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Study on Stretch Fabrication of ETFE Tensile Membrane
Structures Considering Friction Contact Conditions

Abstract

This thesis is a summary of study on stretch fabrication of saddle type of tensile membrane
structures using ETFE (Ethylene tetrafluoroethylene) film considering the effect of friction
contact between the film and the supporting galvanized steel arches.

In this thesis, the analytical method which could solve the geometrical nonlinearity, the
material nonlinearity and the nonlinearity of friction contact conditions is proposed to evaluate
the prestress distribution on the membrane material and the effect of friction contact during the
introduced prestress stage in tensile membrane structures. In addition, the stretch fabrication
technique for saddle type of ETFE tensile membrane structure with less weld lines by drawing
the combination of plane and drape strips is also suggested.

This thesis comprises six chapters, as described below:

Chapter 1, “Introduction”, presents the proposed stretch fabrication method and its
problems for establishing the smooth curved surface of tensile membrane structures using
ETFE film. The motivation, the background and the purposes of this thesis are also indicated
in this chapter.

Chapter 2, “Review on form finding and cutting pattern analysis”, describes a review on the
form finding and cutting pattern analysis for tensile membrane structures. The saddle type of
tensile membrane structure is investigated in this chapter. This structure comprises the outside
frame, two supporting arches and ETFE film. The part of the film between two arches is called
middle part, while the part between arch and outside frame is called corner part. First, the form
finding analysis is carried out with several prescribed stress ratios between machine direction
(MD) and transverse direction (TD) for both middle and corner parts. Second, the cutting
pattern analysis based on the mathematical approach produces the drape strips which
correspond to the shapes obtained from form finding. The effectiveness of weld and drawing
works of those drape strips is also discussed in this chapter.

Chapter 3, “Fabrication of three-dimensional (3D) curved surface using ETFE film by
stretching plane strips”, presents the stretch fabrication experiments on the establishment of 3D
curved surface of saddle type membrane structures using ETFE film by stretching the
combination of plane strips, which was not draped, for the middle part and drape strips for the
corner parts. The possibility of fabrication of low-rise 3D curved surface is confirmed, while

the establishment of high-rise 3D smooth curved surface by drawing the plane strips still has
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problems because of the occurrence of wrinkling and insufficient prestress. The measurement
method for pre-tensile strains and prestresses on ETFE film is also presented. In addition, the
slide between ETFE film and the supporting galvanized steel arch is investigated.

Chapter 4, “Total Lagrangian formulation for ETFE tensile membrane structure
considering friction contact”, introduces the total Lagrangian formulations for both triangular
membrane element and node-to-node contact element. The analytical procedure, which uses
these elements, is suggested to solve the geometrical nonlinearity problem, the material
nonlinearity problem and the nonlinearity problem of friction contact conditions. The suggested
analytical method is in high agreement with commercial software ANSYS for the frictionless
case. Moreover, this method indicates the effectiveness for friction contact case too. The results
of the experiments in Chapter 3 partially confirm the suggested analytical method for the 0.3 of
static friction coefficient between ETFE film and galvanized steel arch.

Chapter 5, “Fabrication of three-dimensional (3D) ETFE curved surface by stretching
drape strips considering friction contact’, shows the stretch fabrication technique on the
establishment of 3D curved surface of saddle type of ETFE tensile membrane structures
considering the friction contact conditions. First, a test on static friction coefficient between
ETFE film and steel pipes, which are black and galvanized types, is proposed. Second, the
cutting pattern strips or drape strips, which are obtained in Chapter 2, are used to make the
specimens. Third, the analytical method of Chapter 4 predicts the values of drawing boundary.
This prediction will guarantee the absence of wrinkling and the sufficiency of introduced
prestress. Finally, the stretch fabrication experiments will be carried out. The establishment of
high-rise 3D smooth curved surface by drawing the drape strips for both middle and corner
parts is confirmed by this fabrication technique. In addition, the pressurization test is carried
out to confirm the strength of the structure after above construction stage.

Chapter 6, “Conclusion”, describes a summary of suggested analytical method and its
application on stretch fabrication method for saddle type of tensile membrane structure using
ETFE film. The thesis concludes with a discussion, how and to which extent, the tools and
results obtained can be used for the design and the construction of ETFE tensile membrane

structure.
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Chapter 1. Introduction

1.1 Motivation and research background
1.1.1. Curved surface fabrication of tensile membrane structure
The tensile membrane structures are now being widely used in public buildings. These
structures possess a great of distinct advantages such as light-weight of membrane material, a
variety of aesthetically pleasing shapes and the facility for prefabrication. As a result, there have
a great number of public buildings, such as Rome Olympic Stadium, Hiroshima Hakuryu Dome,

using tensile membrane structures.

o

Rome Olympic Stadium, Italy Hakuryu Dome, Hiroshima, Japan

Figure 1.1 Examples of tensile membrane structure

The membrane material is thin and flexible, so it has in-plane but not flexural stiffness.
When the minimum principle stress of in-plane direction is smaller than zeros, the wrinkling
occurs, and the strength of the structure decreases /K°U- 8792 Therefore, the determination of
an initial configuration in which the specified prestresses are in equilibrium is necessary in the
preliminary design of tensile membrane structure. This process is so-called form finding.
Generally, the shapes obtained by form finding process are in doubly curved surface, while the
membrane material itself is manufactured in plane panel. As a result, the strips of membrane
material are cut and joined together to produce the desired curved surface. This period is so-
called cutting pattern. On the fabricated tensile membrane surface, there are two main ways of
introduction of prestress. First, tension is introduced on the boundary edges. Second, tension is

introduced by applying a forced displacement by pushing up the main pole /&%

. This period is
so-called prestress introduction or drawing period. Generally, the stress state of final shape is
different with the prescribed stress state of form finding period. So, the compensation process
is essential to overcome this discrepancy by optimizing the cutting pattern strips. In summary,

the curved surface fabrication of tensile membrane structure has five periods which are
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described in Figure 1.2.

b

@ Form findin R @ Cut and weld
g Q\\é‘
)
(® Compensation ﬂ

@ Completion (3 Drawing

Figure 1.2 Curved surface fabrication of tensile membrane structure

When the shape of structure is complicated, or the curvature of curved surface is high, it is
necessary to divide the curved surface finely in above method of curved surface fabrication. As
a result, the weld lines increase. This increment will affect not only on the reduction of material
strength but also on the aesthetic of the tensile structures. Besides, the ETFE film is widely used
in membrane structures in recent years. Because this film has special properties, which will be
introduced in section /./.2, the possibility of fabrication of a low-rise panel with high yield
strength or of a high-rise panel of smooth curved surface with a few of weld lines should be
investigated.

1.1.2. Properties of ETFE film

The stress-strain curves of Ethylene tetrafluoroethylene (ETFE) film under uniaxial tensile
tests indicated that this material had two yield points /M"08/. [MK0S]. [CG1I] \While the first yield
point was observed at a very low level of strain of around 2%, the second yield point occurred
at around /3% of strain. After the second yield point was reached, the film could be elongated
up to 400% before failing. Figure 1.3 shows the stress and strain curve of ETFE film under
uniaxial tensile test /MK0%,

The yield strength of ETFE film was increased by drawing the film to its plastic region /£,
However, drawing the film was coupled with the reduction of thickness, the decrease of tear
resistance. Therefore, 10% to 20% of drawing was the optimal under uniaxial elongation /MK08/,
while 5% to 10% was recommend in case of biaxial elongation /£/73/

Liked to other polymer materials, ETFE film possessed a complicated viso-elastic behavior
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and a complex visco-plastic behavior. The constitutive equation of viso-elastic characteristics
was investigated by Moriyama //™%/ while that equation for visco-plastic characteristics was
obtained by Jeong /£/73/.

70 i i i i i
25 - : . : :
60 o //
w0 L/ yd
0 s First Yield Point (2% - 16MPa ) v
E 0 i i i i i i /
S 40 N N —— 1214 >
é 30 / /
n
—_— = el
£ A
g ( \
o
z . .
10 [ Second Yield Point (13% - 22MPa )
Strain Rate 100%/min
0 j j

0 50 100 150 200 250 300 350 400 450

Nominal Strain [%]
Figure 1.3 Stress strain curve of ETFE film under uniaxial loading

1.1.3. Proposed fabrication method for establishing curved surface of tensile membrane
structures using ETFE film
The pre-tensile stress of tensile membrane structure is introduced by drawing the boundary
edges or pushing up the main pole according to section /./.1. In case of ETFE material, the
film is recommended to draw into its plastic region because of the increment of yield strength
and the reduction of tension due to the viscous characteristics. It is easy to draw uniaxial
direction, however, there have been few cases that performed biaxial elongation, especially in
three-dimensional (3D) shape. Jeong suggested a method of drawing the ETFE film from the
plane strips, which was not draped, to 3D curved surface /2//9/, Figure 1.4 shows the process of
his method. First, the plane film was fixed with outside frame. Second, the arch was pushed to
make the curved surface. However, this method was limited by the simple shapes of structures
and the necessary of flat outside frame. Therefore, this thesis suggests a method in which the
possibility of fabrication of curved surfaced from plane or drape strips can be checked. The

process of proposed fabrication method is presented in Figure 1.5.
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| Step 1: The film is fixed with frame

H Step 3: The film and frame is moved
Y down to establish curved surface

1 >
: /—\
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Final shape

Plane
@ Plane

@ Form finding u Drape &
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@ Cut and weld 3 Drawing @ Completion

Figure 1.5 Proposed method for curved surface fabrication using ETFE film

In proposed fabrication method, the saddle type of tensile membrane structure is
investigated. This structure comprises the outside frame, two supporting arches and ETFE film.
The parts of the film between two arches are called middle parts, while the parts between arch
and outside frame are called corner parts. First, the form finding analysis is carried out to find
the ideal shapes with several prescribed stress ratios between the machine direction (MD) or
long direction and transverse direction (TD) or short direction. Second, the cutting pattern
analysis based on the mathematical approach produces the drape strips which correspond to the
shape obtained from form finding. Specially, the plane strips, which are not draped, will be used
for the middle parts of some specimens. Third, those strips are connected by weld lines into the
specimens, and the boundaries of those specimens are drawn to introduce the tension.

Compared to the traditional method of section /.. 1, the advantages of proposed fabrication

method are: (1) only a few of weld lines are necessary; (2) the compensation or optimization of
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drape strips is not necessary. However, the problem in proposed fabrication method is that the
values of drawing boundary must be determined by the absence of wrinkling and the sufficient
pre-stress. When the boundary is drawn, the film slides on the supporting frames such as arches.
This slide must be considered to determine the values of drawing boundary, because it affects
to the distribution of prestress on the film and the occurrence of wrinkling. Therefore, both
analytical and experimental methods are essential to investigate the slide or friction contact

between ETFE film and supporting frames.

1.1.4. Previous works on analysis of membrane structure considering friction contact
(a) The computational contact mechanics has attracted a great number of researchers.
Generally, the contact conditions can be divided into normal contact conditions and friction
contact conditions. The normal contact conditions prevent the slave body from penetrating into
the master body, while the friction contact conditions represent the frictional behavior on the

contact surface /5’3, Figure 1.6 shows the two elastic bodies come into contact.

Figure 1.6 Contact conditions in two dimensions

Assuming that the motion x brings the points S and M of the slave and master bodies,
respectively come into contact. Once the contact point is found, the distance g» between two
points m = x(M) and s; = x(S) has to be checked to determine whether the normal contact
occurs or not. The constraint conditions for this case are presented in Kuhn-Tucker equation as
shown in Eq. (1.1)

I9nz0, [ <0, gufn =0 (L.1)
When the normal contact occurs, the motion of slave point s; on master body can be
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divided into two different actions. In the first, no tangential relative displacement occurs under
a friction force f;. This behavior is called stick. The second action, which denotes the so-called
slip, dues to the force f; is associated with a relative tangential movement g,. The constraint
conditions, which satisfy the dry friction Coulomb theory, for this period is represented in Eq.
(1.2)

9520, fi—ufn<0, gs(fs—pnf)=0 (1.2)
where, p is static friction coefficient between two body surfaces.

There are two basis constraint methods, the Lagrange multiplier method and the penalty
method, can be used to impose above contact constraints conditions. In the Lagrange multiplier
method, the contact forces are taken as primary unknowns, and the non-penetration condition
is enforced exactly /K38 KB34] Tn the penalty method, penetration between two contacting
boundaries is introduced, and the contact forces are related to the penetration by a penalty
parameter (/586 SL93, DP92, SJ99] The two basic constraint methods can be combined into so-called
augmented Lagrange method /7087,

(b) The membrane structure tends to adapt by undergoing large deflections under specified
loads, so the analysis of membrane structure must consider the geometrical nonlinearity. In
terms of contact analysis for membrane structures, Haber /R183 RI84] gyooested the Arbitrary
Lagrangian-Eulerian (ALE) method to overcome the large deformation and contact problems.
In this method, the Lagrangian displacements define the overall change in geometry of the
structure, while the Eulerian terms describe the motion of the node points through the structural
continuum due to slip. However, the linear elastic material and the theoretical choice of
reference configuration were the limit points in this method. Noguchi /N1 HIN04 g]s0 suggested
the combination between ALE method and meshfree method to overcome these problems.
Again, the elastic-plastic material properties were ignored in his research. Sakai 5%/ proposed
the energy minimization procedure for foldable membrane element to solve the problems of
non-linear geometric and contact conditions. The limitation of his method was still the elastic
range of material. The method of equivalent side tension of triangular element for foldable
membrane element to solve the problem of non-linear geometric and contact conditions was
reported by Ishida /%, This method, however, was hardly applied in the existing FEM
program.

(¢) Generally, two types of nonlinearity, which are the geometrical nonlinearity and the
material nonlinearity, exist in the solution of general contact problems. The incremental solution
procedure is usually used to obtain the solution of these problems. It is important to observe
that there is no guarantee that this procedure will always convergence %42/, As a result, when
the shape of membrane structure is complicated, and the friction contact conditions is

considered, the solutions for these problems are hardly obtained due to the convergence criteria.



Chapter 1. Introduction

1.2 Purpose of this thesis

The first purpose of this thesis is to develop the analytical method, which considers the
geometrical nonlinearity, the material nonlinearity and the nonlinearity of friction contact
conditions, for predicting the behavior of ETFE film and evaluating the effect of friction contact
during the introduced prestress stage in tensile membrane structures. The elastic-plastic
properties of ETFE film and the friction characteristics of contact surfaces are determined
during the static loading process in this method. Within this work, while the static friction
coefficient between ETFE film and steel pipes is carried out by the element experiments, the
effect of friction contact on stress distribution of ETFE film is investigated by both this
analytical method and the stretch fabrication experiments. The accuracy and applicability of the
suggested analytical method are confirmed by both the experiments and the existing
commercial software ANSYS (AN07/,

The second purpose of this thesis is to check the possibility of fabrication of smooth three-
dimensional (3D) curved surface using ETFE film by drawing plane and/or drape types of
cutting strips. In this fabricate technique: (a) the form finding and cutting pattern analyses are
carried out to find several types of cutting strips; (b) the proposed analytical method predicts
the values of drawing boundary considering the friction between ETFE film and galvanized
steel arches; (c) the stretch fabrication experiments are carried out to confirm the technique.

The purpose and flow chart of this thesis are presented in Figure 1.7

Elastoplastic properties of = Analvtical method . Friction contact conditions
ETFE : between ETFE and steel pipes

]

Fabrication of 3D curved surface of ETFE tensile membrane |- ___________________

Form finding and cutting Find various types of cutting strips:
pattern analysis =) plane, drape of various stress ratios
Analytical method Predict the values of drawing the Stretch fabrication
considering friction contact : boundary ” experiments

Test on friction coefficient

Find the fricti fficient
between ETFE and steel pipes —) e the fniction cocthicren

Study on Stretch Fabrication of ETFE Tensile Membrane
Structures Considering Friction Contact Conditions

Figure 1.7 Purpose and flow chart of this thesis
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1.3 Organization of this thesis

This thesis comprises six chapters which are described in Figure 1.8.

Chapter 1, “Introduction™, presents the proposed stretch fabrication method and its
problems for establishing the smooth curved surface of tensile membrane structures using
ETFE film. The motivation, the background and the purposes of this thesis are also indicated
in this chapter.

Chapter 2, “Review on form finding and cutting pattern analysis”, describes a review on the
form finding and cutting pattern analysis for tensile membrane structures. The saddle type of
tensile membrane structure is investigated in this chapter. This structure comprises the outside
frame, two supporting arches and ETFE film. The part of the film between two arches is called
middle part, while the part between arch and outside frame is called corner part. First, the form
finding analysis is carried out with several prescribed stress ratios between machine direction
(MD) and transverse direction (TD) for both middle and corner parts. Second, the cutting
pattern analysis based on the mathematical approach produces the drape strips which
correspond to the shapes obtained from form finding. The effectiveness of weld and drawing
works of those drape strips is also discussed in this chapter.

Chapter 3, “Fabrication of three-dimensional (3D) curved surface using ETFE film by
stretching plane strips”, presents the stretch fabrication experiments on the establishment of 3D
curved surface of saddle type membrane structures using ETFE film by stretching the
combination of plane strips, which was not draped, for the middle part and drape strips for the
corner parts. The possibility of fabrication of low-rise 3D curved surface is confirmed, while
the establishment of high-rise 3D smooth curved surface by drawing the plane strips still has
problems because of the occurrence of wrinkling and insufficient prestress. The measurement
method for pre-tensile strains and prestresses on ETFE film is also presented. In addition, the
slide between ETFE film and the supporting galvanized steel arch is investigated.

Chapter 4, “Total Lagrangian formulation for ETFE tensile membrane structure
considering friction contact”, introduces the total Lagrangian formulations for both triangular
membrane element and node-to-node contact element. The analytical procedure, which uses
these elements, is suggested to solve the geometrical nonlinearity problem, the material
nonlinearity problem and the nonlinearity problem of friction contact conditions. The suggested
analytical method is in high agreement with commercial software ANSYS for the frictionless
case. Moreover, this method indicates the effectiveness for friction contact case too. The results
of the experiments in Chapter 3 partially confirm the suggested analytical method for the 0.3 of
static friction coefficient between ETFE film and galvanized steel arch.

Chapter 5, “Fabrication of three-dimensional (3D) ETFE curved surface by stretching
drape strips considering friction contact’, shows the stretch fabrication technique on the

establishment of 3D curved surface of saddle type of ETFE tensile membrane structures
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considering the friction contact conditions. First, a test on static friction coefficient between
ETFE film and steel pipes, which are black and galvanized types, is proposed. Second, the
cutting pattern strips or drape strips, which are obtained in Chapter 2, are used to make the
specimens. Third, the analytical method of Chapter 4 predicts the values of drawing boundary.
This prediction will guarantee the absence of wrinkling and the sufficiency of introduced
prestress. Finally, the stretch fabrication experiments will be carried out. The establishment of
high-rise 3D smooth curved surface by drawing the drape strips for both middle and corner
parts is confirmed by this fabrication technique. In addition, the pressurization test is carried
out to confirm the strength of the structure after above construction stage.

Chapter 6, “Conclusion”, describes a summary of suggested analytical method and its
application on stretch fabrication method for saddle type of tensile membrane structure using
ETFE film. The thesis concludes with a discussion, how and to which extent, the tools and
results obtained can be used for the design and the construction of ETFE tensile membrane

structure.

Chapter 1. Introduction

* Motivation and research background
* Purpose
* Organization

U

Chapter 2. Review on form finding and cutting pattern analysis
* Review on the form finding and cutting pattern analysis
* Investigation on form finding shapes and cutting pattern strips of saddle type of tensile
membrane structure
U

Chapter 3. Fabrication of 3D curved surface using ETFE film by stretching plane strips
* Check the possibility of fabrication of 3D curved surface by stretching plane strips
* Investigation on slide between ETFE film and supporting galvanized steel arches

y

Chapter 4. Total Lagrangian formulation for ETFE tensile membrane structures
considering friction contact

* TL formulations for both triangular membrane and node-to-node contact elements

* Analytical procedure for geometrical nonlinearity, material nonlinearity and the
nonlinearity of friction contact problems

* Analytical modeling and comparison between experiments, ANSYS & suggested method

U

Chapter 5. Fabrication of 3D ETFE curved surface by stretching drape strips
considering friction contact

* Test on static friction coefficient between ETFE and steel pipes
* Prediction of drawing boundary considering friction contact condition
* Check the possibility of fabrication of 3D curved surface by stretching drape strips
considering friction contact condition
U

Chapter 6. Conclusion

* Summary and conclusion

Figure 1.8 Organization of this thesis
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Chapter 2. Review on form finding and cutting pattern
analysis

2.1 Introduction

Two important steps in the design of tensile membrane structures are form finding and
cutting pattern. While the form finding is defined as “finding a shape of equilibrium of forces
in a given boundary with respect to a certain stress state” P12 the cutting pattern is
determined as “finding the shape of fabric strips, in a plane, which when joined together will
take the desired shape” (793 [KI%] This chapter introduces a review of the form finding and
cutting pattern analysis for tensile membrane structures. In addition, the saddle type of tensile
membrane structure is investigated. This structure comprises the outside frame, two supporting
arches and ETFE film. The part of the film between two arches is called middle part, while the
part between arch and outside frame is called corner part. First, the form finding analysis is
carried out with several prescribed stress ratios between machine direction (MD) and transverse
direction (7D) for both middle and corner parts. Second, the cutting pattern analysis based on
the mathematical approach produces the drape strips which correspond to the shapes obtained
from form finding. The effectiveness of weld and drawing works of those drape strips is also

discussed in this chapter.

2.2 Form finding analysis
2.2.1. Methods in form finding analysis

Generally, the form finding method can be divided into three main approaches as stiffness
matrix method, geometric stiffness method and dynamic equilibrium method (P"7%/: [K189]  First,
the stiffness matrix methods are based on using the standard elastic and geometric stiffness
matrices. These methods are among the oldest form finding methods and are adapted from
structural analysis. If a very small Young modulus of material is assumed, the isotropic stress
surface can be obtained by this method //47%- [BT92] 'Second, the geometric stiffness methods are
material independent, with only a geometric stiffness. The force density method is a
representative method of those methods R#8%. [KBY]. [RPOS] Third, the dynamic equilibrium
methods solve the problem of dynamic equilibrium to arrive at a steady-state solution,
equivalent to the static solution of static equilibrium MB88/. [MB9%] Each method has an advantage
and disadvantage points. The common criticisms for each method can be found in the works of
Veenendaal /PV12/,

The next section makes a review of the formulations for triangular membrane element

according to the stiffness matrix methods, which can be used in form finding procedure of

12



Chapter 2. Review on form finding and cutting pattern analysis

tensile membrane structures. A tool, which is named as FF, is developed and added to the
existing FEM program to investigate the ideal shapes of saddle type of membrane structures
with several stress ratios between MD and TD directions.

2.2.2. Isotropic stress surface approach
The triangular membrane element will be used in this section. The motions of these

elements from the initial shape to the final shape are described in Figure 2.1.

S m
Z
- Initial shape
— Final shape Y
a. Sample of form finding b. Local and global coordinates

Figure 2.1 The motion of triangular membrane element in form finding procedure

The triangular membrane element has three nodes and nine degrees of freedom per element.
The local coordinate of each element is determined as shown in Figure 2.1b. The coordinates
of the initial shape and final shape, the displacements from the initial shape to the final shape
are denoted in Eq. (2.1)

oXi» oYir 0Zi : the local coordinates of node i (i=1 =»3) in the initial shape

X, Vir Zi : the local coordinates of node i (i=1 23) in the final shape @1
Ui, v;, Wi : the displacements of node i (i=1 23) in x, y, z axes, respectively

u,v,w : the displacements in element in x, y, z axes, respectively

Assuming that the displacements u, v and w are linear over the element, the equation Eq.
(2.2) can be obtained
u=a;+ax+azy
V=ay+ asx +agy (2.2)
w=a; + agx + agy
Evaluating the displacements at three nodes of element, and solving for a;, the Eq. (2.3)
can be determined as
az = (o231 + o¥31Uz + o¥12U3)/2S0
az = ((oXaaUs + oXi3Uy + oX21Usz)/2S
as = ((oY23V1 + o¥31V2 + o¥12V3)/2S0 (2.3)
as = ((oX32W1 + oX13Wp + oXp1W3)/2S,

ag = ( 0Y23W1 + oY31W2 + o}’12W3)/250

13
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ag = (oXzaWi + oX13Wy + 0Xp1W3)/2S,
where, the values of y;;, ox;; and S, are calculated in Eq. (2.4)

oXij = oXi — o¥%j
oYij = oYi — o)j
1 ox 0Y1 2.4)

250 =1 ox; 0Y2

1 ox3  oy3
The Green-Lagrange strains of the deformation from initial shape to the final shape are

determined in equation Eq. (2.5)

_ Jdu N 1 (au)z N (av)z N (6w>2
Exx = ox 2|\ox 0x 0x
v 1[ou\* /0v\* [Ow\?
- 4+ == - — 2.5
Evy 6y+2 (ay) +(0y) +(6y> l 2-3)

_ 6u+6v+ auau+avav+awaw
v =5y T ox " loxay T axay | ox dy
Substituting equation Eq. (2.2) into Eq. (2.5), and writing them in matrix form, Eq. (2.6)

can be obtained

Exx a, + 0.5(a,? + as? + ag?)
£= {gyy} = ag + 0.5(as? + ag® + aq?) (2.6)
Exy a; + as + (aya; + asag + agao)

The variations of these strains can be determined in Eq. (2.7)

Oy
68 = 68}/)/

8yxy
2.7)

da, + (6aya, + dasas + dagag)
- 6616 + (6a3a3 + 5a6a6 + 6a9a9)
daz + das + (a,6a; + da,a; + dasag + asdag + dagaqg + agdag)
Substituting equation Eq. (2.3) into Eq. (2.7), and writing them in matrix form, Eq. (2.8)
can be obtained
O&yx
e ={06¢y, ¢+ =(B,+ B, 6u (2.8)
8y

where, the values of By, B; and du are calculated in Eq. (2.9)

1 0Y23 0 0 oya 0 0 oY1z 0 0 (293)
0 oXzz 0 0 oX13 0 0 oX21 0

oX32  o¥V2z3 0 oX13 0¥z 0 oX21 oY1z O

B, =—
0728,

14
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Az 0Y23 Qs 0Y23 Qg oY23 Q2 0Y31 Qs 0Y31 Qg 0Y31 A2 0V12 Qs Y12 g 0Y12
B, = i[ Q3 0X32 Qg 0X32 Qg 0X32 a3 oX13 Qe 0X13 QA9 oX13 A3 0X21 Qe 0X21 QA9 oX21 (29b)
250| a3 Y23 g 0¥23 Qo 0¥23 3 0Y31 Q6 0¥31 Qo oY31 @3 oY1z Qe oY1z Go oY1z
1Ay ¢X32 s 0X32 Tag X3z TAz ¢X13 TAs X13 TAg oX13 Tz ¢X21 TAs5 ¢X21 T0Ag 0X21
du=[6u, 6v;, 6w, dbu, b6v, OEw, Obu; Obvg Swy]T (2.9¢)

The equilibrium equations for a single element in local coordinate system can be obtained

via the principle of virtual work as shown in Eq. (2.10)

f ST -odV —6u’ -p=0 (2.10)
Yo
where, V, denotes the element volume of initial shape, and p is the external nodal force

vector in local coordinate.

In the form finding process of tensile membrane structures, the forced displacement
conditions are usually used at the boundary to obtain the solutions, so the external nodal force
vector can be ignored. The constitutive relations for linear elastic plane stress analysis under

the large displacements and small strains conditions may be used as shown in Eq. (2.11)

Oxx Oxo
O'Z{O_yy}ZD'£+O'O=D'£+{GyOI (2.11)

Oxy 0

where, D is material elastic tensor, and & is the initial stress vector.

In isotropic stress surface approach, it is assumed that the membrane has a very small
Young’s modulus, so the stresses in the membrane will change very slightly even though large
deformations are included. As a result, the stresses in the membrane are almost depended on

the initial stress vector. Eq. (2.11) can be rewritten as shown in Eq. (2.12)

Ox0
o=0,= {ayol (2.12)
0

Substituting equation Eq. (2.8) and Eq. (2.12) into Eq. (2.10), Eq. (2.13) can be obtained

f 6uT'(Bo+BL)T'O-0dV:0 (213)
Yo
Eliminating the variation vector du’, the equation Eq. (2.13) can be rewritten in Eq. (2.14)

(BO +BL)T'O-0dV == 0 (214)
Yo
The Newton-Raphson method can be used to obtain the solution of Eq. (2.14). The residual
term after the ith iteration of Eq. (2.14) is determined in Eq. (2.15)

. AT
oM = f (Bo+B) - aodv (2.15)
Vo

For the next step which is expected to yield the exact solution, the equation Eq. (2.16) can

be obtained

15
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@
@+ = o + aaiu Au® =0
2.16
o . (2:16)
= Au® = —p®
u

The solution of Au®® can be obtained by Eq. (2.16). The displacement nodal vector and
the coordinate nodal vector at step (i+/) can be determined by Eq. (2.17)

u(i+1) = u(l) + Au(l)
(i+1)

xUD = x+u @17)

where, ,x and x(*1 are the coordinate nodal vectors of the initial shape and the shape of
step (i+1), respectively. Eq. (2.18) represents the determination of these vectors.

T
oX = [ox1 oY1  0Z1  oX2 oY2 o0Z2 oX3 0)3 023]
(2.18)
D = [x§i+1) yl(i+1) Zl(i+1) x§i+1) y2(i+1) Z§i+1) x§i+1) y§i+1) Z§i+1)]T

This process is repeated until the incremental nodal displacement vector Au(® satisfies the

®
convergence criteria. The derivation of a:;u of Eq. (2.16) is shown in Eq. (2.19)

. )"
dp® o0\ B; 219
- =j = G0V = Ky + Koy (2.19)
u Vo u
where, K, and k,,, are defined in Eq. (2.20)
- 2
0Y23 0 0 0Y23 0Y31 0 0 0Y23 0YV12 0
2
0Y23 0 0 0Y23 0YV31 0 0 0Y23 0V12 0
2
0Y23 0 0 0Y23 0Y31 0 0 0Y23 0Y12
2
heo 0Y31 0 0 0Y31 0Y12 0 0
X0 2
ey = 45 0Y31 0 0 0Y31 0Y12 0
0 2
0Y31 0 0 0Y31 0Y12
2
sym 0Y12 0 0
2
0Y12 0
2
0Y12
- (2.20)
0X32 0 0 0X32 0X13 0 0 0X32 0X21 0
2
0X32 0 0 0X32 0X13 0 0 0X32 0X21 0
2
0X32 0 0 0X32 0X13 0 0 0X32 0X21
2
h-o 0X13 0 0 0X13 0X21 0 0
_ y0 2
kmy - 4S, 0X13 0 0 0X13 0X21 0
2
0%13 0 0 0X13 0X21
sym 0x212 0 0
2
0X21 0
2
0X21

where, h is the thickness of membrane, and S, is the area of the element at the initial shape.
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It should be noted that the solution of Eq. (2.16) is carried out at element level. These
equations must be transformed to the global coordinates and finally assembled to obtain the

global equilibrium equations. The transformation matrix for triangular membrane element can
be obtained in Eq. (2.21) /077,

T, 0 0 Uy
T = T, O0f |, T, = |y
sym eloy Vzl3xs
1 2 2 2
Vg ZE[Oxm V21 0%zl 1= o¥21 + o¥21 F 0%z (2.21)

T
1 0Y21 0431 — 0421 0YV31

Uz = 0Z21 0%X31 — 0X21 0Z31
25,

0X21 0Y31 — 0Y21 0%X31
vj—, =V; X Vi

2.2.3. Procedure of the form finding tool FF
The procedure of the form finding tool FF is described in Figure 2.2. In this procedure, the
convergence is checked at both residual forces and the increment of nodal displacements.

| Input initial coordinates |

y

| Input forced displacements |
IN|

il
| Calculate residual forces Eq. (2.15) |

Check the convergence of Yes
residual forces

J/No
|Calculatc tangent stiffness Eq. (2.20)|

Calculate the increments of nodal
displacement Eq. (2.16)

Update the total nodal displacements
and coordinates Eq. (2.17)

No Check the convergence of Yes
the increments of nodal displacement

v

| Output the updated coordinates |

Figure 2.2 The procedure of the form finding tool FF
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2.3 Cutting pattern analysis
2.3.1. Cutting pattern process

Generally, the cutting pattern involves three steps. First, the curved surface is divided into
individual strips. In this step, the geodesic line, which will become a straight line upon the
development of the curved surface, is utilized. The determination method of geodesic line on
the curved surface can be referred in the method of Kazuo Ishii /%7, Second, the three-
dimensional data for each strip are converted into usable plane form. This step is so-called the
flattening step. Many research papers on this cutting pattern step have been reported /U189 INT93/.
[BM98]. [TY98] "Third, the conversion or compensation step is necessary to optimize the cutting
strips. The aim of the third step is to minimize the difference between the prescribed prestress
state and the actual stress state. In this step, Tsubota introduced a new analytical method for
producing a more accurate cutting pattern by utilizing an optimization technique /478 [H193],
Ohsaki suggested shape-stress trade-off design method to optimize the cutting strips after
moving the pretension force /M°%/ while Linhard proposed the introducing the cutting patterns
in form finding analysis to obtain the more accuracy cutting strips 2%/, Generally, the third
step took a number of work effort to obtain the accuracy of cutting strips. Even if the cutting
strips are established with extreme accuracy, the discrepancy between the prescribed stress and
actual stress states is still obvious because of the viscous characteristic of membrane material.

In the proposed fabrication method for establishing a smooth curved surface using ETFE
film, the cutting strips which are established without the consideration of prestress, are obtained
by flattening approach. After that, these strips will be joined together, and the ETFE film is
drawn to its plastic region because of the increment of yield strength and the reduction of
tension due to viscous characteristics. Therefore, the third step can be ignored in this method of
fabrication. The flattening approach based on a least-squares minimization, which was
suggested by Tabarrok /2793 will be reviewed in this section. In addition, a tool, which is named
as CP, is established according to this approach. This tool will be used to investigate the shapes
of cutting strips of saddle type of membrane structures which correspond to the results of form
finding analysis.

2.3.2. A least-squares minimization flattening approach
The process of a least-squares minimization flattening approach is presented in Figure 2.3.
This method suggested the assumptions which are shown as below:
< The input three-dimensional data of nodes of each strip are obtained from the form finding
analysis.
< The link element will connect two nodes in each side of triangular membrane element in
form finding analysis.

< The boundary link elements will have the greater “weight” than that of the middle link

18
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elements. This assumption will guarantee all cutting boundary lengths remain constant.

Flattening Each strip

—>
4@' >

5D shape

- 1 ts
Boundary Jink elemen

Middle link clements

Figure 2.3 Process of a least-squares minimization method

The notations in this section are listed in Eq. (2.22)

Xi1,Yi1,Z;1;  The 3D coordinates of node / of link element i: known

Xi2,Yi2,Z;,  The 3D coordinates of node 2 of link element i: known

Xi1, Vi1 The 2D coordinates of node / of link element i: unknown

Xi2Vi2 The 2D coordinates of node 2 of link element i: unknown

Xj, Y The 2D coordinates of node j (222
m The number of link elements in each strip

n The number of nodes in each strip

?; The difference between the lengths in 2D and 3D of link element i

w; The weight factor of link element i

The discrepancy between the general length of link elements in 3D coordinates and 2D

coordinates is minimized by a least-squares approach as shown in Eq. (2.23)

() = ) 009 (2.23)
i=1

where, x is the coordinate vector of plane strip to be determined. The definitions of x and ©;
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are shown in Eq. (2.24) and Eq. (2.25), respectively.

X = [x1 yl xn yn]

@; = \/(xm - xi,z)2 + (}’i,1 - Yi,z)z

- \/(Xm - Xi,z)z + (Y, — Yi,z)z +(Z;, - Zi,z)z

(2.24)

(2.25)

It should be noted that @; are the nonlinear functions of x, so it is necessary to linearize

@; in order to facilitate numerical calculation. Assuming an initial guess solution x,, the

Taylor expansion of @;(x) can be obtained in Eq. (2.26) if the nonlinear terms are ignored.

d00;
ax » (x — x)

Substituting Eq. (2.26) into Eq. (2.23), Eq. (2.27) can be obtained

m

S(x) = Z o

i=1

0:(x) = 0;(xo) +

a .
0,(xg) + 22

2
ax i (x — xo)l

X
The necessary condition for a minimum of S(x) is expressed in Eq. (2.28)

S(®) .\ 00, 00,
: _szi [@i(x0)+

Jx

(x —xo)

0 ox

Xo

The equation Eq. (2.28) can be written in matrix form as shown in Eq. (2.29)
ATWAAx = -ATwC
where, A, W and C are defined in the equation Eq. (2.30)

0, 20, 20, 20
ox, 0y,  0x, OJy,
A(xo) = ox, 0y,  0x, OJy,
[0x; 0y,  0x, Oynd ...
w; 0 .. 0
W = 0 w, .. O
0 0 WOml o em
Cx) =[01 B2 — Oulwa’
Ax = x — x

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

The solutions of Eq. (2.29) are the incremental of coordinates of plane nodes. The initial

guess of solutions x, will be added by those increments, and the process will be repeated until

the convergence criteria are satisfied.
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Eq. (2.29) can be written in the form which is similar to the finite element equation as shown
in Eq. (2.31)

KAx =R (2.31)
where, K = ATWA is the “stiffness matrix”, and R = —ATWC is the “load matrix”.

It is worth to note that a system of link elements is quite similar to a system of truss
elements. Therefore, the matrices K and R can be obtained by assembling K; and R; of all
link elements. The matrices K; and R; for link element i are determined in Eq. (2.32)

K; = wA;"A; (2.32a)
R; = —w,0;A;" (2.32b)
where, the matrix A; is calculated in Eq. (2.33)

o [6@1 09, 090; 0J9; l 0330
' axi,l ayi,l axi,z axilz
_ [xi,1 —Xiz Vi1 —Viz Xi2 — X1 Viz — J’i,1]
l l l l
2 2
l= \/(xi.l - xi,Z) + (}’i,1 - }’i,z) (2.33b)

2.2.3. Procedure of the cutting pattern tool CP
The procedure of the cutting pattern tool CP is described in Figure 2.4.

Input 3D coordinates from form
finding results

y

| Assume an initial solution x, |
|

i
| Calculate K; and R; Eq. (2.32) |

| Assemble K; & R, to obtain K & R |

| Calculate Ax Eq. (2.31) |

Update 2D coordinates
x0=x0 + fx ; xV=x,
Check the convergence

\I/Yes
| Output the updated 2D coordinates |

No

Figure 2.4 The procedure of the cutting pattern tool CP
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2.4 Case study
2.4.1. Definition of case study
The saddle type of tensile membrane structure is investigated in this thesis. The dimensions
and definitions of this structures are described in Figure 2.5. The film is fixed with the outside
frames and is supported by two galvanized steel arches at the positions of arch. The long
direction is named as machine direction or MD direction, while the short direction is named as

transverse direction or 7D direction.

-

L=2000

-

a. 3D view b. Elevation view

Machine direction (MD)
%

' Frame
a
o)
g § § S o »
g = =2 S
N 2 1 1000 I 1000 I 1000 I 1000 Iy
2 21.=4000
A & b
&
i Frame
1000 | 1000 | 1000 L 1000 |
B Arch 21.=4000 Arch s
c. Plane view d. Elevation view

Figure 2.5 The dimensions and definitions of saddle tensile membrane structures

(all dimensions are in millimeter)

The rise ratio r and the prescribed stress ratio s are defined in Eq. (2.34)
H S
r=—, s=22 (2.34)
L Stp
This section comprises six case studies which are categorized by the rise ratio and stress
ratio as shown in Table 2.1.

Table 2.1 Definition of case study
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
r 10% 10% 15% 15% 20% 20%
s 1:1 3:1 1:1 3:1 1:1 3:1
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2.4.2. Models in form finding and cutting pattern analysis
A quarter of above structure is modeled in the form finding analysis. The boundary
conditions and the forced displacement conditions are presented in Figure 2.6. The initial
stresses in X and Y directions in Eq. (2.12) are chosen to satisfy the prescribed stress ratio in
Table 2.1, while the forced displacement conditions at positions of arch are determined by the

height of arch which is depended on the rise ratio.

Y I Fixed
¥ Fixed in Y direction
«l Fixed in X direction

1000

} 1000 } 1000

a. Boundary conditions b. Forced displacement conditions

Figure 2.6 A quarter model and essential boundary conditions in form finding analysis

The cutting lines and cutting strips are shown in Figure 2.7a. In the proposed method, a few
of cutting lines are proposed, so there is only one cutting line which is chosen in the middle of
this saddle membrane structure. The boundary link elements and middle link elements are
indicated in Figure 2.7b&c. The weights of boundary link elements are chosen as /0! unit as
compared to / unit of the weights of middle link elements. Those selections are to guarantee

that the lengths of boundary lines will remain constant during the cutting pattern analysis.
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,,,,,,,,,,,, Cutting lines

(S I ) ) () D N Y
1 O Y N I B |
N N N N I R
N N N AN I R
I N R B AN I I I
- N ey
g |CLLELLE LLULE
o Sy i ety I I [y (it I A iy M
ﬂ Y O O
LLLLbbibrrerrer
Corner part tttttMiddle paﬁtttt
Y N Y O
Y I I O O O
& N O B
1000 Jv? 1000 Jv? 1000 Jv? 1000
21.=4000

a. Cutting strips and cutting lines

————— Boundary link elements ----- Boundary link elements
—— Middle link elements —— Middle link elements
b. Link elements in corner part c. Link elements in middle part

Figure 2.7 Cutting strips and model of link elements for cutting pattern analysis
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2.4.3. Results and discussions
The tool FF is used to obtain the ideal shapes of six case studies. The results are presented
in Figure 2.8.
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Figure 2.8 The form finding results

(All dimensions are in millimeter)
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The curvature of the final curve of this saddle membrane structures in form finding analysis
is defined in Eq. (2.35)
1 8h
R~ IZ+4h
where, h is the saddle height as shown in Figure 2.5d, L is short span of the structure.

= (2.35)

Figure 2.9 shows the results of this curvature. The solid line with circle marker represents
the results of prescribed stress ratio s of /.1, while the solid line with square marker indicates
the results of 3:7 of s. According to Figure 2.9, when the rise ratio increases, the curvature of
the final curve increases. The change of prescribed stress ratio from /:/ to 3:/ can decrease the

increments of the curvature.

——s=1:1 =—8—-s=3:1

5.0
S
E /
N q
£ 2.0 a_//“
‘i /
S 1.0 §
0.0

10% 15% 20%

Rise ratio r

Figure 2.9 The curvature of the final curve in form finding analysis
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The tool CP is used to obtain the cutting strips of corner and middle parts of six case studies.
The results are presented in Figure 2.10. In Figure 2.10, the numbers show the lengths of
boundary and cutting lines, while the percentage figures indicate the expansions of the lengths
of drape strips and the corresponding lengths of the form finding shapes. It can be seen in Figure
2.10 that the increment of rise ratio makes the expansions increase. In the field of weld work,
the increment of expansions will make the reduction of weld speed and the increasement of
difficulty of connecting. The change of prescribed stress ratio from /:/ to 3:/ can decrease
those expansion. In addition, in the proposed fabrication method for establishing curved surface
using ETFE film, we attempt to establish the curved surface from the non-tension state by

stretching the composite of drape strips. Therefore, the effectiveness of selection of prescribed

stress ratio should be checked by the experiments.

020 5o
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Corner Middle Corner Middle
r=20%,s=1:1 r=20%,s =3:1

Figure 2.10 The cutting pattern results

(All dimensions are in millimeter)
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2.5 Summary

(a) It should be noted that there is no guarantee that the form finding procedure in section
2.2 will always convergence. The convergence problems could be occurred by the shape of
structures, the initial configuration of structures, the boundary conditions and the mesh

generation.

(b) The accuracy of the suggested tools F/F' & CP was confirmed by the in-house software

of Taiyo Kogyo Corp., for the case studies of the saddle type of tensile membrane structures.

(c) Saddle type of tensile membrane structures: the increment of rise ratio is accompanied
with the increment of the curvature of ideal curved surface and the increment of expansion of

drape strips. The selection of prescribed stress ratio can decrease those increments.
(d) The experiments are essential to investigate the possibility of establishment of the three-

dimensional curved surface by stretching the combination of drape strips of several prescribed

stress ratios and/or plane strips.
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Chapter 3. Fabrication of three-dimensional curved surface
using ETFE film by stretching plane strips

3.1 Introduction

Generally, the ETFE film is manufactured in rolls of around /.5 meter. The strips of film
are cut and jointed together to procedure the desired curved surfaces. It should be noted that the
smaller the width of the strip is, the closer the obtained curved surface approaches the real
curved surface /57?7, When strips are jointed, the heat welding techniques are generally used.

In the fabrication of relatively small area of curved surface using ETFE film, the fine
division of curved surface into strips is difficult. The reasons can be explained as: (1) the
difficulty of heat welding increases when the curvature of curved surface is large; (2) the
strength of material decreases because of the weld lines; (3) the aesthetic of structures is affected
by the increment of weld lines. Besides, the ETFE film can be elongated up to 400% of nominal
strain under uniaxial test, and the yield strength of the film can be increased after the film is
drawn to its plastic region due to the hardening characteristics. Therefore, the fabrication of
ETFE curved surface with a few of weld lines and the high yield strength is pursued. Specially,
if the possibility of fabrication of curved surface from plane strips is confirmed, the
effectiveness of construction work will be increased sharply. The first reason is that the heat
welding work of plane strips is simpler than that of drape strips of large curvature. The second
reason is that the form finding and cutting pattern analysis are not necessary.

Therefore, this chapter will introduce the proposed fabrication method in which the
possibility of establishment of the three-dimensional curved surfaced from plane strips can be
checked. In this proposed fabrication method, the detail connections between the films and the
outside frames are improved by the novel technique of Taiyo Kogyo Corp., in which the
boundary of the films can be drawn freely. As a result, the possibility of fabrication of the curved
surface is increased by the adjustment of drawing values. When the boundary of the film is
drawn, the slide between the films and the supporting frames occurs. It means that the slide or
the friction contact between the films and the supporting frames cannot be ignored in this
fabrication method. In this chapter, therefore, the values of slide between the ETFE film and

supporting galvanized steel arches are also investigated.
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3.2 Overview of stretch fabrication experiments
3.2.1. The process of experiments

The saddle type of tensile membrane structure, which was introduced in Chapter 2, is
investigated in these experiments. The parts of the film between supporting arches and outside
frames are called corner parts, while the parts between two arches are called middle parts.

The process of stretch fabrication experiments is presented in Figure 3.1. First, the form
finding analysis is carried out to find the ideal shapes of the corner parts with 3./ of prescribed
stress ratio between X (or MD) and Y (or 7D) directions. The films are drawn at boundary
positions, so the prescribed stress ratio of 3:7 is chosen for the corner parts in order to encourage
that the pretension stress for the middle part can be introduced sufficiently (Figure 2.10).
Second, the cutting pattern analysis is used to find the drape strips for the corner parts. It should
be noted that the plane strips, which are not draped, are used for the middle parts. Third, those
parts are jointed together into specimens by heat welding techniques, and these specimens are
spread on the frames of experiments. Next, the boundaries of the specimens are drawn to
introduce the pretension stress on the films. Finally, the final shapes are obtained and checked

for the sufficiency of prestress and the absence of wrinkling.

D P D
(™ —
Form finding for corner parts Cutting pattern strips
(prescribed stressratio Sy: S, is 3:1) (drape strips in corner; plane strips in middle)

— v

Boundary drawing

Final shape

Figure 3.1 The process of stretch fabrication experiments, plane strips for middle part
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The dimensions of the frames of experiments are shown in Figure 3.2. There are three types
of the height of arch H as 200mm, 300mm and 400mm which correspond to /0%, 15% and 20%

of rise ratios. The definition of rise ratio can be referred in section 2.4.
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Figure 3.2 The frame of experiments (All dimensions are in millimeter)

3.2.2. Specimens

The thickness of ETFE film was 250um in these experiments. There are three types of
specimens which are named as PD10, PD15 and PD2(. While the letter “P” denotes the plane
type of strip for the middle part, the letter “D " indicates the drape type of strip for the corner
part. The number /0, 15 and 20 present the rise ratios of 10%, 15% and 20%, respectively. The
cutting strips of corner part and middle part in those types of specimens are shown in Figure
3.3. The numbers show the lengths of cutting lines, while the percentages indicate the
expansions of the lengths in drape strips and the corresponding lengths of the form finding

shapes in Figure 3.3.
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2000
\O O
N N
S S
2000
Middle part

a. PD10 specimens

2000
N AN
vy v
= =
2000
Corner part Middle part

b. PD15 specimens

2000
o o
S S
2000
Corner part Middle part

c. PD20 specimens
Figure 3.3 Types of cutting strips

Each type of cutting strips has two specimens named as @ and b, so there are six specimens

totally. Table 3.1 represents the information of specimens.

Table 3.1 Information of specimens

. . . Types of cutting strip ETFE properties
Specimens Rise ratio - -
Corner Middle Thickness Type
PD10a/b 10% Drape (3:1) Plane 250 um Printed dot
PDI15a/b 15% Drape (3:1) Plane 250 um Printed dot
PD20a/b 20% Drape (3:1) Plane 250 um Printed dot
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3.2.3. The process of drawing
The values of drawing at four special boundary positions are shown in Figure 3.4a, while
those values at other positions are interpolated linearly as shown in Figure 3.4b. The values of
a, b, c and d are input step by step to introduce the prestress on the film during the experiments.
The target prestress is around the first yield points of ETFE film, so the values of a, b, ¢ and d
are determined to guarantee the sufficient prestress. In addition, the limited values of @, b, ¢ and
d are 80mm due to the setup of experiments, and the relations between a, b, ¢ and d are

controlled by the absence of wrinkling.

a. Values of drawing boundary at four b. The linear interpolation of drawing

special positions boundary at other positions

Figure 3.4 The values of drawing boundary

Figure 3.5 shows the process of drawing over six specimens. In this figure, the lines with
circle, square, diamond and triangle makers show the drawing values of a, b, ¢ and d during the
process of experiments, respectively. Generally, the drawing values increased during the
experiments. However, only the drawing value of d needed to input in some last steps for the
high-rise ratio specimens (PD15, PD20). The reason can be explained that the prestress in 7D

direction or short direction need to be more introduced.
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3.3 Observation methods, results and discussions
3.3.1. Observed engineering strains
The lengths of four segments (I; = [,) in Figure 3.6 were measured by tape measurement
with precision of 0. 5mm during the process of drawing. The engineering strains can be obtained

by these observations as shown in Eq. (3.1).

L li \ 12 30
i < T T
- L« -
(D]
=
0% SllE 5 &S
< % P~
o. | Offsetline |
Sk 4
Frame
a. 3D view of a quarter of specimens b. Plane view of a quarter of specimens
Figure 3.6 The observed lengths of four segments
I — .l
W& = k07 (3.1

where, ,¢; is the engineering strain of segment 7 at step k£, l; and j[; are the lengths of
segment i at the initial step and step &, respectively.

Figure 3.7 shows the results of the observed engineering strains throughout six specimens.
In this figure, the lines with the circle, square and triangle markers show the results of specimens
PDI0, PD15 and PD20, respectively. While the solid lines indicate the results of specimens
PDI10a, PD15a, PD20a, the dash lines represent the results of specimens PD10b, PD15b,
PD20b.
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Figure 3.7 The results of engineering strains

In the middle part, the target input engineering strains in MD direction or long direction (&;)
and in 7D direction or short direction (&3) are around from 0.5% to 1.0%. The plane strips were
used for this part, so the effect of saddle height, which is denoted as h; as shown in Figure
3.6a, was obvious, especially in 7D direction. The higher the rise ratio was, the harder the input
engineering strain for 7D direction was. As it can be seen from Figure 3.7c, the input
engineering strain reached to the target of around 0.5% when the ratios between drawing value
of 2d and span of structure L were about 8%, 6% and 4% for the specimens PD20, PD15 and
PDI0, respectively. It means that the drawing value of d must increase with the increment of

rise ratio. However, the increment of d accompanies with the occurrence of wrinkling. This
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problem will be indicated in section 3.3.3.

In the corner part, the input engineering strain in MD direction (&) reached the values of
around /.5% when the drawing ratio 2a/L was around 3% to 4% throughout three values of rise
ratios. The input prestress was introduced for this part easily because the drawing could be
carried out at three positions of a, b and c.

3.3.2. Observed Green-Lagrange strain and Mises stress
The lengths of four edges and two diagonals of part 4 and part B in Figure 3.8 were
measured by tape measurement with precision of 0.5mm during the experiments. The Green-
Lagrange strains of those parts could be calculated depending on the assumption that: (1) The
x direction of each part remained constant as X direction during the experiments; (2) all parts

were assumed in plane stress condition. Figure 3.9 indicates the assumptions for this calculation.

X2
S NE
Part A Y2 S Yl
Y E § g X xo X2
< P~
S Part B O & & vil Y2
X if Y1l [Y2 W
1000 Fra‘r‘f’e 1000 ]“gq‘) X1 X1
Part I Part IT Part I1I Part IV
a. Positions of part A & part B b. Observed lengths

Figure 3.8 Observed lengths at part A & part B

The Green-Lagrange strains can be obtained by the equation Eq. (3.2)
Exx 1 [ye—yi yi—y 0 U;
eyt=—1| o0 0 xj — x; [{Uk (3.2)
28
Xi =Xk Xi—%  Yi— Y| \Vk
where, x; =0, ¥, =0, x; = °L, ¥, =0, x, = °Licos(ag), ¥ = °L;sin(a,)
u; = "Ly — °Ly, w = "Ljcos(a,) — °Licos(ay), vx = "Ljsin(a,) — °Ljsin(a,), S is

area of triangle ijk at the initial step, 0L]-, OL]-, %L, are the lengths of segments i, j, k at the

initial step, "L;, "L;, "L, are the lengths of segments i j k at step n and

Exy

OLj, OLj, L, "Lj, "Lj, "Ly, ap, a, are described in Figure 3.9.
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- - -Shape at initial step
—— Shape at step n

0Lk |
nl g ‘

Figure 3.9 The assumptions of calculation of Green-Lagrange strains

The average values of Green-Lagrange strains in MD direction (&), TD direction (g,,)
and shear strain (&,) of part 4 and part B during the process of drawing are shown in Figure
3.10 and Figure 3.11, respectively. In these figures, lines with the circle, rectangle and triangle
markers present the results of &, &), and &, respectively. In addition, the Green-Lagrange
strains are printed in the relationship with the ratio between the drawing value of d and span of
structure L in Figure 3.10, while these strains are plot in the relationship with ratio between the
drawing value of b and span L in Figure 3.11.

At part 4, the strain of 7D direction (€,,) was almost zeros in case of PD15 and PD20,
while the strain of MD direction (&,,) and the shear strain (&,) were large. This made the
wrinkling occurred at this part and smooth curved surface could not be obtained in case of high-
rise ratio (/5% and 20%).

In case of PD10, the decrements of Green-Lagrange strains were observed at part A4 at the
final step. The reason can be explained that the drawing process at the final step occurred only
at corner part (b position only). The same phenomenon was observed in case of PDI5b.
Therefore, it is recommended that the drawing process should be carried out all over of
specimen at each step of fabrication.

At part B, the Green-Lagrange strains increased gradually with the increment of drawing
value at b position. The limit value of drawing value b is around 30mm because the damage of

ETFE was observed at the corner of outside frame.
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Figure 3.10 The Green-Lagrange strains of part A during the experiments

40



Chapter 3. Fabrication of 3D curved surface using ETFE film by stretching plane strips

e eeeExy 9 Eyy Exy
1.60%
1.10%
o)
0.60% g
-
0.10% G o T
R 2b/L
040 0/0.00% 100% 2.00% 3.00% 4.00%
=-U. 0
a. PD10a
e@eExy oo Eyy Exy
1.00%
0.80% 5
0.60%
Bo )
0.40% g
0.20% Gt /o)
0.00% 2L
0.00% 1.00% 2.00% 3.00%
c. PDI15a
Qe e fPeee Eyy Exy
1.50%
[n]
1.00%
. ,'O
0.50% i
(\ o 0"
0.00% L2 2b/L
. 0

0.00% 1.00% 2.00% 3.00% 4.00%

e. PD20a

ceei®eee Exx e Eyy Exy
1.20%
1.00%
0.80%
0.60%
0.40% g
0.20% 2
0.00% o 2L
0.00% 1.00% 2.00% 3.00%
b. PD10b
cee@eeExx eef@ee Eyy Exy
2.00%
1.50%
1.00%
S
0.50% SO
S fo)
0 50(;).00% 1.00% 2.00% 3.00% 4.00%
-V. 0
d. PD15b
cee@eenExx e Eyy Exy
2.50%
2.00%
1.50%
1.00% [ =
0.50% Gt
Doh e ©
0.00% Gt —
0 5000.00% 1.00% 2.00% 3.00% 4.00%

£ PD20b

Figure 3.11 The Green-Lagrange strains of part B during the experiments
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The 2nd Piola-Kirchhoff stresses of part 4 and part B can be obtained by Eq. (3.3). Here,

part 4 and B were assumed in plane stress condition.

Syx E L 0 Exx

S _ v 1 0 € 33
(=T 1—v|1& (3.3)

Sxy 0 Exy

where, £ and v are Young modulus and Poisson’s ratio of ETFE film, respectively.
The Mises stress is determined by the Eq. (3.4)

Seq = \/sxxz +Syy% = SuxSyy + 3Sy,” (3-4)

The results of Mises stresses are shown in Figure 3.12. The dash lines with circle and
rectangle markers show the average values of specimens a and b, respectively. The bar and error
bar indicate the maximum and minimum values. The input Mises stress of part 4 was
insufficient because the plane strips were used in the middle part. The Mises stress almost
reached the target stress of the first yield point of ETFE film at part B. The drape strips with
prescribed stress ratio of 3:7/ were used for the corner part. The drawing values of around 3%
to 4% of span were input at the boundary. Those fabrication process can be accepted for the

corner part throughout three values of rise ratios.
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3.3.3. Smooth curved surface
The smooth curved surface, which is the curved surface without the wrinkling, could be
only obtained for the low-rise ratio case of /0% (PD10). Figure 3.13 shows the initial and final
shapes of PD10a and PD10b.

c. PD10b, Initial shape

Figure 3.13 Smooth curved surfaces in case of rise ratio of 10%

b. PD15a
Figure 3.14 Positions of occurred wrinkling in case of PD15 & PD20
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The wrinkling could not be erased at the final step of drawing process for the high-rise ratio
of 15% and 20% (PD15 & PDZ20). The positions of occurred wrinkling are shown in Figure
3.14. The occurrence of wrinkling at position / (Figure 3.14a) can be explained by: (1) the stress
of this position was mainly introduced in MD direction or long direction; (2) the shear stress
was large. As a result, the minimum principal stress of this position was almost smaller than
zeros, and the wrinkling occurred. The minimum principal stress of part A can be used as the
representative sample of this reason. This stress can be obtained by Eq. (3.5) and are shown in
Figure 3.15. The circle markers show the average values of minimum principal stress, while the

error bars indicate the maximum and minimum values of this stress at part 4 in Figure 3.15.

2 (3.5)

Smin - 2 4 + Sxy

S+, j(sx -s,)°

10.0

5.0

principal stress (MPa)

% i

PD15a PDI15b PD20a PD20b

0.0

Minimum

-5.0

Figure 3.15 Minimum principal stress of part A

The occurrence of wrinkling at position /7 can be explained by the discrepancy between the
drawing values at d and c positions. The drawing value of d position has to introduce
dramatically to reach the target prestress for the high-rise ratio cases. However, the increment
of d is accompanied with the decrement of minimum principal stress at position // (Figure
5.12b). Consequently, the wrinkling occurred at position // in case of high-rise ratios of /5%
and 20%.
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3.3.4. Motions of offset points
The motions of offset points on the ETFE film versus the fix points of outside frame were
observed by the carpenter’s square with precision of 0.5mm during the drawing process of
experiments. Those movements can be used as the forced displacement conditions in the
analysis of predictions behaviors of ETFE film for the stretch fabrication experiments in the

next chapters. The positions of offset points are shown in Figure 3.16.

4
x O

Y
ZN

® Offset points on ETFE films

Steel arch

b. Positions of offset point in 2D view c. Photo of the corner part, PD10a
Figure 3.16 Positions of offset points

The relations between the drawing values of a, b, ¢ and d and the movements of special
offset points /% 2% 3* and 4* are shown in Figure 3.17. In this figure, the circle, square,
diamond, triangle, minus and star markers show the results of PD10a, PD10b, PD15a, PD15b,
PD20a and PD20b, respectively. The dash lines present the linear regression lines /%% between
the drawing values and the motions of offset points. The linear functions of these regression
lines are also presented, and these functions can be used to predict the movements of offset

points during the process of experiments.
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Figure 3.17 The relations between drawing values and movements of offset points
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3.4 Observed slide between ETFE film and supporting arches

Fixed points on arch

Observed points 6n ETFE

a. 3D view of a quarter of specimens b. Photo of specimen PD20a, final state
Figure 3.18 The observed slide at five positions

The slide between the red marked points of ETFE film and the fixed blue marked points of
arches (Figure 3.18b) were measured by the carpenter’s square with precision of 0.5mm at five
positions (Figure 3.18a) during the process of drawing. Those measurements were carried out
in both X and Y directions. The results of these slides will be used to confirm the suggested
analytical method which will be introduced in the next chapter. Figure 3.19 shows the photos
of those movements during the experiments. In this figure, the blue marked points indicate the
fixed points of galvanized steel arches, while the red marked points present the corresponding
observed slide points of ETFE film.

The relations between slide values in X and Y directions are shown in Figure 3.20. In this
figure, the dash lines with circle, square, diamond, triangle and minus makers present the results
of'slide at 7, I1, II1, IV and V positions, respectively. Generally, the slide in Y direction increased
with the increment of drawing value of c. The slide in X direction at point /7 and //I changed
the direction when drawing process occurred only at d position. This phenomenon could be
seen in case of PDI15a, PD15b, PD20b specimens. The slide at point / occurred mainly in X

direction because of the symmetry of specimens.
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step

Final

d. PD15b
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Figure 3.19 The photos of observed slide over six specimens
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Figure 3.20 The history of slide in X and Y directions over six specimens
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3.5 Summary

(a) The fabrication of low-rise 3D smooth curved surface by drawing the plane strips was
confirmed. However, the establishment of high-rise 3D smooth curved surface by drawing the
plane strips still had problem because of the occurrence of the wrinkling and the insufficient
prestress.

(b) The slide between ETFE film and supporting galvanized steel arches was observed

obviously. Therefore, the friction contact between them cannot be ignored.

(c) The relationship between the motion of offset point on ETFE film and the drawing values
was established. This relationship can be used to predict the behaviors of ETFE film and

determine the drawing values in the practical construction.

(d) The analytical method, which can solve the geometrical nonlinearity, the material
nonlinearity and the nonlinearity of contact, is necessarily proposed. In addition, the static
friction coefficient between the ETFE film and supporting frames such as galvanized steel arch

is also essential to investigate.
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Chapter 4. Total Lagrangian formulation for ETFE tensile
membrane structures considering friction contact

4.1 Introduction

First, the ETFE film is thin and flexible, so tensile membrane structures using ETFE film
have relatively large deformation under specified loads. Thus, the geometrical nonlinearity
analysis is essentially important. Second, the ETFE film is produced partial plastic elongation
during the drawing process in the proposed fabrication method in Chapter 3. As a result, the
elastic-plastic characteristics of ETFE film are necessarily considered. Third, the slide between
ETFE film and supporting frames such as galvanized steel arches was observed obviously. It
means that the friction contacts between ETFE film and supporting arches cannot be ignored.
In summary, the analytical method, which can solve the geometrical nonlinearity, the material
nonlinearity and the nonlinearity of contact, is necessarily proposed to predict the behaviors of
ETFE film and determine the drawing values in the proposed stretch fabrication method.

The elastic-plastic large deformation analysis could be found in the work of Bathe /5876/ In
this work, Bathe suggested both total Lagrangian (TL) formulation, in which all kinematic
variables are referred to the initial configuration and updated Lagrangian (UL) formulation, in
which all kinematic variables are referred to the current configuration. Moreover, they indicated
that if the constitutive relations are defined directly for each formulation, the differences
between two formulations will be relatively small in case of moderate deformation. Besides,
drawing the ETFE film was coupled with the reduction of thickness and the decrease of tear
resistance. As a result, 10% to 20% of drawing was the optimal condition under uniaxial
elongation MK% while 5% to 10% was recommended for the biaxial elongation /£/13/,
Therefore, the theory of large displacements and small strains could be utilized for the analysis
during the stretch fabrication experiments. As a result, the TL formulation is used in this chapter.

The slide or friction contact in tensile membrane structures has attracted a great number of
researchers. The review of this problem can be referred in section 1.1. The main problem in
previous researches of this problem was the assumption of elastic range of membrane material.

Therefore, this chapter proposes the total Lagrangian formulation for both triangular
membrane element and node-to-node contact element as well as the analytical procedure to
solve the problems of large deformation, elastic-plastic and contact conditions. The elastic-
plastic properties of material and the friction characteristics of contact surfaces are determined
during the static loading process. In addition, the suggested formulations are simple and easily

incorporated into existing nonlinear finite element programs. The accuracy and applicability of
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suggesting method are confirmed by both the experiments and existing commercial software
ANSYS ANOT],

4.2 Total Lagrangian formulation

In the static analysis of geometrical nonlinearity of tensile membrane structures, it is
preferable to use a dense mesh of primitive elements rather than a coarse mesh made up higher
order elements /872, Therefore, the work of this chapter focuses on triangular membrane
elements with three nodes and nine degrees of freedom per element. In addition, the dimensions
of supporting frames are usually much smaller than that of membrane. As a result, the node-to-
node contact elements are used to model the contact between the membrane and supporting

frame approximately.

4.2.1. Triangular membrane element
The TL formulation for triangular element can be referred in many previous studies /874
[K190]. [HN93] This formulation is reviewed in combination with Return-Mapping method /5597
consistent tangent operators /58 for ETFE material, which has two yield points on its stress-
strain curve in this section. The motion of triangular element in local Cartesian coordinate
system ( ox, oV, ¢z) of the initial time t, as well as in the global coordinate (X, Y, Z) is shown
in Figure 4.1.

3 oX, oY, oZ : thelocal coordinates of
membrane element

: the global coordinates of
the whole structure

: the position of node i
(i=1-3) at the pseudo time

0, t and t + At
0‘I 02 oX

Figure 4.1 The motion of triangular element in Cartesian coordinate system

The notations in this section are listed in Eq. (4.1)

C+Aty, tHAL, CHAC, The displacements in membrane element from time ¢t
0% oY 0

totime t + At in yx, ¥ and ,z coordinates.

AL teAr Erar The displacements of node i (i=1 3) from time t, to 4.1)
oUi»  oVir  oWi

time t + At in ox, (¥ and (z coordinates.

ou;, 6v; and Sw; The variations of the current displacement components
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t+At

t+At
ngxr

0€yy
t+A55xx‘ t+A55yy’
5§;t+A8§
55' t+A(§S
t+Agstrial

t+At ctrue
oS

t+At g/
oS

E G v, H

t+At
ngy

t+At
OSx

The displacements

t+by AL, and ALy,
The Green-Lagrange strains of membrane element from
the initial time t, to the time t + At

The 2" Piola-Kirchhoff stresses of membrane element

from the initial time ¢, to the time t + At
The Mises stress of the time t and the time ¢ + At

The 2" Piola-Kirchhoff stress tensor of membrane

element from time ¢, totimet and timet + At

Trial values of 2 Piola-Kirchhoff stress tensor t*AS

True values of 2" Piola-Kirchhoff stress tensor t+4LS

The deviatoric values of 2"? Piola-Kirchhoff stress

tensor ¢+ALS

Elastic tensor of material

Elastic-plastic tensor of material

The increment of equivalent plastic strain from the time
t to the time t + At
Young modulus, shear modulus, Poisson ratio, strain

hardening ratio of material

t+AL,, t+At
u," " “ol," o

v w are assumed to be linear over the element, so Eq.

(4.2) can be determined as below:

“Hu = a; + az ox +az gy
LAty = a, + as ox + ag oy 4.2)
t+AL

oW = a; + ag ox + aqg ¢y

Evaluating the displacements of three nodes of element, and solving for a;, Eq. (4.3) can

be obtained:

8:

t+AL t+AL t+AL
0Y23 oW1 T o¥31  oUz Tt oY1z oU3

25,

t+AL t+AL t+AL
0X32° oU1 T oX13  oUz T oX21  oU3

25,

t+AL t+AL t+AL
0¥23  oV1 T o¥Y31 oV2 t oY1z oV3 43)

25,

t+AL t+AL t+AL
0X32° oV1 T oX13  oV2 T oX21  oV3

25,

t+AL t+AL t+AL
0Y23 oW1 T o¥Y31 oWz T oY1z oWs3

25,
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0X32 Wy + ox13 W, + oo AWy
AT
where, the S, is the area of membrane element at the initial time ¢.
The values of Sy, ¢x;; and oy;; are determined in Eq. (4.4)

g =

1 ot o
250 =11 ox3 o2
1 oxz3  0Y3 (4.4)
oXij = oX; — oxj ((,j=1-3)

oYij = oYi — 0)j (i,j=1-23)
where, ox; and (y; are the coordinates of node i at time t;, in ,x and ,y axes,

respectively.
The Green-Lagrange strains from the initial time ¢, to the time t + At can be expressed

by Eq. (4.5)

t+At£ _ at+A0tu +1 (at+Agu>2 N <at+A5v>2 N (at+A5W>2-
07F T8 x 21\ 0 ox 0 ox dpx ) |

ar, 0 1 '<af+Agu : L (2 : L (0w ‘] 4.5)
0éyy = 5
d oy 2 d oy 9 oy d oy
t+At€ _ at+A5u at+A6v [a t+A5u at+A6u at+A5v at+A(L;v 6t+A5w at+A6Wl
YT 9y g Dox 0oy 0ogxr 0o  0gx 0y

Substituting Eq. (4.2) and Eq. (4.3) into Eq. (4.5), and writing them in matrix form, Eq.
(4.6) can be obtained:

thaLe ( a, + E(az2 + as? + ag?) ]
t+At . _ ) t+At —
as + as + (aya; + asag + agay)
The variations of these strains can be determined in Eq. (4.7):
t+A86£xx
tralse = { t*48eyy o = (Bo + B) - 6u 4.7)
t+A66£xy

where, the matrices B, B; and vector du are determined in Eq. (4.8)

0Y23 0 0 o¥a1 0 0 oY1z 0 0
0 oX32 0 0 oX13 0 0 oX21 O (4.8)

oX32  o¥23 0 ox13 oY1 0 oXz1 oY1z O

1

B, =—
07 28,
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Az 0Y23 Qs Y23 QAg Y23 Q2 0Y31 Qs 0Y31 Qg 0¥Y31 42 0Y12 Qs oV12 ag oV12
B, = il a3 0X32 Qe 0X32 Q9 0X32 (3 0X13 Qg 0X13 Q9 0X13 a3 oX21 Qe 0X21 Q9 oX21 |
250[ Az 0¥Y23 Qe 0YV23 Qg oY23 a3 0Y31 Q6 0Y31 Q9 0Y31 43 0Y12 Q6 0V12 Q9 oV12 J
ta; gX32 Tas ¢X32 +ag 0X32 1Az ¢X13 Tas ¢X13 +ag gX13 TA oX21 Tas X271 TAg 0X21
du = [6uy vy Sw, Su, v, Sw, Sus Sv, Sws]T

where, Su;, Sv; and Sw; are the variations of the current displacements ‘*Afu;, “*4%v; and

t+Atw,, respectively. It should be noted that these variations are also the variations of the
increment of displacements from the time t to the time t + At.

For an elastic-plastic material, the constitutive equations depend on the complete stress and
strain history. In this section work, von Mises yield criterion is used, and the equivalent stress

or Mises stress at the time t is determined in Eq. (4.9)

65 = \/((gsxx)z + ((gSYY)Z - (ngx(gsyy + 3((§Sxy)2 (4.9)
The elastic-plastic status of material at any time between discrete time points t and ¢ +
At is defined by this equivalent stress and yield stresses of material in uniaxial tension test. As
a result, the constitutive equations for elastic-plastic material in 7L formulation are written in
Eq. (4.10)
trils = tS + D - Ae

(4.10)

1 v
D=D=-2_[v 1 0| clastic zone
0 0

D = Der* : plastic zone
where, Ag are the increments of Green-Lagrange strains from the time ¢ to the time t + At,
D is elastic tensor of material, D®P* is elastic-plastic tensor of material.

The von Mises yield criterion, the associated flow rule and the isotropic hardening rule are
used to determine D®P*. The Return-Mapping method and consistent tangent operators could
be used to obtain D®P* for the assumption of plane stress analysis in this chapter. The
derivation of D®P* for triangular element is given in the next part.

Derivation of D€P*:

When the material shows the plastic behavior at any time between discrete time points ¢
and t + At, the 2" Piola-Kirchhoff stress tensor at time t + At is obtained by Eq. (4.11)
tAls = LS + D - (Ae — AgP) 4.11)
where, AgP are the increments of plastic strains from time t to time t + At.
Based on the associated flow rule and the yield condition, AgP are determined in Eq. (4.12)
Ael = AL - tHALST (4.12)
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M=o
2 t+A(§S
where, Aép is the increment of equivalent plastic strain from time t to time t + At, t+45S
is the equivalent stress or Mises stress at the time t + At, and t+2(S’ is the deviatoric stress
tensor of 2" Piola-Kirchhoff stress tensor.
Substituting Eq. (4.12) into Eq. (4.11), the equation Eq. (4.13) can be obtained
tHAlS = iS+ D - Ae — ; :AQ%D  tralg (4.13)

The trial values of 2" Piola-Kirchhoff stress tensor at time t + At are determined in Eq.

(4.14), and the true values of 2"? Piola-Kirchhoff stress tensor at time t + At are rewritten in
Eq. (4.15) from Eq. (4.13).

t+A(§Strial - (L;S + D - As (4.14)
. 3 de
tAtgtrue — t+atgtrial _ 5 t+A:§D . t+A(§S'tTue (4.15)
0
The deviatoric values of 2 Piola-Kirchhoff stress tensor t+A(§S’tTue are defined in Eq.

(4.16) for the plane stress analysis

t+A5$r“"ue =P t+AgStrue (4.16)
2 _1y
3 3
where, P=1]_1 2 ol
3 3
0 0 2
1-10
Introducing matrix Q as Q = ~l1 1 0| and multiplying Q7 in the left side of Eq.
o 0 vZ

(4.15), the equation Eq. (4.17) can be obtained

t+A6§true — t+A(§§trial _ ; tﬂfgf QT -D-P- t+A(§Strue
t+At’S'tTue — t+At§t‘r'ial _E Ae_P QT -D- Q . QT .P- Q . QT . t+AtstTue 4.17
0 0 2t+435—. 0 ( . )
— . 3 dep . —
t+AgStrue — t+A55trlal _ §t+Af§ . t+A6$true
0
E
3(1-v) 0 E
t+At¢ — T . t+At D — T . . .NT . . — —
where," %S = Q oS, D=Q"-D-Q-Q" -P-Q = 0 26 0 ,andG——Z(Hv)
0 0 26

Eq. (4.17) can be written in scalar forms in Eq. (4.18)
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(1-v)

Ae A e
(1 +3 t+A£§G> t+A(Ij“S§13",ue — t+A(§S}L;13",Lal (4.18)

146, E R -
(1 + EWtS_ > t+A(Ij“S§;ue — t+A(§S§;Lal
0

Aép

t+AtGtrue _ t+Atétrial

(1 +3arg G ) S = TS
0

The von Mises yield criterion is used to obtain Eq. (4.19)

2 2 2
l t+A5§;;ial +§ t+A5§31.;§,ial i3 t+AgSA~£§/ial
21 1 dép E 21 BAe_PG 1 3AépG
+§W3§m + TS + TS (4.19)
~\2
= (HASSy)

where, *4{S,, is the yield stress at the time ¢ + At and is defined by the hardening rule in Eq.
(4.20)
trasS, = §S, + H'Aep (4.20)
where, H' is strain hardening ratio of material.
The Newton-Raphson method is used to obtain the solutions of 4ép and **4.S in Eq.
(4.19). The consistent stiffness matrix can be determined in Eq. (4.21)

(D*! t+Ags,true)®(D*: t+ASS,true)

DeP* = D* — .
t+ASSItT'u€: (D* t+A(t)SltT'u€) + ng/(t+A(t)‘S_)2

4.21)

-1
where, D* = (D1 + AAP)™! and y = (1 - %H'A/l)
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4.2.2. Node-to-node contact element
Figure 4.2 describes node-to-node contact element in its local coordinate ( 0%, oV, Oz) at
the initial time t,. The system of three springs are used to model this element. The k,, is the
stiffness of normal spring, while k; is the stiffness of two horizontal springs. Node M shows
the rigid body as a master body, while node S indicates the flexible body as slave body. In this

work, the normal contact direction is assumed from node M to node Sas (z axis.

Zo : Normal contact direction

S

ke
Xo

Figure 4.2 The description of node-to-node contact element

Assumption 1: The normal contact direction remains constant during the motion of slave
body.
The advantage of this assumption is to reduce the variation of the change of normal direction

in analysis of large deformation. However, this assumption can only consider the small slide
between two contact bodies.

Assumption 2: At the initial time t, the normal contact conditions as shown in Eq. (1.1)

are satisfied, and the TL formulation in this section will be established to solve the friction
contact conditions.

At the initial time t,, the contact status between two bodies can be defined by the normal
gap function in Eq. (4.22)

In = 0Zs — 0Zm =0 (4.22)
where, (zg and (zy are the coordinates of nodes S and M in (z axis, respectively, g, is
the distance between two bodies in normal direction.

When g, is larger than zeros, two bodies are not in contact, and it is not necessary to have
further discussion about this status. In contrast, the normal contact occurs, and the next 7L
formulations are established for this case.

The incremental step-by-step solution is used to deal with the analysis includes nonlinear
geometric, elastic-plastic material and boundary contact conditions. The basic approach in this
solution is to assume that the solution for the discrete time t is known and the solution for

discrete time t + At is required. Therefore, the next 7L formulations for node-to-node contact
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elements are constructed to find the solution at time t + At.

The notations in this section are listed in Eq. (4.23)

. . . The internal contact forces of node-to-node contact
Ofgx' Ofgy' Ofgz

element at the time t in X, (Y, (Z coordinates.

The internal contact forces of node-to-node contact

t+At t+At t+At
Ofgx' Ofgy' Ofgz . . .
element at the time ¢t + At in X, ¥, (Z coordinates.

bt The deformations of node-to-node contact element at the

U,, SV, oW

olgr 0Vgr oWy ) ) )
time t in X, o), oZ coordinates.

trAt,  trAL), AL, The deformations of node-to-node contact element at the
oUg,  oVgr o

9 (4.23)

time t + At in ¢x, oV, oz coordinates.

The increments of deformations of node-to-node contact
Aug, Avg, AWg ) .
element from the time t to time t + At

bt The displacements of node i (i=S, M) from time ¢, to
oUir oVi» oWi . : .
time t in X, o), oZ coordinates.

CAE. t4AL. LEAE The displacements of node i (i=S, M) from time ¢, to
oUi,  oVi» oWi

time t + At in x, oV, oz coordinates.
The relations between the deformations of node-to-node contact element and the

displacements of nodes of this element are shown in Eq. (4.24)

t+At — t+At t+At -t

oUg = ToUs — T ToUy = Uy T+ Auy
t+At — t+At t+At -t

oVg = ToVs — " oUm = oVg T Ayy (4.24)
t+At — t+At t+At -t

oWg = "ToWs — oWy = oWy + Awy,

It should be noted that the penalty method is used in this work. As a result, the small
penetration in normal direction between two contact bodies are permitted during the static
loading process. The Assumption 1 guarantees that this penetration will be increased during the
static loading process. Therefore, the condition in Eq. (4.25) must be satisfied during the loading
process.

Aw, <0 (4.25)

Assumption 3: The stick-slide status of node-to-node contact element at any time between

discrete time points t and t + At is determined by the internal contact forces at time t.
The Coulomb dry friction theory is used in this work, so the condition in Eq. (4.26) is

checked during the static loading process

J (o) + (8oy)” < uléfe] (4.26)

where, p is the static friction coefficient between two contact bodies.

If the condition in Eq. (4.26) is satisfied, the stick condition is used to predict the behavior
of node-to-node element at the time t + At. The internal contact forces of this element at time

t + At can be obtained via the penalty method as shown in Eq. (4.27)
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t+A(§fgx = (gfgx + ky - Aug
t+A(§fgy = (L;fgy + k¢ - Ay (4.27)
t+A(§fgz = (gfgz + k- AWg
The large values of penalty parameters k, and k; will make the values of increments of
deformation small enough to be ignored.
If the condition in Eq. (4.26) is violated, the slide condition is adapted to predict the
behavior of node-to-node element at time t + At. Figure 4.3 presents the motion of slave node
from the time t to the time t + At.

oY
pAwy
S
t+tAt
)
a
M X
+S : the position of node S at time ¢
t+apS: the position of node § at time t + At
a. 3D view b. Plane view

Figure 4.3 The motion of slave node at time t + At

Assumption 4: The motion of slave node at the time t + At is determined by two criteria

as shown in Figure 4.3. The first is that the sliding direction is defined by the friction forces at
time t. The second criterion is that the Coulomb dry friction theory will be guaranteed. It
means that node S will be in the circle with radius of pAwy.

The sliding direction is determined in Eq. (4.28)

f f
cosa = 0 g% , sina = 0°9y

L) + ()’ L) + ()’

The internal contact forces of this element at time t + At can be obtained in Eq. (4.29)

(4.28)

0 fgxe = §fgx + - cOsa - ky - Awy
i oy = §fgy + 1 sina - ky, - Aw, (4.29)
t+A(§fgz = (gfgz + ky AWg

The derivation of Eq. (4.29) is shown in Box 4.1
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Box 4.1
The friction force at time t + At is determined in Eq. (a) by the Coulomb dry friction theory
t+A(€fgs = /Jt+A(t)fgz (a)
The normal contact force at time t + At is determined via penalty method as
t+A(§fgz = (gfgz + ky - AWg (b)
Substituting Eq. (b) into Eq. (a), Eq. (¢) can be obtained
t+A(§fgs = ﬂ(éfgz + ky - AWg) (c)

The distributions of “*4if,¢ into ox, oy directions are obtained via Assumption 4
t+A(§fgx =cosa- t+A(§fgs =cosa- .u((gfgz + ky - AWg)

. . (d)
By = sina - o = sina - u(§fy, + kn - Awy)
Substituting Eq. (4.28) into Eq. (d), Eq. (e) can be determined
of;
HAgfgx = Ozgx - /Jéfgz +u-cosa-ky, - Awg
G + (o)
(e)
ofgy

t+A(§fgy = Héfgz‘*'/i'SinOl'kn'AWg

\/(ngx)z + (5fgy)2

Eq. (e) can be obtained if and only if the condition in Eq. (4.26) is violated. Assuming Eq. (f)

is obtained at the time t.

2 2
LG + EFn)” = it 0
Substituting Eq. (f) into Eq. (e), the equation Eq. (4.29) can be determined.

Physical view point: The stick-slip phenomenon will occur during the static loading process

within the assumptions of this work. The stick-slide phenomenon can be observed from the
macro experiments /M973/ to the micro experiments of friction contact /4504,

Mathematical view point. the solution of Eq. (4.29) will be the correction for the

assumption of Eq. (f) in Box 4.1. The overview of this correction is shown in Figure 4.4. During
the static loading process, the normal contact force f,, increase gradually. At the time ¢;
when the friction force tg fgs 1s larger than u|t0i foz |, the slide occurs. The next solution is to

correct the values of toi fgs to the yield surface at time t;. This correction will be stopped when

LAt

. . tj . . . t
the correction of friction force (J) fgs attime t; > ¢; is smaller than the yield of u | é foz

this time t; the stick status is adapted, and the friction forces will be updated via the penalty
values as shown in Eq. (4.27). This procedure will be repeated until the static loading process
finishes.
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fgy .
i
ofgs tk
ol gs
Correction 3{\& _
Correction
0] Yield at time t; > t;
; f 11;1e ! ;
F3) Jj
=y H | ofoz
° f
Yield at time ¢; 9%

l‘l% gZ|

Figure 4.4 The overview of correction in slide status

Generally, writing Eq. (4.27) and Eq. (4.29) in matrix form, Eq. (4.30) can be obtained
“Hfg = f g + kg - Ay (4.30)

A A T T
where, t+A(§fg = [t+ (gfgx = 5fgy t+A(€fgz] 5 (L;fg = [5fgx (gfgy (gfgz] > Aug =

[Aug  Avy Awg]" and k, is defined in Eq. (4.31)

ke 0 0
) 2 2
=0 ko [ () <
0 0 ky,
4.31)
0 0 puky,l . .
kg = TgT' 0 0 0| Ty Iif J(éfQX) + (ngy) = “|5ng|
0 0 k,i
cosa sina 0]
where, Ty, = [—sina cosa 0] is defined as the transformation matrix to coordinate at time
0 0 1.

to.
It should be noted that the increments of Aug, Av,, Aw, will be determined in the

equilibrium of the whole structure.
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4.2.3. Structure includes triangular membrane and node-to-node contact elements
The principle of virtual work for structure which includes triangular element and node-to-

node element at the time t + At can be expressed generally as below

j StHitel . t+btg. g v 4 5t+A5ugT ) t+A3fg — SEHALYT . tHALR — (4.32)
oV
where, “*AtU is the nodal displacements vector of the whole structure from the time ¢, to the
time t + At, "YA'R is the external nodal forces vector at the time t + At, and oV is the
volume of membrane element at the time t,.
Substituting Eq. (4.7) into Eq. (4.32), and eliminating §**2¢UT, the equation Eq. (4.33) can
be obtained below

MT- j (B + BT -*AS - d oV + GT - THAlf , — AR = 0 (4.33)
oV
where, M or G matrices show the relation between nodal displacements vector of whole
structure and nodal displacements vector of membrane elements or node-to-node elements.
These matrices can be easily obtained in specific problem.
The Newton-Raphson method can be used to obtain the solution of Eq. (4.33). The residual
forces after ith iteration are shown in Eq. (4.34)

o= MT - f(Bo + BT - thtgi g v 4 6T - t+A5fig _ t+itp (4.34)
oV
For the next step which is expected to yield the exact solution, Eq. (4.35) can be obtained
0P

FRST
The solution of Eq. (4.35) is the incremental displacements AU', and the displacements at

(i+1)th iteration can be determined in Eq. (4.36)
LHALGi+L = tHALGE 4 A

ALY = ty

where, fU is the nodal displacements vector of the whole structure from the time t, to the

Ot = Pl 4 “AU' =0 (4.35)

(4.36)

i

. ) . oo .
time t. In Eq. (4.35), the tangent stiffness matrix PRz consists of three parts as follows

. o(B)T At i
Kpe=M"- atHity HSt-d VM (4.37)

oV
=M"- [Kinex + K‘l;ney + Kinexy] M
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K,,=M"" f(BO+BiL)T-5-(BO+BiL)d VM
oV
K,=G"-k.-G

where, K!,, and Kﬁng are the contributions of the elastic stiffness matrix and geometrical
stiffness matrix of membrane element to the whole structure, respectively, D is defined by Eq.
(4.10) and depends on the elastic or plastic status of material at the time ¢, Ké is the
contribution of the stiffness matrix of node-to-node element to the whole structure, and ké is
defined by Eq. (4.31) and depends on contact forces at time t. The nonlinear geometric
problems, elastic-plastic problems and contact problems can be solved generally by these
combinations.

The matrices K&, Kfney and Kfnexy are determined in Eq. (4.38)
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where, h is the thickness of membrane element.
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4.3 Analytical procedure

As mentioned above, the incremental step-by-step solution was used in this work. The status
of node-to-node contact element from the discrete time t to the discrete time t + At was
assumed to be only in stick or slide condition. The analysis procedure which is described in
Figure 4.5 is to find the solution at the time ¢ + At.

| Obtain the solution at time 7: ¢S, ',f, ‘U |
[

\ v
Check the plastic condition of Check the slide condition of
membrane material ode-to-node elements Eq. (4.26
_ >I[ ] J/Stick : Slide\t
J/Elastlc Plastlc\t C - -
alculate tangent stiffness| Update the slide
Calculate material elastic Calculate material elastic matrix of node-to-node direction Eq. (4. 28)
tensor Eq. (4.10) -plastic tensor Eq. (4.21) elements Eq. (4.31)
[ I
VA
Calculate the tangent stifthess of Calculate the tangent stiffness of
membrane elements Eq. (4.37) & node-to-node elements Eq. (4.37)
(4.38)

[ I
A

Calculate the increments of nodal
displacement Eq. (4.35)

Update the total nodal displacements
and coordinates Eq. (4.36)

No Check the convergence of
the increments of nodal displacement

\LYes

l Go to the next time step ‘

Figure 4.5 The analysis procedure from time t to time t + At

The tool TLGAP is established according to this analysis procedure. This tool is easily
incorporated into existing nonlinear finite element programs, and the accuracy will be
confirmed by the stretch fabrication experiments in Chapter 3 as well as the existing commercial
program ANSYS.
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4.4 Analytical examples and discussions
4.4.1. The analytical model of stretch fabrication experiments
The models of a quarter of specimens in stretch fabrication experiments of Chapter 3 are
shown in Figure 4.6. Each model has /482 triangular membrane elements and /9 node-to-node

contact elements.
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Figure 4.6 The models of a quarter of specimens
The initial shapes between two arches are assumed as a part of the cylinder, while the initial

shapes between arches and outside frames are assumed to be straight from arches points to

offset points. The offset points are assumed in fixed conditions, and the movements of these
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points, which were observed in the experiments, are used as forced displacement conditions in
these sample analyses. Totally, there are six analytical models which correspond to six
specimens of stretch fabrication experiments. The motions of offset points are selected
arbitrarily between the semifinal steps and the final steps as shown in Table 4.1.

Table 4.1 Forced displacement conditions at offset points in each specimen’s model
PD10a PD10b PD15a PD15b PD20a PD20b
Step 4 Step 3 Step 3 Step 5 Step 5 Step 5

The triangular membrane elements were used for ETFE film, and the contact between ETFE
film and galvanized steel arches were modeled by node-to-node elements. The assumptions of
local coordinated systems of node-to-node elements at the initial time t, are shown in Figure
4.7a. The normal contact directions z, were assumed from the center of arches to contact
points, while the x, axes were defined as tangent directions of arches at contact points. The
Yo axes were determined from x, and z, axes. In these sample analyses, the y, axes
coincide with the X axis of the global coordinate (Figure 4.6).

0Z
5o a8 ’E’Hﬁ
o ETFE nodes
0X O Arch nodes
ol Node-to-node el J
eg o o < No e-to-no le ¢l ements
- 4
Arch position
a. TLGAP tool b. ANSYS

Figure 4.7 Assumption of contact between ETFE films and galvanized steel arches

The existing commercial software ANSYS is used to confirm the suggested formulations and
analytical procedure for the frictionless case. In ANSYS software, the SHELL 181 elements were
used for ETFE film with the same mesh generation as shown in Figure 4.6. The SOLID 187
elements modeled the steel arches, while CONTA174 and TARGE70 were used to model the
contact between ETFE film and steel arches as shown in Figure 4.7b. In the next part, TLGAP
indicates the results of suggested formulations, while ANSYS shows the results of ANSYS.

The material properties for ETFE film are determined based on uniaxial tension test /2//3/-
[TY04] and shown in Table 4.2. It should be noted that the 2"? Piola-Kirchhoff stress and Green-
Lagrange strain are used in the suggested formulations, while the true stress and logarithm strain
are used in ANSYS software 4N/ However, the difference between two formulations are small

in case of the “moderate” displacements /X27% as these sample analyses.
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Table 4.2 The properties of ETFE film

Young modulus 800 MPa
First yield point 13.28 MPa
Second yield point 23.04 MPa

First strain hardening ratio ~ 80.5 MPa

Second strain hardening ratio 3.0 MPa

In these sample analyses, the penalty values of kg and k; in Eq. (4.31) are taken as three
high order /5/%%/ than axial stiffness of ETFE film of 8*10'° N/m.

4.4.2. Frictionless contact case
This is an ideal case when there is no friction in the contact surface. The nodal Mises stresses,
which are the average value of element Mises stresses concentrated at node, were calculated in
both TLGAP and ANSYS programs. The results are compared over 4800 nodes of six analytical
models and shown in Figure 4.8.

20
R
Q
S
5
15 |2
A
10
5
. TLGAP (MPa)
0 5 10 15 20

Figure 4.8 The nodal Mises stress in ANSYS and TLGAP
The correlation ratio between ANSYS and TLGAP is 0.92. A good agreement is seen, and

the results obtained by the proposed analytical method are validated. Figure 4.9 shows the

analytical results of each specimen in both ANSYS software and the proposed analytical method.
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Figure 4.9 The distribution of nodal Mises stress in ANSYS and TLGAP
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4.4.3. Friction contact case

When friction exists on the contact interface, the solution of contact problem depends on
the history of load applied to the structure. Therefore, the complexity of geometrical, elastic-
plastic problems is increased when the friction contact is considered. Consequently, the results
of above analytical examples could not be obtained by ANSYS due to the convergence criteria.
However, the proposed analytical method still shows the effectiveness for the friction contact
case.

(a) Effect of the number of load steps

In the proposed analytical procedure, the stick-slip phenomenon occurs during the static
loading process. In order to observe the effect of the number of static load steps, the analysis
was firstly repeated using /00, 200 and 400 equal load steps. The friction coefficient of 0.3 is
used to investigate the effect of load steps.

The equivalent friction force f;s and the equivalent slide u; in each of the node-to-node

contact element are calculated in Eq. (4.39).

fgs = /fgxz + foy”

(4.39)

— 2 2
uUs = |ug? + vy

where, fy, and fy, are the friction forces in the local coordinates x, and y,, respectively,
while u, and vy, are the displacements in the local coordinates x, and y, or slide values
between ETFE film and steel arch in x, and y, directions (Figure 4.7).

The relations between f,s and u, for the PD15a specimen at four specific node-to-node
contact elements which correspond to the observed slide points in experiments (Figure 3.17a)

are represented in Figure 4.10.

74



Chapter 4. Total Lagrangian formulation for ETFE tensile membrane structures considering friction contact

100s - o 2008 a- 400s 100s - 0 200s - a-- 400s
40 — 40 =
35 | 35 1€
>
30 [ 30 |
25 : 25
20 20
15 15
10 10
M N 5 |- T
0 s\ ugs(mm) 0 -;s\ ug(mm)
0 2 4 6 8 0 2 4 6 8 10
a. Point 11 b. Point 111
100 - 0 2008 oo a- 400s 100s - 0 2008 oo a- 400s
45 =
40 |&
35 |

us(mm) us(mm)

0 5 10 15 20 0 2 4 6 8 1012 14 16 18
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Figure 4.10 Relation between friction forces and slide values, pu = 0.3, PD15a

In this figure, the dash lines with triangle, circle and square markers indicate the results of
TLGAP for 100, 200 and 400 equal load steps, respectively. It can be seen from Figure 4.10 that
the stick-slip phenomenon occurs during the analysis. The higher the number of equal load steps
is, the higher the frequency of occurrence of stick-slip phenomenon is, and the accuracy of the
analysis will be improved dramatically. However, the increment of load steps accompanied with
the increment of calculation time. In those sample analyses, the results obtained for 200 and

400 equal load steps are almost the same.
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Figure 4.11 presents the distribution of nodal Mises stresses of PDI/0a and PDI5a
specimens for /00, 200 and 400 equal load steps. It can be seen from Figure 4.11 that the nodal
Mises stresses of ETFE film are almost the same for 700, 200 and 400 equal load steps in both
PD10a and PD15a specimens.

1 Kk a
ﬁ ;
E ;
4 4
_ | , - ,

100 steps 200 steps 400 steps
a. Nodal Mises stress, u = 0.3, PDI10a
|

1 M ol

| - ' .

| o | & i
LL..‘ ‘ W | N ‘

100 steps 200 steps 400 steps
b. Nodal Mises stress, u = 0.3, PD15a
Figure 4.11 The effect of load steps on Mises stress distribution of ETFE film

b

In conclusion, the 200 equal load steps are enough to evaluate both prestress on ETFE film
and the friction characteristics at contact surfaces. Therefore, 200 equal load steps are chosen

for the next investigations.
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(b) Effect of friction coefficients on stress distribution of ETFE film

[ |parta P | i B
Part B i
. . | L | ;
a. u=0.0 b. u=20.3

. | - 18
' ' l | 8
L - | . L | :

c. u=1.0 d. No slide at arches’ position

Figure 4.12 Distribution of nodal Mises stress in TLGAP results, PD15a

Figure 4.12 shows the distribution of nodal Mises stress for the specimen PD15a. When the
slide between ETFE film and steel arch is ignored, the Mises stress of the middle part is small
(Figure 4.12d). The increment of friction coefficient will decrease the slide values between the
film and arch in the suggested formulation. As a result, the higher friction coefficient is, the
smaller Mises stress of the middle part is.

The Mises stresses of part 4 and part B (Figure 3.8), which were observed in experiments,
are used to compare with the results of the proposed analytical method throughout six

specimens. Figure 4.13 presents those comparisons.
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Figure 4.13 Mises stress of part A and part B in both experiments and TLGAP

In Figure 4.13, the results of experiments are shown in bar and error bar type. The violet
column shows the results of the fixed conditions between ETFE and arch, while the red, green
and yellow bars present the results in case the static friction coefficient between ETFE and arch
is 0.0, 0.3, 1.0, respectively. At part B, the introduced prestress was mainly depended on the
drawing value of b. The slide between ETFE and steel arch almost did not affect to the
equivalent stresses at part B. Therefore, the Mises stresses of all cases of analyses were the same
(Figure 4.13b). The results of experiments confirmed partially the results of TLGAP.

At part 4, the same phenomenon was observed throughout the specimens. The increment of
friction coefficient will decrease the slide values between the film and the arch. As a result, the
higher friction coefficient is, the smaller Mises stress of part A is. The average values of the
experiment results are in high agreement with the results of proposed method in case of 0.3 of
static friction coefficient between ETFE and galvanized steel arch. Those results indicate the
validity of proposed method firmly because the static friction coefficient between ETFE and

steel plate are around 0.2 to 0.3 according to the technical report of Chemours Co., /717,
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(c) Observed slide values at position of arch
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The slide values in x, and y, directions in the proposed analytical method are
transformed into the X and Y directions and compared with the results of the experiments. The
Figure 4.16 shows these comparisons. The horizontal axis presents the results of TLGAP, while
the vertical axis indicates the results of experiments. The proposed analytical method is in high
agreement with the observed values of experiments in Y direction, while there have a few of
differences in X direction, especially in case of PD/0a and PD20b specimens. However, the
history of slide in X and Y directions is almost the same between the analyses and the
experiments (Figure 4.15a, Figure 4.15f). Therefore, these discrepancies can be accepted, and

the validity of proposed method is confirmed.

xPD10a ©PDI10b xPDI15a aPDI15b ©PD20a -PD20b

&
8 &
5 - 20
- m]
6 2| X
(Y%
10
4 -
X
A A
5 /[ 0 TLGAP (mm)
A ( 10 20 30 40
0 TLGAP (mm)
0 2 4 6 8 10 -10
a. Slide in X direction a. Slide in Y direction

Figure 4.16 The comparison of slide values between experiments and TLGAP, u = 0.3
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4.5 Summary

(a) The total Lagrangian formulations were established for both triangular membrane
element and node-to-node contact elements. The analytical procedure which used these
formulations to solve the problems of geometrical nonlinearity, the material nonlinearity and

the nonlinearity of friction contact was also suggested.

(b) The number of load steps affected to the accuracy of results of the proposed analytical
method. The greater number of load steps was, the more accuracy the results were. However,
the increment of load steps accompanied with the increment of calculation time. In those sample

analyses, 200 of equal load steps was recommended.

(c) The analytical proposed method was in the high agreement with the existing commercial
software ANSYS for the frictionless case. Moreover, this method was effective for the friction

contact too.

(d) The accuracy of proposed analytical method was confirmed by stretch fabrication
experiments in both Mises stress and observed slide values between ETFE film and galvanized
steel arches. The results of proposed method for the 0.3 of static friction coefficient between

ETFE and galvanized steel arches were in good agreement with the results of experiments.
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Chapter 5. Fabrication of 3D ETFE curved surface by
stretching drape strips considering friction contact

5.1 Introduction

The fabrication of low-rise 3D smooth curved surface of saddle type tensile membrane
structure by stretching plane strips of ETFE film for the middle part was confirmed. However,
the establishment of high-rise 3D smooth curved surface by drawing the plane strips still had
problems because of the occurrence of wrinkling and the insufficient prestress. Therefore, the
stretching of drape strips for the middle part should be proposed to fabricate the high-rise
smooth curved surface. In addition, the results of the proposed analytical method in Chapter 4
were in good agreement with the results of experiments of Chapter 3 for the 0.3 of static friction
coefficient between ETFE and galvanized steel arches. However, the possibility of using this
value of static friction coefficient should be investigated furthermore by both the element
experiments and the stretch fabrication experiments. Therefore, the purposes of this chapter are:

(1) The rolling test is carried out to investigate the static friction coefficient between ETFE
film and black/galvanized steel pipes.

(2) The stretch fabrication experiments for saddle type of tensile membrane structure of
15% rise ratio: (a) the results of form finding and cutting pattern analysis in Chapter 2 are
applied to fabricate the specimens of /:/ and 3:7 of prescribed stress ratios between the MD
and 7D directions for the middle part; (b) The analytical method in Chapter 4 is used to predict
the drawing values considering the friction contact between ETFE film and galvanized steel
arches. This prediction guarantees the sufficiency of introduced prestress and the absence of
wrinkling; (c) The stretch fabrication experiments are carried out to confirm this fabrication
technique.

(3) The pressurization test is investigated to confirm the strength of the ETFE tensile

membrane structure type after above introduced prestress stage.
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5.2 Rolling test on static friction coefficient between ETFE and steel pipes
5.2.1. Process and setup of experiments

yij p=180r
Steel Pipe x//ﬁ\x
Steel Pipe
S & < IN
N 2 .20 )
s N
7 & 2 pi o
- % E < =
2 =
zZ s} 5
i <
Q% Aluminum
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75 ‘ 75
Input Fixed Input | | Fixed
weight weight weight| |weight
T, o Lo
a. Phase 1 b. Phase 2

Figure 5.1 Setup of rolling test on static friction coefficient

(all dimensions are in millimeter)

Figure 5.1 shows the setup of rolling test for static friction coefficients between ETFE film
and steel pipes. The setup of experiment consists the test steel pipes, ETFE film, two aluminum
rollers and weights, and these components comprise a simple system in which a pulley method
[SU93]. [YSH4] g implemented for friction measurement. The steel pipes are fixed in the
experiments. There are two types of steel pipes which are described in Table 5.1, while the
properties of ETFE film for the test are shown in Table 5.2.

The experiments were carried out in two phases. In phase I, the two aluminum rollers,
which can be adjusted the heights, were used to investigate the effect of five contact angles:
B =76%a=52%, B =95%a=42%, Bp=110%a =35%), B =123%a =28%), B =
180°%(a = 0°) on the static friction coefficient between the ETFE film and steel pipes. The
contacts between two aluminum pipes and ETFE were reduced by the setup of rollers and the
lubrication of oil. However, this setup still had the effect on the test results of friction contact
between steel pipes and ETFE films which will be discussed in the next section. Therefore, the

experiments were carried out in phase 2 in which only one of contact angle f = 180° was
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setup to measure the friction between the test steel pipes and ETFE film.

In the experiments, the specimens of ETFE film were put on the steel pipes, and the identical
weights were set up at the ends of the film. Next, the input weight (T,) was increased slowly
by adding water to a container hung on at the one end of ETFE specimens. When the slide
between the ETFE film and steel pipes was observed, both fixed weight (T;) and the input
weight (T,) were measured by the A&D EK-6000H equipment. In phase 1, the fixed weight
(T,) was setup as 150g, while this weight was changed within range of 50g, 100g, 150g, 200g

and 250g in phase 2. The experiments were repeated in six trials for one case of fixed weight

in both phases.
Table 5.1 The properties of ETFE Table 5.2 The properties of steel pipes
specimens Parameters Values
Parameters Values Material test standard JIS G3452
Width 20~30 mm Dimensions @ =42.7mm
Thickness 200 um Thickness t=32mm
Type Printed dot Division Black & Galvanized types

Figure 5.2 presents the photos of the setup of the experiments, the specimens of ETFE film
and the steel pipes.

a. Experiments’ setup c. Test ETFE specimens

Figure 5.2 Photos of setup of experiments, ETFE specimens and steel pipes
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5.2.2. Results and discussions on static friction coefficient between ETFE and steel pipes
In phase I and phase 2, the static friction coefficients between ETFE and steel pipes can be
obtained via the Euler’s belt formula in Eq. (5.1)
T
ln(T—l) —u-6 .1)
where, T, is the input weight, T; is the fixed weight, u is static friction coefficient, and 6

is the contact angle.

a. Phase 1
The relations between the contact angle in phase I and the natural logarithm between the

input weights and fixed weights are shown in Figure 5.3.

Oe= QO6=F+a

1.2 1.4
1.0 12 |l
g
06 0.8
0.6
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0.4
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u=0.316 ; 0.2 -
0.0 m 8 (radian) n=10333 0 (radian)
0. 1.0 20 30 4P 0.0 ©
-0.2 0.0 1.0 2.0 3.0 4.0
a. ETFE and galvanized steel pipe b. ETFE and black steel pipe

Figure 5.3 Effect of friction contact angle on static friction coefficients

In phase 1, when the friction contacts between ETFE film and aluminum rollers are ignored
the contact angle 6 is determined as the angle  which is described in Figure 5.1a. In Figure
5.3, the square makers represent the relation between 8 =  and the natural logarithm
In(T,/T,), while the dash lines show the linear regression lines /2%, Mathematically, the
equation Eq. (5.1) implied that when the contact angle is zeros, the natural logarithm
In(T,/T,) is also zeros. Therefore, those regression lines should pass through the origin.
However, it can be seen from Figure 5.3 that the constant terms of the dash regression lines are
obtained because of the effect of friction contact between ETFE and aluminum rollers.

When we assume that the static friction coefficient between ETFE and aluminum rollers is
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a half of static friction coefficient between ETFE film and test steel pipes, the contact angle 6
is determined as f + a which are described in Figure 5.1a. The relations between 6 = 8 +
and the natural logarithm [n(T,/T;) are shown by the circle markers in Figure 5.3. And the
constant terms of the regression lines which are indicated by solid lines, are eliminated by this
assumption.

In conclusion, the slopes of solid regression lines represent the static friction coefficients
between ETFE film and steel pipes as: (a) 0.316 in case of ETFE and galvanized steel pipe; (b)
0.333 in case of ETFE and black steel pipe

b. Phase 2

In phase 2, the contact angle is set up as & = B = 180° (Figure 5.1b) to eliminate the
effect of friction contact of aluminum rollers. The fixed weight was changed to check the effect
of tension of ETFE film. There were five cases of tension of ETFE film of 25, 49, 74, 98 and
123 N/m. The experiments were repeated randomly in six trials for one case of tension. The
static friction coefficients between ETFE film and steel pipes are calculated by Eq. (5.1), and
the results are shown in the relation with the tension of the film in Figure 5.4.

040 0.40 —
g g
Q Q
0.35 % 0.35 %
S S
Q Q
030 |8 030 |8
N ~
025 | 025 |o
IS IS
h . . U) . .
0.20 Tension in film (N/m) 0.20 Tension in film (N/m)
0 50 100 150 0 50 100 150
a. ETFE and galvanized steel pipe b. ETFE and black steel pipe

Figure 5.4 Effect of tension of film on static friction coefficients

In Figure 5.4, the solid lines show the average values of static friction coefficients, while
the bars and error bars present the maximum and minimum values of six random measurements.
As we can see from Figure 5.4, the average values of static friction coefficient between ETFE
film and galvanized steel pipe decrease from 0.346 to 0.300 when tension forces in ETFE film
increase from 25 N/m to 123 N/m. The same phenomenon was observed in case of friction
contact between ETFE and black steel pipe. The average values of static friction coefficient
between ETFE film and black steel pipe decrease from 0.369 to 0.328. The reason can be
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explained as the contact areas between the film and asperities of the surfaces of steel pipes were
more widely under the low tension. This is so-called the anchor effect /¥5/4, This effect can also
be used to explain the reason why the friction coefficient between ETFE and black steel pipe

are larger than this coefficient between ETFE and galvanized steel pipe.

5.2.3. Summary on static friction coefficient between ETFE film and steel pipes
The average values of static friction coefficient between ETFE film and galvanized steel
pipe is 0.323, and this coefficient between ETFE film and black steel pipe is 0.342. Compared
with the static friction coefficient between ETFE and steel plate of around 0.2 to 0.3 according

CHI71 those results indicated the validity. In addition, the

to technical report of Chemours Co., !
phenomenon that the static friction coefficient decreases with the increase of the film tension is
confirmed by above element experiments. Moreover, the results of analytical method in Chapter
4 were in good agreement with the results of the stretch fabrication experiments in Chapter 3
for the 0.3 of static friction coefficient between ETFE and galvanized steel pipe. In conclusion,
the value of 0.3 of the static friction coefficients between ETFE film and galvanized steel arch

can be used in the stretch fabrication method.
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5.3 Fabrication experiments of 3D ETFE curved surface by stretching drape strips

5.3.1. Overview of experiments

D
D
Form finding analysis Cutting pattern strips
(prescribed stressratio r = S;:5,) (drape strips in both corner and middle parts)

Final shape

Figure 5.5 The process of stretch fabrication experiments, drape strips for middle part

The process of stretch fabrication experiments was described in Chapter 3. Figure 5.5
represents this process for the convenience in which the drape strips are used for the middle
part of the saddle tensile membrane structure. Only /5% of rise ratio is investigated in the
experiments of this chapter. The ideal shape of the corner part is found by form finding analysis
for the 3:1 of prescribed stress ratio between X and Y directions, while the ideal shapes of the
middle part are obtained for the 3:/ and /:/ of the prescribed stress ratios. There are two types
of specimens which cutting pattern shapes of the corner part and the middle part are shown in
Figure 5.6. Each type of cutting strips has two specimens named as @ and b, so there are four
specimens totally as DD1511a/b and DD1531a/b. The letter “D” indicates the drape type of
strips for both corner and middle parts. While the former number /5 presents the rise ratio of
15%, the later number // and 3/ show the values of /:/ and 3:/ of the prescribed stress ratio
for the middle part, respectively. Table 5.3 represents the information of specimens. The
thickness of ETFE film is 250um in these experiments.
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Table 5.3 Information of specimens

. . . Types of cutting strip ETFE properties
Specimens Rise ratio - -
Corner Middle Thickness Type
DDI511a/b 15% Drape (3:1)  Drape (1:1) 250 um Printed dot
DD1531a/b 15% Drape (3:1)  Drape (3:1) 250 um Printed dot
70
N
2000°
Middle part

a. DD1511 specimens

—

N

N v
2000 \J

Corner part Middle part
b. DD1531 specimens

Figure 5.6 Types of cutting strips (all dimensions are in millimeter)

The numbers show the lengths of cutting lines, while the percentages indicate the

expansions of the lengths of drape strips and the corresponding lengths of the form finding

shapes in Figure 5.6.
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5.3.2. Prediction for values of drawing boundary
Two purposes of the prediction are: (1) the introduced Mises prestress on ETFE film is
around the first yield point of this film, and the equivalent strain is smaller than /0%; (2) The
absence of wrinkling is required.
Figure 5.7 shows the assumptions for analytical models of the prediction. The models of a
quarter of specimens, which have 400 triangle membrane elements and /0 node-to-node contact
elements, are used to predict the behavior of ETFE film and friction contact between the film

and supporting galvanized steel arches.

a. 3D view of the models of a quarter of specimens

Y
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Ab—\; e~ =
| 0 1 Fixed
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22 5 M3
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Offset line
| 1000 | 950 \
T T h
b. XY plane

Figure 5.7 Models of a quarter of specimens in prediction

The initial shapes of those models are adapted from the results of form finding analysis.
The offset points are assumed in fixed conditions, and the movements of these points are used
as forced displacement conditions in these analytical models. The relation between the motion

of those offset points and the boundary drawing values in section 3.3.4 are used to determine
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the drawing values. In the other words, one of drawing values of a, b, ¢ and d will give the
corresponding movements of offset points which can be determined by Figure 3.17. While the
properties of ETFE film are similar in Chapter 4 (Table 4.2), the static friction coefficient
between ETFE film and galvanized steel arches is adapted as 0.3.

(a) Prediction for sufficient introduced Mises prestress

a. Positions of drawing values b. Observed elements

Figure 5.8 Drawing values and observed elements

Figure 5.8 indicates the drawing values at four special positions and the observed elements
in the prediction. As mentioned above, this prediction will guarantee that the introduced Mises
prestress on ETFE film is around the first yield point of this film, and the equivalent strain is
smaller than 70%. This work increases the yield strength of the film and promises the absence
of the tear of the film. Therefore, the drawing values of a, b, ¢ and d at the final step are
determined in Table 5.4.

Table 5.4 Prediction for drawing values

Specimens a (mm) b (mm) c (mm) d (mm)
DD1511 40 30 40 40
DD1531 40 30 40 50

The results of nodal Mises stress distribution on ETFE film and the deformation shapes
according to the prediction are shown in Figure 5.9. The dash line shows the initial shape, while
the solid line indicates the final shape in this figure. All elements of DDI/531 and
DD1511specimens reaches to around the first yield point of ETFE film of /3.28MPa.
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S S

e e e

Intial and deformation shapes Intial and deformation shapes
Nodal Mises stress distribution Nodal Mises stress distribution
a. DD1511 b. DD1531

Figure 5.9 Distribution of predicted Mises stress on ETFE film

The relation between the Mises stress and equivalent strain of twelve elements in Figure 5.8
are represented in Figure 5.10. It should be noted that while the Mises stress is calculated by
Eq. (5.2), the equivalent plastic strain is saved during the analysis by the suggested analytical
method in Chapter 4.

2 2
Seq = J (Sxx)? + (Syy)” = SxxSyy + 3(Sxy) (5.2)
where, Sy, Sy, and Sy, are the 2" Piola-Kirchhoff stresses in x, y local coordinate of

membrane elements and the shear stress, respectively.
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Figure 5.10 Relations between Mises stresses and equivalent strains

In Figure 5.10, the dash line shows the material model of ETFE film, while the color maker
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points present the results of the prediction of twelve elements. Figure 5.10 shows that the
equivalent strains of element / are smaller than /0%. Therefore, the drawing value of b is
determined as 30mm. In case of DD1531 specimen, the Mises stresses of element /0, 11, 12 can
be increased up to the first yield point of ETFE film by the increment of d values. However, the
limit ratio of drawing values d/c should be suggested because of the absence of wrinkling. This

problem will be discussed in the next part.

(b) Prediction for the absence of wrinkling

a. Position of wrinkling in PD15 specimens b. Representative elements

Figure 5.11 Observed representative elements in prediction of wrinkling

Figure 5.11b shows the two observed elements for the prediction of wrinkling which
correspond to the occurred position of wrinkling in the stretch fabrication experiments of
Chapter 3. The drawing values of a, b and ¢ remain constant as shown in Table 5.4 in this
prediction, while the value of d is increased from ¢ to 2¢. The minimum principal stresses and
strains, which are calculated by Eq. (5.3), are shown in the relation with the ratio d/c in Figure
5.12.

S..+S S.. —S.\2
S, = xxz yy_\/( xx2 yy) + 5,7

(5.3)

Ein = Exx ; &yy _ \/(Sxx ; g}’)’)z + (SXTJ’)Z

where, Sy, Sy, and Sy, are the 2" Piola-Kirchhoff stresses in x, y local coordinate of
membrane elements and the shear stress, respectively, &, &), and &, are Green-Lagrange
strains in x, y local coordinate of membrane elements and the shear strains, respectively. All of
these values are obtained by the analytical method in Chapter 4.

In Figure 5.12, while the dash lines show the results of minimum principal stresses, the solid

lines present the results of minimum principal strains. Moreover, the lines with circle, square
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and triangle markers indicate the prediction results of PD15, DD1511 and DD1531 respectively.
It should be noted that the PD15 is the specimen in previous experiments which had the plane
strips for the middle part.

—_—— PDIS_Emin b = DDlSl l_gmin DD153 l_gmin
<@+« PD15_Smin c@e-DDI1511_Simin DDI1531_Snin
1.5% | 15
1.0% [} ...... -E ------- 3 ....... E ....... E ...... -B ....... E ....... E ....... E. ...... uE} ....... dlj 10
o ,'] -
- 0.5% 5 ¥
S e BRSSO S SR =
§ 0.0% Peooeee Deererer Qeverere Qeeeneer Oeevere Deevoren Q- d/c ! 0 §
w 1o 1.1 12 13 14 ds—+6—17 1. 19 20 “
-0.5% e -5
-1.0% -10
-1.5% -15
a. Elements |
——PDI5emn  —8—DDI511 g, DDI1531_&min
w0 PD18Smin 8+ DDI511 S DD1531_Smin
0.6%E|} 10
0.4% |
— 0 <
g\c: O.ZA)[ E
5 0.0% | =
§ 1. of
-0.2%
-0.4%

-0.6%
b. Elements 11

Figure 5.12 Minimum principal stresses and strains

Up to now several wrinkling criteria have been proposed. Generally, three main types can
be categorized: the first is based upon the principal stresses [PC58/ [BT92]; the second upon the
principal strains AM3%; the third upon the principal stress and strains P®7/, However, this
prediction is based upon the principal minimum strains. It can be seen from Figure 5.12 that

although the minimum principal stresses of elements / and /7 are larger than zeros in case of
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PDI5, the minimum principal strains of these elements smaller than zeros for 1.5 of d/c
(PD15b) and 2.0 (PD15a). As a result, the wrinkling was observed in the experiments of section
3.3.3. Therefore, the ratio between d and ¢ for DD1511 and DD1531 specimens are controlled
smaller than /.5 and /.4, respectively in order that the minimum principal strains of element //

are larger than zeros.

(¢) The process of drawing
The experiments were carried out in four steps according to the predictions, and the values
of drawing boundary are shown in Table 5.5.

Table 5.5. The process of experiments
a(mm) b (mm) c(mm) d(mm)

Step 1 10 10 10 10

Step2 20 15 20 20/25%
Step 3 30 20 30 30/40%
Step4 40 30 40 40/50*

* The first value was used for DD1511a/b, while the second value was used for DD1531a/b
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5.3.3. Smooth curved surface
The 3D curved surfaces without wrinkling could be established by the suggested drawing
values as shown in Table 5.5. Figure 5.13 represents the initial and final shapes throughout four

specimens.

dl. DD1531b, Initial shape d2. DD1531b, Final shape

Figure 5.13 Smooth three-dimensional curve surfaces
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5.3.4. Stress distributions on the final curved surfaces
The Mises stresses of the film after the drawing boundary process are checked by both the
measurement in experiments and the analytical method. In the experiments, the lengths of four
edges and two diagonals of part 4 and part B as shown in Figure 3.8 were measured. The paper
tape and caliper were used to measure these lengths to increase the precision in the experiments
of this chapter. The results of Green-Lagrange strains of part 4 and B are shown in Figure 5.14

at the final step.

Exx Eyy T &xy Exx Eyy = &y
2.0% 2.0%
1.8% 1.8%
1.6% 1.6%
1.4% 1.4%
1.2% 1.2%
1.0% 1.0%
0.8% 0.8%
0.6% 0.6%
0.4% 0.4%

0.2%
0.0%

0.2%
0.0%

a. Part A b. Part B
Figure 5.14 Green-Lagrange strains of part A and part B

In Figure 5.14, the solid bar shows the strain in long direction (MD), while the diagonal
pattern and horizontal pattern columns presents the strains in short direction (7D) and shear
strain, respectively. At part 4, strain in 7D direction &y is around five times larger than strain
in MD direction & in case of DD1511 specimens, while the MD and 7D strains in case of
DD1531 specimens are almost the same. The length of middle cutting pattern line was 2042mm
for DD1531 as shown in Figure 5.6. This length was larger than 2009mm of DD153 1. Therefore,
the strain in MD direction & of part 4 of DD1531 was larger than that of DD1511 for the same
values of drawing boundary. The same phenomenon was observed in 7D direction. According
to these observed strains, the 2" Piola-KirchhofT stresses of part 4 and part B can be obtained
as same as section 3.3.2.

In analysis, the suggested analytical method of Chapter 4 is used for the 0.3 of the friction
coefficients between ETFE film and galvanized steel arch. The models of a quarter of specimens
are same with section 5.3.2. However, the motions of offset points, which were observed in the

experiments, are used directly as the input forced displacements conditions. The results of
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relation between the drawing values of a, b, ¢ and d and the movements of special offset points

1* 2* 3*and 4* (Figure 3.16) during the experiments are shown in Figure 5.15.

DDI1511a DD1511b DDI1531a ——DD1531b
40 40

B R
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¢. ¢ and movement of 3* in Y direction d. d and movement of 4* in Y direction

Figure 5.15 The movements of offset points during the experiments

In this figure, the solid lines with circle, diamond, square and triangle markers represent the
results of the motion of offset points in DD1511a/b and DD1531a/b, respectively. The dash
lines indicate the suggested functions which were suggested in section 3.3.4. Generally, the
results obtained in the experiments of this chapter were in high agreement with the suggested

functions.
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The stress distribution in long direction (MD), short direction (7D), shear stress and Mises
stress over 400 membrane elements at the final step are shown in Figure 5.16.
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Figure 5.16 Stress distribution, TLGAP, n = 0.3
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In Figure 5.6, the circle, square, x sign and triangle markers show the results of the final
stress in MD direction, TD direction, shear stress and Mises stress. It can be seen that the final
Mises stress on the film almost reaches the first yield point of ETFE film of /3.28 MPa. The

sufficient input prestress is confirmed by the suggested drawing values. The nodal distribution
Mises stress are shown in Figure 5.17.

£ 1

a.DDI1511a b. DD1511b

|

c. DD1531a d. DD1531b
Figure 5.17 Mises stress distribution, TLGAP, u = 0.3
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The results of Mises stress at part 4 and part B are shown in Figure 5.18 in both experiments
and analyses. The dot pattern columns indicate the results of experiments, while the diagonal
pattern columns show the results of analyses. Again, the high agreement between the suggested
analytical results and the results of the experiments are observed, so the validity of suggested

analytical method is confirmed additionally.

OEXP OTLGAP OEXP OTLGAP
20
3 B Jr
S = 2
53 717
10 2
So}
5 S
=
0
0 > 0
» > \¢
N MRS
a. Part 4 b. Part B

Figure 5.18 Mises stress of part A and part B

At part 4, the Mises stress of DD1511 and DD1531 specimens are almost the same in case
the suggested drawing values of % are 2% for DD1511 specimens and 2.5% for DD1531
specimens. These stresses are around 1.6 times larger than that of PD15 specimens, although
the drawing value of % is 3% for PD15. The effectiveness of drape strips is confirmed. Here,

L is span of this saddle type of structure, and the results of PD15 can be referred in Figure 4.13.
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5.3.5. Slide between ETFE and supporting arches

The initial and deformation shapes in the analyses are shown in Figure 5.19. The dash lines

show the initial shape, while the solid lines indicate the deformation shape in this figure. The

slides between ETFE film and the galvanized steel arches were observed by both experiments

and analyses at five special position as shown in Figure 3.18. The results of these observations

are shown in Figure 5.20. It should be noted that the slides were observed in X and Y directions

(Figure 3.18) in the experiment, while they were obtained in x, and y, directions (Figure

4.7) in the analyses.
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Figure 5.19 Initial and deformation shapes, TLGA
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In Figure 5.20, the dash lines with circle, square, diamond, triangle and minus markers
present the results at point 7, /7, III, IV and V, respectively. Again, the high agreement can be
seen between the experiments and the analyses. The slide values in x, and y, directions in
analyses are transformed into the X and Y directions and compared with the results of the

experiments. Figure 5.21 shows these comparisons.
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a. Slide in X direction a. Slide in Y direction

Figure 5.21 The comparison of slide values between experiments and TLGAP, yu = 0.3

The horizontal axis presents the results of analyses, while the vertical axis indicates the
results of experiments. It can be seen that the analyses are in high agreement with the observed
values of experiments in both X and Y direction. The validity of suggested analytical method of

Chapter 4 is confirmed additionally.
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5.3.6. Saddles heights

| 1000 | 500 | 500 |

a. 3D view b. Elevation view
Figure 5.22 Saddle heights

(All dimensions are in millimeter)

The saddle heights h; and h,, which are presented in Figure 5.22, are measured by the
carpenter’s square with precision of 0. 5mm at the first and final steps of experiments. The results

of those heights are shown in Figure 5.23 versus the target heights of minimum surface.
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Figure 5.23 The results of saddle heights

The saddle height h; of specimens DDI511a/b at the final shape was higher than the
results of minimum surface, while this height of specimens DD1531a/b moved toward to the
minimum surface results. Therefore, the prescribed stress ratios in form finding analysis should
be chosen depending on the viewpoints of architecture. In addition, the final shapes of PD135,
which used the plane strips for the middle part, were far from the results of minimum surfaces.

In conclusion, when the rise ratio of saddle type of membrane structure is high, the drape strips
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for the middle part are strongly recommend.

The saddle height h, of four specimens (DD1511a/b, DD1511a/b) moved toward to the
height of minimum surface, and the same results were observed in case of PD15 specimens.
The prescribed stress ratio between MD and 7D directions of 3:/ in form finding analysis for

the corner part was accepted highly.

5.4 Pressurization experiments
5.4.1. The setup of experiments and results
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Figure 5.24 The overview of pressurization tests

The pressurization test is investigated to confirm the strength of the ETFE membrane
structure after the introduced prestress stage. This test was carried out after around ten hours of
the stretch fabrication period. The internal pressure was input by the compressor. The process
of pressure is described as follow: 0kPa = 0.5kPa =2 0kPa =2 1kPa =2 0kPa > 1.5kPa =2 0kPa
=2 2kPa 2 0OkPa. The vertical displacements of ETFE film were measured by the laser
displacement meters during the pressurization test. The setup of laser meters is described in
Figure 5.24b. Figure 5.25 indicates the shapes of specimen DD1531b at the initial pressure of
OkPa and the final pressure of 2kPa.

The relation between pressure and vertical displacements of positions (Z) and (@ are

shown in Figure 5.26.

110



Chapter 5. Fabrication of 3D ETFE curved surface by stretching drape strips considering friction contact

a. Initial shape at 0 kPa b. Final shape at 2 kPa
Figure 5.25 The photos of pressurization tests, DD1531b
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Figure 5.26 Pressurization test results

In case of specimen DD1511a, the air was escaped at the corner of specimens because of
the setup of experiments. As a result, the experiment was interrupted at the pressure of around
1.3kPa. The gum tape was used to solve this problem in the rest of experiments, and the target
of pressure of 2.0kPa could be reached.

The residual displacements were observed at very high of pressure of /.5kPa. The
sufficiency of introduced prestress was confirmed. The stiffness of structure at the corner part
are larger than the middle part because the dimensions of corner part (/mx2m) are smaller than
middle part (2mx2m), and the introduced prestress of the corner part are larger than that of the
middle part (Figure 5.15). In addition, the reduction of the rigidity of structures can be seen at

the pressure of 1.3kPa from those relation curves.
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5.4.2. Effectiveness of using drape strips
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Figure 5.27 Comparison between plane strips and drape strips in pressurization test
The using of drape strips for the middle part of the saddle type of membrane structure

introduced two advantages: (1) the absence of wrinkling after stretch fabrication period; (2) the

sufficiency of introduced prestress for the middle part. The former advantage was confirmed by
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the results stretch fabrication test in Figure 5.13. The later advantage is confirmed additionally
by the comparison in the pressurization test. In Figure 5.27, the solid and dotted lines show the
results of DD1511, DD1531, respectively, while the dot-and-dash lines present the results of
PD15. 1t should be noted that PD 15 were the specimens which used plane type of cutting pattern
for the middle part of previous experiments. In Figure 5.27a, the stiffness of the structures for
the middle parts of DD1511 and DD1531 specimens was larger than that of PD/5 specimens.
The reason can be explained by the enough pre-stress of tension and the final smooth curved
surface. In contrast, the stiffness of the structures for the corner parts was the same over

specimens because the same cutting pattern types were used in this part.

5.4.3. Modeling of pressurization tests
The assumptions for the models of pressurization test are:

(a) The initial shapes are obtained directly from the final shapes of the models of stretch
fabrication test in section 5.3.4.

(b) The initial prestresses are also obtained directly from the results of analyses of stretch
fabrication test. This assumption ignores the effect of viscous properties of ETFE film or the
reduction of prestress.

(¢) The material model for ETFE film is considered in two cases. The material model remains
constant as shown in the stretch fabrication test for case 1, while the first yield point of ETFE
is assumed to increase for case 2. Table 5.6 shows the assumption of ETFE model in two cases.
While the Table 5.6a present the model in case 1, which is reminded for the convenience, the

Table 5.6b indicates the material model in case 2.

Table 5.6. The assumption models for ETFE film

Table 5.6a Case 1 Table 5.6b Case 2
Young modulus 800 MPa Young modulus 800 MPa
First yield point 13.28 MPa First yield point 15 MPa
Second yield point 23.04 MPa Second yield point 23.04 MPa
First strain hardening ratio 80.5 MPa First strain hardening ratio 66 MPa
Second strain hardening ratio 3.0 MPa Second strain hardening ratio 3.0 MPa

It should be noted that the first yield point of ETFE film depends not only on the temperature
but also on the strain-rate [€¢///. [MK08] Therefore, the increments of the first yield point in case
2 can be explained by two reasons: (1) The stretch fabrication affected to the first yield point.
As it can be seen from Figure 5.16, all part of ETFE film reached the Mises stress of around
15MPa after the stretch fabrication test; (2) The ETFE film in stretch fabrication test had the

higher first yield point than that of the uniaxial test. The results of analysis model in
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pressurization tests are shown in Figure 5.28 regards of the results of experiments. It should be
noted that the static friction coefficient between ETFE and steel galvanized arch is 0.3 in these

analyses.
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Figure 5.28 The analytical results of pressurization test

In Figure 5.28, the dash line shows the results of pressurization tests, while the dash-dot and
solid lines present the results of analyses for case 1 and case 2 models of material, respectively.
As we can see in Figure 5.28, the results of analyses of case 2 and the results of the experiments
are in higher agreement than that of case I. The increment of the first yield point can be
confirmed by those results.
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The next part will investigate the slide between the ETFE film and galvanized arch in

pressurization tests. The deformation shapes of specimens for case 2 of material model are

shown in Figure 5.29. In this figure, the dash lines indicate the initial shape, while the solid line

represent the deformation shape. The slide between the ETFE and arch was so small in these

analyses.

b.DDI1511b

a. DDI1511a

d. DDI1531b

c. DDI1531a
Figure 5.29 Initial and deformation shapes in pressurization tests, TLGAP, u = 0.3
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Figure 5.30 shows the slide at five special contact points (Figure 3.17) in x, and y,
directions (Figure 4.7) during the modeling of pressurization tests. It can be seen that the slide
values at points / and /I are almost zeros, while the slide values at point /71, IV, V are smaller
than 2mm. The pressure on the ETFE film at both sides of arch are almost the same during the

pressurization, so the slide between the ETFE and arch are small in those tests.
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Figure 5.30 Slide between ETFE and steel arch in pressurization tests
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The Mises stress distribution for the case 2 of ETFE material are shown in both cases: (1)
slide consideration with static friction coefficient of (0.3; (2) no slide or fixed conditions at the
positions of arch in Figure 5.31. It can be seen from Figure 5.31 that the Mises stress distribution

is almost the same regardless of the consideration of slide at the positions of arch.
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Figure 5.31 Nodal Mises stress distributions in pressurization tests
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5.5 Summary

(a) The 3D smooth curved surface of /5% rise ratio of saddle type of membrane structure
could be established by drawing drape strips with several prescribed stress ratios. In this
fabrication technique, the drawing values of a and ¢ are determined by 2% of span of structure,
while the drawing values at corner of b is 1.5% of span. The drawing values d are 2% and 2.5%
for drape strips which used prescribed stress ratios between MD and TD directions in form
finding analysis of /:/ and 3:1, respectively. Those drawing values will guarantee: (1) all parts
of ETFE film got the introduced prestress of around its first yield point; (2) The absence of
wrinkling was confirmed; (3) The tear of ETFE at corner edge was absented.

(b) The value of 0.3 of static friction coefficient between ETFE film and galvanized steel
arch could be used positively in the prediction of the behavior of ETFE film during the stretch
fabrication technique.

(c) The suggested analytical method in Chapter 4 was confirmed not only by the stretch
fabrication tests but also by the pressurization tests.

(d) The pressurization tests confirmed the sufficient introduced prestress of ETFE film. The
reduction of the rigidity of structures after the prestress construction stage was seen at the
pressure of around 1.3kPa.

(e) The effect of friction contact between ETFE and galvanized steel arch on the distribution
of stress in ETFE film was small in pressurization tests. The slide between ETFE and galvanized
steel arch could be ignored if the external forces of ETFE film are balanced at both sides of

arch.
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Chapter 6. Conclusion

6.1 Conclusion

In this thesis, the analytical method which could solve the geometrical nonlinearity, the
material nonlinearity and the nonlinearity of friction contact condition was developed. In
addition, the stretch fabrication technique for saddle type of ETFE tensile membrane structure
with less weld lines by drawing the combination of plane and/or drape strips was also

established. The summaries of this thesis are listed below:

(1) The analytical method

The total Lagrangian formulations were established for both triangular membrane element
and node-to-node contact element. The analytical procedure which used these formulations to
solve the problems of the geometrical nonlinearity, the material nonlinearity and the
nonlinearity of friction contact was also suggested. In this procedure, the incremental step-by-
step solution was used. The status of node-to-node contact element from the discrete time t to
the discrete time t + At was assumed to be only in stick or slip condition. The stick-slip
phenomenon could be occurred frequently within the assumptions of this study. When the slide
condition is adapted, the slide direction is updated by the friction contact forces of node-to-
node element in previous stick condition. On the other words, the stiffness and slide direction
of node-to-node contact element were independent with the incremental nodal displacements
from the discrete time t to the discrete time t + At. This work improved the convergence
criteria during the static loading process. The accuracy and applicability of suggested analytical
method are confirmed by the existing commercial software ANSYS for the frictionless case.
Moreover, this method was effective for friction contact case too. The accuracy of proposed
analytical method was confirmed by stretch fabrication experiments in both Mises stress and
observed slide values between ETFE film and galvanized steel arches. The results of the
proposed analytical method were in good agreement with the results of the experiments for the
values 0.3 of static friction coefficient between ETFE and galvanized steel arches.

The small slide, however, was considered in this suggested analytical method. The effect of
the change in normal contact direction during the loading process should be investigated to

consider the large slide case.

(2) Stretch fabrication technique for saddle type of ETFE tensile membrane structure

In saddle type of tensile membrane structure using ETFE film, the form finding analysis
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could be carried out with several prescribed stress ratios between the MD and TD directions.
Those ratios were determined by the dimensions and the shapes of structures. The cutting
pattern analysis based on the mathematical approach produced the drape strips without the
consideration of prestress which correspond to the results of the form finding analysis. These
drape strips were connected together and/or with plane strips, which are not draped, by heat
seal lines into the specimens, and the boundary of these specimens was drawn to introduce the
prestress. The 3D smooth curved surface with sufficient prestress could be established by those
construction processes.

In case of the low-rise ratio (/0%), the drawing the combination of drape strips of the 3:7/
of prescribed stress ratio between MD and 7D directions for the corner part and the plane strips
for the middle part could establish the smooth curved surface.

In case of high-rise ratio (/5%), the drape strips were also required for the middle part. Both
of 1:1 or 3:1 of prescribed stress ratio between MD and TD directions for drape strips of the
middle part could be used to establish the smooth curved surface. The adjustment of drawing
values guaranteed that the introduced prestresses in those cases were almost the same. However,
the saddle height of the final curved surface for the case of /:/ of prescribed stress ratio was
higher than that of 3./ of prescribed stress ratio. Therefore, the prescribed stress ratios in form

finding analysis should be chosen according to the viewpoints of architecture.
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6.2 Application of the presented method in tensile membrane structure using ETFE film

(1) The value 0.3 of static friction coefficient between ETFE film and galvanized steel
arches is recommended to evaluate the effect of friction contact during the introduced prestress

stage.

(2) The suggested analytical method can be used to predict approximately the behavior of
the ETFE film during the stretch fabrication process. The suggested method is simple and easily

incorporated into existing nonlinear finite element programs.

(3) When the tensile membrane structure has the multiple supporting arches, the selection
between drape strips, which are determined by several prescribed stress ratios in form finding
analysis, and/or plane strips is recommended to establish the smooth curved surface. This

selection depends on the dimensions and the required final shapes of the structures.
(4) The relationship between the motion of offset point of ETFE film and the drawing values

was established. This relationship can be used to predict the behaviors of ETFE film and

determine the drawing values in the practical construction.
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