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Abstract

The characterisation of the mechanical behaviour of coated textiles has been
subject of various studies over the past decade. As an architectural and
structural material, textiles offer important benefits to both the architect and
the engineer, such as a low specific weight, large freedom in shapes and the
possibility to create large load-bearing spans. However, when it comes to
testing these materials, deriving their engineering properties and applying
them in numerical simulations, there still exist a large disunity in both the
academic world and the industry.

Being able to characterise a material’s properties has always been one of the
most important parts of a structural design. By understanding and being able
to characterise its behaviour, and limitations, engineers are able to optimise
structures to fully take advantage of the material whilst still being able to
guarantee a safe design. However, due to its complex composition, the
characterisation of fabrics has shown to be highly influenced by test conditions,
the applied biaxial load profile and the mathematical methodology applied
during post-processing. This fact, combined with the aforementioned disunity
makes it very difficult for engineers to specify the fabric’s material parameters
with full confidence.

In the research described in this dissertation I thus investigated the impact of
various test conditions as well as post-processing methodologies on both the
direct biaxial stress-strain result as well as the derived material parameters. By
comparing the results from various tests on a polyester-PVC material amongst
each other and applying them in various numerical models, the impact on the
direct test result as well as the influence on the actual design process could be
quantified and evaluated.

This dissertation describes the whole research conducted for the quantification
of the impact of test conditions on the outcome of the biaxial tests and their
influence on the structural design. In the first part, the importance of material
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parameters during the design process will be indicated as well as the currently
existing framework and the importance of material parameter characterisation.
The second part focusses on the biaxial testing of a polyester-PVC fabric using
various existing methods, derive their material parameters and study the
outcome by means of statistical analysis. In the third part, the actual impact
of these variations on numerical models, both of the basic biaxial sample and
representative doubly-curved structures, will be illustrated.

The stress-strain results from the biaxial tests illustrated the importance of
the choice of load profile, with stress-strain results varying throughout the
test even when the exact same loads where reapplied. We also found large
variations in material parameters to occur depending on the applied load
profile during the tests and the chosen post-processing approach. However,
statistical analysis showed that despite these variations, the data distributions
were compatible with different theoretical statistical distributions, making
mathematical characterisation possible. Applying these different outcomes to
various numerical models showed that it were mainly the displacements that
were influenced by these variations and even then, only in cases where the
structure possessed a relative low curvature.

The research presented in this dissertation thus provides a possible methodology
to assess the statistical properties of the variation in material parameters due
to various test and post-processing methodologies as well as their impact on
the numerical models. Aside from this methodology, this data does illustrate
quantitatively how the test conditions can influence the direct outcome of
biaxial tests and to what extend they can influence the decisions made during
the numerical design. This allowed us to recommend some general guidelines
when it comes to the applied biaxial load profile and the post-processing
methodology for biaxial tests.

Having generated such a large set of data does allow for a direct insight into the
impact of decisions made during the biaxial testing of fabrics on the later design
steps. It also provides a possible statistical methodology which could be applied
in reliability studies, which are of vital importance for the currently drafted
Eurocode document regarding prestressed fabric structures. Further research
including other materials (e.g. glass-PTFE) will allow for further refinement
and verification of the statistical method proposed during this research as well
as provide insight into the condition-sensitivity of different material types.
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Samenvatting

Het bepalen van het materiaalgedrag van gecoat textiel maakte gedurende het
laatste decennia reeds deel uit van verschillende studies. Als architecturaal en
structureel materiaal geeft het gebruik van textiel verscheidene voordelen, zoals
bijvoorbeeld een laag soortelijk gewicht, grote vormvrijheid en de mogelijkheid
om grote overspanningen te creëren. Maar wanneer het aankomt op het testen
van deze materialen, het afleiden van hun materiaalconstanten en de toepassing
in numerieke modellen bestaat er nog steeds een grote verdeeldheid in zowel
de academische wereld als de industrie.

Het beschrijven van het structureel gedrag van een materiaal is steeds een
belangrijk onderdeel geweest van een structureel ontwerp. Immers, door het
gedrag en beperkingen van een materiaal te duiden en te begrijpen, kunnen
ingenieurs de ontworpen structuren optimaliseren om het gekozen materiaal
zo efficiënt mogelijk te benutten zonder de structurele veiligheid in het gedrang
te brengen. Ten gevolge van hun complexe opbouw blijkt echter dat het
gedrag van gecoat textiel sterk beı̈nvloed wordt door variabelen zoals test
omstandigheden, het gebruikte belastingprofiel en de mathematische methode
gebruikt tijdens de verwerking van de test data. Dit, gecombineerd met de
eerder geduide verdeeldheid, zorgt ervoor dat het bijzonder moeilijk is om de
structurele eigenschappen van een textiel ondubbelzinnig te duiden.

De invloed van verscheidene test condities, alsook de verwerkingsmethodes, op
zowel de directe spanning-rek resultaten als de afgeleide materiaalparameters
werden aldus onderzocht en gekwantificeerd. Door de resultaten van verschei-
dene testen op een polyester-PVC textiel te vergelijken en deze toe te passen in
verschillende numeriek modellen kan de impact op zowel het rechtstreekse
testresultaat als de invloed op het ontwerpproces geduid en gekwantificeerd
worden.

Deze thesis beschrijft het hele onderzoek gevoerd naar de kwantificering van
de impact van test condities op de resultaten van biaxiale testen op textiel en
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hun invloed op het structurele ontwerp. In het eerste deel wordt de invloed
van materiaalparameters in het ontwerpproces beschreven en een overzicht
gegeven van de bestaande context en hoe het ontstaan van nieuwe typologieën,
zoals kinematische textiel structuren of structuren met lage kromming, de
relevantie van correct afgeleide materiaalparameters versterkt. Het tweede
deel richt zich op het biaxiaal testen van een PVC-gecoat polyesterweefsel aan
de hand van verschillende methodes, de afleiding van de materiaalparameters
en het uitwerken van een statistische interpretatie. Tenslotte wordt in het derde
deel de impact van de variabiliteit in materiaalparameters op het ontwerpproces
getest aan de hand van verschillende numerieke modellen.

De spanning-rek resultaten van de biaxiale testen toonde zeer duidelijk de
gevolgen van het gebruik van verschillende belastingprofielen, met spanning-
rek resultaten die variëerden doorheen de test, zelfs wanneer dezelfde belast-
ingverhouding opnieuw toegepast werd. Daarnaast resulteerde verschillende
test- en verwerkingsmethodes in belangrijke verschillen in de afgeleide ma-
teriaalparameters. Verdere verwerking toonde echter aan dat de variaties in
materiaalparameters compatibel waren met een aantal statistische distribu-
tiefamilies, wat een mathematische beschrijving mogelijk maakt. Het toepassen
van deze variaties in numerieke modellen toonde dat het in hoofdzaak de
verplaatsingen waren die beı̈nvloed werden en dit hoofdzakelijk in structuren
met een lage kromming.

Het gepresenteerde onderzoek toont dus niet alleen de variaties in resultaten
die ontstaan door het hanteren van verschillende testmethodes en hun invloed
op numerieke modellen, maar geeft ook een mogelijke methode voor een
statistische verwerking van biaxiale data. Naast deze methodologie toont
dit onderzoek ook heel concreet in welke mate testomstandigheden kunnen
resulteren in verschillen in materiaalparameters en hun invloed op het on-
twerpproces. Dit stelt ons in staat om een aantal heel concrete richtlijnen op te
stellen met betrekking tot het verzamelen en verwerken van biaxiale testdata.

De verzamelde data set verschaft ons inzicht in hoe beslissingen genomen
tijdens de testprocedure van het textiel invloed kunnen hebben om het
verdere ontwerp. Het reikt ook een statistische methode aan die, mits
verder onderzoek, zou kunnen toegepast worden in betrouwbaarheidsanalyses
dewelke van cruciaal belang zijn voor de Eurocode betreffende voorgespannen
membraanconstructies. Verder onderzoek met andere materialen (bijvoorbeeld
glas-PTFE textiel) kan deze methode verder verfijnen en inzicht verschaffen in
de gevoeligheid van verschillende materiaaltypes.
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1
Introduction

1.1 ARCHITECTURAL ENGINEERING AND FABRICS

Reducing the weight of a structure has always been one of the main interests
of structural engineers. Minimising the weight reduces the loads placed on
the foundations, the required amount of material and increases the overall
structural performance of the design. This pursuit of lightness has resulted
in various different concepts which optimise the structure’s geometry and
behaviour to the expected external loads. This mindset has led to various new
typologies such as thin compression-only shell structures, tensegrity and tensile
fabric structures (figure 1.1).

This latter typology, and main subject of this dissertation, relies on a tensioned
fabric as principle structural element carrying the external loads. Using a
fabric as main structural element provides the structure with some interesting
advantages, like an exceptional low self weight, allowing the structure to span
large spaces without intermittent supports, a very efficient material use and
the possibility for an articulate and very varied geometrical expression.

Despite their advantages, utilising a fabric as a structural element does however
come with its fair share of challenges and difficulties. Not in the least of all,
the fact that a fabric can only cope with tensile forces. If the fabric ends up
in a state where it becomes slack, it loses its structural function. Ensuring the
preservation of tensile stress requires the structure to be designed in a very
particular way to ensure the fabric remains in tension for every load case and
during the entire lifespan of the structure.
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CHAPTER 1 INTRODUCTION

Figure 1.1: In the pursuit of light, efficient structures various typologies
were conceived throughout the decades. Examples of such typologies
are tensegrity structures (left), thin compression-only shells (middle) and
tensioned fabric structures (right) (pictures from Wikimedia (2006), Miller
(2014) and SDAP (2016)).

This latter aspect is the main rationale behind the practice of prestressing
the fabric and the complex and unique shapes which fabric structures are
commonly identified with. Not only is the typical curved shape the equilibrium
shape for a tensioned membrane, it also optimises the structure’s geometry to
ensure each load case can be captured using the tensile strength and stiffness of
the fabric while reducing the displacements. This introduces a strong, complex
interaction between the boundary conditions, the geometry and the structural
behaviour for fabric structures.

In addition to the shape and load bearing behaviour, the fabric material itself
poses some important challenges to structural engineers. Structural fabrics
consist of various layers: the structural weave which consists of various
fibres (often polyester or fibreglass), the base coating protecting the fibres
from environmental conditions such as UV radiation and ensuring the initial
waterproofing of the material and finally various optional finishing layers
providing the fabric with different additional properties such as self-cleaning
(figure 1.2).

The inherent anisotropic nature of the base weave, consisting of relatively
straight warp fibres and curved fill fibres, combined with the multi-layered
composition of the entirety of the fabric make it a very complex material
to characterise and describe numerically. Due to the anisotropic nature, the
straining behaviour is, amongst others, dependant on the applied multi-
axial load ratio and thus requires multi-axial test methods to characterise the
mechanical behaviour of structural fabrics. In practice, the straining behaviour
of fabric structures is commonly determined through biaxial tests which expose
a fabric sample to a wide variety of load ratios in the two main fibre directions,
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1.1 ARCHITECTURAL ENGINEERING AND FABRICS

Figure 1.2: Impression of the general composition of a structural fabric
consisting of a orthogonal weave as base and multiple coating and
finishing layers.

allowing for the determination of the stress-strain behaviour of the fabric for
each of these load ratios. The way these biaxial tests are conducted is however
far from uniform with various research facilities adopting different approaches
and methodologies in testing the material and deriving the required material
properties (Galliot and Luchsinger, 2011; Membrane Structures Association of
Japan, 1995; Forster and Mollaert, 2004; Collectif SEBTP, 2009; Beccarelli, 2015).

As fabric structures continue to grow however, the need of a uniform approach
in testing fabrics and interpreting the results has also grown. Groups like
working group 4 from COST Action TU 1303 and CEN/TC 248 are currently
working steadily towards the conception of a Eurocode document regarding
the use of fabrics in structures in general and mechanical testing of fabrics in
particular (Stranghöner et al., 2016). This does however require an in-depth
understanding on how material parameters influence the design, the various
sensibilities of the testing of fabrics and a methodology to cope with the
relatively large variability of the test outcomes. This is the context in which the
research presented in this dissertation frames itself.
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CHAPTER 1 INTRODUCTION

1.2 AIMS OF THIS THESIS

The research presented in this doctoral thesis focusses on the biaxial testing of
fabrics, the influence of various factors on the derived material parameters and
their impact on the structural design process.

How does a fabric structure respond to various sets of material parameters?

Is it possible to identify least-favourable sets of material parameters?

In order to conduct this investigation in a well-structured way, the first goal
was to assess the structural response for typical prestressed fabric structures in
function of various virtual sets of material parameters. By studying stresses,
displacements and the occurrence of wrinkles, various relations between
the structural design process and the effective material parameters could be
established. These relations will then serve as basis to identify least-favourable
sets which apply to the investigated structures and failure modes.

How do different load profiles, mathematical derivation methods and im-
posed constraints influence the outcome of biaxial tests?

How can we characterise the noted variations using established statistical
methods and use these distributions to derive statistically meaningful pa-
rameters?

The second aim was to assess how various parameters, like the applied load
profile, the derivation methodology and various other assumptions and choices
could influence the outcome from biaxial tests. As a uniform approach to the
conduction and interpretation of these tests currently does not exist, there is a
lot of room for interpretation and the derived material parameters can greatly
depend on where and how the biaxial tests are conducted. Assessing the
impact of various decisions on the derived material parameters will allow to
identify various relations between these choices and the outcome. In addition,
this investigation aims to provide a possible methodology to capture these
variations through statistical analysis and interpretation, which can serve as a
possible basis for further investigations which focus on structural reliability
analysis.

What is the impact of the noted variations in the material parameters on
numerical models describing the biaxial tests?

To what extent do the resulting strain differences influence the design
process?

6



1.3 OUTLINE OF THIS THESIS

Finally, having derived the variability of the test outcome, their impact on the
structural design process was established. By invoking actual outcomes from
biaxial tests rather than virtual material parameters, the results on numerical
simulations of both the biaxial test sample and representative fabric structures
could be established. Where the first model focusses on investigating where
each set of material parameters positions itself in the range of possible stress-
strain results obtained from the biaxial tests, the second part focusses on the
question to what extent the noted differences are in fact relevant to the overall
structural design process of a fabric structure.

1.3 OUTLINE OF THIS THESIS

PART I: INTRODUCTION

This thesis starts with laying down some of the history and the fundamental
concepts regarding fabric structures in general and the fabric material in
particular. The importance of prestress, curvature and the overall design
process are shortly explained. After this, the material composition and the
effects its rather unique composition has on the general mechanical behaviour
of the material are explained.

Chapter 2 deals with the impact of various material parameters on the structural
analysis by investigating two representative typologies using a wide array
of virtual, but plausible, material parameters. This chapter aims to identify
the relation between the overall structural behaviour and the values of the
linear-elastic orthotropic material parameters.

PART II: TESTING FABRICS AND DERIVING THEIR PROPERTIES

The next chapter starts by explaining the principle concepts of biaxial testing
of fabrics and sketches the large variability that exists in current approaches.
It then proceeds by discussing the different stress and strain results obtained
from various biaxial tests which applied different load profiles to a PVC-coated
polyester material.

Chapter 5 focusses on the processing of the biaxial results to linear-elastic
orthotropic material parameters which can be applied in numerical modelling.
Various processing methods and their impact on the resulting parameters has
been discussed in great detail as well as the influence of various assumptions
and constraints.
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CHAPTER 1 INTRODUCTION

The following chapter discusses how the noted variability can be translated into
statistically meaningful data and explores whether it is possible to use these
statistical descriptions to derive a set of least-favourable material parameters
by using the observations from section 3 and some relations that were noted
between the various material parameters.

Chapter 7, and the concluding chapter of the second part of this thesis, consists
of various different smaller issues and effects which were noted during the
investigations into biaxial testing of woven fabrics. Although not relating
directly to any of the overarching objectives of the conducted investigation,
these observations are nonetheless noteworthy and have a large potential for
future research. This section discusses the difference in results caused by the
measuring method (Digital Image Correlation versus linear transducers), the
impact of the reduction factor, the merits and challenges of project-oriented
approaches by means of a test case and the possible discrepancies which can
arise when testing fabrics using different test constraints (mainly the design of
the biaxial testing rig and sample geometry).

PART III: IMPACT OF MATERIAL PARAMETER VARIATION ON NUMERICAL SIMULATIONS

The third, and final, part of this thesis draws the connection between the noted
differences in material parameters and the practical impact by means of various
numerical simulations.

The first chapter of this part, chapter 8, models the biaxial sample and test
conditions in order to investigate the relative position of the various derived
material parameter sets in regards to the actual measured straining behaviour
of the fabric.

Finally, chapter 9 makes the reflection back to the representative structures
discussed in section 3. This allows us to make a founded statement towards
the actual practical impact these different sets have and thus the relevance of
these differences.

To conclude the entirety of the conducted investigation has been summarised
in a set of conclusions and explores some possibilities for future research.
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2
Fabrics and engineering - The fundamentals

Fabric structures, also often referred to under the more general term form-
active structures, form a unique part of the built environment. Ever since the
conception of the modern generation of tensile fabric architecture over 60 years
ago, their unique shapes, efficient load-bearing behaviour and overall aesthetics
have inspired many architects and engineers alike.

The use of fabrics as a structural element does however come with a number
of difficulties and unusual, but important, design considerations. These
difficulties mainly arise from the various unique properties of the material and
affect various different steps in the design process, ranging from characterising
the material properties to the design of the connection details of these fabric
structures.

This first chapter aims to provide the reader with the required foundation
to understand the overall behaviour of both the fabric material and the
fabric structure as a whole. The first section focusses on a short history
of fabric structures and their development to the point where we are now.
Afterwards, a number of base concepts and related typologies have been
explained. Building on these basic concepts, the global structural behaviour of
fabric structures is shortly discussed after which we focussed more in detail on
the material composition and behaviour required to understand the majority of
the challenges and discussions found in this thesis. A more detailed overview
of these challenges then forms the final section of this chapter.
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Figure 2.1: Using fabrics in tent structures goes back multiple centuries
with the Mongolian yurt (left) and the Arabic black tent (right) often cited
as the earliest examples of tent structures (pictures from Richardson and
Richardson (2012) and Harvie (2016b)).

2.1 SHORT HISTORY

Although the conception of the modern prestressed fabric structures goes
back only 60 years, the underlying concept of using a light, thin material to
generate a protected space goes back as much as 44000 years when nomadic
tribes during the ice age used branches, bones and animal skins to create
the earliest form of shelters. Later on, the skins were replaced by woven
materials which ultimately formed the basis for the current generation of fabric
materials used in construction. The earliest examples from these structures are
likely the cylindrical-shaped Mongolian yurts (figure 2.1, left) or the saddle
shaped Arabian “black tents” (figure 2.1, right) (Faegre, 1979; Habermann, 2004;
Shaeffer, 2013; Kronenburg, 1995).

Overall, these tent structures only went through a minor evolution and at the
first half of the 20th century the most notable use of fabrics in structures were
regular circus tents. It is only after the first half of the 20th century that the
interest in tensile structures picked up with pioneers like Walter Bird and Frei
Otto pushing the technology towards the modern interpretation of tensile fabric
structures. While Walter Bird laid the foundations for the modern pneumatic
structures, it is mostly Frei Otto who is regarded as the driving force behind
the conception of the modern interpretation of prestressed fabric structures,
with structures like the Kessel bandstand (1955, figure 2.2, left) and the dance
pavilion for the Cologne Federal Garden Exhibition (1958, figure 2.2, right)
shaping the current interpretation of fabric structures (Berger, 2005).

From there on forward, the technology, materials, design methods and building
practices of tensile fabric structures rapidly evolved with many architects and
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Figure 2.2: Frei Otto is often cited as the pioneer of the modern prestressed
fabric structure with structures like the Kessel bandstand (1955, left) and
the dance pavilion at the Cologne Federal Garden Exhibition (1958, right)
shaping the modern interpretation of these structures in a major way
(pictures from Winston (2015)).

engineers drawn to the unique shapes and strong, honest integration between
form and structure. With the conception of new materials, like PTFE-coated
fibreglass, the design of more permanent structures became possible where
in previous structures the lifespan of the available materials was restricted to
10 years (Ansell et al., 1983; Shaeffer, 2013). This material, first used in the La
Verne College Student Activities Center in 1973 (figure 2.3, top left), further
sparked the development of larger and more varied structures and shapes
(Harvie, 2016a; Shaeffer, 2013; Lockney, 2009).

Since then, a multitude of structures have been created presenting an excep-
tionally large variation in scales, shapes, typologies, materials and applications.
And with the occurrence of the computer-aided design and engineering tools,
the conception and in-depth study of these structures has become significantly
easier, less time-consuming and has further pushed the boundaries in terms of
scale, typologies and complexity (figure 2.3).

In the recent decades, a lot of attention goes towards the development
of new fabric materials and production methods (Tamke et al., 2015), the
characterisation and numerical description of the mechanical material behaviour
(Bartle, 2013; Coelho et al., 2013; Colasante, 2014b; Dinh et al., 2014; Galliot
and Luchsinger, 2009) and the design of various new concepts (Deleuran et al.,
2016; Puystiens et al., 2016; Van Craenenbroeck et al., 2016). All these various
studies show that fabric structures are still expanding and both architects and
engineers are still pushing the boundaries of what is possible.
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Figure 2.3: Throughout the last decades, fabric structures of various scales, functions
and shapes have been designed around the globe. From left to right, top to bottom:
Roof of the La Verne Student Activities Center (Glassdoor.co.in, 2008), United States
Pavilion on Expo ‘70 (Chermayeff & Geismar & Haviv, 2016), Eden Project (Traveldigg,
2016), atrium of the Palacio di Mineria (Archh, 2016), ASU SkySong Innovation Center
(Armijos, 2012), umbrellas at Medina (Wikipedia, 2016b), Busan World Cup Stadium
(Taconic, 2016) and the Beijing National Aquatics Center (Wikipedia, 2016a).
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2.2 CONCEPTS, TYPOLOGIES, STRUCTURAL BEHAVIOUR AND DESIGN

During this section some of the fundamental concepts and practices regarding
the design of fabric structures have been explained. As a large part of this
thesis relates to the practice, some basic understanding of how fabric structures
work and which parameters influence their structural behaviour is required.
In this section, we first focus on some general principles involved with fabric
structures like prestress and double curvature and what they mean to the
structure. Afterwards, the structural behaviour of some key typologies is
shortly discussed to illustrate the overall structural behaviour. Finally, a
general and commonly used design approach is discussed to allow the reader
a full fundamental insight in both the theory and practice behind prestressed
fabric structures.

2.2.1 GENERAL CONCEPTS AND CONSIDERATIONS

As mentioned above, using fabrics as an active structural material requires a
shift in the way we usually think about structures. Classic structures, typically
using steel or concrete, rely on their mass and section to limit the structure’s
deflections and carry the external loads. These structures typically display
a relative large self weight compared to the loads they carry. With fabric
structures however, this structural mass in not present and these structures
typically display a low self weight, carrying a comparatively large load.

To do so, fabric structures rely on a number of different concepts interacting
with each other to create a viable, safe and stable structure. The first of these
concepts is prestress. Since fabrics, unlike steel or concrete, are incapable to
cope with compressive forces without losing their stability, they have to remain
tensioned under every load case. This is achieved by providing the fabric with
an initial tensile stress, the prestress, introducing an additional tensile stress
reserve and as such allowing the structure to deal with compression-inducing
load cases without the fabric becoming unstable. In addition, the introduction
of a pretension reduces the displacements in the usually flexible fabric and
provides it with the required structural properties to act as a viable structure
(figure 2.4). This pretension is expressed as a force (kN) when we are talking
about cables or as a force per width (kN/m) when we are considering the fabric.
Typically, fabric structures are prestressed with values ranging between 1 kN/m
to 5 kN/m although the actual values can differ depending on various design
parameters such as the scale and shape of the structure or the expected external
loads.
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Figure 2.4: While a slack washing line moves in the wind, tensioning
the line provides it with more rigidity reducing the deformations (image
based on Wei and Sun (2002)).

Since fabrics are inherently more flexible than other common structural
solutions, the way the structure deals with an external load also becomes
inherently different. Where typical structures rely on mass and transfer the
forces through a fixed geometry, fabrics are designed around the idea that form
follows force. So instead of diverting the external forces using a lot of mass and
trying to keep the deflections as small as possible, fabric structures use their
flexibility to optimise their shape to divert the forces as efficiently as possible.
This concept becomes most import during the design stage where, contrary to
other structures, the shape is being generated by imposing boundary conditions
and (pre)stresses rather than restricting the structure to a fixed, predetermined
geometry. This results in a very typical design methodology which will be
explained later in this section.

Further optimising the structural behaviour of fabric structures is the concept
of double curvature (Berger, 1999; Bridgens and Birchall, 2012; Lewis, 2003).
The concept of double curvature describes every surface which curves in two
main directions. Typically, two types of double curvature are distinguished:
synclastic and anticlastic. In synclastic surfaces the direction of the curvature is
the same in both main directions (figure 2.5, left). This generates round, balloon-
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Figure 2.5: In synclastic surfaces, the main curvatures go in the same
direction (left) while anticlastic surfaces show opposing directions of
curvature (right).

like shapes which are, in practice, usually achieved by inflatable structures. In
anticlastic surfaces on the other hand, the main curvature has two opposing
directions (figure 2.5, right). Adding curvature to the fabric further enhances
the structural behaviour in the sense that it puts the fabric in a shape which
allows it to carry loads as efficient as possible and prevent states where the
whole of the fabric loses its prestress. The difference between synclastic and
anticlastic curvature is sometimes also referred to in terms of the noted Gaussian
curvature (Uhlemann, 2016). This parameter, which is essentially the product
of the two principle curvatures (with the curvature defined as the inverse of
the curvature radius in the observed point), results in a positive Gaussian
curvature for synclastic structures, when both curvatures have the same sign,
and a negative Gaussian curvature for anticlastic structures, where the two
curvatures have an opposing sign.

2.2.2 STRUCTURAL BEHAVIOUR

The structural behaviour of fabric structures is thus largely governed by the
interactions between the applied prestress, curvature and the actual shape. In
order to understand how these factors influence the overall behaviour, this
section will take a closer look at the behaviour of some representative structures
and study how these structures respond to external loads. Both synclastic and
anticlastic structures will be studied here: a synclastic inflated dome and an
anticlastic hypar structure (figure 2.5).

In case of the synclastic structure, the prestress in the fabric has been generated
through the internal pressure. The higher this pressure, the higher the prestress
in the fabric. As described before, this type of structure inherently consists
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Figure 2.6: In a synclastic structure, an upward (relative to the normal of
the surface) load is typically captured by the fabric’s tensile strength (left)
while downward loads require additional external forces, like internal
pressure, to remain balanced (right).

of a surface where the direction of the curvature is the same in the two
main directions (figure 2.6). When this structure is subjected to an external
load which pulls away from the surface, like for instance wind suction, the
fabric will restrain this loading thanks to its tensile stiffness as the introduced
curvature ensures the fabric becomes tensioned under this loading (figure
2.6, left). However, when the loading consists of a load which pushes onto
the generated surface, like a snow load, this typology is unable to use the
mechanical properties of the fabric due to it being unable to transfer compressive
loads, unlike for instance a stone vault. Instead, these structures rely on the
introduced internal pressure and prestress reserve in the fabric to capture these
loads (figure 2.6, right).

When the structure however consists of a synclastic surface, it is capable of
capturing various loads without having to rely on an additional external load
like the internal pressure. Considering a hypar structure, which typically
consists of a rectangular ground plan with the fabric attached to two low
points and two high points, we clearly note the two opposing curvatures in
the structure. Depending on the applied load, we now can make a distinction
between a direction capturing the load by stressing the fabric, the carrying
direction, and a secondary direction which has to rely on its prestress reserve
to not become slack, the supporting direction. In the case of the hypar, there
is a clear distinction between which direction captures which load. When the
applied load is again upward, the curve generated between the two low points
will be the carrying direction as the fabric is pulled upward (figure 2.7, left).
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Figure 2.7: In synclastic structures, two opposing curvature directions
ensure that at least one direction of the fabric is tensioned by a load case,
whether it is upward (left) or downward (right).

When the applied load is downward, the curve between the two high points
will become the carrying direction. Thus by introducing anticlastic curvature
in the structure, the structural typology is, to an extent, optimised to deal
with various loads and at the same time prevents the loss of prestress in the
fabric (figure 2.7, right). It is this combination of prestress and curvature which
ultimately generates the stiffness and load-bearing capacity of the structure.
This is often referred to as the geometric stiffness of the structure (Kneen, 1990;
Lewis, 2003).

These examples clearly illustrate not only how typical fabric structures behave
structurally but also the importance of both the prestress and the double
curvature in these structures. Where the prestress ensures the supporting
direction has enough reserve in terms of tensile stress to ensure it does not
become slack, the double curvature ensures the fabric can capture the various
load cases by using its tensile stiffness.

2.2.3 DESIGNING FABRIC STRUCTURES

The above concepts already show how different fabric structures are from
regular structures. This is also reflected in the design process, which will be
explained in this part.

First of all, it is important to realise that a typical fabric structure, unlike a steel or
concrete structure, does not start from an initial, designed and fixed geometrical
shape. As the fabric is flexible and prestressed, its initial shape is governed
by the boundary conditions (such as support conditions) and the desired
prestress (ratio) in the structure. In other words, the initial shape of a fabric
structure is the equilibrium shape generated by these boundary conditions and

17



CHAPTER 2 FABRICS AND ENGINEERING - THE FUNDAMENTALS

the prestress in the fabric. In practice, these shapes generally conform to the
minimal surface generated from the imposed boundary conditions and are
difficult to describe in a similar way we are used to describe and design other
structures where the designer has full control over the shape. This is where the

“form follows force” idea plays a big role: the initial shape of the fabric structure
is governed by the various forces introduced in the fabric which will attempt
to reach an equilibrium. For a given set of boundary conditions and prestress
level, this equilibrium will be reached when the structure takes one specific
shape. Finding this equilibrium shape is essentially the first step of every
design of fabric structures. In literature, this first step is called formfinding.

This formfinding forms one of the more unique traits of fabric structures design
and is currently conducted numerically using various methods. Currently,
these different methodologies exist next to each other, each presenting its own
advantages and disadvantages, and which method is used during a design
depends on the used numerical framework and, sometimes, the preference of
the designer. A full description of the various formfinding methods is however
irrelevant to and out of the scope of this thesis but in-depth description of the
various methodologies can be found in literature (Barnes, 1988, 2009; Bletzinger
and Ramm, 2001; Lewis, 2008; Maurin and Motro, 1998; Nouri-Baranger, 2002).

Once this initial shape has been determined, a regular structural analysis is
carried out. Since fabric structures present the analysis with relatively large
displacements, these should be taken into consideration correctly using solvers
which can cope with the related third-order effects (Lewis, 2003). During the
structural design, the structure is verified to resist and not end up in one
of the various failure states. In the case of fabric structures, a total of four
different failure states are considered on the level of the fabric (Barnes et al.,
2004; Bridgens and Birchall, 2012). The first one is to ensure the maximum
tensile stress in the fabric does not exceed its limit stress which would result in
rupture of the fabric.

In addition from this strength failure, there are also a number of displacement-
driven failure modes which have to be taken into account during the design
process. Aside from limiting the maximum displacement under load in the
structure, the use of fabric structures also brings a couple of very specific
displacement-related issues, namely ponding and inversion of curvature. Since
fabric structures rely heavily on their double curvature to capture and transfer
the external loads efficiently, the structure deviating from its intended shape
can result in a potential, unexpected failure of the fabric as it finds itself into an
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unexpected geometrical state. The first of these two failure modes, ponding,
occurs when the loaded fabric structure presents a local vertical minimum
in the fabric. As rainwater and snow accumulate in this local low-point, the
stresses in this location continue to increase and the fabric continues to sag
lower and lower, eventually resulting in unanticipated large local stresses and
possible rupture of the fabric.

The third failure mode, inversion of curvature, presents the designer with
a similar issue. Since the structural behaviour of a fabric structure is tied
to a specific combination of curvatures, inversion of one of these curvatures
can again bring the structure in a state which is not covered by the expected
states in the design. Inversion of curvature is usually the upward equivalent
of ponding where the fabric locally ends up in a curvature opposite to the
intended curvature. When confronted with highly-fluctuating loads such as
turbulent wind, this will lead to fluttering of the fabric which by itself can again
result in unexpectedly high stresses and possible damage to the fabric or the
surrounding structure.

The last failure mode is the loss of prestress. Since fabric structures rely
on prestress to transfer forces to the supports, a loss of prestress equals a
loss of structural function of the fabric. Usually this loss of prestress, if not
global, will show in the structure as wrinkles (figure 2.8). This effect most
often occurs along the boundaries where the fabric is fixed to the surrounding
structure. Prevention of wrinkles is thus often a matter of providing well
designed connections (Houtman and Werkman, 2004). And even though they
are typically considered undesirable, small, localised wrinkling is in practice
sometimes allowed if they are merely a boundary effect and do not always
signify an underlying issue with the overall design (Houtman and Werkman,
2004).

When the structural analysis shows the design to be structurally and geometri-
cally stable, the next step is to translate the three dimensionally, doubly curved
surface to flat pieces of fabric. Since the complex surfaces of fabric structures
are typically not developable to a single flat piece of fabric, and are too large
to manufacture as a whole, the surface is subdivided into various segments
which are then flattened to planar pieces of fabric called cutting patterns (figure
2.9). These patterns are shrunk down in a process called compensation, taking
into account the straining behaviour of the fabric. This scaling down of the
panels ensures that when they are assembled and mounted, the fabric is indeed
prestressed and remains prestressed after having experienced various external
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Figure 2.8: Wrinkles occurring in a fabric structure due to a bad design
of the edges. Although aesthetically unpleasant, the structure retains its
global stability.

load cases which strain the fabric.

Once the required cutting patterns are generated, the final preparations towards
manufacturing and construction can be taken. Usually this will happen in close
collaboration with the material manufacturer as it involves working out the
various details and deals with some very specific material-related problems,
such as the possibility and required details for welding the cutting patterns or the
interaction between the fabric material and the surrounding structure. During
this stage the actual erection process is also planned in collaboration with all
the involved parties (architect, structural engineer, manufacturers, contractors,
etc.). The overall process of designing a fabric structure is summarised in figure
2.10.

2.3 MATERIALS AND PROPERTIES

As becomes apparent from the various aspects studied above, the fabric is a
key component in these kind of structures. Its unique properties, such as the
low self weight and high breaking stress, provide fabric structures with their
benefits. However, it also introduces some difficulties and challenges. Not
only in the structural design process, as shown above, but also in various other
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Figure 2.9: To ensure the three-dimensional shape can be constructed
from flat pieces of fabric, the formfound surface is subdivided into cutting
patterns which are flattened and compensated.

Figure 2.10: Overall, the general process of designing a fabric structure
consists of four steps. The main difference between a regular design
approach and the one used for fabric design lies in the fact that the starting
shape is determined largely by boundary conditions and prestress rather
than being a predetermined given.
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aspects of fabric engineering does the unique composition of these materials
play an important role.

In this section, we will focus on the fabric as a material. The first part of this
section discusses the different materials which are commonly used in fabric
structures, their specific merits and downsides and their overall mechanical
make up. In the second part, the descriptions from the first part will be used
as a crutch to explain the rather unique mechanical behaviour of fabrics with
a focus on PVC-coated polyester fabrics which will form the main subject
throughout this thesis.

2.3.1 COMPOSITION AND MATERIAL TYPES

In their most basic form, fabrics always consist of interwoven fibres. Whether
they are clothes, drapes, table cloths, or indeed structural fabrics, the very
foundation of a fabric is a weave. Depending on the type of weave, the
introduced stress in the fibres, the type of fibres, the density, etc. the properties,
both optical and mechanical, of the fabric will change. This applies to both
regular everyday fabrics and the technical textiles. The difference however
lies in the material and the processing of the materials. In technical textiles,
the weave is created using relatively high strength fibres whereas this is of
lesser importance in regular fabrics. Technical textiles also need to address
the question of durability while being exposed to a wide variety of outside
conditions and thus should withstand rain and snow but also air pollution and
UV radiation.

To cope with these additional constraints, technical textiles are coated using a
wide variety of plastics to protect the fibres from degradation due to exposure
to the elements. In addition, a wide variety of finishing layers can also provide
the fabric with, for instance, fire retardant properties or an hydrophobic or dirt
repelling outer surface. This combination of woven inner layer with one or
more coating layer(s) effectively places the technical textiles in the category of
composites and lends them a rather complex mechanical behaviour. In a typical
technical textile, we can thus distinguish various parts: the structural layer
which consists of interwoven fibres, the protective coating which surrounds
the fibres and protects and binds them and optional finishing layers providing
the fabric with additional desirable properties.

Although we will focus on woven fabrics during the investigations presented
in this thesis, it is important to note that the use of thin foils (e.g. ETFE film)
rather than a woven and coated fabric is not uncommon.
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Considering the woven fabrics, there are three types currently widely used
in construction: PVC-coated polyester fabrics, PTFE-coated glass fabrics and
silicone-coated glass fabrics. Although each of these three compositions exists
in a wide variety of thicknesses, finishing layers and manufacturing methods
the inherent qualities and disadvantages of each type remain fairly constant.
The PVC-coated polyester fabrics (sometimes referred to as vinyl polyester
fabrics) have been widely adopted for their low cost, high tensile strength
and easy construction methods which allow to weld the fabric through high
frequency welding. It is a widely adopted material and comes in a wide variety
of thicknesses and colours (Blum et al., 2004; Beccarelli, 2015). The PVC coating
is however susceptible to environmental degradation and dirt accumulation
requiring the use of additional finishing layers to protect the fabric to ensure a
minimum lifespan of at least 20 years for this material. These finishing layers
(e.g. PVDF) however often subtract to the weldability of the material which is
a parameter that should be taken into account during the design (Blum et al.,
2004).

A more durable, but more expensive, alternative to PVC-coated polyester is a
PTFE-coated glass fabric. Here the fabric consist of long glass fibres which are
woven and then coated with PTFE. These materials greatly improve the lifespan
of the fabric which can exceed 35 years thanks to its very high resistance to UV
radiation, its chemical inertness and self cleaning properties. Using glass fibres
instead of polyester significantly reduces the time-dependant straining of the
material (“creep” and “relaxation”), which is a predominantly polymer-related
effect, resulting in glass-PTFE requiring more exact patterning (Blum et al.,
2004). It is also considerably more expensive than the polyester-PVC fabrics.
Despite these disadvantages however, its uniform milky-white colour (which
is a result from exposure to UV radiation) and self-cleaning capabilities make
it a material which is very appreciated by architects. Unlike polyester-PVC
however this material does not withstand creasing very well (Beccarelli, 2015),
due to the brittle nature of the fibreglass and the low flex cracking resistance
of the coating, and the material should thus be handled with care to prevent
damage to the fibres and thus a local weakening of the material (Ansell et al.,
1983; Blum et al., 2004; Beccarelli, 2015).

Reducing the cost of glass-based fabrics and make the handling easier can be
done by, for instance, replacing the PTFE coating by a silicone coating, yielding
a third common material: silicone-coated glass fabric. Whilst keeping the
high lifespan of glass-PTFE fabrics, changing the coating not only reduces the
cost but also increases the light transmission through the fabric, enhances the
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flex cracking resistance as well as the fire resistance. It does however come with
the downside of providing a surface which statically charges over time and
attracts dust and pollutants. In addition, the seaming of silicon coated fabrics
is more labour intensive and requires more care and attention as compared to
PTFE-coated glass (Blum et al., 2004; Beccarelli, 2015).

Aside from these three types, a wide range of other technical textiles exist (e.g.
PTFE-coated PTFE or PUR-coated polyester) each providing designers with a
specific set of strengths and disadvantages. Depending on various parameters,
such as the required strength, the environment and the desired architectural
look of the structure, the best suited material is selected for each project.

2.3.2 MECHANICAL BEHAVIOUR

Focussing on the structural woven layer and its mechanical behaviour, the
material’s complexity becomes really apparent. Due to the way textiles are
usually woven, the geometrical layout of the two orthogonal fibre directions is
not the same. Since one direction, called the warp direction, is tensioned during
weaving these fibres end up in a more straight geometrical layout than the
orthogonal fill direction (figures 2.11 and 2.12). With the weave constructed
this way, it does not only result in a different mechanical behaviour in the two
structural directions of the material, but also causes a considerable interaction
between these two directions of said fabric. After all, when the fabric is
tensioned in the curved fill direction, the fibres will first straighten themselves
before really capturing the applied load and starting to elongate. This not
only results in a lower perceived stiffness and larger permanent deformation
in this direction but also results in the warp direction seemingly contracting
as the straightening of the fill fibres cause these initially straight warp fibres
to displace, curve and thus shorten. The same interaction also applies when
the warp direction is loaded, even though the different geometric layout of the
fibres alters the effective impact. This inter-fibre interaction, referred to as crimp
interchange, greatly shapes the straining behaviour of the fabric when loads are
applied in the two fibre directions as the fibre geometry, and thus the effective
straining behaviour of the fabric, greatly depends on the applied load ratio.

Using a weave rather than a continuous piece of uniform material, like for
instance a steel sheet, also results in technical textiles typically showing a very
low shear stiffness and significantly lower tensile strength when the load is not
aligned with these fibre directions. Indeed, as the fibres are typically woven
in two orthogonal directions and are only kept in place through the applied
coating, shear stresses quickly deform the material and unaligned tensile loads
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Figure 2.11: A regular orthogonal weave consists of (fairly) straight warp
fibres intertwined with curved fill fibres.

pull the weave apart. For this reason, fabric structures are designed and
patterned so that the fabric’s weave aligns with the main structural directions
of the surface to ensure the material is used as efficiently as possible while also
preventing the occurrence of wrinkles due to geometrical differences between
the patterned shape and the formfound shape (Colman, 2015).

In all, a textile thus displays a mechanical behaviour which is highly non-linear,
anisotropic and depends on various manufacturing parameters such as the type
of weave, the fibre material, the coating(s), the applied load ratio, and so on.
This makes the characterisation of the material behaviour and the numerical
description a rather challenging and complex task.

Figure 2.12: Close-up picture from the section of a fabric consisting of
a polyester weave and PVC coating clearly shows the curvature of the
fill fibres (picture by Ben Bridgens and taken from Bridgens (2005) with
permission).
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In an attempt to capture this complex behaviour, a wide variety of numerical
material models have been proposed and are currently being used in both
academia and industry. Ranging from simple, linear elastic orthotropic material
models which greatly simplify the straining behaviour and do not capture,
for instance, the non-linear effects to complex neural-network based models
which use complex AI-learning algorithms to derive and predict the material
behaviour, the options are legion (Bartle, 2013; Coelho et al., 2013; Colasante,
2014b; Dinh et al., 2014; Galliot and Luchsinger, 2009). Perhaps the most
straightforward, and main focus in this thesis, is the linear elastic orthotropic
material model. Although explained in greater detail in chapter 5, this material
model essentially describes the mechanical behaviour of the fabric through
two Young’s moduli and two Poisson’s ratios (Blum et al., 2004; Gosling and
Bridgens, 2008). While each Young’s modulus describes the contribution of
the load in the direction of the observed fibre direction, the Poisson’s ratio
captures the crimp interchange and overall behaviour due to the application of
a force in the other fibre direction. In general, this model describes the straining
behaviour in both fibre directions by the following two equations:

εwarp = 1
Ewarp

σwarp −
ν f w

E f ill
σ f ill

ε f ill = 1
E f ill
σ f ill −

νw f

Ewarp
σwarp

(2.1)

These equations clearly illustrate how a stress in the other fibre direction causes
a crimp (or negative strain) in the observed direction. The higher the Poisson’s
ratios νw f and ν f w, the more significant this contraction becomes. Also note that
when the material is more flexible, or in other words has lower Young’s moduli,
this component also becomes more important. A more detailed discussion
regarding this way of describing the mechanical behaviour of fabrics and its
limitations can be found in section 5.1.

Obviously, the approximations made by the above notation are significant and
the linear elastic orthotropic material model consequently has some significant
limitations. However, due to the parameter intuitiveness and the model’s
simplicity, both in deriving the parameters from test data (see chapter 5) and
the formulation in Finite Element Software (see chapters 8 and 9), make that it is
still very often applied when designing fabric structures (Membrane Structures
Association of Japan, 1995; American Society of Civil Engineers (ASCE), 2010;
Blum et al., 2004) and thus relevant for the presented investigation.
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Aside from this non-linear direction-dependent straining behaviour, fabrics
also confront the designer with additional challenges by displaying time- and
history-dependent effects (creep, relaxation and load-history) (Bögner-Balz
et al., 2015) and straining behaviour which can be strongly influenced by
variations in temperature, humidity, and various manufacturing differences
(e.g. Ferrari Precontraint coating technology). All these differences combined
make characterising and describing the mechanical behaviour of fabrics a
particularly challenging task.

2.4 CHALLENGES

The current challenges in the field of fabric structures lie in a numerous amount
of aspects. The first, and provided the discussion above most obvious one,
would be the numerical description of the mechanical behaviour. Throughout
the decades, a wide variety of numerical models has been proposed trying to
capture the complex straining behaviour of fabrics. This investigation is still
very much ongoing trying to find a balance between the model’s capabilities,
complexity and computational cost (Bartle, 2013; Coelho et al., 2013; Colasante,
2014b; Dinh et al., 2014; Galliot and Luchsinger, 2009).

As these numerical models have to be provided with representable experimental
data in order to ensure the outcome indeed captures the fabric’s behaviour,
multi-axial tensile tests are vital. However, due to the complex mechanical
behaviour of fabrics, conducting these tests poses an important challenge by
itself as well. Deciding which load ratios to apply, the prestress level, maximum
applied load, load speed, and so on, has grown to an important discussion
point in academia as there currently exists no regulated uniformity in this
segment of fabric research and different test conditions have already shown
to yield significantly different outcomes and predictions (Beccarelli, 2015; Van
Craenenbroeck et al., 2015).

This latter, and many other aspects, are currently under discussion by WG 4 of
the COST TU1303 and CEN/TC 248 committees, which aim to standardise test
methodologies and the conception of a Eurocode document regarding the use
of fabrics in construction (Stranghöner et al., 2016). In order to come to this
standard, the various existing practices and experiences have to be condensed
to a general line of practice. It is in this context the investigation described
in this dissertation positions itself, providing a very practical approach to
estimating and interpreting parameter variability from biaxial tests as well as
relating these variations to their impact on the design process.
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Aside from these fairly technical aspects, a lot of attention goes towards new and
innovative typologies for fabric structures such as kinematic fabric structures
(Puystiens et al., 2016; Van Craenenbroeck et al., 2016; Puystiens, 2017) and
bending-active textile hybrids (Lienhard and Knippers, 2015; Puystiens, 2017).
With these new types of structures, the boundaries of the design tools, material
properties, manufacturing methodologies and the overall possibilities of fabric
structures are still being pushed.
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3
Importance of material characterisation

As described in the previous chapter, the design of fabric structures consists
of some important interactions between the geometrical design, the choice of
material and the overarching structural design. To what extent the material,
and more specifically its derived mechanical parameters, can influence the
predicted structural behaviour and thus the reason why a correct assessment
of the material parameters is of paramount importance, is explained in this
chapter.

Since the first occurrence of the modern prestressed fabric structures, over
50 years ago, designers have appreciated the freedom in design and their
slender construction. Nowadays however a lot of architects and engineers are
looking to expand the boundaries of these structures with concepts containing,
for instance, low curvature. As these conventional boundaries are being
pushed, the importance of correctly characterising the fabric material increases
significantly, as will be indicated by various test cases described in this chapter.

To start, the impact of variations in material parameters has been investigated
using two conventional structures which adhere to the principles of prestress
and sufficiently large double curvature. These structures were simulated using
a vast variety of different sets of virtual material parameters and the structural
behaviour under load has been investigated. The impact of variations in the
different material parameters on the stresses, displacements and the occurrence
of instability effects was quantified. During the second part, the effect of
altering the boundary conditions has been investigated as well as how the
relative importance of the material parameters changes as the curvature of
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the structure decreases. Overall, both these studies clearly illustrated how
even small variations in material parameters can alter the predicted structural
behaviour of a prestressed fabric structure and thus underlined the importance
of a correct assessment of the material behaviour, even during the design stage.

3.1 CONVENTIONAL STRUCTURES

As explained before, conventional fabric structures invoke double curvature to
carry external loads efficiently whilst assuring the fabric remains tensioned for
all expected load cases. This kind of structures thus rely mainly on geometrical
stiffness, generated by this curvature and the prestress, to limit displacements
and stresses and we thus expect them to be less susceptible to small variations
in the material parameters. However, to assess the actual impact of different
material parameters on the predicted structural behaviour, various numerical
simulations were conducted using a wide variety of feasible, albeit virtual, sets
of material parameters on typical prestressed structures. This investigation
did not only provide a practical measure on how the alteration of material
parameters can influence the design, they also illustrate how different extremes
influence the different failure modes of a prestressed fabric structure, being
it ponding, inversion or wrinkling. Understanding how each failure mode
depends on specific combinations of material parameters will thus prove vital
for the selection of least-favourable sets of parameters later in this thesis (see
chapter 6).

The investigation presented in this section builds partly on the observations
made by the team from the IML (Institut für Metall- und Leichtbau) at the
University of Duisburg-Essen (Uhlemann et al., 2015a; Uhlemann et al., 2015b;
Uhlemann, 2016). Although their investigation into this matter provides some
important initial indications to the practical extent of which variations in stiffness
moduli, Poisson’s coefficients and the curvature of the structure can influence
the displacements and stresses inside the structure, the investigated structures
consist only of fixed boundaries. Eventually, this decision showed to exaggerate,
and sometimes even invert, some of the structural effects, as illustrated further
in this section. Their investigation also does not mention possible instabilities
and the overall structural viability of each structure, making it too limited for
the intended application. As the goals of this investigation not only consist of
the assessment of the variations different material parameters sets can cause,
but also the determination of trends that indicate which combinations would
be the least advantageous to the designer, the presented investigation is slightly
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more thorough than the results presented in these existing publications.

During this investigation, two of the four structures presented in (Gosling et al.,
2013a) were considered as representative fabric structures (figure 3.1). The
investigated structures consist of a hypar structure with a symmetric prestress
of 3 kN/m and a conical structure with an asymmetric prestress of 4 kN/m in
the radial warp direction and 2 kN/m in the circumferential fill direction. These
structures were then loaded with a downward vertical snow load of 0.6 kN/m2

(related to the projected structural area) and a uniform wind uplift normal to
the structure’s surface of 1.0 kN/m2 (related to the actual structural area) after
which stresses, displacements and possible local instabilities were evaluated for
a wide range of material parameter sets. Comparing these outcomes provided
a measure by which the impact of the actual material parameters influences the
design process of these conventional structures.

Geometrically, the hypar structure consists of a square ground plan of 6 m by
6 m and two high points at a height of 2 m. The warp direction of the fabric
runs between these two high points (figure 3.1, top). As described in the
original publication, the boundaries consist of a steel cable with a diameter of
12 mm and an elastic modulus of 205 kN/mm2. The conical structure (figure
3.1, bottom) consists of a square ground plan of 14 m by 14 m with the top at a
vertical height of 5 m. This top consists of a circular opening with a diameter of
4 m. Contrary to the hypar structure, all boundaries of this conical structure
were fixed in the three translational degrees of freedom. As mentioned before,
the warp direction of the fabric runs along the radial direction of the structure
while the fill is aligned with the circumferential direction.

This first part focusses on the assessment of the influence of the material
parameters only. In order to assess their impact on the two structural typologies,
the two structures presented above were modelled in Sofistik 2016 (Sofistik
AG, 2016) using an linear elastic orthotropic material model and a wide range
of different material parameters sets. All presented models were analysed
according to the third-order theory to take the geometrical non-linearities into
account. Aside from deploying four different combinations of Young’s moduli,
the Poisson’s ratio νxy for each of these four sets were varied starting from 0
upward, similar to the approach taken in existing literature (Uhlemann et al.,
2015b). Due to the description of the anisotropic material model in Sofistik, the
warp-fill ratio νw f is derived by the software based on the Young’s moduli and
the fill-warp Poisson’s ratio through: νw f = ν f w ∗ Ewarp/E f ill. More information
about the description of this specific material model and its particular limitations
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Figure 3.1: During this investigation the structural behaviour of a 6 m
by 6 m hypar (top) and a 14 m by 14 m conical structure (bottom) were
numerically analysed using a wide variety of material parameter sets.
These structures and the applied load cases were extracted from (Gosling
et al., 2013a).
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Table 3.1: Different sets of Young’s moduli and ranges of Poisson’s ratios
used during this investigation.

Ewarp E f ill νw f ν f w

[kN/m] [kN/m] [-] [-]
Set 1 1200 800 ν f w ∗ Ewarp/E f ill 0 - 0.8 (∆ = 0.1)
Set 2 900 700 ν f w ∗ Ewarp/E f ill 0 - 0.875 (∆ = 0.1)
Set 3 600 600 ν f w ∗ Ewarp/E f ill 0 - 0.95 (∆ = 0.1)
Set 4 500 450 ν f w ∗ Ewarp/E f ill 0 - 0.9 (∆ = 0.1)

have been discussed at the start of chapter 5. A summary of the range of different
material parameter sets used in this comparison study can be found in table 3.1.

Aside from the aforementioned reciprocal constraint, the values of the Poisson’s
ratios in the selected sets above are also limited by the requirement that the
stiffness matrix should be positive definite. In practice, this means that the
product of the Poisson’s ratios νw f ∗ ν f w can not exceed 1. In the sets above, this
imposes an upper limit on the values of the investigated Poisson’s ratios.

For each combination, the largest vertical displacements and maximum stresses
in the main load-bearing directions were assessed, as well as the wrinkling
compression strains, which provided some insight in whether wrinkling could
pose a problem for the investigated structure. Each simulation started by
conducting a formfinding using the transient stiffness method (Lewis, 2003;
Lewis, 2008) after which the material stiffnesses were set to their actual state,
allowing the structure to balance possible residual forces. After this step, the
load cases were applied to the structure.

When considering the stresses, only the maximum stress in the relevant load-
bearing direction has been determined. In the case of the hypar, the downward
snow load will be carried by the convex warp direction while the wind load
will be carried by the concave fill direction. For the conical structure, the radial
direction will serve as main load bearing direction for the snow load while the
circumferential direction captures the majority of the wind loading.

Since only maximum stresses and displacements were considered, it is important
to note that the geometrical location of these maxima can, and will, differ per
load case. Yet, this method was chosen to reduce the complexity of the presented
results even though, during an actual design process, these values should be
interpreted by the designer to ensure they are not caused by, for instance,
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Figure 3.2: When observing the maximum stress in the hypar structure,
the values show a sudden increase for extreme values of the Poisson’s
ratio.

geometrical discrepancies in the numerical model and thus do in fact not
accurately reflect the actual structural behaviour.

3.1.1 STRESSES AND DISPLACEMENTS

Considering the influence of the variation in the Poisson’s ratio on the stresses
of the hypar structure under both the snow and wind loading, does not reveal
any clear, notable trend until the Poisson’s ratio reaches values larger than 0.8
(figure 3.2). As the Poisson’s ratio reaches and exceeds these extreme values,
the maximum stress increases rapidly causing an upward jump in the predicted
maximum stresses. However for all values of ν f w below this seemingly critical
value, the influence of the material parameters on the predicted stresses seems
to be rather limited with neither the Poisson’s ratios nor the Young’s moduli
having a clear effect on the perceived maximum stresses in the structure.

When considering the vertical displacements however, the influence of altering
both the Poisson’s ratios and the stiffness moduli becomes more apparent
(figure 3.3). The first thing to note is the increase in deflections as the Young’s
moduli decrease. This is of course expected behaviour where a more flexible
material yields larger strains and thus causes larger structural deflections when
subjected to the same load. Comparing the various results, we note an average
increase in the maximum downward deflection due to the snow loading of
41 mm, or 98.3 %, due to the alteration of the Young’s moduli. In case for the
upward wind loading, the deflection increases with 52 mm between the stiffest
material and the most flexible one. Due to the inherently larger deflections in
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Figure 3.3: As the Poisson’s ratio increases, the largest noted vertical
displacement under load in the hypar increases linearly.

this direction, which are due to a combination of the higher load and the fact
that the fill direction is the main carrying direction for upward loads in this
design, the relative difference (54.6 %) is lower than the difference noted for the
snow loading.

The effect of the increased Poisson’s ratio is also very apparent, as can again
be seen in figure 3.3. As the Poisson’s ratio increases, the displacements
under both snow and wind loading increase linearly. On average, the vertical
deflection under snow loading increases with 55.3 % (26 mm) as the fill-warp
Poisson’s ratio ν f w increases from 0 to 0.8. This increase is slightly reduced to
25.8 % (27 mm) for the deflections under wind loading. In all, the variations in
the material parameters for the investigated hypar structure seems to mainly
influence the displacements and only have a very limited effect on the maximum
stresses for most values of the Poisson’s ratio.

These initial observations however already tell a story somewhat opposite to
what has been noted by the research conducted at the university of Duisburg-
Essen. During their investigation on a 10 m by 10 m hypar with fixed boundaries,
they noted a very large increase in stresses and a decrease in deflections as
the Poisson’s ratio increased (Uhlemann et al., 2015b). And instead of a linear
increase, as the displacement results above show, they note a hyperbolic relation
where the differences in stresses and deflections speeds up significantly at
higher values for the Poisson’s ratios. As will be shown later in this chapter,
these seemingly contradicting observations are a result of the application of
different boundary conditions. The effect of altering the boundaries, together
with the influence of the curvature, will be illustrated in depth in section 3.2.
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Figure 3.4: The stress increase in function of the Poisson’s ratio is much
more notable for the conical structure.

When considering the maximum stresses in the conical structure, we note a
much larger impact of the variations in Poisson’s ratio as compared to the
results obtained from the hypar structure (figure 3.4), most notable in the warp
direction under snow loading. For this typology, the maximum stresses start to
increase for all sets of stiffness parameters from a value of ν f w = 0.4 upward,
which already illustrates that the actual sensitivity of the stresses to material
parameter variations strongly depends on the structural typology and its
boundary conditions. Also note that the stress differences between the various
sets of Young’s moduli also increases as the Poisson’s ratio increases, suggesting
that there exists an important interaction between the various parameters and
the resulting maximum stresses in this specific structure. Overall, stresses seem
to remain longer on their initial level when the Young’s moduli are low.

Comparing again the maximum displacements under load (figure 3.5), the
displacements for the conical structure decrease as the Poisson’s ratio increases,
contrary to the observations made for the hypar structure described above.
Although this is similar to the observations made in (Uhlemann, 2016), it also
has to be noted this trend seems to be limited to the upward wind loading.
When the snow load has been applied, the displacements seem to be unaffected
by the alterations in Poisson’s ratio. Aside from this influence of the Poisson’s
ratio, the displacements also increase as the Young’s moduli decrease, as
expected when one uses a less stiff material.
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Figure 3.5: The maximum displacements of the conical structure under
wind loading show to decrease non-linear as the Poisson’s ratio increases.
The displacements under snow loading seem unaffected by the poisson’s
ratio.

Comparing the results from these two structures already shows that even though
the structural behaviour is heavily influenced by the material parameters for
both structures, different structural concepts and boundary conditions influence
both the values and overall trend the parameter variations cause. The different
observations described above already suggest that the choice of least-favourable
set of material parameters is not necessarily the same for each structure, likely
making the decision of worst-case parameter set(s) less straightforward than
initially anticipated.

3.1.2 FAILURE MODES

When designing a prestressed fabric structure, displacements and stresses
only form part of the design process. Due to some specific design concerns,
there are a number of other factors which should be considered before a fabric
structure can be considered “well designed” and viable for construction. As
most of these can be influenced by the material behaviour and parameters,
it was obvious to incorporate them in this study as well. The main targets
during these investigations were fabric ponding, inversion of curvature and
the occurrence of wrinkles.

As explained in the previous chapter the first two effects, ponding and inversion,
are displacement-driven effects where the fabric ends up in a geometrical
situation that leads to, in the case of ponding, severe risk for structural failure or,
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Figure 3.6: During the investigation the structural behaviour has been
studied along two sections for each structure.

in the case of inversion, complete loss of the intended structural principles and
may lead to fluttering, fatigue and eventually failure of the fabric. Wrinkling
of the fabric on the other hand is a much debated issue where it does not
necessarily result in a global loss of stability and does not necessarily indicate
or lead to failure of the structure. It is however still considered undesirable
for the structure as it indicates a local loss of prestress in at least one direction,
rendering the fabric in this location useless from a structural point of view.
For this reason, wrinkling is still taken into account and studied during the
investigation described in this dissertation.

When considering ponding and inversion, a number of structural sections
showing the prestressed versus the loaded curvature along the main structural
directions were considered. To reduce the complexity of the presented results,
these sections were only taken for the most and least stiff material parameter
sets (Ewarp/E f ill = 1200/800 kN/m and 500/450 kN/m respectively) and for a
limited number of Poisson’s ratios (ν f w = 0, 0.4 and 0.8). For the hypar structure,
two sections were made: one in the warp direction and one in the fill direction
(figure 3.6, left). For the conical structure, both sections run in the tangential
direction of the section: one towards the middle of an edge of the ground plan
and one to a corner (figure 3.6, right).

Finally, wrinkling will be described using the wrinkle compression strain which
can be obtained directly from Sofistik. Although this numerical framework
does not model wrinkles correctly, it is able to recognise areas where internal
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Snow load Wind load

Figure 3.7: By drawing the wrinkle compressions strains as vectors
perpendicular on the direction of the wrinkling, the area where wrinkling
occurs can be visualised like illustrated here for a hypar structure under
snow load.

forces become unbalanced due to the lack of compressive strength in the fabric.
These compression strains are not taken into account in the final model, as
they would lead to a negative stresses, but rather brought under this separate
parameter which can thus be used as an indication of areas where wrinkles
would occur, as well as the severity of the wrinkle (the larger this wrinkle
compression strain, the more sever the wrinkling). Graphically, these wrinkle
compression strains are drawn as vectors perpendicular on the direction of
wrinkling (see figure 3.7) thus providing a visual aid to the severity and area
where the wrinkling occurs. In this chapter however, we will focus on the
average value of this compression strain and use this as a measure to derive
the response of this parameter in function of the applied material parameters.

Inversion and ponding

Comparing the unloaded and the loaded shapes of both sections for both the
snow and wind loading shows that even though the displacements increase as
the Poisson’s ratios increase (or the Young’s moduli decrease), the variations are
not enough to cause either ponding or inversion in the structure under either
of the two load cases (figure 3.8). The additional displacements do however
lead to a larger deviation between the loaded and the initial curvature and thus
increase the chances of either effect occurring, as expected.
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Figure 3.8: Having sufficient curvature, the hypar does not show ponding
or inversion for any of the imposed sets of material parameters.
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When this same analysis is conducted for the two sections through the conical
structures, we note that as the Poisson’s ratios increase or the Young’s moduli
decrease, the displacement under loading also increases, as established before.
In addition, the result from section 1 also reveals a local inversion of curvature
in the lower part of the structure due to the applied wind suction. Although the
magnitude of the inversion decreases as the Poisson’s ratio and/or the Young’s
moduli increases, its presence has been noted for each tested set of material
parameters (figure 3.9, right).

The observations made above suggest that even though altering the material
parameters will not make up for inherent structural problems, they might very
well minimise or exaggerate the severity of specific structural effects. Due to
the large dependency on the displacements, effects like ponding and inversion
can thus depend greatly on the material parameters used in the numerical
model. However, the analysis above also shows that altering the material
parameters will not necessarily make up for inherent problems with a specific
design, unless the design is indeed a border-line case. But this uncertainty is
exactly what makes it important to ensure the design is not using a possible
advantageous set of material parameters which potentially hides possible issues
with the designed structure.

Wrinkling

As mentioned above, the tendency of wrinkles in these structures has been
assessed using the wrinkle compression strain which can be obtained directly
from the Sofistik analysis. This parameter, using the same notation as regular
strains, is a pseudo-strain which is caused by the excessive contraction (hence,
“compression strain”) due to the out-of-plane movements of wrinkles (Lan
et al., 2014). The value of these strains thus tells us how severe the out-of-plane
movement, and thus wrinkling, in this location of the structure could be: the
larger this pseudo-strain, the larger the numerically predicted tendency of the
structure to wrinkle in the indicated locations. In this part, the average values
of this wrinkle compression strain are evaluated for the various structures
and material parameter sets to estimate whether and how the occurrence of
wrinkles is influenced by the differences in the material parameters.

Considering the average of the wrinkle compression strains for each material
set and load case for the investigated hypar structure immediately reveals some
interesting behaviour (figure 3.10). At first glance the presented results show
that the, inherently smaller, snow load leads to notably smaller strain values as
compared to the wind uplift. Both load cases also show that as the Poisson’s
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Figure 3.9: Due to the limited curvature, the wind uplift (right) causes a
local inversion of curvature in the conical structure.
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ratio increases, the wrinkle compression strains decrease significantly. This
latter observation suggests that, for this structure, materials with a high warp-
fill interaction are more advantageous when it comes to localised wrinkling of
the fabric. Comparing the results among the different combinations of Young’s
moduli does not reveal a notable correlation however.

When extracting the same data for the conical structures (figure 3.11), the actual
results differ again. Although a small drop can still be noted, the results for the
structure under snow load seem to be less affected by the variations in Poisson’s
ratio than was the case for the hypar structure. Yet, the correlation where higher
Poisson’s ratios have a beneficial effect on the reduction of wrinkling still exists
in case of the wind loading to the point where the wrinkle compression strains
become 0 when ν f w becomes 0.3 or larger. Overall these results suggest that
higher Poisson’s ratios indeed tend to result in less severe wrinkling or can
even completely prevent it in certain cases. In theory, this observation can be
explained by bearing in mind that materials with high Poisson’s ratios contract
more as a load is applied in the orthogonal direction. In the case of wrinkling,
where prestress is essentially lost in one direction, this shrinkage recovers some
of the excess length which can be found in the wrinkle. Doing so, wrinkles can
thus, to some extent, get pulled out of the material by applying orthogonal
loads if the Poisson’s ratios are sufficiently high. In practice however, the
material behaviour is vastly more complex than the material laws used in this
numerical simulation can capture and this transverse shrinkage will likely not
play any measurable role during the design process when it comes to avoiding
wrinkles compared to all other design recommendations geared towards the
prevention of local instabilities.

To summarise, studying how different material parameters affect the numerical
predictions of both a hypar and a conical structure showed how even relative
small changes in one or more of the parameters can influence the predicted
structural behaviour. The results however also showed that the sensitivity to
these variations largely depends on the actual structure and its design. In the
two studied cases, both the stresses and displacements in the hypar structure
showed to be less sensitive to variations in both the Young’s moduli and the
Poisson’s ratios as compared to the conical structure. When considering the
displacements, the relation between the Poisson’s ratio and this displacement
even showed to be inverted as compared to the results of the conical structure:
where for the conical structure the displacements decrease as the Poisson’s
ratio increases, the maximum displacement noted in the hyper in fact increases
with increased Poisson’s ratios.
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Figure 3.10: Observing the wrinkle compression strains for the hypar
structure shows that as the Poisson’s ratio increases, the noted wrinkles
decrease. Altering the Young’s moduli does not seem to impact wrinkling
to any significant degree.

46



3.1 CONVENTIONAL STRUCTURES

 

 

 

 

0.000

0.002

0.004

0.006

0.008

0.010
W

rin
kl

e 
co

m
pr

es
si

on
 s

tra
in

 [-
]

0.000

0.002

0.004

0.006

0.008

0.010

W
rin

kl
e 

co
m

pr
es

si
on

 s
tra

in
 [-

]

0.000

0.002

0.004

0.006

0.008

0.010

W
rin

kl
e 

co
m

pr
es

si
on

 s
tra

in
 [-

]

0.000

0.002

0.004

0.006

0.008

0.010

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

W
rin

kl
e 

co
m

pr
es

si
on

 s
tra

in
 [-

]

νfw [-]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

νfw [-]

Average 

Average 

Average 

Average 

Average 

Average 

Average 

Average 

 gnidaol dniW gnidaol wonS

 gnidaol dniW gnidaol wonS

 gnidaol dniW gnidaol wonS

 gnidaol dniW gnidaol wonS

Ewarp/Efill = 1200/800 kN/m 

Ewarp/Efill = 900/700 kN/m 

Ewarp/Efill = 600/600 kN/m 

Ewarp/Efill = 500/450 kN/m 

Figure 3.11: Wrinkling in the conical structure under snow loading seems
to not being impacted by the material parameters while the wrinkling
under wind uplift again shows to dramatically decrease as the Poisson’s
ratio increases.
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Figure 3.12: To assess the impact of the boundary conditions, the cable
boundaries in the original hypar structure were replaced by straight, fixed
boundaries.

And this observation extends to the observed instability effects. Since effects
such as ponding and inversion largely depend on the displacements, the
conclusion made above extends to these effects where larger displacements
will lead to a higher chance of these effects occurring. The occurrence for
wrinkles, in this discussion described through the wrinkle compression strain,
on the other hand shows them being largely dependent on the Poisson’s ratios
while being relative unaffected by variations in the Young’s moduli. But there
also seems to be a structural effect in place where the actual dependency is
influenced by the actual design. In the case studies described above, this is
noted for the conical structure under snow loading: in this case the wrinkle
compression strain is less influenced by the Poisson’s ratio as compared to the
other load case and hypar structure.

So in addition of showing how material parameter differences can indeed
influence the design of a tensile fabric structure, the above case studies
also indicate that the structure’s sensitivity to these parameter variations
is dependent on design parameters such as the boundary conditions and the
curvature. In order to verify and quantify this, the next part focusses on altering
the hypar structure in terms of its boundary conditions and curvature.

3.2 INFLUENCE OF CURVATURE AND BOUNDARY CONDITIONS

As described in the previous comparisons, the actual effect alterations in material
parameters have on numerical results differs depending on the overall design
and thus parameters such as boundary conditions. In this segment, the influence
of altering the boundary conditions and curvature of the aforementioned hypar
structure was investigated. Just as described above, maximum stresses and
displacements were considered as well as the tendency of the structure to
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Figure 3.13: Fixing the boundaries showed to significantly increase the
jump in the stresses caused by the higher values of the Poisson’s ratio.

display instabilities like ponding, inversion and wrinkles.

3.2.1 INFLUENCE OF BOUNDARY CONDITIONS

In the case study above, the hypar structure is restrained through four cables
and four nodal translational supports, as is commonly the case. Another
method to restrain this structure, and the option which has been considered
in (Uhlemann et al., 2015b), consists of fixing all boundaries to a straight line
connecting the low and high points (figure 3.12). Comparing the outcome
from this simulation to the results obtained above should provide insight in
how altering the boundary conditions would influence the impact altering the
material parameters has on the numerical results.

Stresses and displacements

Again considering the maximum stresses for the various sets of material
parameters in both main load bearing directions (figure 3.13) shows that by
fixing the boundaries the stresses tend to increase significantly more when
the Poisson’s ratio increases as compared to when the boundaries consisted
of cables (see figure 3.2). However, the increase still only becomes prominent
after the Poisson’s ratio exceeds 0.5, making the effect of this variation on the
stresses limited, except again for larger values for ν f w. The influence of the
Young’s moduli is again limited when the Poisson’s ratio is limited but the
differences increase as the Poisson’s ratio increases.
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Figure 3.14: Instead of increasing, fixing the boundaries results in the
displacements to start decreasing slightly as the Poisson’s ratio increases.
For extreme values, the drop-off becomes more important.

When the maximum displacements are plotted in function of the Poisson’s ratio
(figure 3.14), the range of the values is not much different from the results for
the cable-stayed hypar. However when the displacements in function of the
Poisson’s ratio are considered, these displacements show to decrease for high
values of ν f w with a rather sudden drop-off for higher values of ν f w, contrary to
the linear increase which was noted when the boundaries consisted of cables.
This illustrates how important the interaction between the material parameters
and the boundary conditions can be: by fixing the boundaries, the relation
between the Poisson’s ratio and the maximum vertical displacement could be
reversed, effectively now matching the observations made in (Uhlemann et al.,
2015b) in terms of noted trends.

Failure modes

Considering that the noted displacements do not differ much in values with
the results obtained from the cable-stayed hypar, ponding and inversion will
not be of any concern here either. We will thus solely focus on the occurrence
of wrinkles in this part.

Comparing the results which provide the wrinkle compression strain in function
of the Poisson’s ratio ν f w for each set of Young’s moduli and load ratio
(figure 3.15), to the outcome of the hypar with cable boundaries (figure 3.10)
immediately reveals an overall decrease in values. This shows that when
the boundaries are straight and fixed, the occurrence of wrinkles for a given
geometry, load case and set of material parameters is greatly reduced as
compared to the same structure using curved boundary cables. However, the
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results from the wind loading (figure 3.15, right) still show a decrease as the
Poisson’s ratio increases, confirming the relation observed above.

The analysis above shows how important boundary conditions can be while
assessing the influence material parameters can have on the numerical design.
Not only do the results and trends differ from design to design, but also
simply altering the boundary conditions significantly alters the way stresses,
displacements and instabilities are influenced by the material parameters. In
the case of the studied hypar, both wrinkles and displacements show a larger
sensitivity to the variation in Poisson’s ratio when the boundaries are fixed than
when they consist of cables. Moreover do the displacements show a decrease as
this Poisson’s ratio increases, while the cable-stayed hypar showed an increase
in displacements. Wrinkles, interpret using the wrinkle compression strains,
show to be overall smaller when the boundaries are fixed but show to be
decreasing as the Poisson’s ratio increases.

3.2.2 INFLUENCE OF CURVATURE

Finally, there is the question of whether and how the curvature of the structure
influences the observations. As explained in chapter 2, curvature ensures a fabric
structure’s stability under multiple load cases and reduces its displacements
under load. We thus expect that as the curvature decreases, the displacements
will become larger and the influence of the material parameters will become
more significant since the contribution of the geometrical stiffness decreases.

To investigate the effect of decreasing the curvature in the studied hypar
structure, both with cable boundaries and fixed boundaries, the height H of
the high points was reduced from 2 m to 0 m in steps of 0.5 m. Each resulting
intermittent structure was then analysed using the exact same methodology
and load cases as described above.

Stresses and displacements

Starting with the effect of curvature on the structure with all boundaries fixed,
we note clear differences in both the stress and displacement results obtained
from the various cases. When it comes to the maximum stresses under load
(figure 3.16, left) increasing the height of the high points, and thus increasing the
structural curvature, makes the sudden stress increase at high Poisson’s ratios
smaller, effectively decreasing the structure’s sensitivity towards alterations in
the material parameters.

A similar effect has been noted for the maximum vertical displacements. Not
only do the displacements decrease significantly as the curvature increases,
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Figure 3.15: Aside from noting an overall reduction in the wrinkle
compression strain due to the fixing of the boundaries, increasing the
Poisson’s ratio still shows to reduce wrinkling in the hypar structure.
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but the impact of increasing the Poisson’s ratio also decreases as the height
of the two high points increases. This latter is clearly noted in the graphs
presented in figure 3.16 (right), where the decrease in displacements as the
Poisson’s ratio increases is notably larger when the structure has a low curvature.
Together with the observations made for the stresses, this first set of results
clearly indicate how the influence of material parameters on the outcome of
the numerical simulations increases when the curvature is decreased.

As discussed above however, the influence of material parameters on the
numerical results can change when the boundaries consist of cables rather than
nodal supports. Again investigating the impact of altering the curvature of the
structure on both the maximum stress and displacement (figure 3.17) clearly
illustrates this. The increase in the maximum stress due to the increase of the
Poisson’s ratio is remarkably lower right from the start and is less influenced
by changes in the structure’s curvature than when the boundaries are fixed.

As for the displacements (figure 3.17, right) we still note a global decrease
in values as the curvature increases. These displacements however do not
show the large decrease as the Poisson’s ratio increases. As discussed above,
the relation between the Poisson’s ratio and the maximum displacement is
more linear for this typology. Rather than reducing the drop-off of the curve,
increasing the curvature of this structure turns out to alter the slope of the
curves. Where a low curvature results in the displacements linearly decreasing
as the Poisson’s ratio increases, increasing the curvature of the structure causes
the slopes of these plots to reorient to the point where the displacements actually
become larger as the Poisson’s ratio increases, making the relation between the
material parameters and the structural behaviour of this specific design more
nuanced than the cases where the boundaries are fixed.

These observations already illustrate the important interaction which exists
between material parameters and the structure, manifesting already in the
design stage. Not only do these parameters influence the structure, but
the extent of this influence or even whether the impact is advantageous or
disadvantageous depends on the structural design. This observation is only
reinforced when considering the instability effects as well.

Failure modes

Obviously, when dealing with a fully flat fabric structure, each downward
load will result in a downward bulge which will accumulate snow and water
eventually leading to rupture of the fabric. This, together with the reduced
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Figure 3.16: When the hypar’s boundaries are fixed, increasing the
curvature significantly reduces the sensitivity of the stresses (left) and
displacements (right) to alterations in the material parameters.
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Figure 3.17: When the hypar boundaries consist of cables, increasing the
curvature does not affect the stresses (left) significantly. However as the
curvature increases, the trend in the displacement (right) changes notably.
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displacements and preservation of prestress, is the main reason to add double
curvature to a fabric structure. But as shown before, these instabilities also
depend on the material parameters. Combining the variations in material
parameters with the alterations in curvature presented above and studying the
various failure modes will provide insight in how these can change depending
on both the curvature and material parameters.

Knowing that, for the hypar structure with all boundaries fixed, the displace-
ments decrease as the Poisson’s ratio increases, we can limit the investigation
towards ponding/inversion for this structure to the material sets where the
Poisson’s ratio equals 0 and the various load cases and curvatures. To further
reduce the number of comparisons, only the outcomes from the material
with the highest Young’s moduli (1200/800 kN/m) and the lowest moduli
(500/450 kN/m) are discussed here.

Again describing the loaded geometry through the two sections along the
main load bearing directions shows large differences as the curvature increases
(figures 3.18 and 3.19). As expected, the structures with a low curvature show a
significantly larger tendency to exhibit ponding and inversion. Comparing the
result for the two different sets of stiffness moduli for each respective height,
also shows that the zones where the instability occurs are slightly larger for
the lower stiffness moduli (figure 3.19). This once again shows the strong
interaction between the material parameters and the actual structural design.

Conducting the same comparison for the hypar with the boundaries modelled
like cables is slightly less straightforward than for the structure with the
fixed boundaries due to the behaviour of the displacements in function of
the Poisson’s ratio changing depending on the curvature of the structure (see
also figure 3.17). With the trend between the displacements and the Poisson’s
ratio inverting as the curvature increases, it is strictly speaking not possible
to formulate a single disadvantageous value for the Poisson’s ratio as done
above. However, we already know that ponding and inversion will be more
important for the structures with lower curvature. Thus seeing that for these
low-curvature structures, low value for the Poisson’s ratio result in larger
displacements, we will limit the comparison for this case to ν f w = 0 as well and
again consider only the two extreme sets of Young’s moduli (figures 3.20 and
3.21).

Observing the results for the different curvatures and load cases shows a
very similar pattern in the occurrence of ponding and inversion as noted
for the hypar structure with all boundaries fixed. For both combinations of
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Figure 3.18: As the curvature increases, the risk of ponding and inversion
also decreases significantly.
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Figure 3.21: Lowering the Young’s moduli again slightly increases the
risk of ponding and inversion to occur in the structure.
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Young’s moduli, increasing the curvature greatly reduces the risk on ponding
and inversion. Reducing the material stiffness however increases the risk of
ponding and inversion again. The size of the areas where the ponding and
inversion occurs also becomes slightly bigger as the boundaries are replaced
by cables. This behaviour was expected since displacements were also slightly
higher for the structure with the free boundaries and illustrates that by freeing
these boundaries the structure becomes slightly more sensitive to stability
issues.

Finally, to derive how the curvature influences the structure’s sensitivity to
wrinkles we limit the study to the hypar with cable boundaries as the previous
segment already showed that when the boundaries are fixed, wrinkling is
already greatly reduced (see figure 3.15). As previous results indicated that
the wrinkle compression strains reduced slightly when the Young’s moduli
were decreased, we will only present the worst case scenario here where the
wrinkle strains for each curvature were considered for Ewarp/E f ill = 1200/800
kN/m (figure 3.22).

Observing the wrinkle compression strains as a function of the Poisson’s ratio
and the curvature shows that, according to the numerical simulation, wrinkles
only occur once a critical amount of curvature is reached and diminish once the
curvature is further increased. As far as material parameters go, a decrease in
the wrinkle compression strain as the Poisson’s ratio increases can still be noted
(figure 3.22). Although not being showed here, the results for the other sets of
Young’s moduli showed similar trends. When it thus comes to the wrinkling
behaviour in function of the curvature of this hypar structure, there seems to
be a critical value where the loaded structure goes from no (or few) wrinkles to
more wrinkles after which further increasing the curvature again reduces the
wrinkles. However, so far the impact of the Poisson’s ratio has shown to be
very consistent in that the value of the wrinkle compression strain reduces as
the Poisson’s ratios increase.

3.3 SUMMARY OF THIS CHAPTER

This chapter describes and quantifies the importance of variations in various
material parameters on the design process. During this study, two case studies,
one hypar and one conical structure, were analysed using various generic
sets of material parameters. The sensitivity of the predicted stresses and
displacements under load, as well as the occurrence of the three failure states
(ponding, inversion and wrinkling) in function of these parameter variations
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Figure 3.22: The occurrence of wrinkles shows to only become relevant
once a minimum amount of curvature is reached, after which it reduces
slightly as the curvature increases. Also note again the decrease in
function of the Poisson’s ratio.
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have been studied. After studying the initial structures, effects such as altering
the structure’s boundary conditions and curvature have also been taken into
account.

Overall, the results show that the sensitivity to alterations in material parameters
greatly depends on the actual structure. The relation between the Young’s
moduli and the maximum stresses and displacements is fairly intuitive: as the
Young’s moduli decrease, the maximum stresses slightly decrease while the
displacements increase significantly. However, when taking into account the
Poisson’s ratios matters become a lot more complex.

For the hypar structure, increasing the Poisson’s ratio showed to increase the
stresses only for relative large values (> 0.8) while the displacements linearly
increased as the Poisson’s ratio increases. The noted differences are more
dramatic when the conical structure has been considered. In this case, although
increased Poisson’s ratios still give rise to an increase in the maximum stresses,
the displacements decrease in function of the Poisson’s ratio. Considering the
structural stability of these structures showed that both ponding and inversion
effects are related to both the structural design and the displacements, where
larger displacements result in an increased chance of either of the two effects to
occur. Finally, the occurrence of wrinkles has been studied using the wrinkle
compression strains. These indicated that, even though the outcome was also
strongly dependent on the actual design, increasing the Poisson’s ratio has an
advantageous effect on the prevention of wrinkles. Based on the conducted
simulations, no clear trend relating the wrinkling behaviour to the Young’s
moduli could be identified.

Fixing the boundaries of the studied hypar to straight lines rather than
incorporating cables, showed to significantly alter the structure’s predicted
response to the material parameter alterations. The noted stress increases
in function of the Poisson’s ratio become significantly larger and the noted
displacements now decrease as the Poisson’s ratio increases; with the rate of
decrease speeding up for larger values of the Poisson’s ratio even though the
range of noted displacements does not differ to a significant degree from the
hypar with cable boundaries. The latter means that the ponding and inversion
behaviour does not change significantly. However, the predicted wrinkle
compression strains show a significant decrease, suggesting that fixing the
structure’s boundaries greatly reduces its tendency to wrinkle under loading.
The value still showed a decrease as the Poisson’s ratio increased but still
seemed relatively unaffected by alterations of the Young’s moduli.
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Finally, the impact of altering the curvature of both the hypar structure with
either cables and fixed boundaries was studied. Where increasing the curvature
of the hypar with the fixed boundaries greatly reduces the stress increase noted
due to the increase in the Poisson’s ratio. This effect did not show for the hypar
with cable boundaries. While increasing the curvature reduced the maximum
displacements significantly, it also alters the way the structure responds to
alterations in the Poisson’s ratio. When the boundaries are fixed, increasing
the curvature results in a behavioural change where displacements decrease
significantly as the Poisson’s ratio increases to a state where these alterations
only very slightly affect the noted displacements. For the hypar with the cable
boundaries, the low curvature results in a linear decrease of the displacements
when the Poisson’s ratio decreases. As the curvature increases however, this
behaviour changes to the point where the displacements end up increasing in
function of the Poisson’s ratio. Yet, the failure modes still abide by the same
rules which were noted before. Ponding and inversion are still correlated to
the displacements and the wrinkling decreases as the Poisson’s ratio increases.

In all, the conducted study shows that both the actual effect of and the sensitivity
to alterations in the material parameters consist of a complex interaction
between the structural design (boundary conditions and curvature) and the
actual parameters. This interplay of various parameters makes selecting a
single set of disadvantageous material parameters for structural analysis rather
challenging and might thus require a more refined method of structure-based
selection or the conduction of a full reliability study for each structural design.
However, this again clearly illustrates how important the actual assessment of
material parameters is, even as early as the design stage of a fabric structure,
since beneficial sets of parameters have the potential to hide stability issues
with the structure, potentially resulting in a decreased lifespan of the structure.
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4
Impact of various biaxial load profiles

As illustrated in the previous chapter, the quantification of the mechanical
behaviour of a material is one of the key aspects in engineering. In the end,
knowing and understanding how a given material behaves mechanically
allows us to design, model and predict, within a certain degree of certainty,
the response of a structure as a whole to any given load. The quantification of
material behaviour has thus always been an important part of the design of
fabric structures.

However, each material responds differently to the application of loads and
in the case of fabrics, their inherently complex composition make for a very
complex behaviour. When stressed these materials display, amongst others,
a highly non-linear straining behaviour, load-ratio dependent straining, and
time-dependent effects. This makes the unambiguous characterisation of their
behaviour more challenging than isotropic materials such as steel in the elastic
domain.

The biaxial tensile test has been key to characterising fabrics for a long time
now, with the oldest descriptions going as far back as 1969 (Sebring et al., 1969),
and despite the fact that it adds a whole new layer of complexity to the test
methodology, its basic principles are inherently the same as for an uniaxial test.
However, since a fabric typically consists of two interacting main directions,
which are determined by the weave, a uniaxial tensile test would only tell
part of the story. Since there is a very strong interaction between the two fibre
directions where the load applied to one direction will influence the behaviour
of the other direction, a broader approach is required. The biaxial test, where
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two directions can be loaded simultaneously and with various ratios, forms
an answer to this. Often used in the testing of composites, it is able to subject
a specimen to a multiaxial load rather than uniaxial and is able to vary the
ratios of the biaxial load to assess the material’s response under various load
conditions.

However, adding another load direction to the tests increases their complexity
significantly as it raises specific questions regarding the sample geometry, load
ratios to be tested, method of strain measurements, et cetera. So far, various
textile research groups have formulated their own methodology based on
former experiences, which has led to a very divergent approach when it comes
to testing fabrics. The use of various test rigs, sample sizes and load profiles
makes it very difficult to compare results and have shown to give rise to very
different test outcomes (Bridgens et al., 2012; Beccarelli, 2015).

This chapter investigates the influence of the applied load profile on the
strain results from biaxial tests. By studying both the unprocessed strain
measurements and the stress-strain relations for each of the applied load ratios,
the effect that each profile has on the actual results has been assessed. The
first section focusses on the existing framework and some different approaches
which are currently actively used when testing fabrics. We will discuss the
different design typologies of biaxial benches, sample geometries, measuring
equipment and finally the different load profiles which are applied. Then, the
outline of the conducted study is provided discussing the different biaxial load
profiles which were used during this investigation. And finally, the results
are presented and interpreted. Based on the latter we will then proceed to
formulate some attention points based on these observations.

4.1 EXISTING FRAMEWORK AND RELEVANCE

As described in the paragraphs above, there currently exists a wide variety
of approaches when it comes to the biaxial testing of fabrics. This is mainly
caused by the lack of any directive regulating this kind of tests, or the design of
tensile fabric structures, while most of the existing methods are based largely
on experience. And even though some standardisation regarding biaxial tests
exist, e.g. MSAJ M-02-1995 (Membrane Structures Association of Japan, 1995),
these tend to leave a lot of room for interpretation and speculation.

As we are currently moving towards a European standard regarding the design
and construction of prestressed fabric structures with the recently published
SaP report regarding the structural design of tensile membrane structures
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(Stranghöner et al., 2016), understanding how different biaxial setups, load
profiles, geometries, etc. can influence the outcome has become more important
than ever. Being able to make an objective assessment of the variations caused
by different variables, such as the type of test bench, the strain measurement
methodology or the applied load profile will enable us to make data-supported
recommendations and formulate expectations regarding the influence of certain
decisions in the design of the biaxial setup as well as the test methodology.

4.1.1 BIAXIAL TEST SETUPS AND THEIR DIFFERENCES

One of the most prevalent influences on the test result will be the setup on
which the test is conducted. As there currently exist various solutions to
deal with the balancing of biaxial loads (and the prevention of shear stresses),
mounting of sample, the sample geometry and even the method by which the
material strains are recorded, differences in these boundary conditions imposed
by the test rig and measuring methodology are often a large cause of variations
(Bridgens et al., 2012; Beccarelli, 2015).

Existing typologies and variations

Focussing on the variations which currently exist between various research
institutions, both academic and industrial, the design of the biaxial bench
is one of the more obvious ones. The most critical part in the design of
these test rigs is to ensure that the sample is loaded symmetrically and to
avoid shear deformations which are not desirable for the pure biaxial stress
state which is assumed to being applied to the fabric (see also chapter 5)
(Membrane Structures Association of Japan, 1995; Bridgens, 2005; Beccarelli,
2015). The simplest solution to apply a balanced loading in two orthogonal
directions consists of placing four fixed actuators on a square frame. Having
four actuators, instead of two, allows for automated load balancing based
on the loads measured at each of the four actuators as well as self alignment
with large deformations. An example of such a bench can be found at the
department of Mechanics of Materials and Constructions (MeMC) at the Vrije
Universiteit Brussel (figure 4.1, top). This type of design relies, due to the fact
that the actuators are fixed, solely on the controller to interpret load differences
and alter the position of the actuators based on these measurements to ensure
the sample remains centred and balanced.

A possible variation on this would be to allow the actuators to slide along the
edge of the frame. This will ensure the load is always applied orthogonally and
symmetrically to the sample and prevents the occurrence of unwanted shear
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stresses much better than when the actuators are fixed. Additionally, instead
of one actuator, one could opt for multiple actuators each driving an equal
part of the total width of the sample (see the next part for further elaboration
on possible sample geometries). Introducing this battery of actuators has
the advantage of allowing lower-capacity load cells, which provide a higher
level of accuracy at the expense of a lower maximum load limit. The biaxial
test rig assembled at the Textile Architecture Research group at Politecnico di
Milano (Beccarelli, 2010; Colasante, 2014a) has been designed as such (figure
4.1, bottom left) and employs a battery of three sliding actuators on each of the
four sides of the test rig. Even though the controller still has to assess the global
equilibrium by controlling the force difference between opposite batteries, the
fact that each actuator can slide independently along its edge greatly reduces
the introduction of shear stresses into the sample and thus benefits the overall
uniformity of the stress field. However, due to the amount of actuators and
load cells required for this kind of setup, it tends to be more expensive than the
first typology.

The third design typology tries to find a compromise between the cost of the
test setup and its reliability for preventing shear stresses and balancing the
sample. This design, developed by Architen Landrell (Bridgens, 2005; Architen
Landrell, 2016), effectively decouples the two directions by attaching them to
two separate frames. One of these frames is a fixed structure while the other
rests on spherical bearings, effectively allowing full planar freedom of motion.
Within each of these two frames, one direction of the sample is fixed by means
of a single fixed clamp and one actuator. Since the upper frame can move freely
in-plane, it will effectively balance itself out in a similar way as the previous
design. The upside is that it reduces the number of required actuators and load
cells to two and does not need to rely on a load controller to balance the forces,
thus removing the dependency between the load balancing and the accuracy
of the load cells. The fact that the floating frame has full planar freedom in
respect to the lower frame also means that it can easily adapt to samples where
the warp and fill direction are not fully orthogonal where this poses more issue
in the first and, albeit to a lesser extend, the second typology. The test rig used
at the School of Civil Engineering and Geosciences at Newcastle University
(Bridgens, 2005) uses this type of design (figure 4.1, bottom right). Having a
loose “floating frame” on top of another does however pose its own difficulties
and risks. At any time the upper frame should be secured to prevent if from
sliding of its bearings, damaging the equipment and posing a direct risk to the
operators.
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Figure 4.1: Different approaches to balancing the biaxial loading have given rise to
different bench designs: fixed actuators (top, Vrije Universiteit Brussel), sliding actuators
(bottom left, Politecnico di Milano. Picture by Giada Colasante) and a floating frame
design (bottom right, Newcastle University. Picture by Peter D. Gosling).
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Figure 4.2: Due to various boundary conditions and test setups, different
institutions have been using various sample geometries which differ
significantly from each other in both size and features (Colasante, 2014b;
Beccarelli, 2015; Uhlemann, 2016).

Apart from these three larger categories, some smaller variations obviously
also exist. Differences in for example the clamp and actuator types (e.g.
electromechanical or hydraulic) or the design and capacity of the load cells, can
influence the result from the biaxial test to various degrees, eventually leading
to potential significant differences in test results (Lan et al., 2014; Beccarelli,
2015).

Sample geometry

The differences in the bench design are not the sole reason biaxial test results
from various research institutions differ. Another large cause of these differences
is the utilisation of differently shaped samples. Although most test samples
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nowadays adhere to the same underlying principles and are generally of a
cruciform shape, the implementation differs greatly between institutions based
on experience and the constraints imposed by the design of the test bench. With
the existing standards, such as the MSAJ M-02-1995 (Membrane Structures
Association of Japan, 1995), being rather sparse on rules and limiting themselves
to recommendations and rough guidelines, this has resulted in a particularly
large variability in test samples between institutions (figure 4.2).

The general goal for a test sample geometry is to ensure uniformity in the stress
and strain field and ensure the applied load is transferred as efficient as possible
through the center of the sample, which is the area of interest during these tests.
This latter is a particular issue for cruciform biaxial samples, where loads tend to
be transferred from one support to another without passing through the center
of the sample (Bridgens, 2005). This can be mitigated by ensuring that the arms
of the cruciform sample are long enough and by dividing the arms into various
sections by cutting slits into the sample (figure 4.3). However, even in this
case the center of the sample will see a reduction in stress as compared to the
theoretical stress derived form the applied loads. This difference is covered by
applying a reduction factor, which has to be determined by means of numerical
simulations and is in fact dependent on the direction and the applied load
ratio. In practice however, a general average value is often applied rather
than using specialised values per fibre direction and load ratio (Membrane
Structures Association of Japan, 1995; Bridgens, 2005). The practical impact of
this approximation is further investigated in chapter 7.

Both the slits and the length of the arms contribute to the uniformity of the
strain field in the center of the sample. An additional parameter ensuring the
uniformity of the strain field is the width of the sample which should be wide
enough. Currently, sample widths tend to vary from 20 cm to 50 cm, which can
have a significant impact on both the uniformity of the strain field as well as
the stress-strain results from the biaxial test.

Finally, the connection type used to attach the sample to the actuators also
affects part of the geometry. Whether a single actuator or batteries of actuators
are used, the difference between a clamp and a loop, the way a possible overlap
is connected (e.g. welding or glueing), et cetera, all determine the way the ends
of the arms of the cruciform sample are designed.
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Figure 4.3: Stress reduction in a sample without (left) and with (right)
slits in the arms. Both samples have been loaded with a symmetric target
stress of 21.1 kN/m. Both models were created in the Sofistik 2016 FEA
software (see also chapter 8)

Measuring equipment

A third parameter which can significantly impact the outcome of the conducted
biaxial test is the type of measurement technique used to evaluate the strain
in the fabric. Generally, strain measurement techniques can be divided in
two categories: mechanical (such as strain gauges or linear transducers) and
optical (laser measurements or Digital Image Correlation). Both offer their own
advantages, limitations and reliability, causing variations in the recorded test
results.

The main limitation of mechanical strain measurements is the fact that it can
only measure very locally (strain gauges) or between two discrete points (linear
transducers), which can cause certain strain data to be left out, such as the
uniformity of the strain field. It also requires careful consideration on the
positioning and mounting of these tools, both of which can cause differences
depending on how and where they are implemented.

The optical methods offer some solutions here where full-field measurement
techniques, such as Digital Image Correlation (DIC), are able to capture the
whole strain field and thus make the verification of its uniformity fairly
straightforward. These methods do however require a careful calibration as
optical systems are very sensitive to variations in focal length, light intensity, et
cetera (Sutton et al., 2009; Tong, 2005). Careful position of the sample becomes a
very pertinent issue when two dimensional DIC systems or laser extensometers
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are being used as neither of those will be able to detect out-of-plane movements
of the sample. These movements will, in these cases, thus be incorporated in the
two dimensional strain results leading to unexpected and non-consistent test
outcomes (Sutton et al., 2008). In these cases it is thus crucial to ensure the test
sample remains in the same plane under all loading conditions, including low-
stress states. This issue can be somewhat circumvented by the implementation
of, more expensive, stereoscopic DIC systems. Since these systems consist of
two cameras which are calibrated together, they act similar to the human vision
and are capable to distinguish and interpret both in-plane and out-of-plane
movements with great accuracy.

4.1.2 LOAD PROFILES

Finally, the applied biaxial load profile is probably one of the most important
factors influencing the outcome of biaxial tests. As mentioned in chapter 2,
the behaviour of a fabric is strongly dependent on its history, the applied load
ratios, prestress, peak loads and many other factors. Changing the biaxial load
profile which is applied during the tests thus potentially has a very significant
influence on the outcome of these tests, often resulting in significant variations
in mechanical response (Galliot and Luchsinger, 2011; Uhlemann et al., 2015b;
Van Craenenbroeck et al., 2015).

Currently, the goal of most biaxial tests is to either assess a generally applicable
set of material properties or conduct a project-oriented analysis. During the
conducted investigation, we focused on the first type of tests which aims to
derive a single set of material parameters regardless of the predicted stress
states. Without the proper standardisation however this results in load profiles
which expose the test sample to a wide variety of load ratios, albeit with
different frequencies, different levels of prestress and different speeds. In the
literature, the load profile introduced by the MSAJ M-02-1995 is often cited as a
reference and used to conduct these tests (Bridgens, 2005; Colasante, 2014a).
This method however makes some assumptions, which do not always line up
with the design the parameters are intended to be used in. To illustrate, the
suggested profile (figure 4.4, top) assumes a symmetric prestress level of 2.5 %
of the ultimate tensile stress (UTS), which for a sample with a not uncommon
failure stress of 80 kN/m results in a prestress level of 2 kN/m. Although this
is not an atypical value for tensile structures, variations in this value and the
load ratio tend to differ greatly depending on the design, as well as the location
in the structure. A good example of this would be conical structures where
there tends to be a large variation in prestress between the bottom, center and
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top of the structure. The profile described in the MSAJ then further assumes
the symmetrical 1/1 (warp/fill) load ratio to be the “default” state of the fabric
repeating this load ratio three times in between each applied asymmetric
load ratio to normalise the fabric’s strain state. Although this is a necessary
approximation to remove the effect of the load history as much as possible,
there have been concerns regarding the fact that the asymmetric ratios are only
repeated once rather than three times, like the symmetric normalisation load
cycles.

Throughout the years, various research institutions have proposed, and
are currently using, their own variations on this load profile (figure 4.4).
Additionally, the development of various complex material models has given
rise to load profiles which are adapted specifically to provide the data required
for these models (Bartle, 2013), both causing further fragmentation of the field
when it comes to biaxially testing fabrics.

The goal of the investigation described in this chapter is to assess the impact
minor alterations to the applied load profile can have on both the direct
stress-strain results as well as the derived (orthotropic) material parameters.
Comparing various load profiles and the differences in mechanical response
they cause in a PVC coated polyester fabric will allow us to make some founded
recommendations regarding the composition of an all-purpose biaxial load
profile as well as assess the inherent statistical variability this causes in the found
sets of material parameters. By investigating the post-processing of the found
data in chapter 5 and running a full statistical analysis on the obtained results in
chapter 6, the variability in derived material parameters caused by alterations
in both the load profile and the methodology used during post-processing
could be formulated mathematically.

4.2 SETUP AND TEST METHODOLOGY

Before discussing the results of the various biaxial tests, it is important to state
the general setup, material and sample properties and the general approach of
the tests. As discussed in the previous section, all these can have a considerable
influence on the results and the details of the setup should thus always be
specified when discussing this kind of results.

In this section, we will first discuss the general setup and geometry which
were used for these tests. After this, we will focus on the various applied load
profiles and specify why these particular routines were selected.
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Figure 4.4: Throughout the years a wide variety of different biaxial test load profiles
have been proposed by and used in various research institutions. Note the different
time-scales adopted for the two last profiles. (Membrane Structures Association of
Japan, 1995; Forster and Mollaert, 2004; Van Craenenbroeck et al., 2015; Bridgens and
Gosling, 2004; Uhlemann, 2016).
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Figure 4.5: The biaxial test bench of at the VUB consists of four hydraulic actuators on a
solid steel frame. Each actuator is equipped with a 100 kN load cell and connects to the
cruciform sample through a bar-loop connection.
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4.2.1 BIAXIAL SETUP AND SAMPLE GEOMETRY

Biaxial test bench

All the tests described in this section have been conducted on the biaxial test
bench of the department of Mechanics of Materials and Constructions at the
Vrije Universiteit Brussel.

Initially designed to test rigid composites, this bench consists of four hydraulic
actuators which are mounted symmetrically on a rigid square frame (figure
4.5). Each of the four actuators is equipped with a 100 kN capacity load cell.
The actuators have only one additional degree of freedom (apart from the
linear actuation), namely in-plane rotation. This latter is important when it
comes to the balancing method used in this bench, which relies on measuring
the average load and the load difference for each pair of opposing actuators.
When the sample deviates from its central position, it will rotate the orthogonal
actuators, leading to a new orientation of the applied forces in this direction.
This reorientation causes a load difference in the other pair (figure 4.6, left), to
which the system can then respond by altering the applied loads to restore the
central positioning of the sample. This way of balancing the sample however
relies heavily on the sample possessing enough shear stiffness to cause a rotation
of the actuators and thus generate a force difference between opposing load
cells. And while this is indeed the case for most rigid composites, fabrics
tend to pose a bigger challenge in this regard. Due to the considerably lower
shear stiffness and the fact that these heavy hydraulic actuators need a certain
minimum amount of force to be rotated, this method tends to result in drifting
of the sample where the load difference between opposing actuators becomes
too small to notice for the controller. This issue can be somewhat mitigated
by removing the rotational freedom and carefully position the sample before
the test begins. However, the drifting can still occur, albeit to a lesser degree,
which immediately illustrates one of the limitations of this type of design.

The sample is connected to the actuators by a bar-loop system where a bar is
inserted through a welded loop on the sample and connected to the actuators.
In order to fit the loop around the bar, two cut-outs are present in the fabric
loop (figure 4.6, right and 4.7).
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Figure 4.6: When the actuators rotate, the controller notes the deviation
from the orthogonal loading conditions as an unequal load and can correct
accordingly (left). The fabric is attached to the actuators by a welded loop
through which a solid steel bar is fitted (right).

Material

The material used for these tests is a Type II PVC-coated polyester (PES) fabric,
produced by Sioen Industries (Sioen Industries NV, 2016b) and is denoted
by the article number T2103. It has a weight of 900 g/m2 and a manufacturer
specified tensile strength of 80 kN/m in both the warp and fill direction (table
4.1).

Sample geometry

The test sample (figure 4.7) consists of a 30 cm by 30 cm central area. The
cruciforms arms extend 160 mm and end in a welded loop to attach the sample
to the bar connections on the actuators. Along the arms, twelve 25 mm wide
strips have been added to ensure the stress is guided through the central area of
the sample. These slits have a length of 100 mm. Numerical simulations of this
particular sample provided us with an average stress reduction factor of 0.95.
To avoid stress concentrations in the corners between the arms, these corners
were rounded with a radius of 10 mm. Finally, each loop had to be provided
with two cut-outs in order to accommodate the connectors holding the bar in
place against the load cell. The utilised sample geometry was derived through
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Table 4.1: Manufacturer-provided properties of the Sioen T2103 PVC
coated PES fabric(Sioen Industries NV, 2016a).

Parameter Value
Coating material 100 % PVC
Linear weave density 1100 dtex
Weaving style P2/2
Weight 900 g/m2

Tensile strength warp 80 kN/m
Tensile strength fill 80 kN/m
Tear strength warp 600 N
Tear strength fill 500 N

a combination of previously conducted research (Topalli, 2012; Vandenboer,
2012), exchanging experiences with experts in the field and incorporating the
geometrical and practical restrictions imposed by the testing equipment.

Important to note in the sample geometry is that the sample has to be aligned
along the two main fibres directions in the fabric. This ensures that both main
directions consist of continuous fibres, ensuring an optimal and uniform stress
transfer throughout the sample. These fibre directions are however often not
exactly orthogonal to each other due to manufacturing imperfections, resulting
in the various arms of the sample being slightly skewed to each other. When
the biaxial bench consists of actuators which can move along their respective
edge and rotate in-plane, this lack of orthogonality can be accommodated
during the test. However, as mentioned before, the biaxial bench at the Vrije
Universiteit Brussel consists of four fixed actuators which were also rotationally
fixed to reduce sample drift. The disadvantage of this approach is that when
the sample consists of non-orthogonal fibre directions (with deviations up to 5°
being not uncommon), there exists and geometrical incompatibility between
the orthogonal bench and the skewed sample geometry. This incompatibility is
partly overcome by welding the loop slightly skewed, ensuring the loop itself is
at least properly aligned with the bench’s orthogonal bar connections and thus
preventing a non-uniform stress application to the sample’s arms (figure 4.8).
Although this obviously causes some of the fibres to not align when comparing
one end of the sample to the other, this is a necessary approximation caused by
the limitations of the bench and inherent imperfections in the material.
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Figure 4.7: The sample geometry used at the Vrije Universiteit Brussel
has a 30 by 30 cm central area and uses welded loops to connect to the
test rig’s actuators.
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Figure 4.8: As the actuators of the biaxial test bench at the VUB are
fully fixed in a perfect orthogonal configuration, the welding of the
connector loops has to be skewed whenever the fibre directions are
non-orthogonal. This limitation in the test setup thus results in slight
geometrical incompatibilities in the final sample.

Data acquisition

The strains in the fabric have been measured using a full-field stereoscopic
Digital Image Correlation (DIC) system mounted above the sample. By opting
for a stereoscopic system, rather than a less expensive one-camera setup, it
becomes possible to register out-of-plane distortions and to eliminate the issue
of the DIC system to interpret out-of-plane effects as in-plane distortions.
During preliminary studies (see chapter 7) results using both the DIC system
and a set of three linear transducers were compared but since the transducers
showed some delay due to the mounting mechanism, we decided to limit
ourselves to the DIC results.

The DIC setup consists of two AVT Stingray F-504 digital cameras taking
pictures every 10 s or every 0.1 kN force difference on one of the four actuators,
whichever one occurs first. The cameras have a CCD resolution of 2452 x 2056
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Figure 4.9: During the testing, the strain are captured by a stereoscopic
DIC system mounted above the sample (left). The strains are tracked
using a full field speckle pattern with an average speckle size ranging
from 0.5 mm up to 5 mm (right).

pixels, square sensors pixels with a dimension of 3.45µm and a resolution
intensity of 12 bits (Allied Vision Technologies GmbH, 2016). Each of these
cameras has been equipped with a Schneider-Kreuznach Cinegon 1.4/12 mm
C-mount optical lens (Jos. Schneider Optische Werke GmbH, 2016). These
cameras were then mounted above the sample at a distance of, on average,
0.7 m (figure 4.9, left), providing a field of view (FoV) on the sample of 560 mm
horizontally and 470 mm vertically. Based on this setup, the sample was
provided with a traceable speckle pattern with speckles of an average diameter
of 1 mm (figure 4.9, right). The physical size of the speckles of these patterns
is determined based on the properties of the cameras, lenses and the distance
between the sample and the cameras (Sutton et al., 2009). As a consequence,
the size and density of the speckles can differ greatly depending on the setup.

However, when using a DIC system for strain measurements, special attention
has to be paid to a correct calibration as well as constant lighting/exposure
conditions. Since the system will only be able to correctly derive the displace-
ments and strains based on the presented calibration, it is vital to ensure the
calibration is carried out correctly and assess the inherent noise which will
always exist on such measurements. Calibration is usually carried out by
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Table 4.2: Correlation settings used to correlate the DIC strain
measurements for the biaxial tests in the VIC3D software package.

Parameter Value
Pre-filtering Gaussian 5
Subset size 29 pixels
Step size 7 pixels
Correlation criterion Zero-mean normalised sum of squared difference
Interpolation function Optimised 8-tap spline
Strain filter size 9

presenting the system with a target surface which consists of a predetermined
pattern with both its layout and dimensions known to the system. By capturing
this target in multiple positions, the system is able to establish the spatial
position of the cameras in relation to the presented calibration target, within a
margin of error, thus allowing to link the digital pixels to real-world dimensions.
However, once the system is calibrated, it is crucial that nothing in the setup
changes. DIC measurements are inherently sensitive to changes in the setup
as well as variability in, for instance, lighting conditions (Tong, 2005; Sutton
et al., 2009). This sensitivity can be somewhat mitigated through the use of a
correlation criterion which incorporates changes in brightness (Sutton et al.,
2009). As biaxial tests usually run for multiple hours, and thus can experience
different lighting conditions throughout the test, the zero-mean normalised
sum of squared difference (ZNSSD) correlation criterion, which incorporates
both scale and offset variations in the lighting conditions, has been selected for
the interpretation of the test results (table 4.2).

During the conducted analysis, which has been carried out in the commercially
available VIC3D 2010 software package ((Correlated Solutions Inc., 2016)),
the whole of the sample was defined as the area of interest, thus allowing
the DIC to analyse displacements and strains over the whole of the sample.
This allowed us to verify the uniformity of the strain field as well as monitor
various sample-specific effects such as for instance the effect of the cut-outs
made to accommodate the connections. To derive the material’s stress-strain
response however, the average of the derived strains in a 50 mm by 50 mm
square around the center has been considered during further processing. A
graphical representation of the relation between the entire area of interest, the
central strain-averaging square and the correlation subset has been provided in
image 4.10.
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Figure 4.10: During the analysis, the whole of the sample has been
marked as the area of interest allowing the observation of the whole of
the strain field. The actual material strains extracted from the tests consist
of the average over a 50 mm by 50 mm square around the center.

The effective accuracy of the found displacements and strains in a DIC analysis
is dependent on a lot of factors, ranging from differences in the speckle pattern
to variations in light intensity, making a consistent assessment of the total error
on both displacements and strain relatively difficult. However, the maximum
object displacement accuracy β0 can be estimated from the image displacement
accuracy β1 and the real-world dimension of one pixel in the pictures (Sutton
et al., 2009):

β0 =
L
N
∗ β1 (4.1)

With L denoting the real-world distance (“field of view”) covered by N amount of
in-picture pixels (“recording resolution”). When using high-order interpolation
functions, specifically optimised 6- and 8-tap splines, to describe the discrete
grey levels within the pictures at a sub-pixel level during the correlation, image
displacement accuracies of 0.01 pixel or better can be achieved at the cost
of computational time (Sutton et al., 2009). Combined with the previously

84



4.2 SETUP AND TEST METHODOLOGY

mentioned field of view (0.47 m) and resolution (2056 pixels), this leads to an
object displacement accuracy of 2.29µm. In stereoscopic setups however, a
more conservative rule of thumb is sometimes still considered in practice with
in-plane displacement accuracies being taken as 1/50th of the pixel size (or in
this case, 4.57µm) and 1/30th (7.62µm) for out-of-plane displacements.

The actual spatial resolution, or smallest notable object, obtained during the
DIC analysis does however not only depend on the actual dimension of the
pixels, but also the selected subset size. Smaller subsets increase this spatial
resolution at the cost of an increase in data noise as well as the possibility of
correlation difficulties. In our case, the subset size of 29 pixels corresponds to a
spatial resolution of 6.63 mm.

Note that both the displacement accuracy and spatial resolution could be
increased by reducing the distance between the cameras and the object,
effectively reducing the field of view for the same amount of pixels and thus
decreasing the ratio L/N. Provided the speckle pattern is adapted accordingly,
greater displacement accuracies could thus be theoretically achieved at the cost
of a reduced field of view. During the conducted tests however, a global image
of the strain field was desired in addition to measurements in the center, which
requires this larger field of view.

In addition to the setup-driven accuracy, the obtained DIC results also display
so-called inherent errors due to, for instance, noise on the signal or non-uniform
lighting conditions (Hung and Voloshin, 2003). This error can be established
by conducting the DIC analysis in a static state where multiple images are
taken from a static sample. The resulting displacements and strains will thus
give an indication of the inherent noise on the image. For this setups, in-plane
displacement noise was on average 0.86µm while the in-plane strains showed
an inherent error of around 21.3 microstrain, both small in relation to the
obtained spatial resolution.

4.2.2 APPLIED LOAD PROFILES

The load profiles which were selected for the conducted tests (figure 4.11) were
a combination of established load profiles, such as the load profiles advised
by the MSAJ code, and variations on profiles based on different structural
conditions, such as an asymmetric prestress. Each profile was tested twice to
verify the repeatability and generate enough data, yet keep the number of tests
to be conducted reasonable.

85



CHAPTER 4 IMPACT OF VARIOUS BIAXIAL LOAD PROFILES

 

 

 

 

 

0

5

10

15

20

25
Ap

pl
ie

d 
lo

ad
 [k

N
/m

]

0

5

10

15

20

25

Ap
pl

ie
d 

lo
ad

 [k
N

/m
]

0

5

10

15

20

25

Ap
pl

ie
d 

lo
ad

 [k
N

/m
]

0

5

10

15

20

25

0 2000 4000 6000 8000 10000 12000 14000

Ap
pl

ie
d 

lo
ad

 [k
N

/m
]

Time [s]

0

5

10

15

20

25

0 5000 10000 15000 20000 25000

Ap
pl

ie
d 

lo
ad

 [k
N

/m
]

Time [s]

MSAJ profile 
Warp Fill 

Standard VUB profile 
Fill Warp 

Asymmetric prestress ratio 
Fill Warp 

Asymmetric prestress and normalisation ratio 
Warp Fill 

EMPA-based load profile 
Fill Warp 

Figure 4.11: Five different load profiles were tested during this
investigation. Mark the different time scale for the EMPA-based profile.
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The first of five tested profiles was the biaxial load profile suggested by the
MSAJ code. Since this code has been pretty much the only code specifying test
conditions and methodologies, it has been used as a reference multiple times
throughout the years by multiple research institutions. The profile (figure 4.11,
top) cycles between 2.5 % UTS (= prestressed state) and 25 % UTS (= maximum
load) for a variety of load ratios. It assumes the symmetric 1/1 (warp/fill) load
ratio to be the default state of the fabric and thus repeats this ratio three times
between the application of each asymmetric load ratio to normalise the state of
the fabric. For each asymmetric load ratio on the other hand, the load is only
applied once rather than three times. Due to stability issues with the controller
at low loads, the 1/0 and 0/1 load ratio present in the regular MSAJ profile were
replaced with a 5/1 and 1/5 ratio respectively.

At the Vrije Universiteit Brussel, a custom alteration of the MSAJ profile is being
used to test fabrics. This alteration, which keeps the prestress and maximum
stress levels as they are described in the MSAJ, repeats each asymmetric load
cycle three times as well and includes a settling period at the start and the end
of the test to allow the fabric to adapt itself to the new (pre)stress state.

The third and fourth applied load profile are both based on this default protocol
used at the Vrije Universiteit Brussel, but with some small alterations. The
first of these two profiles changes the prestress ratio from 1/1 to 2/1, effectively
applying 2.5 % UTS in the fill direction and 5 % UTS in the warp direction as
the prestress. The second variation, or the fourth load profile, takes this one
step further by opting for an asymmetrical normalisation ratio as well, thus
assuming this asymmetric stress state to be the “default” state of the fabric.

The fifth, and last, investigated load profile (refered to as the “EMPA-based
load profile”) has been derived from the load profile described by C. Galliot
and R. Luchsinger in Galliot and Luchsinger (2009). This protocol, which is
vastly different from the others, not only applies a lot more load ratios but
also cycles each ratio five times rather than three. It also removes any form of
normalisation loading and introduces small prestress plateaus with a duration
of one load cycle between the different load ratios to allow the fabric to settle
(figure 4.11, bottom). Note that this last test takes, with a total duration of
around 6 h and 20 min, a significantly longer time to run than the other profiles
(which last on average 4 h and 30 min) due to the extended amount of tested
load ratios. During the analysis we will also consider whether this longer
runtime has any advantageous effect on the outcome of the test or if it does not
yield any significant difference as compared to the other tests.
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As mentioned before, each of these tests was conducted on two different
samples. In order to ensure as minimal bias in the results as possible, each
pair of samples was taken from various locations on the fabric role. This
avoids location-dependent effects to occur during one particular test. The angle
between the fibres was also verified for each sample and the test samples where
divided so that each test consisted of one reasonably orthogonal sample (angles
up to 90.5°) and one where the fibre directions were less perfect (with angles up
to 93°). In order to normalise the environmental parameters as well, each profile
was tested on a different day. As the laboratory of the Vrije Universiteit Brussel
does not have a climate controlled environment, temperatures and humidity
vary depending on the outside conditions and this type of test randomisation
was a way to avoid differentiating results due to, for instance, one particular
profile being tested on a significantly hotter day. Yet, as all samples were tested
within the timespan of two weeks and in a shielded, internal environment, the
variations in temperature and humidity are expected to be limited either way.

4.3 RESULTS AND DISCUSSION

As mentioned at the beginning of this chapter, we will first focus on the
differences in the direct strain and stress-strain results from the various biaxial
tests before discussing the derivation of the material parameters in the next
chapter. Doing this will already provide some insight in how each profile is
influenced by its history. Comparing each load ratio separately, we can already
formulate some expectations regarding the material behaviour which would
be predicted for each of the tests.

Before studying the various strain results however, we start by taking a look at
the strain field captured by the DIC system. Doing so will reveal the uniformity
of the strain field as well as certain geometry-specific effects. Although this step
does not provide us with any specific information regarding the load profile
dependent differences due to the very high information density these strain
fields contain, it is a crucial step when invoking DIC analysis to avoid the
extraction of incorrect strains which might be caused by, for instance, a highly
variable strain field or certain strain concentrations.

Afterwards, the strain results will be compared using three different interpre-
tation methods, each showing different aspects of the variations. First, we
will consider the raw strain results in function of the test time and afterwards
we will focus on the stress-strain results. For these, we will first consider the
various load and unload cycles for each common load ratio. Afterwards, the
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Figure 4.12: Visualising both the warp (left, horizontal direction) and
fill (right, vertical direction) strains for a sample loaded symmetrically
using the same scale clearly illustrates the different straining behaviour
between these two directions.

residual strains and unloading cycles are removed to be able to compare the
data in the state it would be used to derive material parameters.

4.3.1 FULL FIELD DIC RESULTS

Before considering the extraction of the strain results, the DIC measurements
were checked for uniformity of the strain field and the existence of any possible
strain concentrations which we should be aware of during the analysis and
further numerical modelling (see chapter 8) of the conducted tests. Bear in
mind during this discussion that we are only able to interpret the strain field
and not the stress field, which can only be interpreted through numerical
simulations. However, in this case the strain field will give some indications
about the uniformity of the stress field as well due to the controlled application
of the biaxial load.

At first, both the warp and fill results for a 1/1 load ratio were plotted using the
same scale (figure 4.12), showing the typical graphical output one gets through
full-field three-dimensional DIC analysis. As the reference zero-strain state for
the DIC analysis has been taken before applying any load, the large difference
in strains between the horizontal warp direction and the vertical fill direction
becomes apparent immediately. As explained in chapter 2, this is due to the
large initial curvature of the fill fibres. The effect of the straightening of these
fill fibres on the warp direction can also be noted on figure 4.12 in the slitted
areas on top and below where the unrestrained warp fibres will contract (=
“crimp interchange”), showing up as a negative strain on the DIC images.
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Figure 4.13: Narrowing the scale on the same 1/1 load ratio DIC results
accentuates the minor variations which exist in the strain field in the
center of the sample as well as the local geometry-related effects which
occur at various locations through the sample.

However, this first set of images does not really tell us anything regarding
the uniformity of the strain field in the center of the sample. In order to get
a more in-depth understanding of the strain field, the colour scale has been
truncated to the point where the variations in the center of the sample become
clearly distinguishable (figure 4.13). Doing so reveals a number of interesting
aspects about the sample and its strain field. In the horizontal warp direction
(figure 4.13, left), strains in the central area of the sample vary between 3 %
and 3.5 %. For the vertical fill direction, the strains in the central area vary
between 9 % and 10 %, although the actual variation is smaller in the central
point of the sample. Also note the apparent strain reductions around each
fourth strip from the edge for both the warp and, albeit less notable, fill strains.
This effect is a direct consequence of the fact that this strip lies in-line with
the cut-outs made to accommodate the supports holding the bar in place (as
previously seen in figure 4.7). This results in a smaller force transfer to these
areas, causing this local strain reduction which contributes to a slightly less
uniform strain field. However note that these reductions become unnoticeable
in the center of the cruciform sample, which will be our main area of interest
for the strain measurements. Finally, we also note some localised increases in
strains around the mounting points of the linear transducers where a small
perforation was made in the fabric. However was already been noted in Chen
et al. (2008), their effect on the whole of the strain field remains limited to a
small area surrounding these mounting points.
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Figure 4.14: Observing the shear strains in the sample show them to be
symmetric around 0 % and limited to the corners of the sample. The
center area does not experience any shear deformation, as it is assumed
to be the case.

Finally, we can also verify the assumption that the biaxial sample does not
contain any shear strains in its central area. Typically, biaxial test samples will
experience some shear deformation in the corners where two arms meet due
to the geometrical constraints, but the central area where the warp and fill
strains are derived from, should ideally have no shear strains at all. Having the
full-field DIC measurement makes evaluating the shear strains very simple in
the sense that we do not need to rely on punctual measurements in the center
of the sample, but can verify their occurrence over the whole of the sample area
without any additional work required. Doing so (figure 4.14) reveals that over
the whole sample the shear strains range from -0.09 to 0.09, with the maximum
absolute values occurring in the corners of the sample. Both the symmetric
nature and the place of occurrence are in line with our expectations.

The analysis above shows the strength a full-field three dimensional analysis
has compared to other, punctual measuring methods. Where other methods,
like linear transducers or laser extensometers, measure the strains between two
discrete points and thus do not provide any additional information regarding
the uniformity of the strain pattern or local effects, digital image correlation can
provide this information without additional work. The downside is of course
the cost of such system and the additional difficulties related to installing and
calibrating the system.

However, when it comes to biaxially testing of fabrics, the strain field provides a
lot of important information about the test setup and chosen geometry influences
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the outcome, how the sample behaves globally and the quality/uniformity
of the generated strain field. Having verified that the generated strain field
is sufficiently uniform in the center of the sample for each conducted test
and there are no unwanted shear strains generated, we can proceed with the
analysis and comparison of the various applied load profiles by extracting
(and averaging) the DIC strains in a 50 mm by 50 mm square in the center and
interpret the results.

4.3.2 DIRECT STRAIN RESULTS

The most straight-forward way to evaluate the biaxial tests is to compare the
direct strain results in the center, averaged over a 50 mm by 50 mm square, of
the sample in function of the time (figure 4.15). It shows the variations in the
obtained strains as well as the resulting permanent strain at the end of each
experiment.

The first thing to note is that there are no big difference between the two
conducted tests for none of the load profiles. Although some minor difference
occur (for instance during the standard VUB profile), each profile yielded very
consistent strain results. One of the MSAJ tests (figure 4.15, top) however
turned out to be missing some strain data due to the DIC losing track of the
speckle pattern during certain load ratios, despite trying different subset and
step sizes in an attempt to enhance the correlation. The underlying cause of
this was the speckle pattern lacking the required density in some locations,
showing the sensitivity of this type of measurement to minor imperfections in
the setup.

Looking at the time-strain graphs, one thing we can notice immediately is how
the imposed test profile affects the permanent deformation noted at the end
of the test. Both profiles using the asymmetric prestress level have a lower
residual fill strain at the end of the test than the other conducted tests. This
illustrates the importance of structure-dependent test methodologies when
deriving the residual strains to be used for compensation of the cutting patterns
(see also chapter 7).

This last profile (the EMPA-based profile) also shows an interesting effect
where the residual deformation changes throughout the test profile. By not
loading the fabric to its maximum load in both directions straight away, the
residual strains tend to vary depending on the location in the test profile. At
the start, we see a residual strain which is larger in the warp direction than
in the fill direction (figure 4.15, bottom). However, as the test progresses and
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the relative stress in the fill direction increases, the permanent strain in the
fill direction also increases while the permanent strain in the warp direction
decreases accordingly. Be aware though that this does not necessarily indicate
that the resulting material parameters from this test will differ from the others.
Indeed, since the residual strains should be removed (Membrane Structures
Association of Japan, 1995; Bridgens and Gosling, 2004) during the derivation
of the material parameters, we will first need to verify the stress-strain data
in order to be able to formulate an hypothesis about the resulting material
parameters for each of the conducted tests.

A similar effect can be noted at the beginning of the fourth profile (asymmetric
prestress and normalisation ratio), altering the load ratio of both the prestress
and the normalisation load. Only after loading the fill direction to its maximum
value for the first time will the increase of the residual strains in this direction
stabilise around 6 %.

4.3.3 STRESS STRAIN BEHAVIOUR

Overall, the time-strain results only tell a very limited part of the story and
do not succeed to provide a large amount of results which are useful from an
engineering point-of-view. In order to provide a full analysis of load profile-
dependent differences in the various aspects of the material behaviour, we
should analyse the stress-strain results for all conducted tests. During this part,
various aspects will be compared and studied. Both the effect of the amount of
repeated load cycles as well as the inherent stress strain differences due to the
different prestress ratios and load history for each of the applied load ratios
will be compared in this section.

All the stress-strain figures presented in this section hold to the same principles.
First of all, the stress and strain differences are determined starting from the
prestress level to avoid stress and strain differences in the difficult to control
low-load area skewing the results. The y-axis always contains the leading stress
for each load ratio to avoid very small and horizontal curves when comparing
highly asymmetric load ratios. And lastly, the residual strains are always
removed at the start of each group of load cycles which apply the same load
ratio. This latter allows us to study permanent strain occurring per load ratio
without the image being influenced by the strain history.

Multiple load cycle analysis

Starting with the symmetrical 1/1 (warp/fill) ratio (figure 4.16) immediately
shows a number of differences between the various load profiles. All the graphs
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Figure 4.15: The time-strain graphs of each conducted test already clearly
shows some differences in, for instance, maximum and minimum strains
as well as the residual strains after each test.
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in figure 4.16 show the stress-strain behaviour of the first three, or five in the case
of the EMPA-based profile, 1/1 load cycles which are encountered throughout
the test. For some of the conducted tests, e.g. the MSAJ profiles, these thus also
include the initial large deformation of the sample, which is shown on the left
hand side of the figure. On the right hand side, this deformation is removed by
removing the first of these load cycles and subtracting the residual strains.

But even after removing this initial straining, there are still clear differences
between each test. The most notable is the way the results from the MSAJ
profile differ from the other four. Due to not including a prestress plateau at
the beginning of the test and loading the sample immediately, the fabric still
displays a highly non-linear behaviour causing the loading and unloading
cycle to differ significantly more than is the case in the other four tests. We can
also note that while the warp and fill results in most tests are fairly different,
they seem much closer to each other for the MSAJ profile. This illustrates the
importance of allowing the fabric to settle if one is interested in a generalised
set of parameters representing the tested material.

Comparing the stress-strain results for the other load ratios tells a similar
story. First of all, looking at the 1/2 and 2/1 load ratios (figure 4.17), we
can immediately note the big difference between the profile which uses an
asymmetric prestress and normalisation load as compared to the other results.
Due to the alteration of this intermediate normalisation load, from symmetric
to asymmetric, the outcome of all other ratios also seems to change. This effect
seems less notable when only the prestress ratio is changed from symmetric to
asymmetric, judging by the graphs presented in figure 4.17.

At first glance, one could also think the results from the EMPA-based profile
differ rather significantly form the other results. However, mark that due to the
lack of constant normalisation ratios, the residual strain after the first load cycle
is larger than in the other profiles. As noted before, the residual strains for the
EMPA-based profile tend to change constantly throughout the test, which is
thus also reflected in the stress-strain results. Due to the nature of the weave
in the fabric, this effect is most notable in the direction of the fill fibres. When
we were to remove the first load cycle and the residual strains at its end, the
results would be more in line with the results from the other profiles. This is
illustrated further in this section.
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Figure 4.16: Stress-strain results for the first encountered set of 1/1 ratio
load cycles, both with (left) and without (right) the initial permanent
strain.
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Figure 4.17: Comparing the 1/2 (left) and 2/1 (right) load ratios shows a
very clear difference when the normalisation ratio is changed. All tests
still show some amount of permanent straining after the first load cycle.
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Similar observations are made on the 1/5 and 5/1 load ratios (figure 4.18).
Again, the addition of the asymmetric normalisation ratio seems to have the
largest effect on the stress-strain results and the larger residual strains in the
EMPA-based profile create some additional visual differences (figure 4.18).

Also note that each test and load ratio still shows an additional permanent
deformation after the first load cycle of each ratio, with permanent strains
ranging between 0.5 % to 0.8 %. This seems to indicate the fabric is still
recovering from its previous stress state during the first load cycle of each
newly applied load ratio and the actual strain behaviour for a given stress state,
regardless of the load history, can only be derived from at least the second
load cycle onward. This observation will become particularly important when
interpreting the results from the MSAJ test since this profile only includes one
load cycle for each asymmetric load ratio.

Simplified data

For the final comparison of the stress-strain data, we will group the results for
each load ratio into one graph, removing all unloading cycles and the residual
strains at the start of each new load cycle, as one would do when deriving
the material constants (see also chapter 5). This will show us the stress-strain
variability which exists for each load ratio within the conducted tests in the
way they will be perceived during the post-processing of the results.

This way of representing the data (figure 4.19) paints a much clearer picture of
the variations in the stress-strain relations between the different test methods.
Where only the larger differences in the stress-strain behaviour became visible in
the previous graphs, the direct comparisons presented in figure 4.19 shows even
the smaller differences which will cause variations in the derived orthotropic
material parameters.

In general, we can clearly note that maximum strain differences between various
load profiles can go up to 1 % for a specific load ratio. And while the symmetric
1/1 ratio does not reveal a clear trend in the relative relations of these differences,
the asymmetric load ratios do in fact show some correlations. First of all, we
can clearly see that the MSAJ profile tends to give the largest values in absolute
strains for each of the asymmetric ratios. This is a direct consequence of this
particular profile not repeating these asymmetric load ratios where the other
profiles repeat these asymmetric ratios three times and considering the last
two cycles, thus minimising the non-linear straining behaviour and permanent
strains which occur when the applied load changes in ratio.
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Figure 4.18: Both the 1/5 (left) and 5/1 (right) load ratio shows again a big
difference in results for the test with the asymmetric normalisation ratio.
Also note again the residual strains after the first load cycle for each ratio.
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Figure 4.19: Comparing the stress-strain results from the loading cycles
per load ratio very clearly shows the differences in the results due to the
various load profiles and makes it possible to make estimations about
how they will influence the derived material parameters.
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We also note that in the case of both profiles with the asymmetric prestress,
with the warp direction having a higher prestress than the fill direction, the
material shows larger strains in both warp and fill directions when subjected to
a load ratio with a dominant fill loading (1/2 and 1/5). And since the difference
in behaviour between these two profiles is fairly small, this indicates that
prestressing one fibre direction more can lead to an overall lower material
stiffness under specific loading conditions. However, when subjected to a load
ratio with a dominant load in the warp direction (2/1 and 5/1), the deviations
from the other profiles becomes less distinct, showing an important interaction
between the ratio of the prestress, the material response and the applied loading.

Physically, this observation can be explained by the different starting conditions
of the weave: when the warp fibres are prestressed to a higher load, the fill
fibres will retain more of their initial curvature in the prestressed state. When
then applying a load which mainly targets these highly curved fill fibres, the
additional curvature of these fibres will cause the fill to seemingly expand more
and simultaneously cause a larger contraction in the warp direction, the latter
resulting in lower, thus more negative, warp strains. However, when applying
a warp-dominant loading, this effect will play a smaller role due to the warp
fibres already being straight under the higher prestress. This effect will thus
be of importance mainly when dealing with structures with an asymmetric
prestress.

Also note that in most cases, the stress-strain result for the standard VUB profile
and the EMPA-based profile tend to lie fairly close to each other while the other
profiles tend to differ more from either of these two profiles.

Based on these observation we can not only state that the expected differences
in material parameters will likely be considerable, but we also expect the results
from the standard VUB profile and the EMPA-based profile to lie fairly close to
each other. Based on the results above, the stiffness parameters coming from
the MSAJ profile tests are expected to be lower than any of the other tests.

4.4 SUMMARY AND CONCLUSIONS

In this chapter we first discussed the large variation in equipment and
approaches which currently exist for characterising the biaxial stress-strain
behaviour of architectural fabrics. Factors like the design of the test bench, the
sample geometry, measuring equipment and the applied load profile all can
influence the outcome of the biaxial test significantly.
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During this investigation, the differences and similarities in the mechanical
behaviour of a biaxial sample subjected to five different load profiles has been
studied. By invoking a three dimensional DIC system, it was possible to
analyse strains and displacements throughout the whole sample, assessing
important effects like the uniformity of the strain field and the absence of shear
deformations in the center, as well as to extract the strains in the center of the
sample, the main area of interest. Studying the time-strain and stress-strain
results for each load profile revealed large differences in the recorded strains
depending on the number of load cycles per ratio, the ratio of the applied
prestress and the chosen normalisation load ratio.

The stress-strain results show a number of interesting effects which differ
depending on the load profile. Most notable are the differences in permanent
deformation which occurs during various load ratios and cycles. Besides
this, altering the prestress ratio of the sample and thus effectively altering
the default fibre layout in the sample, results in a notably higher strain in
the less prestressed direction when the applied load ratio is dominant in this
direction. On the other hand does increasing the number of load cycles from
one, as described in the MSAJ code, to three or more significantly decreases
the maximum strains for each load ratio. The results obtained from these tests
already indicate the large impact small alterations to the imposed biaxial load
profile can have on the outcome of the tests.

In the end, all these effects will ultimately lead to different sets of orthotropic
material parameters. By deriving these material parameters for each of the
conducted tests in the next chapter, the actual impact of the noted variations in
straining on the derived parameters will be assessed.
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5
Impact of post-processing

Conducting biaxial tests and interpreting the stress-strain results is only half of
the story. Ultimately, we want to apply the observed behaviour in a numerical
model, allowing for estimation of the overall structural behaviour of the
designed structure and pro-actively prevent failure types such as ponding.

Similar to the existing situation regarding biaxial testing, this part of the field is
however also very fragmented, with a lot of different numerical frameworks,
design methods and material models being used, both commercially available
and developed in-house. Obviously, the interpretation of the biaxial test results
will vary depending on the material model which is being used, with the linear
elastic orthotropic model as one of the more simple material models still being
used and the main focus of the conducted investigation.

In general a material model, regardless of its inherent complexity, will generate
a set of parameters so that its predictions generate the best possible fit with
the observations made during the biaxial tests. In the case of the linear elastic
orthotropic model for instance, these parameters consist of two Young’s moduli,
one for each fibre direction denoted Ewarp and E f ill, and two Poisson’s coefficients
covering the strain interactions between the two directions, denoted νw f and
ν f w.

Fitting the required parameters to the test data however can be achieved
through various mathematical methods. Additionally, certain constraints
and assumptions can be imposed on these parameters, each of which can
alter the outcome of this data-fitting procedure. This chapter focusses on
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the interpretation of the data obtained through the biaxial tests conducted
in the previous chapter. The variations in the resulting stiffness parameters
due to the mathematical fitting algorithm, the used stress-strain data and
certain mechanical assumptions have been assessed by applying various fitting
procedures which determined the best-fit linear elastic orthotropic material
parameters. Additionally, as the results from various load profiles are imported
it will also illustrate the impact these alterations in test methodologies will
have on the resulting material parameters.

This chapter starts by providing a more in-depth understanding on how the
mechanical behaviour of fabrics is currently modelled and where the difficulties
lie. The second part focusses on the mathematical methods which fit material
parameters to the provided stress-strain data. Afterwards, the different sets
of input data are discussed after which the results from the various tests and
post-processing methods are investigated and compared to each other. This
comparison will then be used to generate some general recommendations when
it comes to post-processing biaxial data and interpreting the resulting material
parameters. At the end of this chapter, a number of sets of “general” linear
elastic orthotropic material parameters has been derived according to these
recommendations and common practice. These sets will then later be used in
the numerical modelling to assess the impact of these variations on the model
and the design process.

5.1 MODELLING THE STRESS-STRAIN RESPONSE OF FABRICS

Currently, a wide variety of numerical methods to approximate the mechanical
behaviour of fabrics exist. These models range from fairly common, but limited,
models such as the linear elastic orthotropic material model to very elaborate
models which cover even the more complex parts of the mechanical behaviour,
such as the non-linear and time-dependent effects, of the fabric as well (e.g.
elasto-plastic (Dinh et al., 2014) or neural network models (Bartle, 2013)). As the
main interest of this chapter is not to assess the quality of each of these material
models, but rather to assess the difference the various test and post-processing
methodologies can have on the derived material parameters, this investigation
is limited to the well-established procedure of fitting linear elastic orthotropic
material parameters to the model. Additionally, conducting this comparison
using a relative simple material model allows for direct comparison of the
various material constants, all of which are well understood by engineers, and
thus paints a clear picture about the relative differences.
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5.1 MODELLING THE STRESS-STRAIN RESPONSE OF FABRICS

The linear elastic orthotropic material model characterises the stress-strain
behaviour relatively simple using Hooke’s law regarding linear elastic material
behaviour. In its most general form, it is written as equation 5.1 and thus being
characterised by three Young’s moduli Ex, Ey and Ez, six Poisson’s coefficients
νxy, νyx, νzx, νxz, νyz and νzy and finally three shear moduli Gxy, Gyz and Gzx.
Equation 5.1 can however be simplified when discussing fabrics. As the out-
of-plane z-direction in these materials is extremely small in comparison to the
other two directions, the stresses in the material can be considered planar and
all relations relating to the out-of-plane stresses and strains can be removed (=
“plane stress assumption”), reducing the general expression to equation 5.2.



εxx

εyy

εzz

εyz

εzx

εxy


=



1
Ex

−
νyx

Ey
−
νzx
Ez

0 0 0

−
νxy

Ex

1
Ey

−
νzy

Ez
0 0 0

−
νxz
Ex
−
νyx

Ey

1
Ez

0 0 0

0 0 0 1
2Gyz

0 0

0 0 0 0 1
2Gzx

0
0 0 0 0 0 1

2Gxy





σxx

σyy

σzz

σyz

σzx

σxy


(5.1)


εxx

εyy

εxy

 =


1

Ex
−
νyx

Ey
0

−
νxy

Ex

1
Ey

0

0 0 1
2Gxy



σxx

σyy

σxy

 (5.2)

Note how both equations show a clear separation between the axial and the
shear stresses and strains. Where axial stresses in one direction can influence
the strains in the other directions, this interaction is assumed to not exist when
it comes to shear stresses and strains. A shear strain thus requires a specific
stress to be applied in that exact direction in order to exist. This is why it is
vital for biaxial tests to not cause shear strains in the sample: unless the test
profile specifies otherwise (e.g. shear ramp tests as described in Galliot and
Luchsinger (2010a) and Galliot and Luchsinger (2010b)), the imposed stress
state on a biaxial sample is assumed to be a pure two-directional axial stress
state which contains no information about the shear stresses. If shear strains do
occur during these tests however, it means part of the axial energy is converted
into shear stresses, which results in an incorrect interpretation of the stress state
in the middle and thus an incorrect derivation of the material’s properties. So
for the interpretation of biaxial tests, equation 5.2 further simplifies itself by
removing the shear stress component. Assuming x to be the warp direction
and y the fill direction, we obtain the following equation for the assumed stress
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state in a biaxially loaded fabric sample:

εwarp

ε f ill

 =

 1
Ewarp

−
ν f w

E f ill

−
νw f

Ewarp

1
E f ill


σwarp

σ f ill

 (5.3)

This final representation is however still subjected to a number of assumptions
which relate to the linear elastic behaviour which comes with this method of
modelling the mechanical material behaviour. The first approximation is firmly
rooted in the Betti-Maxwell theorem which states that “the work done by one load
on the displacement due to a second load is equal to the work done by the second load
on the displacement due to the first” (Lubliner, 2007). In practice, this theorem
results in a symmetric compliance matrix, which in our case means that:

−
νw f

Ewarp
= −

ν f w

E f ill
(5.4)

This equation can be rewritten to a more common formulation often encountered
when dealing with anisotropic elastic material models:

Ewarp

E f ill
=
νw f

ν f w
(5.5)

This relation, known as the reciprocal relation, states that the ratio between the
Young’s moduli in the two main directions equals to the ratio of the Poisson
coefficients. Although the validity of this relation when applied to fabrics
has been questioned before (Gosling and Bridgens, 2008) and removing this
constraint during the derivation of material constants has shown to result in
vastly different material constants (Bridgens and Gosling, 2010), it is often
still hard coded in a lot of software packages under the shape of a symmetric
compliance matrix, placing a fundamental limitation on the material parameters
which can be applied in these models.

Although the removal of this reciprocal constraint is in violation of the
fundamental physical principles which lay at the basis of the linear elastic
material model, namely the conservation of energy, there are a number of
considerations which should be taken into account when observing this
fundamental property in the light of the mechanical behaviour of fabric
materials. First and foremost, it is important to realise fabrics are not
homogeneous materials and display a very complex behaviour due to the
various interactions between the coating(s) and different yarn directions. Their
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inherent geometrical layout of curved fibres and multi-material composition
make their mechanical response act partly like a constrained mechanism rather
than a conservative material, as assumed by the symmetry requirement. Within
this mechanism, some of the introduced deformation energy is partly lost due
to friction between the fibres, yarn crushing or inelastic coating extension,
making it appear on a macro-scale like the observed mechanical behaviour
violates fundamental laws of physics (Gosling and Bridgens, 2008).

In addition do the fabric materials often contain imperfections, such as uneven
or improper coating impregnation/adhesion, deviations from orthogonality in
the fibre layout and various local fluctuations in material behaviour due to e.g.
air pockets in the coating or local weaknesses in the fibres. These imperfections,
combined with the previously noted effects, result in an observed mechanical
behaviour which does not necessarily seems to respect this fundamental
symmetry requirement.

Another limitation which is sometimes applied to the material parameters is
the restriction of the Poisson’s coefficients. In common isotropic materials, the
Poisson’s ratio is often cited to, theoretically, lie between -1 and 0.5. A statement
which is based on the conservation of energy and the relation between the
bulk modulus, Young’s moduli and shear modulus (Mott and Roland, 2009).
Consequently these limits, or various variations thereof, are often implemented
in software packages as well to prevent the input of alleged nonsensical input
data. In the case of anisotropic materials in general and fabrics in particular
however, Poisson’s ratios exceeding 0.5 are not an uncommon occurrence (Ting,
2005; Sun et al., 2005).

From the explanation above, it becomes clear that in all its simplicity, the linear
elastic orthotropic model has its limitations, both in basic assumptions and
some additionally imposed constraints. This is why many investigations have
focused on creating new material models which are able to capture the more
complex aspects of the mechanical behaviour of fabrics as well (Dinh et al.,
2014; Bartle, 2013; Coelho et al., 2013). However, the simplicity of the linear
elastic orthotropic model, the intuitive nature of its parameters and the fact
that it is still being used in practice make it an ideal candidate to investigate the
impact the different biaxial load profiles can have on the post-processed results.
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5.2 METHODS TO DERIVE ORTHOTROPIC MATERIAL PARAMETERS

The derivation of the material parameters based on biaxial tests is not a
straightforward matter with a single result. When we look at equation 5.3,
it contains four unknowns: Ewarp, E f ill, νw f and ν f w. And even though this
number can be reduced to three by imposing the reciprocal relation, the
resulting system (equation 5.6) only contains two equations, making the system
underdetermined.

εwarp = 1
Ewarp

σwarp −
ν f w

E f ill
σ f ill

ε f ill = 1
E f ill
σ f ill −

νw f

Ewarp
σwarp

(5.6)

We can however bypass this limitation by inputting the experimental data
of various, at least two, load ratios into the system, essentially creating two
equations with the same four unknowns for each load ratio. Doing so with the
five or more load ratios we have obtained through the tests described in chapter
4 will make the system overdetermined as there will be more equations than
systems. By invoking a computational routine which tries various combinations
of material parameters and minimises the difference between the theoretical
outcome and the experimental data, we derive a best-fit set of parameters using
just the two equations above and the test data considering all implemented
load ratios. This minimisation can be conducted through two methods: either
by minimising the sum of the squares of the errors (=least squares method) or by
minimising the maximum error (=minimax method). Both methodologies will
be used during the following investigation and their theoretical foundation is
discussed below.

5.2.1 LEAST SQUARES METHOD

Minimising the sum of the squared error is a common approach in regression
analysis when solving an overdetermined system. When discussing this in
the framework of deriving material parameters from biaxial tests however,
we need to make an additional distinction as to what parameter we minimise.
Indeed, the system described in equation 5.6 contains two sets of variables
which are both possible candidates for minimisation as they are both registered
during the experiment: the strains and the stresses. Both of these methods are
equally valid, but take a slightly different approach on how the parameters are
eventually derived.
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Minimising the strain term

When the sum of the squared differences between the strain results is being
minimised, the equations as they are written in equation 5.6 are used directly
to derive the strain based on the guesses for the various parameters and the
experimentally registered stresses, the latter taking into account the stress
reduction factor (see chapter 6.3). For easy implementation, the equations
above are simplified to equation 5.7. In this case, a computer driven algorithm
will be able to optimise the four unknowns E11, E12, E21 and E22 in order to
minimise the sum of the squared differences between the theoretically obtained
and experimental strains for each of the two fibre directions. Note that when
we want to impose the reciprocal relation, we merely have to set E21 = E12 as a
boundary condition which will then reduce the number of unknowns to three.
Based on the resulting values for the unknown terms we can finally derive the
best-fit material parameters using the relations described in equation set 5.8.

εwarp

ε f ill

 =

S11 S12

S21 S22

 σwarp

σ f ill

 (5.7)

With:

S11 = 1
Ewarp

S12 = −
ν f w

E f ill

S21 = −
νw f

Ewarp

S22 = 1
E f ill

(5.8)

So in practice, the system from equation 5.7 would reduce to one function of
which the outcome would be minimised, called the objective function. In the
case of minimising the strain term, this function takes the sum of the squared
difference R between the theoretical strain εtheoretical and the experimental strain
εexperiment for both the warp and fill direction for each stress-strain point i which
has been considered during the least squares calculation.

R =
∑n

i=1

[
(εi,warp,theoretical − εi,warp,experiment)2

+ (εi, f ill,theoretical − εi, f ill,experiment)2
] (5.9)
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Or by substituting system 5.7 into the equation above we can rewrite the
equations in function of the four (or three) unknown parameters:

R =
∑n

i=1

[
(S11σi,warp,experiment + S12σi, f ill,experiment − εi,warp,experiment)2

+ (S22σi, f ill,experiment + S21σi,warp,experiment − εi, f ill,experiment)2
] (5.10)

Note that as the parameter fitting is conducted through a computer algorithm,
there are various solvers and software frameworks which can be used to derive
the best-fit parameters and minimise the sum of the squared errors R. In this
investigation we opted for the patternsearch function, a direct search algorithm
within the Matlab R2013a software package (The Mathworks Inc., 2016b). Using
a direct search rather than optimisation solvers using first, or higher, order
derivatives has the advantage of being able to deal with discontinuities in the
objective function and can thus deal with discontinuous and non-differentiable
objective functions which possibly have large gradients. The patternsearch
algorithm starts from a given set of parameters and searches around this initial
state for a set which yields a lower value for R than the first set. This step is then
repeated with the new set until convergence is reached. This methodology has
also proven to be less sensitive to the starting conditions than some of the other
available Matlab functions, such as fmincon (The Mathworks Inc., 2016a). The
full Matlab code used for the derivation of the different material parameters
can be found in appendix A.

Minimising the stress term

Analogue to observing the squared difference between the strain terms, we
can rewrite equation 5.6 so that two equations emerge expressing the stress in
function of the strains.

σwarp =
Ewarp

1−νw f ν f w
(εwarp + ν f wε f ill)

σ f ill =
E f ill

1−νw f ν f w
(ε f ill + νw f εwarp)

(5.11)

Or we can rewrite these equations in the same form as equation 5.7:

σwarp

σ f ill

 =

C11 C12

C21 C22

 εwarp

ε f ill

 (5.12)
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With:

C11 =
Ewarp

1−νw f ν f w

C12 =
Ewarpν f w

1−νw f ν f w

C21 =
E f illνw f

1−νw f ν f w

C22 =
E f ill

1−νw f ν f w

(5.13)

Similar to the strain minimisation method we can again opt to impose the
reciprocal relation, which again means in practice C12 = C21 since Ewarpν f w =

E f illνw f is simply another notation of the relation described by equation 5.5.
The construction of the objective function is completely similar as illustrated
for the strain minimisation method and thus will not be repeated here.

So taking into account the possibility of applying the reciprocal relation as
well, the least squares method covers a total of four possible methods to derive
material parameters from the test data:

• Strain minimisation with the reciprocal constraint applied

• Strain minimisation without the reciprocal constraint applied

• Stress minimisation with the reciprocal constraint applied

• Stress minimisation without the reciprocal constraint applied

Although this list is not exhaustive and other variations exist (Minami et al.,
1997; Blum et al., 2004), these are the four options considered in this thesis.

Note again that in the instances where the reciprocal constraint is not applied,
the resulting parameters become in fact physically meaningless in their inter-
pretation as “material constants”. The obtained values do in fact not represent
conventional material constants or mechanical properties any more and rather
become a set of arbitrary parameters describing the experimentally observed
stress-strain response within a predetermined mathematical description. As
such, whenever non-reciprocal parameters are derived, either through leaving
out the reciprocal relation consciously or by, for instance, considering the
average of various test results, they will need to be adapted whenever used in
a numerical model to ensure a symmetric stiffness matrix.
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As a final note, we should remark that although the residual least-squared error
provides some insight in the relative quality of the fit, it is highly dependent on
the size of the initial data set. Indeed, when a large number n of experimental
stress-strain points are imported to conduct the fitting, the value of S will be
inherently larger than when a limited amount of sets is being used. The residual
value of S should thus be interpreted with care when comparing results which
use differently sized data sets. Additionally, as the units of S will differ between
the strain and stress minimisation method, a direct comparison of the residual
values of S between the two methods is also nonsensical. This is discussed in
greater detail in section 5.5.

5.2.2 MINIMISATION OF THE MAXIMUM ERROR

Although in most cases considering the squared error is considered the most
appropriate method to determine linear regressions, it can be useful to consider
the non-squared difference in cases where the deviation between the theoretical
and empirical values become particularly large. In these cases the minimisation
of the maximum error, also known as the minimax or best approximation
method, can be used. Rather than considering the squared error, it will focus at
the largest direct error for all data points in each step of the optimisation and
attempt to minimise this value.

Similar to the least squares method, we can opt here to either minimise the
strain term or minimise the stress term, depending on whether we start from
equation 5.7 or 5.12. In the first case, the errors d1 and d2 for an empirical
stress-strain set i is given by:

di,1 = S11σi,warp,experiment + S12σi, f ill,experiment − εi, f ill,experiment

di,2 = S21σi,warp,experiment + S22σi, f ill,experiment − εi,warp,experiment

(5.14)

Where the different unknowns are defined as in equation 5.8. In the case of
minimising the error on the stresses, the equations changes to equation 5.15
and the unknowns are defined again by equation 5.13.

di,1 = C11εi,warp,experiment + C12εi, f ill,experiment − σi, f ill,experiment

di,2 = C21εi,warp,experiment + C22εi, f ill,experiment − σi,warp,experiment

(5.15)
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The minimax method then specifies that for each iterative guess of the
parameters E11, E12, E21 and E22, the largest value considering all stress-strain
sets and both directions has to be minimised (Membrane Structures Association
of Japan, 1995)

Max.(|di,1|, |di,2|) −→Min. (5.16)

Using the absolute values for the errors obviously avoids minimisation towards
negative values, which in practice would occur when the theoretical resulting
strains (or stresses) would be smaller than the experimental results. As an
added advantage, and contrary to the least squares method, is that the residual
values can be compared even when the input data is of different sizes. Since this
residual contains a single difference rather than the sum of (squared) differences,
the size of the data set has no influence on the order of magnitude of this value.
However, we still can not compare the residuals from the results where the
stress is minimised to those where the strain is minimised, as their units differ.

This methodology has been integrated in Matlab as well, now using the built-in
Matlab function fminimax. Due to the fact that the result was constrained by
multiple equations, rather than one, the previously used patternsearch module
could not be used. This fminimax function however comes with the limitation
that the results might only give a local minimum where the patternsearch
routine gave a global minimum. The results from this analysis should thus be
interpreted with some care to ensure no unusual values occur.

Adding these four methods (again minimising the stress term and the strain
term both with and without enforcing the reciprocal relation) to the previous
four methods provides us with a total of eight different mathematical methods
to conduct the regressions analysis and fit four (or three) material parameters
to the experimental data.

5.3 SELECTING THE INPUT DATA

Apart from the methodology, the outcome of the regression analysis also
depends on the input which is being provided. Different ways of interpreting
the data (averaging similar load cycles, taking intermediate stress-strain points,
linearising the data, etc.) will give rise to different combinations of material
parameters as the location of the local and/or global minimum changes.

During this investigation, a number of different possible approaches was
identified, some more viable than others. Due to the highly non-linear stress-
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strain behaviour of the unloading cycles, it was decided beforehand to omit
these data points. In all cases, the stresses and strains were set to zero at the start
of each load cycle to remove residual strains. Based on possible interpretations,
eight different groups of input data points were identified:

1. All data points from all load cycles and all load ratios.

2. All data points from all load cycles and all load ratios, but without the
very first load cycle (so essentially remove the initial large straining).

3. All data points from all load ratios, but without the first load cycle for
each set of sequential load ratio.

4. The maximum for all load cycles and all load ratios.

5. The maximum for all load cycles and all load ratios, but without the very
first load cycle containing the large initial straining.

6. The maximum for all load ratios but without the first load cycle of each
load ratio.

7. The average of the maxima of the two or four remaining sequential load
cycles for each load ratio.

8. A global average for the load ratios which occur more than once through-
out the load profile.

Obviously, this list can be further culled considering some practical consid-
erations and previous results. The most obvious one is the inclusion of the
initial large strains which the fabric undergoes when being loaded for the first
time. Obviously, this effect is not representative for the structural behaviour
and should thus not be considered. Consequentially, sets 1 and 4 are removed.

As noted in the previous chapter, the first load cycle for each load ratio also
differs from the following ones. Hence, each set of input parameters still
containing these first load cycles was also omitted to ensure consistency and
repeatability in the results. Only for the MSAJ test profiles, this was not possible
as this profile only contains one cycle of each asymmetric load cycle. In this
case, those cycles were preserved. This further reduces the investigated set of
parameters by omitting sets 2 and 5.
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Figure 5.1: Four different sets of empirical data have been used to
derive the material parameters from each test. Set 3 incorporates all the
intermittent stress-strain measurements whereas the other sets linearise
the data between the prestress and maximum stress levels. By averaging
sequential load cycles from the same ratio (set 7) or even averaging all
load cycles from the same ratio (set 8), the number of data points is further
reduced.
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This results in a total of four input sets being investigated, both containing all
data points of the various loading cycles (nr. 3), linearised load cycles (nr. 6)
and sets taking the average between sequential load cycles (nr. 7) or all similar
load ratios (nr. 8). These four data sets are illustrated in figure 5.1.

Combining all the conducted tests (5 load profiles with 2 tests per profile)
with the different derivation methods (8) and selected data sets (4), a total of
10 ∗ 8 ∗ 4 = 320 different sets of material parameters has been effectively derived
during this investigation.

5.4 COMPARISON OF THE VARIOUS SETS OF MATERIAL PARAMETERS

The direct interpretation of the determined sets of material parameters reveals
a lot about the impact of the various test methods but also about the post-
processing and existing relations between the parameters. In order to discuss
the various points in a structured way, this section is subdivided in various
segments, each focussing on one aspect of the comparison. Initially, the impact
of various assumptions and methods is determined by comparing the found
sets of material parameters. By representing the data in scatter plots, separately
for Young’s moduli and Poisson’s coefficients, possible influences of specific
variables could be assessed visually fairly easy and straightforward.

This chapter focusses on comparing all the obtained data sets graphically in
order to keep the provided information as clear as possible. A full table with all
the different material parameters for each post-processing method, test method
and input data set can be found in appendix B.

5.4.1 IMPACT OF THE RECIPROCAL RELATION

The first influence which has been studied is the impact of enforcing the
reciprocal relation stating that the ratio between the warp and fill modulus
Ewarp/E f ill should be equal to the ratio between the Poisson coefficients νw f /ν f w.
As mentioned before, this relation finds it roots in the Betti-Maxwell theorem and
has been assumed to hold for all elastic materials (Lubliner, 2007). However,
previous research has already indicated that due to the specific material
composition and unique interactions, this does not necessarily apply to a fabric
material as a whole (Bridgens and Gosling, 2010).

Comparing the influence of (not) enforcing the reciprocal relation on the
resulting material parameters immediately shows large differences in the
results (figure 5.2). The Young’s moduli do not seem to be influenced by any
major degree (figure 5.2, top), except that the warp stiffness Ewarp seems to end
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Figure 5.2: Lifting the reciprocal constraint during the analysis mainly
causes a shift in the values of νw f resulting in smaller values for this
parameter.
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up slightly higher when the reciprocal relation is enforced. There is however a
clear separation between the values when it comes to the Poisson’s ratios (figure
5.2, bottom). Here, the Poisson values end up being restrained to the right hand
side of the line defining the values where νw f = ν f w, essentially stating that,
when the reciprocal relation is enforced, νw f is always larger than ν f w. This is
of course caused by the fact that in general cases the warp stiffness Ewarp will be
larger than the fill stiffness E f ill due to the inherent higher curvature of the fill
fibres. This relation thus imposes itself on the Poisson’s ratios as well when the
reciprocal relation is invoked. Lifting this restriction causes the best fit values
for νw f to become smaller and cross this line of equal value. Note however that
it is only the value of νw f that is being affected while the values for ν f w remain
largely within the same range.

The latter can be explained directly through the material. Considering the
strain equations described before by equation 5.7, the reduction in the value
of νw f means that the strain in the fill direction is much less reduced due
to the stress in the warp direction than assumed under the Betti-Maxwell
theorem. Indeed, since this theorem only takes into account straining energy
being converted to material strains, but does not consider the possibility of
geometrical reconfigurations of parts inside the material, its limited validity for
fabrics becomes apparent. Since a fabric consists of fairly straight warp fibres
interwoven with curved fill fibres, only interconnected by a plastic matrix, the
interaction between the two directions is usually more complex than assumed
by the Betti-Maxwell theorem and the following reciprocal relation. Of course,
the actual results will vary depending on the material which is being considered.
When, for instance, both the warp and fill fibres are being tensioned while
weaving (e.g. Ferrari Precontraint materials), the fibre curvatures will be a lot
more similar in the two directions and the shift towards the smaller values for
νw f when removing the reciprocal constraint might be less pronounced than is
the case with this material.

Besides this large shift in values, the fact that many values of either one of the
Poisson’s coefficients exceeds 0.5 would be considered improbable for most
other commonly used materials such as steel or concrete. This upper limit on
the value of this coefficient is based on the conservation of volume, which is
assumed to hold for every material at a constant temperature. However, as
various other researches on composite materials have already indicated (Ting,
2005; Sun et al., 2005), this limitation does not always hold when dealing with
non-isotropic materials. As a fabric is not that different in basic composition
from fibre-based composites, the occurrence of Poisson’s coefficients larger
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than 0.5 is not as unexpected as it might seem at first glance.

Lastly, also note how some of the combinations of parameters seem to violate the
notion that the warp stiffness Ewarp should be larger than the fill stiffness E f ill and
end up on the left hand side of the line representing Ewarp = E f ill. As mentioned
before, this should not be the case when deriving a general set of material
parameters and these values are thus likely deviations caused by a specific
input combined with a specific mathematical minimisation methodology and
can consequently be considered invalid results. This shows the importance of
user interpretation of the data as well since the underlying mathematics does
not distinguish plausible from less plausible sets.

5.4.2 IMPACT OF THE VARIOUS DATA SETS

The next influence we will focus on is the impact of the various data sets. As
described before, four different data sets were selected, each using a different
amount of data points and different approaches (linearise the stress-strain
relation, average sequential load cycles, etc.).

Observing the data in function of the four selected data sets does however not
reveal any clear differences based on the selected data set. The occurrence of
high and low values for both the Young’s moduli and the Poisson’s coefficients
seems to occur randomly for all four categories (figure 5.3). In this case
however, such scatter plots as presented in figure 5.3 do not really provide a lot
of meaningful information when there is no distinct correlation/grouping of
the different categories (in this case the four different input data sets) that are
being compared. In cases such as this, box plots showing the median (or the 0.5
quantile Q2), lower 0.25 quantile Q1, upper 0.75 quantile Q3 and the extreme
values can provide more insight in the behaviour of the data in function of
the different categories. Doing so for the data presented in figure 5.3 results
shows the differences (or lack thereof) between the various input sets much
more clearly (figure 5.4).

Although it becomes apparent immediately that there are no notable differences
in the values between the various input sets, a number of other observations
can be made from this representation which were not clear in the previously
presented scatter plot. First of all we can note that, in terms of variability, the
warp stiffness Ewarp (top left) and the fill stiffness E f ill (top right) do not differ
that much. Although the fill stiffness shows to be consequently smaller than the
warp stiffness, as would be expected and noted before, the relative difference
between the quantiles is very similar. This is in contradiction to the behaviour
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Figure 5.3: The scatter plot of the different parameters results for each
empirical data set does not yield any clear differences in values based on
the size of the initial empirical data set.
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Figure 5.4: Although the data set does not impact the variability of
any of the parameters, there is a clear difference between the two
Poisson’s coefficients νw f and ν f w (bottom) where the latter seems to
have a significantly smaller spread on its values.

noted in the Poisson’s coefficients. Here, the Poisson’s coefficient in the warp
direction νw f shows a fairly large difference between the different quartiles
while the variability in the fill coefficient ν f w is significantly more limited.

This observation lies in line with the observations made when the influence
of enforcing the reciprocal relation was studied: the removal of the reciprocal
constraint caused a large shift in the values of νw f while the values for ν f w

remained mainly within the same interval. This essentially causes the noted
large variability in the values of νw f while the values for ν f w tend to vary much
less.

5.4.3 IMPACT OF THE VARIOUS FITTING METHODS

The third comparison consists of estimating the impact of the used fitting
method. As a reminder, during this investigation, a total of four different
mathematical methods were used to fit linear elastic orthotropic material
models to the stress-strain results measured during the biaxial tests: two least
squares (designated “LS” in the following graphics) methods and two minimax
(=“MM”) methods, each of those two minimising either the stress term or the
strain term.
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As with the previous comparison, the regular scatter plot containing all
the different material parameter sets does not really reveal any exceptional
correlation between the parameters and the mathematical method due to the
large number different data points (figure 5.5). One thing to note however is
that the previously noted parameter sets where the resulting warp stiffness
Ewarp ends up being smaller than the fill stiffness E f ill (or Ewarp/E f ill < 1) all come
from the minimax method with the stress term minimised (figure 5.5, top). In
addition we also note that the extreme minimum values provided for νw f come
from this same method (figure 5.5, bottom), suggesting that result obtained
from the minimax method through stress minimisation should be interpreted
with additional care.

By again pouring the data into various categorical box plots which better
visualise the relative difference and behaviour of the data based on the different
categories however reveals some additional information (figure 5.6). First of
all we note how the difference between the stress minimisation and strain
minimisation influences the warp stiffness Ewarp. As can be seen on the top left
panel of figure 5.6, the values obtained through strain minimisation tend to be
slightly higher (with an increase ≈ 60 kN/m) than the values obtained through
stress minimisation. This trend however does not manifest itself in the other
parameters. We can note however how the choice between the least squares
and minimax method influences the outcome of νw f (figure 5.6, bottom left): by
opting for the minimax method, the apparent variability in the warp-related
Poisson’s ratio becomes much larger, showing that this method provides a
significantly larger interval of values for this parameter. And again, this trend
seems to be limited to only this one parameter and the distribution of the other
parameters does not seem affected.

Altering the mathematical method thus seems to mainly influence either the
warp stiffness, when changing between stress and strain minimisation, or the
warp-related Poisson’s coefficient, when either the least squares or minimax
method is deployed.

The observed variance and values of the results seem to indicate that the least
squares method provides a more robust way of estimating a generalised set
of material parameters as compared to the minimax method. In addition, the
least squares method yields more consistent values for the parameters whereas
the minimax method, by only considering the largest difference between
the theoretical and empirical data and thus disregarding a large part of the
data in each iteration, will often lead to larger fluctuations and sometimes
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influences could be identified from the plot above.
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Figure 5.6: Considering the data as a box plot per fitting methodology
clearly shows a larger variability in the results of νw f for the minimax
methods as compared to the least squares method (bottom, left). Strain
minimisation seems to increase the values of the warp stiffness Ewarp as
compared to the stress minimisation methods (top, left).
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even nonsensical results such as negative Young’s moduli (which were not
considered in this investigation as they are physically meaningless). This is
why, unless specific conditions prevent this, the least squares method is the
preferred method of fitting the material parameters to the empirical stress-strain
data (Membrane Structures Association of Japan, 1995).

5.4.4 IMPACT OF THE APPLIED BIAXIAL LOAD PROFILE

The fourth and last comparison focusses on the difference which can occur due
to alterations of the biaxial test profile. As described in the previous chapter,
the stress-strain behaviour already showed a certain degree of dependency on
the applied load profile with results from, for instance, the MSAJ-based test
method to result in seemingly larger strains. Using the various fitting methods
and highlighting the results based on the load profile will provide us with
insight to what extend the previously noted stress-strain differences influence
the actual determination of the linear elastic orthotropic material parameters.

Although the majority of the results is still obfuscated by the large amount of
data points, contrary to the previous scatter plots, this plot does indicate some
correlations between the data points and the applied load profile during the test
(figure 5.7). Considering the Young’s moduli first (figure 5.7, top), we clearly
note how the results from the MSAJ profile end up grouped on the lower left
hand side of the point cloud, indicating both a warp and fill stiffness which is
predicted to be lower than in all the other cases. In addition, we also note that
the moduli from the standard VUB tests and the EMPA-based tests lie in the
same interval of values where the results from the tests with the asymmetric
prestress ratio tend to display lower values for the fill stiffness E f ill.

Considering the Poisson’s coefficients however, the correlations become again
less distinct (figure 5.7, bottom). The results from the MSAJ profile still group
together, while the results from the other tests display a larger variation. Most
notable is the variation on the results from the profiles with the asymmetric
prestress ratio, which seem to lead to significantly low values for νw f (which
occur only when the minimax method with stress minimisation is used,
according to observation made in the previous segment). The EMPA-based
profile on the other hand tends to result in relatively large values for ν f w, while
the results from the standard VUB test lie more in the lower end of the interval
of values observed for ν f w. This deviation might be caused by the inclusion of
more load ratios in the EMPA-based profile, or possibly the fact that the profile
builds-up the stress in the warp direction where the standard VUB profile starts
by immediately loading both the warp and fill direction to their maximum
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Figure 5.7: Plotting the material parameters based on the test methods
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a large cluster containing low value for both Ewarp and E f ill.
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Figure 5.8: The lower stiffness values for Ewarp and E f ill resulting from the
MSAJ load profile can clearly be noted (top). The test methods starting
with an asymmetric prestress and/or load cycle also show a notably larger
variation in the results of νw f .

stress, effectively altering the geometric layout of the fibres and influencing
future straining behaviour of the sample during the test.

Observing once again the box plots showing the distribution of the values for
each of the four material parameters in function of the observed categories (in
this case the test method, figure 5.8), the observations made from the scatter
plot can be confirmed and expanded upon.

First of all we note how both stiffness parameters Ewarp and E f ill are lower for the
MSAJ test profile than the values predicted from the other four tests. Also note
how there is a much lower variability in the values for the stiffness parameters
for both the MSAJ-based profile and the standard VUB profile. Results from
the three other tests indicate a notable increase in the interval in which the
majority of the values lie.

This same effect can be noted in one of the Poisson’s coefficients νw f (figure 5.8,
bottom left), where the results from the two tests with an asymmetric prestress
and the EMPA-based profile display a much higher variability than the results
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from both the MSAJ-based test or the standard VUB profile. This difference is
less distinct in the case of ν f w, even though the EMPA-based profile seems to
display an increased variability for this parameter as well.

When testing fabrics this way, a low variability in results per test is of course
desired as it makes interpretation of the results significantly easier and more
straightforward and consistent. Based on these results, either an asymmetric
prestress or not loading the fabric to its maximum load from the beginning
seems to introduce a certain amount of variability in the results when fitting
a linear elastic orthotropic material model. Both the MSAJ and the standard
VUB profile do not display this kind of variability in Ewarp and νw f , suggesting
these load profiles are less sensitive to alterations in either the fitting method,
data set or the possible enforcement of the reciprocal relation.

5.5 ASSESSING QUALITY-OF-FIT BASED ON THE RESIDUALS

As a closing note, we should also address the usage of the residual error when
assessing the goodness-of-fit of the proposed material model and parameters,
which is not an uncommon practice in the literature (Stimpfle and Günther,
2016). After all, when conducting a best-fit analysis as described above, any
proposed set of parameters will only very rarely, if ever, fit perfectly with the
empirical data. As a result, there will be some residual difference between
the proposed, simplified model and the empirical data points. In case of
either of the proposed least squares methods, this residual consists of the
sum of the squared differences for each experimental data point where for the
minimax method, this is the largest difference between the empirical data and
the proposed model.

Introducing these two different residuals already shows a number of issues
with comparing various residuals without further regard to either the used
method or the size of the empirical data set. First of all, the least squares
residual consists of a sum of terms, which introduces a dependency on the size
of the data set used to conduct the fitting: the bigger this data set, the more
terms in the sum, the larger the residual can/will become. So when comparing
least squares residuals between data sets consisting of various terms, we need
to take the size of the data set into account. This can be done by considering the
mean squared error (or MSE) rather than the total squared error. By dividing
the squared error by the number of data points, the dependency on the size of
the data set is removed and the residual from differently sized data sets can be
compared.
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When one however wants to compare the residuals from the least squares
method to the outcome of the minimax method, another layer of complexity
is added. First of all, we would be comparing a squared value to a direct
value, which thus makes a direct comparison impossible and nonsensical. We
could take the root of the MSE, removing its squared nature and resulting in
the root-mean-squared error (or RMSE), but due to their inherently different
nature (mean value versus discrete value) the comparison between the least
squares and the minimax residuals will still not allow to draw conclusions to
the relative goodness-of-fit of the different results.

Thirdly, and specific for our case, their is the issue of stress minimisation versus
strain minimisation. When minimising the stress term, the residual from either
method will be in the units of the stress (kN/m in this case), or its square,
while strains are dimensionless. Obviously we can not compare the values of
unrelated units and try to assess the relative goodness-of-fit of the various sets
of parameters this way.

So rather than attempting the assessment the goodness-of-fit of specific sets of
material parameters in the upcoming discussion and risk false interpretations,
this part will provide all the available data on how the goodness-of-fit is
influenced by the various methods. To do so, the RMSE for the least squares
method and the direct residual for the minimax method were compared for the
various data sets and derivation methods. By generating categorical graphs
where the residuals of one specific post-processing method are described in
function of the four different data sets and conducting a linear regression
analysis on them, the sensitivity of these residuals to various data set sizes can
easily be visualised unambiguously. In addition, the slope of each regression
line can provide us more info about possible variations between the various
post processing methods. Finally, the vertical spread on the residuals per data
set shows how large the difference in residuals can become depending on the
applied load profile.

In the graphs 5.9 and 5.10, the least squares method is designated by “LS” and
the minimax method by “MM”. The four different sets of material parameters
are numbered according to the list provided in section 5.3. The first figure
focusses on the stress minimisation methods (figure 5.9) and the second one on
the strain minimisation methods (figure 5.10).

Both of these figures show a number of interesting relations between the various
variables and the relative goodness-of-fit of the estimated parameters to the
empirical data. The first thing to notice is that the linear regression analysis
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Figure 5.9: The residuals from the stress minimisation methods show
a decreased accuracy as the size of the data set decreases for the least
squares method, while the minimax method benefits from smaller data
sets.
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indicates that a decreased number in input data points (Set 3 > Set 6 > Set 7 >
Set 8) makes for an increase in RSME for the least squares method while the
largest difference decreases for the minimax methods. The explanation for this
phenomenon lies in the methodologies themselves. Where the least squares
method is designed to take into account as much data as possible to fit the
model, the direct search method used in the minimax method only focusses on
one difference at the time. Large data sets end up being advantageous for a
least squares fitting when dealing with non-linear problems as the additional
data points allow for an enhanced global fit to the proposed model, whereas
taking only a limited number of extreme values increases the odds of the
selected sets not behaving according to the proposed model causing larger
deviations. The minimax method however benefits of the decreased number of
points because it only looks at one difference at the time. When there are only
a limited number of variations to check, the algorithm can much more easily
minimise the residual value where a large number of points introduces a lot
more possibilities for differences between the empirical data and the proposed
model. It is this inherent difference in approach which, as the size of the data
set increases, causes the value of the residuals to increase for the least squares
but decrease for the minimax method.

In addition, we can note that there are no large differences in residuals comparing
the cases where the reciprocal relation is applied (left) or not (right). Although
the residuals from the non-reciprocal cases seem to be slightly lower than the
reciprocal residuals, the difference is too small to draw any conclusions.

Considering the variation of the residuals based on the load profile (thus the
vertical distribution of the various points on each graph), no immediate trend
could be noted. There are however two noticeable outliers where the results
from the EMPA-based profile seems to result in an increased value for the
residuals, both when the reciprocal relation is enforced. The first one occurs
for the least-squared stress minimisation residual (figure 5.9, top left) and the
second one for the minimax strain minimisation method (figure 5.10, bottom
left). No clear indication or explanation to the cause could however be found
and thus this occurrence has been attributed to the very distinct nature of this
specific load profile which contains, for instance, more extreme load ratios such
as 1:0 and 0:1.

This small section thus illustrates the care one should take when using the
residual stresses and strains for the comparison of the quality of the fit from
different tests, fitting methods and/or data sets. Whenever using the residuals
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Figure 5.10: The residuals from the strain minimisation methods show
a similar trend in function of the size of the data set, where larger data
sets benefit the least squares method but form a disadvantage for the
minimax method.
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from the fitting algorithm, one should always avoid possible skewing of the
results due to the use of, for instance, differently sized data sets or different
fitting methods. When comparing least squares results, the use of the MSE, or
even the RMSE, is preferred above the raw value as it removes the dependency
on the size of the data set and thus makes for a slightly more generalised
indicator.

5.6 SELECTED SETS FOR NUMERICAL MODELLING

Taking all observations from this chapter in consideration, we can proceed to
derive material parameters for each one of the five load profiles as is commonly
done in both the industry and academia. Bearing in mind the large fluctuations
we got from the minimax method, material sets were derived for each test using
the least squares result with (table 5.1 and figure 5.11) and without (table 5.2
and figure 5.12) the reciprocal constraint. Seeing how the residual of the least
squares deviation is reduced for larger data sets, the values in tables 5.1 and 5.2
were derived using data set 3, thus not linearising the stress-strain behaviour
before the analysis and incorporating all intermittent stress-strain data points
from the load cycles, as described before. To reduce the sets to one reciprocal
and one non-reciprocal set per test profile, the average is taken between the
values obtained with the stress and strain minimisations methods and the two
conducted tests per load profile. However, since the numerical modelling using
a linear elastic orthotropic material model requires the compliance matrix to
always be symmetrical, results from both fitting methods have to be altered to,
in the end, adhere to the reciprocal relation regardless. To ensure this is the case,
each final set consists of the average of each respective Young’s modulus while
the Poisson’s ratios were derived using the average values from Ewarp/νw f and
E f ill/ν f w (which would be equal when the parameter fitting has been conducted
while imposing the reciprocal relation). These various material sets will then
be used in the various numerical simulations, together with the statistically
derived material sets obtained in the next chapter.

5.7 CONCLUSIONS AND RECOMMENDATIONS

This chapter discussed the differences in resulting linear elastic material
parameters caused by different variables such as the biaxial load profile,
parameter fitting methodology, used data sets and the release of the constraint
imposed by the reciprocal relation.
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Table 5.1: Each test profile provides one reciprocal set of material
parameters for the numerical simulations conducted in chapters 8 and 9.

Ewarp E f ill νw f ν f w

MSAJ profile (“MSAJ”) [kN/m] [kN/m] [-] [-]
Test 1 - Stress min. 647.63 500.13 0.4633 0.3578
Test 1 - Strain min. 528.52 431.16 0.5806 0.4737
Test 2 - Stress min. 564.85 475.84 0.4765 0.4014
Test 2 - Strain min. 585.80 481.88 0.4804 0.3952
Average 581.70 472.25 0.4937 0.4008

Default VUB profile (“VUB”)
Test 1 - Stress min. 690.18 593.78 0.3720 0.3201
Test 1 - Strain min. 731.22 599.87 0.3696 0.3032
Test 2 - Stress min. 679.37 580.20 0.3887 0.3319
Test 2 - Strain min. 724.15 587.77 0.3854 0.3128
Average 706.23 590.41 0.3786 0.3165

Alter prestress ratio (“Pre”)
Test 1 - Stress min. 636.13 473.27 0.5007 0.3725
Test 1 - Strain min. 776.72 496.02 0.4711 0.3009
Test 2 - Stress min. 638.49 478.45 0.4989 0.3738
Test 2 - Strain min. 787.22 502.67 0.4670 0.2982
Average 709.64 487.60 0.4824 0.3314

Alter normalisation ratio (“Norm”)
Test 1 - Stress min. 747.22 493.00 0.5306 0.3501
Test 1 - Strain min. 902.39 498.85 0.5009 0.2769
Test 2 - Stress min. 696.24 459.67 0.5365 0.3542
Test 2 - Strain min. 853.89 463.15 0.5081 0.2756
Average 799.93 478.67 0.5171 0.3094

EMPA-based profile (“EMPA”)
Test 1 - Stress min. 650.18 598.31 0.4116 0.3788
Test 1 - Strain min. 821.77 581.90 0.4279 0.3030
Test 2 - Stress min. 707.07 617.34 0.3965 0.3461
Test 2 - Strain min. 851.12 591.75 0.4091 0.2844
Average 757.53 597.32 0.4115 0.3245
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Figure 5.11: Considering the distribution of the material parameters
derived while applying the reciprocal constraint clearly shows a fairly
large difference in both the stiffness moduli and the Poisson’s coefficients.
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Table 5.2: Each test profile provides one average set of material parameters
based on the non-reciprocal derivation for the numerical simulations
conducted in chapters 8 and 9.

Ewarp E f ill νw f ν f w

MSAJ profile (“MSAJ” [kN/m] [kN/m] [-] [-]
Test 1 - Stress min. 686.75 447.52 0.6878 0.2553
Test 1 - Strain min. 711.38 449.65 0.7164 0.2410
Test 2 - Stress min. 562.06 486.29 0.4380 0.4231
Test 2 - Strain min. 587.11 486.35 0.4681 0.3989
Average 636.82 467.45 0.4845 0.3556

Default VUB profile (“VUB”)
Test 1 - Stress min. 678.93 621.54 0.2901 0.3714
Test 1 - Strain min. 704.69 619.73 0.3145 0.3511
Test 2 - Stress min. 670.00 607.89 0.3036 0.3832
Test 2 - Strain min. 697.19 606.81 0.3285 0.3611
Average 687.70 613.99 0.3523 0.3145

Alter prestress ratio (“Pre”)
Test 1 - Stress min. 666.95 519.21 0.3176 0.4101
Test 1 - Strain min. 717.22 523.24 0.3338 0.3752
Test 2 - Stress min. 671.00 528.67 0.3041 0.4151
Test 2 - Strain min. 723.16 532.27 0.3214 0.3777
Average 694.58 525.85 0.3955 0.2994

Alter normalisation ratio (“Norm”)
Test 1 - Stress min. 783.57 522.51 0.3427 0.4159
Test 1 - Strain min. 816.65 529.05 0.3474 0.4006
Test 2 - Stress min. 737.11 492.54 0.3230 0.4284
Test 2 - Strain min. 764.27 496.02 0.3324 0.4153
Average 775.40 510.03 0.4387 0.2886

EMPA-based profile (“EMPA”)
Test 1 - Stress min. 704.14 630.27 0.2005 0.4880
Test 1 - Strain min. 737.40 633.20 0.2138 0.4722
Test 2 - Stress min. 743.81 652.89 0.2299 0.4686
Test 2 - Strain min. 775.57 633.96 0.2411 0.4619
Average 740.23 630.83 0.3148 0.2711
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Figure 5.12: When the reciprocal constraint is removed during the
parameter fitting, the Young’s moduli shift only a small amount. The
Poisson’s ratios however differ more from their reciprocal counter-parts
due to having to adapt the non-reciprocal results to ensure a symmetric
compliance matrix during the numerical analysis.
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As expected, each of the variables gave rise to different degrees of sensitivity and
variability in the resulting four linear elastic orthotropic material parameters.
First, removing the reciprocal constraint resulted in the warp-fill Poisson’s ratio
νw f to reduce in values. In practice, this reduction indicates that the strain in the
fill direction is less influenced by the stress in the warp direction than predicted
under the reciprocal relation. This large difference between the reciprocal and
non-reciprocal outcomes are likely caused by geometrical alterations within
the weave when put under stress, imperfections in the impregnation/adhesion
of the coating and many other intricate effects happening in structural fabrics,
such as inter-fibre friction and yarn crushing. Consequentially, different types
and “brands” of fabric materials might experience a more or less significant
impact from the removal of the reciprocal relation due to the differences in the
manufacturing process, used materials and various other inherent properties.

Altering the size of the data sets used for the mathematical fitting did however
not seem to impact the resulting values to any measurable degrees. However,
comparing the residuals from the fitting did reveal that in the case of the least-
squared fitting, the root of the average squared difference (= root-mean-squared
error or RMSE) was smaller when larger data sets were used which did not
linearise the stress-strain behaviour of the loading cycle. There thus is an
advantage to not remove the intermittent empirical data points, as suggested
in the MSAJ code. When opting for the minimax method however, the large
amount of local difference to be checked makes for a very different fitting and
the residuals actually become smaller when the size of the data set is reduced.

However, the minimax method has some other additional drawbacks to the
least squares method. It causes a significantly larger variability in the resulting
material parameters as compared to the variability in the least squares results,
suggesting a less consistent fitting methodology. And on top of that, it can
lead to very extreme values (very small or very large) or even nonsensical
results such as negative Young’s moduli. This is why the least squares method
is preferred above the minimax method when fitting a material model to the
empirical biaxial results of a fabric. When it comes to stress minimisation
versus strain minimisation however the difference is less straightforward.
Strain minimisation results tend to yield slightly higher values for the warp
stiffness, but these values can not be considered less valid or less possible in
this stage. Hence, both methods should still be used when fitting the linear
elastic orthotropic material model.
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And lastly the impact from the applied load profile proved to be rather
significant as well. First off, the results from the MSAJ profile yield lower
stiffness moduli as compared to all the other methods. By not repeating the
asymmetric load ratios and thus taking the first load ratio, which is still being
influenced by the history and thus does not represent the “true” stress-strain
behaviour of said ratio, strains tend to be larger, resulting in lower values for
both Ewarp and E f ill. The variability of the found parameters from these tests
was however fairly small, which suggest the test is at least able to provide a
good set of consistent and repeatable results. This latter is also the case for
the standard VUB profile, but less so for the other three profiles. Using an
asymmetric prestress and/or not loading both directions to their full loading in
the beginning of the load profile seems to cause an additional variability in both
the stiffness moduli and the Poisson’s ratios, most notably the warp-fill ratio
νw f . Thus, when the goal of the conducted analysis is to derive a generalised
set of material parameters, it is recommended to provide a symmetric prestress
ratio as well as to condition the fabric at the beginning of the test by loading
both directions to the intended maximum stress simultaneously. Although not
doing so will still provide “valid” results, they tend to be more influenced by
other factors such as the chosen fitting methodology.

Lastly, the possible pitfalls of using the residuals of the conducted fitting as
sole descriptive of the goodness-of-fit between the material parameters and
the empirical data was shortly discussed. Since the least squares residuals
are influenced by the size of the data set, it is recommended to use the mean-
squared-error (MSE) or even root-mean-squared error (RMSE) which remove
this dependency to some degree. However, comparing values from different
fitting methods (e.g. stress minimisation versus strain minimisation) provides
meaningless results due to them using different units and should thus be
avoided.

Despite the major differences, each test profile provided one set of material pa-
rameters to be used in numerical modelling, based on some of the observations
described above. By comparing the results from these sets to models composed
with sets derived through statistical analysis (see the next chapter), the impact
of these variations in parameter on the predicted strains and the design process
can be derived.
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6
Statistical interpretation of parameter variations

Being able to understand and estimate the differences in the resulting material
parameters based on variables such as applied load profile and post-processing
conditions is only part of the story. In order to be able to make founded
statements about the reliability of the results, a statistical analysis of the data is
necessary. In these types of analyses, the material properties such as strength
and stiffness are regarded as random variables having a certain degree of
uncertainty and probability regarding their value.

Building codes, such as the Eurocode, invoke these methods for being able to
state various mechanical material properties within certain confidence bounds,
thus providing the engineer and manufacturer with verifiable and measurable
data as well as the derived safety factors needed to ensure that the designed
structure is stable and safe. This approach hinges on being able to characterise
a set of properties by a set of parametrised mathematical equations, belonging
to a certain family of distributions, typically the normal distribution which is
characterised by the mean and the variability of the data set.

The probabilistic nature of fabrics has already been investigated to some extend
(Zhang, 2010; Gosling et al., 2013b), but most of these studies focus on the
parameters derived from uniaxial tests, limiting the considered variables to
material- and batch-bound parameters such as imperfections in fibre layout
or differences in the application of the coating (Zhang, 2010). In this thesis
however, we will be looking at variances in the mechanical properties derived
from biaxial tests which are caused by a wide variety of uncertainties, ranging
from differences in sample layout to the use of different test methodologies
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or post-processing methods. Although this combination of different load
profiles, mathematical derivation methods and assumptions can be subject
to discussion, putting all these uncertainties together presents the statistical
analysis methodology proposed in this chapter with a worst-case scenario
with the data displaying a large variability. At the end of this chapter, the
reflection towards a single test methodology has been made showing that the
methodology still applies to, and even benefits of, smaller data sets.

This chapter firstly provides the basic knowledge needed to understand and
conduct the statistical investigation correctly, looks at some specific caveats
related to goodness-of-fit testing with the distribution parameters derived from
the data set and finally discusses the results of the testing of different distribution
families on the provided data set. The proposed methodology is illustrated
and verified using the data obtained from the tests discussed in the previous
chapters. Using this methodology, various theoretical statistical distributions
are tested against the empirical data in order to verify the possibility to
describe the probabilistic properties of the empirical data and the extent of
the noted variations and uncertainties on each parameter. Finally, based
on the observations made in chapter 3, various sets of least-advantageous
material parameters were selected taking into account the interactions between
the various material parameters, the found distributions and the structure-
specific least-favourable parameter combinations. Afterwards the final section
addresses some additional concerns, reflections and prospects regarding the
analysis and methodology laid out in this chapter, mainly in the light of the
recent work conducted by the materials and analysis work group (WG4) of
COST Action TU1303.

6.1 DISTRIBUTION FAMILIES AND PROPERTIES

During the conducted analysis, six different distribution families where
proposed and checked for compatibility with the derived sets of material
parameters:

• Normal distribution

• Lognormal distribution

• Gumbel distribution (Type I Extreme Value distribution)

• Fréchet distribution (Type II Extreme Value distribution)

• Weibull distribution (Type III Extreme Value distribution)
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• Generalised Extreme Value (GEV) distribution

Each of the distributions above can be mathematically described as a probability
density function (PDF) and cumulative density function (CDF) using a set of
two or three parameters. The parametrised equations for every distribution
used during the conducted analysis are described below.

The normal distribution is defined by two parameters: the location parameter,
which equals the mean µ (∈ R) and the standard deviation σ (∈ R), which is
referred to as the scale parameter of the distribution. The PDF fx(x) and the CDF
Fx(x) of the normal distribution are then described as follows:

fx(x) =
1

√

2σ2π
exp

[
−

(x − µ)2

2σ2

]
(6.1)

Fx(x) =

∫ +∞

−∞

1
√

2σ2π
exp

[
−

(x − µ)2

2σ2

]
dx (6.2)

The very similar lognormal distribution is described by the following equations,
again with µ (∈ R) and σ (> 0) now denoting the log mean (or the location
parameter) and log standard deviation (or the scale parameters) respectively. Mark
that the lognormal distribution, contrary to the normal distribution, is only
defined for x > 0:

fx(x) =
1

x
√

2σ2π
exp

[
−

(ln(x) − µ)2

2σ2

]
(6.3)

Fx(x) =

∫ +∞

0

1

x
√

2σ2π
exp

[
−

(ln(x) − µ)2

2σ2

]
dx (6.4)

The Extreme Value distribution is a family of distributions which consists of
three particular cases, or types. Although each of these belongs to the same
overarching family and can be obtained through the Generalised Extreme Value
distribution, the distinction is still commonly made, warranting their separate
description.
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The first type, known as the Type I Extreme value distribution or Gumbel
distribution, is parametrised by two parameters, a location parameter a (∈ R)
and a scale parameter b (> 0):

fx(x) =
1
b

exp
[
−

(x − a
b

)
+ exp

(
−

x − a
b

)]
(6.5)

Fx(x) = exp
[
− exp

(
−

x − a
b

)]
(6.6)

The second type of Extreme Value distribution is the Fréchet distribution, with
α (> 0) as the shape parameter, s (> 0) as the scale parameter and m (∈ R) as the
location parameter.

fx(x) =
α
s

(x −m
s

)−1−α
exp

[
−

(x −m
s

)−α]
(6.7)

Fx(x) = exp
[
−

(x −m
s

)−α]
(6.8)

And finally, the third type of Extreme Value distribution, the Weibull distribution
can be described by a scale parameter λ (> 0) and a shape parameter k (> 0):

fx(x) =
k
λ

( x
λ

)k−1
exp

[
−

( x
λ

)k]
(6.9)

Fx(x) = 1 − exp
[
−

( x
λ

)k]
(6.10)

Mark that the description of the PDF and CDF of all three types of Extreme Value
distributions share some remarkable similarities. This was to be expected since
all of them belong to the same, larger family. It is thus possible to describe all
three of the distributions above by one generalised distribution, characterised
by its own set of equations and parameters. This Generalised Extreme Value
distribution is determined by three parameters: the location parameter µ (∈ R),
the scale parameter σ (> 0) and the shape parameter k (∈ R) and is only defined
when 1 + k

( (x−µ)
σ

)
> 0:

fx(x) =
1
σ

exp
[
−

(
1 + k

(x − µ)
σ

)− 1
k
](

1 + k
(x − µ)
σ

)−1− 1
k (6.11)

Fx(x) = exp
[
−

(
1 + k

(x − µ)
σ

)− 1
k
]

(6.12)

144
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In the description of the Generalised Extreme Value (GEV) distribution, the
sign of the shape parameter will determine which of the three specific types it
belongs to. When k > 0, the distribution corresponds to Type II, or the Fréchet
distribution. Is k < 0, we find Type III, or Weibull, distribution. For k = 0
the equations above are solved towards the limit state (k→ 0) and results in
what is described as the Gumbel distribution. Due to the way it has been
described, the GEV distribution does however offer a much larger freedom
due to its formulation as compared to the other three subsets of extreme value
distributions, which is why we opted to bundle all three separate types under
this one family for the conducted investigation. The sign of the shape parameter
will be able to indicate for each case which subtype the found distribution
belongs to. This effectively limits the studied distribution to a total of three
distributions, one of which thus covers three subtypes.

6.2 GOODNESS-OF-FIT TESTS

Assessing how well a distribution is able to represent the empirical data is
evaluated using goodness-of-fit tests. Although there are various tests in
existence, we will limit ourselves to describing the ones relevant for this
analysis.

Visually, the goodness-of-fit can be assessed using various plots. A popular
one is the histogram where the frequency of various subsets of the samples
(=bins) is determined and plotted against the PDF of the values predicted by the
distribution. This method however has the downside of being dependent on the
number (and size) of the selected bins and since there is no fixed methodology,
it leaves room for interpretation (Zhang, 2010).

Slightly more reliable visual methods consist of comparing the CDF plots of
the distribution and the data or generate quantile-quantile (Q-Q) plots. Since
in both cases, the resulting plot is only dependent on the data set and the
selected distribution, results from these plots tend to be much less ambiguous
than histograms for the visual assessment of goodness-of-fit. The CDF plot
shows the cumulative frequency in function of the data value which, unlike
histograms, does not require the subdivision of the data into bins. The Q-Q
plot takes a similar approach where the empirical and theoretical quantiles are
compared to each other in one plot which is thus only dependent on the actual
values and not any additional subdivisions.

A quantitative analysis of the goodness-of-fit of a certain distribution with a
set of data is usually conducted by any number of so called hypothesis tests,
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which verifies the hypothesis that a certain distribution is compatible with
the empirical data. One of the most common of such tests is the (Pearson’s)
chi-squared test. In order to assess whether an experimental result is compatible
with a theoretical model, this test compares how often any given event or value
occurs during both the experiment and according to the theoretical model. To
do so, it subdivides the data into discrete intervals (or “bins”) and compares the
number of items in each of these intervals (= the interval’s “frequency”). This
already exposes one limitation of the chi-squared test where it is sensitive to
the number of intervals that are defined. In addition, the test is also strongly
influenced by the size of the empirical data in a way in which a large enough
sample size could lead to the conclusion that a weak relationship is statistically
significant. And on top of that, it is very sensitive to the occurrence of small
event frequencies (< 5) and needs to be interpreted with great care when such
low frequencies arise (Zhang, 2010).

For the reasons listed above, the chi-squared test was left out of the scope of
this investigation and two other goodness-of-fit tests were used, namely the
Kolmogorov-Smirnov (KS) and the Anderson-Darling (AD) tests. Both have
the advantage of taking into account the CDF and are thus independent on the
actual frequencies and binning of the dataset. Both tests start by assuming a
starting hypothesis, called the null hypothesis H0. In the case of verifying the
compatibility of distributions, H0 states that the data is indeed compatible with
the proposed distribution. Both tests then proceed by calculating a single test
value, referred to as the test statistic D̄n and Ā2

n respectively, and comparing
them to tabulated values in function of the size of the data set n and the chosen
level of significance α. When the test statistic is smaller than the appropriate
tabulated value, the null hypothesis H0 can not be rejected and the chosen
distribution can thus be considered compatible with the data.

There are some crucial differences between the Kolmogorov-Smirnov and the
Anderson-Darling tests, which make it interesting to conduct and interpret both
tests. These differences become very apparent when we look at the definition
of each of the test statistics:

D̄n = max1≤i≤n|F(xi) −
i − 1

n
,

i
n
− F(xi)| (6.13)

Ā2
n = −n −

1
n

n∑
i=1

(2i − 1)|ln(F(xi) + ln(1 − F(xn+1−i))| (6.14)
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With F the theoretical cumulative distribution of the distribution which is being
tested and n the length of the data set. Note that these tests also require the
data xi to be ordered from low to high.

In graphical terms, the Kolmogorov-Smirnov test thus takes the largest vertical
distance between the empirical and theoretical CDF plots and compares it to
the appropriate critical value. This makes that the Kolmogorov-Smirnov test
is mostly sensitive for differences in the center of the plot, where the vertical
distance is typically inherently larger than in the tails. This thus results in a
test which is not very sensitive to differences in the tails of the distribution,
and can lead to labelling distributions as compatible while the tails differ
significantly. This issue is addressed by the Anderson-Darling test where a
weighted approach is taken rather then evaluating the goodness-of-fit on one
specific location. Taking into account the results from both of these tests will
allow us to show the inherent differences that may occur and how careful
interpretation is an important part of statistical analyses like these.

Finally, it is important to realise the limitations of both of these tests. They both
rely on the data set and the verified distribution to be independent (Lilliefors,
1967). The parameters of the tested distribution can thus not be derived from
the empirical data set as this would make the found distribution dependent on
said data set. Although there are various possible solutions to circumvent this
limitation, the methodology below relies on (parametric) bootstrapping. Here,
the estimated distribution functions as a surrogate population from which
random samples, each of the size of the initial data set, are drawn. This large
group of new, bootstrapped samples is then used to generate a wide variety of
distributions, in the same way the empirical data set is evaluated, which are
then used to derive new critical values for each desired level of significance α,
now taking into account the dependency between the data and the generated
distributions.

6.3 PROPOSED METHODOLOGY

The analysis method used to assess the quantitative goodness-of-fit is described
below and is studied in Stute et al. (1993). It starts by deriving the maximum
likelihood estimates for each tested distribution and construct the CDF. The
maximum likelihood estimator is generally defined as follows:

θ̂MLE = max
θ∈Ω

f (x|θ) (6.15)
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The equation above thus essentially defines the maximum likelihood estimate
(MLE) θ̂MLE as being the value of the estimated parameter (or vector) θ, within
the parameter space Ω, which maximises the likelihood function f (x|θ). Or
in other words, it is that value of θ where the probability that the proposed
probability distribution has generated the observed data set x is maximised.
During this investigation, this estimate is derived through Matlab’s mle function.

After determining the maximum likelihood estimate, the associated cumulative
distribution is then used to derive the initial test statistics D̄n and Ā2

n.

However, where typical tests would compare these test statistics to tabulated
critical values, this is not applicable to our case due to the fact that the distribu-
tion parameters have been derived from the empirical data, as mentioned before.
As the tabulated critical values for these tests are based on the assumption
of independence between the data and the distribution they can not be used
to verify the goodness-of-fit in cases where the tested distribution is derived
directly from the empirical data set.

A solution to this is to generate B (∈N) bootstrap samples based on the derived
distribution function, each of the same size n as this initial dataset. This thus
generates B datasets which are, by definition, compatible with the proposed
distribution. For each of the resulting datasets, the maximum likelihood
estimates and test statistics, D̄∗j and Ā2∗

j , are derived, providing us with a set of B
test statistics for each of the two goodness-of-fit tests used in this investigation.

Since we know that each of these data sets is by definition compatible with the
proposed distribution, these values show the variability on the test statistic
when the data is indeed compatible with the distribution when the empirical
data and the derived distribution are not independent. From this large set of
test statistics, we can then select the value which corresponds to a chosen level
of significance α, essentially selecting the 1 − α quantile (or the B(1 − α) + 1
order statistic) of the found test statistics, denoted as D̄∗1−α and Ā2∗

1−α. These
will be our new critical values for the conducted goodness-of-fit tests an the
significance level α. And thus the null hypothesis H0 can be rejected, for the
selected level of significance α, when:

D̄n > D̄∗1−α (6.16)

Ā2
n > Ā2∗

1−α (6.17)
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In these cases, we can thus conclude that the selected distribution family is
incompatible with the data set. Alternatively, we can derive approximated
p-value for the bootstrapped samples using:

pKS ≈
#{i : D̄∗j ≥ D̄n}

B
(6.18)

pAD ≈
#{i : Ā2∗

j ≥ Ā2
n}

B
(6.19)

These formulas essentially state that the p-value can be approximated by
counting the number of times i where the test statistic of the bootstrapped
sample (D̄∗j or Ā2∗

j ) is larger than the test statistic derived during the initial test
(D̄n or Ā2

n) and divide this number by the total amount of bootstrapped samples
B.

When interpreting these p-values, we can reject the null hypothesis when the
derived p-value is smaller than the level of significance α, which is taken at
0.05 in the upcoming analysis, according to common practice. A total of 1000
bootstrap samples were generated which showed to be sufficient to provide a
good estimate for the critical values.

Mark that this approach is rather conservative as the newly found test statistic
will typically be a lot more restrictive than the original values and will thus lead
to a quicker rejection of H0 than when the originally tabulated values would be
used. The possible difference in conclusions will be illustrated in the results by
providing both the original critical values as well as the values derived through
the described bootstrap method.

The above described method has been programmed into multiple Matlab (The
Mathworks Inc., 2016a) routines which (1) derive the MLE for the selected
distribution families, (2) determine the KS and AD statistics for the initial
data set as well as (3) apply the above described method to determine the
bootstrapped test statistics and thus the bias-corrected critical values taking into
account the dependency between the proposed distribution and the empirical
data set.

6.4 STATISTICAL REPRESENTATION OF THE FULL DATA SET

The discussion of the goodness-of-fit results will, as mentioned above, be
subdivided into a visual assessment of the goodness-of-fit and a quantitative
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study using the methodology explained in the previous section.

During the visual assessment we will compare the CDF and Q-Q plots of every
proposed distribution to the empirical plots for each of the four orthotropic
material parameters. Using both the CDF and Q-Q plots allowed for the
indication of similarities between the two and display the strength of each type
of plot when assessing the goodness-of-fit visually.

6.4.1 VISUAL ASSESSMENT

Deriving the maximum likelihood estimates (= the best-fit distribution param-
eters) for each distribution family fitted to each of the four sets of material
parameters allows us to compose a theoretical distribution for each distribution
family we wish to test. The maximum likelihood estimates (table 6.1) were
derived using the Matlab mle routine, which is able to determine the maximum
likelihood estimates for a wide variety of distribution families. In the following
part we will provide the maximum likelihood estimate for each distribution
family, compare the resulting distributions to the empirical distribution and
see whether we are able to make a founded estimate of which distribution
might best describe the data. It can be interesting to note beforehand that since
the shape parameter of the extreme value distribution is negative for all four
material parameters, the GEV distribution is in fact consistent with the Fréchet
formulation as given by equations 6.7 and 6.8. This shows the reduction in
complexity which comes with using the general formulation rather than the
three subfamilies: instead of having to verify three distributions from which
two will likely be less compatible, we can test just one distribution family and
find the one subfamily which fits the data set best based on the value of the
found shape parameter.

Comparing the CDF plots of three maximum likelihood estimates for the
Young’s modulus in the warp direction Ewarp to the empirical distribution does
not show large deviations at first sight (figure 6.1, top). Aside from the fact
that all three distributions yield very similar curves, there is a small difference
between the cumulative probabilities between the data and the theoretical
distributions around 600 kN/m, which is the zone where the results from the
MSAJ situate themselves. Besides these minor differences, we could say that,
based on the CDFs, all three distributions seem to be able to approximate the
data to a reasonable degree.

This conclusion is confirmed by comparing the various quantile-quantile
plots (figure 6.2). There are some minor differences between the different
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Table 6.1: Maximum likelihood estimates for the theoretical distributions
for each orthotropic material parameter

Ewarp Location µ Scale σ Shape k
Normal 693.45 81.20 -
Lognormal 6.5201 0.1191 -
GEV 652.26 77.528 -0.2125

Efill

Normal 536.74 62.769 -
Lognormal 6.2787 0.1162 -
GEV 511.09 56.869 -0.1586

νwf

Normal 0.3600 0.1422 -
Lognormal -1.1934 0.8153 -
GEV 0.3141 0.1491 -0.3542

νfw

Normal 0.3750 0.0643 -
Lognormal -0.9949 0.1675 -
GEV 0.3474 0.0559 -0.0840

distributions, most notably around the respective tails which could lead to the
conclusion that the normal distribution is a slightly worse approximation.

The CDF plot of the experimental results from E f ill (figure 6.1, bottom)
immediately shows two possible issues: a relatively large shift in values
occurs around the 0.67 cumulative distribution mark. Having the data shift this
way results in maximum likelihood estimates (table 6.1) which show CDFs that
first lie under the empirical data and end up above it afterwards. In addition,
the right hand tail of the empirical distribution is very limited when compared
to the tails of the maximum likelihood estimates. Consequently, the results
from the derived maximum likelihood estimates do not align very well with
the empirical distribution even though all three types result in very similar
curves.

The Q-Q plots (figure 6.3) tell a story similar to what has been concluded from
the CDF plots, but more clearly display the (lack of) tailing behaviour which
was more obfuscated in the CDF plot. As noted before, the high end of the data
lacks the tailing which all three distributions require causing large deviations
in the Q-Q plot. Based on the visual information present, it might turn out to
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Figure 6.1: For both Young’s moduli, all three distribution families end
up being pretty similar. Due to discontinuities, the results of E f ill (bottom)
look significantly less compatible with the proposed distributions than
the Ewarp (top) data.
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Figure 6.2: The Q-Q plots show that each of the distributions approximates
the Ewarp data reasonably well apart from a deviation around the 600 kN/m
quantile.
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be impossible to find a compatible distribution for this parameter.

The CDF plot for the first Poisson’s coefficient (figure 6.4, top) shows a very
large difference between the lognormal distribution and the other two. In
this specific case, the lognormal distribution, which has a naturally occurring
expressive right hand tail, does not seem capable of capturing the large left
hand tail of the empirical distribution resulting in a large deviation between the
maximum likelihood estimate of the lognormal distribution and the empirical
distribution.

The heavy difference in fit between the lognormal distribution and the data
is confirmed looking at the Q-Q plots (figure 6.5). Comparing all three
distributions, the GEV distribution seems slightly better in approaching the
empirical distribution than the normal distribution based on the reduced
deviations in the right tail.

Lastly, the graphical results for ν f w (figure 6.4, bottom) show a much better
fit for all three proposed distributions. All three theoretical curves look very
similar to each other and show to fit the data fairly well, apart from a small
deviation on the left hand tail. Also mark the steeper angle of the CDF plot as
compared to the plot for νw f . This signifies a much smaller variability in the
data (which was also noted in the various comparisons conducted in chapter 5),
again indicating that this parameter is less affected by alterations in test profile
and the different post-processing decisions.

Comparing the Q-Q plots for all three distributions (figure 6.6) to the empirical
data show that, although all three seem rather compatible with the data, the
normal distribution seems to be the least effective in capturing the tails. Both the
lognormal and GEV distribution do a better job in incorporating the outlying
data points in their predictions.

To summarise, this visual assessment has shown us a couple of different things
in regards to how the proposed distribution families are (un)able to characterise
the distribution of the empirical data. Overall, the proposed families seem able
to predict the empirical distributions fairly well, except for the fill stiffness’s
E f ill. Here, the sudden shift in values together with a very small right hand tail
in the empirical distribution make that none of the proposed distributions seem
to fit the data. This shift might be due to test limitations where certain values
were not observed for the five imposed load profiles, causing the continuous
distribution functions to not being able to capture this behaviour. Overall, the
GEV distribution seems to best fit most of the material parameters where the
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Figure 6.3: Comparing the different Q-Q plots for the fill stiffness E f ill

reveal that due to the lack of tailing behaviour, none of the proposed
distributions really fit with the empirical data.
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Figure 6.4: While the empirical CDF for ν f w (bottom) can be approximated
well by all three proposed distributions, deviations turn out larger in the
case of νw f (top), certainly for the proposed lognormal distribution.
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Figure 6.5: The Q-Q plots for the warp-fill Poisson’s coefficient clearly
shows the deviations previously noted in the right tail for the lognormal
distribution.
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Figure 6.6: All three proposed distributions approximate the empirical
distribution of ν f w fairly well. Slight deviations in the tails can be noted
for the normal distributions.
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Table 6.2: Results from the Kolmogorov-Smirnov tests for every material
parameter.

Ewarp D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.0544 0.0754 Yes 0.0511 No
Lognormal 0.0521 0.0754 Yes 0.0505 No
GEV 0.0485 0.0754 Yes 0.0474 No

Efill

Normal 0.0972 0.0754 No 0.0508 No
Lognormal 0.0910 0.0754 No 0.0515 No
GEV 0.0947 0.0754 No 0.0463 No

νwf

Normal 0.0814 0.0754 No 0.0502 No
Lognormal 0.2020 0.0754 No 0.0608 No
GEV 0.0615 0.0754 Yes 0.0472 No

νfw

Normal 0.0722 0.0754 Yes 0.0492 No
Lognormal 0.0517 0.0754 Yes 0.0508 No
GEV 0.0563 0.0754 Yes 0.0459 No

normal and lognormal distributions occasionally struggle to capture the tailing
behaviour in some of the parameters (νw f and ν f w). Since the shape parameter
k is consistently negative for every single of the four material parameters, all
these cases use in fact a Fréchet distribution to describe the data.

6.4.2 KOLMOGOROV-SMIRNOV AND ANDERSON-DARLING STATISTICS

As can be noted in the discussion above, there is no objective measure to assess
the goodness-of-fit when conducting the initial visual comparison. Only when
deviations are sufficiently large can we reject certain distributions, which leaves
us guessing when only a limited number of points are not captured by the
proposed distribution. This limitation is addressed by the two goodness-of-fit
tests described in this section. Both the Kolmogorov-Smirnov and Anderson-
Darling tests will be conducted, for reasons listed in section 6.2. During
this comparison, we will provide both the regular (D̄crit and Ā2

crit) and the
bootstrapped (D̄∗1−α and Ā2∗

1−α) critical values for both tests.

As a reminder, the Kolmogorov-Smirnov statistic looks at the maximum
distance between the empirical and tested distribution and rejects the proposed
distribution when this value is larger than tabulated values which are dependent
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Table 6.3: Results from the Anderson-Darling tests for every material
parameter.

Ewarp Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 0.9290 2.493 Yes 0.7666 No
Lognormal 1.1027 2.493 Yes 0.7885 No
GEV 1.0022 2.493 Yes 0.6208 No

Efill

Normal 4.1458 2.493 No 0.7733 No
Lognormal 3.3220 2.493 No 0.7287 No
GEV 3.0351 2.493 No 0.6424 No

νwf

Normal 2.3817 2.493 Yes 0.7609 No
Lognormal 30.537 2.493 No 0.7328 No
GEV 1.5366 2.493 Yes 0.6634 No

νfw

Normal 1.6932 2.493 Yes 0.7565 No
Lognormal 0.9271 2.493 Yes 0.7788 No
GEV 1.3137 2.493 Yes 0.6487 No

on the sample size and the chosen level of significance α, the latter which is set
to 0.05 for this investigation. The Anderson-Darling test, on the other hand,
takes a more weighted approach and considers the difference at every point of
the distribution rather than focussing on the maximum value.

The results from the Kolmogorov-Smirnov and the Anderson-Darling tests are
summarised in tables 6.2 and 6.3 respectively. Comparing the test results to the
originally tabulated values (D̄crit and Ā2

crit), suggests a lot of the distributions
pass the goodness-of-fit tests. Both the normal and GEV distributions are
compatible with the majority of material parameters. Only the fill stiffness E f ill

does not seem to be compatible with any of the proposed distributions, as was
expected from the visual assessment.

The obtained Kolmogorov-Smirnov (“KS”) statistics D̄n in table 6.3 allow us
to make an objective relative estimate of the goodness-of-fit of the various
proposed distributions for each of the four parameters. Doing this using the
KS statistics, we note that which distribution fits the best really depends on
the parameter: for the warp stiffness Ewarp the GEV distribution gives the best
result (or in other words, the lowest value for the test statistic), followed by
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the lognormal distribution while this changes to the lognormal distribution
followed by the GEV distribution for the fill stiffness E f ill (even though none of
these are acceptable according to the test results). And this changes again for
νw f and ν f w where it is respectively the GEV and lognormal distribution which
fit the empirical result the best. A very similar behaviour can be noted for the
found Anderson-Darling statistics Ā2

n in table 6.3.

Matters change a bit however when we invoke the bootstrapped critical
values D̄∗1−α and Ā2∗

1−α rather than the original critical values. Indeed, as
described before, the usage of the original values comes with the requirement
of independence between the proposed distribution and the data set. Since
we have been using maximum likelihood estimates to derive each distribution
from the data set, this requirement is not met. In section 6.3 we have described
one way around this by generating bootstrapped data and derive the new
critical values from these results. Doing so results in critical values which
are, on average, two-thirds of the original values for the Kolmogorov-Smirnov
test and one third of the original value for the Anderson-Darling test, which
is consistent with the observations made in Lilliefors (1967). Essentially the
bootstrapping methodology results in a much more conservative measure for
the goodness-of-fit of a given data set and a proposed distribution. Also mark
that the newly found critical values are not consistently the same as it was the
case for the original critical values. Since this methodology uses a random
sampling based on the maximum likelihood estimate, some minor variability
is to be expected on these values causing slightly different values for each case
and each parameter.

Comparing the obtained statistics for both the Kolmogorov-Smirnov and the
Anderson-Darling tests now result in all of the proposed distributions being
rejected. This clearly shows to what extend not only the chosen test statistic
(Kolmogorov-Smirnov versus Anderson-Darling) but also the test methodology
(regular versus bootstrapping) can influence the conclusion of this type of
analysis. Careful interpretation of the numerical results are thus vital during
this kind of statistical analysis.

The results described above do raise the question whether it is possible to
capture the variability of test methodology and post-processing methods in one
continuous distribution. Indeed, looking at the results above shows us none of
the proposed distributions satisfy the conservative critical values proposed by
the bootstrapping methodology. However, bear in mind that the result from the
bootstrapping analysis will be very dependent on the number of bootstrapped
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Table 6.4: Assessing the relative closeness of each test statistic to the
bootstrapped critical value showed that the variation in warp parameters
(Ewarp and νw f ) was best assessed by the normal distribution and the
variation in fill parameters (E f ill and ν f w) by the lognormal distribution.

Ewarp D̄n D̄∗1−α D̄rela Ā2
n Ā2∗

1−α Ā2
rela

Normal 0.0544 0.0511 0.9396 0.9290 0.7666 0.8252
Lognormal 0.0521 0.0505 0.9678 1.1027 0.7885 0.7151
GEV 0.0485 0.0474 0.9763 1.0022 0.6208 0.6194

Efill

Normal 0.0972 0.0508 0.5220 4.1458 0.7733 0.1865
Lognormal 0.0910 0.0515 0.5653 3.3220 0.7287 0.2194
GEV 0.0947 0.0463 0.4886 3.0351 0.6424 0.2116

νwf

Normal 0.0814 0.0502 0.6174 2.3817 0.7609 0.3195
Lognormal 0.2020 0.0508 0.2513 30.537 0.7328 0.0240
GEV 0.0615 0.0472 0.7673 1.5366 0.6634 0.4318

νfw

Normal 0.0722 0.0492 0.6806 1.6932 0.7565 0.4468
Lognormal 0.0517 0.0508 0.9836 0.9271 0.7788 0.8400
GEV 0.0563 0.0459 0.8152 1.3137 0.6487 0.4938
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samples which were taken. By taking 1000 samples, we removed a lot of the
uncertainty which can exist on the found quantile value of the bootstrapped
test statistics, which makes these tests very conservative given the relative
small number of data points we possess (=320) and the fact that all the data has
been considered for this analysis regardless of the observation of clear outliers
due to the use of the minimax method made during the previous chapter. This
presents the conducted statistical analysis with a worst-case scenario but also
introduces values which can cause relative large deviations and discontinuities
in the empirical distributions, resulting in a bad fit.

In order to assess the relative goodness-of-fit in each case despite them failing
the suggested, albeit conservative, test methodology, we verified the relative
goodness-of-fit for each case by dividing the bootstrapped critical value, D̄∗1−α
and Ā2∗

1−α, by the found test statistic D̄n and Ā2
n for each material parameter

and each distribution. As the difference between the variable critical value
and the found test statistic decreases, this relative value (name them D̄rela and
Ā2∗

rela) would increase, with values > 1 being those where the null hypothesis
H0 could not be rejected and the distribution would pass the initial test. By
then selecting the largest of these relative values, we were able to select the best
fitting distribution for each of the four parameters while taking into account the
differences in value of the bootstrapped critical values (table 6.4). Interpreting
the numbers in table 6.4 is however not as straightforward as it was expected
to be. For Ewarp we can note already a contradiction between the KS and AD
results where the first one suggests the GEV distribution to be the closest fit
while the Anderson-Darling result indicates the normal distribution. Whenever
this occurs, we will however opt for the best-fit result according to the AD test
given the limitations of the KS statistic described at the beginning of this chapter.
Doing so provides us with the normal distribution for Ewarp, the lognormal
distribution for both E f ill and ν f w and the GEV (or Frèchet distribution) for
νw f . Bear in mind however that during the visual assessment we noted only
minor differences between the various distributions, which is being reflected in
fairly small differences in certain relative values here as well. This makes that
the final selection of one distribution is not a universal given and is open for
discussion.

These will thus be the distributions we will use to derive the statistically
determined material parameters in section 6.5 which will then be applied in
the numerical models described in chapters 8 and 9.
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6.5 DERIVING THE MATERIAL PARAMETERS

Usually, the distributions proposed in the previous section would be used
to conduct a full structural reliability study investigating the probability of
structural failure based on the application of various limit states and derive
structural safety factors (Zhang, 2010). This is however out of scope of the
conducted investigation which looks to a very practical approach and aims
to directly characterise the stress-strain variations occurring when the biaxial
test and post-processing methodologies are altered. This is why we will
attempt to use the distributions above to derive a number of least favourable
set of material parameters to apply in various numerical models. In order
to being able to derive which combinations would be unfavourable for the
investigated structures, the observations made in chapter 3 will be applied in
this section. The insights from the previously conducted analyses will form the
foundation on which each failure mode, and structure, gets a designated set of
least-favourable material parameters derived from the statistical distributions.

The actual derivation of an appropriate set of parameters to be used for
analysis is however slightly more complex than simply taking the 0.05 and 0.95
quantile values for each of the proposed distributions and recombine them to
form various sets of possible material parameters. Since there exist various
correlations, dictating certain interactions, between these four parameters,
we have to ensure that these relations are respected in order to not end up
with a set of parameters which does not represent the tested material. In this
part, we will first identify and verify the existing correlations based on the
test results. Afterwards, distributions will be generated based on the found
correlations in addition to the distributions derived above. These correlations
and distributions will then be used to estimate an appropriate set of material
parameters which will then be applied in the numerical simulations in the next
part.

6.5.1 SELECTED STRUCTURES AND LEAST-FAVOURABLE COMBINATIONS

Provided the structures and observations made in chapter 3, five different
representative structures were selected for analysis: the conical structure, a
hypar structure with curved boundaries and both low (high points at 1 m)
and high curvature (high points at 2 m) and a hypar structure with straight
boundaries also with both low and high curvature. Based on the trends in
stresses, displacements and wrinkling behaviour noted in chapter 3, each
of these structures has been provided with constraints describing the least-
favourable combination of material parameters for each failure mode (strength,
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ponding, inversion and wrinkling).

Conical structure

As described in chapter 3, the behaviour of the conical structure shows some
important correlations to the applied material parameters.

Although displacement-driven failure modes will most often form the deter-
mining factor, the strength failure mode has been considered for completeness.
As explained in chapter 3, high predicted stresses will determine whether this
failure mode occurs or not. In the case of the conical structure, we previously
noted that high Young’s moduli and high Poisson’s ratios increase the stresses
under load for a given load case.

Looking at the displacements, the conical structure tends to deform more for
low stiffness moduli and low Poisson’s ratios. Hence, both the ponding and
inversion failure modes will occur sooner if the material parameters consist of
low Young’s moduli and low Poisson’s coefficients. The wrinkle compression
strains on the other hand only showed to be influenced by the Poisson’s ratio:
the lower the Poisson’s ratio the more prone the structure becomes to wrinkling.

These three, theoretically, unfavourable combinations of material parameters
will thus form the basis of our analysis of the conical structure:

• Strength: High Young’s moduli and high Poisson’s ratios

• Ponding and inversion: Low Young’s moduli and low Poisson’s ratios

• Wrinkling: Low Poisson’s ratios

Seeing that both ponding/inversion effects as well as the wrinkling failure mode
are most prominent for low Poisson’s ratios, and the occurrence of wrinkles did
not seem to be influenced by the Young’s moduli, these effects can be captured
by the same set of material parameters. This effectively reduces the number of
least-favourable material parameter sets for this particular structure to two.

Hypar structures

A similar interpretation has been used for each of the four proposed hypar
structures. Since altering the height from the high points from 2 m to 1 m did
not change the structural behaviour in function of the material parameters, the
sole influence which has to be considered here is the difference between the
curved cable boundaries and the straight fixed boundaries.
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As for the curved boundaries, the previous investigation again showed an
increase in stresses as the Young’s moduli and the Poisson’s ratios increased.
Displacements still increase for low Young’s moduli but now also when the
Poisson’s ratios increase. The wrinkling behaviour still solely depends on the
Poisson’s ratios with large values reducing the wrinkle compression strains.
This effectively yields three different sets of material parameters describing the
possible failure states the cable-stayed hypar structure:

• Strength: High Young’s moduli and high Poisson’s ratios

• Ponding and inversion: Low Young’s moduli and high Poisson’s ratios

• Wrinkling: Low Poisson’s ratios

Lastly, when fixing the boundaries a reverse effect in the displacements was
noted. When these boundaries are fixed, high Poisson’s ratios benefit the
structure and effectively showed to reduce its displacements under load. With
the behaviour of the stresses and the wrinkling in function of the material
parameters still the same as in the previous structures, the resulting least-
advantageous sets of material parameters will be the same as derived for the
conical structure:

• Strength: High Young’s moduli and high Poisson’s ratios

• Ponding and inversion: Low Young’s moduli and low Poisson’s ratios

• Wrinkling: Low Poisson’s ratios

Where we can again combine the least-advantageous parameter sets describing
the ponding/inversion and wrinkling effect. This latter set is thus the same as
the first one, essentially reducing the required number of parameter sets to
two different ones which only differ in terms of the constraints imposed on
the ponding and inversion failure modes: one for the conical structure and the
hypar with fixed boundaries and the other one for the hypar structure with
curved cable boundaries.
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Finally, the remark has to be made that for both the strength- and displacement-
driven failure modes for structures with some curvature are only influenced
by the Poisson’s ratio when this parameter becomes relatively large (typically
< 0.6, according to observations made in chapter 3). This means that, provided
with the experimentally obtained distributions for both Poisson’s ratios as
determined in the beginning of this chapter, the Poisson’s ratios will in this
case not play as an important role as the Young’s moduli. Hence, for these
failure modes the focus will lie on parameter derivation based on the Young’s
moduli. However when the wrinkling failure mode is considered, the impact
of the Poisson’s ratios becomes significantly more important. In these cases the
method will focus on parameter derivation centred around low values for the
Poisson’s ratio rather than driven by Young’s moduli.

6.5.2 IDENTIFICATION OF THE REQUIRED CORRELATIONS AND DISTRIBUTIONS

Aside from the constraints derived in the previous part, we need to establish
whether and how the different material parameters interact with each other. By
separating the four different material parameters into four different, unrelated
distributions, the possible interactions between the parameters has been
removed. As a consequence, simply taking the lower and/or upper 5 %
values for each parameter independently does not necessarily constitute a
representative set of material parameters. This section focusses on establishing
the existing relations between the different material parameters which will
allow us to estimate a whole set of parameters which both respects the statistical
distributions as well as these inter-parameter correlations.

From the analysis conducted in the previous chapter, we know that one of the
key features of a general set of material parameters is the fact that the ratio
between the warp and fill stiffness Ewarp/E f ill should always be larger than 1.
Or in other words, Ewarp > E f ill, provided a general applicable set of material
parameters has been derived. Hence, the first correlation which is being studied
is between the warp stiffness Ewarp and the term Ewarp/E f ill − 1 which should
thus remain positive. The first correlation aims to find some link between
either one of the Young’s moduli and Ewarp/E f ill − 1. Finding one will allow us
to start from one single Young’s modulus, either warp or fill, and derive the
appropriate modulus for the other fibre direction.

Before being able to do so however, the correlation between each of the
two Young’s moduli and the parameter Ewarp/E f ill − 1 should be established.
This correlation has been established through the Pearson’s product-moment
correlation. This method derives a correlation factor ρ which indicates the
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dependency of one variable on the other (Puth et al., 2014). The value of ρ
varies between -1 and 1 where the sign indicates the slope of the correlation
with a positive sign indicating a positive correlation, where an increase in
the independent variable X causes an increase in the dependent variable Y,
and negative indicating a negative correlation where an increase in X causes a
decrease in Y. The absolute value of ρ indicates how close the observed data
lies to a single straight line, with 1 indicating a single line and 0 indicating
no notable correlation at all. Although the interpretation and naming of the
values can differ, the following discussion adopts the classification proposed
in (Evans, 1996) which signifies absolute values of ρ larger than 0.6 indicate a
strong correlation and larger than 0.8 a very strong correlation. Lastly, it should
also be noted that the Pearson’s correlation, due to its sensitivity to singular
data points, allows for the removal of certain outliers in the data points,
provided the removal can indeed be motivated (Evans, 1996). This aims to
avoid the construction of virtual correlations as a result of outliers. In the case
of Ewarp/E f ill − 1 this meant the removal of negative values since a stiffer fill
direction is not applicable in the case where a general set of parameters is being
derived.

Conducting this correlation test with both the Ewarp and E f ill as independent
variables (figure 6.7) shows a correlation coefficient of respectively 0.6362
and 0.5833 (both with a p-value << 0.01, indicating the correlations are
not coincidental), indicating a strong positive correlation between Ewarp and
Ewarp/E f ill − 1 and a negative correlation for E f ill. This means that when the
value used for Ewarp is taken large, the correlated value of Ewarp/E f ill is also large.
This value can then be used to derive a compatible value for E f ill. Alternatively,
being provided with a large E f ill, the suitable value for Ewarp/E f ill − 1 has to be
small.

In order to being able to derive statistical meaningful values for this parameter
as well, the empirical distribution of Ewarp/E f ill − 1 has been tested and verified
using the same methodology as described above. This will allow us to select
values at the same level of significance ensuring continuity in the probability
of the selected values while respecting the established correlations.

The graphical interpretation of the three proposed types of distributions (figure
6.8) shows the normal distribution to be missing the empirical distribution of
Ewarp/E f ill − 1 for a large part. Both the lognormal and the GEV distribution
seem to be much more capable of capturing the small left hand tail and the
much larger right hand tail.
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Figure 6.7: Verifying the correlation between between Ewarp/E f il − 1 and
either one of the Young’s moduli, shows a strong positive correlation to
Ewarp (left) and a moderate negative correlation to E f ill (right).
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Figure 6.8: Visually, both the lognormal and GEV distribution seem to be
more able to capture the inherently asymmetric empirical distribution of
Ewarp/E f ill − 1 than the normal distribution.
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Table 6.5: Both the Kolmogorov-Smirnov and Anderson-Darling test
indicate the proposed GEV distribution to be the most compatible with
the empirical distribution of Ewarp/E f ill − 1.

KS-test D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.1185 0.0761 No 0.0516 No
Lognormal 0.0568 0.0761 Yes 0.0524 No
GEV 0.0778 0.0761 No 0.0451 No

AD-test Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 6.6248 2.493 No 0.7722 No
Lognormal 2.5740 2.493 No 0.7660 No
GEV 1.8571 2.493 Yes 0.5835 No

This observation is confirmed by considering the Kolmogorov-Smirnov and
Anderson-Darling test statistics for each of the proposed distributions (table
6.5). Both tests show the lognormal and GEV distribution to come either close
to compatibility or confirm compatibility with the empirical data set. For the
reasons listed at the beginning of this chapter, the result from the Anderson-
Darling test is considered to be the more accurate one, and the GEV distribution
with k = 0.1122, σ = 0.1349 and µ = 0.1988 is put forward as the theoretical
distribution describing the probability of Ewarp/E f ill − 1. Note that since k > 0
the selected distribution is essentially an inverse Weibull distribution as stated
in the first section of this chapter.

The next step consisted of finding a correlation allowing the transition from
Young’s moduli to Poisson’s coefficients. Going through the various possibilities
empirically showed a relative strong correlation between the fill modulus E f ill

and the warp-fill Poisson’s coefficient νw f .

Verifying the correlation graphically (figure 6.9, left) and through the Pearson’s
correlation coefficient shows, with ρ = −0.7517, a strong negative correlation
between the two parameters, indicating that as the derived fill stiffness increases,
the Poisson’s ratio νw f should decrease. Note again that we left a couple of
data points out of this correlation check. These are the very small values of νw f

which resulted from the minimax method and are not representative for the
material given the large difference between these values and the other derived
values for νw f .

Even though a suitable distribution for νw f was already derived before, we
rechecked the influence the removal of the smallest value had on the best-fit
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Figure 6.9: The fill stiffness shows a strong negative correlation to νw f

(left). The empirical distribution of νw f look most compatible with either
the normal or the GEV distribution (right).

Table 6.6: Both the KS and AD test statistics indicate the GEV distribution
to still be the most compatible with the empirical data of νw f , even when
certain outliers are removed.

KS-test D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.0829 0.0771 No 0.0508 No
Lognormal 0.1068 0.0771 No 0.0520 No
GEV 0.0743 0.0771 Yes 0.0498 No

AD-test Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 1.8391 2.493 Yes 0.7224 No
Lognormal 7.0852 2.493 No 0.7747 No
GEV 1.4859 2.493 Yes 0.6949 No
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Figure 6.10: The Poisson’s ration νw f is very strongly correlated to
1 − νw fν f w (left). The visual assessment of the empirical distribution
of 1 − νw fν f w however showed no clear distinction between the three
maximum likelihood proposals (right).

distribution. Both the graphical (figure 6.9, right) and the conducted tests (table
6.6) still indicate the GEV as the most compatible distribution, even though
the maximum likelihood parameters differ slightly from the values provided
in table 6.1, with k = −0.2984, σ = 0.1262 and µ = 0.3322. Regardless, the
negative shape parameter indicates the found distribution is still a Fréchet
distribution and the difference between the two different distributions is only
minor. Moving forward however, we will utilise this latest distribution for
νw f provided the interpretation of the data removes some of the more extreme
values which are not representative for the material.

The third, and final, correlation we need interlinks the warp-fill Poisson’s
ratio νw f to the other Poisson’s coefficient, similar to the link between the two
Young’s moduli. To do so, the correlation between νw f and 1 − νw fν f w has
been investigated. This final correlation will allow to link the two Poisson’s
coefficients together so that we can create full sets of material sets which respect
the inter-parameter relations specific to the tested material.

Verifying the correlation between νw f and 1 − νw fν f w provides us with a
correlation coefficient ρ of -0.8880, thus indicating a very strong negative
correlation between the parameters. This is also very clear from the scatter plot
(figure 6.10, left).

Analogue to the previously identified correlations, a fitting distribution was
derived for the new parameter 1−νw fν f w following the methodology explained
at the beginning of this chapter. Visually (figure 6.10, right) we note no big
differences between the three proposed distributions. The outcome from the
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Table 6.7: Both the KS and AD tests indicate the GEV to be the most
compatible distribution for 1 − νw fν f w.

KS-test D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.0831 0.0771 No 0.0526 No
Lognormal 0.0904 0.0771 No 0.0506 No
GEV 0.0571 0.0771 Yes 0.0477 No

AD-test Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 1.5885 2.493 Yes 0.7617 No
Lognormal 1.998 2.493 Yes 0.7802 No
GEV 0.7375 2.493 Yes 0.6765 No

goodness-of-fit tests confirm this by providing fairly similar values for all
distributions. Nonetheless, the GEV distributions (with k = −0.3971, σ = 0.0493
and µ = 0.8483) comes forward as being the most compatible with the empirical
distribution.

To summarise, this segment identified a number of correlations between the
various material parameters. These relations, together with the determined
cumulative probability distributions and the formulated least-favourable
combinations for each failure mode, will guide us in the next part to derive sets
of material parameters which are (1) unfavourable for any of the three failure
modes and (2) respect the noted relations between and statistical distribution
of the various parameters.

6.5.3 DERIVATION OF THE MATERIAL PARAMETERS

As described before, the sets of material parameters which have been derived
from the statistical interpretation consists of various least-favourable sets
adapted to certain failing modes of fabric structures. Based on the relation
between the material parameters and these failure modes on one hand, and the
relations between the various separate parameters on the other, various sets of
disadvantageous material parameters were derived.

When the strength- or displacement-driven failure modes are considered, the
derivation process starts with the assessment of a value for either Ewarp or E f ill.
This can be achieved through the best-fit CDF of the respective parameter,
which has been determined in section 6.4. When low values are the least
advantageous, the 0.05 quantile value has been derived, and for high values
the 0.95 quantile value was used. During the next step an appropriate value
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Figure 6.11: Four different correlations have been identified between the
various material parameters. When deriving least-favourable sets, these
correlations should be interpreted and respected.
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for the second Young’s modulus was derived through combining the CDF of
Ewarp/E f ill − 1 with the correlations between this parameter and the Young’s
moduli derived in the first step (see also figure 6.11, top left and right). For
instance, since we know this combined parameter has a positive correlation to
Ewarp, a low value for this first one corresponds to a low value of Ewarp/E f ill − 1.
Considering the cumulative probability plots of the two correlated distribution,
we can thus correlate the quantiles for these distributions to each other: if the
found correlation between the parameters is positive (upward slope), high
quantiles in one CDF corresponds to high quantiles in the other. When the
correlation is negative on the other hand (downward slope), high quantiles
in one distribution correspond to low quantiles in the other. Although the
scattering on the data allows for some variability on these values, the adopted
methodology in this section will directly relate these quantiles P through
Px = Py for a positive correlation and as Px = 1 − Py for a negative correlation.
To illustrate, when the 0.05 quantile value of Ewarp has been selected, the positive
correlation to Ewarp/E f ill − 1 would lead to the selection of the 0.05 quantile of
the latter. On the other hand, if the 0.05 quantile of E f ill is selected, the negative
correlation to Ewarp/E f ill − 1 would lead to the selection of the 0.95 quantile for
the latter. This methodology then cascades down further, where E f ill helps
us to estimate a value for νw f which can then be used to estimate a value for
1− νw fν f w and consequently ν f w. A graphical summary of both these processes
can be found in figure 6.12.

Note that when starting with the selection of the Young’s moduli and letting
the correlations guide the derivation of other parameters limits the values
of compatible Poisson’s ratios. This essentially results in four possible
combinations for the strength- and displacement-driven failure modes: two
options based on the 0.05 quantile value of either Young’s modulus and two
based on the 0.95 quantile value of either modulus. Which sets are eventually
selected to represent either the strength-driven or displacement-driven failure
modes thus ultimately comes down to the least-favourable behaviour of the
stiffness moduli for all structures.

When the analysis is focused on wrinkling, we start by selecting the 0.05 quantile
value for νw f . This value can then be used to derive both the appropriate value
of ν f w as well as the values for both Young’s moduli. Since the correlation
between νw f and 1 − νw fν f w is negative, low values for νw f result in higher
values for 1 − νw fν f w, which by itself leads again to low values for ν f w.
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driven failure modes, two structured approaches (each starting with the 0.05 or 0.95
quantile of either the warp or fill stiffness) have been taken considering both the
previously established restraints and inter-parameter correlations.
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Derivation of the various parameter sets

As established above, the failure under strength becomes more prominent
when both Young’s moduli are relatively large. Hence, we can opt to start
the parameter derivation based on the statistical distributions by selecting
the 0.95 quantile value for either Ewarp or E f ill and proceed from either one of
these following the method described above. As there is no clear indication as
to which of these two starting points yields the least-advantageous set, both
possibilities will be considered.

During this analysis we start by taking the 0.95 quantile value for Ewarp using
the normal distribution derived in section 6.4 (µ = 693.45 and σ = 81.20).
This results in a value of 827.01 kN/m for Ewarp. Acknowledging the positive
correlation between Ewarp and Ewarp/E f ill − 1 (figure 6.11), the 0.95 quantile for
the latter should also be selected. Doing this using the previously selected GEV
distribution yields Ewarp/E f ill − 1 = 0.6743 or E f ill = 493.94 kN/m.

Now, contrary to the value for Ewarp the resulting value for E f ill is not bound to
a specific quantile. Using the previously found best-fit lognormal distribution
for E f ill (µ = 6.2787 and σ = 0.1162) to establish the belonging quantile yields
0.2557 for E f ill =493.94 kN/m. Given the strong negative correlation between
E f ill and νw f would mean that the 1 − 0.2557 = 0.7443 quantile would provide
an appropriate value for νw f . Using the best-fit GEV distribution (k = -0.2984,
σ = 0.1262 and µ = 0.3322) to derive this quantile gives a value of νw f = 0.4612.

The last step is to use this value to derive the belonging value for ν f w based
on the negative correlation between νw f and 1 − νw fν f w. Knowing the selected
value for νw f corresponds to the 0.7743 quantile, the 0.2557 quantile of 1−νw fν f w

should be selected. Using the previously found GEV distribution (k = -0.3971,
σ = 0.0493 and µ = 0.8483) yields a value of 1−νw fν f w = 0.8320. This, combined
with the selected value for νw f results in a value of ν f w = 0.3643.

However, as mentioned at the beginning, there is also the possibility to start the
derivation using the 0.95 quantile value for E f ill rather than starting with Ewarp.
Doing so yields a set consisting of Ewarp = 683.78 kN/m , E f ill = 645.38 kN/m,
νw f = 0.1684 and ν f w = 0.3901.

The two resulting sets derived above already show how the established
correlations guide the selection of the various parameters and do not necessarily
adhere to all the formulated constraints simultaneously. Indeed, since we are
dealing with a real material here and not some fictitious material parameters
like in chapter 3, we need to find a balance between using the imposed
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constraints while respecting the found correlations if we want to end up with
sets of material parameters which are representative for the selected material.
Conducting the analysis starting from both Ewarp and E f ill is one way of ensuring
all unfavourable combinations are derived.

Considering the displacement-driven failure modes for these particular struc-
tures, a similar approach as above has been taken now starting with the 0.05
quantile of the Young’s moduli rather than the 0.95 quantile, since low Young’s
moduli result in larger displacements. Again starting with Ewarp, considering
the 0.05 quantile results in a value of 559.89 kN/m. Again considering the
positive correlation between this parameter and Ewarp/E f ill − 1 means we can
derive a value for the latter by again taking the 0.05 quantile from the GEV
distribution describing Ewarp/E f ill − 1. This results in a value of 0.0595, which
eventually leads to a corresponding value of E f ill = 528.45 kN/m. This value
corresponds to the 0.47 quantile of the best fit lognormal distribution found
for E f ill. Again using the negative correlation between the fill stiffness and the
warp-fill Poisson’s ratio, the 0.53 quantile of the GEV distribution describing
νw f has been derived, resulting in νw f = 0.3858.

In order to derive the final parameter, ν f w, we consider again the negative
correlation between νw f and 1−νw fν f w. Due to this correlation, and the fact that
the selected value of νw f is the 0.53 quantile, the appropriate value for 1−νw fν f w

consists of the 0.47 quantile of the best-fit GEV distribution for this parameter.
This yields a value of 0.8614, which thus corresponds to ν f w = 0.3593.

Once again the same method has been applied but now starting with the 0.05
quantile value for E f ill. Without elaborating the methodology once again, this
results in the set Ewarp = 737.28 kN/m, E f ill = 440.35 kN/m, νw f = 0.1684, ν f w =

0.3901.

Finally the least-favourable set for the wrinkling failure mode was derived.
As mentioned before, this failure mode is mainly driven by the Poisson’s
ratios where low values in the Poisson’s ratios increase the risk and severity
of wrinkles in the structure under a given load. As discussed above, deriving
these parameters starts with selecting the 0.05 quantile value for νw f . This
results in νw f = 0.1684. Deriving the corresponding value for 1−νw fν f w requires
the selection of the 0.95 quantile value, which is 0.9343. This again results in a
value for ν f w = 0.3901.

In order to derive the appropriate values for the Young’s moduli, the selected
value of νw f has been worked back using the correlation between νw f and
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Table 6.8: Statistically deriving the different least-advantageous parame-
ter set according to the methodology above yields five different sets of
material parameters.

Ewarp E f ill νw f ν f w

Strength failure mode [kN/m] [kN/m] [−] [−]
Set A 827.01 493.94 0.4612 0.3643
Set B 683.78 645.38 0.1684 0.3901
Ponding and inversion of curvature
Set C 559.89 528.45 0.3858 0.3593
Set D 737.28 440.35 0.1684 0.3901
Wrinkling
Set E 683.78 645.38 0.1684 0.3901

E f ill. Knowing this relation is negative, a low value for the Poisson’s ratio
corresponds to a high value of the fill modulus E f ill. Deriving the 0.95 quantile
value for this parameter results in E f ill = 645.38 kN/m. Finally, using the
negative correlation between this parameter and Ewarp/E f ill−1, the 0.05 quantile
value for the latter was derived (= 0.0595) and the corresponding value for
Ewarp has been calculated. This eventually results in Ewarp = 683.78 kN/m.

Finally, the analysis above results in a total of five different sets of material
parameters which invoke the derived statistical distributions and the noted inter-
parameter correlations. These sets can then be applied on the various structures
and failure modes based on the least-favourable composition derived at the
beginning of this section. An overview of these results has been summarised
in table 6.8.

Note that, in the end, the outcome of this derivation methodology is the same
for every structure. This is again due to the observation that the Poisson’s ratio
becomes influential for extreme values only, values which were not observed
in the experimental results, causing the Young’s moduli to become the most
important parameter in most cases (all except the wrinkling failure mode).
Since the structural behaviour in function of the Young’s moduli is similar for
all the considered structures, they all receive the same least-favourable sets in
the end.

When considering how the various sets presented in table 6.8 positions
themselves in the cloud of material parameters derived in chapter 5, we
note the obtained sets are fairly well distributed (figure 6.13). The Young’s
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Figure 6.13: Situating the statistically derived parameters in the point
cloud representing all material parameters shows that the derived sets
are fairly well distributed.
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moduli seem to be slightely more capable in capturing the extreme values,
which is likely due to the derivation method which used the derivation of the
Young’s moduli as an independent starting point.

Final processing

Note that, due to the way the material parameters above were derived, the
resulting sets do not adhere to the reciprocal relation. But since the finite element
framework used for the numerical simulation in chapters 8 and 9 requires the
compliance matrix to be symmetric, these results should be adapted, as done
previously at the end of chapter 5. However, instead of considering the average
value of the ratios Ewarp/νw f and E f ill/ν f w, the choice of the considered ratio
has been adapted based on the least-favourable combination for the relevant
failure mode by adapting the Poisson’s ratios while the Young’s moduli were
preserved. Note however that this restriction can indeed influence the validity
of the material constants applied to the numerical model. The effect of this
alteration of the derived constants on the predicted stress strain behaviour is
further discussed in chapter 8.

When failure under tensile stress has been considered, the least advantageous
sets consisted of large Poisson’s ratios. This effectively means that the ratio E/ν
would be as small as possible. In the case of set 1 (see table 6.8), this is the case
for the ratio E f ill/ν f w = 1355.86. Stating that this should be equal to Ewarp/νw f

yields, by adapting νw f a new value of 0.6100. Conducting the same process
for each of the five derived sets, results in the sets presented in table 6.9. The
adapted value for each set has been marked in bold.

This final step ultimately yields the final sets of material parameters which
will be applied in the various numerical models in chapters 8 and 9. Since
the least-favourable sets for the displacement-driven failure modes showed
a different Poisson’s ratio for the conical and hypar with fixed boundaries as
compared to the hypar with curved boundaries, the sets for this failure modes
had to be separated. Note however that doing this final operation somewhat
negates some of the correlations put forward during the initial derivation. This
clearly shows the limitations of deriving these material parameters discreetly
rather than using the derived statistical distributions in a reliability study.
Although the statistical interpretation of the various material parameters is
indeed useful, the derivation methodology as presented above is likely too
convoluted and limiting to be of practical use as compared to the established
method of considering the average values of various tests, even though this
methodology should provide the designer with various sets of least-favourable
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Table 6.9: Correcting the parameter sets to ensure a symmetric compliance
matrix was done by altering the Poisson’s ratios to adhere to the least-
favourable ratio of E/ν. Due to different structural behaviour, the material
parameter sets for the displacement-driven failure modes were separated
(C1/D1 and C2/D2).

Ewarp E f ill νw f ν f w

Strength failure mode [kN/m] [kN/m] [−] [−]
Set A 827.01 493.94 0.6100 0.3643
Set B 683.78 645.38 0.4133 0.3901
Ponding and inversion of curvature
Conical structure and hypar with fixed boundaries
Set C1 559.89 528.45 0.3807 0.3593
Set D1 737.28 440.35 0.6531 0.3901
Hypar with cable boundaries
Set C2 559.89 528.45 0.3858 0.3641
Set D2 737.28 440.35 0.1684 0.1006
Wrinkling
Set E 683.78 645.38 0.1684 0.1589

material parameter combinations.

While the derived Young’s moduli stay the same, and are thus still distributed
as noted in figure 6.13, the positioning of the Poisson’s ratios in the data set has
been altered due to imposing the reciprocal relation (figure 6.14). Imposing the
reciprocal relation on the Poisson’s ratios causes a shift of some value to the
right (increase in νw f ) or downward (decrease in ν f w). As noted in chapter 5,
imposing the reciprocal relation force the ratio νw f /ν f w to become greater than
1 thus resulting in the noted shift in the values. As a consequence, some of
the resulting values find themselves out of the range of values derived from
the biaxial tests and can thus be considered unrepresentative for the material.
This illustrates an important shortcoming of interpreting stiffness parameters
using the statistical method and having to impose the reciprocal relation to
the derived sets while respecting the least-favourable combination for the
investigated cases. However, for completeness in the upcoming numerical
study these sets (D2 and E) will be taken into account regardless, but the
outcome will be interpreted with the appropriate care, bearing in mind the
discrepancy between the experimentally derived material parameters and this
statistical set of parameters.
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Figure 6.14: Imposing the reciprocal constraint on the Poisson’s ratios
results in a rightward and downward shift in the values, causing some of
the sets (E and D2) to fall outside of the cloud of experimentally derived
parameters.

6.6 CLOSING REMARKS AND DISCUSSION

The parameter derivation method described in this chapter starts from an
experimental data set which captures variations due to both the applied
biaxial test profile and the post-processing method. Although this captures the
current state-of-the-art with various research institutions adopting different
methodologies, it is also likely to cause variations which are larger than
when the analysis would be restricted to for instance a single test profile. As
discussed above, this larger variation is likely one of the causes the proposed
bootstrapped goodness-of-fit tests yields such poor results. This has been
illustrated by considering the outcome of the default VUB test profile only and
separating the results adhering to the reciprocal relation and those not bound
by this restriction.

When comparing the maximum likelihood estimates (MLEs) of the distributions
fitted to this more specialised set of experimental data, the shape factors σ
clearly show to be significantly smaller than the ones noted for the distributions
fitted to the entire data set (table 6.10). Since this shape factor describes the
width of the probability density function, larger values do indeed relate to larger
variability in the data. This thus shows that when the analysis is limited to a
single load profile, the variability potentially becomes smaller. And by putting
the found distributions through the same analysis method as the one described
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in section 6.3, the impact of this smaller variability becomes clear. On average,
a reduction of 77.72 % can be noted comparing the shape factors obtained using
the whole data set and the factors obtained from this more selective data set.
Graphically, this reduced variability can be noted in a significantly steeper
slope in the CDF curves, as illustrated in figure 6.15 showing the CDF of both
reciprocal Young’s moduli as an example.

Due to the reduction of both the data set and the variability, the test statistics
obtained through the bootstrapping method show a much better overall
compatibility now than for the bigger, more general, data set.

This latter observation will become relevant in the near future as the work
towards a uniform biaxial test standard progresses (Stranghöner et al., 2016).
At the time of writing, the discussion regarding this uniform test and derivation
methodology is still ongoing and seems to put forward a test profile similar
to the default VUB profile as generalised, non-project-oriented, test profile.
Seeing that this specific profile yielded fairly consistent values when tested
internally, the proposed statistical derivation methodology, despite being fairly
conservative, shows to be able to interpret a range of different results from tests
using the same material, methodology and boundary conditions. However,
until this uniform approach has been adopted, the described methodology can
still be used to at the very least describe the possibly large variations which
result due to the adoption of various boundary conditions (sample geometry,
bench design, etc.), test profiles and derivation methods.

Finally, we should stress that the way the material parameters were derived
in this section does not constitute for a full structural reliability study, which
was outside the scope of this thesis. Instead, it describes the decision-making
process of deriving possible parameter combinations adhering to the noted
statistical distributions of each parameter, the noted correlations and which
of these combinations are unfavourable to the structural behaviour. By then
applying the various sets of parameter, both statistically derived and directly
from the biaxial tests, in various numerical models, the impact of each set
on the design process can be estimated in a very practical and hands-down
manner, but it does not yield any indication to the structural safety factors of
the investigated structures.
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Table 6.10: The MLEs of the distribution obtained from limiting the data
set to a specific test profile show a notable decrease in the shape factor σ.

VUB profile - Reciprocal
Ewarp Location µ Scale σ Shape k

Normal 702.10 23.75 -
Lognormal 6.5535 0.0336 -
GEV 690.63 19.078 0.0147

Efill

Normal 599.24 11.571 -
Lognormal 6.3955 0.0192 -
GEV 594.28 10.023 -0.0980

νwf

Normal 0.3482 0.0251 -
Lognormal -1.0575 0.0717 -
GEV 0.3398 0.0245 -0.3194

νfw

Normal 0.2972 0.0201 -
Lognormal -1.2155 0.06716 -
GEV 0.2895 0.0186 -0.2105

VUB profile - Non-reciprocal
Ewarp Location µ Scale σ Shape k

Normal 683.22 17.335 -
Lognormal 6.5265 0.0253 -
GEV 676.46 16.045 -0.2004

Efill

Normal 623.09 9.0801 -
Lognormal 6.4346 0.0146 -
GEV 620.23 9.3089 -0.3615

νwf

Normal 0.2723 0.0268 -
Lognormal -1.3058 0.0968 -
GEV 0.2595 0.0214 0.0132

νfw

Normal 0.3532 0.0199 -
Lognormal -1.0424 0.0561 -
GEV 0.3473 0.0203 -0.3966
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Figure 6.15: The decreased variability in the obtained data graphically
shows as a steep CDF curve.
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Table 6.11: The goodness-of-fit results for both the regular and
bootstrapping method for the reciprocal material parameters from the
default VUB test show a much larger compatibility with the various
distributions than when the whole data set was taken into account.

Ewarp D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.1666 0.3273 Yes 0.2162 Yes
Lognormal 0.1664 0.3273 Yes 0.2159 Yes
GEV 0.1537 0.3273 Yes 0.1926 Yes

Efill

Normal 0.1305 0.3273 Yes 0.2106 Yes
Lognormal 0.1270 0.3273 Yes 0.2149 Yes
GEV 0.1317 0.3273 Yes 0.1935 Yes

νwf

Normal 0.2399 0.3273 Yes 0.2106 No
Lognormal 0.2340 0.3273 Yes 0.2198 No
GEV 0.2405 0.3273 Yes 0.1969 No

νfw

Normal 0.1607 0.3273 Yes 0.2133 Yes
Lognormal 0.1584 0.3273 Yes 0.2153 Yes
GEV 0.1562 0.3273 Yes 0.2011 Yes

Ewarp Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 0.4497 2.5044 Yes 0.7601 Yes
Lognormal 0.4384 2.5044 Yes 0.7636 Yes
GEV 0.4053 2.5044 Yes 0.5667 Yes

Efill

Normal 0.2946 2.5044 Yes 0.7192 Yes
Lognormal 0.2816 2.5044 Yes 0.7255 Yes
GEV 0.2150 2.5044 Yes 0.6628 Yes

νwf

Normal 0.8454 2.5044 Yes 0.7261 No
Lognormal 0.8506 2.5044 Yes 0.7238 No
GEV 0.8642 2.5044 Yes 2.3581 Yes

νfw

Normal 0.3861 2.5044 Yes 0.7188 Yes
Lognormal 0.3749 2.5044 Yes 0.7049 Yes
GEV 0.3819 2.5044 Yes 2.1465 Yes
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Table 6.12: The goodness-of-fit tests for the distributions obtained for the
non-reciprocal VUB-specialised data set also shows an increased com-
patibility between the experimental data and the proposed distributions.

Ewarp D̄n D̄crit PASS? D̄∗1−α PASS?
Normal 0.1377 0.3273 Yes 0.2151 Yes
Lognormal 0.1327 0.3273 Yes 0.2173 Yes
GEV 0.1124 0.3273 Yes 0.1919 Yes

Efill

Normal 0.1303 0.3273 Yes 0.2154 Yes
Lognormal 0.1290 0.3273 Yes 0.2148 Yes
GEV 0.1314 0.3273 Yes 0.1950 Yes

νwf

Normal 0.1309 0.3273 Yes 0.2109 Yes
Lognormal 0.1242 0.3273 Yes 0.2191 Yes
GEV 0.1028 0.3273 Yes 0.1878 Yes

νfw

Normal 0.1809 0.3273 Yes 0.2113 Yes
Lognormal 0.1799 0.3273 Yes 0.2133 Yes
GEV 0.1829 0.3273 Yes 0.2052 Yes

Ewarp Ā2
n Ā2

crit PASS? Ā2∗
1−α PASS?

Normal 0.2753 2.5044 Yes 0.7503 Yes
Lognormal 0.2669 2.5044 Yes 0.7239 Yes
GEV 0.2504 2.5044 Yes 0.6234 Yes

Efill

Normal 0.3759 2.5044 Yes 0.7379 Yes
Lognormal 0.3776 2.5044 Yes 0.7201 Yes
GEV 0.3834 2.5044 Yes 2.2646 Yes

νwf

Normal 0.3277 2.5044 Yes 0.6986 Yes
Lognormal 0.2770 2.5044 Yes 0.7458 Yes
GEV 0.2309 2.5044 Yes 0.5637 Yes

νfw

Normal 0.5963 2.5044 Yes 0.7410 Yes
Lognormal 0.5864 2.5044 Yes 0.7456 Yes
GEV 0.6400 2.5044 Yes 2.3935 Yes
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6.7 SUMMARY

In this chapter we proposed and verified a methodology to statistically approach
the variation in material parameters due to different test and post-processing
methodologies. By using bootstrapping we were able to circumvent the
requirement of independence between the proposed maximum likelihood
distribution and the data set when invoking the Kolmogorov-Smirnov and
Anderson-Darling goodness-of-fit tests. This method does however have the
downside of being rather conservative and restrictive to the point that all of
the proposed distributions should have been rejected.

However, being aware of this limitation and the conservative nature of the
bootstrap methodology, we noted that the most compatible distribution was
different for each parameters. While the Young’s modulus in the warp direction,
Ewarp, was most compatible with the normal distribution, both the fill modulus
E f ill and the fill-warp Poisson’s ratio were most compatible with the lognormal
distribution. And the warp-fill Poisson’s coefficient was best captured by the
generalised extreme value distribution.

Deriving consistent sets of material parameters from the found statistical
distributions showed to be more challenging than initially expected. Firstly, the
relative make up of the unfavourable sets of material parameters was derived
for each of the three investigated structures based on the observations made in
chapter 3. These boundary conditions on the values of the parameters however
do not always fall in line with the experimentally noted correlations between
the different parameters, thus creating the need to interpret the correlations
and consider the level of uncertainty and variability in these correlations.
Eventually, seven sets of unfavourable combinations could be derived covering
the identified failure modes for the studied structures. After correcting these set
to ensure a symmetrical compliance matrix, some values for the Poisson’s ratios
fell outside of the experimentally determined data cloud. This behaviour was
a direct consequence of having to impose the reciprocal relation while trying
to ensure the obtained Poisson’s ratios are indeed the least-favourable ones.
Regardless, all the derived sets will be applied in the numerical models in order
to establish to what extent this influences the noted stress-strain behaviour and
how these Poisson’s ratios affect the predicted stress-strain behaviour of the
fabric and its relation to the experimental behaviour.

The above-described methodology does however not incorporate a full struc-
tural reliability study, which is out of the scope of this thesis, but is rather a
study on how we can approach the variability in resulting material parameters,
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their relation to the experimental results and impact on the design process. In
order to truly assess the impact of the noted variabilities in the mechanical
material parameters on the structural reliability, the distributions for each
parameter (and combination) should be imported in a structural reliability
analysis, which will derive the sensitivity of the structural behaviour to these
variations in parameters as well as the actual reliability of the design in its
various limit states.
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7
Additional remarks regarding biaxial testing

Although the discussion above explains the conducted tests and parameter
derivation in great detail, there are some relatively important points of attention
which we did not yet expand upon. These issues are summarised in this chapter
which provides an overview of some minor test cases as well as some additional
arguments for some of the decisions made above. And even though these
points are not essential to the overarching goal of this dissertation, they still
provide a number of interesting comparisons and insights.

In this chapter, the difference between optical (Digital Image Correlation) and
analogue (linear transducers) has been compared, showing the differences in
accuracy and limitations of each method. Next, the impact which different
approaches in the use of reduction factors have on the material parameters
has been illustrated and a possible alternative is suggested. The third part of
this chapter deals with the specific cases of project-oriented test profiles and
how their outcome relates to the general approaches and which possible issues
might arise. And finally, the possible differences in results when testing the
same material by various research institutions has been investigated through
a small inter-laboratory research where the same material has been tested by
various research institutions using the same biaxial load profile.

The outcome from these four smaller investigations again underline the
influence some minor alterations could have and illustrates again the fact
that both the designer and the test facility should be aware of these influences.
Even more so in the light of the future standardisation of fabric testing and the
design of tensile fabric structures.
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7.1 MEASURING METHODOLOGY

As mentioned above, there currently exist various methods of measuring the
strains in the fabric while testing (Bridgens, 2005; Beccarelli, 2015). Some of
these methods require the mounting of physical devices onto the sample (linear
transducers or strain gauges) while others are able to track the strains without
having to contact the sample (laser extensometer or DIC). Each of these methods
have various points of attention and before conducting the tests described in
the previous chapters, two measuring methods (linear transducers and DIC)
were compared to each other to determine possible variations and identify
possible difficulties or limitations with either of these two methods.

7.1.1 DESCRIPTION OF THE SETUP

The main difficulty with measuring the sample strains through linear transduc-
ers is the choice in location. Ideally, strains are measured in the center of the
sample, however it is not always possible to have two, or more, transducers
cross each other in one location, not to mention the possible effect this local
additional weight could have on the test results. Similar to most of the other
aspects of biaxial testing, the placement of the transducers differs greatly per
research institution: some cross the linear transducers, others mount them
radiating out from the centre, along the edges of a square around the center, or
any other lay-out which the research/test institutions deems optimal (Beccarelli,
2015).

During this smaller investigation, the effect of using either linear transducers or
3D Digital Image Correlation to measure the fabric strains has been investigated.
As we are interested in the differences between the simultaneous measurements
from the linear transducers and the DIC system (see also chapter 4), it was
impossible to mount any transducer to the top of the sample as they would
obstruct the DIC cameras’ view, making crossing transducers impossible
without significant differences in the distance between the transducer and the
sample. And given that as the distance to the fabric increases, so does the
possibility that the mounts rotate slightly causing an inaccurate readings of
the displacement between the two points, it was decided to mount the three
transducers on the bottom of the fabric and aligned according to a 16 cm by 16 cm
square around the center: one in the warp direction, one in the fill direction and
one in the diagonal direction registering possible shear deformation (figure 7.1).
By spreading out the transducers rather than mounting them in one common
point, a local increase in weight is avoided as well as the need of “stacking”
the transducers’ connections. The downside of this placement however is that
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Figure 7.1: The three transducers were mounted according to a square
around the center of the sample, with both the warp and fill transducers
along its edges and the shear transducer along the diagonal.

there might occur slight differences between the strain readings in the center of
the sample and those from the transducers, which is an issue addressed in the
discussion below. All transducers were mounted with an initial length of 10 cm.
Considering the used transducers (see further) have a minimum length of 9 cm,
mounting them with a slightly higher initial length allows them to cope with
the large initial deformation of the fabric as well as possible contractions due
to the crimp interchange.

Apart from the location, the connections used to mount the transducers can
also play an important role in the recorded results. As mentioned before, as the
distance between the sample and the transducer increases, the possibility that
the transducers starts to lag behind the actual strain in the sample increases
due to an increased ease of rotation of the mounts. Thus, the distance between
the sample and the measurement device should be as small as possible without
the device disturbing the sample in any way. Further rotation can be avoided
by adding steel o-rings at the mounting points further decreasing possible
movement of the connectors. During the conducted tests three Penny and
Giles SLS095 Linear Variable Displacement Transducers (LVDTs) were used
(Curtiss-Wright, 2016). These extensometers, which use a variable resistance to
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Figure 7.2: The transducers were mounted using custom 3D printed
connectors (left). The connection between the sample and the connector
is made more rigid by incorporating metal o-rings between the connector
and the fabric (right).

measure displacements, have a maximum (electrical) stroke of 50 mm and have
a reasonably small weight to allow mounting underneath the fabric without
causing significant sagging. The devices were mounted using a custom 3D
printed connector design which allowed for a very small distance between
the equipment and the sample yet provides enough rigidity to avoid lagging
in the measurements as much as possible (figure 7.2). Before conducting
the biaxial tests, each of the LVDTs was calibrated to establish their voltage-
displacement conversion factors which were used to translate the voltage
readout to displacements and strains.

Two samples of the same T2103 polyester-PVC material were tested according
to the standard VUB load profile described in chapter 4. By simultaneously
monitoring the displacements and strains through the three linear transducers
and the three dimensional DIC system, a direct comparison of the strains could
be made and material parameters could be derived using either the transducer
data or the DIC data, which will reveal the possible impact of choosing either
one of these methods. In the first part, the comparison between the strains
from the transducers and the strains registered by the DIC in the center of the
sample has been made. Afterwards, the DIC-recorded strains were corrected
to the location of the transducers to take into account possible discrepancies
due to the measurement location.
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7.1.2 RESULTS AND DISCUSSION

Considering the direct strain output from the conducted tests (figure 7.3)
clearly shows some deviations between the strains which are derived through
the linear transducers and the strains from the DIC system, initially again
derived from averaging within a 50 mm by 50 mm square in the center. Even
when disregarding the difference in permanent deformations, which can be
caused by different reference states and, in the case of the linear transducers, a
different input voltage, the results from the LVDT measurements still show some
flattening in the strain peaks which becomes most notable for the asymmetric
load ratios. Also note that, despite these graphs, the DIC system is still
inherently capable of providing a lot more information regarding the strain
field, displacements, out-of-plane effects, etc. which remain undetected by the
punctual measurements from the LVDTs. This fact by itself is already enough to
warrant the use of such a system despite the additional complexity and steeper
financial investment.

A much clearer comparison can be conducted through the consideration of the
stress-strain diagrams for each load ratio (figure 7.4). Doing so for both tests
showed the strain measurements made by the transducer to be consequently
lower than the predictions made through the DIC system for the same applied
stress. This difference is more noticeable in the results from the second tests
(figure 7.4, right) indicating this difference is not a constant given but can
in fact differ from test to test. Considering that previous investigations (see
chapters 4 and 5) already indicated the DIC system to provide very consistent
readings, the larger difference between the two measurement methods in the
second test is more likely due to different readouts from the transducers than
differences in the DIC results. These observations lead to the hypothesis that
the resulting material parameters will be fairly consistent between the two tests
when the DIC results are considered, but will differ more when the strains of the
transducers are taken into account. Furthermore do we expect the transducer
data to result in higher values for the Young’s moduli as compared to the DIC
results seeing the steeper slope in the stress-strain curves.

The obtained non-reciprocal least-squares material parameters (table 7.1)
confirm these hypotheses and show a rather significant difference between
the results between the parameter derivation based on the DIC results and
the transducer results. These results also show a slightly larger discrepancy
between the two conducted tests considering the transducer strains suggesting
a slightly lower repeatability when using these physical measurement devices.
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Figure 7.3: Comparing the time-strain diagrams immediately shows
a seemingly difference in the recorded strains. However upon closer
inspection relative variations seem very similar apart from some of the
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curves obtained through the DIC considering the center of the sample.
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Table 7.1: When using the strains derived from the transducers, the
stiffness parameters become significantly larger than when the DIC data
has been used. Furthermore seems the usage of transducer data to lower
the consistency between the two conducted tests.

Ewarp E f ill νw f ν f w

DIC [kN/m] [kN/m] [-] [-]
Test 1 - Stress min. 680.19 622.17 0.2934 0.3728
Test 1 - Strain min. 705.64 621.19 0.3163 0.3531
Test 2 - Stress min. 671.31 608.79 0.3065 0.3850
Test 2 - Strain min. 697.19 607.52 0.3298 0.3638
Average 688.58 614.92 0.3115 0.3687

LVDT
Test 1 - Stress min. 707.01 657.09 0.2498 0.4003
Test 1 - Strain min. 751.13 660.31 0.2779 0.3678
Test 2 - Stress min. 774.31 708.20 0.2660 0.3488
Test 2 - Strain min. 811.59 725.16 0.2786 0.3361
Average 761.01 687.69 0.2681 0.3632

7.1.3 CORRECTING FOR LOCATION

In the discussion above, the DIC derived strains were taken from the center
of the sample, according to common practice. However, as the transducers
were mounted off-center during this specific investigation, the strains in these
locations could have been inherently smaller causing the higher stiffness moduli
noted above. And even though the strain field was noted to be fairly uniform
(see chapter 4), slight strain differences which are a result of differences in
location and the cut-outs made in the sample’s connection loop (see chapter
4), can lead to a notable different outcome of the analysis. To address this
possibility, rather than comparing transducer results to the DIC strains in the
center, a second comparison run was conducted using DIC strain measurements
conducted at the location where the transducers were mounted.

Skipping the time-strain results and immediately comparing the stress-strain
curves clearly illustrates the difference in results when the strains are corrected
for the location bias. Looking at the results from the first test (figure 7.5, left) we
note that the strains extracted from these other locations are somewhat smaller
than the strains noted in the center. The same effect, albeit smaller, can be noted
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Figure 7.5: When relocating the points were the DIC extracts strains to match the
location of the transducers, the material behaviour seemingly becomes more stiff.
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Table 7.2: The obtained material parameters confirm the observation
of the more stiff behaviour when the DIC strains are extracted in the
same locations as the LVDTs were placed and show a notable increase in
Young’s moduli.

Ewarp E f ill νw f ν f w

LVDT [kN/m] [kN/m] [-] [-]
Test 1 - Stress min. 707.01 657.09 0.2498 0.4003
Test 1 - Strain min. 751.13 660.31 0.2779 0.3678
Test 2 - Stress min. 774.31 708.20 0.2660 0.3488
Test 2 - Strain min. 811.59 725.16 0.2786 0.3361
Average 761.01 687.69 0.2681 0.3632

DIC strains in the center
Test 1 - Stress min. 680.19 622.17 0.2934 0.3728
Test 1 - Strain min. 705.64 621.19 0.3163 0.3531
Test 2 - Stress min. 671.31 608.79 0.3065 0.3850
Test 2 - Strain min. 697.19 607.52 0.3298 0.3638
Average 688.58 614.92 0.3115 0.3687

Corrected DIC strains
Test 1 - Stress min. 715.02 624.86 0.2937 0.4092
Test 1 - Strain min. 759.84 621.19 0.3290 0.3732
Test 2 - Stress min. 718.84 629.77 0.3082 0.3543
Test 2 - Strain min. 746.85 630.15 0.3291 0.3341
Average 735.14 626.49 0.3150 0.3677

in the results from the second test (figure 7.5, right). This suggests that the
resulting Young’s moduli will indeed become larger solely due to matching the
points where the DIC strains are considered to the install location of the LVDTs.

Deriving the material parameters using these new stress-strain results does
indeed turn out to increase the Young’s moduli to the point where the results
match up better to the results obtained trough the LVDTs (table 7.2). This thus
stresses the importance of the location of physical strain measurement devices
in relation to the sample where even when the strain field is fairly uniform,
small deviations from the center can cause reasonably large differences in the
results. It is thus crucial to always measure strains in the center of the sample
in order to obtain representable values for the tested material. Ideally, the
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transducers should thus be placed both in the center, crossing over each other
to ensure the strains in this location are registered to really capture the correct
material behaviour.

7.2 LOAD-RATIO DEPENDENT REDUCTION FACTORS

The second effect which will be discussed in this chapter is the influence of the
choice of reduction factor. As explained before, due to its geometrical nature
the applied stresses on a cruciform sample are not always representative for the
stresses in the center of the sample as a part of the energy is transferred to the
other clamps without passing through the center. The result is a stress in the
center which is inherently lower than what is being applied at the clamps. This
effect is commonly covered by a single reduction factor (Bridgens, 2005; Galliot
and Luchsinger, 2009; Beccarelli, 2015), which assumes the stress reduction is
fairly similar for every load ratio and for both fibre directions. As this factor is
used to (1) convert theoretical stresses to applied stresses when designing the
biaxial load profile and (2) re-convert the applied forces to stresses in the center
while deriving the material parameters, the value of this factor can potentially
influence the outcome of the test and the derived material parameters both
at the same time. During this section we compare the outcome of the regular
approach, where a single global reduction factor of 0.95 has been established,
to a specialised approach where the reduction factor has been adapted based
on the load ratio and the fibre direction.

Reduction factors are commonly derived by numerical analysis of the cruciform
geometry and applying various material parameters to it after which the results
are summarised and a single, average reduction factor is derived. During this
investigation however, the average least-squares material values derived in
chapter 5 were applied on the numerical model, which was then loaded with
the target load values and load ratios of the standard VUB profile. Based on
the results in the center of the sample, the actual reduction factors for each load
combination were derived. These values were then incorporated in the material
parameter deviation process instead of the single 0.95 value and results were
compared. The model which has been used for these simulations is the same
as which has been used in chapter 8. More details regarding the composition
of this numerical model (mesh size and elements, boundary conditions, etc.)
can be found in that chapter.

When investigating the difference between the applied loads and the predicted
stresses in the center of the sample, it becomes immediately apparent that the
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previously derived global reduction factor R = 0.95 is an underestimation for
a large number of load ratios (table 7.3). The dependency of the factor on
both the direction and the applied load ratio becomes clear with load ratios
with a higher applied stress in one direction giving rise to a higher reduction
factor in this direction. Some minor differences can also be noted comparing
the different set of material parameters, with the lowest stiffness set yielding
lower reduction factors, but those differences are negligible compared to the
variations noted between the load ratios.

In order to establish the practical impact of the approximation by a single
parameter rather than using a different factor for each load ratio and direction,
the least-squares material parameters for the standard VUB profile derived
in chapter 5 have been re-derived here using the load-ratio and direction
dependent reduction factors noted above. In this case, the average has been
taken considering the five different sets of material parameters to remove the
small variations noted between the different sets of material parameters (table
7.3).

As expected, the resulting parameters are consequently higher than the previous
result using the single reduction factor (table 7.4). The fact that the previously
used reduction factor of 0.95 is on the low side for this specific material, the
stresses in the center during the parameter derivation conducted in chapter 5
tend to be underestimated. On average an increase in stiffness of around 5 %
can be noted using the load-ratio dependent reduction factors. Although this
change does not seem hugely significant given the previous noted variations
other factors can cause, it is yet again a possible inconsistency which can cause
variations in the outcome of biaxial tests.

Aside from the question whether this can be considered significant in the grand
scheme of things, the question whether it is possible to mathematically charac-
terise these variations arises. Having the possibility to derive a mathematical
function which formulates the reduction factor in function of the stresses
would allow for simple incorporation of this function in the material parameter
derivation algorithm and thus improve the accuracy of the resulting material
parameters. In order to verify this, both the reciprocal and non-reciprocal
least-squares material parameters derived in chapter 5 were used to model a
total of ten different numerical models of the cruciform geometry used in the
biaxial tests. Furthermore, a number of load ratios were added with as main
target to fill in some gaps and capture the behaviour under very asymmetric
load conditions. Generating these additional data points will allow for a more

202



7.2 LOAD-RATIO DEPENDENT REDUCTION FACTORS

Table 7.3: The actual predicted reduction factors show some variations
dependent on the load ratio and, to a lesser extend, the test method from
which the material parameters were derived. This table only shows the
results which use the least squares non-reciprocal parameter sets.

Applied 1-1 ratio 1-2 ratio 2-1 ratio 1-5 ratio 5-1 ratio

σwarp [kN/m] 21.05 10.53 21.05 4.21 21.05
σ f ill [kN/m] 21.05 21.05 10.53 21.05 4.21

MSAJ
σwarp [kN/m] 20.47 10.06 20.78 3.80 20.96
σ f ill [kN/m] 20.50 20.72 10.16 20.87 3.95
Rwarp [−] 0.973 0.984 0.987 0.903 0.996
R f ill [−] 0.974 0.987 0.965 0.992 0.939

VUB
σwarp [kN/m] 20.59 10.17 20.83 3.91 20.98
σ f ill [kN/m] 20.60 20.80 10.20 20.94 3.96
Rwarp [−] 0.978 0.966 0.989 0.929 0.996
R f ill [−] 0.978 0.988 0.969 0.995 0.941

Alter prestress
σwarp [kN/m] 20.57 10.13 20.85 3.85 21.01
σ f ill [kN/m] 20.58 20.78 10.20 20.93 3.97
Rwarp [−] 0.977 0.962 0.990 0.913 0.998
R f ill [−] 0.978 0.987 0.969 0.994 0.943

Alter normalisation
σwarp [kN/m] 20.61 10.14 20.91 3.82 21.08
σ f ill [kN/m] 20.61 20.80 10.23 20.94 4.21
Rwarp [−] 0.979 0.963 0.993 0.908 1.001
R f ill [−] 0.979 0.988 0.972 0.995 0.949

EMPA-based
σwarp [kN/m] 20.67 10.22 20.90 3.92 21.05
σ f ill [kN/m] 20.67 20.87 10.24 21.00 3.98
Rwarp [−] 0.982 0.971 0.993 0.931 1.000
R f ill [−] 0.982 0.991 0.973 0.997 0.946

Average
Rwarp [−] 0.978 0.964 0.990 0.917 0.998
R f ill [−] 0.978 0.988 0.969 0.994 0.944

203



CHAPTER 7 ADDITIONAL REMARKS REGARDING BIAXIAL TESTING

Table 7.4: Applying the load-ratio dependent reduction factor to the
measured stresses results in an overall increase of the best-fit stiffness
moduli.

Ewarp E f ill νw f ν f w

Single reduction factor [kN/m] [kN/m] [−] [−]

Test 1 - Stress min. 678.93 621.54 0.2901 0.3714
Test 1 - Strain min. 704.69 619.73 0.3145 0.3511
Test 2 - Stress min. 670.00 607.89 0.3036 0.3832
Test 2 - Strain min. 697.19 606.81 0.3285 0.3611

Average 687.70 613.99 0.3092 0.3667

Load-ratio dependent factors

Test 1 - Stress min. 708.75 643.22 0.2858 0.3653
Test 1 - Strain min. 719.82 614.64 0.3686 0.3147
Test 2 - Stress min. 737.41 641.38 0.3108 0.3437
Test 2 - Strain min. 765.40 622.00 0.3657 0.2971

Average 732.85 630.31 0.3327 0.3302

reliable regression analysis of the data to derive a candidate function. In
practice, the load ratios used in the standard VUB test profile were extended
with the ratios 1/3, 3/1, 1/10 and 10/1, with the latter two in fact mimicking
the load case where one direction remains at prestress where the other is fully
loaded. A table containing the resulting values for the reduction factor for each
of the nine load ratios and each of the ten sets of material parameters can be
found in appendix C.

To characterise the load ratio applied to the fabric in one variable, the normalised
load ratios γwarp and γ f ill were used. These two parameters, as described in
Galliot and Luchsinger (2009), are defined as follows:

γwarp =
σwarp√
σ2

warp+σ2
f ill

γ f ill =
σ f ill√

σ2
warp+σ2

f ill

(7.1)
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Figure 7.6: A logarithmic regression shows a high correlation to the data
and results in a good prediction of the reduction factor in function of the
normalised load ratios.

where σwarp and σ f ill are the (non-reduced) stresses applied to the sample. Note
that the values for these parameters will vary between 0 and 1 for each and
every possible load ratio and only the load ratio defines this value and not the
actual value of the loads.

Observing the reduction factors for each of the ten sets of material parameters,
in function of the normalised load ratios, very clearly shows the relation
which exists between them (figure 7.6). As the relative importance of a certain
loading direction increases, the reduction factor in this direction also increases.
This relation is however not linear as the reduction factor seems to diminish
more rapidly as the relative stress in the relevant direction decreases, going
asymptotically to zero. As this type of behaviour is typical for logarithmic
function, a logarithmic regression was performed rather than a linear one. The
resulting regressions show a very high goodness-of-fit between the numerically
derived data and the best-fit functions, with ρ = 0.9473 in the warp direction
and ρ = 0.9656 in the fill direction (both correlations give p-values << 0.05,
making the result statistically significant). This indicates it is indeed possible to
capture the load-ratio dependent behaviour through a single natural logarithmic
function as an alternative to utilising a single averaged value for each and every
load state (figure 7.6).

In practice, the natural logarithmic function A∗ln(x)+B can be fully characterised
by the two parameters: the scale parameter A and the location parameter B.
Doing so for the obtained data results in A = 0.0648 and B = 1.0018 for the
reduction factor in the warp direction Rwarp, and A = 0.0383 and B = 0.9941 for
the reduction factor in the fill direction R f ill. Note however that the location
parameter B dictates the value of the reduction factor when the normalised
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Figure 7.7: Setting the intersect of the logarithmic function to 1 for the
uniaxial load case (γwarp = 1 or γ f ill = 1) slightly reduces the goodness-
of-fit but still shows a very good prediction of the load ratio dependent
behaviour of this factor.

stress ratio becomes one, which corresponds to a uniaxial load scenario where
either the fill stress σ f ill or the warp stress σwarp becomes zero.

Given this latter observation, we could argue that in these cases the reduction
factor should be exactly 1. After all, when the stress is only applied in one
direction (so either γwarp = 1 or γ f ill = 1), the entirety of the applied load has to
travel through the central area of the sample. No additional stress is created
as there is no additional clamp for the stress to move towards. We thus could
impose a limitation on the fitted functions, stating that B = 1 for all cases. This
will obviously reduce the quality of fit somewhat, but simultaneously reduce
the parameters characterising the load ratio dependency of the reduction factors
to one per fibre direction and impose a practically meaningful restriction on
the suggested functions. Imposing this restriction on the results presented
above yield a factor A = 0.0637 for the reduction factor in the warp direction
and A = 0.0418 for the reduction factor in the fill direction (figure 7.7). As
expected this however resulted in a slight decrease in goodness-of-fit, with the
new correlation factors ρ 0.9469 and 0.9562, respectively. Although these are as
expected slightly lower than before, the reduction is negligible and it can thus
be considered feasible to characterise the load ratio dependent reduction factor
by a single value per fibre direction.

The results above describe an alternative method to obtain the stress reduction
between the applied stresses and the actual stresses in the center. Instead
of deriving a single averaged value from the various numerical simulations,
considering the reduction factor per fibre direction and analysing them in
function of the normalised load ratio results in two logarithmic functions of
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the shape y = A ∗ ln(x) + 1. Each of these functions is fully characterised by the
value of A, which thus fully determines the load reduction factor for a biaxial
sample under various load ratios by two values, one for each fibre direction.

In essence the proposed methodology does not introduce large alterations to the
current approach other than considering the results from the numerical models
in function of the normalised load ratio and derive the best fit logarithmic
function instead of taking a single global average. Thus each biaxial geometry
could, in theory, be characterised by two factors taking into account the load ratio
dependency of the reduction factor allowing for an increased accuracy when
designing the tests as well as interpreting the results without any significant
increase in time and effort as compared to the state of the art.

7.3 PROJECT-ORIENTED APPROACHES

In the results described and interpreted in the previous chapters, a general
test methodology was applied where the fabric sample was exposed to a wide
variety of different load ratios and loaded up to a relative high value of 25 %
of its tensile strength. However, when it comes to deriving, for instance, the
compensation factor for a design, a custom load profile is required in order to
correctly estimate the residual strains after the structure has been subjected to a
number of cycles of the design load. And as this latter typically lies significantly
below the 25 % UTS (Ultimate Tensile Strength) value used in the general test
profiles, the stiffness results obtained from these load profiles also tend to vary
from the results obtained from the general load profile.

Additionally, some of the more complex material models deploy custom biaxial
load profiles which use a vastly different sequence of load ratios, prestress
states, maximum loads, etc. (Smithies, 2014). Given the dependency of the
resulting material parameters on the applied test profile, we can expect a large
impact here as well.

This section addresses the impact of a project oriented approach on the derived
stiffness parameters. In the first segment, the project oriented approach is
discussed based on the structural behaviour of the kinematic fabric structures
described in chapter 3. The strain results obtained from these tests are then
used to derive least square non-reciprocal sets of material parameters and
compare these to the sets derived from the standard VUB test profile.
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7.3.1 PROJECT-ORIENTED APPROACH

In practice, most fabric structures do not get exposed to the full range of load
ratios and levels which are being applied by general profiles such as the profiles
introduced in chapter 4. More often than not, the actual loads are significantly
smaller and the load ratios are more limited, thus making the initially conducted
test not fully representative for the design. For this reason additional tests are
usually conducted in order to determine, for instance, the expected permanent
strains after the structure has been exposed to the maximum expected loads
or to update the model after the initial design which used the more general
stiffness parameters. To illustrate the impact the adoption of a project-oriented
approach on top of the general approach, a prototype of a kinematic fabric
structure has been taken as a case study and the material used in this structure
was tested both using the standard VUB profile (see chapter 4) and a load
profile mimicking the numerically predicted stresses in the fabric.

Description of the test case

The selected case study forms part of the investigation carried out at the
Vrije Universiteit Brussel towards full kinematic fabric structures. Although
various aspects of this structural concept have been studied in detail in the past
(Puystiens et al., 2016; Van Craenenbroeck et al., 2016), we will limit ourselves
here to the general behaviour and how this reflects on material testing and
deriving the parameters.

The structure consists of two flat triangular panels which were joined together
along the base edge of the equilateral triangles. By adopting a origami folding
concept, these two “wings” of the structure were designed to be able to fold
open and close while the fabric remained prestressed (figure 7.8). Further
details about the design and prototyping process for this particular structure
can be found in Puystiens et al. (2016) and Van Craenenbroeck et al. (2016). For
more information regarding the use of fabrics as structural kinematic element,
see Puystiens (2017). Evidently, this geometric alteration of the structure causes
the stresses in the fabric to change depending on the actual configuration.

Based on the initial design of the structure, the folding and unfolding of the
module caused stresses in the center to change according to the profile in
figure 7.9. Starting at an initial 50° opening state, the structure is prestressed to
2.5 kN/m in the (horizontal) warp direction and 1.5 kN/m in the (vertical) fill
direction. After taking into account the usual reduction factor of 0.95 for the
sample geometry, this results in an applied prestress of respectively 2.65 kN/m
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Figure 7.8: The stress variations during deployment of a kinematic fabric
structure were numerically derived and applied in a project-oriented
biaxial load profile (Van Craenenbroeck et al., 2016).
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Figure 7.9: The numerically predicted stress variations and load ratios in
the foldable prototype vastly differ from any of the general load profiles
used in chapter 4 (Van Craenenbroeck et al., 2016).
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Figure 7.10: The residual strains at the end of the test provide the global
reduction factor for the prototype (Van Craenenbroeck et al., 2016).

and 1.6 kN/m. As discussed in chapter 3, the lower prestress in the fill direction
allowed the structure to cope with the large stress variations in this direction
which occurred during the deployment of the prototype. After an initial settling
period, the stress is altered to change the closing of the prototype, causing slight
variations in both warp and fill stresses after which is is returned back to its
prestressed state. This cycle is repeated three times. After these three cycles
the unfolding of the prototype is mimicked, which caused much larger stress
variations in the center of the fabric. These load cycles were also repeated three
times. These six sets of load cycles were then repeated three times to ensure
the removal of any residual effects, after which the fabric was kept at prestress
to settle again. Note that since this concerned a prototype no external loads
were considered in the load profile as they were out of scope of the conducted
investigation. Although this would be the case for a final design of a structure,
the basic approach will be the same as described above.

The time-strain diagram (figure 7.10) immediately shows that the more limited
maximum load level leads to significantly lower strains. The final permanent
strains, 1.7 % in the fill direction and −0.25 % in the warp direction, provide us
with the total compensation which should be applied to the cutting patterns to
ensure the prestress is preserved after the kinematic structure has undergone
multiple folding and unfolding cycles.

The derivation of the material parameters has been conducted in the same way
as described in chapter 5, where the first of each set of three load cycles has
been discarded. The permanent strains have been removed at the beginning of
each load cycle and all intermediate stress-strain data points were incorporated.
Based on the observations made in chapter 5, only the results from the non-
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Table 7.5: Comparing the various sets of material parameters clearly
shows a large difference between the project-oriented approach and the
outcome obtained from the standard VUB test profile.

Ewarp E f ill νw f ν f w

Standard VUB profile [kN/m] [kN/m] [−] [−]
Test 1 - Stress min. 678.93 621.54 0.2901 0.3714
Test 1 - Strain min. 704.69 619.73 0.3145 0.3511
Test 2 - Stress min. 670.00 607.89 0.3036 0.3832
Test 2 - Strain min. 697.19 606.81 0.3285 0.3611
Average 687.70 613.99 0.3092 0.3667

Project-oriented approach
Test 1 - Stress min. 927.55 378.26 0.3942 0.3996
Test 1 - Strain min. 834.85 358.12 0.7516 0.3934
Test 2 - Stress min. 666.38 355.77 0.4432 0.4685
Test 2 - Strain min. 697.19 606.81 1.0638 0.4216
Average 781.49 424.74 0.6632 0.4208

reciprocal least-squares method are provided here. The values obtained through
the two tests conducted according to the standard VUB profile are given as a
reference in table (table 7.5).

Comparing the different outcomes clearly shows how limiting the maximum
stress and the applied load ratios can influence the derived material parameters.
In this specific case, it results in a significant increase in the warp stiffness Ewarp

and a decrease in the fill stiffness E f ill, with the Poisson’s ratios both increasing
as well. This clearly illustrates the importance of conducting project-oriented
tests in addition to the more generalised approaches, as also illustrated in
Stimpfle and Günther (2016). Not only do these project-oriented approaches
provide designers with the required compensation factors, they can also be
used to update the stiffness parameters to verify the impact of these more
specialised values on the design.

7.4 INTER-LABORATORY STUDY

As described in chapter 4, there are currently a lot of different test benches and
environments being used, all of which can have an impact on the outcome of the
biaxial tests. This aspect is the main focus of this last section. To capture the size
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and extend of these variations, a single material was tested by three different
research facilities, each using their own sample geometry, bench design and
measuring equipment. All samples were taken of the same roll of a Sioen
T2107 polyester-PVC fabric material (Sioen industries, 2016). Although the
majority of the properties (e.g. tensile stress, weave method, etc.) are the same
as for the T2103 material which has been used in the investigations described
in the previous chapters, the T2107 material uses a slightly thicker coating.
This makes that the results described in this section can not be compared to
results from the previous chapters. The goal however is to assess possible
variations on the results when the same material is being tested in various
research institutions, rather than comparing the results obtained in this section
to the previously obtained sets of parameters.

7.4.1 PARTICIPANTS AND BIAXIAL TEST SETUPS

During this investigation, the T2107 material has been tested by three different
research institutions. Aside from the tests conducted at the Vrije Universiteit
Brussel, the same biaxial load profile was applied using the test setups of the
Textile Architecture Research unit of Politecnico di Milano and the school of
Civil Engineering and Geoscience of Newcastle University. As described before
(chapter 4), each of these institutes utilises a different design for their test bench
(figure 7.11).

As a reminder, the bench used at the Vrije Universiteit Brussel consists of four
hydraulic actuators on a rigid square frame. Each of the four actuators is
equipped with a 100 kN load cell which simultaneously provides the required
load data as well as the necessary input to the controller which drives the
actuators and ensures the sample remains centred and balanced. Strains in
the sample are measured exclusively through a three-dimensional DIC system
(figure 7.11, top left).

In the setup at Politecnico di Milano, each side consists of three separate
actuators rather than one (figure 7.11, top right). Furthermore can these
actuators, in this case servomotors instead of hydraulic rams, slide along the
edge of the frame they are fixed upon allowing the sample to balance itself and
prevent unwanted shear strains. Each of these servomotors is equipped with
a loadcell with a capacity depending on the direction: six of the servomotors
constituting one direction of the cruciform have a capacity of 25 kN while the
servomotors related to the other, orthogonal direction have a capacity of 50 kN.
Strains are measured through a combination of two linear transducers hung
below the sample and a two dimensional DIC system mounted above the setup.
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Figure 7.11: During this inter-laboratory study, the same material was
tested on three different setups: the four-piston setup at the Vrije
Universiteit Brussel (top left), the symmetric design with actuator batteries
at Politecnico di Milano (top right. Picture by Giada Colasante) and the
floating frame design from Newcastle University (bottom. Picture by
Peter D. Gosling).
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Figure 7.12: During the conducted inter-laboratory study, each facility used their
own sample geometry.

The biaxial test setup at the University of Newcastle utilizes a floating frame
design (Bridgens, 2005). As discussed in chapter 4, this type of test bench
consists of two decoupled parts, one of which rests onto the other and is
allowed to slide through low-frictions bearings (figure 7.11, bottom). Each one
of these two frames is then equipped with one actuator (and a load cell) and
each fibre direction of the cruciform is attached to the upper frame on one side
and the lower frame on the other, always ensuring each direction is connected
to one of the two actuators. As discussed before, this type of setup aims to
reduce the cost of the test setup but keep the planar degrees of freedom to
prevent unwanted shear deformations. During the conducted tests, the strains
in the sample were measured using a virtual strain gauges generated in a three
dimensional DIC processing program.

Each of the institutes tested the material using their own sample geometry
(figure 7.12) and according to the standard VUB test profile as presented in
chapter 4.
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7.4.2 DIRECT STRESS AND STRAIN RESULTS

As before, the initial comparison of the results will focus on the time-strain and
stress strain results from the various tests. Although these will not provide us
any practical amount of information regarding the material parameters, it will
gives us some first estimates of possible variations and differences which occur
due to the different sample geometry and test conditions.

Considering the time-strain results from the conducted tests already indicates
some possible large differences between the various institutions. Disregarding
the different durations, which was caused by some institutions adding small
stress plateaus to allow the DIC system to really capture the peak of the load
cycle, the results still show some variations in both strain measurements between
the institutions and consistency between the tests conducted at the same
institution. First of all, the two tests conducted at Newcastle University show a
larger difference between them while the tests from both Politecnico di Milano
and the Vrije Universiteit Brussel show a much better consistency between
their respective results. The cause of this was a mechanical limitation which
was not anticipated when the first test was conducted: due to manufacturing
specifics of the Sioen material, there exists a difference between the warp and fill
direction which is larger than a lot of other similar materials that are currently
being used. This led to larger-than-expected strains during the tests which
drove the actuators of the Newcastle setup to their displacement limit. This
can also be clearly seen when considering the applied load profiles (figure 7.14,
top) where the applied stresses in the fill direction ends up being limited by
the actuator not being able to retract further. During the first test we clearly
notice capping on these values where the actuator reaches its limit (figure 7.13).
By altering the initial positioning of the actuator, this could be prevented from
happening the second test (figure 7.14, fill).

Aside from the inter-test consistency, there also seems to be significantly
larger straining happening in the tests from Politecnico di Milano (figure
7.15). Both the warp and fill directions show a much larger variability in
strains whereas the results from the Vrije Universiteit Brussel and Newcastle
University show a much more limited strain variation throughout the test.
Seeing that all the tests use the same material, this was considered remarkable
and various causes were verified. However, despite checking and verifying
possible differences occurring due to the 2D DIC system, the different sample
geometry, the calibration of the load cells, the lack of support below the sample,
controller settings, etc. no definitive cause could be determined. Until further
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Figure 7.13: Comparing the different time-strain profiles already showed a large strain
variation for the results obtained by Politecnico di Milano (middle). The shorter duration
of the test at Newcastle University (bottom) was caused by the removal of small stress
plateaus at the peaks which were incorporated in the tests conducted at the Vrije
Universiteit Brussel (top) and Politecnico di Milano.
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research regarding the origin of these differences can be conducted, they are
thus attributed to the difference in setup and illustrate the importance of testing
a material using different test environments, when possible.

Considering the stress strain curves for the five different load ratios more clearly
shows what could already been derived from the time-strain diagrams: all
load ratios clearly show in increased strain measurement in the results from
the tests conducted at Politecnico di Milano, both in warp and fill direction.
Obviously this result will lead to a rather big difference in the resulting material
parameters as well. And since we were unable to determine with any certainty
the underlying cause of this difference, the presented results shows an additional
challenge when it comes to the standardisation of biaxial tests as different test
setups can and do lead to different results even when the same material from
the same batch has been tested using the same test profile. This by itself justifies
care when interpreting the results from a biaxial test conducted at one facility
as other facilities might come to different results, influencing the outcome of
numerical simulations later in the design stage.

7.4.3 DERIVED MATERIAL PARAMETERS

The impact of the noted differences in the stress-strain results can be verified
by deriving the linear elastic orthotropic material parameters through the
methodology explained in chapter 5. Based on the results above, we expect the
Young’s moduli from the results from Politecnico di Milano to differ significantly
from the results obtained by both the Vrije Universiteit Brussel and Newcastle
University.

The results below (table 7.6) consist again only of the non-reciprocal parameters
obtained through the least-squares method, taking into account the observations
made in chapter 5.

The derived material parameters are thus consistent with the assumptions
made based on the stress-strain curves and the results from the test conducted
at Politecnico di Milano show notably lower stiffness moduli in both warp and
fill directions as compared to the test results from both the Vrije Universiteit
Brussel and Newcastle University. Without any closing conclusions towards the
cause, this effect can be considered a possible issue when testing materials by
only a single facility. As there would be no possible comparison nor validation
of the results, the inherent differences caused by different bench designs, sample
geometry, environmental conditions, etc. would go unnoticed and might skew
the results of both the biaxial tests and possibly the design as a whole.
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Figure 7.14: Due to the strains of the material being larger than anticipated,
the load in the fill direction topped outduring the first test conducted by
Newcastle University (top). Taking this into account for the second test
resulted in an applied load profile which lied much closer to the intended
profile (bottom).
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larger strains in the results obtained by Politecnico di Milano
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Table 7.6: As expected the resulting material parameters from the tests
conducted at Politecnico di Milano consisted of significant smaller Young’s
moduli.

Ewarp E f ill νw f ν f w

Vrije Universiteit Brussel [kN/m] [kN/m] [-] [-]
Test 1 - Stress min. 706.24 593.35 0.2714 0.3253
Test 1 - Strain min. 723.16 592.41 0.2828 0.3164
Test 2 - Stress min. 739.21 688.36 0.2995 0.2789
Test 2 - Strain min. 762.05 702.80 0.2384 0.3137
Average 732.67 644.23 0.2730 0.3086

Politecnico di Milano
Test 1 - Stress min. 555.54 502.95 0.2105 0.3636
Test 1 - Strain min. 569.26 502.19 0.2204 0.3544
Test 2 - Stress min. 565.00 500.88 0.2351 0.3575
Test 2 - Strain min. 579.32 499.80 0.2475 0.3489
Average 567.28 501.46 0.2284 0.3561

Newcastle University
Test 1 - Stress min. 732.77 635.89 0.2592 0.3575
Test 1 - Strain min. 750.05 619.23 0.2732 0.3511
Test 2 - Stress min. 725.08 631.70 0.2515 0.3609
Test 2 - Strain min. 743.67 630.91 0.2652 0.3538
Average 737.89 633.31 0.2623 0.3558
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7.5 SUMMARY AND PERSPECTIVES

This chapter discussed various smaller effects which were noted during the
larger investigation described in the previous chapters. And even though these
were not investigated to the same extent as the core investigation conducted in
this thesis, they still showed how certain minor decisions can affect the actual
outcome of biaxial tensile tests.

In the first section, the differences due to opting for different measuring methods
was investigated. Comparing discrete measurements from linear transducers
to the strain results from a three dimensional DIC system showed a remarkable
large difference in both the direct strain results and the determined material
parameters. And although a DIC system results in an overall increased cost, the
enhanced reliability and possibility to assess the uniformity of the strain field
from experimental data provides this measuring method with some important
advantages over typical discrete strain measurements.

During the second section the possibility and impact of using a load ratio
dependent reduction factor instead of an averaged global factor was investi-
gated. The results obtained through various numerical simulations showed
a lognormal relation between the reduction factor in each of the two fibre
directions and the respective normalised load ratio. Taking these variations in
load ratio into account during the derivation of the material parameters of the
test resulted in a slight increase in Young’s moduli. By imposing a lognormal
function of the for R = A ∗ log(γ) + 1, the reduction factor in each of the fibre
directions can be defined by a single factor A, which can be derived through
various numerical simulations on the biaxial test sample.

The third section focused shortly on the results and possible issues of invoking
a project oriented load profile. By comparing the results from the general
biaxial test to the results of a test mimicking the stress variations noted in
the kinematic fabric structure prototype described in chapter 3, the reduced
maximum loading and limited number of different load ratios showed to result
in rather significant differences in material parameters. As these tests have to
be conducted during the design of prestressed fabric structures to determine
the required compensation on the cutting pattern, engineers might as well
use these tests to derive more representative values and update the numerical
model.

In the fourth, and final, section the results from an inter-laboratory study were
presented where the same material was tested in three different research institu-
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tions using the same load profile but their own test setup and sample geometry.
Considering both the stress-strain results and the derived material parameters
showed that one of the facilities, Politecnico di Milano, obtained different results
than the other two (Vrije Universiteit Brussel and Newcastle University). After
checking various possible cause however, no single conclusive cause could
be identified. Until further research regarding this issue has been conducted,
we thus attribute this difference to the inherent differences cause by the setup,
measuring equipment, sample geometry and environmental conditions. These
results clearly illustrate the importance of conducting tests in multiple facilities
as the registered strains and material behaviour can differ per test facility, as
shown by these results.

Overall, this chapter summarises some of the points where there is a lot of
potential for further research. More specifically assessing variations in test
results in function of the test facility can become an important subject in the
scope of the standardisation of the testing of fabrics and the design of fabric
structures which is currently being drafted (Stranghöner et al., 2016).
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Impact of material parameter variation on numerical
simulations





8
Direct modelling of the sample geometry

With the previous part focussing on how various parameters and decisions can
influence the outcome from the biaxial tests, the final part of this dissertation
aims to assess the practical impact of the noted variations. To do so, the various
sets of linear elastic orthotropic material parameters derived in chapter 5 and 6
were applied in various numerical simulations.

In this first chapter, the biaxial sample geometry and setup was modelled in
Sofistik 2016 using each of the derived sets of parameters. By comparing the
stresses and strains in the center of the numerical model to the experimental
results, the relation of each parameter set to the experimental results could
be derived and discussed. By studying how each set of material parameters
relates to the range of experimental results and to each other and establish how
big, or small, the practical impact the noted variability in material parameters
actually has.

Incorporating the statistically derived sets from chapter 6 will also show how
these particular sets relate to the experimentally noted stress-strain results and
thus how representative they really are for the tested material.

The first section of this chapter will detail the numerical model used for the
conducted simulations, the second section will recap the various sets of material
parameters which will be applied and the third section will provide and discuss
the results by comparing the numerical stresses and strains to the experimental
results.
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8.1 NUMERICAL FRAMEWORK AND MATERIAL MODEL

All numerical simulations were carried out in the commercially available
Sofistik 2016 FEM software suite (Sofistik AG, 2016). Within this package, the
fabric has been modelled using four-noded shell elements with a thickness of
0.83 mm, the average measured thickness of the PVC-polyester material used
in the experiments. The geometry used during the numerical analysis of the
biaxial tests is depicted in figure 8.1.

The mesh consists of a uniform distribution of the four-noded shell elements
with a size of 5 mm. The slits were modelled as small, 1 mm wide, geometrical
openings in the model and the arm ends after the area where the weld has
been applied in the experimental geometry. The load has been applied by
connecting the end nodes of each arm to a single control node through kinematic
constraints which transfer the degrees of freedom from the control node to
each end node. To correctly simulate the cut-outs which were made in the
loop of the experimental model (see chapter 4), the kinematic constraints were
omitted in the corresponding locations in the model, thus mimicking the lack
of support in these locations of the sample geometry.

In terms of boundary conditions, the control nodes for both fibre directions
were set to allow translations in the respective fibre direction while restricting
translations in the orthogonal direction as well as in plane rotations. This set
best approximates the experimental setup where four actuators pull on the
sample while not being able to slide across their respective edges or rotate.
Given that the sample had been supported during the experiments, out-of-plane
movements could be distinguished from the in-plane strain state by the DIC
setup and the contribution of self-weight in the stressed sample is only limited,
the self-weight has been omitted during the simulations essentially reducing
the conducted numerical simulation to a planar problem.

During the simulation, the geometry is loaded with six different load cases: the
applied prestress and load ratios 1/1, 1/2, 2/1, 1/5 and 5/1. The incorporation of
the prestressed state is required since the experimental data also moves from
a fixed prestressed state, which is assumed to be the zero-strain state when
deriving the material parameters. The loads imposed on the numerical model
correspond to the theoretical loads presented in the profiles in chapter 4, thus
without the reduction factor applied. This ensures consistency between the
load applied during the experiments and the one applied in the numerical
simulation. For each of the six applied load cases, the stresses, strains and
displacements were extracted, studied and compared to the experimental data.
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Figure 8.1: The numerical model of the biaxial sample uses shell elements
with an average size of 5 mm. The load is transferred to the sample through
kinematic constraints which were interrupted in the same location as the
cut-outs in the physical sample are present.
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In continuation of the previous chapters, and for reasons listed before, this
study focusses on the results obtained from a linear-elastic orthotropic material
model.

8.2 APPLIED MATERIAL PARAMETERS

As mentioned before, various sets of material parameters will be applied
during this investigation. The first set consists of the reciprocal parameter sets
presented in table 5.1 in chapter 5. Since each of these sets are related to a specific
load profile, the numerical results from each set will be only compared to the
experimental results from the tests using that specific load profile. The same
was than done for the non-reciprocal sets of stiffness parameters presented in
table 5.2 in the same chapter. In each of these cases the qualitative layout of the
strain field was compared at first after which the numerical stress-strain results
were compared to the experimental results to really assess the quantitative
difference between the numerical model and the observed straining behaviour
of the fabric.

Finally, the parameter sets derived in chapter 6 were also incorporated into
this study. However instead of comparing the outcome of these numerical
simulations to a specific test, the stress-strain results were compared to the
whole experimentally obtained set of stress-strain curves. This allowed for
the positioning the numerical result of these particular sets in function of the
total variability noted in the experimental results and thus make prediction on
the structural behaviour which is studied in the next chapter. It also allows
to verify if the statistically derived sets of stiffness parameters do indeed still
represent the tested material correctly or whether the applied approach has led
to a large discrepancy between the numerically predicted and the experimental
behaviour.

To recap, all sets of material parameters used during the presented numerical
simulations have been summarised in table 8.1.

8.3 RESULTS AND DISCUSSION

8.3.1 QUALITATIVE STUDY OF THE STRAIN FIELD

As a first measure of the quality of the numerical model, the overall strain
fields in the cruciform sample could be compared. By using the full field DIC
analysis during the experiments, this comparison will provide insight in how
detailed the linear elastic material model can predict the layout of the strain
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Table 8.1: Summary of the various sets of material parameters used
during the numerical simulations both in this chapter and the next.

Ewarp E f ill νw f ν f w

Reciprocal sets [kN/m] [kN/m] [-] [-]
MSAJ profile 581.70 472.25 0.4937 0.4008
Default VUB profile 706.23 590.41 0.3786 0.3165
Alter prestress ratio 709.64 487.60 0.4824 0.3314
Alter normalisation ratio 799.93 478.67 0.5171 0.3094
EMPA-based profile 757.53 597.32 0.4115 0.3245

Non-reciprocal sets
MSAJ profile 636.82 467.45 0.4845 0.3556
Default VUB profile 687.70 613.99 0.3523 0.3145
Alter prestress ratio 694.58 525.85 0.3955 0.2994
Alter normalisation ratio 775.40 510.03 0.4387 0.2886
EMPA-based profile 740.23 630.83 0.3148 0.2711

Statistically derived sets
Set A 827.01 493.94 0.6100 0.3643
Set B 683.78 645.38 0.4133 0.3901
Set C1 559.89 528.45 0.3807 0.3593
Set D1 737.28 440.35 0.6531 0.3901
Set C2 559.89 528.45 0.3858 0.3641
Set D2 737.28 440.35 0.1684 0.1006
Set E 683.78 645.38 0.1684 0.1589
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field and at the same time indicate the limitations of the used material model.

There are however some important considerations which have to be taken
into account when conducting this comparison using a simple material model
such as the linear elastic orthotropic model. The main issue lies in the fact
that this simple material model can not capture the permanent straining
the fabric undergoes during the tests. And since the DIC analysis took the
undeformed sample as zero-strain state, just like the numerical simulation
does, directly comparing the outcomes from both the experimental work and
the numerical simulations using the same colour scale is bound to result in
visually very different outcomes due to the experimental results showing this
large initial straining while the numerical model assumes a linear behaviour.
This discrepancy can clearly be noted in figure 8.2 which compares both strain
fields using the same colour scale. Due to the large initial curvature of the fill
fibres, this difference becomes more prominent in this fibre direction.

A possible alternative is to take the prestressed geometry right at the start of the
relevant load cycle as the experimental reference state, thus virtually removing
the permanent deformation from the observations. Doing so for the various
load ratios and both fibre directions does allow for a more detailed study of the
experimental strain field where the large permanent deformation of the fabric
has been removed (figures 8.3 and 8.4).

Looking at the warp strains (figure 8.3) clearly shows how the material strains
differ per load ratio. Decreasing the load applied in the fill direction (load ratios
2:1 and 5:1) increases the strain in the warp direction. Vice versa, as the warp
stress is decreased (load ratios 1:2 and 1:5), the strains in the warp direction
decrease and even show negative strains due to the fabric’s crimp interchange.
These results also again show that the strain field is very uniform, with absolute
strain variations < 0.2 %, throughout the fabric’s central area, apart from the
low-strain concentrations around the fourth strip of the slitted area where the
welded loops which connect to the each of the four load cells had to be locally
interrupted to accommodate the connection.

Comparing the same graphics for the fill strains (figure 8.4) shows a similar
behaviour. Note the different scale which was required due to the fill strains
being inherently larger than the warp strains, however not to the same extent
as they were when the permanent deformation was included. Aside from the
larger strains, the effect of the crimp interchange on the fill fibres is also smaller,
resulting in less negative strains for load ratios which mainly target the warp
direction (2:1 and 5:1). This is explained by the fact that the fill fibres have an
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Figure 8.2: Due to the inclusion of the large initial deformation in
the experimental DIC strains, directly comparing the numerical and
experimental strain field using the same colour scale shows the numerical
results vastly underestimating the experimental strains. This example
shows the strain field for the 1/1 load ratio.
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Figure 8.3: Removing the permanent strains in the warp direction from
the DIC analysis better illustrates the actual uniformity of the strain field
in the center as well as the differences in straining behaviour for the
various load ratios.
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Figure 8.4: Removing the permanent deformation on the DIC results for
the fill strains shows a smaller impact of the crimp interchange but larger
sensitivity to boundary conditions due to the inherent geometrical layout
of the main fibre directions.
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inherently larger geometrical curvature as compared to the warp fibres. The
effect that a stress applied in this highly curved fill direction has on the warp
direction is thus larger than the other way around. This larger geometrical
movement of the fill fibres also has an adverse effects on the strain drops due
to the local interruptions of the loop connection, resulting in a slightly less
uniform strain field, thus displaying the increased sensitivity fill strains exhibit
to various boundary conditions due to their larger geometrical freedom.

Removing the permanent deformation from the experimental strain visu-
alisations will however yield numerical results that now overestimate the
experimental strains due to the former starting from an unstressed geometry
where the experiments now considers a prestressed geometry to be strain-free.
The outcome is a closer match between the two results but the details in the
experimental strain field become washed-out and indistinguishable when both
results use the same colour scale. Figure 8.5 illustrates this particular situation.
This is exactly the difficulty which more complex material models, such as
the elasto-plastic model proposed in Dinh et al. (2014), can help to overcome
by offering more intricate numerical models capturing these particular strain
effects.

Due to this practical limitations, the comparison of the strain field presented
in this chapter will mainly focus on the qualitative aspects to verify to what
extent the difference effects which are observed in the experimental sample
are present in the numerical model. By invoking different strain scales on
both the numerical model and the experimental results, the strain field is
compared visually, bearing in mind the differences caused by the material
model’s limitations discussed above. In this section we will mainly focus on the
central square area of the sample since this is the main area of interest during
the conducted tests. By choosing the boundaries of the applied colour scale,
the strain field is visually matched with the experimentally obtained strain
fields. To somewhat reduce the differences in values, the strain field obtained
from the analyses using the prestressed geometry at the start of the relevant
load ratio as zero-reference were used and the difference between the highest
and lowest value on the scale has been kept at a constant strain value of 0.5 %
for all visualisations, both numerical and experimental to make the relative
similarities and differences more comparable.

Conducting this comparison again for the 1/1 load ratio (figure 8.6) clearly
shows some similarities and differences between the numerically predicted
and experimentally established strain field in the biaxial sample. First of all,
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Figure 8.5: Removing the large initial deformation from the experimental
results significantly reduces the strain values. Now however, due to
the numerical model using an unstressed geometry as reference state,
the experimental strains become notably smaller than the numerically
predicted values and visual details in the experimental strain field are
lost. This example again shows the results for the 1/1 load ratio.
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Figure 8.6: Overall, the strain field predicted by the numerical model
captures the different effects noted in the experimental results fairly well.
This despite the numerical model utilising a fairly crude material model
which simplifies the straining behaviour of fabrics extensively resulting
in differences in the absolute values of the strains.

there is the difference is absolute strain values. Due to the model and the
experiment using different zero-strain reference states, the boundaries are
indeed different with the numerical results, which include the strain from
unstressed to prestressed, consistently being larger than the experimental
results. In this particular case, the warp direction shows an absolute difference
of 0.4 % and the fill direction 0.9 %.

Looking at the obtained strain field in a quantitative way however now reveals
some important similarities. The most obvious one consists of the reduced
strains in the location where the cut-outs were made in the sample. By removing
the kinematic constraints in the numerical model in the same location as these
cut-outs were made in the experimental samples, this reduction has been
accurately captured in the model. This results in a clear “band” of high strains
through the center of the sample and two smaller ones towards the edges. This
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effect can be seen both in the warp and fill direction. The numerical model
however seems to exaggerate the size of this area somewhat as compared to
the experimental results. Looking at the strain interactions around the slitted
arms orthogonally to the observed strain direction (so top/down for the warp
strains and left/right for the fill strains) also shows that both the numerical and
experimental results indicate a local dip in the strains where the slitted arms
come in contact with the central area. This dip is most notable in the middle of
the arm and is again exaggerated in the numerical model.

However, overall, the quality of the numerically predicted strain field lies closer
to the experimental predictions than expected given the large simplifications
the linear elastic orthotropic material model applies. Similar observations can
be made when comparing the other load ratios, despite the differences become
larger for more asymmetric load ratios. This is clearly illustrated in figure 8.7,
where the numerically predicted strains from the 5/1 load ratio are compared
to the experimental results.

In both cases the numerical results still overestimate the experimental ones, but
in the case of the (dominant) warp direction, this difference has now increased
to 1.5 % even though the qualitative layout remains fairly comparable. Like
the next segment in this chapter will explain, this is due to the material model
inherently coping worse with highly asymmetric loads than the symmetric
loads. This also extends to the noted fill strains, which are negative due to
the low applied load in this direction and the fabric’s crimp interchange. The
experimental strain field in the fill direction now also shows to be somewhat
asymmetric. This is not only due to the relatively low magnitude of the noted
strains but also due to the biaxial machine having difficulty with balancing in
these low-load scenarios and slightly drifting off-center. The numerical results
again predict a much larger absolute value in the strains already underlining
the limitations of the linear elastic orthotropic model when applied to fabrics.

8.3.2 STRESS-STRAIN PREDICTIONS OF THE VARIOUS SETS

In order to derive the actual stress-strain behaviour predicted by the numerical
model, an approach similar to the experiments has been taken: stresses and
strains in the center of the sample were considered. The obtained, linear
stress-strain curves were then compared with the experimental data of the
experiment from which the respective material parameters were derived,
essentially characterising the quality of the stress-strain prediction made by
the model. In order to provide a quantitative measure, the R-squared value of
the numerical stress-strain curve were compared to the experimentally derived
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Figure 8.7: When comparing more asymmetric load ratios, like the
5/1 load ratio depicted here, the quantitative difference between the
numerically predicted and experimentally derived strain fields increases.
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loading curves. The highly non-linear loading curves were disregarded when
determining the R-squared value but will still be provided in the graphs to
show the large difference between this curves and the experimental stress-strain
behaviour.

Starting of with the two sets of stiffness parameters derived using the MSAJ
profile, shows the quality-of-fit to depend on the observed direction, load
ratio and the application of the reciprocal relation (figures 8.8 and 8.9). Both
the reciprocal and non-reciprocal sets show the linear curve to deviate more
from the experimental behaviour the more asymmetrical the applied load ratio
becomes. In the case of these asymmetric load ratios, it is also the dominant
fibre direction which is best approximated where the high non-linear straining
behaviour of the less loaded direction proves challenging to be captured by
the linear-elastic orthotropic material model. Finally, comparing the reciprocal
(figure 8.8) to the non-reciprocal (figure 8.9) results show that, with some
exceptions, the non-reciprocal material parameters slightly better approximate
the loading curves determined during the experiment. The noted exceptions
might be caused by the slight deviation from the actually derived material
parameters due to the numerically imposed requirement for a symmetric
compliance matrix. Also note that some comparisons result in a negative
R-squared value. Considering the mathematical description of R-squared used
during this investigation, namely:

R2 = 1 −
SSres

SStot
(8.1)

With

SSres =
∑

i(yi − fi)2

SStot =
∑

i(yi − ȳ)2

ȳ = 1
n
∑n

i=1 yi

(8.2)

With n the number of compared data points, yi an experimentally observed
data point and fi a data point predicted by the regression function (which in
this case consists of the linear elastic curve).
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Given the interpretation above, the obtained value for R2 can be negative
whenever de value of SSres exceeds SStot. In practice, this typically occurs when
a horizontal line through the average of the experimental values is a better
fit than the proposed function. Providing the high non-linearity of some of
the experimental stress-strain curves, these atypical outcomes should thus be
considered a mathematical limitation of using the R-squared coefficient as a
measure and shows again the importance of a graphical interpretation of the
results.

Similar observations as described above for the MSAJ-based stiffness parameters
were made for the material parameter sets derived from all other tests (figures
8.10 to 8.17).

All considering, these results show that, despite its limitations, the linear elastic
orthotropic material model still holds some relevance when it concerns overall
strain prediction in the fabric. Its main drawbacks, the lack of permanent
deformation and the larger deviations for asymmetric load ratios can be solved
by respective the proper incorporation of a compensation factor in the design or
the use of similar simple material models which take into account the stiffness
variations which occur due to the application of various load ratios (Galliot
and Luchsinger, 2009; Bridgens and Gosling, 2010).
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Figure 8.8: Stress-strain results obtained from the reciprocal stiffness
parameters obtained from the MSAJ load profile.
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Figure 8.9: Stress-strain results obtained from the non-reciprocal stiffness
parameters obtained from the MSAJ load profile.
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Figure 8.10: Stress-strain results obtained from the reciprocal stiffness
parameters obtained from the default VUB load profile.
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Figure 8.11: Stress-strain results obtained from the non-reciprocal stiffness
parameters obtained from the default VUB load profile.
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Figure 8.12: Stress-strain results obtained from the reciprocal stiffness
parameters obtained from the load profile with the altered prestress ratio.
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Figure 8.13: Stress-strain results obtained from the non-reciprocal stiffness
parameters obtained from the load profile with the altered prestress ratio.
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Figure 8.14: Stress-strain results obtained from the reciprocal stiffness
parameters obtained from the load profile with the altered normalisation
load ratio.
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Figure 8.15: Stress-strain results obtained from the non-reciprocal stiffness
parameters obtained from the load profile with the altered normalisation
load ratio.
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Figure 8.16: Stress-strain results obtained from the reciprocal stiffness
parameters obtained from the EMPA-based load profile.
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Figure 8.17: Stress-strain results obtained from the non-reciprocal stiffness
parameters obtained from the EMPA-based load profile.
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8.3.3 RELATION BETWEEN THE STATISTICALLY DERIVED SETS AND THE EXPERIMENTAL
DATA

Contrary to the results studied above, which were specifically derived by
minimising the error between the experimental data and the predicted data
using a single specific load profile, the statistically derived parameter sets take
into account the large variation noted in the different results and formulates
numerous sets of least-favourable material parameters, depending on the
interaction between material parameters and the different failure modes in
the tensile fabric structure. The goal of this formulation is to obtain sets that
provide the designer with a certain degree of certitude that the used material
parameters capture the complex structural behaviour of the fabric at its worst
for that particular failure mode, while still representing the actual material.
As shown in chapter 6, this requires a statistical interpretation of the biaxial
results which captures both the variability of each individual parameter but
respects the inter-parameter correlations noted for the investigated material.
This section aims to overlay the various statistically derived parameter sets
on the range of experimentally obtained stress-strain relations to visualise
where the numerically predicted behaviour of each set lies in relation to the
experimental data. This first interpretation provides insight in how well these
derived sets capture the material behaviour and whether they indeed provide
the unfavourable combinations which were the target of this approach.

The two first sets, referred to as set A and set B, targeted the strength failure
mode and thus consist of high Young’s moduli which showed to increase the
stresses in the fabric (see chapter 3). Consequently, we expect these sets to
capture the low-strain end of the spectrum of noted experimental stress-strain
states. Set A, which started with the derivation of the 0.95 quantile of Ewarp and
relied on a derived value for E f ill, shows to mainly result in a stiff behaviour
of the warp direction (figure 8.18). And although the fill strains are indeed
fairly high for both the 1/1 load ratio and the 2/1 load ratio, the other load ratios
mainly seem to display a stiff behaviour of the warp direction. This is the reason
Set B has been added to the analysis as well: by starting from the 0.95 quantile
for E f ill as well, this set mainly targets the fill behaviour resulting in low fill
strains and thus high stresses in this direction. This particular set however
shows some deviations from the experimental behaviour for the 1/1 load ratio
causing the predicted response to fall outside of the experimentally noted range.
For all the asymmetric ratios however, the predicted fill stress-strain behaviour
finds itself nicely on the edge of the experimentally observed results.
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Figure 8.18: When applying the statistically derived set A which targets
high stresses and low strains, the 1/1 load ratio shows both fibre directions
to respond relatively stiff, as intended. When considering the asymmetric
load ratios it turns out to be mainly the warp direction which behaves
fairly stiff as compared to the experimentally obtained results.
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Figure 8.19: When considering set B under an asymmetric load, the fill
behaves significantly stiffer than when set A was used. However, looking
at the 1/1 load ratio shows the numerically predicted straining behaviour
of this fill direction to notably underestimate the experimentally noted
strains.
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The next four sets (C1, D1, C2 and D2) aim to capture the least-favourable
combination for the displacement driven failure modes, namely ponding
and inversion. Since these failure modes become more pertinent with large
displacements, we expect these sets of parameters to display a soft behaviour
and thus result in large predicted strains. Set C1 (figure 8.20) again shows to
capture the extremes for the warp behaviour fairly well, with the exception
being the asymmetric load ratios 2/1 and 5/1 where it again exceeds the
experimental observations. This observation, where certain load ratios show
worse approximations than others, is not atypical for the linear elastic material
model and one of its major downsides. In this particular case however, the
effects become even bigger due to the fact that the material parameters are not
fitted to the experimental data but derived through an alternative interpretation.
As mentioned before, this can yield sets which do not represent the material
properly, which seems to occur in the case of these particular load ratios. Note
however that the noted range of stress-strain curves might not be exhaustive
and that additional load profiles which, for instance, incorporate a prestress or
normalisation ratios with a predominant fill loading might add to the spread
in experimental data. How big the practical impact of these deviations is, will
be investigated in the next chapter.

A similar, albeit less severe, observation can be made for the results obtained
using parameter set D1 (figure 8.21). Here, the fill strains for the 1/5 load ratio
somewhat overestimate the experimentally noted values. This can mainly be
attributed to the non-linear behaviour of the material where it seems to stiffen
as the stress increases.

The results from set C2 (figure 8.22) do not differ significantly from the
predictions made by set C1. Given the difference between these two sets
consists only of minor variations in the Poisson’s ratios (see table 8.1 at the
beginning of this chapter), this was not entirely unexpected.

Finally, set D2 shows a large shift in the predicted behaviour with both warp
and fill strains falling on or outside the bounds of the experimentally predicted
values (figure 8.23). This large discrepancy between the experimental and
numerical data is of course caused by the large modification in the fill-warp
Poisson’s ratio ν f w that had to be made to ensure the set to yield a symmetric
compliance matrix during the analysis. In the case of this particular set and
failure mode, this led to a fill-warp Poisson’s ratio ν f w which lies outside of
the range of experimentally derived values, increasing the risk of the set not
representing the investigated material correctly. This is an inherent limitation
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of the used material model and its mathematical description requiring a
symmetric compliance matrix. Possible solutions to circumvent this limitation
might consist of using a different, but equally well parametrised (for instance
the model suggested in Galliot and Luchsinger (2009)), material model or use a
different approach which starts from the stress-strain relations rather than the
derived material parameters (see also the closing remarks of this chapter).

The last considered set of material parameters consists of the set derived
as least-favourable for the occurrence of wrinkles. Since there is no clear
indication whether this consists of large or small strains, but showed to be
mainly influenced by the Poisson’s ratio, it is difficult to formulate expectations
towards the stress-strain behaviour of this particular set. Observing the
numerically predicted behaviour however (figure 8.24), again showed the warp
behaving less stiff as expected from the experimental results. The difference is
however smaller than was the case for sets C1 and C2 except for the 1/2 load
ratio where it shows a rather large deviation. Bearing in mind again that the
Poisson’s ratio ν f w of this set had to be altered significantly from its original
value, this discrepancy between the numerical and experimental results is not
entirely unexpected.

Overall, the large majority of these results indicate that the statistical approach
taken during this investigation, albeit not perfect, is indeed capable of estimating
sets of parameters which capture the least-favourable behaviour out of the total
experimentally derived range of stress-strain data.
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Figure 8.20: The numerical results from parameter set C1, targeting large
displacements, show warp strains which are in the lower-end of the
experimental results. In case of both the 2/1 and 5/1 load ratio, the warp
strains however significantly overestimate the experimental results.
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Figure 8.21: When the set D1 has been applied, the numerical model
overestimates the fill strains slightly for the 1/5 load ratio due to the
linear elastic model not capturing the non-linear straining behaviour of
the fabric,causing the numerical and experimental curves to diverge for
higher stresses.
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Figure 8.22: Analysing the result obtained from the simulation using set
C2 shows only a small difference with the results from set C1. This shows
that, as far as the direct stress-strain relation is considered, the Young’s
moduli tend to be far more important than small variations in Poisson’s
ratios.
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Figure 8.23: Applying set D2 to the numerical model results in an increase
in both the warp and fill strains to the point where the predicted strains
lie outside of the experimental range. This is caused by a significant
reduction in the Poisson’s ratios as compared to set D1.
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Figure 8.24: The outcome of set E, which aims to be the least-favourable
set for wrinkling, shows the majority of the numerical stress-strain curves
to lie on the edges of the experimental range. For the load ratios 1/2 and
1/5 however, the warp strains are higher than experimentally expected,
due to the low Poisson’s ratios found in this set of stiffness parameters.
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8.4 CLOSING REMARKS

The analysis described in this chapter aimed to assess the ability of each derived
set of stiffness parameters to predict the direct stress-strain data of the fabric.
By investigating a numerical model of the biaxial sample, the outcome of the
numerical model could be directly compared to the measurements obtained
from the biaxial sets. This reduces the complexity of the numerical model and
strips the comparison down to a very material-oriented investigation without a
lot of interfering variables such as load cases, geometrical scale and curvature.

Comparing the numerically predicted and experimentally derived strain fields
showed to be more complicated than expected due to the various limitations
of the linear elastic material model. Since the experimental results either
incorporate the large initial straining or disregard the strains between the
unstressed and prestressed state, a direct comparison using the same colour
scales proved to be impossible. However, when visually adjusting the colour
scales to match up, the numerically predicted strain field showed to represent
the experimentally established effects fairly well. It showed the lowered strains
in the location where the sample had to be provided with cut-outs and indicated
various similar strain interactions in the locations where the slitted arms pass
into the central area. However, in order to come to a quantitative correct strain
prediction, more advanced material models are a must.

Aside from comparing the global strain field, the various numerically predicted
stress-strain curves in the center were compared to the experimentally derived
curves. Doing this for the material parameters derived from one specific test
profile showed that in most cases the loading curve could be captured fairly
well with the asymmetric load ratios posing the biggest challenge for the linear
elastic material model. It was also noted that, despite the adaptations made
to ensure the compliance matrix is symmetric, the removal of the reciprocal
constraint slightly benefits the predictions made by the numerical model.
Although it has to be noted that the difference is fairly small and likely will
not make any notable difference during the structural design of a tensile fabric
structure.

When considering the statistically derived parameter sets on the other hand,
the results are more two-sided. Where the majority of the results shows
the expected behaviour and lies within the bounds of the experimentally
derived results, there are some stress-strain relations which fall outside of
this established range. This suggests that some of the outcomes are not fully
compatible with the material and its properties. There are however a couple
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of considerations which can be made in this regard, first of all the fact that
the five load profiles used during this investigation do not cover the whole
of possible behaviours. More specifically it still lacks profiles which use an
asymmetric prestress or normalisation ratio where the fill direction is the main
load direction. Further investigating such profiles might prove to expand
the range of possible stress-strain behaviour. Next there is the fact that some
parameter sets had to be adapted quite significantly to ensure a symmetric
compliance matrix. This essentially breaks some of the previously established
correlations and in the case of sets D2 and E leads to parameters which lie
completely outside of the data cloud established in chapter 5.

A possible alternative approach to circumvent this issue might be to feed
the experimental stress-strain output directly into the statistical analysis and
use the outcome to derive the material parameters, rather than using the
derived material parameters as input for the statistical analysis. In theory,
this should enhance the consistency between the material parameters and the
experimentally derived stress-strain data. In terms of failure modes, this would
be a feasible approach for the strength- and displacement-driven failures where
the correlation between strains and the failure is fairly straightforward. In case
of wrinkling however, this approach poses some additional challenges since
wrinkling has shown to mainly rely on the Poisson’s ratio and not so much
on the stiffness parameters which form the main contribution to the noted
stress-strain relation. To what extent this approach is feasible could thus be
subject of future research.
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Finally, the impact of the different sets of material parameters on the actual
design process should be evaluated. After all, the stress-strain differences
illustrated in the previous chapter only provide us with a limited, academic
perspective towards the difference in the response of the various stiffness
parameter sets, both based on a specific biaxial load profile and the statistically
derived sets.

In case of the latter sets, this chapter will serve as a validation to whether
the statistically derived sets indeed capture the worst case behaviour of the
investigated structures and material used during this investigation. By again
running various numerical simulations on the structures presented in chapter
3 and observing their behaviour under load, a response range which is now
applicable for the specific material used in this investigation can be established.
This range and the intrinsic differences between the various parameter sets
will thus illustrate the significance of the noted variations in the structural
design process and show how the statistically derived sets relate to the sets
derived using the more common approach of deriving an average set of stiffness
parameters based on one specific load profile.

In order to keep the overview, this chapter starts with a short refresh of
the five different structures which were studied in this final investigation and
specify/recap the various boundary conditions (geometry, numerical constraints,
imposed load conditions, etc.). Since this has already been specified in a large
amount in chapter 3, this overview will be brief. Afterwards each of these five
structures will be evaluated separately in terms of stresses, displacements and
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the occurrence of instabilities for the various sets of material parameters thus
establishing each structure’s response to the variations. Finally, the outcomes
of the various analysis will be compared to each other to verify whether notable
differences or similarities in how each structural design responds to the material
variations can be identified.

9.1 FRAMEWORK AND BOUNDARY CONDITIONS

As described in chapter 3, the overall geometry and boundary conditions of the
structures studied in this investigation has been sourced from the round-robin
excercise described in Gosling et al. (2013a). As described before the hypar
structure consists of a ground plan of 6 m by 6 m with the warp direction of
the fabric running between the two high points of the hypar. In this specific
investigation however, four variants were considered: two hypars with cable
boundaries and high points at either 2 m (referred to as having “high curvature”)
or 1 m (referred to as having “low curvature”) and the same two geometries
but with straight, translationally fixed boundaries. In both cases the prestress
in the hypar is set to be a symmetrical 3 kN/m.

The conical structure on the other hand consists of a square ground plan of
14 m by 14 meter and a central opening with a diameter of 4 meter at a height
of 5 m. In this case the warp direction is oriented in the radial direction of the
conical structure. In this case, the applied prestress consists of 4 kN/m in the
warp direction (radial) and 2 kN/m in the fill direction (circumferential).

As mentioned before, each structure has been loaded with a vertical downward
snow load of 0.6 kN/m2 and a wind load, normal to the structure’s surface, of
1 kN/m2. Before applying these load cases however, each analysis starts by a
formfinding step using the transient stiffness method after which the material
parameters were applied to the model.

In terms of these material parameters, each geometry has been analysed using
the same sets of linear-elastic orthotropic as in the previous chapter: (1) five
sets consisting of the test-profile specific reciprocal sets, (2) five sets consisting
of the test-profile specific non-reciprocal sets (albeit post-processed to ensure
symmetry in the compliance matrix) and finally (3) the five relevant statistically
derived sets for each particular structure (see also chapter 6).
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Figure 9.1: During this final investigation, two cable-stayed hypars
were investigated: one with high curvature (left) and one with a low
geometrical curvature (right).

9.2 HYPAR STRUCTURE WITH CABLE BOUNDARIES

The first structural typology which will be discussed in this chapter consists of
the two hypar structures where the boundaries consist of cables (figure 9.1).
These cables, with a circular section with a diameter of 12 mm and a material
stiffness of 205 kN/mm2, have been prestressed to 30 kN.

As already noticed in chapter 3, using cables rather than fixing these boundaries
increases the structure’s ability to adapt its shape to the applied loads resulting in
a relatively limited difference in response when material parameters are altered.
In the two cases presented here we thus expect only minor difference between
the various sets of material parameters in terms of stresses, displacements and
the occurrence of wrinkles.

During this investigation, the maximum stresses, displacements and wrinkle
compression strains were studied. These will often be considered as the
key-design factors of structures in general and the three factors by which
the composition of the statistically derived material parameter sets has been
derived.

9.2.1 HIGH CURVATURE

Stresses

Starting the comparison of the various sets of material parameters with the
maximum stresses observed in the cable-stayed hypar with high curvature
shows immediately that the variations between the different sets of material
parameters are rather limited (figure 9.2). In case of the snow loading, which is
carried by the warp direction of the fabric, the difference between the smallest
and largest prediction is only 0.47 kN/m (figure 9.2, left). The largest warp
stress, 6.16 kN/m, comes from the numerical simulation using the statistically
derived set A, which was indeed intended to yield high warp stresses.
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Figure 9.2: When the maximum stresses under load are observed, the
statistically derived sets A and B result in the highest stress values, as
intended during the derivation of these sets.
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When considering the results for the wind load, which is a significantly heavier
load case and carried by the fill direction in this hypar structure, the difference
between the smallest and largest stress increases to 0.92 kN/m (figure 9.2, right).
In this case, the largest stress prediction, 9.04 kN/m, comes from the statistically
derived set B. As this set aimed for high stresses in the fill direction, it shows
that in this specific case the parameter sets derived to provide the designer
with large, but not unreasonable, stresses are indeed behaving as intended.

Displacements

Looking at the various displacements, a number of observations can be made
for this specific structure (figure 9.3). First of all, the maximum variation
between the smallest and largest maximum displacement is 26 mm for the
snow loading and 58 mm for the wind load. Considering the fact that the
largest displacements are 80 mm and 162 mm for respectively the snow and
wind loading, this is a fairly significant variation which covers around 30 % of
the maximum displacement in both load cases.

Taking into account the span of 8.5 m, these results equal to maximum
displacement-span ratios of 0.94 % and 1.23 % respectively. Although this
might seem large in the light of more conventional typologies which typically
use ratios of 0.4 % or smaller (European Committee for Standardization (CEN),
2004), the inherent flexibility of fabric structures typically justifies an increased
tolerance for these displacement limits. Seeing this result and the relative large
variability on the noted displacements, it becomes clear that whether a structure
passes these serviceability limitations can indeed become a matter of testing
the material in a different way, motivating the use of disadvantageous sets of
stiffness parameters.

Considering the statistically derived sets, and more specifically sets C1 and
D1 which were intended to yield the largest displacements, shows that these
statistically derived sets do indeed provide displacements which lie in the high
end of the overall spectrum. In the case of the snow load (figure 9.3, left), which
targets the warp direction, the only outcome larger than the relevant set C1
turns out to be the reciprocal set derived from the MSAJ profile, despite the
numerically predicted strains for set C1 being larger than the experimentally
noted strains (see figure 8.20).

This illustrates that even though these sets have been determined to be as
least-favourable and do indeed yield larger material strains when the biaxial
sample is modelled, the actual structural behaviour of these double curved
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Figure 9.3: In terms of displacements, the reciprocal MSAJ set turns out
to result in a larger displacement under the snow load than the intended
set C1 (left), due to the rather complex interaction between geometry,
stresses and material parameters. Set D1 on the other hand does indeed
provide the largest displacement for the wind load (right).
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structures can consist of more complex interactions than a flat sample. The
occurrence of different load ratios throughout the whole of the prestressed
fabric surface and the more complex interaction between the stresses, strains,
displacements, geometry and the different material parameters shows to thus
possibly cause these statistically derived sets to not always result in the largest
displacements. The difference between the predictions made by C1 and the
reciprocal MSAJ parameters is however only 4 mm which is too small to make
any practically significant difference to the design, even more so when it consists
of a design with a fairly high level of curvature where displacements are already
relatively limited in the first place. Considering the outcome of set D1, which is
the relevant set for fill-oriented loads, such as the upward wind load, however
shows that this set does indeed result in the largest displacement of all material
sets for this load case (figure 9.3, right).

Wrinkling

The last parameter which will be discussed for the investigated structures is
the wrinkling behaviour. Based on the observations made in chapter 3, this
seemed to be mainly influenced by the Poisson’s ratios where large Poisson’s
ratios seemed to decrease the wrinkle compressions strain. As this artificial
strain describes the predicted shortening of the material due to the out-of-plane
movement of the wrinkles, it can be taken as a descriptor for the severity of the
wrinkling in a given structure. In this analysis the average values of the wrinkle
compression strains over the whole structure are again used to compare the
different outcomes.

Observing these wrinkle compressions strains predicted for the high-curvature
hypar using the various sets of material parameters first of all shows a large
difference between the results for the snow load (figure 9.4, left) and the wind
load (figure 9.4, right). As the wind load has a higher magnitude, it causes the
structure to deviate more from its prestressed shape, thus introducing larger
incompatibilities in the shape and an increased risk of wrinkling. In the case of
the snow load, the analysis is thus fairly short and straightforward: in this case
set E, intended to impose a least-advantageous set of stiffness parameters for
wrinkling, clearly yields the largest wrinkle compression strain.

Verifying the outcome for each of the sets of material parameters for the wind
load on the other hand, shows fairly large visual variations between the various
cases. With the reciprocal result of the MSAJ tests and the statistically derived
set C1 forming the lower end of the obtained results with strains around
0.23 %. Looking at the maximum values, a couple of candidates come up:
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Figure 9.4: When the wrinkle compression strains of the various material
parameter sets are observed, the outcomes from the wind load show that
the sets derived from the load profile using the asymmetric normalisation
load yields the largest strains and not the statistically derived set E, as
intended.
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not only set E, but also set A and the two parameter sets derived from the
test profile with the asymmetric normalisation ratio. Considering the actual
values, it shows that the outcome of set E with 0.45 % falls slightly below both
the reciprocal and non-reciprocal sets derived from the test profile using the
asymmetric normalisation ratio (both have an average wrinkle compression
strain of 0.47 %). Although this is negligible from an overall design perspective,
it does suggest that the interaction between the material parameters and the
wrinkle compression strain can be slightly more complicated for highly curved
geometries than formulated before.

To summarise, the results from the cable-stayed hypar with a relatively
high curvature show that the numerically predicted variations in stresses,
displacements and wrinkling in function of the derived material parameters
are fairly limited. It does however still show that in the majority of the cases
the statistically derived sets do indeed fulfil their function of covering the least
advantageous combination of stiffness parameters and yet do not yield results
which differ too much from the predictions obtained with stiffness parameters
that were derived through more conventional methods. Although in some
cases, such as wrinkling, the statistically derived sets do not necessarily lead to
the absolute worst-case scenario, the outcome still lies reasonably close to the
worst outcome even in these instances. These deviations are mainly caused
by the structure-material interaction which is slightly more complex than the
hypotheses made before assumed. Further refinement of the identification of
least-advantageous sets and the influences the material parameters have on the
structural response of a given typology can possibly increase the reliability of
the statistically derived sets and their ability to yield the absolute worst-case
results for a given failure mode. The practical use of this refinement can
however be debated seeing all the current statistically derived sets already
lie fairly close to the actual worst-case result for every failure mode of this
structure.

9.2.2 LOW CURVATURE

Stresses

When the height of the high points in the hypar is reduced, the double curvature
in this structure decreases. As this causes the geometry to become less-optimised
to capture the applied loads, the structure has to rely more on the material
to capture the energy and we thus expect higher stresses when these flatter
structures are put under load.
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Figure 9.5: In case of the low curvature hypar, set A results in the largest
strains for the snow load. In case of the wind load however, it is set E,
rather than set B, displaying the largest maximum stress under load.

This becomes clear immediately when observing the maximum stresses under
load (figure 9.5). Where in the previous structure the maximum stresses under
snow and wind load were 0.47 kN/m and 6.16 kN/m, these have now increased
to 8.24 kN/m and 11.14 kN/m respectively.

In the case of the snow load, set A still leads to the largest predicted stress in
this structure (figure 9.5, left). However, when looking at the wind load, the
maximum stress seems to come from set E, rather than set B this time around.
With a value of 10.59 kN/m, this assumed least-favourable set turns out to not
provide the structure with the maximum fill stress under the wind uplift and
underestimates the largest occurrence with 0.55 kN/m. The cause of this can
be found in the stress graphs generated in chapter 3: given the large increase in
stresses at the end of the graph, we made the assumption large Poisson’s ratios
lead to higher stresses. For this specific structure however, this is only partially
true. In fact, as can be seen in figure 3.17, the stresses show a small increase
for low values of Poisson’s ratios as well when the curvature is low. This,
combined with the fact that the stiffness moduli of sets B and E do not differ,
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Figure 9.6: The maximum displacements under load of the flatter hypar
reveal that the statistically derived sets C1 and D1 do indeed yield the
largest displacement values.

leads to set B being slightly more advantageous to the stresses as compared
to set E. This again illustrates the complex interaction between the structural
behaviour and the material parameters which exist in these structures, which
can not always be covered by a single statement. It is however important to
note that the largest stresses still come from one of the statistically derived sets,
despite the dependency of the stresses on the Poisson’s ratio not being as linear
and clean-cut as described before.

Displacements

Reducing the curvature of the hypar also has a very clear effect on the
displacements. The flatter geometry, as noted before in chapter 3 as well,
clearly results in larger displacements for both load cases (figure 9.6).

In this case however, set C1 provides indeed the maximum displacement
(193 mm) for the snow load as intended. The same applies for set D1 and
the wind load with this particular set showing a maximum displacement of
326 mm. Contrary to the previous case, the statistically derived sets do indeed
turn out to now provide the biggest displacements of all the investigated sets.
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Due to the sole difference between these two structures being the curvature,
this illustrates that adding curvature to the structural system increases its
complexity and makes it less intuitive to link the material stresses and strains
to the displacements due to the geometrical effects playing an important role
when the structure’s curvature is high.

Considering the variability on the noted displacements, the absolute difference
obtained by using the various sets of material parameters did not seem to be
influenced. For the snow load the difference between the largest and smallest
noted displacement is 29 mm and for the wind load this increases to 56 mm.
Since these two values differ only very slightly from the displacement variation
noted in the previous structure and the actual displacements increased, the
relative importance of these variations has been decreased. Rather than making
up one third of the maximum displacement, these variations now constitute
for about 15 % of the largest displacement for each of the two load cases.
This shows that, in terms of displacements, the relative importance of the
established variability on the derived stiffness parameters during the design
process decreases slightly due to the structure’s geometry and lack of curvature
becoming more decisive for the predicted displacements.

Wrinkling

As noted before in chapter 3, the wrinkle compressions strains decrease as the
curvature decreases. This is due to the increase in geometrical complexity when
the fabric surface becomes doubly curved. This clearly shows in the wrinkle
compression strain results for this flatter hypar structure with all values being
lower than the values noted for the high-curvature hypar (figure 9.7).

In this case, the outcomes are pretty clear with the statistically derived set
E resulting in the largest values for the wrinkle compression strains, thus
presenting the designer with the worst-case scenarios in terms of wrinkling.
However, it has to be mentioned again that wrinkling does not by definition
mean the structure will fail or is rendered useless. Seeing the limited values
of the wrinkle compression strains, and in case of the snow load the area of
these wrinkles (see also figure 9.8), none of the cases would likely lead to an
alteration in the design, contrary to the large displacements noted before which
will play a more important role during the design process.

Compared to the hypar structure with the higher curvature, this structure
displays an increase in both maximum stresses and displacements while
the wrinkle compressions strains become smaller. In terms of how well the
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Figure 9.7: Observing the wrinkle compression strains for the flatter
cable-stayed hypar shows the statistically derived set E to be the least-
advantageous in both cases.
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Figure 9.8: Under snow load (left), the prediction of wrinkles is limited
to small areas around the boundaries in the vicinity of the high points.
Under the wind uplift (right), this wrinkled area becomes significantly
larger. Both visualisations were obtained from the numerical simulation
using the material parameter set E
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Figure 9.9: Next to the cable-stayed hypar structures, the conical structure
presented in chapter 3 was also numerically analysed using the various
sets of stiffness parameters.

statistically derived sets capture the extremes of the structural behaviour, all
relevant sets indeed capture the behaviour they were targeted at, except for the
maximum fabric stresses under wind uplift. In this specific case, the interaction
between the material parameters and the maximum stresses turns out to be
slightly more complex with low Poisson’s ratios also increasing the maximum
stresses, which was not anticipated. This results in set E capturing the maximum
stresses rather than the intended set, set B. This sole example is an exception
however and in all other cases, the maximum stresses, displacements and
wrinkle compression strains are captured by the relevant statistically derived
sets of material parameters.

9.3 CONICAL STRUCTURE

The same analysis has been conducted for the conical structure as well (figure
9.9), bearing in mind the different interactions between the structural behaviour
and the material parameters noted in chapter 3.

Stresses

Again starting with the stresses, the increased scale of the structures first of all
results in a notable increase of the maximum stresses under load (figure 9.10).
We also note that, contrary to the hypar structure, the maximum stresses under
the downward snow load are now notably larger than the maximum stresses
noted for the wind load. This is a direct consequence of the conical geometry
where the top area lies relatively vertical and consists of notably less fabric.
These two factors combined result in this top area displaying large stresses
under downward loads.
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Figure 9.10: The maximum stresses noted in the conical structure show
the statistically derived sets A and B to result in the largest stresses for
the structure under snow load and wind load respectively.

Observing the different values again shows a fairly small variation between
the different material parameter sets. In case of the snow load, the maximum
stresses vary between 15.2 kN/m and 16.8 kN/m, showing a difference of
1.6 kN/m or 9.4 %. In case of the wind load, the maximum stresses range from
10 kN/m to 10.9 kN/m. Although in absolute values this difference, 0.9 kN/m,
is smaller than the variation noted for the stresses under snow load, the relative
difference with 8.1 %, is still fairly similar to the variation noted for the snow
load case. Overall, these variations are also not that different from the stress
observations made for the hypar structures before.

When looking at which sets provide the largest maximum stresses, it shows
that set A provides the largest stress under snow load and set B does the same
for the wind load, as intended.

Displacements

Turning our attention to the derived maximum displacements for the two load
cases first of all shows that the noted displacements are larger for the wind load
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Figure 9.11: Both the maximum displacements under load of the conical
structure are predicted by applying the statistically derived material
parameters sets C1 and D1, as intended.

than they are for the snow load (figure 9.11). This is again due to the fact that
the magnitude of the wind load is larger and it is consistently applied normal
to the structural surface, which is typically the least advantageous direction in
terms of displacements.

The maximum displacements noted for the snow load vary between 132 mm
and 160 mm with the largest value being provided by the statistically derived
material set C2, as intended. In case of the wind load, this variation in noted
values increases to 43 mm with results varying between 143 mm and 186 mm.
In this case the maximum value is obtained by applying set D2, the other one
of the two sets meant to result in large displacements.

Wrinkling

Finally, there is the matter of the occurrence of wrinkles in the loaded structure.
As noticed in chapter 3, this hypar structure inherently shows larger wrinkle
compression strains as compared to the investigated hypar structures. It also
showed that wrinkles were more dominant under snow load. These two
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Figure 9.12: Once again, the largest instances of the wrinkle compression
strains could not be predicted by the intended statistically derived set
of stiffness parameters (set E). This shows a more complex interaction
between the wrinkling behaviour and the material parameters than
initially derived.

observations are confirmed by observing the average wrinkle compression
strains for the various sets of material parameters (figure 9.12).

Observing these results again however shows some shortcomings of the rather
simple interpretation made of the interaction between the structural behaviour
and the applied orthotropic material parameters. Where the statistically derived
set E was expected to yield the worst design case for wrinkling, this turns
out to be the reciprocal MSAJ set for the snow load and set D2 for the wind
load. Looking at the material parameters this suggests again that the wrinkle
compression strain might not solely be influenced by the values of the Poisson’s
ratio, as assumed in the beginning of this investigation. The variations, in case
of the snow load, are however limited to 0.1 % and the visualisation of the
best and worst result does not show any noticeable difference (figure 9.13). In
case of the wind load, the difference between the two highest sets (D2 and E
respectively) is, with 0.3 %, notably higher but the graphical representation
reveals their area of impact to be limited in both cases (figure 9.14). This
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Set D2 - Wind load

Set E - Snow load

Set E - Wind load

MSAJ Reciprocal - Snow load

Figure 9.13: Although the reciprocal set of material parameters derived
from the MSAJ tests (left) yields a slightly higher average value for the
wrinkle compression strains than the intended set E (right), the full-field
representations differ not much from each other.

Set D2 - Wind load

Set E - Snow load

Set E - Wind load

MSAJ Reciprocal - Snow load

Figure 9.14: Under snow load, both sets D1 (yielding the largest average
wrinkle compression strain) and E show only a limited area around the
top ring to being affected by wrinkles.
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Figure 9.15: As the two last cases, two hypars with fixed boundaries were
discussed: one with a high curvature (left) and low curvature (right).

outcome however shows again that when it comes to the wrinkling behaviour
of fabric structures, the simple notion that lower Poisson’s ratios increase the
risk of wrinkling is too limited and might require some additional refinement.

Overall, the interpretation of these results show that in the majority of the
cases, the statistically derived sets are again shown to be able to capture the
least-favourable cases in terms of stresses and displacements. When it comes
to the occurrence of wrinkles, represented by the wrinkle compression strain,
however the premisses formulated in chapter 3 turned out to be too limited
to ensure the statistically derived set does indeed result in a numerical model
showing the largest wrinkle compression strains. However, as mentioned with
the hypar as well, the practical usefulness of this refinement can be debated
seeing wrinkling under load does not necessarily lead to long-term problems
with the overall structure.

9.4 HYPAR STRUCTURE WITH FIXED BOUNDARIES

The last structure to be investigated is the hypar structure where its boundaries
consist of straight, fixed lines. Similar to the previous hypar, two curvatures
were investigated: one high curvature structure with the high points at a height
of 2 m and one low curvature hypar with the high points at a height of 1 m
(figure 9.15).

9.4.1 HIGH CURVATURE

Stresses

Starting again with the high curvature geometry, going by the observations
made in chapter 3, we expect the maximum stresses to not change much, smaller
displacements and a reduction of the wrinkle compression strains, all a direct
consequence of fixing the structure’s boundaries. This can be noted first of all
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Figure 9.16: Fixing the boundaries of the hypar alters the stress results
slightly, but sets A and B are still providing the largest maximum material
stress of all the considered sets of material parameters as intended.

in the maximum stresses observed in the structure. Where for the cable-stayed
hypar, the maximum stresses were 6.16 kN/m in the warp direction (snow load)
and 9.04 kN/m in the fill direction (wind uplift), fixing the boundaries resulted
in maximum stresses of 7.17 kN/m and 8.64 kN/m respectively.

Again comparing which set of stiffness parameters gives which results, shows
again that in the case of the stresses set A and set B result in the largest values
for the snow load and wind load respectively (figure 9.16). So in this case,
the statistically derived sets again provide the worst-case scenario in terms
of stresses. Seeing the maximum variations on the stresses (0.95 kN/m and
0.53 kN/m for the snow and wind load respectively) the debate of course
remains to what extend this has any significant impact on the design, but from a
theoretical point-of-view having some degree of certainty that the analysis really
shows the maximum stresses, regardless of the test and parameter derivation
methodology use, is certainly an advantage.
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Figure 9.17: In case of the displacements under snow load, the reciprocally
derived material set based on the MSAJ test results in slightly higher
displacements as compared to the intended set C1. For the wind load
however, set D1 does indeed capture the largest displacement.

Displacements

Looking at the maximum displacements under load, the outcome of 83.36 mm
under snow load indeed shows a small increase as compared to the less
restricted hypar design discussed before. In case of the wind uplift however,
the largest displacement of 151.70 mm is slightly lower than before, again due
to the decrease of the overall magnitude of this load case.

Considering how the maximum displacements under load are influenced by
the various sets of material parameters shows the reciprocal MSAJ set resulting
in slightly higher displacements than the intended statistically derived set C1
for the structure under snow load (figure 9.17). With values of respectively
83.36 mm and 80.98 mm however, the practical impact of this slight difference
is once again negligible. This deviation from the assumed relation between
material parameters and displacements is again caused by the displacements of
this structure not really showing a single, clear trend (see figure 3.16 in chapter
3). In case of the snow load, the displacement tends to slightly increase as the
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Poisson’s ratio increases and decrease again for higher values. This causes
the derived MSAJ set, which has a higher warp stiffness but also a slightly
higher Poisson’s ratio, to fall in the local dip and this result in a slightly higher
displacement than the statistically derived set intended to capture this effect.
This again shows the inherent difficulty in describing the structural behaviour
in function of the material parameters but also to some extent the importance
the Poisson’s ratios can have on this behaviour. Purely going on the Young’s
moduli, set C1 should yield the most flexible structure, but due to the increased
interaction between the two direction which comes with higher Poisson’s ratios,
the material set with the slightly higher stiffness moduli results in a very slightly
larger displacement.

In case of the wind load however, the statistically derived set D1 indeed yields
the largest displacement with a value of 151.70 mm.

Wrinkling

Finally, the wrinkle compression strains were again observed for each of the
investigated sets of material parameters. As expected these results show a
notable decrease in the wrinkle compression strain, with even no occurrences
at all showing for the snow load.

Studying the results from the wind load, a similar result appears as the outcome
from the analysis on the conical structure: the statistically derived set E
falls short of capturing the maximum wrinkle compression strain as initially
intended (figure 9.18). The outcome shows set D1 to yield the largest result, yet
again showing that the link between the material parameters and wrinkling
behaviour is more complex than initially expected. In this specific case, set
D1 shows larger values for the Poisson’s ratios but despite the observations
made in chapter 3, still yields larger values for the wrinkle compression strain.
This again suggest that the Young’s moduli and possibly the ratio between the
modulus in each of the two fibre directions plays a role in this effect.

Overall, the analysis of this hypar with fixed boundaries again shows that
in the majority of the cases, the statistically derived sets indeed capture the
least-favourable case. There are however yet again instances where these sets
still slightly underestimate the results obtained from other sets of material
parameters. In most cases this comes down to the initial observations being too
limited in assessing the link between the material parameters and the actual
structural behaviour. This is is mostly the case for the wrinkle compression
strains where the notion that these values only depend on the Poisson’s ratios
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Figure 9.18: The wrinkle compressions strains again prove to be more
difficult to predict based on solely the Poisson’s ratio. In this case set D1,
instead of the intended set E, displays the largest wrinkle compression
strain.
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Figure 9.19: Decreasing the curvature of the hypar with the fixed
boundaries increases the stresses but the statistically derived parameter
sets A and B still result in the largest maximum stress predictions.

proved to be too limited to yield reliable results for this structure.

9.4.2 LOW CURVATURE

Stresses

The last structure to be investigated consists of the low curvature hypar where
the boundaries are fixed. Starting once again with the maximum stresses in
this structure, shows again a global increase in the maximum stress values due
to decreasing the curvature of the design. Reducing the curvature resulted in
the largest stress values to increase from 7.17 kN/m to 8.58 kN/m for the snow
load and from 8.64 kN/m to 10.55 kN/m for the wind load.

Observing the variations in maximum stresses obtained from the various sets
of material parameters again shows that the statistically derived sets A and B
yield the largest stress value in respectively the snow load and wind load case,
as intended (figure 9.19).
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Figure 9.20: Looking at the displacements, the statistically derived sets
C1 and D1 provide the designer with the largest displacements of all
considered sets of material parameters.

Displacements

The displacements noted for this structure again show that reducing the
curvature also increases the displacements in the structure, regardless of
whether the boundaries consist of cables or are translationally fixed. With the
maximum snow-induced displacement increasing from 83.36 mm to 188.39 mm
and the wind-induced displacements from 151.70 mm to 316.97 mm, this
difference is fairly noteworthy, illustrating the importance of curvature in
tensile fabric structures.

Identifying which sets of material parameters yield the maximum displacement
values again shows sets C1 and D1 provide these values for respectively the
snow and wind load case (figure 9.20).

Wrinkling

The wrinkle compressions strains are again notably smaller than the values
observed for the high curvature variation (figure 9.21). Despite this global
reduction in values, the noted difference are very likely not significant to the
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Figure 9.21: The largest instance of the wrinkle compression strain again
comes from set D1 rather than E, once again illustrating the limitation
of the initial assumptions relating the wrinkling behaviour solely the
Poisson’s ratios.

actual design. Even more so when the limitations of using a linear elastic
orthotropic material model to the actual modelling of wrinkling behaviour is
taken into account. Wrinkling has shown to be a fairly complex interaction
happening in the structure and the relation between the structural behaviour
and the linear elastic material parameters is likely too complex to describe by
trends in one or two of the stiffness parameters. This is why, despite the trends
noted in chapter 3, most of the wrinkle compression strain result showed other
material sets besides the intended set to yield the worst-case outcome.

The results from this flat hypar with its boundaries fixed again showed that
the statistically derived sets of material parameters are capable to predict the
worst-cases for the stresses and displacements for the investigated structures. It
does however also again shows the limitations of the approach, and possibly the
material model, when it comes to predicting the largest wrinkle compression
strain and thus provide the designer with the worst case scenario for the
occurrence of wrinkles. This shows that when it comes to the occurrence
of wrinkles in tensile structures and how this effect is influenced by the
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material parameters (and model), future research should provide some more
nuanced and in-depth studies to the interactions between the geometry, material
parameters and the numerical material model for prestressed fabric structures.

9.5 DISCUSSION AND CONCLUSIONS

This final chapter focussed on implementing the various derived material
parameters into the cases studied at the beginning of this thesis and studying
how the different sets of actual material parameters influence the predicted
structural behaviour and whether the statistically derived sets indeed capture
the least-advantageous prediction.

In most cases, the statistically derived sets indeed capture the worst case
for the studied parameters. However, in some instances there are indeed
other sets providing the designer with slightly worse values for the stresses,
displacements and wrinkle compressions strains. When this occurs for the
stresses and displacements, this is usually due to the interaction between the
structural behaviour and the material parameters being slightly more complex
than formulated in the beginning. While the relation between the various
parameters and the stresses and displacements was always assumed to be a
continuous trend based on the observations, there are some instances where
the influence was slightly more complex than this hypothesis puts forward.
This occasional discrepancy led to some cases where it were not the statistically
derived sets capturing the worst case scenario.

This latter turned out to be very important to the wrinkle compression strain
where the intended set E did often not result in the largest value, as initially
intended. The starting hypothesis here was that large Poisson’s ratios reduce
wrinkling in the structure. However, since no correlation between the wrinkle
compression strain and the Young’s moduli could be formulated, this provided
a fairly limited interpretation of the influence of the various material parameters
on the wrinkle compression strains. A more in-depth study should be able
to provide more information to the existing interactions between the material
and the wrinkling behaviour and thus allow to feed this more advanced
interpretation into the statistical analysis.

The last important thing to note is that even though the considered sets
of material parameters vary significantly, the actual impact on the stresses,
displacements and wrinkle compression strains is fairly limited. In most cases
the resulting differences are very limited compared to the influence of, for
instance, the geometrical design of the structure. Yet, the conducted analysis
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shows that the methodology derived during this investigation is capable to
capture the largest stresses and displacements, with some minor exceptions,
provided the impact of variations in the material parameters on the structure
has been established beforehand.
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10
Conclusions

Structural fabrics are an inherently complicated material. Due to their overall
composition, wide variety of manufacturing processes and the different
materials used for the fibres and coatings, their behaviour under stress is
very complex and difficult to characterise. In addition, the use of fabrics as a
structural material is a relative new given and is currently not yet covered by any
international standard, unlike more common materials such as steel or concrete.
The intrinsic complexity of the material combined with the lack of a uniform
approach in terms of testing these materials and deriving their engineering
constants results in a large variation of test environments, approaches and
predictions with different facilities often coming to very different test outcomes.

In the light of the recent work on an international, European code regarding
the design of fabric structures in general, and testing of fabrics in particular,
understanding how different assumptions, approaches and interpretations of
these material tests influence the outcome has grown more important than ever.
The need to really understand the differences in the results and find methods
of dealing with these large variations has thus increased significantly.

This was the main goal of the research presented in this dissertation: gaining a
clear insight in how a fabric’s engineering constants can vary depending on
various boundary conditions and how we can interpret this data to come to a
safe structural design. Through the structural analysis of various representative
structures, numerous biaxial tests on a PVC-coated polyester fabric and a
rigorous statistical analysis of the data, the impact of different decisions on the
outcome of biaxial tests has been established and a methodology of statistically
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deriving the least-favourable sets of material parameters has been proposed
and validated. The main findings and contributions of this investigation are
discussed below.

10.1 MATERIAL PARAMETERS AND THE STRUCTURAL BEHAVIOUR

The starting premiss of the described investigation was the idea that it is
possible to relate the structural behaviour to the fabric’s material parameters.
By studying the results of the numerical simulations of three representative
tensile surface structures (cable-stayed hypar, conical surface and hypar with
fixed boundaries) using a wide array of fictional, yet plausible, sets of material
parameters and relating them to the noted stresses, displacements and wrinkling
behaviour different hypotheses stating the relation between material and
structural design parameters could be formulated.

How does a fabric structure respond to various sets of material parameters?

The relation between the structural behaviour and the values of the different
material parameters has shown to be dependent on the actual structure. Not
only the typology (e.g. hypar versus conical) but also the boundary conditions
and curvature do influence how the structure responds to certain combinations
of material parameters.

Observing the maximum stresses and displacements as a function of the Young’s
moduli clearly shows an increase of the maximum stresses for higher stiffness
moduli while the displacements decrease for all the investigated structures.
In terms of the wrinkling behaviour, no link to the Young’s moduli could
be established. In terms of the Poisson’s ratio’s influence on the structural
behaviour, matters become slight more complex and the typology and boundary
conditions start playing a role. In case of the hypar with cable boundaries,
stresses remain fairly constant until high values of the Poisson’s ratio are reached
(> 0.8). Displacements on the other hand increase linearly as the Poisson’s ratio
increases. The conical structure however shows stress increases much sooner
(ν > 0.4) while the displacements now decrease as the Poisson’s ratio increases.
This effect could be mainly attributed to the boundary conditions and similar
behaviour could be noted when the boundaries of the hypar structure were
fixed. In all cases the wrinkling, characterised by the wrinkle compression
strain, decreased as the Poisson’s ratio increases.

When taking into account the effect of the curvature in these structures, the
sensitivity of the structural behaviour to variations in material parameters

294



10.1 MATERIAL PARAMETERS AND THE STRUCTURAL BEHAVIOUR

clearly increases as the structure becomes flatter. By reducing the geometrical
curvature in the structure, the actual material properties become more important
as the structure loses its ability to rely on its geometrical stiffness to capture and
transfer external loads. The way in which the reduction of curvature influences
the trend of the structural behaviour in function of the material parameters
again depends on the actual design.

Is it possible to identify least-favourable sets of material parameters?

This design-dependency thus plays a central role when trying to determine
which combination of material parameters poses the design with its worst
combination for a given failure more, being it stress- or displacement-driven or
the occurrence of wrinkles.

Based on the various trends noted during the numerical simulations different
statements could be formulated linking the material properties to the different
failure modes of the investigated structure. In case of the hypar structure with
cable boundaries, the identified relations per design parameter were:

• Strength: High Young’s moduli and high Poisson’s ratios

• Ponding and inversion: Low Young’s moduli and high Poisson’s ratios

• Wrinkling: Low Poisson’s ratios

In case of the conical structure and the hypar with fixed boundaries however,
these relations change to the following:

• Strength: High Young’s moduli and high Poisson’s ratios

• Ponding and inversion: Low Young’s moduli and low Poisson’s ratios

• Wrinkling: Low Poisson’s ratios

These (structure-dependent) relations between the material and design param-
eters will thus form the basis to derive the least-favourable combinations of
material parameters for each of these typologies and design parameters.
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The research described in this thesis thus offers a more in-depth insight in
the structure-material interaction and explores how factors like the boundary
conditions and geometrical curvature influence the impact which alterations
of material parameters have on the overall structural behaviour. Such an
understanding will prove critical in the ongoing work towards a unified
design code for fabric structures as it allows a well-founded selection of
non-advantageous material constants for each specific design case. Whereas
this investigation focused on two main typologies, it not only illustrates
some general concepts, like the impact of fixing boundaries rather than using
prestressed cables, but also explores a possible methodology which allows the
identification of these interactions for unique design cases.

10.2 TESTING OF FABRICS

In order to establish the impact of various decisions made during the biaxial
testing of fabrics and generate a range of representative material properties
forming the basis of the derivation of least-favourable sets, a single type of
PVC-coated polyester material (Sioen T1203) has been tested using different
load profiles. The obtained results were then interpreted using a wide variety
of existing methods to derive linear elastic orthotropic material parameter sets
from these tests.

How do different load profiles, mathematical derivation methods and im-
posed constraints influence the outcome of biaxial tests?

Direct impact of the load profile

During this investigation, the load profile by itself already showed to have
a significant impact on the stress-strain behaviour as well as the residual
strains at the end of each test. Most notably, it was established that in order to
yield representable stress-strain results, the applied load should be repeated
multiple times. When this does not happen, like for instance is the case with
the asymmetric load ratios applied by the load profile described in the Japanese
MSAJ code, the predictions of the material behaviour become notably softer
than when the applied load has been repeated multiple times.

In addition, not loading both fibre directions to their maximum level from the
start results in permanent strains which change constantly throughout the test.
This, together with asymmetric prestress or normalisation load ratios, tend to
lead to both a shift and a larger variability in the derived material parameters
as compared to both the MSAJ and default VUB load profiles which use a
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symmetric prestress and normalisation load ratio and start with loading both
fibres direction to their maximum load from the start of the test. Most notably
the results for Ewarp and νw f showed to be a lot more consistent over different
derivation methodologies for these two load profiles as compared to the load
profiles starting with a more asymmetric load application.

Derivation methods

When it comes to deriving linear elastic orthotropic material parameters
from the test data, various influences could be identified. Perhaps the largest
influence, aside from the applied load profile, is the enforcement of the reciprocal
constraint during the fitting of the material parameters to the experimental
data. If this constraint is not enforced, the values of νw f become notably
smaller. Altering the methodology used to conduct this fit results in additional
variations: utilising the least squares approach to minimise the difference
between the experimental data and the numerical predictions, rather than the
minimax method, shows to yield notably more consistent results, mainly for
νw f . On top of this, using the stress minimisation methodology rather than
the strain minimisation method results in lower Young’s moduli in the warp
direction.

Finally, the size of the experimental data set considered during the parameter
fitting showed to have no direct notable influence on the resulting material
parameters. There is however some impact on the residual of the fitting method
which indicates that the least square method benefits from a large data set
where the direct approximation method leads to lower residuals when the data
set is more limited in size.

Other considerations

As a final section in this part regarding biaxial testing, the obtained experimental
data has been used to establish some other important considerations which
should be taken into account when testing fabrics and interpreting the results.

First of all, opting for a mechanical strain measurement technique (linear
transducers) showed to provide notably different results in both the determined
strains and the derived material parameters as compared to the optical method
(3D DIC measurements). Part of this has been attributed to the non-central
location of the linear transducers, but even when corrected for this bias,
the results still showed to differ somewhat, with the mechanical technique
providing a stiffer material response due to some unexpected minor rotations of
the transducer connectors. A proper design of this transducer-fabric connection,
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combined with low-resistance movement of the transducers, is thus crucial to
ensure both consistency and reliability in the displacement results obtained by
the transducers.

An alternative interpretation of the reduction factor describing the difference
between the applied stress and the stress in the center of the cruciform sample
has been proposed as well. Rather than imposing a single, global averaged
reduction factor which does not take into account the difference due to the two
main fibre directions and various load ratios, a logarithmic representation of
this factor in function of the normalised load ratio has been proposed. This
representation, of the shape R = A ∗ ln(γ) + 1, takes into account the variations
which the actual reduction factor experiences under the application of different
load ratios. By describing two separate factors, one for each fibre direction,
and fitting a natural log-function to the numerically derived reduction factors
for each load ratio rather than considering a global average, accuracy of the
prediction of the expected stresses in the center can be increased.

The last part of the investigation into the biaxial testing of fabrics focussed on
tests conducted by various research institutes. By testing the same material
on three different setups using the same load profile, possible variations in
the results could be established. This showed to be rather significant with
no possible way of establishing which results were the most representative
or “accurate”. This difference can become an important consideration when a
single uniform guide with regards of biaxial testing has been established as the
inherent differences in bench design, measurement methodology, sample size
and environment can still cause rather significant differences in the outcome,
regardless of imposing a single load profile.

Overall, this study on the variability of biaxial test results showed how various
decisions in the load profile, derivation method and different other parameters
can influence the outcome of a biaxial test. This eventually results in one
material providing a total of 320 different sets of stiffness parameters which
cover a fairly large distribution in both Young’s moduli and Poisson’s ratios,
quantifying the differences in obtained material constants and illustrating
how various decisions in test methodology can influence the outcome. As
we are moving towards a standard for testing fabrics, assessing the natural
variability of the mechanical behaviour of fabrics in a way described in this
doctoral research and understanding how different test approaches influence
the outcome of the experiment is a crucial step that will allow us to make
supported proposals to internationally standardise the test methodology.
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How can we characterise the noted variations using established statistical
methods and use these distributions to derive statistically meaningful pa-
rameters?

In order to make interpretation of the large variability in the material parameter
sets derived from the various biaxial tests possible, a new statistical approach
has been proposed, carried out and validated. This methodology aims to
interpret the noted variability on the stiffness parameters and utilise the
derived statistical distributions together with the noted interactions between
the material parameters and the structural behaviour to come to various
least-favourable sets of parameters for each of the three structural design
criteria.

Due to the best-fit statistical distributions being derived directly from the
experimental data using the maximum likelihood estimates, the tabulated
critical values of the common goodness-of-fit tests are invalid. Instead, a
methodology is suggested which uses a bootstrapping approach to derive the
correct critical values using the derived maximum likelihood estimate. This
methodology is however fairly conservative and can become too restrictive
when results from various load profiles are interpret. Limiting to one particular
load profile, like would be the case when a common code regarding biaxial
testing of fabrics gets released, drastically reduces the variability on the data
and results in a better fit between the experimental data and the proposed
statistical distributions when this more restrictive goodness-of-fit test is used.

Using this methodology to derive least-favourable sets of material parameters
however requires more than the best-fit distribution for each of the four stiffness
parameters and the previously formulated interactions between structure and
material properties. Since various relations, typical to the tested material,
between these parameters exist, these inter-parameter correlations should be
safeguarded to ensure the outcome does not misrepresent the actual material.
By establishing these correlations and integrating them into the derivation
methodology of the least-favourable sets, the derived sets are ensured to be
worst-case scenarios yet remain representative for the actual material. The
result comes down to five statistically derived sets of material parameters for
each of the investigated structures, with each set capturing a specific critical
part of the design process of tensile fabric structures, being it maximum stresses,
displacements or wrinkling behaviour.

299



CHAPTER 10 CONCLUSIONS

10.4 IMPACT OF PARAMETER VARIATION ON THE DESIGN PROCESS

Deriving the various material parameter sets is however only part of the story.
Without comparing the outcome to both a regular approach of deriving material
parameters from one specific load profile as well as to the experimental results,
the validity of the obtained sets is difficult to establish. Various numerical
simulations, both simulating the biaxial sample and the investigated structures,
thus aimed to compare the various obtained sets of material parameters to
each other and, in case of the model of the biaxial sample, to the experimental
results. This provides the final piece of the puzzle and closes the loop of
the proposed investigation by relating the derived parameters and proposed
statistical methodology to the practice of testing fabrics and designing tensile
surface structures.

What is the impact of the noted variations in the material parameters on
numerical models describing the biaxial tests?

By applying both the parameter sets derived using the conventional methods
as well as the statistically derived parameter sets to a numerical model of the
biaxial sample, the numerically predicted outcomes of each of the sets could be
compared directly to the experimental stress-strain results.

When the sets of stiffness parameters were derived directly from one specific
load profile, the predicted stress-strain behaviour matches up fairly well with
the experimental results, with the difference increasing the more asymmetric the
applied load ratio becomes. Also not imposing the reciprocal constraint during
the derivation of the material parameters slightly increases the correspondence
between the numerical and experimental results, even though the material
parameters had to be made reciprocal afterwards to ensure a symmetrical
compliance matrix in the numerical analysis. This is still a common and
important limitation in the way the linear elastic orthotropic material model is
numerically formulated. More advanced material models could offer better
solutions in this regard but often come with parameters that are more difficult
to interpret as well as more time-consuming derivation methods.

Comparing the different statistically derived material sets to the range of
possible stress-strain curves obtained from the experiments shows that, in
most cases, the predictions lie indeed in the expected range. There are
however instances where the numerically predicted results rather significantly
overestimate the material strains for a given stress level. This can be attributed
to a number of parameters: first of all, there is the stiffening (or any other
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non-linear straining effect) of the material which is not covered by the linear
elastic model used during this investigation. The second parameter which
can cause these deviations is again the fact that the derived parameter sets
have to be adapted to ensure the compliance matrix is symmetric. In the
case of the statistically derived sets, this was achieved by considering the
least-favourable ratio between the Young’s modulus and Poisson’s ratio for the
considered failure mode and adapt only one of the two Poisson’s ratios so that
both ratios (Ewarp/νw f and E f ill/ν f w) become equal. In two particular sets, this
approach results in the fill-warp Poisson’s ratio ν f w to fall outside of the range
of experimentally derived values, consequently leading to unexpectedly large
warp strains in both asymmetric load ratios with a predominant warp load. In
most other cases however, the location of the stress-strain curves obtained from
applying the statistically derived sets to the numerical model behave exactly
as expected and tend to capture the borders of the range of experimentally
derived stress-strain behaviour.

To what extent do the resulting strain differences influence the design
process?

How much the differences between the experimental and numerical stress-strain
curves actually influence the practical design of a tensile surface structure and
whether the statistically derived sets do indeed yield the worst-case scenarios
from a design perspective was studied in the last chapter of this dissertation.

Modelling five of the previously analysed structures (two cable-stayed hypars,
one conical surface and two hypars with fixed boundaries) allowed to verify
the stresses, displacements and wrinkle behaviour caused by each of the
different sets of material parameters. By comparing the results from the
statistically derived sets to the various outcomes of the conventionally derived
sets of stiffness parameters, the hypothesis that these statistically determined
combinations are indeed least-favourable has been verified.

In most of the cases the derived sets intended to capture the maximum stresses
and displacements do indeed provide just that, without confronting the designer
with excessive results. In the few cases where another set besides the intended
statistically derived set yielded the worst-case scenario this was caused by
the influence between the material parameters and the structural behaviour
being not as linear as formulated above. In these cases however, the difference
with the intended least-favourable set is too small to make any significant
difference to the actual design. So overall, when it comes to maximum stresses
and displacements, the described methodology showed to work as intended
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and provide the designer with an unfavourable, but reasonable, set of stiffness
parameters covering the possible variability in the parameters caused by
differences in test and derivation methodologies. It can however be debated
that the difference between the results of these least-favourable sets of material
parameters and the other sets is too limited to play a significant role. On
the other hand does it still remove some of the uncertainty that surrounds
the material parameters and how they vary in function of the biaxial test
methodology applied to the material.

When it comes to the wrinkling behaviour of the structure however, matters
turned out to be more complicated than initially anticipated. Where the
initial formulated relation assumed that wrinkling is solely influenced by
the Poisson’s ratio and no clear correlation could be identified between the
wrinkle compression strains and the Young’s moduli, this showed to be too
simplistic to accurately predict the least-favourable set for this failure mode.
As a consequence we often find other sets providing worse results for this
specific failure mode, showing the interaction between the material and its
tendency to wrinkle is subjected to more interactions than merely the value of
the Poisson’s ratios. It can be debated however that this is the failure mode
where material properties will likely play a smaller role as wrinkling is often a
direct consequence of the geometrical design and applied loads more than the
actual material properties. Moreover does it not necessarily result in overall
structural failure in the way high stresses or large displacements can.

Overall, the proposed statistical interpretation of the variability in the fabric’s
material constants showed to indeed capture worst case scenarios in terms of
displacements and stresses without being excessive. As such, it offers a novel
way of interpreting variations in these material constants, regardless of the
underlying cause, thus allowing application in a wide array of cases. Where
the investigation presented in this thesis combined variabilities of various
origin (load profile, derivation methodology, etc.), it will work just as well in
cases where the variability is reduced through standardising specific factors.
The ability to select least-favourable sets of material parameters for various
design cases is another important part in the standardisation of the biaxial
test methodology for fabrics, which will not only allow designers to design
their structures more reliably, but will also enable manufacturers to provide
more design-oriented material characteristics. The proposed methodology will
allow a simple, mathematical description of uncertainties contained within the
material itself as well as variability which might occur due to tests conducted
under different, difficult to standardise, boundary conditions.
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The research presented in this dissertation focusses on establishing the vari-
ability which currently exists in biaxial testing of fabrics and formulates
a methodology to describe these variations and how they can be used to
derive least-advantageous sets of material parameters. Understanding and
interpreting these variations has grown more important in the light of the
currently ongoing work of the CEN/TC248 working groups towards an
European standard regarding tensile fabric structures. This code aims to
harmonise all practices regarding the design of tensile surface structures,
including biaxial testing of fabrics.

The interpretation methodology presented in this dissertation offers an alterna-
tive look at how we can interpret the biaxial test data and, bearing in mind the
statistical methodology described in the existing Eurocodes, comes to various
disadvantageous, yet representative, sets of stiffness parameters for a given
structure. The downside of this method is that it requires existing knowledge
on how the given design behaves in function of the various material parameters.
This is fairly straightforward for a simple, but limited, material model like the
linear elastic orthotropic model, but can become increasingly more complex for
more advanced material models. One possible route for future research in this
regard is thus investigate whether the proposed methodology can accommodate
more complex material models as well.

Despite the relative simple material model however, some relations between
the material parameters and the structural behaviour are already more complex
than the initially assumed linear correlation. This is especially true for wrinkling
behaviour which seems to respond to material parameters less straightforward
than initially formulated. Further expanding our understanding of these
interactions to capture the more refined aspects of this synergy will benefit
the reliability of the statistically derived sets of stiffness parameters within the
structural analysis.

Aside from these, the research described in this dissertation was limited in
a number of ways to ensure it remained focused and on target. To start, it
focussed on one particular type of material, namely PVC-coated polyester.
Other materials, such as PTFE-coated glass, have a different composition
and consequently display a different material behaviour, thus altering the
interactions between the different material parameters, their actual values and
the interaction between the structural behaviour and the material. It also limits
the number of studied structural typologies, did not alter structural parameters
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such as the prestress and only studies a limited number of biaxial load profiles.
All of these can, in theory, be expanded to verify whether the observations and
methodologies laid out in this dissertation still hold up in broader scenarios.

Currently, the most important part when it comes to biaxial testing however
is the harmonisation of the way biaxial tests on fabrics are conducted. As the
described research shows, a lot of the variability in the generalised material
properties is a direct result of using different load profiles, boundary conditions
and mathematical assumptions. Moving forward, we first need to reduce
the inter-laboratory variability of these tests as much as possible and remove
as much of the variables as possible. In the cases where different options
are allowed to coexist alongside (for instance both mechanical and optical
strain measurement methods), it is important to understand the advantages,
limitations and impact on the test outcomes of each of these options to ensure
the test results are interpret correctly. The best way to generate a broad overview
of these differences would be a large inter-laboratory study which tests the
same material using the same load profile but in various research institutions
all over Europe. Post-processing all the obtained stress-strain results in the
same way will thus provide an international base-line towards the stress-strain
variations we can expect from these tests when variables are reduced as much
as possible. The proposed methodology then offers a possible way to represent
this variability and condense it down to unfavourable sets of structure-oriented
material parameters.

In all, there is still a lot of work to be done moving towards a Eurocode
dealing with fabric structures. Not only in regards to the variability in the
material behaviour but also to the reliability of the applied loads (e.g. wind
pressure coefficients on fabric roofs), the different limit states and how they are
influenced by intrinsic parameters such as the fabric prestress and how various
unique instability effects like wrinkling or fluid-structure interactions can be
efficiently modelled with sufficient reliability. This research, focussing on some
of the engineering challenges related to using fabric materials as structural
element, is another step pushing our understanding of fabrics as an engineering
material forward and offering an alternative take on the way we can cope with
highly variable material behaviours.
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Appendices





A
Matlab code for deriving the material parameters

A.1 MAIN FUNCTION

The created Matlab routine for deriving the material constants consists of a
main backbone, presented in this section, and four separate sub-functions
which are provided in the next section.

This main function also provides a method to derive a set of material parameters
based on the material model described in (Galliot and Luchsinger, 2009).

1 %% General input (x=warp, y=weft)

2

3 % Input should be put into the "data" variable...

4 % consisting of 4 columns:

5 % warp stresses, fill stresses, warp strains and fill strains.

6

7 clc; clearvars −except data;

8

9 % Check wheter the required "data" variable exists

10 if exist('data','var')==0

11 msgbox['No data matrix found. Please import test data' ...

12 'to variable "data".','Critical error','Error']

13 else

14 % Reduction factor; Set to 1 if the width is already taken into

15 % account in the input data.

16 R = 0.95;

17

18 % Width in meter; Set to 1 if the width is already taken into

19 % account in the input data.
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20 W = 0.30;

21

22 %% Bigger data sets straight from Excel

23

24 Data = zeros(size(data,1),4); % Preallocate "Data" matrix.

25

26 for i = 1:size(data,1);

27 Data(i,1) = R*data(i,1)/W; % Extract the warp stress.

28 Data(i,2) = R*data(i,2)/W; % Extract the fill stress.

29 Data(i,3) = data(i,3); % Extract warp strain.

30 Data(i,4) = data(i,4); % Extract the fill strain.

31 end

32

33 % Check for all−0 rows and remove them.

34 Data = Data(all(Data,2),:);

35

36 %% MSAJ

37

38 %% STRESS MINIMIZATION − NOT RECIPROCAL

39

40 % Allows for alteration of the patternsearch iteration count

41 options = psoptimset ('MaxIter',1000000);

42

43 X0 = [1 1 1 1]; % [E11 E22 v12 v21]

44 %lb = [−10000 −10000 −10000 −10000]; % Lower bounds

45 %ub = [10000 10000 0.5 0.5]; % Upper bounds

46

47 % Objective function

48 fun = @(X)sum(arrayfun(@(k)((X(1)*Data(k,3) + X(2)*Data(k,4))−...

49 Data(k,1))ˆ2 + ((X(3)*Data(k,3) + X(4)*Data(k,4))−...

50 Data(k,2))ˆ2,1:size(Data,1)));

51

52 % fmincon optimisation

53 %E1 = fmincon(fun,X0,[],[],[],[],lb,ub);

54

55 % Patternsearch optimisation

56 E1b = patternsearch(fun,X0,[],[],[],[],[],[]);

57

58 % Parameter determination

59 vyx1 = E1b(2)/E1b(1);

60 vxy1 = E1b(3)/E1b(4);

61 v1 = 1−(vxy1*vyx1);

62 Ext1 = E1b(1) * v1;

63 Eyt1 = E1b(4) * v1;

64

65 % Determine the residual

66 S1 = sum(arrayfun(@(k)(((Ext1/(1−vxy1*vyx1))*Data(k,3)+...

67 ((Ext1*vyx1)/(1−vxy1*vyx1))*Data(k,4))−Data(k,1))ˆ2 +...
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68 (((Eyt1/(1−vxy1*vyx1)) * Data(k,4)+((Eyt1*vxy1)/...

69 (1−vxy1*vyx1))*Data(k,3)) − Data(k,2))ˆ2,1:size(Data,1)));

70

71 %% STRESS MINIMIZATION − RECIPROCAL

72

73 X0 = [1 1 1]; % [E11 E12=E21 E22]

74 %lb = [0 −10000 0]; % Lower bounds for parameters

75 %ub = [10000 10000 10000]; % Upper bounds for parameters

76

77 % Objective function

78 fun = @(X)sum(arrayfun(@(k)((X(1)*Data(k,3)+X(2)*Data(k,4))−...

79 Data(k,1))ˆ2+((X(2)*Data(k,3) + X(3)*Data(k,4))−...

80 Data(k,2))ˆ2,1:size(Data,1)));

81

82 % fmincon optimisation

83 %E2 = fmincon(fun,X0,[],[],[],[],lb,ub);

84

85 % Patternsearch optimisation

86 E2b = patternsearch(fun,X0,[],[],[],[],[],[]);

87

88 % Parameter determination

89 vyx1b = E2b(2)/E2b(1);

90 vxy1b = E2b(2)/E2b(3);

91 v1b = 1−(vxy1b*vyx1b);

92 Ext1b = E2b(1) * v1b;

93 Eyt1b = E2b(3) * v1b;

94

95 % Determine the residual

96 S2 = sum(arrayfun(@(k)(((Ext1b/(1−vxy1b*vyx1b))*...

97 Data(k,3)+ ((Ext1b*vyx1b)/(1−vxy1b*vyx1b))*...

98 Data(k,4)) − Data(k,1))ˆ2+(((Eyt1b/(1−vxy1b*vyx1b))*...

99 Data(k,4)+((Eyt1b*vxy1b)/(1−vxy1b*vyx1b))*Data(k,3))−...

100 Data(k,2))ˆ2,1:size(Data,1)));

101

102 %% STRAIN MINIMIZATION − NOT RECIPROCAL

103

104 X0 = [1 1 1 1]; % [E11 E12 E21 E22]

105 %lb = [0 0 0 0]; % Lower bounds for parameters

106 %ub = [10000 10000 0.5 0.5]; % Upper bounds for parameters

107

108 % Objective function

109 fun = @(X)sum(arrayfun(@(k)((X(1)*Data(k,1)−X(2)*Data(k,2))−...

110 Data(k,3))ˆ2+((X(4)*Data(k,2) − X(3)*Data(k,1))−...

111 Data(k,4))ˆ2,1:size(Data,1)));

112

113 % fmincon optimisation

114 %E3 = fmincon(fun,X0,[],[],[],[],lb,ub);

115
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116 % Patternsearch optimisation

117 E3b = patternsearch(fun,X0,[],[],[],[],[],[]);

118

119 % Parameter determination

120 Ext2 = 1/E3b(1);

121 Eyt2 = 1/E3b(4);

122 vyx2 = E3b(2)*Eyt2;

123 vxy2 = E3b(3)*Ext2;

124

125 % Determine the residual

126 S3 = sum(arrayfun(@(k)((Data(k,1)/Ext1)−(Data(k,2)*...

127 (vyx1/(Eyt1−Data(k,3)))))ˆ2+((Data(k,2)/(Eyt1))−...

128 (Data(k,2)* (vxy1/(Ext1−Data(k,4)))))ˆ2,1:size(Data,1)));

129

130 %% STRAIN MINIMIZATION − RECIPROCAL

131

132 X0 = [1 1 1]; % [E11 E12 E22]

133 %lb = [0 −10000 0]; % Lower bounds for parameters

134 %ub = [10000 10000 10000]; % Upper bounds for parameters

135

136 % Objective function

137 fun = @(X)sum(arrayfun(@(k)((X(1)*Data(k,1)−X(2)*Data(k,2))−...

138 Data(k,3))ˆ2+((X(3)*Data(k,2)−X(2)*Data(k,1))−...

139 Data(k,4))ˆ2,1:size(Data,1)));

140

141 % fmincon optimisation

142 %E4 = fmincon(fun,X0,[],[],[],[],lb,ub);

143

144 % Patternsearch optimisation

145 E4b = patternsearch(fun,X0,[],[],[],[],[],[]);

146

147 % Parameter determination

148 Ext2b = 1/E4b(1);

149 Eyt2b = 1/E4b(3);

150 vyx2b = E4b(2)*Eyt2b;

151 vxy2b = E4b(2)*Ext2b;

152

153 % Determine the residual

154 S4 = sum(arrayfun(@(k)((Data(k,1)/Ext1)−(Data(k,2)*...

155 (vyx1/(Eyt1−Data(k,3)))))ˆ2+((Data(k,2)/(Eyt1))−...

156 (Data(k,2)*(vxy1/(Ext1−Data(k,4)))))ˆ2,1:size(Data,1)));

157

158 %% BEST APPROXIMATION − STRESS MIN − NON RECIPROCAL

159

160 % Make a global DATA variable

161 %(BA method is conducted in an external function)

162 global DATA

163
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164 % Global variable is equal to the local Data variable

165 DATA = Data;

166

167 X0 = [1 1 1 1]; % [Ex Ey vx vy]

168 lb = [0 0 0 0]; % Lower bounds

169 %ub = [5000 5000 5000 5000]; % Upper bounds

170

171 % Alter the maximum itteration count for the BA method

172 option.MaxFunEvals = 10000;

173

174 % Run the optimisation function (external myfun stress function)

175 [x,S5] = fminimax(@myfun stress,X0,[],[],[],[],lb,[]);

176

177 % Parameter determination

178 vyx3 = x(2)/x(1);

179 vxy3 = x(3)/x(4);

180 v3 = 1−(vxy3*vyx3);

181 Ext3 = x(1) * v3;

182 Eyt3 = x(4) * v3;

183

184 %% BEST APPROXIMATION − STRESS MIN − RECIPROCAL

185

186 X0 = [1 1 1]; % [Ex Ey vx vy]

187 lb = [0 0 0]; % Lower bounds

188 %ub = [5000 5000 5000 5000]; % Upper bounds

189

190 % Run the optimisation function

191 % (external myfun stress recip function)

192 [x,S6] = fminimax(@myfun stress recip,X0,[],[],[],[],lb,[]);

193

194 % Parameter determination

195 vyx3b = x(2)/x(1);

196 vxy3b = x(2)/x(3);

197 v3b = 1−(vxy3b*vyx3b);

198 Ext3b = x(1) * v3b;

199 Eyt3b = x(3) * v3b;

200

201 %% BEST APPROXIMATION − STRAIN MIN − NON RECIPROCAL

202

203 X0 = [1 1 1 1]; % [Ex Ey vx vy]

204 %lb = [0 0 0 0]; % Lower bounds

205 %ub = [5000 5000 5000 5000]; % Upper bounds

206

207 % Run the optimisation function (external myfun function)

208 [x,S7] = fminimax(@myfun,X0);

209

210 % Parameter determination

211 Ext4 = 1/x(1);
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212 Eyt4 = 1/x(4);

213 vyx4 = −x(2)*Eyt4;

214 vxy4 = −x(3)*Ext4;

215

216 %% BEST APPROXIMATION − STRAIN MIN − RECIPROCAL

217

218 X0 = [1 1 1]; % [Ex Ey vx vy]

219 %lb = [0 0 0]; % Lower bounds

220 %ub = [5000 5000 5000 5000]; % Upper bounds

221

222 % Run the optimisation function

223 % (external myfun recip function)

224 [x,S8] = fminimax(@myfun recip,X0);

225

226 % Parameter determination

227 Ext4b = 1/x(1);

228 Eyt4b = 1/x(3);

229 vyx4b = −x(2)*Eyt4b;

230 vxy4b = −x(2)*Ext4b;

231

232 %% SUMMARISE MSAJ FITTING RESULTS

233

234 % Create summarising matrix for output

235 M = [Ext1 Eyt1 vxy1 vyx1 S1 ;...

236 Ext1b Eyt1b vxy1b vyx1b S2 ;...

237 Ext2 Eyt2 vxy2 vyx2 S3 ;...

238 Ext2b Eyt2b vxy2b vyx2b S4 ;...

239 Ext3 Eyt3 vxy3 vyx3 max(S5) ;...

240 Ext3b Eyt3b vxy3b vyx3b max(S6) ;...

241 Ext4 Eyt4 vxy4 vyx4 max(S7) ;...

242 Ext4b Eyt4b vxy4b vyx4b max(S8)];

243

244 %% EMPA

245

246 %% LEAST SQUARES CALCULATION FOR EMPA MODEL

247

248 % (Re)compose Data matrix

249

250 n = size(Data,1); % Number of load ratios

251 gamma = zeros(n,2); % Preallocate gamma matrix

252

253 i=1;

254

255 % Determine the Gamma values for each load ratio

256 for i = 1:n

257 gamma(i,:) = [Data(i,1)/(sqrt((Data(i,1)ˆ2)+...

258 (Data(i,2)ˆ2))),Data(i,2)/(sqrt((Data(i,1)ˆ2)+...

259 (Data(i,2)ˆ2)))];
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260 end

261

262 % Find the least squares solution

263

264 X0 = [1 1 1 1 0]; % [Ex11 Ey11 deltaEx deltaEy vxy]

265 lb = [0 0 0 0 0]; % Lower bounds for parameters

266 ub = [5000 5000 5000 5000 0.5]; % Upper bounds for parameters

267

268 % Objective function

269 fun = @(X)sum(arrayfun(@(k)((((Data(k,1)−(X(5)*...

270 Data(k,2)))/((X(3)*(gamma(k,1)−(1/sqrt(2))))+...

271 X(1)))−Data(k,3))ˆ2)+((((Data(k,2)/((X(4)*...

272 (gamma(k,2)−(1/sqrt(2))))+X(2)))−((X(5)*...

273 Data(k,1))/((X(3)*(gamma(k,1)−(1/sqrt(2))))+...

274 X(1))))−Data(k,4))ˆ2),1:size(Data,1)));

275

276 % fmincon optimisation

277 % Result = fmincon(fun,X0,[],[],[],[],lb,ub);

278

279 % Patternsearch optimisation

280 Resultb = patternsearch(fun,X0,[],[],[],[],lb,ub);

281

282 % Determine the residual

283 S7 = @(X)sum(arrayfun(@(k)((((Data(k,1)−(Resultb(5)*...

284 Data(k,2)))/((Resultb(3)*(gamma(k,1)−(1/sqrt(2))))+...

285 Resultb(1)))−Data(k,3))ˆ2)+((((Data(k,2)/((Resultb(4)*...

286 (gamma(k,2)−(1/sqrt(2))))+Resultb(2)))−...

287 ((Resultb(5)*Data(k,1))/((Resultb(3)*...

288 (gamma(k,1)−(1/sqrt(2))))+Resultb(1))))−Data(k,4))ˆ2),...

289 1:size(Data,1)));

290

291 %% GENERATE OUTPUT

292

293 Header1 = {'Ex' 'Ey' 'vxy' 'vyx' 'S'};
294 Header2 = {'Ex' 'Ey' 'Delta Ex' 'Delta Ey' 'vxy' 'S'};
295 Column1 = {' ';'STRESS − NR';'STRESS − R';'STRAIN − NR';...

296 'STRAIN − R';'MIMA − STRESS − NR';'MIMA − STRESS − R';...

297 'MIMA − STRAIN − NR';'MIMA − STRAIN − R'};
298

299 Result MSAJ = [Column1 [Header1;num2cell(M)]]

300 Result EMPA = [Header2;num2cell(Resultb) num2cell(S7)]

301

302 end
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A.2 ADDITIONAL SUB-FUNCTIONS

As noted above, the main function calls four different sub-routines. These short
functions are presented below.

1 function f = myfun stress(X)

2 global DATA

3

4 % Objective functions

5 f(1) = max(arrayfun(@(k)(abs((X(1)*DATA(k,3)+...

6 X(2)*DATA(k,4)) − DATA(k,1))),1:size(DATA(:,3))));

7 f(2) = max(arrayfun(@(k)(abs((X(3)*DATA(k,3)+...

8 X(4)*DATA(k,4)) − DATA(k,2))),1:size(DATA(:,3))));

1 function f = myfun stress recip(X)

2 global DATA

3

4 % Objective functions

5 f(1) = max(arrayfun(@(k)(abs((X(1)*DATA(k,3)+...

6 X(2)*DATA(k,4)) − DATA(k,1))),1:size(DATA(:,3))));

7 f(2) = max(arrayfun(@(k)(abs((X(2)*DATA(k,3)+...

8 X(3)*DATA(k,4)) − DATA(k,2))),1:size(DATA(:,3))));

1 function f = myfun(X)

2 global DATA

3

4 %Objective functions

5 f(1) = max(arrayfun(@(k)(abs((X(1)*DATA(k,1)+...

6 X(2)*DATA(k,2)) − DATA(k,3))),1:size(DATA(:,1))));

7 f(2) = max(arrayfun(@(k)(abs((X(3)*DATA(k,1)+...

8 X(4)*DATA(k,2)) − DATA(k,4))),1:size(DATA(:,1))));

1 function f = myfun recip(X)

2 global DATA

3

4 % Objective functions

5 f(1) = max(arrayfun(@(k)(abs((X(1)*DATA(k,1)+...

6 X(2)*DATA(k,2)) − DATA(k,3))),1:size(DATA(:,1))));

7 f(2) = max(arrayfun(@(k)(abs((X(2)*DATA(k,1)+...

8 X(3)*DATA(k,2)) − DATA(k,4))),1:size(DATA(:,1))));
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Table B.1: Derived sets of material parameters from the first test using
the MSAJ load profile derived through the least squares method.

MSAJ profile
Ewarp E f ill νw f ν f w

Test 1 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 647.63 500.13 0.4633 0.3578
Stress min. - NR. 686.75 447.52 0.6878 0.2553
Strain min. - R. 528.52 431.16 0.5806 0.4737
Strain min. - NR. 711.38 449.65 0.7164 0.2410

Data set 6
Stress min. - R. 565.32 480.14 0.4515 0.3835
Stress min. - NR. 563.75 483.42 0.4394 0.3910
Strain min. - R. 582.54 488.16 0.4511 0.3780
Strain min. - NR. 593.09 483.66 0.4695 0.3598

Data set 7
Stress min. - R. 569.61 480.36 0.4622 0.3898
Stress min. - NR. 568.12 484.44 0.4424 0.4026
Strain min. - R. 597.14 486.80 0.4658 0.3798
Strain min. - NR. 598.50 484.11 0.4749 0.3749

Data set 8
Stress min. - R. 584.09 490.21 0.5063 0.4249
Stress min. - NR. 590.48 487.88 0.4631 0.4581
Strain min. - R. 633.96 477.93 0.5381 0.4057
Strain min. - NR. 616.81 487.71 0.4906 0.4512
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Table B.2: Derived sets of material parameters from the first test using
the MSAJ load profile derived through the minimax method.

MSAJ profile
Ewarp E f ill νw f ν f w

Test 1 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 563.89 427.73 0.5139 0.3898
Stress min. - NR. 567.49 425.31 0.5008 0.3898
Strain min. - R. 584.77 450.12 0.4975 0.3829
Strain min. - NR. 584.83 480.33 0.4646 0.4086

Data set 6
Stress min. - R. 579.05 495.11 0.4564 0.3902
Stress min. - NR. 568.50 412.83 0.4941 0.3904
Strain min. - R. 584.76 458.88 0.4975 0.3904
Strain min. - NR. 584.81 529.21 0.3224 0.4502

Data set 7
Stress min. - R. 561.56 413.14 0.5490 0.4039
Stress min. - NR. 580.74 459.08 0.4835 0.3990
Strain min. - R. 590.18 456.93 0.5136 0.3976
Strain min. - NR. 590.19 482.43 0.4696 0.4198

Data set 8
Stress min. - R. 599.67 514.71 0.5183 0.4449
Stress min. - NR. 657.76 503.84 0.4259 0.4106
Strain min. - R. 606.00 476.25 0.5605 0.4405
Strain min. - NR. 605.97 471.97 0.6095 0.4366
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Table B.3: Derived sets of material parameters from the second test using
the MSAJ load profile derived through the least squares method.

MSAJ profile
Ewarp E f ill νw f ν f w

Test 2 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 564.85 475.84 0.4765 0.4014
Stress min. - NR. 562.06 486.29 0.4380 0.4231
Strain min. - R. 585.80 481.88 0.4804 0.3952
Strain min. - NR. 587.11 486.35 0.4681 0.3989

Data set 6
Stress min. - R. 562.18 488.90 0.4149 0.3608
Stress min. - NR. 555.19 506.64 0.3538 0.3985
Strain min. - R. 587.77 494.15 0.4159 0.3497
Strain min. - NR. 573.62 506.07 0.3764 0.3813

Data set 7
Stress min. - R. 564.00 493.45 0.4211 0.3684
Stress min. - NR. 561.18 507.80 0.3593 0.4062
Strain min. - R. 597.14 495.08 0.4282 0.3551
Strain min. - NR. 579.96 507.05 0.3838 0.3926

Data set 8
Stress min. - R. 574.57 507.73 0.4506 0.3982
Stress min. - NR. 585.80 511.60 0.3849 0.4364
Strain min. - R. 626.39 496.96 0.4755 0.3773
Strain min. - NR. 605.41 511.00 0.4099 0.4318
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Table B.4: Derived sets of material parameters from the second test using
the MSAJ load profile derived through the minimax method.

MSAJ profile
Ewarp E f ill νw f ν f w

Test 2 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 537.20 464.66 0.4534 0.3922
Stress min. - NR. 625.35 499.15 0.1704 0.3850
Strain min. - R. 565.56 460.09 0.4594 0.3737
Strain min. - NR. 565.54 477.03 0.3742 0.3875

Data set 6
Stress min. - R. 537.25 461.73 0.4552 0.3912
Stress min. - NR. 602.92 479.09 0.1978 0.3914
Strain min. - R. 566.99 468.66 0.4560 0.3769
Strain min. - NR. 567.12 498.69 0.3071 0.4007

Data set 7
Stress min. - R. 542.41 467.96 0.4722 0.4074
Stress min. - NR. 522.12 443.09 0.5245 0.4204
Strain min. - R. 574.47 467.24 0.4749 0.3863
Strain min. - NR. 574.35 488.41 0.3338 0.4042

Data set 8
Stress min. - R. 560.87 493.96 0.5172 0.4555
Stress min. - NR. 507.72 441.10 0.6292 0.4770
Strain min. - R. 593.96 470.63 0.5261 0.4169
Strain min. - NR. 593.95 579.73 0.3716 0.5135
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Table B.5: Derived sets of material parameters from the first test using
the default VUB load profile derived through the least squares method.

Standard VUB profile
Ewarp E f ill νw f ν f w

Test 1 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 690.18 593.78 0.3720 0.3201
Stress min. - NR. 678.93 621.54 0.2901 0.3714
Strain min. - R. 731.22 599.87 0.3696 0.3032
Strain min. - NR. 704.69 619.73 0.3145 0.3511

Data set 6
Stress min. - R. 680.51 600.03 0.3189 0.2812
Stress min. - NR. 665.77 628.92 0.2370 0.3358
Strain min. - R. 713.32 604.72 0.3184 0.2699
Strain min. - NR. 682.67 629.40 0.2539 0.3265

Data set 7
Stress min. - R. 680.66 600.22 0.3191 0.2813
Stress min. - NR. 665.92 629.11 0.2372 0.3360
Strain min. - R. 713.32 604.72 0.3184 0.2699
Strain min. - NR. 682.67 629.40 0.2539 0.3265

Data set 8
Stress min. - R. 693.77 626.05 0.3527 0.3183
Stress min. - NR. 699.30 639.07 0.2676 0.3729
Strain min. - R. 746.85 613.92 0.3647 0.2998
Strain min. - NR. 716.24 637.82 0.2842 0.3674
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Table B.6: Derived sets of material parameters from the first test using
the default VUB load profile derived through the minimax method.

Standard VUB profile
Ewarp E f ill νw f ν f w

Test 1 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 627.48 553.20 0.342929 0.3023
Stress min. - NR. 662.67 570.10 0.203634 0.310074
Strain min. - R. 684.09 559.92 0.3403 0.2785
Strain min. - NR. 666.45 620.02 0.1704 0.3230

Data set 6
Stress min. - R. 628.33 553.78 0.341763 0.3012
Stress min. - NR. 664.11 565.55 0.199583 0.308851
Strain min. - R. 685.18 560.46 0.3387 0.2770
Strain min. - NR. 667.87 587.19 0.2354 0.3026

Data set 7
Stress min. - R. 632.70 561.14 0.356854 0.3165
Stress min. - NR. 666.19 611.32 0.231983 0.323501
Strain min. - R. 669.38 566.42 0.3488 0.2951
Strain min. - NR. 673.22 652.41 0.1518 0.3467

Data set 8
Stress min. - R. 655.79 590.64 0.418322 0.3768
Stress min. - NR. 751.00 698.54 0.168275 0.373037
Strain min. - R. 702.48 594.49 0.4166 0.3526
Strain min. - NR. 702.47 688.79 0.2168 0.4085
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Table B.7: Derived sets of material parameters from the second test using
the default VUB load profile derived through the least squares method.

Standard VUB profile
Ewarp E f ill νw f ν f w

Test 2 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 679.37 580.20 0.3887 0.3319
Stress min. - NR. 670.00 607.89 0.3036 0.3832
Strain min. - R. 724.15 587.77 0.3854 0.3128
Strain min. - NR. 697.19 606.81 0.3285 0.3611

Data set 6
Stress min. - R. 671.26 586.88 0.3321 0.2903
Stress min. - NR. 657.64 616.41 0.2456 0.3460
Strain min. - R. 707.54 593.09 0.3293 0.2760
Strain min. - NR. 677.37 616.81 0.2636 0.3329

Data set 7
Stress min. - R. 671.55 587.19 0.3321 0.2904
Stress min. - NR. 657.91 616.77 0.2456 0.3461
Strain min. - R. 706.59 592.42 0.3302 0.2768
Strain min. - NR. 677.37 616.81 0.2636 0.3329

Data set 8
Stress min. - R. 682.82 614.34 0.3645 0.3280
Stress min. - NR. 690.31 627.27 0.2757 0.3834
Strain min. - R. 740.52 602.63 0.3757 0.3057
Strain min. - NR. 707.54 625.64 0.2915 0.3771
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Table B.8: Derived sets of material parameters from the second test using
the default VUB load profile derived through the minimax method.

Standard VUB profile
Ewarp E f ill νw f ν f w

Test 2 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 617.03 544.44 0.3488 0.3078
Stress min. - NR. 657.04 598.17 0.205465 0.3192
Strain min. - R. 687.04 549.40 0.3572 0.2857
Strain min. - NR. 655.35 536.72 0.2507 0.3035

Data set 6
Stress min. - R. 616.90 541.73 0.3522 0.3093
Stress min. - NR. 679.11 610.40 0.104281 0.3197
Strain min. - R. 684.76 547.89 0.3567 0.2854
Strain min. - NR. 658.93 617.84 0.1881 0.3415

Data set 7
Stress min. - R. 626.33 544.14 0.3737 0.3246
Stress min. - NR. 610.31 540.41 0.401481 0.3083
Strain min. - R. 674.33 550.55 0.3675 0.3001
Strain min. - NR. 669.08 557.17 0.3384 0.3116

Data set 8
Stress min. - R. 650.45 574.44 0.4360 0.3850
Stress min. - NR. 692.92 615.45 0.295169 0.3867
Strain min. - R. 682.28 562.99 0.4011 0.3310
Strain min. - NR. 696.79 606.36 0.3529 0.3748
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Table B.9: Derived sets of material parameters from the first test using
the load profile with an asymmetric prestress derived through the least
squares method.

Alter prestress ratio
Ewarp E f ill νw f ν f w

Test 1 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 636.13 473.27 0.5007 0.3725
Stress min. - NR. 666.95 519.21 0.3176 0.4101
Strain min. - R. 776.72 496.02 0.4711 0.3009
Strain min. - NR. 717.22 523.24 0.3338 0.3752

Data set 6
Stress min. - R. 637.48 492.00 0.4466 0.3447
Stress min. - NR. 657.42 540.51 0.2623 0.3914
Strain min. - R. 756.55 511.50 0.4185 0.2829
Strain min. - NR. 698.12 541.62 0.2836 0.3616

Data set 7
Stress min. - R. 637.79 492.14 0.4469 0.3448
Stress min. - NR. 657.71 540.52 0.2631 0.3913
Strain min. - R. 756.55 511.50 0.4185 0.2829
Strain min. - NR. 698.12 541.62 0.2836 0.3616

Data set 8
Stress min. - R. 650.35 518.25 0.4656 0.3711
Stress min. - NR. 704.13 541.04 0.2864 0.4140
Strain min. - R. 802.89 514.01 0.4747 0.3039
Strain min. - NR. 743.67 541.06 0.3021 0.3973
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Table B.10: Derived sets of material parameters from the first test using the
load profile with an asymmetric prestress derived through the minimax
method.

Alter prestress ratio
Ewarp E f ill νw f ν f w

Test 1 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 625.08 459.80 0.4792 0.3525
Stress min. - NR. 632.16 471.30 0.4527 0.3526
Strain min. - R. 714.00 468.82 0.4858 0.3190
Strain min. - NR. 701.65 512.97 0.2599 0.3559

Data set 6
Stress min. - R. 624.32 456.63 0.4816 0.3522
Stress min. - NR. 742.54 602.09 0.0365 0.3526
Strain min. - R. 709.97 467.47 0.4854 0.3196
Strain min. - NR. 701.65 512.10 0.2687 0.3553

Data set 7
Stress min. - R. 630.31 465.30 0.4954 0.3657
Stress min. - NR. 769.19 649.23 0.0019 0.3657
Strain min. - R. 708.95 472.00 0.5024 0.3345
Strain min. - NR. 708.94 550.73 0.1528 0.3903

Data set 8
Stress min. - R. 645.54 482.05 0.5502 0.4108
Stress min. - NR. 819.28 563.29 0.0439 0.4105
Strain min. - R. 716.80 474.46 0.5158 0.3414
Strain min. - NR. 734.00 504.32 0.3452 0.3816
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Table B.11: Derived sets of material parameters from the second test
using the load profile with an asymmetric prestress derived through the
least squares method.

Alter prestress ratio
Ewarp E f ill νw f ν f w

Test 2 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 638.49 478.45 0.4989 0.3738
Stress min. - NR. 671.00 528.67 0.3041 0.4151
Strain min. - R. 787.22 502.67 0.4670 0.2982
Strain min. - NR. 723.16 532.27 0.3214 0.3777

Data set 6
Stress min. - R. 639.04 494.94 0.4456 0.3451
Stress min. - NR. 659.50 546.32 0.2538 0.3945
Strain min. - R. 763.16 515.52 0.4148 0.2802
Strain min. - NR. 702.80 547.85 0.2748 0.3626

Data set 7
Stress min. - R. 639.30 495.04 0.4457 0.3452
Stress min. - NR. 659.74 546.33 0.2544 0.3945
Strain min. - R. 763.16 515.52 0.4148 0.2802
Strain min. - NR. 702.80 547.85 0.2748 0.3626

Data set 8
Stress min. - R. 650.62 521.81 0.4628 0.3712
Stress min. - NR. 706.75 546.60 0.2750 0.4168
Strain min. - R. 810.34 518.07 0.4699 0.3004
Strain min. - NR. 747.91 547.27 0.2882 0.3987
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Table B.12: Derived sets of material parameters from the second test
using the load profile with an asymmetric prestress derived through the
minimax method.

Alter prestress ratio
Ewarp E f ill νw f ν f w

Test 2 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 628.89 501.71 0.4438 0.3541
Stress min. - NR. 748.40 598.75 0.0136 0.3543
Strain min. - R. 711.38 471.30 0.4826 0.3197
Strain min. - NR. 705.37 531.51 0.2444 0.3654

Data set 6
Stress min. - R. 625.08 482.71 0.4440 0.3429
Stress min. - NR. 540.49 451.71 0.1589 0.6853
Strain min. - R. 704.07 469.80 0.4801 0.3204
Strain min. - NR. 705.36 531.45 0.2443 0.3654

Data set 7
Stress min. - R. 635.42 472.63 0.4903 0.3647
Stress min. - NR. 756.82 602.92 0.0068 0.3407
Strain min. - R. 710.59 473.36 0.4993 0.3326
Strain min. - NR. 711.70 612.95 0.1142 0.4319

Data set 8
Stress min. - R. 641.80 487.51 0.5474 0.4158
Stress min. - NR. 826.12 615.71 0.0149 0.4133
Strain min. - R. 776.37 473.39 0.5455 0.3326
Strain min. - NR. 737.61 551.06 0.2749 0.4154
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Table B.13: Derived sets of material parameters from the first test using
the load profile with an asymmetric normalisation load ratio derived
through the least squares method.

Alter normalisation ratio
Ewarp E f ill νw f ν f w

Test 1 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 747.22 493.00 0.5306 0.3501
Stress min. - NR. 783.57 522.51 0.3427 0.4159
Strain min. - R. 902.39 498.85 0.5009 0.2769
Strain min. - NR. 816.65 529.05 0.3474 0.4006

Data set 6
Stress min. - R. 735.31 491.13 0.4819 0.3219
Stress min. - NR. 757.76 518.91 0.3109 0.3876
Strain min. - R. 856.68 495.08 0.4526 0.2616
Strain min. - NR. 782.52 523.24 0.3164 0.3752

Data set 7
Stress min. - R. 735.64 491.45 0.4819 0.3219
Stress min. - NR. 758.11 519.26 0.3109 0.3877
Strain min. - R. 856.68 495.08 0.4526 0.2616
Strain min. - NR. 782.52 522.72 0.3164 0.3749

Data set 8
Stress min. - R. 682.63 498.38 0.4951 0.3615
Stress min. - NR. 735.80 518.86 0.3259 0.3922
Strain min. - R. 840.21 498.85 0.4968 0.2950
Strain min. - NR. 782.52 521.68 0.3343 0.3741
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Table B.14: Derived sets of material parameters from the first test using
the load profile with an asymmetric normalisation load ratio derived
through the minimax method.

Alter normalisation ratio
Ewarp E f ill νw f ν f w

Test 1 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 680.49 461.22 0.5387 0.3651
Stress min. - NR. 870.41 645.35 0.0356 0.3864
Strain min. - R. 786.44 463.01 0.5340 0.3144
Strain min. - NR. 780.14 493.44 0.4108 0.3717

Data set 6
Stress min. - R. 687.05 462.79 0.4958 0.3340
Stress min. - NR. 886.20 602.60 0.0048 0.3886
Strain min. - R. 838.85 455.95 0.5762 0.3132
Strain min. - NR. 780.10 513.92 0.3454 0.3871

Data set 7
Stress min. - R. 677.17 447.42 0.5640 0.3726
Stress min. - NR. 899.11 581.11 0.0107 0.4018
Strain min. - R. 753.42 452.59 0.5233 0.3144
Strain min. - NR. 783.25 546.83 0.2496 0.4076

Data set 8
Stress min. - R. 683.97 459.58 0.5993 0.4027
Stress min. - NR. 901.86 574.77 0.0076 0.3992
Strain min. - R. 788.29 454.44 0.5537 0.3192
Strain min. - NR. 783.25 521.01 0.3149 0.3883
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Table B.15: Derived sets of material parameters from the second test using
the load profile with an asymmetric normalisation load ratio derived
through the least squares method.

Alter normalisation ratio
Ewarp E f ill νw f ν f w

Test 2 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 696.24 459.67 0.5365 0.3542
Stress min. - NR. 737.11 492.54 0.3230 0.4284
Strain min. - R. 853.89 463.15 0.5081 0.2756
Strain min. - NR. 764.27 496.02 0.3324 0.4153

Data set 6
Stress min. - R. 693.77 465.82 0.4887 0.3281
Stress min. - NR. 720.64 496.51 0.2949 0.4025
Strain min. - R. 821.77 468.53 0.4608 0.2627
Strain min. - NR. 743.67 498.85 0.3064 0.3920

Data set 7
Stress min. - R. 694.05 466.16 0.4887 0.3283
Stress min. - NR. 720.95 496.90 0.2948 0.4027
Strain min. - R. 821.77 468.53 0.4608 0.2627
Strain min. - NR. 743.67 498.85 0.3064 0.3920

Data set 8
Stress min. - R. 637.57 473.06 0.5002 0.3712
Stress min. - NR. 700.93 497.30 0.2976 0.4080
Strain min. - R. 807.84 472.76 0.5069 0.2967
Strain min. - NR. 742.62 498.37 0.3130 0.3916
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Table B.16: Derived sets of material parameters from the second test using
the load profile with an asymmetric normalisation load ratio derived
through the minimax method.

Alter normalisation ratio
Ewarp E f ill νw f ν f w

Test 2 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 625.84 441.75 0.5245 0.3702
Stress min. - NR. 822.19 539.16 0.0090 0.4031
Strain min. - R. 849.36 443.81 0.6032 0.3152
Strain min. - NR. 740.54 494.79 0.2792 0.4008

Data set 6
Stress min. - R. 615.94 418.49 0.5920 0.4023
Stress min. - NR. 778.39 539.86 0.1408 0.4029
Strain min. - R. 865.23 439.54 0.6189 0.3144
Strain min. - NR. 740.54 481.36 0.3218 0.3899

Data set 7
Stress min. - R. 715.83 418.60 0.6386 0.3734
Stress min. - NR. 806.30 533.65 0.1090 0.4137
Strain min. - R. 743.49 437.29 0.5388 0.3169
Strain min. - NR. 742.37 524.15 0.2558 0.4241

Data set 8
Stress min. - R. 647.88 473.01 0.5713 0.4171
Stress min. - NR. 849.60 557.00 0.0022 0.4171
Strain min. - R. 780.64 441.60 0.5823 0.3294
Strain min. - NR. 742.30 506.56 0.1678 0.4099
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Table B.17: Derived sets of material parameters from the first test using
the EMPA-based load profile derived through the least squares method.

EMPA-based profile
Ewarp E f ill νw f ν f w

Test 1 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 650.18 598.31 0.4116 0.3788
Stress min. - NR. 704.14 630.27 0.2005 0.4880
Strain min. - R. 821.77 581.90 0.4279 0.3030
Strain min. - NR. 737.40 633.20 0.2138 0.4722

Data set 6
Stress min. - R. 645.39 602.50 0.3688 0.3443
Stress min. - NR. 688.56 637.90 0.1542 0.4667
Strain min. - R. 790.78 586.45 0.3756 0.2785
Strain min. - NR. 709.46 640.94 0.1610 0.4572

Data set 7
Stress min. - R. 646.20 603.21 0.3689 0.3444
Stress min. - NR. 689.45 638.64 0.1544 0.4668
Strain min. - R. 790.78 586.45 0.3756 0.2785
Strain min. - NR. 709.46 640.94 0.1610 0.4572

Data set 8
Stress min. - R. 646.20 603.21 0.3689 0.3444
Stress min. - NR. 689.45 638.64 0.1544 0.4668
Strain min. - R. 790.78 586.45 0.3756 0.2785
Strain min. - NR. 709.46 640.94 0.1610 0.4572
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Table B.18: Derived sets of material parameters from the first test using
the EMPA-based load profile derived through the minimax method.

EMPA-based profile
Ewarp E f ill νw f ν f w

Test 1 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 537.62 541.09 0.4220 0.4247
Stress min. - NR. 634.34 558.92 0.2757 0.4870
Strain min. - R. 708.30 523.61 0.4638 0.3428
Strain min. - NR. 684.08 601.72 0.1556 0.4963

Data set 6
Stress min. - R. 555.62 551.32 0.4051 0.4020
Stress min. - NR. 629.44 558.21 0.2897 0.4871
Strain min. - R. 708.30 523.61 0.4638 0.3428
Strain min. - NR. 686.59 606.64 0.1382 0.4943

Data set 7
Stress min. - R. 551.68 560.60 0.4257 0.4326
Stress min. - NR. 689.45 617.35 0.1432 0.5106
Strain min. - R. 726.89 576.14 0.4625 0.3666
Strain min. - NR. 683.16 596.84 0.2174 0.4859

Data set 8
Stress min. - R. 551.68 560.60 0.4257 0.4326
Stress min. - NR. 689.45 617.35 0.1432 0.5106
Strain min. - R. 726.89 576.14 0.4625 0.3666
Strain min. - NR. 683.16 596.84 0.2174 0.4859
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Table B.19: Derived sets of material parameters from the second test
using the EMPA-based load profile derived through the least squares
method.

EMPA-based profile
Ewarp E f ill νw f ν f w

Test 2 - Least squares [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 707.07 617.34 0.3965 0.3461
Stress min. - NR. 743.81 625.89 0.2299 0.4686
Strain min. - R. 851.12 591.75 0.4091 0.2844
Strain min. - NR. 775.57 633.96 0.2411 0.4619

Data set 6
Stress min. - R. 648.81 604.16 0.3728 0.3471
Stress min. - NR. 693.09 637.42 0.1586 0.4762
Strain min. - R. 800.44 587.77 0.3802 0.2791
Strain min. - NR. 716.24 642.51 0.1653 0.4669

Data set 7
Stress min. - R. 649.41 604.88 0.3729 0.3474
Stress min. - NR. 693.78 638.17 0.1588 0.4764
Strain min. - R. 800.44 587.77 0.3802 0.2791
Strain min. - NR. 716.24 642.51 0.1653 0.4669

Data set 8
Stress min. - R. 649.41 604.88 0.3729 0.3474
Stress min. - NR. 693.78 638.17 0.1588 0.4764
Strain min. - R. 800.44 587.77 0.3802 0.2791
Strain min. - NR. 716.24 642.51 0.1653 0.4669
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Table B.20: Derived sets of material parameters from the second test
using the EMPA-based load profile derived through the minimax method.

EMPA-based profile
Ewarp E f ill νw f ν f w

Test 2 - Minimax [kN/m] [kN/m] [-] [-]
Data set 3

Stress min. - R. 533.87 524.92 0.4433 0.4359
Stress min. - NR. 623.86 735.20 0.1112 0.4188
Strain min. - R. 680.00 513.09 0.4703 0.3548
Strain min. - NR. 671.08 591.11 0.2227 0.5188

Data set 6
Stress min. - R. 537.16 528.51 0.4364 0.4294
Stress min. - NR. 602.89 586.56 0.2969 0.4750
Strain min. - R. 815.31 513.10 0.5639 0.3549
Strain min. - NR. 672.97 593.04 0.2176 0.5166

Data set 7
Stress min. - R. 532.64 536.44 0.4540 0.4572
Stress min. - NR. 700.23 569.67 0.0345 0.5969
Strain min. - R. 752.70 515.94 0.5349 0.3666
Strain min. - NR. 667.23 655.96 0.1670 0.5741

Data set 8
Stress min. - R. 532.64 536.44 0.4540 0.4572
Stress min. - NR. 700.23 569.67 0.0345 0.5969
Strain min. - R. 752.70 515.94 0.5349 0.3666
Strain min. - NR. 667.23 655.96 0.1670 0.5741
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Table C.1: Numerically derived reduction factors per load ratio for both
the reciprocal and non-reciprocal material parameter sets derived from
the test using the MSAJ load profile.

Applied stress Central stress Reduction factors
σwarp σ f ill σwarp σ f ill Rwarp R f ill

Reciprocal [kN/m] [kN/m] [kN/m] [kN/m] [−] [−]

10-1 load ratio 21.05 2.11 21.03 1.87 0.9991 0.8890
5-1 load ratio 21.05 4.21 20.96 3.95 0.9955 0.9386
3-1 load ratio 21.05 7.02 20.88 6.71 0.9916 0.9564
2-1 load ratio 21.05 10.53 20.78 10.16 0.9869 0.9649
1-1 load ratio 21.05 21.05 20.47 20.50 0.9725 0.9738
1-2 load ratio 10.53 21.05 10.06 20.72 0.9560 0.9840
1-3 load ratio 7.02 21.05 6.59 20.80 0.9397 0.9879
1-5 load ratio 4.21 21.05 3.80 20.87 0.9027 0.9915
1-10 load ratio 2.11 21.05 1.69 20.94 0.8023 0.9948

Average - - - - 0.9496 0.9646

Non-reciprocal

10-1 load ratio 21.05 2.11 21.03 1.87 0.9991 0.8890
5-1 load ratio 21.05 4.21 20.96 3.95 0.9955 0.9386
3-1 load ratio 21.05 7.02 20.88 6.71 0.9916 0.9564
2-1 load ratio 21.05 10.53 20.78 10.16 0.9869 0.9649
1-1 load ratio 21.05 21.05 20.47 20.50 0.9725 0.9738
1-2 load ratio 10.53 21.05 10.06 20.72 0.9560 0.9840
1-3 load ratio 7.02 21.05 6.59 20.80 0.9397 0.9879
1-5 load ratio 4.21 21.05 3.80 20.87 0.9027 0.9915
1-10 load ratio 2.11 21.05 1.69 20.94 0.8023 0.9948

Average - - - - 0.9496 0.9646
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Table C.2: Numerically derived reduction factors per load ratio for both
the reciprocal and non-reciprocal material parameter sets derived from
the test using the default VUB load profile.

Applied stress Central stress Reduction factors
σwarp σ f ill σwarp σ f ill Rwarp R f ill

Reciprocal [kN/m] [kN/m] [kN/m] [kN/m] [−] [−]

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 20.98 3.96 0.9964 0.9408
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.83 10.20 0.9893 0.9692
1-1 load ratio 21.05 21.05 20.59 20.60 0.9781 0.9784
1-2 load ratio 10.53 21.05 10.17 20.80 0.9662 0.9881
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.91 20.94 0.9294 0.9948
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9628 0.9673

Non-reciprocal

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 20.98 3.96 0.9964 0.9408
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.83 10.20 0.9893 0.9692
1-1 load ratio 21.05 21.05 20.59 20.60 0.9781 0.9784
1-2 load ratio 10.53 21.05 10.17 20.80 0.9662 0.9881
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.91 20.94 0.9294 0.9948
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9628 0.9673
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Table C.3: Numerically derived reduction factors per load ratio for both
the reciprocal and non-reciprocal material parameter sets derived from
the test using the load profile with the asymmetric load ratio.

Applied stress Central stress Reduction factors
σwarp σ f ill σwarp σ f ill Rwarp R f ill

Reciprocal [kN/m] [kN/m] [kN/m] [kN/m] [−] [−]

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 21.01 3.97 0.9980 0.9431
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.85 10.20 0.9902 0.9689
1-1 load ratio 21.05 21.05 20.57 20.58 0.9770 0.9776
1-2 load ratio 10.53 21.05 10.13 20.75 0.9625 0.9870
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.85 20.93 0.9133 0.9941
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9608 0.9673

Non-reciprocal

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 21.05 3.97 0.9980 0.9431
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.85 10.20 0.9902 0.9689
1-1 load ratio 21.05 21.05 20.57 20.58 0.9770 0.9776
1-2 load ratio 10.53 21.05 10.13 20.78 0.9625 0.9870
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.85 20.93 0.9133 0.9941
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9608 0.9673
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Table C.4: Numerically derived reduction factors per load ratio for both
the reciprocal and non-reciprocal material parameter sets derived from
the test using the load profile with the asymmetric normalisation ratio.

Applied stress Central stress Reduction factors
σwarp σ f ill σwarp σ f ill Rwarp R f ill

Reciprocal [kN/m] [kN/m] [kN/m] [kN/m] [−] [−]

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 21.08 4.00 1.0011 0.9493
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.91 10.23 0.9930 0.9715
1-1 load ratio 21.05 21.05 20.61 20.61 0.9792 0.9790
1-2 load ratio 10.53 21.05 10.14 20.80 0.9635 0.9881
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.82 20.94 0.9082 0.9946
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9612 0.9686

Non-reciprocal

10-1 load ratio 21.05 2.11 21.04 1.86 0.9995 0.8848
5-1 load ratio 21.05 4.21 21.08 4.00 1.0011 0.9493
3-1 load ratio 21.05 7.02 20.91 6.74 0.9931 0.9603
2-1 load ratio 21.05 10.53 20.91 10.23 0.9930 0.9715
1-1 load ratio 21.05 21.05 20.61 20.61 0.9792 0.9790
1-2 load ratio 10.53 21.05 10.41 20.80 0.9635 0.9881
1-3 load ratio 7.02 21.05 6.70 20.88 0.9551 0.9917
1-5 load ratio 4.21 21.05 3.82 20.94 0.9082 0.9946
1-10 load ratio 2.11 21.05 1.81 21.01 0.8580 0.9979

Average - - - - 0.9612 0.9686
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Table C.5: Numerically derived reduction factors per load ratio for both
the reciprocal and non-reciprocal material parameter sets derived from
the test using the EMPA-based load profile.

Applied stress Central stress Reduction factors
σwarp σ f ill σwarp σ f ill Rwarp R f ill

Reciprocal [kN/m] [kN/m] [kN/m] [kN/m] [−] [−]

10-1 load ratio 21.05 2.11 21.12 1.89 1.0031 0.8975
5-1 load ratio 21.05 4.21 21.05 3.98 1.0001 0.9459
3-1 load ratio 21.05 7.02 20.98 6.77 0.9966 0.9646
2-1 load ratio 21.05 10.53 20.90 10.24 0.9928 0.9730
1-1 load ratio 21.05 21.05 20.67 20.67 0.9820 0.9819
1-2 load ratio 10.53 21.05 10.22 20.87 0.9706 0.9911
1-3 load ratio 7.02 21.05 6.72 20.93 0.9583 0.9944
1-5 load ratio 4.21 21.05 3.92 21.00 0.9310 0.9974
1-10 load ratio 2.11 21.05 1.81 21.06 0.8594 1.0002

Average - - - - 0.9660 0.9718

Non-reciprocal

10-1 load ratio 21.05 2.11 21.12 1.89 1.0031 0.8975
5-1 load ratio 21.05 4.21 21.05 3.98 1.0001 0.9459
3-1 load ratio 21.05 7.02 20.98 6.77 0.9966 0.9646
2-1 load ratio 21.05 10.53 20.90 10.24 0.9928 0.9730
1-1 load ratio 21.05 21.05 20.67 20.67 0.9820 0.9819
1-2 load ratio 10.53 21.05 10.22 20.87 0.9706 0.9911
1-3 load ratio 7.02 21.05 6.72 20.93 0.9583 0.9944
1-5 load ratio 4.21 21.05 3.92 21.00 0.9310 0.9974
1-10 load ratio 2.11 21.05 1.81 21.06 0.8594 1.0002

Average - - - - 0.9660 0.9718
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