GRADI

. DSTRUCTURES

DENISE JONKER

The design of a grid shell that uses gradual densification
to enhance the performance of the overall structure.



PROBLEM

STATEMENT

» CONSTRUCTION
Is one of the least
sustainable industries
in the world

Y SMARTEST STRUCTURE?

» BONE STRUCTURE
A bone adds material
where needed and
removes material where
it 1s not needed

obal Material
Resources



GRADED

STRUCTURE

> FROM BONE TO BUILDING
Graded structures

» TRADITIONAL STRUCTURES
The densification of
these structures
happens not gradually,
but incrementally

» GRADED STRUCTURES
Voronol and Delaunay
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VORONOI EXPLANATION

BEvgsyopoindiwgthmn this
ceddistesogtosend cdllis
genératgenepatiaes point
than to any other
generation point




VORONOI EXPLANATION

Every point within this
cell lies closer to this
cell’s generation point
than to any other
generation point




VORONOI EXPLANATION

Every point whihidiekisn
cetlofiebeceteddr to this
benihdargeserationnpennt
equaltdistancehén the

generation points of the
neighbouring cells




VORONOI EXPLANATION

Every point that lies on
one of the cell
boundaries lies on an
equal distance to the
generation points of the
neighbouring cells




VORONOI EXPLANATION

EherPepaunaytdasgrtamscan
beedodwhhbycedinecting

bbandenéeationspoanks of
equghbdistagceeldstivéth a
génerghiohipeints of the
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VORONOI V5
DELAUNAY

+ Simple connections + Triangles are the strongest
Complies to optical rules structural shape
Suits the desired -
bonestructure look
Polygons are not the strongest
shape

Does not comply to optical rules
[l More complex connections

Additional notes:
1. Needs stiff connections



HOW TO GENERATE
A GRADED VORONOI

Adding or Subtracting Poin€srcle Packing based on Mathematical
Theorems

Relaxation techniques Remeshing Techniqgues
Force-driven Circle Packing Combination of
Techniques




HOW TO GENERATE
A GRADED VORONOI

loyd’s
Algorith




HOW TO GENERATE
A GRADED VORONOI
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HOW TO GENERATE
A GRADED VORONOI




HOW TO GENERATE
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HOW TO GENERATE
A GRADED VORONOI

Smart
Circle
Packing
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LLOYDS' S

ALGORITHM Points on the lighter parts

of the image map are
removed. The lighter the
area the more likely a point




LLOYDS’ S
ALGORI THM PhéntsaoMorhaolightgenpaated

béstdeonmage mepaane&ng
pemotsd. The lighter the
area the more likely a point
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LLOYDS' S
ALGORITHM For every cell the center of

mass 1is calculated.

ITERATION 1



LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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ITERATION 3



LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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ITERATION 3



LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple

times.
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LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple
times.

ITERATION 4



LLOYDS'" S
ALGORITHMWith these points a new

Voronoi is generated. This
can be repeated multiple
times.

ITERATION 10



SPRING FORCE
SYST circles overlap they
o

ush each other away, when
there is a distance between
two circles they attract

ea
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SPRING FORCE

will start

the circles
repelling and attracting
each other

SYST




SPRING FORCE

SYSTEM the céncdepoiuntd sfathe

cepelésngrendsaedttacgengrate
ea¥brohberdiagram




SPRING FORCE
SYSTEM the centerpoints of the

ClrCles are used to generate
a Voronoi diagram




SMART CIRCLE

Four methods are used to
PACK m%ﬁs}héeddgd@éeﬂ)gnlgihgi S

crdgnifedibpsthaghrdeaiyang
smEggmagppBhatwhndeuseéhethe
imBEdgh Bhéephergerabhbée edges
de¥aedegkefheéftengeéhpoints of
the triangles.




SMART CIRCLE

Four methods are used to

I?Z\(:I( the edge lengths:

dge Collapse
- Edge Split
- Edge Flip
- Vertex Shift

< A KO

Edge Edge Split Edge Flip Vertex Shift
Colla se
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SMART CIRCLE
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PACKIN

a Ina

rtex shift is based on
g%ematical theorem that
ensures the circles that
have the corners of the
triangles as centerpoints
(white dotted circles) are

E8q§5&qg45%thﬁther.

The condition of the edges can be derived as follows:

Lij = Ri + R] and ij = R] + Rk and Lil = Ri a4F Rl and
Lkl = Rk + Rl
This means that:
Lij+Lkl= Ri+Rj+Rk+Rl and ij+Lil= R]+Rk+

R; + R,

Or in other words:

Lij+ Ly = Lijx + L



SMART CIRCLE
PACKING
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SMART CIRCLE
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SMART CIRCLE

PACKING
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SMART CIRCLE

PACKING




PACKING

SMART CIRCLE
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SMART CIRCLE

PACKING
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SMART CIRCLE
PACKING. "l %

generate the final Voronoi

diagram
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SMART CIRCLE




CASESTUDY
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ABSTRACT
TO CONCRETE

» ABSTRACT GRID OF LINES
Needs to be
transformed to an
actual manufacturable

structure
>> MATERIALS?

» STRUCTURAL ANALYSIS
Effect of opening
sizes?

Can 1t be built?
Detailing?




MATERIALS &

DETAILING

WOOD

Renewable
Lowest CO? emmission
Light Weight
Low Young’s Modulus
Low Yield Strength
Susceptible to
funghi, insects,
weathering, fire and
natural defects
High Maintenance

OO

vy
7

Low Maintenance
Corrosion resistant
(stalnless steels)
High Yield Strength
High Young’s Modulus
Very high CO?
emmission
Heavy

Corrosion resistant
Very High Yield
Strength

[l Medium Young’s
Modulus

[l Very Light Weight

= Medium high CO?

emmission

'] Expensive (especially
CFRP)

+ Very Low Maintenance
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1 Polymer component
2 Adhesive

3 Splice plate both sides
4 Splice plate on one side
5 Channel section
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ABSTRACT
TO CONCRETE

> DESIRED LOOK
Looking for a
bonestructure like
look
» MATERIAL?
Fibre Reinforced
Plastic
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STRUCTURAL TESTING

Largest Openings
5 6 7 8 9 10 11 12
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836 8um
om on
Range 2to 8 Range &4 to 8
Max. Displacement: 8 26m Max. Displacement B 10m
Utilization: -35.6% to 38 7% Utilization -34 6% ta 38 B%
Mass: Z.0e® Mass: 2.0e®
Nodal Displacement: 2.2Bcm Nodal Displacement 240 cm Results of all optj_ons in a table and a
bar graph
~—t 14
12
0
&
1082 =
4
2
on
+ 0
Range 4 to 10 Range: 6 fo 10
Max Displacement: 10.99m Max Displacement 10 BZm la,- < 7' 5\09‘
S 3 3 s 90:; ~ oy s ma\\‘
Ufibzation: -471% to 516% Utihzation -516% to 535% OD‘% e et Tl
Mass: 7 0e® Mass: Z.02% ¥ v A
Nodal Displacement: & .33 cm Nodal Displacement L 38 cm

Max. Displacement






COMPARISON

TRADITIONAL

Total member length: 25.658m Total member length: 25.735m
Total mass: 8.6e’ Total mass: 8.6e7

Loadcase 1- 7.10m Loadcase 1: 3.62m

Loadcase 2: 6.76m Loadcase 2: 3.59m

Loadcase 3: 6,.86m Loadcase 3: 3.54m

Loadcase 4: 6.83m Loadcase 4: 3.48m

Loadcase 5: 6.27m Loadcase 5: 3.24m

Max. Relative Displacement: 0.83m

Max. Relative Displacement: 0.38m
Utilization: -38.2% tot 36.9% Utilization: -28.4% tok 17.2%

R o = e SO
U UU T T ——




STRUCTURAL

OPTIMIZATION

}




STRUCTURAL

OPTIMIZATION

—1




STRUCTURAL

Relative Deflection : 0.B2 m
Mass Polymer: 8.07e kg

Mass Foam: 1.71e’ kg
Cost: 325.5 million

For the opfimized solutfion:

Relative Deflection: 0.75 m
Mass Polymer: 4.36e” kg
Mass Foam: 9.89e* kg

Cost: 180 million

The optimized solution meets the requirement of a
maximum allowed relafive deflection of 80cm,

68



DETAILING &

PRODUCTION

» WATERFLOW >» THERMAL EXPANSY}ONODAL DISPLACEMENT
Rainwater analysis




PRODUCTION

OF A
PANFET. - -

Step 5
Step 1 Add final layers of woven fabric to the Vacuum injection ; y
Al the foam blocks will be milled into clement, | ) st Iayars-of fiber ace:addedonfo

the desired shape
B ‘|IIIIII, ‘lIIIIl' ‘llIIIll

The foam blocks of one ‘member’ are
stacked fogether with layers of woven
E-glass fabric in between.

Step 6

Aluminium members are embedded info
the upper layer of fibers. Fibers are
pulled throught the perforates parts

Step 8 Step 10

Screw covers onta the opening covers
and clench the fibers in between. To
ensure they stay dry during the vacuum
injection process.

Once the resin is cured the resulling
element has to be sanded and polished
to get rid of any imperfections fhat
were created during the wvacuum
injection process

of the aluminium.
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AIM OF THE RESEARCH

The aim of the research 1s to take a step forwards in
limiting the impact of the construction and energy use
of buildings on the global environment by developing a
workflow that integrates the results from performance

analyses with the structural design. ”
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» MAIN QUESTION

How to design a grid shell for the canopy of a stadium that uses performance
based densification to enhance the performance of the structure?

RESEARCH QUESTIONS

76



RESEARCH

DWTERIALS ARE USED
> HON GANDTHEELBREHED BE
EPROCEDREOBEHEEREBRTED of

BEBHY?0N AN “UNDERLYING
PEBE_D@Q@%% em Egpes exis

pepforprpeerhasednshaBastes
5§ﬁﬁ§%3§%§@§§%?8§§§ﬁée@a@ko
Eééﬁgc?lon £yp eCEiVSst

Ogl%mﬁfe %o the task?

HabED "
>> WH’élffﬁ éﬁforman@
STmnge EXIST24 in one

pelWfietmaneetihepadvantages and
diBewvantahesabstthesegrid of
difi¢erefittkendsadédgsadadture
stanstatred?to an actual
stWhaechreffoheskegradedy 27
structures is most suitable



FINAL CONCLUSIONS

MAIN QUESTION

How to design a grid shell for the canopy of a stadium that uses performance
based densification to enhance the performance of the structure?

» MATERIALS » GENERATION OF GEOMETRY
- Wood is most sustainable, however - Smart circle packing proved to be the
structurally the weakest and most most suitable method of generating a
il and has the hlighest maintenance graded vVorongi.
%%%é.&§¥”9%¥$r%§%%%51v2 H”d5”“ﬂ¥$8W§h9H user to set min. and max.
- Steel and GFRP are SE?§H% ana . forg@ﬁ%ﬁgﬁ§t9§ze npt O€ependentc on thg
relatively cheap hoose material and gradgghstructyre starling ate they i rely
- GFRP can be considered [to H¥pe of graded fast; good at andﬂ%ﬂﬁeHYfOEyﬁés D f
» 5 S HHRES- structure — > STRUCTURAL_ TFE §eyg@d@d€saructure
I-Ji@b;\fiﬁ conaneetier tufedarethe least Create pefoipighced |0 the frrst testy rarger
uitablereseaceh they eifher aflffdct areas o ings result in a smaller overall
outside the target ar as well]] defleetion—dnder deadload. According tg
- Delaunay is better f a sftructural the second test,—smaller variety in
point of view (triangle opening sizes perfgrm better than larg€
- Voronoi has: lower conrectzon .. BN s17es
complexity, results in a 1owé¥ﬂam8§£%t%% PerkwﬂkﬂﬂiZing the Bgéém@&%ng&u%%e
waste for glass panes and meetsStEHGERAE optimizatienre led tlo a redtestSon of 4[5% in
» DECAISION error detection terms of material cost.

- Based on the advantages of Voronjoi and
the desired bonestructure-like look
Voronol and GFRP were chosen
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DETAILING &

Polyesther/E-glass fiber, woven fabric, 65wt glass, biaxial lay-up, S0mm thickness
Web of the FRP component

Polyurethane foam [rigid, closed cell, 0.062)

Aluminium member with threaded holes, embedded in polyesther

Aluminium bracket with threaded end for rope access

Triple glazing 10-15-53-15-10

Cover with click system

Aluminium mullion

01
0z
03
04
05
06
07
08
09

Polyesther/E-glass fiber, woven fabric, 85wt glass, biaxial lay-up, S0mm thickness
Polyurethane foam (rigid, closed cell, 0.062)

Structural adhesive

Stainless steel member with threaded holes, embedded in palyesther

Stainless steel member with a layer of PTFE

Shainless steel member with Fwe extruding pins

Steel reinforcement anchors with threads

Sand

Tiles




STRUCTURES
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BY NATURE

> MULTIFUNCTIONAL
Nature is very good at
creating
multifunctional
structures and

> SUSFAZNABLE
Nature minimizes the
amount of necessary
material and energy

&) gt
e

> CONSTRUCTION
Is one of the least
sustainable industr%fs
in the world




GRADED

STRUCTURES

» VORONOI
the partitioning of a
plane 1in regions based
on a specific set of
generator points

>»> DELAUNAY
these diagrams are
dual to Voronoi
diagrams

» REGULAR STRUCTURES
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REGULAR

STRUCTURES

» TRADITIONAL
DENSIFICATION
— does not allow
gradual densification
but only incremental
densification
- a side effect is

that when the target
> ATTRACTQORS densified,

drpkde gbfeck ks that
wWreR e Bargetarea

is densified, other

areas are effected as
well
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GRADED

VORONOI

> PERFORMANCE ANALYSIS
image maps that are
projected on a complex

surface

» DIFFERENT GRADIENTS
Scripts needs to be
sensitive to all of
these gradients

» TEST IMAGES
Used to test the
scripts

83



LLOYD'S ALGORITHM
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SPRING FORCE SYSTEM

Test Results

Test Results (HoopSnake

“A AL
--- 2
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_E'x'
s3

e 0.5

Mi iz 0.25

Min. size 0.2
Max. size 0.5
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SMART CIRCLE PACKING

Test Resulis

A SRS
A
i RS Bl
i S s
A IR

Max. size 1.0

Min. size 0.5

Max. size 1.0

Min. size 0.4

Max. size 1.0

Min. size 0.3

Max. size 1.0

Min. size 0.2



88



CASE OPTIMIZATION

The goal 1s to optimize the canopy design for multiple
objectives in order to limit the amount of necessary
materials and energy

S ! [ 4
-O-
' 4 0 A )

» SOLAR GAINS ROOF » STRUCTURAL STRENGTH » MINIMAL SURFACE

Measured by Measured by calculating Measured by
calculating the the deflection of the calculating the
amount of received shell from the basic area of the shape
radiation of the shape of the canopy with of the canopy

roof over a year a preset thickness



RESULTS OF OPTIMIZATION =

g
¢
3
3
A
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1‘:; Figure 32: Display rd-axis,
Figure 33: Display fro the red-axis,

K

Figure 35: Display from the multi-objective optimization projected with only the pareto solutions displayed.

Figure 34: Dispk., . _

P W s, N —— S —
axis, Maximum Displacement on the light green axis.
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RESULTS OF OPTIMIZATION
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STRUCTURAL v M b

CALESULATIONS

- Load case 0: only gravity load
(reference)

- Load case 1: north western wind
load

- Load case 2: south western wind
load

Y MAX LoDEFORMATION castern wind
6?884 X 2

-"Load cagg Z:Oﬁggtﬁ 325%25518?nd
load
> LOADS

- A live load: 1.0 kN/m?
- The stadium lies within
windzone II in an urban area and
has a height of 75 meters:

- 1.37 kN/m? windload




