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The Applicability of Different Indices for Damage Identification of

Suspension Bridges

Abstract

The placement of sensors and the selection of index system can greatly affect the
identifying results in the health monitoring and diagnosis of complex structures such as
suspension bridges .In the res:ant years the scholars have done a great deal of reserch
and got a series of achievement in the two fields, but because of the complication of
health diagnosis and damage detection,the acheivement is just primary and there are
also many theoretical and practical problems to be studied.

Compared with the dofs of the structures, the number of sensors in monitoring
and diagnosis system is finite, thus the measurement of structures’ response is also
incomplete, therefore it’s impossible to find a decided and doubtless answer for the
detection; considering the complicacy of damage cases and the uncertainty of working
environment, it’s important to adopt reasonable sensors’ configuration and select fit
healthy state indices in suspensions’ health diagnosis.

The configuration of sensors and the selection of indices is qvuite correlated in the
damages detection. At the present the indices are generally grouped into two types by
the data source: the indices based on the static data and the indices based on the
dynamic data. The suspension bridge is a complex system constituting multi-materials
and different components, the damages in different positions have different effect on
the indices. It’s difficult to identify all types of damages using single index, This
paper presents a comparative study of the applicability of frequency changes ratio
index, modal curvature difference index and static strain difference index for the three
common damage types in the suspension bridges(girder damage. hanger damage and
cable damage) in the absence of noise based on finite element model modeled by
ANSYS software. From the simulation results a practical damage detection
methodology of suspension bridges is proposed in this paper by combination usage of

those three indices.
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According to the characteristic of the three indices this paper has put forward a
simple and easy sensors’ placement method and given a detailed discussion of the
dispo.sing of the measuring points when detecting static strain. frequency and modal
curvature. Sensor placement for static strain relies on the static strain distribution
while maximum kinetic energy criterion is adopted to determine the sensor locations
for frequency. When locating sensors of modal curvature, successive addition
approach is introduced and MAC matrix is used to evaluate nonlinear of singular
vectors.

Damages are simulated in the suspension bridge model and then neural networks
are used to detect damage regions using frequency changes ratio as input parameter.
The results show that both networks can give a satisfactory result on positioning
girder damages and hanger damages besides cable damages. The feasibility of
identifying damages of suspension bridge mode! by frequency difference ratio index

in this paper gives a great help to the practical damage detection.

Key Words: Suspension Bridge; Damage Detection; Sensors’ Placement;

Damage Simulation
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(K-a’M)§=0 @1
g h:
[(K +AK) —(&” + A XM + AM )¢+ Ag)) =0 22)

— BB R R WL K BRI Tt R BT, AM T LU UUE % 0,774 :

Aw, = f(AK,r) 2.3)
Ko o ARECERE,FH R HEEEY A5

- _af_
Aw, = f(0,r)+AK 2(AK) 0,r) 249

H# £(0,7) =0k,

Ao, = AKg,(r) (2.5)
FEEE:

Ao, = AKg (r) (2.6)

BB RIS T, WH:
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ik, WAFALMHMERRERGER BRI FaTLURRIS SR ERY
RIfLE .

ARQDHES REZE ZNIRMFR TR EK. BEMRGEDN, ZHIRD,
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BrifE s B HE R R RGN E YR 4R R RFREENRE. —
R, TERGEEERIRA(70%~80%)Z A1, WILIESEMNA. FhEhrmERY
HO45 3 72 B — MRS I 3R Bl 5L, LA PR A 38 AL B S AR R 3 4 B B A kAT o
fr AFH R BB IR IKIE
2. 1. 2 B RET W R TIR G E (LRI 5E

HRUAE DAk B, R 1 2R 3 4 b SR EAT 4535 R B T el LU L SE ™™

F—5: NS FET RN R T B2

BREAS T RITHRESY, Bl HESTEREISMAERILL, DRTH

B AR, u%m&zﬁww ﬁ%#&ﬁﬁ%ﬁ%i%ﬂﬁ

%:ﬁzﬁﬂ$Mﬁﬁﬁﬁﬁﬁﬁ$§K%

B EFRUT RO ENEET AR oMo, FHETUEHZNERRELLL,
£ BRI AR R L iR P B i K HR, TAREIAE L ER AR
thk AL R

B=: AEGAE

B S BN AP ARG RALR, WRWALRZFHLFRIENEA,
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AR KRG BB N ERTASE—, BREENSE=SELM0AR
Fl—HHER. MTHEN, BFRFRESE —ARATELERN: MR
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R T AT R R

EHAERRRBASHTRASKAN— 2%, BRAMES BRFER
E S A R AR SRR, FRAE NS T
BIRMANAZEN, HERERRREOTERNRERGOLE, BRERIHE
FIBIRIBR G BRIRAT AT IS BRI IM AL, AR BHEN. B MR T EU,
B L (P R R 45 M SRS A R S

SRR TRMAD, GFUREARDOESEKTS, KFNENREN SRR
H—EMEH, BWRHNER, FUESRRA PR TE—SHARSHRE AL
wRI %,

2.2 BT A HEE M RGIAMA

PEREEEHNERL TR SRR EREH—AERIMIF, W0 NI
COME R P L i L DUIGIE S & i o e SRy
SRR, BRMREE: BEBRENEE. MALBIR. BENERT. 8
RUEHAR S BRI S B P B % 2 R IRA MR B R ISAR 2 —
MO HIE B9 R A R SRR, STDUBI SRR, ELRt RS
BEXKRTRE, EENGRGRNFHE T NSRENR.
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EnRRERGESBEHRBRIET R, WiiSE@aenmREx, KR
ERAERR, Hit, SRt ERSmEETUSHESHRIBIENR SBRGVE
MGRER, BERSHRERERGRIENRN T B EofE KSR, EiFn
KA

Ap,=0,-¢, (2.9)

0, RLiWARMGHNOE HESHEE

of BN ARGENE WA RE

L TR I, T R A MR WY, MRS T
A 2 SRR R o 2 AR 51 A IR e A U T AR A R
8, MMM BT dh R E A T RRE, AEEAC SRR LB EMHE
BEMANE. HTRBHSASEENAEERROHEAR N,

¢,— —2¢1, +¢1+l,
= (1) hz} (1), (210)

o REWEINE ESELE

g RLWEIME MBS

b AR AR

BE BEES B TRRES, WA T SUORE. YrERERMNRALH
REE. HRRAS, BERSETBRANES. BEEEENRESEARAHRT
BARS, BENREY— MR EREERORE, TR TESREONA, 35
B HRNEHEEERGEGNE, UEARDOENERIEEBE, EELAH,
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ERTEMEERBMTEN, INGRERE, FEEEN, MYKRLT=,
RN B RE X E FEMT T RENEE. REREREB XS FERITEEHIESH, &
BR—otE; ERBAL, SEATEENMK, F#ETERERT, FEEYW
BampRE A MR, FIRAMNFEHREETE AL, MAREHNESE, ik
ERT —ERENREE, RASENRMNGEAFES.

2.3 T RBTHMRHGRINGTZ

1984 FF West HAERE TETRYBAGERJTEMBTHAE LH. EkK, RE
FEERENER FIRIB G B EE, —B NSRRGSR XM RH RSN
fiRfs. WEABGETMAC), EARHIEFMSF)AHFEEERFETF(COMAC)E.

(MEEBFEFMAC)

_ (#'¢ ) 211
TENE G @1
()R L 45 B F (MSF)
MW=J¥; 2.12)
(3 H7HE E S F(COMAC)
N 2
> |ze)|
COMAC, = -——— (2.13)
PN HNCS

a=l rml
g~ o' BRHEMRGAENE i ESHAE. UE3ANSEREREYN 0~
1, HEEET 08, WABMRIRMIRAERER, BERTERN, SHEET 18,
W AT R RS, ST EmY.

2.4 BT RETHMHBRGIRANFE
wREEFRO—LE, REREENF THRSNBHEERE, T8LK 8.
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RAPF HEHMERER: ¢ AREMFINE, o AEHHERIEEN AEHHE
BN, YEHRERGN, DRFBEMNFEHRIZIEE ATFENEBEER
R, FRAREEERRHRBHERLAA:

Fi-F
) = el 2.15
5U)] E (2.15)

F!\ F, B0 RE5eTE REEMEMNATE, 70) RXEL RGRMIE.
BAQI)T R, REEENRLARNGS THBRSHERMZNTEL, Hit,
ETREEMNRGEMFERETUEESERORGE LT ERRE K L EHF
K, EBXFREHEHITEBENTREFEEER. MNEXVHHMAE LR, MR
B LR & FRERSREARIEE. HRAR, UEEMBHRLAHKIELL
REFMRRENRERECRGEEERS L,
2.5 BF E T TN MMRGIRATE
FARBRTUORGRAER, dTREREBFHNSEAR, ANAFETSHT
. AR REA LR, BRSNS

7
K

JE, = ¢ 2’¢‘ (2.16)
@,

OE, W iNETHRRELMENRRZI, o AEUEE I REREE, 40
MG i REL, K R R THMY B BITRIRE . Ll TSN R E R AT
HRLEAENSY, RIEXNR:
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@17

1y
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Ep, WEEERTEHT hRGRETH, TRIERETROTEIER.

2.8 BT HTESTAMBGIRATAE
X FEEHERERNRES

[M]{X’}+[C]{5(} KX ={1 )} @.18)

B O ={F}e”, x={X}e" FHEMBELELR

{x}=[s]{q}= Zq,[¢]
(5. 18) % KA 15
(-0*[m]+[k }+jo[C.]){a} =[oT {F}

(2.19)

(2.20)

Fo: [M]. K] [CLUSHERBER. REEERERER, (f0)VER%

£, [J| HERLEESERE, (g} H5 XA, [n].

RIFESEFERBE B, B3 AR,
{x}=[ellelie] [F]
AP Q)= diag(a)f,mg,...m: )

[£]- [C] 4 BINHEERREE.

@2.21)

EZHEAT, {8 {X) RERN[FPESAT R LA &,

{x}=(Ur Y (F}=(F.F.F)

FRE:
Ul [4, F,
v b=l4, [Q]l4.0.0] {F,
Wl |4, F,

BRAE st h % RE MR SMBZ MFIRRA:
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EREA
£, g § tVE] [v.] [4]F
£ =12 |<| L edjs. || 5 |=|v, 006 || 5 [=WRlblF] @29
oy oy
;: aw a¢z ¢W F;r Wz ¢W F;
] o]
WX
Heply)={y,  hERTES. B (223) RY, dEWRHGTSHSHNEE
¥,

{58} B s LRI (5} « SH RMETL &) MR
Bk {59} SHEATIH, BRAEBFNEY. BLET SRS NS GHIE
RIATHY. B DR R RS Bk AT IR RO, M B B A4
HRE.

2.7 BT HAHHNRGANS S
2 1B BRI A AR B R P, M — R AW A E ML AR T4 K00 385
RAE BRI R . B LA TR MRS AR NS B A £ R E 2%
HEIIRE A THE TR T AN T RABN BN SNSRI,
RIRTEMITESN AT (P} 1B F BB T BT LR

[X [} ={P} (2.24)

Rt [K]s ()« {P} ARG LA RIRERRPE , R FINE | STEFIEE. B (1),
AT AT DL R

(e} =[K]"{P} (2.25)
ARG R R RE (K R T, HTHTEE:

[K-AK]{s}" ={P} (2.26)
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ﬁ¢axﬁm5§w§nL%Y%ﬁ%ﬁ%ﬁ@ﬂﬁ,MﬁﬁﬁmﬁﬂWﬁﬁ=
{m}’ =[K-aKT"{P} @27
Hit R mHi B g EN:
A ={p}-{m)* =[K] [AK][K]" {P} (228)
ERFe, RUEd N BERERRTHSBEBRTRGNEN. BEBNE
g, LBHERKELHFFA—ESHRGNBHES, UETHSABHRGRNER
B IEEHEREMOTRE. ARASETHBEANTFLHBGRIBERABRETHEME
ZUFRG IR RS REEARR, ETETTHHRGHRIEARALHES T REBR
15,2 H AT &M RS R T H — BT %,
2.8 RSB HENFEBRR
BRSO EARENBE R ZECESRE T SRR ERE, LTFETERAN
Pl % iR ks s < Al =N: O ) 2
2.8. 1 B8
BT F:H Kammer H RS, BE—HETEMERSA A HEESMELNE
ERMARFE, HENEATRERBREIRTESHESRNGEE, FXRAT
LHTHEMN XM T EME BRERE.
P NFEEIFEMIESRE TR MEALR, [HEEET DU EE TS50
HERMERT, FRFSETURFABERHS B g, FREBHEHETURRA:
u=4q+N (2.29)
Hepp REBBYBBER, o A ERRARE RGN S48 RE G AERE,
NRERFEX I BEBHAGE. BRE s MEENE, TRE mm<s) MERET
i, MZXFHHEEH B GEARHRTRENERETXER, NTREEESRENREM T,

NS 0 X AR g ORI WET g BEH—PRE, BUXAMITRE—4E
WA R, G READTERES Pl TASH:
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e ifoif o]

Hrp A h Fisher (5 B4, FEBHBKL, BRXBISY ¢ HIHRENHTER

AN, BERBEHT g MBAEE .

REM AFHES B AT XN FRAEN E OMATRER, E RSN

F
E=¢,[670] o @31)

WEE =0, WEFREMNE 1 W& LTERHFTKOMES, E, =1 NETBN
B RS, TR, BAORSIHEIE B BN e AR & MELER AR
SN ATHERY, P (OB AEAE VORI A T M, BT T — Wi, B
BBEHRM ALY, BARTRMERE T FRE ARSI BT Fisher {555
BOFTFIR, M A5 AT R B A 1B B B B ) B A5
2.8. 2MAC %

ML h SRR, AU EERNESS LNERAT ~AEXAE. B
TR G AR AT AR & i B2 RS RS S R, W
A BERTRRERLET . EREORRETEELHTFRHRENZFEZAL NS
K EBEHEA, FEEGENSHTDEERNOES R EHRRNERALA, AT
R B E R A AR R TR Came kWA RIEIFREERTINESHE
FHXHH— A REFOTE., RARKREWT:

MAC, = —T(—M’)T— (2.32)
90X 4¢4)

Khg . ¢ FRAB W jHEEHE, TREEIREZHESREEENAM
B LR MAC BER3ERS fi o 2 RO AT i ARR P S IR B Z ARl . BB,
Y MAC BERE—TCEMAC, (i BT | HRHE i aE58 j RERAAT, ®
MERT S8 ML MAC, (= ) ETEH, NRNE i WESE j AEMEER, &



BEFHR R E R

METUEE AR, S GRAENDRE MAC BHEENATRARMLERE.

R B, RFALECRE T MEBRBRIA S OENREEN. kR
WA2R AT EA IR ERVSHE — N S, RERRERENH A+ RN—
PMRELRE, KEGERABREMNEPR MAC BEEDENATRENREXERTY
18, ZHEEAEHHERHHEEHTRIGAENM LS. ZFHEETRRERRER
RA K B MR —F T NEE,

29FKEND

ERGRFT, BERHENEER—NXBHAY. TREFMEEECLELTS
MFGBEOFESE ERARRR) , FETRRS. HBLK, AHLRETF
B TR M AGHATIRE. AFETENH, BNEER, SHEANBRERINER
HiE. EEBESARTE, BENMETHAELNERSARAE VESNEEHR
REE—E RS,
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#3E BREFHRGERNERESH

HRSHEFRZFEFANFROEEFELSTSRE. RENZH&EE, 44
SRR BRFIT . AN SRR BGE A E RTS8 ANSYS SR %7, Ll Beam188
BT, Linkl0 $ukA AR ERARTEE. ZEANEEY 10m BHERERREN
MR H R BT B 2R S S HOT TREDD,

S LENBRIAR, BT, ShAHEARGANBREDERE, &M EFY
FAMBERAT ZEMRANNHR. EEHANFARR, RICERLBR S HHEF
FIRF A BB G H BRI, ESRRRRNSENEERT. ERENIRIK
FHgl, FELEREEH. €. TEZHEHMHBER.

3.1 L EE RN REEA

ARBREAH A RGNE RS, MEZEERNBRTEM, A% Ham
BRFEN, BT —AAXMEPERN, FLUVEY, #THRERRKER . #i\
TRFOE &M, RAERE V100 @M, ERNLAMSEPmE 1R,

£3.1 g1 As%

Tab. 3.1 Geometric parameters of the model

- JiH

ML B Bt
EeAE () 210+580+580 2.1+5,8+2. 1
FEREE ) 72.5 0.725
¥ (m) 125 1.25
& F 1A (m) 20 0.2
R RIS 1:08 1:08
WS KRB 01:22.1 01:22.1
BERFH (MEBESEBEEZI 0. 36 0. 36
EEL (RS EBEER L) 1:19 1:19
HEL (RESEBRBEIH) 0. 1756944 0. 175694444
Rt (RESEELL) 1:10 1:10
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E3lﬁﬁﬁﬁﬁ($ﬁ mw
Fig. 3.1 Sketch of the model {unit: mm)

SRR
A\\\\\\\\\\\\‘f

L 300

ol
.

B 3.2 R EE (BA: mm)d
Fig. 3.2 Cross section of the stiffening girder (unit: mm)

RIS R R, S LR R SR, B AKEMTIIE
FMEA NS ER, AR EEEMNTH R, RIOETERFRE, BE
Mk 3289,

FARIE SR R A RE R A R, RRERCEE M A, B R EEN
HREATHEE, B— MY EIRbR B R, BELHE AN R (L
3.2-3.10) WF:

() mzhZh U m A A E IR PR, BN, &0 R
FENTHRENEE, EEHERR.

() % EHREFERERE, THEE Smm MR, ZRBEEASE L,
REAEKIERSHE#EE, DREREERSE. BRI HEAELE,
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F3E BEFROSERERERM T

() EHFWEA ERBLMS, BufiB EMEERRE (B 5, MEERE L.
@ RESIRZMMEEXABREATAURBTRRRE.

() FREHBEMTMEARTRREBR, LHFERERR. ¥z,

(6) EERSHBNBCALERE—/B 48 IR, TERATLUGRMES.

| 32 MAMEBH

Tab. 3.2 Material parameters of the model

BiE | &ERT | HMEEE | AR i )
Hafy B | (mm) | (MPa) k. (Ke/m®) Lt
M L L30x3 | 2.1x10° 0.3 7.84%10°
. 250X 50 5 s | FEHIMS AR
mahg | e | SR X3 2.1X10 0.3 7. 84X 10 e
B ¥ 12"52570 21x10°] 0.3 | 7.8ax10° H 244
. 350 X 50 5 s | M08
Brisgig SER X4 2.1X10 0.3 7.84X10 S bk
B EERAR SEW. 42038260 21x10°| 0.3 7.84x10° | SmumE
& R |6 (EZ)|o0.8x10° 0.3 0. 126 Y m
fE BA |3 (HER) | 0.8X10° 0.3 0. 0316 SR

3.3 Hr e A
Fig. 3.3 Pier anchorage
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34 BHSREENEE

Fig. 3.4 Joint of column and baseplate




SRR RIERE R

B 3.5 S Thi#pe B 3.6 HER
Fig. 3.5Tower cables

T i

B ¥ a o el iy
R e Ty TR E e L R

B 3.7 E A4 B 3.8 zh R HHEE
Fig. 3.7Cable anchorage Fig. 3.8Segmental continuous girder

K39 RERTA B 3.10 TR 5 mERERE
Fig. 3.9Parts of hangers Fig. 3.10 joints of girder and hanger
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HI1&E BEFROIERIERENMT

AU 12100 B ERMER BERNAERTTAAERFEEZN 1/100,% B
BA R KATH, KA THREENR XN MBDHRETRE. R LEnERE
FERKXNKESITEE, EEHZNHEN 837 &, WEEREEZEUFEFHN
1119, HEXMEREARRRMEERRFES (LB 31D .

B 3.1 RERSTHHRMBER
Fig. 3.11 Integral suspension model after balance weight
3.2 BRMEREER ML
BEFE RTEEEHEER ML, EREESEREEREWERES T
IR, AHESENRBCALETMEEN=4BRTHR TR RI3CRA ANSYS
KEIFEERTEE. ANSYS KEZRALH. H, FE. Bl FET-#HK
BERE R RE, SEMEATEATR. #EF . KEZBSHMH.

3. 2.1 B MR EEE

BRIFMEER., FEYEA Beami88 ¥T. Beaml88 BT E=HEM Q&) 3
HEZRRET, GMEEAEE CIEEE, ERTETRAEFREHHR, ¥}
ZRTHYERMEW, EFTAABKIFERENRSEN, HEETRERXHE
(WES o alioE 229 c TR da)

BEFMRE. THXASHH AT Linkl0, ZRATESIRTTELE=ATH
BaE, BEEDAHE, MREAATAZSE. ZRTNRHHELE. ERNZEN
BIE, WMETEE, RIENK, ESEMARORBNERS T BRFORE
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RN SRR, MEERRRTRAAAD, EFHEHN RIS, Link10o £
TEHIN AR TR MRS AR BOX s £

3.2.2 PR RAR & HaERL

FERELRUATEHRNER)ASHRETHE, KEBEAMISSE T, H—HE
FEMRA N EHRET, FHEARKIONET, 101MFA, HEARSAEES
AALBDZEAI0I(BIOINA. BABIAREFHI AW SMY); BBRAIEREERE, KA
BEAMISSH TG, H—HBEWA— AR, L1001 4TT; G ASHRE TERE,
FFRFIBEAMISS ST, 1 FRBFAEM N — M ATT: TANREHRASHITAT
LINK10, SRBEUN—NET, SRAERZRHEREERA— AT, BURES
B ZETH49R BRARF S 2 HEAAI(FEBDETA(EB49), £HFHBBRAE, 108
WESHRE. ERLE2, BREWAEh648, BITHEEN528,

3.2 2faiE
Fig. 3.12 ortho-axial side view of the model

FEANSYSHMT, A R4 REIN L RIRER N, RERRXRERRTHREIE,
A LEA L TRPBCRBARSNEGE. GREFNT:

(1) HERE. EESHRKNERTAER.

(2) XAEEEEXFRATHAERE, Y. ZFaEE.

(3) EHRELM SHERIER DB RRI, EAMAENERE,
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F3F AEVRUEREEREMT

(4) N FERMMOLRBRE, HERRGTAARERTFHEHE, BT
B AL, WARTHE T FEEHE.
3.3 ERBH I MERIRABR

FAF LR ERE TRERIERN, TEHEELRRTHACRENIRY, ZREFE
BRAMAOH L RERGEEFESDEZZAOAM (AN . UBERBRHEES (U
TR SRR MIRY, ERRGHMABIRARS3.

%33 FEROBGLR

Tab.3.3 damage cases in girder

WG TH RGBT b & #iR PPt R E
1 10 pulztaley 30%
2 20 Brg 4t 30%
3 36 8 1/4 30%
4 50 FEHEP 30%
5 36 10 1/4 10%
6 36 X5 1/4 50%
7 36 ¥ 1/4 70%
8 10, 56 LB 5EEED 30%
9 10, 90 PR 2P 30%
10 35. 50 X814 5XEET 30%
11 35, 65 EE 14 5E 34 30%

FEERFGN, FERERAEER N RERLLIER. BEHREEENGENE
EfRb. —BRE, REMEHEESSRETT TS R G A, FrlEitE
A AR AR IR T R A IR T AT P AT AR R, 2 B R B SR BL0VAT 4 BY
FHE(01 09 04 0 )RILHREIE 2 PriiE(ws. o) EHERSHBEER
i, BT REEREFTRUBEES D EMRE, FURER A WERNG4HTES
EERB BT .

3.3. 1 MET AR N LRIV RIRF MR
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“RENAERTEMEERRRGUENRR” X—4iR REHIRN, NEHE
MR AR R, R REBHTENREN AN B U ERNEWT AN, #
AERZERER ER—DMEUS R B ELETBAEST LRSS MRGEE
EiEPS e

B TS HRAR G R B E A B A R RGN, B4 E, = Ex(1-a) HFa
HEMEERE, 259 a =10%. 30%. 50%. 70%. 90%. 100%, RHIT 36 REH
5, los hEH, BEARKBHERE THRENEL. ABI6cUFHLAEWEAT S
R, FRRGEERN B EHNRETLLHEUITRK, MEEMEELRG
MERERGTRS ZRADIE, 01 WeT R SRR SR L R R .

I O PMBIFFIERE100% @ 0 BIRFAE MO 0%
e ~ OMBEHENTOS O MMBIEHMEMSN
———— — WP EI0s O MBEBRERIoN ———

b2 st
= I A

M 3.6 BT 36 FEAFRGIREN AMBELE
Fig. 3.6 Frequency changes ratio of element 36 in different damage cases

BT HGIRAN A AMERGNERE, FILEASBSARRAR N R
PERGEE T ERRG TANEGS, SRR PHERERGEREPH TRNME
ot hns. HTFRBSENTHERERER, HURERe =03 WNAEERLLHE
FARHESR AL L4, SR AR R L ORI .

BEZUHIEFTEAERNARENERRLRERY, FERNNEERZHHE
PR DR, USEIARRL L E SRR MR RS . DARFE
B AT TR W 3.7-3.12, iAW oo fER B IR B R
UL AR HAD R — 2, AW AR L o ¢ FH R BB R MR E R
Bt R I AR AT A £
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100
80
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5 40
20

kA Ll

=20

10

e AWZ/ANL —a} AWI/ AN —— AWA/AR] —— AVS/ANI Ah—mam.n_

621 26 31 36 41 46 51 56 61 66_T1 T6 Rl BE O] 096

3.7 o, AEKIHEIH H 2

Fig. 3.7 Frequency changes ratio curve when @, as divisor

AR AR2 —— AR ARZ —— AR/ A2 —— ANG/AND —2— ANG/ANZ i I

"I__ T 1 |

E3.8 Lo, BEKMEEHE

Fig. 3.8 Frequency changes ratio curve when @, as divisor

‘_ —— AR/ AW I A T
—— ANZ/AWS ﬁ
— —a— AW/ ARS —

—— AWG/AR _f—

39 blo, EBHMEELLHE

Fig. 3.9 Frequency changes ratio curve when o, as divisor
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e
o h 6 1 16 §1) 26 31 36 41 46 51 56 61 66 71 76|91 86 91 96

g TR |
w100 | — — ——ARI/AW  —— AW2/ANW —
) —— AWS/ANA  —— AWS/AWY
"Iaﬂ IR . et el op——— —l—_ﬂ‘ﬁ;ﬂ'{ — e —— e —
-200

B 3.10 Blo, EOAETIE AL

Fig. 3.10 Frequency changes ratio curve when @, as divisor

——AWI/ANS  ——AR/AVS  ——AN3/ANS
——AW4/ANS  —— ANE/ANS

B 3.1 Bl oo, AR AL L 2%

Fig. 3.11 Frequency changes ratio curve when ; as divisor

| ——ANI/ARE ——ARZAYE ——AR/ATE —— AT/AT  ——ANG/ANG

-10 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 K6 91 96

B3.12 blo, BRAAERLL ML

Fig. 3.12 Frequency changes ratio curve when a; as divisor
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$3 % BEFRIEERRKEH ST

HE 3.12 MR R R AT LB 1 o, MR R BUSHERIR, MR LT
BERT, Aw /Ao, MEBSEKTEL: BT Ao,/ Ao P ERENMRERN L GHE
KE(BATE 19), EFE 1/4 (AT 35). EMEER(RTT SOMERE 34(HTT 65 H B,
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BGREE X, SERMERMMEER, ARGAELTEARENIE SRR RLE
XA, BB HREATER, MEBLHIETR A E AR BB R

£ 3.4 BRG TR HMERLLE
Tab.3.4 Frequency changes ratio in single damage cases

#MEr | TR TR2 | IR3 | ITH4 ImS5 T 6 TIH7

wl 3.2236 | 3.2187 3.2234 3.2236 3.2225 3.2236 3.2236 3.2235

w?2 3.3093 3.307 3.3061 3.3019 3.309 3.3073 3.2027 3.2733

w3 45642 | 4.5624 4.5626 4.5623 4.5632 4.5637 4.5606 4.5581

w4 571N 5.709 5.7164 517 5.7049 5.7157 5.7043 5.6872

w5 5.869 5.8679 5.8637 5.8636 5.8603 5.8675 5.8574 5.8463

w6 6.4172 | 6.3963 6.4112 6.416 6.4169 6.4169 6.4146 64118
Awl/Awé 0.2344 | 0.03333 0 3.666667 0 0 0.018519
Aw2/Aové 0.11 0.53333 | 6.1667 1 6.666667 | 6.384615 | 6.6665667
Aw3/Avé 0.0861 | 0.26667 | 1.5833 | 3.333333 | 1.666667 | 1.384615 | 1.12963
Awd/Awé 0.3876 | 0.11667 45 40.66667 | 4.666667 | 4923077 | 5537037
Aw5/Aw6 0.0526 | 0.88333 4.5 29 5 4.461538 | 4.203704

7 THRAESI RO b B 6 B ) DU 5 TR HARAAR . B ANSYS
BB BRI RS AR, EMHESFRE, SRR LA RIS
FA L b P B B AR, RREGTRP, SRR SHREMEE M
WA FIR, IBEREE Y 30%H, MTR—. =. =. I, LMEBFBMLL
2 5 HRAE M b My SR AE B B T AT A, LI A b i 45 FT LA R 4R 15
BT R, ERNEFEEEMFALENRY (LE 3.13-3.16) ; RiFEESHHE
L L HARAR, TRA A b, SFREFMLEURK, HETLHEEL
¥ 5105 Xt (i 7 BT 36 BRHE. (L 3.17-3.19) o BLAT WAREMI R B L iR vt 72
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Fig. 3.18 damage detection by frequency changes ratio index in case 6
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Tab.3.5 results of damage detection by frequency changes ratio index in single damage cases

80 E T 4%100

18 5 v A B B R AT

IH1 T2 T3 | IH4 THS THE T7

Awl/d w6 | 10,90 | 20, 80 [ %4 50 £4 £ x
s oasos | 10. 9 | 20. 80 | 35. 65 s 35, 36 208 | 35. 36 (8] | 35. 36 2@
65. 66 I8 | 65, 66 Z.[8] | 65, 66 2 [§]
5oisos | 10. 90 | 20. 80 | 35. 65 s 35, 36 208 | 34, 35208 | 34,35 Z.[8]
65. 66 2fa | 64. 65 2[A] | 64. 65 Z[d]
Aowsos | 10. 90 | 20. 80 | 35. 6 s 35, 36 26 | 35, 36 208 | 35.36 2
‘ 65. 66 I8 | 65, 66 18] | 65. 66 Z[&]
sos/aws | 10,90 | 20 80 | 35. 65 s 35, 36 2.8 { 35, 36 M@ | 35,36 ZIA]
65, 66 2[8 | 65. 66 Z.d) | 65. 66 < [&]

BRSBTS ARG S5, BRFLESBEREARZLH SN %
WGEE AN, YERRESABUEN, MEXELERLKRI 6, HRRIAGRI6M
m,E RO EE — R R AN B A SRR ER S = R
MR, XAHE AR R ER R SR BUR R 26 A B AR 17 T I RS AR
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HEH, FBRGMEETEHENELIIBANS . EhERERER NETI3H67
R B FZ o1, o3 RERA, MEBZUIELA @1/A 06f A 03/A woiBLfiME, B
EHTEWEFNT LGS, BEARAREREREA R TRRTHE BRGNS
R, LHGHREEDEREMEREL LR T LUEA, BEAREAER,
B UUF| R e R 2R L L IR IR B S R IR R 2 — E R IERY.

# 3.6 TR TR FEE ST HE
Tab.3.6 Frequency changes ratio in double damage cases

W TH wl ©2 @3 w4 ®S w6
E(igii:) 3.2236 3.3093 4.5642 57171 5.869 6.4172
THSE 3.2178 3.3071 4.5616 5.6972 5.8585 6.3964
IR 3.2178 3.3071 4.5616 5.6972 5.8585 6.3964
TR 10 3.2225 3.3036 4.5612 5.6947 5.855 6.4169
%11 3.2274 3.3036 4,567 5.7073 5.8633 6.4167

Awl/A6| Aw2/A6 | Awd A6 | Awd/A6 | AwS5/A6
IrHs 0.2788 0.1058 0.125 0.9567 0.4567
TH9 0.2788 0.1058 0.125 0.9567 0.4567
TR 10 3.667 19 70 74.6667 46.6667
I/ 11 -1.6 114 -5.6 19.6 11.4
Loy RORRTSaRetes | (1 Dot 58 Eeue 71 PO | % PO | L 2 IR 11 |
I li V. AW/ aWedEi dy B
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3.20 TR/ SRR L ATRMHER
Fig. 3.20 damage detection by frequency changes ratio index in case 8
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Fig. 3.21 damage detection by frequency changes ratio index in case 9
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Fig. 3.22 damage detection by frequency changes ratio index in case 10
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Fig. 3.21 damage detection by frequency changes ratio index in case 11
# 3.7 ZRAMFHERZESE L &R R
Tab.3.5 results of damage detection by frequency changes ratio index in double damage cases
LIE S PREM SR RS
Im7 IHR8 Im9 TI&H11
12, 13 28 12. 132[8)
Awl/A
wUL w6 87, 88 Zfd] 87. 88 Z[d x &
10, 11 28 10. 11 28
Aw2A
CALOE | oy 902 89, 90 21 < %
13, 14206 13, 14218
Aw3/A
wy‘wé 86, 87 ZfA 86. 87 2] £ ®
15, 16 Z (8] 15, 16 2.9
AwdfA
e N T 84, 85 2 £ *
15, 16 Z[d) 15, 16 Z.A
Aw5/A
CILO6 L o sszm 84, 85 20 £ x

3.3. 2 R M B ERFMERRHRIRBBR
FHR PR —-BLRAETHREG, ZRMFE N RPHESHEES RERE, ERR
TR & Y AU HNER 7 1) O A R 2 dh Rk oY DARHR O T AL B IR
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Fig. 3.22 modal curvature curve of girder in healthy state
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Fig. 3.23 modal curvature difference curve of girder in case 1
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Fig. 3.24 modal curvature difference curve of girder in case 2
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B AR BRGIRNRER T E RN, HEESHHMLAERATERME
AlhFEEREAX. EHRORGRET, R EREEEESERE R L EE,
ZINESHEENRERER, WENRERE HRES.

A 3.22 58 327 TTLABA B I0F kA . TR =P8I 35 AT A 35,
36 HE 2 S MR A i, ERGRESmEENRREERER, LI E
Ffn RS R TR 2TT 50 KT & 50, S13RMAL) AT 2 g =
MG T AL, JERT 2 BrEA l R E IR 50, 51 WALHRARE, Tz
BLANEIRAS . T LR M A i 2R R T TR A i R T A R R e A
Uk, ERELFERNTRES, NFANMREHESHE, SELMESHEENRT
BORRIEITERL. HE 3.23-3.26 TUEHETRAEMGUESHENE R EAMER
F, AR E TR R R AT IR T A AL A S HELR A AR A

BWTR=. FH. . CEBFGETT 36 BT M 3637 MESHEEE, LHIRE
3.8. 1% 3.8 WIAMBEERRRERN A, RGWENESHEEREX, ZEEMRMG
B S IERYEK, B RERRN KRG RE LB, dbkT RESHEEHE
] DS M AR E R AERE, BEEARRGREE M Kb BhTHRERESEEH
RERGY MNERER, BiMTae BRRERGLHAT RHEE.

3.8 BT 37 ROH AW AETERGERE THEFHEEHNE

Tab.3.8 modal curvature difference value of element 37 in different damage cases

A TRS T/3 TH 6 TR7
EWME | ke | W37 | VA6 | WA37 | HA36 | WA | W36 | W37
1 0.0002 0.0004 0.0011 00053 0003 00033 0.0091 0 0099
20 -0.0043 -0 0042 -0.016 -0.0159 -().036 -(.0358 -0.0774 0 0778
3 ﬁﬂ' -0.0056 -0.0055 -0.022 -0.021 00514 -(.0484 -.1164 .1091
4 0.0022 0.0021 0 0075 0.0162 0.0162 0.0188 -0 2628 -(.2522
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Tab.3.9 static strain difference value of elements around NO.36 in different damage cases

BITERARNAEE( ue)
RETHR © ~
34 35 36 37 38
TS5 -1.35E-07 -1.50E-07 2.64E-06 -1.53E-07 -1.37E-07
TH3 -5.11E-07 -5.67E-07 9.99E-06 -5.80E-07 -5.18E-07
TH6 -1.16E-06 -1.28E-06 2.26E-05 -1.31E-06 -1.17E-06
7 -2.51E-06 -2.79E-06 4.91E-05 -2.85E-06 -2.55E-06
30 — -
25 — - -
:': 20 —— T.if8 —s— T8
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Fig. 3.32 static strain difference curve of girder in double damage cases
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Tab.3.10 damage cases in hanger

Hith T Fta g frE ik WEFKE
1 5 kA 30%
2 10 Gy 30%
3 18 ¥ 14 30%
4 25 FEEH 30%
5 18 X 1/4 10%
6 18 X814 50%
7 18 B4 T0%
8 5, 25 BEEp s EEET 30%
9 5. 45 BRAL 30%
10 18, 25 ¥ 14 51 EHETD 30%
11 18. 32 FHE U4 5XHE 4 30%

3. 4.1 MET LR BRBGIASIBR
#3.11 #5518 MM AN ETAE
Tab.3.11 Frequency of structure when element 18 is damaged

wl w?2 w3 w4 w5 [AY

WA 3.2236 3.3093 4.5642 57171 5.869 6.4172

AlS BRI 10% | 3.2236 3.3093 4.5642 5.7171 5.869 6.4172
A18 HHAPRAE 30% | 3.2236 3.3093 4.5642 57171 5.869 64172
A8 BAIEBEMK 50% 3.2236 3.3093 4.5642 57171 5.869 64172
A8 HHEFE(E 70% 3.2236 3.3093 4,5642 57171 5.869 6.4172
A18 HHERE 90% 3.2233 3.3092 4.5639 57171 5.869 6.4172
A8 HHIEE 100% | 3.2188 3.3089 4.5583 5.7166 58687 | 6.4171

SR8 ERRGHTERELN EAERCFERRTLH L. BT 18(E
B8 1/4 AbYBEAT LB AT 4 SR ST B AL B 23 T FRIK 10%. 30%. 50%. 70%. 90%F0 100%,
PR HMEERZERE 3.11. RRAHLBEECENT 0%, S REHZF
RAET; LRIEFERET 0%, MEAFHBE: LEERE 100%HEHHE
MBAMTEHRHE 149%. XEHTRRE—ABHZAME, ENRHGMNEHTE
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§3%E BENFRGHEEMES

WA 336 MUNF BT REBSNR M ML L TSR BT EFERENRREY
AR NS A BT R AR, AT AEAR R E R T, AR B th R AR,
HTRENER, FPREFSNESR, WRBETRISHWE, FEEHTERAGH
ANEERFNAEZRHHRARREFHEZLE 3.37). SHRGH&LHGHALE
THLEWCLE 3.38), LHRGETENRZR0AE BB E S RN RFEH,
BOBEHAR, HANEERGARGORBLER M, TRHESNEZNRES
PR AR RIFOSRE, RBRFBEEHZHGRBNRGER.

3.5 EHRGH EMERARABR LB A

FHREBREFMAENS, TR EMZHHRBL ARG TH RGN E
% EHR AL L RHRAG—BUR EZEHE X . 7E S ARt R R 6 S X 1 L7077
e, TEBEMEABNMAG, RAGHTREGTRLEII2.

F£3.12 ELHHRIIRG LR
Tab.3.12 damage cases in cable

wth T P B iR FOEIPFE A
1 A FEHRIX 10%
2 A ZEMIA X 30%
3 A EHIEK 50%
4 A B X 70%
5 A EHEX 90%
6 A EHIEKX : 100%
7 A E#HERK. B EZHEAR 30%
8 A EHER. A A#HEEX 30%
9 A EHEX. B G#EK 30%

3.5.1 SR T4k LLighrat EHIR G ARABR
KR TROMERERES 3. BRTDEMFAGFGEET, ERREXEN
VARG EHERTRARG NS, SREUREERSER. REFRRGHE
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BE, FeGRFmRGTRMER, aTFIRREE L RE L ERNH.

#3.13 FARGNRMESER
Tab.3.13 Frequency difference ratio in cable damages

IR wl w2 ©3 w4 ©5 08

ERGT ] 3. 2236 3. 3093 4, 5642 5.7171 5. 869 6.4172
1 3.219 3.3091 4. 5585 5.716 5. 8689 6.4171
2 3.2058 3. 3088 4, 5427 5.7128 5. 8686 6. 4167
3 3.1825 3. 3081 4.5163 5. 7076 5. 8682 6.4162
4 3. 1296 3. 3066 4. 463 5.6973 5. 8671 6. 4148
5 2.9052 3. 30001 4.3071 5. 6666 5, 8626 6. 4089
6 0. 41939 0. 42559 0. 76703 0. 80625 0.92778 0. 97706
7 3.1885 3.3083 4. 5208 5. 7084 5. 8683 6. 4163
8 3.1881 3.308 4.5225 5. 7086 5. 8681 6. 4161
9 3.1884 3. 308 4. 5207 5. 7081 5. 8681 6. 4161

Awl/ABl Aw2/AB | Aw3/Ab A wd/AB AwH/AB

1 46 2 57 11 1
2 35.6 1 43 8.6 0.8
3 41.1 1.2 47.9 9.5 0.8
4 39. 16667 1.125 42. 16667 8.25 0. 791667
5 38.36145 | 1.119277 } 30.9799 6. 084337 0. 771084
6 39 1.111 48.22 9. 667 0.778
7 32.2727 | 1.181818 37.91 1.27 0.81818
8 32 1.181818 39.54 8. 18 0.81818
9 0.51547 | 0.530084 | 0.697996 0.902713 0. 908296

A BAS R B R 30%M MM L E MR, EARRMRGRET, SR
TS EEAEET., EYREREELT 100%0, #HEXERTSMM, MEENL
H¥E S mREAERE, BRAARERAR, REENEABEFHEX ER
RS SREMNRIERRET SR, ATIZIET AEHRLRETHE SRHRG
FAR, XERTERAFESELRING . SIMERRNRGIEET, THEMGHS
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Fig. 3.39 modal curvature difference curve of girder in case 4

3.5. 3 BN T E IR ERRAIRAHR

ARG RSN E N RS 4. SRFHRARAGHEL, HENEERFEE
RGETRBIN R R . EAFMRGRET. TEBSNENUEEELRRAER
Kev%, EEMAPEEFHEERNERTER. ZRONELRGBPAZIAIEER
m, ERGEEARBSNEEEDEIEE . FLTE, HESXRERTRS
REFIIRFIH BROBGH ST RGEE R E.
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3.4 FARGHOHENEE
Tab.3.14 static strain difference value of cable in damage cases

B TR
T®R1 | TRz | TH3 IR 4 IRS

Mg TRE 11840 4536 1045.5 23725 -8056.4
RE3E%E Cue)

EZ /TR,

TR 7 THS 189
RGBS | 4501, a0 -443.5, -443.9 -459.1, -459.5
e (pe) | o ' '
6 XE NS

BIE LR LB AT, CEFMMT B THERELL., BEhREMGENTES
MEFHBEF IR, RENEH =BG TRMIRBIBRAE 3.15-3.17). TELH®
W

(WRGREEERN, BTSN EZEFZ AR ST IME, SRR A
HRER T HAFEE, b THERRMRETRAERBERESRE, HEHE
EHRFERRONATEFRIAT, THEBRBRFEMAREH., MERELER
BB RFHEMERMRGENEERNE B, BEEWERTNER. HENEE
B —REBRENECRRGEE 5, E—BUEH THROTREXBUE AL LUE R
kel

QEIFFEIEMRGER LTI REHMMENERL, MRHREZHFEBZOHHE, &8
PG 5t SRR BT R RSN, BT DU S At AR R AR R R A Y
ERGEERS. ARAGHRTRGRMTUESERERTRAEE.

GRS A R R ER N E SR HAARIE T REmS 2, MERS RRAG
Y ERMRIBE IR RAERN, FTURSHRERFTE R ENS RROHY.

@R T LI AN R Z B RIRA 55 G, BRSNEERIFLE
XARBGER SR, B, W FRREEHREXHEERGUBSNEERITR
HEH.
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EEREFOT RN, AT LU AR IR RS R BN SR E R E S
K TR AR ERREAELELRFEREHABXA, RIEHEARBRGER
KHE AN, ERAGTHESMRERFRHENEEER, RRAGUAR
ANAZER, ERORNT L EEEEEXEEMNRETR.

#3.15 ERGH =R R
Tab.3.15 damage detection results of the three indices in girder damage cases

it ot 1t e X HAMEE

IR frEms ZZt 16t 28 | 3EY | 4R BANLE
1 briyicd + e ++ ++ +
2 Hrit b + + + + ++ ++
3 81/ + + ++ ++ ++ +
4 FERED + ++ + ++
5 T 1/4 + + ++ + ++ +
6 EE 14 + + ++ + ++ +
7 X514 + + + + + +
8 | UBEFE5IEESD - ++ + ++ + +
9 ML EEh - ++ + ++ +
10 | E¥ 14 5EEBD - + + + + +
11 14 5534 - + + ++ ++ +

P08 —RRA BRI+ AT BRE W MR R A R A, B £ HE R R A, R T R A
wAnpih B,
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#£3.16 RERGH = MEFENHRGIHE
Tab.3.16 damage detection results of the three indices in hanger damage cases

#th . AEN BhthEE

- fr B ik o T SH T 3h i BENTE
1 kil - - - - ++
2 it At - - - ++
3 EH1/4 - - - - ++
4 FEEG - - - - +
5 814 - - - - s
6 ¥4 - - - ++
7 ¥ 14 - - - ++
8 | uEETSEBES - - - - ++
9 i s - . - <H
10 | X 1/4 5XEE+S - - - - +
11 EHE 14 58 34 - - - - ++

Wl —RRTRAE R+ R AR A ARG R A, IR L HUB AR H3OT RE S HE R A
B oz &

#£3.17 5RO =MEEMRRE

Tab.3.17 damage detection results of the three indices in hanger cable damage cases
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Fig. 4.6 sensors” placement of cable in static strain measurement

4.2 EBSENRIEERRRIRTE

TASIEARRT, AERREEREE. EERAMRE TETRERR,
FEARTERRE, REMCIRE, RUVEREIE. SR R St o F
42, AVEHEERR AR ERRE TR REAA AL, AR B
TEAHET, s B SR SR IF BUEL, RS R
K BIEERARK, TERIRERAAAT B B iR R E AT B . ARFHRR R
R, LM RER, WA REREENREItREEL, BRWETE
RV A L.

TR RHAT TR, RE BRI, FrLAATisiiESiR
IR AR, SHHREILE 4.7~4.10. SR 1 FHRBSAE(E SR
N1l N5t. N1, 2 BiiRBIRee(E i % N11. N37, N65. N90, 3 FHieBlad{E A4 N11.
N31. N51. N71. N90, 4 BiiRRIfGig(E sk N11. N26, N41. N6l. N76, No1, PO4

61



F4F FreHEERAMm R

SHAEIE N11. NO1 (N9O) ALISFA IR 1. 3 MTENS] AMEEE&. HTHERRA6
LHTNEEREEIE, AR IR, SR4RVFRET SRR, B
PRSI e, WESECEASESE 3 R, WIRIZEN3L, N71L H{E
MR, FENENGISAERE 411,

0.08
e mBEEN]
um 006
0. 04 i .
ﬁo.oz d N
o - N
=002 11 Mﬂiﬁ@l
-0.04
E47 21 HBERUE
Fig. 4.7 1’vertical vibration mode curve of girder
0.08
S,
i 0.9 ——BERE T P %
B 0.04
= 0.02 z A
g o EmE
§-0.02
-0.04
-0. 06 \Wf
-0. 08
a8 ER2METREE
Fig 4.8 2’ vertical vibration mode curve of girder
0.08
O e ——MEERE N o~
o004
o AN / A WA
A AR AV W T
£ 0.02 A_WWM_Q—;@%Wl
-0, 04 Ty v
~0. 06

49 R 3 MELRIE
Fig, 49 3’vertical vibration mode curve of girder

62



BRFARERENE AT

0.08
=0 o P —— TN
go.oz illll!“ll“I}kE!I!IIIAJlJIIIIIIhE!IIlIII“I“II”\mlll%lﬁﬁ
Hk0.02 W“MWWW
£0.04 \vj

=

El410 FLE4METRAUE
Fig 4.10 4’vertical vibration mode curve of girder

) XA
AR SRR T I I
205 BRI AT ) M A
SEA 45U5E I T A e I

U 1 ﬂLze 31 37 41 51 61 65 71 TGJ" 91 U

411 SRR
Fig. 4.11 sensors’ placement in firequency measurement

»

4.3 EES M ERH R AR AR &

Haki, BAHREIETHMNNIRE B HONECNESARNE, e
FrRRAA—REM AR, BRrERNANESIE (WRERED
T RENTREA MR, TIORAMRE, WERERBSRERE. 430k
BUEIREHH TR R ER B B,

4.3.1 TEGHN TSRS

FRE E— AT AT AN 2R BT A R AR IR A AT kAR, 2T
ERAGHRE, MRS FrURERA AT LAMS AR T a
ST, —HokiRn, IR S IR LIS TR AR O, i E—F T
AN SRR AT R AMEREF, FTCARERIRTPURT R0 AT, B LE 4.9
—4.12,

63



F4E  SONRBINEEEA R

4.3. 2 WA ARTERR

IR EE A AL A S A R S L EER T A EX R E. EhT
Bl B g/ T S Y 8 ehRE, 3 EUSE RS RE I S0 7 B B, MR AR
B AT RE TSR . BRI S R B M B R B R R E
TR 1, AT R T e T R PR P LR B 5K

SEMERIRRIRRAT R A S B BE, BEAEEA QR TER B
W8, BTHEEEMRAMMSRBEGLERE. REESINER, EEARNEH
EERFISAEN S, RSN F EN AT RGBS . SRS
WHERT 2R, AR TR RN SRS LR R
BT LRI FISHTI SRR T i R SR B M B R R R 1B
FraERER, BB ARG R AR At 2 Mk 5 AL A,
WRERITIX T SR M E R E A,

SR U, TR R B Y A S 5 E—FER, HUERRFRXRE, R

SERR Py = RAE T S I BRITANART AL, ERIOA T ARE 3 N8 34
¥z B tpE R R AR Y AR, BRSO R 2R B B s R 1Y,
21Y. 31Y. 41Y. 51Y. 61Y, 71Y. 81Y. O1Y(FiF8 Y A& T3 8 i)t 9
K, WA ERE 412,

mm

R

412 BRI A
Fig, 4.12 the prime sensors’ placement in modal curvature measurement

— RS IREART RS (MAC) SRIFRELIAAESHE, MAC REFFRIHE A



BEFRERAEREMNT

¢'4,)

C, =—m—— “.10
6888

g« ¢, SRRLHGNE I, J PN, MAC IXHRTLBEK, MR, 5

RIS, FTUMERSR AR M A TR —H AEfRIER . MAC JEXATT
FNTEN AR SR REAESAER RS R R A et T A
SRR, AR, FTEURMEERCY 0,001, SRR UALKTHTIIR

BATBE AR MAC 5EFER
MAC={1.0000 . 00024 00097  0.0264
00024 10000 00000  0.0000
0.0097 00000 10000  0.0000
00264 00000 00000  1.0000]

JExH AR R 0.0264, KT RIE 0.001, ZBr BB ERHARIRLT -

0. 08
0. 06
w 0. 04
& 0. 02

B_p. 02
N-0, 04
-0. 06
-0. 08

—ERRE e
Pl N
e N
A | NN
) /; 3 4 5 6 - 7 ;\ 9
g ~

413 VAR SAER TR | rESiRE

Fig. 4.13 1’vertical vibration mode curve of girder in the prime sensors’ placement

—ﬁﬂﬁ%ﬁﬁﬂ///ﬁ‘_ﬂ\\
T S N\ HEES
3 2 \_3 4 /5 6 7 8
N\ /

B4.14 FHEMSAAEN TR 2 RESHRTE
Fig. 4.14 2"vertical vibration mode curve of girder in the prime sensors’ placement

65



B 48 MBI REERH BT

0. 08 ;
gﬁi‘_izf“‘*“—ﬁdmgﬁﬁﬂ//\\ /,
o 0 N\ / N P
N A SN

§~0.02 1 2 \__ 1 /4 5 e\ 7 S a MEgS
o NN AN

-0. 06

Bl4.15 WEERSAEN TR 3 MBS RTE
Fig 4.15 3'vertical vibration mode curve of girfer in the prime sensors’ placement

0.1

0. 05 —— AP BT
g ° . “\\%V//”'“‘*\fﬁ@%
%:-0.05

-0.1

E4.16 PR AARERN TR 4 HESHRIE
Fig. 4.16 4*vertical vibration mode curve of girder in the prime sensors” placement

FRECT S ARSI R R BT RAA, A 4.13—4.16 5/ 4.7—4.10
LS MR IAR S BB AR, BRI RER AR S ERNERE

MIZLIEREIRIE, RILRE 3 BT, EXT RIS, 5

LEBISERRRENG . BT RESIEELT RIS, 7ottEal LT - ENTIEE]
HAR R AR B R TR SE 0 T A dhae tARARTI L 4.16—4.20), FTEUE
R A B D, TR

0.25
0.2
0.15

=01
=0.15
0.2
~0. 25

0.1
0.05 p
0 R
0. 05 A
'M-mb:?

| e I E MR 2B IR —— IS —— R i S
I~ J ;

M4.17 R4 S hRE
Fig 417 the first 4’ modal curvature curve of girder



BRI RTEH S T

0.01
0. 005
1ol 0
B 6,005
ﬂ 3
ﬁﬂm
-0.015
- 0,02

-0. 025
-0.03

o

=3
o ¢
B —~

v

0.06

2R TR RIE
ee
]

Loddd
=== =-]
—_ oS O

wﬁ%
(=1
(=10
(72 I

!
o ¢
-

-0.15

‘////*\\\ —e— I lElE ///4%\\\“
. BN . - — W55
o 0 \ X ] / [ k-
o i
‘\ /'
~_ 2
~

B 4.18 PR AR SR 1 BT
Fig, 4,18 1" modal curvature curve of girder in the prime sensors’ placement

//'\\' S EERY
// e //\L\‘
1o Y A AR
i~y 3 1 5N_6 1/ g
N~
\/
Bl 4.19 FHAI A A TR 2 SR E

Fig. 4,19 2’ modal curvature curve of girder in the prime sensors’ placement

B 420 #oEl A B ERE 3 B iR

Fig, 420 3’ modal curvature curve of girder in the prime sensors” placement

67




F4E BRNIH RN BT

0.08
. .
oo S —wmmsaE 2N
B / \ S\
Al VA VA N oo
. \ /- \ /s
&0.02 1 2 3 4 5 6 7 8 —9
5o "/ N //
-0. 06 \./ ~¥
-0.08
B 421 HhI S AR B 5 4 P dh R I
Fig. 421 4’ modal curvature curve of girder in the prime sensors’ placement
4.3. 3 BT I RO

BT dER g, MAFHOHE, F—FSaLE, MAsE Y. 1Y,
16Y. 21Y. 26Y. 31Y. 36Y. 41Y. 46Y. 51Y. 56Y. 61Y. 66Y. 71Y. 76Y. 81Y.
86Y. 91Y. 96Y, Fix7& Y NEETHAHIL 19 M, WMAELE 421, &
B s A T R TORMRAMETE AT MAC 255 H

MAC=[1.0000 00000 00001  0.0000
00000 10000 00000  0.0000
00001 00000 10000  0.0000
00000 00000 00000  1.0000]

et e s T v

U 5 11 miize 31 36 41 46 lw‘?%m 66 71 76”1’871 86 91 %H
/ o [

E422 HEERREGAEA

Fig, 4.22 the improved sensors” placement in modal curvature measuremen

MAC SFEIER A TTERBRE N 0001, A FETFIRE 0001, BHHERIAELE
B8, WARTLREHTEE. BRSNS R ARtk RAR AR
2%, WA 42-429, HETUELREMESRS EMAREE, HEFE

68



RERHHHIBROERES T

KP, MeRBIRGE, AL EATEREAE,

0.08
0.406
0.04
0.02

= -0.02
-0. 04
-0. 06
~0.08

20 B R ALY
L=}

A
N N~ IHEE5EY

» AN

N

& 4.23 BT SRR | B RUE

Fig, 4.23 Pvertical vibration mode curve of girder in the improved sensors’ placement

P

/
L /A N

/. \\-*— IRBERY |

N \‘2/ ] HERT

B 424 Bl e R AT B R 2 rE SR

Fig, 424 2'vertical vibration mode curve of girder in the improved sensors’ placement

0.08
0. 06
0. 04
0.02
4 -0. 02
~0.04
~0. 06

SEBRNE

A

A PN e MEERE A
v \ / \ M ELHELY

P 4.25 BUt R A B 3 B iR

Fig. 425 3*vertical vibration mode curve of girder in the improved sensors’ placement

69



P48 HRNEHE RN RO

0.1
%0_ 05 +4ME%§E¥
i ./o/\\
g 0 Il ]
& 2 3 4 5 7 89 Q\ﬁ\uxﬁ/h w‘E\J 18 19
ﬂ“-0. 05 \/
-0.1
Bl 4.26 BRI AR ER 1R 4 BETIRYE
Fig, 426 4'vertical vibration mode curve of girder in the improved sensors’ placement
0. 02 s
a 0.015 A e
2 oo |/ /\
= 0.005
% 0 '/| | ] \ | | 1 L 1 1 I A L | I / !\
—-0.005 FH+—2—3—4—5—6—78— P40 11-L2-13—1415-16-171819
-0. 01 Mrms |
427 e /ER AR R | B
Fig. 427 1’ modal curvature curve of girder in the improved sensors” placement
0.03

P —— Sl E

0. 02 N\ —a
N\ .. AL\

~0.01 T
~0.02 ——

-0.03

MRS hRE
=

B 428 it il iAn ERT 4R 2 TG R

Fig. 4.28 2" modal curvature curve of girder in the improved sensors” placement

70



BESHRERHER S

0.04
—— 35 i
& 0,02 ™ N
: [N N\
&
w0
%0021\3;/%578;\01112/314151615\5/
) LT =
-0. 04
Kl 4296 oA En T2 3 Bkt EE
Fig. 429 3’ modal curvature curve of girder in the improved sensors’ placement
0.04 — g
m 0.02 P\ '
% 0
d
% -0.02 \/.; 6T
¥ -0.04 .
-0. 06
B 430 e SRR ER 4 riSiZEE

Fig 4304’ modal curvature curve of girder in the improved sensors’ placement

4.3. 4 #| Rt R A R TRIFAR
RIR AR IO RR AR, UAMARIEIBES iR 2 RAIE, IR UA
B E R TR, BiE BRI R F R IR TR, R 4.1,

41 FRRHGTR
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RERXENVIEG, MERSEE—EEE LAE T ERAAEANRAIGES. X
B, — M FH2 MG E T LA TR ERIRRMRG . HEMEY
Wkt 5.1 PR, RBLERED 5.2 Fir.

P50 @ 5 B SRR, MEEEARTARRRGER, B
B EETWE R ANMEMHERIRGED, Bit, $HERMEERTRGRMN, —
AEBEMIRARER T —MEREORESEY, e MTEY. SmEREERMRK
. A FHEPEERRHBRE—MRE. AXHHRLNREEER R TR AME
Ik, m B S SRR AT T AR E, AME RS ERIIN AR T JFIHF.
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Fig. 5.1 the training process of neural network

Illpllf={f1 fa f3 ...... h b2 .. . } 5D

Target={0 0 .. 1 .. 0 0} (52)
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Tab.5.1 the training data of neural network from finite element model
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1 2 3

2 z Z1 Z1
4 y/ Z1 71
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8 z 71 Z1
10 z Z1 4]
12 Z 72 z2
14 Z o) 72
16 V4 22 2
18 Z 22 72
FE R 20 z 72 72
22 Z 22 73
24 Z 73 23
26 Z Z3 73
28 z Z3 Z3
30 z Z3 Z3
32 Z Z4 Z4
34 4 Z4 Z4
36 z ZA Z4
38 z Z4 Z4
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Tab.5.2 frequency and frequency difference ratio in damage cases
T @i w2 ©3 w4
oLk 3.13 6.27 9.59 16.64
ITH1 3.03 597 9.89 16.55
TH2 2.94 5.97 9.3 16.74
TH3 2.55 597 9.01 16.74
IH4 3.03 49 9.69 18.89
TIHSs 3.03 6.17 9.2 15.86
TH. 6 3.03 597 9.4 [5.96
TR | 303 587 93 16.25 '
A w 1/Aw4 A w2/Aw4 A w3/Awd
Tt | 1.098901099 3.296703297 -3.296703297
IH 2 | -1.919191919 -3.03030303 -2.929292029
TH3 | 5858585859 3.03030303 5.858585859
T 4 | -0.044464206 -0.609159627 0.044464206
TH5 | 0.128040973 0.128040973 0.499359795
T8 6 | 0.146842878 0.440528634 0.279001468
I/ 7 | 0255754476 1.023017903 0.74168798
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5.3 I M BT L LR TRG K EMNERS

Z BB AENE, R o4 EARE, BT EELWHELTLA 0l/A 04,
A w2A w4, Aw3/Aws(RES2), HEZMAEILHEEEIHERNENMARE,
HEBR 5.1(L0E AT H IR X BT R =R R 77 R FIR S RS T RT3
BRI ERL, HAERAE 5358, RPIRMKIR T HEIERRSF-RUE LT
fett, REF—ITHRAEFEETRIRE, HWANHERE AR KRR TR AHGE
T

#53 EAYS—MHHEFRSMETER
Tab.5.3 damage detecting results by dynamic neural network in sort 1

SRR iR B B A R 4 R B R B 41 DX i
£ D L Z WAL R
z 0.507 0.082 0.411 D
L 0.509 0.491 0 D
L 0 0 1 Z
L 0.994 0.006 0 D
D 0.997 0.003 0 D
D 0.997 0.003 0 D
D 0.997 0.002 0.002 D

%54 EAYS—H GA MBHEMSGR

Tab.5.4 damage detecting results by GA neural network in sort 1

LR B GA MR 15 K
X i, D L Z BEIEE S
Z 0.044 0.664 0.291 L
L 0.089 0.874 0.037 L
L 0.14 0.199 0.661 Z
L 0.408 0.544 0.048 L
D 0.441 0.507 0.052 L
D 0.414 0.527 0.059 L
D 0.443 0.496 0.061 L
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Tab.5.5 damage detecting results by dynamic neural network in sort 2

T LhF HEh AR 4R 5 AR 15 K .
A i DI D2 D3 L Z1 2 73 Z4 Z5 g3
X 1%
1] z4 | 0.009 0 0.005 | 0.027 | 0.004 0 0 0 0955 I 75
2 L 0 0475 | 0.013 | 0.002 | 0.035 0 0 0.475 0 |D2Z4
3 L 0 0 0 0 0 0.506 0 0.494 0 Z2
4 L 0 0.993 | 0.004 | 0.002 0 0 0 0.001 0 D2
5| D2 0 0.993 | 0.003 | 0.002 0 0 0 0.002 0 D2
6 | D2 0 0.992 | 0.003 | 0.002 0 0 0 0.003 0 D2
7 | D2 {0002 0953 | 0.014 | 0.007 0 0 0 0.023 0 D2
5.6 BARS 268 GA REMEMER
Tab.5.6 damage detecting results by GA neural network in sort 2
T R B GA P51 84R K= -
kil
o D1 D2 D3 L Z1 z2 Z3 Z4 zs | 4%
X%,
1 74 | 0.152 | 0.145 | 0.151 | 0.155 0 0.138 | 0.044 | 0.169 | 0.046 | Z4
2 L 0.186 § 0.225 | 0.191 | 0.18 0 0.066 | 0.01 [ 0.138 | 0.003 | D2
3 L 0.127 | 0.083 | 0.12 [ 0.131 | 0.028 | 0.246 | 0.131 | 0.099 | 0.035 | Z2
4 L 0182 1 0.19 | 0.183 | 0.18 0 0.091 § 0.022 | 0.144 | 0.008 | D2
5 D2 [ 0178 | 0.183 | 0.179 | 0.177 0 0.098 [ 0.025 [ 0.149 | 0.011 | D2
6 D2 | 0.176 | 0.181 | 0.177 | 0.175 0 0.102 | 0.026 | 0.151 [ 0.013 | D2
7 D2 | 0.172 {0175 | 0.173 | 0.172 0 0.108 | 0.028 | 0.156 | 0.017 | D2
%57 EARS IHBERBHIEMES R
Tab.5.7 damage detecting results by dynamic neural network in sort 3
T LR P B A P4 R B 4R A X s
it
# K D1 D2 D3 D4 Ds L VA ) 3 Z4 75 | B6&
1 Z4 | 0.005 | 0.001 | 0.014 | 0.002 | 0.002 | 0.028 | 0.003 0 | 0013 0 (0932 Z5
2 L [0007] o0 1{0371] 0229 0.002 | 0.007 | 0.005 0 0 [o0379] o0 4
3 L |0003 [ 001 0 0 [ 00020011 0 0.403 | 0.528 [ 0.017 | 0024 | Z3
4 L |[0063 7] 001 | 0524 | 0.169 | 0.04 | 0.094 { 0.002 0 0 0093 0004 [ D3
5 D4 | 0083 | 0.021 | 0418 | 0.162 | 0.06 | 0.108 | 0.003 0 0.001 | 0.128 | 0.014 | D3
6 D4 [ 0081 [ 0.019 | 0424 | 0.15 | 0.059 | 0.111 | 0.003 0 | o0.002 [0.125 | 0025 D3
7 | D4 {o0.089 | 0028 [ 0.325 [ 0.136 | 0.073 | 0.107 | 0.004 | 0.002 | 0.003 [ 0.18 | 0.051 [ D3
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#58 HMARD 3N CAMBNENER
Tab.5.8 damage detecting results by GA neural network in sort 3

T LR B GA P4 1R A B4R 4 B s
wth
# 5 D1 D2 D3 D4 D5 L Zi 72 Z3 Z4 5 | 4%
1 74 | 0.114 | 0.115 | 0.103 | 0.108 | 0.114 | 0.12 0 | 0.102 [ 0045 | 0.136 | 0.045 | Z4
2 L [0131 0116 | 0.193 [ 0167 [ 0131 } 0117 | 0 [ 0.032 | 0.002 | 0.11 | 0.002 [ D3
3 L | 0.041 | 0.053 | 0.017 | 0.027 | 0.041 [ 0.051 | 0.009 | 0.506 | 0.218 | 0.023 | 0.013 [ Z2
4 L [ 0.136 | 0.131 | 0.148 | 0.143 | 0.136 | 0.131 0 [ 0051|0008 | 0.109 | 0.006 | D3
5 D4 [ 0.134 | 0.129 | 0.142 | 0.138 | 0.134 | 0.13 0 [ 0058 001101140009 D3
6 D4 [0.132 | 0128 | 0.04 | 0137 | 0.132 } 0.13 0 [ 0061 | 0013]0.417 [ 001 | D3
7 | D4 | 0.13 | 0126 | 0.134 [ 0132 | 013 [ 0.128 | o0 | 0.068 [ 0.016 | 0.122 | 0.014 [ D3
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