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A Study on Effectiveness of Damage Measures for
Damage Assessment of Truss Structures using
Nonlinear Parametric Projection Filter

Oh, Chang - Hee

Department of Construction and Environmenal Enginnering
Graduate School of Industry

Cheju National University

Supervised by Professor Suh, Ill-Gyo

summary

After structures were built, they have always been exposed
to external environment. As time has passed, most structures
have been slowly or rapidly damaged by a variety of external
loads of earthquake, wind, impact and so forth. Most structures
continuously accumulate damage during their service life.
Recently for the serviceability and safety of structures, the
detection of structural damage becomes an 1mportant issue.
Recent studies introduce probabilistic methods for detecting
damage using statistically measured experimental data from

healthy and damaged structures.



So, Five damage measures are presented in this paper. They
are static displacement, curvature of static displacement,
natural frequency, mode shape and curvature of mode shape.
The static data are obtained by loading static load to the
structure. And modal and dynamic data of a vibrating
structure can be gained without dismantling the structure,
these data are very useful in various aspects. But the results
of detection are affected by the kind of damage measures to
be used.

A study on effectiveness of damage measures on the
structural damage detection using the Nonlinear Parametric
Projection Filtering algorithm is presented and the effectiveness
and convergence of damage measures are investigated in this
paper.

Of all damage measures, OCNF+CMS shows better

convergence result than any other data.
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Fig 2.4 Construction of parametric projection filter
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(2.18)

mt(zt) = :
m? (27, -, 2")

ol7IM= A@217), 218)°] wAddTdT ¢, m, 7t HOHTE TG shelM A

(214), 215)8 FHA Z,, , 24,9 T4 APt (Taylor A7H)

¢t(zt) = ¢t(2t/t) + @t(zt — Et/t) + - (2.19)

m(z;) = mt(gt/tfl) + M (2, — gt/tfl) t+ - (2.20)
21(2.19), (220)9] 13+8-S FAH4A
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Table 4.1 Damage index
Case CSD CCSD

1 4 2349 xy ARE A4 2349 xy Aok
2 44 23679 xy A= A4 79 xy AFE
3 A4 34,789 xy Afr= Ad 23479 xy A=
4 e AAY xy A e

3) a4 6,789 xy A=

= F4E A% FAS &4 ZEE Table 4.2 YeERATE Ao &4 A
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Table 4.2 Assumed damaged rate

Case Damaged member
No.2 No.10 No.13

1 50%

2 5096

3 50%
4 50% 509

5 30% 50%
6 30% 50% 70%

~

a3

A B4l deidE A 2, 10 2e]al 139 7+

S

7)
& m# sttt Table 438 Table 41914 AA 3 ZF Cased CSDel| ¢

Table 4.3 Result of damage identification with CSD

in damaged single member

Damaged CSD
member Case ARl Iteration
1 0.50 10
2 0.50 20
No. 2 3 0.66 30
4 0.50 15
5 0.69 30
1 0.75 160
2 0.95 10
No. 10 3 0.50 70
4 0.50 120
5 0.70 210
1 0.73 130
2 0.71 10
No. 13 3 0.50 10
4 0.50 10
5 0.50 10
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Table 4.4 Result of damage identification with CCSD

in damaged single member

CCSD

Iteration

10
10
10
10

50

10
20

30

el

70

0.50
0.95
0.50
0.97

0.73
0.78
0.89
0.70

Case

Damaged

member

No.

No. 10

No. 13

30%, 50% =L

50%, 29 13°] z+7}

e A 294 100] 742t

9]

i &4 o
gl 2, 103 13¢] Z+7+ 30%, 50%, 70%

Table 4.5+
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Table 4.5 Result of damage identification with CSD

in damaged multi—-member

Damaged CSD
member Case ekl Iteration
1 0.50, 0.75 250
2 0.50, 0.95 10
No. 2, 10 3 0.66, 0.50 30
4 0.50, 0.50 120
5 0.63, 0.61 160
1,2 0.70, 0.73 150
No. 2, 13 3,5 0.82, 0.50 50
4 0.70, 0.50 10
1 0.50, 0.75, 0.45 150
2 0.50, 0.84, 0.48 20
No. 2, 10, 13 3 0.82, 0.50, 0.30 120
4 0.70, 0.50, 0.30 100
5 0.74, 0.66, 0.30 200

&4 A9 CCSDell 93 &4+4& vehdth. CCSD+=
4" A BHES FAe AN FEERE wEARE B4 2, 108 &4
H AF A 2= Case 1, 304 F4 A3t Fou 1 9ol FAHA7E AA 2
A AL & 5 Aok HA4 2 13 F A 2, 10, 139] £A4" A $-d %= Case 1, 39l

d

A]
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A RA 20 #4 AR Fou 1 st FALA} A wAR AL 2 5 3
.
Table 4.6 Result of damage identification with CCSD
in damaged multi-member
Damaged CCSD
member Case 778 v Iteration
1 0.5, 0.97 10
No. 2, 10 2 0.96, 1.00 10
3 0.5, 0.73 50
1 0.70, 0.78 10
No. 2, 13 2 0.95, 0.89 20
3 0.70, 0.70 40
1 0.70, 0.85, 0.57 10
No. 2, 10, 13 2 0.95, 0.97, 0.80 20
3 0.70, 055, 0.38 50
(3) el 27|A o g HE
BEH R 271AE £ 9 AEEe] HEAY O e 2EY] gt M-S
o gtk 2 E=EdAE FA 27F 50% EE Agol tjEA dEEe] 2UAE
AR (£ A A4 50%, 70%, 90%, 100%= 7H4s9 S 499 &334 2
= vt #SdolE & Table 41914 Case 29 CSDE AF&-3Fth
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o A% A(RE, nARE P AAREZ UFa, CMSE ARAA, sRdd, 3=

A, 34" 9 HdAELAHANA x, vy AFEd disiA A gl
CCMS+= %, sti-dAdoA] x, yiaFe] Aol tisfiA vr3dtt.
Table 4.7 Damage index
Case CNF CMS CCMS

1 A ~ 34 | A4 234° xy ARE | A4 39 xy ARE

2 | 1A~ 6% | A4 23679 xy A% | AA 19 xy ARE

3 | 1A ~ 98 | A4 34789 xy ARE | A4 379 xy AL

4 12 ~ 132 | 2€ 2HY xy AF%E

5 82F ~ 132k | _AA 6,789 xy AfE

4 FA4E 99 A &4 B Table 4801 bRt EAel &4 )

L HARA £ sk BEvA £49 ASE Hrgon, Bena 49 3
$E &% AR TS 4% 0 PR

Table 4.8 Assumed damaged rate

Case Damaged member
No.2 No.5 No.10 No.13
1 50%
2 50%
3 50%
4 50%
5 50% 50%
6 50% 50%
7 30% 50%
8 30% 50% 70%
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Table 4.9 Change of natural frequency in damaged single member

Damaged

Mode ] Undamaged No.2 No.5 No.10 No.13
1 16.72 15.05 16.71 16.43 16.02
2 2712 25.58 27.12 2712 26.06
3 45.29 45.15 44.82 40.73 44.96
4 63.41 63.39 62.24 57.54 60.12
5 73.94 73.84 72.60 73.89 73.67
6 103.68 102.92 103.29 97.58 102.54
7 125.13 123.64 124.91 123.46 116.72
8 165.83 146.06 153.03 165.72 164.96
9 193.78 192.43 168.32 193.66 182.07
10 202.50 202.34 198.71 202.49 198.53
11 224.15 222.96 216.08 222.68 223.83
12 243.51 241.46 241.95 233.25 239.05
13 253.29 250.55 250.75 253.21 250.34

upeba] RezlFo] wsle] oigh gre] Hluwro g EFA S FAo] oy
ow watdn E4FAHE AT Iteration 5003] 74 =2 51 Sl Th

Table 4.10 Change of first mode shape in damaged single member

o
=

Damaged
Node Undamaged No.2 No5 No.10 No.13
) x ~0.0044 ~0.0839 —0.0941 —0.0911 ~0.0316
. 0.3291 0.3280 0.3355 0.3341 0.3280
) x ~0.1848 ~0.2450 ~0.1844 ~0.17%6 ~0.1601
y 0.3950 0.3473 0.3941 0.4127 0.4240
A x ~0.2475 ~0.2965 ~0.2468 ~0.2378 ~0.2160
. 0.289%5 0.2437 0.2837 0.2604 0.2962
5 X ~0.2998 ~0.3379 ~0.2990 ~0.2875 ~0.2636
. x ~0.23%5 ~0.2633 ~0.2379 ~0.2463 ~0.2404
y 0.3222 0.3225 0.3217 0.3274 0.3217
. x ~0.1900 02292 ~0.189%5 ~0.1993 201925
y 0.4034 0.3533 0.4024 0.4212 0.4323
o x ~0.1335 ~0.1874 ~0.1332 ~0.1442 ~0.0828
y 0.2834 0.239 0.2827 0.2552 0.2906
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Table 49¢F 410014 F-A1e] &4 A3 & Fo As54¢ ©
B 2 oolth 7 AHA REWNZ Wyt s AL B S 9oy Eya F
= FAEC] Az dAZdEH o] EFFATE 2FH U= AAolA Felek 3

Wate wetss] YEch

3l Case 49] A7} ©+& Caseol| H& &4

ONFSl A9 mE A9 AeIHE ALE

F4 A3k 0 v AL B & Yok Mk ONFE fAHoR dolee] A%zt
BesrE E4E PA FAAEL FEF AL ¢ 5 Atk AREEQ Case 29}
BARE Case 5% Mg APl FYE] WAE 2 Aot 9t AL 2
_),:

o
o

Table 4.11 Result of damage identification with CNF

in damaged single member

Case Stiffness ratio
No.2 No.5 No.10 No.13
1 0.69 1.00 0.66 0.94
2 0.52 0.98 0.63 0.79
3 0.51 0.66 0.55 0.61
4 0.51 0.5 0.53 0.53
5 0.58 0.60 0.66 0.96

]

STIFFNESS RATIC
o
EY

“ ..

1 1 1 1 = = =
0 100 200 300 400 500 0 100 2°°ITEHATION3°° 400 500
ITERATION

STIFFNESS RATIC
°
©

(a) Damage of member 5 (b) Damage of member 10

Fig. 45 Result of damage identification with CNF of case 4

in damaged single member
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Table 4.12 Result of damage identification with CMS

in damaged single member

Mod No.2 No.5 No.10 No.13
9% | Case | #23v] [Case | 220 |Case | 270] |Case | 241
1 0.63 3 0.86 35 0.89
2,5 0.8
1 3 075 4 0.52
1 051 4 0.51 4 0.51
1 0.75 1,2 0.82
2 0.57 3 0.75
2 35 0.81 4 051 4 051 4 0.51
4 0.51 5 0.68
o - 1235] 055 3 0.81
3 4 051 g 4 0.50 4 0.51
2 0.89 1,5 0.56 2 0.75
4 4 0.51 2,3 0.52 3,4 0.55
4 0-56 4 0.50 5 0.87
2 0.66 3 0.86
5 4 0.51 4 0.50 4 0.51 4 0.51
5 0.74 5 0.89
3 0.63
6 4 0.51 1 - 4 0.52 wkak -
5 0.83
3 0.65 1 0.85
7 Ak - HkAk - 4 0.5 2,4,5 0.47
5 0.79 3 0.5
1,2 0.65 2 0.61
8 4 0.52 kAk - 4 0.51 3,5 0.55
5 0.75 4 0.5
1 0.69
9 2,3 0.73 1, - 4 0.52 g, -
4 0.52
1 0.71 1 0.57 1 0.81
10 2 0.68 2,45 0.48 4 0.5 2,3,5 0.64
4 0.5 3 0.54 4 0.5
1 0.78 1,2,45 0.5 2,3 0.81
11 2 0.85 dkAk -
1 05 3 0.61 4 0.5
1 0.75 3 0.67 1 0.88
12 2,3 0.85 kAk - 4 0.53 2,3, 0.61
4 0.51 5 0.83 4 0.5
13 akAk - s - 4 0.54 kAt -
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Table 4.13 Result of damage identification with CCMS

in damaged single member

Mode No.2 No.b5 No.10 No.13
Case | ZAAdnl | Case | ZAAdn] | Case | Z4dH] | Case | ZA3H]
1 1,3 09 - - - - 2,3 0.85
2 1,3 0.91 - - - - 3 0.74
2 0.91
- - aw | - |
3 3 08 2,3 0.72
6 | - - - — wm - - -
7 1,3 0.92 - - 2 0.91 2,3 0.47
2 0.79
w | - - -
8 1 09 3 0.61
1 056 ) ) i )
9 1 0.9 23 051 s,
0 i . 1 0.71 i i 12 | 088
2,3 0.58 3 0.85
12 | 016 ) ) ) )
1 3 0.63
12 - - - - - - 3 0.78
3| - — [ - - - -

Fig 45+ Table 4.119] 4 Case 49 175-o thal FA 52} 100] Z+z} 50%% &4+
B A% CNFE Al83k &4 4 235
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Table 4132 9 FA &89 459 CCMSol o3 &4 F4S5 yekdo
CCMS+= AR ERT AREE=oA] wiko] Ax|rt Aefke] FAHRAHANA E4E

FAZE = Aoz FAdAY FALLAIE AA TSt dAHoer E FA

o

BrnA) Eabe] galAE A 29 10, 59 100] Z7F 50%, 294 13¢] 7zF 30%,
50% 1@ i 2, 109 130] 77F 30%, 50%, 70%4 £AE e Ao weld e s
dth Table 4149 4155 77t LHAEFe] WSHCNF)¢H 13 m=dZo] ws)
(CMS)E vhepdeh,

Table 4.14 Change of natural frequency in damaged multi—-member

Mode | Undamaged 57575 No.5,1(1))amageilo.2,13 No.2,10,13
1 16.72 14.84 16.42 15.41 14.44
2 27.12 2557 27.12 25.10 23.96
3 45.29 40.73 40.57 44,189 40.15
4 63.41 57.37 56.30 60.11 55.10
5 73.94 73.78 72.38 73.62 73.36
6 103.68 97.40 97.22 102.29 88.65
7 125.13 121.16 123.17 116.28 110.97
8 165.83 145.75 153.03 153.34 152.32
9 193.78 192.38 168.16 182.00 176.07
10 202.50 202.32 198.69 192.33 197.87
11 224,15 92058 21591 92334 920.98
12 24351 232.23 230.72 236.03 226.76
13 253.29 250.44 250.31 249.32 247 87
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Table 4.15 Change of first mode shape in damaged multi—-member

Damaged
Mode | Undamaged =775 75 N0.5,10 gNo.2,13 N0.2,10,13
) X -0.0944 ~0.0812 ~0.0909 | -0.0799 -0.0655
y 0.3291 0.3320 0.3404 0.3298 0.3305
; X -0.1848 -0.2375 -0.1781 | -0.1898 -0.1559
y 0.3950 0.3639 0.4118 0.4028 0.4460
R -0.2475 -0.2866 -02372 | -0.2424 -0.1997
y 0.2895 0.2222 0.2597 0.2779 0.2631
5 x ~0.2998 -0.3264 ~02867 | -0.2864 ~0.2374
’ x -0.2385 -0.2686 ~02457 | -0.2527 ~0.2589
y 0.3222 0.3266 0.3268 0.3240 0.3253
; X -0.1900 -0.2351 ~0.1988 | -0.2108 -0.2194
y 0.4034 0.3700 0.4202 0.4100 0.4530
. x -0.1335 -0.1939 ~0.1438 | -0.1128 -0.0666
y 0.2834 0.2186 0.2545 0.2730 0.2590
Table 4162 HFHA &40 A% 27 casedZ CNFol| o3t 4549 AnE
Jebd Aot giAlde dolEel Afrt Besrs &R FHAE) Fs e

2 = 9t A=<l Case 29F 1ztR
=€

A= A

o P
= A BT

[t
o

Atk FA 2, 10, 13¢] E4E A A

Jelit ONF AAE AH83 499 Case 4014 FAAES} 24 e 22 2 5
sk,
Table 4.16 Result of damage identification with CNF
in damaged multi—-member
Case Stiffness ratio
No.2,10 No.5,10 No.2,13 No.2,10,13
1 0.79, 0.80 0.97, 0.65 0.77, 0.90 0.71, 0.81, 0.89
2 0.59, 0.80 1.00, 0.59 0.65, 0.80 0.81, 0.71, 0.86
3 0.59, 0.63 0.68, 0.66 0.70, 0.63 0.82, 0.75, 0.56
4 0.53, 0.52 0.50, 0.50 0.71, 0.51 0.84, 0.75, 0.50
5 0.58, 0.63 0.61, 0.80 0.73, 0.95 0.73, 0.89, 0.94
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Table 4.17

Result of damage identification with CMS

in damaged multi—-member

Mod No.2,10 No.5,10 No.2,13 No.2,10,13
ode
Case | ZAd¥] | Case| #498] | Case | 48] | Case AR
1 0.68,0.90 1 1.00,0.90 1 1.00,0.82,0.86
1 2,35 | 0.76,0.85 3 1.00,0.85 4 0.74,0.53 35 1.00,0.83,0.81
4 0.53,0.53 4 0.53,0.53 4 0,78,0.56,0.33
1,35 | 0.76,1.00 1,35 | 0.88,1.00,0.88
2 2 0.56,1.00 4 0.53,0.53 2 0.88,0.98 2 0.81,1.00,0.85
4 0.53,0.53 4 0.74,0.53 4 0.79,0.56,0.34
3 1,235 097,055 1,2,35| 0.96,0.60 3 1.00,0.84 |1,2,35| 0.95,0.54,0.92
4 0.52,0.52 4 0.52,0.52 4 0.74,0.53 4 0.78,0.56,0.33
1,3 0.98,0.57 1,3 0.89,0.60 2 0.85,0.73 15 0.98,0.53,0.84
4 2 0.93,0.54 2 0.65,0.54 3 1.00,0.57 2 0.94,0.64,0.71
4 0.51,0.51 4 0.51,0.51 4 0.74,0.54 3 1.00,0.56,0.63
5 1.00,0.60 5 1.00,0.69 5 1.00,0.83 4 0.72,0.52,0.32
25 0.65,0.96 35 1.00,0.86 o B
5 4 0.53,0.63 4 0.53,0.53 4 0.74,0.54 =
3 0.99,0.65
6 4 0.55,0.55 | 4t - At - 1 -
5 1.00,0.88
235 0.90,0.52 1 1.00,0.77,0.83
Topwe | o e T Tori0m05
4 0.68,0.48 5 0.98,0.98,0.40
1,2,3 | 0.61,0.97 25 0.81,0.73 1,3 0.62,0.93,0.93
8 4 057,057 | &4t - 3 0.69,0.77 2.5 0.70,1.00,0.80
5 0.73,0.96 4 0.68,0.48 4 0.71,0.51,0.31
S EEER ORONNIH I o ) e )
4 0.52,0.52
1,2 0.88,0.86 1,2 0.79,1.00,0.86
10 12 0.71,1.00 f1.2,3,5 | 0.56,1.00 35 0.92,0.62 3,5 0.92,1.00,0.59
4 0.51,0.51 4 0.50,0.50 0.79,0.59 0.81,0.61,0.41
0 L wa | - [1235]05508 ) wa )
4 0.50,0.50
1 0.77,0.81 1,5 0.73,0.89
2 2,3 0.86,0.86 2 0.64,0.98 WAL B )AL B
4 0.53,0.53 3 0.83,0.63
5 1.00,0.79 4 0.52,0.52
1 0.85,0.96
13 2 0.77,095 | &4t - dFAL - E1ENs -
4 0.50.0.50
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Table 4.18 Result of damage identification with CCMS

in damaged multi—-member

Mod No.2,10 No.5,10 No.2,13 No.2,10,13
0% Icase [ 2w [Case | #4m |Case | 74w | Case ARl
1 0.79,1.00
1 - - - - 2,3 1.00,1.00,0.88
2,3 1.00,0.82
1.00,1.00,0.,72
2 - - - - 2,3 0.97,0.71
0.88,1.00,0.72
3 1.00,0.81 3 1.00,084 1 2,3 1.00,0.73 2,3 1.00,0.83,0.68
6 Ll - Ll - - - Ll -
1 0.89,0.96,0.98
7 - - 1 1.00,080 | 2,3 1.00,0.50
2,3 1.00,1.00,0.48
0.94,0.82 2 1.00,1.00,0.83
s | - | - |wal| -
0.93,0.79 3 0.88,1.00,0.83
9 - - 1 0.95,0.98 bt - bt -
2,3 1 0.54,1.00
1 0.71,1.00
10 - . 1,3 1.00,0.89 1,3 1.00,1.00,0.88
2,3 110.58,1.00
1 - I 1,2 | 0.75,1.00 n L uba -
3 0.62,0.97
12 - - - - 3 1.00,0.81 3 1.00,1.00,0.88
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Table 4.19 Damage index combined CNF with CMS

Case CNF+CMS

1 CNF2] Case 2 + 17 Z=oA CMS9 Casel
CNF9 Case 2 + 13} B=of A CMS2 Case2
CNF2] Case 2 + 17 BE=A CMS<9] Case3
CNF2] Case 2 + 17 B=oA CMS9] Caseb
CNF<2] Case 5 + 12 BE=o A CMS9] Casel
CNF9] Case 5 + 13 E=oA CMS<2] Case2
CNF9] Case 5 + 13 E=oA CMS<2] Case3
CNF9 Case 5 + 13} B=o A CMS2] Caseb

R0 N[O WwW | DN

Table 420 Result of damage identification with CNF+CMS
in damaged members
CNF + CMS
No.2 | No5 | No.10 | No.13 | No.2,10 | No.5,10 | No.2,13 | No.2,10,13
0.50 0.64 0.50 0.51 0.50,0.50 | 0.62,0.50 | 070,051 | 0.70,0.50,0.30

0.50 | 0.50 | 0.50 | 0.50 |0.50,0.50 0.50,0.50|0.70,0.50 | 0.70,0.50,0.30
0.50 | 0.50 | 0.50 | 0.50 |0.50,0.50 |0.50,0.50|0.70,0.50 | 0.70,0.50,0.30
0.50 0.57 0.50 0.50 | 0.50,0.50 | 0.52,0.50 | 0.70,0.50 | 0.70,0.50,0.30
0.50 ik | 053 0.56 | 0.50,0.51 i) 0.70,0.53 | 0.71,0.46,0.34
0.50 Ak | 8 | 050 | 050,052 i) 0.70,0.50 | 0.73,0.46,0.32
0.51 0.50 0.50 0.50 | 0.53,0.50 | 0.50,0.50 | 0.70,0.50 | 0.70,0.50,0.30
055 | @A | 051 0.50 | 0.61,0.50 I 0.74,0.51 | 0.64,0.54,030

Case

0| N | |0 W |IN|-

Table 4.20= @dPA &390 A9 HbAd &89 4ol tsis CNFt

CMSE z§stel £4F42 Sad 23s e Zolth 53 43 dAgow
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(6) Kalman filter® <33 ZAx}¢} vl
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Table 4.21 Result of convergence by parametric projection filter and
kalman filter in damaged members with CNF+CMS

Damage mermber Filter algorithm
Kalman filter Parametric projection filter

No.2 0.50 0.50

No.5 0.65 0.50

No.10 0.50 0.50

No.13 0.52 0.50

No.2,10 0.50, 0.50 0.50, 0.50

No.5,10 0.60, 0.50 0.50, 0.50

No.2,13 0.70, 0.52 0.70, 0.50
No.2,10,13 0.70, 0.50, 0.31 0.70, 0.50, 0.30
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Table 4.22 Damage index
Case CSD CCSD

1 A 23459 xy AHHrE A4 2349 xy Ak

2 A4 459109 xy A= dd 7899 xy AFE

3 wE Aol xy AvE A7 348990 xy A

4 A3 789109 xy A=

£ FAL Y3 B &4 eSS Table 4.230] Yeb Ik 12 &4 Abe)
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Table 4.24 Result of damage identification with CSD

in damaged single member

Damaged CSD
member Case ARG RE] Iteration
1 0.50 1
2 0.76 10
No. 2 3 050 1
4 0.90 30
1 0.85 20
2 0.93 10
No. 6 3 050 5
4 _ _
1 057 160
9 091 10
No. 12 3 0,50 10
4 053 190
1 0.85 100
2 0.84 10
No. 15 2 0.50 10
] 0.50 10

Table 4.25 Result of damage identification with CCSD

in damaged single member

Damaged CCSD
member Case 773 v] Iteration
1 0.50 10
No. 2 2 0.71 50
3 0.50 10
1 0.84 10
No. 6 2 0.89 20
3 0.51 10
1 0.65 10
No. 12 2 0.55 400
3 0.67 10
1 0.92 10
No. 15 2 0.50 20
3 0.55 10
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Table 4.26 Result of damage identification with CSD

in damaged multi-member

Damaged CSD
member Case PASCRE] Iteration
1 050, 057 150
2 0.84, 0.96 20
No. 2, 12 3 050, 0.50 10
4 0.71, 052 120
1 0.85, 057 150
2 0.87, 0.85 20
No. 6, 12 3 050, 0.50 10
4 0.90, 0.54 150
1 050, 0.66 110
2 0.80, 0.62 30
No. 3, 15 3 050, 0.30 10
4 0.87. 0.30 150
1 1.00, 0.52, 0.70 100
2 0.95, 0.95, 0.76 20
No. 6, 12, 15 3 0.70, 0.50, 0.30 20
4 0.95. 054, 0.30 140
B 33 57F £4rE A9 2A 6, 12, 157} 49 A$ 9A] Case 3904 FA

_i,_
Asbrh e AL &+ Qov], CSDE A5 wARA] et Atz £
A EaPS

=
w=7F whEa, FE-FAVE E4E Aede AFARe] delHE, shERAvE &4

Y



ARATE g8 Aol A sagel dele R

2
o
Ir
T
2
N}
o
—_
)
N
N
(b
oz
(i,
o
o
=
(@)
&
17
1)
-
w
)
>
_1
2
)
Lo
r1‘>
o
A
ol
i)
=
N
N

9/] o1 = T

Fouh, FA 1200 A
ek HA 67 127F EdE A 3 Case 301]/\1 A 69 &4 FRAI}} Fu
2 9] BE CasedlA FAHA & AS & F Aok FA 33 157F &

= Case 1914 FA] 3 3 Case 2014 FA 157 &4 4347 £ 2 o= F
deazt A HAst= AS & 5 Aok A 6, 12, 167F =49 4§ =3 Case 1
AN H-A 12 ¢ Case 204 F-A 157} &4

A FAeE 2S¢ F Utk CCSDE ddFA =40 A9-9F npAspA =R gy
A7 239 Aol AREAde] volHE, shtHAz E8E dgole s

= A=
o HolEE, ANFATL a8 Agelt A addel dolHE AsH A5 4
o)

rlr
Rl
il
@)
Q
2}
@D
2
2
o
o
O
_>,L
N
N
!
=
g
z
oz
ol
i
S
o
s
+

t

o .
A A EAAES F FA%T 9= AL 2 F Aok

i

Table 4.27 Result of damage identification with CCSD

in damaged multi-member

Damaged CCSD
member Case ARGl Iteration
1 0.50, 0.65 10
No. 2, 12 2 0.73, 0.66 240
3 0.50, 0.65 10
1 0.90, 0.73 10
No. 6, 12 2 0.88, 0.55 400
3 0.50, 0.65 10
1 0.50, 0.85 10
No. 3, 15 2 0.86, 0.30 100
3 0.54, 0.35 20
1 1.00, 0.50, 0.79 10
No. 6, 12, 15 2 0.93, 0.56, 0.30 400
3 0.56, 0.36, 0.40 20
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Fig 4.12 Effect of initial stiffness in 50% damage of member 2
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Table 4.28 Damage index

Case CNF CMS CCMS
1 12k ~ 32 A3 23459 xy A= 44 349 xy A=
2 12 ~ 67 AH 23789 xy A= AA 389 xy AHr &
3 12~ 122 | 24 459109 xy A= | A2 899 xy A
4 12 ~ 162 R AAe xy ArE A 499 xy AHr =
5 112 ~ 162 | 23 789,109 xy A= | 2H 34899 xy AHE

Table 4.29 Assumed damaged rate

Case Damaged member
No.2 No.3 No.6 No.12 No.15
1 50%
2 50%
3 50%
4 50%
5 50% 50%
6 50% 50%
7 50% 70%
8 30% 50% 70%
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Table 4.30 Result of damage identification with CNF

in damaged single member

C Stiffness ratio
ase No.2 No.6 No.12 No.15
1 0.89 0.95 0.95 0.79
2 0.87 0.87 0.54 0.62
3 0.57 0.57 0.50 0.53
4 0.50 0.50 0.50 0.53
5 0.67 0.67 0.95 0.70

Table 4.30 & Table. 4.2891 4 A|A|3t Z} Case®d CNFeol| 93t £A34S e
t}. CNF HAE AFE3E 499 Case 47} th & Casedl W& FHRAAZ A U2
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Fig 4.14 Result of damage identification with CNF of case 4

in damaged single member
Fig 4.14%= Table 4.28%1 A4 Case 4] 79l dis] A 29 157} 242F 50%4 =24

H Aol CNFE AME3 &4 4 495 veld Aotk
Fig 41494 & 4 %ol 4 13 Zo] CNFE WX EZ ARSI &4 4
S T3¢ Ay GdF A S A gAdew &4 i &

T
AN T 2 FAAAY £3HA e FAS F4oA

_64_



Table 4.31 Result of damage identification with CMS

in damaged single member

Mode No.2 No.6 No.12 No.15
Case | Z4A98] | Case | ZFAnv] | Case | 74498 | Case | ZHAlH]
1 0.7 3 0.81
1 2,3 0.84 0.89 1 0.84 4 0.51
4 0.51 4 0.51 4 0.51 5 0.7
9 1,2,35 0.79 1,2 0.87 1 0.89 2,35 0.78
4 0.5 4 0.51 4 0.51 4 0.51
1,2,35 0.64 1,2,35 0.65
3 1 05 4 0.51 4 0.51 A 051
4 4 0.5 4 0.52 1y - 4 0.51
4 051 | i
5 4 0.51 5 0.86 Elgal 4 0.51
15 0.86
6 4 0.51 2,3 0.71 1y - 235 0.73
4 0.51 4 0.51
2 0.82 i i
7 4 0.51 1 051 4 0.51 gy
2 0.83 2.0 0.65
8 7 05 1 051 4 0.51 4 0.5
2,35 0.7
an | [ ww |- . =
9 4 0.51 1 05
1,2 0.65 1,25 0.59 2.5 0.85
10 3,5 0.78 3 0.71 4 0.51
4 0.51 4 0.51 4 0.51
1 1,2,35 0.71 AL B 1,2,35 0.8 1,2,35 0.62
4 0.5 4 0.51 4 0.51
35 0.86
wa |- | owa |- | :
12 4 0.5 4 051
1,35 0.66
e | - | 3 wa | -
13 4 0.51 1 051
1 0.64 1 0.64 1,2,3 0.87
14 2 0.76 4 0.5 4 0.51
4 0.51 245 0.52 5 0.72
1 0.69 1,2,5 0.67
15 2,35 0.85 4 0.51 3 0.59 1235 0.82
4 0.52 4 0.51 4 0.5
1 0.74 2 0.67 2,3 0.8
16 2 0.86 4 0.52 4 0.5 4 0.51
4 0.47 5 0.78 5 0.68
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Table 4.32 Result of damage identification with CCMS

in damaged single member

Mode No.2 No.6 No.12 No.15
Case | Z4n] | Case | 7449 | Case | 7H4AH] | Case | ZHAH]
1 0.56
1 1 0.78 1 09 24 08 1,35 0.89
3 0.88
2 0.89 2 0.87 5 073 2 0.52
1 0.55
2 2 0.75 - - 45 0.90 5 0.79
5 0.65
1,25 0.58
3 3 0.67 - - - - 23 0.74
4 0.83 5 0.66
4 5 0.9 - - gy - - -
5 - - - - gy - 2,35 0.87
) i i i i 3 085 | 25 | 08
5 0.7 3,4 0.88
8 1,25 0.85 - - - - - -
9 5 0.78 1 - - 5 0.63
1 0.72
2 0.61
10 12 R85 3 0.67 5 0.72 - -
4 0.82
5 0.62 5 0.58
14 0.85
11 5 0.69 125 0.51 5 0.75 2 0.75
3,4 0.47 5 0.57
1,2,3 0.85 3 0.9
12 4 0.78 E1ENs - - -
5 059 5 0.81
13 15 0.89 - - 5 0.7 gy -
14 1,45 0.90 - - 5 0.83 - -
1 0.9
15 2,5 0.84 - - 5 0.68 3 0.85
5 0.76
1,2,3,4 0.89
16 5 0.9 5 0.86
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A B 5 A adu DARED 255 Fuge FARANA £4E A
Sl Aew FA4ste B9t i FALA 2 2le & 7 o
(@) BERA £ B
A B4 el = FA 29 12, 63 127F 72 50%, 33 157F 22 50%,
70% 18l 6, 129 157F 212+ 30%, 50%, 70%% £35S Z4Fo tisiA st
b=y
Table 4.33 Result of damage identification with CNF
in damaged multi-member
c Stiffness ratio
ase No.2,12 No.6,12 No.3,15 No.6,12,15
1 0.89, 0.94 0.92, 0.93 0.57, 0.46 0.89, 0.97, 0.73
2 0.84, 0.53 1.00, 0.64 0.62, 0.35 0.95, 0.77, 0.77
3 0.62, 0.50 0.67, 0.56 0.57, 0.32 1.00, 0.70, 0.37
4 0.61, 0.50 0.50, 0.50 0.52, 0.30 0.70, 0.74, 0.39
5 0.97, 0.95 0.67, 0.98 0.86, 0.66 0.72, 0.97, 0.53

CNF QAA1E AHg3 459 Case 404 FdFE7 27 vhe 2% 2 & ok o
ARz olge N7t Wars £48A9 AL 5 Ae T 5 Atk
——M1 -=-M.2 —&—M.3 —>—M.4 —*—M.5 M6 ——M.1 —=-M.2 —-—M.3 —>—M.4 —*—M.5 -=-M.6
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Fig 4.15 Result of damage identification with CNF of case 4

in damaged multi-member
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Table 4.34 Result of damage identification with CMS

in damaged multi—-member

Mod No.2,12 No.6,12 No.3,15 No.6,12,15
ode Case | ZAn] |Case| AW |Case| ZFAIH] | Case ASCRE]
1,35 | 0.82,0.96 1 0.96,0.89 1,2 0.90,0.88 1 1.0,0.88,0.88
1 2 0.79,0.92 3 0.96,0.80 35 0.93,0.60 3,5 1.0,1.0,0.71
4 0.53,0.53 4 0.52,0.52 4 0.56,0.34 4 0.79,0.56,0.34
1,23 | 0.85,0.94 13 0.89.0.9 1,2 0.88,0.90 1 1,0.95,0,80
2 4 0.51,0.510 ’ R 3,5 0.91,0.70 | 2,35 1.0,1.0,0.70
5 0.76,0.87 4 0.51,0.51 4 0.56,0.34 4 0.75,0,54,0.35
1,25 | 0.63,0.96 1,2 0.78,0.50 1,3 1.0,1.0,0.67
3 3 0.77,1.0 1235) 09710 35 1.0,0.76 2,5 1.0,1.0,0.44
4 0.50,0.50 4 0.53,0.53 4 0.57,0.34 4 0.84,0.6,0.36
o T i 4| 056033
4 I N 5 0.90.0.65 4 0.73,0.54,0.32
5 dk Ak - wkAk - I - I -
1 0.85,0.55,0.95
6 1Ny - 1 - qkA} - 2,35 | 0.96,0.63,0.53
4 0.70,0.50,0.30
2 0.82,1.0 1,2,3 | 0.56,0.95 ab B
7 4 0.53,083 4 0.51,0.51 4 0.50,0.30 =
3 1,2 0.89,1.0 2B 061,091 11,2351 0.89,0.88 |1,2,35| 0.88,0.77,0.65
4 0.50,0.50 4 0.52,0.52 4 0.50,0.30 4 0.71,0.51,0.32
9 dk Ak wk Ak - kAk - Ak -
1,35 | 0.70,0.88 | 1,23 | 0.63,0.71
10 2 0.64,0.75 4 054,054 | LAk - WAk -
4 0.51,0.51 5 0.66,0.89
1,235 072,083 | 1,23 | 062,090 | 1,23 | 0.68,0.60 1,3 0.84,0.92,0.63
11 4 05.050 4 0.58,0.58 4 0.47,0.28 2,5 0.75,1.0,0.55
o 5 0.5,0.62 5 1,0.52 4 0.70,0.50,0.30
12 g - bk Ak - E1gs - I -
1,2 0.86,0.82
13 3,5 0.89,0.77 gy - 1A - wkAk -
4 0.45,0.45
14 1,25 | 0.680.82 |1,235| 0.64,0.82 |1,235| 0.64,0,45 AL B
4 0.50,0.50 4 0.51,0.51 4 0.57,0.34 =
1,2 0.740.79 | 1,23 | 0.84,0.62 1,35 1.0,0.81,0.85
15 3,5 0.80,0.61 4 0.52,0.52 dkAk - 2 0.88,0.59,0.53
4 0.53,0.53 5 0.97,0.76 4 0.72,0.52,0.31
1 0.71,0.98 2 0.66,1.0
16 2 0.83,1.0 4 0.52,0.52 At - wkAk -
4 0.52,0.52 5 0.79,1.0
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Table 4.35 Result of damage identification with CCMS

in damaged multi—-member

Mode No.2,12 No.6,12 No.3,15 No.6,12,15
Case| 7734¥] |Case| 74wl |Case| ZAdn] [Case 73]
1 0.93,0.72 1 1.0,0.65 1 0.57,0.86 1 1,0.55,0.81
1 2 0.83,0.70 2 0.86,0.75 2 0.84,0.6 2,3,4 1,0.89,090
3,45 1.0,0.88 3,45 1,0.84 3,45 0.97,0.82 5 1,0.76,0.83
1 0.73,0.98 2,3 0.96,0.88
2 25 0.63.093 5 1,0.88 5 0.98.0.60 45 1,0.93,0.57
1,3 0.66,0.95 15 0.66,0.78
3 2 0.54,1.0 - - 2 0.70,0.53 3 0.95,1.0.0,0.70
5 0.61,0.87 3 0.80,0.44 45 | 0.92,0.94,0.37
L | ax i i i 14| 08710 |, i
2,35 0.83,0.9
B ) o i} i ) 123 1010097
45 0.98,1,0.74
6 s - 1N - 3,45 0.85,0.70 1N -
1 0.72,0.98
7 - - - - 3,5 0.62,0.94 - -
4 0.85,0.95
12 | 08510 | i
8 1,2,3 0.86,1.0 35 0.80.0.98
9 gy = AL = 3,45 1.0,0.50 2,3,4 0.8,1.0,0.9
o |2 ose10 I, i 5 3 123 08,.L0,L0
5 0.87,0.57 45 0.68,1.0,1.0
1,3 0.57,1.0 1 0.96,0.83
11 1231 085091 2,4 0.6,0.97 2,4 1,0.73 1, -
5 0.67,0.68 0.52,0.51 3,5 0.92,0.44
P N i i i e i 123 | 081010
45 0.6,1.0,1.0
13 dk Ak - wkAk - kb - Ak -
14 5 0.88,0.74 5 097085 (1,345 0.76,1.0 - -
2 0.97,0.87 | 2,34 0.83,1.0 1,2,3 1,0.98,0.85
15 o 0.83,0.79 5 0.91,0.62 5 0.72,0.79 45 0.9,0.84,0.89
16 - - - - 3,5 0.81,0.87 12,345 1.0,1,0.88
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Table 4345 B3 A4 499 CMSel 9% #4524 Uehith CMsel
A%E RE AR REAEL AolHE ASF Case dNA FUF FYPEA
FEAA e AL B F Ak L 9 Casedl e £4E FAE F49A %A
G FHeAt an, AdREst mARse e BusE 49t 4 A% 2 5
st

(3) CNF¢F CMS¢] =3
29 2% PPk ANE SR dE E4FEAT o)
Hel A%t 2o FuFe oA Am, FRARL 2L AL G 5 9

uebd CNFoF CMSE x@eto] HeolH o 4S 9 Mz AxE oo &4F4

T A E9 &L Table 42894 CNF= A AR =91 Case 29 xR =91 Case 5
2 AL, CMSE AAEEA WAstE A7 dorng 12 ZEoA Case
1, 2, 3, 5= MEsle] oS ZFA|A Table 4363 o] 8714 ¢ ALE iro] &

Table 4.36 Damage index combined CNF with CMS

Case CNF+CMS

1 CNF9] Case 2 + 12 EEeA] CMS?]
2 CNF9] Case 2 + 12 EEeA] CMS?]
3 CNF9| Case 2 + 1x} =0 CMS9 Case3
4 CNF9| Case 2 + 1x} =0 CMS9| Cased
5 CNF9| Case 5 + 12} 2= CMS9| Casel
6
7
8

Casel
Case?2

CNF9 Case 5 + 1&F R=o A CMS9 Case2
CNF9] Case 5 + 1a R=o) 4 CMS9 Case3
CNF9] Case 5 + 1& 2=l CMS9 Caseb
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Table 4.37 Result of damage identification with CNF+CMS

in damaged members

CNF + CMS
No.2 | No.6 | No.12 | No.15| No.2,12 | No.6,12 | No.3,15 | No.6,12,15
0.50 0.59 0.50 0.50 | 0.50,0.50 | 0.53,0.31 | 0.50,0.30 | 0.74,0.51,0.30
0.50 | 0.50 | 0.50 | 0.50 |0.50,0.50 |0.50,0.50|0.50,0.30 | 0.70,0.50,0.30
0.62 0.65 0.50 0.50 | 0.53,0.50 | 0.63,0.56 | 0.58,0.30 | 0.79,0.52,0.30
0.54 0.54 0.50 0.50 | 0.55,0.50 | 0.54,0.50 | 0.56,0.30 | 0.80,0.51,0.30
0.60 | 0.51,0.51 | 0.58,0.52 | 0.55,0.43 | 0.92,0.55,0.40
0.50 0.50 0.54 0.50 | 0.50,0.54 | 0.51,0.55 | 0.73,0.30 | 0.72,0.56,0.30
0.67 0.66 0.52 0.60 | 0.67,0.52 | 0.63,0.52 | 0.70,0.40 | 0.70,0.54,0.41
0.63 0.66 0.51 0.50 | 0.63,0.53 | 0.55,0.52 | 0.63,0.30 | 0.70,0.52,0.30
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Fig 4.16 Result of damage identification in case 2 of CNF+CMS
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Fig 4.17 Effect of initial stiffness in 50% damage of member 2
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Table 4.38 Result of convergence by parametric projection filter and
kalman filter in damaged members with CNF+CMS

Filter algorithm
Damage member ; : . -
Kalman filter Parametric projection filter

No.2 0.50 0.50

No.6 0.50 0.50

No.12 0.50 0.50

No.15 0.50 0.50
No.2,12 0.50, 0.51 0.50, 0.50
No.6,12 0.50, 0.51 0.50, 0.50
No.3,15 0.50, 0.30 0.50, 0.30
No.6,12,15 0.70,0.51,0.30 0.70, 0.50, 0.30
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Fig 4.19 Result of damage identification with CNF+CMS by kalman filter
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