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Abstract — In this article, complexities related to the multicriteria (multiobjective) optimization of lam-
inated composite structures subjected to technological constraints will be presented. So, various tech-
nological constraints will be presented and a strategy of handling each constraint (in order to use the
multi-objective optimization tools based on genetic algorithms) will be also introduced.

1 Introduction

An advantage of using fibre-reinforced composites over
conventional materials is that they can easily reduce the
mass of structures by adapting the stiffness to the require-
ments of many practical applications especially for aero-
nautic and aerospace structures. Berthelot, and Tsai and
Hahn [1,2] reported on composites behaviour and the ad-
vantage of using such kind of materials. Also, many hand-
books such as the Military Handbook [3] and the Aircraft
Crash Survival Design Guide [4] are summerazing the the-
oretical and practical benchmark examples that help the
designer to design basic structures with composite mate-
rial. In these industrial fields the main goal is how to ob-
tain the highest structural performances with substantial
savings in terms of weight and stiffness, since composite
materials possess high values of strength to weight and
elasticity to weight ratios with respect to conventional
materials as steel or aluminium alloys.

To improve the mechanical performances without in-
creasing the mass of these structures, it is essential to
apply an optimization process to define the optimal con-
ception values. In general, design optimization of lam-
inated composite structures involves not only one ob-
jective function but several objective functions [5, 6, 20]
that are in permanent conflict. This kind of problems
can be handled by a multicriteria approach, leading to
designs which are balanced from an overall viewpoint.
There exist two approaches: we can use either a direct
method [7-10] or a posteriori method based on evolu-
tionary strategies [11,20]. Multicriteria optimization of
composite structures has been discussed widely in the lit-
erature by various researchers, Adali et al. [6] presented
multicriteria optimisation of laminated plates for maxi-
mum pre-buckling, buckling and post-buckling strength,
Kere et al. [9] reported on multicriteria optimization
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for strength design of composite laminates, while Adali
et al. [10] used the multicriteria approach to design lami-
nated cylindrical shells for maximum pressure and buck-
ling load.

When we use the approach based on genetic algo-
rithm (GA) to solve multicriteria optimization, the con-
straints are often hard to handle. Some authors such as
Deb [11] have studied these complexities and gave an ef-
ficient and quick method to handle them and to obtain
well-spread solutions through the Pareto front for non-
linear benchmark functions. In the next sections, we will
focus on the complexities related to the optimization of
laminated composite structures subjected to technologi-
cal constraints that arise in the aeronautical fields and
the strategy for handling each constraint in the NSGA-II
program [11].

2 Multicriteria optimization

Multicriteria optimization problem is stated as follows:
find the vector of design variables x = [x1, %2, 23, ., 2n]T
which minimizes the vector of objective functions F'(z)

Min F(x) = Min[f1 (), f2(2). . ...fr(2)]. (1)
Subject to linear or nonlinear constraints:
gij(x) >0 j=1,2,...,m.

The feasible domain (Fig. 1) defined by the constraints
will be denoted by §2. f;: 2 — R, i=1,2,.... k are called
criteria or objective functions and they represent the de-
sign objectives by which the performance of the laminate
is measured in the case of composite material. A vector
x* € (2 is called Pareto-optimal solution if there is no
vector x € 2 which would decrease some criteria without
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Fig. 2. Direct (a) and posteriori (b) methods for multicriteria
optimisation.

causing a simultaneous increase in at least one criteria
function. Usually several Pareto-optimal solutions exist.

The optimal solutions from the Pareto domain can
be reached by two main strategies: either by a direct ap-
proach or by a posteriori approach (Fig. 2).

The direct method is based on the transformation of
the initial problem into a single optimization problem.
This transformation can be done by using for example the

weighting method which reduces a vector-optimization
problem to a scalar optimization problem where, for in-
stance, the scalar objective function f(z) can be defined
as the weighted sum of the individual objective functions.
The Pareto-optimal solutions obtained by this method de-
pends on the choice of the weighting factors «; that will
generate a unique Pareto optimal solution of the origi-
nal problem. This approach needs to define appropriate
weighting factors that will guide the convergence of the
optimal design process [7]. However, this definition de-
pends on the decision-maker and the shape of the Pareto
domain (continuity, convexity and the number of limita-
tions to handle). If the weighting factors are not well cho-
sen, this approach can converge in local zone of the Pareto
domain especially when the optimal solution is very sen-
sitive to the weighting factors. This conclusion was de-
scribed and demonstrated for some academic examples
by different authors such as Das [12]. Other researchers
have defined good strategies to calculate these weighting
factors using the sensitivities evaluation of the objective
functions [13] which turns out to be problematic in the
case of the non differential functions. Moreover, when the
final solution is reached, there is no guaranty that this so-
lution is the best one for the decision-maker as he needs
to run the process many times before making his decision.

The posteriori method consists in starting with a
group of initial solutions that we spray uniformly to have
a global idea about the Pareto front and to make the final
decision easier to take for the decision-maker. In the case
of composite materials, GAs are considered among the
most efficient algorithms to solve the optimization prob-
lem. The theoretical foundations of GAs were first intro-
duced by Holland and then extended by Goldberg [14,15].
This method uses the evolutionary survival-of-the fittest
optimization mechanism. The principle of GAs is to sim-
ulate the evolution of one population of individuals to
which we apply different production operators (selection,
crossover and mutation). Many researchers have been in-
spired by the principles of the GA to use them with some
modifications to solve their optimization problems either
with one or more objective functions with some basic con-
straints [16,17].

There are two main issues in using GAs. Firstly, the
comparison between two solutions can not be achieved
easily in the selection process. Secondly, the constraints
handling is difficult to represent as an inequality or
equality equation. To overcome these difficulties, many
researchers like Deb for instance, proposed approaches
based on their previous investigations on GAs [18,19]. Deb
has introduced in his current algorithm NSGA-II the idea
of non-dominated sorting to speed up the convergence and
increase the performance of his previous algorithm NSGA.
To choose between two solutions ¢ and j to continue the
iterative process of the GA a non-dominate sorting ap-
proach in the selection process is used as follows:

e between two admissible solutions ¢ and j, choose the
one with the best objective function;

e if solution ¢ is admissible and j is not, choose solu-
tion 7;
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e if the solutions ¢ and j are not admissible, choose the
one with the minimum violation of the constraints.

Next sections will be devoted to the particularities and
the origin of the constraints to better understand them
and find the right way to handle them as constraints in
NSGA-II. Procedure as a pseudo code of these constraints
will also be presented.

To handle the constraints in the GA program we de-
fine the following composite fitness function for any so-
lution @ such as: F(x) = f(x) if x is feasible, otherwise
F(x) = fiaz + CV(x). fiaz is the objective function
value of the worst feasible solution in the population and
CV(x) is the overall normalized constraint violation of
the solution x. Thus, there is no need to have any penalty
parameter for handling the constraints as usually used in
the common approaches. Constraints are normalized to
avoid scaling problems and are equal to one in the case
of feasible solution.

3 Constraints handling for laminated
composite structures

In the aeronautical industry, structural optimization pro-
cess is often based on the multilevel strategy that can be
built as a pyramid (Fig. 3).

The global optimization process starts by the opti-
mization of the basic components. Once the validation
of each component is established, the optimization pro-
cess is applied to the upper level until the final design of
the whole structure is reached. Nevertheless an iterative
scheme is often required because of load redistribution
problems. In the following, we will focus on the indus-
trial constraints for the detailed design of the laminated
components of the structure.

In the design of laminated composite structures, the
major objective is to find a laminate lay-up configuration
that satisfies several requirements or conception rules. In
practice, the design starts by the choice of the number of
plies. The stacking sequence design is considered in a sec-
ond time. From experience of manufacturing composite
laminates, some rules appeared for choosing the stack-
ing sequences. Nowadays, these rules constitute a group
of constraints that increase the difficulty for laminated
composite optimization. Among these rules:

1. laminate must be symmetric with respect to its mid-
plane;

2. laminate must be balanced regarding to main direc-
tion of the loads;

3. maximum number of plies in one group;

4. maximal disorientation between two consecutive

layers;

the stacking sequence must be homogeneous;

minimum amount of plies in each direction;

use of integer orientation.

Noo

3.1 Symmetric stacking

The symmetry about the mid-plane eliminates the mem-
brane/plate couplings. In terms of manufacturing, this
rule of conception cancels the twisting of the panels dur-
ing their elaboration. The modelling of this rule consist in
taking in the account for a vector & (61, 62,... Oy) only
the upper or lower part. It means that we keep only N/2
variable from the vector x. The other part is calculated
by symmetry.
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3.2 Balanced stacking

This rule requires to have the same number of the plies
+6 or —0, where 6 € [0,90]. It eliminates the membrane
coupling between shear and traction. This rule can be
integrated by simply counting the number of the +6 and
the —0 than we create one limitation associated for each
angle such as
Begin {6 =10; € [0,90];

Do (i=1—1i=NP)

{if 0; = +0; than Ny, + + ;

Zf 91 = 79]’ than N,Qj + +

Tj = ||N+9j - N—GJ'H;}
If (count > 1) go,(x) = — > Tj;
Else gy, (v) = 1.0;

NP is the number of plies or layers used in the laminated
composite structure.

3.3 Maximum number of plies in one group

This rule consists in minimizing the number consecutive
plies in a group of the same orientation. Depending on
the ply thickness, the usual limit is fixed to 3 or 4 plies
with the same orientation together. The Military Hand-
book recommends two different limits in terms of the total
thickness depending on the orientations to the edge of the
panels. The first limit is generally fixed to 0.8 mm when
the orientation is parallel to the free edges. The second
limit is fixed to 0.38 mm when the orientation is perpen-
dicularly to the free edges. This rule aims at minimizing
problems related to matrix cracking, such as the shear-
out failure mode in bolted joints. This rule improves also
the composite behaviour against impacts. It can be inte-
grated as described in the following pseudo code.

Begin {test (NP > NPG);
Do(j=1—j=NP)
{Do (i=j —1i=NPG)
If (3110 — bia|l = 0)
than count + +; }
Y If (count > 1) than gg;(x) =—count;
Else gg;(x) = 1.0;
End

NPG is the mazimum number of plies in a group.
3.4 Maximum disorientation

The rule of disorientation imposes a maximal disorien-
tation of 45 degrees between two successive plies. The

aim of this conception rule is to minimize interlaminar
shear effects and reduce delamination problems, espe-
cially around holes and free edges. In this perspective,
the pertinence of this rule can be evaluated with the help
of appropriated numerical tools to get the stress values
around holes and the free edges. The pseudo code to de-
scribe this rule can be as follows:

Begin {Do(i=1—1i=NP)
{If (||(6; — 0;—1)]| = 45) than (count + +;
Ti = [|(6; — 0i-1)|1/45;)}
Y f (count # 0) than go(x) =
— > T;/NP;
Else gg(x) = 1.0;
End

3.5 Homogeneous stacking sequences

This rule consists in distributing the different orientations
along the thicknesses with respect to the other rules. This
constraint is particularly hard to handle in the case of
panel optimization for buckling. The principal objective
of this rule is to reduce the twisting/bending coupling ef-
fects, particularly influents in the buckling of panels under
shearing loads. The problem appears because engineers
still do not master the conception in term of shearing
and ignore most often the sign of this shearing.

3.6 Minimum percentage for each angle used
in the stacking sequence

This rule imposes for instance a minimum of 10% of ori-
entation for each 0°, 45° and 90° orientations. The aim
of this rule is to avoid obtaining a composite laminate
whose behaviour is governed by the matrix in some direc-
tions (nonlinear case and creeps). In reality, it is mainly
justified by the ignorance of the loadings and the necessity
to insure a minimal stiffness and strength in all the direc-
tions. Therfore this rule can be reformulated in terms of
minimum stiffness in each direction. Actually, the value of
8% is already employed for some aeronautic applications.
The pseudo code to describe this rule can be as follows:

Begin {Do(i=1—1i=NP)
90i(x) = (0; - 100/ (Number of 6;))
Than (count++;T;=|(0; — 0:—1)||/45;)}
90i(x) = (90i(x) — PAng)/ P Ang;

End
PAng is the percent imposes for angles.

3.7 Use of integer orientation
The use of only specific orientations such as 0, +45 and

90 seems to be no longer justified, as we are actually ca-
pable of manufacturing all kind of orientations. This rule
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Fig. 5. Feasible domain in the case of a maximization of

Alland A22 for 4 staking of 1 mm.

comes probably from the decomposition in elementary ef-
forts of longitudinal and transverse tension/compression
and shear that correspond to principal axes of the so-
licitations. In the case of a mixed variable the NSGA-
IT allows such combination (integer, real or mixed vari-
ables) [11,18,19].

4 Numerical application to composite beam

To underline the complexity related to the multi-objective
optimization in laminated composite structures we con-
sider a basic composite beam with the classical laminate
theory with constant thickness. In this case, we have the
following [ABD] matrix such as:

N AB||e
)= 15[ g
where: [A], [D] and [B] are respectively the membrane,
bending and coupling terms of the stiffness matrix;
(N, M) are the in-plane and out-plane internal forces; (¢,
p) are respectively the in-plane and out-plane strains.

The objective functions that can be considered in the
optimization process are the stiffness components A;;, B;;
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Fig. 6. Feasible domain for maximization problem of A1l
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Fig. 7. Pareto Front at the convergence for maximization
problem of A1l (F1) and A22 (F3) for 8 staking.

and D;;. These functions are in general non-linear func-
tions of the orientation angle (Fig. 4). In the following
we consider a composed beam with the following mate-
rial T700/M21 (E11 = 140GP, E22 = 8.2GP, v12 = 0.3,
G12 = 4.5GP).

If we consider for example the maximisation of (Al1,
A22) with ;—1_4) € [-7/2,7/2] the feasible domain is
described in (Fig. 5).

In the case of the 8 staking (Fig. 6) we note clearly
the increase of the non linearity, the discontinuity and the
non convexity. At the convergence, the Pareto front is de-
scribed in Figure 7. We can note that the final solutions
are uniformly distributed along the Pareto front. This dis-
tribution is generally hard to obtain with common evolu-
tionary strategies. If we integrate for example the follow-
ing constraints (A11 must be greater than 350 GPa.mm
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and A22 must be greater than 150 GPa.mm) we obtain
the feasible domain in Figure 8. This domain is reduced
in the case of symmetrical orientation Figure 9.

5 Conclusions

In this article, we have underlined the difficulties re-
lated to the multi-objective optimization of laminated
composite under technological constraints. The handling
method used in NSGA-II program has demonstrated its
efficiency for a beam example to obtain a uniform spray
of the Pareto solutions. However, further research is to
be done concerning the integration of new technological
constraints for composite materials.
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