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“Tutte le verita sono facili da capire
una volta che sono state riwvelate. 1l difficile é scoprirle...”
Galileo Galilei

“All truths are easy to understand
once they are discovered. The point is to discover them...”
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Introduction

The objective of this thesis is to develop a new strategy for the analysis and the global
optimal design of anisotropic structures. In particular, we propose a novel strategy able
to include the optimisation of stiffness and strength into the same design process of a
laminated structure. This is a relevant problem in structural design: both stiffness and
strength are fundamental requirements for a structure. The purpose is to show that the si-
multaneous optimisation of two different characteristics of the structure can be effectively
realised in order to obtain, hopefully, new interesting solutions for practical applications.
In particular we consider structures with a given geometry but having variable stiffness
and strength, because the anisotropy field is variable. We deal, by consequence, with a
rather recent structural optimisation problem, that could be, by a slight abuse of lan-
guage, qualified as the topological optimisation of anisotropy.

The thesis is mainly divided into three parts. In first part of the thesis, we briefly
recall some basic points concerning the description of anisotropy. In particular, in Chapter
1 we introduce the tensorial representation of anisotropy and the polar formalism, used
in this thesis for both the theoretical and numerical developments. Among its several
advantages, we make use of the polar method for three main reasons: the possibility of
describing the material symmetries in a very direct way, the advantage of letting appear
the material orientation as an explicit term and the easiness in changing the reference
frame. Finally, in this Chapter we recall also the mathematical bases of the Classical
Laminated Plate Theory (CLPT) and its polar representation to describe the stiffness
tensors of laminated structures.

Chapter 2 is dedicated to the description of the strength of orthotropic materials
through failure criteria. We present some failure criteria used very often in the design of
laminated structures: the polynomial failure criteria of Tsai-Hill, Hoffman, Tsai-Wu and
the strain-based polynomial criterion of Zhang-Evans. The peculiarity of these criteria
concerns their formulation, based upon a unique condition that algebraically can be in-
terpreted to as a quadratic form. Moreover, we introduce, in this Chapter the “unified
matrix formulation” of these criteria that will be the starting point for their invariant
formulation described in Chapter 4.

In Chapter 3 we give a short overview on optimisation of laminates for what concerns
the maximisation of stiffness and/or strength. Far from being exhaustive, its aim is to
place in a bibliographic context our research.

The second part focuses on strength description and optimisation for orthotropic ma-
terials. In particular, we develop an appropriate formulation of strength criteria for
orthotropic sheets and, subsequently, we search for an optimal material orientation to
maximise their strength. In Chapter 4 we use the polar formalism to give, for all the
above criteria, a unified formulation based upon the use of tensor invariants. Using these



results, in Chapter 5, we perform an analytical study to find the orientation of the the
material that minimises the failure index. The objective function is the failure index of
one amongst the polynomial failure criteria considered in Chapter 2.

In the third part of the thesis, we pass to the analysis of the optimal design of lam-
inated structures. As said beforehand, the goal is to propose a strategy to include the
optimisation of stiffness and strength in the same design process of a laminated structure.

The optimisation procedure that we have adopted is a two-step approach that can
be interpreted as a model reduction for a passage from the meso-scale, the layers, to a
macro-scale, the laminate. It can be resumed as follows:

e First step (structural optimisation): the laminated structure is modelled as a single-
layer homogeneous structure; the anisotropy field is optimised, leading to the opti-
mal local mechanical properties of the structure, resumed in four fields of anisotropic
polar parameters for stiffness and strength and in a field of orthotropy directions;
hence, at the end of this step, the optimal mechanical response of the structure and
the distribution of its anisotropic properties, for both stiffness and strength, are
completely known;

e Second step (lay up design): a suitable stacking sequence, giving the optimal re-
sponse obtained at the end of the previous step, is looked for at each point of the
structure; the outcome of this step is hence constituted by n orientation fields, n
being the number of layers.

Such a two-step strategy is not new; in some way it can be reconducted to the first studies
of Miki in 1982.

To be more specific, in Chapter 6 we formulate the general optimisation problem for
stiffness and strength and precise the way that we use to describe the strength of the
homogenised, single layer, fictitious plate of the first step. In order to better introduce
such a procedure, we first recall the essential points of the analogous two-step approach,
concerning only stiffness, already used by Jibawy et al.. Then, with the aim of extending
the analytical approach introduced in Chapter 5 to the strength optimisation of laminated
plates, we define an homogenised failure criterion giving a measure of the strength for
the laminate. In this way we can define the functional, the laminate failure index, to be
minimised in order to maximise the strength.

Concerning the stiffness functional, almost all of the works on stiffness optimisation
take as objective function the compliance, which is a global functional, so its use introduce
to a variational problem having a classical structure: the minimisation of a positive global
functional. On the contrary, strength optimisation problems are not so easy to be deal
with. Strength is always a local property, so any formulation of a strength maximisation
problem gives rise to a variational problem with a local functional, hence to an intrinsically
more complicate mathematical problem. In our approach, aiming to take into account
at the same time for stiffness and strength, we need hence to formulate a mathematical
problem where a local and a global functional are optimised at the same time.

In our approach a relevant assumption is that the design variables describing stiff-
ness and strength, the anisotropic polar moduli, are independent. Nevertheless, the two
anisotropy fields of stiffness and strength are not completely unrelated. They share com-
mon parameter, the material orientation.

For the first step of the strategy, we propose an optimisation process based upon a
water-fall solution method: first we consider one of the two objectives as the leading



objective and we minimise it with respect not only to its polar moduli, but also to the
orthotropy orientation; then, the other functional is minimised only with respect to the
polar moduli while the orientation is given and fixed equal to that obtained minimising the
leading objective. Therefore, in Chapter 6 we state two different optimisation problems,
one taking the stiffness as the leading objective while in the second one it is the strength.

In Chapter 7 we present three different algorithms used to solve the first step of the
hierarchical strategy. The first one is a simple modification of the optimisation algorithm
introduced by Allaire and Kohn in 1993. Namely, we added a further phase to the
original version of the algorithm in which we introduce the strength optimisation phase.
We considered the stiffness as the main property to be maximised in terms of all the
stiffness material parameters. On the contrary, the strength functional, i.e. the laminate
failure index, is considered as the secondary property to be maximised.

The second algorithm can be considered, as the “converse” version of the previous
one: the failure index is the leading objective while the complementary energy is the
secondary one. Finally, we propose also a modified versions of this algorithm, more
effective and robust than the previous one. Also, for this last algorithm we have been able
to give a convergence proof, that is monotonic for complementary energy and alternate
for strength. In all of these algorithms two functional are minimised, one being a global
functional, the complementary energy, and the other a local one, the failure index. We
give also an analytical solution for the minimisation of the strength functional, with
respect to the material parameters. Finally, we present some numerical tests in order to
prove the effectiveness and the robustness of the proposed algorithms and to evaluate the
computational costs of this first step of the hierarchical strategy.

The last Chapter 8 concerns the second step, the lay-up design; the general numerical
technique for obtaining a laminate having the optimal properties issued from the first step
is described and discussed, a step for the layer wise check of strength is also introduced,
and a numerical example given. As we show, following a general approach formulated
by Vannucci and based upon the polar formalism, we show that it is really possible to
design, without restricting a priori assumptions, laminates with any kind of elastic prop-
erties. The redundancy of solutions for the lay-up design problem appears to be, in our
approach, a fundamental point that renders possible the existence of laminates satisfying
the optimal requirements. We formulated the problem as an optimisation problem of min-
imum distance between the material parameters of the laminate solution and those issued
from the structural optimisation step. In particular, this objective function is composed
by nine semi-definite positive partial objectives, each one linked to one material param-
eter of the homogenised structure. Due to the non-convexity of the objective function,
we solved this optimisation problem by the aid of the genetic code BIANCA, developed
by Montemurro, Vincenti and Vannucci and used here in an automated procedure for the
sequential solution of the lay-up problem for each one of the finite elements discretising
the structure.

Finally, with this research we develop a new approach to the design of laminates, where
stiffness and strength take part to a unique simultaneous optimisation procedure. The
method presented here does not make use of simplifications usually adopted by laminates
designers. So, at least in principle, true global minima can be obtained.

Conscious that we have not followed existing approaches in the domain, we hope
that our research can be a starting point for future works that, integrating also tech-
nical requirements expressly let apart in this thesis, will lead it from an almost purely



mathematical achievement to a more appropriate technical solution.
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Anisotropy and laminates classical
theory

1.1 Introduction

Anisotropic materials, such as fiber reinforced composite materials, are extensively used
in many industrial fields thanks to their mechanical performances. However, the design
of structures constituted by such type of materials is very complex.

The main characteristic of an anisotropic material is the dependency of physical prop-
erties from the direction. A clue point in anisotropy, is to dispose of an appropriate
mathematical model related to the physical behaviour of these materials: the tensorial
representation. The combination of these two aspects, directionality of the material be-
haviour and tensorial representation, leads to the necessity of introducing an efficient
formulation linked to the nature of the problem: the invariant formulation of tensors.

The most known “invariant” formulation is that introduced by Tsai and Pagano in
1968 [72], in particular they introduced 7 parameters whereof only 5 are invariants. An-
other invariant formulation, based upon a complex variable transformation and hence
valid only for plane problems, is the polar method proposed by Verchery in 1979 [86].

In this Chapter we recall the mathematical representation of anisotropy, Secs. 1.2 and
1.3, and the classical laminated plate theory, Sec. 1.6, used in this thesis. Furthermore,
in Sec. 1.4 to 1.5 we introduce the polar method and in Sec. 1.6 we use it to describe

the behaviour of anisotropic structures in the framework of the Classical Laminated Plate
Theory (CLPT).

1.2 3D anisotropic elasticity

1.2.1 The Hooke’s law

Let us consider a three-dimensional medium constituted by a linear elastic anisotropic
material and subjected to a stress state described by the Cauchy’s stress tensor o. De-
noting by E the elastic stiffness tensor, the generalised three-dimensional Hooke’s law [33]

is:
o =Ee, (1.1)

where € is the second order tensor of infinitesimal strains. E collects all the informations
on the elastic behaviour of the material.
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For an anisotropic material, the fourth order stiffness tensor E has the following ten-
sorial symmetries:

major symmetries :  Ejjy = Eyyj . .
minor symmetries :  Ejju = Ejin = Ejur = Eijik with 4,5, k.0 =1,2,3 . (1.2)
The overall number of eqs. (1.2) is 60, hence, in the most general case of a completely
anisotropic (triclinic) material the elasticity tensor has 21 independent components.

The compliance tensor Z is defined as the inverse of E and it has the same tensorial
symmetries of E. The inverse Hooke’s law reads

e=%Zo . (1.3)

Considering eq. (1.2), the Hooke’s law (1.1) can be expressed in a compact matrix form
using the Voigt’s notation [90]:

g; = Cijgi 3 Z,j = 1, ..,6 and Cij = le’ s (14)
with: .
( o1 ( £ N
09 €2
o3 €3
= ; {e} = : 1.
foy=9 2 hide=q 5 b (15)
o5 €5 = 2€13
. 96 ) | €6 = 2¢12 |

and [C] € R%*® being the stiffness matrix. The inverse of [C] is the compliance matrix [S].
The relations of [C] and [S] with the tensors E and Z can be condensed in the following
abridged matrix formulae:

Eiji | Euw Ziiii | 2Zun
(o (i Y 16
Eiw | Eiju 2Zu | 4Ziju

1.2.2 Elastic symmetries

As seen beforehand, a completely anisotropic material is characterised by 21 independent
elastic components. However, anisotropic materials present often some material symme-
tries, providing an identical mechanical behaviour with respect to a set of directions: the
equivalent directions. Depending on the number and type of material symmetries, the
number of independent elastic moduli is reduced.

The possible symmetries of a material are:

1. Orthogonal symmetry with respect to a plane.
The stiffness matrix is characterised by the following relations:

Ci=Clo=0Cu3=Css6 =05 =Cs0=0C53=0C35;=0. (1.7)

The number of independent elastic moduli is reduced to 13. Such kind of material
is called monoclinic.



1.3. THE ASSUMPTION OF PLANE STRESS STATE 11

2. Symmetry with respect to three orthogonal planes.
The relations

C'61 = 062 = C'63 = C45 =0 ) (18>

are verified along with eq. (1.7). The number of independent elastic moduli is
reduced to 9. Such a kind of material is called orthotropic.

3. Symmetry of order n with respect to an axis.
An axis, say the axis x3, is an axis of symmetry of order n if the equivalent directions
superimpose each other rotating by an angle 27 /n around z3. In elasticity, only
symmetries of order 2, 3, 4 and oo can exist:

e 2" order, it can be easily proved that this symmetry is characterised by the
same relations (1.7) of a monoclinic material. The number of independent
elastic moduli is 13;

e 37 order, the following relations among the components of [C] exist:

Cig=Ch =Cs4 =Cs5 =Cy5 =0
Cop=C1, Cs5=Cu, Cyu=Cs, Coy = —Chy (1.9)

Cyp—-C
Cis=—Cy , Ci=0Co, Cs6=0Cly, C'662%-

The number of independent elastic moduli is reduced to 7;

e 4" order, we can get

CV14 = 024 = 034 = CY15 = 025 = 035 = C(45 = CV36 = C’46 = C’56 =0

1.10
Cop = Cry, Cag—Chy, Cag— —Crg, Css— —Cl . (1.10)

Also in this case the number of independent elastic moduli is 7;

e 6" order, in this case it is

C1y =Co =C34 = C5 = Co5 = C35 = Cy5 = C1g = Cog = C36 = Cy = C56 =0

Cop=Cn, Coy=0C3, Cs5=Cu, 066:@-
(1.11)
The relations that characterise the independent elastic moduli of a material
with a symmetry of 6 order with respect to an axis are identical to those of a
material that presents a rotational axis of symmetry (oo order). Such materials
are called transversely isotropic. The number of independent elastic moduli is

5 in both these cases;

4. Complete symmetry or isotropy.
In this case the components of tensors E and Z, and also of matrix [C] and [S] are
invariant and do not change when varying the reference system. The number of
independent elastic components is reduced to 2 (Cy; and Cis).

1.3 The assumption of plane stress state

The hypothesis of plane stress state is justified when dealing with mechanical problems
associated to thin plane structures. The relations that characterise a plane stress field
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are, in the plane (x, z5):

03 0
os p=40 % . (1.12)
J5 0

As a consequence of eq. (1.12) the stress and strain vectors become:

01 &1
{o}=¢ 02 p;{e} =X e ;. (1.13)
O¢ €6

The out-of-plane components of strains become, for an orthotropic material with xq, x

and z3 axes of orthotropy,
B Chzer + Casen

)
C'33

g3 =

=0, (1.14)

85:0.

In the transition from the three-dimensional stress state to the bi-dimensional one, the
components of matrix [S] do not vary while those of the in-plane stiffness matrix are ob-
tained inverting the in-plane compliance matrix [S] and are not not equal the components
of the corresponding 3D case. For this reason the stiffness matrix is now called reduced
stiffness matriz and it is introduced by [@Q)] ; in particular we have

CisCjs

— -1 = (). =
[Q] - [S] = QZ] - Oz 033

» Qos = Ce ; (1.15)

and 7,7 =1,2.

1.3.1 Tensorial representation

The in-plane Hooke’s law can be written

{o} = [Q{e} . (1.16)

The relation between the Voigt and the tensorial notations is:

Qll = Qllll ) Q12 = Q1122 ) QIG = Q1112 ) (1 17)
QZZ = Q2222 ) Q26 = Q2212 ’ Q66 = Q1212 ) '

while for the compliance tensor one gets, see (1.6),

St =S, Si2=>512, Sis=25%2, (1.18)
Soo = Sa922 , Sag = 259212 , Ses = 451212 - '

1.3.2 Rotation of the reference frame

Let us consider two reference frames {0;xy, 29, 23} and {0;x,y, 2 = x3} rotated by an
angle ¥ around x5, Fig. 1.1. The tensor rotating (xi, z3) into (x,y) is:

costy —sind 0
U= | sind cosd 0| . (1.19)
0 0 1
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N

Xy

>
X1
Figure 1.1: Principal and rotated reference systems.

If the components of the second order tensor o are known in (x1,z3), its components in

(x,y) are:
o =U"c U, (1.20)

in the matrix formulation we get
{0} =[T]{o} , (1.21)

where: ,
cos? ¥ sin? ¥ 2 sin ) cos 9

[T] = sin? ¥ cos’  —2sindcos? | . (1.22)
—sindYcos? sindcos? cos? — sin®

is the rotation matrix.
For the strain tensor €, the transformation law of eq. (1.21) must be modified to take

into account for the Voigt’s notation:
{e} = [RI[T]" (R {e} , (1.23)
where:

0
0l , (1.24)
2

R = () (1.25)

eq. (1.23) reads B
oY = (") f2) . (1.26)

In matrix notation, the Hooke’s law can be written in the frame (z,y) as follows:

(o} = [7]fo} R
ey = ) ey — THo =TT e (1.27)
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S0:
{o} = [T [QT]" {e} . (1.28)

The rotation law for the stiffness and compliance matrix is hence, respectively:
Q' = [T QT (1.29)
s = (11" s (1.30)

Egs. (1.29) and (1.30) show that, when using the Cartesian representation for mechan-
ical problems in plane anisotropy, the rotation laws increase the difficulties and make the
solution more complicate to compute. This represents a major difficulty when dealing
with the design problems of laminates. The orientation angles of the layers, normally
the design variables, appears in the governing equations as arguments of fourth power of
circular functions. It is, hence, interesting to see if an alternatively and more effective
representation of tensors of anisotropy is available.

1.4 The polar method

A plane tensor representation, more effective for design problems, is the polar method
introduced by Verchery [86] in 1979. His original work was focused on the representation
of a fourth-order tensor of the elasticity type. There are several advantages in using the
polar method; first of all, it is based on the use of invariants having a physical meaning
(they have a direct link with the elastic symmetries) and secondly, the rotation of the
frame is done in an easier way than with the Cartesian representation, [77].

The polar method is based upon a complex variable transformation that renders par-
ticularly simple to find the tensors invariants. We will not enter in its algebraic details
that can be found in [77,84] and more extensively in [76]. In the following, we will recall
only the most important results, used in this thesis, of the polar method.

1.4.1 Representation of a second order tensor

Let us consider the second order tensor of Cauchy’s stresses o in the plane (x1,22). The
Cartesian components can be replaced by the polar ones (T, R, ®):

T — o11 ;‘ 099 ?
o (1.31)
Re2® = 21172 4 5.
2
while the inverse law is
011 = T+ RCOS2@,
099 = T— Rcos2® , (1.32)

019 = Rsin 29 .

The polar parameters 7" and R are invariants, whereas the polar angle @ gives the orienta-
tion, with respect to the reference system where the components o;;, of the first principal
component of o and is hence, frame dependent. T is linked to the spherical part of o,
whereas Re*? to the deviatoric one, as it is apparent from eq. (1.31). The relations (1.31)
and (1.32) expressed for the stress tensor o are, of course, valid for any other second order
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symmetric tensor.
In particular, the polar parameters associated to the second order strain tensor € will be
denoted by: t, r and ¢.

1.4.2 Representation of a fourth order tensor of the elasticity
type

Let us consider the fourth order stiffness tensor Q in the plane (z1,x2). The Cartesian
components can be expressed by the polar ones (Ty, 11, Ro, R1, @o, P1):

8Ty = Qun —2Q122 +4Q1212 +Q2222

8Ty =CQuu +2Q1122 +Q2222 , (1.33)
8Roe" = Qi1 +4iQu12 —2Qu122 —4Q1212 —41Qua22 +Q2202 '
8R1e* = Quu +2iQu112 +21Q12220  — Q2222

and inversely the Cartesian components can be given in terms of polar components:

(( Quui= Ty+ 2T+ Rycosddy+ 4R cos2d |
Q12 = Rysind®y+ 2R;sin2d, ,
Quze = —To+ 21— RycosdP, , (1.34)
Q212 = To— Ry cos 49, , :
Q2212 = — Rysind®y+ 2R;sin2d, ,

| Q2222 =  To+ 2T+ RocosdPy— 4R, cos2P, .

The polar moduli Tq,T7, Ry, R and the difference of the polar angles @, — &, are in-
variants. Finally, fixing one of the polar angles, corresponds to fixing a reference frame.
Usually, and in the following of this thesis we will do the same. For instance, #; = 0
corresponds, for an unidirectionally reinforced layer, to align the axis x; along the fibres.

The above representation can be, of course, applied to any other in-plane fourth order
elasticity-like tensor, for instance the in-plane compliance tensor S, whose polar parameter
will be denoted by to, tl, To,T1, ¢0, ¢1.

1.4.3 Rotation of the reference system

The polar components of the second order tensor o, when passing from the frame {0; z1, 25, 23}
to {0;x,y, z = x5} rotated of an angle 9, see Fig. 1.1, change as follows:

T,R,® in {0;z1,79,23} — T,R,®—9 in {0;z,y,2} . (1.35)
As a consequence, the Cartesian components of o, in the frame {0;z,y, z}, are:

Oz = T+ Rcos2(®—19),
oy = T— Rcos2(P—1), (1.36)
Opy = Rsin2(® —9) .

In the same way, the polar components of tensor Q change, passing from the frame
{0; 21, 29, 23} to {0;x,y, 2}, as follows:

T07T17R07R17@07@1 in {O;x17x27x3} — T07T17R07R17¢0_797@1_19 in {0;x7y72} .
(1.37)
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The Cartesian components of Q, in the frame {0;z,y, z} are:

Qrzee = To+ 271+ Rocosd(Py —I)+ 4Ry cos2(P; — V),

Quazy = Rosind(®g — 9)+ 2R;sin2(P; —9) ,

Queyy = —To+ 2T1— Rycosd(Py — V) , (1.38)
mezy = TO_ RO COSs 4(@0 - 19) s '
nymy = RO sin 4(@0 - 19)—|— 2R1 sin 2(@1 - 19) s

| Quuw = Tot 2Ti+ Rocosd(@g—0)— 4Ry cos2(¢y — ) .
The simplicity of the transformation laws of eqs. (1.38) with respect to egs. (1.29) is
evident.

1.5 Physical interpretation of polar invariants

Egs. (1.38) show another very important peculiarity of the polar method: the moduli
Ty, and T7 represent the isotropic part of Q, while Ry, R; and @3 — &, represent its
anisotropic part. So, the polar method allows for separating a tensor in its isotropic and
anisotropic parts, which reveals to be very useful, under a mathematical point of view,
when dealing with optimal design problems of laminates made by identical layers, see
Sec. 1.6. Hereafter, we introduce two others physical meanings of the polar parameters:
their energetic interpretation and their link with the elastic symmetries.

1.5.1 Energetic interpretation

The expression of the elastic energy density in terms of polar parameters is
1
W = éasthjLchosZ(@—@ : (1.39)

The polar expression of the elastic energy density presents two separate quantities. The
first one is composed by the spherical part of stresses and strains (7't), while the second
one by the deviatoric components of o and & (Rr cos 2(P — ¢)).

If we introduce the Hooke’s law (1.16) in eq. (1.39), we get, using the relations (1.34), the
elastic energy density in terms of Q and e, the so called strain energy:

W, = 2Tyr? + ATyt* + 2Ryr* cos 4(Py — ¢) + 8Rytr cos 2(P; — @) . (1.40)

If we introduce the inverse of the Hooke’s law (1.3) in eq. (1.39), we get, using the (1.34)
written for the compliance tensor, the elastic energy density in terms of S and o, the so
called complementary energy:

W, = 2toR?> + 4t,T% + 2roR? cos 4(¢pg — @) + 8r T Rcos 2(¢ — D) . (1.41)

The elastic energy density is an intrinsically positive quantity, for physical reasons:
the mechanical work done to deform a body cannot be negative. By this fact, the strain
energy gives the bounds on the moduli of an anisotropic material (see [55]); in terms of
polar parameters, these bounds are reduced to only two:

TO—R0>O,

Ty(T3 — R3) — 2R2[Ty — Rycos4(®y — 1)) > 0 . (1.42)
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1.5.2 Elastic symmetries

The orthotropy symmetry in plane elasticity, for a material characterised by Ry # 0 and
Ry # 0, is expressed in terms of polar components by the following invariant condition:

m
@0—@1:[(1, K=0,1. (1.43)

This condition, that intrinsically characterise the “ordinary orthotropy”, shows that there
are two types of orthotropy, for a given set of polar parameters Ty, T}, Ry, R; depending
on the value of K [77]: 0 and any other even value or 1 and any other odd value. K
is an invariant too for an orthotropic material. It has been showed in several examples,
see [75,80,88], that K plays a strange role in different optimisation problems. Actually,
it is like a sort of switch, that transforms an optimal solution in an anti-optimal one, i.e.
worst, when it switches from 0 to 1 and inversely. This fact, unknown before (Pedersen
in [55], using the Tsai and Pagano invariants [72], realised a change in the shear stiffness
that actually is linked to the value of K) is actually rather important because it affects
very strongly the optimal solution.

The components of the fourth order orthotropic tensor Q, expressed in a generic frame
{0;z,y, 2z}, become:

( Q:L":m:x = TO+ 2T1+ ( 1)KR0 COS4¢1+ 4R1 COS2¢1 ,
Quzay = (=1)XRysind®;+ 2R, sin 2P, ,
Quayy = —Tot+ 27— (—1)% Ry cos 4P, , (1.44)
royxy = To— ( 1)KR0 cos 49, , ’
Quyay = — (=1D)XRysind®+ 2R;sin2¢, ,
| Quuyy = Tot+ 271+ (—1)%Rocosdd;— 4R, cos2d, .
The polar angle @, represents the direction of orthotropy and is frame dependent.
There are two other possible conditions, determining two special orthotropies:
1. Ry orthotropy
Ry=0, R #0. (1.45)

In this case only three polar invariants are sufficient to describe the material be-
haviour, see [76];

2. Square Orthotropy (the planar corresponding of the cubic symmetry)

Ri=0, Ry#0. (1.46)

Also in this case only three polar invariants are sufficient to describe the material
behaviour.

Finally, it is easy to see that isotropy corresponds to the condition:
Ry=R,=0. (1.47)

It is apparent, hence, that isotropy is the contemporary presence of the two special or-
thotropies.

Summarising, each elastic symmetry corresponds to the cancellation or to a precise
value of the invariants: each invariant has a physical meaning directly linked to the
symmetries and to the properties of the material. In particular, the orientation @; of
the material symmetry and the type of orthotropy K are explicit terms of the tensors
components, unlike the classical Cartesian representation.
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1.6 The classical laminated plate theory

Unlike the case of homogeneous plates, where the design concerns mainly the thickness, the
design of a laminate is much more complex: it depends upon several variables and multiple
aspects, concerning its mechanical behaviour, must be taken into account. A laminate
is a sort of complex structure, in the sense that its elastic behaviour can be different in
extension and in bending and, in addition, these two behaviours can be coupled. When
anisotropic layers are used, the design process must account for the elastic symmetries of
the final plate. These considerations, developed in the following, let we quickly see that
the optimal design of laminates is a difficult problem, with several aspects that need to
be simultaneously considered.

The Classical Laminated Plate Theory (CLPT) is a mechanical model that, despite
the well known diatribes on its mechanical consistence, has the property of precisely
defining the tensors that describe the elastic response of the plate along with their elastic
symmetries. That is why, it is a fundamental tool not only in analysis, but also in
optimisation of laminated structures.

) Z V4 n
hi2
h/2. : e
| T
Zy

Figure 1.2: Sketch of the laminate layers and interfaces.

Let us consider a laminated plate made by a number n of plies laying in the plane (x, y)
of a global frame, Fig. 1.2. Furthermore, each k" ply is characterised by the position z;, of
its top surface, its fibres’ orientation J; with respect to the x axis (Fig. 1.3), its thickness
hi. and its elastic properties defined by its in-plane reduced stiffness tensor Q (dy).

The main assumptions of the CLPT are:

e linear elastic behaviour of the material;

e small displacements and deformations;

e Kirkhoff’s kinematic model;

e plate’s thickness, h, very small with respect to the other dimensions of the plate;

e perfect bonding between the plies.
The Kirkhoft’s kinematic model leads to a strain field described by:

€ ==¢€0+2Xx, (1.48)
with
Exx Xaz

€0 =1 €y . X =19 X : (1.49)
2€4y 2X 2y
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Figure 1.3: Global and local reference systems in the k** ply of the laminated plate.

Figure 1.4: Internal forces of the plate.

go and x are the in-plane strain and curvature tensors of the middle plane of the plate,
respectively. Hence, in the CLPT the strain field is a plane strain field.

On the other side, the stress field o linked to the strain field of eq. (1.48) is not plane.
The out-of-plane component of o are

0y, =0,
0. =0, (1.50)
0., #0.

A further assumption in the CLPT), is hence:
0., =0. (1.51)

We can introduce the second order tensors N and M that represents respectively the
in-plane forces and bending moments of the plate, see also Fig. 1.4:

h/2 xa: h/2 Maca:
N = / odz = yy , M= / ozdz =< M, » . (1.52)
h/2 Ny, —h/2 M,,

The CLPT provides the relations that link the internal forces of the plate with the
strain field introduced beforehand:

N=Ae+Bx,

M=Be+Dx. (1.53)

Eq. (1.53) shows that, in a laminate, the in-plane forces and bending moments depend
on both the in-plane strains and the curvature of the middle plane of the plate. In other
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words, in a laminate there exist a coupling between in-plane forces and curvatures and
between bending moments and in-plane strains. Such effects are described by tensor B,
the membrane-bending coupling tensor. On the other hand, tensors A and D characterise,
respectively, the extension and bending stiffness of the homogenised laminated plate.

For a laminate composed by n plies, the expressions of A, B and D are:

A= zp: Qr (k) (2K — 26-1) ,

k=—p
B - %k_z Qu(00) (22— 22.,). (1.54)
D= % >~ Qu (6r) (Zk - Zkfl) :
k——

2, and 2;,_; represent the z coordinate of the bottom and top surface of the & ply; p is
linked to the number of plies as follows, Fig. 1.2:

| 2pifeven,
"= { 2p + 1 if odd . (1.55)

Moreover, thanks to the symmetry of Q. (%), also the tensors A, B and D are symmetric.

The composition laws (1.54) can be applied to any tensor representation, so to the
polar formalism too. This, through some basic algebraic passages, lead us to introduce
the polar parameters of A, B and D and their relation with the polar parameters of the
plies that compose the laminate itself:

e polar parameters of A:

p
T = > Tox (21 — 25-1)

k=—p

D
TA = 5 T (2 — 21-1)

= . (1.56)
Rt = 3 RopePorton) (3 — 2 )
k=—p
. p .
R{leQz@l“ —_ Z lee4z(¢1k+5k) (Zk _ Zkfl) :
k=—p
e polar parameters of B:
p_ 1 2 2
1y = 2 > To (Zk - Zk—l) )
k=—p
p_1& 2 2
17 = b >~ Tk (Zk - Zk_1) )
=, (1.57)
RPH# = 2 92 Ronet0mis) (s =51 )
2,22,
B 2idP 1 & 4i(P15+0k) (52 2
Rye®™ = — 3 Rye®$1htor (Zk_qu) ;

k=—p
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e polar parameters of D:

TOD = gk;pTOk (2’2 — 2271) s
TD:1 iT (23—z3 )
1 3,5 , 1k \*k k—1) > ( )
T 1.58
P
RECHE = 2 37 Ro, o) (=57 )
k=—p
) 1 2 )
RPe2? = ng Ry, M Puton) (28 — 23 1)
=—p

In the above equations, Ty, , T1,, Ro,, R1,, Po, and @;, are the polar parameters of the
k' ply. Of course, the physical interpretations of the polar parameters of each one of
the above tensors are completely analogue to those described in Sec. 1.5 for a generic
anisotropic plate.

The tensors A, D and B have the following dimensions:

[A] = [F/L] , [B] = [F] , [D] = [F L] . (1.59)

Hence, such tensors cannot be directly compared. To circumvent this problem, the stiff-
ness and coupling tensors of the CLPT are normalised, in order to have the same dimen-
sions, in the following way:

. A _. 2B _, 12D

= — 1.
h ) h2 ) ( 60)

So, all the tensors share the same units, [F/L?], and they express the elastic characteristics
of a fictitious material constituting an Equivalent Single Layer (ESL) of the same thickness
of the laminate.

We introduce, also, the so-called homogeneity tensor C, expressing the difference
between the membranal and bending behaviour of the plate:

C=A"-D*. (1.61)

Egs. (1.56) to (1.58) are expressed in the most general case of a laminate composed
by plies of different materials and thickness. Let us now consider a relevant case: that
of a laminate composed by orthotropic layers that are all identical (i.e. same thickness
and material). Then, choosing, as usually done, the material strong axis of k' layer
as the first axis , :ng), of the material frame of the layers, which correspond to putting

@gk) = 0 (Fig. 1.3), egs. (1.56) to (1.58) written directly for the normalised tensors and
the components of C, can be written as follows:

e polar parameters of A*:

TO = TO )

Tl = Tl )

— = 1 P )

R064'Ld50 — _(_1)KR0 Z €4Z5k ’ (162)
n k=—p

RlﬁQi@l — lR Zp: 6215k
n )



22 1. Anisotropy and laminates classical theory

e polar parameters of B*:

j—\’O =0 )
71 ::07
- 1\2 p A
R0€4Z¢0 = (g) (—1>KR0 Z bk€426k s (163)
k=-p
2

2idy __ l . 20k

Rye%® = Ry Y bie
n k=—p

e polar parameters of D*:
TO = TU )
Tl - Tl ’
]N%O it _ 1
n

}%162@51 _ (1
n

3
(_1)KR0 i dke4z’6k 7 (164)

) g,
)

3 p
Ry Y dye® ;

k=—p

e polar parameters of C:

TO =0 )

Tl =0 )

S 1 p .

Roe"® = —(=1)"Ry Y cpe™™* (1.65)
n k=—p

R1€2i51 — iRl zp: Cke2i6k .
n3 —=—

In the previous equations, Tg, 11, Ry, Ri, @9 and & are the polar parameters of the basic
ply, while by, ¢ and d;. are integer coefficients directly linked to the position k of each ply
and to the total number n of the plies. In particular, we have

k
n even : bk:2k—%,boz() o odp = 12k — 12|k| +4,dy =0
crp, = 4p* — 12k? + 3lk| —4,¢0 =0
n odd: b, =2k cody =12k + 1 ;

cp = 4p* + 4p — 12k>
(1.66)
Thanks to eq. (1.66) is possible to verify that it is:

zp:bkzo,ickzo,zp:dk:n?’. (167)

k=—p k=—p k=—p

Egs. (1.62) to (1.65) show something which is relevant in the optimisation problems of
laminates. In fact, the separation between the isotropic and anisotropic parts is not only
still existing, also for the laminate tensors, but more important, one can see that each one
of the polar parameters of a laminate tensor depends only upon the corresponding polar
parameter of the basic layer. In particular:
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e the isotropic part of the tensors B* and C are null: these two tensors are purely
anisotropic (they have a null mean);

e the isotropic part of the tensors A* and D* are equal and the same of the basic layer;
so, in a stack of identical layers only the anisotropic part can be tailored, but not the
isotropic one; in other words, the isotropic polar parameters of a laminate composed
of identical layers do not enter into the optimisation procedure, if the basic layer is
chosen a priori, only the anisotropic part of A* and D* can be optimised.

There is, also, another aspect that needs to be emphasised: the concept of quasi-
homogeneity. A laminate for which

B=0,
a0 (1.68)

is said to be quasi-homogeneous, see [76].
For laminates composed by identical layers, B is null if, see (1.63):

P ,

Z bk€4ugk =0 s
AL (1.69)
Z bk€215k =0 s

k=—p

whilst C is null if, see (1.65):

i et =0,

=P (1.70)

S cpe?r =0 .

k=—p
From a mechanical point of view, conditions (1.68) mean that the membrane and bend-
ing behaviour of a laminate are completely uncoupled and the membrane and bending
stiffness tensors are identical. In other words, a quasi-homogeneous laminate behaves just
like a plate composed by a unique equivalent layer, i.e. just like an homogeneous, but not
necessary isotropic, plate.

1.6.1 Bounds on the laminate polar parameters

Tensors A* and D*, as any other elasticity tensor, must be positive definite, hence, their
polar parameters must satisfy conditions (1.42). Taking into account eq. (1.62), these
conditions are for A*

To— Ry >0,

5 2 —2 = (1.71)
T (T5 — Ry) — 2R, [Ty — Rocos4(Py — P1)] > 0.
Similar conditions holds for D* too. Nevertheless, it can be proved that these bounds
can never be attained by the polar parameters of A* and D*. In fact, when a laminate is
composed by identical plies, eqgs. (1.62) and (1.64) impose other bounds on the values of
the polar parameters of A* and D*. Such bound are named geometric bounds and it can
be shown that they are always more restrictive than the elastic bounds (1.71), see [81].
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In order to determine the polar parameters that correspond to a manufacturable lami-
nate, the geometrical bounds cannot be violated. In the case of an orthotropic laminate
composed by identical orthotropic plies, the geometric bounds for A* are:

Ry (—1)X Ry
(—1)XRy| < Ry ,
R, >0.

(1.72)

Similar bounds holds for D* too. In some sense, laminates constitute an elastic sub-class,
smaller than that of elastic materials.

1.7 Concluding remarks

We have inroduced in this Chapter the polar formalism and its application to the CLPT.
Some peculiarities of this method have also been introduced; they will reveal particularly
useful in the followings Chapters, in the optimisation process. The polar method can
be applied to different tensors, see [79,84]. It will be used, in this thesis, to obtain an
invariant form for some well known strength criteria of anisotropic layers.
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Failure criteria in plane anisotropy

2.1 Introduction

Anisotropy influences strongly also the mechanical strength of a material, usually de-
scribed by a failure criterion. The aim of a failure criterion is the evaluation of the limit
load that the structure can tolerate before the failure arises. We can separate the failure
criteria into two distinct classes: the phenomenological failure criteria [23,28,71, 73] and
the physically-based failure criteria [58]. The phenomenological failure criteria are called
in this way because, through the computation of a scalar indicator, the failure indez, the
occurrence of the failure is checked; in this case, an unique scalar condition has to be ver-
ified. Nevertheless, no indication is given about the mechanism of failure that has been
activated. On the contrary, physically-based failure criteria check separately multiple
failure mechanisms. In these criteria the different failure mechanisms are considered as
independent and non-interacting phenomena and, so, the uniqueness of the failure index
is lost.

Several failure criteria have been developed for composites materials, see [62]. The
deepest assessment of failure criteria for composite laminates has been done in the World
Wide Failure Exercise (WWFE) proposed by Hinton, Soden and Kaddour in 1998 [25-27].
It is important to note that all these failure criteria are “ply-level failure criteria”, thus,
when used to analyse the failure of laminated structures, such criteria are applied to each
ply composing the structure determining the so-called first-ply-failure.

In the following sections we will present a detailed description of some phenomenolog-
ical failure criteria. We will present the Tsai-Hill, Hoffman, Tsai-Wu and Zhang-Evans
criteria. All of them are conceived for orthotropic plies. The Voigt’s notation will be used
in the material frame {0;x1, x5, x3}, with the x; and x5 axes lying in the plane of the
layer.

2.2 Stress-based polynomial failure criteria

2.2.1 Tsai-Hill failure criterion

The Hill [23] yield criterion for orthotropic metals in the 3D space is:

(G+ H)ol+ (F+ H)oi + (F + G)oi —2Ho109—

2Goy03 — 2F 0503 + 2Lo% + 2Mo? +2No2 < 1. (2.1)

25



26 2. Failure criteria in plane anisotropy

The terms F,G, H, L, M and N are the strength parameters of Hill; they are linked to
the limit values of the stresses, corresponding to yielding for ductile materials and to
fracture for fragile materials. The fundamental assumption of the Hill criterion is that
the strength properties of the material are identical in tension and compression, as it is
usually the case of anisotropic metals. The following strength properties are introduced:

e X, strength along the direction x;
e Y, strength along the direction xy;
e 7, strength along the direction xs;
® Si9, Sa3, S31, shear strengths.

The relation between the Hill’s parameters F, G, H, L, M, N of eq. (2.1) and the strength
properties of the material are determined considering uniaxial loading cases.
For instance, if one considers the following stress state:

0, =0 1=1,23,4,5,
{ o6 # 0 ; (2.2)
the failure will arise when 2N Ug = 1 with o = S12 and we get:
1
N=—— 2.3
2%, (23)
If we do the same thing with every stress component, finally we obtain:
1 1 1
2N:—2, 2M:—2, 2L:—27
ST S31 S33 (2.4)
1 1 1 1 1 1 1 1 1
M=mtypp = vt ="ty

Hence eq. (2.1) can be written as follows:
01\2 02\2 03\ 2 1 1 1 1 1 1
Fa= (%) +(3) +(Z) ~(mtv-z)on-(w+z 7)o

1 1 1 04 2 05 2 Og 2 <
+<W+ﬁ—ﬁ>0203+ <S_23> + (8_13) + <S_12> <1.
(2.5)
Tsai elaborated the criterion of Hill adapting it to the case of orthotropic composite
sheets. In the case of plane stress state, condition (1.12) must be added to the formulation
of the criterion.

For a sheet of a composite material which is always manufactured from a transversally
isotropic material, we have:

Z =Y, (2.6)
and we can denote S1o = S. Eq. (2.5) becomes, then:

o1\2 o2\2 0109 06\ 2
Er (X) +<Y) X? +(S> =1, (2.7)
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Figure 2.1: Limit surface of stresses obtained through the Tsai-Hill’s criterion.

that represents the Tsai-Hill criterion for orthotropic sheets subject to plane stress state.
In Fig. 2.1 is shown the corresponding graphical interpretation in the space (o1, 09, 0¢) of
the Tsai-Hill’s failure criterion (2.7) for a generic E-Glass Epoxy orthotropic ply, whose
strength properties are X = 1080 MPa, Y = 39 MPa and S = 89 MPa. This surface is an
ellipsoid centered in the origin of the axes because of the assumption of identical strength
behaviour in tension and compression.

It is possible, also, to write the criterion in matrix notation:

Frri = {0} [F]{o} <1, (2.8)
with: ~ _
N
o1 X? 2X?2
(o} =S o b, [F]=|__1 i LQ 0 (2.9)
o6 2X Y ]
LY =
2.2.2 Hoffman failure criterion
The formulation of the Hoffman criterion for orthotropic materials is [28]:
01(0'2—0'3)2+02(0'3—0'1)2+03(0'1—02)2+ (2 10)

Cyor + 050'2 + 060'3 + 070'5 + 080'5 + Oga'g <1.

The failure criterion of Hoffman is a generalisation of the Hill’s criterion, in which the
difference of the strength properties in tension and compression is taken into account.
The relation between the parameters C;, Cs,...,Cy and the strength properties of the
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material can be obtained using a method similar to that used for the Tsai-Hill’s criterion
(i.e. uniaxial loading cases):

1 1 1 1 1 1 1 1 1
20 = — 20, = - 205 = -
VTUXX. VY. T zze T XX, Yy, zize ST XX VY. 7z
1 1 1 1 1 1 1 1 1
C = = - -, = = - —, = = - =, C = —, C = —, C = — .
TXOX TTY Y Tz oz T P s YT s

(2.11)

where the subscripts ¢ and ¢ stand for tension and compression.
In the case of plane stress state, condition (1.12) must be added to the formulation of
the criterion and in addition, we have also, for a sheet manufactured from transversally

isotropic material:
Z =Y, Z. =Y., (2.12)

and we can denote Sio = 5.
It is possible to write the criterion in matrix notation:

Fropr = {0} [Fl{o} +{o} {f} < 1. (2.13)
with: ) ] | )
— 0 X.— X,
X, X. 2X, X, e -7
. . XtX)c/
F]=|_ o =4 Ye=Y b (2.14)
2X; X, WY, ) Y,Y.
0 0 = 0

In Fig. 2.2 is shown the graphic interpretation in space (o1, 09, 06) of the Hoffman’s
failure criterion (2.13) for the generic E-Glass Epoxy orthotropic ply whose strength
properties are given in Tab. 2.1. This surface is still an ellipsoid but no more centered in
the origin of the axis because of the assumption of different strength properties in tension
and compression.

Xe  Xe Y Yo S
1080 620 39 128 &89

Table 2.1: Strength properties of a generic E-Glass Epoxy lamina, [MPa].

2.2.3 Tsai-Wu failure criterion

The Tsai-Wu criterion [73], is:
Ejaiaj + in'i S 1 3 (215)

where 7,5 = 1,...,6. The failure criterion of Tsai-Wu is conceived, differently from those
of Tsai-Hill and Hoffman, for a completely anisotropic material. The difference of the
strength for tension and compression is taken into account. In the original formulation of
the criterion no one of the components of Fj; and f; are neglected, but, the determination
of these components has never been done. Nevertheless, if a material presents elastic
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Figure 2.2: Limit surface of stresses obtained through the Hoffman’s criterion.

symmetries, some terms of Fj; or f; will be equal to zero.
In the case of an orthotropic layer and of plane stress state, the criterion becomes:
Fi107 + Fyy03 + Fyog 4 2F150109 + fio1 + faoa <1, (2.16)

where 7, j = 1,2,6. The relations between the terms Fj; and f; and the strength properties
of the material X;, X., Y;, Y. and S, are obtained through a procedure similar to the one

adopted for the two previous criteria:
1 1 1
Fli=——, Fyp= Foe = —
11 XtXca 22 Yt}/ca 66 527 (2 17)
PR P e ¢ |
XX T v
However, in the Tsai-Wu'’s criterion the term Fjy is determined through a bi-axial test;
if, for example, it is 01 = 09 = ¢ and g5 = 0, then we get:
1 1 1 1 1 1 1
o (it .1 2| 2.18
12 202[ <Xt+XC+Yt+YC)U+<XtXC+YtYC) } (2.18)
where the dependence on the value of the applied loading cannot be removed. Often, for
composite materials F}5 is written as:
F*
L2 (2.19)

Flg=—-12
2T XX,

where the term FY, can take a value belonging to the range [—1, 1], see [39]. The extreme
values of this range are calculated through the condition:
(2.20)

FiFj; — Fi; >0,
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imposed on the components Fj; in [73] in order to ensure the failure envelope to be a
closed surface. The criterion in matrix notation reads like:

Fry = {o}" [Fl{c} +{o} {f} <1, (2.21)
where, for orthotropic layers it is:
[ 1 Fy } (X, — X,
XtXc XtXcY;tY; XtX
F=|te L g n={ v (2.22)
VXYY, VY VY
1 0
i 0 0 ?_ \ 7

Eq. (2.20) represents also a necessary, but not sufficient, condition for the positive defi-
niteness of the matrix [F].

2.3 Stress-based polynomial failure criteria expressed
in terms of strains

The phenomenological criteria of Tsai-Hill, Hoffman and Tsai-Wu have been derived pri-
marily in terms of stresses. There exists also an equivalent form of these criteria expressed
in the strain space. It is worth noting, however, that such equivalent forms do not repre-
sent strain-based criteria for orthotropic materials. A fundamental assumption to write
such criteria in the strain space is that of linear elastic behaviour of the material. Thanks
to this assumption, the Hooke’s law is used to express the stress-based criteria in terms
of strains. The failure criteria of Tsai-Hill, Hoffman and Tsai-Wu, expressed in terms of
strains, are introduced below.

2.3.1 Tsai-Hill failure criterion

The stress-based polynomial failure criterion of Tsai-Hill, under the assumption of plane
stress state, is expressed in matrix notation by eq. (2.8). Injecting the Hooke’s law (1.16)
in (2.8), this last gives:

Fra ={}" ([QI" [F1[Q){e} < 1. (2.23)
The double matrix product [Q]" [F][Q] will be called in the rest of the thesis [G] and
denotes the matrix of strength properties of the stress-based failure criteria expressed in

terms of strains as [F| denotes the matrix of strength properties of the stress-based failure
criteria expressed in terms of stresses. Hence we can write eq. (2.23) as:

Frau ={e}"[G){e} < 1. (2.24)
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The components of the matrix [G] are:

(

Gll =
G12 =
C7Y16 =

G22 =
G =

G66 =

\

the components @);; in terms of the elastic properties, in the material frame, are:

Qh  QuQr n Q1
X2 X2 Y2’
Q11Q12 _ Q11Q22 B Q1, n Q12022
X2 2X?2 2X?2 Y?
0,
Q1 B Q12022 n Q3,
X2 X2 y2 '’
0,
Q3 .
52
b vig s 0 i
by by
1 - V%QE 1 - V%QE
= via by Ey 0
Ey Ey
1 - ’/12251 1 - ’/12251
.0 0 G, ]
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(2.25)

(2.26)

where E; are the in-plane Young’s moduli, G7, is the shear modulus and vy, is the in-plane

Poisson’s ratio.

2.3.2 Hoffman failure criterion

Injecting in the stress-based polynomial failure criterion of Hoffman, written under the

assumption of plane stress state, eq. (2.13), the Hooke’s law (1.16), it gives:
Fropy = {e}" ([QI [FI QN {e} +{e} [QI" {f} <1.

(2.27)

The matrix product [Q]" [F][Q] is still called [G], while the vector [Q]" {f} will be called
{g}. So the previous equation can be written as:

Frors = {e} [GI{e} +{e} {g} <1.

In this case, the components of [G] are:

(

Gll =

G12 =
Gie =
G22 =

G26 =

Q1 _ QG112 I Q1

XiXe  XXe YWY

QuRir  @nlx» Qs X Q12022
X X 2Xe X 2Xy X,

0,

Q1 Q1@ n Q%

XiXe X Xe VY

0,

Qfs

S2

(2.28)

(2.29)
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and the components of the vector {g} are:

[ (Xc - Xt)

Qn + Quw-

X Xe YiYe

(Xe = Xb) O (Ye - Vi)

W=\ e

(2.30)

The terms of @);; are defined in eq. (2.26).

2.3.3 Tsai-Wu failure criterion

Once again, substituting eq. (1.16) in eq. (2.21), the failure criterion of Tsai-Wu for a
plane stress state gives:

Frw = {e}" ([Q1" [F][Q) {e} +{e}" [QI" {/} < 1. (2.31)

The above equation can still be written as eq. (2.28), but the components of the matrix
[G] are now:

( 2 F* 2
Gy — 1L 9 12 4 212 7
11 X, X, Q11012 /—XtXc}/;f}/c Y,Y,
G — Q11Q12 +Q Q F1*2 - 2 F1*2 + Q12Q22
PTOUXX, WX XYY, RPX XYY, Yy,
Gig= 0,
1 (2.32)
G _ %2 QQ Q FfQ + Q%Q
27 XX, R XX Y, VY.
G26 = 0 5
Q%

The vector {g} is equal to that of the Hoffman failure criterion, eq. (2.30), and the terms
of Q);; are still defined in eq. (2.26).

2.4 Strain-based polynomial failure criterion of Zhang-
Evans

Almost all of the failure criteria, existing in literature, are formulated in the stress space.
Nevertheless, in some cases the yield strain value can be more appropriate to describe
the failure of a continuum: for example in the case of an elastic perfectly plastic material
wherein the quantity that determines uniquely the failure is the yield strain.

A strain-based phenomenological failure criterion for orthotropic materials has been
developed by Zhang and Evans in 1988 [92]. It is based on the same quadratic approxi-
mation used by Tsai and Wu. The 2D strain-based failure criterion of Zhang and Evans
is:

Fzp={e} [Pl{e} +{e} {p} <1. (2.33)
Let us introduce the following terms:
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e X, longitudinal yield strain along the fibres orientation;
e Y. transverse yield strain perpendicular to the fibres orientation;
e S., pure shear yield strain .

The components P;; and p; are determined through uniaxial ultimate tensile, compressive
and shear strain tests:

1 1
Py = Pry — Pos = —
11 XEth ) 22 }/—Et}/gc ) 66 852 ) -
X, — X, Y., Y, _ 0 (2.34)
pl - XetXEC 9 p2 - }/;:ti/;:c I p6 - .

where the subscripts ¢ and ¢ stand for tension and compression. On the contrary, the
determination of the interaction term P, is achieved through a uniaxial stress test that
generates a biaxial strain state:

1 1 — (S11p1 + Sa1p2) Xs

P, =
2 98,151 X2

— (St P+ S5,Pn)| - (2.35)

where S;; are the components of the compliance tensor:

o
B R 0
V12
0 0 —
_ a3, |

Considering eq. (2.36), eq. (2.35) becomes:

ho__ B[ 1 [X., —X., wvp(Y, —Y,)] 1 L
T o | X2 XE | XX Y., Y., BA\X, X, Y., Y. )|~

(2.37)
Differently from the term Fjs of the Tsai-Wu’s criterion, the term P, of the Zhang-
Evans criterion is loading independent. The test to determine the coupling term in a
strain-based criterion is completely different and easier than the test necessary for a
stress-based criterion. This aspect is very important and interesting from a practical
point of view because the value of the admissible strains can be easily and precisely
determined. In addition, eq. (2.37) shows a very important result: no experimental
evaluations are needed to determine the value of the interacting term of the criterion, it
can be determined analytically because it depends only upon the uniaxial yield strains,
the uniaxial strengths, the Young’s modulus and the Poisson’s ratio of the material.
A deeper comparison between stress and strain-based failure criteria can be found
in [93].

2.5 Unified matrix formulation

As mentioned previously, it is possible to write all the stress-based criteria in matrix
notation. A peculiarity of the terms that compose the matrix [F], for each criterion,
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concerns the position of the strength properties: they all appear at the denominator. So,
we can assert that [F] in stress-based criteria describes, in some sense, the inverse of the
strength of the material: the weakness. Hence, we can consider the matrix [F] as the
analogous, for what concerns strength, of the compliance matrix [S]; then, we will call [F]
the weakness matriz. The matrix [F], and for consistency, the vector { f} will be expressed
in a frame rotated by an angle 7/2 around z3. In this way, we will have the matrix [F]
described in the new reference system {0;z,y,z = x3} with the x-axis coincident with
the direction of maximum weakness. We can express the three criteria by the general
condition

F. ={o} [F]{o} +{a} {f} <1; (2.38)
with:
Fxx ny 0 f:):
[F] = F:ch Fyy 0 7{f} = fy : (239)
0 0 F 0

The values of matrix and vectorial components for each criterion are reported in Tabs. 2.2
and 2.3.

Tsai-Hill Hoffman Tsai-Wu

F. - ! !
Yy? YiY, Y:Y,

o1 F,

woTOXT XX, VXXV

P L 1 1

vy X2 X X, X X,
1 1 1

Table 2.2: Components of [F] for the three criteria.

Tsai-Hill Hoffman Tsai-Wu
Y.-Y, Y.-Y

" 0
f YiYe YiYe
X.— Xy X.— X,
Jy 0
XtXc XtXc
[s 0 0 0

Table 2.3: Components of {f} for the three criteria.

On the other hand, concerning the stress-based failure criteria expressed in terms of
strains, we can consider the matrix [G] as the analogous, for what concerns strength, of
the stiffness matrix [@Q]; then, we will call [G] the strength matriz. We will express [G],
and for consistency, the vector {g} in the material frame {0;xq, 9, 23} with the x; axis
coincident with the direction of maximum strength. The general matrix formulation, for

the three criteria, is:
F.o={e}"[G{e} +{e} {9} < 1. (2.40)
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The components of [G] and {g} are reported in Tables 2.4 and 2.5; they all are dimension-
less quantities. This is correct, because such terms represents, in some sense, the yield
strain properties, so they are dimensionless like strains.

Tsai-Hill Hoffman
on Q% — QuQr2 n Qi Q% — QuQr2 . Q1
X2 Y2 X, X, Y,Y,
G Q11Q12 _ Q11Q22 + Q%5 i Q12Q22 Q11Q12 _ Q11Q22 + Q35 n Q12Q22
2xe 2X2 v? X, X, 2X, X, V.Y,
G % - Q12Q2 + % Q1 ~ Q12Q2 n Q3,
X2 X2 Y2 X, X, X, X, Y,
Q%o Q3o
Ges 7l 52
Tsai-Wu
4 Fy 1
2
G X, X, +2Q11Q12 XYY + Y.y,
Q11Q12 . (Q11Q2 — Qi) Ffy  Q12Q2
G2 + +
X, X, X, X.Y,Y, Y, Y,
2 F* Q2
12 12 22
-2
G X, X, Q12Q22 XYY | v,
2
Ges %
Table 2.4: Components of [G] for the three criteria.
Tsai-Hill Hoffman Tsai-Wu
(Xc - Xt) (Yc - Y;f) (Xc - Xt) (ch - }/t)
0
g1 Q11 X, X, + Q12 Y.y, Q11 X, X, + Q12 Y.y,
(Xc - Xt) (Yc - }/t> (Xc - Xt) (}/; - Y;i)
0
92 Q12 X, X, + Q22 VY, Q12 X, X, + Q22 Yy,
g6 0 0 0
Table 2.5: Components of {g} for the three criteria.
Zhang-Evans
1
P
11 X, X..
P _ EY 11 Xe, —Xe,  vip(Ye, - Y2,) 1 1 + Vi
2 T, | X7 XE | X X Y., Y., B \X. X., ' Y.,Y.,
1
P
22 V..
1
Pgg 52

Table 2.6: Components of [P] for the criterion of Zhang-Evans.
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Zhang-Evans

X, — X,
b1 X, X..

Y., - Y,
b2 Y. Y.
De 0

Table 2.7: Components of {p} for the criterion of Zhang-Evans.

We can do similar considerations also for the strain-based failure criterion of Zhang-
Evans

Fup ={e}T [Pl{e} + {e}" {(p} <1. (2.41)

[P], for analogy, will be called the strength matriz. We will express [P], and for consistency,
the vector {p} in the material frame {0;x1,z2, x5} with the x; axis coincident with the
direction of maximum strength. The values of the matrix and vectorial components of
the strain-based criterion are reported in Tables 2.6 and 2.7.

Finally, we have expressed all the phenomenological failure criteria in a general matrix
notation. All the criteria are characterised by the sum of a quadratic and a linear term.
To this purpose, we prefer, for the sake of conciseness, to write all the described criteria
in a unified matriz formulation:

F. ={u} [H{o}+{v} {n} <1, (2.42)

where {v}, depending on the considered criterion, corresponds to {c} or {€}, [H] corre-

sponds to [F], [G] or [P] and {h} corresponds to {f}, {g} or {p}.

2.6 Concluding remarks

We have dedicated this Chapter to the description of the strength of orthotropic layers.
Unlike the stiffness description, the strength behaviour of an anisotropic material is not
represented by a unique law, like the Hooke’s law, but by several criteria. We have
considered some phenomenological criteria, in particular, we have described the criteria
used very often in the design of laminated structures: the polynomial failure criteria
of Tsai-Hill, Hoffman, Tsai-Wu and the strain-based criterion of Zhang-Evans. Their
application to the design of laminated structures corresponds to a ply-by-ply verification
of the strength. The peculiarity of these criteria concerns their formulation, based upon
a unique condition whose quadratic term is not linked to the elastic stiffness matrix, like
for strain energy, but to a matrix describing the strength properties of the material. The
unified matrix formulation of these criteria, given in this Chapter, will be the starting
point to an invariant formulation of such criteria presented in Chapter 4.
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A state of the art on the
optimisation of anisotropic
laminated structures

3.1 Introduction

The design of an anisotropic laminated structure depends, very often, upon a large number
of design variables: the material properties, the orientation angle and the thickness of each
ply, along with the number of constitutive layers. The mechanical properties of such a
structure can vary considerably with these design variables; therefore, unlike the case
of metallic structures, the design of the laminated ones must include the design of the
material (the so called “meso-scale”) as a crucial phase of the whole design procedure.

The works on optimisation of laminated structures go back to the 70s. Those works
studied the maximisation of classical mechanical properties such as stiffness, eigenfrequen-
cies, limit loads and so on. For a general overview on structural optimisation applied to
anisotropic structures the reader is addressed to [1,3,5,21].

In this Chapter we give a short overview on optimisation of laminates for what con-
cerns the maximisation of stiffness and/or strength. This presentation is split into three
main parts. The first one concerns the optimal material orientation, the second one the
optimisation of the material parameters of the structure and the third one the lay-up
optimal design. We briefly describe only the studies that inspired the research work of
the present thesis, aware that there are also other important works on the same subject.

3.2 Optimal material orientation for orthotropic sheets

3.2.1 Maximising stiffness

The problem of maximising the global stiffness of an elastic structure can be formulated
through the minimisation of a global quantity defined on the structure: the compliance.
The compliance of a body, in elasticity, corresponds to the global work done by the
external forces for the field of the displacements that are solution of the elastic problem.
Being the compliance a global and not a local quantity, it is a global functional for the
stiffness optimisation problem. The firsts works on the minimisation of strain energy, for
anisotropic plies, attempted to reach only one goal, i.e. the determination of the optimal
material orientation, [9,10,54,56], for fixed stiffness moduli of the material.

37
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In [54], Pedersen showed a closed form analytical solution, in the bi-dimensional case,
to determine the extreme values of the elastic strain energy density functional. The opti-
misation variable was the orientation of the orhotropic material. The objective function
was expressed in terms of the principal strains, of the in-plane components of the stiffness
matrix and of the angular difference ¢ between the material orientation and the direc-
tion of the first principal strain. The value of ¥ was determined in order to maximise
or minimise the strain energy density. Results showed that the solution depends essen-
tially upon the sign of a special parameter v that reflects the relative shear stiffness of
the material (classified as low or high). In particular, materials with low relative shear
stiffness present a global minimum of energy density when the orientation of the maxi-
mum material stiffness coincides with the orientation of the minimum absolute value of
principal strain components. This work was extended to the study of the extrema of the
complementary energy in [10].

In 1991 Sacchi Landriani and Rovati [64] studied the problem of determining the
optimal orientation of the stiffness properties for an orthotropic 2D continuum subject to
a plane state of stress. The goal was still the maximisation of the stiffness of the structure.
Also in this case, the problem was formulated through a variational approach and solved
analytically. This work has been extended to the 3D case in [60]. Finally, in [61] the
extreme values of the strain energy density functional are found in order to determine
locally the orientations of the material symmetry axes for maximising stiffness. The
strain field was fixed and the three-dimensional solid was an orthotropic material. The
angular difference between the principal directions of strains and the axes of the material
symmetry were described through the Euler’s angles. The main result, found in all of the
three previous works [60,61,64] is that a necessary condition for the stationarity of the
strain energy density is the coaxiality of strain and stress tensors. Such condition leads
to an important result for particular cases of material symmetries: the optimal solution
corresponds to the simultaneous coincidence of the principal directions of strains, stresses
and of the axes of symmetry.

In [41] Majak and Pohlak determined the optimal material orientation for three-
dimensional linear and non-linear anisotropic materials. They used the Hooke and the
Pedersen-Taylor [57] laws to describe the linear and non-linear constitutive relations, re-
spectively. Two problems were considered: the minimisation of strain energy density and
the minimisation of the Tsai-Hill and Tsai-Wu failure indexes. However, the strategy
is described only for the first problem. They used the Euler’s angles to determine the
orientation of the material with respect to the direction of principal strains. Finally, the
analytical solution was compared to the one obtained with the help of a hybrid genetic
algorithm.

The outcome of all these works is that the optimal material orientation, and particu-
larly the direction of the symmetry azes, is always linked to the principal strain or stress
directions.

Innovative recent works on this theme are presented in [88] by Vincenti and Desmorat
and in [80] by Vannucci. In these works the plane orthotropic elastic behaviour of the
plane structure is described through six polar parameters (five polar invariants and a
polar angle representing the orthotropy orientation). The problem of minimising the
strain energy is discussed for a given state of stress and considering the polar terms as
optimisation parameters. The formulation and the resolution method of this problem
are the same described in [10], wherein the optimal orientation depends upon the sign
of the parameter v that reflects the relative shear stiffness of the material (low or high).
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In [88] and in [80] thanks to the polar notation, the authors show that, actually, the
optimal orientation to maximise the stiffness depends effectively upon a parameter, but
this parameter represents the shape of orthotropy of the material. In this case, the solution
of the optimal orthotropy orientation becomes very general and can be evaluated also in
cases wherein the shear behaviour of the plate is not involved and, so, the shear parameter
~ introduced by Pedersen does not take part into the problem resolution.

3.2.2 Maximising strength

In the literature, we can find a huge amount of works devoted to the problem of the
maximisation of stiffness for composite materials and structures. A more complicated
problem is the maximisation of strength: one possible reason is that the description of
strength for anisotropic materials is more complicated and doubtful than the description
of stiffness. The structural stiffness, from a variational point of view, can be described
through a global functional, the compliance. On the other side, the strength is described
through a local functional represented by phenomenological criteria. Several studies on
strength optimisation of anisotropic materials have been conducted using the well-known
phenomenological failure criteria of Tsai-Hill and Tsai-Wu.

One of the first works on the optimal material orientation maximising the strength
was realised by Sandhu in 1969 [65]. He developed a parametric study on the Tsai-Hill’s
criterion applied to unidirectional composites. The criterion was parametrised in order
to determine the maximum strength for a given set of stresses and admissible strengths.
Results showed that the optimal material orientation depends upon the shear strength
value. If the shear strength S is lower than the transverse strength Y, the orientation of the
material that maximises the term (0;/X) corresponds to the principal stress orientation.
If the shear strength is greater than the transverse strength no conclusion can be drown.
For this last case, in 1970, Brandmaier [6] developed an analytical solution. The result
was a relation between (01/X) and the transverse and shear strengths. Such a solution
for the optimal orientation is not generalised and has no links with the stress state of the
material.

In some sense, Sandhu and Brandmaier anticipated the approach to find the opti-
mal material orientation used by Pedersen et al. for maximising stiffness. The idea of
parametrising and explicitly writing the orientation of the symmetry axis into the fail-
ure criterion is, today, usually exploited in approaches to the strength optimisation of
composite structures. Majak and Hannus [40] formulated the Tsai-Hill [23] and Tsai-
Wu [73] stress-based failure criteria in terms of strains for 3D and 2D orthotropic materi-
als. The problem of the optimal material orientation was studied. The failure index was
assumed as the objective function to be minimised and an analytical method, in the case
of 2D orthotropic materials, was proposed to evaluate its minimum. The criteria were
parametrised and the angular difference between the material orientation and the direc-
tion of the first principal strain component was explicitly introduced in the expression of
the criteria. An analysis of global and local extrema was conducted in order to determine
the relationship between the material orientation and the strain field. The results showed
that the optimal material orientation depends upon two parameters, p and g, that depend
upon the strength, the stiffness of the material and the strain state. As demonstrated by
Sandhu and Brandmaier, the optimal orientation can be either coaxial with the principal
direction of strains or it can depend upon the two parameters p and ¢g. The work of Majak
and Hannus is clearly an evolution of the those of Sandhu and Brandmaier. They pre-
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sented an analytical expression of the optimal material orientation, in the bi-dimensional
space, for any orthotropic material. Anyway, the terms p and ¢ do not have, apparently,
an explicit mechanical meaning; hence, when the optimal orientation depends upon p
and/or ¢ nothing can be said about its physical meaning.

In Chapters 4 and 5 we will deal with the same problem of finding the optimal material
orientation to maximise strength in the 2D case. We give a new and more general approach
to this problem and we find a physical meaning linked to all the optimal orientations.

3.3 Optimisation of anisotropic laminated structures

In Sec. 3.2 we have discussed some approaches to the problem of the optimal material
orientation for an orthotropic ply. The solution, often analytical, of this problem allows
for determining a link between the material orientation and the stress or strain state. In
global optimisation of laminated structures, other mechanical properties of the structure
must be taken into account: the material properties, the orientation and the thickness of
every ply composing the structure as well as the number of plies. Of course, the increase
in the number of design variables makes the solution of the optimisation problem more
complex. We describe in this section some works that deal with this theme and make use
of the CLPT to determine the optimal stiffness or strength of laminates.

3.3.1 Maximising stiffness

A great number of works on the optimal stiffness design of laminates achieves such a
goal using the minimisation of the compliance [16, 43,54, 67,88]. When dealing with
this problem, the most common assumption is the elastic uncoupling between extension
and bending behaviour of the laminate, along with the use of a fixed number of plies.
Once the material of the plies is fixed, almost all of the works on the optimal design of
laminates make the assumption of identical plies with the material chosen a priori; then,
the main optimisation variables are only the ply orientations and their thickness. Instead
of working directly with these design variables, Miki [42,43] was the first that used the
so-called lamination parameters introduced by Tsai and Pagano in 1982 [72] to describe
the classical stiffness tensors (membrane, bending and coupling) of the CLPT. In this way
the optimal stiffness properties, in terms of lamination parameters, were easily obtained
and the realisation of the stacking sequence corresponding to the optimal values of the
laminate lamination parameters was postponed to a sub-sequent phase. The advantage of
this strategy resides in the fact of having a simpler, linear and convex objective function,
the compliance expressed in terms of lamination parameters, in the first phase of the
design process. However, the method introduced by Miki presents a lack in the second
phase of the strategy: it finds the solution in only one sub-set of stacking sequences, the
angle-ply sequences. This two-step approach, introduced by Miki, was also used by other
researchers, see [16,17].

Hammer et al. in 1997 [22] used the lamination parameters as design variables for
maximising the stiffness of orthotropic laminated plates subjected to single or multiple
loads. In a first phase, the optimisation problem is initially simplified in order to reduce
the design variables (e.g. adopting the CLPT and using the lamination parameters),
then, in the second phase the lay-up is designed in order to match the values of the design
variables (i.e. lamination parameters, thickness of the laminate, and so on) found during
the first phase. Moreover, in the expression of the strain energy the lamination parameters
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are locally defined, so they can change point wise. The local variation of the lamination
parameters introduced the concept of variable stiffness laminate that represents the new
class of the most performant composite structures. This strategy will be the core of our
approach for the optimal design of laminated structures described in the third part of the
present thesis (Chapters 6, 7 and 8).

An evolution and extension of this last work was presented by Jibawy et al. in
2011 [31]. The problem of minimising the complementary energy of a laminated structure
for a given state of stress was addressed. They adopted a hierarchical strategy essentially
base on two steps: a first step (structural optimisation) where the laminated structure is
modelled as a single-layer homogeneous structure and the anisotropy distribution is op-
timised determining the optimal distribution of material parameters; then in the second
step (lay up design) a suitable stacking sequence, giving the optimal response obtained
at the end of the previous step, is looked for at each point of the structure. In this re-
search the stiffness tensors of the laminate are represented using the polar method. An
analytical solution is found for both the steps of the hierarchical strategy and the sim-
plifications introduced by the polar method lead the authors to address the problem for
pure membrane and pure bending loading cases.

3.3.2 Maximising strength

Maximising the strength of laminated structures is still more complex than maximising
stiffness. Among the difficulties already existing for a single ply, in the case of a lami-
nated structure, we do not dispose of a global quantity describing the strength for the
homogenised structure. At the laminate level, the stiffness is still described by a global
functional, the compliance, whilst the strength is described through a local functional, the
failure criteria that needs to be analysed for each ply along the thickness of the structure;
thus, the application of failure criteria, needs the knowledge of the laminate lay-up. How-
ever, during the first phase of the laminate design, the lay-up is not known. So, almost
all of the works on optimal strength design of composite structures make use of a local
approach: they determine n objective functions, one for each ply, describing the strength
of the plies, [20,36,37,52,70]. The main optimisation variable, usually, is represented by
the plies orientation.

For example, Park et al. [52] developed a strategy to maximise the strength of com-
posite structures where the fibre orientations of the plies are the optimisation variables,
while the geometry and the number of plies are fixed. The objective, in this work, was
to minimise the maximum value of the failure index with respect to the fibres orienta-
tion. The stress field is determined through a Finite Element (FE) analysis using the
penalty plate bending element of Reddy [59]. The stress field is, then, used to calculate
the Tsai-Hill failure index, taken as the fitness function evaluated at each node for every
ply.

A research on the optimum design of a composite box-beam structure subject to
strength constraints was conducted by Kathiravan and Ganguli [35]. The analytical
method of Ferrero et al [15] to solve the elastic problem of the composite box beam
was used in order to reduce the computational efforts of the FE analysis. The number of
layers of each wall were fixed, while the plies orientations were considered as the design
variables in order to maximise the minimum reserve factor (the inverse of the failure in-
dex) obtained using the Tsai-Wu-Hann failure criterion. Both interactive descent method
and a PSO (Particle Swarm Optimisation) method were used and a comparison between
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results obtained using the two techniques was also presented.

Topal and Uzman [70] developed a numerical procedure to determine the optimum
fibres orientations that maximise the load capacity of a structure. Simply supported and
uncoupled laminated plates under biaxial tension and bending moment were considered.
The optimisation problem was solved via a two-step method. At the first step a gradient
based method is used to minimise the maximum value of the Tsai-Wu failure index and the
optimisation variables are represented by the vector of plies orientations. In the second
step, the load-bearing capacity is maximised in order to determine the maximum load
before the first-ply-failure arises.

The way to proceed in all of these works is summarised below:

e one or more parallel stacking sequences are chosen (generally randomly);
e a FE analysis is used to determine the state of stress of each ply;

e all the plies for which the Tsai-Wu failure index is maximum withstand a variation
of the fibres orientation.

The two last phases are repeated until the maximum value of the failure index is lower
than a chosen value. Of course, such an approach does not provide any certitude to reach
a global optimal solution. It is rather a procedure that is stopped once the obtained value
of the failure index is considered as acceptable. Furthermore, the computation effort
needed to study all the possible combinations of stacking sequences and the stress field
associated (through FE analyses), is very high.

Some analytical approaches to the problem of strength maximisation in laminated
structures have also been proposed. For example, Groenwold and Haftka [20] developed
an analytical approach where Tsai-Wu and Tsai-Hill failure criteria were considered in
order to minimise the local value of the failure index. In particular, the failure index is
evaluated for each ply in terms of the “failure loading factor” and of the orientation of
fibres with respect to the laminate frame. An angle-ply symmetric laminate is considered;
hence, the variables, regardless the number of plies, are reduced to only one orientation.

Finally, an important step forward was made in 2008 by Ijsselmuiden et al [30]. They
tried to approach the optimal strength design of a laminate made of unidirectional plies
defining a conservative failure envelope valid for the whole laminate. They used the Tsai-
Wau failure criterion expressed in terms of strains to obtain a conservative failure envelope
extracting the internal area to all the failure envelopes for any possible orientation of plies.
In this way they obtained a strength criterion, the failure envelope, valid for the whole
laminate, with given strength properties. Such a failure index was the objective function
to be minimised and the in-plane laminate strains were rewritten in terms of the in-plane
stiffness tensor and the in-plane stress tensor of the homogenised plate. The optimisation
variables were the lamination parameters of the in-plane stiffness tensor. In 2011 Khani
et al [38] re-proposed the same work, but this time the same conservative envelope was
formulated using the invariants of strains and a variable stiffness plate was optimised
with respect to strength. The innovative aspect of this works concerns the approach to
the definition of a unique failure criterion, the conservative failure envelope, valid for the
whole laminate considered as an equivalent homogenised plate. On the other hand, we
can say that the major lack of this work is the fact that the strength properties of the
homogenised plate are given and do not take part into the optimisation process. In fact,
the objective function, the conservative failure index, is minimised only with respect to
the stiffness parameters of the material.
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We will address the problem of the evaluation of an homogenised, through the thick-
ness, failure criterion and its minimisation to maximise the strength of laminated struc-
tures in Chapters 6 and 7 of this thesis.

3.4 The lay-up design of laminates as an optimisation
problem

As explained in Sec. 3.3, very often the stiffness optimisation of laminates is conducted,
during a first phase, on an equivalent homogenised plate and the material parameters of
such plate are considered as the optimisation variables. This phase, called structural opti-
misation, does not give a complete definition of the multi-layered plate. In fact the design
process must include, also, the definition of a stacking sequence giving the distribution of
material parameters issued from the structural optimisation phase.

Moreover, concerning the lay-up design phase, an important aspect needs to be em-
phasised: the relationship between the material properties of the homogenised plate and
the stacking sequence is not bijective; this means that there are more solutions in terms
of stacking sequence that can satisfy the same distribution of material parameters issued
from the first step of the laminate design.

Due to the high non-convex relationships that subsist between the ply orientations and
the laminate homogenised material parameters (lamination parameters, polar parameters
and so on) several researchers use to simplify the design process, especially reducing the
range of admissible orientation angles, classically chosen within the discrete set 0°, +45°,
90°. Moreover, it is also very common to choose symmetric stacking sequences in order to
satisfy the elastic uncoupling, or to use balanced or cross-ply laminates obtain orthotropy,
[7,69,91].

All these simplifying hypothesis sensibly reduce the search space in the process of the
optimal lay-up design of laminates. In fact, due to the non-bijectivity of the problem,
it is also possible to obtain a laminate that attains the optimal material parameters of
the equivalent homogenised plate with a free stacking sequence obtained without any
simplifying assumption, see [34,45,89].

In [69] the stacking sequence of the optimised structure is designed to match the set
of lamination parameters obtained with the structural optimisation phase. A Genetic
Algorithm (GA) is used to obtain such stacking sequence. The laminate is required
to be balanced and to have a number of contiguous plies less than or equal to 4 in
order to meet aeronautical rules. In fact ply angles are limited to 0°, £45° and 90°,
thus, the problem is formulated like a constrained combinatorial optimisation problem.
The problem considered here belongs to the class of the minimum distance problems:
the objective function is built as a sum of differences between the actual values of the
lamination parameters and the expected ones. The constraints are considered adding
penalty terms to the objective functions, see [48-50].

The stacking sequence linked to lamination parameters giving the minimisation of the
strain energy, minimisation of certain displacements and maximisation of the first buckling
factor is determined by Autio in [4]. Also in this case a genetic-based search strategy is
employed. The objective function still consists of differences between the evaluated and
target lamination parameters. This time the values of the adimissible plies orientations
are: 0°, 90°, +45°, +80°, £70°, +£60°, +30°, £20°, +10°. This aspect is very important
because it means the abandon of the standard sequences that limit so much the optimal
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solutions. Moreover, such limitations on the orientations, often brings to the use of a
higher number of plies in order to meet the expected material parameters.

A methodology is proposed in [74] to convert a known distribution of lamination
parameters for a variable stiffness composite laminate into a realistic design in terms of
fiber angles. The problem is formulated as a global/local problem. The local part consists
in finding a realistic stacking sequence respecting the lamination parameter values. The
global part concerns a manufacturing constraint on curvature of fibres from one point to
the other. A GA is used to explore the design space of plies orientations. It consists in a
set of angles belonging to the range [0°; 90°] discretised with a step of 15°.

The development of modern manufacture technologies leads the research to state the
problem of the optimal lay-up design in a more general way. For instance, the design
space of the plies orientation is discretised into more and more small steps: in [45] and
[34] the search for an optimal stacking sequence through the genetic search method is
conducted. The problem is still formulated as a minimum distance problem. In both
these works, the material parameters are represented by the polar parameters of the
equivalent homogenised plate introduced in Sec. 1.6. In [45] the laminate is considered
composed by unidirectional plies, but the range of orientations [0°; 90°] is discretised
with a step of 1°. By abandoning the assumption of using standard orientations, the
authors found some realistic non-conventional stacks which show a lower weight than the
standard ones. Moreover, in [34] the laminate is also considered as a variable stiffness
laminate respecting the point-wise variation of the relative polar parameters.

The evolution presented in these three last works concerns the higher number of so-
lutions found and, in [34,74], it concerns also a variable fiber orientation in the same
ply to match the spatial variation of laminated parameters. Such approach results in a
more effective use of the directional properties, for both strength and stiffness, of fiber
reinforced laminates. However, as it is shown in these works, the determination of the
stacking sequence of a variable stiffness laminate that respects the optimal distribution of
material parameters issued from the first step of the laminate design process, represents
a very hard task.

We will introduce the problem of the optimal lay-up design in Chapter 8 of the present
thesis.

3.5 Concluding remarks

In this Chapter we have presented a brief overview on the optimisation of anisotropic
laminated structures. The chronological evolution of research in the field of stiffness and
strength optimisation has been discussed. Particularly, we have presented the modern
approach to variable stiffness and strength structures applied to laminated composites.
On the base of the cited works, the following Chapters of this thesis will give a new and
more general approach to:

e the problem of finding the optimal material orientation to maximise strength (Chap-
ters 4 and 5);

e the hierarchical optimisation strategy to maximise the stiffness of a laminate, in-
cluding the strength as a supplementary objective (Chapters 6, 7 and 8).
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4

Invariant formulation of
phenomenological failure criteria

4.1 Introduction

In this Chapter we present a new analytical approach to the formulation of strength
criteria for linear elastic plane structures composed of orthotropic materials. The starting
point is the choice to work with some polynomial failure criteria: we have considered the
Tsai-Hill, Hoffman, Tsai-Wu and Zhang-Evans criteria, previously presented in Chapter 2
in their classical formulations. The aim of this Chapter is their formulation using the polar
invariants.

The invariant formulation of polynomial failure criteria has been considered in other
researches. For example, Hilton and Ariaratnam [24] reformulated the Shanley and Ry-
der [66] failure criterion through the invariants of the generalised stress tensors. This
invariant failure criterion was used to solve deterministic and stochastic problems with
large deformations and applied also to anisotropic materials. Another example is the
strain invariant formulation of failure criteria for polymers in composite materials de-
scribed by Gosse in [19].

In this thesis the invariant formulation, obtained through the polar formalism, has
been chosen for investigating the physical link existing between the invariant terms and
the strength properties of the material. Moreover, the unified matrix formulation of the
phenomenological failure criteria described in Sec. 2.5 gives us the opportunity of having
a unified invariant formulation of such criteria.

Finally the polar formalism has been chosen to easily express the link between the
material orientation and the mechanical properties of the continuum. This will be, as
shown in Chapter 5, particularly important during the study on the optimal material
orientation for maximising strength.

4.2 Tensorial formulation of failure criteria

In Chapter 2 we have expressed the phenomenological failure criteria of Tsai-Hill, Hoff-
man, Tsai-Wu and Zhang-Evans in a unified matrix notation. All of them are charac-
terised by the sum of a quadratic term and a linear term. We recall the 2D unified matriz
formulation of failure indexes:

F.={v}" [H]{v} +{v}" {h} <1, (4.1)
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where {v}, depending on the considered criterion, corresponds to either {c} or {e}, while
[H] and {h} are, respectively, the matrix and vector of limit stresses or strains.

In order to use the polar formalism, we will consider, in the rest of the thesis, the
tensorial representation of the matrix [H] and of the vector {h} within the framework of
the unified matrix formulation of failure criteria for an orthotropic material with respect
to the generic frame {0;z,y, z}. The link between the Voigt’s notation and the Cartesian
tensor components is

Hxx = Hx:ca;xa Hxs = Cleac:cya H:cy = szyy;

4.2
Hyg = coHyyay, Hys = c1Hayyy, Hyy = Hyyyy, ( )

and

hm = hxwa hy = hyya hs - Clhmy7 (43)

with ¢; = 2 and ¢y = 4 for the weakness tensors (F.f), while ¢; = ¢; = 1 for the strength
tensors (G,g and P,p). The unified tensorial formulation of the considered failure criteria
reads:

F.=v"Hv +v'h. (4.4)

4.3 Polar formulation of failure criteria

As tacitly assumed in classical criteria, like Tsai-Hill, Hoffman and Tsai-Wu, we also
consider that the components of [H] and {h} correspond, through egs. (4.2) and (4.3),
respectively to the components of a fourth order tensor H and of a second order tensor h.
The tensor H is assumed to present all the tensorial symmetries of a classical elasticity
tensor, while the second order tensor h is assumed to be symmetric: this characterisation
is also implicit in the formulation of the considered criteria.

This assumptions correspond to admit that besides the elastic behaviour, also strength
is represented by a fourth order tensor of the elasticity type and by a second rank sym-
metric tensor. Moreover, the material symmetries of elasticity and strength are supposed
to be the same. Hence, if a material is orthotropic for its elastic behaviour, it is considered
to be orthotropic also for its strength, and the orthotropy axes are the same for stiffness
and strength, as well as for compliance and weakness.

Taking into account these points, we also assume the existence of such tensors, though
their mechanical relevancy should, perhaps, be further investigated. Since we are using the
tensorial formulation, it is possible to express these criteria through the polar formalism
in order to explicitly write the invariant terms and find their physical meaning.

Let us consider, now, an orthotropic material for which x and y are symmetry axes.
The Cartesian components of the fourth order orthotropic tensor H can be expressed using
its polar parameters, [y, I, (—1)LAg, Ay, 21 (see eqs. (1.34) for the case of the elasticity
stiffness tensor):

( Hw;mca: = FO +2F1 + (—1)L/10 COS 491 +4A1 COS 291,
szxy = (_1)LA() sin4!21 +2A1 sin 201,

) H;m:yy = _F[) +2F1 — (—1)L/10 COS 4.(21 s (4 5)
sz:vy = Iy - (—1)L/10 cos 4 , ’
Hmyyy - - (—1)LA0 sin 4\91 +2A1 sin 2\91,

\ Hyyyy= Lo +2I7 + (—1)EAgcosdfy —4A; cos282,.
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The polar components of H in terms of Cartesian components are obtained inverting
eq. (4.5):

8F() = Ha;mmac —QHQ;Iyy +4Hmya:y +Hyyyy7

8F1 ‘ — onc:ca: +2Ha:xyy +Hyyyy7
8<_1)LA064191 = Hyppo +40F, rrry _2Hmyy _4nyary _4iHyyxy +Hyyyy7
8/11 €2i91 = mezx +22Fx:r:py +2iHyyzy _Hyyyy-

(4.6)
The polar parameters Iy, I, Ag, A; are invariants. In particular Ij, I} represent the
isotropic part of the tensor H, while Ay and A; represent the amplitude of the anisotropic
part, so Ag and A; are modules and can’t be negative, see [86]. L is the orthotropy shape
parameter and there are two types of orthotropy according to the possible values of L,
see [76] and Sec. 1.5.2: 0 (and any other even value) or 1 (and any other odd value). The
polar angle (2, represents the direction of the main orthotropy axis and fixing its value
corresponds to fix the frame, as still explained in Sec. 1.4.
Let us consider also the second order tensor h, represented in the plane (z,y) by the

vector {h}. The Cartesian components (hyy, hyy, hey) can be expressed using the polar
ones, I, A, 2:

heyre = '+ Acos2(2,
hy, = I'— Acos2f2, (4.7)
Dy = Asin 2(2.
Inversely,
I — has 42‘ hyy’
b b (4.8)
Ne2i? — % + ihgy.

The polar parameters I" and /A are invariants, while the polar angle {2 gives the orientation,
with respect to the reference system, of the first principal component of h and is hence,
frame dependent. In addition, similarly to what happens for the fourth order tensor, I"
represents the spherical part of h while A% the deviatoric one.

In addition, the following consideration must be taken into account: the orientations
(21 and {2 of the tensors H and h are supposed to be equal because they describe the
same property, the strength, of the same orthotropic bi-dimensional sheet.

In the following paragraphs we will introduce also the polar parameters U (spherical
component), V' (deviatoric component) and 7 (polar angle) of the second order tensor v
representing the stresses/strains.

We have assumed that the material symmetries of elasticity and strength are the
same, thus, as a consequence the strength symmetries, in terms of polar invariants, are
characterised by the same conditions expressed in Sec. 1.5.2 for the stiffness tensor (for a
deeper insight in the matter, the reader is addressed to [77]):

ordinary orthotropy: () — (2, = L% with L =0, 1,
Ry orthotropy: Ay =0,
square orthotropy: A; =0, (4.9)
isotropy: Ay =4, =0 for H,
A=0 for h;
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The orientation 21 of the material symmetry and the type of orthotropy L are explicit
terms of the tensors components. In an optimisation process this property reveals to be
of the highest importance, see Chapter 5.

4.3.1 Invariant formulation of phenomenological failure criteria

We can now express the failure criteria with the polar formalism and we begin with the
case of ordinary orthotropy. All the failure criteria get the same expression which, for a
material with ordinary orthotropy is:

F. = 4V2[Ih+ (-1)"Agcos4(2y = )] + 8UI; + 16UV Ay cos 2(£2y — 1)+

F2UT 42V Acos2(2 — 1) <1, (4.10)

that is the polar translation of eq. (4.4). As expected, the linear term does not add any
coupling effect between the isotropic and anisotropic parts of tensors v and h: indeed,
the spherical and deviatoric parts of tensor v work only on the isotropic and anisotropic
parts of h, respectively.

Let us now consider some special cases of the stress/strain tensor and of isotropic
materials.

Case 1: V =0.

V represents the deviatoric part of the stress/strain tensor. So, if V' is equal to zero then
the stress/strain field is spherical: v,, = v,, = U and v,, = 0. By a simple substitution,
eq. (4.10) becomes

F. =8UT+2UI'<1. (4.11)

Thus, only the spherical part of the criterion is present in this case and couples the
spherical part of tensor v with one of the isotropic moduli of H and with the isotropic
part of h.

Case 2: U = 0.

When U is null, the stress/strain field is completely deviatoric with v,, = —vy, =V cos 2T
and v,, = Vsin2Y". The criteria become, hence:

F. =4V? [Ty + (-1)"Agcos4(2; = 7)] + 2V Acos2(2-7) < 1. (4.12)

Case 3: uniaxial stress/strain state along the z axis, v,, # 0, v, = v, = 0.

In terms of polar parameters, tensor v becomes

U+Vcos2l = v = U =1,/2,
U-Vecos2l = 0 = U= (-, k=0,1, (4.13)
Vsin2l = 0 = T=kr/2, k=0,1

Hence, we get for the failure criteria (4.10)

F =4U?% Iy + 2 + (—1)L/locos4!21 +4A1c0820 | +2U [I'+ Acos202] < 1.
(4.14)
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Case 4: uniaxial stress/strain state along the y axis, vy, # 0, v, = vy, = 0.

Tensor v becomes

U+Veos2l = 0 = U=—(-1)*V, k=01,
U—-Vecos2l = v, = U=uvy,/2, (4.15)
Vsin2l = 0 = T =kn/2, k=01,

and the failure criteria (4.10) read:

F._ =AU [Iy+ 27 + (1) Ag cos 402y — 44y cos 20| +2U [I' — Acos202] < 1.

(4.16)
Case 5: a pure shear stress/strain state, v,, # 0, v, = vy, = 0.
Tensor v is
T s
U+Vecos2l' = 0 = U=0, T:Z+k§’ k=0,1,
U-Veos2l = 0 — U:O,ngmg, (4.17)
Vsin2l = v, = (=1)FV =1y, k=01,
and the failure criteria now look like:
F. =4V |y — (=1)" Agcosdfy| < 1. (4.18)

Case 6: Isotropic material

The complete symmetry is expressed by the condition A9 = A; = 0 and A = 0. In this
way, only the isotropic parts of all the tensors appear within the criteria (the anisotropic
ones being identically null):

F. = AV, 48U +2UT < 1. (4.19)

4.4 Physical interpretations

4.4.1 Remarks on the stress-based criteria

In the case of stress-based criteria, the tensors H and h represent the tensors F and f,
respectively. It is possible to inject into egs. (4.6) and (4.8) the relations giving, for each
one of the three stress-based criteria, the Cartesian components of F and f as function
of the strength properties (X3, X., etc.), see Tabs. 2.2 and 2.3. In this Section we assume
that (see Sec. 2.5) the x axis of the reference system is aligned with the direction of
maximum weakness (in the case of an unidirectional ply, the fibres are perpendicular to
the x axis).

The polar components of the weakness tensor F, for an orthotropic material, in terms
of strength properties are:
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( &Iy = L + L + ! 2F,
°TOXX, vy, s T
1 1
8F - 2ch I
D AR A
) ) . (4.20)
8(—1)E A, = — — — 2F.0s
R 5 A AN
1 1
8/, = -
( VY. XX

with the term Fj,,, for each stress-based criterion reported in Tab. 2.2 as F},,. Moreover,
concerning the Tsai-Hill criterion the normal and transverse strength properties in are
considered equivalent in tension and compression. A peculiar expression concerns the
isotropic polar invariant I, in the Tsai-Hill criterion:

1

8F1:W;

(4.21)
the above equation, that can be easily found using Tab. 2.2 along with egs. (4.6), shows
that I is a direct measure of the transverse strength property Y.

Concerning the anisotropic terms of F, we assume that Ay and A; are positive or null
as said in Sec. 1.4. Thus, if we impose that the third and fourth equations of (4.20)
expressing Ay and A; must be positive or null, we have the following conditions:

1 1

1
—2F,.,, > — if L=0,
XX, vy w5 !

1
—9F,. < — if L=1,
XX, vy w=g !

Therefore, the type of orthotropy (value of the parameter L) take part into the conditions
to ensure the positivity of Ay.

The polar components of f, for an orthotropic material, in terms of the strength
properties, can be obtained in the same way and are:

Yo=Y, X —X,
+

2I' =
YiYe XX
VY, XiXe

This formulation is equivalent for the Tsai-Wu and Hoffman criteria, while for the Tsai-
Hill criterion, tensor f is not present.

The value of the polar strength invariants for two orthotropic layers, see Tab. 4.1, are
reported in Tabs. 4.2 to 4.4. Concerning the polar parameters of the Tsai-Hill fourth order
tensor, four cases are presented for an E-glass epoxy lamina. This is due to the presence
of two different values of normal strength properties in tension and compression that are
used in relation with the sign of stress components o,, and o,. This approach gives four
different sets of invariants, one for the tension, one for the compression case, and the two
others being a mix of tension and compression cases. In the case of the Hoffman failure
criterion, the polar invariants are unique, see Tab. 4.3.
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Material X, X, Y, Y. S

E-Glass Epoxy 1080 620 39 128 &89
Carbon/Epoxy 1447 1447 51.7 206 93

Table 4.1: Mechanical strength properties of two orthotropic materials, [MPa].

x107° x 1076 x 1076 x 1076
X Y Ip[MPa? I[MPa? AJMPa? A[MPa? L £
X, Y, 9.807 82.29 66.51 82.08 0 0
X, Y. 2.373 7.955 7.826 7.304 1 0
X; Y. 2.352 7.737 8.044 7.522 1 0
X. Y, 9.829 82.51 66.73 81.86 0 0

Table 4.2: Weakness polar components for the generic E-Glass Epoxy in the Tsai-Hill
failure criterion.

x107° x107° x1076 x107° | x1073 x1073
Material I[MPa=2] I3[MPa=2] Ag[MPa=2] Aj[MPa=2] L ‘ I[MPa~'] AMPa~!] 0
E-Glass 4.12 2.50 9.63 2.49 0 O 8.57 9.26 0
Epoxy
Carbon 2.63 1.17 2.60 1.17 1 0 7.24 7.24 0
Epoxy

Table 4.3: Weakness polar components for orthotropic materials in the Hoffman failure
criterion.

x107° x107° x107° x107° | x1073 x1073
Material Ip[MPa=2] I3[MPa=2] Ag[MPa=2] A;[MPa=2] L ‘ I'MPa~1] AMPa~!]
E-Glass  [4.53:3.67] [2.09:2.96] [13.8:5.12] 2.49 0 O 8.57 9.26 0
Epoxy
Carbon/ [2.79:2.46] [1.01:1.35]  [0.98:4.33] 1.17 1 0 7.24 7.24 0
Epoxy

Table 4.4: Weakness polar components for orthotropic materials in the Tsai-Wu failure
criterion.

Concerning the Tsai-Wu criterion, some polar parameters are linear functions of the
term F}, € [—1;1] of eq. (2.19):

( 1 1 1 F
8, = t oot o 2,
°TOX X, Yy, 82 /X, XYY,
1 1 F*
8T = + +2 12 ,
S S AR NS o & A A (4.24)
1 1 1 I
8(—1)" 4y = too -5 - 2———
(=1 X, X. VY. S§* /X XYY,

\

The range of their numerical values, considering that F}, € [—1; 1], is presented in Tab. 4.4.
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A general expression of the term F}, cannot be given because its value actually depends
upon the stress state. Nevertheless, thanks to the polar formalism, we can see that the
term F7, does not depend on the stress field in two cases.

The first one is obtained imposing Ay = 0 in the third equation of (4.24):

X X Y. 1 1 1
Fr, = - —= . 4.25
2 2 (XtXc iRA7 52) (42

Eq. (4.25) represents a material with Rg-orthotropy, [76], for which the characterisation
of the orthotropic weakness tensor F is given by three, instead of four, polar invariants:
Iy, Iy and A;. Thus, for Ag = 0 the term £}, of Tsai-Wu tensor F has a fixed value that
depends only upon the properties of normal and shear strength of the material.
The second case is isotropy (A9 = A; = 0). If we impose A; = 0 in the fourth equation
of (4.20) we obtain:
X X, =YY, . (4.26)

Combining eq. (4.26) with eq. (4.25), we get:

XtXc

Fhp=1- 55"

(4.27)

Of course, in this case the further reduction of independent components, a fortior: leads
to an explicit formulation of FY.

The other polar terms of the Tsai-Wu tensors, not dependent on F7,, are equivalents
to those of the Hoffman criterion.

Tsai-Hill criterion

The Tsai-Hill criterion in the case of ordinary orthotropy is:

Fray = 4V? [F() + (=1)EAg cos 4(§2, — T)] +8U?I + 16UV Ay cos2(2, — 1) < 1.
(4.28)
Eq. (4.28) is formally identical to the corresponding one for the complementary energy
W. given in [88].
Let us now discuss some special cases, previously considered, of the stress tensor.

Case 1: V =0.

Eq. (4.11) shows that only the spherical part of the criterion is present in this case coupling
the spherical part of tensor o with an isotropic component of F. If we rewrite eq. (4.11)
in Cartesian notation using eqgs. (4.6) and (1.31) we get, in the case of a pure spherical
stress field,

Opy = Oyy > Y. (4.29)

In this case the only property of resistance responsible for the failure is Y. This is a
consequence of the tacit assumption, in the Tsai-Hill criterion, that the strength along
the fibres direction, X, is greater than that in the transverse direction, Y.
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Case 2: U =0.

When U is null, the stress field is completely deviatoric with o,, = —0,, = V cos 21" and
oy = Vsin2Y. If we choose a frame putting 2, = 0, the criterion in terms of Cartesian
components reads like
2 1 o2
2 ay

(o (F + —) + ? <1 (430)
This relation corresponds to eq. (4.12) written in Cartesian notation using eqs. (4.6) and
(1.31).

Case 3: Isotropic material.

The complete material symmetry is expressed by the condition Ay = A; = 0. In this way
the anisotropic part of the Tsai-Hill criterion is removed, eq. (4.11). Thus, it remains only
the isotropic part of the criterion:

Fin = 8UT +4V21 < 1. (4.31)
And in terms of strength properties:
X?=Y?=35% (4.32)
The criterion in Cartesian components reads like:

1
Fr = X2 (02, + U — OgaOyy + BUiy) <1 (4.33)

that corresponds to the Von Mises criterion in a plane stress state.

Hoffman and Tsai-Wu criteria

The general polar formulation of the two failure criteria is given in eq. (4.10). It is
identical to that of the Tsai-Hill with two added terms that take into account for the
linear contribution to the failure. In Tab. 4.5 some special cases, extensively discussed
beforehand for the Tsai-Hill criterion, are reported for the cases of the Hoffman and
Tsai-Wu criteria. The adopted approach is the same use for the Tsai-Hill criterion. The
isotropic material case needs more attention an will be explained, apart, below.

Case 3: Isotropic material.

Hoffman’s criterion: in terms of strength properties, the condition Ag = A; = 0 and
/A = 0 corresponds to:
X, X, =YY, =352

X.— X, =Y. Y, (4.34)

Thus, the Hoffman criterion in Cartesian components can be written as follows:

1

Fropp = XX, (

X.—X
Oy + 0oy — OuaOyy +302,) + (Ouz + 0yy) (Xt—Xt) <1 (4.35)
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Case 1: V=0 ‘
2 X,-X, Y.-Y,
Cartesian form. | Frofrf = & +o ( X.X. ¢ Y.y, t),
1 2F 1 X.—X, Y.-Y
F — 2 12 c t c t )
w=e (Y;YC Voo anal XtXc) ”( XX, vy,
Case 2: U=0 ‘
. 2 1 o} Y.-Y, X.—X;
Cartesian form. | Fi,rr = 02, <XtXc + Ytyc) + S—zy + Ous < YY., XX >,
1 2F* 1 o? .-V, X.—-X
F — 52 _ 12 + + Ty - c t e t )
™ = o (XtXc X XYY, vy.) T T\ Ty, T XN,

Table 4.5: Peculiar expressions of Hoffman and Tsai-Wu failure criteria in terms of
stresses.

Eq. (4.35) can be rewritten in terms of principal stress components o; and o;;. The
relationship among the polar parameters U and V' and the principal stresses is:

Uv- o ‘;0-117
o1 < og; (4.36)
V=
2
Considering eq. (4.36), eq. (4.19) and eqgs. (4.20), we obtain:
X.— X
FHoff:m(U%‘i‘U%I—O'[O'[])—F<)Q—Xct) (U[+U]])§1 (437)

that corresponds to the Polynomial Invariants Failure Criterion of Christensen for isotropic
materials, with different strength in tension and compression, developed from 1997 [11]
to 2007 [12]. The failure criterion is valid for both ductile and brittle materials, it has
a quadratic form similar to the Von Mises criterion but more general and applicable to
a wider range of materials. Eq. (4.37) expresses a rather important result: thanks to
the polar formalism we have shown, with few logical steps, that as well as the Tsai-Hill
criterion is an extension of the Huber-Henky-Von Mises criterion, the Hoffman criterion
can be considered as an extension of the Christensen criterion.

Tsai-Wu’s criterion: in terms of strength properties, conditions Ag = A; =0 and A =0

become now
X; X, =Y, Y. = 252(1 — F),

X, — X, =Y. Y. (4.38)
Thus, the Tsai-Wu criterion in Cartesian components is, in this case,
1 . . X.— X
Fry = X, X, (Uzac + Uiy + 2F {5050y + Uiy(l - Flz)) + Oz + 0yy) (W) <1

(4.39)

but, using condition (4.27), valid for isotropic materials, eq. (4.39) becomes

1 1 X.— X,

Frw = X, X, (Uix + Usy) + 52 (Uiy - Umayy) + ( X, X, > (000 +0yy) <1, (4.40)

that represents the first formulation, to our knowledge, of failure criterion for isotropic
materials derived from the most general criterion of Tsai-Wu for anisotropic materials.
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4.4.2 Remarks on the stress-based criteria expressed in terms
of strains

In the case of stress-based criteria expressed in terms of strains the tensors H and h
represents the tensors G and g, respectively, Sec. 2.3.

It is possible, also in this case, to inject into eqs. (4.6) and (4.8) the relations giving,
for each one of the three strength criteria expressed in terms of strains, the Cartesian
components of G and g, as functions of the strength and stiffness properties, see Tabs. 2.4
and 2.5. It is evident that, being such criteria the expression of the previous ones in terms
of strains, the results and remarks are the same.

Thus, we will report only some numerical examples (Tab. 4.7) in order to compare
the orthotropy orientations of the fourth order tensors involved in such formulation (F,
Q and the combination of these two tensors: G). In particular, we will consider only the
polar parameters of the Tsai-Hill criterion.

The mechanical properties of three materials are reported in Tab. 4.6. The reference
system {0;z,y, z} has, here, the x axis aligned with the direction of maximum stiffness
and strength, hence, for an unidirectional ply the = axis is placed along the fibres direction
(so, such a tensor is defined in a frame rotated of /2 with respect to that used for F).

We recall, see Sec. 2.5, that the Cartesian components of G are dimensionless. Of
course, this is true for the polar components of G as well. The main result observed in
Tab. 4.7 is that while the orthotropy directions of tensors F and Q are always shifted of
7/2, the orthotropy orientation of tensor G can be aligned either with F or Q, depending
on the considered material.

Carbon/Epoxy | IM6/Epoxy Generic
T300/5208 Carbon/Epoxy | E-Glass/Epoxy

E,[MPa] 181000 203000 39000
E5[MPa 10300 11200 8600
G7,[MPa] 7170 8400 3800
V19 0.28 0.32 0.28
X[MPa] 1500 1540 620
Y[MPa| 246 56 39
S[MPa] 68 08 89

Table 4.6: Mechanical properties of a selected set of orthotropic materials

4.4.3 Remarks on the strain-based criterion

In the case of strain-based criteria the tensors H and h represents the tensors P and p,
respectively, see Sec. 2.4. If we substitute in egs. (4.6) the relations giving the Cartesian

components of P and p, functions of the yield strain properties (X.,, X.., etc.) reported



o8

4. Invariant formulation of phenomenological failure criteria

‘ Weakness tensor F

| Ib [MPa]™2 I [MPa]=2 Ao [MPa]=2 A; [MPa]™2 (2 L

| x107° x1075 x1075 x107°
Carbon/Epoxy 11.03 2.06 10.59 2.01 90 Even
T300/5208
IM6/Epoxy 5.29 3.98 2.69 3.98 90 Even
Carbon/Epoxy
Generic 9.86 8.21 6.70 8.18 90 Even
E-Glass/Epoxy

‘ Stiffness tensor Q

‘ T() [MPa] T1 [MP&] R() [MPa] Rl [MPa] @1 K

| %103 x10? x10? x10?
Carbon/Epoxy 26.88 24.74 19.71 21.43 0 Even
T300/5208
IM6/Epoxy 30.22 27.82 21.82 24.11 0 Even
Carbon/Epoxy
Generic 7.34 6.66 3.54 3.86 0 Even
E-Glass/Epoxy

‘ Strength tensor G

| T Iy Ao A oL

| x10® x10° x10? x10°
Carbon/Epoxy 7.52 2.12 3.59 1.60 0 Even
T300/5208
IM6/Epoxy 8.21 10.92 0.86 2.37 90 Even
Carbon/Epoxy
Generic 4.70 10.73 2.87 5.31 90 Even
E-Glass/Epoxy

Table 4.7: Polar Components for the tensors F, Q and G calculated in the material frame

with x axis oriented along the direction of maximum strength, Tsai-Hill’s criterion.

in Tabs. 2.6 and 2.7, we obtain:

in the material frame with x axis aligned with the direction of maximum strength and

stiffness. The term P, is given in eq. (2.37) as Pjs.

( 81, — XlX + Yly + — — 2Py,
81 XlX 4 YIY 42
8(—1)"4g XlX + Yly — — — 2Py,
1 1
S R O SR 7

(4.41)



4.4. PHYSICAL INTERPRETATIONS 99

The anisotropic terms of P, Ay and /A; are positive. This corresponds to the following
conditions, the counterparts of eqs. (4.22):

1 1 4
9P, > — if L=0,
XstXac + }/;Y;c W 562 1
1 1 4 with }/Et}/;c Z XEtXEC . (442)
2P, < — if L=1,
XEthc + }/ftyac W= S{:‘Q 1

Therefore, the two types of orthotropy (L = 0 or 1) are directly linked to the first two
inequalities.

Thanks to the polar formalism, similarly to the case of the Tsai-Wu criterion, we can
see that the term P,,,, can be simplified with respect to eq. (2.35) in two cases:

1 1 1 4
AOZOI Pxxyy:_< + )7

2 XE XS }/Et}/s B ?
L ©F (4.43)
Isotropy, i.e. Ag=A1 =0: Py = v &

The first one, Ay = 0, represents a material with the so-called Ryp-orthotropy (Ay = 0) for
which the characterisation of the orthotropic strength tensor P is given by four, and not
five, polar invariants: I, I} and A;. As shown in eq. (4.43), the term Pjy of the Zhang-
Evans tensor P depends only upon the properties of normal and shear yield strains, and
not on other material properties like in (2.35). The second case of eq. (4.43) concerns the
isotropic case. Of course, in this case the further reduction of independent components,
a fortiori leads to a simplest formulation of Pjs.

Similarly, the polar components of p, for an orthotropic material, in terms of limit
strain properties can be obtained from eqs. (4.8), and are

XSC - X&‘t Y{:‘c - }/Et
+

= XX Y.Y.
2/1 ch _ th }/;C _ }/Et (444)
X, X, Y.Y.

Below, some special cases already considered in Sec. 4.3 are discussed. The way the
Cartesian formulation is obtained is completely equivalent to that used for the stress-based
criteria in Sec. 4.4.1.

Case 1: V =0.

Eq. (4.11) shows that only the spherical part of the criterion is present in this case coupling
the spherical part of tensor € with an isotropic component of P. A spherical strain field
(V =0) leads to failure when:

2P,
XX, Tty

Xs _Xst Yv& _szt
FZEZEQ( )+€( . + . )21 (445)

Xe, Xe, Y. Y.

This expression is very similar to that of the Tsai-Wu criterion in Tab. 4.5 for the case
of spherical stress state. This time the quantities involved are the strains and the yield
strain properties of the material.
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Case 2: U =0.

When U is null, the strain field is completely deviatoric with e,, = —,, = V cos 21" and
Ezy = V' sin27. If we choose a frame in which 2, = 0, the criterion in terms of Cartesian
components is:

1 1 1
FZE: 59259[: (XEXE _2P12+}/;Y;)+45§y(§+P12>+

+ Xéc - th YEC - 3/61 < 1
s XEtXEC }/Etygc -

(4.46)

Case 3: Isotropic material.
Again in terms of strength properties, conditions Ay = A; = 0 and A = 0 become now

Xe, Xe, =YY, = S2/(S2P1a +2),

X, - X. =Y. - Y.. (4.47)
In this way, eq. (4.19) becomes
1 1 8e2 1 2
Fzp = (XX +§) (€§x+€zy)+s—2y—2€m5yy<ﬁ+§)+
Et“*Ec € 3 Et“ Ec 3 (448)

X., — X,
+ m (ﬁmm +€yy) S 1,

that represents the first formulation, to our knowledge, of failure criterion for isotropic
materials, with different strength in tension and compression, derived from the most
general criterion of Zhang-Evans for anisotropic materials.

4.5 Concluding remarks

In this Chapter, four different polynomial failure criteria have been formulated within
the framework of the polar formalism. The physical meaning of each one of the polar
strength parameters has been examined. In particular, the polar angle {2; represents the
main strength orthotropy orientation and the value of the polar invariant L denotes two
different types of ordinary strength orthotropy.

In Sec. 4.4.1, a new result has been obtained; the component Fj,,, of the Tsai-Wu
fourth order tensor can get an exact value for two kinds of material: Ry-orthotropic
materials and isotropic materials. In these two cases, the term F,,, depends on the
normal and shear strength properties but not on the applied stresses, so it becomes a
peculiar property of the material. Similarly, the component P, of the Zhang-Evans
fourth order tensor can take a simpler expression for Ry-orthotropic materials and isotropic
materials. In these two cases the term P,,,, depends only upon the limit strain properties
of the material and not also on the elastic moduli.

Moreover, in the case of a spherical stress/strain field with v,, = v,,, the failure
indexes are every time equal to

F. =8UI +2UT. (4.49)

This means that the failure is independent from the type of material symmetry and
regards only the isotropic part of the weakness/strength tensors. A practical example of
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this phenomenon can be that of the inflated membranes. In all the other cases the failure
is influenced by anisotropy and hence by orientation.

The polar expression of the four criteria has been determined also for isotropic ma-
terials with different strength in tension and compression. In particular, the Hoffman
criterion gives, for an isotropic material, the condition of the recently formulated Chris-
tensen criterion, so it can be considered as an extension of this last one, whereas the
Tsai-Wu and Zhang-Evans criteria give two new formulations for the prediction of failure
in isotropic materials that, to the best of our knowledge, are not present in the literature.
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5

Optimal material orientation
through minimisation of failure
indexes

5.1 Introduction

In Chapter 4 we have expressed the unified formulation of the failure criteria of Tsai-Hill,
Hoffman, Tsai-Wu and Zhang-Evans through invariants. In this Chapter we will use such
invariant formulation as a functional in order to maximise the strength of an orthotropic
ply, taking as design variable the orthotropy direction, £2;. The objective function is the
failure index of one among the polynomial failure criteria considered in Chapter 2. We
will separate the failure indexes into two main groups:

e the quadratic failure indexes: we put in this group all the failure criteria charac-
terised only by quadratic terms, namely the Tsai-Hill criterion expressed in terms
of stresses or strains;

e the quadratic plus linear failure indexes: in this class, we group all the failure criteria
characterised by quadratic and linear terms, like the Tsai-Wu criterion expressed in
terms of stresses or strains.

The aim is to find the orientation of the orthotropy axes of the material minimising
the objective function, written using the polar formalism, which presents the following
advantages:

1. the use of material intrinsic, i.e. frame independent, quantities;
2. the possibility of stating, by these quantities, the material symmetries;

3. the fact that the material orientation, denoted by (2, appears explicitly among the
variables;

5.2 Minimising the quadratic failure indexes

In Sec. 4.4.1 we have yet expressed the failure index (in terms of stresses or strains) for
an orthotropic material with a given principal orthotropic direction (2;. Now, the angle

63
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{21 becomes the design variable. The failure index for an orthotropic material when using
a quadratic failure criterion is

Fouaa = 4V? [Ty + (=1)"Ag cos 4 (21 = 1)| +8UT + 16UV Ay cos2 (2 = 1),  (5.1)

where the relation between the polar parameters U,V and the principal stress/strain
components vy, vy is given in eq. (4.36). The polar angle 7" represents the direction of
the higher principal stress/strain component. Eq. (5.1) is the objective function to be
minimised. Therefore the minimisation problem can be defined as follow:

H:(l}n FQuad (Fo,rl,Ao,Al,L,Ql,U, V,T) (52)

Problem (5.2) is completely analogous to the minimisation problem of the strain energy
density with “fixed strain state”, see [88], with only one design variable: the angle (2;.
The next step concerns the analytical search of the stationary points of Fyeq, i.e. of the
directions of the maximum weakness/strength. Putting the first derivative to zero gives:

a—FQuad
oL

=-32Vsin2 (2 = 1) [(-1)"AgV cos2 (2, = T) + ,,U] = 0. (5.3)

Eq. (5.3) is satisfied by anyone of the following conditions:

([ V =0: spherical stress/strain field,
Ao = Ay = 0 : isotropic material,
. T
sin2(f,-7)=0 = Ql—T:{O,a}, (5.4)
MU U A
20 -71)= ——+—— h — < —.
\ cos2 ({24 ) NG wit T

The first two cases are trivial and exclude any possible optimisation of the strength by
varying the orthotropy direction, but the last two give three different stationary points
to be compared:

2, =7, denoted as solution =z,
2y =7 +7/2, denoted as solution xy,

LU
AV

1
=7+ 5 arccos [—(—1)L } , denoted as solution z. .

U
The third solution, x., exist only for |—V’ < A—O. The orthotropy direction {2; minimising
1
FQuaa 1s directly linked to the direction 7" of the higher principal stress/strain v;.
We can, now, evaluate the sign of the second order derivative to check the local

conditions of minimum or maximum of Fiy,.q at the stationary points given in eq. (5.5):

2
F UQ
. 852 ¢ — 64V [(=1)" AoV cos4(9y = 1) + MU cos2($, = 1)) . (5.6)
1

In addition, the following condition on the stress/strain tensor v will be taken into ac-
count:
U<0 & |ul <o,

U0 & |l > ol (57)

if vy > wvyy, then {
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with U = (U[ + ’U[[)/Z.
The type of ordinary orthotropy affects the solution of this problem. We consider
separately the two cases of L =0 and L = 1.

é})qL (5:6(; in the stationary local points of eq. (5.5) becomes
aifg%”d = —64V [AV + A U] >0 if % < —ﬁ—i’,
8253;;” = —64V [AV — A U] >0 if % ﬁ—i’ (5.8)
azaFg%“’d ) — 64V [—A%UQAEV/%V? >0 if —ﬁ—? < % < jll—(l)

Each term of eq. (5.8) is a positive quantity excepting for U. Moreover, the sign of
the second derivative depends on the ratio of the stress components U/V with respect
to Ag/A;. All the conditions of egs. (5.8) that concern U/V belong to different and
independent ranges of values of U/V. Moreover, the third solution of (5.8) respect the
bounds on the last condition of eq. (5.4), so, the stationary points of (5.5) are solutions
for the maximum of strength.

é)(lL(;Gl) in the stationary local points of eq. (5.5) becomes
82§ 31;‘” - —64V [~ AV + AU >0 if % < j—?
8253%‘“‘1 = 64V [AgV + A, U] > 0 if % > —ﬁ—?, (5.9)
azgggad = {_A%UZ;A%VQ] >0 if % > j—?% < —j—?.

In this case, the last equation is never satisfied because the value of U/V violates the
boundaries on solution z. imposed in the last equation of (5.4). Hence, only the first two
stationary points can be a minimum. We can compare, in this case, the value of F(,4q in

this two points:
Fouad,, — Fde\xb = 32UV A;. (5.10)

The minimum of F,.q depends strictly from the sign of U. For U > 0 the solution is
given by x3, while for U < 0 the solution is given by z,.

In Fig. 5.1, we show a summary of the solutions found above; in this figure, u is the
direction angle of the principal stress having the least absolute value, i.e.

= dir (min {Jv, |, [orr]}) (5.11)

and

! LAlU] : (5.12)

€= 5 arccos [—(—1) v
As 7 is the direction of the principal stress/strain vy, taking into account eq. (5.7), it is
p =7 for U <0, while u =7 + 7/2 for U > 0. The use of the angle u is useful in
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strength problems, because it represents the direction of the least stress/strain for the

U
material. This figure shows that for u > A_O the optimal solution 27" " is equal for the
1
u A
two types of orthotropy (L = 0 and L = 1), while for |_V| < /1_0 the solution £29” for L = 0
1

becomes anti-optimal for I = 1. Therefore, the type of orthotropy plays a decisive role
in the optimisation of strength. This kind of influence of the type of orthotropy upon an
optimal solution has been already found in other problems concerning the elastic response
of anisotropic structures, see [80].

Case L=0
X¢ Q=pxé | Q=uxé—n/2
Xp Qy=p
Xa Q=
Ao/ A, 0 Ao/ Ay unv
Case L=1
Xe
Xp Q,=u Qy=u
Xa Qy=p Qy=p
— Ao/ A, 0 Ao/ A4 u/nNv

Figure 5.1: Optimal orthotropy orientation minimising the failure index of quadratic
criteria.

A last remark: the above results clearly show, by an invariant relation, the link between
the anisotropy strength properties of the material and the stress/strain field for obtaining
the optimal orientation of the material. A similar result, will be obtained in the next
section, where the Quadratic plus Linear (QL) criteria are considered.

5.3 Minimising the quadratic plus linear failure in-
dexes

Proceeding in a similar way, the quadratic plus linear failure index Fy;, for an orthotropic
material is

For = 4V2[Ih+ (1) Agcos4 (2 = T1)] + 8U2I} + 16UV Ay cos2 (2 — 1) +
+2UTI" +2V Acos2 (2, = 7).
(5.13)
The minimisation problem is equivalent to (5.2). In addition, as mentioned in Sec. 4.3, the
orthotropic orientations {2; and {2 of the tensors H and h are assumed to be the same.
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The minimum of the objective function Fy; with respect to the principal orthotropic
direction {2, can be calculated using the same procedure used in the previous Section.
First, we impose the first derivative to be null:

dFqr,
a0,

= —4Vsin2(2 = 7) [8(~1) AV cos2 (21 = 1) + 84U + A] =0;  (5.14)

this equation is satisfied when

( V =0: spherical stress/strain field,
Ao =A; = A =0: isotropic material,
sin2 (2 —71) =0 = Ql—T:{o,f}, (5.15)
MU+ A) . (8AgV + A) 8NV — A
2 -1)=—————2 h - —— < U< ——
| cos20n 1) = =gy Vi si,  =UV=T3q

We can notice that, due to the introduction of linear terms in the expression of these
criteria, isotropy, for strength, is characterised by three parameters, not by two, like in
elasticity and in the quadratic criteria (and, also, there are three invariant conditions of
isotropic strength for these criteria). This time, differently from the simple quadratic
case, the range of existence of U for the third stationary point depends on the anisotropic
polar parameters of H and h and also on the deviatoric component of the stress/strain
tensor v that cannot be separated from the weakness/strength polar parameters.
A comparison must be done between the values of Fyy;, for

2y =7, denoted as solution =z,
2y =7 +7/2, denoted as solution xy,

84U + A)

, : (5.16)
=T+ 5 Arccos —(=1)F SV ,

denoted as solution z..
We can analyse the second order derivatives to verify the conditions of minimum or

maximum of Fyy, with respect to the stationary points given by eq. (5.16):

92 Fyp
2022

= —8V [8(—1)"AgV cos4(21 = 1) + (84U + A) cos 2(£2, — 1)) . (5.17)

Again, two cases have to be considered separately.

Ilf)vfe?n?pose L =0, eq. (5.17), evaluated in the stationary points of eq. (5.16), becomes
8;§C§L = —8V [8AgV +8M U+ A >0 if U< —W,
a;g? = 8V [84gV —8A U — A >0 if U> %
a;g? =SV sl - —(8A;ZO;A)2 >0 if ——<8A°8‘j1f D _v< —8A°8‘j11_ A

(5.18)
If we consider that each term in eq. (5.18) is a polar invariant, they all are positive
quantities except for U, so, an evaluation of the sign of U is necessary to determine the
sign of the second derivative. There is also a second condition that concerns the value of
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U with respect to (84,V £ A)/8A;. Finally, with an analysis on the sign and on the value
of U we can determine the global minimum of the Fg; and the optimal orientation (2;
to maximise the strength behaviour of the continuum. All the conditions of eqgs. (5.18)
belong to different and independent ranges of values of U. Moreover, the third solution
of (5.18) respects the bounds on the last condition of eq. (5.15), so, the stationary points
of (5.16) are solutions for the maximum of strength.

é)qL(;ll'Y) in the stationary local points of eq. (5.16) becomes
3;?2? = —8V [-8AgV +8MU + A >0 if U< %
a;ngL ) — 8V [8AgV + 84U + A] > 0 it U > —%,
8;%? - 8V —(8/1;%0;/1)2 —8AV| >0 if U< ——(8A°8‘j11+ 4 U > —8/108‘;1_ 4

(5.19)
Egs. (5.19) give us the ranges of values for which the second derivative is positive in
the stationary points. The third condition violates the bound on the last condition of
eqs. (5.15), while the first two can be satisfied independently. The difference between the
values of Fiy, in the first two stationary points is

Foul,, — Forl,, = 32UV A + 4V A, (5.20)

Hence, the solution depends on the value of U with respect to the ratio —A/8A4;.
Fig. 5.2 summarises the results obtained beforehand, for the cases of the quadratic
plus linear failure indexes; the direction angle 1) is

1 L8, U+

¢:§arccos —(—1) A (5.21)

For the sake of clarity, we have used two separate figures, when L = 0, depending

A
upon the value of V' with respect to A/84¢. In this case, the range 3L < U <0 of
1

L = 0 gives a value of 2" that is anti-optimal for the same range when L = 1, hence
the difference between the two types of orthotropy (L = 0 and L = 1) must be taken into
account because the solution is strictly dependent from this parameter.

5.4 Comparison between optimal material orienta-
tions

Figs. 5.1 and 5.2 resume the solutions maximising the strength of orthotropic materials
with respect to the direction of maximum weakness/strength (2;. We have shown the
possibility of having two different groups of solutions, depending upon the type of ordinary
orthotropy L.

The polar formulation of the quadratic failure criteria, very close to that of the strain
energy density, leads the strength optimisation to the same type of solutions obtained for
the stiffness optimisation [88]. Namely, for L = 0 one optimal orientation of {2; depends
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Case L=0,

x, L= Jo=psy | Q=psy

Xp Q=p+m'2 O=u

Xa Q=u
~(8AV+A)/8A; —A8A,  (8AV-A)/84, 0 U
Case L=0,

X¢ V2ABA, | O=uxp | Qu=pty | Q=prp-n2

Xb Qy=u

Xa Qy=p
—(8AV+A)/8A, — A/8A, 0 (84,V-1)/84, U
Case

X L=1, V: any

Xp Qy=pu+m2 Q=u

Xa Qy=u

- A/84, 0 U

Figure 5.2: Optimal orthotropy orientation minimising the failure index of quadratic plus
linear criteria.

only upon 7, while the other one depends also upon the stress/strain tensor (U,V') and
on the anisotropic part of the weakness/strength tensor H, (Ag,A;). In this sense, the
solution is qualitatively similar to that of maximal compliance/stiffness but the actual
values of the orthotropy direction minimising compliance and strength may be different,
in general. On the other hand, for L = 1 the solutions give an orientation of 2; aligned
with the principal stress/strain component that has the minimum absolute value. Hence,
in this case the optimal orientation of an orthotropic material to maximise the strength
is always aligned with the one maximising the stiffness.

Some considerations are also important for the minimisation of the quadratic plus
linear failure indexes. The solution to this problem may be different from that obtained
using the quadratic criteria: this is due to the presence of the linear terms. For L = 1,
a different range of values of U with respect to the ratio 8% is obtained to separate the

1
optimal solutions. The first and last ones give an optimal orientation aligned with the

principal stress/strain component having the minimum absolute value that corresponds
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to the optimal orientation obtained using the quadratic criteria, while the second range of
U gives a 2{" " aligned with the principal stress/strain component having the maximum
absolute value. In a similar way, new types of solutions appear for L = 0: they are
function of the principal stress/strain component having the maximum absolute value.
Hence the correspondence of the directions maximising strength and stiffness, observed
in the case of the quadratic criteria, is present, in the case of the quadratic plus linear
criteria, only in the first and last cases of L = 0 and L = 1 and in some intermediary
cases of L = 0.

In conclusion, we can assert that the optimal orthotropy orientation to maximises
the strength, depending on the type of orthotropy L and on the values U and V of
the stress/strain tensor v with respect to the anisotropic part of the weakness/strength
tensors H and h, can be equal or different to the one that maximise the stiffness and
can also be the same or different for the considered criteria. A last remark: as it is
apparent from Figs. 5.1 and 5.2, in some cases the uniqueness of the optimal solution
is lost; this occurrence depends always upon a particular combination of the values of
the polar invariants of the stress/strain state and of the tensors describing the strength
criterion.

5.5 Concluding remarks

Strength optimisation for an orthotropic ply has been considered in this Chapter. The
polar formulation of the failure indexes has been taken as objective function, while the
ordinary orthotropy direction has been considered as the optimisation variable. We have
shown the possibility of having two different groups of solutions, depending upon the
type of orthotropy. For the two groups, we derived analytically the different solution with
respect to the polar components of the failure criteria. Results show that the type of
orthotropy plays a decisive role in the optimisation of strength and that, depending on
the values of the stresses/strains and of the polar parameters of the failure criteria, the
optimal orientation of the material that maximises strength can be equal to or different
from the one that maximises stiffness and can also be the same or not for the different
criteria. This means that it is possible to obtain in some cases an orthotropic plate
that is simultaneously optimised with respect to two important engineering requirements,
stiffness and strength.

The way we deal with the problem of finding the optimal material orientation to
maximise strength is very similar to the analytical approach presented in [40] by Majak
and Hannus. They presented an analytical expression of the optimal material orientation,
in the bi-dimensional space, for any orthotropic material considering the Tsai-Hill and
Tsai-Wu criteria. The solution depended upon some terms that do not have, at least
apparently, an explicit mechanical meaning. On the other hand, in our work, thanks
also to the polar formalism, we give a new and more general approach to this problem.
The results found in this Chapter, are essentially two. First of all we present a very
general analytical solution whose formulation is valid for more different criteria that can
be expressed, indifferently, in terms of stresses or strains. Secondly, the parameters L, A
and A; on which the solution depends have a clear physical meaning and, so, they directly
give a mechanical appraisal of the optimal orientation.
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Introducing an optimisation strategy
for the simultaneous maximisation of
stiffness and strength

6.1 Introduction

As previously discussed in Chapter 3, unlike the design procedures for metallic structures,
the optimal design of a laminated structure needs a further phase to take into account
for the material design. The design of anisotropic laminated structures depends upon a
large number of design variables: the material properties, the orientation angle and the
thickness of each ply, along with the number of constitutive layers. Thus, accounting for
all these design variables make the design process of composite materials and structures a
very complex task. For this reason, several authors use a sort of model reduction, splitting
the optimum problem into two subsequent and coupled problems. Concerning the stiffness
and strength optimisation of a structure, almost all the works, in the literature, focus on
the maximisation of only one of these two properties. When the second one is considered,
it is usually included into the optimisation process as a constraint.

In this Chapter we introduce a problem for the simultaneous maximisation of both
stiffness and strength of a laminated structure. The aim is to include the strength optimi-
sation into an existing strategy developed to maximise uniquely the stiffness of composite
structures: the two-step hierarchical optimisation strategy for laminated plates using the
polar formulation [31].

6.2 The optimisation problem of stiffness and strength
and the hierarchical resolution strategy

6.2.1 Statement of the optimisation problem

The goal of the present study is to propose a novel strategy to include the optimisa-
tion of stiffness and strength in the same design process of a laminated structure. This
is a relevant problem in structural design: both stiffness and strength are fundamental
requirements for a structure. Nevertheless, rarely they are taken into account simulta-
neously as leading objectives in an optimum design. More often, stiffness is considered
as the leading objective and strength is taken into account as a constraint to the design.

73
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In other cases, a vectorial optimum problem, i.e. with the two objectives, is formulated.
Unlike these cases, the problem that we consider is the following one:

To determine the best distribution of the anisotropy for a laminated
structure that has to be simultaneously the stiffest and the strongest one.

Some details must, of course, be given to render the above problem well posed; hence,
let us list the assumptions and basic points of our research, so as to precise the exact
context of our study:

1. we consider a laminated structure, whose geometry, boundary conditions and applied
loads are knowns and fized;

2. the stacking sequence is composed by identical plies, i.e. by plies all composed of
the same material and having the same thickness;

3. the material composing the basic plies is chosen a priori once and for all; hence, it
does not take part into the optimisation process;

4. each ply is constituted by an orthotropic material, whose behaviour is sensibly lin-
early elastic up to its ultimate load,

5. the total thickness h of the laminate is fixed and is the same everywhere; as a
consequence, by assumption 2, the number of layers is fixed and known a priori as
well: it cannot be modified during the optimisation process;

6. the structure is subject to only in-plane loads;

7. the laminate has to be orthotropic everywhere;

8. the laminate has to be extension-bending uncoupled everywhere;

9. the design variables describing stiffness are independent from those describing strength;

10. the only common parameter of stiffness and strength is the direction: we assume
that the laminate is orthotropic not only for the stiffness, but also for the strength,
and that the direction of the orthotropy azes is exactly the same (or turned of w/2)
for both the cases;

11. the strength properties of the laminate can be condensed in the components of an
elasticity-like fourth order plane tensor;

12. the relevant mechanical parameters for the optimisation of the laminated structure
stiffness and strength are the polar invariants of the tensors describing the different
mechanical properties;

13. we take the CLPT as kinematic model for the laminate;

14. the limit state is modelled by the Tsai-Hill failure criterion.

Some commentaries about the above assumptions are needed; they are given in the
following section.
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6.2.2 Discussion of the assumptions

First of all, we do not act upon the geometry, nor upon the boundary conditions to enhance
the mechanical performances of the structure, but upon the distribution of anisotropy.
In some sense, with a slight abuse of language taken from classical topology structural
optimisation, where the optimal geometry is looked for in the case of a known material
composing the system, we could class such a type of problem as an anisotropy topology
optimisation problem.

So, we act on the distribution of anisotropy to enhance the mechanical performances
of the structure. Nevertheless, such anisotropy is not completely free: it is actually the
anisotropic behaviour of a laminate composed by a fixed number of plies of a chosen
material. As such, it cannot take all the possible values for its elastic and strength
moduli. In fact, a laminate is a sort of restricted class of elastic materials, [81], and this
point gives, as a consequence, some constraints to the optimum problem, see Sec. 1.6.1
and Chapter 7.

However, what is completely free is the orientation of the anisotropy. One has hence
a certain interest in using a mathematical representation of anisotropy that allows, on
one side, to let appear directly the orientation of the mechanical anisotropic behaviour,
and on the other side to let disappear from the problem, and in particular from the set of
unknowns, the elastic and strength moduli that cannot be modified by the optimisation
process. In fact, the use of identical layers has an immediate consequence: the elastic or
strength behaviour of the laminate cannot be completely designed by the optimisation
process, but only a part of it, namely its anisotropic part, while its isotropic part remains
unaffected and equal to that of the basic ply, [83], recall also what said in Sec. 1.6. The po-
lar method, allowing all of these points, seems to be the best mathematical representation
of anisotropy for such a kind of problems; that is why we have used it.

Concerning assumptions 2 and 3, they are rather usually done in such a kind of prob-
lems, while assumption 4 corresponds to the most part of composite materials normally
employed in structural applications, such as pre-pregs layers in carbon-epoxy or glass-
epoxy.

Assumption 5 is introduced for two reasons: first of all, we do not focus here on the
optimisation of the structural weight, but of the anisotropy field; then, this assumption is
necessary to render the structural optimisation problem well posed, both for strength and
for stiffness. In fact, without this assumption, that actually constitutes the well known
iso-perimetric constraint of a classical, e.g., stiffness maximisation problem, the problem
itself would be meaningless; the stiffest and strongest structure would be simply the one
having an infinite thickness.

Assumption 6 is only slightly limiting our study, but in this phase it is still necessary.
Taking into account for both the extension and bending behaviour in the optimisation of
a laminated structure is still an open problem: the size of the problem increases, in the
sense that the design space has a greater dimension, but its topology is still unknown,
because the relations between the design variables concerning extension and bending are
still not known, in general. So, we have preferred to concentrate our study on a general
procedure for the simultaneous maximisation of stiffness and strength and to apply it to
the more important case, for applications, of in-plane loads, that is what mainly happens
to slender, stiffened structures, as those normally constituted by laminates. We precise
also that the translation of the present work to unstretched bended laminated structures
is almost straightforward.

Assumptions 7 and 8 are classical assumptions in laminate design; anyway, we precise
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since now that, unlike what normally done in the largest part of works in the matter, we
do not make use of short-cuts usually employed by designers to obtain orthotropy and/or
uncoupling (typically, for the case of in-plane orthotropy the use of balanced symmetric
stacks). In fact, we state the problem as completely free: orthotropy and uncoupling take
part to the optimisation problem, i.e. they compose the objective function, namely for
the second step problem, see Chapter 8. In this way, the search for the optimal stack is
completely free and general, it happens in the largest dimensional space allowed by the
problem, i.e. in the space of orientations, whose dimension is n — 1, n being the number
of plies, not restricted by some a priori assumptions (for instance, the use of symmetric
stacks divides by two the dimension of the search space). This is rather important in our
approach: because of the subsequent assumption 9, it is worth to search for the optimal
stack, matching the requirements on stiffness and strength, over the largest possible search
domain. Actually, restricting this last, by the use of a priori assumptions, can simply lead
to no solutions.

Assumption 9 is rather important; mathematically, this allows to completely split
stiffness from strength, except for the direction of orthotropy, see assumption 10, and
hence to precisely define the dimensionality of the optimum problem.

About assumption 10, it is based upon a physical reasonable rationale: for a simple
ply, the geometrical disposition of the matter or of the phases, i.e. of the reinforcing fibers,
naturally induces orthotropy for both the stiffness and strength properties, and with the
same axes. So inspired, we enforce such a circumstance also for the whole laminate.

Assumption 11 is also a rationale suggested by what has been discussed in Chapters 2
and 4: because the phenomenological criteria considered in this thesis and valid for or-
thotropic plies are actually based upon such an assumption, we enforce it also for the same
criteria when used for the strength of the laminate considered as a whole, a homogenised
plate (see Sec. 6.4).

Concerning assumption 12, it is in fact a choice: the description of all the anisotropic
tensors is done by their polar invariants, plus the anisotropy direction (which is also a
polar parameter, but not of course an invariant). The reason for that has been already
discussed above and the multiple advantages of this choice will be more evident in the
following of this thesis, Chapters 7 and 8.

For what concerns assumption 13, it is motivated by two facts: we are mainly interested
in the anisotropy and in the overall behaviour of slender structures, well caught by the
CLPT, and, thanks to assumptions 6 and 8, only the in-plane behaviour is considered
herein. Of course, we left apart here some phenomena, like delamination under in-plane
loads, that can occur and cause the loss of the structure: they should be considered in
a subsequent study. The choice of another kinematic model for the laminate is however
still possible, it does not alter fundamentally the procedure described in this thesis (for
instance, the definition of the anisotropy tensors A*, B* and D* does not change).

Finally, about the last assumption 14, we have chosen to develop the procedure only
for the Tsai-Hill criterion for the sake of brevity, the goal being to assess the effectiveness
of a new computational strategy for the strength optimisation of laminated structures, not
to validate a given strength criterion. Anyway, the procedure sketched in the following
of this manuscript can be modified, with a slight effort, to be adapted to another of the
failure criteria considered in the previous chapters.
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6.2.3 Interpreting the optimisation problem

As a consequence of the above assumptions, it is clear now that our goal is to determine
the optimal value that the orthotropy directions plus the anisotropy polar parameters of
stiffness and strength for the laminate should get, at each point in the structure domain,
in order to optimise simultaneously its stiffness and strength. To be more precise about
the objective, we try to give an answer to the following question: is it possible to consider
stiffness and strength at the same time, not as competitive objects, but, in a sense that will
be clearer in the next chapter, as collaborative objectives? In practice, in our approach
one of the two objectives will be still considered as the leading objective, but the other
one will also enter the design process, and not as a constraint nor as a competitor to the
leading objective. Actually, two cases will be considered: one, with the stiffness and the
other one with the strength as fundamental objective, see Chapter 7, where the core of
the problem is described in detail.

Of course, such an approach gives necessarily rise to a new interpretation of the prob-
lem at hand; actually, different levels of analysis are to be introduced, and it is worth to
give since now a quick appraisal of such aspects, that will be developed in the following
of this thesis.

First of all, some mathematical considerations; the optimisation of stiffness is without
any doubt the most studied problem in structural optimisation. The reason for that is
not only a mechanical one (stiffness is of course a fundamental property for a structure),
but also, and perhaps more important, a mathematical one. In fact, almost all of the
works on stiffness optimisation take as objective function, i.e. as measure of the stiffness,
the compliance, which is the overall mechanical work made by the applied forces through
the actual displacements of the structure and as such, always positive. Compliance is
linked, as well known, to the elastic energy stored by the structure itself. The reason for
taking compliance as a relevant measure for the stiffness of a structure can be subjected to
discussion (some counterexamples can be given), but actually it is almost exclusively due
to the fact that compliance is a good mathematical quantity: it is a global functional, by its
same nature, so its use introduce to a variational problem having a classical, well-known,
structure: the minimisation of a positive global functional.

Unlike the case of stiffness, strength optimisation problems are not so easy to be
formulated. First of all, and of an uttermost importance, strength is always a local
property, so any formulation of a strength maximisation problem gives rise to a variational
problem with a local functional, hence to an intrinsically more complicate mathematical
problem. In our approach, aiming to take into account at the same time for stiffness and
strength, we need hence to formulate a mathematical problem where a local and a global
functional are optimised at the same time. Such a situation has a direct consequence,
of course, on the algorithm to be cast for the solution search: Chapter 7 is essentially
devoted to this topic.

Then, some mechanical considerations: what does it mean, from a mechanical point
of view, to optimise the strength along with stiffness or vice-versa? Well, let us consider
the case of a structure designed to maximise its stiffness. Then, a local optimisation of its
strength means to look for the structure that, still conserving its best stiffness, maximises,
point wise, its strength. Hence, it means to look for, among all the possible structures
realising the same optimal stiffness, the strongest one. This is an engineering relevant
problem: how to better strengthen a structure designed with respect to stiffness? Dually,
when a stiffness optimisation is performed on an anisotropy field giving the strongest
structure, one obtains the stiffest solution for a fixed optimum strength. For the engineer,
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this means to improve at its best the stiffness of a structure designed to withstand some
applied loads.

It is worth noting that the above interpretation, and more properly such a kind of
dual problems, is possible and meaningful just for the case at hand. In fact, just because
the design variables concerning stiffness are assumed to be, for the laminate, completely
independent from those resuming strength, assumption 9, it is possible, for an optimal
distribution of stiffness, to look also for a local optimal strength. And the possibility of
looking for a solution to such a problem is rendered possible (though its existence cannot
be demonstrated a priori) by the great redundancy of stacks corresponding to a set of
optimal design variables. This consideration is valid also for the dual case of an optimal
distribution of strength for which a local maximisation of the stiffness is performed.

6.2.4 The optimisation procedure

We arrive now to a key point of our approach, that will introduce us also to the subsequent
general organisation of the strategy for the search of a solution to the problem formulated
in this section: the redundancy of the stacks. Egs. (1.54) show that, for a given basic
layer, to a set of orientation angles 0, k = 1, ..., n, corresponds a unique set of tensors A*,
B* and D*. In other words, as obvious, the elastic behaviour is uniquely determined by a
stacking sequence of identical plies. The converse, however, is not true: the correspondence
between the elastic behaviour of a laminate and the stacks is not bijective. Different stacks
of the same plies can give rise to the same final elastic behaviour or, more precisely, it is
possible to obtain the same mechanical response with laminates that, though constituted
by the same number of plies of the same material, are different.

This circumstance is well known; less known is the great redundancy of the stacks:
the number of laminates giving rise to the same elastic behaviour is extremely large and
very rapidly increasing with the layers number. In fact, the usual rules employed by
designers to obtain laminates of a certain type (balanced, symmetric, angle-ply, cross-ply
laminates) shrink so much and so quickly the existence domain of solutions for a laminate
that the enormous wealth of solutions of the general case is completely hidden and greatly
reduced, to such a point that it looses its real importance: the fact that it gives to the
designer a great number of possibilities, provided that he is able to include in the design
process those properties that are commonly asked for a laminate (uncoupling, orthotropy
and so on).

As we will show in Chapter 8, following a general approach formulated by Van-
nucci [78], and based upon the polar formalism, it is really possible to design, without
restricting a priori assumptions, laminates with any kind of elastic properties; so, we can
exploit profitably the redundancy of the stacks to look for a laminate having some opti-
mal properties. This redundancy appears hence to be, in our approach, a fundamental
point that, far from being a strange and unusual fact, renders possible the existence of
laminates satisfying the optimal requirements.

We remark again, however, that it is not possible, in the general case, to ensure a priori
the existence of a laminate having some prescribed properties. Montemurro et al., [45]
have given a partial response to such a kind of problem: they looked for the minimal
number of layers giving a laminate with certain fixed properties. The result, that was
found numerically as the solution to a minimum problem, cannot be generalised, and of
course is strongly problem-dependent.

The non bijectivity between the elastic properties and the stacks leads us to another
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crucial point and inspires our strategy for the search of the solutions. In fact, the relevant
mechanical fact of non bijectivity is that the stacking sequence is not needed to describe
the elastic response of the laminate. Some other parameters, whose number does not
depend upon the plies number, are sufficient for that: the components of tensors A*, B*
and D*.

Practically, we look at the laminate as a homogeneous anisotropic plate, i.e. as it was
constituted by a single layer, whose anisotropy has to be designed point wise, and we give
its mechanical properties by the aid of some relevant parameters: the polar parameters
of A* (thanks to assumptions 6 and 8, tensors B* and D* are discarded in this work).
For what concerns strength, a similar procedure can be adopted too, but only once a
homogenisation procedure for the strength properties has been introduced; this is the
topic of Sec. 6.3.

In a subsequent phase, once the optimal polar parameters are known, we pass to
determine a laminate among all the possible stacking sequences giving rise to the optimal
set of polar parameters. Hence, we outline here what will be the optimisation procedure
that we have adopted, in its general lines: a two-step approach, resumed as follows:

e First step (structural optimisation): the laminated structure is modelled as a single-
layer homogeneous structure; the anisotropy field is optimised, leading to the opti-
mal local mechanical properties of the structure, resumed in four fields of anisotropic
polar parameters for stiffness and strength and in a field of orthotropy directions;
hence, at the end of this step, the optimal mechanical response of the structure and
the distribution of its anisotropic properties, for both stiffness and strength, are
completely known;

e Second step (lay up design): a suitable stacking sequence, giving the optimal re-
sponse obtained at the end of the previous step, is looked for at each point of the
structure; the outcome of this step is hence constituted by n orientation fields.

Such a two-step strategy, that is not new but rather ancient, the oldest example seems
in fact to go back to the method of Miki in 1982 [42] is a sort of model reduction from a
meso-scale, the layers, to a macro-scale, the laminate.

During the first step, the structural optimisation is not performed in the geometri-
cal space of the ply orientations, but in a mechanical space, constituted by the polar
anisotropy invariants of stiffness and strength, plus the orthotropy direction shared by
stiffness and strength. While the dimension of the geometrical space is n — 1, the di-
mension of the mechanical space is fixed and always equal to 5: the two anisotropy polar
parameters of stiffness and strength plus the orthotropy direction. In usual applications,
n > 5, so the reduction of the model obtained in the mechanical space, at the macro-scale
level, can be considerable and really simplify the computational effort, that could be, in
a direct approach, too big.

A last remark: the use of a two-step approach has a mathematical consequence, already
introduced in Sec. 6.2.2: the first step, in fact, cannot be considered a completely free
material approach. In fact, the homogenised single layer, object of the optimisation during
the first step, is only a mechanical condensation of a laminate composed by n layers, and
as such it is not, by no means, a completely free structure to be designed. It is subjected
to the restrictions on the mechanical properties dues to the assemblage of n identical
plies, see [81] and Sec. 1.6.1, that renders a laminate a sort of meta-material belonging
to a restricted elastic class. Some bounds, called geometrical bounds, eq. (1.72), are to be
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imposed to the first step problem, in order to finally obtain mechanical parameters that
can be, subsequently, really get by the superposition of n plies (see Chapter 7).

At this point, we can outline the content of the following part of this manuscript: in
this Chapter 6, we formulate the general optimisation problem for stiffness and strength
and give the way that we use to describe the strength of the homogenised, single layer,
fictitious plate of the first step. In order to better introduce such a procedure, we first
recall the essential points of the analogous two-step approach, concerning only stiffness,
already used by Jibawy et al., [31].

Chapter 7 is devoted to the first step, the structural optimisation: the algorithm, for
both the cases of stiffness or strength leading objective, is presented and its convergence
proved. For the case of strength as leading objective, two variants of the algorithm are
given and discussed. Some numerical examples end the chapter.

Finally, Chapter 8 concerns the second step, the lay-up design; the general numerical
technique for obtaining a laminate having the optimal properties issued from the first step
is described and discussed, a step for the layer wise check of strength is also introduced,
and a numerical example given.

6.3 Description of the hierarchical stiffness optimisa-
tion strategy

6.3.1 First step: structural stiffness optimisation

The first step focuses on the definition of the optimal distribution of the laminate stiff-
ness polar parameters [31,32,34]. The solution of the structural optimisation problem is
searched for an orthotropic uncoupled homogenised plate subject to a given pure mem-
brane or bending loading condition.

The objective of maximising the global stiffness of the plate is realised through the min-
imisation of the complementary energy W, that corresponds to the half of the compliance.
For the sake of brevity we will consider only the pure membrane case. The distributed
design variables are the orthotropy orientation and the anisotropic polar moduli of tensor

A*: B
by, By with m=1,2; (6.1)
they depend upon the coordinates (x,y) and in particular we put
_ (_1\Kp
/81 - (_ 1) R07 (62)
BQ = Rl )

while the isotropic polar moduli of A* are identical to the ones of the basic ply, see
eq. (1.62). As the basic ply has been chosen a priori the isotropic elastic moduli do not
take part to the optimisation problem. The optimisation problem can be mathematically
formalised as follows:

min - min [Wc = fs,, A;j,il(@l, Bm)NiijldSp] with 4,5, k,l = z,y;

{51, ,Bm} Nij
R\’ ~1)FR,
2 (1) 1= e (6:3)

[(—=1)XRy| < Ry,
Ry > 0.

with



6.3. DESCRIPTION OF A HIERARCHICAL OPTIMISATION STRATEGY 81

In (6.3) NV;; is a statically admissible state of in-plane forces, S, represents the plate
surface, the terms (—1)% Ry and R; are the anisotropic polar parameters of the reduced
stiffness tensor Q of the basic ply, see Sec. 1.4, and the constraints are the geometric
bounds introduced in Sec. 1.6.1. The geometry is fixed. Problem (6.3) has been solved
using the optimisation algorithm introduced by Allaire and Kohn [2]. Tt is characterised
by the following phases:

e initialisation : the stiffness distribution on the structure is initialised. Therefore,
a first Finite Element (FE) analysis is conducted in order to determine the initial
stress field;

e local minimisation : search for a new anisotropic stiffness distribution (&;

(n+l) ) that solves the problem of eq. (6.3) for a fixed stress state: the optimal
polar parameters are determined locally, for each finite element discretising the

plate;

e global minimisation : definition of the in-place forces field (N, ]”H ) linked to the
new stiffness distribution (@i H), (nt1) ) by a FE analysis.
These last two phases are repeated until convergence. A classical demonstration proves
the monotonic convergence of this procedure. We sketch it hereafter, in the framework of
the polar formalism.

Convergence proof

We consider the anisotropic stiffness distribution (5(171)7 67(7? )) and its corresponding in-
plane forces field N at the iteration n. The local minimisation consists in finding the
minimum of the energy density:

min ) [4Gh @ BN (6.4)

defined at each point (in the discretised model: at each element) of the structure assuming
a fixed field N . Using the polar formalism, it is possible to find analytically the solution
to problem (6.4) with the constraints in eq. (6.3). Such a solution is presented in Tab. 6.1
and described at the end of this proof.

Thanks to this analytical solution, we obtain the new stiffness distribution (5§n+1), pln +1))
that satisfies the following inequality:
— (n+1) n n (n —(n) n n
Az]il( 6( ) )Nz(j ) ) < Az]kl(Q)I ’ 5 )) i )ngl) ) (65)
and, thus
—(n+1) n n n — n n n
/ Al]kl(gs 57(n+1))Ni(j )Nlil)dsp S / Azjkl( 1 ) 6( )Nz(] lgl)dsp : (66)

The global minimisation phase consists in determining the new field N1 solution to
the elastic problem determined by the stiffness distribution (55“”, (n +1)). Using the

complementary energy theorem we get

—1 ;F(n+1) n n n —1 /g (ntl) n n) ar(n
/S Az‘jil(@l 5 B?SlJrl))Ni(j +1)Nl§l+l)d‘sp S/S Aijil(@l 5 ﬁ7(n+1)>Ni(j)Nl£l)dSP' (6.7)
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Combining eq. (6.6) with eq. (6.7) we obtain:
ij

—(n+1) n n n n n n
[ AT, BrING TN s, < [ L@ AN as, (69

SP p

1.e.

Wt < ), (6.9)

Hence, W. is a positive quantity that reduces at each iteration; this proves the monotonic
convergence of the algorithm.

We ponder now on the analytical solutions to the local minimisation phase in the
previous procedure, eq. (6.4) along with the constraints (6.3). The analytical resolution
to such a problem was extensively studied in [31,34]. Nevertheless in those works, the
geometric constraint on the polar parameters was not taken into account, but they consid-
ered only the thermodynamic constraints on the polar moduli. Tab. 6.1 summarises the
optimal value, using the geometric constraints, of the stiffness polar parameters of tensor
A*| for a basic ply with K = 0. These results show that the solution depends upon the
polar parameters of the in-plane stress tensor N. In particular, T"and R are the spherical
and deviatoric parts of the tensor, respectively, while @ represents the direction of the
first principal component of N. We want to highlight a particular aspect, extensively
discussed in [34], concerning the solution of type 1 in Tab. 6.1: the stiffness distribution
linked to such a solution generates a pure spherical strain field, while the stress field has
both spherical and deviatoric components, see [34].

— rw T w
Solution type: 1
R R RTy \? R o
0< — < — Royl2(—=— ) —1];:R T — direct Nil, |N,
SR [ o< <1T|R1> ) ; Ro 1 irection(max(|Nz|, | N1zl))
Solution type: 2
T
L) < ‘; < 02—;1]%0 Ry Ry direction(max(|Ny|, | Nr1|))
Solution type: 3
R _To+ Ro To+Ro | . .
— > R ———— | direct Npl, |N.
7> om, 0 S(R/IT) irection(max(|Nz|, |Nrr]))

Table 6.1: Optimal values of stiffness polar parameters to maximise the plate stiffness
fora basic ply with K = 0.

6.3.2 Second step: lay-up design

The design process turns now on the definition of the stacking sequence satisfying the
optimal distribution of polar parameters issued from the firs step. The problem of the
lay-up design can be stated as follows:

find, for a given set {K R ' Ript, @ipt},

a vector of plies orientations (41, d2, ..., d,) such that:
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( Ry =R},
R =R",
By — B, = F% , (6.10)
o, =",

| B=0O,

In eq. (6.10), the first three conditions concern the anisotropy moduli of the optimal
laminate, the fourth one the orientation of anisotropy and the last one the bending-
extension uncoupling.

The problem of defining a laminate stacking sequence having a given elastic behaviour
is rather cumbersome and difficult due to the fact that the laminate properties depend
upon a combination of powers of circular functions of the layers orientations. As a con-
sequence, researchers usually limit the search of solutions to a restricted class of stacking
sequences, as for example symmetric stacking sequences to ensure bending-extension un-
coupling or balanced sequences to have in-plane orthotropy.

As discussed in Sec. 6.2.4, eqs. (1.62) and (1.64) show that the correspondence be-
tween the elastic behaviour of a laminate and the stacks is not bijective. This means that
it is possible to obtain the same mechanical parameters with several stacking sequences,
although they are characterised by the same number of identical plies. Moreover, the
number of laminates having the same elastic behaviour is extremely large and rapidly
increases with the layers number. Therefore, the classical solutions often employed by de-
signers (balanced, symmetric, angle-ply, cross-ply stacks) reduce the width of the solution
space.

The problem of designing laminates with given elastic properties as a global optimi-
sation problem, without restricting a priori assumptions on the stacking sequence, was
formulated in a completely general way with the works of Vannucci et al. [78,82,85]. The
redundancy of the solutions is, in this approach, a fundamental point that renders possible
the existence of laminates satisfying several optimal requirements. Thanks to the polar
method, the problem is stated through the formulation of an unique objective function
which takes into account for several sub-objectives, one for each desired elastic property,
such as uncoupling, orthotropy and so on. In particular, the problem is formulated as
a minimum distance problem in the space of the polar parameters, the design variables
being the plies orientations. The general problem is, hence, reduced to a classical form
and its solutions are the minima of a highly non-convex function in the design space of
the layers orientations:

min I(f;(6r) = X f7(6k) with k=1,2,..,n, (6.11)
k J

where the f;(d;) are the partial terms, i.e. the sub-objectives, composing the distance
function between the laminate elastic properties and their target values. For such a
general approach, however, a numerical efficient procedure is needed. For more details on
the definition of this objective function for different combinations of elastic symmetries
the reader is addressed to [45,78,85].

In some cases, namely when some assumptions are made, analytical solutions can be
obtained; for instance, Vannucci and Verchery have proved the existence of a particular
class of uncoupled (B=0) or quasi-homogeneous (B=C=0) laminates, the quasi-trivial
solutions, so called because the equations leading to them do not need a direct solution, but
can be found by an enumerating method working on combinations of integer coefficients,
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see [82,83]. Also, in [31] a closed form solution is found to obtain stacking sequences

satisfying the requirements in Tab. 6.1. In particular, they find, analytically, two kind of

stacking sequences satisfying the solution of type 1:

- a quasi-homogeneous angle-ply, which corresponds to the lowest value of the interval of
FoPtopt .

1 TR
0 = *a and o' = 5 arccos ﬁ ; (6.12)
- a symmetric cross-ply, which corresponds to the highest value of the interval of (—1)?%?81”,
with )
1 R
Ot =~ |1+ —— 6.13
where n° %P = n°%/n% is the ratio between the number of plies at 0° and the number of

plies at 90°.

The stacking sequence satisfying the solution of type 2 corresponds to an unidirectional
laminate. Finally, the stacking sequence satisfying the solution of type 3 can be reached
by a asymmetric cross-ply with:

1 |T'|(Ty + Ro)
Oopt _ Z (14 ZRE0T TR0 6.14
7 > ( T T oRR, (6.14)

6.4 Taking into account for strength

In this Section, we propose a method to generalise the procedure for stiffness optimisation
presented in Sec. 6.3 with the aim of introducing strength in the optimisation process.
Strength is usually described through failure criteria. It is important to note that almost
all of the failure criteria for composite materials are “ply-level failure criteria”, i.e. the
criterion is applied to each ply composing the laminated structure.

In Chapter 5 and in [8] we have stated the problem of optimising the strength of elastic
plane structures composed of orthotropic materials. We have formulated the phenomeno-
logical failure criteria, described in Chapter 2, through invariants using the polar method
and we have maximised the strength of a generic orthotropic sheet in terms of its material
orientation.

With the aim of extending the analytical approach introduced in Chapter 5 to the
strength optimisation of laminated plates, we define a homogenised failure criterion giving
a measure of the strength for the laminate.

In the literature some works deal with this problem: the evaluation of a laminate-
level failure criterion, [13,14,51]. In 1983, De Buhan [13] presented a study on the
strength homogenisation of a generic composite material. He considered a heterogeneous
continuum composed by two constituents. The strength homogenisation was evaluated
at both the mesoscopic and macroscopic level. At the macroscopic scale, the strength
is given by a sum of the strengths of each constituent, weighted by the corresponding
material volume fraction. In 1991, De Buhan and Taliercio [14] addressed the same
problem reformulating the theory developed in the previous work: the constituents are
identified as the matrix, the fibres and the interfaces. The strength domain is assumed
to vary point-wise and it is approximated by an homogenised strength field given by the
sum of the isotropic part of strength, that does not depends upon the volume fraction,
and of the anisotropic part of strength, this one depending on the phase volume fractions.
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6.4.1 Evaluation of the laminate strength using an homogenised
criterion

In the first part of this Section, we formulate a homogenised failure criterion that gives
a measure of the strength of the laminate. Then, in order to give a mechanical relevant
meaning to the homogenised failure criterion, we define in an explicit way its link with the
first-ply-failure approach. In the second part of this section, such a criterion is used in the
problem of the simultaneous maximisation of both stiffness and strength of a laminated
structure. In particular, in order to include the strength optimisation into the first step
of the hierarchical optimisation strategy presented beforehand, the homogenised criterion
will represent the strength functional to be minimised, when the laminate is considered
as an equivalent homogenised plate. Finally, in the third part of this section we define the
problem of the lay-up design when the homogenised failure criterion is used in the first
part of the hierarchical strategy.

6.4.1.1 The homogenised laminate strength

Let us consider a laminated plate with n plies. Let be {0;x,y, 2z} the laminate global
frame. The generic k™ ply is characterised by the position of its bottom and top surfaces,
z—1 and z as shown in Fig. 1.2, its fibre orientations dy, its elastic properties Qy (dx) and
its strength properties Gy, (9x). In the following description we will consider the Tsai-Hill’s
failure criterion as an example to show how we can obtain a homogenised failure criterion.
The procedure is completely general and can be applied to any other polynomial failure
criterion, as for instance, the Hoffman or the Tsai-Wu criterion, the only difference resides
in the addition of the linear terms that, anyway, does not change the overall procedure.

The stress-based polynomial failure criterion of Tsai-Hill expressed in terms of strains
for a generic orthotropic ply, eq. (2.23), is:

FW=e"Ge <1, (6.15)

where G is the strength tensor introduced in Sec. 2.3.1. In the framework of the CLPT
the strain field is:
eE=¢€p+X*%. (6.16)

where the in-plane strain €9 and the curvature x tensors do not depend upon the z
coordinate.
Introducing eq. (6.16) into eq. (6.15) we obtain:

FIY = egTGeg + xTGx 22 +2€¢TGx 2 < 1. (6.17)

We recall the polar parameters of G introduced in Sec. 4.4.2:

e [} and I represent the isotropic polar moduli (the corresponding of Ty and T} for
stiffness);

e /g and A; represent the anisotropic polar moduli (the corresponding of Ry and R,
for stiffness);

e (2 represents the polar angle and, so, the orthotropy orientation (the corresponding
of @, for stiffness);

e [ represents the orthotropy shape parameter (the corresponding of K for stiffness).
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Being ¢, r and ¢ the polar parameters of the strain tensor €, we can write the F Ilzlyl as
follows, see Sec. 4.3:

Fiin = 47Ty + 821y + 4(—1) " Agr® cos 4 (2, — @) + 16trA;cos2 (2, — ¢) . (6.18)

To evaluate the failure index of the laminate, we integrate eq. (6.17) through the thickness

of the plate:

1
F =5 [ i) <1 (6.19)

and divide by h in order to have still a dimensionless failure index. In this way we
evaluate, in some sense, an averaged strength (through the thickness) starting from the
strengths of all the plies composing the laminate. This approach is completely similar to
the determination of the laminate stiffness in the CLPT. Since the in-plane strain tensor
go and the curvature tensor x do not depend upon the z coordinate, eq. (6.19) becomes:

1
Fﬁ%” =5 [50 (/h Gdz) g0+ X </h Gszz> X + 2¢gg </h szz> X} <1. (6.20)

Developing layer-wise the previous integrals into a sum of contributions, we obtain:

G = > Gy, (0k) (26 — 25-1)
k=1

1 P
G” = 5}; Gy (0k) (2 — 221 » (6.21)
=-Pp
1
k=—p

In this way we have determined the strength tensors of the equivalent homogenised plate.
As G4, GP and GP derives from the sum of symmetric elasticity-like tensors Gy, (0z),
also G4, GP and GP are symmetric tensors possessing all the tensorial symmetries of a
classical elasticity tensor.

Injecting eq. (6.21) into eq. (6.20), it gives:

1
Pl = 7 (e0G”eo + xG"x +260G"x) < 1. (6.22)

Eq. (6.22) represents the “Tsai-Hill laminate-level failure criterion” for a laminated plate
modelled as an Equivalent Single Layer (ESL) having the same thickness h of the laminate.
This will be the starting point to the strength optimisation for a laminated plate, the
optimisation variables being the polar components of the tensors G4, G? and GP.

It is evident that it exists an analogy between egs. (6.21) and (1.54). Therefore we
can assume that tensors G4, G? and GP” are the strength counterpart of the laminate
stiffness tensors A, B and D. We can normalise such tensors as already done in eq. (1.60)
and introduce the polar parameters of G**, GP* and G”* as long as their relations with
the polar parameters of the plies composing the laminate itself. In particular, for an
orthotropic laminated plate composed by identical orthotropic plies, we have:

e Polar parameters of G**:

TO - FO )
Tl - Fl )
_ = 1 I
(—1)LA0€4ZQI = ﬁ(—1>LA0€4ZQII;1€4MSk y (623)

— o 1 LA
A162ZQI — _/11627,91 26226’“ .
n k=1
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e Polar parameters of GB*:

I5=0,
Fl = 9
~ o~ PN 1 . n )
(_1)LA064191 — ﬁ(_l)LAoeMQl Zbke4zék , (624)
k=1
/1 621.01 _ /1 €2i!21 zb eQuSk
k=1
e Polar parameters of GP*:
%0 = FO y
Fl = Fl )
e~ 1 o .
(_1>LA0641!21 _ _3(_1)LA0€41(21 dee425k 7 (6.25)
n k=1

~

o~ 1 o )
A1€22!21 _ _3A1€2291 dee2z§k )
n k=1

Iy, I, Ao, Ay, L and (2, are the polar parameters of tensor G of the basic ply, while
coefficients by and d are exactly the same introduced for tensors B* and D*, respectively,
egs. (1.63) and (1.64). Egs. (6.23) and (6.25) impose the same kind of geometric bounds
on the polar parameters of G4* and GP*, already introduced for A* and D*, eq. (1.72):

NEAN Y
Ay (—1)LAg

(=) 7A,| < Ay,

A >0.

(6.26)

In order to determine the polar parameters that correspond to a manufacturable laminate,
the geometrical bounds cannot be violated.

There is, also, another aspect deserving attention: for a laminate made of identical
plies the following relation subsists:

B=0 & G5=0, (6.27)

because B and G? are nulls if and only if:

Z bk€416k =0 s

L (6.28)
Z bk62Z5k =0 s

k=—p

at the same time. From a mechanical point of view, eq. (6.27) means that the elastic
uncoupling of a laminate implies the strength uncoupling and vice-versa.

Eq. (6.17) represents the most general case in which membrane and flexural load-
ings are acting simultaneously on the plate. For an uncoupled plate subject to a pure
membrane loading (x =0 = € = €9), eq. (6.22) reads:

Fii = e"G%e | (6.29)
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or, in terms of polar parameters,
From — 492y + 81217 + 4(—1)fﬂor2 cos4 (ﬁl — qb) + 16tr A, cos 2 (ﬁl — <b) . (6.30)

In eq. (6.30), the first two terms are the isotropic part of the criterion; when the material
of the constitutive layer is chosen, these terms are fixed. The last two terms involve the
anisotropic moduli of the material and the orthotropy orientation of the homogenised
plate, thus, these parameters are the terms that can be designed in order to maximise the
strength of the structure.

6.4.1.2 Comparison between the strength of the ply and of the homogenised
laminate

We have defined an homogenised failure criterion in order to include strength in the
optimal design process of a laminated structure: our goal is to maximise the strength of
the structure. However, we have already recalled that unlike stiffness when measured by
compliance, strength is measured by a local quantity, the failure index.

The through the thickness strength homogenisation method that we have proposed in
the previous Section can be considered, in some sense, a little bit arbitrary: we homogenise
a quantity, strength, that is typically local. In order to validate this homogenised model,
we discuss the comparison between the strength of the ply and that of the homogenised
laminate in order to take into account, during the design process, also for the first-ply-
failure.

The adopted Kirkhoff’s kinematic model implies an unique strain field € that varies
linearly and continuously through the thickness. When an uncoupled plate is subject to
a pure membrane loading ()x = 0), the strain field of the whole laminate is identical to
that of each constitutive layer.

Let us consider a homogenised plate whose stiffness and strength characteristics are
known; hence, its FE4™ is known at any point, for a given strain state. Being the strain
field of the homogenised plate identical to that of each constitutive layer thanks to as-
sumptions 6 and 8 of Sec. 6.2.1, we can compare the value of the F5%" with that of the
single ply defining the ratio . We have:

Fgflyl ATy + 8820 4 4(—1) P Agr? cos 4 (21 — ¢) + 16tr Ay cos2 (21 — ¢) (6.31)

= Lam Lam
FHill FHill

In eq. (6.31), FE¥" the strain field (¢,7,¢) and the polar parameters of tensor G of

the basic ply (I, I1,(—1)%Ag,A;) are given quantities. We let only free the orthotropy

direction §2; of the ply, evaluated with respect to the global frame of the laminate.
Depending on the ply orientation, we can consider three separate cases:

lL.n<1l=F };’j;; < FLam: this case represents a safe situation because the failure
index of the laminate is greater than that of the single ply. This means that, in this
case, the homogenised failure criterion is conservative;

2. n=1= F = FLom: this case represents the limit condition, because the failure
index of the laminate is equal to that of the single ply. The failure of both laminate
and ply occurs at the same time, hence, the homogenised failure criterion is still
conservative;
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3. n>1=F }}’fgf, > FLam. this case represents an unsafe situation because the failure
index of the laminate is lower than that of the single ply. The failure of a ply can
occur for a laminate failure index lower than 1. In this case, the homogenised failure
criterion is not conservative and we have to find a way to determine a priori the
conditions that lead to such a situation.

Therefore, concerning this last case, we need to evaluate the orthotropy orientation
{2, of the ply which maximises F' II;flyl and, by consequence 7. Such value will represent
the worst situation that can be achieved. The failure index of the single ply is given in
eq. (6.18) and the maximisation problem can be formulated as follows:

max Fyt (Ty, Iy, Ao, Ay, L, 04,7, 8) . (6.32)
1

This problem admits an analytical resolution that is similar to the minimisation problem
solved in Chapter 5. Firstly, we write the derivative:

Ply
6}WHill

5o~ —32rsin2 (21 — @) [(—=1)"Agrcos 2 (21 — ¢) + Ayt] = 0. (6.33)
1

The solution of eq. (6.33) gives us the stationary points of F gf%

¢

r = 0 : spherical strain field,
Ap = A; = 0 : isotropic material,
' T
sin2(2;, —¢)=0 = 91—@5:{075}7 (6.34)
At . [t] _ Ao
20— ¢) = — 1 with < 20
\ cos2 (£ — ¢) s wi oS

The last two conditions have three different solutions to be compared:

21 = ¢, denoted as solution x,,
y = ¢+ 7m/2, denoted as solution x,

it
/107"

(6.35)

1
=9+ 5 arccos {—(—1) } , denoted as solution =z, .

Eq. (6.35) shows that the orthotropy direction {2; maximising F' P];l;’l is directly linked to
the direction ¢ of the higher principal strain ;.
The second derivative reads:

PFLY

aTH?m = —64r [(—1)"Agrcos4(£2, — ¢) + Ait cos2( — ¢)] . (6.36)
1

The following property of the polar parameter ¢ of the stress tensor € has to be taken into

account:
t<0 < |er < lermls

i >
if e; > €y, then { t>0 < |ef| > |enl,

(6.37)

with t = (6[ -+ E[])/Q.
We can separate the resolution into two main cases that depend upon the value of L.
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1)L=0
PFEHY t A
— B = —64r A At] <0 if -> ——
ag% o r [ or + /4 ] 1 r Al )
0" Firi 64r [Agr — Ayt] <0 if t oo (6.38)
—= = —64r [Agr — i -< — .
89% T 0 ! r A1 ’
2Fh A2 — N2y t Ayt A
e Bl = 64y | ——0— 0" lco it St 2 520
8(21 Te A()?” r Al r /11

The last equation is never satisfied because the values of t/r are outside the interval of
existence of the solution . imposed by the last equation of (6.34). Hence, the solution
concerns only the first two stationary points, and

Pﬁﬁgma—-fﬁﬁgxb::32trAl. (6.39)

The minimum of F};flyl depends, hence, on the sign of ¢.
by x,, while for ¢ < 0 the solution is given by xy.

For ¢ > 0 the solution is given

2)L=1

PFY ot A

aTh%”xa = —64r [—A()T’ + Alt] <0 if ; > A—l,

PFY t A

— 5 =64r A Aqt if —<—— 6.40
o0 |, 64r [Agr + A1t] <0 if —< 1 (6.40)
QFP%y —A242 1 A242 A A

a_h;lll — —64r — M+ Agr” <0 if =29 t =0
an Te A07“ Al r Al

All the conditions of eqs. (6.40) that concern t/r belongs to different and independent
range of values of ¢ /r. Moreover, the third solution of (6.40) respect the bounds on the last
condition of eq. (6.34), so, the stationary points of (6.35) are solutions for the maximum
of FLW.

In Fig. 6.1 we give a summary of the solutions, where

k = dir (max {|e,|, |err]}), (6.41)
and 1 Ayt
_ _(—1\LL

p = 5 arccos [ (—1) /107”} : (6.42)

These orientations give us the maximum value of F 55;;, and thus the maximum value
of 1, that can be achieved for a given strain state.

In conclusion, thanks to the polar method and to the Kirkhoff’s kinematic model, we
are able to

1. evaluate a prior: the maximum value of Fgf% at the end of the first step of the
hierarchical strategy, when the lay-up is not known;

2. validate the proposed strength homogenisation criterion because it allows us to check
the first-ply-failure when we are still designing the homogenised plate, see Sec. 7.6;

Moreover, the value of max(n) will be taken into account also in the phase of the lay-up
design, as it will be detailed in Chapter 8, in order to be able to find admissible lay-up

with respect to the first-ply-failure in cases for which Fj% > 1 and Ffam < 1.
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Case L=0
XC
Xp Q=K Q=K
Xa Q=K Q=K
~Ag/ A, 0 Ao/ A, t/r
Case L=1
Xe Qi =Kk+p—72 O=Kktp
Xp 0=k
Xa Q=K
—Ao/ Ay 0 Ao/ A4 t/r

Figure 6.1: Orthotropy orientation maximising the failure index of the Tsai-Hill criterion.

6.4.2 First step: structural optimisation

After defining the homogenised failure criterion for the laminate, we have to consider,
now, how to use such a criterion in the first step of the hierarchical strategy for the
maximisation of strength. As a consequence of the assumptions made for the problem
(see Sec. 6.3) and of what has been previously shown in this Chapter, the stiffness and
the strength of the homogenised plate can be described, respectively, by the following
quadratic functions:

Complementary Energy: W, = NTA7Y (P, (—1)?E0,F1)Ndsp , (6.43)
S

Failure index: FH%" = [eTGA*(ﬁl, (—1)ZZO,21)€] . (6.44)
Egs. (6.43) and (6.44) deserve some important remarks:

e the design variables of the structural optimisation step are the 8 polar param-
eters necessary to characterise the in-plane stiffness and strength behaviour, i.e.
(@1, K, Ry, Ry) and (§21, L, Ay, Ay) for A* and G?*, respectively;

e we recall, as already said in Sec. 6.2.3, that there are two functional to be minimised:
the complementary energy, a global functional, and the laminate failure index, that
is, on the contrary, a local functional. From a variational point of view the difficulty
of this problem is increased because we have to minimise simultaneously, not one, but
two objectives linked to two different variational problems, the former concerning a
global functional and the later a local one.

The previous aspects are to be taken into account when developing an algorithm able to
deal with the optimisation problem at hand.
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We come, now, to a key point of our approach; the mathematical consequence of
assumption 10, Sec. 6.2.1, along with the polar formalism gives the following condition:

= ﬁ1 )
P = { 2, +7/2. (6.45)

In addition we put, for having a more compact notation,
oK (6.46)

that are still tensor invariants because obtained as a combination of invariants.

In this way the number of independent design variables for the problem of the first
step is reduced to 5: Rox, Ri, Aor, A1 and the orthotropy orientation. We recall that
assumption 9 implies, for the structural optimisation step which involves an homogenised
plate, that the stiffness anisotropic polar parameters, Rox and R, are independent from
the corresponding parameters for strength, Ay, and A;.

All the assumptions and considerations lead us to state the following generalised op-

timisation problem:
Sub-problem 1: min Fj(9, a;) ,

{19, ai}

Sub-problem 2: min Fi; (9, b;) ;

7

(6.47)

where F; and Fj; are, indifferently, one the stiffness and the other the strength functional,
and a; and b; are the respective anisotropic polar moduli, i = 1,2. Eqs. (6.47) represent
an optimisation problem having two functional to be minimised. The alignment of the
symmetry axis for stiffness and strength leads to a unique quantity in both the functional,
the orthotropy orientation .

The solution method for these two minimisations is a “waterfall method”: at the first
stage, we minimise the first functional with respect to its polar moduli and the orthotropy
orientation, then, during a second stage, we minimise the second functional with respect
to its polar moduli and we impose the orthotropy orientation to be the one found in the
solution of the first minimisation. It is hence clear that, thanks to the independence of
the anisotropic polar moduli of stiffness and strength, the two sub-problems of the first
step of our approach are completely unrelated unless for the orthotropy orientation that
constitutes the mathematical and mechanical link between the optimisation of stiffness
and strength.

Finally, due to the interchangeability of the stiffness and strength functional in the
two sub-problems of (6.47), we can state the two following dual but different optimisation
problems:

e Optimisation problem I.

Sub-problem 1: min Wc@l, Roxk, El) ,

{617 EOK7 El}

Sub—problem 2: min Fﬁ%;n(@l,ZQL, Zl) ;
{ZOL7 Zl}

(6.48)
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e Optimisation problem II.

Sub-problem 1: min FLam(0Qy, Aor, Ay)
{ﬁly ZOLa Zl}
o (6.49)
Sub-problem 2: min ~ W.(21, Rox, R1) ;
{EOK: El}

The structural problem that we consider is, now, well stated in its two variants; in the
first one, eq. (6.48), the leading objective is stiffness, while in the second one, eq. (6.49),
it is strength. What is to be remarked for both of them, is that these are by no means
multi-objective problems, but really something different.

6.4.3 Second step: lay-up design

Just like in the case of the stiffness optimisation, Sec. 6.3.2, the second step is needed to
obtain a stacking sequence realising, at the same time, the optimal parameters of strength
and stiffness found at the end of the previous step. We state the lay-up problem in a way
similar to that introduced in Sec. 6.3.2. The optimisation problem of the lay-up design
phase is:

find, for a given set
—=opt —=opt opt —opt —opt —opt
K RO ’ Rl 7 A Al ) 451

a vector of plies orientations (41, d2, ..., d,) such that:

( Ry =R,
R =R",
A=A,
A=A,
By— B =K"n/4, (6.50)
20— =L"1/4,
b — 21 =0;7/2,
B, — q,)opt 7
| B=0.

A supplementary check on a possible first-ply-failure of the layers composing the opti-
mal laminate can be taken into account within this second phase of the design procedure.
To this purpose, the evaluation of max(n), eq. (6.31), will be very helpful, as will be
discussed in Chapter 8 where the development of the numerical strategy to solve the
optimisation problem of the lay-up design will be described.

It is evident that problem (6.50) is more complex than problem (6.10) concerning
uniquely the stiffness optimal design. In this case, the requirements to be satisfied by the
lay-up solution are increased because we added also the strength parameters issued from
the first step of the strategy. Despite the complexity of (6.50), the non-bijectivity of the
problem and, so, the existence of more stacking sequences solution allows us for having an
important redundancy on the choice of the final solution. We know from previous studies
on the lay-up design, [45,82], that the number of staking sequences, solution of the lay-up
design problem, increase significantly along with the number of plies [82].

Again, the non-bijectivity can help us when the check on the first-ply-failure forces us to
remove some stacking sequences from the solution space of the problem (6.50).
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6.5 Concluding remarks

In this Chapter we have formulated the problem of simultaneous stiffness and strength
optimisation for a laminated structure. This approach, declined into two different versions,
has been inspired by an existing hierarchical strategy for the only stiffness maximisation.

We focused firstly on the formulation of a strength functional valid for the equivalent
homogenised plate, in order to include the strength in the first step of the hierarchical
strategy. Particularly we integrated through the thickness the expression of Tsai-Hill’s
failure criterion, in terms of strains, averaging the strength of the plies and obtaining an
homogenised failure criterion formulated through invariants using the polar formalism.

Then, according to the general assumptions introduced for the problem at hand, we
have proved that the first step can be alternatively stated as two dual problems, charac-
terised by a different leading objective. Each one of these problems is almost independent
from the other in terms of anisotropic polar moduli, but they are linked in terms of or-
thotropy orientation. This last aspect allows us to not fall in the frame of a multi-objective
problem: stiffness and strength are separately and sequentially maximised, preserving only
the orthotropy direction.

If we compare this work with the most recent works on the same theme, for in-
stance [30, 38], we can assert that its most important innovation concerns the definition
of a new laminate level failure criterion that leads us to introduce the laminate strength
parameters into the optimisation variables. In [30,38] the laminate-level failure criterion
was represented by a conservative envelope characterised by fixed strength properties in
order to avoid the first-ply-failure of the laminate plies. The strength properties in the
laminate failure criterion introduced in this Chapter, on the other hand, can vary in order
to minimise the laminate failure index.

Thanks to the polar notation and to the use of the failure criteria expressed in terms
of strains for both the laminate and the ply, we proved that we are able to compare, in
the first phase of the laminate design when the staking sequence is still unknown, the
failure index of the laminate and that of the ply in order to check the first-ply-failure.

In Chapters 7 and 8 the development and resolution of the two steps of the hierarchical
strategy will be discussed.
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First step: structural optimisation of
laminates including strength

7.1 Introduction

This Chapter describes the theoretical and numerical development of the first step of
the hierarchical optimisation strategy sketched in the previous Chapter. The outcome
of this first step will be the optimal distribution of anisotropy, through the definition
of the optimal value of the material parameters maximising stiffness and strength for
a given structure. In Sec. 7.2 and 7.3, we describe two optimisation algorithms for the
resolution of the optimisation problems stated in Sec. 6.4.2, while Sec. 7.4 is devoted to the
resolution procedures used for the local minimisation phases of the algorithms. Moreover,
in Sec. 7.4.1, a new analytical solution to the problem of optimising the strength of plane
structures made of linear elastic orthotropic materials, is proposed.

Finally, several numerical test cases are presented, proving the effectiveness and the
robustness of the proposed approaches.

7.2 The stiffness optimisation algorithm with a pos-
teriori local maximisation of strength

We have already introduced the first step, i.e. what we call the structural optimisation
phase, in the previous Chapter (Sec. 6.4.2). In this section, we consider the first opti-
misation problem announced therein, the one where stiffness is considered as the leading
objective. In other words, we focus here on problem (6.48).

This first structural optimisation algorithm consists in the sequential use of of the op-
timisation algorithm introduced by Allaire and Kohn [2], already described in Sec. 6.3.1,
and of a second phase wherein we introduce the strength optimisation. This approach
consists, then, in a posteriori maximisation of strength to an already stiffness optimised
structure.

The optimisation parameters are:
D1, B, o with m=1,2 . (7.1)

They are local quantities, i.e. they are functions depending upon the coordinates (z,y) in
the plate global frame. @ is the stiffness orthotropy orientation, 3, is defined in eq. (6.2),

95
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oy, is defined as

ap = ZoLa
0 — 7, . (7.2)
The optimisation problem, egs. (6.48), is formulated as follows:
Sub-problem 1:  min min W.(®y, B, Nij) ,
{7 oy 2 73)
Sub-problem 2: min FEI (D1, a) ;

m

subject to the geometric bounds of eqs. (6.3) and (6.26).
The geometry, the loading conditions and the material properties of the basic ply are
given quantities.

The algorithm to solve such a problem, sketched by a flow-chart diagram in Fig. 7.1,
can be divided into the following phases:

1. initialisation : the stiffness and strength distributions on the structure are initialised,
for instance they can be randomly sorted. Then, a first FE analysis is conducted in
order to determine the initial stress and strain fields;

2. local minimisation of the local complementary energy W!: local definition of a new

anisotropic stiffness distribution @5"“), {n +1)) minimising the local complemen-

tary energy for a fixed field (N(™);

3. global minimisation of W,: definition of the new internal actions (N"*1) and strain

(D) fields linked to the new stiffness distribution @( H), 6 (n+1) ) through a FE
analysis;

4. local minimisation of FE4™ after the convergence: local definition of the anisotropic
strength distribution (ay,) that minimises the failure index F'5%™ linked to the op-

timal strain field e°Pt: .
O
min |G (@, an)e' ] (7.4)

The second and third phases, repeated in loop until convergence, correspond exactly to
the algorithm presented in Sec. 6.3.1 (which was proved to be convergent).

We see here what announced in Sec. 6.4.2: the assumption concerning the alignment
of the orthotropy directions for stiffness A* and strength G** tensors combined with the
assumption that the design variables f3,, are independent from «,,, gives the only link
between the stiffness and the strength optimisation phases. In this algorithm, we impose
the global complementary energy as the leading objective to be minimised with respect to
all of the optimisation parameters (@; and 3,,). On the contrary, the strength functional,
the failure index, is considered here as the secondary objective to be minimised, once the
optimum for stiffness has been reached. In the optimisation phase concerning F'5%™. the
parameters involved in the optimisation process are only the polar moduli (am) while
the strength orthotropy orientation (2, is given by the optimal value found for @, (see

q. (6.45) and assumption 10 of Sec. 6.2.1).
This assumption, allowing for a minimisation of F54™ only with respect to a,,, leads

to an important consequence: the local minimisation of FE%" can be placed outside
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Geometry, material of the basic ply,
loading conditions,

5(0) 5(0) (0) (0) 5(0)
ROK’Rl 'AOL’Al ’d)l

FE analysis
Q)
Block 1:
Local minimisation of W} Stiffness

(with fixed stress field) Maximisation

]

Global minimisation of W,
through FE analysis

________________________________

Block 2: Strength
Maximisation

_____________________________

Convergence

Local minimisation of Fi&m™
t oopt popt Fopt, (with fixed strain field) .
%P5 Ry Ry, P :

Figure 7.1: The iterative process to optimise the stiffness of laminated structures with a poste-
riori local maximisation of strength.

the iterative loop, after the convergence of the stiffness solution. This happens because
the parameters «,, characterising the strength distribution do not take part to the FE
analysis, nor to the evaluation of the complementary energy. Hence, the evaluation of ay,
does not alter the iterative loops that lead to convergence for stiffness.

In Sec. 6.4.1 we have shown the advantages of using the failure criterion expressed in
terms of strains. However, we can also express the problem (7.4) in terms of stresses and
nothing will change in the mathematical formulation of the problem itself. The Fjem
written in terms of stresses is:

Fiigit = (N)T((A™)™HTGA (A TH(N) ™" (7.5)

with
€opt — (Aopt)—lNopt ) (76)

Thus, FE4" of eq. (7.5) is equivalent to FE4" of eq. (7.4). Therefore, when using the
present algorithm, the expression of the F5%™ in terms of stresses or strains is equivalent.

7.3 The structural optimisation algorithm with a pri-
ort local maximisation of strength

This algorithm can be considered, in some sense, as the dual version of the previous one:
here, strength is the primary property to be maximised while stiffness is the secondary
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one. The optimisation parameters are:

ﬁla B’ma O (77>

2, is the strength orthotropy orientation, 3, is defined in eq. (6.2) and a, is defined in
eq. (7.2). The problem, (6.49), is composed as follows:

Sub-problem 1: min  FLE9 (21, am)

ﬁl’am
. (7.8)
Sub-problem 2: min min W.(£2y, B, N);

'm g

subject to the geometric bounds of eqs. (6.3) and (6.26).

7.3.1 Optimisation algorithm: a first version
7.3.1.1 Description of the algorithm

The algorithm to solve such a problem, sketched in Fig. 7.2, can be divided into the
following phases:

1. initialisation: the stiffness and strength distribution over the structure are initialised
in some way, for instance they can be randomly sorted. Then, a first FE analysis is
done to determine the starting stress and strain fields;

2. local minimisation of F54": local determination of the new anisotropic strength

distribution (ﬁi’”*”, a%lJrl)) minimising the failure index F54" with a fixed strain

field (e™);

3. local minimisation of W!: local definition of a new anisotropic stiffness distribu-

tion ( (n +1)) that minimises the complementary energy with an imposed orthotropy

orientation (ﬁi"“)) and a fixed field (N(™) of internal actions;

4. global minimisation of W,: definition of the new internal actions (N*1) and strain

(e fields linked to the new stiffness distribution (85", ﬁﬁ"“)) through a FE
analysis.

The last three phases are repeated until convergence.

Just like in the previous case, the assumption concerning the alignment of the or-
thotropy directions for stiffness A* and strength G** tensors combined with the assump-
tion that the design variables (3, are independent from «,, gives the only link between
the strength and the stiffness optimisation phases. The strength functional, the laminate
failure index, is minimised with respect to all of the optimisation parameters involved
in it (2, and a,,). On the contrary, the stiffness functional, the complementary energy,
is minimised only with respect to the polar moduli f,,, while the stiffness orthotropy
orientation @, is given by the optimal value taken by 2;, eq. (6.45).

As the stiffness orthotropy orientation is given by the local minimisation of FEe™
in this algorithm we cannot put outside the iterative loop, as an independent numerical
phase, the strength optimisation phase, because the orthotropy orientation {27 takes part
to the evaluation of the complementary energy W., see eqs. (7.8). Therefore, the minimi-

sation of F'5%™ must be included into the iterative process and it is placed before the local
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minimisation of W! in order to determine the new optimal value of £2;, with strength as
leading objective.

Differently from the previous optimisation algorithm, F%%" cannot be expressed in
both stress or strain terms. The laminate failure index in terms of internal forces at the
iteration n is

F]%ZT _ (NEF(n—l))T((A(n))—l)TGA* (A(n))—l(N)EF(n—l) ] (79)

In eq. (7.9) the stresses are known as an output of the FE analysis at the iteration (n—1)

while the elasticity tensor is characterised by the anisotropy parameters B,(ff ) that will be
determined only after the local maximisation of stiffness. Thus, at the iteration n during
the local minimisation of F4%™ the stiffness tensor A™ in eq. (7.9) is not known. On

the other hand, the F5%™ written in terms of strains

Flan = (€77 G () PP (7.10)
is characterised by known quantities, in fact the strains are known as an output of the
FE analysis at the previous iteration n — 1. The only unknowns are the optimisation
parameters «,, and 2;. Therefore, only the formulation in terms of strains can be used
to solve the problem of local maximisation of strength in the framework of the present
algorithm.

Geometry, material of the basic ply,
loading conditions,

5(0) 5(0) #(0) #(0) #(0)
ROK’R]- ’AOL'Al ’!21
FE analysis
)
e tniy ittt E Block 1:
Local minimisation of Fgim i Strength

(with fixed strain field) Maximisation

Local minimisation of W}

(with fixed stress field) Block 2: Stiffness

Maximisation

Global minimisation of W,
through FE analysis

Convergence
sopt popt /opt zopt zopt
ROK 'Rl "Ql 'AOL ’Al

Figure 7.2: The iterative process of the first version of the algorithm with a priori maximisation
of strength.
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7.3.1.2 Discussion about convergence

Let us consider the anisotropic Stiffness and strength parameters ( (n ),aﬁn),ﬁi")) and the
internal actions N and strain €™ fields at the iteration n.

The local minimisation of F5%" consists in finding the strength distribution alnth
and ﬁﬁ”“’ such that
@ ol eey = min | [GR(@uowl5)] (@)

{21 an}

defined at each point of the structure with a fixed strain field e
The local minimisation of the complementary energy consists in finding the new stiffness
distribution /BT(,? U such that:

n (’H'l) n n . (n+1) n n
z]kl(ﬁ( H )Nz(] )ngl) = rgm [ zjkl(ﬂnﬂ )Nz(] )ngl )] ) (7.12)

at each point of the structure for a fixed field N . This local minimisation, enforces the
global inequality

- n (n+1) n n - n) At n n
[ Ao BNGNPas, < [ AL BTTINGNas, . (713)

p p

(n+1)

The global minimisation consists in determining the new fields N+ and e+ solution

to the elastic problem determined by the stiffness distribution ( (ntl) _Q(nH ). By the
complementary energy theorem, we have

_ n —(n+1 n n n n+1
/ Aijllcl(ﬁy(n+l)7“(2§ ))N( +1)Nl§l +1)dsp < / ]kl(ﬁ( +1) _Q( ))N kl dS (714)

v v
P P

Combining eq. (7.13) with eq. (7.14) we obtain:
/ AL (8L, T )NGHONG Y s, < / AL (B, 2 INGINSAs, , (7.15)

p P

SO
1)

Wc(ﬂ(n+1)7§§"+1)’ N(n+1)) <W, (5 (n) Q (n+1)

(r N (7.16)
Eq. (7.16) shows that, concerning this second algorithm, only the reduction of the comple-
mentary energy from the local to the global minimisation phase is ensured. The reduction
of W, from the iteration n to the consecutive (n + 1) is no more ensured. We have:

n)

W84, 27 NOHD) = W (50, 2 NO) (7.17)
This is due to the evaluation of the new field N1 that is linked to a stiffness distribution
composed by two quantities, the modules f,,, that come from the local minimisation of
the local complementary energy and by a third quantity, the orthotropy orientation (21,
that comes from the solution of another optimisation problem, the local minimisation of
the laminate failure index. This means that, inside the convergent optimisation algorithm
introduced by Allaire and Kohn [2], we introduce a quantity, the orthotropy orientation
(21, that takes part to the stiffness optimisation algorithm and that is calculated not
to minimise the stiffness functional W, but to minimise another quantity, the laminate
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failure index. Such an alteration, introduced within the stiffness optimisation algorithm
causes the loss of the convergence proof.

The monotonic decrease of the failure index, through the iterations, is also not ensured,
le.:

m 7 ey (7.18)

m ’

am n ”+1 n am
Flgm (o, 27 e ) S PR (o

This happens because the strength parameters, 2; and a,,, are determined through the
local minimisation of the laminate failure index but the strain field is the one obtained
through the solution of an other optimisation problem: the global minimisation of the
complementary energy.

The consequence is an oscillation of the values of W, and F%7 along the iterations. For
this reason, we have modified this algorithm in order to recover the monotonic decrease of
the complementary energy through the iterations, and thus, the convergence of the global
procedure.

7.3.2 Optimisation algorithm: a second version

Concerning the first version of the optimisation algorithm with a priori maximisation
of strength, we have highlighted an important aspect: the cause of the oscillation of
the values of F54™ and W, is to be searched into the way the orthotropy orientation
is determined. In order to avoid such an oscillation and ensure the convergence of the
algorithm, we have developed a modified version of the previous algorithm.

7.3.2.1 Description of the algorithm
The main phases of this version of the algorithm, sketched in Fig. 7.3, are:

1. initialisation: the stiffness and strength distributions over the structure are ini-
tialised and a first FE analysis is conducted;

2. constrained local minimisation of F5%": local definition of the anisotropic strength

distribution (am (n+1) _Q () ) that minimise F5%" with fixed strain field (€™):

{ﬁmin \ [kal(m, am)ggpgg;)] , (7.19)

with (21 constrained by the condition

Hﬁlin zgkl(ﬁn% Ql)N N’E?)} < Azgkl(ﬁ (n) Q n))N

ij

MNT (7.20)

3. local minimisation of W!: local definition of a new anisotropic stiffness distribu-

tion (B )

orientation (ﬁi”“)) and a fixed field (N(™) of internal actions;

that minimises the complementary energy with an imposed orthotropy

4. global minimisation of W,: definition of the new internal actions N1 and strain

e+ fields linked to the new stiffness distribution (8%, Q(n+ )) through a FE
analysm,
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Figure 7.3: The iterative process of the second version of the algorithm with a priori maximi-
sation of strength.

The three last phases are repeated until convergence of W..

Concerning this modified version of the algorithm a priori, we have simply inserted
a constraint on the evaluation of the orthotropy orientation 2;: the optimal value of
£2,, determined through the local minimisation of F5%™, has to belong to a domain of
orientations such that the reduction of the complementary energy, through the iterations,
is ensured. Of course, in this algorithm, only the monotonic decrease of the complementary

energy is ensured, while the value of FE4™ can oscillate along the iterations.

7.3.2.2 Convergence proof

Let us consider the anisotropic stiffness and strength distribution ( {n ),aﬁf) ,ﬁﬁn)) and the
internal actions N and strain ™ fields at the iteration n.
The local minimisation of FE%" consists in finding the strength distribution auy,

and Ql " such that

(n+1)

n 1 n n n .
Gz]kl(g ’ )704( +1)>5§j)5l(~cl) = lun [szkl(glaam)g( )51(@1) 5 (7.21)

m
21, am
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at each point of the structure, with £2; constrained by the condition

. n n n (n) n
rgm zgkz(ﬁm )N( )N( ) < Az]kl(ﬁ ) Q )Nij ngl) ) (7.22)
This constraint, at least, is satisfied for 2, = ﬁﬁ”), that leads to the same value of

W! calculated at the previous iteration. The range of orientations (2, satisfying such a
constraint will be formally written in the form

ﬁl c [ﬁlayﬁlb] (723)

though the domain of 2, satisfying (7.22) could possibly be composed by several distinct
intervals. The local minimisation of the complementary energy is performed in order to
find the new stiffness distribution:

n —(n+1) n n . - —(n+1) n n
Az]kl(ﬁ( ) 82 )Nz(] )ngl) = Hﬂlm [Aijizwma 2 )Nz(] )ngl )] ) (7.24)
considering that ﬁi determined through the local minimisation of FA%™ satisfies the

condition (7.22), we have:

_ n (n+1) n n n) ~n) n
/AUM(B (n+1) 75 )N@’N,ﬁﬁdspgé A (B, ) )Nij)N,il)dSp. (7.25)

7
P

The global minimisation consists in determining the new stress (N™+) and strain (¢™*+1)
fields, solution to the elastic problem linked to the stiffness distribution ( {n “),ﬁﬁn“)).

Thanks to the complementary energy theorem, the following inequality

n n+1) n n n (n+1) n
/ z]kl (ﬁ( +1) _Q( )N( +1)Nl§l +1)dsp < / z]kl(ﬁ( +1) _Q )Nz(] )ngl )dsp , (726)

¥

P P

is verified. In addition, combining eq. (7.25) with eq. (7.26) we obtain:
/ z]kl(ﬁ( +1) “Q( )Nz(] Jrl)‘]\flil +1)dsp S / Azgkl(ﬁ ) “Q( )Nz] )ngl )dsp ’ (727)

P p

SO
Wt <wim (7.28)

which proves the monotonic convergence of the algorlthm for what concerns W,. Since
W, reduces at each iteration and converges, Fj;%" will converge to a value due to the
convergence of the strain field.

Some remarks on this second version of the algorithm a priori are mandatory. First
of all, in order to prove the convergence of the algorithm we inserted a constraint on the
evaluation of the optimal orthotropy orientation; such a value has to ensure the reduction
of the local complementary energy from an iteration to the consecutive. The orthotropy
orientations satisfying such a constraint include the optimal orientation of the previous
iteration and, generally, are more than only one. Then, we choose, among them, the
orientation that gives the minimum value of F5%7.

Therefore, in this new version of the algorithm we are still favouring the strength but
with a limit on the solution space linked to the optimal orientation. At each iteration, the
optimum value of FE4™ is still a minimum, but its search is limited to a given domain of
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orientations. Such a value, hence, could not be the global minimum that we can obtain
for a given strain field, like what happens in the first version of the algorithm where no
limits are imposed on the search space of the optimal values of (27 to minimise F Lam - As
a consequence, even if FE%" converges to a value, its convergence could not be monotonic.

Concluding, we can assert that this second version of the algorithm is slightly different
from the previous one, it ensures the monotonic convergence of W, and the oscillating

convergence of FLm.

7.4 Solution of local minimisations

In this Section we determine the solution, analytical or numerical, of the local minimisa-
tion phases belonging to the optimisation algorithms described in Secs. 7.2 and 7.3.

7.4.1 Analytical solution for minimum laminate failure index
7.4.1.1 First local minimisation problem: fixed orthtotropy orientation

The optimisation problem is:

{Zmirzz }Fflglgn (ZOL,Zl,ﬁ‘{pt) , (7.29)
0L 411
with: )
(M) < Au
Ay — (=1)EA
(7.30)
| Aoz < Ay,
A >0
and )
— " or
= { 5}7@5 b2 (7.31)
1 )

This local minimisation problem takes part to:

e the a posteriori local minimisation phase of F5%™ in the “algorithm a posteriori”,

eq. (7.4);

e the constrained local minimisation of F54™ in the second version of the “algorithm
a priori”, as we will show in Sec. 7.5.2;

The constraints (7.30) are the geometric bounds already introduced and written here in
a slight different way from eqs. (6.26) to take into account for variable Ay, eq. (6.46).
The extended expression of the objective function is, eq. (6.30):

FR = 4r* Lo + 821 + 4Agpr® cosd (21 — ¢) + 16trA; cos2 (21 — ¢) . (7.32)
The two partial derivatives of F5%" with respect to Az, and A, are:
OF g
9oL
OF g
oA

= 4r? cos4(02, — ¢) ,
(7.33)
= 16trcos2(2; — ¢) .
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Figure 7.4: Diagram of the two functions cos 4 (ﬁl — (b) and cos 2 (ﬁl — <b).

Both the derivatives are constant for a fixed strain field. F47 is a linear function of Agy,
and A;. Therefore, the minimum value of F4%™ necessarily lies on the boundary of the
domain defined in the plane (Agz, A;) by eqgs. (7.30). Moreover, the sign of the partial
derivatives (7.33) depends upon the signs of cos4 (ﬁl — (b) and cos 2 (ﬁl — gb), Fig. 7.4),
and upon the sign of ¢, the spherical part of strains. In addition, the area of admissible
values of Aoz, and A; changes together with the value of the orthotropy shape parameter
L of the basic ply, see eq. (7.30). This suggest that it is worth to separate the solutions
into two main groups, depending on the value L of the basic ply.

Before introducing such solutions, we have to consider another important case: the
spherical strain field, characterised by r = 0. If we impose r = 0 in eq. (7.32), the two
optimisation parameters are not longer present in the equation of FE%™. This means
that, for a spherical strain field, any value of Ay and A; within the admissible design
region can be optimal for the failure index functional. From a mechanical point of view
this means that when the strain field is purely spherical, we can place the fibres, of the
corresponding laminate, in any direction and we will have still an optimal solution in
terms of homogenised strength.

All the following cases will be characterised by r # 0.

Let us, then, consider the first case of a basic ply with L = 0. As the solution depends
upon the sign of ¢, cos 4 (!21 — gb) and cos 2 (Ql — (;5), we start our analysis by considering
the case

— T
t>0and (92, — }——,—[,

an ( 1 (b) € 3’3

for which all the above three quantities are positive.
In this case we have at the same time:
aFL?m a L?m
— il g, Al (7.34)
0oL oMy

The two design variables Aqz, and A; being independent, the point corresponding to the

minimum of F5%™ is point A in Fig. 7.5, where Ay, and A; get their lowest admissible
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Figure 7.5: Admissible domain of Ay;, and A; for a basic ply with L = 0.

value:

Zopt _ —/1 :
o (7:35)
L =0.

The objective function takes, thus, the following value:
P = 4Ty + 8717 — 44gr” cos 4 (21 — ¢) (7.36)

The remaining cases, characterised by other combinations of the signs of ¢, cos4 (51 — (b)
and cos 2 (51 — qb), can be treated in the same way. The complete discussion of all the
cases is rather lengthy, and for a better appraisal of the general procedure, presented it
in Appendix A.1.

A complete summary of the solutions of the local minimisation of FE4" for L = 0
is presented in Tab. 7.1. The angular range of (ﬁl — gb) is considered only between 0
and 7/2 because of the symmetry of the solutions that are symmetric with respect to
the axis (51 — qb) = 0. Moreover, in Table 7.1 we numerate the solutions in order to
map the “solution type” linked to the local minimisation of F5%m™ over the surface of the
structures considered in the numerical examples of Sec. 7.6. The numeration associates in
a unique value of “solution type” all optimal solutions having the same optimal values of
Aoz, and A;. In particular, the solution type 0 has been associated to a specific solution,
that obtained whit a purely spherical strain field.

Let us now turn the attention on the case L = 1 of the basic ply. Also in this case, in
order to find the best value of the two design variables Aoz, and A;, we have to distinguish
different cases, depending upon the sign of ¢, cos4 (ﬁl — ¢) and cos 2 (ﬁl — ¢). The way
to get the optimal values of Ay, and A; is completely similar to that sketched above for
L = 0. For the sake of brevity, the results concerning the case L = 1, are not reported
here but are simply summarised in Tab. 7.2. The numeration of solution associate in a
unique value of “solution type” all optimal solutions having the same optimal values of
Aoz and A;. Again, the solution type 0 is associated to the solution obtained whit a purely
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— T T T T T 37 3 3r
21 — 0,— — -, = — - — — — =
(- 0) ﬁL 8 T“L 4 T,L 8 m,L
r =0, Vt, Solution Type = 0
Nmmﬁ 7 any
NMS 7 any
t>0,r#0
Solution Type : | 1 | 5 | 2 | 8
—opt 2 N&& 2
nHA Ao | [0, 4] A -2 s a0 ) Ay
1
—o tcos2 (21 — ¢) A3
\_HR 0 cos A\H &v Loy, ) A,
rcos4 A.QH — ﬂvv \»o
t=0,r#0
Solution Type : | 10 | 7 | 2 7 10
NMM” 7 Ay 7 any 7 Ao any N
NME 7 [0, Aq] 7 any 0 any [0, A4]
t<0, r#0
Solution Type : 7 9 7 4 7 2 5 1
. D) Ncﬁa 2
\»mmﬁ =4y { — 1) Ag; Ao (%) Ao [— Ao, Ao — Ao
1
—0 tcos2 (21 — ¢) A2
»\»Hﬁw »\PH COs A 1 Qwv 1 : \~H A*v O

rcos 4 AUH — &v Ao

t
(*) the first solution is valid for —
r

Ag cos 4 AUH - %v

< Aq cos 2 AUH — %v

Table 7.2: Solutions for L = 1, local minimisation of F5&" with an imposed value of (2;.
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Figure 7.6: Optimal orthotropy orientation to minimise Fff;ﬁ”

spherical strain filed. The reader can find the complete discussion of all the possible cases
corresponding to L = 1 in Appendix A.1.

7.4.1.2 Second local minimisation problem: including the orthotropy orien-
tation as an optimisation variable

The optimisation problem can be formalised as:

. Lam (A A. 0O
(g, A Vo ) 70

along with the constraints (7.30). The objective function is:
FEom = 492 Ty 4 81 + 4 Ao r? cos 4 (51 — gb) + 16trA; cos 2 (ﬁl — gb) ) (7.38)

This local minimisation problem takes part to the local minimisation phase of F4™ in
the first and second version of the “algorithm a prior:”.

In this case F'5%™ has to be minimised with respect to three variables: the orthotropy
orientation (27 and the polar moduli Aqz, and A;. The analytical solution of this problem
will be realised within two consecutive phases: firstly the minimisation with respect to
the orientation £2; of the orthotropy axis and then, the minimisation with respect to the
polar moduli Ay;, and A;.

We can evaluate the optimal orientation ﬁipt by the same procedure already used
in Sec. 5.2 where the problem of minimising the failure index of a simple ply has been
solved varying only the orthotropy orientation (2. Thus, we present directly the results
in Fig. 7.6 where

p = dir (min {le, [, [err[})

1 ( At ) (7.39)
& = —arccos | —= :

2 oL”T

Fig. 7.6 shows that the orthotropy shape parameter L of the plate plays a decisive role in
the evaluation of the optimal orthotropy orientation. We have, thus, two type of solutions
concerning the optimal orthotropy orientation:

e a solution that does not include the term &, that we will call solution non-¢;
e a solution including the term &, that we will call solution €.

If we put the expression of ﬁ({pt in eq. (7.38), depending on the type of solution (non-§ or &),

—opt . . . e e .
FEam (277 can assume two different expressions. Therefore, in the second minimisation

phase, we have to minimise two different functions with respect to Ay;, and A;:

solution non-¢ : FfIZT(ZOL,Zl,ﬁipt) = 4921 + 821 + 4Agr? — 16]tjrAy;  (7.40)
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—2
solution € 1 FEam (Ao, Ay, Q") = 4r2Ty + 8121 — 4Agr2 — StQ% : (7.41)
0
The optimal value of FE4™ obtained minimising eq. (7.40) will be, then, compared with
that obtained minimising eq. (7.41). The solution that give the minimum value of Ffe7
(and the corresponding values of the design variables £2;, Aoz and A;) will be the global
optimal solution of problem (7.37).

In order to find an analytical solution, we can proceed by following the same logical
steps described in Sec. 7.4.1.1. For the sake of brevity, the solutions of this case are directly
summarised in Tab. 7.3, while the extended proof of solutions is reported in Appendix
A.2. Also in this case, the solutions are numbered in order to have a map of “solution
type” concerning the local minimisation of FE%™ in the section of numerical examples
(Sec. 7.6). The first row of Tab. 7.3 gives the optimal value of §2;, while the rows below
report the optimal values of the polar moduli Ay;, and A; depending on the value of L of
the basic ply and, furthermore, on the strain field through the quantity |t|/r with respect
to ratio Ap/A; between the polar moduli of the basic ply.

In particular, the first row of Tab. 7.3 shows that the optimal orthotropy orientation
to maximise the strength is always ﬁipt = dir (min {|e;|, |ers|}), eq. (7.39), for every value
of L and |t|/r; so, the global minimum of FZ%" is always obtained from the problem of
solution non-¢, eq. (7.40).

This result leads to an important consequence: we know from Tab. 6.1 that the optimal
orthotropy orientation that maximises the stiffness (for a given stress field) is always
aligned with the directions of principal stresses, on the other hand, Tab. 7.3 shows that the
optimal orthotropy orientation to maximise the strength (for a given strain field) is always
aligned with the direction of the principal strains. Therefore, if in an anisotropic structure
the stress and strain fields are such that the principal stresses and strains are aligned,
the optimal orthotropy orientation maximising the strength will be aligned with that
maximising the stiffness. Therefore, if the optimal solution carried out by the described
algorithms, Secs. 7.2 and 7.3, leads to such a condition, we will have obtained a global
optimal solution in terms of both the stiffness and the strength.

7.4.2 Numerical solution for minimum complementary energy
with a fixed orthotropy orientation
The numerical approach described below is used in the first and second version of the

algorithm a priori to solve the local minimisation phases of the local complementary
energy, Sec. 7.3. The optimisation problem can be formalised as:

{Er(il%l}wc (Rox, R1) (7.42)
with the constraints: — _
R1 ROK
2l — | -1 < ——7082—
<R1> N (_1)KR0’
_ (7.43)
|Rox| < Ro,

E1ZOQ
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QOpt—dlr(mln{|51| lerr|}) VL, t, ¢

—opt ‘ opt ‘ Lam(opt)
‘ AOL FHle

L=0,1;r= O,Vt7 Solution Type = 0

‘ any ‘ any ‘ 821
L=0 |
t| A
u S—O, Solution Type = 11
r Al
2t2 N2 |t| A2 A2
— 1) Ag | =L | 4r2T + 821 — 42 A — 8121
<r2/13 ) O T, | Aot T Ao =8
t| _A
u 2—0, Solution Type = 12
r /11
‘ /10 ‘ /11 ‘ 47“2F0 + 8t2F1 + 4/107”2 - 16|t|7”/11
t = 0, Solution Type = 13
‘ —AO ‘ 0 ‘ 4T2H) - 4/1(]7’2
L=1|
t # 0, Solution Type = 14
‘ —AO ‘ A1 ‘ 4T2H) + 8t2F1 - 4/1()7"2 - 16|t|7’/11

t = 0, Solution Type = 15
‘ —AO ‘ [O,Al] ‘ 47‘2F0 - 4A0T2

Table 7.3: Global solution of the local minimisation of F£4" including (2, as optimisation
parameter.

where:

1 — — — — —
We= — |20T7 = R)R? + (T} = Roy)T? + 2(Ry — T Roxe) R? cos A(@, — @)+

4 (Ty ~ (~1) By ) TR eos (B, — #)]

(7.44)
with:
A= 4T1 (T02 - ROK) - 8R1(T() - R()K) ) (745)
and )
— 27 or
o, =< L 7.46
! { 2 Py /2. ( )

T, R and @ are the polar parameters of N. ﬁipt is determined through the local minimi-
sation of F54™. Thus, unlike the analytical solution of (@ —®) to problem (6.3) depicted
in Tab. 6.1, in this case we know only the numerical value of such a angular difference,
hence, we don’t have an analytical expression of (@, — @) to put into eq. (7.44) in order
to simplify the problem (7.42) like in [34]

The derivatives with respect to Rox and R; are rational functions of second order
polynomials in terms of Ryx and R;. We can consider two separated cases: the first
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one, where the principal stress and strains orientations are coincident, ® = ¢. In this
circumstance, the analytical solution is the same presented in Tab. 6.1. In the second
case the two orientations @ and ¢ are different. In this circumstance, for what said above,
the minimum of the local complementary energy is searched using a fixed point algorithm
which consists in consecutive and alternated minimisations of the objective function with
respect to the two design variables, in this case Rox and R;. The procedure can be
described as follows:

e the numerical iterations start by fixing an initial value of one of the two optimisation

variables, for example we fix Ryx = FSK that belongs to the admissible domain
described by the constraints (7.43);

e the simplified optimisation problem

mintV, (Foye, Ry ) (7.47)

Ry

is solved analytically and we find the value R, = }_%(1) that corresponds to the mini-
mum of the objective function and that satisfies the geometric bounds;

e the optimisation problem
: = =0
min\Ve (ROK,R1> ; (7.48)

Rok
is solved analytically and we find Ryx = Rl)K that minimises the objective func-
tion and satisfies the geometric bounds. Then, the last two step are iterated until
convergence to a minimum.

Multiples starting points are considered in order to avoid a local minimum and converge
to a global minimum. We found, numerically, that the local minimum obtained is the
same using any starting point; hence, the convexity of the objective function is observed
but not proved.

7.5 Summary of the computational procedure

We presented three different algorithms, the algorithm a posteriori to solve the optimisa-
tion problem (6.48) and two versions of the algorithm a priori to solve the optimisation
problem (6.49).

The computational procedure of the structural optimisation step can be divided into
three main phases as shown in Fig. 7.7. The entire computational procedure is pro-
grammed in the MATLAB environment except for the FE analyses that are conducted
using the ANSYS software. The exchange of data between the MATLAB code and the FE
code is obtained through writing and/or reading of text files containing the informations
to be exchanged. The FE analysis is launched using a “dos” command line written in the
MATLAB code.

Concerning the FE model, it is created using quadratic ANSYS SHELL281 elements
based on the Kirchoff kinematic model with 8 nodes and 3 degrees of freedom per node. For
this element the membrane option is activated, in this way there is no bending stiffness or
rotational degrees of freedom, so, the elastic uncoupling is ensured. The mesh refinement,
i.e. the dimension of the FEs, is chosen after preliminary mesh sensitivity analyses on the
convergence of the maximum displacement for a given loading condition.
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POST-PROCESSING Analysis of results and evaluation of
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v

Figure 7.7: Main phases of the computational procedure.

7.5.1 Pre-processing phase

In the pre-processing phase we firstly define the geometry and loading conditions of the
structure to be optimised. As we consider only the extension behaviour of the structure,
we will consider only in-plane loading conditions. The point-wise optimisation of the
properties of the structure, is realised discretising the structure into j finite elements.
In this way the stiffness and strength properties of the structure are defined specifying
the polar parameters of A* and G**, respectively, for every element of the structure.
In particular, we define an initial stiffness distribution that is uniform over the plate
in order to correspond to a classical laminated structure having a relevant value of the
complementary energy W.. Concerning the strength modules, we have chosen a starting
value of the strength polar moduli equal to that of the basic ply Ag;, = Ay and A; = Aj.
The pre-processing phase is terminated with a FE analysis that defines the starting stress
and strain fields.

7.5.2 Optimisation phase

In the optimisation phase the user can chose the algorithm to be used to determine the
optimal values of the design variables.

Let us start considering the algorithm a posteriori. A more precise flow-chart diagram
of the optimisation phases is presented in Fig. 7.8. The internal actions field N at the
iteration n is the input for the local minimisation of W', performed on every element of
the structure, at the iteration n+4 1. Thanks to the analytical solution of Tab. 6.1 the new
optimal stiffness distribution obtained by the MATLAB code is given, through a text file,
to ANSYS in order to perform a new FE analysis. At the end of the FE analysis, ANSYS
writes a text file giving the values, for every element, of the internal actions and strains
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Figure 7.8: Detailed description of the algorithm a posteriori.

at the iteration n + 1, that become the inputs for the new iteration. The convergence is
achieved when a stop criterion is satisfied:

‘Wc(’n) _ WC(’I’L+1) |
(n)

[

<0.001 , (7.49)

such a condition has to be satisfied at least six consecutive times. Once the convergence
is achieved, the optimal strain field is used as input to the local minimisation of F5am
on every element. Thanks to the analytical solutions of Tabs. 7.1 and 7.2 the optimal
strength distribution is obtained and the optimisation phase is terminated.

On the other hand, if we want to use the first version of the algorithm a priori, a
detailed flow-chart diagram of the optimisation phases is presented in Fig. 7.9. The strain
field €™ at the iteration n is the input for the local minimisation of F4%" performed on
every element of the structure, at the iteration n 4+ 1. Thanks to the analytical solution
of Tab. 7.3 the new optimal strength distribution is obtained. Then, the internal actions
field N™ at the iteration n and the orthotropy orientation (27 at the iteration n + 1
are used as input for the local minimisation of W/, at the iteration n + 1. Thanks to
the numerical solution described in Sec. 7.4.2, the new optimal stiffness distribution is
obtained and used by ANSYS in order to perform a new FE analysis. Then, the internal
actions and strains at the iteration n + 1 become the inputs for the next iteration. The
iterations prosecute in this way until convergence. In Sec. 7.3 we have discussed the lack
of the mathematical proof for the convergence of the first version of the algorithm a prior:.
From a numerical point of view we have observed that the amplitude of the oscillations
linked to the variation of both laminate failure index F5%" and complementary energy
W. reduces along the iterations. However, the relative variation of both these quantities
(W, and FE4™) does not fall below ~ 0.5%.
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Figure 7.9: Detailed description of the first version of the algorithm a priori.

Finally, we can chose as optimisation algorithm, the second version of the algorithm a
priori. A detailed flow-chart diagram of the computational phases is presented in Fig. 7.10.
The strain €™ field at the iteration n is the input for the local minimisation of Fjam,
performed on every element of the structure, at the iteration n + 1:

~min_ FEY(02y, Ao, Ay) (7.50)
21,A01,A1

with no restrictions on the solution space of 2;. Thanks to the analytical solution of
Tab. 7.3 the new optimal strength distribution is obtained. Then, the internal actions
field N at the iteration n and the orthotropy orientation ﬁi““) are used as input for
the local minimisation of W', at the iteration n + 1. Thanks to the numerical solution
described in Sec. 7.4.2 we have the new optimal stiffness distribution. Until this point
this algorithm is identical to the first version of the algorithm a priori.

In order to solve the constrained local minimisation problem of the F54" defined in
Sec. 7.3.2, from a computational point of view, we have inserted a “check phase” on the
reduction of W

o if W™ < W™ after the local minimisation, the MATLAB code gives the new
values of the stiffness parameters to ANSY'S;

o if WD > W™ after the local minimisation, the problem

_min W.(£21, Rk, Ry) (7.51)
Rok,Ra1

is solved, for every given value of {2, € [~n/2,7/2] discretised with a step of 1°.
Thanks to the numerical solution described in Sec. 7.4.2 we have 181 values of
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FE analysis Local minimisation of W,! with fixed stress field
_ T
v, € |-5,=
! 2’2
(Numerical solution of Sec. 7.4.2)

O NM, g

Local minimisation of F5&™ with fixed i
. strain fiEId Selection of solutions reducing W;!
(Analytical squJtlon of Tab. 7.3) (91 € [Qua O1p])
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Figure 7.10: Detailed description of the second version of the algorithm a priori.

Wi(nﬂ) along with their optimal stiffness parameters. A selection operator, now,
chooses all W™ < W™ after the selection phase, we have the range

ﬁl € [ﬁlaaﬁlb] , (752)

") At this point the local minimisation

corresponding to the selected values of 1A
of Fham -
min  Fiii (21, Aor, M) (7.53)

Aop, A1

is performed for every given value of 2, € [£2;,,2;,]. Thanks to the analytical
solutions of Tabs. 7.1 and 7.2 we obtain a set of values of Fia™" ™) along with
their optimal strength parameters. The optimal solution, for the finite element
under consideration, will be the one giving the minimum value of FZ%" in the set of
values determined for each 2, € [(2,, 1,]. Such a solution give us the stiffness and

strength parameters, along with the orthotropy orientation, at the iteration n + 1.

Once the procedure has been performed for all elements composing the structure, the
MATLAB code gives to ANSYS the new stiffness distribution in order to perform a new
FE analysis to determine the internal actions and strains fields at the iteration n + 1,
that become the inputs for the new iteration. The iterations prosecute in this way until
convergence. The stop criterion to achieve the optimal condition is the same adopted for
the algorithm a posteriori.
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In order to better understand the second part of this algorithm, in Fig. 7.11 we show
an example of the variation of minima of W! and F5", at the iteration (n+ 1) for a fixed
stress and strain state, varying only the orthotropy orientation. The red line corresponds
to the value of the Wé(”) at the previous iteration and represents the constraint on the
admissible values of WA "™ and, so, on £2;. In particular we calculate, for each value of
2, € [-7/2,7/2] the solution of the minimisation problem (7.51), for a given N field
to obtain the curve of minima of W."Y.

Now, the two dashed vertical lines defines the range of values 2, € [ﬁla,ﬁlb] whose

corresponding minimum values of Wé(nﬂ) are such that Wcl(_nH) S_Wcl(i, i.e. satisfy the
constraint on the reduction of W!. Then, for each value of 2, € [Qla, le] we solve the
minimisation problem (7.53) for a given €™ field to obtain the curve of minima of Fjam.

Thus, in this range of 2 we look for the optimal value of orientation ﬁﬁ"“) that, among
all of the minima of F§" calculated for 21 € [£2,,2;,] gives the lowest value of Fam.
Such a value is placed on the black vertical line that just defines the optimal orthotropy
orientation ﬁi"“). The values Rox, R1 and Agr, Ay corresponding to this point solution
will be the optimal values of the iteration (n 4 1) and will be stored by the algorithm in

order to pass to the global optimisation phase.
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Figure 7.11: Curves of the minima of W! and F54" corresponding to given values of the
orthotropy orientation (2.

7.5.3 Post-processing phase

At the end of the optimisation phase we have a homogenised structure whose optimal
stiffness and strength distributions are known. Therefore, we can perform a final FE
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analysis in order to determine the stress and strain states corresponding to the optimal
condition.

We have still discussed in Sec. 6.4.1.2 about the Kirkhoff’s kinematic model conse-
quence, for an uncoupled plate subjected to a pure membrane loading, that the strain
field of the whole laminate is identical to that of each constitutive layer. After the opti-
misation phase, we have a homogenised plate whose strain state (¢,7,¢) is known, thus,
we know also the strain state of each constitutive layer. Moreover, the polar parameters
(I, I, L, Ay, Ay) of the basic ply are given, so, we can evaluate the max(Fgf%) for each
element of the structure:

maX(FII;ﬁ.%) = 472y + 8t21 + 4(—1)  Agr? cos 4 (21 — ¢) + 16trA cos2 (21 — ¢) ,  (7.54)

with (21 set equal to the solution of Fig. 6.1 maximising the Fgf% Then, such a value of
max (F I?f%) will be taken into account during the second step of the strategy in order to
check the first-ply-failure and to define the admissible range of solutions of ply orientations
to determine the stacking sequence of the laminate, see Chapter 8.

7.6 Numerical examples

In this Section, we present three numerical examples with different laminated plates that
will be designed and optimised using the proposed optimisation algorithms of Secs. 7.2 and
7.3. The three plates are uncoupled and orthotropic and subject to pure membrane loading
conditions. The mechanical properties and the numerical values of the polar parameters
of the basic ply, for both stiffness and strength properties, are reported in Tab. 7.4.
Concerning the strength properties, as we use the Tsai-Hill failure index we assume an
identical strength behaviour in tension and compression, except for Sec. 7.6.3.3 where we
take into account a different value of strength properties in tension and compression. The
total thickness of the plates is fixed to h = 3.75 mm, that corresponds to a laminated
plate composed by 30 identical plies of thickness hx = 0.125 mm.

Mechanical properties

Stiffness ‘ Strength
E, [MPa] 181000 X [MPa] 1500
E5 [MPa] 10300 Y [MPa] 40
GY, [MPa] | 7170 S [MPa] 68

V12 [MPa] 0.28

Polar parameters

Parameters of Q ‘ Parameters of G
Tp [MPa] | 26880 Iy 11746
Ty [MPa] | 24744 In 15461
Ry [MPa] 19710 Ay 628
R; [MPa] 21433 Ay 5898
K 0 L 0

Table 7.4: Mechanical properties and polar parameters of the basic ply, Carbon-Epoxy
T300-5208.
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Figure 7.12: Geometry and boundary conditions, square plate.

‘ ‘ Alg. posteriori ‘ Alg. priori v1 ‘ Alg. priori v2

Starting | Optimal cond., | Optimal cond., | Optimal cond.,
condition | (% reduction) (% reduction) (% reduction)
W, [N mm] | 10232.928 | 6921.054, (32.4) | 7691.895, (24.8) | 6931.053, (32.2)
Max FLam | 8358 | 0.476, (94.3) | 0.447, (94.6) | 0.449, (94.6)
Max Fi' - | 0476 | 1.43 | 0.459
Max displacement [mm] |  0.317 | 0.138, (56.5) | 0.155, (51.1) | 0.139, (56.1)

Table 7.5: Main results, square plate.

7.6.1 First example: a holed square plate

We consider a square plate with a centered hole, subject to biaxial in-plane loading con-
ditions. The geometry and the loading conditions of the plate are shown in Fig. 7.12.
We consider only a quarter of the plate for symmetry reasons. The loading values are
F, =500 N/mm and F, = 250 N/mm.

The total number of elements n.,, is fixed to 1800: 60 partitions around the hole per
30 partitions along the side placed along the z axis. The starting values of the stiffness

polar parameters are those of a cross-ply laminate oriented along x and y axis: R()O) = Ry

and }_zﬁo) = 0 over the whole plate.

In Tab. 7.5 we show the main results of the structural optimisation given by the three
algorithms and their comparison with the starting condition. We present the values, at the
starting and optimal conditions, of: the complementary energy, the maximum laminate
and ply failure indexes and the maximum displacement. For all these quantities, a sensible
reduction is obtained.

The lowest value of W, is achieved with the algorithm a posterior:, that, according to
the theory, favours the minimisation of the complementary energy. The optimal value of
W. when using the two algorithms a priori is still significantly reduced with respect to the
starting condition, but it is greater than the optimal value obtained using the algorithm
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a posteriori. On the other hand, both the versions of the algorithm a priori show lower
values of max(FE4™), with a greater reduction with respect to that obtained with the
algorithm a posteriori. This result can be explained by the mechanical nature of these
algorithms a priori: the optimisation process favours the minimisation of F5%". However,
the second version of the algorithm a priori has a mathematical convergence proof that
finds confirmation in this numerical example, see Figs. 7.13 and 7.14, and gives a better
solution than that obtained using the first version of the algorithm, see Figs. 7.15 and
7.16.

The comparison between the distribution, over the plate, of the local complementary
energy W, at the starting and the optimal conditions, using the three algorithms, is
presented in Figs. 7.17. The red zone (maximal values of W,) near the hole at the
starting condition, see Fig. 7.17(a), completely disappears at the optimal conditions, see
Fig. 7.17(b,c,d), and the blue zone (minimal values of W,) is extremely extended. The
lowest values of the local complementary energy are registered using the algorithm a
posteriori, however, the second version of the algorithm a prior: gives a very similar
distribution of W, as shown in Figs. 7.17(b) and (d).

The comparison between the distribution of FZ%", at the starting and at the optimal
conditions for the three algorithms, is depicted in Figs. 7.18. Failure occurs when F54m >
1 and in Fig. 7.18(a) such a limit condition is verified in the plate regions coloured in
red. Such a critical condition occurs in a large region of the plate at the initial condition,
while it completely disappears for the optimal solution, Figs. 7.18(b,c,d), being the failure
index of the laminate less or equal to about 0.5. The best distribution of F£%" over the
plate, is achieved using the algorithm a prior: version 1. However, this algorithm gives
a maX(Fgf%) for the worst ply composing the laminate, see Sec. 6.4.1.2, greater than 1
(Tab. 7.5). Thus, the best compromise between the optimal distribution of F&%" and
that of the max(F I{ijlyl) is given by the optimal results of the algorithm a priori version 2,
see Tab. 7.5.

Concerning the results of this first example we can say that we found:

e an optimal configuration, in terms of stiffness, having good strength properties using
the algorithm a posteriori;

e an optimal configuration, in terms of strength, having good stiffness properties using
the algorithms a priori;

In the following, concerning all the numerical test cases, we will discuss only the results
obtained using the algorithm a posteriori and the algorithm a priori version 2, being this
last more robust and effective than version 1. We pass now to assess in detail, the results
obtained with the a posteriori and a prior: version 2 algorithms.

7.6.1.1 Structural optimisation using the algorithm with a posterior: local
maximisation of strength

The reduction of the complementary energy W, along the iterations is shown in Fig. 7.19.
In particular the most important reduction is obtained at the first iteration, we pass from
10232 N mm to 6977 N mm. This sensible reduction is due to the local minimisation of
W.: we have a starting condition that correspond to a cross-ply laminate with a constant
value of orthotropy orientation and polar moduli of stiffness over all the plate. With the
first iteration, after the local minimisation of W, we have still obtained a variable stiffness
plate and the adaptation of the stiffness field to the stress field of each element of the
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Figure 7.13: Complementary energy of the plate along the iterations (a) and its zoomed version
(b), algorithm a priori version 2, square plate.
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Figure 7.16: Maximum failure index of the plate along the iterations, algorithm a priori version
1, square plate.
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Figure 7.17: Complementary energy distribution for the starting (a) and optimal configuration
using algorithm a posteriori (b), algorithm a priori vers. 1 (c) and algorithm a priori vers. 2
(d), square plate.

structure leads to a sensible increment of the local, and then global, stiffness of the plate.
Such a result proves the interesting performances that a variable stiffness plate can have
with respect to standard solutions. As proved by the theory, see Sec. 6.3.1, W, reduces
at each iteration, see Fig. 7.19(b) that shows a zoom of the first one.

The solution type of the local minimisation of W, see Tab. 6.1, is shown in Fig. 7.20(a).
Almost the total surface of the plate is characterised by the solution type 1 while around
the hole we have a thin area characterised by the solution type 2. We have already
discussed about the peculiarity of the solution type 1 of the local minimisation of W!
in Sec. 6.3.1: such a stiffness distribution generates a pure spherical strain field (the
deviatoric component of € is null, r = 0), see Fig. 7.20(b). From Tab. 6.1 we can see that
the solution type 1 gives a set of optimal values of Ryx and in Fig. 7.21(a) we have chosen
}_%82; = Ry in the area characterised by the solution type 1. The distribution of E({pt is
shown in Fig. 7.21(Db).

In Figs. 7.22 we compare the distribution of FL%" and max(Fj%) at the optimal
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Figure 7.18: F I’}I‘Z‘l’f distribution for the starting (a) and optimal configuration using algorithm
a posteriori (b), algorithm a priori vers. 1 (¢) and algorithm a priori vers. 2 (d), square plate.

condition. The maximum value of F54" occurs in the area characterised by r = 0. Also
the highest value of max(F},%), see Sec. 6.4.1, occurs at the same point, Fig. 7.22(b). A
quick glance at eq. (6.18) is sufficient to assert that when r = 0 the contribution of (2
vanishes, and we get:

Fjii = Fin = 8T (7.55)

that explains the same values of max(F5%") and max(F},%) in Tab.7.5.

The solution type of the local minimisation of F5%", Tab. 7.1, is depicted in Fig. 7.23(b).
The main part of the plate surface is characterised by the solution type 0 that corresponds
to a pure spherical strain field (r = 0): thus Zgﬁt and Z(fpt can get any admissible value
within the admissible design domain. Around the hole, the solution type is equal to 4 and
3, corresponding to a fixed optimal value of the strength moduli, see Tab. 7.1. Concerning
the area characterised by the solution type 0 we have chosen Zgﬁt = /Ay and Zipt = /Ay, see

Figs. 7.24. Finally, the optimal orthotropy orientation 5(1)@& is reported in Fig. 7.23(a).

7.6.1.2 Structural optimisation using the algorithm with a prior: maximisa-
tion of strength: version 2

In this algorithm the local minimisation of W! is calculated through the numerical ap-
proach described in Sec. 7.4.2 for which we do not have an analytical solution. The
distributions of Egﬁ and of Fl)pt are reported in Figs. 7.25. Differently from the solution
given by the algorithm a posteriori, in this case FS’; does not belong to a set of solutions
and varies over the plate surface.

The values of FE4™ and those of max(F ,’jjgfl), at the optimal condition, are compared
in Figs. 7.26. The maximum value of F§%" occurs over a region near the hole, while
the maximum value of Fgflyl of the generic ply composing the laminate occurs on a very
limited area around the hole and it is greater than max(F5%47) but still lower than 1, see
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Fig. 7.26(b). This is due to the fact that in this case r # 0 and the orientation {2; such
that F/, is maximised leads to max(F}, ) >max(F5%m) see Sec. 6.4.1.

The solution type of the local minimisation of F4%™ is reported in Fig. 7.27(b). The
plate surface is characterised by the solution types 3 and 4 of Tab. 7.1. The solution type
3 corresponds to Zgﬁt = /p and Zipt = /1; and the solution type 4 gives also Zgﬁt = /Ap and
Zipt = /; because m > Ao cos (21 _ ¢) .

r Ay|cos2 (2, —¢) |

strength polar moduli over the whole plate surface correspond to the respective strength

Therefore, the optimal values of both the

polar moduli of the basic ply. The optimal orthotropy orientation ﬁcl)pt is illustrated in
Fig. 7.27(a). Except for small areas, wherein ﬁipt is aligned with 5(1)pt given by the solution
of the algorithm a posteriori, the distribution of ﬁipt given by the algorithm a priori
version 2, is different from the optimal orthotropy orientation given by the algorithm a
posteriori. This is due to the different optimal stiffness distribution obtained with the
two algorithms, that leads to a different state of stress and strain. In fact, the optimal
solution given by the algorithm a posteriori generates a spherical strain field (r = 0),
while the stiffness distribution obtained with the algorithm a priori version 2 generates
a strain field with r # 0.
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Figure 7.20: Solution type of local minimisation of W, (a) and deviatoric strain component r
(b) for the optimal configuration, algorithm a posteriori, square plate.
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Figure 7.21: Rox (a) and Ry (b) for the optimal configuration, algorithm a posteriori, square
plate.
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Figure 7.22: FLam distribution (a) and max(F }IZ%) of the generic ply (b) for the optimal
configuration, algorithm a posteriori, square plate.
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Figure 7.23: Optimal orthotropy orientation Eipt (a) and solution type of local minimisation
of FE4m (b), algorithm a posteriori, square plate.
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b)

19710.43 21433.12

§ f20000
~10000 -16000

i -12000

0

t Esooo
~-10000 E 2000
-19708.8 138.861

a) b)

Figure 7.25: Rox (a) and Ry (b) for the optimal configuration, algorithm a priori version 2,
square plate.
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Figure 7.26: FLam distribution (a) and max(F II;S’Z) of the generic ply (b) for the optimal

configuration, algorithm a priori version 2, square plate.
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7.6.2 Second example: a circular sector

We consider a circular sector, subject to in-plane shear loading conditions. The geometry
of the plate and the boundary conditions are shown in Fig. 7.28. The loading value
is F,, = 150 N/mm. The total number of elements ne., has been fixed to 1274 (14
circumferential partitions per 91 radial partitions). The starting values of the stiffness
polar parameters correspond to a unidirectional lamina oriented along the x axis having
the properties of the basic ply: }_%(()0) = Ry, Rﬁo) = R; and 550) = 0 everywhere in the
plate. In order to avoid a singular point for stresses and strains, we have truncated the
tip of the sector, see Fig. 7.28, and the load F} is uniformly distributed on the vertical
side of the wedge.

In Tab. 7.6 we show the main results of the structural optimisation step. For all
the quantities, a sensible reduction is observed. Also in this case, the smallest value of
W. is achieved when using the algorithm a posteriori. The optimal value of W, using
the algorithm a prior: version 2 is still significantly reduced with respect to the starting
condition and gives the same percentage of reduction obtained using the algorithm a
posteriori. On the other hand, the algorithm a prior:i version 2 presents the lowest value
of max(FE4™), though its reduction with respect to the algorithm a posteriori is only
about 0.1%.

The comparison between the distribution, over the plate, of the local complementary
energy W, at the starting and optimal configurations, using the two algorithms, is shown
in Figs. 7.29. The red zone indicating the maximal values of W, at the starting con-
dition, Fig. 7.29(a), completely disappears at the optimal configurations, Fig. 7.29(b,c).
Moreover, the optimal distribution of W, given by the two algorithms is almost the same.

The comparison between the distribution of the FE4™ at the beginning and the end of
iterations is illustrated in Figs. 7.30. The extended red area, indicating that F54" > 1, at
the beginning, Fig. 7.30(a), completely disappears at the end, Figs. 7.30(b,c), and becomes
a blue area corresponding to F54™ < 0.2. The greatest values of F;%™ corresponding to
FEem ~ 0.5 are confined in a very localised area corresponding to the loading application
region, Figs. 7.30(b) and (c). The lowest distribution of the F5%™ is achieved using the
algorithm a priori version 2. Also the maximum value of F’ Ilﬁlyl, when using this algorithm,
is lower than that obtained using the algorithm a posteriori.

We observe, again, that the algorithm a prior: version 2 gives a smaller failure index
at the price of a bigger complementary energy than those obtained with the algorithm a
posteriori.

Let us now consider in detail the results concerning the two optimisation procedures
used for this example.

7.6.2.1 Structural optimisation using the algorithm with a posterior:i local
maximisation of strength

The reduction of the complementary energy W, along the iterations is shown in Fig. 7.31.
The most important reduction is obtained at the first iteration, we pass from 1690 N mm
to 755 N mm. W, reduces at each iteration, see Fig. 7.31(b), up to the convergence. The
solution type of the local minimisation of W, is shown in Fig. 7.32(a). Almost the total
surface of the plate is characterised by the solution type 2 corresponding to the unidi-
rectional lamina (see Tab. 6.1), while around the geometrical symmetry axis we have a
thin area characterised by the solution type 3. The optimal distribution of Rox and R,
is given in Figs. 7.33.
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‘ ‘ Alg. posteriori ‘ Alg. priori v2

Starting | Optimal cond., | Optimal cond.,
condition | (% reduction) | (% reduction)
W, [N mm] | 1690.356 | 749.473, (55.6) | 750.072, (55.6)
Max Fham | 15.392 | 0.530, (96.5) | 0.515, (96.6)
Max F/% - | 0.591 | 0.570
Max displacement [mm] | 0.715 | 0.318, (55.5) | 0.319, (55.4)

Table 7.6: Main results, circular sector.
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Figure 7.29: Complementary energy distribution for the starting (a) and optimal configuration
using algorithm a posteriori (b) and algorithm a priori vers. 2 (c), circular sector.
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Figure 7.30: FL4m distribution for the starting (a) and optimal configuration using algorithm
a posteriori (b) and algorithm a priori vers. 2 (c), circular sector.
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FEam and max(F I];flyl) are compared, at the optimal configuration, in Figs. 7.34. The

maximum value of FE4™ occurs over the region where the load is applied. Also the

max(F5%) occurs in the same region, Fig. 7.34(b), and is greater than FL%" because

r # 0 in this case. The solution type of the local minimisation of FE™ is illustrated in

Fig. 7.32(b). The largest part of the plate surface is characterised by the solution type 4,

t
that depends upon the ratio —| between the spherical and deviatoric component of strains.

Along the geometric symmetrry axis, the solution type is equal to 1 and corresponds to
a fixed value of the strength moduli, see Tab. 7.1. The optimal distributions of Ay; and
A, are given in Figs. 7.35. Finally, the optimal orthotropy orientation 5? is depicted in
Fig. 7.36. The distribution of 5‘1’” is symmetric with respect to the geometric symmetry
axis, i.e. the x axis, and, with the exception of the area characterised by the solution type 3
(of the local minimisation of W), Eipt is oriented along the radial direction. This solution
is very similar to the analytical solution founded by Royer [63] and Pedersen [53] for the
optimal fiber layout of a composite anisotropic wedge. In particular the area characterised
by the solution type 3 for the local minimisation of W! the optimal orientation 5(1)pt is
identical to that found in [63]. While in the area characterised by the solution type 2,
5?” is oriented along the radial direction, hence, the stress field is purely radial like the
Michell’s classical solution [68].

7.6.2.2 Structural optimisation using the algorithm with a prior:i maximisa-
tion of strength: version 2

We observe the numerical monotonic convergence for the complementary energy W.,
Fig. 7.37, and the oscillating convergence for the laminate failure index FE", Fig. 7.38.
The considerations made beforehand concerning the example of Sec. 7.6.1.2 can be re-
peated verbatim also in this case. The distributions of }_%8% and of E;}pt are reported in
Figs. 7.39. ESZ; is almost always equal to Ry. Also E?pt = R; on the largest part of the
surface, except for the thin area along the geometric symmetry axis.

The distribution of FZ" and that of max(F}I;f%) are compared, at the optimal config-
uration, in Figs. 7.40. We can note that the maximum value of F4%" and of max(F }jjlyl)
occurs near the loading application region. The solution type of the local minimisa-
tion of FEe™ is shown in Fig. 7.41. Almost the entire plate surface is characterised by
the solution type 4 of Tab. 7.1, corresponding to Zgﬁt = Ay and Zipt
U > Ao cos 4 (izl —9) . On the rest of the plate surface, Z;ﬁt and Z‘l)pt vary, Figs. 7.42.
r Ay|cos2 (21— ¢) |

The optimal orthotropy orientation ﬁipt is illustrated in Fig. 7.43. On the greatest part

= /A; because

of the surface, except for a localised region near the loading application region, let is ori-
ented along the circumferential direction. If we compare such an optimal orientation with
the distribution of 5;”” obtained with the algorithm a posterior:, Fig. 7.36, it is aligned
or turned of 7/2. Moreover, the optimal solution given by the algorithms a posteriori
and a priori version 2 generate the same particular condition of coaxial stress and strain
field (see for instance Figs. 7.44 concerning the principal stress and strain orientations for
the optimal configuration obtained using the algorithm a priori version 2); so, the opti-
mal orientation that maximises stiffness is the same that maximises strength, as already
discussed in Sec. 7.4.1.2.
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Figure 7.31: Complementary energy of the plate along the iterations (a) and its zoomed version
(b), algorithm a posteriori, circular sector.
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Figure 7.32: Solution type of local minimisation of W, (a) and solution type of local minimisa-
tion of FI’_}%" (b) at optimal configuration, algorithm a posteriori, circular sector.
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Figure 7.33: Rox (a) and Ry (b) for the optimal configuration, algorithm a posteriori, circular
sector.



132 7. First step: structural optimisation of laminates including strength

F_Hill Lam 0.59105
0.53056

[05 0.5

04 0.4

0.3 fo3

:0.2 0.2

EO. 1 rO.]

4e-5 0.00013

a) b)

Figure 7.34: FLam distribution (a) and max(F f[flyl) of the generic ply (b) for the optimal
configuration, algorithm a posteriori, circular sector.
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Figure 7.35: Ay (a) and A; (b) for the optimal configuration, algorithm a posteriori, circular
sector.
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Figure 7.37: Complementary energy of the plate along the iterations (a) and its zoomed
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Figure 7.40: FLam distribution (a) and max(F 55%) of the generic ply (b) for the optimal

configuration, algorithm a priori version 2, circular sector.
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sector.
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Figure 7.45: Geometry and boundary conditions, rectangular plate.

7.6.3 Third example: a rectangular plate

We consider now a rectangular plate whose geometry and boundary conditions are shown
in Fig. 7.45. The loading value is F}, = 200 N/mm. The total number of elements ngep,
is fixed to 1400 (70 partitions along the long side per 20 partitions along the short side).
The starting values of the stiffness polar parameters are those of an equilibrated cross-ply
laminate oriented at £45° with respect to the z axis: }_3(()0) = Ry and ngo) = 0 for the
entire plate.

In Tab. 7.7 we show the main results of the structural optimisation step. Like the
results of the first example, the reduction of W, and of the maximum displacement given
by the algorithm a posterior: is greater than that given by the algorithm a priori version
2. On the contrary, the reduction of FL%" given by the algorithm a priori version 2 is
greater of 0.2% than that obtained using the algorithm a posteriori.

The comparison between the distribution, over the plate, of the local W, and F4™ for
the starting and final configurations are shown in Figs. 7.46 and Figs. 7.47, respectively.

‘ ‘ Alg. posteriori ‘ Alg. priori v2

Starting | Optimal cond., | Optimal cond.,
condition | (% reduction) (% reduction)
W, [N mm] | 3064.960 | 1185.922, (61.3) | 1191.130, (61.1)
Max FLam | 6.427 | 0.325, (94.9) | 0.317, (95.1)
Max Fi - | 0.520 | 0.528
Max displacement [mm] | 0.275 | 0.096, (65.1) | 0.097, (64.7)

Table 7.7: Main results, rectangular plate.

7.6.3.1 Structural optimisation using the algorithm with a posterior: local
maximisation of strength

The reduction of the complementary energy W, along the iterations is reported in Fig. 7.48.
The solution type of the local minimisation of W, is shown in Fig. 7.49(a). All of the three

solution types are present. Thus, in Fig. 7.50(a) we have chosen R‘;’}ﬁ = Ry in the corre-
sponding area with solution type 1. The distribution of Ript, Fig. 7.50(b), depends upon
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Figure 7.46: Complementary energy distribution for the starting (a) and optimal configuration
using algorithm a posteriori (b) and algorithm a priori vers. 2 (c), rectangular plate.
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Figure 7.47: FE4m distribution for the starting (a) and optimal configuration using algorithm
a posteriori (b) and algorithm a priori vers. 2 (c), rectangular plate.

the ratio R/|T'| between the deviatoric and the spherical components of internal forces,
in the areas with solution type 1 and 3, while is F(fpt = R, in the area characterised by
the solution type 2, see Tab. 6.1.

The values of FE%" and max(F}'%) are compared in Figs. 7.51. The maximum value
of Ffem and F };l% occurs at the top corners.
The solution type of the local minimisation of F5%™ is reported in Fig. 7.49(b). Almost all

g

the plate surface is characterised by the solution type 4 that depends upon the ratio —.

The area characterised by the solution type 0 corresponds to the area characterised by tqfle
solution type 1 of the local minimisation of W! where r = 0. The optimal distribution
of Z;’it and Z({pt is shown in Figs. 7.52 (a) and (b), respectively. Finally, the optimal
orthotropy orientation 5(1)@: is reported in Fig. 7.53. It is almost always oriented at +7/4
that corresponds to the starting distribution of orthotropy orientation. This explain the
good values of W! over the plate also at the starting condition. On the contrary, the
values of FE™ at the starting condition are greater than those obtained at the optimal
condition. So the important result, in this case, concerns the significant reduction of the
FEem over the whole plate surface.
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7.6.3.2 Structural optimisation using the algorithm with a prior: maximisa-
tion of strength: version 2

Fig. 7.54 shows the numerical convergence of the complementary energy W, along the
iterations. The variation of the laminate failure index F&™, Fig. 7.55, oscillates until the
14" iteration. The convergence of the algorithm is achieved in 16 iterations.

The distribution of Eg];; and of Eipt, given by the numerical solution of the algorithm
of alternated directions is shown in Figs. 7.56. The optimal distribution of R; is similar
to that obtained using the algorithm a posteriori, see Figs. 7.50(b).

The values of FE4™ and those of max(Fgf%) are compared, for the optimal configura-
tion, in Figs. 7.57 (a) and (b), respectively. The maximum value of FE%™ and Fj,% occurs
in the same area, like also to the solution given by the algorithm a posteriori, Figs. 7.51.

The solution type of the local minimisation of F5%" is reported in Fig. 7.58. Also in
this case, almost all of the plate surface is characterised by the solution type 4 of Tab. 7.1.
The distribution of Zgﬁt and of Zipt, Figs. 7.59 (a) and (b) respectively, is very similar to
that obtained using the algorithm a posteriori, Figs. 7.52.

The optimal orthotropy orientation ﬁ?pt is illustrated in Fig. 7.60 and is almost always
aligned with 5?” given by the algorithm a posteriori, Fig. 7.53. Moreover, the direction of
the principal stress and strain components, for the optimal configuration obtained using
this algorithm a priori version 2, are almost the same, see Figs. 7.61. As a consequence of
these two aspects and recalling what discussed at the end of Sec. 7.4.1.2, we can assert that,
except for some very localised areas, the optimal orthotropy orientation that maximises
stiffness is the same that maximises strength and this optimal condition is achieved by
both the algorithms. Thus, like the results of the previous example of the circular sector,
the solution given by both the algorithms can be considered as a global optimal solution
maximising simultaneously stiffness and strength, without one property clearly prevailing
on the other one.
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Figure 7.48: Complementary energy of the plate along the iterations (a) and its zoomed version
(b), algorithm a posteriori, rectangular plate.
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Figure 7.49: Solution type of local minimisation of W, (a) and solution type of local minimisa-
tion of F Igfﬁ” (b) for the optimal configuration, algorithm a posteriori, rectangular plate.
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Figure 7.50: Rox (a) and Ry (b) for the optimal configuration, algorithm a posteriori, rectan-
gular plate.
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Figure 7.51: FLam distribution (a) and max(F I];f%) of the generic ply (b) for the optimal

configuration, algorithm a posteriori, rectangular plate.
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Figure 7.53: Optimal orthotropy orientation 5(1)pt, algorithm a posteriori, rectangular plate.
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Figure 7.54: Complementary energy of the plate along the iterations (a) and its zoomed
version (b), algorithm a priori version 2, rectangular plate.
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Figure 7.58: Solution type of local minimisation of F54™ algorithm a priori version 2,
rectangular plate.
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Figure 7.59: Agr (a) and A; (b) for the optimal configuration, algorithm a priori version 2,
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Figure 7.61: Direction of principal stress (a) and strain (b) components for the optimal
configuration, algorithm a priori version 2, rectangular plate.

7.6.3.3 Structural optimisation taking into account for different strength in
tension and compression: algorithm a prior: version 2

In this section we want to perform an analysis closer to reality. Such an example is very
similar to that of the Sec. 7.6.3.2, but, this time we take into account the difference of
strength in tension and compression.

In Tab. 7.8 we show the strength properties of the material. The stiffness properties
are still those of Tab. 7.4. In particular, as we use the Tsai-Hill criterion, we have four
different combinations of strength properties. More precisely, the two different values of
normal strength properties in tension and compression are used in relation with the sign
of internal actions components N,, and NN,,. Such an approach gives four different sets
of invariants, one for the tension, one for the compression case, and the two others being
a mix of tension and compression cases.

In terms of algorithm programming, we have simply inserted a check on the sign of
the internal actions components N,, and N, in order to select the corresponding values
of the strength polar parameters of Tab. 7.8. In Tab. 7.9 we show the main results of the
structural optimisation step. For all of the considered quantities, a sensible reduction is
obtained. However, the difference of strength in tension and compression has influenced
the results; in fact we have an optimal value of the W, a bit higher with respect to
the previous case, where we have considered equal strength properties in tension and
compression, and a maximum FE4" a bit lower, see Tab. 7.7.

The trend of the numerical convergence of the complementary energy W, and of the
laminate failure index F54™ along the iterations is very similar to that of the previous
case and, so, is not reported here for the sake of brevity.

In Figs. 7.62 the components N, and N,, of the internal actions field are shown to
better understand the results presented below. In particular Figs. 7.62 shows that all the
combinations of signs of N, and N,, are present and, thus, the different combinations of
strength properties of Tab. 7.8 have to be considered.

Let us now compare these results and those obtained in Sec. 7.6.3.2 in order to show
how the different strength behaviour in tension and compression can influence the results.
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Strength properties, [MPa]
X=X, 1500 | X=X, 900 |X=2X, 1500 | X =X, 900

Y=Y, 40 Y=Y, 246 Y=Y, 246 |Y =Y 40

S 68 S 68 S 68 S 68
Polar parameters of G

Iy 11746 | 1o 10819 | Iy 7525 | Ip 15040

I 15461 | I3 5250 | I 2122 | I 18589

Ag 628 Ag 299 Ag 3592 | Ay 3922

Ay 5898 | Ay 4819 | Ay 1604 | Ay 2683

L 0 L 1 L 1 L 0

Table 7.8: Strength properties and polar parameters of the basic ply.

‘ ‘ Alg. priori v2

Starting | Optimal cond.,
condition | (% reduction)
W, [N mm] | 3064.960 | 1225.063, (60.0)
Max FhLam | 4.288 | 0.287, (93.3)
Max Fj - | 0.520
Max displacement [mm] | 0.275 | 0.1, (63.6)

Table 7.9: Main results, rectangular plate: different tension/compression strength.

The distribution of Egﬁ; and of }_%(l)pt, given by the numerical solution of the algorithm
of alternated directions is shown in Figs. 7.63. Both optimal distributions of Ryx and of
R; are similar to that of Figs. 7.56, hence, the different strength behaviour in tension and
compression has not influenced sensibly the optimal stiffness distribution.

The values of Ff&" and those of max(Fi4) are compared, for the optimal configu-
ration, in Figs. 7.64 (a) and (b), respectively. The maximum value of FZ¥™ occurs in
different localised regions, while the highest value of max(F }];f%) occurs only in the same
localised region observed also in the previous results, Fig. 7.57(b), at the top corners of
the plate. Of course, the values of F4%" and max(F }jflyl) for the optimal configuration are
different to those presented in Figs. 7.57.

The solution type of the local minimisation of F54" is reported in Fig. 7.65. A great
part of the plate surface is characterised by the solution type 9 of Tab. 7.2 corresponding
to a solution for L = 1 of the basic ply. The distribution of Zng and of Z({pt, Figs. 7.66
(a) and (b) respectively, is completely different to that of Figs. 7.59 as Ay and A; can
assume four different values due to the four different combinations of strength properties,
see Tab. 7.8.

The optimal orthotropy orientation ﬁipt is illustrated in Fig. 7.67 and, also in this
case, the solution is different from that given by the previous case, Fig. 7.60.

To conclude we can assert that the different strength behaviour in tension and com-
pression has a bit influenced the results of the structural optimisation in terms of stiffness
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and, on the contrary, has sensibly influenced the results in terms of strength. In any case,
the optimal stiffness and strength distribution lead to an important reduction of both
the complementary energy and the laminate failure index with respect to the starting
condition.
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Figure 7.62: Internal actions field components N,, (a) and N, (b) for the optimal con-
figuration, algorithm a priori version 2, rectangular plate: different tension/compression

strength.
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Figure 7.63: Rox (a) and Ry (b) for the optimal configuration, algorithm a priori version 2,
rectangular plate: different tension/compression strength.
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Figure 7.64: FLam distribution (a) and max(F }IZ%) of the generic ply (b) for the optimal
configuration, algorithm a priori version 2, rectangular plate: different tension/compression

strength.
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Figure 7.65: Solution type of local minimisation of F5%,

rectangular plate: different tension/compression strength.
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Figure 7.66: Aoy (a) and A; (b) for the optimal configuration, algorithm a priori version 2,

rectangular plate: different tension/compression strength.
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Figure 7.67: Optimal orthotropy orientation ﬁipt, algorithm a prior: version 2, rectangu-

lar plate: different tension/compression strength.
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7.7 Concluding remarks

In this Chapter we presented three different algorithms used to solve the first step of the
hierarchical strategy proposed in Chapter 6. As already said, the goal of this first step
of the hierarchical strategy consists in determining the optimal distribution of material
parameters, represented by the polar parameters, of a structure with a given geometry
and boundary conditions.

The first proposed algorithm is a simple modification of the optimisation algorithm
introduced by Allaire and Kohn [2]. Particularly, we have added a further phase to
the original version of the algorithm in which we introduce the strength optimisation
phase. We considered the stiffness functional, i.e. the complementary energy, as the
main objective to be minimised in terms of all the stiffness material parameters. On
the contrary, the strength functional, i.e. the laminate failure index, is considered as
the secondary objective to be minimised and the strength orthotropy orientation is taken
equal to the optimal orthotropy orientation of stiffness.

The second algorithm can be considered, in some sense, as the “converse” version
of the previous one. The failure index is minimised in terms of all the strength polar
parameters while the complementary energy is minimised only in terms of the stiffness
polar moduli, being the stiffness orthotropy orientation equal to the optimal orthotropy
orientation of strength. Moreover, we proposed a modified version of this algorithm in
order to match the mathematical convergence proof and this last version demonstrates to
be more effective and robust than the previous one.

A point of originality of these new algorithms resides in the fact that we considered
two functional to be minimised: one describing the stiffness of the structure (the com-
plementary energy) and the other one describing the strength (the homogenised failure
criterion). The complementary energy and the laminate failure index have been taken into
account to develop two algorithms able to deal with the optimisation problem of maximising
simultaneously the strength and the stiffness of a structure and to have a control on which
property should be privileged. The decision of using two functional instead of only one, as
in [30] and [38] wherein stiffness and strength fields are included in an unique function, is
taken for having the control on which of the two mechanical property must be the leading
one. Indeed, the use of an unique objective function implies that, before obtaining and
evaluating an optimal solution, we are not able to know a priori which quantity, between
stiffness and strength, will have better qualities at the end of the optimisation process.

After developing the two algorithms, we deal with the problem of finding an analytical
solution to the minimisation of the strength functional, with respect to the material param-
eters, for linear elastic plane structures composed of orthotropic materials, see Sec. 7.4.1.
Concerning the analytical solution, an important result has been obtained: when the di-
rections of the principal stress and strain components are the same, the solution given by
both algorithms represents a real global optimum for both stiffness and strength properties.

Finally, we performed some numerical tests in order to prove the effectiveness and the
robustness of the proposed algorithms and to evaluate the computational costs of this
first step of the hierarchical strategy. Although we used a laminate level failure criterion
based on the same assumptions of the Tsai-Hill criterion, we have shown in Sec. 7.6.3.3
a numerical example, using the modified version of the algorithm a priori, wherein we
take into account the different strength behaviour in tension and compression. All the
results show a considerable incrementation in terms of stiffness and strength and also in
terms of computational costs. Concerning the reduction of both functional, we achieve an
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average of 50 % of reduction of the global complementary energy and an average of 70 %
of the laminate failure index. Regarding the computational costs, thanks to the adoption
of the hierarchical strategy, we are able to solve the structural optimisation within about
5 minutes, using the algorithm a posteriori, 15 minutes using the first version of the
algorithm a priori and 40 minutes using the second version of the algorithm a prior:
on an Intel® i5 Dual Core 2.5GHz processor. In all the cases, in less than one hour,
we are able to determine the optimal anisotropy distribution of a plate similar to those
considered in the numerical examples.

A last remark concerns the results of the second and third test cases: the optimal
solution achieved by the two algorithms, a posteriori and a prior: second version, corre-
sponds to the particular case of coaxiality between the stress and strain fields, hence, in
terms of both stiffness and strength properties we obtain a global optimal solution.
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8

Second step: optimal lay-up
including strength

8.1 Introduction

In this Chapter we are concerned with the second step of the hierarchical strategy: the
lay-up design. As still explained in Chapter 6, the lay-up design in the framework of the
hierarchical strategy corresponds to determine a laminate stacking sequence satisfying the
optimal distribution of material parameters issued from the first step of the strategy.

We already talked about the non-bijectivity and non-convexity of this design problem
that is due to the relations that link the design variables, the plies orientations, to the
material parameters, see Sec. 6.3.2. In order to ensure the existence of at least one
stacking sequence satisfying such optimal distribution of material parameters we have
imposed some constraints, i.e. the geometric constraints, on the admissible values of the
material parameters during the resolution of the structural optimisation step.

In Sec. 6.4.3 we have already introduced the problem of the lay-up design linked to the
solutions of the structural optimisation found in Chapter 7. The fundamental difference
between problems (6.10) and (6.50) resides in the addition, in the last one, of some
material parameters: the polar invariants that describe strength. In the next Sections we
will face the problem (6.50) through a numerical method in order to find, at least, one
stacking sequence meeting the optimal requirements of both stiffness and strength.

8.2 The lay-up design respecting the optimal solution
of the first step

The optimal material parameters of the structure issued from the structural optimisation
step vary point-wise: the homogenised structure issued from the the first step of the
hierarchical strategy is a wariable stiffness and strength structure. Therefore, problem
(6.50):
find, for a given set
{l(opt7 }%gpt7 }%(l)pt7 Lopt’ A/lgpt7 Atljpt}

a vector of plies orientations (41, ds, ..., d,,) such that :
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((Ro= R
R =R,
A=14,
A =47,
By— By = K7 /4 | (8.1)

ﬁo - ﬁl = zoptﬂ_/4 5
51 _ﬁl = 0,7T/2 y
P =d)"
(| B=0,
needs to be solved at any point of the structure. In the discretised FE approach introduced

in the previous Chapter, Sec. 7.5, this means that the above problem must be written
and solved for every element of the discretised model of the structure.

8.2.1 Mathematical statement of the problem

The optimisation parameters of (8.1) are the ply orientations d. In the framework of this
thesis, we decided to formulate this problem through the minimisation of an unconstrained
objective function introduced by Vannucci in [78]. We recall its general expression, already
given in eq. (6.11):

min I(f;(6r) = Xf7(6k) with k=1,2,..,n, (8.2)

where the sub-objectives fj2(5k) are quadratic functions, each one representing a require-
ment to be satisfied. In our case we have:

f1(5k) — (|@0(5k)ﬂ;4@1(5k)| _Kopt) , f2(5k> _ (‘QO(ék)ﬂ_;Zlgl (5k)‘ B Lopt> 7

f3(0) = (Ql(ék) _(pl(ék)) ;o Ja(or) = (RO((S’“)_RO> . F5(8y) = <Rl(5k)_Rl> ’

7T/4 Ry Ry
fo(0r) = (AO(ékle_ z ) ;o fr(0k) = <A1(5ki11_ 4 ) ;
fa(0x) = (Hlig]ﬁ)") o fo(Or) = (W) :

(8.3)
Hence, the problem (8.1) can be formulated as the search for an absolute minimum of
the global objective function (8.2), composed by 9 positive semi-definite sub-objectives
functions (8.3), each one satisfying one of the imposed requirements. In addition, the
function I(f;(dx)) has a great advantage: being composed by the sum of semi-definite
positive functions, its minimum is known a priori, it is zero. This aspect can help us in
the identification of an absolute minimum.

8.2.2 Check on the first ply failure

Concerning the check on the first-ply-failure, the evaluation of max(n) = max(F},%)/Fkm
discussed in Sec. 6.4.1 and in the post-processing phase of Sec. 7.5, will be now, very
helpful. After the structural optimisation step we have FE%" < 1 everywhere, but the
calculation of max(n) can lead to three different situations:
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1. max(n) < 1 = max(F/%) < FLam therefore, we will have no limits to impose on
the plies orientations when searching the stacking sequence;

2. max(n) = 1 = at most max(F},) = FE@ and being F5&" < 1 we can still
consider all the possible plies orientations to determine the stacking sequence;

3. max(n) > 1 = there are some orientations (£2)), such that Fi# > FL@m In this
case, we can evaluate the range of values of (£2;), such that F’ };ll% > Fhem. We can
have two different situations:

o FUWI(2)k] < 1= even if the failure index of the ply is greater than that of the
laminate, the first-ply-failure will not happen. We can define such a situation
a “partially unsafe condition”. In this case we can decide to include or not
the values ({21); among the admissible orientations. The range of values of (2,
such that F f;llyl > FEm can be calculated as follows:

47”2F0 + 8t2F1 + 4(—1)LA0T2 cos 4 (Ql — ¢) + 16tTA1 cos 2 (.Ql — 925)
77 g

Fiil
(8.4)
with
cos4 (§) — @) =2cos*2 (1 — ¢) — 1, (8.5)
S0,
8(—1) L Agr? cos?2 (£21 — @) + 16tr Ay cos2 (21 — @) + (5.6)

FA4r2Ty + 8121 — 4(—1)FAgr? — Flam >,

Eq. (8.6) represents a classical second degree inequality in terms of cos 2 (£2y — ¢).
If we set the constant term:

4r° Ty + 8t21 — 4(=1) Agr? — FL9m = 8¢ | (8.7)
and
cos2 (1 — ¢) =u, (8.8)
eq. (8.6) becomes:
(—=1)EAgru® + 2trAju+¢ >0 . (8.9)

The solution of such an inequality will give us all values of {2, that have to be
removed from the solution space of problem (8.1).

The solution of (8.9) depends upon the sign of its discriminant
A=t2r2 A7 — (=1)FAgrc (8.10)
and upon the shape of orthotropy described by the parameter L.

Let us start with the case A < 0. This is a trivial case where for L = 0 eq. (8.9)
is always verified; thus, problem (8.1) has no feasible solutions in terms of first
ply failure. Whereas for L = 1 the situation is completely inverted: eq. (8.9)
is never verified and the solution space of problem (8.1) can include all values
of (2.
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Also the case A = 0 is trivial. The root of the second order equation associated
to the inequality (8.9) is:
I t/ll
T
that represents the limit condition for which n = 1. For L = 0 eq. (8.9) is
always satisfied; thus, problem (8.1) has no feasible solutions in terms of first
ply failure. Whereas, for L = 1 eq. (8.9) is satisfied by only one condition
u = uq; hence, the solution space of problem (8.1) can include all values of (2;.

uy = —(—1) (8.11)

Finally, let us consider the case A > 0. The roots of the second order equation
associated to the inequality (8.9) are:

A AN\ (=D
w=— (-t A (1A e
7"/10 7“/10 AQT

t A t A\ (—1)Fc
= (=1L = 22 -
2 ( ) TAO+\/(T/10) /107’2 ’
The range of solution varies with the value of L. In particular we have two
sub-cases:

(a) L =0, the solution is

(8.12)

u<u and u > uy , (8.13)

with u; < uy. We have to consider also some particular cases:
1. Jui| <1 and |ug| < 1, the solution is:

—1<u<wy;anduy <u<l1. (8.14)
2. |ui| > 1 and |us| < 1, the solution is:
uy <u<1. (8.15)
3. |u1] <1 and |ug| > 1, the solution is:
—1<u<uy . (8.16)
4. uq3 < —1 and uy < —1, the solution is:
—1<u<l. (8.17)
5. u; > 1 and uy > 1, the solution is:
—1<u<l. (8.18)

6. u1 < —1 and uy > 1, the solution does not exist.
(b) L =1, the solution is
up <u < ug, (8.19)

with u; < us. Also here we have to consider some particular cases:
1. |ug] <1 and |ug| < 1, the solution is:

up < u < ug . (8.20)
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2. |ug| > 1 and |ug| < 1, the solution is:

—1<u<u,y. (8.21)
3. |u1] <1 and |ug| > 1, the solution is:

wm <u<l. (8.22)

4. uq3 < —1 and uy < —1, the solution does not exist.
5. u; > 1 and uy > 1, the solution does not exist.

6. u1 < —1 and uy > 1, the solution is:
—-1<u<1. (8.23)

t A
We remark that the value of the roots depend upon the ratios — and A—l,
r 0
i.e. upon the strain state and the anisotropy moduli. The sign of the roots
depends only upon the sign of the spherical component of strains t. Moreover,
also concerning this problem, we show that the shape of orthotropy, i.e. the

value of L, can change completely the results.

All of these solutions give the range of the orthotropy orientations {2; of the
ply such that the failure index of the ply F' gflyl is greater than the failure index
of the laminate;

° F};f%[(ﬁl)k] > 1: the firs-ply-failure happens; this situation represents an un-
safe condition, we must exclude all the orientations ({2;); such that F ]I;flyl >1
among the admissible orientations when searching the stacking sequence. In
this case, such values of (£21), are still the solutions of the inequality (8.9)
calculated beforehand, but now it is ¢ = 4r?Iy + 8217 — 4(—1)Agr? — 1.

Finally, we can assert that we are able to compare F5%" and the maximum value of F};,
in order to check the first-ply-failure of plies and to determine the admissible range of
orientations to exclude the failure of any ply. This last result will be used in the definition
of the orientations search domain to determine the optimal stacking sequence.

A last remark: if we had expressed FL%" and F1'% in terms of stresses, such a com-
parison should not be possible. In fact, the variation of the stresses through the thickness
of the laminate is not continuous, also in the case of pure membrane loading. In addition,
the variation of stresses through the thickness depends upon the plies orientation, that
are known only at the end of the lay-up design.

8.3 Resolution: using the genetic algorithm BIANCA

Eq. (8.2) represents a classical unconstrained minimum problem with 9 partial objective
functions. Nevertheless, in the domain of ply orientations, eqs. (1.62) and (1.64), I(f;(dx))
is a highly non-convex function; hence, for the search of a solution, the use of a performing
numerical strategy is of the greatest importance.

At this point we are faced to the following decision: which numerical strategy can be
more advantageous when dealing with the unconstrained minimisation of a non-convex
function?
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As well known, the universal best optimisation algorithm does not exist: the choice of
the best suited numerical strategy for the resolution of an optimum problem depends upon
the problem itself. In the field of laminates lay-up design, methods inspired by heuristics
have imposed, in this last decades, an almost complete supremacy. This is mainly due
to their insensitivity to non-convexity and to the possibility of easy handling discrete
design variables. So, we decided to use such a kind of strategy too; namely, thanks to the
previous works on the matter [45-47], we decided to solve the second step problem using
the Genetic Algorithm (GA) BIANCA (Blological ANalysis of Composite Assemblages),
originally developed by Vincenti et al. [87] since 2002.

GAs present an approach to the search of minima of a function completely different
from that of classical numerical methods like gradient-based algorithms, that need the
evaluation of gradients and whose strategy depends upon the chosen starting point and,
as a consequence, can fail reaching convergence to an absolute minimum when dealing with
non-convex problems. Fundamentally, GAs replies, numerically, the Darwinian natural
selection and the transmission of the genetic characters: they do not work on a single
point, but on a set of possible solutions, called a population of individuals. The best
individuals of a population are then selected in order to create a new generation of the
offspring, see [18,29]. The main advantages in using GAs are:

1. GAs work on a population of points, not on a single point, distributed over the
whole design space. This fact improves the chance to reach an absolute minimum,
though this cannot be mathematically ensured;

2. GAs are zero-order methods: they only require the evaluation of the objective func-
tion without other additional informations; namely, the knowledge of the derivatives
of the objective is not needed, so, discrete variables can be easily handled.

The main components of a standard GA are:

e generation operator: it creates, usually by a random low, a starting population of
N;nq individuals. Each individual represents a potential solution to the problem, it
can be a scalar, a vector, and so on;

e cvaluation operator: it evaluates the adaptation of each individual through an adap-
tation function, the fitness, that measures the quality of the individual as a solution
of the problem;

e selection operator: using the value of the fitness function of each individual, it
selects, by a given rule, N;,q individuals having a good fitness function; hence, the
best individuals have a greater probability to be chosen for the following phase of
reproduction;

e reproduction operator: it generates the new population starting from the set of
parents chosen through the selection operator. The most common reproduction op-
erators are the cross-over and mutation operators. The first one couples, randomly,
two among the N;,4 selected individuals, so creating the parent couples that will
be crossed in order to generate the new couples of offspring. The second one, the
mutation operator, acts in a random way, with a certain probability, mutating the
genes of the new individuals and increasing, in this way, the biodiversity among the
individuals of the population.
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After the reproduction operator the new generation undergoes the selection operator and
the iterative process restarts and prosecute until convergence. The convergence is achieved
when a certain criterion is satisfied. Generally, the stop criterion corresponds to fixing
the number of generations.

The main features of the GA BIANCA are described in [44,87]. It has the classical
operators of a standard GA along with new features concerning mainly the algebraic
structure of the information and an Automatic Dynamic Penalisation (ADP) method for
handling constraints of both the equality and inequality type, [44].

The generic individual of the GA BIANCA represents a solution, hence, in the frame-
work of the present thesis it represents a stacking sequence of one finite element of the
structure. Each individual, in a GA, is composed by a certain number of chromosomes.
In this case, the genotype of the generic individual has n chromosomes representing, each
one, one of the n plies composing the laminate. The chromosomes, in turn, are consti-
tuted by a certain number of genes, each one representing one optimisation variable of
the k'™ chromosome. In this case, each chromosome is characterised by only one gene
representing the unique design variable: the ply orientation dy. If the ply thickness was
also included among the optimisation variables, the number of genes would be increased
to 2 and so on for taking into account other variables.

It is not the subject of this thesis to discuss about the characteristics of GAs; the
reader is addressed to the scientific literature on this matter for a better description and
discussion on the matter. Nevertheless, we want to remark again that these algorithms
have proven to be very robust for handling problems of the type considered herein. Also,
the experience previously made in the use of the GA BIANCA, on problems even more
complicated than (8.2), has always been very satisfactory. So, this choice is really well
motivated by the experience.

8.4 A numerical example

The problem of finding the stacking sequence of the generic element of the laminate has
been solved using the GA BIANCA. On the other hand, thanks to the interface with
external codes programmed in [44], the procedure has been automated interfacing the
GA BIANCA with the MATLAB code. In particular the rule of the MATLAB code is
to select automatically one element of the structure, pass to BIANCA the informations
necessary to determine the stacking sequence, then get, from the code BIANCA, the
resulting lay-up and finally store the informations. This procedure is automated in order
to execute the procedure sequentially for all the elements of the structure.

We have chosen, as a demonstration of the effectiveness of the approach, to consider
only the first example, the holed plate of Sec. 7.6.1, and in particular the anisotropy field
obtained by the a posteriori optimisation algorithm, Sec. 7.2.

Concerning the settings of BIANCA to solve the second step problem we have imposed
for all the elements:

e the ply orientations d; belong to [—90°,90°] with a discrete interval of 1°. We can
consider all the possible orientations because the max(Fj%") and the max(Fj%) of

the generic ply are less than 1, see Tab. 7.5;

e the population size has been set to N;,; = 500 and the maximum number of gener-
ations to Nge, = 500;



156 8. Second step: optimal lay-up including strength

e the crossover and mutation probability are peress = 0.85 and ppue = 1/Nipna, respec-
tively;

e selection is performed by the roulette-wheel strategy and the elitism operator is
active.

Tabs. 8.1 and 8.2 show two examples of stacking sequences found using the GA
BIANCA. We show the value of the partial objectives and the value of the global ob-
jective function I(f;(dx)). We remind that exact solutions correspond to the zeroes of
the partial objective functions. In Tab. 8.1 we have considered an element of the plate
characterised by fixed optimisation values of Ry, Aoz, and A; and a free optimisation value
of Rox. Such solution corresponds to the solution type 1 of the local minimisation of W,
see Tab. 6.1. Therefore, we don’t have imposed a given value of Ryx and the number of
partial objective functions of eq. (8.3) pass from 9 to 8.

The example of Tab. 8.2 corresponds to an element of the plate presenting a fixed
optimal value for each optimisation parameter, hence, in this case we have 9 partial
objectives. In both these examples, the resulting laminate is uncoupled (the value of the
corresponding partial function varies from 0.37 x 107 to 0.41 x 1073) and orthotropic (the
value of the corresponding partial function is always about 10~7). Similar considerations
can be done for the other elements composing the plate structure, whose results are not
shown here for the sake of brevity.

In Figs. 8.1 we show the optimal orientation of the first four plies composing the plate.
The plate is composed by 30 plies (each elementary ply having a thickness of 0.125 mm).
In Fig. 8.2 we map the value of the total objective function I(f;(dx)) for each element.

Thanks to the GA BIANCA, we determined the lay-up of every element composing the
plate and being the plate composed by 1800 elements, we determined for 1800 different
combinations of polar parameters, a lay-up satisfying all the different requirements in

eq. (8.2).

‘ Given values ‘ Partial obj. funct.
Uncoupling B=0 0.37E — 06
Ry [MPa] any -
R, [MPa] 19909.481 0.51E — 02
Ay 628.713 0.33E — 03
A 2291.85 0.21FE — 04
Dy — P, 0 0.12E — 06
20— 2, /2 0.12E — 06
&, — () /2 0.12E — 06
Total obj. funct. f(d;) =5 x 1073
Sequence 2/1/4/-3/-3/2/0/-1/1/2/0/1/1/1/-2/
-10/-2/-2/-2/-2/0/0/4/4/3/3/0/-1/0/-2

Table 8.1: Stacking sequence design, first example.
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Given values Partial obj. funct.
Uncoupling B=0 0.41F — 03
Ry [MPa] 19710.431 0.67TE — 04
Ry [MPa] 8746.335 0.34E — 03
Ao 628.713 0.11F — 02
Ay 1998.75 0.65F — 04
&y — Dy 0 0.15E — 06
20— /2 0.15E — 06
&1 — /2 0.15E — 06
Total obj. funct. f(d;) = 2 x 1073
Sequence 5/-90/5/3/-10/-6/89/5/3/-10/90/0/
-1/2/-90/1/-7/1/-90/89/2/89/-3/2/90/-90/1/2/-3/1
Table 8.2: Stacking sequence design, second example.
b)
d)

Figure 8.1: Optimal stacking sequence.

8.5 Concluding remarks

In this Chapter we dealt with the problem of determining the laminate stacking sequence
satisfying the optimal distribution of material parameters issued from the first step of the
hierarchical strategy. We formulated this problem as an optimisation problem of minimum
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Figure 8.2: Distribution of the total objective function.

distance between the material parameters of the laminate solution and those issued from
the structural optimisation step. In particular, this objective function is composed by
nine positive semi-definite sub-objectives, each one linked to one material parameter of the
homogenised structure, whose optimum value is calculated during the first step, Chapter 7.
Due to the non-convexity of the objective function, we solved this optimisation problem by
the genetic code BIANCA developed by Montemurro, Vincenti and Vannucci in [44] and
used here in an automated procedure for the sequential solution of the lay-up problem
for each one of the finite elements discretising the structure. We demonstrated, by a
numerical example, the existence of stacking sequences satisfying a given local optimal
distribution of anisotropy. In fact, being the optimal homogenised structure a variable
stiffness and strength structure, we defined an optimal stacking sequence for every element
belonging to the laminate. This was not evident in our procedure, and the fact that it
is possible to find a lay-up corresponding to the set of optimal design variables, for each
finite element in the discretised structural model is essentially due to three facts:

e the assumption of independent stiffness and strength parameters for the final lami-
nated structure;

e the correct definition of the so called geometrical bounds on the polar parameters,
for both stiffness and strength:

e the redundancy of the lay-up solutions, due to the non bijectivity between the
mechanical behaviour of a laminate and the stacking sequences.

Concerning this last aspect, the redundancy, as already explained in Chapter 6, greatly
increases with the number of plies. Just for giving an idea about that, when passing from
20 to 30 layers, the number of exact quasi-homogeneous solutions passes from 40 to 6146;
the increase is not monotonic and the 29-ply case is rather spectacular: 45441 solutions,
all of them unsymmetric, [82]. Nevertheless, though it is not possible to ensure a priori
the existence of a solution to the lay-up problem, the probability of finding at least one
solution to a give problem tends very quickly to 1 increasing the number of plies n.
What can be said, however, is that, as we design a laminate for matching 8 independent
invariants (Ro, Ry, Ao, A1, K, L, Ry, R1) at least 8 layers are necessary to find a solution.
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In practical structural applications, with standard pre-pregs layers, the number of layers
is generally greater than 8, say about 20 or much more. So, though it is not possible
to prove the existence of a solution to the lay-up problem of the type considered in this
thesis, the probability of finding at least one solution is very close to 1.
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General conclusions and future
perspectives

In this thesis we deal with the problem of determining the best distribution of the
anisotropy for a laminated structure that has to be simultaneously the stiffest and the
strongest one. The work has been divided into three main parts: in the first part we
presented all the concepts and tools that we have used to develop the research, the second
part is devoted to the analysis of strength and its maximisation for orthotropic sheets
and, finally, in the third part we face the problem of designing a laminated structure to
be optimal for both stiffness and strength.

Particularly, in the second part we have proposed a tensor invariant formulation,
through the polar method, of four different polynomial failure criteria for orthotropic
sheets. We have given also a mechanical interpretation of the polar parameters with
respect to the strength properties and material symmetries of the sheet. Then, we consid-
ered the problem of determining the optimal material orientation to maximise strength
by the minimisation of the failure index. Thanks to the polar formalism, we presented
a general analytical solution whose formulation is valid for different criteria that can be
expressed, indifferently, in terms of stresses or strains. With this study we have shown
that the type of orthotropy, characterised by the polar parameter L, plays a decisive role
in the optimisation of strength and that, depending on the values of the stresses or strains
and of the polar parameters of the failure criteria, the optimal orientation of the material
that maximises strength can be equal to different from that maximising stiffness. This
means that it is possible to obtain, in some cases, an orthotropic plate that is simulta-
neously optimised with respect to two important engineering requirements, stiffness and
strength.

The last part of the thesis is dedicated to the development of a new strategy to solve
a non conventional problem: the simultaneous optimisation of stiffness and strength for a
laminated structure. Our aim concerned the optimisation of the anisotropy distribution
of a variable stiffness laminated structure whose geometry and boundary conditions are
given. In this part of the thesis we proved that we are able to state and to solve such a
problem. Our approach is inspired from an already existing hierarchical strategy for the
only stiffness maximisation.

First of all we defined a new laminate level failure criterion valid for an equivalent
homogenised plate. Then, conscious of having two functional, the complementary energy
and the laminate failure index, to be minimised at the same time, we have proved that
the first step of the hierarchical strategy, where the laminate is modelled as an equivalent
homogenised single-layer, can be alternatively stated as two problems taking into account
for both stiffness and strength maximisation. These problems are characterised by two
functional that are sequentially minimised, preserving only the orthotropy direction. Each
problem has a different leading objective: stiffness or strength.
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In order to face the first step of the strategy we developed three different algorithms
to determine the optimal distribution of material parameters for a given structure. In the
first algorithm, called a posteriori, the stiffness is the leading objective and in the other
two, called a priori, the strength is the leading objective. We also found an analytical
solution to the problem of minimising the strength functional with respect to the material
parameters and an important result has been obtained: when the tensors of stress and
strain are coaxial, the optimal solution giwven by the algorithms represents a real global
optimum for both stiffness and strength properties. For instance, in the presented test cases
the optimal solutions achieved by the two algorithms, a posteriori and second version of
the algorithm a priori, correspond to the particular case of coaxiality between the stress
and strain fields, hence, in terms of both stiffness and strength properties we obtain a
global optimal solution. Moreover the test cases showed that we can achieve an average
reduction of about 50 % for the global complementary energy and an average reduction of
about 70 % for the local laminate failure index with respect to the starting configuration.
The structural optimisation procedure here proposed, is not time consuming: the longest
computational time for the most difficult case takes about 40 minutes on an Intel® 45
Dual Core 2.5GHz processor.

Finally, using the genetic code BIANCA, we dealt with the problem of determining
the laminate stacking sequence satisfying the optimal distribution of material parameters
issued from the first step of the hierarchical strategy. In particular, the solution space of
ply orientations can vary in order to exclude the first-ply-failure. We demonstrated, by
a numerical example, the existence of stacking sequences satisfying a given local optimal
distribution of anisotropic stiffness and strength fields.

The true objective of this thesis was, we have seen, to propose a new approach to
the design of laminated structures having a variable anisotropy. So, we have chosen to
concentrate our efforts on giving an as much as possible mathematically rigorous proce-
dure, not based upon simplifying but polluting assumptions and in showing that such a
procedure, conciliating stiffness and strength as design objectives, is truly possible.

Nevertheless, we are perfectly conscious that in doing this, we have left apart some
points that should be developed in future works for, on one side, to fill the gap towards
practical applications and, on the other side, to improve the scientific quality of the results
found herein.

Some points should be, to our opinion, investigated in the next future, let us briefly
list them:

e the only failure criterion used in this thesis for developing the optimisation strategy
of the laminates has been the Tsai-Hill one but other criteria, namely those presented
in Chapters 4 and 5, should also be considered; the global procedure is not affected
by a change of the criterion, nevertheless this needs a particular attention in the
theoretical developments given in Chapter 6, because the presence, in criteria like
those of Hoffmann or Tsai-Wu, of a linear term besides the quadratic one gives
supplementary terms in the expression of the failure index for both the ply and the
laminate;

e all the developments have been done for the only case of simple in-plane actions;
the case of a pure bending state should also be considered, and this should not
imply substantial modifications to the procedure; more complicate, is the case of
contemporary in-plane and bending actions, because in such a case it is not possible
to define analytically the bounds on the polar components for the laminate; actually,
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this is still an open problem in laminates design, also when the description of the
behaviour is not done by the polar formalism;

e all the numerical tests done with the first version of the algorithm a priori have
clearly shown, without exception, that such a procedure gives an alternate conver-
gence, for both the complementary energy and the failure index, towards a minimum,;
nevertheless, a convergence proof for this algorithm is still lacking and it should be
studied in the future;

e considering the numerical results, we can formulate a conjecture, that should be
proved: the structural optimisation with the a posteriori algorithm leads to the
same overall optimal values of the complementary energy and of the highest failure
index than those obtained with the a priori algorithm, version 2, see Tabs. 7.5, 7.6
and 7.7; nevertheless, the solution, i.e. the optimal distribution of the anisotropy,
is not necessarily the same for the two cases; in other words, the optimal solution is
not unique and probably, as it often happens with anisotropic problems, there are
infinitely many solutions, continuously varying;

e this coincidence of results for the two algorithms disappears when the difference
of strength in tension and compression is taken into account, Tab. 7.7 and 7.8;
seemingly, this is due to the same structure of the Tsai-Hill failure index functional,
quite similar to that of the complementary energy; this is a key point to prove,
probably, the above conjecture, and at the same time the fact that when difference of
strength in tension and compression is introduced in the calculations, the coincidence
of the optimal final values for the a posteriori and a priori, version 2, algorithms, do
not coincide any more; all these facts should, of course, be mathematically proved;

e the results of the optimisation procedure give n fields of orientations for the lam-
inate, a field for each one of the n layers; nevertheless, we have not considered
in this study an important point, necessary to ensure the results, found with the
optimisation procedure, to be actually interesting from a practical point of view;
namely, the orientation of the fibers cannot vary, locally, more than some giving
technological limits; such a constraint should be taken into account, for obtaining
a really manufacturable laminate; no general solutions exist in the literature to our
knowledge, and actually this problem is particularly hard to be solved; in practice,
it should be seen, to our opinion, as another optimum problem, where the distances
between n fields of orientations, taking into account for technological constraints
on their variation, and n fields of target, optimal orientations, are to be minimised;
in addition, some constraints are to be satisfied for the whole laminate, namely on
bending-extension uncoupling, orthotropy and so on; this problem is rather com-
plicate but more important, and this point confers to it a strange mathematical
character, the n target fields are not fized; in fact, what is to be ensured are the
fields of stiffness and strength properties, while, as already said, their is not a unique
set of n orientation fields realising the optimal laminate; so, the n target fields can
vary and this renders the problem of finding n technologically interesting orienta-
tion fields rather complicate, though not impossible; to our opinion, this is another
genuine optimisation problem, that should be considered apart, why not in another
thesis;

e as already said, we have wanted to deal with the optimum problem in the most
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general way, without making use of some practical rules often used by laminates
designers; some of these rules are imposed in aircraft structural design, and they
can be very easily inserted in the procedure; actually, they concern only the second
step of the design procedure, the lay-up design, and the code BIANCA accepts all
the types of constraints on the staking sequence design (symmetric and/or balanced
stacks, quasi-isotropic sequences and so on), what has been already done in previous
works, for instance in the thesis of M. Montemurro.

The points listed above could, hopefully, improve the results found in this thesis; we
hope only that the way we have traced in this work can constitute, in the future, a valuable
tool for the optimal design of advanced laminated structures.
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Appendix A

Analytical solution for minimum
laminate failure index

A.1 First problem: fixed orthotropy orientation

The optimisation problem can be formalised as:

min Ff (Ao, 41, 8" (A1)
{ZOLMZl}
with: )
(B e
R (A2)
[Aor| < Ao,
A >0
and )
— o or
Ql = —(l)pt (AB)
o +7/2.
The extended expression of the objective function is
FEl = 4r* Lo + 821 + Ao r® cos 4 (21 — ¢) + 16trA; cos2 (2, — ¢) (A4)

First of all, we have to consider an important case: the spherical strain field, characterised
by r = 0. If we impose r = 0 in eq. (A.4), the two optimisation parameters are no longer
present in the equation of F5%™. This means that, for a spherical strain field, any value
of Ay and A; within the admissible design region can be optimal for the failure index
functional. From a mechanical point of view this means that when the strain field is
purely spherical, we can place the fibres, of the corresponding laminate, in any direction
and we will have still an optimal solution in terms of strength. Hence, now we consider
r # 0. The two partial derivatives of F£4™ with respect to Agz, and A; are:

OFr
dAor,
OFfr

1

= 4r? cos 4(2, — ¢) ,
(A.5)
= 16trcos2(2, — ¢) .
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Figure A.1: Admissible domain of Aoz, and A for L = 0.

Both derivatives are constants for a fixed strain field. FE%™ is a linear function of Ay, and
A;. Therefore, the minimum value of F 'Lam necessarily lies on the boundary of the domain
defined in the plane (Ayz, A;) by eqs. (A.2), see Figs. A.1 and A.2. In addition, the area of
admissible values of Agz, and A; changes together with the value of the orthotropy shape
parameter L of the basic ply, see eq. (A.2). Moreover, the sign of the partial derivatives
(A.5) depends upon the signs of cos 4 (ﬁl — gb) and cos 2 (ﬁl — qb), Fig. 7.4, and upon the
sign of t, the spherical part of strains.

Solution for a basic ply with L =0 - -
As the solution depends upon the sign of ¢, cos4 ((21 — (b) and cos 2 ((21 — ¢), we start
our analysis by considering the case

1. Solution with ¢ > 0;

_ T
o) (Ql—qb) G}—g,g[
In this case we have: (_ )
cosd (27 —¢) > 0,
{ cos 2 (ﬁl — ¢) > 0; (4.6)
S0,
O FLam OFLam
iy Hill o (A7)
8/10L 8/11

The two design variables Ayz, and A; being independent, the point correspond-
ing to the minimum of F%%™ is placed where Aoz, and A; get their lowest
admissible value:

Z(O)lelt - _AOa
—opt (AS)
AT =0.
The objective function takes, thus, the following value:
Flam = 47Ty + 821 — 4Agr? cos 4 (21 — ¢) (A.9)
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c@-oe ]S-I v ]5d

The procedure to calculate the optimal values of the optimisation variables is
identical to that of the previous case.

COS4(§1—¢) < 0, AOpt—/lo,
{ cosQ(ﬁl—qb) > 0; = { ZOpt_() (A.10)

The objective function assumes the following shape:

FE = 4r Ty + 821 + 4Agr? cos4 (2, — ¢) . (A.11)
— 3mw T 37
2, — ——— | U |-, —
(2 ¢)€1 g 4[ 14’8
cos4 (2, —¢) < 0, Aglzt—/lo,
{cosZ(ﬁl—gb) < 0; = A(’pt_/ll, (A-12)

and

FR = 4r Lo+ 81 +4Agr? cos 4 (€2 — ¢) +16tr Ay cos2 (21 — ¢) . (A.13)

@-9e|l5-5| v |55

cos4(§ —gb) > 0,
{ cosQ(ﬁi—gb) < 0. (A-14)

and we have OFL
Hill
O/, (A.15)

For a fixed A; the optimum value of Ay is placed where it gets its lowest
admissible value, hence, on the parabola, see Fig. A.1. We can explicitly write
Apr in the equation of the parabola

ZQ
Ao, = Ay (2/1—; - 1) : (A.16)

1

and replace it in eq. (A.4) of the objective function,

Flam = 4r2Ty + 8621 + 4r? cos 4 (21 — ¢) Ay (2/1—% - 1) + (A.17)
+16tr A cos 2 (ﬁl - (b) .

We can derive F54™ with respect to A;:

8FLam A -
S 1677 Agcosd (T - 0) 4 160052 (T —0) . (A9

The stationary value of A; can be calculated imposing

oFLam — 0 for Zimt B t| cos 2 (ﬁl — gb) | A2 '

= = — A.19
0Ny r/Agcos4 (Ql — gb) ( )
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In addition
0’°F Ig?ﬁ” B 1672

ar A

Ag cos4 (ﬁl — gb) >0, V Ay

SO,
—stat —ropt

A=A
This value of /A; corresponds, on the parabola, to

Zgﬁt _ 2t2 cos? 2 (_ﬁl — gf)) /12% 1) A
r2cos?4 (2 — ¢) A}

(A.20)

(A.21)

(A.22)

In order to respect the bounds on A, eq. (A.2), this solution is valid for

Ag cos4 (ﬁl — ¢)
Ay|cos2 (21— ¢) |

t

- <

-
and the objective function assumes the following shape:

t?cos?2 (2 — ¢) A3

Fham = 4r2Ty + 8217 + 24 —
Htt : ! Agcos4 (21 — ¢)

t Apcos4 (ﬁl - gb)

Otherwise, for — > — , we have
r T MAyfcos2 (92, — ¢) |
Zgit = AO?
AP =4, .

In this case, the objective function is:
FRl = 4r® Lo+ 86° T + 4Agr” cos 4 (21 — ¢) + 16trAycos2 (2, — ¢)
— T
o (Ql — ¢) = :l:g
cos 4 (@1 —¢) =0, N Zgﬁt € [—Ao, Ag],
COSQ(QI—¢> > 0 Z({pt:o;

FEm = 472 Ty + 8217 .

cos4(§1—¢) =0, N ZSI;:AO’
cos2(91—¢> < 0; Zipt:/h ;
FI%T = 4rTy + 83T} + 16trA; cos 2 (51 - ¢) :

o (i-9¢) ==+,

{cos4(§1—¢) < 0, Zg’f:AO,
cos2 (21 —¢) = 0. A7 € 0,A,] ;

Fham = 4r°Ty + 82T + 440 cosd (1 — ¢)
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¢) .
(A.24)

(A.25)

. (A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)



2. Solution with ¢ = 0.
In this case A; vanishes from the equation of the objective function, hence, we have
only to find the optimum value of Agy.

o(§1_¢)€]_E_jﬁ{LJ}l[z[U]3W7w

2" 8 88 82
Al =—A
cosd (2, —¢) > 0 = { oL 0 (A.33)
A7 =0,
and -
Fal = 4rLy + 821 — 4Agr® cos 4 (2, — ¢) . (A.34)
— 3mow T 3T
0. — otz -2
@ |55 [i 5]
A=A
cosd (2, — < 0 = ¢ 0L 0 A.35
(@) {Aﬁemmh A5
and o
FRT = 4r Lo + 821 + 4Agr? cos4 (2, — ¢) . (A.36)
— 3m o
2 —¢)=t—,+—
o ( 1 ¢) 87 87
o) Z((;Zl)/t any ,
cosd (21 —¢) = 0 =< 9 (A.37)
Ay any ;
belonging to the admissible domain of Fig. A.1.
FLom — 402y + 82T (A.38)

so, the anisotropic distribution of strength does not take part to the optimal
distribution of strength.

3. Solution with ¢t < 0.
— T
o (@-9)e |55l
COS4(§1 —gb) > 0,
{ cos 2 (ﬁl — qu) > 0. = (A.39)
—opt 2t% cos? 2 (ﬁl — <b) A%
Ao =\ S 210 ; — 1| Ao o]
r2cos?4 (21 — ¢) A2 ; It| _ Agcos4 (121 — ¢)
or — —
ot _ |t]cos2 (2, — ¢) A3 ro Ajcos2 (21— )
L TAOCOS4(§1—¢)

(A.40)
and
t? cos® 2 (ﬁl — (b) A2
Ag cos 4 (ﬁl — gz5)

Fham = ArT, + 821 + 24 —4r?Agcosd (21— ¢) .

(A.41)
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Otherwise

—opt -

A=Ay | for |] > A cos4 (21 — ¢)
Al :Al . r AlCOSQ(Ql—gb)

and

FFLI?IT = 47T+ 821 +4Agr? cos 4 (ﬁl — ¢) +16¢r Ay cos 2 (51 - </5) )

-9 15-HV 13|

cos4(§1—¢) < 0, N Zgﬁt:/lo,
cos2(§1—gz§) > 0;

and

Fial = Ty + 81y +4Agr® cos 4 (21 — ¢) +16tr Ay cos2 (21 — ¢) .

@-oe |55 v 5]

{cos4(§1_¢) <0, é{ﬁg’f:/lo,

cos2 (2, —¢) < 0; A7 20

and
FfLI(zllT = 47Ty + 821 + 412 cos 4 (§1 — Qb) )

— T 37 3w
@-oe |55 v )55

COS4(§1—¢) > 0, N Zgﬁt:—/lo,
cos2 (21 —¢) < 0; Z:pt:O;

and
Flgtzllrln = 4r®Ty + 82T — 4Agr? cos 4 (51 - 925) )

(21— 9) =i§

{cos4(§1—gz5) =0, i{zgit:/lo,

cos2 (2, —¢) > 0 A7 = A
and o)
Figgit = 4r* Ly + 821 + 16tr Ay cos2 (21 — ¢)
_ 3
(2 -9)=+75

cos 4 (ﬁl - ¢) =0 b= Zgit S [_AOaAO] )
cos2 (21 —¢) < 0; Z?ptzo;

and
FLam — 4p2 1) 4+ 86217 .
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Figure A.2: Admissible domain of Ay;, and A; for L = 1.

° (ﬁl—qj):ig

cosd (2, —¢) < 0, A7 Ay
Y Ll A54
{ cos2 (21 —¢) = 0. A7 [0, A1) ; A
and _

Figt = 4r*Ty + 81 + 4Agr? cos 4 (£, — ¢) (A.55)

Solution for a basic ply with L =1 -
Also here we consider different cases that depend upon the sign of ¢, cos4 (!21 — ¢) and

cos 2 (ﬁl — qﬁ), see Fig. 7.4. The way to get the optimal values of the optimisation pa-
rameters is identical to the previous case characterised by L = 0.

1. Solution with ¢t > 0 .

@ e |

cos4 (2, —¢) > 0, Xgﬁt: - ,
{ cos2 (21 —¢) > 0; = { Zipt:O; (A.56)
and
FI_L[ZT:4T’2F0+8t2F1—4/107‘20084(51—@5) ) (A.57)
— T T T
> (@ -9)e |3 -5l v |5l
cos4(§1—¢) < 0, Z(O)it:/lo,
{C082(§1—¢) > 0; = { A (A.58)
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and

F}LIZT=4T2F0+8t2F1—1—4/101“20084(51—q§) ) (A.59)
— 3mw T 37
o @-oe |5 v R E
cosd (1 —¢) < 0,
{ 6082(51—¢) < 0. = (A60)

A= (1-

2t% cos?2 (2 — ¢) A2
7“200824(51—@ A2 0> for t - /100084(91 —¢)

1 _ tcos2 (21— ¢) AT r Aycos2 (2, —¢)
B 7“/100084(§1 —gb) 7

(A.61)
and
t?cos?2 (2 — ¢) A3
Agcos4 (92, — ¢)

Fiar = 4r°Ty + 8217 + 8 + 4r?Ag cos4 (21 — ¢) .

(A.62)
Otherwise

{ Zgit = A, for t - Ay cos 4 (ﬁl — q§) (4.63)

AT = Ay r T Aycos2 (21 — ¢)

and

Fham = 4r*To+ 8621 — 4Agr® cos 4 (2, — ¢) +16tr Ay cos2 (21 — ¢) . (A.64)

— T 3’ 3r
> (f1=9) G}—rﬂ - }?5{’

cos2 (21 —¢) < 0; pC .
and

Fiar = 4r* Ty 4811y —4Agr? cos 4 (2, — ¢) +16tr Ay cos 2 (£, — ¢) . (A.66)

o (Ti-9) =%

cosd (2, —¢) = 0, ngf € [—Ap, Ao],
{ cos2 (21 —¢) > 0; e Z;)pt _0; (A.67)
and
FE = 472 Ty + 8217 . (A.68)
3T
o) (Ql — ¢) = ig
cos 4 (51 — gb) =0, Zgﬁt =—-/Ay,
{ cos2 (21 —¢) < 0; = Zipt — A (A.69)
and B
FLom = 4r® T + 821 + 16t /A, cos 2 (2:-9) . (A.70)

172



o (hi-9¢) ==+

cos4(§1—¢) < 0, Zg’f:/lo,
{ C082 (ﬁl . ¢) _ O ) = Z(ipt _ 0 : (A?l)
and
Fal = 4r°Ty + 871 + 4Agr° cos4 (2, — ¢) . (A.72)

2. Solution with t =0 .

o(ﬁl_¢)€]_E._ﬁw:u}_i.i[u]Bwﬂ[

2" 8 88 82
A =—A
cos4 (2, — > 0 = 2oL 0 A.73
(o) { A" e 0.4 ; AT
and -
FRr = 4r® Ly + 821 — 4Agr® cos 4 (2, — ¢) . (A.74)
— 3m o w37
0 — _2r D 27
° (2 ¢)€] 8 8[U]8’8{
opt .
cosd (2, —¢) < 0 = { é%t = (A.75)
Ay =0
and o
FR = 4r Lo + 821 + 4Agr? cos4 (2, — ¢) . (A.76)
— 3momw
2 —¢)=t—,+—
o ( 1 ¢) 87 ]
0O Zglzt any,
cos4((21—¢) =0 =< on (A.77)
Ay any;
that belong to the admissible region of Fig. A.2.
FEm = 492 Ty + 8217 . (A.78)

Also in this case the anisotropic distribution of strength does not take part to
the optimal solution.

3. Solution with ¢ < 0.

— T
> (m-9)e |55
cos4(§1—q§) > 0, ZS’f:—AO,
{ COSQ(EI—(b) > 0 = { Z(I’pt:/ll : (A.79)
and

Fi = Ty +8t° 11 — 4Agr® cos 4 (€21 — ¢) +16tr Ay cos2 (21 — ¢) . (A.80)

173



o (2, —¢) € }—E E[ U ]gﬂ

COS4(§1—¢)) < 0,
{cosQ(ﬁl—gb) > 0. = (A.81)

ot _ 2t% cos?2 (21 — ¢) A} Y

0L — T2A3C0824(§1—¢) 0> forE<AOCOS4(§1_¢) .

Zipt:tCOSQ(ﬁl_(ﬁ)A% _ r Ajcos2 (2, —¢)
rdgcosd (2, — @)

(A.82)

and

t2cos?2 (02, — ¢) A2

Fham = 4r2T, + 821 + 8 — L dr?Agcosd (2, — ¢) .
i ° ' Agcosd (2, — ¢) ° (%1-9)

(A.83)
AP = Apcos4 (2, —
égﬁt Ao, for * > L0 (_1 ?) ; (A.84)
Al :Al ) r A10082(91—¢)

and

FLom = 4r2 [+ 8121y +4Agr? cos 4 (ﬁl — (b) +16trA; cos 2 (51 — (b) . (A.85)

(@ae |5V [i S
{a@og b e w
" FRom = 4r Ty + 82T + 4Agr? cos 4 (ﬁl — gb) . (A.87)
St s R
(@t B e
" FLom = 49Ty + 8121y — 4Agr? cos 4 (2,—9¢) . (A.89)

© (ﬁl _¢) :iga

) —opt
{ O L { T (A.90)

—opt

cos2 (21 —¢) > 0; A7 = Ay
and B
FI_L[ZT = 4r°Ty + 8Ty + 16tr A, cos 2 (Ql — (b) ) (A.91)
— 3T
e} (.Ql — Qb) = :l:g
cosd (2, —¢) = 0, Zgﬁt € [~ Ay, Ag],
{ cos2 (21 —¢) < 0; = a7 —q . (A.92)
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and

FEm = 492 Ty + 8217 . (A.93)
— ™
o (Ql — ¢) = :l:Z
cos4 (2, —¢) < 0, ngLt:/lo,
{ C082 (ﬁl . ¢) _ O . = chypt _ 0 : (A94)
and
Fal = 4r°Ty + 871 + 4Agr° cos4 (2, — ¢) . (A.95)

A.2 Second problem: including the orthotropy ori-
entation as an optimisation variable

The optimisation problem can be formalised as:

{AOTAz'?m}FI.L,ng (Aor, Ay, $21) (A.96)

along with the constraints (A.2). The objective function is:
FRT = 4r* Lo + 821 + 4Ag r® cos 4 (21 — ¢) + 16trA; cos2 (2, — ¢) . (A.97)

Also in this case firstly we have to consider the important case of spherical strain field,
characterised by r = 0. If we impose r = 0 in eq. (A.97), the two optimisation parameters
are not longer present in the expression of FE4™ so, the optimal value of Aoz, and A is
any value belonging to the admissible design region of the plane (Ayz, A;). Hence, now
we consider r # 0.

In this case F'5%™ has to be minimised with respect to three variables: the orthotropy
orientation (27 and the polar moduli Ay;, and A;. The analytical solution of this problem
will be realised within two successive phases: firstly the minimisation with respect to the
orientation £2; of the orthotropy axis and then, the minimisation with respect to the polar
moduli ZOL and Zl.

The optimal orientation ﬁtl)pt can be determined in analogue way as done in Sec. 5.2.
Thus, we show directly the results in Fig. A.3 where

p = dir (min{|e,|, lerr]}) ,

1 (_ At ) | (A.98)

= —arccos
¢ 2

oLT

Fig. A.3 shows that the shape of orthotropy of the plate (L) plays a decisive role in the
evaluation of the optimal orthotropy orientation. We have, thus, two type of solutions
concerning the optimal orthotropy orientation:

e a solution that does not include the term &, that we will call solution non-¢;

e a solution including the term &, that we will call solution &.
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CaseL=0| Qu=u Q=pu+é [Qu=p+é-nl2| Qu=pu

— Aol A 0 Aol Ay t/r

CaseL=1| u=u Q=u Q=u D=pu

— Aol A 0 Aol A tr

Figure A.3: Optimal material orientation to minimise FZ4m.

If we put tthe expression of ﬁ;}pt in eq. (A.97), depending on the type of solution of ﬁ({pt,
FI%T(QTP ) that will be used in the second minimisation phase concerning the evaluation

of /IOL and Z({pt can assume two different shapes. Therefore, in the second minimisation
phase, we have to minimise two different functions with respect to Agy, and A;:

solution non-¢ : Fﬁ%}”(ZOL,Zl,ﬁipt) = 4921, + 821y + 4Agpr? — 16[tlrAy; - (AL99)

—2
solution € 1 FEam (Ao, Ay, Q") = 4r2Ty + 821 — 4Agr? — 8t2% . (A.100)
0

The optimal value of FE4" obtained minimising eq. (A.99) will be, then, compared with

that obtained minimising eq. (A.100). The solution that give the minimum value of F5%7"

(and the corresponding values of the design variables £2;, Aoz and A;) will be the global
optimal solution of problem (A.96).

Moreover, the range of the solutions non-¢ is characterised by the following strain field:

t_ Ay
S — 1,
RV TR (| iy (A.101)
i ﬁ ro A
r— A
while, the solutions £ is characterised by the following strain field:
t Ao _
/TR L R 1
_ — < = A.102
t 4 TS (A0
rT A

The separation between these two types of solutions (non-¢ and &) is represented by the
equality

|t

Aop = — M (A.103)

that is a straight-line in the space (Ao, 4;). The ratio [t|/r between the spherical and devi-
atoric components of the strain tensor represents the angular coefficient of the straight-line
and is a positive quantity.

In order to find an analytical solution, we can proceed by following the same logical
steps as already done in Sec. A.1.

Solution for a basic ply with L =0
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e Solution non-£.
We have: _ B
Fiar = 4r°Ty + 8° Ty + 440 r® — 16]t|r Ay (A.104)

The two partial derivatives of F Igggl” with respect to Agz, and A; are:

Lam
a‘FHill

— A — g2

mgm (A.105)
OFir" _ —16[t|r .

oA,

Both the derivatives are constant for a fixed strain field. In particular, the derivative
with respect to Agy, is always positive, while the first derivative with respect to A;
is always negative or equal to zero if t = 0.

A particular case is represented by the pure deviatoric strain field characterised by
t = 0; the angular coefficient |¢|/r becomes null and the separation between the two
solutions (non-¢ and &) is aligned with the axis A; of Fig. A.4. In addition, A; is

Lam
not longer present in the equation of F4%™ and being —Hill 0, the optimal value
_ 0L
of Agy, is: -
A = — Ay, (A.106)
S0,
AT =0, (A.107)
see Fig. A.4.
For t #£0
FLqm
Ol i’ _ 472 (A.108)
/oL

For a fixed value of A; the optimum value of Ay, is placed on the parabola. The
expression of the parabola, explicitly writing Aq, is:

T

Ao, = Ay (2/1—; - 1) : (A.109)
1

Putting eq. (A.109) in eq. (A.104), we have

—2

A —
FRr = 4r® Ty + 821 + 4r° Ay (2/1—% — 1) — 16|t|rA, (A.110)

and deriving with respect to A;, we have:

FL(_zm Z
OF i _ 1675 Ao — 16]t|r = 0, (A111)
0/11 Al

then, the stationary value of A; is:

Zitat _ ’t‘/l% ‘
T’AQ

(A.112)
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The second derivative of FE4™ with respect to A, is always positive:

PFj _ 164

— 0, (A.113)
oA, A
S0,
A=A (A.114)
The corresponding value of Aoz, on the parabola is
—opt 2t2/12
Aoy = (73—/131 —1) 4. (A.115)

In order to respect the bounds on A, eq. (A.2), this solution is valid for
< — (A.116)

that correspond also to the graphical condition of Fig. A.4(c).
The associated value of the objective function is

A

Fat = 4r°To + 8217 — 4r® Ag — 8t2A—
0

(A.117)

For |t|/r > Ao/ A1, eq. (A.112) gives a value of Z({pt greater than A; violating the
bounds of eq. (A.2). In this case we have to impose:

—opt

AP = Ay, (A.118)

and the unique corresponding admissible value of Ay, is

—opt

Ao, = 4o s (A.119)
see Fig. A.4(a). The objective function becomes

Flam = 4r2 Ty + 8621 + 4r2 A, — 16]t]r A, . (A.120)

Solution &. B
This optimal solution of {2; leads to the following form of the objective function:

—2

_ A
Fiit = 4Ty + 81y — 4gr® — 8°=L (A.121)
0

The first derivatives with respect to A, and A; are:

am 72
aFfLmz — 4 4 8t2£
oA 1
0 Y (A.122)
% = —16t2é <0.
0Ny Ao —
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A1 0 \ A M A1
V2
[:1\

~—

E sol. without &
E sol. with&

Figure A.4: Admissible domain of Ag and A; for L = 0 and for [t|/r > Ag/A; (a), |t|/r = Ao/ Ay
(b), [t[/r < Ao/Ax (c).

A particular case is represented by the pure deviatoric strain field (¢ = 0): the
straight-line separating the two solutions, non-¢ and &, is aligned with the axis of
Ay, Fig. A4, and the variable /; is not more present in the equation of FLem. Being
the derivative with respect to Ay, constant and negative, the optimal solution is:

A = Ny AT €0, 4] . (A.123)

For ¢ # 0, the first derivative with respect to A, is always negative, so, for a fixed
value of Ay the optimum value of A; corresponds to its maximum value belonging
to the admissible region.

To this purpose we have to separate three different cases, see Fig. A.4:
1. |t|/7" Z Ao/Al.

A(l)pt is placed on the straight-line, hence, we can explicitly write A; in the
straight-line equation

A, = ZO% , (A.124)
and replace it in the eq. (A.121)
FEom = 492 Ty + 821 — 12r° Ay . (A.125)
Deriving F%™ with respect to Ay we have
% ——1212<0. (A.126)
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The optimum value of Ay is:

A = A, (A.127)
and L .
AT = Aom . (A.128)
A —
- t|/r < Ag/A; and 4|t|2/11 [|t|/11—|— tQA%+8T2A3] < Ay < Ay (intersection
/o

between the parabola and the straight-line).
Z(l)pt is placed on the parabola. We can explicitly write A; in the parabola

equation
—2 A2 AO
A= 5 </10 + 1) , (A.129)

replace it in the eq. (A.121) of the objective function

A ArA

Fm = 4r® Ty + 8217 — 4r® Ay — — (A.130)
AD /10
and derive F54™ with respect to Ay
FLam 4t2A2
OFYil _ gy, —+. (A.131)
Ay o
The first derivative gives us a stationary value for A
OF L stat |t
Hill () for A" = | |/11, (A.132)
04
and for Ay = A " the second derivative of Fkam is
82FLqm 8 3
Rz . P (A.133)
aAO Zstat |t|/11
0

—stat ..
Ay does not correspond to a minimum for FZ%" so, we need to compare

the value of the objective function on the two extremes of the portion of the

parabola: _
a = (/11 = /11,/10 /10) )

b= (A = 4er ["Ml A+ 87"2/13} (A.134)
— | Ay
Ay = 4r|2/10 [|t|/11 + /12 A7 + 87”2/13})
then, we have to compare
A2
Fiii'le = 4rDo + 810 — dr*Ao 827, -
(A.135)

3|t
Figiilo = 4r?Iy + 8621 — ‘/1|0 1 [tA + /2Lt 87“2/12}
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|t] A
4T2A0
Zipt is placed on the straight-line. Thus, the optimum value of Ay is placed at
the intersection with the parabola:

3. |t|/r < Ao/A; and 0 < 7o < [\t]/ll Ty smg]

—o0 t|A
A = ||2—1 [|t’/11 + /1243 + 87"2/1(2)} ,
, Ao (A.136)
—op
A= [\t|/11 + /2L +8r2/1(2)} :
and
Lam 2 2 3’t|A1 2 A2 2 A2 A
Fffih = 4r°Ty + 86217 — = [tAl /AT 8 AO] . (A.137)
Aov
Aq AoL = ‘ ‘Kl
L=0
0 A1
L=1
_AO S sol. without &
B sol.withe
Figure A.5: Admissible domain of Ag;, and A; for L = 1.
Solution for a basic ply with L =1 B
The region of admissible values of Ay, and A; for L = 1 is showed in Fig. A.5.
e Solution non-¢.
The associated value of the objective function is
FLom — 492 Ty + 821 + 4Agpr? — 16[t|r A, (A.138)

The way to find the optimal solution is analogue to that discussed beforehand. In
the case of pure deviatoric strain field, ¢ = 0, the variable A; is not present in the
equation of the objective function FZ%", so, we have:

A =Ny AT €0, 4] . (A.139)
For t # 0, we have
VA, - AP =4, . (A.140)
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If we fix Ay, = — /g in the equation of the objective function F£%™ and we calculate

the first derivative, we have

OFfaT
— L — _16|tjr <0, (A.141)
oy
hence,
AP = A, , (A.142)
see Fig. A.5.
Solution &.
The objective function is
T
Fiiii = 4rTo + 811 — ddor? — 822 (A.143)
0

In the case of pure deviatoric strain field (¢ = 0) the variable A; is not present in
the equation of Ft4". The first derivative of F'5%™ with respect to Ay is

Lam
a‘FHill

so, we have:
A = AT =0 (A.145)
For t # 0 it is
am 72
8;7%‘11 — —4T2 + 8?52% ’
0 M (A.146)
% = —16t2£ <0.
o N

For a fixed value of Ay, the optimum value of A; is its minimum value belonging
to the admissible region. Hence, Zipt is placed on the straight-line up to a certain
value of Ay and then on the parabola.

The analysis of the first and second derivatives of (A.143) lead us to two solutions,
placed at the two extremes of the portion of the parabola, that has to be compared:

Fhom|, = 4r? Iy + 8217 — 4r2 /Ay ;

t|A '
Fgpl, = 40+ 820+ 200 (o, 4 AT ) (A.147)
0
with B _
a = (/11:0’/10:/10);
S U — —
b= (A= 4N|10|A—\tm1+ 242+ 8r /10}’ AL
i 2 2 AZ]) -
O 424, [ [#1A+ vEAL + /10]) ;
We have:
Fﬁ[?lrlnb < FII-IJ(zllTlnlb . (A149)
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SO

—wm__
_/})})t =9, (A.150)
Ao = Ao ;
and
Flom = 47Ty + 821 — 412/, (A.151)
skoskoskoskoskoskoskoskoskosk

The global minimum of (A.97) can be determined comparing the solutions of the two
studied cases: solution non-¢ and solution £. In particular:

e for L =0 and |t|/r < Ay/A; the solution is always placed on the parabola for both
solutions non-¢ and &. Moreover, the solution £ is placed at the intersection between
the parabola and the straight-line so it belongs to both regions of solution £ and
non-§, see Fig. A.4. The others two solutions, non-¢ and &, lead to the same value
of the objective function. Thus, the global minimum is given by the solution non-¢;

e for L =0 and |t|/r > Ay/A; the comparison between the two solutions can be done

analytically.
t A
For |—| = =2 we have:
r Al
FO (sol. non — €) = 4r2 [y + 86217, — 12r2Ag = FO(s0l.£) . (A.152)
t A
Whereas, for u > 22 we have:

1
FI%(sol. non — €) < FO¥(sol.€) ; (A.153)
e for L =0 and ¢t = 0 the two solutions are coincident;
e for L =1 and t # 0 we have:
FOP (s0l. non — €) — Fb(sol.€) = —16]t|rA; (A.154)

S0,
FQM(sol. non — £) < F B (sol.€) ; (A.155)

e for L =1 and ¢ = 0 the two solutions are coincident.

As a conclusion, it is proved that the global minimum, in both cases for L = 0 and
L =1 is given by the solution non-zi. The results are summarised in Tab. A.1.
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—opt —opt Lam(o
‘ /1012 ‘ Alp ‘ Frin ©rt
L=0,1;r=0,vt
‘ any ‘ any ‘ 821
L=0
[t Ao
r _/11
26243 |t A7 2 2 2 2 A
sol. non-¢ (% — 1) A Ay (*)4r2Ty + 8t°T7 — 4r* Ay — 8t 1
) ) ) Zint 2
sol. ¢ A A | 4rtny + 8621 — 4r? Ay — 812~ —
0
/12
AO A1 4T2F0 + 8t2F1 - 47"2/10 - 8t2T1
0
[t S 4o
r 7/11
sol. non-¢ | Ag | Ay | (%) 400 + 821 + 440r? — 16]t|r Ay
sol. ¢ ‘ Ao ‘ Aoé ‘ 42Ty + 8121 — 124972
t=20
sol. non-¢ ‘ —Ag 0 ‘ (*) 412y — 4Aor?
sol. f ‘ AO ‘ [0, Al] ‘ (*) 4T2F0 - 4/107'2
L=1 |
t#0
sol. HOH—§ ‘ 7/10 ‘ Al ‘ (*) 4T2F0 + 8t2F1 - 4/107’2 - 16|t‘7‘/11
sol. & ‘ Ao ‘ 0 ‘ 4r2Ty + 821 — 4Agr?
t=20
sol. HOH—§ ‘ —AO ‘ [0, Al] ‘ (*) 4T2F0 — 4/107‘2
sol. f ‘ AO ‘ 0 ‘ (*) 4T2F0 - 4/107'2

(*) global minimum.

—int

Ay an

d lent correspond to the intersection point between the straight-line and the parabola.

Table A.1: Solutions of the local minimisation of F£%™ including {2, as optimisation parameter.
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