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ABSTRACT

This paper presents a system identification (SI) scheme in time domain using measured acceleration data. The error
function is defined as the time integral of the least square errors between the measured acceleration and the calculated
acceleration by a mathmatical model. Damping parameters as well as stiffness properties of a structure are considered as
system parameters. The structural damping is modeled by the Rayleigh damping. A new regularization function defined by
the Li-norm of the first derivative of system parameters with respect to time is proposed to alleviate the ill-posed
characteristics of inverse problems and to accommodate discontinuities of system parameters in time. The time window
concept is proposed to trace variation of system parameters in time.

7213449

x: ZARE xs FARE, @ AWISE, 3 BPNEE,
dv windows) 271, TIr: B8 @4 » A7 AF

““z vector®] 2~norm, u"n vector®] 1-norm

1.HAE

AR B Fo A&3A FRES ABHE Bk
A A 79k Al 715l AHEAE BrlsheT
AN w4 Fasith Ae] TAF FA FAE 1%
£8 o83 A o3 oprld TEEY &4E ¥A
¥ & lohd ARy 7| Ajde) ME B & &8 F
F A& Aotk F2BY T3 $9& o83k S
2& 2= 343 2§ FF5E o8t 2= HIH
de] AHgsol gtk ey, 44 338 & Je RE Y
A% 2f AFFE AZ Red FEHY 3, 9wy

* AgUstn NTFRFALLFEE Ras
E-mail : chslee@plaza.snu.ackr
T : () 830-874), Fax: ((2) 8370889

o AEYLT ATVIN2DTRE ADY

2 AR REE ZHAQ &4 UEA 9] " =
= Hayd ilode &48 A otk oy
UAE A% B AYI &AL dASY] 45 &
A NESEE ol&% SUIEE AUtk AL /YA E
3 715ss £33 2do] o AL 7iEke] Ha 7
Foatd U¥ AL HEE LAYEE AEYL F2E
A3 24 Rayleigh damping 29-& ARS-3in, SIEAle] ¥
HgQe FH3U] Y3t AR JPE ARSET
Li-truncated singular value decomposition (TSVD)e}
L-Regularization¥-& T3 2X¥-& HHH3}7] 9
de] FLEg, 223 Al wE Alay] i WslE
ZR8}7] 943} Time Windowing Techniqueo] Z7jgt}.
a8 GAE T3 ALY PHY FIAN AYRE
A8,

2. AlZ ool WS £8 J|Y

TEEY opistd 3PN USF Zo| EAET
Ma+C(x.)v+K(x )u=-Ma, 40
AN FF FFFFAE AN B3l FHE})
918t Newmark-B¥H& AH3 3289 4= R 3
4 B40] SI 71gelMe) PIRS7} ek A2Y We7t A
ol geby WakA g Fedde o 2 Ha% &
AE B3 A2 HTE FHYS

-614-



!
Min [T (1) = % fEe) - §|i§dz subjectto R(x)S0 ()
x [

Azl webd Al2g WMgr) Wk Aol AlAY W4
9] 3¢ 939 time windowing techinque® At}
¥ 1.2 time window? gL RAF}  Time
windowing techniquedl A time windowd}z Ealv 94
% time intervalQtolq Al2d #17pgo] £} ow Ay
"tk o] /HgE FL37] A e Bt o
o] A Ae] gl

d,
MinIlz () = %”J "s(x(:))-i"; di subjectto R(x(1))<0 (3)
x t

Time windowtolXe] AJA®) W4 e dAstin 7}
Aok 223 AR e 2P Al2E WFE 3 ALY
A= dsgm 7P ARk metA time window?}
gog YL 33 aduict Al2H HW4E FHFOIH
Al&F dre] Azl mE WstE F4E 4 o

3. Li-Regularization

HAasl BAZ AoHE ¥4 34 7L s v #9
A, Hl 244, 8854 B9 43 BUANE 23 Qe
gally Aol oA BUAHA wiEe] A(Q2)9 A(3)hA
Aod HHs A7 ov] Qe 29S FAU e 3y
3} Bl 7t Wi sbeAe] Qlch @] Alad W
Fo] F&2UL 7HEEoEN 9y Eao EotgAe
FEIHE Aot AT B AFAEA sy 34
218 7HiFE Rol 9u] Qv HF3 AAdlMe kA
£ BAE & 4 ke Ao] WA

Tikonovell ol&] #|etel Atal 71ye] sy Faja] B
GAE FEE}7) it da] o]29r] o] JYdre ¢
Hol EAFPSo] positive definitedt A7 P48 olsld
A2g BHYPLE i

Time windows

T D0y

v

Time

L Time window concept

t
Min T1) = 2 f[50) - dr + AT @
0

7N Hrol 378t #48 vehled, gt B9
BrEo] b 3/ sy Bao] AHgo] drt. o|he)
AFAME AR mE A2Y wfd 9% v
Lynorm®] A1t HE-g s #$42 HYshe L-Reg-
ulariation function®] A<=k
1 4ldx
Mg = EY g lﬁ ,
A(5)9 2ol FoEe AFE P A BE Aay
Wael Wskrl 943 (continuous) 0.2 dojdt). AT A
A3} Ze 35 9td oprlEHe &L FHstA Yoy
A=Y 4T Azt wie)l BasE(aY2)es Wit
wbA As e Al e d&-Ed4(piecewise-
continuous)7}] E#E 4= Slojo} Fr} Alke) WE A&
g 4o Ba4A9) WalE FHE) el o] =R
€ Al gi@ A2] #igo U vEY £-norm9] Al
3 FEE AT ¥r-2 A3ke Li-Regularizationd A
t+d
1 ’5"

bt
dx
> \Tﬂ' & ®)

of W v Eilsd 48 EFsin glomz JE
9] Tikonov}Ho 2w HIHE Tkl oeide] Ut
olEg olE S W}y $igte o] =RdlMe TSVDHY
& o)g%}:. TSVD e oy 2 F3& A

2
dt )

Ma()=

11+dw dx
MinIlp(t) =—- dt
lin[lg(t) =5 tf bl
subject to R(x) < Qand ¢

. 1 t+d, - _n2
MinIlg() =~ | Jacx) - a2
t

9 42 olaa Yo 2o

Piecewise-continnons fnnction

e
Z
= -
= ~ - % Continuons function
Ey -~
= ~
= —
= ~
- ~
z -~
7 :
N
~
n
. >
I'mic
£51 20 Continuous wdd  piccewise=
contiiiuous functions

-615-



I\:ﬁn"xm: =~ Xnc-1 |||

. . 1 ne+ntw - —_ 2
subject to R(x)<0 and Mm; > ||a,,(x,,c)—ak||2At
Xy k=nc
281 R 4& normalize 39 oS3} 2t
I\gin"Enc - fnc—l,ll

. . lnctmw, ~ 12
subject to R(£)<0 and I\éimi 3 ||ak(E,,c)—ak[|2At
e k=nc

Error function®] H43Hg A% ¥ ¥ st e
olat F& A Bl ¥¢ 4 Utk
nc+ntw

2
Minimize 3 |SAE-af_, " (10)
14 k=nc 2

714 S& 7K&Ee wze PP g ol 24
EAE £ goln SEaN 27t TEHO Y& B
£ Adant zeln AR e & 2L olesld
3 R dE E78d. FeR 3 A By
e 74 =70] 718R Li-Regularization§4r2] #4-3}
EAE 7] 99819 simplex methodS ©]&3id).

Min‘i:mize”z + (EZ'_l -1+ AgTSVD] 1

subjectto V/z=0 and Rz+Ef; +a8™P) <0 g

Af = i v jwjflzJT-a’ +Zopy
=l
a5 A1 Y&AE FE HZsE 4 4+ Aok
4. 44 =24

A F2EY Y AN SHes P FEIE
AL Erbsslt A2 AT ZE F2E 44 2de
AA 3 e A3 TEYS F gon, Az xoje
DAL AA ) 4L SAHeE FET 5 UL o]
th 7129 oiitie A FRE AHE ASR
AT A= HWFHE nAeR FFsd g 3y,
TZEY e A3 g /Y 5 o, FEEY
4 AT FLF YHL v g SI/PHA =
Al OlAe2 HAFete F2E A A% 9sld dAE

®

ofo} gl

% 2134 Y 2 FojM 2= 7+ 297 Rayleigh
#4 2do] de) A gk = Y Rde FRE
o 7 2zt Folsle A Aol st 2y P&
EASH Rayleigh 74 RdolNe 3% 87 Z4E 8
B9 A¥ 2o o3le] oen o] T PAL AR
.

A2 uie} go| Re 744 2doly Rayleigh 7+ 24
ol dAl Z4 4L AR =AY = gl 2y, B
E 4 2EE AT AL 24 A5 7 2oy A
sojop 7] WEe] TEEY AHT VEe] 7 A4S
ZdAsodor gk SI EAME nAFI 218 5 2 &
A T2E FRE Igshe 2449 48 /A
of gt EE TXEH o] FRs Iy BFFH 2B
A &34 Mg v|ASe Agd wEt 271 ANRde
AL AAFo2 Erhssith wEhy, SI BAAME 75
F uAFE Fofol o] £X3Q 9 AL FHE
no 32 230 3l Y HE T 4 Yuk o]
ATolME 2709 PIX$E 7FAE Rayleigh 74 2dg
AME-BTL

5 ol H

At W ElgA4e #ZFEU 998t two-span
continuous trussE 7}AX numerical simulation studyS
syt Aol Ade oS3 2ok (Young's modulus
= 210 GPa, Specific mass -= 7850Kg/m3 are used for all
members). A%, S, £33, Ao @Ee Zzt 250cm’,
300cm’, 200cm’, 220cmPoltk. o FEEE  natural
frequency= 66Hz H¥ 1147Hz7HAY HYE zZhed)
Damaged] W& stiffness®] 7+ 7, 16, 318 2z)o) 2
2} 40%, 50%, 34 % YolRttkn simulationdtdch & 0%
FH 042714 olFY £40] fiht 04%] &40 2
A8ty I olF9 stiffness7t #AEEE simulationd} o).
48 4 BAe addA ddes gAEAY. a9 3.
Al o] 200KNY #5e A7 AAF F free
vibration® §% 7MEEE AT 24 HL trussd

200 KN

Tl 30 2-span continuous truss

-616-



Nornnlved stifThess pmpen_\'
s

Mﬁ—ﬁ
T
""‘ —e—clement 7
—a—clement 1o
—2&—clement 31
0.2 9 =====Lxact damage ol element 7
=== \actdamage ol clement 16
=== Exact dumage of clement 31
4 T L} T T L} T T
1} 0l 02 0 0l 03 0o 07 0x
Time (sec)

b v neition of ST ss properts of

dimaged member

0N -

(X,

()4'

element 11 (top member)
=====clement 22 (bottom member)
—clement 33 (vertical member)

==== Fxact stiffness of non damaged element
“ T

Norny lhzcd stiflness property

9
L

T T L T T T
0 ] [N 03 4 05 [ixg 07 0.
Time (sec)

L Variaion ol ST s properiy of

nopr=cknescd member
ol# &9l 12719 nodedlA ZFAsYn 02FH 08%7
A9 £, 3 W] /&R E AEIHT. AL MR
& ded A9 damping ratios 1@ 6.9 gk 2
23 time window?] F7]= 0.2%o|c}k

O3 49 a9 5& 47 #4348 4L EAEH &8
AA e HAE At WE stiffnessd] ¥SE HAF
T Qlck &4l A AAHL 04F°)A|T time window s
azzk 02xel7] wigd] Azle] 02x7F HALYRH
stiffness®] ZA7t doue g ¢ £ Itk HA
stiffness?} 7439 time window’} 25 £48 94L& A
7 FY04z01P) o solgted dA9 -\‘:’21'01] ZANHE
g 4 ok &8 Y4A ¥ FAEL F A dH
stiffness7t M8 41 A& € F UKIH).

18 62 exact modal damping ratio®} Rayleigh
damping®] 2J3ld A A modal damping ratio® HAF
I ok &o] By AHF Yol BE R
damping property7} A 2] exact modal damping ratio
€ Z Mkt Aok

== |:stimated Rayleigh damping (t 0.2sec)

.
0,354 = stimated Ray Iw hdamping (6 08see) - _.#

—&— |:xact modal damping P
ax] === Initial Rayleigh damping “

ping
i
A

[)_1m
b
;

T v v T T
u 0 4 0 R0 100 120
Natural frequency (Hz)

b S, Estinmted demping rando

Normalized stiffiness property

—e— Nomulized stiffness property
=——Exact damage of element

A"
Element number
b T Estimited stffieess proportios ot the
eal tneestep

¥ 7.8 v AIZE 2olMe] BE RAY tiffness
property 78 & JERATE &€ YL RAY stiffness
7t &8 JA 4L Ao visle A Jehs AL 2
T A oo FREY &F FHo| et AT
A3 FEAQAEANZ 1~24)9) Fole 2 g9 R
Fol A3A 93 &FRAT gE FA disiy A3
e e BAGE AT &+ YAY, FAA} AU
HE 25~55)9 7% A7 ghe) AFe] vlad Yaju &4
€ WA F& PAT stiffness FHFo] vlnd RAIs|;
o +AA APAZE ARAL SEAe] Wste A5 E
o) WEolnk MM 4o 98 BAAS WSl
E9 Wil & 9% FA R wEot =@
stiffness®] A3 Hslo] we} 71T EHg0] oyt
TH oAl &Y A 2o A%E o &4YAE UE
ofA gtk ole ¢oZ JfAsor @ Kot

-617-



6.4

AlZd Qo)A System Identification® $1%+ Li-Regular-
jatzation function®} Time Windowing Techniqueg At
AT T2 RS B ope A ARE A
28 W] XgEo] SIE 38t 24 7HET e At
7HsEgte] Aojo] HA g LAE eAWrE ALY
ot A8y Ao B LS A A% A
2 [-Regularization functiong& AH-3tQc} Alztel wia
Nz" wige] FAE wE B Astd Time
Windowing Techinque€ 343tk T  Time
Windowing TechniquediX& AlAY w49 FAT HiE
F@sor 317) o] AF3 4= Li-Regularization
functione] AHEE oo} Fictk dAE Fajd AAF Wl
Ao mE AlAY) W) WkE A3 BRI A=
A& RoFQin, a2la 39 Y A £F AAle 7
4 E48 2 2R AL ¢ 4 Atk

I R |

(1) Yeo, I. H, Shin, S. B, Lee, H. S. and Chang, S.
P, Statistical damage assessment of framed structures
from static responses, Journal of Engineering Mechanics,
ASCE, Vol. 126, No. 4, pp. 414-421, 2000

(2) Shi, ZY. Law, S.S. and Zhang, LM, Damage
localization by directly using incomplete mode shapes,
Joumal of Engineering Mechanics, ASCE, Vol. 126, No.
6, pp. 656-660, 2000

(3) Vestouni, F. and Capecchi, D., Damage detection in
beamstructures based on frequency measurements,
Journal of Engineering Mechanics, ASCE, Vol. 126, No.
7, pp. 761-768, 2000

(4) Kang, JS., Yeo, IH. and Lee, HS. Structural
damage detection algorithm from measured acceleration,
Proceeding of KEERC-MAE Joint Seminar on Risk
Mitigation for Regions of Moderate Seismicity, pp.
79-86, 2001

(5) Hansen, P.C., Rank-deficient and discrete ill-posed
problems : Numerical aspects of linear inversion, SIAM,
Philadelphia, 1998

(6) Hansen, P. C., and Mosegaard, K. Piecewise
polynomial solutions without a priori break points,
Numerical Linear Algebra with Applications, Vol. 3,
513-524, 1996

(7) Chopra, AK., Dynamics of Structures (theory and
applications to earthquake engineering, Prentice Hall,
1995,

@ ¥ ¥, 002, "TREY &TEE A SlAN9
Ast 7YY, TR, AEitte

-618-



