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In曲paper，　a　newly　de亙ived　algorithrn　to　de甑damage　and　predict量お10cation　in　s廿u（加■es

ushlg　d医anges　i血vibra廿on　measuremen魯is　presen1劇．　Fh3ちan　ex量st㎞g　algo朔日110f　damage

de麟on　ls　1聯vlewcd　and重he　new　algori街m　is貴）㎜ula㎏d　in　order　to　detect　damage　and

㎞pn）ve血e㏄c㎜）y　of　damage】ocalization曲g　low胸Llen〔ツ1Bnga　Compared　to　the

ex溺ng　d㎜age　de舳on　algori伽ln，重he　new　algo甜lm　showed　the　abiH重y　to　de緻and

loca1セe　damage　more　a㏄ura的iy　using　very　low　f｝equellcy　1ange　without　the　need貴）r

m眺血ng厨怠her　modes，
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　S㎞ctu旧1　systems　a！e　suscep行ble　to　st［u（酬damage　over塩elr

opera翁ng　live＄f氏）m㎞pa晒oPβradng　loads，　and　fh亘gue，　Ident㎡ying

the　loc繍on　of　s遡σ國darnage　leads　to㎞P取）ved　safb重y　and　of驚！s

廿1e　possibHhy　of　ex㎏ndh19面e　selvi◎e　lif60f　a　s㎞c囎by　repahh19

醜m蜘e◎omponen魯when　n㏄鮒s田y．　There眈，　the譲）恥to

nloni歓）r　a　s㎞cture　and　detect（㎞age　at　the　earliest　poss孟ble　stage　is

beQoming　inc陶shl釧y㎞pα「囲t　Many　damage　detecdon　schemes

1燈1y　on　a副y加9脚onse　meas騰men麓伽m　sensors　placed　on　the

stluc加re1司．　Damage－de蘭on　me出ods　stlch　as　a◎oustic　or　ultrasonic

methods，　magne㎡c且eld　me重hods，働diog旧ph，　edd竺cu鵬nt　methods

and　the㎜al　field　methods　a鴨el由er　v給ual　or　locaHzed　experimentaI

me｛hods鋤．　It　is　di鎗。し滋紋）apply出ese　methods　tQ　de㎏σt　damage　in

la馨e　stluc伽res　or　hlaccessible　lnembe狼3．　Therefbre　there　is　a　need　fbr

more爵obal　damage　de励tion　me面ods｛hat　can　be　appliedセ⊃

。omplex　s加（激鵬．　D曲g翫e　p慰dα遡de，　a　signi五cant　amo㎜t　of

researdh　has　been◎onduc面in　the　a旧ofdamage　det㏄Iion　us㎞g　the

dyna雌。　response　of　a　s蝕〔漁∋．　R．esea重℃h　effbr幅have　been　made　to

dete｛沈　s㎞σtu圃　d㎜age　dh酬y　倉om　dynamic　response

measurements　in由e　t㎞e　domain，　e＆，　the㎜dom　decrement

加ech盃que8励，　or倉α鵠f㎏quency　response　fi∬1cHor旧（FRF）IQ）．　Also，

me重hods　have　been　pK）posed　to　de重㏄t　damage　using　system

iden価cadon紀。㎞iquesllエ12）．　Many　studies　have　been　QQndu（オed　in

the　a爬a　ofnon－destruc偵ve　damage　dete面on（NDD）using　changes　in

modal　pa㎜¢te13．　Resea1℃hes　have　related　changes　in　na加ra1

貸equencies，　mGde　shapes　and　damping　to　changes　in　beam　p∬）per樋es

such　as　cracks，　notches　or　changes沁boundaッoDlldldons．　Damage

㎞dex　Metho♂3）is　one　of　the　most　re偽renced　methods最）r　de紀（加g

and萱〔｝（：烈㎞g　da皿age㎞beam取pe　stlru〔加res　us㎞g　changes　in　mode

shapes．正n　mally　stmσ加㈹s　on董y　fbw　modes　are　available　which　may

dec燗e　the　accura（ツof　detecthlg　and　locahzlng　damage　usillg　this

me血od．　In血is　paper，　a　proposed　algolithm　based　on面s　method　is

presented　which　uses　magnitudes　of　Cross　Spectr団Density（CSD）

㎞s偽ad　of　us㎞9　mode　shapes．　The　advantage　of　using　CSD

magnitude　is重hat　a　lower㎜ge　of食equency　can　be　used　without　the

need　ibr　measur辻lg　higher　modes，The　second　advantage　ls　that　CSD

is　calculated　f沁m　lhe　displacement　or　a㏄elera垣on　response　between

eve理channel　reladveめone　re｛もren㏄chamel　without　measurhlg　the

exch翻on　fb貰℃e．　Therefbre，　arnblent　vibra哲on　can　be　used　ag　an

exci㈱on　fbrce　fbr　Qon伽ous　heal血monito血g　of　s撫加res．　The

proposed　algo蛭㎞　provides　a　lnethod　tbat　reduces　f裂【se　posidve

1顕dlngs　and　hence　面creases　廿1e　accuracy　of　lo（烈し益11g　darnage

POSltlon・

　　The　proposed　algorithm　pres凱ted　here　and　Damage㎞d停x

Method　wnl　be　applied　us㎞g　expedmen重al　and　numerical　d漁

¶　Dedica加d｛D重he　memoW　ofPmf　M置ch丑血。　KITAHARA
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extragted from simple steel beam aSter makiiig one and multiple

cracks. ･Both algoritlmis ape evaluated by detecting damage and

predigting its lecatien. The perfbrmance of each algorithn is assessed

by quantifying the accuiacy of damage prodigtlon results. in the

siructure of interest in this study, the objecnive is to detect low

magnitude damage at a very early stage using low fiequency Tange

(few avalable mode shapes), ln such cases, changes in modal

paraineters between the undErmaged and darriaged structures are

small and the application of CSD magnitude can provide a reliable

means ofdetec ting and loealizing damage.
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ptig.1Beamdimensions

2.Eewximemtsetupamdeqwipments
esb Aetuator [] Acceleremeter va Reference ChaRne[

  in this research a simple stee1 beam supported by four bolts in

both sides was examined before and after inducing some eracks, as

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

loealexcitation,ThemaiiiadvantageofusingpiezDelectricactuatoris

that it produees vibration with different fiequeneies ranging from O to

400 Hz that is effeodve in measwing mode shapesi`). Seven

aecelerometers weie positioned on the top fiange and one

aocelerometer was used as a refefeiice channel, as shown in Fig, 2,

It was noticed that ehanging the location ofthe reference channel did

not affect en the results obtained from the studied mediods. A

pelynomial can be fit to the modal data (mode shapes or CSD

magnitudes) and then subsequently differentiated to ebtain the

curvature values. lnterpolation procedures ean be used to geneiate

additional degrees of fieedom at locations between sensors, vvhiCh

can inQrease the aocuiacy oflocating dalnage between sensors. When

cubic polynomial iimction was used to fit the modal data, better

results in detecting and loeEuing damage were obtained than using

spline intei polation scheme. The cubic pelynomial fLinction was used

to fit CSD magRitude (or mode shape amplitude) between the seven

aceelerometers, Therefbng the total distance between acceleiometers

is divided irrtD 120 nodes (Fig, 2), Two cases of damage were

introduced to the beam. Case 1 ofdainage was simulated by inducing

one (:acK 2x 40 inm, at node 40 and Case 2 of damage was

simulated by inducing 2 eracks with the same previous dirnensions at

nodes 40 and 90, as shown in Fig. 2.

3. Dnmaage identification methods

3.1 Damage index inethod

  Damage index Methodi3) is used to detect and locate ddinage in

stiucJtures using mode shapes before and after' daniage. For a stuicture

that can be represented as a beam, a damage index fi is deve}oped

based on the change in strain energy stoied in the strueture when it

defomis in its particular rnode shape. For loeatiopj on the beani this

change in the i"' mode strain energy is related to the change in

curvature of the mode at location j. rlhe damage index for this

loeation and this mode, 6tv is definecl as
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Fig. 2 Actuatnr cuid acoelerometers positions and element nuinbers

    (i[{L,r,""(x)]2du+f[vi7,"(x)]2du)S[yi.'(x)]2du

fiij", ,O ,O (1)    (f[vt;(x)l2du+s[u/r(x)]2du)f[v(r"(.)]2du

     a･ oo
where ur'' (ny wfk" (5g) ape the seoond derivative of t"' mode shape

corresponding to the undamaged and damaged strti{ ture, respectively.

L is beam length and a, b are the lintits for elementf. When inore than

one mode is used, darriage index is defined as the sum of daniage

indices from each mode as foliows

    n

   i=]
vvhere n is the number ofmodes. Peak value ofP-indicates damage at

elementj.

32 Proposed aSgorithm

  in the modified algorithm presented here, the magnitude of Cross

Specxtai Density at each frequency will be used instead ofusing mode

shapes. CSD is calculated from displacement or acoeleration response

at each channel re1aive to one reference channel. At each fiequency'

value,,fithemagnitudeofCSDatchannelicanbeealculatedfiDmthe

rea1 and imaghiary vaiues as follows

yv= Re(f)2+Im(f)2 (3)
{gig} is a vector representing CSD magnitudes at all measuied points

at the same frequency, .lg. Before analyzing CSD data with any

damageidentificationroutine,theCSDdatahastobefirstnormaiized.

There aie several approaches in which to norrnalize the CSD dam

For this probiern, the approach taken is to normalize the CSD

magnitudes at each f}equency with respect to the square root of the

suin ofsquares (SRSS) as shown in the foIlovving expression
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{op} =
1

£qi
t=1

{urf} (4)

where {dy} = the normalizRd CSD rriagnitudes, {y7} represent the

oiiginai CSD magnitudes at frequeneyfgathered e>rperimentally or

analytically, p = the ndinber of measured pbints, and ufr repiesents

CSD maghtude at Channeliat froquencyf

intempolation using eUbic polynoiniai furiction is.carried out to

approximate CSD magnitude between sensors. Thus, dy oo represents

the normalized magnitude of CSD at distance x at fiE quencyfafler

interpolation.

  Similar to Eq. (1), new damage index can be calculated using the

magnitudeofCSDasfbllows

     (f[ip}"(x)]2du+f[ip;"(x)]2cbc)l[ip}(x)]2cix

afJ-"
     (f[ip}(x)]2du+f[ip;(x)]2dx)f[ip;tf(X)]2dr

where Gi-"oo gof" {CiO are the second derivaive of CSD ltiagnitude at

frecluencyfcoiresponding to the undamagecl and dainaged stuictui"e,

respectively, L is beam length and 4 b are the limi'ts for elementj'.

Assuming that the collection of the damage indices, c!zft repimsents a

sample populahon of a normally distributed random variable, a

noimalized damage indicator is obtained as follows

ef,, -- af,y-af (6)
       6f

wheie af and cy Tepresent the mean and standard deviation ofthe

damage indices, respectively and defined as fo11ows

blf=
EN;li.,af,,/4vE a)

fff= gll(af,,･-a-f)2v!(NE-i)

    J'---1 L
whereA[EJ=numberofelementsaflerinterpolation

(8)

A statistigal decision making pioeedure is employed to detemiine if

the noimalized damage index, 9fb is associated with a damage

locatiore Values of four sta2idard deviations from the mean are

assumed to be associated with damage locations. Diflbrent scenarios

ofdamage (dilferent sizes and diilbient locations) were introduced to

the numerica! model and it was foundi that uskig value of four as a

limit to identify the damage location gives the best results. Using

values less than four will increase the possibfiity of false positive

readmgs and values bigger than four wM decrease the abili"r to detect

smal1 daniage. In Eq. (S), ir is assuniecl that CSD curvatLllEe will

change due to damage significantly at the darriaged looations and

slightly near to tiie clamaged zDne (undamaged locations). 'IJherefore,

it is expeciBd that 2k･ wi'11 haye bigger values at the darnaged

locations and smaller values at the undmnaged locations. The sum of

these sma]l values of -O.,ltf at the undamaged Jocatiops may deteriorate

the amal position of dennage and create fhlse positive readings.

TLierefore, in order to i'educe the effect of false positive readings, 9ti

values less than four ape removod and values greater than or equal to

four are added over dilifereiit frequencies on the measurement range,

as s}ioxvn in the following expressions

if l9f,,･1<4then let ef,., =O andL.7[i -o (g)

ifl9f,i?4thenietef,i=ef.,andLscJ=i (iO)

When nonnalized daniage indeL ef,fo is calculated using the

magnimde of CSD at diffk)i`ent frequencies on the measurement raiige

from Fl to ]F]2, the new damage index is deiined as the sum of

absolute values ofdaniage indiees measuied at different frequeneies

as follows

sy = st lef,y

   f=Fl

[ (11)

lbff js used as a counter to identify the number of times daxnage is

detected at element number J'. 'Ihe suin of If,f over the diffei'ent

frequencies on the measurement range gives the total number of

thnes dannage is detected at elemenij as follows

    F2

    f=Fl

'Ihe product ofdarnage index, sy, and the total number oftimes, q,

defines the accumulated datnage indicator, Dg･

DL.--- S･ q,- (13)
4. Expes7imeRtag measurernems

4.1 rv(ffeasurement ofCross Spectml Density

  Fig. 3 shows CSD between ohannel 3 and the i"eference chalmel

for the intact beam. The test was repeated four times and significant

changes in CSD were noticed in some fi'equency raiige befbi'e

making eniy damage, a typical example was from 10 to 150 Hz On

the other hand, there were other fiequency ianges where no

significant ehange in CSD was noticecl, even after repeating the test

four times. Exainple ofthese, were from 175 to 225 Hz and fi-om 270

to 350 Hz The same remarks were also observed in the damaged

beam. Based on these obseivations, it is very important to choose the

fi'equency range in which change in CSD is due to damage i]ot

becaLtse of noise or measurement errois. Fig. 4 shows the comparison

between CSD for tiie intact and datnaged beam with one crack, Thin

lines indicate CSD for the intact beam and thick lines indicate CSD

fbr the damaged beam, the test was i'epeated four tinies for each case.

In this figLme, change in CSD in the frequency iange from 1O to 150

Iriz is obviously due to noise or measuiement en'ois and not due to

damage. On the other hand, it is olear that change in CSD in the

fipquency rai)ge fi'om 290 to 350 Hz is due to damage. Similar

observations were also noticred wiien two oracks were induced on the
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  Fig. 3 CSD at channel 3 for the intact beam
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ptig. 4 ComParison bet CSD for the intact beafti and casel ofdaftiage

unity inclicates that CSD magnitudes obtained from the two tests are

sirnilar or close. On the other hand, a MAC value that is far from

tmity indieates a great disparity in the CSD magnitudes. ln the same

manner, MAC can be used to compem'e CSD magnitudes obtained

from the intagt strueture with CSD magititudes obtained fi-om the

daniaged one. In Fig. 5, }vMC is used to compare CSD obtained fiom

two ditferent tests carriecl ont on the intact beam. in the frequency

range from 1O to 150 Hz, the values of MAC are low which indieate

big dilference in CSD between the two tests. On the other hanct

values ofMAC are very elose to unity in the fiiequency range of307

to 375 Hz, vvhich indicate very stable data and smal1 measurement

errors in this range. rllie same remarks caii be ebserved when CSD

fbr the intactbeam is compared to CSD for the beain with one craeK

as shown in Fig. 6, In Fig. 7, TvL6LC is used to oompare CSD data for

the followi11g cases:

(I) rl"wo different tests carried out on the intact beam, indicated by

solid line.

(ll) intact beam and damaged beam with one c!ack indicated by

dashed Iine.

(Ill) Intact beam and damaged beEmi with two cracks, indicated by

dot1ine.

Iii this figure, it is clear fbr aH im cases that maC vaJue is close to

unity in the fiequen(ry range of307 to 375 I-iz. The small and gtadual

changes in MAC values in that frequency range is another indication

of how CSD changes due to darnage, "Iherefbre, the CSD

magnimdes witiiin the fiequency range of 307 to 375 Hz are

recommended fbr the proposed algorithni.

S. Damage identifictttio" methods applied to experinaeritaI data

beam. in order to choose the fiequenicy sange in

magnitudes can be used in the proposed damage

algorithm, the Modal Assurunce Criterion (MAC)

explained in the fi)jlowing section.

which CSD

identification

is used as

42Choosingmeasurerr)entrangeofCrossSpectrfilDensity

  Modal Assurance Criterion (MAC)iS) compares two modes using

the orthogonality properdes of the mode shapes. "I:he MAC that

compares modeiandj' has the forrn

            S (gt5, ), (gb, ),' 2

MAC(l,D= [,i,fo,),k},),.][,2:,(¢,),(ip,),･] (l4)

where (dyk is an element of the mode-shape vc}cytor and the asterisks

denote complex cobjugote. in piwhoe, MaLC value greatz}r than O.9

indicates corEelated modes and value Iess than O.05 indiea(es

uncofie}ated modes, MAC is used to oompare CSD data obtained

from two tests tbr the undatnaged structure in order to deterrnine the

frequency iange in vvhich CSD is stable. In Eq. (l4), CSD

magnitudes at fiequencyffbr the fust test} {dy}i, simulate modeiand

CSD magnitudes at the same hequcrticryfbut for the seoond test {dy}z

simulate modej', At each tiequency value, a MAC value close to

 The objective here is to evaluate the flmsibility of the pt'oposed

algerithm to detect and localize damage in an experimentaI wid

numerical model of a stiueture when only data on a few mocles of

vibiation are ayajlable. Daniage Index Method and the proposed

algorithm wi11 be applied to the experimental data to compare the

acctuacy ofboth algorithms in deming and localimng thedamage.

5.1 Crack at node 40

(1) Vsing Damage gndex Method

  Fig. 8 shows the obtained results when Damage index Methed is

applied to experimenmi data after inducing one oracl< at node 40. Two

mode shapes ate measured for the intagt and damaged beain. Tliese

mode shqpes ai{) used to detectdamage and predict its position using

the existing algorithm (Eq. 1). In this figure, two peak values appeai'

at elements 39 and 99, which indicate datnage at these elements. The

indi(nted position at element 39 is aocurate but the position at element

99 is false positive reading.

(2)Vsingtheproposeda}goRithwa

 CSD magnitudes, for the intact and damaged beam, in the

hequenay range from 307 to 37S Hz en℃ used in the proposed
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ieadings appeayed when the proposed algoritimi was applied using

that heqtiency range, from 307 to 375 Hz Demnage was detectecl mid

localizecl very accurately when CSD magriimdes were usecl in the

frequency runge from 300 to 400 Hz However, peor results in

localizing the danage pesition were obtained when CSD magnitudes

were used in fiequency range froni 4 to 400 Hz because noise and

measurement eirors are high in some frequency iunges, as earlier

explained. In the measuremftnt rar}ge, CSD magnitude is used at each

frecluency to cletect and locate datnage. Dalnage is detected oniy at

some ftequencies within the measwement range not at alI frequencies.

ln order to detemiine how many times the damage is detocted at

certain elemeng q in Eq. (l2) is plotted. Fig. IO shows the number of

tirnes cxacks were dete(rted at each element Darnage at element 39

was detected 4 times (Ojp = 4) and damage at element 41 was

detectedonlyonce(04, -: 1).
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Fig 7 Compaiing CSD data obtained fiom the intact beani and the

    beam with different cases ofdamage using MAC

j-s
35D 400

algorithni. Dainage is detec{kxi and the location of damage is

detei:nined more accmanly, as shown in Fjg. 9. As cleEu'ly indicated

in this figure, dannage was indicated at elernent 39 with a srnal1

indication of daniage at element 4I. Furtherrnoie, no false positive

S2 Cracks at nodes 40 and 90

  In titis section, damage identification mediods are applied to the

experimental data after inducing two cifacks at nodes 40 and 90. Xie

main objec tive here is to demonstiate and compare the feasibility of

theproposedalgorithmtodetectandlocalizemultiplecracks.

(1) blsing Damage index Method

  Fig. 11 shows the obtained results when Damage Index Method

was applied to detect darnage at nodes 40 and 90 using two measttred

niode shapes. Iii this figun:, three peaks apPear at eiemetits 39, 8e and

99, which indieate damage at these elements. Datnage at node 40 is

indicak)d aecurate}y and dennage at node 90 is indicated between

elements 80 and 99. It can be observed that it is due tD the sensors

being positioned at nodes O, 20, 40, 60, 80, lOO and 120, the accuracy

of damage localization ,tends to deerease during damnge oocurrence

bets)veen serrsors. Ajthough the use of cubjc polynoniial to

approxiniate modal aniplitude or CSD magnimde between sensois

was not effk)c tive in inoreasing the accu!tacst of localiziiig damage

between seiisois it is, however, useful in obtaining the curvature of

modal data or CSD dEtta.
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Fig, 12 The proposed algorithm applied to experimental data for

cracks at nodes 40 and 90 using fieq, range from 307 to 375 Hz

(2) Vsing the pi'opesed a}gorithm

 The proposed algoritim is applied using CSD magnitudes in the

sarne frequency range fum 307 to 375 Hz. Crack at node 40 was

detz,cted and its position is very accurate}y indicated at element 41,

On the other hand, cracl< at node 90 was detected and its position is

indicated less amly at element 99, as shown in Fig. 12. It is also

observed that vvhen damage occurs between sensors, it can be

detected at the nearest sensor poshion. Aocumulated damage

indicator at element 99 is higiier than that at node 41. Damage was

detcued twiee at elerrient 99 and only once at element 41 (Fig. 13),

6.Numericalgnodel

 The nurnerical model of the beam was cieated using Strugtural

Analysis ProgrwniO, SAP2000 (Fig. 14). Sheli elements, with the

samethicknessandrnaterialpropeniesoftheactualbea!nareusedfor

the fiange and the wch. Spiings ene used to simulate the end fixadon

of the beain. Spring stifftiess values aTe adjusted undi the resonant

fiequeneies of the model are close to the measured experimenta1

f}equencies. in order to simulate the aetual experimeng the excitation

3
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g
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              Eiement #
Fig, 13 Number oftimes cracks detected in experimental data for

ciacks at nodes 40 and 90 using freq. range from 307 to 375 Hz

force of the piezDelectric aotuator is simulated by a thne history

functiong which contains diffbieent fiequenoies from O to 400 HzL

Displacement time history response is measured at seven diiiferent

points and one more point is used as a reference. CSD is calculated
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from displaDement response at every sensor relative to the refe!'ence

Qhannel. Mode shapes aie caloulated from CSD magnitude at

resonant ftequencies and the sign is determined from phase angie.

Mode shapes calculated directiy by SAP2000 were not used. Crack is

simulated by removing thiti shell elexnent at the crack position. Cubic

polynomial is also used to approximate modal aniplitude and CSD

n]agnjtude bet]vveen sensors. Theiefore, the element nunibers of the

numericalmodelandtheagtualbeaniaiethesenpe.

  The first obje(xive of using numerieal model is that more mode

shapeseEmbemeasuredthanfumtheexperimentandheneethemost

aocme results using the existing algorithm of Damuge Index

Method cmm be obtained. Those results ene then compared with the

results obtained from the proposed algoiithm. The second objective

of using the numerical model is to evaluate the feasibility of the

propased algorittlln to detect afid }cx)aJize dainage in a numeiical

model ofa structure wheri only data on a !ow frequeiicy rmge of

vibration is Ervailable. Since there is no noise on the data obtained

fromthenumericalmodeLCSDmagnitudesonaverylowfrequency

range vvill be used on the piDposed algoritimi.

  Tlrree cases of damage are introduced to the numerieal inodel.

The first case is single eraoK 3 x 45 mm, at node 40, the second case

is double cracks at nodes 40 and 80 vvith the sane previous

dimensions, and the thiTtl case is the same iike the first case afer

increasing the crack lengtli to 90 mm, in order te evaluate the ability

ofthe proposed algoritinn to measuie thedamage inciease.
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7, Damage icteptigication ifnethods applied to numevicai data

,

  Dmnage Index Method is applied to the nutnerical data for the

different cases ofdamage using the fiist Jower five inode sbapes. [the

proposed algoritiim is applied to the numerical data in two stages. in

the first stage, CSD magnitudes ate measured in a low bequenqy

range, ftom 4 to 50 I`iz, in order tD evaluate the feasibility of the

proposed algorithm to detect and localize the datnage using very iow

fiequency. In the second stage, CSD magriitudes are used in the tota1

tiequency range, from 4 to 400 Hz, in order to detemhe the total

number of detecting the crack and the maximum value of

aocumu}ated damage indicator.

7.1 Cwack at nocie 4e

(1) Vsing Damage imdex IVgethed

  Fig. 15 shows the results when the Dainage lndex Method was

appliecl to ･detectdamage at node 40 and the first lower five mode

shEu)es were used. nie position ofdamage was indicated aocurately at

element 39 and there vvas a ljkelihood of a imse positive reading at

element 59.

(2) Vsing the proposed ftggortthm

  When CSD magnitudes vvere used in the frequency range from 4

to 50 Hz, very acourate results are ohtained for deteeting the damage

at element 4e. The damage position at this element was predictect by

theproposedaigorithmatelements39and38,asshowiiinFig.I6.In

Fig. 17, datnage at element 39 was detected 6 times and damage at

element 38 was deteotecl 5 times. Damage was then predjcted ll

tinles usiilg vely low frequency rallge.

  Figs. 18 and 19 shovv the indicated position of damage and

number of times of'oitack detecxioty respeetively, when the total

frequenoy range, from 4 to 400 Hz, was used. At the detected
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              crnck at node 40.

elements, 38 and 39, aceumulated damage indicator inoreased

tremendously while the cotresponding values at elements 60 and 1oo

(false positive n)adings) vvere almost negligible. Damage was

indicated 15 tirnes at eiement 39, 12 imes at element 38, twice at

element 41, and once at e!ement 42. 'IX)vo false positive readings vvere

pptedie{ed around element 60 (5 times) and 99 (once) but their

accumulated damage indicator values were dispiopenionateiy srnall

(Fig. I8). Fig, 20 shows the normalized damage index value at each

element versus the frequency value at which CSD is measui"ecL From

this figtire, the following conelusions eaii be drawn:

a) Damage at element 40 vvas indicated accumely when CSD

magnitudesweremeasuredinthe1}equencyrange,'from12to64Hz,

from184to2l6Hzandat3ooHz

(II) False positive rea{ilings were piedieted near the actual position of

damage when CSD magnitudes were measured at the frequencies 72,

76, 1oo, and 188 lk

(M) False positive ieadings weie predigtxxi fhr from the actual

position of ddinage vvhen CSD magnitudes were measmi at

haluency312 Hz

(IV)Neitherdarnagenorfalsepositivereadingswerepredictedwhen

CSD magnitudes were measuied in other frequency range.

72 Cwaeks at nades 40 and 80

(1) Vsing Damage index Method

  In a rnanner similar to the fiist oase ofdarnage, Damage index

Mediod was applied using the fiist lower five mode shapes and the

obtained results are shown in Fig. 21, Damage vvas predicted at

element 80 only as indicated by the peak value of damage index at

this element and there was no indication of damage observed at

element40.

(Z) Using the proposed a}gorithm

  When the proposed algorithm vvas applied using CSD magnitudes

in the hequency iumge frem 4 to 50 Hig the two positions ofdamage

were detecte(S and localizftd accuiately, as shown in Fig. 22,

Accumulated damage indicatDr value at element 80 is higher than that

at element 40. Damage was piedicted im times at element 81, once

at element 39 and once at element 38 (Fig. 23). Therefore, the

proposed algorithm performed veiy well for the case of multiple
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    at nodes 40 and 80 using freq. mmge from 4 to 50 1{z

ciecks when very low rmge of frequency was used. Atthough the

pesitions ofdamage exe symmetricai, they are not oqually predictect

this can be attributed to the posjtion of the refereitee clhannel being

ofiSet from the centerline of the beam, Figs. 24 and 25 show the

results when the frequency range fiom 4 to 400 Hz was used.

DamageatthetwopositionswerepredieedandloealizedaccurateIy.

"Ilie value of accuniulated damage indieator of the false positive

iuading at element 21 is very smal1 compaied to its value around the

actual locations of ciamage at eSements 40 and 80, Damage around

element 40 is deteeted IO imes, around element 80 is detected 26

times and tuvund element 20 (false positive reading) is detected only

twjce. wnen a wjder range of fiequency wnge is used, higiier yalues

ofaooumulateddamageindicatoraieobtainedandthereisaninerease

in the number of times the erack is detected which ensuies the
                           '
aceuracy of the obtained results. On the other hana because

experirnental data usually contains noise and measurement errors, the

use ofa wide fiequency inmge is not iecommended. Fig. 26 shovvs the

normalized darnage index value at eagh element versus frequency

value at which CSD is measured. When Fig. 26 is compared to Fig.

20, the following oonclusions are drawn:
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predicted for the {irst case of damage are not predicted for the second

case. The false positive reading at element 21 is predioted for the

second case ofdamage only.

("I) The ftequency range giving acomate results to detect daniage of

element 8e is di{fenmt bom that of element 40.

It can then be concluded that, the effecnive fiequency range differs

with each damage position and damage case (single or multiple

aracks),

73 The propased algorithm applied to numericai data foi" ewack

at nede 40 after tacreasimg the cwack iength

  When the propesed algorithm was applied to the nvancuical data

afier increasing the eraek length at element 40 to 9{) mm, the

aoeumulated damage indicator value increased to the value near to

1800 compared to a value of1OOO before increasing the crack length

(Figs. 27 and 18, Twspecxively). Therefore, the proposed algorithrn can

be used to monitor the damage inerease although it cannet be used to

estiinEne the severity ofdamage. Crack at element 39 is detected 20

times afier increasing cra{:k length compared to l5 times befoie

increasing crack lengh and the number of false poshive readings

decreased after increasing crack length fivm totaS of6 times to 3 times

(Figs.28and19,respectively).

8. Cenclt!ding remarks

(1) Vibmion bused damage identification methods can be applied to

mQnitor the integhty of structures in a global vvay. A proposecl

algorithm based on changes in CSD magnitLide was introduced aRd

applied to detnct and locate daniage in a steel beam. in a sbnilar

manner this method can be applied for continuous health monitoting

ofbridges for example. A number ofsensors can be fixed on the main

giiders of the bridge, data.from sensois can be transfonned by

vvireless methods, and arnbient yibfaion may be used as an excitadon

soulrce.

(2) 'lhe proposed algorithm fbr dainage identificEuion using CSD

maghtudes has shown bettei' results in detecting and lcK alizing cwacks

2oo -

    Ool "tio7 4'o""nt' "6o so dbLo'--" i2o

                  Element#

geig. 27 The propesed algoritim applled to numerieal data for cmok at

node 40 after incieasing erack length using fhequency range from 4 to

                  4oo Hz
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Fig. 28 Nuniber oftimes cracks detected in numerical clata for ciack

at node 40 after hicreasing crack length using f}equency rmmge from 4

                 to 4oo Hz
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than Damage kidex Method. The pi'oposed algoritiun showed veiy

accuiate results in dete(xing damage and localizliig its position for

expeiimenta! and numerical data and forsingle and multiple cmeks.

(3) lhe ptoposed algorithin has shown aocuiate results when yery

low fiequency iange vvas used without the need for measuring higher

modes,

(4) The frequency raiige, in which CSD magnitude vvll1 be used fbr

the proposed algorithm, should be chosen catefuIly 'for the

experimental dam. Modal Assurmee Criterion can be a usefuI tDol to

identify the fiequency range in which the data oontains less noise and

jessmeasurementefivrs.

(5) Since CSD is measured fiom acceleiation or displacement

response without the need for measuring the excitation force, the

proposed algoritiim can be a good too1 for continuous health

monitoring of struetures using ambient vibiation as an excitation

source.

(6) 'Ihe fuxluency rurige, which gives good results for detecting

damage at oemaki posixon, may change when another new crack
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exists in another position

(7) [I he proposed algorithm can be used to monitor the damage

inorease aithough it caru}ot be used tD egtiinate the severity of

damage.

(8) XMien damage exists betrvvecm sensors, it is usually predicted at

one of the nearest sensor positions. lntetpolation using cubic

polynomial function to approximate modal aniplitude or CSD

magriitude between sensors is not efueient for inereasing the aceuiacy

efloeating damage between sensois. }-Iowever, inteirpolatioR is usefuI

tooltocalculatetliesecondderivadveofmodaldataorCSDdata.
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