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Chapter 5

Design Alternatives of the Cellular Wall

This chapter will discuss the design alternativiethe cellular wall. A design exploration diagrarstbeen

draw to clarify the design constrains and theiuregments, following the proposal of structuralgraeters.
Various structural materials with construction neeth and different grid types have been comparethst
some references study for the structural pattemdsgaid structures will be recorded.

“There is no method that enables us
automatically to discover the most
adequate structural type to fit a specific
problem as it is faced by the designer.
The achievement of the final solution is
largely a matter of habit, intuition,
imagination, common sense and personal
attitude. Only the accumulation of
experience can shorten the necessary
labor or trial and error involved in the
selection of one among the different
possible alternatives.

- Eduardo Torroja”
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5.1 Design Exploration Diagram

A Design Exploration Concept - ‘Constraints as gesrivers'was proposed by Axel Killian (MIT, 2006):
“Design can be described as a process of emergenkdiscovery resulting from the definition of the
constraints, their relationships, and the desigiblegm. The constraints that form the boundarigbef
problem can also serve as design drivers for plesdisign solutions. Understanding the constetatio
constraints is crucial, and it goes hand in hartti tie creation of design solutions. Every desigiven
creates additional constraints and consequengjgers contextual responses.”

Constraints are generally viewed as limiting fagtordesign. But there is evidence in some reseandh
architectural practice that constraints can trigherdevelopment of innovative design solutions amda
powerful way to drive solution space. Constrairas belp to focus design exploration through forringa
the boundaries of available resources. There aieugtypes of constraints that can be appliedrenge
of aspects of the design problem. While constraimdy initially prove to be a limitation, over thewse of
the design process they can evolve to become ardovinnovative design solutions.

The first step to aid this transition is to extdizeathe constraintdt is a necessary step in constructing a
design explorer. The analysis of the design prolileaough diagrams provides the dependency network
between the constraints. In the next step of coasirg the exploration framework, the constraints a
translated into appropriate design representatieinslly, physical or digital implementation choscare
made to complete the design explorer.

By integrating the design constrains, a basic aesigloration diagram for the cellular wall of SNHM
shown in Fig.5.1. The objective of this cellularidesign exploration is pursuing an adaptive patte
configuration for the wall structure.

Represent | cell-distriution Cell-size Cell-distribution

[Non-unifermly] [Adaptable]
Cell-like skin Smooth surface lighting
call for ‘irregular’ tight tessellation transmittance

Constrains | Aesthetic || CUPVALUFE  [rrreeersressenesrenene s casananend Light-Level |

........................................................................... Material i
................................................... Properties |
., » 'd -
Constrai s Structural  |eeeeeceeiceeenenes Fabrication &  |.coeccoecesceceeecsmseesnscssssessssesesmsssemssessseesssmesnast®™
Sl behavior construction

Determined by Reduce the amount and
applied load cases complexity of structural
components
Cell-size Cell-size

Cell-distribution
Cell-wall orientation

Cell-distribution
Repfese"t Cell-wall crientation

Fig.5.1 Design exploration diagram for the adappiséern

For the specific design case of this cellular whi, geometry of the wall surface was determined in
advanced. Thus, the design exploration should foousn adaptive pattern (cell-like) — in which the
parameters include: cell-size, cell distributioell-evall orientation etc. The goal of the desigiplexation
process is to target an optimal combination oféhEsrameters.
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In the design exploration diagram, the main desmmstrains are: Aesthetic, Curvature (of the waiface),
Light-level, Structural behavior, and Fabricatiomfstruction technologies. Each of them will have
specific requirement for the design parameters.eixample, the curvature of the wall surface ressréie
cell-size - the sizes of the mesh elements shcaikshimll enough to smoothly represent the surfadeghy
tessellation. This is important for most doubleveut free form architecture. However, in this célise,
geometry of the surface is relatively simple, whietluces thus a requirement. In addition, sombexd
design constrains have conflicts with the othees.dxample, the Aesthetic constrain calls for aagular’
pattern to symbol human cellular structure, whidtfication&construction pursues a higher ‘regléael
to reduce the technology complexity.

For structural optimization strategy, the main fpwint is Structural behavior. This constrain is
complicate, since various load cases (dynamic \eiad/load/vertical load from the green roof, etnight
be taken into account. As discussed in the forrhapter, parametric design approach can be useteor
rapid generation of computable design represemti@scribing design alternative. By analysis and
evaluating of the design alternatives, an insigtd the impact of the structural parameters toctral
behaviors can be gained.

5.2 Material and construction technology

5.2.1 Structural Integrity

The cellular wall is comprised of three layers a@terial and structure:
1 primary structure

Large scale pattern, as skeleton with impars&ructural functions
2_glass layer

A membrane of glass as fagade cladding streict
3_shading layer

Smaller scale pattern, with symbolic and shgélinctions

Normally, structural engineering is limited to lareclements and plates. The main structure ofaHelar
wall is also discrete and represented by lineanetds — straight beams (as cell-wall) and platgsiss
panels. These linear elements are load bearingtstas. The shading layer is non-structural element
which can be designed separately with more freedom.

Before we explore an optimal primary structure,isiea should be made for the integrity or separatio
1 _Integrate glass layer with the primary structuta one hand, when the glass layer is integrateste
will be more constrains/requirements for the priynstructure. In the very beginning of the desigigst
this is a proper consideration. In another, intéggathe glass layer with primary structure, thisrao need
for frames (for glass panels) or extra supportysjesms - The primary lattice structure of the datwvall
can serves as supporting framework. This bringasnctechnology design aesthetic.

2_ Separate shading layer with the primary striectusince the shading layer is not-structuralait be
design by light-weight material, which is easy toibstalled or removed.

5.2.2 Primary structure

Primary structure of the cellular wall is a gridusture, for which, two optional materials can ds
precast concrete beam or hollow section steel tBimee precast concrete is not popular in the Geaine
building market, hollow section steel tube will dgood choice. It has popular application in strrex,
especially for free form architecture, since ie&sy to fabricate and construct.

Tubular structures (by hollow section steel tulies)e been developed rapidly and used widely in &hin
According to official statistics, the consumptioinsteel tubes for structural use in building comstion of
China is increasing at a rate of 20% per year, toge total weight of one million tons. By the eoid
2007, steel tubes account for 30% of the total eondion of steel used in the newly built stadiumd a
gymnasiums matching with Beijing Olympic Games.r€ntly there are more than 120 fabricators of
tubular structures in China, representing a newufasaturing industry.
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Reported by Z.Y.Shen, W.Wang & Y.Y.Chen (Tongji Umisity) in the 12 International Symposium on
Tubular Structures (2008), current tubular struesun China were classified into three large:

1 Truss-type tubular structures

Greater load-bearing capacity and the increaspan san be achieved with the use of planar or apeci
truss-type structures. Three main types of trugdgsh are mostly used in practice: Warren typesmih
K-joints, Pratt type truss with N-join{§ he large span shuttle-shaped trussed systeriedpplthe
restaurant and the press centre of Shanghai Fhatienal Circuit is an example), and Vierendegkty
truss with T-jointyVierendeel type truss is a type of truss withdiagonals, in which shear forces are

resisted by the vertical web members and chordisigaas a moment-resisting frame. The roof truss of
Chongging Jiangbei International Airport Termirabine example of this type). Besides, CHS spassdgu
are commonly used as the main structural systesuper high steel TV towers and high electricity
transmission towers in China.

igh.2 Projects of Truss-type tubular structures:
.11Shanghai F1 International Circuit

.21Chongging Jiangbei International Airport Ternhina
.31Terminal 3 of Beijing Capital International Ainpo

2_Frame-type tubular structures

Frame-type tubular structures can be divided wm dubclasses: high-rise moment resisting tubutanés
(as Guangzhou New TV Tower and Twin Towers) anadesfiiame tubular structures (as National Stadium
and National Swimming Center). Space frame tukstiarctures usually have irregular configuration and
demonstrate a frame behavior with significant sgdoad transferring mechanism.

Fig.5.3 Projects of Frame-type tubular structures:
2.1 Guangzhou New TV Tower 2 2Vest Tower of Guangzhou Twin Towers
2.3 National Stadium (Bird’s Nest) 2.4 National Swimming Center (Water Cube)

3_Lattice shell tubular structures

Like space frame, lattice shell structures areetftienensional skeletal structures. They are nowrtbst
widely used tubular structures for long-span buaigiin China (for example, the National Grand Téeat
Beijing and the Guangzhou Opera House). Guangzhpmauiaunder construction) will be a landmark
architecture of this city. It adopts ‘double gravwsdsed irregular geometric configuration. The pleeiry of
the building adopts three-dimensional grids folgkte and single layer reticulated shell structufédis
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members of this structure are thin-wall box gird@igid joints made of case steel are used whergepla
intersect. The highest weight of the single join8Y tons and the longest one is 12m.

Fig.5.4 Projects of Lattice shell tubular structure
3.1 National Grand Theater (Big Egg) &Rnangzhou Opera House

For the lattice structure of the cellular wall, Regular Hollow Section (RHS) steel tube (weldegktber)
has been chosen for its elements. Further strdatasign and evaluation will confirm this selectijBase
on the structural analysis results (Chapter 7),tilneam elements in this lattice structure are ubdexial
bending and torsional moment cannot be ignored, tlactangular tubular steel is recommended in this
case.]

5.2.3 Facade cladding structure

Glass differs from all other construction materialshat it is brittle: when glass components brerady
generally do so without warning. Thus, design flaisg structures must focus on the specific progedf
the material: its planarity in panel sizes, britdes and compressive strength of a sheet of asg|

Proposal for the glass layer integration is to g$G (Point Supported Glass) system.

In PSG system, the glass panels are point suppbytsgdider fittings. The holes in the glass ardadtiin
the glass panels to mechanically fix them to thpsuting structure. This approach provides zero
interruption of the all silicone glass joints, whican be of minimal width. The primary componerthis
stainless steel panel fixing bolt, which can eitherotational, reducing bending stress at the, lnoléxed
for smaller glass panels. The bolts are attachdioet@rimary structure by connecting arms in seggimild
steel or aluminum. [Source: PSG system by Novumc8ires, 2006]

Advantages:

1_No need for frames or extra supporting systethe-primary lattice
structure of the cellular wall can be integratethis system as supporting
framework for supporting points, in order to createy clean technology
design aesthetic;

2_ Suitable for sloped glazing — the angle candpested, adapting to the
specific geometry of the wall surface;

3_ Standard point supports can be applied — bygihgrand adjusting the
location of the holes in each glass pane.

Since such an integrated system is applied, logelschy glass layer should be taken into accoutiein
primary structure analysis. The loads resulted fghass facade include: the dead load of the glasslp
and the wind load integrated on the glass surtagesmitted to the supporting point.

5 . . .
Novum Structures, a contractor for high-technology spatial architectural structures and enclosure ;
WWW.novumstructures.com
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Primary steel structure
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5.2.4 External shading layer

There are various functional requirements of giissctures: natural light supplying, energy genenat
solar shading and anti-glare measures, etc. whintbe integrated in the glass structures designeSo
examples are showed in Fig.5.5. The third layehefcellular wall is for shading — functional reqment.

Fig.5.5 examples of glass structures for functisaglirements [Source: Glass Structures]

(Left) Different levels of energy admitted throudifferent sectors of double curved or folded roofs:
1_Glass pyramid partially covered by PV modules, 8gWelande Berlin, 1999, Arch.: A. Liepe and H. Siegnn
2_Light and energy enters the dome from all sitliegional Botanic Garden Wales, 1999, Arch.: Foster Rartners

(Middle) Integrated solar control in multi-curved glazingrgmsed of fl at panes does not require additional
components for shading: Triangular panes with stdatrol coating, internal courtyard at the Britidnseum in
London, 2000, Arch.: Foster and Partners

(Right) Adjustable solar shading on different sextosing additional internal or external measuresatte metal
screen for internal solar control, Reichstag domeljiBe1 999, Arch.: Foster and Partners

Both the primary lattice structure and shading lagBuence the light level of the building. Foonis the
structural optimization of the primary structuiight analysis won't be included in this thesis stud
Assumptions have been made that the shading layetiintegrated in structural system and it iglat|
weight structure which won't bring extra loads e primary structure. Thus, there is no specific
consideration for the shading layer in the follogvihesign study.
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5.3 Basic Grid Types
5.3.1 Goal

In the architectural concept design of ShanghautéaHistory Museum, a cell-like grid structure was
chosen for the central wall. Whether the selectedttural form is suitable and efficient or not sltbbe
verified by structural design and analysis.

“For a continuous shell, the imposed load can ntmitted to the supports in a direct line to thpports,
which keeps deflections small. But for a gridstiak, load cannot be transmitted directly but adithe
laths, which deflect to a position in which theseequilibrium of forces (Happold & Liddell, 1975).”

For grid structures, the grid elements determisastituctural properties (geometric stiffness) dadforce
trajectories, which significantly influence theuwsttural behavior. In this section, several basid types
(triangular/rectangular/hexagonal) will be analysisl compared, in order to:

1 provide recommendations of the most suitablielefft structural form for this lattice wall struce;
2_high-light the design principles of the celldigrid structures, which will be further designed a
optimized in the following chapters.

Regular Shapes that Fill or "Tile" the Plane
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5.3.2 Parametric Model for Compared Grid Types

A parametric model is built to generate variouse/pf grid on a single-curved Surface. For eadhtype
(triangular/rectangular/hexagonal), the paramétpaits are the basic curve (depicting walls extdutdea
particular height) and the size of the grid elersent

Basic curve

Note: in this case, the surface of each compariedngpdel is simplified from the cellular wall (tsame
curvature, but neglecting the ‘outward’ incline ééwof the wall and the slope of the upper boundary)
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Information table [Compared grid types]

Total Weight Vertical load Wind load
Triangular_a
»'."."!'4 !
I i
AN AAVAYAYAY AT
£ 3 47,0 YAVAVAVAVAYAVAVAT VAVAYAY,
VIVINAANAAAN
VAV, JAVAVAVAVAVAVAVAY,T/ d=5.6m A= 27.2m?
i w03 90 NAVAVAVAVAVAVAVLT| 1000kN 48.9kN d
AT, YAYAVAVAVAVAYLVi : (per node)
,‘.r‘.'-.-u 4204.9 kN 26001 kN 4253,2kN ( total )
WA
Triangular_b
d=5m A =27.2m?
880kN 48.9kN (per node)
4636.7 kN 26400 kN 4400,1kN ( total )
Rectangular
Iy 1l EEJJLH T
in 1 d=3.6m A =11.8m?
HH H 660kN 21.3kN (per node)
T - 3897.4 kN 25740 kN 4053,4kN ( total )
Hexagonal_a
R0 d=3.175m
A = 4.5m?
567kN 8.15kN (per node)
4668.8 kN 25514kN 4000,1kN ( total )
Hexagonal_b
: ¢ 3
a'a
o BB 4o
s ;‘4 d=3.175m A = 4.5m?
E 567kN 8.15kN (per node)
| 4338.1 kN 25999 kN 3975,8kN (total ) |

The same cross-section and boundary conditionappked to different models, but the total self-gldi

and imposed loads have some differences (see iafanmtable above).

Cross-section

Units of dimensions mm

Hollow

Depth (D) 400
\width (W) 400
Side thickness [t) 12

Top / bottom thickness (T} 12

Boundary condition
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5.3.3 Structural Analysis

1 Buckling Analysis

——
hll

Bars Plates Shells

P4

[Basic Buckling Problem]

Buckling is a failure mode characterized by a sndde
failure of a structural member subjected to high
compressive stresses, where the actual compressive T UNSTABLE. STRAKHT CONFIGURKTION
stress at the point of failure is less than thenalte T STABLE. STRAIGHT CONFIGURATION
compressive stresses that the material is capéble o

\ ! STABLE, BUCKLED CONFIGURATION

\_BFURCATION 1N DEFORMATION PATH

ol
T
~.7

withstanding. This mode of failure is also desadibe a
as failure due to elastic instability. NA ﬁg{ga
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Structures might failure/collapse because of yiejdi LI / xza
or instability. Both of them might govern the load Wb =7
£ <)

bearing capacity of a structure. For slender stinest
(slender column/thin plate/thin shell, etc.) bucglis \/
very easy to occur. Thus, checking for the buckling
instabilities behavior of this grid structure igye

necessary. PoA g -
FLAT SHELL -~ @\‘
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Figures [Source: Robert M. Jones, 2006]: EWLER LOAD
(Above) fundamental buckling behaviors of three &
basic structural elements - bars, plates, andsshell [ | snar TRoucH &
(Right) load-deformation behavior for an axially -

loaded bar, an in-plane loaded plate and shells

[

“— SHELL UMDER
-~ LATERAL PRESSURE
-

“— AXIALLY LOADED SHELL

»-
A

The use of finite element buckling analysis in skebility design of structures allows complex getias
and load and boundary conditions to be considdred. approaches are possible: a linear bifurcation
buckling analysis can be carries out to deterntieebifurcation load of the perfect structure. Reitunc
factors can then be applied to account for the gadenimperfections and plasticity. Alternativelyfudly
non-linear analysis can be performed with deflectjgeometric imperfections and plasticity properly
modeled. In this thesis study, the first approael t@ken in the general grid types study (Chap8Bp
and cell-like grid parametric design (Chapter O the structural design in this thesis study, ereptable
buckling load factor of 6 was chosen to evaluagedtid structures.

[Applied Finite Element Analysis Technique - Lindggenvalue Analysis in GSA]

Eigenvalue analysis has been used to determingritieal buckling load of the perfect form of each
structure. This is performed numerically usingnedir perturbation procedure. First the stiffnesgimat
the state corresponding to the base state loadinigeostructure is stored (in this case the bade & the
unloaded condition and the matrix used is the palgstiffness matrix), and then a small perturbatio
imposed load is applied. The program then derikesrtitial stress matrix due to the imposed load @m
eigenvalue calculation is performed to determimeudtiplier to the imposed load at which the struetu
becomes unstable. Thus the buckling load can loeleddd.
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Buckling analysis Results [grids on flat plates]
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Buckling analysis Results [grids on curved panels]
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Grids on flat plates

For the 2D grid structures (in these cases, aletments have the same section properties), ithéypes
determine the force trajectory, therefore the casped elements/regions within the grid structucethe
level of the compression are decided. These sagmifly determines the buckling behaviors.
Furthermore, the flat plates are fully supportetatndaries. In-plane stiffness of the grid struetuelps to
prevent large distortion of the grid elements (epkensee the figure below), which also has influetocténe
overall buckling behavior. Triangular grid has ilape stiffness, which come out the highest buckiaagl

factor.

Buckling Shape
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Grids on curved panels

By comparing with the 2D grids on flat plates, @a@ find that the buckling load factors of the grid
structures are significantly increased by the cumeaof the facade — more than 10 times, mostly {ke

buckling analysis results in former pages).

For different grid types on curved panels, theeddhces are also obvious:

The triangular grid and the hexagonal grid havédighuckling loads than the rectangular grid. And
triangular grid is much higher. The reason for thithat the rectangular grid gives little latesapport to
the main buckling area, while the triangular andagmnal grids give more support to the main bugklin
area. This is confirmed by the buckling shapestti@buckling areas are restrained within localaeg in
triangular and hexagonal grids, while the buckitmost extends to the entire circumference in reptiar

grid (This can also be described by different bingklengths).

Ceformation magnification: 10,00

Case: A3 : Task2 : Mode 1
Mode 1, Load factor 20,07

ase: A3 : Task2: Mode 1
hode 1, Load factor: 12,73
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Detormation magnification: 10,00
Case: @3 : Task 2 : Mode 1
hode 1, Load factor: 8,140
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For rectangular grid: In one hand, grid elementy bave curvature in one single direction (horizdly)
and the paths of force transporting (to the sugpante very long. Thus, little lateral support ban
provided. In another, due to the continuity of limgizontal components, in which a cable rotatiooccurs
easily, it is difficult to restrain the deformatiavithin a small area. Both of them weaken the dyttane
stiffness of the rectangular grid structure (seekbng analysis results of the rectangular gridcanved
panel — small buckling load factor, and wide buudflarea).

1 Geometric Stiffness of grid elements
In classical plate theory, the stiffness propemieglates are defined by:
3
Et Out-of-plane stiffnespr = E—t
1-v?) 12(1-v?)

In which, E is the Young's modulud/ is the Poisson's ratio of the plate material, wisdhe thickness of
the plate.

In-plane stiffnessK =

To summarize the properties of different grid typgbe geometric stiffness of grid/lattice structioan also
be split into two distinct components: K(in-platéfaess) and D(out-of-plate stiffness) - equivdlan the
stiffness properties of solid plates. The propsrtix each grid type are listed in the table below:

+ High level — Low lelve
Grid types K (in-plate) D (out-of-plate)
Solid plates ++ ++
N > ++ ++
|:| - -
O O - +

In sum, triangular grid has large in-plane and aftplane stiffness, thus it shows the highest hagkl
capacity in the case of curved panels (much higtaer the other two grid types). Hexagonal grid &nas
relatively large out-of-plane stiffness but littteplane stiffness, it also shows large bucklingddactor.
Rectangular grid has low level in both in-plate aunttof-plane stiffness properties, it shows theswo
buckling behavior — the smallest buckling load éaend a very large buckling area. These stiffness
properties can be further confirmed by the follogvimear-static-analysis. [Note: the comparison and
summary is only for the specifgrid orientation shown in the models.]
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2_Geometry/shape of the facade

When the real geometry of the facade (includingdléward’ incline level and the slope of the upper
boundary) is applied to the grid structure, an peexed phenomenon can be found: the hexagonal grid
doesn’t show this advantage in buckling behavigrmore, comparing with the rectangular grid (see
figures below — the buckling load factor of hexaajagrid is smaller than the rectangular grid, amel t
buckling shape is a bit close to the rectangulit) gr

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

Case: A7 : Task 4 : Mode 1 Case: A% : Tased : Mode 2

Mode 2, Load factor: 12,10

Mode 1, Load factor: 11,34
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Deformation magnification: 10,00 Deformation magnification: 10,00
Case: A3 : Tash2 : Mode 1
Mode 1, Load factor: 1273

Case: A9 : Task2 : Mode 2
Mode 2, Load factor: 13,23

Note: Both grid modale applied the same cross section (with simila teeights) &
the same latany conditions; Load case: the same amount ofcattbad on top

The reason for this is that when the height ofetkteuded surface is reduced (locally shaped aspacstt
out from shell), there is no enough material sunchng to create stiffness to restrain the bucklintpin a
local area. In that case, geometry/shape of thedfaover governs the buckling behavior rather #hand
D (geometric stiffness of the grid elements). S@memetric ratios (for example, h/a — height to the
curvature of the cylindrical shell) will also det@ne the buckling capacity of this grid structure.

Figures:

(Left) the deformation of a simply supported sptarcap - the shell middle surface
is stretching due to the loading; and the loadinggairried mostly by normal forces
from the surrounding materials

(Right) the main difference between two facade seda- in the actual surface the
height is reduced on one side, thus the amounttémal (vertical) is limited
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Member/local buckling problem [Width-thickness ratio D/t]

The choice has been made to apply rectangulanhaietion steel beams in the grid structure. Sectio
profiles were defined as STD RHS (Standard Rectandiiollow Sections) with isotropic properties. A
section profile is showed in the figure below. lhigh, D is the depth/width and t is wall thickn§tbe
same for side/top/bottom]

v
A

To reduce the weight on steel, smaller wall thidaglates should be adopted in the design of beiioge
If the width-thickness ratio of steel plates forlae thin-wall box members is quite large, locatkling
on the compressed plates occur easily.

The conception of effective width can be used iowdating the bearing capacity of thin-wall memingth
box section for its post-buckling strength (Chea&hn.2001, Chen Ji.2003). However, there is lighite
stipulation of effective width in the design coadsteel structure in China (GB50017) and foreign
countries, especially for the members under bildeéading. A research of this problem was done bing&
Architecture Design and Research Group [Beijingn@h and a new method to estimate effective width
welded thin-wall box section is presented, based oase study of the National Stadium [Bird’s Nest,
Beijing, 2008] - box memberisI1200X 1200X 10(20)X 10(20) (mm).

In this thesis study, no further considerationmedépth study for this local buckling problem wvii taken,
but only give foundation for the cross-sectionrastion.

In Eurocode-3, ‘slender section’ is defined as:g8feection in which it is necessary to make explici
allowance for the effects of local buckling whictepent the development of the elastic capacity in
compression and/or bending. Local buckling is v@vyious and affects the elastic bearing capacity of
section under compression and bending. And thehwildtkness ratio of steel plates for the weldend-th
wall box member is:

b /t, >40,/235/f,
For Steel S355, Width-thickness ratio of slendetisa is D/t > 40 235/355 32.

In the following parametric design of the cellweall structure, this valuerj/t < 32.5] will be used as a
reference for member profiles design.
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2_Linear Static Analysis

Load case 1 — Vertical load on top

VV
\’i‘f“

[All graphs:

Defornna

Deformation magnification = 320]
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Deformation [Linear Static Analysis - Vertical load)]

Under pure vertical loads [in-plane], the grid staues still have out-of plane deformation, du¢h®
curvature of the surface. As declared in the sumgrafibuckling analysis:

1 Triangular grid has large in-plane and out-aip stiffness, thus the deformations — both im@land
out-of-plane — are quite small.

2 Hexagonal grid also has relatively large ouplaine stiffness, but little in-plane rigidity. this load
case, its deformation is significantly large amadliferent gird types. Such a large deformation anty
caused by the little stiffness/rigidity of the hgraal elements: hexagon elements are easily detbime
plane, and after the in-plane deformation, theurifierence of the overall grid structure becomegédon
which also result in large out-of-plane deformation

From the deformed shape, the hexagon lattice n&snamt as deployable structure, which makes thms joi
(beam-beam connection) critical in this structygtam. In the following analysis results, it canfiiend
that very large bending moments appear at the jois be notable in combined stresses). Foldable
structures are mainly made of kinematic joints,alihis flexible to free the rotation of the barsttis
hexagonal grid structure (heavily-loaded), solwishould be found to create stiffer/ rigid joingeduce
the rotation of beam elements, in order to pret@miarge deformation.

3 Rectangular grid has little in-plane and duplane stiffness. However, the orientation/direntof the
imposed load and the force trajectory determineddfermation mostly. Under the specific load case —
vertically loaded only, the rectangular grid sturetacts like a group of column. Horizontal compuse
almost did not make contribution in this grid sture (see the forces graph in the following pages).

In the load case of vertical load only, rectanggtad (close to column model) is the most economic
structure, comparing with other two grid types. Hwer, the fact that rectangular grid has littlgplane
and out-of-plane stiffness decreases its capaaitgther load cases. These remarks can be confibyned
the wind load analysis — horizontally loaded — imiah the rectangular grid has significantly largg-of-
plane deformation (see Load case 2 — Wind LoadoiDedtion). Thus, to evaluate a grid type is
economic/efficient or not, mainly determined by tfesign load cases.
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Axial Forces — Fx

1_Tensile elements

There are very notable tensile
rings in the first triangular grid,;
Tensile elements can also be
found in the hexagonal grid, but
without continuity, and they are
not very efficient to transfer the
load to the supports;

Difference shows in the
recctangular grid, under the pure
vertical load, only vertical
components under compression,
the horizontal components do not
contribute in this grid-network.
Instead of horizontal elements,
the non-vertical elements in the
second triangular grid are
activate in their grid-network.

2_Large vertical load at edges

For the hexagonal grid, elements
are non-stiff, not efficient for in-
plane load bearing. Thus, the
rigid edge beams (verical) take
up very large vertical load.
Related: see Reaction Forces

Shear Forces - Fy

[LC: vertical load]

Aual Foree, Fx: 1,000E+5 Hepic.om

270000, N
l 11430, N
202000, N

574300, N
856700, N
SLIETE+E N
~1A19E+E N
-17ODE+E N

Case: A2 1 vertical

[LC: vertical load]

VATAYAYAVAV,y, Rh S
J Ill&%ﬁﬂﬂﬂﬂ&é}ﬁ' 5553‘
N SAVAVAYA svAgws, | PRl
NS VaATATaYA <14 ity 1)
RGNy, et
‘ ‘V%QAQAVAVAVAVAVA‘Q’,‘:{%'@ o
\D

Shear Force, Fy: 200000, Nipic.cm ’:

50000, N
l 38710, N
21430, N

7143, N
7142, N
21430, N
35710, N
z
-50000, N

Case: L1

Case: A1 vertical
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Shear Forces - Fz [LC: vertical load]

Shear Force, Fz: 125.0 Nipic.cm

277000, N
l 186800, N
98140, 1
5714, M
84710, N u
75100, N u—"a
26600, N Dnu
z
c

356000, N

When vertically loaded, the o \< .
average axial forces in different B M el

grid types are similar, but the x
the shear forces and bending
moments are much larger in the
hexagonal grid.

Large shear forces and bending
moments in the incline beam

elements
e
\Y M
Torsional Moment - Mxx [LC: vertical load]

N

\/

\VAVAYAY
-""AVA‘

MY
A!y.\v%\.v s

Tarsion, e 100,0 Nmipic.em ’E"‘
45500, Nm 1]
I 34140, Nm
22780, Nm

11430, Nm

7443 Nm

-11280, Nm

-22640, Hm -

-34000, Nm
Case: L1 y
Case: A1 : wertical

x

L

b
Torsion is not a neglectable problem ;,';'".:{:
in hexagonal grid; ff,";’{-“

Thus, box members (Rectangular
hollow section) are suitable for this
grid structure. U
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In-plane Moments - Myy [LC: vertical load]

Va¥a¥ava%aVavyy
o VaVava¥avVav.y (3
Y " e ""‘%Ae i

WaWar. st
Yy AYAY40 ¢ |
Pa¥a%a%v, ..
:‘:‘:Giﬂ.v.v.ﬂ%‘.’%f‘"

Moment, Myy: 2500 Nm/pic.cm rvyYy
267000, Hm
I 190700, Hm 800
114400, Hm S
38140, Nm 4444
L4 44 ]
38140, N
" 119
~114400, Nm R
-190700, Nm
z
267000, Hm

434!
B34 et

Close-up of the in-plane bending
moment (Myy) in hexagonal grid
— very large bending moments at
joins/connections

Case: L1 ¥
Case: A : vartical
®

Out-of-plane Moments - Mzz [LC: vertical load]
VAVAVAYAVAVAV,y, .
TRRIAL

N A
ot Y

’: A 1
l"ﬁ?’l" - - Mf‘gg

vy

Moment, hizz: 500.0 Hmipic.cm

100000, Nm
I 71430, Nm

42860, Nm

14200, Nm

-14200, Nm

42660, Nm

71430, Nm .

-100000, Hm
Case: L1 ¥
Case: A1 : vertical

x
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Reaction Forces [LC: vertical load]
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Load case 2 — Wind Load

VA'A" AVA

f
' Af).ﬂ
T

,—vvv

Defornna

All graphs: Deformation magnification = 160
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Axial Forces — Fx

Cable action by form (curvature)

From the resulted deformation under wind
load, the worst case appears in the
rectangular grids network: as explained
before, because of the very little in-plane
and out-of-plane stiffness;

In addition, there are ‘diagonal’ components
in triangular and hexagonal grids, which can
transport the load to supports (corners of the
loaded area) quickly; while in rectangular
grid, horizontal components have longer
activated distances.

il

Shear Forces - Fy

Auxial Force, Fx 200000

336000, N
l 253300, N
170600, N

&7960, N
5142, N
TTETON
160300, N -
243000, N
Case: L2 W
Case: 42 wind
®
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=S
e
TR
L
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e
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=
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AV AVAY

A Ay,
S & AK

| AR
i SHEAINACARH
m 5
i 2
*a» i

Shear Farce, Fy: 20000,

15300, N
l 11370, N
7443, N

3514, N
4143 N
4393, N
8271, N
12200, N

Case: L2

[LC: wind load]
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Shear Forces - Fz

AN VA'A‘V'

VA';;,‘ “VAVAVAVA¢ #I;'
v Y YNNN/e
AV AV AVAVAAT,

v v Y AVAVLQY,
Ll X

Shear Force, Fz: 200000

138200, N
l 88170, N
58140, N

18140, N
21810, N
619490, N
-102000, N
-142000, N

Case: L2

Large in-plane shear forces occur
at the corners of the loaded-area.
Triangular grid has large in-plane
stiffness; advantage can be viewed
easily from this graph;

[Note] In general, Forces are more

dispersed in the hexagonal grid
structure.

Torsional Moment - Mxx
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l 17730, Nm
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z
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Case: L2
v
Case: AZ 1 wind
x
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In-plane Moments - Myy [LC: wind load]

Moment, Myy: 500000, - wﬁ“'ﬁwlﬁ

208000, Nm
l 148900, Nm
91710, Nm

33570, Nm
24570, Hm
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-198000, Nm

Our-of--plane Moments - Mzz
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Reaction Forces

Rx

Reaction Farge, Fx

Output axis: local
224000, N
. 151400, N
72860, N

&288, N

-BE200, N

138900, N
211400, N
284000, N

Case: A5 :wind

Reaction Force

. Py

Output axis: loeal

26200, N
l ~25460,

7210,

-142000,
-210700,
272500,
-334200,
-286000,

Case: A5 wind

N
N

. H
. H
LN
. H
. H

[T EEEET

[LC: wind load]

Rz

Reaction Force, Fz

Output axis: local

78500, N
l 53430, N
26360, N

3288, N

21790, N
48860, N
71930, N
67000, N

Case: 45 : wind
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5.4 Multi-Criteria Evaluation

Criteria for evaluation of a structure can be gtied, like stresses in the structural elements diflection
of the structure under live load etc. or non-stitadt Design codes provide guidelines for strudtdessign,
for examples a maximum value for the ratio betwibendeflection and the span of the structure. kolig
these guidelines, a structure should always comvlythe set criteria. However, these structuridéda
are not distinctive aspects on which to comparedint design alternatives (in parametric desigategy,
different parameter configurations). Non-structwréleria provide better means for the comparisotine
design alternatives.

“When optimizing building structures, it is essahtd consider all relevant aspects of the desighich
leads to a multidisciplinary design optimizatioroptem. - Geyer and K.Rueckert, 2005”

In most structural design cases, design consideiagre limited to physical criteria, for exam@gffness
and the amount of material that is not sufficiemtifuilding design. However, other important ohijezs
should be taken into account are low costs, suabdity, functionality, aesthetics and feasibilityterms of
constructing. As Geyer and K.Rueckert [2005] statieel objectives for structural optimization in loing
design can be divided into three groups (Fig5.6):

1st Group 2nd Group 3rd Group
Pure Physical Obj. Numerical Obj. Non-Numerical
Amount of Material )
(Volume, Weigh) Costs Function / Use
Number of Parts Resources / Ecology Aesthetics / Quality
Surface of the )
Construction Time
Stiffness /
Deformation

Fig5.6 Objectives in building design [Geyer and KeBkert, 2005]

The T'group comprises the parameters which depend anphgsical phenomena. The amounts and
quantity in this group are direct results of thizakation of the design model. Therefore, the ofijes in

this group only depend on the physical as welhasgeometrical phenomena, and the chosen configurat
described by design variables.

The 2 group is also numerical but not only related tggital aspects but also to an assessment based on
non-physical judgment. To this group belong objexdilike costs, ecological aspects and the time for
construction. These aspects require the assessin@miexpert considering the effort for the constian,

the situation of the market with its prices for evédl, constructing, and transportation as wekeslogical
guidelines. This expert’'s knowledge leads to charéastic factors and threshold values which are &bl
transform quantities of the first group into valuétshe second group.

Fig5.7 shows an outline of the different objectieéshe first and the second group which occurmythe
live-cycle of a buildingThe linking shown in the figure is exemplary onfe real model requires more
links which are neglected in the figure for thes@a of clarity.

The 3% group represents the non-numerical aspects. limasirto other engineering disciplines, in building
design non-numerical aspects like aesthetics asentdijor importance. These nonnumeric aspectstéead
an important limitation of conventional optimization the design process that arises from trangjatin
various criteria into numerical values. Not all @sis can be expressed by numbers or in differdatiab
functions as it is the case for aesthetic criteiianstance. Only the user can assess these aspent
adequate way. For the step of automatic and udependent optimization, the non-numerical aspemis h
to be implemented as constraints containing funefiand aesthetic considerations.



83

Factors Depending
on Political and >
Market Values

Life Cycle N Objectives of
Processes 7 1st Order

Objectives of
2nd Order

h 4

Production Material Costs

Amount of Material

Transport Transport Costs

Construction

Maintenance

Costs }4—

Time ‘4—

Resources }4—

Assembling

Corrosion
Protection

Assembling Time

Quantity of Parts —{ Assembling Costs

1

Corrosion Surface of the
} . Flow of Resources
Protection Construction
Demolition
! Deconstruction
Amount of Material
Costs

Transport

Deconstruction

Deposit / Recycling

Fig5.7 Dependencies of the objectives on the physiodel [Geyer and K.Rueckert, 2005]

Multi-Criteria Evaluation in the concept stage

Multi-Criteria Evaluation is a tool to get insigintthe main differences between design alternativethe
concept stage, it helps the designers to makefauglided decisions of suitable structure(s) fromirad|
alternatives. The multi-criteria evaluation inclsdewide range of consideration, and evaluationlshioe
provided by different parties — architects, cores; visitors (of the museum) etc.

This thesis study more focus on explore a optimiteatcture which fits the architectural conceptigies
thus, decision was made only to provide a very hacmmparison/evaluation of the alternatives. The
following part is such an evaluation for differgmid types compared in the former section.

_Aesthetical value

Design alternatives should be compared with thewief architectural concept design from the aettii.
The alternatives with close shapes of the architattiesign have a higher score. This resultsarfaht
that architectural value is based on the opiniothefarchitect. The hexagonal grid fits the architeal
concept design — a natural pattern that recallsamucellular organizational structures.

In addition, a captivating function of lattice/gisttucture is the light transparence. In one hamate
natural light can be used, increasing the sustiratbel. In another, nice view to the enclosedi@n
garden can be created, so does beautiful shadimg, The light level analysis of the grid structoaa be
an important aspect.

_[Costs]

The cost of a structure is no doubt an importactofa However, to estimate the cost is very dificu
Estimation can be roughly made, for example, trstscof the connections are based on the amount and
difficulties of the connections. And by reducing timount of different connections (pursue a higireke
of regularity), costs can be reduced.

In the very beginning of structural design sta@nst’ can be simplified and represented by two etspe
— Efficiency of the material use (the cost of mat¢and
— Technical value of the structure (the cost ofitattion and construction)
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_Efficiency

The basic idea of ‘Efficiency’ in structural desigrto use the least material to build up a loadring
structure for applied loads. For any specific loade, there will be one (or more) structural fosmisable
for bearing this load (comparing with other struatdorms, they can use less material to achiegesime
goal), which come out economic structures.

In previous grid type study, for vertical load, fleetangular grid is most efficient, while undendiload,
triangular and hexagonal grids have much highécieffcy. In addition, for each grid type, the disttion
and properties of the grid elements can also hienggetd, to increase the efficiency. For examplegagn
force-distribution/low level stress within the gisttucture represents fully utility of the grid edents.

The concept of Lightweight Structure can be intatlihere: lightweight structures are characteried
having a rather small mass relative to the apptiad, which is determined through an optimizatioocess.
The design principles of lightweight structures barused as references for the structural desajrbth
means of efficiency optimization.

“Six basic rules of lightweight structures:

1_Avoid bending stresses;

2_ Carry tensile forces with low weigd¥en across long distance;

3_ Carry compression forces over sh@stashces to avoid stability
problems and unnecessary added nmathe struts;

4 _When compression forces must beadacross long distances,
incorporate them into self-stabilg system (pre-stress, e.g.);

5 Give planar components in compresaio@appropriate shape
to secure them against stabikijufe;

6_ Short-circuit the forces within tlad-bearing system can result
in lightweight structures, and teby allow simple foundations.

- by Werner Sobek”

_Technical value

Technical value is based on the technical diffiesland technical properties of each design. Beslue
design technologies, it mainly includes the techgws of fabrication, assembly and constructioa of
structure. Because of the non-standard shapegethdat wall requests for relatively high (constioa)
technology. The topology of the grid structuresuehces the technical difficulties very much.

For a ruled surface which is formed by a seriesticight
lines (see figure on right), rectangular grid isdoubt the
simplest for construction, following by trianguignid.
Hexagonal grid has more complex topology, thus the
(construction) technical difficulty is increasedspgcially,
when randomness is introduced in the grid strudiasehe
architectural concept — an irregular pattern isineg to
better represent the idea of human cellular stragtu
Solution(s) should be found for correctly coordingtthe
elements for construction. Besides, some stratdigieso
apply different (cross-section) profiles to beaeneénts
will also increase this complex.

Evaluation Table
(Table: rough evaluation for three basic grid types

Grid type \ Criteria Aesthetical value Efficiency Technical valueg
Triangular - - + +
Rectangular - + ++
Hexagonal + + - -
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Criteria for cell-like grid structure

In the following design exploration (Chapter 6&@ssumption was made that the architectural concept
determines the basic structure form — a cell-likd gtructure. Thus, in the following study, specdesign
will be implemented for an optimized cell-like stture.

The optimization strategy focus on tiificiency of the structure thus, the following objectives were
defined in order to evaluation the configuratiorited design parameters. This information will beviuied
for each configuration:

1 Virtualized information

Graphs of stresses/forces distribution andrdedtion level

2_Quantity information
Amount of steel (= total self-weight)
Amount of glass (= glass thickness x facad&sararea x density)
Amount of joins
Amount of beam elements

The design objectives defined in such a way thedade-off in the configuration of the design partengis
inevitable. For example, when setting the desigamater for the grid density, an economic trade—off
between the material cost for the glazing (glass)thae cost for a joint / connection should be m&iteall
sizes of cell elements by high grid density willuee the thickness of glass panels; thereforeani@unt of
glass is reduced. But the number of nodes in tleksfyructure will be increased at the same time.

In addition, depending on various circumstancesdisigner will have to define a list of weightttas
that sets the relative importance of the diffedagign objectives in relation to each other. IfHar use for
this evaluation approach will be applied, more @ermtion and some weight factors should be intcedy
which are not included in this thesis study.
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5.5 Reference projects/researches

Case 1: HTA (Honeycomb Tube Architecture)

Published byATA Association members in 2006, an innovative éegtural system - honeycomb tube
architecture formed by a hexangular tube constraatias discussed. The authors believe that HTA has
long-lasting potential as sustainable architectsyatem that can accommodate the vertiginouslygihgn
functions and usages of urban residential architealesigned for lifelong occupancy as well aséhufs
multifunctional, mixed-use architecture. Precasispmessed concrete and steel are the two structural
materials that have been considered for the praztuof honeycomb tubes.

Volume lintroduced honeycomb-tube architecture designed firecast prestressed concrete.

“Precast prestressed concrete (PC) technology éemstruction method that combines both precast and
prestressed concrete technologies. With this mettmuplete quality control guarantees high durapili
connections are simple, and there is an exceptiphégh degree of freedom. Joint methods are timeesa
for any derivation of hexagrams or hexagons. Tasnfurther earthquake resistance, we established t
basic principle to utilize base isolation techngldggether with honeycomb technology.

Kunio Watanabe”

From the prototype of honeycomb tube elements %Y. some solutions for weak in-plane stiffness of
hexagonal grid can be found:

_ Increased section profiles at the joins

_ Divisions at the middle of beams, where the ingeint of bending moments locate

_ Floors act as tensile rings, to prevent largemedition of hexagonal elements

HM)- ol . . —PCHlifi PC tendon
ZRazyhk / \
Tri-dimensional unit / \

< X

\, / : _MAN 22 a v ERE

kr—/‘/ Post-tensioning anchor
4 N

Fig.5.8 member division in PC honeycomb (left) amel layout of post-tensioning tendons (right)

Fig.5.9 full scale model and test (The resultedacép is 6 times of self-weight)
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Volume Il introduces honeycomb architecture with a steestantion.

Change in construction material results a neea fogew method of construction. The “fractal geonietry
concept is introduced for steel honeycomb structdomeycomb element can keep the prototype when
changing its size; therefore an adaptive honeycstmizture can be created by the same configuration
(basic prototype) — different sizes. Compositiorstofictural elements and the connection detaithisf
system are show in Fig.5.10.

WimE S ain
Cast-steel connection

fEEF
Mechanical Joint

HTBiE4 High-tension bolted connections

15z

Fig.5.10 The productivity of fractal honeycombsr(8tural composition by Steel tubes)
(Details: Cast-steel connection / Mechanical joinigh-tension bolted connection)

Four types of fractal pieces are tested and arsabysATA Association. Test experimentation resattsw
that the fracture/cracks start from the smallesiglyoomb, following the failure in the outer honeyin
[Note: in these experiments, the section profilesraduced when the size of hexagons are decr¢ased.

Fig.5.11 Experiments for four types of pieces
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Case 2: Structural patterns

Project: CCTV Headquarters, Beijing, 2008
Designed by Rem Koolhaas, Engineered by Arup

The winning design for the 473,008r234m tall CCTV building thus combines administratand offices,
news and broadcasting, program production, andcgsrv the entire process of Chinese televisiona- i
single loop of interconnected activities aroundftie elements of the building: the nine-storey $B3 the
two leaning Towers that slope at 6° in two direcsipand the 9-13 storey “Overhang”, suspended 36
storeys in the air. The public facilities are isexond building, the Television Cultural Centre Q®), and
both are linked to a third service building thatibes major plant as well as security.

Generally, such a high-rise could be supported fiteraore, but Arup soon realized CCTV would have t
engage the towers’ entire cross-section. Both teywehich naturally want to fall over in the dirextiof the
overhang, are further challenged by a net slogdafegrees. The whole form became a tube wherg ever
external face is a structural diagonal grid ingutar two-storey pattern to coincide with the toster
double-height studios.

“Wasting resources in China is a capital offence,
so we were very keen to make this perform optimally
- Arup Engineer Chris Carroll”

The idea of classical core was completely loshia tase. This new kind of configuration put the®on
the skin throughout; making it impossible to secgnéss what was going on. The bracing that goasdro
the structure in changing pattern: where stressnsaded, where there was more intensity, the patias
doubled-up so there was a double rhythm. Furtheemorreadable on the fagade, the floor plates rtrake
triangulation.

Structural pattern is expressed on the facadelyfthe pattern is taken and columns and the flaoes
removed, a very unusual pattern emerged (Fig.5By jorcing this onto the facade, the effect wagitee
an open-ended and changing look.

Fig.5.11 Structural patterns for CCTV Headquarters Fig.5.12 Sectional vidwough facade structure

Project: Banque Lambert Headquarters, Brusselgjiidal 1963
Architected by SOM / Gordon Bunshaft

The envelope of the Banque Lambert headquartessthsestructural grid of the building to produce a
directional latticed affect, through special comerstructural units that are displaced to the @éxterhe
glass enclosure is set back from the free-stangherior structure — the inverse of the typicataimr wall
— to prioritize the lattice on the exterior. Thegast concrete units are tapering in one directiwhthe pin-
point between them emphasizes the horizontal dwevértical, giving directionality to the lattice.
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This building shows integration of the structurel éime skin — “relations between parts” (Fig.5. 18
concrete lattice facade is engaged with the fltets,ghe glazing (glass) panels and the servicesys The
degree to which these relationships are set ctaizetl the emerging design strategies for designers
cope with the constructional challenges.

‘ Fixed sash
held back from
structure to
prioritize the
‘ lattice an the
exterior

Pin-joints break

the continuity K
of the lattice

in the vertical

dimension and

gives directionality

to the lattice in

the horizontal

dimension

Integrated heating
and services

In situ
l’ concrete slab

The lattice members of the envelope are solil
structural units engaged with the Hoor <lab

Fig.5.13 Integration of the structure parts
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Case 3: Geometry tricks for irregular patterns

Project: National Swimming Center (Water Cube) jiBgi 2008
Architect: PTW Architects + CCDI + ARUP

Geometrical Puzzle

“How can space be partitioned into cells of equalume with the
least area of surface between them? — Kelvin's €xinje, 1887

Theoretical physicists had been trying to solvevites
Conjecture for over one hundred years. Kelvin hiffa®posed
that the solution was a 14-sided polyhedron wikhsgjuare sides
and eight hexagonal sides. In 1998, two physici3#siis Weaire
and Robert Phelan, using computer generated siimusgabf foam,
found a more efficient solution: three quartershef cells have 14
sides, while the rest are dodecahedra with 12 sjdssknown as
the Weaire-Phelan Structure.]

The structure, when sliced at arbitrary angleseapp‘totally
random and organic’. That is plausible as the gmiub a ‘box of
bubbles’. Although the organic design of the buigds structure
appears random, the unique geometry is actuallyhhigpetitive
and buildable. The resulting structure is very dei@nd ideally
suited to the seismic conditions found in Beijing.

Sculpting a 3D model

Challenge still exits for computational modellirdated to construction. Arup and its design pasgmesed
Bentley MicroStation and Microsoft Visual Basic fapplications (VBA) scripts to produce a 3D model
and drawings in the shortest possible time to caenpethe Beijing Olympics venue design competition

A 3D array of the cell was generated in Bentlew&tiral and MicroStation TriForma, and then is was
rotated about two axes and sculpted into builditige cut surface planes of the remaining elemenmts fo
the flanges of the composite structure, while titernal elements form the webs. A 3D centrelinewir
frame was created and exported to structural aisgbyegram for engineering. The analysed model was
output to a text file containing geometric and stinual member design data. Next, a MicroStation VBA
routine was written to use the text file to cremieomplete 3D model of the steel structure. By Bngb
MicroStation Development Language (MDL) functioti®g model could be created as surfaces, solids, or
structural elements as appropriate.

aiiiz
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Fig.5.14 A Skewed Plane Cutting the Regular FoamResla Random Geometry
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Project: Aichi Spanish Pavilion, Aichi, Japan, 2005
Architect: Foreign Office Architects

The Aichi 1 Distorting the 2 Each of the six
Pavilion creates hexagonal geometry tiles is coded
a differentiated within the perimeter with its own
affect through produces a regular color, further

patterning, based module of six differentiating

on a tile unit unique tiles. the tiles.
produced from N/} 0 Mt N _____
a module of six ? 4

(

regular hexagons.

3 Each of the six shapes is cast as
a glazed ceramic tile, produced
in both solid and perforated
versions. Each tile has front
and back halves, connected by
brackets that are clamped into
a supporting stanchion.

The basic unit of six tiles is mirrored and rotateghroduce four orientations of the modules, wizich
then aggregated to form the pattern of the fag@déar adjacencies between the modules further abscu
the original module of six tiles, increasing thfetientiated affect.

Other geometric solution for irregular patternsuyf®e: Architectural Geometry Book]:

1 Reduce different cell elements - irregular hexed tilling by standard elements:

fa=ab, bc=cd, de=ef
Xa=<2c=<e=120°

2_Reduce different nodes - when the correspondigg®dre parallel, standard nodes (with the samle ang
divisions) can be applied for the irregular mesht fnd M’ are so-called ‘parallel mesh’]
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