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ABSTRACT

An Improved finite element model updating method to address the numerical difficulty associated with

ill—conditioning and rank—deficiency. These difficulties frequently occur in model updating problems, when the

identification of a larger number of physical parameters is attempted than that warranted by the information content

of the experimental data.

Based on the standard Bounded Variables Least-squares (BVLS) method, which

incorporates the usual upper/lower-bound constraints, the proposed method is equipped with new constraints based on

the correlation coefficients between the sensitivity vectors of updating parameters. The effectiveness of the proposed

method is investigated through the numerical simulation of a simple framed structure by comparing the results of the

proposed method with those obtained via pure BVLS and the regularization method. The comparison indicated that

the proposed method and the regularization method yield approximate solutions with similar accuracy.

1.4

[e]

o

= ?_%%Oﬂ’ﬂ %gg ASAZFY 1 7259 A
= A gl RIS dojule 7IReEA
TZEo| FEAe] (vibration control) Y £AYEHA]
(damage detection) 7S AL37] Y&l A3t}
BAZNA7IHS AA A5 (direct method) 2 HHE
H (iterative method) 2 Wy Xty 2 F=2
J_Tr;qE _cg]r Dt’_tﬂ/\]- 7L0 UEPHE_E’—_ /\].ﬁ_o].oq 71—
Add, 52 AFPL ATE Feldles HHeE
HHEAlbe] Q5] b=t} SHAIRE frehQ asl Al
2IOHE AHEsto] 6H*—4.E%18 wdEst 49 e
Z3AgsiHo| ) Ay e o

thﬁgnJﬁ%k&~ﬂ°W1@

T oAk gt Ay s Feub
E-mail : eungongyu@hanyang.ac.kr
Tel : (02) 2220-0312

DY AFTHE A

. ofell whall WhE o] A9 e Rdlof ARR-E X
S 5o g S WFE Fa A
Ao AolE HASIATI= Fhe HA )]
Toks ot ol W s

A ow APATE ohERE NhsAAte]
M= ASARRE A2 BE

TS HTTE AR 5 Qv
FANES ASAREEH FxE 5

= A dFolrh FRIF R )4
ill-posed wAY A7 BWrh= Aolth

= ]#Z]Oﬂfﬂ ?Li%ﬁ.%é 3 A=

6“@01 orw RERAS 9l

Z*EE F‘lﬂ TR o7 nAFe FH

2o 7 A2 ﬁ]%“%j‘é(rank deficiency) #H= ©]&

of AwstA #rk AN oA ow Fukg

S omrh ge meo] Jug JHi genw ol

2

mz
A iE JlN‘
. fo oo tle v

)

%N )

T

o,
(

.= o
Ir P~
032

ﬁﬁﬁ¢m$mWﬁﬁﬂ

o rlo 2 o ro

g
1

td
m
o P o o o = A 1

HJ o ¥0 q

o

3 AN kA oh;].

Jefiell M &3] vehds < TAARD o F
=Fx (111—cond1t1onmg)4 blolth, Eekx7lo
Al mAs (5 WAE) S F 7 ol A
of el Wit WE7}F FAFeto] AP ES (linear

dependence) ©| 7FgA = o HAS} S

446



J=A } ZaRE Asletol . At 27
oo, 2SS ASAe x2EE
72 (nmse)oﬂ olal AWML glo] ot A WM}
st = =2jFo® E7ksd #(E 5o A
ol dgFsgdo] S57F HAY ofF & whs 7t
A H2) @S YERA "ok ol s do] o
oAA] Al st7] flElA= AR & Algksto]
Mz B GRS o WMTE oy U AddEkH]
ULEF dllof skA|RE o] A AAgk AT A
W AEER] k2 Mg owE ks & ZdA A
b7 Qe ofe] WMo ARt F stk whlo]
O]]q_

AgollA= oleldt FAAQI ojHES
1= AZE Z2A7HE ARbslsith & 44
A7E vdAdAR e 7HE A 2
Hmiel et el slekx| & Fo] Wsket
= ]5}'3}030‘34 Tt B

sdg

r& S =TT oG- S|V

ZAbete] Hlest aikE 7=
TE A}OM Aol Wskrs Aldeigich kst
REAURA7IRS W3kl ZAS AR O RA
o] 7} FAle £As APAeRE EE °1D‘r L
ErolAE TS EETE AT W o
205 7 27 ES
& A= 5%7]]/\%7]1@9]

}_‘

FEF X
AT E A=

oT1 - u

21 FosSEHEs+SE AEsts ZEHNMIY

Fo G Y] ARES AHE Asde

A A (1) ol BAE F Q)
Bw)x(w)=f(w) (1)
1714 B(w)=—w’M+wC+K = A4 M, 7+
d34d C, AAMd KEFE AXtsEs 5873384
o1, x(w)= HAWE, f(w)= (w) 9
ZA ST flw)sh el o8l 7HIEHE AHE
5 Yeh= stedddy LEYE JEdch 0

o] AIAEIS] AHAQ f(w) ot EHXQ x(w) Tl
2 81 HEE H(w)7F AREETH 21(D) 2 2(2)
2 yehd 5 ok

B(w)H(w)=L (2)

2@l FABEs AL sk Ay
Bl pol ¥ Blp,w)Z HERHIL el T3 dg
I Hw)E AHER 29 expiEes thel 2(3)
I o] vehd = glom] REfAE A 4) e 2ol
AT LA L2 kds HAhE vEs )
A

Minimize llel?= |L-Blpw )~( ) |l : (4)

HA%E HAslehe AAAHSE pe AT
gradient $r9] 0|t} B(p,w)i AWk oz H)A
Gehrolng A (5) % 22 1374 Edsh= HY
HeTE 3

F55 AFESte] XME3lsla gradient® 02%
I Agelska A (7) 3 22 HAAsAo] Felxit)

B(p) =B(p,) +2Ap% (5)
=Bl(p,) +B,(p,) Ap, +B,(p,) Ap, + -+ +B,.(p,) Ap,
o] 7]A4]
B,(py) = 6?;5) . (6)
K . -
> Bi(py,w)H(w)Ap, = L— B(py,w )H(w) )

Ao] AHGEA s A9 2
AsH ¥ 2o 7434 (pseudo
KPE} o}xl‘j} o] 7% 741?‘%‘*?91

:"*:’ﬂ
_pl“>

r
=
Mo o
2
=
(el
i
Y
ro

447



B W A AY PAlS) POt Age] &5
7} QolA 5 BelHow B gl UERAL
A2 Bl5E GBS T PAF A FA gl
AX AL Aol @afe] Lhettt,

olelst FAIZ A Slal ¥ Aol 2

DH%] oA teo A(R) 3 A(Q) e F ERo Fi
& ARSI

p =< py+A4p = p, (8)

)

|Pi_Pj| =1-GCy;

SHE Cij = COR(Sij)

A (8)2 AT wAAARL gl = s Y]
8 7+ gl AaRsh SRS 1 7 Aol
akito] o5 A el E AFet Ao, 4(9)
TEES W] HMEH JFS FE AMEFE

ks 22 o] 99
)

N FW

7# WA &
Z*(coefficient of correlation) & FA}ste], Tk of
w5+ W p o p;oll sidshe WHEWE 8,9 8,
Atole] Al ¢ 7F mlEl s k¢, BT E
35 WY ] AolE 1-C R AETh
218 2 (9) 9 & TERAS A= A7)
9 #le= FEF A2 A= BVLS (boundary
variables least—squares)7|'1& &3l & F Sl
th ol &3l 7 REEGACA FEXE 7 7 3

o FHEAE WESAZ w7bA] A (10) 3 2ol ®F
Al &3l HEHE et

r\r

—

(10)

=2
=
==
z
)
[o
ol
ol
ofy
o
N
N
™

u, v, 0 W& 7FEERSS dQit)
dof] ALgH 753
o] #E Fa, A
g 7}%“&%8
A7 A S
BAFE A58kt lé
8 Ao A
TExHAR 4 (8)WE ﬁ%(BVLS)O}Oq Ao
A Ay, a8y BEANAEANA AEdNew B
o] A}g¥ 1 9 A3} (regularization) 7S
Ag3t90S W Aozl Axe} nlw st

73Zm

2

ET;‘H«] §_§J &
H KN

=

=

T
\' Reference Point

a9 1. AR

RAAES e BAE A7 24821MPasl
SLAYERANZA 759 AFE 46cm X 30cm,
B+ 25cmxX40cm 2 74 0}93\5}. ddrxel Fx
AES ZE2™E v} do] z+Fo] BRAe 3w
FRL7E 5 vk 49 (rigid diaphragm) 744
= AREEISITE SEHlEEAe] AAS A R
EEHA ko) AgFe Abgste] Z4E vbde
AFEol At 7Hgsigleh AHns BE
oA 5%= 7438kt

|
.

448



RdAE=

AgEgo olF

16719
a9 29 ol madz 47
3] 15335ty Z4ZF 12719 s FEEZg Y 34
XZH‘J—?_SC}XZ—%—)E_E ]4.}':31 7_}_ 1%94

71 2070 R7b

=
SR

e 7S JHAE Ao g s e
olglA At F 247 1w FAC Fadidda
FOogE 0.3°04 1.152 oA SAgA

X 1. 2885 289 fFadddAs

Line A Line B Line C Line 1 Line 2 Line 3

2% K 0.457 0.954 0.966 0.955 0.426 0.922
2% 71% 0.805 0.973 0.905 0.597 1.017 0.385
1% 5 0.872 0.844 0.572 0.888 1.046 0.653
1% 715 0.427 0.646 0.819 0.621 0.888 0.348
% 2. TAAE VT L AES
RrE 1st 2nd 3rd 4th 5th 6th
F WyHFeE y-trans. rotation x—trans. y—trans. rotation x—trans.

o ) E2m
MAET 66 199 295 481 584 661
(Hz)

AR S 7—1’%‘94 B27]
Solld AR u, v, 0T ISR O 7 RE
A (12)5 s Agskalnh. oluf IFA <l WA
HFedsel AR JhEERe Bl 7 A
A2 5%l dlFsts MAFES SHwel=E Tt

Astel 9 Azel e F ALFSET AWFSAL

~—

F(o) = o zlw fw)
B =, = )

(12)

A A Aol i= Matlab®] &<l 'tfestimate's A}

getol 1 Hz%E 9 Ha7kA o) 1647) S50 o)
stol 7bE ahe AMBSRRITE = (D9 B

BAARe] JHPLE FHAFE Matlab ZEE
WE T feAEye AHgetel Takath

3.2 BHJfMZ Do Hl W

a3 3o 7 AFelA AlkE RNV
(BVLSrcZ 3%AI3H 2 vlaoiidel BVLSSE At
3719 (Regularization) & ¥ 33t 3729 Edy)
AR AgA] YA 9 E (residual vector) Q! d(,
21 79 W) 9k ZF EAAGA A FA
Ap, 283 Z3k p 99 92k %2 (norm) 9
3t ZF wkEAAGAEE JeERdY BE A
MAWE= 12709 71E73/dnleh 12708 BA
Hlojv] Z} AMWEEe 271 1.00%2 /M3
At BVLSrc$t BVLSeA zF /A 42] bt
9 Askx = ZbzE 0159 1.55 AEEior,
BVLSrcol A 2(9) 9] ¢ ©2% 0.5% A3
t}. A r3l7| o 2= Tikhonov Regularizations
AHESElEEl ol HAARSATE LY FAY
BA1E FES WHslE F3 T8+ Hansen¥}
O'Leary®] WHl& AR&sto] a3t

% 39 AR WA 2#ze] ek npgl o]
HAME O] wFS 37FAR] B v sk A Eo
SAT o S5E MAAFHY] A Ee A MA 2
YA B 4 9l%o] BVLSS A7k 7H vt

Wi

oX o &

2 AFo A Ake W Harsr|Hoe] AL H]
oA Ve Qlok

9 4= B AFoa Aerst WS A8 S
Y RAFHE Z27)|Rde Agddtesl Az
ndol Adst=E yeld ggizoltt gE Ut
Ao WS AFESE 9w olet A H|d 1
YPrzE A5 5 . AAE F 3004 yehdt
A3 o] AAST RAFRE AS 7 pTo] 31
FRAETe AA Bdox A2 % 29 @ AY
JEatA A gt

449



Norm of residual vector, ||d||

40 T T T

—— BVLS —&— BVLSic —'-—Hngllan?almnl- z | - _g“;;-‘
]
3 £ H.u-\?n‘arcn
4 c% - HZ‘,""’"
2| - HEpe
0 L 1 i L L L L L ;i L ”..l;uhren_
0 1 2 3 4 5 [ d 8 9 10 E i
Norm of parameter update vector, | Ap|| 1
25 T T T T T T T T
i == 1 ]
J 2 \ 1
1 g 1 5 90 E
05t ‘x\\ ] %
i — o L RS = o " %-130
0 1 2 3 4 5 [} i 8 g 10 E
Norm of ectimate arror, ||py - p*| = ool i
25 T T T T T T T
& 1 60 10
15!_\‘_'__'__"_"--=_,_____.
1+ \\\2 — 4
» — f - -~ v
05F |
0 1 2 3 b 6 2 8 8 10
Mumber of dleralion 1
2] 5] =R =2 90 sl (AF =
I+ 3 \_1—“1]-1;]_—7:”01] U%_ -1—1::/] E‘H@:]' (o)"]’ui_] 1%]' 5= o]l:E_ /\‘“ 7]—X] Ho]"ﬁ*oé‘ /K]—%’B o:‘l ek 7]_]
WE S & ()NARF FEAY =&, (3P JEREIEN o 27hyl bl 3 s To o=
a0 s ARG ghS ek vlad zoltt, e A
TS e $ AME mde] oF Aggiel = Aol7} ¢
sol% Estar iAol wel Weghs dd
3t zpol7t QS HOFI Q. o= ASHEY
¥ 3. MAd"E mae] /755 gl (32) £+ v o] O 2. ol = B o=y s 1A 55}
H 45 F# = AR} EFEstAY B
Mode It d 3 ah st o A9 = ARRZol BIEA FAM 53
BVLS/True  1.000  1.004 1.001 1000 1.000  0.998 T2 HAIATE e Y958t okon ot
BVLSITrue 1000 1001 1002  1.000 0999 0999 Az i AgE s Aol vle A Eks
Regularization/ ) 000 102 1002 1000 1.000 0999 st AHES Sedn. gad wye @ 27l
True ' ' ' ' ' ' el s AR7r Qs AT o] Flo]
2bs A4S A4 Pe s & P
2717Vt anthel FAHe WS AgoR
s A oleldt ESHAS HFEe] s AA el 7}
;e i 2 e = 5 P Aolth
£ W A o] fgiAR 2 AFA
= —y - -
: BVLSH U= A gstm Aqfshy 2
: = 5o Jde AT Ak F
WAl 2o EAIF A T aFe] ddals
a 4 4 4 L 4 L

_ A
T s e gk W Ao] o] 4utAISY glolth. oi7]A 2

of FuAFel ot T AF WA A

- _ ol
| WA ET | 23 BEL 71 BEd ®) BVLSIINE F gk

Phase {degree)
=
=

e oNen | e AA gRv &4 FhEn A 2

o N e A Ak e A A (@) gd F oAdm

T e T 5o Aolo] il Aol g At Az )
2

g grol uEbuAl skar lvk A (9) 9] &=

450



Msd AHEFEES ST e A s
AAAQ NAREFE] 5 £o] EFxd 9T
&= S0l A

Upper Bound=15

Initzal Vadue=1.0

—Lallriba bbb

ColjA) BmiA) Colii2) BmiB) Cal(C) Bm{C) Col1) Bm{1) Coli2) Bm(2) Col(3) Bmi3)
15t Story Colurnis and Beamns, Member bype(Line number)

0916 0918 D875 0970 0984 0987

Upper Bound=1 5 -

Initial Value=1.0}

Lower Bound=0.15 -

ColA) Bm(A) Colf) Bm(B) Cal(C) Bm(C) Col1) Bm{1) Coli2) Bem(2) Coli3) Bmi3)
2nd Story Columns and Beams, Member type(Line number)

% 5. AAMEA oL AR FA 2 1]

El

4. 4 B

B AFoAes Faosrmdfan &3] wgs)
T XA ogH -l EFZAI - condition) &
AN F U= AR BANATIHS Akst
ATk AbE 7PHe ZF AR sk Wt
T¥ES wuste] FAAFZE mAE o]
Hl 23t ANAHATE Aol diZQl AfolE At
gozA A MAMF 5 Fo EFx
olgt JEFe AT

Aty HdUl/fAZIHe Fades ASshrl g8l
et Zz S ARESte] F3 el Hd
< 7H 2% 220w AARsAEE AlEE ol
Mstal o7]A 4L HedszRRyEH RdiEe
7157 B QA0 FEaIAAATE B ATelA
Abst W W ]Ee] AFREY FhA] 2EA
WS ARt oS5sta 1 AE vl wskel

Hlw 23 Aked WH-e ZF /xS AFshA]
9} st v-e & BVLSHUF AgsiA 7t w9
#e A5 Ao FaF3HH (regularization)
of ot Axel wid Yo HIEE THA =
20 7 ey

2128

451

(1) Yu E, Wallace JW, Tacirogle E. "Parameter

identification of framed structures using an

inproved finite element model - updating method

— Part]l: Formulation and verification.",
Earthquake Engineering and Structural
Dynamics, 2007, 35, pp.619—-639

(2) Baruch M, Bar—Itzhack IY., “Optimally
weighted orthogonalization of measured
modes.” , AIAA Journal 1978, 16(4), pp.
346—351.

(3) Friswell MI, Mottershead JE., Finite

Element Model Updating in Structural Dynamics,
Kluwer Academic Publishers, 1995.

(4)  Zhang QW, Chang CC, Chang TY., "Finite
with
parametric constraints.", Earthquake Engineering
& Structural Dynamics 2000, 29, pp.927—-944.
(5) Stark PB, Parker RL.
An algorithm and application.",
1995, 10,

element model updating for structures

"Bounded variable
least squares:
Journalof Computational Statistics,
pp.129—141.

(6) Friswell MI, Mottershead JE, Ahmadian H.,

n

model updating using
data:
regularization.", Phil. Trans.
A2001, 359, pp.169—-186.

(7) D’ Ambrogio W, Fregolent A “On the use

Finite—element
test parameterization and

R. Soc. Lond.

experimental

of consistent and significant information to
reduce ill—conditioning in dynamic model
updating” , Mechanical Systems and Signal

Processing, 1998, 12(1), pp. 203—222.

(8) Hansen PC, O'Leary DP, "The use of
L—curve in the regularizaion of discrete
ill—posed problems", SIAM journal of scientific

computing, 1993, 14(6), pp.1487—1503





