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A Study on Damage Detection in Steel Plate Girder Bridges
using Hybrid Structural Health Monitoring

Han-Sung Do

Department of Ocean Engineering, Graduate School.

Pukyong National University

ABSTRACT

Major damage-types of steel plate girder bridges include flexural crack and
support failure. Over the past two decades, many researchers have attempted
to detect the damages in various—-type bridges by using changes of vibration
and impedance characteristics. However, the following problems still remain to
be solved for successful damage detection in steel plate girder bridges: (1)
the damage types of steel plate girder bridges cannot be easily recognized
from he vibration-based techniques, (2) the impedance-based techniques
should need too many sensors (i.e., PZT sensors) for damage detection in the
entire structure. In order to overcome these problems, a hybrid health
monitoring scheme that can alarm damage occurrence, classify damage-types,
and identify damage locations and severities in steel plate girder bridges by
using acceleration sensors and PZT sensors is proposed. In order to achieve
the objective, the following approaches are implemented. Firstly, a hybrid
damage monitoring scheme for steel plate girder bridges is newly designed.
Secondly, damage monitoring techniques are selected for the hybrid damage
monitoring. Thirdly, the numerical test is performed to select most suitable
number of acceleration sensor for third step in hybrid monitoring scheme.
Finally, the feasibility and practicality of the proposed damage monitoring
scheme are evaluated from laboratory testes on model plate girder bridges for
which acceleration responses were measured for several damage cases such
as flexural crack and support damages.
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w}a}/q &3 me T2 MR rERES A5 Y dart WEst

T o= 9l T3 Fa5d H3E £} oJZ2REY FX

o] H e
el e £ el Slpel JEk

1= isingwt +¢)

A

Coupled Electro-Mechanical Admittance
Y=Re(Y) +jIm(Y)

V = v sin(wt) ™ K

Fig. 3.1 1-D Model of a PZT with Its Host Structure(Park et al., 2000).
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Fig. 5.1 Elevation View of FE Model.

Table 5.1 Natural Frequencies of FE Model

Frequency (Hz)

79.41
. 8328

217.85

Mode
Ist Benc_ling_

~1st Torsion
2nd Bending

(b) Mode 2 (1st Torsion)

(a) Mode 1 (1st Bending)

(d) Mode 4 (2nd Torsion)

(c) Mode 3 (2nd Bending)

Fig. 5.2 Numerical Mode Shapes from FE Model for Target Structure.
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Table 5.2 Damage Scenarios for Numerical Test

Damage Damage Scenarios
Case Location Severity
; South At} 9] gradli%
rac
3 Azt L2 1A Crack®
4 North 719 ¢ Crack®
5 East X4 o2 5E Crack®
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Fig. 5.3 Damage Severity.
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Fig. 54 A Example of MBDD Result.
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Fig. 5.5 Position of Sensors on Each Girder.
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O L L O 1 1
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(a) Mode 1 (Ist Bending) (b) Mode 2 (1st Torsion)
0.2 —& Undamage 0.2 —&- Undamage
—=— Damage Case 1 —=— Damage Case 1
~—a— Damage Case 2 —— Damage Case 2
g 01 —— Damage Case 3 g 0.1 —+— Damage Case 3
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Fig. 5.6 Mode Shape of North Girder Obtained by 7 Sensors.
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Fig. 57 Mode Shape of North
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Girder Obtained by 9 Sensors.
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Fig. 5.8 Mode Shape of North Girder Obtained by 11 Sensors.
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Undamage?] 2= 4S Reference® ©]83to] Damage Case 1,2,39]
&AM AvE Table 533 Table 547691 WeERH T Table 5.3
ZE Aol F-2E AA ol mel E4E R oARE A2 g 2o, Table
5476 MBDD Z3E Aed Zolty. Zd=NE ZF AY flo 7749

AXE 2 e &4 73‘&7} ofFo] A A gFgkow, 97f 9 11749
WNE FARAS Aol A £4 ARt o) FolhEe & 5 9
t}.
Table 5.3 Damage Alarming Result : Numerical Test I
( O : correct alarming / X : false alarming / - : no alarming )
From Modes 1-4 From Modes 1&3
Number of Damage
Sensors Case South North South North
Girder Girder Girder Girder
Case 1 - = . -
7 Case 2 o % — -
Case 3 i X 1 X
Case 1 O 1 (0] -
9 Case 2 O F O -
Case 3 O 3 O -
Case 1 O 5 O -
11 Case 2 O = (0] -
Case 3 0] = O -
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Table 54 MBDD Result : Numerical Test I for 7 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3

Case South Girder North Girder South Girder North Girder

ERN ] 3.5 3.8

25 - 25 |- N BBy . 25 ==
15 F [ 15 1.5
Case 1 |osp = | | 05 AL NG A oS /\/\ 0.9 5 A
L \}2{ Ian w @ s w 2 0 @l V L” wou | M I I
18

-5t |8 | -5
-2.5 a5 25 25
35 35 & | 15
25 | 28 pem - e B £ | S e
15 15 15 15
Case 2 |us o ELTA% 05 05 Y ) f O ) 05 o~
I ; 5'”'5w E i R
1.5 -15
25 i
15 25
25 25
15 15
Case 3 |5 i
& 5|0 M Man it
15 -5
s 25
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Table 55 MBDD Result : Numerical Test I for 9 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder
15
35 - | i ‘ " 35
25 ‘ 95 | 25 25
1.5 15 . 1.5 1.5
Case 1 |us ‘ i I . : ! || 08 : h—— 05 I /\
05 Ll REH _
w h 3 |05 20\M 0 \_%\j \10 & 3|08 ? 1 o) 8
1.5 13 | -1 -1.5
25 e B Mol - o b 25
3‘5 1 R — -l . .
A ' il 15 15
&2 ‘ U -1l = | R 25
1.5 185 15 1.5
Case 2 |05 i p \/.ﬁ——a; 0.5 ‘ ‘ . 05 ‘ ‘ 05 ;N /\
05 LI r ’
\_7&\/ b T 30 M | w L” Ve g% A o\ f
2]+h -5 1-1=1.5 1.5
#2:0 QY = N, S ] _} gt St 2.5
35 15
15 35
AN
25 A 25 23 25
1.8 15 15 1.5
Case 3 |13 : . ; 05 0.5 ; —— 05 SR
- g 05 .
05 2 b o w08 w0 e s vw R w Na S 8
-1.5 -15 -5 -1.5
-2.5 =20 -2.5 05
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Table 5.6 MBDD Result : Numerical Test for 11 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder

35 A 35 1 15 35
5 PR i e T N W B W 25 A 25
15 1.5 | |15 15

Case 1 |3 . : g | |05 : : o ||us . /\ . .
e | ! ey .
2 w I v @ 10| 0.3 \;U\_/ 100 W I B ow ™ a w Wsu 1
1.5 I REH 1.5

_1.5 L

-5 = o A 25
15 1 a5 Wl | 35
25 A 25 ) S N\ 2.5
15 {18 15 15

Case 2 |u5 o e || 05 . . . 0.3 S ] 1 0.5 : /\ il
13 W { W ow | 2 \QJ/SU ito| 22 W ] Yoo w5 W B/ m
-1.5 | 1415 ==1.5 =1h
25 i . ==~ WHE _| i2.0 -2.5
3.5 A 3.5 15 n 35
25 25 25 25
15 15 15 15

Case 3 |13 o AT 8w 05 & e 05 i
£ W [ Msu io] ] SV I N I YA IR N gl T
-5 1.5 -5 15
25 2.5 25 25
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522 AdAF : =XAY II
Undamage®] R =84S Reference® ©]-83F¢] Damage Case 4,569
=247 A3E Table 5.7¥ Table 587109 YeEATE Table 5.7+ 7+
AGoel FAE AlA ol wep EAAR oAFE g Fojm, Table
58710 MBDD A#& Aelg Aotk F+ A AFA3 JA 7709 Al
o Yok 978 2 11709
H7} o] Fo At} sk vk A

&4l gl 7

Table 57 Damage Alarming Result : Numerical Test II

( O : correct alarming / X : false alarming / - : no alarming )

From Modes 1-4 From Modes 1&3
Number of Damage

Sensors Case South North South North
Girder Girder Girder Girder

Case 4 i = T -

7 Case 5 T y i -

Case 6 ~ F = -

Case 4 = O X O

9 Case 5 5 O X O

Case 6 X O X O

Case 4 = (@) - O

11 Case 5 - O O

Case 6 - O - O
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Table 5.8 MBDD Result : Numerical Test II for 7 Sensors on Girder

From Modes 1&3

Damage From Modes 1-4

Case South Girder North Girder South Girder North Girder
15 ‘ 15 ‘ 18 15
25 2.5 25 2.5
15 ‘ 1.5 | 15 /\ 15

1

Case 4 |05t , o~ /. N\ AQsst N T | am ol 7 R 1 S
o3 \D\/?'{ NP - M i au{ E: Rl TN N k] w 1 ADI N
-15 [ |-1.5 -5 -5

|

25 Fligl— P Y ——— .5
35 ue L T % ) | 25
25 | 28 - 0.5 it 25
15 1.5 13 1.5

Case 5 |os; WA 05 0 P o o "} U T o
o \D\}{ w0 | w 10 4UT 60| g 0 A T n W 18 w 2 au[ 5\
-15 -1.5 [ -5 -15
25 Dl N Y el oy SRR | B 25
3.5 3.5 35 35
2.5 25 2.5 25
15 15 1.5 15

Case 6 |0s|__ A~ [ N\ st o~ B - | S
_ & 05 _
S AN I - T \w\_/zu/ 20 40[ 516 w 07 w0 W@ 08 w £l 40[ N
Tk o] 1.5 -5
25 25 25 5




Table 5.9 MBDD Result : Numerical Test II for 9 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder
35 4 35
ot 25 25 A
1.5 T 15t
Case 4 o5+ . ‘ ‘ e 15 .
s 20 i & o 4 il T3y 2 st \ﬁ
-1.5 fr| 5 -1.5
-5 b s -1.5
I / 15
15 B 5
L] o | S S S —— . T 25
25 =
1.5 15T 1.5
Case 5 |5t ‘ . || 05 05 . ,
L 20 i 0 o L 3 20 AN slu \ﬁ
=i -1.5 -15
-2.5 VL o 25
35 W 15
2.5 25 25 A
15 15 r 15 F / \
Case 6 |ust . . ‘ 05 05 .
e \__2\5/ QM 50 w0 20 iy 20 au\/ gu \ﬁ
-1.5 -1.5 -15
-2.5 -25 2.5 -2.5
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Table 5.10 MBDD Result : Numerical Test II for 11 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder

35 35 0 25 35 A
28 25 25 25
1.5 1.5 | Mg 1.5

Case 4 |us/ N | L e Y L) | |08 : it T T
. LA | .
0 N A B R FT | \@/ TSMBD vl w0 R B b3 noow \@/ TSD\/I
15 [ |15 -5 -15

|

25 i - - -25
35 35 35 s} 35 A
25 A = L5 25
15 15 15 15

Case 5 |y, . e B N A ! 05 1 I
- e -05 :
b3 n o Sea w0 | w4 \@/ ot LI e 03 w4 \@/ Tsu\/w
i 5 [ |-t5 -15
25 BY U 25
35 34 15 15 /\
28 25 0 25 25
15 15 15 15

Case 6 | o5t 05 | ) . \ 05 : : S ‘
- - -0 -05
L n/ w \y{ w | ] \Qg/ P\ | 8 00 B0 B 0w \Eg/ Teu\_/l
-15 -15 -15 -15
-25 -25 -25 25
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523 434 F : #X4F III

Damage Case 39 RE=3824S Reference® ©]83}to] Damage Case
4562 =4 A3E Table 5113 Table 5127149 e SITE Table
5112 7t Agle] F25 AlA ol wef E4AR o785 Agsk Aolm,
Table 512714 MBDD ZA#E Aglgk Aot Al HAl FXAFA7} F+
HA e} e Axpo] &4 AHIL o] FoHE & F AT

Table 5.11 Damage Alarming Result : Numerical Test III

( O : correct alarming / X : false alarming / - : no alarming )
From Modes 1-4 From Modes 1&3
Number of Damage

Sensors Case South North South North
Girder Girder Girder Girder

Case 4 - f 3 -

7 Case 5 - - & -

Case 6 o = % -

Case 4 T O X O

9 Case 5 W (0) X O

Case 6 X (0] X O

Case 4 = O 5 O

11 Case 5 = O - O

Case 6 £ O ~ O
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Table 5.12 MBDD Result : Numerical Test III for 7 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder
15 15 25 35
25 25 25 25
15 15 15 15
|
Case 4 fosy/ N, .  Zatih 5 AL AL PR o
& o | n %)
13 10 M M El] p W 2 0l ® 5 £ M o w0 s s M £l :mT 50
-15 [ |15 <15 -15
25 25— e ) S -25
25 Tl “nais L 25
25 25 - 25 - 25
1.5 A . 1.5 1.5 1.5
Case 5 |usp/ N, b o0 WFBSL WL NI/, VS e ol f N 0ST ‘
8 10 M M &0 ' M a0 auT 50— 50 i w C I | \/zu/ Ell emT 50
-15 -15 [}-15 -15
|
-25 25 L— — sl -25
15 35 35 15
25 2.5 25 25
15 1.5 15 15
3 w4 pnSa omo | M £l anT s [0 \U/ n w0 s oep| 28 \_/z{ 2wl W
-15 -15 Ls -15
28 -2 25 -25
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Table 5.13 MBDD Result : Numerical Test III for 9 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder
35 12 15
' )
25 4 25
15 157 L5
Case 4 |us5t ‘ = 5 1.5 . ‘ .
-05 N i \,w/_/s 05y 20 05y 20 :m\/ JD \ﬁ
-1.5 [|-158 -5
-2.5 F| o gl 5
g 15
15
| 25 o 25 i
25 |
s 15 - 15t
Case 5 | st ! : ‘ & % 0.5 ‘ , ,
ke 2 40 Mp R i 5y a0 au\/ Ju \ﬁ
-1.5 -1.5 -1.5
25 I'|-25 - -25
35 o= 35 &
; n : A\
25 8 & 2.5
15 L 15 15
Case 6 |os+ « N ‘ b8 ; ‘ bE [ ‘ : : v :
05 \)a/ a / 60 ] 20 4N Jﬂ W bl 60 by a0 o b \ﬁ
1.5 -15 -1 -1.5
28 -5 25 -2.5
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Table 5.14 MBDD Result : Numerical Test III for 11 Sensors on Girder

Damage From Modes 1-4 From Modes 1&3
Case South Girder North Girder South Girder North Girder

38 35 A 35 35
25 25 25 25 A
15 15 15 15

Case 4 |15y i . ; ) | 5 | . & 1 I R e ; ‘ Bl i ;
i 0 w quu 2 now \@/ P aneua 00 ) TR g n W \@/ Ty
-1.5 [ |-15 | |=18 -15

|

-25 Y — —_ apb— -25
1.5 I 6 | 15 2.5
25 ' G T | - 5 5 s 25 A
15 15 15 15

Case 5 |5t ‘ . : | 05 ¢ . 05 ‘ 05t 5 ;
g 20 w su\/\au/ 100 TS mwooa \@/ Tau o % n T TR B w4 \@/ TSM
-15 | k15 [ |15 -5
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Fig. 6.1 Model of Steel Plate Girder Bridge for Test.
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Fig. 6.2 Description of Model Plate Girder Bridge.
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Fig. 6.5 Attached PZT Sensor.
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Fig. 6.6 Acceleration Measurement Instruments.
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(a) PZT Patch (b) 9261 TEST FIXTURE

(¢) LCR HiTESTER (Hiyoki 3532)
Fig. 6.7 Impedance Measurement Instruments.
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Table 6.1 Damage Scenarios

Damage k
Cose Damage Scenario

0 Undamaged -
1 North7| ] East*| 558 L/4914| EWA Fo 14 At
2 North7| ¥l East#] 3 58 L/491 4 FWA Fo] 2/4 Adk
3 North7 B East*] {58 L/4914 SR Fo 4/4 At
4 North#A & West A4 Bolt 1 2E Z9
5 North” ™ West A% Bolts 1, 2 B2E Z¥
6 North ] West #13 Bolts 1, 2, 3 B2E Z¥
7 NorthAtH West 4 Bolts 1, 2, 3, 4 BEE £¢
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Fig. 6.12 Global Damage Alarming by FRRAC : Stiffness-Loss Occurrence.

Table 6.2 Mean and Standard Deviation of FRRAC for each Crack

Hjeow

FRRAC
Damage Case
Mean S.D.(%)

Crack 0 0.9773 1.17

Crack 1 0.8844 0.95

Crack 2 0.8421 0.36

Crack 3 0.7999 0.69
CRE EYo] 9@ Adve] &4 wsy] 8 A5 A
%7} Fig. 6.3014 Ho] X AlA 33 6ol A SH=QATE 2 (3.3)0 A+
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Fig. 6.15 Global Damage Alarming by FRRAC : Support Damage.

Table 6.3 Mean and Standard Deviation of FRRAC for each Bolt-Loss

FRRAC
Damage Case
Mean S.D.(%)

0 Bolt-Loss 0.9859 0.94
1 Bolt-Loss 0.9475 0.61
2 Bolt-Loss 0.8582 0.38
3 Bolt-Loss 0.7628 0.67
4 Bolt-Loss 0.8007 0.57
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Table 6.4 Resonant Frequency Change for Stiffness—Loss

Damage Case Resonant Frequency (kHz)
Crack 0 82.98
Crack 1 82.98
Crack 2 83
Crack 3 82.96
oo, Azt Aol &4 fdol el PZT AMRYE Z49
Ao AgHe] As7F Fig. 6.17(a)] YeRY ok 3 Ado] Ash
A9 EA97 FA4 WS 75795 kHzw A EF, &4bo] o
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Fig. 6.17 Damage Classification Result for Support—-Damage.
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Table 6.5 Resonant Frequency Change for Support-Damage

Damage Case Resonant Frequency (kHz)
0 Bolt-Loss 82.8
1 Bolt-Loss 82.95
2 Bolt-Loss 83.05
3 Bolt-Loss 83.25
4 Bolt-Loss 34.4

Fig. 6.18¥} Table 6.6°1+= Z <4 Caseol gt FaA# 34 (Cross
el

Correlation) ] Al+E 3k 3

A
= Wsl7F gloy Case 4014 H-E= &4kl ot 1o]g gto

25 A

el

Coefficient of Cross Correlation

3 4 5 6 7
Damage Case

Fig. 6.18 Coefficient of Cross Correlation for Damage Scenarios.

Table 6.6 Coefficient of Cross Correlation for Damage Scenarios

Damage Case | Damage Scenario Coefficient of Cross Correlation
0 Undamage 1.0000
1 Crack 1 0.9953
2 Crack 2 0.9944
3 Crack 3 0.9924
4 1 Bolt-Loss 0.9471
5 2 Bolt-Loss 0.8604
6 3 Bolt-Loss 0.6570
7 4 Bolt-Loss -0.0801
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(a) Mode 1 (Ist Bending)

(b) Mode 2 (1st Torsion)
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(c) Mode 3 (2nd Bending)

(d) Mode 4 (2nd Torsion)

Fig. 6.19 Mode Shapes from Target Structure.
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Fig. 6.20 Comparison of Mode Shape for Stiffness-Loss(North Girder).
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Table 6.7 Comparison of Natural Frequencies for Stiffness-Loss

Damage Frequency

Case Mode 1 Mode 2 Mode 3 Mode 4
CrackO 91.31 107.42 219.24 292
Crackl 90.82 106.9 217.8 291
Crack?2 90.34 106.59 217.18 290.86
Crack3 89.17 105.43 216.57 289.92
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Confidence Level

Confidence Level

3

4. FBDD 3 &

AREE o] Ao ol iQle Bolga AYHW, &4 AT
AR Ee M2 RE 48 #¥siE FBDD 71HS &4 X9
A71E A7) sl ol &7 g Ark EEAFE A 313l wet AHg
At Aty EAATE 7T A A ¥ e &4 X9 A7
d%& 9% FBDD 7I¥el wet a4gs i, 7 Ads Fig 62290 2t
FBDDE 93] AF&3 Modev= FAAE A¥dsE EX=E 13 23 2=
o A3 o] A3 North Girderel 45, <& 13 2] s
oF7Fe] EA9A e AE HoAFa YR vluA GGt SRS
o Z3star Ut sHAINE #d 39 A9 AL EAHAAE AFHA X F
o rdo] WAlELA] 8 South Girder®] 7-$-ol% North Girdere}
ARSE ol o] wAlE Ao g o Eshal 9t

_53_



~ w EN 23

Copfidence Level

~ w ES 23

Copfidence Level

Confidence Level
T A

North Girder

Predicted Zone

40 6 80 100
Element Numcber

South Girder

Confidence Level

0 20 100

40 60
Element Number

(a) Crack 0 vs Crack 1

North Girder

Ele?ﬂent Nunel%er

100 0

South Girder

Confidence Level

40 60 100
Element Number

(b) Crack O}vs Crack 2

North Girder

Predicted Zon€ l Real Zone

o

20 100

40 60 0
Element Number

South Girder

Confidence Level

0 20 40 60 80 100
Element Number

(c) Crack 0 vs Crack 3
Fig. 6.22 Damage Estimation Result by using FBDD Method.
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Fig. 6.24 Comparison of Mode Shape for Support-Damage(North Girder).

Table 6.8 Comparison of Natural Frequencies for Support-Damage

Damage Frequency
Case Mode 1 Mode 2 Mode 3 Mode 4
0 Bolt-Loss 90.33 106.45 21777 289.10
1 Bolt-Loss 90.33 105.96 217.77 289.10
2 Bolt-Loss 86.91 103.52 212.40 279.79
3 Bolt-Loss 85.94 103.03 211.91 279.30
4 Bolt-Loss 86.91 103.03 212.40 285.64

_56_



Table 6.9 Modal Amplitude of Support Element : Undamage

Support Modal Amplitude
Element Mode 1 Mode 2 Mode 3 Mode 4
S1 0.0379050 0.045400 0.187450 0.132462
S2 0.0373850 0.042990 0.185811 0.147690
S3 0.0046920 0.003346 0.035750 0.046260
S4 0.0452950 0.038111 0.269375 0.156560
Table 6.10 Modal Amplitude of Support Element : Damage 1
Support Modal Amplitude
Element Mode 1 Mode 2 Mode 3 Mode 4
S1 0.038434 0.047380 0.179860 0.132630
S2 0.037319 0.042790 0.182007 0.148950
S3 0.006554 0.005053 0.038780 0.049340
S4 0.046564 0.042846 0.275838 0.167997
Table 6.11 Modal Amplitude of Support Element : Damage 2
Support Modal Amplitude
Element Mode 1 Mode 2 Mode 3 Mode 4
S1 0.075809 0.112720 0.304918 0.240260
S2 0.032317 0.029590 0.164840 0.198761
S3 0.008233 0.005222 0.041972 0.074316
S4 0.040941 0.045410 0.257450 0.067760
Table 6.12 Modal Amplitude of Support Element : Damage 3
Support Modal Amplitude
Element Mode 1 Mode 2 Mode 3 Mode 4
S1 0.081668 0.119670 0.338174 0.238430
S2 0.030769 0.030980 0.138930 0.215815
S3 0.007001 0.005720 0.021020 0.083048
S4 0.041850 0.044083 0.254010 0.003100
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Table

6.13 Modal Amplitude of Support Element : Damage 4

Support Modal Amplitude

Element Mode 1 Mode 2 Mode 3 Mode 4
S1 0.035814 0.041590 0.206600 0.188421
S2 0.031917 0.031410 0.165838 0.154780
S3 0.004726 0.003545 0.046770 0.051990
S4 0.037061 0.044049 0.252891 0.132435

Table 6.14 Result of Damage Severity Estimation : Damage 1

Support Mode

Element 1 2 3 4
S1 0.028107 0.088981 -0.079323 0.002538
S2 -0.003528 -0.009145 -0.040526 0.017163
S3 0.951178 1.280587 0.176456 0.137741
S4 0.056818 0.263921 0.048561 0.151440

Table 6.15 Result of Damage Severity Estimation : Damage 2

Support Modal Amplitude

Element | 3 8 4
S1 2.999894 5.163306 1.646146 2.289300
S2 -0.252748 -0.526242 -0.212958 0.811149
S3 2.078933 1.435689 0.378452 1.581129
S4 -0.183011 0.419719 -0.086550 -0.812657

Table 6.16 Result of Damage Severity Estimation : Damage 3

Support Modal Amplitude

Element 1 2 3 4
S1 3.642061 5.946297 2.254828 2.240065
S2 -0.322621 -0.480582 -0.440928 1.135282
S3 1.226405 1.922404 -0.654270 2.223320
S4 -0.146329 0.337955 -0.110825 -0.999608
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1.023373
0.098245
0.263382
-0.284444

. Damage 4

0.214810
-0.203428
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-0.118642

Modal Amplitude

-0.161068
-0.466234
0.122485
0.335892

-0.107285
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-0.330526

|

ul
=

Table 6.17 Result of Damage Severity Estimation

Support
Element
S1
S2
S3
S4

7. 8%

o

4

TR

!

B

=

=

(FRRAC)

<
r

5 A

==

B iy

i

H A oA ol A
H] H ZA]4(FRRAC)

3]

A

A A 2]

A Al 2]

=

T©

2]

2]

Foln
sfo] X

°

(MBDD) ¥}

(1

4

-
1

olo

+
=y
N~
Y
olo
&

=3
1o

st eh.

A 7 5

°©

s}

IR

o

o)

il
<]

U

—)

il

%

el
Ton

)
—

i)

_59_



A7ke7] 9]

= I
= ¥

Q) mHAE @AM f e Aok A7)

N

eTETh aYEE B el ol

7

)

0] 7 413

ol

)

_60_



171 (1998), “ZFaLe] d =7

s
R

HO

A& #(2005), “MATLAB <

A

XO X E o) o)) Tor 5 P mo
ur i B0 = B e KO iy
o o W,_ ﬁm_ w . T |y
Q T
_E s " N O ,.__ﬂE Jl EM —_— ﬁi
Tl S
< = e A e o
N n - v J
q * N AES o 4
T e S B iy T
3 0 3w ol ! X E
wﬁuu H i PR R woﬂ Juu
A s RS = e T
B O R = B s
0 g i Mo Lo gl O e VN e
Elg A,f R_u = L.ﬁ 0 OWE ~m o — 2 T
i_: ~ ‘:AI O_E o DTy ,Dra N X o Jl ‘:AI Ay
~ p| © B E "o =) oo o o =S il
N . — T ~ ﬁi 111_ X © o
Do oaF R o 4wl i M= do o
a o Ol s il o
g B Tt T g B m s M. S )
L5 ol W ® e g e o g . |liph
S ~— © < oEp "R S Hr S = i oF
S ﬂu_ 1 imo W oz rox B, T Ho =
ztmﬂxhﬂw:lmﬂ”,au_aﬁ,ﬂmﬂ o T zlﬁﬁr
-~ —~ > o Ty lan
“% HT ,m.ﬂ ‘ﬂl ‘;IOH ol _1 | lo % = ise] _!n_ Mo Eo 17rO M_l
,@LlaoTM_.x,#HT,vT/Z\W7uH, .o o
R I B N eI~ S
Wo o .= X o o | T Ko = Jl
jolo o O OB o %o BT o) 4
B o) RIS - = N s e —~ ~— B
gy e % =" m.@; uX ™ - & X ol Q) ¢ o .
,UH” ;OL 111_ q\ N l_ﬁU % N ﬂ ﬁo dﬂ L 111_ .WL ﬂ _foﬁl R ;OL
Qﬂ Eo ~ T \n.é/ — \Pm = _E = \h % \_&o lo \T/ ﬂﬂ_
B LS 22Xy X ST e M8
. E#E _fo~| = /2\ At N /2\ mﬂ . H;! /2\ ‘_floH . Jl /2\ o
TERErd w0 ET eI ¢ o E
o X <) Mo o) = WO 44 o N o= X o}/ B oo X
N ~NE o o o of) N To! o

"Engineering applications of

(1993),

correlation and spectral analysis”, Wiley, USA.
Bhalla S. and Soh, C.K.(2003), "Structural impedance based damage

and Piersol, A.G.
— 61 —

J.S.
diagnosis by piezo-transducers”, Earthquake Eng. Struct. Dyn., Vol.

32, pp. 1897-1916.
Chen, J., Garba, J.A.(1988), "On-orbit damaged assessment for large

Strain Energy Damage Detection Method to Plate-Like Structures”,

space structures”, AIAA Journal, Vol. 26, No. 9, pp. 1119-1126.
Cornwell, P., Doebling, S'W. and Farrar, C.R.(1999), "Application of the

Bendat,



Journal of Sound and Vibration, 224(2), 359-374.

Doebling, S.W., Farrar, C.R. and Prime, M.B.(1998), "A summary
review of vibration-based damage identification methods”, The
Shock Vibration Digest, Vol. 30, No. 2, pp. 91-105.

Hong, D.S., Kim, J.T. Na, W.B. Park SH. and Park, G.IH.(2007),
"Hybrid Monitoring System for PSC Girder Bridges using
Vibration- Impedance Signatures”, The Twentieth KKCNN
Symposium on Civil Engineering, October 4-5, Korea.

Kim, J.T. and Norris Stubbs(1995), "Model-Uncertainty Impact and
Damage— Detection Accuracy in Plate Girder”, Journal of Structural
Engineering, Vol. 121, No. 10.

Kim, J.T.,, Ryu, Y.S., Cho, H.M. and Norris Stubbs(2003), "Damage
identification in beam-type structures: frequency-based method vs
mode—shape - based method”, Engineering Structures, Vol. 25, pp.
S7-67.

Kim, J.T. Park, JH. Yoon, H.S. and Yi, J.H.(2007a), "Vibration—based
damage detection in beams wusing genetic algorithm”, Smart
Structures and System, Veol. 3, No. 3, pp. 263-280.

Kim, B.H. Park, T.H.; Shin, HY. and Yoon, T.Y.(2007b), "A
Comparative Study of the Tension Estimation Methods for Cable
Supported Bridges”, Steel Structures, Vol. 7, pp. 77-84.

Lee, J.J. and Yun, C.B.(2006), "Two-step approaches for effective
bridge health monitoring”, Structural Engineering and Mechanics,
Vol. 23, No. 1, pp. 75-95.

Liu, S.C., Chong, K.P. and Singh, M.P.(1994), "Civil infrastructure
systems research: hazard mitigation and intelligent material
systems”, Smart Mater. Struct. 3, A169-A174.

MATLAB Ver. 6.5(2000), Wavelet Application, MathWorks Inc.

Park Gyuhae, Cudney, Harley H. and Inman, Daniel J.(2000),
"Impedance- Based Health Monitoring of Civil Structural
Components”, Journal of Infrastructure Systems, Vol. 6, No. 4.

Park, S.H., Yi, JH.,, Yun, C.B. and Roh, Y.R.(2004), "Impedance-based

_62_



Damage Detection for Civil Infrastructures”, KSCE Journal of Civil
Engineering, Vol. 8, No. 4, pp. 4257433.

Rytter, A.(1993), "Vibration based inspection of civil engineering
structures,” Ph. D. Dissertation, Department of Building Technology
and Structural Engineering, Aalborg University, Denmark.

Sohn H., Farrar C.R., Hemez, F.M., Shucnk, D.D., Strnemates, D.W.,
and Nadler, B.R.(2003), "A review of structural health monitoring
literature  1996-2001", LA-13976-MS, Los Alamos National
Laboratory, Los Alamos.

Stubbs, N. & Kim, ]J.T.(1994), "Field Verification of a nondestructive
damage localization and severity estimation algorithm”, Texas A&M
University Report prepared for New Mexico State University.

Sun, F. Chaudhry, Z., Liang, C. and Rogers, C.A.(1995), "Truss
structure integrity identification using PZT  sensor-actrator”, J.
Intelligent Mat. Sys. and. Struct. 6, 134-139.

Yozo Fujino(2006), "Use of Vibration for Monitoring of Bridges and
Transportation Infrastructure”, The 8th International Conference on
Motion and Vibration Control, Keynote?2.

Yun, C.B., Bahng, E.Y.(2000), "Substructual identification using neural
networks”, Computers and- Structures, Vol. 77, pp. 41-52.

Zou, Y. Tong, L., and Steven, G.UP.(2000), "Vibration-based
model-dependent damage (delamination) identification and health
monitoring for composite structures - a review”, Journal of Sound
and Vibration, Vol. 230, No. 2, pp. 357-378.

_63_



APPENDICES

A. Crack3 @Ajo] 3 Ly

EEZF |

A

ks

g

2ol Hg 43 A3

A AA 107 129 29Y 13417174
A3 T 2w 1377138T

0.5
05 —— 0 Bolt-Loss —+—0 Bolt-Loss
0.45 —s—1 Bolt-Loss 0.45 —=—1 Bolt-Loss
—&— 2 Bolt-Loss 04 —+—2 Bolt-Loss
04 —&- 3 Bolt-Loss ’ —&- 3 Bolt-Loss
0.35 —*— 4 Bolt-Loss 0.35 —— 4 Bolt-Loss
0.3 0.3
0.25 0.25
0.2 0.2
0.15 0.15
0.1 0.1
0.05 0.05
0 . 5 ) i 0 . . 5 .
1 3 5 7 9 11 1 3 5 7 9 1
(a) First Bending Mode (b) First Torsional Mode
05 —— 0 Bolt-Loss U —+— 0 Bolt-Loss
04 | —8— 1 Bolt-Loss 0.4 —=—1 Bolt-Loss
0.3 —a— 2 Bolt-Loss —4— 2 Bolt-Loss
: —&- 3 Bolt-Loss 0.3 —& 3 Bolt-Loss
02 | = 4 BoltzLoss 0.2 —x— 4 Bolt-Loss
01 0.1
ot ot
=01 L -0.1
021 -0.2
.
031 -0.3
-0.4 04
0.5 05 . . . .

(¢c) Second Bending Mode

(d) Second Torsional Mode

Fig. 1. Comparison of Mode Shape for Support-Damage(North Girder).
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Table 1. Comparison of Natural Frequencies for Support-Damage

Damage Frequency
Case Mode 1 Mode 2 Mode 3 Mode 4
0 Bolt-Loss 90.82 106.9 218.3 290
1 Bolt-Loss 90.33 106.4 218.7 289.1
2 Bolt-Loss 86.91 104 210.9 280.8
3 Bolt-Loss 835 102.5 199.2 277.8
4 Bolt-Loss 86.91 103 2134 283.2
4500 —— 0 Bolt-Loss
-—---1Bolt-Loss
4000 ‘ f ——2Bolt-Loss
’ | 2 —— 3 Bolt-Loss
3500 | ' . —— 4 Bolt-Loss
3000 |
2500
2000
1500
1000
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Fig. 2. EM Impedance Change for Support-Damage
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