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Rough calculations global design phase

Preconditions

Strength class GL32¢c
Loads Selfweight + snow load
Supports 12
Material factor Y =125
Consequence class CC 3:y5=1.3 | yz=1.65
Senice class (load duration) SC 2 (short) kpes=0.9 ; kser=0.8
Self-weight timber pe.sm = 4.4 kN/m®
Selfweight polycarbonate panel Oepc = 0.15 KN/m?
Snow load g snow=0.56 kN/m?
length | = 246m
width b =206m
Longitudinal main girders 1500 x 1500 mm Square cross sections.
Bracing main girders 600 x 600 mm Dimensions are inspired by preliminary design of RHDHY
Longitudinal secondary girders 500 x 500 mm
Bracing secondary girders 200 x 200 mm
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112 A. Rough calculations global design phase

A.1 Single span

Single span

A
=

Calculation of primary girder

Dimenszions of these girders are estimated from the steel design of RHDHY. This resufts in the
following dimenzions for the primary, secundary and tertaire girders:

Tertiary girders {100x) 5

T B Y P Pl P Pl Pl P
hs (m} = 4 Longitudinal beams = 500 = 500 mm = 025 m
L (m)= 50 cross girdsrs = 200 = 200 mm = 0.04 M
b (mi} = 1
g (m)= 6 [h.oh]
Qouws = [[4=0,25Exp, , + (24 +2=5 +3=6, 50, 04%p,. ..} /5= 8.6 KN/m
Qoarc= S XxQgoc™ 0.9 kN/'m
Qaicenow ™= 5 % Jasrow = 3.4 kN/m
Qaz = 1,3%(0asms + Oarc) + 1,65%000 cron = 17.9 kN/m pmm}mmm}}q
Vo= 35*0a*h= 537 kN
o e
g—1

Se{:qndagg_gi_rders _Ilet . o |

L - |

h; (m) = 12 Longitudinal beams (b*h} [mm] = 1500 1500 225 0

Li{m)= 120 cross girders (b*h) [mm] = 500 500 03g m

b (m}) = 10

Gouwz=  ([4%2, 250100, ., + {2%10 + 2x12 +3x15,5}=0, 365py ..} / 10= 89.6 kN/m

Dtz = 1,3 ¥ Qaeue = 116.5 KN/m

Vo = ol 00 O O O O -
L Dl el BT TR B ] et

Vo= 0,5 = [gudy +[1/5-2 M) = 11821 kN . A
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Primary girders {2x}

hy (m) = 14 Langitudinal beams (b*h} [mm] = 1500 1800 225 M
ly (m}) = 206 cross girders (b*h) [mmj = 500 600 0.35 M
b, (m}) = 10 Epias (Eomacn d [+ Wankou)) I Y= 11360000 KN/m*

Conservative estimation of the moment of inertia of a truss.

Deflection at mid span

(most influental cross sections are those of the lengitudinal beams)

5

= dx(A, (V=0 T) = 308.7 m
El= 3.51E+09 EA= 1.02E+08
Qoo =  [[#%2,25p10%p, ., + (2x10+2x14 +3x17 0, 36xp,, ..}/ 10= 91.9 kNim
Qi = 1.3 xQgap = 119 kN/m
uD! VDZ
Vez= 11821 kN LLLLEI L LD L] 52x v
Vos = 537 kN E[EEE TRERQIEN QIR R IR I
Vo= 0,5 = (g, + (1,52, + 2 = 29762 kN I\;m ]Um
Muos= 18 = (Quy + 21 5Woally} % |34 Vogxbi 1633244 kNm
I &lm I a0m I E0m I
Values of interest
uMN, M
® @
Ly s oM
—) W BRAAZ S
1M, My
Ma=MNr= Maaqlh 118660 kN

W= (5/384) * (Quy+ (5=l ) = 15 T EL+ (1/24) * (Voo™ (35,5845 VBl = 231 m
z W= 082 m NIET OK

Forces

Longitudinal compression bar

Meye = N2 58330 kN u.c. 1.13 NIET OK

Gue=  Mugel A 25.9 Nimm?*

foe= 23.04 MNimmr

Longitudinal tension bar

M7= Ny i 2 58330 kN u.Cc. 1.41 NIET OK

Our=  NuslA 25.9 N'mm?

fne= 18,432 Nimnr

Total weight of the timber structure

(Qaawixl %2 + (Qawenkix2 + (Qguexkix100 = 110991 kN = 1.11E+07 kg

Support reactions

Vertical support reaction Ven = 20762 kN

Horizontal support reaction Hep = 0 kN
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U.C. below 1.0

Primary girders {2x}

hy (m} = 18 Longitudinal beams (b*h) [mm] = 1500 1500 225 T
Iy im)= 206 cross girders (b*h) [mm] = 600 500 p.3g
by (m)= 10 Ena- (Egmasnd 1+ Wark b} Y = 11360000 kN/m®

Conservative estimation of the moment of inertia of a truss.

(most influental cross sections are those of the longitudinal beams)
2

Horizontal support reaction Hen= 0 kN

L= Al px(YEh)0,T) = 510.3 "‘
El= 5.80E+09 EA = 1.02E+0&
Qoewt =  [[4%2,25=10%p, . + (2x10+ 2x14 + 3x17 0, 36p, ) [ 10 = 96.7 KN/m
= 1,3 5 Qaay = 126 kNim
st Vos Voz
Vou- M8 kN ([ N I —
Voa= 537 kN UL R L LI T )
& r
Vo= 0,5 = [guey=ly +[1,/5-2 M0 + 22V, ) = 30402 kN Vor Voa
= 8 = (gey + 21Voly ) = 17 + WoaxB0 1666154 KNm
I I Il |
T I B0m T
— O O W N N N M R W M W W N R W N M W W M W S W W R W W N M W W M W W M N W MmN N MmN N N NN N NN RS NN SN EmEE —-i
|
U.C. below 1.0 i
Me=Nr= Moy fh 92564 KN !
|
Deflection at mid span |
W= (5/384) = (Quy+(L/B-2) 1) £ 1,F 1 EL#+ (1/28) * (Wop®h(35,°-4%L%)) T El) = 142 m |
£ Wame 0.82 m NIET OK |
Forces I
Longitudinal compreseion bar |
Ny-=  No/2 46282 kN u.C. 0.89 oK i
Gie=  MNiagolA 20.6 Nimm?* i
foe= 23.04 Nimm* i
Longitudinal tension bar I
Myt = N 12 46282 KN u.c. 1.12 NIET OK !
Our=  Narld 20.6 Nimm® !
fioa= 18.432 Nimm* |
|
Total weight of the timber structure !
(s =l %52 # (Qas,0xk %2 + (Gas,axl)x100 = 112957 kN = 1.13E+07 kg I
|
Support reactions 1
Vertical support reaction e = 30402 kN i
i
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A.2 Tension/compression ring

Tension/ Compression ring
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Inner Ring

he (m} = 14
b= (m} = i}
Iz (m) = 320
Duter ring

hes (M) = 4
B (M) = 0
b {m) = 780

Secondary girders {(100x)

Ham (M) = 14
Nam (M) = 4
b (m)= 75
b: (m)= ]
Eg (M) = 32 [hoh]

S (m) = 7.8 [hoh]

Loengitudinal beams (b*h) [mm] =
Bracing (b*h) [mm}=

Longitudinal beams (b*h) [mm] =
Bracing (b*h} [mm}=

1500
&00

1500
&00

Longitudinal beams = 500 = 500 mm =
Bracing = 200 =200 mm=

Calculation of primary girder done by Rhinoceros - Grasshopper - Karamba3D

1500 Amy, (m) =
BO0 A, (m) =

1500
600

Aage (m) =
Az (M) =

Wor = Wi

Ao =
Ao =
Woe = Ws

025
0.04

225 m
0.36 m
0.5825 M

225 m
0.36 M
5525 M
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combined bending ans axial compression

Combined bending and axial tension

Values of interest

Deflection at mid span

(Gena! fr..on}z"' Ko % (G s/ Ty} + Oz f o) 1
(Oepel fepe) +(Ony ol foy ) + Ko % {0z o/ T ) 1

(Gioa! Teoa) + K% (Oayal Taya) + (Omzal Taza) 51
(Gipal fing) + (0ol Ty o) ¥ Ko % (O o M 120} S1

W= 1.06 m < W = 082m NIET OK
Forces
noitudinal Inner ring top [Co ion + Bendin: {point 25}
Ngc= 43106 kN double truss ring?
Ma, = 941 kNm
Mes= 3043 kNm
Omo=  Nmc/A 19,2 Nimm’*
O = Ma, /Ws 1.67 N'mm* 1.67 u.c. 0.98 OK
[ T 5.41 Nimm?* 541
fos= 23.04 Nimnr
A 23.04 Nimmvt
Lonotudinal Outer ring bottom [Tension « Bendingl ~ {point 43}
Nomr = 27247 kN Besista Rod as a solution?
Mos, = 2189 kNm Or a Double Truss ring
Moss = 730 kKNm
Omr=  NemtlA 12.1 N'mm?
Oomy = Mem, IWor ©  3.89 Nmm? 1.30 u.c. 0.83 OK
Comss=  Moms / Won 1.30 Nfmm* 3.39| ]
fing= 18.432 Nimm® =
fsa= 23.04 Nimny
Longitudinal Inner ring top [Compression + Bending]l {point 50}
Nec= 35390 kN
Ma, = 795 KNm
M = 36817 kNm
Ome= NeclA 15.7 Nimm?*
Omw = Ma,/We 142 Nmm® 142 uc.
Omme= Mas/We  17.45 Nmm? 17.45
fpe= 23.04 Nimm’*
froe= 23,04 Nimm*
Total weight of the timber structure
KN = 5.23E+06 kg
SLIEP_OH reactions
Vertical support reaction Ven = 12563 kN (support in the corner)
Horizontal support reaction Heo= 22765 kN
1
U.C. below 1.0 ;
Inner Ring !
he (M) = 18 Longitudinal beams (b*h) [mml = 1900 1900 A, (M) = 361 M I
B (M) = o Bracing (b*h} [mml= 800 GO0 A, (M) = 025 M 1
e (M} = 320 W =We 114317 ™ I
|
|
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iU.C. below 1.0

| Deflection at mid span

W= 0.72 m

!

|Forces

i ongitudinal Inner ring top [Compressien + Bendingl
N = 39417 kN

Mg, = 1757 kNm

(M= = 5555 kNm

Oee=  MaclA 10.9 Nimm?

Lo = Ma, s 1.54 Nimm* 154
1Oam=  MaodWe 4.86 Nimm* 486
ifm 23.04 Nimm

23.04 Nimm®

22888 kN
1925 kNm
345 kNm
Memrd A 10.2 Nimm®
Moy [ Wer ™
Morr | Wee
18.432 Nimmr
23.04 Nimmr*

i
iTuIaf weight of the timber structure
i

1 Support reactions
+Vertical support reaction
! Horizontal support reaction

3.42 Nimm® 081
0.61 Nimm? 342

13828 kN
17992 kN

14
E3
]

E
"

{point 25}

double truss ring? Negg=
g, =
Mex=
Omc™
Oy =
Oz =
fene=

T

{point 43]
Besista Rod as a solution?
Or a Double Truss ring

uc. 0.68 OK

kN= B.T1E+06 kg

(support in the cornery

32019 kN
1140 kNm
18578 kNm
8.9 Nimm*
1.00 NN'mm?®
16.25 Nimm*
23.04 Nimm?
23,04 Nimm?

Newed A
Me, I W
Mere I Wi

Longitudinal Inner ring top [Compression + Bendingl {point 50}

1.00 u.c.
1625
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A.3 Stress ribbon

Stress erBon

P \\ A N~

\ RN L/

~1__ | | L~ ~ |~

The slenderness of this system is very high and thus results in a catenary system. (bending iz neglected in this rough calculation)

The sag-to-zpan ratio is given by;

fiL= 0.024272 < 1:8 and therefore the uniform 'cable’ hanging under its own weight between two supports at
the same level can be accurately described by the parabolic assumption.

The parabolic assumption for flat profile cables is accurate enough even with ratios sag to

span up to 1:5. [Dictaat slender structures: Angelo Simeons]
Primairy girders

Beams =
b {mm) = 200 Afm)= 0.96 Eose  (Eamasn! (1 + Wonkaa)) 1Y, = 1.44E+07 kNim®
h (mmj = 800 A = 46400 I = 112 = b =h® = o.08 m*
I{m}= | 2ua_| El= 9.09E+05 EA= 1.09E+07
s (m}= 6 [h.o.h}
f{m)= 5
Goow=  Axpge- = 7.0 kN/im
Qaa= 1,3 * (Gasw?® * Ggpcl = 10.2804 kN/m
Oas = 1,85 % Qganoy X 8= 7.0 kN/m Mo (T e
9= 17.3 kKN/m
U »
Vo= 05%g." 1783 kN |:|
= "rI:I:I. VDI
Hgy = q.xF/{Bxf) 18364 kN

Lorer= 1= (8= )12 206 m




A.3. Stress ribbon

Values of interest

Deflection at mid span

W(0) = 3xiHxF | (16xfxEA) = 2.68 m S W= 082 m NIET OK
Interne trekkracht is gelijk aan Hoy

Forces

Mir=  Ho 18354 kN u.c. 1.04 NIET OK
Our= Mool A 19.13 Nimm?®

fia= 18.432 Nimm

Total weight of the timber structure (conservative weight calculation due to spans in the corner of super ellipse’
Width of the structure divided into 2 parts: w,, W, W
W ig the middle area which spans the entire |. The other two width areas only have a span of 0.85%

Wy (m) = 60
W (m)= 125
W (m) = &0
(Gaswz ® Lo * (0,85 * (wy + W)+ W) /5= 54704 kN = 5 ATE+06 kg

Support reactions
Supports in the middle of the stadium take up the largest loads due to width between other suppors.

Width taken up by the supporis in the middle is [m] = &0

the amount of ribbons carried by the supports in the middle is the width divided by the spacing of the ribbons =
10 ribbons

Therefore, the vertical support reaction of the mid support peints Wen = 17829 kN

Therefore, the horizontal support reaction of the mid support points  Hep = 183635 kN

Weight calculation with steel assumption and roof panels for uplift wind check

The rikbons will have a steel node every 30 m. The length of this node is. 01 m
The height and the width of the node is the same as 50 % of that of the beam.

The entire weight of the nodes iz as following:

WV P sea * number of nodes = 1945 kN

unfavourable value
New conservative weight calculation including nodes and roef panels = 56649 kKN 50934 NIEET OK
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U.C. below 1.0
Primairy girders
Beams =
b (mm) = 400 A (m) = 016 Fisis (Eamend (1 + Wk W) 1Y o= 1.44E+07 KNIm*
b (mm) = 400 A= 46400 1 | = 112 = bxh®= 0.013333333 m*
I {m} = 208 El= 1.51E+05 EA= 1.82E+06
5 (m}= 5 [h.o.h]
f(m)= 18
Goews= A x Py = 1.2 kNim
= 1,3 % (Gs.0+S % Gane) = 2.6884 kN/m
Oaa = 1,85 % Goarpy ¥ 8 = 5.5 kNim
Qs = 8.2 kNim
Vo, = 0,5% g, * 848 kN
Hoy = Q.xFi{@Bx1) 2426 kN
Lomer= 1+(@xF)/3x] 210 m

Maximale horizontaal kracht
ls er een manier om te rekenen wat dat doet en te kiken of je er onder kan blijven?

U.C. below 1.0

Deflection at mid span
wi0) = 3=aHxl | (16xf=EA) = 0.59 m < W= 0.82 m oK

Interne trekkracht iz gelik aan Hg,

Forces

Mir=  He 2426 kN u.c. 0.82 oK
Gur= Myl A 15.16 Nimm?®

fiha= 18.432 Nimnv

Total weight of the timber structure (conservative weight calculation due to spans in the corner of super ellipse
Width of the structure divided into 3 parts: w, w;, W
W is the middle area which spans the entire |. The other two width areas only have a span of 0.85%

Wiy (my= 50
W (M= 125
W (M= 80
(Gaawe® Lamed * (0,85 * {wy + w3} + W) /5= 9288 kN= 9.29E+05 kg

Support reactions
Supports in the middle of the stadium take up the largest loads due to width between other supports.

Width taken up by the supports in the middle is [m] = 80

the amount of ribbens carried by the supports in the middle is the width divided by the spacing of the ribbons =
10 ribbons

Therefore, the vertical support reaction of the mid support points en = 8479 kN

Therefore, the horizontal support reaction of the mid support points  Hep = 24260 kN

Weight calculation with steel assumption and roof panels for uplift wind check

The ribkens wil have a steel node every 30 m The length of this node is. 01 m
The height and the width of the node is the same as 50 % of that of the beam.

The entire weight of the nodes is as following:

V * Pgawe *number of nodes = 324 kN

unfavourable value
New conservative weight calculation including nodes and roof panels = 9613 kN 8651 NIET OK
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A.4 Grid shell of trusses

Gid shell
RR
e N
- 4 4 - o
" o
j)|/

Maatvoering en dimensies

Trusses

h {m) = 14 Longitudinal beams (b*h) [mm] = 600 600 Amy (m) =
| (m)= 7 Bracing (b*h) [mm]= 200 200 A (m) =
b {m)= 0 2

5 (m)= 6 [h.oh] Atotaal = 46407 m”

Values of interest

Deflection at mid span

W= 1.6 m < —— 082 m
Forces
Longitudinal compression bar  {point 1747}
Mg = 7365 kN u.c. 0.89 OK
ouc= NogclA 20.5 Nimm?
fcl.:jl_:' = 23.04 Nfmm*©
Longitudinal tension bar {point 192}
M= 2622 kN u.c. 0.40 0K
Our=  MNut/A 7.3 Nimm?
froa= 18.432 N/mm*
Total weight of the timber structure
51717 kN = 5.1TE+06 kg

Support reactions
It is estimated that due to the rigid shell the vertical load is evenly distributed to § supports

(In this estimation the two supports near the comers work together as one)
Total support reaction = 119208 kN
Vertical support reaction Vep = 14901 kN

Horizontal support reaction Hep = 0 kN




122 A. Rough calculations global design phase

U.C. below 1.0

Trusses

h (m) = 14 Longitudinal top beams (b*h) [mr 700 700 Agt top (m) 049 m?
[ {m)= 7 Longitudinal bottom beams (b*h) 400 400 Age ot (M) 016 m
b (m) = 0 Bracing (b*h) [mm]= 200 200 Ay, (m) = 0.04 m*
s (m)= 6[hoh] Atotaal = 46407 m*

U.C. below 1.0

Deflection at mid span

W= 1.24 m = Winax = 082 m NIET OK
Forces
Longitudinal compression bar  {point 1749}
Mic= 7862 kN U.C. 0.70 OK
oic= MugclA 16.0 N/mm’?
feoa= 23.04 N/mm~
Longitudinal tension bar oint 661
Nipt = 1687 kN U.C. 0.57 OK
L]
Out= NLt.T /A 10.5 N/mm
frog= 18.432 N/mm®
Total weight of the timber structure
48195 kN = 4.82E+06 kg

Support reactions
It is estimated that due to the rigid shell the vertical load is evenly distributed to 8 supports

(In this estimation the two supports near the corners work together as one)
Total suppert reaction = 114628 kN
Vertical support reaction Vep = 14329 kN

Horizontal support reaction Hep = 0 kN



Model verification

As Karamba3D is not a certified FEM model it is of interest if the acquired results are reliable. The
behaviour of a single ribbon which is loaded by a unity load is verified. A single ribbon is chosen in
the Grasshopper model and a unity load of 10 kN/m is applied on only this ribbon. The same is done
on a 2D schematisation of a single ribbon in the software programSCIA Engineer which is based on
the finite element method. This program is used because a hand calculation is to complex due to the
non-linear behaviour of the system in combination with the different radians that make up the rings.

A ribbon on the short side above a supporting point in a core is chosen for the quantification. See
figure 4.29a. The ribbon is supported in z-direction at the location of the outer ring, which minimises the
complexity of the system. The ribbon in SCIA is modelled with spring supports in all global directions at
both endpoints. The material characteristics and non-linear analysis as well as the model discretization
is kept the same as much as possible. For instance, the curves in the Grasshopper model consist of
10 straight elements so the ribbon in SCIA also consist of 10 straight elements.

(a) Unity load on a ribbon at the short side in Grasshopper

(b) Unity load on spring supported ribbon in SCIA

Figure B.1: Model verification by means of a unity load on a single ribbon
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124 B. Model verification

B.1 Model in SCIA

The x-, y- and z-coordination’s of the single ribbon in Grasshopper are copied and used as input in
SCIA to obtain the exact similar dimensions. The behaviour of the ring elements is simulated by three
spring supports per end-point. The relation between its spring stiffness, its displacement and the
internal forces in the ribbons cannot be approached with simple hand sums. This is because it is a
system that knows a huge number of factors that determine its initial behaviour and that vary again
to determine its subsequent behaviour. For example, initial displacements (due to self-weight) are
needed to give the system rigidity. The more it moves, the greater its resistance and the stiffer the
system. This is called the 2nd order effect which again is not easy to approach due to a free support
that stiffens itself non-linear. It might even be better described as the 3rd order effect due to the large
initial displacements.

The unit load will result in a displacement in x-, y- and mostly z-direction in the Grasshopper model
due to the radial plan of the ribbons. This displacement is used to calculate the spring stiffness of the
inner and outer ring. Especially the spring stiffness of the inner ring is hard to determine, because it is
a free body element that attains stiffness form behaviour in two directions. The stiffness in these two
directions is influenced by several different behaving ribbons due to the different radians of the circle.

Also, the self-weight is needed to stabilise the system. The self-weight of the ribbons initiate a
deflection that in turn activates the ring action. The weight of the ring itself also contributes to the ring
effect and lengthens the ribbons. Hence it is added and the effect of the unit load is found by extracting
the difference in deflections between self-weight and self-weight with the unit load.

The supporting spring stiffness will be determined in the following manner to address its compli-
cated influence and due to limitations of the FEM programs. It is possible to determine the influence of
the inner ring and the stiffening of the ribbons due to self-weight in the following manner in grasshop-
per:

« The x,y,z coordinates of the initial geometry is taken for two points at the top of the ribbon and
two points at the bottom of the ribbon. Namely point 0 and 1, and 9 and 10.

Figure B.2: Points along ribbon due to discretization

« After applying only self-weight the displacement of these points in x,y,z is taken as well as the
resulting normal force in the reference ribbon.

« After applying self-weight and a unity load of 10 kN/m, the displacements and normal force are
taken again.

+ The initial coordinates with the displacements after the self-weight and unity load give the final
position of the mentioned points. These points make it possible to construct unity vectors of the
deformed state of the ribbons to determine the resulting forces in x,y,z-direction of the normal
force. See figures.



B.1. Model in SCIA 125

start point

xy,z[1]

xy.Zz [2]
xy.2[1] ]

xy.z[2]

Figure B.3: Principle to get the unity vector for displaced
situation

Figure B.4: Determining a unity vector in Grasshopper

» The used normal force is the additional normal force due to the unity load only
AN = N; — Ny

» These resulting forces are divided by the additional displacement due to the unity load only to
obtain the stiffness values of the start- and end point of the ribbon in x,y,z-direction.

Start point ribbon

point [0] point [1]
X y z X y z
Vo 64.92 -95.35 42.28 61.43 -90.49 39.98
X4 Y1 Z X3 Ya Z; Ny
uy -0.091 -0.054 0 0.018 0.049 0.045 5885
X4 ' z,' X3' 23 z Ny
u, -0.098 0.012 -0.001 0.051 0.051 -0.155 2627.1
dx, dy; dz,; dx, dy, dz, AN
Vector coordinates 64.817 95.336 42.279 61.481 -90.435 39.822 | 2038.6
unitized vector -0.519821 0.763682 -0.382854
Fx Fy Fz
Forces F -1069.707 1556.8421 -780.4862
Uy uy u,
Displacement u -0.007 0.066 -0.001
kx=Fx lux ky=Fyluy kz=Fz/uz
Stiffness values 1.51E+05 2.36E+04 7.80E+05 KkN/m

Figure B.5: Determining the stiffness values of the support provided by the outer truss

End point ribbon

point [9] point [10]
X y z X y z
Vo 32.50 -50.12 27.711 28.78 -44.94 27.00
X4 Y1 Z X3 Y2 Z No
Uy 1.094 0.632 -0.831 1.236 0.697 -1.111 561.5
xq yi' z X" yo' z) Ny
u; 1.171 0.537 -1.333 1.301 0.617 -1.467 | 24404
ax, dy, dz, dx; dy, dz, AN
Vector coordinates 33.666 -49.578 26.376 30.085 -44.320 25.533 1878.9
unitized vector -0.568029 0.819357 -0.131365
Fx Fy Fz
Forces F -1048.481 1539.48987 -246.8217
Uy u, u,
Displacement u 0.065 -0.08 -0.356
kx=Fx lux ky=Fyluy kz=Fz/uz
Stifiness values -1.61E+04 -1.92E+04 6.93E+02 kN/m

Figure B.6: Determining the stiffness values of the support provided by the inner truss

The same geometry and coordinates of the ribbon after the self-weight is applied is implemented
in a SCIA model. The loading is the same unity load of 10kN/m, a point load at the end point, and
an initial tensile stress is applied. The point load symbolises the weight of the inner ring hanging at
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this point, and the tensile stress is the present initial stress due to the self-weight. All these forces
are present in the Grasshopper model as well before the unity load is applied. Hence to compare the
behaviour in both models due to the unity load the initial restraints need to be the same. It is now
of interest if the ribbon in SCIA will give the same resulting forces as the Grasshopper model. The
analysation in SCIA is of the 3rd order as this is recommended by the manual for cable structures. Just
as it is recommended by the Karamba3D manual to use second order theory analysation to determine
the behaviour of the cables. The amount of iterative steps is kept the same for both models.

B.2 Results

The influence of tensile stresses that stiffen the system and compressive stresses that weaken the
system is in this way included. However, in SCIA this effect only works on the ribbon itself and the sup-
porting springs keep the same stiffness. In Grasshopper the inner ring goes into more compression,
which in turn weakens the system so that the end point of the ribbon deflects more and the ribbon
itself gets straightened and thus results in less deflection half way. Also, the straightening of the ribbon
results in more internal tension and less bending moment as it already follows an inclined curve.

Results Grasshopper
Awx [mm] Auy [mm] Auz [mm] AN AV AM

48 - =4 1925 21 13.13
32 -19 -223 1900 21 9.23
96 =1 -419 1876 23 30.57

142 -16 57T 1855 26 56.70
171 -14 -689 1836 33 93.94

184 -13 -753 1818 M 93.94

186 -12 773 1803 27 5415

177 -1 742 1790 24 2572

161 -1 -658 1779 23 2.70

141 -10 -528 1770 25 17.42

121 -3 -364

(a) Resulting values from unity load in Grasshopper

Results SCIA
ux [mm] uy [mm] uz [mm] N [kM] W [kN] M [kNm]
1 -45 -20 -1 1836 38 86
2 62 -13 -281 1811 31 138
3 148 -7 -524 1787 26 171
4 207 -3 712 1766 22 187
5 241 -1 -831 1746 26 179
6 251 -1 679 1725 27 181
[ 244 0 -660 1714 22 195
B 222 2 -765 1702 28 185
g 189 2 -592 1692 30 154
10 151 4 -352 1684 44 104
116 B 62

(b) Resulting values from unity load in SCIA Engineer

Figure B.7: Resulting values of the model verification

It can be seen that both models show similar behaviour and that their values differ slightly. The
difference lies in the amount of cable vs beam action that both ribbons use. The SCIA ribbon shows
higher deflections with a higher internal moment, but a lower axial tensile force. It is assumed that the
spring stiffness in z-direction in SCIA is modelled to stiff. Which is the reason that the ribbon deflects
more at midspan resulting in more beam behaviour. In case of the Grasshopper model the ribbon
can distribute more of its force through displacements near the inner ring and therefore show more
cable and ring action. This is probably due the fact that the stiffness of the inner ring changes during
the loading process in Grasshopper and therefore gradually stiffens. In contrast to the SCIA model
were the final stiffness, which is the highest, is applied from the start. To really verify the results of the
Karamba3D analysis, the entire structural system needs to be modelled into SCIA so that the stiffening
influence of the tension and compression ring can be really incorporated. It is thus assumed that the
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Grasshopper model gives reliable results for now.

B.3 Extra information
The structural utilisation of the different load steps in Grasshopper is shown in two figures. Also, the
input for the SCIA model is given.

(b) GH model after applying self-weight and the unity load

Figure B.8: Behaviour of the Grasshopper model under self-weight and the unity load

Licence name Royal HaskoningDHV
Project -GH check with cable tensioning

Date 08. 08. 2019

Structure Frame XYZ

No. of nodes : 11
No. of beams : 10
No. of slabs : 0
No. of solids : 0
No. of used profiles : 1
No. of load cases : 1
No. of used materials : 1
Acceleration of gravity [m/s’] 9,810
National code EC-EN

2. Materials

Timber ECS

Name Type of timber 1] Frnx frox feoox feox feoox fux Colour
MPa] [MPa] [MPa] [MPa] [MPa [MPa [MPa
Gmoa

P
[ka/m?] [m/mK]

GL75 Glued, laminated 0| 1,6800e+04 60,0 60,0 60,0 60,0 60,0 60,0 M
730,0 0,00| 5,6000e+03
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3. Cross-sections

Type RECT

Detailed 400; 600

Shape type Thick-walled

Item material GL75

Fabrication timber

Colour |

A [m?] 2,4000e-01

A, [m?], A: [m*] 2,0000e-01 2,0000e-01

A [m?*/m], Ap [m*/m] 2,0000e+00| 2,0000e+00

Cyucs [Mm], Czuce [mm] 200 300

a [deg] 0,00

I, [m*], L [m*] 7,2000e-03 3,2000e-03

iy [mm], iz [mm] 173 115

Way [M*], Waz [m] 2,4000e-02 1,6000e-02

Way [Mm?], Wpiz [m?] 3,6000e-02 2,4000e-02

May+ [Nm], Mgy. [Nm] 2,16e+06 2,16e+06

Maz+ [Nm], Moz [Nm] 1,44e+06 1,44e+06

d, [mm], d; [mm] 0 0

I [m*], I [m®] 7,5061e-03| 1,5315e-05

By [mm], B. [mm] 0 0

Picture Z

A ilialiOn DT SYMDO} (P IONs O SYMoDo

A Area ZLCS axis

A, Shear Area in principal y-direction - Iy | Product moment of area in the LCS
Calculated by 2D FEM analysis system

A; Shear Area in principal z-direction - a Rotation angle of the principal axis
Calculated by 2D FEM analysis system

A Circumference per unit length L Second moment of area about the

Ap Drying surface per unit length

principal y-axis

Crucs | Centroid coordinate in Y-direction of Second moment of area about the
Input axis system principal z-axis
Czues | Centroid coordinate in Z-direction of iy Radius of gyration about the principal

Input axis system

y-axis

Tyies Second moment of area about the

YLCS axis

Radius of gyration about the principal
Z-axis

Tzics Second moment of area about the

Elastic section modulus about the
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principal y-axis

ITIons of symbo

Elastic section modulus about the
principal z-axis

Mgz

Plastic moment about the principal
z-axis for a negative Mz moment

dy

Plastic section modulus about the
principal y-axis

Plastic section modulus about the
principal z-axis

Shear center coordinate in principal
y-direction measured from the
centroid - Calculated by 2D FEM
analysis

Plastic moment about the principal
y-axis for a positive My moment

Plastic moment about the principal
y-axis for a negative My moment

Shear center coordinate in principal
z-direction measured from the
centroid - Calculated by 2D FEM
analysis

Plastic moment about the principal
z-axis for a positive Mz moment

Torsional constant - Calculated by 2D
FEM analysis

4. Nonlinear combinations
Name

NC1

Warping constant - Calculated by 2D
FEM analysis

Mono-symmetry constant about the
principal y-axis

prad (el | o

Mono-symmetry constant about the
principal z-axis

Type Load cases Coeff.

Ultimate | LC1 - unity load

1,00

4, Nonlinear combinations

Name Type Load cases Coeff.
[-]
NC1 Ultimate | LC1 - unity load 1,00

5. Mesh setup

Name MeshSetupl
Generation of eccentric elements on members with variable height x

Generation of nodes in connections of beam elements x

Generation of nodes under concentrated loads on beam elements v

Hanging nodes for prestressing v

Use automatic mesh refinement x

Division on haunches and arbitrary members 5
Division for 2D-1D upgrade 50
Average number of tiles of 1d element 10
Average size of 2d element/curved element [m] 1,000
Minimal length of beam element [m] 0,100
Maximal length of beam element [m] 1000,000
Average size of cables, tendons, elements on subsail, nonlinear soil spring [m] 1,000
Minimal distance between two points [m] 0.001
Average size of panel element [m] 1,000
Mesh refinement following the beam type None
Definition of mesh element size for panels Manual
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6. Solver setup

Name SolverSetupl
Stress from member nonlinearity data v
Neglect shear force deformation ( Ay, Az >> A ) x
Initial stress o
Maximum iterations 60
Number of increments 5
Number of sections on average member 10
Coefficient for reinforcement 1
‘Warning when maximal translation is greater than [mm] 1000,0
Warning when maximal rotation is greater than [mrad] 100,0
Solver precision ratio 1
Type of solver Direct
Method of calculation Newton-Raphson
7. Nodes
Name CoordX CoordY CoordZ Name CoordX CoordY CoordZ Name CoordX CoordY CoordZ
[m] [m] [m] [m] [m] [m] [m] [m] [m]
N1 -0,110 -0,120 0,000 N5 -24,590 -0,840 -8,060 N9 -49,720 -1,570 -13,790
N2 -6,160 -0,300 -2,230 N6 -30,810 -1,020 -9,740 N10 -56,090 -1,760 -14,830
N3 -12,260 -0,480 -4,310 N7 -37,080 -1,200 -11,230 Ni1 -62,480 -1,950 -15,710
N4 -18,400 -0,660 -6,250 N8 -43,390 -1,390 -12,580

8. Nodal supports

Name _Node System Type X Y 4 Rx Ry Rz
Snl N1 GCS Standard | Flexible |Flexible |Flexible |Rigid |Free |Free |

Ssn2 _ [N11 | GCS |Standard [Flexible |[Flexible [Flexible |[Free [Free |Free
9. Members
Name CrossSection Material Length Beg. node End node Type
[m]

Bl CS1 - RECT (400; 600) | GL75 6,450 [ N1 N2 general (0)
B2 CS1 - RECT (400; 600) [ GL75 6,447 | N2 N3 general (0)
B3 CS1 - RECT (400; 600) GL75 6,442 | N3 N4 general (0)
B4 CS1 - RECT (400; 600) GL75 6,452 | N4 N5 general (0)
B5 CS1 - RECT (400; 600) | GL75 6,445 | N5 NE& general (0)
B6 CS1 - RECT (400; 600) | GL75 6,447 | N6 N7 general (0)
B7 CS1 - RECT (400; 600) [ GL75 6,456 | N7 NS general (0)
B8 CS1 - RECT (400; 600) GL75 6,447 | N8 N9 general (0)
B9 CS1 - RECT (400; 600) | GL7S 6,457 | N9 N10 general (0)
B10 CS1 - RECT (400; 600) | GL75 6,453 [ N10 Nil general (0)

10. Beam nonlinearity

Name Member Type Normal force Name Member Type Normal force
[kN] [kN]

BN1 B1 Initial stress 539,70 BNG B6 Initial stress 523,00

BN2 B2 Initial stress 536,00 BN7 B7 Initial stress 520,40

BN3 B3 Initial stress 532,40 BNB B8 Initial stress 517,90

BN4 B4 Initial stress 529,10 BN9 B9 Initial stress 515,70

BN5 B5 Initial stress 526,00 BN10 B10 Initial stress 513,70

11. Line force

Member Type Dir Value - P1 | Pos x1
[kN/m]
Load case System  Distribution Value - Pz Pos xa
[kN/m]

B1 Z From start

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF2 B2 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF3 B3 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF4 B4 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF5 B5 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF6 Be Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF7 B7 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load [ GCS Uniform 1.000 | Length 0,000
LF8 B8 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF9 B9 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000
LF10 B10 Force Z -10,00 0.000 | Rela From start 0,000

LC1 - unity load | GCS Uniform 1.000 | Length 0,000




Cross section optimisation

In this appendix are the results from the iterative cross section optimisation presented. The width and
height of the different element groups are changed and the resulting average- and maximum utilisation
ratios according to Eurocode 3: Steel structures provided by Karamba3D are documented. The goal
is to find a set of cross sections with as much unity between similar element groups while having a
maximum utilisation below 60%. Furthermore, it is wanted to have ribbons with some cross sectional
area to incorporate the connections and because it is beneficial for the discussion regarding uplift
forces and asymmetrical loading.

1st iteration 2nd iteration
Element h[mm] b [mm] | Average Maximum| El t h[mm] b[mm] | Average Maximum|
Out curve [OutTruss] 1200.0 1400.0 15.7 35.1 Out curve [OutTruss] 1000.0 1200.0 26.3 54.8
In curve bottom [OutTruss] 1200.0 1400.0 16.5 32.5 In curve bottom [OutTruss] 1200.0 1000.0 238 49.0
In curve top [OutTruss] 1200.0  1400.0 18.7 36.8 In curve top [OutTruss] 1000.0  1000.0 26.5 58.1
Sloped diagonal [OutTruss] B800.0 800.0 7.0 20.6 Sloped diagonal [OutTruss] 800.0 800.0 6.7 204
Vertical diagonals [OutTruss] 600.0 600.0 11.3 32.6 Vertical diagonals [OutTruss] 600.0 600.0 11.0 311
Haorizontal diagonals [OutTruss] 400.0 400.0 12.2 422 Horizontal diagonals [OutTruss] 400.0 400.0 119 442
Stress ribbons [144x] 600.0 300.0 26.5 54.9 Stress ribbons [144x] 600.0 300.0 27.2 58.5
In curve [InTruss] 1600.0 1000.0 26.0 430 In curve [InTruss] 1400.0 1000.0 27.7 45.7
Out curve [InTruss] 1600.0 800.0 217 41.6 Out curve [InTruss] 1400.0 800.0 29.6 441
Diagonals [InTruss] 600.0 400.0 14.4 39.9 Diagonals [InTruss] 600.0 400.0 135 379
Weight [total] , [load area] 6.65E+06 28227.5 kN Weight [total] , [load area] 5.66E+06 27436.3 kN
Maximum displacement 1736.8 mm Maximum displacement 1729.2 mm

3rd iteration 4th iteration
Element hfmm] b [mm] | Average :Maximum| El t h[mm] b[mm] | Average iMaximum|
Out curve [OutTruss] 1000.0  1200.0 24.5 434 Out curve [OutTruss] 1000.0 12000 26.1 53.1
In curve bottom [OutTruss] 1200.0 1000.0 23.2 48.9 In curve bottom [OutTruss] 1200.0 1000.0 233 485
In curve top [OutTruss] 1000.0 1000.0 28.3 61.2 In curve top [OutTruss] 1000.0 1000.0 28.6 62.4
Sloped diagonal [CutTruss] 600.0 600.0 12.6 413 Sloped diagonal [OutTruss] 600.0 600.0 13.4 436
Vertical diagonals [OutTruss] 500.0 500.0 154 436 Vertical diagonals [OutTruss] 600.0 600.0 10.8 30.0
Horizontal diagonals [OutTruss] 400.0 400.0 10.9 412 Horizontal diagonals [QutTruss] 400.0 A400.0 115 434
Stress ribbons [144x] 600.0 200.0 28.2 61.9 Stress ribbons [144x] 600.0 300.0 27.5 59.1
In curve [InTruss] 1400.0 1000.0 27.6 437 In curve [InTruss] 1000.0 1200.0 29.7 49.0
QOut curve [InTruss] 1400.0 800.0 29.3 43.3 Out curve [InTruss] 1000.0 1200.0 329 471
Diagonals [InTruss] 400.0 400.0 18.2 50.6 Diagonals [InTruss] 600.0 600.0 7.8 201
Weight [total] , [load area] 4.93E406 26798.0 kN Weight [total] , [load area] 5.196+06 28107.1kN
Maximum displacement 1692.7 mm Maximum displacement 1802.7 mm
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5th iteration 6th iteration
Element hmm] b[mm] | Average :Maximum)| El h[mm] b[mm] | Average :Maximum)|
Out curve [OutTruss] 1200.0 1200.0 16.7 40.5 Out curve [OutTruss] 1000.0 1200.0 23.6 43.9
In curve bottom [OutTruss] 1200.0 1200.0 16.5 34.8 In curve bottom [OutTruss] 1200.0 1000.0 209 43.0
In curve top [OutTruss] 1200.0  1200.0 17.3 34.3 In curve top [OutTruss] 1000.0  1000.0 24.6 53.2
Sloped diagonal [OutTruss] B800.0 800.0 6.7 19.5 Sloped diagonal [OutTruss] 600.0 600.0 13.8 43.9
Vertical diagonals [OutTruss] 600.0 600.0 9.9 28.9 Vertical diagonals [OutTruss] 600.0 600.0 9.7 28.0
Horizontal diagonals [OutTruss] 400.0 400.0 10.9 36.1 Horizontal diagonals [OutTruss] 400.0 400.0 10.9 39.2
Stress ribbons [144x] 300.0 200.0 41.6 54.7 Stress ribbons [144x] 300.0 200.0 42.8 59.9
In curve [InTruss] 1200.0 1000.0 273 49.0 In curve [InTruss] 1000.0 1200.0 274 491
QOut curve [InTruss] 1200.0 1000.0 31.1 45.8 Qut curve [InTruss] 1000.0 1200.0 313 453
Diagonals [InTruss] 400.0 400.0 20.2 53.4 Diagonals [InTruss] 600.0 600.0 8.1 20.5
Weight [total] , [load area] 5.26E+06 19292.8 kN Weight [total] , [load area] 4.386+06 20888.5 kN
Maximum displacement 1925.3 mm Maximum displacement 2155.0 mm
7th iteration

Element h[mm] b [mm] | Average Maximum)

Out curve [OutTruss] 1000.0 1200.0 22.7 46.1

In curve bottom [OutTruss] 1200.0 1000.0 21.6 45.5

In curve top [QutTruss] 1200.0 1200.0 24.7 48.0

Sloped diagonal [OutTruss] 600.0 600.0 13.1 43.6

Vertical diagonals [OutTruss] 600.0 6500.0 11.0 30.1

Horizontal diagonals [OutTruss] 400.0 400.0 10.7 39.6

Stress ribbons [144x] 600.0 400.0 25.3 58.0

In curve [InTruss] 1200.0 1200.0 28.1 42.8

Out curve [InTruss] 1200.0 1200.0 31.0 a4.7

Diagonals [InTruss] 400.0 400.0 17.9 47.0

Weight [total] , [load area] 5.76e+06 kg 31171.2 kN

Maximum displacement 1661.5 mm




Calculations Structural Design

Characteristics

kmog =  short 0.9
kger = short 0.8
kp, = min{(600/h)*0,1;1,1} 1.0 assume h>600 mm
vu = 1.25
knm = min{(600/h)*0,1;1,1} 1.0 assume h>600 mm
kn = 0.7 rectangularc.s.
Sk = 75 N/mm’
fogk = 60 N/mm?
floogk = 0.6 N/mm?

fc.l],g,k = 49.5 N/mmz
fc,Sl],g,k = 12.3 i\l/mr'n2
fv.g,k = 4.5 N/mmz
Eﬂ.g,mean = 16800 N/mm?
Ejgis = 15300  N/mm?
ESﬂ,g,mean = 470 N/mm2
Ggmean = 850  N/mm?
Pgk = 730 kg/m?
Pg.mean = 800 kg‘/m:5
feog = kmoaxTeox/¥m 3564 N/mm?
froa = Kn*KmoaXfiok/Vm 4320 N/mm?  ky=1
frod = Knm*Kmoa*Tmok/ Tm 5400 N/mm? Kkpm=1
fog = kmoa*fuor/Ym 324  N/mm?
Epg = (Egmean /(1+Wsxkaer)) / Ym 13440  N/mm?
Egos = 15300 N/mm?
Goos = 850  N/mm?
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ULS strength verification checks

Load combination  Selfweight + Secondary structure + Architectural finishing + Downward wind (short term)
Unity check for Bending, tension, compression. Shear, torsion, stability
It is assumed that the roof can be categorised into Consequence Class (CC) 3:
Resistance R11 oo E{mud b Rk,fy’M
Tension parallel to the graini @, ; 4 < fioa
Compression parallel te the grain Ocod < fcud
Bending {Um.l_.r.d / fm.y,d) i3 l":m 3 I:UITI.Z.'EI -’rfrn,z.i:I)I e
{Um.z.d / fm.z.d) ¥ I‘cm x {Um.y.d "rfrn.',r.d)‘ =
sheari 14 < fia
Combined bending and axial tension {Ut.u.d’rft.u.d) + K % {Um.y.d / rm.‘_.r.l:l} + {Um.z.d Ifmlzld} <
(Ocnal i) * (Omya! Tmya) + K % (Omza/Tmza) =1
combined bending and axial compression {Uc.u.d”-:,u,u)z + Ky % {Um.‘.-f.d ! fm,y.d) + {Um.z.d ’rfm,z.n} =1
2
{Uc,ﬂ,ﬂ-'rfc,l],d} i {Um,y,d / fm,y,cl} x kITI i {Gm,z,d -'rfm,z,d:} =1
Biaxial shear (1, off, 4)° + (T.4/f, o) <1
Torsian Tt|:lr.|1-'r {kshape*fv.d} =1
Torsion + Biaxial shear Ty o/ (Kshape u.0) + (Ty dffy o’ + (T off o) <1
A=  h*b Compression + Bending  Tension + Bending Stability
W= 1/12*b*h° ge= No/A or=  Ni/A lestt=  length of element * 1.0 (Truss elements)
2= 1/12*h*t’ o= M/ W, owz= M/ Wy 2= V(l/A4)
= 1/3*h*b™{1-0.63*b/h) Ow, = M, /W, ouy= My /W, A= e/ iz
s,= h*(sbf Awz= A/ m*V(fopx/ Eog)
S5.=  br(Eh) k= 0551+ (A 0.3)4ha)
W, = 1/6h*h’ ko= (k+V (k- Az ))
We=  1/6b*h? L 5 5 Torsion Om et = U/ (W *ler) = V (Eg05™1:*Go 05 ™1t )
W= a*h*h? Tza = Vd.Z SZ“{ {h Iy} Tior = M!Wt Moy = "r(fm.icfcm.crit}
@= dependonhib Tya= Vay®Sy /(h*1) 1, for A 20.75
ketme =min{ 2.0; 1+0.15%*h/b} ko= |1.56-0.75%Ay, for0.75zAg=14
1/hP, for LAsAy

U.C.= [Oma/ (kest™Fmal)® + 0006/ (ke Fo0a) 1.0
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D.1 Maximum force combinations

Forces are taken at the start-, mid-, and end point of the modelled elements. Therefore, similar element
labels can have different force combinations.

All forces are in kN or kNm

Quter Truss Max N (trek) Max M (druk  Max M Max My Max Mz Max Mt Max V'
elements forces
Out Curve id| {79} {118} {64} {64} {65} {64) {64} A[mm? 1.20E+06 Max U.C. {id}
h* b [mm] length 5810 min Iy [mm*] 1.00E+11
1000 N Trek | 238458 Iz [mm*] 1.44E+11 Bending stension 0,08 {79}
1200 Druk -19357.74 | -3458.47 -2191.58 -3456.47 le[mm* 141E+11|  Bending + compression .33 {118}
M z-as 45756 218.04 1549.14 1549.14 65.60 S, [mm?] 3.60E+08 stabitity 0.47 {118}
y-as 172.20 1230.50 2448.77 244877 1197.69 S m[m? 3.00E+08
t 36.53 161 100.53 100.53 10053 Wy, [mm?] 2.40E+08
vV z-as 24.92 280.46 407.81 503.20 45233 W, [mm?® 200E+08 | Torsion+biaxial shear 038 {64}
y-as 139.99 127.49 553.79 33382 556.87 W [mm®) 3.12E+08
In Curve bottom id {55} {94} {183} {46} {65} {72} {88} A[mm? 1.20E+08
h*b[mm] length S150mm Iy [mm® 1.44E+11
1200 N Trek 77352 I [rm ) 1.00E+11 Bending stension  0.07 {55}
1000 Druk -15360.58 | -13550.36 | -10055.34 | -13085.77 | -12253.19 | -13437.98 | L[mm* 1.90E+11| ponding + compression 0.32 {65}
M zas 21283 221 2391.94 865.55 1454.95 1924.60 953.07 | S, [mm?¥ 3.00E+08 swmbitiy 0,32 [65)
y-as 557.41 1855.41 380.31 1942.00 1714.15 541.59 161237 | S;m[m?¥ 3.60E+08
t 5.06 9.69 192 568 54.72 91.39 3677 Wy [mm? 2.00E+08 .
Vo oz-as 10.33 434.81 279 458.07 412.89 460,88 422.87  |Wz[mm?] 240E+08 | Torsion = biaxial shear [ $:090 {88}
y-as 16.43 33.05 1112.04 8279 15023 87831 125852 |W;[mm? 2.60E+08
In Curve Top id {81} {87} {5} {10} {286} {223} Almm? 1.44E+06
h*b[mm] length 5150 mm Iy[mmﬁ 1.73E+11
1200 N Trek Iz[mm? 1.73E+11 Bending +tension 0,00
1200 Druk 2718081 | -19760.14 | -25731.14 | -25304.10 | -14043.55 | -26933.27 | I,[mm* 256E+11( Bending+compression 0.41 (81}
M z-as 1250.24 2054.54 1283.20 1333.66 41.57 162264 | Sy [mm?] 4.326+08 stability 0.53 {81}
y-as 118824 424.49 1231.24 1227.89 652.9 381 S.mm? 4.32E+08
t 5.11 116 8.23 0.80 73.74 473 [Wy[mm? 2.88E+08
vV ozas 167.56 268.67 176.71 147.40 85.36 286.27  |[Wo[mm® 288E+08 | Torcion+biaxial shear 016 {223}
y-as 547.67 545.27 533.57 51637 376.36 554,66 |Wi[mm® 359E+08
Sloped diagonal {68} {47} {47} {47} {47} A[mm? 3.60E+05
h x b [mm] length 9330 mim Iy [mm*] 1.08E+10
600 N Trek | 5779.79 Iz[mm?¥ 1.08E+10 Bending =tension  0.33 {69}
600 Druk -A891.77 468482 | li[mm* 160E+10| mending « compression  0.16 {47}
M oz-as 0.00 0.00 0.00 |5y [mm¥ 5.40E+07 stabiity 04T {47}
y-as 26.63 44.30 0.00 S.m[m? 5.40E+07
t 0.00 0.00 0.00  |[Wy[mm? 360E+07
Vo oras 0.00 0.00 18.08 Wz [mm?] 280E+07 | Torsion+biaxial shear 0,00 {47}
y-as 0.02 0.02 0.04  |[Wi[mm? 449607
Vertical diagonal {176} {32} {32} {32} {32} A[mm? 3E0E+D5
hx b [mm] length 4760 mm Iy [mm* 1.08E+10
600 N Trek | 4107.82 Iz[mm?¥ 1.08E+10 Bending +tension  0.27 {176}
600 Druk 535035 -534341 | le[mm* 160E+10( Bending + compression  0.18 {32}
M zas 0.00 0.00 0.00 Sy [mm?] 5.40E+07 stabitity 0.43 {32}
y-as 5.03 573 0.00 S:m[m? 5.40E+07
t 0.00 0.00 0.00 y [mm?) 3.60E+07
Vo ozas 0.0 0.00 478 |We[mm¥ 3E0E+07 | Torsion+bizwal shear 0.00 (32}
y-as 0.02 0.03 0.05  |Wi[mmY 449E+07
Horizontal diagonal {27} {44} (a4} {aa} {44} Almm3 160E+05
hx b [mm] length 7930 mm Iy [mm*] 2.13E+09
400 N Trek 19.50 Iz [mm*] 2.13E+09 Bending +1ension  0.02 (27}
400 Druk -13550 -134549 | Il [mm* 316E+09 | Bending + compression  0.08 {44}
M z-as 0.00 0.00 0.00 | Sy [mm? 1.60E+07 swbiliy 042 [44}
y-as 12.79 16.35 0.00 S.m[m 1.60E+07
T 0.00 0.00 0.00 Wy [mm¥ 1.07E+07
v z-35 0.00 0.00 77 W [mm® 107E+07 | Torsion=biaxial shear  0.00 {aa}
y-as 0.00 0.00 0.00 |W;[mm? 1.33E+07
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|nner Tru55 WMax N (trek) Max N (druk) Max W Max My Max Mz Max Mt Max V
elements forces
In Curve id| {127} MNone {141} {67} {141} {100} {117 A [mm2] 144E+06 Max U.C. {id}
hx bmm] length| 2410 mm y [mmd] 1.73E+11
1200 N Trek 24948 64 10162.07 13695.16 13455.90 16608.00 E [mm4] 1.73E+11 Bending + tension  0.54 {127}
1200 Druk It [mm4] 2.56E+11 Bending 018 {141
] z-as 1673.15 2126.76 1710.21 22116 136126 | Sy [mm3] 4.32E+08 Stability 0 {141}
y-as 75832 962.88 1224.07 28.86 1047.74 | Sz mim3] 4.32E+08
t 12.23 79.95 50.21 15374 65.51 y [mm3] 288E+08
Vv z-as 23.64 TM2.70 79.67 119.82 74.78 z [mm3] 288E+08| Torsion + biaxial shear 016 {117}
¥y-as 23.02 52 36 486.27 27226 507.05 Wt [mm3] 3.59E+08
Out Curve id o} none 11423 o1 142} {103} 140 A [mm3Z] 1.44E+06
hx b[mm] length 2220 mm ly [mm4] 1.73E+11
1200 N Trek 2222468 21829.68 8053.72 17117.60 19883.67 E [mmd] 173E+11 Bending + tension 0.5 {0}
1200 Druk It [mmd4] 2.56E+11 Bending o1 {142
] z-as 2555 65 2748.55 1606.67 1560.16 2147 .91 Sy [mm3] 4.32E+08 Stability 0.03 {142}
¥-as 58231 714.72 1642.83 7249 944 34 Sz mim3] 432E+08
t 107.10 3052 3329 329.82 71.50 y [mm3] 288E+08
v z-as 34.45 70.86 1973 102.18 14.68 z [mm3] 2.88E+08 | Torsion + biaxial shear 0.25 {103}
y-as 140.15 78.89 6.78 62.31 517.7 Wt [mm3] 3.59E+08
Diagonals id {284} {139 {140% {140} P62 A [mm2 1.60E+05
hx b [mm] length 4700 mm Iy [mm4] 2.13E+09
400 N Trek | 316504 k& [mmd] 2.13E+09 Bending + tension 0.4 {784}
400 Druk -3112.23 -2995 66 -2964 90 It [mm4] 3.16E+09 | Bending + compression 0.3 {139}
] z7-as 0.00 0.00 0.00 0.00 Sy [mm3] 1.60E+07 Stability 0.5 {139}
y-as 2.20 4.70 492 0.00 8z mim3 1.60E+07
t 0.00 0.00 0.00 0.00 [Vy [mm3] 1.07E+07
v z-as 1.06 0.51 0.50 473 Wz [mm3] 1.07E+07 | Torsion + biaxial shear 0.00 {262}
y-as 0.19 0.10 0.10 0.18 Wt [mm3] 1.33E+07
Ribbons Max N (trek) Max N (druk)  Max M Max My Max Mz Max Mt Max v
elements forces
id| {380} MNone {1303 {25} {1334} {1330} {13003 A [mm2] 2 40E+05 Max U.C. {id}
Tendons length ly [mmd] 7.20E+09
hx blmm] N Trek 29178 4898.38 2092 81 553.51 644 88 577.83 I [mm4] 3.20E+09 Bending + tension 0.85 {380}
600 Druk It [mmd4] 7.42E+09 Bending 0.60 {1303}
400 ] z-as 0.50 4.53 242 541 0.00 0.00 Sy [mm3] 2.40E+07 Stability  0.36 {1303}
¥-as 1M.75 778.02 142,01 70107 0.00 0.00 Sz mim3 3.60E+07
t 0.39 0.59 023 0.60 1in 089 y [mm3 1.60E+07
v z-as 0.03 16.24 17.86 3.42 59.44 B5.27 z [mm3] 240E+07 | Torsion + biaxial shear 0.07 {1300}
¥-as 0.22 014 0.23 0.1 0.75 0.67 Wt [mm3] 2.22E+07
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D.2 Strength verifications

D.2.1 Outer truss ring

A = 1.20e+06 mm>
ly = 1.00E+11 mm”
I, = L44E+11 mm®
I, = LAIE+11 mm®*
Sy = 3.60E+08 mm
5:= 3.00E+08 mm
Wy = 2.40E+08 mm
W, = 2.00E+08 mm®
W, = 3.126+08 mm®
a=0217
k= 1.00
knm= 1.00

A=120E406  mm®
ly = L44EH11  mm®
I = LOOEH11  mm*
= 1906411  mm®
S, =3.00E:08 mm’
5, = 3.60E+08 mm
W, =2.00E408 mm
W, = 2.40E408  mm’®
W, = 2.60E+08 mm"
a=0217
ky = 1.00
knm= 1.00

Out Curve In curve bottom In curve top
h= 1000 mm h= 1200 mm h= 1200 mm
b= 1200 mm b= 1000 mm b= 1200 mm

A= LMEHE  mm®
Iy = 1.73e+11 mm®
L= L7341 gt
ly= 2566411  mm®
Sy =432e408 mm
5;= A.32E+08 mm
W, = 2.8BE+08  mm
W, = 2.886+08 mm’
W; = 3506408 mm’
a=0.208
k= 1.00
knm=1.00

Compression + Bending

Compression + Bending

Compression + Bending

Ne= 19357.74 kN Nc= 13085.77 kN Ne= 27180.81 kN

M. = 218.0 kNm M= 1454.95 kNm M= 1250.2 kNm

M, = 1230.5 kNm My = 1714.15 kNm = 1188.2 kNm

Gc= 16.1 Nimm? foe 10.9 N'mm? e 18.9 Nimm?

G = 0.91 Nimm? 0.01 Oz = 7.27 Nimm? 7.14 O = 4.34 Nimm? 413
Gy = 6.15 Nimm? 6.15, Oy = 7.14 Nimm? 7.27 Gy = 4.13 Nimm? 434
fond= 35.64 N/mm? food= 35.64 N/mm? fopd= 35.64 N/mm?

o= 54,00 N/mm? fmod= 54,00 N/mm? faia= 54,00 N/mm?

u.c. 0.33 0K u.C. 0.32 0K u.c. 0.41 0K

Tension + Bending Tension + Bending Tension + Bending

Nr= 2385 kN Nr= 774 kN Nr= kN

M, = 467.6 kNm M, = 221.8 kNm M, = kNm

M, = 172.8 kNm M, = 557.4 kNm M, = kNm

ar= 2.0 N/mm? or= 0.6 N/mm? ar= 0.0 N/mm?

Oe= 1.95 Nimm? 0.86 Oy = 1.11 N/'mm? 111 Oz = 0.00 Nimm? 0.00
Owy = 0.86 N/mm’ 195 Oy = 2.32 Nimm® 2.32 Oy = 0.00 Nimm® 0.00
froa= 43,20 N/mm? froa= 43.20 N/mm? froa= 43.20 N/mm?

fmiod= 54,00 N/mm? Frad= 54,00 N/mm? feaig= 54.00 N/mm?

uc. 0.09 OK u.c. 0.07 OK u.c. 0.00 OK
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Stability Mz My Stability Mz My Stability Mz My
Omd = 0.91 6.15 Omd= 7.27 7.14 Omd = 4.34 413
Tepd= 16.1 16.1 Oens= 10.9 10.9 Oen8= 189 189
Be= 01 0.1 Be= 0.1 0.1 Be= 0.1 0.1
lote = 5810 5810 legr = 5150 5150 logr = 5150 5150
= 288.68 346.41 L= 4641  288.68 L= 4641 4641
= 20.13 16.77 = 14.87 17.84 = 14.87 14.87
P 0.36440  0.30366 s 0.26917 0.32300 e 0.26917 0.26317
H 0.56961  0.54629 3 0.53468 0.55332 = 0.53468 0.53468
5 099264  0.99960 o 1.00334 0.39744 = 1.00334 1.00334
i r = 1155.8596 1155.8596 Oment=  1516.159 1516.159 Oment=  1605.757 1605.757
= 0.25473  0.25473 = 0.22241  0.22241 = 0.21612 0.21612
= 1 = 1 = 1
Fraid= 54.00 Nfmm?® fmod= 54.00 N/mm? frmiod = 54,00 Nfmm?
feod= 35.64 N/mm? feod= 35.64 N/mm? feod= 35.64 N/mm?
u.C. 0.47 OK U.C. 0.32 OK u.C. 0.53 OK
Shear Shear Shear
A 452.3 kN V= V= 286.3 kN
Viy = 556.9 kN Viy= Viy = 554.7 kN
o= 1.13 NNmm? Tg= o= 0.60 Nf'mm?
Tya= 1.29 Nfmm? Tya= Tya= 1.16 Nimm?
fo04= 3.24 N/mm? fo04= fo0d= 3.24 N/mm?
u.C. 0.31 OK u.C. u.C. 0.16 OK
Torsion Torsion Torsion
M= 100.53 M; = 36.77 M;= 4.73
Ksnape = 1.18 Kshape = 1.18 Kshape = 1.15
L 0.32 Nlmm? Tior = 0.14 Nimm? T = 0.01 Nimm?
fuod= 3.24 Nfmm? foa= 3.24 N/mm? fe0da= 3.24 N/mm?
u.C. 0.08 OK u.C. 0.04 OK u.C. 0.00 OK
Torsion + Shear Torsion + Shear Torsion + Shear
u.C. 0.39 OK U.C. u.C. 0.16 OK
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Horizontal diagonal

Sloped diagonal Vertical diagonal
h= 600 mm h= 600 mm
b= 600 mm b= 600 mm

A = 3.60E+05 mrn1
Iy = 1.08E+10 mma
I, = LOBE+10  mm*
I = LEOE+10  mm®
Sy = 5.40E+07 mm
S:=5.40E+07 ~mm
W, = 3.60E+07  mm
W, = 3.60E+07 mm
W, = 4.45E+07 mm
a=0.208
ky= 1.00
kam=1.00

A = 3.60E+05 rnm2
Iy = LOSE+10  mm*
I = L08E+10  mm*
le = L6OE+10  mm®
Sy = 5.40E+07 mm
S;=5.40e+07 mm
W, = 3.60E+07  mm
W, = 3606407 mm”
W; = 4496407 mm
a=0.208
ks = 1.00
kn.m= 1.00

Compression + Bending

Compression + Bending

h= 400 mm
b= 400 mm
A = 1.60E+05 |'n|l'|';2
ly = 2138409 mm®
. =213E409  mm’
I =3.16E409  mm®
Sy = LBOE+07 mm
5;= 1.60E+07 mm
Wy, = LO7E+07 mm
W; = 1.07E+07 mm
Wi = 13364007 mm
a=0.208
ky = 1.04
knm=1.04

Ng= 4691.77 kN Ng= 5350.35 kN

M, = 0.0 kNm M= 0.0 kNm

My = 24.3 kNm My = 5.7 kNm

ac= 13.0 Nimm’ ac= 14.9 Nimm?

Oz = 0.00 Nfmm? 0.00 O = 0.00 Nimm? 0.00
Ouy = 1.23 Nimm” 123 Oy = 0.16 Nimm® 0.16
feod= 35.64 N/mm? fegd= 35.64 Nfmm?

fmad= 54,00 N/mm? fmpa= 54,00 N/mm?

u.c 0.16 OK u.C. 0.18 0K

Tension + Bending Tension + Bending

Nr= 5780 kN Nr= 4108 kN

M, = 0.0 kNm M, = 0.0 kNm

M, = 26.6 kNm M, = 5.0 kNm

or= 16.1 Nfmm’ or= 11.4 Nimm?

Oz 0.00 Nfmm? 0.00 O = 0.00 Nimm? 0.00
Oy = 0.74 Nimm? 0.74 oy = 0.14 Nimm? 0.14
froa= 43.20 N/mn? fioa= 43,20 N/fmm?

Fmod = 54.00 N/mm® Fmod = 54.00 N/mm?

u.c 0.39 OK u.c. 0.27 0K

Compression + Bending

Ng= 13455 kN

M, = 0.0 kNm

My = 16.4 kNm

oc= 84 Nimm?

Oy = 0.00 NNmm? 0.00
Oy = 153 Nimm? 153
feoa= 35.64 N/mm?

fmoa= 56.16 N/mm?

u.c. 0.08 OK
Tension + Bending

Nr= 20 kN

M, = 0.0 kNm

M, = 123 kNm

ar= 0.1 Nimm?

Oy = 0.00 Nimm? 0.00
oy = 1.5 Nimm?® 115
froa= 44,93 N/mm?

fnod= 56.16 N/mm?

u.c 0.02 OK
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Stability Mz My Stability Mz My Stability Mz My

Omd = 0.00 1.23 Oma= 0.00 0.16 Omd= 0.00 1.53

Oco4= 13.0 13.0 Oend= 14.9 14.9 Oe04= 84 8.4

Be= 01 0.1 Be= 0.1 0.1 Be= 01 01

logr = 9380 9380 logr = 4760 4760 lasr = 7980 7980

= 17321 1R [P 17321 173.21 2= 11547  115.47

A= 54.16 5416 = 27.48 27.48 = 69.11 69.11

etz = 0.98050 0.93050 z= 0.49757 0.49757 z= 1.25124 125124
= 1.01472 1.01472 k= 0.63367 0.63367 k= 133036 1.33036
= 0.78370 0.78370 = 0.97462 0.97462 = 0.56107 0.56107

Omen=  440.8129 440.8129 Omet=  868.6608 868.6608 Omert=  245.4324 345.4324

= 0.41248 041248 = 0.29384 0.29384 = 0.46596 0.46556
= 1 = 1 = 1

i = 54,00 Nfmm? L —— 54.00 N/mm? | - 56.16 N/mm?

fed= 35.64 N/mm’ fopa= 35.64 N/mm’ fe0d= 35.64 N/mm?

uU.c. 0.47 OK U.C. 0.43 OK u.C. 042 OK

Shear Shear Shear

Vgz= 18.1 kN Vo= 47 kN Viz= 7.8 kN

Vay= 0.0 kN Vay= 0.1 kN Vay= 0.0 kN

Gd= 0.15 N/mm?® Ta= 0.04 Nimm?® Ta= 0.15 N/mm?

Tyd= 0.00 Nlmm? Ty4= 0.00 Nimm? Ty 0.00 N/mm?

fyo0= 3.24 Nfmm? fuoa= 3.24 N/mm? fu0d= 3.24 N/mm?

u.C. 0.00 OK u.c. 0.00 OK u.c. 0.00 OK

Torsion Torsion Torsion

M= 1] M= 0 M= o

Kshape = 115 Kshape = 115 Kshape = 115

T = 0.00 Nfmm” Tior = 0.00 Nimm? Tir= 0.00 N/mm?

fo00= 3.24 Nfmm? fyoa= 3.24 Nfmm?® fung= 3.24 Nfmm?

u.c. 0.00 OK u.c. 0.00 OK u.c. 0.00 OK

Torsion + Shear Torsion + Shear Torsion + Shear

uU.c. 0.00 OK u.cC. 0.00 OK u.C. 0.00 OK




D.2. Strength verifications

D.2.2 Inner truss ring

A = LAE+06  mm®
ly = 1L73e¢#11  mm’
= L7341 mpm*
I = 2566411 mm”
Sy = 4.32E408 mm
Se= 4.32E+08 mm
W,y = 2.88E+08  mm
W, = 2888408  mm®
Wi = 3596408 mm’
a=0.208
kp= 1.00
Kn,m= 1.00

A = 144FH06 mm>
ly =173e#11  mm*
lb=1738+11 mm*
Iy = 2566411 mm®
Sy = 4.32E408 mm
S;= 4326408 mm
W, = 2.88E+08  mm
W; = 2.88E+08 mm
W; = 3.596408 mm’
a=0.208
kn= 1.00
knm=1.00

Compression + Bending

Compression + Bending

Inner truss
In curve Out curve Diagonals
h= 1200 mm h= 1200 mm h= 400 mm
b= 1200 mm b= 1200 mm b= 400 mm

I, = 21384008 mm®
Iy = 3.16E+09  mm®
Sy = 1.60E+H07 mm
5;= 1L.60E+07 mm
Wy, = L.07E+07 mm
Wz = 1L.07E+07 mm
Wi = 1338407 mm®
a=0.208
kn=1.04
Knm=1.04

A =160EH05 mm>
ly = 21384909 mm’

Compression + Bending

Nc= 0 kN Ng= kN

M, = 2126.8 kNm M, = 2746.6 kNm

M, = 962.9 kNm M, = 714.7 kNm

oo = 0.0 Nfmm? Ge= 0.0 Nimm?

Cia= 7.38 Nimm’ 334 Oue= 9.54 Nimm? 2.48
Oy = 3.34 Nimm? 7.38 oy = 2.48 Nimm? 9.54
foos= 35.64 N/mm? fona= 35.64 N/mm?

Fooi = 54,00 N/mnt* s = 54.00 N/mm?

u.c 0.18 OK u.C. 0.21 0K

Tension + Bending Tension + Bending

Nr= 24949 kN Nr= 21830 kN

M, = 1673.2 kNm M, = 2746.6 kNm

M, = 758.3 kNm My = 714.7 kNm

or= 17.3 Nimm’ or= 15.2 Nimm?

Oz = 5.81 Nimm* 2.63 O = 9.54 Nimm? 2.48
Oy = 2,63 Nfmm’ 5.81 Oy = 2.48 Nimm® 954
froa= 43.20 N/mm® frod= 43.20 N/mm?

fcii= 54.00 N/mm?® Foaad = 54.00 Nfmm?

u.c 0.54 OK u.c. 0.56 OK

u.c 044 OK

Ng= 311223 kN

M, = 00 kNm

M, = 47 kNm

gc= 195 Nimm?

O = 0.00 Nimm? 0.00
Ty = 044 Nimm? 0.44
fooa= 35.64 N/mm?

= 56.16 N/mm?®

u.c. 031 0K

Tension + Bending

Nr= 3165 kN

M= 0.0 kNm

M, = 22 kNm

or= 19.8 Nimm?*

Oy = 0.00 N/mm? 0.00
Oy = 021 Nimm® 0.21
flod= 44,93 N/mm?

Fnia= 56.16 N/mm?
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Stability Mz My Stability Mz My Stability Mz My

Omd= 7.38 3.34 Oma= 9.54 248 Omd= 0.00 0.44

Oepd= 0.0 0.0 Oe0d= 0.0 0.0 Oe0d= 19.5 19.5

Be= 0.1 0.1 Be= 0.1 0.1 Ass 01 0.1

lagr = 2410 2410 lagr = 2220 2220 latr= 4700 4700

;= 34641  346.41 = 346.41  346.41 (= 115.47  115.47

Ay = 6.96 6.96 = 6.41 6.41 = 40.70  40.70

etz = 0.12596 0.12596 2= 0.11603  0.11603 2= 0.73695 0.73695
= 0.49923 049923 k= 0.49753  0.49753 k= 0.79339 0.79339
= 1.01801 1.01801 = 1.01901 1.01901 = 091971 0.91971

Om,orit = 343139 343139 Omemt=  3725.068 3725.068 O ceit = 586.5  586.5

= 0.14784 0.14784 = 0.14189 0.14189 = 0.35760 0.35760
= 1 = 1 = &

i = 54,00 Nfmm? L —— 54.00 N/mm? | - 56.16 N/mm?

fed= 35.64 N/mm’ fopa= 35.64 N/mm’ fe0d= 35.64 N/mm?

uU.c. 0.02 OK U.C. 0.03 OK u.C. 0.59 OK

Shear Shear Shear

Vaz= 74.8 kN Viz= 102.2 kN Viz= 47 kN

Vay = 507.1 kN Vgy= 62.3 kN Viy= 02 kN

o= 0.16 Nlmm” Tea= 0.21 Nimm’ Tea= 0.03 Nimm”

Tyd= 1.06 N/mm’ Ty4= 0.13 Nimm? Ty 0.00 N/mm?

fyo0= 3.24 Nfmm? fuoa= 3.24 N/mm? fu0d= 3.24 N/mm?

u.C. 0.11 OK u.c. 0.01 OK u.c. 0.00 OK

Torsion Torsion Torsion

M;= 65.51 M, = 329.82 M; = 0

Kshape = 115 Kshape = 115 Kshape = 115

Tior = 0.18 Nfmm” Tigr = 0.92 Nimm* Tioe = 0.00 Nfmm?

fo00= 3.24 Nfmm? fyoa= 3.24 Nfmm?® fung= 3.24 Nfmm?

u.c. 0.05 OK u.c. 0.25 OK u.c. 0.00 OK

Torsion + Shear Torsion + Shear Torsion + Shear

uU.c. 0.16 OK u.cC. 0.25 OK u.C. 0.00 OK
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D.2.3 Stress ribbons

Ribbons
e T —
h= 600 mm
b= 400 mm Stability Mz My
A = 2.40E+05 mml Omd = 0.28 32.42
IV = 7.20E+09 mmd Ocod= 0.0 0.0
I,=3.206409 mm® Bo= ek Hx
s = 2500 2500
Iy = 7.42E+09  mm® )
4 = 173.21  115.47
S, 2 2MRa oo A= 1443 2165
5z= 3.60E+07 mm’ Nz = 0.26133 0.39199
W, = 1L.60E+07  mm® = 0.53221 0.58143
W, = 2406407  mm> ko= 1.00417 0.98927
WS Zziar i Ome=  1380.508 1380.508
M = 0.23308 0.23308
kh = 1.00
knm= 1.00 Kea = 3
Compression + Bending fmoa= 54.00 N/mm?
Nc= 0 kN feo.a= 35.64 N/mm?
E= %3 :: u.c. 0.36 OK
= 778.0
oc= 0.0 Nimm? S
One = 0.28 Nimm? 0.28 Vo= 65.3 kN
Ty = 32.42 Nimm? 32.42 Vg = 0.7 kN
fega= 35.64 Nfmm? . 0.87 Nimm?
froa= 54,00 N/mm? Tya= 0.01 Nimm?
L7, S OcOfOne fiwa= 3.24 Nfmm?
uc 0.06 OK
TaGEREEdEnRE $Z3Z090909092 || 2 [t
Nr= 498 kN Torsion
M, = 4.5 KNm B 0.89
= 778.0 kNm ki = 1.3
or= 2.1 Nimm? Tie = 0.04 N'mm?
One= 0.28 Nimm? 0.28 fuoa= 3.24 N/mm?
Oy = 32.42 Nimm? 32.42 u.c. 0.01 OK
figu= 43.20 N/mm? | [T
finaa= 54.00 N/mm? Torsion + Shear
uc. 0.65 0K uc. 0.07I0C







FEM Results

The 25% top values of the resulting internal forces are visually presented at their occurring locations
with accompanying value. This will be done per element group for normal force (N), shear force (V),
and moment (M). As mentioned, the rings consists of 288 elements per element group and as many
resulting values are calculated by the FEM program. The ribbons consists of 1440 elements in total
and as many resulting values are calculated by the FEM program. The figures shown below can hence
be interpreted on the amount of resulting values are presented near their occurring location in the
element group for the 25% top values. Many values means that the calculated unity checks can be
seen as normative for the entire element group. Few values means that the maximum unity check is
only valid for localised effects. This insight will help answering the main research question and pinpoint
the optimisation options for a next design phase.
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146 E. FEM Results

Outer curve [OutTruss]

(a) Highest moment forces; max= 2898 kNm

(c) Highest shear forces; max= 717 kN

Figure E.1: 25% upper values in the element group Out curve [OutTruss]
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Inner curve bottom [OutTruss]

24,
2420kNm
2 85kNm

2083kNm

2126kNr

(c) Highest shear forces; max= 1328 kN

Figure E.2: 25% upper values in the element group In curve bottom [OutTruss]
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Inner curve top [OutTruss]

1767kNm

1766KN:

(c) Highest shear forces; max= 629 kN

Figure E.3: 25% upper values in the element group In curve top [OutTruss]
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Diagonals [OutTruss]

(b) Highest normal forces in the vertical diagonals; max= -5347 kN, and 4115 kN

(c) Highest normal forces; max= -1346 kN
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Inner curve [InTruss]

(a) Highest moment forces; max= 2369 kNm

(b) Highest normal forces; max= 24949 kN

(c) Highest shear forces; max= 513 kN

Figure E.5: 25% upper values in the element group In curve [InTruss]
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Outer curve [InTruss]

(a) Highest moment forces; max= 2838 kNm

(b) Highest normal forces; max= 22224 kN

(c) Highest shear forces; max= 517 kN

Figure E.6: 25% upper values in the element group Out curve [InTruss]
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Diagonals [InTruss]
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(a) Highest normal forces; max=-3113 kN, and 3165 kN
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Stress Ribbons

BkNmnnnnnn

\\\\mmu/////

(b) max moment = 778 kNm

Figure E.8: 25% upper values in the element group Stress ribbons - Moment forces
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(b) max normal force = 2294 kN

Figure E.9: 25% upper values in the element group Stress ribbons - Normal forces
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(a) Highest shear forces

(b) max shear force = 65 kN

Figure E.10: 25% upper values in the element group Stress ribbons - Shear forces






Connection calculations

Connection: Out Truss - Ribbon and Ribbon - In Truss
Dimensions
Out Truss h= 1200  mm

b= 1200 mm
Stress ribbon h= 600 mm

b= 400 mm

= 15 ®

Screws SFS Intec
Glued-in rods GSA
Maximum loaded ribbon
Design tension force Nt,d= 2295 kN
Design shear force Vd= 7 kM
Check load carrying capacity screws connection
Steel plate to In curve top [Outer truss]
Screw - WR-T-13 of carbon steel
Nominal diameter of screw dy= 13 mm
Nominal diameter of head dp= 22 mm
length of screw 1= 400 mm
effective length of screw leg= 380 mm
density of timber pi= 590  kg/m®
number of screws n=
thickness steel plate 1 10 mm
thickness loaded timber inshear ti= lef mm
k4er permanent for service dass 2 Kgep = 0.8
Kmed short-term for service dass 2 Kmioz = 0.9

Yor = 1.25

Yuz = 1.3
characteristic yield moment My e 84600 Nmm
characteristic head pull-through capacity Thesdr = 12.00  Nfmm?
characteristic tensile strength fastener fuk= 600 Nx"mm2
Withdrawal parameter fa ko= 12.9  Nfmm?
Tensile load-carrying capacity flens k= 58.4 kN




162 F. Connection calculations

Check capacity screws
Check:
‘Withdrawal resistance of screw

Pull-through resistance of a screw
Tensile load-carrying capacdity
Group effect

Axially loaded screws
Characteristic withdrawal capacity per screw
Faomk = (Faox *d * o) /(1.2 * cos®a +sin®a) * (ps. / 350)%% = 80642.241 N
Faxara = Facark * Kmod / Yan 58062.413 N
Net = Mg *1000 / Fax s ra 39.5

Pull-through resistance of a screw
Pull-through of the head is prevented by the steel plate and is thus not relevant.

Tensile load-carrying capacity

Frrx= frens i = 58400 N

Frrd = Frax ® Kmoa / Yul = 42048 N
Ngs = My g *1000 / Fypy = 54.6
n = ngf for a staggered configuration, = 56

at least 1d perpendicular to the grain to each other

Minimum spacing and edge distance
al=5*d = 65 mm
a2=5*d i 65 mm

Check load carrying glued-in rod connection
steel plate to ribbon
Glued-in rods GSA

diameter of fastener d= 16 mm
density of timber p= 730 kg/m?
number of rods n=

thickness steel plate T 10 mm
effective cross-section steel rod Agr= 2011 mm?
length of the glued-in rod lag = 800 mm
design strength of the bond line fr1d= 23 N/mm?
design yield strength fastener fya= 355 N/mm?
Design tensile strength of timber tioa= 43.2 N/mm?

Check tension strength (parallel to grain)
Tensile strength steel
FaxRd = Asi * iy = 71376.985 N

Shear strength bond line
Faxra=T0*d *lag * ficr 0 = 92488.488 N

Block shear failure
Block shear failure is prevented by a lower resistance of the steel rods than the bond line

Nei = Ny g ® 1000 / Fax rg = 322
n = ng for a steel yield failure = 34

Minimum spacing and edge distance

az=35%d = 56 mm
32.= 175 %d = 238 mm
Nmax = Due to limited cross section of ribbons = 70

Thus OK
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Connection: Ribbon - Ribbon
Dimensions
Stress ribbon h= 400 mm
b= 200 mm
Stress ribbon h= 400 mm
b= 200 mm
self-drilling dowels SFS Intec
Maximum loaded ribbon
Design tension force Nt,d= 2240 kN
Design shear force Vd= 6 kN
Check load carrying capacity dowel connection
Dowels 5235 WS-T-7
nominal diameter of dowel d= 7 mm
length of dowel I= 153 mm
density of timber pr= 730 kg/m®
number of dowels n=
thickness steel plate t= 5 mm
number of steel plates n.= 6
thickness loaded timber in shear ti= 41 mm
k4= permanent for service class 2 Kdef = 0.8
kmeg short-term for service class 2 Kmod = 0.9
Vi = 1.25
characteristic tensile strength fastener fur= 360 N/mm?
embedment strength reduction parallel to grain (70%) n= 0.7
Check capacity dowels
Characteristic latteral capacity per dowel
My rx = 0.3 *f,, *d*® = 17009 Nmm
fhok= (0.082 * (1-0.01*d)*ps) *n = 390 N/mm?
Furki1= frxtti*d = 111841 N
Fumxz= fratted * (V{24 (4*My m / (Frx*d=t))-1) R 52088 N
Furks= 2.3 V(M picFri™d) = 4954.2 N
The governing failure mode is two plastic hinges per shear plane. = Fuvrk3
Fvpd= shear planes * failure mode =12 * F, gy 3 *kmoa / Y1t = 42804.44 N
Reinforcement to eliminate splitting risk of is used (VG screws)
Thusngs=n
Dowels drilled from two sides two make use of six steel plates
n= 2*(Nyq *1000 / Fyrq) = 104.7
= 112
Minimum spacing and edge distance
al= spacing paraliel = 50 mm
a2 = spacing perpendicular = 20 mm
a3t = end parallel = 80 mm
ad,c= end perpendicular = 20 mm




