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A])sttaJt

A  new metl  IcKlology  fot u~)clatitlg  ttle firlite clerlle[lt  II Iodel o f  a  s t r u c t u r e  usiIlg an illco~III)lctc. s e t
of moclal test frequmws and modcshapes  is prcs(vltd. The  proposed 1[1OC1C1 u[)dating  Inethodology
i[lvolves a least squares lnirliltlization  of the modal (lyl~a]llic  force t)alallce residuals sut)ject  to quadratic
inquality constraints introduced to I)rol)crly  acc(-)unt  for the mpcctd ~tleasur(’]tient and modeling
errors. in particular, al)plicat  iot}s to structural (Ialtlage detect ion al]d struct tttal  health monitoring
are addrvw(l. It is demonstrated that the predicted awwacs  of a model updating Itlctkdology
can be sigtiificantly  illlproved  by joil Ltly a]lalyzing  ~[lulti~)le sets of test data ot)tairld fuo[n re~)eated
lal)oratory  or field m~)erimmts.  Sitllulatd lnodal  data obtain(d on a tr(lss structure are usd to assess
t Iw st ren.gths, limitations, all(l overall performance of the I)roI)osd  IM)(Ic1  updat  ill~ Ilwtho(lology ill
r(’latioll t o  ttlc llutllt)er awl locatioll  o f  setmors,  tile locatiorl  atd ltmgt)itude  o f  errots ill ttle fil]ite
el(YIl[’Ilt  Illodel of thf.’  Structllr(’.  as Jvell as t i l e  Ilullll)(’1 of IIIC’:HL1[C(I  I[lodes.

‘1’11(  nw(] for 1I1o(I(,I  ul)(latillg  alises  itl tile I) M) C(ISS  of (ollstrll(ti[l: a tlleorcti(al lIlo(l(Il of a strtl(ttlr(’.
1[1 rrlost ( “ i I S [ ’ S ,  iIl or(l(’r t o  ittll)r(nx ttl(’ ac((lra(y  iI1 tile lIIo(l(’1  I(w}N)tIs(’  l)r(’(iictiorls, tll(’ l)rt’-t(xt fitlite
(’1(’  lll(’llt 1110( 1(’1 of tll(’ strll(ture [1( ’(’(1 to 1)(’ II[)(lat  (’(1 to Illilt(”ll  :11’ililiil)l(’  t(Wt (Iiltfl. .-lllotll( ’l” illl~)OI’tiiIlt

il~l~)li(”at  i(lll of a [Ilo(lel  \l[)(li\t  illg llN’t Ilo(lo logy  is ill t II(,  I)r(xli(.t iol) of st rli(.t ~llal (l:~llla~(’ (s($(’. for (xillll[)l(’,
X~ltk(’  illl(l }“tlo, 198S; Stlll)l)S, 111’()()tll(’ ;Ill(l [) S(’~ll(Ylil 199(1; F/1111’ilt tlll(l IIC1ll[}Z, 1993; [’:l[):l(lilllitrio(l  rf

(11, 1997; J’allik ilfl(l I](’(”k, 1997: Kiltafyg+iotis  illl(l [,illll, 1997). ‘1’1](’  1()( ’;lti()ll art(l six( of (l:lrli:lg,(~ (;lll 1)(,
i[lf(’rlf’(1 l)y Illollitorirlg”  tll(’ re(lll(tioll  Ill stitf[l(+s  illl(l  tIh Iss [)ro[)(’lti(x  () f tll(’ (’l(’Ill(’l  Its (olrl[)tisill~  tllo

fitlit(’ (’1(’ltl(’Ilt  1110(1 (’1  of tile strtl(ttlr (’.

‘1’JI(’ ~(’llot’ill l)rol)l(,lIl of 1110(1  (’1 lll)(lilti Ilg ill\olv(w t II(’ s(l(,(tioll of tll(’ I)(’St  1110(1  (’1  ftolll ;1 [):it:~rtl(t(’liz(’(1
(“1:1ss of” 1110(  1(’1s  tlliit I)(’St  f i t s  tilt’ [ ’ ( ’ S {  )011S(’  or I[lo(lill  t(%t  (I; lt:t itS ,jll(l:(’(1 I)j’  :111 ;ij)[)lo[)ri;lt(’1~  S(’1(’(”t(xl

II)(21sIIr(  of f i t .  “1’1](’  (Iiffic(llti(w  ;lSS()(’iilt(Xl  \vit\l ttlis ill\(rs( I)roi)l(’t[l ill”(’ [Ilaiflly  (111(’ to tll(’  111( ’ilSlll”(’111(’llt

(lr I(JI  ill 111( I t(’st  (I;lt:l, ttl(’ r]lo(it’litl~ t’trori ;\II(l tll(’ i[l(”()]tll)l(’t(’11(’ss  o f  tll(’ av; iil:il)l(’ (l;lt;~ l’(’lilti V(’ to

tll(’ tII()(l(Il  (c)ttl])l(’xity  lIe(’(l (’(1 to ~)ro(ltl(v  [)l)ysi(;llly ILl(’;l]li[lflll  II I(N1(  IIS. .-\s a r(’slllt, ttle itlt’(rs(’  [)1(11 )1(’111



1( ’il(lS to tl(J1l-llt]i(lll(’ ~ollitiorls” illl(l ill-((jll(litiolli[lg (11(’ltl[:lfl, 19S!):  [h,(k, 19<S!);  ll(,tt(lstl(,;l(l :111(1  l’[isu,(,][,

1993;  ll(wk aII(l I{atafygiotis,  1997).
111 [)iHt V(’ars, S(’1’(’ral  stll(li(,s llil\’(’ 1)( ’(’[1 (1( ’vot(’(1  to r(,(x)fl(ililu  fitlit(’ (’1(’111(’tlt  1110( 1(’1s  !vittt [11(  ’; Istlr(,(l

rII(xlal”  (Iat:i. A  lit(,ratllte rcvi(wv o f  (’.xistitlg fi[lit(’ (’leIll(’Ilt  111()  (1(’I  Ill](latillg arl(l (lillflilgf’  (I(>ttvtiorl
.,

I[lcth(xls CaII  IN’ foutl(l irl tl]e S(IIV(’Y  l~y lI(Jtt(vsl](’a(l  il]l(l l;ris~v(’ll  ( 1 9 9 3 ) .  F;~l(li ~[1(’tli(xl  IL:(s its (NVII
a(lvalltages  arl(l sllc)tt(oltlirlgs wl(l ttlere  is no acc(’[jtat)le  lllet llo(lok)~y”  for Sllccessflllly t wilt illg t Ill, t[lo(le]
(l~ldatitlg a[l(l da[nage  detect  ioxl }Jrd)l(’111.  ‘111(’  ]mferal)lr Itlet }Io(ls of Ill)(liLtitlg aw Ilsllally thf ’ 011(’s Ivllicll
~JrescIve  stxilct,t[ral  coatlectivity, hlost  r[letliods a(ldress  tilt’ I)IOlJleIII  I]y ch(msirlg sot Ile rlmtll(’rI1atical
critrria Jvhicll ho~x’flllly  creates a u[lique o~)ti[[lal tIIodel lvtlik’ [Lcgl(’ctitlg other II~o(lPls  that CaII ~ive aTI
equally  goo(l fit to tllc IIlwwllml data. The ~)rcsellt study is I)as(d  011 tllis class of r[lctllo(ls.  II(NX,VCI,
IIC}V  ~tlettlods (Ilcck, 1989; Ik~ck a~ld Kataf}’giotisl 1997) Im(d oIi Ilayesiatl  statistical it~f(w,l~cf’ tlave
bceri dcvclolxd  rwelltly for properly ad(lmsirlg tll(’ ~lo~~-ll]licll](’ricss  l)y corrll)utiag all(l collsideritlg  ill tlie
l)redictiorls  all (fitlitc or infinite)  models ttlat give ac((q)tat)l(’  fit to the data (Katafygiotis  altd Ilcck, 1997;
\’atlik  ad Deck, 1997; Beck and \Tatlik, 1996). ~’lle latter r[ietllo(ls are po~verful  arid nave slIo\vIl great
pror[lise  ill properly illcorjmratillg  moclelil+?, alld nlcasltrf’rtle~lt  errors, a s  Ivell as ~)ro~mrly addrcwirlg
ma]ly of the cliff iculties  etlcollntere(l  in the lllodcl ulxlatirlg  ~)rol)lertl,  es~)ecially t}lose associated trith
x[locfel arid respolm prediction accuracy.

This study presel]ts  a methodology for ul)datitlg  t}le finite element Inodcl  of a structure asirg all
iacortllJlete  set of cx~)erimeatally  ot~tairlecl ~rlodal ftequcllcics  a~d rllodesha~)es.  It cotnhilles the ~aode-
shape  exllamioll  technique  ~)ro~wsed  l)y I,cviIw\Ywt,  hliltl~all al~d Kissil (1996, 1997)  ~vit}l u~)dating
caljabilities  for I)redictimg  both  the locatiml  and size of mors  ill tile pre-test  finite  elerlle]lt rtiodel o f
a structure. .Apl)licatiolls of tile ~)roposcd  methodology to structural danlage  detectim~ al~d structural
health  mo~litoriag  are addressed. Slwcifically,  a least  squares nliairllization  of the Itlodal dyllalnic  force
l)illatlCC  residuals suljject  to cluadratic  i~tequality  constrains  iavolviIIg  the (lifferetlce  hetwwn  expaI1ded
and model-l~asd  modeshapes  is co~lsidered. The l)rolmsd xneasure  of fit a~id the co[lstrai~lt  equations
account for the expected measuretller]t  error  ill t~ot h rr~odal frequencies a]l(l rnmle slla~)e col[I1mrmllts.  as
~vell as the expected lllodeling  errors. ‘1’he Uriktlow-tl quantities itlf’olved  i[l the ljroI)osd erlor Iaeasure
it)clude tile Iocatio!l arid size of errors ill ttlc pto~)erties of tile fiaite  elemcvlt  lao(lel of the s t ructure,
related to stiffrless, mass and ,geormtrical  properties, as \Yell as the mo(leshape  values of the cotltrit~ut  -
iIlg xnodrs a t  all degrees of frcwlo]n. Irlcludi[lg  tll(’ co~[l[)lcte l[iodwlm~,c a s  uIIkrI(nuIIs  ill tl,c IIIodel
u~AatiIlg ]i~(,tti(xlology  lms tlIe a(lval~tagv of avoi(lill~ the ~)roi)letIl of idel Ltifyir  L~, tile corl(’s})c)rl(l(’llc(”
betwwa m o d e l  ard I[leasared  ~t)odes.  Arlottler a(lvatltagc  of tile exlm]l(led rtlo(lesl~aljes is iIl their u s e

for prdictitlg potential dalaage  Iocatioas  or locatimis  of errors ill tlie ~)ropertiw of t}le filIit(’ clmnf~lt

II Iodel. O t h e r  Illodel uldatitl~ 11[(’tllo(lologi(’s Ims(’(1  Oli Ill O(lf’SIlii[)[’ exl)allsiorl  t(’cti[li(lltes  illclll(lt’  tile
wwrk t)y IJat’llilt arl(l 11( ’111(’Z ( 1 9 9 3 ) ,  .llvitl (1997).  aIld l’a[li!i illl(l l\[’Ck ( 1 9 9 7 ) .

2. Structural hlo(lcl Urdatitlg hIettmloloRy—

,If(())  i“ + 1;(())./’ = f(t) (1)

Ivll(’re t 11(’  glolml IIlass atl(l st if flless Itlat rices ~ \](#) arl(l A-(H)  ill’(’ <Iw(’t[ll)l(’(1, (lsill~  a fillit(~ (’1(’lllt’llt
al~tllysis, froli)  tll(’ (Jl(vi](’tlt (or stll)st I II(t(lre) lIIass  a]I(l stiff [l(ss Itl;ttric(’s,  r(’sl)(’ctil(’1~. ‘1’11(’ s(’(  # ill(lll(l(s
tll(’ Iltl(’(’l  tilill l)ill”:l  Ill(’t(’I’S  of tll(’ 11[()(1(’]  to t)(’ ilSSig Il(’(1 \’:Llll(’S (Illl”illg t[l(’ S(’a[’(” 11 fol” 111(’ OJ)tilIl  ill Illo(l (’1.

I’f L(’ [~at:~[ll(t(’r sot f) I[liiy r(’i)reselit  IIliiSS all(l stiffli(ss  l~[ol)(vti(’s  at 111(’ (’1(’111(’llt  or Sll})stl’ll(”tlll(’ 1[’!”(’1.
[Ux:llll[)l(’s  of fil]it(’ (’1(’tll(’llt  l)r(~l)(’lti(w t h a t  (’il[l 1)(’ ill(lll(l((l ill tll(’  [);ll”ilIll(’t  (’1’ s(t 1) ;11(’: tII(NIIII  IIS of
(Jl:wti(’it)’, (“[oss-s(’(’tiotl;ll” ar(’a, tlli(k[~(w, Il\(J[lL(’[lt  of ill(’rtiil  :Lll([ liliiSS (1( ’Iisity of tilt’ fil)il(’  (’1(’lll(~llts

(x)lrl[)risitlg  tll(’ 111()(1(’1, ilS Iv(JII as  s[)riflg (tt’;  lllsl; ltiollitl  or [ot:(tioll:ll)”  stifftl(w(w  11 S( ’(1 to 1110 (1 (’1 tixit}’
(oll(liti(}r]s  ilt joi]lts  01 t)(lllll(lill’i( ’S. I:or (OIl\(’lli(’fl((’.  tll(’ [);lli~lll(’1(’liz:ltioll  i s  (1105(11  S(I(II  tl~:it  tl~(
1)1(,  -t(st [i[lit(,  (’I(sIII(II( 111()(1(11  o f  tll(’  stlll(tlll(  (ort(sl)IJII(ls  t o  f) =  1 .

Ill l);irti(lll:ll,  tll(’ ol)j(’(”til(” it! il Illo(ltll-t  )ilS(’(l  1110(1  (’1 Ill)(l;(till{ 111(’tllo(lology  is  to fill(l tll(’ \“itlll(’s of
tll(’ [); lt’21111(’t(’1”  S(’t f) Sl) ttl;lt  tll(’ IIlo(lill (Iitt;i g(’1l(’[;  lt(’(1 11,1’ till’ Iill(’iii” (’lil  SS of 111() (1( ’IS I)(’St  Ill:lt(’tl{’S. ill

Solll(”  s(’lls(’, tll(’ (’xl)t’lilll(’tlt;ill}  ol)taitl(’(1  Illo(lill (I; lta. I>(’t  1//  IN’ rll(’ rlllllll) (’r  o f  Irlf’ils[ll”(  ’(1 1110(1(>s  :111(1

I(Lt  i,, illl(l (j),,, 1)(, tll(’ (~ XJ)(’l”illl(’llt  illlJ’  ol)tilill((l i-tll [llo(l~tl  fl”(Y[ll(’11(’\.  ;111(1 lllO(l(>S1l; l[)(>  of ttl(’ StI’11(’till’( ilt



ttl(’ 111( ’asllr(  ’(1 1110(1 (’1 degrws  of fl(Y’(lo  Itl (1. .1 Ill(,il<llt’(’ (If fit ttl;lt is (’XiJ]OI’(’(1 Il(r(’itl  is (Iirwtly  [( ’lilt(’(l
to tll(’ lllO(liLl (Iylmr[li( fo[(”(” IMI;IIIC(’  I’(’Si(llliLIS  (l(’fill(’(l t)y

7“(LJ, (j, #) = [A-(H)  –J:u(fl)](:) (2)

N o t e  tlmt ttl(’ lIlodal dytlat[lir  force Imlallce r(’si(luals sat isfy t i le  e(]uat,iolls ?“(Ld/(0), Qi(6), fl) = O ,
i= l,..., 7/1, W}l(’1[’  U1(6) a[l(l ~~(~), i = 1, . . . ,7/L alC r e spec t ive ly  tll(’ I[lmlal f[(’([llCIICi(’S  all(l r[lass-
tl(lr[[Lali71cc11 [Lclclc  slLa~~c’s ofttl(’  first 7)1 modwof ttw ILWIC1  (l).

Tller)rormed [n(:tll(d  f(wrrlo(lel  ll~)(latirlgsear(ll(’sf[)r  tllro~)tilrml  I[lodcl  pararn(’tcrs~  \vllicll lllitl-
i]nize an a])l)ror)riateiy selected  llorrIl  of the IIIodal  dyriarnic form Imlancc residuals ~(di,$$~,~) sul~ject
t o  co~lditiolls  tlmt  reffect tile f a c t  t h a t  tmtll ttw r[lodal freqllc~lcies cd, arid IIIo(lf.wlIa~m  O, arc suffi-
cic[ltly close,  de~wt~ditlg  on the cx~writnm~tal cr[or  cx~wcted,  to ttle  IIwasIIrd  ll~odal fwqumlcim  and
mocfcwhape  components. Nlatheznaticallyj  ttw model updatillg  l)rohlcln is stated as a collstraille(l  rtlilL-
ilni~atiorl problcrtl:

sul)ject  to

(3)

(-1)

IvlleIe /111/2 := T7Tistll(, llsllal Iltlclc,cliaIl tlc)rIt],  IIAII{  = 3 ‘7 R.r, H, isa~la~)~)ro~)riat  (’lysc’lectccl  lveigl[tirlg
rllatrix  lvhich scales the cotltrihutiotl  of each mode irl  tl~c Il]easure of fit (3), aI~d 1’ is a constatlt  xl}atrix
of Zeroes and  011[’S  Sllctl  that @lo = z’@L.

The  iltequality  constraints (4) are itltroducd  to accou[lt for the expected I[leasurcrne[lt error  irl
tile mode-shape colrlpone[lts,  with nl controllirlg  the exlwcted  magllitude  of these  errors. l’he  valoc
of ~~ ca~l be corn~)uted from a statistical atlalysis  of Ilwasuretne[lt  data talml fmm  repeated ~nodal
t e s t  a]lalyses.  It iswoltlll)oititirlgcJLlt  that tl]e I[lf’tlloclc)lc)gies I)reseIltecl  t)y Farll:it  arid I1emez (19!33),
HeInez aI[d Fhrhat  (1995) aII(l .41viIt  (1997) ates~,rcial cascsc)fttIeIt]eas~lre  (3) atld condition (4). III
~JarticLllal,  t)otll r[lettlods mrfesporld  to valllcs o, = 0, lvllictl fail to directly incorlwrate the exl)ectccl
rlleasllrettlcIlt  error.  IIlcc)Iltrast,  tllel)rc)[)(~sc(l  iIlt'(ltlalit yc()rlclit i()Ill)rc)vicles  rtloreflexil)ility  irliIllI)roviIIg
tile fit I)etwwtl model and ItleasuIed II Iodal data over tile space of ttle ~Jarartlet,er  set 0.

The  ~veigllts L’l aIe  selected to ~nake tilt’ i-tll  rllodal terlli, desigtlated  by .I, (c51,0),  in the overall
Illeasurc  of fit (3) Iloll-clitl]etisio[lal aIId [)to~mrtiollal  to ii scalar WTi.ght ~jl. Ilcrf’irl. attelitiorl  is oIIly

give]l to the follmvi]ig tww ctloiccs (1’alJacliItlitric)tl  ct al (1997):

Sot(~ tllilt fol tll(, (’:IS(’  of [)(,lf(,(’tlJ” (’ot’l(,lilt(’(1 (’~[):ill(l(’(1  :111(1 Itl{)(l(’1  IIlo(l(’-Stl:l~ )( ’S, i . e .  tll(~ (ilS(, (,>, ❑  ~?,,

; =  1,. .,, /)/. a l l  t)llt t i l e  t(’r[ll (.(~rr(’sl)c)rl(lill~  to j = i  irl ttl(’ IIll)(liil rtl(’:lsllr(’ .J, (c’~, ,#) ill  (,7)) :111{1 (6)

(Iisal)l)(,tirs.  ‘1’lIP IIItKlal  Ifl(’iwllM’ .1, (+7,.[)) INXX)III(+ I)lo[)oltiollill t o  tll(’ flii(’tio[lill (Ii ff(’r(,[l(f’ t)(,tll’(,(,11

tll(’ S(Illil I(’S  of tll(’ lIlo(l~’1  illl(l 111(’:wllre(l  1110(1:11  fr(,(lll(,ll(.i(w f{)l’  111(~(1(~  i ,  tr(’i~llt(vl  tly tti(, S(.illiil ,j,. ‘[ ’]lis
(’(ltliv:ll(’][ce Ix’tlveell tll(’ lllPilS(ll’(’  J,(p, i H) all(l tl[(’ tIl(Jr(’  (Ii[(  ’(t 111(’asllr(’ illvolvi[lg tll(’ (Iif[(’r(’llc(’  1)(’t\v(’(’11
tll(’ S(]ll:~l(’S  of ttlf’ Illo(l(’1  :111(1 111( ’: ISIII’(’(1  lllo(lill  fr(xlll(’[l(i(+  W’ilS f i rs t  l(,lx)lt(’(1 i[i a 1(’((’llt st[l(l} (1’allik
aIl(l Ik’(’k, 1997). I l l  tll(’ g(’11(’ral  (.as(’ for \vlli(ll o, #  ~-1, :111 t(’l[lls  ill tile Ifl(Ml<il  (IroI  tII(J;ISIIr(I  (0)

atl(l (6)  :Ir(’  l)r(w’~lt. II I  [)alti(.llli~r,  tl](, t(’r[lls  ill tilt tIIt)(l:Il  (11101 111(’i~s(ll(’ (,5) aII(l (6)  (orl(’s[)oll(litl~”  tt)
j  + iill\c)l\'('t  ll('r[l;\:s( )r!~:()}()llillity  ((jll(liti( )lll)(t\Y(  `(litll( (Yl):ltl(l('(l:lll( l1tL()(l(l tIlo(l(IslIiI[)(w,  tv(,igllt(,(l

1)~ ttl(’ f;l(”tol’S  .;L(L’j -  uJ~)-/i’,l  illl(l .j,(ti!~ -  jj2)2/4’,1,  f(sl)((ti\(’l\. Xot(, tllilt for ;1 1110[1(11  \vtli(lt i s
l\ ’( ’11-(  ”()[”1’(’l;lt(’(1 \vittl tll(’ 111(  ’;\ S[ll’(’(l (I:lta, tll(’ fil(”t O1”S (p :.l[(ti)(,’1,  )~ % 1 iIIl(l (+? ~Jl(f))/~,)2  % () fol j # i.
‘[’11(’t’(’foI(’, ill tll(’ [)1’()(”(’SS  of s(’1(’(tiltg tll(’ l)i)tilllill [Ilo(l(’1,  ttl(’ 111:1SS  ortlt(y+(jll;tlity ((J1](litiofls ill(’ illS()

(’llf[)l(’(’(1  tllIollgll tll(’ t(’rt[]s  ill .l, (y~l, fl)  (“011(’sl)(Jll(lill~  to j  #  i.



‘[ ’lL(’ t(’rt{l  ill (.7) atl(! (6) ((}rl(s])(}li({illg  to j  =. .  i l,rovi(l(w  ilisi~llt i[llo tll(,  [)101)1(,111  of” sl)(,(ifjirl~ tll(,

\v(’i~ltts  lj,. S[)(’(”ifi(”itlly. Il(lr[l a IlilJ’(’Si:l  Il s t a t  isti(,al I)oirlt of vi(’\v III(,  \v(Ji~l]ts ,~, 1(, fl(x, t ttl(, [[~:ig,[litll(l(,
o f  tll(~ llll’iiS  llI(’111(’llt (’L’101’S  (> Xl) fl(’t(}(l l)(}t\V(l(’ll  ttl(,  (,x[)(,lir[l(~[]t:ll i~ll(l  [Ilo[l(}l ft(,(lll(,ll(if,s fol [Iil(kl [[10(1(>
(I\eck,  198~; l“arlik aII(l Deck, 1997). ‘1’he siw  of tl,cse CI ,(M CaII  iw oi~taillml flt~rl~ r,)(:,sl~[(,l[,f,~lt {]ata
tak(’rl  fr’or[l  Iepeate(l  [Ilo(la] test :irlalys(’s.

It shmlld }w notc(] that tile wvig]ltirig rl]atrix II’,  ~iv(~tl irl (,5) is a[)l)lical)lc  orl]y if Al ‘“ 1 (0) is rlori-
sirlglllar.  Thlls,  i t  is  llot alJ[jlical)le  for strurt UNLS  witf~ mm [[lass (le~rees  o f  frxw(loll}. I[(nvev(,r,  this
prwblelr[  call easily l)e resolved hy aI)l)lyilLg GtlyaIl II ICXIC1  rwluctiorl  to elilllillilt(l the degrees of frwdorrl
cottes~mnding  to zero luass. Silllilarlyj t i le }veiglltillg rtlatrix  1{, ,givml ill (6) is alJ1)lical~lc orlly if the
ma t r ix  A’(O)  is rlori-sirlgillat. I’llus, it catlrlot be a~)l)lied to structures that arc uot su~~~)orted  or ttwy
at’(’ ~Jartial]~  SUp~Wtd SU~ll  as those eIIll)][)J’d iIl sl)ar~  01 t(%td i[l tll(’ lab 1)~  sUSpCIl(liIlg t~l(’[11  by

very s o f t  sl)rings.
I’lte ur]krlmvll  qua)ltities  irlvolve(l  irl the pror}osd  errol Irleasurc of fit (3) irrcludet  ill a(l(litioll to

tile model  parameters 8, the corr]~)orlerlts of the vector  ~)i of the coritributirlg  Hlodes at Lmttl ~rl(asur(,d
and urlmeasurd  Irlodel degrees  of freedolr]. Ti]e o~)tirilal  vector ii, i = 1, , . . . nt result irlg from the
rrlitlimization  earl be viewed as the ex[)anded modesllar)es  corlsistetlt  }vith the measured modal data. One
advantage of using an exparldwl r]mleslla~)e  a~)proach is that there is rlo rleed to know the corresjmrlclcnce
betwcel( tire lrleasurecl  and  rnodcl Inodes.  ~’hr? o~ltimizatiot] in (3) and (4)  ear l  be  ~wtforrried usirg
available irlequality  corlstairlt o~)tirrlizatiorl tecllliiqucs.  Ilo\vever, this is a coml)lex arl(l tirrl(’-corlstl[rlirl~
rlo]llinear o~)timi~ation  prot)lerrl. A nlore collvenier]t two-stei) iterative procedure is I)mposd  next tvllic~
avc)ids sorlle of tile corllI)lltatiol]al  difficulties arisirlg irl ttlc mirlirrlizatiorl c~f (3).

2.1. Step 1: hIode-Shaf)e  Fh~)arlsiorl

Given the cutwrlt  model of tlw structure at ttw k-th  iteratio]k stc~), mrres~ml](lirlg  to t}le or]tilrlal
value of the paralrleter  set O dmigrlated  by t?(k),  ex~)atlded rrlodmha~)es are cortlput ed by sol~’irlg the
corlstrairled  Iaillilrlizatiorl  pml~lerr(:

(7)

(s)

I’lle mirlirnimt  im] is ~wrforrned \vit tl rw[wct  t o  t he  lnodesllir]w  colrlj)ollellts at tmt 11 Irlcasllrml  arid
urlrlleasurd d(’~rees  of  frecdml  while lloldirlg tile vall]es of t I]c rrl(xlel Imrarrlet  ers 0 fixed at t IIeir
Currerlt values O(k). It earl easily tw See[l that t tle almve cox)st raille(l llli11illli7atioll ~nohlelil is e(luivalellt

to rrlirlilrlizir].g tllc i-tll lrlodal ]rl(vwure of fit (l((~(x)  ) - ti~,lf(fl(k)))c>, sul)ject  to ttle i-t}l irlfxluality
!{,

coll(litioll ilr (8), i.e. each Irlo(l(’Sllil~)(”  is colrl~)lrtd  iri(l(’[)(’rlclcrltly frorrl  tile other rrrodeslla~~(’s.  [kltl~ tl~c. .
(o~)jr?(’tl~’(’  fllrl(’trorl  arl(l t]lc Irl(}(lualrty  cor]str,ar!lts  ilte  q(la(]r’atrc  lrl tll(’ s e t  o f  (lrlkrl(nvrl  [)ar’arrlet(>l’s,

. .
It

(.:trr lx’ sllo\vrl  that a  urli(l(i(’ (J])tirr~llrl\  t’xists (Ijevili(’-JV(’st ,  llilrllarl  aIL(l Kissil, 1997). (ltrlot(’(1 II(reiri

l)\ $;!fi-’  ‘). i = 1, . . . 1)1. l’tl(’ alg(lritliliL  fox O~)t:lilli[l~ tll(’ Ilrli(lll(’  solutior~”  is d(wctilw(l  ir~ tl~(’ \v(wk I)Y
for fI’, = 1. Hxt(’tlsiO1l o f  this  alp,(lri(tlr[]  to IIarl(ll(  ;i

Irl this  st(’1). tll(’ ~J;~r:Lrrl(t(’rs  of 111(’ r[lo(l(’1  iit”(’  Il[)(lilt(’(1  l[sirl~ ttl(’  I< It(’St  (stirrl:lt(~  f),
-(h,]) ,;= 1,...,///

‘1of tll(, (x)rlll)l(,t(~  rllo(l(’s L,\~Nw. “1’l\(’  ()~ltirrlal val{l(’s i[k 1) (.(lrl(sl)orl(lirl~ to tll( k+ 1 it(’riiliorl ;Ir( (Jl)t;lirl(xl
l)} tll(’ sol(lti(~rl of tll(’  follo\\ill~” Iltl(’orlstr  iiirl(’(1 lrlirlirtli/;itiorl [)rol)l(,rll:

(!))



T h i s  i s  il [Iolllillwr  ()[)tilllizilt i()ll 1)101 )1(’111 tvlli[,}l (; III II(’ Solv(,(l {Isirl$ ;lIr:lil;ll)l(, it(r;ltil(, s(ll(rti(w slr(]l ;IS

t(ll r[~()(lifi(,(l X(,\vtor\’s  rtwtllo(l. 1:01 tl)( (.;ISIT for \v}li(.}1 I{(LJ) i~rl(l  Ill(f)) ilro Iirl(,:ir fllri(tiorls o f ”  0 ;Irl(] ]/,

is  i[l(l(’[)(’rl(l(’llt of H, tlw ot)je(’tive fl~tt(”tio!i  .1(6) is (~ll:l(llilti(’ ill () arl(l tll(’ rlrli(llt(’ soll]tioll” 8(*’+ 1) catl IN,
(Jl]tairle(l  wittlout  iteratiorus I)y solvirlg a Iiricat algf’l)laic systf’rrl  irl 0.

TIIe up(late(l f i n i t e  ClCIII(IIIt  rll(del  ol)tairm(l a t  tile k + 1 iteratio~l  ]r]ay corltairl itlaccuraci(,s  due
to t}le fart t h a t  ttw exljarl(led rno(lesharm  arc basml orl ar] irlilccrl[ate III()(ICI  ol)tairle(l  a t  tile ~)rv-
viol]s itmatio[l k. Thlls, t h e  twm stf’i) ~)mrwluw h:is to I)(, wj)eatd usitlg tll(’ rmu ur)date(] firlite
Clcrr]crit rIIodcl urltil conl’crgcrlcc i s  r e a c h e d . S]wcifically,  tll(, i terat ive ~)rmess is terrnirlat(d  Jvlier]

~Ik+ ] ) – (j(k) / j[~+ 1) < fol, wll(~r(, toll i s  a  lls(l-s!](,(ifi(~([  ttlresllol(l  level. Firtally, i t  (’iiIl  l)e s}lo\vrl

t }Iat the opt irual solut iotl 6 at~d ~)t Ol)t ailld froll~  t lie itcrat i~x’ t\vo-ste[j ~)rocedure  is also t llc o[)t irr[al
sol(]tiorl of the original  collstrairle(l  ll]irlirllizatioll ~)rot)letl~  descritwd  t)y eq\mtioIls  (3) arid (4).

3. Structural Paramcterizatio!}

Ar] iruportant issue irl finite  (’]CrIl(Vlt  r[lo(lr?l urxkitir!g is
proprrtics t o  be irlclu(lcd in the pararrlctcr  set f?. I)ifferent
u~dates and subsequently affect Inodel prdictimls. ‘1’0 avoid

tllc sclectiorl of the type  atd IIulrlber o f
choices are likely to give different Inodel
rlorl-llrlicl(lcrless  arid ill-cc)rlclitic)llirl~ prob-

Ielrls,  there is a rleed for lirrliting tlm Uulrlber  of ~mra~ileters to as fe\v as ~msiblf.-.  Suc}I  eff(;t-s, orl
tile ot Iler llarld, may lead to the I]rldesiral)le  effect  of exclu(lirlg  irtl[)ortarlt urwer[  airl ~)rx)~)ertirx frolrl
tllc paraltlcter set 0. S1mifically,  tile pararrleteri7at  io11 Sctlmrle tte[)cnds  on tile l)tlr[)osc o f  t h e  rl]orfel
u~datirig  allalysis.  For the purpose of calibrating t}tc firlitc elelllerlt model usirlg test  data obtairld froro
the structure after it has beetl built, otle wwlld like to ex~)loit  ])ossible  sylllrr]etries aIld/or similarities
~)rrwrit in the structure irl order  to rducc ttlc ~lurrllwr of ~)arar[mtcr to be u~dated. I~or  e x a m p l e ,
consider the tllree-clilllerlsiollal  str ucture  shown  irl E’ig. 1. SupI)ose  that the ten bays or substructures
have been mar]ufactured  with tbe goal of beirlg id(’rlt ical, alt hou.gh deviatiorls  itl the pro~)ert irx of the
rll’eltllms  and  co!krtect, ions frO1tl  mlc Sul)structure  to the other  should be exl)extwl  due to errors  irl tile
nlarlufacturing  process. Ther L irl a rllodel correlation t[letllociology, it lvould be a~)])ro~)riate  to assurt]e
tha t  ar]y of the prqwrti(’s  of tile firlitc elcrncllt rlmlcl  for orlc sulxtruftuw  \vill tw ttle saltlc as t}(c) col-
Ics]>o]ldillg ~]ro~]clties  for all c)ttl(’1 Sul)strwct(lres. ‘1’0 lirrlit  ttw ty~w arl(l rlurulwr  of Illodel I)ararlmters,
efforts s} Ioulct be coltcetltrate(l  oll 1)aralrlcteri7i11&  otle sul)strllcture  c)rlly. Charlgcs irl tile l)ro~wrties  of
a l l  sul)st rllrt  llr(’s \vill tlius  Iw wgatrld as f(llly cot rx’lat(d \vit II cllarlges irl tlw pro~wrt  i(w of oric slll)-
strllcture. For cxarll])le,  orlc urlcertaitl  partrrrletcr co(lld Ix’ chosen  to rej]resc~lt  the axial  stiffrless  of tile
diagmlal  elen~erlts f(m all hays.

The al)ovc ~)aralllcteriz.atiotl  beco[ncs iliefficiet]t iri i(lentifyillg lmssible errors  irl the pm~)etties  of the
firiite delrlerlt  model  arising clue to sigtlificarlt  localized it]accuracies  duritlg  ttie lilat]ufacturillg  process
of ttlc structure or due to localized dar[lage frolrl  se~’ere erlvirwlrnerlta] e~ferlts durirlg the o[)eratio~lal
lifetilnc  of the stmcture. Thus, for the l)urlmsc of detcctitlg  localized It}o(lel faults or strtlctural darriagc,
alterrlative  ~)ar:~t[l(~teri~,atic~tl  sclwr~ies Slloul(l I)e Cx])lor(’(i lvtlic}t are al)le to locate faulty or dilrrlagd
(’lelllerlts.

3 .1 .  A~][)li(.ati(~rI  to Sttil(.tllr:il  lli\rrlil~l~  Ih’t((.tiorl.

Irl str(lct(lr:tl  (Iiiirliig(l  (I(t(’ctiol] ar[(l 11( ’iiltll rllorlitoririy,” :I[)[)li(iitiorls, (lillll~l~(,  is [l Sllilll)’  I()(:iliz(,([ to
orl(~ or a f(J\v strll(. tural (Il(vrl(,rlts or slltkstrll(tllr(w  of tll(, stl[)(’1-stlll(,tt]r(~. [t is ilSSl]rrl(’(1  11(’r(’ill tll:lt 10(;11

. .
[1( ’( ’1( ’i LS(’ 111 Stlff[](’ss 1s itl(licativt’ of ttl(’ I(x’atiorl ilrl(l si7(~  of (I; ltrmg(’. 1’11(  l)llIfN)s( of rll(  rt]()(l(l lll](l:(tirl~
rrl(~rllo(lology \vill IM’ tllc i(l(vltifi(”at ior] of I)otll  tll(’ k)(:~tioti  iit~({ siz(’ of (l:irllil~(~. Irl tl~is (ast,, ttl(’ (lloi((”
of tll(’ [);ll:irrt(’t(’liz:itiorl or stll)strrl(”tllrirlg  s(”lt(’rl](’  is (“1’iti(’il I for tll( (f f(wtiv(ll(vw  () f tll(’ [J[()(I{’I  (L~J(iatirlg
;Ilp,oritilrll. For exa]il~)l(’ , a coarstl I)ilr’illr  l(’t(’I’i?;  lti(lll of ttl(’ t~”l)(’ (I(w”[il)(,(l l)t(’~.iollsl}. \\ill  fiiil 10 I(x’at(’
\vll(’t’(~ tl~{’ (l;trrli\g(’  Il:is  ()(”(”1111(’(1. .41t(’1rlilt  il”(’ly, il sl[l)-stlll(’tlttillg  s(ll(’rll(’ Ir];ty 1)(’ (’[111 )10}’(’(1  Ilrl(l(,r Jflli(,ll
;Iri (Irl(x’rtairl I);ir:lrrl(’t(,t is ils.si~rl (’(1 to (’:1( ’11 .s(Ll)s tr(L(”t\lr  (’. C’lli\rl~(’S  irl ti)(’ V:tllll, of t tlis [);[r:lrll(,l(r \vill
itl(lil’iltl’ (lil  Irlil~(’ ill orl(, or rn(w  of tll(’ (’lelll(’llts (ollll)tisillg  tll(’ Slllwt[’1l( ’tlll(’. A fi[l(’ Sill)-strlt(tlllilig at
tll(’ (’1(’rtl(’]lt  1( ’1’(’1  U’(jlll(l 1)(’ rrior(” ;l[)[)r’()~)t’iilt(’  f(~l lo(:ltirlg (I:irtl:lg(, I)llt it \vill l(~il(l  to rlorl-llrli(ltl(,[l(~ss  (]11(,
to til(’ lilt’~(’  11(11111) (’1 of 1111(  ’( ’ttilirl ])ill’ilrll(’t  (’l’S to 1)(’  Ill)(lilt((l. :\ (ollrs(” sill)-stIll(tl]firlg S(ll(’lrl(’ fol”  Illli(.11

(’il(’11  s(]t)-strtl(tur(’  (w)sists  of s(,v(’r<~l  f ini te  el(’1[1(’llts  lrlil~  f:lil to r{}lial)ly (l(’t(l(”t  stilfrl(ws  r(l(lll(,tioris  if



tli(w’  ;II(I I()(aliz(’(1  irl 011(”  of tllf’ (’l(’t[l(’tIts  of ttl( s(ll)strll(tllr(,.

.AtI :Ilgoritllrll f(~~ i(le~ltifyirlg, [)oterltial (lillIlag(’ lo(:ltiorls”  arl(l sllt)s(,([ll(,lltly  ll[)(l;~tirig (JrllJ tti(, l)ro[)-
erties  of ttlc firlit(~ (’l(’l[l(’tit rrl(xl(’1 at tt](’ i(ler]tifi(,  (l I(xatior[s (If (l: L1flilgC is I)N)[JOS(’(1  r](’xt. Sl)(’(’ifi(ally,
t}l(’ it f’rati\w’ lJr(xwlllr(’  11s(’(1 ill ttle [)rx)~)osed  1[10(1(’1  II[)dati[lg rr]f, ttlo(lology” ~)rx)vi(l(w  glli([il Il(’(, irl i(l(rl-
tif~irig tlie locatiol]s  of (Iar[lage  atld lirrliting ttle rl(lrlltm  of ttle lmrarr~eters  to IN ll[)(l:\tir]g to orlly a
few’,  t,tlus re(lucirlg  tllc prot)lcru  of ill-cc) rlclit,ic)rlirlg  aud rloll-llrli(]~lerlcss  cxjmcte(l \vlleu a large rlur[ltwr of
~)arar[lctets is updated. For this, ttle cxparldd  lrlo(lesllalm  ~)rwlictd  irl ttw firht Stci) of ttle ~)ro[msd
rncttlo(lology  are used to i(lerltify possible locatiorls  of ctarnage  hy exarrlirlirlg, for cacti firlite Clcrl](,rlt (or
sut)strlrct  ure), the diff’ercum  in eleltlerlt st tairl ellcrgy }Www’rl the cxl)arl(ld mode-shar)es  arid tl~e rrlod~l
rrlodc-sllalms. ‘TIIC r]lo(lal  elerlwrlt (cm sul)st rllct ure) strairl  crier.gy for a fiuitc clernerlt  (or s(ll)strl]ct [Ire)
desigrltitd by < ~ > is ddir]d  as

S“(@,  ) u (1/2)4fJ7  Ii’r/], (10)

\vlLme A“c is the stifFrless  nlat [ix asscrrll~ld  fror[l tllc Cler[lerlt  01 Sllllst  ructure.  l’lre follmvirlg rrlcasure of
modal strain erlerg~’ error  is used

(11)

(~) _Ivller’e  pi -- p, (f2(~) ) is the llmlcdla~w  corrl~)uted  from the structural Inodel at it mat  ion stq) k.
It is cxpcctd that  sufficierltly  large AS; \vill tw due to Ill(delirlg e r r o r s  irl the ~)articular  clc~tlcllt
(or  substructure)  arid will bc irldicativc  of ~)robal)le  darllage  irl tile elctucmt (or Sut]structure).  I’llc
proimrtim  of tllwc elermrits  (or substructures) arc clLoseIt to tw u~)datd if IAS: I > to12 for arly r[loclc
i, Ivllere to~~ is a user-s])ecifid threshold. ‘1’hc tl!rcssllold  values f o r  each elerrlellt cau be obtair]d
from statistical aualysis  of tile quarlt.itics AS; basc(l  orl repeated  nloclal test clata carried  out for ttle
urldanlagd  structure. F’irla]ly, ouly ttlc j)ro~mrtics  o f  ttle idmtified  probal)le  ctartlagd elcruerlts arc
irlclude(l  irl tile parart)eter  se t  f9(A+  1 ) t o  be ul)dated  (Iuri[lg the Sccorld step  of  itcratiorl  k +- 1. TILe
properties of the finite  elet[lmlt mode] irlcludd irl t lIC set (?(k+ 1 ) nlay cliffw frorri  t tlosc irl tile set O(K)
ot)tairld from the ~)relrious  iterat  io~!.

3.2. Irlll)lcrl]crltatic>ri  irl %ftuwc.

l’lie firiitc cl(urlertt  model  u~)(liltirl~ tccl]tli(lllc  lI:is  twcri  ir[t~jl(’rrl(’rlt(’(1  ill IIatlal) to (’rlll:lrlce tllc ca})a-
bilities  of tt]e existirlg  Irltcgratd  hIodelirlg of (Jl)ti(”al  Syster[ls (llIOS) software  ~)ackage d(Ivclo I)e(l at
Jet  I’rq)ulsi(nl  I,al)oratory.  I~fficieut  ~)aral~lcteriz;ltiotl  scl]mt)es  have t)c~eli  irltegrate(l  \vitll tile existirlg
IklOS  finite eleruer]t  code. Ttlcsc scllertles  provide the user \vitt~ tile ca~)ability  of exl)k~rir[g  (Iiffwct]t
pararlleterization al ternat ives ill tile nlodel u~datiug evaluatiol)s.  At the presetlt  tiruc, the lirlear pa-
rarnet(’rizatioll  for the syste]rl  Illattic(’s A/(O) arid A“(O)  as a furlctiorl of tile ~mrar:leters O is usd. that
is.

,. I ,= I

~vlIIre Ii(,, Ii,, Aft, all(l Af, al(’ (’OIIStilIlt  Irliitli(”(’s ir[(lelwr](l(’rlt  of f). “1’llis iirl(’;ir [~:lrilrrl(’t  (’liziltiO1l
oft(,~l  ~irises irl I)racti(”al a])l)li(.atiorls.  1’110 irl(.ol[)ol’iltiorl  of a ~(’11(’l’il 1 rlorllir]ear [);~l’;~rrl(’t(’liziitioll is also
st [:li~llt for~var(l.

‘1’11(’ so ftlvare lias Iwcrl cx~llstrtl(t(d  ill a  [Ilo(lular  tray so ttllit (llll:~rl((’ltl(~]lts  01 Ir]()(lifi(:iti()lls  (all
t)[’ iri(l(’])(’ll(l(’lltly (lev140]NYl  f(n the follr r[lairl rtl(xllll(’s  illvolve(l, [Iartl(’ly. tll(’ firlit( (’1(’ rll(’llt  +irli\lySi  S

II I(MIIIle,  serlsitivlty  :tualysis  Iti(xlul(’,  (Jval(latiorl rllo(lllle a(w)(lrlti[lp,  for ttl(’ rrl(’asllr(’ of fit l)et\v(~(,ll  tllo(l(’1
l)r(’(li(tiorls  arl(] test  (Iatil, arl(l tll(’ [):ir’:l  rtl(’t(’[iziltioll  I[l(xllll(’. “1’11(’  ~(ml irl ttl(’ (Iev(’lo])rrll’rlt of tll(
so ftfvare  is to l)mvi(l(’  a  ~(’11(’l”iil Ils(’1-fri(’rl(lly I[l(xl(’1 Ill)(ldtirlg tool” t ha t  \vill gl(’iltl~ (’rlll:lrl((’ 1110(1  (’1
Tl])(li]tir]p,  (’V:tllliitioll  S l)y iissistillp,  t}l(’ 11 S(’[’ to (’xl)l(jr(’, r(’vis(’  arl(l i(l(’lltify tl](’ 1)(’st l)~lr’ilrIl(’t(’li/:ltiorl
s(ll(’rll(  ilIl(l/01”  I[lf  ’iMlll(’  of f i t  artloll~ ttl(’ (Iift’(1(’rll  illt(’lrl:Lti\’(% ;\t:(ilal)l(’  irl tlt(’ soft\v:ll(  01 s[)(’(i[i(’(1
il[(l(’1)(’rl(l(’lltly  t)y t,tl(’ Ils(,r.

-1. I’:xatll[)h’
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Figure  1: l’1l[(’(’-clirrle] lsi(}~lal truss structure

The methodology is assessed by aplJlying it to tllc I)robleln  of datllage  detection  of a structure. The
mode] of the urldarnaged  structure is a ttlree-dillle[isiorlal  truss  shofvn  in Figure  1. It consists  of 135
axial rod e]emmlts (1 per strut) lvitll a total of 120 degrees of fredol[l (3 per Iio(ie). ‘1’lle structure
is  su~)~)ort  d t)y  restt aiIli]ig  all de.g Imw of fwcdo]ll  at ILO(ICS 1 to 4. ‘1’lle Illoclulus of elasticity,  CI-OSS-

scctiollal  area arl(l tnass density  are the sarnc for all Inetrllwrs.  The vtilucs are clIosf711  suclI  ttlat tllc first
eight Inodal frequ(vlcies  of tlie model ra~lge fmln 10 IIz to 200 11x.

Sillllllat(d  ~[]odal  (Iata arc usd to assess tile lwrforr[lal[ce  of tile ~)ro~)osed dalllagc  (letectiorl  method-
ology. ‘1’he eler[lc[lts  63, 72 arid 108, located at (lifferellt  ~)laces orl tile structure as SI1OIVI1  ill Figure  1,
are dar[lage(l  by re(lucitlg tile cross -sect io~lal area of ttlcse Clelllellts by 50%0. ‘1’hc l[Lodal test data are
~)duced  by calculatillg  the modal data for ttw loww eight nmdes of ttle dattlaged  ~llodel and by adding
Gaussiall  \vllite noise to simulate measurement and niodel errors ellcoutlterecl in l)ractice.  The  stalldard
de~’iatio~l of the Iloise is taketl  as 1 ‘Z and 5% of ttle values of the modal frequetlcim  and xnode-shapes,
rcspe(f  ivcly.

l’ww c:is( sttldics  are used to  assess tile perforlllal]ce  of tile Illetho(l itl re]atiorl to tile llultll)er and
]()(’at io[l of S[~llSOM.  Ill t tl(~ fih+t  CM(’,  (i[’Sig[liltd 1)~ ~’aS($ .+, a ]iil~f~  IIIIIII!)(JI’ Of !)g SCIIS()[S al’($ IIW(]. ‘1’]I(W

s(,t Isols are [)la(.(%  at 110(1(’s J tliroll~tl  37 to ~)rovi(le  Itl(’ilSll  l’f>Ill(~Ilt S :lt iill  tilt’(’e (1( ’g I’(’(’S  of fl’f ’( ’(lot[l  fol”  (Jacll

110(1(’.  E’()~  tll[’ S(’(”011(1  ( “ i IS ( ’ ,  (1( ’si~tlatc(l 1)~ [’ii S(’ 11, 0111, J” 1.5 S ( ’ [ 1 S 0 1 ’ S  :11”(’ IIS(}(I \Ylli(’tl il[(~ [)l;I(’(,  (1 :It flo(l(~s

,1. 1 3 ,  21, 29 atl(]  37 to  ~)t(ni(l[’ 1[1(’:islllf’r[l(’llts  ;It :111 tllwe  (l(,~r(’(,s  of” f[t{xlo[[l  l)(r 110(1(.  ‘1’11(, l]lolj(,[ti(s
ill tll(’ [)ill’ill[l(’t(,l S(’t  O to 1)(’ (Il)(lat(,  (l ::1’(,  tll(, (toss-s(,(,tio]l:ll”  ;Il(,:l ~~f (’:1( ’11 [ll[,lrll)(~l. ‘1’fl(  Ill(ttlo(Iolo&y

Iv; w sliglltlj IIlo(lifi(’(1 to co Iwi(l(Jl :iS il(”(’(’l)ti~t)l(’  OIlly  (’nil  Il~(’S  ill  tll(’ \“illll(’S  of tll(’ ~)ill’;  llll(’t(’l’  S(’t f) \vtli(”ti

(x)rr(w~)olld  to re(l(lctiot]  irl ttl(’ (’ross-s(vtio[l  al” aII,i I of tllt~ II 1(~1111)  (I IS.
\Iulti[)l(J S[’t S o f  sit]llllat(’(1  IIlo(lal  t(,St (Iilttl a[(, g(,Il(’lat(,(i <111(1  11 S(’(1  t o  (“otll[)llt(i  tll(, Ill(}illl all(l tll(~

statl(l;  ~r(l deviatio[l  of tll(’ valll(w of tile [)ararllct(’r  s(’t 8. lll]ltil)l(’  M’ts of lI1O(I?lI  t(’st (Iiltil ar(’ ilt’; lilill)l(’
fro[ll l(,[l(,at(,(l  l[I()(I:LI t(st (Jx[)t’ril[l(vlts  Usll:llly (arli ((l ollt ill tile lill)(ll~ltot~  01 ol)tilill(,(l tjy l[l(~llitolitig
(J\(’r a ])(’lio(l  of tir[l(’ tilt’ (1~’[lilt[li(’ lllo(lill  Ctliilil(’  t(’l”i>ti(”s of it strll(.tlll(’. l’llis 1(1(’a of llsill~ ttle illfolt]l;itio[l”
flolll r(,~l(vlt(,(l  lllo(ltll lll(lilSlll(lll l~lltS to (’Stilt  )liStl tll(, I()(:lti()[l  illl(l si/( of (l; LIllil&{,  is Si[llilill’ to tll(, OII(J

.
II S(’(1 t)~ fillll!i (1!)!30  fo[ Stl’ll(”t(ll  ill 11( ’;lltll lIlolllt 011 Ilj-!,”  1)111 [) OS(’S.

. .
“1’11(’ 11S(’ of r(’l)(l;lt(l(l  Ill(~ilSlll(,ll  lt,tlt ll;lv(~

slI()\\II  t o  filt(~r  ollt IIl(Lil Slll(,lllt,  Ilt ($1”[01 ;ttl(l  ttllls (.i Irl itIll)lo\.(~  stll)stiitltiillly  ttl(,  l)r(,  (li(ti\,(,  iI(’(lll;l(y o f

(11(’ (f;ill]a:(’  (1( ’t(’(”tioll  Ill(!ttlo(lology.

(’siriy tll(’ \v(,igllts  11’, ~i~([)  113  (6) \vitll (t, =- ().1 ~111(1 .j{ ❑ (), ()’.? f[)l’ illl [110( 1(, S, ttl(’ l)r(’(li(.t(~(l  I()(tlti()[]
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Figure2: I’redi(td  locatiorlsarl(]  xtlag[lit(l(l(’  [Jfclal[lag(’;  Cas(’.4

and size of dalnage  is sllolrll it) I“igures  2 and  3 for tllc cases A ald 11, mpcdivcly.  ‘1’he results  for the
Inearl and the standard cfcviatiorl of the pdictiolls  arc bad orl five sets of sitllulatcd  data. F’or  case
A, the pmclicted meau mluctimls itl the cross-se(tic)rlala  r(’ac)f rim[ltmrs63,  72 and 108 are 4.5X 28%
and 52% \vitll standard dcviatiorls  6’%, 5% ad 8CX, r(isl]ectivcly.  ‘1’hcsc  three mmnhers  have correctly
t)eml iclcvltified  as  t}ic dartmged l[lerrltx’rs  \vitll ttlc IIigllmt  !tlcall rd([ctioll in cross-sect  iolml atea. I’lle
relatively  slllall values of the stamlard dcviatiorl  of these estil[lates  is irl(licativc  of the Iclativc’]y higli
colifidellcc that dal~lage has occutm(l  ill tllcse rlle[[ll)ers. Irl co]ltriist, tt]e starldar(l  deviation  esti[tmtes
of the rest of the lIlclIlbem \vittl 11011 -zerO mearl  re(luctioll  of Cross-sectional ar(’a  .31C ~elative large. I’llis
is due to the fact tlhat o~lly a srllall ~wrcerltage  of ttle data sets llavc resulted itl Ilo!l-zeto rduction irl
cross- sectiolial  area c)f tflme I[lellllwrs.  Slmcifically,  3 to 4 out of tile 5 data sets ~)rdicted no reductiotl
or altllost  insignificant reduction iri tlw cross-scctior]al  area for tllcse ~[lcmbers. lt’he USC of a small size
of simulated Ino(lal data sets has reslllte(l  ill relatively hi~ll l[lcall reduction values. As t}le lIuILllx’r
of ~nodal data a~l(l therefore the nunllwr  of r[lo(lal  tests irlcrcases, tile rrlean values and tllc sta[ldard
deviation for tllcw I[le[tltms  (Iecrcascs.  ‘1’llc results for tllc case 11 stlolv  asil]lilar ~)atterll. Tlic prdictcd
~llcatl rtductiom i[l tllc cmss-sectiold area of r[lortllmrs  63, 72 arl(l 108 are 58~c, 32% a]l(l 33~ Jvith
standar(l  (Ieviatiol]s 5%, 11% atl(l 7%, res~wctivcly. It is \vortl L Il(]ti[lg that ttle resolutioll  of tlie size of
(Ia[ilagc  at el(’rll(’llt 10S is Ilot as ,g, O()(l as for tile Cas(’ .4 l) CY’illl  S(’ s(’llsors  at’C’ llot (Iil(’(tl}’  ])lil(’(11 ill tll(’
I’i(’i[lity of ttl(’ 111(’lllt)(’r  l(LS. I1(n\”(’\ ’(’r, tl~(’ el(’rllc’!lls 63, 72 a[i(l 10S Il:\v(’ Ix’(’tl  (“orlf’(”tly i(lcrltiti (’(1 as tl](’
(hull  a~e(l (’1(’IIleIlts.

E;xt('[lsiv(` ll(ltrl(`ric:ll  st(l(lit`s  ll:lsills() t)(`(]l( .: Lrri((l()llt  tvlli(llsll[jtvttli~t  tll(’:lc((l[ti(y c) ftll[’~)l  ((li(tio[ls
illcreas (’s as tll(~ ~111[111)(’r  of ttl(’asuml  I1lO(I(IS  i]lcr(’as(’s, or:~s tll(’ I(Iv(I1 ofttl(” Ill(,:ls(]lc’tr[(’tlt (’rror(l(,(t(’ils(’s.
l.(~(atioll ari(l Illltllt)(r of s(’tlsors  also [)lay a rol( ill ttl(’ r(w(lllltiol~  of Io(atioll  all(l siz(  of (lill[la~li.

Fitlally, tll(’ (,fF(’(’t  o f  ttlc (lloi(x~  of tll(~ \v(igllt J{, OIL tll(, r(slllts  IViIS  als()  ex[)km)(l I)y r(’l)f’atitl~  tll(’
Iill[[l(’ri(ai  s[u(li(w  using ttl(~ \v(’ixllt 1/, (I(,fi[t(xl  I)y (~)), ils IV(’11 as (]sillg ttl(> w’cigllt 1{, = 1 fol all i, \vlIeI(~ 1
is tllc identity  [Ilatrix. For I)otll  \v(~igtlts it Ivas foutl(l  that tll(’ it(’riitiv(’lllocl(’l  ul)(lati[lg Itl(’ttl(xlology”  Iias
ttl(l(’11 sl(nv(’r r:it(l  of (x)llverg(’[i(’(’. llor(,ov(v,”  for [[lost cas(-s exiitliit~(’(1,  ttle lo(.iitio~l :Illd siz(’ of (lil[ll~l~()

IV:IS  (orr(’(tly  i(l(’ritifi(’(1  a t  (~l(,ill(~llt 63. II(j\v(’v(’r,  II() si~llific;lllt (lallla~(~ \VaS t)r(’(lict(’(1  f(ll Itl(’l[ilxJIs 72
;lt L(l l(h S, :Iltllollgll I)otli  1[1(’l[llx’rs  IV(’1(1  (x)r[(’(’lly i(l(’lltifi (’(1 :IS falllt~ (’1(’tll(’llts.
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The  pmImsd  I[locfal-basd  IIIodel  uldatillg I[letlloclology i s  suitat~lc for bottl  r[lode]  correlatioll
arid daltmge  detection pur})oscs. It is based 011 at] iterative scheme lvhich ~)mvides esti[nates  of the
cxpatldecl mode-shapes of each measured mode aII(l predictions of tlm J)robablc locatioI1s  ad size of
errors  ixl the  ~)ro~)er tics of ttle firiitc elmlmt  II KXIC1 of a stracturc,. l’he cx~)ectd rllcasate[ncrlt arid

Itlodelingerrors  are directly accouuted  for ill the ]nethodology.  III particular, ap~)licatiom  to structural
dal~\agc detwtioll  arid  stractaral  llealtll  ~norlitorirlg  aM’  a d d r e s s e d . It is suggmtecl that tllc  ~)rdictd
acc(lracy  of a IIlodel updatitlg mctllodo]ogy  cal I I]c sig[lifica~ltly improved fJy joilitly  arlalyzitlg  rllultiplc
sets of test data ol)tairld fto]n rer]eatd Ialmratoryor fielcl tests or cl~lti!lgstrtlctlllal  healt}l rllollitorir]g.
.lst\l(ly tlsillg sir[llllateci  clatadelllollst rate(ltliat ttlelllctll()(l()l(Jgyis  ~)roIliisillgfo  rrelial)lylJ reclictitlg
botil  ttle location  all(l tile size of datnagc  irl a strllcture. lleasaretllerlt error  was incorporated it] the
data by adding  noise in the sittlulated  data. Tile rloise levels collsi(lcrcd are siroilar  to those  expected
i[l lJractical  a~)~)licatiorls.  Altlloug]l tlw ~]letlml suggested Ilerei[l wwrks \vell \vitll sirllulatd  [[mlal  data
all(l sirtlulatd  111(’asurctncnt  error,  the [)ract ical USC of this  r[lettm]  \vitll real data requires  furttler  study.
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