Available online at:
http://www.ijsmdo.org

Int. J. Simul. Multidisci. Des. OptinX, xxx-xxx (2008)
© ASMDO 2008
DOl xX.xxxx/ijsmdo:XXXXXXX

Recent progress in the optimal design of composite structures: in-

dustrial solution procedures on case studies

Michael Bruyneét?, Benoit Colsoh Philippe Jettedr Caroline Raick Alain RemouchampsStéphane Grihdn

1 SAMTECH s.a., Liége Science Park, 8 Rue des chessedennais, 4031, Angleur, Belgium
2 Airbus France, 316 Route de Bayonne, 31060, Teaobrance

Received xx xx 20xx, Accepted xx xx 20xx

Abstract — In this paper, recent developments carried ouhanSAMCEF finite element code and in the BOSS goiatt
optimization toolbox are presented. Those developsnaim at simulating high non linear effects imiaated composite
structures (post-buckling, collapse, delaminatianyl at optimising the composites with respect tws¢hstructural re-
sponses. The use of Sequential Convex Programmihg@faSurrogate-Based Optimization methods is dised on indus-

trial optimization problems.
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1 Introduction

In order to decrease the lead time, virtual testind numeri-
cal optimization techniques are increasingly usethe dif-
ferent fields of engineering. This is especiallg ttase for
composite structures, where two main issues havently
been identified. Firstly, reliable methods are iegfito ana-
lyse post-buckling [1], collapse and delaminatiswhjch is a
specific failure mode of laminated structures [@gcondly,
designing real composite structures such as airevafgs
implies handling a large number of design varialaled re-
strictions, resulting in a large scale optimizatmoblem that
is difficult to both define and solve [3]. Moreoyédocal op-
timization of aircraft components should involvevadced
non linear analyses simulating delamination, paostkbng
and collapse.

This paper presents an overview and a synthesredo-
lution procedures recently developed in the SAMGERe
element code [4] and in the BOSS Quattro multighiseary
optimization platform [5] for solving such problenas an
industrial level. The advanced buckling and colkapsalysis
capabilities are first presented, together withissussion on
the related sensitivity analyses, and an approadvaluate
delamination risks [6]. Then two optimization tetdues
used in this paper are recalled: a specific Segplebbnvex
Programming algorithm [7] and a Surrogate-Basedripa-
tion method [8]. Finally, three applications areeg@nted.
The first one tackles the optimization of laminaveith re-
spect to damage tolerance considerations, basaedietuiled
(high fidelity) analysis of delamination. The sedame aims
at designing composite structures to withstand lngland
collapse [9,10]. The last application presentsrd®milts ob-
tained for the optimal pre-design of a wing boxta# Airbus
A350, in which local criteria are used in an optation
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imilsipplication, delamination

problem including around 1000 design variables abdut
100000 design restrictions [8,11].

2 Advanced structural analyses

This section, briefly describes the analyses inedlin the
optimization problems. The SAMCEF Finite Elementieo
[4] is used to compute the structural responses.

2.1 Stability analysis

Structural stability analysis

Stability analysis consists in solving an eigenseaprob-
lem of the form (1), wher& is the structural stiffness ma-
trix, L the geometric stiffness matrix (also termed thain
stress stiffness matrixip; the " buckling mode andi; the
associated buckling load. The components of ved®oare
the structure’s degrees of freedom, usually thelaie-
ments (translations and rotations). The bucklirgdlenust
be interpreted as the factor by which the exteloedls must
be multiplied for the structure to become unstable.

K(I)J —/]JL(I)J :0, j:l,z,

@

Typically, Reserve Factors are used in the optitiina
problem. For exampl®F =4; /1.2, where 1.2 is a safety
factor.

Sensitivity analysis of the buckling loads

The analytical first order derivative of the buaigiload/;
is derived in [12] and its implementation in an ustfial
software is discussed in [9]. It is given by:
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As shown in this paper and in [9], in order to a@avoBensitivity analysis of the collapse load

excessive oscillations during the optimization psx; a

large number of load factors (and associated madesj be

The goal here is to compute the valuddd,, wherex; is
thei™ design variable andl is the load factor. Starting from

taken into account, to ensure that the structuseiisitive to the equilibrium equations and knowing that the ésrale-
local modes everywhere. The sensitivityRff is easily ob- pend on the displacementthe load incremenit and the set

tained from (2).
2.2 Post-buckling and collapse analyses

Structural non linear analysis and continuationhoét

Although the stability analysis provides an estioratof
the bifurcation points, it is based on a linearrapph, and is
therefore only an approximation. Moreover, oncekting
has occurred, some thin walled structures can sorast
still sustain an increasing loading up to the fioallapse [1].
This is illustrated in Figure 1 in the case of ifested com-
posite panel.

Transversal displacement

Load
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Q

S

S
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-échﬁ;?ng
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Fig. 1. lllustration of the post-buckling analysisa stiff-
ened composite panel

To simulate the large displacements appearingsinue-
ture beyond its bifurcation point, a geometric rlorear
analysis is required, in which, contrary to (1) thtiffness
matrix changes all over the loading. A non linegstam of
equilibrium equations (3) is therefore solved, darimposed

load factorA or displacements g. When a limit point (e.qg.

collapse) must be identified, the classical NewRaphson

method can present problems, and a continuatiorhadet

(also called arc length or Riks method) must belubethis

of design variables, it follows that
oF oF oF

—dg+—dx+—dA=0
04

oq 0x ®)

The unknown vector is also constrained to be orthag
to the load-displacement curve rather than beirgingle
measure based on the vertical d&p This allows a better
accuracy of the sensitivity measure. It turns dnait th/dx
can be computed from the tangent stiffness matnxyaria-
tion of the internal forces with respect to theigesvari-
ables is computed by finite differences. Details given in
[10,14].

2.3 Advanced damage tolerance analysis

When the fracture mechanics approach is appliettheo
delamination of laminated composites [2,6], thetdirele-
ment method is used to model the cracked stru@ndeto
compute the energy release ratgs@ and G,, related to
each of the three modes (I, Il and Ill) of intemiaar frac-
ture (crack lips opening, sliding shear and tearimegpec-
tively). Once these values are computed at eack defin-
ing the crack front, they are inserted in a critersuch as (5)
and compared to g Gyc and Gic, which characterize the
inter-laminar fracture toughness in the three irtlial
modes.

G | Gy

N Gy
Gic Gic

Giic

+ <1 (5)

When the value in (5) reaches unity, it is assuthatithe
crack will propagate in the structure. In this papespecific
Virtual Crack Extension method is used to computeGg
and G;. This computation is carried out in a linear asaly
The method is decomposed into two steps. In ths, fihe
variation of the total potential energyat equilibrium is
evaluated:

dn
Gr :_ﬁ:GI +Gy +Gy (6)

Considering the expression dfin linear elasticity, and

method,q andA are unknown and linked to an additional@king the derivative with respect to the crackgkén(sur-

parameter, called the arc length [13], with equa(4). This
parameter is controlled over the iterations. Theyglete set
of equations can now be now written as:
F(q,4)=0
c(q,A) =0

3)
(4)

The Reserve Factor associated with the collapsg ika

given by the load incremeht i.e. RF = Acoiiapse At the solu-

face)A, it turns out that:
1
m=2a'Ka-g'q

dA 2 dA dA

whereq are the nodal displacements amis the vector
of applied nodal forces. In a semi-analytical appig

a-9

tion, RF must be larger than or equal to 1, implying that ¢ dK/dA can be replaced bYK/AA. The total energy release

lapse will not occur at a loading lower than thenial one.

rate G in (6) is finally obtained from (7), where the &xd
init corresponds to the initial (actual) crack lengthd pert
denotes a perturbed configuration of the crack asted
with a virtual (very small) advance in its locahpk. Equa-
tions (6) and (7) clearly show how the sensitiatyalysis
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for structural optimization and the calculationtbé energy
release rate in a fracture mechanics problem tatede

dm 0- (TTpert =~ Tinit)
dA AA

In the second step, the total energy release re¢a @y
(7) is distributed over the three modes G, and G, con-
sidering the relative displacements of the lips drelreac-
tions to the crack opening, sliding and tearinghat crack
front. The VCE method is used in SAMCEF to identifig
most critical cracks in a structure, and to estinthe propa-
gation load, i.e. the amplitude of the load leadiongt least
one crack propagation, according to criteria suefbq This
method is illustrated in Figure 2, for mode |I.

Gr=- (7)
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Fig. 2. Principle of the VCE method illustratedan
Double Cantilever Beam (DCB)

A semi-analytical sensitivity analysis of the enemg-
lease rate with respect to ply thickness and fibréantation
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Fig. 3. The bottom surface of a wing and its asgedi su-
per-stiffeners where local computations are carowetd

Sensitivity analysis

The interaction between the local and the globi@ices is
taken into account by the sensitivity analysisjllastrated
in Figure 3, through the modification of the intakforces N
with respect to a change in each design variablghile the
computation of global sensitivities are based omise
analytical derivatives, finite differences and niassaral-
lelism are used for computing the derivatives & thcal
values, on the set of super-stiffeners. For detsdle [8,11].

3 Basic description of the optimization
methods

Several optimization methods are used in this pajsgend-

ing on the application. The selection of an effitieptimi-
zation method depends on the problem to be soMétn
derivatives are available and when the problemudies a
large number of design variables and design funstid is
recommended to use a gradient-based method, sueh as
Sequential Convex Programming method (SCP). On the
other hand, when derivatives are not availabldeeibe-
cause the problem is non differentiable, or simpbgause
they have not be implemented, the use of a GenAdgio-

has not yet been developed in SAMCEF, but is somehathm (GA) is certainly a good choice, assumingt ttize

related to the structural stiffness. Moreover, g3slaned in
Section 4, some uncertainties still exist concegriime for-
mulation of the optimization problem.

2.4 Pre-design criteria for composite aircraft
structures

Structural analysis
A wing is divided into a set of super-stiffenersade of a

portion of the skin and a T-stiffener (Figure 3heTReserve
Factors are computed at the local level, i.e. ichesuper-
stiffener. According to [3,11,15], several critedan appear
in the formulation of the pre-design of a compositeraft

wing. In this case, Reserve Factors reflect bugkldamage
tolerance, reparability and some design rules atsthper-
stiffener level. The values of theBésvary with respect to
design variables, which are the panel thickness ptiopor-

tions of fibres oriented at 0°, +45° and 90°, aide&hsions
of the stiffeners (web and flange height, web thigds, etc).

The RFsare also functions of internal forces, N, computed

from a global finite element model of the wing apitted

in Figure 3. TheRFsvalues at the local level (in the super-

stiffeners) are calculated using analytical forrsula

computational time for a structural analysis isyvew and

that the problem includes few design variables. kvhen

linear structural analyses are conducted, a SueoBased
Optimization method (SBO) is preferred to a Gengéligo-

rithm. In this case the number of design variabhest how-
ever remain relatively small. To conclude therefdteis

important to note that a gradient based optimizatieethod
will not generally provide the global optimum ofettprob-

lem, while a Genetic Algorithm will, for a large jpalation.

Moreover, when working with discrete design varshIGA

is a natural and easy choice. In the following egapions,

continuous design variables are considered, and &@P
SBO methods are used.

3.1 The general optimization problem

The optimization problem to be solved takes théofahg
form:

min FOB(x)
RFj(X)21 j=1..m 8)
X <X <X i=1..n
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wherex is the set of design variables, FOB is the objec-

tive function (weight or total energy release riatehe fol-
lowing applications), an&F is the ' Reserve Factor. Two
methods are used in what follows. For a detailexb@nta-
tion of optimization methods, the reader shouldereto
[7,8].

3.2 Sequential Convex Programming - SCP

In this gradient-based approach, the solution ef ittitial
optimization problem (8) is replaced by the solntf suc-
cessive explicit approximations, as illustratedrigure 4 for
an unconstrained optimisation problem. A genertibnaof
the MMA approximation, developed in [7] and avaiain

&(x)

Implicit function Solution of the
. to minimize approximated problem
Trust region
® o o
Y Explicit approximation First generation
E (Neural Network)
Final generation
Minimum of the
approximation
Genetic algorithm
Fig. 5. lllustration of the Surrogate Based Optigtian

approach

the BOSS Quattro optimization toolbox, is used. sThi

method automatically generates monotonous or non

notonous approximations of the structural respowi

respect to the design variables, in order to havaczurate
model of the initial optimization problem. An apghmation

of problem (8) is generated based on the functiahse and
their first order derivatives (obtained from stuwetd and
sensitivity analyses, respectively). Once the smhubf an

approximated problem is obtained, it is checkedste
whether convergence has been reached. If this tish&o
case, a new approximation is built, and the proteson-
tinued until convergence to a desired accuracyciseaed.
The advantage of this method is that it requiresmall

number of iterations to reach the solution (sawben 10
and 25) irrespective of the number of design véemb
However, derivatives must be available, and geheaaly

local optima can be identified. For constrainedrofation

problem, a dual approach is used (see [7]).

gx)
Explicit local convex
approximation

Implicit function
to minimize

Solution of the explicit
approximated problem

Function value
Gradient

N
Minimum of the .. Successive quadratic
approximation e X approximations
Fig. 4. lllustration of the Sequential Convex Pexgming

approach

3.3 Surrogate Based optimization - SBO

In this method [8], only the function values aredi$o build
a global approximation of the design domain, assitiated
in Figure 5. A response surface is generated basedNeu-
ral Network (NN) or a Radial Basis Function (RBFhe
optimum of this global approximation is obtainedttwia
genetic algorithm. The new point is then used tibdtau new
response surface, and the process is repeatedcontiker-
gence. The advantage of this approach lies ingbethat it
can be used when the derivatives are not avail&ethe
other hand, it results in a prohibitively long casggtional
time when a large number of design variables isl us@w-
ever, parallelism allows a reduction — to some rexteof the
time needed to find a solution. For constrainednoigtition
problems, a penalty is used.

MP case study 1: design with respect to de-

lamination

Designing a composite structure with respect to agen
tolerance is becoming a challenge. Although sirgaiffor-
mulations may be used at a global level for a msigh (e.g.
a complete wing [11]), more sophisticated high Ifigteap-
proaches should be selected when local detailedtstal
components are studied. An ENF (End Notched Flgxure
specimen is considered here (Figure 6). The fundiiobe
minimized is the total energy release rate (6) over the
crack front, in order to design a laminate lesssiime to
delamination. Since the value of; Garies along the crack
front, minimum, mean and maximum values are theeefo
minimized, in order to obtain a laminate less prtmerack
propagation. Only one design variable is selecitetk the
angle of the following lay-up: [& /0/-0 /0/0 /04/ 6 /0/-6
/0/-6 /6 /d/-6 /06 /0/6 /0/-8 /0,/- 6 /0/6 /0/+6]. The initial
value off is 30°.

The inter-laminar toughnesses GG c and Gyic used in
the criterion (5) depend on the fibre orientati@tsoss the
interface [16]. Moreover, a large dispersion in finger-
laminar toughness values exists. In the simplifiggbroach
adopted here, a constant valueGyf is considered. For the
sake of accuracy this variation 6t should be included in
the formulation of the optimization problem, andust op-
timization methods should be used [17]. The currapt
proach is therefore not rigorous and aims ratheoatparing
optimization methods. The results must thereforeiriber-
preted with care.

S —

Fig. 6. The ENF test case, and its finite elemeodeh

First the SCP method presented in [7] is used, tand
sensitivities are up-to-now computed by finite eiffnces.
The results of the iterative optimization procese a
presented in Figure 7a. The optimal valueBof0-deg) is
obtained after 8 iterations, and 15 structural yses.



International Journal for Simulation and Multidisiinary Design Optimization

0.06

SCP

0.05

—=MAX value of Gt
~3=—MEAN value of Gt
—r—MIN value of Gt

0.04 4

0.03

0.02

0.01 4

Total Energy Release Rate (kj/m?)

Iterations

0.1 7

SBO

—— MAX value of Gt
—+ MEAN value of Gt
7+ MIN value of Gt

0.08 1

Total Energy Release Rate (kj/m?)

30 40 50

Number of analyses
Fig. 7. The ENF test case, on its finite elementieho

20

60 70

Surrogate Based Optimization methods [8] — whera-Ne
ral Networks or other response surfaees used to generate
a global approximation of the design problem — rbayeffi-
cient for treating the damage tolerance problemyas the
case in [1] for post-buckling optimization of conge
structures. In this case, their main advantagkasdnalyses
are run on parallel processors, which is not ptssilith a
sequential gradient-based approach such as SCRyidgp
such a method to the problem depicted in Figureo§iges
the solution after 63 structural analyses, whiclcdampeti-
tive with the SCP method since 4 processors weed €or
the parallel solution (Figure 7b). The formulatioh this
kind of problems should be further investigated.

5 case study 2: design of a stiffened panel

A hat-stiffened curved composite panel subjectedhear
and compression is considered (Figure 8).

Hat stiffener

Curved panel

Fig. 8. Curved composite panel and its super-stiffe

In each super-stiffener (Figure 8b), three desigriables
are related to the thickness of the plies oriemte@°, +45°
and 90° to the skin, and three other design vatahte de-

fined for the corresponding values in the stiffen8mnce
seven panels are used to form the structure, 4igrdeari-
ables are defined in the problem.

5.1 Optimization with respect to buckling

The goal is to find the values of the ply thickné&sat mini-
mize the weight while satisfying RF1, according to (1). It
can be seen in Figure 9 that when only the firstoh?l fac-
tors are considered in the design problem, largdlaisons
appear. Given the local character of the associatieéling
modes, some structural parts may become insenditive
buckling, and the modes start to move all overstnecture
during the iterative optimization process, leadiagscilla-
tions. In contrast, when a large number of buckloagls are
taken into account, the whole structure remainsitiee to
buckling and, insofar as a reliable optimizationtimoe is
used, the solution can be obtained in a small nunobe
iterations (Figure 9). More details can be foun{®in

Buckling modes are “localized™ Buckling modes cover the whole structure
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Fig. 9. Convergence history for 12 and 100 buckiimzfes

5.2 Optimization with respect to buckling and col-
lapse

This problem can be solved when post-buckling behans

considered as well. In this case, post-bucklingliswed to
develop in the structure, and the buckling loads pare-
scribed to be larger than 0.76. The collapse mpgear for

Acollapse> 1. The results are presented in Figure 10, whede 1

buckling modes are taken into account. The soluisonb-

tained after 17 iterations. As in the previous isectconver-
gence problems (oscillations) are observed whermalls

number of buckling modes is used.
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25 Iteration 17

21 _buckling
2

% g First
7 buckling mode

Structural responses

Relative weight

Collapse

Iterations
Fig. 10. Convergence history for buckling and qudka opti-
mization

6 case study 3: large scale optimization of
a composite aircraft component

Only a part of the composite box structure of agaiscon-
sidered in this optimization problem. Based on i8ece.4,

the mass is to be minimized, while 71552 restn®i®mn
buckling, damage tolerance and reparability arénddfon
the several super-stiffeners composing the wing. Gde

problem includes 630 design variables (panel trésknand
size of the stiffeners). As illustrated in Figurg, the solu-
tion is found after 10 iterations. More details afull wing

optimization are available in [9,11].

Relative weight

Optimized portion

40 - 0 -

Iterations Iterations

Fig. 11. Convergence history for the optimizatidrhe
composite wing

7 Conclusions

The use of advanced structural analyses and optiioiz
methods has become challenging in the design oposite
structures. This paper presented three main kifideagnt
applications. Depending on the problem, either adignt
based or a surrogate-based optimization methodearsed.
This comparison should be further investigated,eeisply
when local non linear analyses, such as delamimapost-
buckling and collapse, are considered. Indeeduah €ases,
few design variables are used, and both methodkl dua+
come competitive.
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