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Abstract

The paperconsiders the problenfor damage detection and localization @gaseswhen the vibration
measurements are taken in points remote from the exfatifig Thefrequency response functiofSRF's) are

used to detect and localize the damage. A localization procedure consistent of two stages - restriction of the
fault in a substructuréollowed by a more precise elemental location used. The performance of the
procedure and the precision it givee®analyzed and compared on a case study with simulated measurements
for three sets of measurement points on the sides of the plate.

) area ofthe structure, becaussomeparts areeither
1. Introduction inaccessible or difficult to perform measurements at.

Fault detection is an important problerfrom [N this paper we studghe problemfor damage
theoretical asvell as frompracticalviewpoint. Fault ~localization fromFRF'smeasured remotely from the
detection methods that use the vibration response ofi@mage, considering the application ehadelbased
structure are based ome fact that even small fault detection procedure on aase studywith
changes in the configuration or the geometry affedifferent sets of measurement pointsirst the

the dynamic behaviour of ttetructure. The practical Procedure fordamage localization is presented. It
application of suchmethods and theiemployment CONSISts of twgparts -1)restricting the damage in a
still leaves a lot of open questions. Onetigm is Substructureemploying apattern recognition (PR)
related to the use of modztharacteristicsirequency ~Procedure, 2) a consequent more precisete

or time domainresponses. A number of authors€lément(FE) localizationapplying amodelupdating
study the use of the modaharacteristics of a procedure. Then a case study of a quadrangle plate is
structure to deteclpcalize and eventually quantify a introduced. WE use the FEodel ofthe plate to
damage in astructure [4,6]. Thedisadvantage of obtain its vibration response. A stlff_ness reduction of
such methods resides in their insensitivity to smalOn€ Of the elements of thplate introduces the
changes in thstructure and irthe problemfor the —damage. Three sets of measurement points containing
precise identification of thestructural modes and Nodes on the sides of tipgate areconsidered. The
mode shapes. It isconsideredthat the FRF's of a three sets contain pointisathave different distances

structure carprovide relatively complete and preciseffom the damage. The performance of the procedure
data to baused fordetecting and localizing fault in 1S checkedand discussed fdhe three measurement

a structure [2,3,5]The use ofFRF's indamage POINtsets fr(_)m viewpoint (_)f_lts applicationasll as
detection procedures still leaves a number ofom viewpoint of the precision of the results.
guestions to answer and problems to att@&adt of

theseare related tehe measurement points which

the FRF'sshould be taken - their number, location

and distance to the damage. In a numberattical

situations measurements canrbade in a restricted
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2. Damage localization procedure.

The procedure fordamage localization usebere
consist of a PR procedure [10] fiad the damaged
substructure and aconsequent identification
(updating) process [2,3lerformed iteratively to find
the damaged elements. Tsieucture isdivided into
substructures A L=1,2..,M. It isassumedhat each
substructure can beeither damaged or non-
damaged In order to distinguisivetween these two
categories of substructures a pattestognition

damage. The quantit;Plg< is used as a damage
indicator forthe substructure A The IowerP,S< the

less likely it is that A is damaged. WherP,S<

approaches 1 the chances th&is\damaged become
very high. On thebasis ofthe damage indicators
Pg, K=1,2,...M for all the substructures, it is

decided whichsubstructure(s)will be considered
damaged. Normally all thesubstructureswith

method with the abovelasses of substructures isdamage indicators highethan 0.5 should be

developed [8,10]. The following quantities
representing the differences in tRRF'sbetween the
damaged and thimtact structure, for amumber of
frequencies and a number@OF's, araused to form
the feature vectors:

_ | (Hy —H)?
hyj = N
max(Hij ’Hij
1)

wherei stands fothe frequencies=1,2...,n and j-
for the DOF'sj=1,2...,m
For each substructure

A those

hi}‘,i =12,..n,j=12,...m_. are taken that are

only

measured in pointdelonging to thesubstructure.
The first two moments of eaclset hi}‘ form the

feature vectorsf - . The vectorsf - for all the sub-
structures are defined as follows:

fh=[f 3]

yhy
fi- = M(h}) :I}JTL )
2
3 [y - M)
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where Nt =n m_ is the number ofRF relative

differences hlj‘, corresponding to thsubstructure

A A statistical classifier [8,9,10] isleveloped
which giveswhen presented &ature vector'f, the
probabilities thathe correspondingubstructure A

is damaged Pg or non-damagedﬂ\'f. The PR
procedure results into two quantitiﬁ'j, F}'\] for

suspected as damageBlut eventually the expert
should decideaking into account all the information
the classifier gives andll the knowledgefor the
structure.

The secongart ofthe procedure consists of an
identification process with thelementalparameters
[3,6,7] characterizinghe damage. This allows to
detect the damaged elemeatgl can be used also to
characterize the quantity(magnitude) of the damage.

3. Case study.

Consider a quadrangle platucturerepresented by
the FE model shown on Igil. A damage is
introduced by @0% stiffnessreduction inelement
29 (Fig.1). Theexample is quite simple since in this
paper weaim to emphasize on the influence of the
measurement points on the identification procedure.
The following threesets of measurement points are
introduced:

1) Setl - all the 1hodes on AB - 11 points totally
(Fig.1);

Set Il - Set | plushe other 10 nodes on BC (the
node in Bwas alreadyintroduced in set I)- 21
points totally (Fig.2);

Set Ill - Set Il plughe other 10 nodes on CD
(the one in Qwvas alreadyntroduced in set Il) -
31 points totally (Fig.5).

2)

3)

» Set | consists of points that are quite disfeorn
the damage. The shortest distance to damaged
elementfor this set0.7a wherea is the dimension (
width and length) of thelate. If the dferenceshy;
areinspected it can be observibditonly for the two
measurement pointhat are ondistance0.7a from
the damage the quantitidy are affected by the
presence of the damage, whalkkthe othef~RF's are

each substructure that characterize its state ofot changed.
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Figure 1. Case study -Set |, damaged element, areas

» Set Il contains the largest number of

These measurement points coincide witdes measurement pointd.ooking at theFRF's for the
119and120and areshown onFig.1 with circles. It points onCD, only thosefor the twolastnodes close
can be observeithatthe distances of these twmodes to D and those for Dare not affected by the
to the damaged elemeate made of the lengths of introduced fault. The FRF's for a quite wide
seven (7) plate elements which makes 0.7BC=0.7a. fifequency rangeare affected by the damage. This
one looks at theaffected FRF's forthe different meansthat set Il isexpected to contain the most
frequencies, one will observihat only the lower complete information in terms oFRF's for the
frequenciequp to 25 Hzwhich is close to théirst change in the vibrationcharacteristics of the
modal frequency areaffected by the presence of thestructure due to the damage.
damage. This is in accordance witlsome
theoretically discussed results[ih12]. As awhole
the information available from this set of
measurement points iscarce and isonsequently
expected to be inadequdte the proper localization
and estimation of the present damage. The localization procedure as described in section 2
. Set Il contains pointshat are aser to the is performed with th&RF's forthe points from set I.
existing damage. Considering the measurememue to the measurement points (Fig.1) the plate can
points onBC, the only pointfor which theFRF's are be divided only along AB. Accordingly it was divided
not affected is BFor alltherest ofthe measurement into twoareas A and A dividing AB into two equal
points theFRF' aremore or less affected by the parts (Fig.1).The results from thdirst part of the
presence of the damage. Qran also noticethat B localization procedurgyield the following damage
turns to bethe only point on BQhat is out of the detectors (probabilitiethatthe correspondingrea is
0.7adistance range from the damager this set the damaged) for the areas And A:
frequency range of affectdeRF'sgoes up to much
higher frequencies. Accordingly ¢an beconsidered pD = 031 pD = o
that, compared to set |, set Il contains considerably 1 2 :
more informatiorfor the FRF changes caused by the
damage anthus can bexpected to serve better as a! NUS Only A can be suspected as damaged.
localization and an identification basis.

3.1 Localization and estimation with set




Figure 2. Measurement points from set Il, areas

And this is naturalsince theFFRF's for all the
measurement points from sebé¢longing to A are,
as mentioned, unaffected by tipesent damage.
Accordingly O probabilitythat A is damaged is
obtained.For A; thereare two measurement points With this set of measurement points (Fig.2) it is
for which theFRF's areaffected slightly, all the rest possible tadivide theplate alongside B@lso.Since,
areunchangedThus avery low probability of 31% compared talata set ladditional informatiorcomes
that A is damaged is obtained. from the FRF's for BC , noadditional data is
From this stage of the identification with set lavailable for A. Thus A is divided into twoareas -
measurement points therejust one conclusiorthat A, and A, ( Figure2). Figure 3 presents the results
is reachedFrom the available information A is from the patternrecognition proceduréor damage
intact and A can be considered as damagéihis indicators for A;, A, and A. Again O probability
conclusion still leaves a lot of questions odaut, for  that A is damaged is obtained and this is due to the
the case considered it is true. fact that, asnentioned, the sanaata isused for A

A consequent updating procedure with theas in the localization procedure with set I. The
elemental stiffnesses ofiAvas attempted assecond probabilities that & and A, are damaged are
step of the localization procedurdut it was clearly different and the picture indicatémat A is
unsuccessful. The procedure was tueth different the damage containingarea with probability
objegtivca_ functio_ns and different _iterativ_e_ proceduresFﬁ =0.87 while therest two areas appear to be
but it failed mainly due to the insensitivity of the ,

undamaged according to the data from set Il.

FRF residues (eq.(1)) to the introduced damage. ) A
; o . Thefollowing minimization problenformulates a
Thus the whole identification procedure with tega . . L :
consecutive identification procedure with the

from set lended upwith the conclusion reached on lemental stiffnesses of.A
the first stage, namely thittere is é81% probability elemental s e
thatthe damage is in therea A of thestructure and
A, is not damaged. minsﬁl{uhij H} = minsﬁl{HHﬁl— HijlfH}’ (3)

1

3.2 Localization and estimation with set
Il.

where thesuperscript™ refers to thesubstructure
(A1) and S&l are the stiffnesses of thelements

from A1



to use the results from the updating procedure as a
guantitative estimate fothe damage, it should be
kept inmind thatthey could posses arror of about
10%. For the case of experimentatiata the
measurement noise will be accumulated these
errors and thisvill most likely result inhighererrors
for the estimated stiffnesses.

Summarizing, it is noticedhat with set Il the
overall identification procedure is considerabigre
successful compared to tbae performed witlset |.

It results in
Figure 3. Damage indicators foi\A;, and A 1) localization of the damage in area;A

_ ) o ~2) localization of the damaged element ;
This is anonlinear minimization problem. Solving it, 3) estimation of the damage

one aims at obtaining the updated stiﬁneﬁ%]s* of

the elements of A for the damagedubstructure.
Due to thecharacter othe FRF residues{11], the 0.05 HWTFMW
successful solution of this problem stronglgpends 005Ts 5 10 1741 26 37 H9 46 48 50

on the initial approximation used to organize the -0.15T

iterative procedure. A closeenough initial 025 T

approximation is provided in this case by the PR o35+

procedure used to identify the damaged substructure. 45+ O Stfmess
Fig.4 presents the results of the updating procedure. 551 change
It contains the relative stiffness changks the -0.65 T Berrors
elements from A as well as therelative errors ot

between the introduceahd the obtained stiffnesses. ogs L Element number

The relative stiffness changes are defined as follows: _ .
5&1* B 5%1 Figure 4. Stiffness changes and relative errors - set Il
AS =X X (4)

11
. S 3.3 Localization and estimation with set
where S&l arethe updated stiffnesses arﬁil are Il

the stiffnesses of Afor the intact structure.
The relative errorare calculatedaccording to the

next formula: Set Il introduces 1Gnore measurement points on
‘S&l*i - git 0‘ CD (Fig. 5). Thus for the first part difie localization
g =—-—1-—, (5) procedurewhich is expected toestrictthe damage
81' in a substructurethe plate isdivided into 4areas

11%i i . (FlgS) - Ag_]_, A]_z, Az]_, A22. The purpose of this
where S are the introduced sfiffnesses to localization procedure is to determine which of the

simulate damage in th&tructure andsﬁl*o are the introducedareas can beonsidered damageBig. 6

stiffnesses obtained from the updating procedure. 9ives theresults. It presenthe damage indicators -
The damageelement(29) is clearlydetected, from Piu Piz Pai, Pz - for each ofthe introducecareas,
the graph ofthe updated stiffnessdig.4), as the _that give the probgbllltlema_ltthe correspondingrea
one with thelargest stiffness decrease. It can bdS damaged. Obviously.Ais detected as damaged,
observed that the resultsyield changes in the Whileall therest oftheareasshow very low damage
stiffnesses of other elements, besides the damag@gicators. The damage indicatfar A, is 0, since
one. The obtained stifinesses of theighboring for this area no new data is introduced, compared to
elements seem to balso affected by the present

damage. The maximum relativeerrors are

encounteredor these elements. The highest relative

errors for this case are about 10%. Thum#wants



Figure 5. Set lll, areas

set I, and, as was alreadyentioned, th=RF's in maximum relativeerror hasgone down tdess than
these points on ARrenot affected by the introduced 5% compared tdl0% for the updating procedure
damage (Fig.5). A;; was alreadyidentified as with data from set .
damaged with thé=RF's from setll. So for the
substructure (areaiplentification the bigger set of
measurement points, in thease,does nogive much
additional information. Onlyfor this set A was
divided into A, and A»,. The damage indicators for
these areas are obtained close or equal tdile the
damage indicatofor A,; is higher compared to the
one obtained with thelata from setll. Thus the
results form this stage, performed with thetafrom
set Ill, cangive morecertainty in the statemetiat
A1 is damaged and threst ofthe structure,covered
by A1, Az and Ay, is not damaged. _ o
The damagedarea identified, the damaged Figure 6. Damage indicators forf\Az, Az, Az
elementlocalization procedurestarts. Anupdating
procedure is organized with the same objectiva- he additional information from introducingnore

function as theneused with set Idata ( eq.(3)). It data from the new measurementpoints has
contributed to theelementlocalization anddamage

estimation by improving the precision of the
stiffnesses of A. Figure 7 presents the relative identification process. With this set ofeasurement
stiffness changes (eq.(4)). It is quite clear from thipoints the elemental updating can be usedniytas
graph thaelement 29 should be considered damaged localizationbut also as guantification procedure
as the one with théargest stiffness decrease. Thefor thefault. In conclusion it is summarizethat the
stiffness changes experienced by the o#tements process fodamage localization with tHeRF'sfrom
are rather sall andaredue toerrors ofthe updating set Il succeeded in:

procedure. For this case the relative errors (eq(5)) fd) the rough localization detecting the damaged

P21

P22

minimizes Hhij H with respect to theelemental

the identification procedurare shownseparately on area;
Fig.8. It is noticed herghat they have decreased 2) in the elemental localization identifying
considerably compared to the orfes case Il. The correctly the damaged element as the one with

the largest stiffness decrease;



3) in the quantification of the damage, identifying
with high enough precision the stiffness
changes, induced by the fault.
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Certainly for the case of experimentalata one
should take into account the measurenm@ige and
keep in mindthat thiswill most likely decrease the
precision of the procedure. Nonetheless wWiwle

4, Some comments and

conclusions.

This work aims at studying the possibility for
damage detection and estimation from FRF
measurements in points remote from the present
damage. A simpldest study is considered. Three
different sets of measurement poiatg considered.
The suggested compound identification procedure
constricts the defect in a certasubstructure, and
then localizes the damaged elemeftie same
procedure is applied with the three sets of
measurement points in order to compare its
performance fodifferently remote locations of the
points. The firstmeasurement set consists of points
quite distant from the introduced damage. There are
only two measuremergoints in this set, fowhich

the correspondingRF's araaffected by the damage.
In this caseeventhe procedurdor constricting the
damage in half of the plate hardly worked. This
implies the conclusiothat, asexpected, if a certain
distance is surpasseéde damage will not influence
the FRF responses taken in these poirfar the
example considered this threshold distance Qvés

i.e. 0.7 from the dimension of thelate. Another
inference ighat for distantneasurement pointnly

the lower frequenciesare affected,which is in
accordance witsomeresults fromwave propagation
theory discussed e.g. id,12]. Thus for set | the
FRF's for frequencies lower than thérst modal
frequency showed a change.

Set Il added more measuremepttints, most of
which closer to the damagd-or this case the
identification process was considerably more
successful. It provided correctsubstructure
localization with quite high confidence of 87 %. The

identification procedure with the third set of sequential updating procedure detected correctly the

measurement points already presegt®d enough

damaged element of tleructure. There isnore to

precision in the localization of the damage and thpe desired fothe precision of the updating, in order

estimation of its magnitude. Adding more
measurement points is not expected itagprove
considerably the performance of thole process,
since there is not much to improvend this brings
up the ideafor the choice of an optimaset of
measurement pointshat could givepreciseenough
results with the least possible measurements.

to use the procedure as a quantification tool. An
error of about 10 % wasebtained with FEdata,
which is expected to increa$ar experimentadata.
This measurement set confirtisat FRF's foipoints
remote from the damage on a distamnce0.7a are
affected by the damage. Here the range of affected
frequenciedasincreased considerably, which agrees
with the theoretical results considered in [1].
Measurement set llseems to providesnough
information forthe change in the dynamic response
of the plate in terms dfFRF's, so thaboth steps of
the localization and estimation proceduveere
executed quite precisely. In this case the introduction
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