      Structural Optimization of Laminated Plates with Genetic Algorithms

                Li no A. Costa and  Pedro Oli vei ra

        Depart ament o de Produção e S ist emas

                     Universi dade do Minho, Portugal

      lac@ci.uminho.pt ;   pno@ci.umi nho.pt

                                                                  +351 253604740

Isabel N. Figueiredo

Depart ament o de Matemát ica

Universi dade de Coi mbra, Port ugal

isabelf@mat.uc.pt

+351 239791159

Luís F. Rosei ro and  Rogéri o P. Leal

Depart ament o de Engenharia Mecâni ca

Universi dade de Coimbra, Portugal

rogerio.leal@centauro.dem.uc.pt

+351 239790761

Abstract

                        Laminated plate opt imizat ion is a combi nat orial

                        problem where the obj ect ive i s to find the

                        optimal  sequence of material s from a gi ven set,

                        along wit h the respecti ve fiber orientat ion. Due

                        to manufacturi ng reasons, t he si ze of each ply

                        can onl y take a discrete number of values and,

                        together with the avail abl e materi al s, res ul ts in

                        an integer programming probl em. Therefore, an

                        approach based o n Geneti c Al gori thms seems to

                        present some advantages in the solut ion of this

                        struct ural opt imi zat ion problem. The proposed

                        sti ffness maximi zat ion approach opt imizes the

                        stacking sequence of various plies , with di fferent

                        orientat ions and materi als; the thi ckness of each

                        ply and the global number of pl ies are, a pri ori,

                        assumed. Moreover, a constrai nt  on the global

                        cost i s also presented. Genet ic Al gorithms

                        successfull y identify the designs with the desired

                        struct ural response.

1  INTRODUCTION

Composit e mat eria ls have received substant ial attenti on as

manufacturing mat erials. Alt hough the high

sti ffness - to - wei ght  and strength - to - wei ght  properti es of

composite materi als are att ractive, their greatest

advant age is their abi lit y to be desi gned t o sati sfy

direct iona l strength and sti ffnesses for any part icular

loading, or mult i - loading, of the structure.

In l aminated composit e struct ures, each pl y has it s

greatest  sti ffness and strength propert ies, along the

direct ion, through whi ch t he fibers are oriented in. By

ori enting each layer at different  angles, the struct ure can

be designed for a specifi c loading environment.

Al ong with st ructural performance and weight, cost i s an

area of great interest  when consideri ng opt imi zat ion

studies in st ructural design. Obvi ousl y, reducing the

amount of mat erial requi red for t he s tructure, minimi zes
the cost  of a l aminate composit e. However, anot her

method for cost  reducti on is  t o all ow more than one

material i n the stacking sequence. Thus, it  is possible to

use l ayers of low cost  m ateri al at  l ocat ions, in t he

struct ure, where performance i s l ess import ant .

In general, t he probl em of composi te lami nat e stacking

sequence optimi zation has  been formulated as a

continuous  design probl em, and sol ved using gradi ent

based techniques. These  methods of sol ution present

several disadvant ages:

·
Stacking sequence desi gn often involves design

variables, which are limited to s mall di screte set s of

values of pl y thickness, orientati on angle or materi al

type, due t o manufacturing or cost  li mitat ions;

therefore, t hese methods require the transformat ion of

these variables int o continuous vari ables, in order

that a soluti on might be obt ained;

·
Converti ng the cont inuous sol utions back to di screte

feasibl e values, oft en produces sub - optimal , or even

infeasi ble desi gns;

·
Composit e lami nate design problems  oft en have

discontinuous objecti vefunctions, exhibiti ngmult iple

designs wit h simil ar performances, i nvolvi ng many

local opt imum desi gns.

Geneti c Algori thms are suit able optimi zation algorit hms

for probl em s wit h discret e design variables. It s

impl ement ation does not require any evaluat ion of

gradients which, toget her wi th it s easi ness of

impl ement ation, make it worthwhi le investigati ng.

Al though, Geneti c Al gori thms requi re many funct ion

evaluations, which  re fl ect  in large computational costs ,

there are many report ed applicat ions of Geneti c

Al gori thms to the desi gn of composite structures. Geneti c

algorit hms have been appli ed to stacki ng s equence

optimi zation of composite plat es, (Callahan and Weeks,

1992), to  st iffened compos ite panel design (Nagendra et

al., 1996

)

, des ign of laminated composite panels (Hajel a,

1990) (Leung and Nevil l, 1994

) (

Fernandes et  al., 1998)

(Haftka, 1998).

2  LAMINATE STRUCTURAL

                             ANALYSIS

In thi s work, t he equival ent  single - layer l aminate d plate

model based on fi rst and third order shear deformat ion

theory i s employed to analyze each possible desi gn. Thi s

approach allows  the reduct ion of t he number of degrees of

freedom requi red to descri be the st ructural response, wi th

suffi cient detail ed  representat ion, and wit hout excessi ve

computational cost.

In t he equival ent  single - layer laminate theories, an

heterogeneous lami nat e pl ate is treated as a st atical ly

equivalent s ingl e layer, with a compl ex cons tit ut ive

behavi or; this approach reduces a c ontinuum

three - dimensional probl em t o a t wo - dimensional probl em.

Therefore, composit e lami nat es are t reated as pl at e

elements .

The development of a pl at e theory requi res the

assumpti on of a cert ain form of displacement  fiel d wit hin

the pl at e. Thus, an appr opriate power seri es expansi on of

the di splacements, in the coordinate system wi th

3
x

normal to t he midplane of the plat e, i s used.

Consideri ng a laminated composi te plate of total

thickness h, composed of  ort hot ropi c layers, a Cartesian

coordinate system

                                                                                                                  i

                                                                                                            x

                                                                                                                         is defined on t he pl ate, where the

        1 2

   x x pl ane coi ncides wi th t he plate geomet ric midplane. It

is important to note t hat  Latin subscri pt s run in 1,2,3 and

Greek subscripts run in 1,2. Also, summat ion on repeated

subscripts is i mplied. For compact ness, t he general

assumed st atic di splacement field i s,

                                                                                      ( ) ( ) ( )

0

                                                                                                                    3 3

                                                                                                        ,

                                                                                 i i i

                                                                          u x x u x x x

                                                                                                 a a a

= + F
 ( 1 )

where 0

                                                    i

                                             u

                                                            are di splacement component s in t he

i
x

direct ions of t he mi ddl e pl ane, and

a

F
, are unknown

functions that, i n some cases, are parti ally  known. In

parti cul ar, in fi rst order shear pl ate t heory,

                                                                       1 2 2 1 3

0

                                                                                        q q

                                                            F = F = - F =
 ( 2 )

where

                                                  B

                                            R

                                                            are the �right - ha nd - rule^ rotati ons of t he

normal to t he middle pl ane along the

X

B

 axes.

The first  order theory leads to constant t ransverse shear

stress, whi ch  violat es equi libri um at t he free surfaces of

the plat e, and continuit y requirements of t he int erlaminar

shear st ress. To account  for the di screpancy between the

constant st ate of shear strains in the fi rst order theory and

the quadratic or higher order dis tributi on of shear strains

in t he el astici ty, shear correct ion factors are introduced.

T hese fact ors may be cal cul ated for laminated pl ates, and

many works have addressed t he sel ection of exact, or

improved values (Whi tney, 1973) (Lardeur, 1990).

Hi gher order theories involve addi tional terms in

3
x

, and

may not vi ol at e equili brium at  the free surface, t herefore

yieldi ng a more accurate int erlaminar stress di stributi on.

However, they requi re more comput ational effort . First

order theori es are the si mplest equivalent to single l ayer

plate theories, and adequately describ e the cinemat ic

behavi or of mos t l aminates.

Approximat ing t he unknowns wit h the appropri at e

interpol ation functions (Reddy, 1997

)
, and fol lowi ng t he

standard di splacement finit e el ement  procedures, it  i s

possible to obtain t he equi libri um system of l inear

equations i n the form,

=
K d F  ( 3 )

where K  i s the st iffness matri x, F  i s the force vector, and

d  i s t he vect or of unknown  funct ions .

At  element l evel  (e), and in l ocal  coordi nat es (
x
,
h
), the

sti ffness matrix may be writt en as

( )

( )

( )

1 1

1 1

1 1

1 1

0

0

0 0
e

e T

e

T T

M M M M MF F

T T

F FM M F F F

T

C C C
d d

d d
x h

x h

+ +

- -

+ +

- -
é ù
=

ë û

é ù

ê ú

=

ê ú

ê ú

ë û
ò ò

ò ò

K B DB J

B D B B D B

B D B B D B J

B D B

( 4 )

where B  is the st rain di splacement matri x, D  is the

elast icit y matri x and | J  | is the Jacobi an. The subscri pts

M , F  and C  stand for membrane, bending and shear,

respecti vel y, and

( ) ( )

e e
=
B L S  ( 5 )

where S

(e)
 i s the shape functi on matrix, depending on the

choice of fi ni te element  and l aminate t heory, and L  is  a

matrix of different ial operators. On the other hand, the

constit ut ive equation i s

( )

( )

( )

0
e
e

e i

c
g
ì ü
ì ü

ï ï
ï ï

=
í ý í ý

ï ï ï ï

î þ
î þ

N

M D

Q

 ( 6 )

wi th

( )

( )

0

0

0 0
e

M MF

e

FM F

C
é ù

ê ú

=

ê ú

ê ú

ë û

D D

D D D

D

 ( 7 )

The submat rix D

M

 relates membrane force res ul tants N  t o

membrane st rains (

0
), D

F

 relates general ized moments M

to general ized curvatures (
i
), D

MF

 relates membrane force

result ant s to general ized curvatures, and general ized

moments to membrane strai ns, and final ly, D

C

 relat es

transverse shear resul tants Q  t o shear st rains (
c
).

As each layer may have di fferent propert ies, the el astici ty

matrix D must be evaluated by summat ions carri ed out al l

over the thickness. Therefore, equivalent  si ngle layer

theories produce equi val ent sti ffness matrix, whi ch i s a

wei ght ed average of the i ndi vidual  layer stiffness through

the thi ckness. Fol lowing the convent ional procedures of

the fini te element met hod, l ayer s tres ses can be found

from nodal result s.

In thi s work, t wo first order quadril at eral el ement s wi th

eight (serendipity famil y) and nine nodes (Lagrange

fami ly), are used for t he analysi s of general  composit e

lami nated plates. Serendi pi ty element s have fewer  nodes

compared to the Lagrange elements because they do not

have interi or points. All  elements present fi ve degrees of
freedom per node. The complete development  of these

elements  is des cribed in (Leal , 1998).

3  GENETIC ALGORITHMS I N

                             LAMINATED PLATE DE SI GN

In l aminated composite s tructures, the goal i s to fi nd the

material for each l ayer and ply ori ent ation angles that will

provide a st ructure with t he best performance, for a given

set of loading condit ions. Addit ional ly, geometry,

manufacturing, cost , and fail ure cons traints  may also be

considered in the design.

In order to reduce the design space, a symmetric and

balanced l aminate is consi dered, s uch that the global

lami nate is symmetric relati vel y to the mi dpl ane, wi th a

                    �

           B

  �

                             ply f or each

�

                                                                                                                   B

                                                                                                         �

 ply. Figure 1 shows the lami nat e

struct ure, where h  st ates for the t ot al t hi ckness, and m

i

, a

i

are, respectivel y, t he materi al and angle for l ayer i .

                                                              Figure 1: Lami nated plate structure

Geneti c Algorit hms (GAs) are search and opti mizati on

algorit hms that mimic the process of nat ural evol ut ion

(Gol dberg, 1989) (Schwefel , 1985). The basi c

requirements  for bui lding a Genet ic Algorit hm are:

                        ·
                                                Encoding t echni que;

                        ·
                                                Eval uat ion functi on;

                        ·
                                                Init iali zat ion procedure;

                        ·
                                                Geneti c operat ors.

In order to ill ust rate the appli cat ion of GAs to the

lami nated plate design problem, let  us consi der a si mpl e

symmet rical probl em, consi sting on a four s ides supported

plate wit h sixteen l ayers, two material s (Glass/Epoxy (G);

Graphit e/Epoxy (C)), and  seven ply angles (0º, 15º, 30º,

45º, 60º, 75º, 90º). Thus, a feasi bl e solut ion to the

problem must  specify t he materi als i n each layer, as well

as the angles. Since the problem is  symmet rical  and

balanced, only four des ign variables need t o be specifi ed.

For instance, a feasible solution could be [(G,

±
30º);  (C,

±
75º);  (G,

±
45º);  (G,

±
60º)]

s

, that is, the fi rst layer is of

glass/ epoxy and +30º, the second is of glass/ epoxy and ˘

30º (i mpos ed to restrain the search space), t he third l ayer

is of graphi te/epox y and +75, and so on. The laminate is

symmet ric (s  subscript) t o restrain the search space. It i s

import ant  t o note that, if the angl e i s 0º or 90º, t wo

identi cal  layers  are considered.

3.1  ENCODI NG TECHNIQUE

Let us consider t he followi ng l aminate [(G,

±
30º);  (C,

±
75º);  (G,

±
45º);  (G,

±
60º)]

s

. This laminat e can be coded

as

Desi gn

Variable

M aterial  Angle

1  G  30º

2  C  75º

3  G  45º

4  G  60º

Thi s soluti on can be seen as a stri ng, where each material

is represented by a digit  (G - 0, C - 1), and each angle by a

digit  ranging from 0 t o 6 (0 - 0º; 1 - 15º; 2 - 30º; 3 - 45º; 4 - 60º;

5 - 75º; 6 - 90º). Therefore, t he soluti on coul d be represented

by t he foll owing al ternate sequence of mat erials  and

angles

:

0  2  1  5  0  3  0  4

In this  approach, t he codifi cation of the Geneti c

Al gori t hm requires a bi nary codi ng,

Desi gn

Variable

M aterial  Angle

1  0  010

2  1  101

3  0  011

4  0  100

impl ying t hat the soluti on would be represented by the

foll owing chromosome

0  0  1  0  1  1  0  1  0  0  1  1  0  1  0  0

3.2  EV ALUATION FUNCTION

Each point  in the search spac e, i.e., each chromosome is

evaluated in t erms of i ts compliance, i.e., t he i nverse of

sti ffness. Such eval uat ion is performed by a fini te el ement

                                                                              module, whi ch for a gi ven set  of materi al s and angles,

                                                                              produces a value for the objecti ve functi on. Thus, t hi s

                                                                              evaluation mechanism is the bridge bet ween the bit  st ring

                                                                              manipulator algorit hm and the real world.

                                                                              For t he problem under considerat ion, four bi quadrati c

                                                                              elements  of the serendipi ty and lagrangean famil ies were

                                                                              considered on the eval uat ion of the objecti ve functi on.

                                                                              A penalt y function scheme was used to t ake into account

                                                                              soluti ons, which  did not  observe t he constrai nts of the

                                                                              problem.

                                                                              3.3  GA PARAM ETERS

                                                                              In t his approach, a two - point cross over, uniform mutati on

                                                                              and linear ranking have been used. Table 1 presents  the

                                                                              parameters values used i n this example.

Tabl e1:  Geneti c Al gorithm Parameters

Parameter  Value

Population Size  100

Crossover Probability  0.7

Mutation Pr obability  0.001

Penalty coefficient  1000

                                                                              Several runs were carried out in order to eval uate th e

                                                                              reli abili ty of the soluti ons.

                                                                              3.4  RESULTS OF TEST PROB LEM

                                                                              In t hi s secti on, the resul ts concerning t he desi gn probl em

                                                                              are presented. The initi al popul ation was  randomly

                                                                              generated, and t he soluti ons, which viol ated the problem

                                                                              constraint s,  were penalized. Furt he rmore, each problem

                                                                              inst ance was replicat ed 10 t imes, thus , the values i n the

                                                                              tables represent  averages. The executi on was terminated

                                                                              when convergence to a soluti on was observed. Cost

                                                                              constraint s were considered wit h the following material

                                                                              relat ive costs: G ˘  1 and C ˘  8. Tabl e 2 presents t he

                                                                              result s obtai ned, in terms of the average number of

                                                                              generations and number of functi on evaluat ions . Tabl e 3

                                                                              li sts t he best  solutions obtai ned for the several instances

                                                                              of Probl em 1 .

Tabl e 2: Results for Probl em 1

                                                                              Prob lem  1 :

                                                                              2 materials, 7 angles

Number of

Generations

Number of Function

Evaluat ions

                                                                              Without any restr iction  19  823

                                                                              Cost <= 3 2  19  823

                                                                              Cost <= 2 5  21  992

                                                                              Cost <= 1 8  21  984

                                                                              Cost <= 1 1  23  1119

Tabl e 3: Best solutions for Probl em 1

Problem  1 :

2 materials,  7 angles

Solut ion

Obj ective

Function ( Nm)

Without r estr ictions  [( C,

±
45º)
4

]
s

 162

Cost <= 3 2  [( C,

±
45º)
4

]
s

 162

Cost <= 2 5  [( C,

±
45º)
3

; (G,

±
45º) ]
s

 163

Cost <= 1 8  [( C,

±
45º)
2

; (G,

±
45º)
2

;]
s

 173

Cost <= 1 1  [( C,

±
45º) ; (G,

±
45º)
3

]
s

 208

Figure 2 presen ts t he evol ut ion of the average obj ective

function value along the generati ons, for the i nstance of

Probl em 1 without restri ctions.

Figure 2: Average objecti ve function value.

4  APPLICAT ION T O PLATE  DESIGN

PROBLEM S

In this  sect ion, the resul ts for t wo di sti nct  plate design

problems are presented. The problems are: a four sides

clamped plat e design problem and a four sides supported

plate des ign problem. In both problems, 6 mat erial s and 7

ply angles are considered. The materials are composit es

of Epoxy, t hree wi th fibers reinforcement of Glass (G1,

G2, G3), and t hree with Graphit e (C1, C2, C3). Cost

constraint s are al so considered wi th t he following relat ive

costs for t he 6 materials:  1, 3, 4, 8, 10, 12, respect ively.

Two point crossover, uniform mutat ion and li near ranking

were used, with the same GA parameters presented on

table 1, but wit h a popul ation of 150 chromosomes.

4.1  FOUR SIDES CLAM PED P LATE DESIGN

PROBLEM

The results for a four sides cl amped pl ate, in t erms of the

average number of generations and  average number of

0

100

200

300

400

500

600

700

800

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Generation

Objective Function (Nm)

    function evaluati ons, using four biquadrat ic element s of

    the serendipity ( Probl em 2 - SER. ) and lagrangean

    ( Probl em 2 - LAG. ) fami lies for objective function

    evaluation, are present ed on Tables 4 and 5.

                                                              Tabl e 4: Results for Probl em 2 - SER.

    P roblem  2 - SER. :

    6 materials, 7 angles

Number of

Generations

Number of Function

Evaluat ions

    Without r estr ictions  34  2495

    Cost <= 4 0  37  2452

    Cost <= 3 0  43  3058

    Cost <= 2 0  55  3486

    Cost <= 1 0  28  2203

                                                             Tabl e 5: Results for Probl em 2 - LAG.

    Problem  2 - LAG. :

    6 materials, 7 angles

Number of

Generations

Number of Function

Evaluat ions

    Without r estr ictions  40  2605

    Cost <= 4 0  44  2916

    Cost <= 3 0  45  3037

    Cost <= 2 0  40  2928

    Cost <= 1 0  35  2428

    Tabl es 6 and 7 list  t he best  sol utions obt ained for the

    several insta nces of Probl em 2 . Note t hat , i n some cases,

    two different s ol ut ions were obtai ned in di stinct  GA

    executions.

                                            Tabl e 6: Best solutions for Probl em 2 - SER.

Problem  2 - SER. :

6 materials, 7 angles

                                                                                                                Solut ion

Obj .

Funct.

(Nm)

Without r estr ictions

                                                                                                                [( C3,

±
90º) ; (C3,

±
0º)

2

; (C3,

±
90º) ]

s

                                                                                                                [( C3,

±
0º) ; (C3,

±
90º)

2

; (C3,

±
0º) ]

s

4.7

Cost <= 4 0

                                                                                                                [( C3,

±
0º) ; (C3,

±
90º)

2

; (G3,

±
0º) ]

s

                                                                                                                [( C3,

±
90º) ; (C3,

±
0º)

2

; (G3,

±
90º) ]

s

4.8

Cost <= 3 0

                                                                                                                [(C3, ± 90º);(C3, ± 0º);(G2, ± 0º);(G2, ± 90º)]

s

                                                                                                                [(C3,

±
0º);(C3,

±
90º);(G2,

±
90º);(G2 ,

±
0º)]

s

5.1

Cost <= 2 0  [( C2,

±
90º) ; (C1,

±
0º) ; (G1,

±
90º)

2

]

s

 5.8

Cost <= 1 0

                                                                                                                [( G2, ± 90º) ; (G2, ± 0º)

2

; (G1, ± 90º) ]

s

                                                                                                                [( G2,

±
0º) ; (G2,

±
90º)

2

; (G1,

±
0º) ]

s

10.8

                                           Tabl e 7: Best solutions for Probl em 2 - LAG.

Problem  2 - LAG. :

6 materials, 7 angles

                                                                                                                Solut ion

Obj .

Funct.

(Nm)

Without r estr ictions  [( C3,

±
0º) ; (C3,

±
90º)

2

; (C3,

±
0º) ]

s

 4.7

Cost <= 4 0  [( C3,

±
0º) ; (C3,

±
90º)

2

; (G3,

±
0º) ]

s

 4.8

Cost <= 3 0  [(C3,

±
90º);(C3,

±
0º);(G2,

±
0º);(G2,

±
90º)]

s

 5.1

Cost <= 2 0

                                                                                                                [( C2,

±
90º) ; (C1,

±
0º) ; (G1,

±
90º)

2

]

s

                                                                                                                [( C2,

±
0º) ; (C1,

±
90º) ; (G1,

±
0º)

2

]

s

5.8

Cost <= 1 0

                                                                                                                [( G2,

±
90º) ; (G2,

±
0º)

2

; (G1,

±
90º) ]

s

                                                                                                                [( G2,

±
0º) ; (G2,

±
90º)

2

; (G1,

±
0º) ]

s

10.8

4.2  FOUR SIDES SUPPORTED  PLATE DESIGN

PROBLEM

The results for a four s ides supported plat e, i n terms of the

average number of gene rati ons and average number of

function evaluati ons, using four biquadrat ic element s of

the serendipity ( Probl em 3 - SER. ) and lagrangean

( Probl em 3 - LAG. ) fami lies for objective function

evaluation, are present ed on Tables 8 and 9, respectively.

Tabl e 8: Res ults  for Probl em 3 - SER.

Problem  3 - Ser. :

6 materials, 7 angles

Number of

Generations

Number of Function

Evaluat ions

Without r estr ictions  29  1245

Cost <= 4 0  37  2156

Cost <= 3 0  42  2614

Cost <= 2 0  41  2879

Cost <= 1 0  32  2249

Tabl e 9: Results for Probl em  3 - LAG.

Problem  3 - LAG. :

6 materials, 7 angles

Number of

Generations

Number of Function

Evaluat ions

Without r estr ictions  31  2090

Cost <= 4 0  39  2244

Cost <= 3 0  37  2860

Cost <= 2 0  37  2866

Cost <= 1 0  31  2262

Tabl es 10 and 11 li st t he best  solutions obt ained for t he

several instances of Probl em 3 .

Tabl e 10: Best s ol ut ions for Probl em 3 - SER.

Problem  3 - SER. :

6 materials, 7 angles

Solut ion

Obj .

Funct.

(Nm)

Without r estr ictions  [( C3,

±
45º)

3

; (G3,

±
45º) ]

s

 14.3

Cost <= 4 0  [( C3,

±
45º)

3

; (G3,

±
45º) ]

s

 14.3

Cost <= 3 0  [( C3,

±
45º)

2

; (G2,

±
45º)

2

]

s

 15.1

Cost <= 2 0  [( C2,

±
45º) ; (C1,

±
45º) ; (G1,

±
45º)

2

]

s

 17.3

Cost <= 1 0  [( G2,

±
45º)

3

; (G1,

±
45º) ]

s

 30.1

Tabl e 11: Best s ol ut ions for Probl em 3 - LAG.

Problem  3 - LAG. :

6 materials, 7 angles

Solut ion

Obj .

Funct.

(N m)

Without r estr ictions  [( C3,

±
45º)

4

]

s

 16.6

Cost <= 4 0  [( C3,

±
45º)

3

; (G3,

±
45º) ]

s

 16.8

Cost <= 3 0  [( C2,

±
45º)

2

; (C1,

±
45º) ; (G1,

±
45º) ]

s

 18.4

Cost <= 2 0  [( C2,

±
45º) ; (C1,

±
45º) ; (G1,

±
45º)

2

]

s

 20.2

Cost <= 1 0  [( G2,

±
45º)

3

; (G1,

±
45º) ]

s

 42.0

The numbe r of biquadratic el ement s used for obj ective

function eval uat ion was varied in order to investigate how

it  affects t he results. In this experi ment no relati ve cost

                                                                              constraint s were considered. The number of serendipi ty

                                                                              and lagrangean elements  was fixed by 4, 16 and 64.

                                                                              Tabl e 12 presents the results , in terms of the average

                                                                              number of generat ions and average number of funct ion

                                                                              evaluations, using the same GA parameters of the

                                                                              previous probl em, but wi th a populati on of 100

                                                                              chromosomes. Table 13 l ists  the best s oluti ons for

                                                                              different  number of biquadrat ic el ements.

Tabl e 12: Results for Probl em 3

                                                                               Number of

                                                                                    element s

Type of

element s

Number of

Generations

Number of Function

Evaluat ions

Serendipity  31  1387

                                                                                                     4

Lagrangean  33  1400

Serendipity  31  1375

                                                                                                   16

Lagrangea n  27  1339

Serendipity  34  1419

                                                                                                   64

Lagrangean  34  1504

Tabl e 13: Best s ol ut ions for Probl em 3

                                                                                      Number

                                                                                                     of

                                                                                      element s

Type

of

element s

Solut ion

Obj .

Funct.

(Nm)

Serendipity  [( C3,

±
45º)
3

; (G3,

±
45º) ]
s

 14.28

                                                                                                       4

Lagrangean  [( C3,

±
45º)
4

]
s

 16.64

Serendipit y  [( C3,

±
45º)
4

]
s

 16.63

                                                                                                    16

Lagrangean  [( C3,

±
45º)
4

]
s

 16.67

Serendipity  [( C3,

±
45º)
4

]
s

 16.67

                                                                                                    64

Lagrangean  [( C3,

±
45º)
4

]
s

 16.67

                                                                              Figure 3 shows how the GA execut ion time varies wi th

                                                                              the number of el ements considered on the object ive

                                                                              function evaluati on. F igure 4 shows t he vari ation of t he

                                                                              objective funct ion value (the compli ance value) versus the

                                                                              number of el ements used on the objecti ve funct ion

                                                                              evaluation.

                                                                                                                       Figure 3: Ti me versus Number of elements

Figure 4 : Compli ance versus  Number of elements

T he computati on time grows exponent iall y wi th the

number of elements considered. However, the accuracy of

the s ol ut ion is, i n practical  terms, approximat ely the same

for 16 and 64 elements.

5  CONCLUSION

The results presented, for four sides supported and

clam ped plat es, show that Genetic Al gorithms can be

used i n the opt imizat ion of the desi gn of composit e

lami nated plates, producing solut ions  wit h physi cal

meaning, whil e considering different  cost rest ricti ons.

Moreover, as expected, the comput ational cos t gr ows

exponenti ally wi th the number of element s consi dered,

that i s to say, wi th the accuracy i mpos ed on the finit e

element code (t he evaluati on functi on); however, i t has

been shown that a solut ion wit h 16 el ements is accurat e

enough, with reasonable comput ati onal t imes. It seems

contradictory that the number of function eval uat ions

does not  increase monotonicall y as the cost  restricti on i s

mini mized. It should be poi nt ed out t hat  thi s is a

combinatorial  probl em, and the admis sible set for

different  instance s of cost, can be quit e different . Thus,

the number of observed functi on eval uat ions (an average

value of 10 executions) refl ects this difference. Fut ure

work wil l ai m at the reducti on of t he comput ational times,

whil e considering a finit e element methodol ogy, based on

third order theory, and the study of one side clamped

plates.

Acknow ledgments

The support  of t he project PRAXIS/PCEX/ P/ MAT/ 38/ 96,

Vari ational Models and Opti mizat ion , of the Minis try of

Science and Technology of Portugal, is grateful ly

ackno wl edged.

13, 0

13, 5

14, 0

14, 5

15, 0

15, 5

16, 0

16, 5

17, 0

4 16 64

Num be r of El e m e nts

Com pl i a nce  (Nm )

S erendipit y

Lagrangean

                                                                                                                0

                                                                                                       500

                                                                                                  1000

                                                                                                  1500

                                                                                                  2000

                                                                                                  2500

                                                                                                  3000

4 16 64

Num be r of El e m e nts

Tim e  (m i n)

S erendipit y

Lagrangean

References

K.J. Call ahan and G.E. Weeks: Optimum Desi gn of

Composit e Laminates using Genet ic Al gorithms.

Composit es Engi neering, 2, (1992), 149 - 160

L.M. Fernandes, I. Fi guei redo, J. J údice, L.A. Costa, P.

Ol iveira:  Appli cation of Geneti c Al gorithm s to Plat e

Opti mizati on. In:  E. Oñate and S.R. Idel shon (eds.),

Computat ional  Mechanics, New Trends and Appl icati ons,

CIMNE, Barcelona, Spain, (1998).

D. Goldberg:  Genetic Al gori thms in Search,

Opti mizati on, and Machine Learning. Addis on - Wesley,

(1989).

R. T. Haftka: Geneti c Al gorithms for opti mizati on of

composite l aminates. In: C.A. Mota Soares, C.M. Mot a

Soares and M.J.M. Frei tas (eds.), Mechanics of

Composit e Materi als and Struct ures, 2, NATO ASI,

Troia, Port ugal , (1998), 141 - 152

P. Hajela:  Geneti c searc h ˘  An approach to t he nonconvex

optimi zation problem. AIAA Journal, 28, (1990), 1205 -

1210

R.A.C.P. Leal : Desenvol vimento de elementos fini tos

para análise de placas lami nadas. Escola de El ementos

Finitos, Centro Internacional de Matemáti ca, Coimbra,

Portu gal, Vol. 6, (1998).

M. Leung and G.E.Nevil l: Genet ic Algorithms for

Preliminary 2 - D Structural  Design, AIAA 94, (1994),

2287 - 2291

P. Lardeur: Developement  et evaluation de deux element s

fi ni s de plaques et coques composi tes avec infl uence du

cisal lement t ransversal. These de Doctorat, Universi té de

Technologie de Compiègne, (1990).

S. Nagendra, D. Jesti n, Z. Gürdal, R.T.Haftka and L.T.

Watson:, Improved Genetic Algori thms for the Desi gn of

Stiffened Composite Panels, Computers & St ructures, 58,

(1996), 543 - 555

J. N. Reddy:  Mechani cs of Laminated Composi te Plates.

Theory and Analysis. CRC Press, (1997).

H - P Schwefel:  Evolution and Optimal  Seeking. John

Wiley & Sons, (1985).

J.N. Whi tney: Shear correct ion fact ors for ort hot ropi c

lami nates under static load. J . Appl . Mech., 40, (1973),

302 - 304