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Chapter 6

Parametric Models (cell-like grid)

This chapter starts to implement parametric desitategy, to design and optimize the cell-like grid
structure for Shanghai Natural History Museum (SNHThe first step is building the three dimensional
computer models (by configuration of parametersyliich all unique structural elements are described
These models will be analysis and evaluated tooegm@n ‘optimal’ structure.

This chapter will give description for several pagdric models of the cellular wall.

Models can be summarized by categories:
- Structured grid models
- Modified structured grid models
- Unstructured grid models

For each model, description and discussion include:
- The architectural geometry theory
- Strategies and parameters (Variables)
- Implementation of the geometry generation tools
- Advantages and disadvantages
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6.1 Surface generation

As described in Chapter 3.2.2, the surface of élielar wall is a single curved surface (developablt

can be generated as Ruled / Lofted BSpindeSurfaGenerativeComponents. The design of the building
shape and floor plan was provided in AutoCAD drayinhhe file (.dwg) format is supported in
Rhinocero$and to get the construction information of theefferm curves [from floor plans].

1. Analysis the boundary curves in Rhinoceros andevaipoint file (.txt) of the control points to
construct the free form Curves; When write coortfinaf the control points to the point file, all
the points should be listed by sequence — in oreetilbn along the curves, this is important for
building up a correct BSpindeCurve.

J basic_inner_controlpt.txt - ... - [0/Ed

File Edit Format View Hep
15.77999999999997, 32,98, 0

18. 5338066506970, 37. 24446328745317, 0
23.01286757778428,46. 61470657004392, 0
22.57751370069616, 62. 4895908010252, 0
12.07558134077658, 75. 274 76810599818, 0
-4, 46883011676008, 75.40261360332021, 0
-17.074034737808309,65. 72876106371 516, 0
-23.74886463537007, 51,672
-25.34644033719798, 36. 26680684066579, 0
-21.57673621824915, 21, 214 55924030603, 0
-12. 1500800506826, 8.351572419480556, 0
-4, 570039271840074,2. 247231569001466, 0
0,0,0

45828067971, 0

"

Fig. 6.1 the control points of the boundary curile) and point file (right)

2. Import the point file (.txt) to GenerativeComponretd rebuild the boundary curves
[BSpindeCurve.bypoles] and generate the wall serfBSpindeSurface.LoftCurve];

Fig. 6.2 geometry details of the boundary curvef)(nd the wall surface (right)

Unfolded curve (2d) shows the calculation of thpempcurve:Z = 15+L*(18/118) [L<=118m)] or 33 [L>118m]

Z (height) Upper boundary curve

Projected curve

_—>
0 118 162 L (length)

6 3D NURBS modeling program Rhinoceros [McNeel, 2005]

The possibilities for sculptural modeling with this software package are extensive. But for parametric associative
structural modeling, Rhinoceros is no very suited. Rhinoceros is not equipped with user friendly interfaces that enable
the structural engineer to model the structural design intend, instead of just drawing. A feature in Rhinoceros that
might enable skilled programmers to develop a structural design in a parametric associative way is RhinoScript, which
is based on Microsoft’s VBScript language. For the design stage of modeling the structural geometry, the parametric
associative software package GenerativeComponents [Aish, 2005] offers many advantages over scripting the
structural geometry with Rhinoceros.
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[Surface information for Assembling]

Technical Value of the structure is also an impdrtaiterion for evaluation of a structure, angimainly
depended on the assembling/construction solutiba.structural topology of an irregular cell-liketjean is
complex, it requires carefully coding and coordimgievery single elements for assembling.

A proposal solution is to build up frameworks ating to the geometry of the all surface, as tempora
props. Individual Elements (RHS steel tube andsjpinill be supported on a network of temporary [grop
and welded together first. After that, these langéded segments can be positioned on site and diélde
situ to finish the construction. By doing this, dmsembly process — especially the welding workhveil
much easier.

- Divide the wall surface into pieces

- Generate geometric information for the pieces/sedsnef the surface

Fig. 6.3 According to the curvature and the lonalination (vertically) of this wall, the
whole surface can be divided into 3 main partst P&rll have no inclination, thus they
are surfaces on cylinder coordinate; and Partdldeward inclination. Surface
subdivision can be executed separately in threztparts.

T

P
AN

Discrete the subdivided surface into vertical/homntal strips (u,v) — surface information can beaged
and write to output files [Excel/Text documentgpairing for frameworks (temporary props).

LT

W

ANRARANANY

Kk;\\

Fig. 6.4 Example of surface subdivision and segrgenteration

The previously described process have developeseddrm surface which is almost ready to used for
generating structural geometry in GenerativeComptné&Vhat is missing is a (point) grid on which the
structural elements can be allocated. The follovgags will focus on generating a suited structgral,
and building up the structural elements for the gtructure.

Basic on the literature study for grid generatiechinology in Chapter3.1, the grid models for callwiall
can be described in 3 categories: structured godeai) modified structured grid model, and unstrrexdu

grid model. The grid generation algorithm, impletagion and grid property will be described for each
category.



96

6.2 Structured grid model

Structured grids

“A mesh is considered to be a structured gridéfltical organization of the
grid points and the form of the grid cells do nepdnd on their position but
are defined by a general rule. The connectivitthefgrid is implicitly taken

into account. — Liseikin, 1999”

Introduction

The grid points were organized and listed in a Bayaby sequence to create
a rule for structured grid. Changing the positibmioy grid point, the
connectivity of the grid won't be changed. Only tired cell will deform
(cell-shape changed). Thus, the main design vaablthe structure grid
model are: the average grid size and the scalenafomness, which is
defined by the range of the grid point's movement.

Purpose

Taking the advantages of structured grids - eagppdement and good efficiency (accuracy), the main
purpose to create the structured grid model wasite a parametric model which can be easily haraied
quickly implemented.

Generated by organized grid points and simple rtif@sresulting structured grid models can be mediif
by changing size, and the margin of randomnesgyetan irregular appearance. With this modelrese
of grid sizes can be tested to provide recommendtgts for the cellular wall structure.

6.2.1 Generate grid points

The starting point of the structured grid model wagenerate regular triangle grids; modeling steps
1. Define graph variable L as grid-size
2. Create cutting curves along surface

The distances between different cutting curves wefamed by L
(grid-size); but in order to divide the surface alfyuinto several
horizontal regions, this pre-defined grid-size wased to round up
the number of division, and a new size was recatedt

int n = pt[pt.Count].Z/L; /Il the surface height/pre-defined grid size
/I signing double value into int, to round it up
doublenewsize = pt[pt.Count].Z/n;  // calculate new grid size for cutting curve

3. Generate points on each cutting curve

The same calculation was implemented to round emtimber of
division; In general, there will be a offset (=es12) of the grid points
between the ever and odd cutting curves; Howewe td the incline
angle of the wall surface, the ‘elongation’ of theting curves should
be taken into account; The implemented solution twastroduce a
increment according to the height of the cuttingreu

doubleincrement = (Outercurve.Length- Innercurve.Lergth).EndPoint.Z/33;
/I total increment of each cutting-curve (cur)
pt[j].ByDistanceAlongCurve(cur, j*size + incremeiitt));
/1 pt[j] (j=0~n) will slightly move by ‘incremeriyn’
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Grid points generated along each cutting curve weganized in number, as preparation for structgredi
generation. Extra grid points were also general@agethe upper boundary curve, which were uselltonfi
the edge — continue the grids to the boundary. Metails will be described in the following sectien
solution for the edge.

4. Create triangle grid (structured)

Triangular grid was generated as ‘intermediated ¢pi create hexagon patterns. This triangular gad a
structured grid, and the hexagonal grid was depgndat.

6.2.2 Define new feature

For structured grids, hexagonal pattern can alsgelnerated by scripting. However, to directly defin
hexagonal grids requires for more organized gridtsq6 vertices in each hexagon) and the topoisgy
more complex. The implemented solution was to @efiew features, hexagonal in-pack to triangle grid,
modify the grids from triangles to hexagons, toifg the topology. Another advantage is that the
hexagon elements are built on the triangle surftes, are all in-plane. This is an important paitien the
structural grid is designed to integrate glassdaca

3 features were defined to generate hexagon paRéohl, Pto2H, and Ptohalf_H (from Points to Hexggo
In which, feature Pto2H, and Ptohalf_H were usecbimplete the grid near the boundaries. (Note: the
vertices must be selected in sequence, excepediteré ‘PtoH’ — there is no influence caused byloam
connect vertices because of the multi-symmetry.)

Vertices [0]
Vertices [0] D Vertices [0] Vertices [2]

i 17
,,,,,,,,,,,,,,, .—
P

Vertices [2]

. Vertices 2]
A A
Vertices [1] * Vertices[1] " Vertices[1]
[Feature Name] 1. PtoH 2.Pto2H 3.Ptohalf_H

fili+1] ‘Q’&
do__ [i+1]+1] OO0 4!"{ %
1 25 il

In-plane ! RSy = )i w't

- - WA \4"

L I

.;«’

(i1

Fig. 6.5 new features and the application in waiface



98

6.2.3 Solution for the edge

As described in Chapter3.1, when structured gnidsapplied, it is difficult to handle complex shaper to
preserve the structured nature of grid when daiegligrid refinement. In the specific case of thutar
wall, surface geometry is relatively simple, bug siope of the upper boundary also brings the prolf

local grid refinement:

Fig. 6.6 changed grid sizes at the upper edge

The objective of this section is to generate alnegsially distributed grids (with the same grid-$izEhus,
solutions for the grid generation near the uppembary should be found, to smoothly generate thelavh
grid pattern, but not to bring very notable/suddkange in local area.

Optional solution 1is to give each cutting curve a slope, graduaijimne to match the surface boundary
shape; Disadvantage is the grid-sizes will be warimlong the length, smaller in the lower edge aruk

low density in the higher edge side.
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Fig. 6.7 structured grid by iso-curves (horizontal)

Optional solution 2 is to continue the structured grids, and trim th®nupper boundary curve.
Disadvantages of this solution is that some snmadlunstructured elements will occur, which are not

favorable for structural and architectural funcgon

fi 7 7 7 f A v 7 7 7 a
\ \ 7
MY / \/ \/ o VA 1/ / \/ \ ]
+
RV YAy \ A A i V. Vi \ A 7
YA RYATAY A A A MR AR ATATA A A A |
WA ART A7 Wi N Wi AT W 7 A q
T AV AVE AW AN \ / \ / \ W / NS \ / \ / \
% i D / / \/ \/ / il R AR /Y y X / Wil 1

Fig. 6.8 trimming regular grids at upper edge
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Implemented solution

The implemented solution is to arrange/move the gaints that are closed to the upper boundary sl
generate unstructured grid locally to fill-in theumdary gaps. Processed as:
Apply an extra checking for the grid pointsf (d < grid_size/3)> project them to the upper edge
If (size/3 < d < grilze/1.5y> move downward | grid_size /3 |
In which, d = the verticabtdince of the grid point to the upper boundary
Then continue the grids to the boundary to getteebstructural pattern (better cell-sizes and hadgles).

When introduce some margin of randomness to tleepgints, the difference between the grid thateckos
the edge and the other is even more invisible.

Fig. 6.9 implemented solution for the grid near empgdge
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6.2.4 Graph Variables

The parameters that can be taken into accouneigrills #1L6_5m - GenerativeCompone... .
generation are: grid size / grid organization d gfape; e pe Tt et By D

R . . baseCsxvFlare ~ B D= H @ F[5 ¥ O
These items can be translated as graph variableshare FEHL| S8 SRS " m S
defined and controlled in GenerativeComponents: ol - IEECIE

[T}
) ) . Name /| Value Analog Value

L - The average size of the triangular grids L Igfs } 7

Corresponding size of the hexagonal gridg3s

RSc — The scale of the randomness [in %]
This variable was used to control twege of
randomness to the grid point movemath s, kvl M Ve St e
grid point was given a step size betwe@and e

RSc*L. [Random (0, RSc*L)]

Casel_ Change L (in which RSc=15%):

L=11m L=8m L=6.5m

RSc = 0 (reqular RSc = 15% RSc = 30%

Fig. 6.10 sample models generated by structuredngodel

In the structured grid model, when apply graphalgle RSc (the Scale of randomness), the grid panets
unequally distributed over the surface, this resilt

1. Large differentiations in the lengths of the stunetelements and surfaces for the facade elements
will occur, which increase the complexity of comstion technology and cost.

2. Deformed cell elements, in which some unfavoralbléah angles and cell shapes will occur. So it
is not recommended to apply large randomness gR&8l€), in case the hexagonal-cells deform too
much.

(The architectural concept design is an irreguédtgon to better represent this idea of ‘cellular’,
thus the randomness level should also be determittbch wide range of consideration.)
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6.2.5 Summary for the structured grid model

Structured grids have advantages of easy to impieared good efficiency (accuracy). The main purgose
create the structured grid model was to have anpetrec model which can be easily handled and quickl
implemented. With this model, a series of grid sizan be tested to provide recommended valuekéor t
cellular wall structure.

In addition, by create new feature to generate ti@xalements from triangulation, the hexagonakcaié
in-plane. This is quite an important point if thieustural grid is designed to integrate glass faga#d
normal hexagon is not guaranteed to be planarttentbvel of out-of-plane of the vertices (suppuagti
points for the glass panels) will influence the laggtion of glass panels.

Because the connectivity rules were simple androzgd, the structured grid model was easy to be
combined with some solutions for fabrication (Resltlee different elements, for example).

It was also used as the basic model in the mend®gil experiment — assigning different profilesssro
sections to the structural elements; instead ofyamrious cell densities in the grid structure.

One notable limitation of the model is that (logalvarious grid sizes can’t be easily introducedher grid
cells will deform too much. To implement differezgll-densities, unstructured grid model will beatssl
in the following sections.
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6.3 Modified structured grid models

Based on the structured grid model described ifidiraer section, two trivial strategies were impéted
to modify the grid, in order to improve the modei $tructural functions. This section only descatiltiee
geometry rules and model generation. Since thergadification was based on the structural anahessilt;
more information about these models was integrat€hapter 8 — Structural Analysis.

6.3.1 Inserting triangle elements

Fig.6.11 inserts triangles by cutting out vertizehexagon grid (left)
Triangle elements in irregular pattern [Water Cubeijing] (right)

[Purpose]

In one hand, all the elements in the structured gnodel were
defined as hexagons; thus the resulted grid pattert have a
very irregular shape. By inserting triangle elersentore
irregular pattern can be got, to better represenatchitectural
concept. In another, hexagon grid is not a stiffcttre;
inserting triangle elements can increase the ssfrof the
lattice structure. The inserting is based on |st#finess
requirements in the lattice structure.

Fig.6.12 new feature type of fractal hexagon (left)
The geometric stragtegy of locally doubled hexaga @ight)

[Purpose]

A simple application of fractageometry is to repeat the
geometry in a smaller scale by rules. This candsdyeachieved
by create a new feature type (Fig.6.12, left) goplyait to
selected grid elements (Fig.6.12, right).

The resulted grid has changing pattern: wheresstres needed,
where there was more intensity, the pattern waglédwup so
there was a double rhythm. The ‘doubled-up’ is Haselocal
strength requirements in the lattice structure.

’ The word "fractal" was coined by Benoit Mandelbrot in the late 1970's, but object now defined as fractal in form
have been known to artists and mathematicians for centuries.
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6.4 Unstructured grid models

“A mesh is to be considered an unstructured grithefconnection of unstructured grids
the neighboring grid nodes varies from point tonpol'he connectivity

of the grid must be explicitly described by an aygpiate data structure

procedure. — Liseikin, 1999”

4

Introduction
Coordinate list g

Structured grids lack of the flexibility and robnsss for handling nodel  x1  yl 5
domains with complicated boundaries, or the gritsaeay become to node2  x2  y2
skewed and twist. These can be noted from thetated grid model hodes %6 y6

for the cellular wall (chapter6.2).

Connectivity list
With an objective of optimize the grid pattern bé&tcellular wall, one element 1 quad 1234
design alternative was to introduce different gléhsities (locally) element2 tri 354
according to the structural requirements. Execeatapproach to sEmogd bt Gul
achieve this in structured grid is to move the gihts. But when the
positions of the grid points are changed signifiarthe grids will
deform too much, since the connectivity is basethersame rule.
For this reason, unstructured grid model was intced.

The implementation of unstructured grid model gatien included
two parts:grid points generationandmesh generation Each part
will be discussed and experimented by severakiraolutions in the
following sections:

6.4.1 Grid points generation

In this section, several experiments were donesineBativeComponents and procesSitg find a suitable
approach for adaptive point-set generation. Asifatructured grid, there was no requirement for the
organization (listed in sequence) of the grid piithe grid connectivity was implemented separdtethe
point-set by specific algorithms, as the next step.

In the case of unstructured grid model of the ¢adlwall, expectation for the point-set includes:

1. Local distances of grid points can be pre-deterchineely by designers, and the grid points
distribute according to the pre-determined distance

2. The change of the local distances (presented Ibgizek/densities in the model) in the point-set
should be as smoothly as possible;

3. The resulted distribution of the grid points sholbdsuitable for generating equilateral triangle
mesh — which can provide good angle between eadé and its neighbors to create standard
hexagonal pattern (based on triangulation) or tedimed’ Voronoi Diagram (algorithm was
described in Chapter 3.1.2), in order to void unfable grid elements.

Strategy 1: Circle packing
Apply circle packing (or sphere packing in 3D spaoecontrol the point-point distances during thénp-

set generation process: every point in the pointsdecated in the center of a circle (or spheaey the
point-point distances are defined by the radiuthefcircles (or spheres).

8 Processing [Ben Fry and Casey Reas, 2005] is an open source programming language and environment for people
who want to program images, animation, and interactions. More information: http://processing.org/
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[An Application Example] A grid generation t8ddy M.H. Toussaint
The purpose of this grid generation tool was t@t@a grid suitable for gridshell structure - dace with
elements of equal length. Steps of the Algorithm:

Fig.6.14 Intersection point located (lef¥) Sphere are created at point 5 and 4 (midég)oint 6 is created at the
intersection of the intersection curves (right)

This grid generation tool was aiming to create @ets of equal length, thus, each sphere had the sam
radius. In the following section, several circlekiag (2D) experiments will be performed, in whitie
radius of each circle was determined by the pasibibits center point in the surface range, andheac
position was given a predetermined value accorttirthe functional requirements.

The experiments are done in the programmable emvient of Processing or GenerativeComponents.
Strategies, algorithms and experimental resultsbeilprovided in detail, and the Pseudo-code vl b

provided in Appendix. To be notice, all of the 2iicke-packing experiments are for quickly test the
conceptual strategies, no implementation in anyaaesign cases.

Circle packing 1

Fig.6.15 Generation procedure

Process of the algorithm:

Create a new point on the effective circumferembed] - take the new generated point as center and its
pre-defined value as radius to draw a new cimladk] - combine the former effective circumference and
the new circle to get a new effective circumferefeereate next point on the new effective
circumference... The generation continued until tfiective circumference was completely out of the
boundaries.

°A Design Tool for Timber Gridshells, MSc Thesis by M.H. Toussaint, 2007, Structural Design Lab, Citg, TUDelft
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Point [i] circlefi]

7

Closed_curve [i-1] —  Closed_curve [i]

cur[i].UnionOfClosedCoplanarCurves({curli-1],cir[il});

Fig.6.16 Circle packingl - implementation in GenesglEomponents

A proper definition to the ‘effective circumferenaeas very important in this method. One featurkeca
‘UnionOfClosedCoplanarCurves’ in GenerativeCompdasevas introduced: it can combine several closed
curves and take the outer boundary of them to er@aiew closed curv8lue]. With help of this feature, it
was easy to build up the iteration loop. But it’tae implemented to many iteration cycles to deish

large amounts of points/curves, because of the melimitation. This backup feature predefined in
GenerativeComponents is a ‘black box’; it can'trbedified by users to solve the problem.

Circle packing 2
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oooOooDOoODOOODODODOODOOOODODOODOOaO
0ooOoODOoODOOOODODODOOOOODOODOOaO
oooooooooooooooooooooooan
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Fig.6.17 Selection and removal procedure

In this case, the rules were the same as the famathod, but an inverse procedure was implemented.
A large amount of grid points were generated aawegrid, and then a series of selection and raov
were implemented: select the first poiREe[d] and create a circle according to the same ruterised in
the previous experiment; default grid points loddteside of the circle'{ ] were deleted> select a
new point from the closest point(8I{ie] in the rest grid points and draw a new circle heBelection and
removal continued until all the default grid poimtsre deleted.

3 point-lists were defined in this method:
1. default grid[] — [Black] its items will be removed when they are locateside the generated
circles, and it will be a null list after all thelection and removal;
2. final list[] — [Red] items that have been selected from default gsidféective points will be stored
in this list, to provide the resulted point-seeafteration;
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3. closest point(s)[]- [Blue] every time when a new point is selected and eesponding circle is
created, a group of closest points (closest toéve selected point) will be updated, and the next
selection will be from this group

B circlepacking_image =) B circlepacking_image =)

Fig.6.18 Circle packing2 — implementation 1 in pssirg

In this case, each position was given the sameeVialulocal radius and the resulted grid pointsusthde

regular/ equally distributed.
The default grid points before iteration (left) dathe final points after all the selection and realdright);

(] circlepacking_image BEX] circlepacking_image = @

Fig.6.19 Circle packing2 - implementation 2 in presiag

In this case, the local distances were determiyezblor values — the final point-set distributioasv
corresponding to the color gradient. A gray imdgé#)(was used as background; color value of each
position in this image was get and signed to tkealldistance (radius). The rule between color vaha
radius can be defined freely, to get different ghahsities (right).
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Summary of circle packing strategy

The circle packing approach provided a grid poistribution that represented the required density
distribution quite well, but the algorithms wastguslow — although some recursions to organizel#te
structure have been introduced.

Another drawback was that the local distance caonecontrolled in one side of the circles — falithe
direction of the generatioffig.6.2d. Thus, the generation should start from the [Hagih large distances
(radius) to get a better result.

Fig.6.20 a sample direction of the generation dsthdce control
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Implemented solution: Attract and repel

The implemented strategy was to apply a virtuahgpsystem, by defining attract and repel actions
between the grid points. The position of each gdiht was settled down when all the grid pointshia
system was equilibrium.

nb1
Original length
oy - Repel
/ Attract
nb2 \ """"
nb3 Spring force: F =-k *AL

Fig.6.21 the rules in attract and repel strategy

Grid points were defined as ‘vector agetftsand their behaviors were determined accordiranto
established set of rules. Here all the rules wased on 3d vectors: Each point had actions andioaac
with its 3 closest neighbors. It might repel thérheir distance was smaller than a predetermiraddevor
do the opposite. The sum of the 3 forces (vectorf)e agent determines its movement. Magnitudéliseof
forces were defined as springs F = Ak*= - k*(d-dg), in which, ¢ was the predetermined value for local
distance, the same as the circle packing strategy.

[Note] Agents were defined by two categorigsints on the boundariesandpoints inside
The points on the boundarieswvere stay still; they looked for 2 closest pointsde to add forces on: the
acted points inside the boundary then moved acegdi these forces .

° ) »

\/‘ { y [Boundary]
—————— — — — -.- — — — — — — — — — —

The points insidethe boundaries kept moving until equilibrium. Tdenight be two kinds of forces acted
on each of them: one from its 3 closest neighbiossde points) and the other from the boundary tsoinif
fits the description in category 1.

Boundary checking: during the iteration and movetnaioundary checking was implemented to make

sure all the points stay within the boundariesné point went out of the boundaries, it would heg a
random place inside, and then be involved in ttetesy again.

Fig.6.22 attract and repel - implementation in pssing

10 Agents can be thought as small algorithms based on a set of rules whereby different reactions can be simulated
when encountering different situations. There are two main types of agents: dumb agent, which is the one used in this
experiment and intelligent agent. The first one behaves according the some rules and cannot adjust them, the second
one is able to learn from the environment in which is placed and infer decisions.
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Disadvantages

In this strategy, the number of grid points witttie boundary was an input value. Estimation amibfri
runs should be done to provide a suitable valuedd@igg this, situations that grid points were nubegh to
fully fill-in the area (Fig.6.23 left), or too muab represent the predetermined distances (Figrégh8—
points were pressed in tank) can be prevented.

Fig.6.23 bad situations by attract and repel sisate

Advantages

1. No need to deal with complex topology — the mathésaf the algorithm was simple.
The required inputs were: the number of grid poivithin the boundaries, the points distributed
on the edges, and the local distances. The aggdspEints) will find the suitable places to stay
by gaining equilibrium.

2. And the resulted distribution of the grid point vgasgtable for generate: a) Equilateral triangle
mesh — which provided a good angle for the nodéekagonal pattern or b) centralized Voronoi
Diagram

3. Easy to implement parametric tests;
Adaptation of the grid is difficult in unstructureydids, since the representation is not parametric.
Adaptation is done by hand, by removing pointsgiitisg points, displacing points. Because the
local organization in the grid is not bound, but te redefined in the data structured, local
refinement or coarsening is possible (as examplédg.6.24). However, it is not easy to control
the grid size and to get good grid shapes.

~. Triangulate EE)X il = Triangulate EEX

File About File About
Foints: 12 Tianges: 12 Cick The Fic B to add points Points: 16 Tiiangles: 20 Ciick The Pic Box to add paints

Fig.6.24 local refinement by inserting points inahigulation Tool

By the strategy of attract and repel, parametficrmation can be introduced in the predetermined
values, and regeneration can be quickly executguiovides freedom to change grid densities, and
the change from one density to another is relatiseiooth.



_The same density - regular grid size

Input_2:

_The same density - regular grid size

Two examples of the “attract &
repel” strategy are shown in
Fig.6.28.

Red: Delaunay triangulation
White: Voronoi Diagram

In this generation tool, user can
pre-determine the local grid size|
— by grid point distances (as the
original length of the virtual
spring between every two grid
points).

It should be noticed that when
various (local) densities are
applied, the amount of grid
points must be properly defined
in the input — by estimation or
trivial generations, otherwise it
will result in an “un-efficient
generation”.

The iteration process is fast and
visualized. By creating Voronoi
Diagram for mesh, it looks like
the cell-generation in nature.

“The purity of structures is generally
compromised by the variety d
different loads they must endure ar
the multiplicity of functions that arg

demanded of a building structurg.
The art in selecting structure is if

recognizing how and when th
designer can impose his wishes wi
a minimum of compromise. Ye
compared with nature, we humar
are still in our infancy when it come
to mastering the combination ¢
structural actions, a single orchid
flower probably contains morg
variety and subtlety of structura
actions than the most remarkab
building; and natural structures
have a factor of safety of very near
one.

— The Art of the Structural Enginee
Bill Addis”

o —
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<

Fig.6.28 Pattern Generation [Tool: preoag| - Animation Record during iteration process



111

Implementation in GenerativeComponents

The grid point generation program by processing tnaasslated into GCScript, to execute the same
procedure in GenerativeComponents. An extra inplug number of iteration cycles was introduced. No
graph update during the iteration process, in oralepeed up the iteration process.

1. Generate points on boundaries
The number of points and their distribution alohg boundaries can be determined freely. In thisnpka,
boundary points were distributed uniformly:

2. Generate random points within the boundaries
The number of points should be estimate by theqieethined local distances.

3. Run the iterations — attract and repel
Resulted grid points distribution was correspondinthe predetermined rules — in this example, thelev
area was divided into 4 regions, and each regiagie a specific distance value:

4. Generate mesh (in this example, Voronoi Diagrarsgtan the resulted grid points

6.4.2 Mesh generation

Grid generation technology has been describedapteh 3.1.2. In this section, mesh was generated fo
unstructured grid points with non-uniformly disuitibn. To implement this, the algorithm of Delaunay
triangulation and Voronoi Diagram were introduced.

Since Delaunay triangulation and Voronoi Diagramehpopular application in various fields, a lotopfen
sources can be found. The source used here was®Qhul

Qhull works in the dos console, and runs very fag
The required input is a custom point coordinate
file (.txt). Implementation of the algorithm is don
by dos commands. An output file (.txt) with all th
information to draw Delaunay triangulation or
Voronoi Diagram will be created.

1 qhullis open source software for calculating convex hulls, Delaunay triangulations, Voronoi diagrams etc.
http://www.ghull.org/
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In order to linking grid generation (attract angeemodel in GenerativeComponents) to mesh geoerati
an interface between Qhull and GenerativeCompones¢sdeveloped. The interface was based on
‘reghull’ *? plug-in by Robert Cervellione, 2008. The ‘rcghi#iature was written in C# and integrated into
GenerativeComponents as a dynamic link library)(fid.

# 3vectors_edges_bygraohfunc... Q @
File Features Toggle Graph Tools Debug Help
basecsxPlare - B D@ H @ FHS/E #ao
AR B WS " ms oE S B
C BER 9 =
v
Transaction
b 1| AddEpt - edge points
® @ 2 Addpl - points inside
&® i Add graphFunctionD - define itetation process
* 4| Add newpt - run graphFunction01
+ 8l 5| Add collectedpt- collect pt & Ept
- 5| Add rcQhull
| Feature Feature Type z : : :
3 e e | Get coordinatesfrom pointsin
[Fropery Expression GC, and create Input file(.txt)
|coordnateSystem | baseCS /
{OeName | 'c\emplvorord” l . e ghull
[ Fiterlnd [true .
o T colecied — l - run Qhullautomatically
Lamode | BhuiCommand Voronoi2 D
=l 7[Add polygondl
|Feature Feature Type I
= | polygon01 | Polygon - getinformation from the
[Property Expression | / -
| | 14
| VerticesAsDPaint3ds | 1eQhuli0l . Dpoint3d /|( 9 Utp utfi ie('tXt) of Qh ull
[ Color 12 - create polygon mesh in GC
& _E]IAdd wetlices
® 3| Add lines
[T Yl = |

Fig.6.29 Implement rcghull in the attract and rapedel

[Note] The mesh directly generated by the ‘rcghull’ plagaias in a geometry format of polygon, which is
not compatible in structural analysis software @xf file). It was then regenerated by create lingshe
vertices of each polygon.

6.4.3 UV Mapping

In previous description, the grid point and megiidjgyeneration has created a pattern on 2D plEne.
next step is to the 2D pattern onto 3D surface.

Surface analysis

In rough representation, curves can be viewedcasmaected one-dimensional series of points. Sityjlar
surfaces can be considered as type of two-dimeakshin in space. Surfaces are constructed byssefie
curves. Analogous to these curves we can introgacametric, explicit, and implicit representatiars
surfaces for mathematically handling surfaces amdying their geometry analytically. A parametric
representation of surfaces is helpful for mappiracpdure — transform elements from 2D plane tcaserf
in 3D space.

2 The 'rcghull' plug-in for GenerativeComponents was originally built by Robert Cervellione, 2008. More information
can be found on his website: www.cerve.org. The author had the permission from Robert Cervellione to use and
modify the plug-in and source codes in this thesis research.
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Parametric representation

The coordinates of a surface point depend on two
different parameters u and v. thus a parametriaser
S can be represented by p(u,v) =(x(u,v),y(u,v)\3ju,
where the parameters u and v assume all values in ¢
two-dimensional region R. Then we can have a
continuous mapping of a two-dimensional region intc
space. Fig.6.30 Describes a mapping from a region |
of the (u,v) parameter plane to a surface patah S i
three-dimensional space.

Fig.6.30 the parametric reprederia
Source: Architecture Geometry—Bentley institutespre

Unused strategies Follow along the surface

Follow along the surfacewas a strategy to include the UV mapping in thirdat and repel’ grid point
generation. In a 3D space, the vectors were alioedkin 3D. Thus, when the agents (points) wer&inp
by unbalanced forces (vectors) from their neighpthrsir movement can'’t be restricted on the surface
extra checking was made, similar as the boundaggldhg in 2D, to make sure the agents stay on the
surface:

Case 1: When a surface can be defined by equattmspoundary checking can be applied to maketbere
coordinates of each grid point fulfill the equasaof the surface.

Tested surface: Monkey Saddle
Equations of the surface is givenby x=u;¥,z=u-3uv? (-l<=u<=1,-1<=v<=1)

Fig.6.31 generation procedarProcessing

The iteration process: frofft te right (in this experiment, the local
distances are set to a sarhey.aEach red line represents two points that
have reaction with each otlidren all the points are under equilibrium,
no red lines is showed.

Case 2: When the surface cannot be formulatedsahuion is to apply a search function to find achafor
the out-of-surface point (a ‘match’ is a closesfate grid to this point), and then push it oftiies match’s
place to remap it back onto the surface:

\

I s Out;\offsurface

[Surface]
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To create unstructured grid for a point-set alosigain surface requires a ‘surface guide’. As itaied in
the example (Fig.6.32): in the case of null guttie, point-set was projected to a basic plane tegda a
normal 2D mesh(left); given a surface guidancealgerithm of grid generation was implemented i@ th
UV surface region, to create a mesh tilled on serfa

A voronoi diagram with a null guide The same voronoi diagram with a surface guide

Fig.6.32 Voronoi diagram of a same point-set, withend with surface guide
[Source: PSR (PointSet Reconstructidp)ug-in in Rhinoceros]

The problems of this strategy are: 1. Define thesig rules directly on surface is more complexitira
two-dimension (a normal coordinate) and impleméaradf the point-set generation is very slow; 2. To
combine the ‘surface-guide’ rules in the ‘rcghyllug-in requires a new C# script for ‘rcghull’ feas.

Implemented strategy- UVMapping Tool
In a 2D model, the grid distribution can be vievedghrly, to better define the grid densities (IbgalOnce
the pattern is transformed onto the surface in |3&&s, it is not easy to visuakyaluate the pattern. Thus,

the implementation strategy was to finish the gedieration on plane and then map the grid ontaseirf

Algorithm of the surface mapping

ILl

1

~

w2

Fig.6.33 mapping of a two-dimensional point intasp

Fig.6.33 shows the corresponding points in-plafi@@nd on the wall surface(right). The implemeiatat
process in GenerativeComponents:

1. Get the information of original point (|z|, [L]|)

2. Create a horizontal cutting-curve on wall sugfaccording to |z|.

3. Generate the new point on cutting-curve accgrtbrthe calculated length |L[*increment.

Introduction of the ‘increment’ was due to the inelslope of the wall surface. The surface wasnedl
outward, thus, the horizontal circumferences alilvegsurface height were increased.

B psr (PointSet Reconstruction) for Rhinoceros is the process of creating 'higher level' geometry from ordinary points.
http://en.wiki.mcneel.com/default.aspx/McNeel/PointsetReconstruction.html
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= X\

Fig.6.34 increment due to the incline slope

Solution for the incline slope is to discrete theface into vertical strings, and stretch thes@agsralong
the circumference (Fig.6.34, right). The approacsuiitable for Single curved surface (developaflbys,
each point has an increment value according taeitght on the wall surface.

Calculation for the items showed in Fig.6.34:
At the height ofz|, the total increment of the circumference (‘eldiad) is:

LScaIed— inner (LOuter I-Inner) (lZVHmax)
For each point on this cutting-cunve|, the transformation prociple is:

|L|*increment = Lscale&k(“-ll I—Inner)
(Linnerand Loyerare the lengths of the bottom and top lofted csipw®jected to horizontal plane.)

The implementation of Mapping Tool
Step 1. Regenerate the 2D grid in GenerativeComyene

As the theory of unstructured grid indicates, tealioe an unstructured grid, two files for apprafgidata
structure have to be provided: Nodal coordinatealigl Connectivity list.

“ coordinates.txt - Notepad - Jo&d £l tivity. txt - Notepad =JoE3
File Edit Format View Help File Edit Format view Help

77 6681000000000 12, 251000000000064 4. 0000000000000 - p,1 -
77.306010000000! 02000000000000 000000000000000 1,2

T3 3800100000000 13. 155600000000000 - 006000000600060 23

71 5820000000000 10.542000000000000 0:000000000000000 34

70, 728000000000! 773000000000000 0.000000000000000 5,8

15518 000096000000 11 £37000000000000 - 000000000000000 [

141. 388000000000000 240001000000000 000000000000000 8,5

135 350000000000000 4. 700060000000006 6- 0060000060066 5,10

122, 265000000000000 18, 075000000000000 0. 500000000800000 15,11

106. 035000000000000 18.249000000000000 0. 000000000000000 11,12

106, 6750000000000 14, 286000000000000 0. 590000000000000 17,13

104. 830000000000000 12. 810000000000000 0. 000000000000000 13,14

101. 559000000000000 13.767000000000000 0. 000000000000000 14,9

101 0700000900000 17:215000000000000 0:000000000G0000C 15,16

103. 80800000000 37000000000000 00000000000000 16,17

£5. 350000000000000 4. 256000900000006 0. 03600000000066 18,15

721 £73000000000000 1.450000900000006 0: 0000000000004 19,20

76.971000000000000 4.447000000000000 0000000000000 20,21

£5: 2800000000000 5. 354600900000006 0. 00600000000066 21722

121. 951000000000000 22.218000000000000 0. 000000000000000 22,23

124, 737000000000000 22, 671000000000000 0. 000000000000000 23,24

124, 355000000000000 28, 713000000000008 0. 500000000800000 24719

121. 500000000000000 30.495000000000000 0. 000000000000000 25,5

118, 3460000000000 25, 050000000000000 0. 5000000000G0000 6,56

118. 304000000000000 24.755000000000000 0. 000000000000000 26,27

137. 511000000000000 16.391000000000000 0. 000000000000000 27,28

142 583000000000000 B, 537001000000000 0. 560000000080000 28,25

144. 291000000000000 15.930000000000000 0. 000000000000000 = 29,30 =

M Mapping Tool_change coordinate - Generati... Q
File Featres Toggle Graph Toole Debug  Help

basecsxPlare - B DS H g H(5 [ Gl - ] -

S/ MR HEDE P

7]
Transaction ~
=M 1| 4ddnewpt
+ [Feature Feature Type:
= newpt | Point
Piapetty Expression
Coordi | baseCs
> [PainiC: ilePath [y ot |
=B 2[Connect newpt
|Fealuve Feature Type |
= line |Line
Prapetty Expression
| IndicssFiePath [ g i .
[Fantia [neupt I Fig.6.35 the format of the prepared .iteisf

WOED i E|E ' and regeneration in GenerativeComponents
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Prepared (basic) surface fans on the wall surface (after mapping)

Fig.6.36 grid patterns before & after mapping

Step 2. Apply UVMapping to create new grid pointsvaall surface

The process and calculation has been describedebéfeight of the original poir® horizontal cutting-

curve on wall surface length along cutting-curve, including incremertggh)—> generate new point on
the proper position; The resulted pattern was sddwéig.6.36.

Step 3. Export coordinates

The output of the mapping tool is a coordinate (fitet or .xIs) of the new generated points on saliface.
Overwrite the Nodal coordinate list by this outfile, rebuild the grid by original Connectivity tis by
doing this, 3D grid can be get. (Note: there ihange to the sequence of grid points in the Nodal
coordinate list. Thus, the same connectivity e be applied.)
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6.5 Summary

This chapter, several parametric models were dusiri

1. Structured grid model

The structured grid model was based on regulasgadd a solution was implemented to solve the
continuity at upper boundary. The main parametaiGables were: L — grid size, represented by tleage
length of the triangle edges; RSc — randomnes$, Imgresented by the movement of the grid point.

Structured grids have advantages of easy to implearad by create new feature to generate hexagon
elements from triangulation, the hexagon cellsia@ane. Limitation of the model is that (locallyarious
grid sizes can't be easily introduced.

2. Modified structured grid model

- Insert triangles to get more
irregular and stiffer pattern; The
inserting is based on local
stiffness requirements in the
lattice structure.

- ‘doubled-up’ according to local
strength requirements in the lattic
structure: where stress was need
where there was more intensity,
the pattern was doubled-up so
there was a double rhythm.

3. Unstructured grid model

Unstructured grid model has flexible distributionre-determined local distances;
Process: - generate points on the boundaries (@ddrand inside (randomly)

- determine the local distances (tyady divide the region into several parts)

- apply the attract & repel iteratimnredistribute the points inside

- after generation in 2D, mapping piagtern onto the wall surface
(Note: there is no change to the points on bourdadnly the points inside will redistribute.)
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Chapter 7

Structural Analyses and Evaluation

Chapter 6 has give description for several germratirategies and the resulting parametric mottekhis
chapter, series of these parametric models willradysis and evaluated. Analysis and Evaluatiahef

design alternatives should be multi-criteria, luthis section, the criteria will be limited withatructural
requirements, to explore structural efficiency.

As discussed in Chapter 4, building up a desigmparametric associative way, each design steptmigh
require a design tool. In this chapter, severalatational tools have been built to aid the paraimet
analysis. Description of these tools will be inaddn the steps of analysis procedure.
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With the parametric models described in the foratepter, this chapter will focus on the structural
analysis and evaluation of these parametric modéls.following design stages can be split up in taain
parts, the structural analysis and the evaluatfdheodesigned structure.

Tool Aided Design

Parametric design process, the model is defineahpetrically and a series of models will be analyaed
evaluated. Thus, some tools are needed for ailimgarametric analysis and evaluation process.

The first stage - structural analysis will be exeduby GSA”. For the parametric associative process, all
data required for a finite element analysis needsetgenerated an exported to GSA. Besides thetstal
geometry, information about connections, suppsastions, loads and load combinations need to be
provided.This information is not easily generated by Gernee&@lomponents. The choice has been made to
generate the required data for finite element amslyy spreadsheet software package, Microsoftt®Ex
Several tools were created with three software agek [GenerativeComponents, Excel and GSAj
generate and deliver data during the structurdaissprocedure. These tools will be describediffeknt
stages.

7.1 Geometry Export & Import

The first step of structural analysis is to intedanodeling and structural analysis software pagkag

With the parametric models and tools describetiénptrevious section, the generated models can be
exported as CAD drawing format. But in most of tases, .dxf/.dwg file format is not favorable in
structural analysis software package.

For analyzing the structure in GSA, 2 sets of gedoa data are needed, similar as the implemeortadf
unstructured gird model construction. The firstisatoordinates list of the nodes and the secotitkis
connectivity of the structural elements. The impdeed strategy is to construct the structure bytpand
lines in GenerativeComponents and all the geonutty is written to Excel worksheet. Restructurdawit
Excel, the geometry can be neatly built in GSA.

Different geometry export & import methods were lggapin different groups of parametric models. Ho
structured grid models, coordinates and conneygtfités are easy to be built, due to the structudath.

[Main Problems]

- Remove the duplicated points/lines (nodes/efes)e

In most of the cases, some components are ovenldth-the same definition; In GenerativeComponents
functions, an array/a list can be rearranged byxemng duplicated items.

- Dynamic range in Excel when writing the datapoeadsheets
Parametric models with flexible data structure mnegjfor adjustable ranges. For writing data to éxce
GenerativeComponents feature ExcelRange was use:

WorkbookFileName = ".\\geometry.xIsx";
SheetName ="nodes ";
RangeAddress ="A2:A"+ToStrigdgdpoint.Count); /I dynamic range

Value Flattgripoint.X); /I change 2D array into singleay

4 GSA is the in-house finite element software package of ARUP [Oasys,2006]

> GSA has the ability to make use of ‘COM Export Functions’ to communicate with Excel and vice versa. There
functions are driven by VBA code; GenerativeComponents can also communicate with Excel via features
‘WriteExcelRange’ and ‘ReadExcelRange’.
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7.2 Section Property Definition

The choice has been made to apply rectangulanhaition steel beams in the lattice structureti@ec
profiles were defined as STD RHS (Standard Rectandiiollow Sections) with isotropic properties.
User’s definition: Depth/width (D)

[side/top and bottondgll thickness (t)

v
A

Fig.7.1. Definition of the section profile

In this stage, a uniform profile (with the same hfaickness) was assigned to all the beam elembuts;
different profile dimensions were analyzed by cliagghe section properties totally within the Ledti
structure. In chapter 7.6 Member Design, params#ation definition will introduced for assigning
different cross-sections (with different wall thigdss) to the beam elements. As mentioned in chapter
Member/local buckling problem, too slender secgbould be avoided.

Material: In GSA, several materials are predefingtese standard materials can be called in thaitlefi
of the section properties and the characterisfitBeomaterial are used in the structural anal\&tiandard
steel was used for the cellular wall structure.

7.3 Boundary Condition Definition

Three different restrains were applies in the t¢ailwall structure:

1 _Foundation
The Lattice structure was set to be fixed to fotioaa
Fixed: All (Fx, Fy, Fz, Mx, My, Mz)

2 _Side edges

Side edges were boundaries of the undergroundgrastiding
horizontal supporting for the cellular wall.

Fixed: Fx, Fy

Free: Fz, Mx, My, Mz

3 _ Green roof

Moment fixed joint will require for large amount steel,
combining with the reinforcement of the roof. Fertmore, if
the roof is pre-tension, extra moments from thd vab add to
the cellular wall, that is an unfavorable situation
Therefore, a simply pin connection was chosenHerbof.
This connection was assumed to be rigid enougls, ttheiroof
can provide fully horizontal support. Reaction fesawill be
checked for the roof connection.

Fixed: Fx, Fy

Free: Fz ,Mx, My, Mz Fig.7.2. Definition of boundary conditions

Note: Intermediate supports/loads from the locad i were
not taken into account in the structanralysis.



122

7.4 Load definition

Three categories of main loading were taken intmant in the structural analysis: the dead loathef
structure, the resulted load from the green rodfthe resulted load from the facade. The thresddfi
loads all depends on the geometry of the stru@ndewill be driven by the geometrical data. Thelloa
definition was estimated according to Chinese (@ 50009—2001] - Load code for the design of
building structures.

Table 7.1 Applied load cases

Dead Load Live Load
Wall L1 [Self-weight]
Roof L2 [Roof-weight] L3 [live load)]
Facade L4 [glass-weight] L5 [wind load]
Combination:
SLS (Serviceability Limit State) 12+ 3+L4+L5
ULS (Ultimate Limit State) 1.201+1.241.35L.3+1.2L4+1.35L5

(Safety factor for dead load and live load areah@ 1.35.)

Load Case 1 - Self-weight

The dead weight of the lattice structure dependherthosen sections and the geometry of the stauct
To calculate the weight of a structural elemerd,ftiilowing data is needed: the cross-section dhea,
length, and the density of the material. For eadividual element, all of this data is availables toad as
result of the own weight of the structure can bgliekly calculated. Since all the input data foet
determination of the own weight of the structur&nswn in GSA, it is simply implemented by apply
‘Gravity Load’ to all the elements [COM Export Fuion:: LOAD_GRAVITY |all|1]0]|0 |1t

Load Case 2, 3 - Roof load
The weight of the green roof is calculated accardinthe concept design of the ramp and roof siract

(Roof Span) Section View

_
KX X XXX HX XX XXX

Section View

>}(< >}€< % % 400mm (ground/soil)

NNNNANNANNANANNANNANNAN 300mm (concrete)

L| Light weight material I-|

300mm (concrete)

Fig.7.3. the concept design of the ramp and raataire

The weight of the green roof =~ Q, =15+ 1+ 8= 24N /nf

In which, estimated load for Top grolsud = 8kN / nf
Light weight material 2kN / nf
Concrete layers £5kN / nf
Live load for the green roof ~ Q =3kN/ nf
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For the nodes on the upper edge:
Per node:V = Qx Ared kN
Area is the loaded area for each node on the wgmimge|m’]

LC2 Vv, = %x 24x Area=12x Ared kN

LC3 V, :%XSX Area=1.5x Areq kN

The loaded area for each node was driven by thegeizal data, which includes the distance betwben
node and its neighbors, and the roof span of tlialnmosition on upper boundary. In a parametridyesis
process, for each cellular wall model, the nodetherupper boundary are different located; andeéarh
location, the roof span is different. So does tistadce of nodal distances. Thus the corresporidamed
area for each node needed to be recalculated. Becdhe irregular shape of the green roof, catth
for the loaded area is inconvenient.

A Roof Load calculation tool was created to defime nodal loads resulted from the green roof. The
strategy of this tool consists of two componeriis:first one uses GenerativeComponents to calctilate
corresponding loaded area for each node on ther ggge and write the geometry information to Excel.
The second component uses Excel to calculate tthal lmads according to the areas that have been
calculated in GenerativeComponents.

Implement of the tool
Stepl- preparation in GC

According to the roof shape and the setting ofriatecolumns (concept design), the area of thegreef,
which will put loads on the shear walls (includitng cellular wall and the solid wall in the othétesof the
roof span) can be defined. The defined shape veasrégenerated in GenerativeComponents:

- Cut out the defined area in floor plane [Rhinockros

- Get coordinates information of curves’ control gseifRhinoceros — create point file]

- Generate the boundary/shape curves [GenerativeQuenpmBSplindeCurve.byPoles]

= View 1 - Top, Default
H-Pur AR Um0 pndvg @

Fig.7.4 Roof loaded area from floor plans (left) aodfiguration in GenerativeComponents (right)



124

Such an area configuration was regenerated in @éne€omponents and used to calculate the cross-spa
to each local position. For following calculatidhe area configuration was represented in Cartesian
coordinate system. The process was similar as dinfpthe boundary curves to straight lines, angphkap

the span information for each position on boundarie

A law curvé®based on the ‘Span-Length’ relationship was creatéSenerativeComponents. [Note: the
range of the length was scaled to 165m, considehi@grea configuration was generated by floorglan
which the boundary curves were projected to themgggplane]

[ RoofPlan_curves_modified - GenerativeComponents V8i - (Licensed For Academic Use Only) REX
wirastaton |/[l|2[lals[slelsl: &)~ (& ~ = - {2 ~ @ i3 oo YO0 [Z 0= 0~ vl B F -
RoofPlan_curves_modifisd - GenerativeComponents Vai X' View 1 - Top, Default - J=Ed

File Featres Toggle Graph Tools Debug  Help
basecsxFlare - B D H g HER koo
AHELE S SEF 0w g s B
C BER IR =

Prox- AR umE s Nood vk @

plgroup?
Curve2

plgroupd
Curvel3

ploroupd
Curvelld
Curvels

Sy ep—
fineCurve02, poinl, pein2,
(07, port08

40.00

Spar

30.00 -

20.00 -

10.00

Length
0-00 T T T T 1
0.00 33.00 66.00 93.00 132.00 165.00
H4E» M @B
Symbolic Diagram X
R &] ] Ol &|@
: B
T — &
Bloco , @
= Ble-ae § .

Element Selection » dentiy element to acdto set o3 | @ [pefaut =

Fig.7.5 Represent the configuration by LawCurve

Step2: Apply to the cellular wall model
Data flow: GSA> Excel> GC > Excel> GSA

1. Get the coordinates of nodes on upper boundary &4 to Excel (Note: the nodes must be
listed by sequence — on one direction along theecufor the following implementation in
GenerativeComponents);

2. Generate the upper nodes in GenerativeComponeritelpoordinates in Excel, and create
connectivity to represent the upper boundary curve;

3.  Create sample points on the LawCurve, accordirieaipper nodes (note: the sample points
must be generated by the function of “Point.OnPlgraand get the corresponding span value from
the LawCurve for each node (function “LawCurveSaaialue.BySliderPoint”); Two components
for each node were written to Excel: Length (altmgcurve) and span;

4.  The nodal loaded areas were calculated in Excealrdotgy to the exported information from
GenerativeComponents; Resulted values were noddslfor LC2 and LC3;

16 A Law Curve is a Feature in GenerativeComponents, which has a level of control over its properties, represented in
a Law Curve Frame or graph. The X and Y values of the graph are both Properties of the Law Curve. The X direction is
the Independent and the Y direction is the Dependant.
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2 Node NO. X ¥ z

3 285 19,59 20,21 15

i‘ 255 16,47 21,94 15,56

5 . 260 14,97 22,91 15,84

6 254 10,7 26,16 16,69

7 256 9,36 27,36 16,97

g 252 5,66 31,27 17,81

E | 251 3,47 34,13 18,38

10 | 253 0,63 38,74 19,22

n| 257 2,24 4533 2034

12 248 -2,78 4712 2063

13 249 4,12 53,34 21,61

14 250 -4,53 60,62 22,73

15| 241 3,54 63,2 24

16| 258 -1,21 7625 252

17| 247 24 83,21 2639

18 291 7,54 89,76 27,66

19 . 246 13,2 94,57 28,78

20| 243 20,7 98,24 30,05

n| 242 27,11 99,15 31,03

2 245 34,21 97,29 32,16

23 . 244 35,77 96,32 32,44

24 | 239 38,49 93,86 33

4 4 » ¥ naodes upper -~ Roof Load | Sheetd <%

s

yod

Fig.7.5 nodal coordinates from GSA to Excel, listgtsequence (top)

Regenerate the nodes on upper boundary and theatmityebottom)
Note: since the nodes were listed by sequenceaeectivity was simply defined as connecting ndmesequence;
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2 | 285 0 32,29159953 58,30601292 -699672,2 -87459,0
3 255 3,611218631 30,96294755 83,89935774 -1006792,3 -125849,0
a 260 1,808120571 30,3012494 109,7080733 -1316496,9 -164562,1
5 254 5,433037824 28,34237848 102,7903939 -1233484,8 -154185,6
6 256 1,820439507 27,69786439 100,6639337 -1207967,2 -150995,9
7 252 5,448274956 25,81115123 117,3797427 -1408556,9 -176069,6
8 | 251 3,646998766 24,59620232 112,2367868 -1346841,4 -168355,2
= 253 5,479352151 22,87503189 146,4953879 -1757944,7 -2197431
10| 257 7,328969914 20,84852239 95,53152109 -1146378,3 -143297,3
1F 248 1,835374621 20,40468963 84,40509174 -1012861,1 -126607,6
12 249 6,43773252 19,08901024 131,8552841 -1582263,4 -197782,9
13 250 7,377052257 18,07572155 142,0213249 -1704255,9 -213032,0
14 241 8,336939864 17,53280632 142,3185793 -1707823,0 -213477,9
15 258 7,897556584 17,58334916 139,1534431 -1669841,3 -208730,2
16 247 7,930308947 18,212357284 148,9097087 -1786916,5 -223364,6
17 291 8,42229185 19,45488695 154,9972049 -1859967,7 -232496,0
18| 246 7,511730826 20,95753 167,2153783 -2006584,5 -250823,1
19 243 8,445815532 23,00913096 172,4975926 -2069971,1 -258746,4
20| 242 5,548022602 25,48497534 178,0646893 -2136776,3 -267097,0
21 245 7,426068547 27,30756301 126,765353 -1521184,2 -190148,0
22 244 1,858198052 25,03213943 69,6911116 -836293,3 -104536,7
23 239 3,709932614 19,45931552 76,35835213 -916300,2 -114537,5
W 4+ H| nodes_upper | Roof Load ~Sheet3 % & |_I! M
el =]

Load Case calculation

For point][i]:

Area[i] = span[i] * (Length[i} Length[i+1]) /2
LC2[i] = Area]i]*1.5
LC3[i] = Area][i]*12

Fig.7.6 geometry information by sample points owCarve (top)

Geometry information from GenerativeComponents aad kalculation by Excel (bottom)
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Load Case 4, 5 - Facade load
The dead load of the glass facade
The starting point for the definition of the deadd of the fagcade is that the glass panels aré poin

supported by spider fittings (As an example in &ig). More information for the integration of sttuce
and facade, design consideration of glass struetare described in Chapter10 Detailing design.

Fig.7.7 PSG (Point Supported Glass) system, Novumstsres 2006

In a paper of frameless glazing, John Colvin [HansSéass Processing Ltd. 2005] gives an overview of
glass types giving some rules of thumb for estingathe likely thickness of glass required to resist
applied loads for various applications where frammeseliminated. The paper is meant for desigrebet
able to quickly ascertain the feasibility of thezjhg ideas where frames are eliminated. By udirgule
of thumb, the designer ensures himself of thetfaat initial estimates of cost and determinatioglass
thickness start off on basis which will be not fanfrom the final requirements.

The rule of thumb for toughened glass, slopingigpis:
Maximum unsupported spanl50 x thickness
For the calculation of the loads resulted from awaight of the glass panels, the following datassdi

- Edge length (L)

The length of the edge is needed to estimate ibkrthss of the glass, and determine the facade
surface per node.

- The glass panel thickness
The thickness of the glass is estimated by thengiuée of thumb: cell span/150;

In the fabrication point of view, thickness of tfjiass panels are set to be the same in one model,
thus, estimation should be done by the largestspalh.

- The glass density
The density of glass is set at 25 (kNym

- Facade surface per node (A)

- Before any calculation tool for geometry informatiof cell elements is created, a rough
calculation was done to get the facade area loaalingach node. Given the fact that the grid cells
of the lattice structure are mainly distorted hexagy the edge length of the glass can be
approximated by regular hexage: 3/3x 1% /4= 1.32.

- Point load of the glass
The point load on nodes of the structure is catedl®dy multiplying the facade surface per node,
the thickness of the glass and the density of thesg
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Wind load

In the design process, the approximated valuehiomind load was set at 1 kN7nand the point load on
nodes of the structure is calculated by multiplying facade surface per node and 1 Kh\/m

Note: Wind load for non-standard shaped building éomplex problem. There are no sensible statement
to be made on how the wind load will act on thdding. Therefore, in this thesis study, only one=diion
(orientating to the opening of the building) wik loaded by wind force. And no negative wind puess
was taken into account.

LC1: self-weight

LC2: dead load of the green roof, LC3: live lod of the green roof

LC4: weight of the glass facade, LC5: wind loaffom facade

Arrangement of load cases

Load cases:
L1, L2, L3, L4, L5

Combined load cases:
C1 (SLS) = L1+L2+L3+L4+L5
C2 (ULS) =1.2%(L1+L2+L4) + 1.35%(L4+L5)
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7.5 Parametric Analysis Results

Model validity checking

Before analysis the structural model and evaludtiegesults of the structural analysis, the validf the
generated GSA model should be checked. With deirejdpe generation process, the constructed GSA
model was checked for many possible parametri@tiaris. In a parametric design, it is necessach&rk
the structural 3D model.

The geometry generation process generates irrepatserns (structured/unstructured grid) in differe
generation strategies, it is possible that onéefaigorithms does not function properly undepaBsible
parameter configurations or unwanted geometry megged. When a structural model is constructed in
GSA, there are two main points of the geometry khbe checked first:

1) The pattern configuration should be checkedctvinmicludes: to avoid the unwanted elements — too
deformed cells, too small/large beam elementsanttlete the nodes/elements that have duplicated
definition; this is very necessary when the geoynistimported by .dxf format.

2) The local coordinates of the elements (espgdiaél vertical elements) should be checked;
In GSA, local coordinates are defined as beam ai¢mees: Beam elements including bars, ties amdisstr
are defined by two nodes locating the ends of lament. The x axis of the element is along the akibe
element (taking account of any offsets) from thstfiopology item to the second. The definitioriraf
element y and z axes then depends on the elenweigigation, verticality, and orientation node and
orientation angle. The element is considered variit GSA if the element is within the “verticakehent
tolerance”. 7
A
Non-vertical elements y x
If an orientation node is not specified, the eletreeaxis of a non- 8
vertical element defaults to lying in the vertipéne through the y 2
element and is directed in the positive sense@fjthbal Z direction. /
The element y axis is orthogonal to the elememtdzxaaxes. The Y

zZ

element y and z axes may be rotated out of thigulehosition by the
orientation angle.
X

X

z
A

Vertical elements 2
If an orientation node is not specified, the eletmeaxis of a vertical '
element defaults to being parallel to and is deddh the positive

sense of the global Y axis. The element z axistisogonal to the ;yé)
& B
X

element x and y axes. The element y and z axedmagtated out of >
this default position by the orientation angle. (

Orientation node
If an orientation node is specified, the elemenplane is defined by the element x axis and a vdobm

the first topology position to the orientation npdach that the node has a positive y coordindte. T
element z axis is orthogonal to the element x aages. Specifying an orientation node overrides the
“vertical element” and “non-vertical element” defions described above. The element y and z axgs ma
be rotated out of this default position by the otig¢ion angle.

Orientation angle

The element y and z axes are rotated from theaudiepositions about the element x axis by theraiton
angle in the direction following the right handeserrule. This occurs regardless of whether or net t
element is vertical and of whether or not an odgah node is specified.

[Process] Check for the vertical elements, rotagert by changing the ‘orientation angle’ to fit twrface
geometry — local y axis perpendicular to the sw@fac
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Besides the consistent geometry, the structuran®del of the cellular wall structure should also be
checked for correct restrain definition (supportg)yrect section properties and correct loadingcethe
validity of 3D model has been ascertained, the risdeady for analysis, and the results of theysis
can be evaluated.

Criteria for Structural Analysis and Evaluation

This section focuses on the evaluation of struttuehaviors; Evaluation is based on the structanalysis
results, which includes force flow/stress distribafdeformation/reaction forces etc. The failured®® of a
structure can be summarized into two categoriesemad failure and stability problem. The influentwethe
other parts of the building or to the service fims should be also taken into account. Theretbeemain
design criteria include:

1 Allowable Stresses (Static-linear analysis)

Steel hollow section (rectangular) was chosentferlattice structure. High strength steel platestua
applied. Thus in the first stage of design, alloleadtress of the steel was set around 400MPa — as a
checking value in ULS analysis.

2_Deformation (Static-linear analysis)

The cellular wall structure has a dimension of 33 {33m high and circumference of 160m).
“Deformation of the whole lattice structure < sggd0” can be used in s simplified checking.

The starting point of the cellular wall structurasito integrate the steel primary structure ansisglacade
by apply point supported glass system. In that,dhgemain consideration for deformation was based
the glass panels. The design values have beeny fa¢ lule of thumb “Maximum unsupported spah50
x thickness”. The span to thickness ratio is vargé and therefore a deflection close to the tlgskrof the
glass still results in a very small rotational angtor more detailing, two aspects can be furthecked for
the glass panels:

- In plane compression and tension by beam eleragia! strain or equivalent calculation

- Rotation of the glass panel by out-of-plane l@fghe cell elements after deformed

Note: Deformation in the vertical direction - |UWzight cause the cracking problem on the other sfdhe
roof or the mid-span columns (as shown in Fig.migldle). It should also be evaluated.

3_Reaction forceqStatic-linear analysis)

Besides the normal checking for foundation (reactarces at bottom and side edges), the main cariser
for the roof and the shear wall on other side fesv in Fig.7.8, right). Verify if they can provigefully
horizontal support (or efficient K) to the cellulaall.

p—_—

Section-View

[T

1

Fig. 7.8 deformation and reaction problem showsdstion-views
4 Buckling problems (Buckling - Modal analysis)

Buckling problem includes: Modal buckling and membeckling. Member buckling problem is not
included in this thesis study. Model buckling vii# implemented and evaluated.
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7.5.1 Structured grid models

The Parametric variables in the structure grid rhadeL & RSc, as described in the former chaptbe
starting point (model 1) was based on the architattoncept design, in which the beam elements hav
average length around 4 meters. More grid strustwith increased densities (average length aroamd 3
and 2.5m) were compared. And the same randomnesigRsSc=20% was applied to the models.

Model 1 Mode| Modkel

Table 7.2 structured grid models data:

Series 1 — apply the same cross-section to the thoslels:

Model 1 2 a 3 a
Parametric variables L=11.0m, RSc=20% L=8.0m, RSc=20% L=6.5m, RSc=20%
Cross-section D=600mm, t=20mm D=600mm, t=20mmn D=600mm, t=20mm

Average element length 4m 3m 2,5m
Glass thickness 26,7mm 20,0mm 16,7mm
LC1 - own weight 5812,9 7023,5 8460,1
| d LC2 - Roof DL 37653,8 37795,4 37851,5
TOtFI‘d\'I-]oa LC3- Roof LL 4706.,7 47246 47317
LC4 - glass facade 3838,1 2507,7 2168,5
LC5 - wind load 2974,3 2609,0 2673,1

Series 2 — apply the different cross-sections éafihee models, to set them with similar own-weight
(Thus, the models were built uging same amount of material)

Model 1 2 b 3b

Parametric variables L=11.0m, RSc=20% L=8.0m, RSc=20% L=6.5m, RSc=20%%

Cross-section D=600mm,t=20mm | D=600mmt=16,5mm| D=600mmt=13,6mm
Average element length 4m 3m 2,5m

Glass thickness 26,7mm 20,0mm 16,7mm
LC1 - own weight 5812,9 5829,6 5816,6
| d LC2 - Roof DL 37653,8 37795,4 37851,5
TOtFI‘d\'I-]oa LC3 - Roof LL 4706.,7 47246 47317
LC4 - glass facade 3838,1 2507,7 2168,5
LC5 - wind load 2974,3 2609,0 2673,1

Note: All the load cases (L1, L2, L3, L4, L5, C1dan?2) described in chapter8.4 were analysis.
The following analysis results were sedddrom ULS analysis (C2).
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Series 1: apply the same cross-section

Beam Stress, Won Mises:
- A00.0E+E Pa
} 3420846 Fa

285.7E+6 Pa

228,6E+6 Pa
1714646 Fa
1143648 Fa
57,1446 Pa
00Fa

Model 1: Average element length=4m (t=20mm)
Nodal displacements: Resolved Translatiop iy 67mm; Z-Translation |Uglx = 49mm

285 7E+0 Pa

228.8E48 Pa
1718548 Pa
1143648 Pa
57 14E48 Pa
0oFa

Case: AT:CZ

Model 2_a: Average element length=3m (t=20mm)
Nodal displacements: Resolved Translatiop i} 41mm; Z-Translation |Uzglx= 33mm

Beam Stress, Yon Mise:
- A00,0E+5 Fa
392,8E+6 Pa

28576+ Fa

2288E+6 Pa
171,46+5 Pa
1143646 Pa
87 14E+6 Fa
00Pa

PO L L
s ec:

S T
Idiaghogasss s
Om".!ofl AL

Model 3_a: Average element length=2,5m (t=20mm)
Nodal displacements: Resolved Translatiop iy 31mm; Z-Translation |Ugdx= 25mm

Fig.7.8 structured grid models — series 1 analgsialts — deformation and Von Mises stress
[Graph scale: Deformation magnification = 100, séreange 400~0 MPa]



133

Series 2: apply different cross-sections, withghme total weight
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Model 1: Average element length=4m (t=20mm)
Nodal displacements: Resolved Translatiop i} 67mm; Z-Translation |Uzglx= 49mm

Model 2_b: Average element length=3m (t=16,5mm)
Nodal displacements: Resolved Translatiop i} 48mm; Z-Translation |Uzglx= 39mm
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Model 3_b: Average element length=2,5m (t=13,6mm)
Nodal displacements: Resolved Translatiopdif 44mm; Z-Translation |Ugdx= 35mm

Fig.7.9 structured grid models — series 2 analgsialts — deformation and Von Mises stress
[Graph scale: Deformation magnification = 100, séreange 400~0 MPa]
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7.5.2 Modified Structured grid models

Modified structures grid models were based on thetired grid models in the former section. The
original structured grid models used in this pathie one with L=11m and RSc=20%. From the previous
analysis, the structural behavior of the latticecure (represented by forces and stresses distiit) were
known. The following two modified structure was baiccording to the stiffness and strength requéets
in the lattice network. Cross-section profiles wigduced wall thickness (t=18,5mm and 16mm) were
applied, and the total weight of each modified ctinee was the same as the original one. Thusptpesed
load cases were approximately the same in the cadpaodels.

Modified-1 hexagonal pattern with inserting triangles

From the analysis results, the lattice network wierting triangles was stiffer than the originadel.
More moment-free joints thus the material can belus more efficient way. But in most of the cases,
when triangles are interested to the network, latgesses might occur nearby (locally). Seversghitens
(modify grid — structural analysis — feedback cy@ee needed to optimize the interesting.

Modified-2 hexagonal pattern with local double rhythm

By locally double the hexagonal grid, the lattiteisture also got stiffness to restrict the defaiora

The stress distribution was more even than thémaigtructure, and with lower values. The largestes
occurred near to the boundaries, due to the mofixeat boundary condition. In those doubled-up regio
the stresses of the beam elements were relatioelyThus, a trivial solution can be applying redilice
cross-section profiles in the small elements (dedhlp regions).

Compare with the Modified-1 lattice network by insag triangles, the implementation of double-uflds
easier, but the cell elements are relatively ragula

modified-1

Original model modified-2

|
t

!
k «1»

Table 8.3 Modified Structured grid models data:

Model Original modified-1 modified-2
Parametric strategy - Inserting triangles Double hexagons
Cross-section D=600mm,t=20mm D=600mmt=18,5mm | D=600mm,t=16mm
Glass thickness 26,7mm 26,7mm 26,7mm
LC1 - own weight 5812,9 5831,3 5840,7
| q LC2 - Roof DL 37653,8 37655,8 37905,3
TOtFI‘d\'l-]oa LC3 - Roof LL 4706.7 47068 4737,9
LC4 - glass facade 3838,1 3796,2 3602,6
LC5 - wind load 2974,3 2974,4 2683,2

Note: All the load cases (L1, L2, L3, L4, L5, C1dan?2) described in chapter8.4 were analysis.
The following analysis results were sedddrom ULS analysis (C2).
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Original structured grid model: distorted hexagons
Nodal displacements: Resolved Translatiop iy 67mm; Z-Translation |Uglx= 49mm

Modified-1: distorted hexagons pattern with insegtiriangles
Nodal displacements: Resolved Translatiop i 53mm; Z-Translation |Ugdx = 40mm
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Modified-2: hexagon pattern with local double rhyth
Nodal displacements: Resolved Translatiop iy 55mm; Z-Translation |Uglx= 41mm

Fig.7.10 modified structured grid models analyssuit - deformation
[Graph scale: Deformation magnification = 100]
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Beam Stress, Won Mises:
- 400 0E+5 Pa
¥ 2920E+G Fa

285 7E+G Pa

228 6E+G Pa
AT14E+G Fa
114.3E+6 Pa
57 14E+B Pa
0.0 Pa

Case: A1, C2

Beam Stress, Von Mises:
- 400 0E+6 Fa
S cazoEte Pa

285,7E+6 Pa

228 BE+G Pa
1T1.9E+G Pa
114.2E+6 Pa
57 14E+6 Pa
0.0Pa

Case: A1 :C2

Beam Strass, Von Misss
- 400,05+ Pa
WS a2.9840 P2

286,7E+6 Pa

228,0E+0 Pa
171,4E+6 Pa
114.3E+6 Pa
57,14E+8 Pa
00FPa

Case: A1:C2

Fig.7.11 modified structured grid models analysiuit — Von Mises Stress
[Graphs with the same scale: stress range 400~Q MPa
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Rx

Reaction Force, Fa: 2, 500E+G Nfpic.cm

2 7O0E+8 N
l 1.020E+5 N
1AETE+D N

226700, N
-2BET00, M
-115TE+B N
-1.020E+6 M
-2, 700E+8 M

Case:Al:C2

Ry

Reaction Farce, Fy: 2,500E48 Nipic.cm
1,800E+5 N
l 1.043E+6 N
125700, N
671400, N
-1.620E46 N
2.386E46 N
-3,243E46 N
-4 100E+6 N

Case: A1:C2

Rz

Reaction Foree, Fz 5,000E+3 Nipic.em
4, 100E+G N
l 2S514E+HG N
2020E+G N
2,343E+6 N
1TETE+HG N
1AT1E+6 N

S85700, N

00N

Case: A1 C2

Fig.7.12 modified structured grid models analysisutt - Reaction forces



138

Buckling — Modal Analysis

Buckling Mode 1 uBkling Mode 2

Deformation magnification: 10,00 Deformation magnification: 10,00

Casze: A3 Tash2 : Mode 2
Mode 2, Load factor: 17,50

Case: AZ: Task 2 : Mode 1
Mode 1, Load factor: 15.55

=

iy =«

L

Deformation magnification: 10,00 Defarmation magnification: 10,00

Case: A3 TashZ : Mode 2
Mode 2, Load factor: 18,75

Case: A2 : Tash 2: Mode 1
Mode 1, Load facter: 16,38

Deformation magnification: 10,00 Defarmation magnification: 10,00

Cage: AZ: Task2: Mode 2
hMode 2, Load factar: 18,76

Caze: A2 TakZ: Mode 1
Mode 1, Load factor 15,32

Fig.7.13 modified structured grid models — bucklarlysis (Model1&2)

Note: The results from static linear analysis anddling modal analysis give clues that bucklingdg a
critical problem for these cell-like grid structarélhe structural deformation and material strerfgtifesses)

determine the dimensions of the structure elements.
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7.5.3 Unstructured grid models

Cell densities can be freely predetermined in westired grid models, to get lower stress leveld, lzgtter
forces distribution. The local cell densities anamged smoothly in the lattice network. Insteadisforted
hexagons pattern, unstructured grid models appbyd¥oi Diagram’. Another advantage of this strategy
that the patterns can be viewed and modified irpbe, and then mapped to 3D surface to build up 3D
structures.

Two trivial models were analysis and compared:
Model 1 has a relatively coarse pattern. From tiadysis results, various cell-densities contriliotéhe
better forces/stress distribution, but local déesitlid not tune up with the imposed load cases.

Based on Model 1, a finer pattern with modified delnsities was built. Model 2 fits the structural
requirements quite well (due to the specific imgbad cases in ULS), thus the resulted stresses we
even distribute and with a low level. Model 2_a tl@ssame own-weight as Model 1. By comparison, in
Model 2_a the same amount of material built ugféestand stronger structure. Model 2_b, reducexssr
section profile was applied.

2D view of thettgan 3D lattice structure
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Table 8.4 Unstructured grid models data:
Model 1 2 a | 2 b
Parameters (elements) Voronoi D = 6~8m Voronoi D = 5~7m
beams = 3.5~4.5m beams = 2.8~4.2m
Cross-sectior (D=600mm) t=20mm t=16mm | t=12,5mm
Glass thickness 30mm 26,7mm
LC1 - own weight 6003.7 6004,1 | 4718,5
Total Load LC2 - Roof DL 38247.8 38043,3
0 ﬁ(N]"a LC3 - Roof LL 4780.4 47555
LC4 - glass facade 4096.1 4243,6
LC5 - wind load 3078.6 2913,3

Note: All the load cases (L1, L2, L3, L4, L5, C1dan?2) described in chapter8.4 were analysis.
The following analysis results were sedddrom ULS analysis (C2).
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Pattern1: Voronoi D = 6~8m (t=20mm)
Nodal displacements: Resolved Translatiopdi 72mm; Z-Translation |Ugdx = 49mm

Pattern2_a: Voronoi D = 5~7m (t=16mm)
Nodal displacements: Resolved Translatiop i 39mm; Z-Translation |Uglx= 34mm

Ry
S ieaasEai|
I AT Tt b
Rt ecton )
HEE A
' ‘. Iﬂ"ﬂ

Pattern2_a: Voronoi D = 5~7m (t=12,5mm)
i Nodal displacements: Resolved Translatiog, i 50mm; Z-Translation |Ugl,= 43mm

Fig.7.14 unstructured grid models analysis resdéfermation
[Graph scale: Deformation magnification = 100]
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Beam Stress, Von Mises
400,0E+6 Fa
- 342 QE+6 Fa

286,7E+6 Fa

2228 6E+6 FPa
171,4E+6 Pa
114.2E+6 Fa
57 14E+6 Fa
00Fa

Cage: A1:C2

Beam Stiess, Won Mises:
400 0E+B Pa
.- 392 BE+B Pa
X 285 7E+6 Fa
oy ;

228 6E+6 P

1714E+6 Pa
118,3E46 Pa
57.14E+6 Pa
0.0Pa

Case: A1:C2

285,7E+G Pa '

228 6E+6 Pa |
ITIAEREPs
14,3646 Fa i
57.14E45 Fa |
00 Fa

Caze: A1 :C2

Fig.7.15 unstructured grid models analysis resdéfermation
[Graphs with the same scale: stress range 400~Q MPa
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7.6 Member Design

7.6.1 Purpose

The layout of beams in the lattice structure isamstrained. Hence, the lattice network could béuped
with respect to material efficiency, by schemingdadenser pattern in areas where the structutialnais
the most demanding (Implementation as the unstredtgrid model — various cell densities can be iadpl
Alternatively, structural capacity could also bergased by apply other cross sections.

This step (Member Design) is the dimensioning efgtructural elements. In the first round of stoak
analysis in GSA (in the previous steps), estimagddes have been used for the side length and wall
thickness for the RHS (Rectangular Hollow Secti@arg] all the elements were set to have the sanfigepro

Beam Stress, Von hises:
400,0E+5 Pa
2E5.7E+G Pa
278 5E+6 Pa

y 17T14E+5 Pa
1143646 Pa
57,14E+6 Pa
00Fa

Case: 411 L2

In the case of the lattice structure that builtwvitie same grid density, the stresses distribwtias uneven
in the whole lattice network, because of the noifieumly imposing load cases. [Graph above: Von Mise
stress of structured grid model (L=11m, RSc=20%Wg, the material was used with a low efficienaele
The purpose of Member Design is to efficiently usaerial, by assigning different cross-section ipesfto
the elements according to the strength requirements

Von Mises stress
The Von Mises stress depends on the axial forbedyénding moment, the through thickness sheaedorc
and the torsional moment; Simplified calculatiorMain Mises stress in GSA:

— 2 2 2
UVM Y, Jxx +3Txy+ 3sz

Components Depended forces Section properties
o Axial force F, A
XX Bending M,, M, I
T Torsion M, J
Shear Ev Fz Ashea

For define the dimensions of different profiles firactical solution is to apply the same diambter
different wall thickness of the RHS (Rectangulallble Sections) by groups. For each group, the
maximum occurring stresses (Von Mises) are knowmfthe first iteration and the allowable stresses a
defined as the strength of standard steel. Fosebend iteration, the sections are modified in sualay
that the occurring stresses were set in severgesrior each stresses range, a correspondingsgotsen
profile was signed to the elements.

Three software packages were used in this Tool:

Excel - two worksheets are built; one is to parametijodéfine the section properties that can be used a
data base for selecting cross-section profilespaafdare element list to export to GSA; anotheo iagsign
profiles according to the stresses results from GSA

GenerativeComponents linking to Excel, give a color representatiortled different profiles that applied
in the lattice structure; virtualizes the implernagian;

GSA - interface with Excel, assigning different cress:tion properties, repeat the structural analysis,
provide new stresses distribution. In some cases éeration cycles or trivial runs can be apglie
optimize the properties.
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7.6.2 Strategy

O id 9 * Member Design.xls [ M- B X
B
7| M\ TEGR 4% RE #8 NE MR Accbat @ - = x
LA calb -1 =l A 3 bis
B o 3l 4
o, (B LUTIA N e pe | W
S T ey c £ : B
i = o RE
| T23 e £
A B8 (o} D
1 Elem Von Mises Max. Stress. Properties
2 827100 0,8271 4 a B |: D 3 3 | s
327300
j ziiga T Property |G entation| Drientat Topology
61 Pt oo noperty | Group| M gragten| Digntat I
5 327300 |
6 827100, Defaults [Beam 1 None [i] 0 o
7 2 4,79E407 47,92 4 Beam 1 MNaone 0 1 2
3 4498407 Beam 1 Mane [ 3 2
= P Beam 1 More [ 1 5
Lo Beam 1 Here i & 5
Al i 5 Beam 1 Mane [l 7 8
u 4,248407 B Beam 1 Hore i 1 5
12 3 1,785*08'. 1781 3 7 Beam 1 Nore 0 3 10
7y 1386408 Beam 1 Here [ 10 1
Beam 1 None 1] 1 12
= st Beam 1 MNore 1] 12 13
i S Beam 1 Mane [l 13 1
16 5‘7&"’7' Beam 1 Mone 1] 14 15
17 4 2,096408 210,83 3 : Beam 1 Mone 1] 15 18
18 1,43E+08 Beam 1 Hone 1] 18 7
= e Beam 1 None il 17 18
: ’ 2 Beam 1 None 0 18 13
0 SAPET Beam 1 More i 13 14
2 2.11€408 Beam 1 Mere [} El] 21
22 5 1,06E406 1,064 4 Beam 1 None 1] 21 2
4 4 » W] 6SA_results < Profiles Defir Il . N 1N Beam 1. Nere 0 2 A
e ) = p—— Beam 1 Mene [ 2 )
= — - Beam 1 None 1] 24 25
Beam 1 MNore 1] 25 20
Beam 1 Mane [ % Eii
Beam 1 More 1] 27 28
Excel Beam 1 None [ 2 2
leam ¥ Hane i 2 £
«» '\ All \Definition { Relansss f Offsats <
33 23 . b
GSA_results”—assign profilesaccording to beam-stresses
i = S i a 5 Beam Stress, Yon Mises:
Profiles Definition” — define properties of the profiles woniepe
ses e Pa
mmseiepa
11agee Pa
1140848 Pa
Rt
0sra
Baser a2

Modity profiles — overwrite element list
Structural analysis —new stress distribution

Section groups: wall thickness
Typel:t =22mm
Type2: t =16mm
Type3: t =12Zmm

Typed: t =8mm

GenerativeComponents

Property of Lines - Color representation of the profiles arrangement

Fig7.16 Strategy of the Member Design
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7.6.3 Applications and structural analysis Results

1 Original
Apply one standard profile D=600mm, t=20mm
Total weight of the lattice structure: 5812,9 kN

2 By local beam-stresses
Apply 4 groups: profiles (D=600mm), t=24mm, t=18ntri4mm, t=8mm
Total weight of the lattice structure: 3663,6kN

2 By uniform regions
Apply 3 groups: profiles (D=600mm), t=22mm, t=14ntrBmm
Total weight of the lattice structure: 4764,2 kN

Fig7.17 Color representation of cross-section grglgf§ and resulted stress distribution (right)

Note: Graphical representation of the beam strass-Mises was selected from ULS analysis (C2).
By apply different cross-section, the resultedssies have relatively even distribution;
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7.7 Compared design cases

As the general grid structure analysis and compariis Chapter5: triangular grid is always rigidtom-
plane and out-of-plane stiffness are high; rectéargyrid (orientating as beam-columns) has wedksss,
but it shows great advantage under vertical lobdsagonal grid has relatively good out-of-planéfress,
but very low in-plane stiffness, thus when verticédaded (in-plane), it shows the worst behaviors.

Under the specific load cases of the cellular wd#rge proportion is vertical load from the greeof —

rectangular grid network might be more suitablenparing with cell-like (hexagonal) grid. This sexcti
will make comparison to several design cases fiferéint grid types under the actual design conditid
the cellular wall.

Compared cases:

Design case 1_ cell-like grid model (Voronoi Diagrauned up densities)
Design case 2_ triangle gird model (regular sizes)

Design case 3_ beam-column model (rectangular grglilar sizes)

Design case 4_ brick-like model (discontinue regtaar grid, regular sizes)

All of the models have:

- The same D/t ratio of section profiles

- The same load cases (evaluate the analysisgdsuih ULS)
- The same boundary conditions

Design principles:

Decrease the cross section until one of the failuwdes is reached:
Buckling factor < 6

or Maximum stresses > 400Mpa

Evaluation Results

Information table of these design cases and thiysisaesults under C2 (Combine load case - UL8) ar
listed in the following pages.

Basically, the failure modes of a structure cowddshmmarized by two categories: one is materidd ye
strength problem; the other is un-recovered deftiona geometry/stability problem (Loosing stalyilit
brings large change to the geometry of the strectwhich can be caused by different reasons.)

For the cell-like grid, the deformation and theestyth determine the dimensions — as design critehde
for rectangular grids (beam-column model and blik&-pattern) and triangular grid, the buckling Ipiem
is critical — buckling load will determine the dimsons.

The weak out-of-plane stiffness of the beam-colunmdel can be improved by offsetting the beams,
breaking the continuity of the horizontal compogeuch a brick-like grid has larger capacity fot-of-
plane loads, which can be found from the out-ofipldeformation in the linear static analysis.

In the specific load cases of the cellular walg thain load is the weight of the green roof (vaitticloaded
on the wall), while wind load has small proportiémom the amount of used material in different gesi
cases, conclusion can be draw that cell-like drigcsure is not an economic/efficient structuratior
comparing to the other two grid types.
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Design case 1
s Cell-like grid
Description (tuned up de;sities)
Element length 4m
Cross-section D=600mm. 1_112mm
(D/t=50)
Glass thickness 26.7mm
LCI1 - own weight 4533.5
Total | LC2 - Roof DL 377954
Load | LC3 - Roof LL 4724.6
[KN] | LC4 - glass fagade 32034
LC5 - wind load 2609.0

[Ufax = 49mm,

|UZlx = 53mm

Detormation magnification: 10,00
Caze: AZ: Tas2: Mode 1
Mode 1, Load facter: 12 52

IS o el e b

Fa

o
(i
e

AT AVAVAY,
Jizaﬁﬂ%?“

v |
- /‘\'
)
)

N

Design case

Description

Triangular grid
(regular sizes)

Element length 7m
Cross-section D=375mm. tfj.imm
(D/t=50)
Glass thickness 26.7mm
LCI - own weight 1905.1
Total | LC2 - Roof DL 38221.3
Load | LC3 -Roof LL 47774
[kN] | LC4 - glass facade 3200.0
LC5 - wind load 2707.0

AN

[Ufhax = 33mm,

7
L0
FAPATR

YA 167 FE+E P
ol mES R
125 0E+6 Pa
"J 34.19E+6 Fa
e 42 43E+8 Fa
‘ { 571100, Fa

Deformation magnification: 10,00
Case: A2 : Tak2 : Mode 1
v, hode 1, Load facter: 6,815

S
Y ?»q"
TRV L
_‘&/’7@%

|Uzkx = 33mm

Beam Stress, Von Mises

3 203 0B+ Pa
4 - 251 2E+46 Pa

200 5E+6 Pa

Case: A1 CZ
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Chapter 8

Conclusions and recommendations
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8.1 Conclusions
8.1.1 Structural definition for the cellular wall

1 _The surface of the cellular wall is a singleveat surface (developable). It can be generatedles f
lofted surface by two free-form curves (bottom &oywl boundaries).

2_ The structural topology of the cell-like gridcdemplex. It represents the wall surface by lirsteuctural
elements. Topology of these elements will deterrtiieestiffness properties of the grid structurepahe
forces trajectories.

3_The main load case is vertical load caused &ygtben roof, and the self-weight of the grid stiteis
relatively large. Wind load has small proportiorttie combined load cases. Therefore, the grid tstreigs
heavily loaded by in-plane loads, and the out-aiaplloads are quite small.

4 To isolate the cellular wall for structural dgsand evaluation, the other parts of the buildivag
connect to this wall are translated to supportsiammbsed loads: fixed foundation, side edges amtup
boundary - applied pin connection but free to miovéhe vertical direction, and the roof and glasgelr
will bring extra imposed loads to the cellular wall

8.1.2 Material and construction technologies

1_Hollow section steel tube is suitable for thiel gtructure of the cellular wall. On one hand,gaist
concrete is not popular in the building market dir@. On the other, tubular structures have various
applications in China, especially for lattice stures, lots of precedence can be found. It is eabge
fabricated and assembled.

2_ Rectangular hollow section profiles are chobecause: most of the beam elements in this gridtstre
are under bi-axial bending and the torsional momeanhnot be ignored. [Based on the analysis reisults
Chapter 5.3.3]

3_ The construction technology is mainly determibgdhe welding work — all the individual hollow
section steel tubes are welded together. For inveitiding, the elements must be carefully coded /
coordinated for exact positioning. One propos#b igeld the steel tubes on separated frameworks, an
then position and weld the large welded segmentsterio finish the construction. This solution caake
the welding work easier. Information of the wallfage can be generated for building these framesvork
[Chapter 6.1]

8.1.3 Structural design and evaluation
In this thesis study, two main parts of structanadlysis were performed:
Part | — basic grid types study

Three basic grid types have been analysis and ceipChapter 5.3] From the analysis results, the
following conclusions can be made:

1 _The buckling capacity is strongly improved by tiwevature of the facade:
The buckling load factors of the grid structurescanved panels are 15 times (for hexagonal griim@s
for rectangular grid and around 30 times for trilag grid) than on the flat panels.

2_The grid types and orientation (related to tevature of the surface) influence the stiffnesspprties
of the grid structures:

Triangular grid has large in-plane and out-of-platiiness, thus it shows the highest buckling cégan
the case of curved panels (much higher than ther ¢ grid types). Hexagonal grid has a relativabge
out-of-plane stiffness but little in-plane stiffeedt also shows large buckling load factor. Regtdar grid
(Note: orientated as beam-columns!) has low lavéldth in-plate and out-of-plane stiffness propesrtit
shows the worst buckling behavior — the smalleskbing load factor and a very large buckling area.
These stiffness properties have been further aoefirby linear-static-analysis. For example: wiradlo
causes the smallest deformation in the trianguidrand hexagonal grid. The deformation of the
rectangular grid is approximately 8 times largdre hexagonal grid has the largest total deformation
(combined load cases). This is caused by its smgllane stiffness.
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3_ Besides the stiffness properties and boundarglitons, the geometry of the surfaces influenee th
(shell-like) buckling of the grid structure:

Grid structures built on the extruded surface -dgexal grid has much better buckling capacity then
rectangular grid. But when the actual geometryheffacade (including the ‘outward’ incline leveldathe
slope of the upper boundary) is applied to the gridcture, the hexagonal grid doesn’t show thisaathge
any more (see Page 69).

4 The failure modes of the grid structures areediffit:

For the hexagonal grid, the deformation and thensfth determine the dimensions — as design crjteria
while for triangular grid and rectangular grid, tmeckling problem is critical — buckling load detenes
the dimensions. (Chapter 7.7)

In the specific load cases of the cellular walg thain load is the weight of the green roof (vaiticloaded
on the wall), while wind load has relatively smalbportion. Thus, a pure hexagonal (cell-like) gsichot a
very economic structural form: very weak in-platifreess, carrying large bending moments. Material
cannot be used in a very efficient way; therefbeeresulting structure will be quite heavy. Solnfdo
efficiently increase the total in-plane stiffnessécommended, for example, design special joiradé€s) to
create rigid connection which can restrict the tiotg combine the pure hexagonal grid with triamggrid
in the structural topology, etc.

Part Il — Actual design conditions: cell-like grid optimization by parametric models

In this design case, the objective of the optiniizats efficiency of the material utility, which raes the
structural elements are settled according to sirattequirements. The optimization strategy is miegful,
since the geometry and topology of the structurgrégular, and the imposed loads are also nobumitfy
distributed. Experiments and comparison shows demed of efficiency has been achieved in the medifi
structures.

1 _structured grid models (Chapter 7.5.1)

Without modification or optimization, the grid stture with regular size/cell-density results inexrenly
distributed forces and high-level stress. When gbeaRsc to introduce some margin of randomness, some
grid elements deform (some grid deformation mighise unfavorable shape) in the unloaded structure,
therefore the resulted deformation when loadedoisse/than the regular grid.

2_a_ modified structured grid, by inserting trialagielements (Chapter 7.5.2)

The grid structure with inserting triangles wagfstithan the original model. More moment-free jsithus
the material can be used in more efficient way. iBuhost of the cases, when triangles are intedest¢he
network, stress concentration might occur nearthyclwvmakes it difficult to control the insertinge\&ral
iterations (modify grid — structural analysis —dback cycle) are needed to optimize the interesting

2_b_ modified structured grid, by locally doubling hexagonal elements (Chapter 7.5.2)

By locally double up the hexagonal grid, the gtidisture also got stiffness to restrict the defdioma The
stress distribution was more even than the origstralcture, and with lower values. The implemeotatf
double-up grid is easier than inserting triangeleaments. The modified pattern with local doublgim
has appearance of fractal geometry.

3_unstructured grid models (Chapter 7.5.3)

When the local densities of the grid structurefame tuned up with the imposed load cases (strattur
requirements), the material will be used in ancéfit way — can be read from the analysis resulistter
forces distribution and low stress level. The eyetistributed reaction forces are also good for the
foundation. The local densities/grid sizes are gedrsmoothly, which brings nice design aesthetic.

4 Member design — apply different cross-secti@isapter 7.6)

Another method is to apply different profiles (csesections) for individual beam elements accordintpe
structural requirements. Although it will bring extrequirements for construction — carefully codad
stored etc, this approach provides quite an efficiééructure.
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Other solutions

In the modified structured grid models, by locallytting-out triangles will cause stress concertrati
which cannot efficiently increase the total stifseA suggested method is to corporate Voronoirdiag
with the associated Delaunay triangulation, effitie getting advantages of the stiff triangle comeots.

Example Process includes the definition of two pggts:

[Black] Point-set 1 - grid points to generate the origo®l-like grid (Voronoi Diagram)

[Red] Point-set(s) 2 - grid points (selected from Piet 1) to generate the local interested Delaunay
Triangulation
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Note: Solution should be found to prevent unfavteadross’ between Voronoi diagram and the assediat
Delaunay triangulation (an example is showed irfignere below).

Voronoi
diagram

Delaunay
triangulation
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8.2 Recommendations

8.2.1 SNHM projects

- Design conditions

The design conditions in this thesis study are daseseveral assumption and decisions, for exathple
glass layer has been integrated with the primangcsire by point supported system — which bringsaex
loads from the weight of glass panels. If any ohthese conditions is changed, the structural desiguld
be modified. In that situation, parametric desigows advantages, the complete process doesn’ttodss
change, but quickly repeat the generation, anabysisevaluation.

- Joint design

Designing of the joints for the cellular wall sttuce is a complex task, which was not includechis t
thesis study. Some optional designs were sketcdesl Appendix). Further study and detailing design f
the joins (large bending moment) should be donentmance the in-plane stiffness of the grid anceimse
the efficiency of material utility.

- Further checking

1 Horizontal reaction forces at the connectionhvitie green roofVerify if the roof and the shear wall on
other side can provide a fully horizontal supporttte cellular wall.

2_Vertical deformation |Uz|[Uz| might cause the cracking problem on the atlter of the roof or the mid-
span columns. It should be evaluated, but not gegfied by standards in this thesis study.

3_ Member bucklingTo reduce the weight on steel, smaller wall thedsplates should be adopted in the
design of box section. If the width-thickness ratfcsteel plates for welded thin-wall box membeargite
large, local buckling on the compressed platesoeasily. This analysis should also be implemented.

4 _Influences by the local floorkocal floors that attach to the cellular wall wilieate intermediate
supports and bring extra loads to the grid strectur

- Geometric tricks

Some geometric tricks have been proposed (chag@grfér creating irregular patterns, but in theame
time, reducing the different structural elementsede solutions can be involved in the grid strctur
generation. Further investigation can be perforindthplement some of these in the geometry. However
these geometric tricks cannot be easily coopenaittdthe optimization concept - ‘adaptive patteloy’
structural requirements.

8.2.2 General grid structures design

Grid structures are popular in modern architectangl, a large part of the special structures nowadeas
grid structures. Therefore, more systematical stalyd be performed.

- Structural behaviors

In 2D grid structure (grid on flat panels), thedgtypes and orientations determine the in-plaritness
property and the forces trajectories. When theasarfs changed to a curved panel, the determinafitire
stiffness properties becomes more complicate. €laionship between the orientation of the gridd tre
curvature of the surface significantly influence tut-of-plane stiffness. Limited items are taketo i
account in this thesis study, and some of the usebepl results are not given in-depth explanations.
Further research could be performed to get mosggn-knowledge and experience of these kinds df gri
structures.
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- Materials and construction technologies

Because the specific design conditions gave soe® clues, decision was made in advance for the
structural material and construction technologmethis thesis study. More research could be peddrio
investigate new materials and construction techgietofor similar grid structures. It would be udeéfu
other grid structures design in the future.

8.2.3 Adaptive pattern

This thesis proposed a concept of ‘Adaptive pattdime basic purpose was to explore a grid strgciur
which all the elements were tuned up by differesdidn constrains.

_ Create a parametric model which can be genebateder’s pre-defined rules/inputs

_ Build up design exploration diagram and netwdrklbthe constrains

_ Implement the parametric model with inputs frdra tonstrains network, to get ‘optimal’ structures

- Generation tools

Several strategies have been experimented to derferable patterns, there are some points can be
improved in each of them:

1_Circle packing strategy

Only 2D generations were experimented, no complefase was introduced. Further experiments could be
performed to apply this strategy to free surfaCase drawback of the 2D circle-packing algorithmthis
memory cost — the data structure should be improved

2_ Attract & repel strategy

In the experiment, the points behave accordingéme rules and cannot adjust them. Further invagiiy
could be done by introducing intelligent agentsichitcan be able to learn from the environmenthht t
case, more geometric principles could be includetthé generation process.

3_ Mapping tool
The uv mapping tool (described in Chapter 6.4) evaated according to the specific geometric rufdb®
surface. It is not the only solution. Therefordvestmapping principles can be found.

- Design Exploration

A Multi-criteria/design exploration by different mstrains was the basic method of “Adaptive pattern”
However, focus on the structural optimization, otthesign constrains were not fully taken into actan
the design process of this thesis study. Furtregareh for “Adaptive pattern” could be performedétter
use these methods.
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Appendix A: Algorithm and Pseudo-code of the 2D Cicle-packing Experiment

Objective of the 2D circle packing experiment

The objective is to generate a point-set withiregain region, according to predetermined localr(po
point) distances. At each position i [x,y] or [upf]this region, the point-point distances;éR.) are
predetermined. The procedure attempts to add oiné qtoa time looking to satisfy the condition ®
Daeraus Where B} is the distance between the currently tested @oidtits nearest neighbor;

Circle packing 1

Generation procedure is illustrated in the figuedldw. Every time when a new grid point is creatad,
corresponding circle will be draw. The radius dof ttircle will be determined by the location of thisd
point (center of the circle). The difficulty of thstrategy is to define the ‘closed-curvée(l), which is
determined by the outer circumference of all thendcircles, as the efficient path to generate ndav g
points.

< Pseudo-code >
int N, /I the number of points we want to gater
Draw the first point and circle;
Void Newpoints() {
If (closed-curve== true && i< Np) {
i++;
Create a randopoint i onclosed-curve
Creatécle i; /I center is point i, radius by poimtdsition(Dyesaur
Calculatdosed-curvépoint i, circle i); [/l update a new closarve
Newpoints(); /I recursion: continue the generation, uhire is no efficient
closed-curve the outer circumfeeeis out of the boundary or
required number of grid points bagn created;

Implementation in GenerativeComponents is represkint the figures bellow: One feature called
‘UnionOfClosedCoplanarCurves’ was used to defiredlose-curveBlue]. With help of this feature, it
was easy to build up the iteration loop. But it'tée implemented to many iteration cycles to deigh
large amounts of points/curves, because of the mehmaitation.

Point[] —>  circleli] <

Closed_curve [i-1] ——  Closed_curve [i]

curfi].UnionOfClosedCoplanarCurves({cur[i-1],cir[i]});

Point.byParameterAlongCurve (T)
Circle.byCenterRadius (R)
Curve.byUnionOfClosedCoplanarCurves
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Circle packing 2

In this case, the rules were the same as the fama#rod, but an inverse procedure - selection anwval
from the default grid point, as illustrated in firgure bellow.

3 point-lists were defined in this method:

DefaultPoints[] — [Black] its items will be removed when they are locateslde the generated circles, and
it will be a null list after all the selection anemoval;

FinalList[] — [Red] items that have been selected from default gsidféective points will be stored in this
list, to provide the resulted point-set after itera;

ClosestPoints[]- [Blue] every time when a new point is selected and sesponding circle is created, a
group of closest points (closest to the new sedkeptént) will be updated, and the next selectioh boé

from this group

< Pseudo-code >

List/Array DefaultPoints[] FinalList]] Currg_ClosestPoints[] New_ClosestPoints]]
Initialize DefaultPoints[]; // generate defagtid points
Initialize New_ClosestPoints[]; // by select graint from DefaultPoints]]

Void Newpoints() {
if (New_ClosestPoints[] != Null) {
Current_ClosestPoints[Jew_ClosestPoints[];
while (Current_ClosestRsjh!= Null) {
Point() {
select one point from Current_ClosestPoints]];
add to FinalList[]; add point[i]

}

Circle() {
center = point][i];
radius = point[i].position.Raus
}

Check() {
Distance = point[i] to each remaining grid points;
if (Distance < Radius) Delete remaining grid psifibom all the lists;
update New_ClosestPoints[]; //find the closesgiigor(s) to point]i];
}

}
Newpoints();  // recursion

}

/I after the loop, report the DefaultPoints[] (‘Nuknd FinalList[]
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B circlepacking_image | Processing 1.0.1 Q@

File Edit Sketch Tools Help

©0 mOEm |

‘ circlepacking_image §

Figures: Implementation in processing

44 el & *|" Input information

Hz81500; 60017 For each grid point (gridpointsJi]), there are dnits to
define its properties:

gridpoints]i][0] — x coordinate

gridpoints]i][1] — y coordinate

P gridpoints]i][2] — local radius signed by color val

nt. 120, k=0 from background image

I o st o i gridpoints[i][3] — exist or not, for deleting items
B x s 1=alive, O=dead (ii#int point)

int tempx = 5043%5;:
int tempy = S50+k7*5:

p = loadInage (“stress03.JPG") ;

. 0):

lor te = get(tempx, tempy);

j>v§fu‘;,§j"’ e et e ot Reported information

[mromtartar]- 17 /s, o o s finalpt=313 .

R Resulted grid points in the FinalList]]
e gpS:O

Remaining grid points in the DefaultPoints[]
— after efficient generation, should be ‘0’

B circlepacking_image =)

Default grid points Background image (stresses graph)
B circlepacking_image =) B circlepacking_image =) \

Output | Output Il

Sample: in this case, the local distances werem@ied by color values — the final point-set disition
was corresponding to the color gradient. A graygen@op, left) was used as background; color vafue
each position in this image was get and signetidddcal distance (radius). The rule between coddue
and radius can be defined freely, to get diffeggid densities (bottom, left & right).
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Appendix B: Inputs and Outputs of the parametric design cases

Work Flow
[Excel] WorkBook
[GC]
Model generation ---> Geometry Data ---> [GSA]

& regeneration . .
g Coordinate list (nodes)

Connectivity list (members)

l

Boundary conditions - __3 [GSA]
Profile Definition ---> [GSA]

D, t for RHS profiles
(the same for all the elements)

J

Load-case Definition [---> [GSA]

L1, L2, L3, L4, L5
C1(SLS), C2(ULS)

|
[GSA]

Linear Static Analysis__ -> Analysis results
Buckling Modal Analysis

[GC] _
Roof load calculation

Quantity information
Graph information

______________________________________________

(If apply different profiles)



159

A combined [Excel] WorkBook was created for eachapa@etric model, to aid the whole process — from
model generation to analysis results — interfatirigmodeling tool [GC] and structural analysis tgaSA|.

Example: Implementation of unstructured grid model

2D grid generation; includes:
Point-set generation - Attract & Repel
Grid generation — Voronoi Diagram

UM mapping — 2D grid onto surface

Calculate load cases - LC2, LC3
- by the roof geometric information

[Excel] combined WorkBook ——>

—>

[GSA] Structural analysis

File Edit Wiew Favorites Tools Help :’,‘

@Back * ? /'-'Search

Address _"| DhStudyMscunstructured grid 01 :_V"_ 50

3
Falders

L 20 uns

gel o

1

tructured grid.get

Mapping Tool.gct
GCT File
7 KB

basic_inner_controlpt, tet
Text Document

1 KB

basic_outer_controlpt.

Tesxt Document

coordinates. bt
Text Document

26 KB

Text Document

‘ connectivity, it
5 KB

Roof Load calculation.get
GCT File
19 KB

upperpt. tit

Text Docurment

unstructured grid 01_info.xlsx
Microsoft Office Excel TTERTR
149 KB

unstructured grid 01.gwh
G54 Document

975 KR

D:\Study\Wsc\unstructured... - [0O053 .

Control points of the inner and
outer boundary curves to define
the Ruled/Lofted surface

The coordinates and connectivity
information of the 2D grid

The coordinates information of
the points on upper boundary
(connection between green roof
and the cellular wall)

Figure above shows the documents used in this garEmmodel. Geometry data (and relative informa}io
from GC was written to the Excel WorkBook, and thquired inputs were prepared in this WorkBook for
GSA. Analysis results from GAS were recorded itt® YWorkBook.

Note:

For the current version of GenerativeComponentsgiga 08.11.05.36), it's easier to read point fiesl
connectivity files from txt format. All the txt.lés were prepared as input files for GC, to geeepaints

(coordinates) and lines (connectivity).
For the outputs from GenerativeComponents, it'ssehdo communicate GC with Excel via features

‘WriteExcelRange’. By pointing to specific rangefstioe Excel sheets, the data can be correctly dexbr
and directly applied to the other calculation.
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@ B9 o unstructured grid 01_info.xlsx - Microsoft Excel
Fiic] BA TEER B = =5 = b1zl Acrobat
[ ABE ~ Q@ f] 53
- B e | F | 6 | n | n K i

|

2 X z | Elemen

3 17,38 36,16 0,00 1 Beam 1 1 None 0 1
4 s 15,78 32,98 0,00 2 Beam 1 1 None 0 3
50 a2 15,78 32,98 3,65 3 Beam 1 1 None 0 4
6 4 0,00 0,00 12,50 4 Beam 1 1 None o [
?_ 5 0,00 0,00 15,00 5 Beam 1 1 None 0 7
8 6 -3,97 2,87 15,75 6 Beam 1 1 None 0 1
9 ? -3,50 2,41 0,00 7 Beam 1 1 None o 9
10 3 0,00 0,00 0,00 8 Beam 1 1 None o 10
unf 9 18,99 33,34 0,00 E Beam 1 1 None 0 1
2] 10 19,82 an,78 3,39 10 Beam 1 1 None 0 12
13 i1 19,06 39,04 7,40 Beam 1 1 None 0 13
14 12 17,46 35,86 6,77 : Beam 1 1 None 0 14
15 : 16,62 34,42 3,39 13 Beam 1 1 None 0 15
16 21,21 45,89 0,00 14 Beam 1 1 Mone 0 16
17 21,82 49,25 0,00 15 Beam 1 1 None 0 17
18 22,37 51,22 3,60 16 Beam 1 1 None 0 18
13 22,30 49,83 7,62 Beam 1 1 None 1] 19
20 21,68 46,46 7,00 Beam 1 1 Mone 0 20
21 21,14 44,43 3,81 Beam 1 1 None 0 a1
n 1,86 55,91 0,00 Beam 1 1 None 0 22
23 21,28 59,21 0,00 Beam 1 1 None 0 23
24 21,31 61,03 3,93 Beam 1 1 None 0 24
2 21,91 59,55 7,86 Beam 1 1 None 0 25
2% 22,49 56,26 8,50 g2 Beam 1 1 Mone 0 2%
W 4 > M| Geometry Data < Profile Definition  Load-omse Definition . Analysis results

HEE

@ H9-&-)+ unstructured grid 01_info.xlsx - Microsoft Excel -Aax
s E-7N NE#RE a3t s b = i) Acrobat @ - = x
[ ads - £ ¢85
G H 1 J L M

1

2

3 3,563 o o 0 0 215,50

4 3,648 0 0 0 0 491,70

5 2,5 o o 0 0 2492,00

6 4,955 0 0 0 0 3289,00

7 4,244 0 0 0 0 2126,00

8 3,562 o o 0 0 5901,00

9 3,774 0 0 0 0 1161,00

10 4,422 o 0,00E+00 0 0 -15590,00

1 3,618 0 0 0 0 -24380,00

12 3,774 0 0 0 0 -38030,00

13 3,884 0 0 0 0 -118700,00

14 3,42 0 0 0 0 -148200,00

15 4,139 o o 0 0 -162500,00
16 4,252 0 0 0 ) 7,48

17 3,475 0 0,00E+00 0 0 -100,80

18 3,79 0 0,00E+00 0 0 -70,16

19 4,056 101700 1,19E+06 149300 47950 -56,61

20 3,346 140900 1,49E+06 186400 67190 240,20

21 4,329 165100 1,79E+06 223400 82260  1473,00

2 4,041 149300  1,4SE+06 180900 = 85890  2323,00

23 3,407 115300 1,21E+06 151200 64860  -251,00

24 4,669 119000  1,10E+06 137700 77710  2825,00

25 4,493 180500 1,55E+06 193400 139600  -2631,00

26 3,321 159500 1,16E+06 145400 127400  -5713,00

4 4 » W[ Profile Definition -~ Load-case Definition lxﬂéiysis results < Member Design <7 il
B |

Fig. Sample sheet of the Excel WorkBook

Note: GSA has the ability to make use of ‘COM Exgeunctions’ to communicate with Excel and vice
versa. ‘Command-control’ can be investigated tddoup auto interface between GSA and Excel. But in
this Msc thesis study, the interface was done lmgha
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In the point-set (grid points) generation by Attr&Repel model, the definition to local distansesre
referenced to:

- the roof load distribution, since it has the latga®portion in the design load cases

40.00

Span
30.00 -

20.00 +

10,00 o
Length

0.00 T T T
0.00 33.400 66.00 49.00 132.00 165.00

- the analysis results of regular grid, which showesrhaterial usage

Baam Stress, Von Mises: 1,000E+0 Faipio.om
| 4000848 Pa
3920846 Fa

2867646 Fa

~ 228.8E+6 Pa
al K=

To make sure the speed of the iteration and retheceomputer memory cost, the definition of thealoc
(point-point) distances were simplified by piecesvfanction, instead of curve. For example:

4.5 <30
4.5+(L-30)/10 3040
FL) = 6.5-(L-50)/12.5 50<t5
4.5 75<I1£115
4.5+(L-115)/5.5 5KI<137
8.5 L>137

FL) 4

v

0 30 50 75 115 137 L

i

[/
V/

Siey,

iy, L) N
RS
SBTECSS S wY SATGVAE
oty Vi A s
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Appendix C: Sketches of detailing (connections)

Nodes of the primary grid structure

The joints of the cell-like grid structure
are very important, since the largest
combined forces occur at these nodes.

Besides the structural requirements, the A ;

.. . . Jore i L
3D prototype of the joints is also quite - ~1
complicate. Connectivity between the A o o
straight elementsis difficult due to the X N q

curvature of the surface, for example,
there will be some requirements to the
gaps (in-between) for welding.

Solid ball connection is very easy for [N

construction complicate 3D prototype | [ =

of such an irregular grid structure. \J A ,
. . N | |

But in this case, because of the large / =1

dimensions of the beam element (the 4

width of the RHS around 0.5m), the \\

connections (nodes) cannot be solid.
Several prototypes of the hollow section

joints are exampled by sketching. The \,ﬁ 3
continuity of steel plates can make sure ! l T/‘
the efficiency of the load transfer in the L

joints. @ . e
P P
e / S~ P

In addition, the beam elements can also
be connected by bolted connection in
the middle point of the beams, where
the invert point of the moment locates.

J Pl"\‘fi
v
. ;
Mo i
ey gy ; |
( ﬂ > ] 3
l"_ l-l"ﬁgu:.'-::-- —L'—:LI"—".,

— L'”F'f‘ rl [ONPE Lo

it woel-poict of b elewert



163

Nodes of the Bird’s Nest (Source: Architectureweekn)

Uit

secondary structure

A%< 2em
< 2cmgap

'. igﬂq
Pri
’j. .ﬁiaﬂ/ Strety <

S
center lines meet at one point.

eel at one point.

M mE T 2em.
POLENASE i
B, AlBasF—m.
edge tolerance will be smaller than 2cm.
the center line of the beams have to follow the reference curved

surface.

ie. center lines cross at one point ArchitectureWeek.com

In the project of Bird’s Nest, most of the
steel beam elements (RHS) are curved
and/or twisted.

The edge tolerances (gaps) between the
primary structure and secondary structure
are controlled within 2cm, while the

beam elements have dimensions of 1m
width and 20mm thickness.

From the figure (right), the continuity of
the beam elements go through nodes
(cross-points of RHS profiles) can be
found.
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Green Roof to the cellular wall

Since the detail design of the green roof > gt
and the construction procedure is not to)”

yet determined, the detailing of the
connections is only conceptual.

Edge beam at top was chosen for the
grid structure — to create a tensile ring
and transmit the forces between the roof
and the grid structure.

A concrete roof structure was proposed
(see Chapter 2.2 & Chapter 7.4). For
this concept, three sample connections

are sketched here:
1 by anchor encased in concrete QOJS.
2_ by steel bar cooperated with the —

reinforcements in concrete roof A ~ |
(In these two cases, the construction of Dy R "‘“‘-——ﬂNE
the concrete roof will be finished after ay -
the installation of the grid structure.) =D @ ‘Q'?
3_ prefabricate concrete roof, connected

by screws/studs to the edge beam "{’7"- Bear
If steel beams over the roof span are A OLm
chosen for the roof structure, the edge -~
beam can be welded/fixed to the steel v
beams. A

—_re
ANCHOR

.

‘—z._‘ipi-"/ E
mL Beoin
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(Local) floors to the cellular wall

A proposed solution to the connection
between local floor structure and the
cellular wall is:

- keep them separated until the
construction is finished and
deformations of the structures
are settled down under the
permanent loads

- measure the distances between
the local floor structures and
the wall, attach the floor to the
wall with horizontal supports

Thus, the floor structures won't bring
significant extra load to the cellular
wall, but only create horizontal supports
to deal with wind load.

Reasons:

In one hand, as for shell structures,
intermediate supports are not favorable.
Intermediate supports also have little
contribution to the grid structure, but
result in large local forces.

In another, consider the adaptability of
the building, advice was made to create
a clear distinction between a primary
structure and a secondary structure (see
Chapter2.2.1). The cellular wall is a
main component of the primary
structure, while local floors belong to

the secondary structure.

g,
JUdL 3=

oS e Mtj,,wm

—éf-mMD

)

E ctad tub e
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Cellular wall to the ground (foundation)

To create a neat and nice view, it is
advised to connect the grid structure to
the foundation without applying any
visible edge beam.

Two examples are sketched here:

1_simple connected to the foundation
with steel plate and anchors (as figure)

2__encased to the foundation pier

Edge beam (steel/concrete) can also be
applied, but hided underground.

1:\&\

o, o
V) ) o)
o] o]
[»] ®)
-—[[ !
ANy
AT TIHPLTATR 4 %—" e
Anchor ¢ womm

A

]

-[wuopa'ﬁm

Pier



