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Chapter 1
Preamble

Voi, speculatori, non vi fidate delli autori che hanno
sol co’ l’imaginazione voluto farsi interpreti fra la
natura e l’omo, ma sol di quelli che, non coi cenni
della natura, ma co’ gli effetti delle sue esperienzie
hanno esercitato i loro ingegni.

Leonardo da Vinci

1.1 The thesis context: the PARSIFAL project

In the last decades, the passengers air traffic has seen a remarkable increase. Historical
data show that the number of annual revenue passenger kilometres1 has experienced an
almost steady logarithmic growth, with an average annual increase of 4.3%, thus a doubling
every fifteen years (Airbus s.a.s., 2019). The recent COVID-19 outbreak surely had a
strong impact on the air transport market (Pearce, 2020b), but this market has shown a
strong resilience to external economic shocks in the past and, according to recent forecasts,
the global trend is not expected to be considerably affected in the long term (Pearce,
2020a). The air transportation market has to face this constant increase in demand in
a challenging context. In fact, most of the actual airport infrastructures are already
congested with very limited or no expansion possible, especially in Europe. Moreover, the
regulation about the aircraft environmental impact (both in terms of noise end emissions)
becomes increasingly restrictive. The conventional tube and wing aircraft configuration
has seen big improvements in the last decades but is now reaching its maximum potential
with small margins left for the improvement of its performances. This scenario is pushing
for the development of innovative and disruptive aircraft configurations.

PARSIFAL (Prandtlplane ARchitecture for the Sustainable Improvement of Future
AirpLane) is a research project2 funded by the European Union under the Horizon 2020 Re-
search and Innovation program, started in May 2017 and concluded in July 2020. It aimed
at proposing a solution for the challenges that the aeronautic industry is facing. Eight
partners, from four European countries, have collaborated in the PARSIFAL project: Uni-
versity of Pisa (UNIPI), the project coordinator, from Italy, the French aerospace research

1Usually referred to as RPKs: it is the cumulative number of kilometres flown by passengers for whose
transportation an air carrier receives commercial remuneration.

2www.parsifalproject.eu

1

www.parsifalproject.eu


1. Preamble

Figure 1.1: Artistic representation of a PrandtlPlane aircraft.

centre ONERA in Paris and the Arts et Métiers Institute of Technology of Bordeaux-
Talence (ENSAM) in France, the Delft University of Technology (TUD) in Netherlands,
the German Aerospace Center (DLR), and the company SkyBox Engineering in Italy.
Moreover, an advisory board made of independent consultants from aviation industry and
representatives of aircraft manufacturers (Leonardo, Airbus), airport management com-
panies (Milan and Tuscany airports) and airlines (KLM) supported the research activities
by representing the market interests.
The solution proposed in PARSIFAL is the PrandtlPlane configuration, shown in an
artistic representation in Fig. 1.1.

About one century ago, Prandtl (1924) identified in a comparative study a lifting
system with a box configuration in the front view, that he called the best wing system
(BWS). Such configuration is the best solution minimising the induced drag among all
the possible lifting systems sharing the same span and the total amount of lift. Few
decades later, Frediani and Montanari (2009) have shown that a closed-form-solution of the
minimum induced drag problem exists, proving Prandtl’s finding. The BWS application
to aircraft of different category and size has been studied at University of Pisa since the
1990s. In honour of Prandtl, aircraft with such a box wing configuration have been called
PrandtlPlane (PrP).

For a large aircraft, the induced drag constitutes 40-45% of the total drag during cruise
and about 80% during take-off. By employing the PrP configuration, a reduction of such
component of about 20-30% can be achieved for typical applications. The consequent
increase in aerodynamic efficiency (the ratio between lift and drag) can either be used to
reduce fuel consumption (for a given payload-mission scenario) or to increase the payload
capability (for a given set mission-fuel consumption). In both cases, this results in a
reduction of the environmental impact and the cost per passenger.

The main goal of the PARSIFAL project was to demonstrate the feasibility of the
introduction of the PrP configuration into the market, and the interest in doing so. This
feasibility study has been conducted by the different partners assessing different aspects:
economic, aerodynamic, architectural, structural, environmental, propulsive, flight mech-
anics, etc. In the early phases of the project, a preliminary market analysis has been con-

2



1.1. The thesis context: the PARSIFAL project

ducted (PARSIFAL Project Consortium, 2017a). A forecast on the air traffic demand has
been produced, setting the time horizon to 2032: the main results are reported in Fig. 1.2.
According to these results, most of the future demand increase will be on connections in

Figure 1.2: Forecast on the air passenger demand distribution in 2032, in comparison
to the contemporary one (connections with more than a thousand annual passengers)
(PARSIFAL Project Consortium, 2017a).

the range from 500 to 4000km. These connections are, nowadays, mainly ensured by air-
planes belonging to the Airbus A320 and the Boeing 737 (B737) families and operated on
airports respecting the International Civil Aviation Organization (ICAO) aerodrome ref-
erence code 4C specification (where 4 indicates a take-off field length greater than 1800m
and C refers to a maximum wingspan of 36m). These results have driven the identification
of the best market segment to be targeted in the project: it is described through a set
of target performances called top-level aircraft requirements (TLARs), which are presen-
ted in Tab. 1.1 (PARSIFAL Project Consortium, 2017a, 2020a). These TLARs identify
an aircraft which operates on the same short-to-medium routes (below 4000km) of the
A320/B737 aircraft families, having the same overall dimensions, but able to transport
about 50% more passengers (a capacity typical of larger aircraft like the A330/B767).
It corresponds to a market segment previously unexplored, as it can be clearly seen by
placing the PARSIFAL proposition in the pax-range diagram of the contemporary aircraft

3



1. Preamble

Table 1.1: Top-Level Aircraft Requirements considered in the PARSIFAL project (PARSI-
FAL Project Consortium, 2017a, 2020a).

Requirement Value
Maximum passenger number (full density) 320
Minimum passenger number @MTOW1 250
Maximum range at max payload (harmonic range) [km] 4000
Minimum cruise Mach 0.78
Initial Cruise Altitude (ICA) [kft (km)] 36.0 (11.0)
Maximum operating cruise altitude [kft (km)] 38.5 (11.7)
Time to climb from 1500 ft to ICA [min] 35
Maximum take-off field length at sea level (SL) [m] 2200
Landing distance @(MLW2, SL, ISA3) [m] 1850
ICAO aerodrome reference code - aircraft approach category 4C - C
Engine number 2
1 Maximum Take-Off Weight
2 Maximum Landing Weight
3 International Standard Air

market (Fig. 1.3). The main reason for this has to be searched in the technological limit-
ations that the PARSIFAL project aims to overcome. These requirements brought to the

Figure 1.3: Placement of the PARSIFAL proposal in the pax-range diagram of the con-
temporary aircraft market (limited to the two main manufacturers) (PARSIFAL Project
Consortium, 2017b).

definition of the PARSIFAL proposed configuration, whose main features are presented in
Tab. 1.2, in which the PrP is also compared to a conventional competitor aircraft, while
some visual representations are provided in Figs. 1.4 and 1.5.

The principal effects of the introduction of the PARSIFAL proposal into the market and
its use instead of a typical single aisle aircraft, can be summarised as follows (PARSIFAL

4



1.1. The thesis context: the PARSIFAL project

Table 1.2: Main features of the PARSIFAL proposal in comparison to a conventional
competitor aircraft (PARSIFAL Project Consortium, 2020a).

Feature PrP A321 NEO
Maximum take-off weight [tons] 126 97
Wingspan [m] 36 35.6
Overall length [m] 44.3 44.51
Overall height [m] 9.43 11.76
Fuselage height [m] 4.17 4.14
Fuselage width [m] 5.39 3.95
Maximum passengers 308 240
Cabin layout 2-4-2 3-3
Max. capacity of LD3-45 containers 12 10

Figure 1.4: Three views of the PARSIFAL proposal (left) and comparison between its
the interior layout and exit paths and those of a typical single aisle configuration (right)
(PARSIFAL Project Consortium, 2018).

Project Consortium, 2020a):

• Environmental impact:

– Emission reduction per passenger up to 20% for carbon dioxide (CO2), water
vapour and sulphur dioxide (SO2), greater than 15% for unburned hydrocarbons
(HC), negligible for nitrogen oxides (NOx).

– Up to 17% and 18% reduction of the Global Warming Potential on 20- and
100-years horizon (GWP20 and GWP100), respectively.

– Up to 23% and 20% reduction of the Global Temperature change Potential on
20 and 100 years horizon (GTP20 and GTP100), respectively.

– reduction of the average level of noise for a given airport and daily passenger
traffic.

• Productive impact:

– Increase from less than 200 to more than 300 available seats without changing
the required airport apron space or, alternatively, an up to 15% reduction in
the required apron space to transport a given number of passengers.

5



1. Preamble

Figure 1.5: Comparison between the cabin section of the PARSIFAL proposal (left) and
that of a typical single aisle configuration (right) in the high-density arrangement (PARSI-
FAL Project Consortium, 2018).

– Reduction of fuel consumption per RPK up to 20% with respect to aircraft
belonging to the A320/B737 family.

• Economic impact:

– Possibility to reduce the average ticket price up to 13% while keeping the same
break-even point or, alternatively, to increase the produced value, thanks to
the reduction of the cost per available-seat-kilometre.

• Logistic impact:

– Small increase in turnaround time (11% outstation, 25% full service) for a
higher payload capability (+63% passengers, +71% containers).

– Compatibility with present ICAO 4C airports infrastructures.

These outcomes are the results of several underlying improvements and innovations
made by the project partners, not only limited to the aerodynamic idea which motivated
the project. In fact, besides the reduction of the induced drag, the PrP configuration
brings other interesting advantages and opportunities: an increased safety thanks to a
smooth stall behaviour and a post-stall phase characterised by only a partial reduction of
manoeuvrability and controllability; a pitch damping higher than that of a conventional
configuration, which results in more comfort and safety; the possibility to adopt innovative
manoeuvre schemes like the direct lift control3 and the pure couple control4 thanks to the
ability to accommodate control surfaces on both the front and rear wing; the ability to
design a lighter structure taking advantage of the peculiar architecture; the possibility to
evaluate the employment of different innovative propulsion solutions. On the other hand,
the newness of the proposed configuration makes historical statistical data and known
established solutions not a priori trustworthy, or not applicable at all. This has constituted
a major challenge in the PARSIFAL project, but also a stimulus for the development of
new knowledge and design methods. It is especially true for the structural design of the
aircraft, since, unlike what happen in conventional configuration, the fuselage and the
lifting system are over-constrained.

3The ability to alter the amount of lift without affecting the pitch moment.
4The ability to generate a pure pitch moment without altering the lift.
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1.1. The thesis context: the PARSIFAL project

The project was organised into eight different work packages (WPs), organically dis-
tributed among the partners, with multiple interactions (see Fig. 1.6). ENSAM Bordeaux

PrandtPlane design

WP3

Analysis of the Air Transport 
System of the next future

WP1

Aerodynamic  analysis of
the PrandtPlane

WP4

Flight mechanics and 
aircraft control

WP6

Definition of the PrandtPlane
requirements

WP2

Structural  analysis of
the PrandtPlane

WP5

Analysis and design of the
propulsion system

WP7

Project coordination and control, dissemination,
communication and exploitation

WP3

Figure 1.6: PARSIFAL working packages and their interactions.

was the leader of the WP5, entitled Structural Analysis of the PrandtlPlane, which has
been carried out in collaboration with UNIPI and DLR. The main initial input of the
activities of this WP was the definition of a reference configuration of the PrP, internally
referenced by the project partners as MileStone 1 (MS1). It was the result of the concep-
tual design phase carried out, in accordance with the TLARs presented in Tab. 1.1, by
SkyBox and UNIPI with the contribution of all the other partners in the context of the
activities of WP3 (PrandlePlane Design). MS1 notably included initial versions of mac-
roscopic geometrical data (the cabin layout, the aircraft external geometry, the internal
volume available for structural components), of inertial data (the location and mass of
the landing gears and the engines and estimates about the mass distributions of all other
on-board systems), of aerodynamic loads distributions. A first-guess sizing of the struc-
tural components, to be used for the initial activities of WPs other than the WP5, was
also provided, obtained by manual adjustment exploiting information coming from both
first-approximation models (e.g. beam-like models) and finite element (FE) analyses, and
considering a limited set of design requirements.
The activities of WP5 had four main objectives:

1. To develop innovative optimisation procedures to be employed for the preliminary
design of aeronautical structures, either metallic or composite. Such optimisation
procedures should be able to:

1.1. Overcome the limitations of current common-use optimisation procedures for

7



1. Preamble

large-scale thin-walled (composite) structures and properly deal with the hy-
perstatic nature of the PrP architecture.

1.2. Effectively integrate all relevant design requirements in this design phase (not-
ably, requirements related to the manufacturability of innovative composite
solutions made of variable stiffness laminates and constant-stiffness blended
ones), in order to maximise the compliance of the obtained solutions with the
following design phases.

2. To validate the developed optimisation procedures:

2.1. Numerically, through the solution of benchmark problems taken from literature.
2.2. Experimentally, though tests on simple composite structures and on composite

stiffened panels.

3. To perform a preliminary structural design of the PrP, for both a metallic variant and
a composite one, employing the developed optimisation procedures and targeting, in
particular:

3.1. The main structural components of the fuselage.
3.2. The main structural components of the lifting system.

4. To verify the compliance of the optimal metallic PrP with respect to aeroelasticity
requirements.

All the related activities have been carried out at ENSAM, except for those related to
Objective 4, which have been performed by UNIPI and University Carlos III of Madrid,
in the role of UNIPI’s subcontractor. Concerning the activities related to Objective 3, the
connection regions between the fuselage and the lifting system have only been modelled
through low-fidelity FE models at ENSAM, while a design of experiments activity, based
on a more detailed modelling, has been carried out by J.-N. Walthers at DLR.

The team involved in the PARSIFAL activities carried out at ENSAM is composed of
several people, all members of the Mechanical Engineering and Design (IMC) department
of the Bordeaux Institute of Mechanical Engineering (I2M):

• Marco Montemurro, full professor at ENSAM Bordeaux. Co-author of the pro-
ject proposal, he is the main supervisor of the PARSIFAL activities carried out at
ENSAM. With Anita Catapano, associate professor at Bordeaux INP, they are at
the origin of the multi-scale two-level optimisation strategy, a key ingredient of the
optimisation procedures for composite structures proposed in the WP5.

• Jérôme Pailhès and Nicolas Perry, full professors at ENSAM Bordeaux, and Elise
Gruhier, associate professor at ENSAM Bordeaux. Supervisors of the PARSIFAL
activities carried out at ENSAM.

• Enrico Panettieri, associate professors at ENSAM Bordeaux. He is the ENSAM
front-man and manager of the activities related to the PARSIFAL project. He con-
tributed to the initial formulation of part of the innovative multi-scale optimisation
procedures proposed in the WP5 and to their application to the PrP structure, with
a focus on the modelling of the connection regions; he worked on the initial for-
mulation of manufacturing requirements for the design of composite structures with
blended laminates; he worked on the experimental activity on composite stiffened
panels.

8



1.2. The thesis work objectives

• Michele Iacopo Izzi (the writer). Ph.D. fellow at ENSAM Bordeaux. He worked on
the formulation of innovative multi-scale optimisation procedures, to their numerical
validation, and to their application in the design of the PrP structure, with a focus on
its fuselage; he carried out the experimental validation activities; he worked on the
development of numerical tools for the optimisation of variable-stiffness composite
structures.

• Marco Picchi Scardaoni. Ph.D. student at UNIPI and ENSAM Bordeaux. He joined
the ENSAM team halfway through in the context of a joined supervision PhD pro-
gram. He worked on the application of the previously developed multi-scale optim-
isation procedures to the PrP lifting-system structure and to a first adaptation for
their use in a deterministic optimisation context. He worked on an improved for-
mulation of the manufacturing requirements for the design of composite structures
with blended laminates.

The one presented above is the context in which the work described in this PhD thesis
took place.

1.2 The thesis work objectives
The problem of the preliminary design of thin-walled structures, either metallic or com-
posite, typical of the aeronautical field is addressed in this Ph.D. thesis.

Mass control is a major concern in the aeronautical field, and the structural design
problem is often formulated as a constrained optimisation problem, usually in the form
of the weight minimisation of the structure subject to a set of mechanical and geomet-
rical requirements. The semi-monocoque architecture (of which an example is shown in
Fig. 1.7) have soon become a standard choice for the structures of both the fuselage and
the wing, thanks to their inherently favourable stiffness-to-weight ratio. This structure

Figure 1.7: View of a structure having a semi-monocoque architecture: a fuselage struc-
ture.

architecture is a modular one, composed of sub-structures (the stiffened panels), which
are made, in turn, of thin plates. For their nature, structures of this type present two
characteristic scales at which different phenomena take place, which corresponds to just as
many requirements involved in the design process. Requirements related to the structure
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mass, to its stiffness, to aeroelastic phenomena, are formulated at the global scale of the
structure, i.e. the scale of the whole aircraft. At the local scale, i.e. the scale of the stiffened
panels and of the plates of which the wing and fuselage architectures are composed, other
phenomena take place, like those related to the buckling behaviour and to the strength
of the structure. Each scale (and each phenomenon to be assessed) has distinct needs in
terms of modelling, so, in order to have a good computational efficiency, different models
must be employed (Venkataraman and Haftka, 2004). The various procedures available for
the design of these structures differentiate in the way each scale is handled and the scale
transition is managed. The main limitations observed in common-use design procedures
are essentially related to these two aspects: in particular, the non-optimal definition of
the design variables involved in each scale, the limited accuracy of the methods employed
for the assessment of the structure responses, a poor information transfer between mod-
elling scales (Grihon et al., 2009a). The formulation of a proper multi-scale optimisation
procedure is needed for the correct design of this type of structures.

In the continuous pursuit for lightness of the aeronautical domain, mainly due to the
high specific stiffness and strength they offer, composite materials are earning increas-
ingly attention. In most recent aircraft, like the Airbus A350 XWB and the Boeing 787,
composite materials constitute about half of the aircraft weight and the main structural
components are made of high-performance composite laminates5. Despite their large use,
there still is a lack of knowledge concerning composite materials (notably concerning the
way to optimise them), which results in a low cost-effectiveness of their use and in a limited
exploitation of their interesting properties (Petrolo, 2019). Composite laminates present
per se a multi-scale behaviour that leads to the identification of three characteristic scales:
the microscopic scale, governed by the properties of the constituent phases (fibres and
matrix), and by their interaction; the mesoscopic scale of the plies, seen as equivalent ho-
mogeneous anisotropic layers; the macroscopic scale of the laminate, where an equivalent
homogeneous anisotropic single-layer plate is considered. Designing composite laminates
with the best possible structural efficiency requires elastic tailoring, i.e. the optimisation
of both their geometric form and their material properties. The historical approach of
directly optimising the plies orientations, hence acting at the mesoscopic scale of the lam-
inate in order to meet requirements mostly formulated at the macroscopic one, presents
a number of weaknesses. The number of design variables, being directly proportional
to the number of layers, rapidly increases when a thick laminate is considered and/or
multiple laminates have to be optimised at the same time, moreover, when designing for
lightness, the number of layers composing the laminate and, accordingly, the number of
design variables is itself a design variable; the design problem formulated with respect
to such design variables usually results highly non-convex. Finally, as a consequence of
the aforementioned lack of knowledge, it is common-practice to enforce restrictions on
the nature of the stacking sequences, either in the form of sufficient but not-necessary
conditions to avoid some undesired elastic couplings in the laminates behaviour, or as
experience-based guidelines to limit crack propagation and delamination, which further
complicate the design problem.
Multi-level design strategies try to overcome some of these problems. These strategies al-
low formulating and solving the optimisation problem at the macroscopic and mesoscopic
scales in (at least) two sequential levels: firstly, the structural optimisation is performed
in terms of macroscopic properties of the laminate, through a suited representation; then,

5Here, high-performance composite laminates refers to layered plates made of plies containing long
continuous straight (non-woven) fibres.
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the laminate lay-up design is carried out by retrieving suitable stacks corresponding to the
optimum macroscopic properties of the laminate. Of course, feasibility conditions have to
be enforced during the first level in order to ensure the existence of a solution of the second
one. The Multi-Scale Two-Level optimisation strategy (MS2LOS), firstly introduced by
Montemurro et al. (2012a,b), is one of such strategies, and is the one embraced in this
work.

Composite structureMetallic structure

Global Macro

Whole aircraft

Local Macro

Stiffened panel

Meso

CSCLs VSCLs
Plies

Figure 1.8: Considered characteristic scales of a typical large-scale thin-walled (composite)
structure.

When a large-scale thin-walled composite structure is considered, the designer has to deal
with the multi-scale nature of both the structure architecture and the employed material
(Fig. 1.8). Although for the assessment of most of the phenomena described above, both at
the structure global and local scales, a macroscopic description of the laminate is enough,
the failure phenomenon of composite materials is usually evaluated at the mesoscopic scale
and the definition of the laminates stacking sequences is a key step of the design process
of these structures. Concerning the microscopic scale, even if some relevant phenomena
happen at this scale too, it is not object of study in this thesis and is, thus, disregarded in
the following. In the context of the typical conceptual-preliminary-detailed design phases
organisation, it is of paramount importance to ensure maximum consistency between the
preliminary results and the final product: the following detailed design phase should en-
rich the preliminary results and not repair them (Grihon et al., 2009a). This is especially
true when dealing with composite materials within multi-level design/optimisation pro-
cedures: it must be ensured that the final solutions correspond to a structure that not
only respects all considered design criteria, but is also manufacturable, hence the need to
consider manufacturability requirements since the early design stages.
Moreover, when dealing with a PrP aircraft, a further complication arises. Separating the
design of the fuselage from that of the wings does not ensure to obtain a correct design
of the entire structure because of the peculiar nature of the PrP architecture. Designing
the fuselage and the wings as isolated parts could even lead to infeasible solutions: for the
correct assessment of the structural responses of the PrP, the whole structure has to be
modelled. Furthermore, the number of design variables needed for the description of the
lifting system is naturally higher for such an aircraft than for a conventional one, since
two main wings are present. Consequently, the computational effort needed to deal with
such a great number of design variables all at once, and with the whole aircraft model, can
easily overcome the capabilities of the IT infrastructure typically available into a research
laboratory.
The formulation of new procedures for the preliminary design of large-scale thin-walled
composite structures must deal with all the aforementioned aspects. The first main ob-
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jective of this work is to overcome some of the limitations identified in common-use design
procedures with the final aim to obtain better-performing structures of this type.

Only constant-stiffness composite (CSC) laminates (CSCLs), i.e. laminates having uni-
form macroscopic mechanical properties across their surface, have been considered above.
However, a complete exploitation of the composites potential cannot be achieved by limit-
ing the study to this class. To take full advantage of the directional properties of the basic
material (i.e. the fibre-matrix set), the mechanical properties must be tailored locally over
the laminate surface, obtaining a new generation of high-performance composite lamin-
ates, i.e. the variable-stiffness composite (VSC) laminates (VSCLs). The bigger the stress
gradients in the laminates composing the structure, the higher the performance gains ob-
tainable by adopting such class of composite materials. Various formats of laminates have
such property. In this thesis the focus is put on variable angle tow (VAT) laminates:
layered plates made of constant-thickness plies containing long continuous ordered steered
fibres. Manufacturing processes to obtain them are quite recent and still present some
specific limitations. The development of suited design procedures for structures made of
VSCLs is essential to foster their broad adoption in the industry. Such design proced-
ures should not only consider all the aspects presented above for CSCLs, but they should
also efficiently deal with design variables that assume the form of distributions across the
laminate surface. This brings to an important increase in their number, and ensuring the
continuity (and the smoothness) of the field becomes a task of capital importance. Finally,
as in the case of CSCLs, the integration of process-related manufacturability requirements
since the early stage of the design process is fundamental to reduce the gaps between the
various design phases.
The second main objective of this work is the development of a design procedure, and
the related numerical tools, for the concurrent optimisation of geometrical and material
design variables describing VSCLs.

Three main phases can be identified in this work:

1. First, the focus is put on large-scale thin-walled metallic structures. This choice
allows to only target the global and local scales and the information transfer among
them. A multi-scale optimisation strategy (MSOS) that relies on FE analyses em-
ploying a global-local (GL) modelling approach has been developed in this phase.
The assessment of the phenomena happening at both scales is carried out through
dedicated FE models that ensure the required level of accuracy, while the adoption of
a GL modelling approach guarantees coherence among the various models and con-
tributes keeping the computational effort low. The solution search is carried out by
means of a genetic algorithm that combines exploration capability and information
exploitation to find the true global optimum solution.

2. Then, the possible performance gain obtainable by employing straight-fibre com-
posite laminates in these structures is evaluated. An additional working scale, the
mesoscopic scale of the composite material, is considered here, while a macroscopic
description of the laminates is employed at the global and local ones. The addi-
tional layer of complexity represented by the possibility of optimising the material
properties as well as the geometrical ones of the structure, is faced by integrating
the aforementioned GL modelling approach into a multi-level design strategy, the
MS2LOS. Here also, a genetic algorithm is employed to carry-out the solution search.

3. Finally, the possibility to better exploit the directional properties of high-perform-
ance composite materials through the concept of VSCLs is investigated. The problem
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of the efficient optimisation of this type of structures is studied. Specific theoretical
and numerical design tools are developed here, still in the framework of the MS2LOS.
The focus is shifted on lower scale structural components. Due to the characteristics
of the optimisation problem formulated for these structures, the use of meta-heuristic
algorithms for the solution search can be inefficient and can lead to sub-optimal solu-
tions. Therefore, a deterministic algorithm (DA) is here used instead. To cope with
this choice, the analytic expression of the gradient of the response functions asso-
ciated to all requirements considered in the optimisation process has been derived.
Requirements on strength, mass, maximum tow curvature, and buckling load have
been considered. Concerning the latter, an initial study (Fiordilino, Izzi, and Mon-
temurro, 2021), not reported in this thesis, has been conducted in collaboration with
Ph.D. student G. A. Fiordilino.

All the methodologies and tools developed in these phases have been validated, either
numerically, by applying them to benchmark structures taken from the literature, or
through experimental activities. Most of them have also been applied to the prelimin-
ary design of the structure of the PARSIFAL proposal; this has required specific actions
to account for the PrP configuration having an internally over-constrained structure.

1.3 The thesis outline
The thesis is organised in seven chapters.

Chapter 2 presents an overall literature survey on the various topics studied in this
work.

Chapters 3-7 present the core activities of the thesis, covering the different phases of
the work described shortly above. In Chapters 3-5 and 7, the content is presented by
directly reporting the related article, published in an international journal.

More in detail, in Chapter 3, the GL-MSOS is presented and numerically validated
through the solution of the least-weight design problem of a reference metallic fuselage
barrel taken from the literature.

An experimental activity is presented in Chapter 4: through the design, analysis and
testing of non-conventional straight-fibre composite plates, a first experimental validation
of the MS2LOS is achieved.

The combination of the GL-MSOS and of the MS2LOS results in the definition of
the GL-MS2LOS for large-scale thin-walled composite structures, which is presented and
numerically validated in Chapter 5. Here the optimisation of the same reference fuselage
barrel introduced in Chapter 3, this time made of straight-fibres composite laminates, is
performed.

In Chapter 6, the developed optimisation strategies are applied to the over-constrained
structure of the PrP aircraft proposed in the PARSIFAL project.

The focus is shifted on structures made of VSCLs in Chapter 7, where specific tools
for their optimal design are developed. The theoretical framework of the MS2LOS is
enriched to deal with requirements on strength, mass, and maximum tow curvature. A
numerical platform for the deterministic optimisation of VSCLs is developed and tested
on benchmark problems taken from literature. The concept of variable-thickness VSCLs
is also investigated in this chapter.

Chapter 8 ends this thesis with some general conclusions and prospects of this work.

13





Chapter 2
State of the art

As introduced in Chapter 1, this thesis deals with the preliminary design of large-scale
thin-walled composite (and metallic) structures typical of the aeronautical field. These
semi-monocoque structures present multiple working scales, of which three are considered
in this work:

The global macroscopic scale of the whole aircraft, where a macroscopic description
of the laminates behaviour is employed.

The local macroscopic scale of the stiffened panels and of the plates composing the
fuselage and wing architectures, where the laminates behaviour is described macro-
scopically.

The mesoscopic scale of the plies, seen as equivalent homogeneous anisotropic layers.

In order to optimise this type of structures, a suited multi-scale design procedure must be
developed, which is able to combine, on the one hand, a proper handling of the three char-
acteristic scales and their interactions, and, on the other hand, computational efficiency.

The current standard format of composite materials employed when high structural
performances are required is the CSCL, i.e. a layered plate made of plies containing long
continuous straight (non-woven) fibres. Both the geometrical and the material properties
of each laminate composing a CSC structure can be tailored (uniformly over the laminate
surface) to the design needs, unlocking new margins of improvement in their optimisation
with respect to metallic counterparts.
Wider tailoring possibilities are offered when adopting the VSCL format, made possible by
the recent developments in manufacturing processes. In this case, a point-wise variation
of the geometrical and the material properties across each laminate is possible. Both the
CSCL and the VSCL formats give a new, unprecedented freedom to the designer, but also
open new challenges to be faced during the design process.

In this chapter, the state of the art about the development of design strategies that
allow facing these challenges is presented.
In Sec. 2.1, the focus is put on the management of the link between the global and the local
scales characterising large thin-walled structures. In this context, of course, the metallic
variant of these structures, which can be seen as a sub-case of the most general anisotropic
material one, does not require the definition of a mesoscopic scale.
In Sec. 2.2 an overview on global-local modelling approaches, one of the key ingredients
of the optimisation procedure presented in this thesis, is provided.
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In Sec. 2.3, a literature survey about strategies for the optimisation of CSC structures is
provided, focusing on the challenges related to the link between the macroscopic and the
mesoscopic scales of these structures.
In Sec. 2.4, the specificities of VSCLs are targeted by presenting the state of the art on
strategies for their optimal design.
Finally, Sec. 2.5 ends this chapter whit some concluding remarks.

At the end of these sections, when relevant, some notes about the correct bibliographic
placement of the various parts of the work presented in this thesis are provided.

Remark. Because of the article-based format chosen for this thesis, most of the informa-
tion provided in this chapter is also present in the journal articles reported in Chapters 3-5
and 7. In each article the relevant information needed for the correct bibliographic place-
ment of the corresponding part of the work is briefly provided.

2.1 On the preliminary design of large-scale thin-walled
structures

The preliminary phase of aircraft structural design is mostly based on analytical or semi-
empirical methods. Such methods have been developed since 40s especially in USA (Ger-
ard, 1958; Kuhn et al., 1952; Wignot et al., 1944) and have been continuously improved
during the years until becoming an established reference for aircraft designers (Bruhn,
1973; Niu, 1988; Rivello, 1969; Williams, 1960). These methods are based on several sim-
plifying hypotheses. For example, when dealing with the fuselage design, at the global scale
circular cross-sections are considered, whose geometry and boundary conditions (BCs) are
symmetric with respect to the aircraft longitudinal plane. Stringers are taken into account
by considering a homogeneous skin of equivalent thickness (greater than the true thick-
ness of the skin) or by considering lumped models, in which multiple physical elements
are represented by only one finite element1. When pressurisation is taken into account,
the classical equations for axial-symmetrical infinite vessels with regularly spaced frames
are used (Bruhn, 1973). At the stiffened panel scale, for the calculation of buckling loads,
plane or curved plates with uniformly loaded edges and perfect BCs (usually in the form of
simply supported edges) are considered; the stringers are considered as isolated elements
and the Euler column buckling equations are used (Anderson and Takahashi, 2017; Niu,
1988).

Preliminary design procedures for thin-walled structures have been developed integ-
rating the aforementioned methods into sequential (Anderson and Takahashi, 2017) or
iterative procedures (Boni, 2004; Boni and Fanteria, 2004; Grihon et al., 2009b), of which
an example is reported in Fig. 2.1. The solution is searched by means of DAs using an
initial guess solution chosen by means of handbook methods. In order to properly exploit
the effectiveness of the gradient-based algorithm, the number of design variables is reduced
by slaving or linking them together, sometimes enforcing fabrication requirements, more
often using experience or simplified empirical rules. For example, the shape of the cross-
section of stiffening elements is set a priori, with only a scaling factor used to size them.
Of course, this approach extremely shrinks the design domain and, in conjunction with
the use of DAs for the solution search, results in the unlikelihood of finding the true global
optimum solution of the design problem.

1For example using a single equivalent rod element for taking into account the presence of four con-
secutive stringers.
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Figure 2.1: Classical integrated iterative design procedure for a fuselage section from
literature (Boni and Fanteria, 2004). LP, UP, LATP, FRAME, and TS are the codes for
the deterministic optimisation of the lower fuselage panel, the upper fuselage panel, the
lateral fuselage panel, the frame cross section, and the tear strap, respectively.

Several works on improved analytical or numerical methods for predicting the mech-
anical response of stiffened panels, especially regarding the buckling and post-buckling
behaviour of such components (Hughes et al., 2004; Loughlan, 1994; Stamatelos et al.,
2011) can be found in literature. However, the aforementioned simplifying hypotheses are
still used.

In 1972, Sobieszczanski and Loendorf (1972) proposed a mixed optimisation method
in which a lumped global FE model (GFEM) was used instead of analytical formulae
to evaluate the stiffness of the fuselage in order to obtain a better approximation of
the loads to be used on local buckling evaluations performed using classical analytical
methods. Similarly, Fischer et al. (2012) proposed a multi-level framework for optimisation
of lightweight structures in which a simplified GFEM evaluates the average membrane and
bending loads for the local optimisation of panels performed using VICONOPT, a program
based on analytical solutions for prismatic plane panels with simple supported edges or
periodic BCs. An analogous work is presented by Grihon et al. (2009b) in which the tool
ASSIST for the buckling and post-buckling analyses based on engineering formulae was
employed. They also considered the possibility of using a surrogate model to speed-up the
process. A surrogate model is also adopted by Vankan et al. (2014a) for the multi-scale
optimisation of a fuselage barrel. In this case the surrogate model is used for buckling
failure evaluations and it is generated by means of buckling analyses on a parametric
high-fidelity local FE model (LFEM) of an isolated stiffened panel with idealised BCs.
Later, Vankan et al. (2014b) compared the results of the previous work to those obtained
employing a high-fidelity GFEM, founding a lack of accuracy in the assessment of the local
scale buckling in the formers, highlighting, thus, the detrimental effect of using idealised
BCs.
In all the aforementioned works, the local analyses and the related optimisations follow
the global scale ones and are performed by considering fixed internal loads (resulting from
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the GFEM analysis), hence neglecting the load redistribution happening at the upper
scale consequent to the variation of geometry at the local one. Similar problems are
highlighted by Grihon et al. (2009a) in a review of the numerical optimisation methods
developed/applied at AIRBUS: they identified the inaccuracy of some analytical models
and the lack of load redistribution evaluation during the local scale optimisation as the
main weaknesses and causes of inconsistency in the passage from the preliminary design
phase to the following detailed one.

For real-world engineering problems, it is preferable to assess the response of the struc-
ture, at both the global and local scale, by means of suitable FE models. This task must
be achieved in a computationally efficient manner and with a proper management of the
information transfer between global scale and local scale models. To this purpose, in this
thesis GL modelling approaches are integrated into MSOSs for the preliminary design of
large-scale thin-walled structures.

2.2 On global-local modelling approaches
Global-local modelling approaches associated to FE analyses have mainly been investigated
during 80s and 90s (Cormier et al., 1999; Hirai et al., 1984, 1985; Jara-Almonte and Knight,
1988; Mao and Sun, 1991; Sun and Mao, 1988; Whitcomb, 1991). Most of the first works
were motivated by the need to obtain better accuracy on indirect outputs of the FE model
(i.e. strain and stress) on some localised zones of interest (ZOIs) (Cormier et al., 1999;
Hirai et al., 1984, 1985; Jara-Almonte and Knight, 1988; Mao and Sun, 1991; Sun and
Mao, 1988) of a big structure or to retrieve information around not modelled geometrical
details (Whitcomb, 1991), without solving a complete refined model, a sometimes non-
viable possibility due to limited computational resources of that period. During the last
two decades, as a consequence of the improved computational capabilities, GL approaches
have been developed and used also to assess more complex phenomena like local plasticity
(Gendre et al., 2009), crack propagation (Guidault et al., 2007), delamination in composite
structures (Akterskaia et al., 2018), strong non-linear phenomena, or to implement a strong
parallelisation of the computation using domain decomposition techniques (Cresta et al.,
2007). GL modelling strategies can be grouped into three categories, differentiated by
their basic work-flow: a) sub-modelling techniques (Cormier et al., 1999; Mao and Sun,
1991; Sun and Mao, 1988; Whitcomb, 1991), b) condensation/zooming techniques (Hirai
et al., 1984, 1985), c) multi-scale techniques (Akterskaia et al., 2018; Cresta et al., 2007;
Guidault et al., 2007).

The GL approaches belonging to the sub-modelling category are characterised by the
presence of three common steps, which, referring to Fig. 2.2, are:

1. Firstly a linear analysis on a GFEM with a course mesh is run (Fig. 2.2a).

2. GFEM results are used to identify one or more ZOIs (e.g. the grey area in Fig. 2.2a).
A refined LFEM, which can also take into account complex non-linear phenomena,
is created for each ZOIs (Fig. 2.2b).

3. A second analysis is performed only on the LFEM imposing displacements provided
by the GFEM as additional BCs. The complete solution of the problem is obtained
assembling the results of the LFEM to those of the non-local region of part of the
GFEM (Fig. 2.2c).
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The results of the last step present a discontinuity of internal forces at the GL interface
caused by the stress redistribution due to local effects. If such effects are considered non-
negligible a correction iterative step must be added, in which GFEM and LFEM analyses
alternate until the required convergence is achieved. An alternative formulation making

(a) GFEM creation and solv-
ing.

(b) ZOI identification and
LFEM creation (2:1 scale).

(c) LFEM solving (4:1 scale).

Figure 2.2: Usual work-flow of sub-modelling GL techniques (Gendre et al., 2009).

use of forces and stiffness instead of displacements in the information transfer between
GFEM and LFEM has been proposed too (Jara-Almonte and Knight, 1988). The research
works that belong to this category differentiate mainly in the handling of the correction
step, proposing different convergence criteria and convergence enhancing techniques. Main
advantages of this category of GL approaches are a low required computational effort and
their simple implementation adopting common commercial FE software (a property that
could be called non-intrusiveness of the approach). The major drawback is the possible
need of the correction step that can nullify the computational advantage.

The condensation/zooming GL approach (Hirai et al., 1984, 1985) also present three
main steps in its usual work-flow: the first step is identical to the one of the sub-modelling
approach, while difference can be found at both the second and the third step (Fig. 2.3). At
the former, besides the refined LFEM, also a condensed version of the out of interest region
of the GFEM is created, in the form of a super element (SE) (Fig. 2.3b) through the process
of sub-structuring. At the latter, the refined LFEM and the SE are assembled and solved
together (possibly taking into account complex non-linear phenomena in the LFEM). This

(a) GFEM creation and solv-
ing.

(b) Creation of the LFEM and
of the non-local SE.

(c) Solving of the assembly of
the LFEM and of the SE.

Figure 2.3: Usual work-flow of condensation/zooming GL techniques.

category of GL approaches is non-intrusive and does never require an iterative corrective
step, but, from a computational point of view, it is more expensive than the sub-modelling
approach.
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The last category of GL approaches can be referred to as multi-scale. The works fall-
ing under this classification are chronologically the most recent ones. Most of these works
are developed for specific applications, usually for the assessment of complex non-linear
phenomena (e.g. crack propagation (Guidault et al., 2007), progressive delamination (Ak-
terskaia et al., 2018), deep post-buckling (Cresta et al., 2007)). These are always two-way
GL approaches, with a bi-directional and iterative information transfer between the GFEM
and the LFEM: the passage from the GFEM to the LFEM is the usual displacement-based
one, while the inverse passage usually happen through an update of the stiffness matrix
of the elements of the global model, based on information obtained during the LFEM
analyses. The main advantage of this type of approaches is an improved computational
efficiency in complex analyses, with the possibility to further increase it by strongly par-
allelising the analysis by means of domain decomposition techniques (as in the example
reported in Fig. 2.4). However, these are intrusive approaches, meaning that their imple-
mentation needs the creation of specific tools not available in commercial FE software.

Figure 2.4: Domain decomposition of a modular structure for the assessment of its post-
buckling behaviour through parallel computing (Cresta et al., 2007).

In the work presented in this thesis, the sub-modelling GL approach is employed in
the design of large-scale thin-walled metallic or composite structures for the accurate
and efficient assessment of the phenomena involved at the stiffened panel scale through
the use of LFEMs with realistic BCs derived from the GFEM of the whole structure
(Chapters 3, 5 and 6). Moreover, the sub-structuring process, a key ingredient of the con-
densation/zooming GL approach, is involved, in Chapter 6, in the definition of a strategy
for the efficient optimisation of the over-constrained PrP structure.

2.3 On the optimisation of constant-stiffness composite
structures

The constant demand of lightweight structural elements with enhanced mechanical per-
formances has led to an increasing use of composite materials in the last few decades.
Fibre-reinforced composites present specific stiffness and strength properties that make
them really appealing when compared to metallic alloys.

The current standard format for the application of composite materials in high-per-
formance structures are the CSCLs, layered plates made of plies containing long continuous
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straight (non-woven) fibres. The behaviour of these materials gives the designer the op-
portunity to tailor the material properties of each laminate composing the structure to
the design needs. A lot of research has been carried out in looking for the best strategy
to optimise CSC structures in order to either minimise the mass (without losing per-
formances with respect to a given reference solution) or improve mechanical performances
(without increasing the mass with respect to a reference configuration). Nonetheless, the
problem is still open. The design of a composite structure is a challenging task and can be
considered as a multi-scale optimisation problem. The complexity of the design process
is actually due to two intrinsic properties of composite materials, i.e. heterogeneity and
anisotropy. Heterogeneity gets involved mainly at the microscopic scale, whilst anisotropy
intervenes at both the mesoscopic and the macroscopic one. The main consequence of
anisotropy is the introduction of some phenomena and issues that do not exist in metals
(e.g. extension-bending coupling, delamination, residual stresses, free-edge stresses, dif-
ferent failure mechanisms, etc.). A further complication of using composite materials,
instead of metallic alloys, is that the design process must deal with a significant number
of design variables at different scales. In fact, though the use of laminated structures is
not a recent achievement in structural mechanics, up to now no general method exists for
their optimum design.

2.3.1 Single-level design approach for CSCLs

Traditionally, the design of CSC structures has been carried out by directly optimising
the orientation of the fibres within each ply of the laminate composing the structure. This
approach is usually referred to as single-level or bottom-up because the designer operates
at the lowest considered scale (i.e. the mesoscopic one) in order to meet requirements
mostly formulated at the macroscopic ones.

Numerous works adopting the single-level approach can be found in the literature
(Ghiasi et al., 2009). Adali et al. (1994) investigated the post-buckling stiffness maxim-
isation problem of simply supported biaxially loaded laminated plates using five pre-set
symmetrical angle-ply stacking sequences consisting of eight plies. In this way the num-
ber of design variables reduces to one (for each configuration) and the optimisation was
carried out by means of the Golden Section method. Later, Adali et al. (1995) focused
on the problem of maximising the first buckling load of a bi-material multilayer plate.
They considered three different cases, i.e. a plate composed of eight, twelve or sixteen
plies, respectively. In each case, the stacking sequence is balanced and symmetric. The
orientations were limited to the canonical set {0◦,±45◦, 90◦} and a formulation based on
Boolean variables was used. The approaches developed in these two works have then been
used in the framework of multi-objective optimisation problems (Adali et al., 1996, 2003).
Haftka and Walsh (1992) used integer programming for both the least-weight design and
the maximisation of the first buckling load problems by considering symmetric balanced
stacks wherein the orientations were constrained to get the values in the canonical set.
These problems were solved by considering additional requirements on the percentage rule
and overall in-plane stiffness value. Le Riche and Haftka (1993) made use of a genetic
algorithm (GA) to solve the problem of maximising the first buckling load of a multilayer
plate with a given number of plies. Also, in this work, symmetric balanced stacks with
orientation angles getting values in the canonical set were considered. Furthermore, an
ad-hoc genetic operator, i.e. the permutation operator, was proposed to increase the ef-
ficiency of the calculations. Still in the context of the first buckling load maximisation
problem, Aymerich and Serra (2008) used the Ant Colony Optimisation method (consid-
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ering balanced symmetrical stacking sequences in the usual domain of orientations) which
was characterised by a better efficiency, in terms of computational effort, when compared
to GA-based strategies. Irisarri et al. (2009) performed a multi-objective optimisation
process of laminated plates using a Pareto-based evolutionary algorithm. In their applic-
ation, the mass reduction was obtained by gradually decreasing the number of plies until
the optimisation constraints are no longer satisfied. In this interesting work symmetric
balanced stacks were employed and the orientation of each couple of plies belonged to
a set bigger than the canonical one, i.e. (0◦2,±15◦,±30◦, ..., 90◦2). Furthermore, a set of
design guidelines (U.S. Department of Defense, 2002) were integrated in the optimisation
process, though the flexural behaviour of the laminate was only approximated.

In all the studies presented above, approximate analytical models are used for the
assessment of the response of the structure. Accordingly, the main limitations in doing
this are the lack of accuracy and the limited applicability of such methods that rely on
simplifying hypotheses, especially in terms of applied BCs, often non-representative of the
operative conditions of studied components. Some authors proposed the use of improved
semi-analytical formulations based on the Rayleigh-Ritz method. For example, Bisagni
and Vescovini (2015) have applied this method to better describe the interaction between
the skin and the stringers in the evaluation of the buckling performances of stiffened
panels. However, the compliance of frames/ribs was still neglected, and the structure was
considered infinitely periodic. In other works, surrogate models built on results of LFEM
analyses were employed, but the problem of the representativeness of the employed BCs
still persist (Vankan et al., 2014a,b) and the phenomenon of mode switching can lead to
a further inaccuracy in the evaluation of the buckling response (Irisarri et al., 2011).
Another limitation of the above works, concerns the nature of the considered stacking
sequences: in each study, it is set a priori and the orientation angles are always limited to
get values in a predefined set, usually the canonical set, rarely an extended one. Moreover,
further empirical design rules (U.S. Department of Defense, 2002), more or less justified,
are usually enforced too. This is usually done to explicitly limit the extent of the design
space and to improperly enforce some desired properties of the laminate. Two examples
are the use of symmetric stacking sequences, a sufficient but not necessary condition
for membrane-bending uncoupling and the use of balanced stacks to obtain orthotropic
laminates. When symmetric stacks are used, the design is achieved considering half of
the layers, which means also half of the design variables. Conversely, the use of balanced
stacks, a sufficient condition for membrane orthotropy, leads systematically to misleading
solutions: whenever such a rule is used, bending orthotropy, a rather difficult property to
achieve (Montemurro, 2015a), is simply understated, assumed, but not really obtained,
as in (Le Riche and Haftka, 1995; Liu et al., 2004; Nagendra et al., 1996; Todoroki and
Haftka, 1998). All these aspects clearly contribute to strongly shrink the design domain.

Most of the choices of these authors, concerning both the modelling aspects and the
design domain definition, are the expression of their attempt to limit the big computational
effort needed to solve the problem they were dealing with. Indeed, the problem of the
optimal design of laminated structures, formulated in the domain of the plies orientations,
presents a huge number of design variables (in the most general case, equal to the total
number of plies composing the structure), and results highly non-convex. As pointed out
by Venkataraman and Haftka (2004) the increase of computational resources availability,
on the one hand, and the parallel escalation in complexity of the simulation models, on
the other hand, are still limiting the possibility to solve optimisation problems on large
and complex structures described by many variables. In this scenario, the development of
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multi-level design strategies finds strong motivation.

2.3.2 Multi-level design approaches for CSCLs

Multi-level design strategies allow formulating and solving the optimisation problem at
the macroscopic and mesoscopic scales in two, or more, sequential levels, resulting, thus,
in a top-down design approach. At the first level, the laminates composing the struc-
ture are modelled as equivalent single layer plates: here the true structural optimisation
is performed in terms of their macroscopic properties, through a suited representation.
The lay-up design constitutes the second level (or, more in general the last one) of these
strategies, wherein at least one2 stacking sequence corresponding to the optimum mac-
roscopic properties found at the first level is searched for each laminate constituting the
structure. Such research is usually performed through the solution of a minimum-distance
problem. Clearly, it is of paramount importance to enforce feasibility conditions in the
first-level problem to ensure the existence of a solution to the second-level one.

The main advantage in employing a multi-level approach is the strong reduction of
the number of design variables involved at the first level of the procedure, where the
true structural optimisation problem is solved. Moreover, the non-convexity typical of
the design problem formulated with respect to the plies orientations is relaxed, sometimes
even suppressed, in the first-level problem of a multi-level design strategy. The main
disadvantage is the necessity to formulate all the design requirements involved in the
problem, including those typical of the lower scales as requirements concerning failure
and manufacturability, as equivalent constraints at the macroscopic scale of the laminate,
which reveals, often, a rather difficult task.

Two main multi-level approaches exist in the literature, which primarily differ in terms
of the mathematical representation used to describe the macroscopic behaviour of the
laminate: the approach based on the use of lamination parameters and the one based on
the use of polar parameters.

The multi-level approach based on lamination parameters

The most common approach makes use of the Lamination Parameters (LPs) coupled with
the parameters of Tsai and Pagano (Jones, 1975) in the framework of the Classic Laminate
Theory (CLT).
Diaconu et al. (2002a) presented a general framework for determining the feasible region
in the LPs space for general composite laminate design. Their method does not give any
explicit relationship between LPs, but only a numerical definition of the boundary of the
feasible domain. Later they presented a work on the layup optimisation of thick lamin-
ates for maximising the first natural frequency (Diaconu et al., 2002b). In this context,
a multi-level optimisation approach including a numerical verification on the feasibility of
the optimum solutions is proposed. Liu et al. (2004) considered the problem of the max-
imisation of the first buckling load of a multilayer plate in the flexural LPs space. The
optimum solutions are only given in terms of flexural LPs characterising the equivalent
homogeneous anisotropic plate at the macroscopic scale, since the lay-up design phase is
not considered. Bloomfield et al. (2008) presented a two-step optimisation strategy for
symmetric laminates made of plies getting values in a predefined set of possible orienta-
tions. The strategy is applied to the problem of mass minimisation of a simply supported

2The problem is not bijective: a given stacking sequence corresponds to only one set of macroscopic
properties, however the opposite is not true.
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multilayer plate with uniformly loaded edges, subject to analytically-computed constraints
on the plate failure and buckling load. Their results highlight the interest in widening the
canonical set of plies orientation by adding ±30◦ and ±60◦ values. Liu et al. (2012) dealt
with the maximisation of the laminate stiffness subject to a given set of optimisation con-
straints. During the first step, the optimisation problem is solved in the LPs space wherein
the feasible region has been approximated by the one that can be obtained by consider-
ing only six different orientation angles. Herencia et al. (2008) employed an analogous
strategy for the weight minimisation of composite panels with T-shaped stiffeners made of
symmetric laminates with plies orientations in the canonical set under strength, buckling
and technological design requirements. Buckling constraints are computed by employing
an approximated semi-analytical method. Stacking sequences found at the second step
are slightly heavier and not always match the optimum LPs found at the first step.
The integration of strength requirements in multi-level optimisation strategies has been
limited for long time, because of the localised nature of the failure mechanisms, which oc-
cur at the ply-level or at the scale of the constitutive phases. An important improvement
in this sense has been achieved by IJsselmuiden et al. (2008). They built a conservative
failure envelope that guarantees a failure-free region in the LPs space, based on the phe-
nomenological failure criterion proposed by Tsai and Wu (1971).
An application of the LPs-based approach on a full-scale structure can be found in the
work of Bramsiepe et al. (2018) where the least-weight design problem of a lifting sys-
tem structure is solved. Failure, buckling and blending requirements are considered: the
structure is made of symmetric laminates with plies angles varying with a step of 15◦. To
evaluate the buckling load of the skin, the analytical formula for a simply supported plate
subject to uni-axial load is used, retrieving the span-wise load component from a coarse
GFEM. Moreover, the load redistribution is not directly considered, but the structural
optimisation is performed under fixed loads at each iteration.
Few other works in which the multi-level approach based on the LPs is employed for the
design of CSCLs can be found in the review article by Albazzan et al. (2019).

The representation based on the use on LPs successfully allows reducing the number
of design variables: at most, 12 LPs are needed to describe the anisotropic behaviour of a
laminate in the CLT framework, indeed. However, some limitations arise:

• The LPs are not tensor invariants, while some of the Tsai and Pagano parameters
are not invariants and they are non independent (Jones, 1975).

• Both the LPs and the Tsai and Pagano parameters have not an immediate physical
meaning. Consequently, the authors adopting this representation make a systematic
use of the same simplifying hypotheses and design guidelines presented in Sec. 2.3.1,
which operate on the nature of the laminates stacking sequences. Unfortunately,
the use of these rules shrinks the design space and drives the optimisation algorithm
towards suboptimal solutions.

• When using the LPs for the representation of the macroscopic properties of the
laminates in combination with the well-known simplifying rules, the direction of the
main orthotropy axis of the material is implicitly set with the designer’s choice of
the reference frame and is not optimised during the design process. This can result
in a further detrimental restriction of the design space because it implies a designer’s
insight on the nature of the optimal solution that is not always possible.
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• Finally, being formulated into the CLT framework, the LPs are not suited for the
representation of the macroscopic mechanical behaviour of moderately-thick and
thick laminates.

The multi-level approach based on polar parameters

A second compact representation of the macroscopic behaviour of laminates available in
the literature is the polar method.

Introduced by Verchery (1982), the polar method allows representing any plane tensor
by means of tensor invariants, the Polar Parameters (PPs). The representation of the
laminates macroscopic behaviour through PPs presents multiple advantages: a) it is a
representation based on tensor invariants; b) the PPs have an immediate physical mean-
ing and are related to the symmetries of the tensor; c) a rotation of the reference frame
can be expressed in a straightforward way. Originally developed in the CLT framework,
this representation has been initially enriched and deeply studied by Vannucci and his co-
workers. Vannucci (2005) presented a critic review of the method in which he highlighted
its theoretical bases, and the mathematical, graphical and physical interpretation of the
PPs. In this work, he also provided a summary of the early researches he carried out with
his co-workers on the analysis of the elastic, thermal and hygral properties of laminates
and on their design. In a later work, Vannucci (2010) used the polar method to show that
the special orthotropy of paper, previously explained only by means of a microstructured
continuum model, actually corresponds to a peculiar type of orthotropy of the compliance
tensor, hence it is completely justifiable using a classical continuum orthotropic model.
Catapano et al. (2012) used this representation for the formulation of common phenomen-
ological failure criteria for orthotropic sheets through invariants. Taking advantage of the
clear physical meaning of the PPs, Montemurro et al. (2012c) assessed the problem of the
design of laminates with the minimum number of plies able to meet given sets of elastic
requirements. Vannucci (2013) provided the analytic expression of the bounds of the
feasible domain of PPs describing the membrane and the bending behaviour of laminates
made of identical plies. However, a recent study (Picchi Scardaoni and Montemurro, 2021)
has demonstrated the non-convexity of the feasible domain in both the LPs and the PPs
spaces, and concluded that all the bounds computed up to now, for both representations,
only identify the convex hull of the true feasible domain. In 2015, Montemurro (2015a,b,c)
extended the polar method to the case of Higher-order Equivalent Single Layer Theorys
(HESLTs), opening the possibility to confidently employ the polar method for the descrip-
tion of the elastic behaviour of thicker laminates. A unified formulation of a laminate-level
failure criterion based on PPs in the framework of the CLT has been proposed by Catapano
et al. (2015), and later generalised to the First-order Shear Deformation Theory (FSDT)
(Catapano and Montemurro, 2019). In the latter work, thanks to the polar method, the
relationship between the PPs representing the laminate stiffness properties and strength
ones at the laminate level was derived in closed form.

The polar method generalised to the case of HESLTs is at the basis of the MS2LOS, a
framework adopting a multi-level approach for the design of composite structures firstly
introduced by Montemurro et al. (2012a,b). The MS2LOS aims at proposing a very gen-
eral formulation of the design problem of composite structures by considering, as design
variables, the full set of geometric and mechanical parameters defining the behaviour of
the structure at hand, at each characteristic scale. Thanks to the use of the polar method,
the formulation of requirements on the elastic macroscopic behaviour of the laminates
can be done directly on their PPs, without introducing the aforementioned simplifying
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rules. Moreover, non-physically-based design guidelines are usually disregarded, in both
the first-level and the second-level problem, in order to not artificially shrink the design
domain. During the last few years, the MS2LOS has been employed for the optimal design
of various CSC components and structures. Montemurro et al. (2012a,b) employed it in
the least-weight design of a one-bay wing-box structure with a requirement on the buckling
load of the structure. Catapano and Montemurro (2014a,b) formulated into the MS2LOS
framework the problem of the optimal design of sandwich plates. In this work, they op-
timised not only the two CSCLs constituting the plates skins, but also the geometrical
parameters describing the aluminium honeycomb core. In a following work, Montemurro
et al. (2016) further generalised such problem by considering a metallic cellular core whose
unit cell shape is described by a Non-Uniform Rational B-Spline (NURBS) curve. Mon-
temurro et al. (2018) applied the MS2LOS to the least-weight design of the repetitive unit
of a composite stiffened panel considering requirements on its buckling load and on its
manufacturability. In this work, as well as in the above ones, on-line FE analyses are per-
formed for the assessment of the mechanical response of the considered structure during the
optimisation process. Conversely, the use of a surrogate model is investigated by Audoux
et al. (2020), still in the context of the optimisation of a composite stiffened panel in the
MS2LOS framework. An innovative surrogate model based on NURBS hyper-surfaces is
employed in the first-level problem to evaluate the buckling load of the structure.
In all the aforementioned works the special in-house GAs Biologically Inspired ANalysis of
Composite Assemblages (BIANCA) (Montemurro, 2012) and EvolutionaRy Algorithm for
optimiSation of ModUlar Systems (ERASMUS) (Montemurro, 2018), its evolution, which
can deal with constrained non-linear programming problems (CNLPPs) defined over a
design space of variable dimension, are employed as solution tools.

Quasi-trivial stacking sequences. Strictly related to the polar method and commonly
employed in the application of the MS2LOS, the concept of quasi-trivial stacking sequences
deserves to be mentioned too. A common wish, when designing composite structures, is
to obtain optimal solutions showing some degree of predictability in their mechanical be-
haviour, usually formulated in the requirements of membrane/bending uncoupling and
homogeneity (i.e. the property of having the same elastic properties in membrane and
bending) of the laminates. Vannucci and Verchery (2001) used the polar formalism to de-
rive the equations defining the general conditions for these two requirements for a laminate
made of identical plies. They discovered a family of exact solutions to these equations,
which they called Quasi-Trivial (QT) stacking sequences.
Consider the constitutive law of the laminate in the FSDT framework:

n
m
q

 =

 A B 0
D 0

sym H



ε0
χ0
γ0

 , (2.1)

In Eq. (2.1), A, B and D are the membrane, membrane/bending coupling and bending
stiffness tensors of the laminate, while H is the out-of-plane shear stiffness tensor. n, m
and q are the vectors of membrane forces, bending moments and shear forces per unit
length, respectively, whilst ε0, χ0 and γ0 are the vectors of in-plane strains, curvatures,
and out-of-plane shear strains of the laminate middle plane, respectively. For convenience,
it is useful to introduce the laminate normalised stiffness tensors:

A∗ := 1
h

A , B∗ := 2
h2 B , D∗ := 12

h3 D , H∗ := 1
h

H , (2.2)
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where h is the total thickness of the laminate. The membrane/bending uncoupling and
the homogeneity conditions read, respectively:

B∗ = 0 , C := A∗ −D∗ = 0 , (2.3)

where C is called homogeneity stiffness tensor. For a laminate made of identical plies

Figure 2.5: Laminate stacking scheme.

ordered as in Fig. 2.5, the expressions of these tensors in terms of the geometrical and
material parameters of the stack are:

B∗ = 1
n2

n∑
k=1

bkQin(δk) , C = 1
n3

n∑
k=1

ckQin(δk) . (2.4)

In Eq. 2.4, Qin is the in-plane reduced stiffness tensor of the ply, n is the number of plies
in the laminate and coefficients bk and ck read, respectively:

bk := 2k − n− 1 , ck := 2n2 − 12k(k − n− 1]− 4− 6n . (2.5)

A QT stack is a n-layers stack wherein only m (with m < n) different orientations are
present, and where the position of the plies sharing the same orientation is such that their
contribution to the membrane/bending coupling tensor and/or to the homogeneity stiffness
tensor is null regardless of the value of the ply orientation. The set of layers sharing the
same orientation in a QT stack is called saturated group (SG). These conditions can be
analytically formulated as:

B∗ = 1
n2

m∑
i=1

Qin(δi)
∑

k∈SGi

bk

 = 0 ∀δi →
∑

k∈SGi

bk = 0 ∀i , (2.6)

C = 1
n3

m∑
i=1

Qin(δi)
∑

k∈SGi

ck

 = 0 ∀δi →
∑

k∈SGi

ck = 0 ∀i . (2.7)

Therefore, a QT stack can satisfy the uncoupling and/or homogeneity requirements regard-
less of the value of the orientation characterising each SG. Stacking sequences belonging to
this family are obtained by means of a combinatorial algorithm, but their search is limited
by the computational cost of the operation that rapidly increases as the number of plies
composing the stack increases. Recently, Garulli et al. (2018) presented a general version
of the combinatorial algorithm to find QT stacks and a set of prescribed rules to obtain
QT sequences by superposing any number of QT elementary stacks (i.e. the ones formerly
obtained by combinatorial calculation). In this way, QT solutions with an arbitrarily large
number of plies can be readily obtained. QT stacks have often been used as design space
for the solution of the second-level problem in the application of the MS2LOS. It is worth
mentioning that symmetric stacks constitute a very small sub-set of QT ones, in the or-
der of one out of tens of thousands. Therefore, the use of QT stacks represent a major
improvement, in terms of size, over the classical one of symmetric stacks.
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Most of the work presented in this thesis moves in the framework of the MS2LOS.
In Chapter 4, the MS2LOS is applied to the least-weight design of a moderately thick
plate subject to requirements on its in-plane stiffness and first buckling load. The annexed
experimental activity provides a first experimental validation of the effectiveness of the
MS2LOS and of the very general unconventional QT stacking sequences resulting from
the process. In the following chapters the focus is put on the first-level problem of the
MS2LOS. In Chapter 5, the MS2LOS is combined to the GL-MSOS presented in Chapter 3,
to formulate a general design procedure for large-scale thin-walled CSC structures, called
GL-MS2LOS. It is applied to the solution of the realistic engineering benchmark problem of
designing a fuselage barrel taken from the literature. This provides a numerical validation
of the proposed procedure, in preparation for its application to the design of the structure
of the PrP aircraft presented in Chapter 6. Finally, in Chapter 7, the problem of the
optimal design of VSCs structures in the MS2LOS framework is faced (more details on
this topic are provided in the next section).

2.4 On the optimisation of variable-stiffness composite
structures

The recent development of new manufacturing technologies is allowing a greater exploit-
ation of the directional properties of composite materials through the concept of VSCLs.
Unlike traditional CSCLs, a point-wise variation of the macroscopic mechanical proper-
ties can be obtained over the surface of a VSCL. This characteristic can be achieved by
various formats of VSCLs. VAT laminates present a continuous variation of the stack-
ing sequence across the laminate surface obtained by steering the fibres inside each layer.
VSCLs having this format can be obtained employing manufacturing processes like the
Automated Fibre Placement (AFP), the Fused Filament Fabrication and the Continuous
Filament Fabrication. In patch laminates, a discrete variation of the laminate thickness
and stacking sequence is obtained by dropping or adding straight-fibre layers, in various
zones, called patches, of the surfaces. A simultaneous, continuous, and related variation
of fibres direction and layer thickness is obtained through the Continuous Tow Shearing
process (Kim et al., 2012, 2014). Theoretically, some intermediate formats could also be
obtained taking advantage of some functionality of these manufacturing processes, e.g. the
tow-drop capability offered by AFP machines.

The local material tailoring possibility makes VSCLs really appealing every time a non-
uniformity of the stress field across the laminates surface occurs. Typical conditions are
the stress concentration around some geometrical details of a structure (e.g. the windows
of an aircraft fuselage or any other opening), the stress redistribution occurring during
the buckling of laminates composing stiffened structures, the stress field resulting from
uneven loads.

The idea of VSCLs is not new: in 1969, an early experimental investigation by Hyman
et al. showed that an improvement of about 43% of the tensile strength could be achieved
by locally distorting the fibres grid around an open hole instead of just drilling it after-
wards. However, the adoption of VSC structures is still limited. On the one hand, this
is due to the newness and immaturity of the manufacturing processes, which still present
some limitations, produce under-performing results and/or introduce some undesired de-
fects in the final product. On the other hand, for VSCLs, as well as for CSCLs, the
problem of finding a general strategy for their optimum design is still open.
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Concerning the manufacturing processes, each technology presented above is receiving
important interest, in both the industrial and the academic words, thanks to some specific
advantages it offers. Nowadays, the most mature one of them is the AFP process, and,
consequently, the most studied and commonly employed VSCL format is the VAT lamin-
ate, which is the one considered in this thesis. The AFP process combines the differential
tow payout capability of the Filament Winding process to the compaction and cut–restart
capabilities of the Automated Tape Laying (ATL) one. When producing a component
with this technology, an ensemble, called course, of up to 32 individually-fed fibres tows
is laminated onto the surface of a mould. Each tow can be individually cut and restarted
during the placement, allowing to reduce the amount of waste material during production.
The AFP machine consists in the union of a placement head (illustrated in Fig 2.6) and a
computer-controlled high-precision robot. The freedom and precision of movement of the
robot allows the production of complex components with a higher level of repeatability
and productivity with respect to manual lay-up. Moreover, this process allows to steer the
tows during placement, and, consequently, to produce VAT laminates. However, the AFP

Figure 2.6: Typical tow-placement head (Evans, 2001).

process presents some limitations (Blom et al., 2010), the most constraining one being the
presence of a minimum allowable value for the steering radius of fibres. Moreover, this
process introduces some defects, in the form of tow gaps and/or overlaps, which can be
reduced thanks to the tow cut-restart capability, but not eliminated, every time adjacent
fibres paths are converging or diverging, as shown in Fig. 2.7. These defects can have an
important impact on the performances of the obtained structures, as shown by multiple
numerical and experimental works (Croft et al., 2011; Lan et al., 2016; Marouene et al.,
2016; Nik et al., 2014; Wu et al., 2009, 2013).

From a design perspective, all the difficulties presented in in Sec. 2.3 about the design
of CSCLs, arise for VSCLs too. The issues related to the high number of design variables
to deal with is even amplified, because of the additional spatial variation of the fibres
directions and mechanical properties across the VSCLs surface. Moreover, a complete
design strategy for VSCLs should also account for the feasibility of the obtained solutions
by including constraints related to the employed manufacturing process; the most basic
ones for VAT laminates being the continuity and smoothness of the design variables dis-
tributions. Finally, due to the characteristics of the optimisation problems formulated for
these structures, the use of DAs is usually preferred for the solution search over that of
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(a) Without tow-drop (b) With tow-drop

Figure 2.7: Tow gap and overlap formation (Kim et al., 2011).

meta-heuristic algorithms, which can be inefficient and can lead to sub-optimal solutions.
However, to guarantee the best possible exploitation of a DA, in terms of both efficacy
and computational efficiency, the analytical expression of the gradient of all the response
functions involved in the optimisation process should be provided.

As discussed in Sec. 2.3 regarding the design of CSCLs, also for VSCLs two different
approaches are available in the literature (Ghiasi et al., 2010): the single-level and the
multi-level approaches.

2.4.1 Single-level design approach for VSCLs

Various analytical/numerical strategies have been developed, over the years, to find op-
timised VSC solutions by adopting the single-level approach. The idea of locally aligning
the main orthotropy axis of the material to the principal stress and/or strain direction,
a common practice for stiffness-oriented optimisation, is exploited by Hyer and Charette
(1991) to increase the failure load of open hole plates under tension.

This alignment was achieved through an iterative procedure wherein a single layer of
fibres-paths is optimised point-wise. Both the Tsai-Wu and the max-strain failure cri-
teria are computed on a layer-by-layer basis to predict the failure load and the failure
mode, obtaining theoretical improvements in strength up to 89% over the quasi-isotropic
[±45/0/90]2S configuration having the same geometry. They also evaluated the effect of
their curvilinear designs on the buckling load of the structure, finding that the improve-
ments in tensile performances were obtained at the expense of buckling ones. Later, Hyer
and Lee (1991) directly investigated the possibility to improve the buckling capacities of
a plate with a central hole. A single layer of fibres-paths, discretised into 18 regions with
constant fibres orientation, was optimised employing a DA driven by a sensitivity analysis
based on finite differences. Tosh and Kelly (2000) introduced the concept of load paths
in the context of the maximum strength design of VSCLs. They experimentally showed
that better results in terms of strength are obtained when aligning the fibres with the
load paths, instead of aligning them with the principal stress directions, in the case of
open-hole tension and pin-loaded tests. The authors also intuitively found that adding
a few layers with curvilinear paths locally orthogonal to the main ones further improves
strength.
A common belief when dealing with the optimisation of VSCLs is that maximising the
stiffness implicitly implies a proper maximisation of the strength. However, even if the
relation between the two problems has been recently found (Catapano and Montemurro,
2019), it has been shown that the two formulations are not equivalent (Catapano and
Montemurro, 2020; IJsselmuiden et al., 2008; Khani et al., 2011).
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In most of the early works, the layers fibres-paths are described through a given dis-
cretisation, usually corresponding to the mesh of the FE model used for the assessment
of the physical responses. Moreover, the study was limited to mono-layer or over-simpli-
fied symmetric VSCLs in order to limit the number of design variables involved in the
optimisation process. For the same reason, some authors have opted for the use of an
in-layer parametrisation of the fibres-paths, which ensures, at the same time, their con-
tinuity. Gurdal and Olmedo (1993) introduced a fibres-path parametrisation wherein the
fibre orientation angle varies linearly along a given direction and is kept constant along
the perpendicular one. Although the linear fibre orientation variation represents a strong
limitation for design purposes, it has widely been used for the optimisation of VSCLs,
achieving good results. For example, Tatting and Gürdal (2001, 2002) used such para-
metrisation for the maximisation of the buckling load of rectangular panels employing
the Rayleigh–Ritz method. Their results have later been confirmed by means of accur-
ate non-linear FE analyses by Lopes et al. (2008), who also performed a first-ply failure
check, finding that an increase of both the buckling and the failure loads up to about
35% was obtained. Alhajahmad et al. (2008) used the same parametrisation for the fail-
ure load maximisation of a fuselage panel with a cut-out, modelled as a two-dimensional
plate, and loaded by a combination of pressure and in-plane loads. A 16-layer point-wise
symmetric and balanced stacking sequence with only two independent fibres-paths of the
type [±θ1/ ± θ2]2S is considered for a total number of four design variables. The op-
timisation was performed using a simulated-annealing optimiser. Failure is verified using
the Tsai-Wu failure criterion, evaluated by means of FE analyses. Improvements up to
30% in the load carrying capacity of the structure were obtained when compared to the
quasi-isotropic design. A piecewise bi-linear interpolation was used by Huang and Haftka
(2005) to represent the fibres orientations near a hole of one of the layers of a laminate
withstanding uni-axial tensile load for maximising its failure load. The solution search
was performed by alternating the conjugate gradient method and a genetic algorithm to
avoid local optima, obtaining a load-carrying capacity twice than that of a CSCL with the
stack [0/ ± 45]S. Other authors used more general parametrisations of the fibres-paths:
e.g. Nagendra et al. (1995) used NURBS curves, while Wu et al. (2012) proposed the use
of Lagrangian polynomials, which give an advantage in the implementation of a modified
version of the Rayleigh-Ritz method for the evaluation of the buckling load.

Of course, the main drawback of the direct approach is related to the number of design
variables that could easily become prohibitive for thicker VSCLs. Moreover, the physical
responses involved in the problem formulation are highly non-convex in terms of the local
fibre orientation angle.

2.4.2 Multi-level design approaches for VSCLs

When employing a multi-level approach for the design of VSCLs, the same advantages
presented in in Sec. 2.3 are obtained. However, the number of design variables needed
at the first level (where the true structural design is performed) to describe the laminate
macroscopic properties of a VSCL is higher than that required for a CSCL, because of the
non-uniformity of such properties across the surface of the former.

The same dichotomy between LPs-based and PPs-based approaches introduced in
Sec. 2.3 also holds for the optimal design of VSCLs.
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The multi-level approach based on lamination parameters

Works presenting a LPs-based multi-level approach appeared the first. Setoodeh et al.
(2006) formulated the problem of minimum compliance of VSCLs in the domain of the
LPs. The design variables were defined at the nodes of the FE model used for the response
evaluation, establishing a strong coupling between meshing choices and optimisation prob-
lem formulation. The related optimisation problem results convex in terms of the LPs (if
one approximate the LPs feasibility domain by means of its convex-hull) and was solved
using a Feasible Sequential Quadratic Programming solver. Theoretical results showed
big improvements with respect to optimised balanced CSC solutions, with a reduction of
the compliance up to about 52%. However, the second-level solutions, i.e. the fibres-paths
corresponding to the optimal LPs distributions, were not obtained. IJsselmuiden et al.
(2010) faced the problem of the buckling load maximisation of VSCLs. They proposed
the use of a separable conservative approximation scheme for the evaluation of the buck-
ling load, which results, in this way, a convex function of the LPs. The design variables
(i.e. the LPs) were defined at the nodes of a FE model and the corresponding VSCLs were
considered to be locally balanced and symmetric. Although the adjoint method is used
to efficiently compute the gradient of the objective function, the use of sufficiently refined
FE models was prevented by the consequent excessive computational cost caused by the
mesh-dependent definition of the design variables. Corresponding fibres-paths were not
provided in this work, while successive attempts to retrieve them resulted in an incomplete
fitting of the first-level results. Khani et al. (2011) employed the laminate-level failure cri-
terion introduced by IJsselmuiden et al. (2008) to maximise the failure load of a quarter
of a square VSC layered plate with a central hole under tensile load. The hypotheses of
point-wise symmetric and balanced stacks were made and the design variables describing
the VSCL were defined node-wise. Their results, obtained by employing a DA, showed
significant improvements of the failure load (almost three times greater than that of an
isotropic solution and two times greater than that characterising a VSCL optimised with
respect to stiffness requirements). Optimal fibres-paths for a 16-ply balanced and sym-
metric VSCL, corresponding to the optimal design in the LPs space, are provided in this
work, however they were obtained without taking into account their manufacturability
and there is no information on the coherence between the fibres-paths and the LPs distri-
butions. Peeters et al. (2015) proposed a method for including the manufacturing-related
steering constraint into the second-level problem formulation, i.e. the design of optimal
fibres-paths. Their method is surely effective, however, because no equivalent constraint is
formulated and enforced at the first level of the design procedure, there is no guarantee to
obtain an exact correspondence between optimal fibres-paths and target LPs distributions.

The multi-level approach based on LPs has been widely used in the literature (addi-
tional works adopting this approach are presented in the review article by Albazzan et al.
(2019)), and has produced very interesting results, however the limitations presented in
Sec. 2.3.2 still hold. Moreover, in most of the works adopting this approach, a strong and
improper coupling is established between the FE model mesh and the definition of the
first-level design variables, which forces the authors to make an unnecessary compromise
between computational cost of the optimisation process and accuracy in the assessment
of the structural response. An isolated exception is the work by Wu et al. (2015), who
proposed the use of B-spline entities for the description of the LPs distributions.
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The multi-level approach based on polar parameters

Concerning the use of the PPs into the multi-level design of VSCLs, a first application
can be found in the work of Jibawy et al. (2011). They presented a two-level methodology
for the design of optimal orthotropic uncoupled VSCLs under membrane-only or bending-
only loading. The compliance minimisation problem was faced. First-level solutions were
found by employing an iterative procedure in which the design variables (defined per
element) and the stress field are alternately updated using an analytical method and a FE
analysis, respectively. At the second level, analytical solutions were found under the form
of cross-ply and angle-ply laminates, but their feasibility was not ensured. Catapano et al.
(2015) faced the problem of the simultaneous optimisation of strength and stiffness of
VSCLs under membrane loading. An iterative procedure alternating the solution of local
optimisation problems (per element and with a fixed stress field), achieved analytically or
numerically, and the update of the stress field by means of a FE analysis, was employed at
the first level. The lay-up design was performed, employing a GA, for each element of the
employed FE model; the absence of any continuity constraint led to infeasible solutions.
Moreover, the study was conducted under the hypothesis of mutual independence of the
elastic and strength properties of the laminate, which was proven false in a later work
(Catapano and Montemurro, 2019). In 2016, Montemurro and Catapano presented an
enriched version of the MS2LOS framework. The use of B-spline entities was introduced for
the description of all design variables distributions (the local PPs at the first level, the local
fibres directions at the second level), which automatically ensures their continuity across
the laminate surface. By doing so, the definition of the design variables is unrelated to the
mesh of the employed FE model and a significant reduction of their number is achieved
(without degrading the accuracy of the response evaluations), when compared to FE-based
definitions. The buckling load maximisation problem was solved in this work by coupling
the in-house GA ERASMUS with a classic DA. A constraint on the maximum curvature
of the fibres was also considered in this work. However, because such constraint was only
formulated at the second level, obtainable fibres-paths were not ensured to completely
correspond to the distributions of PPs obtained at the first-level. Later, Montemurro
and Catapano (2017) identified a sub-class of VSCLs for which a family of fibres-paths
exactly corresponding to a given distribution of PPs could readily be obtained. A first
formulation of the maximum tow curvature constraint at the first level was presented in
this work for this VSCLs sub-class. The compliance minimisation problem was faced in a
following work (Montemurro and Catapano, 2019). Unlike what done in previous works,
in which a numerical evaluation of the gradient of the objective and constraint functions
was used during the deterministic optimisation phase, a closed-form expression of the
gradient of the VSCL strain energy and of the feasibility constraints was derived in this
work by exploiting the properties of the B-Spline entities. A similar activity has recently
been carried out by Fiordilino et al. (2021) while facing the design problem of the buckling
load maximisation of VSCLs. They have analysed two benchmark problems taken from the
literature, and obtained results showing a buckling load up to three times higher than that
of reference quasi-homogeneous isotropic solutions. Moreover, they have also compared
their results to optimised VSCL solutions taken from the literature and obtained by means
of the design approach based on LPs: an improvement of the buckling load in the range
13-16% is found. In a very recent work, Catapano and Montemurro (2020) investigated
the problem of the design of VSCLs against failure. At the first level the macroscopic
optimisation of the VSCL is performed by directly minimising the Laminate Failure Index
(LFI), a quantity introduced by the same authors for the formulation of a laminate-level
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failure criterion in a previous work (Catapano and Montemurro, 2019), through the only
use of the GA ERASMUS. Feasibility constraints and a requirement on the maximum
allowable tow curvature complete the first-level problem formulation. At the second level,
the optimal fibres-paths are searched combining the analytical method proposed by Miki
and Sugiyamat (1993) coupled with the use of QT stacking sequences (Garulli et al., 2018;
Vannucci and Verchery, 2001) and a first-ply failure check is also performed a posteriori
to confirm the integrity of obtained solutions.

Although younger, the MS2LOS seems to be a valid alternative to the multi-level
approach based on the LPs for the design of VSC structures, presenting some specific ad-
vantages, as highlighted above. However, further development is still needed, particularly
concerning the enrichment of the MS2LOS framework in order to allow dealing with more
complex design problems including other requirements, concerning both the mechanical
responses of studied structures and the manufacturability of obtained solutions.

In the work associated to this thesis, the problem of the deterministic optimisation of
VSCLs in the theoretical framework of the MS2LOS has been studied. Requirements
on strength, mass and buckling load have been formulated by deriving the analytical
expression of the relative response functions and their gradients. An improved conservative
formulation has been obtained for the process-related manufacturability requirement of
the maximum tow curvature, and a modification in the definition of the design variables
has been presented that allows to intrinsically satisfy the point-wise feasibility conditions
(on the existence of suitable stacks) without explicitly including the relative optimisation
constraints in the first-level problem formulation.
Most of the outcomes of these activities are presented in Chapter 7. Concerning the
buckling load requirement, an initial study, not reported in this thesis, has been conducted
in collaboration with Ph.D. student G. A. Fiordilino and recently published (Fiordilino,
Izzi, and Montemurro, 2021).

2.5 Conclusions

This literature survey has allowed to picture the state of the art of design procedures for
large-scale thin-walled CSC and VSC structures typical of the aeronautical field. These
structures present a multi-scale nature, due, on the one hand, to their geometry (which
allows to identify a global scale and a local one), and, on the other hand, to the inherent
nature of composite materials (whose behaviour can be described at the macroscopic and
mesoscopic scales). The correct design of the CSC variant of these structures requires
the tailoring of the geometrical and the material properties of each laminate composing
them. The related design problem can be formulated as a CNLPP which involves physical
responses of the structure, and design variables at all working scales. The solution of such
multi-scale problem in the domain of the orientations of the laminates plies composing the
structure, if formulated in the most general way, appears non-viable because of the huge
number of design variables involved and the consequent computational cost. Therefore,
designers usually intervene on multiple aspects of the design process trying to find the
best compromise between generality of the problem formulation and the computational
cost needed for its solution.

Concerning the evaluation of the structural responses, nowadays, the use of FE ana-
lyses for the assessment of global-scale phenomena is quite common; conversely, approx-
imated analytical or semi-empirical methods are still largely employed at the local scale.
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These methods rely on limiting hypotheses making their applicability not always justifi-
able. Some authors have proposed the use of surrogate models based on FE analyses for
describing local-scale responses, but some approximations on the geometry of the stiffened
panels models, the considered BCs, or both are introduced.
From a procedural perspective, the information transfer between global and local scales
is often poorly managed, and the stress redistribution occurring at the global scale due to
changes of the local-scale design variables is neglected. This leads to a lack of accuracy
in the structural responses evaluations that, on the one hand, has a detrimental effect on
the solution search in the preliminary design phase, and, on the other hand, introduces
inconsistencies with the following detailed design phase.
GL modelling approaches allow overcoming some of the above limitations. When adopting
such approaches, the structural responses at both global and local scales are accurately
and efficiently assessed by means of FE analyses, and a coherent information transfer
between the scales is guaranteed.

Concerning the definition of the problem design variables, unnecessary simplification
rules and design guidelines are usually applied. This is usually done to reduce the num-
ber of design variables and to improperly enforce some desired elastic properties of the
laminate. However, by doing so, the design space is extremely shrunk and, consequently,
the possibilities to find the true global optimum of the problem are reduced. The adop-
tion of a multi-level design approach allows simplifying the optimisation problem through
both a relaxation of its non-convexity and a strong reduction of the number of design
variables, theoretically without effectively shrinking the design space. Adopting such an
approach allows formulating and solving the structural optimisation problem in terms of
the macroscopic properties of the laminates, postponing the lay-up design to a second
phase of the design process. However, the most commonly employed multi-level approach,
i.e. the one based on the use of LPs for the representation of the laminate macroscopic
behaviour, shows some limitations. Notably, a systematic use of the aforementioned sim-
plifying rules is done when adopting such representation. This effectively nullifies some
of the advantages expected from a multi-level approach, but also introduces a collateral
effect: the resulting constrained LPs design space does not allow for an easy optimisation
of the main orthotropy direction of the laminate.
Although less employed, the representation based on PPs shows intrinsic advantages re-
lated to its formulation based on tensors invariants. Moreover, unlike the one based on
LPs, this representation is well suited for the description of the macroscopic mechanical
behaviour of moderately-thick and thick laminates.

Modern manufacturing processes are allowing the production of laminates wherein a
point-wise tailoring of the mechanical properties is possible, the VSCLs. These laminates
are best suited for their use in structural components presenting high stress gradients.
The point-wise design of VSCLs is conceptually similar to that of CSCLs, therefore all the
above remarks also hold for the formers. However, some specific difficulties arise, which
are related to the spatial variation of the design variables across the VSCLs surface, and to
the need to account for more constraining process-related manufacturability requirements.
Specific design procedures for VSC structures are less mature than those for CSC ones, and
their development is progressing in parallel to that of the related manufacturing processes.

This literature review has allowed to identify the principal weaknesses in state-of-the-
art design processes for large-scale thin-walled CSC structures typical of the aeronautical
field and structural VSC components. In the work presented in the following chapters,
specific design procedures and numerical tools have been developed, trying to overcome
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some of these weaknesses and aiming at making a contribution for a more effective and
efficient design of such structures.
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Chapter 3
Design of large-scale thin-walled

metallic structures

The article Multi-scale optimisation of thin-walled structures by considering a global/local
modelling approach, reported in this chapter, has been published in Proceedings of the
Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering (Izzi et al.,
2021b). It deals with the preliminary design of large-scale thin-walled metallic structures
typical of the aeronautical field. The GL-MSOS is presented in this article: it is a strategy
ensuring accuracy and efficiency of the optimisation process for this type of structures.

When adopting the GL-MSOS, the evaluation of the mechanical responses of the struc-
ture at both global and local scales is performed by means of suited fully-parametric FE
models, guaranteeing in this way, more accurate results than those provided by means
of well-established simplified analytical models. The computational effort is kept low by
verifying the local responses on a limited set of ZOIs, identified during the global scale ana-
lysis. The use of a GL sub-modelling approach guarantees coherence among the various FE
analyses and also contributes keeping the computational effort low. The full set of design
variables is considered in the formulation of the optimisation problem, without introdu-
cing simplifying hypotheses, widening, in this way, the design space and, consequently,
the possibility to find a true global optimum solution. The whole process is completely
automated and, once set, it does not need any further user’s intervention.

The effectiveness of the proposed GL-MSOS is proven on a meaningful real-world
engineering problem: the least-weight design of a fuselage barrel belonging to the aft
part of a wide-body aircraft that undergoes multiple loading conditions and subject to
constraints of different nature. The design problem is formulated as a CNLPP and the
solution search is carried out by interfacing the fully-parametric global and local FE models
to the GA ERASMUS, which efficiently combines exploration capability and information
exploitation. The obtained solution is compared to a reference configuration taken from
the literature and obtained by using common-use simplifying rules and analytical models:
the two configurations have a very similar mass (within 1.2% different), however, the
reference configuration is infeasible and does not meet some of the more restrictive design
criteria employed in this work.
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Abstract

In this work, a design strategy for optimising thin-walled structures based on a global-local finite element (FE) modelling

approach is presented. The preliminary design of thin-walled structures can be stated in the form of a constrained non-

linear programming problem (CNLPP) involving requirements of different nature intervening at the different scales of the

structure. The proposed multi-scale optimisation (MSO) strategy is characterised by two main features. Firstly,

the CNLPP is formulated in the most general sense by including all design variables involved at each pertinent scale

of the problem. Secondly, two scales (with the related design requirements) are considered: (a) the structure macro-

scopic scale, where low-fidelity FE models are used and (b) the structure mesoscopic scale (or component level), where

more accurate FE models are involved. In particular, the mechanical responses of the structure are evaluated at both

global and local scales, avoiding the use of approximated analytical methods. The MSO is here applied to the least-weight

design of an aluminium fuselage barrel of a wide-body aircraft. Fully parametric global and local FE models are interfaced

with an in-house metaheuristic algorithm. Refined local FE models are created only for critical regions of the structure,

automatically detected during the global analysis, and linked to the global one, thanks to the implementation of a sub-

modelling approach. The whole process is completely automated, and once set, it does not need any further user

intervention.
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Introduction

Mass control is a major concern in the design of
airplanes. For this reason, the design of aircraft struc-
tures is often formulated as a constrained non-linear
programming problem (CNLPP). The main objective
is the mass minimisation subject to a given number
of design requirements stated as optimisation con-
straints. Semi-monocoque structures have soon
become a standard choice for both the fuselage and
the wing, thanks to their high stiffness-to-weight ratio.
Due to their nature, the design criteria (DC) for such
structures involve both local phenomena (i.e. at the
scale of the single component such as a stiffened
panel) and global ones (i.e. at the scale of the whole
structure). For this reason, a multi-scale modelling
approach reveals necessary to properly describe the
interdependency of the different phenomena and, con-
sequently, a suitable multi-scale optimisation (MSO)
strategy, integrating such a modelling approach, shall
be defined.

The preliminary phase of aircraft structural design
is mostly based on analytical or semi-empirical meth-
ods. Such methods have been developed since 40 s
especially in USA1–3 and have been continuously
improved during the years until becoming an estab-
lished reference for aircraft designers.4–7 These
methods are based on several simplifying hypotheses.
For example, when dealing with the fuselage design,
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France
3Department of Civil and Industrial Engineering - Aerospace Division,

University of Pisa, Pisa, Italy

Corresponding author:

Marco Montemurro, Arts et Métiers Institute of Technology Centre de

Bordeaux-Talence Esplanade des Arts et Métiers, Talence 33405,

38



at the global scale, circular cross-sections are con-
sidered, whose geometry and boundary conditions
(BCs) are symmetric with respect to the aircraft lon-
gitudinal plane. Stringers are taken into account by
considering a homogeneous skin of equivalent thick-
ness (greater than the true thickness of the skin) or by
considering lumped models wherein a group of strin-
gers is merged in one rod element. When pressurisa-
tion is taken into account, the classical equations for
axial-symmetrical infinite vessels with regularly
spaced frames are used.7 At the stiffened panel scale,
for the calculation of buckling loads, plane or curved
plates with uniformly loaded edges and idealised BCs
(usually in the form of simply supported edges) are
considered; the stringers are considered as isolated
elements, and the Euler column buckling equations
are used.6,8

Preliminary design procedures for thin-walled
structures have been developed integrating the afore-
mentioned methods into sequential8 or iterative pro-
cedures.9–11 The solution is searched by means
of deterministic algorithms using an initial guess set
by means of handbook methods. In order to properly
exploit the effectiveness of the deterministic algo-
rithm, the number of design variables is reduced by
‘slaving’ or ‘linking’ them together by enforcing fab-
rication requirements or using experience or simplified
empirical rules. Of course, this approach extremely
shrinks the design domain.

Several works on improved analytical or numerical
methods for predicting the mechanical response of
stiffened panels, especially regarding the buckling
and post-buckling behaviour of such components12–14

can be found in literature. However, the aforemen-
tioned simplifying hypotheses are still used.

In 1972, Sobieszczanski and Loendorf15 proposed
a mixed optimisation method wherein a ‘lumped’
global finite element (FE) model (GFEM) was used
instead of analytical formulae to evaluate the stiffness
of the fuselage in order to obtain a better approxima-
tion of the loads to be used on local buckling
evaluations. Similarly, Fischer et al.16 proposed a
multi-level framework for optimisation of lightweight
structures wherein a simplified GFEM evaluates the
average membrane and bending loads for the local
optimisation of panels performed using
VICONOPT, a program based on analytical solutions
for prismatic plane panels with simple supported
edges or periodic BCs. An analogous work is pre-
sented by Grihon et al.9 where the tool ASSIST for
the buckling and post-buckling analyses based on
engineering formulae was employed. They also con-
sidered the possibility of using a surrogate model to
speed up the process. A surrogate model is also
adopted in Vankan et al.17 for the MSO of a fuselage
barrel. In this case, the surrogate model is used for
buckling failure evaluations, and it is generated by
means of buckling analyses on a parametric high-fide-
lity local FE model (LFEM) of an isolated stiffened

panel with idealised BCs. They found a poor accuracy
of the local buckling analyses and highlighted the det-
rimental effect of the idealised BCs.

In all the aforementioned works, the local analysis
(and the related optimisation) is performed by con-
sidering fixed internal loads resulting from the
GFEM, hence neglecting stress redistribution due to
the change of geometry at the upper scale, i.e. that
of the whole structure. Therefore, the main limitation
of such design procedures is related to a poor evalu-
ation of the mechanical response of the structure,
due either to the use of simplified models or to the
approximation of the BCs when passing from the
GFEM to the LFEM. In order to overcome these limi-
tations, the utilisation of a proper global/local (GL)
modelling approach in the framework of the MSO of
thin-walled structures is proposed in this work.

GL modelling approaches allow the assessment of
phenomena involved at the component level through
the use of LFEMs with realistic BCs derived from the
GFEM. Both models have affordable computational
costs, thus they can be integrated into an optimisation
strategy.18 GL modelling approaches have been inves-
tigated mainly during 80 s and 90 s.19–25 During the
last two decades, as a consequence of the improved
computational capabilities, GL approaches have been
developed and used also to assess more complex phe-
nomena like local plasticity,26 crack propagation,27

delamination in composite structures28 and strong
non-linear phenomena as well. Most of these works
are developed for specific applications, and their
implementation needs the creation of specific tools
not available in commercial FE software. Apart the
GL modelling strategies that do not make use of com-
mercial FE software, the rest of GL approaches can
be divided into two categories: sub-modelling22–25 and
condensation/zooming techniques.19,20

In the usual work-flow of sub-modelling GL
approaches, firstly, a low-fidelity linear analysis on a
GFEM with a coarse mesh is run to identify one
or more zones of interest (ZOIs). Then, a refined
LFEM is created for each ZOI, which can also take
into account complex non-linear phenomena. Then, a
second analysis is performed only on the LFEM
imposing displacements provided by the GFEM as
BCs. Moreover, iterative stages can be added if the
stress redistribution due to local effects is considered
non-negligible. An alternative formulation making
use of forces and stiffness instead of displacements
in the information transfer between GFEM and
LFEM has been proposed too.21

The condensation/zooming technique19,20 differs
from the sub-modelling approach at the second step
where the refined LFEM is solved together with a
condensed version of the ‘out-of-interest’ region of
the GFEM, introduced in the form of a super-element.
From a computational point of view, the procedure is
more expensive than the sub-modelling approach, but
it does not require an iterative process.
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In this work, an MSO of thin-walled aircraft struc-
tures making use of the sub-modelling GL approach is
presented. The MSO strategy is characterised by two
main features: on one hand, the full set of design vari-
ables, at each relevant scale of the problem, is con-
sidered in the design process without additional
simplifying hypotheses, widening in this way the
design space and, consequently, the possibility to
find a true global optimum solution. On the other
hand, all the DC and requirements involved into the
problem formulation are evaluated by means of both
GFEM and LFEMs through a suitable GL modelling
approach. Computational time is kept low by verify-
ing local responses only on the most critical ZOIs. To
this purpose, pertinent DC are introduced into the
GFEM to automatically identify the ZOIs and build
the related refined LFEMs.

The solution search is carried out by means of
the special genetic algorithm (GA) ERASMUS
(EvolutionaRy Algorithm for optimiSation of
ModUlar Systems)29 which can deal with CNLPPs
defined over a design space of variable dimension.

The effectiveness of the proposed MSO strategy is
proven on a meaningful real-world engineering prob-
lem: the least-weight design of a fuselage barrel
belonging to the aft part of a wide-body aircraft
that undergoes multiple loading conditions and sub-
ject to constraints of different nature.

The paper is organised as follows. A general
description of the design problem, the underlying
hypotheses and the driving DC are given in the next
section. The mathematical formulation of the multi-
scale design problem and the adopted numerical strat-
egy are discussed in the Mathematical formulation of
the optimisation problem section. Then, the details
on the FE models and the implementation of the
GL approach are presented in the fourth section

which is followed by the Numerical Results section.
The final section ends the paper with some conclu-
sions and prospects.

Multi-scale least-weight design
of a metallic fuselage section:
Problem description

The MSO strategy presented in this study is applied
to the least-weight design of an aluminium fuselage
barrel of a wide-body aircraft. The fuselage barrel has
a circular cross-section and is located between the
wing rear spar and the tail, as shown in Figure 1.
The fuselage barrel is clamped at the rear spar section
(section A), and loads coming from the tail are
applied to section B. Payload weight and pressurisa-
tion are also taken into account. More details on the
BCs and the load cases (LCs) considered in the design
process will be given in the sections ‘Hypotheses and
Design Criteria’ and ‘Load cases’.

The main geometrical parameters of the fuselage
cross-section, the structural architecture and loads
are taken from Boni and coworkers11,30 where an
iterative design procedure integrating several analyt-
ical methods was presented. Their solution is hereafter
referred as literature solution (LSol).

The main geometrical parameters of the fuselage
barrel are reported in Table 1. The remaining data
necessary to define LSol can be found in Table 2:
the meaning of some of these parameters is explained
in the Design variables section. The generic stiffened
panel geometry considered in this study is shown in
Figure 2. It is composed of hat-shaped stringers and
floating frames with a Z-shaped cross-section con-
nected to the skin by means of ‘shear-tie’ components;
no ‘stringer tie’ or ‘tear strap’ components are
present. Floor beams with an I-shaped cross-section

Figure 1. Location of the fuselage barrel30 (a) and detail of the applied BCs (b).
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and tubular struts complete the set of structural
components.

All the components of the structure are considered
made of 2024-T3 aluminium alloy whose mechanical
and physical properties have been taken from
Department of Defense31 and are reported in Table 3.

Hypotheses and Design Criteria

The case study here presented moves in the frame-
work of the preliminary design phase of aircraft struc-
tures. During this phase, tents of LCs are assessed to
properly design the main components of the structure
in order to comply with certification specifications.32

Such LCs are the result of a combination of basic

loading conditions (BLCs) of different nature,
e.g. flight loads due to symmetrical manoeuvres, to
asymmetrical ones or to gusts, ground loads, pressur-
isation, etc. In this work, only a sub-set of LCs, pre-
sented in the Load cases section, is considered.

Table 1. Main geometrical parameters of the fuselage

barrel.11,30

Component Value

Fuselage diameter (mm) 5640

Number of bays 7

Bay pitch (mm) 500

Upper-deck floor vertical position (mm)a �152

Lower-deck floor vertical position (mm)a �2130

Struts position on upper-deck floor beamb 1/3

Struts position on lower-deck floor beamb 1/4

aReferred to the horizontal axis through the geometrical centre of the

fuselage cross-section.
bNormalised with the floor beam length and referred to the aircraft

symmetry plane.

Table 2. Geometrical parameters of the literature solution.11,30

Component Value

Frame flange width (wFr
3 ) (mm) 35.0

Frame web height (wFr
3 ) (mm) 165.0

Frame thickness (tFr) (mm) 1.5

Cabin floor beams web height (mm) 240.0

Cabin floor beams flange width (mm) 156.0

Cabin floor beams thickness (mm) 2.5

Cargo floor beams web height (mm) 180.0

Cargo floor beams flange width (mm) 60.0

Cargo floor beams thickness (mm) 1.5

Struts external diameter (mm) 21.5

Struts internal diameter (mm) 15.5

Component Top Lateral Bottom

Stringer free flanges width (wSt
1 ) (mm) 7.6 8.5 19.1

Stringer bonded flange width (wSt
3 ) (mm) 12.6 10.9 35.4

Stringer height (wSt
4 ) (mm) 24.2 26.2 61.9

Stringer thickness (tSt) (mm) 1.4 3.2 1.8

Skin thickness (tSk) (mm) 2.0 1.6 2.3

Skin panels count (n) (–) 28 22 18

Figure 2. Architecture of the stiffened panel.

Table 3. Material properties of 2024-T3 aluminium alloy.31

Propriety Symbol Value

Young’s modulus (MPa) E 72,395

Poisson’s ratio � 0.33

Tensile yield stress (MPa) �y 290

Tensile ultimate stress (MPa) �u 434

Density (g/cm3) � 2.78
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Moreover, for each LC, the material behaviour is sup-
posed linear elastic, and the FE analyses are carried
out by assuming small displacements and strains.

Concerning the modelling of the structural
components, the following simplifications have been
introduced:

1. In agreement with the preliminary design frame-
work, only major components of the structure are
modelled (i.e. skin, frames, stringers, floor beams
and struts).

2. Floor beams and struts have a predefined geom-
etry which is kept unchanged during optimisation.

3. Perfect bonding condition applies to the interface
of the structural elements.

4. Connection zones (e.g. floor beams to frames or
skin to skin) and opening/cut-out in the skin are
not explicitly modelled.

Three main groups of criteria can be identified for
the preliminary design phase, i.e. criteria related to (a)
static loads, (b) fatigue loads and (c) aeroelasticity
phenomena.

Regarding static loads, certification specifications32

identify two types of design loads: limit loads (LLs)
and ultimate loads (ULs). LLs are the maximum loads
expected in service that the structure must be able to
support without detrimental permanent deformations.
ULs are equal to LLs multiplied by a prescribed
factor of safety (usually 1.5). The structure must with-
stand ULs without failure for at least 3 s. For
instance, for the wide-body civil aircraft class, LLs
in symmetrical manoeuvres (neglecting gust loads)
occur at load factors (the ratio of the aerodynamic
force component normal to the longitudinal axis of
the aeroplane to its weight) ng ¼ 2:5 and ng ¼ �1.
This work focuses on this class of DC.

As far as fatigue phenomena are concerned, the
design of the structure should be performed in such a
way that ‘catastrophic failure due to fatigue, manufac-
turing defects, environmental deterioration, or acciden-
tal damage, must be avoided throughout the
operational life of the aeroplane’.32 To achieve this
goal, two approaches are possible. On one hand, in
the framework of the safe-life approach, a component
should be designed to last the whole operational life. On
the other hand, according to the damage tolerance
approach, a potential damage in the structure should
not become critical before the next planned inspection.
In this work, only one fatigue DC following the safe-life
approach is employed in terms of an equivalent static
check (more details are given in the following sections).

Finally, no aeroelastic criteria are used.
The following set of DC is integrated in the design

process:

DC1: The global stiffness of the structure must be
greater than the stiffness of LSol.

DC2: The average equivalent stress in the panels skin
must not exceed the yielding stress of the material,
considering a factor of safety FS ¼ 1:5 (in agree-
ment with CS 25.303 in European Aviation Safety
Agency32), under LLs.

DC3: The average equivalent stress in the skin must
not exceed the ultimate strength of the material
under ULs.

DC4: No critical fatigue failure must occur caused by
the hoop stress in the skin due to pressurisation.

DC5: No buckling must occur in the stiffened panels
under ULs (no-buckling design approach).

DC6: Only manufacturable solutions are considered.

DC2 and DC3 are expressed in terms of average
stresses in order to neglect the effect of local stress
concentrations that could be strongly affected by the
accuracy of the FE model and that constitute the
object of the detailed design phase (performed after
the preliminary design phase).

DC4 is a criterion against the nucleation of cracks
in the longitudinal joints between the stiffened panels.
It is translated into an equivalent static check accord-
ing to the methodology reported in Boni11 and Dai
et al.33 Such method is based on the definition of the
Detail Fatigue Rating (DFR) parameter. It is defined
as the maximum stress of a sinusoidal load with a
ratio R ¼ �min=�max ¼ 0:06 producing in 105 cycles
the same damage of a given fatigue load spectrum.
Starting from the knowledge that the maximum
hoop stress due to pressurisation of an ATR� aircraft
is �max

h ¼ 95 MPa for N¼ 70,000 flights,11 it is pos-
sible to compute the equivalent DFR as follows

DFR¼ �mo �
max
h 1�Rð Þ 0:53 �max

h 1�Rð Þþ
�

þS5�logNFRF 0:94 �mo�0:47 �max
h 1þRð Þ

� ���1
,

ð1Þ

where �mo and S are fatigue material properties that,
for a generic aluminium alloy, assume the values
�mo ¼ 310 MPa and S ¼ 2; R ¼ 0 for the pressurisa-
tion cyclic load; FRF is the Fatigue Reliability
Factor, i.e. a factor of safety fixed at FRF ¼ 1:5.

Under the hypothesis that the required DFR of a
structural detail is independent of the aircraft class,
one can easily invert equation (1) to compute the max-
imum allowable hoop stress �admh . Supposing a target
of N¼ 22,500 flights, typical for a wide-body aircraft,
a value of �admh ¼ 126 MPa is obtained.

Load cases

Eight LCs are defined by linear superposition of two
BLCs: a cruise loading condition (load factor ng¼ 1)
without pressurisation, identified as BLC1g, and a
pressurisation loading condition, identified as BLCp.
In both BLCs, fuselage sections A and B are modelled
as rigid and BCs are applied to their centres: section A
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is always clamped, while pertinent tail forces and
moments are applied at section B.

Under BLC1g, payload weight is applied as a
distributed load on floor beams. Structural mass is
considered by applying additional loads on the
upper-deck floor beams, on the basis of statistical
estimated structural weight. Tail loads are computed
in such a way to obtain in the check zone (i.e. the
middle bay of the fuselage barrel) a maximum bend-
ing moment Mx ¼ 5:0 � 106 Nm and a vertical shear
force Fy ¼ �370000 N (in agreement with Boni and
Fanteria30). A good estimation of the loading condi-
tion at a different value of the load factor is obtained
by scaling BLC1g by that value.

When using BLCp, the effect of the maximum oper-
ating differential pressure (corresponding to the max-
imum relief valve setting) is taken into account as
internal pressure on the skin plus an equivalent lon-
gitudinal force applied to section B of the fuselage
barrel. By scaling BLCp, the effect of different
values of differential pressure can be assessed.

Data used for defining BLC1g and BLCp are
reported in Table 4. The eight considered LCs are
defined in Table 5 in which, for each LC, the assessed
DC is also indicated. Aerodynamics loads on the
fuselage have been neglected.

Mathematical formulation of the
optimisation problem

Design variables

Only geometrical design variables have been con-
sidered in this study. They can be grouped with
respect to the component they are referred to.

Stringers and skin. Three circumferential sectors are
identified as in Figure 3: ‘top’, ‘lateral’ and ‘bottom’.
For each sector:

. the stringers section is hat-shaped, and four vari-
ables, wSt

1 ,w
St
3 ,w

St
4 and tSt, are needed to describe its

geometry (Figure 4(a));
. the skin is characterised by two variables, i.e. the

thickness tSk and the number n of sub-regions
between two consecutive frames and stringers
(hereafter skin panels) within the sector.

Frame/shear-tie assembly. Identical frames having a ‘Z’-
shaped cross-section with ‘L’ shear-tie are considered:
three variables, wFr

1 ,wFr
3 and tFr, are needed to geo-

metrically describe the assembly (Figure 4(b)). The
distance between the floating frame and the fuselage
skin depends on the maximum height of the stringers
cross-sections according to the formula

cFr ¼ max
i

wSt�i
4 þ 2 mm, with i ¼ Top, Lat, Bot:

ð2Þ

All the aforementioned design variables are col-
lected into the vector n. It is noteworthy that frame
pitch, floor beams and struts geometry have not been

Table 4. Basic loading conditions data.

Load BLC1g BLCp

Upper-deck floor beam total load (N) 10,000 –

Lower-deck floor beam total load (N) 5000 –

Bending moment Mx at

section ‘B’ (Nm)

4:305 � 106 –

Vertical shear force Fy at

section ‘B’ (N)

�310,000 –

Internal pressure (MPa) – 0.068

Longitudinal force Fz (N)a – 1:7 � 106

aEquivalent to internal pressure times fuselage cross-section area.

Table 5. Load cases definition and associated design criterion.

LC

BLC1g

factor

BLCp

factor DC

1 1.00 1.00 DC1

2 2.50 1.00 DC2

3 �1.00 1.00 DC2

4 3.75 1.00 DC3

5 �1.50 1.00 DC3

6 0 1.00 DC4

7 3.75 0 DC5

8 �1.50 0 DC5

LC: load case; DC: design criterion. Figure 3. Fuselage cross-section.
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considered among the problem design variables,
rather they have been set equal to the reference
values of the LSol as reported in Tables 1 and 2.

Objective and constraint functions

The goal of the MSO strategy is the minimisation of
the total mass of the fuselage barrel which can be
easily expressed as

M nð Þ ¼ V nð Þ � �, ð3Þ

where V nð Þ is the total volume of the structure com-
ponents, and � is the material density as defined in
Table 3. As far as design requirements are concerned,
one or more constraint functions are defined for each
DC introduced in the Hypotheses and Design Criteria
section. In particular, DC1 is formulated as a couple
of constraints on the vertical displacement �y and on
the rotation �x of the centre of section B when LC1 is
considered. These constraints read

g1 nð Þ ¼ �y nð Þ � �LSoly

� �
=�LSoly 40 ,

g2 nð Þ ¼ �x nð Þ � �LSolx

� 	
=�LSolx 40 at LC1:

ð4Þ

In equation (4), �LSoly ¼ �5:21 mm and
�LSolx ¼ 0:065� are the vertical displacement and rota-
tion of the centre of section B evaluated for LSol.

DC2 is applied as a set of constraints on the max-
imum von Mises stress �eq


 �
averaged on each skin

panel (!i) belonging to the check zone (� ¼
PN

i¼1 !i,
see The global/local finite element modelling
approach section for more details). Such value has
to be lower than the yield stress of the material
under LC2 and LC3 with a factor of safety

FS ¼ 1:5. Therefore, the related constraint inequalities
are

g3 nð Þ ¼ FS �max
�

�eq nð Þ

 �

!i
��y

� 
=�y40 at LC2,

g4 nð Þ ¼ FS �max
�

�eq nð Þ

 �

!i
��y

� 
=�y40 at LC3:

ð5Þ

DC3 is applied in a similar way to DC2, obtaining

g5 nð Þ ¼ max
�

�eq nð Þ

 �

!i
��u

� 
=�u40 at LC4,

g6 nð Þ ¼ max
�

�eq nð Þ

 �

!i
��u

� 
=�u40 at LC5:

ð6Þ

As described in the Hypotheses and Design
Criteria section, DC4 can be formulated as an equiva-
lent constraint on the maximum hoop stress due to
pressurisation. Such a requirement can be expressed
as follows

g7 nð Þ ¼ max
�

�h nð Þ

 �

!i
��admh

� 
=�admh 40 at LC6:

ð7Þ

The requirement DC5 can be opportunely
expressed by means of three optimisation constraints.
For each circumferential sector, ULs are applied, and
the most critical stiffened panel (composed of three
stringers and two frames, as discussed in The global/
local finite element modelling approach section) in the
check zone is identified. An eigenvalue buckling

(b)(a)

Figure 4. Stringers and frame/shear-tie assembly cross-section variables definition: (a) stringer cross-section and (b) frame/shear-tie

cross-section.
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analysis is then performed on this panel in order to get
a first buckling eigenvalue higher than 1 with a factor
of safety FS ¼ 1:1 (more details on this point are given
in The global/local finite element modelling approach
section). The related constraints read

g8 nð Þ ¼ 1:1� lTop nð Þ40 at LC8,

g9 nð Þ ¼ 1:1� lLat nð Þ40 at LC7,

g10 nð Þ ¼ 1:1� lBot nð Þ40 at LC7:

ð8Þ

DC6 is applied by imposing a series of inequalities
involving the design variables and representing differ-
ent types of manufacturability requirements.

Minimum thickness of thin-walled elements.

tSt�i51 mm, with i¼ Top, Lat, Bot;

tSk�i51 mm, with i¼ Top, Lat, Bot;

tFr51 mm:

Minimum length of the interface flange of stiffening
components for the installation of rivets.

wSt�i
3 514 mm, with i¼ Top, Lat, Bot;

wFr
1 514 mm:

Minimum length to thickness ratio of sheet elements.

wSt�i
1 =tSt�i54, with i ¼ Top, Lat, Bot;

wSt�i
3 =tSt�i53, withi ¼ Top, Lat, Bot;

wSt�i
4 =tSt�i55, withi ¼ Top, Lat, Bot;

wFr
1 =t

Fr53;

aFr nð Þ=tFr53;

bFr nð Þ=tFr53:

Minimum circumferential distance between stringers.

pitchSt�i nð Þ52 � 2 � wSt�i
1 þ wSt�i

3

� 	
,

with i ¼ Top, Lat, Bot:

These constraints behave more like logic conditions
(i.e. True/False values) rather than continuous-
valued functions. Inasmuch as these constraint func-
tions are mainly related to Boolean operations, it is
sufficient that each of them is satisfied regardless of its
value, i.e. a value closer to the bounds would not pro-
duce any advantage.

Some of these inequalities are directly employed in
the definition of the lower and upper bounds of the
design variables for the problem at hand, as listed in
Table 6, while the remaining inequalities are stated in
the form lj nð Þ40 and then aggregated into a single
constraint using the maximum operator

g11 nð Þ ¼ max
j

lj nð Þ40: ð9Þ

When a completely unfeasible solution is detected
(e.g. a solution with an overlap between stringers),
the corresponding FE models are not generated, and
the solution is penalised by assigning a high value
to the objective function and a unit value to the con-
straints that cannot be evaluated.

It is noteworthy that the step size of the thickness
of the different components has been fixed to
�t ¼ 0:1mm to be coherent with the thickness of com-
mercially available aluminium sheets.

Finally, the optimisation problem can be formu-
lated as a classical CNLPP as follows

min
n

M nð Þ ,

subject to :

gi nð Þ40 , with i ¼ 1, 2, . . . , 11:

ð10Þ

The design space of the problem is detailed in Table 6.

Numerical strategy

Problem (10) is a non-convex CNLPP. The total
number of design variables is 21, while the number
of optimisation constraints is 11. For the resolution
of problem (10), the GA ERASMUS29 coupled with
both GFEM and LFEMs of the structure has been
utilised as optimisation tool to perform the solution
search, as illustrated in Figure 5. The GA ERASMUS
has already been successfully applied to solve different
kinds of engineering problems, see for example,
Montemurro and coworkers.29,34–41

As shown in Figure 5, for each individual, at each
generation, the numerical tool performs global and
local FE analyses to calculate the objective function
and the optimisation constraints. The FE models are
implemented in the ANSYS� environment, and their
input data are generated by the GA ERASMUS
(more details are given in The global/local finite ele-
ment modelling approach section). The GA elabor-
ates the results provided by the GFEM and the

Table 6. Lower and upper bounds of the design variables.

Design

variable Unit

Lower

bound

Upper

bound

Step

size

wFr
1 mm 20 50 0.5

wFr
3 mm 80 190 1.0

tFr mm 1 4 0.1

wSt�i
1 mm 5 30 0.5

wSt�i
3 mm 14 40 0.5

wSt�i
4 mm 14 70 0.5

tSt�i mm 1 4 0.1

tSk�i mm 1 4 0.1

nTop – 18 38 2

nLat – 13 31 1

nBot – 12 26 2

With i ¼ Top, Lat, Bot.
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LFEMs in order to execute the genetic operations and
generate new individuals. These operations are repeated
until the GA meets the user-defined convergence criter-
ion. The generic individual of the GA ERASMUS rep-
resents a potential solution for the problem at hand.
The genotype of the individual for problem (10) is char-
acterised by only one chromosome composed of 21
genes, each one coding a component of the vector of
design variables n.

The global/local finite element modelling
approach

As stated above, the FE models integrated in the opti-
misation process are based on a GL modelling

approach. In particular, two different models are cre-
ated: the GFEM for the assessment of the behaviour
of the whole fuselage barrel and refined LFEMs in
order to properly evaluate local responses. LFEMs
are created only at the critical ZOIs identified
during the global analysis; thus, suitable criteria
must be developed to accomplish this task.

Both GFEM and LFEMs are fully parametric and
are built using the commercial FE code ANSYS�.

The GFEM

The GFEM is shown in Figure 6: it includes the seven
bays constituting the fuselage barrel. The fuselage
skin is modelled with eight-node SHELL281 elements,

Figure 5. Flowchart of the optimisation process.

GA: genetic algorithm; ZOIs: zones of interest; GFEM: global finite element model; LFEM: local finite element model.

Figure 6. Global FE model: (a) shell and MPC elements, (b) beam elements and (c) detailed view with the integral shape of the elements.

MPC: multi-point constraint.
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while frames, stringer, floor beams and struts are
modelled with three-node BEAM189 elements. The
beam and shell elements are connected together by
node merging. To take into account the actual pos-
ition of the beam cross-section with respect to the
skin, a section offset is applied to beam elements.
Shear-tie components are not modelled, but their
mechanical effect (the transfer of shear load from
the frames to the skin) is ensured by the direct con-
nection between frame and skin elements.

The element type (linear or quadratic) and mesh
size have been chosen after performing a sensitivity
analysis, of which the main details can be found in
Appendix 1. In particular, the use of one quadratic
element for each skin panel gives a good compromise
between results accuracy and computational cost;
thus, the mesh size has been set accordingly.

A master node is created at the centre of sections A
and B and linked to the set of ‘slave’ nodes of
the corresponding frame by means of MPC184
(multi-point constraint) elements with ‘rigid beam’
behaviour (Figure 6(a)). These master nodes are
used to apply the BCs presented in the Load cases
section. In agreement with the hypotheses and the
DC discussed in the Hypotheses and Design Criteria
section, only linear static analyses are performed on
this model.

Of course, the first bay (from each side of the fusel-
age barrel) is strongly influenced by edge effects
because of the proximity to zones where BCs are
applied (i.e. at nodes A and B). Accordingly, only
the central bay constitutes the check zone, where the
results of the analysis are meaningful. Moreover, as
explained in the Hypotheses and Design Criteria sec-
tion, the elements adjacent to connection zones (e.g.
floor beams to frames connections or the joints
between circumferential sectors) are excluded from
the check zone, as illustrated in Figure 7.

Results provided by the GFEM are used for the
evaluation of the objective function and all the con-
straint functions except those related to buckling
requirements, i.e. g8, g9 and g10.

The LFEMs

LFEMs are created to evaluate the first buckling load
of the most critical fuselage stiffened panels. This task
can be achieved only through a suitably refined FE
model able to catch both global and local buckling
modes.

Each LFEM includes the same number of stringers
and frames, i.e. three and two, respectively, as shown
in Figure 8. The local model presents a suitable extinc-
tion zone to mitigate edge effects due to the applica-
tion of BCs. This extinction zone is half a skin-panel
wide and surrounds the check zone, as illustrated in
Figure 8. The LFEM is entirely built by using eight-
node SHELL281 elements.

Both shear-ties and stringers are tied to the skin by
creating constraint equations between their interface
nodes by using the ANSYS� CEINTF command.42

This allows having an independent mesh size on the
different components. Also for the LFEM, the mesh
size is the result of a compromise between the accur-
acy in evaluating the first buckling load of the stif-
fened panel, which can occur either in the skin or in
the flanges of stringers and frames, and the computa-
tional time. A sensitivity analysis has been conducted
also in this case: the main results are reported in
Appendix 1.

Displacement BCs extracted from the results of the
global analysis are imposed to all the boundary nodes
belonging to the skin of the LFEM.

To transfer the BCs to the stringers and frames, for
each ending cross-section, a master node is extracted
from the skin boundary nodes located at the interface
between the beam reference axis and the skin in the
GFEM. The coordinates of this set of master nodes

Figure 7. Check zone of the global FE model.

Figure 8. Typical local FE model.
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are recorded and passed to the LFEM (for each
region of the fuselage barrel). Then, these nodes are
selected and connected to those belonging to the cor-
responding stringer/frame ending cross-section by
means of MPC184 elements with ‘rigid beam’ behav-
iour, ensuring in this way the kinematic compatibility
between global and local models, see Figure 9.

The LFEM is built for each sector of the fuselage
barrel (bottom, top and lateral). An eigenvalue buck-
ling analysis is performed on the local models, and the
lowest positive eigenvalue, l nð Þ, is retrieved as output.

ZOIs identification criteria and information transfer
between global and local models

In the presented MSO strategy, the fewest number of
local models is checked in order to keep the compu-
tational time as low as possible. To this purpose, spe-
cific criteria have been introduced and applied to the
post-processing of results coming from the GFEM in
order to identify the most critical ZOIs around which
LFEMs are automatically generated. For each circu-
lar sector belonging to the check zone, only one ZOI
is identified and analysed.

As discussed in the sections ‘Load cases’ and
‘Objective and constraint functions’, the buckling-
related constraints are evaluated for LC7 and LC8
(see Table 5). These LCs are obtained by scaling
BLC1g by means of a suitable load factor. Under
BLC1g, the stiffened panels in the top and bottom
sectors are mostly subject to stress in the longitudinal
direction, as shown in Figure 10. Therefore, top
and bottom ZOIs are identified by looking for the
basic-panel, i.e. the assembly composed of a stringer
plus half of the adjacent skin panels, that with-
stands the highest compressive average longitudinal
force per unit width, NBP

l , computed, for the generic
LC, as

NBP
l ¼

Fst þ
R wsp=2
�wsp=2

R tsk
0 �skl dz dy

wsp
, ð11Þ

where Fst is the axial tensile force in the stringer, wsp is
the width along the hoop direction of the skin panel
and �skl is the longitudinal stress in the skin.

On the other hand, the panels in the lateral sector
are subject to biaxial loads corresponding to a com-
bination of mainly shear and longitudinal stress;
the latter varying from tensile to compression depend-
ing on the position of the considered stiffened
panel (see Figure 10). Accordingly, a different criter-
ion is used for the lateral sector: the ZOI is identified
by looking for the most critical skin panel with
respect to the buckling strength. An estimation of
the buckling load is computed for each skin panel
in the check zone using analytical formulae for a
simply supported ‘shadow’ plate with the same
dimensions of the analysed skin panel, i.e. a along
the longitudinal direction and b along the hoop one,
the same thickness tsk and subject to the same biaxial
stress field given by the average membrane forces per
unit length Nx, Ny and Nxy. The buckling factor due
to biaxial compression forces and that due to shear
forces are computed independently. An interaction
equation is then used to compute the buckling
factor due to the combined load. Under the hypoth-
esis that the plate buckles with an out-of-plane dis-
placement field described by

wðx, yÞ ¼
X1
m¼1

X1
n¼1

amn sin
m�x

a
sin

n�y

b
, ð12Þ

the buckling eigenvalue due to the solely compressive
membrane forces per unit length Nx and Ny can be
computed as43

lc ¼ min
m,n

�2
D ðm=aÞ2 þ ðn=bÞ2
� �2

Nxðm=aÞ
2
þNyðn=bÞ

2
, ð13Þ

where x and y directions correspond to longitudinal
and hoop ones, and D is the flexural rigidity of the
plate. The buckling eigenvalue due to the shear forces
per unit width Nxy can be approximated as43

ls �
5:35þ 4r2
� 	

�2D

Nxyc2
, ð14Þ

where r ¼ minða=b, b=aÞ and c ¼ minða, bÞ. An inter-
action equation can be used to define the critical

Figure 9. Detail of the ending cross-section of the stiffening components in the local FE model.
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condition in presence of the two loading conditions44

1

lscr

� 2

þ
1

lccr
¼ 1: ð15Þ

If the critical buckling factor, for the combined
loading conditions, is defined as

lcr :¼
ls

lscr
¼

lc

lccr
, ð16Þ

one can calculate its value according to the following
formula

lcr ¼
� ls2

lc þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ls2

lc

� �2
þ4 ls2

r

2
: ð17Þ

Therefore, the skin panel showing the minimum lcr
identifies the lateral ZOI.

As already stated, the displacement field resulting
from the GFEM is used to define the BCs for the
LFEMs. To this purpose, for each LC, the nodal dis-
placements of the GFEM are interpolated using the

Figure 10. Stress distribution in the skin panels in the check zone at BLC1g: (a) longitudinal stress, (b) shear stress, (c) hoop stress

and (d) legend (MPa).

Figure 11. Interaction scheme between global and local finite element models.

FE: finite element; LC: load case; BC: boundary condition; GL: global/local; ZOI: zone of interest.

Table 7. Parameters of the GA ERASMUS used for the

solution search.

Parameter Value

No. of populations 1

No. of individuals per population 210

No. of chromosomes 1

No. of genes 21

Stop criterion Fixed generations (150)

Crossover probability 0.85

Mutation probability 0.01

Selection operator Roulette wheel

Fitness pressure 1

Elitism operator Active
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shape functions of the elements in the GFEM at the
location of the boundary nodes of the LFEM. The
logical flow of the process that goes from the global
FE analysis to the local one is given in Figure 11.

Numerical results

The parameters of the GA ERASMUS used to per-
form the solution search for problem (10) are listed in
Table 7. As far as the optimisation constraints are
concerned, they have been handled through the
Automatic Dynamic Penalisation method.45 Further
details on the optimisation tool and its parameters can
be found in Montemurro.29

The whole optimisation process requires a compu-
tational time of approximately 14 days (i.e. around
40 s for global and local FE analyses for the generic
point in the design space) when four cores of a
machine with an Intel Xeon E5-2697v2 processor
(2.70–3.50GHz) are dedicated to the ANSYS�

solver. However, computational time could be easily
reduced by performing in parallel the FE calculations
of the different individuals.Figure 12. Best individual versus iterations.

Table 8. Comparison of the values of the constraint and objective functions relative to different individuals.

Function A-1 B-1 C-3 C-2 C-1a LSol

g1 (stiffness) �0.467 �0.331 �0.227 �0.238 �0.262 �0.000

g2 (stiffness) �0.426 �0.115 �0.190 �0.179 �0.053 �0.000

g3 (strength) �0.446 �0.076 �0.163 �0.179 �0.013 þ0:020

g4 (strength) �0.683 �0.479 �0.573 �0.573 �0.426 �0.487

g5 (strength) �0.642 �0.420 �0.466 �0.477 �0.378 �0.350

g6 (strength) �0.822 �0.718 �0.759 �0.760 �0.689 �0.726

g7 (fatigue) �0.578 �0.239 �0.357 �0.387 �0.197 �0.213

g8 (buckling) �1.845 �0.155 �0.133 �0.110 �0.070 þ0:535

g9 (buckling) �0.513 �0.034 �0.191 �0.087 �0.029 þ0:811

g10 (buckling) �0.484 �0.234 �0.001 �0.213 �0.027 þ0:570

g11 (manufacturability) �0.024 �0.030 �0.560 �0.033 �0.545 þ1:344

M (kg) 1158 966 886 871 847 837

LSol: literature solution.
aRetained optimal solution.

Table 9. Design variables values for optimal individuals at the last generation.

C-3 C-2 C-1a LSol

Variable Top Lat. Bot. Top Lat. Bot. Top Lat. Bot. Top Lat. Bot.

wFr
1 (mm) 28.5 29.0 20.0b 35.0

wFr
3 (mm) 116.5 120.0 81.0 165.0

tFr (mm) 1.2 1.2 1.0b 1.5

wSt
1 (mm) 6.0 8.0 17.5 6.5 7.5 18.5 5.0b 5.0b 21.0 7.6 8.5 19.1

wSt
3 (mm) 23.0 27.5 26.0 25.5 27.0 28.0 40.0b 24.5 31.0 12.6 10.9 35.4

wSt
4 (mm) 23.5 33.0 64.5 27.5 21.5 61.5 19.0 38.0 45.5 24.2 26.2 61.9

tSt (mm) 1.3 1.2 2.5 1.6 1.4 1.6 1.1 1.0b 1.4 1.4 3.2 1.8

tSk (mm) 2.5 2.2 2.5 2.5 2.3 2.4 1.8 3.0 3.6 2.0 1.6 2.3

n (–) 30 30 22 28 30 26b 36 24 18 28 22 18

LSol: literature solution.
aRetained optimal solution.
bValues at the bounds of the design space (see Table 6).
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The evolution of the objective function of the best
individual for each generation of the optimisation
process is shown in Figure 12. It can be noticed that
the convergence is achieved after about 100 gener-
ations because no improvement in the objective func-
tion is observed in the subsequent iterations of the
evolutionary process. In Figure 12, three stages can
be identified corresponding to first, intermediate and
last generations, i.e. stages A, B and C, respectively.
The complete set of performances, in terms of con-
straint and objective functions, for the best individual
at each stage, i.e. individuals A-1, B-1 and C-1, is
reported in Table 8. Concerning stage C, two other
individuals (C-2 and C-3) are reported together with
the optimum solution C-1 (recall that the CNLPP is
strongly non-convex). Indeed, a significant number of
pseudo-optimal solutions exists at stage C that are
nearly identical to solution C-1 and that are not
reported here for the sake of brevity. The values of
the design variables identifying the individuals C-1, C-
2 and C-3 are listed in Table 9.

A quick glance to the results provided in Tables 8
and 9 suffices to infer that, due to the non-convex
nature of problem (10), the GA finds almost equiva-
lent optimal solutions, e.g. C-1, C-2 and C-3, quite
different in terms of design variables, that still respect
all the constraints and that have comparable values of
the objective function.

Concerning the retained optimal solution, i.e. C-1,
from Table 9, one can notice that some of the vari-
ables are located at the bounds of the respective inter-
vals (see Table 6).

By observing the buckling mode of each one of the
three optimised sectors for solution C-1, as illustrated
in Figure 13, it can be noticed that the stringers and

the skin buckle simultaneously, in agreement with the
well-established aeronautical DC that the maximum
structural efficiency (in terms of best compromise
between minimum weight and maximum buckling
load) for stiffened structures is reached when their
components buckle at the same load.46

Finally, for comparison purposes, the perform-
ances of LSol and some of its geometrical parameters,
previously shown in Table 2, are also added in
Tables 8 and 9, respectively. From the analysis of
these results, it is clear that LSol has been obtained
with different requirements than those used in this
work; in particular, constraints g3, g8, g9 and g10 are
too restrictive for LSol, which is clearly infeasible.
Also the geometrical requirement g11 is not respected
by LSol which is characterised by too close stringers
in the bottom sector. Moreover, it is noteworthy that,
despite of the big differences in performances, the dif-
ference in mass between C-1 and LSol is lower than
1.2%. Therefore, the proposed approach allows find-
ing an optimal configuration of the fuselage barrel
satisfying the full set of design requirements. This
result constitutes a sort of ‘numerical proof’ about
the limitations related to the use of simplifying
hypotheses and analytical formulae/models in the
framework of the preliminary design phase of aircraft
structures.

Conclusions

An MSO strategy for designing thin-walled structures
integrating a dedicated GL modelling approach has
been presented in this work.

As usual for this type of structures, the design
problem is formulated as a CNLPP involving

Figure 13. Normalised displacement field (blue color = 0; red color = 1) of the first buckling mode of the local models for the

optimum solution: (a) lateral sector panel, (b) top sector panel and (c) bottom sector panel.
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constraints of different nature. The formulation of
such requirements involves the structure response, at
each pertinent scale, under various loading condi-
tions. To deal with these aspects, fully parametric
FE models are created at different scales for the evalu-
ation of the most relevant phenomena. A coherent
information transfer between these models is ensured
by implementing a sub-modelling GL approach: BCs
of the local models are directly extracted, in terms of
displacements, from the results of the global analysis
and properly transferred to the LFEM. LFEMs are
automatically created only for critical ZOIs which are
identified, by means of opportune criteria, during the
global analysis. The solution search for the multi-scale
CNLPP is performed by interfacing the GFEM and
the LFEMs of the structure with the GA ERASMUS
developed at the I2M laboratory in Bordeaux.

The proposed strategy is general and allows dealing
with design variables and constraints of different
nature. Every variable at each relevant scale is con-
sidered in the design process, avoiding the introduc-
tion of simplifying hypotheses in the definition of the
design space, which have the main effect of shrinking
it, thus preventing the possibility to find a true global
optimum solution. Moreover, by employing a GL
modelling approach, more accurate results are
obtained than those found by means of well-estab-
lished strategies that use simplified analytical models
for the assessment of the mechanical response of the
structure, as proven by the numerical results of this
study. Finally, the whole process, once set, is fully
automated and does not need the user intervention.

The effectiveness of the proposed MSO strategy is
proven on a meaningful design case: the least-weight
design of an aluminium fuselage barrel of a wide-body
aircraft. In the considered test case, a limited, yet rep-
resentative, set of loading conditions and DC are con-
sidered. Nevertheless, further criteria and LCs could
be easily introduced in the general framework of the
presented design strategy.

The obtained results for the presented design
case seem realistic and coherent: at the component
scale, the elements composing the stiffened panel (of
the most critical ZOIs of the fuselage barrel) buckle
simultaneously in agreement with well-established
design procedures used in both academic and indus-
trial communities.46 Moreover, difference between the
mass of the optimised configuration provided by the
MSO and that of the reference solution (taken from
the literature and obtained by using simplifying
hypotheses and simple models and rules) is lower
than 1.2%. However, the reference solution taken
from the literature is infeasible and does not meet
some of the DC employed in this work which result
too restrictive. This constitutes a sort of ‘numerical
proof’ about the unsuitability of some simplifying
hypotheses and low-fidelity analytical/numerical
models often used in the preliminary design phase
of aircraft structures.

These results encourage research activity in this dir-
ection. As far as prospects of this work are concerned,
the formulation of the CNLPP will be enhanced by
adding requirements on the post-buckling behaviour
of the most critical stiffened panel in each sector of the
fuselage barrel. Moreover, research is ongoing in order
to extend the MSO approach to the case of thin-walled
structures made of composite materials. Of course, in
this case, the design problem formulationmust integrate
requirements and specificities of composite solutions,
e.g. suitable failure criteria at each scale (lamina-level
and constitutive phases-level), delamination criteria,
manufacturing requirements, etc.
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Appendix 1. Mesh sensitivity analysis

The sensitivity analysis to the mesh parameters has
been conducted by looking at the various mechanical
responses of both the GFEM and the LFEM when
LSol is evaluated. The mesh parameters considered
are the element class, i.e. linear (L) or quadratic (Q),
and the mesh size for both GFEM and LFEM.
Because of the way the GL modelling approach is
implemented, both global and local mesh parameters
affect the local responses, while global ones only
depend upon global mesh parameters. All the various
combinations of the parameters have been evaluated,
but, for the sake of brevity, only the most important
results are reported here.
Concerning the GFEM, the mesh has been para-
metrised in terms of a single sizing parameter, i.e.
the number of elements between two adjacent strin-
gers (indicated with a number following the letter L/Q
in the results). An automatic check has been imple-
mented to prevent the generation of highly distorted
shell elements with a threshold aspect ratio equal to
two. The effect of the GFEM mesh parameters on one
of the global scale responses (the rotation �X of sec-
tion B under LC1) and on a local scale one (the value
lTop of the buckling factor of most critical stiffened
panel of the top sector under LC8) is reported in
Table 10. To obtain these results, the mesh of the
LFEM is fixed to the mesh parameters set LFEM-
Q1 reported in Table 11 (more details on the sensitiv-
ity analysis of the LFEM responses are given in the
following paragraphs of this section). Derived

informations are reported in Figures 14 and 15. For
these analyses, the total execution time has been nor-
malised with respect to the smallest one (obtained
using one linear element between stringers, i.e. mesh

Table 10. Mesh sensitivity of the GFEM, main results.

Mesh

parameters DOFsa
Exec.

timeb (s) �x (rad) �Top (–)

GFEM-L1 10476 36 1:1301 � 10�3 0.5675

GFEM-L2 28428 40 1:1305 � 10�3 0.5658

GFEM-L3 53760 44 1:1326 � 10�3 0.5640

GFEM-L4 100752 51 1:1333 � 10�3 0.5632

GFEM-L5 144498 60 1:1339 � 10�3 0.5628

GFEM-Q1 28140 38 1:1307 � 10�3 0.5651

GFEM-Q2 78336 42 1:1342 � 10�3 0.5630

GFEM-Q3 150546 46 1:1338 � 10�3 0.5629

GFEM-Q4 287988 63 1:1341 � 10�3 0.5627

DOFs: degrees of freedom; GFEM: global finite element model.

Local mesh set at LFEM-Q1.
aActive degrees of freedom of the GFEM.
bTotal execution time including LFEM analyses.

Table 11. Mesh sensitivity of the LFEM.

Mesh

parameters DOFsa
Exec.

timeb (s) �Top (–) �Lat (–) �Bot (–)

LFEM-L1 39396 23 0.6243 0.3435 0.6122

LFEM-L2 131268 40 0.5783 0.2976 0.5502

LFEM-L3 294048 75 0.5691 0.2864 0.5327

LFEM-L4 498192 133 0.5646 0.2822 0.5278

LFEM-L5 784056 222 0.5626 0.2801 0.5247

LFEM-Q1 113880 38 0.5651 0.2886 0.5297

LFEM-Q2 385608 104 0.5555 0.2764 0.5186

LFEM-Q3 870000 261 0.5556 0.2760 0.5188

DOFs: degrees of freedom; LFEM: local finite element model.

Global mesh set at GFEM-Q1.
aActive degrees of freedom of the LFEM.
bTotal execution time including GFEM analysis.

Figure 14. Sensitivity to the GFEM mesh parameters of the

percentage difference of the rotation of section B with respect

to the one obtained with mesh GFEM-Q4.

Figure 15. Sensitivity to the GFEM mesh parameters of the

percentage difference of the buckling factor of the most critical

stiffened panel in the top sector with respect to the one

obtained with mesh GFEM-Q4.
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parameters set GFEM-L1), while the mechanical
responses have been normalised with respect to fully
converged ones (obtained with mesh parameters set
GFEM-Q4). As it can be seen, the improvement
obtainable by using more accurate meshes than
GFEM-L1 in the evaluation of mechanical responses
is rather small.

In this case, the choice of the mesh parameters set
GFEM-Q1 is motivated by its ability to perfectly
model the curved shape of the fuselage barrel compo-
nents, with a small increase in computational time.

Also in the case of LFEM, the mesh has been para-
metrised in terms of a single sizing parameter. Each of
the edges of the geometry describing the components
has been divided in a given amount of mesh units. The
assumption is that the buckling could occur in any
one of the plate-regions composing the structure.
Therefore, the numbers of mesh units must be
chosen to ensure a homogeneous level of accuracy
in the estimation of the buckling load in accordance
with the first expected buckling mode of each plate.
For example, when looking at the stringers cross-sec-
tion, the free flanges have been divided in one mesh
unit, the webs in three mesh units and the bonded
flanges in two mesh units. Finally, automatic checks
have been implemented to ensure that the final ele-
ments have nearly unitary aspect ratios. With this
parametrisation set, the number of element in each
mesh unit and their element class (linear, L, or quad-
ratic, Q) constitute the mesh parameters of the sensi-
bility analysis. The results of such analysis are
reported in Table 11 and Figures 16 to 18. To
obtain these results, the mesh of the GFEM is fixed
to the mesh parameters set GFEM-Q1. In this case,
the use of a light mesh composed of few linear shape
functions elements, like LFEM-L1, shows all its lim-
itations. For LFEM-L1, the percentage difference in
the computed buckling factor reaches 25% with
respect to the results obtained by a fully converged
mesh like LFEM-Q3.

By considering a threshold percentage difference of
5%, the best compromise between accuracy and com-
putational time is obtained by adopting the mesh
parameters set LFEM-Q1.

Figure 16. Sensitivity to the LFEM mesh parameters of the

buckling factor of the most critical stiffened panel of the top

sector (normalised with respect to that obtained with mesh

LFEM-Q4).

Figure 17. Sensitivity to the LFEM mesh parameters of the

buckling factor of the most critical stiffened panel of the lateral

sector (normalised with respect to that obtained with mesh

LFEM-Q4).

Figure 18. Sensitivity to the LFEM mesh parameters of the

buckling factor of the most critical stiffened panel of the bottom

sector (normalised with respect to that obtained with mesh

LFEM-Q4).

18 Proc IMechE Part G: J Aerospace Engineering 0(0)

55





Chapter 4
First experimental validation of the
Multi-Scale Two-Level optimisation

strategy

The article Least-weight composite plates with unconventional stacking sequences: design,
analysis and experiments, reported in this chapter, has been published in Journal of
Composite Materials (Montemurro, Izzi, El-Yagoubi, and Fanteria, 2019). It deals with
the problem of the least-weight design of CSCLs. The coupled numerical and experi-
mental activities presented in this paper constitute the first experimental validation of the
MS2LOS.

In this work, the MS2LOS is applied to the problem of minimising the mass of a
moderately-thick CSCs layered plate subject to requirements on both its in-plane overall
stiffness and its first buckling load. Such requirements are derived from their counterparts
evaluated for a reference laminate (whose stacking sequence is built by using the classical
rules taken from literature). In the usual work-flow of the MS2LOS the design process
takes places at two consecutive levels. Firstly, the structural design problem is formulated
at the macroscopic scale. Here, the laminate is seen has an equivalent homogeneous
anisotropic plate whose macroscopic elastic properties are described in terms of PPs and
its overall thickness, which constitute the problem design variables. The aforementioned
requirements are formulated as optimisation constraints as are the feasibility conditions on
the existence of a corresponding suitable stacking sequence. Secondly, the lay-up design
is performed: at least one stacking sequence corresponding to the first-level results is
searched. The solution is searched among QT stacking sequences, which allow obtaining
exact membrane-bending uncoupling and homogeneity of the laminate, without enforcing
simplifying rules on the nature of its stack (e.g. symmetry and balancing). At both the
first and the second levels, the solution is searched by employing the GA ERASMUS,
which, at the first level, is interfaced with a commercial FE code for the evaluation of the
first buckling load of the plate (resulting from a linear eigenvalue buckling analysis).

An experimental campaign of buckling tests performed on both the reference and
the optimised plates is carried out in parallel to the numerical activity. Numerical and
experimental results show an excellent agreement: the optimised plate is about 10% lighter
than the reference one while guaranteeing higher mechanical performances. These results
constitute the first experimental validation of the effectiveness of both the MS2LOS and
the very general stacking sequences resulting from its application.
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Least-weight composite plates with
unconventional stacking sequences:
Design, analysis and experiments

Marco Montemurro1 , Michele Iacopo Izzi1, Jalal El-Yagoubi2

and Daniele Fanteria3

Abstract

This study deals with the problem of the least-weight design of a composite multilayer plate subject to constraints of

different nature (mechanical, geometrical and technological requirements). To face this problem, a multi-scale two-level

design methodology is proposed. This approach aims at optimising simultaneously both geometrical and mechanical

parameters of the laminate at each characteristic scale (mesoscopic and macroscopic ones). In this background, at the

first level (macroscopic scale), the goal is to find the optimum value of geometrical and mechanical design variables

minimising the structure mass and satisfying the set of imposed constraints (on first buckling load, membrane stiffness

and feasibility constraints). The second-level problem (mesoscopic scale) aims at finding at least one stacking sequence

meeting the geometrical and material parameters provided by the first-level problem. The multi-scale two-level optimisa-

tion approach is based on the polar formalism to describe the macroscopic behaviour of the composites (in the

framework of the equivalent single-layer theories) and on a special genetic algorithm to perform composite calculations.

The optimum solutions provided by the multi-scale two-level optimisation strategy are characterised by a weight saving

of about 10% with enhanced mechanical properties when compared to conventional symmetric balanced stacks. The

effectiveness of the optimum solutions is also proven through an experimental campaign of buckling tests. The experi-

mental results are in excellent agreement with those foreseen by the numerical simulations.

Keywords

Composites, finite element method, buckling, multi-scale optimisation, lightweight structures, genetic algorithm

Introduction

The constant demand of lightweight structures with
enhanced mechanical performances has led to an
increasing use of composite materials in the last few
decades. Fibre-reinforced composites present specific
stiffness and strength properties that make them really
appealing when compared to metallic alloys. The
behaviour of these materials gives the designer the
opportunity to tailor the material properties according
to the design needs. A lot of research has been carried
out in looking for the best strategy to optimise multi-
layer composite plates in order to either minimise the
mass (without loosing performances with respect to a
given reference solution) or improve mechanical per-
formances (without increasing the mass with respect
to a reference configuration). Nonetheless, the problem
is still open. The design of a composite structure is a

quite difficult problem that can be considered as a
multi-scale optimisation problem. The complexity of
the design process is due to two intrinsic properties of
composite materials, i.e. heterogeneity and anisotropy.
Heterogeneity gets involved mainly at the microscopic
scale (i.e. that of constitutive phases), whilst anisotropy
intervenes at both mesoscopic scale (that of the lamina)
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and macroscopic one (that of the laminate). To deal
with heterogeneity, a common strategy is to make use
of homogenisation techniques.1–3

The main consequence of anisotropy is the introduc-
tion of some phenomena and issues that do not exist in
metals (e.g. extension–bending coupling, delamination,
residual stresses, free-edge stresses, different failure
mechanisms, etc.). A further complication is that the
design process must deal with a significant amount of
design variables at different scales. In fact, up to now,
no general methods exist for the optimum design of a
composite structure.

Adali et al.4 investigated the post-buckling stiffness
maximisation problem of simply supported biaxially
loaded laminated plates using five pre-set symmetrical
angle-ply stacking sequences consisting of eight plies. In
this way, the number of design variables reduces to one
(for each configuration) and the optimisation was car-
ried out by means of the Golden Section method.
Later,5 they focused on the problem of maximising
the first buckling load of a bi-material multilayer
plate. In each considered case, the stacking sequence
is balanced and symmetric and the orientations are
limited to the canonical set 0�, � 45�, 90�f g. Finally, in
the literature6,7 both approaches have been used in the
framework of multi-objective optimisation problems.

Haftka and Walsh8 used integer programming for
the optimum design of symmetric balanced stacks
wherein the orientations are constrained to get the
values in the canonical set. These problems were
solved by considering additional requirements on the
percentage rule and overall in-plane stiffness value. Le
Riche and Haftka9 made use of a genetic algorithm
(GA) to perform the solution search for the problem
of maximising the first buckling load of a multilayer
plate with a given number of plies. Also in this work,
symmetric balanced stacks with orientation angles get-
ting values in the canonical set were considered.
Furthermore, an ad hoc genetic operator, i.e. the per-
mutation operator, was proposed to increase the effi-
ciency of the calculations.

Still in the context of the first buckling load maxi-
misation problem, Aymerich and Serra10 utilised the
Ant Colony Optimisation method (considering
balanced symmetric stacking sequences in the usual
domain of orientations) which was characterised by a
better efficiency, in terms of computational effort, when
compared to GA-based strategies. Irisarri et al.11 per-
formed a multi-objective optimisation process of lami-
nated plates using a Pareto-based evolutionary
algorithm. In this interesting work, symmetric balanced
stacks are employed and the orientation of each couple
of plies comes from a set bigger than the canonical one,
i.e. ð0�2, � 15�, � 30�, . . . , 90�2Þ. Furthermore, a set of
design guidelines12 are integrated in the optimisation

process, though the flexural behaviour of the laminate
was only approximated.

The previous works aimed at solving the design
problem by directly optimising the value of the layers
orientation angles without introducing a multi-scale
design/optimisation approach. In each study, the
nature of the stack is set a priori and the orientation
angles are limited to get values in a predefined set.
Moreover, further design (empirical) rules12 were inte-
grated as optimisation constraints. All these aspects
contribute to strongly shrink the design domain leading
the algorithm to find only suboptimal solutions. All the
previous works are based on an analytical formulation
of the optimisation problem. Conversely, for real-world
engineering problems the mechanical response of the
structure is typically evaluated by means of a suitable
finite element (FE) model.

In this scenario, multi-scale optimisation strategies of
composite structures which aim at formulating and sol-
ving the design/optimisation problem at each pertinent
scale (without introducing simplifying hypotheses on
both the nature of the stacking sequence and on the
value of plies orientation) find strong motivations.
When dealing with the multi-scale optimisation problem
of a composite, at the macroscopic scale, the behaviour
is described in terms of the laminate stiffness tensors
components, regardless of the nature of the stack.
When the laminate behaviour is expressed in the frame-
work of the classic laminate theory (CLT), the Cartesian
components of membrane, bending and membrane/
bending coupling stiffness tensors constitute the
unknowns of the problem. However, since Cartesian
components are frame dependent, an alternative repre-
sentation of such tensors is often used. The most
common approach makes use of the well-known lamin-
ation parameters (LPs) coupled with the parameters of
Tsai and Pagano.13 These parameters14,15 unquestion-
ably provide a compact representation of the stiffness
tensors of composite laminates in the framework of the
CLT, although they are not all tensor invariants.13

Diaconu et al.16 presented a general framework for
determining the feasible region in LPs space for general
composite laminate design. Their method does not give
an explicit relationship between LPs, but only a ‘numer-
ical definition’ of the boundary of the feasible domain.
Later they presented a work on the layup optimisation
of thick laminates for maximising the first natural fre-
quency.17 In this context, a multi-step optimisation
approach including numerical verification on the feasi-
bility of the optimum solutions is proposed. Liu et al.18

considered the problem of the maximisation of the first
buckling load of a multilayer plate in the flexural LPs
space. The optimum solutions are only given in terms
of flexural LPs characterising the equivalent homoge-
neous anisotropic plate.
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Bloomfield et al.19 presented a two-step optimisation
strategy for symmetric laminates made of a predefined
set of possible ply orientations. The strategy is applied
to the problem of mass minimisation of a simply sup-
ported multilayer plate under different loading condi-
tions. The results highlight the interest in widening the
standard canonical set by adding �30� and �60�

values. Liu et al.20 presented a two-step optimisation
strategy for maximising the stiffness of laminates sub-
ject to a given set of optimisation constraints. During
the first step the optimisation problem is solved in the
LPs space wherein the feasible region has been approxi-
mated by the one that can be obtained by considering
only six different orientation angles. During the second
step, a suitable stack is retrieved by solving a least-
square problem in which the orientation angles of the
laminae are the design variables.

As it can be inferred from the previous works, the
multi-scale optimisation approach based on LPs presents
two main weaknesses: LPs are not tensor invariants,
while not all Tsai and Pagano parameters are invariants;
both LPs and Tsai and Pagano parameters have not an
immediate physical meaning related to the elastic sym-
metries of the stiffness tensor. Moreover, although the
previous studies made use of the multi-scale optimisation
strategy based on LPs, an unnecessary restriction still
remains when looking for the optimum stack: in the for-
mulation of the laminate lay-up design problem simplify-
ing hypotheses on the nature of the stacking sequence
are systematically used. These assumptions are used, on
the one hand, to obtain a shortcut to a possible solution
(i.e. to obtain some desired mechanical properties).
On the other hand, the aim of these rules is to prevent
the laminate from some undesired phenomena, though
this is never clearly and rigorously stated nor proved.
Unfortunately, the use of these simple rules shrinks the
design space and drives the optimisation algorithm
towards suboptimal solutions.

Two examples are the use of symmetric stacking
sequences (a sufficient but not necessary condition
for membrane–bending uncoupling) and the use of
balanced stacks to obtain orthotropic laminates.
However, the use of balanced stacks (a sufficient con-
dition for membrane orthotropy) leads systematically
to misleading solutions: whenever such a rule is used,
bending orthotropy, a rather difficult property to
achieve,21 is simply understated, assumed, but not
really obtained.18,22–24

To overcome the previous restrictions, in the present
study the multi-scale two-level (MS2L) optimisation
approach based on the Verchery’s polar method25 for
designing anisotropic complex structures26–28 is used.
In this background, the design problem is formulated
in the most general sense, i.e. without introducing
simplifying hypotheses and by considering, as design

variables, the full set of geometric and mechanical par-
ameters defining the behaviour of the laminate at each
characteristic scale (mesoscopic and macroscopic).

In the context of the MS2L methodology, the opti-
misation problem is split into two distinct sub-
problems. At the first level (macroscopic scale), the goal
is to find the optimum value of both geometric and mech-
anical design variables of the laminate satisfying the
design problem which is formulated in the form of a con-
strained non-liner programming problem (CNLPP). The
second-level problem focuses on the laminate mesoscopic
scale (i.e. the ply-level) and aims at finding at least one
optimum stack meeting the geometrical and mechanical
parameters resulting from the first-level problem.

The MS2L approach is based on the generalisation of
the Verchery’s polar method to the case of high-order
equivalent single-layer theories21,29,30 as well as on a GA
previously developed by the first author.31,32 The MS2L
optimisation strategy has already been successfully
applied in the past to many real-world engineering
problems.26–28,33–38

A rigorous experimental validation of such an
approach is the main purpose of this study. In this
work, the MS2L optimisation strategy is applied to
the problem of minimising the mass of a moderately
thick multilayer plate subject to requirements on
both in-plane overall stiffness and first buckling load.
The numerical work is complemented by an experimen-
tal campaign that aims not only at validating the
MS2L optimisation approach but also the effectiveness
of the very general stacking sequences resulting from
the process as well as the influence of the transverse
shear stiffness on the optimum solution (that cannot
be neglected for moderately thick laminate) and
which can be easily integrated in the framework of
the polar method.

The paper is organised as follows: an overview of
both numerical and experimental activities followed
by the description of the selected optimisation prob-
lem and the MS2L strategy is given in the next section.
The mathematical formulation of the first-level prob-
lem is detailed in the Mathematical formulation of the
first-level problem section, while the problem of deter-
mining suitable stacking sequences is formulated in
the Mathematical formulation of the second-level pro-
blem section. A concise description of the FE model
used in the optimisation process is given in the FE
model of the multilayer plate, section, whilst the details
about the experimental activities can be found in the
Experimental apparatus for buckling analysis section.
The comparison between numerical and experimental
results is presented in the Optimum solutions:
Numerical and experimental results section, while the
Conclusions section ends the paper with some conclud-
ing remarks.
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Multi-scale optimisation of composite
structures: Fundamental aspects

General workflow

The workflow of the activities described in this study is
shown in Figure 1.

A representative design case is considered: the least-
weight design of a multilayer composite plate subject to
constraints on both the first buckling load (under uni-
axial compressive load) and on the overall membrane
stiffness. Such requirements are derived from their
counterparts evaluated for a reference laminate
(whose stack is built by using the classical rules taken
from literature) having the same geometry of the opti-
mised plate and subjected to the same boundary condi-
tions (BCs) (more details on the problem formulation
at each scale are given in the next two sections).

With the aim of experimentally validating the MS2L
optimisation strategy, numerical and experimental
activities proceed simultaneously and interact at given
moments:

. the FE model is created and its geometry and mesh
properly parametrised in terms of the design vari-
ables for the problem at hand (see the
Mathematical formulation of the first-level problem
and the FE model of the multilayer plate sections);

. a reference plate is fabricated and tested (see the
Experimental apparatus for buckling analysis section);

. experimental results on the reference plate are com-
pared to those provided by the FE model to validate
the latter (see the Experimental apparatus for buck-
ling analysis section);

. the MS2L optimisation strategy is run by using the
validated FE model to obtain the optimised plate
stacking sequence (next three sections);

. the optimum plate is fabricated and tested (see the
Optimum solutions: Numerical and experimental
results section);

. experimental results on the optimum solution are
compared to the numerical ones in order to give an
experimental proof of the effectiveness of the stack-
ing sequence selected by the optimisation process as
well as that of the MS2L optimisation strategy itself.

All the above steps require the elastic properties of
the constitutive lamina, so they have been preceded by
a characterisation tests campaign.

Problem description

The optimisation strategy presented in this study is
applied to a simple composite structure, whose geom-
etry and size are illustrated in Figure 2. The specimen
illustrated in Figures 2 and 3 is a rectangular multilayer
composite plate with two resin blocks at its ends that
facilitate the loading in compression.

The blocks are made of epoxy resin Araldite�

LY5052/Aradur�5052, while the multilayer plate is
made of the carbon/epoxy pre-preg HexPly� M21/
34%/UD194/IMA-12K by Hexcel�. The elastic proper-
ties of both materials are reported in Tables 1 and 2,
respectively.

The material considered in this work is a pre-preg
commonly used for aeronautical applications which
is composed of unidirectional intermediate-modulus
carbon-fibres (IMA-12k) and epoxy-matrix (M21,
34% in weight) supplied in 300mm wide rolls.

It is noteworthy that the elastic properties of the
constitutive lamina, listed in Table 2, have been
determined as a result of an experimental characterisa-
tion tests campaign, conducted at I2M laboratory

Figure 1. Numerical–experimental workflow.
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in Bordeaux. Tests have been performed on thin lami-
nated strips (having a length of 250mm and a width
of 20mm) with 0�½ �8, 90�½ �8 and �45�ð Þ2

� �
S

stacking
sequences. The tests on ð�45�Þ2

� �
S
specimens respect

the ASTM D3518, D3518M-94(07) standard.39

Furthermore, the compressive Young’s modulus along
x1-axis, E

c
1, listed in Table 2 has been taken directly

from the manufacturer data-sheet: this quantity will
be used to define the behaviour of the constitutive
lamina into the FE model of the composite plate in
order to carry out the calculation of the first buckling
load as detailed in the FE model of the multilayer plate.

More details on the whole campaign of characterisation
tests can be found in Izzi.40

The fundamental hypotheses about the macroscopic
mechanical response of the structure focus essentially
on the laminate behaviour:

. the material of the constitutive layer has a linear
elastic transverse isotropic behaviour;

. the laminate is quasi-homogeneous and fully
orthotropic30,28,36,37;

. at the macroscopic scale the elastic response of the
laminate is described in the framework of the first-
order shear deformation theory (FSDT) and the
stiffness matrices of the plate are expressed in
terms of the laminate polar parameters21,29;

. no delamination occurs neither at the interfaces
between the plies nor at the interfaces between the
plate and the resin blocks (perfect bonding
condition).

Finally, it must be noticed that no simplifying
hypotheses are made during the optimisation process
on the stacking sequence of the multilayer plate, neither
in terms of plies orientation angles nor in terms of the
nature of the stack. Only avoiding the utilisation of a
priori assumptions that extremely shrink the solution
space (e.g. the utilisation of symmetric, balanced stacks
to attain membrane/bending uncoupling and mem-
brane orthotropy, respectively) one can hope to
obtain the true global optimum for a given problem:
this is a key-point in the proposed approach.

Description of the multi-scale two-level optimisation
strategy

The main goal of the MS2L optimisation strategy is the
least-weight design of the multilayer plate subject to
constraints of different nature, i.e. mechanical, geomet-
rical as well as feasibility constraints. The optimisation
procedure is articulated into the following two distinct
(but related) optimisation problems.

First-level problem. The aim of this phase (which focuses
on the laminate macroscopic scale) is the determination
of the optimum value of both mechanical and geomet-
ric parameters of the laminate in order to minimise its
weight and to satisfy, simultaneously, the full set of
imposed requirements (formulated as optimisation con-
straints). At this level, the multilayer plate is modelled
as an equivalent homogeneous anisotropic plate whose
behaviour is described in terms of the laminate polar
parameters.21,29 Therefore, the design variables of this
phase are both the geometric and the polar parameters
of the laminate.

Figure 2. Geometry and overall size of the multilayer

composite plate.

L L

Figure 3. Simplified loading scheme of the multilayer compos-

ite plate.

Table 1. Material properties of the

epoxy resin Araldite� LY5052-

Aradur� 5052 when considering a

curing cycle of 2 h at 60�C plus 6 h at

80�C.

Technical constants Value

E (MPa) 3103.0

M 0.35
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Second-level problem. The second level of the strategy
focuses on the laminate mesoscopic scale and aims to
determine a suitable lay-up meeting the optimum com-
bination of polar and geometric parameters of the
laminate provided by the first-level problem. The goal
is, hence, to find at least one stacking sequence which
has to be quasi-homogeneous, fully orthotropic
and that has to satisfy the optimum values of the
polar parameters resulting from the first step. At this
level of the strategy, the design variables are the layer
orientations.

Mathematical formulation of the first-level
problem

The macroscopic features of the composite have to be
optimised during this phase. In particular, the mass
minimisation of the laminate is here performed by sat-
isfying, simultaneously, the set of optimisation con-
straints listed below:

1. a constraint on the first buckling load of the lamin-
ate (the laminate is subjected to a uni-axial compres-
sive load);

2. a constraint on the membrane stiffness along the (in-
plane) axis orthogonal to the applied load direction;

3. a feasibility constraint on the laminate polar
parameters.

These aspects are detailed in the following
subsections.

The design variables

The design variables for the problem at hand are of two
types: geometrical and mechanical.

The only geometrical variable characterising the
laminate at the macroscopic scale is its overall thickness

t. Of course, t is considered as a discrete optimisation
variable having a step equal to the thickness of the
elementary layer, i.e. �t ¼ tply.

As far as the mechanical design variables are con-
cerned, the macroscopic mechanical response of the
laminate is described in the mathematical framework
of the FSDT.41 In this background, the constitutive
law of the laminate (expressed within its global frame
R ¼ 0;x, y, z

� �
) can be stated as

fNg

fMg

� �
¼

A½ � B½ �

B½ � D½ �

� 	
f"0g

f�0g

� �
ð1Þ

Ff g ¼ H½ � �0
� �

ð2Þ

where A½ �, B½ � and D½ � are the membrane, membrane/
bending coupling and bending stiffness matrices of the
laminate, while H½ � is the out-of-plane shear stiffness
matrix. Nf g, Mf g and Ff g are the vectors of membrane
forces, bending moments and shear forces per unit
length, respectively, whilst "0f g, �0f g and �0

� �
are the

vectors of in-plane strains, curvatures and out-of-plane
shear strains of the laminate middle plane, respectively.41

In order to analyse the elastic response of the multi-
layer structure, the best practice consists in introducing
the laminate normalised stiffness matrices

½A�� ¼
1

t
½A�,

B�½ � ¼
2

t2
B½ �,

D�½ � ¼
12

t3
D½ �,

H�½ � ¼
1
t H½ � ðbasicÞ,
12
5t H½ � ðmodifiedÞ

(
ð3Þ

Table 2. Material properties of the carbon/epoxy pre-preg HexPly� M21/34%/ UD194/IMA-12K by Hexcel�.

Technical constants Polar parametersa of Q½ �b Polar parameters of ½Q̂�c

E1 (MPa) 171,500.0 T0 (MPa) 21,687.9918 T (MPa) 4606.1923

Ec
1 (MPa) 146,000.0 T1 (MPa) 20,160.7437 R (MPa) 1275.8077

E2 (MPa) 8659.0 R0 (MPa) 15,805.9918 � (deg) 90.0

G12 (MPa) 5882.0 R1 (MPa) 17,275.5135

m12 0.3245 �0 (deg) 0.0

m23 0.3 �1 (deg) 0.0

Density and thickness

q (kg/mm3) 1:58� 10�6

tply (mm) 0.1831

aThe polar parameters of Q½ � have been evaluated using Ec
1 instead of E1.

bIn-plane reduced stiffness matrix of the ply.
cOut-of-plane shear stiffness matrix of the ply.
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As discussed in the literature,21,29 in the framework
of the polar formalism it is possible to express the
Cartesian components of these matrices in terms of
their elastic invariants. It can be proven that, in the
FSDT framework, for a fully orthotropic, quasi-homo-
geneous laminate (i.e. a laminate having the same
orthotropic behaviour in terms of normalised mem-
brane and bending stiffness matrices and whose mem-
brane/bending coupling stiffness matrix is null) the
overall number of independent mechanical design vari-
ables describing its mechanical response reduces to only
three: the anisotropic polar parameters RA�

0K and RA�

1

and the polar angle �A�

1 (this last representing the
orientation of the main orthotropy axis) of matrix
A�½ �. For more details on the polar formalism and its
application in the context of the FSDT, the reader is
addressed to the literature.21,29,42

In addition, in the formulation of the optimisation
problem for the first level of the strategy, the feasibility
constraints on the polar parameters (which arise from
the combination of the layers orientations and positions
within the stack) must also be considered. These
constraints ensure that the optimum values of the
polar parameters resulting from the first-level problem
describe a feasible laminate that will be designed during
the second step of the MS2L strategy, see Vannucci.43

Since the laminate is quasi-homogeneous, such con-
straints can be written only for matrix A�½ �

�R0 � RA�

0K � R0,

0 � RA�

1 � R1,

2
RA�

1

R1


 �2

� 1�
RA�

0K

R0
� 0

8>>><
>>>:

ð4Þ

In equation (4), R0 and R1 are the anisotropic moduli of
the ply-reduced stiffness matrix.21

It is noteworthy that, for the problem at hand, the main
orthotropy direction of the laminate can be set equal to
zero, i.e. �A�

1 ¼ 0: this means that the main orthotropy
axis is aligned with the direction of the applied load. In
this way �A�

1 is no longer a design variable.
For optimisation purposes it is useful to introduce

dimensionless design variables. The dimensionless quan-
tity related to the laminate overall thickness is, of course,
the plies number n, while the dimensionless laminate
polar parameters can be obtained by considering the
ratio between the polar parameters of matrix A�½ � and
the lamina counterparts. Therefore, the dimensionless
laminate design variables can be defined as follows

n ¼
t

tply
, �0 ¼

RA�

0K

R0
, �1 ¼

RA�

1

R1
ð5Þ

In this background, equation (4) becomes

�1 � �0 � 1,

0 � �1 � 1,

2 �1ð Þ
2
� 1� �0 � 0

8><
>: ð6Þ

Therefore, the dimensionless design variables defined
above can be grouped into the vector of design variables

nT ¼ n, �0, �1f g ð7Þ

First and second constraints of equation (6) can be
taken into account as admissible intervals for the rele-
vant optimisation variables, i.e. on q0 and q1. Thus, the
resulting feasibility constraint on the laminate dimen-
sionless polar parameters becomes

g1ðnÞ ¼ 2 �1ð Þ
2
� 1� �0 � 0 ð8Þ

For a wide discussion upon the laminate feasibility
and geometrical bounds as well as on the importance of
the quasi-homogeneity assumption, the reader is
addressed to Vannucci.43

Finally, it must be noted that the laminate dimen-
sionless polar parameters have to satisfy a further
mechanical constraint related to the requirement on
the membrane stiffness along the y-axis of the laminate
global frame. This constraint can be states as

g2ðnÞ ¼ 1�
Ayy nð Þ

A
ðrefÞ
yy

� 0 ð9Þ

where Ayy is the component of the membrane stiff-
ness matrix along y-axis, while AðrefÞyy is its reference
counterpart, i.e. the same quantity evaluated on the
reference configuration of the laminate which is
described in the Experimental apparatus for buckling
analysis section.

Mathematical statement of the problem

As previously stated, the aim of the first-level optimisa-
tion is the minimisation of the laminate mass by sat-
isfying, simultaneously, constraints of different nature.

In this context, the optimisation problem can be for-
mulated as a classical constrained non-linear program-
ming problem (CNLPP)

min
n

M nð Þ

MðrefÞ

subject to:
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1�
�L nð Þ

�ðrefÞL

� 0,

giðnÞ � 0, with i¼ 1, 2

8<
: ð10Þ

The design space of the first-level problem, together
with the type of each design variable, is detailed in
Table 3. In equation (10) M is the laminate mass, kL
is the first buckling load of the structure (calculated by
means of an eigenvalue buckling analysis, see the FE
model of the multilayer plate section), while MðrefÞ and
�ðrefÞL are the counterparts for a reference solution (see
Experimental apparatus for buckling analysis section)
which is subject to the same BCs as those applied to
the multilayer plate that will be optimised.

Numerical strategy

Problem (10) is a non-convex CNLPP in terms of both
geometrical and mechanical variables. Its non-linearity
and non-convexity is due on the nature of the buckling
load constraint that is a non-convex function. In add-
ition, the complexity of such a problem is also due to
the non-linear feasibility constraints on the laminate
polar parameters.

The total number of design variables at the laminate
macroscopic scale is three. The number of optimisation
constraints is three too (see equation (10)).
Furthermore, design variables have different nature
(see Table 3): integer (n) and continuous (q0 and q1)
variables are involved in the definition of this CNLPP.

For the resolution of problem (10) the GA
ERASMUS (EvolutionaRy Algorithm for optimiSation
of ModUlar Systems)32,44 coupled with the FE model
of the laminate (for calculating the first buckling load
of the structure) has been utilised as optimisation tool
for the solution search, see Figure 4. The GA
ERASMUS was already successfully applied to solve
different kinds of real-world engineering problems, see
for example.28,34–37,45,46

As shown in Figure 4, for each individual at each
generation, the numerical tool performs a FE analysis
to calculate the first buckling load (eigenvalue problem)
of the multilayer plate as well as its weight. The input
data of the FE model of the composite structure (imple-
mented in ANSYS� environment) are both geometrical

and mechanical design variables (generated by
ERASMUS). The GA elaborates the results provided
by the FE model in order to execute the genetic oper-
ations. These operations are repeated until the GA
meets the user-defined convergence criterion.

The generic individual of the GA ERASMUS repre-
sents a potential solution for the problem at hand. The
genotype of the individual for problem (10) is charac-
terised by only one chromosome composed of three
genes, each one coding a component of the vector of
design variables, see equation (7).

Mathematical formulation of the
second-level problem

The second-level problem focuses on the laminate
lay-up design. The goal is to determine at least one
stacking sequence satisfying the optimum values of
both geometric and polar parameters resulting from
the first level of the strategy and having the elastic

Figure 4. Logical flow of the numerical procedure for the

solution search of the first-level problem.

Table 3. Design space of the first-level problem.

Design variable Type Lower bound Upper bound Discretisation step

n integer 16 32 1

q0 Continuous �1.0 1.0 –

q1 Continuous 0 1.0 –
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symmetries imposed to the laminate within the formu-
lation of the first-level problem, i.e. quasi-homogeneity
and orthotropy. In the framework of the FSDT (and
when considering the polar formalism for representing
the laminate stiffness matrices), this problem can be
stated in the form of an unconstrained minimisation
problem21,29

min
d

I fi dð Þð Þ ð11Þ

with

I fi dð Þð Þ ¼
X
i¼1

6

fi dð Þ ð12Þ

where d 2 R
n is the vector of the layer orientations, i.e.

the design variables of this phase, while fi dð Þ are quad-
ratic functions in the space of polar parameters, each
one representing a requirement to be satisfied, such as
orthotropy, uncoupling, etc. For the problem at hand
the partial objective functions can be written as

f1ðdÞ ¼
j�A�

0 ðdÞ ��A�

1 ðdÞj

�=4
� KA�ðoptÞ


 �2

,

f2ðdÞ ¼
RA�

0 ðdÞ � R
A�ðoptÞ
0

R0

 !2

,

f3ðdÞ ¼
RA�

1 ðdÞ � R
A�ðoptÞ
1

R1

 !2

,

f4ðdÞ ¼
j�A�

1 ðdÞ ��
A�ðoptÞ
1 j

�=4

 !2

, f5ðdÞ ¼
jjCðdÞjj

jjQjj


 �2

,

f6ðdÞ ¼
jjB�ðdÞjj

jjQjj


 �2

ð13Þ

where f1 dð Þ represents the elastic requirement on the
orthotropy of the laminate having the prescribed
shape (imposed by the value of KA� provided by the
first step of the procedure), f2 dð Þ, f3 dð Þ and f4 dð Þ are
the requirements related to the prescribed values of
the optimal polar parameters resulting from the first-
level problem, while f5 dð Þ and f6 dð Þ are linked to the
quasi-homogeneity condition.

I fi dð Þð Þ is a positive, semi-definite, convex function
in the space of the laminate polar parameters, see equa-
tions (12) and (13). Nevertheless, such a function is
highly non-convex in the space of laminae orientations
because the laminate polar parameters depend upon
circular functions of these angles. Moreover, the
absolute minima of I fi dð Þð Þ are known a priori since
they are the zeroes of this function. For more details

about the nature of the second-level problem, see the
literature.21,29

In order to simplify the problem of retrieving an opti-
mum stack, the search space for problem (11) has been
restricted to a particular class of quasi-homogeneous
laminates: the quasi-trivial (QT) stacking sequences
which constitute exact solutions with respect to the
requirements of quasi-homogeneity, i.e. functions f5 dð Þ

and f6 dð Þ in equation (13) are identically null for
QT stacks.

QT solutions can be found for laminates with identi-
cal plies by acting only on the position of the
layers within the stack. Indeed, QT stacks are exact solu-
tions, in terms of quasi-homogeneity condition, regard-
less of the value of the orientation angle assigned to each
layer. In this way, orientations represent free parameters
which can be optimised to fulfil further elastic require-
ments, i.e. functions f1 dð Þ, f2 dð Þ, f3 dð Þ and f4 dð Þ.

The procedure for searching QT stacks is conceptu-
ally simple. Let n be the number of layers and ng � n
the number of saturated groups.47 Plies belonging to a
given saturated group share the same orientation angle
�j ð j ¼ 1, . . . , ngÞ. The idea is to look for all the permu-
tations of the position of the plies indexes belonging to
each group which meet the quasi-homogeneity condi-
tion. More details on this topic can be found in
Vannucci and Verchery.47

Suppose now to fix both the number of plies and of
saturated groups, namely n and ng. As discussed in
Vannucci and Verchery,47 the problem of determining
QT stacks for a given couple of n and ng can give rise to
a huge number of solutions: the number of QT stacks
rapidly increases along with n. To this purpose a data-
base of QT stacks has been built for different combin-
ations of n and ng.

For the problem at hand, the optimum number of
plies n constitutes a result of the first-level problem,
while the number of saturated groups ng has been
fixed a priori. Let nsol be the number of QT stacks for
a particular combination of n and ng. Each solution
collected within the database is uniquely defined by
means of an identifier IDsol (i.e. an integer) which
varies in the range 1, nsol½ �. Therefore, IDsol represents
a further design variable along with the ng orientation
angles of different saturated groups, i.e. h 2 R

ng . The
design variables can be thus collected into the following
vector

gT ¼ IDsol, �1, . . . , �ng
� �

ð14Þ

and problem (11) can be reformulated as

min
g

X
i¼1

4

fi gð Þ ð15Þ
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f5 gð Þ and f6 gð Þ being identically null.
In this background, the solution search for problem

(15) is performed by means of the GA ERASMUS.
In the case of QT stacks the structure of the individual
genotype is simple because it is composed of a single
chromosome with ng þ 1 genes: the first one codes
the variable IDsol, whilst the remaining genes code the
orientation angles of every saturated group which are
discrete variables in the range [�89�, 90�] with a step
length equal to 1�.

FE model of the multilayer plate

The FE model of the multilayer plate involved in the
first level of the MS2L strategy is built using the FE
commercial code ANSYS�. As far as the optimisation
process is concerned, a linear eigenvalue buckling ana-
lysis is conducted to determine the value of the first
buckling load for each individual, i.e. for each point
in the design space, at the current generation.

The need to analyse, within the same generation,
different geometrical configurations (laminates with
different geometrical and mechanical properties), each
one corresponding to an individual, requires the cre-
ation of an ad hoc input file for the FE code that
has to be interfaced with ERASMUS. The FE model
must be conceived to account for variable geometry,
material and mesh. Indeed, for each individual at the
current generation, the FE code has to be able to vary
such quantities; thus, a proper parametrisation of the
model has to be done.

The FE model of the laminate is illustrated in
Figure 5. The model has been built by using a combin-
ation of four-node shell elements with six degrees of
freedom (DOFs) per node (ANSYS SHELL181 elem-
ents), eight-node solid elements with three DOFs per
node (ANSYS SOLID185 elements) and non-linear
multi-point constraint elements (ANSYS MPC184
elements).

SHELL281 elements have been used to model the
multilayer composite plate at the macroscopic scale,
regardless to the stacking sequence, i.e. their mechanical
behaviour is described by defining directly the homoge-
nised stiffness matrices A�½ �, B�½ �, D�½ � and H�½ � (by
using a pre-integrated definition of the shell section).

SOLID185 elements have been considered to model
resin blocks (full integration with incompatible modes
has been set), while the compatibility of the displace-
ment field at the interface between the plate and the
resin blocks is achieved through ANSYS MPC184
elements whose formulation is based upon a classical
multi-point constraint element scheme.48 MPC184
elements are defined between each couple of nodes
belonging to contiguous shell and solid elements, as
depicted in Figure 5. In particular, MPC184 elements
are defined between nodes of the middle plane of the
multilayer plate (master nodes) and those belonging to
the internal faces of the resin blocks (slave nodes).

Furthermore, MPC184 elements have been used
to simulate the BCs imposed by the experimental
apparatus (see the Experimental apparatus for buckling
analysis section). In particular, two pilot nodes,

Figure 5. FE model of the multilayer composite plate and the details of MPC184 elements.
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A¼ 0, 0, 0f g and B¼ L, 0, 0f g, have been defined accord-
ing to the structure global frame illustrated in Figure 2
(L¼ 360mm is the overall length of the structure along
x-axis). Then, nodes A and B have been connected
(through MPC184 elements) to those located on the
resin block end faces, i.e. faces located at x¼ 0 and
x¼L, respectively (see Figure 5). The BCs for nodes
A and B are

node A : ui ¼ 0, �i ¼ 0;

node B : Fx ¼ �1N, uy ¼ uz ¼ 0, �i ¼ 0,

ði ¼ x, y, zÞ

ð16Þ

In equation (16), ui and bi are nodal displacements
and rotations, respectively, whilst Fx is the x compo-
nent of the nodal force.

Concerning the comparison between numerical and
experimental results, a non-linear buckling analysis has
been performed on the FE model of the structure both
on the reference structure (to validate the FE model
itself) and on the optimum configurations (for verifica-
tion purposes). Let kL be the value of the first buckling
load resulting from the eigenvalue analysis and
uL x, y, zð Þ the corresponding eigenvector (i.e. the nor-
malised displacement field of the structure). In order to
carry out the non-linear buckling load analysis, the ini-
tial geometry of the multilayer plate is perturbed by
introducing a fictitious geometrical imperfection.
As usually done in these cases,48 the geometrical imper-
fection is simulated through a small perturbation of the
nodes location by applying a scaling factor (equal to
0.1, resulting in a deformation of the same magnitude
of the geometrical defects measured on the specimens)
to the previous displacement field uL x, y, zð Þ. Only the
Cartesian coordinates of the nodes are perturbed with-
out introducing any additional stress/strain field.
Subsequently, a non-linear static analysis is performed
by applying to the pilot node B a compressive force

Fx ¼ 1:1�L and by stopping the analysis when that
same pilot node has reached a displacement
ux ¼ �0:8 mm (i.e. approximately the same displace-
ment measured during the experimental test on the ref-
erence specimen, see the Experimental apparatus for
buckling analysis section). The non-linear buckling
load kNL is then computed as the last value of the reac-
tion force along x-axis measured at the pilot node A.
The arc-length method48 has been chosen as a numer-
ical technique to find the solution for the non-linear
equilibrium problem.

Finally, before starting the optimisation process, a
sensitivity study (not reported here for the sake of brev-
ity) on the proposed FE model with respect to the mesh
seed parameters n	x, n

	
y , n

	
z (	 ¼ b, p, depending on the

region), illustrated in Figure 6, has been conducted. It
was observed that a mesh having nbx ¼ nby ¼ nbz ¼ 3,
npx ¼ 30, npy ¼ 16 and npz ¼ 1 is sufficient to properly
evaluate the first buckling load (both linear and non-
linear) of the structure.

Experimental apparatus for buckling
analysis

A schematic representation of the specimen geometry
and loading condition is given in Figures 2 and 3.
The specimen reference system is shown in Figure 2:
the positive z-direction points from the plate surface
which is in contact to the mould (during the curing
cycle) towards the other one. The edges of the plate
that are in touch with the testing machine are embedded
into two resin blocks. On the one hand, these resin
blocks allow for an easy placement and load application
during the tests. On the other hand, they avoid the intro-
duction of high local stresses on the plate edges which
can lead to a premature failure of the specimen.

Two specimens are tested: one for the reference con-
figuration and one among the different optimum solu-
tions provided by the MS2L optimisation method (see

Figure 6. Mesh seed parameters for the FE model of the multilayer composite plate.
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the Optimum solutions: Numerical and experimental
results section). Each sample is obtained from a
420� 300mm panel fabricated by computer numerical
controlled (CNC) cutting and manual lay-up of the
used pre-preg composite material and then cured fol-
lowing the guidelines given by the manufacturer.
A rectangular plate has been obtained from the central
part of each panel by means of a horizontal mill
equipped with a circular diamond blade, then the two
long edges of the plates have been lightly ground to
improve their parallelism. To embed the plates into
the resin blocks, some simple custom tools have been
fabricated. The blocks are formed into a semi-rigid sili-
con mould obtained from an aluminium CNC
machined mould. The frame shown in Figure 7 has
been created to keep in place the plate and the mould
during the resin polymerisation process ensuring, in this
way, a good and stable alignment. The so obtained
specimens had some defects on their bottom and top
surfaces: air bubbles coming from the polymerisation
process as well as non-acceptable flatness and parallel-
ism levels. Accordingly, by using one of the long edges
of the plate as reference, the two block surfaces and the
embedded ends of the plate have been milled.

Before performing the buckling tests, each specimen
has undergone a series of measurements to evaluate its
geometrical defects.

The frame illustrated in Figure 7 has a double func-
tion: it acts as a positioning tool for the specimen as
well as a support for the measuring sensors during each
test. During the test, various data have been collected
(Figures 8 and 9 show the typical testing set-up):

. longitudinal displacement (ux) and rotations
(by and bz) of the moving surface of the testing
machine via three linear variable displacement trans-
ducer sensors;

. out-of-plane displacement of the middle part of the
longitudinal axis of the plate via a laser sensor;

. strain data via strain gages;

. the applied load via a load cell.

The specimens have been tested in an MTS�

Alliance RF/100 high-performance electromechanical
load frame equipped with flat fixed (non-rotating) sur-
face heads. The data have been recorded using three
PC-driven data acquisition systems and then combined
via time-based synchronisation.

All tests have been performed at a fixed cross-head
displacement rate of 0.2mm/min and stopped when
reaching the given strain of "max ¼ 0:25% on one of
the two back-to-back strain gages positioned at the
center of the plate.

The reference configuration: Numerical versus
experimental results

Before starting the multi-scale optimisation process, a
reference configuration must be defined in order to
establish reference values for the mass as well as for
the first buckling load and the membrane stiffness
along y-axis. Of course, the reference multilayer plate
has the same geometry (in plane overall size) and it is
subject to the same set of BCs, as those applied on the
specimen that will be optimised. As a reference solu-
tion, a symmetric quasi-isotropic laminate composed of
32 layers has been chosen. The plies are arranged
according to the following stack: 45�, 0�, � 45�,ð½

90�ÞS�4, i.e. the laminate is uncoupled and the mem-
brane stiffness matrix is isotropic, but the bending
one is totally anisotropic. This reference solution
corresponds to a classical configuration utilised in
the aeronautical field: its mass and its overall stiffness
(both bending and membrane) still represent a
‘good’ compromise between lightness and stiffness
requirements.

For the purposes of this work, among the different
data recorded during the tests, only the applied load
versus longitudinal displacement has been considered.
For the reference solution, this curve is illustrated in
Figure 10, where also its numerical counterpart (the
buckling load resulting from both linear eigenvalue
and non-linear buckling analyses) provided by the FE
model is plot for comparison purposes.

A summary of the results on the reference solution is
given in Table 4.

The numerical value of the buckling load (kNL from
the non-linear simulation) shows a difference of �0.1%
compared to the experimental one, confirming in this
way the excellent agreement between numerical and
experimental results.

As far as the membrane stiffness along y-axis is con-
cerned, these data have not been experimentally mea-
sured, but they are derived analytically according to the
FSDT formulae.Figure 7. Curing assembly.
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Optimum solutions: Numerical and
experimental results

The genetic parameters tuning the behaviour of the GA
used to perform the solution search, for both first and
second-level problems, are listed in Table 5. Moreover,
concerning the constraint-handling technique for the first-
level problem, the automatic dynamic penalisation (ADP)
method has been considered, see Montemurro et al.44 For
more details on the optimisation tool and the meaning of
the values of the different parameters tuning the GA, the
reader is addressed to Montemurro.31

For the first-level problem, the overall optimisation
process has required approximately seven days (6 s for
each eigenvalue buckling analysis) using two cores of a
machine with an Intel Xeon E5-2697v2 processor (2.70–
3.50GHz). The computational effort related to the
second-level problem requires only few seconds on the
same machine.

The optimum values of both geometric and mechan-
ical design variables (dimensionless variables) resulting
from the first level of the optimisation strategy are
listed in Table 6. Since problem (10) is non-convex,

Figure 9. Testing set-up 2.

Figure 8. Testing set-up 1.
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many optimal solutions exist: only the first three best
configurations have been reported in Table 6. These
solutions exhibit the ‘best’ compromise between light-
ness and the requirements on buckling and membrane
stiffness. It is noteworthy that each optimum solution is
composed of 29 plies, which means a weight saving of
9.4% when compared to the reference configuration
of the multilayer plate. At the macroscopic scale, each
one of the three laminates reported in Table 6 is quasi-
homogeneous and fully orthotropic (both membrane
and bending stiffness matrices) with an ordinary ortho-
tropy shape (parameter KA� ¼ 0 because the dimension-
less anisotropic polar modulus q0 is positive, see
Montemurro21). For each solution, the dimensionless
polar parameter q1 is about an order of magnitude
lower than q0: this means that the laminate tends to
exhibit a square symmetric behaviour (for both mem-
brane and bending stiffness matrices). For a deeper
insight on these aspects, the interested reader is
addressed to the literature21,29

As stated in the Mathematical formulation of the
second-level problem section, the second-level problem

is solved in the space of QT stacks. After fixing the
number of plies n and the number of saturated
groups ng, the design variables are the identifier of the
QT solution as well as the orientation angle of each

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

x-displacement ux
  [mm]

-5

-4

-3

-2

-1

0

Lo
ad

 [N
]

104

REF - Experimental results

REF - FE eigenvalue buckling load

REF - FE non-linear analysis results

Figure 10. Experimental and numerical results comparison, reference solution.

Table 5. GA parameters used for the solution search of both

first-level and second-level problems.

Property First-level pb. Second-level pb.

N. of populations 2 2

N. of individuals per

population (Nind)

200 500

N. of chromosomes 1 1

N. of genes 3 3

Stop criterion Fixed

generations

(250)

Fixed

generations

(500)

Crossover probability 0.85 0.85

Mutation probability 0.005(¼ 1=Nind) 0.002(¼ 1=Nind)

Selection operator Roulette wheel Roulette wheel

Elitism operator Active Active

Isolation time 10 20

Table 4. Numerical and experimental mechanical properties of

the reference solution.

Property Reference solution

nply 32

Ayy (N/mm) 363,326

�ðexpÞ (N) 48,760

kL (N) 48,924

kNL (N) 48,712

Table 6. Optimum solutions of the first-level problem.

ID
Design variables

n q0 q1

1.01 29 0.9863 0.0978

1.02 29 0.9941 0.0821

1.03 29 0.9589 0.0929
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saturated group, see equation (14). Because problem
(15) is highly non-convex in the space of the orientation
angles of saturated groups, it is possible to find multiple
solutions (theoretically an infinite number) meeting the
optimum value of the laminate polar parameters pro-
vided by the first-level problem. A non-exhaustive list
of them, in the case of ng¼ 5, is presented in Table 7
and the respective mechanical properties (in terms of
membrane stiffness along y-axis and buckling load
resulting from the non-linear analysis) can be found
in Table 8.

It is noteworthy that all these solutions are non-stan-
dard stacks. Although such sequences are neither sym-
metric nor balanced, they are fully orthotropic (both in
membrane and bending), uncoupled and they exhibit
the same elastic behaviour (in terms of normalised
membrane and bending stiffness). These peculiar fea-
tures are the natural result of the utilisation of very
general QT stacks. Furthermore, these optimum solu-
tions really represent equivalent configurations: they
share the same number of plies and they show light
differences in terms of mechanical performances.
As reported in Table 8, these differences range
from þ1:7% to þ3:9% for the buckling load and
from þ2:2% to þ3:3% for Ayy. Therefore, each opti-
mum configuration is simultaneously lighter and stiffer
than the reference one and this result has been achieved
only by abandoning the usual engineering rules related
to the nature of the stacking sequence.

Among the solutions listed in Table 7, the stacking
sequence identified by the ID 2.01 has been selected to
be manufactured and tested. The load–displacement

curve for this optimum solution (both experimental
and numerical results) is given in Figure 11.

The polar diagram of stack 2.01 is shown in Figure 12:
only the first component of the normalised stiffness
matrices of the laminate, i.e. A�, B� and D� is repre-
sented. The solid line refers to the membrane stiffness
matrix, the dashed one to the bending stiffness matrix,

Table 7. Numerical results of the second-level problem (optimum stacking sequences).

ID Parent Stacking sequence

2.01 1.01 [89/0/90/90/2/90/�3/�3/2/0/�3/2/0/0/90/90/89/90/89/�3/2/90/89/90/0/0/90/2/�3]

2.02 1.01 [�87/88/1/�2/�2/0/0/88/88/1/88/88/�2/1/0/88/�87/0/�87/�2/1/�2/�87/88/88/�2/1/88/0]

2.03 1.01 [4/�2/0/89/89/�89/�89/�89/�2/�2/�89/0/89/�2/0/0/4/�2/4/89/�89/89/4/�2/�89/89/�89/�2/0]

2.04 1.01 [�87/88/�2/1/1/88/�1/88/�2/88/�1/1/�1/1/�2/88/�87/1/�87/88/88/�2/�87/1/88/�2/88/1/�1]

2.05 1.01 [�89/�2/�1/90/90/�2/6/90/�1/90/6/�2/6/90/�1/�2/�89/90/�89/�2/�2/�1/�89/90/90/�1/90/�2/6]

2.06 1.01 [�89/90/1/90/�4/4/�4/1/4/4/1/90/�89/�89/90/�4/90/1/�4/90/90/�89/4/1/�89/1/4/�4/90]

2.07 1.01 [�89/90/3/0/0/�2/�2/90/90/3/90/90/0/3/�2/90/�89/�2/�89/0/3/0/�89/90/90/0/3/90/�2]

2.08 1.01 [90/90/0/0/0/0/0/90/90/0/90/90/0/0/0/90/90/0/90/0/0/0/90/90/90/0/0/90/0]

2.09 1.01 [�2/0/88/�88/0/1/88/�88/1/1/88/1/�88/�88/88/88/�2/0/�2/0/0/�88/�2/0/1/88/88/1/�88]

2.10 1.02 [�87/89/�9/3/89/3/6/6/�9/89/6/89/3/89/�9/89/�87/3/�87/6/3/�9/�87/89/89/�9/89/3/6]

2.11 1.02 [8/�7/88/88/3/�87/�87/�7/3/�7/88/3/88/�7/�87/88/8/�87/8/�7/3/88/8/88/�7/�7/88/3/�87]

2.12 1.01 [�83/87/7/�3/87/�3/�3/�3/7/87/�3/87/�3/87/7/87/�83/�3/�83/�3/�3/7/�83/87/87/7/87/�3/�3]

2.13 1.03 [�87/�2/88/88/8/88/�7/�7/8/�2/�7/8/�2/�2/88/88/�87/88/�87/�7/8/88/�87/88/�2/�2/88/8/�7]

2.14 1.03 [8/88/�87/�7/�7/88/3/3/�87/88/3/�7/88/�7/�87/88/8/�7/8/3/88/�87/8/�7/88/�87/88/�7/3]

2.15 1.01 [�87/88/3/�2/88/�2/�2/88/�2/3/88/�2/�2/3/�2/88/�87/�2/��87/88/3/88/�87/�2/88/88/3/�2/�2]

Table 8. Mechanical properties of the optimum stacking

sequences in terms of buckling load and membrane stiffness along

y-axis.

ID kNL (N) Ayy (N/mm)

2.01 50,486 ðþ3:5%Þ 375,219 ðþ3:3%Þ

2.02 50,551 ðþ3:7%Þ 374,193 ðþ3:0%Þ

2.03 50,662 ðþ3:9%Þ 375,105 ðþ3:2%Þ

2.04 50,581 ðþ3:7%Þ 374,194 ðþ3:0%Þ

2.05 50,408 ðþ3:4%Þ 375,303 ðþ3:3%Þ

2.06 50,202 ðþ3:0%Þ 375,275 ðþ3:3%Þ

2.07 50,494 ðþ3:6%Þ 375,219 ðþ3:3%Þ

2.08 50,600 ðþ3:8%Þ 375,235 ðþ3:3%Þ

2.09 50,569 ðþ3:7%Þ 374,482 ðþ3:1%Þ

2.10 49,598 ðþ1:7%Þ 375,072 ðþ3:2%Þ

2.11 49,638 ðþ1:8%Þ 374,591 ðþ3:1%Þ

2.12 50,072 ðþ2:7%Þ 371,435 ðþ2:2%Þ

2.13 49,666 ðþ1:9%Þ 374,627 ðþ3:1%Þ

2.14 49,694 ðþ1:9%Þ 374,591 ðþ3:1%Þ

2.15 50,488 ðþ3:5%Þ 374,233 ðþ3:0%Þ

Note: For each property the percentage difference between the optimum

configuration and the reference one is indicated in parentheses.
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while the dash-dotted one is linked to the membrane/
bending coupling stiffness matrix. It can be noticed that
the laminate is uncoupled as the dash-dotted curve dis-
appears, homogeneous as the solid and dashed curves are
coincident and orthotropic because there are two orthog-
onal axes of symmetry in the plane. In addition, for both
laminates the main orthotropy axis is oriented at
�A�

1 ¼ 0� according to the hypothesis of the first-level
problem. Of course, the same considerations can be
repeated also for the rest of the optimum solutions.

A summary of the results characterising the stack
2.01 is given in Table 9.

Also for this case, experimental and numerical
results are in excellent agreement with a percentage

difference of �1.4% (non-linear numerical buckling
load over the experimental one), thus giving an experi-
mental proof of the effectiveness of QT stacks and, by
extension, of the MS2L optimisation process.

Conclusions

The design strategy presented in this paper is a numer-
ical optimisation procedure characterised by several
features that make it an innovative, effective and gen-
eral method for the multi-scale design of composite
structures. In the present work, this strategy has been
applied to the multi-scale optimisation of a composite
multilayer plate.

The design process is not submitted to restrictions:
any parameter characterising the structure (at each
relevant scale) is an optimisation variable. This allows
searching for a true global minimum, hard to be obtained
otherwise. The multi-scale design problem has been split
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Figure 11. Experimental and numerical results comparison, optimum solution.
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Figure 12. Polar diagram of stack 2.01.

Table 9. Numerical and experimental mechanical

properties for the optimum solution 2.01.

Property Optimum solution

nply 29 ð�9:4%Þ

Ayy (N/mm) 375,219 ðþ3:3%Þ

�ðexpÞ (N) 51,189 ðþ5:0%Þ

kL (N) 50,922 ðþ4:1%Þ

kNL (N) 50,486 ðþ3:6%Þ

Note: For each property the percentage difference

between the optimum configuration and the reference

one is indicated in parentheses.
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into two distinct but linked non-linear minimisation
problems which are solved subsequently within the
same numerical procedure. The first-level problem
focuses on the macroscopic scale of the panel: the lamin-
ate is considered as an equivalent homogeneous aniso-
tropic plate and its macroscopic mechanical response is
described in terms of polar parameters. Furthermore, the
overall plate thickness is also determined at this level.
The second level of the procedure is devoted to find at
least one optimum stack meeting the elastic requirements
imposed to the laminate (quasi-homogeneity and ortho-
tropy) as well as the optimum value of the laminate
polar parameters resulting from the first step.

At the macroscopic scale, the mechanical properties
of the multilayer plate are represented by means of the
polar formalism, a mathematical representation char-
acterised by several advantages. The main features of
the polar method are the possibility to represent in an
explicit and straightforward way the elastic symmetries
of the laminate stiffness matrices, the elastic and geo-
metric bounds for the laminate polar parameters and to
eliminate from the optimisation procedure redundant
variables. In addition, the utilisation of the polar for-
malism leads the designer to easily formulate the
second-level problem by taking into account in a cor-
rect and elegant way the requirements on the elastic
symmetries of the structure, without making simplify-
ing hypotheses on the nature of the stacking sequence.

As far as the optimisation calculations are con-
cerned, they are carried out by a special GA able to
integrate both continuous and discrete-valued variables
during the same calculation and to effectively handle
the optimisation constraints by means of the very gen-
eral ADP method. For the solution of the first-level
problem, the GA has been interfaced with the FE com-
mercial code ANSYS that invokes a linear eigenvalue
buckling analysis in order to compute both the object-
ive and the constraint functions of the problem.

The utilisation of an evolutionary strategy, together
with the fact that the problem is stated in the most gen-
eral sense, allows finding some non-conventional config-
urations that are more efficient than the standard ones. In
fact, the considered example proves that, when standard
rules for tailoring laminate stacks are abandoned and all
the parameters characterising the laminate are included
within the design process, a significant weight saving can
be obtained: up to 9.4% (with respect to a reference
canonical stack) with enhanced mechanical properties in
terms of both first buckling load and membrane stiffness
along y-axis (the percentage increment range from
þ1:7% to þ3:9% and from þ2:2% to þ3:3%, respect-
ively, depending on the considered optimum solution).

In addition, experimental buckling tests have been
conducted on both reference and optimum solutions.
Experimental and numerical results are in excellent

agreement (maximum absolute percentage difference
lower than 1.4%) confirming, in this way, the high
potential of non-conventional QT solutions and, by
extension, that of the MS2L optimisation approach.
These encouraging results unquestionably prove the
effectiveness and the robustness of the MS2L optimisa-
tion approach proposed in this work and provide con-
fidence for further research in this direction.

As far as the perspectives of this work are concerned,
research is ongoing in order to develop a suitable
global/local modelling approach for composite struc-
tures to be integrated into the MS2L optimisation strat-
egy when applied to real-world engineering problems
(as the multi-scale optimisation of a wing-box struc-
ture). A proper global/local modelling is of paramount
importance when both global (e.g. mass, stiffness, etc.)
and local (failure criteria, local buckling, etc.) design
criteria must be included into the optimisation process.
These activities will be developed in the framework of
the project PARSIFAL (Prandtlplane ARchitecture for
the Sustainable Improvement of Future AirpLanes)
funded by the European Union.
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Chapter 5
Design of large-scale thin-walled

composite structures

The article A multi-scale two-level optimisation strategy integrating a global/local model-
ling approach for composite structures, reported in this chapter, has been published in
Composite Structures (Izzi et al., 2020). It deals with the preliminary design of large-
scale thin-walled CSC structures typical of the aeronautical field. The GL-MS2LOS is
presented in this article.

In this work is investigated the possibility to employ the GL modelling approach presen-
ted in Chapter 3 in the context of the design of large-scale thin-walled CSC structures. The
solution proposed for the efficient optimisation of this type of structures is to combine the
modelling advantages of the GL-MSOS to the scales separation and design variables reduc-
tion ensured by the MS2LOS. The integration takes place at the first-level of the MS2LOS.
Here, the response of the structure, described in terms of the PPs of the constitutive lam-
inates and other geometrical design variables, is assessed by analyses performed on fully-
parametric GFEM and LFEMs, whose coherency is ensured through the adoption of a
sub-modelling GL approach. The second-level of the MS2LOS remains unaltered with
respect to previous works and is not presented here: the lay-up design of the various lam-
inates composing the optimised structure is performed, without introducing common-use
simplifying rules, in this phase.

The effectiveness of the proposed design procedure is demonstrated by optimising the
same fuselage barrel introduced in Chapter 3. The least-weight design of the structure,
made of straight-fibres composite laminates, is carried out enforcing constraints on its
stiffness, its failure and buckling strength under various loading conditions, its manu-
facturability, and the elastic behaviour of its constituting laminates.The optimal CSC
configuration is compared to the optimal aluminium one presented in Chapter 3 : the
composite solution shows a remarkable weight saving of about 40% while satisfying all
considered design requirements.
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A B S T R A C T

In this work, a multi-scale optimisation strategy for the preliminary design of composite structures involving
design requirements at different scales, is presented. Such a strategy, denoted as GL-MS2LOS, has been for-
mulated by integrating a dedicated global-local (GL) modelling approach into the multi-scale two-level opti-
misation strategy (MS2LOS).

The GL-MS2LOS aims at proposing a very general formulation of the design problem, without introducing
simplifying hypotheses and by considering, as design variables, the full set of geometric and mechanical para-
meters defining the behaviour of the composite structure at each pertinent scale. By employing a GL modelling
approach, most of the limitations of well-established design strategies based on analytical or semi-empirical
models are overcome.

The effectiveness of the presented GL-MS2LOS is proven on a meaningful study case: the least-weight design
of a composite fuselage barrel of a wide-body aircraft undergoing various loading conditions and subject to
requirements of different nature. Fully parametric global and local FE models are interfaced with an in-house
metaheuristic algorithm to perform the optimisation. Refined local FE models are created only for critical re-
gions of the structure, automatically detected during the global analysis, and linked to the global one thanks to
the implementation of a sub-modelling approach. The general nature of the GL-MS2LOS allows finding an op-
timised configuration characterised by a weight saving of 40% when compared to an optimised aluminium
solution obtained through a similar GL optimisation strategy.

1. Introduction

Aircraft structural design is mainly driven by lightness-related cri-
teria subject to a set of performance-related requirements. Thanks to
their high specific stiffness and strength properties, nowadays compo-
site materials are massively used for primary aircraft components.

Composite materials can be suitably tailored to locally enhance
stiffness and strength, thus offering a significant advantage over metals.
Conversely, they introduce some specific phenomena, e.g. extension-
bending coupling, delamination, free-edge stresses, different failure
mechanisms, etc. Moreover, the design process of a composite structure
is more difficult than that characterising a metallic one because of the
high number of design variables involved at different scales.

In the aeronautical industry, decades of development of metallic
aircraft design has led to the well-established “semi-monocoque” con-
figuration as the conventional architecture for both fuselage and wing
structures. Then, this architecture has been extended to new composite-

based solutions.
Due to their nature, aircraft structures made of composite materials

present different working scales. At higher scales, the heterogeneity of
the composite material can be neglected and only the overall aniso-
tropic behaviour of the laminates is considered. Therefore, two working
scales can be identified: the “global” macroscopic scale of the whole
structure and the “local” macroscopic scale of the main components
(e.g. the stiffened panels) constituting the structure. At these scales each
composite part is modelled as an equivalent anisotropic homogeneous
continuum.

At the lower scale, i.e. the mesoscopic scale of the elementary la-
mina composing each laminate, different phenomena take place, which
are related to the local stress field and to the specificity of the manu-
facturing process and that need different modelling strategies.
Accordingly, the design of a composite structure must be formulated as
a multi-scale optimisation (MSO) problem.

The design-optimisation strategies available in the literature [1,2]
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differ (a) in the way the scale transition is handled; (b) in the models
and methods used to describe the main physical phenomena involved at
different scales; (c) in the algorithm employed to find an optimal so-
lution.

Furthermore, most of the research works are applied to simple
structures, like plates or simplified stiffened panels, that are the basic
units of full-scale structures.

The so-called “bottom-up” approach was the first one to be used for
design purposes. In this approach the plies orientation angles are di-
rectly taken as design variables, without using a dedicated multi-scale
strategy. Typical examples are the works of Adali et al. [3], Haftka and
Walsh [4], Le Riche and Hafka [5], Aymerich and Serra [6], Irisarri
et al. [7,8], Bisagni and Vescovini [9]. Most of these works deal with the
problem of the buckling load and/or post-buckling stiffness maximisa-
tion with an assigned mass [3–6,8], or the dual problem of minimisign
the mass under constraints on the buckling strength [4,7,9], being the
buckling phenomenon a main concern when dealing with the optimi-
sation of thin-walled structures. Due to the discrete nature of the design
variables and to the non-convexity of the problem, deterministic algo-
rithms cannot be used for the solution search, thus researchers have
investigated, and compared, different meta-heuristics, including Ge-
netic Algorithms (GAs), Integer Programming, Ant Colony Optimisa-
tion, Evolutionary Algorithms, searching for the most efficient choice.

In each one of the above studies, the nature of the stack is set a priori
and the orientation angles are limited to get values in a predefined set,
usually the canonical set ° ± ° °{0 , 45 , 90 } and rarely an extended set like

° ± ° ± ° … °{0 , 15 , 30 , ,90 }2 2 . This is usually done both to limit the extent of
the design space and to (improperly) enforce some desired properties of
the laminate, e.g. the use of symmetric stacking sequences, a sufficient
but not necessary condition, to obtain membrane-bending uncoupling
and the use of balanced stacks for orthotropic membrane stiffness ma-
trix. Moreover, empirical rules [10] (more or less justified) are usually
employed as further design requirements. All these aspects contribute
to strongly shrink the design domain, hence leading the numerical tool
to find only suboptimal solutions.

With the aim to reduce the number of design variables and to pro-
pose an efficient formulation of the design problem, MSO strategies for
composite structures have been developed [1]. These strategies allow
formulating and solving the optimisation problem at the macroscopic
and mesoscopic scales in two sequential steps, resulting in a “top-down”
design approach. Firstly, the structural optimisation is performed in
terms of macroscopic properties of the laminate, through a suited re-
presentation. Secondly, the laminate lay-up design is carried out by
retrieving suitable stacks corresponding to the optimum macroscopic
properties of the laminate.

The most common MSO approach makes use of the well-known
lamination parameters (LPs) coupled with the parameters of Tsai and
Pagano [11]. These parameters [12,13] unquestionably provide a
compact representation of the stiffness tensors of the laminate, al-
though they are not all tensor invariants [11]. Bloomfield et al. [14]
presented a two-step MSO strategy for symmetric laminates made of a
predefined set of ply orientations. The strategy is applied to the pro-
blem of mass minimisation of a simply supported multilayer plate under
different loading conditions. Liu et al. [15] dealt with the maximisation
of the laminate stiffness subject to a given set of optimisation con-
straints. During the first step, the optimisation problem is solved in the
LPs space wherein the feasible region has been approximated by the one
that can be obtained by considering only six different orientation an-
gles. A suitable stack is then retrieved by solving a least-square pro-
blem. In [16], Herencia et al. employed an analogous strategy for the
weight minimisation of composite panels with T-shaped stiffeners made
of symmetric laminates, whose ply angles belong to the canonical set
and submitted to strength, buckling and technological design require-
ments. Buckling constraints are computed by employing an approxi-
mated semi-analytical approach. Stacking sequences found at the
second step are slightly heavier and not always match the optimum LPs

found at the first step.
An application of the LPs-based MSO on a full-scale structure can be

found in the work of Bramsiepe et al. [17], where the least-weight
design problem of a lifting system structure is solved. Failure, buckling
and blending requirements are considered: the structure is made of
symmetric laminates with ply angles varying with a step of 15°. To
evaluate the buckling load of the skin, the analytical formula for a
simply supported plate under uniaxial load is used, retrieving the span-
wise load component from a coarse global finite element model
(GFEM). Moreover, the load redistribution is not directly considered,
but the structural optimisation is performed under fixed loads at each
iteration.

As it can be inferred from the previous works, the LPs-based MSO
approach presents two main weaknesses: LPs are not tensor invariants
and not all Tsai and Pagano parameters are invariants; both LPs and
Tsai and Pagano parameters have not an immediate physical meaning
related to the elastic symmetries of the stiffness tensor. The latter is the
main reason at the basis of the systematic use of simplifying hypotheses
and rules on the nature of the stacking sequences used in the afore-
mentioned works.

In order to reduce the computational cost of the whole optimisation
process, in all the above studies, analytical (approximate) models are
used for the assessment of the response of the structure. Accordingly,
the main limitations of these approaches are the lack of accuracy and
the limited applicability of such methods, which rely on simplifying
hypotheses, especially in terms of applied boundary conditions (BCs),
often non-representative of real operative conditions.

To overcome these limitations, some authors proposed the use of
improved semi-analytical formulations for composite stiffened panels
based on the Rayleigh-Ritz method able to better describe the interac-
tion between the skin and the stringers in the buckling phenomenon,
but still neglecting the frames compliance and considering the structure
infinitely periodic [9,16]. In other works, surrogate models built from
results of FE analyses are employed, but the problem of the re-
presentativeness of the BCs still persist and the phenomenon of mode
switching can lead to a further inaccuracy in the evaluation of the
buckling response [8,18]. In particular, Vankan et al. [19], in a report
of the Royal Netherlands Aerospace Centre (NLR) about the multi-scale
optimisation of a composite fuselage barrel, compared the buckling
load estimations, obtained by using a surrogate model built on the re-
sults of a parametric local FE model (LFEM) of an isolated stiffened
panel subject to idealised BCs, to the results of GFEM analyses with the
same refinement level. They showed the poor accuracy of the former
model, highlighting the detrimental effect of the use of idealised BCs.
The same problem is highlighted by Grihon et al. [20] in a review on
numerical optimisation methods developed used at AIRBUS. They
identified the inaccuracy of some analytical models and the lack of load
redistribution evaluation during the local scale optimisation as the
main weaknesses (and the main causes of inconsistency) in the passage
from the preliminary design phase to the detailed one.

Therefore, the use of a proper FE modelling strategy for both global
and local scales phenomena assessment is preferable in these situations,
but, as pointed out by Vekataraman and Hafka [21], even considering
the increase of computational resources availability, its integration in
optimisation strategies could still be difficult when large and complex
structures described by many variables are considered.

In order to go beyond all the aforementioned issues, a dedicated
global-local (GL) FE modelling approach is here integrated in the multi-
scale two-level optimisation strategy (MS2LOS) for the preliminary
optimisation of composite thin-walled structures. The resulting meth-
odology is denoted via the acronym GL-MS2LOS. The GL-MS2LOS is
based on the generalisation of the Verchery’s polar method [22] to the
case of higher-order equivalent single layer theories [23–25] as well as
on the GA ERASMUS (EvolutionaRy Algorithm for optimiSation of
ModUlar Systems) previously developed by Montemurro [26]. The GL-
MS2LOS aims at proposing a very general formulation of the design
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problem, without introducing simplifying hypotheses and by con-
sidering, as design variables, the full set of geometric and mechanical
parameters defining the behaviour of the composite structure at each
characteristic scale (macroscopic and mesoscopic ones). Montemurro
and his co-workers successfully applied the MS2LOS to the optimisation
of various anisotropic structures (e.g. [26–31]) and have recently given
a first experimental validation of its effectiveness [32].

GL modelling approaches allow to accurately assess phenomena
involved at the local scale without the need of a refined GFEM that
would require a strong computational effort to be integrated into an
optimisation strategy. Instead, refined LFEMs with realistic BCs derived
from a coarse GFEM analysis are used in the proposed GL-MS2LOS.
Among the different GL approaches available in the literature, the sub-
modelling technique [33–36] is employed in this work. In the usual
work-flow of the sub-modelling GL approach, firstly a low fidelity linear
analysis on a GFEM with a coarse mesh is run to identify one or more
zones of interest (ZOIs). Then a refined LFEM is created for each ZOI,
where a subsequent analysis is performed imposing displacements
provided by the GFEM as BCs. Moreover, iterative stages can be added
if the stress redistribution due to local effects is considered non-negli-
gible.

The GL modelling approach is integrated into the first-level problem
formulation of the MS2LOS. Here the MS2LOS focuses on the structural
optimisation and the design variables are the polar parameters of each
laminate composing the structure as well as other geometrical quan-
tities. No assumption is made on the nature of the stacking sequences
and desired elastic symmetries of the laminates are naturally got
through an efficient use of the polar parameters. In this way, no re-
strictions are imposed on the design space and, consequently, a true
global optimum can be found. All the design criteria and requirements
involved into the problem formulation are evaluated by means of fully
parametric GFEM and LFEMs. Computational time is kept as low as
possible by verifying local responses only on the most critical ZOIs. To
this purpose, pertinent design criteria are introduced into the GFEM to
automatically identify the ZOIs and generate the related refined LFEMs.
Moreover, inasmuch as for each set of design variables both GFEM and
LFEMs are generated and no isolated optimisation is performed ex-
clusively on LFEMs, there is no issue related to missed load redis-
tribution evaluation.

The second level of the MS2LOS, as described in [23–32], is devoted
to the stacking sequences retrieval. This paper will focus only on the
first level of the MS2LOS because the procedure relative to the second
level remains unchanged when compared to the aforementioned works.

The effectiveness of the GL-MS2LOS is proven on a meaningful real-
world engineering problem: the least-weight design of a composite

fuselage barrel belonging to the aft part of a wide-body aircraft that
undergoes multiple loading conditions and subject to constraints of
different nature.

The paper is organised as follows. A general description of the de-
sign problem, the underlying hypotheses and the driving design criteria
are given in Section 2. The fundamentals of the polar method extended
to the case of the First-order Shear Deformation Theory (FSDT) are
provided in Section 3. The mathematical formulation of the multi-scale
design problem and the adopted numerical strategy are discussed in
Section 4. The details on the FE models and the implementation of the
GL approach are presented in Section 5. Numerical results are shown in
Section 6. Finally, Section 7 ends the paper with some conclusions and
prospects.

2. Least-weight design of a composite fuselage barrel

2.1. Problem description

The GL-MS2LOS presented in this study is applied to the least-
weight design of a composite fuselage barrel of a wide-body aircraft.
The fuselage barrel has a circular cross-section and is located between
the wing rear spar and the tail, as shown in Fig. 1. The fuselage barrel is
clamped at the rear spar section (section A) and loads coming from the
tail are applied to section B. Payload weight and pressurisation are also
taken into account. More details on the BCs and the load cases con-
sidered in the design process are given in Sections 2.2 and 2.3.

The main geometrical parameters of the fuselage barrel are reported
in Table 1. The generic stiffened panel geometry considered in this
study is shown in Fig. 2. It is a full composite assembly made of hat-
shaped stringers and floating frames with a Z-shaped cross-section.

Fig. 1. Location of the fuselage barrel [37](a) and detail of the applied BCs (b).

Table 1
Main geometrical parameters of the fuselage barrel.

Component Value

Fuselage diameter [mm] 5640
Number of bays 7
Bay pitch [mm] 500
Upper-deck floor vertical position [mm] † − 152
Lower-deck floor vertical position [mm]† − 2130
Struts position on upper-deck floor beam∗ 1/3
Struts position on lower-deck floor beam ∗ 1/4

∗ Normalised with the floor beam length and referred to the aircraft
symmetry plane.

† Referred to the horizontal axis through the geometrical centre of the
fuselage cross-section.
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Stringers are attached to the skin by means of “shear tie” components,
whilst no “stringer tie” or “tear strap” components are present. Metallic
floor beams with an I-shaped cross-section and metallic tubular struts
complete the set of structural components.

The main structural components are made of laminates. The ele-
mentary lamina is the unidirectional T300/5208 carbon/epoxy pre-
preg, having a linear elastic transversely isotropic behaviour. The me-
tallic components are made of 2024-T3 aluminium alloy, with a linear
elastic isotropic behaviour. The physical properties of these materials
are reported in Tables 2 and 3; the meaning of the polar parameters
listed in these tables is clarified in Section 3.

A reference solution (REF) has been obtained by the authors by
optimising an analogous metallic fuselage barrel, entirely made of the
2024-T3 aluminium alloy and subject to an equivalent set of design
criteria, with a MSO strategy employing a GL modelling approach. The
data necessary to define the reference solution can be found in Table 4;
the meaning of some of these parameters is explained in Section 4.1. 2.2. Hypotheses and design criteria

The MS2LOS here presented is framed into the preliminary design
phase of aircraft structures. During this phase, tents of load cases (LCs)
are assessed to properly design the main components of the structure in
order to comply with certification specifications [40]. Such LCs are the
result of a combination of basic loading conditions (BLCs) of different
nature, e.g. flight loads due to symmetrical manoeuvres, to asymme-
trical ones or to gusts, ground loads, pressurisation, etc. In this work,
only a sub-set of LCs, presented in Section 2.3, is considered. Moreover,
for each LC, the material behaviour is supposed linear elastic and the FE
analyses are carried out by assuming small displacements and strains.

Concerning the modelling of the structural components, the fol-
lowing simplifications have been introduced:

1. In agreement with the preliminary design framework, only major
components of the structure are modelled (i.e. skin, frames, strin-
gers, floor beams and struts).

2. Floor beams and struts have a predefined geometry which is kept
unchanged during optimisation.

3. The elastic response of the laminates is modelled according to the
FSDT.

4. Perfect bonding is assumed at the interface of the structural ele-
ments and between plies.

5. Connection zones (e.g. floor beams to frames or skin to skin) and
opening/cut-out in the skin are not explicitly modelled.

Three main groups of criteria can be identified for the preliminary
design phase, i.e. criteria related to: (a) static loads, (b) fatigue loads
and (c) aeroelasticity phenomena.

This work focuses only on design criteria related to static loads.
Certification specifications [40] identify two types of static design

Fig. 2. Architecture of the stiffened panel [56].

Table 2
Material properties of the unidirectional T300/5208 carbon/epoxy ply [38].

Technical constants Polar parameters of [Q ]in a Polar parameters of [Q ]out b

E1 [MPa] 181000 T0 [MPa] 26899 T [MPa] 5398
E2 [MPa] 10300 T1 [MPa] 24710 R [MPa] 1772
G12 [MPa] 7170 R0 [MPa] 19729 Φ [deg] 90
ν12 0.27 R1 [MPa] 21426
ν23 0.42 Φ0 [deg] 0

Φ1 [deg] 0

Engineering strengths Pol. par. of [G ]in c Pol. par. of [G ]out d and {g }in e

= ′X X [MPa] 1500 Γin
0 [MPa] 7531 Γout [MPa] 11076

=Y Z [MPa] 40 Γin
1 [MPa] 2114 Λout [MPa] 38

′ = ′Y Z [MPa] 246 Λin
0 [MPa] 3587 Ωout [deg] 90

= ′Q Q [MPa] 36 Λin
1 [MPa] 1603 γin [MPa] 137

= ′R R [MPa] 68 Ωin
0 [deg] 90 λin [MPa] 79

= ′S S [MPa] 68 Ωin
1 [deg] 0 ωin [deg] 90

Density and thickness

ρc [g/cm3] 1.6
tply [mm] 0.125

a In-plane reduced stiffness matrix of the ply.
b Out-of-plane shear stiffness matrix of the ply.
c In-plane strength matrix of the ply.
d Out-of-plane strength matrix of the ply.
e In-plane strength vector of the ply.

Table 3
Material properties of 2024-T3 aluminium alloy [39].

Propriety Value

Young’s modulus, E [MPa] 72395
Poisson’s ratio, ν 0.33
Tensile yield stress, σy [MPa] 290
Tensile ultimate stress, σu[MPa] 434
Density, ρAl [g/cm

3] 2.78

Table 4
Geometrical parameters of the reference solution REF.

Component Value

Frame flange width (w3
Fr) [mm] 20.0

Frame web height (w3
Fr) [mm] 81.0

Frame thickness (tFr) [mm] 1.0
Cabin floor beams web height [mm] 240.0
Cabin floor beams flange width [mm] 156.0
Cabin floor beams thickness [mm] 2.5
Cargo floor beams web height [mm] 180.0
Cargo floor beams flange width [mm] 60.0
Cargo floor beams thickness [mm] 1.5
Struts external diameter [mm] 21.5
Struts internal diameter [mm] 15.5

Component Top Lateral Bottom

Stringer free flanges width (w1
St) [mm] 5.0 5.0 21.0

Stringer bonded flange width (w3
St) [mm] 40.6 24.5 31.0

Stringer height (w4
St) [mm] 19.0 38.0 45.5

Stringer thickness (tSt) [mm] 1.1 1.0 1.4

Skin thickness (tSk) [mm] 1.8 3.0 3.6

Skin-panels count (nSk) [–] 36 24 18
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loads: limit loads (LLs) and ultimate loads (ULs). LLs are the maximum
loads expected in service that the structure must withstand without
detrimental permanent deformations. ULs are equal to limit loads
multiplied by a prescribed factor of safety (usually 1.5). The structure
must withstand ULs without failure for at least 3 s. For instance, for the
wide-body civil aircraft class, LLs in symmetrical manoeuvres occur at
load factors (the ratio of the aerodynamic force component normal to
the longitudinal axis of the aeroplane to its weight) =n 2.5g and

= −n 1g .
The following set of design criteria (DCs) is integrated in the design

process.

DC1 The global stiffness of the structure must be greater than the
stiffness of REF.
DC2 No failure must occur under loads up to ULs.
DC3 No buckling must occur in the stiffened panels under ULs (no-
buckling design approach).
DC4 Only manufacturable solutions are considered.
DC5 The laminates composing the structures have a fully ortho-
tropic (membrane and bending) quasi-homogeneous macroscopic
behaviour.

DC2 is verified at the laminate-level by means of a suited failure cri-
terion [41] (further details are given in Section 3.2).

2.3. Load cases

Five LCs are defined by linear superposition of two BLCs. The two
BLCs are: (a) a cruise loading condition (load factor =n 1g ) without
pressurisation, identified as BLC1g, and (b) a pressurisation loading
condition, identified as BLCp. In both BLCs, fuselage sections A and B
are modelled as rigid sections and BCs are applied to their centres:
section A is always clamped, whilst pertinent tail forces and moments
are applied at section B.

Under BLC1g, payload weight is applied as a distributed load on
floor beams. Structural mass is considered by applying additional loads
on the upper-deck floor beams, on the basis of statistical estimated
structural weight (despite the exact value of the structural weight can
be evaluated by applying gravity acceleration in the numerical ana-
lysis). Tail loads are computed in such a way to obtain in the check zone
(i.e. the middle bay of the fuselage barrel) a maximum bending moment

=M 5.0·10 Nmx
6 and a maximum vertical shear force = −F 3.7·10 Ny

5 . A
good estimation of the loading condition at a different value of the load
factor is obtained by scaling BLC1g by that value.

When using BLCp, the effect of the maximum operating differential
pressure (corresponding to the maximum relief valve setting) is taken
into account as internal pressure on the skin plus an equivalent long-
itudinal force applied to section B of the fuselage barrel. By scaling
BLCp, the effect of different values of differential pressure can be as-
sessed.

Data used for defining BLC1g and BLCp are reported in Table 5. The
five considered LCs are defined in Table 6 where, for each LC, the re-
lated design criterion is also indicated. Aerodynamics loads on the

fuselage have been neglected.

3. The polar analysis of laminates

The fundamentals of the polar analysis of laminates stiffness and
strength matrices are provided in this section; for a deeper insight in the
matter, the reader is addressed to [23–25,41,42].

Verchery’s polar method [22] allows for expressing any n-rank
plane tensor through a set of tensor invariants. In the context of this
work, two types of tensors are relevant: second-rank symmetric plane
tensors Zij (with =i j, 1, 2) and fourth-rank elasticity-like (i.e. having
both major and minor symmetries) plane tensors Lijkl (with

=i j k l, , , 1, 2). They can be expressed in terms of their polar para-
meters as:

= + +
= +
= + −

Z T Rcos2Φ,
Z Rsin2Φ,
Z T Rcos2Φ,

11

12

22 (1)

and

= + + + +
= − + −
= + +
= + + + −
= − +
= + −

L T 2T R cos 4Φ 4R cos 2Φ ,
L T 2T R cos 4Φ ,
L R sin 4Φ 2R sin 2Φ ,
L T 2T R cos 4Φ 4R cos 2Φ ,
L R sin 4Φ 2R sin 2Φ ,
L T R cos 4Φ ,

1111 0 1 0 0 1 1

1122 0 1 0 0

1112 0 0 1 1

2222 0 1 0 0 1 1

2212 0 0 1 1

1212 0 0 0 (2)

In Eqs. (1) and (2), T, T0 and T1 are the isotropic moduli, R, R0 and
R1 are the anisotropic ones, while Φ, Φ0 and Φ1 are the polar angles.
Among them T, R and −T , T , R , R , Φ Φ0 1 0 1 0 1 are tensor invariants,
while Φ and one of the two polar angles, Φ0 or Φ1, can be arbitrarily
chosen to set the reference frame, for second and fourth order tensors,
respectively.

One of the main advantages provided by the polar formalism is that
requirements on elastic symmetries of the tensor can be translated into
simple algebraic conditions on the related polar parameters. For ex-
ample, the ordinary orthotrophy of a fourth-rank elasticity-like tensor
corresponds to the condition:

− = =πΦ Φ K· /4 with K 0, 1.0 1 (3)

For more details about the elastic symmetries and their expression in
terms of polar parameters see [23–25].

3.1. The polar formalism for the laminate stiffness matrices

In the background of the FSDT [43], the constitutive law of a la-
minate (expressed within its global frame) reads:

⎧

⎨
⎩

⎫

⎬
⎭

=
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

⎧

⎨
⎩

⎫

⎬
⎭

ε
χ
γ

{N}
{M}
{F}

[A] [B] 0
[B] [D] 0
0 0 [H]

{ }
{ }
{ }

,
0

0

0 (4)

where [A], [B] and [D] are the ×3 3 membrane, membrane/bending
coupling and bending stiffness matrices of the laminate, while [H] is the

×2 2 out-of-plane shear stiffness matrix. {N}, {M} and {F} are the vectors
of membrane forces, bending moments and shear forces per unit length,
respectively, whilst ε χ{ }, { }0 0 and γ{ }0 are the vectors of in-plane strains,

Table 5
Basic loading conditions data.

Load BLC1g BLCp

Upper-deck floor beam total load [N] 10000 –
Lower-deck floor beam total load [N] 5000 –
Bending moment Mx at section “B” [Nm] 4.305·106 –
Vertical shear force Fy at section “B” [N] − 3.1·105 –
Differential pressure [MPa] – 0.068
Longitudinal force Fz [N]† – 1.7·106

† Equivalent to internal pressure times fuselage cross-section area.

Table 6
Load cases definition and associated design criterion.

LC BLC1g factor BLCp factor DC

1 1.00 1.00 DC1
2 3.75 1.00 DC2
3 − 1.50 1.00 DC2
4 3.75 0 DC3
5 − 1.50 0 DC3
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curvatures and out-of-plane shear strains of the laminate middle plane,
respectively.

Matrices [A], [B], [D]and[H], can be normalised to have the same
units as:

= = = =∗ ∗ ∗ ∗[A ] [A], [B ] [B], [D ] [D], [H ] [H].t t t t
1 2 12 1

2 3 (5)

As deeply discussed in [23,24], ∗ ∗ ∗[A ], [B ]and[D ] behave like tensor L of
Eq. (2) and ∗[H ] behaves like tensor Z of Eq. (1), therefore it is possible
to express the Cartesian components of these matrices in terms of polar
parameters, for an overall number of 21 parameters. It can be proven
that, if the in-plane reduced stiffness matrix [Q ]in and the out-of-plane
shear stiffness matrix [Q ]out of the elementary ply are known, only 12
polar parameters are independent (the relation between matrices
[A], [B], [D] and [H] and matrices [Q ]and[Q ]in out can be found in Ap-
pendix A). Moreover, if, according to DC5, the hypothesis of fully or-
thotropic quasi-homogeneous laminate is introduced, i.e.

= = − =∗ ∗ ∗ π[A ] [D ], [B ] [0], Φ * Φ * K· /4,0
A

1
A (6)

the overall number of independent polar parameters reduces to only
three (because the polar parameters of matrix [H] depend upon those of
matrix [A], see [23,24]): the anisotropic polar moduli

= −
∗ ∗ ∗ ∗

R ( 1) ·R , R0K
A K

0
A

1
AA

and the polar angle
∗

ΦA
1 (this last representing

the orientation of the main orthotropy axis) of matrix ∗[A ]. For more
details on the polar formalism and its application in the context of the
FSDT the reader is addressed to [23,24,42].

3.2. The polar formalism for the laminate strength

For the application of DC2, a general laminate-level failure criterion
formulated by Catapano and Montemurro [41] is employed. This cri-
terion represents a unified formula including various phenomenological
failure criteria. The formulation used in this work is based on the Tsai-
Wu (TW) failure criterion [44] that, in matrix notation, reads

= + ⩽F σ σ σ{ } [F]{ } { } {f} 1,TW
T T (7)

where σ{ } is the stress vector in Voigt’s notation, while [F] and {f} de-
pend on the lamina strength properties [44].

By introducing the FSDT hypothesis of null out-of-plane stress, by
separating the in-plane and out-of-plane contributions and by using the
Hooke’s law, Eq. (7) can be rewritten in terms of strain, obtaining:

= + + ⩽F ε ε ε ε ε{ } [G ]{ } { } [G ]{ } { } {g } 1,TW
in T in in out T out out in T in (8)

where [G ]in , g[G ] and { }out in can be considered as the in-plane, out-of-
plane strength matrices and in-plane strength vector of the constitutive
ply, respectively. Finally, making use of the FSDT kinematics, one can
express Eq. (8) in terms of the laminate middle plane strains

= + + +

…+ + + ⩽

F ε ε z χ χ z ε χ

γ γ ε z χ

{ } [G ]{ } { } [G ]{ } 2 { } [G ]{ }

{ } [G ]{ } { } {g } { } {g } 1.
TW 0

T in
0

2
0

T in
0 0

T in
0

0
T out

0 0
T in

0
T in (9)

The laminate failure index is calculated by averaging Eq. (9) through the
thickness of the laminate, t:

∫= ⩽F
t

F z dz1 ( ) 1.
tTW

lam
TW (10)

Eq. (10) simplifies to:

= + + +

+ + + ⩽

F
t

ε ε χ χ ε χ

γ γ ε χ

1 ({ } [G ]{ } { } [G ]{ } { } [G ]{ }

... { } [G ]{ } { } {g } { } {g }) 1.

TW
lam

0
T

A 0 0
T

D 0 0
T

B 0

0
T

H 0 0
T

A 0
T

D (11)

The details of the algebraic manipulations to get Eq. (11) can be found
in [41]. Matrices [G ], [G ], [G ]and[G ]A B D H and vectors {g }and{g }A D re-
present the laminate strength matrices and vectors. In particular, the
four matrices can be seen as the strength counterpart of stiffness ma-
trices [A], [B], [D]and[H] in the FSDT framework (the definition of
these matrices and vectors is reported in Appendix A). Normalised

strength matrices and vectors can be defined as follows:

= = = =

= =

∗ ∗ ∗ ∗

∗ ∗

[G ] [G ], [G ] [G ], [G ] [G ], [G ] [G ],

{g } {g }, {g } {g }.
t t t t

t t

A
1

A B
2

B D
12

D H
1

H

A
1

A D
2

D

2 3

2

(12)

The polar formalism can be applied to these matrices and vectors too.
Catapano and Montemurro showed that, when the strength prop-

erties of the constitutive ply (i.e. matrices [G ]in and [G ]out and vector
{g }in , and their polar parameters) are known, the laminate strength
matrices and vectors can be expressed in terms of the stiffness polar
parameters described in Section 3.1. This means that polar parameters
describing the laminate stiffness matrices and those describing strength
matrices and vectors are not independent. Accordingly, only one of
these two sets of polar parameters must be included among the design
variables of the problem at hand because the remeaning set can be
easily derived by using the formulae provided in [41]. When a fully
orthotropic quasi-homogeneous laminate is considered, the overall
number of independent polar parameters describing its behaviour (in
terms of both stiffness and strength) remains three: the anisotropic
polar moduli

∗
R0K

A and
∗

R1
A and the polar angle

∗
Φ1

A of matrix ∗[A ] (or
matrix ∗[D ]), or, alternatively, the counterpart of matrix ∗[G ]A (or ∗[G ]D ).
More details on the polar analysis of laminates strength and on the
correlation between laminate strength and stiffness polar parameters
can be found in [41].

4. Mathematical formulation of the optimisation problem

4.1. Design variables

Both mechanical and geometrical design variables are considered in
this study. Stringers, frames, and shear ties sections are obtained by
folding fully orthotropic quasi-homogeneous laminates. The design
variables can be grouped with respect to the component they are re-
ferred to.

Stringers and skin. Three circumferential sectors are identified as
in Fig. 3: “top”, “lateral” and “bottom”. For each sector:

• the stringers cross-section is hat-shaped; four variables,
w w w, ,1

St
3
St

4
St and tSt, are needed to describe its geometry (Fig. 4a)

and two variables, i.e. the polar parameters − −∗ ∗
R Rand0K

A St
1
A St are

Fig. 3. Fuselage cross-section.
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needed to describe the mechanical properties;

• the skin is characterised by two geometrical variables, i.e. the
thickness tSk and the number nSk of sub-regions between two
consecutive frames and stringers (hereafter indicated as skin-pa-
nels) within the sector and two mechanical design variables, i.e.
the polar parameters −∗

R0K
A Sk and −∗

R1
A Sk;

Frame/shear-tie assembly. Identical frames having a “Z”-shaped
cross-section with “L” shear-tie are considered: three variables,
w w,1

Fr
3
Fr and tFr, are needed to geometrically describe the assembly

(Fig. 4b). The distance between the floating frame and the fuselage
skin depends on the maximum height of the stringers cross-sections
according to the formula

= + =−c w imax 2mm, with Top, Lat, Bot.
i

iFr
4
St

The frames and the shear-ties are made of identical laminates whose
mechanical properties are described by the two polar parameters

−∗
R0K

A Fr and −∗
R1

A Fr, which represent the mechanical design variables.

Regarding the orientation of the main orthotropy axis of the lami-
nates composing the different components (represented by the polar
angles −∗

Φ j
1
A with =j St, Sk, Fr), it has been set equal to °0 within the

local reference system of each laminate, in such a way to align it with
the fuselage longitudinal axis for stringers and skin and to follow the
hoop direction for the frames.

Of course, the laminates thickness must be a multiple of the ele-
mentary ply thickness, thus the number of plies =n t t/j j

ply ply

( =j St, Sk, Fr) is used as a dimensionless design variable.
Finally, the variables −∗

R j
0K
A and −∗

R j
1
A are replaced by their di-

mensionless counterpart (denoted as ρ j
0 and ρ j

1 ) obtained as follows:

= = =− −∗ ∗
ρ R R ρ R R j/ , / , with St, Sk, Fr,j j j j

0 0K
A

0 1 1
A

1 (13)

where R0 and R1 are the anisotropic moduli of the in-plane reduced
stiffness matrix of the elementary ply given in Table 2.

All the aforementioned design variables are collected into the vector
ξ . It is noteworthy that frame pitch, floor beams and struts geometry
have not been considered among the problem design variables, rather
they have been set equal to the reference values of solution REF, as
reported in Tables 1 and 4.

4.2. Objective and constraint functions

The goal of the optimisation is the minimisation of the total mass of
the fuselage barrel which reads

= +ξ ξM V ρ M( ) ( )· ,c c Al (14)

where ξV ( )c is the total volume of the composites constituting the
structure, ρc is density of the composite material, as defined in Table 2,
and MAl is the mass of the aluminium components (i.e. floor beams and
struts).

As far as design requirements are concerned, one or more constraint
functions are defined for DC1-4, introduced in Section 2.2. DC5 has a
direct effect on the choice of the mechanical design variables as ex-
plained in Section 3.1.

DC1 is formulated as a couple of constraints on the vertical dis-
placement δy and on the rotation θx of the centre of section B when LC1
is considered. These constraints read

= − ⩽

= − ⩽

ξ ξ

ξ ξ

g δ δ δ

g θ θ θ

( ) ( ( ) )/ 0, at LC1,

( ) ( ( ) )/ 0, at LC1.
1 y y

REF
y
REF

2 x x
REF

x
REF

(15)

In Eq. (15), = −δ 3.85y
REF mm and = °θ 0.061x

REF are the vertical dis-
placement and rotation of the centre of section B evaluated for solution
REF.

DC2 is applied through the evaluation of the maximum laminate
failure index 〈 〉FTW

lam of Eq. (11) averaged over the area of each skin-
panel (ωj) belonging to the check zone of each circumferential sector
(see Sections 4.1 and 5 for more details) in order to neglect the effect of
local stress/strain concentrations that could be strongly affected by the
accuracy of the FE model and that constitute the object of the detailed
design phase (performed after the preliminary design phase).

Such a value has to be lower than 1, by considering a factor of safety
=F 2S under both LC2 and LC3. Therefore, the related constraint in-

equalities are:

= < > − ⩽

= < > − ⩽

= < > − ⩽

= < > − ⩽

= < > − ⩽

= < > − ⩽

ξ ξ

ξ ξ

ξ ξ

ξ ξ

ξ ξ

ξ ξ

g F

g F

g F

g F

g F

g F

( ) (F ·max ( ) ) 1 0, at LC2,

( ) (F ·max ( ) ) 1 0, at LC2,

( ) (F ·max ( ) ) 1 0, at LC2,

( ) (F ·max ( ) ) 1 0, at LC3,

( ) (F ·max ( ) ) 1 0, at LC3,

( ) (F ·max ( ) ) 1 0, at LC3.

ω

ω

ω

ω

ω

ω

3 S Ω TW
lam

4 S Ω TW
lam

5 S Ω TW
lam

6 S Ω TW
lam

7 S Ω TW
lam

8 S Ω TW
lam

j

j

j

j

j

j

Top

Lat

Bot

Top

Lat

Bot (16)

In Eq. (16), = ∑ = ωΩi j
N

j1
i with =i Top, Lat, Bot represents the i-th

portion of the check zone of the fuselage barrel, whilst ωj is the j-th skin-
panel belonging to this region (more details are given in Section 5).

The requirement DC3 can be opportunely expressed by means of
three optimisation constraints. For each circumferential sector, ULs are
applied and the most critical stiffened panel (composed of three

Fig. 4. (a) Stringers and (b) frame/shear-tie assembly cross-sections variables definition.
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stringers and two frames, as discussed in Section 5) in the check zone is
identified. An eigenvalue buckling analysis is then performed on this
panel. The first buckling eigenvalue has to be higher than 1, by con-
sidering a safety factor =F 1.1S (more details on this point are given in
Section 5). The related constraints read

= − ⩽
= − ⩽
= − ⩽

ξ ξ
ξ ξ
ξ ξ

g λ
g λ
g λ

( ) 1.1 ( ) 0, at LC5,
( ) 1.1 ( ) 0, at LC4,
( ) 1.1 ( ) 0, at LC4.

9
Top

10
Lat

11
Bot (17)

The application of DC4 involves both mechanical and geometrical
manufacturability requirements. From a mechanical perspective, the
optimum laminates found as result of the first-level problem of the GL-
MS2LOS, in terms of polar parameters, must correspond to feasible
stacking sequences to be obtained at the end of the second-level pro-
blem. According to the formulation proposed by Vannucci in [45], such
feasibility conditions, for a quasi-homogeneous orthotropic laminate,
can be written only for matrix ∗[A ]:

⎜ ⎟

⎧

⎨

⎪⎪

⎩
⎪
⎪

− ⩽ ⩽

⩽ ⩽

⎛
⎝

⎞
⎠

− − ⩽

∗

∗

∗ ∗

R R R

R R

,

0 ,

2 1 0.R
R

R
R

0 0K
A

0

1
A

1
2

1
A

1
0K
A

0 (18)

These conditions, in terms of the dimensionless design variables in-
troduced in Eq. (13), read:

⎧

⎨
⎩

− ⩽ ⩽
⩽ ⩽

− − ⩽

ρ
ρ

ρ ρ

1 1,
0 1,
2( ) 1 0.

0

1

1
2

0 (19)

Naturally, these conditions must be satisfied by the polar parameters
describing each laminate composing the structure: the first two condi-
tions of Eq. (19) are directly used for the definition of the lower and
upper bounds of the mechanical design variables (Table 7), while the
third one is introduced in the problem formulation producing seven
constraint inequalities ( −g12 18), one for each laminate.

The manufacturing requirements are applied by imposing a series of
inequalities involving the geometrical design variables:

• Minimum thickness of thin-walled elements:

⩾ =− −n n n i, , 8, with Top, Lat, Bot.i i
ply
St

ply
Sk

ply
Fr (20)

• Minimum length of the interface flange of stiffening components for
the installation of rivets:

⩾ =
⩾

−w i
w

14 mm, with Top, Lat, Bot,
14 mm.

i
3
St

1
Fr (21)

• Minimum length to thickness ratio of thin-walled elements:

⩾ =
⩾ =
⩾ =

⩾
⩾
⩾

− −

− −

− −

ξ
ξ

w t i
w t i
w t i
w t
a t
b t

/ 4, with Top, Lat, Bot,
/ 3, with Top, Lat, Bot,
/ 5, with Top, Lat, Bot,

/ 3,
( )/ 3,
( )/ 3.

i i

i i

i i

1
St St

3
St St

4
St St

1
Fr Fr

Fr Fr

Fr Fr (22)

• Minimum circumferential distance between stringers.

⩾ + =− − −ξ w w ipitch ( ) 2·(2· ), with Top, Lat, Bot.i i iSt
1
St

3
St (23)

Some of these inequalities are directly employed in the definition of
the lower and upper bounds of the design variables for the problem at
hand, as listed in Table 7, whilst the remaining inequalities are stated in
the form ≤ξl ( ) 0j and then aggregated into a single constraint using the
maximum operator:

= ⩽ξ ξg l( ) max ( ) 0.
j

j19 (24)

Finally, the optimisation problem can be formulated as a classical
CNLPP as follows:

⩽ = …

ξ

ξg i

min M( ),

subject to:
( ) 0, with 1, 2, ,19.

ξ

i (25)

The design space of the problem is detailed in Table 7.

4.3. Numerical strategy

Problem (25) is a non-convex CNLPP. The total number of design
variables is 35, whilst the number of optimisation constraints is 19. For
the resolution of problem (25) the GA ERASMUS [26] coupled with
both GFEM and LFEMs of the structure has been utilised as optimisation
tool to perform the solution search, as illustrated in Fig. 5. The GA
ERASMUS has already been successfully applied to solve different kinds
of engineering problems, see for example [26,31,32,46–53] .

As shown in Fig. 5, for each individual, at each generation, the
numerical tool performs global and local FE analyses to calculate the
objective function and the optimisation constraints. The FE models are
implemented in the ANSYS® environment and their input data are
generated by the GA ERASMUS (more details are given in Section 5).
The GA elaborates the results provided by the GFEM and the LFEMs in
order to execute the genetic operations and generate new individuals.
These operations are repeated until the GA meets the user-defined
convergence criterion. The generic individual of the GA ERASMUS re-
presents a potential solution for the problem at hand. The genotype of
the individual for problem (25) is characterised by only one chromo-
some composed of 35 genes, each one coding a component of the vector
of design variables ξ .

5. The global/local finite element modelling approach

As stated above, the FE models integrated in the optimisation pro-
cess are based on a GL modelling approach. In particular, two different
models are created: the GFEM for the assessment of the behaviour of the
whole fuselage barrel, and refined LFEMs in order to properly evaluate
local responses. LFEMs are created only at the critical ZOIs identified

Table 7
Lower and upper bounds of the design variables.

Design variable Unit Lower bound Upper bound Step size

w1
Fr mm 16 50 1

w3
Fr mm 80 160 2

nply
Fr – 8 32 1

−w i
1
St mm 5 30 1

−w i
3
St mm 14 40 1

−w i
4
St mm 14 70 1

−n i
ply
St – 8 32 1.0

−n i
ply
Sk – 8 32 1.0

−nSk Top – 18 38 2
−nSk Lat – 13 36 1
−nSk Bot – 12 26 2
− −ρ ρ ρ/ /i i

0
St

0
Sk

0
Fr – −1 1 *

− −ρ ρ ρ/ /i i
1
St

1
Sk

1
Fr – 0 1 *

With i = Top, Lat, Bot. * Continuous variable.
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during the global analysis, thus suitable criteria must be developed to
accomplish this task.

Both GFEM and LFEMs are fully parametric and are built using the
commercial FE code ANSYS®.

5.1. The global finite element model

The global FE model is shown in Fig. 6d: it includes seven bays
constituting the fuselage barrel. The fuselage skin is modelled with 8-
node SHELL281 elements, while frames, stringer, floor beams and struts
are modelled with 3-node BEAM189 elements. The beam and shell
elements are connected together by node merging. To take into account
the actual position of the beam cross-section with respect to the skin, a
section offset is applied to beam elements. Shear-tie components are not
modelled, but their mechanical effect (the transfer of shear load from
the frames to the skin) is ensured by the direct connection between

frame and skin elements.
The element type (linear or quadratic) and mesh size have been

chosen after performing a sensitivity analysis. The mesh size is con-
trolled by varying the number of elements along the portions of frames
between two consecutive stringers (while the number of elements in the
stringer directions is consequently set to the minimum value ensuring a
maximum aspect ratio equal to three for the shell elements). The choice
is made by looking for a good compromise between computational time
and accuracy in the evaluation of the mechanical responses of the
structure at both global and local scales (in fact, the mesh size at the
global scale affects the BCs of the local scale analyses, as explained in
Section 5.2). The details about such a sensitivity analysis are not re-
ported here for the sake of brevity. As a result of this analysis, a total
number of elements varying between 6000 and 8000 (depending on the
values of the input parameters) have been used for the GFEM.

Material properties are passed to the model in two different ways.

Fig. 5. Flowchart of the optimisation process.

Fig. 6. Global FE model.
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For the shell elements, preintegrated stiffness matrices
([A], [B], [D], [H]) are obtained from the polar parameters through
Eqs. (1) and (2) and passed to the model. For beam elements, custom
sections are created: for each laminate, an equivalent homogeneous
fictitious orthotropic material is defined (this is possible thanks to the
quasi-homogeneity hypothesis) and opportunely oriented in the various
sectors of the beam cross-section.

A master node is created at the centre of sections A and B and linked
to the set of “slave” nodes of the corresponding frame by means of
MPC184 (multi-point constraint) elements with “rigid beam” behaviour
(Fig. 6a). These master nodes are used to apply the BCs presented in
Section 2.3. In agreement with the hypotheses and the design criteria
introduced in Section 2.2, only linear static analyses are performed on
this model.

Of course, the first bays (from each side of the fuselage barrel) are
strongly influenced by edge effects because of the proximity to zones
where BCs are applied (i.e. at nodes A and B). Accordingly, only the
central bay constitutes the check zone, where the results of the analysis
are meaningful. Moreover, as explained in Section 2.2, the elements
adjacent to connection zones (e.g. floor beams to frames connections or
the joints between circumferential sectors) are excluded from the check
zone, as illustrated in Fig. 7.

Results provided by the GFEM are used for the evaluation of the
objective function and all the constraint functions except those related
to buckling requirements, i.e. g g g, and9 10 11.

5.2. The local finite element models

LFEMs are created to evaluate the first buckling load of the most
critical stiffened panels. This task can be achieved only through a sui-
tably refined FE model able to catch both global and local buckling
modes.

Each LFEM includes the same number of stringers and frames, i.e.
three and two, respectively, as shown in Fig. 8. The local model pre-
sents a suitable extinction zone to mitigate edge effects due to the ap-
plication of BCs. This extinction zone is half a skin-panel wide and
surrounds the check zone, as illustrated in Fig. 8. The LFEM is entirely
built by using 8-node SHELL281 elements with preintegrated shell
sections.

Both frames and stringers are tied to the skin by creating constraint
equations between their interface nodes. This allows having an in-
dependent mesh size on the different components. Also for the LFEM,
the mesh size is the result of a compromise between the accuracy in
evaluating the first buckling load of the stiffened panel, which can
occur either in the skin or in the flanges of stringers and frames, and the
computational time. A sensitivity analysis has been conducted also in
this case and it is not reported here for the sake of brevity: the local

models have a total number of elements varying from 5000 to 9000
(depending on the values of the input parameters).

Displacement BCs extracted from the results of the global analysis
are imposed to all the boundary nodes belonging to the skin of the local
FE model.

To transfer the BCs to stringers and frames, for each ending cross-
section, a master node is extracted from the skin boundary nodes lo-
cated at the interface between the beam reference axis and the skin in
the GFEM. The coordinates of this set of master nodes are recorded and
passed to the LFEM (for each region of the fuselage barrel). Then these
nodes are selected and connected to those belonging to the corre-
sponding stringer/frame ending cross-section by means of MPC184
elements with “rigid beam” behaviour, ensuring in this way the kine-
matic compatibility between global and local models, see Fig. 9.

The LFEM is built for each sector of the fuselage barrel (bottom, top
and lateral). An eigenvalue buckling analysis is performed on the local
models, and the lowest positive eigenvalue, ξλ ( ), is retrieved as output.

5.3. ZOIs identification criteria and information transfer between global
and local models

In the presented GL-MS2LOS, the fewest number of local models is
checked in order to keep the computational time as low as possible. To
this purpose, specific criteria have been introduced and applied to the
post-processing of results coming from the GFEM in order to identify
the most critical ZOIs around which LFEMs are automatically gener-
ated. For each circular sector belonging to the check zone, only one ZOI
is identified and analysed.

As discussed in Sections 2.3 and 4.2, the buckling-related con-
straints are evaluated for LC4 and LC5 (see Table 6). These LCs are
obtained by scaling BLC1g by means of a suitable load factor. Under
BLC1g, the stiffened panels in the top and bottom sectors are mostly
subject to stress in the longitudinal direction, as shown in Fig. 10.
Therefore, top and bottom ZOIs are identified by looking for the basic-
panel (BP), i.e. the assembly composed of a stringer plus half of the
adjacent skin-panels, that withstands the lowest (compressive, hence
negative) average longitudinal force per unit width, i.e. Nl

BP, computed,
for the generic LC, as

∫ ∫
=

+ − σ z y

w
N

F d d
,w

w t

l
BP

St
/2
/2

0 l
Sk

SP

Sp
Sp Sk

(26)

where FSt is the axial tensile force in the stringer, wSP is the width, in
the hoop direction, of the skin panel and σl

Sk is the longitudinal stress in
the skin.

On the other hand, the panels in the lateral sector are subject to
biaxial loads corresponding to a combination of shear and longitudinalFig. 7. Check zone of the global FE model.

Fig. 8. Typical local FE model.
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stress; the latter varying from tensile to compression depending on the
position of the considered stiffened panel (see Fig. 10). Accordingly, a
different criterion is used for the lateral sector: the ZOI is identified by
looking for the most critical skin-panel with respect to the buckling
strength. An estimation of the buckling load is computed for each skin-
panel in the check zone using the analytical formula for a simply sup-
ported plate with the same dimensions of the analysed skin-panel, i.e. a
in the longitudinal direction and b in the hoop one, and subject to the
same bi-axial stress field given by the membrane forces per unit width
N , Nx y and Nxy. Under the hypothesis that such a plate buckles with an
out-of-plane displacement field described by

=w x y a mπx
a

nπy
b

( , ) sin sin ,mn (27)

the related buckling eigenvalue can be computed as [54]

=
+ + +

+ +
λ π

m a m a n n b
m a n b mn ab

D ( / ) 2(D 2D )( / ) ( /b) D ( / )
N ( / ) N ( / ) N ( / )

,b
2 xx

4
xy ss

2 2
yy

4

x
2

y
2

xy (28)

where x and y axes correspond to the longitudinal and hoop directions,
respectively; D , D , Dxx xy yy and Dss are the components of the bending
stiffness matrix [D] of the laminate in Voigt’s notation.

The estimation of the first buckling factor for the skin-panel can be
finally obtained as

=λ λmin ( ).cb
m n

b
, (29)

Therefore, the skin-panel showing the minimum λcb identifies the lat-
eral ZOI.

As already stated, the displacement field resulting from the GFEM is
used to define the BCs for the LFEMs. To this purpose, for each LC, the
nodal displacements of the GFEM are interpolated using the shape
functions of the elements in the GFEM at the location of the boundary
nodes of the LFEM. The logical flow of the process that goes from the
global FE analysis to the local one is given in Fig. 11.

6. Numerical results

The parameters of the GA ERASMUS used to perform the solution
search for problem (25) are listed in Table 8. As far as the optimisation
constraints are concerned, they have been handled through the Auto-
matic Dynamic Penalisation (ADP) method [55]. Further details on the
optimisation tool and its parameters can be found in [26].

The whole optimisation process requires a computational time of
approximately 45 days (i.e. around 70 s for global and local FE analyses
for the generic point in the design space) when four cores of a machine
with an Intel Xeon E5-2697v2 processor (2.70–3.50 GHz) are dedicated
to the ANSYS solver and the two populations are run in parallel.
However, computational time could be easily reduced by performing in
parallel the FE calculations of the different individuals of the same
population. Indeed, since most of the computational time is spent into
the FE analyses, and each analysis is independent to the others, the
overall optimisation time is inversely proportional to the number of FE
analyses performed in parallel.

Three individuals of the last generation of the optimisation are
analysed, denoted as S1, S2 and S3 (S1 being the optimum solution).

Fig. 9. Detail of the ending cross-section of the stiffening components in the local FE model.

Fig. 10. Stress distribution in the skin-panels in the check zone at BLC1g.
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The complete set of performances, in terms of constraint and objective
functions, for these individuals, and the associated design variables
values, are listed in Tables 9 and 10, respectively. A quick glance to
these results suffices to infer that, due the non-convex nature of pro-
blem (25), the GA finds almost equivalent optimal solutions, different
in term of design variables, that still respect all the constraints and that
have comparable values of the objective function. Moreover, a sig-
nificant number of pseudo-optimal solutions exists that are nearly
identical to solution S1 and that are not reported here for the sake of
brevity.

As reported in Table 9, the constraint g1 (related to the stiffness
requirement) clearly reveals the most restrictive one for the three

solutions.
Concerning the retained optimal solution, i.e. S1, from Table 10 one

can notice that some of the variables are located at the bounds of the
respective intervals, see Table 7. In particular, the number of skin-pa-
nels, in the three circumferential sectors are close to their upper
bounds. This suggests that an even lighter solution, with closer strin-
gers, may be found by extending the bounds of such variables.

It is noteworthy that the optimal values of the laminate polar
parameters of the skin in the three sectors (small values of ρ1 and bigger
negative values of ρ0) describe laminates characterised by an almost
perfect square symmetry with the main orthotropic axes oriented at
± °45 with respect to the fuselage longitudinal axis. On the other hand,
the optimum laminates of the frames and of the stringers, have a
standard orthotropic behaviour, consequence of the bigger values of ρ1,
with the main orthotropic axis aligned with the beams longitudinal
direction. This can be visualised, for example, by plotting the polar
diagram of the first component of matrix ∗[A] for the bottom skin la-
minate and for the bottom stringer one of solution S1, as shown in
Fig. 12. For a deeper insight on these aspects, the reader is addressed to
[23,24].

The buckling mode of the identified critical stiffened panel, for each
one of the three sectors for solution S1, is illustrated in Fig. 13. It can be
noticed that the stringers and the skin buckle simultaneously in the
lateral and bottom sector. This is in agreement with the well-established
aeronautical design criterion, stating that the maximum structural ef-
ficiency (in terms of best compromise between minimum weight and
maximum buckling load) for stiffened structures is reached when their
components buckle at the same load [56]. This does not occur for the
top sectors stiffened panels, where the stringers appear to be oversized,
with respect to buckling, and are not involved into the buckling de-
formation. This last point suggests that a margin of improvement for the
optimisation of these components is still possible.

Finally, in Table 9, the mass of solution S1 is compared with the
mass of the metallic solution RES (i.e. 847 kg): a weight saving of 40%
has been obtained, which can be interpreted as a "numerical proof" of
the effectiveness of the GL-MS2LOS. Therefore, the proposed approach
allows finding an optimal configuration of the composite fuselage
barrel satisfying the full set of design requirements, without introducing
simplifying hypotheses into the design strategy at each characteristic
scale.

7. Conclusions

A multi-scale optimisation strategy, denoted as GL-MS2LOS, for
designing composite thin-walled structures has been presented in this
work. Such a strategy has been formulated by integrating a dedicated
global-local modelling approach into the MS2LOS, allowing in this way
a proper optimisation of big composite thin-walled structures, where a

Fig. 11. Interaction scheme between global and local finite element models.

Table 8
Parameters of the GA ERASMUS used for the solution search.

Property Value

N. of populations 2
N. of individuals per population 400
N. of chromosomes 1
N. of genes 35
Stop criterion Fixed generations (150)
Crossover probability 0.85
Mutation probability 0.01
Selection operator Tournament
Fitness pressure 1
Elitism operator Active
Isolation time Infinite

Table 9
Comparison of the values of the constraint and objective functions relative to
different individuals.

Function S3 S2 S1∗

g1 (stiffness) − 0.039 − 0.062 − 0.050
g2 (stiffness) − 0.301 − 0.244 − 0.276
g3 (strength) − 0.104 − 0.108 − 0.100
g4 (strength) − 0.592 − 0.614 − 0.573
g5 (strength) − 0.463 − 0.479 − 0.544
g6 (strength) − 0.463 − 0.452 − 0.284
g7 (strength) − 0.553 − 0.551 − 0.500
g8 (strength) − 0.351 − 0.371 − 0.367
g9 (buckling) − 0.303 − 0.122 − 0.258
g10 (buckling) − 0.139 − 0.128 − 0.126
g11 (buckling) − 0.189 − 0.289 − 0.410

−g12 18 (laminate feasibility) <0.000 <0.000 <0.000
g19 (manufacturability) <0.000 <0.000 <0.000

M[kg] −529( 38%)† −521( 38%)† −506( 40%)†

† With respect to =M 847kgREF .
∗ Retained optimal solution
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global macroscopic scale and a local macroscopic one can be identified, as
those commonly used in the aerospace industry.

As usual for this type of structures, the design problem is formulated
as a CNLPP involving requirements of different nature. In particular,
some requirements involve the structure response, at different scales,
under various loading conditions. To this purpose, the GL-MS2LOS aims
at proposing a very general formulation of the design problem, without
introducing simplifying hypotheses and by considering, as design
variables, the full set of geometric and mechanical parameters defining
the behaviour of the composite structure at each pertinent scale.

In the framework of the MS2LOS, the problem is split into two
subsequent optimisation problems. The first-level problem represents
the true structural optimisation and focuses on the macroscopic scale
(both global and local models are involved). At this scale, the laminates
composing the structure are considered as equivalent anisotropic single
layers, whose macroscopic behaviour is described in terms of their
polar parameters. The optimisation is performed by including both
geometrical and macroscopic mechanical variables describing the
structure into the problem formulation, without making simplifying
hypotheses, neither on the nature of the stacking sequences of the la-
minates nor on the other design variables. The second-level

optimisation problem, not presented in this paper, is devoted to the
retrieval of the laminates stacking sequences corresponding to the set of
optimum polar and geometrical parameters found at the first level.

The GL modelling approach is integrated at the first level of the
MS2LOS: fully parametric FE models are created at both the global and
the local macroscopic scales for the evaluation of the most relevant
phenomena. A coherent information transfer between these models is
ensured by implementing a sub-modelling GL approach: BCs of the local
models are directly extracted, in terms of displacements, from the re-
sults of the global analysis and properly transferred to the local FE
model. Local FE models are automatically created only for critical ZOIs,
which are identified, by means of opportune criteria, during the global
analysis. The solution search for the first-level multi-scale CNLPP is
performed by interfacing the GFEM and the LFEMs of the structure with
the GA ERASMUS, developed at the I2M laboratory in Bordeaux.

By employing a GL modelling approach, most of the limitations of
other well-established strategies are overcome; namely more accurate
results than those found by means of simplified analytical models (for
the assessment of the mechanical response of the structure) can be
obtained. Furthermore, the load redistribution due to changes of the
variables at the local scale is automatically accounted for. Finally, the

Table 10
Design variables values for optimal individuals at the last generation.

S3 S2 S1∗

Variable Top Lat. Bot. Top Lat. Bot. Top Lat. Bot.

w1
Fr [mm] 20.0 19.0 17.0

w3
Fr [mm] 97.0 86.0 85.0

tFr [mm] 1.125 1.125 1.000†

ρ0
Fr [–] 0.656 0.667 0.684

ρ1
Fr [–] 0.415 0.459 0.467

w1
St [mm] 10.0 6.0 15.0 12.0 7.0 14.0 13.0 6.0 12.0

w3
St [mm] 39.0 39.0 38.0 39.0 40.0† 34.0 35.0 39.0 39.0

w4
St [mm] 18.0 27.0 63.0 16.0 26.0 50.0 26.0 27.0 29.0

tSt [mm] 1.500 1.000† 3.250 1.625 1.000† 3.375 1.625 1.000† 2.750

ρ0
St [–] 0.627 0.946 0.864 0.728 0.922 0.842 0.758 0.883 0.940

ρ1
St [-] 0.275 0.880 0.738 0.230 0.796 0.751 0.285 0.834 0.884

tSk [mm] 1.375 1.500 1.375 1.375 1.625 1.500 1.250 1.500 1.500

ρ0
Sk [–] −0.952 −0.757 −0.936 −0.957 −0.816 −1.000† −0.940 −0.898 −0.867

ρ1
Sk [–] 0.029 0.015 0.014 0.030 0.012 0.008 0.092 0.024 0.021

nSk [–] 34 32 24 32 32 22 36 36† 26†

† Values at the bounds of the design space (see Table 7).
∗ Retained optimal solution.

Fig. 12. Polar diagram of the first component of matrix ∗[A] in GPa for the laminates of the bottom skin (a) and the bottom stringer (b) for solution S1. The horizontal
direction represents the fuselage longitudinal axis.
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whole process, once set, is fully automated and does not need the user
intervention.

The effectiveness of the presented GL-MS2LOS is proven on a
meaningful design case: the least-weight design of a composite fuselage
barrel of a wide-body aircraft. In the considered test case, a limited, yet
representative, set of loading conditions and design criteria is con-
sidered. Nevertheless, further criteria and load cases could be easily
introduced in the general framework of the presented design strategy.

The obtained optimum composite fuselage is compared to an ana-
logous aluminium configuration (previously optimised by the authors)
subject to equivalent design criteria: a weight saving of about 40% is
obtained while respecting the full set of design constraints. This result is
very promising, even more if considering that the floor beams and the
struts have not been included in the design process.

These results encourage research activity in this direction. As far as
prospects of this work are concerned, ongoing research is focused on
the formulation of post-buckling requirements, on the integration of
blending constraints between adjacent skin laminates and on the im-
provement of the strategy allowing to design composite thin-walled
structures made of variable angle tow laminates.
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Appendix A. Analytical expression of the laminate strength and stiffness matrices and vectors

According to the generic laminate stacking scheme of Fig. A.1, the analytical expression of the laminate stiffness matrices [A], [B], [D] and [H] is
given in Eq. (A.1), while that of the laminate strength matrices [G ], [G ], [G ], [G ]A B D H and vectors {g } and {g }A D is provided in Eq. (A.2).

Fig. 13. Normalised displacement field for the first buckling mode of the local models for the optimum solution.
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The expression of the above matrices and vectors in terms of the related polar parameters can be found in [23,24,41].

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.compstruct.2020.111908.
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Chapter 6
Preliminary structural design of the

PrandlePlane aircraft

As explained in Chapter 1, the work presented in this thesis has been carried out in
the framework of the WP5 activities of the PARSIFAL project. For the achievement of
Objective 3 of such activities, the GL-MSOS and the GL-MS2LOS, respectively presented
in Chapters 3 and 5, have been employed for the preliminary structural design of the
PrP aircraft proposed in the project. The work presented in those chapters, not only
provided a numerical validation of the effectiveness of the proposed design procedure, but
also constituted a true preparatory phase, mainly in terms of design problem formulation
and FE models development, for the activities presented in this chapter.

The structural design activity in PARSIFAL targets the main structural components
of the fuselage and the lifting system of the aircraft, by considering both metallic and com-
posite solutions. This activity is, essentially, the result of synergy between the activities
of three of the members of the PARSIFAL team at ENSAM: Michele Iacopo Izzi, Enrico
Panettieri and Marco Picchi Scardaoni.

The details of such activity and the complete outcomes of the design process have been
reported in two project deliverables (PARSIFAL Project Consortium, 2020b,c), classified
as confidential. This chapter only provides the highlights of part of the work, with a focus
on the procedural and modelling aspects linked to the peculiarity of the PrP configuration.
Moreover, this chapter is conceived to be a complement to Chapters 3 and 5, and, for the
sake of brevity, the repetition of concepts already discussed in the aforementioned chapters
is limited.

6.1 A modular modelling and optimisation approach

Two main challenges had to be faced to perform the structural optimisation of the PrP
aircraft. Firstly, the preliminary design of a complex structure like that of an aircraft
involves a big number of design variables. For a PrP aircraft such amount is bigger than
for a conventional one, because the lifting system of the former is composed of two main
wings, plus the lateral vertical surfaces.
Secondly, the PrP architecture characterising the aircraft proposed in PARSIFAL presents
an interesting feature: it is macroscopically internally hyperstatic, which means that, if
equivalent beams are used to represent the fuselage and the lifting system, they are over-
constrained to each other. Moreover, the lifting system, which has an annular shape,
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constitutes per se an over-constrained sub-structure. This characteristic has the main
consequence that designing the fuselage and the lifting system as isolated parts does not
ensure to obtain a correct design of the entire structure and that, for the correct assessment
of the structural responses of the PrP, the whole structure has to be modelled at once.

The computational effort needed for the application of the GL design procedures pre-
viously defined, involving a GFEM of the whole aircraft structure and by considering, at
once, the complete set of design variables, resulted too big for the IT infrastructure and
facilities available at the ENSAM. Consequently, specific adjustments, illustrated in this
chapter, had to be introduced in the design procedures.
Following the procedures presented in Chapters 3 and 5, the optimisation has been per-
formed by interfacing the GA ERASMUS with fully-parametric GL FE models. However,
the optimisation is performed alternately on two design sub-domains, represented by the
two sets of design variables describing the fuselage and the lifting system structures. As
illustrated in Fig. 6.1, the PrP aircraft has been divided in six regions: the two main
targeted design regions, i.e. the central fuselage barrel and the lifting system (depicted
in blue and green, respectively), the front1 wing-fuselage connection region and the rear2

one, which also includes the two fins (in red), the nose region and the tail one (in grey).
The work-flow of the iterative design procedure is presented in Fig. 6.2. At each iteration,

Figure 6.1: Qualitative division of the PrP aircraft structure in modelling regions (PARSI-
FAL Project Consortium, 2020b).

two optimisation sub-problems are solved in consecutive steps:

1. The fuselage optimisaion (FUO) problem.

2. The lifting system optimisaton (LSO) problem.

At each step, the suited GL design procedure (the GL-MSOS for the metallic structure, the
first-level of the GL-MS2LOS for the CSC one) is employed for the solution of the relative
sub-problem. To account for the hyperstatic nature of the PrP architecture, the whole
aircraft structure is modelled in the GFEMs generated during the optimisation process.
However, in order to limit the computational effort, only the design region interested by
the optimisation process (e.g. the central fuselage barrel when solving the FUO problem) is
modelled explicitly, whilst the remaining regions of the aircraft are modelled my means of
condensed SEs, generated through the sub-structuring technique presented in Chapter 2.
The SEs are generated prior to starting a new step of the procedure with the most recent
optimal configuration available and kept constant during the step. The iterative procedure

1Towards the nose of the aircraft.
2Towards the aircraft aft.
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Figure 6.2: Alternated-domain iterative design procedure (PARSIFAL Project Consor-
tium, 2020b).

is stopped when convergence is found between two analogous steps (e.g. the solutions of two
consecutive FUO problems show differences that are lower than or equal to a predefined
tolerance.)

The development of the FE models of the various regions of the PrP and the main
responsibility for the relative optimisation (when relevant) was distributed among the three
aforementioned collaborators as follows: M.I. Izzi carried out the multi-scale modelling of
the fuselage and the management of the FUO problem; M. Picchi Scardaoni took care of
the modelling and optimisation of the lifting system; E. Panettieri was in charge of the
modelling of the remaining regions. The two target design regions, i.e. the central fuselage
barrel and the lifting system, alternately appear as explicit FE models and as SEs in the
GFEM of the aircraft during the optimisation process. The two fuselage-wing connection
regions always appear as SEs. They are not directly involved in the optimisation process
and their properties are obtained from the adjacent fuselage and lifting system regions.
The two terminal regions of the fuselage (i.e. the nose and the tail) are not involved
in the optimisation process and are modelled as equivalent concentrated masses. The
coordination of the progress of the whole design process was ensured by the supervision
role of E. Panettieri.

97



6. Preliminary structural design of the PrandlePlane aircraft

6.2 Least-weight design of the PrandlePlane aircraft
structure

Two optimal structural configurations have been obtained performing the least-weight
design of the PrandlePlane aircraft: a metallic optimal configuration and a CSC one.
Both optimal configurations provide the geometrical properties of the main structural
components of the fuselage and the lifting system of the aircraft, as well as the inertial
properties of the structure of these regions. The CSC optimal configuration also includes
macroscopic elastic properties of the laminates composing the structural components and
the corresponding stacking sequences.

The macroscopic geometrical properties of the aircraft and the loading information
are the main inputs of the structural design process. They were provided by the project
partners working on WP3, firstly, as part of the set of data constituting the initial reference
configuration MS1 (resulting from the conceptual design phase carried out by SkyBox and
UNIPI), and, later, in a refined form obtained through the contributions of all the project
partners. The structural design problems (one for each material variant of the structure)
have then been formulated through the selection of the design criteria (DCs) and the
identification of the design variables.

6.2.1 Geometry and materials

Concerning the geometrical information of the aircraft and of the internal volume available
for the structural components, they are provided with respect to the reference coordinate
system illustrated in Fig. 6.3, whose z-axis is aligned to the fuselage longitudinal axis and
passes through the fuselage cross-section geometrical centre.

Figure 6.3: Fuselage regions division and positioning of the reference coordinate system
(qualitative representation, not in scale) (PARSIFAL Project Consortium, 2020b).

The fuselage has a quasi-elliptical cross-section modelled as a perfect ellipse. The
main geometrical parameters describing the cylindrical part of the fuselage are reported
in Tab. 6.1. The geometry of the generic stiffened panel composing the fuselage is the
one described in Chapters 3 and 5. Referring to Fig. 2 of Chapter 5, it is composed
of hat-shaped stringers and floating frames with a Z-shaped cross-section, attached to
the skin by means of shear tie components; no stringer tie or tear strap components
are present. These components are made of 2024-T3 aluminium alloy in the metallic
PrP, whilst they are made of laminates whose elementary lamina is the unidirectional
T300/5208 carbon/epoxy prepreg in the CSC PrP. Floor beams with an I-shaped cross-
section and tubular struts complete the set of structural components of the fuselage. These
last components are made of 2024-T3 aluminium alloy in both the metallic and the CSC
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Table 6.1: Main geometrical parameters of the cylindrical fuselage region.

Component Value
Fuselage external major axis [mm] 5391
Fuselage external minor axis [mm] 4166
Upper-deck floor y-position [mm] −448
Lower-deck floor y-position [mm] −1850
Upper-deck struts x-position [mm] ±1318
Lower-deck struts x-position [mm] ±288

aircraft variants. Moreover, they have a predefined geometry (reported in Tab. 6.2) which
is kept unaltered during the optimisation process. The physical properties of the two

Table 6.2: Geometry of the floor beams and struts.

Component Value
Upper-deck floor beams web height [mm] 240.0
Upper-deck floor beams flange width [mm] 156.0
Upper-deck floor beams thickness [mm] 2.5
Lower-deck floor beams web height [mm] 65.0
Lower-deck floor beams flange width [mm] 60.0
Lower-deck floor beams thickness [mm] 1.5
Struts external diameter [mm] 21.5
Struts internal diameter [mm] 15.5

aforementioned materials are reported in Tab. 2 and Tab. 3 of Chapter 5.
The external geometry of the lifting system is defined through the complete determ-

ination (in terms of shape and positioning) of a set of known cross-sections of the wings
composing it (called front, vertical and rear wing) and assuming a linear shape trans-
ition between these sections. The geometrical parameters defining such sections, i.e. the
coordinates of the leading edge (LE) position, the chord length and the twist angle, are
provided in Tab. 6.3, while the position of the wing-box (i.e. the set of structural compon-
ents) inside the wings is reported in Tab. 6.4. The supercritical aerofoil F15-11 is used
(CeRAS; Risse et al., 2016).
Concerning the architecture of the wing-box, the stringers have a square T-shaped cross-
section, the spars are composed of a flat web and L-shaped spar caps, and a simplified
constant-thickness geometry is considered for the ribs. Shear tie, stringer-tie and tear-strap
components are not modelled. For both the front and the rear wing, the ribs are parallel
to the free stream direction in the region between the root and kink sections, whilst they
are perpendicular to the rear and front spar, respectively, in the region between kink and
tip sections (as illustrated in Fig. 6.4). For the vertical wing, the ribs are perpendicular to
the spars (which are parallel to each other). In all three wings the stringers are arranged
parallel to the rear spar. Further information about the geometry of the lifting system
is presented in the article by Picchi Scardaoni et al. (2020a), in which the GL-MSOS is
applied to the design of the isolated metallic lifting system. In the metallic variant of the
PrP, shell-like components of the lifting system (i.e. the skin, the ribs, and the spar webs)
are made of 2024-T3 aluminium alloy (Tab. 3 of Chapter 5), while beam-like ones (i.e. the
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Table 6.3: Main geometrical parameters of the lifting system.

Wing section LE coordinates [mm] Chord [mm] Twist [deg]
Front root (±2350,−884, 1082) 7287 3.05
Front kink (±4661,−684, 3014) 5350 3.90
Front tip (±17500,−74, 13902) 1949 1.50
Vertical root (front) (±18000, 426, 14705) 1852 1.50
Vertical tip (rear) (±18000, 6542, 19343) 1922 1.40
Rear root (0, 7042, 27220) 5295 3.70
Rear kink (±5400, 7042, 25037) 4276 2.99
Rear root (±17500, 7042, 20164) 1991 1.40

Table 6.4: Position of the wing-box in percentage of the chord length from the LE.

Wing Root sec. Kink sec. Tip sec.
Front 11− 57% 15− 70% 25− 75%
Vertical 20− 80% - 20− 77%
Rear 15− 70% 15− 70% 15− 70%

Figure 6.4: Arrangement of stringers and ribs in the front wing (Picchi Scardaoni et al.,
2020a).

stringers and the spar caps) are made of 7075 aluminium alloy (whose physical properties
are reported in Tab. 6.5). In the composite PrP, all components of the lifting system are
made of CSCLs, whose elementary lamina is the aforementioned unidirectional T300/5208
carbon/epoxy prepreg (Tab. 2 of Chapter 5). In both variants of the PrP, the ribs are not
optimised and are kept constant in a predefined configuration: either a 4 mm aluminium
plate or a [(±45◦)11]S laminate.

For all considered materials a linear elastic behaviour is assumed.

6.2.2 Loads and boundary conditions

During the design process, the mechanical response of the PrP aircraft has been evaluated
for a selected3 set of load cases (LCs). These LCs correspond to various combinations

3A sub-set of the usual set considered in the preliminary design phase of a commercial aircraft.
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6.2. Least-weight design of the PrandlePlane aircraft structure

Table 6.5: Material properties of 7075 aluminium alloy (U.S. Departement of Defense,
2003).

Propriety Value
Young’s modulus [MPa] 71000
Poisson’s ratio 0.33
Tensile yield stress [MPa] 450
Tensile ultimate stress [MPa] 500
Density [g/cm3] 2.81

of flight loads due to symmetrical manoeuvres or gusts with different values of the load
factor ng, and of loads related to cabin pressurisation. All considered LCs are obtained as
a linear superposition of two basic loading conditions (BLCs): a cruise loading condition
(load factor ng = 1) without pressurisation, identified as BLC1g, and a nominal pressur-
isation loading condition, identified as BLCp.
Under BLC1g, the aircraft withstands a set of inertial and aerodynamic loads, which are
nominally auto-equilibrated. Inertial loads include the payload and both structural and
non-structural weight. The upper-deck floor payload has been computed considering the
presence of 308 passengers and 11 flight attendants (95 kg per person), and applied as a
distributed load on interested floor beams, while lower-deck floor payload has been eval-
uated by considering the presence of twelve full LD3-45 containers in the cargo space.
The weight of the engines, of the landing gears, and of the whole nose and tail regions is
taken into account through concentrated masses (whose values have been provided by the
project partners) adequately positioned and linked to the structure. In particular the main
landing gear is connected to the central fuselage barrel, while the other masses are con-
nected to the fuselage-wings connection regions. The weight of other cabin non-structural
systems is estimated through statistical data (Niu, 1988) and applied as an additional
distributed load on the fuselage upper-deck floor beams. The weight of the non-structural
masses acting on the front and rear wings (excluding fuel) has been provided by SkyBox
and computed according to statistical data (Torenbeek, 1992). It has been applied as a
set of point forces and moments at the centroid of the wings ribs. The structural weight
is evaluated on-line for each considered configuration by means of the employed GFEMs.
Aerodynamic loads are derived from the lift distribution, provided by UNIPI, correspond-
ing to the cruise of the MS1 aircraft configuration at a Mach number of 0.79 and an
altitude of 11 km under maximum zero-fuel weight (MZFW) condition. Such distribution
is converted into a statically equivalent system of forces and moments applied on the wings
ribs. Finally, such system is conveniently scaled, during the GFEMs analysis, in order to
equilibrate the changing inertial loads. Aerodynamics loads on the fuselage have been
neglected. Flight loads corresponding to symmetrical manoeuvres with values of the load
factor other than one are approximated by scaling BLC1g by that value.
In BLCp, the effect of the maximum operating differential pressure (corresponding to the
maximum relief valve setting) is taken into account as internal pressure on the fuselage.

Symmetric BCs are applied on the aircraft longitudinal plane (plane y-z in Fig. 6.3),
and two points belonging to the longitudinal fuselage axis and located inside the two
fuselage-wing connection regions are constrained in order to avoid rigid motion of the
aircraft, as illustrated in Fig. 6.5.
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6. Preliminary structural design of the PrandlePlane aircraft

Figure 6.5: Boundary conditions applied on the aircraft. Fuselage nose on left-hand side.
(PARSIFAL Project Consortium, 2020b).

6.2.3 Design criteria and variables

The optimisation problems of the metallic and the composite versions of the PrP aircraft
are characterised by two analogous, yet different sets of DCs and variables.

Metallic PrandlePlane aircraft

The following set of DCs is considered in the design process of the metallic PrP aircraft:

M-DC1 The structure must have a minimum stiffness.

M-DC2 The average equivalent stress in the fuselage skin and lifting system skin, stringers
and spars must not exceed the yielding strength of the material, considering a factor
of safety FS = 1.5, under LLs.

M-DC3 The average equivalent stress in the fuselage skin and lifting system skin, stringers
and spars must not exceed the ultimate strength of the material under ULs.

M-DC4 No buckling must occur in the stiffened panels under ULs (no buckling design
approach) with a factor of safety FS = 1.1.

M-DC5 No critical fatigue failure must occur:
• in the fuselage skin, caused by the cycling hoop stress due to pressurisation;
• in the wing skin, when a suitable ground-air-ground load spectrum is applied.

M-DC6 Only manufacturable solutions are considered.

M-DC1 is expressed in terms of maximum tip displacement of the lifting system in the
flight envelope, which should not exceed 15% of the wingspan. M-DC2 and M-DC3 are
expressed in terms of average equivalent stress in order to neglect the effect of local stress
concentrations that is strongly affected by the accuracy of the FE model and that consti-
tute the object of the detailed design phase (performed after the preliminary design phase).
M-DC4 is expressed in terms of no-buckling condition for the most critical stiffened pan-
els identified into the central fuselage barrel and the lifting system by means of suitable
criteria. Such an evaluation is done through refined LFEMs. M-DC5 is a criterion against
the nucleation of cracks in the longitudinal joints between the fuselage stiffened panels and
at rivets locations in the lifting systems. It is translated into an equivalent static check
according to the method explained in Sec. 2.1 of Chapter 3. The load spectrum provided
by Rustenburg et al. (2002) is employed for the assessment of such check on the lifting
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6.2. Least-weight design of the PrandlePlane aircraft structure

system. M-DC6 is expressed as various requirements on the minimum thickness of thin-
walled elements, on the minimum length of the interface flanges of stiffening components
for rivets installation, on the minimum length to thickness ratios of sheet elements, and
on the minimum distance between consecutive stringers.

The design variables involved in the design process of the metallic PrP aircraft are all
geometrical and correspond to the parameters needed to completely describe the geometry
of structural components of the fuselage and of the lifting system.
Concerning the fuselage, the skin thickness, the frames geometry, and the stringers geo-
metry and spacing are optimised. Only one frame geometry is used for the whole fuselage
barrel, and the frames spacing is not a design variable. Three circumferential sectors are
identified on the fuselage barrel: i.e. top, lateral and bottom sectors (Fig. 6.6). Each sector
is characterised by a different set of skin and stringers properties.

Figure 6.6: Fuselage division in circumferential sectors.

Concerning the lifting system, the skin thickness, the stringers geometry and spacing, the
spars geometry, and the ribs spacing are optimised. All components are different in the
front and rear wing, while the skin and the stringers are also different in upper and lower
side of each wing. The geometrical parameters of the spars are not independent, rather
they are linked to those of the adjacent skin and stringers. The geometry of the structural
components of the vertical wings are linked to those of the two main wings. All parameters
linearly vary along the wingspan: consequently, four scaling parameters are also included
among the design variables.

Composite PrandlePlane aircraft

The following set of DCs is integrated in the design process of the composite PrP aircraft:

C-DC1 The structure must have a minimum stiffness.

C-DC2 No failure must occur under loads up to ULs.

C-DC3 No buckling must occur in the stiffened panels under ULs (no buckling design
approach) with a factor of safety FS = 1.1.
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6. Preliminary structural design of the PrandlePlane aircraft

C-DC4 Only manufacturable solutions are considered.

C-DC5 The laminates composing the structures have a fully-orthotropic (membrane and
bending), uncoupled and homogeneous macroscopic elastic behaviour.

C-DC1, is expressed as the analogous DC for the metallic PrP aircraft. C-DC2 is verified
at the laminate-level by means of the laminate failure index of Eq. (11) of Chapter 5. As
explained in Chapters 5 and 7, such quantity can be specialised for various phenomeno-
logical failure criteria. The formulation based on the Tsai-Wu failure criterion is used in
the formulation of the FUO problem, whereas the Tsai-Hill formulation is used in that of
the LSO problem. Moreover, the evaluation of the laminate failure index is not performed
point-wise on the laminates, rather it is averaged over portions of the skin in order to
neglect the effects of local stress concentrations that could arise because of the limited
accuracy of the FE models employed in the preliminary design phase. C-DC3 is expressed
as M-DC4. C-DC4 is expressed through the formulation of a set of geometrical constraints
(as seen for M-DC6) and the enforcement, at the first-level of the GL-MS2LOS, of the
feasibility conditions on the existence of suitable stacks (Eq. (18) of Chapter 5). Moreover,
only for the lifting system, blended skins are considered. For two adjacent panels, the con-
tinuity of ply orientations, when passing from the thinner to the thicker laminate, must
be ensured, as shown qualitatively in Fig. 6.7. Consequently, the blending constraints
formulated by Picchi Scardaoni et al. (2020b) in the PPs space are also included in the
LSO problem formulation.

Figure 6.7: Two possible blended arrangements for two adjacent panels.

The set of structural components optimised in the design process of the metallic PrP
is considered made of CSC laminates in the composite version of the aircraft. Therefore,
in agreement with the adoption of the GL-MS2LOS, also mechanical design variables
are considered, in addition to the geometrical ones, in the first-level phase (i.e. at the
macroscopic scale, where the structural design is performed) of the design process of
the CSC version of the PrP aircraft. Under the requirements corresponding to C-DC4,
three PPs are needed for the description of the macroscopic mechanical behaviour of each
laminate constituting the structural components (see Sec. 3.1 of Chapter 5): RA∗

0K, RA∗
1

and ΦA∗
1 . The first two of them have been considered as additional design variables (an

independent set for each laminate) in the optimisation process, whilst the last one has been
manually defined, for each laminate, in order to set the direction main orthotropy axis of
the laminates. For the laminates composing beam-like components, this direction has been
set aligned with the longitudinal axis of the component itself, while it has been aligned
to the fuselage longitudinal direction for the fuselage skin, and to the stringers direction
for the skin and the spars of the wings. The same three-sector division presented above is
employed for the identification of fuselage design variables. Concerning the lifting system,
the usual front-rear wing division is maintained, while the linear span-wise variation of
the parameters has been replaced by the identification of three sectors for the front wing
and two sectors for the rear one, as illustrated in Fig. 6.8.
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← Fuselage nose

Figure 6.8: Wing division in span-wise sectors.

6.3 Finite element modelling of the PrandlePlane
structure

As anticipated in Sec. 6.1, various approaches have been used for the modelling of the
different regions of the PrP aircraft.

Concerning the two target regions of the optimisation process, i.e. the central fusel-
age barrel and the lifting system, the GL FE modelling approach described in Sec. 3 of
Chapter 5 has been employed. The GFEM and LFEMs employed for the assessment of the
mechanical response of the PrP fuselage have the same characteristics of those presented
in Chapter 5. Indeed, the same set of fully-parametric ANSYS APDL codes, called EL-
liptical Fuselage PArametric Models (ELF-PAM) and able to generate the FE models of
an any-length single-deck fuselage barrel with an elliptical cross-section and of any of the
stiffened panels constituting it, has been employed in the two cases. It must be recalled
that, in the fuselage GFEM, the skin is modelled using 8-node quadratic shell elements
(ANSYS Shell281), while 3-node quadratic beam elements (ANSYS Beam189) are used
for all other components (see Fig. 6 of Chapter 5). For the modelling of the composite
structure, preintegrated shell sections are used for the skin, while for the beam elements,
custom beam cross-sections are created: for each laminate, an equivalent homogeneous
fictitious orthotropic material is defined (this is possible thanks to the quasi-homogeneity
hypothesis) and opportunely oriented in the various sectors of the beam cross-section. The
presence of the special outboard main landing gear (Nuti et al., 2018) has been taken into
account as point masses rigidly linked to a portion of the frames, as shown in Fig. 6.9.
The LFEM is entirely built by using 8-node quadratic shell elements with preintegrated
shell sections. Each refined LFEM, employed for the assessment of the buckling require-
ment, includes the same number of stringers and frames, i.e. three and two, respectively,
as shown in Fig. 8 of Chapter 5.
Similar modelling choices have been taken for the lifting system. However, in the lifting
system GFEM, the stringers and the spar caps are modelled as rod elements (ANSYS
Link180) and 4-nodes linear elements (ANSYS Shell181) have been used for the skin and
the spars web. The refined LFEMs of the stiffened panels of the lifting system are 1-
bay long and 5-stringer wide (Fig. 6.10) and only contain skin and stringers components,
both modelled through 4-node shell elements (ANSYS Shell181). More details about the
FE modelling of the lifting system can be found in the aforementioned article by Pic-
chi Scardaoni et al. (2020a).
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6. Preliminary structural design of the PrandlePlane aircraft

Figure 6.9: Main landing gear design (Nuti et al., 2018) and relative modelling in the
fuselage GFEM.

Figure 6.10: Representative LFEM of the lifting system region. (Picchi Scardaoni et al.,
2020a).

Concerning the two fuselage-wing connection regions, simplified explicit FE models
have been employed for the generation of the SEs. These models, shown in Figs. 6.11
and 6.12, are only composed of shell elements. The thickness of such elements accounts for
the presence, in the real structure, of stringers, frames, floor beams and struts (smeared on
the shells surface) and is updated at the end of each optimisation step using the optimised
properties of the adjacent fuselage and lifting system regions. The SEs of the two fuselage-
wing connection regions have been created only in the metallic version: for the design of
the composite PrP aircraft, the last (optimised) metallic versions of these SEs have been
employed for all the steps of the process.

The GFEMs of the whole aircraft used during the steps of the optimisation process
are obtained by assembling the explicit GFEM of the interested region, either the central
fuselage region or the lifting system one, and the SEs of the remaining regions, as shown
in Fig. 6.13. A rigid connection is established between the models of the various regions
by means of multi-point constraint (MPC) elements. Such elements are also used to fix
the aforementioned point masses (representing the landing gears, the engines, and the tail
and nose regions) and the two nodes used for the application of BCs to suited regions of
the adjacent FE models.
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6.4. Results

Figure 6.11: Exploded view of the FE model used for the generation of the SE of the front
fuselage-wing connection region (PARSIFAL Project Consortium, 2020b).

Figure 6.12: Exploded view of the FE model used for the generation of the SE of the rear
fuselage-wing connection region (PARSIFAL Project Consortium, 2020b).

6.4 Results

A total amount of 41 and 85 design variables has been optimised for the metallic and the
composite (recall that only the first-level problem of the GL-MS2LOS has been solved for
the composite solution) versions of the PrP aircraft, respectively. The GA ERASMUS,
interfaced with the commercial FE software ANSYS, as illustrated in Fig. 5 of Chapter 5,
has been employed as optimisation tool for the solution of both the FUO and LSO problem.
Two iterations of the alternated-domain design procedure of Fig. 6.2 revealed sufficient to
achieve a good convergence.

The results consist of the whole set of geometrical and mechanical parameters needed
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Figure 6.13: GFEM of the whole aircraft used during the LSO step (PARSIFAL Project
Consortium, 2020b).

for the description of the optimised structural components. However, only a small part of
these results is provided in this thesis and only in a qualitative form, due to confidentiality
issues.
In Tab. 6.6, the composite solution and the metallic one are compared in terms of relative
difference of the weight of their two design regions. The composite solution is character-
ised by a weight reduction of about 36% and 14% with respect to the optimal metallic
configuration, for the main structural components of the central fuselage region and of the
lifting system, respectively. The weight reduction obtained for the PrP fuselage region is
coherent with that obtained in Chapter 3, where a reference fuselage barrel is considered.
The breakdown of the relative weight difference for the various design sub-regions of the
central fuselage region (i.e. the groups of structural components sharing the same proper-
ties) is also provided in Tab. 6.6. As it can be inferred from this data, most of the weight
saving is obtained on the fuselage skin and frames, whose weakening is compensated by a
strengthening of the stringers.

Table 6.6: Relative weight difference between the composite solution and the metallic one.

Design region/sub-region Relative weight difference
Central fuselage −36%
Top skin −70%
Top stringers +25%
Lat. skin −52%
Lat. stringers −1%
Bot. skin −34%
Bot. stringers +52%
Frames −60%

Lifting system −14%
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Fig. 6.14 shows the deformation of the lifting system during a pull-up manoeuvre, while
the deformation of the central fuselage region under the two considered BLCs is reported
in Fig. 6.15. In the latter, the effect of the presence of a double connection between fu-
selage and lifting system is visible in the unusual deformation of the fuselage barrel under
BLC1g. Finally, as an example, the first buckling modes of the critical top-sector panels
of the optimal metallic fuselage and of the optimal composite one are shown in Fig. 6.16,
which also highlights the different stringers spacing in the two solutions (recall that the
frame spacing is the same between the two solutions).

Figure 6.14: Contour plot of the vertical displacement of the lifting system during a pull-up
manoeuvre.

(a) Contour plot of the hoop stress in skin under BLCp

(b) Contour plot of the longitudinal stress in skin under BLC1g

Figure 6.15: Deformed shape of the metallic central fuselage barrel. Fuselage nose on the
left-hand side.
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Figure 6.16: First buckling mode of the top sector ZOI of the metallic optimal fuselage
(left) and of the composite one (right).

6.5 Conclusions

All the research activities carried out in the thesis work move in the framework of the
WP5 of the European research project PARSIFAL.
The activities presented in Chapters 3, 5 and 7 target both Objectives 1 and 2 of WP5
(see Chapter 1). New or improved multi-scale design procedures for thin-walled composite
structures have been developed and numerically validated through the solution of bench-
mark design problem taken from the literature.
In Chapter 4, one of the two planned activities of experimental validation of the proposed
procedures is presented (Objective 2 of WP5). The second one of those activities, whose
details are not reported in this thesis, has been carried out in collaboration with E. Pan-
ettieri and M. Montemurro and deals with the optimisation, manufacturing and testing of
full-scale stiffened panels made of unconventional CSC.
In this chapter, the highlights of part of the activities carried out in pursuit of Objective
3 of WP5 are presented.

The GL-MSOS and the GL-MS2LOS, respectively presented in Chapters 3 and 5, have
been employed for the preliminary structural design of the aircraft proposed in PARSIFAL.
Two versions of the aircraft have been optimised: a first one with a completely metallic
structure, and a second one with most of the structural components made of CSCLs. Only
the main structural components of the central fuselage barrel and of the lifting system have
been targeted in the design process. Similar optimisation problems have been formulated
for the design of the two versions of the aircraft. In both cases, a limited, yet representative
set of loading conditions and design criteria has been considered.

Because of the peculiar PrP architecture a modular approach to the modelling of the
aircraft structure revealed necessary. The aircraft has been divided into six regions whose
modelling activities have been shared between the members of the PARSIFAL team at
ENSAM. In order to limit the computational effort needed for the optimisation of such
a complex and over-constrained structure, two adaptations to the aforementioned GL
multi-scale design procedures have been devised. From a procedural perspective, a multi-
step alternated-domain approach is adopted: the solution search is carried out iteratively
alternating the optimisation of the design variables belonging to the central fuselage barrel
(FUO step) to those of the lifting system (LSO step). From a modelling point of view,
in the GFEM of the whole aircraft structure, the regions not directly involved in the
optimisation (e.g. all but the central fuselage region in the FUO step) are modelled in a
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condensed way through SEs obtained by means of the sub-structuring technique.
Results have been obtained both in terms of macroscopic inertial properties distri-

butions and in terms of detailed structural information for both variants of the aircraft
structure. Clearly, there is no reference solution with which to compare the results ob-
tained. However, the weight reduction observed when comparing the composite solution
to the metallic one appear in agreement with expectations.
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Chapter 7
Multi-level design of variable-stiffness

composite structures

The article Strength and mass optimisation of variable-stiffness composites in the polar
parameters space, reported in this chapter, has been accepted for publication in Structural
and Multidisciplinary Optimization (Izzi et al., 2021a). It deals with the deterministic
optimisation of VSCLs at the macroscopic scale. In particular, in this work, the first level
of the MS2LOS for VSCs is enhanced and enriched through the formulation of require-
ments related to strength, mass and maximum tow curvature, and the design problem is
generalised to the case of VAT laminates with non-uniform thickness.

The framework presented in this work allows for either the uniform (across the sur-
face) or the point-wise tailoring of various properties of VSCLs: the orthotropy type and
shape, the direction of the main orthotropy axis, the thickness of the laminate. Exploit-
ing this freedom, various sub-classes of VSCLs, including both manufacturable solutions
and theoretical ones, are identified and investigated in this work. The polar method is
used to represent the point-wise elastic behaviour of the VSCLs. The PPs distributions
and that of the thickness across the VSCL surface are described through B-spline entit-
ies: taking full advantage of their properties, the analytical expression of the response
functions related to the aforementioned requirements, as well as their gradients, are de-
rived. The structure failure load is assessed using a laminate-level failure criterion based
on tensor invariants. An improved conservative formulation is proposed for the process-
related manufacturability requirement on the maximum tow curvature. Moreover, a new
formulation of the point-wise feasibility requirement (on the existence of suitable stacks
in the second level) is proposed: a shrewd change of variable is introduced to intrinsically
satisfy this requirement without introducing explicit constraint functions into the problem
formulation.

Both the failure load maximisation problem (with a constraint on the structure mass)
and the mass minimisation one (with a constraint on the structure strength) are solved
for two benchmark structures, withstanding both in-plane and out-of-plane loads. For
both structures, the effect of a constraint on the maximum tow curvature is also evalu-
ated. Solutions belonging to various VSCLs sub-classes are obtained and discussed. Their
performances are compared with those of both quasi-homogeneous isotropic solutions and
an optimised VSC solution taken from the literature obtained by means of the LPs-based
representation. In both cases, considerable improvements are registered, confirming the
great potential of VSCLs and the effectiveness of the MS2LOS based on the polar method.
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Abstract A general theoretical and numerical framework
for the strength and mass optimisation of variable-stiffness
composite laminates (VSCLs) is presented in this work.
The optimisation is performed in the context of the first-
level problem of the multi-scale two-level optimisation
strategy (MS2LOS) for VSCLs. Both the failure load max-
imisation problem (subject to a constraint on the mass) and
the mass minimisation one (with a constraint on the VSCL
strength) are solved for two benchmark structures. The ef-
fect of the presence of a constraint on the maximum tow
curvature is also investigated. The solutions are searched
by means of a deterministic algorithm by considering dif-
ferent scenarios in terms of the VSCL macroscopic be-
haviour: the orthotropy type and shape, the direction of the
main orthotropy axis and the thickness of the laminate are
tailored either globally (uniform over the structure) or lo-
cally. The polar method is used to represent the point-wise
elastic response of the VSCL at the macroscopic scale.
The distributions of the polar parameters and of the thick-
ness are described through B-spline entities: their proper-
ties are exploited in computing physical and geometrical
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The VSCL strength at the macroscopic scale is assessed us-
ing a laminate-level failure criterion in the space of polar
parameters. Numerical results show considerable improve-
ments with respect to both quasi-homogeneous isotropic
structures and an optimised VSCL solution taken from the
literature obtained by using the design approach based on
lamination parameters. These results confirm the effective-
ness of the proposed strategy and the great potential of VS-
CLs.
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1 Introduction

Nowadays, the development of new manufacturing tech-
nologies is allowing a proper exploitation of the direc-
tional properties of composite materials through the con-
cept of variable-stiffness composite laminates (VSCLs).
Unlike traditional constant-stiffness composite laminates
(CSCLs), in VSCLs, a point-wise variation of the macro-
scopic mechanical properties can be obtained across the
laminate surface. This can be achieved by means of vari-
ous techniques: through a continuous in-plane steering of
the fibres in variable-angle tow (VAT) laminates; by drop-
ping or adding straight-fibre layers in laminates with vari-
able thickness and stacking sequence; by a simultaneous
and continuous variation of fibre direction and layer thick-
ness in the case of the Continuous Tow Shearing process
(Kim et al., 2014).

The local material tailoring makes VSCLs really ap-
pealing, especially for the strength optimisation of struc-
tures wherein stress concentrations, either due to geome-
try or loading, may occur. As an example, in an early ex-
perimental investigation, Hyman et al. (1969) showed that
an improvement of about 43% of tensile strength could
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be achieved by locally distorting the fibres grid around an
open hole instead of just drilling it afterwards.

Traditionally, the design of VSCLs has been carried out
by optimising the fibres-paths within each ply, by using the
so-called direct approach (Ghiasi et al., 2010). Various an-
alytical/numerical strategies have been developed, over the
years, to find optimised solutions. The idea of locally align-
ing the main orthotropy axis of the material to the princi-
pal stress and/or strain direction, a common practice for
stiffness-oriented optimisation, is exploited by Hyer and
Charette (1991) to increase the failure load of open hole
plates under tension. This alignment was achieved through
an iterative procedure wherein a single layer of fibres-
paths is optimised point-wise. Both the Tsai and Wu (1971)
(TW) failure criterion (FC) and the max-strain one are
computed on a layer-by-layer basis to predict the failure
load and the related failure mode, obtaining theoretical im-
provements of the plate strength up to 89% over the quasi-
isotropic [±45/0/90]2S configuration having the same ge-
ometry. An analogous procedure was followed by Tosh and
Kelly (2000), who introduced the concept of load paths.
They experimentally showed that better results in terms of
strength are obtained when aligning the fibres with the load
paths, instead of aligning them with the principal stress di-
rections, in the case of open-hole tension and pin-loaded
tests. In both works the authors also intuitively found that
adding a few layers with curvilinear paths locally orthogo-
nal to the main ones further improves strength.
A common belief when dealing with the optimisation of
VSCLs is that maximising the stiffness implicitly implies
a proper maximisation of the VSCL strength. However,
even if the relation between the two problems has been
recently found (Catapano and Montemurro, 2019), it has
been shown that the two formulations are not equivalent
(IJsselmuiden et al., 2008; Khani et al., 2011; Catapano
and Montemurro, 2020).

In most of the early works, the layers fibres-paths are
described through a given discretisation, usually corre-
sponding to the mesh of a finite element (FE) model used
for the assessment of the physical responses. Moreover,
mono-layers or over-simplified symmetric stacks were
considered.
In order to limit the amount of design variables and, at
the same time, ensure fibres-path continuity, some authors
have opted for the use of an in-layer parametrisation of
the fibres-paths. Gurdal and Olmedo (1993) introduced a
fibres-path parametrisation wherein the fibre orientation
angle varies linearly along a given direction and is kept
constant along the perpendicular one. Although the linear
fibre orientation variation represents a strong limitation for
design purposes, it has widely been used for the optimisa-
tion of VSCLs, achieving good results. For example, Alha-
jahmad et al. (2008) used this parametrisation for the fail-
ure load maximisation of a fuselage panel with a cut-out

modelled as a two-dimensional plate and loaded by a com-
bination of pressure and in-plane loads. A 16-layer point-
wise symmetric and balanced stacking sequence with only
two independent fibres-paths of the type [±θ1/± θ2]2s is
considered for a total number of four design variables. The
optimisation was performed using a simulated-annealing
optimiser. Failure is verified using the TW FC, evaluated
by means of FE analyses. Improvements up to 30% in the
load carrying capacity of the structure were obtained when
compared to the quasi-isotropic design. Huang and Haftka
(2005) used a piecewise bi-linear interpolation to repre-
sent the fibres orientations near a hole of one of the lay-
ers of a laminate withstanding uni-axial tensile load for
maximising its failure load. The solution search was per-
formed by alternating the conjugate gradient method and a
genetic algorithm to avoid local optima, obtaining a load-
carrying capacity twice than that of a CSCL with the stack
[0/± 45]s. Other authors used more general parametri-
sations giving greater flexibility in describing the fibres-
paths. Nagendra et al. (1995) used Non-Uniform Rational
Basis Spline curves for the fibres paths. While Tian et al.
(2021) proposed the use of a parametric divergence-free
vector field point-wise tangent to the fibres. Owing to the
nature of the vector field employed, resulting fibres-paths
were ensured to not cross each other.

Of course, the main drawback of the direct approach
is related to the number of design variables that could eas-
ily become prohibitive for thicker VSCL. Moreover, the
physical responses involved in the problem formulation are
highly non-convex in terms of the local fibres’ orientation
angle.
To go beyond these limitations, the so-called multi-level
approach represents a sound alternative (Ghiasi et al.,
2010). In this background, the composite design problem
is split in two (or more) sub-problems. At the macroscopic
scale, the VSCL is typically represented as an equiva-
lent single layer plate whose anisotropic behaviour (which
varies point-wise over the laminate) is described through a
suitable representation.
To this purpose, two representations are commonly em-
ployed to describe the macroscopic response of the VSCL.
The first one makes use of the lamination parameters (LPs)
coupled with the parameters of Tsai and Pagano (Jones,
1975) in the framework of the classic laminate theory
(CLT). This representation allows reducing the number of
design variables (at most, 12 LPs are needed to describe the
local anisotropic behaviour of a VSCL in the CLT frame-
work). However, the Tsai and Pagano parameters are not
all independent and they do not have a simple and im-
mediate physical meaning. Moreover, some of them are
frame dependent (Jones, 1975). The second representation
available in the literature is the so-called polar method,
which is based on the polar parameters (PPs) introduced
by Verchery (1982) in the CLT framework and later ex-
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tended to the case of higher-order equivalent single layer
theories (HESLTs) by Montemurro (2015b,a,c). The polar
formalism allows representing any plane tensor by means
of tensor invariants, which are related to the symmetries of
the tensor. The polar formalism generalised to the case of
HESLTs is at the basis of the multi-scale two-level optimi-
sation strategy (MS2LOS), widely used for the multi-scale
design of both CSCLs (Montemurro et al., 2016, 2019; Izzi
et al., 2020; Picchi Scardaoni and Montemurro, 2020; Au-
doux et al., 2020) and VSCLs (Montemurro and Catapano,
2016, 2017, 2019; Catapano et al., 2019; Catapano and
Montemurro, 2020; Fiordilino et al., 2020).

In the framework of multi-level approaches, the deter-
mination of the optimal stacking sequences is postponed
to a second phase wherein the lay-up design is typically
formulated as an unconstrained least-squares problem. A
further advantage of the anisotropy representation based
on PPs is that both sub-problems can be formulated in the
most general sense, i.e. without introducing unnecessary
hypotheses on the nature of the stack to enforce desired
elastic properties of the laminate (e.g. the use of symmetric
stacks to get membrane-bending uncoupling or balanced
stack to get membrane orthotropy, as systematically done
in LPs-based approaches).

Both representations have been employed to deal
with VSCLs optimisation problems involving stiffness and
buckling requirements, see the works by Montemurro and
Catapano (2016, 2017, 2019), Catapano et al. (2019) and
Fiordilino et al. (2020) for some examples where polar for-
malism is used and the review article by Albazzan et al.
(2019) for some works where the approach based on LPs is
adopted. On the other hand, the integration of strength re-
quirements in multi-level optimisation strategies has been
limited for long time. This is due to the localised nature
of the failure mechanisms, which occur at the ply-level or
at the scale of the constitutive phases. Moreover, there is
still a lack of a pertinent and efficient formulation of FC
at the laminate level, which further contributes to the lim-
ited introduction of strength requirements in the first phase
of multi-level optimisation approaches. An important im-
provement in this sense has been achieved by IJsselmuiden
et al. (2008). Starting from the TW FC expressed in terms
of strains, they built a conservative failure envelope that
guarantees a failure-free region in the LPs space, indepen-
dent of the stacking sequence. This laminate-level FC was
used to maximise the failure load of a CSCL withstand-
ing membrane load, and the obtained results were com-
pared to those coming from a classical stiffness maximi-
sation problem. In particular, depending on the material
properties, strength-driven solutions can be characterised
by failure loads up to 48% higher than those of stiffness-
driven solutions. Later, Khani et al. (2011) employed the
same laminate-level FC to maximise the failure load of
a quarter of a square VSC layered plate with a central

hole withstanding tensile load. The hypotheses of point-
wise symmetric and balanced stacks were made and the de-
sign variables describing the VSCL were defined element-
wise. In their work the main orthotropy direction was set
aligned to the main direction of the external load. Their
results, obtained by employing a deterministic algorithm,
showed significant improvements of the failure load (al-
most three times greater than that of an isotropic solution
and two times greater than that characterising a VSCL
optimised with respect to stiffness requirements). How-
ever, the laminate-level FC proposed by IJsselmuiden et al.
is characterised by some limitations: a) limited accuracy
when dealing with moderately thick or thick laminates and
out-of-plane loads (because of the CLT framework); b) the
coupling between the FE model mesh and design variables
definition; c) an excessive conservativeness of the failure
envelope for bending-dominated problems.
A unified formulation of a laminate-level FC based on PPs
has been initially introduced in the framework of the CLT
by Catapano et al. (2015) and later generalised to the first-
order shear deformation theory (FSDT) by Catapano and
Montemurro (2019). In particular, thanks to the polar for-
malism, the relationship between the PPs defining the lam-
inate stiffness and strength matrices at the laminate level
was derived in closed form. Recently, Catapano and Mon-
temurro (2020) performed a two-level meta-heuristic op-
timisation of VSCLs against failure in which the afore-
mentioned laminate-level FC is employed at the first level.
At the second level, the optimal fibres-paths are searched
combining the analytical method proposed by Miki and
Sugiyamat (1993) coupled with the use of Quasi-Trivial
stacking sequences (Vannucci and Verchery, 2001; Garulli
et al., 2018) and a first-ply failure check is also performed
a posteriori confirming, thus, the integrity of obtained so-
lutions.

The present work focuses on the first-level problem
(FLP) formulation and related numerical strategy of the
MS2LOS for VSCLs. In particular, here the polar formal-
ism (in the FSDT framework) and the laminate-level FC
proposed by Catapano and Montemurro (2019) are used to
formulate and solve two different optimisation problems.
The first one deals with the failure load maximisation of a
VSCL subject to a constraint on its mass, whilst the second
one focuses on the VSCL mass minimisation subject to a
constraint on its failure load. Moreover, the effect of the
constraint on the minimum tow curvature radius, related
to the manufacturability of the VSCLs is also investigated:
thanks to the polar formalism this constraint can be formu-
lated as an equivalent constraint on the PPs fields.
The distribution of the design variables at the laminate
level is described by means of B-spline entities in order
to ensure their continuity over the structure. Moreover, due
to the use of B-spline entities, the definition of the design
variables is unrelated to the mesh of the FE model and a
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significant reduction of their amount is achieved (without
degrading the accuracy of the response evaluations) when
compared to FE-based approaches (Montemurro and Cat-
apano, 2017, 2019). The main contributions of this work
are:
a) The analytical expressions of the failure load of VS-

CLs and of its gradient are derived in the PPs space by
taking advantage of the B-spline entities properties.

b) The maximum admissible tow curvature requirement is
formulated as an equivalent conservative constraint in
the PPs space and its gradient is derived in a closed-
form.

c) The VSC design problem is generalised to the case of
VAT laminates with variable thickness.

d) A comparison of the results obtained by considering
different problem formulations is presented and com-
mented.
The effectiveness of the MS2LOS for VSCLs is shown

on two meaningful benchmark problems taken from the
literature.

The paper is organised as follows. An overview of
the work (the considered design cases and underlying hy-
potheses) is given in Sec. 2. The fundamentals of the polar
method in the FSDT framework are provided in Sec. 3. The
mathematical formulation of the optimisation problems is
discussed in Sec. 4. The details of the FE models are pre-
sented in Sec. 5. Numerical results are shown in Sec. 6,
while Sec. 7 ends the paper with some conclusions and
prospects.

Notation.Upper-case bold letters are used to indicate ma-
trices, while lower-case bold letters indicate vectors, which
are to be intended as column ones.

2 Work overview

2.1 Design cases

To show the effectiveness of the MS2LOS for the optimum
design of VSCLs, two benchmark structures are consid-
ered:
S1 A quarter of a square plate with a central hole with-

standing tensile load (Fig. 1a).
S2 A square plate with a central hole subject to pressure

and bi-axial tensile load (Fig. 1b).
S1 is the typical structure used to emphasize stress concen-
tration effects in presence of membrane loads. Its geome-
try and boundary conditions (BCs) are chosen in agree-
ment with those employed by Khani et al. (2011), whose
results are referred to as literature solution (LSol) in the
following. Structure S2 is a simplified flat model of one
of the panels composing a stiffened pressurised vessel of

radius R having a plugged opening and is meant to high-
light bending and transverse shear effects. Details of the
applied BCs for both benchmarks are given in Fig. 1. For
both benchmark structures, loaded edges are constrained
in such a way to remain straight while withstanding a dis-
tributed load corresponding to a given resultant force. In
benchmark structure S2, the pressure acts directly on the
surface of the plate and also on the hole edge, as an uni-
form force per unit length, representing the pressure load
coming from the non-structural cup of the opening hole,
which is not modelled.
The VSCLs used in these structures are made of unidi-
rectional AS4/3501-6 carbon/epoxy pre-preg tows, whose
material properties are reported in Tab. 1 (the meaning of
the polar parameters reported in such table is clarified in
Sec. 3). A reference solution (RSol) is defined as the homo-
geneous isotropic version of both structures with an overall
thickness of tRSol = 4.6mm.
The values of geometrical parameters and loads appearing
in Fig. 1 are reported in Tab. 2: the values of the force Fx
acting on benchmark structure S1 and of pressure p acting
on S2 have been set such to be critical, with respect to the
employed laminate-level FC (detailed in Sec. 3.2), for the
corresponding RSols.

Two different optimisation problems are solved for
both benchmark structures:
P1 The maximisation of the failure load of the VSC lay-

ered structure subject to a constraint on its mass (which
must be lower than or equal to that of the correspond-
ing RSol).

P2 The minimisation of the mass of the VSC layered
structure subject to a constraint on the failure load
(which must be greater than or equal to that of the cor-
responding RSol).

Remark 2.1 A slightly different formulation of both op-
timisation problems is obtained by also imposing a con-
straint on the maximum curvature of the tow. These two
variants are identified as P1c and P2c.

For the solution of the aforementioned problems,
point-wise fully orthotropic (both in membrane and
bending), quasi-homogeneous (i.e. with a null mem-
brane/bending coupling stiffness tensor and identical nor-
malised membrane and bending stiffness tensors) VSCLs
are considered. In particular, the focus is put on three sub-
classes of these VSCLs:
C1 Constant-thickness VSCLs with variable orthotropy

direction (CT-DVO), but uniform anisotropic moduli,
i.e. with a macroscopic behaviour characterised by the
same point-wise orthotropy shape, but with variable di-
rection of the main orthotropy axis.

C2 Constant-thickness VSCLs with a fully variable or-
thotropy (CT-FVO), i.e. with a macroscopic behaviour
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Fig. 1: Geometry and boundary conditions of benchmark structures S1 and S2.

Table 1: Material properties of the unidirectional AS4/3501-6 carbon/epoxy tow (Khani et al., 2011; Daniel and Ishai,
1994).

Technical constants Polar parameters of Qin a Polar parameters of Qout b

E1 [MPa] 142000 T Qin
0 [MPa] 22040 T Qout [MPa] 5272

E2 [MPa] 10300 T Qin
1 [MPa] 19838 RQout [MPa] 1928

G12 [MPa] 7200 RQin
0 [MPa] 14840 ΦQout [rad] π/2

ν12 0.27 RQin
1 [MPa] 16550

ν23 0.54 ΦQin
0 [rad] 0

ΦQin
1 [rad] 0

Engineering strengths Pol. par. of Gin c Pol. par. of Gout d and gin e

X [MPa] 2280 T Gin
0 [MPa] 7077 T Gout [MPa] 8637

X ′ [MPa] 1440 T Gin
1 [MPa] 1312 RGout [MPa] 1647

Y = Z [MPa] 57 RGin
0 [MPa] 3206 ΦGout [rad] π/2

Y ′ = Z′ [MPa] 228 RGin
1 [MPa] 405 T gin [MPa] 68

Q [MPa] 40 ΦGin
0 [rad] π/4 Rgin [MPa] 68

R = S [MPa] 71 ΦGin
1 [rad] π/2 Φgin [rad] π/2

Density ρ [g/cm3] 1.58
a In-plane reduced stiffness matrix of the ply. c In-plane strength matrix of the ply.
b Out-of-plane shear stiffness matrix of the ply. d Out-of-plane strength matrix of the ply.

e In-plane strength vector of the ply.

Table 2: Geometrical and loading parameters.

Parameter Symbol Value

Edge length [mm] a 200
Hole radius [mm] r 100
Reference thickness [mm] tRSol 4.6
Vessel radius [mm] R 2000

Resultant axial force [N] Fx 79000
Pressure [MPa] p 0.187

characterised by a variation of both the local orthotropy
shape and the direction of the main orthotropy axis.

C3 Variable-thickness VSCLs with a fully variable or-
thotropy (VT-FVO).

In this context, the adjectives constant and variable refer to
the spatial variation over the laminate.

Remark 2.2 A further sub-class of VSCLs, named CL, is
introduced for the sole purpose of finding solutions that
is more fairly comparable to LSol. VSCLs-CL corresponds
to the type of laminates used by Khani et al. (2011): CT
laminates having the direction of the main orthotropy axis
parallel to the global x-axis, with an orthotropy shape that
varies over the laminate (SVO).

The solution of problems P1c and P2c is currently limited
to VSCLs belonging to sub-class C1. All the combinations
of problem formulation and VSCLs sub-class investigated
is this work are summarised in Tab. 3.
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Table 3: Combinations of problem formulations PX and
VSCLs sub-classes CX.

P1 P1c P2 P2c

C1 • • • •
C2 • - • -
C3 • - • -

CL • - - -

Both benchmark structures share the following hy-
potheses:
H1 The material behaviour is supposed linear elastic and

the FE analyses are carried out by assuming small dis-
placements.

H2 The elastic response of the VSCLs is expressed in the
FSDT framework.

H3 Concerning VSCLs-C3, the spatial variation of thick-
ness is considered continuous and symmetric with re-
spect to the laminate middle plane.

H4 All structures are considered free of defects due to the
manufacturing process of VSCL, e.g. tows gaps and
overlaps.

Clearly, these last two hypotheses correspond to solutions
that are not manufacturable with current automated fibre
placement (AFP) machines. These solutions can be inter-
preted as the theoretical limit achievable by using increas-
ingly thinner and narrower tows.

2.2 The Multi-Scale Two-Level Optimisation Strategy

In the context of the MS2LOS, the optimum design of the
VSCL is articulated in two sub-problems formally stated
at different scales:
First-level problem (FLP) The goal of the FLP is the de-

termination of the optimum distribution of the mechan-
ical design variables, describing the behaviour of the
VSCL at the macroscopic scale, satisfying the require-
ments of the design problem. At this scale, the VSCL
is modelled as an equivalent homogeneous anisotropic
continuum and its behaviour is described in the FSDT
framework. The design variables are the laminate PPs
and thickness, which vary locally over the structure.

Second-level problem (SLP) The SLP, which is formu-
lated at the laminate mesoscopic scale (i.e. the ply-
level), is devoted to the determination of a suitable lay-
up matching the optimum distribution of PPs resulting
from the FLP. The design variables are the parameters
describing the fibres-paths within each lamina.

In this work only the FLP of the MS2LOS is faced and
the related mathematical framework is extended to prob-
lems involving strength, mass, and maximum tow curva-
ture requirements. Inasmuch as the SLP formulation is not

affected by the modifications introduced in the FLP (and
the main steps of the related resolution strategy remain un-
changed), this part will not be detailed in the following sec-
tions. For more details on the SLP formulation and on the
related mathematical background, the reader is addressed
to the work by Montemurro and Catapano (2016) and Cat-
apano and Montemurro (2020).

3 Fundamentals of the polar method

In this section, the fundamentals of the polar analysis of
laminates stiffness and strength matrices are provided; for
a deeper insight in the matter, the reader is addressed to
previous works (Vannucci, 2005; Montemurro, 2015b,a;
Catapano and Montemurro, 2019).

Verchery’s polar method (Verchery, 1982) allows to ex-
press any n-rank plane tensor through a set of tensor invari-
ants (i.e. the PPs). In the context of this work, two types of
tensors are relevant: second-rank symmetric plane tensors
Zi j (with i, j = 1,2) and fourth-rank elasticity-like (i.e. hav-
ing both major and minor symmetries) plane tensors Li jkl
(with i, j,k, l = 1,2). They can be expressed in terms of
their PPs as:

Z11 = +T +Rcos2Φ ,

Z12 = +Rsin2Φ ,
Z22 = +T −Rcos2Φ ,

(1)

and

L1111 = +T0 +2T1 +R0 cos4Φ0 +4R1 cos2Φ1 ,
L1122 = −T0 +2T1 −R0 cos4Φ0 ,
L1112 = +R0 sin4Φ0 +2R1 sin2Φ1 ,

L2222 = +T0 +2T1 +R0 cos4Φ0 −4R1 cos2Φ1 ,
L2212 = −R0 sin4Φ0 +2R1 sin2Φ1 ,
L1212 = +T0 −R0 cos4Φ0 .

(2)

In Eqs. (1) and (2), T, T0 and T1 are the isotropic moduli,
R, R0 and R1 are the anisotropic ones, while Φ , Φ0 and
Φ1 are the polar angles. Among them T , R and T0, T1, R0,
R1, Φ0−Φ1 are tensor invariants, while Φ and one of the
two polar angles, Φ0 or Φ1, can be arbitrarily chosen to
set the reference frame, for second and fourth rank tensors,
respectively.

One of the main advantages of the polar formalism is
that requirement on elastic symmetries of the tensor can be
translated into simple algebraic conditions on the related
PPs. For example, the ordinary orthotropy of a fourth-rank
elasticity-like tensor corresponds to the condition:

Φ0−Φ1 = K π/4 with K = 0,1 , (3)

with K = 0 and K = 1, corresponding to the so-called low
shear modulus and high shear modulus orthotropy, respec-
tively. More details about the elastic symmetries and their
expression in terms of PPs can be found in the work of
Vannucci (2005).
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3.1 The polar analysis of the laminate stiffness matrices

In the framework of the FSDT (Reddy, 2003) the constitu-
tive law of the laminate (expressed within the local frame
Γe = {O;xe,ye,ze}) can be stated as:

r = Klamεεε , (4)

where r and εεε are the vectors of the generalised forces per
unit length and the strains of the laminate middle plane,
respectively, whilst Klam is the laminate stiffness matrix (in
Voigt’s notation). In this framework, the analytical form of
these arrays is:

r :=





n
m
q



 , Klam :=




A B 0
D 0

sym H


 , εεε :=





εεε0
χχχ0
γγγ0



 . (5)

In Eq. (5), A, B and D are the membrane, mem-
brane/bending coupling and bending stiffness matrices of
the laminate, while H is the out-of-plane shear stiffness
matrix. n, m and q are the vectors of membrane forces,
bending moments and shear forces per unit length, respec-
tively, whilst εεε0, χχχ0 and γγγ0 are the vectors of in-plane
strains, curvatures and out-of-plane shear strains of the
laminate middle plane, respectively. In order to analyse the
elastic response of the multilayer plate, it is useful to intro-
duce the laminate normalised stiffness matrices:

A∗ :=
1
t

A , B∗ :=
2
t2 B , D∗ :=

12
t3 D , H∗ :=

1
t

H , (6)

where t is the total thickness of the laminate.
As deeply discussed by Montemurro (2015b,a), A∗, B∗, D∗
behave like tensor L of Eq. (2) and H∗ behaves like tensor
Z of Eq. (1), therefore it is possible to express the Cartesian
components of these matrices in terms of PPs, for an over-
all number of 21 parameters. It can be proven that, if the
elastic properties of the constitutive tow (i.e. matrices Qin

and Qout and their PPs, listed in Tab. 1) are known and the
hypothesis of fully orthotropic quasi-homogeneous lami-
nate is introduced, i.e.

A∗ = D∗ , B∗ = 0 , ΦA∗
0 −ΦA∗

1 = KA∗ π/4 , (7)

the overall number of independent PPs reduces to only

three: the anisotropic polar moduli RA∗
0K :=(−1)KA∗

RA∗
0 and

RA∗
1 , which describe the shape of the orthotropy of matrix

A∗, and the polar angle ΦA∗
1 , which represents the orienta-

tion of the main orthotropy axis of matrix A∗. More details
on the polar formalism and its application in the context
of the FSDT are available in previous works (Montemurro,
2015b,a).

3.2 The polar analysis of the laminate strength matrices

For the assessment of failure, the general laminate-level FC
formulated by Catapano and Montemurro (2019) is here
employed. This criterion represents a general unified for-
mula including various phenomenological failure criteria.
The formulation used in this work is based on the TW FC.
This ply-level FC can be written in the unified matrix no-
tation as

FTW := σσσTFσσσ +σσσTf≤ 1 , (8)

where σσσ is the stress vector in Voigt’s notation, while F and
f depend on the lamina strength properties (Tsai and Wu,
1971). In agreement with Khani et al. (2011), the stress
dependent term F12 is assumed equal to

F12 =
−1

2
√

X X ′Y Y ′
. (9)

By introducing the FSDT hypothesis of null
out-of-plane normal stress, by separating the in-plane
and out-of-plane contributions, by using the Hooke’s
law and exploiting the FSDT kinematics, Eq. (8) can be
rewritten for each layer k in terms of the laminate middle
plane strains

Fk
TW(z) = εεε0

TGin
k εεε0 + z2χχχ0

TGin
k χχχ0 +2zεεε0

TGin
k χχχ0

+ γγγ0
TGout

k γγγ0 + εεε0
Tgin

k + z χχχ0
Tgin

k ≤ 1 ,
(10)

where the matrices Gin
k , Gout

k and the vector gin
k depend on

the strength properties of the ply (listed in Tab. 1) and on
the orientation of the k-th layer. The laminate failure in-
dex (LFI) is calculated by averaging Eq. (10) through the
thickness t of the laminate as:

F lam
TW =

1
t

∫ t/2

−t/2
Fk

TW(z)dz . (11)

Eq. (11) simplifies to:

F lam
TW =

1
t

(
εεε0

TGAεεε0 +χχχ0
TGDχχχ0 + εεεT

0 GBχχχ0

+γγγT
0 GHγγγ0 + εεεT

0 gA +χχχT
0 gD

)
.

(12)

Matrices GA, GB, GD and GH and vectors gA and gD
represent the laminate strength matrices and vectors. In
particular, the four matrices can be seen as the strength
counterpart of stiffness matrices A, B, D, and H. The lam-
inate normalised strength matrices and vectors can be de-
fined as follows:

G∗A =
1
t

GA , G∗B =
2
t2 GB , G∗D =

12
t3 GD , G∗H =

1
t

GH ,

g∗A =
1
t

gA , g∗D =
2
t2 gD .

(13)
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Finally, by defining

Glam :=




GA GB 0
GD 0

sym GH


, glam :=





gA
gD
0



 , (14)

a compact version of Eq. (12) can be obtained:

F lam
TW = εεεT Glam

t
εεε + εεεT glam

t
. (15)

Remark 3.1 For the sake of simplicity, F lam
TW is simply in-

dicated as F hereafter.

To use the LFI, a suitable threshold value FTh must be
introduced, such that, when failure occurs

F ≥ FTh . (16)

Employing a threshold value FTh = 1 does not result in
a conservative choice. A thorough discussion about the
choice of FTh is not the main scope of this work, but
the effect of this choice on the results of the optimisa-
tion problem is briefly discussed in Appendix A. In agree-
ment with previous works making use of the LFI within the
multi-scale optimisation process of real-world CSC lay-
ered structures (Izzi et al., 2020), the value FTh = 0.5 has
been used in this work.

Of course, the arrays of Eq. (14) can be expressed
in terms of PPs. Catapano and Montemurro showed that,
when the strength properties of the constitutive ply (i.e.
matrices Gin and Gout and vector gin, and their PPs, listed
in Tab. 1) are known, the laminate strength matrices and
vectors can be expressed in terms of the of the PPs of
the laminate stiffness matrices introduced in Sec. 3.1. This
means that the PPs describing the laminate stiffness and
strength matrices and vectors are not independent. Ac-
cordingly, it suffices to include among the problem de-
sign variables only one of these two sets of PPs. When a
fully orthotropic quasi-homogeneous laminate is consid-
ered, the overall number of independent PPs describing its
behaviour (in terms of both stiffness and strength) is still
equal to three: the anisotropic polar moduli RA∗

0K and RA∗
1

and the polar angle ΦA∗
1 of matrix A∗ or, alternatively, their

counterpart of matrix G∗A. More details on the polar anal-
ysis of laminates strength matrices and on the correlation
between laminate strength and stiffness matrices PPs can
be found in the work by Catapano and Montemurro (2019).

4 Mathematical formulation of the first-level problem

4.1 Design variables

The design variables describing the behaviour of the VSCL
at the macroscopic scale are the thickness of the laminate,

t, and three mechanical variables, i.e. the PPs RA∗
0K , RA∗

1 and
ΦA∗

1 . For optimisation purposes, it is useful to consider the
dimensionless quantities defined as follows:

τ :=
t

tRSol
, ρ0K :=

RA∗
0K

RQin
0

, ρ1 :=
RA∗

1

RQin
1

, φ1 :=
ΦA∗

1
π/2

, (17)

In order to ensure that a feasible stacking sequence,
matching the optimal distribution of PPs resulting from
the FLP, could be found as a result of the SLP, the
point-wise geometrical feasibility conditions proposed by
Vannucci (2013) must be considered in the FLP. For a
quasi-homogeneous orthotropic laminate, these constraints
read1:




−1≤ ρ0K ≤ 1 ,
0≤ ρ1 ≤ 1 ,

2(ρ1)
2−1−ρ0K ≤ 0 .

(18)

In previous works dealing with PPs, the above conditions
were introduced as explicit constraints into the FLP for-
mulation (Montemurro et al., 2016; Montemurro and Cat-
apano, 2017, 2019; Catapano et al., 2019; Montemurro
et al., 2019; Izzi et al., 2020; Picchi Scardaoni and Mon-
temurro, 2020; Audoux et al., 2020). Conversely, in this
work, a different approach is proposed: the feasible do-
main of PPs identified by Eq. (18) is remapped in a unit
square domain [0,1]× [0,1] through the following vari-
ables change:

(α0, α1) :=

(
ρ0K−1

2
(
ρ2

1 −1
) , ρ1

)
, (19)

whose converse relation is

(ρ0K , ρ1) =
(
1+2α0

(
α2

1 −1
)
, α1
)
. (20)

All combinations of α0 and α1 automatically satisfy the
feasibility conditions of Eq. (18), without the need of in-
troducing explicit constraints into the FLP formulation.

In agreement with Eqs. (17) and (19), four different
variables distributions, i.e. τ , α0, α1, φ1, uniquely describe
the macroscopic mechanical behaviour of the VSCL. Each
field can be either uniform or variable over the lami-
nate, depending on the considered VSCL sub-class (see
Sec. 2.1):
– When a VSCL-C1 is considered, only the dimension-

less polar angle φ1 varies point-wise over the laminate.
– When a VSCL-C2 is considered, α0, α1 and φ1 vary

locally over the structure, whilst t is uniform.
– When a VSCL-C3 is considered, all design variables

vary over the structure.

1 These conditions describe the convex-hull of the true feasibility
domain, as recently discussed by Picchi Scardaoni and Montemurro
(2021), and are valid under the hypothesis that the laminate is com-
posed of a sufficient number of plies, whose direction can get value
in a sufficiently big and scattered set.
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– When a VSCL-CL is considered, τ is uniform, α0, α1
vary over the laminate, while φ1 is identically null.

The spatial variation of the generic design variable ξ is
described by means of a B-spline scalar function:

ξ (u1,u2) =
n1

∑
i1=0

n2

∑
i2=0

Ni1,p1(u1)Ni2,p2(u2)ξ (i1,i2) ,

with ξ = τ,α0,α1,φ1 , (21)

where ξ (i1,i2) is the value of the design variable at the
generic control point (CP) (i1, i2), whereas Ni1,p1(u1) and
Ni2,p2(u2) are the B-spline blending functions of degree
p1 and p2, computed at parametric coordinates u1 and u2.
These latter take values in the interval [0,1] and are defined
as:
(u1, u2) := (x/a, y/a) for S1,

(u1, u2) := (x/2a, y/2a) for S2.
(22)

In agreement with the classical B-spline entities definitions
(Piegl and Tiller, 1997), nd + 1 CPs are needed along the
d-th parametric direction, for a total number of CPs equal
to NCP = (n1 +1)× (n2 +1) for each B-spline entity. The
blending functions are defined recursively by means of the
Bernstein’s polynomials, which can be defined after intro-
ducing the related knot vectors:

v(d)
T

:=



0, . . . ,0︸ ︷︷ ︸

pd

,vd
pd
, . . . ,vd

nd+1,1, · · · ,1︸ ︷︷ ︸
pd



 , with d = 1,2 .

(23)

In this study, in agreement with the theoretical framework
presented by Montemurro and Catapano (2019), the inner
components of the knot vectors are evenly distributed in
the interval [0,1] and kept constant during the optimisa-
tion process. Moreover, the integer parameters appearing
in Eq. (21), i.e. nk and pk are set a priori and are not in-
volved into the optimisation process as design variables.
As discussed by Montemurro and Catapano (2019), the
generic design variable field ξ (u1,u2) of Eq. (21) can be
the third coordinate of a B-spline surface whose first two
coordinates of the surface are evaluated through the Gre-
ville’s abscissae. For more details on B-spline entities (i.e.
curves and surfaces) the reader is addressed to the book of
Piegl and Tiller (1997).

In this framework, the only design variables are the
CPs values ξ (i1,i2) for each variable field. The number of
design variables depend on the considered VSCLs sub-
class as reported in Tab. 4. In the most general case, i.e.
when τ , α0, α1 and φ1 are spatially variable, the total num-
ber of variables is 4×NCP and they are grouped into the
following vector of design variables:

xT =
{

τ(0,0), . . . ,τ(n1,n2),α(0,0)
0 , . . . ,α(n1,n2)

0 ,

α(0,0)
1 , . . . ,α(n1,n2)

1 ,φ (0,0)
1 , . . . ,φ (n1,n2)

1

}
.

(24)

Table 4: Number of design variables for each VSCL sub-
class.

τ α0 α1 φ1 Total

C1 1 1 1 NCP 3+NCP
C2 1 NCP NCP NCP 1+3×NCP
C3 NCP NCP NCP NCP 4×NCP

CL 1 NCP NCP 0 1+2×NCP

4.2 Response functions and their gradients

As discussed in Sec. 2.1, three types of requirements are
involved in the formulation of the two optimisation prob-
lems considered in this work: a) a requirement on the fail-
ure load of the structure; b) a requirement on the mass of
the structure; c) a requirement on the curvature of the tows.
In order to solve the optimisation problems by means of
a suitable deterministic algorithm, analytic expressions of
a response function and its gradient are required for each
requirement. These functions are computed by exploiting
the information coming from linear static FE analyses,
whose equilibrium equations system is (expressed within
the global frame of the structure Γ = {O;x,y,z}):

Ku = f = λ fRef , (25)

where K is the stiffness matrix of the structure, u is the
vector of the degrees of freedom (DOFs), f is the vector
of generalised external nodal forces defined as the product
of the load factor λ and the reference load vector fRef (the
details of the FE models are given in Sec. 5). Eqs. (25) can
always be reordered in such a way to group the terms re-
lated to unknown DOFs, whose corresponding generalised
external forces are known, identified by the index F, and
those related to known DOFs, identified by the index D:
[

K∗FF K∗FD
K∗DF K∗DD

]

︸ ︷︷ ︸
K∗

{
u∗F
u∗D

}

︸ ︷︷ ︸
u∗

= λ
{

f∗Ref,F
f∗Ref,D

}

︸ ︷︷ ︸
f∗Ref

, (26)

where the superscript ∗ means reordered and, of course,
K∗DF = K∗FD

T.

Remark 4.1 In the following, the superscript ∗ and the
subscripts F and D are used to indicate the same reorder-
ing and selection operations performed to obtain the terms
of Eq. (26) from those of Eq. (25).

The definition of the response functions related to
the failure and the maximum tow curvature requirements
makes use of the maximum function, which operates on
an indexed set of positive values computed per-element
(qe ≥ 0 with e ∈ {1,2, . . . ,Ne}). Of course, the maximum
function is not differentiable. Therefore, in order to com-
pute the gradient of such response functions, the smooth
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approximation of the maximum function given by the
p-Norm operator is used:

pn(qe) :=
(

∑
e

qp
e

)1/p

≈max
e

qe , (27)

where p is the power of the norm, which strongly affects
the accuracy of the approximation.

Proposition 4.1 Given a desired value of maximum rela-
tive difference dmax, such that

max
e

(qe)< pn(qe)≤ (1+dmax)max
e

(qe) ∀ qe , (28)

the above condition can be satisfied if

p =

⌈
logNe

log(1+dmax)

⌉
, (29)

The proof of Proposition. 4.1 is provided in Appendix B.
The derivative of the p-Norm operator with respect to the
generic variable ξ reads

∂
(

pn(qe)
)

∂ξ
=
(

pn(qe)
)1−p ∑

e

(
qp−1

e
∂qe

∂ξ

)
. (30)

4.2.1 Failure load requirement

Concerning the failure load requirement, the factor of
safety λF is introduced. It is defined as the minimum posi-
tive load factor leading to the failure of the structure:

λF := min
e

λF,e , (31)

where

λF,e :={λ > 0 : Fe(λ ) = FTh} , (32)

Fe being the LFI of Eq. (15) computed at the e-th element
centroid. The value λF,e is the positive root of the following
equation (obtained by rewriting Eq. (15) in terms of the
load factor λ and equating it to FTh):

Qeλ 2 +Leλ = FTh , (33)

where the quantities Qe and Le are defined as

Qe := εεεT
Ref,e

Glam,e

t
εεεRef,e , Le := εεεT

Ref,e
glam,e

t
, (34)

with

εεεRef,e =BeLeuRef . (35)

In Eq. (35), uRef is the solution of Eq. (25) when λ = 1. Le
is the so-called generalised connectivity matrix (involving
also the affine transformation aligning the element local
frame Γe to the global one Γ ), which is defined as follows

Le : u 7→ ue , ue = Leu . (36)

Be is the matrix relating the element middle plane strains
to the element DOFs defined as

Be : ue 7→ εεεe , εεεe =Beue . (37)

The definition of the response function related to the
failure load requirement is based on the inverse of the fac-
tor of safety:

fF := pn
(

λ−1
F,e

)
−1≈max

e

(
λ−1

F,e

)
−1 . (38)

By considering Eq. (33) and the expression of the p-norm
operator, Eq. (38) reads:

fF :=

[
∑
e

(
−Le +

√
L2

e +4QeFTh

2Qe

)−p ]1/p

−1 . (39)

Of course, a negative value of fF means that failure does
not occur.

Proposition 4.2 Consider a VSC layered structure subject
to given BCs. The gradient of the response function fF can
be obtained by solving:




∂ fF

∂ξ (i1,i2)
=−( fF +1)1−p (li1i2 +µµµTψ̃ψψ i1i2

)
,

K∗FFµµµ∗F =−ψψψ∗F ,
(40)

where:
– µµµ is the auxiliary vector. If it is reordered such that

µµµ∗ T :=
{

µµµ∗F
T , µµµ∗D

T}, µµµ∗F is the solution of the aux-
iliary system, i.e. the second formula in Eq. (40), and
µµµ∗D = 0.

– ψψψ∗ T :=
{

ψψψ∗F
T , ψψψ∗D

T}. Its non-reordered counterpart
ψψψ is defined as:

ψψψ := ∑
e

{
LT

e B
T
e

λ p+1
F,e Qe

√
∆e

·
[

2
(

FTh−λF,e
√

∆e

)Glam,e

te
εεεRef,e

−λF,eQe
glam,e

te

]}
,

(41)

with ∆e := L2
e +4QeFTh .

– ψ̃ψψ i1i2 is a fictitious force vector defined as:

ψ̃ψψ i1i2 := ∑
e∈Si1i2

(
∂ξe

∂ξ (i1,i2)

·
∫

Ae

LT
e B

T
e

∂Klam,e

∂ξe
BeLedS

)
uRef ,

(42)

where, Ae is the area of the e-th element.

123



Strength and mass optimisation of variable-stiffness composites in the polar parameters space 11

– li1i2 is defined as:

li1i2 := ∑
e∈Si1i2

{
∂ξe

∂ξ (i1,i2)

εεεT
Ref,e

λ p+1
F,e Qe

√
∆e

·
[(

FTh−λF,e
√

∆e

) ∂
∂ξe

(
Glam,e

te

)
εεεRef,e

−λF,eQe
∂

∂ξe

(
glam,e

te

)]}
.

(43)

The proof of Proposition 4.2 is provided in Appendix C.

Remark 4.2 In Eq. (40), the quantity µµµTψ̃ψψ i1i2 is the non-
local contribution to the gradient of fF, i.e. due to the stress
redistribution consequent to a variation of ξ (i1,i2), while
li1i2 is the local one.

Remark 4.3 The quantity ξe appearing in Eqs. (42)
and (43) indicates the value of the generic design variable
ξ computed at the centroid of the e-th element, i.e.:

ξe := ξ (u1e,u2e) . (44)

According to Eq. (21), its derivatives read:

∂ξe

∂ξ (i1,i2)
= Ni1,p1(u1e) Ni2,p2(u2e) . (45)

Remark 4.4 In Eqs. (42) and (43), Si1i2 indicates the dis-
cretised local support of CP (i1, i2), defined as:

Si1i2 :=
{

e : (u1e,u2e) ∈
[
v(1)i1

,v(1)i1+p1+1

[
×
[
v(2)i2

,v(2)i2+p2+1

[}
.

(46)

As a consequence of the local support property of B-spline
blending functions, the variation of the generic design
variable at CP (i1, i2), only influences the elements belong-
ing to the local support of such CP. The size of the local
support zone depends on the B-spline integer parameters.

4.2.2 Laminate mass requirement

The evaluation function related to the laminate mass is de-
fined as a relative difference between the laminate mass
and the mass of the corresponding RSol:

fM :=
M−MRSol

MRSol
, (47)

The mass of the laminate is approximated by discretising
the thickness variation per-element:

M ≈ ρ ∑
e
(Aete) , (48)

where Ae is the area of the e-th element and te is the thick-
ness evaluated at its centroid (obtained as te = τe tRSol). A
negative value of function fM means that the mass of the
considered structure is lower than that of the corresponding
RSol.

Remark 4.5 The evaluation function fM is linear with re-
spect to the design variables ξ (i1,i2).

The sensitivity of fM with respect to the generic design
variable ξ (i1,i2) reads:

∂ fM

∂ξ (i1,i2)
=





tRSolρ
MRSol

∑
e∈Si1i2

(
Ae

∂τe

∂τ(i1,i2)

)
if ξ = τ ,

0 if ξ 6= τ .
(49)

4.2.3 Maximum tow curvature requirement

The requirement on the maximum tow curvature is formu-
lated only for the VSCLs belonging to sub-class C1 intro-
duced in Sec. 2.1. In the PPs framework, these VSCLs are
described by uniform values of RA∗

0K and RA∗
1 (and, conse-

quently, of α0 and α1), and a spatial distribution of ΦA∗
1

(hence, of φ1). The stacking sequences family correspond-
ing to this class of VSCLs is the one having the form (re-
elaborated from Montemurro and Catapano (2017)):

δk (x,y) = δ 0
k +ΦA∗

1 (x,y) , (50)

where δk is the local orientation of the k-th layer of
the VSCL and δ 0

k is the orientation of the same layer
of a stacking sequence corresponding to the set of PPs(
RA∗

0K ,R
A∗
1 ,ΦA∗

1 = 0
)
. The local fibre curvature χ of the

k-th layer can be computed as:

χk (x,y) = ∇δ T
k (x,y) tk (x,y) , (51)

where tk is the unit vector of direction δk, i.e. tT
k :=

{cosδk, sinδk}.
In the context of the FLP of the MS2LOS for VSCLs, the
distributions of δk and, consequently, the local value χk are
unknown. However, all possible χk have their absolute val-
ues upwards bounded by the supremum χ defined as fol-
lows:

|χk (x,y)| ≤ χ (x,y) := ‖∇Φ1 (x,y)‖

=

√(
∂Φ1

∂x

)2

x,y
+

(
∂Φ1

∂y

)2

x,y
∀ δk .

(52)

If a maximum admissible value of tow curvature modulus
χTh is known, at the macroscopic scale the manufacturabil-
ity condition can be conservatively imposed on the supre-
mum:

max
x,y

χ (x,y)≤ χTh . (53)

The square of χ is used in this work and the maximum
operator is approximated through the p-Norm operator de-
fined in Eq. (27). Therefore, the response function fC, re-
lated to the maximum allowable curvature of the tow, is
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defined as:

fC :=

(
∑
e

(
χ2

e
)p
)1/p

−χ2
Th

χ2
Th

≈
max

e
χ2

e −χ2
Th

χ2
Th

, (54)

where χe is the tow curvature computed at the centroid of
each element. χe can be expressed in terms of the dimen-
sionless polar angle φ1 as

χ2
e =

(π
2

)2
∇φ1|Te ∇φ1|e

=
(π

2

)2
[(

∂φ1

∂u1

∣∣∣∣
e

∂u1

∂x

∣∣∣∣
e
+

∂φ1

∂u2

∣∣∣∣
e

∂u2

∂x

∣∣∣∣
e

)2

+

(
∂φ1

∂u1

∣∣∣∣
e

∂u1

∂y

∣∣∣∣
e
+

∂φ1

∂u2

∣∣∣∣
e

∂u2

∂y

∣∣∣∣
e

)2
]
.

(55)

Remark 4.6 In agreement with Eq. (21) the terms
(∂φ1/∂u j)e of Eq. (55) are of the type:

∂ξ
∂u j

∣∣∣∣
e
=

n1

∑
i1=0

n2

∑
i2=0

[(
d
(
Ni j ,p j(u j)

)

du j

∣∣∣∣∣
e

Nik,pk(uk e)

)
ξ (i1,i2)

]
,

with j,k = 1,2 j 6= k . (56)

According to Eq. (22), the derivatives of the parametric co-
ordinates (u1,u2) with respect to the global ones (x,y) read

∂u1/∂x≡ ∂u2/∂y = 1/a for S1,

∂u1/∂x≡ ∂u2/∂y = 1/2a for S2,

∂u1/∂y≡ ∂u2/∂x = 0 .

(57)

Remark 4.7 fC is a quadratic function of the design vari-
ables.

The sensitivity of fC with respect to the generic design
variable ξ (i1,i2) reads:

∂ fC

∂ξ (i1,i2)
=

( fC +1)1−p

(
χ2

Th

)p ∑
e∈Si1i2

[(
χ2

e
)p−1 ∂ χ2

e

∂ξ (i1,i2)

]
, (58)

where

∂ χ2
e

∂ξ (i1,i2)
=





π2

2
∇φ1|Te

∂ (∇φ1|e)
∂φ (i1,i2)

1

if ξ = φ1 ,

0 if ξ 6= φ1 .

(59)

4.3 Mathematical statement of the optimisation problems

With the definition of the response functions introduced
in the above section, the four optimisation problems intro-
duced in Sec. 2.1 can be finally formulated.

Optimisation problems P1 and P1c can be stated as fol-
lows:

min
x

fF(x) , s.t.

{
fM(x)≤ 0 ,

fC(x)≤ 0 , only for P1c,
(60)

while, optimisation problem P2 and P2c read:

min
x

fM(x) , s.t.

{
fF(x)≤ 0 ,

fC(x)≤ 0 , only for P2c.
(61)

Problems (60) and (61) are solved by considering the
four sub-classes of VSCLs identified in Sec. 2.1 and fol-
lowing the scheme reported in Tab. 3. For each sub-
class, a corresponding vector of design variables is defined
(Sec. 4.1). The lower and upper bounds for each design
variable appearing in these vectors are reported in Tab. 5.

Table 5: Lower and upper bounds of the design variables.

Design variable Lower bound Upper bound

τ(i1,i2) 0 2
α(i1,i2)

0 0 1
α(i1,i2)

1 0 1
φ (i1,i2)

1 −1 +1

5 Finite element models

The data needed to compute the functions presented in
Sec. 4.2 are retrieved from the results of FE analyses. To
this purpose, a simple FE model has been created in the
ANSYS APDL environment for each benchmark structure.
Taking advantage of the geometrical similarities between
the two structures, the FE model of benchmark structure
S2 corresponds to four repetitions of the S1 one. On these
FE models, linear static analyses are performed.

The VSCLs are modelled using 4-node quadrilateral
shell elements (ANSYS SHELL181) organised in the
structured mesh shown in Fig. 2. The mechanical proper-
ties are considered constant into each element: the design
variables are evaluated at the centroid of each element and
the corresponding matrices A, B(≡ 0), D and H, obtained
through Eqs. (1) and (2), are assigned to such element. The
level of mesh refinement has been set after an unreported
sensibility analysis looking for the best compromise be-
tween computational cost of the FE analyses and accuracy
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Fig. 2: FE model of benchmark structure S1.

in the approximation of the spatial distributions of both the
design variables and the local response of the VSCL. The
mesh of benchmark structure S1 has 1152 elements and
1225 nodes.

Remark 5.1 The mesh described above presents some dif-
ferences with respect to the one characterising LSol (i.e.
the FE model employed by Khani et al. (2011)). In the for-
mer, linear quadrilateral elements with a higher uniformity
of the elements size across the laminate have been pre-
ferred over the constant-strain 3-node triangular elements
used in the latter. The size of the elements at the apex of
the hole edge (i.e. the critical ones in RSols) is comparable
in the two models, although slightly bigger in the model
used by Khani et al. (2011). The size of the elements in this
region of the plate affects more the assessment of the fail-
ure load of RSols than that of the optimal solutions (which
are characterised by a more uniform stress distribution).
However, the difference in the factors of safety resulting
from the adoption of the mesh described above and the one
characterising LSol has been estimated to be of about 1%.

The application of most of the BCs described in
Fig. 1 is quite straightforward. Only the application of
external in-plane distributed load under the condition of
straight edge displacement needs further explanations: it is
achieved by applying a single force to one of the nodes of
the edge while coupling together (via constraint equations)
all the DOFs (of the edge) along the force direction.

6 Numerical results

The Sequential Least-Squares Quadratic Programming
(SLSQP) algorithm (Kraft, 1988), included in the Python
library SciPy v.1.4.1 (Virtanen et al., 2020) is used to carry

Table 6: Sensibility of λF for benchmark structure S1 to the
CPs grid size.

CPs λF Iter.

3×3 4.33 116
5×5 4.61 150
7×7 5.10 163
9×9 5.24 165
11×11 5.31 215

out the solution search for problems (60) and (61). All pa-
rameters tuning the behaviour of the SLSQP algorithm are
set to their default values, except parameter ftol, which
is set to 10−5. For the implementation of all evaluation
functions presented in Sec. 4.2, as well as their gradients,
the numerical platform DOMES (Deterministic Optimisa-
tion of Macroscopic laminatEs via Splines) has been cre-
ated: developed in the Python environment, it constitutes
an interface between the optimisation algorithm and the FE
software, and it establishes a data structure for the defini-
tion of the design variables and a modular implementation
of the various requirements.

The value of the parameter p, involved in the definition
of the p-Norm operator of Eq. (27), assumes a constant
value during the optimisation which has been computed
through Eq. (29). A value of dmax = 0.01 has been used,
and the number of elements Ne on which the p-Norm is
evaluated is equal to the number of elements composing
the FE model. A value of p = 709 is obtained for bench-
mark structure S1 and a value p = 848 for S2.

Concerning the integer parameters of the B-spline en-
tities, the degrees of the blending function have been set
to p1 = p2 = 2 for both structures, while the number of
CPs has been chosen after performing two sensitivity anal-
yses, one for each benchmark structure. In these sensitiv-
ity analyses, problem P1 for VSCLs-C2 is solved for both
benchmark structures considering square CPs grids of var-
ious size. Tabs. 6 and 7 resume the results of these studies:
the choice is to use a 9× 9 CPs grid for S1 and a 13× 13
one for S2.

All the results presented in this section are obtained
using the appropriate RSol as starting point: i.e. a uniform
laminate having τ = 1, α0 = 0.5, α1 = 0 (corresponding
to ρ0K = ρ1 = 0), and φ1 = 0. It should be noticed that
laminates having ρ0K = ρ1 = 0 and different values of φ1
are mechanically identical, but effectively constitute differ-
ent starting points, hence the choice of the initial value of
φ1 affects the optimised solution. In this work, the value
φ1 = 0 has been set in order to align the initial main or-
thotropy axis direction to the one of the main in-plane ex-
ternal load acting on the structures.

In the following, the results obtained for all consid-
ered design cases are presented and commented. Results of

126



14 Michele Iacopo Izzi et al.

Table 7: Sensibility of λF for benchmark structure S2 to the
CPs grid size.

CPs λF Iter.

5×5 1.80 111
7×7 1.99 290
9×9 1.99 115
11×11 2.14 190
13×13 2.22 250
15×15 2.28 263
17×17 2.29 274
19×19 2.32 311
21×21 2.31 300

problems P1c and P2c have been obtained for two different
values of maximum tow curvature, i.e. χTh = 1/250 mm−1

and χTh = 1/150 mm−1 (suggested by Nagelsmith and
Guerrits (2013) as threshold values for 1/4′′ and 1/8′′

tows, respectively). These results are presented together
with those of problem P1 for VSCLs-C1 in which there
is no constraint on tow curvature. The optimised solutions
are presented both in terms of their performances and of
the corresponding design variables. Concerning the latter,
for improved readability, instead of α0 and α1, the cor-
responding dimensionless PPs ρ0K and ρ1 are presented.
For each benchmark structure and optimisation problem,
results are summarised in a dedicated table wherein they
are compared to the corresponding RSol. The optimised
value of uniform design variables is reported directly in
such tables, while a figure (whose reference is reported in
the tables) is provided to show the optimised distribution
of each non-uniform design variable. Moreover, the opti-
mal fields related to the main orthotropic direction ΦA∗

1
are represented through streamlines plots.

Results of problems P1 and P1c for benchmark struc-
ture S1 are also compared to LSol. Concerning the com-
parability of these solutions, some comments are needed.
Firstly, inasmuch as for benchmark structure S1 only mem-
brane loads and uncoupled laminates are considered, there
is no influence of the bending and shear behaviour of the
laminate on the structural responses. Under these circum-
stances, the different plate theories employed by Khani
et al. (2011) and in this work, (i.e. CLT and FSDT, re-
spectively) provide the same results. Secondly, the com-
parison is done in terms of factors of safety and not in
terms of absolute failure loads in order to attenuate the
effect of using different laminate-level FC. In each work,
the factors of safety are obtained as a ratio between coher-
ent data (i.e. the failure load of the optimised configuration
and that of a common reference one, both obtained through
the same formulation of the laminate-level FC); then only
normalised dimensionless values are compared. Finally, as
explained in Remark 5.1, the factors of safety obtained by
means of the FE model presented in Sec. 5 are estimated

to be about 1% higher than those obtained through a FE
model having a coarser mesh equivalent to the one em-
ployed by Khani et al. (2011).

Remark 6.1 As explained in the above sections, this work
focuses on the first-level problem. Since a deterministic
algorithm is employed to perform the solution search the
laminate thickness is considered as a continuous variable
in the first-level problem. Of course, the optimal value of
the thickness resulting from the FLP needs to be rounded
up to the next integer multiple of the basic ply thickness for
the definition of the SLP formulation. This leads to a sys-
tematic underestimation of the real laminate thickness at
the end of the FLP which results favourable for the fulfil-
ment of the strength requirement and has no effect on the
maximum tow curvature requirement during the solution
search of the SLP.

Remark 6.2 All optimised solutions are feasible and are
characterised by small negative values (between −10−5

and 0). These values are not reported in the following for
the sake of brevity.

6.1 Benchmark structure S1

As described in Sec. 2.1, benchmark structure S1 is the
typical structure used to emphasize stress concentration ef-
fects. It withstands only tensile load, mainly in the horizon-
tal direction.

6.1.1 Optimisation problem P1/P1c

A summary of the results of optimisation problems P1/P1c
for benchmark structure S1 is presented in Tab. 8. The
corresponding optimal distributions of non-uniform design
variables are shown in Figs. 3-6.

From the results listed in Tab. 8, the following consid-
erations can be drawn:
– Optimal solutions have a factor of safety ranging from

3.34 to 11.34.
– All solutions have better performances than LSol, with

a gain varying between 4% and 252% (from 234% to
1034% with respect to RSol). In particular, the opti-
mal VSCL-CL (i.e. the most fairly comparable to LSol)
shows a factor of safety of 3.89, about 21% higher than
that of LSol.

– As expected, the greater the maximum allowable cur-
vature of the tow the better the performance of the
optimal solutions. The same effect is obtained by en-
larging the design space (moving from VSCL-C1 to
VSCL-C3): optimal VSCL-C2 has a 72% higher fac-
tor of safety than that of the optimal VSCL-C1, while
a supplementary gain of 116% is obtained by adopting
a VT solution (optimal VSCL-C3 over optimal VSCL-
C2).
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Table 8: Summary of the optimised solutions of problems P1 and P1c for benchmark structure S1.

Solution λF τ ρ0K ρ1 φ1

RSol 1.00 1 0.00 0.00 0.00
LSol (P1 - Khani et al. (2011)) 3.22 1 - - 0.00
C1 (P1c - χTh = 1/250 mm−1) 3.34 1 0.61 0.87 Fig. 3a
C1 (P1c - χTh = 1/150 mm−1) 3.71 1 0.66 0.85 Fig. 3b
CL (P1) 3.89 1 Fig. 4a Fig. 4b 0.00
C1 (P1) 4.11 1 0.78 0.89 Fig. 3c
C2 (P1) 5.24 1 Fig. 5a Fig. 5b Fig. 5c
C3 (P1) 11.34 Fig. 6a Fig. 6b Fig. 6c Fig. 6d

(a) χTh = 1/250 mm−1 (b) χTh = 1/150 mm−1 (c) No constraint (P1)

Fig. 3: Benchmark structure S1 - Optimisation problem P1c - VSCLs-C1: streamlines of the optimal distributions of the
main orthotropy direction.

(a) ρ0K (b) ρ1

Fig. 4: Benchmark structure S1 - Optimisation problem P1 - VSCLs-CL: optimal distributions of the anisotropic moduli.

(a) ρ0K (b) ρ1 (c) ΦA∗
1

Fig. 5: Benchmark structure S1 - Optimisation problem P1 - VSCLs-C2: optimal distributions of the mechanical design
variables.
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(a) τ (b) ρ0K (c) ρ1 (d) ΦA∗
1

Fig. 6: Benchmark structure S1 - Optimisation problem P1 - VSCLs-C3: optimal distributions of the design variables.

(a) Rsol (b) Optimal V SCLs−C1 (c) Optimal V SCLs−C2 (d) Optimal V SCLs−C3

Fig. 7: Benchmark structure S1 - Optimisation problem P1: comparison of the distribution of 1/λF,e for RSol and some
optimised solutions.

Table 9: Summary of the solutions of problems P2 and P2c for benchmark structure S1.

Design case M/MRSol τ ρ0K ρ1 φ1

RSol 1.00 1 0.00 0.00 0.00
C1 (P2c - χTh = 1/250 mm−1) 0.30 0.30 0.63 0.87 Fig. 8a
C1 (P2c - χTh = 1/150 mm−1) 0.27 0.27 0.66 0.85 Fig. 8b
C1 (P2) 0.24 0.24 0.78 0.88 Fig. 8c
C2 (P2) 0.19 0.19 Fig. 9a Fig. 9b Fig. 9c
C3 (P2) 0.08 Fig. 10a Fig. 10b Fig. 10c Fig. 10d

(a) χTh = 1/250 mm−1 (b) χTh = 1/150 mm−1 (c) No constraint (P2)

Fig. 8: Benchmark structure S1 - Optimisation problem P2c - VSCLs-C1: streamlines of the optimal distributions of the
main orthotropy direction.
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(a) ρ0K (b) ρ1 (c) ΦA∗
1

Fig. 9: Benchmark structure S1 - Optimisation problem P2 - VSCLs-C2: optimal distributions of the mechanical design
variables.

(a) τ (b) ρ0K (c) ρ1 (d) ΦA∗
1

Fig. 10: Benchmark structure S1 - Optimisation problem P2 - VSCLs-C3: optimal distributions of the design variables.

The effect of the variation of χTh can be seen in Tab. 8
and Fig. 3. The use of an increasing value of χTh leads to:

– Solutions sharing the same type of orthotropy (the op-
timal values of ρ0K are all positive).

– Solutions with a mechanical behaviour that is increas-
ingly directional (because of the increase of optimal
values of ρ0K and stability of the optimal values of ρ1).

– Increasingly curved streamlines of the distributions of
the main orthotropy direction.

The optimal distributions of the design variables for
VSCLs-CL and VSCLs-C2 are shown in Figs. 4 and 5,
respectively. The corresponding distribution of dimension-
less PPs share some characteristics:

– In most of the upper half of the plate, ρ0K and ρ1 as-
sume a unit value. This corresponds to the behaviour
of a mono-layer of fibres locally oriented as the main
orthotropic direction.

– In the lower half of the plate, the mechanical be-
haviour of the optimal solution gradually evolve to-
wards a square symmetry (because ρ1 is null) with a
local change of the type of orthotropy (ρ0K assumes
both positive and negatives values).

Concerning the optimal VSCL-C2, the main orthotropy di-
rection is mainly horizontal, except in the middle zone near
the hole, where it follows the hole border (Fig. 5c).

Fig. 6 shows the optimal distributions of the design
variables for VSCL-C3. The following remarks can be in-
ferred:

– The optimisation takes full advantage of the possibility
of having a non-uniform thickness. The upper half of
the optimal plate is thicker than RSol (τ ≥ 1), with the
thickest region being at the apex of the hole (the most
critical point for RSol, as clearly visible in Fig. 7a). The
lower half is thinner than Rsol (τ ≤ 1). The thickness
assumes values in the whole range [0, 2 tRSol] with an
average value equal to tRSol.

– Most of the plate surface (i.e. the region where ρ0K =

ρ1 = 1) behaves like a mono-layer of fibres locally par-
allel to the main orthotropic direction.

– In the lower half of the plate, a local change of the type
of orthotropy occurs.

– The main orthotropy direction is mainly horizontal in
the upper part of the plate, while it evolve to strictly
follow the hole border in the lower part.
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Regarding the whole set of results presented in this sec-
tion, a common remark is that in all optimal solutions the
upper half of the VSCL has higher stiffness in the horizon-
tal direction than the lower half region. This is obtained
either by only changing the local orientation of the main
orthotropy direction (i.e. when dealing with VSCLs-C1),
by locally tailoring the orthotropy shape (VSCLs-CL), or
both (VSCLs-C2 and VSCLs-C3). Since, for this bench-
mark structure, the primary load direction is horizontal,
this corresponds in a load transfer from the lower part of
the VSCL to the upper one, which makes the stress concen-
tration due to the hole presence vanish. This can be easily
observed in Fig. 7 wherein the distribution of 1/λF,e for
RSol is compared to the distributions for the optimal VS-
CLs belonging to sub-classes C1, C2 and C3: it is clear
how the stress concentration is avoided and a much more
uniform, hence efficient, exploitation of the VSCL surface
is obtained.

6.1.2 Optimisation problem P2/P2c

A summary of the results for optimisation problems
P2/P2c on benchmark structure S1 is presented in Tab. 9.
The results are completed by Figs. 8-10 that show the
corresponding optimal distributions of non-uniform design
variables.

The main remarks concerning the results presented in
Tab. 9 are the following ones:
– All optimal solutions show considerable mass savings

with values ranging from −70% to −92% with respect
to RSol, while guaranteeing the same failure load.

– The trend already observed for solutions of problems
P1/P1c appears: the performance of the optimal solu-
tions increases by considering a less restrictive tow cur-
vature constraint and by extending the design space. In
particular, a weight saving of 21% is obtained by com-
paring the optimal VSCL-C2 to the optimal VSCL-
C1, while an additional gain of 58% is obtained by
adopting a VT solution (optimal VSCL-C3 over opti-
mal VSCL-C2).
By comparing the results in Tabs. 8 and 9 (together

with the related figures), one can easily notice that optimal
VSCLs-C1 and VSCLs-C2 for problems P2/P2c are prac-
tically identical in terms of PPs fields to those of the corre-
sponding dual problems P1/P1c. Of course, due to the dif-
ferent problem formulation, the thickness of correspond-
ing solutions differs. This behaviour is expected because,
when only membrane deformations are involved, the de-
pendency of the LFI upon the thickness is separable from
that upon the PPs, as it can be inferred from Eqs. (13-15).
Considering VSCLs-C3, fewer similarities can be found:
in this case, the local thickness variation generates a com-
plete change of the stress distribution (not only of its over-
all intensity), making the two dependencies non-separable.

Due to these strong similarities, the remarks provided for
the optimised solutions of problems P1/P1c can be re-
peated verbatim for the solutions of problem P2/P2c.

6.2 Benchmark structure S2

As described in Sec. 2.1, benchmark structure S2 with-
stands pressure and bi-axial tensile load. Due to the sym-
metric nature of the structure geometry and of external
loads, all the obtained results concerning benchmark struc-
ture S2 show a double symmetry (with respect to the axes
x = a and y = a): for the sake of clarity, only the results of
the region x,y ∈ [a,2a] are presented.

6.2.1 Optimisation problem P1/P1c

The results of optimisation problems P1/P1c for bench-
mark structure S2 are presented in Tab. 10. The corre-
sponding optimal distributions of non-uniform design vari-
ables are shown in Figs. 11-13.

The following remarks can be inferred from the analy-
sis of the results listed in Tab. 10:
– Significant improvements in the load carrying capacity

of the structure are obtained with an increase in the fac-
tor of safety with respect to RSol ranging from 48% to
428%.

– The trend observed on benchmark structure S1 holds
also for benchmark structure S2 with an increase in the
performance of the optimal solutions when considering
a less restrictive tow curvature constraint and by mov-
ing from VSCLs-C1 to VSCLs-C3. In detail, optimal
VSCL-C3 has a factor of safety 138% higher than that
of the optimal VSCL-C2, in turn 25% higher than that
of the best optimal VSCL-C1.
If the results presented in this section are compared to

the corresponding ones presented in Sec. 6.1.1 (i.e. the so-
lutions of problems P1/P1c on benchmark structure S1), it
can be noticed that the factor of safety of the former are
about half of those of the latter. At the same time, one can
notice that optimal distributions of ρ1 are characterised by
lower values, resulting in a general trend of the local elastic
behaviour of the optimal VSCLs for benchmark structure
S2 towards square orthotropy (where ρ0K 6= 0) or isotropy
(where ρ0K is almost 0). Both facts are consequence of the
lower directionality of the loads acting on S2 in compari-
son to those acting on S1.

Looking at the optimal distributions of the dimension-
less PPs for VSCLs-C2 (Fig. 12), it can be remarked that:
– ρ0K assumes values in the whole range [−1,1] resulting

in a continuous change of orthotropy type from the left
and lower zones to the diagonal one.

– In large zones of the plate ρ1 = 0: the local elastic
behaviour is characterised by a square symmetry or
isotropy.
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Table 10: Summary of the solutions of problems P1 and P1c for benchmark structure S2.

Solution λF τ ρ0K ρ1 φ1

RSol 1.00 1 0.00 0.00 0.00
C1 (P1c - χTh = 1/250 mm−1) 1.48 1 0.55 0.24 Fig. 11a
C1 (P1c - χTh = 1/150 mm−1) 1.60 1 0.70 0.23 Fig. 11b
C1 (P1) 1.77 1 0.68 0.26 Fig. 11c
C2 (P1) 2.22 1 Fig. 12a Fig. 12b Fig. 12c
C3 (P1) 5.28 Fig. 13a Fig. 13b Fig. 13c Fig. 13d

(a) χTh = 1/250 mm−1 (b) χTh = 1/150 mm−1 (c) No constraint (P1)

Fig. 11: Benchmark structure S2 - Optimisation problem P1c - VSCLs-C1: streamlines of the optimal distributions of the
main orthotropy direction.

(a) ρ0K (b) ρ1 (c) ΦA∗
1

Fig. 12: Benchmark structure S2 - Optimisation problem P1 - VSCLs-C2: optimal distributions of the mechanical design
variable.

(a) τ (b) ρ0K (c) ρ1 (d) ΦA∗
1

Fig. 13: Benchmark structure S2 - Optimisation problem P1 - VSCLs-C3: optimal distributions of the design variables.
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(a) Rsol (b) Optimal V SCLs−C1 (c) Optimal V SCLs−C2 (d) Optimal V SCLs−C3

Fig. 14: Benchmark structure S2 - Optimisation problem P1: comparison of the distribution of 1/λF,e for RSol and the
optimised solutions.

Table 11: Summary of the solutions of problems P2 and P2c for benchmark structure S2.

Design case M/MRSol τ ρ0K ρ1 φ1

RSol 1.00 1 0.00 0.00 0.00
C1 (P2c - χTh = 1/250 mm−1) 0.76 0.76 0.65 0.21 Fig. 15a
C1 (P2c - χTh = 1/150 mm−1) 0.72 0.72 0.79 0.185 Fig. 15b
C1 (P2) 0.68 0.68 0.84 0.20 Fig. 15c
C2 (P2) 0.58 0.58 Fig. 16a Fig. 16b Fig. 16c
C3 (P2) 0.43 Fig. 17a Fig. 17b Fig. 17c Fig. 17d

(a) χTh = 1/250 mm−1 (b) χTh = 1/150 mm−1 (c) No constraint (P2)

Fig. 15: Benchmark structure S2 - Optimisation problem P2c - VSCLs-C1: streamlines of the optimal distributions of the
main orthotropy direction.

(a) ρ0K (b) ρ1 (c) ΦA∗
1

Fig. 16: Benchmark structure S2 - Optimisation problem P2 - VSCLs-C2: optimal distributions of the mechanical design
variables.
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(a) τ (b) ρ0K (c) ρ1 (d) ΦA∗
1

Fig. 17: Benchmark structure S2 - Optimisation problem P2 - VSCLs-C3: optimal distributions of the design variables.

Similar considerations can be done for the results obtained
for sub-class VSCL-C3 (Fig. 13). Looking at the optimal
thickness distribution in Fig. 13a, one can notice that the
thickness variation is more limited on S2 than in the cor-
responding optimised solution for benchmark structure S1
(Fig. 6a) and that the whole hole edge region is here thicker
than the average thickness of the plate, which is equal to
tRSol.

Finally, also for benchmark structure S2, a much more
uniform distribution of 1/λF,e can be obtained through op-
timisation in comparison to the one for RSol, as illustrated
in Fig. 14.

6.2.2 Optimisation problem P2/P2c

A summary of the results for optimisation problems
P2/P2c on benchmark structure S2 is provided in Tab. 11.
Such table is completed by Figs. 15-17 that show the corre-
sponding optimal distributions of non-uniform design vari-
ables.

Looking at the results of Tab. 11, it can be inferred that:
– All optimal solutions show significant mass savings

with values from−24% to−57% with respect to RSol,
while guaranteeing the same failure load.

– Better optimal solutions can be obtained by consid-
ering a less restrictive tow curvature constraint and
by moving between considered VSCLs sub-classes: in
the passage from VSCL-C1 to VSCL-C2 and then to
VSCL-C3, relative weight savings of 15% and 26%,
respectively, are registered.
Results of optimisation problems P2/P2c and P1/P1c

on benchmark structure S2 show some similarities, there-
fore most of the comments provided in Sec. 6.2.1 apply
to the results of this section too. Nevertheless, unlike what
seen on the results obtained for benchmark structure S1,
here the similarities are less pronounced. This happens be-
cause the contribution to the evaluation of the LFI related
to bending deformations depends upon the thickness of the

laminate differently from the contributions related to mem-
brane and transverse shear deformations, making impossi-
ble to separate the dependency of the LFI upon the thick-
ness to that upon the PPs.

7 Conclusions

A general theoretical and numerical framework for the
deterministic optimisation of variable-stiffness composite
laminates involving requirements on mass, strength, and
maximum tow curvature has been presented in this work.
The optimisation is performed in the context of the first-
level problem of the multi-scale two-level optimisation
strategy for variable-stiffness composite laminates, hence
at the laminate macroscopic scale. It makes uses of two
main ingredients: a) the polar method for the description
of the local macroscopic elastic and strength properties of
the laminates in the framework of the first-order shear de-
formation theory; b) B-spline entities for representing the
distribution of the design variables.

The presented framework allows for either the global
(uniform over the structure) or local (point-wise variable)
tailoring of various properties of variable-stiffness com-
posite laminates: the orthotropy type and shape, the di-
rection of the main orthotropy axis, the thickness of the
laminate. Depending on the design variables definition,
various sub-classes of variable-stiffness composite lami-
nates are identified. Optimal solutions are searched within
each of these variable-stiffness composite laminates sub-
classes. Among them, the most basic one, i.e. variable-
stiffness composite laminates for which only the direction
of the main orthotropy axis varies point-wise, corresponds
to laminates for which suitable stacks of fibres-paths can
already be retrieved in the framework of the second-level
problem of the multi-scale two-level optimisation strat-
egy. Conversely, for the other sub-classes, the numerical
tools and/or the manufacturing technologies are not mature
enough yet. These sub-classes are used to show the theo-
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retical full potential of variable-stiffness composite lami-
nates.

Both the failure load maximisation problem (with a
constraint on the variable-stiffness composite laminate
mass) and the mass minimisation one (with a constraint
of the variable-stiffness composite laminate strength) are
solved for two benchmark structures: the first benchmark
structure is used to highlight stress concentration under
in-plane load, while the second one, which also with-
stands out-of-plane loads, has been considered to empha-
sise bending and shear effects. The strength is evaluated
in terms of the failure load of the structure, which is com-
puted by applying a laminate-level failure criterion based
on tensor invariants. The analytical expression of the fail-
ure load and its sensitivity to the design variables is derived
and implemented in this work, taking full advantage of the
properties of the B-spline entities. The effect of a constraint
on the maximum tow curvature is also evaluated. To this
purpose, an improved conservative formulation of the tow
curvature constraint (and its gradient) in the space of polar
parameters is also presented. Finally, thanks to the intro-
duction of a shrewd change of variable, the point-wise fea-
sibility requirement (on the existence of a suitable stack)
is intrinsically satisfied without introducing explicit con-
straint functions in the problem formulation.

As far as numerical results are concerned, consider-
able improvements with respect to both reference and op-
timised solutions taken from the literature have been ob-
tained through the proposed strategy. When optimising for
strength, depending on the considered variable-stiffness
composite laminates sub-class, the failure load can be in-
creased between 234% and 1034%, for benchmark struc-
ture S1, and between 48% and 428%, for benchmark struc-
ture S2, with respect to the failure load of isotropic solu-
tions. While, when optimising for lightness, the obtained
mass reduction is in the range 70-92% or 24-75%, for
benchmark structures S1 and S2, respectively.
Strength-driven results obtained for benchmark structure
S1 have also been compared to an optimised solution taken
from literature, obtained through the use of lamination
parameters for the representation of macroscopic elastic
properties of the variable-stiffness composite laminate: the
proposed approach was able to provide solutions with an
increase in the failure load between 4% and 252%, with
the most comparable solution (in terms of explored design
space) showing an improvement of 21%.
For one of the considered variable-stiffness composite
laminates sub-classes, both the material elastic properties
and the thickness are locally optimised. The optimised
variable-stiffness composite laminates belonging to this
sub-class represent theoretical best solutions to the re-
spective problems. The additional possibility to also opti-
mise the thickness distribution makes possible to obtain in-
creases of 116-138% of the failure load or a weight saving

of 26-58%, over the corresponding best uniform-thickness
solutions.
These results unequivocally show the effectiveness of the
proposed optimisation strategy and the great potential
of considered variable-stiffness composite laminates sub-
classes motivating further research activities on this topic.
Ongoing and future activities include: the application of
the developed tools to the optimisation of real-life complex
structures including multiple requirements; the develop-
ment of the numerical tools associated to the second-level
problem of the multi-scale two-level optimisation strategy
to be able to retrieve stacks of fibres-paths for all pre-
sented variable-stiffness composite laminates sub-classes;
the formulation of new criteria to predict the presence of
manufacturing-related defects, like tows gaps and/or over-
laps, in the final structure and to account for their effect on
the performances since the early design phases.

A On the choice of the threshold value of the laminate
failure index

In Eq. (12), the LFI is defined as the integral average over the lami-
nate thickness of the ply-level failure index (PFI) defined in Eq. (10).

If a laminate is subjected to a given loading condition, with a
given load factor λ , such that the maximum value (over the surface)
of the LFI is F = 1, two situations may occur:

– The most probable situation wherein some of the layers of the
laminate have a PFI greater than one, while the others have a PFI
lower than one.

– The unlikely situation wherein the PFI is uniform over the thick-
ness and assumes a unit value.

In the first scenario, the failure of the structure has already been over-
come, i.e. failure occurred at a load factor lower than the considered
one. For such a reason, using a threshold value FTh = 1 represents a
non-conservative choice.

On the other end of the spectrum, if the maximum LFI is F =
1/Nply, where Nply is the number of plies composing the laminate, it
may mean that:

– Likely, the PFI assumes values both greater and lower than
1/Nply, but always lower than one.

– In the limit and unrealistic case, the PFI is equal to one in only
one of the layers, while it is null in all the others.

Clearly, using a threshold value FTh = 1/Nply results in an over-
conservative constraint. An intermediate value has to be used.

In this appendix, the effect of the use of different threshold values
for the application of the LFI introduced in Sec. 3.2 on the optimised
solution is assessed. Three possible values are considered: the two
extreme values, FTh = 1 and FTh = 1/Nply, and an intermediate one,
FTh = 1/2, i.e. the value used to obtain the main results of this work.
The effect of this choice is shown by solving optimisation problem
P1 on benchmark structure S1 for VSCLs-C2. Of course, the value of
the reference load is adapted to the chosen value of FTh (see Sec. 2.1).
The laminate is considered composed of 16 plies, as in the work by
Khani et al. (2011). The results are summarised in Tab. A.1, which is
completed by Fig. A.1.
From the analysis of the results presented in Tab. A.1, it can be ob-
served that by decreasing the value of FTh, even if the absolute value
of the failure load (Fx,F) decreases, the possible relative gain on the
failure load, represented by the load factor λF, increases. This means
that, if the use of a more conservative (i.e. lower) value of FTh reveals
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Table A.1: Summary of the VSCLs-C2 solutions of problem P1 on benchmark structure S1 for different values of FTh.

Solution Fx [N] Fx,F [N] λF τ ρ0K ρ1 φ1

LSol - - 3.22 1 - - -
FTh = 1 122000 597556 4.90 1 Fig. A.1a Fig. A.1b Fig. A.1c
FTh = 1/2 79000 413960 5.24 1 Fig. A.1d Fig. A.1e Fig. A.1f
FTh = 1/16 17200 147404 8.57 1 Fig. A.1g Fig. A.1h Fig. A.1i

necessary, a higher λF of the optimised solutions will be obtained.
Finally, it is noteworthy that, whichever the choice of the value FTh
used, the found load factor is greater than that obtained by Khani
et al. (2011)2.
A study about the choice of FTh is part of the current research activi-
ties of the group.

B Setting the p-Norm for a given maximum relative
difference

Consider an indexed set of positive values (qe ≥ 0 with e ∈
{1,2, . . . ,Ne}) whose maximum is qmax := maxe qe. In agreement
with Eq. (27),

pn(qe) :=
(

∑
e

qp
e

)1/p

= qmax

(
∑
e

η p
e

)
,1/p , with ηe := qe/qmax .

(B.1)

Since 0≤ ηe ≤ 1 and maxe ηe = 1,

1≤
(

∑
e

η p
e

)1/p

≤ N1/p
e (B.2)

and, consequently,

qmax ≤ pn(qe)≤ qmax N1/p
e . (B.3)

If a maximum relative difference dmax is prescribed between the value
of the p-Norm and the value qmax, one can write

qmax N1/p
e ≤ qmax (1+dmax) , (B.4)

which is satisfied if

p≥ logNe

log(1+dmax)
. (B.5)

If p is required to be an integer, then it suffices to set

pmin =

⌈
logNe

log(1+dmax)

⌉
. (B.6)

C Failure response function gradient

According to Eqs. (38) and (30),

∂ fF

∂ξ (i1,i2)
=

∂
(

pn
(

λ−1
F,e

))

∂ξ (i1,i2)
=−( fF +1)1−p ∑

e

[
λ−(p+1)

F,e
∂λF,e

∂ξ (i1,i2)

]
.

(C.1)

2 Unfortunately, no data are provided about the value of neither
the reference load, nor the failure load of their optimised solutions.

The factor of safety of the e-th element reads

λF,e =
λFN,e

λFD,e
=
−Le +

√
∆e

2Qe
, with ∆e := L2

e +4QeFTh . (C.2)

The derivative of λF,e with respect to the design variable ξ (i1,i2) is

∂λF,e

∂ξ (i1,i2)
=

1
λFD,e

(
∂λFN,e

∂ξ (i1,i2)
−λF,e

∂λFD,e

∂ξ (i1,i2)

)
, (C.3)

where the derivatives of the quantities λFN,e and λFD,e read:

∂λNe

∂ξ (i1,i2)
=− ∂Le

∂ξ (i1,i2)
+

Le
∂Le

∂ξ (i1,i2)
+2FTh

∂Qe

∂ξ (i1,i2)√
∆e

,

∂λDe

∂ξ (i1,i2)
=2

∂Qe

∂ξ (i1,i2)
.

(C.4)

By injecting Eq. (C.4) in Eq. (C.3), one obtains

∂λF,e

∂ξ (i1,i2)
= c2,e

∂Qe

∂ξ (i1,i2)
+ c1,e

∂Le

∂ξ (i1,i2)
, (C.5)

where

c2,e =
FTh−λF,e

√
∆e

Qe
√

∆e
, c1,e =−

λF,e√
∆e

. (C.6)

The derivatives of the terms Qe and Le can be inferred from Eqs. (34)
and (35):

∂Qe

∂ξ (i1,i2)
= εεεT

Ref,e
∂

∂ξ (i1,i2)

(
Glam,e

te

)
εεεRef,e

+2εεεT
Ref,e

GT
lam,e

te
BeLe

∂uRef

∂ξ (i1,i2)
,

∂Le

∂ξ (i1,i2)
= εεεT

Ref,e
∂

∂ξ (i1,i2)

(
glam,e

te

)
+

gT
lam,e

te
BeLe

∂uRef

∂ξ (i1,i2)
,

(C.7)

By injecting Eq. (C.7) in Eq. (C.5), one obtains

∂λF,e

∂ξ (i1,i2)
= εεεT

Ref,e

(
c2,e

∂ (Glam,e/te)
∂ξ (i1,i2)

εεεRef,e + c1,e
∂ (glam,e/te)

∂ξ (i1,i2)

)

+ψψψT
e

∂uRef

∂ξ (i1,i2)
,

(C.8)

where ψψψe is defined as

ψψψe := LT
e B

T
e

(
2c2,e

Glam,e

te
εεεRef,e + c1,e

glam,e

te
.

)
(C.9)

By injecting Eq. (C.8) in Eq. (C.1) and by taking into account for the
B-spline blending functions local support property, one obtains

∂ fF

∂ξ (i1,i2)
=−( fF +1)1−p



 ∑

e∈Si1 i2

[
λ−(p+1)

F,e
∂ξe

∂ξ (i1,i2)

· εεεT
Ref,e

(
c2,e

∂ (Glam,e/te)
∂ξe

εεεRef,e + c1,e
∂ (glam,e/te)

∂ξe

)]

+ ψψψT ∂uRef

∂ξ (i1,i2)

}
,
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(a) FTh = 1, ρ0K (b) FTh = 1, ρ1 (c) FTh = 1, ΦA∗
1

(d) FTh = 1/2, ρ0K (e) FTh = 1/2, ρ1 (f) FTh = 1/2, ΦA∗
1

(g) FTh = 1/16, ρ0K (h) FTh = 1/16, ρ1 (i) FTh = 1/16, ΦA∗
1

Fig. A.1: Benchmark structure S1 - Optimisation problem P1 - VSCLs-C2: optimal distributions of the mechanical design
variables obtained with different values of FTh.

(C.10)

where

ψψψ := ∑
e

[
λ−(p+1)

F,e ψψψe

]
. (C.11)

Consider the upper part of Eq. (26), with λ = 1:

K∗FFu∗Ref,F +K∗FDu∗Ref,D = f∗Ref,F . (C.12)

Inasmuch as external forces and known DOFs do not depend upon
the design variables of the problem at hand, i.e.

∂ f∗Ref,F

∂ξ (i1,i2)
= 0 and

∂u∗Ref,D

∂ξ (i1,i2)
= 0 , (C.13)

the derivative of Eq. (C.12) reads

K∗FF
∂u∗Ref,F

∂ξ (i1,i2)
+

∂K∗FF

∂ξ (i1,i2)
u∗Ref,F +

∂K∗FD

∂ξ (i1,i2)
u∗Ref,D = 0 . (C.14)

Consider now the arbitrary auxiliary vector µµµ , which can be re-
ordered such that µµµ∗ T :=

{
µµµ∗F

T , µµµ∗D
T}. If the components of such

vector corresponding to the known DOFs of Eq. (26) are set null, i.e.
µµµ∗D = 0, the following relation holds:

ψψψT ∂uRef

∂ξ (i1,i2)
≡
{

ψψψ∗F
ψψψ∗D

}T ∂
∂ξ (i1,i2)

{
u∗Ref,F
u∗Ref,D

}

= ψψψ∗F
T ∂u∗Ref,F

∂ξ (i1,i2)
+ ψψψ∗D

T ∂u∗Ref,D

∂ξ (i1,i2)
︸ ︷︷ ︸

=0

+ µµµ∗F
T
(

K∗FF
∂u∗Ref,F

∂ξ (i1,i2)
+

∂K∗FF

∂ξ (i1,i2)
u∗Ref,F +

∂K∗FD

∂ξ (i1,i2)
u∗Ref,D

)

︸ ︷︷ ︸
=0

+ µµµ∗D
T

︸ ︷︷ ︸
=0

(
∂K∗DF

∂ξ (i1,i2)
u∗Ref,F +

∂K∗DD

∂ξ (i1,i2)
u∗Ref,D

)
,
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(C.15)

where the last null term is added for the sole purpose of obtaining a
more compact expression. Eq. (C.15) simplifies to

ψψψT ∂uRef

∂ξ (i1,i2)
≡
(

ψψψ∗F
T + µµµ∗F

T K∗FF

) ∂u∗Ref,F

∂ξ (i1,i2)
+µµµT ∂K

∂ξ (i1,i2)
uRef .

(C.16)

Consider the term
∂K

∂ξ (i1,i2)
uRef in Eq. (C.16). The stiffness matrix of

the structure is defined as

K := ∑
e
LT

e KeLe . (C.17)

Ke is the stiffness matrix of the element and, for a shell element, it is
defined as:

Ke :=
∫

Ae

BT
e Klam,eBedS , (C.18)

where, Ae is the area of e-th element. By taking into account for
Eqs. (C.17) and (C.18) and for the local support property, the term

∂K
∂ξ (i1,i2)

uRef in Eq. (C.16) can be expressed as:

ψ̃ψψ i1i2 :=
∂K

∂ξ (i1,i2)
uRef

= ∑
e∈Si1 i2

[
∂ξe

∂ξ (i1,i2)

∫

Ae

LT
e B

T
e

∂Klam,e

∂ξe
BeLedS

]
uRef .

(C.19)

The arbitrary vector µµµ∗F can be chosen in such a way that the term

multiplying
∂uRef,F

∂ξ (i1,i2)
vanishes, i.e.

K∗FFµµµ∗F =−ψψψ∗F . (C.20)

By using Eq. (C.19) and the expression of µµµ∗F obtained by solving the
auxiliary system of Eq. (C.20), Eq. (C.16) simplifies to

ψψψT ∂uRef

∂ξ (i1,i2)
= µµµT ψ̃ψψ i1i2 . (C.21)

Therefore, the final expression of the generic component of the gra-
dient of fF is

∂ fF

∂ξ (i1,i2)
=−( fF +1)1−p{li1i2 +µµµT ψ̃ψψ i1i2

}
, (C.22)

with

li1i2 := ∑
e∈Si1 i2

[
λ−(p+1)

F,e
∂ξe

∂ξ (i1,i2)

· εεεT
Ref,e

(
c2,e

∂ (Glam,e/te)
∂ξe

εεεRef,e + c1,e
∂ (glam,e/te)

∂ξe

)]
.

(C.23)

Remark C.1 The analytic expression of the derivatives
∂Klam,e

∂ξe
,

∂
∂ξe

(
glam,e

te

)
and

∂
∂ξe

(
Glam,e

te

)
appearing in the above formulae

is provided in Appendix D.

Remark C.2 The solution of the auxiliary system of Eq. (C.20),
needed to compute the gradient of fF, can be obtained through a
FE analysis wherein all DOFs corresponding to the known DOFs
of Eq. (26) are set null (i.e. µµµ∗D = 0) and whose generalised exter-
nal nodal forces ψψψ are computed using Eq. (C.11). Of course, the
components of ψψψ corresponding to the known DOFs of Eq. (26), i.e.
ψψψD, are discarded by the FE solver because applied on constrained
DOFs.

D Analytical expression of the laminate stiffness and
strength matrices and vector and their gradient

Remark D.1 The hypotheses of point-wise fully orthotropy and
quasi-homogeneity of the considered VSCLs (corresponding to the
conditions of Eq. (7)) hold in the following.
All quantities in this section are referred to a generic element e of the
structure model, but the index e is omitted for the sake of readability.

Using Eq. (6), Eq. (5) can be rewritten as

Klam =




tA∗ 0 0
t3

12
A∗ 0

sym tH∗


 . (D.1)

Matrices A∗ and H∗ can be computed as a function of their PPs,
thanks to Eqs. (2) and (1). The PPs of matrix A∗ can be obtained
by means of Eq. (17) as

T A∗
0 ≡ T Qin

0 , T A∗
1 ≡ T Qin

1 , RA∗
0 = RQin

0 |ρ0K | , RA∗
1 = RQin

1 ρ1 ,

ΦA∗
0 = ΦA∗

1 +
π
4

KA∗ , ΦA∗
1 =

π
2

φ1 ,
(D.2)

where

KA∗ =

{
0 if ρ0K ≥ 0 ,
1 if ρ0K < 0 ,

(D.3)

and can be related to the problem design variables through Eq. (20).
The PPs of matrix H∗ depend upon those of A∗ and of the constitutive
tow as follows (Montemurro, 2015b,a):

T H∗= T Qin , RH∗=
RQout

RQin
1

RA∗
1 , ΦH∗= ΦQout +ΦQin

1 −ΦA∗
1 . (D.4)

Regarding the strength properties of the laminate, by employing
Eq. (14), Eq. (13) and the main results obtained by Catapano and
Montemurro (2019), one can write:

Glam

t
=




G∗A 0 0
t2

12
G∗A 0

sym G∗H


 ,

glam

t
=





g∗A
0
0



 . (D.5)

Of course, also matrices G∗A and G∗H and vector g∗A can be computed
as a function of their PPs. Such PPs depend on those of matrix A∗
and of the constitutive tow as follows (Catapano and Montemurro,
2019):

T G∗A
0 ≡ T Gin

0 , T G∗A
1 ≡ T Gin

1 ,

RG∗A
0 =

RGin
0

RQin
0

RA∗
0 , RG∗A

1 =
RGin

1

RQin
1

RA∗
1 ,

ΦG∗A
0 = ΦGin

0 −ΦQin
0 +ΦA∗

0 ,

ΦG∗A
1 = ΦGin

1 −ΦQin
1 +ΦA∗

1 ,

(D.6)

T G∗H≡ T Gout , RG∗H =
RGout

RQin
1

RA∗
1 , ΦG∗H = ΦGout +ΦQin

1 −ΦA∗
1 ,

(D.7)

T g∗A≡ T gin , Rg∗A =
Rgin

RQin
1

RA∗
1 , Φg∗A = Φgin −ΦQin

1 +ΦA∗
1 . (D.8)
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The derivatives of Klam, Glam/t and glam/t with respect to the
value of the generic dimensionless variable ξ are:

∂Klam

∂ξ
=








t
∂A∗

∂ξ
0 0

t3

12
∂A∗

∂ξ
0

sym t
∂H∗

∂ξ




if ξ = ρ0K ,ρ1,φ1 ,

tRSol




A∗ 0 0
t2

4
A∗ 0

sym H∗


 if ξ = τ ,

(D.9)

∂
∂ξ

(
Glam

t

)
=








∂G∗A
∂ξ

0 0

t2

12
∂G∗A
∂ξ

0

sym
∂G∗H
∂ξ




if ξ = ρ0K ,ρ1,φ1 ,

tRSol




0 0 0
t
6

G∗A 0

sym 0


 if ξ = τ ,

(D.10)

∂
∂ξ

(glam

t

)
=









∂g∗A
∂ξ
0
0





if ξ = ρ0K ,ρ1,φ1 ,

{
0
}

if ξ = τ .

(D.11)

The derivatives of A∗ and G∗A are of type:

∂X
∂ρ0K

= aX




cX
4 −cX

4 sX
4

cX
4 −sX

4

sym −cX
4


 , (D.12)

∂X
∂ρ1

= bX




4cX
2 0 +2sX

2

−4cX
2 +2sX

2

sym 0


 , (D.13)

∂X
∂φ1

= 2πρ0KaX



−sX

4 +sX
4 +cX

4

−sX
4 −cX

4

sym +sX
4




+2πρ1bX



−2sX

2 0 +cX
2

+2sX
2 +cX

2

sym 0


 ,

(D.14)

where

cX
4 /sX

4 = cos/sin(4βX) , cX
2 /sX

2 = cos/sin(2βX) (D.15)

and X, aX, bX and βX assume the values provided in Tab. D.1.
The derivatives of H∗ and G∗H are of type:

∂Y
∂ρ0K

= [0] , (D.16)

∂Y
∂ρ1

= bY

[
cY

2 sY
2

sY
2 −cY

2

]
, (D.17)

Table D.1: Possible sets of X, aX, bX and βX.

X aX bX βX

A∗ RQin
0 RQin

1 (π/2)φ1

G∗A RGin
0 RGin

1 ΦGin
0 −ΦQin

0 +(π/2)φ1

∂X
∂φ1

= πρ1bY

[
sY

2 −cY
2

−cY
2 −sY

2

]
, (D.18)

where

cY
2 /sY

2 = cos/sin(2βY) (D.19)

and Y, bY and βY assume the values provided in Tab. D.2.

Table D.2: Possible sets of Y, bY and βY.

Y bY βY

H∗ RQout ΦQout +ΦQin
1 − (π/2)φ1

G∗H RGout ΦGout +ΦQin
1 − (π/2)φ1

Finally, the derivatives of g∗A are:

∂g∗A
∂ρ0K

= {0} , (D.20)

∂g∗A
∂ρ1

= Rgin
{

cg
2 −cg

2 sg
2
}T

, (D.21)

∂g∗A
∂φ1

= πRgin ρ1
{
−sg

2 sg
2 cg

2
}T

, (D.22)

where

cg
2/sg

2 = cos/sin
(

2
(

Φgin −ΦQin
1 +(π/2)φ1

))
. (D.23)

Remark D.2 According to Eq. (20), the partial derivatives of a
generic function f (ρ0K,ρ1) with respect to the design variables α0
and α1 read:

∂ f
∂α0

=
∂ f

∂ρ0K

(
2ρ2

1 −2
)
,

∂ f
∂α1

=
∂ f

∂ρ0K

(
2

ρ0K −1
ρ2

1 −1
ρ1

)
+

∂ f
∂ρ1

.

(D.24)
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Chapter 8
Conclusions and prospects

The work carried out in this Ph.D. thesis aims to allow a better exploitation of composite
materials in high-performances thin-walled structures, through the development of multi-
scale procedures and numerical tools for their effective and efficient design. The thesis
work has been carried out at the ENSAM of Bordeaux-Talence, under the supervision of
M. Montemurro, J. Pailhès and A. Catapano. It moves in the context of the European
research project PARSIFAL, which has involved six partners from four countries in a mul-
tidisciplinary feasibility study on the introduction of an innovative aircraft architecture,
i.e. the PrandtlPlane, in the market. ENSAM was the leader of the work package 5 of
PARSIFAL, which focused on the structural design and analysis of the PrandtlPlane.

8.1 General conclusions

The work related to this thesis has intervened in all aspects of the ENSAM contribution
to PARSIFAL. The objectives of the project have constituted both a motivation and
an application for the various thesis activities. For this reason, thin-walled composite
structures typical of the aeronautical field have been targeted in this thesis. Without loss
of generality, the focus has been put on the fuselage structure. Two classes of composite
materials have been considered: the constant-stiffness composites and variable-stiffness
composites.

A constant-stiffness composite structure allows a per-laminate tailoring of the geomet-
rical and the material properties. Designing a large-scale thin-walled composite structure
implicates dealing with three working scales: the global macroscopic scale of the struc-
ture, the local macroscopic scale of the component, and the mesoscopic one (i.e. that of
the constitutive ply). Such multi-scale nature of the design problem and the fact that a
huge number of design variables is involved into the design process make the associated
optimisation problem rather difficult and costly (under a computational point of view)
to be solved. The bibliographic review activity presented in Chapter 2 has allowed to
identify three main common limitations in currently-available design procedures: a) the
limited accuracy of the methods employed for the assessment of the structure response
at the various scales; b) the poor management of the scale transition; c) the non-optimal
definition of the design variables involved at each scale, which are limited in various ways.

The task of defining an improved design procedure for large-scale thin-walled constant-
stiffness composite structures has been tackled in two phases, corresponding to the first
two phases of the thesis work described in Chapter 1.
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In the first phase, corresponding to the work presented in Chapter 3, a simplified scenario
has been considered: the preliminary structural design of a metallic structure, which can
be seen as a sub-case of the most general one made of anisotropic materials. By doing
so, there is no need to distinguish between the macroscopic and mesoscopic scales and all
aspects related to the lay-up design are disregarded. Only geometrical design variables are
then involved in the design process and the focus can be put on the handling of the global
and local scales. This first phase has investigated the possibility to optimise this type of
structures by accurately evaluating all involved mechanical responses by means of finite
element analyses, without enforcing any restriction in the design variables definition, while
still managing the computational cost of the process. A meaningful engineering problem
has been selected as study case: the least-weight design of an aluminium fuselage barrel
belonging to the aft part of a wide-body aircraft, whose geometry and basic loads are
taken from the literature. Requirements on the structure stiffness, static strength, fatigue
strength, and on the buckling load (no-buckling design approach), evaluated under suited
loading conditions, have been considered in the design process, as well as requirements
on the manufacturability of the solution. For solving such design problem, a multi-scale
design procedure, i.e. the GL-MSOS, has been proposed.
When adopting the GL-MSOS, the evaluation of the mechanical responses of the struc-
ture is performed by means of on-line finite element analyses, employing a global-local
sub-modelling approach. For each candidate solution, global-scale and local-scale finite
element models are generated and solved by means of fully-parametric scripts. The mod-
els are characterised by a different level of modelling refinement, avoiding, in this way,
the use of computationally expensive refined global models for the assessment of local-
ised phenomena. Local-scale analyses are carried out by considering boundary conditions
extracted, without simplifications, from the results of the global-scale analysis, thus en-
suring complete coherence in the scale transition. The computational effort is kept low by
automatically generating the local finite element models only for a limited set of zones of
interest, identified during the global-scale analysis by means of opportune criteria. The
full set of design variables is considered in the formulation of the optimisation problem,
without introducing simplifying hypotheses and the solution search is carried out employ-
ing the genetic algorithm ERASMUS.
The obtained solution has been compared to an optimised one taken from the literature.
This latter was obtained by solving an similar design problem by means of an iterative
design procedure in which common-use simplifying rules for the definition of the design
variables and analytical methods for the responses evaluations are employed. The solution
obtained with the GL-MSOS and the literature one have a very similar mass (within 1.2%
different), however, the former outperforms the latter. Indeed, in the literature work, no
manufacturing constraints were considered, and the less restrictive post-buckling design
approach was adopted. This result has been considered as a sort of numerical proof of the
effectiveness of the proposed design procedure.

In the second phase, the possibility to generalise the GL-MSOS to the design of large-
scale thin-walled constant-stiffness composite structures has been investigated.
The additional layer of complexity represented by the possibility of optimising the material
properties of the structure, as well as the geometrical ones, has been faced by adopting
a multi-level design approach, the MS2LOS. In the usual work-flow of the MS2LOS, the
problem is solved at two levels, wherein two subsequent optimisation problems are faced.
At the first level the structural optimisation is performed. Here, each laminate composing
the structure is modelled as an equivalent single-layer plate and its macroscopic mechanical
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properties, represented in terms of Polar Parameters, are optimised (together with all
geometrical properties) without making any simplifying hypothesis on the nature of the
underlying stacking sequence. The second-level optimisation problem is devoted to the
retrieval of the laminates stacking sequences corresponding to the sets of optimum Polar
Parameters found at the first level. This implies that, in order to avoid inconsistency
between the two levels or the need of repair activities, all the requirements involved in
the design problem, including those typical of the lower scales (notably, requirements
concerning failure and manufacturability), have to be formulated as equivalent constraints
at the macroscopic scale.
The advantages of the GL-MSOS and those of the MS2LOS have been therefore combined,
obtaining the GL-MS2LOS. The integration interests the first level of the MS2LOS, where
the assessment of the structural responses, at both the global and local scales, is performed
by means of analyses on specific finite element models, whose coherency is ensured through
the implementation of the global-local sub-modelling approach. The second level of the
MS2LOS remains unaltered with respect to previous works.

The GL-MS2LOS has been presented in Chapter 5, where it has been employed for the
least-weight design of a constant-stiffness composite fuselage barrel. The considered struc-
ture is identical, in terms of main geometrical properties and considered loads, to the one
presented in Chapter 3, but its main structural components (except floor beams and struts)
are considered made of constant-stiffness composite laminates. Also the formulation of the
considered design problem is equivalent to the one faced in Chapter 3: requirements on the
structural stiffness and static strength, and on the absence of buckling in the considered
loading conditions have been taken into account in the design process of the composite
structure, as well as requirements on the manufacturability of the solution. The strength
requirement has been assessed at the macroscopic scale by means of a laminate-level fail-
ure criterion formulated in the space of Polar Parameters and feasibility conditions on the
existence of suitable stacking sequences are included in the first-level problem formula-
tion among the manufacturing constraints. Here also, the genetic algorithm ERASMUS
has been employed as solution tool. The optimal composite fuselage obtained using the
GL-MS2LOS has been compared to the optimal aluminium one obtained in Chapter 3.
The composite solution shows a 40% weight saving over the metallic one and meets the
full set of design constraints. Considering that some structural components have not been
included in the design process, this result shows the big potential of the proposed design
procedure.

Inasmuch as the MS2LOS constitutes a main ingredient of the GL-MS2LOS, two activ-
ities of experimental validation of its effectiveness have been planned in this thesis.
The first of these activities has been presented in Chapter 4. In this work, the MS2LOS has
been applied to the least-weight design of a moderately-thick constant-stiffness composite
layered plate subject to requirements on its in-plane overall stiffness, its first buckling
load, and its manufacturability. Numerical and experimental activities have proceeded in
parallel. The formers have followed the two-level work-flow typical of the MS2LOS: first,
the structural design of the plate has been carried out in terms of its macroscopical ma-
terial and geometrical properties, than the lay-up design has been performed. The genetic
algorithm ERASMUS has been employed to perform the solution search at both levels.
At the first level, it has been interfaced with finite element analyses for the evaluation of
the first buckling load of the plate. At the second level, it has been interfaced with an
analytical model for computing, in the First-order Shear Deformation Theory framework,
the macroscopical properties of candidate stacking sequences. The solution of the second-
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level problem has been searched in the space of Quasi-Trivial stacking sequences, a family
of stacks which allows to obtain exact membrane-bending uncoupling and homogeneity of
the laminate, without enforcing simplifying rules on the nature of its stack (e.g. symmetry
and balancing). A plate having the same geometry of the optimised one, subjected to the
same boundary conditions, and whose stacking sequence has been built by using the clas-
sical rules taken from literature has been considered as reference solution and employed
for defining the design requirements. Experimental buckling tests have been performed
both on the reference plate, to confirm the accuracy of the finite element model employed
during the optimisation process, and on the optimised one. Numerical and experimental
results show an excellent agreement: the optimised plate is about 10% lighter than the
reference one with similar or superior mechanical performances. These results constitute a
first experimental validation of the effectiveness of both the MS2LOS and the very general
stacking sequences resulting from its application.
A second experimental activity was also planned in the PARSIFAL activities. This activ-
ity, carried out in collaboration with University of Pisa, follows the same numerical-
experimental work-flow presented in Chapter 4, but focuses on full-scale stiffened panels.
Due to multiple delays in the manufacturing of the panels, this activity, not reported in
this thesis, has not been completed and will be finalised during the next months.

The GL-MSOS and the GL-MS2LOS, presented and numerically validated in Chapters 3
and 5 respectively, have seen application in the preliminary structural design of the
PrandtlPlane aircraft proposed in the PARSIFAL project. This structural design activity,
whose highlights have been presented in Chapter 6, has targeted the main structural com-
ponents of the fuselage and the lifting system of the aircraft, in both a metallic variant and
a constant-stiffness composite one. A modular approach has been adopted for the mod-
elling of the aircraft structure, and the related activities have been shared among three
members of the PARSIFAL team at ENSAM. Due to the peculiarities of the PrandtlPlane
architecture, two adaptations of the aforementioned design procedures have been devised
in order to lower the computational cost for their application on such structure. From a
procedural perspective, a multi-step alternated-domain approach has been adopted: the
solution search has been carried out iteratively, optimising alternately the design variables
belonging to the central fuselage barrel and those of the lifting system. From a model-
ling point of view, in the global finite element model of the whole aircraft structure, the
regions not directly involved in the optimisation have been condensed in super elements
obtained by means of the sub-structuring technique. Results, which have been obtained
both in terms of macroscopic inertial properties distributions and in terms of detailed
structural information for both variants of the aircraft structure, have met expectations
and contributed to the correct progress of the PARSIFAL project.

In the third phase of the thesis work, the focus has been put on variable-stiffness com-
posite laminates, a class of composite materials characterised by a point-wise variation
of the macroscopic mechanical properties over the laminate surface. Variable-stiffness
composite laminates offer superior tailoring possibilities than constant-stiffness composite
ones, notably for structural components presenting high stress gradients, e.g. the panel
surrounding a fuselage window. Various formats of variable-stiffness composite laminates
are possible, whose production has been made possible by recent developments in manu-
facturing processes. In this thesis the focus has been put on variable angle tow laminates
obtained by means of the Automated Fibre Placement process. The broad adoption of
this type of laminates in the industry is still limited, on the one hand, by the newness and
immaturity of the manufacturing processes, which still present some specific limitations,
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and, on the other hand, by the lack of a general and established procedure for their optimal
design. This phase of the thesis work aims at overcoming some of the limitations related
to the procedural aspects through the development of specific theoretical and numerical
design tools.
A suited design procedure for variable-stiffness composite structures should efficiently deal
with design variables that assume the form of continuous and sufficiently smooth distribu-
tions across the laminate surface, and also integrate constraints related to the employed
manufacturing process. Due to the nature of the related optimisation problem, the adop-
tion of a multi-level design approach coupled with the use of a deterministic algorithm as
solution tool appears advantageous. However, in order to guarantee an efficient exploit-
ation of the deterministic algorithm, the analytical expression of the gradient of all the
response functions involved in the optimisation process must be derived.
In Chapter 7, the problem of the deterministic optimisation of structural variable-stiffness
composite components considering requirements on mass, strength, and maximum tow
curvature has been faced. The optimisation has been performed in the context of the
first-level problem of the MS2LOS, taking advantage of two main ingredients: the polar
method for the representation of the local macroscopic mechanical properties of the lam-
inates in the FSDT framework, and B-spline entities for describing the distribution of the
design variables. The theoretical framework of the MS2LOS has been enriched through
the formulation of the aforementioned requirements, and the design problem has been gen-
eralised to the case of variable-stiffness composite laminates with non-uniform thickness.
Two benchmark structures have been considered: the first one highlights stress concen-
trations under in-plane load, while the second one emphasises bending and shear effects.
Both the failure load maximisation problem (with a constraint on the mass) and the mass
minimisation one (with a constraint on laminate strength) have been solved for both struc-
tures. The structure failure load has been defined using a laminate-level failure criterion
based on tensor invariants. The effect of a constraint on the maximum tow curvature
has also been evaluated and an improved conservative formulation has been proposed for
this process-related manufacturability requirement. Taking advantage of the properties
of the B-spline entities, the analytical expression of the response functions related to all
aforementioned requirements, as well as their gradients, have been derived. Clearly, the
point-wise feasibility requirement on the existence of suitable stacks has been considered
too: it is intrinsically satisfied in the proposed formulation of the optimisation problem,
without the need of introducing explicit constraints. From a numerical perspective, the
numerical platform DOMES (Deterministic Optimisation of Macroscopic laminatEs via
Splines) has been created. Developed in the Python environment, it constitutes, essen-
tially, an interface between a deterministic optimisation algorithm and a finite element
software, and it establishes a data structure for the definition of the design variables and
a modular implementation of the various requirements.
Various properties of the variable-stiffness composite laminates have been tailored either
uniformly or locally over the laminates surface: the orthotropy type and shape, the dir-
ection of the main orthotropy axis, the thickness. Depending on the design variables
definition, various sub-classes of variable-stiffness composite laminates, including both
manufacturable solutions and theoretical ones, have been identified. Multiple design cases,
corresponding to various possible combinations of considered structure, problem formu-
lation and sub-class of the variable-stiffness composite laminates, have been considered.
The results have been compared, in terms of their performances, to quasi-homogeneous iso-
tropic solutions. When optimising for strength, the failure load can be increased between
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48% and 1034%, while, when optimising for lightness, the obtained mass reduction is in the
range 24-92%. Theoretical variable-thickness variable-stiffness composite laminates out-
perform their uniform-thickness counterparts, showing an additional increase of 116-138%
of the failure load or an additional weight saving of 26-58%. Finally, strength-optimised
solutions have also been compared to an optimised variable-stiffness composite solution
taken from the literature, obtained by means of the representation based on Lamination
Parameters: the proposed approach was able to provide solutions with an increase in the
failure load between 4% and 252%; the most comparable solution (in terms of explored
design space) shows an improvement of 21%.
Considerable results have also been obtained facing the buckling load maximisation prob-
lem of variable-stiffness composite laminates. Such activity, not reported in this thesis,
has been carried out in collaboration with Ph.D. student G. A. Fiordilino and recently
published (Fiordilino, Izzi, and Montemurro, 2021). Two benchmark problems have been
considered, and obtained results have been compared to both quasi-homogeneous isotropic
solutions and to optimised variable-stiffness composite solutions taken from the literature:
an increase of the buckling load up to 230% and up to 16% has been found, respectively.
The above results unequivocally show the great potential of variable-stiffness composite
laminates and the effectiveness of the proposed optimisation strategy.

8.2 Prospects

The application of the GL-MS2LOS to simplified, although representative, design cases,
allowed to obtain encouraging results, proving that it is a viable and effective alternative to
other common-use design procedures for large-scale thin-walled constant-stiffness compos-
ite structures. However, there is still room for improvement and/or future development.
The adoption of a post-buckling design approach, instead of the no-buckling approach em-
ployed in this thesis, is supposed to allow obtaining lighter optimal configurations. The
efficient integration of requirements on the post-buckling behaviour of the structure in
the presented procedure constitutes a challenging task. In fact, because of its non-linear
nature, the assessment of the post-buckling behaviour of structures is usually carried out
through path-following analyses which reveal too computationally expensive to be integ-
rated into an optimisation process. A valid alternative is the adoption of asymptotic
methods (e.g. the Koiter’s method or the Asymptotic-Numerical Method) which provide,
at a reasonable computational cost, a good approximation of the initial post-buckling re-
sponse.
In order to be able to face more complete industrial-level design cases, the problem for-
mulation should be enriched. Additional requirements should be integrated, e.g. specific
design criteria for the sizing of frames, floor beams and struts, and additional loading
conditions should be considered for the evaluation of the aircraft responses. Moreover,
from a modelling perspective, the presence of principal openings, like fuselage doors and
windows, should also be taken into account in this design phase, in order to maximise
compatibility with the following one.
The use of a genetic algorithm as optimisation tool, thanks to its good exploration cap-
ability, surely helps in avoiding get trapped in local minima when solving non-convex
problems, but it may converge to sub-optimal solutions as a consequence of loss of pop-
ulation diversity. Further improvements could be obtained by letting the meta-heuristic
optimisation phase be followed by an additional deterministic optimisation one. Ideally,
this latter phase should be supported by the derivation of the analytical expression of
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the gradient of all response functions involved in the optimisation process. Notably, the
gradient of local-scale requirements must properly take into account the scale transition
(through the gradient of the boundary displacements of the local finite element models)
and the possibility that the position of the zones of interest could vary during the optim-
isation process. This latter need could be satisfied in different ways: a) by aggregating into
the gradient the responses of all possible local models; b) by properly defining the design
zones (i.e. portions of the structure where the components share the same properties);
c) by means of a combination of both approaches. Activities on this topic have already
been started in this research group and need further development.

The activities carried out in the third phase of the thesis work allowed to confirm
the great potential of variable-stiffness composite laminates. The integration of variable-
stiffness composite structural components in large-scale thin-walled composite structures
seems, thus, desirable. However, further development of the theoretical and numerical
tools associated to both levels of the MS2LOS for variable-stiffness composite laminates
is still needed.
At the first level of the MS2LOS, it is important to formulate new criteria for the prediction
of the presence of defects related to the manufacturing of variable-stiffness composite
laminates, like tows gaps and/or overlaps, in the final structure and to account for their
effect on the structural responses since the early design phases. The implementation
of both new requirements and previously formulated ones (e.g. those concerning the
compliance and the buckling load) should take advantage of the data structure established
in the DOMES numerical platform. Moreover, this platform could be integrated into
the suite of numerical optimisation tools developed by the research group at the I2M
laboratory.
At the second level of the MS2LOS, the efforts should be put on the development of tools
allowing to retrieve fibres-paths for all possible sub-classes of variable-stiffness composite
laminates.
The execution of coupled numerical-experimental design activities on both simple and
more complex variable-stiffness composite structural components should be the natural
following step.
To conclude, the long-term prospect of the work presented in this thesis is the definition
of the procedural aspects linked to the adoption of the GL-MS2LOS for the efficient and
effective design of large-scale thin-walled variable-stiffness composite structures.

Cave et aude

Charles Darwin’s family motto
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Thesis overview in French

Préambule

Le contexte de la thèse : le projet PARSIFAL

Au cours des dernières décennies, le trafic aérien de passagers a connu une augmentation
remarquable. Les données historiques montrent que le nombre de kilomètres-passagers
payants annuels1 a connu une croissance logarithmique presque constante, avec une aug-
mentation annuelle moyenne de 4,3%, soit un doublement tous les quinze ans. La récente
épidémie de COVID-19 a sûrement eu un fort impact sur le marché du transport aérien,
mais ce marché a montré une forte résilience aux chocs économiques externes dans le
passé et, selon les récentes prévisions, la tendance mondiale ne devrait pas être considéra-
blement affectée sur le long terme. Le marché du transport aérien doit faire face à cette
augmentation constante de la demande dans un contexte difficile. En fait, la plupart des
infrastructures aéroportuaires actuelles sont déjà encombrées avec une possibilité d’expan-
sion très limitée voire inexistante, notamment en Europe. De plus, la réglementation sur
l’impact environnemental des aéronefs (tant en termes de bruit que d’émissions) devient
de plus en plus restrictive. La configuration de l’avion classique tube and wing a connu
de grandes améliorations au cours des dernières décennies, mais a atteint maintenant son
potentiel maximal avec de petites marges laissées pour l’amélioration de ses performances.
Ce scénario pousse au développement de configurations d’avions innovantes et disruptives.

PARSIFAL (Prandtlplane ARchitecture for the Sustainable Improvement of Future
AirpLane) est un projet de recherche2 financé par l’Union européenne dans le cadre du
programme Research and Innovation Horizon 2020, lancé en mai 2017 qui s’est conclu en
Juillet 2020. Il visait à proposer une solution aux défis auxquels l’industrie aéronautique est
confrontée. Huit partenaires, originaires de quatre pays européens, ont collaboré au pro-
jet PARSIFAL : Université de Pise (UNIPI), le coordinateur du projet, d’Italie, le centre
français de recherche aérospatiale ONERA à Paris et l’école d’ingénieurs Arts et Métiers
Sciences et Technologies de Bordeaux-Talence (ENSAM) en France, l’Université de Tech-
nologie de Delft (TUD) aux Pays-Bas, le Centre aérospatial allemand (DLR) et l’entreprise
SkyBox Engineering en Italie. De plus, un comité consultatif composé de consultants indé-
pendants de l’industrie aéronautique et de représentants d’avionneurs (Leonardo, Airbus),

1Généralement appelé RPKs (revenue passenger kilometres) : il s’agit du nombre cumulé de kilomètres
parcourus par les passagers pour le transport desquels un transporteur aérien reçoit une rémunération
commerciale.

2www.parsifalproject.eu
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de sociétés de gestion d’aéroports (aéroports de Milan et de Toscane) et de compagnies
aériennes (KLM) a soutenu les activités de recherche en représentant les intérêts du mar-
ché.
La solution proposée dans PARSIFAL est la configuration PrandtlPlane, représentée dans
une représentation artistique de la Fig. 1.1. Cette configuration, introduite pour la pre-
mière fois par Prandtl en 1924, est caractérisée par un système de portance en forme de
rectangle en vue de face. Une telle configuration minimise la traînée induite parmi tous
les systèmes de sustentation possibles ayant la même portée et la même quantité de por-
tance. Pour un gros avion, la traînée induite constitue de 40 à 45% de la traînée totale en
croisière et environ 80% au décollage. En employant la configuration PrandtlPlane, une
réduction de cette composante d’environ 20-30% peut être obtenue pour des applications
type. L’augmentation conséquente de l’efficacité aérodynamique (le rapport entre la por-
tance et la traînée) peut être utilisée pour réduire la consommation de carburant (pour
un scénario de mission et charge utile donné) ou pour augmenter la capacité de charge
utile (pour une consommation de carburant et mission donnée). Dans les deux cas, cela se
traduit par une réduction de l’impact environnemental et du coût par passager.

L’objectif principal du projet PARSIFAL était de démontrer la faisabilité de l’intro-
duction de la configuration PrandtlPlane sur le marché, et l’intérêt de le faire. Cette étude
de faisabilité a été menée par les différents partenaires évaluant différents aspects : éco-
nomique, aérodynamique, architectural, structurel, environnemental, propulsif, mécanique
de vol, etc. Une analyse de marché préliminaire menée dans les premières phases du projet,
a permis d’identifier le meilleur segment de marché à cibler dans le projet : il est décrit à
travers un ensemble de performances cibles appelé top-level aircraft requirements, qui sont
présentés dans le Tab. 1.1. Ces performances identifient un aéronef qui opère sur les mêmes
routes courtes à moyennes distances (moins de 4000 km) des familles d’avions Airbus A320
et Boeing 737 (B737), ayant le même encombrement, mais capable de transporter environ
50% de passagers en plus (une capacité typique des gros avions comme l’A330 et le B767).
D’autres caractéristiques principales de la proposition de PARSIFAL sont présentées dans
le Tab. 1.2, dans lequel le PrandtlPlane est également comparé à un avion concurrent
conventionnel, et des représentations visuelles sont fournies dans les Figures 1.4 et 1.5.

Outre la réduction de la traînée induite, la configuration PrandtlPlane apporte d’autres
avantages et opportunités intéressants : une sécurité accrue grâce à un comportement de
décrochage régulier et une phase post-décrochage caractérisée par une réduction seulement
partielle de la maniabilité et de la contrôlabilité ; un amortissement du tangage supérieur
à celui d’une configuration classique, ce qui se traduit par plus de confort et de sécurité ;
la possibilité d’adopter des schémas de manœuvre innovants comme le direct lift control3
et le pure couple control4 grâce à la possibilité de loger les gouvernes sur les ailes avant
et arrière ; la capacité de concevoir une structure plus légère en tirant parti de l’archi-
tecture particulière ; la possibilité d’évaluer l’emploi de différentes solutions de propulsion
innovantes. D’un autre côté, la nouveauté de la configuration proposée rend les données
statistiques classiques et les solutions établies connues non a priori dignes de confiance,
ou pas du tout applicables. Cela a constitué un défi majeur dans le projet PARSIFAL,
mais aussi a été stimulant pour le développement de nouvelles connaissances et méthodes
de conception. Cela est particulièrement vrai pour la conception structurelle de l’aéronef,
car, contrairement à ce qui se passe avec une configuration conventionnelle, le fuselage et
les voilures sont surcontraints.

3La possibilité de modifier la quantité de portance sans affecter le moment de tangage.
4La capacité de générer un moment de tangage pur sans altérer la portance.
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Le projet a été organisé en huit work packages différents, organiquement répartis entre
les partenaires, avec de multiples interactions (voir Fig. 1.6). L’ENSAM Bordeaux a été
le responsable du work package 5, intitulé Structural Analysis of the PrandtlPlane, qui a
été réalisé en collaboration avec UNIPI et DLR.
Les activités du work package 5 avaient quatre objectifs principaux :

1. Développer des procédures d’optimisation innovantes à utiliser pour la conception
préliminaire de structures aéronautiques, métalliques ou composites. Ces procédures
d’optimisation devraient pouvoir :

1.1 Surmonter les limitations des procédures d’optimisation courantes pour les
structures à parois minces (composites) de grande taille et gérer correctement
la nature hyperstatique de l’architecture PrandtlPlane.

1.2 Intégrer efficacement tous les critères de conception pertinents dans cette phase
de conception (notamment, ceux liés à la fabricabilité de solutions composites
innovantes constituées de stratifiés à rigidité variable et de stratifiés à rigidité
constante de type blended), afin de maximiser la conformité des solutions obte-
nues avec les phases de conception suivantes.

2. Valider les procédures d’optimisation développées :

2.1 Numériquement, grâce à la solution de problèmes de référence tirés de la litté-
rature.

2.2 Expérimentalement, via des tests sur des structures composites simples et sur
des panneaux raidis en matériau composite.

3. Effectuer une conception structurelle préliminaire du PrandtlPlane, à la fois pour une
variante métallique et pour une composite, en utilisant les procédures d’optimisation
développées en ciblant, en particulier :

3.1 Les principaux composants structuraux du fuselage.
3.2 Les principaux composants structuraux générant la portance.

4. Vérifier la conformité du PrandtlPlane métallique optimal par rapport aux phéno-
mènes d’aéroélasticité.

Toutes les activités connexes ont été menées à l’ENSAM, à l’exception de celles liées à
l’Objectif 4, qui ont été réalisées par UNIPI et l’Université Carlos III de Madrid, dans le
rôle de sous-traitant de UNIPI. Concernant les activités liées à l’Objectif 3, les zones de
connexion entre le fuselage et le système générant la portance ont été modélisées unique-
ment à travers des modèles aux éléments finis à basse fidélité à l’ENSAM, tandis qu’une
activé de type design of experiments, basée sur une modélisation plus détaillée, a été
réalisée par J.-N. Walthers au DLR.

Les objectifs de la thèse

Le travail lié à cette thèse est intervenu dans toutes contributions de l’ENSAM au projet
PARSIFAL. Les objectifs du projet ont constitué à la fois une motivation et une applica-
tion pour les différentes activités de la thèse. Pour cette raison, les structures stratifiées
composites à parois minces typiques du domaine aéronautique ont été ciblées dans cette
thèse et, sans perte de généralité, l’accent a été mis sur la structure du fuselage.
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Les structures composites à parois minces de grande taille présentent une nature multi-
échelle, dû, d’une part, à leurs caractéristiques géométriques, et, d’autre part, à la nature
inhérente des matériaux composites. L’architecture semi-monocoque constitue le choix
standard pour les structures du fuselage et de l’aile. Cette architecture de structure (dont
un exemple est illustré à la Fig. 1.7) est modulaire, composée de sous-structures (les pan-
neaux raidis), qui sont à leur tour constituées de plaques minces. Pour leurs propriétés
géométriques, les structures de ce type présentent deux échelles caractéristiques auxquelles
se produisent différents phénomènes, ceux qui correspondent à autant de critères impli-
qués à prendre en compte dans le processus de conception. Les critères de conception liés
à la masse de la structure, à sa rigidité, aux phénomènes aéroélastiques, sont formulées à
l’échelle globale de la structure, c’est-à-dire l’échelle de l’aéronef entier. À l’échelle locale,
c’est-à-dire l’échelle des panneaux raidis et des plaques dont sont composées les structures
d’aile et de fuselage, d’autres phénomènes se produisent, notamment ceux liés au flambe-
ment de la structure. Du point de vue des matériaux, les stratifiés composites présentent
un comportement multi-échelle qui conduit à l’identification de trois échelles caractéris-
tiques : l’échelle microscopique, régie par les propriétés des phases constitutives (fibres et
matrice), et par leur interaction ; l’échelle mésoscopique des plis, considérés comme des
couches anisotropes homogènes équivalentes ; l’échelle macroscopique du stratifié, où une
plaque monocouche anisotrope homogène équivalente est considérée.
Lorsqu’une structure composite à parois minces de grande taille est considérée, une des-
cription macroscopique du stratifié est suffisante pour évaluer les phénomènes à l’échelle
globale et à l’échelle locale décrits ci-dessus. Cependant, le phénomène de rupture des
matériaux composites est généralement évalué à l’échelle mésoscopique et la définition des
séquences d’empilement des stratifiés est une étape clé du processus de conception de ces
structures. Concernant l’échelle microscopique, même si certains phénomènes pertinents
se produisent également à cette échelle, elle n’a pas fait l’objet d’étude dans cette thèse et,
par conséquent, elle a été ignorée. Par conséquent, trois échelles de travail sont considérées
dans cette thèse : l’échelle macroscopique globale de la structure, l’échelle macroscopique
locale du composant et l’échelle mésoscopique (c’est-à-dire celle du pli constitutif).

Les travaux réalisés dans cette thèse visent à permettre une meilleure exploitation des
matériaux composites dans les structures à parois minces à hautes performances, à travers
le développement de procédures multi-échelle et d’outils numériques pour leur conception
structurelle efficace.
Deux classes de matériaux composites ont été considérées : les composites à rigidité
constante (constant-stiffness composite (CSC)) et les composites a rigidité variable (variable-
stiffness composite (VSC)).
Toutes les méthodologies et tous les outils développés ont été validés, soit numériquement,
en les appliquant à des structures de référence tirées de la littérature, soit à travers des
activités expérimentales. La plupart d’entre elles ont également été appliqués à la concep-
tion préliminaire de la structure de l’aéronef proposé dans PARSIFAL ; cela a nécessité de
actions spécifiques pour tenir compte de la configuration PrandtlPlane ayant une structure
interne surcontrainte.

État de l’art

La revue bibliographique présentée dans le Chapitre 2 a permis d’évaluer l’état de l’art
des procédures de conception pour les structures CSC et VSC à parois minces de grande
taille.
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Le format standard actuel des matériaux composites utilisés lorsque des performances
structurelles élevées sont requises est le stratifié CSC, c’est-à-dire une plaque stratifiée
constituée de plis contenant de longues fibres droites continues (non-tissées). La concep-
tion correcte des structures CSC nécessite l’optimisation des propriétés géométriques et
matérielles de chaque stratifié qui les compose. Le problème de conception associé peut
être formulé comme un problème de programmation non linéaire contraint (constrained
non-linear programming problem (CNLPP)) qui implique des réponses physiques de la
structure et la mise en place de variables de conception à toutes les échelles de travail. La
solution d’un tel problème multi-échelle dans le domaine des orientations des plis des stra-
tifiés composant la structure, s’il est formulé de la manière la plus générale, apparaît non
viable en raison du grand nombre de variables de conception impliquées et du coût élevé.
Par conséquent, les concepteurs interviennent généralement sur de multiples aspects du
processus de conception en essayant de trouver le meilleur compromis entre la généralité
de la formulation du problème et le coût de calcul nécessaire à sa solution.

Concernant l’évaluation des réponses structurelles, de nos jours, l’utilisation des ana-
lyses aux éléments finis pour l’évaluation des phénomènes à l’échelle globale est assez
courante ; à l’inverse, des méthodes approximées analytiques ou semi-empiriques sont en-
core largement employées à l’échelle locale. Ces méthodes reposent sur des hypothèses
limitatives rendant leur applicabilité pas toujours justifiable. Certains auteurs ont proposé
l’utilisation de surrogate models basés sur des analyses aux éléments finis pour décrire les
réponses à l’échelle locale. Mais certaines approximations sur la géométrie des modèles de
panneaux raidis, les conditions aux limites considérés, ou les deux sont alors obligatoire-
ment introduites.
D’un point de vue procédural, le transfert d’informations entre les échelles globale et locale
est souvent mal géré, et la redistribution des contraintes se produisant à l’échelle globale
en raison des changements des variables de conception à l’échelle locale est négligée. Cela
conduit à un manque de précision dans les évaluations des réponses structurelles qui, d’une
part, a un effet néfaste sur la recherche de solution dans la phase de conception prélimi-
naire et, d’autre part, introduit des incohérences avec la phase de conception détaillée.
Les approches de modélisation global-local (GL) permettent de surmonter certaines des
limitations citées ci-dessus. Lors de l’adoption de telles approches, les réponses structu-
relles aux l’échelles globale et locale sont évaluées avec précision et efficacité au moyen
d’analyses aux éléments finis, et un transfert d’information cohérent entre les échelles est
garanti.

En ce qui concerne la définition des variables de conception du problème, des règles de
simplification non nécessaire et des règles métier sont généralement appliquées. Celles-ci
interviennent sur la nature des séquences d’empilement des stratifiés et limitent les orien-
tations possibles des plis dans un ensemble prédéfini limité. Ceci est généralement fait
pour réduire le nombre de variables de conception et pour imposer de manière incorrecte
certaines propriétés élastiques souhaitées du stratifié. Cependant l’espace de conception
est extrêmement réduit et, par conséquent, les possibilités de trouver le véritable optimum
global du problème sont réduites. L’adoption d’une approche de conception de type multi-
niveau permet de simplifier le problème d’optimisation à la fois par une relaxation de sa
non-convexité et par une forte réduction du nombre de variables de conception, théori-
quement sans réduire l’espace de conception. L’adoption d’une telle approche permet de
formuler et de résoudre le problème d’optimisation structurelle en termes de propriétés
macroscopiques des stratifiés, en reportant la conception des séquences d’empilement à un
deuxième niveau du processus de conception. Cependant, l’approche multi-niveau la plus
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couramment employée, c’est-à-dire celle basée sur l’utilisation des Lamination Parame-
ters pour la représentation du comportement macroscopique du stratifié, montre quelques
limitations. Notamment, une utilisation systématique des règles de simplification susmen-
tionnées est effectuée lors de l’adoption d’une telle représentation. Cela annule certains
des avantages attendus d’une approche multi-niveau, mais introduit également un effet
collatéral : l’espace de conception des Lamination Parameters résultant ne permet pas
une optimisation facile de la direction d’orthotropie principale du stratifié.
Bien que moins employée, la représentation basée sur les Paramètre Polaires montre
des avantages intrinsèques liés à sa formulation basée sur des invariants tensoriels. De
plus, contrairement à celle basée sur les Lamination Parameters, cette représentation est
bien adaptée pour la description du comportement mécanique macroscopique de stratifiés
moyennement épais et épais. Le cadre de la Multi-Scale Two-Level optimisation strategy
(MS2LOS), une stratégie de conception à plusieurs niveaux introduite par Montemurro
et al. (2012a,b) et basée sur l’utilisation des Paramètre Polaires, a été adopté dans ce
travail.

Les procédés de fabrication modernes permettent la production de stratifiés dans les-
quels une optimisation ponctuelle des propriétés mécaniques est possible, les stratifiés
composites à rigidité variable. Les stratifiés VSC offrent des possibilités d’optimisation
supérieures à celles des stratifiés CSC, notamment pour les composants structuraux pré-
sentant des gradients de contraintes élevés, par exemple le panneau entourant une fenêtre
de fuselage. Différents formats de stratifiés VSC sont possibles et, dans cette thèse, l’accent
a été mis sur les stratifiés à direction des fibres variable (variable angle tow) obtenus au
moyen du procédé de dépose automatisée de fibres (Automated Fibre Placement). L’adop-
tion généralisée de ce type de stratifiés dans l’industrie est encore limitée, d’une part, par
la nouveauté et l’immaturité des processus de fabrication et, d’autre part, par l’absence
d’une procédure générale et établie pour leur conception optimale. La conception ponc-
tuelle des stratifiés VSC est conceptuellement similaire à celle des stratifiés CSC, donc
toutes les remarques ci-dessus valent également pour ces premiers. Cependant, certaines
difficultés spécifiques surviennent, qui sont liées à la variation spatiale des variables de
conception à travers la surface des stratifiés VSC, et à la nécessité de prendre en compte
des critères de fabricabilité plus contraignants.

Le travail de thèse

Dans la première partie du travail de thèse, les structures CSC à parois minces de grande
taille ont été ciblées. La tâche consistant à définir une procédure de conception améliorée
pour ces structures a été abordée en deux phases.
Dans la première phase, correspondant aux travaux présentés dans le Chapitre 3, un
scénario simplifié a été envisagé : la conception structurelle préliminaire d’une structure
métallique, qui peut être vue comme un sous-cas de celui plus général d’une structure
en matériaux anisotropes. Ce faisant, il n’est pas nécessaire de faire la distinction entre
les échelles macroscopique et mésoscopique et tous les aspects liés à la conception des
séquences d’empilement sont ignorés. Seules les variables de conception géométriques sont
alors utilisées dans le processus de conception et l’accent peut être mis sur la gestion
des échelles globale et locale. Cette première phase a étudié la possibilité d’optimiser ce
type de structures en évaluant avec précision toutes les réponses mécaniques impliquées
au moyen d’analyses aux éléments finis, sans imposer aucune restriction dans la définition
des variables de conception, tout en gérant le coût de calcul du processus. Un problème
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d’ingénierie significatif a été retenu comme cas d’étude : la conception en minimisant le
poids d’un tronçon de fuselage en aluminium appartenant à la partie arrière d’un avion
wide-body, dont la géométrie et les charges de base sont tirées de la littérature. Les cri-
tères de conception relatifs à la rigidité de la structure, à la tenue statique, à la tenue
en fatigue et à la charge de flambage (approche de conception sans flambage), évaluées
dans des conditions de chargement adaptées, ont été pris en compte dans le processus de
conception, ainsi que les critères relatifs à la fabricabilité de la solution. Pour résoudre ce
problème de conception, une procédure de conception multi-échelle, c’est-à-dire la straté-
gie GL-MSOS (global-local multi-scale optimisation strategy), a été proposée.
Lors de l’adoption de la stratégie GL-MSOS, l’évaluation des réponses mécaniques de la
structure est effectuée au moyen d’analyses on-line aux éléments finis, employant l’ap-
proche de type global-local de sub-modelling. Pour chaque solution candidate, des modèles
aux éléments finis à l’échelle globale et à l’échelle locale sont générés et résolus au moyen de
scripts entièrement paramétriques. Les modèles sont caractérisés par un niveau différent
de raffinement de la modélisation, évitant ainsi l’utilisation de modèles globaux raffinés
coûteux en calcul pour l’évaluation de phénomènes localisés. Les analyses à l’échelle locale
sont effectuées en considérant les conditions aux limites extraites, sans simplifications,
des résultats de l’analyse à l’échelle globale, assurant ainsi une cohérence complète dans
la transition d’échelle. L’effort de calcul est faible en générant automatiquement les mo-
dèles aux éléments finis locaux uniquement pour un ensemble limité de zones d’intérêt,
identifiés lors de l’analyse à l’échelle globale au moyen de critères appropriés. L’ensemble
complet des variables de conception est pris en compte dans la formulation du problème
d’optimisation sans introduire d’hypothèses simplificatrices et la recherche de la solution
est effectuée en utilisant l’algorithme génétique ERASMUS.
La solution obtenue a été comparée à une solution optimisée tirée de la littérature. Ce
dernier a été obtenu en résolvant un problème de conception similaire au moyen d’une
procédure de conception itérative dans laquelle sont utilisées des règles de simplification
communes pour la définition des variables de conception et des méthodes analytiques pour
les évaluations des réponses. La solution obtenue avec la stratégie GL-MSOS et celle ti-
rée de la littérature ont une masse très similaire (avec une différence inférieure à 1,2%),
cependant, la première surclasse la seconde en performances. En effet, dans le travail de
référence, aucune contrainte de fabrication n’a été prise en compte, et la moins restrictive
approche de conception post-flambage a été adoptée. Ce résultat a été considéré comme
une preuve numérique de l’efficacité de la procédure de conception proposée.

Dans la seconde phase, la possibilité de généraliser la stratégie GL-MSOS à la concep-
tion de structures CSC à parois minces de grande taille a été étudiée.
La couche supplémentaire de complexité représentée par la possibilité d’optimiser les pro-
priétés matérielles de la structure, ainsi que les propriétés géométriques, a été confrontée
en adoptant une approche de conception à multi-niveau, la stratégie MS2LOS. Dans le flux
de travail habituel de la stratégie MS2LOS, le problème est résolu à deux niveaux, dans
lesquels deux problèmes sont confrontés. Au premier niveau, l’optimisation structurelle est
effectuée. Chaque stratifié composant la structure est modélisé comme une plaque mono-
couche équivalente et ses propriétés mécaniques macroscopiques, représentées en termes
de Paramètres Polaires, sont optimisées (avec toutes les propriétés géométriques) sans
faire d’hypothèses simplificatrices sur la nature de la séquence d’empilement sous-jacente.
Le problème d’optimisation de second niveau est consacré à la récupération des séquences
d’empilement des stratifiés correspondant aux ensembles de Paramètres Polaires optimaux
trouvés au premier niveau. Cela implique que, pour éviter les incohérences entre les deux
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niveaux ou le besoin d’activités de réparation, tous les critères impliqués dans le pro-
blème de conception, y compris celux typiques des échelles inférieures (notamment ceux
concernant la rupture et la fabricabilité des composants structuraux), doivent être formu-
lés comme des contraintes équivalentes à l’échelle macroscopique.
Les avantages de la GL-MSOS et ceux de la MS2LOS ont donc été combinés, obtenant la
stratégie GL-MS2LOS. L’intégration intéresse le premier niveau de la stratégie MS2LOS,
où l’évaluation des réponses structurelles, aux échelles globale et locale, est réalisée au
moyen d’analyses sur des modèles aux éléments finis spécifiques, dont la cohérence est
assurée par l’utilisation l’approche de type globale-locale de sub-modelling. Le deuxième
niveau de la stratégie MS2LOS reste inchangé par rapport aux travaux précédents.

La stratégie GL-MS2LOS a été présenté dans le Chapitre 5, où elle a été utilisée pour
la conception minimisant le poids d’un tronçon de fuselage CSC. La structure considérée
est identique, en termes de propriétés géométriques principales et de charges considérées,
à celle présentée dans le Chapitre 3, mais ses principaux composants structuraux (à l’ex-
ception des poutres et éléments structurels de plancher) sont considérés comme constitués
de stratifiés CSC. De plus, la formulation du problème de conception considéré est équiva-
lente à celle rencontrée dans le Chapitre 3 : les critères de conception concernant la rigidité
structurelle et la résistance statique, ainsi que l’absence de flambage dans les conditions
de chargement considérées ont été prises en compte dans le processus de conception de la
structure composite. Également ont été pris en compte les critères sur la fabricabilité de
la solution. La tenue de la structure a été évaluée à l’échelle macroscopique au moyen d’un
critère de rupture formulé dans l’espace des Paramètre Polaires et les conditions de faisabi-
lité sur l’existence de séquences d’empilement appropriées sont incluses dans la formulation
du problème de premier niveau parmi les contraintes de fabrication. Ici aussi, l’algorithme
génétique ERASMUS a été utilisé comme outil de solution. Le fuselage composite optimal
obtenu en utilisant la stratégie GL-MS2LOS a été comparé à celui en aluminium optimal
obtenu dans le Chapitre 3. La solution composite montre une diminution de poids de
40% par rapport à la solution métallique et respecte l’ensemble des contraintes de concep-
tion. Étant donné que certains des composants structuraux modélisés n’ont pas été inclus
dans le processus d’optimisation, ce résultat montre le grand potentiel de la procédure de
conception proposée.

Dans la mesure où la MS2LOS constitue un élément principal de la stratégie GL-
MS2LOS, deux activités de validation expérimentale de son efficacité ont été prévues dans
cette thèse.
La première de ces activités a été présentée dans le Chapitre 4. Dans ce travail, la stra-
tégie MS2LOS a été appliquée à la conception en minimisant le poids d’une plaque CSC
modérément épaisse soumise à des contraintes sur sa rigidité globale dans le plan, sur sa
première charge de flambage, et sur sa fabricabilité. Les activités numériques et expéri-
mentales se sont déroulées en parallèle. Les premières ont suivi le flux de travail à deux
niveaux typique de la stratégie MS2LOS : premièrement, la conception structurelle de la
plaque a été réalisée en termes de propriétés mécaniques macroscopique et de propriétés
géométriques, puis la conception de la séquence d’empilement a été effectuée. L’algorithme
génétique ERASMUS a été utilisé pour effectuer la recherche de solution aux deux niveaux.
Au premier niveau, il a été interfacé avec des analyses aux éléments finis pour l’évaluation
de la première charge de flambage de la plaque. Au deuxième niveau, il a été interfacé avec
un modèle analytique pour calculer les propriétés macroscopiques des séquences d’empile-
ment candidates. La solution du problème de second niveau a été recherchée dans l’espace
des séquences d’empilement Quasi Triviales, une famille d’empilements qui permet d’obte-
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nir un découplage flexion-membrane et une homogénéité exacts du stratifié, sans imposer
de règles simplificatrices sur son empilement (par exemple symétrie et équilibrage). Une
plaque ayant la même géométrie que celle optimisée, soumise aux mêmes conditions aux
limites, et dont la séquence d’empilement a été construite en utilisant les règles classiques
tirées de la littérature a été considérée comme solution de référence et utilisée pour défi-
nir les critères de conception. Des tests expérimentaux de flambage ont été réalisés, à la
fois sur la plaque de référence, pour confirmer la précision du modèle aux éléments finis
utilisé lors du processus d’optimisation, et sur celle optimisée. Les résultats numériques
et expérimentaux montrent une excellente concordance : la plaque optimisée est environ
10% plus légère que la plaque de référence avec des performances mécaniques similaires ou
supérieures. Ces résultats constituent une première validation expérimentale de l’efficacité
à la fois de la stratégie MS2LOS et des séquences d’empilement très générales résultantes
de son application.
Une deuxième activité expérimentale était également prévue dans les activités de PAR-
SIFAL. Cette activité, réalisée en collaboration avec UNIPI, suit la même procédure de
travail numérique-expérimental présentée dans le Chapitre 4, mais se concentre sur les
panneaux raidis à l’échelle 1. En raison de multiples retards dans la fabrication des pan-
neaux, cette activité, non rapportée dans cette thèse, n’est pas terminée et sera finalisée
au cours des prochains mois.

Les stratégies GL-MSOS et GL-MS2LOS, présentées et validées numériquement dans
les Chapitres 3 et 5 respectivement, ont vu une application dans la conception structurelle
préliminaire de l’avion PrandtlPlane proposé dans le projet PARSIFAL. Cette activité
de conception structurelle, dont les faits marquants ont été présentés dans le Chapitre 6,
a ciblé les principaux composants structuraux du fuselage et du système de voilure de
l’avion, à la fois dans une variante métallique et une CSC. Une approche modulaire a été
adoptée pour la modélisation de la structure de l’avion, et les activités associées ont été
partagées entre trois membres de l’équipe PARSIFAL à l’ENSAM. En raison des parti-
cularités de l’architecture PrandtlPlane, deux adaptations des procédures de conception
ont été réalisées afin de réduire le temps de calcul nécessaire pour leur application sur une
telle structure. D’un point de vue procédural, une approche multi-étape a été adoptée : la
recherche de solution a été réalisée de manière itérative, en optimisant alternativement les
variables de conception appartenant au tronçon central du fuselage et celles du système de
voilure. Du point de vue de la modélisation, dans le modèle global aux éléments finis de
l’ensemble de la structure de l’avion, les régions non directement impliquées dans l’opti-
misation ont été condensées dans des super éléments obtenus au moyen de la technique de
sub-structuring. Les résultats, obtenus à la fois en termes de distributions macroscopiques
des propriétés inertielles et en termes d’informations structurelles détaillées pour les deux
variantes de la structure de l’avion, ont répondu aux attentes et ont contribué au bon
déroulement du projet PARSIFAL.

Dans une troisième phase du travail de thèse, l’accent a été mis sur les stratifiés VSC
dans le but de surmonter certaines limites des procédures courantes pour leur conception
optimale grâce au développement d’outils de conception théoriques et numériques spéci-
fiques.
Une procédure de conception adaptée pour les structures VSC devrait traiter efficacement
les variables de conception qui prennent la forme de distributions continues et suffisam-
ment lisses sur la surface du stratifié, et intégrer également les contraintes liées au processus
de fabrication utilisé. En raison de la nature du problème d’optimisation associé, l’adop-
tion d’une approche de conception multi-niveau couplée à l’utilisation d’un algorithme

161



déterministe comme outil de solution semble avantageuse. Cependant, afin de garantir
une exploitation efficace de ce type d’algorithmes, l’expression analytique du gradient de
toutes les fonctions de réponse impliquées dans le processus d’optimisation doit être défi-
nie.
Dans le Chapitre 7, le problème de l’optimisation déterministe des composants structu-
raux VSC selon des critères de conception liés à la masse, à la résistance et à la courbure
maximale des fibres a été abordé. L’optimisation a été réalisée dans le cadre du problème
de premier niveau de la stratégie MS2LOS, en tirant parti de deux éléments principaux : la
méthode polaire pour la représentation des propriétés mécaniques macroscopiques locales
des stratifiés et des entités B-spline pour décrire la distribution des variables de conception.
Le cadre théorique de la stratégie MS2LOS a été enrichi par la formulation des critères
présentés ci-dessus, et le problème de conception a été généralisé au cas des stratifiés VSC
d’épaisseur non uniforme.
Deux structures de référence ont été considérées : la première met en évidence les concen-
trations de contraintes sous charge dans le plan, tandis que la seconde met l’accent sur
les effets de flexion et de cisaillement. Le problème de la maximisation de la charge de
rupture (avec une contrainte sur la masse) et celui de la minimisation de la masse (avec
une contrainte sur la résistance du stratifié) ont été résolus pour les deux structures. La
charge de rupture de la structure a été définie en utilisant un critère de rupture au ni-
veau du stratifié basé sur des invariants tensoriels. L’effet d’une contrainte sur la courbure
maximale des fibres a également été évalué et une formulation macroscopique de cette
contrainte liée au procède de fabrication a été proposée. En tirant parti des propriétés des
entités B-spline, l’expression analytique des fonctions de réponse liées à tous les critères,
ainsi que leurs gradients, ont été dérivées. Évidemment, le critère ponctuel sur l’existence
de séquences d’empilement correspondantes a également été considérée : grâce à un chan-
gement de variables adroit, il est intrinsèquement satisfait dans la formulation proposée
pour le problème d’optimisation, sans qu’il soit nécessaire d’introduire des contraintes
équivalentes explicites. D’un point de vue numérique, la plate-forme numérique DOMES
(Deterministic Optimisation of Macroscopic laminatEs via Splines) a été crée. Développée
dans l’environnement Python, elle constitue une interface entre un algorithme d’optimisa-
tion déterministe et un logiciel aux éléments finis, et établit une structure de données pour
la définition des variables de conception et une implémentation modulaire des différents
critères de conception.
Différentes propriétés des stratifiés VSC ont été optimisées soit uniformément, soit locale-
ment sur la surface des stratifiés : le type et la forme de l’orthotropie, la direction de l’axe
principal d’orthotropie et l’épaisseur. En fonction de la définition des variables de concep-
tion, diverses sous-classes de stratifiés VSC, comprenant à la fois des solutions fabricables
et des solutions seulement théoriques, ont été identifiées. Plusieurs cas de conception,
correspondant à diverses combinaisons possibles de structure considérée, de formulation
du problème d’optimisation et de sous-classe des stratifiés VSC, ont été considérés. Les
résultats ont été comparés, en termes de performances, à des solutions isotropes quasi
homogènes. Lors de l’optimisation de la résistance, la charge de rupture peut être aug-
mentée entre 48% et 1034%, tandis que, lors de l’optimisation de la masse, la diminution
du poids obtenue est comprise entre 24% et 92%. Les stratifiés VSC à épaisseur non uni-
forme surpassent en performances leurs homologues à épaisseur uniforme, montrant une
augmentation supplémentaire de 116-138% de la charge de rupture ou une diminution de
poids supplémentaire de 26-58%. Enfin, des solutions optimisées en résistance ont égale-
ment été comparées à une solution VSC optimisée tirée de la littérature, obtenue au moyen
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de la représentation basée sur les Lamination Parameters : l’approche proposée dans cette
thèse a donné des solutions avec une augmentation de la charge de rupture entre 4% et
252% ; la solution la plus comparable (en termes d’espace de conception exploré) montre
une amélioration de 21%.
Des résultats intéressants ont également été obtenus lors du problème de maximisation de
la charge de flambage des stratifiés VSC. Cette activité, non rapportée dans cette thèse, a
été réalisée en collaboration avec le doctorant G. A. Fiordilino et récemment publié (Fior-
dilino, Izzi, and Montemurro, 2021). Deux problèmes de référence ont été considérés et les
résultats obtenus ont été comparés à la fois à des solutions isotropes quasi homogènes et
à des solutions VSC optimisées tirées de la littérature : une augmentation de la charge de
flambage jusqu’à 230% et jusqu’à 16% a été respectivement trouvé.
Les résultats ci-dessus montrent sans équivoque le grand potentiel des stratifiés VSC et
l’efficacité de la stratégie d’optimisation proposée.

Perspectives

L’application de la stratégie GL-MS2LOS à des cas de conception simplifiés, bien que
représentatifs, a permis d’obtenir des résultats encourageants, prouvant qu’il s’agit d’une
alternative viable et efficace à d’autres procédures de conception d’usage courant pour les
structures CSC à parois minces de grande taille. Cependant, il reste encore de la place
pour des améliorations et/ou des développements futurs.
L’adoption d’une approche de conception de type post-flambage, au lieu de l’approche sans
flambage employée dans cette thèse, est censée permettre d’obtenir des configurations op-
timales plus légères. L’intégration efficace de critères de conception sur le comportement
post-flambage de la structure dans la procédure présentée constitue une tâche difficile. En
effet, du fait de son caractère non linéaire, l’évaluation du comportement post-flambage
des structures est généralement réalisée à travers des analyses de suivi de trajectoire (en
utilisant par exemple la méthode arc-length) qui révèlent un coût de calcul trop élevé pour
être intégré dans un processus d’optimisation. Une alternative valable est l’adoption de
méthodes asymptotiques (par exemple la méthode de Koiter ou la Méthode Asymptotique-
Numérique) qui fournissent, à un coût de calcul raisonnable, une bonne approximation de
la réponse initiale après flambement.
Afin de pouvoir faire face à des cas de conception plus complets de niveau industriel, la
formulation du problème doit être enrichie. Des critères de conception supplémentaires
devraient être intégrés, par exemple des critères de conception spécifiques pour le di-
mensionnement des cadres, des les éléments structurels de plancher, et des conditions de
chargement supplémentaires devraient être prises en compte pour l’évaluation des réponses
de l’aéronef. Par ailleurs, du point de vue de la modélisation, la présence des ouvertures
principales, comme portes et fenêtres dans le fuselage, doit également être prise en compte
dans cette phase de conception, afin de maximiser la compatibilité avec la phase suivante.
L’utilisation d’un algorithme génétique comme outil d’optimisation, grâce à sa bonne ca-
pacité d’exploration, aide sûrement à éviter d’être piégé dans les minima locaux lors de
la résolution de problèmes non convexes, mais il peut converger vers des solutions sous-
optimales en raison de la perte de diversité de la population. Des améliorations supplémen-
taires pourraient être obtenues en faisant suivre à la phase d’optimisation méta-heuristique
une phase d’optimisation déterministe. Idéalement, cette dernière phase devrait être sup-
portée par la dérivation de l’expression analytique du gradient de toutes les fonctions de
réponse impliquées dans le processus d’optimisation. Notamment, le gradient des réponses
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à l’échelle locale doit bien prendre en compte la transition d’échelle (à travers le gradient
des déplacements à la frontière des modèles locaux aux éléments finis) et la possibilité
que la position de la zone d’intérêt puisse varier lors du procès d’optimisation. Ce dernier
besoin pourrait être satisfait de différentes manières : a) en agrégeant dans le gradient les
réponses de tous les modèles locaux possibles ; b) en définissant correctement les zones de
conception (c’est-à-dire les parties de la structure où les composants partagent les mêmes
propriétés) c) au moyen d’une combinaison des deux approches. Des activités sur ce su-
jet ont déjà été lancées dans ce groupe de recherche et nécessitent de développements
supplémentaires.

Les activités menées dans la troisième phase du travail de thèse ont permis de confir-
mer le grand potentiel des stratifiés VSC. L’intégration de composants structuraux VSC
dans des structures composites à parois minces de grande taille semble donc souhaitable.
Cependant, un développement plus poussé des outils théoriques et numériques associés
aux deux niveaux de la stratégie MS2LOS pour les stratifiés VSC est nécessaire.
Au premier niveau de la stratégie MS2LOS, il est important de formuler de nouveaux
critères pour la prédiction de la présence de défauts liés à la fabrication des stratifiés
VSC, comme les écarts et/ou les chevauchements entre bandes de fibres adjacentes dans
la structure finale. Il est important également de pouvoir prendre en compte leur effet sur
les réponses structurelles depuis les premières phases de conception. La mise en œuvre
à la fois des nouveaux critères et des critères précédemment formulés (par exemple ceux
concernant la compliance et la charge de flambement) devrait tirer parti de la structure de
données établie dans la plate-forme numérique DOMES. De plus, cette plateforme pour-
rait être intégrée à la suite d’outils d’optimisation numérique développée par le groupe de
recherche du laboratoire I2M.
Au deuxième niveau de la stratégie MS2LOS, les efforts devraient être mis sur le dé-
veloppement d’outils permettant de récupérer des trajectoires des fibres pour toutes les
sous-classes possibles de stratifiés VSC.
L’exécution d’activités couplées numériques-expérimentales sur des composants structu-
raux VSC simples et complexes devrait être l’étape suivante naturelle.
Pour conclure, la perspective à long terme du travail présenté dans cette thèse est la
définition des aspects procéduraux liés à l’adoption de la stratégie GL-MS2LOS pour la
conception efficace de structures VSC à parois minces de grande taille.
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Résumé 

Cette thèse porte sur le développement de procédures d’optimisation multi-échelle pour la conception de 

structures composites à parois minces. Deux types de structures composites sont analysées : les structures 

composites de grande taille à rigidité constante, typiques du domaine aéronautique, et les composants 

structuraux composites à rigidité variable, caractérisés par une variation ponctuelle des propriétés mécaniques 

macroscopiques du stratifié. Concernant les premières, leur conception préliminaire implique des phénomènes 

intervenants à différentes échelles de la structure et un grand nombre de variables de conception. Pour 

concevoir ce type de structures, la procédure d’optimisation GL-MS2LOS (de l’anglais global-local multi-

scale two-level optimisation strategy) a été développée : cette procédure combine la précision dans l’évaluation 

des réponses physiques et la gestion de bonne qualité de la transition d’échelle d’une approche Global-Local, à 

la définition efficace des variables de conception de la stratégie MS2LOS. Concernant les composites à rigidité 

variable, pour favoriser leur conception optimale, d'une part, la stratégie MS2LOS a été enrichie par la 

formulation de critères de conception liés à la masse, à la résistance, au flambage et à la fabricabilité de la 

structure, et, d’autre part, des outils numériques spécifiques ont été développés. Le travail de thèse est 

complété par l’application de la procédure GL-MS2LOS à la conception structurelle de l’aéronef PrandtlPlane 

présenté dans le projet H2020 PARSIFAL, et également par des activités de validation expérimentale sur des 

composants structuraux optimisés. 

Optimisation multi-échelle ● Approche de modélisation global-local ● Composites à rigidité variable ● 

Méthode Polaire ● Méthode aux éléments finis ● B-spline 

 

Résumé en anglais 

This thesis deals with the problem of the optimal design of lightweight thin-walled composite structures 

through the development of multi-scale procedures and numerical tools for their effective and efficient design. 

Two types of structures are considered: large-scale constant-stiffness composite structures, typical of the 

aeronautical field, and variable-stiffness composite structural components, characterised by a point wise 

variation of the macroscopic mechanical properties over the laminate surface. Concerning the formers, their 

preliminary design involves requirements related to responses at different scales of the structure and a huge 

number of design variables. To perform this operation the Global-Local Multi-Scale Two-Level Optimisation 

Strategy (GL-MS2LOS) has been developed, which combines the accuracy in responses evaluation and the 

proper handling of the scale transition of Global-Local approaches, with the efficient definition of the design 

variables of the MS2LOS. Regarding variable-stiffness composites, to foster their optimal design, on the one 

hand, the MS2LOS has been enhanced by the formulation of requirements on mass, strength, buckling and 

manufacturability, and, on the other hand, dedicated numerical tools have been developed. The application of 

the developed procedures to the structural design of the PrandtlPlane aircraft, presented in the H2020 project 

PARSIFAL, and experimental activities on optimised structural components complete the thesis work. 

Multi-scale optimisation ● Global-local modelling approach ● Variable-stiffness composite ● Polar Method ● 

Finite element method ● B-spline 
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