby its shearcapacity.However,the
ratioof shearcapacityto flexuralcapacity(referredto as thecapacityratio), for example,is closely
correlatedto the ductilityof the bridgepier;if thecapacityratiois low, thebridgepier is sub)'ectto
brittlefracture[2].Moreover,theflexuraland shearcapacitiesareinfluencedby differencesbetween
theuncertaintylevelsof modelscontainingequationsfor calculatingtheflexuralandshearcapacities;
it canbe expectedthatthesevalueswill substantiallyinfluencethe failureprobabilityof the bridge
pier. In general,to use onelimitstateto representa failureeventwhichreallycomprisesapluralityof
limitstatesresults in a riskyevaluation.Evenif the designsatisfiesthetargetfailureprobabilityfor
that limit state, the resultantstructuremay not meetthe prescribedsafetyrequirements.Thus, in
principle,one should appropriatelyevaluatecorrelationsamonga multiplicityof limitstates, and
computetheprobabilityof failuredueto aneventwhichcomprisesthesellmitstates.In otherwords,
to guaranteethatthetargetfailureprobabilityof a bridgepierdesignedforflexuralfailureis satisfied,
it is necessaryto evaluatenot onlytheflexuralcapacity,but also to attachsomeconditionsto shear
capacity.

Adaptingthis point of view, this study alms, firstly, to propose a safetyevaluationmethodfor
structuralsystemswhichoffers.ease of calculation,good accuracyin a practicalcontext,and takes
into accountmultiplelimit states while remainingan approximatemethod. Then, based on the
proposedmethod,.anassessmentrelatedto theapacities and ductilitywill beadoptedas the ultimate
Omitstate for a RC bridgepier (free-staJlding,single-colulrmtype), and the reliabilityof the RC
bridgepier in an earthquakewill be analyzed.In doing so, particularimportanceis attachedto the
capacityratioof the bridgepier, andthe effectof shearcapacityof a flexural-failure-dominantbridge
pier on its safety is studied.In addition,based on theknowledgeobtained,an outlineof a seismic
designmethodbasedon reliabilitytheory for RCstructuresis proposed.

2. PROPOSED RELIABILITY EVALUATION METHOD FOR STRUCTURAL
SYSTEMS

2

i&
For combinationsof events in set theory, if higher-orderevents representedby the intersectionof
threeor more simultaneousevents are ignored,the probabilityof failureevent E, COmPriSingk
sepaqateevents, is expressedas follows.

where ,

k

•`) -Ecik
l

c1 -P(A)
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(1)



c2 - P(E2) - P(E2E1)

k-1

ck - P(Ek)-2>(EkEi).
i.1

mfp(EkEm ,Wn),k , 3
m-1,k-2
n.%k-1

h this mlcdation, there are three forms of failure probabiuty:p(Ek)

AEbE.mss5kaEniLsf.rna.i.n[3]is generally
p(EkEi) and

the most suitablemethodof calculatingthe failure
Twoibaab7!uintythThLtusaeteofeihueabF.onsTbFu::=Soalrm&dovnwTablSeSwwieTIS ZsinJinhi;hhiachPrtOhBaebiSqa
correlationbetweenprobabilityvariables.In addidon,even in the cue of a limitstate equationfor a
nonlinearfunction,the failureprobabilitycanbe alculated to aartain degreeof accuracy.

pT.Ekagh11ty0,f
mtlevsenls narrowboundsmethod[4]isknownas awaytocalculatethejointprobabihty
failureeventsE} and E..IDitlevsen's boundsarethe upperand lowerlimitsof thejoint
foabikuAeeedV::gerE&emhdy,%esSFeov;
Rosenblatttransfomia-tionand Ditlev6en.s bounds-,the failureprobabilityof a failureevent with a
pluralityof limitstatescanbeapproximatedinthe formof an inequality.For a failureprobabilitythus
obtained,however,theupperand lowerlimitvaluesmay differwidelyfromeachotherif thevalueof
thefailureprobabilityis of the orderof 10-2,resultingin uses wherethe safetyof the structural
systemcwnotbe evaluatedamrately. QherknownmethodsincludethePNFr method[5]proposed
byAng et al.This too has problems,in thatthecalculatedfailureprobabilityheavilydqpendson the
conditionssetduringcalculation,andthat,dependingon theorderof thefailureprobabihty,a result
erringtoofaronthesideof riskmaybeproduced.Hencethescopeof itsapplimtionis limited.

independenceorperfectcorrelation.Furthermore,by combiningthe

In thisstudy, therefore,we willtaketheequation(1)as thebasicequationfor evaluatingthereliability

ththeeint:e7=chqnEk.)f,a

=t;ngsriflkdEema7f6iEicatiOqutheef.?lslcalilOa;hgTPaiiSluTeiu,,s.oi:benYt;,10.a;Esroubiedmfhfea?bdyintheprioalrusebo?it;e
failureprobabilityandby assumptionsof probabnitytheory.Thesecalculationmethodsaregivenin
detailbelow.

of structurdsystemsmd then demonstratesimplecalculationmethodsfor

=?3En3filkdinEemtahii6;:Ea;3ocnitiO:ZeeT.;ulafcaolilO:a:Sa?iSluaTeTu,e,:o3;befnof;?o.;;qirro:btiBdAf:

2.2 alculation Methodof 4E

Takingintoaccountthe typeof structuralsystemsto be analyzed,the followingassumptionswere
made:[a]Theprobabilitydistributionofprobabilityvariablesrepresendngapacitiesis eithernormal
or logarithmicnomal; [b]Thereisnocorrelationbetweenprobabilityvariablesrepresentingapacities
and probabilityvariablesrepresentingexternalforce; and[c] mere is alsono correlationamong
probabilityvariablesrepresentingextemalforce.

YxnpdreistAesueshWgSeuqmuPii::;2);Aeenpf5eJsTfiLrs.hbtteaineqinugab;or:bgabiElvr;piragl=thingasf;nau&e.feVinedn:pfnkd!Snt
normalvariablesobtainedbytheRosenblatttransformationmaybe simplifiedasfollows[6].

gk(X) - gk (X1,X2,-- -,X). ,X)..1,--. -,Xn ) (2)

where,

x1,X2,---,X,.: Probability variables related to capacities (R )

1)I. is&s:A.gL--A-;7nh:PhreObfaa1?ilri:ysvpaangblEser3lsiegdntop.e:tte=alicfhOrgCievSisieshone"distanafr.mthe

2,?3n:duie:fgodn:EesofBlluupro:iSnin:;t:h:eC.es:s:ah&e--dOXEyL.5ieeSh;en.EeeennTISa7t;Bud;0=ffiEp;rt;9:a?bit,eypia.dn3eSls;1Siapso;odlT.gwtso.the

+
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using assumption fa1.above, for probabl.1l.-ables belonghg to A a (x1,X2,---,Xj),
where, ui - fyi -}ailUi-i,,ah.

yt.: h he case that xi is a normal van.able,
I. ._ JJ

yi -i5A
a.

l

in thecasethatxl
yi -bi

E,.

a.'all a-1.0

al.I 5 Pyiy1

is a logan.thmicnormal van.able,

ail lpyl". -SaHa).I)ah. (1<j <i,
i-1

ail --

FL,., qi

where,

1 -Eai7
ZI1

mmeeananand ssttananddaarrddddeevv.!'Aa,t.!.noon^opf.9! pro.ba_b,.1ity

(3)

onheotherA:PZffu:''n-Se7iq'=aai!d=sp;;dgF;;,,5c31ie,edn?n3vivo::;;aiSijn=Sbf:,.;?E{J7e;ppgiFaa:Ebg1;tyyybeVVblS;aagpbbg;egoft&i:x::1:_e_:nS,?fae
ui -- 0-l[E(xi)i (i %j+1,..-,a)

where,

3)Avalueofhey,aJb;i;I::1Aceu;:udtbuxt;E(xi)...'mmmmuullaattivveeddi'sshh.fbbuutti.oonnfufunnccttioonnooffsptFaOnbdaabr13iToZniTbdll:&XfbuLiontheJacob1.anat he poht xo is obtahed:

J % ,un)

,xn)

h pad1'Culu, l.fprobability van.ablesbelonghg to A -- txl,X2,-.-,Xj) are nOmal variables,/

I -(J6R ,Osj

JR.I For A 5 (X1,X2,--.,X).),

(1 /(qla,I )

JJt zE

Where,

c21 /ql

c)-1/OI C).2/q2 14qiab.)

(4)

(5)

(6)



J s: For S- (x].1,---,Xn),

1 a[F)..1(X)..1)]
Quj '1

Js-

a xj +1

1 Fn(xn)
Q(un) axn

Moreover,

cl,.-i(-aiECrj) (i,j)
lII

Q: probabilitydensityfunctionof thestandardnormaldistribution
If probabnity variables belonging to R - (x1,X2,---,X,.) are logarithmic normal variables, the standard
^^T..'r.+.'^_ rY ^^_ tt_ +^1,__ I.,.. > I 1' -I I I/

2;vfeterieo?nr&uf'u;a:s?Gee?vk:eas,s;sfa3Eeevqeucatt!orn,ea,treqeen%sgg.nhePdOiTetcTiO.nanodfththee
normalvariablespaceatwhichthepossibilityof failureis thehighest.

gradientvectoris obtained.
tangentplaneatthepointina

5)A newdesignpointu. isobtained.In thespaceof theoriginalvariables,the designpoint x. a
beobtainedas a linearapproximationusingthefollowingequation:

xi -..I-1(u* -u.)u' (,)

6) 4Ek)- 0(-P) -(uV)1/i is calculated.
7) Usingx'

pointx'
obtainedaboveas a new designpoint, steps2) through6) are repeateduntilthe design

converges.

2.3 ChlculationMethodof P(F

Itwas assumedthatfor Ditlevsen's bounds,theareaof overlapbetweentheregionsA andB in Fig. 1

h:yeP,reg;k:uO-r;o:;.dtfOfh;-EELEs]pieEvae:!yeTqeuth:te:jtTs=ffZ;?gq.ufbEnnuesalr:ef?hr?th::an:Salt:a.i:fuoSi9iec:beb:i:eu7nan.;ti.;
two evehts.Consequently,thefollowingis obtainedas an approximationequation:

4 EkEi)i1 -f9) (pw.4B,)

JrO

X)

Fig.1 Ditlevesen'sBounds(inthecaseof normalcorrelation)
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where,

p(A) - 0(-Pi)0(-a)

- o(-p,.,o(-5# )
p(B) - 0(-Pk)0(-b)

-.o(-pk,0(-# )
Here,thecorrelationcoefbient pki lSgivenby.'

Pki =

cov(gk,gi)

qgk qgi

Whenthe limitstateequations

(9)

(10)

(ll)

awenonlinear,a Taylorexpansionof eachllmit stateequationat the
designpointis carriedbut andtheresultantlinearapproximationis used inequation(11).

2.4 Qlculation Method of 4EkEm r-VkEn)_

Unlike a two-orderjoint probability,
Hence,an approximadonis obtainedbyptcoEskfa;rRHhEeni,"S;h?inbbee&PePernOXthTaftaPurgeTe:hbi.caFlky;betweenthe failureevents. First,
parameterE2representingtheCOrrelationbetweentheeventsisdefinedasfollows.

E2=
p(E#m r-VkEn)

min(p(EkEm),P(EkEn))
(12)

When E2-1.0 , events EkEm and EkEn aqe completely dependent, and when
max(p(EkEm),P(EkEn)), events EkEm and EkEn are independent. Thus, the range of E2 is as
follows.

max(p(EkE,n ),P(EkE. ))SE2 S1.0 (13)

BopT.exv=,ab9.enT.ebl.a2:dbETmTheeV.eSa71kvfmw=ela71k.EnnwsTi:itE;so.bf%ie,Sheevstf;E:rifsreimT
Ek and En, and Emand En, using the followingequatipn:

iE2- (min(pkm,Pb"Pmn))AI p- min(pkm,Pkn,Pmn)
att

I
atZ

where,

P =Pkm +Pb, +Pmn

] (14)

Equadon(14) representsthe ratioof the correladonbetweenthe two mostweaklycorrelatedevents
andtheothertwoevents.

Byapplyingthec?lmlationmethodsdescribedin(2), (3) , and(4)above,thereliabilityof a structural
systemcanbeevaluatedanalyticallywithmultiplellmitstatesintoaccountsimultaneously.
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Fig.2 calculationExample1[8] Fig.3 calculationExample2[.9]

2Q

Whenthefomation of a mechanismis takenas a collapse,rigidframestructureshave a numberof
limitstates,andsomeof thesemayoccurata similarloading.Whencalculatingthefailureprobability,
a proper considerationof the correlationbetweentheselimit statesis necessary.Here, the failure
probabilitiesof two rigid framestructuresare alculated fromtheresults of prior studiesaJldalso
usingthe equationsproposedin this study. Bycomparingthe failureprobabilitiesthus obtained,the
accuracy,simplicity,and effectivenessof the proposed equationsare evaluated.In the following
examples,all pro.babilityvariableszueassumedto be normallydistributed.Correlationsbetween
probabilityvariablesare disregardedand the analysisconsidersonly correlationsbetweenfailure
events.

a) Example I (adapted from Ditlevscn[8]).
ne 1-levelrigid-framedstructureshowninFig. 2 wasadoptedas an example.ne followingthree
equationswereworkedoutas thelimitstatesinmechamismformation:

g1 --M1 +2M3 +2M4+M5 -Fa -Gb

g2-M1 +M3+M4-Gb

g3 -M1 +M2+M4+M5-Fa

where,

a,b.. fixedvalues, with the assumption a -- a - 2
F,G : PrObabiutyvariablesrepresentingextemalforces; mean values assumed to be

¥i :PbPreFob;aiSE=ty1=.V:ii;dgtlsa?nad:Cad;aSrSe;:i:aig:in.anPaoaS51;y=m(e.P:;=fti9cre;?lop-=enqt,G;=eUavalue--ed to
Failureprobabilitiesp(E) computedwiththeproposedequationsandfromtheeaqlierresultsareas
follows.

First-orderbounds
Ditlevsen'sbounds
PNET method
MonteCarlosimulation

(Number of samples n=50,000)
Proposedequation

0.173 5=P(E) <-0.316
0.173 5=P(E) 5=0.264

P(E)- 0.258
P(E) - 0.230

P(E) - 0.230

b) Example 2 (adapted from Salahuddin[9])
The 2-level, 2-span rigid-framedstructure shown in Fig. 3 was adopted as anexample. The following
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eightequationswereworkedoutas thelimitstatesformechmismformation:

g1 - 5M1+3M2 +3M3 +2M4 -10(F1 +F2) -48P

g2 -6M1 -36P

g3 -5M1 +4M2 +2M3 +3M4 +M5 -10(E +F2 +F3)-48P

g4 -5M1 +3M2+M3 -10F1-36P

g5 - 2M3+ 2M4 -10LS

g6 -M1+3M5-10F3

g7 -5M1 +2M2 +M3 +4M4 -10(F1 +F2)- 48P

g8 - 4M2 -10F2

where,

E,P : :IsbapabR:S3;e%aebclteiSv;eTyTandVaiueefSfiSeenTssoufmveadri:yiobnetop6tt253%VoFr2aFlt2hOe'pprFo3ba!b?I?t'y

"i :rS;so,ubemd&idvue?;?V:teaefb:1?;eM:1ebP-r.ep;vn2N;a7i.o:?:ce;:w3'stu-OmT:dO::sW%d4:-1m590%o??fn.tr'kI:h;M,:ra.:1:23on:ye
variables

Theresultsof the calculationsareas follows.
First-orderbounds
Ditlevsenfsbounds
PNETmethod
MonteCarlosimulation

Pumber of samples n=50,000)
Proposedequation

0.0319 5=P(E)
0.0319 SP(E)

P(E)
P(E)

5=0.168
5=0.132

i 0.082
- 0.104

P(E) - 0.110

Thesecalculatedexamplesallowus to verifythatthe proposedmethod(referredto hereafteras the
reliabilityevaluationmethodfor structuralsystems)doesnot requirethe integrationof valuesin the
calculationprocess,is as easyto use a anyof the earliermethods,aJldgivesresultsin accordwith
thoseobtainedby theMonteCarloslmulation.

Now, thefailureprobabilitycalculatedby thereliabilityevaluationmethodfor structuralsystemsis
convertedintoathesafetyindexp accordingto equation(15).

p g o-1(p(E)) (15)

Equation(15) givesperfectcorrespondencein a casewherethe limitstateequationexpressingthe
failureevent is linear and all probabilityvariablesare normallydistributed.The correspondence
betweenfailureprobabilityandsafetyindexfor sucha use is shownin Table1. Evenwhenthese
conditionsare notmet, equadon(15) givesgood agreementwith considerablyhigh accuracyif an
accuratelycalculatedfailureprobabilityisconverted.Further,itshouldbe notedthatit is notso much
thedifferencein magmitudeof the failureprobabilitythatdirectlyaffectsthedesign;the differencein
safetyindexmagunitudeis morenoticeablyrenectedin thedesign[10].Fromthispoht in the study
onwards, this safetyindexwillbe usedto evaluatethe safetyof RC bridgepiers.

Tablel RelationbetweenFailureProbabilityandSafety Index
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In thefollowingsections,the seismicsafetyof a free-standingRC bridgepier is examinedusingthis
newreliabilityevaluationmethodfor structuralsystems.An outlineoftheanalysisis giveninSection
3, andtheanalyticalresultsanda discussionarepresentedinSection4.

3. OUTLINE OF SEISMIC SAFETY ANALYSIS OF RC BRIDGE PIER

3.1 General

In evaluatingthe safetyof an RC bridgepier usingthe reliabilityevaluationmethodfor structural
systemsas proposedabove,a limitstate equationhas to be developed.In general,this limit state
equationis set up as the TTcapacitytermTlminusthenextemalforcetermTT.h this study, capacityand
ductilitywerechosenas itemstobe examinedininvestigatingtheultimatelimitstateof theRCbridge
pier.Accordingly,thecapacitytermconsistsof flexuralcapacity,shearcapacity,andductility,while
theexternalforceis theactiveinertialforceproduad by theearthquakeor responsedisplacement.The
followingdescribesthe methodof calculatingthesecapacitiesand theductility,as wellas themethod
of time-historyseismicresponseanalysisusedtocalculatetheinertialforceandresponsedisplacement
as theextemalforceterm.

Whenimplementinga time-historyseismicresponseanalysis,theload-carryingcapacityis evaluated
priorto analysis.Hence,froma determimisticpointof view,examiningonlytheductilitywould lead
tono designproblems.Nevertheless,inreliabilitydesign,themarginup tothe lhit statesof capacity
and/orductilityis convertedintoa failureprobability,andsafetyis judgedonthe basisof thisresult.
nis is fundamentallydifferentfromconventionaldesignmethods,whichsimplyverifywhetherthe
estimatedcapacitiesandductilityexceedtheresponsevalues.

3i2iaEi5Eb

In this study, the'systemto beanaly2X:dwas modeledas shown inFig. 4 anddynamicanalysiswas
carriedout. The bridgepier and superstructureweremodeledin one dimension,and thenonlinear
hysteresischaracteristicsof the bridgepierwere takenintoconsideradon.As a nonlinearmodel, the
stiffnessdegradationtri-linearmodelwas used. he third of the mass of the bridgepier in the
one-dimensionalmodelwas incorporatedintothe mass of one span, and the rest was incorporated
into the mass of the footing.The dampingconstantwas set at 0.02. Dynamicinteractionbetween
structureandgroundwas basedon aproposalmadeby theCivilEngineeringSocietyts subcommittee
fordynamicinteraction[11]. Thenonlinearityof thegroundaroundthebase was takeninto amunt
by usingthebilinearrestoringforcemodelforgroundspringby Haradaet al. [12].

To calculateseismicresponse,an incrementalmethodbasedon Newmark's B methodwas used(B
=1/6). This dynamic analysis wS arried
out tocalculate8EaCtiveinertialforced
displacementof the RC bridge pier;
underseismicloadingthesemakeup the
extemalforce term of the limit state
equation.Seismicwaves were input in
the longtudinaldirectionwhich, as a
rule, is lowin earthquakeresistance.

W
g5SAiRj5BAti5ii.

For reliabilityevaluadonssuch as the
ones carried out in this study, it is
preferableto chooseRC bridge piers
designed using the same design

Bridgepierfor analys

Soilfor analysis

Fig.4Numerim1AnalysisModelof theStructural
SystemUsedfor Analysis
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Table2BridgePiersUsed forAnalysis

(a)BridgePier A (Capacityratio= 1.18)

(b) BridgePier B (Capacityratio= 1.32)

(c) BridgePierC (Capacityratio= 1.84)

standards,hence the choia of the three single-columnRC bridge piers (piers A, B, and C with
apacity ratiosof 1.18, 1.32, and1.84,) respectivelyshownin specifications[13].All were designed
as partof the rehabilitationof roadbridgesdamagedbythe Hyogoken-NanbuEarthquakeof 1996and
arecapableof beingrepresentedby a one-dimensionalmodel.In tables2 (a)to (c), sectionalareasand
otherparticularsof the bridgepiers are shown. Tables 3 (a) and (b) show the characterisd60f the
concreteandreinforcingbars. For the analysis,groundtypeswere selectedfrom a geologicalmap[14]
of the TohokuShinkansen(BulletTrainune). Four of eachgroundtype classificationI, II, and III
[15]were selectedfor seismicdesign;theseclassificationsawedefinedinTable4. Thiswas to avoid

:iwwacTerfsrt?cu;eluCe5Tnadd:r.LsedrcdeV.aalirseSfTHes?lleT.leaiegdr.uusnldn!y,eeqs7adon(16). Table5 showsthe

¥G-4S%
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(16)

R equ irem en ts

o f bri d ge p ier

B ri dge pier 4 .O m in diam eter, 9 .8m in h eigh t

Fo und at i on Pile

B ri dg e pier

Sect ion 4 .Om in diam eter

A xial rein forcing b ars D 51 x 72

H oo p ties D 25ctc150m m

F ound ation
S ectio n o f footing 9.5 m x 13 .2 5m

P ile 1.5 m in diam eterx 10

R equ irem ents

of bri dg e pier

B ri dge pier 4 .O m in d iam eter, 8 .5m in heigh t

Foun d at i on P ile

B ri dge pier

S ect ion 4.Om in diam eter

jk ial rein forcin g b ars D 38 x 78

H oo p ties D 22ctc 1 25m m

Fo undat i on
S ection of footing 9 .5m x ll .Om

P ile 1.5 m in diam eterx 12

R equ irem ents

o f bri dge p ier

B ri dge pier 3.Om x 3 .5 m , 10 .5m in heigh t

Fo und ati on Pile

B ri dg e pier

Section 3 .2m x 3 .7 m

A xial rein forcin g b ars D 32 x 23

H oo p ties D 25ctc150m m

F ound ati on
S ection of footing 9 .5m x 12 .Om

Pile 1.5 m in diam eterx 9



Table3 MaterialCharacteristics

(a)Characteristicsof Concrete

(b) Characteristicsof ReinforcingBars

Table4 GroundTypeClassificationfor SeismicDesign

Table5 GroundModels

Hvs;.'i:a:vtieac;kanng:e:s'le:rl3?fyfs;rhfaet.i:frhs.Bfaa;true.T:sntLcsTrafVaecehti%i:3,st.-ft.uhTb(Td,rS2ck
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where ,

C om pressiv e stren gth T ensile stren gth S train under m ax im um
U ltim ate strain

(kd /cm 2) (kd /cm 2 ) com p ressive stress

240 32 0 .00 2 0.00 35

Y ield stren gth T ensile strength Y ield S train at initiation of U ltim ate strain

(kd /cm 2 ) (kd /cm 2 ) strain strain hardenin g

3500 5000 0.002 0 .02 0 .1

T ype o f G round T ype I T ype I T yp e H

C haracteri stic v alue of ground
(unit: secon d)

TG < 0.2 0 0.20 5=TG 5=0 .6 0.6 5=TG

G roun d m odel T yp e o f grou nd
C haracteri stic v alue N v alue
o f groun d (second) (w ei gh ted)

I -1 T ype I 0.084 34 .9 6

I -2 T yp e I 0.122 29 .14

pI -3 T yp e I 0.14 6 13.4 2

I -4 T y pe I 0 .19 6 15.0 2

I -1 T ype I cI.24 6 9.67

I -2 T ype I 0 .37 8 6 .63

I -3 T ype I 0 .4 74 18 .83

I -4 T ype I 0.54 1 6 .9 9

a -1 T ype H 0.606 2 .4 6

nI -2 T ype m 0.710 4 .87

a -3 T yp e H 0 .817 7 .10

nI -4 T yp e m 0.88 8 6.36



juthoughphysicalcharacteristicsof a pardcularground,suchas the velocityof shearelasticwaves,
canbe obtainedby densityloggingusingmechanicalboreholesetc., thegeologicalmapreferredto
abovedidnot indicatesuchphysicalvaluesandso theywereestimatedon thebasis ofN values,etc.
[16].ne groundcharacterisdcvalueTGrepresentsthebasicnaturalperiodof thesubsurfaceground

intheamplituderangeofsmallstrains.3&
In this study, the seismicwaveform observed at the Kaihoku Bridge during Mlyagiken-Oki
earthquake(observationat the bedrocksurface;maximumaMleradon= 293gal)was used as the
seismicinput. The waveformwas input into the bedrockof the ground being analyzedand the
responseat thebottomof thefootingwasestimatedusingmultiplereflectiontheory.Becausethesame
precastpilefoundationwas usedfor thedifferentgroundconditionsinthis study,it was notpossible
to takethedeclineof effectiveinputmotionintoconsideration.Therefore,theseismicwaveformat the
bottomof thefootingwas used directlywhen analyzingdynamicresponses.The modelset up by
Kitazawaet al.[17]was used as thenonlineargroundmodelwhen implementingmultiplereflection
theory.This is an averagemodelwhichconsidersgroundnon-linearitieswithreferenceto a number
of studies.

2m
ne nexuralcapacitypart of thecapacitytermwas assumedto be the flexureobservedwhenthe

amcuplraTeSIVbey:Ea2e;twToe_,T&ntTceZa;yxshheT%eesi;:la.CL6mgtheequualhestewSqbeEsecaui=&.Eo,3ufL;Zeds;eai
capacities[18]:
Shearcapacitywithouthoopties:

When 1.59/dS2.5 ,

vc - 3.58-(a/d)-1.166 -fc'1/3 -pD -Pd -Pn -b -d

When 2.5 <a/d,

vc - o.94-(0.75.1.4d/a)-J:1/3 -po -pd -Pn -b-d

Shearcapacitycontributedbyhoopties:

vs -Aw -qsv -d-(sine +cosO)/1.15s

where,

pp -W,pd - yi6675
Pn -1+2Mo/Mu

f' : compressivestrengthofconcreteQgf/cm2)
pl: tensilereinforcementratio

Mu: ultlmatebendingmoment
Mo: criticalbendingmomentproducingtensilestressinthesectionofa member
Aw:sectionalareaof setofhooptiesinspaces

qg:.'=gelnegihaadteybi;lSE:T,ttoi:?.00thPet:exgg.ff/Cthme2Lember
a : shearspan(cm)
b.' width of section(cm)
d : effectiveheight(cm)
s : intervalbetweenhoopties
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(18)

(19)



Therehavebeena numberof studiesinwhichtheprimaryattemionwason theplasticdeformationor
ductilityof RCstructures,and acertainnumberof techniquesfor evaluatingductility(ductilityfactor)
undercyclichorizontalloadingtestshavebeenproposed.This studyadoptsthe followingevaluation
formula from a WG report of the Special Commihe for Investigationsand Study of the
Hyogoken-NanbuEarthquakeof 1996, which was derived through the extensiveresearch and
consolidationof earlierstudies[2]:

p

--A.(1-A)(1(W)3)
where ,

(20)

N : axialcompressiveforce

NB:wmhi:icocaTspers6uSl:Viaf:rc.cemw,Peesns1:3usiBbaniuaTRreewak:qdeotT:xtdeeEieedsash;lTeals%i!ufso;;
reinforcingbarsat thepositionofapplyingtheresultanttensileforcetoreachtheiryield
strength.I)

Mu :fleXuralcapacity
Vc..shearcapacitywithouthoop ties, as computedusingequation(17) or (18)
vs :shearcapacitycontributedby hoop ties, as computedusing equation(19)
a :shear span3&

Basedon the capacitytermand externalforcetermdescribedabove,equadons(21)and(22)wereset
up as thellmitstateequationsto beusedin assessingsafetywithrespectto flexuralcapacityand shear
capacity,respectively.For theflexurallimitstateequations,the secondarymomentresultingfrom
displacementwas also taken intoaccount.Equation(23) was set up as the limitstateequationfor
ductility.

g1 -- alMu - (Pmax -a +N-6max)Pmax

g2 - a2(Vc.Vs)-Pmax

g3-a3[%.(1-A)(12(9#) 3)]-i

(21)

(22)

(23)

where,
: maxlmumvaluesof activeinertialforceandresponsedisplaamentobtained

Apm-8mn &omdynamicanalysis
a1,a2 : Probabilityvariableto deal with variadonsin the equationsfor calculating

capacities

a3: dP:OcBiTi?yniftayctVoTableto dealwih variadonsin the equationfor alculating the

since the capacitiesandextemalforcesincludedin the abovelimit stateequationscontainvarious

Ynnnauret:Te?es;iTreeavlT.iarbelg:rdai(dia-slpr-.3b)abillTye;eanebhlOedsTcdh an auemptto tke awunt of their

Tocalculatethe I;ilureprobabiutyof the RCbridgepier, it isveryimportantto evaluatethe formsof
theprobabilitydistributionsandtheirvariationfortheseprobabilityvariables.

In Section4, thesevariablesarefirstevaluated,andthentheseismicsafetyof theRC bridgepiersis
evaluatedusinglimitstateequations(21)to(23).
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Coc#icientofvariationof
flexuralcapacity(%)

.. .tk

6

20 30 40

Meanvalueofflexuralcapacity

(a)EffectonFlexuralQpacity

Coefficientofvariationof
shearcapacity(%)

12

10

6

I Shearcapacitybornewithoutboo
x Shearcapacitycontributedby

hoopties

lrb ldr

y

x% x xx

10 20 30 40 50 60

Meanvalueofshearapacity

(b)EffectonShearQpacity

Fig.5Effecton VarianceinMaterialStrengthson Capacityi-BB52S$4L@
prior to czmyingout the safetyevaluation,it is necessaryto set coefficientsof variationand
disbibutionstot the probabilityvariables.In thissection,evaluationof theuncertaindesin material
strengthscontainedintheapacitytermsandevaluationofuncertaintiesinthemodelingandequadons
forcalculatingcapacitieswillbedescribed.
a) Effect of Material Strength Uncertainty on Capacity
Thecompressivestrengthof theconcreteandtheyieldstrengthof thereinforcingbarswereadapted
as uncertaintiesaffec(ingmaterialstrength.a the basis of surveyresults,the upperOmitsof the
coefficientsof variation,whichrepresentthe degreeof uncertainty,wereassumedto be 20% for
concretecompressivestrengthand7%for reinforcingbarsyieldstrength.Thevariabilityin material
strengthwas assumedto be normallydistributed. Tobeginwith, theeffectofvariationsin material
strengthonflexuralapacitywas evaluated.SinceflexuralOpacityis calmlatedfor the momentat
whichthe compressivestrainof the concreteextremitiesreachesits ultimatevalue,as mentioned
above,the mmputadonof capacityis not formulatedin positiveform.Therefore,a MonteCado
simuladonwasusedto evaluatetheuncertaintyin materialstrength.Theprocedureforthisisoutlined
below.

1)Selectionofspecimens
2)SelectionOfthe numberofsamplesandthecoefficientsofvariationof thematerialstrength

variables
3) ahlation of materialstrengthsin accordancewiththe selectedprobabilitydistribution

formsandtheircharacteristicvalues
4)calculationofflexuralcapacities
5)Repetitionofsteps1)to3)for theselectednumberofsamples
6) Calculationof meanvalues and coefficientsof variationfrom the set of the flexural

apaciticsobtained
Aartain numberof specimenssimulatingactualbridgepierswereselectedand analyzedaccordingto
theaboveproadure. Theresultsareshown inFig. 5 (a). Inthis graph,thehorizontalaxisrepresents
meanvaluesof the flexuralcapacity(convertedinto shewforce)for theselectedspecimens.Although
each specimenhad its own value for the coefficientof variation,in this study, one of flexural
capacitieswere 8% or lesswithoutexception.Accordingly,when analyzingthereliabilityof the RC
bridgepiers, the calculatedflexuralcapacitywas used as ameanvalueandtreatedas a probability
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Table6FormofDistributionforProbabilityVariablesandParametersofDistributions

variablehavinga coef{1Cientofvariationof 8%.

Next, the effectof variadons in materialstrength an shear capacitywas calculated.As the shear
capacitywas establishedas in equations(17) to (19), the respecdvecoefrlCientsof variation6 were
computedusing the equationbelow. In the equationsto calmlateshear apacities without hoop ties,
parametersrehted to bendingmomentwere used. Thesewere analyzedby takingthemas probability
variables,basedon theresultobtainedbythe MonteCarlosimulation.

8=fk
FLv

i ll

where,

v(E,...x=).i(A)Li(Xi-XT)

Xi : Probabilityvariablesrelatedtomaterialstrengthandbendingmoment
standarddeviationsofprobabilityvariables
equationto calculateshearQPaCitiesVa

(24)

Figure.5 @)Ishowstheresultsof theanalysisof coefficientsof variationof eachequationfor shear
capacity.Fromthis graph, it was decidedto heat shearcapacitieswithouthoopties as probability
variableshavingan 8% coefficientof variadonand shearcapacitiescontributedby hoopties as ones
witha 10%coefficientof variation,thecalculatedshearcapacitiesbeingtakenas meanvalues.
b) Effect on Capacities of Uncertainty in the Equation and of Uncertainty in the

Structural Analysis
Theequationsfor calculatingshearcapacitywithouthoop ties and the equationsfor evaluating
ductilitywerebasedonexperimentalresults.Moreover,flexuralcapacityobtainedby analyzingstatic
elasto-plasticitywas appliedto RC membersundergoingcyclicloading.As a result, calculated
capacityvalueswereinfluencedby uncertaintyinthe equationsthemselvesas wellas by variationsin
materialstrengths.In this study, the influenceof such uncertaintiesis takenintoconsiderationby
treatingcoefficientsai(i - 1- 3) inthelimitstateequationasprobabilityvariables.
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S ym bol in lim it

state eq uation

F orm of probability
distribution

Param eters of probability distribu tion

M ean value C oeficient of vari ation

a1 N orm al D istri bu tion 1.0 10

a 2 N orm al D istri bu tion 1 .0 20

a 3 N orm al D istri bu tion 1 .0 40

N N orm al D istri bution D esign valu e 5

8v N orm al D istri bution a cu lated valu e 10

Pm ax N orm al D istri bution R esult of response 30

8m ax N orm al D istri bution R esult of response 30



Selectionofbridgepier

Qlculationof variationandductility

alculationofspringfactor

Selectionof soil

Settingof maximumaccelerationof
seismicwaveformatbedrocksurface

productionofseismicmotionatbottomoffootingfrom
selectedgroundbyushg multiplereflectiontheory

Analysisofseismicresponse

chlculationof maximuminertialforceandmaximumresponsedisplacement

Fig.6 Flow Chartof BridgePierSafetyExamination

Evenwhenthe activeinertialforce andresponsedisplacementdue to an earthquakeareset at their
maximumvalues,it is notpossibleto eliminateuncertaintieswhenmodelinga stru?re. nerefore,
theseshouldalsobe takenas probabilityvariablesas a matterof coursewhencarrylngOutreuabnity
analysis.Nevertheless,a satisfactorydatabaseforevaluatingtheinfluenceof suchuncertaindes,other
thanthoseinmaterialstrength,hasnotyetbeenestablished.jbrdingly, for coefficientsof variation
otherthanthoserepresentingmaterialstrengthuncertainties,theassumedprobability.distributionsand
parameterslistedin Table6 wereusedin the safetyevaluationof the RC bridgepiers aSdescribed
below,unlessotherwisespecified.Correlationsamongtherespectiveprobabilityvariableswere not
takeninto account. The coefficientsof variationin maximumacdveinertialforce and response
displaamentshownhere,whicharetheresultof earthquakeresponse,simplyreflecttheuncertainties
foundindevelopingthemodels.In otherwords, thepresentstudyexcludesanalysisof the degreeof
seismicrisk andso thevaluesdo notconsider,forexample,thescaleof earthquakeslikelyto occur
duringthe structuresTs lifetime.Wenote, therefore,thattheresultsobtainedin this studyapplyonly
whentheseismicwavesselectedactontheRCpiers,andso areinthatsense.conditionalT.ii8*
Fouowingtheproceduregivenin thesafetystudyflowchartof Fig. 6, a safetyeva!uat!onof theRC
bridgepiersin the eventof anearthquakewas carriedout. Priorto analysis,theselSmlCWaVeforms
wereamplifiedor.attenuatedsuchthatthemaxlmumaccelerationswouldbe equalatthesoil.Thiswas
becausethe bridge piers, foundations,and bedrock to be analyzedwere modeledas an integral
system,and we aimedto evaluatesafetyfor aneventin whichidenticalseismicmotionactedon the
design bedrock.
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(a) Safety Evaluation of RC Bridge Piers Used in the AnalysisGroundmodelNo. I-1fromTable5 was selected,and
the seismicwaveformswere amplifiedor attenuatedto
give maxlmuminput accelerationsat the bedrockof
between 100gal and 800gal. These were input, in
100galincrements,intothe models shownin Fig.4.
The relationshipsbetweenmaximumaccelerationand
safety indexfor bridgepiers A, B, and C are shown
respectivelyin Figs. 7 (a), (b), and(c). These graphs
individualsafetyindicesobtainedby assessingsafety
with respectto flexuralcapacity,shear capacities,and
ductility,as well as safety indicesfor the RC bridge
piers as calculatedbythe reliabiutyevaluationmethod
of structural systems proposed in section 2.
(Henceforth, the index given by the proposed

evaluationmethodis referredto as the. RCbridgepier
safetyindexT.)

Figure. 7 (a) shows the results for bridge pier A
Comparedto thesafetyindicesofthe threelimitstates,
thesafetyindexof the pier is lowerfor allmaximum
inputaccelerations.Thismeansthatno dominantlimit
stateexists in this case; pier safetycanbe evaluated
properlyonly by.consideringon three llmit statesat
thesametime.However,in thecaseof bridgepierB,
showninFig. 7 (b), thedifferencebetweenthesafety
indexwithrespectto flexuralcapacityand RC bridge
pierindexis smaller,whilefor bridgepierC inFig.7
(c),thetwo arealmostthe same.Hence,thesafetyof

this finalRC bridgepier cm be consideredas well
approximatedby nexuralcapacity.Thus, evenwhen
the shear capacityexceedsflexuralcapacitydue to
variabilityin theequationsused tocalculatecapacity,it
may not in some cases be possibleto ignore an
assessmentof safetywith respectto shear capacity.
We believethat the issue of whethersafety cm be
examinedfor a single limit state, or whether the
correlationamongmultiplelimit states needs to be
taken into account in the assessment of safety,
dependson thecapacityratioof thestructure.
(b) Effect of Capacity Ratio on RC Bridge
Pier Safety
In this section,theeffectof thecapacityratioon RC
bridge pier safety is discussed by changing the
numberof axialreinforcingbars and hoop ties in the
RC bridges.

First, eachRCbridgepierwas modifiedby increasing
the number of axialreinforcingbars in steps, each
time by 20% of the originalnumberin each of the
citeddesignexamples,whilekeepingthe numberof
hoop ties unchanged. This increases the flexural
capacityand decreasesthe capacityratio. Next, the
numberof hoop ties was raised, each timeby 25%,
while keepingthe number of axial reinforcingbars
unchanged, thus increasingthe shear capacityand
raisingthe capacityratio.GroundmodelNo.I-1 was
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+ SafetyofRC bridgepier
•` Safetywithrespectto flexuralcapacity

+ Safetywithrespecttoshearcapacity
+ Safetywthrespectto ductility

Safetyindex
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Safetyindex
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Fig.7RelationbetweenMaximumInput

AccelerationandSafetyIndex



selected from Table5, andthe relationshipbetween
capacityratioandthe RCbridgepiersafetyindex
was investigatedwhen seismic waves amplifiedto
800galwere inputintothe bedrock.ne resultsof the
analysis for bridgepiers A, B, and C are shown in
Figs. 8 (a), (b), and (c), respectively.Referringto
Figs. 8 (a) and (b), when the capacityratiois raised
by increasingthe shearcapacity (above 1.18for pier
Aim Fig. 8 (a) and above 1.32 for pier B in Fig. 8
(b)), the safetyindexalso rises. It a be a)nCluded
fromthis analyticalresultthat for capacityratios
above about 1.7, however, the value of bridge pier
safetyconvergesatthe levelof safetywithrespectto
nexuralapacity, andso a furtherinaease in shear
capacitydoes nothingmore than impartexcessive
capacity. Furthermore,if the capacityrado is
decreasedby inaeasingthe flexuralapacity (below
1.18 for pierA in Fig. 8 (a) and below 1.32 for pier
B in Fig. 8 (b)), RCbridgepier safetydecreasein all
cases, due to rishg acdve shear force during an
earthquakeand adecreaseinductilityof theRCpier.

Sincetheapacity rado of bridgepierC is as highas
1.84 even before the numberof reinforcingbars is
changed,increasingtheshearcapacitywhilekeeping
theflexuralapacity fixedhas noeffectonsafety(as
representedby thecapacityratiorangeabove1.84in
Fig. 8 (c)). If theflexuralcapacityis raisedin order
to reducethe apacity ratio, as withbridgepiersA
andB, a tendencyfor safetyto beginfuuingwhen
theratioreachesabout1.7 is seen.

In this analysis, increasingthe flexuralcapacity
results in falling pier safety. However, it is
demonstratedthatinaeasingthe shearapacity while
keepingthe capacityratioat a predeterminedvalue
allowsfor effectiveraisingof RC bridgepiersafety.
Wenext tuned our attentionto bridgepier B and
developedpiers.for which the number of axial
reinforcing bans was 1.0-fold, 1.2- fold, 1.6-fold,
and2.0-foldgreaterthanin the citedsample.In these
pierswith varyingamountsof axial reinforcement,
thenumberof hoopties was increasedby 25% so as
to raisetheshearcapacity.GroundI-1 inTable5 was
selected.Figure. 9 shows the relationshipbetween
safetyindexandapacity ratio,whenseismicmodon
amplifiedto 800galwasinputintothebedrock.This
graphshows only the safetyindicesobtainedusing
thissafetyevaluationmethodfor structuralsystems.

Itcm be seenfromFig. 9 thatanincreaseinflexural
apacity elevatesthe RC bridge pier safety if the
shear capacity is also increasedsimultaneously.
Nevertheless,inthis casetoo, for allcombinationsof
reinforcingbars, safety changes little once the
apacity ratioexceeds1.7or so. Thisis thoughttobe
duetothe factthatRCbridgepiersafetyisgoverned
by the assessmentof safetywithrespecttoflexural
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Safetyindex
2
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Fig.9Relationbetweenapacity RatioandSafetyIndexfor DifferentCombinationsof

MainReinforcement

capacitybeause, althoughnot shownin the graph, this valuebecomesalmostconstantat a point
closeto this capacityratio despiteincreasingshear capacity.Accordingly,the safetyindexof RC
bridgepiers convergesto the safety indexwith respectto flexuralcapacity(and becomesalmost
constant)whenthecapacityratioexceedsa certahvalue.Consequently,it maybesaid thatadjusting
the amountof reinforcementso as to maintaina the,capacityratio of approximately1.7 is an
appropriateway to enhancebridgepier safety. Judgingfrom this analysis,capacityratio c2Lnbe
consideredausefulindexof theearthquakeresistanceof RCbridgepiers.

ne valueof capacityratioindicatedheredependsonthe wayinwhichwe setup the Omitstatesand
on theparametersof theprobabilityvariableslistedinTable6. Theemphasisin thisstudy is not on
the actualvalueof thecapacityratio,but ratheron thefactthatcapacityand ductilityaweadoptedas
two itemsassessedin consideringthelimitstateof RCbridgepiers in anearthquake,and that RC
bridgepiersafetycm beevaluatedquantitativelyby introducinga reliabilityevaluationmethodbased
on a commonyardstick,i.e. thesafetyindex.Thisallowsconsiderationof whethera structurereaches
the taqgetsafetylevel,whethersafetymustbe assessedby consideringa muldplicityof limitstates,
andwhetherexcessivecapacityis incorporated,etc.
(c) Influcncc of Type of Ground on Safety of RC Bridge Piers
h this section,in.orderto grasp the innuenceof groundcharacteristicson thesafetyof RC bridge
piers,analysisis carriedoutby changingonlythegroundmodel.BridgepiersA B, and Cwereeach
combinedwith all 12 typesof groundmentionedearlier,and seismicmotionampufiedsuchthatthe
maximumaccelerationwas equalto 500galand 800galwas inputinto thebedrock.For eachpier,
safetywas evaluatedfor eachground model.The resultsareshown in Figs. 10 (a), (b), and (c),
respectively.In thesegraphs, the horizontalaxis representsthe characteristicvaluesof the ground
whilethe verticalaxisshows thesafetyindex,meaningthesafetyof theRC bridgepieras calculated
by theproposedreliabilityevaluationmethodforstructuralsystems.

It can be seen thatbridgepier safetyfalls almostlinearlyas thegroundcharacteristicvaluerises.
Therefore,itis tosomeextentreasonableto categorizegroundon thebasisof its characteristicvalue,
as is done in currentseismicdesign.However,for typeI ground,none of the bridgepiersafeties
variesmuchwith groundcharacterisdcvalue,whereasin thecaseof type II and III grounds, safety
variessubstantiallydependingon characteristicvalue,eveTlfor thesametypeof ground.Thismeans
thatthe safetyof identicalstructuresinan earthquakewilldifferevenif, forexample,groundsin the
same category have differentcharacteristicvalues.This studymodelsgroundfor whichspread
foundationswouldconventionallybeused forthecaseof pilefoundations,musinga loweringof the
response.Henceitis expectedthat,fortypeI ground,differencesduetogroundmodelarelesslikely
to appear.Anyhow,a more detailedgroundclassificationis requiredin orderthat designswhich
maintaina uniformlevelof structuralsafetyon differentgroundcm be developed.Besides,Fig.10
showsthat theextentof the declinein bridgepiersafetywithincreasinggroundcharacteristicvalue
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differsbybridge.Therefore,in orderto develop
a designthat ensuresa predeterded levelof
safetyagahst a hypothedcalseismicwaveform,
safetywinhaveto be discussedusinga model
whichb.eatsthe bridgepierandgroundas one.
of coursewhen this is done, the mostdirect
methodof ensuring uniformsafety despite
differencesin ground,etc.winbeto identifythe
degreeof safetyofeachstructuralsystemusing

rseTieagn2]i?valwuahg.Tldmeedthb.yd,i;:rexsmtrup&ralthe
systemsdescribedinthispaper.

gi)s.I.?iluut;.nncc.onf.ih.csFaofrcT,o.i,PRrgbB?iiiiFc
Piers
h this section, we evaluatethe Safetyof RC
Bridgepiers when the form of the probability
disbibudonfor each probabnityvariable in
Table6is changed,andwe discusstheeffectof
such changes. ne probabilitydistributions
wnsideredhcludt ases whereallvarid)lesare
assumedto be logarithmicnormallydisbibuted,
wheretheextemalforceten, i.e. themaximum
hertia force PmaEand maximumresponseLI J1

assumedto be of the
andwhereprobabnityetyn;e8R%Lbare;),

displaccm
extreme-I
variables tipressing the capacityterm are
normauydistributed.BridgepierBwasselected
as the subjectof the analysis,and No. I-1 in
Table 5 was chosen as the ground model.
seismicwavessuitablyamplifiedandattenuated
to be between100galand 800galin maximum
hput a-leration were hput, at 100gal
hcrements, into the bedrock.Theresult of the
analysisis showninFig. ll.

There is that nQ Sigmificmtdifferencein the
response of in safety index to hcreasing
maximumhput accelerationbetweenthe case
whereallprobabilityvariablesareassumedtobe
nomallydistributedandwherethe logarithmic
normaldistribudonis assumed.Thisisbecause,
thoughnot show.Ain the graph, safetyhdex
values calculatedfrom the three umit state
equationsfor flexuralcapacity,shearcapacity,
andducdlityaremoreor less thesameoverthe
wholerangeof maximuminputacceleradons.
jbrdingly, as far as the limitstatesusedin
this studyare concerned,the assumptionthat
probabilityvariablesin the Omitstateequadons
arenormallydistributedandtheassumptionthat

normallydistributedcan
almost equivalentwhenFeeyth%:io.gE:PE:i

. Ma3mmuninputacceleration500gal
E)Maxumuminputacceleration800gal

Safetyhdex
2.5

i .5

0.5

0

Safetyhdex
2.5

i .5

0.5

0

Safetyhdex
2.5

i .5

0.5

0

o o.2 0.4 0.6 0.8

Characteristicvalueofground
(a)BridgePierA

o o.2 0.4 0.6 0.8

Characteristicvalueofground
(b) BridgePierB

o o.2 0.4 0.6 0.8

characteristicvalueof ground
(c)BridgePierC

Fig.10RelationbetweenGroundCharacteristic
ValueandSafetyhdex

evaluatin-gRC bridgepiersafety.

Whenthecapacityte- is assumedto benormallydistrll,utedandtheextemalforcetermto be ofthe
extreme-Itype, pier safetyis lower thanfor caseswhet.ethe normaldistril"tionand logarithmic
nomal distributionareassumed.ne lowerthemaximummputacceleration,themoreapparentis this
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Safetyhdex
3

0

+
Allnormallydistributed
-+
Alllogarithmicnormallydistributed
¥+

Capacities..Normaldistribution
Externalforce:Exterme-I type

200 400 600 800

Maxumuminputacceleration(gal)

Fig.l 1 Influenceof Formof ProbabilityDistributionon Safetyof RCBridgePier

difference.In therangeof small maximuminputaccelerations,RC bridge pier safety is adequate
andso thesafetyindexis high;thatis, the failureprobabilityis heldtoa lowenoughlevel.Generally,
in therangeof low failureprobability,theinfluenceof the distributionedge shapebecomesrisesand
ithas beenpointedout thatthesensitivityof thefailureprobabilityto theselecteddishibutionformis
high[19].Thecaseinwhich theextemalforcetermis assumedto be of theextreme-Itype is thought
to correspondto this situation.In the rangeof highmaxlmuminputacceleration,the effectof the
distributionformon RCbridgepiersafetyis lower.Accordingly,whentheaccelerationrange-which
is a problemof seismicdesign- is estimated,theinfluenceof differencesin theformof theprobability
distributionof the variousprobabilityvariablesused in this study on the safetyevaluationis rather
small. Hence it is consideredthat the analyticalresult mentionedabove, obtainedunder the
assumptionthatallarenormallydistributed,is generallyapplicable.
(c) Influence of Uncertainty in the Model and the External Force Term on RC Bridge

Pier Safety
In this section,of theprobabilityvariablesgiveninTable6, the certainwefficientsarechangedand
the effect of such changes an RC bridge pier safety is discussed;those coefficientsvaried are

piodb::1:iutyatvinNgiadblecsdu?ty2Ecdt.?,3,r!:,rgtfve:?yn,tvan%oens3eftfEceieenqSati;nvswf?arti=icu.Fmh&sATm?npeadCiiir

to;=tifETinantdhere'ePqOunatSie.ndisfSiacecar=;itlkg%eRxeugrsdega5teyFrabeab&intycluVSedabZa?11&Wuhni&hnraeE:;sehnatdS
alreadybeentakenintoaccountthroughthevaluesshownin Table6, and so the coefficientof
variationwas notchanged.All the probabilityvariableswereassumedto be normallydistributed.

In order to find the relationshipbetweenmaximumincidentaccelerationand safety index for the
selectedprobabilityvariablesandcoefficientsof variation,ground No.I-1 in Table5 was selectedas
the groundmodel andseismicwaves amplifiedor attenuatedto givemaximuminputaccelerationsof
between 100galand 800galwere input, at 100gal increments,into the bedrock. Bridgepier B was
used for thisanalysis.Figure. 12(a) shows therelationshipbetweenmaximuminputaccelerationand
safety indexwhen coefficientof vaqiancea2 WasChmgedfrom the valueof 20% set in Table6 to
40%. Similarly, the relationshipbetween maximum input accleration and safety index when
coefficientof variation.a3 WasChangedfromthe 40% ofTable6 to 50%, andwhen the coefficients
of variationof the max-um inertialforce andmaxlmumresponsedisplacementwere changedfrom
30% to 40%, are shown respectivelyin Figs. 12 (b) and (c). Figures. 12 also indicatethe safety
indicesof the RC bridgepierin thecasewhere thecoefficientsof variationareas setin Table6.

ln Figure 12(a), when the coefficientof variationofa2 is increased,that is, when the mlculatedshear
capacityis assumedtovaryconsiderably,theexaminationwithrespectto safetyagainstshearcapacity
is nesessary.nis resultsina declinein RCbridgepier safety.Clearly,though,settingthecoefficient
of variationrepresentingerrorsin theshearcapacityequationto40% is excessive.It shouldbe noted,
however, that even for bridge pier B which has a capacityratio as highas 1.32, dependingon
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fluctuationsinthe shearcapacityequation,the
examinationof safety with respect to shear
capacityis necessary.Accordingly,for bridge
piers designedto suffer flexuralfailure, and
whichhavelowercapacityratios,if fluctuations
in the shear apacity equationexc{cda certain
degree,a substantialeffecton piersafetyw be
expected.

Figure. 12 (b) shows the we where the
oefficientof variationexpressingerrorsin the
due(nityequationis raisedfrom40%to 50%.It
canbeseenthatsafetyevaluationof bridgepierB
is littleaffec(edby the acmracyof this equation
for calcdating due(ility.This is beause the
safetyof bridgepierB c2Lnbe approximatedby
mems of the safetyindex alreadycalcdatedby
assessingsafetywithrespectto flexuralcapacity.
As a result, Figs. 12 show that when a bridge
pier is designed, full consideradonshould be
given onlyto the limitstateswhich have the
greatesteffectonbridgepiersafety.

Figure. 12 (c) shows the results of analyzing
changesin the coefficientsof variationof the
maximuminertialfora andmaximumresponse
displacement.Here,unlikethe caseof changing
the coefrlCientof variationof the apacity
equation, or even comparedto Fig. 7 (b) which
showsanalyticalresultswith thecoefrlCientof
variationsetat20%,the relationshipbetweenthe
safetyindicescalmlatedfromthethreelimitstate
equations remains unchanged. juSO, the
proportionby whichthe safetyindexdecTeaSeS
as themaxlmuminputamleration risesis fixed
andis independentof thecoefficientofvariation.
Therefore,if the accuracyof structuralanalysis
hdicatingthe behaviorof a bridge pier in an
earthquakecanbe improved,smallcoefficientsof
variationcan be assumedfor the probability
variablesand this leads to greaterbridge pier
safety.Thus, it canbe concludedthat designfor
a particular taqgetedsafety index w be
accomplishedmoreeconomically.

5. APPLICATION OF THE RC
STRUCTURE SEISMIC DESIGN
PROPOSED IN THIS STUDY

5.1 General

Instructuringan RCbridgepierinaccordance
withconventionalspecifications,thedesigner
hasno mews of knowinghow to achievea
givenlevelof safetywiththeparticularvalues
of safety coefficientand design stress
resultant adopted. On theother hand, this

+ SafetyofRCbridgepier
•` Safetywithrespectto flenralcapacity
+ Safetywithrespectto shearcapacity
+ Safetywithrespectto dt)ctility

+ safetyof RC bridgepier
(I)singvaltleS Shown in Table 6)

Safetyindex
3

200 400 600 800

Maxumuminputacceleration(gal) .
(a) Cbefficientof variationof a set at40%2

Safetyindex
3

200 400 600 800

Ma3mmuminputacceleration(gal)
(b) Coefficientofvariationofa set at50%3

Safetyindex
3

200 400 600 800

Maxumuminputacceleration(gal)
(c) Coefficientof variationof pw,8MSetat40%

Fig.12 Effect on Safety hdex of varying the
coefficientofVariationRepres-entingUncertainties
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analysishasshownthatevena bridgepierdesignedforflexuralfailurecamotbe assigneda safety
indexapproxhatedonthebasisofcomparingflexuralcapacitywithdesignbendingmoment.Rather,
the safetyof the piercm be properlyevaluatedonlywhensafetywithrespectto shearCapacityand
ductilkyarealsoexanhed at thesamethe. h thissecdon,basedontheknowledgederivedfromthe
aboveevaluationoftheseismicsafetyofRCbridgepiers,wediscussa seismicdesignmethodforRC
bridgepierswhichallowsthedesignertoattainthesafetylevelheorshewishes.5@

W

Usingthe reliabiutyevaluationmethodof structuralsysterrwas a basis,the mostdirectmethodfor
calculatingthecapacitiesandamountsof reinforcementrequiredtoattaina givensafetyindextarget,is
tocalculatethesafetyhdicesof bridgepierswithgraduanyincreshgamountsof rehforcementuntil,
eventuany,the targetis reached.However,to formulatethe problemwithoutresortingto such a
trial-and-errormethodisa verydifficulttask,for it requiresthatindividualdesignpointsbefoundfor
multiplelimitstates,andthatsuch designpohts be aHgnedso as to auainthetargetsafetyindices
withoutcontradictionsamongthefailureeventsasawhole.

To dealwiththissituation,RCbridgepierfanureevents,comprisingmultiplelimitstates,were
resolvedinto a problemwith a singlelimitstateproducedby an assessmentof the flexuralcapacity.
Andattemptwasthenmadeto applyseismicdesignbasedonthisreliabiutytheoryto RCbridgepiers.
Inthisapplication,thefollowinghypothesesweremade:
(i) For thecapacityratiooftheRCbridgepier,a shearapacity 1.7timestheflexuralcapacitywas

assigned.
(ii)ne secondarymomentproducedby displacementis about10%of thedesignbendingmoment.

Therefore,in orderto simpufythecalculations,its effectwas ignoredwhencalculadngthesafety
indexwith respectto flexuralcapacity.The resultantlhit state equationfor examiningsafety
withrespectto nexuralcapacityandactivebendingmomentis as follows:

g1 - alMu -Pnax.a (25)

(iii) For an probabilityvariables,the valuesshown in Table6 were usedfor the coefficientsof
variation.

(iv)Allprobabilityvariableswereassumedtobenormallydistributedandindependentof eachother.

Fromtheearlieranalysis,it is clearthathypothesis(i)enablesusto approximateRCbridgepiersafety
by using the safetyindexvaluecalculatedby equation(25), andthat bridgepier safetyfor the
designedflexuralcapacitywin becomeoptimum.Withthereliabnityevaluationmethodfor structural
systems,a techniqueusingtheRosenbla#transformationwasproposedforcalmlatinga safetyindex
bytheuseof a singlelimitstateequadonlikeequation(25).Withthismethod,however,it isnoteasy
to find designpointswhichyieldthe targetsafetyindex.To solvethisproblem,hypothesis(iv) is
introduced.This gables us to use an iterativeteclmique[6]accordingto the AdvancedFirst-bder
Method,which allows easy calculationof the design point. Withthis method,for each active
maximuminerdalforceinthe earthquakehypothesizedinthe design,the flexuralcapacityrequiredto
obtaina targetsafetyindexcanbecalculatedbymeansof theformatshowninequation(26).

Mu -y.Pmax-a
(26)

where,

A : designflexuralcapacity
pmax: maximuminertialforceobtainedfromanalysisofearthquakeresponse

y: designcoef6cientnecessarytosecuretargetsafetyindex

Whendesignflexuralapacity is determhedby equation(26), the amountof axialreinforcement
neededto obtainthatflexuralcapacityis detemhed, therebyallowingcalculationof thedesignshear
apacity of reinforcementotherthanhoopties.men, thefollowingequation,derivedfromhypothesis
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(i) andequation(19), is usedto computethenumberof
hoop
calcultaitea,gA

, neededto securethetargetsafetywhen
ysignflemralcapacity.

A

w-a '27'

Valuesof the designcoefficientr , which appearsin
equation(26), obtainedfor valuesof the targetsafety
index p from0through3 areshowninFig. 13.

Finodrexin.SftmanCCkcwbhru,-ielr.,0alSalrueguaisdutT.2th.eimSeasfeLye
maximuminertialforce obtainedfrom the response
analysisforanassumedearthquakeshouldbesetas the
flexuralcapacity,and this will be sufficientif the
numberofhooptiesobtainedfromequation(27).

Past analysis demonstratesthat a safety index
expressingRC bridgepier safetyas calculatedby
simultaneouslyconsideringmultiplellmit statesto

Designcoef{1Cientr
1.8

i .6

i .4

i .2

i.0

0 0.5 1.0 i.5 2.0 2.5 3.0

Targetsafetyindex

Fig.13 Design Cbefficientwhich
EnsuresTargetSafetyIndex

reflectdifferentdegreesof uncrtaintyin each equadonfor calculatingapacity andthepossibilityof
brittlefailureinRC bridgepiershavinglowcapacityratiosis smallerthanthe safetyindexevaluated
by simplycomparingshearapacity with acdvebendingmoment.Therefore,even if the nexural
capacityobtainedfrom equation(26) is realizedin an RC bridgepier, if the shearcapacityis only
slightlyabovethe shearforceatthetimewhenthis flexuralcapacityis reached,thepierwillnothave
thetargetsafetyindexconsideredinequation(26),andthedesignwillbe on therisky side.Then,by
providingthe numberof hoop ties whichsatisfiesequation(27), the safety of the pier cm be
consideredby comparingflexuralcapacitywithactivebendingmoment.Thiswill finallyallowoneto
saythatthetargetsafetyindexhas beenattainedinthedesignof thepier.

TheConaeteStandardSpecification[20]formulatedin 1996stipulatesthatthesafetyof RCstructures
in an earthquakeshouldbe verifiedby determiningthattheywillnotbe subjectto shearfailureand
thatthedeformadonof eachmemberremainsbelowitsductiuty.Moreconcretely,sincecapacitywith
respectto thedesignloadisevaluatedpriorto analysis,safetymaybe examinedonlyby comparing
deformationwith ductility,andusuallythe apacity ratiois madegreaterthan 2. This is because
experiments(cyclichorizontalloadingtests)haveconfirmedthata apacity ratioover2 ensuresstable
flexuralfailureand that theductilityof membersreachesabout 10. h theotherhand, this study
shows,onthebasisof thecoefficientsof variadonassumedin table6, thatbridgepiersafetymustbe
judgedby safetywith respectto flexuralcapacitywhena apacity ratioof 1.7 is givento thebridge
pier. Accordingly,the safety evaluationczLrriedout heresupportsthe safetyexaminationmethod
desaibedin the specifiation.However,as shownby theaboveanalyticalresult,it is impossibleto
knowwhat levelof safetyhas actuallybeensecuredfor the structure,sincethe bridgepier safety
indexvariesdqending on bothnexuralandshearcapacityevenif thecapacityratioremainsconstant
andbeause itis unableto evaluatesafetyby simplycomparingthestressresultantwiththecapacities
and the amountof responsedisplacementwith ductility.Thereare undoubtedlystilla numberof
problemsto be solvedbeforereuabnity-baseddesignssuchas theonedescribedin this studycanbe
fullyappliedto actualdesignsystems.Nevertheless,theintroductionof thedesignmethodas shown
in equations(25) and (26)may solvesomeof the problemsfacingthe currentdesignsystem.This
winleadtodesignsthatallowclearrecognitionof thelevelof safetythedesignerwantsto secure,and
we believethe road towarda new designsystemin whichuniformsafety,unaffectedby design
conditions,canbeensuredwillhavebeenopenedup.

6. CONCLUSIONS

Thefirst stageof thisstudywas to estd)lisha methodof calculatingthe probabilitythata structural
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systemreachesa limitstateby consideringthemultiplelimitstateswitha potentialto occur.Next,the
assessmentof apacitiesand ductilityas limitstatesof an RCbridgepierin an earthquakewas taken
up, and the influenceof thecapacityratioof thepierand thegroundtypeon its safetypier etc.was
studied.Basedon the resultsobtained,theapplicationof the methodto actualseismicdesignwas
considered.

Themainconclusionsreachedinthisstudyare:
(1) A methodfor calculatingthe failureprobabilityof a structuralsystemwas establishedfor in a
situationwherea failureeventcomprisesinvolvesmultiplelimitstatescorrelatedwith eachother.ne
proposedtechmiqqesubstantiallyfacilitatescalculation;its superiority,bothin tlmeandaccuracy,over
calmlationmethodsinpreviousstudieswasconfirmed.
(2) ne safetyof an RC Bridgepier in anearthquakewas evaluatedusing thereliabilityevaluation
methodfor structuralsystemsproposedin this study. The results showed that when the capacity
ratiosassignedto the RCbridgepiersarein the lowrange,the evaluationerrson the sideof risk if
shearforceandductilityarenot takenintoconsideration,even ina ase of a pierdesignedfor flexural
failure.
(3) ne safetyof an RC bridgepier was analy2X:dwith differentcapacityratios by changingthe
numberof mainreinforcingbars. ne resultsshowedthatwhenthe shearcapacityis about1.7 times
the flexuralcapacity,a pier's safety cm be ascertainedby performinga safetyassessmentof the
flexuralcapacityandactivebendingmoment;also thatfor a certainflexuralcapacity,optimumsafety
is attainedwhenthis capacityratiois assignedto thebridgepier.
(4)As a resultof analysisof groundmodelsselectedby consideringgroundcharacteristicvalues,a
quantitativeunderstandingof thedifferenceinsafetybetweengroundtypeswas obtained.
(5) The influenceof uncertainties(variationsin the compressivestrengthof the concretemd in the
yield strength of the reinforcingbars) includedin the calculatedapacities was evaluated.This
influencewas representedby modifyingthecalculatedcapacitiesby coefficientsof variation,and its
upperllmitwas evaluated.
(6) jWterslmultaneouslyconsideringsafetyassessmentswith respect to flexuralcapacity, shear
capacity,and ductility,a seismicdesignmethodfor RC bridgepierswhich securesa predetemined
levelof safetywas proposed.

Alsoelucidatedthroughthiswork werethefollouwingproblems,whichare thoughttorequirefurther
discussionin thisfieldof study:
(1) To carryout reliabilityanalysisfor bridgepiers, the extemalforces likelyto arisedurhg their
lifetimeneedtobe estimatedby givingthoughttooccurrenceprobabilityandscaleof possibleevents.
(2) Uncertaintiesinstructuralanalysisandcapacityequationsneedto becompiledinto adatabase.
(3) Sincethe Hyogoken-NanbuEarthqual(eof 1996, it has beenemphasizedthat, regardingseismic
design,wemustaimatimprovingtheearthquakeresistanceof the entirebridgesystem.Accordingly,
safetyevaluationsthatincludethefoundationandshoe,not onlythebridgepiers, is necessary.
(4) In this study,the analysiswas appliedto aseismicdesignmethod,andwas camiedout underthe
restrictiveconditionthatoptimumbridgepier safetyis obtainedby maintainingthe mpacityratioat
1.7. In the future,however, it is requiredto work out,under generalrestrictiveconditions,amethod
whichmakesit possibleto establisha formulafor calculatingdesigncoefficientsfor attaininga target
safety, whilst additionallyconsideringeconomicefficiency,workability,and the importanceof the
structure,aftertakingmultiplelimitstatesintoaccount.
(5) It is necessaryto carryoutelaboratecalibrationbeforeselectinganew standardas the yardstickfor
safety.This is necessaryto ensurethat the safety level matchesthat of existingstructureswhose
reliabilityhasbeenguaranteed,and to clarifythestandardfor safetytargets.
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