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Island State



Where we are in South East Asia

An artificial
diamond created
by stress

Indonesia @ Malaysia Singapore

* 1,900,000 sq km « 329,847 sq km * 710 sq km
+ 230 m people « 27.7 m people + 5.0 m people




Maximize Land Utilization
Land = 710.4 sq km (22% reclaimed)
People = 5.0m (3.3m citizens)
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Singapore

E D B (Economic Development)

URA ranning)
STB  (rourism)
LTA (transport
SLA ana)

N ParkS (Parks and Trees)
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Private Developer led
(Melchers Pty Ltd)

Government supported
(STB/SLA)

$200M



History & Evolution




Millennium Wheel

Initial 1dea (architect led)




Millennium Wheel

Initial 1dea (structural feedback)
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Design Evolution

Errciency
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Design Evolution
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Tension Wheels

Superposition

Primary load cases

g

Dead + live loads Wind loads

Prestress

Total: no cables in
compression (slack)



Tension Wheels

Understanding cause & effect

Primary load cases

o s e
Cc
COERD =108
S Zame 7} = P —g
(o3 Cc (o]
Dead + live loads Wind loads Prestress Total: no cables in

Reduced Lighter
dead load rim

Lower spoke Lower rim
prestress ‘ compression



Millennium Wheel

Cables act to provide restraint to rim both laterally and
torsionally (resisting applied loads and controlling rim
compression buckling):

135m diam : 64 + 16 = 80 Cables:

» Lateral/Radial restraint & stiffness
« Torsional buckling restraint




Singapore Flyer

150m diam : 112 Cables performing both:

. Lateral/Radial restraint & Stiffness
»  Torsional buckling restraint
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Engineering-led design

The final rim structure for the Singapore
flyer was approximately 15% larger than
Its predecessor the London Eye, and
used approximately 15% less steel.




Las VVegas High Roller

155m diam : 112 cables

Cables provide:

»  Lateral/Radial restraint & Stiffness
Annulus action in rim provides:

«  Torsional stiffness / Stability
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Erection

fy site area
constraints and to ensure maximum benefit was gained from the two
leg supports adopted.



for installation of subsequent

segment.

@ This process is repeated with
installation of all segments
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HEAVY INDUSTRIES, LTD.



STEP 7

@ Temporary struts installed every 5th

segment.

@ Tie-member used to prevent rim
buckling.

MITSUBISHI

HEAVY INDUSTRIES, LTD.



Whole process is repeated until
all rim segments are installed.
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STEP 9

rim
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rim(R22)/
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STEP 11

Completion of rim
installation.
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Government Land &
Gaming License release

3 month competition
(URA)

awarded Aug 2006
completed Feb 2011
US$5.5b
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.—— Skypark / Hotels
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itting on top of 3 x 55 storey hotel towefs. ..
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with a 65m cantilever at one end...
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Hotel Towers
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e Hotel Superstructure
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600mm thick typical RC shearwalls

Linking Concrete grade = 60 N/mm? (lower)

Truss

e 50 N/mm? (upper)
i '« Floor concrete grade = 40 N/mm?

Height to L55=176.8 m
Height to Skypark deck (L56) = 190 m
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Deflection Studies

Location of Interest

1. Angular rotation at top of tower

2. Maximum deflection on elevation

3. Differential settlement between
straight and curved wall

4. Differential settlement between

adjacent wall bays
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Fig 1 Deflection Shape of Tower 1




Deflection Studies

Part is excluded by volume

4_ Scale: 1:348.
—‘-I'L"’—\ Deformation magnificasion: 100

1. Angular rotation at top of tower bt i KT TR e o
of holer ToweR 1"-{,1{?}\?/14'1 dboe .
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Short-term Long-term
GASE iy, - &g (mm) 85, - g {mm)
- DL+SDL+LL
Ul (w creep & shrinkage eflect) = Ly
] 100% elastic DL 26 26
- Mat Daflaction
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(i) 101 - ] { ) { )
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Vertical Towar

Sloping Tower
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Dealing with movements
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Dealing with movements
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Cantilever Construction
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4m wide x 3.55m ~10m deep box girder
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Cantilever Construction

Segment 5 (24t December 2009)






Dynamics
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Acceleration / m/s2

25

Crowd Test 10b: 160 People Bobbing/Jumping At 2.37Hz on Edge of Viewing Platform
T

T T T T

Stop Activity
Start Crowd Jumping

Start Crowd Bobbing

T T T

L
10 20 30 a0 50 60
Time / seconds




Acceleration / m/s2

25

Crowd Test 10b: 160 People Bobbing/Jumping At 2.37Hz on Edge of Viewing Platform

Activity
Start Crowd Jumpin

Start Crowd Bobbing '
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50
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Findings

Measured Mode 1:

Predicted Mode 1:

Measured Mode 1: 1% Order Vertical (1.07Hz)

Predicted Mode 1: 1% Order Vertical (1.0Hz

Measured Mode 3:

Predicted Mode 3:

Measured Mode 3:1st Order Torsional (2.28-

Predicted Mode 3:1st Order Torsional (2. 3Hz




Skypark Fast Facts:
Skypark length
Steel Tonnage
Cantilever Length
Cantilever Weight
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Government led PPP

(to replace old National Stadium)

DSPL / HSBC / Arup &
DPA

$1.2B
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Singapore Sports Hub | The Old Stadium
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Transverse
Trusses

e e

77
= ::--':.'""llt ST

. — v — ——
-

Interceptor Truss

Runway
Trusses

Diagonal
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Secondary Trusses Spanning
Between Primary Runway and
Diagonal Trusses

Giant Louvre
trusses



Runway Trusses
(5 total) over roof opening

2 halves of
Movable Roof
in open
position
(secondary
trusses under
not shown for

clarity)



Thrust Block node
supportlng roof on

B

Column pairs
supporting Ring
Beam & acting
in portal action.
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Segment of
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Roof Forces
Transmitted to
Ring Beam at
Thrust Bloclr(_

Resolution of
roof forces at
the L3 Ring
Beam

14 Post Tensioned tendons of 19 or 12

strands (each 15.7mm in diameter) Typical Ring Beam Section




Predominantly a 3d axial load system
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Fatigue Considerations

12,800 cycles over 50 years
(FOS of 2 on design)
L ocal fatigue from bogie movement

- 50.00 N/mm?
00 N/mm?
-50.00 Nimm?

. -100.00 Mimm?

-150.00 MN/mm?

e . Caze: C11 : dead (closed-open)

it e (Results stage and display stage differ)

Fatigue
Non-fatigue
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Connection Break up

Single chord
(457 or 355.6 CHS)
B Group 1 +bracing
(55%)
- 457 chord with 355.6 secondary
G rou p 2 chord or X-brace
+bracing
(35%)
= Grou P 2 At truss
junctions -
0) many
(10 A)) intersecting
chords and

bracing
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non-FEA CHS connection design

Research

= CIDECT

= Eurocode 3

= American Petroleum Institute (API)
= American Welding Standard (AWS) & 2
= Plus many papers

|

Failure mechanisms

|

Design methodology

Chord Shear

“ THROUGH
MEMBER

Figure 2.18—Detail of Overlapping Joint
(see 2.25.1.6)




Finite element modeling of complex connections
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@ DPA Pte. Ltd.

Architectural
Design

Arup Singapore

ARUP| Arup Associates ARUP pe | g,
I3'09‘1'995 @ Structural
Sports Design Singapore " Design Model
ember of Bouygues Construction group \

Master Revit

Model
C§DBYME / Slgmabear
=== BYME Int’I. *’EBEAR Inc.
Combined Structural
Services Model Detailing Model

BIM on SSH



Combined model of structure, architecture and MEP ready to use for co-
ordination, take-offs, visualisations, walk-throughs etc

==

S

Design oordination



Services are especially difficult to visualise as the only views the architectural and structural
teams traditionally see during the critical stages of the co-ordination process are the single
line diagrammes. BIM makes problems such as low-headroom much more obvious.

Design Coordination



Fast Facts: ’ A 5
* 312m dia dome roof 85m above pitch §
» 8000t of CHS steelwork ) 2
- Over 20,000 steel elements 5
- 6 analysis models to cover different
~ movable roof configurations
' » Each analysis model with 1,5000
- combination cases
2,500 fixed roof +1,000 movable roof

+1,750 louvre connections
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Football
54,417

Cricket
51,293

Athletics
50,745

* 8 moving tiers elements

* 49 concourse platforms

« 36 concourse tiers elements

* Reconfiguration Athletics to Football in 48hrs
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Giant louvres provide shade Insulaf eflects 3 - Moving'Teo k it solar v Roof designed to provide naturally
and rain protection to space ight to reduce heat gain radiation and rain \ ventilated space which reduces
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Preiminary mdcative with o spply
ot 27 Cema

: % ~ Movlng To0 k it solar Roof designed to provide naturally
- radiation a_n:jm" ventilated space which reduces

evi energy required for cooling.

; Cooled gL ch seat location
i |

spectators

Lower Tier Middle Tier




Air Supply

Air Supply

Roof closed
Comfort cooling operated
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