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Damage detectiortechniques are tools of great importance in thehaeaical anc
aeronautical engineering. The necessity to det@ttage in complex structures has
the development of a vast range of techniques dkimeerse problem based
optimization algorithms.nl the present article, a numerical study is to sssamag
detection techniques applied to composite matermsause the application of the
materials in components and structures has replaegallic materials due to their hi
mechanical performance and the most destructive inspection techniques (NI
used in these materials needs a high levekdifinical expertic. We carried out the
modeling by finite element method (FEM) and emptbyeuristic techniques
optimization (genetic algorithmsjoupled to the numerical model, to minimize

objective function, written in terms of the natufi@quencies of the analyzed structt
because vibratiobased detection methods using dynamic parametersigsof the
most promising in structural healthonitoring (SHM). The principle behind vibrati
monitoring is that damage in a structure reducesldbal stiffness, which results
changes in dynamic parameters such as naturaleineggs. Therefore, by monitoril
changes in these parameters we cetea and assess damage. The structure stuc
constituted of a damaged laminate of carbon fiead a local stiffness reduction
applied in a specific element as the damaged mdded. main contribution of th
paper is the development of a codindhancement strategies designed specifically
the problem of damage detection using artificideliigence. The effect of the tw
damage variables (damage location and severityytarked. The results of numeric
simulations as well optimization predures using heuristics methods as shown a
performance to detect and identify the structueahdge modeled as a local stiffn
reduction.

INTRODUCTION

Detection, location and quantification of damein structuresvia techniques that examine change:
measured structuralibration response is a veimportant topicof research, due to increasing demands
quality andreliability. Recent surveys on the techniliterature, such as on Doebligigal. (1996) and Chang
(1997) among others, show that extensive efforts haea lokeveloped to find reliable and efficient numar
and experimental modets identify damage irstructures. Theccurrence of damage in a structmodifies
some of its mass, stiffness or danyg properties, changinthe vibrational response of tistructure. Therefore,
the knowledge of the vibrational behavior of a stiwee can be used to determine the existias well as the
location and the extent of damage. All themetha@gsegnted in ie literature can beategorizeby the type of
data or the techniques used to achieve thedamag#fidation purposeSantoset al, 2000)
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Lots of damage detection techniques have been pedifor structural health monitoring (SHM) (®tral,
2013; Sinou, 2009; MorassiandVestroni, 2008). Haveaccording to Santesal. (2000) they are somehow
difficult to implement, andsome of them are impigadtin many cases such as in-service aircrafinigsind in
situ space structures. Almost all of the above rigples require that the vicinity of the damage newn in
advance and the portion of the structure beingeicisul is readily accessible.

The dynamics-based damage detection techniqueg sisiart materials offer a viable and effective way
damage detection. Changes in the physical propesfi¢he structures due to damage (e.g., delamimathay
alter the dynamic responses such as natural fregegendamping and mode shapes, and these physical
parameter changes can be extracted to estimategeanfarmation. (Qiaet al, 2006). In addition, according to
Qiacet al. (2006), delamination in composite structures is ohéhemajor failure modes, and it may cause
structural failure leading to catastrophic conseges. Development of anearly damage detection rdfiho
delamination is one of the most important keys aintaining the integrity and safety of compositeictures.

An important class of damage identification methsdsased on the updating or modification of stieit
matrices, namely the mass, stiffness and dampingioaa (Friswell, 2008; CawleyandAdams, 1979). The
models included in this class are theoreticallyi@gaus to some finite element model updating meshagbd to
locate and quantify modeling errors. Typically, thgdated matrices are determined by solving amigsition
problem, based on the structural equations of mptiwe initial matrices and measured data. By coimgahe
updated or modified matrices to the original maisidt is possible to locate and quantify the deen@antoet
al., 2000).

Composite structures have an excellent performaaittgough this deteriorates significantly with dayaa
Unfortunately, damage, due to impact events formgta, are difficult to detect visually, and hencamge
method of non-destructive testing of these striestis required. Zoat al (2000) reviewed the vibration based
methods that are available to monitor compositacsitres. Since this paper considers inverse metfards
damage estimation, this section will only consither parameterization of the damage in compositetires,
and in particular the modelling of delaminationdthAugh composite structures have other modesihfréa
such as matrix cracking, fiber breakage or fibetrmalebonding (Ostachowicz and Krawczuk, 2001gsth
damage mechanisms produce similar changes in bhatiin response to that obtained for damage iraliieet
structures. However, delamination is a serious lpralin composite structures, and has no parallelatmage
mechanisms in other materials. Once the damagaraneterized then inverse methods, such as setysitiv
analysis, may be applied (Santisal, 2000).

Supplementary, vibration-based detection methotgyudynamic parameters is one of the most promising
in SHM. The principle behind vibration monitoring that damage in a structure reduces the locéhesis,
which results in changes in dynamic parameters agchatural frequencies, mode shapes and damging.ra
Therefore, by monitoring changes in these parameter can detect and assess damage. The monitdring o
mode shapes requires measurements at multipleidosatis time consuming and prone to noise. Damping
parameters are notoriously difficult to measurangesensitive to environmental conditions such amildity
and temperature. In comparison, natural frequenoéegiire only single point measurement, and can be
monitored with greater accuracy, ease and reltglfifihanget al, 2013).

Based on the brief review, it was proven that thmage detection is still a serious problem in casitpo
structures, which requires more attentions. In gtigly, a numerical model, which allows the detecind
identification of structural damage, is investightesing finite element analysis and genetic alparitin
laminated composite plate.This model allows thentifieation of local damage, with no need of preiso
knowledge of its localization. The model uses &mdiszation by finite elements to obtain a damagmmeter
in each finite element of the discretized structuree damage parameter is directly related to tlifness
reduction of the damaged element. The model isieghpb a laminated rectangular plate with free sdge
boundary conditions. The optimization process usiegristic methods such as genetic algorithm (Ga)used
in the inverse method procedure because heurisithods, such as GA, are methods of zero-ordeecesly
suitable for non-linear and multi-modal problemsit(¥ell, 1999), since thedamage detection problerm &
functional that is not convex with multiple localmma (Stavroulakisand Prior, 1998). Significarsukis were
founds using this methodology.

Problem Formulation:
Direct Problem: Finite element model:

The direct problem was modeled on a square pld& $he structure is symmetrically laminated coritpos
material consisting 12 layers in different orieitas stacking symmetrically, i.e., [0/90]andthe layer
thicknesses ts= 0.18mm. Please note that this work is intendddlysdo the study of the damage detection
method in laminated composite material using opation algorithms, giving emphasis on geometric
parameters and specific characteristics of thedataimaterial.
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Thus, mapped shell elements were employed in then&&eling. Figure 1 shows the resultthe meshed
geometry in 100 elementgenerated on theurface of the structurstudied and the material properties
shown in the Table 1.

Table 1:Material properties.

Material Properties Value

= 83.02 MPa

E, 5.13 MPa

G12 8.37 MPa

Viz 032

p 1408.1 kg/m?
S1 82 23 24 85 113 87 s8 92 100
BL Bz 83 B Bs BE a7 1] L S0
7L T2z 3 T4 75 6 7 7B 9 BQ
(38 62 €3 (1] 65 66 &7 (1] 69 70
a1 52 53 54 55 5 57 5R 59 RO
41 42 43 44 45 4h 47 4R 49 50
a1 az a3 34 3 &1 a7 am as 40
1 22 3 4 25 13 28 ] 30

Y A 11 1z 13 14 15 pL 17 18 1% Z0
1 2 3 L] 5 13 7 a8 9 10
>

Fig.1:Element numberingequenciof the discretized plate.

Damaged Model:

It is known that the occurrence of damage in acttine modifies someof its mass, stiffness or dampi
properties, changinthe vibrational response of the structure. So #maated model used in this study will
based in local stiffness rediart which results in changes in dynamic parametach as natural frequenci
mode shapes and damping ratios. The backgrounthi®fmiodel, or the discretizer undamaged structure,
according to Santost al. (2000),theeigenvalue equation can be written as

Kg =AMqfori=1, ...,n. 1)
where K and M are the stiffness and mass matriespectively;is theitheigen value, ; is theith eigenvector

ann is the computed or experimentaavailable numbeof mode shapes of the undamaged structure.l
structure undergoes some kind of damage, whichcesditsstiffness Eq. (1) is rewritten

K qj =AjMgjforj=1, ...m )

whereK is the stiffness matrixﬂ*jthe jth eigenvalue,q*jthe jth eigenvector andnm is the computed or
experimentally availablaumber of mode shapes of tdamaged structurélrhe mass matrix of thdamaged
structureis assumed equal to the mass matrixhe undamagedtructure. Matrices K anM are assumed
symmetric positive definite and therefore the eigduey; are positive and the eigenvectq; can be taken as
K-orthogonal. Similaconditions apply to *, 2'; andq;.
Considering the mas®rmalizatiol of the modeshapes, the orthogonatibyditions are dened by
T e s \ Jj =0 fori#j
g K qgj =3;Aiwith o 3)
Jj =1 fori=j
Since the damage stiffnesmatrix is given byt = K — JK and on elemene the corresponding
perturbedmatrix igK. = dbKe, Wheredbe[0, 1[ isthedamage parameter, expression (3) y

N *T * *T * *
D de Kediede =g Kgj =G A; (4)

e=1
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Then,to simplify those notations, we consica = db.as the multiplier parameter in the element. So,
total stiffness reduction can be introduce( such as:

'8 =1-a (5)

The structure chosen for this study is a symmew-ply plate free in space. The layershave e
thickness and the material properties of eachlayeipresented in Table 1.The platdiscretizerin 10x10first-
order shear deformation plate elements. Hencegtheg 100 unknown damage parameters (Fig. 1).
element has8 nodes with 6 degrees of freedom I(3l&ton and 3 rotations). Damage is simulatedemente
by a reduction in itsstiffres matrix k. Thedamage is simulated in element number 45, witdamags
parameter of 0.20, 0.50 and 0.80, respectively as shownérRigure 2 and

.DamagedElement #45

(@) (b) (c)

Fig.3:Factor scale ot in three different caseson the laminated |: « = 0.2 (a),a = 0.5 (b) anc = 0.8 (c).

I nverse Problem: Genetic algorithm optimization:

The main goal of the optimization procedure is djust the fractional ordea and thedamaged element
number Nger, in order to obtain he best properties of the damage identificatalgorithm.Hence, the
optimization problem can be written asfollo

2
o 1 & damaged
Minimize J= —Z 1- “ (6)
n = m(;(’)calculated
Subjectto 1< Neem<10Q0<a <1 (7)
wherey?@™%js the target frequency shift obtained either framasurements (in the case of experime

validation) or from FE test cases (numerical valig) and »®@*®*fs frequency shift obtained from tl
surrogate model. Hepé = {Neem ¢} is called the design vect.

Genetic Algorithms (GA) represent an intelligentpkxtation of a random search used to sc
optimization problems (Santhanam and Padmavathil520The GA procedure userandom initial
populationand through selectioncrossoverrand mutation in GA, better offspring are fed inthe
surrogatemodel for the next iteration. This itematprocedure continues untilconvergence to thepsatision
criteriais achieved or the numberof generations reachemth@num set value. The parametersettings use
the GA are listed in Table Rvery solution in the population is called as adividual and every individual i
represented as a chromosome for makt suitable for the genetic operations. The useinddfvalue is used ¢
the initial population of meta heuristic which edeccandidate solutions to an optimization problewh @evolves
better solutions (Sudha and Sukumaran, 2



128 MSc. Guilherme Ferreira Gomeset al, 2016
Australian Journal of Basic and Applied Science, 10(14) September 2016, Pages: 1-131

Table 2:Genetic algorithm operators.

Genetic Operator Value
Population size 40
Crossover 60%
Mutation 2%
Elitism 2
Generations 100

Numerical Results:

The initial analysis demonstrates that tstiffness reduction as inducethmagechanges the dynamic
response of the platén order to further investigate the relationshipgvieen thestiffness reductic and the
mode-dependent variations oétural frequenciein the plate,numerical simulation using FEM is employ
(Table 3).

Table 3: Natural frequencies of undamagatd damaged plate considera = 0.2.

Mode Undamaged Damaged

1
62.5436 Hz 62.1774 Hz
2nd
123.6100 Hz 122.7640 Hz
3rd

154.9480 Hz 154.0170 Hz

It can be observed that the natural frequencigati@ms were quite smi (Table 3) however, this stiffnes
reduction model behaves in a very approximate ctaraas addressed by Gomes (2016), in which siraic
damage lead to small dynamic variations in expemtalenodal testing in real structures. Therefdne,ihducec
damagehaa total area of 9 cm? (3x3cm?), corresponding todf%he total area of the plate (900ci

In a preliminary stage, was varied the level of dge ) in all discretized elements of the plate.
response of this variation, we obtained the firstratuial frequencies. The results of this study are show
Figure 4. It can be seen that the position of thmalje Ne.e,) has far more significance on the variation of
natural frequencies (sensitivity) than the rateeafuction.It is further, that for ore o values than 0.2, there
no significant variation in the response. Howe¥ara high reduction (0a<0.2), the reduction ratio affects t
results significantly.
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Fig.3:Natural frequency variation in function of the gmsi of the damage (element number) and its sewverit
(a) for the £'(a), 2 (b), 3° (c), 4" (d), 5" (e) and & (f) natural frequency.

The key results from the optimization procedurestrewn inFigure 4. This plot presents the intensitihe
damaged region of the induced damage and the ebtdiy the present employed method.The values of
behavioral parameters for these caseswere inclid@dble 4. It should be noted, that the genetioi@athm
found precisely the damage on the composite pliatesmnall errors and for the case 3, that reprasiaat small
damaged structural case, the algorithm obtainedsthaller tendency to convergence to the inducedagam
(error around 0.0825%).

Table 4:Results of damage detection by stiffness reduction.

Case 1 Case 2 Case 3

Nelen a Nelen o Nelen [
Objective 45 0.2000 45 0.5000 45 0.8000

45 0.1999 45 0.5002 45 0.8001

45 0.1997 45 0.5001 45 0.8008
Stochastic Search 45 0.1999 45 0.4999 45 0.8009

45 0.1996 45 0.4997 45 0.8009

45 0.2001 45 0.4997 45 0.8006
Mean 45 0.1998 45 0.4999 45 0.8007
Deviation 0 0.0002 0 0.0002 0 0.0003
Error (%) 0 0.080 0 0.016 0 0.0825
ool | I induced Damageimenﬂhed Damagei o i I Induced Damagei\dennﬂed Damage

(@) (b)
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[ induced Damage M Identified Damage|

(c)
Fig.5:Damaged laminated plate, detected damages apghéniiyst six natural frequencies after 100genersi
for 20% (a), 50% (b) and 80% (c) of stiffness rehurc

Conclusions:

A numerical technique for the damage identificattoncomposite structures, which considers the tidma
based damage detection, has been applied. The mioeglnot requirethe previous knowledge of the dgaitha
area or areaslocation and allows the identificatibstructural damage.

The results of numerical simulations as well optimtion procedures using heuristics methods (GA) as
shown a good performance to detect and identifysthngctural damage modeled as a local stiffnessctexh.
This local stiffness reduction concept can be ¢é@ats a delamination behavior in composite strasiusince
this damage model produce a local reduction offnetfs without mass loss. Due to the finite
elementformulation, damage detection and identificeon arbitrary structurescan be carried out.

It can be seen that the local stiffness reducti@thod, the position of the damage (element numites)
more impact on the system response (natural fragg®nthan its severitya]. The severity of local damage
becomes important to over 80% in local stiffneskiotions.
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