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ABSTRACT

This paper presents substructural identification methods for the assessment of local domages in complex and large
structural systems. For this purpose, an auforegressive and moving average with stochastic input (ARMAX) model is
derived for a substructure to process the mecsurement data impaired by noises. Using the substructural methods, the
number of unknown parameters for each idenfification can be significantly reduced, hence the convergence and
accuracy of estimation can be improved. Secondly, the damage index is defined as the ratic of the current stiffness
to the boseline value af each element for the damage assessment. The indirect estimation method was performed
wsing the estimated results from the identification of the system matrices from the substructural identification. To
demonstrate the proposed techniques, several simulation and experimental example andlyses are carried out for
structural models of a 2-span truss structure, a 3-span continuous beam model and 3-story building model. The results
indicate that the present substructural identification method and damage  estimation methods are effective and
efficient for local damoge estimation of complex structures.

Key words : substructural identification, damage assessment, ARMAX model, sequential prediction error method,
structural safety monitoring
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State Space Equation in Continuous Time Domain
(Observable Canonical Form)

x=Ax+Bu, y=Cx+Du
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x(k+1) = P, x(k) + Q, u(k),

- (')] :[l‘}z ﬂ Q. :[gl] = o

v 4

Transfer Function in z -Transform
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ARMA Model

y=Cx +Du
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Damping Matrices( x 107

0.058 -0.007 -0.000 0.001
Exact -0.019 0.190 0.018 -0.118
Value -0.000 0.001 0.052 -0.003
0.024 -0.188 -0.015 0.144
Estimated 0.105 -0.005 0.040 -0.024
Value 0.003 0.195 0.032 -0.131
(Wio noise) 0.048 0.005 0.084 -0.030
0.013 -0.191 -0.025 0.152

Estimated 0.069 -0.002 0.006 0.004
Value -0.036 0.162 0.022 -0.103
(W/5% noise) 0.014 0.007 0.071 -0.021
0.021 -0.172 -0.018 0.153

Damping Matrices( < 10°%)

0.714 -0.086 -0.003 0.019

Exact -0.237 2.390 0.223 -1.493
Value -0.002 0.014 0.639 -0.038
J 0.307 -2.371 -0.186 1.805

Estimated 0.717 -0.057 0.020 -0.001
Value -0.234 2.419 0.232 -1.514
(wlo noise) 0.008 0.058 0.658 -0.072
0.308 -2.397 -0.197 1.824

Estimated 0.717 0.122 -0.015 0.049
Value -0.223 2.201 0.148 -1.371
(Wi5% noise) -0.022 0.036 0.648 -0.051
0.322 -2.235 -0.159 1.719

Note : F(0) = 100l, #(0) = 0 and 4t = 0.0004 set : No. of Global Iteration = 30

8 U=RIHTLUI =2& Hid Mes (24 M2z) 1997.6



E 3 ZFME 24 9 ZMUE (ERA IH-REX2 : 5IERY 1)
Damping Matrices( <107
0.067 0.012 0.007 -0.013 -0.042
Exact 0.007 0.084 -0.007 -0.059 -0.010
Value 0.010 0.008 0.060 -0.011 -0.047
-0.018 -0.088 -0.001 0.086 0.034
-0.042 -0.032 -0.028 0.045 0.076
0.105 -0.029 0.021 -0.001 -0.064
Estimated -0.014 0.113 -0.017 -0.046 -0.004
Value 0.075 -0.060 0.087 -0.034 -0.074
(Wlo noise) 0.003 -0.088 0.007 0.090 0.008
-0.071 -0.014 -0.040 0.059 0.095
0.066 -0.022 0.009 0.008 -0.031
Estimated -0.001 0.116 -0.017 -0.069 -0.013
Value 0.020 -0.059 0.069 0.013 -0.035
(W/5% noise) -0.017 -0.118 0.009 0.110 0.038
-0.050 -0.003 -0.038 0.048 0.076
Damping Matrices( < 10°%)
0.826 0.154 0.090 -0.161 -0.528
Exact 0.085 1.040 -0.086 -0.750 -0.120
Value 0.129 0.097 0.742 -0.133 -0.598
-0.226 -1.110 -0.014 1.077 0.425
-0.525 -0.407 -0.359 0.572 0.946
0.893 0.249 0.115 0.253 0,640
Estimated 0.056 0.987 -0.093 -0.697 -0.072
Value 0.230 0.241 0.777 -0.284 -0.764
(w/o noise) -0.201 -1.058 -0.008 1.028 0.380
-0.558 -0.450 -0.372 0.616 1.002
0.849 0.132 0.110 -0.147 -0.551
Estimated 0.070 1.037 -0.097 -0.740 -0.101
Value 0.155 0.067 0.772 -0.107 -0.630
(W/5% noise) 0216 1144 0.004 1.095 0.414
-0.529 -0.414 -0.361 0.576 0.953
Note : F(0) = 1001, #(0) = 0 and 4¢ = 0.0004 set : No. of Global Iteration = 30
M1 H2E (87 H2&) 1997.6 SIRINTT AT =2& 9



auvs of Estimated Damage Indices

R:

s of Esumated Damage Indices

150 —

100

[ED

Ratios of Estimated Damage Indices

S B B T T
3 s o s 20 s
No. of Global lieration

(a) Substructure 1 (no noise)

T T T T T
¢ s 0 15 20 25 10
No of Glohal lteration

(b) Substructure 2 (no noise)

!

No of Global [teratiun

(a)} Substructure 1 (5% noise)

-
—* «a
v

Ratios of Estimated Damage Indices

= T T T T
0 5 10 is 20 25 30
No of Global lteration

(b} Substructure 2 (5% noise}

Estimated
Cases Exact - - - -
wfo noise w/5% noise wfo noise w/5% noise

ai 1.000 0.984 1175 0.978 1.037

az 1.000 1.000 0.996 0.993 0.996

as 0.850 0.858 0.740 0.859 0.757

Substruct.

1 as 1.000 1.000 0.996 0.993 1.073

as 0.800 0.855 0.778 0.855 0.764

as 0.900 0.940 0.902 0.950 0.958

az 1.000 1.044 0.923 1.041 1.054

a9 1.000 1.009 1.306 1.145 1.257

a2 0.900 0.986 0.966 0.883 0.931

a2 0.850 0.862 0.961 0.778 0.670

Substruct. -

5 az 1.000 1.051 0.988 0.981 1.086

as 0.800 0.794 0.800 0.989 0.752

az 1.000 1.018 1.016 1.032 1.042

a5 1.000 1.018 1.005 1.002 0.973

Remarks Under Input Type | Under Input Type Il

Hiz Tes (8A T2s) 1997.6




FEFEFYYE 0|85 Y EEQ| e EX0 FZMHT DLEHF

3 A2t A5 35 MUY st 2 of M[siA
thi & sldarwe) Sl b 548 dEs Ok Adl gzl uigh 2848 HEsy
71 flg-od 1) 33 @9 37K g FAES flate] H9lH s o]l Sy Tl
e AA fxol g Aok Foe] AR A = g 10+ ’r‘-°< 3% derdgel ok dedat
Z5 vehd Feg derol dia H“Ol T ¥ 7b ol &EQltk shEe W Aol sHe V] (Exciter)
thoo] Aol AR Al gk s £ ol g3k /l'GH’hL oo g L
e o wAge) EQR S 0}04 T dat 7b AEEAE A sie Bt SRlAltel# e L
PRk g% o ¢ At v ege SR g 1tell dehfiglvk o] Fg-oll thefMn WA
xRS Akl b izl gigh Faad ol gk Aok Eale] R Al dER A
o] FAEAL, FYH FAYUL ol g} FAE 5 oppo] oA ajol rain Qi of e WAl
FAol FAHITE FAHE SYEe] Avke 3 5 FA) gt R - HJ”r Hdzel i
ERTE o] el sl A A FAANE L 63 79 L]rE}LH‘?iLl'. o] Az
Folle= FAe FEETE o Askd 4 vk 7P ik ofte] Aold Rl A e
o] #ssdtk e}, 3 5ollA Ho] o} g of Wk Fgxlet zhzte] Rzl Uigh 48X
Eme] ARAQ Pl i dons o Yw 7 g fAbsted, el S dEnE Welal
"ol A 2k o] Aok raEoA] ko] AT s 4 Sdeith o] Adbe R FENE ol R
A E metah dlol: S88 wgel 9 4 UF sto} AAe] Thd® el Akl wis) mck
S ol A AAwE vHE e Y 5 s 9
plghct, gl o] Aol wisi e sz *u“’o“é
E5 37 ALD DHEHOIA EMHE 2AHS & e ERE BAn ol ISk o
Exact | Estimated © A ol Hrhdick of, £dme) v1Ed]
Value Value W gremis 7 o) A 6 ky Yol 16710
a 1.0000 0.9891 Mn?l ’é;?‘fi 7%‘3"&9&‘%_"}?1@* ‘7!""‘% A e
Substructurel | a2 |  1.0000 0.8274 GeSHE HHHOR AW gk, 44 W
= ek 80RAEAAE w2 s B 4 A
0.7000 0.4078 2 o 2 s
0.7000 0.5025
1.0000 11775
Substructure2 1.0000 08123

08000 | 06513 | W .

(X )
i
1
i o E] Substrcture 2
D L el | Excitor
@V tm ‘ *@W n @WH |
a2l 9 37 oism O 10 3% Mordd AEHed

M1d M2z (EH M23) 1997.6 SIHEXIEHT ST =28 11



2.0

2.0
/
20

.6

1

2

1

.8

Measured Floor Accelerations
0

L Y L

04

.0

kel R et

bl e e L il

1.6

12

08

0.4

- ==

1.6
0.002 )

D et e

S S,
Bl R e e | S Py,
1.2
© decimated; original 4t

4
]
0.8

Measured Base Acceleration
(4t=001

0.4

0

03 —F--mmcmmmeel

0.0

0.5

' [}
1 [}
] ]
1 ]
[} ]
] ]
] [}
t ‘
1 [}
] [}
[} ]
] ]
] 1
je - - - -
] ]
i ]
] ]
] '
t
i
[}
]
— — "
. ]
]
1
H
T
! _
™ ©
o S

0.0

) 1997.6

sd M2

(

=}

= M2

Ml

KRl
Ok
M

or

o= xEF

12



| ]
H
+
- 3 T
[E] f - or Kl _— e
Bl w _— 04 naa zTa _ 0 HA.I H‘_ﬁ W OT T o
- Ry = or il — 0 Nl — = - e —
5 " 0 moo oo oo A, RO do LR
3 ﬁ o A ﬂ_\ = ﬂm% Ir == dn o .W. —_ <= AR
= — i = o=z e o < ., Zo o
B ' Lo X a W 2 ap oM o %o
=< | B = ¢+ 4= o o T oF T S e . of
< ! 0 = T o Ao == T E —_ ol
N « 0 3 Iy E* [iie] 2 2 B ] T e S
| , S <0 Y Vo— . o ™ RO R o- © o<
E K- G+ X T A
= 'y o - =0 ﬂnﬁqﬁT Z o N ome X r To
: 1 Tod o3 = © 1 o= 90 o o = I
5 ; = Bl A T2 g 3R TR - S 2
3 _r = = < = ot o # ’ i 2 ozg ok WX A
o = = Fowoa Bw W G 5T
< A — s =2 Lo 41]L.ndr.ﬂnﬂ|i
+ ¢l S = - o ™ok 3T Re AR <0 sl
i >, Kq T o3y zn N N RO of oF u & M7 ol
o+ QsV e ki w0 To = o M o - = H_o By N Al
,n‘)ﬂ L mT ulll mw..* XT o O#U . e 7‘4_ ) o o of £ \_,UI Om.o T
2 : T o - = ,_Iom T o a3 RN - TR AR = A
e 8 P 2 2 z < N o% I % i B S o oF 2 of N g
i 5 1 _ o= b o, P ! i N oY wmE c‘
seotpuy sSeue ) e e THETTY s BE
e s o N 7k ~ = e = oo < = o
o_ﬂ:—uwwE — O = =] RO <, e i = o
e w0 5 < AN .o b
s b - 4 ol o © ot T o o o ol == oo
2o1pul d3oweq M B R s F o o
. , i 5o
o = G =
3
=+
S| -lg By s o g
T AR} IS - o —
N S o« o H © 9 N @l & o =] £
o _ S | S ®lpg | @ ol cls oo 2 BT T
%0 I I PN P S g8 882 BmTE o ®E -
bl g I 1% elal ¥ =g S 185] & Hﬂo.,_ﬁﬂﬂ e
[= w -~ © & | 5 KO ol & T B o | X N~
el 8582 ¢ : g 2 T 5 EE g
_.n TIN|R @ & = Km o @ nlw Kk ° 1} do = oF % - e NS e km
H - Kl B [Te) o it N o e
X TRV N I Ki S 282l 3 < NEREES = oo B & ©
K 2 - 5 ®|8 b © |88 8|S = o= O BE QP = 0
=] z HSY o = [+ BN« Wie)) 3= i ,,._ © o< 9 - N~ Ar
= i g a Mjw o ; - o ) 5] o U Ry o Y . =
il g |2 Y S| i -
= 8 = - % Bl R D By o 5 I
- 5B - S
= oleo = 4 ol L m 4 ol RIS =T g 7 of A o
- 2o 2 o o 18 —lol 8 K- N o X o o ol
=3 T o = = o | ey W) . S w ol & —_ . o
2 = kS - i) ol 3 |18I518 5 W Nq = Tk o ‘M or ® N _WM_L T
il — c — " ) O J..IL J|- .IHM _ - [ )
< ) L 85 NIf _— o i 2 U
of T w sl e - —|e|e|e o T E R =T
70 % s > = m 4 7 T o 10 zo W1 oS
0 i of N s o g = — = ook o RO No ot OF = o or
< o = w0 @ 2 5 © 00 o |2 o o X N n o T o= RO
o | B oo~ 8 21 8 8 o o ool g| B 1] L_fﬂrwu_xEymn% < =
- S| &1 = 7 ®© 51218 2| 3 H_gﬂf&o__ut% B oo
H g o~ 2] 2 g < g2 = 8 =  E Ty © Moo B/
z = a | 3| 3 5 & ol e o R0 . HE w R
%) S o0} olol o m = Lol KM X9 {h !
2 3 alE Mmoo m LT g
D ™ L X° " = .
Bl | »RTEsEEL 2oz
U g iy
=0 o
Y o

13

TIEXIE T Y =E2E

) 1997.6

M2

(

=]

Y T2

o
[\

-

M1



ZONE DUEE

Structural Identification,” |. of Eng. Mech., Vol.
123, No. 2, ASCE, 1997.

1. 'Inspection of  Fracture  Critical  Bridge 18. Wilsen, ]. C, and Liu, T, "Ambient
Members," Report No. FHWA-HI-88-038, 1986. Vibration ~ Measurements on a Cable-Stayed

2. Tanaka, T., Jono, M., and Komai, K., "Current Bridge," Earthquake Engineering and Structiral
Research  on  Fatigue Cracks,"  Current Dynaiics, Vol.20, 1991
Japanese Materials Research, Vol. 1, 1987. 19. Bao, ZW., and Ko, ].M, "Determination of

3. Tanaka, T, Nishiima S, and Ichikawa, M, Modal Parameters of Tall Buildings with
"Statistical Rescarch  on Fatigue and Ambient Vibration Measurements," The Int. J.
Fractures," Current  Japanesc  Materials of Analytical and Experimental Modal Analysis,
Research, Vol. 2, 1987. 6(1), 1991, 57-68.

4 HGOH T Mo 2o sh JE, Wik v-2 1, 20 W7, 487, Fard, s, FRE &
PEAS T AT s, 1987, 9} #AL 93 Inverse Modal Perturbation”,

5. F -Meova s, B S V=70 4 TR AR, falErals] =57, 4103 A43, 1990.12.
1990. 21. Hong, K5, and Yun, C-B, "Improved Me-

6. Nowak, A. S, "Diagnostic Procedures  for thods for Frequency Domain ldentifications of
Bridges," Proceedings of the NATO Advanced Structures,” Eng. Struct., Vol. 15, No. 3, 1993.
Researclt Workshop on Bridge Evaluation, Repair 22. Koh, C. G, See L. M,, and Balendra, T,
and  Rchabilitation,  Baltimore, Maryland, "Estimation of Structural Parameters in Time
US.A., 1990. Domain : A Substructure  Approach,”

7. "ulER S AN RERAEA ), AR o Earthquake  Eng.  and  Structural - Dynamics,
A A E 4, 1985, 12 Vol.20, 1991, 787-801.

8 Nishimura, A, '"Examination of Bridge 23. Andres, W. C. Oreta, and Tanabe, T,
Substructure for Integrety," Japanese Railway "Localized Identification of Structures by
Engineering, No. 114, Junc 1990. Kalman Filter," Str. Eng/Earthquake Eng. JSCE,

9. LT Ah " AR oE, i, 1991 Vol.9, No. 4, Jaunary, 1993, 217s-225s.

10. "Jallthare] ehdRG, AR, 1993, 10. 24. Wang, D, and Haldar, A, "Element-Level

1. "FAxufate] oA ATHEFH A", dh=trd System Identification with Unknown Input,” J.
&g, 1993, 9. of Eng. Mech., ASCE, Vol120, Nol, January,

12, "2kl AT SA(HZRTA), A 1994, 159-176.
gl A7)t A, 1993, 9. 25. Stetson, K.A. and Harrison, LR., "Redesign of

13.  Nichols, R W, "Non-destructive Examination Structural Vibration Modes by Finite-Element
in Relation to Structural Integrity,” Applied Inverse Perturbation,” of Eng. for Pouer,
Science Pub., London, 1979. ASME, 103, 1981, 319-325.

14. Goodwin, and Payne, R. L., Dynauic System 26. Kim, K.-O., Anderson, W. J., and Sandstorm,
Identification, Academic Press, 1977. R.E., "Nonlinear Inverse Perturbation Method

15. Goodwin, and Sin, K. 5., Adaptive Filtering, in Dynamic Analysis," AIAA  Journal, 21(9),
Prediction  and  Control, Prentice Hall  Inc,, 1983, 1310-1316.

Englewood Cliffs, N.J., 1984. 27. Natke, H.G., Identification of Vibrating Struc-

16. Lee, and Yun, C. B., "Parameter Identification tures, Springer-Verlag, N. Y., 1982.
of Linear Structural Dynamic Systems," ] o 28. Hagiwara, 1, Arai, A, and Nagabuchi, K,
Comypntters and Structures, 1991 "Study of a Structure Identification Method

17. Yun, C-B, Lee, H.-], and Lee, C.-G, Using Sensitivity Analysis for a Vibration,"
"Sequential — Prediction  Error  Method — for Finite Elements in  Analysis and  Design, 14,

14 T=XEF 3 =2& M1 Hes (82 M23) 1997.6



SEMO RN T DHEE

29.

30.

31.

32.

1993, 111-126.
Torkamani, M.AM., and Ahmadi, A.K., "Stiffn-
ess Identification of a Tall Building during

Construction  Period Using Ambient Test,"
Earthquake  Engrg.  Struct.  Dyn., 16, 1988,
1177-1188.

Kim, J. T, "Assessment of Relative Impact
of Model Uncertainty on the Accuracy of
Nendestructive Damage  Detection in

Structures,” Ph. D. Dissertation, Dept. of Civil
Engrg., Texas A & M University, 1993.

Yao, G.C, Chang, K.C, and Lee, C.C, "Dam-
Steel
Vibrational Signature Analysis," |
Mech., ASCE, 118(9), 1992, 1949-1961.
Tsou, P, and Shen, M.-H. Herman, "Structural

age Diagnosis  of Frames  Using

of Engrg

Damage Detection and Identification Using

Neural Networks,” AIAA 32(1),

January 1994.

Journal,

33.

36.

Samman, M. M., and Biswas, M., "Vibration
Nondestructive  Evaluation of
Bridges. I : Theory," | of  Struct. Engrg
ASCE, Vol. 120, No. 1, 1994, 269-289.

Hjelmstad, K.D., and Banan, MR, "Time-

Domain Parameter Estimation Algorithm  for

Testing  for

Structures. 1 : Computational Aspects,” [ of
Engrg Mech., ASCE, 121(3), 1995, 424-434.
Sutoh, A,
Filter-Finite Flement Method in Identification,”
J. of Engrg Mech., ASCE, 119(2), 1993,197-210.
E G, A S,
"Monitoring and Evaluating Civil Structures
Using Measured Vibration," Proc. of IMAC96,
Feb. 12-16, 1996, Dearborn.

Hoshiya, M., and "Kalman

Straser, and  Kiremidjian,

. Yun, CB, Kim, W. J, and Ang, AH-S,

"Damage Assessment of Bridge Structures by
System Identification," Proc. of the 5th
ICOSSAR, San Francisco, CA., 1989.

M1 H2s (22 M28) 1997.6



