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Abstract

The problem for damage detection and localization in structures is studied using an artificial intelligence

approach. The structure is divided into sub-structures. The use of pattern recognition techniques is suggested
to find the damaged substructure. The frequency response functions for a certain number of degrees of
freedom for a number of frequencies are used to form the features. A mapping between the space, defined by
the dynamic response of the structure in the frequency domain, and the space spanned by the features is use
to develop a pattern recognition procedure. The pattern vectors and the standard samples defining the
different classes are obtained using this mapping. Eventually a computer code (classifier) is built that can

answer the question for the damage localization.

1. Introduction

The paper addresses the problem of developing a
nondestructive procedure for damage detection in
structures, based on vibration measurement data.
Early damage detection and eventual estimation
of damage is an important problem, since it forms
the basis of any decision for structural repair
and/or part replacement. The presence of even a
small damage in a structure affects its dynamic
behavior. Most of the quantitative global damage
detection methods, that can be applied to complex
structures, examine the changes in the vibration
characteristics of a structure. There exists an
extensive literature on the subject of damage
detection using modal parameters [4,6,7] as well
as frequency [1-3] and time domain responses
[5,7]. Some works propose the use of the non-
model-based methods for health monitoring and
damage detection [8,9]. A number of papers

propose the utilization of updating and
identification procedures, based on a finite
element model of the structure under

consideration [1-3,4,7]. It is considered that the
frequency response functions (FRF's) provide

complete, easily assessed and adequately precise
information for the dynamic behavior of a
structure in a certain frequency range. There has
always been a research intent to make the process
of damage detection and localization as automatic
as possible. Here a pattern recognition (PR)
approach, that utilises the FRF response of the
structure, is suggested for the purpose. It is aimed
to perform the process for damage localization.
Though the approach facilitates very much the
process, making it nearly automatic, the final
decision has to be made by the expert on the basis
of the information obtained. Two different view
points to the problem are considered and thus
two PR problems are formulated. The structure is
divided into substructures. The idea of the pattern
recognition procedure is to distinguish among
different categories. Two possible approaches are
considered. The first one distinguishes between
damaged and non-damaged substructures. The
other approach differentiates among different
damaged substructures. The FRF's of the
structure in the pre-damaged and the post-
damaged states, for a number of degrees of
freedom for a number of frequencies are used to
form the features. The recognition is made on a
probabilistic basis, and probabilistic measures for
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each substructure are used to determine the
damaged one(s). Thus, both methods provide
damage indicators between zero and one for each
substructure, on the basis of which one can judge
whether the substructure is damaged or not. This
completes a stage for “rough” damage detection
in which one or more damaged areas of the
structure are found. A model updating procedure
with the parameters of the elements belonging to
the damaged areas only, is suggested for further
localization of the damaged elements. Besides
providing damage indicators for the sub-
structures, the stage of the rough localization
renders also a close enough initial approximation
for the updating procedure, that substantially
facilitates the further minimization process.

2. Substance of the method

When using the FRF's of the structure to develop
a damage detection procedure, generally a
selction of a limited number of frequency points
and measurement points is made. The proper
choice of measurement points and updating
frequencies determines to a great extent the
ultimate success or failure of any model-based
damage detection procedure[2, 16].Such a choice
opens a whole lot of questions and is not in the
scope of this paper. We just mention here that we
follow some of the general criteria [16] and
choose a number of discrete frequencies close but
different from the resonances to develop the
following procedure. The choice of frequency
values and their influence on the updating
procedure are discussed e.g. in [2,16].

In order to check if the inspected structure is
damaged, first a global characteristic based on the
differences between the measured and the
calculated FRF's is suggested. Denote with
Hij, 1=12.n, j=12,.m, the matrix of

FRF's for the healthy structure , wherestands
for the number of frequencies and- for the
number of degrees of freedom and accordingly -

with Hij I the matrix of FRF’s for the damaged
structure. Form the matrix

(Hj —Hy)?
N

=

(1)

max(Hjj ,

and then define the following parameterusing
Il

the total number offs. € can be used as global
damage indicator for the structure.df exceeds a

its Frobenius norn€ = , whereN=n+m is

certain threshold, i.es > eD- it is considered that

the structure is damaged. If accordinglyx e it

is considered that the structure is not damaged.
When it is concluded that the structure is

damaged, the procedure continues with the

localization of the damage. The mati'ilﬁ is used

for this purpose. The structure is divided into M
substructures A L=1,2,...M and first a pattern
recognition procedure is developed in order to
check for the damged substructure(s).

2.1 Pattern recognition

A pattern recognition procedure utilizes a
mapping between the physical data space and the
feature space [8,14,15]. In our case the physical
data space is the space defined by the measured
FRF's for the healthy structurkljj and for the

damaged structureHijD. The data from the

physical space is transformed into features, that
define the feature space. A certain number of
categories is introduced for a PR
procedure[10,11,12]. Then a decision algorithm is
developed that in the feature space distinguishes
among the defined categories.

2.2. Pattern recognition method 1.

One viewpoint to the damage location problem
is to try to distinguish between damaged and non-
damaged substructures. For each substructure A

only those h}‘,i =12,..n,j=12,..m

are taken that are measured in points belonging to
the substructure. Thus for each substructure A

number of variables hiJ'-‘ is obtained that

characterize the substructure and from these the
feature vectors are to be created. The first two

moments of each seh]i}‘ are used to form the

feature vectorsf - . The vectorsf = for all the
sub-structures are defined as follows:
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whereN' = n m_ is the number of FRF relative

differences hJL corresponding to the

substructure A In this way the FRF's of the pre-
damaged stateH;; and the FRF's of the post-

damaged state are mapped into a feature vector

f L The idea of introducing such features is that

for a damaged structure both, the mean values and
the variances of the differences between the
FRF's will not be close to zero, while for a non-
damaged structure - both values are expected to
be close to zero.

The following two categories that define the
classes for the PR procedure are introduced :

Cp- the class of damaged substructures
Cy- the class of non-damaged substructures.

The aim of the pattern recognition procedure is
to build an algorithm, and eventually a computer
code, that is able to distinguish between damaged
and non-damaged structures. The computer code
is the classifier for the PR procedure. A
"learning” procedure is organized for the purpose,
which utilizes the mapping between the response
space, defined by the FRF's and the feature space

fh, £
A number of vectorsfidrepresenting damaged

substructures is obtained, by introducing damages
in substructures and calculating the corresponding

FRF's Hj 5 Then H; Hand H jj are used to obtain

the corresponding feature vectofgd. A number

of vectors fin corresponding to non-damaged

structures is obtained by adding 5% white noise to
the responses in the time domain of the pre-
damaged structure and thus obtaining the

correspondingHijD. TheseHijD and theHj; are

mapped into f;". ;" and fid are used as
standard samples [11,12,14] for developing a

statistical classifier. The statistical classifier is a
computer code, which, when presented a feature
vector, determines the probabilities for the
corresponding substructure to belong te &@hd

Cy, i.e. to be damaged or non-damaged
[11,12,13,14]. The probability that a substructure
is damaged is used as its damage indicator. Thus
for each substructure a damage indicator

k. =Prob(A 0G&G), 0 k <1 (3)

is found. A high damage indicatdt means that

it is very likely that the corresponding
substructure A is damaged and accordingly a
low damage indicator means, that there is a small
chance that the substructure is damaged. Usually
the substructures withk >0.5 should be

considered as suspicious. The whole picture of
damage detectors for all the substructures should
be taken into account. If there are several
substructures with close indicators it is likely that
all of them could be damaged. Eventually the
judgment which sub-structures will be considered
damaged is left to the expert.

2.3. Pattern recognition method 2.

Another possible viewpoint to the problem for
determining the damaged substructures is to try to
differentiate among different damaged
substructures. In order to develop a PR approach
that utilizes this idea, the following categories,
that serve as classes for the problem, are
introduced:
C;- the class of structures containing damage in

1
C>- the class of structures containing damage in
Az
Cw- the class of structures containing damage in
Aw

In order to recognize among the different

above defined classes a pattern recognition
approach uses a mapping between the physical

data space, defined bylijD and Hij and the

space of the feature vectors. To obtain the feature
vectors the variablel; ( see eq (1)) are used.
Instead of using all the quantitidg , which is
impractical, we try to find some characteristics
that will help us to distinguish among the
different classes. The vectd¥ is formed as
follows:
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wheremy is the number of DOF's corresponding

to area A. Thus a vectofF is formed that ha
coordinates, where M is the number of
substructures, into which the whole structure is
divided. Each coordinate characterizes the
difference between the FRF’s for a substructure.
It is expected that if a substructure is damaged the
corresponding coordinate will be considerably
greater than all the rest ones. The veEtos used

as a feature vector for this method. In order to
form the standard samples, needed in the pattern
recognition procedures, a number of damages for
each  substructure are introduced. The

corresponding FRF'$—Iij '1, where 'L' stands for

and H,'J‘,

where Hilj‘ are the FRF's for the pre-damaged

the substructure, are calculateldij

state, are mapped into a number of vectors

FiL,i =12,.N|_. The vectors FiL form the
standard samples for the M classgsi€l,...,M.
Once the standard samples are formed they are
used to obtain the discriminant functions for the
classes. A probabilistic approach is used for the
purpose [12,13]. Thus the discriminant functions
have the meaning of probability densities. With
the estimation of the discriminant functions the
classifier is built. When a new feature veckdr

is presented, its values are substituted in the

discriminant functionsdi(FD). The values of

di (F D) are used to obtain the damage indicators

p., L=1,2,...M, that characterize the belonging of
the structure to any of the defined classes, and
have the meaning of probabilitigs. characterize
the probabilities that the structure belongs to any
of the defined classes, and consequently they
characterize the probabilites for each
substructure to be damaged. Thus the clpsés

to 1 the more likely it is that the substructureig\
damaged. On the contrary,pifis close to 0, then
the smaller is the chance that & damaged. The
vector F* presents a structure (by its vibration
response). Hence the indicatops, L=1,...M,
characterize the structure and they contain
information for any of the substructures that

shows the likeliness that the corresponding
substructure is damaged. On the basis of these
indicators one is supposed to take a decision
which substructure(s) to regard as damaged.
Above two possible artificial intelligence

approaches that employ statistical pattern
recognition approaches were presented for
localization of a damage in a structure using its
vibration response. These procedures find the
damaged  substructure(s). Usually  these
procedures can serve for approximate damage
location. The procedures can be repeated if
desired dividing the damaged substructures still
further. In case of damage that is distributed over
a part of the structure (like crack accumulation in
brittle materials) the identification of the damaged
substructure(s)  usually  provides  enough
information. For the case of a concentrated
damage it could be desirable to make a further
localization and find the damaged element(s). For
such cases a subsequent updating (identification)
procedure can be applied with the elements of the
damaged substructures only. Such procedure can
be used for localization as well as for
guantification purposes. An objective function of
the following type is chosen for the purpose:

O(S) =y PLR(H ()~ & H) ®
1]

where S, are the stiffnesses of the elements of

the damaged area(s), k=1,25..and <N, N
being the total number of finite elements of the
structure. Different choices can be made for the
functions @, F;, andF.. In the example below
the next objective function was used:

O(S) = 3 llog( Hj) - log(H ). ®)
)

3. Case study

In order to demonstrate the way the proposed
procedure works, as well as to validate the results
it gives, the following example was considered.
Consider a rectangular plate structure, consisting
of 50 finite elements. A damage is simulated in
this structure by a 90% reduction of the FE
stiffness of element 18 (see Fig. 1).



Figure 1. Case study-damaged plate, regions

The responses in FRF's for the damaged structure

Hij and the initial structure (before any damage

was introduced)Hij are computed. The plate is

divided into four regions - AA;,A3,As- Arand A
containing 15 elements each, ands;, AA,
containing 10 elements each (see Fig.1). The first
thing to do is to check if the structure is damaged.
This is done as explained.above employing the
global damage indicatar. It is a number that is
supposed to be between 0 and 1. For this case it is
obtained & =0.488 which indicates a
substantial difference between the response of the
initial and the damaged structure. Thus we
suppose the structure is damaged. The next step is
to find out which of the areas is (are) damaged.
The first method is applied and accordingly a
classifier is trained to distinguish between
damaged and non-damaged substructures. The

discriminant functiongd; ( f ) are obtained in the

form:

di(f)=dj(f, f2)=g1f1+ g 2 fo+ az(?)
where j=1,2. The functionl; corresponds to the
class G of damaged substructures ahd to the
calss of non-damaged substructures. Convergence
was reached after introducing 25 vectbtstally.
Now the feature vectorsf*, i=1,2,3,4,
corresponding to the areas Af the damaged
structure (Fig. 1) are obtained and they are
presented to the classifier. In order to determine
the damaged areas, the classifier takes the
following actions :

Figure 2. Damage indicatorsflar the areas A
i=1,2,3,4.
1. The vectorsf;* are substituted in (7) and the
discriminant functions di(f;") and dy(fD,

corresponding to the classesp Cand @,
respectively, are obtained.
e 2.0n the basis of the discriminant

functions,dlyz(fiD) which have the meaning of
probability densities, the following probabilities
are obtained: « P° = Prob(f{" 0 C;)- the

probability thatf; belongs to the class pCof
damaged substructuresd



Figure 3.Sub-areas into which the damaged agas divided

« PN = Pron(f;" O C,)-the probability thatf* Case it cannot be concluded that fistis damaged

and all the rest sub-areas are non-damagegdcan

D . N also be suspected as damaged. So, in this case, the
substructures;™ is the probability that the procedure of sub-division of Ahas not lead us
corresponding ared; is damagedP,D are used as Mmuch further. From the results one can suppose that
damage indicators for the corresponding procedure” 21 @NdA2, are damaged and assume afis not

3. The classifier produces as results the damadi#maged. Thus the consequent updating procedure
indicators for all the tested areas; A, As;, and Was performed with the elementséh andAz,.

A,

Figure 2 presents the results. It is obvious tha
according to these results only gan be suspected 1
as damaged. The damage indicator for (#he 0.8
probability that A contains damage) is 0.89, which
means 89 % probability that,As damaged, while

for all the rest of the areas these probabilities ar¢ 0.4
very low (less than 10%). Accordingly it is
concluded that A is damaged with probability
P(A;)=0.89 and all the rest of the substructures ar¢ 9
not likely to be damaged. The damage can be
localized still further either by subdividing,Anto
sub-areas or by applying an updating procedure
with the stiffnesses of the elements af Kigure 3
gives the sub-areas into which, /s divided. The
corresponding feature vector§,, j=1,2,3 are
presented to the already built classifier. Figure
presents the damage indicators for the afgas
j=1,2,3. The probability that the areé&,, is
damaged is higher, than all the rest. But th

belongs to the class \C of non-damaged

Figure 4. Damage indicators; kor the areas 4
j=1,2,3.

The procedure of further subdivision is worth
Eerforming if its results are expected to provide
enough precision for the localization process, i.e. if
the information that one of the substructures,
gbtained after the sub-division, is damaged is
. : : adequate for the purposes of the investigation. But
probability that A, is damaged is also not if an elemental identification is needed, the

negligible, as it was with the areas. AThis is . . .
because the damaged element in this case is on H]%datlng procedure can be started right with the

boundary betwee#i,; and A, Thus, on the basis eri\rl?rﬁir;]tzr O];oc%;\ti(latn IS e?;éarr:rt]lggeg r;erel i;hatatgeR
of the information that the classifier gives, in thisp y P y applying

approach makes the consequent stage of elemental



updating possible by 1) restricting the damagedamaged area as the one with the highest damage
elements to the elements from the damageunhdicator. But if one wants to sub-divide the area
substructure 2) by providing a close enough initiafound as damaged, as was demonstrated above, in
approximation for the updating. This simplifiescase this classification method is used, a new
considerably the updating procedure and makedassifier with new classes is to be introduced and
possible its performance with a quite complicatedieveloped. This is one of the disadvantages of

non linear objective function (see eq.(6)). developing such a procedure. Another disadvantage
Sv/s of this procedure is that it supposes that only one of
1.1 7 the substructures into which the structure is divided
0.9 could be damaged.
0.7
0.5 -
0.3
0.1
01" 6 7 8 9 10 16 17 18 19 20

Element number

Figure 5. Updated stiffnesses for the elements of
regions A; and A» , -
Figure 6. Damage indicators for Asecond

Since it is not the scope of this paper, the results approach

of the updating procedure are just given below Nus it is expected that in case of a distributed
without going into details. Convergence waddamage (like crack accumulation in some materials)

reached after 4 iterations. Figure 5 presents tH¥ in case of more than one concentrated damage,
results of the updating procedure. the method could give amblguoqs results which will
As a result, the whole procedure of roughnOt present yaluap!e |_nformat|or_1 for a further
localization employing a PR approach, togethe‘ocat'on and |dent|f|cat|9n. But in the case of
with the consequent updating has provided precisf.‘é)ncentrated_ damage this procedure is expected to
enough information for the location of the damagd!Veé more reliable results and to work faster.
in the structure(see Figs.1,2 and 5). )
The same case study is used in order to apply tde Summary and conclusions.
second PR procedure which tries to distinguish
among different damaged areas. A classifier i¥he objective of this paper is to demonstrate two
trained introducing 4 classes, corresponding to theossible pattern recognition formulations of the
four regions into which the plate is divided (Fig.1).problem for damage localization. The first method
The discriminant functions are obtained in the formdistinguishes between damaged and non-damaged
d(F)=75 5 2+ S F+g substructures, while the other one differentiates
j 1) j 1) among different damaged substructures. First the
ea of a PR approach and its application to the
oblem for damage localization is presented. Then
e substance of the two methods is presented. Both

and convergence is reached after 15 iterationéq
which is considerably less compared to the numb
of training vectors used to build the discriminant

functions for the first method. Then the veckesr m_ethods are illustrated on a case study of a plate

corresponding to the damaged structure is computéﬂth a concentrated damage simulated by a stiffness

sccording o ormula (4 and is presened o ECI 1 o1 B e Seeris For G parlener
classifier. The classifier produces the damagg 9

indicators for the regions;Awhich in this case have correctly.

the meaning of the following probabilities : : . .

= Probithe structure [0C; ), i=12.34, where advantage that it can be applied in cases of
Pi - S distributed damage, as well as in cases of multiple
Ci is the class of structures containing damage iRyncentrated damages. From such viewpoint it

area A Figure 6 presents the results. In this casgresents a more general and practically relevant way
this method also succeeds in identifying the

The first approach has the
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second method presents another possible viewpoid23(1997).
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the number of substructures into which the structurmode shape dateProc. 10-th IMAC, pp 522-528,
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