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Introduction

Due to some advantages, e.g., stiffness and strength, compared with homogeneous materials,
composite materials are being increasingly used in a variety of engineering applications, such as
aircraft, automobiles, sporting goods, and electronics. On the other hand, the mechanical
properties of composites can degrade severely in the presence of some damage, which can grow
as a combination of such failure modes as matrix cracking, fibre pullout, fibre fracture, fibre-
matrix debonding, and delamination between the plies. The structure failure as a result of the
damages can lead to tragic consequences. Therefore, damage detection and identification are
currently the area of active research. Doebling et al. [1] and Zou et al. [2] provided an excellent
overview on the methods for detecting, localizing, and characterizing damages by examining the
changes in the measured vibration parameters registered over the last 30 years. The basic idea is
that a damage as a combination of different failure modes in the form of loss of local stiffness in
the structure alters its dynamic characteristics, i.e., the modal frequencies, mode shapes, and
modal damping values. In such cases, a change in the vibration parameters can be used as an
indicator for detecting the damage.

According to the process of treating the measured modal parameters, the vibration-based
damage identification methods can be classified as the model- and nonmodel-based ones. The
model-based methods identify damages by correlating analyses of structural models, which are
usually implemented by the finite-element theory, with experimental modal data of the damaged
structure. The model-based damage identification methods are based on modification of the
structural model matrices, such as mass, stiffness, and damping, to reproduce as closely as
possible the measured static or dynamic response from the data. These methods are based on
solving the updated matrices (or perturbations of the nominal model that produce the updated
matrices) by forming a constrained optimization problem employing the structural equations of
motion, the nominal model, and the measured data. A comparison between the updated matrices
and the original correlated matrices provide an indication of damage and can be used to quantify
its location and extent [3-5].

In the present study, a model-based damage detection method employing the frequency
shifts is presented. The problems on damage detection using the changes in natural frequencies
have been widely discussed in the literature. Depending on the approach used, methods based on
frequency changes can be classified as the forward and inverse ones.
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The forward method consists of calculating the frequency shifts from the known type of damage.
The damage is usually modelled mathematically, and the measured frequencies are compared
with the frequencies predicted for determining the damage. As an example, Cawley and Adams
[6] give a formulation for detecting damage in composite materials from the frequency shifts.
Friswell et al. [7] present the results of an attempt to identify damage based on the known
catalogue of likely damage scenarios. Juneja et al. [8] present a forward technique called contrast
maximization to match the response of the damaged structure to a database of structural
responses for locating the damage. They also developed a predictive measure of damage
detectability. Other approaches to the forward problem are presented in [9-11].

The inverse problem consists in calculating the damage parameters from the frequency
shifts. Stubbs and Osegueda [12, 13] developed a damage detection method using the sensitivity
of modal frequency changes that is based on the study by Cawley and Adams [6]. In this method,
an error function for each mode and each structural member is computed assuming that only one
member is damaged. The member that minimizes this error is determined to be the damaged
member. Morassi [14] presents an inverse technique for localizing notch effects in steel frames
using the changes in modal frequency. Koh et al. [15] use a recursive method grounded on the
static condensation to locate damages based on measured modal frequencies. Further examples of
inverse methods for examining changes in modal frequencies for damage indication are presented
in [16-29].

The purpose of this study is to develop an experimental numerical method for damage
identification. This model-based identification technique employing the method of experiment
design and the response surface approach is intended to solve the damage identification (inverse)
problem. The response surface approximations are used to build the inverse relations
(identification functional) between the experimentally measured and numerically calculated
parameters of structure response (modal frequencies). By minimizing the identification
functional, the damage parameters are obtained.

Damage Characterization

The general classification system for damage-identification methods includes four levels of
damage identification [30].

» Level 1. Determination of the fact that damage is present in the structure.

» Level 2. Level 1 plus determination of the geometric location of the damage.
» Level 3. Level 2 plus quantification of severity of the damage.

» Level 4. Level 3 plus prediction of the remaining service life of the structure.

In the present study, the presence of damage in the general global sense is assumed a priori. The
location and severity of the damage serve as parameters of identification. The location of a single

damage in the structure can be expressed in terms of one parameter x; in one-dimension model or
through the vector of parameters x in 2-D and 3-D models

x=[x1,x2,...,xK]. (1)
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These parameters can be evaluated through the identification procedure by using the
experimental eigenfrequencies of the system.

Damage Identification Technique

The eigenvalue equation for harmonic vibrations of a plate without damping has the form
Ku, = o,Mu, for i=12,...,n, 2)

where K is the global stiffness matrix of the plate, M is the mass matrix, w; and u; are the ith
eigenvalue and eigenvector, respectively, and » is the number of computed natural frequencies
and mode shapes. Since the stiffness matrix K of the eigenvalue problem (2) is a linear function
of identification parameters x, the eigenvalues (natural frequencies) are convex functions of the
identification vector x. In the following theoretical development, let the experimental

eigenfrequencies be designated by o,,®,,...,®,, where [ is the number of measured
eigenfrequencies fl (o, = 27;]3 ), and the corresponding numerical (damage parameters x are used
to build the finite-element model) eigenfrequencies ]Nfi(aN)i :27y7l.) are represented by

®,,0,,....0,. The functional to be minimized is the deviation between the measured and
numerically calculated frequencies

—Sexp 3 FEM(

o)=Yy 2o ) (3)

alexp
It is seen that criterion (3) is a non-linear function of the identification parameters x. The
identification of the damage parameters x is performed based on the information obtained by

measuring / lowest frequencies. The identification problem is formulated as follows
min d(x). (4)

Subjected to
M <x, <x™ 0 i=12,..K, (5)

n max

where x™ and x™ are the lower and upper side constraints, respectively, and K is the number

of identification parameters. The upper and lower limits of the identification parameters are
chosen different for each case of damage identification.

Numerical Example

To evaluate the possibility of employing the changes in modal frequencies for identifying the size
and location of damage, it was suggested to substitute the natural experiment by a numerical one.
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For this reason, the work on damage identification carried out by Rikards in [31] was repeated. In
that study, two identification parameters (the location of the centre x; and the width x, of the
damage zone) were introduced (see Fig./). The damage of a transversely isotropic plate was
introduced by reducing the stiffness of the damaged zone by 50%.

*

E =05E; E,=05E,; G,=05G,. (6)

The location and the width of the damaged zone in a quadratic orthotropic plate (a=b=140 mm,
h=2mm) are given by x;“? = 0.591a and x,“*? =0.273a, respectively. The structure analyzed was a
glass-fibre-reinforced epoxy composite plate. The material properties are given in Table 1. The
laminate lay-up for the plate was [90/0/90/0];.

Tablel. Material Properties of a Glass/Epoxy Composite
Property Value

E,,GPa 110.0
E,,GPa  10.0
G12, GPa 5.0
G23, GPa 3.0
Vi2 0.3
- K [

.«

Fig. 1. Location of the damage zone in a composite plate (with K=2 identification parameters).

The above parameters were used for building the finite-element model of a damaged plate. In
[31], a 22 x 22 regular finite-element mesh (using a triangular finite element with a shear
correction) was considered. Since nowadays the computations take significantly less time, in the
present study, a 100 x 100 regular mesh was taken in order to achieve a higher accuracy. The
finite-element model was modelled by layered eight-node shear-deformable shell elements
(ANSYS 11.0 [32]). Each node had six degrees of freedom, namely three displacements and three
rotations. Further, the first 10 eigenfrequencies of the laminated plate with FFFF (all edges free)
boundary conditions were calculated by solving the eigenvalue problem (2). These numerical
frequencies were assumed as experimental frequencies of the damaged plate. The calculated
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frequencies of the intact and damaged plates are presented in 7Table 2. The changes (in
percentage) are calculated as follows

A:‘a)i _w"‘xmo. (7)

.

1

Table 2. Natural Frequencies for the Intact and Damaged Plate

Natural frequency (Hz) .
Mode No. Change in

0
Intact Damaged %
1 199.2 180.53 9.39
2 550.5 435.07 20.97
3 681.5 578.38 15.13
4 761.4 690.07 9.37
5 858.3 828.21 3.51
6 1242.6 1123.1 9.62
7 1514.5 1343.1 11.32
8 1623.7 1447 .4 10.86
9 2082.2 1802.2 13.45
10 2083.2 1880.7 9.72

Then, the experimental design [33-37] with 25 sample points was used. Previous investigations
[33, 34] show that the second-order polynomial approximations give very accurate
approximations for the metamodels of eigenfrequencies. Therefore, the experimental design was
planned using the criteria of D-optimality [34]. Unlike the classical D-optimal design, in the
present method, designs of a Latin hypercube (LH) type [34] are employed. The minimal number
of sampling points for a second-order polynomial with K variables is

_(K+1)(K+2)
—

N 3

Since in our case the FEM calculations are not time-consuming, 25 sampling points were used.
The domain of interest was assumed as follows

0.5a<x,<0.7a

: ©)
0.15a < x, £0.35a

In these sample points, the first 10 eigenfrequencies were calculated. The data were used to
obtain the approximating functions [33-37] for all 10 frequencies. These functions were used in
the identification functional (3). Minimizing this functional, the location of the centre x; and the
width x, of the damage zone were obtained:

x1 =0.589a, x, = 0.274a.
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As it is seen, the values of location and size of the damaged zone are very close to those
introduced in the numerical experiment.

In order to expand this method, it was proposed to introduce two more damage-zone
parameters: the location of the centre x3 and the width x4 of the damage zone in the Y direction of
the plate (see Figure 2).

A

L] r

i

X

Fig. 2. Location of the damage zone in a composite plate (with K=4 identification parameters).

The location and the size of the damaged zone in the composite plate are given by x;”* = 0.591a,
0P =0.273a, x37" = 0.591a, and x,~** = 0.273a, respectively. The finite-element mesh was taken
100 x 100, i.e., the same as for the previous example. Again, the first 10 eigenfrequencies of the
laminated plate under FFFF boundary conditions were calculated and denoted as experimental
frequencies of the damaged plate. Then, the experiment design with K = 4 variables and 75
sample points was selected. The domain of interest was assumed as follows

0.5a<x,<0.7a
0.15a < x, <0.35a
0.5a<x,<0.7a
0.15a <x, <0.35a

(10)

Applying the identification technique described above, following results were obtained:

xi =0.581a,x, =0.273a,x3 = 0.584a, x, = 0.270a.
Again, the values of location and size of the damaged zone are very close to those introduced in
the numerical experiment. Now, we will consider the effect of damage extent on the accuracy of

identification. The location and size of the damaged zone in a composite plate were taken the
same as previously. The damage extent was introduced by reducing the stiffness of the damaged

100



zone by 10, 30, 50, 70, and 90%. The frequencies calculated for each damage scenario and a
comparison with the natural frequencies of the intact plate are shown in 7ables 3 and 4.

Table 3. Natural Frequencies for the Intact and Damaged Plates

Natural frequency (Hz)

Mode No. Intact Case 1 Case 2 Case 3 Case 4 Case 5
(10%) (30%) (50%) (70%) (90%)

1 199.2 198.4 196.6 194.8 192.8 190.5
2 550.5 546.3 536.6 524.5 508.5 483.9
3 681.5 680.5 678.3 675.8 672.2 648.7
4 761.4 755.4 740.9 721.5 694.6 671.7
5 858.3 857.0 854.2 851.2 847.9 843.2
6 1242.6 1235.6 1219.1 1198.6 1172.4 1137.2
7 1514.5 1508.4 1493.7 1473.4 1441.0 1365.9
8 1623.7 1622.1 1618.6 1614.6 1609.8 1600.4
9 2082.2 2071.8 2044.9 2007.0 1944.3 1778.8
10 2083.2 2076.6 2061.1 2039.1 2003.2 1932.1

Table 4. Changes in Natural Frequencies for the Intact and Damaged Plates
Changes in %

Mode No. Intact Case 1 Case 2 Case 3 Case 4 Case 5
(10%) (30%) (50%) (70%) (90%)

1 - 0.43 1.31 2.25 3.26 4.37
2 - 0.77 2.53 4.72 7.63 12.11

3 - 0.15 0.47 0.83 1.36 4.81
4 - 0.78 2.69 5.24 8.78 11.78
5 - 0.16 0.48 0.82 1.22 1.76
6 - 0.56 1.89 3.54 5.65 8.48

7 - 0.40 1.37 2.71 4.85 9.81
8 - 0.10 0.31 0.56 0.86 1.43
9 - 0.50 1.79 3.61 6.62 14.57
10 - 0.32 1.06 2.12 3.84 7.25

The accuracy is estimated by summing the calculated residuals for each of the parameters to be
identified

*_ .exp
A:i ‘xiT?xlOO. (11)
i X;

1

The results of identification are given in Table 5. The effect of damage extent on the accuracy of
identification is shown in Table 6 and Fig. 3. As seen from the results obtained, this effect is not
significant since the residuals are very small for each damage-case scenario. However, it should
be noted that the accuracy decreases with increasing damage extent.
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Table 5. Identified Damage Parameters for Each Damage Case

Damage Identified
aramegter Experiment  Case 1 Case 2 Case 3 Case 4 Case 5
P (10%) (30%) (50%) (70%) (90%)
X1 0.591a 0.591a 0.583a 0.581a 0.585a 0.591a
X2 0.273a 0.275a 0.272a 0.273a 0.272a 0.268a
X3 0.591a 0.590a 0.583a 0.584a 0.577a 0.569a
X4 0.273a 0.275a 0.272a 0.270a 0.271a 0.276a
Table 6. Residuals for ldentified Damage-Zone Parameters
Identified
Residuals Experiment  Case 1 Case 2 Case 3 Case 4 Case 5
(10%) (30%) (50%) (70%) (90%)
Ay - 0.00 1.35 1.69 1.02 0.00
A, - 0.73 0.37 0.00 0.37 1.83
A3 - 0.17 1.35 1.18 2.37 3.72
Ay - 0.73 0.37 1.10 0.73 1.10
sum - 0.41 0.86 0.99 1.12 1.66
1.8
1.6
1.4 -
1.2
% 0.8 -
o
0.6 ¢
0.4 4
0.2 4
0 T T T T 1
Case 1 (10%)  Case 2(30%)  Case 3(50%) Case 4(70%)  Case 5 (90%)
Damage

Apart from the damage extent, another significant parameter which can affect the accuracy of
identification is the area of damage zone. To evaluate this effect, the finite-element calculations
and identification of damage zone parameters were carried out by changing the area of damaged
x4°P) in the previously defined domain of interest (8). The location of the damage
zone was fixed (x;*? = 0.6a, x3“? =0.6a), and the damage extent was introduced by reducing the
stiffness of the damaged zone by 90%. The results are shown in Fig. 4. It is seen that the area of
the damaged zone has a noticeable influence on the accuracy of identification, which should be

zone (x;7P,

Fig. 3. Effect of damage extent on the accuracy of identification.

taken into account in the course of identification procedure.
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Residuals %
N
[3,]
o

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Damage zone area vs the plate area (%)

Fig. 4. Effect of damage-zone area on the accuracy of identification.

Since in the real structures the damage extent is one of the parameters of identification, it was
suggested to add the damage extent as the fifth variable xs to the identification vector. In order to
realize the possibilities of the proposed damage identification method after the introduction of the
damage extent as the fifth identification parameter, the location and size of the damaged zone as
well as the damage extent in the composite plate were taken the same as in previous example of
damage identification with four damage parameters: x;“? = 0.591a, x;** = 0.273a, x;°" = 0.591a,
and x;5° = 0.273a, x5 = 0.5. The finite-element model was built, and the first 10
eigenfrequencies were calculated. In this case, the experimental design with five variables and
101 sample points was used. The domain of interest was selected as follows

0.5a<x,<0.7a

0.15a < x, £0.35a

0.5a<x;,<0.7a (13)
0.15a < x, £0.35a

0.45<x,<0.55

By minimizing the identification functional (3) following results were obtained

x1 =0.589a,x," =0.274a, x5 = 0.589%a, x, = 0.274a, x5 = 0.51.
It should be noted that in the process of search, the limits of the domain of interest can be moved
if, for example, the identified constants are beyond the limits or if the search accuracy should be

increased. From the process of search, it is seen that, in order to achieve a satisfactory accuracy,
the range of the domain of interest for the damage extent should be small, i.e., not exceed 10%.
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Conclusions

The damage zone parameters (location and extent) in a laminated composite plate were
determined by using the identification technique based on the method of experimental design and
the response-surface approach. The identification procedure was realized by substituting the
natural experiment by a numerical one. It was shown that the values of location and size of the
damaged zone obtained are very close to those introduced in the numerical experiment.
However, from the results obtained, several moments should be emphasized.

» It can be seen from Table 4 that the changes in natural frequencies increase from Case 1
to Case 5 with increasing damage extent. For the first two cases, the changes in natural
frequencies are very small and hardly exceed the measurement error; therefore, this fact
should be taken into account when performing the identification procedure in the natural
experiment.

» When the damage extent is used as an identification parameter, the domain of interest
must be chosen very carefully, and the difference between the upper and lower bounds
should not exceed 10%.

» It is seen that the area of the damaged zone noticeably affects the accuracy of
identification, which must be taken into account in the identification procedure.

» To achieve satisfactory results for the real structure by using the identification method
proposed, other dynamic characteristics (mode shapes, modal damping, and mode shape
curvatures) should be added to the identification functional.
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Rucevskis S. Bojajuma zonas noteik§ana kompozitmateriala platneé izmantojot passvarstibu frekvencu izmainas

Pateicoties kompozito materialu stinguma un stipribas prieksrocibam, tie tiek plasi lietoti tadas nozarés ka avio biive
automobilu biive, elektronika, sporta inventara razosana. Bet tai pasa laika Sis mehanisko ipasibu prieksrocibas var
strauji mazindties, ja materials tiek bojats. Dotaja raksta tiek apskatita skaitliski eksperimentala metode bojajuma
identifikdacijai. ldentifikacijas metode, kas balstita uz skaitliska eksperimenta planosanas un atbildes virsmas
metodes piegajieniem, tick izmantota, lai risindtu identifikacijas uzdevumu. Atbildes virsmas metodes aproksimacijas
tiek izmantotas, lai bivetu apgrieztas sakaribas (identifikdcijas funkcionals) starp eksperimentali noméritiem un
skaitliski apréekinatiem konstrukcijas dinamiskajiem parametriem (passvarstibu frekvences). Bojajuma parametri tiek
ieguti minimizéjot identifikacijas funkcionali. ldentifikacijas metode tiek parbaudita aizstajot dabisko eksperimentu
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ar skaitlisku. Skaitliska eksperimenta uzstaditie bojajuma zonas parametri tika atrasti izmantojot identifikacijas
metodi. legiitie rezultati ir tuvi uzstaditajiem bojajuma zonas parametriem.

Rucevskis S. Identification of the damage zone in a composite plate by using frequency changes

Due to some advantages, e.g., stiffness and strength, compared with homogeneous materials, composite materials
are being increasing used in a variety of engineering application, such as aircraft, automobiles, sporting goods, and
electronics. On the other hand, the mechanical properties of composites can degrade severely in the presence of
some damage. In the present study, a numerical-experimental method for the damage identification is described. For
this purpose, a model-based identification technique based on the method of experiment design and the response-
surface approach is suggested for solving the damage identification (inverse) problem. The response-surface
approximations are used for constructing the inverse relations (identification functional) between the experimentally
measured and numerically calculated parameters of the response of structure (modal frequencies). By minimizing
the identification functional, the damage parameters are obtained. The identification procedure is realized by
substituting the natural experiment with a numerical one. It is shown that about the values of location and size of the
damaged zone obtained are similar to those determined in the numerical experiment. The effect of the damage extent
and the size of damaged area on the accuracy of identification is also investigated.

1’_}71188(!1('”6' C. Hdenmm]mxauuﬂ 30Hbl noepeofcoenuﬂ 6 KOMRO3UMHOI NACHUHE UCROb3YA USMEHEHUEe Hacmom

bnazodaps maxum ceoticmeam KOMRO3UMHOZ0 MAMeEPUANd KAK 6bICOKAsSL YOelbHAsl NPOYHOCMb U IHCECMKOCHD,
N0O360J51eM WUPOKO UCNOAb30BAMb OAHHBIL MAMEPUAT 8 PA3TUUHLIX NPOMBIULEHHbIX 00IACMAX: A8UACIPOEHUe,
asmomobuiecmpoerue, npou3e00CmME0 CNOPMUSHBIX MOBAPO8 U 8 InekmpoHure. OOHAKO MeXaHuuecKue ceoucmed
KOMNO3UMHO20 MAMepuania yxyoularwmcs Npu HeKOmOpwblX HO8pedcOeHusx mamepuanda. B odaunoi pabome
ONUCHIBAEMCSL  YUCIEHHO-IKCNEPUMEHMANbHBIL Memo0 0/ UOeHmu@uKkayuu OaHHbIX nogpedicoeHuu. Memoo
udeHmupuKrayuu OCHOBbIBACMCsT HA YUCTEHHO-IKCNEPUMEHMALLHOM Memoode NIaHUPOSAHUsT U UCHOLb308AHUS
NOBEPXHOCMHO20 OMKIUKA OJis peuteHus UOeHMUPUKAYUOHHOU npodiembl. Annpoxcumayus mMemood YacmomHo20
OMKAUKA UCNONBL3YEeMCA OJisl CO30AHUSL 0OpamHoOUl 3asucumocmu (PyHKyUoHan uoenmuguxayuu) mexncoy OaHHuLMU
IKCHEPUMEHMA U YUCTEHHbIMU OAHHBIMU pACYema NO OUHAMUYECKUM napamempam (Co6CmeeHHble 4acmomoi).
Hcnonvsys ¢hynxyuonan munumusayuu, OuLiu NoIyHeHsvl napamempul nospedicoenus. Memoo udenmupuxayuu Ovin
NPOBEPEeH 3AMEHOU IKCNEPUMEHMATbHBIX OAHHBIX HA YucleHHvle Oanuwle. [lonyuennvle KCnepuMenmanbHvle
pesyibmamyl  pasmepa U Mecmd 30Hbl NOBPENHCOEHUs, COBNAOAIOM C pPe3VIbMAmAaMu YUCIEHHO20 pacyemd.
Jlonornumenvro npogedeHo ucciedos8anue 6IUsiHUA pasmepos 30Hbl HOBPENCOEHUs HA MOYHOCMb UOEeHMUPUKAYUU.
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