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FOREWORD?!

The construction ecosystem is of strategic importance to the European Union (EU), as it

delivers the buildings and infrastructures needed by the rest of the economy and society,

having a direct i mpact on the safety of perso
construction ecosystem? includes activities carried out during the whole lifecycle of

buildings and infrastructures, namely the design, construction, maintenance, refurbishment

and demolition of buildings and infrastructure. The industrial construction ecosystem

employs approximately 24.9 million people in the EU and provides an added value of EUR

1 158 billion (9.6% of the EU total).

The construction ecosystem is a key element for the implementation of the European Single
Market and for many other important EU strategies and initiatives. Ensuring more
sustainable and climate resilient buildings and infrastructure, i.e., adapting the construction
ecosystem to inevitable impacts of the changing climate is one of the central priorities of
the European Green Deal (COM(2019) 640)3. The European Green Deal aims to achieve
climate neutrality for Europe by 2050, and relies on humerous initiatives, noteworthy:

1. the New Circular Economy Action Plan (COM(2020) 98 final)* and the New
Industrial Strategy for Europe (COM(2020) 102 final)® intending to accelerate the
transition of the EU industry to a sustainable model based on the principles of
circular economy;

2. the Renovation Wave for Europe (COM(2020) 662 final)® addressing the twin
challenge of energy efficiency and energy affordability and aiming to double, at
least, the annual renovation rates of the building stock (currently around 1%) and
launching the New European Bauhaus (COM(2021) 573 final)’ that is a creative
and interdisciplinary initiative that connects the European Green Deal to our living
spaces and experience;

3. the review (COM(2022) 144) ® of the Construction Products Regulation
(Regulation (EU) No 305/2011)° and the proposal for the revision of the Energy
Performance of Buildings Directive (COM(2021) 802 final)!° to ensure that the
design of new and renovated buildings at all stages is in line with the needs of the
circular economy, and lead to increased digitalisation and climate-proofing of the
building stock.

4. the new EU Climate Adaptation Strategy (COM(2021) 82 final)!! that sets out
how the EU can adapt to the unavoidable impacts of climate change and become
climate resilient by 2050. The Strategy has four principle objectives: to make

! Since this is a reedition of the 2016 report, the foreword has been edited to account for updated information.
2 https://ec.europa.eu/docsroom/documents/47996

3 https://edex.europa.eu/legmitent/EN/TXT/?uri=COM%3A2019%3A640%3AFIN

4 https://edex.europa.eu/legaitent/EN/TXT/?uri=COM%3A2020%3A98%3AFIN

5 https://etlex.europa.eu/legmitent/EN/TXT/?uri=CELEX%3A52020DC0102

8 https://edex.europa.eu/legmitent/EN/TXT/?uri=CELEX%3A52020DC0662

7 https://europa.eukeemopeabauhaus/index_en

8 https://edex.europa.eu/legmitent/EN/TXT/?uri=CELEX:52022PC0144

% https://edex.europa.eu/legaitent/EN/TXT/?uri=celex%3A32011R0305

10 https://etlex.europa.eu/legaitent/EN/TXT/?uri=CELEX%3A52021PC0802&qid=1641802763889
" https://etlex.europa.eu/legaitent/EN/TXT/?uri=COM:2021:82:FIN
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adaptation smarter, swifter and more systemic, and to step up international action
on adaptation to climate change.

Recognizing that the EU's ambition towards a climate neutral, resilient and circular

economy cannot be delivered without leveraging the European standardisation system, the

European Commission presented a new Standardisation Strategy (COM(2022) 31

final)'?, to enable global leadership of EU standards in promoting values and a resilient,

GreenandDi gi t al Singl e Mar ket . Th the sBentfoandagianyf spot s
the EU Single Market and global competitivenesso |, si nce invisikbkeybutar e i
fundamental part of our daily lifeo . European standards are embedo
objectives and have a key role to achieve a climate-neutral, resilient and circular economy.

The EU has already put in place a number of policy and regulatory instruments for the
construction sector, including related European Standards (EN). Within this framework, the
Eurocodes are a series of 10 European Standards, EN 1990 to EN 1999, comprising 59
parts and providing common technical rules for the design of buildings and other civil
engineering works. They cover in a comprehensive manner the basis of structural design,
actions on structures, the design of structures of the principal construction materials such
as concrete, steel, composite steel-concrete, timber, masonry and aluminium, and the
geotechnical, seismic and structural fire design as well.

Tensioned Membrane Structures have unique properties compared to the more
conventional built environment. Besides their low self-weight and high flexibility these
structures are known to be 'optimally' constructed, as they are only loaded in tension. It
results in shapes adapted to the flow of forces and a minimum of material needed to realise
the span. Despite a considerable amount of scientific knowledge exists, only few design
codes are available. A common standardised approach as well as a comprehensive
European design standard is needed in order to provide verification techniques, a common
pool of design approaches and to achieve a harmonized safety level.

Within CEN/TC 250/WG 5, CEN/TC 248/WG 4, the TensiNet Association and COST Action
TU1303, an international team of researchers, engineers, architects, material producers
and manufacturers has been working on this report, which provides background
information in support to the implementation and development of a future Eurocode for the
structural design of tensile membrane structures. The final aim is to develop a Eurocode
for the Structural Design of Tensile Membrane Structures which will help to design and
implement these lightweight structures. The Eurocode will not only assist and support the
industry and engineering offices but will also encourage potential clients to choose these
sustainable applications.

Thispreenor mati ve document i s published as a part o
theimpl ement ati on, harmonization and further devel
to provide basis for debate on a harmonized European approach to the structural design

of tensile membrane structures. It consists of three major parts:

a) general explanations giving scientific and technical background for the design of
membrane structures,

https://etlex.europa.eu/legaitent/EN/TXT/?uri=CELEX%3A52022DC0031
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b) state-of-the-art overview on existing national and European rules and
recommendations on the design of membrane structures, and

c) proposals for European harmonized design rules, which could be part of the future
Eurocode for Tensile Membrane Structures.

The editors and authors have sought to present useful and consistent information
in this report. However, users of information contained in this report must satisfy
themselves of its suitability for the purpose for which they intend to use it.

The report is available to download from
(http://eurocodes.jrc.ec.europa.eu).

Ispra, January 2023

Artur Pinto (retired on 31 August 2022) and Silvia Dimova
European Laboratory for Structural Assessment (ELSA), Institute for the Protection and
Security of the Citizen (IPSC), Joint Research Centre (JRC) of the European Commission

Marijke Mollaert
Vrije Universiteit Brussel, Convenor of CEN/TC250/WG5 on Membrane Structures

Steve Denton
Parsons Brinckerhoff, Chairman of CEN/TC250

The contribution of Maria Luisa Sousa (formerly JRC Scientific Project Officer) and
Francesca Sciarretta (JRC Scientific Project Officer) in the present re-edition of the report
is gratefully acknowledged.
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REPORT SERIES ASUPPORT TO THE | MPLEMENTATI O
AND FURTHER DEVELOPMENT OF THE EUROCODESO

In the light of the Commission Recommendation of 11 December 2003, DG JRC is

coll aborating with DG ENTR and CEN/TC250 fAStruc
Report SSeppore $0 thie implementation, harmonization and further

devel opment of tabJRC EiemcoandRbleywsReports. This Report Series

includes, at present, the following types of reports:

1. Policy support documents, resulting from the work of the JRC in cooperation with
partners and stakeholders on ASupport to th
development ofthe Euroc o des and ot her standards for th

2. Technical documents, facilitating the implementation and use of the Eurocodes
and containing information and practical examples (Worked Examples) on the use
of the Eurocodes and covering the design of structures or its parts (e.g. the technical
reports containing the practical examples presented in the workshop on the
Eurocodes with worked examples organized by the JRC);

3. Pre-normative documents, resulting from the works of the CEN/TC250 and
containing background information and/or first draft of proposed normative parts.
These documents can be then converted to CEN Technical Specifications;

4. Background documents, providing approved background information on current
Eurocode part. The publication of the document is at the request of the relevant
CEN/TC250 Sub-Committee;

5. Scientific/Technical information documents, containing additional, non-
contradictory information on current Eurocode part, which may facilitate its
implementation and use, or preliminary results from pre-normative work and other
studies, which may be used in future revisions and further developments of the
standards. The authors are various stakeholders involved in Eurocodes process
and the publication of these documents is authorized by relevant CEN/TC250 Sub-
Committee or Working Group.

Editorial work for this Report Series is performed by the JRC together with partners and
stakeholders, when appropriate. The publication of the reports type 3, 4 and 5 is made after
approval for publication by CEN/TC250, or the relevant Sub-Committee or Working Group.

The publication of these reports by the JRC serves the purpose of implementation, further
harmonization and development of the Eurocodes. However, it is noted that neither the
Commission nor CEN are obliged to follow or endorse any recommendation or result
included in these reports in the European legislation or standardisation processes.

The reports are available to download from the
(http://eurocodes.jrc.ec.europa.eu).
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1 Introduction and general

1.1 Placement of a Eurocode on membrane structures

Membrane structures made from technical textiles or foils are increasingly present in the

urban environment . They are all summari zed in

membrane structures were, decades ago, mainly built as i highly curved i roofs because
they are able to economically and attractively span large distances (such as sports
facilities), an evolution towards a much wider scope of applications is noticeable today.
Textile architecture in the built environment can nowadays be found in a variety of structural
skins, ranging from private housing to public buildings and spaces. This may be in the form
of small scale canopies (to provide solar shading or protection against rain), in performance
enhancing facades (such as dynamic solar shading, foils replacing glass elements and
acting as substrates for solar energy harvesting systems), roof constructions (to protect
archaeol ogi cal sites, mar ket pl aces, bus
see exemplary Figure 1-1.

Trichterschirm Montabaur, Germany,  Zénith de Strasbourg, France, source  Campus Luigi Einaudi Turin, Italy,

source and ©: formTL ingenieure fir and ©: formTL ingenieure fur source: formTL ingenieure fir

tragwerk und leichtbau GmbH tragwerk und leichtbau GmbH tragwerk und leichtbau GmbH, ©
Michele D'Ottavio

Figure 1-1 Modern membrane structures

Tensioned membrane constructions have unique properties that other, more conventional
building elements often do not possess simultaneously, such as low self-weight, high
flexibility, deformability, translucency and the capability of forming architecturally
expressive shapes that enhance the urban environment. In addition, membrane structures
are known to be 6optimal 6 since t birshapeaatre
flow of forces. Hence, they use a minimal amount of material to cover a space. Typical
shapes are synclastic and anticlastic forms, in some cases also flat structures are built like
facades, which are presented in Figure 1-2. Generally, synclastic structures are
pneumatically and flat and anticlastic structures are mechanically prestressed.
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Synclastic Structures Flat Structures Anticlastic Structures

& =

mechanically
prestressed

Figure 1-2  Typical shapes of membrane structures [US13a]

pneumatically prestressed mechanically prestressed

In most cases membrane structures consist of a primary and secondary structure. The
primary structure is the supporting structure which is in most cases a steel structure but
can also be made of aluminium, timber or concrete. The secondary structure is the textile
membrane or foil structure possibly reinforced by cables or belts. Only for air supporting
halls or when inflatable beams are used, the primary and secondary structures may be
both made of textile fabrics or foils. In cases of different materials for the primary and
secondary structures the design of these structures has to be performed using design rules
which are matched for different materials, e.g. steel-membrane or timber-membrane, to
achieve the same safety level and reliability. This is one of the main reasons for which a
harmonized European standard for the design of membrane structures is required which
would rely on the principles of existing Eurocodes.

However, at present only few national design codes for specific types of membrane
structures, such as air halls, are available in some European countries, despite of a
considerable amount of scientific knowledge of the structural behaviour. For this reason,
the industry desired a comprehensive European design code in order to

9 provide verification techniques representing the latest state of the art and recognized
research,

1 provide a common pool of design approaches and

1 achieve a harmonized safety level.

For this reason, within CEN/TC 250 AStructur al Eur ocod e
structural membranes was created that is commissioned to elaborate the corresponding

design code. The specific purpose of these works for WG 5 is to develop structural design

rules for membrane structures in a stepwise procedure that finally should result in a new

Eurocode on the design of membrane structures, see Figure 1-3. The preparation of it

already started within the TensiNet WG Specifications Eurocode in 2008.
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TensiNet proposal to CEN/TC 250 for a
Eurocode for membrane structures

v

2009 Confirmation of CEN/TC 250 to start with a working group
for membrane structures

v

2010 Formation of CEN/TC 250/ WG 5

v

2008

20_1'1 Preparation of the Master Document
as a draft towards a future Eurocode
2013 ¢
2013 Preparation of the Scientific and Policy Report (SaP-Report)
by CEN/TC 250G 5
until end of 2014
2015 v

Publication of the SaP-Report by the Joint Research Centre (JRC)
of the European Commission,
subsequent period of commenting

2016 ¢

Conversion of the SaP-Reportinto a
CEN Technical Specification (CEN TS)
by a Project Team of CEN/TC 250/ WG 5
in collaboration with the national mirror committees
(3 year drafting period)

2019 ¢

Period of trial use and commenting
(expected to be approx. 2 years)

2021 ¢

CEN/TC 250 decides whether the TS should
be converted into a EN (Eurocode)

v

Objective: Conversion of the TS into a
EN (Eurocode)
by a Project Team of CEN/TC 250/ WG 5
in collaboration with the national mirror committees
(3 year drafting period)

202 ¢

Period of commenting,
taking comments into account,
formal vote,
EN made available by CEN to National Standards Bodies,
introduction of EN in member states and
withdrawal of national codes

Figure 1-3  Steps to a Eurocode for Membrane Structures [SUMG14]

In view of this, in a first step, the present Scientific and Policy Report (SaP-Report) was to
be prepared as a background documentation for a future Eurocode for membrane
structures. This background document consists of three major parts:

(1)
(2)
3)

general explanations for the design of membrane structures with scientific and
technical background,

state-of-the-art overview on existing national and European rules and
recommendations on the design of membrane structures,

proposals for European harmonized rules for the design of membrane structures,
which could be part of the future Eurocode for membrane structures.
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Herewith, the SaP-report contains a presentation of the scientific and technical
background. Furthermore, it gives an up-to-date state-of-the-art overview related to the
design of membrane components as a kind of review. It reflects and refers to the existing
state of the art, existing national codes or rules and the latest scientific knowledge. Finally,
the report includes proposals for European harmonized rules for the design of membrane
structures or of what content future rules should be. These rules could be used - in a second
step after agreement with the Commission and the CEN Member States - as a basis for
standardisation that will indicate necessities of the code up to codelike formulations of
selected items.

Figure 1-4 illustrates the European code environment for the preparation of the SaP-report
for structur al membranes with regard to
of structural issues:

9 specifications of structural material and products,
9 rules on structural design and
9 execution rules.

Material specifications Structural design rules Execution rules
_ CEN/TC_248 CEN/TC 250 CEN/TC 250
Textiles and textile products Structural Eurocodes Structural Eurocodes
Material standards EN 1990 CEN/TC 250/\_NG 5
Testing standards Basis of Structural Design Structural Design of
Membrane Structures
| EN 1991
EOTA Actions on Structures
EN 1997
| Geotechnical Design
ETAG,o S EN 1998
ETAOGs Earthquake Resistance
CEN/TC 250/WG 5
Structural Design of
Membrane Structures
Figure 1-4 European code environment for the preparation of the Scientific and Policy Report

for Structural Membranes

Membrane structures require special execution rules for the use of structural fabrics and
foils. As no specific code is planned to be prepared, as exemplary EN 1090-2 [S36] for
steel and aluminium structures exist, the specific execution rules for membrane structures
are planned to be considered in a separate chapter of the structural design guide for
membrane structures, the Eurocode for membrane structures. Material specifications

comprise both material- and testing standards and EOTA-Gui del i nes ; tlen d

provide the product properties used in design. The reference from the design guideline to
the supporting standards as material specifications and execution standards requires
consistency that will be achieved by simultaneous working on these standards, for which
cooperation is provided in early stages of the drafting between CEN/TC 250, CEN/TC 248
and EOTA.
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1.2 Eurocode rules applicable to membrane structures

Within the Eurocode family, a future standard (Eurocode) on the design of membrane

structures has to fit to the principles of the structural design concept according to the

existing Eurocodes in order to achieve a harmonized level of safety independent from the

different construction materials. For this reason, firstly, the general specifications of
Eurocode 0 (EBasit&DP&ignpShAaye fio be considered. Se
specified in Eur oc oAttionsbn Strictiresb 9 D hvEeS2b] bedappl i e
combinations of actions are regulated in EN 1990. Looking at the wind and snow actions

already defined in Eurocode 1, the question arises which of those already specified loads

are applicable for membrane structures. Trying to answer this question it becomes obvious

that up to now, no actions are specified in Eurocode 0 which complies with membrane

structures. For this reason, this topic will be discussed within this SaP-report as well.

Thirdly, the design rules for membrane structures have to be applicable simultaneously
with other material based design standards as there are Eurocode 2 to 9 (design rules for
concrete structures, steel structures, composite structures, timber structures, masonry
structures, geotechnical design, design in seismic regions, aluminum structures) as well as
the future Eurocode on structural glass, see Figure 1-5.

EN 1990
Eurocode 0: Basis of Design
EN 1991 EN 1992 to EN 1996
Eurocode 1: Actions on Structures Eurocode 2: Concrete Structures
1-1 Densities, self-weight etc. Eurocode 3: Steel Structures
1-2 Actions on structures exposed Eurocode 4. Composite Structures
[To fire Eurocode 5: Timber Structures
1-3 Snow loads Eurocode 6: Masonry Structures
1-4 Wind actions

1-5 Thermal actions

1-6 Actions during execution

1-7 Accidential actions

2  Traffic loads on bridges

3 Actions induced by cranes and
[T machinerys
4 Silos and tanks EN 1997 and EN 1998
Eurocode 7: Geotechnical Design
Eurocode 8: Design in Seismic Areas

EN 1999 and EN xy
Eurocode 9: Aluminium Structures

Eurocode xy: Structural Glass

Figure 1-5 Survey of the existing and planned Eurocodes, missing: Eurocode for Structural
Membranes

An overview of other Eurocodes which are suitable for steel-membrane, timber-

membrane, aluminium-membrane and concrete-membrane structures is given in

Figure 1-6.
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EN 1990 - Eurocode: Basis of Structural Design

EN 199100Actions on Structures EN 19920 Design of Concrete
Structures
Part 1-10 Densities, self-weight, imposed Part 1-10 General rules and rules for O
loads for buildings O O buildings
Part 1-2[0 Actions on structures exposed
to fire EN 1993 Design of Steel Structures
Part 1-300 Snow loads Part 1-1 General rules and rules for [
Part 1-400 Wind actions O 0O buildings
Part 1-50 Thermal actions Part 1-400 Stainless steel
Part 1-600 Actions during execution Part 1-800 Joints
Part 1-70 Accidental actions Part 1-110 Structures with tension 0

0 0O components

EN 1994 [0 Design of Composite Steel and
Concrete Structures

Part 1-100 General rules and rules for
buildings

EN 1995 [1Design of Timber Structures
Part 1-10 General - Common rules and
O O  rules for buildings

Figure 1-6  Other Eurocodes suitable for steel-membrane, timber-membrane, aluminum-membrane
and concrete-membrane structures

EN 1990 specifies the general format of limit state verifications for the

T ultimate limit state including robustness,
9 serviceability limit state and
9 durability.

Furthermore, EN 1990 specifies for conventional structures failure consequences for the
ultimate and serviceability limit states. Herein, the failure probability ps ranges from 102 in
the serviceability limit state up to 7Q0° in the ultimate limit state for normal failure
consequences with reliability class 2 and a 50 year re-occurrence. In the latter case the
reliability index b becomes the well-known value of b = 3.8 (Figure 1.7).

For structural membranes the 50 years life expectancy is not achieved, but the overall
structure could be made for 50 years and after a certain time (for example 20 or 25 years)
the structural membrane could be replaced. Since the reliability index b is linked to the
reference period, b could be adjusted if a structural membrane is designed for a shorter
lifetime.
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Frequency
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f(R)

| Action E | |Resistance R|
| | b=
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38
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Z=0&R=E | g |Z=R-E
z Pr =p(Z<0)=7A0"°

/5, Y b=38
B >
| m;, z
/<0 «—+—>7>0
Failure of ' No failure of

the structure the structure
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With mz =mg -mg and s =,/a&+ @ itfollows mz =b Gy with
vy p Mz MR°ME
0z Jag+ ¢
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A structure is safe if m;2 b ©.
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1 Due to the fact that ae is defined to be negative a change of the algebraic sign has to be
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Figure 1-7 Statistical interpretation of design values [©OELLF]

The Eurocode design approach relies on the semiprobabilistic design concept in which the
action effect Eq resulting from the applied actions is verified against the design resistance
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Rq of the structural elements. In most cases the action effect Eq must be smaller than the
design resistance Rq in order to fulfil the requirements. For the normal reliability class, the
design values of action effect Eq and resistance Rq can be derived as a function of the
statistical parameters of E and R and the reliability index b = 3.8 as given in Figures 1-7
and 1-8. The definition of Eq is expressed as the effect of a combination of actions with the
permanent action G, the leading variable action Qi and the accompanying variable action
0029 02@x2, see Figure 1-8. Ry describes the design resistance of the structural member
and is based on the statistical evaluation of tests.

The resistance R of membrane structures depends not only on the strength of the material
achieved from tensile tests (uni- or biaxial tensile tests) as it is the case for other materials
but also on other characteristics as the load duration, the accompanying temperature, the
environmental conditions etc. They all influence the design resistance of membrane
structures. Usually these influencing effects are not mentioned either in the standards for
actions or in the standards for the determination of the resistance. The Eurocodes reveal
the possibility to consider these effects on the resistance side by decreasing the resistance
as it is already done in some national standards.

Whereas steel, timber, aluminium and concrete structures show in structural analysis in
most cases a linear behaviour, tensile membrane structures behave in a highly non-linear
way. This means that the relationship between the action and the action effect is over- or
underlinear, depending on the structure itself, see Figure 1-9 [USS14b]. For this reason, it
has strictly to be distinguished whether the partial factor is considered already on the action
or only on the action effect. EN 1990 gives some indications how to act in these cases.
This topic will be discussed in detail in this report.

Action effects ¢ Resistance
Eq ¢ Rg
_ R
Eq= 86 Q@ ot @dQy ¢ ak

Figure 1-8  Use of design values in the ultimate limit state
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>

overlinear linear

underlinear

effect of action increase h [-]

>
action increase f[-]

Figure 1-9 Linear and nonlinear behaviour of structures [USS14b]

1.3 Structuring the Eurocode

A survey on the existing national and European codes for material testing and the structural
design of membrane structures shows that although in some member states a considerable
amount of codes exist, currently not all types of structures are covered in all member states.
Particularly for foil structures no design codes currently exist at all in Europe.

It will be a main task of this Scientific and Policy Report to carve out, what specific design
rules exist up to now in the different existing codes and to harmonize, transfer and extend
them in a reasonable way as well as to structure them into a European guideline complying
with the rules of CEN/TC 250 and the latest state of scientific and technical knowledge.

In the following a code review on existing standards and regulations is given, see Code
Review No. 1. For this purpose, the following distinction between Tents and Tensile
Membrane Structures in general is defined:

Tents are meant to be mobile room closure structures that are planned to be frequently
dismantled and reconstructed anywhere else. They can be regularly prestressed i either
mechanically or pneumatically i but they do not have to. They are primarily designed for
temporary use and may be applied for different functions.

In contrast Tensile Membrane Structures is a more general term. Tensile Membrane
Structures are meant to be engineered and regularly prestressed i either mechanically or
pneumatically. They are in the majority stationary and permanent, but can be mobile and
installed temporarily as well (e.g. air supported halls covering swimming pools in winter
time or structures for event/theater areas). Tensile Membrane Structures comprise
permanently mechanically fixed structures, inflatable and foldable structures as well as
combinations of these. Actually, for the definition in this code review the term Tensile
Membrane Structures contains all forms of tensile and prestressed structures made from
structural membrane elements except tents.

The listing in Code Review No. 1 disregards standards like EN 14716 for stretched ceilings
or EN 13561 for exterior blinds. These are structures containing cognate tensile elements
and thus these standards may be consulted for single aspects during the design of tensile
membrane structures. However, the mentioned structures have clearly different
requirements than tensile membrane structures.
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Code Review No. 1

1 The review on existing national codes and/or regulations for some member sta
European level, Germany, The Netherlands, Italy, France, Belgium and Spain) is showr
following figures (making no claim to be complete). United Kingdom, Bulgaria and Russia h
specific standards for membrane structures.

Rules on European level

Material products Fabric structures

mechanically pneumatically
prestressed prestressed

Not specific Coated fabrics:

EN ISO 1421
Tensile strength

EN 1875
Tear strength

EN ISO 2411
Adhesion

EN ISO 2286

Roll characteristics
Uncoated fabrics:
EN ISO 13934
Tensile properties
Plastics:

EN ISO 527
Tensile properties

EN ISO 899
Creep behaviour

Tents EN 15619 EN 13782
Specification for coated Temporary structures -
fabrics for tents Tents - Safety

Tensile Membrane
Structures
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Rules in Germany

Material products

mechanically
prestressed

Fabric structures

pneumatically
prestressed

Not specific

Coated fabrics:

DIN EN ISO 1421
Tensile strength

DIN EN 1875
Tear strength

DIN EN ISO 2411
Adhesion

DIN EN ISO 2286
Roll characteristics
Uncoated fabrics:
DIN EN ISO 13934
Tensile properties
Plastics:

DIN EN ISO 527
Tensile properties

DIN EN ISO 899
Creep behaviour

DIN 53363
Tear strength

Tents

DIN 18204
AComponent s
encl osur es

DIN EN 15619
Specification for coated
fabrics for tents

DIN 18204
fdCompone
foentcémtsufi

DIN EN 13782

Tents - Safety

nts
es

Temporary structures -

Tensile Membrane
Structures

DIN 4134
Air supported halls
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Rules in The Netherlands

Material products

Fabric structures

mechanically pneumatically
prestressed prestressed
General
I
Tents NEN-EN 13782

Temporary structures -
Tents - Safety

Tensile Membrane
Structures

Rules in Italy

Material products

Fabric structures

mechanically pneumatically
prestressed prestressed
General
|
Tents Instructions for the design, realisation, verification,

use and maintenance of tents, tensile structures and
air supported structures, (Italian code (draft), 1995)

Tensile Membrane
Structures

Instructions for the design, realisation, verification,
use and maintenance of tents, tensile structures and
air supported structures, (ltalian code (draft), 1995)
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Rules in France

Material products Fabric structures

mechanically pneumatically
prestressed prestressed

Specification for coated
fabrics for tents

Tents cTs”

NF-EN 13782
Temporary structures -
Tents - Safety

Tensile Membrane crs”

Structures Recommandations pour

la conception des ouvrages
permanents de couverture

textile, editions SEBTP 2

NF-EN 13782
Temporary structures -
Tents - Safety

CRAST “

Y Réglement de sécurité incendie dans les ERP (approuvé par arrété du 25 juin 1980 et modifié): Liv ~ re 4
Dispositions applicables aux établissements spéciaux - Chapitre 2 Etablissements du type CTS: chapiteaux,
tentes et structures - Articles CTS1 a CTS81
Note: These recommendations are for non-permanent structures.

® Note: These recommendations are for permanent structures of textile cover whose shape isreverse double
curvature and whose implementation requires an initial pre  stress.

2 Réglement de sécurité incendie dans les ERP (approuvé par arrété du 25 juin 1980 et modifié): Livre 4
Dispositions applicables aux établissements spéciaux - Chapitre 3 Etablissements du type SG: structures
gonflables - Articles SG1 a SG25", ERP signifiant Etablissements Recevant du Public

“CRAST 1984: Cashier de R gl es isiribuépadldCub dedaeStruSture Taxtle u r e
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Rules in Belgium

Material products Fabric structures
mechanically pneumatically
prestressed prestressed

General
I 1
Tents NBN EN 13782
Temporary structures -
Tents - Safety
I |-
Tensile Membrane
Structures

sweyaganswe

| Rules in Spain

Material products Fabric structures
mechanically pneumatically
prestressed prestressed
Not specific
| ||
Tents UNE EN 13782
Temporary structures -
Tents - Safety
I 1
Tensile Membrane
Structures

Seyeganstie

The future Eurocode for the design of structural membranes should have an appropriate
structuring that complies with the European approach of material related design codes in
civil engineering and the basic reference normative documents such as EN 1990 and EN
1991.

For this reason, three parts of the Eurocode should be implemented: the first part with all
design related regulations, the second part regarding structural fire design and a third part
dealing with rules for the execution of tensile membrane structures. Eurocode Outlook No.
1 gives an overview on the global structure and Eurocode Outlook No. 2 provides an
outlook on the future detail structure.
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Eurocode Outlook No. 1

(1) The main structure may be fdlows:
1 1*'part: General rules and rules for buildings
2" part: Structural fire design
3" part: Execution of tensile membrane structures

Eurocode Outlook No. 2

(1) The frames of the Eurocode on structural membranes should comply with the CEN/
rules for a material specific design code. In combination with the particular necessit
structural membranes and foils the composition offits¢ part of the Eurocde may be a
follows:

1
1.1

1.2

1.3
1.4
1.5

1.6

21

2.2
2.3

2.4

2.5

3.1
3.2

3.3

General

Scope

1.1.1 Scope of Eurocode xy

1.1.2 Scope of Part 1 of Eurocode xy
Normative references

1.2.1 General reference standards

1.2.2 Other reference standards
Assumptions

Distinction betweeprinciples and application rules
Terms and definitions

1.5.1 General

1.5.2 Additional terms and definitions used in the present standard
Symbols

Basis of design

Requirements

2.1.1 Basic requirements

2.1.2 Reliability management

2.1.3 Designworking life, durability and robustness
Principles of limit state design

Basic variables

2.3.1 Actions and environmental influences
2.3.2 Definition and handling of prestress
2.3.3 Material and product properties
2.3.4 Deformations of membranes

2.3.5 Geometric Data

Verification by the partial factor method
2.4.1 General

2.4.2 Design value of material properties
2.4.3 Design value of geometric data
2.4.4 Design resistances

2.4.5 Combination of actions

2.4.6 Verification of static equilibriunfEQU)
Design assisted by testing

Materials

General

Coated Fabrics

3.2.1 Range of Materials

3.2.2 Materials Properties

3.2.3 Dimensions, mass, tolerances

3.2.4 Design values of material constants
Uncoated Fabrics

3.3.1 Range of Materials
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3.4

3.5
3.6

4.1

5.1
5.2

5.3

5.4
5.5

6.1
6.2

6.3

7.1
7.2

3.3.2 Materials Properties

3.3.3 Dimensions, mass, tolerances
3.3.4 Design values of material constants
Foils

3.4.1 Range of Materials

3.4.2 Materials Properties

3.4.3 Stressstrain behaviour

3.4.4 Dimensions, mass, tolerances
3.4.5 Design values ahaterial constants
3.4.6 Plastic deformation

3.4.7 Creep

3.4.8 Seams

3.4.9 Connection details

3.4.10Durability

Connection devices

Structural Elements

Durability

General

Basis of Structural analysis

General

Structural modelling fomnalysis

5.2.1 Structural modelling and basic assumptions
5.2.2 Formfinding

5.2.3 Modelling of the membrane

5.2.4 Modelling of seams

5.2.5 Modelling of connections

5.2.6 Modelling of cable/webbing

5.2.7 Application of applied loads

5.2.8 Patterning

5.2.9 Groundstructure interaction
5.2.10Wind-structure interaction

Global analysis

5.3.1 Effects of deformed geometry of the structure
5.3.2 Structural stability of supporting structure
5.3.3 Integrated analysis

Imperfections

Methods of analysis

5.5.1 General

5.5.2 Elastic global analysis

5.5.3 Nontlinear material global analysis
Ultimate limit states (ULS)

General

Resistance of material and joints

6.2.1 General

6.2.2 Design Resistance Long Term Load
6.2.3 Design Resistance Short Tetmad Cold Climate
6.2.4 Design Resistance Short Term Load Warm Climate
6.2.5 Membrane Stress Verification

6.2.6 Shear

6.2.7 Tear propagation

Connections

Serviceability limit states (SLS)

General

Serviceability limit states for buildings
7.2.1 Vertical deflections
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7.2.2 Horizontal deflections
7.2.3 Distance to other parts
7.2.4 Safeguards
7.2.5 Post tensioning
7.2.6 Ponding
7.2.7 Wrinkling

7.3 Tear control
7.3.1 General considerations
7.3.2 Minimum reinforcement areas
7.3.3 Control of taring without direct calculation
7.3.4 Calculation of tear propagation

8 Details/Connections

8.1 General

8.2 Membrane joints

8.3 Membrane edges

8.4 Membrane corners

8.5 Ridges and valleys

8.6 High and low points

8.7 Reinforcements

8.5 Stays, Ties

8.6 Baseplates for masts and anchor

8.7 Anchors and foundations under tension

9 Design Assisted by Testing
(2) The structuring of theecondart of the Eurocode on structural membranes may be as foll

1 General- Structural fire design
1.1 Scope
é
(3) The structuring of thénird part of the Eurocode on structural membranes may be as foll

1 Generali Execution of tensile membrane structures
1.1 Scope
2 Manufacture/fabrication, handling, packing and installation
2.1 General
2.2 Cutting patterndetermination, workshop drawings
2.3 Acquisition of the membrane material
2.4 Processing, cutting, welding
2.5 Particulars in PTFE processing
2.6 Inspection before packing
2.7 Packaging and transportation
2.8 Erection
3 Inspection and maintenance
3.1 Cleaning
3.2 Corrosion
3.3 Water drainage and ponding
3.4 Prestress and restress
3.5 Repair
3.6 Replacement
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1.4 Wh a't are membrane structures?
membrane structureséo

1.4.1 General

It is worthwhile to outline the nature and characteristics of membrane structures and to
describe the primary issues that designers and engineers have to consider. From an
engineering point of view fabric structures are thin membranes which by virtue of their
surface shape and inherent large deflection behaviour are able to support imposed loads.
They are modestly prestressed to enhance their stiffness.

So called Asaddl edo shaped roofs started
Arena in North Carolina, USA, designed by engineer Fred Severud and architect Matthew
Nowicki and completed in 1952, see Figure 1-10. In essence the roof consists of a 2-way
network of cables spanning 95 m between a pair of arches inclined away from one another
at 20° to the horizontal.

Figure 1-10 © Dorton Arena West Side by Leah Rucker, licensed under CC BY-SA 3.0, via
Wikimedia Commons -
https://upload.wikimedia.org/wikipedia/commons/a/a2/Dorton_Arena_West_Side.JPG

The building displays two primary features of the modern tension structure: the arch
boundaries act together to ficontaino the
configuration of the arches enables the roof surface to be doubly curved.

In the 10 years following Raleigh the German architect Frei Otto developed his knowledge
of tent design through a fruitful collaboration with the tent maker Peter Stromeyer. Between
1955 and 1965 many doubly curved tents were designed and made for Federal Garden
Shows and other national exhibitions such as Lausanne in 1964 [IL76].

His first major cable net, designed with fellow architect Rolf Gutbrod, was the German
Pavilion for the Montreal Expo in 1967. Both architecturally and structurally it was a radical
departure in a number of ways. It had a very free-form plan, and as a result, the net was
hung from masts of varying heights and inclinations, with the concentration of forces at
mast tops cleverly intercepted and carried by loop cables lying within the net surface. Ten
thousand square metres of PVC coated polyester textile were suspended from the cable
net and tensioned to form the enclosing skins. The engineering design of the Pavilion was
led by the office of Leonhardt and Andr&, who continued on with Gunter Behnisch and Frei
Otto to realise the astonishing cable net roofs for the 1972 Olympic Games in Munich.
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Materials currently used in fabric structures consist of a woven textile encapsulated in a
polymeric coating. There are different constructions of weave, weaving techniques and
coatings that all lead to variations in the characteristics of the materials. These variations
need to be understood and considered in the design process.

1.4.2 Form and behaviour of fabric structures

1.4.2.1 General

The form and physical behaviour of fabric structures are very different to those of
conventionalédlyassttiicfof ffirlameedarst ructures used i n 1

Designers of fabric structures concern themselves with three primary structural factors:
choice of surface shape, levels of prestress and surface deformability.

1.4.2.2 Surface shape

Most contemporary fabric structures have as the
Thisisoneinwhicha set of HAarchingd tensile elements ac
Ahangi ngodo el e me-alt Rhysicallyehe twb gragupsrofeelentents represent the

two directions of the textile yarns (warp and weft) within the membrane.

Figure 1-11  Anti-clastic surface [© M. R. Barnes]

This configuration has a valuable property in that the surface as a whole is prestressable
without significant change occurring to its overall shape.

It al so possesses cl-pat hsaon df osre pudwand dpressufed o ¢ d

Downward pressure from snow is carried by the
outward suction from wind flow is carried by th
There are four generic types of camndcd, atshe carsalr
isaddl eo, the Ahyparo and Aridge and valleyo.
structures arenot simply | imited to the 4 gen
combinations thereof increase the choice of forms considerably.

Fur t her mor e, the geometry of a membranebs surf a
mathematically based surface of revolution as in the case of shells, rather it needs to be

defined by its Ainternal equilibriumsystem prestr e

of support. The physical analogy of the soap film is useful here in that a film can only form
within a boundary system whose geometry permits tensile equilibrium to exist between the

fil mds mol ecul es. Therefore i nes thee designer & f desig
essentially involved in choosing a set of fbour
the membranebés shape. Boundary conditions are i

that contact and provide support to the membrane, for instance, ridge and edge cables,
masts, arches, beams etc.
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The process of determining the form of the str
findingo. |t is an iterative process where <ch
disposition of supporting elements such as edge and ridge cables and the relative heights

of masts etc. The surface shape is the outcome of both the choice of boundary conditions

and the choice of prestress ratios within those boundaries.

1.4.2.3 Prestress

Prestress contributes signific ant | 'y t o a membraneds stiffness du
components interacting to constrain what would otherwise be severe deformations typical

of flat or singly curved surfaces. For example in Figure 1-11 the deformation of the
Afhangingodaoer vat umeading in zone A is constrain
zone B. Actual values of prestress used in practice generally represent a small proportion

of a membraneds ultimate strength.

The chosen level of prestress will normally be a compromise i low enough to reduce the
work done during installation i whilst sufficiently high to maintain a sufficient prestress after
|l osses due to ficreepo of the membrane materi al

The final level of prestress will also be dependent upon the material to be used i each
material has its own range of preferred prestress.

The choice of the initial boundary conditions for an anticlastic surface can often be guided
by the use of the relationship T = p x R where T = membrane tension, p = pressure applied
normal to the surface, and R = radius of one curvature of the surface, see Figure 1-12.
Thus by knowing what the applied pressures are likely to be as well as what the membrane
tensions should be limited to, then the radius/radii or curvature can easily be found. This
can then be fed back into the initial assumptions made about the geometry of the boundary
conditions.

|
R
I
I
|

T T

|
W

Figure 1-12 T =p xR [© M. Mollaert]

Where geometric constraints are placed upon a design i such as to require the use of
flatter and therefore larger radii of curvature 7 then larger values of prestress will be

required to control the size of the membraneds ¢
can be safely applied and remain in the long term. In the limit where the surface becomes
flat (radius = B) then prestress and the materi al

controlling deflection.

For many structures the same quantity of prestress is applied to both directions of the
textileds weave. However i theirwardandoutwdrdappiedt he mag
loads are markedly different to one another then it can be economically advantageous to
determine the membraneds shape such that a s m
subjected to the higher external pressure and vice-versa a larger (flatter) radius of curvature

carries the lower external pressure. In this way the resulting maximum membrane tensions

will be of a similar size.
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1.4.2.4 Deformability

Unlike in more conventional forms of building construction deformability is seen as a useful
and important characteristic of a fabric structure. Indeed due to its relatively low surface
stiffness (both in-plane and out-of-plane), changes in geometry/surface shape are a fabric

structurebds primary r es pad nosipted with changess erstress| | y

distribution throughout its surface [Lid94]. In addition the strains developing within
membrane material are several orders of magnitude larger than those in steel for instance.
Consequently fabric structures exhibit very much larger deflections and geometric changes
under load than orthodox framed construction. Flexibility in the supports of a membrane
also adds to its deformability providing of course that overall stability is assured [WagO07].

All this has the beneficial effect of stresses not rising linearly with applied loads due to the
geometric changes that occur in the surface as a whole.

For instance wind fl owing ar ounedn dae dcoo nmacsatl

into the wind allowing changes to surface curvature on the windward face to attenuate the
rise in membrane stresses in that zone, but also with membrane curvatures on the leeward
side acting to stabilise the mast.

Encouraging deformation of the membranebs

deformed surface under load remains with positive inclinations throughout. The inherent
danger of shallow gradients is that an accumulation of snow/ice can cause a depression

into which meltwater and rain can <coll ect

changed from fAanticl ast i ¢i8. Thioin térs camiacteass the
depth of the depression allowing more water to pond and hence creating a larger
depression and so on. It may remain as water or convert to ice according to weather
conditions. The effect however is for snow loads to progressively increase far beyond those
applicable to a more rigid structure. The objective must be the achievement of a form which
as it deflects maintains positive gradients under the effect of the worst credible loading
conditions.

N
Figure 1-13  Ponding [© J. Llorens]

The deformation of each structure under snow loading must therefore be investigated and
tested carefully in the design stage. The choices made for boundary geometry are high
influential as well as the realistic assessment of the flexibility (i.e. spring stiffness) of all
supporting elements in the system.

In ridge and valley structures the loads are carried by the deflected curvature of the ridge
and valley cables with the membrane panel acting as a prestressed web spanning between
them. The panels are slightly warped but because of their length to width aspect ratio the
applied pressures of snow and wind will both largely be carried in the short direction of the
panel as a lHevelrtsi @omoffjf oremardl ess of whe
An example is the Cargolifter Airship Hangar in Germany, shown in Figure 1-14.
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Figure 1-14  Cargolifter Airship Hangar [© formTL]

The deformability of the surfaces comes intoplaywher e snow builds up but
rainwater and melting snow is avoided by the deflected membrane surfaces remaining

positive in inclination due in effect to the initial choice of boundary support stiffness and

geometry.

1.4.2.5 Conceptual development

If a fabric structure is to form part of the enclosing skin of a building the opportunity may

exist to geometrically integrate the two so that, like the Raleigh Arena and others such as

the Saga building, the membr aneOmicallyabsabed e f or c €
within the buildingbs framework (as opposed to
between wall and roof is relative simple.

Geographical location has a very direct bearing on the type and magnitude of loading which
a fixed non-retractable roof must support. Design values for wind and snow have to be
derived from the Eurocode (and National Annexes) and where necessary through wind
tunnel model testing. As the doubly curved shapes are not covered by the code, model
testing is often required - especially for structures of significant size.

Membrane materials are easy to cut with a sharp knife and are therefore susceptible to
accidental damage from vandalism and flying objects. As with conventional structures the
accidental removal of individual members or membrane panels needs investigation to
demonstrate the inherent damage limitation of the whole system.

A fabric structure is composed entirely of prefabricated elements which once assembled
forms a prestressed system with its own particular geometry and prestress distribution. The
fabric and cable elements therefore have to be made to smaller dimensions than those
finally intended so as to allow for the development of appropriate strains during the process
of assembling the whole structure.

Generally, elements are loosely assembled on a suitably level plane. A set of

displacements are then required to draw the membrane towards its various points of

support to induce the desired prestress. The designer needs to anticipate this and must

ensurethat t hroughout the designés devel opment ther
effective means by which the desired prestress configuration can be achieved.

In some cases this may require discrete elements to be included in the design whose
lengths can be changed significantly during the stressing process but remain in the system
as permanent elements, such as masts that are jacked, and aerial ties that are shortened
as in Figure 1-15. The designer also needs to anticipate the scale and direction of
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displacements and rotations that are likely during installation, as well as thereafter in
service so that appropriate articulation is provided between elements and at support points.
The design process can therefore i nmaprequie
revision to element lengths, topology and coordinates.

Figure 1-15 Shortening of aerial ties [© M. Mollaert]

1.4.2.6 Detailed design

The detailed design process involves several stages, and, in order to provide an efficient
design, is invariably based around the use of geometrically non-linear analysis software
[Day78]. This process can be summarised in the following two steps:

(a) Developing the design concept

This involves defining a physical configuration of elements, defining materials and their
strength and stiffness properties, element sizes; defining the connections between all
el ements. An fAequilibrium f or nsiffnessfinitdaements
representing the membrane and cables each of which have specified tensions. By
changing the relative values of tensions and the relative geometry of the supports, different
surface geometries result. This can be advantageous in accommodating, for instance, the
dominance of a particular service load, and in improving areas that may be prone to
ponding or inversion.

In the structural analysis that follows the form finding stage, cable and membrane elements
with real stiffness values are used; particular elements whose tensions go to zero are
automatically switched out during the analysis to simulate a slack cable or buckled
membrane. The element meshes used in the computer model are aligned with the
directions of weave and anticipate the position and direction of the seams between the
individual panels of fabric that will make up the whole surface.

a

be

numb

est

It is important to note that the positioning a

surface is never arbitrary or merely a matter of taste, except in the most lightly loaded
structures.

The seams are an indication of the direction of the warp yarns. Since in most cloths the
warp direction is stronger than the weft, the warp would be placed to follow the higher
stresses for reasons of economy.

In regions of significant snow loading the warp would generally be chosen to follow the
sagging curvature so that its greater stiffness can limit snow load deflections in the medium
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to long term. Where wind loads are significantly higher than snow loads then it can make
sense to place the seams in the arching direction.

Some PTFE coated glass materials are woven with a high crimp in the weft direction and
consequently with fairly straight warp yarns. This allows the introduction of a biaxial
prestress by simply extending the weft yarns whilst holding the warp steady.

The membr an epiopertiestusetl ih thesabose analysis need to be determined via
biaxial testing of the material to be employed on the project.

Appropriate pressure distributions representing wind and snow loads are applied to the
surface of the analysis model in appropriate directions. Load vectors are applied to the
element surface geometry in its deformed state. The deformed surface under self-weight
and snow loading needs to be examined for the possibility of ponding and load
accumulation. In this respect a rigorous examination of potential loading patterns and
intensities must be undertaken.

(b) Determining how it is to be built

This involves developing a sequence of assembly and the step by step means of obtaining

the desired prestress distribution in advance of fabrication. The purpose of this is to confirm

the viability of a particular sequence and, where necessary, to determine individual

component forces and movements during the construction process. Such information must

feed into the detailing of connectionsetc.| t can al so assist in establi
positiondo of the primary el ements. This can be
step the removal of prestress from the structure [For98]. It involves presupposing a series

of discrete steps which should of course be practicable. The chosen strategy and

techniques for installing the appropriate prestress on site need of course to be as

insensitive as possible to fabrication and construction tolerances.

1.4.2.7 Fabrication information

Accurate fabrication dimensions are essential to the successful construction of fabric

structures. This requires membrane cutting patt
model of the structure. Seam lines between panels of cloth are defined by geodesic lines
for efficiency in materi al use. Patterns have

percentage values in both warp and weft directions so as to allow for the development of

strains necessary to give prestress. Batch testing of the fabric to be used in the work has

to be carried out to determine these values. Local adjustments to edge lengths
(Adecompensationd) are often made at some bound
facilitate safe installation.

In addition to the fabric related items, schedules will also be required for accurately
dimensioning cables, taking into account stretch compensations and adjustment details.
The shop drawings for metalwork items including membrane plates and support masts and
frames have to be developed, and these should take into account final form geometry and
angles.

Accuracy in both the dimensioning and the cutting out of individual fabric panels is

important since gross errors will prevent the development of the intended strains and
therefore the required prestress.In  addi ti on t he membranebs finish
impaired by the formation of folds and wrinkles. Accuracy is important as it is generally not

possible to correct errors on site.
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1.4.2.8 Pneumatic structures

These form a specialist group of tensile structures as they are almost always composed of
synclastic surfaces rather than anticlastic surfaces. Prestress and stiffness are introduced
via inflation of the structures. Examples of these are: air halls, cushions (frequently inflated
ETFE) and air beams (primarily used for temporary structures where speed of installation
is important) (Figure 1-16).

P
T T L A A A B A
. m 6:5 i |p| i 3

Figure 1-16  Air halls (left), cushion (middle) and air beam (right) [© M. Mollaert]

These structures offer minimal rigid support structure and therefore lend themselves to
temporary structures and those that need to be installed in numerous locations. These are
designed to keep weight down and may require limitations on the wind speed or snow load
that they are required to resist.

The material used would typically be PVC-coated polyester which is both light and strong.
It can also cope with being frequently folded and stored for future use.

Inflated cushions using ETFE provides a transparent barrier in the same way as glass but
much lighter. This allows for longer spans to be used and for associated support structure
to be reduced. The thermal characteristics can be enhanced using multiple layers within
the cushion and also a variety of fritting (printed) patterns to be used on the surface.

The cushions can be used in combination of other roofing systems. Cushions provide a
much more flexible solution to glass as they cope with large deflections of the supporting
structure without leading to failure. They can also be formed into quite challenging 3D
shapes providing much greater freedom in developing the geometry of the roof.

Air beams require high pressures to generate their required stiffness and strength. These
structures resist loads as both axial and bending elements. The high pressures ensure that
there is sufficient surface tension to prevent the material from going slack under
compression.

These are frequently used in applications where rapid deployment is required. This could
be for example in disaster relief where infrastructure has been destroyed or does not exist
T in remote areas. The structures can be quickly deployed to provide shelter and act as
field hospitals.
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2 Materials and material properties

2.1 General

Membrane structures are made of fabrics or foils. The different kind of material properties
are determined by special testing procedures especially developed for these kinds of
materials. It has to be distinguished between those properties which are important in view
of the load carrying capacity, the stiffness and the durability of structural membranes and
further properties like e.qg. light transmission values or insulation values which are assumed
to be not relevant in regard to the Eurocode for the design of membrane structures.

Structural fire design is planned to be the content of Part 2 of the future Eurocode, see
Eurocode Outlook No. 1. Fire safety of construction products (materials) may be classified
by EN 13501-1 [S37].

Fabrics are mainly woven textiles and can be distinguished in uncoated fabrics mainly used
for indoor applications and coated fabrics for outdoor and indoor applications, see Figure
2-1. Foils can be used in indoor and outdoor applications as well.

Materials for Membrane Structures

‘ Fabrics ’ Foils
I Outdoor and Indoor Applications

Coated Fabrics
Outdoor and Indoor Applications

Uncoated Fabrics
Indoor Applications

Figure 2-1 Materials for membrane structures [© ELLF]

In the following, the different kind of products, fabrics and foils, will be presented combined
with an explanation of the most relevant testing procedures for the determination of their
structural material properties. For some typical products, material properties will be given.

2.2 Fabrics

2.2.1 Range of materials

For architectural fabrics, single yarns are mostly woven orthogonally to each other. The
completed web is rolled up on rolls up to 5 m wide. Yarns in longitudinal direction of a roll
are called warp yarns, the perpendicular ones weft or fill yarns. The most common weaving
procedures for fabrics used in textile architecture are plain weave (1/1) and Panama weave
(2/2), as shown in Figure 2-2. Because of the weaving procedure, fabrics show a highly
non-linear stress-strain relationship and normally different material properties in warp and
weft direction. Most fabrics are characterized by a greater stiffness in the warp than in the
weft direction.

For indoor applications, the fabrics have not to be coated. Architectural fabrics for outdoor
applications are usually coated and lacquered, see Figure 2-3, mainly for protection of the
weave and to obtain desired physical properties (durability, fire performance etc.). Although
the coating is also used to transmit shear forces (especially at weld seams), it has no
significant influence on the load bearing behaviour of the coated fabric itself. The warp and
weft yarns are the load-bearing elements of these composite materials. As they have no
defined section height, membrane forces are referred to the width instead of the cross

section area of a structur al membr ane. Neverthe

traditionally.
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Plain-Weave (coated) Panama-Weave 2:2 (coated)

coating coating

! é ! ! i !
! warp yarn weftfill yarn ! ! warp yarn weftfill yarn !

warp direction
warp direction

weftffill direction weftffill direction

Plain-Weave (uncoated) Panama-Weave 2:2 (uncoated)

warp direction
warp direction

weftfill direction weftfill direction

Figure 2-2 Most common weaving constructions for fabrics used in textile architecture
[© ELLF]

Different materials and material combinations are used for the composites. Architectural
fabrics are often woven from yarns made from Polyester (PES), Glass fibre or
Polytetrafluorethylene (PTFE). Typical coating materials are Polyvinylchloride (PVC),
Polytetrafluorethylene (PTFE) and silicone [KCGL10, SSU14]. The following material
combinations are used in the majority, see Figure 2-3:

1 PVC (Polyvinylchloride)-coated Polyester(PES) fabrics (PES/PVC-fabrics),

1 PTFE (Polytetrafluorethylene)-coated Glass fabrics (Glass/PTFE-fabrics).

For some structures PTFE-fabrics are used, too. They are available with different coatings,
e.g. silicone or PTFE. Usually they are used for foldable constructions.

For these three mentioned composites the future Eurocode is intended to provide
indications of design properties. Further materials and material combinations are less
commonly used [Seid09], just as other constructions of the textiles such as non-wovens or
knitted fabrics [SoSp93].
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Uncoated fabrics are usually made of

1 Polytetrafluorethylene (PTFE) or
1 Polyvinylidenfluorid (PVDF).

The future Eurocode will mainly deal with uncoated PTFE-fabrics.

PVC (Polyvinylchloride)-coated Polyester(PES) fabrics (PES/PVC-fabrics)

Figure 2-3  Main fabrics used in textile architecture [© ELLF]

2.2.2 Material properties
2.2.2.1 General

Up to date, base material tensile strength values for the design of structural membranes
are taken from data sheets from the material suppliers or values derived from own
experiences. For base materials and particularly for connections (e.g. seam strength),
strength values are oftentimes to be confirmed in experimental tests prior to the installation.
Regarding major projects with e.g. special material products and individual connection
detalils, it is foreseeable, that this procedure will remain the same even when a design code
or product standards exist. In order to give support for smaller projects the Eurocode is
supposed to give simplified and conservative strength values for conventional materials,
i.e. unmodified standard materials.

The most important strength values to be considered are the

1 tensile strength,
i seam strength,
9 tear strength and
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9 adhesion.

For glass fibre fabrics the

1 tensile strength after crease fold
is an important measure as well as they are sensitive to folding.

Furthermore, the determination of

9 stiffness parameters
is of main interest, too.

Regarding the strength values, a Atwo way proce
Eurocode, which recommends to determine these values by experimental testing at first
(first way). Only if the amount of experimental tests is aimed to be minimized in a project
or aimed to be avoided at all, safe-sided strength values may be taken from tables, which
are given in the Eurocode (second way). These tables standardize the typical
classifications for structural fabrics. Stiffness parameters have always to be determined by
experimental testing either by the material producer, in which case the relevant values are
specified in the material certificates, or by testing laboratories based on the project needs.

Eurocode Outlook No.3

Q) Strength values shall be taken from experimental tests.

(2) Tensile strength values shall be determined according tdSEN421 and the
characteristic value shall be determinadcording to EN 1990 Annex D.

3) Tear strength values should be determined according to EN-3.87&thod B.
4) Adhesion values should be determined according to EN 1ISO 2411.

5) In order to limit or avoid testing, conservative strength values for cdioveh material
products may be directly taken from the respectables given in the Eurocade

NOTE 1: Beside conventional material products structural membranes are oftentimes
or even specifically produced for single projects in order to adjust not only the stru
but also physical properties (e.g. light transmission) to the specdjegi requirements
In these cases project specific strength values have to be determined by expe
tests.

NOTE 2: The strength tables in the Eurocode give strength values that are typically gua
by material producers for conventional matéf@oducts.

2.2.2.2 Tensile Strength

The tensile strength is experimentally determined by the tensile (strength) test using the
strip method. The aim of the tensile test is to determine the fundamental mechanical
behaviour of uncoated and coated fabrics. They are commonly used for material quality
control of the base material, joints as welding seams, edge details and other type of joints
in tensioned membrane structures.

The principle of a tensile test is to load a test specimen uniaxially to failure. The load is
applied in warp or weft direction or perpendicularly to joints as welding seams or edge
details. Tensile tests are used to determine the maximum tensile strength and elongation.
The measurements of the strength and elongation are used to derive the mechanical
properties of the fabric and of connections. The typical load-elongation behaviour of fabrics
can be seen in Figure 2-4.
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The tensile test is specified in European
and national standards as EN I1SO 1421
[S1], and EN ISO 13934-1 [S10] on
European level, particularly in Germany Sy
DIN 53354 [S11] (although withdrawn) and 1
the guideline of Deutsches Institut far
Bautechnik (DIBt) for acceptance test of
coated fabrics and their joints [S12] and on 6000
international level ASTM D 5035-95 [S13].
The procedure of the tensile test is
described in Annex B1.

Force in N

4000 ~

2000 - 9 BN ottt e vssansned) b 1S

I I
0 5 10 15 20 25
Elongation in %

Figure 2-4  Typical results of tensile strength tests
[© ELLF]

2.2.2.3 Decreasing effects on the
tensile strength

As described above, most of the materials used for coated fabrics are polymers. Polymers
are known for decreasing strength due to long term loads, UV rays and high temperature.
Furthermore, it has been discussed for a long time whether biaxial stress states lead to a
strength decrease as well. Most of these influences have been investigated in detail by
Minte [Min81]. In the future Eurocode, it is the aim to incorporate a design concept on the
resistance side that takes account of these influences by strength reduction factors. Some
of these influences affect also the durability of the structure. It is supposed to give
experimental test procedures in order to determine the strength reduction factors in an
informative annex. The following explanations refer to PES-PVC and Glass-PTFE
materials. Test procedures for the determination of strength reduction factors for fabrics
are described in Annex C.

Biaxial loading

Regarding a possible strength decrease due to biaxial loading, contradictory research
results exist. Meffert [Meff78] had made tests on cylindrical test specimens of coated fabric,
which were specifically produced for the tests, see Annex C2. The test results showed up
to 20% lower strength results compared to the strength measured in uniaxial tensile tests.
These results have been incorporated in the work of Minte [Min81] and are still often used
in Germany for conservative approaches. Ideally, the biaxial test would be performed using
a cylindrical test specimen. The disadvantage of such a cylindrical specimen is that it has
either to be especially woven or it has to be produced by placing a seam in longitudinal
direction of the cylinder. Herewith the test specimen does not properly correspond to the
material in the realized structure [Sax13]. On the other hand, Reinhardt [Rei76] reported
on different test specimen forms for plane biaxial tests and pointed out, that for a cruciform
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test specimen with long arms and slits in the arms a biaxial strength equal to the uniaxial
strength could be reached, when barrel formed mountings are used. With these tests it
could be shown, that biaxial loading does not have to decrease the strength. In order to
determine strength reduction factors for the future code, it is recommended to further
investigate this issue and prepare an improved test procedure.

Long term loading

Long lasting loads lead to a deterioration of strength. To investigate the amount of
deterioration, experimental long-time load tests can be carried out, see Annex C3.

Environmental impacts

The deterioration of strength of a material or connection due to exposure to environmental
impacts and weather effects (UV-rays, raining etc.) is difficult to measure and the spectrum
of the numerical amount found in literature is quite high. Values are given e.g. in [Min81,
Sclz87, SBS94]. Numerical values are mostly derived from material that was exposed to
outdoor weathering, either in experimental tests or taken from dismantled structures.
Artificial weathering is not generally used. Strength decrease is reported for base material
between approximately 10% and 50%. For connections, where the coating is affected (e.g.
by sewing) the deterioration depends very much on the coverage of the connection. Annex
C4 describes a determination procedure for the respective strength reduction factor.

High temperature impacts

In order to determine high temperature impacts, uniaxial tensile tests have to be performed
with an elevated temperature, usually 70 °C and the resulting tensile strength is compared
to the tensile strength at room temperature, usually 23 °C. This particularly affects
connections. A strength decrease of 10 % to 25 % is usual for the base material, at
connections the strength can decrease in single cases to half of the strength at room
temperature. Annex C5 describes a determination procedure for the respective strength
reduction factor.

Crease folds

Regarding glass fibre fabrics it has to be mentioned that crease folds may lead to cracks
in single yarns and in the following to a strength decrease. In a loaded membrane these
initial damages can grow to small tears, see chapter 7.7 for further information on tears and
tear control and chapter 9 for detailed information on the handling on site. Annex B2
presents various test procedures aiming to enable an assessment of the sensitivity of a
specific glass fibre fabric to crease fold by means of comparing materials in their sensitivity.

2.2.2.4 Tensile strength after crease fold

The tensile strength after crease fold is an important measure for glass fibre fabrics as they
are sensitive to folding.

The aim of crease fold tests is to determine the resistance to creasing and folding by
measuring the breaking force after repeated folding and force applications. Fabric sections
are subjected to repeated folding and force applications to folds during packaging and
fabrication (and transport and installation). This test method is primarily for use in coated
and laminated fabrics as PTFE-coated glass fibre fabrics. Several test procedures exist
which are described in Annex B2.

2.2.2.5 Stiffness parameters

As structural membranes are generally loaded biaxially in the structure, tensile tests are
performed biaxially in order to investigate the stress-strain-behaviour and to determine
material stiffness properties. Usually, cruciform test specimens are used in plane biaxial
tests for this purpose, but other methods are under development as well, e.g. [NgTh13].
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The arms of the cruciform are normally parallel to the orthogonal yarns. Procedures of
biaxial tensile tests are described in Annex B3.1.

Conducting biaxial tensile tests, fabrics show a highly nonlinear and anisotropic stress-
strain-behaviour, which strongly depends on the load ratios warp/weft and the loading
history as shown exemplary in Figure 2-5.

Load-strain-diagran 10 Load-strain-pathes extracte
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Figure 2-5 Left: Load-strain-diagram as a result of a biaxial test on Glass/PTFE material according to
MSAJ/M-02-1995; right: Ten load-strain-paths (warp/weft at five load ratios), extracted from
the diagram as the basis for the determination of elastic constants [US13b]

Furthermore, the stress-strain-behaviour is highly dependent on the crimp interchange of
the yams that lay crimped within the coating matrix. The initial crimp value depends on the
stress in the warp and weft direction that is applied during the weaving process. As the
stresses in warp and weft direction frequently do not have the same values during the
coating procedure, the fabric shrinks differently in both directions under load. This explains
the orthogonal anisotropic stress-strain-behaviour. For the purpose of the structural design,
this behaviour is usually modelled by an orthotropic linear-elastic constitutive law, using
elastic constants in the main anisotropic directions of the fabric. Beside the geometrical
stiffness, the material stiffness is of great importance for the structural analysis results
[BrBi12, US13a, US13b].

Up to now, many different test protocols and evaluation procedures are established

worldwide. Standardised procedures that are established or used in Europe are e.g. the

Japanese standard MSAJ/M-02-1 9 9 5 fi TMethdd fomE¢astic Constants of Membrane
Materialso [ MSAJ95], the method described in t
Surface Structureso [BBNO4b] or the procedure a
[ABT97], see Code Review No. 2.

Regarding the interpretation of test results and the determination of elastic constants,
suggestions can be found e.g. in [BrGol10, USSS11, BBN04b]. Because of the complexity,
usually the design offices use in-house procedures for the design of membrane structures
which are adapted to the needs of specific projects.

Stiffness properties are needed for the structural analysis and can be useful when
reviewing compensation values for the material. Separate biaxial tests are to be conducted
to evaluate the specific properties. CEN/TC 248/WG 4 is preparing a new European
standard that is intended to give standardized biaxial test methods as well as procedures
for the evaluation of stiffness properties of coated fabrics which are needed for the
structural design and the compensation. But due to the great variety of structural forms in
the field of membrane structures, project specific procedures will maintain a high
significance. Given the large variation in surface stresses for most projects, the normal
approach is and will be to use a set of upper bound and lower bound stiffness values to
verify the sensitivity of the design.
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One possibility to determine the stiffness parameters of coated fabrics using a structural
model developed by Blum/Bogner is presented in Annex D.

Eurocode Outlook No.4

(2) The stiffness of the material may be determined according to the biaxial test st
which is prepared by CEN/TC 248/ WG4 or any other appropriate rule.

NOTE 1 Checks must be undertakenirth the design if the stress ratios and stress levels
to achieve the stiffness values are applicable to the individual project. If not, p
specific evaluation procedures may be used.

NOTE 2 Compensation values and tests shall be considerexiacrcto the design.

Code Review No. 2

French recommendations [ABT97]

3.1.1 Characteristics

- type of the fabric (material)

- mass of the support and the total mass of the complex(g/m2) [reENNE286]

- nature of the coating of the inner and outer faces

- fabric weave [ref. NFG 07155]

- instant average uniaxial strength (N/5cm) in the weft and the warp direction [refGN
37103]

- elastic moduli (see ANNEX A)

- biaxial elongation curves for the ratio 1/1, 1/2; 2/1 (see ANNEX A)

- Poisson's coefficient (see AEX A)

- Tear propagation resistance (N) (trapeze) in the warp and the weft directicENPEB75
3]

- adhesion (N/5cm) (NF G 37 107)

- resistance to welding at 65 ° (N/5cm)

- fire resistance (2 sides) (index) [NF P 92 507

ANNEX A- MECHANICAL CHARACTERISTICS

Paoisson's coefficient
In the absence of accurate measurement of the value of Poisson's ratios, we accept the |
standard values:
warp / weft:/=0.3
weft /warp:/7=0.5

Prestress
- the test is performed with the pretension load ratio warp / weft 1/1
- itis composed of 5 loading cycles at a constant speed
- the nominal force applied per cycle is 0.25 kN/m

- the maximum force applied per cycle is equal to 5% of the tensile strength in warp al
direction

Moduli of elasticity
The warp and weft elasticity mddare defined experimentally by a biaxial test series under cy
loading.
- Each test series consisted of three elongation tests carried out under the load ratios
weft 1/1, 1/2 and 2/1.
- Each elongation test consists of two series of five loadiogsyFigure A, rapport 2/1).
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- The speed of loading and unloading is constant

- The minimum applied force per cycle is equal to 0.25 kN/m

- The highest force is equal to 10% of the tensile strength in the warp direction for th
five cycles, and 25% of thensile strength in the warp direction for the next five cycle

The elasticity moduli to be used for design are secant moduli defined by the low starting
the first cycle and the high point of the fifth cycle of the second series of fiveafyukesal tests
ratio of 1/2 and 2/1 (Figure B, ratio 2/1).

-
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2.2.2.6 Tear Strength

The tear strength is tested by means of the tear test. The principle of a tear test is to load
the yarns or filaments of coated fabrics one after another until tear. The load is applied in
warp or weft direction. Tear tests are used to determine the resistance of the yarns or
filament to a load before tearing. They are specified in European and national standards
as EN 1875-3 [S5] and DIN 53363 [S7]. Originally, DIN 53363 is applicable to foils only,
but traditionally also applied to fabrics. Due to the fact that it is still the standard on which
the fabricator rely on, it is mentioned in this chapter. Another possibility is to perform a wide
panel tear test [BBNO4b]. In the context of the Eurocode development it is envisaged to
focus on the European test standards only. Procedures of tear tests are described in Annex

B4.
Exemplary results of a tear test are presented in Figure 2-6.

Page 34



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

200 +

Force in N

100 +

0 50 100

Extension in mm

Figure 2-6 Typical results of a tear test [© ELLF]

2.2.2.7 Shear behaviour of fabrics

The shear behaviour should also be considered for coated fabrics. Indeed the shear is not
important for the stress state in the field far away from any corners and edges. But near
the edges and gussets the shear stiffness is extremely important for the stress distribution
especially if the mean axes of anisotropy are not perpendicular to the edge. It can be shown
by means of discussing the symmetry group of orthotropic materials that the shear

behaviour is not coupled with the behaviour in the directions of warp and weft.

The determination of the shear modulus can be performed in a biaxial shear test. The
biaxial shear test is presented in Annex B5. The typical shear stress-strain-behaviour is
shown in Figure 2-7.

jshear stress/ shear strain J + 7
|—laverage shearmodulus G =143 km | — 5
jamming condition |
T
S
% -035 -0,30 -0,25 - 025 030
/
-3
o
strain [-]
Figure 2-7  Shear stress in dependence of shear strain and average shear modulus G

[© DEKRA/Labor Blum]
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2.2.2.8 Adhesion

The aim of adhesion tests is to determine the mechanical behaviour of the adhesion of the
coating to fabric. The principle of an adhesion test is to pull a specimen, which is welded
by sealing two material strips face to back, until the separation of the bonded specimen
occurs.

On European level, the adhesion test
is required to be performed
according to EN I1SO 2411 [S6]. In 007
Germany, a different test method is
specified by the guideline of
Deutsches Institut fir Bautechnik 0 T
(DIBt) for acceptance test of coated
fabrics and their joints using the test
evaluation of DIN 53357 [S14]. DIN
53357 is still applied in Germany
although it is withdrawn. In Annex B6
the German test procedure is w1
explained due to the fact that it is the
common procedure even for
international projects. Nonetheless, 0 1
in the context of the Eurocode ‘
development it is envisaged to focus I
on the European test standards only. g g ; ; .
For this purpose further development ' " 3°°
and investigations have to be Figure 2-8
performed for the transformation and
comparison of the different test procedures.

=
3

Kraft in N

Typical results of an adhesion test [© ELLF]

Typical results of an adhesion test are presented in Figure 2-8.

2.2.3 Tabulated strength values for coated fabrics
2.2.3.1 General

In the following strength values for coated fabrics are summarized. For a future Eurocode
it will be helpful to classify the materials as it is partially already done by the material
producers and some national recommendations. Only those values are specified in the
following which are of interest in the context of the design of a tensile membrane structure.

2.2.3.2 PVC-coated Polyester fabrics (PES/PVC-fabrics)
The following tables give strength values for conventional material products.

Up to now, the only standardized classification exists in the French recommendations,
which is given in the following Code Review No. 3. The materials are classified mainly by
the material weight.
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Code Review No. 3

French recommendations

The following table is not a standard but a project master document.
Table 1: Typology of polyester fabrics with PVC coating
Type | I 1T 1Y,
Weight in g/n? 750/900 1050 1050/125® 1350/185@
lﬁgf’ugfgﬁng\ﬁ?s‘grx‘;a;ﬁ d 2800/2800 4200/4000 5600/5600 8000/7000

56/56 84/80 112/112 160/140

(KN/m)
Tear strength in warp and 300/280 550/500 800/650 1200/1100
weft in (N/5cm¥ and
(KN/m) 6/5,6 11/10 16/13 24/22
Ultimate elongation (%) 15/20 15/20 15/25 15/25
Minimum width of the 3 4 4 4
welds (cm)
Light passing at 500nm, 13 95 8 5
translucent white color '
Reaction to fire M22) M22) M22 M22
UThetwo values indicate an order of magnitude.
2) Classification according to French standards NF PR3 and NF P9507. Class M2 corresponds to class B
s2,d0 in EN 13501.
3) Strength values are given as mean values.

The classification of material types for PES/PVC-fabrics that are used throughout Europe
is currently being harmonized for the purpose of the Eurocode development. Eurocode
Outlooks No. 5 and 6 display a coordinated classification harmonization. Although the
weight and the tensile strength are normally closely linked to each other (one exception is
fluorpolymer coated PTFE fabric), the future Eurocode classification aims to classify by the
tensile strength as this is the item directly linked to the structural verification.

Those strength values which are directly linked to the stress verification in the Ultimate
Limit State (ULS) have to be taken into account in the design verification as characteristic
values, i.e. 5%-fractile values. These are the tensile strength of the base material and the
seam strength, see Eurocode Outlook No. 5. The values given in Eurocode Outlook No. 6
T the tear strength and adhesion i are important material properties for the structural
behaviour, but are not supposed to be directly used for the design verification of the
structural safety.
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Eurocode Outlook No.5

PES/PVGCfabrics

Strength values of PV&oated polyester fabrics directly linked to the stress verification in the ULS

Parameter

Standard

Value

Type | Type Il Type llI Type IV Type V
warp/weft | warp/weft | warp/weft | warp/weft | warp/weft
Tensile Mean 2750/2750 | 4000/4000 | 5500/5000 | 7500/6500| 9250/8000
Strength EN ISO value 55/55 80/80 110/100 150/130 185/160
[N/5cm] 1421 5% 2500/2500 | 3500/3500 | 5000/4500 | 6750/6000| 8500/7250
[KN/m] fractile 50/50 70/70 100/90 135/120 170/145
Seam percentage
strength at EN ISO of the ) ) ) ) )
23°C 1421 respective 090 % 090 % 090 % 090 %| O8 M™%
tensile
strength
Seam percentage
strength at EN ISO of the ) ) ) ) )
70°C 1421 respective 070 % 070 % 070 % 06 0 % O55 %
tensile
strength

1 Higher values might be possible, but maybe not economical.

Eurocode Outlook No.6

PES/PVGfabrics

Strength values of PV&oated polyester fabrics not directly linked to the stressfication in the ULS

Parameter

Standard Type | Type Il Type I Type IV Type V
warp/weft warp/weft warp/weft warp/weft warp/weft

Tear EN 18753
Strength?) Method B 170/170 280/280 450/450 750/750 1100/1100
[N] (62°) 4P
Adnesiord | £\ 1660411 100 110 120 130 140
[N/5¢cm]
D This values are given as mean values.
2 Accompanying the Eurocode development, a new biaxial test standard is currently under development i
CEN/TC 248/ WG 4 which aims to substitute the method df8ZB3 in the future.

Page 38




Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

2.2.3.3 PTFE-coated glass fibre fabrics (Glass/PTFE-fabrics)

The following tables give strength values for conventional PTFE-coated glass fibre material
products (Glass/PTFE-fabrics).

Up to now, the only standardized classification exists in the French recommendation [S29],
which is given in the following Code Review No. 4.

Code Review No. 4

French recommendations

The following table is not a standard but a project master document.

Table 2: Typology of glass fabrics with PTFE coating

Type | I I \Y,
Weight in g/n¥ 800 1050 1250 1500
Tensile Szt)fength in warp 3500/3000 5000/4400 6900/5900 7300/6500
and weft2 in (N/5cm) and 70/60 100/88 138/118 146/130
(kN/m)

\Ili?tfiﬁt;ﬁlr/'gg:ni;)";%’ and 300/300 300/300 400/400 500/500
(kN/m) 6/6 6/6 8/8 10/10
Ultimate elongation (%) 3-12 3-12 3-12 312
LI E2ET) LU, 1218 1218 1016 1016
translucent white color

Reaction to fire M2 m21) M2 M2

NOTE Packing has an important impact on the properties of the material.

1 Classification according to French standards NFB@2and NF P9507. Class M2 is correspondent to class B
s2,d0 in EN 135041

2) Strength values are given as mean values.

Eurocode Outlooks No. 7 and 8 give a proposal for a future classification. Comparable to
PES/PVC-fabrics, see above, those strength values, which are directly linked to the stress
verification in the Ultimate Limit State (ULS), have to be taken into account in the design
verification as characteristic values, i.e. 5%-fractile values. These are the tensile strength
of the base material and the seam strength, see Eurocode Outlook No. 7. Other values like
tear strength, adhesion and tensile strength after crease fold are important material
properties for the structural behaviour but are not supposed to be directly used for the
verification of the structural safety. Tear strength and tensile strength after crease fold are
subjective criteria which allow to compare materials in their sensitivity during fabrication,
handling and installation. For further information see chapter 7.7 or annex B2.
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Eurocode Outlook No.7

Glass/PTFEfabrics
Strength values of PTFEcoated glass fibre fabrics directly linked to the stress verificatiothie ULS
Parameter Standard value | Typel Type ll Type il Type IV
warp/weft | warp/weft | warp/weft | warp/weft
_ Mean 3500/2500| 4250/4000( 7000/6000| 8000/7000
lensile Swength value 70/50 85/80 | 140/120 | 160/140
[N/5cm] EN ISO 1421
0,
[kN/m] D /(f To be determined by experimental investigatior]
fractile
t , a - )
Seam Strength at 23°C EN ISO 1421 pegﬁzeage 080% 090% 090% 090 %
respective
o tensile , o . .
Seam Strength at 70°C EN ISO 1421 O060% O70% O70% O70%
strength
Eurocode Outlook No.8
Glass/PTFEfabrics
Strength values oPTFE-coated glass fibréabrics not directly linked to the stress verification in the ULS
Parameter Standard Type | Type lI Type lll Type IV
warp/weft warp/weft warp/weft warp/weft
Tear Strength [NP EN 18753? 150/150 200/250 300/300 400/400
Adhesion [N/5 cm]) EN ISO 2411 35 50 80 100
1 This values are given as mean values.
2) Accompanying the Eurocode development, a new biaxial test standameatly under development in CEN/TC
248/ WG4 which aims to substitute the method ol &R&-3 in the future.

2.2.3.4 Silicone-coated glass fibre fabrics (Glass/silicone-fabrics)

Silicone-glass is a glass fibre fabric impregnated and coated with silicone elastomer. There
is no emission of toxic fumes at high temperatures. Silicone coated fabrics are very flexible
at a temperature range from 1 50°C to 200°C. The material is treated to resist wicking along
the fibres for prolonged outdoor use and has a surface coating which improves soll
resistance and handle during manufacture. The silicone coating can be translucent or
pigmented to either reduce the translucency or to get coloured fabric. UV-B and UV-C
radiation is blocked by the silicone while the UV-A radiation is passing.

The seams are stitched or glued. Currently material with a tensile strength up 10000 N/5cm
is available.

Eurocode Outlooks No. 9 and 10 give a proposal for a future classification of conventional
silicone-coated glass fibre fabrics. 5%-fractile values for the tensile strength have still to be
determined.

Regarding further information on strength after crease fold see chapter 7.7 or annex B2.
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Eurocode Outlook No.9

Glass/siliconefabrics
Strength values of siliconeoated glass fibre fabrics directly linked to the stress verification in the ULS
5 ‘ Stan Type F Type I+ Type Il Type llI+ Type V
arameter | gard Value warp/weft | warp/weft | warp/weft | warp/weft | warp/weft
Tensile
Strength EN ISO 2600/2000 | 4000/3900 | 6000/5600 | 7500/7500 | 10000/9900
Mean Value
[N/5em] 1421 52/40 80/78 120/112 | 150/150 | 200/198
[kN/m]
Seam EN ISO
Strength at percentage 70 % 70 % 70 % 70 % 70 %
1421
23°C of the
respective
Seam EN ISO tensile
Strength at strength 70 % 70 % 70 % 70 % 70 %
. 1421

Eurocode Outlook No. 10

Glass/siliconefabrics

Strength values ofiicone-coated glass fibréabrics not directly linked to the stress verification in the ULS

Parameter Standard Type Type |+ Type llI Type I+ Type V
warp/weft | warp/weft | warp/weft | warp/weft | warp/weft
Tensile Strength after ASTM D to be
2.5% >92% . >99% >99%
Crease Fold Test? 485P) 82.5% 92% determined 99% 99%
Tear Strength [NP EN 187532 176/133 190/190 400/400 550/550 900/850
Peel [N/5cm]Y EN ISO 2411 >150 >150 >150 >150 >150

1 This values are given as mean values.
2) Accompanying the Eurocode development, a new biaxial test standard is currently under development in CE
aims to substitute the method of E8I53 in the future.

%) The referred standard for the crease fold test is an AStEMdard, whictshould not be used in a Eurocode de
standard. Beside this, modified crease fold tests procedures exist, on which it could be relied on. In future, it
investigated, which crease fold test is the most reliable one. Furthermore, this testupeosieould be standardized
a European standard.
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2.2.3.5 Fluorpolymer-coated PTFE fabrics

Eurocode Outlooks No. 11 and 12 give a proposal for a future classification of fluorpolymer-
coated PTFE-fabrics.

Eurocode Outlook No.11

Fluorpolymer-coated PTFE fabrics
Typical strength values of fluorpolymeroated PTFE fabrics directly linked to the stress verification in the ULS
Parameter Type O Type | Type Il
SiEEE Value warp/weft warp/weft warp/weft
;gﬂ‘g"iﬁ Et\lr%”gg]‘ & | ENIsO 1500/1600 2400/2600 4000/4000
139341 30/32 48/52 80/80
[KN/m]
ggﬁé"iﬁ ?gfsncizr]‘ & | ENiso 5% 1000/1100 1700/1800 3000/3000
139341 fractile 20/22 34/36 60/60
[KN/m]
gg[‘é"ii ?rt\:?snc?:]? 2| Eniso 900/950 1450/1550 2400/2400
139341 18/19 29/31 48/48
[kN/m]
percentage|
EN ISO of the
Seam strength at 23°C 139341 respe<_:tive 090 % 090 % 090 %
tensile
strength

Eurocode Outlook No. 12

Fluorpolymer-coated PTFE fabrics

Properties offluorpolymer-coated PTFE fabricsiot directly linked to the stress verification in the ULS

Parameter Standard Type 0 Type | Type Il
warp/weft warp/weft warp/weft

Weight [g/n?]Y 250 340 1100

Tear strength® [N] DIN 53363 390 700 1000/1000

Reaction to fire EN 135011 B-s1, dO B-s1, dO B-s1, dO

Fabrication sewing sewing sewing/welding

The values for weight and tear strength are mean values.
2 Accompanying the Eurocode development, a new biaxial test standard is currently under development in CE
WG4 which aims to substitute the method of DIN 53363 in the future.

2.2.4 Tabulated strength values for uncoated fabrics

2.2.4.1 General

In the following strength values for uncoated fabrics are summarized. For a future Eurocode
it will be helpful to classify the materials as it is partially already done by the material
producers and some national recommendations. Only those values are specified in the
following which are of interest in the context of the design of a tensile membrane structure.
As already stated, uncoated fabrics in textile architecture are usually made of
polytetrafluorethylene (PTFE) or polyvinylidenfluorid (PVDF). In the following values will be
given for uncoated PTFE-fabrics only.
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2.2.4.2 Uncoated PTFE-fabrics

Eurocode Outlooks No. 13 and 14 give a proposal for a future classification of uncoated
fabrics made from PTFE-yarns. As uncoated PTFE fabrics are typically available with
higher strength values only, the classification starts with type IIl.

Eurocode Outlook No. 13

Uncoated PTFEfabrics
Typical strength values of uncoated PTFbrics directly linked to the stress verification in the ULS
Typelll Type IV Type V
Parameter Standard Value warp/weft warp/weft warp/weft
;g?g"iﬁ ?ﬂfS”C%g? 2| ENIsO 5000/5000 7500/7500 10250/10250
[KN/m] 139341 100/100 150/150 205/205
Tensile strength at
o : EN ISO . 3500/3500 5250/5250 7200/7200
fk?\u(fn']” [N/semiand | j395,y | S%dractie 70/70 105/105 144/144
gg[‘é"ii ?rt\:?snc?:]? 2| ENIsO 3000/3000 4500/4500 6200/6200
139341 60/60 90/90 124/124
[KN/m]
percentage of
Se?m ST £ ENISO | e respective 050 % 050 % 050 %
23°C 139341 .
tensile strength
Eurocode Outlook No. 14
Uncoated PTFEfabrics
Properties ofuncoated PTFEfabrics not directly linked to the stress verification in the ULS
Parameter Type llI Type IV Type V
SIEMEEE warp/weft warp/weft warp/weft
Weight [g/n?]? 930 990 1400
Reaction to fire EN 135011 B-s1, dO B-s1, dO B-s1, dO
Fabrication sewing sewing sewing
1) The values for weight are mean values.

2.3 ETFE-Foils
2.3.1 General

The Eurocode is also intended to apply to ETFE-foils, short for Ethylen-Tetrafluoroethylene,
which is a copolymer of ethylene (E) and tetrafluoroethylene (TFE). TFE is based on the
natural mineral fluorospar. It forms a long linear molecular chain. The material is first
polymerized and then extruded into pellet form.

Herewith, ETFE is a solid, semicrystalline, transparent and thermoplastic fluorinated
copolymer, consisting of two individual monomeric. In pellet form the material can be mixed
with pigments or modification additives and can be extruded into a foil.

For the production of an ETFE-foil, ETFE-pellets are heated to approximately 340 °C and
forced through a machine under pressure to form foils. It can be distinguished between two
different production methods, which results in foils with different properties. Foils produced
by the blown film extrusion method can have a greater width. As a result the thickness of
the folil is effectively limited up to 150 pm. But the material is less isotropic than the foils
produced by the second method, which is explained hereafter. Foils can also be produced
by extrusion through a slit-die. Then they can achieve thicknesses up to 350 um. In
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principle, the foils are much more transparent and free of defects. After extrusion, the foils
can be printed or surface treated, see Figure 2-9.
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Figure 2-9 Exemplary plain and printed ETFE-foils [© ELLF]

ETFE-foils have a wide service temperature range and they are low flammable (270 °C;
the material dissolves, but does not cause molten drips). They are resistant to solvents,
chemicals and radiation, to outdoor weathering and to tear and stress cracking. In the
visible and UV ranges the foil has a high light transmission, the permeability is very low and
it has non-stick characteristics.

Within tolerable material limits these foils can be assumed to be linear and isotropic, which
means their behaviour in both directions is approximately equal. Foils tend to flow with
constant load or especially at higher temperatures because of their thermoplastic
properties. The creep of ETFE-foils is up to 1% for usual stress ranges of up to
approximately 9 N/mm?, but can yield up to 2% for higher stress levels up to 13 N/mm?
[Sax12].

The individual ETFE-foils are joined by contact welding. Afterwards they can be used as a
single-layer foil stretched between framework or as multi-layered pneumatically
pressurized pillows. The internal pressure typically ranges between 200 and 500 Pa, but
can be chosen higher depending on external conditions like wind or snow [Sch09, Houl3,
KCGL10, Koc04].

2.3.2 Material properties
2.3.2.1 General

The mechanical properties of ETFE-foils depend on the load duration and the ambient
temperature. In the typical thickness range (100 to 300 um) the linear elastic range reaches
up to 1 % elongation. In this sector the foil shows the highest stiffness. The reached tensile
strength can be calculated static. In dependence on the stress condition the values may
change. At low temperature, -25 °C, the elongation will get back to the initial situation after
several cycles. But at higher temperatures, +35 °C, the foil is creeping and a residual strain
remains [Sch09, Houl3, KCGL10, Koc04].

Foils typically exhibit high levels of strain with multiple yield points and a very high capacity
for plastic deformation.

Foils used for membrane structures are characterized by:

9 thickness [em],
1 weight [g/m?],
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extrusion direction, perpendicular direction,

roll width [mm],

yield strength [N/mm?],

tensile strength [N/mm?],

Youngo6s modi,l us [ N/ mm
shear modulus [N/mm?] and

Poissond ratio [-].

= =4 =8 =8 -8 -89

Typical strength values are the

9 vyield and tensile strength,
1 seam strength and
9 tear strength.

2.3.2.2 Yield and tensile strength

In principle, the yield and tensile strength of foils is determined by tensile tests in the same
way as already explained for fabrics in chapter 2.2.2.2. The tensile test for foils is specified
in EN ISO 527, Part 1 (general properties) [S3] and Part 3 (test conditions for films and
sheets) [S4]. Tests on welding seams, edge details and other type of joints are performed
according to EN I1SO 527; in Germany in combination with the guideline of Deutsches
Institut fir Bautechnik (DIBt) for acceptance test of coated fabrics and their joints [S12].

The test specimen is a cut strip in machine or transverse direction or perpendicularly to
joints as welding seams or edge details. The dimensions of the specimen are specified in
EN ISO 527-3. In certain cases the length of the specimen has to be adapted, e.g. testing
an edge detail.

Figure 2-10 shows a tensile test specimen of an ETFE-foil as well as typical stress-strain-
diagrams for ETFE-foils.

Stress in MPa

o i i
0 50 100 150 200 250
Strain in %

Figure 2-10  Tensile test specimen (here: ETFE-foil edge detail), left, and typical stress-strain-diagrams
for ETFE-foils [© ELLF]
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Eurocode Outlook No. 15

Q) The tensile strength at 23 °C in extrusion and perpendicular direction has
determined according to EN ISO 527

2.3.2.3 Tear strength

For foils no European standard exist up to
now for the determination of the tear A f\
strength. / /\ f \

In Germany the tear test is specified in the 0 R [ ‘/ \
national standard DIN 53363 [S7], see || [
explanations for fabrics in chapter 2.2.2.5. |

[ \
R
Typical force-extension-diagrams for ETFE- Z | ‘\ S \K R
foils are presented in Figure 2-11. - ,

0 50 100 150 200

Figure 2-11 Typical force-extension-diagrams
for ETFE-foils [© ELLF]

Eurocode Outlook No. 16

Q) The tear propagation strength at 23 °C in extrusion and perpendicular has
determined with the tear test according to DIN 53363.

2.3.2.4 Stiffness parameters

In principle the stiffness parameters of foils are determined in the same way as for fabrics,
see Annex B3.1. An additional test procedure is presented in Annex B3.2.

Eurocode Outlook No. 17

(2) For structures that experience high levels of stress in both extrusion and perpen
directions simultaneolisit is appropriate to carry out biaxial or mutixial testing.

Up to now, for foils no standardized biaxial or multiaxial testing procedures exist. Currently,
in CEN/TC 248/ WG4 a standard is under development for biaxial testing of fabrics. This
standard might be adoptable for foils.

Eurocode Outlook No. 18

1) If a foil material has been shown to be isotropic, then elastic constants can be dete
from different stress ratios than 1/1 in a biaxial test.
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2.3.2.5 Tabulated strength values for ETFE-foils
Eurocode Outlook No. 19 contains design values for ETFE-foils.

Eurocode Outlook No. 19

ETFE-foils
Standard Value Minimum
Parameter value
Tensile Strength at 23°C [N/méh ENISO 5271 Mean value 50
Tear Strength [N/mm] DIN 53363 Mean value 450
Seam Strength at 23°C [N/mfh EN ISO 5271 percentage of 30
. the respective
Seam Strength at 50°C [N/mh EN ISO 5271 tensile 04
strength

2.4 Material laws in practice and their interconvertability

2.4.1 Different material laws in practice

The highly non-linear and non-elastic material behaviour of structural membranes is
approached in practice by different formulations of a linear-elastic constitutive law in the
plane stress state. The application of hyperelastic material models for tensile membrane
structures is currently under research but might be finalized for use in the foreseeable
future, e.g. [SBN14, Col14]. Further methods for the mathematical description of the stress-
strain behaviour are under development, e.g. macro-mechanic methods (e.g. [Ball07,
IBG13]), see also Annex D of this document.

To handle the typically rather high crimp interchange effect in membranes, many software
packages dedicated to membranes today are using
pl ane st r withwarmaodidnveft séffness and crimp interchange stiffness.

The better known corresponding Ainverse stiffne
uses Young's Modulus i aherRoityporc@d | Rattihe Poi
isotropic solid materials cannot be equal or larger than 0.5. For anisotropic solid materials

higher values may be feasible, see e.g. [Lem68]. This feature can be necessary for some

membrane materials.

One formulation can be substituted by the other one, see the following section.
a. Direct stiffness formulation

s E& QeEL (2.1)

d & 4=d
sy £y P EpF (2.2)

where sy, Sy are the membrane stress in warp and weft direction in [KN/m], e, & are the
strain in warp and weft direction in [-], EY, E?, are the direct stiffness in warp and weft

d

Xy E‘)j,x are the crimp interchange stiffness in warp and

direction of a fabric in [kN/m] and E
weft direction in [KN/m].
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b. Inverse stiffness formulation

Sx Sy

ey =5 —XynE—i (2.3)
X y
S S
=y X

ey —EI— —anE—i (2.4)
y X

where sy, Sy are the membrane stress in warp and weft direction in [KN/m], e, e, are the
strain in warp and weft direction in [-], E, , E'y are the stiffness in warp and weft direction

ofafabricin[kN/ml]isynonymously to thendipnpyageé st medRoiusson
Ratios in warp and weft direction in [-].

Note: For easier readability, the mentioned values for s and e are the differential values,
i.e. Ds and De.

Both mathematical formulations are equivalent and can be transformed from one to the
other. The transformation is presented in chapter 2.4.2. They are both widely used in the
field of membrane structure engineering and therefore particular care must be taken when
stiffness parameters are specified or compared. In the usual case where the crimp

interchange stiffness or the Poisson&ﬁsESRatio ar

and inverse stiffness Eix, Eiy do not exhibit the same values. This fact is accommodated

by the superscripts Ado for Adir ¢thomdermavoid f nes s o
mistakes, it can be recommended to always use the superscripts or state the type of
formulatoni Adi rect stiffness formul ati ¢ whengiving ii nver s
stiffness properties.

Often the software uses only one value for the crimp interchange stiffness or for the

Poi s s on 6respeBtigely, while the other can be calculated internally based on the

assumption of a symmetric stiffness matrix. Using the average value of the two values

within one of the formulations i crimp interchange stiffnressorPoi ssonds Rati o, res
I can be an option, but the results need to be checked carefully.

2.4.2 Transformation between direct and inverse stiffness formulation

The equations above describe physically the same material, so that it is possible to
transform the inverse stiffnressval ues Young' s Modulus and Poisso
stiffness and the other way around:

Ex

S S— (2.5)
" (1' Ry 9)1
Ei
= :—y”, (2.6)
g V)
Ey = 8y ED, 2.7)
ES = 0y ED (2.8)
or
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Eix :Eg (1 Xy N yxy’ (2.9)

Ey =EJ @ syn ko (2.10)
ESy

Ny =4 (2.11)
EX
Ed
—¥X

Nyx £d - (2.12)
y

2.5 Connection devices

Material properties for connection devices at seams or membrane edges like clampings or
corner plates should be taken from the respective Eurocodes, e.g. EN 1993 for steel and
EN 1999 for aluminium.

2.6 Structural Elements

Material properties for beam elements should be taken from the respective Eurocodes.

Material properties for cables can be taken from the respective European standard

EN12385 ASteeli swifreet yogpepsarticularly part 10:
structur al applicationso [S31]. I't is stated ir
for structural applications are produced customized for particular structural requirements.

Nonetheless, typical strength values are displayed in Annex C of EN 12385-10.

Material properties of belts made from synthetic fibres should be determined from
experimental tests.
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3 Basis of design

3.1 General

The engineering of membrane structures consists of several design steps. In general these
are form finding, structural analysis, cutting pattern generation and construction
engineering, see Figure 3-1. Contrary to bending stiff structures the form of a tensile
membrane has to be found in a first step as an equilibrium shape depending on the
geometry of the boundaries and the prestress level i or rather the ratio of the prestress
levels in the main structural directions. Different form finding approaches are in use up to
date, see chapter 3.5. The cutting pattern generation consists of the division into single
cutting patterns, t h-@imefisfolalageametny bontocaplane fthe soh e t hr e
called geometrical development) and the compensation. Compensation describes a
reduction of the measures of the geometrically developed cutting patterns to such a value
that it ensures the nominal prestress level in the membrane when it is elongated during the
installation or after an elongation due to external loading, respectively. The goal of the
cutting pattern determination is to assure the final shape with the desired level of prestress.
There are various established approaches for the cutting pattern determination, ranging
from the application of compensation values to the definition of continuum-mechanical
based optimization problems, see e.g. [DWB12, GMS00, KL02, LWB08, MM99, TTO07].
Construction engineering has to consider possible sizes, the fabrication, transportation and
erection.

Cutting

. Structural Construction
Form finding ‘ Analysis # pattern # engineering

generation
A Form depending A Load A Division into A Planning of the
on the geometry assumptions for single cutting erection and
of the boundaries the spatial patterns prestressing
and the prestress surface geometry A Determination of procedure
A Assumption of the plane
appropriate unstressed
material stiffness patterns
properties
A Structural
analysis

r———
D™

Figure 3-1 Design steps for the design of membrane structures [Figures: © ELLF]

The illustration of subsequent design steps in Figure 3-1 is a simplification. In fact,
interactions exist between the various design steps. Because of these interactions the
design procedure is actually an iterative process although frequently not performed in
practice when conducted by experienced engineers. For instance, the patterning and the
compensation has an impact on the prestress level and thus on the form finding, the
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installation planning has an impact on the choice of the fabric direction in the structure and
thus on the structural design and the cutting pattern generation, the results of the structural
analysis have an impact on the choice of the prestress level and thus on the form finding
etc. Moreover, detailing may have significant influence on stresses [Syn08].

The future design rules for all the mentioned design steps will be harmonized across
Europe and will be in accordance with Eurocode rules, i.e. the general rules given in
EN 1990, see Eurocode Outlooks No. 20 and 21. The following chapters discuss in detail
how the basic requirements and the handling of the basic variables can be implemented in
the surrounding of the Eurocode rules.

Eurocode Outlook No. 20

(1) The Eurocodehould harmonize the different views on the safety concepts and residug
bearing capacity among Europe in a consistent manner, e.g. using different class

Eurocode Outlook No. 21

(1) The design of membrane structures shall be in accordance witlettezal rules given in EN
1990.

3.2 Basic requirements

Tensile membranes require prestress and, moreover, the spatial shape of tensile
membranes needs to be doubly curved. Both characteristics ensure that the membrane is
able to carry all loads by activating only tensile stresses. The curvature can be anticlastic
(mechanically prestressed like saddle shaped structures) or synclastic (pneumatically
prestressed by air inflation like cushions or inflated beams), see Figure 1-2. The curvature
radii are defined on the basis of architectural and structural requirements. The French
Recommendations [S29] provide concrete proposals for a limitation of the curvature radii,
see Code Review No. 5. The definition and handling of prestress is discussed in detail in
chapter 3.3.

Usually, membrane structures are composed of a primary and a secondary structure. The
primary structure is the supporting structure for the membrane, which can be a steel, timber
or concrete structure. The membrane itself is the secondary structure, carrying the external
loads by tensile stresses to the primary structure.
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Code Review No. 5

French recommendations [S29]: basic requirements

The shape of the membranes must be with double inverse curvature. The radii of the
membranes vary from one point to another, from one cutting plane to andtia is why the
criterion is a global criterion.

The ratio of the chord to the sag, and the radius of curvature of the arc associated with th
chord and the same sag (see Figw2)3hould be limited.

membrane

chord associated

radius of

curvature

Figure 32 Membrane and associated arc

When there is pretension, the ratio of the chord to the sag, and the associated radius of ¢
between the edges in the same plane must satisfy the followingandi

- ¢mandR¢70m (3.1)

where: ¢ chord,

f sag

R associated radius of curvature.
Note: The first condition corresponds ap
Form stabilizing devices such as valley cable, ridge cables or roof ridges cmethe

The use of type 1 polyester fabrics with PVC coating is allowed for covered areas less tia
in planar projection.

The use of type 2, 3, 4 polyester fabrics with PVC coating is obligatory for covered areas
than 30 m, in planar projectbn.

The radius of curvature of the boltropes must not exceed 25m.

The supporting structure must be stable in the absence of the covering membrane.

3.3 Actions and environmental influences

The majority of membrane structures are roofing structures and the external actions on
these structures are snow and wind loads as well as maintenance loads. For special
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structures like inflated beams or hybrid structures like tensairity girders (see 5.5.1) or
membrane restrained girders traffic loads may apply as well. The rules for actions and
environmental influences are given in EN 1990, chapter 4.1. Actions to be used in design
may be obtained from the relevant parts of EN 1991. For the combination of actions and
partial factors of actions see Annex A to EN 1990.

The relevant parts of EN 1991 for use in design include:

EN 1991-1-1: Densities, self-weight and imposed loads,
EN 1991-1-2: Fire actions,

EN 1991-1-3: Snow loads,

EN 1991-1-4: Wind loads,

EN 1991-1-5: Thermal actions,

EN 1991-1-6: Actions during execution and

EN 1991-1-7: Accidental actions.

= =4 =8 -8 -8 -89

The National Annexes may define actions for particular regional, climatic or accidental
situations.

However, due to the great variety of forms for membrane structures, it is possible that loads
may not accurately be defined using EN 1991. This is obvious for snow and wind loads.

Eurocode Outlook No. 22

NOTE:EN19941-4 AWi nd | oadso is not appropriat

Regarding static wind loads, a basis of cy-values for different typical structural forms can
be found in the literature [FM04, Cook85, Cook90]. In [FMO04] cp-values are given for some
typical structural membrane forms, e.g. for conical structures, ridge and valley structures,
hypar and cantilevered canopy structures or stadia roofs.

Furthermore, Computational Fluid Dynamics (CFD) can be considered as well for
accompanying analyses, e.g. for overall wind flow data. Although, the current state of
research enables first applications for the design practice [Mich11, Mich14], the designer
is not recommended to rely on CFD-analyses only. Another advantage of CFD is the
possibility to consider dynamic amplification of the structural response to fluctuating wind
loads. Particularly wide span membrane structures with small degrees of curvature and low
prestress react with high vibration amplitudes to a fluctuation of the wind speed. This
vibration can be higher than the deformation due to the maximum static wind load.

Another well-established possibility to determine static wind loads is wind tunnel testing.
But the determination of the wind-induced motions of the membrane structures with small-
scale wind tunnel tests is in general not possible [Mich11]. Furthermore, wind tunnel tests
are generally only commercially viable for major projects.

It is planned to develop simplified general rules to incorporate in EN 1991 during the
development of the Eurocode on Membrane Structures and to extend the basis of cp-values
mentioned above. Wind tunnel tests are intended to be performed for that purpose. As a
preliminary work for a wind tunnel test series a categorization of basic membrane forms
has been conducted [Mich14] which is demonstrated in Figure 3-3.
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Figure 3-3  Categorization of basic membrane forms for the purpose of wind tunnel testing [© Alexander
Michalski] [Mich14]

3.4 Prestress

3.4.1 Definition and handling of prestress

The definition and handling of prestress in the design is under discussion in the CEN/TC
250/ WGH. Prestress stiffens and stresses a structural membrane at the same time. The
guestion arises, whether prestress should be defined and handled as an action or as a
stiffness property during the verification in the Ultimate Limit State (ULS) and the
Serviceability Limit State (SLS). The distinction has impact on the application of partial
factors. Two positions are discussed in the following i unaffected of the discussion of the
application of partial factors in general in chapter 3.6. The difference of both positions is
whether the handling of prestress as an action is appropriate or inappropriate in the frame
of the verification of a membrane structure. The different positions lead to a different
handling of partial safety factors.

Position 1: Handling of prestress as an action is appropriate

For the purpose of the verification in the Ultimate Limit State (ULS), every impact on the

structure that exposes it to a stress state is usually handled as an action. This action will

be factorized with the correlated partial safety factor g- > 1 if an unfavourable deviation

cannot be excluded for sure. For prestress this would be g. In order to consider

unfavourable deviations in the level of prestress after the installation of a membrane, setting

0O 1 seems to be recommendable in general. Th
deviation of the nominal prestress would normally lead to higher overall stresses than

expected. This behaviour can be observed for mechanically as well as pneumatically

prestressed structures.
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The deviations might be different for different types of structures. For pneumatically
prestressed structures, where normally a good control of the prestress level is enabled by
pressure measurement and a changing prestress level might easily be adjusted over the
whole lifetime of the structure, it might be justified to apply g = 1.0. In mechanically
prestressed structures usually the control of prestress is much more difficult. Also a
controlled adjustment of the prestress level after the installation is difficult or completely
impossible in many structures. As a result the initial prestress is frequently planned to be
higher than the nominal prestress level, because the prestress is known to decrease with
time due to creep, relaxation and a decline of the yarn crimp. In those cases, unfavourable
upwards deviations of the prestress i and therefore the overall stress, too T could very
easily be considered by setting g, > 1.0.

After all, in order to allow the design engineer to easily calculate the most unfavourable
design stress level in the Ultimate Limit State (ULS), it seems to be appropriate to consider
prestress as one more action i beside the external actions 1 and to handle it in the same
stringent way.

The same procedure can be applied for the verification in the Serviceability Limit State
(SLS), which is actually a verification of deflections in most cases. Here, an unfavourable
deviation would be a downwards deviation of prestress or stiffness, respectively, leading
to unfavourable greater deflections than for the nominal prestress level. Applying prestress
as an action, this could be considered by applyingg O 1. 0.

Position 2: Handling of prestress as an action is inappropriate

Membranes structures present a quite particular specialty which distinguishes it from more
usual structures: no prestress i no structure.

Applying prestress in a tensioned structure leads to an increase in the structural geometric
stiffness, which is not the case for the more conventional structures such as built from
concrete or steel. The effects of prestress cannot be compared in both cases.

In the following examples, the effect of prestress is presented in the cases of two colinear
cables, two orthogonal cables (bi-cable), an inflatable beam, and a rectangular tensioned
membrane. The behaviour of the material is supposed linear, which does not change the
comprehensiveness of the conclusions about the influence of the prestress on the stiffness.

Example 1: Effect of prestress on a system of two colinear cables [Lau92]

This example is voluntarily the simplest imaginable system, consisting of two identical

aligned cables G:K and KG3s, see Figure 3-4 (wi th the same | ength L,
Modulus E, and the same section area S). It is attached to the supports G, and Gs. Two

cases are studied:
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Figure 3-4 Model of the colinear cables [Lau92]
Without initial prestress

The initial tension is nil (Figure 3-4a), and a load P, is applied at the point K, following the
direction G,@s;. This leads to Figure 3-4b: a support action at the point G,:P1. The value of
the tension in G.® is F = P;. The tension in K@&s; is nil, which means that it is a totally
relaxed state section (if such an element would be part of a framework, it would be likely to
float or flap under the effect of a transverse stress, which is not conceivable).

P
The stress in G2K is then n= gl and the elongation of GzK (following Hooke's law):

PAQ P
DL, =1 — =1_|
e EG

L

(3.1)

EG :
where o =K, represents what may be called the normal stiffness of the G:K element.

With initial prestress

G2Gs is subjected to an initial tension Fo (Figure 3-4c¢), and then the same force P is applied
at point K in the G.@; direction. This leads to Figure3-4d: two new support actions F. and
Fs, an elongation DL, of G.®& and a shortening of the same value G,® of K{s.

G.® and K@:; are initially identical (this is valid after the application of Fo and before the
application of P1). The increase of the tension in G.® equals in absolute value the reduction
of the tension in K@&; (Hooke's law), then:

FoI Fo=Fo1 FsorF + F3 = 2F.

The static equilibrium leads in absolute value to F> T Fz = P1. It gives
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P P
F, =R +§1 and F; =Ry —21 (3.2)

So, to ensure that K&; remains always in tension (Fz 2 0), despite its shortening DL, it is

- P,
sufficient to have: F; 2 El

P
If this strictly sufficient value is adopted for F, Fy = El one can obtain:

F2 = P1 (idem of case 1),
Fs; = 0 (idem of case 1).

Conclusion: The implementation of a judicious pretension in G.@s; in order to make it able
to withstand the applied force P; at the point K, in the middle of G.@s3, following the G
direction, and avoiding the slackening of K@&s3 therefore leads to, under the effect of P1: the
same reactions at G, and Gz than without pretension. The elongation in K is reduced by

: . . P P
half, because the increase of the tension in G.® (P - El -—-El)glves:

D_Z :Fi _é_ E:
2 EG 2
Note: The pretension gives the system an increased stiffness, and therefore, in principle,
does not penalize dimensioning of the supports.

Ly (3.3)

Example 2: Effect of prestress on a bi-cable modelling a membrane [ML93]
Mechanical specifications

From the mechanical point of view and in relation to traditional rigid structures, tensioned
textile structures have a very particular nature marked in particular by:

i an initial state of prestress required to increase the stiffness of the structure,

9 the imperative need to have at any point a state of tensile stresses in the weft and
warp directions, and a double reverse curvature,

1 the existence of large displacements, and sometimes large deformations which
induce a geometric nonlinearity,

1 the anisotropy of the material used, and sometimes the need to take into account the
structural non-linearity in the elastic field,

1 the low value of the own weight compared to the climatic and prestressing forces,

9 the technological manufacturing constraints that impose to cut out the rough
surfaces under different initially plane constrained size limited elements,

1 the existence of substantial support reactions, comprising particular vertical lifting
components and strong horizontal components.

All of these constraints result in a very strong interrelation between form, forces and
materials. The initial kinetic uncertainty and the necessity of determining the geometry of
cutting demand to adopt a particular design methodology for this type of structures. The
non-linear calculations also require the use of iterative and/or incremental calculation
methods and a visualization graph of the deformed shape that allows manual corrections
(to avoid the appearance of wrinkles or pockets for example, or to increase the curvature).
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Need for double curvature

The local equilibrium at a point of tensioned membranes is characterized by the values of
the principal tensions T1 and T (see Figure 3-5).

The principal curvature radii which correspond to the tensions are respectively R; and Ra.

The local balance equation is:

L
Rl RZ

p represents a surface density of external actions. Two cases can be considered:

1 the surface has double negative or inverse curvature: balance is possible with a p value
of zero (the values of R; and Rz being assigned an opposite sign). This is the case of
linearly or concentrated tensioned textile structures;

1 the surface has double positive curvature, in which case R; and Rz being of the same
sign, the balance can exist only by adding a third permanent term p; correspondent in
practice to a uniform internal pressure applied to the membrane. This is the case of
inflatable structures.

In both cases, the external actions by a pressure must not cancel the principal tensions,
which would result in the appearance of wrinkles in the membrane.

Ry

Figure 3-5 Local Equilibrium of a tensioned membrane
Role of pretension

The need for double curvature is established, the stability of the membrane is achieved by
pretensioning, that is to say by introducing a prestress. The pretension is to induct traction
in each of the two yarn families (in warp and weft) to limit the displacements of membrane
subjected to external actions.

To illustrate the various aspects of the pretension, it is possible, with a simplified model, to
study the equilibrium of a point on the surface. In the case of the negative double curvature,
the model consists of two cables AB and CD respectively fixed in two "high" and two "low"
points. The horizontal projection of the four points gives a quadrangle (see Figure 3-6).
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Figure 3-6 Model of the bi-cable [ML93]

For simplicity, let pose AB = CD = 2L. The length of the cables in their unstressed state is
2 @ The distance between the lines AB and CD is chosen greater than 2hg, where hg is the
distance from the point M to the chord AB (or CD) corresponding to a zero tension in the
cable AMB (or CMD). This same distance is ho + z in the prestressed state, where z is the
displacement of the point M. In this symmetric case, the preload consist to align the points
M of the two cables halfway between the two horizontal planes: the corresponding
deformation of the two cables is similar to applying a force T, to the upper cable and a force
T to the lower cable.

In both cases, it is possible to write the relation between the force applied to the node and
the corresponding displacement relative to the unstressed state, which corresponds to the
diagram Figure 3-7:

o yL24(hg &) ¢
T=2 BA sip Yo Og " %o (3.4)
0

where E is the Young's Modulus, A is the section area of the cable, and a is the angle
between the cable and the horizontal.

This relationship introduces the terms of the second order with respect to the displacement,
thus taking into account large displacements while remaining in small strains and linear
elasticity.

This relationship between T and z is valid for both cables. The origin corresponds to the
original undeformed geometry, where z = 0.

When no external action is applied, the static equilibrium leads of course to: T1 = Tx. In this
case, the displacement is z;, which corresponds to the prestressed state (Figure 3-7).

When a vertically force F is applied downwardly, the point M common to both cables
undergoes a displacement in the same direction. When the static equilibrium is reached
again, the displacement of M being z», we have:

T +F 9 (3.5)
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The displacement z, of the equilibrium point is such that the length KC on the diagram in
Figure 3-7 is equal to F.

From point M representing the prestressed state (z = z1), the released lower cable is
represented by a symmetrical curve to the one of the upper tensioned cable relatively to a
vertical line passing through M.

rd
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Figure 3-7  Operating diagram of the bi-cable [ML93]

As a result the equilibrium shows an increased force applied to the upper cable when the
system is | oad e dissmallartthanttiesumvla uke bBrécidasussadler T 6
than T1(= T2). There is therefore no addition of the effects of the pretensioned and applied
loads, but combination.

The displacement of the crossing point M of the two cables is measured by the difference
Z> 1 z1, which is less than in the abscissa z: when there is no pretension. The pretension
therefore has a stiffening action on the membrane.

It is necessary in any case to ensure that the lower cable does not "Float", which
corresponds to a tension equal to zero, so that z, is smaller than zmax, Zmax being the
abscissae of the intersection point of the curve with the z axis.

Regarding the level of pretension, a first analysis could lead to choose high values so that
the displacement of the membrane is limited, regardless the climate actions characterized
in our example by the force F.

But applying such a state of prestress to the membrane would stress the fabric excessively
and therefore cause fatigue and premature aging of the fabric, and this only to support
extreme values of actions that are seldom reached, and for a short period. It follows that
the choice of the values of pretension is always a compromise between the displacements
of the membrane considered as eligible, based on its shape and its use, and the fatigue
imposed to the fabric. These values depend mainly on the climate action that may be
applied to the membrane, but in practice values between 180 and 350 daN/m (1.8 kN/m
and 3.5 kN/m) are considered.

Example 3: Effect of the prestress on inflatable beams [NTL12, LeWi05, Ngu13]

For the following explanations a cantilever beam of length L is considered submitted to a
force F, see Figure 3-8. The classical formulation for the deflection of a cantilever beam
made of an isotropic material is given by the strength of materials theory. If the shear
deformations are not neglected, this deflection is

Page 60



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

F ¢"§‘Lx2 x3 0 Fx
n(x) El (;% 2 6 8 GS (36

where | is the second moment of area, S is the surface of the straight section, E the Young's
modulus and G the shear modulus.

A
r\

Figure 3-8 Cantilever beam with single point load at the
tip

The strength of material theory dedicated to inflatable beams can be found in [LeWi05,
NTL12, Ngul3]. More explanations can be found in 5.5.3. In the case of an orthotropic
membrane for which the orthotropy directions are aligned with the principal directions of
the tube, the deflection is given by (with Figure 3-9)
s o 3 =
) = s X g @)
€|+% gz 6 O(P+kG,S)

Here,Esi s t he Youngds modul us i gsthebhear ihaoulug,iartdu di n al
k is a shear coefficient. In this formula, P=p O IBZ‘ is the effect of the pressure p on the
end surface of the beam (radius R), and corresponds to the prestress.
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Figure 3-9 Tube coordinates and section details
In the case of inflatable beams, this leads to the following conclusions:
9 the relation between the load and the displacements is linear,
9 the relation between the presstress and the displacement is non-linear and

1 the effect P=p O IEZ‘ of the inside pressure p of the beam reinforces explicitly the

bending stiffness %€ +g ;b and the shear stiffness P+k Gy S.
C -
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In the case of an inflated tubular beam of radius R, another interpretation is that the

. . - . @R .
pressure p increases the material coefficients: E, is replaced by E +p—, and Gy is
1 LTy ’t

replaced by Gy + % G, B R because k=0.5 in the case of a circular thin wall beam.

Example 4: Vibration of a rectangular tensioned membrane

In the case of a rectangular isotropic membrane, considering a uniform prestress, the
analytical formulation for the eigenfrequency is [Ch6]:

1 g7 ® n?
f_zgg /% t (3.8)

where T is the linear tension, r is the masse/area, a and b are the width and length of the
membrane, m and n are the numbering of the frequencies.

In comparison, the eigenfrequency of a beam is: f =L, i ge) —Q—EI : (3.9
20 2 os &
}
Here also, the tension T (which can be considered as the prestress) has the same effect
as the stiffness.

General conclusions for the prestress

Prestress is a state of pretension before other external loads are applied, it is combined
with the external loads, it reinforces the stiffness of the structures.

In regard of these facts, it seems inappropriate to consider the prestress in the same way
as an external action.

3.4.2 Appropriate prestress levels

The prestress level is defined by the structural engineer in such a way that the structure
meets the aesthetic and structural requirements. The aesthetic requirements are defined
in cooperation with the architect and the building owner. Structural requirements are

9 avoiding fluttering,

1 avoiding slackening in all areas of the membrane under the design loads,

1 meeting serviceability requirements such as possible deformation limits and
1 avoiding of ponding.

Designers might appreciate concrete recommendations about the prestress level.
Recommendations for minimum values are found in the French Recommendations [S29],
see Code Review No. 6, or in the TensiNet European Design Guide for Tensile Surface
Structures[ FMO04] . The | ast one proposes as a fArule o
to the type of fabric that is applied:

9 for PVC coated polyester fabrics not less than 1.3% of the short term tensile strength
and

1 for PTFE coated glass fibre fabrics not less than 2.5% of the short term tensile strength,
but not less than 2.0 kN/m.
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Code Review No. 6

French recommendations [S29]

4.1.2 Prestress
By construction, structural membranes must be submitted to an initial prestress of at |&Agtr |

Maximum prestress values are given in EN 13782 [S32] and the TensiNet European Design
Guide for Tensile Surface Structures [FM04]. EN 13782 i which is intended for fabrics
made of cotton and synthetic fibres i recommends for tents that the prestress should not
exceed 5% of the short term tensile strength at the edge of the membrane unless tests
proof the permissibility. For Glass/PTFE fabrics a maximum prestress of 6% of the short
term tensile strength is recommended as a

The cited across-the-board proposals give rather an orientation than strict rules. There
mi ght be good reasons why | ower or higher
of an appropriate prestress level depends on the structure itself, whether it is permanent or
temporary, strongly curved or not, whether it is restressable etc. Moreover, effects like
creep, relaxation and loss of initial yarn crimp have to be considered when defining the
initial prestress level in order to still ensure the nominal prestress level at the end of the
structureds | ifetime.

3.5 Form finding and resulting geometric data

Form finding is a procedure to determine the shape of equilibrium of the desired prestress
state and the boundary conditions. The shape of equilibrium is usually described by its
surface coordinates. The prestress state and the boundary conditions are defined to satisfy
structural, aesthetic and serviceability requirements. The formfound geometry and the
correlated prestress state are the basis for all subsequent structural analyses.

Form finding can be conducted by physical experiments and by analytical or numerical
procedures [Sob94]. In most cases the resulting shape cannot be determined in an
analytical way but using numerical methods like the force density method [Lin99], dynamic
relaxation [Bar99, Wak99] or the fAUpdated
a generalization of the force density method. Typically, numerical methods are based on
variants of the finite element method. Additionally, the cutting pattern generation interacts
with the form finding process [BIRa99, BLWO09].

The handling of geometric data as characteristic or design values is defined in EN 1990.
This chapter should be referenced in a future standard which adopts the partial factor
method, see Eurocode Outlook No. 23.

Eurocode Outlook No. 23

(2) The rules for geometric data to be used for design are given in EN 1990, chapter 4
geometry of the 3D shape of the membrane should also be considered, together
size toleranceat connection points with components from different materials.

3.6 Verification by the partial factor method

The future use of the semiprobabilistic concept using partial safety factors is envisaged.
However, for nonlinear analyses 1 which are necessary for tensile structures due to their
large deflections i the question arises whether to apply the partial factors of the action side
g to the action or to the effect of the action. Different proposals are under discussion in
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CEN/TC250 WGS5. This is reflected in chapter 3.6.1. One of them is based on whether the
structural behaviour is over- or underlinear

A sensitivity analysis i a method to check the structural behaviour i is proposed in chapter
3.6.2. If the partial safety factor of the action side g- is applied to the action i which means
indeed that different partial factors can be applied to different actions i the designer needs
orientation especially on the magnitude of the partial factor for prestress g. EN 1990
delegates the definition of the magnitude of g, to the material Eurocodes. As a first step
towards the definition, a review of partial factors for prestress for different prestressed
structures is given in chapter 3.6.3.

3.6.1 Application of partial factors to the action or to the effect of the action

Performing a linear analysis, it does not matter whether the partial factors are applied to
the actions (loads) or to the action effects (e.g. stresses) because superposition is
applicable.

Due to the specific behaviour of membrane structures, a geometrically non-linear analysis
is required. An increase of actions does not lead to a proportional increase of the action
effects anymore as it is usually assumed for concrete, steel and timber structures. The
nonlinear behaviour can be either underlinear or overlinear, see Figure 3-10. Numerical
examples are presented in Annex E for five different typical membrane shapes.

A

overlinear linear

underlinear

effect of action increase h [-]

»
>

action increase f[-]

Figure 3-10  Linear as well as overlinear (category a) and underlinear
(category b) behaviour of structures [USS14b]

In EN 1990, 6.3.2(4) these two cases are described as given in the following Code Review
No. 7.

Code Review No. 7
EN1990:20161 2 | chapter 6.3.2 fdiDesign values

(1) For a specific load case the design values of the effects of actigreafEbe expressed
general terms as :

Eq = ng( fQFrep,i;ad)i i (6.2)
where:

ay is the design values of the geometrical data (see 6.3.4);

3sqis a partial factor taking account of uncertainties:
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- in modelling the effects of actions;

- in some cases, in modelling the actions.

NOTE In a more general case the effects of actions depenthterial properties.
(2) In most cases, the following simplification can be made:

Ey=E( @jFepjiag)i P (6.2a)
with  ory = 3sdAf 0 (6.2Db)
NOTE When relevant, e. g. wher e ge o tgecantba

appliedtote ef fects of individual acantbé gobadly appliec
to the effect of the combination of actions with appropriate partial factors.

(3)P Where a distinction has to be made between favourable and unfavourable efi
pe manent actions, two dif feeraB@ddgoparti al

(4) For nonlinear analysis (i.e. when the relationship between actions and their effects
linear), the following simplified rules may be considered in the casesofghe predominan
action :

a) When the action effect increases more than the action, the partial facstwould be
applied to the representative value of the action.

b) When the action effect increases less than the action, the partial facstwould be
applied to the action effect of the representative value of the action.

NOTE Except for rope, cable and membrane structures, most structures or structural e
are in category a).

(5) In those cases where more refined methods are detailed in the rék®¥vd8991 to EN 199
(e.g. for prestressed structures), they should be used in preference to the above stated 9
rules.

Eventually, the simplified rules of EN 1990, 6.3.2(4) mean, that

a) the several actions F in a load combination are multiplied with their corresponding partial
safety factors ¢ (i.e. P,Q) before the calculation of the action effect (category (a)), or

b) the overall action effect resulting from a characteristic load (or load combination) is
multiplied with one single partial factor g- afterwards (category (b)).

Herewith, in the category (b) procedure the possibility is lost to apply different partial safety
factors for different actions. Further explanations are given in [USS14b].

Other design codes state very similar rules, see Code Reviews No. 8 and 9.
Code Review No. 8
DIN 18800:, El. (725) [S27]

When structures are insensitive for load changes, e.g. soft cable structures, the partial fa
the action are decreaseuohd the partial factors on the resistance side (that equals an applic
to the action effect) is increased compared to the recommended values for linear structu
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Code Review No. 9
EN 13782, chapter 7.5.1

In cases where nonlinear displacements ket to favourable load bearing effects on sped
elements, the partial factors are not to be applied to the actions but to the resistance (whicf
an application to the action effects).

The application of partial factors is currently under discussion in CEN/TC250 WG5, see
e.g. [PWB13, USS14b]. In the following two positions are presented. Following position 1
it is recommended to generally apply the partial factor g to the effect of an action (or to the
effect of a combination of actions) in case the structural behaviour is underlinear. Position
2 recommends to apply the partial factor ¢ to the actions for nonlinear structural behaviour
in the same way as for linear structural behaviour. A simplified procedure may be applied
only in case of a single predominant action: g- may then be applied to the action effect
following this position. The last mentioned case corresponds to the condition in chapter
6.3.2 (4) in EN 1990, see above.

Position 1. Apply partial factors g to the action effect in case of underlinear
structural behaviour

For underlinear structural behaviour (category b) the application of partial factors to the
actions (prestress or external loads) would lead to only minor changes of the action effects
(membrane stresses). To ensure a safe sided design approach, the partial factor is
recommended by EN 1990 to directly be applied to the action effect.

Cable and membrane structures show in many cases an underlinear behaviour, i.e. they fit
to category b. To ensure this for each individual structure, this should be checked for the
locations of the relevant design stresses. This could be done by a sensitivity analysis
[USS14b].

For membrane structures the load carrying characteristics can change if the actions are
factored rather than the effects of the action. Load sharing between warp and weft could
change if the actions are factored [Gib13].

Furthermore, the stress state of the complete structure is closely correlated to the shape
of the structural membrane [PWB13]. The impact of membrane deformation is high
because the deformation of tensile membranes is comparably large. Factoring the loads
has therefore a great impact on the deformation and shape of the membrane, which may
have a great influence not only on the stress state of the membrane itself but also on the
primary structure. In [PWB13] an example regarding the connection of a membrane to the
primary structure is given, see Figure 3-11. In the deformed state of the membrane the
eccentricity Dx, which strongly influences the moment Msteeworks, iS Significantly higher.

For all these reasons, applying the partial factor to the action effect is a safe-sided and
easy to handle approach that does not modify the load carrying characteristics of the model
in an unfavourable way.
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Figure 3-11 Example of the impact of membrane deformation on eccentricities of the primary
structure [PWB13]

Position 2: For tensile membrane structures, generally apply the fundamental
expression (6.2) of EN 1990; in particular cases where there is only one single
predominant action, the g- factor specified for this action may be applied to the
action effects, as a simplified procedure

In the general framework of the Eurocodes, the design of tensile membrane structures has
to be developed according to the semi-probabilistic concept using partial safety factors, as
defined in Eurocode 0. In this respect, the general expression of the design effects of
actions is given by expression (6.2) in EN 1990 (see Code review No. 7):

Eq= ng( f,i5rep,i§ad)i 1 (3.10)

Structures using common materials as concrete, steel or wood, present a linear or over-
linear behaviour: the effects of actions increase proportionally to the increase of actions
(linear behaviour) or, in cases of large slenderness and high gravity loads, more than
proportionally (over-linear behaviour). For these structures, expression (6.2) may be
simplified, on the safe side, according to expressions (6.2a) and (6.2b) in EN 1990:

=E( gFepiiaa)i P (3.11)

with G = Gsd - Gi.

Tensile membrane structures behave quite differently. As fabrics, foils and cables offer no
flexural stiffness at all, rigidity and equilibrium are obtained through initial preloading and
through increase of tension forces generated by large deflections under the external
loadings. Thus, the behaviour is under-linear and needs to be investigated through non-
linear analysis and the basic reference for the design should remain expression (6.2).

In this context, it is important to describe, through non-linear analysis, the realistic deformed
position of the membrane under factored actions, consistently with the Ultimate Limit States
concept and according to expression (6.2) of EN 1990.

The application of a unique partial factor on the effects of actions would lead to under-
evaluation of the global and local deflections and to undue increase of the effects of the
preloading.

Under-evaluation of deflections could also lead to unsafe design of the connections of the
membrane with the supporting structure as unfavourable consequences of deformation of
the membrane are omitted.

In addition, if the supporting structure presents an over-linear behaviour, global non-linear
analysis of the whole system (membrane+supporting structure) under unfactored actions
would also lead to unsafe design. The same adverse situation could also be encountered
if the design of some elements of the supporting structure is governed by combined efforts,
especially with material non-linearity.
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For all these reasons, the design approach of tensile membrane structures should be
conducted as follows:

9 Deflections and stresses in the membrane are calculated through non-linear analysis,
under different combinations of actions including regular g factors, as defined in
Eurocode 0 i according to expression (6.2) of EN 1990, these values could be divided
by the gsq factor but it is easier and safe-sided to use directly g factors. In the
combinations, the g factor applied to the pretension is taken as 1.0.

1 ou values used on the resistance side are significantly higher for membranes than those
defined for common structural materials, and thus they cover the part of gsq omitted in
the effects of actions obtained from non-linear analysis under common factored
combinations of actions.

This design approach has been observed in France since the beginning of the development
of use of tensile membrane structures in buildings. It is also in line with the recommendation
of DIN 18800 quoted in Code Review No. 8.

According to clause 6.3.2(4)b of EN 1990, when one single action is predominant for the
design, it is acceptable to use a simplified procedure: the non-linear analysis is carried out
under the characteristic value of the action, and the results are then factored by g value
applicable to this action. In this procedure, the supporting structure of the membrane has
to be rigid enough so that it does not affect the behaviour of the membrane and that it is
not itself subject to non-linear effects. Special attention should also be paid to the
connections between the membrane and the supporting structure to ensure that no adverse
effects on their resistance are generated by any amplification of the deflections of the
membrane. It is worth mentioning that, if the preloading level of the membrane is rather
high, this simplified procedure could lead to uneconomic design.

Notes:

1) Increasing the effects of actions instead of increasing the actions themselves is
obviously a conservative approach in evaluating the stresses in the membrane; but this
practice is equivalent to regress to a concept of Allowable Stresses. The obvious and
demonstrated shortcomings of this concept are precisely at the origin of the concept of
Limit States which gradually replaced the old practices since the 1970s in France with
BAEL (Béton Armé aux Etats Limites), BPEL (Béton Précontraint aux Etats-Limites),
and in Europe with the Eurocodes.

2) Position 2 refers to stated rules in France. Code Review No. 10 gives reference to how
non-linear membrane structures are handled referring to the French Recommendations
[S29], chapter 5, particularly considering the application of partial factors and the
combination of actions.

Code Review No. 10

French recommendations [S29]

5.1 Behaviouassumptions

This is the mechanical and geometrical Aimearity, and the displacement of the support
structure.

5.1.1 Mechanical nctinearity
The strain and strength calculation is exempt from the consideration of the materlaiegmity.
Use is mde of the elastic moduli defined according to Annex A.

The material no#inearity has to be taken into account for the derivation of the cutting patt
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5.1.2 Geometrical nehnearity
The calculation must take into account the geometricallimearity of the membrane.

5.1.3 Displacements of the supporting structure

The displacements of the supporting structure can be neglected in the calculation
membrane when they do not disturb the behaviour.

Otherwise, the displacement of the supporting strecthould be included in the calculation.

(.

5.4 Combinations of actions

Generally metal, wood and concrete structures have a linear behaviour. For membran
required to take into account the geometric {ioear behaviour. To do this, combinat®are
to be performed on actions and not on the effects.

5.4.1 Initial shape
The initial shape of the membrane is given by the calculation of its state of equilibrium und
stress and seliveight.
Accordingly, the initial form of the membranes anditiitéal equilibrium state shall be calculate
as the combination of the prestress and theweifjht, without coefficients.

5.4.2 Deformations
Combinations under normal and extreme loads applicable to the calculation of deformat
the membranes undthe action of climatic overloads are not weighted.

5.4.3 Stresses

Combinations of actions for the calculation of the stresses in the membrane under the
loadings are given for the materiapecific rule of the loatbearing structure, while adaptiy the
weighting to the peculiarities for the calculation of the membranes.

The specific rules for different materials of lebéaring structures are stated in the "Docum

Technique Unifié" (DTU) and give combinations of actions for structures madedfffarent

materials:

9 for steel structures: "Constructions Métalliqgues" (CM), published in 1966, sections 1.2
1.23 of CM 66 (DTU P 22701) rules,

9 for aluminum structures: "Aluminium" (AL), published in 1976, sections 3.32 and 3.34
76 (DTU P 22702)ules,

9 for timber structures: "Constructions Bois" (CB), published in 1971, sections 1.21 and
CB 71 (DTU P 21701) rules.

The sections 1.21 and 1.23 of the 68cover the methods of justification on the principle

weighting load coefficients. Pagraph 1.21 gives the value of the weighting factors for

following cases:

1 work under SLS, taking into account the permanent loads, variable loads and eff
temperature (1.211),

9 erection (1.212) and

9 exceptional circumstances (1.213).

Sectionl.23 describes the verification methods.

In the AL76 there are similar texts for aluminum to those for steel constructions. Paragrap

gives the values of the weighing factors, and paragraph 3.34 provides the methods of veri

For wood, in thesame spirit, 1.21 corresponds to the expressions of the total weighted s

involved in the calculations, and 1.22 to the verification in the cases of permanent

operating loads and climate loads.

The latest version of the Recommendations has fEeased in 2007. Since then, Euroco

have gradually replaced those documents. These texts are completely replaced today ir

by the corresponding Eurocodes:

I EN 1993 (Steel),
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9 EN 1999 (Aluminium) and

1 EN 1995 (Timber)

In the stated combinatiorfer the stress verification the weighting factor to be applied for
selfweight of the membrane, the prestress, and thedtat minimum load is kept to 1. T
provisionr aff e tmieniimdrmatl oado applies whe
the absence of a regulatory weight). The combination concerning the replacement of a me
element must involve the prestress of the neighbouring elements aweigblf without
weighting.

The clause of EN 1990 6.3.2(5) opens the possibility to use more refined rules when the
simplified rules given in EN 1990 6.3.2(4) should not or cannot be applied. Fortunately, the
basic rules of EN 1990 are actually more refined rules. In fact, the partial safety factor g is
composed of the two components g and Gsa: & = § - Gsa. The factor g accounts for an
unfavourable deviation of the representative load, gs¢ accounts for uncertainties in
modelling the actions and effects of actions. Herewith, the design value of an action effect
Eq can be written as already given by eq. (3.10) (see EN 1990)

Eq= 8q E{jf,i g ﬁ&)%}‘- (3.10)

where E is the effect of the actions and Eq is the design value of E, y a factor for the
combination of actions, F is an action and aq symbolizes the geometric measures on which
the effect of the actions depend. Herewith, partial factors are partly applied to actions and
partly to the effect of the actions:

9 the actions F are multiplied with g before the structural analysis is conducted and
1 the effect of the actions E is multiplied with gsq after the structural analysis is conducted.

More detailed explanations can be found in [USS14b]. It may be favourable to apply the
more refined approach for nonlinear membrane structures but this will be decided by the
ongoing discussion in CEN/TC250 WGS5.

Eurocode Outlook No. 24

1 Q) The Eurocode should give rules about the procedure of partial factor applig
for membrane structures.

| (2) The Eurocode should define the partial factor levels for each of the proce
In case that the partial factor is applied to the action effect, only one partial factor ¢
possibly applied to the overall action effect.

3.6.2 Sensitivity analysis

To check, whether a specific structure or a certain part of a structure fits to category (a) or
(b) 7 see chapter above i, a sensitivity analysis should be performed. One way for
conducting a sensitivity analysis with minimal effort is to compare stress values calculated
from the characteristic load with stress values calculated from loads factorized with an
arbitrary load increase factor [Stil4a, USS14b]. The arbitrary load increase factor may be
symbolised by f. With the two stress results, a dimensionless stress increase factor /7 can
be determined to

<(f E

h= ﬂ (3.12)
s ()

where f is the arbitrary load increase factor,
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Fx is a characteristic load or a characteristic load combination,
s(f &) is the stress at a specific location and direction of the membrane due to f®,

s(Fk) is the characteristic stress at a specific location and direction of the
membrane due to Fx.

Repeating the structural analysis and concurrently altering the load increase factor f several
times (at least three times) would enable to plot a f-A-graph as shown in Figure 3-10, from
which the structural behaviour can be obtained. Of course, for a practical sensitivity
analysis it is not necessary to alter the load increase factor and repeat the structural
analysis. The structural behaviour can already be realized with a one step analysis.

To simplify the interpretation of the results, the stiffening factor eis introduced as follows:

fO&) I

Herewith, it can be easily seen, that if e = 1 the system behaves linear, if e < 1 the system
behaves underlinear (category (b)) and if e> 1 the system behaves overlinear (category
(a)), see Table 3-1.

Table 3-1  Verification of the structural behaviour

Stiffening factor e Structural behaviour
1 linear
<1 underlinear
>1 overlinear

3.6.3 Partial factors for prestress

In case the partial factor for actions g- is applied directly to the several single actions,
different partial factors for each action can be possibly used. As the partial factor for
prestress g is supposed to be defined in the material Eurocodes, it will be one task of the
code development to define the partial factor level. The following review of codes that deal
with prestressed structures gives summary considering the Ultimate Limit State verification
for different construction materials.

Code Review No. 11
EN 1990:201012

Prestress is considered as a permanent action, caused by controlled loads and/or co
deformations. The characteristic value of the prestress at a given moment may be an upq
or a lower value. For Ultimate Limit States, a mean value can b& ¥sdues are considered
be given in the material Eurocodes EN 1992 to EN 1996 and EN 1999, see 4.1.2(6), 6.5.
Annex A2, EN 1990. Combinations of actions that include prestressing forces should be d
as detailed in EN 1992 to EN 1999%ssnex A1, EN 1990 (application for buildings, A1.2.1

Annex A2, EN 1990 (Bridges) allows (A2.3.1), if in those Eurocodes no partial factors are
that these factors may be established in the National Annex or for the individual projec
depend on the prestress type, the classification of the prestress as a direct or indirect act
type of the structural analysis, the favourable or unfavourable influence of prestress 3
leading or accompanying character of prestressing in the gmatibn.
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Code Review No. 12
DIN EN 1990/NA/A1:201P8

In table NA.A2.1 of the German National Annex of EN 1990 (annex A2: bridges) numbers
partial safety factorgp unav(Unfavourable) undp s, (favourable) are given for the ultimate lir
state STR (design of structural members) of concrete structures. The factors differ deper
the use of linear proceeding with uncracked cresstions & = 1.0) or nonlinear proceeding
(.uniav= 1.2, @ 1av= 0.8 ). These partial safety factors are directly taken from DIN EN -11992
including DIN EN 19921-1/NA.

Tabelle NA.A2.1

y-Werte fiir die Einwirkungen in den entsprechenden
Bemessungssituationen nach
Tabelle A.2.4 (A) Tabelle Tabelle
Einwirkung Bezeich- EQU A.2.4 (B) A25
nung STRIGEO AuBer-
gewdhn
lich
SV B SV A
Stindige Einwirkungen
Ungunstig G sup 1,05 1,05 1,35° 1.0
Giinstig YGint 0,95% 0,957 1.0 1.0
Vorspannung'
Unginstig YPsup 1,011,2 1,0011,2 1,071,2" 1.0
Gunstig Tept 1,008 1,070.8 1.070.8' 1,0
Relevant design situations:
STR Internal failure or excessive deformation of the structure or structural members, where the strehgt
construction materials of the structure governs
SIV persistent/transient design situations

Relevant notes:
i linear procedure with uncracked sections
j Nonlinear procedure

Figure 312 Extractfrom table NA.A2.1 from the German National Annex to EN 1990, the relevant values are
by the red boxes.

Code Review No. 13
EN 19921-1:2011-01 and German National Annex DIN EN 19B2/NA

In a prestressed concrete construction the prestress ggnkes a favourable effect. As a res
the partial safety factof ; should be used principally for the Ultimate Limit State. ]
recommended value is 1.0.

For a nonlinear second order Ultimate Limit State verification of an externally prestrg
member, where an increased prestress level may have unfavourable effects, nprmalhas
to be used. The recommended valug is-v= 1.3. Differing fromthe ENrecommendation, th
German National Annex give®uav = 1.2 and gty = 0.83, demanding to apply the mq
unfavourable value of the both at a time.
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Code Review No. 14
DIN 182041:2007-05

In Chapter 9.3.1.2 the partial safety factor for prestress is given for a membrane under
in warp or weft direction a@,'izlss.

Code Review No. 15
DIN 4134:198302

In the German code for air halls single action effects are superposed in three different pre
load combinations. Every action effect has its own partial factor in each combination.
effects from prestress are generally increased by partiabface gr eat er t h
stodmad combination as wel | -aombinaton prestiess i
i ncreased by 1.1 angombioation,twhiah coftains only the peonan
actions dead load and prestress, thier one is increased by 1.3.

Code Review No. 16
EN 19931-11:201612
EN19931-11 AEurocode 3: D eisRan h11l: @ésigrs df strecturesswit

tension componentso defines in chapter
applied as one singl e uni f orafety actdrg is givemid
chapter 5. Therefore the permanent i nfl

State verification witlgs sup if the action effect due to permanent or variable loads are
unfavourable. Does the permanenald A G+ P00 have favourabl e
multiplied by the factogs . The national annex may define to what extent a uniform pg
safety factof may be applied to AG+P0O0 outside t

EN 1990:201612 defines for th factorsgs sup= 1.35 andgs,n= 1.0 for the Ultimate Limit Stat
STR (design of structural members).

Furthermore, for structures with an underlinear structural response (this case is named cq
b in EN 1990, 6.3.2(4)) the partial factor for act®omay be slipped to the resistance side of
verification equation. That means that several single actions cannot be handled diff
anymore. In the given verification format for that case (¢2) 1.5 is implicitly applied to the
overall action efect resulting from permanent and variable loads.

Code Review No. 17
DIN 18800 in combination with Application rule for DIN 18800

The former German code for the design of steel structures DIN 18800 [S&f]ch also
incorporated rules for cable structurégproposed in conjunction with the Application Rules
this code [S28] a partial factor for the permanent load prestresg 6f 1.3571 in case the
considered action effect is unfavourably increased by the prestress [S27]. In case of a faV
impact on the considered action effegts 1.0 should be considered.

The partial factorgr = 1.35 could be reduced by 0.9 in casaa@bntrolled introduced prestres
which leads tap = 1.215, which is typically rounded g = 1.25 [S28].
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Code Review No. 18
DIN EN 13782

In chapter 7.5.2 of DIN EN 13782 [S32] the prestress is defined as an action. In combina
actions theprestress shall be taken into account with an adequate partial safety factor. A (
partial safety factor is not given.

Basically EN 1990 specifies that the partial safety factors g are defined in the relevant
material specific Eurocodes. In EN 1990 itself, no numbers for g are given. Only the partial
safety factors gz are given, numerical values for g- can be found in the national annexes.
The numerical values given in Annex A2 (bridges) in the German National Annex of EN
1990 are directly taken from EN 1992-1-1 and DIN EN 1992-1-1/NA, respectively.
Therefore, they only refer to prestress in prestressed concrete bridges. For those design
situations where an increased prestress level has unfavourable effects an g unav has to be
used, with values for gpufav > 1: 1.2 in the German National Annex, 1.3 in EN 1992.

Values for @ for tensile and membrane structures are given in DIN 18204, DIN 4134 and
EN 1993-1-11. DIN 18204 (tents) sets g- = 1.35. In the German air hall code DIN 4134
prestress is generally increased by partial factors in predefined load combinations between
1.1 and 1.3.

EN 1993-1-11 defines to summarize all permanent actions (dead load G and prestress P)
together in one single act i ogatoitfiThat Maansineftect,appl y t |
that EN 1993-1-11 indirectly prescribes g- = gz = 1.35 in case of unfavourable effects of

prestress in the Ultimate Limit State.

EN 13782 also handles prestress as an action within a combination of actions, but gives
no concrete value for g.

In general, the code review reveals that for the use in the Ultimate Limit State verification
all above investigated codes consider an unfavourable variation of the nominal prestress
level by multiplying the prestress with a partial factor g- > 1.

In contrast the French Recommendations apply a partial factor g = 1 for prestress in
membrane structures, see Code Review No. 19.

Code Review No. 19

French Recommendation

5.4.3 Stresses
In these combinations, the weighting factor to be appliethitoseKweight of the membrane, tf
pretension, and the flaate minimum load is kept to 1.

In the French design practice for membrane structures, prestress is not weighted and the
prestress level is introduced to the design model, see alsw.belo

It is one of the main tasks of the work of CEN/TC250 WGS5 to harmonize the different views
on how to apply partial factors on nonlinear membrane structures and how to handle
prestress within this procedure.

Eurocode Outlook No. 25

(1) The Eurocode shodlharmonize the different views of existing codes related to mem
structures.
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(2) As one possibility for the ULS: thenfavourablepossibility of increased prestre
compared to the nominal prestress state could be taken into account by a partiafeszitety
> 1.

(3) As one possibility for the SLS, where prestress can be interpreted as stiffness, the
prestress state or thenfavourablepossibility of decreased prestress compared to the nor
prestress state could be taken into accourd pugrtial safety factogy O 1 .

3.6.4 Combinations of actions

The combination of actions will be adjusted to the basic rules on EN 1990. Due to the
nonlinearity of membrane structures, preassigned load combinations have to be
established and analyzed in order to identify the decisive ones for the verification of the
structure. Regarding the application of partial safety factors within these combinations see
the explanations in the chapters above.

Eurocode Outlook No. 26

(2) Combinations of actions shoutdnsider the rules of EN 1990, i.e. distinguish betw
leading and accompanying actions. To identify the decisive combination wit
nonlinear analysis, preassigned load combinations have to be established.

(2) The preassigned combinations of externatians should be applied to the initi
equilibrium state of the membrane in the considered limit state.

3.6.5 Design resistance

According to EN 1990 the design resistance Ry is derived from the characteristic resistance
R« by dividing these values by a partial safety factor for the resistance gu. The partial factor
ou itself is derived by multiplication of the two factors grq and gn. These consider:

1 ora: model uncertainty in structural resistance,
1 gn: uncertainty in material properties.

This concept covers uncertainties that result directly from the engineering work:
uncertainties resulting from material testing, idealization and modelling of structural
properties. CEN/TC 250/WG5 aims to adopt this concept for the future standard.

The resistance R should be given as characteristic values, which is a specified fractile.
Usually, a 5% fractile is applied for the characteristic value of the resistance (EN 1990,
chapter 4.2). This covers natural deviations of material properties which every material is
subjected to.

Additional to this concept to cover uncertainties and natural deviations, structural
membranes experience actual strength reductions due to environmental influences, long
term loads, UV-rays etc. Moreover, statistical influences (the greater the membrane surface
the greater the probability of a material weakness) and the quality of execution i especially
at welds i may have an impact on the design strength. These influences could be
considered separately by strength reduction factors. The concept of strength reduction
factors is presented in detail in chapter 6.
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4 Durability

4.1 General

The French recommendations "Recommandations francaises pour la conception, la
confection et |l a mise en Tuvre des ouvrages per:
SEBTP2" [S29] consider durability aspects of PES/PVC-fabrics. These recommendations

have been published 1997 and revised in 2007. Annex B of the French recommendations

is entitled "Durability of Polyester PVC Textile Fabrics". Herewith, formulated
recommendations are already given. Due to the fact that they are the only one which exist

so far, they are presented in the following neither in a Code Review nor in a Eurocode

Outlook. The future rules for durability will be derived on the basis of these French
recommendations and merged with the German A-factor concept, see chapter 6.

The durability of foils is considered by some designers by means of an adjusted German
A-factor concept or by means of an introduced kmog-factor. Both concepts are still under
discussion, see chapters 6 and 7.

4.2 Textile fabrics

4.2.1 Notions of durability of textile fabrics

The concept of durability of fabrics is related to the appreciation of the evolution of their
damage in service. Durability of textile coatings depends primarily on the nature and on the
thickness of the coating.

The list of alteration agents, alone or in combination, affecting the evolution of features is
as follows:

humidity,

UV radiation,

the chemical aggressiveness of the surrounding environment,
the state of tension,

heat,

etc.

=A =4 =4 -4 -4

Each of these alteration agents does not result in significant damages separately, but a
fairly realistic assessment of the damages resulting from the combination of alteration
agents can be obtained, for example:

9 moisture under UV radiation and
9 chemical attack combined with heat.

Furthermore, the sensitivity of the coating is increased by the presence of a constant or
variable mechanical tension due to the following reasons:

9 reduction of the thickness of the coating material in proportion of thickness above the
yarns intersection,

increase of vulnerability to chemical attack when the skin is stretched and

stress gradient in the thickness of the coating in relation to the variations of the weaving
relief.

il
il

Page 76



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

4.2.2 Principles for conducting an analysis of durability

4.2.2.1 General

In the frame of French investigations which are described by Annex B of the French
recommendations [S29], some observations in situ were used to compare the loss of
performance of fabrics which have been submitted to the same combinations of alteration
agents under static and dynamic loads. The results of these comparisons were used to
calibrate the estimation of the damage with degradations observed in known environments.
A series of three adjustment coefficients was evaluated to correlate the test results with
observed cases. In future, the accuracy of the adjustment coefficients has to be improved
progressively with the consideration of additional real cases or tests.

4.2.2.2 Fields of application of the adjustment coefficients

The adjustment coefficients cover the following areas:

1 unstressed fabric,
9 fabric under different levels of prestress and
9 fabrics with different areas of stresses,

the whole being submitted to the same groups of alteration agents by type of fabric.

4.2.2.3 Families of mechanical stresses

The damage of a fabric submitted to the effect of a combination of alteration agents is the
addition of the damage when the fabric is submitted to a static tension and the damage
when it is submitted to a dynamic tension.

The static tension corresponds to the state of pre-stress after crimp, and the dynamic
tension is due to wind after filtering of the tension due to the prestress.
4.2.2.4 Mechanical stresses on the fabric

CECM 52 curve was used to describe wind fluctuations for a 50-years period. Starting from
a ranking in number of cycles, this curve describes the decrement of extreme wind to no
wind. These statistics were used to calculate decrements operating with the analysis of
periods less than 50 years in respect of an occurrence of 2% per year in the case of a fifty-
year wind.

In the case of extreme wind, some parts of the fabric are submitted to their stronger
tensions such that:

Maximal Tension = Minimum Strength Guaranteed / Safety Coefficient.

The maximal tension is the addition of:

1 firstly the static tension or pretension,

9 secondly, the extent of dynamic tension due to wind loads.

The damage produced by the static tension takes into account adjustment coefficients
covering the areas of zero tension and of the pretension.

The damage produced by the dynamic tension takes into account the weighting of its
adjustment coefficient so to be exploitable when using Miner summation (sum of the patrtial
fatigue damage associated with different areas of tension of the fabric in service).
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4.2.2.5 Interpretation of the results of the estimation durability program

The example shown in Figure 4-1 relates to a Polyester/PVC-fabric. The coating thickness
at the cross-point was 350 m There were no antifouling on the coating. The climate,
humidity, UV radiation and heat reflect the average value on the metropolitan French
territory.

The first case is shown by the diagram Po = 1.1. The pollution level is between "zero" and
"weak."

The second case is represented by the diagram Po = 1.4. The scale of pollution is between
'strong' and 'severe'. These are automotive exhaust gas on a high traffic road.

The diagrams show that the durability of fabrics is governed by:

1 the safety factor Cs related to fracture and
9 the level of pretension.

It can be noted that the strong pretensions are harmful to durability, as well as pre-tensions
less than 1% of the rupture. In this last case, the increase of safety coefficient brings no
more improvement because the filter of the variations of the dynamic stresses is no longer
ensured by the pretension.

In addition, destructive floating occurs under the effects of wind. The diagrams presented
here do not take into account the phenomenon of floating.

When the level of pretension increases, an attenuation of the dynamic damage occurs. On
the contrary, the static damage evolves much faster in the wrong direction.

In general, it can be found that diagrams Po = 1.1 and Po = 1.4 are each tangent to a curve.
This curve defines an area within which all states of the fabric can be represented in the
analysis of damage.

Pollution faible [Po = 1,1] e sévére [Po = 1,4]
(350 microns)

—— P0=l,l‘

-==Pozl4d
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Figure 4-1 Durability-pretension-diagram considering low pollution (Po = 1.1) and severe

pollution (Po = 1.4) for a PES/PVS-fabric [S29]
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4.3 Foils
Eurocode Outlook No. 27

(1) To ensure durability of the structure due consideration should be given to:

(i) Detailing, such that the foil that is in contaeith the supporting structure (cable
clamped edges, etc.) is not damaged, even with cyclic loading and large moven
the foil,

(i) Ensure that strain during the design life of the structure does not lead to exa
strength reduction of the foil,

(i) Enaure that the used materials for clamping and detailing are of the same durabi
the foil,

(iv) Ensure that the quality of air supply (in case of air supported foil) is given.
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5 Basis of structural analysis

5.1 General

First of all, the preliminary step and the basis for all structural analysis in the field of tensile
membrane structures is form finding. The equilibrium form depends on the defined
prestress state and the boundary conditions. It can be found by physical experiments on
the one hand or analytical or numerical methods on the other hand. Physical experiments
have been the popular method in the beginning of engineering membrane structures before
appropriate mathematical procedures have been established. They have been largely
replaced by the latter ones today. Analytical methods are precise but only practical for
comparable simple forms. Thus, the nor mal case
numerical methods like the Force Density Method, Dynamic Relaxation or other methods
eventually based on the Finite Element Method. These were described already in chapter
3.

The purpose of structural analysis is to establish the distribution of either internal forces
and moments, or stresses, strains, and displacements, over the whole or part of the
structure. Therefore, a structural model is established that sufficiently models the material
and overall structural behaviour. Usually, numerical methods are applied and the
membrane is modelled as a 2-dimensional continuum or cable net within a 3-dimensional
structural model. For further details see chapter 5.4. The supporting primary structure i
stiff struts, beam elements or cables i can be integrated in the model or idealised by
appropriate bearings. Often it is appropriate to model stiff struts and beam elements as
undisplaceable bearings. Otherwise, when the beams are flexible, e.g. in increasingly
realized bending-active hybrid structures, they should be integrated in the formfinding and
the structural analysis, see e.g. [LAG13, PB13, Liel4, PDW15]. General requirements are
specified in Eurocode Outlook No. 28.

Eurocode Outlook No. 28

Q) The purpose of structural analysis is to establish the distribution of either internal f
and moments, or stresses, strains adidplacements, over the whole or part of
structure. Additional local analysis shall be carried out where necessary.

2) Analysis shall be based upon calculation models of the structure that are appropri
the limit state under consideration.

NOTE"Appropriate" here means models of the structure that are capable of predicting st
strains, and displacements to a sufficient level of accuracy. The term "sufficient" rel
the mechanics and mathematics described in the calculation modebanéauire the use
of a modelling partial factor.

3) For each relevant limit state verification, a calculation model of the structure shall k
up from:
| an appropriate description of the structure, the materials from which it is n
and the relevanenvironment of its location;

NOTE: "Appropriate” here means a model of sufficient détagke NOTE abov

for (2)P.
T the behaviour of the whole or parts of the structure, related to the relevani
states;
T the actions and how they are imposed.

4 The general arrangement of the structure and the interaction and connection of its \
parts shall be such as to ensure stability and robustness during construction and ug
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5) The method used for the analysis shall be consistent with the designp®ns.

(6) Analyses shall be carried out using idealisations of both the geometry and the beha
the structure. The idealisations selected shall be appropriate to the problem
considered.

NOTE "Appropriate" here means that the idealisatiepresents the geometry and behaviou
the structuré see NOTE above for (2)P.

(7) The effect of geometry and properties of the structure on its behaviour at each s
construction shall be considered in the design.

(8) The model for the calculatioof internal forces in the structure or in part of the struct
shall take into account the displacements and rotations of the connections.

9) The calculation model and basic assumptions should reflect the structural behaviou
relevant limit statevith appropriate accuracy and reflect the anticipated type of beha

of the materials and connectiorissee NOTE above for (2)P.

5.2 Structural modelling for analysis

The numerical membrane surface shall be form found using suitable form generation tools.
This form must be in equilibrium and can be verified with suitable analyses to confirm that
both acceptable levels of stress and geometry exist.

Moreover, the structural model based on a suitable form found geometry should consider
the following basic assumptions:

1 The behaviour of a membrane structure is non-linear.

1 The principal behaviour of a membrane structure is to resist loading through both
changes in shape and material stresses.

1 Changes in the shape of the membrane are normally significant and introduce geometric
non-linearity into the physical behaviour of the structure.

1 The materials normally used in the realisation of membrane structures have complex
behaviour and may introduce material non-linearity into the physical behaviour of the
structure.

In detail this means that the membrane should be modelled to cope with the physical
requirements. That applies for example to the modelling of slack elements, shear
deformation of elements and anisotropic material properties considering individual material
constants and the material orientation. Large strain may be necessary to be considered if
the material may undergo large plastic deformations (e.g. foils).

Seam lines may be introduced to reflect the additional stiffness and strength that is
generated in the fabric surface seams. The modelling of these seam lines shall reflect an
acceptable patterning layout that will be used as the basis for the production of the final
cutting patterns. The stiffness of these lines shall be determined from the proposed seam
width and overall material properties.

Where the membrane connections provide significant additional stiffness or would have an
impact upon the load carrying characteristics of the membrane surface, appropriate
elements shall be included in the model. This should include all perimeter connection points
as well as internal connections that might be required to transfer loads between membrane
fields or into other structural elements. The support fixities should represent the intended
connection designs and all relevant degrees of freedom restrained.

Supporting cables or webbing shall be included using appropriate modelling assumptions,
e.g. appropriate elements in a finite element context. These elements shall allow differential
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tensions to be developed where full friction can be generated between the membrane and
the element or to be frictionless where no friction exists. For intermediate cases where slip
can occur, the worst case may be checked or the detail modelled as a slip surface with a
suitable coefficient of friction. Friction and slip may appear in cable pockets which is one
possibility to attach a membrane to an edge cable, see chapter 8.

Load assumptions are described in chapter 3.3. Because of the nonlinearity all load cases
have to be applied to the structural model as predefined load combinations.

Eurocode Outlook No. 29

(1) The numerical membrane surface shall be form found using suitable form generatig
to determine a shape of equilibrium. The form found state shall be verified with si
analyses to confirm that acceptable levdlsteess and geometry exist.

(2) Modelling of the structure should include all elements (membrane/seams/c
tions/cables) that have a significant effect upon the membrane surface.

(3) Allloadcases are to be applied to the form found model to accuratkdgtrésfe determine
loads.

All load combinations shall be applied as separate loadcases.

For all ponding analyses the additional load of any resulting pond should be added
basic applied load. This process should be continued until a stable loadgjimye has bee
generated.

5.3 Global analysis

The effects of the deformed geometry of the primary (supporting) structure should be
included by either inclusion of the support structure within the analyses, like mentioned
above for hybrid structures, or imposing support deflections within the analyses. This leads
to more accurate analysis results and may be necessary to appropriately assess the overall
safety of the primary and secondary structure. The deformation of the supporting structure
may be disregarded under special circumstances. For instance, as a safe sided approach
for the purpose of the membrane verification in the Ultimate Limit State a flexible frame of
a plane membrane facade element may reasonably be substituted by undisplaceable
bearings: the flexibility of the frame results in smaller membrane stresses compared with
an infinite stiff frame. In opposite, the deformation of the supporting structure shall be
included in those cases where the deformation of the supporting structure significantly
leads to an increase of the membrane stresses or where it significantly modifies the
structural behaviour.

The stiffness of the membrane and the stiffness of the supporting structure may affect each
other and the membrane can have a stabilizing effect on the supporting structure, e.g. an
arch can be laterally stabilized by the adjacent membrane. This may be taken into account
but it has to be ensured that in cases where the membrane might be removed or in case
of collapse of the membrane the integrity of the supporting structure is guaranteed.
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Eurocode Outlook No. 30

(2) Effects of deformed geometry of the structure

The effects of the deformed geometry of the supporting structure shall be considere
increase the action effects significantlymodify significantly the structural behaviour.

(2) Integrated analyses

When the supporting structure is integrated in the analysis, the membrane might
stabilisingeffect on the supporting structure. This effect can be taken into account.
themembrane may be removed the integrity of the remaining structures must be en

5.4 Methods of analysis

The material properties of a structural membrane are characterized by tensile and shear
stiffness through parameters such as the AYou
directions and shear moduli, respectively. For typical (i.e. anisotropic) membrane materials,

t he shear modulus may not be equivalent to Poi ¢
elastic continua. If the shear modulus and/or tangential shear strain behaviour of the

membrane material is negligible small, a simple cable net model can be applied neglecting

shear stress and/or shear strain effects. Specialized cable net software may be enhanced

to model Poissonds ratio and shear modul us. Fo
model is appropriate for structural membrane analysis.

Because great deflections are a main characteristic of tensile structures like membranes
and cables, geometrical nonlinear analysis is required for these types of structures.
Material nonlinearity is considered to model the loss of compression stiffness, e.g. in the
case of wrinkling. In general material nonlinearity must be considered regarding safety. A
typical material model considered by up-to-date software can be described by a bilinear
stress-strain-diagram, see Figure 5-1.

tension

v

compression

Figure 5-1 Bilinear material behaviour usually considered by up-to-
date software that uses continuous membrane elements

Up to date, the actual inelastic and highly nonlinear material behaviour of membrane
materials as described in chapter 2 is simplified as linear elastic material under tension
loads. But a simple nonlinear material description has been developed in the recent past
[GaLu09] which has already been implemented in commercial software. This model
considers a changing tensile stiffness for changing load ratios warp:weft, see also
explanations in chapter 2. Furthermore, sophisticated material descriptions are currently
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under development, e.g. hyperelastic constitutive laws [SBN14, Col14], macro-mechanical
approaches [Ball07, IBG13] or neural networks [BGB13].

Eurocode Outlodk No. 31

1)

)
®)

(4)

Q)

The analysis of membrane structures shall reflect all relevant mechanical effects in t
structure. Normally it should be based on a continuum mechanical approach.

Geometric noflinearity shall be included in the structural model.
Material nonlinearity may be included in the structural model.

Consideration must be given to the effect of membrane and pure tension element
fgo sl acko when attaining a state of
materialintegrity must be considered.

Elastic global analysis

Elastic analysis may be based upon the assumption that the stir@ssbehaviour of the
material is linear in the stress interval of interest.

Internal forces and moments may be calculated abogrto elastic global analysis even
the resistance of a cross section is based upon its plastic resistance.

Elastic global analysis shall be used for cross sections for which the resistance is
by local buckling.

Nonlinear material globaknalysis

A nonlinear material may be used for a more detailed modelling ofatastic materials.

5.5 Pneumatic structures
5.5.1 General

This chapter gives an overview on special issues for pneumatic structures. Three types of
pneumatic structures are widely known and used:

9 air halls which have been popular throughout the last decades,

1 cushions which are widely used today with ETFE-structures and

1 inflatable beams which are used for temporary buildings like buildings after disaster,
temporary bridges, temporary social events or storage units. [TSC13]

Moreover fitensairityo beams can be mentioned
inffl atable beams. fATensairityodo combines an
and cables at the outer surface where the function of the tube is to stabilize the struts and
the cables and the latter ones are the actual structural elements.

Low pressure and high pressure structures can be distinguished. Air halls and cushions
are pressurized with approximately 0.1 kN/m? to 1.0 kN/m?, whereas inflatable beams
frequently need high pressures of about 20 kN/m? up to 700 kN/m2. Nonetheless, low
pressure inflated arches can be realized, too. Figure 5-2 shows examples of low pressure
pneumatic structures and Figure 5-3 shows examples of high pressure pneumatic
structures using inflatable beams.
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Audi Sphere Botanic Garden, Aarhus, Denmark

Figure 5-2 Low pressure pneumatic structures [© CENO Membrane Technology GmbH]

(b) Inflatable mast during testing

Figure 5-3 High pressure pneumatic structures using inflatable beams [© J.-C. Thomas]

Air halls are well covered, e.g. by [Otto82] or the German standard DIN 4134 [S25], and
are therefore not further examined here 7 though the rules have to be updated for a future
Eurocode. In the following chapters basics for the structural analysis of cushions and
inflatable beams are exposed which are less frequently a topic of technical literature and
particularly standards. The latter chapter on inflatable beams summarizes some of the
recent research being undertaken at the laboratory GeM, Faculty of Science and
Technology at the University of Nantes, France.

5.5.2 The analysis of cushions

5.5.2.1 General

The upper and lower layer of a cushion is prestressed due to the inner pressure of the
cushion, see Figure 5-4. Under short term loading, the supporting air system cannot react
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that fast. For this reason the inner pressure is increasing if the volume becomes smaller
and is decreasing if the volume becomes bigger. The superposing of full inner pressure
with the wind load would lead to unrealistic high membrane stresses. To analyse this effect,
the ideal gas law has to be applied:

pd RRPT (5.1)
with

p absolute pressure,

Vv volume,

T temperature in [°K],

n amount of substances,

Rm  gas constant.

inner pressure p

L}

AfULAf

L} L

&

Figure 5-4  Section of a two layer cushion with inner pressure pi
[source and ©: formTL ingenieure fur tragwerk und
leichtbau GmbH]

If the amount of substances is kept constant one gets the following law:

ﬂ = constant.
T

If the temperature and the amount of substances is kept constant, one gets the Boyle-
Mariotte law:

P-V = constant.

Under short term loading and reduction of the volume, the inner pressure is increasing. If
the volume is extended, the inner pressure is decreasing. Consequently the Boyle- Mariotte
law is to be applied in the analysis. In an iterative process the inner pressure needs to be
recalculated with the actual volume:

P =pq & constant
V,

This is illustrated in Figure 5-5 where the initial volume of a pneumatic body under inner
pressure is deformed by an external load F.

Page 86



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

P: = F’lé\é
V2

Figure 5-5 Initial configuration of a pneumatic body under inner pressure and
deformed configuration due to the load F [source and ©: formTL
ingenieure fir tragwerk und leichtbau GmbH]

5.5.2.2 Simplified method

Oftentimes the external (short term) loads i wind suction and wind pressure 1 are more
than twice as great as the inner pressure of the cushion. In these cases a simplified method
can be applied avoiding the iterative loading. The evidence of properness of the simplified
method is shown in the next chapter by means of a numerical example.

Wind suction is pulling the upper layer of a cushion to the outside and tends to increase
the volume. As the air cannot be pumped in as quickly by the air supporting system, the
inner pressure (relative value) is reduced to zero. The upper layer is then carrying the wind
suction only, and the lower layer is completely slack, see Figure 5-6.

o =</ w, (>2p)

= =
v g
. o

Figure 5-6 Two layer cushion under wind suction [source
and ©: formTL ingenieure fur tragwerk und
leichtbau GmbH]

Wind pressure is pressing the upper layer of a cushion to the inside until an equilibrium of
wind pressure and inner pressure is reached. As soon as the prestress of the upper layer
is fully compensated, the inner pressure is equal to the wind pressure. The lower layer is
then carrying the wind pressure only, and the upper layer is completely slack, see Figure
5-7.

Figure 5-7  Two layer cushion under wind pressure
[source and ©: formTL ingenieure fir
tragwerk und leichtbau GmbH]

Under snow load the load increase is very slow, and the air can exhaust from the cushion.
Therefore in case of snow, the inner pressure needs to be set to a value higher than the
snow load. This loading situation is illustrated in Figure 5-8. The choice of this inner
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pressure is up to the engineer. Typically values for p; are for example pi= 1.1 - Smax OF pi =
Smax + 100 Pa. Depending on the conditions of the projects, also pi < Smax, but pi > Saverage
are possible.

Figure 5-8 Two layer cushion under snow load [source
and ©: formTL ingenieure fur tragwerk und
leichtbau GmbH]

5.5.2.3 Validation analysis

The following numerical example demonstrates that the simplified method may be applied
in usual cases specified above. A comparing analysis is performed on a simple two layer
cushion, see Figure 5-9. The cushion is 7.5 m long, 4 m wide and has a sag of 80 cm on
either side. The nominal inner pressure is pi = 400 Pa = 0.40 kN/m2. Wind is applied in
increments of 0.05 kN/m? up to a final load of 1.3 kN/m? within 26 load steps.

Three cases are analysed:

9 case 1: the nominal inner pressure is kept unchanged while the wind load is applied
stepwise,

1 case 2: the inner pressure is set to zero when the wind load is applied (as explained
above under ASimplified methodod),

9 case 3: the inner pressure is iteratively adjusted according to Boyle-Mar i ot t ebés | aw
explained above under fAGeneral o0).

The analyses are carried out for the loading si

799
l—>

. 7500 »
A
o
o
o
<
A 4
< 7500 »
Figure 5-9 Numerical model of the exemplary two layer cushion for the numerical example [source and

©: formTL ingenieure fir tragwerk und leichtbau GmbH]
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The results for the | oading situati-&0nThd
diagram shows the resulting membrane stress Sx in the upper layer for all 26 incremental
load steps. The thin red line marks the increasing wind load during these load steps. The
thick red line illustrates the membrane stress for case one where the inner pressure of
pi = 400 Pa is kept constants throughout the iteration. As explained at the beginning this
assumption leads to unrealistic high membrane stresses i due to the inertia of the air
supporting system. Case two (thick blue path) where the inner pressure is simplified
assumed to be (approximately) zero leads to a considerable smaller membrane stress.

Wi

nd

S

L

This result can be validated with the Apreci secd

inner pressure is iteratively adjusted during the loading procedure according to Boyle-
Mariottebs | aw. T hthat foc thenapadysisi takiogrinto sa¢ctaumt she law of
Boyle-Mariotte, the inner pressure is reduced under wind suction (purple path) and that the
inner pressure becomes (approximately) zero for a wind suction that is twice the initial inner
pressure. This happens in load step 16. From load step 18 on both models 1 simplified and
i pr e d behavéthe same. As the design wind load is often more than twice the inner
pressure, it is appropriate to apply in these cases the simplified method.

Figure 5-11 givesthe resul ts for the | oading situat:i
examined, i.e. the application of Boyle-Mar i ot t eb6s | aw. The analysis

pressure (purple path) is increasing with the wind pressure (red path I now negative
because of the changed direction compared to the wind suction). Once the wind pressure
has reached a value of twice the inner pressure the inner pressure equals the wind
pressure: pi = Wq. From this point on, the increase of the inner pressure is similar to the
increase of the wind pressure so that the equality pi = wg remains finally the same. As
mentioned before, the design wind load is often more than twice the inner pressure, so it is
appropriate to apply in these cases the simplified method.

comparison Sx upper layer for windsuction

5.000 1.400

e 5x max with Constant Volume

4500 1~ o 5x Max with 400 Pa inner pressure

- 1.200
o x max with 10 Pa inner pressure
4.000

———windsuction ws

— inner pressure pi Constant Volume L1,
3.500 1 / 1.000
3.000
/ - 0.800

2.500

/ - 0.600
2.000 ///
1.500 % / - 0.400
1.000

A | 0200
0.500 /

0.000 T T T T T T T T T T T T T T T T T T T T T T T T T 0.000
i1 2 3 4 5 6 7 8 9% 10 11 1z 13 14 15 16 17 18 19 20 21 22 23 24 2325 126

membrane stress Sk [kNfm]
inner pressure and windsuction [kN/m?]

Figure 5-10  Resulting membrane stress Sx in the upper layer under wind suction for the three
examined cases [source and ©: formTL ingenieure fir tragwerk und leichtbau GmbH]
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comparison Sx lower layer for windpressure

4.000 1500

e 5% Maxwith Constant Volume

2500 H == = linearassumption

windpressure wp r 1.000
inner pressure pi Constant Volume
3.000

- 0500

2.500

2.000 0.000

1.500

membrane stress 5x [kN/fm]

F -0.500

inner pressure and windpressure [kN/m?)

1.000

- -1.000
0.500

0.000 T T T T T T T T T T T T T T T T T T T T T T T T T -1.500
i 2 3 4 5 6 7 & S5 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 35 126

Figure 5-11  Resulting membrane stress Sx in the lower layer under wind pressure [source and ©:
formTL ingenieure fur tragwerk und leichtbau GmbH]

The effect that one structural element goes slack and the other element carries all the load
can be shown with a cable analogy as well, see Figure 3-4. A cable with two elements is
prestressed with Fo and loaded in the middle, i.e. between the two elements, with a single
force P1. When the force equals 2F, the full load is carried by the upper half of the cable
while in the lower half the prestress is decreased to zero, see eq. (3.2). The inflated cushion
behaves the same like a prestressed cable where the applied force is transmitted to both

structural elements (layers) up to the moment when the prestress on one of the elements
becomes zero.

5.5.2.4 Non-uniform loading

If non uniform wind loads are applied to a cushion, the area with the higher wind load is
deflecting more, see Figure 5-12. The resulting deformations lead to only small changes of
the volume and hence the wind load has low impact on the inner pressure. It could be seen
from Figure 5-10 that a configuration with unchanged inner pressure results in high
membrane stress. This situation of only small changes of the volume is pronounced if there
are areas with wind pressure and areas with wind suction at the same time.
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wind distribution

Figure 5-12 A two layer cushion with a non-uniform wind load
distribution [source and ©: formTL ingenieure flr
tragwerk und leichtbau GmbH]

The behaviour of large cushions i where a non-uniform load distribution has probably to
be considered in the analysis i can be improved with chambers in the cushion. In the
analysis these chambers need to be taken as separate volumes with the condition
pi-Vi = constant. A simplified approach as shown in Figure 5-13 might be possible under
certain conditions, but itis recommended to analyse this configuration with the law of Boyle-
Mariotte.

Figure 5-13  Separation of the cushion into three chambers in order to
improve the behaviour under a non-uniform wind load
distribution [source and ©: formTL ingenieure fur tragwerk
und leichtbau GmbH)]

5.5.3 The analysis of inflatable beams

5.5.3.1 General

The following sections provide background on the analysis of inflatable beams. A summary
of formulas for the analysis of basic structural systems and numerical examples are
presented in Annex F.

Three states of an inflated beam are clearly identified in Figure 5-14. The natural state
corresponds to the beam with an internal pressure near zero. The initial state corresponds
to the simply pressurized beam, and the actual state occurs after the application of external
loadings. The initial radius R and the initial length L are used in order to calculate the
bending behaviour between the initial state and the actual state with strength of material
formulas. The formulas presented here are valid for the bending of inflatable beams, so for
the transition between the initial state and the actual state.
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05 Natural state [ Initial state R, L

N external
05 inflation loading
ol j J I
;:1 e T M R A N
0 05 1 15 )
Actual state: final state of the beam
Figure 5-14 The three states for an inflated beam (source and ©: J.-C. Thomas)

In the case of inflatable beams, the usual deformation Navier-Bernoulli assumptions used
in "classic" strength of materials for the study of solid beams in bending are not valid. The
thickness of the wall is thin and the beam is sensitive to shear. Furthermore, it is necessary
to write the static equilibrium in the deformed configuration to properly account the effect
of the pressure on the walls which generates follower forces. Then, use is made of the total
Lagrangian formulation, following the hypothesis of Timoshenko for the kinematics of the
beam since the straight section does not remain orthogonal to the neutral fibre, see Figure
5-15.

Figure 5-15 Timoshenko's kinematic: straight section and neutral fibre of a beam
(source and ©: J.-C. Thomas)

After a final linearization, one obtains a set of linear equations which allow to get analytical
formulations for the deflections. Initially, the theory was written for isotropic materials
[LeWi05]. The formulas presented here are their adaptation to orthotropic materials
[NTL12, Ngu13].

The specific behaviour of the coated fabrics is particularly complex to model. This approach
takes into account the orthotropic behaviour of the fabrics (one remains in the linear elastic
range). It limits the modeling of materials with Young's and shear modulus, omitting the
sensitivities to other parameters. It makes it possible for engineers to model the structure
by choosing the most influential parameters: the follower force due to the pressure, the
external load, the material properties and the geometrical dimensions.

By definition, the inflatable tubes have a three-dimensional cylindrical shape. The tubes
are made from strips of fabric. The main directions of the fabric correspond to the axes of
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symmetry of the tube, see Figure 5-16. Here | is the longitudinal direction, and Ois the
transversal direction.

pes
| 2R
[ M «—
I
| € ||| e
— ! _ =
| Tk A
Tt 2 /
pa & €
e, L €2
Figure 5-16 Schematic sectional view of an inflatable tube (source and ©: J.-

C. Thomas)

5.5.3.2 Behaviour of an inflatable tube

In the following a cantilever inflatable beam like illustrated in Figure 5-17 is analysed. In the
results, the pressure appears explicitly. It is then possible to design the structures taking
into account the fact that the maximum loads beard by the beams (collapse loads) are
proportional to the pressure (see Figure 5-18(a)) and that the deflection under flexural
loading decreases nonlinearly with the inflation pressure (Figure 5-18(b)).

2R
A F >
4 (p ------- 1 v e@
R=0.1m,L=2m, Er= 300,000 Pam, Gms= 20,000 Pam, k=0.5,F=80N
Figure 5-17 A cantilever inflated beam (source and ©: J.-C. Thomas)
Limit loas as function of the inflation pressure Displacement at the free end as function of the inflation
pressure
800
0.24
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§ 500 5 023
< s
g 400 £ 0.225
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100 0.215
0 T T T T T T T 0.21 . . . . . . .
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Inflation pressure (Pa) 310° Inflation pressure (Pa) 3100
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Figure 5-18  Limit loads and displacements at the free end of a cantilever as functions of the inflation
pressure (source and ©: J.-C. Thomas)

5.5.3.3 Eigenfrequencies

The dynamic analysis of inflatables tubes allows to get the eigenfrequencies of the tube
[TIWO06]. They also depend on the pressure.
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5.5.3.4 Limit loads

The limit load is achieved when the structure is no more resistant to the load. For this value,
the isostatic or hyperstatic structure becomes a mechanism, and no longer resists. The
estimate of the limit loads of the structures is based on an analogy with the limit analysis in
plasticity [TCWO08]. The limit momentum for the tubes is

_pOPRD
Mimit = ————

4 (5.2)
Note: Inflatable structures are unique in that under certain circumstances they are able to
refind their original form after a load greater than the limit load.

"When an inflatable tube or panel is loaded in bending under an increasing load, there is a
deformation of the structure and appearance of a wrinkle, propagation of this wrinkle on
the walls, and finally collapse of the structure. If there is a discharge following the same
path, the structure returns closely to its original configuration, depending on the effects of
the deferred deformation. Thus, it is possible to fabricate structures that withstand loads
under specified conditions of use provided in the design, which will admit a ruin in
exceptional conditions of stress, and gets back to its initial shape when return to normal
operati ng ,seekgdre 5-19 fThodA).

’ Plasticité Classique ‘ ’ Plasticité en Gonflable

Force
Force

Allongement Allongement
(a) (b)

Figure 5-19 Diagrams showing the difference of the force-elongation-b e havi our o]
plasticityd (a) an dfinflataes (o) (sowde and ©:1.4C. Thaenhsh

In the following sections formulas are presented for the analysis of inflated tubular beams.
Therefore, notation is used as given hereafter:

e Fabric thickness [m],
En Longitudinal Modulus of longitudinal elasticity [Pa,m],
f Line force [N/m],
F Point force [N],
a Limit load [N],
E: Modulus of transverse elasticity [Pa-m],

G Shear modulus of the membrane [Pa-m],
I Second moment [m4],

k Shear coefficient of shear force (k = 0.5 for a thick tube),
L Characteristic lengths of the beam [m],
p Inflation pressure [Pa],

g(x) Rotation of the cross section [rad],
j (X)  Slope [rad],

R Radius of the inflatable tube [m],
S Area of the straight section [m?],
v(xX) Deflection of the beam [m].
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In the case of a circular tube, the second moment is I:%(RA' -(R e)4) °be € and

the surface of the sectionis S=2 OR €. Since these terms are multiplied by Erand Gp

in the stiffness, this gives: El= pRé E €and Gs=2 O R © e. In the case of fabric,
the moduli are in fact products of the moduli with the thickness. So, to be coherent, the
second moment and the surface of the section are

1= pRY and (5.3)
S=2 OR. (5.4)

In Annex F, all the formulations are given for the cantilever beam. The main formulas for
sizing structures are given for other configurations: deflection, slope and limit load. They
also are valuable in the case of an isotropic material. One has just to replace Esby the
Young6s moduj{bythe skear ceefliaent G.
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6 Ultimate limit states (ULS)

6.1 General

The aim of the Ultimate Limit State (ULS) verification is to proof the safety of a structure.
In general, EN 1990 defines the following Ultimate Limit States:

1 EQU: Loss of static equilibrium of the structure or any part of it considered as a rigid
body,

1 STR: Internal failure or excessive deformation of the structure or structural members,
including footings, piles, basement walls, etc., where the strength of construction
materials of the structure governs,

9 GEO: Failure or excessive deformation of the ground where the strengths of soil or rock
are significant in providing resistance and

9 FAT: Fatigue failure of the structure or structural members.

The Ultimate Limit State EQU is only applicable for rigid bodies which excludes structural
membranes per definition and GEO is only a geotechnical Limit State. Fatigue T an
additional aspect of durability to those discussed in chapter 4 1 is linked to the failure of a
structural membrane due to numerously repeated loads or wind-induced vibrations. The
first can appear where the membrane experiences considerable bending deformation. This
can happen in retractable structures, in surface areas where wrinkles repeatedly occur or
where the angle between the undeformed and deformed membrane is considerable high,
e.g. at clamped edge details, see Figure 3-11. If required for a particular structure, this has
to be figured out from case to case i usually by appropriate experimental tests taking into
account the particular loading situation. Hence, for the verification of membrane structures
only the Ultimate Limit State STR is considered in the frame of this report.

In the verification of the Ultimate Limit State STR it has to be proofed that the governing
membrane stresses at any location of the structure are smaller than the tensile strength of
the membrane material or connection. This has to consider safety factors according to
EN 1990 as explained in chapter 1. Furthermore, any physical reality that leads to a
reduction of the tensile strength in the investigated design situation has to be taken into
consideration. From a material point of view the latter aspect is particularly important
because the mainly polymeric membrane materials (fabrics and foils) are known to be
sensitive to environmental impacts, long term loads, high temperature etc. as stated in
chapters 2 and 4. These impacts on the durability can be measured in experimental tests
and strength reduction factors can be derived from the test results. A further aspect to be
considered can be a statistical degradation of the strength related to the size of the
membrane: the risk of a critical defect increases with increasing panel size. This is of course
no material related correlation but applies generally. The last aspect is the quality of the
membrane material itself and the connections (weld seams etc.). Up to now, the last aspect
is considered in the design practice by means of experimental tests accompanying the
fabrication of the membrane panels. These aspects are incorporated in the existing national
design standards in quite different manners. The different approaches are reflected in detail
in the next chapter. Based on that survey a harmonized view on the ULS verification is
layed out in chapter 6.3.

6.2 Resistance of material and joints i existing approaches

Existing standards or guidelines consider the above mentioned impacts, see the national
documents DIN 4134 [S25], DIN 18204 [S26], French Recommendations [S29] and the
European standard for the design of tents EN 13782 [S32]. However, the consideration
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appears to be quite different. First, not all mentioned impacts are considered in all
standards. Second, the strength reduction impacts are partly clearly separated from the
safety factor [S25, S29] and partly merged to a combined factor that includes safety aspects
and real physical strength reduction [ S26, S32]
reflected by the Code Reviews 20 and 21 which demonstrate the concepts of the German
design standard for air halls DIN 4134 [S25] and the French Recommendations [S29]. In
the German practice the so-called A-factor concept is oftentimes used for the stress
verification. The A-factors are strength reduction factors that describe the strength
reduction due to a single impact compared to a basic value of the tensile strength. This
basic value is the short term tensile strength under room temperature, e.g. according to the
test standard EN 1SO 1421, see chapter 2.

Code Review No. 20
DIN4134 andthePhiT hesi s o f Mi nte AMechanical be

The German practice combines DIN 4134 "Tragluftbauten" [S25] and thetkéxdds of Minte
[Min81]. The latter derives strength reductidactorsi called Afactorsi based on numerou
tests.

In Germany nofregulated materials such as coated fabrics need to be approved. This
done either as a general approval by the Institute for Building Technology (DIBt), see e.
T16] or as arapproval in a single case by the highest building authority of the federal state
the application is.

The scope of testing is at the discretion of the engineer, and the authority needs to agree
It is usually dependent on the size and impantenf the structure, and whether similar materi
and details have been employed on previous projects.

However, where the design engineer relies on the experience of previous projects it is ng
for fabricators to val ength tHistoritallyehe stresserifieatia
in DIN 4134 (Ultimate Limit State) is based on a load factoring approach using the foll
predefined design load combinations for different design situations:

TLoad combination ALOMAWILmD 4.6 psubgr mi ) :
fLoad combinati on BLOMA 20 nin6,F p sGubr mii) :

1 Load combinatio© Rehmaneri ) : 1,001, 4,3 nO zuty

where

Ng membrane stress from dead load of the membrane (which is usually negligible),
Np membrane stress froprestress,

Nw membrane stress from wind loads,

zul nny admissible short term resistanceTat 20 °C,
zul n,  admissible short term resistancelat 70 °C,
zul n admissible long term resistanceTat 20 °C.

DIN 4134 does not provide a load combinatonfoh e desi gn situat.
According to the PhBhesis of Minte snow load shall be treated as a permanent load.
engineers have a different approach, as for example:

fLoad combinati on DLOMAMAQO mFm Quijowi) :

where
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Ns membrane stress from snow load.

The approach of the | oad combination B
strength decreases with increasing temperatures (verification agaihst) and, moreover, tha
in hot conditions the wind spa® are naturally lower (load factor of 0.7 for summer wind). ]
fact that the verification has to be done againgt i, may not seem particularly logical sing
strong winds will always cool a membrane surface. But it cannot be assumed that all
including clamped details, will cool off rapidly to a test temperature ¢f23

In the current design practice in Germany this procedure has been modified to a stres:
approach applying unfactored loads in the structural analysis (unless dealingstaibility
checks). This revised approach does however incorporate a load factor depending on the
design situation. But this load factor is introduced as a reduction factor on material st
(compare section 3.6.1). The allowable stresses amedefsimilar to Minte) as follows:

fa=fios/ (- om - A)
where fyq = allowable design stress,

fi23 = tensile strength defined as 5®actile of at leasts strips, tested at ¥ 23 °C
(codes:DIN 53354, ISO 1421). (Alternatively, from Minte, 0.868 x mean tensile str
for the fabric or 0.802 x mean strength for / near the seams),

I = load factor, see explanations below,

wm= materi al safety coef fiucildwithin theofabric
s ur f w@=le for connections,

A = individual strength reduction factors to be applied degiag on the design situatio
see explanations below.

The various individual reduction factors differ depending on whether a main fabricoaraa
seam / detail is being considered.

Since it is neither possible nor realistic to combine in a linear way the various types of |
(permanent, wind or snow) the following combinations have been proposed so as to com
codified practice wheaccounting for load effects applied to the results of-ltogar analyses
based on unfactored loads:

Permanent: x=1.5,
Winter storm: x=1.6,
Maximum Snow: x=1.5.
I n the above, the Asummer st or mo foapermanent

or semipermanent membranes it will rarely be the governing case for membrane stres
details. Also for the design of structures temporarily deployed in the summer only
recommended to use the appropriate / approved seasonal loadings

The i ndi Yactatsutake intdiadcount single material related strength reducing imp
They are the result of many tests which have been done in the ia303@ars. Four factors ar
typically in current use for the membrane surface. Thesstated in the following together wi
typical numerical ranges. The values given in brackets are appropriate for connections, v
ranges depending on the connection type (e.g.: welded, clamped etc.) and the seam wid

Ao=1.07 1.2 (1.2) Strengh reduction factor for biaxial loading, taking into account that
small width strip tensile test produces a higher value than the biaxi
strength.
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(The lower value of 1.0 is appropriate if the loading produces domi
stress in one directionfehe weave).

A1=1.67 1.7 (1.5i 3.4) Strength reduction factor for lorigrm loads, with the connection
factors very dependent on seam widths (excluding stitched seams

A>=1.17 1.2 (1.2) Strength reduction factor for pollution and degradat{again excluding
stitched seams).

As=1.17 1.25 (1.4 1.95) Strength reduction factor for high temperature load cases (i.e. d
situation Asummer storm & excl

Appropriate seam widths are assumed in the algearticularly for the connection factors fq
Aiand AT with typical minimum values of 40mm for PYPES type | and 80 mm for PMRES
type V).

To summarise the above the following ranges of global reduction factors (including safety
and strength reductiofactors) for the different design situations can be obtained:

For the Material

Permanent: G- Aes= 1PAw-P-A-A-A=49164

Winter storm: G- Aes= 1AM ON-A=29i 3.2

Maximum snow: G- Aes= 1AM -A-A=44751

For Connections (only welded seams with appropriate widths for fabric type)

Permanent: 9 Aes= tDAvIN-A-A-A=67195
Winter storm: 9 Aes= tAn0oM-A=35
Maximum snow: 9 Aes= tAMIMD-A-A=49

The global strength reductions for long term loads and snow loads are comparable witf
international guidelines. The German approach provides a very low global reduction for
term wind loads generally around 3.0 which may seem surpriBimngbeing the only code usir
the strong shorterm behaviour of composite plastics this may seem reasonable.

However, this approach neglects the potential tear propagation due texpsting flaws and i
commonly treated in this design strategy as aifaiload case.

It can be observed from Code Review No. 20 that in the A-factor concept the different single
strength reduction factors are applied in a manner that fits to the different design situations.
A-factors T here Ao to A3 T and the safety factors i here g and gui are clearly separated.

The French Recommendations use also a strength reduction factor that considers
degradation due to environmental impact (pollution). That means in both concepts
durability aspects are considered. In contrast to the German concept no further material
related factors are introduced. Instead of this, two factors are defined which consider
possible strength reductions due to the size of the membrane and a not ideal quality during
the manufacture. These impacts are disregarded by the German approach. The quantities
of the factors are explicitly defined. In a direct comparison it can be recognized as an
advantage of this concept that no extensive experimental tests are required to enable the
design engineer to perform the stress verification. This is a necessity in the A-factor concept
T unless safe sided values are used.
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Code Review No. 21

French recommendations [S29]

For covering structures more than 256, mr more than 20 m of radius of curvature

9 the absence ofversion of curvature must be checked for the combination:
prestress + own weight + normal snow,

9 inversions of curvature may be admitted, provided that the repetition does not affect {
durability of the membrane and their connections for the caatioim
prestress + own weight + normal wind

9 the absence of ponds that can collect and store water must be checked for the combir
prestress + own weight + extreme snow.

For each combination of predominant action thus defined, the following dedegiomship
should be checked:

KeIr m
T, Tp="ot ®

with:
Tc: membrane stress under the respective load combimaassuming characteristi
values for the actions,
Tp:  design strength of the membrane, in the warp or weft direction,
Tm:  mediumuniaxial tensile strength, in warp or weft,
ks quality factor of the membrane,
ke:  scale factor depending on the surface of the coverage element,
% safety factor, taking into aotint environmental degradation.

The quality factor of the membrane is dbea with:

kg & Qighi (@)

with
k:  quality factor of the fabric,
ke  quality factor of the welds.

The quality factor of the fabric is 1 if its mechanical properties are subject toawtbolling of
manufacture validated by an outside laboratanyif the manufacture is ISO 9001 certified. I
equal to 0.8 otherwise.

The quality factor of the welds is 1 if its mechanical properties are subject-tmaaiblling of
manufacture validated by an outside laboratory, or if manufacture is ISO fified. It is
equal to 0.8 otherwise.

The scale factor depends of the surface $ @iiithe element of textile coverage and is giver
(3a) and (3b), or in simplified form in Tablel6

ke pforY v m (3a)

0 — for’Y uTh (3b)
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Table6-1 Scale factors &for different surface sizes
S [ from 0 to 50 from 50 to 200 from 250 to 500
ke 1 0.9 0.86

The scale factor takes into account the flat rate increase with the surface of the
the presence of a critical defect

The safety a c tisogiven in Table €, according to the exposure conditions of the structur
pollution, and the nature of the armature.

Table 62 Safety factorgy

Exposure . . .
conditions Medium pollution Heavy pollution
Polyeste_r fibre 4 45
fabric
Glassfibre fabric 4 4.5

The design stress of the attachment areas (borders, point field etc.) is calculated with:

To= _kqm;: fl“”‘ Cm (4)

with:

ks quality factor of the membrane previously defined,

new.  effective number of layers in casa@ihforcements, taken equalldn the absenc
of reinforcement,

Tim:  medium uniaxial tensile strength, in warp or weft,

doc.  local safety factor, equal to 5.

For the verification of edges the following rules are to be applied:

I The strength of the edges must be justified experimentally.

I The number of samples shall be at least three.

1 The tensile strength to consider is the smallest of the series of tests.

I The safety factor with respect to tensile strength must at least equal 2.5

For the verification of connections the following rules are to be applied:

The strength of the constituent elements of the connections (ropes, tensioner, points fie
must be justified with reference to experimental failure loads guaranteed imathgacturers o
these components. In case of absence of specific regulations, the safety factor for th
strength, to take into account the justification of the components under the effect of weights
i =2 f or cab3otherpasnd o

The steel anchoring points must be justified according to the rules applicable to structur:
components.

For both concepts fAstress factorso can
reduction factors and the safety factors. A comparison of the stress factors is undertaken
in [PWB13]. Regarding only the strength of the basic material it reveals for the German
concept stress factors of approximately 2.9 i 6.4 and for the French concept of
approximately 4.0 7 7.0. This result shows that using A-factors enables i under certain
circumstances i a sharper verification. The flip side is that this might require additional
experimental testing for single projects with particular demands i whereas the French
approach provides the designer a fast and cost-saving method for the verification.
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6.3 Harmonized view of the ULS verification of fabrics

In order to clarify the safety margin of a structure it is recommendable to sharply distinguish
between safety factors and strength reduction factors [USS14a]. Only this enables the
designer to clearly identify the safety of the designed structure in every design situation.
The aim of safety factors according to EN 1990 is to consider

1 uncertainties in representative values of actions (g),
1 model uncertainties in actions and action effects (gsd),
9 model uncertainties in structural resistance (gkq) and
9 uncertainties in material properties (gn).

The aim of the strength reduction factors is to ensure the structural safety in a critical design
situation, i.e. for instance at the end of the lifetime (which usually includes long term loading
and environmental impacts) and under elevated temperature. Even at that critical design
situation the safety margin which is introduced by the safety factors should be secured in
order to cover the above mentioned uncertainties.

A harmonized approach for the verification of structural membranes made from fabrics is
demonstrated in the Eurocode Outlooks No. 32 and 33. Strength reduction factors are
introduced that cover single independent impacts on the material or connection strength.

Based on the above presented Code Reviews five factors are identified:

kage: considers environmental impacts (pollution, UV-rays, rain, abrasive blast etc.),
kpiax: considers a potentially reduced strength due to a biaxial stress state,

kong: considers the effect of long term loads,

kiemp: coOnsiders the effect of elevated temperature and

Ksize: considers a potentially increased risk of strength reduction linked to increased sizes
of membrane panels.

= =4 =8 -4 =9

The Eurocode is supposed to provide clearly defined test procedures to determine the

material related strength reduction factors Kage, Kbiax, Kiong @and kiemp, S€€ Eurocode Outlook

No. 34. Further mor e, a fAwil d oraisidrodudedirksione or
that enables to consider further impacts. For instance, a widely used practice is that a factor

is introduced to take into account a clearly measurable reduced strength of a connection

detail compared to the strength of the base material. In general, time-dependent factors

(kage and kiong) shall be determined for the specified design working life of the structural
membrane.

In order to enable designers also a fast and cost-saving engineering for smaller structures
it is envisaged to provide safe-sided values for the k-factors in the Eurocode. This is in line

with the Atwo way proceduredo presented in chapt

is to enable an economic design by basing the design strength and the determination of

the material related strength reduction factors on individual experimental testing results on

the one hand (Afirst wayo). This practice is
and for materials that are modified project orientated by the material producer 7 which is

both characteristic for the field of textile architecture i but can be used for a better utilization

of the typical materials, too. On the other hand the aim is to enable a safe-sided design for

those projects where the amount of experimental testing is aimed to be minimized, either

for determination of the material strength and the material related strength reduction

factors. This procedure copes with the needs of innovative and major projects as well with

those of smaller projects using typical materials at the same time.
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A topic for future research should be to investigate into the effect of combined impacts.
This is partly already done for the combination of long term load with high temperature
effects [Min81].

Eurocode OutlookNo. 32

(2) The design value of an action effect in the material shall not exceed the corresp
design resistance and if several action effects act simultaneously the combined eff
not exceed the resistance for that combination.

(2) Due to the gometrical nonlinear behaviour it is not appropriate to combine ag
effects, that is why the effect of combined actions needs to be determined.

0] The following expression shall be satisfied at every location of the membry

n ¢ fy
where

Ny is the design membrane stress in the considered direction and

i is the design tensile strength of the membrane or the joint related
specific design situation.

NOTE For fabrics thelifferent properties in warp and weft directig
should be considered.

(i) The general term for the design tensile strength of the membrane material
joint is given by

fd = fk,23/ (gll{ kaga' kbialx; kIong; ktemp' ksizé kx}) W|th K Olo
(i) Instead of applying the individual reduction factngge, Koiaxr K

» K
ong emp
according to (ii), a combined reduction factd,,may be applied which i

obtained from experimental tests. These tests must consider the di
influencing parameters as there are biaxial effects, long term load effects,
effects due to environmental exposure and or high temperature effecis.df
more of these effects are not considered in the experimental test, these

have to be taken into account by multiplyikg,, with the reduction factor
given in section (ii):

fa = fi2s/ aa. (kcomb ksize)

The safety factor gu is clearly separated from the strength reduction factors. Two safety
factors are introduced: one for the resistance of the basic materials (gw) and one for the
resistance of joints (gu2), each to be applied in the particular design situation. This approach
reflects the potentially higher uncertainties linked to joints and their fabrication and
modelling. Both factors are to be derived from a reliability analysis with the objective to
ensure a reliability index of b = 3.8, see chapter 1.2.

The basic characteristic strength value fi23 is the 5% fractile of the short term tensile
strength under room temperature (23°C) from at least 5 test specimens measured
according to EN ISO 1421. To enable a cost-saving design it is envisaged to give safe-
sided values for fi 23 for typical materials in the Eurocode, see the statements on the two
way procedure above (see also Eurocode Outlook No. 3). These values are tabulated in
the Eurocode Outlooks No. 5, 7, 11 and 13.
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Eurocode Outlook No 33

(1) The partial factorsg,, should be applied to the various characteristic values of resist
in this chapter as follows:
- resistance of materiag},, and

- resistance of jointg),, .

(3) The reduction factor, ., Kyu Kog» Kemp: Ksize Will b€ given as safsided values. The

may also be determined with project specific experimental tests. In this case t
procedures specified in this code should be followed..

(4) The characteristic tensile strengtfy ,;is theshort term tensile strength of the mater

or the joint at T=23°C.f, ,;is derived from uniaxial material or joint tests. It is the
fractile result of a testing with at least 5 specimens.

Eurocode Outlook No. 34

The Eurocodshould give clearly defined test procedures to determine the material related st
reduction factors dge koiax, Kong @and kemp

The determination of the 5%-fractile according to EN 1990 can be obtained by equation (6-
1).

fk,23 =my (1 'knvx) (6'1)

with  my mean value of the test results for n tests [kN/m], assuming a normal
distribution, frequently termed nzs in the context of membrane structures
Kn characteristic fractile factor given in table D.1 of EN 1990, annex D,
depending on the numbers of tests and whether the coefficient of variation
is known or unknown [-],
Vy coefficient of variation [-].

The characteristic tensile strength can be estimated from mean values using confirmed
values for the coefficient of variation. Hosser reported for the basic material of PVC-coated

fabrics type 1l and Il a maximum coefficient of variation of VO 8 % ([ Hos 79] , cit
[ Min81]). Mintebs test experience showed for <co
coefficient of variation of Vx = 6% and for joints of Vx=12 % [ Mi n81] . Todayos |

experience confirms these values as upper limits. The characteristic fractile factor k, can
then be picked for the nupkbneorwnodf. under |l ying tes

Regarding the application of the k-factors three specific design situations are identified:

1 Long term loading, combined with both warm and cold climates, including snow loads,
9 Short term loading combined with a cold climate and
9 Short term loading combined with a warm climate.

Snow is assumedtobea | ong term | oad. Thus, Aishort term
climated is considered for the verifications o
stormo) or potenti al other traffic | oads. AShort

considers the same load combinations but additionally takes into account the high
temperature impact on the design strength. For these three design situations the
determination of the specific design strengths is given in the Eurocode Outlooks No. 35-
37.
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Eurocode Outook No. 35

Design Resistance Long Term Load

The design tensile strength for material and jointg i calculated with the following equation:

fLra= fi23/ (gll . Kage- Koiax - Kong- k{emp- ksizp)-
NOTE Snow load is assumed to be a long term load.

Eurocode Outlook No. 36

Design Resistance Short Term Load Cold Climate

The design tensile strength for material and joigts dis calculated with the following equation
fsrc,a= fr 23/ (Q(A . kage- Koiax - ksize)

Eurocode Outlook No. 37

DesignResistance Short Term Load Warm Climate

The design tensile strength for material and joistg fis calculated with the following equation
fSTW,d= fk,23/ (gll - kage- Koiax - Kemp- ksize)

6.4 Proposals for the ULS verification of ETFE foils
6.4.1 General

No standard for the design of structural ETFE components exists worldwide. Different
design approaches are used in practice and several proposals for a design concept for
ETFE foils are published and discussed at the current stage. A summarized description of
proposed concepts is given in the TensiNet European Design Guide for Tensile Surface
Structur es, Appendi x A5 fiDesign recommendati ons
order to provide an overview on the state of the art, this summary is i slightly modified and
updated i given hereafter. The summary includes recommendations for the Ultimate Limit
State (ULS), given below, as well as for the Serviceability Limit State (SLS), see chapter
7.3. Normally the SLS and not the ULS is the decisive limit state for ETFE foils which is
due to their enormous breaking strain beyond the yield strength: usually the tensile strength
cannot be reached before a SLS is reached. Partly, the A-factor concept, originally
composed for fabrics (see Code Review No. 20), is adopted.

6.4.2 ETFE foil design concept developed by Karsten Moritz (seele)

The philosophy of Moritz is to follow the approach of the Eurocode as far as possible. His
safety concept includes separated safety factors on resistance side and on action side. He
differentiates the equations in Serviceability Limit State (SLS), see chapter 7.3.4, and
Ultimate Limit State (ULS). The limit in the ULS refers to the tensile strength in welded
specimens. Therefore the quality of the project-specific production of the weld influences
the ULS-equations.

His concept includes reduction factors according to the A-factors originally investigated by
Minte (Ao...As). The values are based upon a lot of mono-axial and biaxial tests on ETFE-
foils and weldings carried out during his research at the TU Munich [Mor07]. An additional
reduction factor As considers the reduction in tensile strength of welded seams compared
to the base ETFE-material. This factor depends on the quality in the welding-process of the
specific manufacturer.

Page 105



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

Lars Schiemann tied his work [ScmO09] to the work of Moritz (both at the TU Munich).
Schiemann used bursting tests to examine the reduction factor Ao for biaxial exposure in
detail (Ao,moriz = 1.2, Ao,schiemann = 1.15). This results in slightly higher values in the Ultimate
Limit States (ULS).

The concept of Moritz can be applied in all climatic zones by adjustment of the thermal
reduction factor As to the local conditions. The given relationship of mono-axial and biaxial
parameters in SLS and ULS allows a project specific quality control basing on mono-axial
tests at 23°C mostly. Biaxial tests have to be done only if special requirements exist or
irregularities occur.

At first, the characteristic value of the resistance of the foil is determined:
Rk = characteristic value of the resistance = Rk 0.05 / Amod
with
Ri.0.05 = 5% fractile of the short term tensile strength at T = 23°C,
Amod = Ao - A1 - Az - Az - Ag - As.
Table 6-3  A-factor description

Ao | The reduction factor is meant to take into account reduction of the mono-axial
strength caused by biaxial (multi-axial) plane stress conditions. Both for the
tensile strength and yield stress at T = + 23°C.

A1 | The reduction factor is meant to take into account the reduction of the
strength of the mono-axially determined strength values caused by long-term
and permanent load.

Az | The reduction factor is meant to take into account the reduction of the
strength of the mono-axially determined strength values caused by influences
like UV-light, moisture etc. It is dependent on the expected situation at the
building location and the reference period.

Az | The reduction factor is meant to take into account the reduction of the
strength of mono-axially determined strength values caused by temperature.
change.

Aa The reduction factor is meant to take into account the reduction of the
strength of mono-axially determined strength values caused by production
inaccuracies.

As | The reduction factor is meant to take into account the reduction of the
strength of mono-axially determined strength values caused by welding.

Moritz has carried out extensive research on the following reduction factors. For the full
explanation of this the reader is referred to the theses from Moritz [Mor07] and Schiemann
[Scm09]. As a result, values as given in Table 6-4 are defined.

Also a number of mono-axial tests were carried out to determine the characteristic values

(5%-fractile-values) of breaking strength for basic ETFE-materials (AGC, NOWOFOL) and
the welded seams as well. They are given in Tables 6-5 and 6-6.
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Table 6-4 A-factor values for ULS verification

Reduction of strengths caused by ULS, fuk,sn,0.05
Ao Multi-axial stress 1.2 (1.15%)
A1 Short term / long term / permanent loading 1.0/13/1.8
Ao Environmental influences 11
As Temperature change (T = +40°C)** 1.2
As Production inaccuracies 1.0
As Base material/weld 1.57 ***

* according to [ScmO09]

** The reduction factor depends on the maximum temperature of the considered layer. The
maximum temperature depends on the local ambient conditions at the specific load case. A
diagram of the temperature-dependency of As is given by Figure 2.27 in [Mor07].

*** dependent on the tensile strength of the weld

Table 6-5 5%-fractile values of mono-axial strengths of ETFE foil at T = 23°C

[MorQ7]
5%-fractile values of mono-axial
strength of ETFE-Foil at T = 23°C
mono-axial tensile strength of material fuk0.05+23°c = 47 N /mm?
mono-axial tensile strength of weld fuk,sN,0.05,+23°c = 30 N /mm?2*

* example dependent on the tensile strength of the weld

Table 6-6  5%-fractile values of mono-axial strengths of ETFE foil at T = 3°C [Mor07]

5%-fractile values of mono-axial
strength of ETFE-Foil at T = 3°C

mono-axial tensile strength of material fuko.0s+3c = 50 N /mm?

mono-axial tensile strength of weld fuksN005+3°c = 33 N /mm2*

* example dependent on the tensile strength of the weld

The above mentioned values are characteristic values. To arrive at design values, also a
partial safety factor on resistance side gn needs to be determined: Rq = R« / gn. The value
for gn for ULS verification is given in Table 6-7.

Table 6-7 gn for ULS verification

On, uLs
basic and exceptional
combinations, geometrical 1.1
imperfections

These values result in a set of conditional equations for the design resistance of ETFE-foils
including welds in the Ultimate Limit State as given hereafter:
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f
RdSNULSW = — u,k,ll:.,0.05,+%3C - L= — 47.. o — 20.62 N/mmz.
SRS g, Ay AOA, @3 AY AO1.1Q.2 1.0 1.01.0 00 1.7 O O C
f
Rysnulss = _ UkFO.0S+ST — S0 - — 16.87 NY/mm?3
T g, &) AQOA, @; AY AcO1.10Q.2 1.3 1.101.0 0O 1.6¥ O O C
f
Rd SN ULSp = e u’k"?.’o'05’+.2.3 C e s = . 47.. e .. &.54 N/.mm2
chEmminom g 0 &)y AOA, @5 A A;O1.10.2 1.8 1.101.2 00 1.7 O O
with

Ws wind suction,

S snow,

Prom  INNEr pressure.

The resistances Rqy shall be compared and be larger than the design load F4: Rq > Fa.

The author points out that the design concept is applied only if the material properties of
the used ETFE-foil comply with this concept and if the qualities of material and welded
seams are ensured by an adequate quality assurance.

6.4.3 ETFE foil design concept developed by Klaus Saxe (ELLF i University
of Duisburg-Essen)
A ULS verification is stated by Saxe, although he emphasizes that it has only low relevance
compared to SLS [Sax12]. Because of the large strain every structure has lost its
serviceability long before it reaches the Ultimate Limit State. From his point of view, a ULS
verification is only suitable for the controlling of manufacturing quality of details. It is stated
that the breaking strength of connections is critical compared to the base foil. The capacity
of e.g. welds or connections should be tested monoaxially for each project at different

temperature levels. The 5% fractile value of these test results (Xsy%) should be compared
with the effect of the action.

On the basis of EN 1990, the following relations have to be verified in the ULS:
Eq(r) ¢ Ry(m)

with

Eqr) = S¥ GP  oA@1 Oq AGp

R e & —x5% s
MWy "4
A in combination with,

Eqm: temperature-dependent design value of the effect of the action,
Ramy: temperature-dependent design value of the resistance,

Os, 0o partial factors for the actions G and Q,

Gyi:  characteristic value of a permanent action,

Q«1:  characteristic value of the leading variable action,

Qui:  characteristic value of the accompanying variable action i,

Xsw: 5% fractile value of monoaxially tested tensile strength at different temperature
levels,
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ou: partial factor for a material property.

With this set of formulas it is possible to determine the required capacity Xsowreq. fOr
membrane joints and edge details.

Alternatively it is also possible to derive the required capacity by means of comparison with
the characteristic effect of the action Ex) instead of the design value Eq as stated above.
This is because the interaction of partial load factors gz and g, often leads to a kind of
average value of g= 1.4. Combined with the partial safety factor gu which is usually set to
ou = 1.5 the product of these values leads to a global factor gsioba = 2.1

Xs,req. OGsiobal -+ Max Exq).

It proved to be suitable for pneumatic structures to reduce the value gsiobal = 2.1 down to
1.9t0 2.0. This is justified for ETFE cushions because stresses in the cushion reduce when
the curvature in the cushion increases due to strain.

6.5 Membrane reinforcement

In case that one layer of the membrane material does not provide appropriate strength for
the structure considered i or parts of it i the membrane can be reinforced by additional
layers. Usually only the highly stressed parts of a structure are reinforced. In this case the
AbasicoO membrane | ayer runs continuously from
other. The additional layer(s) are attached only to a part of the basic layer, usually between
one edge of the membrane panel and a location in the field, see Figure 6-1. The additional
layer is attached to the basic layer by seams along the edges of the additional layer. It can
be imagined that the stress distribution between both layers is not uniform due to a
comparable lower stiffness alongside the attachment seams. It would be even more
differential if the basic materials of the layers themselves would have a different stiffness.
In a concrete example of a basic layer reinforced with one additional layer that means that
not both layers carry half of the stress. With other words: the strength of the membrane is
not doubled by the second layer. There are clearly a number of issues that affect the
possible strength, e.g. the extent and location of seams together with the possible
fabrication tolerances that could create an imbalance in the load sharing characteristics of
the final fabricated membrane. These all impact upon how the load from one layer is
transferred into the second layer.

Figure 6-1  Membranes partly reinforced with a second layer: at the high point (left) and
at the low point and membrane corners (right)
[© Ceno Membrane Technology GmbH]

Page 109



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

Only the French recommendations give guidance for reinforcement factors up to now, see
Code Review No. 22. The recommendations are based on the strict demand that the
reinforcement is arranged in a way that allows for uniform stress distribution as good as
possible. On this basis, a reinforcement factor ner is given, for instance for a double layer
membrane as 1.9.

Code Review No. 2

French recommendations [S29]

Efficiency of reinforcements:

The reinforcement must be made with the base fabric.

Only one single reinforcement is admitted for fiber glass fabrics.
The increase of the resistance to the strength due to the reinforcements must be assessed i

Strength (fabric + 1 reinforcement):cp=1.9
Strength (fabric + 2 reinforcements)s¥F2.6
Strength (fabric + 3 reinforcements)ei=3.1
The arrangement of the reinforcements must permit a uniform distribution of the stresse
various layers.

Common values for reinforcements in Germany are as follows (state of the art even though
not standardised):

9 one reinforcement layer calculated with 75%: nett = 1.75,
9 second reinforcement layer calculated with 50%: nes = 1.75-1.5 = 2.6.

As mentioned above the stress distribution und thus the strength increase depends on
many factors which may have a greater deviation in a wider economic area for that the
Eurocode would apply. Because of that a more safe-sided approach as in the French
recommendations is discussed currently in CEN/TC 250 WG5. A clearly safe-sided factor
for many different configurations is agreed upon as nerr = 1.5 for a two layer composition
(base fabric + 1 reinforcement). Future research may confirm higher factors. The Eurocode
should give the possibility to proof a higher strength by means of project orientated
experimental testing anyway. This is reflected in the Eurocode Outlook No. 38.

Eurocode Outlook No. 38

(2) If parts of the membrane surface are reinforced with an additional afyeembrane, th
design resistance is increased by 50% unless a more precise evaluation by tests |
performed.

NOTE For more than 1 reinforcement layer tests have to be performed.
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7 Serviceability limit states (SLS)

7.1 General

The aim of the verification in the Serviceability Limit States is to ensure the serviceability
of the structural membranes and the structure as a whole. In principle, Serviceability Limit
States that apply for membrane structures are

T limitation of deflections,

9 limitation of vibration due to wind actions in order to ensure the functioning of the
structure or its structural members (e.g. cracks in partitions, damage to the membrane
or the connections),

9 limitation of wrinkles and therefore avoidance or limitation of stressless areas within the
membrane surface,

1 maintenance of the prestress and

1 definition of allowable tear widths and tear propagation control.

Special attention should be paid to the distinction between reversible and irreversible limit
states. Long term deformations due to relaxation or creep should be considered where
relevant, see also EN 1990 Annex A. This requirement is also directly linked to the
maintenance of the prestress which may decrease during the lifetime due to relaxation and
creep as well as i in case of fabrics i due to the (only partly reversible) decrease of the
yarn crimp under cyclic loading.

Itis assumed in the verification of the Serviceability Limit States that all partial safety factors
are equal to 1.

All of the above listed requirements cannot be quantified generally. They should be defined
project orientated and agreed upon with the client, see Eurocode Outlook No. 39.

Eurocode Outlook No. 39

(2) Any serviceability limit state and the associated loading and analysis rslooleld be
specified for a project.

As a general safeguard the supporting structure shall remain stable if the membrane is
removed or in case of a collapse of the membrane. This is reflected in Eurocode Outlook
No. 40, compare also Eurocode Outlook No. 30.

Eurocode Outlook No. 40

(2) In case of collapse of the membrane all load bearing components shall remain stg

2) In so far as rigid load bearing components (e.g. masts, supports, etc.) are restrain
by membrane, the overturning of such comptenthe event of a oreded removal 0
the membrane shall be prevented by additional measures, and the degree of fre
movement in the operation condition shall remain intact.

7.2 Deflections
7.2.1 General

Deflection limits cannot be generally given and thus existing standards do not state
guantitative limits. The French recommendations contain the qualitative demand that a
snap through (inversion of curvature) has to be avoided for structures of a certain size, see
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Code Review No. 23, unless it is proofed that the repetitive snap through does not have a
negative effect to the membrane or their connections.

Structural membranes are typically subject to considerable deflections, but in principle, as
longasastructur al membrane maintains its service
permissible. Therefore, potential limits (e.g. due to aesthetical reasons) should be agreed

with the client or the National authority. Deflection limits may also be specified in the

National Annexes of the Eurocode, see Eurocode Outlook No. 41.

Code Review No. 23

French recommendations

For covering structures more than 256, mr more than 20 m of radius of curvature

9 the absence of inversion of curvature must be checked foothkination:
prestress + own weight + normal snow

9 inversions of curvature may be admitted, provided that the repetition does not affect
or durability of the membrane and their connections for the combination:
prestress + own weight + normal wind

Eurocode Outlook No. 41

(1) With reference to EN 1990 Annex Al.4 limits for vertical and horizontal deflectig
should be specified for each project and agreed with the client.

NOTE: The National Annex may specify the limits.

7.2.2 Distance to other parts

In order to ensure the serviceability of the membrane two aspects linked to deflections have
to be particularly considered by the design engineer. First, the distance to other parts of
the building and second, the appearance of snow or water ponds. The latter aspect is
investigated in detail in chapter 7.2.3.

The deformed membrane must not hit the primary structure or any other objects. This may
damage the membrane i instantly or after a number of contacts i and can finally lead to a
collapse. If this risk exists appropriate deflection limits should be defined by the engineer
in order to ensure a suitable distance of the deformed membrane to other parts. If it is not
possible to avoid contact this should be considered in the analysis. Provisions could be
taken to protect the membrane or to proof experimentally that the membrane resists the
repetitive contact, compare also Eurocode Outlook No. 27. Local reinforcements could
improve the resistance. These aspects are summarized in the demand of Eurocode
Outlook No. 42. In any case special attention has to be paid to proper material stiffness
parameters in order to enable a suitable accuracy of the deformation analysis.

Eurocode Outlook No. 42

(1) Because a load bearing membrane can be subject to considegdldetidns, care sha
be taken to ensure that no structural or other parts may hinder the deformation, if th
not been taken into account in the analysis.

7.2.3 Ponding

The patrticular risk to membrane structures of snow or water ponds requires special notice.
Ponds can appear in all kinds of membranes i anticlastic, synclastic, plane 1 when the
structural membrane or a part of it exhibits a synclastic curvature with a low point in
Ami dfieldd so that it has the haoismistafabasinbasi n.
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forms out under a snow load. This is because the snow load does not vanish instantly in
contrast to liquid water that immediately flows off the membrane edges when no initial basin
exists. Once a basin has formed out and the snow melts the melting water cannot flow off.
In this case the water could only evaporate unless manual action is taken like lifting of the
low point. During that time the risk exists that due to further snowfall or rainfall the load in
the pond increases. This results in an increase of the pond until a certain load level is
reached where equilibrium exists between the deformation of the membrane and the pond
load. Further water would overflow the edge of the pond then. In a critical case the tensile
strength of the membrane can be exceeded before this equilibrium is reached. This means
the failure of the membrane of course. Other ponding mechanisms linked to individual
structures may occur as well. Figure 7-1 shows an example of a water pond at the corner
of a conic structure caused by rain load in combination with rotating of the pylons. The
rotation of the pylons enabled an initial pond which grew subsequently during the filling with
water that ran down from the high point.

m
e e L

Figure 7-1 Ponding at the corner of conic structures caused by rain load in combination with rotating of
the pylons (kinematics displacement) of the supporting structure, Central Railway Station
Square, Sofia [© V. Tanev]

The French recommendations are the only guidance that demands a ponding check today,
see Code Review No. 24.

Code Review No. 24

French recommendations

For covering structures more than 256, mr more than 20 m of radius of curvature

i Ponding must be checked for the combination:
prestress + own weight + extreme snow

It is recommendable to firstly attempt to avoid ponding completely. But in some cases it
cannot be avoided. In the current design practice ponds are frequently permitted i
particularly for ETFE-foil structures. It can be permitted to some extend when it is ensured
that the water or snow accumulation is limited. Such a limitation can be achieved or
supported by construction, e.g. by providing additional cables under the foil. Considering
this, a future regulation of ponding should be dependent on the technical background.
Three cases are identified:

9 If ponding is planned to be permitted and the limitation is proofed in the analysis or the
pond is limited by structural elements the verification of the stresses in the membrane
and the supporting elements resulting from the allowed pond should be performed in the
ULS.

i If ponding is planned to be avoided, it should be ensured that actually no pond appears
by checking the form in the SLS.
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1 The membrane stress caused by ponds that could possibly appear by accident (e.g.
ponding caused by rotating of a pylon or caused by a loss of prestress in general in
combination with rain load, see Figure 7-1) should be verified in the ULS using
combination of actions for accidental design situations.

Predicting the ponding is not an easy task. As mentioned above the application of proper
material stiffness parameters is decisive. Moreover, the shape of the roof could alter the
snow distribution. The question arises whether to calculate the ponding with uniformly
distributed snow load or with possible snow accumulation. The latter approach could

require a previous extensive survey on potenti a

Besides the checks on the main membrane (which are usually done by using the global
structural model) special attention should be paid to potential local ponds at connection
details. This is especially the case for cover flaps that can compromise the natural drainage
path from the membrane surface, see Figure 7-2.

Main membrane

Cover flap

=

Clamping detail

Main structural support member

Figure 7-2  Attention to local ponding at a cover flap which a check on the main
membrane in the structural model may not reveal [OELLF]

Eurocode Outlook No. 43 summarizes the main demands that were developed in this
chapter.

Eurocode Outlook No. 43

(2) Under snow and rain actions ponding should be avoideddambrane structures.

(2) If ponding cannot be avoided in all parts of a membrane structure, a detailed ar
with realistic snow, ice and water accumulation needs to be carried out, to veri
serviceability as well as the structural integrity.

3) For ponding analyses the lower limits for the elastic constants can be used.
Comment: In addition to reduced elastic constants a reduction in prestress should be use

7.3 Proposals for the SLS verification of ETFE cushions
7.3.1 General

Regarding ETFE foil structures the harmonization of design concepts is on an early stage.
This chapter presents several proposals for design concepts for the Serviceability Limit
State (SLS) 1 which is normally the decisive one due to the enormous breaking strain, see
chapter 6.4. A summarized description of proposed concepts is given in the TensiNet
European Design Gui de for Tensil e Surface
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recommendations for ETFE foil structurdaeo [ Houl
state of the art, this summary is i slightly modified and updated i given hereafter.

The concepts are presented as concepts for a SLS verification. This is mainly owed to the
classification made by the proposing experts themselves in [Houl3]. All presented
concepts are based on a verification against the yield strength. As classified as SLS
verifications, all proofs are based upon characteristic stresses and characteristic strength
values. However, the current discussion shows that many experts today suggest a
verification against the yield strength with design stress, i.e. to interpret the presented
concepts as ULS verifications.

7.3.2 Recommendations J.W.J. de Vries (TU Delft)

Jos de Vries has investigated mono-axial and biaxial properties of ETFE foil with the aim

to define a design concept based on the ALI mit
been the determination of a yield point and creep limit. As the material behaves in a non-

linear manner, a long- and short-term load is defined.

Reduction factors in Serviceability Limit State (SLS):
Sd = Srep / On - Kmod,
sq = Design stress for ETFE foil,

Srep = representative stress for ETFE foil, to be determined (approximate values for 1:1; 12
N/mm?, for 1:2 / 2:1; 15 N/mm?),

On = safety factor for material uncertainties, gn = 1.0,
kmod = modification factor for temperature and creep, see Table 7-1.

Table 7-1  Reduction factor kmod depending on temperature and load duration

Deformation criteria Load duration Temperature (°C) Kmod
t<20 1.00
20<t<30 0.91

Less than 15 min
Adjusted for limited 30 <1<50 0.71
permanent deformation t< 20 0.84
(< 5% strain) 20 <t< 30 0.77

More than 15 min

30 <t<50 0.60

The focus of the research was on the Serviceability Limit State. It is assumed that the
Ultimate Limit State is not the restrictive state. Therefore no recommendations are
mentioned for the ULS.

Important issues addressed here are the temperature-dependency of the creep level and
strength of the foil.

7.3.3 ETFE Foil design concept developed by formTL

The design office formTL has developed an approach that focuses on the remaining strain
of the foil, as this is a very important issue for ETFE foil structures. This also can be seen
as a method addressing the Serviceability Limit State. formTL formulates their approach
as follows: ETFE foil is an isotropic material. Due to the production method, there are slight
differences in properties in the extrusion direction and perpendicular to the extrusion
direction, but these differences are negligible for construction purposes. Unlike coated
fabric, the foil suffers from large strains. Hence, the foil structure undergoes large
deofrmation. The stress is reduced due to this deformation to some extent. Due to this
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behaviour for foil a different design concept must be applied. The most important criterion
is the remaining strain in the foil (SLS). Due to the very high breaking strain, the breaking
point of the foil cannot be reached in a structure under normal conditions (ULS).

Stress-strain diagrams of Nowofol done with the 200um foil at 23°C show a 10% strain-
stress of 21 N/mmz2, see Figure 7-3. Furthermore the foil shows linear elastic behaviour up
to a stress of 15 N/mm?2.

Stress-Strain Diagram ETFE foail

foil stress in MPa
n w Y o D ~
3 S) 3 3 3 =]

-
=]

o

0 100 200 300 400 500 600 700
strain in %

Figure 7-3  Typical stress strain diagram for an ETFE foil [source
and ©: formTL ingenieure fur tragwerk und leichtbau
GmbH]

To minimize the remaining strain in the foil, a safety factor hio is determined with
21/15= 1.4 rounded up to hyo = 1.5.

For different projects formTL has conducted short-term tests for 100um, 150pum and 200um
thick foils where the 10%-strain-stress, the yield strength and the breaking strength have
been determined (Figure 7-4).
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Simplified stress-strain diagrams for a uni-axial strip under short-term load
and temperatures of 23°C and 50°C [source and ©: formTL ingenieure fiir

tragwerk und leichtbau GmbH]

In all these projects the 5% fractile of the 10%-strain-stress has been used, as shown

below:

23°C: s10; 23°c; 5% = 19 N/mm?,

50°C: S10: 50°c: 5% = 16 N/mmz2,

Furthermore, formTL has introduced a reduction factor A, for environmental conditions.
This factor has been determined in one of their projects with A, = 1.05. This leads to the
following design concept for ETFE foil:

h = S1oxccsw / (S * A2) O1.5.
Based on this values the admissible stress is been determined as given in Table 7-2.

Table 7-2  Admissible stress [kN/m] for different foil thicknesses

thickness 100um 150pum 200pum 250pum 300um
temperature

23°C 1.2 1.8 24 3.0 3.6

50 °C 1.0 15 2.0 25 3.05

As the foil can be heated up, depending on the different load cases and the possible
elevated temperature, the appropriate reference value must be used. Due to its behaviour,
the ETFE cannot heat up more than 50°C due to solar radiation. With numerical simulations
formTL has determined under worst conditions a maximum temperature of 48.5°C.

Biaxial tests show a much stiffer behaviour, but the remaining strain is approximately at the
same stress level, therefore the previously mentioned values are reasonable for the
dimensioning of the foil (Figure 7-5).

Page 117



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

Wi 7
7YY f/ff{% “1,/;7

Elongation [%0]

Figure 7-5  Biaxial stress-strain behaviour of a ETFE foil (tests made at ELLF).

7.3.4 ETFE foil design concept developed by Karsten Moritz (seele)

The limit in the SLS refers to the stress at yield. Limits refer to the stresses or strengths in
welded specimen (in SLS yield-stress is identical for specimens with and without welding).

The concept of Moritz includes reduction factors as stated in chapter 6.4.2. As a result,
values as given in Table 7-3 are defined.

Table 7-3 A-factor values for the SLS verification

Reduction of strengths caused by SLS, fyko0.05
Ao Multi-axial stress 1.4
AL Short term/lc:gg;;r; / permanent 10/13/18
Az Environmental influences 1.0
As Temperature change (T = +40°C)* 1.2
As Production inaccuracies 1.0
As Base material/weld 1.0

* The reduction factor depends on the maximum temperature of the
considered layer. The maximum temperature depends on the local
ambient conditions at the specific load case. A diagram of the
temperature-dependency of As is given by Figure 2.27 in [Mor07].
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Also a number of mono-axial tests were carried out to determine the characteristic values
(5%-fractile-values) of yield strengths for basic ETFE-materials (AGC, NOWOFOL) and the
welded seams as well. Moritz distinguishes between a first and a second yield point, with
the second yield point lying slightly higher than the first one. The yield strength at the
second yield point is given in Table 7-4 for two temperatures. This allows permanent strains
to a certain amount.

Table 7-4  5%-fractile values of mono-axial yield strengths of ETFE foil (material
and weld) at T = 23°C and T = 3°C [MorQ7]

5%-fractile values of mono-axial yield strength (2.
yieldpoint) of ETFE-Faoil

Temperature / Vlaue

T=23°C fyk,0.05,+23°c = 21 N /mm?

T=3°C fy.k,0.05,+3°c = 25 N /mm?

The above mentioned values are characteristic values. To arrive at design values, also a
partial safety factor on resistance side gn needs to be determined: Rq = R« / gn. The value
for gn in the SLS verification is given in Table 7-5.

Table 7-5 gm for SLS verification

Om, sLs

basic and exceptional
combinations, geometrical 1.0
imperfections

These values result in a set of conditional equations for the design resistance of ETFE-foils
including welds in the Serviceability Limit State as given hereafter:

fykF0.05+23 C 21

R = = 15,00 N/mm?
ASNSLSWs ™o & ADOA, B AD AgO 1.04.4 1.0 1.001.0 DO 1.6 O 0O
f
Rysnsiss = ——2r00®8C - S 173 Nmm?
Gy Ay ADA, By AQ AO 1.0(1.4 1.3 1.091.0 DO 1.0 ~ O 0

fy,k,F,0.05,+23 (o _ 21
O, Ay AOA, @; AQ AgO1.04Q.4 1.8 1.©1.2 00 10

= 2
RasNSLSprom = @.84 N/r(rj1m

with

Ws wind suction,

S snow,

Prom  INNEr pressure.

The resistances Rq shall be compared and be larger than the design load F4: Rq > Fq.

The above is taken from the thesis of Karsten Moritz [MorQ7]. The author points out that
the design concept is applied only if the material properties of the used ETFE-foil comply
with this concept and if the qualities of material and welded seams are ensured by an
adequate quality assurance.

7.3.5 ETFE foil design concept developed by Klaus Saxe (ELLF i University
of Duisburg-Essen)

Klaus Saxe has carried out extensive research on the properties of ETFE foils. Below a
summary of the publication [Sax12] is presented. The design concept is based on the
capacity check in the Ultimate Limit State, see chapter 6.4.3, and in the Serviceability Limit
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State. The basis of the approach of Saxe is that of the Eurocode 0, with which he
emphasizes the future design concept should correspond. He distinguishes between SLS
and ULS. In the design concept both ETFE cushions and single-layer ETFE are
incorporated.

Mechanical properties

Monoxial tests show less stiff behaviour than biaxial tests. Therefore, and because most
ETFE foil structures are stressed biaxially, the research presented in [Sax12] is based
mainly on biaxial tests. The influence of the temperature on the mechanical properties is
considerable. Four temperature levels are taken into account for most of the presented
tests: -25°C, 0°C, 23°C, 35°C.

Repeated loading with different loading sequences and a subsequent 24h recovery time
after each loading sequence is investigated at T = 0°C and T = 35°C. The results show
considerable permanent strain for T = 35°C whereas the permanent strain for T = 0°C after
every loading sequence is less than 0.1% strain. Creep is investigated biaxially at different
load levels. At higher load levels, the strain tends to an asymptote. To investigate these
asymptotes further, relaxation tests are carried out. Starting with a temperature of -25°C
and ending at 35°C, 50% of the tension is relaxed for each load level.

Established and regularly used limit stresses i given as yield strength values at typical
temperatures: Siim(0°C) = 15 N/mm?, sim(23°C) = 12 N/mm?, s;m(35°C) =10 N/mm? i are
reviewed by means of experimental testing under various temperatures and stress ratios.
They reveal to be conservative at T = 0°C, but are recommended to be reduced dependent
on the stress ratio.

Furthermore, the loading velocity impact on plastic strain is investigated. High loading
velocity leads to less plastic strain. With other words: In order to hold a specific strain limit
higher stress limits are possible in case of high loading velocity. For a loading velocity that
refers to a typical wind gust stress limits are experimentally determined such that the
permanent strain is ensured to be smaller than 0.25%. This is conducted for different
temperature levels.

First tests show that materials from different producers behave quite similar. That is to
prove in any case.

Serviceability Limit State verification
The main requirements for the limitation of deformations are:

1 pneumatically prestressed structures: compliance with the planned shape,
1 mechanically prestressed structures: avoidance of loss of prestress due to creep and
relaxation at high stress levels.

An appropriate Young6s modul us is the basis f
def ormati on. The Youngbs modul us of ETFE is de
biaxial stress ratio.

To enable a suitable calculation of the amount of creep and relaxation the stress (or load)
duration is important to know i besides the stress level. Three load duration classes can
reasonably be applied to structural ETFE elements: long-term, mid-term and short-term.

The formulation of the SLS concept is based on the concept for timber structures (EN 1995)
which introduces a factor kmoq for consideration of moisture and load duration. For ETFE
structures this approach has to be slightly modified:

9 substitution of moisture with temperature and biaxial stress ratio,
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9 additional consideration of loading velocity to the class of load duration.

These are the four relevant impacts that govern the resistance. The loading velocity
distinguishes a slow loadingvelocit y as in the | oad case fisnowd an
as in the | oad case Awindo which is featured by
It can be understood that actually the loading velocity is linked to the load duration: high

loading velocity is linked to short-term loading (wind) and slow loading velocity is linked to

long-term loading (snow).

The verification can be conducted as follows:

Eam OCam

where it can be set

Eqm = Exm because partial factors are set to g= 1.0 in the SLS verification and
Cam = Rk * Kmod.

Herein it is

Eqm: temperature-dependent design value of effect of actions,

Exr): temperature-dependent characteristic value of effect of actions,

Cum: temperature-dependent limit value of deformations,

Rkm: temperature-dependent characteristic value of the resistance,

kmoa:  modification value, considering biaxial stress ratios, temperature, load duration and
loading velocity.

Rk is used as the yield strength in the higher stressed direction under biaxial stressing.
The following values are well-established and proved to be suitable in many projects:

Rkoec) = 15.0 N/mm?,
Rkesecy = 12.0 N/mm?,
Rik@secy = 10.0 N/mm?.

As this resistance values represent the yield strength, their utilization in the verification
ensures that the structure remains largely elastic. The temperature-dependent values for
Rk are given for better clarity at this stage. It is possible to incorporate the temperature-
dependency completey in kmod in @ future draft. Limit values for kmoq are given as follows:

Upper limit for short term load/high loading velocity: Kmod = 1.8,
Lower limit for long term load/low loading velocity: Kmed = 0.5.

This high values enclose the very high variation of resistance values that could be
reasonably used in different design situations. The demonstrated limit values are directly
derived from the test results presented in [Sax12]. For instance, the upper value Kmoa = 1.8
is calibrated to admissible stress in case of high loading velocity such that it ensures a
strain limit of 0.25% strain. This strain limit is an arbitrarily chosen limit value but it is
considered to state a suitable limitation of permanent strain. Such defined admissible stress
can be read from Figure 7-6. For instance, for a temperature of 20°C admissible stress of
approximately 21 MPa can be read out, see the marked exemplary reading in Figure 7-6.
I'n relation to t heeo B b2209ViPa the modifisation faator gieds &
Kmoda = 21/12.0=1.754 1.8.
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Figure 7-6 Admissible stress in case of high loading velocity ensuring a strain limit of 0.25% for different
temperature levels [Sax12]

As the presented test results are complete, intermediate values for kmog could be derived
from case to case. A comprehensive formulation for the determination of kmoa for any
possible design situation is still pending.

7.3.6 Statements by Vector Foiltec

Comments of Vector Foiltec are based on a 32 year history of analysing ETFE material
behaviour and designing and building cladding systems throughout the world using the
material ETFE. More than 1000 buildings have been realised by now in locations between
the equator in hot and moist climates as much as in desert like high temperature climates
and in the harshest locations in Siberia with extreme high wind and snow loads as much
as extreme low temperatures.

Comments on the current documentation, see e.g. [Houl3, Sax12] are aiming at not to limit
the application of ETFE foil systems by applying a hon-comprehensive understanding of
the ETFE material and systems using ETFE materials and to guarantee safe buildings.

This current understanding of the material derives from the fact that most of the published
engineering culture has been developed using concepts which have been developed for
more or less static building elements, i.e. the fabric industry for instance. These concepts
work for fabrics but the same concepts do only in part reflect the ability of ETFE foils, in
part they will limit the application of ETFE foils.

[Houl3] splits the many specific features of ETFE foils into advantages and disadvantages
(page 7). In contrast, it can be rather preferred to describe the specific features of ETFE
and not value them as advantages or disadvantages. Whether a feature is good or bad for
a problem depends on the definition of the problem and not on a predefined mind set.

It can be suggested very strongly to take advantage of the extensive research and data
base partly published in [Sax12], developing data for biaxial load configuration. Proposals
that claim that uniaxial loads and biaxial loads give similar results when measuring the
behaviour of ETFE foil material have to be rejected. It would be helpful to develop an
understanding of the failure stress and failure mode for biaxial load scenarios which
currently does not exist.

When applied in pneumatic cushions, ETFE foils need a much more comprehensive
theoretical analysis than single layer ETFE systems. For single layer systems plastic
deformation is not acceptable to most systems because the foil will get slack in critical load
scenarios. This comprises the potential of being destroyed or permanently damaged due
to flogging of the material. Only with technical systems that allow the introduction of
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additional prestress after the initial installation process this can be overcome. For detailed
information about single layer foil verification see chapter 7.4.

Pneumatically stabilized cushion systems behave completely different. Elastic as well as
plastic deformations whether due to creep under small loads or due to high load scenarios
are potentially a favourable feature. The change of geometry of a cushion will influence the
stresses in the foil considerably. Saxe accepts the fact and introduces a reduction of a
global factor gyobar down to 2.0 or 1.9 [Sax12]. The suggested factors do not necessarily
reflect the structural engineering truth. Instead of using a factor it should be suggested to
actually calculate the change of geometry within a cushion related to a specific load
scenario which can be achieved by an iterative calculation method. Some of the existing
programs actually already enable the engineer to execute such iterations via an automatic
numeric process. The foil-s t r ens for laad n+1 will be reduced after the first load n has
caused a plastic deformation. This effect is even bigger for initially more flat cushion
geometries. Thus it appears that a significant additional reliability compared with building
materials without plastic deformation can be stated. This effect has to be analysed in detail.

General comment on the introduction of general factors to describe the behaviour
of foils

It seems to be a commonly accepted fact that ETFE foil engineering has to consider a wide
variety of factors to describe the behaviour of the foil. These factors consider

multi axial stress,

temperature,

time dependent stress/load duration: long term loads, short term loads, permanent loads
(long and short need a clear definition),

environmental influences,

production inaccuracies,

base material/welding quality.

The current way of introducing these factors claims that the factors are totally independent
of each other. Is this what reflects ETFE characteristics in reality? To take advantage of
the foil material a three- or even more-dimensional factor table would probably be required
which also takes into account the different E-moduli depending on where on the stress-
strain curve one considers to be.

To o Do Do o Io

Test procedures

When comparing different labs and test methods for tensile tests it can be observed that
results differ significantly. Not only sample preparation, sample size, sample shape but also
test speed and temperature are not harmonized between labs. Measurement of elongation
by optical devices cannot be compared directly with measurements performed by using
mechanical sensors.

Monoaxial vs biaxial material evaluation

In the theoretical analysis as well as in the practical world uniaxial loads and biaxial load
scenarios need different treatments using different material characteristic numbers.

The evaluation of a system needs to take on board geometrical specifics of a building and
some issues need special considerations.

Variable pressure depending on load scenarios

A structural analysis concept suggested by formTL presumes constant volume in a
cushion, see [Houl3] page 29/30. This leads to variable pressure depending on the
different load scenarios. Any of these concepts rely on the assumption that all cushions of
a system that are linked to one air supply and one pressure sensor experience the same

Page 123



Prospect for European Guidance for the Structural Design of Tensile Membrane Structures

load scenario. As is commonly known, large roof areas and even within relatively small
cushions (not necessarily very large) the load distribution concerning snow- and wind loads
can be rather different. Therefore rising the air pressure to a certain pressure level to cope
with snow loads will most likely generate critical load cases in other areas of the system.
The suggestion to have different air pressures by compartmentalizing one cushion and
introducing different air pressures with several independent pressure measuring devices
within one cushion is not realistic from a manufacturing perspective as from a measuring
perspective.

Concerning the constant volume concept it can be agreed that under certain constraints
this concept can be introduced especially for short term analysis of a cushion. But for some
other long term evaluations this concept should be revised.

Water ponding/snow ponding analysis that not only analyses the cushion but also the
structure that is holding the cushion in its place, need to be executed to achieve a safe
building.

Introduction of the air supply system as an integral part of the structural engineering
for the safe operations of a building

Using technical systems such as air supply systems as a structurally relevant component
of a building is considered critical by Vector Foiltec. The failures of air supported structures
throughout the world prove this approach to be critical. Especially in catastrophic scenarios
buildings should potentially be fool proof. It could be argued that the air pressure generation
and air pressure supply system when these systems are part of the structural safety of a
cladding system should have a totally independent back up system including a rigorous
service program. The backup covers not only the power requirements but also the pressure
generation and airflow distribution.

7.3.7 Developments at Dekra / Labor Blum

The ideas that are formulating the basis of the plasticity theory [BBK13] are explained in a
simplified manner: using a linear approximation instead of the 3-dimensional description.
For the later use it will be necessary to be more precise. It can be stated that linear
approximation will here be sufficient since elongations under biaxial loading do not exceed
6 - 7 %, although they reach higher values in the case of uniaxial loading.

The yielding behaviour with hardening effect in a uniaxial tensile test shall be explained
descriptively: an idealised stress-strain diagram is shown in Figure 7-7. Idealising in this
case means that all time-dependent viscous effects are neglected.
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Figure 7-7 Idealised stress-strain curve [© DEKRA/Labor Blum]

First the stress increases proportionally to the elongations like in an ideal elastic material
(first blue line). After a certain stress value - the yield stress st - the gradient becomes
smaller, the increase of the stress decreases (green line). This part of the stress-strain
curve is called the plastic branch. Unloading in this part results in a decrease of the stress
parallel to the first increasing part (red lines). On reduction of the stress close to zero, an
irreversible part of the strain e, remains. Repeated loading will lead to an increase parallel
to the first loading branch (blue lines). After having reached the plastic branch (green line)
it will follow this one with the smaller gradient. Repeated unloading and loading leads to
the same behaviour again and again. It seems that the actual yield stress increases after
having exceeded the first yield stress. It can thus not be considered to be a material
constant. This effect is called hardening. This behaviour can be described mathematically,
and extended to the biaxial stress strain relation.

The yielding depends on the ratio of the two mean stresses. The theory of hardening may
be developed from these simple considerations by assuming a non-constant quality k. The
two-dimensional plasticity theory with hardening is actually being formulated. Not all test
results have been analysed yet. A circular shaped sample of the biaxial testing machine of
Dekra DIl is shown in Figure 7-8. The test machine has been converted to perform these
tests. The stress field of this sample is more homogenous than the one of cruciform
samples. The results are as such easier to interpret (Figure 7-9).
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Figure 7-8 Left: multi-axial test on ETFE using a circular sample. In the middle one may see the
installation to measure the thickness; right: load history for the first tests performed with
the circular sample [© DEKRA/Labor Blum]
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Figure 7-9 Left: deformation in direction of roll and perpendicular to roll direction. The interpretation
of these results cannot be given here due to the lack of time. But it should be mentioned
that the results conform to the von-Mises theory with hardening. It is to note that a
viscous flow is superposed to the plastic behaviour. The yield point is not well defined;
right: the behaviour of the thickness for this test. Here one can define clearly the yield
point because of the step in thickness behaviour. This is marked with the orange line. [©
DEKRA/Labor Blum]

From these considerations the following points shall be taken into account for the design
of ETFE structures:

1. The yield point is not a material constant. It depends on the load history. Thus it shall
not be used for the design.

2. The yield point can be detected clearly if the change is measured during testing.

3. The first yield point depends using the yield criterion of von-Mises on the stress ratio
of the two mean stresses. The yield point in the hardening branch depends on the ratio
of the two mean stresses and the direction of the two axes of mean stress. Thus the
mechanical behaviour after having reached the yield point in a uniaxial test is different
from the behaviour in a biaxial test. As such the uniaxial failure criterion shall not be
used for the biaxial failure. This behaviour can easily be explained: yielding under
uniaxial tensile loading leads to an orientation of the molecular chains in the direction
of stress. The negative elongation in the direction perpendicular is large. This can be
described as yielding in the surface. In biaxial stress states the orientation cannot take
place. As such yielding occurs in the third direction with a reduction in thickness.

4. After having reached the maximum stress and the loading is reduced, the yield area
will be left, the material behaviour is elastic as long as the previous yield stress is not
exceeded again.

5. After having exceeded the yield point, thus after hardening and unloading the
elongation will not come back to zero. A residual strain will stay which is corresponding
to the plastic part of the deformation. To this plastic deformation a viscous part is
superposed which can be formulated by extending the plasticity theory with hardening
effect by a viscous part.

6. The part, which is at the moment missing, is the biaxial criterion of failure. The common
tests i biaxial tests in cruciform or circle shape fail at the edges and not on the centre
of the sample. First results at Dekra/Labor Blum show that a biaxial failure criterion will
be found. Respective tests are not finished yet. Therefore a new testing installation
has been built in which the failure happens in the centre. Edge effects have not
occurred.

7. The statical analysis of ETFE is expected to become clearer and easier using the
presented method.

8. Recommending design procedures for ETFE at the moment means that they represent
the actual state of knowledge and will be preliminary. A final recommendation for
statical analysis and design can be defined after having evaluated all results and
included into the material laws.
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