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Introduction

Tennis is a popular sport which can be played by any social class. It is an Olympic sport and the game reaches fans all over the world. There is a professional competition, which is played in different countries around the world, called
ATP-Tour. The four major events of this Tour are the Australian Open, the French Open also known as Roland Garros, Wimbledon in the UK and the US Open. These events are usually covered by the media worldwide.

With the increase in the last years of the media coverage and the increase of the number of tennis fans, weather conditions have turned out to be a key factor for the success of the events. TV coverage cannot depend on weather
conditions. Most of the events are played without a roof cover, which sometimes does not help the media work, the comfort of the spectators and the success of the tennis events.

In the last years, with the increase of tennis fans and the demands of media coverage, there has been taken into consideration the design of new roofs for tennis courts. The climate change and unpredictability of the weather
conditions during the tennis events have also contributed to the design of new tennis court roofs.

Membrane roof structures are therefore a solution to be taken into account for the design of new tennis stadium roofs because they are light weight, translucent, economic, architecturally pleasant, UV and weather resistant.

Light weight is a decisive criteria, because the new roofs can be constructed on existing buildings which are not prepared to carry extra heavy loads. In the case that they are constructed without touching the existing buildings, being
light weight is also an advantage for long spans.

Translucency benefits the court atmosphere and the players’ performance, reducing the use of artificial lights.
Depending on the structural system and span, membrane structures can be economical and cost competitive compared to other materials.
The design of new roofs for tennis courts give also the opportunity to the design of new retractable roofs. These retractable roofs can be open during good weather and rapidly closed during bad weather.

“The famed Rod Laver Arena was the first ever sports stadium with a retractable roof when it was opened on 11th January, 1988.” (Source: http://www.tennisearth.com) It is place of the Australian Open.

Figure 1 — Rod Laver Arena Retractable Roof in Australia (Source: www.tennisticketnews.com)
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The completed roof of the Rod Laver Arena has two rolling sections, each supported by steel trusses. The roof opens or closes with a speed of 1.3 meters per minute (Source: http://www.rodlaverarena.com.au/), taking 20 minutes
complete the movement. The retractable has proved along the years to be a great help to the players when the temperatures drop or dramatically rise.

The Hisense Arena is located also in Melbourne, with a maximum capacity of 11000 people and the arena construction was completed in 2000. Is one of the few tennis arenas with a retractable roof.

A new design for the Margaret Court in the Melbourne Park has been proposed in 2012, namely a new retractable roof for the 7,500-seat Arena, which should be ready in 2015.

Figure 2 — Margaret Court Arena Redevelopment (Source: www.austadiums.com)

Gerry Weber Stadium is an indoor sports arena, located in Halle, in Germany. It is one of the first membrane retractable roof of a sports venue ever build. The outer roof is made of a pvc coated polyester fabric and the inner roof
made of ETFE Cushions. The inner roof is made of two rolling sections that drive under the outer roof. The capacity of the arena is 12,300 people and it was opened in 1992. The tennis event Gerry Weber open is played in this
stadium.

Figure 3 - Gerry Weber Stadium with ETFE Retractable Roof (Source: www.skyscrapercity.com)
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The Rothenbaum retractable membrane roof was constructed in 1999 in Germany and the membrane opens from a single point to the edges, covering the tennis court. The process of opening and closing takes about five minutes.
The same system is used for the retractable roof of the football stadium roof in Warsaw and can only be done at temperatures above five degrees, with a low wind speed and not during rain. This aspect is the main disadvantage of
this kind of retractable systems, because during the process of opening or closing, the movable membrane is not under tension. It can act as a sail during the process of opening or closing, introducing very high forces in the existing
structure due to wind loads, for which the structure is usually not dimensioned for.

Figure 4 — Rothenbaum Tennis Court — Retractable Roof (Source: www.hamburg-web.de)

The steel roof of the Qi Zhong Stadium is composed by eight sliding petal-shaped pieces that close in eight minutes. The capacity of the stadium is 15,000 people. The stadium was constructed to host the ATP World Tour
Finals between 2005 and 2008.

The stadium can host other international sport events such as basketball, volleyball, ping pong, or gymnastics. [Source: Wikipedia]
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Figure 5 — Qi Zhong Stadium — Retractable Roof (Source: www.tennisearth.com)

The “Magic Box” or “La Caja Mdagica” in Madrid, also known as the Manzanares Park Tennis Center, is a sports center located at the Park Manzanares, used for the Madrid Masters tournament of the ATP Tour. It was opened in 2009.

There is a series of retractable roofs at this sport center, but none of them has a membrane roof.

Figure 6 — Magic Box Stadium in Madrid — Retractable Roof (Source: www.nytimes.com)
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The membrane roof of the center court in Wimbledon has been designed to “maintain pre-existing levels of light and air to the court when the roof is open, and when closed, an air flow system removes condensation from within
the bowl to provide good court surface conditions conducive to the playing of tennis”. (Source: http://www.wimbledon.com/)

The retractable roof is made of two parts and it folds like a “concertina”. The roof closes in eight to ten minutes when bad weather occurs. It was built in 2009 and the structural translucent fabric covers 5,200 square meters.

pe——
e —

-

Figure 7 — Centre Court Wimbledon — Retractable Roof (Source: www.nytimes.com)

There are plans to build new retractable roofs for the tennis court number one in Wimbledon, for the Center Tennis Court in Roland Garros and US Open. Thus, there is the possibility and the opportunity of building lightweight
membrane structures with structural fabric.

The present work focus on the use of pvc coated polyester fabric for a roof cover of a tennis court. The retractable inner ETFE roof mechanical system will be not presented in this work, neither the textile fagcade of the proposed
stadium will be considered.

The present Master-Thesis pretends to show that the use of the structural system “spoked wheel roof”, well known and constructed in many football stadium roofs, can also be applied to tennis courts and as an almost rectangular
shape. It will be treated in this work as “Modified Spoked Wheel System”.

A “new” material, PVDF Foil, will be presented as potential structural material and analysed as an alternative to ETFE.
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2. Design Process

2.1 Architecture

The structural system “Modified Spoked Wheel System” determines into a certain degree the aesthetical appearance of the stadium roof. The valley and ridge cables together with the membrane geometry give the rhythm of the
structure. The v-shaped columns are bonded together with the geometry of the valley and ridge cables and membrane.

The Etfe — Cushions “fly” above the tennis ground giving the idea of a sky with clouds, letting natural light come in into the stadium. The Etfe Cushions give a sense of lightweight to the rectractable roof. The pvc coated polyester
fabric is a translucent material, allowing the spectators to have a natural light environment.

Figure 8 — Aerial View of Proposed Solution (Rendering: Miguel Cristina/Jodo Abrantes)

The ETFE cushions inner roof are hanging on the outer membrane roof. The inner roof is made of two parts which slide under the outer roof. The outer membrane roof is a “modified spoked wheel system”, where the steel compression
ring is parallel at only certain parts to the tension cable ring.
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Figure 9 — Side View of Proposed Solution (Rendering: Miguel Cristina/Jodo Abrantes)

Figure 10 — Front View of Proposed Solution (Rendering: Miguel Cristina /Jlodo Abrantes)
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Figure 11 — Inner View of Proposed Solution (Rendering: Miguel Cristina/Jodo Abrantes)

2.2 Formfinding

Through the Formfinding process an equilibrium of the geometry and structural elements is determined. Formfinding can be used for membrane structures, cables and also for steel structures. At an initial stage, the structure presents
a deflection under dead load and under a predetermined prestress condition. After the reshape of the structural elements such as membrane, cables and steel, the deformation of the structural elements tend to decrease. An iterative
process of finding a new form is then made and the structure deformation tend to zero, being usually a convergent solution. The initial prestress state of the membrane and cables determines the end geometry of the structural

elements.

There are several methods to do the Formfinding process of a structure. The most common ones is the force-density method.

1) The force density method can be described as:

Figure 12 - Force Density - Point i Analysis (Source: Google images)

Page 15



Membrane Roof for a Tennis Court
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2) For the Membrane Formfinding, the stiffness of the membrane was reduced to a value near zero, so that the induced prestress together with the dead load defines the shape of the membrane. Once the geometry is updated, the
stiffness can be set to “normal” stiffness of the fabric.

3) The stiffness of the steel cables were also set to a value near zero during the Formfinding process, being just adjusted the prestress level.

4) The initial geometry of the steel compression rings, given by the architecture, was changed in order to reduce the bending moments and reduce material. By reducing the bending moments, the cross section can be also reduced
and the solution is more economical.

The initial bending moments Mz of the steel compression rings present a value of 1083 kNm. After an iterative process of form finding, the bending moments of the steel compression rings are 179 kNm. The reduction is dramatic
showing that a Formfinding process leads also to economic solutions.

Page 16



Membrane Roof for a Tennis Court

|
I
T,
)
|
I
I
If
I
I
i
I
I
'
I
I
15
I
If
|
1}
i
Iy
I
i

1 |t o 1 = - 1 1

z Sactes of oystam Eoam Elaments Geoep 2 3 T M1o: 438
%‘({ Boam Elamants , Banding memant Mz, nenlingas Loadeags 1 Fesmfindeng 1, 1 em 3D — 1000. k¥m (Min—-1083.) (Ma=—1083.) x - c.7as
z - zan
x - clam

Figure 13 — Initial Geometry, before Formfinding Mz,max = 1083 kNm

1 1 - 1 1
Secter of ayetem Gmoup 2 3 27...78 &
Baam Elaments , Banding moment M:, nenlingas Leadease 101 LC 101+Deadlead . 1 em 3D — 100.0 KNm (Min—175.2) (Max—175.8)

Figure 14 — Corrected Geometry, after Formfinding Mz,max = 179 kNm
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3. Materials

3.1 Membrane Roof PVC coated Polyester Fabric

These were the values adopted for the structural analysis:

Material Type Tensile Strength Zr,k Tensile Stiffness EA | Shear Stiffness GA [Self Weight g
Warp Fill Warp Fill
Ferrari 1202 M/5 cm M/5 cm MM MM WM kM/m2
PVC/PES 1] 5600 5600 1.0 0.7 0.07 0.010

For a construction design, material tests should be carried to define in a more accurate way the material characteristics.

3.2 ETFE Cushions

These were the values adopted for the structural analysis:

ETFE Film - material data (T=23 Degrees , monoaxial Test)

Material |Thickness|Tensile Strength Fu,k |Yield Strength fy, k [Tensile Modulus E |Shear Modulus G [Poisson’s Ratio [Density
MN/mm2 MN/mm2 MN/mm2 N/mm2 - gfcm3
ETFE 250 pm 45 21 900 310 0,45 1,75

For a construction design, material tests should be carried to define in a more accurate way the material characteristics.

Membrane Roof for a Tennis Court
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4. Structural Analysis

4.1 Software

The software used for the structural analysis is called SOFiSTiK. This finite element program is based on a modular basis where all modules interchange data and save their results in a common database in a binary format. The results in
this database can be accessed either by graphical interactive modules or by modules that run in batch mode and have ASCII input.

The following modules are used:

- AQUA calculates the properties of cross sections of any shape and made of any material. The cross section properties for a static analysis are determined, as well as characteristic magnitudes for the calculation of normal and
shear stresses.

- ASE calculates the static and dynamic effects of general loading on any type of structure. To start the calculations the user divides the structure to be analyzed into an assembly of individual elements interconnected at nodes
(Finite Element Method). Possible types of elements are: haunched beams, springs, cables, truss elements, plane triangular or quadrilateral shell elements and three-dimensional continuum elements.

The program handles structures with rigid or elastic types of support. An elastic support can be applied to an area, a line or at nodal points. Rigid elements or skew supports can be taken into account.

ASE calculates the effects of nodal, line and block loads. The loads can be defined independently from the selected element mesh. The generation of loads from stresses of a primary loadcase allows the consideration of construction
stages, redistribution and creep effects.

Nonlinear calculations enables the user to take the failure of particular elements into account, such as: cables in compression, uplifting of supported plates, yielding, and friction or crack effects for spring and foundation elements.
Nonlinear materials are available for three-dimensional and shell elements.

Geometrical nonlinear computations allow the investigation of 2nd and 3rd order theory effects by cable, beam and shell structures. In case of beam structures, the program can calculate warping torsion with up to 7 degrees of
freedom per node.

The analysis of folded structures or shells with finite elements requires considerable experience. The user of ASE should therefore gather experience from simple examples before tackling more complicated structures. A check of the
results through approximate engineering calculations is imperative.

The structural analysis of the membrane roof is based on a geometrically non-linear calculation.

The software ixForten 4000 is used for patterning and wind local analysis.
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4.2 Structural System

Groups
Grp Number | type min-no max-no Title
2 292 BEAM 1 292 Compression Ring Upper
3 300 BEAM 1001 1300 Compression Ring Lower
4 544 BEAM 2001 2544 Compression Ring Diagonals
7 565 CABL 3001 3565 Ring Cables
10 145 CABL 4001 4145 Connection
11 168 BEAM 5001 5168 V-Columns
13 176 CABL 6001 6176 Edge Cables Front
14 520 CABL 7001 7520 Edge Cables Back
17 176 BEAM 8001 8176 V-Columns
27 146 QUAD 9001 9146 Memb 1
28 146 QUAD 10001 10146 Memb 2
29 128 QUAD 11001 11128 Memb 3
30 130 QUAD 12001 12130 Memb 4
31 141 QUAD 13001 13141 Memb 5
32 156 QUAD 14001 14156 Memb 6
33 104 QUAD 15001 15104 Memb 7
34 102 QUAD 16001 16102 Memb 8
35 92 QUAD 17001 17092 Memb 9
36 107 QUAD 18001 18107 Memb 10
37 115 QUAD 19001 19115 Memb 11
38 142 QUAD 20001 20142 Memb 12
39 118 QUAD 21001 21118 Memb 13
40 144 QUAD 22001 22144 Memb 14
41 144 QUAD 23001 23144 Memb 15
42 134 QUAD 24001 24134 Memb 16
43 138 QUAD 25001 25138 Memb 17
44 123 QUAD 26001 26123 Memb 18
45 107 QUAD 27001 27107 Memb 19
46 92 QUAD 28001 28092 Memb 20
47 102 QUAD 29001 29102 Memb 21
48 92 QUAD 30001 30092 Memb 22
49 151 QUAD 31001 31151 Memb 23
50 141 QUAD 32001 32141 Memb 24
51 154 QUAD 33001 33154 Memb 25
52 136 QUAD 34001 34136 Memb 26
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53 142 QUAD 35001 35142 Memb 27
54 146 QUAD 36001 36146 Memb 28
55 136 QUAD 37001 37136 Memb 29
56 154 QUAD 38001 38154 Memb 30
57 141 QUAD 39001 39141 Memb 31
58 153 QUAD 40001 40153 Memb 32
59 92 QUAD 41001 41092 Memb 33
60 102 QUAD 42001 42102 Memb 34
61 92 QUAD 43001 43092 Memb 35
62 107 QUAD 44001 44107 Memb 36
63 123 QUAD 45001 45123 Memb 37
64 138 QUAD 46001 46138 Memb 38
65 134 QUAD 47001 47134 Memb 39
66 144 QUAD 48001 48144 Memb 40
67 144 QUAD 49001 49144 Memb 41
68 134 QUAD 50001 50134 Memb 42
69 138 QUAD 51001 51138 Memb 43
70 123 QUAD 52001 52123 Memb 44
71 107 QUAD 53001 53107 Memb 45
72 94 QUAD 54001 54094 Memb 46
73 102 QUAD 55001 55102 Memb 47
74 108 QUAD 56001 56108 Memb 48
75 151 QUAD 57001 57151 Memb 49
76 141 QUAD 58001 58141 Memb 50
77 154 QUAD 59001 59154 Memb 51
78 136 QUAD 60001 60136 Memb 52
79 24 CABL 61001 61024 Upper Radial C 1
80 24 CABL 62001 62024 Upper Radial C 2
81 22 CABL 63001 63022 Upper Radial C 3
82 21 CABL 64001 64021 Upper Radial C 4
83 21 CABL 65001 65021 Upper Radial C 5
84 22 CABL 66001 66022 Upper Radial C 6
85 22 CABL 67001 67022 Upper Radial C 7
86 22 CABL 68001 68022 Upper Radial C 8
87 22 CABL 69001 69022 Upper Radial C 9
88 21 CABL 70001 70021 Upper Radial C 10
89 21 CABL 71001 71021 Upper Radial C 11
90 22 CABL 72001 72022 Upper Radial C 12
91 24 CABL 73001 73024 Upper Radial C 13
92 24 CABL 74001 74024 Upper Radial C 14
93 24 CABL 75001 75024 Upper Radial C 15
94 22 CABL 76001 76022 Upper Radial C 16
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95 21 CABL 77001 77021 Upper Radial C 17
96 21 CABL 78001 78021 Upper Radial C 18
97 22 CABL 79001 79022 Upper Radial C 19
98 22 CABL 80001 80022 Upper Radial C 20
99 22 CABL 81001 81022 Upper Radial C 21
100 22 CABL 82001 82022 Upper Radial C 22
101 21 CABL 83001 83021 Upper Radial C 23
102 21 CABL 84001 84021 Upper Radial C 24
103 22 CABL 85001 85022 Upper Radial C 25
104 24 CABL 86001 86024 Upper Radial C 26
105 22 CABL 87001 87022 Lower Radial C 1
106 22 CABL 88001 88022 Lower Radial C 2
107 22 CABL 89001 89022 Lower Radial C 3
108 21 CABL 90001 90021 Lower Radial C 4
109 22 CABL 91001 91022 Lower Radial C 5
110 20 CABL 92001 92020 Lower Radial C 6
111 20 CABL 93001 93020 Lower Radial C 7
112 20 CABL 94001 94020 Lower Radial C 8
113 22 CABL 95001 95022 Lower Radial C 9
114 21 CABL 96001 96021 Lower Radial C 10
115 22 CABL 97001 97022 Lower Radial C 11
116 22 CABL 98001 98022 Lower Radial C 12
117 22 CABL 99001 99022 Lower Radial C 13
118 22 CABL 100001 100022 Lower Radial C 14
119 22 CABL 101001 101022 Lower Radial C 15
120 22 CABL 102001 102022 Lower Radial C 16
121 21 CABL 103001 103021 Lower Radial C 17
122 22 CABL 104001 104022 Lower Radial C 18
123 20 CABL 105001 105020 Lower Radial C 19
124 20 CABL 106001 106020 Lower Radial C 20
125 20 CABL 107001 107020 Lower Radial C 21
126 22 CABL 108001 108022 Lower Radial C 22
127 21 CABL 109001 109021 Lower Radial C 23
128 22 CABL 110001 110022 Lower Radial C 24
129 22 CABL 111001 111022 Lower Radial C 25
130 22 CABL 112001 112022 Lower Radial C 26
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4.3 Materials and Sections

Upper Compression Ring:

Cross section No. 1 - D 813 / 25 mm

o
b 150 000 0 glee sl =150 o
| | | | | | |
Cross section Mo. 1 - D 813 / 25 mm
Static properties of cross section
No . Mat Alm2] Ayﬁhthyz nyszIYZ stzs Yfz—sc modules gam
NoR It[md] [m2] [md] [mm] [mm] [H/mm2Z] [N /m]
1 = O 813 / 25 mm
1l 6.188%E-02 2.172E-02 4.8B05E-03 0.0 0.0 210000 4 .86
S.617E-03 2.172E-02 4.8B0SE-03 0.0 0.0 807659
Lower Compression Ring:
Cross section No. 2 - D 813 / 16 mm
AL» 23 AL» H
=k
= o
o
b 150 000 S0 =l =100 1500 o
| | | | | | |
Cross section No. 2 — D 813 / 16 mm
Static properties of cross section
No . Mat Alm2] Ayﬁhthyz nyszIYZ stzs Yfz—sc modules gam
NoR It[md] [m2] [md] [mm] [mm] [H/mm2Z] [N /m]
2 = D 813 / 16 mm
1l 4.0062E-02 2.035E-02 3.182E-03 0.0 0.0 210000 3.14
6.364E-03 2.035E-02 3.182E-03 0.0 0.0 807659
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Diagonals:
Cro=s =section No. 3 - D A57 f 16 mm
L &7 |- "
A A
_\"E
g o —
L"«I
b e S0 Q -0 =100, o
] ] | |

|
Cross =section No. 3 - D 457 / 16 mm

Static properties of ocross section

HNo . Mat A[m2] Ay/Az/bAyz I1y/iz/Iy= vefzs vy/fz-=c modules gram
NoR It[md] [m2] [md] [mm] [mm] [N/mm2] [N /m]
3 = D 457 / 16& mm
1 2.2167E-02 1.140E-02 5.35cE-04 0.0 0.0 210000 1.74
1.07%E-03 1.140E-02 5.3%96E-04 0.0 0.0 B0O769
V — Columns:
Cross section No. 4 - D 508 / 20 mm
=
g g —
=
W 000, 0 =200 =100, mm
] ] 1 ] ]
Crosz section No. 4 — D 508 / 20 mm
Static propertiezs of cross section
HNo . Mat Alm2Z] Ayﬁhzfﬁyz nyszIYZ stzs Yfz—sa modul es gam
HNoR It[md] [m2] [md] [mmm] [mm] [M/mm2 ] [N /m]
4 = D 508 / 20 mm
1 3.0662E-02 1.582E-02 S5.143E-04 0.0 0.0 210000 2.41
1.82%E-03 1.582E-02 5.143E-04 0.0 0.0 80769
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Upper Radial Cables:

Cross =section No. 5 - Ccable 80 PV-640 - SEL
.-"Ib = .-"Ib "
=

ki 10 100 =1 =9 =100 =150 3l
| | | | | | |
Cross section WNo. 5 - Cable 80 PV-640 - SEL

Static properties of cross section

No . Mat A[m2] Ayﬁhzfﬁyz nyszIyz stzs Yfz—sa modul es gam
NoR It[md] [mZ] [md] [mm] [ ] [M/mm2] [N /m]
5 = Cable BO PV-c40 - SEL
{CABL) 3 4.415%8E-03 1.768E-06 0.0 0.0 160000 0.36
0.000E+0D 1.768E-06 0.0 0.0 61538

Front and Back Edge Cables:

Cross =section No. 6 — Cable 24 .4 PG-55

Y 40 20 - -40 Ll
| | | | | |
Cross section No. & — Cabkle 24.4 PG-55
Static properties of cross =section
No. Mat B [m2] Ayﬁhzfﬁyz nyszIyz stzs Yfz—sc modul es gam
NoR It[md] [m2] [md] [mmm] [mm] [H/mm2Z ] [N /m]
& = Cable 24.4 PG-55
{CABL) 2 3.4700E-04 1.25%1E-08 0.0 0.0 1e0000 0.03
0.000E+O0 1.25%1E-08 0.0 0.0 61538
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Tension Ring Cables:

Cross =section No. T — Cable 75 PV-560 - SEL
|- = |- H
A A
—_

h i 150 00 a0 . =0 =100 =150 Sl
| | | | | | |
Cross section No. 7 - Cakle 75 BV-560 - SEL

Static properties of cross =zection

No . Mat b[m2] Ayﬁhzfﬁyz nyszIyz stzs Yfz—sc modul es gam
NoR It[md] [m2] [md] [mm] [mm] [M/mm2] [N /m]
7 = Cakbkle 73 PV-360 - SEL
({CAEBL) 3 3.8503E-03 1.368E-06 0.0 0.0 160000 0.32
0.000E+CO 1.368E-06 0.0 0.0 61538

Lower Radial Cables:

Cross =section No. g8 - Cable 70 PV-490 - SEL
ALI- L .-‘1Lf "

ki 150 100 S0 - -5 =100 =150 31l
| | ] | | | |
Cross section WNo. 8 — Cable 70 BV-49%0 - SEL

Static properties of cross section

Mo . Mat AlmZ] hyﬁhzfﬂyz nyszlyz stzs Yfz—sc modul es gjam
HNoR It[md] [m2] [mda] [mm] [mm] [H/mm?2] [N fm]
g = Cable 70 BPV-450 - BSEL
(CABL) 3 3.3BSBE-03 1.038E-06 0.0 0.0 1e0000 0.28
0.000E+00 1.038E-06 0.0 0.0 61538
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Upper and Lower Radial Cables:

Cross section No. 9 - Cable 55 PV-300 - SEL

'r
0t
=

Y 0 S0 I~ . = b .6
| | | | ]
Cross section No. 9 - Cakle 55 BPV-300 - SEL

Static properties of cross =section

No. Mat A[m2] Ayﬁhthyz nylzflyz stzs Yfz—sc modules gam
NoR It[md] [m2] [md] [mm] [mmm] [M/mm2 ] [ kN /m]
9 = Cable 55 PV-300 - SEL
(CAEBL) 3 2.0%00E-023 3.951E-07 0.0 0.0 160000 0.17
0.000E+00O 3.951E-07 0.0 0.0 61538
Helpers:
Cross section No. 10 - D 168.3 / 12.5 mm
AL» w3 AL» ™
i
g g
b
b 400 300 I gl g o6l I =00 -400 o
| | | | | | | | |
Cross section No. 10 - D 168.3 / 12.5 mm
Static properties of cross section
No. Mat A[m2?2] Ay/az/ayz 1y/iz/iy= vefzs vy/z-=c modul es garm
MNoR It[md] [m2] [md] [rrn] [ ] [MN/mm2] [N /m]
10 = D 1e8.3 / 12.5 mm
1l 6.1183E-03 2.248E-03 1.868E-05 0.0 0.0 210000 0.48
3.737E-05 2.24BE-03 1.B68BE-05 0.0 0.0 B0TES

Page 29



Membrane Roof for a Tennis Court

Cable Arrangement and Cross Section numbers for Upper and Lower Radial Cables, including Front and Back Edge Cables:

L - -§G.58 -35.68 &6t P 1658 -1 FT T
1 1 1 1 1 1 1 1
¥ Sactor of Gystam Cakla Elamants M1 : EE?
d ¥ Numha-g of coope @ectisn, Cahla Elamanta  (Mas—5)

n
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4.4 Loads Assumptions
4.41 Dead Load
Respectively for reinforced concrete and steel, using the section values and a unit weight of 25.0 kN/m3 and 78.5 kN/m3.

Extraordinary details of Structural Steelwork are considered with additional nodal loads (e.g. steel cast cable nodes). Further primary steel structure that is not modeled within the global model is considered as additional loads, linear
or nodal onto the primary structure.

For Cables, using the section values and a unit weight of 83.0 kN/m3 (includes corrosion protection)

4.4.2 Prestress

Cable supported structures require a regular pre stressed initial stage. Therefore prestress is a regular part of all stages of investigations together with the dead load. All cables and membranes are regular pre stressed according to
the results of the form finding process.

This needs to be considered for the determination of the cutting length of the cables and the fabrication geometry of the steel structure.

4.4.3 Live Load

The roof is considered Category H with a load of 0.4 kN/m2, not accessible expect for normal maintenance and repair. It is not to be superimposed with other extreme loads. Since the wind loads are much higher that the live load,
the live load will not be taken into account in the structural analysis.

4.4.4  Temperature

The city of Oeiras in Portugal is located in the Zone B according to the EN 1991 1-5.

Tmax (summer) : 40 Degrees
Tmin (winter) : 0 Degrees

Tin (summer) : 25 Degrees
Tin (winter) : 18 Degrees

Uniform Variation:
Summer: T=(40+2+25)/2 = 34.5 Degrees
Winter: T =(0+18)/2 =9 Degrees
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445 Wind Load

(1) The basic wind velocity shall be calculated:

Vb = Cdir * Cseason * Vb,0

cair =1.0

Cseason= 1.0

According to the National Annex to the Eurocode:
Vbo= 30 m/s (Zone B — Near the Coast)

vp =1.0-1.0-30=30m/s

(2) Peak Velocity Pressure

qgb=0.5-p - vp2=0.56 kN/m?2

Z =27.32 m (Maximum Roof Height — On the Safe Side)
Terrain Category — I

o= Ce(2) - o = 3.0 - 0.56 = 1.7 kN/m?

(3) Wind Pressure

a) Steel Structure Analysis — Global Analysis

Fw=CsCq - Cs - Jp (Ze ) - Aret

_ 14+7xL,(Z)XVB2 _ 1+7xL,(Z5)XV12

ST 147X, (zs)  147XI,(zs) =081

B? = 1.0 (Conservative value)

I(z) = ——L —=0.167

co(2)xIn(z/zp)
c0(20)=1.0
ki=1.0

20=0.05m
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z= 20 m (Maximum column height)

1+2xkp X1y (Zs)XVB2+R?
= =1.0
1+7XIL,(zs)XVB2

Cd

Force Coefficient c¢ for a finite circular cylinder:

Ci=Cro - Va=12

Steel Columns:

Fv=0.81-1.0-1.2-1.7-0.45=0.75kN/m

Compression Ring:
Force Coefficient ¢ for a Spatial Truss Structure:
Ci=Cfo - ¥a=2.0

Fv=0.81-1.0-2.0-1.7-1.0=2.75kN/m

b) PVC - Membrane Roof

W=qp(z)- ¢

It is considered a Multibay Canopy Roof. The Net Pressure Coefficients and overall Force Coefficient are according to the Eurocode EN 1991-1-4:2005, Table 7.7 for duo pitch canopies. A reduction factor of 0.8 was considered for
the upward forces and pressures in order to consider the Multibay Effect.

Net pressure coefficients ¢pnet

Key plan
B 1
bi10
cl A D] A |c b
510
B I
[+ d10 [  dI10}e]
dis

d
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c) ETFE Cushion Roof

W=qp(z) ¢
Z =20.02 m (ETFE Roof Height)
Terrain Category —

Op=Ce(Z) - qp=2.8-0.56 = 1.6 KN/m?2

Roof Angle Blockage Overall Force Coef. Cf Pressure Coefficients Cp
Zone A Zone B Zone C | ZoneD
55 Maximum All 1.0 1.80 1.0 1.60 1.70
Minimum 1 -1.04 -1.12 -0.64 -0.72 -1.60
"+Values indicate a net downward wind action"
"-Walues indicate a net upward wind action"
Net Pressure coefficients cpnet
ey plan
B 1
b0
wind
—— | A c b
B0
B 1
o] 100 a0 o

Roof Angle Blockage

Overall Force Coef. Cf

Pressure Coefficients Cp

fone A fone B fone C
0 Maximum All 0.2 0.5 1.8 1.1
Minimum 1 -1.3 -1.5 -1.8 -2.2

"+Values indicate a net downward wind action"

"-Values indicate a net upward wind action"
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4.4.6 Snow Load

S=uS,CC,

Sk =0.1 kN/m?

C.=1.0
C=1.0
1=0.13

1= 1.60

S1=0.13*0.1*1*1 = 0.013 kN/m?

S>=1.60*0.1*1*1 = 0.160 kN/m?

Altitude 7 v, v,
h>1000 m 0.70 0.50 0.20
h <1000 m 0.50 0.20 0.00

4.47 Imperfections (EN 1993-1-1:2005(D) Cl. 5.3.2)

a) Compression Ring

- Precurvature
Tab. 6.2 Hollow Section -> Buckling curve “a”
Tab. 5.1 Elastic design : eq, ¢/L = 1/300

Equilavalent Horizontal Forces:

i = 8 Ned €04/ L2 =8 %9693 x 1/300 x 1/10 = 25.85 kN/m
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Hi =4 Neq €04/ L=4x9693 x 1/300 = 129 kN
- Preinclination
Compression Ring horizontal inaccuracies (ovalization due to deviation angle in head plates)
Relevant buckling mode shapes for the Compression Ring are scaled to form a maximum imperfection of w0 which is applied onto the structural steelwork as a stress-free pre deflection.

sk=48 m

Structural imperfections:

eo=L/300=48 m/300=160 mm
Structural part thereof eg= 50% of eg,q= 80 mm

For the stability analyses imperfections for the Compression Ring are considered as:

Using this strategy a maximum tolerance or geometrical imperfection of:

Wgeomk =4+ (Lsys- Ay - 2) =4 x 13000 x 0.5/1000 x 2 = 52 mm , may occur due to the manufacture of the CR elements (+ 0.5mm / 1000mm (2 machined surfaces per element)).
w0, geom.== 15x52 =78

wO,struct = 80 mm

Ersatz imperfections of w0,d = w0, geom + wO,struct

w0,d = 158 mm

b) Diagonals

- Precurvature
au_n

Tab. 6.2 Hollow Section -> Buckling curve “a
Tab. 5.1 Elastic design : eq, ¢/L = 1/300

Equilavalent Horizontal Forces:
Qi =8 Neg €04/ L2=8x1916 x 1/300x 1/10 =5 kN/m
Hi =4 Negeod/L=4x1916 x 1/300 = 25 kN

- Preinclination
¢ = g 0y 0ty

¢ =1/200 x 0.685 x 0.7 = 0, 0024
Hi= ¢ x Ned = 0.0024 * 1916 = 4.6 kN

Page 36



Membrane Roof for a Tennis Court

c¢) Columns

- Precurvature
- Tab. 6.2 Hollow Section -> Buckling curve “a”
- Tab. 5.1 Elastic design : e, ¢/L = 1/300

- Equilavalent Horizontal Forces:

- Qi=8Nedeod/L>=8x2934x 1/300x 1/20.5 =3,82 kN/m
- Hi=4Negeod/L=4x2934 x1/300 =39 kN

- Preinclination
¢ = ¢y o, o,

¢ =1/200x 0.667 x 0.73 = 0, 0024
Hi= ¢ x Ned = 0.0024 * 2934 = 7.15 kN

4.5 Load Cases

Membrane Local Wind Analysis — Forten CP Value Zone A
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Membrane Local Wind Analysis — Forten - CP Value Zone B

Membrane Local Wind Analysis — Forten - CP Value Zone C
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Membrane Local Wind Analysis — Forten - CP Value Zone D

Load Case 901 - 'Membrane Wind Downward' — Global Analysis

-16.66 6.66 26.66 a5.66 5.5 =
1 1 1 1 1

z Sactes of system Beam Zlaments,Cable Tlaments,Jeadsilatesal Tlements,S=ppesting Linas M1 400
= - s

lpt  All leads, Leas 501 Wind . {1 om 30 - wnit) Asea elsment load (fosca) vectos (Uait-14.2 kN/me =) (Max—3.23)
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Load Case 902 - 'Membrane Wind Upward' — Global Analysis

-26.66 666 2656 a6.60 w66

Page 40



Membrane Roof for a Tennis Court

Load Case 904 - Wind Spatial Truss Structure — Global Analysis

—az.ee e .88 e .5
1 1 1 1 1

z Sactes of system Beam Elaments,Cable Elaments,fead=ilate=al Tlements, Seppesting Linas M1:4

lg¥ A1l lsads, Leadease 504 Wind Spatial T==ss Stewstssa . (1 om 30 - =nit) Beam ling lead (fassa) in lseal y (Unit-14.3 KN/l (Maw—2.75) i

PR

Load Case 905 - 'Temp Summer' — Global Analysis

-35.58 .86 26.66 %5.66 s6.56

1 1 1 1 1
z Sectos of aystem Beam Elements,Cabls Elements, fuadsilatésal Elamenta, Supposting Lines M1 o4l
¥ 211 loada, Loadeasa 505 Temp fewmes . {1 am 30 - wnit) Beam ling load (snifoem tempesafuss changs) (Ualt-142.3 2 SHM (Max24.E) =t
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Load Case 906 - 'Temp Winter' — Global Analysis

-35.58 5.66 26.66 %5.66 s6.56
1 1 1 1 1

z Sectos of aystem Beam Elements,Cabls Elements, fuadsilatésal Elamenta, Supposting Lines

¥ 211 loada, Loadeasa 505 Temp fewmes . {1 am 30 - wnit) Beam ling load (snifoem tempesafuss changs) (Ualt-142.3 2 SHM (Max24.E)

Load Case 907 — Snow — Global Analysis

o Frs sz
| | | 1 |
:  Sectes of system Seam Ilementa,Cable Ilements,Cwadsilatesal Elaments,Supposting Lines
lg¥ A1l loads, Leadeass 507 Smaw . {1 om 30 - wnit) heed elament laad (f2ssa) vestos on peojestion (Uait—0.712 k/mE{—=), Beam lina lsaa
(fosce) on projection in global I (Tnit—0.712 /ol == (Min—0.160) (Max—0.1E0}
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Load Case 908 — 'Memb Local Wind Downward'

cccccc

Sactes of system Beam Elaments, Cabla Elamanta,fuadsilitésal Elaments,Suppesting Linas
LY R11 1sads, Laascaga 508 Momk Lozal Wind Downwa=d . (1 om 30 - wnit) k-3 alamant lsad (fo-sa) wastas (Unit-14.2 W/l (Max-3.23)

Load Case 909 — 'Memb Local Wind Upward'

cccccc

Sactor of System Beam Elaments, Cable Elaments,Cuadsilatesal Elaments,Sepposting Lines
lp¥ A1l lcads, Leoadcass 508 Mead Local Wind Downwasd . (1 om 30 - wnit) Asea elemsnt lead (fossa) weetes (Unlt-14.2 K mzl——r) (Max-3.23)
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Load Case 910 — 'Memb Local Wind Downward'

cccccc

z Secter of system Beam Elements,Cabls Elements,(uadsilateral Elements, Supposting Lines
lyr A1l loads, Leadease 510 Mamd Local Wind Downwazd (1 om 3D — wnit) R=ea alement load (fozee) vestes (Uait-14.2 kE/me[==-) (Max—3.23)

Load Case 911 — 'Memb Local Wind Upward'

cccccc

z Bactes of system Zeam Tlaments, Cakla Elaments,(eadsilatesal Elements, Suppesting Lines
lp¥ A1l lsads, Leadoase 510 Mead Looal Wind Dewnwasd |, (1 =m 3D = wnit) A=aa element lsad (forse) westes (Unit-14.2 k¥/me{—=n) (Max-3.23)
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Load Case 912 — 'Memb Local Wind Downward'

cccccc

Sectos of system Beam Elamenta,Cable Elements,Quadsilatesal Elements.Suppesting Lines
lyr A1l loads, Leadeass 512 Mamb Loscal Wind Downwasd |, (1 om 30 - unit) Reea element load (fosoe) vectes (Unit-14.2 kE/mz[=r) (Max-3.23)

Load Case 913 — 'Memb Local Wind Upward'

cccccc

Sectos of system Beam Elamenta,Cable Elements,Quadsilatesal Elements.Suppesting Lines
lyr A1l loads, Leadeass 512 Mamb Loscal Wind Downwasd |, (1 om 30 - unit) Reea element load (fosoe) vectes (Unit-14.2 kE/mz[=r) (Max-3.23)
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Load Case 914 — 'Imperfections Steel Columns' - Global

cccccc

Bastes af opystam Baam Elamants, Canla Elamants, Jeads=ilates=al Elamants, S=ppesting Linas
ly¥ A1l lmads, Leadease 514 Impesfections 5teel Coluwas |, (1 em 30 — wnif) Beam line lead (fosca) in local y (Unit-14.2 K/m[==) (Max-3.82)

Load Case 915 — 'Imperfections Compression Rings' - Global

z Sactos of syatem Beam Elamants,Cable Elamants, Cuadsilatésal Elamanta, Suppesting Linas
lp¥ A1l loads, Loaa 515 Imp Ringas . (1 em 3D - wnit) Beam line lead (fosce) in loeal y (Unic-142.3 kNsml==-)
(Max—25.5)
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Load Case 916 — 'Imperfections Diagonals' - Global

5 cc
o, Seppasting Linas

— unit) Beam lina load (fo-ta) in lecal y (Onit—3

2588 5.8 E
2 gystam Baam Elamants,Cakla Elamentd, fuid-ilaresal Elamant

5.E WN/mL==) (Max—5.00)

. (1 cem 3D

Impasfactions Diagenals

Loadease 516

Sastas &
A1l lcads,

z
Ly
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a) Characteristic Combination — Service Limit State
Dead Load |Prestress |Wind Down |Wind Up |Wind Steel Columns |Wind Truss [ Temp S |Temp W Snow [Local Wind Down |Local Wind Up |Local Wind Down |Local Wind Up |Local Wind Down |Local Wind Up |Imperfe. |Imperfe. [Ponding

5LS - - LC 901 LC 902 LC 903 LC 904 LC 905 LC 906 LC 907 LC 308 LC 909 LC 910 LC911 LC 912 LC 913 LC 914 LC915
Load Case 151 1,00 1,00 - - - - - - - - - - - - 1,00 1,00
Load Case 152 1,00 1,00 - 1,00 1,00 1,00 - - - - - - - - 1,00 1,00
Load Case 153 1,00 1,00 1,00 - 1,00 1,00 - - - - - - - - 1,00 1,00
Load Case 154 1,00 1,00 - 1,00 1,00 1,00 0.6 - - - - - - - 1,00 1,00
Load Case| 155 1,00 1,00 1,00 - 1,00 1,00 - 0,6 - - - - - - 1,00 1,00
Load Case 156 1,00 1,00 - 1,00 1,00 1,00 - 0,6 - - - - - - 1,00 1,00
Load Case 157 1,00 1,00 1,00 - 1,00 1,00 0.6 - - - - - - - 1,00 1,00
Load Case 158 1,00 1,00 1,00 - 1,00 1,00 - 0,6 0,5 - - - - - 1,00 1,00
Load Case| 159 1,00 1,00 - - - - - - - 1,00 - - - - - 1,00 1,00
Load Case| 160 1,00 1,00 - - - - - - - 1,00 - - - - 1,00 1,00
Load Case 161 1,00 1,00 - - - - - - - - 1,00 - - - 1,00 1,00
Load Case 162 1,00 1,00 - - - - - - - - - 1,00 - - 1,00 1,00
Load Case 163 1,00 1,00 - - - - - - - - - - 1,00 - 1,00 1,00
Load Case| 164 1,00 1,00 - - - - - - - - - - - 1,00 1,00 1,00
Load Case 172 1,00 1,00 - 0,80 0,80 0,80 - - - - - - - - 1,00 1,00
Load Case 173 1,00 1,00 0,80 - 0,80 0,80 - - - - - - - - 1,00 1,00
Load Case 178 1,00 1,00 0,80 - 0,80 0,80 - 0,6 0,35 - - - - - 1,00 1,00
Load Case| 179 1,00 1,00 - - - - - - - - - - - - 1,00 1,00 1,00

The loadcases between 101 and 128 are the same as the loadcases between 151 and 179 but without imperfections. The same for the loadcases 201 to 214 and the loadcases 301 to 314. Ones without and the others with imperfections.

b) Characteristic Combination — Ultimate Limit State

Dead Load |Prestress |Wind Down |Wind Up |Wind Steel Columns |Wind Truss | Temp S |Temp W | Snow |Local Wind Down |Local Wind Up [Local Wind Down |Local Wind Up |Local Wind Down |Local Wind Up |Imperfe. [Imperfe.

uLs - - LC 901 LC 902 LC 903 LC 904 LC905 | LC906 (LC907 LC 908 LC 909 LC 910 LC911 LC912 LC 913 LC 914 LC 915
Load Case | 301 1,35 1,35 - - - - - - - - - - - - - 1,50 1,50
Load Case (302 1,35 1,35 - 1,50 1,50 1,50 - - - - - - - - - 1,50 1,50
Load Case | 303 1,35 1,35 1,50 - 1,50 1,50 - - - - - - - - - 1,50 1,50
Load Case | 304 1,35 1,35 - 1,50 1,50 1,50 0,9 - - - - - - - - 1,50 1,50
Load Case | 305 1,35 1,35 1,50 - 1,50 1,50 - 0,9 - - - - - - - 1,50 1,50
Load Case 306 1,35 1,35 - 1,50 1,50 1,50 - 0,9 - - - - - - - 1,50 1,50
Load Case 307 1,35 1,35 1,50 - 1,50 1,50 0.9 - - - - - - - - 1,50 1,50
Load Case | 308 1,35 1,35 1,50 - 1,50 1,50 - 0,9 0,75 - - - - - - 1,50 1,50
Load Case | 309 1,35 1,35 - - - - - - - 1,50 - - - - - 1,50 1,50
Load Case (310 1,35 1,35 - - - - - - - - 1,50 - - - - 1,50 1,50
Load Case |311 1,35 1,35 - - - - - - - - - 1,50 - - - 1,50 1,50
Load Case (312 1,35 1,35 - - - - - - - - - - 1,50 - - 1,50 1,50
Load Case |313 1,35 1,35 - - - - - - - - - - - 1,50 - 1,50 1,50
Load Case (314 1,35 1,35 - - - - - - - - - - - - 1,50 1,50 1,50
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5. Dimensioning and Detailed Design

Membrane Roof for a Tennis Court

According to the EN 1993-1-1: 2005, chapter 5.2 Global Analysis, the internal forces and moments may generally be determined using second-order analysis, taking into account the influence of the deformation of the structure.

using second order analysis with imperfections as given in 5.3.2, EN 1993-1-1: 2005.

For Uniform members in bending and axial compression in 6.3.3, EN 1993-1-1: 2005, the stability of uniform members with double symmetric cross sections for sections not susceptible to distortional deformations can be carried out

5.1 Steel Structure — Upper Compression Ring

Service Limit State: Loadcase Deadload + Prestress — Bending Moments
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Membrane Roof for a Tennis Court

Service Limit State: Loadcase Deadload + Prestress — Axial/Normal Force
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Ultimate Limit State: Loadcase Deadload + Prestress — Bending Moments

Membrane Roof for a Tennis Court
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Membrane Roof for a Tennis Court

Ultimate Limit State: Loadcase Deadload + Prestress — Axial/Normal Force
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Membrane Roof for a Tennis Court

Ultimate Limit State: Von Mises Stresses : All Load Cases
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z Sactes of @ystam Goowp 2 27...78 M1 : 400
lg¥ Baam Elaments , v.Mises st=ass, Dasign Case 650 MAX-RQE-S, Matesial 1 5 355 (EN 10025-3) . 1 om 30 — E15.E MBa (Max—348.3) = gaa
T - S.iE3

In the areas where the steel stresses are higher than the admissible value of 323 MPa, the cross section will be locally reinforced.

Jesign cases : 301-314

sroups )
tlements : A1l
sections : A1l

jeam Elements

3tresses

tlem. X Mt DC Name SIG— SIGH TAT SIGV
Nr [m] Nr [MPa] [MPa] [MPa] [MPa]
132 1,007 1 307 MINZ-SIG- -348,35 46,55 2,48 348,35
=13 0,000 1 302 MAXZ-SIG— 7,97 14,55 3,33 15,82
1ie 0,000 1 307 MINZ-SIG+ -153,72 -151,33 10,97 153,74
204 1,007 1 310 MAXZ-SIG+ -65,16 84,30 1,78 84,30
267 1,007 1 301 MINZ-TAU —-36,76 -3,25 0,08 36,76
47 0,957 1 308 MAXZ-TAU -152,11 -131,81 22,36 154,52
213 0,000 1 306 MINZ-SIGV -2,83 5,52 2,50 5,52
132 1,007 1 307 MAXZ-SIGV —348,35 46,55 2,48 348,35
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Ultimate Limit State: Loadcase 210 Local Wind Up — Maximum Tensile Stresses
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Membrane Roof for a Tennis Court

Ultimate Limit State: Loadcase 210 Local Wind Up — Bending Moments
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Membrane Roof for a Tennis Court

Ultimate Limit State: Loadcase 210 Local Wind Up — Axial/Normal Forces

ey E
i5 K.
. OM
—_—
Iy
I |
ol )
m - -
L -
i "
L - .
i
I
=
-85.66 -85 66 as.66 =
| | g 1
v Sactor af oyatam S-oanp 2 27...78 4 ~ ::- o - = M1 EE3
4 ¥y Ea@am Elamants , Nocmal focoe Nx, nonlineas Leoadeoass 210 Lo ZEDTWMGQE ¥p Local 1 » 1 om 3D — Z000. RN (Min—3Zl48.) (Max—202.5)

Page 57



Membrane Roof for a Tennis Court

5.2 Steel Structure — Lower Compression Ring

Service Limit State: Loadcase Deadload + Prestress — Axial/Normal Force
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Service Limit State: Loadcase Deadload + Prestress — Bending Moments
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Ultimate Limit State: Loadcase Deadload + Prestress — Axial/Normal Forces
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Membrane Roof for a Tennis Court

Ultimate Limit State: Loadcase Deadload + Prestress — Bending Moments
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Membrane Roof for a Tennis Court

Ultimate Limit State: Von Mises Stresses : All Load Cases

T
114, 5
T
a2
0
' |
o B EE

h? 1 N h
£~ 24
woom T =
-16.66 X 1666 666 5555
| | | | |
z Sactor of ayetam Sooup 3 27...78 M1 : 400
l‘Y Egam Elaments , w.Miges otcoees, Deeign Case ES0 MAN-AQE-S, Matecial 1 5 3EE (EX 10025-32) . 1 2m 30 — E15.E MPa (Max—2H1.7) :: z--:z:
r = C.362
Design cases : 301-314
Groups I
Elements : A1l
Sections : Rl1l
Beam Elements
Stresses
Elem. X Mt DC Name SIG— SIG+H TAU SIGV
Nr [m] Nr [MPa] [MPa] [MPa] [MPa]
1070 0,%4c 1 304 MINZ-SIG- -—-Z2g6,14 -23,05 26,35 266,75
1081 0,000 1 308 MAXZ-SIG— 27,24 52,65 5,80 53,25
1203 0, %60 1 304 MINZ-SIG+ -—168,42 -158,07 12,77 165,85
1146 0,000 1 308 MAXZ-SIG+ —-206,55 279,85 24,77 281,67
1177 0,978 1 304 MINZ-TRAU -184,58 -136,09 0,27 184,58
1281 0,000 1 307 MAXZ-TAU -183,34 184,1le¢ 33,27 185,39
1068 0,000 1 313 MINZ-SIGV -6,57 -1,1e 2,74 6,58
11l4e 0,000 1 308 MAXZ-SIGV -—-Z206&,55 279,853 24,77 281,87
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Ultimate Limit State: Loadcase 303 Local Wind Up — Maximum Tensile Stresses
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Ultimate Limit State: Loadcase 305 Wind Down + TempW — Axial/Normal Force
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Ultimate Limit State: Loadcase 305 Wind Down + TempW — Maximum Tensile Stresses
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Membrane Roof for a Tennis Court

5.3 Steel Structure — Diagonals

Ultimate Limit State: Von Mises Stresses : All Load Cases
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z Santsas of QyLtam Gooop 4 27. ..
l‘3f Baam Elamants ,

78
w.Miges st-ess, Design Cape EE0 MAM-AQE-S, Matec-ial 1 5 3EX (EN 10025-2)

r 1 2m 3D — E15.E MPa (Max—2E7.2) = = 2822

M1 : 400

T - E.EEd
Tz - S.562

Groups
Elements
Sections

Stresses
Elem.
Nr
2073
2471
2057
2505
2151
2188
2417
2073

Design cases

Beam Elemsnts

X ML

[m]
0,992
0,992
0,000
0,000
0,996
0,933
0,980
0,992

R e e

301-314

DC

308
309
307
308
312
308
312
308

Name

MINZ-SIG-
MAXZ-SIG-
MINZ-SIG+
MAXZ-SIG+
MINZ-TAU

MAXZ-TAU

MINZ-SIGV
MAXZ-SIGV

SIG—
[MPa]
-265,52
32,32
-99,73
-14¢,88
-40,85
-178,7%
-2,42
-265,52

SIG+
[MPa]
53,36
38,32
-93,55
128,45
23,23
33,51
2,31
53, 36

TAT
[MPa]
26,24
8,49
26,54
13,57
0,15
33,02
3,61
26,24

SIGV
[MPa]
267,24
38,40
110,04
146,88
40,85
183,70
6,65
267,24
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5.4 Steel Structure — Columns

Ultimate Limit State: Von Mises Stresses : All Load Cases

2666

.66

1666

A6 66 GGG =

EY Egam Elamants ,

z Seotos af gyotam Czoop 11 17 27...78
w.Miges stzees. Design Case E50 MAX-AOE-3.

Mates=ial 1 5 355 (EN 10035-2)

» 1 om 30 — E1E.E MPa (Max—335.4) = = o.222

Groups
Elements
Sections

Stresses
Elem.
Nr
8053
5119
5162
8053
8140
§063
8079
8053

In the areas where the steel stresses are higher than the admissible value of 323 MPa, the cross section will be locally reinforced.

Design cases :

301-314
11-17

: A1l
: A1l

Beam Elements

X Mt

[m]
0,580
1,007
1,007
0,580
0,000
0,580
0,000
0,580

N e

DC

Nr
308
304
308
308
313
308
309
308

Name

MINZ-SIG—
MAXZ-SIG-
MINZ-SIG+
MAXZ-SIGH
MINZ-TAU

MAXZ-TAU

MINZ-SIGV
MAXZ-5IGV

SIG—
[MPa]
-334,76
50,01
-107,81
-334,76
-85,84
-230,57
-3,77
-334,76

SIG+
[MPa]
199,66
58,78
-100,29
159,66
55,99
98,38
0,93
199,66

TAU
[MPa]
12,83
15,07
1¢,50
12,83
0,73
31,09
4,66
12,83

SIGV
[MPa]
335,38
63,62
111,44
335,38
85,84
231,00
8,43
335,38
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5.5 Cables — Overview

5LS - Prestress - kN

% Prestress/Beaking Load

ULS - Maximum Force - kN

% ULS Force/Beaking Load

Limit Tension - kN

Breaking load kN

Diameter mm

Maximum Pfeifer - Cable Structures Maximum
Upper Radial Cables 403 6,3 3329 52,10 3873 6390 a0
Lower Radial Cables 506 10,3 2375 48,57 2964 4890 70
Tension Ring Cables 012 10,9 2748 48,90 3400 5620 75
Front Edge Cables 32 6,0 189 35,20 326 537 24.4
Back Edge Cables V] 12,1 311 57,91 326 537 24.4
5.6 Cable Structure — Radial Cables
Upper Radial Cables - Prestress
_;n; -|:I.:: -i:l.:: :I.: ; :.I: | |:I 1:.I:: =
'}_I Eﬁﬁﬁi,mmn:&1 Pl oo ID ow ELNUE BN [Mew=sII.T) e
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Upper Radial Cables — Maximum Forces

Loadcases : 301-314
Groups : 79-104
Elements : R11

Cable Elements

Forces in Cable-Elements

Elem. LC Name N v g
Nr Nr [kN] [mm] [mm]
61015 302 MINZ-N 0,0 -199,9%52 0,000

65001 308 MAXZ-N 3329,4 36,824 0,000

Upper Radial Cables — Maximum Forces

AR R RN RN

SR EEENE
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Lower Radial Cables - Prestress
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Lower Radial Cables — Maximum Forces

Loadcases : 301-314
Groups : 105-130
Elements : R11

Cable Elements

Forces in Cable-Elements

Elem. LC Name N v Vg
Nr Nr [kN] [mm] [mm]
87001 303 MINZ-N 0,0 -1el,484 0,000

%0018 304 MAXZ-N 2374,8 €5,980 0,000
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Lower Radial Cables — Maximum Forces
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5.7 Cable Structure — Tension Ring

Tension Ring Cables - Prestress
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Tension Ring Cables — Maximum Forces

Loadcases : 301-314
Sroups : 7
Elements : A1l

Cable Elements

Forces in Cable-Elements

Elem. LC Mame N ks g
Nr Nr [kN] [mm] [mm]
3141 301 MINZ-N 71&8,0 -80,376 0,000

3129 307 MRXZ-N 2747,5% 72,885 0,000

Tension Ring Cables — Maximum Forces
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5.8 Cable Structure — Front Edge Cables

Front Edge Cables — Prestress
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Front Edge Cables — Maximum Forces

Loadcases : 301-314
Groups : 13
Elements : R11

Cable Elements

Forces in Cable-Elements

Elem. LC Name N W g
Nr Nr [kN] [mm ] [mm]

6002 302 MINZ-N 0,0 -54,608% 0,000
6072 308 MAXZ-N 18%,3 -11,01z2 0,000

Front Edge Cables — Maximum Forces
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5.9 Cable Structure — Back Edge Cables

Back Edge Cables — Prestress

z Emctor of ayzbes Scoop 18 IT..LTE
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Back Edge Cables — Maximum Forces

Loadcases 301-314
Sroups : 14
Elements : R11

Cable Elements

Forces in Cable-Elements
Elem. LC Name N
Nr Nr [kN]

7010 302 MINZ-N

Back Edge Cables — Maximum Forces

EN

w

[mm]

0,0 -27,960
7470 307 MAXZ-N 310,8 10,947

Vg

[mm ]
0,000
0,000
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5.10 Membrane Dimensioning

Membrane Wind Local Analysis Down considering Cp Values — Principal Stresses

membrane sl sb

B

€
5
4.080

membrane sl

membraone all 2ir g [(KN/m)

Values for the actual membrane stresses taken from the global analysis from Sofistik, similar to Forten.
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Membrane stress check

Fabric Connection
o influence of bhiaxial stresses 1,2 1,2
: long-term loads 16 15
- environmental influences 1,1 1,2
: influence of high temperature 1,2 15
- inaccuracy in the fabrication process 1 1
Fuk (ULs),Fabric : material safety factor (resistant side) 1.4 15
Fuk (ULS),Fabric : Load factor 15 15
1,6 1,6
Vit Vo FAFAFAL*E 0 for permanent load 5,32 7,29
Vit Vo FAgTAS : for load combinations with wind load as leading & 2,96 3,46
Vi¥ ¥ TATALFAZ - for load combinations with snow as leading actio 4 44 4 86
Warp Weft
Membrane : Ferrari 1202 112 112 kN/m
fusd A . Allowable stress for prestress 21,04 i 21,04
L i W . Allowahble stress for wind load 37,88 i 37,88
fusd Aress . Allowable stress for Snow load 25,25 i 25,25
Warp Weft
Connection : Ferrari 1202 112 112 kN/m
fosl Ares o Allowsahle stress for prestress 15,36 i 15,36
fusd Arasw . Allowable stress for wind load 32,41 i 32,41
fun Aoess o Allowahble stress for Snow load 23,05 i 23,05
511
¥iEfman f, Max. actual membrane stress for Dead Load Case 15,300 100% OK
Max. actual membrane stress for Wind Load Cases 30,660 5% QK
522
Max. actual membrane stress for Dead Load Case 14,000 gi1% OK
Max. actual membrane stress for Wind Load Cases 18,700 52% QK
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5.11 Service — Displacements
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The maximum displacement for the membrane roof is two meters downwards. The roof depth is about thirty meters. With some wind tunnel analysis the result would be more accurate.
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5.12 Ponding

According to the French Code, a load of 0.60 kN/m?should be considered for Ponding Analysis. In this case, a 1.0 kN/m?was analyzed and no ponding areas were found.

Page 81



Membrane Roof for a Tennis Court

5.13 Detail — Column Foot

Loadcases
Elements

MNodes

Node .
Nr
1013
1005
1011
1013
1011
1015

Drintvolume

LC

Nr
304
308
304
304
302
307

Max. or/and min.
for all selected columns of results with
corresponding values of selected load cases
and elements.
301-801

211

Name

MINZ-PX
MAXZ-PX
MINZ-PY
MAXZ-PY
MINZ-P2
MAXZ-PZ

Supporting Forces in Nodes

1254
[kN]
-292,1
335,1
260,2
-292,1
238,0
-201,7

values

pY PZ
[kN] [kN]
461,99 -1437,3
24%9,1 3052,5
-358,1 -1555,7
461,5% -1457,3
-317,0 -1562,0
-256,1 481%,1

[kNm]
0,00
0,00
0,00
0,00
0,00
0,00

1 Column—Pz=4819 /2 =2410kN ; Px=101 kN ; Py = 128 kN

Total Force:

V24102 + 1012 + 1282 = 2415.5 kN

MY
[kNm]

0,00
0,00
0,00
0,00
0,00
0,00

MZ
[kNm]
0,00
0,00
0,00
0,00
0,00
0,00
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Design of the Eye Plate according to DIN 18800 |

Force Nd 24155 kN |
Geometry tend 45 mim
t boss 20 mm
r boss 0 mm
d bolt 140 mm
tside 30 mm
aw 1) mm
clearence s 5 mm
e 1) mm
hole clearence 2 mm
Material fy,plates,k 355  N/mm2
fy,balt, k 355 N/mm2
fu,bolt,k = M/ mm2
gamma 1.1
alpha,a 0,8
Eye Plate
Middle Plate
limita 139 mm < actual a 140 mm 0K
limitc 91 mm < actual c 95 mm oK
Side Plates
limita 157 mm < actual a 160 mm oK
limitc 110 mim < actual ¢ 115 mim QK

Design of the Bolt
Max Forces within Bolt

Max Mbolt,d 49,8 kMm < Mbolt,Rd 69,6 kMm Ok
Max Vbolt.d 120775 kM < Vbolt,Rd 2033 kN oK
(Md/MRd)*2+{vd/VRd)"2 = 0,87 < 1 0K

Bearing Capacity
Middle Plate

Max VPlate,d 2415,5 kM < VPlate,Rd 5761 kKN oK
Side Plates

Max VPlate,d 120775 kM < VPlate,Rd 2033 kN oK
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5.14 Detail — Membrane with flexible Edge

Flexible Membrane Edge
Membrane Stress - kN/m 29
Spacement between 0,4
Clamps - m
Force per Clamp - KN 11,6
Number of Clamps 2
Width of Steel Clamp - m 0,035
Grade of Steel for the Clamp 275
Stresses of Steel - Mpa 55,2
Choosen Clamp Thickness - m 0,003
Bolt - Shear Strength M128.8- kN | 32,4

U—CLAMF—

CLAMFING PLATE ——

DOUBLE NECFREME ——

FAPE ED<E

MEMERANE EDGE GABLE
00440 fype PO-BE

Edge cahble

Boundary cable with Mechanical bracket  SCALE: 44
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6. Membrane Patterning

Membrane Prestress Level — 2 kN/m

- 666 566 £5.66 -
1 1 1 1 1
Sactos of gyatam EBaam Elamanta,Cakle Elamenta, Joads-ilatas-al Elamants, Swppocsting Linag
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Material chosen for the Membrane: Ferrari Precontraint 1202, Type 3

LABORATORIUM

BLUM

STUTTGART

Huim DIRT snerkannty PUZ Stello fir Mondeane sue Folies und beechichiote Gewsbe sat allgemeisar b

PR 585-04 : FERRARI
PRECONTRAINT 1202
Prod. No. B43113
MoO4/311
Temperature: 23 deg. C

Zalassung sach LEO

DATUM 29.09.04
PROJEKT: SRS-04
SUTE6 VONG
ERSTELLT VON BOGNER

strain [%)]

Lanox Bus Howweecsmaas: SE TOS6SSnmaunt T OMY(0) TILA TR0 2001 Fax . DOLS(0) 711 730 2003

EAIAIL saronn L AR I

Compensation Value chosen for Patterning for both directions: 0.35 % for a prestress level of 2 kN/m

Width of the Welding for the Seams: 60 mm

Roll width 2.67m and length 50m.
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7. Cost Estimation

Design

Static Calculations and Detailed Design (Erection Calculations incl.)

Costs All Inclusive

100000

Subtotal Design Works

100000

Approx. Total Weight |Total wWeight Standar Price Overall Costs
Length/Surface/ | kg/m kg (approx.) (Euros)
Construction Material Pieces |
Steel Elements
V-Columns 342 m 82500 2,20 Eurosfl(g 181500
Upper Compression Ring 290m 140500 2,20 Euros/Kg 309100
Lower Compression Ring 292 m 92000 2,20 Euros/Kg 202400
Diagonals 331m 92500 2,20 Euros,*’l(g 203500
Sub-Total 896500
Cables
Ring Cables dia. 75mm 503 45 Euros/m 22635
Upper Radial Cables dia. 80mm 716,2 43 Euros/m 343776
Lower Radial Cables dia. 70mm 698,3 42,0 Euros/m 29328,6
Edge Cables - Front dia. 24.4mm 145,5 14,6 Euros/m 2124,30
Edge Cables - Back dia. 24.4mm 531 14,6 Euros/m 7752,6
Sub-Total 96218
Accessories and Detailing
Details - Upper Radial Cables/C. Ring 26 Pieces 300  |Euros/Piecs 7800
Details - Lower Radial Cables /C. Ring 26 Pieces 300 |Euros/Piecd 7800
Cable Clamps - Radial/Ring Cables 52 Pieces 400  |Euros/Piecq 20800
Foot Detail - V Columns 3 Pieces 400 Euros/Piecd 3200
Ring Cable Thread Fitting 4 Pieces 514,5 |Euros/Piecq 2058
Upper Radial Cable Sockets 52 Pieces 1820 |Euros/Piecd 94640
Lower Radial Cable Sockets 52 Pieces 1600 |Euros/Piecq 83200
Edge Cables Sockets 144 Pieces 631 Euros/Piecd 90864
Water Drainage 26 Pieces 50 Euros/Piecq 1300
Sub-Total 311662
Membrane
Material: Precontraint 1202 5 Back PVDF, Type 3 (one layer] 7794 m2
Waste Factor (30%) 2338 m2
Doublings and Edges (18%) 1559 m2
Sub-Total 11691 m2 15 Euros/m2 175365
Fabrication 9353 50 Euros/m2 467650
Testing Membrane 20000
Sub-Total 663015
Foundation
Mast Foot - V-Columns 8 Pieces 9,6 m3 250 Euros/m3 15200
Sub-Total 13200
Erection
Man-Days (days of 10 hours work) 7 men 180 days 250  |Euros/day 315000
Travel 7men 300  |Euros/flight 2100
Accommodation 7 men 180 days 30 Euros/night] 37800
Scaffolding 180 days 1000 |Euros/day 180000
Truck crane with telescopic boom 60 days 2000 |Euros/day 12000
Sub-Total 546900
Transport
Supply to Site
Steelwork 407500 kg 0,1 Euros/kg 40750
Cable 53000 kg 0,1 Euros/kg 5300
Membrane 7949 kg 0,15 Euros/kg 1192
Sub-Total 47242
Approval
Fees | | 50000
|Total ures| 2730737

Membrane Roof for a Tennis Court

Page 89



Membrane Roof for a Tennis Court

o

) 3
B33

{ .

Page 90



Membrane Roof for a Tennis Court

8. Time Schedule

Time Shedule - Tennis Court Roof, Portugal 2015 2016
Item Stage Activity Duration Start End January February March April May June July August September October November December January
1(2|3|4(5|6]|7[8|9|10{11(12|13|14(14|15|16|17|18|18(19(20|21|22|23|23|24|25(26|27(27|28|29(30(31|31|32|33|34|35(36|36|37(38|39|40|40(41|42|43|44|45|46|47|48|49(49(50|51|52(53| 1| 2|3 |4|5
1 Idea Discussion 1 05.01.2015 |05.01.2015
2 Site Inspection 1 06.01.2015 |06.01.2015
3 Preliminary Preliminary Design 5 07.01.2015 |13.01.2015
4 Client Decision 5 14.01.2015 (20.01.2015
5 Final Proposal 3 21.01.2015 |23.01.2015
6 Structural Analysis 30 26.01.2015 | 06.03.2015
7 Detailed Design 30 22,02.2015|03.04.2015
3 Foundation Drawings 10 15.03.2015 (26.03,2015
9 Structural Design Construction Drawings 20 15.03.2015 |10.04.2015
10 Patterning 5 05.04.2015 (09.04,2015
11 Checking Peer Review 40 15.03.2015 |30.04.2015
12 Erection Calculations 30 04.05.2015 |12.06.2015
13 Documentation Buiding Permit 25 04.05.2015 |05.06.2015
14 Steel Cables Order/Cutting 30 08.06.2015 | 25.09.2015
15 Cable Fittings/Sockets 60 08.06.2015|28.08.2015
16 Fabrication Membrane Material Order 40 08.06.2015|31.07.2015
17 Membrane Fabrication 40 03.08.2015|25.09.2015
13 Steel Fabrication 60 02.06.2015|28.08,2015
19 Earth Movements 10 08.06.2015 (19.06.2015
20 Foundation Construction 15 22.06.2015 |10.07.2015
21 T Steel Transportation&Erection 60 06.07.2015 | 25.09.2015
22 Cable Transportation&Erection 60 07.09.2015 |27.11.2015
23 Membrane Installation 40 30.11,2015 | 22.01.2015
24 Construction Acceptance 1 25.01.2015 | 25.01.2015
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9. Future Perspectives - PVDF-Foil as Structural Element

While the piezoelectric effect has been around for some years, it has only recently caught interest as a potential sustainable energy harvesting solution.

Among the polymeric material, PVDF exhibits higher piezo and pyroelectric properties. The combination of the mechanical properties of a plastic material with those of a piezoelectric material led to new sensors and transducers.
Currently PVDF is used in a variety of applications in the electronic field. Its success in these applications is due to some advantages, such as: flexibility, low density, resistance to chemical attack, possibility of manufacturing the form
of thin films and areas greater than 1m2 with a reduced production cost. These features are not presented by piezoelectric ceramics materials which are hard and brittle. Piezoelectric polymer materials can generate higher
voltage/power than ceramic based piezoelectric materials and it was proved that producing energy from renewable sources such as rain drops and wind is possible by using piezoelectric polymer materials.

Piezoelectric effect is defined as the electric charge generated in certain materials by mechanical stresses. Piezoelectricity has gained significant importance in research and development for extracting energy from the environment.

Pyroelectric effect is defined as the electric charge generated in certain materials as response to temperature variations.

PVDF can crystallize in at least four distinct forms, called phases a, B, y and 6. The B phase (polar) is of greater interest for the present, which has piezo and pyroelectric properties. However phase a (nonpolar) is more easily obtained
by the industry. There are several mechanisms that transform a phase in B phase, the most common is by mechanical deformation of the a phase in temperatures below 80 degrees, resulting in polar material with the total dipole

moment of the order of 6.9 x10-30C.m. To obtain high levels of piezoelectric activity, the beta phase polymer is exposed to very high electric fields to align the crystallites relative to the poling field.
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Figure 15 - PVDF-based Pyroelectric Energy Harvester - Plot of (a) Environment Temperature at Saudi Arabia and Respective (b) Generated Voltage and (c) Energy (Source: http://www.cscanada.net/)
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The potential for energy harvesting through Pyroelectric effect was studied by using piezoelectric materials such as PVDF. Peak power density was experimentally determined to be 0.12 pW/cm?for PVDF. It can be estimated that thin
films with larger area and higher pyroelectric coefficient can generate nearly three orders of magnitude improved peak power density for PVDF samples. (Source: http://www.kam.k.leang.com/academics/pubs/Xie) 2010.pdf)
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PIEZOTECH 545, Palymeres myoe e pitzosleciriques
4, rue de Colmar = BE220 HESIMGLUE = France

Tél. +33 (0)3 &9 &7 00 46 = Fax: +X3 (0§3 &9 67 50 43
Email: infoi@piesniech i » Web: www piezotech. fr

5. Piézotech’s PVDF piezoelectric films properties "

Characteristics Bioriented Films
Mominal thickness (um) 9o 50
Thickness regularity (%) +10
Poled width of rall {cm) 25
Length of roll {m) Variable: 5 to > 200
Piezoelectric properties (mon metallized films) Bioriented Films
dr = du”, (10" CINY 1310 22
day” (10712 C/N) 61010
dyg” (10712 C/N) 61010
Regularity of plezoelectric coafficients, (%) +10
“ariation of the coefficients at metallization, (%) Oto15%®
Relative dieleciric constant efes (s = B.85.107" Fim), 1010 12
between 50 Hz and 100kHz, T°= 25T to 80T
gaz” {(V.m/N}) 0.14 to 022
Pyroelectric coafficient, p (10° Cim®K) 24 10 26
Transversa resistivity (.cm) 5.10%
Electromechanic coupling factor K; (%) 1015
Mechanical properties Bioriented Films

Tensile strength (MPa):

- Machine direction: 60 = 160

- Transverse: 60 - 160
Elongation at break (9:):

- Machine direction: 40 =140

= Transverse: 40 =140
Modulus of elasticity (MPa):

- Machine direction: 1600 = 2200

- Transvarse: 1600 — 2200
Shrinkage after 1 hour, Oven at 1607 (%):

- Machine direction: 2-15

- Transvarsa: 1-13
Shrinkage after 100 hour, Oven at 80T (%)

- Machine direction: 2<-3

- Transverse: A

U Thig range is experimental and suscegplible to changes.
- Exoessive heating may desiroy piezpelectricity. 1 is advised not i heat above S0 for more fhat 1 hour.

Figure 16 — PVDF Piezoelectric Film Properties (source: http://www.piezotech.fr/)

Advantages of PVDF Film:

- Excellent chemical resistance

- Stable to UV & effects of weather

- Low NBS smoke generation & superior LOI

- Excellent Transmittance of Solar Energy & Excellent Dielectric Strength

- Excellent Physical & Mechanical Properties

- PVDF is FDA & FM 4910 compliant

- Thicknesses are displayed in inches. (see metric conversion): 001" = 25.3 micron, .003 = 76.2 micron, .005" = 127 micron, .010" = 254 micron, .020" = 508 micron
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Ajedium™ Films -- Solef ®* PVDF 9009

polyvinylidene flucride

Solet D008 PYDF homapolymer i 4 ssmi
Thcropolymer. SR fim i chenically nert 1o most acis,
aliphatic and arormalic organic coMpounds, chicdnated
solvents and alcohols.

Solet® PVDF fim has a very high punty, abrasion resstancs
comparable to that of polyarmides and retatively kow
coeflicient of Tction. Thess filme can be wsad in a wide
range of temperatures and have excellent intrinsic fire
resigtance.

Soleth PUDF fima have demonstrated excellent westhering
properies and are exremely resistant to UV radiation and

Solet® PYDF fima ean be used in a wide range of
appiications, including: reease fima, filers, cherrical
resigtance lining, cubdoor LIV resistant needs as well &
alectic: and slecironic soplications.

Stancerd Thicknesses and Widihs

+ Widihe ane svailable from 227 (558 mm) 1o 567 (1422
T

* Products with widthe <22 inches or =56 nches are
available upon request.

* Tolerencas for widlha ane +- Amm.

* For PVDF lm, the standand thicknesses are 25 microns
{1 i) o 1098 Fricrons (40 mil), with a tolerance of +/-
10%.

Suirlacs Fishes
+ Siandard surtace Tnish iz P/ polished / maite).
* Cusiom firighes of P/P (oolished / polshed) and bW
fmtte f Friafie) ane sl

« Film i eupedied ina roll forn of high guslity, candbosrd
core of 5° [Temm) or 6 (152mm).

- mmmmm I'EI'.'F.BSI'I"I 3" and 6%
gizes

Labeling
+ Products ane heled to comply with natienal and

international standsans.
* Labels inclide product grade, unioue balch nuerioer, ol
lengih, roll widih, product thickness, and net weight.

General
Mateda Stalus = Commercial: Active
= Asia Pacilic = Lafdin Armarica
Aocalainiity + Europe + Biorth Amenca
Fealures = Homopolymer
Physical Typical Value LUinit Test methad
Specific Gravity 1.75101.80 ASTM 0732
Wiater Albsorption [(23%C, 24 Fir) < 002D % ASTM D570
Mechanbcal Typical Value LUinit Test methad
Coeflicient of Friction ASTM DE3s
v Ngel - Dhyfamic 0151w 035
vE [tesl - Slatc 02010 0.40
Taber Abragion Resistance ASTH D050
1000 Cycles, 1000 5. CE-10 Whesd 50010100 myg
Films Typical Value LUinit Test method
Filrn Thickness - Teatad 25 pm
Secan Modulus AETM DE32
MO 2000 MPa
D 2100 MPa
Reviged: 742014 Sobwary Specialty Pobymers Papgs: 10f 2

Figure 17 — PVDF Film Properties — Copypright Solef

Ajedium™ Films -- Solef ®* PVDF 9009

polyvinylidene fluoride
Films Typical Yakue LUinit Test method
Tenads Strength AETM DBE32

MDD : Yiskd 55.0 MPa

TD - Yield 56.0 MPa

MDD : Bresk 57.0 MPa

TD : Bresi 54.0 MPa
Tensie Elongation ASTM DBE82

MDD = Yisld B0 %

TD - Yiedd B2 %

MD : Bresk 200 %

TD : Bregik 250 %
Free Shrinkage (130°C) 0.70 % ASTM D2T32
Arag Factor 108 Tl
Thermal Typical Yakue LUnit Test method
Glags Transilion Temperalire -400 °C ASTM DEDES
Bialting Termperatune 162 1o 168 °C ASTM D3418
Peak Crystalization Tesrperatung [DSC) 133t 140 °C ASTM D3418
ICLTE - Flonw 0.00014 cmdcrm™C ASTM DE3E
Specific Heat (100°C) 1600 Lkg™C ASTM C351
Thermal Conductivity 0.20 Wi ASTM C177
Electrical Typical Vabue Linit Test method
Surface Raecislivily = 1.0E+14 ohm AETM D257
Wolume FResisthily = 1.0E+14 ohm-cm ASTM D257
Dielectric Strangth (23°C, 1.00 min) 2010 25 KV ASTM D148
Dislectric Constant T.50 ASTM D150
Flarmmability Typical Vakue LUinit Test method
Dheygen Indes: {3.00 mim) 44 % ASTM D2B63
Motes

Typical properies: thess am nol 10 be conatned a8 epaciications.
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The possible applications for PVDF-Foil as Structural Element in the Building Industry are the following:

a) Active Acoustic Control

Passive noise control aims to suppress the sound by absorbing the sound waves. “Modifying and canceling sound field by electro-acoustical approaches is called active noise control” (source: http://en.wikibooks.org/). The
actuators, as an acoustic source, produce completely out of phase signals to eliminate the disturbances.

Passive Noise Control

Residual Noise
Absorber
Active Noise Control
+ — —— e
/v\ Residual Noise
\

Figure 16 — Passive and Active Noise Control (source: http://en.wikibooks.org/)

It is known that Etfe cushions offer poor acoustic insulation. One solution to improve this situation could be to introduce pvdf film as a middle layer in a cushion and use it as an active acoustic control panel to reduce residual noise.

Figure 17 — Film speaker is made from piezoelectric film called PVDF (source: http://www.telovation.com/articles/stereo-film-speakers.html)

“Developed by Korean electronics manufacturer FILS, this innovative and transparent material is actually a stereo speaker system. It is thin and flexible and has a wide frequency and dynamic band, low impedance, high induced
electricity and mechanism, low density and high sensitivity.” (Source: http://www.telovation.com/articles/stereo-film-speakers.html)
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b)

c)

Piezoelectric PVDF Cushions for Fagades and Roofs.

Etfe Cushions have been constructed around the world in buildings in the last years. An alternative to ETFE could be the use of PVDF. The mechanical characteristics are identical for both materials.

Thickness [Tensile Strength Yield |Tensile Strength Break|Tensile Elongation Yield |Tensile Elongation Break |Secant Modulus |Flexural Modulus [Flammability Rating |Melt Point
ETFE Film {Dupont) |0.050 mm - 41 MPa - 300% - 830 MPa V-0 260-280 C
PVDF Film (Solef} |0.025 mm 54 MPa 54 MPa 6.2% 250% 2100 MPa - V-0 160 C

Temperature variation and wind loads could generate energy through piezoelectric effect on the PVDF Cushion.

PVDF has an excellent chemical resistance and is stable to UV and weather effects. The only thing that is discussable is the low Melting Point of PVDF.

Further research to the use of PVDF film in the building industry should be done.

Renewable Energy — Solar Updraft Tower roof collector

PVDF single layers could be used for the Solar Updraft tower roof collector. The collector is used to warm up air (greenhouse effect), which is then “sucked” by the tower (chimney effect) generating energy from wind turbines.
Instead of using a “passive” material just with the function of creating a greenhouse, there is the possibility of using a material like piezoelectric PVDF film that produces also energy with temperature variations and wind loads.

Figure 18 —Solar Updraft Tower (left) and ETFE film for solar updraft tower in Manzanares, Spain (right) (Copyright: Schlaich Bergermann und Partner)

The Peak Power density was experimentally determined to be 0.12 uW/cm?for PVDF. The collector area for a 100 MW Solar Updraft Tower is around 14505151 m?. Thus, the peak power generated by the collector is 17.4 MW!
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There is the chance of building a 100 MW solar updraft tower by phases. First a part of the roof collector, which can start generating energy by the piezoelectric effect due to temperature and wind. Then, on a second phase the
whole roof and the energy generated can start subsidizing the chimney/tower project. On the last phase, the tower can be built.

Pvdf film has a higher light transmittance than ETFE film. Thus, the greenhouse effect is guaranteed under the roof collector.
Band Gap for Silicon Solar Energy Conversion

PVDF Film

#

7=Ti
N——— ETFE Film

|
I

Transmittance (%)
K

aolar energy that 1s absorbed and
60 comre:jted parﬁa!lv into electrical energy =

00 400 600 800 1000 1200 1400 1600 1300 2000

WISIBLE SPECTRUM Wavelength (nm)

COMPARATIVE LIGHT TRANSMISSION OF ETFE & PVDF DERIVATIVES
(@ 50 MICRON FILM)

Figure 19 —Transmittance of PVDF and ETFE film (Source: http://www.aitechnology.com/products/solar/transparent-pvdf-encapsulating-front-sheet/)

The boundaries of lightweight structures and materials can be overcome once more in the near future with the use of PVDF film.
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Membrane Roof for a Tennis Court

Drawing List:

01 General Plans: Second Level

02 General Plans: Top View

03 General Plans: View and Section

04 Detail 1: Upper Compression Ring
05 Detail 2: Lower Compression Ring
06 Detail 3: Radial Cables

07 Detailing - Radial cable - Ridge cable
08 Detailing - Radial cable - Valley cable
09 Detail 4: Tension Ring / Detail 5: Node Point
10 Detailing - Cable Fittings

11 Detail 5: Front Edge Cable

12 Detail 6: V Column Foot

13 Detail 7: V Column Head

14 Patterning: Preliminary Cuts

15 Patterning: T1, T2, T3, T4

16 Patterning: T5, T6, T7, T8

17 Patterning: T9, T10

18 Patterning: PT11, T12, T13
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