SISO

1 2 3
1 812-8581 6-10-1
E-mail:furukawa@doc.kyushu-u.ac.jp
2 812-8581 6-10-1
E-mail: otsuka@doc.kyushu-u.ac.jp
3 606-8501

E-mail:kiyono@quake.kuciv.kyoto-u.ac.jp

Key Words : structural damage, damage identification, natural frequency, damping ratio,
frequency response function, single input, single output

1995

2),3):4)
5).6)
7:8)



(SISO; single input single output)

e dke
) de, (
) e
dK®
dce

dx* =dk,K* dCe =de,C* @)
dK = & dk K dC = 4 de,C* 3)

e=l1 e=l1

dk, de,

&K 00x0u, 60 Kixnu_i 0 0

= ) (4
S0 msop & cliop o) @

AB
é K Ou é0 Ku
4=e g B=¢ g ®)
60 My ek Cq
M, C, K
AB
(ma+B), =0 (©6)
m f;, i

{(m +om)(a +da)+ (B +dB)}}, +f,)=0  (7)

dm of i
d 4 B
&K 00 €0 - dku
Y7o vl YTeak acl @
e u € u
©

(ma+B)df, +(mdd +dm4+dBf, =0 (9
©) £r
f,"(ma+ B, +f," (mdd +dm 4 +dBf, =0 (10)
A B
1

fiT(mA-'-Bbff :f[T(mAT +Br)jf[

11

“{massk e, =, =0
(10)

i = i df +f T 12

f.lAf,
A,B



fo=t) f2 ®  (12)

[-W2M +iw(C+§ de,C%) + (K - éldkeK“)]dX(vv)
e=1 e=

(22)
dm =" mf KT !+ 2f kT 2 - £ 2 dCr (13) =4 dk, K X(W)- & iwde,C* X (W)
fiTAfi e=l1 e=l1
dm = a - mf K o] K?ffdkg+g-ffTC“f,2dce (14) [- WM+1W(C+ach)+(K LaldkK)]dX(W)
=l f, Af ezt T Af, (23)
i =4 dk, K  H(W)F (W) - 4 iwde,C* H(W)F (W)
e=1 e=l1
D) (23) dX (w)
i m i W; dx(w) = & dk H , (dk,dc,w)K * H(W)F (W)
h, ., (24)
M =-hW, +iw /1- &’ (15) - él iwde H , (dk,de,W)C* H (W) F(W)
m H ,(dk,dc,w)
m W de,.
dk, (e=1,...,n)
[S T]: dkg {du} (16) H ,(dk,de,w) =[-W>M +iw(C + édcé,C”) +(K - édkﬁ,K")]" (25)
ST . S¢(dk,de,w) T°(dk,dc,w)
dm dm S¢(dk,de,w) = H , (dk,de,W)K °H (W) (26)
m T¢(dk,dc,w) = - iwH ,(dk,dc,W)C°H (W 27
dk. de ke, ( ) 4 YCHW)  (27)
p dX (w)
(16) dX (W) = & dk, S (dk, de,w) F(W) + & de, T (dk, de,w)F(w) (28)
2 e=1 e=1
" (19) X(w) (28)
&S ReTUdkl | Redul o drw)
Y (17) X'(w)
fms 1m7{fdch {mduf X'(w) = X (W) +dX (W) = HW)F(W) +
, m
o m A S°(dk, de,w)Fw)dk, + a T¢ (dk,dc,W)F (W)de, (29)
e=1
(17) o)
3 (FRF)
i Jj w
a) ERF a(i, j,w)
) =W o s (30)
[_ WM + iWC + K]X(W) = F(W) (18) a(i, j,W) -W (w)+a S; (dk,dc,w)dk, +a T; (dk,dc, W)i
X(w)  Fw) FRF a(i, j,w) i J
w (30)
X (w) H (W) M, C, K
X(w)=HW)F(Ww) (19) w
H(W) Cl(l, JaW)
HW) =[-W>M +iwC + K] (20) S(dk,dc,w)
b) T¢(dk,de,w) M, C, K, w,
dK de, dk.(e=1,---,n)
dc dx (w) (30)
- 2 7 - = 21 n n
[-W?M +iw(C +dC) +(K - dK)](X (W) +dX (W) = F(w) (21) - w24 S (dk,dew)dk, - WP & T (dk. dewde.
(18) (1) (3) =1 e=1 (31)
dx (w) =a(i, j,W) + W’ H (W)



(31) i J w
i J
W nm
i dk i 1
[v v]i®'y=tda} (32)
Tdc%
U V nm'n
dk dc dk, dc,—,
n da
nm b
éRelU ReVUuidklu 1Redal !
g[ a o, y=i Y (33)
dmU  ImV{ide}y {Imdap 5
nm 2n
2nm
2
(33) dk,
dc,
(17) (33) 1
(33) 2
U 1
V dk dc
) 2
@ 2
@ 2
dk, dec. 0.0
2
dk, dc,
dk, dec, 0.0
U - U(dk,,dc,) (34)
V= v(dk,.dc,) (35)
dk, de, ddk, dde,
ddk, dde,
Tdk'U_ &ReU(dk®,dc’,w) ReV(dk°,dc’,w)l ot
La lg:-% Udko’d ) I deo’d oy {43 36)
1dep gmU(dk™,dc”, W) ImV(dk=, de”,wW)q dk, = 1- (1- dk,)” (I-h~ ddk,)
dik’ dc’ ,w de, = -1+(1+dc,)” (1+h " ddc,)
dik’,dc’ K,- K,” (I-h’ ddk,)
0.0 dk'dc' C,- C,” (1-h”dde,)
dk',dc'  dk°,dc’ ddk, ddc,
dk’.dc’ dk',dc' dk, dec,
da dce K. C,

(37
(38)
(39)
(40)



€Y

0.28

@)

1,3,6,8

10

®)
a)lo

Z
y
=

| ddkii_ ReU(0,0,w) Rel(0,0,W)i

- 41
{ddely” GmU©00,w) Imp(0.0,w)] (da} (41)

dk,dc 0.0
K, C, U v da
h
50cm 2.0cm 0.5cm
7200k g/mm’
2.7ton/m’
10
1 11
1 10
-1
10 2%
Node No.

12 3 45 6 7 8 91011
123456 78 910

Element No.
-1
1 5 10%
5%,10%
1 10
1 15 15
2
e =4 (ddk? +ddk?) <1.0” 10 (11
e=1
h 0.1
h 0.01

10

-2,3 -2 1
5
-3
10
6,8
1,3
5%
10% 1
3
10 10
-2(a)(b) -3(b)
10
b)15
15
-4,5 -4 1
5
-5
10
10
10
15
¢h)
3 ( 2,58

5%,15%,10%)



0.08
0.04
0.03
0.02
0.01

wl [0

-0.02
-0.03
-0.04

detected damage ratio

2 4 & 8 10
element Na,

detected damage ratio

detected damage ratio

detected damage ratio

-515

@

15

3
14 15
-6(2) (d)
10 12
( -6(a)(b))
5 6

15

15

detected damage ratio

detected damage ratio

detected damage ratio

detected damage ratio

0.08 0.0 0.0
0.08 0.05 0.05
& &
0.04 004 004
& &
0.02 - D |:| E 0.03 E 0.03
0 0.02 0.02
0 niE g
0.02 g o g o
@ @
E E
004 0f— — — — — _———— 0f— — — — — — — ——
-0.08 0.01 0.01
2 4 & 8 10 2 4 & 8 10 2 4 & 8 10
element Na, element Na, element Na,
(b) 3 (© 6 (d) 8
0.0 012 012
0.08
0. 0.
0.04 2 2
003 E o8 E o8
0.02 ¥ ¥
0.08 0.08
001 E E
=0 004 0.04
; o= = E g
.01 & 002 & 002
-0.02 3 3
0.03 | e -1 T | iy e i I
0.04 -0.02 -0.02
2 4 & 8 10 2 4 & 8 10 2 4 & 8 10
element Na, element Na, element Na,
(b) 3 (© 6 (d) 8
0.08 0.08 0.08
0.05 0.05 0.05
2 2
0.04 B 004 B 004
g g
003 £ 003 £ 003
3 3
0.02 5 oo 5 oo
3 3
R @ 00 3 oo
o o
E E
o — Of— — — — — _—_— Df—m — — — — — — -
-0.01 -0.01 -0.01
2 4 8 8 10 2 4 8 8 10 2 4 8 8 10
element No, element No, element No,
(b) 3 (©) 6 (d) 8
012 012 012
0. 0. 0.
& &
0.08 E o8 E o8
& &
0.08 S ooe S ooe
2 2
0.04 5 004 5 004
8 8
0.02 4 o2 4 o2
E E
of - 0f— — — — — —_——— 0 — — — — — — ——
-0.02 -0.02 -0.02
2 4 & 8 10 2 4 & 8 10 2 4 & 8 10
element Na, element Na, element Na,

(b) 3

10

10

( -6(d)

12

-6(b) 5

®

a)

(d) 8

10

14
3 12

10
-6(a)



3
(H2) (Hz)
1 1.66E+01 2.00% 1.64E+01 2.07%
2 1.04E+02 0.38% 1.02E+02 0.40%
3 2.91E+02 0.28% 2.87E+02 0.29%
4 5.70E+02 0.39% 5.57E+02 0.42%
5 9.44E+02 0.58% 9.31E+02 0.61%
6 1.41E+03 0.84% 1.39E+03 0.88%
7 1.98E+03 1.17% 1.95E+03 1.24%
8 2.57E+03 1.50% 2.53E+03 1.58%
9 2.66E+03 1.55% 2.62E+03 1.63%
10 3.44E+03 2.00% 3.38E+03 2.10%
11 4.27E+03 2.48% 4.20E+03 2.62%
12 5.69E+03 3.30% 5.60E+03 3.46%
13 6.87E+03 3.98% 6.76E+03 4.19%
14 7.77E+03 4.50% 7.64E+03 4.75%
15 8.33E+03 4.82% 8.20E+03 5.06%
z
A D
A
1Hz 2 11
10
B 11
1
1,2,3,4,5,6,7,8,9,10Hz 10
C 11
1
1
10
D C
9
b)
A D “7(a) (d)
A
-7(a)
15
A 10
1
10
-7(b)

10

-7(c)
C 1
-7(d) C
6
2
10
1 9
©)
15
10
-8
-8(a) 9
D -7(d)
6
C
-8(b) 10
6(a)
C
-8(¢c) -8(b)
9



detected damage rat

detected damage ratio

[RE] 1 014 016
0.1 012 014
05
@ s o olloO0 8 &
. B B B
Hoe a 0 = = ow o o 01
.02 £ g e 2 gop
5 [ § o5 E ooe H
O = 5 s 5 008
42 & o 3 n O D = 2 ons
0.04 H H = = =
-0.06 Y s < 002 5 002
.08 o4 | R e T Bt &
01 2 -0.06 -0.02
2 4 ] 8 10 z 4 a 8 10 2 4 [ 8 10 2 4 [ 8 10
element No, element No element Na, element Na,
(2) 10 (b) 12 () 14 @) 15
018 08 0.16 0.25
0.14 08 014 0.2
o 8w g o § o
01 g
01 & o2 & &
0.08 E 0 D = g o008 =
® S 008 S oo
3 3 3
8% & 8 D |:| 5 o4 3 i | D =
004 g 04 2 oo g o G s D
3 3 3
0.02 06 | ) 114 — {1 S E—" (11 (" 008
o 08 -0.02 it
2 4 @ 8 10 2 4 6 B 10 2 4 @ 8 10 2 4 @ 8 10
element Na, element No. element Na, element Na,
(a) caseA (b) caseB (c) caseC (d) caseD
016 016 016
0.14 0.14 0.14
2 o 2 o g2 e
@ 0 @ 0 @ 0
g o g o g o
5 5 5
S o0e S o0e S o0e
2 ons 2 ons 2 ons
5 5 5
3 o 3 o 3 o
ol — o f—d —— —d o
-0.02 -0.02 -0.02
2 4 ] 8 10 2 4 ] 8 10 2 4 ] 8 10
element No, element No, element No,

€Y)

0.28

(@) 6
9

(b) 10
5

(@

-93

3
9m

(b)

3m

21500kg/mm’
7.1ton/m’

©)9
5

€)

1,2,3,7,8,9
10%
9
-10(a)-(f)

2
2
3

7.5m

2%

1

5 10%

10



3 3 18
2 ( 4
8)
3 6
(Hz) (Hz)
1 2.31E+00 2.00% 2.27E+00 2.10%
2 7.31E+00 0.90% 7.16E+00 0.95% -11(d) 3
3 1.10E+01 0.85% 1.08E+01 0.90% 4 8 3
4 1.25E+01 0.87% 1.23E+01 0.92%
5 141E+01 0.89% 1.38E+01 0.95%
6 1.61E+01 0.93% 1.58E+01 0.97%
7 3.63E+01 1.61% 3.58E+01 1.67%
8 4.22E+01 1.84% 4.09E+01 2.02%
9 4.63E+01 2.00% 4.61E+01 2.03%
10 8.07E+01 3.37% 7.98E+01 3.50%
11 1.18E+02 4.88% 1.16E+02 5.14%
12 1.87E+02 7.69% 1.79E-01 8.88%
-10(g) 3 11
( -10(h))
1 1
(©)) 1 1 (SISO; single input single
output)
2 ( 2 5)
10 3 ( 3 6
11
2,6,8 1
5%,15%,10% 5%,15%,10%
4 4
8 8
1 1
1 15 11
-11(a) 9
1
-11(b) 6
4 12 3 3
4 8 3 6
-11(c)
4
18
2
4 8
5 10
1) Ohtsu M., Shigeishi M., Sakata Y. Nondestructive
-12(d) 3 evaluation of defects in concrete by quantitative acoustic

emission and ultrasonics. Ultrasonics, 36:187-195. 1998



detected damage ratio
detected damage rato

| 0 O O S S =00 O———
-0.02 -0.02
2 4 6 8 2 4 (i 8
element N, element N,
(a) 1 (b) 2
012 012
01 01
a 2
B 008 B 008
& &
E 0.08 E 0.08
o004 5 004
b+ b+
4 o2 4 o2
E E
Of—m — — —_-— — — — Of— — — — —_— — — —
-0.02 -0.02
2 4 ] 8 2 4 ] 8
element N, element N,
(e) 8 ® 9
-10 3
0.18 0.18
014 014
2 012 2 o012
] o
w04 a0
g 0.08 g 0.08
S noe 5 nos
3 o4 2 oo
& om 3 o
E 3
0f— s — A (=" —_—— = - —
-0.02 -0.02
2 4 6 8 2 4 6 8
element N, element N,
(@9 ()6
1 12
-11

2) Wang Z, Lin RM, Lim MK. Structural damage detection
using measured FRF data. Computer methods in applied
mechanics and engineering 147: 187-197. 1997.

3) Thyagarajan SK, Schulz MJ, Pai PF. Detecting structural
damage using frequency response functions. Journal of
Sound and Vibration 210(1): 162-170. 1998.

4) Lee U, Shin J. A frequency response function-based
structural damage identification method. Computers and
Structures 80: 117-132. 2002.

5) Hearn G, Testa GR. Modal analysis for damage detection in
structures. Journal of Structural Engineering, ASCE 117:
3042-3063. 1991.

detected damage rato

(2)

detected damage ratio

detected damage rato
=

0.08
0.08
0.04
0.02

Mo
EEESLE

-0.02
-0.04

detected damage rato

-0.08

-0.08

2 4 (i 8 2 4 (i 8
element N, element N,
(c) 3 (d) 7

012 012

01 01
2

0.08 B 008
2

0.08 E’ 0.08
5

0.04 o om
b+

0.02 4 o2
E

of—Jd - of— — 4 -
-0.02 -0.02
2 4 ] 8 2 4 ] 8
element N, element N,
2 (h) 3
(10 ) (11 )
1 10

016
014

016
014
012
04
0.08
0.06
0.04
0.02
= 0
-0.02

012

04
0.08
0.06

0.04
0.02
0| = SERPON I
2 4

detected damage ratio

-0.02

2 4 & B

element No

& B
element No

(©)10

@ x3 )

3

6) Hassiotis S, Jeong GD. Identification of stiffness reduction
using natural frequencies. Journal of Engineering
Mechanics, ASCE 121: 1106-1113. 1995.

7) Kaouk M, Zimmerman DC. Structural damage assessment
using generalized minimum rank perturbation theory. A/4A4
Journal 32: 836-842.1994.

8) Ricles JM, Kosmatka JB. Damage detection from changes in
curvature mode shapes. AIAA4 Journal 30: 2310-2316. 1992.

9) Furukawa, A. and Kiyono, J.: Structural damage
identification based on harmonic excitation force, SHMII,
Vol.1, pp.535-542, 2003

(2005. 3. 15 )

DAMAGE IDENTIFICATION TECHNIQUE USING SISO DATA BASED ON
CHANGE IN BOTH MODAL DATA AND FREQUENCY RESPONSE FUNCTIONS

Aiko FURUKAWA, Hisanori OTSUKA and Junji KIYONO

Two damage identification techniques for structures based on change in modal data and frequency
response functions (FRFs) are presented. A learning coefficient was introduced to prevent the solution
from divergence. The technique aims to identify damage only from single input and single output (SISO)
data using single sensor and single actuator. To save time and labor of experiments, we present an idea of
using modal data easily measurable, and changing the excitation frequencies at wide range instead of
changing the position of devices. Through numerical simulations, two techniques were both verified. It is
confirmed that combining both data improves the identification accuracy even if measured modal data.
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