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6
Examples of pneumatic structures and material models for
membranes

This chapter is divided in two main topics: material models for membranes
and static analysis of pneumatic structures. Initially uniaxial and baxial numericd
examples of Ethylene tetrafluoroethylene (ETFE) strips using the material models
described and validated in chapter 3 will be presented. The numericd results are
compared with experimental data. The secondexampleisabiaxial test of the ETFE
strip modeled with the PD-NURBS material model presented in chapter 4.

A pneumatic structure based in the experimental analysis of theinflation o a
circular membrane ae numericdly analyzed. The material of the drcular membrane
isalso the ETFE, which is modeled with the material models of chapter 3.

Analysis of an ar cushion with one and two chambers for linea elastic
material and pressure-volume wupding are dso presented and the results are
compared. Finally resultsfor ared size pneumatic structure aushion are presented.
By this model, the PD-NURBS materia and the pressure-volume wuging are
considered. Cutting pattern generationis also performed.

6.1
ETFE—Foils

Growing use of ETFE—Foil sin preumatic structures has motivated the gopli-
caion d the material models presented in this work to ETFE membranes.

ETFE isapdymer classfied as a semi-crystalli ne thermoplastic. This type of
polymer is more resistant to solvents and ather chemicads.

Ethylene tetrafluoroethylene consists of monamers of Ethylene (C,H,4) and
Tetrafluorethylene (C,F,4). When these monamers are submitted to moderate tem-
peratures, presaures, and in the presenceof a cdalyst, they poymerizes:

H H F F H H F F
\ / \ / polimerization I I I I
c=¢C + c=¢cC _— c—c—c—¢C
/N /N HOHOFF

H H F F

Figure 6.1: Etylene Tetrafluoroetylene chemicd structure

In 1970an ETFE material was produced for the first time by DUPONT™
with the name Tefzd®. The feaures of Tefzd® are described in the Properties
Handbook[54].
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According to Robinson-Gayle & al. [80], ETFE was first used as a roofing
material in a 200 bulding in Burgers Zoo, Arnheim in the Netherlands in 1981
It has subsequently been used in various buildings predominantly in the United
Kingdam and Germany.

The lightweight of the ETFE foil i s one of the most important feaures that
motivate its use in structural buildings. Moreover, it has been used more often in
roofs, resultingin low cost for the foundation. Beyondthis property of lightweight,
ETFE has many other advantageous properties. Tanno[81] listed some:

— Nonstick charaderistics makingit virtually self-cleaning with littl e need for
maintenance.

— Goodtranslucency and light transmisson qualiti esin visible and UV ranges.

— Can be oated to help further in the control of hea and light transmisson
properties.

— Excdlent thermal control properties can be adieved through multi-layer
foil s.

— Extreme resistance to weahering and excdlent resistance to solvents and
chemicds.

— Excdlent charaderistics for fire anergency situationsin roofs and atria.

— Linea élastic behavior upto 20MPa and high elongation without damage.

The translucency property is advantageous, because it all ows the utili zation
of natural light, reducing the use of artificial light. Another property related with
resource wnsumption and commented by Robinson-Gayle d al. [80] is the anti-
adhesive nature of ETFE. This property means that roofs and atria neal to be
cleaned lessfrequently. Thisleadsto areductionin the st of detergents and water
to maintain the buil ding.

Regycling is other charaderistic that is important in terms of sustainability.
Robinson-Gayle & al. [80] points out that once the material is clean it can be
regycled by heding it to its oftening temperature. The softening temperature of
an ETFE islow so thisis not a very costly operation. The recycled ETFE can be
added into the hopper with virgin ETFE.

Figures 1.5 and 6.2 show some examples of cushion structures with ETFE-
foils. The flexibility to crede structural forms with this materia is highlighted in
these examples.
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Figure 6.2: Eden Projed in the United Kingdan

6.1.1
Material Behavior

Barthel et a. [82] caried ou biaxia experimentswith ETFE—foil sand found
that the results in bah diredions show a largely matching material mechanicd
behavior, in other words, the material behaves aimost isotropicdly. Galliot and
Luchsinger [53] performed tensile tests at many angles (15°, 30°, 60° and 79)
and also gave similar results. The aurves are identicd and small variations appea
in the nondinea domains. They concluded that the extrusion process does not
significantly affed the material behavior and that ETFE—foil s have dmost isotropic
behaviour. Because of this, in the present work the assumption o isotropic behavior
will be adopted.

A linear elastic
/ linear viscoelastic

non-linear viscoelastic

Stress

necking region

plastic flow

>

Strain

Figure 6.3: Stressstrain curve of sami—crystalline thermopladic materia with schematic
represetation o the tensile gpedmen in different steps (source Ehrenstein [83)])

Ehrenstein [83] shows in his work a typicd stress-strain curve of semi—
crystalli ne thermoplastic material and this curve is presented in figure 6.3. In the
present work two phases are considered: linea elastic and elastoplastic.

Figure 6.4 showsthetensil e and compressve stress-strain curvefor the ETFE
material at atemperature of +23°C. The ETFE used in buldingsisthe Tefzd ®200.
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Figure 6.4: Stress-strain curve: (a) tensile dressvs. strain and (b) compressve dressvs.
strain (source PropertiesHandbook d Tefzd ®[54)])

6.1.1.1
Temperature influ ence

Moritz [15] caried ou biaxial experiments in the propation o 3:1 for
different levels of temperature (-25°C, 0°C, +23°C and +35°C). Figure 6.5 presents
the results of these experiments. The material is the ASAHI®FLUON ETFE NJ
(thickness = 25Qum). The right side of the aurves (positive strain) are the stress
resultsin axis | and the left side of the aurves (negative strain) are the stressresults
inaxisll.
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Figure 6.5: Stress-strain curvesfor cyclic ted: () -25°C, (b) 0°C, (c) +23Cand(d) +35°C

(source Moritz [15])
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The temperature influence by this material i s clealy observed infigure 6.5. In
figures 6.5(a), 6.5(b), and 6.5(c) the resultsfor the gyclic loadingtest havereversible
strain and stress indicaing elastic behavior. For the temperature of +35°C (figure

6.5(d)) aresidua strain is observed, indicaing pastic behavior.
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Figure 6.6: Yield stress ad strain versus temperature performed by Moritz [15]
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Figure 6.7: Ted curvesfrom DUPONT ™ [54]: (a) tensile drength vs. temperature and (b)

ultimate donggtion vs. temperature
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The experiments of Moritz [15] demonstrate that with temperature raise the
yield stressdeaeases and the plastic behavior becane more evident. These results
areshownin figure 6.6.

Figures 6.7(a) and 6.7(b) highlight the dependenceof the material behavior on
the temperature. The results of interest are those of the Tefzd ®200. Figure 6.7(a)
demonstrates the deaease of the tensil e strength as the temperature increases. For
the ultimate dongation the value increases as the temperature increases.

100°C, 5.5 MPa
(212°F, 800 psi)

100°C, 2.8 MPa
(212°F, 400 psi)

23°C, 13.8 MPa
(73'F, 2,000 psi)

Strain, %

2 - 23°C, 6.9 MPa
(73°F, 1,000 psi)

0 1 10 100 1,000 10,000
Time, hr

Figure 6.8: Creep ted in DUPONT ™ Tefzd 200 Flexural [54]

Figure 6.8 presents the aeep test for Tefzd®200 for two values of temper-
ature (+23°C and +100°C). It is observed that cregp deformation increases with
temperature.
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Figure 6.9: Poisn ratio versus dress for different values of temperature (source
Moritz [15])

The dependency of the Poisson ratio with stressfor different values of tem-
perature is shown in figure 6.9. For low temperatures the Poisonratio can be con-
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sidered constant, but for higher temperatures the variation o the Poison ratio with
stress sioud be cnsidered.

6.2
Uniaxial and biaxial test by ETFE—foils

Based on the results and tests described in the previous fdion, numericd
models based in finite dement method are developed to fit the material parameters
for the constitutive model of ETFE.

The mesh used for the uniaxial and hiaxia tests is a redanguar membrane
presented in figure 6.10. This mesh has 441 nocks and 400 qadrilateral linea
elements. In figure 6.10 are presented the boundary condti onsandthe goplied loads
for this model. These examples are symmetric, therefore one quarter is model ed.
The material properties are presented in table 6.1. These properties were extraded
from the work of Galli ot and Luchsinger [53]. The von Misesyield criteriais used
in the dastoplastic model and a bili nea curveisused in the plastic phase due to the
significant change in the hardening modu us observed experimentally.

The analysisis caried ou with the aclength control and an equivaent nocal
forceis applied onthe both edges.

TFy

250mm

VLX

Figure 6.10: Medh, geometry and boundry condtions for the biaxia ted

Table 6.1: Material propertiesof ETFE—foils

Youngsmoduus (E) 110MPa
Poisonratio (v) 0.43
First yield stress(o,) 16MPa
First hardening moduus (K1) 160MPa
Seoond yield stress(oy,) 27MPa
Seoond hardeningmoduus (K;) | 80MPa
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6.2.1
Uniaxial test

30 1 | 1 | 1 | 1 | 1 | 1 | 1 | | | 1 | 1 I 1

Stress (MPa)

m—a Numerical - small strains
&—e Numerical - large strains
----- Experimental

L LI LA BRI L L
4 5 6 7 8 9 10 1
Strain (%)

Figure 6.11: Stressversus drain for small and large drains

For the uniaxial test the force in the x diredion (Fx) is st to zero and the
forcein they diredionis incrementaly increased. The results of the uniaxia test
for large and small strains are presented in figure 6.11. The results are the same for
small and large strains in the dastic phase, because the strains are till small. The
difference in the results for small and large strains are large & expeded ornce the
small strainsrage has been largely exceaded.

6.2.2
Biaxial test

The biaxia test is analyzed for two load path with ratios: 2:1 and 11. In
the cae of propation o 2:1, it was applied the doulde of the force in the y
diredion. The results for the numericd models are shown in figures 6.12 and 6.13.
In bah figures it is observed that the result with large strain model are doser to
the experimental data. The difference between the resultsfor small strainsandlarge
strainsare dso naicedle asthe uniaxial test showed previously.

These results how the importance of considering large strains in the formu-
lation for thistype of material.
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Figure 6.12: Stressversus drain for experimenta reaults and numericd results with small
and large grains for the biaxial |oading in the propation o 1:1
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Figure 6.13: Stressversus drain for experimental results and numericd reaults with small
and large grains for the biaxial loading in the propartion o 2:1

6.3
ETFE-Foil modeled with PD-NURBS

This example shows the gpplicaion o PD-NURBS presented in chapter 4 to
model amaterial making use of the avail able experimental results. The experimen-
tal results used to generate the NURBS surfaces are thase of the biaxially loaded
ETFE—foil under two loading programs ratios of applied force 1:1 and 21 pre-
sented in the work of Galli ot and Luchsinger [53]. The avail able experimental data
is not enoughto generate good NURBS surfaces. In order to oltain a point cloud
data necessary for the generation o the NURBS surfacedata points based onthe
von Mises elastoplatic material formulation will be used. Figure 6.14 shows the
experimental data points represented by the filled circles and the atificial ones by
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hall ow squares. In thisfigure the gap between the paints of the experimental test is
observed. With this data points, NURBS surfaces in principal diredions for stress
and strain are generated and figure 6.15 shows the NURBS surfacein conjunction
with the experimental data points.

~10—|

—20=!

0.12 01

E2 : 0.02

0
0 _o02 -002

Figure 6.14: NURBS surfacewith experimental data

There is a dependence of the material model formulation with the size of the
NURBS surfaces, in ather words, inpu strains outside the NURBS surface do nd
generate output stressresults. In these regions artificial data is used to supgy the
stresses and strainsinformation.

Infigure 6.15is observed that the experimental datapointsare onthe NURBS
surfaces.

Thetestiscaried ou for two load ratios 1:1 and 21 asit was presented in the
previous dion. Geometry and mesh are the same used in the previous example.

6.3.1
Results

For both load ratios, the results are compared with the experimental results
of Galli ot and Luchsinger [53]. Table 6.2 shows the relative aror of the numericd
model with PD-NURBS material for stressand strain results. The eror iscdculated
taking the experimental results as reference based onthe foll owing

NURBS result — Experimental result
Experimental result '
Table 6.2 shows that the aror with the PD-NURBS material for the biaxial
test for load ratios of 1:1 and 21 is gnall compared to the experimental results. We

Error = 100 (6-1)
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6.4
Burst test

Schiemann [84] and Galli ot and Luchsinger [53] carried ou experiments that
consist in theinflation o aninitialy flat circular membrane, cdled bust test.

The burst test was performed with samples of ETFE—foil and were damped
inabubdeinflationtest device between an auminium plate and an aluminiumring.
Air was injeded between the duminium plate and the foil, resulting in a sphericd
deformation. Tests were performed at room temperature, which corresponds to
abou 23°C. The presaurein the bubde was recorded with adigital presaure sensor
andthe deformation of the bublde was measured with a3D digital image correlation
system.

@ (b)

Figure 6.16: (a) Burst ted and (b) deformation process(source: Schiemann [84])

The spedmens tested by Schiemann [84] have a53 cm radius and 20Q:m
thickness Figures 6.16(a) and 6.16(b) show the gparatus for the experimental
analysis and the deformation processof the burst test.

The burst test of spedmen V28 from Schiemann [84] was caried ou at a
constant strain rate of 2.5%/min.

A finite dement model i s developed to compare with the results of the burst
test of spedmen V20 o Schiemann[84]. Figure 6.17 showsthe mesh, geometry and
boundiry condtions used in the numerica model. Due to symmetry one quarter of
the drcular membrane is model ed.
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Figure 6.17: Geometry, mesh and boundry condtions for the burst ted performed by
Schiemann

A comparison for linea and quedratic trianguar elements is caried ou, in
order to evauate the results for both elements. The mesh is composed of 800
trianguar elements for bath linea and quedratic. The number of nodes is 441
for linea and 1681for quadratic. The linea trianguar element (T3) has 3 nodes
and 1 Gaussintegration pant. The quadratic trianguar element (T6) has 6 nodes
and 3 Gaussintegration pants. Figure 6.18 presents the results of presaure versus
displacement results for linea and quedratic trianguar membrane dements. These
results are the same for T3 and T6, therefore the linea trianguar element is chosen
to be used in these analysis due to the faster performance
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Figure 6.18: Pressire versus displacanent reaults for the pedmen V28 [84]; linea (T3)
and guedratic (T6) triangdar membrane dements.

Based on the previous analysis of the uniaxial and baxial tests of ETFE-
fail i n sedion 6.2, the dastoplastic material model with vonMises yield criteriais
considered in the numericd analysis. The properties of the ETFE are extraded from
the work of Schiemann [84] and are presented in table 6.3. A bili nea curve isused
in the plastic phase due to the significant change in the hardening modu us observed
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Table 6.3: Material propertiesof spedmen V28

Youngsmoduus (E) 41™MPa
Poisonratio (v) 0.45

First yield stress(oy,) 14MPa

First hardeningmoduus (K;) | 120MPa

Seoond yield stress(oy,) 32MPa

Sewond haerdening moduus (K;) | 30MPa

experimentall y.

6.4.1
Results

The analysisiscaried ou with the ¢ylindricd arc-length method Figure 6.19
shows the presaure versus displaceanent curve for two different values of the step
length, 60and 100

a5 I | | | | | | | | ]
] ©$HE L«
Lo tE o,
30 — KL + -
© ] +
o T fug B
X 25 o —
e - & -
=]
20 — —
7]
2] ¢ _
uf
8 15 — & |
= i L
c I~
= 10 — I
g | & I
c
- 5— ;T O Ostep length=100 | —
B + +steplength=60 |-
O_F‘ﬂl | T T T T T I T T T

0 50 100 150 200 250 300
Diplacement out of plane (mm)

Figure 6.19: Pressaire versus displacement reaults for the pedmen VV28[84]; step length of
60and 100

Table 6.4 presents the global convergence rate of the displacanent residuum
at the aiticd presaure for the adopted step length values (60 and 10Q. A small
differencein the convergenceis observed.

Figure 6.20 presents the plot of applied presaure versus the out of plane dis-
placanentsfor spedmen V28, obtained with numericd analysisfor the dastoplastic
material model with large and small strains. The results obtained with the numerica
model with large strains demonstrate its auitabilit y to model this experiment. On the
other hand, the numerica model with small strainsisvalid only in the first steps of
the analysis where the strains remain small.
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Table 6.4: Global convergence of the displacenent resduum at the aitica pressire for step
length valuesof 60 and 100

step length
60 100
2.023x+01 | 2.1662+01
3.261e+00 | 2.850=+00
8.89%-02 | 4.937-02
6.604e-05 | 4.682-05
3.684e-09 | 2.35%-08

W N

35 1 l 1 I 1 l 1 I 1 1
- - —
—30 — —
m - —
o
X 25 28kPa
[ _ L
5
o 20 — —
0 i L
g
Q. 15 — —
a - .
S 10 -
m . .
k= b = = Numerical - small strains |-
- 5 e e Numerical - large strains |[—
N Experimental -
0 — T T T T T T T T T T T
0 50 100 150 200 250 300

Diplacement out of plane (mm)

Figure 6.20: Pressire versus displacement reallts for the gpedmen V28 [84]; large drain,
and small strain material models.

The deformed configuration d both the experimental and numericd analyses
with large strains are presented in figure 6.21. The results are shown for two stages
of the goplied load, which areindicaed in figure 6.20 with the numbers 1 (32.9kPa)
and 2(28kPa).

-

o

o
|

o—e Numerical ()
i Experimental%
----- Experimental
=—a& Numerical @

L LA A L I
0 50 100 150 200 250
x coordinate (mm)

out of plane coordinate (mm)
|

o

Figure 6.21: Deformed configuration o the gpedmen V28 [84] and numericd modd with
large drains for pressire gates1 and 2
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Figure 6.22 shows the stress versus drain curve in the y diredion for the
numericd analysiswith large strains. States 1 and 2are the same depicted in figures
6.20and 6.21. Comparing figures 6.20 and 6.22 the non popartionality of presaure
and streses is naticedle. After the aiticd presaire, the strainsincrease mightily.

stress y (MPa)

+1a
+

strain y (mm/mm)

Figure 6.22: Stressversus drain curvein y diredion

Deformed configurations of the inflated circular membrane in three dimen-

sionsare shownin figure 6.23. The two states 1 and 2are again represented.
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Figure 6.23. Deformed inflated circular membrane with the out of plane displacanent:

(@) point 1 and (b) paint 2

6.5
Air cushion with single and doub le chamber

The objedive of this example is to examine the resporse of the pneumatic
structure considering the pressure-volume cuping formulation presented in chap-

Z-Displacement

[2EE.E9]

237.24
207.58

| 177.93
+ 148.27
- 118.62
- 88.963
- 59.309
- 29.654
-0
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ter 5.

The single chamber air cushion compased by two membranes was analyzed
in the studies of Jaragarungkiat [75] and Linhard [31]. This dructure is extended
hereto adoulde chamber with amembranein the middle. Cushion compositionsfor
single chamber and doulbe chamber are represented in figures 6.24(a) and 6.24(b),
respedively.

Upper membrane

Lower membrane

(b)

Figure 6.24: Undeformed cushions: (a) upper and lower membranes of single chamber
cushion and (b) upper, midde and lower membranesof doulde chamber cushion

Redanguar cushion dmensions are 6 meters length and 3 meters width.
Linhard [31] applies formfinding anaysis to this cushion with internal presaure
of 400Pa and prestress of 0.89Pa. Jaragarungkiat [75] presents a static analysis
after the formfinding processapplying an external forcein the center of the aushion
distributed on 9elements. The aushion dmensions and the configuration after the
formfinding stage ae ill ustrated in figure 6.25.

6m

Formfinding
= — T\
p=400Pa /

,= 0.89kN/m

Figure 6.25: Cushion dmensions and formfinding shape

The analysisiscaried ou first for the formfinding stage foll owed bythe static
stage. Both single chamber and doulbe chamber cushion considering the influence
of the presaure-volume cougingare analyzed and presented.

Load control is used in the static stage and the forceis applied upto 2.38kN
in 10steps.
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6.5.1
Single chamber cushion

The single chamber cushion is composed by two membranes, an upper
membrane and a lower membrane. The initial internal presaure is 400Pa and the
initial volume is 9.173m3. The results for the deformation under external load and
volume versusinternal presaure are presented in figures 6.26 and 6.27, respedively.
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N N — initial config. B
0.3 — —
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0.4 — —-- uncoupled —

A5 -1 05 0 0.5 1
y coordinate (m)

=
0

Figure 6.26; Single chamber cushion deformation uncer external |oad

The deformation o the single dhamber cushion (figure 6.26) is for a load
of 2.38kN. Considering the presaure—volume uging the membrane deforms less
compared to the cae withou pressure-volume couging. This is in agreement
with the Boyle-Mariotte law. The analysis with pressure-volume couging leads
to internal presaure raise & the enclosed volume deaeases resulting in smaller
displacements compared to the analysis withou couging.

0.45 1 ] 1 | 1 | 1 1 | 1 | 1
©
& 044 — —
~
S— — -
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S 043 — —
o
0 | L
o
S
L4z —
©
c = E
™
2
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= LN L (LI R I ~

7.8 8 8.2 84 8.6 8.8 9 9.2
volume (m?)

Figure 6.27: Volume versus internal pressaire for the sngle chamber structure
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Volume versus internal presaure results for the single chamber cushion are
presented in figure 6.27. In this plot it is observed that by the analysis with no
coufding the internal presaure remains unchanged and the volume deaeases more
when presaure-volume cougdingis presented.

6.5.2
Double chamber cushion

The doulde dhamber cushion under consideration has one alditional mem-
brane between the upper and lower membranes (threemembranes). The initia pres-
sure and initial volume for ead chamber are respedively: 400 Pa and 458m2. The
results for the deformation under external | oad and vdume versusinterna pressure
are presented respedively in figures 6.28 and 6.29.

05 | l | | 1 l 1 | | l 1
0.4 — —
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Toad 700 e
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-1.56
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-
o

y coordinate (m)

Figure 6.28: Two chambers deformation under externa oad

The deformation results of the doude dhamber cushion correspond to an
external load of 2.38kN. The results for the upper membrane with no couding are
the same as the ones obtained in the analysis of the single chamber structure. Figure
6.28 shows that the middle membrane in this case doesn’t introduce ay change.
On the other hand the middle membrane presents some deformation bythe couped
analysis.

The internal presaure of chamber 1 by the uncouded analysis remains un-
changed, as expeded. Chamber 2 has no influence in the results in this case. The
internal presaure of chamber 2 for the coupged anaysis increases as the volume
deaeases and follows the aurve of chamber 1.

Figure 6.30 presents the out of plane displacement versus applied load results
in the center node of the aushions for the single and doulbe aushion structure
with and withou pressure-volume muging. The uncouped analysisfor single and
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Figure 6.29: Volume versus internal pressire for two chambers
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Figure 6.30: out of plane displacanent versus load

doule aushion present the same results. The displacements of the doulde aushion
obtained by the muged analysis are small er than thaose of the single aushion.

6.6
Lyon conflu ence cushion ©seele

This example explores a pneumatic structure in use. It is a placeof leisure
and shoppng center in Lyon (France) and sede is the company resporsible for
the aushion roof. According to sede [85] the roof structure is suppated by 36 m
high sted columnswhich cary the trussed sted arches of circular hollow sedions.
Between these, further similar arches run in two diagoral diredions. On plane the
roof is therefore anetwork of rhombuses and triangles which determine the shapes
of the two-ayer foil cushions from sede. The aushions are framed by aluminium
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sedionsonall sideswhich are fixed to sted channels. Figure 6.31 showsthe overall
structure.

(b)

Figure 6.31: Lyon confluence aishion structure: (a) top view and (b) bottom view

The analysisiscaried ou for one aushion dweto the deformation between the
rigid metal frames that surroundthe aushions and the membrane. In other words,
the analysis can be caried ou for ead cushion separately. Cushion data such as
geometry, membrane properties, interna presaure, and applied load was provided
by sede. The geometry of the trianguar cushionis presented in figure 6.32.

Table 6.5 presents the material properties of the trianguar cushion. The PD—
NURBS material model is used for the membrane material. Since no experimental
data was avail able for this material, the NURBS surfaces are generated based on
the dastoplastic material with von Mises yield criteria. Its good acwmrdance with
the ETFE—foil resporse was shown in the previous examples.
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Table 6.5: Material propertiesof the ETFE—fall

Youngsmoduus (E) 900M Pa
Poisonratio (v) 0.45

First yield stress(oy,) 15MPa

First hardening moduus (K3) 72MPa

Seoond yield stress(oy,) 21IMPa

Sewond haerdening moduus (K;) | 40MPa

Theinternal pressure of the aushionis 0.3kN/n? andthe ETFE—foil t hickness
is25Qum. The external | oad is a uplift wind pressure of 1.5kN/n?.

"

10,3

3

Figure 6.32. Geometry of the trianguar cushion

The analysis is caried ou for load control of the trianguar cushion with
and withou cutting pettern generation. The meshes for both cases are presented in
figure 6.33 and the flat patternsin figure 6.34.

Formfinding analysisis performed, for the internal pressure of 0.3kN/n? and
prestressof 3.32kN/n?, before the autting pattern analysis. In other words the work
flow for the present pneumatic analysis is first the formfinding, secondthe autting
pattern generation, and third the static analysis.
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Figure 6.33: Mesh of the aushion structure: (a) and (c) withou cutting petterns (b) and (d)
with cutting petterns.
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Figure 6.34: Flat patterns of the trianguar cushion.

6.6.1
Results

The static analysis has two stages. First, the inflation o the aushion is
performed. Seaond the external wind load is applied. The static analysis is run
for both with and withou cutting petterns. In eat case the dfed of the presaure-
volume mouping is presented. Figure 6.35 shows the von Mises dressdistribution
results with pressure-volume cuging. Attentionis given to the stressdistribution
onthe membrane. Withou cutting pettern generation the maximum stressislocaed
on the edge of the membrane depicted with the letter A in Figure 6.35(a). On the
other handfor the case with cutting pattern generationthe maximum stressislocated
in the middle of the membrane depicted with the letter B in Figure 6.35(b).
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Figure 6.35. Von Mises $ressdistribution onthe aushion structure with pressire-volume
couding: (a) without cutting petterns, (b) with cutting petterns.
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Figure 6.36: Strain in principal diredions 1 onthe aushion structure with pressire-volume
couging: (a) without cutting petterns, (b) with cutting petterns.

Figures 6.36 and 6.37 present the results of strain in principal diredions for
the cases with and without cutting pettern generation considering pressure-volume
couding. The distribution o strain values in principal diredion 1is smilar for
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both with and withou cutting pattern generation but in the pattern unonsthe strain
values are small er. On the other hand the strain distributionin principal diredion 2
isdifferent in bah cases. The case with cutting pettern presents larger strain values
on the surfacewhil e the case withou cutting pettern has compressve strains onthe
membrane border.
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Figure 6.37: Strain in principal diredions 2 onthe aushion structure with pressire-volume
couding: (a) withou cutting petterns, (b) with cutting patterns.

Table 6.6: Maximum result valuesfor the trianguar cushion

von Mises Strain (%) Stress(MPa)
stress(MPa) | direc 1 | direc 2 | direc 1 | direc 2
cp? couped 14.798 1.61740| 0.99754| 16560 | 14.652
uncouped 14.877 1.65050| 1.05760| 16.639 | 14.753
n-cp® | couped 14.346 1.55840| 0.85644| 16551 | 13931
uncouped 14.553 1.60250| 0.87532| 16.796 | 14.229
acp = with cutting pattern Pn-cp = withou cutting pettern

Table 6.6 presents the maximum result values obtained in the four analysis.
Wind udift presaure reduces the internal presaure in the analysis considering
the presaure-volume oouping resulting in smaller values for stress strain and
displacements.

Larger values are observed for cushion analysis with cutting pettern genera-
tion dweto the acumulation o tension onthe strip unions.

Thelargest values were found bythe analysis with cutting pattern generation,
without pressure-volume couging.

Figures 6.38 and 6.39 present the stressversus drain results for the trianguar
cushion with and withou cutting pettern generation. Figure 6.38 shows the results
with PD-NURBS materia and figure 6.39 shows the results for the dastoplastic
with small strain. For ead case the cmuded and urcouded of pressure-volume
modelsare considered. For the case with cutting pettern generationthe last two steps
areinthe plastic region. Thisis observed throughthe slope dhange of the aurve. On
the other hand the case withou cutting pettern for both coupged and urcouped are
in the dastic region. The results for the cugded analysis present small er values.
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Figure 6.38. Stressversus grain for trianguar cushion with PD-NURBS material.

Figure 6.40 shows the results of internal presaure versus volume for the
trianguar cushionwith and withou cutting pettern. The couped and the uncouped
analysis are run for both cases. The uncouded results are represented with the
hallow symbals and bah have constant internal presaure. The results of the couped
analysisfor bath cases with and withou cutting pettern, have the same aurve slope.
However, the difference in the initial geometry, due to the autting pettern, results
in a difference in the initial volume. Last would be to say that sede used cutting
pattern made of 8 strips per layer insteal of 6 as the investigated model based upon

16 1 | 1 | 1 ] 1 I | l 1 1 1

B— coupled - cutting pattern
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_| &= uncoupled

stress (MPa)

T I T | T ] T | T | T I T [ T
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Figure 6.39: Stressversus drain for trianguar cushionwith elagopladic material with small
strains.
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Figure 6.40: Internal pressire versus volume for the trianguar cushion.
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