MSAA/LSAA Conf Proceedings

MDAV

MEMBRANE STRUCTURES ASSOCIATION OF AUSTRALASIA
Sydney Science Centre 35 Clarence St, Sydney. 2000. Telephane (02) 29 7747

Vinzenz Sedlak

Director
Lightwelght Structures Research Unit
Unlversity of New South Wales
and
George Clark
Managing Director

George Clark & Assoclates
Sydney

MOBILE STAGE FOR OPEN-AIR PERFORMANCES, SYDNEY, N.S.W.

Paper presented at:

1984 Convention
'Coated fabrics for Membrane Structures!’
Melbourne - 30th & 31st May, 1984



MOBILE STAGE FOR OPEN-AIR PERFORMANCES, SYDNEY, NSW

Vinzenz Sedlak

Lightwelght Structures Research Unit,Unlversity of New South Wales
and

George Clark

George H. Clark & Assoclates,Consulting Englineers,MlIsons Point N.S.W.

Summary -
Design, Analysis and Construction of the "Moblle Stage",a [|arge,demountable
prestressed tent structure commisslioned by the NSW Government Is described.

wCoverlng an area of 815 m2 the membrane canopy provides shelter for performers
cjfurlng outdoor events such as concerts,theatre,opera and ballet.

C

Introduction
Since January 1984,the publlc of New South Wales has been provided with a new
demountable stage covered by a large,sand coloured prestressed tenslon
CDmembrane.The bullding Is a further addition to facillitles provided for
o cultural activities and forms part of an ambltlous cultural expanslion
cl_programme currently pursued by the NSW Goverment under Premler Nevli|le Wran.
The new "Moblle Stage" was flrst erected In the historic Domaln Park,close to
Y—the City Centre, for the now wel | establ Ished and popular annual "Opera In the
C Park" performances and forming one of the maln events of the Festlval of
Sydney .
Held during the Austral lan summer In January the festlval,flirst Introduced In
1978,encompasses a varlety of cultural events and soclal entertalnment for a
wide range of agegroups and,anual ly,attracts large numbers of vislitors and
<1:reslden+ Sydneysiders al lke.

c,)Deslgn

The design/construct tender called for a roof canopy which would glve
:afpro+ec+lon to performers and equipment underneath agalnst sun and railn while

completely covering stage and overhead [Ighting structure.

The audlence's view of the stage should not be obstructed and the bullding

should have an attractlive appearance.

Structurally, I+ was to be designed for high windloads ,whlle belng readlly

demountable .lt+s components were to be readlly stacked,transported and

erected.

The Cilent plans to establ Ish several sites In and around Sydney,possibly

exposed to onshore winds,where the structure will be used for outdoor events

such as concerts,theatre,bal let etc.

I+ was further speclfled that the overall scheme was to be composed of 3

separate components :

A Stage (18.5x12m with 2.5m slide-extensions ),an Overhead Lighting Structure

(18.7x12,7m and 11m high,above the stage),and the Roof canopy.

The components were to be designed as Indlvidual units In order to allow for

anticlipated flexIbility In the cholce of components for dlfferent events.



The design of the canopy was based on the above brlief In the following order
of priority :

1. Cover the Overhead Structure as efficlently as possible Integrating all
user requlrements with regard to protection and sightiines.

2. Design a structurally stable membrane surface In order to cater for high
windloading Involving adequate curvatures while minimising the number of
supports and anchorages In order to reduce Installation time.

3. Design the membrane shape to be visually attractive and aesthetically
pleasing resulting In a bullding which ,through its unique appearance would
enhance the environmental setting It was to be placed In and provide the
organlisers and sponsors of events wlth an attractive feature to maximise on
spectator particlpation.

4, While maintalning all the above ,keep the structure as |Ight as possible
and [ts components simpie In order to facllitate transport,storage and
erection.

Soon after design commenced 1t became clear that some of the tender
requirements were contradlctoy and compromises had to be made In order to
Obdbtaln a product that would satisfy the requirements as closely as possible.
CThe contradictions were :

.chlgh*ness agalnst Slze
CDnghfness agalnst Structural Loading Requlrements

GJSIze resulted from the fact that the shape of the canopy had to be designed to
accommodate the 11m high steel frame of the overhead |Ighting structure while
allowing for adequate clearances In anticlipation of large deflectlions of the

*~membrane under high windloads .(Integration of canopy and | Iighting structure

Cl.by suspending a rigld steel lighting grid from four,Internal masts was

y—suggested In order to to alleviate the problem but was not permitted)

CThe structural loading requirement which specifled Category 2 wind foading In

Oaccordance with Austral lan Standard 1170,Part 2 was high and resulted In

(_Dwelghf penaltles for masts,cables,anchorages and fittings thereby makling
speedy handl Ing and erection more difficult to achleve.

<::The design developed from these parameters was an anticlastically shaped

<J:membrane surface, supported by an Internal,dlagonal cablessystem,composed of
two Intersecting maln cabies which are supported by four Internal masts

__|(Fig.1) .A central "flylng strut" at the Intersection of these cables-

~-connecting the four masttops- was used to malntaln membrane curvature In this
area.The membrane Is tensioned by the perimeter edgecables over the maln

<1:suppor+ cables which Include the dlagonal corner cables to ground anchors.-
Resulting overall dimensions were 35.9x26.1m,13.7m Internal helight at the

(I)cenfre,19.5m front mast helght and 16.9m rear mast helght.

Elnlﬂally,an alternative design utllilsing an external cable and mast support
system to suspend a membrane surface at four high polnts was Investigated,-
polnt support from Internal masts was also considered.

The Internal cable support system was chosen because It enabled tighter
control of deflections within the surface and flatter entrance curvatures at
the high points (see Fig.2).I|t was therefore possible to minimise the overall
surface area required for stage coverage to 815 m2 by keeping the membrane
surface closer to the overhead |lghting frame (Fig.3) and to reduce overall
mast helghts as well as overal | ground coverage.Due to maststays belng
Integrated In the cable support system for the membrane-~ with the membrane
surface Itself providing lateral stablllty- reduction In the number of
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per Imeter anchorages was achleved.

Furthermore,by t11ting the entire membrane surface back-wards,the necessary
central helght for the large ,42m long edge cable over the front of the stage
and unobstructed sightlines could be achleved. The backward slope of the
roofplane of the lighting frame allowed reductlon of the overall helght at the
rear of the structure.(see Fig.).

During the varlous deslign stages the membrane roof was model led from
1:200,1:100 up to 1:25 untll a satlsfactory balance between design and
structural requlrements was achleved.

Windtunneltests were then carried out on a 1:100 model by John Howell at
Vipac&Partner's laboratory In Melbourne and combined windpressures were

establ Ished for Internal and external surfaces.

The shape of the membrane surface was optimised on the 1:100 design model
after prellminary stress calculations based on experimentai windloads were
carrled out and the geometry of the surface ,Inltlally obtalned by measurement
from the 1:100 design model by co-ordinate mesurement of sallent polnts along
cable catenarles and princlpal curvatures,was checked agalnst a minimum energy
soap~f [Im shape by computer .This shape generation process by computer was
carrled out on one haif of the surface (axlal symmetry) by Isolating the half
surface Into three Indlvidual anticlastic surfaces bordered by common
(Internal)support cables and edge cables which were measured from the model .-
While the common support cables between two adjacent surfaces were assumed to
be rigld boundarles for the purpose of obtalning the soapfllm shape the edge
cables were fixed In thelr length with thelr curvature left to adjust (see
Fig.4).

The resulting shapes where then used to obtaln developed cutting patterns
employing a program developed by Dr.Peter Kneen at the Unlversity of NSW.The
patterns,which had been compensated for expected fabric elongation obtalned
from Information on blaxlal stress/straln behaviour of the chosen materlal,-
were then checked for fIt by construction of a 1:25 scale model of one half of
the structure and membrane connection detalls were flnallsed.

Structural Design

The maln loading on the structure Is that from wind. The unusual shape Is not
adequately covered by the wind loading code and wind tunnel testing carrled
out on the scaled model had turbulence [ength scale matched to model scale and
surface roughening applied to the skin to achleve Reynolds number scallng.
Pressure tapping was automatical |ly recorded to provide detalls of pressure
coefflclents with varying wind directlons. The mean pressure coefflclents for
Internal and external pressures were summed vectorlally for calculation of
nett pressure. '

The varlation of nett Internal and external pressure coeffliclents with wind
directlion Is shown In Figures 5 to 8 .In all cases some areas of the canopy
mode| were measured to have pressure coefflclients greater than 2.0, and large
areas had nett pressure coefflclents of the order of 1.5. The wind forces act
normal to the fabrlic surface at all polnts.

The average maximum free stream dynamic pressure (approx|mately 3 second gust)
of 1.2 kPa was used with the pressure coeffliclents. Thls corresponds to
Category 2 |oading In the Sydney area with a 50 year return perlod.

The magnitude of these pressure coefflclents together with the requlrements
for design to Category 2 wind loading resulted In forces considerably larger
than those anticipated at the time of preparation of the orliginal tender. The
wind pressures thus estimated were applled as average values over appropriate
areas of the membrane for calculation of membrane and cable forces by cable



theory and approximate calculations to ensure static equil Ibrium.

Following assumptions of design loading on the membrane, the analysis was
essentlally an |terative and approximate process. Flrstly, calculatlions were
made as to the load path through the membrane by strip analysis and edge cabie
equllIbrium. Then calculations were made for anchor forces to satlsfy
equilibrium and overturning. These forces were then taken back through the
structure to find membrane stresses. .

These steps are Ilisted as fol lows:

1. Establ Ish a range of membrane stress values by applying appropriate wind
pressures on membrane strip profiles.

2. Calculation of edge cable forces to be In equllibrium with the average
membrane stresses.

3. Static equilIbrium checks In x,y and z directions to ensure stabll ity of
structure. '

4. Estimation of main support cable forces from maxImum membrane stresses.

5. Estimation of how the primary mast/cable system readJusted under Ioad.

U The canopy structure Is designed to redistribute wind forces by moving Into a
position of equlilibrium between edge cable tensions,the main diagonal cable

C tenslons and mast compressions.

LES Essentially, any high membrane stresses tend to be shared throughout the

D structure by large deformations resulting In |oad shedding or redistribution.
It can be seen that any Increase In edge cable forces (and hence anchorage

() loads) Is balanced by a combination of wind uplift and mast compresslion.
The maln generation of the relatively high mast compressions found In the

e structure Is the wind foad on the steep corner areas of the membrane directly
loading the maln mast cables.

[1- The estimated maximum fabric stress of 12.5 KN/m under Category 2 wind loadlng

y— leaves a factor of safety of 6 on ultimate strength.

C The cable slizes provided allow a factor of safety of 2.25 at Category 2 wind

O loading based on a UTS of 1770 MPa,

(_) For Installation, Inltlal membrane prestress forces of 1.5kN/m were proposed
to malntaln the anticlastic shape wrinkle free In Its 'unloaded' state.

< Membrane
‘=E The material specifled was a PVC coated polyester fabric, 2/2 (panama) weave
(/)cnnsfrucflon,QOOQ/mZ overal | welght,colour sand, flameretarded to AS1530 and
__| stabilised for high UV exposure.Initially the fabric was to be supplied by a
=~ local coater,unfortunately the base cloth could not be woven In time and the
materlal had to be Imported from overseas.The final materlal was "Duraskin
B127235"by Verselidag Coated Fabrics of West Germany.
c,)'The materlal was Joined by double row stitching witth carbon black thread and
overwelding (high frequency)wlth a protective,clear PVC strip (40mm seam).At
2 stress points the membrane was relnforced.Tangential stressing relnforcement
along edge cable pockets Is provided by 75/5mm Polyester webbing sewn onto the
underside of the fabric.
Membraneconnections and Fittings
In order to permit ease of handiing during fabrication and erection/-
dismantling the membrane surface (total surface area 1340m2) was subdlivided
Into four Indlvidual panels which were Joined on site by aluminium plate
clamping Joints located alongside the ridges: formed by maln support cables.
All support cables are carried In sleeves to restrict movement.
At the rosette polnts used to hold the upper areas of canopy around the masts,
the membrane edges are bordered by cables which are clamped to four galvanlsed
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steel clamping plates fastening the membrane corners and providing attachment
for four support cables to the masttop.

Clrcular corner cut-outs teminate the membrane at the Intersectlons of edge
cables at the membrane perimeter,whlle the edge cables are contlinued to common
galvanised steel clamping plates which provide connection to the anchorage
cables.Three types of corner plates occur(Fig.9 ).Tangentlal stressing cables
connect the webbing relinforcement which terminates at the membrane edge to
corner plates .

Cables

The cable slzes provided for dlagonal central support cables and edge cables
were 26mm dlameter and for the front edgecable ,maln corner cables and all
anchorage cables were 36mm dlameter.This al lows for a factor of safety of 2.25
(based on a UTS of 1770 MPa) at maxImum design wind loading.

In order to allow sleeving of edge cables wlth relative ease during erectlion
and dlsmantiing and to provide effective length adjustment with avallable
flttings a cable clamping jolnt was Introduced at cable ends In the vicinlty
of each corner plate. I+ utlllses two galvanised steel "double base grips"
fastened by elght high tenslle bolts each and spaced apart to Interconnect the
edge cable to a short cable sectlon attached to the corner flitting.This
economlcal connectlon was developed after conslderation of alternatives such
as large turnbuckles and high strength U bolts and was satisfactorlly load
tested to full deslign loads.

Masts

Deslign compression loads of 60 + for the front masts and 50 + for the rear
masts were establlshed Including an al lowance for possible future suspenslion
of a lighting grid from the masts.The masts are galvanised mild steel bullt up
struts from three clrcular hollow tube sections (140 x 4,9 CHS) battened apart
and spliced for transport and storage (Flg.10).Mastfootings are bored plers
and the base plate has unlversal Jolnt actlon to allow unrestricted mast
movement during windloading to allow stress redistribution in cables and
membrane. Ladder rungs were added to D.L.I.(Depariment of Labour and
Industry) requlrements.

Anchorage

Grouted high yleld "Tempcore" reinforcing bars into bedrock were used for all
ground anchors.The anchors are simllar to farge,10Om long splitpins with a 100
mm dia. loop above ground grouted into a 120mm dia.hole drilled at the angie of
the anchorage cable.Maximum design ioad was 240 KN for Category 3 loading In
the Domaln.

Anchorage cables are connected to the anchors via twin galvanised steel
anchorage plates which provide for incremental adjustment during stressing and
allow for Iimited varlations in groundievels between different sites .
Erection

Once the anchor and mast posltions were confirmed and constructed,the masts
were erected by crane and stabilised by temporary guylng cables to temporary
peg anchors.The membrane was unfolded, Interconnected,cables were drawn through
sleeves and all fittings were attached.Connected at the four high points to
pulley and |ifting cables tirfor-hand winches were used to simul taneousiy |if+t
the membrane Into position.Stressing was introduced through perimeter
anchorage cabies with adjustments made at tangentiai stressing cables and
rosette support cabies.The structure was dlsmantied after 2 months with
geometry spot-checks made to be re-erected on the same site later In the
year.At this occasion t+ Is proposed to make flnal adjustments to the membrane
shape to el Iminate minor wrinkling and to obtain stress measurements on the
anchorages.



Client:

Desligner:

Engineer:
Special Ist Consul tants:

Fabricator/Contractor:
Materlal Suppller:
Cable and Fittings:
Steel work:

Main Contractor:
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New South Wales Premiers Depariment,Division of
Cultural Affalrs (project administered by the Publlic
Works Depariment, Speclal Projects Section)

Surface & Spatial Structures

(Vinzenz Sedlak Pty.Ltd.)

George Clark & Associates )

Peter Kneen Pty.Ltd.(Cutting Pattern)

Unisearch Ltd.(Model construction and testing)

Vipac & Partners (Windtunne! tests)

Stromeyer ingenieurbau GmbH (Detalilng and erection
check)

B.W. Biisborough & Sons Pty.Ltd.

Rheem Ltd.,Woven Products Group for Verseldag,Krefeld
Buiilvants Pty.Ltd.(NSW)

Simondsen & Edwards Pty.Ltd.

Brakell Products Pty.Ltd.
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Plan view of Moblle Stage.
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Fig. 3 Sectlon and slide elevation.

Flg. 2 Front elevation showing overhead |Ighting structure.
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Fig. 4

Soap film shape of side panel (P. Kneen).
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Flg. 9

CORNER DETAIL A

CORNER DETAIL €

CORNER ODETAIL B&OD

Corner detall showing edge cable/mémbrane, tangential stressing
arrangement and corner plate.
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