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Abstract

Two-stage approaches are commonly applied to optimise the stacking se-
quence of large-scale composite structures. The two stages consist of a gra-
dient and non-gradient based optimisation addressing the mixed nature of
continuous and discrete constraints and design variables of the detailed siz-
ing of laminated structures. For the two-stage process to be successful, all
constraints from both stages should be fulfilled eventually. This study em-
ploys generic stacks to model the thickness and stiffness distribution of the
structure. A generic stack is comprised of a collection of layers whose orien-
tations are fixed a priori, but thicknesses can vary independently enabling
exploration of the design space. To achieve a ‘right first time’ implementa-
tion and avoid burdensome iterations over both stages, a maximum amount

of discrete design and manufacturing constraints should be considered in the
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gradient-based optimisation stage. A special attention is paid to the conti-
nuity or blending constraint which can be formulated precisely using generic
stacks. The results for a benchmark case show that the introduced two-stage
approach can, not only satisfy all imposed constraints in a single iteration
of the overall two-stage process but also yield a lower structural mass when
compared to equivalent previously proposed approaches.

Keywords: Generic stacks, Stacking sequence optimisation, Blending,

Detailed Sizing

1. Introduction

Modern aeronautical structures are increasingly made out of fibre rein-
forced plastics, because these offer reduced weight and enhanced mechanical
characteristics. However, designing large-scale composite structures poses
two key challenges. The first one is linked to the fact that high computa-
tional resources are required to optimise real-world structures and the second
to the nature of the detailed sizing of composite structures which involves
both discrete and continuous design variables and constraints.

Many different approaches have been proposed over the past years [1, 2]
concerning stacking sequence optimisation. Genetic algorithms [3, 4, 5, 6,
7] and other metaheuristics [8, 9, 10, 11] have been successfully applied as
they can deal with both the continuous and discrete nature of the stacking
sequence optimisation. The difficulty with such single-stage approaches lies
with the limitations of applying them to real-world optimisation problems
due to their required computational cost. Aircraft structures are sized by

hundreds or thousands of load cases and that, in combination with a very



large number of design variables required to model the properties of the
structure, leads to the need for many thousands optimisation iterations which
come along with the costly computation of the structure’s Finite Element
model solution [12].

Gradient-based optimisation approaches can deal with the computational
expense of large-scale problems but are better suited for continuous design
spaces. For that reason, a non gradient-based optimisation algorithm can
be employed in a following stage, to enable a discrete stacking sequence
adhering to all composite design and manufacturing rules [13, 14]. Usually,
lamination parameters [15] are employed to model the stiffness properties
of the laminate. Many researchers [16, 17, 18] have used a gradient-based
optimisation exploiting lamination parameters and a lot of work has been
conducted to determine their feasible design space [19], enforce composite
design guidelines [20, 21] and strength requirements [22, 23]|. The reason for
their wide acceptance is that they provide a compact formulation for the
properties of a structural zone with a maximum of 12 design variables, in the
most general case, plus an additional design variable for the thickness of the
zone. The lamination parameter design space is convex [24] and buckling is
a concave function [25]. However, when using lamination parameters one has
no clear indication of the actual stacking sequence which leads to two major
disadvantages. First of all, composite design guidelines whose formulation
applies on a discrete ply level are hard to formulate or cannot be formulated
accurately. Secondly, the formulation of first ply failure methods leads to
more conservative failure envelopes, while progressive ply failure methods

cannot be used to evaluate the strength of the laminate because the stacking



sequence is not yet known.

Polar parameters have also been used as an alternative to lamination
parameters to describe the stiffness of the structure in a gradient-based op-
timisation [26, 27]. Polar parameters share the drawbacks mentioned for
lamination parameters although work to address them has been conducted
28, 29].

Instead of using polar or lamination parameters a more direct approach is
to model the laminate using design variables related to the actual ply prop-
erties e.g. thickness, fibre orientation or material. Even though recent work
has proven that, against common belief, the feasible domain of lamination
and polar parameters is not convex [30] when the thicknesses of the plies
are restricted to manufacturable values, a parametrisation employing thick-
nesses or layer orientations presents a stronger non-convexity and introduces
a design space with more local minima. Nonetheless, such parametrisations
were amongst the first to be used and are still employed. Mateus et al. [31]
used both layer thickness and orientation to optimise the buckling strength
of a composite laminate. An optimisation with a fixed stacking sequence
and only the thicknesses of the individual layers used as design variables was
performed by Schmit Jnr. and Farshi [32] and two manufacturing constraints
were included in the optimisation by Costin and Wang [33]. Most recently,
such approaches have been mainly applied to the design of wind turbine
blades [34]. Discrete Material Optimisation [35, 36] and Discrete Material
and Thickness Optimisation [37, 38] employ design variables related to the
thickness or material of a laminate. Their application has been limited to a

small number of design variables per structural zone to keep the complexity



of the optimisation to a minimum.

The main novelty of the work lies in the usage of 'physical layers’ to model
not only the the thickness but also the stiffness distribution of the structure.
Moreover, as many discrete composite rules as possible are implemented
within this gradient-based optimisation framework. This modelling of the
property will be referred to as a generic stack which is comprised of multiple
layers of fixed orientation whose thickness can vary continuously. The moti-
vation for using generic stacks is provided by the need to employ ply-based
failure criteria and precisely accommodate discrete composite guidelines in
the gradient based optimisation, the importance of which has been identified
in the literature [39]. Combined with the developed second stage optimi-
sation strategy [40], the presented two-stage process can consistently lead
to stacking sequences which satisfy all required constraints in only one pass
of the two-stage process. Besides that, application to a benchmark problem
shows that the current methodology is able to achieve a lower structural mass
compared to previous studies which share equivalent design criteria.

The rest of this paper is structured as follows: In Section 2 the two stages
of the optimisation process are discussed with an emphasis on the modelling
of the structural properties using generic stacks and the formulation of com-
posite rules such as blending in the design space of generic stacks. Results
from the application of the composite constraints and a comparison against
literature results for an academic benchmark are demonstrated in Section 3.

The findings of this work are summarised in Section 4.



2. Two-stage optimisation process

The developed two-stage optimisation process is discussed in this section.
Particular emphasis is given on the first, gradient-based (continuous) stage
and the incorporation of the composite design guidelines. Only a brief sum-
mary of the second, discrete optimisation stage is provided and the reader is

invited to further reading for the complete formulation [40].

2.1. First stage: Continuous optimisation

In the first stage of the optimisation process, a gradient-based algorithm
is employed to retrieve the optimal thickness and stiffness distribution of
the structure. Generic stacks are used to parametrise the properties of each
laminate. Physical constraints related to strength and buckling and compos-
ite constraints associated with the stacking sequence characteristics of the

laminate are formulated for the design space of generic stacks.

2.1.1. Generic stacks parametrisation

A generic stack is comprised of multiple generic layers. The exact orien-
tation and stacking sequence of these plies is fixed during the optimisation
whereas the individual thickness of each generic ply corresponds to a design
variable which can take any real positive value. Several generic plies are
used to form a generic stack as shown in Fig. 1. The number and stacking
sequence of the generic stack needs to be chosen so that the resulting thick-
ness and stiffness does not depend on the modelling decisions. Knowing the
stacking sequence and thickness of each generic ply, the extensional stiffness
matrix A, the coupling stiffness matrix B and the bending stiffness matrix

D can be calculated as:
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In equations 1-3, 2, is the distance between and the midplane of the laminate
and the side of the &' layer which is further away from the midplane. The

elements of the transformed reduced stiffness matrix Q are calculated as:
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In equation 4, # is the orientation at which the unidirectional lamina is laid
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where FE7; is the modulus of elasticity across the fibre direction, Fas the
modulus of elasticity across the transverse direction, G135 the shear modulus
and 115 the principal Poisson’s ratio for a specific material type.

The optimisation algorithm used is NLPQLP [41, 42], a sequential quadratic
programming algorithm which is available in the Airbus in-house Multidis-
ciplinary Design and Optimisation platform called LAGRANGE [43]. Tt is
worth noting that the optimal stacking sequence attributes are not limited to
solely being a function of the structural weight of the structure, but can also
take into account performance related metrics such as the Breguet range.
Similarly, constraints governing the optimal solution can also include struc-
tural eigenmodes or static aeroelastics amongst others. This work focuses
on the demonstration of the methodology, therefore the optimisation cases
deal with a mass minimisation subject to physical i.e. buckling and strength
constraints and composite design and manufacturing constraints. The math-

ematical formulation of the problem is:

J I
minimise ZZ%’

j=11i=1 (6)
subject to gx(t) >0 ke {1,...,K}
where t;; is thickness of the i layer in patch number j and gi(¢) are the K

constraints applied to the optimisation problem.

2.1.2. Physical constraints in gradient-based optimisation
For the examples demonstrated in this work, the plates are assumed to be
simply supported, biaxially compressed and specially orthotropic. Buckling

constraints in the optimisation are then formulated as:
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Figure 1: An indicative generic stack of 16 generic plies. Only half of the symmetric stack

is shown.
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The fraction in equation 7 will be referred to as a Reserve Factor (RF) and
corresponds to the first eigenvalue of the biaxially compressed plate. In
equations 7, 8, IV, is the applied load across the longitudinal direction, N,
the load across the transverse direction and N, .. the critical buckling load

in the longitudinal direction which is calculated as:
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where a and b are the lengths of the bi-axially loaded plate in the longitudinal

Nx,cr - (8>

and transverse direction respectively. The critical buckling load is the mini-
mum one calculated for a set of m and n half wavelengths across the length
and width of the plate respectively. The analytical formula of equation 8 is
chosen in this work to maintain consistency when comparing with relevant

studies in section 3.3. Since the formula is based on Classical Lamination



Theory the critical buckling load is less accurate for moderately thick and
thick laminates.
Concerning strength constraints, the maximum strain criterion is applied

in this work for fibre failure. These constraints are formulated as:
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for extensional and compressive loads respectively where Y is the ultimate
strain of the material for tension, €f, the ultimate strain for compression and
€1 is the strain along the fibre direction for a specific generic ply. Knowing
the stiffness of a laminate and the force and moment resultants the strain &

and curvature k distributions can be calculated solving:

N A B| |e
= : (10)
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Once the global strain distribution has been calculated, the strain per ply &;
can be computed by transforming the global strain into the local material
directions which are known due to using the generic stack to describe the

stiffness of the laminate. The reader is invited to further reading on the

detailed calculation of strain [44].

2.1.3. Composite constraints in gradient-based optimisation

Aerospace composite components are usually designed to fulfil several
composite guidelines that ensure the integrity of the structure by minimising
unnecessary coupling behaviours or stress concentrations [45]. It should be
noted that such guidelines can be substituted by more generalised classes

of laminates [46, 47, 48] or even be ignored when utilising manufacturing

10



concepts such as Variable Angle Tow laminates [49, 50, 51]. However, these
guidelines, which are commonly referred to as composite rules, are still in
active use, especially in the aerospace industry, and are grouped in two cate-
gories i.e. design and manufacturing rules. Design rules regulate the stacking
sequence of a single laminate of constant stiffness. The rules which have been

formulated within the scope of this work are briefly described:

1. Symmetry. Symmetric laminates about the mid-plane are commonly
used to avoid bending-extension coupling. Symmetry can be achieved
by linking the design variables on the two sides of the laminate formed

by the mid-plane surface.

2. Balance. Balanced laminates consist of equal 46 and —6 orientations
(6 #0°,90°), in order to eliminate shear-extension coupling. Similarly
to symmetry, balance may be achieved by linking the design variables

corresponding to the +6 oriented layers.

3. Damage tolerance. Fxternal plies should not be in the direction of the
main load. Commonly, a 45° or —45¢ layer is placed in the outermost
part of the laminate. This design rule can be facilitated in the opti-
misation by choosing a generic stack with a 45° or —45° generic layer
on the outer part of the laminate in combination with increasing the
minimum gauge of the relevant design variable to the thickness of the

tape to be used during manufacturing.

4. Minimum percentage. A minimum percentage (p) of any fibre orien-

tation 6. used in a laminate might be enforced to minimise matrix

11



degradation and favour a fibre-dominated failure mode instead. This

is mathematically formulated as:

I r
pzt” - Z ti/]' 2 0 VJ, i/ c {[ N ei]’ = 90} (11)
i=1 i'=1
For laminates in which not only the four standard orientations (45, —45, 90, 0)
are used in the design, it does not make sense to apply the minimum

percentage constraint for all fibre orientations [52], as this could lead

to an infeasible design space, but only to the standard ones.

. Contiguity. The maximum grouping of equally oriented layers is lim-
ited to minimise interlaminar stresses and ensure a homogeneous stress
distribution. The contiguity design rule applied for a specific 6. fibre

orientation is formulated as:

Il
ti/ A" 1 1 ti* 1 t i ;
Z(J> 22+2tanh<k(]+(+1)])—M—C)

=1 ta (12)

‘v’j,i*E {1001]:96},Z*<Z,<2*+1

The right hand-side of equation 12 is a Heaviside function which takes
values in [0, 1]. The design variable driven part of the right hand-side of
the equation captures the total thickness of two ‘consecutive’ 6, oriented
plies +* and 7* + 1 as shown in Fig. 2. It should be noted that when
referring to the thickness of the generic plies, ‘consecutive’ does not
imply physical contact but rather the absence of any other 6. oriented
ply between the two of interest. Anyhow, modelling the laminate using

two generic plies of the same fibre orientation which are in physical

12



contact does not add any advantage but only increases the complexity
of the optimisation. When the total thickness of these two ‘consecutive’
0. oriented generic layers becomes larger than the maximum number
of allowable consecutive layers of the same fibre orientation M, then
the right hand side of the equation increases. Constant t; denotes the
thickness of the tape which will be used in manufacturing, k regulates
the steepness of the Heaviside function and c is a tolerance value related
with &£ which defines at which point exactly the sum of the two 6,
oriented plies starts creating a value for the right hand-side of the
equation which is ‘significantly’ larger than zero. The left hand-side of
the equation captures the total thickness of all plies placed between the
two ‘consecutive’ 6. oriented plies. When the right hand-side becomes
larger than 0, then the left hand side must also increase to fulfil the
constraint meaning that the thicknesses of the intermediate plies must
also increase. Exponent n values larger than 1 can be used to enforce a
single ply of a specific fibre orientation to be used instead of a collection

of plies of various orientations whose thicknesses are smaller than one.

Manufacturing rules, affect the transitioning between laminates placed in

neighbouring patches.

1. Continuity/blending. Continuity, also commonly referred to as blend-
ing ensures manufacturability and structural integrity of the laminated
composite. In this work, the definition of generalised blending [53] is
used. Generalised blending requires all plies in a thinner patch to con-
tinue in the adjacent thicker panels. The mathematical formulation for

two neighbouring patches j; and j, is expressed as:

13
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Figure 2: Layer indexing relevant to the contiguity constraint for an indicative subset of

generic layers.

1 1

if Yt <Dt
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then tij1 > t’ijg Viel

(13)

2. Mazximum dropping. The maximum number of plies dropped in tran-
sitions between neighbouring laminates j; and 75 is limited, to assist
smooth load distribution throughout the structure. On a lamina level
this is formulated as:

t— |ty —tin| >0 Viel (14)

and on a laminate level

> 0. (15)
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In equations 14 and 15 ¢; and t, are the absolute allowable differences

in thickness for a ply and stack respectively.

3. Eaxternal covering ply. At least one of the outer plies in a laminate is
not allowed to be dropped to ensure structural integrity. This man-
ufacturing rule can be enforced by setting the minimum gauge of the
corresponding design variable to the thickness of the pre-impregnated

unidirectional tape.

2.2. Second stage: Discrete optimisation

The optimum continuous solution retrieved by the first stage of the op-
timisation needs to be converted into a discrete stacking sequence which
complies with all the composite design and manufacturing rules. First of
all, knowing the thickness of the pre-impregnated tape that will be used for
manufacturing, the entire thickness of each generic stack must be rounded-up
to either the nearest integer number of plies or the nearest even number of
plies. The discrete results presented in this work have been produced after
rounding up the total thickness of each patch to the nearest even number
of plies. The number of layers for each patch remains constant during the
discrete optimisation and the objective for this problem, is minimising the
absolute difference between the optimal stiffness provided by the gradient-
based optimisation (f,fj’B’D)optimal and the stiffness of the computed discrete

stack 5,?]-’3’1) € [-1,1].

J
minz w,‘:’B’D|5,§;’B’D — (6]?]'7B7D)Optimal| Vk (16)
j=1
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It should be noted that once the gradient-based optimisation has converged
to the optimal thicknesses of the generic layers, these are converted into
lamination parameters allowing a more compact representation of the stiff-
ness attributes of the laminate and easier comparison with similar algorithms
available in the literature. In equation 16, weight coefficients w,’f7B7D may be
used to emphasise specific stiffness components.

Two different Mixed Integer Linear Programming formulations of the
blended stacking sequence optimisation problem, namely explicit and im-
plicit, have been developed by the authors in previous work [40]. The two
formulations mainly differ in the way blending is modelled although both
provide the same results for a given optimisation problem. For the results
presented in this work, the implicit formulation has been employed. To model
the stacking sequence optimisation of the structure, both discrete and contin-
uous design variables are used, while the objective function and constraints
of the problem are formulated as linear functions with respect to the design
variables. The commercial mathematical programming tool Gurobi [54] is
used to solve this second stage optimisation problem. A wide range of design

and manufacturing rules can be activated depending on the requirements of

the design.

3. Results

First of all, the influence of the generic stack initialisation and parametri-
sation on the retrieved stiffness is demonstrated. Then, discrete results are
shown to highlight the accuracy of the applied manufacturing constraints and

the importance of having the blending constraint in particular in the con-
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tinuous optimisation. Finally, the two-stage methodology developed in this
work is applied on an academic benchmark problem and compared against

previously proposed approaches.

3.1. Constraint demonstration

As mentioned before, parameterising the properties of the laminate using
generic stacks introduces local minima in the design space. What is more,
the choice of number, stacking sequence and initial thickness of the generic
plies can also influence the resulting thickness and stiffness of the structure.

A simple problem consisting of only one panel is examined first. The panel
is simply supported along its edges. A graphite-epoxy material (IM7/8552)
is used. The modulus of elasticity across the fibre direction is £} = 141G Pa,
the modulus of elasticity in the transverse direction is Ey = 9.03G Pa, the
shear modulus is G192 = 4.27G Pa, the principal Poisson’s ratio is v1o = 0.32
and the density is p = 1.572x 107K g/mm3. The dimensions of the panel and
the compressive loads applied are noted in Fig. 3a. Buckling and strength
constraints are taken into consideration, initially examining only the first
load case of Fig. 3a. The maximum strain criterion of equation 9 is used
as a strength constraint. Instead of using the ultimate strain value for the
material, a conservative value of the maximum allowable strain (¢}, = 5500ue
and €} = 3000ue) taking damage tolerance into consideration is used.

The stacking sequence of the generic stack is [(45, —45,90,0),)s, com-
bining to a total of 32 generic layers. Symmetry and balance composite
constraints are enforced with design variable linking, leading to a total of 12
design variables. Three different schemes, as shown in Table 1, are used to

examine the influence of the design variable initialisation on the result.

17



Nx=-400 kN/m
Ny=-200 KN/m
1** loadcase 2™ Joadcase
0.5m Nx=-400 kN/m Nx= 1200 kN/m
. Ny=-200 kN/m Ny= 3600 kN/m 0.5m Nx=-320 kN/m
1m 1m

(a) Simply supported panel subject to a compressive (b) Simply supported, mechanically disconnected

and an extensional loadcase respectively. panels subject to compressive loads.

Table 1: Three different initialisation schemes applied to each fibre orientation in the

generic plies.

Initial thickness(mm) Final mass(Kg)

Scheme (° 90°  +45° One load case Two load cases
1 03 03 0.3 7.263 7.314
2 0.3 03 0.15 7.263 7.314
3 0.15 0.15 0.3 7.262 7.314

In order to visualise the results, the polar representation of the stiffness
used by Dillinger et al. [55] and Bordogna et al. [56] is used. The thick-
ness normalised elastic modulus of elasticity rotated 360 degrees around the

reference axis of the laminate is calculated as:

1

By (0) = ——— (17)
A7 (0)
The thickness normalised inverse A~! matrix as a function of any angle 6 is
given by:
A1) = TTAT (18)
where

18
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and the transformation matrix T
cos? 0 sin? ¢ 2 cosfsin 0
T = sin’ 4 cos?d —2cosfsinf | - (20)

—cosfsinf cosfsinh cos?H — sin®6

In equation 17, A7} (0) is used to visualise the in-plane stiffness. Similarly,
the out-of-plane stiffness can be visualised by using Dj;! (0) with the thickness
normalised bending stiffness matrix calculated as:

12D

The resulting in-plane stiffness shown in Fig. 4a is significantly differ-
ent for each initialisation scheme. On the contrary, out-of-plane stiffnesses
(Fig. 4b) are identical for all three schemes. Although the maximum mass
difference is at the order of 0.01% (Table 1), the gradient-based optimisation
has been trapped in different local minima. The different in-plane stiffnesses
indicate different ply-shares between the four fibre orientations. However,
since the design is only driven by buckling, the optimiser has computed iden-
tical out-of-plane stiffnesses by influencing the distribution of the ply-shares
across the thickness of the laminate.

Although local minima due to different initial thicknesses do arise due to
the non-convex design space of generic stacks, this drawback is mitigated for
real-world problems. When designing aircraft structures, hundreds or thou-

sands of load cases are taken into consideration, depending on the maturity
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Figure 4: Comparison of the stiffness distributions for a panel consisting of 32 generic plies

subject to buckling loads for different thickness initialisation schemes.

of the design stage, leading to a huge criteria model. The criteria model,
consisting of millions of constraints emerging from the design-driving require-
ments such as strength, damage tolerance, buckling, manufacturing, but also
eigenmodes, flutter and aeroelastic effectiveness, is heavily restricting the de-
sign space and eliminates, from a practical point of view, the majority of the
possible local minima.

To highlight this effect, a second load case of extensive forces along the
edges of the panel is also included in the study (Fig. 3b). Examination
of the stiffness distributions for the same three initialisation schemes shows
identical in-plane stiffness and slightly different out-of-plane stiffness for the
first scheme as shown in Figs. 5a and 5b respectively. The masses are equal

for all three schemes.
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Figure 5: Comparison of the stiffness distribution for a panel consisting of 32 generic plies

subject to buckling and extensional loads for different thickness initialisation schemes.

The number of generic plies used also influences the computed design.
This is demonstrated by optimising the same demo-problem subject to the
two load cases and using a different number of the same repetitive generic
blocks ([(45, —45,90,0)]) which form a laminate of 8, 16 and 32 generic layers
respectively. Already when using 16 generic plies, the in-plane stiffness of
the plate converges to the optimal solution (Fig. 6a) while the out-of-plane
stiffness slightly differs between the case of 16 and 32 generic plied as seen
in Fig. 6b. Experience gained from application of the two-stage process
in many different instances indicates that a laminate which is expected to
be approximately N layers thick, can be adequately modelled by a generic
stack comprised of N/4 generic layers. This modelling guideline is not effec-

tive when applying the contiguity manufacturing constraint, where a larger
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number of generic plies needs to be introduced.

90°

((45,-45,90,0),

(45,-45,90,0)4]
(45,-45,90,0),]
(45,-45,90,0)]

135°

s

225°

(a) In-plane stiffness distribution (b) Out-of-plane stiffness distribution

Figure 6: Comparison of the stiffness distributions for a panel consisting of 8, 16 and 32

generic plies subject to buckling and extensional loads.

An additional factor that may influence the resulting membrane and
bending stiffness of the laminate is the stacking sequence of the generic
block repeated to form the generic stack. In Figs. 7a and 7b the in-plane
and out-of-plane stiffness distributions are plotted for the panel when using
the [(0,90,45, —45)] generic block instead of the one applied for the previ-
ous example ([(45, —45,90,0)]). For each of the blocks, 2 generic stacks are
formed, one consisting of 8 generic plies and the other of 16. The resulting
stiffnesses of the laminates formed by 8 generic plies are different, which is
to be expected since the stiffnesses are also different for the case of 8 and 16
generic layers (Fig. 6). The influence of the repeated generic block on the

stiffness ceases when forming a generic stack with 16 layers which supports
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the previous stiffness sensitivity results with respect to the number of generic

plies.
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Figure 7: Comparison of the stiffness distributions for a panel comprised of 2 different
generic blocks when forming a generic stack of 8 and 16 plies, subject to buckling and

extensional loads.

Finally, the influence of the continuity and contiguity constraints on the
resulting thickness and stiffness of the structure is reported. A second patch
is added to the demonstrator problem to enable the application of the con-
tinuity constraint. The two patches are not mechanically connected so no
load redistribution is taken into account. Only the continuity constraint cou-
ples the design variables of the two patches. A single buckling load case is
considered, with the exact loads shown in Fig. 3b.

In Fig. 8a the resulting generic stack of an optimisation not using any

composite design or manufacturing rules, besides symmetry and balance, is
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depicted. The optimum ply-share between the different fibre angles and their
distribution across the stack is vastly different. If the contiguity and blending
rules are also activated, then this leads to a significantly different structural
solution whose stiffness distribution is homogenised (Fig. 8b). As for the
application of the contiguity constraint, the assumed discrete ply thickness

is 0.125mm and the maximum number of consecutive plies allowed equals 4.

4 4
2 _ 2
0
72 _ k
4 -4

(a) Symmetry and balance design guidelines are en- (b) Symmetry, balance, contiguity and blending

@ Odeg @ 45deg
@ 90 deg -45 deg

ness (mm)

Thickness (mm)
o

icki

Thi

forced composite guidelines are enforced

Figure 8: Resultant generic stack thickness distribution for the demonstrator problem of

Fig. 3b.

3.2. Importance of continuity constraint

The significance of having the blending constraint in the gradient-based
optimisation is demonstrated on the 18-panel horseshoe problem [57] which
has been extensively studied in the literature. The panel arrangement, force
resultants and dimensions are given in Fig. 9. N, and N, force resultants

are given in (bf /in (x175.1 to convert into N/m). The same graphite-epoxy
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material (IM7/8552) is used whose properties have already been described in
section 3.1. The thickness of the ply used is 0.191mm to maintain consistency

with other studies.

18 in. 20in,
1 2 3 4 5
N, =-270 N, =-250 N, =-210 =
Ny =-325 Ny =-200 Ny =-100 5
g Ny =-700 Ny=-375
3 N, = -400 N, = -360 P ; 0
N, =-305 Ny =-290 Ny =-600
N, =-360 N, =-195 N, =-480
9 10
N, =-1100 N, =-900
Ny =-600 Ny =-400
11 12 13 14 15
N, =-330 Ny=-190 Ny =-300
N, =-330 N, = -205 N, =-610
Ny =-375 Ny = -400
N, =-525 N, =-320 i 17 3
N, =-815 N, =-320 N, =-300
N, =-1000 Ny =-180 Ny =-410

Figure 9: 18 panel horseshoe blending problem [57].

The generic stack used to model the patches in the horseshoe benchmark
is [(45, —45,90,0)3]s. The composite constraints applied are symmetry, bal-
ance, damage tolerance, a minimum and maximum allowed percentage of
10 and 60 % respectively and the external covering ply rule. If the blend-
ing constraint is also applied in the gradient-based optimisation, then the
discrete optimisation stage is directly able to retrieve a design which fulfils

all buckling constraints. On the contrary, if blending is not enforced in the
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continuous optimisation stage, the discrete optimiser is not able to retrieve
a discrete stacking sequence which satisfies buckling constraints. In such a
case, the design factor needs to be increased. This procedure is followed
iteratively until the discrete design meets the buckling or any other physi-
cal constraints. The outcome of such an iterative effort is demonstrated in
Table 2. Consequently, more computational time and manual effort need to
be sacrificed. Worst of all, this iterative process leads to a significant weight
penalisation, which for this case is 5%. This additional weight is due to
overdimensioning several of the patches in the structure as can be seen from
the maximum buckling RFs. This goes to show the importance of having as
many manufacturing constraints as possible in the gradient-based optimisa-

tion stage but also formulating these constraints as accurately as possible.

Table 2: Structural mass and buckling RF comparison for the 18-panel horseshoe problem
between a two-stage optimisation in which blending is not included in the first stage and

one in which it is activated.

Continuous results
No blending With Blending
Design factor 1 1.2 1.25 |1
Mass(Kg) 27.72 29.45 29.85 | 28.10

Discrete results
Min. Buck. RF  0.83 0.964 1.03 | 1.01
Max. Buck. RF 1.30 1.60 1.59 | 1.30
Mass (Kg) 28.93 30.52 30.79 | 29.31
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3.8. Comparison against previous work

In this section, results for the 18-panel horseshoe problem are compared
against results achieved by other two-stage optimisation approaches avail-
able in the literature. Published results on the benchmark stemming from
the application of non-deterministic one-stage approaches [5, 58] are not in-
cluded because both physical and composite constraints can be included si-
multaneously. For the current work, the generic stack used is [(45, —45, 15,
—15,30, —30, 60, —60, 75, —75,90, 0)3]s, to match the set of fibre angles used
by IJsselmuiden et al. [59] and Macquart et al. [20]. In the first stage of
the optimisation, besides blending, symmetry is also enforced to ensure no
bending-extension coupling exists since this effect is not captured by the an-
alytical buckling formulation of equation 8 used in this work. Likewise, in
the discrete optimisation only blending and symmetry are enforced and the
allowed fibre orientations are the same as the ones used in the generic stack,
which coincide with the ones used in the work of IJsselmuiden et al. [59] and
Macquart et al. [20]. Picchi Scardaoni et al. [60] have allowed for any integer
fibre orientation to be used in the discrete design. As far as composite design
and manufacturing rules are concerned, all three studies [59, 20, 60] have used
blending while additionally IJsselmuiden et al. [59] have enforced symmetry
and balance and Picchi Scardaoni et al. [60] have applied a manufacturing
rule prohibiting small changes in thickness of adjacent panels.

In the work of IJsselmuiden et al. [59], blending constraints were not used
in the lamination parameter design space of the gradient-based optimisation.
Therefore, the discrete stacking sequence derived initially, significantly vi-

olates the buckling RFs. An iterative repair strategy of locally increasing
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Table 3: Structural mass and buckling RF comparison for the 18-panel horseshoe problem

including blending constraints in the continuous optimisation.

Mass (Kg) Min. buckling RF

[Jsselmuiden et al. [59] 29.46 1.025
Macquart et al. [20] 28.61 0.979
Picchi Scardaoni et al. [60] 27.28 1.058
Current work 28.15 1.000

thicknesses needs to be performed for several loops until arriving to the end
result of Table 3.

In the work of Picchi Scardaoni et al. [60], blending constraints are de-
rived for the polar parameter design space. The design derived by the ant
colony optimisation employed for the second optimisation stage is lighter
than the one achieved in this work. However, finite element buckling is em-
ployed to calculate the buckling RFs of the horseshoe problem instead of the
analytical formula of equation 8 employed in this and the other two works
[59, 20]. Evaluation of the buckling RFs of the discrete stacks published by
the researchers [60] using the analytical expression of equation 8, results in
a minimum RF of 0.65. Therefore, due to the different buckling modelling,
the resultant masses cannot be fairly compared. Finally, buckling compliant
discrete stacks are derived by employing a design factor of 1.1 leading to the
minimum RF of 1.058 for the discrete stacks.

The work of Macquart et al. [20] is the one which can be most fairly com-
pared to the results of the proposed methodology. Blending constraints are

derived for the lamination parameter design space of the first stage gradient-
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based optimisation. The achieved mass of the current work is 1.6% smaller
than the one achieved in the work of Macquart et al. [20]. The actual dif-
ference should actually be larger, since the reserve factor in the other work
[20] is less than 1. Finally, another significant advantage of the present work
is that these results are achieved after one pass of the two-stage process. In
the lamination parameter space there is the need for a second loop using a
design factor of 1.05. At least a third loop which was not performed in the
study would eventually be required to satisfy the buckling constraints which
would increase the structural weight.

The accuracy of the blending formulation in the generic stacks is further
highlighted in Fig. 10. The average difference between the continuous stiff-
ness and the discrete stiffness is noticeably smaller for the current two-stage
approach. This smaller distance originates from the accuracy of the blending
formulation and leads to manufacturable stacking sequences in one pass of
the optimisation process which therefore reduces the mass penalty between
the continuous and discrete result. The discrete stacking sequences retrieved
in this work, as well as the corresponding buckling RFs are provided in Table
4.

It should be noted that the discrete optimisation stage in this work uses
mathematical programming [40] while the other study used a genetic algo-
rithm Macquart [61]. Differences not related to the algorithmic side of the
two second-stage approaches, but rather to the design freedom of each blend-
ing formulation, do exist, with the discrete optimisation of the current work
having more flexibility. A quantification of the percentage each of the contin-

uous and discrete optimisation contribute to a lower structural mass has not
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Figure 10: Continuous and discrete results of the current work and of Macquart et al. [20]
depicted in lamination parameter (£1p, £3p) space. For the mathematical formulation of

the lamination parameters the reader is invited to further reading [20].

been performed. However, results of section 3.2 confirm that the ability of
getting buckling constraint satisfaction in one pass of the optimisation pro-
cess significantly drives mass down and therefore part of the lower structural

mass can be attributed to using generic stacks.

4. Conclusion

This paper introduces a two-stage approach to the optimisation of com-
posite structures taking into account composite design and manufacturing

rules. In the first gradient-based optimisation stage, the properties of the
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Table 4: Optimal discrete stacks and the corresponding buckling RFs.

Patch No- of Stacking sequence Buckling
layers RF

1 34 [-30,30,45,30,-45,30,-45,60,60,45,-60,60,-60,- 1.160
75,-45,90,45]

2 28 [-30,45,30,-45,30,60,60,-60,60,-60,-75,- 1.012
45,90,45],

3 22 [45,-45,60,60,-60,60,-60,-75,-45,90,45]< 1.222

4 18 [60,60,-60,60,-60,-75,-45,90,45], 1.040

5 16 [60,60,-60,60,-60,-75,-45,45], 1.207

6 22 [45,-45,60,60,-60,60,-60,-75,-45,90,45], 1.099

7 18 [60,60,-60,60,-60,-75,-45,90,45], 1.007

8 24 [60,60,-60,60,-60,-75,75,-60,90,-45,90,45] 1.032

9 38 [-30,30,30,45,30,-45,30,-45,60,-30,60,45, - 1.056
60,60,-60,-75,-45,90,45],

10 36 [-30,30,30,45,30,-45,30,-45,60,60,45,-60,60,- 1.143
60,-75,-45,90,45],

11 30 [-30,45,30,-45,30,60,-30,60,-60,60,-60,-75,- 1.083
45,90,45]5

12 28 [-30,45,30,-45,30,60,60,-60,60,-60,-75,- 1.007
45,90,45],

13 22 [45,-45,60,60,-60,60,-60,-75,-45,90,45] 1.150

14 18 [60,60,-60,60,-60,-75,-45,90,45], 1.103

15 24 [60,60,-60,60,-60,-75,75,90,-45,90,-60,45] 1.000

16 32 [45,-30,-45,45,30,-45,30,60,60,-60,60,-60,-75,-  1.056
45,90,45],

17 18 [60,60,-60,60,-60,-75,-45,90,45], 1.021

18 22 [60,60,-60,60,-60,-75,90,-45,90,-60,45] 1.065
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structure are modelled using generic stacks, with an emphasis on the im-
plementation of discrete composite design and manufacturing guidelines in
this continuous design space. The second stage of the optimisation involves
mathematical programming which solves a Mixed Integer Linear Program-
ming formulation of the stacking sequence optimisation subject to any com-
posite rule, aiming to accurately match the continuous optimisation stiffness
characteristics.

More specifically, this work focuses on the formulation of as many com-
posite guidelines in the continuous optimisation as possible. The design space
of generic stacks allows for more composite rules to be implemented, since it
is a direct representation of the stack’s sequence characteristics. Moreover,
these formulations are more precise compared to the other modelling ap-
proaches, such as, lamination and polar parameters. Blending, in particular,
can be exactly described in its continuous form. However, generic stacks do
form a non-convex design space which is not welcome in any gradient-based
optimisation. The influence of different starting points in the retrieved re-
sult is expected to be eliminated by the diversity of factors sizing real-world
composite structures. The effect of the number of generic plies on the final
stiffness distribution is also investigated, indicating that even for industrial
scale structures which are expected to be thicker, the size of the continuous
optimisation will still remain manageable.

Finally, the importance of having an accurate blending formulation in the
continuous optimisation is demonstrated by comparing the results from both
including and excluding the constraint from the gradient-based optimisation.

In the case that the constraint is included, the computational effort is reduced
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to the minimum as there is not need to perform extra two-stage optimisation
loops and additionally significant weight savings are achieved. The presented
two-stage approach is also applied on a widely used benchmark and is com-
pared against other similar studies using lamination and polar parameters.
The current methodology leads to a lower structural weight compared to pre-
vious works having used the same hypothesis for the benchmark. Moreover,
the proposed two-stage methodology results in composite structures satisfy-
ing both discrete composite requirements but also buckling constraints after

a single pass of the two stages
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