Struct Multidisc Optim (2006) 31: 378-387
DOI 10.1007/s00158-005-0566-5

RESEARCH PAPER

P. Vannucci

Designing the elastic properties of laminates as an optimisation
problem: a unified approach based on polar tensor invariants

Received: 10 October 2002 / Revised manuscript received: 7 March 2005 / Published online: 13 December 2005

© Springer-Verlag 2005

Abstract The problem of designing the elastic properties of
alaminate is considered. It is shown that a unique formulation
for all the design problems with respect to elastic symmetries
can be found using polar invariants of the stiffness tensors. In
this way, the design of laminates having some general elastic
properties is reduced to a classical optimisation problem: the
search for the absolute minimum, whose value is 0, of a posi-
tive semi-definite form in the space of the polar invariants. A
minimum characterisation of some important elastic proper-
ties is also given. Some numerical examples and a discussion
of the results are also included in the paper.

Keywords Laminates - Polar method - Elastic symmetries -
Quasi-homogeneity - Uncoupling

1 Introduction

The use of composite material laminates has considerably
broadened the possibilities of designers in finding an appro-
priate material for a specific use. In fact, they can manage
the variables governing the laminate mechanical behaviour
to obtain the desired effects or to optimise a given parame-
ter, such as the weight, the strength or the stiffness. These
variables are the material of the layers, the ply number, the
stacking sequence and the layer orientations. In a sense, it is
perhaps more appropriate to speak of material design rather
than of structural design and also if the homogenization laws
used for laminates are rather “structural type” laws.

Of course, several authors have considered different lam-
inate design problems; an organic state of the art in the field
of laminate design is very difficult to be done. This is due
to some reasons, the very high number of contributions be-
ing one of these, but more important is the fact that many
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different aspects characterise the researches in the domain:
the choice of the variables or of the objective function, the
basic mechanical hypothesis and the mathematical approach
are the main points that distinguish the works of the scientists
in the domain of laminate design and optimisation. A rather
deep, but not complete, analysis of the state of the art can be
found in Abrate (1994) or also in Vannucci (2002a).

Nevertheless, some general considerations can be done
about laminate design. The most part of authors deal with
the maximisation or minimisation of some mechanical prop-
erties: maximising the stiffness or the strength, as well as
the buckling load or the fundamental frequency, or minimis-
ing the weight under some mechanical constraints are the
most treated problems. Almost all the authors that deal with
such problems make some basic hypothesis about the lami-
nate; generally, they consider symmetric stacking sequences,
which automatically ensures uncoupling of the in- and out-
of-plane behaviours, that is B=0 [see below for a recall of
the classical laminated plates theory (CLPT)]. Again, design-
ers often impose a balanced sequence, i.e. a sequence where
for each ply at the orientation «, there is another ply at —a:
this hypothesis ensures the orthotropy of A (see for instance
Jones 1975). Another rule sometimes used by designers is
the use of antisymmetric balanced sequences: this gives the
orthotropy of A and D, but not uncoupling, in general. Some
authors have also used symmetric balanced sequences con-
sidering D orthotropic, too, and also if this is not correct (see
Fukunaga and Vanderplaats 1991 or, again, Abrate 1994).
In many cases, only some orientations are considered for
the plies; typical is the case of balanced symmetric quasi-
isotropic (orientations at 0°, +45°, 90°), cross-ply (0°, 90°)
or angle-ply («, —«) laminates to have uncoupling and or-
thotropy of A.

What seems to be a general rule is that laminate designers
try to optimise some parameters of the plate considering that
it has already some other, generally required, properties such
as orthotropy or uncoupling. To do this, they do not look for
general solutions but only for solutions belonging to a special
class, for instance, the one of balanced symmetric laminates,
to automatically ensure the desired property. This way of do-
ing is in a sense a short cut to solutions, especially for the
computing aspects, but can lead to solutions which are opti-
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mal only in the chosen class of laminates but not globally. For
instance, seeking for minimum weight orthotropic laminates
in the class of balanced symmetric plates excludes automat-
ically odd ply number laminates, which are candidates to be
the optimal solution just as even ply number laminates. In
addition, Vannucci and Verchery (2001a,b) have shown that
the number of uncoupled symmetric laminates is very small
compared with that of non-symmetric ones. So, looking for
uncoupled laminates only in the class of symmetric plates
can be very limiting.

Indeed, the design of general elastic properties of a lam-
inate, such as isotropy, orthotropy or uncoupling, has not
received by the scientists in the same interest that they
have reserved to the above-mentioned problems. Neverthe-
less, some interesting works in this field can be found in
the literature; see for instance the fundamental contribu-
tion of Werren and Norris (1953) on isotropy, the works of
Fukunaga (1990), Paradies (1996), Grédiac (1999), Vannucci
and Verchery (2002) still on isotropy, those of Caprino and
Crivelli-Visconti (1982) and of Grédiac (2000) on orthotropy,
and the already cited Grédiac (1999) and Vannucci and
Verchery (2001a,b) on uncoupling and quasi-homogeneity.

This paper reconsiders the problem of designing general
properties of a laminate, namely, its elastic symmetries,
uncoupling, quasi-homogeneity and so on. An original way
to unify all these problems is proposed, which preserves the
absolute generality of the approach: no kind of simplifying
hypothesis is made, so general solutions can be found for
a given problem. In the paper, it is shown that the most
part of elastic properties considered can be viewed as
symmetry problems for the laminate and that they can be
characterised by minimum conditions. Such a quite general
approach seems to be indispensable to get absolute optimal
solutions also and perhaps especially in those cases where
the properties here considered are not the main goal of the
optimisation process but where they must be compulsory
achieved together with other quantities to be optimised.

When the design of elastic symmetries for a laminate is
considered, a basic problem is the choice of the elastic ten-
sors representation. In fact, the Cartesian representation is not
well suited to such a purpose, as symmetries appear clearly
only for some particular choices of the reference frame. In
addition, the method proposed by Pedersen (1990) to detect
elastic symmetries, and based upon the so-called invariants
of Tsai and Pagano (1968), is not very effective, as it cannot
make distinction among different types of elastic symme-
tries. It is, on the contrary, suitable to represent tensors by
their invariants, choosing among them those whose physical
meaning is directly linked to a particular symmetry of the
material or of a laminate behaviour. This is the most effec-
tive way to handle problems concerning elastic symmetries.
For this reason, the polar method for the representation of
elastic tensors in plane elasticity is used in this paper. This
technique, introduced by Verchery (1979), is the most ef-
fective one for the treatment of elastic symmetries in plane
elasticity, as in this method, an elastic tensor is known by five
invariants and a parameter fixing the reference frame; in ad-

dition, each one of the five invariants is linked to a particular
elastic symmetry of the tensor. Verchery obtained his results
by the application of a complex variable method, technique
introduced by Michell (1902) and successively improved by
Kolosov (1909), Muskhelishvili (1933) and Green and Zerna
(1954). From a general point of view, it can be noticed that, in
his approach, Verchery proposes a complex variable transfor-
mation more effectively than that used by Green and Zerna
(1954); this is not the place to recall the theory of Verchery
in the details, and the reader is addressed to this purpose to
the original paper of Verchery (1979), which contains also
the first invariant characterisation known in the literature of
material symmetries in plane elasticity. An extensive presen-
tation of the polar method can be found in Vannucci (2002a).

By the polar method, a certain number of problems con-
cerning laminates have been treated and solved; it is not the
case here to recall all the results obtained, and the reader
is addressed to the literature in the subject (Valot et al.
2001, 2002, 2003, 2005; Vannucci 2001, 2002a,b; Vannucci
and Verchery 2001a,b, 2002; Verchery 1979, 2000; Vincenti
et al. 2001, 2002, 2003a—c).

The polar method is effectively used in this paper to ob-
tain a unified formulation of all the problems concerning
elastic symmetry properties. Under a mathematical point of
view, the obtained formulation is rather classical in struc-
tural optimisation: apart from a special case of orthotropy
considered in the paper, it corresponds to the search for the
absolute minimum, whose value is 0, of a symmetrical pos-
itive semi-definite form in the space of the polar invariants.
The objective function is non-convex, as in the most part
of approaches to optimisation problems of laminates having
the layer orientations among the variables, but the problem
is unconstrained.

The paper is composed of eight sections besides this in-
troduction: Sect. 2 is a quick introduction of polar invariants
and of their physical meaning, Sect. 3 proposes the general
formulation of the problems considered in this paper, Sect. 4
is devoted to some basic problems, Sect. 5 to some composed
problems, Sect. 6 to quasi-homogeneity, Sect. 7 to orthotropy,
Sect. 8 shows some numerical examples and Sect. 9 is about
final remarks and conclusions.

The theoretical frame of the paper is the CLPT (see for
instance Jones 1975), where the elastic behaviour of a lami-
nate is described by three tensors: A, accounting for the ex-
tension behaviour; B, describing coupling between bending
and extension; and D, the tensor of the bending behaviour.
A laminate having B=O is said to be uncoupled: bending
does not affect stretching and conversely. For the purposes
of the paper, the homogeneity tensor C is also introduced
(1/h and 12/h3 are the factors used to homogenize A and D,
respectively; see Jones 1975):

A D
€= —1255. (1)

h being the total thickness of the laminate. C measures the
difference between A and D, i. e. of the in- and out-of-plane
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behaviours; only when C is the null tensor, the two behaviours
of the laminate are identical in each direction. If a laminate
has B=C=0, it behaves just like a homogeneous plate; that
is why such laminates are called quasi-homogeneous (Kandil
and Verchery 1988; Vannucci and Verchery 2001a,b); their
use can be very interesting for some applications. In the paper,
no supplementary hypothesis is done: a laminate composed
of n plies is considered each time; the layers can be differ-
ent or identical and can be made of any kind of material,
also completely anisotropic, even though orthotropic plies
are usually employed.

2 The polar invariants

Let us consider a plane stiffness fourth order tensor L: it can
be represented by the aid of six polar constants, Ty, 71, Ry,
Ry, ®¢ and Py, linked to Cartesian components by (i is the
imaginary unit)

8Tp =L —2Luxn +4Lpiz + Low,

87" =Lun +2Lu2 + L2222,

8Roe*® = Lijyy —2Lym —4Lipi + Lox @)
+4i(Li112 — L2212)

8R1e¥® = Ly — Lo

+ 2i(L1112 + L2212)

Constants Ty, T1, Ro, R, as well as the angular difference
@y — P, are tensor invariants, which characterise the elastic
symmetries of the material; the choice of the reference frame
fixes the value of the polar angles &g and @ , but not their
difference, and conversely each choice of one of the two
polar angles corresponds to fixing a reference frame; the usual
choice for orthotropic laminae corresponds to ;=0 . For
what concerns symmetries, it is in particular:

(a) L is orthotropic if and only if
T
CD()—CDl:KZ,K:O,l; 3)

(b) L is square symmetric (that is, its components are invari-
ant under rotations of 7/4) if and only if

Ry = 0; “4)
(c) L isisotropic if and only if
Ry= R, =0. (5)

The above conditions explain why 7Ty and 77 are called
isotropy, while Ry and R anisotropy, invariants.

In addition to the cases above, another special type of or-
thotropy must be cited (Vannucci 2002b), the so-called Ry-
orthotropy:

(d) L is Ry-orthotropic if and only if

Ry = 0. (©)

Rop-orthotropic materials are interesting under many as-
pects; for instance, it is apparent that in this case, the number
of elastic independent constants characterising the material is
only three (Tp, 71 and R1), like in the case of square symme-
try (To, T1 and Ry), and not four as for orthotropy (7o, 71, Ro
and Rp). Nevertheless, while square symmetry corresponds
to a higher symmetry condition (four symmetry axes turned
by 7/4), Ry orthotropy has the same symmetries of general
orthotropy, i.e., two orthogonal axes of plane symmetry. In
addition, while the square symmetry of a stiffness tensor im-
plies the same symmetry of the corresponding compliance
tensor, this is not the case for Ry-orthotropy.

It is also apparent from (3) that for each set of values
To, T1, Rp and Ry, two different kinds of orthotropic ma-
terials can exist: one with K=0 and the other with K=1.
Vannucci (2002a) has shown that the first case corresponds
to the so-called low-shear modulus, while the second cor-
responds to the high-shear modulus materials introduced by
Pedersen (1993), giving in this way an interpretation of this
classification in terms of tensor invariants.

It must be also emphasized that polar invariants, as well
as any other material coefficients, must fulfil some conditions
to have a positive definite tensor L, see Vannucci (2002a,b).

The polar representation can be used, of course, also for
tensors A, B and D. In the following, the polar constants of
A will be denoted by T, T'1 and so on, those of B by Ty, Ty
and so on and those of D by Tp, 71 and so on. Of course,
by (2), the composition laws proper to the CLPT giving the
Cartesian components of A, B and D apply as well to polar
constants

— o~ 1 <&
To, Ty, To = — To, (2" =2 ),
0, To, Tp m/; o — 2z )

.~ 1 <&
T:, T\, T) = — T, (=7 ),
1, T, Th m; 1@ — 25—1)

1

4i (Do, +4

E Rokel( 0y, +6k)
k=1

Eoe4l¢0’ R()€4lq>0, R0e4l<l>() —
m m
Xz = Z—1)s

1 n
_ Zlee4i(¢1k+5k)
n k=1

§]e4i$1 I@le‘”‘i’l §]e4i€>1:

x (g — 2Zg-y)-

)

In (7), m=1 for A, m=2 for B and m=3 for D; the subscript
k indicates a quantity proper to the kth layer; so, J, is the
orientation angle; while z;_, z;, the distances from the mid-
dle plane z=0 of the lower and upper face of the layer k. An
advantage of the polar representation on the Cartesian one
is that in (7), the dependence upon the angles ¢, is explicit.
In the most general case, the elastic behaviour of a laminate
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in a given reference frame is known when 18 parameters are
known.

It is apparent from (7) that
R,=0 Vk = R =R =R, =0; ®)
that is, a laminate composed of square-symmetric layers

will be completely square symmetric (Vincenti et al. 2001).
Again,

Ry, =0 Vk = Ro=Ry=Ry=0, )

which shows that the use of Ry-orthotropic layers ensures
automatically the complete orthotropy of type Ry of the lam-
inate for any possible stacking sequence and orientation of
the layers. In other words, unlike invariant (3) which denotes
ordinary orthotropy, invariants Rp and R are strong invari-
ants in the sense that they belong not only to the plies but to
the laminate, too.

By the aid of (1) and (7), also the polar components of C,
denoted by fo, Tl , can be found;

DR
Ty = 3 Z To, (2 — k- DR — 42F + zwzr—1 + 25 )],
k=1

D
T = 3 Z T1, Gk — 2D = 4z + zrzk-1 + )],
k=1

o g 1 & )
Roettt0 = "3 > Ry Pt (g — 25 )
k=1
x [h* — 4(1,3 + zkZk—1 + zi,l)],

o ez 1 & .
R[e2lq>1 — h_3 Z le82l(®lk+8k)(zk _ Zk—l)
k=1

x [h* — 4(z7 + zezk—1 + 741
(10)
A particular but extremely important case is that of lami-
nates composed of identical plies; for them, (7) and (10) give

immediately that

To To
LT, S
I PERR
T T,
oo,
h A3

To=To=T1 =T =0; a1
that is, the isotropic parts of the homogenized tensors A and
D are the same and identical to those of the basic layer,
while B and C are made only of anisotropic parts. So, for
laminates made of identical layers, uncoupling and quasi-
homogeneity correspond to the isotropy, and nullity, of ten-
sors B and C. That is why in this paper, what have been called
a “general elastic property” of the laminate is considered as

a symmetry property. In fact, the problems of finding or-
thotropic, square-symmetric, Ry-orthotropic, uncoupled and
quasi-homogeneous laminates are addressed herein, as well
as some possible combinations of these cases, and, for the
case of laminates composed by identical plies, also uncou-
pling and quasi-homogeneity can be regarded as symmetry
properties, the isotropy of B and C. This is also generally
true, but if layers are not identical, the isotropic parts of the
two tensors are not automatically null.

3 A unified approach to the design of laminates
with given general elastic properties

Let us consider the following general problem: find the layer
orientations ¢, of an n-ply laminate to obtain a given general
elastic property, such as isotropy, orthotropy, uncoupling and
so on. The material is known, and it can be different from
one layer to another.

To state the above problem, consider the following quad-
ratic form of the matrix H, defined on the 18-dimensional
space of the variables P;:

[(P) =P -HP = H;;P,P;, i,j=1,..,18 (12)
with

P—TO P—Tl P—EO P—El Ps =
YWoume T T T T
Ps = @,

b 2lo 2T, 2Ry, 2R
TTem T e T e T T 2w

Py = &g, Pp = &y,

po 200, 120 2Ry 12K
13—h3M9 14—h3M7 15 = h3M7 16 = h3M7
Py7 = &g, Pig = ). (13)

M is a factor used to obtain non-dimensional variables. Sev-
eral definitions are possible for M, provided that it is never O;
proper choices are means of layer characteristic quantities.
To this purpose, it can be used, for instance, the tensor norm
proposed by Kandil and Verchery (1988) and to pose

-
— _ 2 2 2 2
M=-3 JI3 +272 + R +4R3,.

(14)

Moreover, if the layer orientations appear as the basic
variables, the quadratic form /(P;) depends upon all the me-
chanical and geometrical parameters of the laminate, i.e.
the orientations, the stacking sequence, the material and the
thickness of the layers. In fact, by (7) and (13), the parameters
P, depend upon all these quantities.
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H is a symmetric matrix of non-dimensional real num-
bers: the choice of its components H;; determines the kind of
problem to be treated; several choices are possible, and so,
several different problems can be stated in the same way, sim-
ply changing the H;;. H is positive semi-definite, and, apart
from the case of orthotropy with K=1, each problem can be
stated as follows: find an absolute minimum of (12) for a
given H. As H is positive semi-definite, these minimums are
0-valued. Clearly, to solve such a problem means to find a
vector P of P, i.e. the 18 polar components, which satisfy
the above statement.

A certain number of different and technically interesting
problems are detailed in Vannucci (2002b). In the following
sections, only some of these problems, particularly impor-
tant, are considered, and the components H,»j are shown for
each case. It must be said, anyway, that a larger number of
problems, not always technically interesting, can be treated
in the same way.

Before going on, it is worth noting what was already said
in Sect. 1—a unique mathematical form has been given to
several different problems of laminate design: the search for
the minimum of a positive semi-definite form, which is a
classical problem of structural optimisation. The objective
function (12) is not convex, since parameters P, depend upon
circular functions of the orientations (7), but the problem is
unconstrained. The use of the parameters P, allows a classical
formulation, stated in terms of the minimisation of a quadratic
positive semi-definite form in the 18-dimensional space of the
P, parameters. Nevertheless, the real design variables are the
n orientations ¢, of the layers, and in this space, the problem
is non-convex and higly non-linear.

It is worth noting that parameters P, generalise the con-
cept of lamination parameters introduced by Miki (1982) and
successively widely used by several authors, but unlike these,
they have some advantages: they are based upon tensor invari-
ants linked to elastic symmetries, so their use allows a very
simple statement of problems concerning these symmetries,
and in addition, they make the orientation of the reference or
material frame directly appear.

4 Basic problems

Let us consider first some basic problems, those concerning
only one polar parameter among the 18 of the laminate. For
instance, consider the search for a laminate having an Ry-
orthotropic tensor A: the condition is

Ro=0, (15)
or equally
I(P) = P{ =0, (16)

which implies that for this case in H, it is Hz3=1, while
the remaining H;; are 0. In the same way, the following
basic problems can also be stated (in the following, the
components of H not explicitly indicated are understood to

be 0; in addition, being H symmetric, only the components
above the diagonal are shown):

e find a laminate with a square-symmetric tensor A,

Ri=0; I(P)=P}=0 = Hy=1; (17
e find a laminate with an Ry-orthotropic tensor D,

Ry=0; I(P)=P5=0 = Hss=1 (18)
e find a laminate with a square-symmetric tensor D,

Ri=0; I(PR)=P4=0 = Hyge=]l. (19)

It is worth to recall that all these properties are automati-
cally obtained in the case of a laminate made by layers having
the same property. Other basic problems can be considered,
but they are not so mechanically interesting as those shown
hereon; their importance is eventually in the fact that they
are a part of composed problems, i.e. of problems depend-
ing upon more than one polar parameter. In the next section,
some of these composed problems are considered.

5 Composed problems

First of all, let us consider the search for uncoupled laminates;
this problem can be stated as follows:
10
. 2
B=0: [(Py=) P'=0 = Hi=1
i=17,..10. (20)

If the laminate is composed by identical plies, it is auto-
matically

Pr =Py =0, 21

so H77 and Hgg are meaningful; that is, they can be equally
posed O or 1.

Another case of interest is that of uncoupled laminates
with A or D isotropic, which can be respectively stated as

10
I(P)=Pi+Pi+) —P=0 = Hi=1,

i=3,4,7,8910; (22)
10
I(P)=) P +Ps+Pg=0 = Hi=1l
i=7,8,9,10,15,16. (23)

In the same way, the very treated problem of full isotropy,
i.e. of the search for an uncoupled laminate with isotropic
tensors A and D, can be stated as follows:

10
I(Po) = P{+ P{+ ) P}+ P+ Pig=0

= H;=1,i=3,4,7,8,9,10,15,16. (24)
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Another interesting problem is that of an uncoupled lam-
inate with square symmetric A and D, having, in addition,
the same axes of symmetry. Now, the coincidence of the axes
must be imposed; in the polar method, this can be easily done
by setting g = P :

I[(P) =PI+ Y10 P2+ PL 4+ (Ps— P> =0 =

H;=1,i=4,5"17,8,9,10,16,17; Hs7 = —1.

(25)

6 Statement of quasi-homogeneity

The condition imposing C=0 can be stated as follows:

2 v2 “2 “2
To+T)+ Ry + R =0; (26)

taking into account for (1), (7) and (13), we get the equivalent
condition

(P1— P13)° + (Py— P1a)* + <P364iP5 - P1564ip”)
<P3e—4iP5 _ Plse—4iP|7> + (P4eZiP6 _ P16eZiP18)

(Rwﬂ”%—PmeQWW)zo. 27)

A simpler condition can be obtained if we consider that
the identity of the elastic in- and out-of-plane behaviour at
each direction implies the identity of the polar angles of A
and D that can be stated by the condition

(Ps — P17)> 4 (Ps — P1g)> = 0. (28)

So, considering (27) and (28), together with (20), to take
into account for uncoupling, a general condition for quasi-
homogeneity (B=C=0) is obtained:

[(Py) = (Py — Pi3)* + (P, — Pia)* + (P3 — Pis)*+
+ (P4 — Pi6)* + (Ps — P17)* + (Ps — Pig)*+

+ P} +P{+ P+ Py=0=
H;=1,i=1,..,10,13,...,18;

Hi13 = Hy14 = H315 = Hy16 = Hs17 = Heig = —1.
(29)

It is apparent that this approach let to the designer the
possibility to add new properties to other ones. For instance,
if now we look for a quasi-homogeneous square-symmetric
laminate, it is sufficient to add to (29) a condition fixing

square symmetry, like (17) or equally (19), the two condi-
tions being equivalent for quasi-homogeneity:

1(P) = (P = P13)” + (P2 — P1a)> + (P3 — P15)°+

+ (Py = P16)” + (Ps — P17)* + (P — Pig)*+

+ P} +PI+Pi+ P+ Py=0=
Hi=1,i=1,..,35..,10,13,..,18; Hyu =2;

Hi13 = Hz14 = H315 = Hy16 = Hs17 = He1g = —1.
(30)

7 Statement of orthotropy

Apart from Ry orthotropy, the general condition for or-
thotropy is (3); this means that orthotropy of A and D can
be respectively stated by

2
I(Pk>=<Ps—P6>2=E%, =01 =
Hss = Hee = 1;  Hse = —1; (1)
N
I(Py) = (P17 — P1g) ZKE’ K=01 =
Hi717 = Higig = 1; Hizig = —1. (32)

This approach gives the designer to chose the type of or-
thotropy, but if K=1, the solution does not correspond with
the absolute minimum of the objective function I(Py). It is
easy to combine (31) and (32) with other properties to obtain
for instance orthotropic and uncoupled laminates. Among
these cases, the following two final problems are considered:
the first one concerns a quasi-homogeneous orthotropic lam-
inate. Taking into account for (29) and (31), or equally of
(32), we get the statement of this problem:

[(Py) = (P1 — P13)* + (P2 — P1a)> + (P3 — P15)*+
+ (P4 — Pi6)* + (Ps — P17)* + (Ps — P1g)*+
+ P74+ P§ + Pg + Py = 0;

0 B=01 =
16 - ) - )
H;=1,i=1,..,4,7,..,10,13, ..., 18; Hs5 = Hes = 2;

Hs¢ = Hi13 = Hp14 = H315 = Ha16 = Hs17 = He13 = —1.
(33)

I(P) = (Ps— P)> =K

If K =0, the two functions (P;) and 7(P¢) can be
added to obtain again a unique quadratic form of the type
I(Py) ;if K =1, we can still get a unique non-negative
objective function I (Py) , for instance, posing

1(PY) = |T(PY| + I(Py). (34)
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The second one is the case of an uncoupled laminate,
orthotropic in bending and in extension and with coincident
symmetry axes:

2
n——O, K =0,1;

I(P) = (Ps = P)* = K =

2
T(P) = (P17 — Pig)* —K— =0, K=0,1;

16
i)=Y P4 (Po— P’ =0 =
Hi=1,i=5.7,..10,17;
Hse = He1s = Hi713 = —1.

Hee = Higig = 2;
(35)

Like in the preceding case, if K = K = 0, then the three
functions 7 (Px) , T (Py) and I (Py) can be added to obtain
again a unique quadratic form of the type I (Py) ; if this is
not the case, a unique non-negative objective function / (Px)
can still be obtained, for instance, posing

1(Po) = |[T(Po)| + [T(PO| + I (PY. (36)

8 Numerical examples and discussion of the results

Different types of numerical methods can be used to solve
the above-mentioned problems; in this section, some exam-
ples of laminates composed by identical layers are shown. In
this hypothesis, the only variables are the ply orientations,
and a descent method has been used to solve numerically
the problems, namely, the steepest descent method (see for
instance Arora 1989) or alternatively the conjugate gradient
method of Fletcher and Reeves (1964). The initial point for
the descent algorithm was established randomly, but consid-
ering that, to fix a global frame for the plate, the orientation
of the first layer was always 0; so, the number of unknowns

Table 1 Some numerical examples

80

40 E

M
CA\JG

-80
-80 -40 0 40 80

Fig. 1 The polar diagrams of E and G for example 9 in Table 1 (exact
and approximate solutions; in GPa)

is n—1 and not n. We give in Table 1 some details about 10
among the several examples that we have treated. The values
of the objective function shown in Table 1 are the residuals
of I(P;): an obvious consequence of the use of a numerical
approach is that the solution of an equation is found to a
certain degree of approximation, an exact solution being in
practice impossible to be obtained. To notice that I(P}) is a
non-dimensional function, so the residuals shown in Table 1
are non-dimensional, too.

It is worth noting that, being in all the example the layers
identical, the elastic properties of the single basic ply are
meaningful, the results being valid for all the possible layers;
for this reason, the mechanical properties of the ply is not
necessarily specified: in fact, the true computations have been
made independently of them and are valid for any material.
Nevertheless, the diagrams in Figs. 1,2 and 3 have been traced
for laminates composed of T300-5208, carbon—epoxy layers,
whose mechanical constants are (see Tsai and Hahn 1980)
E1=181 GPa, E2=10.30 GPa, G12=7.17 Gpa and v1,=0.28.

The first case has been treated to test the effectiveness of
the method; it is a five-layer laminate composed of plies rein-
forced by balanced fabrics (that is, having the same amount
of fibres in warp and weft, what ensures the square symmetry,
R1=0) and designed to be uncoupled. The complete solution

Type of laminate Layers number

Stacking sequence (°)

Objective function

1 Uncoupled (ply R;=0) 5 [0/4.57,/—3.04/1.54] 6.7 107

2 Uncoupled, A isotropic 7 [0/—60.10/59.27/61.19/—59.37/0.45] 1.6 1077

3 Fully isotropic (ply Ry=0) 7 [0/87.59/ 82.32/—39.69/20.81/5.14/—83.42] 141074

4 Fully isotropic (ply Ro=0) 8 [0/—78.94/63.34/—62.83/31.28/—4.42/—29.36/74.74] 1.1 1078

5 Fully isotropic 12 [0/—55.89/49.92/65.58/—65.74/79.91/ 2.81077
—2.85/—36.58/11.36/26.75/—47.75/76.46]

6 Uncoupled, A square symmetric 7 [0/—81.03/35.79/—83.14/—22.93/—86.73/12.66] 1.51077

7  Uncoupled, D square symmetric 7 [0/88.36/—85.89/56.24/4.19/—1.89/—89.84] 45107

8  Quasi-homogeneous 12 [0/14.75/2.34/10.59/—2.75/17.55/ 121077
13.80/3.99/2.57/8.08/—3.98/13.38]

9 Quasi-homogenous square symmetric 12 [0/61.76/—52.12/82.67/—18.21/-78.31/ 1.110713
64.64/1.10/—2.52/44.63/—29.90/—89.65]

10 Uncoupled orthotropy 12 [0/44.67/15.70/—39.98/—25.46/—37.21/ 471073

59.04/54.28/36.92/—38.16/18.58/—5.23]
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Fig. 2 Polar diagrams of E and G for example 2 in Table 1 (in GPa)

to this case has been analytically found by Vincenti et al.
(2001), so the comparison of the results of Table 1 for case 1
and the theoretical solution are possible. The exact solution
is, in degrees and up to the fourth decimal digit,

[0°/4.5735°,/ — 3.0374°/1.5361°]; (37)
it can be noticed that the approximate numerical solution is
very close to the exact one. A remark about the precision: if
the exact solution is given with only the first two decimal dig-
its, the residual of the objective function passes immediately
from O to the value of the numerical solution in Table 1. In
effects, a rather great sensitivity of the objective function to
the precision has always been observed, but this sensitivity
concerns much more the value of the residual than the qual-
ity of the solution. Indeed, it has been observed that residuals
in the range 1070+10~* are very well suited for technically
acceptable solutions. Another example confirming this is the
solution of case 9, which is actually an exact solution, be-
ing the residual extremely small. When, to have a stacking
sequence well suited for applications, the solution is approx-
imated to the nearest integer angle,

[0°/62°/ — 52°/83°/ — 18°/ — 78°/65°/1°/ — 2°/45°/

—30°/90°],
(38)

the residual becomes 8.56 10_5, ie. 7.78 108 times greater.
Nevertheless, the solution remains very close to the exact
one, as it can be seen on the diagrams of moduli £ and G for
extension and bending of the exact and approximated solution
shown in Fig. 1: the four curves of E and the four of G are
almost perfectly superposed (there are four curves because
the laminate was also required to be quasi-homogeneous).
Example 2 is another interesting case, since for this prob-
lem, an exact solution exists, the Werren and Norris (1953)
symmetric solution is
[0°/ — 60°/60°/60°/ — 60°/0°]. (39)
It can be noticed that the solution found numerically is very
near to the exact one; in Fig. 2, the polar diagrams of moduli

E and G, for bending and extension, are shown; it can be
noticed that the extension behaviour is in practice isotropic
(the ratio Emax/Emin 1s equal to 1.0015, i.e. a difference of
0.15%), while the bending one is completely anisotropic.

Examples 3 and 4 concern the search for fully isotropic
laminates composed by Rp-orthotropic layers. The use of lay-
ers having one of the two anisotropic invariants null sim-
plifies the search and increases considerably the number of
solutions. In fact, it has been possible to find hundreds of
fully isotropic laminates composed of Ry-orthotropic layers
(those shown in Table 1 are the best ones in the sense that
their residual is the lowest), while it is well known that it
is rather difficult to find fully isotropic laminates composed
of generally orthotropic layers (see Grédiac 1999; Vannucci
and Verchery 2002). In addition, the solutions with seven
Rop-orthotropic layers, to which example 3 belongs, are, up
to now, the known fully isotropic solutions with the lowest
number of layers.

Finally, example 10 is the case of an uncoupled in- and
out-of-plane orthotropic laminate with identical symmetry
axes in extension and in bending; to test the effectiveness of
the approach, two different types of orthotropy for A and D
have been imposed, simply choosing K = 1 and K =0 .1In
other words, the laminate in example 3 is low-shear mod-
ulus in bending and high-shear modulus in extension. The
diagrams of E and G are shown in Fig. 3. The conditions
imposed to the solution have been satisfied with a good ap-
proximation: in fact, &g — ®; = —45.03, &y — &1 = 0.20
and the angular gap between the extension and bending sym-
metry axes is only |51 — P | = 0.02. The two curves of Ein
Fig. 3 show clearly the different type of orthotropy in bend-
ing and in extension: contrarily to what happens for bending,
the Young’s modulus E in extension is not the highest on the
orthotropy axes.

The examples given above do not consider but elastic
symmetries. The main goal of this approach was to consider
the design of a laminate, including the design of the elas-
tic symmetries in the procedure, to not use some short cuts
usually accepted by designers, like, for instance, the use of
symmetric stacking sequences. The method proposed hereon
can treat all the problems concerning elastic symmetries in
the same way and can also take into account any combination
of these problems.

orthotropy axes

'E (bending)| / |E (extension)
] ]

bt -
e

a0 i

G (bending) l‘l G (extensiom

120 100 &0 60 40 30 ©0 20 40 60 8 100 130

Fig. 3 Diagrams of E and G for example 10 in Table 1 (in GPa)
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Fig. 4 Polar diagrams of E for laminate (Eq. 41) (in GPa)

Nevertheless, the main interest of designers is to obtain a
laminate which, in addition to some specified general prop-
erties, i.e. some elastic symmetries in the sense specified in
Sect. 2, maximises some other property, for instance, stiff-
ness or strength and so on, or respects certain given conditions
imposed to the design.

In addition, the formalisation of the problem, which con-
serves the orientation angles as main variables, makes use of
a very non-linear objective function. No general rules are
known to establish a good starting point for a numerical
search of the solution; in addition, Vincenti et al. (2001) have
shown that the set of solutions of several problems concerning
laminates is not discrete; that is, solutions vary continuously
with respect to design variables (see also Valot and Vannucci
2005). So, descent methods, like those used for finding the
solutions in Table 1, are not the best suited for this kind of
problems.

Nevertheless, the method proposed in this paper is ef-
fective also in treating more complicated problems, and of
course, it can be adapted to different numerical methods for
the search of the solution. Let us consider, for instance, the
following example: find a laminate, composed by 12 identical
plies, designed to be uncoupled and orthotropic in extension
and with the orientation angles belonging to a discrete set
(namely, 0°, £15°, £30°, £45°, £60°, £75° and 90°). The
plies are made with the same material of the previous ex-
amples, i.e. carbon—epoxy T300-5208. Two constraints are
imposed to the solution: the Young’s modulus in extension
must fulfil the following requirements:

Emax > 100 GPa;
(40)
Enin > 40 GPa.

To solve this problem, which is a discrete optimisation
problem, a genetic algorithm has been used (see Vincenti et
al. 2003b,c). The best solution found is

[0°/30°/ — 15°/15°/90°/ — 75°/0°/45°/ — 75°/0°/

—15°/15°], (41)

to whom the residual 1.3x1073 corresponds; the values
of the extension Young’s modulus for this laminate are
Enmin=45.8 GPa at 61.22° and E.x=114 GPa at 6.05°, re-
specting the imposed minimal values. The polar diagrams of
the Young’s modulus in bending and in extension are shown
in Fig. 4. More details on the numerical algorithm and about
the handling of constraints can be found in Vincenti et al.
(2003b,¢) or in Vannucci (2002a).

9 Final remarks and conclusion

A new method for designing laminates with given stiffness
properties has been proposed. Some basic problems concern-
ing the design of laminates, often discarded by designers,
are considered in the most general way. This opens the way
to find optimal solutions to some particular problems in the
most general case, without the use of simplifying but rather
limiting hypothesis, such as the use of symmetric balanced
stacking sequences; an example in this sense has been given.

Under a mathematical point of view, this method makes
use of the polar invariants, introduced by Verchery et al.
(2000), and several distinct problems concerning the prop-
erties of a laminate, namely, its elastic symmetries, are con-
densed in a unique formulation, which is a classical problem
of structural optimisation: the search for the minimum of a
positive semi-definite form in the space of polar invariants.
The objective function is non-convex, but the problem is un-
constrained. This new formulation takes a great advantage
by the use of polar tensor invariants, as they are the most
effective way to represent material symmetries.

The examples given in the paper show the effectiveness
of the method, and a discussion of the order of approximation
of the solutions has also been given.

In perspective, some points must still be solved: the use
of the proposed method into a general approach to the op-
timisation of laminates and the inclusion of the number of
plies among the design variables. Researches are going on in
these directions.
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A final remark, the paper shows that some basic proper-
ties not only of a laminate but also of a layer can be charac-
terised as being minimum properties, such as isotropy. This
is a quite new formulation of these properties, as the form to
be minimised is a function of parameters having a physical
meaning, the polar invariants.

References

Abrate S (1994) Optimal design of laminated plates and shells. Compos
Struct 29:269-286

Arora JS (1989) Introduction to optimum design. McGraw-Hill, New
York

Caprino C, Crivelli-Visconti I (1982) A note on specially orthotropic
laminates. ] Compos Mater 16:395-399

Fletcher R, Reeves RM (1964) Function minimization by conjugate
gradients. Comput J 7:149-160

Fukunaga H (1990) On isotropic laminate configurations. J Compos
Mater 24:519-535

Fukunaga H, Vanderplaats GN (1991) Stiffness optimization of
orthotropic laminated composites using lamination parameters.
AIAA J 29:641-646

Grédiac M (1999) A procedure for designing laminated plates
with required stiffness properties. Application to thin quasi-
isotropic quasi-homogeneous uncoupled laminates. J Compos
Mater 33:1939-1956

Grédiac M (2000) On the design of some particular orthotropic plates
with non-standard ply orientations. ] Compos Mater 34:1665-1699

Green A, Zerna W (1954) Theoretical elasticity. Clarendon, Oxford

Jones RM (1975) Mechanics of composite materials. McGraw-Hill,
New York

Kandil N, Verchery G (1988) New methods of design for stacking se-
quences of laminates. In: Proceedings of the computer aided design
in composite materials 88, Southampton, UK, pp 243-257

Kolosov GV (1909) On an application of complex function theory to
a plane problem of the mathematical theory of elasticity. Yuriev,
Russia

Michell JH (1902) The inversion of plane stress. Proc Lond Math Soc
34:34-142

Miki M (1982) Material design of composite laminates with required
in-plane elastic properties. In: Proceedings of the 4th international
conference on composite materials, Tokyo, Japan, pp 1725-1731

Muskhelishvili NJ (1933) Some basic problems of the mathematical
theory of elasticity. Noordhoff, Groningen (English translation by
JR.M. Radok, 1953)

Paradies R (1996) Designing quasi-isotropic laminates with respect to
bending. Compos Sci Technol 56:461-472

Pedersen P (1990) Combining material and element rotation in one
formula. Commun Appl Numer Methods 6:549-555

Pedersen P (1993) Lecture notes on optimal design using anisotropic,
non-linear materials. In: Cinquini C (ed) Workshop on optimum
structural design: analytical approach and computer aided design.
Universita di Pavia, Italy, 14-17 September 1993

Tsai SW, Hahn HT (1980) Introduction to composite materials. Tech-
nomic, USA

Tsai SW, Pagano NJ (1968) Invariant properties of composite materi-
als. In: Tsai SW, Halpin JC, Pagano NJ (eds) Composite materials
workshop. Technomic, USA, pp 233-253

Valot E, Vannucci P (2005) Some exact solutions for fully orthotropic
laminates. Compos Struct 69:157-166

Valot E, Verchery G, Akkus N, Vannucci P, Rousseau J, Aivazzadeh
S (2001) Ultimate strength of quasi-isotropic laminates in tension:
theoretical and experimental analysis. In: Proceedings of DURA-
COSYS 2001. 5th international conference on durability analysis
of composite systems, Tokyo, Japan, 6-9 November 2001

Valot E, Vannucci P, Verchery G (2002) Complete in-plane elastic char-
acterisation under tensile tests of angle-ply laminates composed of
polymer-matrix layers. Polym Polym Compos 10:483-492

Valot E, Vannucci P, Verchery G (2003) A linear theory for laminates
composed of coupled layers. Compos Struct 60:413-429

Vannucci P (2001) On bending-tension coupling of laminates. J Elast
64:13-28

Vannucci P (2002a) These pour I’Habilitation a Diriger des Recherches.
HDR dissertation thesis, Universite de Bourgogne (in French)

Vannucci P (2002b) A special case of plane orthotropy. J Elast 67:81-96

Vannucci P, Verchery G (2001a) A special class of uncoupled and quasi-
homogeneous laminates. Compos Sci Technol 61:1465-1473

Vannucci P, Verchery G (2001b) Stiffness design of laminates using the
polar method. Int J Solids Struct 38:9281-9294

Vannucci P, Verchery G (2002) A new method for generating fully
isotropic laminates. Compos Struct 58:75-82

Verchery G (1979) Les invariants des tenseurs d’ordre 4 du type de
I’¢élasticité. In: Proceedings of Colloquium Euromech 115, Villard-
de-Lans. CNRS, Paris, pp 93-104 (in French)

Verchery G, Vannucci P, Person V (2000) The polar method as a tool for
solving inverse problems of the classical laminated plate theory. In:
Tanaka M, Dulikravich GS (eds) Inverse problems in engineering
mechanics II. Proceedings of international symposium on inverse
problems in engineering mechanics 2000, Nagano, Japan, 7-10
March 2000. Elsevier, Amsterdam, pp 317-326

Vincenti A, Verchery G, Vannucci P (2001) Anisotropy and symmetries
for elastic properties of laminates reinforced by balanced fabrics.
Compos Part A Appl Sci Manuf 32:1525-1532

Vincenti A, Vannucci P, Verchery G, Bela;d F (2002) Effects of orien-
tation errors on stiffness properties of composite laminates. In: Pro-
ceedings of the 8th Japanese—European symposium. Tokyo, Japan,
16-17 April 2002

Vincenti A, Vannucci P, Verchery G (2003a) Influence of orientation
errors on quasi-homogeneity of composite materials. Compos Sci
Technol 63:739-749

Vincenti A, Vannucci P, Verchery G (2003b) BIANCA: a genetic al-
gorithm to solve laminate design problems. In: Proceedings of the
14th international conference on composite materials, San Diego,
USA, 14-18 July 2003

Vincenti A, Vannucci P, Verchery G (2003c) Design of composite lami-
nates as an optimization problem: a new genetic algorithm approach
based upon tensor polar invariants. In: Proceedings of the Sth world
congress on structural and multidisciplinary optimization, Lido di
Jesolo, Venice, 19-23 May 2003

Werren F, Norris CB (1953) Mechanical properties of a laminate de-
signed to be isotropic. US Forest Products Laboratory, USA (report
1841)



