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Damage　de鋤on　based　upon　changes　in　vib閥on　cha勲e盈s溢cs　ls　oneσ甜le　fわw　mαhods

重hat　can　moni紅）r　the　s曲σ加re　on　a　global　basis．　The　baslc　ldea　of　this　method　is　that　any

changes　h1由e　physicai　properdes　of　the　s㈲（血1re（mass，　s漁ess　and　boundaly　Qondidons）

輌H加turn　cε田se　changes血its　rnoda豆cha厭ris砿cs（麺esona隆t　f孟℃quenσy，　rnodal　darnping

and　mode　shapes）．　In血is　paper　diff6rent　damage　delection　me宙ods，　bascd　on　change　in

倉equen（理and　h玉mode　shapes，　h脚e　been　s㎜ar囲and　appiied　using　exper㎞ental　and

nun1ぽical　d晦丘噸onl　steeI　beam　befb爬and　a臨r　re董easing　sorne　supPordng　bolts．　TWo

mul二一layer　piezoeleαric　actuaめrs　were　used　fbr　exdtation；the　advantages　of　using　lh三s

technique　of　excita揺on　are　expla㎞ed．　Ef驚cdveness　in　deteσthlg　and　iocε且iガng廊e　damage　is

Qompa燈d　fbr廿｝e　dif偽給nt　dalnage　dete纐on　methods．

典｝，肋幡’y颪伽加〃。勉膨館瘤が醐ob脚卿。ヒ忽。〃。陥〃曲1μ砂留％硲

1。耳髄實od皿C髄on

　　Many　ae疲）spaGe，　civiL　alld　mechanicai　sys艶ms　Qont㎞ue重。　be

used　despite　ag㎞［g　and　the　associated　poten丘al　丘）r　damage

蹴㎜u1頗。践There鉛給，血紬融融）mOI蜘r　a　Sh繍fe㎜d　d麟

damage　at　the　earhest　p（）ss量ble　s聴e　is　beconl㎞g　hlcreash191y

impor伽1t　Damag｛卜de離ion　me重hods　are　ei幽er　vlsual　or　localized

exper㎞e翻me翫（x㎏such　as　acous軽。　or　ui幡onic　me血ods，

ma琶nedc行eld　me血ods，田diograph，　eddy－currellt　me血Gds　and

therma雌eld　me｛hodslλ丁駈ese　me出ods　can　be　used　only　to　de磁

dama暫e　near　the　s励ce　of癒e　sせu伽re．　There最）re　the　Ileed狡）r　more

91obal　darn躊ge　de舳on　me山ods　that　can　be　aPplied　to　comp至ex

s負uc僚re　has璽ed　to　deveiopment　ofme｛hods由at　examine　cha里、ges　in

the　vibra纐on　charact¢点sdcs　of“玉e　s㎞ctし睡♂．　Vibration　testing　can

be　oonsidered　as　a　global　non－destruQtive　health　monitoring

teohnique．　It　oan　be　used　in＆continuous　or　intermittent　way，

In　a　Conti皿uoHS　mOnitoring　syStem増pically　a飴w　sensOrs

are　instε㌃Iled　on　the　struoture　whereas　a　large　number　of

sensors　can　be　used　in　intermittent　monitoring，　fbr　example

to　obtain　detaHed　mode　shape　infbrmation3）．　The　basic　idea｛s

that　mQdal　pa㎜eters（貸equenoies，　mode　shape3，　and　modal

damph19）are　a　fUn（ガon　of｛he　physical　P1て｝perties　of塩e　s廿u（加re

（mass，　dampin島sHf丑1ess，　and　boundaW　conditions）．　The！戚）re，

changes加physical　Pπ）perdes　of廿1e　s加睡ct田re，　such段s　i魯s藤f痂ess　or

flexib丑ity，　wiU　cause（血anges　h1魚e　nloda璽properties2エ4）．

　　　Dif偽ront　damage　de総cdon　me也ods，　based　on　the　challges　in

f｝equenqy　and　nlodal　shape，　a㈹apPlied　in　齪s　pape紅　Strし〔ctu〔認

damage　is　de㎏rm血ed　by　using　di脆re戊vib1ぞ並ion　cha繍e藍stics．

S㎞energy　dishibution　of　each　mode，　curvature　change　of　modal

shape　and　change　of　Hexjbii靭maαix　are　used　in　dif琵rent　damage

detec樋on　me重hods．　Those　me重hods　a累鳩explained　in　mo頚e　de面ki　in

chapter　5、　Releasing　solne　of　supporting　bolts　is　taken　as　a　damage

rnodel　on　structu面　　connec廿on，　Two　muld－1ayer　piezoelectric

a（尤u顔D1唇a驚｝used　f～）r　local　exci励011　and　a㏄de貰濠翁on　of　s｛川σ加！a1
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member is' measured and analyzed to fuid the ohangos of modal

parametersasaneffectofstrticStmaIdamage.

2. IN{ieasurements by two ftctuatois system

2,1 Expetmentaa equipments

    ln tlris researcih a simple stoe1 beam supported by four bolts in

both sides has been exanimed before and afier releasing some bolts as

shown in Fig. 1. The multi-layer piezoelectric actuatDr is used for

loeal excitation. The main advaritag;e of using piezDelectric actuators

is that it produces vibiation with diER)reirt fivquericies raiging fiom O

to 400 Hz that is eiifective in measuring higher modes. Main

charamriwios of equipment used in this experiment are shown in

Table l, Oshima et al,S have measured and evaluated the location of

released bolts by usingone excitation amatDr system. in this paper

we use two actuators excitation system, whieh has more advantages

than one actuator system. Larger amplitude of vibration aid more

complicated vibration mades wi11 be produood by using multiple

aetuators in excitation system. Comparison of measured results by

one and tvvo actuators as excitation system is shown in this chapter.

   ]y,lr----==-----G uiba

 FIit,b':oe

    ===:=1
 piote l
  neLnv"l
,.,nteinn?E 1

F
i
l
!

d,iri,'i/

  /
'' 1'

)
"
f ]

-[IytL---=-==" l{
JIDO l

,/////tnet

2SO E

ee

ee

:

I
t

ih, [PO:: :[CTtON ---          tcl [L[VAT]aH

Fig.1Beamdimensions

Table 1 Equipment characteristios

L
l
.
1

Piezoelectricaetuator

Dimensions(W×T×
mo 10×10×20(mm)

Min.andMaxfreq. o--g8ZEiz

Displaeement(100V) 12.3um
MaxFozve 3500N

Wavefunctionenerator

MinandMaxfreq.
O,01paHz'-

15M[Hz

MaxOutputVolt
20Vp-p/O?EN,

}leVIOPEN

22Comparisonofexcitatien1rytwea(ytuatorsandoneactuator

    ln order to compare the ar ays of two actLiators, five dififerent

types of arrays aie used as shown in Fig. 2. The two small el!ipses on

the beam inclicate the location of two aemators. And two smalI

mmgles indicate the location of acoelerometers. In Fig. 2 the

location ofreleased bo1ts is shown and white cli'eles aie peleased boks,

    Power Spegtium Density of acoe}emion data at the sanne

Qhannel is shown in Fig. 3. In this figuie, dot Iine indicates PSD when

- fi o-

one actuatDr is used for excitation and the solid line indicates PSD

when two actuatii,rs are used for excitation. By using two actuators

excitation, higher amplitudes and more sharp peaks at resonant

frequencies are obtained as shown in the same figure. Comparison of

peak fiequencies by one and two actuators excitation is shown in

Table 2. Results are shown on 11th, 12thand 13th modes on vibration

oniy for Case A, Case B and Case C and it is obtained by FFT on the

accelerometer data No.1 loeated as shown in Fig. 2, Data of one

'acttiatDr exoitation is obtained in the paper by Oshima et al,5) and

actuator is locatod at spaii center ofbeani and lower position on fic)nt

fiange surface. By the compar:ison between one and two actuatois

stable results are obtained on each results by two actuators excitation.

From vvExve fimction genemmr througti power souroe equipment

same electricai wEtves are input on two amatnrs and duplicated

excitation forces em'e induced on the structure and signallhoise ratio is

rnnch improved. If we could coordinate the array of actuators to be

more soFinisticated excitation we will identify the location and level of

damage more precisely by analyzing response wave in both

fiequencydiidtimedomain.

23 IN(geasurement of mode shapes and n'esonant frequencies for

tsndamagod and damaged stwctura

    Themainobjectiveinthissectionistodetemiinediffe!enimode

shapes and resonant fiequeneies fbr the beam befbre and aftei' each

case ofdamage. The measured mode shapes and ftequencies beibre

and afier each ease of damage will be compaied using diffeient

daniage identifieation methods in order to detect and localirc srnall

types ofdarriage. T"wo cases of datnage are introduced to the left

supportofthebeam,CaseOrepresentstheuiidamagedbeatn,Case1

reprcserits one bolt released, the upper right bolt fi-om the left suppork

and Case 2 afler releasing two bo1ts, the upper right and the lower

right bolts as- shown in Fig. 4.

    IXvo piezoeleetric actuators having the sanie

waveform were used for excitation. Nine aceeknometers

and one reference accelerometer were used to measure

the beam response. Posibion of actuators and

accelerometers is stiown ±n Fig. 5. Cross power
spectrum for the measured accx)Ieration between one

reference channel and clifllerent meastmg points are

calculated. Mode shapes were detemiined from
amplitude and phase infonmation eentained in CPS of

tihe various accelerometer readings relat2ve to the

referenee a(x]elerometer, Resonant frequencies and

mode shapes E[re measured for the undamaged beam as

well as for each case of damqge and these data will be

used in the different damage identrfication metihods.

3, Numerieal modej

   "l-he finite element model of the amal beam is cmaed using

Struoniral Analysis Progrwn, SAP2000. Flhe model is benchmarked

against the measured frequencies ofthe actual beam2) ol. ln order to fix



the numerical vetlue of spiing stifthess as a model of bolg numerical

simulation was repeated to agree with the result of experimental
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      Fig. 3 PSD using one and two amators excitation

fiequenoy, At each suppoig springs ai℃ dividecl to thiee groups, (Fig.

6b), each ofthem has the same stitthess value and rotational degrees

of fieedom aie restrained at eaCh spring. Spring stiiithess values fbr

each group at'e shown in TEible 3. Case 1 ofdamago is simulated by

removhig tiie springs in all directions X Y, and Z at the upper 4

nodesofgroirpCasshowninFig,6bandCase2issimu]atedsisnilariy

Table 2 Frec{uency compaison between one and two amators

excitation $ystem for five array types

Mode
One
actuator

Twoactuators,Amaytypes
1 2 3 4 5

lt 328.8 329.2 329,3 329,4 329.5 328.5

CaseA 12 337,9 338,5 338,5 33B,5 338,5 338,4
13 372.7 373.2 373.2 373,3 373,3 373,2

11 3a6,9 32i.1 321,2 321,3 321,1 320,9

CaseB t2 334.2 335,5 335,3 335.2 335.3 335,2
13 365.7 367,9 367,9 367.9 367.9 367,B

dl 323,5 326,O 325.7 326.0 325.7 325,9

CaseC 12 338,O 336,1 336.f 336.0 336.4 335,9
a3 368,2 369.6 369.5 369,5 369,5 369,4
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geig 6 Nmunericai model and pasition ofsprings at the left support

by removing al springs at group C. Rotational degtz,e-s of freeclom in

all directioms are released at the removed springs. Mode shapes and

fieclucmcies given by the numerical model befbre and atter each case

of daiTiage will be compared using the sarne damage identification

methocls ki order to compare the imsults of the 'damage detewhon

mediods for both expeimental and nurnerigal dma 'Ihe numerical

model can be used to introduce moie damage cases.

Wable 3 Spi ing stthess at the beam support

lk Ky K
GrouA !oo 37.5 100

GrouB 85 2e 85

GrouC 80 15 80
CKINhnm)

･4, DftmagedetecdonEitethedsbasedonchangeinfrequency

4.1 Pei℃elltage of diffk)repace in frequency before and after

damage

    Table 4 shovvs the ehange in frequency in the numerioal model

afber each cmse ofdamage. tt is apparent that change in fiequency is

very small even after introducing the second level of damage. The

rematkable change oceurs at mode 1O for both cases ofdarnage since

this mode is venical (in Z direction) and it is the most sensltive for

releasing any bolts. rllhe previoms result indicates that some rnodes are

more senshive for eagh type and position ofdamage; therefbre it is

very important to measure these modes experimentally in oider to

detecJt this type of damage in the actual strugture. "Ilhe numerical

modelcanbeusedtodetftmiinethemostsensitivemodesfordiffeient

types and positicms 6fdaniage.

Tabie 4 Change in resonar[t frequency for numerical model

ModeNo,
Frequency(Hz)

CaseO Casefi OloDiff･ Ca$e2 OloDiff･

1 25,1O 25,07 -O.1O 25,05 -O.20

2 4fi.82 4t,80 -O.04 41,78 -O,08

3 M6,f7 116,07 HO,09 l15,94 -O,20

4 f49.95 149,90 -e.o4 149.B4 -o.os

5 rt74.58 174.42 -O,09 V4.19 -O,22

6 205,12 204.93 -O,09 204.67 -O,22

7 2a6,23 214.32 -O.89 212,37 -1.82

8 249.37 249,25 -O.05 249.S3 -O,10

9 28a,60 281,S2 -O,03 281.42 -O.06

10 306.B4 301.57 -1,75 293,93 -4.39

M 329,83 327.52 -O.70 325.73 A,26
t2 346,48 346.36 -O.03 346.25 -O,06

a3 379.57 379.21 -O.09 378.95 -O,16

42 Freqmency speempEn

   rlhe seoond metliod for compaimg the change in iesonant

fieqvency is using Gabor spectrogram. in this spectiogram the

fiequency componerits at each time are plotted using colored

spec trum. Figs, 7, 8 and 9 show Gabor spectrogtam for experimerrtal

- fl 2-

dataforCaseO,CaselandCase2,respectively.Verysmallchangeis

observed only for Case2 ofdamage as shown on the cireled atea.
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These very smalI ohanges in fhequency for both experimental and

ndinerical data has led tD the conclusion that datnage detection

methods based on change in bequency are not sensitive for detecting

the ddlnage. in the following chapter damage detection mediods,

which are based on Qhange in mode shape, will be exaniined using

experimenmi and numerical data.

S. I)nmagedetectiollmetho[isbasedonchangeinmodeshapg



whereE=themodulusofelasticityandI=theinomentofineniaof

the segtion. From Eq. (7), it is shown that the curvature of the beam is

proponional to the inverse of the stifihess fbr a given moment

Therefore for the sEune moment applied to the structure before and

ailerdamage,anyreductionbithesiEfiiessoftheshuctm-eassociated

vvith damage will increase the curvature, Furthetmore, the amount of

change in the mode shape curvature is propanional to the level of

damage. Higher jevel ofdamage, which means lat:ger reduction in

stifihess, wi11 lead to 1arger change in eurvamre. Maximum diflbrenee

in mode shape curvature before and after damage indlcates the

position ofdamage.

(3) Change in fiexibifity method

   Flexibility matrix, [F[i, ofastmcture may be expressed in terms

ofmodalpatammersasfoIlows2}aiO)

[F[}:[o]R]Js[¢]TR El: 1, {czs,]{gzs,}T (s)

            i--1 dii

vvhere {de} = the iih mass-normalizecl mode shape, [co] == the mode

shape mairi>c= [th, th, ..... daJ, (tui) == the ith rnodal frequen¢y, [S-2] -= the

modal stlithess matrix =diag (toi2), and n = the numbei` ofmeasured

or calc ulated modes.

Simil{]rly, for the damaged stmotuie

[Fh :[¢4]pt]-i[¢"]Tk X.,dr(lzi,"]lip,"]T (g)

where the asterisks sigriify propenies of the damaged stmoture.

Flexibjlityofapointkmaybeinterpretedasameasureoftheenergy

hi a strueture due to a tmit load at node k Hence yariation of
                               ,
flexibility ooethcients ki the neighborhood o£ a node k may reveal

dainage lecalized in ks vicinityii). Tlierefore the change in fiexibility

oaused by the damage cari be obtained as fo11ows

        *[AI{l-(IFI-[F] (io)

where AF represents the change in fiexibllity matrix Now, for each

column of manix ZNF let oj･ be the absolute maximum value of the

elements in thejth column. Hence,

{Z･ = max i6iji,i= 1,,..n (11)

 where oj･ are elements ofmairix tM? andn is the number ofdegt`ees of

, fifieedom. The degree of tieedom corresponding to the maxirnum

 valueofojindicatesthepositionofdamage.

(4) Change in ikvggform ioad suwhce cuft"vature methed

   ki this method cc}rtain aspegts of the mode shape curvature

metliod and change in flexibility method are combined2)4>i2). in thls

method the change in curvame is obtained from tlie unifbrm

flexibility shape instead ofthe mode shapes. Recali that the flexibility

manices, before and after damage, can be expressed in terms of

modal parameters as:

[F[],,,[o][su-i[¢]T.,£ l, {ip,}{¢,}" e2)

           i.1 cDi

and

pr"]:[oh[nb-i[¢']T:::!l]Li.x,fe,'](lzs,']' (i3)

              i:l Kg]i ]

where the asterisks designate the damagecl strLic tuie. 'l he eoedicients

ofthe ith column in the fiexibility matrix represent the defiected shape

assumed by tiie stracture with a mit load applied at the itli degree of

fieedom. Change in curvature ofthe uniforrn load fiexibility is used to

deteimine the location of damage. "Ihe uniform load fiexibility

represents the deflected shape assumed by the structure when alI

degrees of freedom are loaded with a unit load. Tlius, the uniform

Ioacl fiexibgity corresponds to the sum of the unit load fiexibilities. In

tei ms ofthe unit load fiexibiiities, the curvature change is evaluated as

follovvs

{A}= II.ill)=, la'"l- lat'q (14)

vvrhere {A} and n represent the absolute curvanire change and the

number of degr'ees of freedom, respectively. The degree of freedom

correspondingtothemaximumvalueof{A}indicatesthepositionof

daniage..

S3 Damftge identification methods applied to expea'imental

data

   Diliferent mode shapes ofthebeani are measui'ed at nine points

as was explained in seetion 2.3. interpolation between the measuied

points using cubic palynomial has been made to appreximate mode

shape amplitudes between sensors. Ihis interpolation in"oduces

artifioial degrees of fieedom into the experimental dataP). By using

this techitique, the bebln was divided into 160 nodes statting fivm the

fiist left accelerometer as shown in Fig.S. Figs. 1O through 17 shovv

the results from different damage identiificatlen mcithods when they

are applied to experimental dam.

   In Fig. 1O, daniage index exceecls the value of two at elements

40 and 120, which indicEttes the oceturence ofdamage, Position 40 is

close to the damage position but position 120 is false position. When

the same method is applied to case 2, it was notioed that the darriage

index value incrwased at element 40 but deereased at element 120

which indieate false results at element l20, Therefbre when this

mediod is applied in a continuous nianiier to monitor the structure,

continuous increase ofdamage indeN over the value oftwo, at the

same element may ensure the existence ofdarnage at that element

For the change in mode shape cuivature metiiod, the maximum

change occurs at nodes IOO and 120 and the absolute difference in

curvatuie inereases with the increase ofdainage as shown in Fig, 12'

and 13, respectively. Tlie same remarks are obtained for change in

fiexibildy mediod and change in flexibiJity shape cuiyature method as

-- 13-



shown in Figs. 14 to 17.
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Fig. 15 Change in fiexibility method applied to experimental data for

daniage Case2.

1
)
[I:hese mediods are more sensitive in measuring changes in

modal characteristics due to damage than observing the change

ease ofdamage but the accuiaoy of loealizing darriage position

need te be improved.
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S.1 YVEo[ial ass"vanee criterioll (twitALC)

   Modal assurance eriterion2) 4> n oompan'es two modes nsing the

orthogonality propewies of the mode shepes, The MAC that

eompares modei andj has the form

mac(Lj)-- ,ll,(ta,),(ipi)k'2

                           `]         [tr.,(ipj)k(ipi'][i,(ipi)k(ipi)k

where (opk is an element of the mode-shape vec tDr and the asterisk

denotes oomplex cobjugate, in piaetice, MAC value gtener than O.9

indicates correlatk}d modes and value less than e.05 inclicans

uncomeIatecl modes. MAC vvas used to compa!e mode shEu3es before

and after each case of darnage. Therefore MAC value for the same

mode befbre and afber darriage jess than O.9 indjcates the existence of

daina{ge but it cannot locate the position ofdamage.

   Table 5 shows )vLdLC values betvveen each case ofdamage and

the undamaged case for numerical and experimerrtal data. It is shovvn

that no signficant change in MAC values except for mode 1O in both

cases ofdaniage, which again sigriifies the sensitivity ofmode lO for

that type ofdamage.

Table g MAC eomparison for numerioa1 and experimental data

Mode
No.

MAC(Nurnericaldata) MAC(Experimentaldata)

C.O&C.1 C,O&C.2 C,O&C,1 C.O&C.2
1 1.0000 O.9999 N/A N/A
2 O,9999 O,9996 N/A NIA
3 1.0000 1.0000 N/A NfA
4 O,9992 O.9985 NIA NfA
5 fi.oooo 1,OOOO O,9746 O.9621

6 S.OOOD O.999B N/A NIA
7 O.9998 O.9990 O,9978 O.9954

8 O,9999 O.9999 O.9548 O.9499

9 ?.oooo O,9998 O.9970 O,9941

10 O.9176 O.2578 O,9255 O.8633
aa O.9965 O.9950 NIA NIA
12 O.9998 O.9998 O,985rt O.9758

13 O.9990 O.9998 O,9970 O,9965

S2 Damage identiiicetion algorithms based on change in mode

shape

   Theie are some damage identification methods as listed in

references. Comparison ofapp"ed results to eur experimental clata by

using those identfication metliods is dealt with in this paper.

   At the fixed stipport no response can be measured even afier

reieasing few bolts, therefore the applicabmaty of diliferent damage

detecxion methods to detect and localize such type ofdamage Will be

examined and compafed.

   in this section a brief smmdiy of each method wiH be

summarized. For a more detailed summary the ieader is referred to

the citecl referenoes.

(1) Darnkge index method

   IIhis method pt･ di･ at is used to detect arid lcN[nte

damage in structTures using mode shapes before and

after daxnage. For a striicture that can be represented

as a beam, a damage index 6 is developed based on the

ofunge in strain energy stored in the stiruLcrture when it

deforms in ilB panicular mode shape. For loc ittionj on

the bearn this change in the ith mode sinrairi energy is

related to the change in emvature of tine mode at

location j. Tlie damage index for this loeation and this

mode, or, is deiinedi as

    (S[Lef;"(x)]2clx+f[gLt:"(x)]2dx)f[LLx,"(x)]2cix

Z9ija, ,O ,e (2)    (S[gu;(x)]2du+f[Lt,',(x)]2ctx)f[gu,"(x)]2du

whei･e evF` pa of" pa are the second derjvative of ith mode shape

cc,riesponding to the undamaged and damaged strucrture, respectively.

Lisbearnlengthand4barethelimitsforelementj.Whenmorethan

one mode is used, damage index is defued as the sum of datnage

indices from each mode as follows

    n17, =: ]ii;,Bl,, (3)
    t=1

wherenisthenumberofmodes,

Assuming that the collection of the damage indices, £･, represents a

sampie population of a norrnally distributed immdom variable, a

noimaliued darnage localization indioator is obmined as foBows

2b .. 1?,-,Bj (4)
     crj

vvhei'eEt and cs･ repi'esent the mean and standa"d deviation of the

damage indices, respectively. A statistical decision making procedure

is employed to deterrnine if the noimalized daniage inde& 4, is

associated with adamage iocation. Values oftwo standdi'd deviadons

from the mean are assumed to be associated with damage locations.

(2)ModeskRpecurvaturemethod

   ln fo!mulatiiig the eigenvalue problem, i.e. Eq. (5), structura1

damageoniyafflectsthestifliiessmatiixandnotthemassmatrix2X4)9j.

For the undainaged condition the eigenvalue pi`oblem is given as

([K] -eqM){x} == {o} (5)

wheie [K] = the stiflir)ess matrbe eq = the itii eigenvalue, [M] = the

mass matiix, and {x} :the ith displacement eigenvector.

Similarly, the eigenvalue problem for the dwinaged condition is

     I*  '([K ]-N [M]){x}- {O} (6)

where the asterisks sigriify propenies of the dan3aged stiucttire.

Eigenvegtois for the dennaged and undamaged stiuctuie are the basis

fordamagedetection.Ferabeamcrosssectionsubjectedtoabending

naoment M(x), the curvature at location ng i7" (x), is given by

v"(x)=:M(x)1Ei (7)
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3) Cantinuous iner'ease of the damage measui'e at the same

   positionmayensurethelocationofdEuriageatthatposition,on

   the ether hand fiuctuating results at the same pasitiofi may

   indicate false posnion ofdarriage.

4) Ddlnage index mwhod showed the best results alnong the

   diiEfk:ieritmethodsinlocalizingthedaniageposition.

These results wM be verdiecl using the numerical drita extracted fiom

the finite element model.
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S.4 Damage Edentification metheds appged to ntcmerical data

   Similar to experimental data, mode shapes were measuied

along nine points en the fiont flange, and then interpolation between

the measured points using cubic polynomial has been made to

approximate mode shape amplitudes betvveen the measured points,

Therefore the tm is also divided into 160 nodes. Figs. I8 thi'ough

25 show the msults from different damage identification mediods

vvhen they are applied to numerica! data. ln Figs. 18 and l9, damage

inderc exceeds the value oftwo at element 20 for case 1-and ease 2.

The measured position of danage, indicated by damage index

method is very olose to the actual position efdaniage in both cases of

-1 es-

damage and no flalse positions ofdaniage were measured. In Figs. 20

and 21, mode shape curvature method showed peor results in

indieating the damage position and the dearease in absolute difierenee

fiom case 1 to case 2 indicates that the measured pasitions ofdamage

may be false positions. For both change hi flexibility method and

change in flexibility shape curvature methoa the pesition of daniage

is determined accurately enly at case 2 ofdamage as shown in Figs.

23 and 25, respecJtively. Comparing Fig. 24 with Fig. 25, the absolute
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Fig. 20 Mode shape curvature method applled to numerical data for

damage Case 1.
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diifeience decreased at e}ement 120 bom case 1 to case 2 which

indieate that the measured poshion at that element in case 1 was false

position.
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applied to

S5 Damage posEtioll as indicated by different methods

   Tai)le 6 smmarizes the pesition of daniage as indieated by

diffeteqat danage methods for experimental and nunierical data fot'

both eases ofdamage. It is observed that the numerica! results are

consistmit with the experimental results and damage position is

determined more aocuiately for the nLunerical data, which ensuies the

acc)uracyofthenumericalmodel,Therefore,thefiniteelementmodel

can be used to pieduce diffi:rent darriage types, positions and sizes of

damage and hence the i'esults of ditiferent damage identification

mediods ibr each type of damage are obtained. These results can be

used to estimate the type and pesition ofdamage from the results of

the actual strugture. Damage index method has shown the best iesults

in detecting and locaiizing the damage froin the fust case ofdamage

and for both experimental and nurnerical data

Tabie 6 Damage position as indicati}d by diffepent damage methocls')

Damagemethod
Dam.position{Exp.data) Dam.pasltion(Num.data)

Case1 Case2 Caset Cese2
Damageinciex 40,I20 40,tOO,t20 20 20
Mocteshapecuravatura tOO,120 loe,t2o 40,120 40,120
ChangeinfiexjtsIjty 40,12D 4D,G20 120

D
4
0
'

Vniforrnloadsurfaeecumature 100,t20 GOO,120 20,i20 20

-w-



*)Numberintableindicatesnodenumberorelementnumber

6. Conclu(Sing remarlcs

(1) Using multi-layer piemoe}ectrio actuator for excitation is more

effectjve in measuring higher modes than the other inethods sueh as

impulse hammer or electrDnic shaker,

(2) Using two multi-layer piezDelecnic act]Jators,'having aie same

electrical wave fungtion, has shown better results in measuring mode

shapes and frequenoies and in improving the sigriallhoise ratio.

(3) Theie are always some rnodes, which are more sensitive for each

type and pasition of daniage than the other modes. It is, therefore,

important to measure these modes for the real st!iicture in order to

improvetheabilityofdetectingthattypeofdamage.

(4) Examining the change in resenant fiequencry due to damage either

by using the peicentage ofd"iference in frequency or using frequency

spectrogram, low sensitivity for darnage detection is obtained.

(5) Damage detection methods, vVhlch are based on ohange in mode

shapes, are more senshive in cleteeting damage than observing the

ohange in msonant fiequency,

(6) Darnage indiex method has shown the best results among the

diffenmtmet}iodsindetegtingandloca]izingthedamage.

(7) Finite elernent model fbr the amal stiucture can be used to

produoe mafiy different pattems, sizes and positions of damage and

henoe appropriate damage identification methods should be chosmi

for each type ofdennage. These results can be used to estirriate the

typeandpasitionofdamagefromtheiesultsoftheactualstxuc:tuie,
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