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Abstract

Wind tunnel tests were performed on a 1:200 scaléemof the
long span west stadium canopy proposed for QBE @tadin
Auckland. The tests measured the pressures on rigoged
roofing elements. These were then processed ingsspre
coefficients based on the tunnel wind speed. 8eteof critical
load cases was carried out by integrating for keyrics for this
structure, defined as maximum base shears and uovieg
moments for the whole structure. The wind tunnelspure data
results for these critical load cases were theegnated directly
with the structural analysis model. This approadabéed 10
unique load cases to be determined. It was fouadttis was a
very effective way of determining the wind loadslafesigning
an efficient structure to resist them.

Introduction

The QBE stadium is located 17 km north of the Auckl&£BD

at Albany. In order to increase its utility, Staghs Auckland is
investigating roofing it completely. This compssa new roof
above the west stand to be built in phase 1, andpmmable
central roof section which completes the stadiucicsure to be
built in phase 2. Wind loads are crucial to theigie and thus
wind tunnel tests were commissioned in order t@iobibads for
various design configurations.

The wind tunnel investigation was carried out ie thoundary
layer wind tunnel at the University of Auckland’ssNmarket
Campus on a 1:200 scale model of the long span stadium
canopy proposed for QBE Stadium in accordance wlith t
requirements of the Australasian Wind Engineerinoci&y
quality assurance manual (2001). The tests medsthe
pressures on both the existing and proposed roefemgents.
The paper relates to the results from the modellihghe new
phase 1 canopy, as well as the analysis including
e A description of the proposed structure to be hnilphase
1.

» Estimation of the design loads using conventior@dde’
approaches, i.e. AS/NZS1170.2 (2011).

*  Processing of the wind tunnel data for implemeatainto
an analysis model.

e A description of the process adopted for the sielecof
appropriate design load cases.

* Analysis and design of the structure.

It is anticipated that additional work will be pighled that will
look at the interpretation of the wind tunnel datathe existing
roof, as well as dynamic sensitivity and interptieta of results
for fatigue assessment of the structure.

Wind tunnel test procedure and data acquisition

The tests measured the pressures on the roof bftbetexisting
east stand and the proposed new west stand. Thausdings
were modelled in detail to a radius of 360 m frdra target site.
The thin roof structures with internal pressure embwere
constructed by sandwiching thin plastic tubes betwsvo skins
of fibreglass moulded to the correct roof shapée moulds for
these skins were developed directly from the nuraérshape
files developed for the structural analysis modehe structure.
A specific pressure tap system including brassitepdm tubing
and careful placement of tubing and pressure traesd was
developed for the structure. This enabled the e/hobdel to be
rotated through the full wind direction range. Thind tunnel
model is illustrated in Figure 1. Each pressungpitag was
referenced to a common static back-pressure whashaktained
from the Pitot-static tube mounted in the roofta tvind tunnel.

Pressures were measured simultaneously at up tdoSafions
around the model roofs, on both top and bottomases, for all
wind directions at 10 degree intervals at a sargpiiaquency of
400 Hz for a period of 80 s. These were then m®eEe into time
histories of pressure coefficients based on thenmgad speed
at the reference height (equivalent to 50 m in $glhle) within
the wind tunnel. The analysis of the resultingsptge data was
carried out by Compusoft Engineering Limited (CED}he QBE
stadium pressure data results were integrated tijiredith the
structural analysis model.

Figure 1. View of wind tunnel model with new canapyforeground
with the exterior pressure taps visible.



Description of the structure

The west stand canopy comprises a 250 m span teadige tri-

chord steel truss that rises to 40 m above piteél lat mid-span.
From this truss a total of 12 radial tri-chord #@s in turn span
down to the ground level behind the west stand akaant. All

structural steel truss elements are to be fabdcatem circular

hollow sections of varying sizes that have beeninopéd

according to the loading demands derived from windnel

testing. The steel structure is then clad withoanlgination of

tensioned PVC architectural membrane fabric andsgfdse,

fluo-polymer reinforced membrane fabric. The taea of the
tensioned membrane is 7,808.m

The maximum width of the structure at the mid-line
approximately 55 m and is kept elevated above toergl and
embankment levels to ensure air flow under the csire.
Because of the extent of the structure a numberalf props
have also been introduced to assist with the strakintegrity.
The general structure located on the site is et in Figure 2.

Underlying the stadium are layers of alluvium miaferarying in

depth which in turn overlay the bedrock horizon dmeahce all
foundations to the canopy are piled to bedrock.dedstanding
the interaction of the superstructure with its fdation system is
an integral step in the process of understandirey whole

structure’s response to wind loading.

At the time of writing, construction is targeted dommence in
the fourth quarter of 2016 or the first quarte061.7.

igure 2. Rendered iew of west canopy (in the bamlmd) at the site.

Site  specific wind speed
AS/NZS1170.2:2011

estimation  using

The site is located in region “A6” as categorisgdte Loadings
Standard which gives rise to a regional wind sp&gdequal to
46 m/s for the prescribed annual probability ofeedance as per
AS/NZS1170.2 (2011) (= 1/1,000) for the Ultimatemiti State
(ULS). The site is best categorised as constiufirerrain
Category 2.5 (TC2.5)

The derivation of the site wind speed for the Ulc®rmrio has
been determined in accordance with the Loadingsdara and is
outlined in Equation 1 below:

Vsit,ﬁ = VRMd(Mz,catMth) (1)
Where,

e Vg is equal to a 46 m/s gust wind speed for an annual

probability of exceedance equal to 1/1000 applieafolr
ULS strength design.

e M, is the wind directional multiplier.

s M,q is the terrain / height multiplier determined apia
to 1.125 given a reference height for the wind @inn
investigationh = 50m and Terrain Category 2.5 (TC2.5).

e M M, the shielding and topographic multipliers determmin
as being equal to 1.0.

Because of the variation in the wind directional tiplier the
design wind (gust) spedd,.;¢ also varies accordingly. As for
the wind directional multiplier, the design windesgls for the
structure have been developed for 36 incident an(le. 10 °©
increments around the compass) in accordance wiil t
requirements of the Loadings Standard.

Load case estimation from the wind tunnel data

The data obtained from the wind tunnel investigatias been
normalised with reference to the mean dynamic vgressure at
a (full scale) reference heighth =50m and therefore
incorporates several phenomena: net pressure deeffi
background loading fluctuation due to wind turbuenand the
variation in wind velocity throughout the bounddayer. For
simplicity the “Aerodynamic Shape FactolCy;4(t) is used to
reference the combined effects of all of these stenoting that
they are not constant but vary with time.

The derivation of the mean wind speed (denoted,as herein)
has been determined by Equation 2 below:

— \74 .0
Vieso = Tyg1 )

Where,
*  Viges,p is the directional gust wind speed.

e g, is taken equal to 3.4 in accordance with
AS/NZS1170.2:2011.

e [, is the turbulence intensity determined equal to 0.17
for h = 50m in Terrain Category 2.5 (TC2.5).

The ULS design wind pressures which vary as a fondaif time
(denoted as Pyes6(t)” herein) have been determined as per
Equation 3 below.

= 2
Pdes,6 (t) = 0-6[Vdes,9 ] Cfig (t)Cdyn (3)

Where,

*  V4esp is the mean design wind speed for the ULS.

Crig(t) refers to the aerodynamic shape factors
*  Cgyn refers to the dynamic response factor

The pressure coefficients measured at all tapshertdp of the
roof structure were matched with pressure coeffisieon the
bottom surface to give differential pressures. sEh@ressure
coefficient differentials were mapped to the finildement
geometry used to represent the fabric structu@AR2000, with
the differential in closest proximity to the cerntt@f each finite
element deemed to be representative of the conditiwer that
area.

Using the above formulae and the geometry givenhieyfinite
element model, the pressure profile at every pimirttme from
all 36 measured wind directions could be calculadedr the
structure.

Load case estimation from the AS/NZS1170.2:2011
interpretation of pressure coefficients

While the scope of AS/NZS1170.2:2011 precludesuds for a
structure of this size, it is still useful to comhesi at a preliminary
stage to gain an understanding of the possible thstibution

that might be developed from wind tunnel testing.

The key parameters for developing the site spewifitd velocity
profile applicable for a structure of this size amgbortance level
is still considered applicable though was developexdsidering



actual structure height rather than wind tunnel ooty

measurement height. Typical net pressure codffisiavere
interpreted from a variety of code examples. Thayre then
integrated over the whole roof in the same manaehat for the
wind tunnel derived data to enable direct compartsetween the
two.

The design process and selection of important load
cases

The instantaneous wind pressure distribution olier extent of
the proposed roof was recorded for 36 differenedions of
wind attack for 32,000 time steps (i.e. 80 seco@400 Hz),
which results in over one million potential windatb scenarios
which could be considered. In order to reduceddta set to a
manageable level, a set of metrics were identifiddch were
anticipated would yield the most onerous conditians the
canopy as a whole.

The most onerous design scenario for the canopygtate as a
system is likely to coincide with the peak basetieas. On the
basis of this, a set of 12 different metrics wesleated for use in
the design which correspond to the minimum and mari base
reactions for forces and moments about axes phralel

perpendicular to the main axes of the canopy. Wihe loads are
applied to a semicontinuous flexible membrane, thigltends to
‘average out’ the local pressure peaks. As a rethe global
measure of base shear is judged to be a good nfetripeak
structural load.

A number of other “metrics” were initially consigel for
evaluation. However, it was found that integratimihoverall
base shear forces and moments provided adequatopimg of
load cases for design. Of the twelve possible loaskes, ten
unique cases were determined. In two cases, thanites of
greatest force was coincident with the greatest eminabout
associated axes.

Each of the critical design cases was determined
programmatically. For each time step, for all widickctions, the
total reactions in the three major directions ahd moments
about the three major axes of the structure weegiated over
the whole roof surface. A summary of these desigges is
shown in Table 1.

Metric Min/ | Wind Dir. | Metric Result
Case Max | (Degrees)

Min 240 -594 kN

01 Force:

X Dir. Max 130 669 kN

02
Min 90 -3,023 kN

03 Force:

04 Y Dirn Max 290 2,607 kN
Min 90 -8,111 kN

05 Force:

06 Z Dirn Max 310 1.919 kN
Min 90 -236,981 KNm

07 Moment:

08 about X axis| Max 240 28,138 KNm
Min 130 -137,627 kKNm|

09 Moment:

10 about Y axis| Max 90 116,546 kNm
Min 320 -96,386 kNm

11 Moment:

12 about Z axis| Max 240 92,412 KNm

Axes ni@gon is with

Table 1. Summary of critical load cases.
reference to the structure — i.e. X axis is oridnédong the structure
length

The time step and wind direction for the maximurd aminimum
reactions and moments, could then be determined.example
of a selected “point in time” load case is presériteFigure 3.
This particular example (Case 03) represents maxinota
applied horizontal shear orthogonal to the canapptfface on
structure axis Y, for a wind angle due East (0%@fected from
the complete time history for all directions. Eaditical time
step selected for further structural analysis wathér assessed
to ensure that it was not simply a numerical angmaFor
example, the Case03 metric presented in Figuradeigified as
having an increasing peak response to a gust lirayelown the
wind tunnel over a period of time (in this case wmber of
seconds).

a)‘

b)‘ F

o sinasoes oo omn

Figure 3. Selection of point in time load caserfaximum total applied
force (FY, kN) for Case 03; a) complete time higtdn) 225 second
window of record near peak.

Figure 4 displays a summary of the maximum horizbbtise
shears. For each time step and wind directionydlaltant x-y
base shear was determined. A bounding line, shpwire
maximum base shear in every direction (quantised. bggree
bins) is shown. The ten unique load cases that welected for
design analysis are also shown by the orange doEgure 4.
The critical load case presented in Figure 3 (C&ecan be
identified as the plotted point at cardinal angl€0l
(approximately 3,000 kN). Additionally, the base eals
developed from estimation of possible pressure fiooefts
derived from AS/NZS1170.2:2011 described abovésis shown
as yellow dots for comparison.

Max base shear 360 degrees (kN)

190

180 '
—— Max Base Shear Analysed Cases ---- Structure axis Code Values

Figure 4. Peak base shear in any given directioeldped from the wind
tunnel for both the analysed cases and the prdimicode values.



Plotting graphical comparisons of wind tunnel nmeetiésts on
polar plots such as that shown in Figure 4 prowete a useful
tool in further validating the selection processcotical load

cases for structural design. For example theradditional load
cases that are identified “either side” of the Casmetric that
can be considered for further inclusion in thecttrcal validation

model that will further improve the certainty ththe load cases
chosen envelope the likely maximum actions throughthe

structure.

Discussion of efficiencies in the design resulting from
this approach

It is apparent from comparison between the windhélimerived

base shears and the interpreted code derived basarss
(although not strictly applicable) that the coadsivation of

surface pressures over a structure of this magmitedults in a
significant increase in overall base reactions hedce internal
member actions. In round numbers there is apprdrimaa

factor of 2 in magnitude difference between the approaches
which would seem appropriate on reflection.

When reviewing the original literature that forniee tbasis for
each pressure coefficient derivation in the codae fxample,
Letchford and Killen, 2002), it is likely this issbause the code
values have necessarily been developed by envelopierall
maxima of pressure coefficients. Developing filgdd cases
derived from actual project wind tunnel testingrtigalarly for
membrane roofs of this magnitude, allows for moceusate
determination of overall maximum load cases thaoant for
correlated pressure variations.

Structural analysis procedure of the structure

A three dimensional finite element analysis modas weveloped
in SAP2000 v17.3.0 (CSI America, 2015) for use itedaining
the element forces and deformations resulting frahe
prescribed loading scenarios outlined above. Tiadyais model
is presented graphically in Figure 5.

Figure 5. Overall view of the west stand canopycstrral analysis model

The tensioned membrane surface (“fabric”) is madklito
account for its geometric non-linear behaviour whfie ground
piles have also been modelled with representatioe-limear
“soil springs” to model the anticipated plasticity the upper
layers of soil. This ensures that variable fouimaflexibility

and the resulting load distribution is accounteddicectly in the
analysis.  Additionally, structural second orderfeetfs (for
example Euler buckling etc.) have also been aceaurior
directly in the analysis model.

Pressure distributions were applied to the membrinite
elements as described above for each of the tenesemtative
load cases. The point in time wind pressure distidm presented
previously is illustrated over the entire roof iigie 6.

In addition to the wind load pressures on the mambrsurface,
aerodynamic drag as a result of the exposed memileich

support the canopy have also been added to thgsésmaiodel in
accordance with AS/NZS1170.2:2011.

Each of the ten identified critical load cases was as an
equivalent static load pattern applied in multiptan-linear load
cases combined with other actions including deadddp
membrane prestress loads etc. Assessments otesbility,

fatigue etc. were carried out by first scaling thed patterns to
the appropriate wind speed magnitude.

Figure 6. Example wind pressure distribution (C83e0

Design considerations including the optimisation d an
rationalisation of structural steel member sizess hlso taken
place directly within the analytical model with aatated design
calculations also carried out external to the mougkoftware.

Conclusions

A technique for processing wind tunnel results argé roofs
such that they can be directly integrated into #teictural

analytical model as equivalent static load casegrésented.
Because of the extent of the roof and the structuebhviour of
the membrane cladding this technique enabled thestite of

pressure tap time histories developed from winahélitesting to
be effectively reduced to a series of critical l@ades which are
tested by identifying key metrics such as maximuasebshears
or moments. Comparisons of the results of theserketrics

with possible interpretations of code pressure fanefts show
that being able to integrate the spatial correfatid pressures
over an entire roof surface can lead to a moreiefft structural
design to carry wind loads.
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