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Abstract

The purpose of this thesis is to provide an overview of ETFE foil, as it applies to pneumatic cushion cladding, with a

focus on creep behavior of the material.

Characteristics of ETFE, including wetgloptics, insulation, flexibility, environmental properties, fire performance,
cushion span and other featura® discussed, and, where possible, are comparduk toharacteristicef glass
panels used in similar applications. Relevant chemical andanieth properties of ETFE are given. Load carrying
concepts of tension structures and inflated cushions are discussed, as well as structural design meifiegs for
cushions. Several prominent structures constructed using ETFE foil are introduced aitd detidesign issues

associated with these structures are reviewed.

When used in cushion applications, ETFE films are placed in constant tension, and are therefore subject to creep.
Quantifying this creep is desirable so that it can be predicted durenglesign phase. Therefoithis thesis
summarizes the findings of other researchers in the area of creep of ETFE as thellgaseral mechanical
behavior of the material, and presents the results of uniaxial creep tests done for the purpose of.tfisestid

tests included 24 hour uniaxial creep tests done at four stress levels on both the transverse and longitudinal
directions of three different brands of film. Two thicknesses of the third film were acquired and both were tested.
The stress levels we chosen to coincide with typical design tensile stresses for ETFE film, and to be similar to the
levels tested by other researchers. The effects of the diffetergsesprands, directions and thicknessa®
evaluated and discussed. Three seven degpctests were also done on one of the films, each at a different stress

level.

Constitutive viscoelastic and viscoplastic models wdeselopedto represent the 2Wour creep data. The
viscoelastic models were based on a felement Kelvin model and thaéscoplastic models were based on a pewer

law model. The model parameters were determined from the data using linear least squares fitting. Models were also
developedor the seven day creep data. Several of these models were based only upon thedirst 8fidata, and

were used to determine the applicability of theh®dir creep models to lortgrm behavior. It was found that while

a viscoelastic modedppeas to fit long-term creepmost closely the 24hour models are inadequate for modeling
longer tme frames. Another method is required for predicting {tamgh creep. Nonlinear fitting of the parameters is
recommended as a possible alternative for creating more accurate models.-teongereep tests are also

recommended.

Tensile tests were also doomr the films to confirm mechanical properties supplied by the film manufacturers. Good

agreement to the given values was found in the test data.
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Chapter 1 Introduction and Background

In the traditional design process associated with buiklismghitects create the initial sign fora structure, and then

structural engineers design the supporting elements for the building. Generally, the processes carried out by the two
parties are separagad are carried out in sequence rather than in conjunction with each other. Thuiguisebthe

structural and architectural elements of a building are viewed as separate entities in most cases. However, in the case
of tension structures, the supporting elements, such as fabrics, cables, or films, are integral parts of the appearance of
the building and are therefore also major architectural elements. These elements cannot be designed purely for
aesthetics, though, because their form directly affects their functionality as structural compbinergfare it is

important that the structurangineers be a part of the design right from the beginning, collaborating with the
architects in a fornfinding process, until a design with the desired aesthetic and required structural capabilities is
achieved One of the ways in which structural consaténs affect the @pearance of tension structuieghrough
mechanical processesuch as creep. Creep is theenomenon by which a material subjected to constant stress
continues to strain over time, beyond its initial elastic response. Tension igsuate particularly susceptible to

creep, because, by definition, their structural elements are continually subjected to tension. Structures made from
ethylene tetrafluoroethylene (ETFE) films, on which this thesis focuses, are said to only achiefieahshrape

some two to three years after their completioeQuyer 2008. Because of this, a good understanding of the creep

behaviour of ETFE is crucial to their design.

1.1 Overview of ETFE

Ethylene tetrafluoroethylene (ETFE) is a copolymer of ethylene fluadoethylene. It is used for a range of
applications including structural cladding, which will be the focus of this thESIBE can be extruded into large

thin sheets, referred to as foils or films, which can be used in single orlayeiticladding pplications.Films

currently in production range in thickness fromeB0to 30@m. In singlelayer applications the foils would be
stretched over a structural frame of some sort, and used as a canopy in areas that do not experience high levels of
loading. Multilayer ETFE cladding is created by clampiagd sealingwo or mae layers of foil together at the

edges and inflating the space between the foils withTdiese cladding systems are called cushi@eyeral

variations of cushion constructions are showncioss section irFigure 1.1 (Hafner & Moritz, 2010. ETFE

cushions are typically used skylight and atria applications where glass would traditionally be used. However,
ETFE has several advantages over glass for these types of applicatiocls are outlined in the following

subsections
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Figure 1.1 - Various configurations of one,two andthree-layer ETFE foil cushions Hafner & Moritz , 2010

1.1.1 Weight

ETFE cushions are much lighter than glaBse density of ETFE is 1.75 g/értMoritz, 200h), meaning that the
minimum weightper square metref a cushion, made from two layers of &@ foil, would be about.72 N/nf. The
maximum weighper square metref a cushion, made from five layers of 30 foil, would be aboup5.75N/m?,
however this cushion would likely never exist in practice since such thick foils are typically onlyounssater

layers, while the inner layers act primarily for insulation purposes and are usually made from thinner foils. A typical
cushion would be a thrdayer cushion with thicker foils, such as 38@, forming the outer layersand a thinner

foil, such & a 50em foil, used for the middle layer. This cushion would weigh about 11.16.Nine selfweight of

a doubleglazed glass pané about149.1 N/nf (15.2 kg/nf) for two 3 mm panes@lass Association of North

America, 2008 Therefore ETFE allows famuchlighter and thusless expensive support structure.

1.1.2 Optics

ETFE allows a 8-97% transmission of visible ligiCripps,Kolokotroni, RobinsorGayle & Tanno, 2001;Tanno,

1997; Moritz, 200B; Hafner& Moritz, 2010 Barthel, Burger, & Saxe2003) wherasuntreatedylass only allows

for about 8% (All WeatheWindows n.d). ETFE alsoallows more UMight to pasghan glas$ 85% compared to

only 58% for untreated doublflazed glass paneismakingit preferable for plant growth conditiof$anno,1997

All WeatherWindows n.d). UV rays also inhibit growth of bacteria, so ETFE is an ideal solution for swimming
pool enclosures and animal housing as well. ETFE does, however, have a slightly milky appearance, which
increases with increasing film thicknegdso, due to the curvature of their surfaces, images viewed through ETFE

cushions will appear somewhat distorted.



1.1.3 Insulation

ETFE cushions are better insulators than glass panels, owing to the still air pocketeddrgtwveen the layers of
foil. For example, a typical tripkayer ETFE cushion has a\élue of approximatelyt.95 W/nfK (Tannq 1997,
whereas an uncoated doulglezed aiffilled glass panel has a-thlue of approximately 2.84 WA (All Weather
Windows, n.d). A lower U-value is an indiation of greateinsulation. Additional layers of ETFE foil increase
insulation levels due to the increased number of air podkesislation levels can be further improved by separating

foil layers within the frames with an insulating material such abeulHafner& Moritz, 2010).

1.1.4 Flexibility
ETFE isa flexible material, meaning that under dynamic loading it is less susceptible to fadorglassin the
event that an ETFE cushion does fail the damage it causes will be minimal compared to a fsledrgs due to

its ductile mode of failure and its light weight.

1.1.5 Environmental Benefits

In addition to its improved insulation over glagsTFE cushions are environmentally preferable for several other
reasons. Me embodied energy, a value that takds account all of the energy used to produce a material, for
ETFE is roughly 10% of the corresponding value for glass, when put in terms of (CHppset al, 2003). ETFE

is also a recyclable materighafner& Moritz, 2010). Damaged foils can be addamlvirgin resin to be reprocessed

into new materialCrippset al, 200J).

1.1.6 Fire Performance

The performance of ETFE under fire conditions is unique in that it shrinks away, allowing smoke and fire to be
vented to the exterior. Instead of melting and drigponto building occupants, material fragments are swept up
with the plume. The material is saktinguishing, so fire will not spread across it. However, all cushions exposed to
fire or extreme temperatures will need to be repladettor Foiltec, 201d). ETFE cushions are rated fire cld®s
classified according to DIN 410@&/oritz, 20073 or classl/A according to ASTM E 84 (BLDGJHafner& Moritz,

2010.

1.1.7 Span

Typically glass panels are limited to spans of 2 m x 4 m (Tab®®7). ETFE cushions, howey, can have much
larger spans. In their long direction, they are virtually unlimited in span. In their short direction there are varying
opinions on maximum span. Tanri®97) suggests a maximum width of 3.5 as do Architen Landreh(d.), while
Schoéne(2007) suggests 4 m is the largest practical spand Moritz 20079 recommends 4.5 min practice,
cushions as large as 11 m diameter hexagons and 5 m by 17 m rhohdeségen constructéeCuyer, 2008)

Even large spans can be achieved with the ug secondary support systems such as cableAlsts.since ETFE

cushions have a lower seifeight than glass panels, larger clear spans of supporting members can be achieved.



1.1.8 Other Features

In addition to theaforementionedyjualities, ETFE has otherdtures, which can assist areltits and engineers in
creatinginnovative designs. Due to the fact that it allows a high level of light to pass through it, solar heat gain can

pose a problem with ETFE structures. To counteract this, films can be printeshailing patterns. These patterns

can be variable, which allows different levels of shading at different points throughout the day. This is achieved by
having inverse patterns printed on inner @deidnerdayet er | ay

to adjust the level of shading, as showirigurel1.2.

(@)

(b)
Figure 1.2 - Open (a) and closed (b) inner layer of printed ETFE cushion\{ector Foiltec, 2011g)

This feature has been used effectively in many structures, including the Kingsdale Schoodam, England,

discussed inextion1.3.5

Cushioned structures can also be equipped with sensors that detect eueats lseavy snowfall or high winds, and
increase the pressure in the cushions accordingly. This allows for energy savings during times of lesser loading
conditions. This is a contrast to conventional structures, which are set up at all times to withestarakimum

load, although they will likely only encounter it on rare occasions.

From a visual perspective, ETFE is a versatile material because it can be tinted to any colour, printalywith
pattern, or fitted witHights todisplay varying colours, iages or messageSeveral examples of how thefeatures

can be employed are foundsection1.3.

Due to the fact that ETFE films are very thin, they provide very little sound insulation. In some cases this is

preferable to raterials that reflect a high level of sound, as echoing of voices and footsteps in large spaces with



ETFE roofs or walls will be minimized. However it also means that outdoor noises such as traffic will be audible
from within the building. The sound of rdall on an ETFE roof is amplified by the drtlike form of the cushions.

To counteract this effect, rain suppressors have been developed to be fitted on the outside of ETFE cushion roofs
where rain noise poses a significant problem. These consist oéan&sh grid which traps a layer of water on the

surface of the cushion and dampens the sound of the rainde@syer, 2008

1.1.9 Processing

To process ETFEthe resin is heated to temperatures abové@8@here it reaches a molten state. Films can be
create by either extrusion or blowingextrusion, which results in a higher quality product, involves passing the
resin through rollers to create thin films up to 2200 mm wide (LeCuyer, 2008). Blown film is created by passing the
molten resin over a ring, causgj it to be formed into a tube, which is expanded by inflating it with air. The tube is
then cutlengthwise to form flat sheets (Seidel, 2008)gure 1.3 andFigure 1.4 show a schematic representatidn o

the processes used for blowing and for extrusion (Moritz, 007

ol

a) Extruder

b) Screen

c) Mixing element

=
°)
g
— d) Die (annular opening)
f e
d ° ° e) Flattening of the film tube

f)  Pinching rollers

g) Spools

Luft

Figure 1.3 - Schematic representation of procedure for manufacturing blown film (Moritz, 200D)
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Figure 1.4 - Schematic representation oprocedure for manufacturing extruded film (Moritz, 2007 b)

Blowing is a less expensive process than extrusion, but extrusion produces higher transparency, crystallinity,
stiffness, homogeneity in the longitinal and transverse directions and thickness tolerance (Seidel, 2009).

Therefore, for architectural applications, extruded films are more commonly used (LeCuyer, 2008)

Films are cut by a rotating blade as opposed to a laser, since the high operagtemgtieres of lasers would cause
ETFE to emit toxic fumedVhen required cushion widths are larger than film widths, sections of film can be welded
together using a melt bond welding process which applies heat and pressure to the two sheets to fusthem tog
The shapes of the films used in cushions @nesen using computer simulations that flatten the ttimensional

forms of the cushion layers into tveddimensional shapes (LeCuyer, 2008). This means that, for example, a cushion
with a square plan wilhot necessarily have square film layers, as the diagonal lengths of the films will likely be
longer to accommodate the rise at the centre of the inflated cushiba.most common edge detail for ETFE
cushions is a PVC or polyester rope factargided ino a foldedover sleeve of ETFE, which is slipped or clamped

into the extruded aluminum frame on sitevo examples are shown kigure 1.5.



Figure 1.5 17 Two possible edge detaildor ETFE cushions, both with PVC or polyester rope slipped in aluminum
extrusion (Schmid, 2009

Injectionmoulded ETFE air valves are installed into the foils in the factory a®ptire manufacturing process.

Figure 1.6 - Air valve in ETFE cushion (Buitink Technology; n.d.)

Cushions are folded for transportation to site, where theinstaled in their frames and inflated (LeCuyer, 2008).

1.2 Load-Carrying Concepts of ETFE

ETFE cushions are a type of pneumac me mbr ane structure. The term fimem
generated in the material act parallel to the local surface only, and are constant throughout the thickness of the



surface Koch, 2004. In the case of ETFE, as well as other tensildase structures, these stresses are intended to

be solely tensile stresses. Most membrane structures must be designed with consideration of material direction. In
fabrics, there are two primary material directions, corresponding to the directionsndate: warp and fill, where

the warp is the direction along the length of the roll and fill is the direction perpendicular to the length of the roll.
Ideally, fabric structures should be designed such that the warp and fill directions of the matespbodrte the
directions of principal curvature of the surface. In ETFE foil, or other types of extruded films, the equivalent
directions to warp and fill are the longitudinal and transverse direction of theKibeh( 2004. Due to thenearly

isotropic naure of ETFE, it is not as crucial to consider the material directions in design, but it is still good practice

to have thdongitudinal and transverse directmof film coincide with the primary directions of curvatues the

manufacturing processan esultin molecules being aligned in the direction of extrusi@8N International 2003.

The term Apneumatico refers to the use of gas, l'iquid
stabilize the membran®¢land, 1970 In the case foETFE and in most other building applications, air pressure is

usedfor membraneretension

The most common foreof pneumatic membrane structures are large spaces enclosed by domedsphseival

shaped membranes stabilized by higthematmosphed air pressure within the entire closed space. These
structures must remain under airlock to maintain constant internal pressure. Under internal pressure alone, the
membrane develops tensile prestress. In a sphere or spherical segment, the membraig, $treasmmembrane

under internal pressure alone, is found using the following formula

» _r‘] i (1'1)

where p is the internal pressure and r is the radius of curv&taland, 197D

In theory, when a pneumatic structusdoaded, for example with wind or snow, the membrane stresses decrease,
and could go to zero in the case where the external loading equals the internal air pressure. In this type of building it
is not the structure itsetfarrying the loading, but the enclosed volume of air it€etfq, 1967. This theory neglects

the fact that the external load acts vertically, but the air pressure acts parallel to the surface, meaning that in practice
the membrane stresses will nevempietely disappear, buhis helps to illustrate the concept of how an inflated

membrane structure carries lo&b{and, 197)

Cushiontype structures, such as ETFE cushions, operate under a similar principal. They usually consist of two or
more layers ofthe membrane material, cut into shapes, such as rectangles, triangles or hexagons, and clamped along
the edges into an interconnecting system of framework which can clad roofs or entire buildings. Air is pumped
between the layers of membrane (or foilthie case of ETFE) to inflate them into cushions. The air causes prestress

to form in the foils, as with any pneumatic structure. When externally loaded, the exterior layer of foil is the first to
bear the load. When the load is directed inwards (or dowdsparthe case of roofs), then this load is passed to the

air pocket by causing the cushion to compress. This results in an increase in air pressure, which transfers an

increased load to the lower layer of foil. For tlager (singlepocket) cushions, thiis the last layer to bear the load,



but in cushions with three or more layers (mpliicket) the load is subsequently transferred to the next air pocket,

and so on. When the last layer of foil is reached, the load is transferred to the frame thrdaghrtehe bottom

layer or the cushion. When the load is outwards (or upwdodsoofs), then the load is primarily borne in by

tension in the top layer of the cushion. This load case accompanies a decrease in pressure within the cushion, and a
correspoding unloading of the lower layers of foil. The primary difference between cushion structures and
internally pressurized singlmembrane structures is that cushion structures do not rely on the air to carry the entire
load, but rather to increase the lezatrying capacity of the membrane, which transfers the load to a structural
frame. Fully pneumatic buildings do not require conventional structural frames, as the loads are transferred to the

ground through air pressure alone.

1.3 Structures using ETFE

ETFE was first used in construction in 1982 a replacement for failed fluorinated ethylene propylene (FEP) film
ontheroofoft he Bur ger 6s Zoo Mangr ov(eeClyer,2008)This strActure heenamsinNet her
service today. Since the introductioh ETFE as a construction material, its popularity has grown rapidly, with

usage spreading to nearly every continéfdwever, applications of ETFE remain substantially more frequent in

Western Europe, especially the United Kingdom and Germany. Rec#malygh, the number of projects in the

United States, Asia, and Australias been climbingdlhe first ETFE structure in Canada, a portion of the new roof

for BC Place Stadium, is currently under construction in Vancouver.

This section outlines several mafTFE structures that have been bt are being builaround the world. Where
available, informationon the project teams, including architects, structural engineers, ETFE suppliers and

contractors, is given to indicate who some of the major exppeE$FE are worldwide.

1.3.1 DomAquarée, Berlin, Germany

DomAquarée is a mixedsed development designed by NPS Tchoban Voss architects and Leonhardt, Andra und
Partner structural engineers, and built in 2003. It contains a hotel, offices, retail and resmjgantialents
(Leonhardt, Andrd und Partnem.d). The centrepiece of the development is a 16 m high cylindrical salt water
aquariumi the largest in the world. Three separate atrium areas in the development are covered sitipstetid

ETFE cushion rofing (Vector Foiltec, 2@13. The complex was originally designed with glass roofs, but concern
over the threat caused to the aquarium by failed glass panels falling from the roof prompted the switch-to lighter
weight ETFE.The roof over the aquarium areshown inFigure 1.7, is made of foulayer cushiongrinted with a
variable pattern to control light and resulting heat g@ilesing the patternas described in sectidnl.8 reduce

light transmission from 50% to 35%. Since the number of air pockets can be varied, insulation levels of the roof can
also be adjusted as necessary (LeCuyer, 200 retail strip connecting the two main buildings of the complex is
covered by an archaoof of two-layer cushions printedith a lighter fritted pattern to control glare, but still allow
enough light to pass to create the illusion of an outdoor street. The third ETFE roof covers an atrium in the office

area and is printed with the same é&ittpattern as the retail strigdctor Foiltec, 2011)a but contains threlayer



cushions for added insulatiqiheCuyer, 2008)All three ETFE roofs are shown from aboveRigure 1.8. The

ETFE cushions were supetl and engineered by Vector Foiltec.

Figure 1.8 - The three ETFE roofs atDomAquarée (Vector Foiltec, 20113

1.3.2 Allianz Arena, Munich, Germany

The Allianz Arena, constructed in 2005, is home to Muni
host the 2006 FIFA World Cup. The stadium has a capacity of up to 66,000 spectators.adierfelgiding the

10



walls and the roof covering the spectator seating areas, isvittn66,500 m of ETFE cushions that are fitted with
fluorescent lights allowing them tthange from white to blue to red to suit the home team using the stadgure

1.9 shows the facade illuminated with white light$ie area directly above the pitch is opaliowing rainwater and

sunlight onto the field The stadium was designed by archite¢ierzog & De Meuron Arup completedthe
competition design scheme for the structural design of the entire building and the construction design for the bowl
portion. The construction design of the roof was completed by Sailer Stephan und Partner, the facade structural
design was done by RHRuchs and the pneumatic skin design calculations were done by Engineering + Design. The
ETFE cushions were manufactured by KfM GmbH (LeCuyer, 2008).

Figure 1.9 - Allianz Arena (Mi Modern Architecture, 2009)

The wall cushions are printed with a variable dot pattern which is densest at the base, reducing the intensity of the
lighting at the eye level of drivers and pedestrians. The roof cushions are clear, allowing sunlight onto ¢élvemitch

when the sun isot directly overhea¢l eCuyer, 2008)

Since its construction, the Allianz Arena has provided examples of potential performance issues that can arise with
ETFE cushions. The large, low slope roof was initially unable to deal with heavy snow loads, teatimdgilure

of some cushions. To accommodate the heavy loads, inflation pressure can now be ifacueaseds,from 200

Pa to 800 Pa. Some of the roof cushions have also been fitted with drain tubes through their centres to drain water
and snow fronthe roof. However, air loss can occur at thei® separating the ETFE from the tube, resulting in
deflation and inversion of the cushions, allowing water to pond, ultimately leading to failure of the cushions
(LeCuyer, 2008).

1.3.3 Eden Project, Cornwall, England

Set ina former clay quarry, the Eden Project is a series of ETFE clad steel geodesic monpdsted in 2001
(Figure1.10). These domesontainsimulated Mediterranean and tropical climates to support the growth of plant

life native to those climatedrup, n.d.a . The Eden Proj ect -supported transpavemtr | d 6 s
envelope. The domes are made of 667 tonnes of steelwork and contain 536 tonne¥eadftairHoiltec, 2011p

The largest dome is 110 m in dianret¢ the base and 45 m high on the inside. The ETFE cisshienmostly
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hexagonal andip to 11 m in diameteiSKM, 2009 . Of the 831 ETFE panels on the
controll edo, meaning that t hei rd according aa theo varying elimaté s ar e
conditions, and are operable to allow natural ventilation (VeEtltec, 2011b). During heavy snowfall, the

inflation pressure of the cushions can be increased from 250 Pa to 400 Pa (LeCuyer, 2008). The outevilager of f
comprised of two vacuum laminated thin foils instead of one thick foil, since thick foils can be apt to fail in a brittle
manner. This was done to counteract the governing load case of wind suction on the cushions (LeCuygt, 2008).

the intersectins of the domes, snow loads are higher due to drifting, so a cable net is used to reinforce the cushions

at these locations (LeCuyer, 2008he Eden Project was deseghby Grimshaw ArchitectsArup, n.db) and the

structural engineering was done by AntlioHunts and AssociateSKM, 2009, who are now known as SKM

Anthony Hunts (Boughton, T., 200 ETFE supply and engineering was done by VeEtaltec (Vector Foiltec,

2011H.

Figure 1.10 - Eden Project(Vector Foiltec,2011bH

1.3.4 National Aquatics Centre, Beijing, China

Chinabds Nat i on @igureAfly emmoaly kndve astthe Water Cube, hosted aquatic events during
the 2008 summer Olympic Games. The centre contaires §wimming pools, a restaurant, seating for 17,000
spectators, and all facilities associated with those componntp, (n.d.H. The entire stadium is covered in over
100,000 rf of ETFE foil cushions, making it the largest ETFE structure in the worldt® dhe bluginted ETFE
cushions, which are further illuminated by blue LED lights, are enclosed in aluminum frames, which are supported
on the lightweightubularsteel superstructur&éctor Foiltec, 2013f The shape of the ETFE cushions was inspired

by the natural formation of soap bubblédsup, n.db).

The walls and roof are all clad with two distirerivelopef ETFE cushionsseparated by 3.6m of steel structure

on the walls and 7.2m on the rodthe walls are comprised of two tiers of thtager cushions and the roof is
comprised of two tiers of fodayer cushions. High levels of insulation are achieved, owing to the thickness of the
envelope Additionally, the envelope can adapt to changes in season. During spring and fall, vents arenofiened i
outer tier, allowing air to enter the enveldpée heated passively by solar radiati®he air isthen supplied to the

pool area of the building through vents in the inner tier. During the summer, vents at grade and in the roof of the

outer tier ae opened. Air that is cooled by passing over a moat surrounding the building is drawn into the envelope
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at ground level. Ashe airwarms, it rises and is vented from the roof, allowing cooler air to enter again at ground
level. In the winter all layersfahe envelope are closed to minimize air loss and maximize insulation (LeCuyer,
2008).

The large, flat roof poses a risk of ponding causing cushions to invert and fail. To avoid this, each cushion is
surrounded by a gutter, into which drains are incafeat at regular intervals. The inner air pocket in each roof
cushion is supplied by a separate air inflation tube from the outer pockets, to ensure it remains at a higher pressure,
and also providing a backup inflation system should one fail. Backupiedatpply systems were also put in

place in case the primary one fails. However, if ponding and iiovesdill occurin spite of these safeguards, all

layers of the cushions are designed to act as one strong tension membrane, preventing ultimglee Gilyee,

2008).

The natatorium, which was designed by China Construction Design International and Peddle Thorp Walker, was
completed in 2007. The ETFE foils were supplied and engineered by Vector Pdétor(Foiltec, 2001)f Arup

provided structuraéngineering services for the project. The structural design required consideration of the seismic
activity in Beijing. ETFE works well for seismic design because of its ability to undergo significant deflections

without being damagedi(up, n.db).

Figure 1.11 - The National Aquatics Centre(Vector Foiltec, 2011j

1.3.5 Kingsdale School London, England

The original Kingsdale School building was constructed in the 1950s, and prior to iteilid@ renovationin

2003, it was in very poor shape. Student performance and behaviour was similariyMeotor (Foiltec, 2011d
Renovation of the school was part of the Architectur e
observe the impact of architectlranvironment on student performance. The initiative was funded by the
Department for Education and Skills. De Rijke Marsh Morgan Architects were awarded the contract to redesign the

school and Michael Hadi Associates performed the structural engineeritigef project. The school contained a
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large 80 m long by 40 m wide courtyard at its centre; it was decided that a major component of the renovation would
be to cover this courtyard with an ETFE roof, with foilpglied and engineered by Vecteoiltec. $allow tubular

steel arches span the courtyard and support the ETFE cushions. The light weight of the cushions and their support
structure means they are easily supported by the structure of the existing building without extensive reinforcement.
The courtyrd is covered with three layer cushions with patterns printed on the top two layers, blocking varying
amounts of light depending on which chambers of the cushions are infieadet, 2004 The maximum light
transmittance into the courtyard is 50%, whmoth air chambers in the thré®yer ETFE cushions are inflated

(Figure 1.12), and the minimum light transmittance is 5%, when only the upper chamber is irfffagade 1.13)

(Kennet, 204).

Figure 1.12 - Kingsdale School courtyard, with both chambers othe ETFE cushions inflated(Vector Foiltec, 20L1d)
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Figure 1.13 - Kingsdale School couryard, with only one chamber ofthe ETFE cushions inflated(Vector Foiltec, 20114

The use of Variable Skin cushions allows for more heat gain in the winter than the summer, regulating the
temperatures in the courtyard. The ground level target temperdturdse courtyard were no less thaa’C in

winter and no more thaB0°C in summer. Temperature control is assisted by the installation of six 12 m by 2.5 m
ETFE flaps at either end of the roof, which are controlled automatically by pistons to opensendegiending on

weather and temperature conditigikennet, 2004).

1.3.6 Khan Shatyry Entertainment Centre, Astana, Kazakhstan

Khan Shatyry is a muHise entertainment centmmpleted in 2010n Astana, Kazakhstan, whidhcludes an

indoor park, shopping, reeationand a resort. The buildinghown inFigure1.14, is a tentshaped cable structure

clad in lightly printed ETFE foil cushions. lasa 200 m elliptical base and a 150 m tall mm&é®m which the

vertical cables aresuspendd (Vector Foiltec, 2011e At this height, it is current|
structure Foster+ Partners, n.d.)The vertical cables are designed to resist wind pressures, while horizontal cable

hoops resist wind suction (LeCuyer, 2008)t Norman Foster & Partners wetlee project architects and Buro
Happoldwerethe structural engineersdster+ Partners, n.Jl.. Vector Foiltecsupplied and engineerdde ETFE

foil cushions Yector Foiltec, 2011e
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Figure 1.14 - Khan Shatyry Entertainment Centre (Vector Foiltec, 2011¢

1.3.7 BC Place Stadium Vancouver, Canada

The first use of ETFE film on a building in Gada will be the new roof dC Place Stadium in Vancouver, British
Columbia, under construomm at the time of writing this thesiBigure 1.15 and Figure 1.16 show renderings of the

planned structurelhe new roof will be made primarily of woven PTFE fabric panels supportaddmgttensioned

radial cable truss encircled by a steel compression ring and 36 steel masts around the perimeter of the new roof
(Campbell, 2010Q)At the centre of the new roof will be a retractable section made of an-Edat&d woven fabric

called Tenara formed into twlayerinflated cushiongPCL, n.d).
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Figure 1.15- Rendering of the new BC Place fabric roof, with the centre portion retracted (Cygniak, 2011)

Just below the fabric roof, but above the existing structitebe a facade of 6500 Tof pre-stresseainglelayer
250em thick ETFE panels (PCLn.d). The film will be prestressed to 2.2 MPa in the horizontal direction and 2.6

MPa in the vertical direction.
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Figure 1.16 - Rendering of the ETFE facade on the new BC Place roof (Cygniak, 2011)

The project is expected to be completed in September 2011 (Cyganiac, 2011). Hightex is supplying the ETFE as
well as the Tenara fabric (PCh.d). PCL Constructors West Codsic. are providing construction services, and
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Stantec Architecture are providing the architectural design. The structural engineering is being done by Geiger

Engineers, with consultation fro8chlaich Bergermann and Part§€ygniac, 2011).

1.4 Chemical Properties of ETFE

Polymers are long cha{imacro)molecules made up of n identical repeating ymiéddled monomersA copolymer is
a polymer that contains two different repeating units on its chain. EST&Eopolymer of ethylenshown inFigure
1.17, and tetrafluoroethyleneshown inFigure 1.18. The ethyleneand tetrafluoroethylenamolecules occur in an

alternating pattern along the ETFE polymer chahown inFigure1.19 (Polymes. a Properties Btabasen.d).

o
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Figure 1.17 - Polyethylene molecular structure
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Figure 1.18 - Polytetrafluoroethylene molecular structure
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Figure 1.19- Poly(ethylene tetrafluoroethylene) molecular structure
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Ethylene consists of a backbone of two carbon atoms, each attached hgdiwgenatoms witha double bond
Tetrafluorathylene also has two carbon atoass its backbone, but each is attachedluorine atoms instead of

hydrogen The ETFE molecule contains repeating units of alternating ethylene and tetrafluoroethylene monomers.

Fluoropolymers are polymers that contain catboydrogenand fluorine.Polymers that contain only carbon and
fluorine, such as polytetrafluoroethylene, are called pedjpmymers. Fluoropolymers that also contain hydrogen
are calledpartially fluorinated polymers ETFE is a partially fluorinated polymeihe addition of hydrogen

increases hardness and toughness but decreases thermal $Ethiktyajjack Khaladka, 2005)

Polymers can be either thermoplastic or thermosetting. Thermoplastic polymers candidthratl, and therefore
are melfprocessable. Thermosets containsstinkng between polymer chains, making them resistant to- heat
softening, so they cannot be mptbcessedFried, 1995) All fluoropolymers, including ETFEare thermoplastic
(Ebnesajjad Khaladka, 2005) ETFE film can therefore biermedby extrusionas described isection1.1.9

ETFE is a semcrystalline polymer, meaning that it has both crystalline and amorphous plEBesajjad&

Khaladka, 2005) In the crystalline phase, the polymer chains atdefb in a regular pattern, forming crystalline
lamellae. In the amorphous phase, the chains are randomly coiled and intertwined. Symmetric polymer chains, such
as polyethylene, tend to favour a crystalline structure, whereas very asymmetrical polynfer@s sluase with

heavy side groups and a high degree of branching, tend to favour an amorphous structure. Most polymers contain a
combination of crystalline and amorphous phafesed, 1995) Semicrystalline polymers have a degree of
crystallinity somewhee between 30 and 70%. ETFE is about 33% crystalline (Moritz, 0Gigure 1.20
represents a serarystalline microstructure, where the straight, parallel lines represent crystalline regions, called

lamellae, and the random cexVlines represent amorphous regions.

Figure 1.20 - Visualization of a semicrystalline microstructure (Winkler, 2009)
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As a polymer is stretched, such as when creep is occurring, the lamellae will atigeltves in the direction of

loading, as showim Figurel1.21.

Figure 1.21 - Semicrystalline microstructure, oriented in the loading direction (Winkler, 2009)

A polymerd snicrostricture affectsits mechanical properties. For example, degree of crystallinity is inversely
related to flex life, the number of fatigue cycles required to fail an element, meaning that highly crystalline polymers
are less resistant to fatigue than amorphmess. In terms of creep, perfluoropolymers are more susceftiliie

than partially fluorinated polymersEbnesajjad& Khaladka, 2005) Also, the crosslinking of thermosets inhibits
creep (ASM International2003. Studies have shown that density canrdédated to creep in that higher density
polymers will exhibit less creep than lower density polym&sbpvitch, Gutman, Mogilansky, &Jnigovski,

2011D).

1.5 Mechanical Properties of ETFE

Academic and industrial literature contains many references to thkanieal properties of ETFETable 1.1

provides some of the values for mechanical properties of ETFE obtainethieesources.
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Table 1.1 - Mechanical properties of ETFE obtained from the literature

. Tensile Maximum Minimum
Tensile . . Tear Melt . .
Yield Stress  Elongation at . Modulus of Service Service
Source Strength Resistance . Temperature
(MPa) (MPa) Break (%) (MPa) Elasticity °C) Temperature Temperature
(MPa) (°C) (°C)
Lehnert and
Schween (2006) 50 - >350 400 700 - - -160
Drobny (2001) 44 - - - 826 271 - -
Tanno (1997 - 20 200300 - - - 150 -200
Moritz (2007) 53 30 300 440 9001000 265278 150 -190
Schéng2007) 52.5 - 600 - 300750 265
Barthel,Burger
and Saxd2003) 400600 650700 150 200
Ebnesajjacind
Khaladkar(2005) 45 i 150300 i 827 i i i
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The tensile strength of ETFE is estimated by the various sources as rangingdfidiPato 53 MPa. Onlytwo

values are available for yield strength; 20 and 30 MPa. Tigjalimn at break varies from 150% to 600%, which is

a large range. It is probable that such a large range of elongations can be demonstrated consistently with ETFE foils
as elongation depends on a number of factors, including specimen size, shapeioorientatoading speed. Two

values for tear strength are available; 400 and 440 MPa. Values given for tensile modulus of elasticity (E) also have
a large variation, ranging from 300 to 1000 MPa. If the low and high values are excluded, all other valfremvary

650 to 827 MPa, which is a much narrower range. All the given melt temperatures are within 265Go D&

three maximum service temperatures given are all°’C5@&nd the minimum service temperatures range #200

to -160 °C. A number of expemental results on ETFE are reviewed in sectlon so additional data on the

mechanical properties of ETFE can be found there as well.

1.6 Structural Design Methods for ETFE Cushions

A structure or a structural member is considete be geometrically linear when the actual displacements are
directly proportional to the applied loading and geometrically nonlinear when they are not (Koch, 2004). Tension
structures exhibit geometrically linear behaviour for small displacements, dnlinear behaviour for large
displacements (Lewis, 2003). Membrane structures have relatively large surface movements under applied loading
in order to allow them to effectively carry the loads, meaning that any analysis must account for nonlinearrbehaviou
(Koch, 2004).

According to Frei Otto (1967), there are two main issues to solve in the static analysis of pneumatic or-other pre
stretched structure4) determining the necessary inflation pressure to counteract the expected applied lo&¥ls, and
estabishing the maximum tensile stresses that will occur in the system at the given internal pressure and applied
load. Due to the geometric nonlinearity of the system, the determination of the inflation pressure must be an iterative
process. For simple shapesSETFE cushions, such as rectangles, this can be done by hand, although the procedure
is cumbersome. For more complex shapes, ttieensional analysis is required, so modeling in a finite element

computer program is necessary (Koch, 2004).

Several proedures for simplified analysis of pneumatic cushions have been propositdeseare discussed in the

following sections

1.6.1 Huntington Method

In order to determine the initial prestress under internal pressure, a cable model, as presented by Craig G.

Huntington (2004), can be employed as follows:

1 A cable spanning a distance I, with a sag of h, under uniform load w, has end reactions V and H, in the

horizontal and vertical directions, respectively, calculated as follows:

, La
w — (1-2)

22



0

o (1-3)

o)

1 For uniform loads perpendicular to the cable, such as internal pressure, the tensile force in the cable, F, is

found using the following equation:

vV a TQ
0 —- (-4
yQ

1 The unloaded arclength of the cable is found as follows:

0 ¢ — -Q (1-5)
T The change in the arclength under |l oading, aA, i's ¢
"00
0 — 1-6
1 0 o (1-6)
whereE is the modulus of elasticity,
1 The new arclength is then calculated by:
0 o0 160 (-7

1 The corresponding new sag in the cable is calculated as follows:

o 4L T (1-8)

T Inputting hé intiont He r o tkragyghehlfdosegfuda.al | of the for

converges allows the determination of the final cable geometry.

To use this method for foils instead of cables, a unit width of foil can be assessed.

1.6.2 Wagner Method

Rosemarie Wagner (20pdevelopedan analyticaimethod for solving stresses in inflated cushions, which is also

based on the cable concept. Under internal pressure alone the cushion parameters are spapified. #2.
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Figure 1.22 - Cushion under internal load (Wagner, 2007)

The initial length of the foil, s increases to s when the cushion is inflated. The new length, s, is found using the

following equation:

Q YQ
i o p P®2 T (1-9)
o0
This can be simplifiedising a Taylor series expansion as:
i 0 b'o Yo 1-10
i O0p 50 (1-10
The total saginthechsi on, f + pfallows:s found as f
Q YQ Y Y 0 (111
P TY
which can also be simplified using a Taylor series expansion, creating the following equation.
Q YQ 0 (112
uy
It follows that:
Y 0 1-13
U0 Vo (1-13)
So that the stress the foil, n, is described as:
5
& T s < 1-14
©ONEY N va (9

Also, the foil length, s, can be calculated in terms of n, using the following equation:
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i 0 p — i Yi i = (1-15)

(1-16)

A cushion under internal pressure and external load has the parameters shiguneih.23.

tv vy v v vy

L L L

Figure 1.23 - Cushion under external load (Wagner, 2007)

The following assumptions must be made to use the simplified nonlinear equations employed in this case:

The geometry ofhe surface is a shape of equilibrium defined by internal pressure

The cushion is only singlgurved (i.eit has no curvature in the third dimension)

1

1

1 The orientation of the fabric is in the direction of curvature

I The external load is similar to the imat, avoiding strain less deformations
1

The boundaries are fixed (Wagner, 2007).

In the following procedur e, the subscript fod refers

membrane is found as follows:

i i 5 Y 0 p ——— (1-17)

The stress in the upper membrane is found as follows:

e N gy 0 r'1¢—w,.Q S (1-18)
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The elastic strain in the upper membrane is calculated using the following equation:

S LA
o € Egping gg, o h (1-19)
00

The deformed length of the upper membrane is obtained by adding the initial length to the elastic strain, as follows:

g 00,
YO (1-20)
‘00

<

To determine the stress in the upper membranéehe following cubicequationcan be solved:

. . ho ., 0 06 n n o
¢ ¢ — 00¢ —_— — (121
1)03 P I j CTp
Similarly, the stress in the lower membrang,aan be found from:
€ ho ‘00 ¢ 0 06nbd (1-22
e} P TR Tcts
The undeformed and deformed volumes of air inside the cushion are found as follows:
w0 -0 0% ¢n (1-23
® -0 0 én (1-29)

Using these equations for the volumes and the ideal gas prestumee relationship, d¥,=pV, the third equation

necessary for solving, g, and p, isleveloped:

U (0] 0 ¢———— 0 — 1-2
n n (0 03 n n s UE (1-29)

If po, f10and £, are known, then p,rand n can be foud by solvingEquationg1-21), (1-22) and(1-25).

1.6.3 Borgart Method

Borgart (2007) proposed a similar method for the analysis of rectangular cudfigun® 1.24 shows the cushion

characteristicsised in his equations.
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Figure 1.24 - Inflated rectangular cushion (Borgart, 2007)
The radius of one of the inflated foil layers is found as follows:

0 i

Y
¢O

The membrane forces in the x and y directions, respectivelyjame lgy the following equations:

VR 0'Y
T ®

v 0'Y
_
TH O

For square cushions, the strain in the material is described by

b 'Y
T
where P is the internal air pressur e,
d is the foil l ayer thickness and

are given by | and,], respetively, in the equations below:

ol 10
ol

PO g 1O

ot LUO vli p@oO

Based on Boylebdbs gas | aw, t he

related:
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0 © 4 1-32
R 0 (132

cA

In the above equatiorfo is the internal air pressure before loadingisRhe internal air pressure after loading, H

and H are the cushion heights before loading of the upper and lower layers, respectively; andH, arethe

cushion heightsafter loading. To determine the deformed length of the cushion membrane, and the membrane
forces, the followig three equations can be solved:

a a p - (1-33
O 0O » =+ = o
L 5 5 0 0 0 i ‘ o 0 L
p p (-p 0 ¢a O_‘I L ( 3 )
O 0O » =«
V] - v U O 1 .

O O . @ 10

p 0@ 0 ga o T (1-35)

1.6.4 Computer Analysis Methods

The above methods are appli@ldnly for very simple cushion shapes and constant distributed loadings. The
mathematics, even in these basic cases, is still very cumbersome and it is useful to have a computer program capable
of solving complex systems of equations to arrive at a solut@r more unusual cushion shapes, or for-non
uniform loadings, it is necessary to use computer methods. Standard finite element analysis programs must be
adapted to include the enclosed volume of air within the cushions, the pressure of which chédmties agiplied

loading (Koch, 2004)Koch (2004) suggests the following basic adaptation of the ideal gas law for this purpose:

1 Using a finite element program, determine the necessary inflation presgur®, &eate the desired
prestress in the membmg,

Calculate the corresponding volume of enclosed air at this stggesikg the ideal gas law

Estimate a final internal pressure, &ter loading,

Run a load analysis of the system untité®hverges, and calculate corresponding V

Compare BV, with PV;; if they are not equal, adjustikeratively until they are equadnd

=A =4 =4 -4 =4

Calculate the membrane stress at this pressure and volume to determine if it is acceptable.

In order to model the nonlinear behaviour of membranes, Lewis (2003) suggestsnssiofjthree methods; the
transient stiffness method, the force density method, and the dynamic relaxation method. All are described in full
detail in her book;Tension Structures: Form and Behavipand all require the use of computer modeling for
compkx structures, such as cushions.
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1.7 Prior Research

1.7.1 General Research onMechanical Behaviour of ETFE
Mechanical research on ETFE has been underway Hiecmateriawas first developed. This section will outline
some of the more prominent and recent reseanttertaken in the area, excluding creep research, which will be

covered ina subsequent section.

1.7.1.1 Ansell, 1985

In 1985, at the University of Bath, M.P. Ansell performed mechanical tests on ETFE on behalf of Buro Happold
Consulting Engineers. His test pragr involved studying the effects of temperature on the mechanical behaviour of
ETFE films(Ansell, 1985.

Uniaxial shoriterm tensile tests were done on 36 thick foils with sample widths of 12.5 mm, at room
temperature (2&) as well as at temperatsref 2T, 37°, 63, 84°, 93, and 108 C. At 23C five samples were

tested in each direction at a displacement rate of 5 mm/min. The average maximum stresses from the tests are
reported by Ansell to be 17.59 MPa and 16.56 MPa, in the longitudinal andersmslirections, respectively. It is

unclear whether these values represent ultimate break stresses, yield stresses or stresses for failure due to excessive
deformation.Table1.2 gives the maximum stresses for the other tempeyat All of these tests were performed in

the longitudinal direction of the materigdnsell, 1989.

Table 1.2 - Maximum stresses atifferent temperatures, as per Ansel{1985

Sample Temperature (°C) Maximum Stress (MPa) Comments from Ansell
1 21 18.62
2 21 18.57
3 37 14.60 Flowed
4 37 14.37
5 63 ~7.7
6 63 ~7.7 Samples do not achieve
7 84 ~3.9 maximum stress, yield is
8 93 ~3.9 recoverable
9 105 ~2.8

Once againit is unclear what exacthjhese stress values represent, but it is obvious that there is a marked decline in
their values as the temperature increases, indicating a loss in strength of the material at higher temperatures. This is

shown visually inFigure1.25.
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Figure 1.25- Maximum stress versusgemperature, as per Ansell 1985

The relationship between maximum stress and égatpre is clearly amverse one, with dramatically lower values

achieved for strss at the higher test temperatuidsritz, 200).

Ansell also performed sherérm tensile tests on samples that were stored iACLAtilled water for a period of
time. The samples were all 3@dn thick and were tested in the longitudinal directi®he tests were all done at
23°C. Table 1.3 shows the maximum stresses of all the tested samples, as well as the averages over each set stored

for the same number of days.
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Table 1.3- Maximum stresses ofsamplesheld in boiling water, as per Ansell 1985

. Average Maximum Number of Days in
Sample Maximum Stress (MPa)
Stress (MPa) 105°C Water
A4 19.18
A5 20.19 19.41 9
A6 18.87
B4 18.95
B5 18.46 18.50 19
B6 18.10
c4 17.56
C5 20.24 1954 29
C6 20.83
D4 19.03
D5 19.11 18.90 36
D6 18.57
E4 20.81
ES 19.31 20.33 42
E6 20.88
F4 20.21
F5 18.77 19.11 50
F6 18.36
G4 18.93
G5 18.21 18.74 56
G6 19.08

Based on these results it @aps that length of timmspenin 105°C water has no effect on the maximum stress of the

ETFE samples. Ansell also noted that there was no colour change amtpkes after they were heldhiot water.

Ansell also performed uniaxial shdadrm tensile teston specimens that we exposed to ultraviolet (UV) radiation
for 51 days. The samples were placed under two filtered xenon arc lamps with power outputs of 1908ed/tm
simulate solar radiation in the visible and UV range with wavelengths between 300 and 3blah4 shows the
results of the tensile tests in the longitudinal direction of the film, after exposure, for five samplescoi 8@k

foil.
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Table 1.4 - Effect of UV radiation on maximum stress of ETFE, as per Ansell 1985

Sample Maximum Stress (MPa) Average Maximum Stress (MPa)
uv 1 19.06
uv 2 20.73
uv 3 19.06 19.43
uv 4 19.34
uv 5 18.95

Ansell concluded that exposure to UV radiation also had no effect on maximum stress.

To determine the yield stress, yiedttain and elastic modulus of ETFE, Ansell conducted tensile tests. He found the
modulus to be about 460 MPa, theldi stress to be about 13.08 MPa and the yield strain to be about 2.87%. These
values are all much lower than those reported more recently by ,otfiees in Table 1.1. He also loaded an
unyielded specimen to 11.6 MPa (90% of yedd stress he determined) twenty times and found that the strain in

this range was completely recoveraVo(itz, 2007).

Tear tests were performed on productiesh samples of 306m ETFE film, that were 50 mm by 50 mm and

slotted in the centre. Theesults are shown ihablel1.5.

Table 1.5 - Tear strength of production-fresh samples of ETFEfoil, as per Ansell (985

Direction Tear Strength F/d Average Tear

Sample (L=Logitudinal, Tear Force F (d=0.3 mm) Strength

T=Transverse ) (MPa) (MPa)
300 L2T L 217.78 725.7
300 L3T L 217.78 725.7
300 L4T L 213.86 712.6 699.5
300 L5T L 204.05 680.0
300 L6T L 198.16 660.3
300 T1T T 196.20 653.7
300 T2T T 19718 657.0
300 T3T T 197.18 657.0 657.0
300 T4T T 198.16 660.3
300 T5T T 196.20 653.7

Tear tests were then completed on £00 thick 50 mm by 50 mm samples which, prior to testing, were held in
105°C water for 44 days. The results of these tear testshargn inTable1.6.
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Table 1.6 - Tear strength of ETFE samplesheld in boiling water for 44 days, as per Ansell 1985

Direction Tear Strength F/d Average Tear
o Tear Force F
Sample (L=Logitudinal, ) (d=0.1 mm) Strength
T=Transverse) (MPa) (MPa)
100 L1T L 77.08 770.8
100 L2T L 81.70 817.0
100 L3T L 81.59 815.9
865.9
100 LAT L 91.40 914.0
100 L5T L 95.91 959.1
100 L6T L 92.18 921.8
100 TAT T 70.22 702.2
100 T2T T 71.78 717.8
100 T3T T 66.00 660.0
707.1
100 T4T T 71.78 717.8
100 T5T T 74.33 743.3
100 T6T T 69.82 698.2

The third and final set of tear tests were done on bent samples. Prior to the tear tests, the samples were bent in half
and held in face for ten seconds with a ten kilogram mass. The samples were then bent in the other direction and
held in place for another ten seconds. They were then bent and held one more time in each direction so that they had
been bent a total of four times befdhe tear tests. All samples were tested in the longitudinal direction. The first
three samples were 1@0n thick and the last three were 300 thick. All samples were tested in the longitudinal

direction.Tablel1.7 gives the redits of the tear test.

Table 1.7 - Tear strength of bent ETFE samples, as per Ansel{1985

Direction Tear Strength F/d AverageTear

Sample (L=Logitudinal, TearForce £ (d=0.1 mm, d=0.3 mn) Strength

T=Transverse) ) (MPa) (MPa)
100 L7T L 91.53 915.3
100 L8T L 84.86 848.6 885.6
100 L9T L 89.47 894.7
300 L7T L 229.55 765.5
300 L8T L 224.65 748.8 735.8
300 L9T L 207.97 693.2
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The samples that were held in boiling water exbibhigher tear strength&dn the production fresh samples. The

bent samples also display higher tear strengths than the production fresh samples, and similar values to those held in
boiling water. At the time when Ansell completed these tests, no standardized testing methacalgiladske for

tear tests, so his values differ from more recent dat
results are valuable for comparing the relative tear strengths of prodiretshin heated and bent samples, but

additional resorces should be consulted when seeking absolute values for tear strengths.
Ansell also conducted uniaxial creep tests at different temperatures which are discussed il.3ezon

1.7.1.2 DSET Laboratories, 19791989

Researchers &@SET Laboratories in Phoenix, Arizangerformed longterm tests on ETFE foils over a period of

ten years. The 20@8m thick samples were exposed to the Arizona climate continually and their mechanical
properties were tested after 1, 2, 3, 5, 7 and 10 years. The total amount of solar radiation experienced by the foils

over the teryear period was 78.1 MJfnTable1.8 summarizes the results of geess.

Table 1.8 - Mechanical properties of ETFE film after exposure to Arizonaenvironment, as per DSETtest results(Moritz,
2007)

Years of Exposure

Original 1 2 3 5 7 10

Property Units

Longitudinal (L) Direction
) MPa 46.7 45.6 46.2 44.9 46.0 48.4 52.4
Tensile Strength

Transverse (T) Direction
) MPa 42.3 43.8 45.5 42.6 44.8 42.4 44.6
Tensile Strength

Stress at 10% Strain (L) MPa 22.6 22.5 25.0 22.3 23.2 22.8 22.5
Stress at 10% Strain (T) MPa 21.8 21.4 22.0 - 22.3 21.0 21.5
Break Strain (L) % 330 340 310 345 315 325 340
Break Strain (T) % 390 405 390 390 420 390 405
Tear Strength (L) N/mm 420 430 415 445 440 525 -
Tear Strength (T) N/mm 435 425 420 480 430 530 -
Light Transmission (Total) % 95 96 94 95 96 96 96
Light Transmission (Scattered) % 8 8 11 9 11 11 8
Light Transmission (Direct) % 87 88 83 86 85 85 88

Thesedataare shown visually inFigures 1.26- 1.28 Figure 1.26 plots tensile strengtttis), break strair(¥g), and

stress at 10% straiifi.-1q), in each directiofT and L)
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Figure 1.26 - Tensile strength, break strain and stress at 10% strai at various years of exposure to environment, as per
DSET test results(Moritz, 2007b)

From this graph it is evident that no significant changes occurred in any of these mechanical properties over the

Tear Strength F,/d (N/mm)

course of the ten yearBigure 1.27 plots tear strength of the material in both direcionswher e AEO i ndi ceé
l ongitudinal direction and. AiQ0 indicates the transver s
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Fmax,EId
h
500 1
—~——_| L Frex,a/ d
‘%}HL“_—'——_/
400 ]
300
200
100
0
0 1 2 3 4 5 6 7 8 9 10

Time (years)

Figure 1.27 - Tear strength at various years oexposure to environment, as per DSETest results(Moritz, 2007b)

Over the sevenear period where tear strength was testeiticreased by about 25% in both directions. However,
since the increase occurred predominantly between five and seven yeapsioartd five years the tear strength

fluctuated above and below its original value, it is difficult to draw any definitive conclusions regarding the effects
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Light Transmission (%)

of environmental exposure on tear strength based on these regulte.1.28 shows the light transmission over the
ten year exposure period, wherésttotal light transmissiong is direct light transmission and it scattered light

transmission.
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Figure 1.28 - Light transmission of ETFE foils at various years of exposured environment, as per DSET test results
(Moritz, 2007b)

There are no obvious changes in any of the light transmission levels over the ten year exposure period.

Based on the resultd the DSET tests, exposure to an Arizagpe environment, which is generally fairly dry and
hot, with high levels of solar radiation, appears to have little impact on the mechanical properties of ETFE over a ten

year period.

1.7.1.3 Barthel, Burger and Saxe, 208

Researchers Barthel, Burger and SaxthatUniversity of Duisburdgessenin Germany undertook a test program on
ETFE films which included uniaxial and biaxial shtetm tensile tests, cyclic load tests and uniaxial creep tests. All
tests were conductezh Nowoflon ET 6235 film with a thickness of 225 microns, &3The uniaxial shotterm

tensile tests loaded the 200 mm long and 100 mm wide strips at a rate of 0.2 (kN/m)/s. They found the material to
have a yield strength of 39.1 MPa in the longitadlidirection and 40.3 MPa in the transverse direction, and an
average elongation at break of 34(Barthel, Burger, & Saxe, 200®1oritz, 2007b)

Biaxial tensile tests were also done, where the material was loaded to 26.7 MPa, then the load was iklgeesed an
material was allowed to rest for 24 hours before it was loaded again to 26.7 MPa. The following figure shows a
load-strain diagram for a biaxially loaded sample. The vertical axis gives the load on the film in kN/m, where 26.7

MPa is equivalent to BN/m. The horizontal axis gives the engineering strain in percentage of original length. The
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red line with circular points represents the curve in the longitudinal direction and the blue line with square points

represents the curve in the transverse dor¢Barthel, Burger, & Saxe, 200®oritz, 2007b)
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Figure 1.29 - Load-strain curve for biaxially loaded specimensas per test data from Barthel, Burger and SaxéMoritz,

2007b)

Figure1.29 shows that the material is nearly isotropic, particularly at lower stress levels. Linear elastic behaviour is
noticeableup to about 13.3 MPa (3 kN/m on the graph), after which the curve begins to flatten. The relationship

between load andrstin from about 17.8 (4 kN/m) to the maximum load is also fairly linear. After unloading and

rel oading, hi gher strains are

evident for t he s ame

to be 0.45. The test also showed that moslaif elasticity is dependent upon load history, as the material is initially

stiffer than after it has been loaded. Using linear regression of the results, the researchers found the modulus of pre

loaded ETFE to be approximately 600 to 750 MMar{tz, 2007h).

The uniaxial cyclidests loaded the material five times to 17.8 MPa, allowed it to rest for a period of 24 hours, then

loaded it to the same stress level another five timedthen discharged the load for a period of 72 hours after

which residualstrains were measured. The samples had the same dimensions as those used for the uniaxial short

term tensile tests and they were also loaded at a rate of 0.2 (kN/m)/s at a temperatiz dh&3maximum

extension of the specimens increased with eactecieit at a decreasing rate. After unloading, the residual strains

in the transverse direction of the material were found to be higher than those in the longitudinal dlveariiian

2007b)

Barthel, Buger and SaX2003 also performed uniaxial creepsts, which will be discussed in Sectibii.2.3
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1.7.1.4 De Vries, 2003
In 2003 J.W.J de Vries completed a graduate thesis at the Delft University of Technology on the use of ETFE foil in

construction. As part of his research he catéd uniaxial and biaxial shetttrm tensile tests at different stresses

De Vries (2003) used the uniaxial tests to determine testing parameters for the biaxial tests. He tested five samples
in each directioni transverse, longitudinal and 4® these tw directions. The samples were 50 mm wide, 200

thick and had gauge lengths of 200 mm. De Vries identified two points of interest on thaststiessurved the
proportional limit, which he defines as the end of lineaistic behaviour, and the strain acceleration point, which he
defines as thegint where the ratio of increasing strain to increasing stress becomes very high. These two points are
shown orFigurel1.30, and are labelled as P and S, respectively.
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Figure 1.30 - Stressstrain curve showing proportional limit and strain acceleration point, as perde Vries (2003)

Tablel1.9 gives the stress and strain proportional limit as well as the modulus of elasticity for the uniaxial tests.

Table 1.9 - Results ofuniaxial tests on ETFE, as per € Vries (2003)

o Proportional Limit ) Modulus of
Direction Strain (%) o
(MPa) Elasticity (MPa)
Longitudinal 10.7 0.7 1427
Transverse 11.4 0.94 1305
Diagonal (45) 121 0.95 1285

De Vries(2003)also performed uniaxial tests on welded specimens. He found that all specimens yielded before the

welds failed, but that the welded samples failed at lower stresses than twelded samples.
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The dimensions of the biaxialsgimens tested by de Vries are showFRigure1.31.
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Figure 1.31 - Dimensions of biaxial specimens tested by de Vries (2003)

The biaxial tests were done with a range of load rdtet®/een the two directions from 1:0 to 1:5. The samples were
prestressed to about 1.3 MPa (50 N) in both directions and loaded at a rate of 2FH§uxEd..32 shows a typical

result for the stresstrain behaviour of a samgigaded at a 1:1 ratio (de Vries, 2003).
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Figure 1.32 - Typical stressstrain curves fora 1:1 biaxial test, as per de Vries (2003)

In this figure there is little difference betwedme stress valuesf the wo directionsat the proportional limit, strain

acceleration point and at failure, but tuhleadiigbamthé t udi nal
transver se di r.g8hstcanbaexplained byethe lasyrdmefiiep dingsliscussed below

The two graphdn Figure1.33 show values for the proportional limit and for the strain acceleration stress point. The

horizont al axes (labelled fiQdo and dtghwe weerptriecseelntaxerse (tl
and fed) represent the | ongitudinal materi al direction
ratios in the longitudinal and transverse directions.
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Figure 1.33 - Measured values of biaxial stress at the proportional limit (a) and the yield point (b), as per de Ved2003

It is evidentfrom Figure 1.33 that stress of the material in one direction is not greatly affectablebgtress in the

other direction. For example, the proportional limit of the foil at a ratio of 1.0 (longitudinal: transverse) is nearly the
same as for all ratios where the stress in the longitudinal direction is greater than or equal to that isvdrsdran
direction. This indicates that mechanical properties, such as yield, determined through uniaxial tests should give the
same results to those determined through biaxial tests.

De Vries(2003)also did several biaxial load repetition tests wherer #fte sample had yielded, he would unload it
at the same speed as it was loaded, and then repeat the loading after the stress dropped below 3 MPa. This cycle was
repeated several times on the sample. A typical results graph is shbigarial.34.
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Figure 1.34 - Typical stressstrain curves for repeated loading biaxial test, as per de Vries (2003)
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The proportional limit does not appear to change significantly from one repetitithre taext, but the secant

modulus at the proportional limit appears to be less for the second loading (de Vries, 2003).

De Vries encountered several problems in his testing. For the biaxial tests, skewing of the samples occurred as

shown inFigure1.35.

Figure 1.35 - Skewedsample during biaxial test by de Vries (Moritz, 2007b)

De Vries gives several pob reasons for this, includirgsymmetries in the samples due to manual patipar,
friction losses at the clamps, and possible asymmetry of the testing apparatus. Because of the asymmetry, the

samples flowed in an anisotropic man(ae Vries, 2003)

1.7.1.5 Moritz, 2007

As part of the PhD dissertati@ theTechnische Universitat Mineh, ETFE-Folie als TragelementETFE Foil as
a Structural Element), Karsten Moritz analyzed the resiles series of mechanical tests on ETFE foils (2007
These tests included uniaxial and biaxial short term tensile @gtemic MechanicaAnalysis (DMA) tests and

burst tests.

For the uniaxial short term tensile tests, Moritz analyzed daltacted by Moritz Abstreiter,and Griitzmannin

2000. A total of 123 samples were tested; 108 plain samples ranging in thickness frem i®@50em, and 15

welded samples of 200m film. Tensile tests were done in both the longitudinal and transverse directiorf€at 23

The strain rate for the experiments was 100 mm/min for strains less than or equal to 0.2 and 500 mm/min for strains

greder than 0.2Figure1.36 shows the average stress strain curves for the different film thicknesses and directions.
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Figure 1.36 - Stressstrain behaviour of multiple ETFE film samples, as per Moritz (2001B)
The horizontal dashed lines in the figure show theated first yield, which is roughly the end of the linedaistic
region, at 16.7 MPa, the second yield, where plastic deformation begins, at 24.8 MPa, the averageshreskiof
the welded samples at 36.3 MRand the average breaking stress of the plain samples at 57.3 MPa. Moritz also

createdrigure1.37 from the data to show the relationship between film thickness, direction and bresk stres
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Figure 1.37 - Film thicknessvs. breaking stress for both film directions, as per Mortiz (200[)

From Figure 1.37, it appears that for the specimens in this test, breaksstiesseased somewhat for greater foil
thicknesses. Also, isotropic behaviour was evident only at thdawé thicknesses of foil, with the 1@&0m film

appearing to have greater strength in the longitudinal direction and then230m appearing to havslightly
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greater strength in the transverse direction. The break strength of the welded sample is also shown on the figure as
the hollow circular point on the 2@0n line. From this, and frorRigure 1.36, it is clear that the wetdare the first
points of failure in the samples, causing failure to occur at much lower stresses than the actual break stress of the

foils.

For the biaxial tests, Morit2007b) analyzed data collected in 2004 by Saxe and Knop. The samples were
cyclically loaded at temperatures €¥5°C, (°C, 23C and 35C. The samples were loaded to eight different stress
levels, where the transverse direction (direction I) was the principal stress direction, and the longitudinal direction
(direction 1) carried the lowestress levelFigure 1.38 shows the stresses in the two film directions at each of the

eight loading levels for a 25m sample at 2&.
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Figure 1.38 - Stress vs. time for threecycles at each of eight biaxial loading levels for 250m sample at 23C, as per
Moritz (2007b)

Figure1.39 shows the stress strain curves for the samples at eachfotithemperature levels.
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Figure 1.39 - Stressstrain curves for cyclic biaxial tests at different temperatures, as per Moritz (2003)
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FromFigure1.39, it can be seen that as temperature increases, the instantaneous stiningémtgie sample after
each loading cycle increases.-26°C it appears that nearly all strain is recovered immediately after each cycle, but
at +35C the remaining strain in the sample increases after every cycle. A detailed analysis of the effects of

temperature on these tedMositz,2084d) be found in Moritzbs t h

Moritz also analyzed the data obtained by Saxe and Knop from their biaxial experiments at different loading speeds.
All of these tests were done at°€3 The samples were cyclibaloaded three times to the same stress level at the

first loading rate, and then again at the second rate and then finally at the third rate. The three raté2 véege

and 0.96 (kN/m)/s in the longitudinal direction (direction Il), corresiimg toapproximate rates of 0.007, 0.07, and

0.32 (kN/m)/sin the transverse direction (direction Bigure 1.40 shows the stress and strain in both directions of

the sample, over time.
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Figure 1.40 - Biaxial cyclic test of ETFE film, with increasing loading speed, as per Moritz (20®)

The actual stress straitiagramfor the three different loading speeds is showRigure1.41.
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Figure 1.41 - Stressstrain diagram for cyclic loading of ETFE at three different loading speeds, as per Moritz (20®j

If the residual strains that remain instantaneously aftan kssaling cycle are remove#ijgure 1.42 describes the

result.
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Figure 1.42 - Stressstrain diagram for cyclic loading of ETFE at three different loading speeds, with residual strains

removed, as per Moritz (200D)

The speimens tested at the two higher loading spee@s(.2 (kN/m)/s and/3=0.95 (kN/m)/s) display nearly
linear behaviour and do not exhibit a yield point. However, the specimens tested at the lower loading speed

(v1=0.02 (kN/m)/s) displayonlinear stresstrain behaviour. This is likely because tidependent creep, which is
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nonlinear in nature, is occurring simultaneously with the elastic strain and the slower loading speeds allow for more

creep to occur.

DMA tests can be used to determine the degree obeiasticity of a polymerThe concept of viscoelasticity is

discussed in detail isection3.1 A sinusoidal stress is applied to a sample and the resulting strain is measured. In a

perfectly elastic material the stress andistwill occur simultaneously. In a purely viscous material, there will be a

90 degree phase lag, between stress and strain. Valuesi between 0 and 90 will occur for viscoelastic materials.

The phase angle, tan
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viscous response, as it relates to the energy lost to heat. Temperature cardbduvismgeDMA tests to investigate
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mo d u |
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its effects on the viscosity of the material. This can indicate the point where the glass transition temperature occurs,

and can also give other general information regarding the effects of temperature on the vispoetssties of a
polymer. The DMA tests analyzed by Moritz were nohuctedby Dyneon. They were done at three different

frequencie$ 1, 10 and 100 Hz and over a temperature range of 0 to°’25('he strain was pulsated in the range of

0.01 to 0.1% while th temperature was increased at a rate°Gfr@inute (Moritz, 200b). Figure 1.43 shows the

resultsfrom these tests.
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Figure 1.43 - Results of DMAtests on ETFE, as per Moritz (200)

The storage modulus decreases as the temperature increases, indicating a reduction in elasticity and an increase in
viscosity. The phase angle, talhy has local maxima for 1 Hz and 10 Hz at around°@20 his indicateghat
softening occurs in thigicinity, suggesting that the glass transition temperature of ETFE is aroufid (M0ritz,

2000). For the 100 Hz excitation, the glass transition temperature is not clearly visible from the results.

Moritz also analyzed urst test data from Bauer, Steigenberger et al. collected for ETFE manufacturer Skyspan in
2003, using finite element analysis to replicate the test results. The burst tests were done on 3.8 m by 5 m cushions
made from 250 micron film. The film was cut suthat the prénflation camber(vertical distance fromrhorizontal
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plane of cushion t@entre of foil, labelled irfFigure 1.44 as §) was 0.592 m, which increased to 0.6 m when the

internal pressure was increased to 400ARaure1.44 shows the initial geometry of the cushion.

fo=0,592 m

Figure 1.44 - Initial geometry of ETFE cushion used in burst tests by Bauer, Steinberger et al. (Moritz, 200y

In the burst test&ilure accurred at an internal pressweapproximately 4.8 kPa, corresponding to a camber of

about 890 mm. The failure occurred near the centre of the cushion, along a weld boundary.

Moritz divided the film into 3200 approximately square finite elemémtsher analysis. She used finite element
models to investigate the effects of different cutting methods on the final form and stress distribution in the cushion,
and compared the results to the results of the physical tests. Moritz also used finite eleds to determine the

principal stress in the film at the point where it failed during testing, under an internal pressure of 4.8 kPa. The
maximum principal stress in the cushion was determined by the model to be 34.79 MPa. This is very similar to the
results of the aforementioned biaxial tensile tests on welded specimens, which had an average break strength of 36.3
MPa.

1.7.1.6  Wu, Mu and Liu, 2008

Researchers at Tongj i University in Shanghai, China pu
Tests of [BHU MUES& W 2008p They performed cyclic loading tests on ETFE samples, as well as 24

hour creep test The creep tests are discussedection1.7.2.4 The ETFE samples were 25én thick and were

150 mm by 15 mm, but a gauge length of 100 mm was used for testing. The cyclic loading tests were conducted at a
strain rate of 3 mm/minute and at a temperature of 24°4Z. The first set of samples were loaded to stresses of 6

MPa or 12 MPa, then unloadedrfa total of five cycles, and then loaded to 40 to 50% strain. The-straBs

curves from these cycles are showifrigure1.45,
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Figure 1.45 - Stressstrain curves for cyclic loading to 6MPa (a) and 12 MPa (b), as per Li et al. (2008)

No residual strain developed in this range. The second set of samples was loaded to 17 or 20 MPa, roughly in the

range of the elastic limit of the material, and the same procedure was follogsdtsRare shown iRigure1.46.

251 25 ¢
20 20
= £
Sis S5
10 10
5 ; b .
0 1 l() "_’.O 310 4'0 50 (0 10 20 30 40 50
Strain / % Strain/ %
(a) Cycle loading stress: 17 MPa (b} Cycle loading stress: 20 MPa

Figure 1.46 - Stressstrain curves for cyclic loading to 17MPa (a) and 20 MPa (b), as per Li at al. (2008)

Samples wee also cyclically loaded tthe elastic limit by using strain instead of stress as the controlling parameter.
These samples were strained to 10 or 15% for five repetitions and then were loaded to 40 to 50% strain in the same

manner as the previous tests. The results are shokigure1.47.
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Figure 1.47 - Stressstrain curves for cyclic loadingto 10% (a) and 15% (b), as per Li et al. (2008)

It is evidentfrom Figures 1.46and 1.47 that not all strain was cevered after unloading, so plastic deformation
occurred in this range. Also, from the data presentdéignre 1.47, some stress relaxation can be observed. The
stress levels in the samples at 10 and 15% strain decreased 9% tfter five loading cycles. Finally, samples
were cyclically loaded in the plastic range, to 21 MPa and to 30% strain. The results are dhigureih48.
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(a) Cycle loading stress: 21 MPa (b) Cycle loading strain: 30%

Figure 1.48 - Stressstrain curves for cyclic loading to 21 MPa(a) and 30% strain (b), as per Lu et al. (2008)

Significant residual strain is evident in this range. Again, stress relaxation occurs in theastteoiied sample.

1.7.1.7 Schiemann, Hinz and Stephani, 2009

At the 2M9 International Conference on Textile Composites and Inflatable Structures L. Schiemann, S. Hinz, and
M. Stephani presented research on burst tests of ETFE foils. The tests were done on circular samples of
approximately 50 cm diameter, clamped by a logkimg onto a rigid base plate. The foils were inflated and their

3D deformation was recorded by strategically positioned camgtiz, Schiemann, & Stephan2009) The
researchers were primarily concerned with the methodology associated with conthucsingess on transparent

materia) so the full results of the mechanical tests were not presented.
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1.7.1.8 Galliot and Luchsinger, 2010

In 2010C. GalliotandR.H. Luchsingeof the Center for Synergetic StructurastheSwiss Federal Laboratories for
MaterialsScience and Technologyesented results on mechanical tests of ETFE films at the TensiNet Symposium
in Sofia, Bulgaria. Their research included uniaxial stetssin tests on ETFE films in the longitudinal and
transverse directions as well as at #bboth directionsFigure1.49is a set of sample curves from their results. The
graph on the left shows the full strestgain curves, while the graph on the right shows the first 30% of the strain,

displaying the yield point and edulus of elasticity with more clarity.
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Figure 1.49 - Stressstrain curves for uniaxial tests by Galliot and Luchsinger(2010)

From both curves it appears that the transverse direction has the highepbirieland ultimate strength, followed
by the longitudinal (machine) direction and then thé difection. Galliot and Luchsinger tested at different strain
rates to determine the effect on yield stress and modulus of elasticity. Their findings inditaa thcrease in

strain rate corresponds to an increase in both yield stress ahdusiof elasticity (Galliot & uchsinger, 2010).

Galliot and Luchsinger also performed biaxial tests on ETFE film, in which cruciform specimens were loaded to
failure ata strain rate of 4% per minute, with a 1:1 load ratio in the two directiégsre 1.50 shows the resulting

stressstrain curve.

53



Engineering stress (MPa)

30

25

15

10

Failure at =7%
of extension

Experiment - Machine
------ Experiment — Transverse

L L 1 1 1

3 4 5 6 7
Engineering strain (%)

Figure 1.50 - Stressstrain curve for biaxial tests by Galliot and Luchsinger(2010)

As shown inFigure 1.50, the specimen failed in both directions at approximately 7% engineering strain, with the

longitudinal (machine) direction failing slightly sooner than the transversdidimgGalliot & Luchsinger, 2010)

The final experiments on ETFE performed Bxlliot and Luchsinger were burst tests of inflated circular films.

Figure1.51 shows the stresstrain curve obtained from these tests.
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Figure 1.51 - True stresstrue strain curve for burst tests by Galliot and Luchsinger(2010)

A comparison stresstrain chart for all three tests is givierFigure1.52.
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Figure 1.52 - Comparison stressstrain curves from Galliot and Luchsinger (2010)

Figure 1.52 shows a similar initial yield point is obtained for all three test types, but a much higher failure point is
observed for the burst (bubble inflation) tests than for the other types. Based on these results, Galliot and Luchsinger
suggest that uniaxial tegprovide sufficient information on the mechanical behaviour of ETFE foils, except where

failure is concerneGalliot & Luchsinger, 2010).

1.7.2 Research on Creep of ETFE

Little research has been published to date on the creep behaviour of ETFE, particularly in the academic sector.
However, nearly all manufacturers and pligrs of ETFE stat¢hat it has good creep istnce, although very few

provide data to support this claimhis section covers the available results of creep tests done by academic and

commercial researchers.

1.7.2.1 DuPont

DuPont has published results on creep tests on its Tefzel ETFE, somdey thetaavailable on the subjedtor
deformation of ETFE under a 1000 psi (6.9 MPa) load over a 24 hour periodreph@mya strain of 0.20.3%

(DuPont n.d). They al so published the following aommxtxr’s for
mm x 3.175 mm) injection moulded bars, reprinted here fromtithBont Tefzel Fluoopolymer Resin Properties
Handbook(n.d.).
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Figure 1.53- Flexural creep of DuPont Tefzel 200 ETFEDuPont, n.d.)
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Figure 1.54 - Flexural creep of DuPont Tefzel HF2004glassfibre reinforced ETFE (DuPont, n.d.)

10,000

Figure 1.53 is for Tefzel 200, a generplurpose grade of ETFE, used primarily for electrical igptibns, such as

sleeves and switches. The lower curves on the graph show creep resutts, 4128.9 and 13.8 MP&he upper

curves on the graph show creep results af@0for 2.8 MPa and 5.5 MPa. Significantly higher levels of creep are

evident atthe higher temperature, even though the samples were tested at lower stres&itpueld.54 is for

Tefzel HT-2004, a glaséibre reinforced ETFE resin, used for injection moulding. Again, creep curves are shown at
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23°C and 10€C, at stress levels of 13.8 and 27.6 MPa, and 6.9 and 13.8 MPa, respectively. The glass fibre
reinforcement appears to add significantly to the creep resistance of the material, as the strain levels are much lower
than for the Tefzel 200 ETFE, even fogher stresse®uPont n.d).

1.7.2.2 Ansell, 1985

Ansell conducted uniaxial creep tests on ETFE foil at temperatures of 40, 60 ail T0@ 60 and 100tests were
done under dry conditions but the°48sts were done under conditions of approximately 100&twe humidity.A
stress of 5 MPa was applied to the samples and held for the entire testing period. The tests dihéaatetDfor
46 days (1104 hours), the tests done at®sted 19 days (456 hours), and the tests done &ClR@ted for only
four hours due to excessive flow in the material. The film samples were 100 aradn3Blck and had a gauge

length of 250 mm. Two samples were tested in each direction at each tempévasett 1985)
Table1.10 shows the results of the creep tests.

Table 1.10- Results of uniaxial creep tests at 40, 60 and 100, as per Ansell {985

Strain (%)

-_%‘ Time (Hours) Longitudinal Transverse Longitudinal Transverse
= 100em 100em 300em 300em
I
8] .aza 0 0.00 0.00 0.00 0.00
S = 48 1.20 3.20 2.00 2.80
(0]
- 216 0.80 2.40 1.60 2.20
§ 696 0.80 2.80 1.60 2.40
1104 0.60 2.80 1.80 2.60
_ Longitudinal Transverse Longitudinal Transverse
Time (hours)
100em 100em 300em 300em
0 0.00 0.00 0.00 0.00
&O) < 120 15.49 32.50 18.00 28.50
© a 140 16.40 34.40 18.40 29.60
264 17.00 36.40 19.60 30.40
456 17.60 37.20 20.60 32.10
_ Longitudinal Transverse Longitudinal Transverse
Time (hours)
O .3: 100em 100em 300em 300em
§ P 13.20 11.6 39.6 31.2
a)
4 Quick Flow
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In the results from the 4Qeds, the 48 hour strain is greater than the subsequent values. Ansell attributed this to
experimental errors of some sort, and left the 48 hour valudsigiife 1.55. Also, since the 100tests were only
measured at one point imie, theywere also not included on the graph as no sttaire relationshipcould be
determined.Figure 1.55 shows the strain vs. time plots for the remaining points, displayed on a log time scale
(Ansell, 1985.
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Figure 1.55- Strain vs. time for creep tests at 40 and 6C, as per Ansell {985

From tte chartin Figure 1.55, the effect of temperature on creep of ETFE film is quite pronounced, withriee fi
tested at 60°C creeping much more than those tested at 40°C. Also, it appears that the film creeps more in the
transverse directiofQ on the graphjhan the longitudinal directio(E on the graphat both temperatures. The

thickness of the film doesohappear to have any consistent effects on creep.

1.7.2.3 Barthel, Burger and Saxe, 208

Barthel, Burger and Sax@003)per f or med 1000 hour <creep tests on 225
approximately 23°C and ¢hsamples were 100 mm wide and 200 mngldrhe samples were loaded to 5.3, 8.0 and

10.7 MPa stress levels, which were maintained for 1000 hours, then discharged and the strain recovery was recorded
over a period of 96 hours (Moritz, 206)7 They found that the strain always approached a constaue, but that

this value differed in accordance to stress level. The increase in strain from one stress level to the next was,
however, not proportional to the increase in stress. The strains that occurred were a combination of elastic and
plastic defomations. After the load was removed some of the elastic strain recovered instantaneously, but some
exhibited a delayed recovery, occurring over an extended period of time. At a stress level of about 40% of the elastic

limit, all strain was receerable afte some time (Barthel, Burger & Sgx2003).
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1.7.2.4 Wu, Mu and Liu, 2008

The creep tests done by Lat al. were done on samples with the same dimensions as those used in the cyclic
loading testsThey wereuniaxial testsdone at stress levels of 3, 6 and 9 MRd semperatures of 25, 40 and®60

The samples were again loaded at a rate of 3 mm/minute, until the desired stress level was achieved, and then the
stress was maintained for 24 ho(ksu et al., 2008)Table 1.11 shows the stias for the different stress levels at

three points in time and fahree temperatures. Time O refershe time when the desired load wasst reached.

Table 1.11 - Strain (%) at start, 12 hours and 24 hous of creep testing at 3, 6 and 9 MPa and 25, 40 and 8D, as per Liu

et al. (2008)
Temperature Stress: 3 MPa Stress: 6 MPa Stress: 9 MPa
(°C) 0h 12 h 24 h 0h 12 h 24 h 0h 12 h 24 h
25 0.35 0.44 0.49 0.73 0.94 1.12 1.13 2.24 2.58
40 0.39 0.89 0.98 0.92 243 2.72 1.45 6.71 7.10
60 0.83 2.55 2.66 1.85 6.36 6.65 5.76 12.68 13.21

At low stresses and normgypical ambienttemperatures, very little creep is observed in the 24 hour time period.
The full creep of the specimen tested at 3 MPa an8C2i5 only 0.49%. However as stress and temperature are
increased, creep becomes much more significant. The full creep of the specimen tested at 9 MP&aisd 60

13.2%%.

1.7.2.5 Winkler, 20

In terms of academic research, the most comprehensive work avaitabieep of ETFE foil is the graduate thesis
of Jan Winkler of the Institut fur Bauingenieurwesen at the Technische Universitat Berénhverhalten von
ETFE-Foilen im konstruktiven IngenieurbdCreep Behaviour of ETFE Foils in Structural Engineerifw)nkler,
2009).Winkler performed 1000 hour biaxial creep tests at 4, 8 and 14 MPa stress levels.

Samples with thicknesses of 26fh were testedThe specimens were cresBaped with the dimensions (in mm)
shown inFigure 1.56. The shaded areas were held by clamps. The overall testing apparatus i-ghowi.57.
The sample was clamped in the centre of the apparatus, and pulled in four directions by cables attached to equal

weights.
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Figure 1.56 - Dimensions of samples used in biaxial creep tests Wyinkler (2009)

Figure 1.57 - Testing apparatus used byWVinkler (2009)
The temperature was held at°€0and the relative humidity was 65%. Three samples were tested at each stress

level. Figure1.58 shows the results of the 4 MPa tgstthe longitudinal direction.
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Figure 1.58 - Strain vs. time curves for longitudinal direction of biaxial creep tests at 4 MPa, as peWNinkler (Bogle &
Hartz, 2008)

Figure1.59 shows the results of the 4 MPa sdstthe transverse direction.
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Figure 1.59 - Strain vs. time curves for transverse direction of biaxial creep tests at 4 MPa, as p®&/inkler (Bégle &
Hartz, 2008)

In both directions, a large scatter is observed. There is also no obvious difference in resultsthetleegitudinal
and transverse directiongV{nkler, 2009. Winkler developeda logarithmic function to fit the data, so that creep
after a longer period of time could be determirigte resulting function from all the 4 MPa data is shanwhigure
1.60.
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Figure 1.60 - Average creep function for all 4 MPa data, as pewinkler (Bogle & Hartz, 2008)

Based on this function, the expected 1000 hour creep strain would be about Ot8r9a5Afears the expected creep
strain would be about 0.6%Minkler, 200).

Figure1.61 shows the results of the 8 MPa tests in both the longitudinal and transverse directions.
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Figure 1.61 - Strain vs. time curves forlongitudinal and transverse directiors of biaxial creep tests at8 MPa, as per
Winkler (Bogle & Hartz, 2008)

At this stress level less scatter occurred, making the creep behaviour more obvious. The tests werghstopie
1000 hours due to technical difficulties, but 700 hours of data is available for each sample. Again, a characteristic

function was created for this stress level and is showigire 1.62.
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Figure 1.62 - Average creep function for all8 MPa data, as perWinkler (Bogle & Hartz, 2008)

After 1000 hours at 8 MPa the predicted elongation is about 1%. After 25 years it is about 1.9%.

The results of the 14 MPa tests are shawRigure 1.63 for both material directions.
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Figure 1.63 - Strain vs. time curves forlongitudinal and transverse directiors of biaxial creep tests atl4 MPa, as per
Winkler (Bdgle & Hartz, 2008)

The creep curves are even more pronounced at this stress level, due to a further decrease in scattering in the data.

The average creep function for 14 MPa is shawiRigure 1.64.

63



4,500 — A Longitudinal
B Longitudinal

4,000 — C Longitudinal

__ — =72 A Transverse

3,500 ) _ — — — B Transverse

= - C Transverse

3,000 = Creep function
S 2500

c
‘s 2,000
® 1500
1,000
0,500
0,000
0,00 200,00 400,00 600,00 800,00 1000,00 1200,00

Time (hours)

Figure 1.64 - Average creep function for all14 MPa data, as petWinkler (Bogle & Hartz, 2008)

After 1000 hours at 14 MPa, the function predicts a creep strain of about 3.7%. After 25 years it predicts a creep
strain of about 7.4%Winkler, 2009)
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Chapter 2 Laboratory Tests

2.1 Outline of Researchdone for this Study

The research done for this thesis involved a sefi@g-hour uniaxial creep tests, as wadl several sevetay creep

tests. Uniaxial tests were selected instead of biaxial creespfoeshe following reasons:

1 The available equipment was readily equipped for uniaxial creep tests, but would have required significant
modifications for biaxial tests,
Uniaxial tests allow behaviour in different material directions to be isolated,
Researh done by others has indicated that uniaxial tests of ETFE provide sufficient information on

material behaviour, except where failure is concer@allipt, & Luchsinger 2010).

The creep tests were performed at 2, 8, 12 and 14 MPa constant stresd leeelslifferent brands of ETFE were
tested; two had a thickness of 50 microns and the third came in two thickhd$gzand 300 microns. In addition,

tensile tests were done on each material involved in the creep tests.

Constitutive models werdevelgpedfor the results of the creep tests. Viscoelastic and viscoplastic models were both
applied to the data. Several different modeling techniques were used on thel@gvest results, which included

models based on the first 24 hours of data and mbdsksd on the full seven days of data.

Tensile tests were also done on the films in order to compare the results to published manufacturer data, and relate
the creep behaviour to other mechanical properties. These tests were done in accordance with AS09/ &8

generated values for yield and failure stresses of the ETFE samples in both film directions.

2.2 Films Used in Laboratory Tests

Three brands of ETFE foil were tested. All brands were received in the form of extruded foil in rolls or sheets. The
brards are referred to here as A, B and C, with numbers designating the different thicknessesaifl&sll1 gives

the names assigned to the foils along with the associated thicknesses.

Table 2.1 - Thickness offoils

Foll Thickness € M
A 50
B 50

C1 150

C2 300
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Some of the mechanical properties for the three brands of ETFE film tested for this thesis areTabde2i2. All

of these properties were talined by the film manufacturers (DuPont, n.d.; Dyneon, 2003).

Table 2.2 - Mechanical properties of testedfilms

. Tensile . ) Melt ) i i

Film Yield Stress Elongation at Maximum Service Density
Strength Temperature
Brand (MPa) Break (%) Temperature (°C) (g/cnt)
(MPa) °C)
A 46 (at 23°C) 22 (at 23°C) 425 267 150 -
- 250
B 41 (at 25°C) o 250270 - 1.731.77
(Minimum)
C 46 (at 23°C) 22 (at 23°C) 425 267 150 -

Films A and C were made from the same resin, and thereforethaveame properties. Howeyehey were
extruded by different film manufacturers, so the finished products may differ somewhat. Tensile tests were done to

verify some of the mechanical properties given above. The reguhisse tests can be found et#on 2.6.

2.3 TestProcedurefor Creep Tests

The specimens were cut into 50 mm wide stiipboth the longitudinal and transverse directions of the material. A
utility knife and rigid metal ruler were used to che60 micronfilm while it was held in place with tape against a
firm cardboard cutting surface, while the thicker films were cut with a paper cutter while being held in place with
tape.The strips were cut to lengths of approxielg 200 mm to accommodasel24mm gauge lengthHExceptions

to this werefilm B testedat the two higher stress levéisthe transverse directicand at the highest stress level in

the longitudinal directionfilm C1 tested at the highest stress level in both directiong@nusted atthe highest

level in the longitudinal direction and the two higher stressl¢éein the transverse directiohhese casequired a
shorter gauge lengthf 63 mm for the extensometer and test frame to accomneattiet higher levels of creep they
exhibited compared to the othtrsts

Stress levels 02, 8, 12 and 14 MPa were selected for the creep t€hts.methodology for selecting these stress
levels can be found in secti@x3.1 The films were held in place duritgsting with MTS100 N ViseAction Grips

The uniaxial creep tests were performed by attaching a specimen in the top grip and tightening the gripping
mechanism. The bottom of the specimen was fiacal loosely through the bottom grgind pulled taut fronthe

bottom. The bottom grip was then tightened as well to hold the specimen securely ilPplatanent marks were

placed on the specimen just on the inside of the grips to show whether any slippage was occurring within the grips

during the test. The ptement of the specimen in the grips is showhigure?2.1.
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Figure 2.1 - ETFE specimen ingrips

An extensometer was atthed to the grips by means ddirminum bars as shown irFigure2.2. The extensometer
could not be attached directly to the specimen because thevésdsot sufficiently rigid, but an effort was made to

place it as close as possilitethe tested specimens
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Figure 2.2 - Extensometer used for measuringlengation of specimens

The specimens were loaded by means of placing a mass on a platform connected to the grips by a lever arm, as

shownin Figure2.3.
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Figure 2.3 - Frame used for creep tests

The load was placed all at once, so as to give an accurate recording or the initial elastic response of th&meaterial.
load was left on the specimen for a period of 24 soduring which the extensometer recorded the grip extension at

the approximate time intervatited inTable2.3.

Table 2.3 - Extensionrecordingintervals

Time From Start of Test Recording Interval
< 1 minute 0.25 seconds
1 minutei 1 hour 1 second
1 houri 4 hours 30 seconds
4 hoursi 24 hours 1 minute

Steeland leadshot in resealable plastic baigscombination with prdabricated steel weightaere used for the

masses. Tdloads used to provide the four stress levels for the different thicknesses of foil arie giable2.4.
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Table 2.4 - Applied mass forcreeptests

Foil Thickness € m Stress(MPa) Mass(g)
2 50.9
8 203.5
50
12 305.2
14 356.1
2 152.6
8 610.5
150
12 915.7
14 1068.4
305.2
8 1221.0
300
12 1831.5
14 2136.7

The entire test frame was enddsin a structure made from 1 % in@@pproximately 38 mm) thick expanded
polystyrene (EPS) insulatigras shown irFigure 2.4. Joints between insulation boards were sealed using e
the exception o& few ofthe joints along the front and one side of the frame which were left unsealed so that the

enclosure could be opened to switch the samples and add or remove the. weight
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Figure 2.4 - Insulation enclosure for testframe

The insulation enclosure served to regulate the temperature of the foitg) desting and to protect the test
apparatus fromiagusts which could cause the specimen or the load to niwweng winter, when the ambient
temperature of the lalatory dropped below acceptable levels, a ceramic heater with a fan was used to heat the
enclosure. A proportional temperature controller was used to regulate the output of the heater, maintaining the
temperature of the enclosure at’@3+/- 0.2°C. The mechanical behaviour of the foils is extremely temperature

dependent, so maintaining a catent temperature for all tests was important for comparative purposes.

Each film was tested a minimum of two times in each direction at each stress levehdBpendenteplications
being the minimum one can do, might be a relatively insuffiaiember to do a statistical analysis of the data, but
due to time constraints no more could be completed at this time. Future work shouldwaiimetoeplicate the tests

outlined here and subject the data to@re rigorousstatistical analysis.

2.3.1 Selection ofStress Leveldor Creep Tests
The stress levels used in testing were determined based on an estimate of the range of expected stresses of typical
ETFE cushions in service. Craig G. Huntingtondqsa (2004)
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perpendicular uniform load, presented in sectiofi.1 was applied. Low and high estimates for stress were
determined by varying the cushion width, the camber and the inflation pressure. For the low estimate; a single

curvaure cushion of one metre width, with a ten percent camb@rlofetres, and anflation pressure of 200 Pa
was assumedEquation(1-4) can be applied as follows:
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The stress in the foil is then determined by dividing out the foil thickness. Here, a typical structural foil thickness of
200 microns has been selected.
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Therefore, the lowest applied stsechosen for testing was 2 MPa, just above this approxim#&anthe high

estimate, a singleurvature cushion of four metres width, with a 20% camber of 0.8 metres, andlaiorin

pressure of 1000 Raas assumed. Applyingquation(1-4) yields a tensile force of 2.5 N/mm and a stress of 12.5

MPa, when a thickness of 200 microns is used. Therefore, the highest stress selected for testing was 14 MPa, just
above this estimat&he remainder of the stress levels were select@t@ainediate values between 2 and 14 MPa.

The differences between the chosen stresses decreases as the stresses increase, since the effect of stress on creep was
found to be more pronounced at higher levels of stress.

The chosen stresses also fall inte thnge of those used by other researchers who performed creep tests on ETFE
(Moritz, 2007; Barthel et al 2003; Liu et. al, 2008Winkler, 2009. Additionally, actual stress levels for two
buildings using singkayer, mechanically prestressed ETFE dodre known.The exhibition and conference
building of the German Federal Environmental Foundation was constructed with al@y@gleoof prestressed to

4.4 MPa and 3.6 MPa in the two different film directions (Barteekl, 2003. The ETFE facade othhe new BC

Place Stadium is designed to be prestress@dtdPa in one direction and 2.6 MPa in the otfiése stress values

in the films would increase when loadethd, in the case of cushions, could be increased to accommodate higher
loads These valas all fall into the range of tested stredsethis thesis
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2.4 Resultsof Creep Tests

2.4.1 Film A Data
Figures 2.5 2.6 plot the strain versus time for the 24 hour creep tests dofitroA. Figure2.5 is for tests done in
the longitwinal (L) direction of the film.All stress levels are shown on the same graph hereabhtstress level is

plotted on a separate grajphAppendixA, using different scakefor strain.
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Figure 2.5 - Comparison of all strain vs. time curves for longitudinal samples of film A

In Figure2.5 the creep curveappear to have a similar shapehe other curves at the same stress lél@ivever,n

some cases the strain for one of the trials begins at a lower value than the other, suggestingitiahteitsstic

strain was lower. What likely occurred is not an actual difference in the elastic strain, but a small slippage, either
between the ggrimen and the grips, or between the extensometer and the aluminum bars, during the loading of the
first specimenThis is especially evident on the 2 MPa gréplgure A.1) shown inAppendixA. Such a slippage

would be too small to see with the naked eye, as it would be in the range of about 0.02 mm, but, as the overall creep

strain under 2 MPa is also very small, it is apparent on the graph.

Figure2.6 is for film A tested in the transverse direction.
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Figure 2.6 - Comparison of all strain vs. time curves for transverse samples of film A

As with the longitudinal tests, a small difference in the initial elastinsisaevident between some of ttiansverse

trials. Again, this is likely due to a small amount of slippage of the specimen or the extensometer.

2.4.2 Film B Data

Figures 2.7 2.8arefor creep tests ofilm B. Plots for individual stress levels can be foundppendixB.

Figure 2.7 shows all of the straitime curves for film B tested in the longitudinal directiom the same scale for

comparison purposes.
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Figure 2.7 - Comparison of all strain vs. time curves for longitudinal samples of film B

Figure2.8 plots all of the film B transverse curves on the same scale.
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Figure 2.8 - Comparison of all strain vs. time curves for transverse samples of film B
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As with many of the 2 MPa tests, a vertical shift exists between the curves from the two 14 MPa trials. Both curves

have the same shape, however, so it is likely that &afipccurred here as well.

2.4.3 Film C1 Data

Figures 2.7 2.10are strairtime curves for film C1Curves for individual stress levels are givei\ppendixC.

Figure2.9 shows all of the crgecurves for film C1 tested in the longitudinal direction.

0a7
006 ]-._MMF'al:L}
0.05 -
g 0.04
E 0.03 ]
'[u.umpacu
002 -
0.01 :'ur._gm:pa(u
I:I T T T T T T T T :.:I_ZIIIIII]PH.I:IL‘.:I

] 10000 20000 30000 40000 0000 ao00o0 70000 20000 0000 100000
Time (s)

Figure 2.9 - Comparison of all strain vs. time curvedor longitudinal samples of film C1

Figure2.10 shows all of the @ep curves for film C1 tested in the transverse direction on the same scale.
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Figure 2.10- Comparison of all strain vs. time curves for transverse samples of filg1

A slip has also likely oagred during le first trial at 14 MPa, since the two 14 MPa curves have different

magnitudes but the same shape.

2.4.4 Film C2 Data

Figures 2.11 2.12containdata for film C2.Curves for individual stress levels are giverAppendixD.

Figure2.11 shows the creep curves for all stress levels of tests on film C2 in the longitudinal direction on the same

scale.
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Figure 2.11 - Comparison of all strain vs. timecurves for longitudinal samples of filmC2

Figure2.12 plots all of the creep curves for C2 tested in the transverse direction on the same scale.
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Figure 2.12 - Comparison of all stain vs. time curves for transverse samples of filn€2
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2.4.5 Results Summary

Table2.5 summarizes the results of all of the 24 hour creep tests. The average values froricttedéyals are

given.
Table 2.5 - Summary of results from all 24hour creep tests
Average Strain for all Trials (%)
Film Stress Initial at t=0 Total at t=24 hours Creep at t=24 hours
(MPa) (Total - Initial)
Longitudinal  Transverse Longitudinal Transverse Longitudinal  Transverse
2 0.125 0.133 0.144 0.166 0.020 0.033
A 0.574 0.639 0.822 0.879 0.248 0.240
12 0.930 1.024 2.737 3.090 1.807 2.066
14 1.248 1.346 4.833 5.717 3.586 4.371
0.117 0.186 0.146 0.217 0.029 0.031
8 0.684 0.810 1.293 1.691 0.610 0.881
8 12 1.103 1.249 5.688 8.330 4.586 7.081
14 2.324 2.073 9.142 12.428 6.818 10.355
0.155 0.147 0.170 0.165 0.015 0.018
c1 8 0.642 0.664 0.845 0.899 0.203 0.235
12 1.063 1.181 2.481 2.582 1.418 1.401
14 1.581 1.270 5.754 5.908 4172 4.638
2 0.163 0.170 0.183 0.197 0.021 0.027
8 0.737 0.768 1.019 1.066 0.282 0.298
c2 12 1.345 1.442 3.469 3.972 2.124 2.530
14 1.577 1.910 7.099 8.348 5.522 6.437

2.4.6 Long-Term Creep Test Data

Several longer term creep tests were also done on ETFE filarevthe stress was maintained for a period of seven
days (604,800 seconds) rather than 24 hours. These tests were all done on film C1 in the longitudinal direction, and
were done at 2 MPa, 8 MPa and 14 MPa. The creep curve from the 2 MPa test isnshigure2.13.
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Figure 2.13- Strain vs. time for film C1 subjected to 2 MPa in the longitudinal direction for 7 days

During the course of this test the heater used to maintain aanbriemperature in the testing enclosure failed,
causing a drastic effect on the results. This Ww#l discussed in more detail iecsion 2.4.7.5 Due to time

constraints this test could not be repeated.

The creep curve for éh8 MPa test is shown Figure2.14.
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Figure 2.14 - Strain vs.time for film C1 subjected to 8MPa in the longitudinal direction for 7 days

The 14 MPa seven day creep curve is showFigure2.15.
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Figure 2.15- Strain vs. time for film C1 subjected to14 MPa in the longitudinal direction for 7 days
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2.4.7 Discussion ofResults
In the interest of clarity, the compadive graphs in the following section will not show all repetitions for each film

and stress level, but will instead show only the most representative sample for comparison purposes.

2.4.7.1 General

For all of the films, creep tests done at higher stress Igvettuced higher levels of strain. This includes both the

initial elastic strain response of the material, which increased with increasing stress levels, and the delayed creep
strain, which occurred gradually over the entire test period, but also incieasednitude with increasing stress.

The curves also became smoother as stress levels increased. This is primarily because the extensometer used for
measuring displacement is designed for extensions of up to 12 mm. The lower stresses, especially 21ded, pro
deformationsas low as 0.2 mm over the total 24 hour period, meaning that the measurements were at the extreme

l ow end of t he e ndiseaffectedthereagling.s r ange, so

As mentioned several times previously, some slippage may have ocbetvegen the specimens and the grips or
the extensometer and the aluminum bars during the initial loading phase of some of the tests. In general, it had a
very minor impact on the results, but waspecially notichle for the 2 MPa testss their strainanges were quite

small.

Although the strain rate of the films slowed over time, they continued to creep for the full 24 hours or seven days of

every test. In no case did thrain become a constant value before the end of the test.

2.4.7.2 Effect of Film Direction
All of the films were tested at all stress levels in both the longitudinal and transverse directions of the inaterial.
nearly every case, more strain was observed in the transverse direction than the longitudinal direction. As an

example Figure2.16 showsthe 12 MPa curves for film A in both directions
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Figure 2.161 Creep curves for film A tested at 12 MPa in both directions

A difference between the tensile behaviour of ETiREhe two directions has been observed by others as well.
Ansell (1985)found a higher average tear strength in samples tested in the longitudinal direction, as Skaiva in

1.5 through Table 1.7. Ansdl also found that long term creep in the transverse direction is higher than in the
longitudinal direction, except at 180 in dry air, as shown iffable 1.10 (Ansell, 1985. DSET reported a higher
tensile strength in the longilinal direction after each year of exposure, as showvrabie 1.8. However, no major
differences are evident between the tear strengths in the two directions in this test (Morit, ZDOAversely,
Galliot and Luchsinger (20)Gound that uniaxial tensile tests showed a slightly higher yield and ultimate strength

for the transverse direction.

The extrusion process by which ETFE film is createdld be responsible for this anisotropic behavimerause it
causes the moleculds be stretched in the direction of extrusion such that they are aligned in the longitudinal
direction. It could also be due to the crystal structure of the molecule, i.e. the degree of crystallilitatibe of
the crystalline regions and the origiga of the crystals, or to thermally activated relaxation processes that occur

during film processingHadley&Ward, 1993)

2.4.7.3 Effect of Film Brand

Three brands of film were tested, and are referred to in this thesis as A, BEhdsCA and C are structalkgrade
films extruded by different manufacturers from the same resin. Film B is a genepake film.Mechanical
properties supplied by the resin manufacturers were givéahie2.2. In general, films A and C displayed siaril

levels of creep, as would be expected given that they are manufactured from the same resin. Film B generally
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displayed higher levels of creep than the other filFigure 2.17 shows, as an example, a representaiwdPa

longitudinal curve for each film.
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Figure 2.17 - Creep curves for all brands tested at 8 MPa in the longitudinal direction

The curves for film A, film C1 and film C2 all take on a very similar shape. The cuoves &nd C1 are nearly
identical in magnitude as well, but the curve for C2 is higher. It is possible that this is due to a slip between the grips
and the speaien or between the extensometer and the aluminum bars, or there could be an actual difference
between the elastic resporssef films C1 and C2. The effect of film thickness on creep behaviour will be discussed

in more detail in sectioB.4.7.4 The curve for film B, on the other hand, takes on an entirely different shape

the other three, and achieves a high#hourvalue. The curve is much steeper than the ottedscating that the

creep is continuing at a higher rate, and will likely not level off as quickly as the .others

2.4.7.4 Effect of Film Thickness
Having two thiknesses of film C (156m and 30Cem) allows for an analysis of the effects of film thickness on
creep.In all casesC2 showed more creep in 24 hours than . instanceFigure 2.18 shows the creep curves for

a C1 and a C2 sample tested in the trarsv direction at 12 MPa,
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Figure 2.18 - Creep curves for both thicknesses of film C tested at 12 MPa in the transverse direction

Differences in tensile properties of different thicknesses of the samédive been found by others as well. Ansell
(1985)found that 10&m bent film samples had higher average tear strength thaar@@&nt film samples of the

same varietyAlso, Moritz (200'b) observed a slightly higher ultimate tensile strength for thinner film samples,
based on the data fromoritz, Abstreiter,andGriizmann as shown ifrigure1.37. Moritz also discussed the effect

of film thickness on tensile test data obtained by the film manufacturer Nowoflon. The data shows a general
decrease in tensile strength, stress at 10% straineandttength, as film thickness increases. However, break strain
increased along with thickness (Moritz, 20R7Moritz suggested that because the cismdional areas of the
samples were decreasing considerably as they were strained, the given vatrggnieering stress and strain are
misleading. The thicker samples failed at a higher engineering strain, indicating that thesectuss were
reduced by a greater percentage than the thinner samples. This means that the engineering stressler the thi
samples likely exceeds the true stress by a greater amount than that for the thinner samples, and the true stresses may
actually be nearly equal for all thicknesses (Moritz, 2)0This could also apply to the creep results. The thicker
samples areta higher engineering strain after 24 hours, so their €essons are accordingly reduced. The actual
stress the samples are experiencing would have increased with decreasirggaions meaning that the thicker
sampleswould have beerundergoing iareasingly higher stress values than the thinner ones, causing further

reductions in crossection.

2.4.75 Effect of Temperature
Although the effects of temperature on creep were not explicitly investigated in this study, certain occurrences

allowed for the exigince of temperaturgependent creep behaviour to be observed. When testing began, the test
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frame was not insulated nor was the temperature regulated. Temperature fluctuations were quite large, with the
daytime high temperature reaching about@m the ldoratory, and the night time low temperature dropping to

about 10C. Samples tested under these conditions consistently displayed less creep in 24 hours than those that were
tested at a regulated temperature 23 he results of the tests done underomimlled temperature conditions are

not presented in this thesis. An additional insight into the temperature dependent creep behaviour of ETFE foils
came during the seven day creep test on film C1 at 2 MPa. The heater failed to operate consistentiitalben s

on by the controller, so the temperature fluctuated by several degrees over the course of this test. The results of the
creep test are shown on the graph below, in conjunction with the temperature divided by 10,000, so that it would

appear on theasne scale.
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Figure 2.19 - Sevenday strain and temperature comparison for film C1 tested at 2 MPa in the longitudinal direction

It is obvious that the strain does not increase in the same manner as dretharasp curves, but instead fluctuates

along with the temperature. At this low stress level, it appears that small temperature fluctuations can have a greater
impact on strain than the stress itself does. Sincelifeahpplications of ETFE film, suchsain cushions on
buildings, can involve large temperature fluctuations from day to night or from one day to the next, future research
should be considered where film is subjected to fluctuating temperatures during creep tests, inseddatof

constant kevated or lowered temperatures.

2.5 Test Procedure for Tensile Tests

Tensile tests were carried out according to ASTM D88X5tandard Test Method for Tensile Properties of Thin

Plastic SheetingThese were done to verify the yield and failure stress vahoeddpd by the film manufacturers.
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Five specimens of each film were tested in each direction.IA8teon 4465 tensile testing framshown in the

following figure was used for all tests.

Figure 2.20 - Instron 4465tensile test fame

The MTS grips used for the creep tests were used for the tensile tests as well. The specimens were cut to a width of
25 mm and a length of 150 mm so as to accommodate a gauge length (initial grip separation) of 50 mm. The grips
were separated at a rate of 500 mm/min, while their separation distance and the corresponding applied load were

recorded at regular intervals. The specimens were elongated until failure.

2.6 Results of Tensile Tests

Figures 2.21 2.24 show the results of thensile tests in terms of stresain curves. It is important to note here

that due to the high levels of elongation of the specimens, and the consequential decrease indbetioreds
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areas, these are engineering stress and strain values, notasseoststrain valuegigure 2.21 shows the stress

strain curves for all trials of film A in both directions.
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Figure 2.21 - Stressstrain curves for film A tested in tension in bah directions
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The film initially strained in a fairly linear fashion, but yieldatlbetween 20 and 35 MPa of engineering stress,

where the curves exhibit local maxima, then continue on with increasing slope until the failure point.

The films tested in théongitudinal direction had higher failure stress levels than those tested in the transverse

direction, but failed at lower strains. The film is highly ductile in both directions, making failure stress of greater

importance than failure strain when chogsiprimary stress direction of the film in applications. The film also

yielded at a slightly higher stress in the longitudinal direction thémeitransverse direction.

Figure2.22 shows the stresstrain curvedor film B testedin both directions.
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Figure 2.22 - Stressstrain curves for film B tested in tension in both directions

Again, early local maxima on the curves show the yield point of the film, which is slightly higther longitudinal
direction. Film B also had a higher failure stress and lower failure strain in the longitudinal direction than in the

transverse direction.

Figure2.23 shows the stresstrain curves for film C1 tested in bothelfitions.
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Figure 2.23 - Stressstrain curves for film C1 tested in tension in both directions

Film C1 displayed nearly identical behaviour in both directions. The curves closely resemblextiibgedby the

other films.

The final stresstrain curve is for film C2 tested in both directighggure2.24).
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Figure 2.24 - Stressstrain curves for film C2 tested in tension in both diretions

Film C2 showed less variation between the transverse and longitudinal directions than films A or B, but more than
film C1. Here, the film yielded and failed at slightly higher stresses in the longitudinal directions, but the difference

in ductility was less obvious.

Table 2.6 summarizes the average values of yield stress and failure stress and strain for the four films in both
directions, and compares them to the values provided by the manufaclurergield stresses weraken as the
values of the initial peaks of the curves. There are many ways to determine yield stress frestrainessrves, so

the manufacturersdéd values may have been determined usi |

Table 2.6 - Summary of tensiletestdata, with comparison to manufacturer data

Experimental Data Manufacturer Data
Break Yield Break Yield
Strain (%) Stress(MPa)  Stress(MPa) Strain (%) Stress(MPa)  Stress(MPa)
AL 363.93 69.69 28.02 425 46 22
AT 455.8 50.27 26.60 425 46 22
BL 388.12 69.73 25.92 250 41 -
BT 501.67 57.60 24.44 250 41 -
CiL 515.34 50.64 28.73 425 46 22
CiT 478.54 47.94 28.46 425 46 22
C2L 541.67 43.60 27.84 425 46 22
caT 641.05 42.71 26.75 425 46 22
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In nearly every case the measwd val ues were at | east as greatwhees t he m

the experimental data wel@wver werethe break strain dflm A in the longitudinal direction, and the break stress of

film C2 in both directions. However, these valuesevgose enough to state that the mechanical properties provided

by the manufactures are good design values for the films.
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Chapter 3 Viscoelastic andViscoplasticM odeling of ETFE

In elastic theory of material behaviour, no consideration is given tedependencéWhen a load is applied to an

elastic material, its initial strain response is directly proportional to the stress that has been applied, and increases
linearly with stress, in proportion to the elastic modulus, E. However, if the stress is held cfanstaperiod of

ti me, instead of the strain remaining at a constant v
continue to increase. The theory of viscoelasticity considers this time dependfésumelastic and viscoplastic

constitutive models have beeatevelopedto model the creep response of ETFE during the lab tests. This section

presents the basic theory behind these models as well as the actual models that were used.

3.1 Theory of Viscoelasticity

A linear elastic solid is a materialmh i ch t he stress at asafungiianiofrtite sttdina nd t i m

that point and ti me, O(X,t). A linear viscous fluid is
OU(X,t)/ Ot. 1t has nan efcepewhere iycan be éxprgsses in terche df e coreent strain

rate. Linear viscoelastic materials remember defor mat.i
O(X,U0) for all times U, up to and including t (Lockett,

Materiak are considered to be linear when the creep compliehtés independent of stress, meaning that it can be
described by the same curve for all stress levels. In practice, most maieclaliing ETFE are nonlinear, meaning
that the compliance is aiffiction of stress and a different curve is required to desgtiat each stress level, so

nonlinear models must be used to describe creep behaiomnad,Emery, Krishnaswamy, &uttle, 1992).

3.1.1 Spring and Dashpot Representations
Viscoelastic materialsann be modeled by combinations of spring and dashpot elenintbuilding up these

elements and considering the resulting behaviour, constitutive equations for viscoelastic materials can be developed.

A spring element is represented by a helical springsh@wn inFigure 3.1, which elongates by a certain amount u

when a tensile force P is applied to both ends.

—»! u %--—
O VVVVVV O |
|
|
|
+—O0— "\ \ "\ \NN—0C—>
P P

Figure 3.1 - Spring model (Flugge, 1967

This is the behaviour exhibileby an elastic bar itension. If the bar material isner-elastic, the stresstrain

relation is as follows:
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A (3-1)

where E is Youngbs modulus. This relationship is known

A dashpot elementshown inFigure 3.2, is represented by a piston moving inside a cylinder witherforated
bottom to prevent air from being trapped in it, and a viscous lubricant between the walls of the piston and the
cylinder. Because of the lubricant, a force P is required to displace the piston. The higher P is, the faster the

movement of theipton will be.

Figure 3.2 - Dashpotmodel (Flugge, 1967)

If the relationship between force and displacement speed of the piston is linear, then ittfakows

0 E-—. (3-2)

where Kk is a constant depending on the viscosity of the lubricant. Tension bars made of viscous materials will follow
a similar model, where the time rate of change of elongation d(el)/dt is proportional to the appliedHeirce.
deformation is entirely plastic, meaning that none of it is recoverable after the force is remaeechs of stress

and strain, this relationship is described by Equgi3e8).

£ & A—R (3-3)
AO
Viscoelastic materials behave in a way described by a combination of Equ&ibnand (3-3). There are many
ways to combine the biasspring and dashpot models to describe different material behaviour (Flugge, A967).
series of Kelvin slid elementsis the most common representation, and was the one chosen for the viscoelastic
model fa these tests. A single Kelvilgd element corists of a spring and dashpot connected in parallel, as shown

in Figure3.3.
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(a) (b)

Figure 3.3 - Kelvin solid model (Flugge, 1967)

Figure3.3 (a) is how a Kelvirelement is typically displayed, but in reality it behaves more like it is showigure
3.3 (b), such that the strain is the same for both the spring and dashpot (Flugge Al86&incan be formed by

any number of elementsmoected in serie§.he use of the model wilie discussed in more detail iecsion3.2.1

3.2 Modeling

The constitutive modimg procedureused herds based on tht developed by Hongtau Li(2007) for modeling

creep behaviour giolyethylene. The final constitutive equations and the basic modeling approach will be presented
in the following sections, but full derivations of the equations and explanations of the procedure can be found in
Li u 6 s Matdrial Madslling for Struairal Analysis of Polyethyle(2007).

3.2.1 ViscoelasticM odel

In a viscoelastic model, the material will experience an instantaneous elastic response as soon as it is loaded. The
strain will then continue to increase slowly until it reaches an asymptote,irrgsualta constant strain from that

point forward. The model is represented by Kelvin elements arranged in ssrigsownn Figure 3.4, where the

spring provides the elastic response and the dashpot provides the viscous response

Figure 3.4 - Kelvin chain (Flugge, 1967)
A material following this model would, if unloaded, experience an instantaneous recovery of the elastic strain,

followed by a gradual recovery of the remainingcaus strain.

For a constant stresg, the constitutivestrain equation for a viscoelastic material is

‘ P P 0
-0 » 6 6 P AQD ? (3-4)

where E is the elatic modulus of the material, determined from the initial linear portion of the creep amde

represents the time from loading, is represented in the model by the elastic modulus of the single spring. This
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model applies to N Kelvin elements, eachwwh i t s o wn ;ané definingrhatedahconstanfriEhe B
values correspond to the elastic moduli of the springs in each of the Kelvin elements, and the relaxation times are

equivalent taj/E;, whereq; is the viscosity of each dashpotmlent (Cheng, 208).

The relaxation times are selected for the model such that the entire time spectrum of the test is well represented.
Essentially, each Kelvielement will provide a strain curve to fit the data in the vicinity of its relaxation tintats
curve will be fairly linear prior to this point and will be constant afteFigure 3.5 illustrates the effect of different

relaxation times on straitime curves
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n 10000 20000 30000 0 40000 50000 &0000 70000 20000 20000 100000
Time (5)

Figure 3.5 - Effect of relaxation times on creep curves

Each of the above curves is fitted for only one relaxation time, but each curve from a through d has a higher
relaxation time than the las20, 400, 8000, and 160,000 seconds, respectivalyves a and bave very low
relaxation times with respect to the total time scale shown, and so become constant very quicklg. Hasrae
relaxation time partway along the time scale and exhibits an approximately linear gmitorto becoming
horizontal. Curve d haa relaxation time that is greater than the maximum time shown, so it remains linear for the
entire scalelf a series ofelaxation times are used togetherime function, the resulting curve will be capable of

reflecting the strain value accurately Atpmints in time.

For the creep data obtaineat ETFE, a fourelement Kelvin bain model was selected. One, two and tialeenent

models were also attempted, but these models failed to provide an accurate fit along all points of tiéheurve.
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threeelemrent model was usually a very good approximation, but in several casesdésuiegative values for one
ormoreofthe®s. Thi s, although mathematically possibl e, i s
would compress when placed in s@mn. Therefore, four elements were selected to avoid this scefidéo.

relaxation times chosen were 20 seconds, 400 seconds, 8,000 seconds and 160,000sEs@MT hese times

were selected because they cover the full 24 hour range of the creep tests and are concentrated at the lower end of
the time scale, where strain is increasing at a higher Tateexact values are more or less arbitrary, and multiple
possible options for relaxation times likely exist that will provide a reasonable fit for the data. r®searchers,

such as Cheng, Penlidis and Po(@kK10) have also suggested setting the relaxation times as parameters in the
model, which subsequently ¢t®mes nonlinear in the parameters. The relaxatioes would then be estimated

along with the other parameters usimaytlinear regressionThis approach is effective for providing a good fit to the

data for any time scale, but due to the necessary rigealved, it was notised for this thesis.

The remaining elements required to define the viscoelastic creep function for the tests are tioepstreknt
material constants, E. These were determined from the test datasEvaluated directly from ttedastic response
portion of the data curves as

%

A
. (3-5)

wherer is the instantaneous jump in strain that occurs at t=0. Thalkes were foundsing linear leassquares
fitting, in terms of their inverseg;=1/E. Following the mdtod outlined by Liu (2007), a set of simultaneous linear

equations can be created as follows:

! 1%} & (3-6)

where [A] is @ NxN matrix and {x} and {F} areNx1 vectors, defined by

) o ... . .
! A p A(ZJE)Z o A(ZJE)Z hHEE piB h (3-7)
and
& AQDO FE pM8 h 3-8
R % p Z p (3-8)

where-His the measured strain at timegtaind M is the total number of strain measurements taken during the

creep test.
An example of the curvétting procedure used to develop the viscoelastic models is givepgandixG.

3.2.1.1 Viscoelastic Modeling Results
A graph is presented here for each brand which shows the me&dhnedr creepdata at each stress and in each

direction, along with a fitted curve corresponding to each data set. IndiViitielcurves are showrin AppendixE.
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The severday curves follow the 2four curve, and are presented individually by stress level and dittirey

methodology

3.2.1.1.1 Film A 24 Hour Viscoelastic Models

Figure3.6 shows the fitted viscoelastic models for strain along witie measured strain data for film A tested at all

stresses
007 -
006 -
e 14 1P (T3
0.8 14 MPa(L)
E
E 004
% 12 MPa(T)
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Figure 3.6 1 Measured data and fitted viscoelastic curves foall 24-hour creep tests on film A
It is difficult to distinguish the measured curves from the fitted ones as the models provide a very close fit to the

data.

3.2.1.1.2 Film B 24 Hour Viscoelastic Models
Figure3.7 shows the fitted viscoela& models for strain along with the measured strain data for film B tested at all

stresses.
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Figure 3.7 - Measured data and fitted viscoelastic curves forlb24-hour creep tests on film B

Once again, thenodels provide an exceptionally close fit to the data, making it difficult to distinguish between the

measured and fitted curves.

3.2.1.1.3 Film C1 24 Hour Viscoelastic Models
Figure3.8 shows the fitted viscoelastic models for strain alomigh the measured strain data for film C1 tested at all

stresses.
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Figure 3.8 - Measured data and fitted viscoelastic curves forla24-hour creep tests on filmC1

The viscoelastic models also fit the G4ta very closely.

3.2.1.1.4 Film C2 24 Hour Viscoelastic Models

a000o 100000

Figure 3.9 shows the fitted viscoelastic models for strain along with the measured strain data for film C2 tested at all

stresses.
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Figure 3.9 - Measured data and fitted viscoelastic curves forlb24-hour creep tests on film C2

The C2 data aralso very well represented by the viscoelastic models.

3.2.1.1.5 Summary of Numerical Parametersfor 24 Hour ViscoelasticM odels
Tables 3.1 3.8 present the numerical parameters determined for the viscoelastic models shown above. They are

presented in order of brand, then direction.

Table 3.1 - Viscoelastic modeling parameters for 24 hour test on film in the longitudinal direction

Number of Kelvin elements: 4
U G G G
Stress Eo 20 400 8000 160000
E, E, Es E,
2 MPa 1,698.63 528,820.73 28,752.16 46,210.72 7,407.41
8 MPa 1,308.62 20,790.02 23,180.34 11,048.50 3,091.19
12 MPa 1,171.11 6,59631 10,031.10 1,923.08 564.97
14 MPa 1,148.17 7,501.88 2,341.92 708.72 605.33

101



Table 3.2 - Viscoelastic modeling parameters for 24 hour test on film A in the transverse direction

Number of Kelvin elements: 4
4 0] G G
Stress Eo 20 400 8000 160000
Eq =) Es =
2 MPa 1,417.14 14,952.15 1,443,418.01 23,696.68 10,695.19
8 MPa 1,227.72 82,712.99 17,448.96 11,865.21 2,092.05
12 MPa 1,168.89 5,330.49 28,074.12 1,285.18 439.95
14 MPa 1,115.68 5,656.11 1,704.74 630.52 493.58

Table 3.3 - Viscoelastic modeling parameters for 24 hour test on film B in the longitudinal direction

Number of Kelvin elements: 4
4 V) G G
Stress Eo 20 400 8000 160000
E: E, Es E,
2 MPa 1,600.00 58,754.41 36,995.93 19,204.92 8,396.31
8 MPa 1,181.10 9,794.32 12,347.20 4,666.36 904.16
12 MPa 916.26 6,939.63 914.91 501.00 572.41
14 MPa 500.28 1,160.09 593.47 669.79 623.44

Table 3.4 - Viscoehstic modeling parameters for 24 hour test on film B in the transverse direction

Number of Kelvin elements: 4
4 0} ) G
Stress Eo 20 400 8000 160000
E: Ez Es Es
2 MPa 976.38 28,490.03 1,499,700.06 16,079.76 6,765.90
8 MPa 1,017.81 14,259.23 12,065.64 4,528.99 659.63
12 MPa 986.95 6,123.70 587.20 293.86 1,014.71
14 MPa 707.30 300.48 368.46 710.23 492.13
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Table 3.5 - Viscoelastic modeling parameters for 24 hour test on film C1 in the longitudinal direction

Number of Kelvin elements: 4
4 0] G G
Stress Eo 20 400 8000 160000
Eq =) Es =
2 MPa 1,265.31 107,30765 53,191.49 35,663.34 14,130.28
8 MPa 1,223.24 11,540.68 30,892.80 15,923.57 6,357.28
12 MPa 1,200.00 7,923.93 11,617.10 3,041.36 523.29
14 MPa 802.55 2,464.88 3,591.95 751.31 398.72

Table 3.6 - Viscoelastic modeling parameters for 24 hour test on film C1 in the transverse direction

Number of Kelvin elements: 4
U1 U2 VK] U4
Stress EO 20 400 8000 160000
El E2 E3 E4
2 MPa 1,252.53 44,247.79 47,348.48 46,860.36 19,932.23
8 MPa 1,162.95 10,848.34 32,637.08 14,894.25 3,863.99
12 MPa 1,011.56 10,000.00 12,189.18 2,513.19 568.18
14 MPa 1,296.62 2,070.39 1,424.50 610.13 399.36

Table 3.7 - Viscoelastic modeling parameters for 24 hour test on film C2 in the longitudinal direction

Number of Kelvin elements: 4
4 0} ) G
Stress Eo 20 400 8000 160000
E: Ez Es Es
2 MPa 1,221.67 77,101.00 30,637.25 23,752.97 14,332.81
8 MPa 1,046.41 26,427.06 20,008.00 12,026.46 3,121.10
12 MPa 857.96 6,289.31 9,124.09 1,853.91 507.61
14 MPa 854.79 10,623.61 993.05 469.48 511.77
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Table 3.8 - Viscoelastic modeling parameters for 24 hour test on film C2 in the transverse direction

Number of Kelvin elements: 4
U G G G
Stress Eo 20 400 8000 160000
E: E, Es E,
2 MPa 1,158.88 47,147.57 22,815.42 32,637.08 9,5623.81
8 MPa 1,107.14 8,340.28 17,711.65 10,082.68 2,831.26
12 MPa 709.19 6,261.74 9,532.89 1,460.07 380.52
14 MPa 677.94 17,102.79 699.30 464.04 261.85

3.2.1.1.6 Seven Day Viscoelastic Models
Seven day creep tests were run on film C1 in the longitudinal direction at 2 MPa, 8 MPa and 14 MPa. As mentioned

previously, the results of the 2 MPa test were dominated by temperature effemtssstutive models were not
developedfor the data. However, the 8 MPa and 14 MPa tests were successful, and several metiexasdofoing
viscoelastic and viscoplastic models were attempted. The first viscoelastic modeling method ubevkiopiga

fitted curve based only on thest 24 hours of data, using the relaxation times used for the other 24 hour models,
and then extending the model for the rest of the time period. This modeling method provides an indication of how
well the models that werdevelopedased on the 24 hourezp tests will predict creep behaviour in the long term.

The results of this modeling method are shemfigure3.10 andFigure3.11.
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Figure 3.10 - Fitted viscoelastic model for C1 tested in the longitudinal directiomt 8 MPa for 7 days, based on first 24

hours of data

FromFigure3.10it can be seen that the model underestimates creep over the seven day period. AftealtBé initi

hours, the fitted curve begins to level off, but the measured curve continues to grow.
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Figure 3.11 - Fitted viscoelastic model for C1 tested in the longitudinal directiorat 14 MPafor 7 days, basd on first 24

hours of data

FromFigure3.11 it can be seen that the model overestimates the data. It provides a close fit for the initial 24 hour
period, but continues to increase at the same rate as the measured strain a Béfboai beginning to level off,
whereas the actual data begins to strain at a lower rate more quittklever, as the model appears to be
approaching a constant value, and the actual strain is increasing, if the curves were extended for a longedtime pe

they would probably meet and eventually cross, whereby the model would underestimate, treidBigure 3.10.

The second modeling method attempted was to once dga@topa model based on only the first 24 hours of data
but instead of extending the logarithmic equation over the full seven day time, jileeiciope of the fitted curve at
24 hours was calculated and a straight line was extended from this point using that slope. The results of this

modeling method are shm in Figure3.12 andFigure3.13.
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Figure 3.12 - Fitted viscoelasti¢linear model for C1 testedat 8 MPain the longitudinal direction for 7 days, based a first

24 hours of dataand a straight line
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Figure 3.13 - Fitted viscoelasti¢linear model for C1 testedat 14 MPain the longitudinal direction for 7 days, based on

first 24 hours of dataand a straight line
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This method greatly overestimates the seven day strain, because in reality the strain does not increase at a constant

rate after the first 24 hours.

The third and final viscoelastic modeling method that was attempted was to adjust the relaxatioo sinitethe
full seven day test period. The selected times were 980, 27,000, and 810,000 seconds, 30. The

corresponding models are shoimrFigure3.14 andFigure3.15.
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Figure 3.14 - Fitted viscoelasticmodel for C1 testedat 8 MPain the longitudinal direction for 7 days, based orfull 7 days

of data
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Figure 3.15 - Fitted viscoelasticmodel for C1 testedat 14 MPain the longitudinal direction for 7 days, based orfull 7

daysof data

This method darly gives the best fit to the full range of data. The applicability of all three methods will be

discussedurtherin section3.3.

3.2.2 ViscoplasticModel

In a viscoplastic model, the material experiences the same instantarsstigssélain as with the viscoelasthodel,
however the strairtontinues to increase after this point without ever reaching an asymptote. If the stress is
removed, the elastic strain will be recovered, but there will be a plastic portion of strain ithatnvain

permanentlyPowerlaw functions are therefore used to model viscoplastic materials.

The constitutive equatiofor the viscoplastic model applied to the ETFE creep data is the following pawer

function

-0 —~ ,00 (3-9)

where G and G are material constants used for modeling. To determine these conftartsnstitutive equation is

transformed into the following fan:

I1d o610 (3-10)
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which is a linear functionwherelnt and Ing¢(t)/0.-1/E;) are the x and y variables, respectively, i@ and G are
the parametrs which can be determined from linear leagtiares fittingAn example of the curvétting procedure

used to develop the viscoplastic models is giveigpendixH.

3.2.2.1 ViscoplasticModeling Results

As with the vicoelastic results, graphis presented in this section feach film brand, showing the results of the
24-hour creep tests at all stress levels and in both direcfidres corresponding fitted viscoplastic curves will be
shown on the same graphsdividual fitted curves are shown AppendixF. The severday curves follow the 24

hour curves, and are once again presented individually by stress level anfitingzeethodology.

3.2.2.1.1 Film A 24 Hour Viscoplastic Models
Figure3.16 shows the fitted viscoelastic models for strain along with the measured strain data for film A tested at all

stresses.
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Figure 3.167 Measured data and fitted viscplastic curves for all 24hour creep tests on film A
At the lower stress levels the fitted curves are a very close match to the data, but the 14 MPa models diverge

somewhat from the measured results.

3.2.2.1.2 Film B 24 Hour Viscoplastic Models
Figure3.17 shows the fitted viscofastic models for strain along with the measured strain data for film B tested at all

stresses.
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Figure 3.17 - Measured data and fitted viscofastic curves for dl 24-hour creep tests on film B
Once again, thenodels fit the creep data for the lower stresses well, but diverge from the creep data at the higher

stress levels.

3.2.2.1.3 Film C1 24 Hour Viscopastic Models
Figure 3.18 shows the fitted viscofastic models for strain along with the measured strain data for film C1 tested at

all stresses.
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Figure 3.18 - Measured data and fitted viscplastic curves for dl 24-hour creep tests on film C1

The visoplastic modelsfor C1 generally fit the data quite welbut divergence is still evident from the 14 MPa

results

3.2.2.1.4 Film C2 24 Hour Viscopastic Models
Figure3.19 shows the fitted viscofastic models for strain along with the meeed strain data for film C2 tested at

all stresses.
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Figure 3.19 - Measured data and fitted viscofastic curves for dl 24-hour creep tests on film C2

The viscoplastic models represent the C2 data weletower stresses, but at 14 MPa the modeled curves are

higher than the measured ones
3.2.2.1.5 2 MPa 24 Hour Viscoplastic Models

3.2.2.1.6 Summary of Numerical Parametersfor 24 Hour ViscoplasticM odels
Tables 3.9 3.16present the numerical parameters determined fovifoeplastic models showin Figures 3.16

3.19 They are presented in order of brand, then direction.

Table 3.9 - Viscoplastic modeling parameters for 24 hour test on film A in the longitudinal direction

Stress Eo Co C,;
2 1,698.63 2.25E06 0.348
8 1,308.62 1.75E05 0.251
12 1,171.11 3.48E05 0.326
14 1,148.17 5.92E05 0.353
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Table 3.10- Viscoplastic modeling parameters for 24 hour test on film A in the trasverse direction

Stress Eo Co Ci
2 1,417.14 2.97E05 0.139
8 1,227.72 4.48E06 0.384
12 1,168.89 3.81E05 0.346
14 1,115.68 7.83E05 0.336

Table 3.11 - Viscoplastic modeling parameters for 24 hour testmfilm B in the longitudinal direction

Stress Eo Co Ci
2 1,600.00 7.06E06 0.268
8 1,181.10 2.66E05 0.300
12 916.26 1.64E04 0.296
14 500.28 5.78E04 0.193

Table 3.12 - Viscoplastic modeling parametergor 24 hour test on film B in the transverse direction

Stress Eo Co Ci
2 976.38 9.05E06 0.2518
8 1,017.81 1.43E05 0.3653
12 986.95 2.54E04 0.2949
14 707.30 1.88E03 0.1365

Table 3.13- Viscoplastic maleling parameters for 24 hour test on film C1 in the longitudinal direction

Stress Eo Co C;
2 1,265.31 4.41E06 0.263
8 1,223.24 4.37E05 0.150
12 1,200.00 2.48E05 0.341
14 802.55 1.45E04 0.270
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Table 3.14 - Viscoplastic modeling parameters for 24 hour test on film C1 in the transverse direction

Stress Eo Co C,
2 1,252.53 1.25E05 0.171
8 1,162.95 4.40E05 0.164
12 1,011.56 2.35E05 0.351
14 1,296.62 2.05E04 0.266

Table 3.15- Viscoplastic modeling parameters for 24 hour test on filmC2 in the longitudinal direction

Stress Eo Co C,
2 1,221.67 7.03E06 0.253
8 1,046.41 1.43E05 0.268
12 929.89 4.50E05 0.330
14 854.79 7.25E05 0.369

Table 3.16 - Viscoplastic modeling parameters for 24 hour test on filmC2 in the transversedirection

Stress Eo Co C,
2 1,158.88 9.94E06 0.235
8 1,107.14 5.70E05 0.173
12 709.19 4.08E05 0.341
14 677.94 6.40E05 0.402

3.2.2.1.7 Seven Day Viscoplastic Models

The methods fodevelopingthe viscoplastic models for the seven day test reauitessentially the same as those
used todevelopthe viscoelastic seven day models. The first method weswelopthe model based on thigst 24
hours of data, then to extend the curve for the full seven day pértaaresults of this modeling method are shown
in Figure3.20 andFigure3.21.
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Figure 3.20 - Fitted viscoplastic model for C1 testedat 8 MPa in the longitudinal direction for 7 days, based on first 24

hours of data
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Figure 3.21 - Fitted viscoplastic model for C1 tested a4 MPa in the longitudinal direction for 7 days, based on first 24

hours of data
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For the 8 MPa test, this method provides a drastic underestimation of the seven dagastrawer for the 14 MPa

test, this method greatly overestimates the seven day.strain

Thesecond method was again to take the fitted curve for the first 24 hours of data, then to find the slope of the curve
at 24 hours and create a straight line with that slope for the remainder of the sevarhiday®thod resulted in the

following curvesin Figure3.22 andFigure3.23.
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Figure 3.22 - Fitted viscoplastic/linear model for C1 testedat 8 MPain the longitudinal direction for 7 days, based on fist

24 hours of data and a straight line
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Figure 3.23 - Fitted viscoplastic/linear model for C1 tested atl4 MPa in the longitudinal direction for 7 days, based on

first 24 hours of data and a straight line

Again, for the 8 MPa test, this model underestimates the seven day strain, but it is increasing at a greater rate than
the actual strain, so if the data were to continue on for a short additional time interval the lines would likely cross,
and the model wdd overestimate the strain from that point onwartise 14 MPa model once again greatly

overestimates the seven day strain.

The third method was to create the viscoplastic model based on the full seven days of data. The procedure was
identical to that desibed in sectior8.2.2 The corresponding fitted curves are showrfFigure 3.24 and Figure
3.25.
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Figure 3.24 - Fitted viscoplastic model for C1 testedat 8 MPain the longitudinal direction for 7 days, based on full 7 days

of data
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Figure 3.25 - Fitted viscoplastic model for C1 tested afi4 MPa in the longitudinal direction for 7 days, based on full 7

days of data
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For the 8 MPand the 14 MPadata, the fitted curve deviates from the measured results in a similar manner to the

other viscoplastic modetievelopedor the 24 hour data sets.

The applicability of these three modwaitechniques will also be discusdadherin section3.3.

3.3 Discussionof models

While the viscoelastic models generally provide good fits to the data at all stress levels, the viscoplastic models
provide good fits at low stes levels, but tend to deviate from the measured strain at higher stress levels. For the
data corresponding to higher stress levels, the relationship betweemd Ing(t)/0-1/E;) was often highly
nonlinear, so fitting the linear relationshipkguation(3-10) to the data resulted in a poor fit. For example, film A,
tested in the transverse direction at 14 MPa resulted in the relationswipehétt and Ing(t)/0.-1/E;) shown in
Figure3.26.

In(t)
'4 T T T T T 1
I 2 4 ] 2 10 12

5o

i
‘=
=
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& »
g -
= 03350 - 9.4545
" f=09871

Figure 3.26 - Relationship between In(t) and In¢/G-1/Eo) for film A transverse 14 MPa creep test

Perhaps a better method fottifig the data to a viscoplastic model would be to divide the above curve into
approximately linear segments, and fit a different linear relationship to each segmentreate the model using
nonlinear least squares fittinlm general, though, the viselastic models provide a much better fit to the creep data

in this time scale, so that is the recommended modelling technique.

Of the three viscoelastic modeling techniques for the seven day creep curves, only the third method, using relaxation
times tha cover the fullseven days of testing, providadclose fit to the data. Extending the 24 hour creep curves,
whether it is by using the 24 hour equation for the full seven day periatbv@iopinga linear relationship

extending from 24 hours to seven dagloes not give a good estimation of the seven day behaMethiod 1can
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either overestimate or underestimate the seven day strainprewidesinconsistent results herefore, viscoelastic
models based on 24 hours of creep data do not provide sequedlictions of long term creep behaviour. Models
developedased on relaxation times covering the full range of time over which creep is to be predicted provide very
close fits, but are not practical, as they require creep tests to be performedditirtiine scale of prediction, which

could be a very long time, in the range of ye&imilarly, of the three viscoplastic modeling methods, only the third
method provides a close estimate of the 24 hour strain data. However, as is the case for iisooelelng, a
viscoplastic model using the full time range to predict creep is not pradtisatiesirable to have a model which is
developedased on shotterm creep tests, but which can accurately predict-terg creep behaviouthis should

be the focus of future creep research on ETFE.

The rate of creep of the specimens slowed considerably by seven days, and would likely continue to slow beyond
that, possibly reaching a constant value at some point in time. ETFE therefore appears to haveiaaptgdom

viscoelastic response, indicating that a viscoelastic constitutive equation is the best approach to modeling. Longer
term tests would be required to determine the length of time it takes for the creep to slow to a point where it could be

consideredipproximately constant.his would indicate the optimal length of tests dewvelopingaccurate models.
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Chapter 4 Conclusions

Twenty-four-hour creep tests were performed on three brands of ETFE. Two of the brands, A and B, sware 50
thick, and the third brand C, had two thicknesses, C1, which wasr30ick and C2, which was 3@0n thick. All

films were tested at four stress levels, 2, 8, 12 and 14 MPa, and in both the longitudinal and transverss afirection
the material. Seveday creep tests were also performed on the longitudinal direction of film C1, at 2 MPa, 12 MPa
and 14 MPa. The sevatay tests were primarily done to determine hamguratelythe results of 24our tests can

predict longeiterm creep.

It is evident from he 24-hour creeptest results that ETFE films do exhibit short term creep under levels of stress
expected in structural applicatiorisis also evident that the amount of creep exhibited by the foils increases with
stress level. At 2 MPa, very little cyeatrain, in the range of several hundredths of a percent, occurs in 24 hours.
However, at 14 MPa, 24 hour creep strains reach values of several percent, an inaveas0ff times ér only

seven times the stress.

Differences were noted between the mwes of films tested in the longitudinal direction and the transverse
directions. In general, films tested in the transverse direction exhibited more creeprsiggialso exhibited more

strain initially upon loading, and therefore exhibited more titalin in 24 hoursAnisotropic mechanical behaviour

of ETFE films has also been observed by other researchers. Possible reasons for this relate to the extrusion process
of the films or to the molecular structure of ETFE.

The different brands of film alsshowed differences in creep behaviokitms A and C were extruded from the

same resin, and intended for structural applications, and as a result behaved very similarly. Films A and C1
experienced approximately the same levels of creep strain for thessarse levels, while film C2 experienced
slightly higher strain, but had creep cuswhat were of the same shapehasse belonging to films A and C1. Film

B, a general purpose film, generally exhibited higher levels of creep, and had creep curvesevbased at a
greater rate in the 24 hour test period than the curves of the other films.

Films C1 and C2 were extruded from the same resin by the same manufacturer, and were therefore identical in
everything but thickness. Film C2, the thicker film, alwaxperienced higher levels of creep strain than film C1.

This could be because the reduction in cisesstion was more pronounced for the thicker film, making the increase

in applied stress greater. This would lead to greater strains. It is possiblothtae same instantaneous stress
levels, both films exhibited the same true strain, but since original applied stress and engineering strain were

measured, the response of the films appears different.

Temperature effects were alstserved during the serrday 2 MPa creep test on film C1, when the heater
regulating the temperature of the test chamber failed, causing fluctuations in temperature over the course of the test.

Instead of the strain increasing continually with time, the strain instead incraadetbcreased as the temperature
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rose and fell, meaning that the effect of the temperature fluctuations had a greater impact on creep than the stress did

at this low stress level.

Constitutive models weralevelogd to represent the observed creep behaviblonlinear viscoelastic and
viscoplastic models were developed for each creepResthe 24 hour tests the viscoelastic models provideery

close representation tfie data in all cases. The viscoplastic models provided a good representatiorstiessw
levels, but often deviated from the results at the higher stress levels. For the seven didyeggtsodeling
techniques were usedevelopng a model based on only the first 24 hours of data, and extending it to cover the full
seven daysjevelgping a model based on the first 24 hours, then using a linear relationship to model the remainder
of the seven days, armkvelopng a model based on the full seven days of data. In both the viscoelastic and
viscoplastic cases, the first and second modeéngniques failed to provide an accurate representation of the seven
day strain. The third technique provided a cffis® the full seven daysf strain This indicates that the models that

have beerdevelogd based on the 24 hour creep data are ndicapfe for predicting long term strain. The third
technique provides a good estimation, but requires experimental creep data for the full length of time for which the
prediction is to be made, and this is impractical for long time sddl@sever, the seanday data shows that the
creepof ETFE follows more closels viscoelastic model than a viscoplastic model, with strain slowing and possibly
approaching an asymptote after a period of time. Viscoelastic madetherefore the most appropriate choiae fo

representing creep behaviour of ETFE

Tensile tests were also done on the ETFE filmgeneral, the films yielded and failed at higher stresses in the
longitudinal direction than the transverse direction, but were more ductile in the transverse dikeetiage yield
stresses for all the films ranged from 24 to 29 MPa, and average failure stresses ranged from 42 toThe MPa.

results were close to those provided by the manufacturers.
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Chapter 5 Recommendations

Based on the findings of this thesis the followitgpsare recommended for future work. They are organized by

those related to testing and those related to modeling
Testing:

1 Basal on the results of the seveay 2 MPa test where the temperature fluctuated unintentionally, the
strain of ETFE foils is hidly sensitive to variations in temperature. Past research in temperature effects has
mainly focussed on performing each test at a different, but constant temperature. Future research should
include constant load tests done at fluctuating temperaturesarsimilvhat would be experienced by ETFE
cushions used in outdoor applications.

1 More research should be done on the effects of very low temperatures on the mechanical behaviour of
ETFE films, so that applications can extend to new colder areas, such d@sa @adaNorthern Europe.

1 More longterm creep tests should be done, such as 1000 hour tests, as recommended by ASTM D2990.

These will provide a better indication of whether strain approaches a constant value after a period of time.
Modeling:

1 The findings ofthe creep tests, particularly the 24 hour viscoelastic models, should be input into a finite
element program used for designing ETFE cushions so thattshorticreep behaviour can be taken into
account in design.

1 A model should be developed based on steem data which can accurately predict the long term creep
behaviour of ETFE filmA viscoelastic model appears to be the best choice forTthis.model should be
implemented into a finite element program so that toergn creep can be accounted foiriitial design.

1 A model should bealevelogd using nonlinear regression to estimate all the parameters including the
relaxation times, as per Chget al. (2010) This would allow for different time scales to be considered
using the same basic modelingheifue, and could possibhssist in developing a model to accurately

predict longterm behaviour.
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Appendix AT Individual Creep Curves for Film A
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Figure A. 1 - Strain vs. time for film A subjected to 2 MPa in the longitudinaldirection for 24 hours
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Figure A. 2 - Strain vs. time for film A subjected to 8 MPa in the longitudinal direction for 24 hours
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Figure A. 4 - Strain vs. time for film A subjected to 14 MPa in the longitudinal direction for 24 hours
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Appendix BT Individual Creep Curvesfor Film B
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Appendix C 1 Individual Creep Curves for Film C1
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Appendix DT Individual Creep Curves for Film C2
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Appendix E T Individual Viscoelastic Models
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