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" INTRODUCTION
s \:'j?_m ﬁ 4
FORM-FINDING eg
STRUCTURAL ANALYSIS -
GENERATION OF CUTTING PATTERNS
Note: the presented work follows the software N : ‘
development focused on membrane structures T
performed by cooperating companies Dlubal - =
Software s.r.o. and FEM Consulting s.r.o. The
presented examples were created in the RFEM v EnE|£

software.
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Arbitrarily deformed meshes for the same surface

Shape Analysis of Structures s
e The shape is given by the equilibrium of forces %%

and boundary conditions

A dall

n(x)' (x) f I geometry ([6] with modification)
Different Methods \ﬁ SR
e Force Density Method zi = Equilioriun, ﬁ
® Dynamic RElaxatiOD Stable and unstable equilibrium position
e Updated Reference Strategy o R/ e
e Natural Force Density Method Form finding step 2 e

e FEtc. ﬁ
Equilibrium

1M1 Iterati he form-finding pr 207 with
General Finite Element Approach ferations of theformefinding process (120 wi

e Direct solution of the shape is not possible

e Nonlinear calculation is necessary for reaching
the shape with given prestress

e Any load can be a part of the form-finding

on grpint  prext b
= +— =fﬂoS:5Ed.(20—fQOq-5dd!20=fﬂa:6edﬂ—fﬂq-6dd[220

ad dd Pneumatic prestressed and stabilized structures (+
overpressure, - low pressure) [21]




FORM-FINDING

Hypar Structure

e The isotropic prestress

e Theindependence on the
initial shape

Initial shape of the hypar membrane structure

FE mesh

4
Global deformations u

Vectors of the principal internal forces n; and n,

Global Deformations
u [mm]

Max : 748.0
Min : 0.0

7480
680.0
6120
5440
476.0
408.0
3400
2720
2040
136.0
68.0
0.0

Principal Internal Forces

1, n-2 [kN/m]

1.00

1.00

Max : 1.00
Min : 1.00
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FE mesh

¥ 3
Global deformations u

| Global Deformations

u [mm]

14934
13576
12219
1086.1
9503
8146
6788
5431
407.3
2715
1358
0.0

Max : 1493.4
Min 0.0

| Principal Intemal Forces

n-1, n-2 [kN/m]

Iu.
1.00
Max : 1.00
Min : 1.00

Vectors of the principal internal forces n; and n,

1Y
FE mesh

4
Global deformations u

Vectors of the principal internal forces n; and n,

Global Deformations

u [mm)

7480
680.0
6120
5440
4760
408.0
3400
2720
2040
1360
68.0
0.0

Max : 748.0
Min : 0.0

Principal Internal Forces
nel, n-2 [kN/m]

|1"
1.00
Max : 1.00
Min : 1.00




FORM-FINDING

Hypar Structure

e The isotropic prestress

e Theindependence on the

initial shape

e The constant orthotropic
prestress is not possible

Principal internal forces n,

Principal Internal Forces

ni [kN/m]

203
202
201
20
200
1.99
198
198
197

Initial shape

‘——c

Global deformations u

4 |
/ :' E \

Principal internal forces n,

Global Deformations

u [mm]

7826
714
6403
569.1
498.0
4268
385.7
2846
2134
1423
711
0.0

Max : 782.6
Min : 0.0

Principal Internal Forces

nz [kN/m]

1.01
1.01
1.00
0.99
099
098
097
097
0.96
0.95
095
0.94

Max : 1.01
Min : 0.94

N

i
A

/Y

i
4

/
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A

Principal Internal Forces
n-1, n-2 [kN/m]

203
193
183
173
1.63
153
143
134
124
114
1.04
0.94

Max : 2.03
Min : 0.94

f/ ,"‘ kS \\

Vectors of the principal internal forces n; and n,
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Hypar Structure
e The isotropic prestress

e The independence on the
initial shape

e The constant orthotropic
prestress is not possible

ETFE Cushion

e Prestress, overpressure and
boundary conditions
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Basic Int | Forces
rix [KN/m]

1.00

1.00

M 1.00

M 1.00

Basic internal forces n

~ g Basic Internal Forces

gy [KN/m]

J

|
|
0.01

Y 0.01

3 0.01

0.01

0.00

0.00

|
\\ &
¥

4

—t

0.00
0.00

%

0.00
0.00
0.00

& -0.01

x : 0.01
n :-0.01

\+
A

zz
o

\ i
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A

Basic internal forces n,,

+,&
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LN 0y o
&
' ; i
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|
RN
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A
e

*&

1.00
1.00
1.00
1.00
099
099
099
099
099
098
098
098

Min : 0.98

Basic internal forces n,

~ Solid Stresses

& Pressure P [Pa]
I 100250.0
100250.0
Max :  100250.0
Min : 1002500

Total pressurep = p, + p, (p,...atmospheric
pressure, p,...overpressure)
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" FORM-FINDING

Hypar Structure

e The isotropic prestress

e The independence on the
initial shape

e The constant orthotropic
prestress is not possible

ETFE Cushion

e Prestress, overpressure and
boundary conditions

Pneumatic Structure

e Combination of 1D/2D/3D
elements

Basic internal forces n_in the ETFE layers
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"FORM-FINDING

Shell Structure

e Compression, self weight
and boundary conditions

| Global Deformations
u [mm]
17058
1550.8
13857
12406
10855
9305
7754
6203
4652
3102
1551
00

Max : 1705.8
Min : 0.0

Two views of global deformations u in the form-finding

Basic Internal Forces
i [kN/m]

-3.664
-3.752
-3.839
-3.926
-4.014
-4.101
-4.189
-4.276
-4.363
-4.451
-4.538
-4.625

Max : -3.664
Min : -4.625

Basic internal forces n,

1) A

Basic internal forces n,

Initial shape of a shell

FE mesh
A ol
I1(x) dx
all
dx
X X

Stable and unstable equilibrium position

 Basic Internal Forces
ny [kh/m]

-3597
-3.689
-3782
-3874
-3.967
4059
4152
-4244
4336
4429
4521
4614

Max : -3.597
Min :-4.614




FORM-FINDING

Shell Structure

e Compression, self weight
and boundary conditions

Initial shape lof the membrane structures, the
structure with (above) and without (bellow) the
analysis of the shape of steel arches

Combined Structure

e Tension in membranes
and cables, compression
in beams

e Structure with and without
shape analysis of the beams

-15.635

= a

25517 s o

2.0
26. 15326 18441

15444 el 18875 25518

Normal forces N

25517

Global deformations u during the form-finding

|

D
mmma AV
ATATATAY, W
VAVAVAVAVAVAR YAVAVAVaravar:—

FE mesh in the initial position, the structure with
(above) and without (bellow) the analysis of the
shape of steel arches

Max : 1521.9
Min : 0.0

]

Vectors of the principal internal forces n; and n,

-

-

) a7 PV
S :

Y A

{

Shear forces V,

~ 21389 -2389

Bending moments M_



Shell Structure

e Compression, self weight “ "

and boundary conditions

Combined Structure

e Tension in membranes
and cables, compression
in beams

e Structure with and without
shape analysis of the beams

Interesting Phenomenon

e Possible existence of
different right solutions for
shape analysis of combined
structures

&

T R

Different initial shapes of the membrane structures

Global deformations u in the form-finding

FORM-FINDING puiuih. "WEm.

Global Deformations
u [mrn]

27708
2519.0
22671
20152
17633
15114
12595
10076

755.7

503.8

2519

00

Max : 2770.9
Min : 0.0
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~ STRUCTURAL ANALYSIS

Nonlinear Behavior
e Geometric nonlinearity

e Material nonlinearity

Geomatrical Nonlinearity

e The changes of the shape
have significant impact

Reference (X,€2,) and the current (x,£2)
configuration of the body

‘"‘f

©

on the structural response i
s K)

7= const.

4‘

Material Nonlinearity

e Avoiding pressures

e Different material models

4 .

/" K= const. d |}
~
>

Yoo

Methods of solving 0

e Implicit

Diagram of the Newton-Raphson iterative

e Explicit K(d)d = f(d) K(d) = Ky(d)+K,(d)
an _ anint + anext

3d ~ dd ad

method a) and its three modifications b),c),d)

Elastic, non-linear elastic, elastic-plastic
and general material models

A %
(3}
¥ t B
c
P X *
G
-
Txy
v c

Stress state: stresses in the planar axis
direction, main stresses in the main directions

([19] with modifications)

Oy Q—}
Txy

[o, S :6E Qg ~ [, q-6dd0g = [,0:8ed2~[,q 6dd2 =0



~ STRUCTURAL ANALYSIS

Hypar Structure

e Eight load cases

e Linear orthotropic material

kN
Ey = 1000.0=~, E,, = 8000 Gyy = 100,08 =,

ey = 0.10,v,, = 0.08

Ciy  Cpp Croxx Coayy Cxxxy 100806  80.65  0.00]
N
C= C22 C23 yyyy nyxy = 806.45 0.001—
sym 100.00/ ™
sym. Casrey ym. :
Load Cases | Actions | Combination Expressions | Action Combinations | Load Combi | Result Combinations | Super Combinat
Existing Load Cases LC No. Load Case Description To Solve
1 ‘ |Seliweight v/ 1 ~
| o JHex] Wind A+ General | Calculation Parameters|
= LC4 Wind B~ Action Category EN 1990 | DIN ‘
Lcs Wind B+
o= LCG Snowfull [ permanent o
s LC7 Snow 1/2 Self-Weight
o= LCB Snow 2/2 At ] l
Definition of load cases
Load Cases | Actions | Combination Expressions | Action Combinations | Load Combinations | Result Combinations | Super C:
AC No. Action Combination Description Use
3 [135G + 1500w - 0.750s ]E‘
General
S AC4 1.35G + 1.50Qs Design Siuation E£N 1990 | DIN
& ACS 1.35G + 0.90Qw + 1.50Qs -
s i |8 ULS (STR/GEO) - Permanent / ransient - Eq, 6.10
eh ACT 1.00G + 1.00Qw Actions in Action C AC3
SCH ACS 1.00G + 1.00Qw ~ 0.50Qs No. Factor Action Description Leading E v Load Cases
STH ACO 1.00G + 1.00Qs 1 1.350 Al Permanent (] 135 LC1
2 1.500 KT A2 Wind 150 LG2..LC5
——eiy e S 3 0.750 mosi A3 G % 150/ 050/ LC6..LCB

Load combinations (ULS and SLS)

C, zones definition on the hypar structure [35]

Hypar membrane

Load case LC6 (Snow full)

Load cases LC7 (Snow 1/2)
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Hypar Structure
e FEight load cases

e Linear orthotropic material

Global Deformations
u [mm}

‘ 2046

186.0

1674

148.8

130.2

& 1116

93.0

744

55.8

372

186

0.0

Max : 204.6
Min : 0.0

Basic Internal Forces
i [kN/m]

1041

970

899

828

756

6.85

6.14

543

4.72

4.01

330

259

Max : 10.41
Min : 2.59

&

Basic internal forces n_in the membrane (CO18)

Normal force N in cables and beams (CO18)

Basic Internal Forces
ny [kN/m]
412
373
335
296
\ 257
& 218
1.79
140
1.01
0.63
024
0.00

Max : 4.12
Min : 0.00

&

Basic internal forces n,, in the membrane (CO18)

¢

Principal Internal Forces

n-1, n-2 [kN/m]

1041
945
849
752
6.56
5.60
464
368
272
1.76
0.80
0.00

Max : 10.41
Min : 000

&

Vectors of main internal forces n, and n, (CO18)

Basic Internal Forces
ey [KN/m]
131
1.07
034
0.60
\ 0.36
& 012
0.12
-0.36
-0.60
-0.84
-1.08
-1.32

Max : 1.31
Min :-1.32

&

Basic internal forces n., in the membrane (CO18)




STRUCTURAL ANALYSI

Hypar Structure (-

e Eightload cases

e Linear orthotropic material

e Impact of the warp/weft
orientation

First axes orientation (Model 1)

| Global Deformations

u [mm]

2046
186.0
1674
14838
1302
1116
93.0
744
55.8
372
186
00

Max : 204.6
Min : 0.0

Global deformations u of Model 1 (CO18)

|
‘
|
/
|
| 3
/ |
]
/ ‘,’ & \

| Principal Internal Forces

ni [kN/m]

1041
9.70
8.99
828
758
6.87
6.16
545
474
404
333
262

Max : 10.41
Min : 2.62

Main internal forces n, of Model 1 (CO18)

P4 |
/ /
F \
/ |
/ [
\ /s | &

Second axes orientation (Model 2)

| Global Deformations
u [mm]

3480
3164
2847
2531
£ 2215
189.8
1582
1266
949
633
316
00

Max : 348.0
Min : 0.0

&

Global deformations u of Model 2 (CO18)

Principal Internal Forces
n1 [kh/m]

Max : 9.13
Min :2.28

Main internal forces n, of Model 2 (CO18)



Pneumatic Structure
e FEight load cases
e Linear isotropic material
e Air management

E =900.0 MPa,G = 310.0 MPa,v = 0.452

Cii Cip Ciz] [Cox  Cooy Cooy] (33918 153.18  0.00 )
N
sym. C33 sym. nyxy sym. 93.00
@ Ps oy m Pa @ OL = outer layer
1 p, N % ‘.’ ML= middle layer
) IL = inner layer
, ()
a) ! Py a) n P, 1 = volume 1
§ 2 = volume 2
48 >
pa = pressure above
AT RN n
7 P~ it i pi = internal pressure
D, n : ‘ @ py, = pressure underneath
b) Pu b) in = airinlet
out=air outlet
5 ()
ApoL = exposure of the
_ P e - outer layer OL
m = Apy = exposure of the
/ i ’E&_/i \\, middle layer ML
c) 2 "1 Py o 0\“?' c) Py Api. = exposure of the

inner layer IL

Fig. 114 — Air management of pneumatic stabilized and prestressed
cushions (on the left) and air behaviour of enclosed cushions (on the right):
a) 2-layer system, b) 3-layer system, flat middle layer (mechanically
prestressed) and c) 3-layer system, curved middle layer (pneumatically
prestressed) [21]

The FE model of the greenhouse structure (1221 1D elements, 16508 2D elements,
20172 3D elements)
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Pneumatic Structure

e Eight load cases

e Linearisotropic material

e Air management

nnnnnnnn

ggg
g 88
S SN
N O -

Bi=i=iolg

111111

Main internal forces n, in ETFE layers (1 CO2)

TR \7 \' \'{

Main internal forces n, in wooden shells (CO2) Vectors of the main internal forces n,; and n, in ETFE layers (CO2)




" GENERATION OF CUTTING PATTERNS

o
Basic Steps - - -
e Splitting the surface by cutting lines

° F“attenlng the S patlal patterns 1nto the The basis of the simple triangulation method (from the left: the spatial shape,

p‘ ane the FE mesh of the spatial model used for form-finding and structural analysis
- purposes, the modified mesh for flattening purposes, the flattened pattern) [19]

Flattening Methods

e Simple Triangulation Method

e Mathematical Squashing by Least
Square Approach

F(x,y) = %vTPv — min.

The flattening process ([20] with modifications)

e Physical Squashing by Least Square
Approach

1 .
F(x,y) = F(xyp) = EIQZD(UsDezb + Upre) t (03ps2p + Jpre)dQZD —— min.

e Physical Squashing with Energy

Minimization
oIl anint B(th_) D_l_Hint)
ad _ ad : ;d = !239(53’3—*213 + Spre) : 0E3pop didzp =

f.QZD(U3D—>2D + Upre) t0esp_,op didyp =0



Construction Requirements
e Same lengths of the lines for welding
e Specific compensation for boundary lines

COmpeIlsatiOIl The flattening process ([20] with modifications)

Bhr

ALz = Ls — Leg
ALy = L7 — Lsg

e According can be a part of the flattenging

process
The influence of material on flattening

e Different materials can be taken into ALy =i~ Ls

o =Lz — L,

account fOI' the FEM ﬂattenlng Ensurmg the same lengths of the boundary lines of the
adjacent patterns ([20] with modifications)
/\\ /\ /\ /\ /\ //\/V\/\/\
L anna —
A HiSaee
L T w—

Biaxial test: load history [35] Biaxial test: measured strains [35]
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" GENERATION OF CUTTING PATTERNS

Hypar Structure

e Different cutting lines

Using different cutting lines to split the membrane, arbitrary lines (left), geodesic lines (right top) and
planar sections (right bellow)

Resulting patterns using the arbitrary lines (top),
geodesic lines (middle) and planar sections (bellow)



- GENERATION OF CUTTING PATTERNS

Hypar Structure
e Different cutting lines

ETFE Cushion

e Three cases of the same cushion
e Patternsevaluation
e Specified material

E =900.0 MPa,G = 310.0 MPa,v = 0.452

G 11 C 12 C 13 Cxxxx Cxxyy Cxxxy
C= Crz 3| = =
S

' C
ym. Cs3

Spatial patterns (3D) with the information that the mathematical
squashing was performed

339.18 153.18  0.00
339.18 0,00 Y

yyyy  Ryyxy| = -
sym. 93.00

sym. Cryxy

A A
Lo\
N
VAR

Flattened (2D) patterns with the information that the
distortion energy minimization was performed



GENERATION OF CUTTING PATTERNS

f,_

Strains €_in 2D patterns caused by flattening (displayed

Strains
®sd

on spatial

(3D) patterns for having compact model of all patterns)

Strains &, in 2D patterns caused by flattening

~

Strains &, in 2D patterns caused by flattening

Strains
vl

Max : 0.05205
Min : -0.02261

Strains
Ty [

= R
N

s

z

Spatial patterns (3D) with the information that the mathematical

squashing was performed

A\

Flattened (2D) patterns with the information that the
distortion energy minimization was performed



GENERATION OF CUTTING PATTERNS

002730
0.02279
0.01827
0.01375

Max : 0.02730
Min : -0.02239

Strains €_in 2D patterns caused by flattening (displayed on spatial
(3D) patterns for having compact model of all patterns)

Strains &, in 2D patterns caused by flattening

Strains &, in 2D patterns caused by flattening

Strains
syl

Max : 0.05205 |
Min : -0.02261

gl

Strains
ey [

0.06247
005111
003875
0.02839
001703
0.00567
-0.00569
001705
-0.02840
-0.03976

-0.05112
-0.06248

Max : 0.06247
Min : -0.06248

Max : 0.06192
Min : -0.00834

Max : 0.00152
Min : -0.02802

| Strains

Epsis Eps2+[]
006192
0.05375
004557
0.03739
002922
0.02104
001287
0.00469
-0.00349
-0.01166
-0.01984
-0.02802

Max : 0.06192
Min : -0.02802

Vectors of strains g; and &, in 2D patterns caused by flattening

Fl

8

T



GENERATION OF CUTTING PATTERNS

Hypar Structure \ Q‘“ L

e Different cutting lines

ETFE Cushion 4 |

e Three cases of the same cushion Membrane structure
e Patterns evaluation
e Specified material

Membrane structure

e Ensulign of construction requirements

FE mesh of the membrane structure

|

1

Spatial patterns with the information that the mathematical squashing Spatial patterns with the information that the distortion energy minimization
was performed was performed
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