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Abstract

Softening the environment

In this work, the strain-rate dependent tensile strength of membrane materials made of pure
PTFE-fabric were analyzed. Strain-rates were determined by assessing the dynamic structural
response of an umbrella membrane with 53 m span based on numerical FEM simulations. The
evaluation of 5%-tensile strength fractiles from tests using various testing velocities show a
notable increase of up to 1.3-fold compared to standardized testing methods. For the tensile
tests clamping-methods were developed to prevent the gliding of the PTFE-testing-strips out of
the clamps. They were successfully tested up to a loading limit of 8 kN and a loading rate of
500 mm/min. Overall, this is the first study showing a high potential of tested PTFE-fabrics for
using the material beyond its standardized tensile strength and furthermore the demand for more
detailed analyses especially in view to the definition of strain-rates for other construction types.
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1. Introduction
Textile membrane structures containing PTFE-fabric provide particular mechanical properties
such as high tensile strength. These uncoated PTFE-fabrics are preferred for membrane
structures and particularly for special constructions like convertible roofs where high demands
on the durability is required. However, their main disadvantage is their high market price
compared to alternative membrane products. The price of the membrane material is closely
related to the thickness of the chosen fabric which again is the result of the dimensioning of the
membrane structure for the decisive load case. Membrane structures have in common that wind
load is always the decisive case. Specifically, the gust wind is usually used to be applied on the
structures for dimensioning. Considering the fact that gust wind is a short-time and strong wind
load, the PTFE-fabric was investigated against its potential of increase of strength for a testing
speed corresponding to the gust wind. An increase in strength under higher load speeds is
already known for several other materials. Therefore, strain-rates were determined by dynamic
structural analysis of an umbrella with 53 m span based on time-dependent cp-values out of
wind tunnel tests. The structural response provided strain-rates for decisive areas in membrane
from which the loading rate was determined to 500 mm/min. This rate was used for the strip
tensile tests, so that the loading rate corresponds to a short-term gust effect. For comparison
reasons the tests were also performed with a loading rate of 100 mm/min according to DIN EN
ISO 13934-1.

2. Properties of PTFE
Polytetrafluorethylen (PTFE) is a non-branched, linear, partially crystalline polymer made from
fluorine and carbon and belongs to the polyhalogenolefines. The material is categorized as
thermoplastic resin but also shows properties of a duroplastic resin. The fluoropolymer consists
of carbon chains which are almost completely hermetically shielded by a helical arrangement
of fluorine atoms and exhibites a very compact construction. As a result of these properties in
combination with the characteristic strong connection between fluorine atoms and carbon atoms
PTFE offers the highest chemical and thermic resistance among all synthetics. The material is
resistant even against aqua regia. One very characteristic property of PTFE is its very low
coefficient of friction which is known to be about 0.09. Here it becomes apparent, that the main
challenge will be to prevent the specimens from sliding out of the clamps. Two other special
characteristics of PTFE are a pronounced creep under tension and an anomaly of thermal
expansion coefficient which is to be observed especially at a temperature of 19°C. The latter is
attributed to a crystallization from triclinic to hexagonal (figure 1 and 2) which leads to an
increase in volume of about 1% and a nonlinear relative length change. The creep behavior of
pure PTFE is a non-desirable characteristic and needs to be minimized. Therefore PTFE fabrics
are modified in the type of weave. Herewith the creep in material can be reduced so far that the
suitability for practice is given.
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Figure 1: Hexagonal crystal (> 19°C)

Figure 2: Triclinical crystal (< 19°C)

3. Numerical simulation of strain-rates from the membrane of U53
3.1. Reference project U53





Figure 3: Reference project U53

Softening the environment

To perform the tensile tests which shall be equivalent to a gust load the according testing speed
needs to be determined. The herefore used model is the dynamic analysis of an umbrella with
53 m span (figure 3). The dynamic response of the structure provides strain-rates which can be
transferred to a loading speed related to the length of the regarded specimens. This reference
project provides an area of 2500 m² and an eaves height of 30 m. The umbrella was developed
to protect the piazza of the Great Mosque of Mecca – United Kingdom of Saudi Arabia - from
direct sun radiation and therewith to ensure a climatic comfort [Bradatsch].



There are already measurements out of a comprehensive investigation of wind tunnel tests for
the membrane of U53, which gives time-dependent cp-values with a distribution over the
membrane surface which are used for the following dynamic simulation of the umbrellamembrane. Thereby the wind load as a product of wind pressure and cp-value needs to be
applied to the FEM-model according to the distribution from the wind tunnel test model.
3.2. Simulation of the dynamic structural response
The analysis of the dynamic structural response is made with the program modul ASE 2016
from SOFISTIK AG. ASE calculates the structural response of three-dimensional finite element
models. In this work the structural system consists of the membrane itself which is supported
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at the points where the connections to the steel part are used to be. The membrane surface as
well as the belts in the membrane are created as three-dimensional elements. The membrane is
modelled as a homogeneous material with anisotropic and nonlinear material properties and the
section forces are determined according to 3rd order theory (figure 4).







Figure 4: Base of dynamic analysis

The dynamic analysis is based on the time-dependent cp-values that are calculated with a direct
time integration according to the Newmark-Wilson-Method and provides the time-dependent
section forces for the structure. From the resulting data, the strain-rates can be specified with
the formulas (1)-(4). To transform the strain-rate into a speed, only those values are considered
which occur beyond the design resistance values of the membrane material. Given the fact that
with low membrane forces the strain-rates are higher, a conservative average value of the strainrates near to a peak is obtained.
𝑑𝑑𝜀𝜀̇𝑥𝑥,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑑𝑑𝑑𝑑𝑥𝑥,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⁄𝑑𝑑𝑑𝑑

(1)

𝑑𝑑𝑑𝑑𝑥𝑥 = 𝑑𝑑𝑑𝑑𝑥𝑥 ⁄ 𝐸𝐸𝑥𝑥 

(3)

𝑑𝑑𝑑𝑑𝑥𝑥,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑑𝑑𝑑𝑑𝑥𝑥 − 𝑑𝑑𝑑𝑑𝑥𝑥(𝑦𝑦) 

(2)

𝑑𝑑𝑑𝑑𝑥𝑥(𝑦𝑦) = 𝑑𝑑𝑑𝑑𝑦𝑦 / 𝐸𝐸𝑦𝑦 ∗ 𝜈𝜈

(4)

The velocity per time step can be determined for a given length with (5). Therefore the length
of the specimens is applied to 200 mm which is chosen according to DIN EN ISO 13934-1.
𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑑𝑑𝜀𝜀̇𝑥𝑥,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

(5)

The arithmetic mean in a chosen range gives the testing speed and is determined to 512 mm/min.
A rounded testing speed of 500 mm/min is set for the strip tensile tests.
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4. Mono-axial stiffness behaviour
4.1. Aim

Performance and reliability of soft materials

With the dynamic structural analysis, a constant young`s modulus is estimated. In order to
justify the assumption that the loading speed has no influence on the material stiffness and
therewith to ensure the quality of the dynamic structural analysis, mono-axial stiffness tests are
performed. At the same time different temperatures around the temperature for crystallization,
which is 19°C, are applied to observe if there is an influence on the stiffness when the crystal
shape is subject to change from triclinic to hexagonal, as described in chapter 2. The stiffness
tests were carried out at the University Duisburg/Essen in Laboratory for Lightweight
Structures (ELLF) by testing four different pure PTFE-fabrics applying varying load speeds and
temperatures.
4.2. Evaluation of the measurement results

Softening the environment

An evaluation of the measurement results showed that the stiffness behavior of pure PTFEfabric is rather stable against the tested load speeds and temperatures. The young`s modulus
varies by a factor of maximum 1.3 which is assessed to be insignificant. The tests were
conducted in a mono-axial mode. Hence, the values can only be considered as an orientation to
evaluate the material’s behavior in general. In order to calculate the actual young`s modulus,
biaxial tensile tests need to be conducted. As a consequence, the factor of deviation would
decrease even further. However, this conclusion shall be treated with caution due to the low
number of tests been conducted and the load speeds which are distinctly lower than those of
further strip tensile tests. Nonetheless they can be adopted as a preliminary assessment for the
aim of this study. To specify the strain-rate and temperature dependent stiffness behavior of
pure PTFE-fabric in greater detail, more extensive research with a higher number of specimens
and higher load speeds needs to be done.

5. Mono-axial tensile tests – strip method
5.1. Aim
A preparatory study in chapter 3 provides the load speed determined for specimens equivalent
to a load speed caused by a gust wind. In this chapter strain-rate dependent tensile strengths are
examined for the provided testing speed of 500 mm/min and as reference with the standardized
testing speed of 100 mm/min. It is expected, that higher strain-rates will cause higher tensile
strengths, which further means that manufacturers’ specifications, based on the standardized
testing speed, might be exceeded by this new approach.
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5.2. Definitions
Usually force elongation graphs are generated for tensile tests, where all relevant phases during
the entire testing period are illustrated. They all have similar curve characteristics in common.
Hereby essentially three phases, which are typical for force-strain curves of pure PTFE-fabrics,
can be defined according to figure 5. In phase I the fibers in the fabric, which typically have a
waviness are straightened from the beginning of loading until phase II, also known as
construction stretch. In phase II the fibers are fully straightened and the actual elongation of the
fibers begins. During phase II, where the force-strain curve shows an approximately linearelastic course, the material reaches its maximum tensile force and corresponding maximum
tensile elongation in the graph peak. With phase III fibers begin to tear, which leads to a
decrease of force in the strip until the breaking force and corresponding elongation at break is
reached.

III
Phase I: construction stretch
II

Phase II: actual elongation + tensile strength
Phase III: fiber tear + breaking force

I

Figure 5: Definitions for typical force-elongation curve related to PTFE-fabric

A further term is a jaw break in tensile tests. This is the case, when specimens break up to 5
mm close to one of the clamping edges. These tests need to be excluded from the evaluation of
measurements according to DIN EN ISO 13934-1 and be repeated until the tear occurs
optimally in the middle of the strip or more than 5 mm from the clamping edges away.
5.3. Test setup
5.3.1. Tensile testing machine and clamping systems
The tensile tests with the strip method were conducted in the laboratories of the Institute of
Building Structures and Structural Design (ITKE) at the University of Stuttgart with the tensile
testing machine Zwick/Roell Z 100. For measuring the actual elongation in the specimens with
high precision, an extensometer was used. Initially, the suitability of the clamps was examined
within test runs which showed that even with various clamping surfaces, either a jaw break or
sliding out of clamps occurs. Regarding the test realization, PTFE-fabric has the disadvantage
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that its very low coefficient of friction is a challenge to holding the specimens during the tensile
test and preventing them from sliding out. On the other hand, too rough surfaces of clamping
jaws, like sand paper, causes jaw breaks. Based on this knowledge new clamping systems were
developed with the aim to prevent sharp edges in the clamps by using a bolt for an evenly
transmission of force into the strip ends. Especially further clamping systems with more than
one bolt based on the principle of a pulley were tested successfully. Their big advantage is the
halved tensile force in strip ends which avoids jaw breaks exceptionally when testing stronger
materials with higher tensile strengths and therewith more concentrated tensile force in the
clamps. The clamping systems were tested successfully up to a maximum force of 8 kN and a
maximum testing speed of 500 mm/min. Following figures 6-8 show the used clamping systems
implemented in the tensile test machine. The associated sketches to the right hand side give an
overview of the setup.

Aluminum profile
Bolt M12

Softening the environment

Clamping jaws





Figure 6: Clamping system 1



Hollow steel profile
Bolt M5
Aluminum profile
Bolt M10



Figure 7: Clamping system 2
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Bolt M20
Bolt M12



Figure 8: Clamping system 3

Hollowsteel profile



5.3.2. Conformity check for clamping systems

To prove the comparability among all measurements by the use of three different clamping
systems a conformity check was carried out. All three clamping systems were tested once with
the same material and fiber direction as well as the same testing speed. Figure 9 shows the
resulting force-elongation curves which prove a high comparability with each other. Thus,
hereinafter all measurements will be considered equivalent.

Figure 9: Conformity check for clamping systems
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5.3.3. Tested Materials
Four pure PTFE-fabrics from the manufacturers C. Cramer GmbH & Co. KG (CCC) and Sefar
Holding AG with differing weaves and grammage were tested as listed in table 1.
Table 1: Properties of tested materials
Grammage [g/m²]
310
770
340
550

Weave
Twill
Special
Panama 2-2
Linen 1-1

Performance and reliability of soft materials

Tested material
SUNWEAVE CCC 216 (CCC)
SUNWEAVE CCC 222 (CCC)
EL-40-T1 (Sefar)
EL-35-T2 (Sefar)

The strips were prepared according to DIN EN ISO 13934-1. For all materials and fiber
directions a minimum of 5 specimens were tested for the standardized testing speed of 100
mm/min and a minimum of 3 specimens were tested for the testing speed of 500 mm/min
depending on the available amount of testing material.
5.4. Test results and evaluation

Softening the environment

For evaluation, only valid tests were considered. Figures 10-12 show one unloaded and same
loaded strip for the standardized testing speed and one strip for the testing speed 500 mm/min
which picture valid tests.

Figure 10: Unloaded strip

Figure 11: Loaded strip – 100 mm/min

Figure 12: Loaded strip – 500 mm/min
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Following figures 13-16 are showing the force-elongation graphs for the materials
SUNWEAVE CCC 216 and EL-40-T1. For comparison the curves for both testing speeds are
presented together for each case.

500 mm/min

500 mm/min

100 mm/min

100 mm/min

ͳ͵ǣʹͳȋȌ



ͳͶǣʹͳȋȌ

500 mm/min

500 mm/min

100 mm/min

100 mm/min



ͳͷǣǦͶͲǦͳȋȌ

ͳǣǦͶͲǦͳȋȌ





A statistical evaluation of the test results according to DIN EN 1990-1 (appendix D) provides
the 5%-fractiles and therewith the characteristic value for tensile strength. Comparing these,
factors are created to clarify the increase in strength due to these two different load speeds. The
following table summarizes the factors with the maximum increase being a factor of 1.3.
Table 2: Factor of increase for tensile strengths
SUNWEAVE
CCC 216
warp

SUNWEAVE
CCC 216
weft

EL-40-T1
warp

EL-40-T1
weft

1.2

1.1

1.3

1.3
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It can be observed, that the material EL-40-T1 with a weave-type Panama has a higher increase
than the material SUNWEAVE CCC 216 with the weave-type Twill. Other than that, both
materials have a comparable grammage and have no further significant differences. This can be
explained with the fact, that the PTFE-fibers in fabric are sensitive against perpendicular
compression which is closely linked with the type of weave. While the fabric with a structured
weave undergoes relatively early a perpendicular compression, the material EL-40-T1 with a
more simple form of weave reaches a higher tensile strength because of the later occurrence of
perpendicular compression. This phenomena appeared also while developing the clamp system
2 by an occurrence of press between bolt and aluminum profile. Nevertheless it can be
summarized that all materials show a considerable increase in tensile strength which makes a
more comprehensive investigation interesting.

6. Conclusion

Softening the environment

In this study the strain-rate dependent tensile strength of pure PTFE-fabrics was analyzed taking
into consideration, that membrane structures underlie the design relevant gust wind load. This
load causes higher strain-rates than the recommended testing speeds from the ISO standard for
determination of the tensile strength of fabrics. For comparison both, the standardized testing
speed and a testing speed in accordance to a gust wind, were carried out. The evaluation of the
test results give ground to the expectations and deliver factors for increase of the characteristic
tensile strength (5%-fractile) up to 1.3 towards the results based on standardized testing speed.
However this knowledge serves as a basis for a first evaluation and needs further investigations.
The determination of strain-rates is based on one reference membrane structure with boundary
conditions as the membrane geometry, degree of pretension, existing belt elements and others
which apply only for this system. To achieve more general conclusions for the strain-rate
dependent tensile strength of pure PTFE-fabric a more extensive research needs to be done.
Here we especially recommend tests based on various systems to investigate the range of strainrates for main system boundary conditions, as well as a higher number of specimens for the
conducted tensile tests.
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