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rr#l'qrJrJ r" ot{lfr,fiudr finr:Trirrirrordrnrudr o.e dt * pd1#rip'inu::4nnr'6J
nlrnruuouiod ' #t#,fiuir nrf,nnirdfir#oq,lnrniinnrrlrniuo (strain)'lrifirfiulnrau
6llnnarn fi.:ufir'rogi:ouYnrJ:rnql#rfiudfrrucixnsuaylnulursusfirirrri-nr::rlnurnfiqn

rrri:ouil?fiiJnt{t tdon'ni:ileiour11iluhu:r1n flexibilities fi.r'lfiornlrunnrrnrnof flonnr:
Y )r n a olniln- tD ua v r 6lqnl::4 n tfi .ri rn:r :#In uritfi fnl::4 n ur.ilu uur pi'r rifl#16'urfi .r

hj:'h'ldro.:ntrlrilsr"l (deflection profiles) 6.:ujiuilrfiuul#rfiunrruusrnrixotjrlrfiulfifel
rvrirl deflection profiles tLitrrur6onto.rrhrrinr::4n lgrJd a; nr:Tri.:n-:fi'ldlrorn
modal flexibility o''onu'odarnruqnrirl#riluilr0 firirlrnndr baseline flexibility 6.:
rrlu'1fr"8'prir modal flexibility stolduo.rdonrurduflru'lddnirnrrudgavg11dr,:Trrq ri'.rr?u



qsld

,fi unudrfi drunfi r rfi nn': rr rd uu r u r:rnr:lfirirruh riri rn:rrrirn r u grJ uru pir r l niu a wu

baseline flexibility unr post-damage flexibility lnrrudorr.rtjunruilii'lotntfinnrrutdu
.  i  a ) q v d  . {  s  . e  - X  i  "  { i i

14ru) s.tovluulf i l f iun?ri l tduxrutorTn:rd:rrou-rn[nutgrtu tv{on-ri luFrrourrFrro{}rul l1r

rdufiru uasfrnr:il:;rfrurirnrrrrdunrurdurfrilIprunr:yroao.ruurl'lriri,u'ro,on,rd (local

nondestructive evaluationl rio'hJ 1u;
I  a / u  

v

en.to nt:rJ:runei"l{nirotnt:nounisr tost fu

m.ls.o inuruvwwtnn
v v

4 v  , t  A  v  A  a  -  v s  u  s  d t  4  a  d

0tnt:unn0uT ufi'l?llulauryil.xuttun 1Ia:fi t0 t6 t0 nJu0tnt:n0un:n td:u tiland.t
v l

v r v r

tos, "fr'u (q?ilfi G') ornr:ila"{fiqnr4rarulorunr:l#:vrfifl fi.rdu.fi rfiofufi uen frquruu

n.fl.todend urruilaunrr 1 
'hJtorornr: 'lffuanr'lfluflfi , ululrdqo lqctd.ted {* r,'u

v v

ornr:rijuvr'u'l3nru (flat slab) mur sr.tod fi'r 6.r:oriulprutdrnoiln;ntaSltnSn :vur
o U v . t t t t 3 l s . t t r X

i lanro{nr:er"ruynurr:{nuarurr{ u:;nouo?urn:{d:r{:vl4rxuunirrardrfirrnunari tD Fi?
9 r Y V

(drrirfiy'ls{) rtnunnrrn"rao.:qnrfiolToruliuilut a fir ua;fir.rrir shear walls :orfrru
v. l . l / r {

tn:{6t:1 {: vl{? tnfl unu tct't
v

o  -  a  l <  Y

st.le.b UUU0nOJ$J?nrlYnlU?JnU
^ a v !rruu iilrao n rB.:i rn:r ;r{ qnairr{ur rln u ordunolfi r rsr oflj:uR:u ETAB S(7)

'  i  c  s  ^  t  "  i  "  i  i  q " ,  o  3
n ouT 0vT1n1:T f la0{ tu ttoa n' l :? tnt l  v?r ttuu0la 0{u n:3i l1t?{ 0110 v tTo0 n ttuu n l :Fr nn n

d  a  i  .  -  |  v  q  q  r  q t / t s  i
tn:o.r1r0d114tunt: i lna0n,r{cttnrui l1nn0fl1:nqdut0?t 0vtsnn4lJ910]Rfl] : i l040{ l tnvtTr0
J  { .  I  c  I  q  .  n  |  |  i  o  (  d

lrir3!etlrrltu{n?lrJtll{uniflurtut:u 0ateral stiffness) n?'llJ tlr9rorl-ro{rlonouruorrxu
r 9€ . . - v - tX I e c,

uaJn21ilul,{untnfl0tl:{ua u{n?1ilu R1:?tn:'lJltu u{n:Jil'lt?{0lltll:1u?1 n1:9r0uclu0.r

tdo.: or n u: r n : ; {u (excitation force) fi t u r pr I r n vr o d o ;r-pr'lfrr,r3o'lri
v  )  n r r l  )  |  t  I  o  v  I  v  d
1oilailil'llJl rgrns?RUn?o]n'lr .u{u:;noud?uuuuuilau rra;drd'ril:la'ulornounrel

oir l filfiolnnlrnnnor 'ldqnriurl#lunt:aituur,irno{ri{irnrr wi * fi6 Inunr:l#
'h,llud66rlud ,iraorunilRar{[as shear walls rravlfr beam rra; column elements

rirao.riudrilro.:In:{dYr.:d u-.:u,r6ooq nrlu u{{ unirsio u:rpr-prro.:du qniirao.:Inul#
r r { r a a ? r x 1  Irn:{:rlu,uur{u-ra'r (a slab-column frame) ua;nrud:rf,niHatortoro;lod finrrunirr

I  v  V  X  I  q  - -  , t  r  r  - {  t  t  q a

rntnun?TlR?]{tloinru:stirlrarhfianl{Ft1rIrru?lt1r.: nrufrrudurj:;?vrfnrrilnh$Jr; ?nrr.ra



ec/b

(a) ririi":to':noun3srfi'16'ornHnnr:nnaororqnrirlrlilunr:rirurruTuqayarornrrrdnrciu

gtuto':6na:Jr|6rflurruu'lrirndoud (fixed) rr?aro.:nr:rn6oudluuurqr:r (translational
mass) ua!1|?a1o!nurndounittuulrlru (rotational mass) Iuruus{ool,16u ruo{rduruontu on
.  c r r  , J  2  -  ,  

u

rirrunl#a{filnqurinaxto.:rraluusiav,i'u urudraor m fifrtorornr:'lfruafl{lflugilfi 
"r

olnRltitn:rvr{vrrl'lotnutt?q (Eigenvalue; urdrrfiofior:rurrfiur .c Tfirrflu:nri
'16'ornnr:nsraol 

rir modal parricipation facror 4.rn'jriounr *en to.:riryrifioqjoi.: ,duoo1n
t1 -olnrsfifr dnuru;t olTn:la3rc ufl n eir.ro r n ornr:n'r'hJ or n n r:fi shear walls u r drqrfi #uo,

n-':riulunr:rirurnrrit modal pafiicipation factor dgdrrijuffo.rfinurdyr;nntor modal
truncation dfi r.rasio lateral flexibility

m.b.a nnnnaotlaunaTnal#totn*ilu (Modat rests By Forced Excitation)
nr:nnao.:Tlraauuotnt:dHi4rl,rr',riouuf,r Iqulfirn;oirirrfier:{n:yfiuururfirr#u

(linear mass-inertia exciter) uuh oaoo rJouri 1*y rroi{oryad1frornna'lnnr:nouduoir
da',rt''ruti'rro'lrirjrrfiofio rn:rsiroh:rdru::rdrr dryryrrurifiornr:riodryry,*nrrunru
(signal+o-noise ratio) dldolnnlrn:v{uuur random riou{r.rsir ii.:ndrriu u:.:n:;{ufi
'lilrfiu':nodo:n:;{uTrltdiur',uduir 

ua;'lrlrfiu.:yrofiodavriyrarufionirnr:n:v{uto.ru:{a,.,
i^---- . -  - .  '  '  , ,'f .: 0 v u- H a si o nr:er ouduo.r rio u:.: n : ;{u (forced-excitation responses) u o n o rn u"u
tr:.:n:;{uu"r'[:irfiu{},{odo;rirl#rfiqnr:IunEr-rrorglu:1n (foundation rocking) l#r,-
nu.,tnufioriprld ri'.rr?u ilfr0.:fitnt:nnaorfuuna*ruioiiorlfilr6.r{oryafiqnfiuouurrirrfiofio

nr:nnnolTrunnn:u?nt: ldrJfrrin'Ioul#u:rn:v{uq.:{uunsnrrdrrorrnnTuladluri 1
t A 4 .nr':drutnEo.:fioqrJn:ofi ua:ItJ:un:rnolfirrnofurlf; rn{o.ru'on'lf;tJrrnurrfrru (o) rnCo.r

drtfipru:':n:v{u (Servo-controlled hydraulic linear-mass exciter) 1t"; rnCo.rfior-nn1urd.t
(PCB393 seismic Accelerometers) (m) rnCo.r:'udryrgrruualn?uqilRl:ilnao.: (Hp 5INE
signal processing and test control hardware and software)

- 3 . 1nr:qroql"ltnioIfionnaoI 'ldtranl'tflugrJli 
d rnto.:fiorhnIruri.rro{n:laYiIn3l

t fi6 qnn'nn3llfluuur:tl r'oru, a #u rdoinnrr'rol,duorluuur:rrua;uurfin uasfirr#.r
lunu:6'r uud'tu{r.rto{t cores t,uruu,a'rdaqjn:.:11u'lna4r,,rorflnn3raorto.:ornrrlu#u uase-
r"nt ,dudouJ:;rfiurirnr:Iuner-rrolglu:rn drurnCorrirrfioru:.:n:;{ufir,a.:oqiilr#u bc



.otsC

tunr:mna o.: url n: l{u t,uuodu sine ua ;nltu dn u oodu,dr'fr,Cu o 1 rn' ol' o ;1#td

signal-to-noise ratios dqr u:rn:;{urir1#6nd'ualrfiou nrutillo.tsr'ndtfiprolnnlr*u

a:rfiou qninua:rirriunr:Inu:llrrfiu{oqa (data acquisition system) Inuaodryrgrru

dbifiornr:lfirndorioudqn Tnunr:?rrrirrodtrrordrgryrru {orgafiqnr{rrfiunr:rrfrr'ldrfiu'l1

1uflrrl1ro.:r{.rrffurolnrnoil.tuorri.:nrud (Frequency Response Function-FRF)

sftuiudo;irn:rr#luiuriou rdoHu:lrflurot (harmonii force) 11.1'lel crtsoo rJourf

1rJ:;nrru o.odzoro.rrirrrinornr:) d#u roe dnrrldn:.:n-uhuprd o rlonnt:tndou'lrtrlufig

nliuoon-nliuErn (Thfud Bending EW mode) r^w'jrnrutionuoululrd#urpr'u:nlu firir

rrirri'u b.s, milli g. n?rurino;aararrfluotitor',ndurru;ilrwiriornlndr:rldrr:lr{rtrJou

dl#ugru:rnto.:6n ud{a4ndHrrotnnr:iord#uglrrlnnu.rqr'n rfludo4adrfio6o'lfr rdo'r

ornnr:mrrirroduto{eTr1q,ril drlfrdrgqJrru (noise) 6.:finr:n:;olutluu random rTnfrrldu

runu
o.b.d Hanllnnao$auna

{o4a rnr drfiul1 fiqnirn:rrr{qio'hJ Isrunr:lf; curve-fitting algorith- dfidodr

Polyreference Frequency Fomain Algorithm (oo) nrant:itn:r;fitol * nrrldu:n rT"'l

rri:rualfuunarrnrnoflduan{lflunr:r{d u hunatrnrnoiqnuoirra'ladlnormalized)

tdodovldurdo *^r-norrnalized modal vectors nr:r{rurrurirnrrl6nm{u1uuur:rutflu

uurj:rAornnr:dufi un?ndt o.:mn nr: rndou'lrtl o{tItll:1nfi liprldrdo rr:.:n:;{uoq1u

uurnrfio-lfr (NS) lduanl'li1u1ild e llurlRto{unuRalndo{sTt uanlnr:Iunoirodr.:

rfiuldf,n rm;rardoqi'lnaqnrorueiardruto.:ununal{ 
'16'rndoud:usuallufisnxsr:.rriu{rr

nrruilnutiuro{nl:?tqu (rotational flexibility) to{I111:lnlonttnilna1{o,nn'ttruduud

ldqnirr rra ;il: v ur'u tfl un"r tn t

o.b.d nrriliuilgtnuu,inot

,duoo,on'rrilnaoit H#tfirfiuir fru:lntottrnunarlfinr:Iunn'r d'.rriuna1nd6.rnr:

o;qndnr{ruluuuu,irao{odl.:rilrlrral rdolfru::qtilruutunl:mnao{ f,uallfi (dummy

floor) 6.rqnrfilrfila.rutioqild#u basement toruutL,iraolrdo.:fru tn:rs'ir'lrifiarJi.:1u

uu:d.:1unc!l6druudrol ETA,BS orr?u,a',nuo#uarl6 dlqnrirr,runrlfrrhmrirdrfluarJil



qfnld

lu uurd l rrvru rti ofi o ; td uu uilunr:Iun nirto.rgiil:rnl o n rnilnar{ usia y ununnrr qn:oriu

frruail?flurrurdl a ni lpJii oo) uonornriu rarlnfrrnuo#raurdri.rqn:o.riuTsruaili.r

lu rrurrt'.:ralnJdil;{t nrtl6nrn{u:;nr'rrpr'urirgru:rnlurrur:rrqndrao.:Tprunr:lf;aili.r

66rlusilurru?:lu stiffness to{dil;{QnrJirrJq.rrndol#rfinnrrudruTu#ri'u:rrdrr analytical
rotational flexibility niurirdthlfrotnnr:ilnaol ornni:irn:r;r{yrldr nrrlo'nrtjuluuur
rufio-lff Ns) ,fir{rrfiu.rYouas ro fira-rnr rmsfifinr:rfiuq.:drYoud! loo d#rurn

rdorrJiuurfiuu:ril?'r{nrrl0nrtiuvrllfrornnr:rirurruunyrrnnr:in o;rfiuir NS
flexibility drirurru'ld n'rirq.rn'irdfo'ldrJ:vursuYoudu ensr 1gilfi oo) fi.riirrflufior6lnur

I  o  d  f ,  ' t  L  ltfrrtdr trlofro;rjlfiuavmrri'ruil:fid'r1ili fi.:fidrBvrario NS flexibility uavr^ruirdufi
t ,tBou:sudrlttnunnln (slab-core-coupling) qnavrauluuuurirao.rrdo.:6'u ril.rriu lu

nr:rJilrJq.:rtlu'ilrao.:riusio'hJ ununan'lfrqnrdouleru plate u{.: drfidr stiffness q{ilrn
(infinity) luuur:r:L uavu'rirtvitnirqutifiuon:;uru odr.r'l:fisrru ornnr:frun5rrrrfrru
nr:mnaolriourrird 1oo1 f,#tfiudrdud:;ndn shear walls oyfrurirfirflusi'rrfiu.tTu.:1u
ttu?tlu (lateral couping) r'fr'odoviirao.rsr-rrfiurTu{d nrurdurTu.:dr'nriun{rrryir
d':Lnrrlnir.:rJ:vEvrBnratuodun',nu, firnfirndrruralonununar{ 6rb.d dr lffqnohnl
luu:lu'ilrao.:tllirn:rrr{ ua-rornnr:rlirrJqrdu#r nrrufrnurjufirirurrutfrfirirlnfrrdu.rlrn

nllrirYi:-prld do{t#,fiuita-nururnr:Frorrduo{lorornr:rionr:rrdrrilurafiounrn-rirfiEr-r

r d a :Is wl' a il q : rri u u u r f; o r : v u i x u n u n u., o #o a u o
m.m nr:rJ:s 0 n rilf;nTu a silru ryd nd rr' du rfl unou n3n raiil rfi d n

.l
d1tl'telT-?tr1,{rutNra:.:ffrufiqn:funnro.:rfio.r6u6uru6 qn 16onl#rfluEr-rodx

1o{nl:ilnao{ tdooo',narrn-.tud,flroi'tuytuito.ldr?{turrf;n il:crnytaniuroof lstringerl
6.rfiatirflu'ilrutulrnlura:-gToloTo arn',udqnuir.:fiuluij fl.f,.rodsnen rflua;nrufilrifi
adnirLu:ltdou (shear connector) :vrir.rfunouniErrailrmf;nri:Lnrurmdn fi u nr.:i.r
It6l3 m rh.:a;nruuueiordo.: (rir.ru:n ea rln rir.:daor 

"la 
r{n uavrixqor#ru ae r{n;

noriori.:a;nru (Abutment) qnr,rciolfrrflurforn'urniurirdua;r^nu ua;flinrurndnrLr.r
drur{rl:Jlunoilotilagilrufr?u 6ra-nuru;nr:rioa3r.:urudGundr Integral Abutment

1qgild ou)
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a.st-@ uuu'frlolfl$mwritiotilu r

uuu,ilraorrdorfiu qnagr.:nun'Iilltl.,Uttn!1ulnIoncl31{ruotirla'oil :rurT':fi:ru

at16unqruarrifiroriaqdliilunr:rioairlasr'{rud?u 
n?1}l}lu'luruodrrilarn''aruldqnlfftu

nr:,iraol boundary condition l.urirfild'ranrnnr:siordol (continuity condition) ua;

*lvr:.: sr ifilolei?aynrufilu (e1ild om) norfirrsroihl:rrn:il sAP90 (u) qnrirurlfflu

nr:irn:rvr{qeua,ffivrrr dynamics lond;*.r1r rr:{Hdlrrruua'r1:c[ (full-composite action)

:rm.ir.rduarvrrufirflunounisrtailtm6n d'lntuva'ndrflurndnqnderoflurtuu'iraortfoldu

nr:irn:r;r{nr{'lornuurqdrriuuuu'irnold lfinrairn:rvriluilJrultuou''.,ud lrJdrilrun

11a;n?1llurrniulo.rlmuol (modal density fio:lu;rirltoilrufl r'rtonrrld; flaloln'l:'

irn:rvr{do;lf;rfluuurvrrrdrmiunr:16on ununlrrddaultlunr:nnao$uttotn niauril

Gtrv{luoonrflurit.r 1 uur,durr.:rirrrtd'rqndr16l rdolfi"tdurfil{o*a:w;lnr:ilfrri6nr:

oilfiasr^rru

orn n r:fi ns r tra ti tn:r vri r^r l'i r u o n0'l n ttln Harr rrfr r nr:'ilra o I boundary condition

dErorioriraril.ru unrRl:,iraor continuity conditiondnrurdnua;norio (pier)rflulninqd

d,rrluo'',rriuriuouvrrrdrunru6.rtilrrn;oauarasr{rolnr:rrld0urirularir 
(displacement

kinematics) 6 rfi o qlurnludud tn'ild

nnnnaotlaunam.m.lE nltnf lOA\t LN'Lvt5'

a;yrru'ffiqnrrar"",..*uruauoolo rdolfi^tdr'fisqnrauri66runannan$nr:rndou'tn'l

#fluuu.lfi.ua;gut:1r drriunr:rnaou 6ui'r'[Jd moOe shape lurturhl lt:{tn:luiln

ilila iMu qnrir{ulrr ofi outrin ou rJourifi fi er d"r tniilAroi.,oiuoinrlrurinu::r1n (load cell)

'lrJrira lyrru ua vqrJn:nflv{ilr6u 1du o dalul:nrfiu{o:1nrir'r 1'lTtd nr:rnaolfu uoan:ul{lo:

llo'lu

Inunr:n:l{uuuurilu:ou (harmonic excitation) qnrir{ulurtu'l:rdsruifimrldlorn

rTunrrilurrlondirllu

or-rrdu.r.orud ur,lnrsro{d'ltrixurlsir rrnl mode shape urllrJdr'r 6':'ldurorn

nr:nnao$nunr:l{u:ln:surntoldou (impact testing) ttailcrunl:l{rn{olrirrifltt:{tn:r

flu (forced+xcitation)'lduar,l't#1rjd "aur',rduuvu'lnrsro{drrri'll 
frtfiurornnr:nataolo?l

,ilru.lu o 1or'tfiqnriufin'tlua:1{u1iuilrfiuufiilrird\durornnr:itn:r;fi"u''t"od 
cn nr1ild



cdo

n"rmilr.: lrJdr.rlr,rln ttal mass-normalized modal vecrors iirutu too !a fil'16'urorn

HnR'r:ltnno.: lu;rJro': FRF rflunanr:nnao.:fiuanrl#rfiuanryrnrrdunuoarn-,u 11nr
d r  J r  -  |  .
rilunrirdlrnnir bo llrrnurnto.ravvrrufi'Ifr'll0'rnnr:noao.:oglurixr,ouurlud uo r6ind

m.m.a nnJiutlTtuuu,itaodfld{u (Calibration of the FEM)

nr:ililr.lElulu'iraodu modal space : nrrudlr{uf:lrrir.: n?tud1o.rd;r{-lur1n

ttll'ilraoltilol6uttarornnr:ileao{03.r qn'u-'or'lTlunr:r.:n en nirrril:n'drn"cyro{rruuiitao{t
^ - ^ _ . 4 _ - _ f y .  _  t  _ - _ _ . , y  -  1 A  I  q  e d  -  X  

"n?'liln qniliiloun:;rilnriududunfrnritrurlndrdulriufrulu modal space nr:r.lilrJq.rnrrl
. y - . - y - . 3  - . a  _ . J  i . _ _ - . - : - q : f - . _ _ i .  s  * r - . . _ {  4 s u o  ,  h  t -  iflult{ufi tll llllJ9lllcldlliln:Jill-tetulnd{ or tilutnSori}lrfruir na'lnnt:Ftouduowjufru$'lu

ulnodti'triarlr:ntrao.rldodt.:alo?.16.:rflu{niirrierro.ruuu,iraorrilirn:r;rirfo.:fiud

ntudprtltiuTurrpra : grJii oa 'lfruapr.rl#rfiuqrJdr.rfiuJduu'hJto.ravr^rrunruldrll

xrinrrr.ilurrur6.rri'16'lrornuul,ilraorri.rirn:r;ridrJiurJq.:ufrr ua: modal flexibility 6l
c t t  t  

'

qnn:rfilff?ut?ntnofto{u:{fitflur;ar nifi'lffior:niliufrt'ir rulirn:r;riYldilnr:ililrJq,:

tol'l1fllr modal space rrirriu ualnrndru-'rosfi{olnr^riot6n!rnuru odr,:'l:fisrrlgrldrlro,:

modal flexibility fildoonlrd firfluEr-rrj.r{nrfrrunr:irn:r;#otjrrmfi.r nofio;uan.:l#
r#u'ldd r d yil r il uct er.r n r rn o u ctu o r fi al rn q a r H ani o'lri

m.m. d n'l:yt er doilnr.ll.| du o?lr o n ttuu ii ta o n ri,:i rn:r ;ri

nr:ilqao'uir uuu'iraolrilirn:r:rialoiluio'lririu n:yrirlprunr:aYr.rnrudu
r{uf:;xdr.rmrl6nmqiuri.ritnr;#lanalytical flexibility) roduuudtaol 6.:'[frilnr:rJilrJq.rlu

modal space ilfrr nil modal flexibility fir'ldornnr:nnaonni{ profile ro{RlrTri{et-?uu1r
o n'6 lufld oc #lfr,firt.ludrrflufnindrr nidldirn:rs#rrudrdr profile rnrirdaon

a l o v r 9 rn6orn:rnr:r::r1nun;ririlu"nlondJr,{rufirr'drfifnr::4nru.in:;oluoqJ lprun"r'hJrrfrr nr:
Iriln":orn modal flexibility nr:firirrioundrrirdlfforn analytical flexibility usirda.:rrn
nrtdlTl4lnltrrirutru modal flexibity 'lrin:u 

lrJd oc uapr.:1#rfiudt ntrlri{n-?fi.r'16'orn
analytical flexibility firirfiounirdrn''ldorn modal flexibility InuroyrrsodxO,r fi{orlouffl
^-^.^_.1_^-,_ . l  ,  -  . , i  x,  ! .nlufrnorio uarfrnoriorB.:drnru d.rfrri.:fr6rnru ,,lilduoiJ,, ro.:uur,$raorri.:irn:rc?i
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