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1 Intr oduction

The increasinguseof polymer-matrix compositesin aircraft structuralpartscalls
for a betterknowledgeof thelong-termpropertiesin cyclic hygro-thermalconditions.
For example,the new A380 aircraft is composedof compositestructuralpartsthat
aremorethan20 ��� thick. In suchcases,wet-ageing,partially characterizedasa
through-the-thicknesswaterconcentrationprofile,evolves overseveraldecades.Wet-
ageingis, typically, so slow that characterization experimentsbasedon direct repro-
ductionof the hygro-thermalcyclesarenot possiblewithin the development time of
theaircraft. Theidentificationof cyclesleadingto comparablethrough-the-thickness
waterconcentrationsin shortertimeshasbeenproposedusinga Fickianwaterdiffu-
sionmodelin [7, 8].

This article presentsa rigorousmethodology and software developmentfor the
identificationof acceleratedwet-ageingcycles.Dependingon theformulation,identi-
ficationtime andwaterconcentrationprofilesaretreatedeitherasobjective functions
or asconstraints.Theresultsof thedifferentidentificationsexhibit thetrade-offs that
exist betweenwaterprofileaccuracy andexperimenttime. Thenumericalimplementa-
tion is performedin theLAMKIT c

�
software([3]), whichis anobjectorientedplatform

for theanalysisandoptimizationof composite laminates([4]). An applicationis given
for a thick andhumidlaminate.

2 Accelerated wet-ageingproblemformulation

Let �	��

����� beanavailable through-the-thicknesswaterdiffusion model,where
 is
the time and � the thicknesslocation. In this case,it is the one-dimensional multi-
materialFickianmodelincludedin LAMKIT ([2]). Theacceleratedwet-ageinginverse
problemdeterminesthermalandhygralexternalconditions,����
�� and ����
�� , suchthat
two criteria, 
���������� and �! , areproperlycontrolled: 
��"�#����� standsfor thetotalcondition-
ing time and �$ is theaverageEuclideandistancebetweenthetargetwaterprofile and
thewaterprofileat time 
��"�#����� .
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Thermaland hygral cycles are parameterizedas %&
 plateausof value �'� or �(� ,
respectively, startingat 
��*) � and finishing at 
�� . %+� cycles are then repeated. The
identificationvariablesaresummedup in the , array,
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Now thattheacceleratedageingvariablesandcriteriaaredefined,two constrained
mono-objectiveoptimizationproblemsaresolved1 :

�EDF=E�
GHJI�KMLON$P 
��"�#�����

suchthat �Q SRT� �J�#U 
and , U4��� RV,WRX, U?� P

�EDZY��
GH I KMLON$P �! 

suchthat 
��"�#�9���@RV
 �J�#U�"�#�9���
and , U4��� RV,WRX, U?� P

�[D\=E� minimizestheconditioningtimesuchthatthewaterprofile is not toodistantfrom
thetarget,andviceversawith �ED]Y^� .
3 Application

A _	`a��� thick graphite-epoxystructureis consideredwherethesaturationmass
andthecoefficientof waterdiffusionarebdcfe `g8h`�`giB� �<j k � (2)l e m 8niB` )$oqp
rgs � 3 _^t^`�`!uv�w�x8 (3)

Thetargetconcentrationprofile (symbol+ in Figure1) is humid(about `g8�y�t�z of the
mass).A first �[DF=[� identification is performedwherethemaximum distancebetween
thewaterprofilesis � �{�#U e `g8h`!_|z . Thesix continuousandboundedvariables( %'
 e_ ) are `}RT� � �~� � R�iB`�`���� , `�RT� � �"� � R�i�`�`�z , `�R��2
 �x3 
657�
�;��
 ��3 
 � ��R�_^`�`�� .
The numberof cycles is fixed at %@� e t . The problemis solved usingthe Global-
izedandBoundedNelder-Meadalgorithm[5]. A trivial solution is obtainedwhereall
variableshit their upper-bounds(maximum times,temperaturesandhumidities). The
total conditionning time is _���_^`^`���t e _^`^`�`�������� days. Despitethe very fast
diffusion conditionscreatedby this tuning, thespecimencenteris not humid enough
(seeFigure1). Clearly, a longerconditionning is necessary.

1A third problemassociatedto themulti-objective formulation

�n�1�n�v� �� �������v�q E¡~¢�£7¤¦¥
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canbesolvedusingLAMKIT but, for concision, it will notbediscussedhere.
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Figure1: Comparisonbetweena targetwaterprofile andthreeacceleratedageingsof
various
��"�#����� .

The �EDF=E� identificationis thereforerepeatedbut the largestpossible experiment
time is increasedby thefollowing changes: %+� e _^` cyclesaremadeand `­R®��
 �]3
657�7�B��
 �¯3 
 � �°R²±!`^`�� . The solution is 
 � e �����g8'� , 
 � e³m ���g8'� , � � e iB`�`18+�"� ,� � e iB`^`g8 � � , � � e �!t$8!z , � � e �!y18�z , which has 
��"�#����� e iB��y�y m � e t�yv± daysand�! e `g8�`�_^`!y . The correspondingwaterconcentrationprofile is plottedin Figure1.
Thissolution is not satisfactorybecausetheconditionningremainstoo long.

In orderto betterunderstandwhat is feasiblein termsof concentrationprofile re-
semblancewithin a realistictime, a �EDSY^� identificationis carriedout. Themaximum
conditionning time is set to 
 �J�#U�"�#�9��� e _�y^` days. The discretevariable “number of
cycles”, %+� , is addedto the identificationvariables, . Becausetherearebothcontin-
uousanddiscretevariables,an evolutionaryalgorithm([1, 3, 4]) that handlesmixed
variablesis usedfor solving the optimization problem. The solution is %+� e iB` ,
 � e �!y^t18�� , 
 � eTm ±�´g8�� , � � e ´!y18	�"� , � � e ´!y18h�"� , � � e ´��g8^z , � � e ´^±g8�z , which
has 
��"�#�9��� e _�y^` daysand �! e `g8ni�i;_ . Theassociatedconcentrationprofile is plotted
in Figure1.



4 Concluding remark

The careful identificationproblemformulationand programmingperformedfor
theLAMKIT projecthasbeenappliedto theacceleration of wet-ageing.Similar work
is underway to accelerateinelastic strainssetting ([6]).
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