
LSAA 2007 Lightweight Architecture 
Conference

October 29 2007

Mark Arkinstall 1

2003.8

Structural Design of  Beijing Olympic 
National Swimming Centre

Water Cube Design Consortium

Agenda

• Introduction
• Cellular Geometry
• Construction of CAD / Structural models
• Design issues and methods
• Delivery of Tender documentation
• Site Construction

Site Location

• Olympic Green Central Area

• Site area = 6.3 hectares 

• Site dimensions 305m x 230m

Design Objectives

• 2008 Olympic Games venue for swimming, 
diving, synchronised swimming and water 
polo events.

• Large-scale multifunctional aquatic sports 
centre  before and after the 2008 Olympic 
Games.

• Multifunctional recreation, sports and 
fitness services for the public.
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A few key facts

• Building dimensions 177m x 177m x 30m

• 140mx120m main span

• 40m and 60m back-span on two sides

• Structure is cellular moment frame - no triangulation!

• 22000 beams and 190 load combinations

• 37 different beam sizes used

• Seismic design and detailing required

• Strength governs the design

Design Timeframe

Total Project Design Time = 7 months

DESIGN STAGES
wk 1 wk 2 wk 3 wk 4 wk 5 wk 6 wk 7 wk 8 wk 9 wk 10 wk 11 wk 12 wk 13

Confirmation of winning scheme

Concept Optimisation (2 wks)

Design Development (3 wks)

Preliminary Design 50% (4 wks)

Preliminary Design 100% (4 wks)

Construction Docs (19 wks)

Aug-03 Sep-03 Oct-03
wk 14 wk 15 wk 16 wk 17 wk 18 wk 19 wk 20 wk 21 wk 22 wk 23 wk 24 wk 25 wk 26 wk 27 wk 28 wk 29 wk 30

Nov-03 Dec-03 Jan-04 Feb-04



LSAA 2007 Lightweight Architecture 
Conference

October 29 2007

Mark Arkinstall 3

Cellular Geometry Creation

Foam Theory

• Lord Kelvin posed question and 
solution in 1887 

• Weaire-Phelan Solution only 0.3% 
better in 1993

The repeating unit

• Cells: 12-sided polyhedron
14-sided polyhedron

• Translation Unit:

2X12-sided polyhedron

+6X14-sided polyhedron

• Duplicate the Weaire-Phelan 

repeating unit

• Rotate 60°around vector 
(0,0,0)→（1,1,1）
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Formed Structure through
cutting out of block of
duplicated repeating unit

The illusion of randomness

internal members   +  surface members =     total structure

Creation of CAD / Structural Models

Creation of Water Cube CAD model

Discovery Channel Animation of Geometry Creation… Conversion of CAD model to structural analysis model

• Initially,export CAD centre-line 
model as DXF file

• DXF import of CAD model
into structural analysis package

• Final structural models generated 
by scripting software used to 
perform design

 

Final Strand7 structural analysis model
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Application of structural loadings

• Define pressures on façade 
surfaces

• Complex loading on steel from 
Façade ETFE pillows

• Automatic conversion of pressures 
to distributed beam loads

• 750,000 beam loads in 55 basic 
load cases 

Beam distributed loads created

Structural loadings

• Steel self weight
– Member weight
– Node weight

• Superimposed dead load
– Down cases (0.54kPa)
– Uplift cases (0.15kPa)

• Live load (0.3kPa)
– Uniform
– Out of Balance cases

• Snow Load (0.45kPa)
– Uniform
– Out of Balance cases

• Wind Load
– 100 year, 10min avg, h=10m
– qz= 0.5kPa basic wind pressure
– Roof pressure = +0.17 kPa ult

• Seismic Load
– Level 1  (pga=0.07g , Tg=0.45s)
– Level 2  (pga=0.20g , Tg=0.45s)
– Level 3  (pga=0.44g , Tg=0.90s)
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Structural Design Issues and Methods

Structural design issues and methods – Key topics

• CAD automation, visualisation and documentation
– Rapid prototyping visualisation

• Structural design automation
• Global structure optimisation
• Cross section optimisation
• Seismic modal analysis

CAD automation and visualisation – Competition stage

Centre-line CAD model. 
Tags define beam sizes 
from structural analysis

CAD visualisation of beam sizes 
using VBA Scripting 

CAD automation and visualisation
Competition stage
Rapid Prototyping
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CAD automation and visualisation – Design stage options 

Partially run CAD VBA script

Cross section

Connection

CAD automation and visualisation – Final VBA scripting

•Member sizes set from Structural Analysis

•Node size, type, & orientation set by VBA 
scripting

•All CAD and VBA scripting performed on project

Automated Tender documentation delivery

•Drawings created by VBA scripting

•3000+ lines of VBA code in Microstation

•Approx 25 minutes run-time

•Creates 30Mb CAD file
•Members drawn and trimmed for connections
•Connections drawn
•Members tagged with design information

•Excel spreadsheet of node connections data

Microstation 3d CAD model generated for Tender

Microstation wireframe 3d CAD model generated for Tender

•Wireframe tagged with design information

•2d drawings created from 3d CAD models

Structural design automation developed on Project
Microstation
CAD
Geometry
DXF Export

GSA
DXF import
Load application 
using grid area 
Loading
Nastian Export

Strand 7
Nastian Import
Analysis
API Functions

Excel – Design/Optimiser/Checks

Property

Data

Page

Design

Program

(VBA)

Optimiser

Settings

Results of Design/Optimisation
MS Access

Database of

- Stresses
- Utilisations
- Element data
- Property data
- Summary

Statistics

Strand 7

Final model 
with optimised 
member sizes 
and forces/ 
moments

GSA

GWA model

User modules 
of enveloped 
utilisations for 
all code checks

Analysis 
Results

Model 
Changes

Generate 3D centreline and solid drawings using VBA scripts (including connections)

Structural Design Process…
…model creation to drawings

•Produce complete Tender design documents for 
steel superstructure in only 7 months

•To meet the Tender issue date design options 
need fast and reliable assessment methods.

•Automation/integration of Structural Design 
and CAD drawings ensured :

•Rapid design option assessment

•CAD drawings consistent with structural 
design

•Other benefits

•3d CAD visualisation of design solution

•Rigorous structural design/optimisation

•Confidence in design solution
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Global structure optimisation process (Constraint satisfaction)

All members start in one of 3 groups…

…Member selections after optimisation process.

•Too many variables for gradient optimisation methods 
(22000 beam size variables)

•Large number of constraints (Chinese design code)
(22000 beam sizes)x(190 load cases)x(11 code equations)
Total constraints = 230 million

•Not all constraints are active

•Structural design governed by strength requirements

•Try to choose beam sizes to satisfy all constraints

•CONSTRAINT SATISFACTION USED FOR DESIGN

•Setup automated design/optimisation routines to find 
beam sizes that satisfy all constraints

Global structure optimisation process (Constraint satisfaction)

All members start in one of 3 groups…

…Member selections after optimisation process.

Structure

Group 1
Roof/Wall 

Surface Members
13 section choices**

Group 2
Roof/Wall 

Edge Members
8 section choices**

Group 3
Roof/Wall 

Internal Members
15 section choices**

Substructure
(by CSCEC+Des)

** Cross section choices determined by maximising strength/mass ratio
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Global structure optimisation process (Constraint satisfaction)

All members start in one of 3 groups…

…Member selections after optimisation process.

Structure

Group 1
Roof/Wall 

Surface Members
13 section choices**

Group 2
Roof/Wall 

Edge Members
8 section choices**

Group 3
Roof/Wall 

Internal Members
15 section choices**

Substructure
(by CSCEC+Des)

For each member select smallest section for its group

Perform Structural Analysis

Check if all constraints are satisfied for all members

Change of all members not satisfying constraints to 
Next size UP or DOWN

Check if all members of one current section size need to
remain grouped together and all move UP or DOWN

Solution 
Complete

Yes

No

** Cross section choices determined by maximising strength/mass ratio
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Global structure optimisation process (Constraint satisfaction)

All members start in one of 3 groups…

…Member selections after optimisation process.

Structure

Group 1
Roof/Wall 

Surface Members
13 section choices**

Group 2
Roof/Wall 

Edge Members
8 section choices**

Group 3
Roof/Wall 

Internal Members
15 section choices**

Substructure
(by CSCEC+Des)

For each member select smallest section for its group

Perform Structural Analysis

Check if all constraints are satisfied for all members

Change of all members not satisfying constraints to 
Next size UP or DOWN

Check if all members of one current section size need to
remain grouped together and all move UP or DOWN

Update Structural Analysis Model

Solution 
Complete

Yes

No

** Cross section choices determined by maximising strength/mass ratio

Design/optimisation process – Cross-section/design parameters

Façade
Surface Members

GROUP 1
Cross-section choices

Analysis properties 1-13

Design/optimisation process – Cross-section/design parameters

Façade
Surface Members

Façade
Edge Members

GROUP 1
Cross-section choices

Analysis properties 1-13

GROUP 2
Cross-section choices

Analysis properties 41-48

Design/optimisation process – Cross-section/design parameters

Façade
Surface Members

Internal
Web Members

Façade
Edge Members

GROUP 1
Cross-section choices

Analysis properties 1-13

GROUP 2
Cross-section choices

Analysis properties 41-48

GROUP 3
Cross-section choices

Analysis properties 81-96

Design/optimisation process – Cross-section/design parameters
1

STRAND7 GROUP OR PROPERTY Member
PROPERTY DESCRIPTION type

1 180 x 300 x 10 x 6 RHS RHS
2 210 x 300 x 10 x 7 RHS RHS
3 240 x 300 x 10 x 8 RHS RHS
4 270 x 300 x 10 x 9 RHS RHS
5 300 x 300 x 10 x 10 RHS RHS
6 300 x 300 x 13 x 13 RHS RHS
7 350 x 300 x 15 x 15 RHS RHS
8 400 x 300 x 18 x 18 RHS RHS
9 450 x 300 x 20 x 20 RHS RHS

10 450 x 300 x 30 x 20 RHS RHS
11 450 x 300 x 40 x 20 RHS RHS
12 450 x 300 x 40 x 30 RHS RHS
13 450 x 300 x 40 x 40 RHS RHS

GENERAL DATA
D or Do bf tf or t of CHS tw Residual stress Area of

mm mm mm mm classification Bolt Holes
180 300 10 6 LW 0
210 300 10 7 LW 0
240 300 10 8 LW 0
270 300 10 9 LW 0
300 300 10 10 LW 0
300 300 13 13 LW 0
350 300 15 15 LW 0
400 300 18 18 LW 0
450 300 20 20 LW 0
450 300 30 20 LW 0
450 300 40 20 LW 0
450 300 40 30 LW 0
450 300 40 40 LW 0

GENERAL SECTION DATA GENERAL TAPER
Is Property DLEG_W TS_W DLEG_F TS_F Dmin
Active Y/N mm mm mm mm mm

Y 0.00 0.00 0.00 0.00 180
Y 0.00 0.00 0.00 0.00 210
Y 0.00 0.00 0.00 0.00 240
Y 0.00 0.00 0.00 0.00 270
Y 0.00 0.00 0.00 0.00 300
Y 0.00 0.00 0.00 0.00 300
Y 0.00 0.00 0.00 0.00 350
Y 0.00 0.00 0.00 0.00 400
Y 0.00 0.00 0.00 0.00 450
Y 0.00 0.00 0.00 0.00 450
Y 0.00 0.00 0.00 0.00 450
Y 0.00 0.00 0.00 0.00 450
Y 0.00 0.00 0.00 0.00 450

STIFFENER DIMENSIONS

Plasticity Factor
Gamma Gamma

X Y
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05
1.05 1.05

Steel Grade

Q235
Q235
Q235
Q235
Q235
Q345
Q345
Q345
Q345
Q345
Q345
Q345
Q345

1
STRAND7

PROPERTY
1
2
3
4
5
6
7
8
9

10
11
12
13

Façade
Surface Members

Internal
Web Members

Façade
Edge Members

GROUP 1
Cross-section choices

Analysis properties 1-13

GROUP 2
Cross-section choices

Analysis properties 41-48

GROUP 3
Cross-section choices

Analysis properties 81-96

Design/optimisation process – Cross-section Choice Controls

Strand7 Element Group Min Property Max Property Max Allowable Lower target limit of Keep Property
Original Element Description Number to Number to  Utilisation  Utilisation Together

Property choose from choose from to limit to before reducing property (Y / N)
1 180 x 300 x 10 x 6 RHS 1 13 0.8 0.4 N
2 210 x 300 x 10 x 7 RHS 1 13 0.8 0.4 N
3 240 x 300 x 10 x 8 RHS 1 13 0.8 0.4 N
4 270 x 300 x 10 x 9 RHS 1 13 0.8 0.4 N
5 300 x 300 x 10 x 10 RHS 1 13 0.8 0.4 N
6 300 x 300 x 13 x 13 RHS 1 13 0.8 0.4 N
7 350 x 300 x 15 x 15 RHS 1 13 0.8 0.4 N
8 400 x 300 x 18 x 18 RHS 1 13 0.8 0.4 N
9 450 x 300 x 20 x 20 RHS 1 13 0.8 0.4 N

10 450 x 300 x 30 x 20 RHS 1 13 0.8 0.4 N
11 450 x 300 x 40 x 20 RHS 1 13 0.8 0.4 N
12 450 x 300 x 40 x 30 RHS 1 13 0.8 0.4 N
13 450 x 300 x 40 x 40 RHS 1 13 0.8 0.4 N
14
15
16
17
18
19
20

Cross Section
Choice

Controls

Strength
Utilisation
Controls
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Design/optimisation process - Seismic ductility factor control

Category Num Category Name Min Property Max Property Active (Y/N)
1 Roof Box Sections 1 13 Y
2 Wall Box Sections 41 48 Y
3 CHS webs 81 96 Y
4 N

Category ==> 1 2 3 4
LOAD Roof Box Sections Wall Box Sections CHS webs

COMBINATION Ductility Factor Ductility Factor Ductility Factor Ductility Factor
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1

186 3 3 3 1
187 3 3 3 1
188 3 3 3 1
189 3 3 3 1
190 3 3 3 1

Beam categories of unique 
seismic ductility factor 
defined by Strand7 Property

Design/optimisation process - Seismic ductility factor control

Category Num Category Name Min Property Max Property Active (Y/N)
1 Roof Box Sections 1 13 Y
2 Wall Box Sections 41 48 Y
3 CHS webs 81 96 Y
4 N

Category ==> 1 2 3 4
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COMBINATION Ductility Factor Ductility Factor Ductility Factor Ductility Factor
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1

186 3 3 3 1
187 3 3 3 1
188 3 3 3 1
189 3 3 3 1
190 3 3 3 1

Beam categories of unique 
seismic ductility factor 
defined by Strand7 Property

Each category has ductility 
factor defined for each load 
combination

R=1 for non-seismic cases

Design/optimisation process - Seismic ductility factor control

Category Num Category Name Min Property Max Property Active (Y/N)
1 Roof Box Sections 1 13 Y
2 Wall Box Sections 41 48 Y
3 CHS webs 81 96 Y
4 N

Category ==> 1 2 3 4
LOAD Roof Box Sections Wall Box Sections CHS webs

COMBINATION Ductility Factor Ductility Factor Ductility Factor Ductility Factor
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1

186 3 3 3 1
187 3 3 3 1
188 3 3 3 1
189 3 3 3 1
190 3 3 3 1

Beam categories of unique 
seismic ductility factor 
defined by Strand7 Property

Each category has ductility 
factor defined for each load 
combination

R=1 for non-seismic cases

Seismic load combinations

Ductility factor R=3

Design/optimisation process - Seismic ductility factor control

Category Num Category Name Min Property Max Property Active (Y/N)
1 Roof Box Sections 1 13 Y
2 Wall Box Sections 41 48 Y
3 CHS webs 81 96 Y
4 N

Category ==> 1 2 3 4
LOAD Roof Box Sections Wall Box Sections CHS webs

COMBINATION Ductility Factor Ductility Factor Ductility Factor Ductility Factor
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1

186 3 3 3 1
187 3 3 3 1
188 3 3 3 1
189 3 3 3 1
190 3 3 3 1

Beam categories of unique 
seismic ductility factor 
defined by Strand7 Property

Each category has ductility 
factor defined for each load 
combination

R=1 for non-seismic cases

Seismic load combinations

Ductility factor R=3

Automated Forced Reduction 
in Design/optimisation process

Automated structural analysis and design/optimisation tool 
developed by Arup

•Control page calls VBA code

•Complete integration and 
automation of :

•VBA design code (Excel)

•Analysis (Strand7)

•Calculations (MS Access)

•12000 lines of VBA code

•Full design/optimisation run 
takes 2 days

•Outputs are :
•Final structural model

•Full calculation set

•Input data for CAD VBA scripts to 
generate drawings

Optimised solution convergence
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Overstressed Members
Steel Tonnage

•Solution is sensitive to :
•starting position
•cross-section choices
•utilisation limits

•Minimum tonnage from :
•starting at minimum 
possible weight
•using optimised cross-
section choices 
•maximising utilisation limits
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Optimised distribution of beam strength utilisations
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Cross section optimisation

•Seismic performance critical – Two options :
•Compact sections and plastic design

•Stiffened sections and elastic design

•Plastic loading of stiffened cross-sections
•Do they remain fully effective?

Cross section optimisation – Seismic compactness limits

•Seismic compactness limits ensure stable and
ductile behaviour of cross section beyond yield

•Compliance means no local buckling issues

•Can use plastic section capacity design

•Can use seismic ductility force reduction, R=3

10
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Mass = 148kg/m

Naxial = 4063kN
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Distribution of critical load combinations for structure

Critical Load Combinations for steel super-structure
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Distribution of critical load combinations for structure

Critical Load Combinations for steel super-structure
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93% of beams have 

Non-seismic 

critical load combinations**

Non-seismic Seismic

** Seismic design checks with R=3 force reduction

Could we use longitudinally stiffened cross-sections?

• Potential steel-tonnage savings, but…

• What are the design implications?
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Stiffened cross-sections – Elastic buckling
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Elastic Buckling Stress - Mode 1 Elastic Buckling Stress - Mode 2

Elastic Buckling Stress - Mode 3 Elastic Buckling Stress - Mode 4

Elastic Buckling Stress - Mode 5 Inelastic Buckling Stress - Mode 1

Plastic Buckling - Total Strain

Elastic critical buckling stress =

Out of page buckle wavelength = 

Elastic buckling analysis is only valid in the elastic 
stress range… therefore cannot use these results

625 Mpa > fcode

limit

350mm

Stiffened cross-sections – Inelastic buckling
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Elastic Buckling Stress - Mode 1 Elastic Buckling Stress - Mode 2

Elastic Buckling Stress - Mode 3 Elastic Buckling Stress - Mode 4

Elastic Buckling Stress - Mode 5 Inelastic Buckling Stress - Mode 1

Plastic Buckling - Total Strain

Inelastic critical buckling stress =

Out of page buckle wavelength = 

Stiffeners ensure fully effective section up to first yield.
Inelastic buckling method invalid beyond first yield.

310 Mpa = fcode limit

350mm

Stiffened cross-sections –Plastic buckling
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Elastic Buckling Stress - Mode 1 Elastic Buckling Stress - Mode 2

Elastic Buckling Stress - Mode 3 Elastic Buckling Stress - Mode 4

Elastic Buckling Stress - Mode 5 Inelastic Buckling Stress - Mode 1

Plastic Buckling - Total Strain

Plastic buckling strain =

Out of page buckle wavelength = 

Stiffeners ensure fully effective section up to first yield.
Plastic buckling occurs immediately on first yield.

0.002  =  strain at first yield

350mm

Stiffened cross-sections – Investigation results

•Stiffened box edges buckles when plastic

•Loss of stiffness beyond first yield 

•No plastic ductility

•Sudden loss of strength post-yield

•Must use elastic design capacity strain
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Einitial

S/M = 27.4S/M = 39.5

Cross-section optimisation study conclusions

•Stiffener steel tonnage saving not enough

•Cannot design stiffeners plastically

•Stiffener fabrication more complex and costly

•Locked in construction stresses important…. Ideally want ductility for force redistribution

•Final tender design adopted compact cross-sections

Modal dynamic analysis to determine seismic design forces

•Investigated super-structure sensitivity to sub-structure stiffness variation

•Final super-structure Tender design included CSCEC+Design sub-structure

•Response spectrum analysis performed (90% mass participation from 4424 modes)
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Method of modal analysis for 90% mass participation Mass participation per mode (90% cumulative mass)
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Cumulative mass participation up to 90% of total mass
(First 4424 natural modes)
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