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1. INTRODUCTION

Ontline monitoring has become an attractive gpproach to detecting damage in a sructure during its service time. Once damege is detected,
necessary measures can be employed to ensure satisfactory system performance and to prevent drastic economic lossthat may be caused by the
damage. The present paper offers sructurd dameage detection method based on changes in Trandfer Function Edtimate (TFE) for detecting
damage, predicting its location and monitoring the growth in damage. This method assumes that the digplacement or the accdleration response
time histories a various locations dong the structure both before and after damage are available for damage assessment. These responses are
used to estimate TFE. The change of TFE between the basdine sate and the current stateisthen used to identify thelocation of possibledamege
inthedructure.
2.EXPERIMENTAL SETUP

The experimenta work in this reseerch was performed on aralway sted bridge thet is no longer in service. The bridge is removed fromits
servicelocation severd years ago and issupported now on two wooden blocks. The owner of the bridge has granted usa permission to introduce
some dameage to the bridge such as releasing some balts and tightening them again. However, introducing torch cuts to the bridge was not
permitted. The bridge condsts of two sted plate girders and two sted sringers support thetrain rails. Loads from the sringers are tranferred to
the plate girders by floor beamslocated a variousintervals The bridge dimensonsand layout are shown in Fig. 1. Themulti-layer piezodectric
actuator® @ s used for locdl excitation. The actugtor force amplitude is 200 N. Although this force amplitude is very sméll compared to the
sheker force or ambient vibration, it was enough to excite the web of the main girder &t the position of the farthest accd erometer. Two actuators
are used for exciting the web of the main girder in the horizontd direction. The actuators are located a the upper part on the web of the main
girder (Fig. 1). The excitation forces used for the undamaged and damaged structure are random, equd in amplitude and havethe samevibration
waveform but the excitation force does not need to be measured.
3.PROPOSED ALGORITHM

Let 7y, (/) denote the TFE which rdaes aresponse x ( ¢ ) to areference response r (¢ ). Since every channd will be used as a reference for other
channds, 7, (1) will represent the TFE which rdlatesaresponser (¢ ) to areference responsex (¢ ). Thereldive TFE betweenx and » isdefined as
er (f) = T;cr (f) _T;’x (f) . (1)
Ry (f) representsthe relative movement (response) between x and  in the frequency domain. If equd forces are usad to excite the undameged sructurea
number of times, then it is assumed thet the same rdative response, R, (f), will be obtained each time. On the other hand, if damege occurs at (or neer to)
the location of x or r (or bath), then the vaue of R, (1) will in turn change. The absolute differencein absolute vaue of R, (1) before and after damege
can then bedefined as

D, (/) =R (1) -

wherethe asterisk denotes the damaged structure. When the changein
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where n represents the number of measuring points and » represents the number of

reference channd. In matrix [Dy], every column represents the changes in D, (f) &

different measuring channds but & the same frequency value. Each measuring channd

will be used as areference for the other channds (- = 1 . n). Therefore, the matrix [Dy]

will be formulated = different times (3D matrix). Thetotd changein the rldive TFE in

frequency range of f; to f,, can be estimated from the sum of rows of matrix [Dy]. The .

aum of the changes in the rdaive TFE over different frequendies using different  Reference umber T2 etnamber

references can be used astheindicator of damage occurrence;

SST=>>D, . 4 Fig. 2 Damage locdlization results using damageindicator SM
r f

Damage Indicator SM (dB)

Thisindicator is used to detect the occurrence of damage and monitor the growth in damage; however it was found to be aweek indicator of
damage locdization. A number of statidtica decison making approacheswill be employed to determine the location of damege.
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Thefirg $ep in this procedure is the sdlection of the maximum change in rdaive TFE & each

frequency line (the maximum vaue in eech column of matrix [D,]) and discarding dl other -
changesin reative TFE messured a other nodes. For examplein matrix [Dy] (Eg. (3)), if D3-(f7)
isthe maximum vauein thefirst column then thisvadue will be used as M3, ( 1;) and other vdues
in this column will be discarded. The same processis gpplied to the different columnsin matrix
[Dy] to formulate the matrix of maximum changes of rdative TFE at different frequendes, [M,].
It should be noted thet [M] is a 3D matrix where eech vdue of » (+ = [ . n) formulates one
matrix
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The totd of maximum changes in rdative TFE is cdculated from the sum of the rows of matrix Am Eigg:; | | |
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Assuming that the collection of the damageindex { SV} represents asample population of TE— o ¢
a normdly digtributed random varidble, a normdized damage locdization indicator is - S —
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where 5. and o, represent the mean and sandard deviation of the vector { SM,} . It should be noted thet for eech value of 7, new values of 8. and o, are
egimeted. In order to reduce the effect of noise or measurement arrors, athreshold leve of onewill be used. In vector {SMN;} vaues smdler
than thethreshold level will be discarded.
4. DAMAGE IDENTIFICATION RESULTS

Thefird level of damage isintroduced to the bridge by removing the firgt bolt from the top of the right tiffener (near to channd 5). FHg. 2
showsthe resuliting values of { SM} . At each reference number, the esimated va uesin each vector are drawn using waterfal curves. Although
the vaues a the measuring channds are discrete, it was decided to use continuous line to connect them ingtead of using barsfor better view of
the results. In Fg. 2, the maximum reading isindicated accurately a channd 5 using various reference channels (exocept channd 5). However,
the accuracy of detecting the damage at channd 5 depends dightly on the used reference. It should be noted that when one channd isused asa
reference, it cannot be used to detect the dameage at itslocation a the sametime. For example, thereeding at channd 7 a the reference number 7
equa 0. Thisissmply because R..= R’ = 0 (Eq. (1)) and hence D, = 0 (Eq, (2)). In Fig. 2, dthough the maximum reading exists a channd 5
using various references, the reedings a the undamaged locations sometimes degrade the accuracy of locating damege. It was, therefore,
decided to creste new dameage locdlization indicator that can locate the damage more accurately. In the proposed damege locdlization indicator
presented in Eq. (7), athreshold leve of oneisdefined to diminate thereadingsa the undamaged locationsthat usudly resultsfrom the presence
of noise or measurement errors. Thevauesof { SMIN,} beow thethreshold leve are rdated to undamaged cases and the v ues above (or equd
to) the threshold level identify a potentialy damaged eement. The resulting vaues of {SMN,} for this case of damage are shown in Fig. 3.
Damageislocated very accuratdy a channd 5 without any fase poditive readings e every reference channd exoept the reference number 5.
Four different combinations of TFE dataobtained from the undamaged sructure are used to estimate the vaues of SST asshowninFg. 4 by the
legend Undaml — Undamd. The vaues of SST was determined using TFE dataiin the frequency range of 1-800 Hz. Thetotd changein TFE
ranged from about 400 to 600 dB. The estimated changesin THE are obvioudy dueto the presence of noise and measurement errors. The upper
limit of this range can be used as athreshald for the damege indicator SST. It isthen assumed that if SST exceads the threshold limit, thiswill
indicate the occurrence of damage. When thefirg level of damageisintroduced to the bridge, thevalues of SST increased at mog of channdsto
around 1000 dB and increased a the damage location to around 1500 dB, exceeding the threshold limit at dl channds. The resulting damage
indicator vaues of the damageindicator SST for four levelsof actud damage—removing oneto four boltsare shown Fg. 4 and indicated by the
legends 1 Bolt through 4 Bolts, respectively. It isclearly indicated in thisfigurehow thevaues of SST increasewith increasing the damageleve.
5.CONCLUSIONS

This paper presents the novelty detection technique for structurd damege diagnosis, using TFE data. TFE is cdculated from the acoderation
response & every channd redive to areference channd and every channd is used as areferenceto other channdsto creste alarge number of
information. The technique presented here will dlow the some progressin in-service monitoring of sted bridges where the accd eration datacan
be trandferred viawird ess methods and the piezodectric actuators can be used for loca exditation. The high detection performance, combined
with the Smple computation Sructure and the easy implementation could lead to apromising red-time damage detection system.
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