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Abstract

The Damage Assessment of Truss Structures

using extended Projection Filter

Lim, Eun-Ji
Dept. of Architectural Engineering,
The Graduate School of

Cheju National University
Advised by Prof. Suh, IlI-Gyo

Most Building structural systems continuously accumulate damage
during their service life. The damage of building structures may be
due to natural hazards such as earthquakes and wind-storms and due
to long-duration aging. Recently for the serviceability and safety of
structures, the detection of structural damage becomes an important
issue. Recent studies introduce methods for probabilistic detecting
damage using statistically measured experimental modal data from a
healthy and damaged structures. Because of modal and structural
dynamic data of a vibrating structure can be utilized for cost-effective

information without dismantling the structure.



But the results of detection are affected by the kind of damage
measures to be used.

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

Damage measures are associated with the change in mode shape
due to structural damage. Proposed damage measures contain the
change in natural frequency, mode shape and curvature of mode shape.

Space truss structures are composed of many members, so it is
difficult to find damaged member from the whole system.
Therefore, damage detection take use of 2-step damage
1dentification method. First, kinetic energy change ratio are used to
find damage region including damaged member and then detect
damaged member using extended Projection filter algorithm in
damage region.

The result of all damage measures show good convergence results
in the cases of CNF(natural frequency).

Moreover, 2-step damage detection method show good result in
find damage region. And the result of finding damaged member using
extended Projection filter are also good. So 2-step damage detection
method turn out to be useful to damage assessment of large truss

systems.
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(2) Filter Gain
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START

v
{ Set Initial Vector }

v
Input Geometry data and
Boundary conditions

Input Observation data and Covariance
matrix of Observation Noise

L‘

!

‘ Calculate The Sensitive matrix ‘

i

{ Calculate The Filter Gain }

v
{Update The State Vector}

l

NO Check The

onvergenc
i YES

END

Fig 3.1 Algorithm of Extended Projection Filter
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Table. 4.1 Region of damage assessment

case node member

case 1 ALL 1,2,3,4,5,6,7,89,10,11
case 2 1,2,3 1,2,3,4,5,6,7,8
case 3 4,5,6,7 3,4,5,6,7,89,10,11
case 4 1,2,4,7 1,2,3,4,5,6,9,10
case D 2,3,5,6 1,2,5,6,7,8,10,11

1)

GdEA &89 A A5
G EAbe] tlaj s BA) 203, 6 12lal 100] 77 50% =A4E Sl

ol dhef o

o

otith Table 42% 1AHRE 1 F ] MSHCMS) o]t

Table. 4.2 Change of first mode  shape (in damaged; single member)

W
mber| Undamaged 2 3 6 10
node
X 0.2342 0.1864 0.2272 0.2416 0.2467
! v 0.1891 0.1978 0.2718 0.1847 0.1726
X 0.2939 0.2483 0.2854 0.3004 0.2901
’ A4 0.3944 0.4212 0.4169 0.3841 0.3896
X 0.3454 0.3608 0.3344 0.3512 0.3271
’ v 0.2255 0.2411 0.2191 0.2268 0.2005
X 0.3185 0.2951 0.2677 0.3194 0.3714
! g 0.3252 0.3439 0.3780 0.3172 0.3055
X 0.1658 0.1509 0.1363 0.1669 0.1298
; v 0.3423 0.3802 0.3478 0.3444 0.3184
7 X 0.3813 0.3550 0.3246 0.3819 0.4204
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Table. 4.3 Results of damage identification with damage measure CNF
(in the damaged single member)
Damaged member case Stiffness ratio iteration
1 - -
9 2 0.5 25
4 0.5 15
5 0.5 11
1 - uat
3 2 0.5 10
3 0.5 9
4 0.5 10
1 = T
2 0.5 9
6 3 0.5 11
4 0.5 10
5 0.5 8
1 - pRY
3 0.5 11
10 4 0.5 13
5 0.5 9
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Member Line shape

Member Line shape

1 —F—
2 —A—
3 ——
4 —b—

5 —
6 ———
9 —0—
10 --—-EF----

TERATION

(a) Damaged of member 2

ETIFFHMEES AATID

[ ] o

2 i i i i
1] [ ] L] []
ITERATION

(¢) Damaged of member 6

STIFFRESE RATIO

HT

W

g

(b) Damaged of member 3

[ - &
- & ¢ - B B -0 8-0- 8-0- 8 -0
]

(d) Damaged of member 10

Fig. 4.2 Results of damage identification with damage measure CNF

(in the damaged single member at case 4)
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Table. 4.4 Results of damage identification with damage measure CMS

(in the damaged single member)

Damaged member Mode case Stlffr}ess iteration
ratio
2 - - : i
3 - - : -
2 0.5 44
6 1 4 05 7
10 - - - 1y

Table. 4.5 Results of damage identification with damage measure CCMS

(in the damaged single member)

Damaged member Mode case Stlffr}ess iteration
ratio
2 0.5 13
2 8 5 05 14
3 - - : -
6 8 3 0.5 9
10 2 4 0.5 10
CMS ¥ CCMS* CNFell Hl3] F#st= 497 A, 53] CMSE @Y A
E2 & FASE Aol AEHwS & F Ay T3 FHA 39 EAAFdE B
E muoA] A3E A8 £ g9k a8y £ A9E 9S8 S 9d=E AL
M= wWE FEEEe) £ FAHAINE S 5 AT
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Table 4.6 3lfol o3 ozl

&l A= FA 29 6, 33 57F 742 50/?5—*0
-l

27} 50%, FA 33 6°] A7t 30% EFEHAE A

[e)

M=

=] 9
o &f

[e]
e

Table. 4.6 Change of first mode shape (in damaged multi-member)

o

’

)

ZAdolE &4 12 R g CMS9

Damaged

ember| Undamaged 2 6 3, 5 2,3, 6

node
X 0.2342 0.1917 0.2421 0.1875

1
y 0.1891 0.1951 0.2533 0.2319
X 0.2939 0.2529 0.2979 0.2482

2
y 0.3944 0.4148 0.4292 0.4274
X 0.3454 0.3646 0.3453 0.3571

3
y 0.2255 0.2420 0.2222 0.2377
X 0.3185 0.2960 0.2630 0.2748

4
y 0.3252 0.3389 0.3482 0.3638
X 0.1658 0.1518 0.1345 0.1394

5
y 0.3423 0.3815 0.3551 0.3808
7 X 0.3813 0.3558 0.3178 0.3323

Table 4.7, 48, ¥ 49 24 £4X % & ZA3E Yeld™, Z Tableo i%
AlE 7 v = Table 4.19] caseoll w3l e Aot
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Table. 4.7 Results of damage identification with damage measure CNF

(in the damaged multi-member)
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Member Line shape Member Line shape
1 —=— 5 ——
2 —A—— 6 ——
3 -~ 9 ——
4 —pb— 10 ----EF---

(a) Damaged of member 2,6

(1.

(b) Damaged of member 3,5

(1.
=

(c) Damaged of member 2,3,6

Fig. 4.3 Results of damage identification with damage measure CNF
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Table. 4.8 Results of damage identification with damage measure CMS

(in the damaged multi-member)

Damaged member Mode case Stlffr}ess iteration
ratio
2, 6 - - 1,
3,5 5 4 05 1000
2,3 6 - - - kAL

Table. 4.9 Results of damage identification with damage measure CCMS

(in the damaged multi-member)

Damaged member Mode case Stilfggss iteration

(=
r>~
>

Do
w
(@)}
|
|
e
R

s
av
1S

CMS % CCMSE B59A &4 4% hiisl 4% wushl =
AEzA) £3FH0) 7]

_\_4

3) CNF$¢ CMS¢ =3
vl @ BEpAe &34 dveld CNFe| 49E A AL

FHEAL7 A AL & F Utk CNFO Aol e Aeay s Fojof st
FAHE Hola ok wEkA, CNFe} CMSE =§ate dojel o] #& = A
2 AEERE 8 E4FEE T

e CNFoll CMSe] 124 R=ollA 113 RE=7A] 2F R=9] b
o} o] Aol Wg A= Table 4107 % 4110 veR At
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(in the damaged single member)

Table. 4.10 Results of damage identification with damage measure CNF+CMS
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Fig. 4.4 Results of damage identification with damage measure CNF+CMS

(in the damaged single member at case 4)
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Table. 4.12 Results of damage identification with damage measure CNF

(in the damaged single member at case 4)

Damaged member Filter Stiffness ratio iteration

Projection 0.50 15

’ KALMAN 0.53 1000
Projection 0.50 10

’ KALMAN 0.50 1000
Projection 0.50 10

0 KALMAN 0.51 1000
Projection 0.50 13

10 KALMAN 0.50 1000

Table. 4.13 Results of damage identification with damage measure CNF

(in the damaged multi-member at case 4)

Damaged member case Stiffness ratio iteration

Projection 0.50 11

2, 6
KALMAN 0.49, 0.52 1000
Projection 0.50 11

3,5
KALMAN 0.50, 0.51 1000
Projection 0.50, 0.70, 0.70 11

2,3 6

KALMAN 0.51, 0.70, 0.70 1000

i
e
1
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| %
ETIFFMEES RATIO

0 - L

* e T b = =) 2y ] T ] 1893
TERATION TERATION
(a) Damaged of member 2 (b) Damaged of member 2,6

Fig. 4.5 Results of damage identification with damage measure CNF
by KALMAN Filter

KALMAN 2, —3— KALMAN A
Projection 6 — A g
Projection (25 v

STIFFNESE RATID

u
3
#
B

a A Tha ]
* n‘enfrm % TEAATION
(a) Damaged of member 2 (b) Damaged of member 2,6

Fig. 4.6 Convergence of solutions by Projection and KALMAN Filters
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6 7@89@10

J—13500 —F—3500 —F— 3500 ——3500 —k

Fig. 4.7 Analytical Model 2 (&+$¥]: mm)

Fig 479 2x9 E#l2 FZ2EL 9dA A=10cm’, A5 E=2.1x10° kg/cm?
1 ©p=0.00787 kg/cm’o|th. &£4FH S
Aoz stof FPAL

Table. 4.14 Region of damage assessment

case Node Member

case 1 all 1,2,3,4,5,6,7,89,10,11,12,13,14,15,16,17
case 2 2,34 1,2,3,4,6,7,8,11,12,13

case 3 789 6,7,8,10,11,12,14,15,16,17

case 4 2,378 1,2,3,6,7,10,11,12,14,15,16

case 5 3,4,89 2,3,4,7,811,12,13,15,16,17
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Table. 4.15 Results of damage identification with damage measure CNF

(in the damaged single member)

Damaged member case Stiffness ratio iteration
1 - 1o,
4 2 0.5 8
5 0.5 10
1 N Elgals
6 2 0.5 14
3 0.5 10
4 0.5 11
1 _ N
2 0.5 12
12 3 0.5 1000
4 0.5 16
5 0.5 14
1 - -t
3 0.5 8
15 4 0.5 10
5 0.5 10
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Table 4.16, 41714 CMS % CCMS—J FAAARE B CNF 9 =443
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H
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i

<3k 9l

A4=1.0x10 ~° °lth

Table. 4.16 Results of damage identification with damage measure CMS

(in the damaged single member)

Damaged member Mode case Stlffr}ess iteration
ratio
4 1 2 0.5 1000
5 0.5 1000
5 4 4 0.5 85
5 4 0.5 140
3 3 0.5 544
B 0.5 840
7 2 0.5 105
3,4 0.5 1000
12 2 0.5 1000
3 3 0.5 63
4 0.5 299
5 0.5 15
9 2 0.5 78
5 0.5 131
3 0.5 279
6 4 0.5 431
15 5 0.5 483
7 3,4 0.5 1000
5 0.5 10
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Fig. 4.9 Results of damage identification with damage measure CMS

(in the damaged single member)

Table. 4.17 Results of damage identification with damage measure CCMS

(in the damaged single member)

Damaged member Mode case Stiffr}ess iteration
ratio
4 1 5 05 1000
2 2 05 1000
1 4 0.5 10
6 2 3 05 1000
5 2 05 242
1 4 05 486
2 5 05 191
7 2 05 158
12 2 05 103
3 3 05 10
4 05 92
5 05 16
9 2 0.5 10
15 7 5 0.5 19
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Fig. 4.10 Results of damage identification with damage measure CCMS

(in the damaged single member)
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Table. 4.18 Results of damage identification with damage measure CNF

(in the damaged multi-member)

Damaged member case Stiffness ratio iteration
1 - uhat
2 05 13
2,12 4 0.5 15
5 0.5 15
1 - a0k
3 05 14
7,16 4 05 14
5 0.57, 0.88 1000
1 - P!
14,15,16 3 0.5 10
4 05 10
Fig 4112 H55A &40 49 E4A% CNF] 313 case o &4 4 4
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Fig. 4.11 Results of damage identification with damage measure CNF

(in the damaged multi-member)
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Table. 4.19 Results of damage identification with damage measure CMS

(in the damaged multi-member)

Damaged member Mode case Stlffr}ess iteration
ratio
2, 12 - - - 1y
7, 16 - - - s
14,15,16 - - - 1y

Table. 4.20 Results of damage identification with damage measure CCMS

(in the damaged multi-member)

Damaged member Mode case Stiffr}ess iteration
ratio
2, 12 8 2 0.5 34
7, 16 o — = 1y
14,15,16 1 4 0.5 716
CMS ¥ CCMSE H5ia 4o 4$ el 4% watets Hof wel
xR £4FAo] ojgria el
3) CNF¢} CMSe =%
AA 201 = wER7FA = CNF9F CMSE 2§ 3le] dolHe e 58 A=

o
o

T A 163 RE=

°]

el 29 &4 F
Pt A g AS
.
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VA Z+

)

= T

r=

2=

AxE sto] EFFHS FIGAT F
o dlolH & :
A 3ol ve A= Table 4217 Table 4.2291 YeRAch #|
HAT ddBA &4l v BFFa &4

gt} oAl 13= 28 case 19 ¢ &
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Table. 4.21 Results of damage identification with damage measure CNF+CMS

(in the damaged single member)

amaged 4 6 12 15
ember, ] ] ] .
1itera- se 1itera— case 1tera— case 1itera—
node case | tion | “@ tion tion tion
1 25 | 1000 | 234 | 1000 | 2345 | 1000 - 1} A}
2 68 34 | 1000
2 : b 234 | 1000 | 345 | 1000 . 10
235 | 1000 B .
3 25 | 1000 4 1000 p 315 A}
2 651 2 7 B .
4 5 11000 | 34 | 1000 &k 4] 1000
. 2 972 2 361 B way | 34 | 1000
5 1000 | 34 | 1000 5 976
2 1000
6 2 000 | 3 |z |- | wa [ 3D 1(1)80
4 11
2 405
7 ~ Jwa | 3 1000 | 35 | 1000 | 32 | 1000
4 8
4 8
234 | 1000
_ - "y
8 u} A} 3 1000 2 oy 5 1000
2 9
3 1000
_ )- _ 18 _ ¥
9 LI, u} A} p e H} A}
5 202
10 e = e A R = 2 I =
11 - I, - u} A} 4 1000 - LI
12 2 1000 - 1y - wkAL - HkAL
13 e = e A R = 2 I =
14 S I B N B B =
15 N T T
16 N T N 2V N R
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Table. 4.22 Results of damage identification with damage measure CNF+CMS

(in the damaged multi-member)

Damaged 2, 12 7, 16 14, 15, 16
ember]
node case iteration case iteration case iteration
2,5 1000
1 ) 460 3,45 1000 4 1000
- Ll 3,45 1000 3 1000
2,5 1000 - Eles - dkAk
456,7 - 1 - 1% - gz
8 : e - P - T
9 - Iy - s - kAt
3 8
10 - L1, 4 1000 - L1z
5 9
11712)13) _ =130 J=1PN — H]‘}\]‘
14,15,16 = = =
: jppe—= 7 ! 2 & 2 —o
2 A 8 © 3 —A— 13 --FF--
3 ——  1L--EF-- 4 —F— 15 —--B--
LE 4 —p— 19~ =B = 1. 7 —b— 16 ==
g 6 —<— 13---V-- ¥ § —<—— 17 ~—-B>--
3 3 1 —e—
i so 000606 0000 q A
Fa
E E d
[+ 5] L - o0 {58 g 'l & o a5 (e -D‘l [} Pﬁ'h ™o g L3 o e Ed o g
I.
nﬂ F | kO |'Il bl 3‘ fli:l |'I!
TERATION FTERATION,

(a) Damaged of member 4

(case2)

(b) Damaged of member 7,16

(caseb)

Fig. 4.12 Results of damage identification with damage measure CNF+CMS
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5) KALMAN Filter ¢ A3 \jx
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Table. 4.24 Convergence of solutions by Projection and KALMAN Filters

(in the damaged single member with damage measure CNF)

Damaged member| case Filter Stiffness ratio iteration

Projection 0.50 8

4 . KALMAN 0.51 1000
Projection 0.50 14

0 . KALMAN 0.51 1000

1 # Projection 0.50 16
KALMAN 0.51 1000

15 A Projection 0.50 10
KALMAN 0.53 1000

Table. 4.25 Convergence of solutions by Projection and KALMAN Filters

(in the damaged multi-member with damage measure CNF)

Damaged member| case Filter Stiffness ratio iteration

2 (70%) A Projection 0.30, 0.50 13
12 (50%) KALMAN| 039, 0.64 1000
7 (50%) A Projection 0.50, 0.30 16
16 (70%) KALMAN 0.61, 0.90 1000

14 (50%) Projection | 0.48, 0.58, 0.26 1000

15 (50%) 3

16 (70%) KALMAN | 0.49, 052, 0.31 1000

_54_



Fig 414 A& Zvrgdele gt &34 2345 Yepdide. 2 23 Gd7A
o AY FHEHEEE Y E4FY ART 2 AR Yeidu, ey 5554
of &4 FA AY EAFA} v EAFA BF Aitkete] Agd s dA Est
il 9tk Fig 4.15v Aty et &34 A%E vug o 3 SEet 4
Ao QoA At HE o At 5% AS E 5 Uk

1 B
1 —5 7 | 1 —& 11—
2 —4A 8 —O | 2 —A— 12 --F--
3 —— 11 --EBF-- | 3 —%— 14---A--

15 4 —P— 12 A 15 6- —P— - 145 -—FF-—

g 6 —<— 1B--9--| R | 7 —<— 1§ orbes
: P
d ». ° o ¢ B e - oge- -
E w = = = — — — — B -
; E |
Oof= - - aEk- e
L L 1 n. i i 1
FT1] 7] ™0 [[Eu] a FIE] a3 o 1
TEMATICON ITERATICN
(a) Damaged of member 4 (b) Damaged of member 7,16
(case2) (cased)

Fig. 4.14 Results of damage identification with damage measure CNF
by KALMAN Filter

KALMAN 2, —g5— KALMAN (25 E'é
Projection 6' — A
TN 15k Projection 2 v

M

e

" &

TERATION

. 23

(a) Damaged of member 4

(case?)

o
=

ITERATION

(b) Damaged of member 7,16

(cased)

Fig. 4.15 Convergence of solutions by Projection and KALMAN Filters

_55_



;A A3 EA4

3.

| ol A =

3

s
T

ikl

3

W FHA e o

37HA &

ojn

)

pl
o]

(o3
1=

q

A

I

ol

b 37HA 2

3
YA

=S
S

Mz
o
Br

0

-

1
k<)
B

—~

e

i
M

o

(2) CNF

317}

—_—
o

E A==

(4) CNF¢} CMSE =3¢

ERDED

3|

B

)
-

il

Hel 7

g

O} %

s

=2y

L
.

CCMSel Hl&] 7 &%
ety 18y CNF

al g

=1
(5) A ZEf A

CMS

= AX}
fu L O

ox
B
—_—
fite)

rvie)

-

I

X
-

)

O

ZRbdE of 1]l a A

b

3|

1
.

AEEL

EREE LR

o)
=

an gl

o
Ty
jn

oy
gyl

el

-

—_—
fite)

o
)

j

= UEu

_56_



Al Al

A

S
!

4

72 FAE FAE 7] el

—

O

o
o
o)

™

A

Ffol

3|

225 7hseH A

ojth.

=

=3

2

=)

CER

==
T

©

o 2 2
o o} 1

3

=

=

A
x
]

£

A=)

Gl

o2

°

ookt

=)

70 €]

=

=3

o]
=

A A

4
CRC R B

s
!

of of
SR IRNEL ERtE

J)
T

ol FAE FHIIAMN nAF] 2 =

el

]
Jaal

ol 4 x| o] 3} (Kinetic

4
)

—

AR
HJ

ol

i

FaLzk

o

dolB = %3

_57_

=

Energy Change Ratio)



Periodic

d Global damage
an >

T detection
Nonperiodic

monitering i

Math. model
of system

Significant
deviation of modal

guantities? haracteristic

i YES

Local damage
detection

i

Significant
deviation of modal
quantities?

Updating
element
haracteristic

NO

Fig. 5.1 Algorithm of 2-Step Damage Detection
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-Table. 5.1 Assumed damage rate

case Damaged Damage rate
Member 2 6 9 12
case 1 2 50% 0 0 0
case 2 6 0 50% 0 0
case 3 9 0 0 50% 0
case 4 12 0 0 0 50%
case 5 2, 12 50% 0 0 50%
case 6 2, 6, 12 50% 50% 0 50%
Table. 5.2 Effective Mass Ratio
Effective mass ratio ( x10-!)
Mode Frequency
X v
1 0.397 0.344 3.927
2 1.395 0.731 1.604
3 1.699 6.743 3.562
4 2.815 0.016 0.173
5 3.502 0.153 0.001
6 4.099 0.494 0.116
t 5.343 0.352 0.124
8 6.207 0.004 0.435
9 7.426 0.017 0.013
10 8.591 0.167 0.001
11 10.454 0.153 0.005
12 11.726 0.033 0.011
13 12.128 0.053 0.007
14 12.952 0.717 0.001
15 14.469 0.008 0.004
16 14.946 0.015 0.022
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Table 5.3 9

Table. 5.3 Region of damage assessment

case node member
case 1 2,3,1,8 1,2,3,6,7,10,11,12,14,15,16
case 2 2 1,2,6,11

case 3 5 49

case 4 2,3,1,8 1,2,3,6,7,10,11,12,14,15,16
case 5 2,3,1,8 1,2,3,6,7,10,11,12,14,15,16
case 6 3,78 2,3,6,7,10,11,12,14,15,16

2) 28A : &% A F
KECRd 98] &4adde =33
e Bl A 163744 9
a3
Table 54 = 27 s 4ol ojs) e é*&%@ FAE deuER E4A% CNF2

Table. 5.4 Results of damage identification with damage measure CNF

Damaged 9 6 9 12 2,12 |2 6, 12
member

Stiffness ratio| 05 05 05 05 05 05
iteration 13 8 9 16 15 14
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Table. 5.5 Effects of initial state

Damaged
Member 2 6 9 12 2,12 | 2,6, 12
10% 13 8 11 16 14 14
30% 13 3 9 16 15 14
20% 2 2 10 11
70% 8 7 8 16 14 13
. H
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(a) Damaged of member 2 (b) Damaged of member 6

Fig. 5.5 Effects of initial state
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-Table. 5.6 Assumed damage rate

Damaged damage rate
@€ lmember [1 [ 2[5 [ 67 [12]13]18]2l
case 1 1 50%| 0 0 0 0 0 0 0 0
case 2 5 0 0 | 30%| O 0 0 0
case 3 6 0 0 0 | 50%| O 0 0
case 4 13 0 0 0 0 0 0 50%| 0 0
case 5 21 0 0 0 0 0 0 0 0 50%
case 6 26,7 0 50%| 0 50%| 50%| O 0 0 0
case 7 712,13,18 0 0 0 0 50%| 50%| 50%| 50%| O
Table. 5.7 Effective Mass Ratio
. Frequency Effective mass ratio ( x19-1)
X y Z
1 4.883 3.532 2.893 0.071
2 6.507 3.824 0.961 0.145
3 8.294 1.485 0.005 1.982
4 13.435 0.058 0.378 0.377
5 16.225 0.154 0.002 0.368
6 23.636 0.012 0.744 0.975
7 23.918 0.006 0.663 1.265
8 24.7169 0.209 0.005 0.026
9 24.812 0.011 0.389 0.011
10 27.240 0.009 0.688 1.202
11 27.666 0.020 0.770 1.088
12 28.293 0.021 1.390 0.436
13 28.293 0.018 0.764 0.729
14 37.891 0.082 0.002 0.184
15 48.250 0.334 0.337 0.011
16 51.754 0.007 0.008 0.008
17 58.036 0.101 0.000 0.051
18 60.493 0.035 0.000 0.999
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Table. 5.8 Region of damage assessment

case node member
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case 7 1,6 1,3,4,8,10,15,16,20,21
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