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Analyse expérimentale et numérique des structures en bois
pour les moyens de transport durables : bateaux IMOCA
et cadres de veélo

RESUME

La demande croissante de matériaux de transport durables a suscité un regain d'intérét pour le
boiset les composites a base de bois comme alternative aux métaux traditionnels et aux fibres
synthétiques. Cette thése utilise une combinaison d'approches expérimentales et numeériques
pour étudier le comportement mécanique de structures sandwich en boiéngeethen
contreplaqué. Deux études de cas ont été melgges cadre de vélo en chéne a échelle réelle
renforcé par des couches internes de verre E, et (ii) des éprouvettes sandwich a ame en
contreplaqué inspirées des bateaux de course IMOCA, avéeuiless de surface en carbone,
basalte et fibre de verre. Les essais expérimentaux ont impliqué des bancs d'essai sur mesure
pour évaluer la rigidité des vélos et des essais de flexion conformes a la norme ASTM pour les
panneaux sandwich. Des modélesgd@ments finis ont été développés dans Abaqus/CAE pour
reproduire les configurations de chargement, et untpaistment a été effectué en Python pour
évaluer la rupture selon le critere de T@éaAi.

Les résultats ont montré que la charpente en chénercainses performances élastiques sous
charge statique, avec des valeurs de rigidité conformes aux exigences fonctionnelles.
Cependant, des concentrations de contraintes ont été observées aux interfabessaties

essais sur panneaux sandwich ont icord que le renforcement par fibres améliore
significativement la capacité de flexion et la rigidité, la fiore de verre offrant les gains de
résistance les plus rentables, le basalte excellant en rigidité et le carbone offrant une
performance intermédiair&i les simulations numériques ont permis de saisir les tendances du
comportement élastique, leurs prédictions de rigidité divergeaient en raison de l'idéalisation des
conditions limites et de l'incertitude des données sur les matériaux.

Dans I'ensemblees résultats confirment le potentiel des structures en bois comme alternative
durable pour les applications de mobilité, tout en soulignant I'importance d'une caractérisation
précise des matériaux, du détail des assemblages et de la modélisation Hascgsfgiour

une conception fiable.
M OTS-CLES: Transport durable, Bois de chéne, Panneaux sandwich, Cadre de vélo, Analyse

par éléments finis, Critere de T@Aiu.



Experimental and Numerical Analysis of Wooden
Structures for Sustainable Means of TransportIMOCA

Boats and Bicycle Frame

ABSTRACT

The growing demand for sustainable transport materials has sparked renewed interest in wood
and woodbased composites as an alternative to traditional metals and synthetic fibres. This
thesis uses a combination of exinental and numerical approaches to investigate the
mechanical behaviour of oak wood and plywdiased sandwich structures. Two case studies
were conducted: (i) a fullcale oak bicycle frame reinforced with internaglgss layers, and

(i) plywood-coresandwich specimens inspired by IMOCA racing boats, with-éheets made

of carbon, basalt and glass fibre. Experimental testing involved cidgeigned rigs to assess
bicycle stiffness and ASTMtandard flexural tests for sandwich panels. Finite elemedels

were developed in Abaqus/CAE to replicate the loading configurations, ang@rposssing

was performed using Python to evaluate failure based on théMsariterion.

The results showed that the oak frame maintained elastic performance undkrastatg, with
stiffness values consistent with functional requirements. However, stress concentrations were
observed at the sté&ood interfaces. Sandwich panel tests confirmed that fibre reinforcement
significantly improves flexural capacity and stifss, with glass fibre offering the most eost
effective strength gains, basalt excelling in stiffness and carbon providing an intermediate
performance. While numerical simulations captured elastic behaviour trends, they diverged in
stiffness predictions @uto boundary condition idealisation and uncertainty in material data.
Overall, these findings confirm the potential of wooden structures as a sustainable alternative
for mobility applications, while emphasising the importance of accurately characterising

materials, detailing joints, and modelling failure for reliable design.

KEYWORDS: Sustainable transport, Oak wood, Sandwich panels, Bicycle frame, Finite

element analysis, TsalVu criterion
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L1ST OF ABBREVIATIONS AND SYMBOLS

Abbreviations

AE T Acoustic Emission
CAD 1 ComputerAided Design
CAE T ComputerAided Engineering
DIC i Digital Image Correlation
FEMT Finite Element M#hod
FEAT Finite Element Analysis
FRPT Fiber Reinforced Polymer
IMOCA i International Monohull Open Class Association
LVL 7 Laminated Veneer Lumber
MOE T Modulus of Elasticity
MOR' Modulus of Rupture
COV'i Coefficient of Variation
SSi Sum of Squared errors
Standards and Test Mhetds
ASTM D62721 Standard Test Method for Flexural Properties of Unreinforced and
Reinforced Plastics {Roint Bending)
ASTM D790i Standard Test Method for Flexural Properties of Plastics and Composites
ASTM C393 1 Standard Test Method for Flexural Propss of Sandwich
Constructions

ISO 4210i Safety Requirements for Bicycles

Symbols

ETEl astic modulus (Youngds modul us)

E 7 Longitudinal modulus (parallel to grain/fibre direction)

E , T TEnsverse moduli (perpendicular to grain/fibre)
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1. INTRODUCTION

1.1Wooden Structures as Material for Means of Transport (Boats and

Bicycle Frame) Oveniew

The utilization of wood as a medium for bicycle frames can be traced back several centuries,
with the earliest models dating back to the 1800s, including the Von Draisienne and other
equinedrawn vehicles. Although metal construction became predominatite late 19th
century, wood continued to be used intermittently for frames, rims, and mudguards until the
1930s Contemporary frames are predominantly composeauhinium steel, titanium, and

carbonfibre; however, some less prevalent materialshasgbamboo, are also utiliféH

In the same veirthehistory of wooden boats in the domain of marine engineering is a subject
of considerable interest, particularly with regard to the structural design of such vessels, the
material properties of theood utilized in their construction, and their environmental impact.
Several other materials have been introduced that are replacing wood in boat and ship
construction, especially since the development of compositedilaredreinforced plastic
(FRP), aswvell as lightweight metalg].

However, the increasing demand for sustainable transport solutions has driven interest in
alternative materials with lower environmental imp&ibsequentlywood has emerged as a
compelling option due to its renewabilitgarbon sequestration ability, arfdvourable

mechanical properti§3).

The transportation sector continues to be a major contributor to greenhouse gas emissions
within the European Union, accounting for 31% of enegrdgted emissions in 2022]. Unlike

other sectors, which have seen a decrease in emissions since 1990, transport emissions have
increased by 25.9% between 1990 and 2022. This increase is primarily due to growth in road
and air traffid5] as shown irFigure 1 According to data from thHaut Conseil pour le Climat

[6], national emissions in France have decreased by 31% since 1990. However, the transport
sector has not followed a similar trend. This situation requires an urgent and comprehensive
response. Alongside the developmentlefin energy solutions, the materials used in mobility
products must be prioritised. Using dtendly materials such as wood, bamboo and natural

fibore composites presents a sustainable alternative with reduced embodied carbon.
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Incorporating these matersainto bicycles, boats, and other lawpact transportation systems

is essential for reducing life cycle emissions and aligning with EU climate objectives.

TRANSPORT EMISSIONS IN THE EU

Greenhouse gas emissions breakdown by transport mode
(2019)

0.4% 0,
Railways 71.7% .
Road transportation
0.5%
Other

13.4%
Civil aviation
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Water navigation
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Motorcycles 27.1%
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Source: European Environment Agency (2022) 5
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FIGURE.1: GREENHOUSE GAS EI@I$S FROM TRANSHOR THE EU BY TRRERT MODE (2019).
SOURCE: EUROPEANIEGINMENT AGENCY, Z@2
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Unlike conventional materials such as steel ahdninium wood requires less energy to
process, reducing overall carbon emissions. Furthermore, sustainable forestry practices
guarantee a corsgent wood supply, particularly in regions such as Europe and North America,

where forest growth surpasses harvesting [iZltes

Given these advantages, wood is gaining recognition as a viable material fioicedly
transportation structures, includibgcycle frames and marine vessels. Despite the prevalence
of conventional materials such as fiberglassminium and steel within these industries, wood
boasts a distinctive amalgamation of mechanical strength, lightweight properties, and

sustainability rendering it a compelling substit{@¢.

1.2. Motivation

The global push to reduce greenhouse gas emissions, particularly those from the transportation
sector, has sparked interest in sustainable mobility solutions. Although efforts often focus on
electrification and changing transportation modes, the environmental impact of construction
materials is equally important. Wood is a compelling alternative because it is renewable,
biodegradable, and has a high strerigtiveight ratio and aesthetic qualities. dpde its
potential, wood's use in modern transport structures, such as bicycle frames and marine
sandwich boats, has received limited experimental validation and nunmeadalling Most

existing studies address only conceptual or sstlle material alyses, leaving a gap in full

scale structural assessment. This study fills that gap by conducting realistic testing and
simulations, which support the broader integration of sustainable materials in vehicle and vessel

design.

1.3.Research aim and objectives

This study aims to investigate the structural behaviour of wood in transport systems by
combining experimental testing with finite element modelling. Two case studies are

investigated:

1 A full-scale oak bicycle frame with embeddedjlassfibre reinforcemenis assessed
for stiffness, strength and failure modes under static loathiotyding the design of a
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custom test rig to replicate reabrld loading conditions, thereby enhancing the

correlation between simulations and physical outcomes.

1 Sandwich speciens inspired by IMOCA racing boats are composed of a rigid plywood
core and synthetic fibréaceshees. They are tested for flexural performance and
damage mechanisms. Finite element models will simulate the mechanical response of
the structures, guide sign optimisation and be validated against the experimental

results.

1.3.1. Scope of the Study

This study focuses on the structural use of wood in two specific contexts within the transport
sector: bicycle frames for city and trekking bikes, and marine sandtuaituses modelled on
IMOCA boats. The investigation is limited to static loading conditions and does not cover
dynamic fatigue or environmental degradation. Only existing frame geometries provided by
manufacturers are considered, although opportunitiesofdimisation are explored. The
sandwich specimens are examined at component level rather thaasedl scale. Material
properties, structural behaviour and design feasibility are evaluated through laboratory testing

and simulation.

1.3.2. Significance of th&tudy

This research advances sustainable engineering by offering practical insights into using wood
as the main structural material in transport. Through rigorous testing and simulation, the study
validates the mechanical performance of wooden bicycimdsaand composite sandwich
structures, proposing viable alternatives to traditional materials such as aluminium and steel.
These findings could inform design practices in the industry and be extended to other
applications, such as marine structures aridwgight vehicle components, thereby promoting

innovation in environmentally responsible transportation solutions.

1.4. Structure of the dissertation

This thesis is organized into five chapters, each addressing a critical component of the research:

Chapter lintroduction
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This chapter introduces the background and context of the study, highlighting the motivation
for exploring wood as a sustainable material for transportation applications. It presents the
research aim, specific objectives, and the identifisdarch gap, laying the foundation for the

subsequent chapters.
Chapter 2: Literature Review

This chapter provides a comprehensive review of existing research on wooden structures, with
particular emphasis on sandwich structures and their mechdr@baViaurs. The chapter
discusses the application of wood in bicycle frames and marine vessels, compares it with
conventional materials such as stedliminium and composites, and outlines the advantages
and limitations of each. It also explores existing falariteria andnodellingtechniques used

in structural analysis, thereby establishing the theoretical framework for this study.
Chapter 3: Methodology

This chapter describes the research methodology employed to achieve the study objectives. It
details theexperimental procedures for static testing of a wooden bicycle frame and material
testing of IMOCAinspired sandwich specimens. Additionally, it outlines the finite element
modelling (FEM) approach used to simulate mechaniediaviour assess stress dibtition,

and evaluate structural performance under realistic loading conditions. Custom test rigs and

laboratory setups developed for the tests are also presented.
Chapter 4: Results and Discussion

This chapter presents aadalyseghe experimental and merical results obtained during the
study. It includes detailed evaluations of the mechanical properties, stiffness, failure modes,
and comparison between FEM simulations and experimental findings. The chapter discusses
the implications of the results ihdg context of sustainable design and performance of transport

structures.
Chapter 5: Conclusion and Recommendations

The final chapter summarizes the key outcomes of the research, highlighting the major findings
in relation to the research objectives. Isalprovides recommendations for future work,
identifying areas where further investigation could enhance the understanding and application

of wood in sustainable transportation engineering.
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2.LITERATURE REVIEW

2.1.OVERVIEW OF THE MECHANICAL BEHAVIOUR OF OAK
WOOD

Different studyhassoughtto understand the unique properties of different species of wood so

as to understand its structural application amoageastudies is that published yetschmann

[8], where mechanical testvere performed on different species including Oak, which is the

main focus. It was stated that the mechanical properties presented were obtained from tests of
pieces of wood termed as dAcl ear oota@antdin Aistr a

characteristics such as knots, cross grain, checks, and splits.

It was added that the properties represent the average properties of each species were uncertain
due the variability of a natural composite like wood which is subjected to conktmging
influences such as moisture, soil conditions defects among many others. This shows the unique
orthotropic nature of wood. Like every othveood Oak wood being an orthotropic material is

known for its orthotropic mechanical, meaning it possessiegsie and independent mechanical
properties in three mutually perpendicular directions: longitudinal (parallel to the grain), radial
(normal to growth rings), and tangential (perpendicular to the grain, tangent to growth rings)

[8] . The sign conventiopresented in the aforementioned book which is as showigime

2.1will be adopted in this thesis.

Radial

Longitudinal

FIGURR.1: THREE PRINCIPAE®XOF WOOD WITH RESPTGRAIN DIRECTION ABROWTH RIN{BH
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Munoz etal. . [9], added that this distinct directional dependence of mechanical properties
originates from the wood's micsiructure Also, in the study pointed that Oak wood were
primarily chosen for furniturether decorative applications because of itaetitre appearance,
resistance to wear and other characteristics, strength calculations are required for its utilization
in wood structuresvhile quoting fromthe book by Mettem and RicherBBut not much was

said by source gotten on the use of Oak for &tratapplication like bicycle.

To ascertain the mechanical properties of {8k 42 Oaks samples from several areas of
Galicia (NW Spain) were and the specimens were conditioned in the laboratory environment in
order to achieve similar equilibrium muise contents (EMC: 12% according to EN standard
408:2004, European Committee for Standardization 2004b). different standard tests were
applied such as the hardness t@3NE standard 56534:1977 AENOR 1977c), which
guantifies the Moninn hardness on thdial face, applying a load of 200 kg during 5 s; uniaxial
compression streng(tUNE standard 56535:197AENOR 1977d), and static bending strength
parallel to graifUNE standard 56537:197RENOR 1979). The test specimemsarranged

in a supported siply and loaded symmetrically at one point over a span of 240 mm. The piece
was tested with the growth rings parallel to the direction of loading, i.e., loaded on the radial

face. The bending strength was given by the equation for isotropic materials
with rectangular crossection as shown in equatibelow.
oL 0

Y 6 2.1)

where S is the failure stress in axial bending at the wood moisture content at time of test, P is
the maximum load registered, considered as the fdbak L is the span between supports, t

is the thickness of the test piece and h is the depth.

While the The apparent MOE in bending was calculated by means of the increment in uniaxial

|l oad on the | inear porti ouwsingptdeedqudtien. pl ot s 001 o
yoi°
-] % ——— 22
% 55 2
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Where
MOE = modulusof elasticity in bending at the moisture content,
YP is the increment of load on the linear
Yt is the increment of deformation corpemding to YP and
L, t, hwasdefined for equation 2.1.

The finding showed that the modulus of elasticity values were clearly lower than the reference
values reported by Wagenfu hr (2007), and we
small clear ak specimens (Gonet 1971). In addition to the mechanical property correlations
reported, where strong positive relationships were found between density, modulus of elasticity
(MOE), and bending strength, the work by DMaroto et al. (2019) offers a congphentary

anatomical perspective. While the former focused on structural performance under mechanical
loads, the latter emphasized wood porosity and void ratio as physical indicators of oaR quality

primarily in the context of wine barrel manufacturing.

Interestingly, DiazMaroto et al. observed that Quercus robur L. exhibited the lowest porosity
among the oak species tested, which implies a denser cellular structure. This aligns with the
findings in the mechanical study, where higher density was positieetglated with greater
stiffness and strength. The lower void ratio found in Quercus robur also supports its suitability
for applications requiring dimensional stability and limited fluid transmission, such as in liquid

storage barrels or structural mengekposed to fluctuating humidity.

However, while both studies agree on the advantageous structural characteristics of Quercus
robur L., the focus of analysis differs: the mechanical study emphasizes strength and stiffness
relationships, while the porosistudy highlights the anatomical basis for those mechanical
advantages. Notably, Diddaroto et al. did not measure strength or MOE directly but provided
valuable supporting evidence by correlating anatomical structure (e.g., fewer vessels and lower

porosty) with assumed mechanical stabiljg}.

Different research shows that while natural wood can pose many uncertainties in mechanical
behaviourbut it can also be predictive to a large degree when properly studied like the LVL
which is more like a plywash Oriented at O degree and 90 degree offers the unique mechanical
behaviourgequired for possible load application direction including out of plane forces.
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2.2.Failure mode of wooden material

If wood is to be used in structural applications, it is esaetttiunderstand its behaviour and,

more importantly, its failure mechanisms. Various mechanical tests are conducted to gain this
understanding. As a natural composite with pronounced orthotropic and anisotropic properties,
wood presents unique challengelsen it comes to evaluating its mechanical behaviour. This
evaluation is crucial for ensuring the safe and reliable use of wood in construiion
understand and predict how wood behaves under different loads, researchers employ various

tests and develogpecific failure criteria

The fundamental mechanical properties of wood, especially those that govern its structural
performance, are most often evaluated using static bending tests. These tests provide essential
i nsights into t hstremgthtuneerfleataldoading. Adcdrdingte @\ a n d
490115 standard, static bending procedures determine the ultimate static end load at which the

wood specimen undergoes permanent deformation or fdiQ)re

Specimens used in this test are typically prismatic in shape. They usually havesectbss
measuring 200 mm x 2000mm. They also measure 300mm in length. The specimens are
supported at both ends. A central point load is then applied to the midpoint of the specimen’s
span, inducing bending streas shown irFigure2.2. Some variationsgae a thirdpoint loading
configuration to distribute the applied force more uniformly, especially when characterizing

larger samples or engineered wood prod[id$

FIGURR.2: STATIC BENDING TEBEGIEN WITH ACOUSTICIE®ION SENSOR AT TEATIO]
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Two of the most critical parameters obtained from static bending tests are the modulus of
elasticity (MOE) and the modulus of rupture (MOR). MOE is a measure of a material's stiffness,
defined as its resiahce to elastic deformation when an external force is applied. This property
is essential for predicting deflection behaviour in structural members. MOE values are sensitive
to environmental conditions. These conditions include temperature and moistiena.cohis

has been widely observed. Specifically, wdmabed panels and solid woods exhibit a reduction

in MOE at elevated temperatures due to softening of the lignin matrix and increased molecular
mobility in the cellulose microstructuf&0], [11]. Canversely, MOE values generally increase

at lower temperatures due to the stiffening effect caused by ice crystal formation and tighter
hydrogen bonding among cellulose fibrilhhe Modulus of Rupture (MOR) is a measure of a
wood specimen's maximum load.répresents the load before the specimen fails in bending.
This ultimate strength parameter is crucial in structural design, especially for applications
involving flexural stresses. During static bending tests, the moment of rupture is often marked
by a sgnificant increase in acoustic emission (AE) activity, corresponding to internal cracking,
fibre breakage, and other failure mechanisms typical of orthotropic, fibrous materials like wood.
AE monitoring is widely recognized as an effective, Hl@structivemethod for tracking
damage evolution and predicting failure in wooden specimens under flexural 1¢ad]ng
Similar to the modulus of elasticity (MOE), the MOR is influenced by environmental factors,
such as temperature and moisture content. Studiesdtewn that, at elevated temperatures,
the MOR decreases due to thermal softening of the lignin matrix and weakened microfibril

cohesion within the cell walld.2].

In addition to MOE and MOR, significant parameters derived from static bending atedi rela
mechanical tests include time to specimen failure (TSF), maximum loading force (F_(max)),
and wood density. These values provide a more comprehensive understanding of how wood

responds mechanically under loading conditjp@}s

Beyond flexural testsa range of other mechanical tests are employed to further characterise
wood performance. The compression strength of wood, both parallel and perpendicular to the
grain, is crucial in evaluating its lodmkaring capacity. Recent studies have shown thatrmed

white oak in particular have compression strengths that exceed previously reported values,
especially perpendicular to the grain. Janka hardness testing measures resistance to indentation,
and oak species generally align with or slightly surpassritatdoenchmarks. Determining
longitudinal shear modulus is something that can be achieved by using torsion testing, a method

that involves the introduction of pure shear stress. This is an important feature, but one that is
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not always possible with trathhal shear tests. Similarly, tensile tests characterise elastic
behaviour and identify shear strains, particularly in notched orBdag-shaped specimens

that focus deformation in a specific redi#oh

Additionally, moisture content (MC) is a critickactor in all mechanical testing of wood
because it significantly affects strength, stiffness and failure behaviour. Higher moisture levels
typically reduce mechanical performance, so conditioning and environmental control are

essential for comparativesting.[3].

Numerous studies, including those focused on solid wood species and engineered composites,
have provided empirical findings that support these observations. For example, static bending
tests that incorporated acoustic emission (AE) monitaiewgaled that the final failure stage

is characterized by distinct AE bursts. This validates the modulus of rupture (MOR) as a reliable
indicator of structural failurl3]. These findings reinforce the importance of static bending in
mechanical charadteation and highlight the value of integrating rd@structive evaluation

techniques to understand wood's comjiiekavioursinder load.

Accurately characterizing deformation and failure mechanisms in wood is critical for reliably
using it in structuralaind transport applications. Although conventional mechanical testing
reveals essential material properties, advanced techniques such as acoustic emission (AE) and
digital image correlation (DIC) provide deeper insight into damage evolution, internal stress
redistribution, and progressive failubehavioursof wood under various loading conditions

[13].

AE is a nordestructive testing technique that detects transient elastic waves generated by the
sudden release of energy from localized sources withimeassid material. These acoustic
signals result from internal events, such as microcrack initiafiore rupture, interfacial
debonding, and cell wall collapse. AE monitoring is particularly valuable in wood during static
bending tests because it enalvks-time observation of the damage process. AE activity tends

to accumulate significantly as the specimen approaches failure, and AE event intensity is often
correlated with critical structural transitions, such as crack propagation or loss of stffess.
noted in studiegl0], The utility of AE in identifying the different stages of failure in static
bending tests on wood specimens was demonstrated. This research highlights the effectiveness
of AE in capturing early damage signals raestructively, bfore macroscopic failure becomes
evident. These findings are particularly relevant when evaluating natural composites such as
wood, which exhibit anisotropic mechanical behaviours and a variety of internal failure

mechanisms due to their cellular struetur
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Different wood species exhibit distinct acoustic emission (AE) response patterns under similar
mechanical loading conditions. For instance, oak trees often generate powerful AE signals
before they actually fail, which indicates that the main causeedfiture is tensile forces. In
contrast, spruce and other softwoods tend to exhibit more gradual AE activity, characterised by
numerous smaller events preceding final failure. These differences emphasise the variability in
fibre orientation, density andaisture content among species, all of which significantly impact
the mechanical responsflO], [12]. AE data are thus instrumental in revealing failure
progression in wood, calibrating predictive failure models, and monitoring the structural

integrity d wooden components in reaforld applications.

AE is complemented by digital image correlation (DIC), which is a criticaffieiil optical
technique for mapping surface deformation in anisotropic materials, such as wood. DIC, which
involves capturing aseries of digital images of a specimen's surface before and during
mechanical loading, is a method of analysis. This enables a speckle pattern to be tracked in
order to compute displacement and strain fields. Thiscooact technique provides high
resoldion insights into the heterogeneous deformation behaviour of wood, which is useful
given the material's natural imperfections, including knots, grain deviation and transitions

between earlywood and latewofddt].

In compression tests, digital image @bation (DIC) enables the detection of aamform

strain distributions and the identification of premature buckling or localized collapse zones,
particularly in the end regions of test specimens. In flexural testing, DIC facilitates the precise
identificaion of the neutral axis and the detailed visualization of strain gradients across the
depth of the beam. These observations are vital to understanding how and where failure initiates
and propagates. DIC is also effective for determining the longitudiregr snoduli of both

clear wood and woetlased composites, as it accurately capturediéldl shear strains under
torsional loading conditions. Similarly, under tensile loadiparticularly in notched, dog
boneshaped specimenBIC has proven effectiven quantifying axial and shear strains. This

supports the validation of numerical models and the assessment of failure medidiisms

Furthermore, DIC has been extensively used to characterize sandwich composites with wood
cores and compositéaceshees. This technique provides critical information on strain
localization, facecore interfacéehaviouy and debonding under combined flexural and shear
loading scenarios. DIC also enables the extraction of material constants, such as Poisson's

ratios, and dcilitates a more accurate evaluation of anisotropic elash@viour The study
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demonstrate shows the reliability and precision of DIC in capturing elastic deformation and

damage evolution in engineered wood struct{tés

The resolution and reliality of structuralbehaviourmssessments are significantly enhanced by

the integration of AE and DIC into experimental wood mechanics.

2.3.FEM Failure Criteria mode study of Wood

Traditional phenomenological failure models, such as the quadratieHillsa@nd von Mises
criteria, often fail to distinguish between the tensile and compressive domains. This leads to
inaccuracies when simulating reabrld wooden structures. As pointed out in Blanco et al.
(2015), there is an increasing demand for desmgEntedmodels that more accurately reflect

the natural mechanical anisotropy and damage mechanisms in wood.

Phenomenological models have typically treated wood in a simplified manner. They have
assumed isotropic or basic orthotropehaviour For example, reseghers widely adopt the
TsarWu criterion as a quadratic failure surface model. This model incorporates tensile and
compressive strengths along with an interaction coefficient. While suitable for composite
materials, it is inadequate fonodellingthe noninear and asymmetric tensid®mpressive
response of wood. The difficulty of accurately determining the interaction term, combined with
the model's underlying assumption of a unified failure surface, reduces its effectiveness for

orthotropic natural matedis like wood15].

Similarly, the von Mises and Norris failure criteria assume a symmetrical material response in
tension and compression. However, this conflicts with the observed anisotropic and direction
dependent failure behaviour of wood. Speclficathese models do not account for the
fundamental differences between the tensile rupture of wood fibres, which is brittle, and their
compressive deformation, which is ductile. Under compressive stress, wood often fails through
mechanisms such as bucidi crushing and kinking, involving progressive deformation and
localised instability. In contrast, tensile failure in wood typically occurs abruptly as a result of
fibre rupture, reflecting a more brittle failure m¢t@]. As Eberhardsteineemphasised,
accurate constitutive modelling of wood must incorporate its fphlise nature and distinguish

between its tensidrcompression asymmetry in order to reliably simulate failure respfirges

To address these challenges, Blanco ¢t 8] proposed aovel ellipsoidcylinder failure model
that distinctly separates the tensile and compressive domains. This model is geometrically

defined by an ellipsoid for the compressive region and a cylinder truncated by a plane for the
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tensile domain. The model acately captures the brittle fracture limit in longitudinal tension
while accounting for interaction effects in compression, such as those arising from combined
lateral and shear stress. Unlike phenomenological criteria, which require complex parameter
idenification, this model depends only on uniaxial strengths: longitudinal and transverse
tension @, @), compressiond , @), and shear (S). The reduction in required parameters
makes the model particularly advantageous for estdge structural design and

implementation into finite element analysis workflows.

I n assessing wood failure under compl ex stre
models showed that the ellipsesgliinder model was more effective than traditionalecia

such as Ts&Vu, von Mises and van der Put. When evaluated using characteristic strength
values for blind predictions as showmTiablel, the ellipsoidcylinder model yielded the lowest

total normalised sum of squared errors, compared to othersideoed. The superior
performance of the ellipsoidylinder model was patrticularly evident in regions of biaxial stress
involving a combination of tension and compression, where classical criteria struggled to
accurately decouple these effects. Furtheidaéibn using the bedit method confirmed the
robustness of the ellipseylinder model, which achieved an even lower SS value of 19.27

[15].

TABLH: COMPARISM OF FAREUCRITERIA MODEDAME STANDARD ERR®)R

Model Sum d Squared errors (SS)
ellipsoid-cylinder 33.63
TsarWu 53.00
von Mises 57.00
van der Put 53.80

When examining interaction effects, the ellipsoidinder model aligns with findings from
recent multiscale simulation studies that emphasize the impertah compressivshear
coupling in woodike materials. For instance, Hartmann and Rudmonstrated that the
deformation behaviour of softwood tracheids under compressive loading is highly direction
dependent, with significant mechanical difference®ple] between earlywood and latewood.
These differences result in localized deformation patterns, including shear collapse and cell
wall buckling, particularly under combined loading conditions. In contrast, tensile rupture along
the grain remains relatilyeisolated from lateral stresses, justifying its separate treatment in

predictive modelling. These conclusions support the use of failure criteria that distinguish
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between tensile and compressive envelopes, especially in anisotropic materials like wood

polymer composite§l6].

Although the TsaWu criterion is generally preferred in composite analysis due to its
flexibility, the interaction term can produce unrealistic failure surfaces in wood, especially
when the compressive and tensile domains behapeogortionately. The von Mises model is
mathematically simple but assumes equal tensile and compressive yield strengths, so it

performs poorly under the anisotropic stress states typical of wood applications.

Another established failure criterion is te:n der Put model, which introduces a general tensor
polynomial formulation that omits the interaction coefficient. While it performs reasonably
well, especially in plane stress states, it does not provide the same clarity in distinguishing
independent tegile failure mechanisms. The ellipsasglinder model's ability to segment these
domains geometrically and accurately represent failure progression makédavidusable
design todI5].

From a sustainable design perspective, by Castanié g]aklvocates, incorporating robust
failure models is essential to validating the use of wood as an alternative to synthetic composites
and metals in transportation. These applications involve complex stress environments, such as
bending, torsion, and impacthere model precision can directly influence material selection
and safety margins. Predictive models, such as the elljggbidtier criterion, improve
simulation accuracy and support the regulatory validation and performance certification of

wood-based stictural components.

2.4.Bicycle Frame: Materials, Loading, stiffness and test setup

Bicycle framesas shown irfFigure 2.3are fundamental to the overall performance and integrity

of a bicycle. Their design, material composition, and structural configurdiatate their
stability, stiffness, weight, and ride comfort. The materials andleading capacity of bicycle
frames must be optimized to meet performance requirements while remaining durable under

dynamic loads.

2.4.1. Evolution and Selection of Frame Matdsa

Historically, bamboo and wood were two of the first materials used to make bicycle frames.

Consisting of cellulose fibres embedded in a lignin matrix, bamboo is a natural composite
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material that is lightweight and has a high tensile strength of upGdv®a. It also provides
good vibration damping and is sustainafl&]. However, it is difficult to connect and
structurally optimise due to its hollow nature and thin walls. Although the tensile strength of
bamboo and aluminium can be similar, stedibow that bamboo has a favourable stretmth

weight ratio due to its significantly lower density (0.4 g/cm?3 vs. 2.7 g/[d})

—— Head Tube
Top Tube

Seat Tube

Seat Stays

" Down Tube

FIGURR.3:TYPICABICYCLE FRAMEART LABHL]

Modern bicycle fraras are predominantly made from metal and composite materials. Steel is
renowned for its toughness and fatigue strength, with certain alloys offering tensile strengths
of up to 1350 MPa. Aluminium alloys such as 6d8land 700516 are widely used due to

their light weight and corrosion resistance, but they lack a fatigue limit and therefore require
safety factors in the design procgs8]. Although expensive, titanium combines light weight,
shock absorption and corrosion resistance, making it idealigoremd frames. Meanwhile,
carbon fibre is the material of choice for performance frames thanks to its high stitfhess

weight ratio, although it remains brittle and expendi9g

More recently, sustainable options such as hemp-féardorced composes have emerged.
When wound over aluminium cores, these hybrid tubes demonstrate structural adequacy under
static loading whilst reducing environmental impact. Finite element simulations have validated

their stiffness and stresmndling capacity20].
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2.4.2. Load Conditions and Structural Demands

Bicycle frames are subjected to a combination of static and dynamic loads during normal use.
These include pedallingnduced cyclic forces, brakiAgduced impact loads, and body weight
distribution during seated ridg. For fatigue evaluations, pedal loads typically reach 1100 N
and are applied cyclically at 2.5 Hz1]. Braking can cause4plane peak stresses of up to 257
MPa in the top and down tubes, and up to 189 MPa in thgZa@tkVertical loads on the aé

tube can exceed 1200 N during seated riding, which contributes to compressive stress and
potential buckling. Horizontal fork loads of around 600 N replicate frontal impacts or terrain
induced shockR1]. Torsional stresses at the bottom bracket steutvisting during pedalling

and are relevant for lateral stiffness assessnj2i}s

Standardised testing protocols such as ISO 4210 and ASTM F2711 incorporate these loading

conditions to evaluate frame durability and rider safi2By.

2.4.3. Stiffnes€Evduation, FramePerformanceand Test Rig Design

Frame stiffness is important for efficient energy transfer and stable handling. Researchers often
evaluate it in multiple directions: 4plane (vertical and longitudinal), transverse (lateral) and

eccentric (ombined load and torque).

Despite the numerous test setups used in research, there is currently no universally accepted
standardised test rig design for evaluating bicycle frame stiffness. Consequently, it is
challenging to compare results across diffestmdies, since frame support conditions, loading
methods and sensor placements can vary significantly. Similarly, stiffness assessment protocols
differ in terms of loading points, directions and measurement systems, contributing to
variability in reportedstifiness valug24].

In the study bj25], [26], bothintroduced innovative test rigs incorporating load actuators and
sensors (e.g. strain gauges and LVDTSs) in an attempt to standardise stiffness assessment. These
experiments also revealed that begrtypes, mounting methods and preload conditions can

significantly influence resulf4].

Recent test rig developments emphasize raliléictional loading capabilities to replicate real
world conditions. For example, the use of pneumatic or hydractimeors allows controlled
application of vertical, horizontal, and torsional loads simultaneously, enabling better

assessment of combined stress responses. Findings show that vertical stiffness values can
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exceed 2000 N/mm in higberformancealuminium frames, while torsional stiffness often
varies depending on frame geometry and joint constru¢@éh These experiments provide

crucial data for calibrating numerical models and validating frame design improvements.

Despite numerous test setups in rededhere is currently no universally accepted standardized
test rig design for bicycle frame stiffness evaluation. As a result, comparing results across
different studies is challenging, since frame support conditions, loading methods, and sensor
placemerg vary significantly. Similarly, stiffness assessment protocols differ in terms of
loading points, directions, and measurement systems, which contributes to variability in

reported stiffness valugzt].

2.4.4. Numerical and Experimental Correlation

Finite elemat analysis (FEA) has become an essential tool for designing bicycle frames.
Simulations enable engineers to evaluate stress concentration zones, stiffness and potential
failure modes under complex loading conditid23][15]. Key modelling consideratien

include mesh density at weld joints, accurate geometry andaffeated zones (HAZS) in
aluminium or steel frames. FEA results are typically validated using experimental methods such

as digital image correlation (DIC), acoustic emission sensors aimd gaageg21].

DIC provides norcontact, fultfield strain measurements and is particularly useful for detecting
strain localisation near joints. Embedded fibre Bragg grating (FBG) sensors within composite
frames also facilitate internal stress moniigri Simulated and measured responses tend to

align closely when test fixture constraints and loading profiles are accurately regdi&dted

2.5. Sandwich Panel Design and Marine Applications

Sandwich structures are wéthown in engineering because of thekcellent stiffnesso-
weight and strengtto-weight ratios. This makes them a good choice in industries where it is
important to reduce weight without reducing mechanical perform@&e[29]. Structurally,

they consist of two strong, thin outer &s¢ often referred to afac¢eshees$’, bonded to a
comparatively thick, lightweight core. This arrangement functions much likebaam: the
faceshee$ carry most of the #plane tensile and compressive stresses induced by bending,
while the core maintas separation between tfeeeshees, resists transverse shear forces and

stabilises the faces against local buckling. Separating thebkmtihg faces increases the
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section modulus, enabling high bending rigidity without a proportional increase ihtwieig
addition to their structural role, cores can contribute to energy absorption, vibration damping
and, in some cases, thermal or acoustic insulation. This has further extended the use of sandwich

configurations in multifunctional applicatiorf28], [29].

The performance of a sandwich panel is intrinsically linked to the properties of its core and
faceshees. Core materials have evolved to meet the diverse requirements of specific industries.
Foams such as PVC, PMI and polyurethane offer closeapenrcell structures that combine

low density with reasonable shear properties and ease of shaping. This makes them common in
marine and wind turbine componef#8], [29]. Honeycomb cores, which are manufactured

from aluminium, Nomex®, or thermoplastjggovide exceptional stiffness and strength, which

is why they are used so extensively in the aerospace industry. Natural cores, suepramend
balsa wood, offer high compressive and shear strength, particularly iratjggiad directions.

They have dng been favoured in boatbuilding due to their combination of performance and
sustainability. However, anisotropy and moisture sensitivity require careful consid¢€2aiion

[29]. Various configurationsf coresareasshown in Figure.4

Cellular polymer Core

Wood core

Metallic foam core Tubular core

FIGURR.4: DIFFERENT CORE STRBES IN SANDWICHVPOSITHZ3]
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Similarly, the choice ofacesheetmaterial affects how effectively the sandwich can utilise the
mechanical leverage offered by the core. Metédlae-shees, commonly made of aluminium,
titanium or steel, provide durability, toughness and impact resistance, all of which are highly
valued in aerospace, transport and architectural applications:rEibferced polymer (FRP)
faceshees$, which are basedn glass, carbon, or aramid fibres in thermoset or thermoplastic
matrices, offer high specific strength and corrosion resistance. They also allow mechanical
properties to be tailored through laminate design and have become prevalent in marine and

aerospae structure$28], [29].

In recent years, woekased cores, particularly plywood and laminated veneer lumber (LVL),
have attracted renewed attention in the design of marine sandwich strudtueesross
laminated structure of plywood provides higheplane isotropy than solid timber, coupled

with high shear strength and excellent fastener retention. Modern fabrication techniques such
as vacuunassisted resin infusion (VARI) combined with resich sealing layers address the
traditional concerns of blogical degradation and water ingress. Due to its consistent quality
and predictable mechanical properties, LVL demonstrates superior fatigue shear performance
under cyclic loading, making it particularly wallited to higkcycle stress scenarios, such a

slamming in higkspeed craff30].

2.5.1. Plywood based core Sandwich Paktdchanical Performance

The manufacturing of laminated veneer lumber (LVL) and plywood allows for the selection of
veneers that are free from visible defects. This results in staticaneal characteristics that

are comparable to, and sometimes even better than, those of solid34hda82]. With this
engineered layip, these products can be tailored to specific structural requirements, making

them ideal for lightweight yet higperformance applications in transport and marine structures.

In the studyby Susainathan et al[30], it wasdemonstrated that plywoexbre/glassepoxy
panels fabricated via VAR{VacuumAssisted Resin Infusignachieved bending stiffness
values exceedm 35 kN-mm2 and displayed progressive failure modes underpfmot
bending. In Experimental investigation of compression and compression after impact of wood
based sandwich structuraswas found out tat panels retained over 80% of their undamaged
conpressive capacity after lowelocity impact, with dominant failure modes including core
rolling-shear failure,facesheetwrinkling, and facesheetcore debonding. Digital Image
Correlation (DIC)which has been extensively discussed under the oak woadnseets also
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used in the study tprovide full-field strain maps to track initiation and propagation of these

failures.

The flexural performance of wodahsed sandwich structures incorporating plywood or LVL
cores has been widely investigat¥ek et al. n their study29] developed composite sandwich
panels with paulownia wood cores and glass {fikeieforced polymer (GFRPaceshees.

These were evaluated through fqaaint bending tests in accordance with established flexural
testing standards, su@s ASTM D6272 and ASTM D79[18]. Their results demonstrated
good structural integrity under transverse loading and the presence of a large plateau region in
the load displacement response after initial failure. This behaviour is beneficial in preventing
catastrophic collapse and was attributed to compressive yielding of thefappsneetas the
dominant failure mode. Paulownia cores with a thickness of 120 mm achieved peak loads of
217.0 kN, representing a 36% higher ultimate load than specimena thittkness of 80 mm,

while also exhibiting significant energy absorption (14.6 kJ). Compared to poplar, paulownia
offered a favourable balance between loadying capacity and reduced weight, highlighting

the importance of selecting the appropriate clanesity for optimising stiffnest-weight.

2.5.2. Wood Based Sandwich structure in Marine Application

Sandwich structures are widely used in the marine industry mainly due to their high strength
to-weight ratio, corrosion resistance and ability to meet stectopmance requirements in
challenging conditionf28], [33]. The adoption of sandwich structures in naval architecture is
driven by the need to create lightweight designs without compromising structural inegrity

a critical balance for higperformane vessel$30], [34].

Modern racing yachts and other fast marine craft often use honeycomb core sandwich panels
for components such as decks and sails, where enhanced stiffness and reduced weight are
crucial for speed and handlifg3]. Similarly, balst wood core sandwich structures have been
widely adopted in marine and civil engineering applications due to theheffestiveness,
renewable sourcing and high thermal insulation capd2By. These properties make balsa

cores an attractive option rfdargearea structural elements that are exposed to variable

environmental conditions.

Manufacturing methods for marine sandwich structures vary according to performance
requirements and production scale. The pultrusion process, for instance, has dxmelgff

utilised in the production of civil and marine sandwich composites, providing high throughput
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and consistency in the fabrication of long, prismatic eleni@8is Recently, innovative core
facesheetconfigurations have broadened the scope aioAmased sandwich applications. Xie

et al.[29] demonstrated the use of paulownia wood cores with glassrébrrced polymer
(GFRP) facdaceshees and lattice webs to produce composite sandwich matting that can be
rapidly deployed for military engeering, emergency rescue and lasgele infrastructure
projects in challenging environments, such as soft clay subgrades. This resilience to challenging
service conditions makes it well suited to the operational requirements of marine transport and

offshore support structures.

Based on past research papers and the findings the timef this study, it can be seen that,
within the marine sector, GFRP remains one of the most widelyfasedheetmaterials due

to its favourable balance of mechanicatfpenance, corrosion resistance, low maintenance
and cos{30]. Its compatibility with various core materials, including wood and foam, enables
designers to customise stiffness, strength, and durability according to specific functional
requirements. Togeer, these developments demonstrate the adaptability and versatility of
sandwich composites in marine engineering, and support their ongoing evolution towards

lightweight, sustainable, higberformance structural solutions.

2.6. Failure Modes and Testing Releance

Several characteristic failure modes affect sandwich panels, including those with plywood
cores. The most common of these faeesheetyielding, core shear arfdcesheetwrinkling

[29]. Bending tests on plywoetbre sandwich configurations havevealed a sequence of
progressive and interacting failure mechanisms. Fibre fracture often begins at the bottom
longitudinal ply, where the tensile stresses are greatest, especially in plies oriented parallel to
the load direction. Transverse shear fafupropagate through adjacent transverse plies, while
decohesion may occur within the middle transverse ply or develop as peeling cracks,
particularly in panels with bondddceshees. Facesheeicore debonding or delamination is
another concern, parti@arly when adhesion is compromised. Vacuum moulding with carbon
compositdaceshees, for example, has been shown to result in welaloersheet core bonds,
whereas glass and flafacesheet fabricated via thermoompression generally exhibit
stronger adésion, mitigating severe debondif3®]. Crushing of the plywood cell walls, often
detected as an extended inelastic plateau in the ispdacement curve, indicates progressive

radial compression within the core. Ultimately, reductions in stiffnesseckby fibre fracture,
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transverse shear or debonding lead to a drop in peak force and typically result in brittle final

failure.

Studies of fracture toughness, particularly those focusing on delamination behaviour, have
identified additional mechanismsathare relevant to plywoecbre sandwich structures. Crack
migration occurs when a propagating crack deviates from its initial interface into neighbouring
plies; for example, from the interface into the 90° ply[i6°@0 configuration. This migration

may be driven by ouwbf-plane fibre deviation, variations between earlywood and latewood
regions, or instances where the glue joint is stronger than the surroundind3aho@ibre
bridging, whereby intact fibres span across the crack front, has beath tmwsignificantly
impact the measured fracture toughness, particulafl§°&°] interfaces, though its effect is

less pronounced 40°/909 interfaces. Fracture surfaces often reveal whether failure was
adhesive, occurring between the wood and gluecahesive, occurring within the wood
adjacent to the glue line. Notably, cohesive failure within the glue itself is rare, indicating that
the adhesive strength typically exceeds that of the wood suljSate

Collectively, these observations undersgctirat the mechanical performance of plywoode
sandwich structures is governed by a combination of material anisotropy, ply orierfiaton,
sheetcore interface quality, and manufacturing process parameters. Understanding the
interaction between thegactors is critical for designing panels with improved resistance to

bendinginduced damage and delamination under operational loads.
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3. METHODOLOGY

3.1.Overview
This study employs an integrated experimémtaimerical methodology to evaluate the
mechanical pedrmance of woodbased structures in two transport applications:

1. Cycling applicatiori A full-scale solid oak bicycle frame.

2. Marine applicatiori IMOCA-inspired sandwich panels with plywood cores and fibre

reinforced polymer (FRHaceshees.

Case Studies

Experimental

FEM results
results

Final result

FIGURB.1: METHODOLOGY PRGIJESR BOTSTUDYASES

Both case studies were tested under representative loading conditions and modelled in Abaqus
to simulate structural behaviQuihe data gotten from the experimentedult were used to
validate the FEM model as shownrFigure 3.1 For the bicycle frame, a custom test bench was
designed in CATIA VE5] to enable stiffness testing. The solid oak frame provided by the
client was reverse engineered from a 3D scandateraccurate solid geometry in CATIA V5.

This geometry was then exported to Abaqus/{38i for finite element modellingPost

processing in Python was implemented to perform custom failure checks, since direct
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application of the TsaWu criterion was nbpossible with the 3D solid elements used in the
model.

For the IMOCA sandwich specimens, the client provided a total of 234 samples for. testing
each set of specimens with the safaeesheetorientation and fibre type, magnified scan
images were tan to determine the thickness of each ply in the plywood core and fibre
reinforcedfaceshees. These measured thickness values were then used in Abaqus to accurately

define the material layups and thickness parameters for the simulation models.

3.2.Case Stug 1: Bicycle Frame

3.2.1. Materials and Construction

The bicycle frame was fabricated from solid oguércus robuy, selected by the client for

both i1its high stiffness, strengt h, and wor
orthotropic mechanical preptiesis as shownin Table 2 [37], with missing parameters
supplemented frorthe study by Gambarelli et §B8].

The frameas shown irFigure 32 consisted of approximately fifteen individual oak elements,

which were joined using Resoltech 8050 epaxihesive. This adhesive was selected for its
exceptional adhesion to wood, high mechanical strength, and durability in demanding
environmental conditions, as d¥®railed in the
The bicycle featured a modified diamond#tgge geometry, with hollow sections designed for

the top tubebottom tubeandseat tube. Within these sections, two layer8.8Mmm thickdry

E-glass roving fabric, oriented gt45°], were laid and impregnated with stratified epoxy resin

as specified byhe client. The Eglass roving specification was obtained from Mack Kayak
('Roving 300 gramg30], while the detailed mechanical properties of thgldss fibres were

taken from AZOM[41]: 'Properties of E5lass Fibrg¢41] with a value o0  73,000MPaO

30,000 MPaand T1&®& ¢Forthe purpose of finite element modelling in Abaqus, the epoxy
resin in the internal |l ami nate was represent
epoxy resifd2] with the values 00  3,250MPa;O  1203.70MPa (using Eq.B3.5) and

0 T® V since its datasheet provided the detailed engineering constants required for

simulation.
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The fibre volume fractiomsedwas set at 55%, and the laminate's homogeresgtheering

propertes, calculated using the rule of mixtures and micromechanics equations, are presented

in equation3.1-3.5 and the mechanical property is as shawmable 3.

TABLE: OAK, RED BLACK WIOMECHANICAL PRORESH], [38]

Common | Moisture Specific Modulus of | Modulus of | ET
species | content gravityb rupture elasticityc (0.082* &11))
names (kPa) (MPa)( E11)
Oak, red| 12% 0.61 96,000 11,300 927
Black
ER GLR GLT GRT eLR
(0.154*E11) | (0.089* E11)) (0.081*
E11)
1740.2 1005.7 915.3 448.5 0.292
eLT eRT Work to Impact Compression
maximum | bending parallel to
load (mm) grain
(kJ mi 3) (kPa)
0.064 0.033 94 1040 45000
Tension Compression | Shear Tension Side
parallel to | perpendicular | parallelto | perpendicular | hardness (N)
grain to grain (kPa) | grain (kPa) | to grain (kPa)
(kPa)
80000 6400 13200 4900 5400
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FIGURB.2: WOODEN BIKE FRAMER TEST
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TABLE: MECHANICAL PROPEBFYNTERNAL UBLAS LAMINATE
(0] O O v v 0 O O O
41612.5/ 6849.5 | 6849.5 | 0.2785 | 0.2785 | 0.35 2549.9 | 2549.9 | 1203.7

3.2.2. Reverse Engineering and Numerical Modelling of Bicycles Frame

The finished frame was scanned using a 3D optical scammgenerate the STL file shown in
Figure 3.3 This file was then imported into CATIA V5. The mesh was cleaned to produce a
topologically closed surface model, and then the model was reconstructed in CATIA V5 to
correct defects and ensure dimensional agurThis resulted in the solid geometry shown in
Figure 3.4 The final CAD model was then exported to Abaqus/CAE with the material
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orientations defined as orthotropithe oak frame was meshed using-temle quadratic
tetrahedral solid elements (C3D10)docurately capture the complex curved geometry and
wooden joinery. The internal laminate reinforcement was modelled withdé reduced
integration shell elements (S4R), capable of representing either thin or thick shells with finite
membrane strains astitable for defining ply orientations in curved surfaces.

For both the oak frame and the laminate, orthotropic elastic properties were defined using
engineering constants (E , E E 3 , 3
literature sources as discusseds@ttion 3.2.1This ensured thatm&otropic behaviour was

properly captured in the FE analysis.

FIGURB.3: SCANNED IMAGE @&ST BIKE FIGURB.4: REVERSED ENGINEGRIF EST BIKE
FRAMESTL FILE FRAMESTP FILE

3.2.3. Finite Element Model (FEMBoundary conditiorand Load Application

TheFinite ElementEE) model replicated the experimental stiffness test configurations for the

head tube, bottom bracket, and rear triangle.

1 Head tube stiffnesd:oads were applied at a reference point positioned at the same
offset distance as the dummy fork in the physical test. This reference point was coupled
to the nodes on the internal cylindrical surface of the head tube, as sheiguren34(a
& d).

1 Bottom bracket stiffness: The load was applied directly to the nodes on the inner
cylindrical surface of the bottom bracket shall shown ifrigure 3.4(b& e).
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1 Rear triangle stiffness: A reference point was created midway between the rear
dropouts, and a latalr concentrated load was applied to this point to simulate the

experimental loading conditipas shown ifrigure 3.4(c& f).

For all three configurations, supports were defined to replicate the clamping and boundary
constraints of the physical rig. Thip@oach ensured that the simulated load paths, support

conditions, and resulting deformation patterns matched those observed in the experiments.

(b)

(d) () (f)

FIGURB.5: LOAD RPLICATION AND BOWRY CONDITIONS FOE BICYCLE FRAMERNESS TES[FS:
HEAD TUBELOAD AHRCATION, (B) BOTTBRACKEJLOAD APRCATION, (C) REARANGLE,
LOAD APPLICATION, KIEAD TUBEBOUNDRY CONDITIONS, (B)JBOM BRACKEBOUNDARY
CONDTIONS, (F) REARANRGLE, BOUNDARY CONIONS

3.2.4. PostProcessing and Failure Evaluation

For the C3D10 oak elements, Abaqus does not natively allow dire¢i\Vsavaluation for

3D solids. Instead, the stress results in all three material directions wengeexfsom the

Abaqus output database (ODB) into a text file. A custom Python $eeiptannex Ghen read

these stress values and applied theiWai failure criterion to compute the failure index for

each element. Elements exceeding the failure thigstere identified and grouped into a new
Afailed elementso set, which was written bac

be visualised directly in Abaqus/Viewer as an overlay on the FE model.
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3.2.5. Experimental Testing of the Bicycle Frame

The siffness of the oak bicycle frame was experimentally determined using a custom test rig
designed in CATIA V5as shown irFigure 36 and fabricated khouse. The design concept

was adapted and further developed from the-dost frame jig approach describéy
Magnanj43]. The rig was modified to allow accurate load application and deflection
measurement for stiffness testing in three configurations: head tube, bottom bracket, and rear

triangle.

The fabricated rig consisted of aluminium profile membefs 40.00x40.00mm and
50.00x50.00mm securely bolted to a rigid wood¢able top providing a stable base for all test
configurationgsee Figure 8-3.9). Adjustable clamping fixtures allowed the bicycle frame to
be secured at the required points dependindnerstiffness test being performédcremental
loads were applied staticallipy manually operating the mechanical actuator in a smooth,
controlled motion(for the head tube stiffnesapdby placing an increasing calibrated known
weightapproximately 5.00g(50N)at the loading points for the bottom bracket and rear dropout
tests. For each load case, the load was held for approximEe9 secondsto allow
displacement readings to stabilise before recording. Displacements were measuyeatial

gaugewith a resolution 00.01mm.
The test protocol was as follows:

1. Head tube stiffness: vertical load applied at the fork position with seat tube, bottom

bracket and rear dropouts fixéskeFigure 3.7.

2. Bottom bracket lateral stiffness: lateral load applieth® crank axis with the frame
clamped at the head tube, seat tube and reafsedEigure 3.8).

3. Rear triangle lateral stiffness: lateral load applied to the rear axle with the Head tube,
seat tube and bottom bracket fixageFigure 3.9.

Stiffness valies {Q - were calculated from the slope of the lbdigplacement curves for

each configuration.
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(@) (b)

FIGURRB.6: DETAILED DESIGNTEBT RIBOR BICYCLE STIESNESSESSMENT

FIGURB.8: LABORATORY SEH OBICYCLE TEST RIBBOTTOM BRACKEMFFNESS CHECK
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FIGURB.9: LABORATORY SEHH OBICYCLE TEST RIBREAR TRIANGEEFFNESS CHECK

3.3 Case Study 2: IMOCA Sandwich Specimens

The IMOCA test specimens were marine plywood cores faitbshees made from carbon,
basalt orglass fibre fabricsas provided by the clienThe control specimens were made of
plywoodwithout any facesheetsAs stated in Section 3.1, a total of 234

The thickness of the plywood and FRieeshees was measured using magnified scanning for
each goup of specimens with the safaeesheetype and orientation. These thicknesses were

used directly in Abaqus models.

3.3.1. Experimental Procedures and Equations

Quaststatic bending experiments were carried out using a universal testing machine equipped
with a 100KN load cell, as illustrated iRigure 3.10. Both threepoint and fowpoint bending

tests were performed in accordance with the relevant ASTM staraestiswnTable 5 for

wood and sandwich structures, with the aim of evaluating flexural propeniiks controlled
loading. The inclusion of foypoint bending allowed the shear deformation component to be
considered in the determination of bending modulus by comparing results from the two
configurations.

For each material configuration, a minimumsof specimens was tested. The samples were
supported on two cylindrical rollerd@00 mm diameter) For the 3point, the samples were
positioned at a span length &®00 mm, with the total span length of 3®@mm while for the
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4-point, the samples werngositioned at span length d300.00 mm, with the total span length
of 45000mm. Loading was applied at a constant crosshead displacement raté oh%/®in.
The applied load and actuator displacement were recorded directly from the testing machine

Two of thesamples for each configuratiorere preserved to lesedusing the Digital image

correlation(DIC) system to properly capture the displacement valuegsfaillure mode
I

FIGURB.10: UNIVERSAESTING MACHINE WBFAOINT FLEXURALTTE®NFIGURATION

Each test was conducted in accordawdé requiredASTM and the stresses computed based
on the required ASTNs shown imable5. A complete summary of the tested configurations,
orientations, andafcesheet types is provided Table4 with the specimen arrangement as

shown inFigure 311
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TABLE: TEST MATRIX OF\WODOD CORE BASED SANIH STRUCTURES GORSISTATIC BENDINGST

(3R3 POINTSIP-4 POINTSWITH DIFFFENTFACESHEEARND CONTROL SPEQIME

Material Type Orientation | 3-point 4-point Tensile | Sub-
() Flexural Flexural Test Total
Test Test
Control Plywood without 10 10 10 30
Facesheet
Plywood core with Glass | O 10 10 10 30
Facesheet 5 3 3 9 9
90 10 10 10 30
Plywood core with Basalt| O 10 10 10 30
Facesheet 5 3 3 10 10
90 10 10 10 30
Plywood core with Carbor O 10 9 10 29
Facesheet 45 ; ; 9 9
90 9 9 9 27
TOTAL SAMPLES 234
P By B
Lip Lig
—— Lz‘“ I---li.4 g
i ] ,
4
! L, A L,
Midspan Loading Quarter Point Loading

(@)

FIGURB.11: FLEXURE TEST CONRIATION (A}BOINTCONFIGURATION (BJ@INT CONFIGURATION
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TABLE: FLEXURAL AND TERSIEST EQUATIONS

Specimen Test Formula Reference Code
Type
Plywood only | 3-point ov 0 0 Q O ASTM D79044]
" Py %D
4-point o0 0 p BPOQ ASTM D627718]
" e P 0
Tensile 0 ASTM
0 D3039/D3039M45]
Sandwich 3-point 00 ASTM C39346]
(with Plywood 000 oo
core) 4-point 00 ASTM C39346]
? T0Q ww
Tensile 0 ASTM
0 D3039/D3039M45]
3-Point + 0 ASTM C393
& 4- Q 0O
Point

In theaboveformulas the following parameters areeds

, = stress in the outer fibres at midpoint, MPa,

T = core shear stress

P = load at a given point on the ledeflection curve, N,

L = support span, mm,

t = facing thickness, mm

¢ = core thickness, mm

, =tensile stress at itthata point, MPa
A = average crossectional area, mm

b = width of beam tested, mm, and

d = depth of beam tested (tosalndwich thicknesf®r 4-point), mm.
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3.3.2. Numerical Model Setup

The numerical simulation of the IMOGgandwich panels was carried out inafios/CAE.

Each specimen was modelled as a layered composite with explicit definition of the plywood
core and FRRaceshees. The thickness was assessed using microscope and the average of
each ply thickness is as shownFigure 3.12while a complete imagcan be seen linnex|.

The core was assignedmeEngineering elastic properties Oak wood as indicated in Table

2 of section 3.2.Hue to lack of feedback from the client on the type of wood as at the time of
this study

Faceshees$ were defined usgorthotropic properties for carbon, glass, or basalt FRP laminates
as obtained from nmn48] @9, {50asshownin Tdbtét as heet s
For the neshing the pywood core was discretised using C3D8R hexahedral elements to
represent 3D stss states and avoid shear lockir@ceshees were modelled using S4R shell

el ements tied to the chaseetdeconsiraintseanablmg distinatc e s
property definitions while ensuring displacement compatibilitye loundarycondtions and
loading were modelled as analytical rigid cylinders10.00mmas well as the supporis the
specified span lengths (280 mm and 300.00 mmmin the 3-point and 4point bending
respectively A central rigid loading roller applied a prescribémhd derived from the
experimental resultas shown inFigure 3.13 Additionally, For the 4-point bending, two
loading rollers were positioned symmetrically about midspaboth cases,antact between
rollers and panel was defined as surfaesurface vith hard normal behaviour arfdction
tangential behaviowf 0.3

For bothtests the camage initiation in the FRRaceshee$ was estimated using the TidAiu
criterionwith focus on the facsheetsThe Finite element model failure criteria was used

identify damage initiation sites for comparison with experimental failure modes.
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(b)
FIGURB.12: MICROSCOPIC IMAGEIMOCA SPECIMENDBHNG EACH PLY THIESS (A) SANDWICH WI
PLYWOOD CORE ANBABAFACESHEETB) CONTROL SPEQNMIEF PLYWOGINLYORIENTATED AT
0JAND 90

(b)

FIGURB.13: BENDING TEST MOBERUP (A) POINTFLEXURAL TEST (BIANT FLEXURAL TEST

TABLB: SANDWICH FAGHEE MECHANICAL PROPERT

Facesheet Material E11 E22 Ess Uiz | Uz |U2s |Gz |Gz | Gz3
Carbon 181000/ 10300| 10300| 0.24 | 0.24 | 0.4 | 7170| 7170| 3678.6
(CarbonT300/5208)

Glass (Eglass/epoxy) 40510 | 13960| 13960| 0.22 | 0.22 | 0.4 | 3100| 3630| 4985.7
Basalt 44300 | 11900| 11900| 0.27 | 0.27 | 0.3 | 3730| 3730| 4577
(Basalt_UD/ResinEpoxy
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4. RESULTS AND DISCUSSIONS

This chapter presents the results of the experimental tests and numerical simulations of the oak
bicycle frame and the IMOG#nspired sandwich specimenghe findings are organised into

two main sections, which correspond to the two case studies. For each case, the experimental
data, including stiffness measurements, flexural strength and observed failure modes, are
reported first. These results are thempared with the predictions from the finite element
simulations in order to assess the accuracy and reliability of the model. The discussion section
highlights key trends, validates modelling approaches and explains any discrepancies between
the experimeral and numerical outcomes. Finally, the broader implications of the results are
considered, particularly with regard to the feasibility of wooden structures in sustainable

transport applications.

4.1 Case Study 1: Wooden Bicycle Frame

4.1.1. Bicycle Experimental Stifess Results

The oak bicycle frame was tested in three configuratioottom brackefFigure 4.1) and rear

triangle(Figure 4.2)

BOTTOM BRACKET FOBISELACEMENT CURVE

300

250

N
o
o

Force (N)
=
a1
(@]

—e—Exp Trial 1

[Eny
o
o

a1
o

o

0 1 2 3 4 5
Displacement (mm)

FIGURHE.1: BOTTOM BRACKETFSNESS EXPERIMENTDMBDISPLACEMENTROE
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REAR TRIANGLE FORISPLACEMENT CURVE
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=
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FIGURE.2:REAR TRIANGREFFNESS EXPERIMEN.OADISPLACEMENCURVE

4.1.2. FEM Stiffness Predictions and Correlation

The finite element model replicated the experimental test setups with appropriate boundary
conditions.

Firstof for the head tube a load of 500N was applied which is slightly higher than the value of
449N proposed bgoden et al[51]. The stresses amtkflection in response to the load applied
was investigated against the ultimate strengtth® frame. This is shown ihe Figure 4.3(a

d) below.

S, S22
SNEG, (fraction = -1.0), Layer = 1
(Avg: 7500)

S, S11
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)
+1.217e+01
9.329 Max: +1.217e+01

Min: -4.556e+00

155116
+1.869e+00
+1.2260+00
+5.8406-01
Min: -2.191e+ 01 Cai

—7 ()?8( +00
-3.271e+00

-3.913e+00 SN
-4.556e+00 Max: +3x154e+00

16 e
-1.907e+01
- -2.191e+01

Max: +1.217e+01 i
Elem: BIKE_ASSEMBLY_FEM_03-3-1.113429

Ngle: 206916
T_With_Lam.odb Abaqus/Sta

Max: +3.154e+00
Elem: BIKE_ASSEMBLY_FEM_03-5-1.730
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S, S12
=1 SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)
+,;}.1?(739+88
+2.617e+
151006400 Min: -2.977e+00
+1.600e+00
+1.092e+00 Max: +3.126e+0!
+5.831e-01
+7.457e-02
-4.340e-01
-9.426e-01
-1.451e+00
Max: +2:299+00 Eiote ity

[ 2.7746+00 :
Min: -3.236e+00 -2.977e+00

- -3.236e+00

Max: +2.299e+00
Elem: BIKE_ASSEMBLY_FEM_03-4-1.800 Max: +3.126e+00
Elem: BTM_TUBE_RECESS_02-1.58

tandard 2022 Sat Aug

(©) (d)
FIGURE.3:HEAD TUBE LOAD RE$FOSTRESS DISTRGINUDIAGRAM: (A) NWRL STRESS DISTRIBNT
IN S11 DIRECTION), (®ODRMAISTRESS DISTRIBUTNO8R2 DIRECTION) NORMAL STRESS
DISTRIBUTION IN $SBRECTION, (D) SHEARESS DISTRIBUTNDSIL2 DIRECTION

TABLE: HEAD TUBEUMMARY TABLE OF MAXIMUM STRESS DEMITIOMND DIRECTION ORE$SES

Palameter S11 S22 S33 S12
Assesse(stresses)
Max. Values(Mpa) | 12.17 4.55 2.30 3.13

The above shows the stres$ased on the applied load at a specific distance to imitate the
dummy forkposition. Firstly, the bike deformation behaviour is as expected¢camtbe said

from the FEM point of view that the model is valid, but would however need to be validated
with the experimental data.

The Stress distribution plots showed that the largest stresses occurred along the fibre (S11)
direction of oak, with a peakalue of approximatel{2 Mpa as further show in the summary
Table7. This is substantially below the longitudir@mpressivestrength of oak, reported to

be abou#5 Mpa[8], confirming that the material remains in the elastic rahgaddition to
thenormal stresses along the fibre direction, the FEM simulations also revealed the distribution
of shear stresses (S12, S13, S¥8)h the S12 being the highest and showikigure 43 (d)

across the frame. The maximum shear stress recorded under thd Eygaiwas approximately
3.13MPa, which is well below the tplane shear strength of oak13.2 Mpa). This indicates

that shear forces induced at the joints and tube intersections are negligible compared to the
material capacity. Consequently, shearsstidoes not represent a governing failure mode under
the present loading conditions and poses no significant structural concern within the elastic
range.

Subsequenthfigure 44 (a-d) shows the defletion response in various direction.
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U, Magnitude
+9.816e-01
- +8.998e-01
+8.180e-01
+7.362e-01
5 Max: +9.816e-01

Min: +0.000e+00

Max: +1.732¢-01

Min: -9.491e-03
Max: t~0 8169 01

Node: BIKE_ASSEMBLY_FEM_03-3-1.249668 Nodo BIKE ASSEMBLY FEM_03-3-1.295495
Min: +0.000e+00 Min: -9.491e-03
Node: BIKE_ASSEMBLY_FEM_03-3-1.268 Node: BIKE_ASSEMBLY_FEM_03-3-1.4899

ODB: HT_With_Lam.odb Abaqus/Standard 2022 Sat
Step: Load |

(b)

U, U2

+1.135e-01

- +3
Do 0;2 Max: +1.435e-01

U, U3
+9. 1800 01 Max: +9.18%e-01

15501

+6.771e-01
9

Min: -7.835¢e-01 - ig 1?3:\—8%
.353e-01 Min: -4.840e;02

+2.740e-01
+1.934e-01
+1.128e-01
+3.221e-02
-4.840e-02
Max: +9.189%-01
Node: BIKE_ASSEMBLY_FEM_03-3-1.203907

Min: -4.840e-02
Node: BIKE_ASSEMBLY_FEM_03-3-1.295495

- -7.835e-01
Max: +1.135e-01
Node: BIKE_ASSEMBLY_FEM_03-3-1.286989
Min: -7.835e-01
Node: BIKE_ASSEMBLY_FEM_03-3-1.20861

T_Wlltihp_Lam.odb Abaqus/Standard 2022 oDB: '&-&"%ﬁ?m'wb Abadua/Standant 2022

(c) (d)
FIGURE.4: HEAD TUBE LOAD RESFDISPLACEMERNTAGRAM: (A3LOBAL MAXIMUM DEETEON(B)
DEFLECTIGRESPONSE IN THE WIREECTIONC)DEFLECTION RESPAONSHEE U2 DIRECT|QD)
DEFLECTION RESBE IN THE U3 DIREXNI

TABLB: HEAD TUBEUMMARYABLE OF THE MAXMIDEFLECTIONS IN VARHO®IRECT

Parameter Umax Ux U2 Us
Assesseftleflection)
Max. Valuesim) 0.98 0.17 0.11 0.92

FromtheFigure 4.4 (ad) abovejt can be sen thatthe Frame experienced averall maximum
deformation 00.98mm. This shows that the bike is quite stiff and resistant to deformation that
may arise due to application of horizontal braking I¢adther irvestigation shows that the3U

was the maimlirection that experience the signifanefldctionwith a value 00.92mm and for

better understanding of the general behaviour, deflection in other direction was examined and

it can be seen that the values are relatively low compared tlefleetion inthe U3 drection
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Similarly, the bottom brackgBB)was | oaded to represent out o
chain pull. The frame was constrained at the rear contact points of the drdpegsat tube

and at the head tube s up plateralforckad GGNtwascapptedu s e d
to check the localized lateral stiffness which was in accordan@evtm S § k [52¢ twasa |

applied at the BB regioas explained in the methodology sectidhis produces a primarily

sagging deformation mode about the BB shell, with secondary torsioeddayrthe chainstays

and s elmththe strdsses and the deflection was also checked and are athgtogure

4.5(ad) belaw.

S, S11 S, S22
SNEG, (fraction = -1.0), Layer = 1 SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%) 1 75%

+2.385e+01

-1.803e+00
-6.078e+00 -4. +01 i
- -1.035e+01 & - in: =2:275e+02
L ,1_4[;3‘@4,0] Min: -2.746e+01 AT
- -1.891e+01 -1.526e+02 Max: +2:215e+02
- -2.318e+01 -1.901e+02
- -2.746e+01 Max: +2:385e+01 -2.275e+02

Max: +2.385e+01 Max: +2.215e+02
Elem: BIKE_ASSEMBLY_FEM_03-3-1.71963 Elem: BIKE_ASSEMBLY_FEM_03-4-1.804
Ndde: 144307 N@de: 1516
MR -2.7 BB Llam.odb Abaqus/Standard 2022 Sat Aug| % B m.odb AbaqusfStandard 2022 Sat Aug 2

| S, S23
, (fraction = -1.0), Layer = 1 SNEG, (fraction = -1.0), Layer = 1
75%) (Avg: 75%)
2 ¢ +1.092e+02
961e+01

- +6.176e+01
+3.635e+01

Min: “T415e+02

| 68 Max: F1:634e+02
- -1.161e+02
L -1.415¢+02
Max: +1.634e+02 S
Elem: BIKE_ASSEMBLY_FEM_03-4-1.800 Max: +1.092e+02 Min: 109576402
: Elem: BIKE_ASSEMBLY_FEM_03-5-1.734
Node: 1757

Max: +1:092e+02

_lam.odb AbaqusfStandard 2022 Sat Aug

() (d)
FIGURE.5: BOTTOM BRACKEJAD RESPONSE S$RESTRIBUTION DIAGR(A) NORMAL STRES
DISTRIBUTION IN SAIRECTION, (B) NORMBVTRESS DISTRIBNTNOS22 DIRECTIG®) NORMAL
STRESS DISTRIBUTNOSB3 DIRECTION) S HEAR STRESS DERTRON INZ3 DIRECTION
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TABLEB: BOTTOM BRACKET SUMMARBLE OF THE MAMMASTRESS DISTIBMTAND DIRECTION OF

STRESSES
Parameter S11 S22 S33 S23
Assessed(stresses)
Max. Values(Mpa) | 27.46 227.50 163.4 125.7

the Figure 4.5 (ad) above showshat whilethe stressS11 which is2 7 . 4 6 it MdrRains
comfortably below the longitudinal capacity of oak, indicating an elastic response for the
governing fibre directionBy contrastt he very high transverse (S:
shear (S23) peaks ar tgeometrg trangtions and @hsiramiécdntatt ot s
regions; in orthotropic wood FE these are notably sensitive to mesh density, local fillet radius,

and contact stiffness. They should be interpreted as local numerical concentrations rather than

s e ct i o rddesignestreasgdbesearesubstantially higher than tlempressivestrength

of oak, reported to be abodb Mpa[8]. This suggest the need to further investigate this to

know the regions that may be prone to this excestresses

Subsequently, thBeflection behaviour was investigated and are as showigime 4.6 (a-d)

below.

U, Magnitude U, U1
+1.743e+00 +1.741e+00
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Min: +0.000e+00 Min: -2.341e-02
Node: BIKE_ASSEMBLY_FEM_03-3-1.268 Node: BIKE_ASSEMBLY_FEM_03-3-1.8972

Max: +1.741e+00

X ODB: BB_With_Lam.odb Abaqus/Standard 2022 x ODB B_Wlth_llam-odb Abaqus/Standard 2022

(a) (b)
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U, U2 U, U3
—T +1.737e-01
.28 +1.412e-01
+1.088e-01
- +7.627e-02
.379e-02
.428e-03 F
-3.332e-02
-6.021e-02
-8.710e-02
-1.140e-01 in: -6 =
C 1.409-01 a. Min: -1:678e-01
-1.678e-01 N
Max: +1.549e-01

. iy - Max: +1)549-01 Max: +1.737e-01
Hlode \BIKE_ASSEMBLY.FEM. 0222751 Node: BIKE_ASSEMBLY_FEM_03-3-1.95825
Min: -1.678e-01

Node: BIKE_ASSEMBLY_FEM_03-3-1.5316 Min: -2.160e-01
Node: BIKE_ASSEMBLY_FEM_03-3-1.511

Max: +1.7378-01
Min: -2.160e-01

(c) (d)
FIGURE.6: BOTTOM BRACKEJAD RESPONSE MSEFIMENT DIAGRAM: GA)YOBAL MAXIMUM
DEFLECTION, (BFLECTION RESPONSHE Ul DIRECTIQD), DEFLECTION RE$HE IN THE U2
DIRECTION, (D) ) REETION RESPONSEHE U3 DIRECTION

TABLEO: BOTTOM BRACKEUMMARY TABLE OF MAIMUMDEFLECTIONS IN VAR®IRECTION

Parameter Umax Ux U2 Us
Assessed(deflection)
Max. Values(mm) 1.94 1.74 0.15 0.22

Figure 46 presents the deformation field for the bottbrnacket load case: (a) the global
displacement magnitude U, and the component displacements in the model axesdpyR,1

and (d) U3. Consistent with the color maps, Tdlfleeports a global maximum de€tion of
1.94mm, with component peaks B311.74 mm, U2= 0.15 mm, and U% 0.22 mm. The
domi nance of Ul (4a90% of Uma x ) shows that
bending/ transl at taxspwhielvestical (Upamddateraltf) eoimposentd
remain small. This pattern indicates that the load path from the bottom bracket into the nearby
members is efficient and that the frame does not exhibit apprecialdé plaine twisting under

the present load of study.

Also the Stiffness fothe reartriangle was checked under a conservative load case of 300N
with a lateral force applied at the rear axle; the model reproduces the rig boundary conditions
defined earlier (rear axle load with head tube, seat tube and BB constr8ogd)hestress

anddisplacemenresponses were assessed and are as showrHiguhe4.7 (a-d) below.
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(d)

FIGURE.7: REAR TRIANGLEBAD RESPONSE STIRESTRIBUTION DIAGR(A) NORMAL STRES
DISTRIBUTION IN SAIRECTION, (B) NORMBTRESS DISTRIBNTNOS22 DIRECTIQE) NORMAL
STRESS DISTRIBUTNOSB3 DIRECTION) SHEAR STRESS DERIRON IN S23 DIRECGN

TABLE L REAR TRIANGLE SUNRM TABLE OF THE WAXM STRESS DISTIBUTADID DIRECTION OF

STRESSES
Parameter S11 S22 S33 S12
Assessed(stresses)

Max. Values(Mpa) | 74.40 205.3 80.24 84.55

The Figure 47 illustratesthe stress mapincludes the normal shears and the domishear
component. The correspondipgaksrom TablellareS11=74.40 MPa, S22=205.3 MPa, S33
=80.24 MPa, and shear S12 =84.55 MPa. The pattern is mechanically consistent with a lateral
axle force: the chainstays/seatstays act as a couple, generatingiwosipression lobes in

the fibre drection (governing S11) and a shear ridge that propagates from the dropout into the
stay roots. Because oak is strongly orthotropic, this atpam component is the most relevant

for assessing utilisation; the present value indicates that the reatetriartbe most highly
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stressed of the three frame checks and would be the first region to approach -paealsde
to-grain limit if the lateral axle load were increased. This identifies the drbgiaytjunctions

as the primary locations for strain rseeement and, if required, local reinforcement in the
experimental phase.

The very high transverse (S22,5S33) and shear peaks are confined to small regions near
constraints and sharp transitiomkich would be further investigateth orthotropic wood FE
models, these components are particularly sensitivaaoy reasons such é¥the way axle
loads are transferred, (ii) local mesh density and contact stifgtessor this reason, they
should be treated as local fepiots rather than sectibevel desigrstresses.

Subsequently, the deflection response was assé&sgatk 48 illustratesthe displacement field

of the rear triangle under the prescribed load at the rear axle/dropout,Table P

summarising the maxima

U, Magnitude U, U1
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(d)

FIGURE.8: REAR TRIANGLEBAD RESPONSE DASEMENT DIAGRAM: GAYOBAL MAXIMUM DIEEITION,
(B) DEFLECTION REHOIN THE U1 DIREX, (C) DEFLECTIRBESPONSE IN THE URHTTION, (D) )
DEFLECTION RESPONSHE B DIRECTION
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TABLHZ: REAR TRIANGREMMARYABLE OF THE MAXMIDEFLECTIONS IN VARBODIRECTION

Parameter Umax Uz U2 Us
Assessed(deflection)
Max. Values(mm) 9.84 9.75 1.77 042

From Table 2, the global maximum displacemant9.84 mm, with component peaks Ul =
9.75 mm, U2 = 1.77 mm, and U3 = 0.42 mm. The response is therefore strongly dominated by
Ul, theinpl ane direction of the applied | ateral

indicating little vertical compliance dminimal outof-plane twisting.

4.1.3. Post Processinfpr failure assessment

The results of the finite element simulations were postessed to evaluate failure in the
wooden bicycle frame using the Tis@iu failure criterion in a full 3D stress state. Sinbe t

frame was modelled with 3D solid elements (C3D10), Abaqus does not provideia bptibn

to apply the Tsa@Wwu criterion directly to these elements. This limitation necessitated the
development of a custom Python script for pasicessing(seeFigure 4.9ac). The script
extracted the relevant stress tensor comporigats S22 S33 S12,513,523) from the Abaqus
output database and calculated the &ai failure index for every element.

First of all, the wooden part of the frame was separated from the metallic rear dropout
components. The TgalVu criterion was app#id exclusively to the wooden elements, given
their orthotropic and anisotropic nature, while the Von Mises stress criterion was employed for
the steel dropout. This distinction ensured that the two different material behaviours were
appropriately captured:sai Wu accounts for the combined action of longitudinal, transverse,
and shear stresses in orthotropic wood, while Von Mises provides a reliable measure of yielding
in ductile, isotropic steel.

Through this approach, failure assessment was carriedb@&me ndent | y of Abaq
material model framework. Elements exceeding aiWgaiindex of unity (for wood) or the

Von Mises yield strength (for steel) were automatically identified as failed and grouped into
new element setgseeFigure 4.164.13) These sets were then imported back into Abaqus,

enabling direct visualization of where failure was predicted to occur. The procedure allowed
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the integration of two different failure theories into the same simulation framework, reflecting
the hybrid naturefahe frame.

Thecustom Python script whiolas useds attached in th&nnexIl for reference.

Vv Tsai-Wu evaluation complete.

-» Total elements evaluated: 1524032

> Failed elements: @

-» Failed element IDs saved to:

C:\temp\My thesis\Bike Frame Project\Head Tube Stiffness\Head Tube with Laminate\HT_2 Post_Proce
ssing\HTfailed elements_comma.txt

PS C:\Users\HP\Downloads\my Python practice>

v Tsai-Wu evaluation complete.

Total elements evaluated: 1524032

Failed elements: @

Failed element IDs saved to:

:\temp\My thesis\Bike Frame Project\BB Stiffness\BB with Laminate\BB_2 Post_Processing\failed e
lements_comma.txt

(b)

v Tsai-Wu evaluation complete.

-+ Total elements evaluated: 1524032

-+ Failed elements: 128

-+ Failed element IDs saved to:

C:\temp\My thesis\Bike Frame Project\Rear Triangle stiffness\Rear Triangle with Laminate\RT_2 Po
st_Processing\RTfailed_elements_comma.txt

PS C:\Users\HP\Downloads\my Python practice>

()
FIGURE.9: PYTHON CUSTOM T®AI FAILURE CHECKRUT: (A) HEAD TUBHLED ELEMENT RESUB)
BOTTOM BRACKHEIBE FAILED ELEMBREBULTE) REAR TRIANEFAILED ELEMENTWRES

S, S22

(Avg: 75%)
+2.371e+00
+1.879e+00
+1.388e+00
+8.964e-01
+4.049e-01
-8.664e-02
-5.782e-01
-1.070e+00
-1.561e+00
-2.053e+00
-2.544e+00
-3.036e+00
-3.527e+00
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FIGURE.10: STRESS CONTOURVO®DEN SECTION ORWMR ONLY BASED ONFBNESS CHECK
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S, Mises

(Avg: 75%)
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Z
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X Step: Load_Appl :

FIGURE.11: STRESS CONTOURBRR DROPOUT
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FIGURE.12: DEFLECTION CONTOQPFREAR DROPOUT
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FIGURHE.13: VISUALIZATION ORESS COGRNTRATION OF FAIEEEMENT FROM REAR TRIANGLE
STIFFNESS CHECK

Figure 49 presents the output of the custom Python script developed far\Wadiailure
evaluation. As shown iRigures 4.9(a) and 4.9(lm)p elements failed in either the head tube or
the bottom bracket stiffness checks. Although high stresses were recorded during these
simulations, the pogirocessing confirmed that all elements within the wooden sections of the
frame remained below the Tg¥Vu failure envelopeFor a clearer understandifigure 410,
showsthe transverse stress compon82f was 2.37MPa in contrast to the initial value of
227.50MPa To further investigate the source of the initially high stress values, attention was
directed to the rear dropout assembly, which is médeeel. The stress contourkigure 4.11
indicates that the rear dropout experienced a maximum Von Mises stress of approximately
190.3 MPa. This value is well below the ultimate strength of the steel, and therefore does not
raise concern for yielding @iastic deformation. The finding reinforces that, under the applied
loading conditions, the head tube and bottom bracket regions of the wooden frame are
structurally safe, while the stresses observed in the dropout remain within acceptable limits for
themetallic component.

In contrastFigure 4.9(c) revealthat a total of 128 elements failed according to thei Vgai
criterion out of the 1,524,032 elemeiatsalysedduring the rear triangle stiffness evaluation.
These failed elements were subsequently megoback into Abaqus as a separate element set
to enable clear visualization of their spatial distribution. As illustrat€eire 413, the failed

elements are concentrated at the joint region connecting the bottom bracket to the chain stay
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tubes. Thisconcentration of failure indices suggests a localized weakness in the transition
region, which may arise due to the combined bending and shear stresses acting in this area.
The interpretation of these results must, however, consider potential numengitivises.

The failed elements occur at a geometric transition where fillets are present, and stress
singularities can sometimes exaggerate local values. Nonetheless, if this response reflects a true
structural weakness rather than a numeridéfact it highlights the need for design
reinforcement at the chain stdpttom bracket connection. Potential mitigation strategies
could include enlarging the contact area at the joint or refining the geometry to reduce stress
concentrations.

Additionally, the @asessment of the rear dropout raises a secondary consideration. Although the
stresses within the steel itself remain below critical leVigire 4.2 showslocal deformation

of 9.84mm on the rear dropout, closehe region where the wood and steel comgnts are
bonded. This observation suggests the possibility of debonding or stress transfer issues at the
interface, which was not evaluated within the scope of this study. For future work, detailed
analysis of the woddteel bond strength and interfaaehaviouris recommended, as it may

prove to be a limiting factor in the loigrm performance of the hybrid frame.

4.1.4. Experimental and FEM Validation

The force displacement diagram for both the experimental and Finite element model was super
imposed and cangseen as shown Fgure 4.14 and 4.15.

BOTTOM BRACKETE FAIRSELACEMENT
CURVE
300
250
= 200
8 150
E FEM
100 —@—Exp Trial 1
50
0
0 1 2 3 4 5
Displacement (mm)

FIGURE.14: BOTTOM BRACKETHERIMENTAL AND FEMREBEDISPLACEMENT CRARISM
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REAR TRIANGLE FOBIGPLACEMENT CURVE
350
300
250
=
~ 200
8 FEM
o 150 )
L —8—Exp Trial 1
100 Exp Trial 2
0
0 2 4 6 8 10
Displacement (mm)

FIGURE.15: REAR TRIANGEXPERIMENREL AND FEM FORBEPLACEMENT COMPARISM

The FEM accurately captured linear elastic trends, but stiffness ranking diverged by location:
at the bottom bracket, the FEM was stiffer than the experimental resdits {imes), whereas

at the rear triangle it was softer. This locatt@pendent bias can be said to be consistent with
tesi model boundargondition differences and contact idealizations rather than bulk material
error. The bottorbracket simulation empy@d perfectly bonded contacts and rigid supports,
eliminating possible clamp and bedding compliance that may be observed in the rig; conversely,
the reastriangle setup in FEM allowed more rotational freedom at the axle/seat interfaces than
the physical fkture. Additional contributors include sensitivity to wood orthotropy orientation
and the absence of local crushing/plasticity in clamped regidrs. model can be further
developed to better capture the reality of the experimentalpset

4.2.Case Study 21MOCA Sandwich Specimens

4.2.1. ExperimentaFlexural Tesi(3-point and 4Point) Results

Quaststatic thregoint and fowpoint bending tests were carried out on plywaode
sandwich panels with carbon, basalt, and glass fibre skins, alongside unskinned plywood
controls for reference. For each skin orientation (0°, 45°, and 90°), between six and eight
specimens were tested to ensure statistical relevBoeeto time limitations, complementary
tensile tests and fufield strain mapping with Digital Image Corrélan (DIC) were not

performed, andonsequently no data were obtained for 45° sandwich speciffemsesults
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obtained are summarizedkigure 4.164.19 with the corresponding values presentediable
13 also the post failure outcome of the specimenbeaseen ifrigure 4.20 The coefficient of
variation (COV) is also reported for each case, expressed in percentage and enclosed in

parentheses.

ForceDisplacement Graph (Pure PlywoodRint Flexural Test)
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g 60 ——B1 Bois F3
L‘E 40 ——B1 Bois F3 ¢

20
0 |
20 0 5 10 15 20 25 30 35

Displacement (mm)

FIGURE.16: FORCIDISPLACEMENRAPH-ORPURE PLYWOQINDER\ 3-POINT FLEXURALTES

ForceDisplacemeniGraph BasaltO Degree3-Point FlexuralTest)
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FIGURE.17: FORCIDISPLACEMENRA&PH-ORBASALT 0 DEGRIEYDER &-POINT FLEXURALTES
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ForceDisplacement Graph (Glass O Degre®@int Flexural Test)
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FIGURHE.18: FORCBISPLACEMENRAPH-CRGLASS 0 DEGRINDER A&-POINT FLEXURAISTE

ForceDisplacement Graph ( Carbon 0 Degre®@int Flexural Test)
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FIGURE.19:FORCBISPLACEMENRAPH-ORCARBON 0 DEGRINDER A-POINT FLEXURAISTE
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TABLEL3: SUMMARY OSTRESSES COMRTION RESUBFOR SPECIMEN GRQBP DEGREE;FOINT
AND THE COV(IN %)

Control Plywood | Basalt FaceSheet | Glass Face | Carbon Face
Sheet Sheet
Pmax@vg{N) | 151.77 (7%) 382.26 (7%) 416.13 (5%) | 386.46 (13%)
1 max(avg) 24.20 (10%) 6.21 (7%) 19.22 (5%) 15.20 (14%
)(mm)
Uma{MPa) | 63.95 355.60 378.82 375.66
T 00 Q- 1.14 1.21 1.20

FIGURE.20; 3-POINT FLEXURAETER TEST IMAGE PEGMENS : (RURE PLYWOQB)BASALT FACE
SHEEU DEGREE)GLASS FAGEEET OEBREMD)CARBON FAGEIEET DEGREE

The quasstatic bending results preseniadTable 13 highlight clear improvements in load
bearing capacity and stress resistance when plywood is reinforced with fibre skins cdmpared
the unskinned control. The maximum load (Pmax) carried by the control plywood averaged
151.77 N, whereas the skinned sandwiches achieved values between 382.26 N and 416.13 N.

This represents more than a twofold increase in load capacity, confirmingjgtiiBcant
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contribution of the fibre facsheets to global bending resistance. Among the skins, glass fibre
achieved the highest average load capacity (416.13 N, COV = 5%), slightly outperforming
basalt (382.26 N, COV = 7%) and carbon (386.46 N, COV =)13%e higher variability
observed for carbon suggests a less consistent bonding or defect sensitivity in the tested series.
Defl ection values ( Umashegttypes. The boatrol plgwoadtrenchegiu i s h
a much higher deflection of 24.20 mm, reflecting its lower stiffness and greater ductility. In
contrast, basaflaced specimens were markedly stiffer, failingoaty 6.21 mm deflection.

Glass and carbon specimens displayed intermediate behaviours, failing at 19.22 mm and 15.20
mm respectively. These trends reveal a taifidetween stiffness and deformability: basalt
facesheets maximized stiffness but failedammore brittle manner, while glass and carbon
allowed higher deformation before failure, potentially absorbing more energy under service
loading.

In terms of calculated stresses, the maximum bending sjress) (followed a similar trend,

with glass (378.82 MPa) slightly outperforming carbon (375.66 MPa) and basalt (355.60 MPa).
All reinforced specimens greatly exceeded the control plywood (63.95 MPa), confirming the
decisive strengthening effect of themposite skins. Core shear stresdes () were broadly

similar across the three reinforced cases {IL21 MPa), indicating that the plywood core was
consistently engaged in shear transfer regardless of the outshizetetype.

Figure 420 presents the podailure condition of the sandwich specimens after gataic
bending. The control plywood, which lacked fibre fateets, failed in a typical manner within

the tension zone, consistent with its lower strength and ductility. In corttrasteinforced
specimens with basalt, glass, and carbon skins exhibited no significant macroscopic
deformation, indicating that the skins effectively constrained bending failure. Notably, the
specimen with glass faeheets displayed a distinct white gastong the radius of the applied

load. This feature suggests the development of localized stress concentrations within the
compression zone, which may be linked to incipient core crushing beneath the loading nose.
Such behaviour is characteristic of sarmdwstructures where the stiff fasheets protect
against tensile rupture, but load transfer into the plywood core introduces a secondary failure
mode through localized compressive damage.

Next is the 4point flexural testing and the images is as showkigare 4.214.24.
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ForceDisplacemeniGraph (PuréPlywood4-Point FlexuralTest)
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FIGURE.21: FORCIDISPLACEMENRAPH FORURE PLYWOQINDER A-POINT FLEXURAL TEST

ForceDisplacemeniGraph BasaltO Degree4-Point FlexuralTest)
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FIGURE.22: FORCIDISPLACEMENRAPH-ORBASALT DEGREBNDER A-POINT FLEXURAISTE
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ForceDisplacemeniGraph (Glass Degree4-Point FlexuralTest)

——V4VOF4 1
——V4VOF4 2

V4VOF4 3
——V4VOF4 4
——V4VOF4 5
——\V4VOF4 6
——V4VOF4 7
——V4VOF4 8

Force (N)

100 0 5 10 15 20 25 30 35
Displacemen{mm)

FIGURE.23: FORCIBDISPLACEMENRAPH-ORGLASS 0 DEGRIYDER A-POINT FLEXURALTES

ForceDisplacement Graph (Carbon 0 Degre®dint Flexural Test)
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FIGURE.24: FORCIDISPLACEMENGRAPHORCARBON 0 DEGREYDER A-POINT FLEXURALTES
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TABLE4: SUMMARY OF STRESSEEPUTATION RESUEDR SPECIMEN GROB® OEGREEPOINT
AND THE COV(IN %)

Control Basalt Face| Glass Face| Carbon Face
Plywood Sheet Sheet Sheet
Pmax(avg)(N) | 144.88 (19%) 647.47 (12%) | 644.20 (6%) 450.82 (6%)

1 max(avg) 35.40 (13%) | 8.00 (39%) | 26.30 (7%) | 27.25 (12%)

)(mm)
g max) ( M|34.71 359.76 345.57 269.28
t 00 & - 1.92 1.84 1.44

(d)
FIGURE.25; 4-POINT FLEXURAL AETET IMAGE OF SPECIBERR) PURE PLYWQBPBASALT FACE
SHEET 0 DEGREE (S5 FACEHEET 0 @REE (D) CARBON FSBEET 0 DEGREE

The fourpoint bending results presented Figure 4.214.24 and Table 14reinforce the
performance trends already ideigdf under thregoint loading. As with the earlier tests, the
addition of fibre facesheets produced a substantial increase in the maximum load capacity
compared to the control plywood, which reached only 144.88 N. Both basalt and glass face
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sheeted speciems carried more than four times this load, achieving 647.47 N and 644.20 N,
respectively. The carbeskinned sandwiches also showed a notable improvement at 450.82 N,
although their performance remained below that of basalt and glass.

While the ranking offacesheet materials is similar to the theant case, the absolute
deflection patterns reveal some distinctions. The control plywood again exhibited the largest
deformation (35.40 mm), reflecting its lower stiffness. The basalt specimens, consittent wi
their stiff behaviour in threpoint bending, failed at a much lower deflection of 8.00 mm,
indicating a brittle mode of failure under distributed loading. By contrast, the glass and carbon
skins allowed larger deflections of 26.30 mm and 27.25 mmec#sply, which suggests a
greater capacity for energy absorption prior to failure compared to basalt.

Stress calculations further underline these observations. The highest maximum stresses were
recorded for basalt (359.76 MPa) and glass (345.57 MPa)abathder of magnitude greater

than the control (34.71 MPa). The carbon fabeets followed at 269.28 MPa, maintaining the
same relative ranking observed under tipemt loading. The shear stress within the plywood
core remained relatively consistent@ss reinforced specimens, with values between 1.44 and
1.92 MPa, again confirming that the core response is less sensitive to the skin type than the
bending strength.

The postfailure images of the forpoint bending specimens, shownFigure 4.25,confirm
observations made during the thimant bending tests. The control plywobijure 4.25 (a)
exhibited visible deformation and cracking along the tension zone, characteristic of its lower
resistance and lack of skin reinforcement. In contrast, botbatbedt 425 (b) and carbon 25

(d) facesheeted sandwiches displayed no significant observable external damage, reflecting the
ability of the fibre skins to constrain failure and prevent macroscopic bending deformations.
The only reinforced specimen to élsih a visible response was the glass fabeet sandwich

4.25 (d), wherea localized patch beneath the load line suggested stress concentration and
possible onset of core crushing in the compression zone.

Overall, the aftefailure images from both thrgmint and fowpoint tests of specimens with
O-degree reinforced laminate consistently demonstrate that plywood controls fail visibly in
tension, while basalt, glass and carbon fsloeeted sandwiches maintain structural integrity
without clear surface indations of failure aside the glass. Glass fsloeets provide high
strength but show localized compressiefated markings, which may represent a critical mode

of damage initiation.
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Subsequently, the experimental results for specimens with laminatshfeets oriented at 90°
were also obtained. These outcomes are presented for the@dimebéending tests Figures
4.26 t0 4.3.

ForceDisplacemeniGraph Basalt90 Degree3-Point FlexuralTest)
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FIGURHE.26:FORCBISPLACEMENRAPH FOR BASALT EGREE UNDER-RGIN FLEXURAL TEST

ForceDisplacemeniGraph (Glass 9Degree3-Point FlexuralTest)
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FIGURE.27: FORCIDISPLACEMENRA&PH-ORGLASS 90 DEGRINDER &-POINT FLEXURALTES
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ForceDisplacemeniGraph (Carbon 9@egree3-Point FlexuralTest)
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FIGURE.28: FORCIBDISPLACEMENRAPH-ORCARBON 9DEGREHBNDER A&-POINT FLEXURALTES

TABLE5; SUMMARY OF STRESSEMPUTATION RESUEDR SPECIMEN GROBBOMDEGREB;POINT
AND THE COV(IN %)
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FIGURE.29: 3-POINT FLEXURAL AFTEST IMAGE OF SMEGS :A) BASALT FAGHEEY0 DEGREB)(
GLASS FAGHEEY0 DEGREE)(CARBON FAGHEEY0 DEGREE

Compared with the 0° thrgmint bending series, the 90° orientation retained the santelkon
plywoodbas | i ne (Pmax = 151.77 N; Umax = 24.20 mm
can be attributed solely to the effect of the laminate-$heets at this orientation. All of the
reinforced laminates improved load capacity and reduced deflection compéréukveontrol,
although to varying extentas shown inFigures 4.26 to 42 also Table 5. In terms of
maximum load, the basalt fasbeets carried64.17 N, representingonly a modesB.0%
increase relative to the control, whereas glass and carbord@doniore substantial gains of
29.9% and 10.0%, respectively. The ranking of the materials therefore mirrored the trend
already observed at 0°, with glass emerging as the strongest performer, though the absolute
improvements were generally smaller at 90hick is expected when fibres are aligned
transversely to the span.

Deflection affailure (Table15) alsoreflected these distinctions. The control plywood exhibited

the largest deformation at 24.20 mm, while basalt, consistent with its stiff behavioyr at 0
showed the lowest deflection d&.47 mm, corresponding to26% reduction. Carbon and glass
followed with reductions of 28% and 24%, respectivdlijze calculated bending stresses
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confirmed these findings. Glass achieved the highest stress capacdi§.@2 MPa, followed

by carbon at 161.43 MPa and basalt 48.42 MPa . Once again, the material ranking was
consistent with the earlier 0° tests, with glass providing the greatest improvement in load
capacity and carbon performing at an intermediate I8adalt, although trailing in strength,

offered the stiffest response. The shear stresses within the plywood core ranged between 0.45
and 0.57 MPa across the laminates, comparable to values from the 0° series, confirming that

t he cor eds c amemained largely anaffedted byddateeet type and that the

skins primarily governed bending behaviour.

From a costperformance standpoint, the glass laminates delivered the most favourable
outcome at 90°, combining the largest strength increase (+8@%oR moderate reduction in

defl ection (124%) and | ow scatter, al/l at th
of maxi mum stiffness with a36%)bqgtthe dtrengtaagain r e d L
was marginal and accompanied by highariability; it is therefore more suitable where
deflection control is a priority, such as in regions prone to local buckling or dimensional
tolerance issues. Carbon provided moderate gains in both capacity and sfiffnesaakes

theuseof this differen laminatedifficult to justify at 90° unless dictated by weight constraints

or material compatibility within a larger system.

ForceDisplacement Graph (Basalt 90 Degred®dint Flexural Test)
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FIGURE.30: FORCIDISPLACEMENRAPH-ORBASALT 90 DEGRINDER A-POINT FEURAL TEST
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ForceDisplacement Graph (Glass 90 DegrePdint Flexural Test)
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FIGURE.31: FORCIBDISPLACEMENRA&PH-ORGLASS 90 DEGRINDER A-POINT FLEXURAISTE

ForceDisplacement Graph (Carbon 90 Degre®dint Flexural Test)

Force (N)

250
——C3C90 F4 1
200 C3C90 F4 2
——C3C90 F43
150 ——C3C90 F4 4
——C3C90F45
——C3C90F46
100 ——C3C90 F48
50
0
0 10 20 30 40 50 60
-50

Displacemenimm)

FIGURE.32: FORCIBISPLACEMENRA&PH-ORCARBON 90 DREGRJNDER A-POINT FLEXURAISTE
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TABLHEG: SUMMARY OF STRESSEHAPUTATION RESUEDR SPECIMEN GROBRO@DEGREEPOINT

AND THE COV(IN %)

Control

Plywood

Basalt Face

Sheet

Glass Face
Sheet

Carbon Face
Sheet

Pmax(avg(N)

144.88 (19%)

166.37 (11%)

283.86 (5%)

180.64 (4%)

1 max(avg) {Mmm)

35.40 (13%)

23.61 (21%)

26.91 (7%)

35.13 (17%)

Umax(MPa)

34.71

80.28

150.85

104.61

T 00O

0.43

0.80

0.56

FIGURE.33: 4-POINT FLEXURAL AFTEST IMAGE OF SREQS : (A) BASALAGESHEET 90 DEGRBE
GLASS FAGHEET 9DEGREE (C) CARBOSHESHEET 90 DEGREE

The results of the 90° foypoint bending tests, summarizedrigure 4.304.32and Table 6,
further demonstrate the influence of laminate fslceets under transverse orientation.
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As in the thregooint tests, the control plywood baseline remaimechanged (Pmax = 144.88

N ; dmax = 35.40 mm), all owing a -shéeetsat®©®°. c omp.
The reinforced specimens clearly improved load capacity, although the relative magnitude of
these improvements varied significantly withteral choice. Glass fibre provided the largest
increase in maximum load, reaching 283.86 N, which represents a 96% gain over the control.
Carbon facesheets followed with 180.64 N (+25%), while basalt laminates showed only a
modest rise to 166.37 N (+15%lhis ranking is consistent with the thngeint 90° results,

where glass also offered the highest relative strength enhancement, carbon was intermediate,
and basalt showed the least pronounced benefit.

In terms of deflection, the control plywood agairfaimed most substantially (35.40 mm),
confirming its low stiffness and ductility. Basalt reinforcement reduced this value to 23.61 mm
(1T33% vs control), indicating its role in g
carbon, however, displayedghher def |l ecti ons of 26.91 mm (1
respectively. While glass offered the greatest strength increase, its deflection remained
relatively close to the control, suggesting a more balanced but less stiff response compared to
basalt. Carbaondespite increasing load capacity, essentially mirrored the ductile behaviour of

the control, which may limit its suitability when stiffness is a primary design criterion.

The calcul ated bending stresses (UGnhmhest f ol I
stress capacity at 150.85 MPa, more than four times the control (34.71 MPa), while carbon
reached 104.61 MPa (+200%) and basalt 80.28 MPa (+131%). These results confirm that glass
facesheets deliver the greatest structural benefit under transhadimg, whereas basalt
contributes more modestly to strength but remains valuable for controlling deformation. The
measured core shear stresses were 0.43 MPa for basalt, 0.80 MPa for glass, and 0.56 MPa for
carbon. These values are broadly comparahkiteose seen in the thrg®int series, reinforcing

the conclusion that the plywood core carries a consistent shear contribution, largely independent

of skin material.

Overall, the fowpoint 90° tests support and extend the conclusions drawn from thepthinte
experiments. The consistency in ranking across both methgldss as the most effective
reinforcement, carbon intermediate, and basalt the least effective in strength but atiffest
confidence to these trends. Importantly, the larger constantemtoragion of the foupoint

setup highlights more clearly the traof between strength and stiffness. Glass emerges as the

most efficient choice when strength enhancement is prioritised, delivering nearly double the
capacity of the control with acceptabvariability (COV = 5%). Basalt remains valuable for

stiffnessdriven applications, reducing deflection by ehed even if the strength gains are
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modest. Carbon, while effective in increasing capacity, shows limited stiffness improvement at
90° and coras with higher cost, making it less competitive in this orientation unless specific

weight or compatibility constraints justify its use.

4.2.2. FEM Predictions and Comparison

A preliminary FEM model was developed to compare with the experimental response; however
due to limited information on the exact material composition and properties of the sandwich

panels, the model could not fully capture the measuredifdisgdacement behaviouysee

Figure 4.34.
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5. CONCLUSIONS AND FURTHER DEVELOPMENTS

5.1.Main conclusions

This thesis investigated the structural performance of wogderss for sustainable means of
transport. Two case studies were examined in detail: sdale solid oak bicycle frame and
plywood-core sandwich specimens inspired by IMOCA hull structures. Both experimental
testing and finite element modelling were doyed, supported by custom failure evaluation

methods. The key conclusions are summarised below.

5.1.1. Wooden bicycle frame

Experimental stiffness tests on the oak bicycle frame showed that wood can be used as a
structural material for bicycles with adequatéfiséiss and safety margins under static loading.

The load displacement responses bmttom bracket and rear triangle were linear and remained
within the elastic range of oak, with small global deflectioRmite element modelling,
enhancedvith a Pythorbased Ts&Wu failure postprocessor, confirmed the absence of global
failure in the wooden components. It also identified localised stress concentrations at the
transitions between the rear triangle and the istemd dropout interfaces. Whi these
findings establish the feasibility of using oak for bicycle frames, they also highlight the

importance of careful detailing at joints and hybrid interfaces to mitigate localised weaknesses.
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5.1.2. IMOCA sandwich specimens

SPECIMEN FORCE RESULT (N)
700

600
500
400

300
200

0 Deg: 3-Point 0 Deg: 4-Point 90 Deg: 3-Point 90 Deg: 4-Point

o

o

m Control Plywoodm Basalt Face-Sheat Glass Face-Sheat Carbon Face-Sheet

FIGURB.1: SUMMARY OF MAXIMUMRCE CAPACITY FORESRANDWICH SPECIMEN

Quaststatic bending tests on plywoatre sandwich panels reinforced with carbon, basalt and
glass face sheets confirmed significant performance improvemeniga ¢tathe unreinforced

control panels. At a 0° orientatigeeeFigure 5.1) both basalt and carbon enhanced strength

and stiffness; however, basalt consistently outperformed carbon in terms of stiffness and
strength under fogpoint bending. At 90°, thabsolute gains were smaller, but glass fibre
provided the greatest increase in strength with low variability. Basalt again delivered superior
stiffness. Carbon remained an intermediate performer, but became less attractive when cost was
considered. Overallglass fibore emerged as the most advantageous reinforcement strategy;
basalt proved ideal for stiffnessitical zones; and carbon was suitable only for niche
applications where weight or compatibility considerations dominated.

5.1.3. General outcomes

Combiningthe results of both studies shows that wood can be effectively engineered as a solid
frame material or the core of a sandwich system for -pegfiormance applications in
sustainable transport. The bicycle frame study confirmed that solid oak is a wwabtaral

option, and the IMOCA sandwich study showed the benefits of hybrid iwoatposite
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designs. Together, the studies confirm the potential of wooden structures as a credible
alternative to metals and synthetic composites for lightweight, sustamabiéty.

5.2 Further developments

Future work on the wooden bicycle frame should concentrate on several key areas. Particular
attention is required at the junctions between the wooden and steel components, as these hybrid
connection points influence both tbaransfer and lonterm durability. Additionally, extended

fatigue and creep testing is necessary to evaluate the behaviour of the solid wooden frame under
cyclic loading and sustained service conditions. This will provide essential data for assessing
sakty and design life. Finally, developing refined anisotropic failure models tailored to solid
wood would significantly improve the predictive accuracy of finite element simulations,
enabling better optimisation of frame geometry and material utilisation.

Further research on bond integrity and interfacial performance between the plywood core and
the composite skins is recommended for the IMOCA sandwich panels, especially given the
harsh marine environment in which they are used, where moisture ingregespsalire and

cyclic stresses may weaken adhesion. It is equally important to investigate the fatigue and
impact resistance of these reinforced panels, given that IMOCA hulls are regularly subjected to
slamming loads and higtycle fatigue. Furthermore, iagorating delamination and crushing
mechanisms into advanced numerical models would provide a more realistic representation of
failure behaviour and guide safer, more efficient hull design.

Together, these future research directions will refine the meaioce and reliability of wooden
bicycles and IMOCA sandwich structures, strengthening their potential as sustainable

alternatives in higiperformance transport engineering.
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FIGURB.7: B4 BO F3 10

FIGURE.6: B3 B90 F4 5
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FIGURBE.8:B4 BO F4 5 FIGURB.9: C1 BOISF4 6

FIGURB.11: C2 CO T1

FIGURE.12: C2 C90 T9 FIGURB.13: C3 COF3 5
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FIGURB.16:C4COF45 FIGURE.17: CPO T10

FIGURK.18: V1 V45 T1 FIGURB.19: V2 VO T5
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