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SUMMARY  This study presents a comparison between wind tunnel results and code estimates for three Sydney buildings
with different leveis of exposure, One of the buildings is approximately 30 storeys in beight, located on the fringe of the Central
Business District {CBD), and partially shielded by buildings to the east. The second building is medium rise and exposed from ai}
directions. The third is 40 storeys in height and situated in the CBD with considerable shielding from surrounding buildings. The
study shows that the wind tunnel results were significanty lower than the code estirnates for most of the buildings' facades The
findings of the study reveal that the wind tunnel testing generally leads to a more rational design of the facade with clear
Lmplicatons on the cost of the cladding. The majority of the savings coming from the design of the fixtures agd thickness of

i INTRODUCTION Structures it exerts pressures which are not steady but highly
fluctuating. This fluctuation is due to the ZUSTY narure of the

The design of a building and it cladding system is wvery wind and lecal vorfex shedding @ the edges of the structures

much a function of the extreme wind induced pressures thar (1), as vell as wakes being set off by nearby buildings (if

are expecied (0 ocour within its lifetme. These pressures any). '

therefore have a significan impact on the cost of the

stuciure. For a rational design of the cladding it is important The pressure generated by the wind is 2 van 1mponan;

‘e aave 2 good knowledge of the wind induced local cnienon for the design of bulding. and whev facade Te

pressures that are expected 10 act on the building. The need determine the event of these pressures wind flow can be

for a raonal design has escalmed within recent years due 1o analysed as statistical varianons which include events thar

the populanty of tall buildings having lightweight, non-  are expected over a period of time. The design wing accounts

structural cladding, » : for a statistical recurrence event usually over 2 50 vear period
{for permissible stress design) which represents the lifs of the

[n Australia wind pressures on stuctures  are usually building For ultimate limit states design, a retuwm perod of

deterruined using the Wind Loading Code, AS1170.2-1989. 100G years is used.

A static analysis is used for the design of curtain walls giving

esumates of Jocalised pressure distributions. Another way 23  Wind Pressure Distributions Around Buildings

these pressures can be determined is o carry cut a wind

tunne} pressure study on a scale modal, Wind, with its turbulent narure produces veriex shedding,
and separation effects. This results pot only 1o overturning

lmprovements in the wind tungel tesing  technique, - and shear effects but also induces dynamically flucnuanng

combined with the integration of powerful apalysis tools such loads on the overall building structure and on individual

as personal computers and advanced dara  acquisition ciadding panels,

insumentation, has meant that wind wanel pressure studies - .

are able to provide an accurate picture of the pressure " Wind tunne! studies that have previously been conducted on

distnbunon on a building, scale models of buildings have produced evidence that three
differeat pressure zones are developed when wind acts on a

2 BACKGROUND tall building (2). These are listed below.

2.1 Wind « Positive pressure zone on fhe upstream fece. \Winds

acting directly on the windward face prochice positive

The wind loading of structures is 2 complex phenomenon as pressures and normally increase in magnitude with

Windisavastarrzycfeddi&cﬁthvaryingsmesand height. .

rotational characteristics. These eddies move along relative

o the earths surface and produce gusty or turbulent © High negative pressure zomes af the upstream comers of

Dehaviour. In the lower levels of the atmosphere 2 boundary the side walls. Pressures produced at these comers are

layer forms which is largely a function of local surface much in excess of the normal pressure further down the

characteristics such as the existence ' of hills, wvalleys, ' face and this can be evidepced by damage to corner

vegelation, zand buildings. When the wind interacts with windows and eaves in buildings. This occurrence is due
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to local voriex shedding at the edges. The pegative or
SUCtion pressure decreases in magnitude further down
the side wall face in the direction of wind flow.
AS1170.2-1989 (3) provides pressure coefficients that
decrease with horizontal distance from the windward

edge.

= Neganve pressure zome on the leeward wall or
downstream face of the building. The suction pressures
produced are typically iess than the high comer
pressures experienced at the leading edge of the side
wall. Leeward wall pressures rarely govern the design as
side wall pressures are typically higher. Leeward wall
pressures  stll  however need 1o be taken into
consideraion  as  peculiar building geomemies or
susounding buildings ray aiter the expected pressure
conditons. '

23 Thbe Australian Wiand Loadiag Code, AS 1170.2-1989

Thus 1s the most commonly used method of determining peak
design wind pressures in Australia. For the purpose of this
paper 3 Detailed Stade Analysis is used in a cemparison with
wind tunpel test results. This code pressure prediction
wcludes peak gust wing speeds which have been modified
wath appropriate multipliers for terrain, building height,
topography, shielding and building gecmerry.

2 ¢ The Wiad Tugue!

Swidings with unusual geometry oormally warrant a wind
tunnel study, The wind ninne] provides a means of studying
as preaisely as possible the effect of narural wind on the
bwlding i question. Figure 2.1 shows a nypical building
model being tested in Windiech's boundary layer wind
tunne!l Note the use of vertical spires and barriers upstream
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in conjunction with roughness blocks on the foor. These are
positioned upstream so as to simulate the NCOMing boundar,
Layer flow, ’

The following is a list of key areas thar are of partcular
imponance to high rise building design and zare able 1o be
investigated with wind tunne] pressure studies

*  The influence of nearby structures and their effect an (he
behaviour of the proposed building

* Effects of boundary layer profiles that are a funcgog o
the land topography and terrain.

*  Pressure distributions on the building as related 1o ioca:
vortex shedding and flow separation

¢ Dynamic response of the building and loads on cladding
25 Cladding

The use of light-weigh cladding is very popular in ihe
design of tail building facades, Lightweight facades are non.
load-bearing and are designed to resist peak wind pressures
They also have swong visual impacts on a building anc
significantly define its assthetics

Glass is the most commonly used materal in these npe of
fzzadas. The ield suengls of glass s ne: :
sufficient accuracy 1o basz a design upon Insiead glass i
designed on the basis of ag acceptance critena whuch is basec
on probabilities of fallure as opposed to strength  In thus
respect it is important that the local wind enwironrmen anc

A oW

s associated pressure dismibutions on the building e
determined accurately in order to design the giass ranonall
to make a cost effective and safe desien.

Figure 2.1 Boundary Layer Wind Tunnel



3 EXPERIMENTAL SETUP AND TESTING

3.1 Testing Procedure

The testing program adopted can be summarised as follows.

¢ Set up a model of the building to an appropriate scale
(1:500) and fit it with pressure taps covering the external
face of the building. These taps will give points of
pressure which can then be used to determine the design
loads 1o be expected on the cladding. This scale is
determined by the cross sectional area of the wind
funnel. Note that within certain limits the effect of
scaling on the results is not significant (4).

* Model the surrounding topography and buildings to a
radius of approximately 500m placing the sudy building
in the centre.

* Model the upstream conditions which include vertica
spires, barriers, and roughness blocks. The extant of this
modelling will be dependent on the terrain category
required to be deveioped, :

* Establish design  wind speeds.  The directional

" distribution of the local wind speeds can be obtained

from the Wind Loading Code, AS1170.2-1935. Then
scale the prototype speed to 2 modelled speed.

Test the model in 36 wind direcions ar 10 dagree
inciements. Obtain peak and mean global point wind
préssure measurements. Retest ar intermediare wind

directions (commonly called ‘directional increment

chasing’) where pressures are deemed 1o be criticl,

»  Plot pressure contours (or block diagrams) about each
face of the building. These pressure contours or blocks
can then be used to carry out the design of the cladding,

32 Moedel Description

All three models were a1 3 scale of 1:500 and fitted with

approximately 200 to 300 pressure taps. Surround models

fand

taped

incorporate the neighbouring buildings and iocal
topography to a radius of S00 m from the pressure
building  Varying roughness blocks, vertical spires, and
barmiers, as shown in figure 2.1, are used to modal the wind
LnIo an appropriate boundary layer flow before it encounters
the close proximity model. The mode] setup for each of the
three buildings is described below.

CASE 1

This building is situated on the north western fringe of the
CBD. The 90 degree sector from north-west to north-east was
modelled to an AS1170.2-1989 Category 2 (open terrain)
representative of wind coming in gver Sydney barbour. A
Category 3 (suburban) upstream terrain was used for the rest,
representing flow through the

mode] was subsequently used to model the expected Category

city. The close proximity
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4 (city centre) flow immediately around the cenga] building
(5). '

Case2

Here the building lies well outside and to the west of the
CBD. The mods! was consequently placed in a Categery 3
wind terrain to match the north, south, and weg sectors,
while a Category 4 boundary layer flow was used 1o mode!
wind flowiog over the city. Once again the surrounding
model was relied on to maich the flow paRrerns immedjazely
around the building.

CASE3

This building lies well within the CED, being shielded by il
buildings from all directions. The model was ited ip a
Category 3 terrain, while the close proximity modsi was
relied on to develop the required Category 4 flon-

4 DERIVATION OF THE PEAK PRESSURES
4.1 Method Of Analysis Of Results

A detailed analysis which involved 36 wingd directions a1 10
degres increments was carried out. For cases 2 and 3
directional increment chasing was carried out at critical wind
directions. Peak pressures were subsequently obtained using
the sandard upcrossing technique. For thus methos the
pressure range of each signal is divided inic small bands
The data consists of instantanepus values or crossings wath
positive slope (or for minimur pressures 2 neganve slopsz)
made by the signal a1 different leveis of pressure representeg
by different bands. The range of pressures is divided into
small baods, The data containg a pumber of crossings with
positive slope a1 different levels of pressure (6). The term
‘positive slope' refers to the direction of increasing positive
pressure or decreasing negative pressure (7). This dara is
used 1o canry out a statistical analysis of the pressure signal,
assuming a Poisson distribution (4). The datz is ininally
ftted to a Poisson distribution and then Fisher Tippet type i
parameters are derived in order to calculate peak dasign
pressures.

A sampling time of approximately 30 minutes in protorype
scale was adopted. The signal was low pass Sltered ai
between 300 to 400 Hz as the pressure measurement system
has 2 flat response up to 300 Hz and no resonant peaks up to
400 Hz. The analogue signal obtained from the pressure
tmnsduoersoonnedodtotheptmtapswasdigiﬁsed al a
rate of 2500 samples per second. The data was subsequently
analysed in digjtal form using the upcrossing method (7)

Wind tunnel results are produced in normalised form
{pressure coefficients), with refarence to a velocity pressure
measured upstream of the proximity models and free from
interference by wakes in the boundary layer flow. This
reference velocity pressure is related o a reference pressure
at the building height. The acrual pressures (in kPa) for
permissible stress design were derived by multplying by the



pressure coefficients with the equivalent full-scale reference
pressure in AS1170.2-1989.

The results from the wind tunne! and Code will be presented
tn terms of permissible design wind pressures.

Typically, the cladding pressures are presented in the form of
pressure contours or block diagrams. Block diagrams are
normally used for design purposes as they neatly define
different pressure regions on the building face. In cladding
design, for instance glass thickness, only a few pressure
regions will be specified. This may perhaps lead to 2
conservative design but for all purposes it is not practical to
have toc many pressure regions. This can therefore lead 1o
fhugher consuruction and labour costs with a Jower margin of
safety due 1o the likelihood of incomect glass thickness
place:#ni.

The Auswalian Wind Loading Code AS1170.2-1989
predictions and the wind tunnel pressure results (as shown by
pressure zones) for peak pressures are shown in figures 4.1 10
4.6, Maximum peak pressures and minirum (suction) peak
pressures are produced and these plots can be used in
cladding design. The figures shown are for random faces of
the buildings tested These resuits generally give the biggest
difference berween the wind tunnel results and the Codes
predictions. They thus become good cases to base a
comparative study upon. General comments will also be
wads ze 10 the prassures avpenenced on the building faces
noi shown in the Hgures.

[t should be noted thal these model based facads pressures

are exlernal pressures only. Allowance for an internal .

pressure should be made. For design purposes this internal
design pressure can be based on the requiremesnts of the
Wind Loading Code AS1170.2-1989,

42 Comparison Between Wind Tunnel Test Results and
Code Estimates

The following is a surroary of the comparative results of
maximum and minimum pressures for the three cases.

Mazimum Peak Design External Pressures,

Case 1

Since Case 2 lies on the Western fringe of the CBD the
incident wind from the west flows relatively unimpedad.
Large pressures which were measured were consistent with
the Codes prediction as can be seen in Figure 4.1, maximum
peak pressures. For the other faces, pressures were measured
that were consistently lower than the Code. Occasionally
high pressure regions were recorded but these were localised
occurrences and  not  deemed to  affect the design
considerably.

Case 2

The wind nunnel produces maximum- pressures that were
consistently lower than the codes predictions. Figure 4.3
shows the most eritcal wind tunnel pressures and these are
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stll below the codes.

As lo be expected the largest maximum pressures have
occurred on the west face and this is consistent with highest
directional wind speeds coming from the west,

Case3

For all four faces the maximum pressures from the wind
tunrel were consistently lower (by approx, 15 percent),
Figure 4.5, maximum peak pressures, shows where z
localised region producsd pressures slightly higher than the
codes " prediction (approx. 6 percent). Even though this
difference is relatively small it implies that the wind tunnel
results provide a rational as well as a safer representation of
Lthe wind pressure distribution on the building facade.

Misimum Peak Design External Pressures

Minimum pressures (suctions) usually govern the design of
cladding. Owing 10 the uncertainty of the narure and
magnitude of winds in regions of high sucdon's the code
assigns a suitable multiplying coefficient. This loca! pressure
factor reaches a value of up to three in critical regions (refer
clause 3.4.5 in AS 1170.2-1929). The following comparisons
will show that the code often tends 1o be conservatve.
However, it should be noted thai thess high Code values
provide 2 suitable margin of safety againet the
underestimarion of extreme localised pressures,

Case ]
Figure 4.2, miniroum peai pressures, is typical of the sort of
pressure reductions the wind tunnef provided. The south face

pressures however, which have not baep shown, were slighty ”

fugher then the codes predictions, The increase can be
arributed 1o local effects such as interference from nearby
buildings and land topography.,

For case | the wind tunnel was producing pressures in some

localised regions thar were higher than the codas, Overall,

the pressures were lower but these ‘hot spots’ indicate that the
wind tunnel is able to detect high pressures derfved from

iotricate wind profiles around the area. Even though the code -

seems to provide pressures that are consistently higher than

the wind wunnel, {1 mainting a suitable factor of safety

against underestimating these ‘hot spots’,

Case 2

As with the maximum pressures, in Figure 4.4, the wind
runnel produces minimym pressures that are consistently
lower (30 t0 45 percent) than AS] 170.2-1989.

For case 2, and its surounding environment, it seems thar
wind tunnel test results give lower pressures overall than the
code. The irnplications of these reductions will be a direct
reduction in the cost of building materials and hence a more
cost effective design.

Case 3
The results shown in figure 4.6 are typical of the sort of
reductions obtained from the wind nunnel over the code. The
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pressure distributions are consistent with
(ie. bigh pressures at the edges).

what is expected

This building is shielded by tall buildings in all dirsctions.
With this shielding comes a retardation of the incoming wind
and a reduction of the pressures. For the code estimate a
shieiding multiplier of 0.95 was used with cattgory 4 flow
conditions.

4.5 Cost Cemparison

Wind pressures have a direct bearing on the selection of
glazing used. The design of glass is typically based on the
following criterion:

*  wind pressures (magnitude and direction required)

v size of panel (arex of glass)

° Bixity (2 or 4 sides fixed)

+  design stress of the glasg

*  thermal stresses (differential stresses set up from heating
and cooling, of window framing} )

°  acoustcs

The foliowing is a preliminary estimarion of poteatiaf
savings in glass by considering the wind tunne] results and
code estimates for the design of the glaring For the purpose
of this paper, glass seiection will be based on wind pressure,
size of panel, and fixity only. Design will be based op glass
deien chess in the Glass Instaliation Code AS)1288.1080
28

For the purpose of a typical design the following glass and
dimensions a1l be used,

+  laminated toughened glass in extreme external pressure
cases,
*  hear strengthened float glass for the bulk of the glazing.

¢ double ply glazing for vision panels and single ply for
spandrels.

*  upical window dimensions are 1.3m by 2m for the
vision and 1.3m by 5m for the spandrel panels,

Preliminary calculations og the
forCaseEalé%sz»inginLhccostofthegiasswiﬂbe
possible when using the wind tunnel results over the codes
esumates. This amount of saving will more than compensate
for the cost of the wind tunnel study. Savings will also be
possible for case 2 and 3.

S CONCLUSIO_NS

The design of 2 building structure and jts cladding is usually
based on wind pressures predicted from the Wind Loading
Code AS1170.2-1939 using a Detailed Static Analysis, The
wind nmncftmﬁngwchniquealsoanmthedeurmimﬁon
of pressures on structures. Both methods give point pressures
of localised pressure  distributions. A comparative

investigation was subsequently carried out between the wind

above criteria indicate that

This comparative study was conducted on three buildings
the CBD all with differen( beights, plan dimensionsl degres
of shielding, and upstream terrain categories.

The results of this study showed the following:

* The Wind Loading Code gives predictions for peai
maximum and minimum {suctions) pressures that were
consistently higher than those from the wing tunnei. The
Cods tends o be conservative as it must accouni for 2
wide range of building geometries and topographical
fearures.

* The wind tunnel testing technique is able 1o provide a
More accurate assessment of the wind flow around a
building and the resulting pressures. Less assumptions
are used than in the code giving a higher confidence
level, lower safety factors and 2 more ratonal design

¢ The code is suitable for the majority of smuctures
However, due to the ever increasing competition for
economical designs the wind tunne] testing technique
should be considered as a viable alternative to the
estimation of dasign wind pressures due 1o the potental
cost savings in materials it offers.

§ REFERENCES

} Cooll N I 1000 "Thy Designers Guids 1 Wong
Loading of Building Strucrures-Pan 2" Bulding
Ressarch Establishment

2. Taranath, B. S., 1988, "Structural Apalysis and Design
of Tall Buildings”, McGraw-Hill. '
Standards Association of Australia, SAA AS11702-
1989, "Minimum Design Loads on Structures, Part 2-
Wind Loads”,

24

4. Windtech, Wind Engineers Pty Ltd, 1993, “Full-Scale /
Model-Scale Comparisons of the Wind Pressures on
the Texas Tech University Experimental Building",
Technical Bulletin, Issue No, 1, 1993, -

B2 Smith, S. T., 1993, "Comparative Stidy. Between Wind

tunnel testing technique and the Code ‘predictions and an -

assessment on the relative cost aspects was also addressed

308

Tunne! Tests and the Australian Wind Loading Code,
AS1170.2-1989", Bachelor of Engineering (BE),
Department of Strucmural Engineering, University of
New Scuth Wales.

6. Holmes, J. D., Melbourmne W. H, Walker G. R, 1989,
"A Commentary on the Australian Standard for Wind
Loads ASll70.2-1989", Australian Wind Enginesring
Society, :

7. Rofail, A W, 1991, *Wind Pressures on Cladding of
Building Facades®, Master of Engineering (ME).

8.  Standards Association of Australia, SAA AS1288-
1989, "Glass in Buildings - Selection and Installation”.



