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Historical records reveal that natural disasters have been part of 

the social structur~ of civilisation. In quoting results published in the 

Cnnadian Emergency Measures Organization Nf!tional Digest, Squires (1975) 

notes that in the past 100 years, nine lnillion people have died from floods, 

one million from earthquakes, and one million from cyclones. 

The northern Australian coastline is likely to be subjected to the 

effects of cyclones usually between December and March. Even before the 

beginning of this century the damaging effects of cyclones were being felt 

by cormnunities along the northern Australian coastline. Visher and Hodge 

(1925) have given a brief description of the damage caused by tropical 

cyclones which struck Australia up to February 1925. During this century 

tropical cyclones have continued to cause widespread daamge along the 

northern Australian coast. 
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An indication of the damage caused by tropical cyclones is gained by 

noting that the cost attd.butable to cyclone 1 Althea', w}1ich struck Townsville 

in December 1971, was $SOM, and for cyclone 'Tracy', which struck Darwin in 

Dec.ember 1974, was $500M. These compare with $ 2M damage caused by the 

Brisbane tornado of Nove7llber 19 7 3, and $ lOOH dam.age caused by the Brisbane 

floods of December 1974 (Leicester and Reard:m, 1976). Overseas the damage 

caused by tropical cyclones has also been extensive. 

Whilst the cost of damage a:dsing from sfrigle extreme events such as 

tropical cyclones can be considerable, the cost of more general wind damage 

is also significant. in particular, most building damage resulting from 

wind action is to buildii1gs that are not fully engineered. Examples of such 

buildings are houses and small low-rise industTi.al structures. In Australia, 

insurance costs for this type of wind damage are about $SM in a typical year 

(Leicester and Reardon, 1976). 

Tropical cyclones can cause death and widespread damage to buildings 

and property with associated considerable economic loss. The damage caused 

can, however, also result hi widespread disruption to community and commercial 



activities and can affect human actions, reactions and health for a 

considerable period. With the continued development along the northern 

Australian coastyand associated growth in the number and size of corrnnunities 

inhabiting this part of Australia, there is increasing potential for 

re-occurring large-scale economic loss and social disruption arising from 
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the devastation caused by tropical cyclones. To minimise these effects it 

will be necessary to have improved warning systems, greater community 

preparedness, better town planning and improved building design. This thesis 

is principally .concerned with t11e last item. 

1.2 The Damag e Caused by Cyclone 'Tracy' 

Following cyclone 'Tracy', which struck Darwin on 25th December 1974, 

it has been estimated by Walker (1975) that between 50 and 60 percent of 

traditional timber-constructed houses were damaged beyond repair. In some 

suburbs of Darwin the destruction was nearly 100 percent. Buildings whose 

structural strength had been certified by a structural engineer, generally 

performed reasonably well. 

Following damage studies after cyclone 'Tracy', it was concluded that 

there were certain imp or tan t effects of cyclonic loading which had not 

previously been appreciated (Walker, 1975): 

a. The magnitude and duration of winds could be much greater than 

had generally been expected. 

b. A major factor in the extretre damage to housing was the loss of 

roof cladding. This led firstly to a significant loss in the 

structural strength of the houses, and secondly to the generation 

of a large amount of debris which caused subsequent damage to 

buildings. 

c. The structural integrity of domestic housing should be considered 

as an essential aspect of its design. 

A conunon form of failure during cyclone 'Tracy' was roof cladding. It 

was estimated that over 90 percent of houses and approximately 70 percent of 

all other structures suffered a significant loss of roofing (Walker, 1975). 

Damage to roof cladding is probably the most common form of failure when 

buildings are subjected to severe wind loading. In the non-cyclonic areas of 

Australia about 90 percent of tiled roofs suffer minor damage, and some 50 

percent of sheet roofs suffer major damage when the wind on buildings reaches 

gust speeds of 30 m/s (Leicester and Reardon,, 1976). 



1.3 Background to Current Investigation 

Despite the acceptance of limited wind damage to roof claddings as a 

common occurrence, the widespread nature of failures in Darwin of roof 

cladding, which appeared to satisfy then current strength tests for cyclonic 

winds, raised serious questions as to the causes. Consequently, the then 

Australian Department of Housing and Construction, which had constructed 

many buildings in Darwin, instituted a programme to determine the reason(s) 

why a majority of buildings had suffered structural roof cladding failures. 

Whilst a variety of roof failure modes were observed (Walker, 1975), initial 

investigations into cladding concentrated on the failure at the cladding

fastener connection. 
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Roof claddings which were installed on buildings in Darwin prior to 

cyclone 'Tracy' were generally in accordance with the manufacturers' 

recommendations. These recommendations were based on static-load testing as 

required by various codes published by the Standards Association of Australia. 

However, following field and laboratory investigations (Beck and Horgan, 1975 

and Morgan and Beck, 19 77), it was concluded that random wind uplift-loading 

on roofs can produce fatigue failure in counnonly-used types of metal roof 

cladding at the cladding-fastener connection. Failure can occur at loads 

significantly below the ultimate-static failure load. Such a fatigue failure 

mechanism is of particular significance in cyclone-prone . areas where the 

duration of severe wind loading may be sufficient to produce failure. 

Subsequently, the Darwin Area Building Manual (Darwin Reconstruction 

Commission, 1975) incorporated a provision which, in essence, required that 

prototype roof assemblies be subjected to 10,000 cycles of repeated load, 

with the load varying from zero to the design load. Following repeated-load 

testing, the roof assembly is required to be subjected to a static load equal 

to 1.8 times the design load. The design load for roof cladding is obtained 

by combining specified external and underside roof pressures (acting over a 

given area of cladding) which correspond to the 50 year return period wind 

speed as given by the Australian wind loading code (Stands. Assoc. of Aust. 

1975). 

1.4 Previous Investigations 

The specification of a repeated-loading test criterion for assessing 

the performance of roof assemblies is rare. The only other known repeated

loading test criterion for roofs is that developed by Underwriters Laboratories 



(1973) in the United States of America which has been available since 1962. 

However, the number. of repeated loading cycles is less than 5 percent of 

that specified in the Darwin Area Building Manual. 
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Whilst the behaviour of roof cladding under static-loading conditions 

has been extensively investigated experimentally, relatively little attention 

has been given to the behaviour of roof claddings under repeated uplift

loadings. It is only in the past few years that some repeated uplift-loading 

investigations have been undertaken. One such investigation is that 

conducted by Klee (1976) who adopted a repeated-loading failure criteria 

similar to that used in the Darwin Area Building Manual (Darwin Reconstruction 

Commission,1975). 

1.5 Purpose of Investigation 

The 10,000 cycle criterion, as employed in the Darwin Area Building 

Manual (Darwin Reconstruction Commission, 1975), is recognized as an over

simplification of the actual wind loading occurring on the roof of a building. 

The criterion does however provide an effective comparative test which 

distinguishes between sheet-fastener assemblies according to their sensitivity 

to repeated loading (Morgan and Eeck,~1977). 

The purpose of this investigation is to assess the relevance of the 

10,000 cycle criterion and to suggest possible alternative loading criteria. 

To achieve these objectives a loading history was devised which attempted to 

simulate fatigue-damaging effects of random wind-loading on roof cladding. 

To validate this simulation the loading history was applied to test specimens 

of roof cladding and the resulting failures were compared with those observed 

in Darwin following cyclone 'Tracy'. Having validated the loading history it 

was expected that it would then be possible to assess the relevance of the 

10,000 cycle criterion, and to suggest alternatives if appropriate. 

It had initially been intended to investigate the behaviour of metal 

roof claddings under combined uplift and shear loadings due to random wind 

effects. As the programme progressed, the limited time available led to a 

reduction in the scope to the investigation of simulated uplift-loading 

conditions only on roof claddings attached to domestic structures. 

1.6 Outline of Investigation 

A survey of the relevant literature is given in Chapter Two. Factors 

affecting the determination of roof cladding loads are discussed in Chapter 
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Three, and certain assumptions are made. This chapter also details 

assumptions made concerning the expected variation of wind speeds in Darwin 

during cyclone 'Tracy'. The experimental procedures adopted for both the 

analysis of a roof-pressure record and laboratory-load testing are discussed 

in Chapter Four. In Chapter Five, results from the analysis of the roof

pressure record are presented; these results are then used to develop a 

laboratory simulation of wind loading. Further, the b~sic behaviour of a 

corrugated roof-cladding assembly, under both static-and constant repeated

loading conditions, together with results from the laboratory wind-loading 

simulation are also presented in Chapter Five. The implications of the 

laboratory simulation results are discussed in Chapter Six. Conclusions and 

reconnnendations arising from the investigation are presented in Chapter Seven. 



CHAPTER TWO 

LITERATURE SURVEY 

2.1 The Nature of Wind 

2.1.l Air Movement 

The wind is a movement of free air. The air is heated by solar 

radiation and radiation away from the earth's surface and is subjected to 

temperature differences. This gives rise to pressure differences which 

are produced as a result of complex atmospheric processes. The air in the 

atmosphere accelerates under the influence of these pressure gradients. 
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Most structural wind loading problems are concerned with high wind 

conditions. Wind storms are classified into two categories (vide:Whittenham, 

1964): 

a. Severe local storms, such as thumderstorms or frontal squalls, 

and 

b. large-scale mature storms of either tropical (cylones) or 

extra-tropical origin. 

The duration of a thunderstorm is typically 15 minutes. By way of 

complete contrast, cyclones are characterized by prolonged duration of high 

wind speeds which can last for several hours. 

2 .1. 2 Wind Speed Fluctuations 

At elevations below the height at which the geostrophic or gradient 

wind speed is attained, the wind speed is retarded by surface friction such 

that the total kinetic energy of the. flow is reduced. The surface friction 

also generates fluctuations in the flow, or turbulence, so that there is a 

transfer of kinetic energy from the mean flow into turbulent fluctuations. 

Turbulent fluctuations cause momentum to be exchanged between air masses at 

different heights above ground level. The result is that in the earth's 

boundary-layer, the mean wind direction is no longer parallel to the isobars 

and the mean- wind-speed decreases from the gradient wind speed to a value of 

zero at the earth's surface. The physical model of wind is therefore that 

of a mean flow, determined by large scale pressure systems, on which rluctuations 

generated by surface roughness are superimposed (Harris, 1971). 
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z.I.3 Mean Wind-Speed Profiles 

It has been established, both on theoretical and experimental grounds, 

that the logarithmic law provides a good representation of mean wind-profiles 

in the surface layer of horizontally homogeneous, neutrally stratified, 

at~spheric flow (Simiu, 1973). The logarithmic profile is represented by: 

u 1 z 
k u* Q.n I z 

0 
(1) 

Where U is the mean wind-velocity at height z, k is Von Karman's constant, 

u is the friction velocity and z is the roughness length. 
* 0 

For practical purposes, over a height range greater than that for 

which the logarithmic law may be strictly valid, it is considered convenient 

to use an alternative emperical power-law profile which can be matched 

extremely closely to the logarithmic law (Davenport, 1975). The power law 

is given by: 

(2) 

Where UG is the gradient velocity which is virtually obtained at some height 

zG and a is an exponent. The power law representation is used in the 

Australian wind loading code (Stands. Assoc. of Aust., 1975). 

2.1.4 Structure of Turbulence 

The structure of gusts in high winds can be characterized by: 

the power spectral distribution of energy of the fluctuations 

in the wind; 

the correlation between velocity at different points in the 

flow; and 

the ·probability distribution of the velocity fluctuations. 

A. Power Spectra 

The power spectrum is a representation of the frequency distribution 

of the energy fluctuations in the wind. A representative long-terni 

spectra obtained from a variety of sites is shown in Figure 2.1. 

Certain distinctive features are evident from the power spectra given 

in Figure 2.1. The low-cycle energy appears to be centred at a period 
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of approximately four days. This corresponds to the movement of large

scale pressure systems. The high-frequency energy may be associated 

with turbulence; this has a peak at approximately one cycle per 

minute. The energy in the turbulence appears to be approximately 

proportional to the square of the mean wind speed (Davenport, 1975). 

Fro~ the viewpoint of wind loading on structures, probably the most 

important power spectra of turbulence is that due to the longitudinal 

component of wind since this gives rise to fluctuations in drag forces. 

Arising from a variety of measured spectra, Davenport (1961) suggested 

an expression for the spectrum of horizontal gustiness in the 

micrometeorological range. Harris (1971) and Simiu (1974) have proposed 

improvements to Davenport's expression. 

B. Correlation of Gusts 

To undertake an analysis of the dynamical response of structures \lllder 

the influence of wind loading, it is often necessary to have a 

description of the average spatial and temporal properties of gusts. 

This description is possible by considering the covariance function 

which determines the average properties of gust components at two points 

in space. Formulae for various forms of the covariance function have 

been developed by Harris (1971). Various expressions which have 

developed for correlation of gusts have recently been reviewed by 

Simiu (1973). 

C. Probability Distributions 

It is generally assumed that for a period of the order of one hour, 

wind speed fluctuations are random, stationary and ergodic. The 

probability distributions of turbulent velocity fluctuations are 

generally found to agree well with the normal or Gaussian probability 

density function (Davenport, 1970). 

For wind speed fluctuations having a Gaussian probability distribution, 

the distribution of peak gust speeds occurring within periods of 

duration, T, are given in Figure 2.2 for three typical values of 

YT = 100, 1,000 and 10,000; where Y is a measure of the avera-ge 

frequencies of gusts and has a typical value of 0.1 Hz. It can be seen 
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that for a period of one hour the peak gust will exceed the mean 

value by about 3.5 a, where a is the standard deviation. 

2.2 Tropical Cyclones 

2.2.1 The Nature of Tropical Cyclones 

In Australia, the Bureau of Meteorology defines a tropical cyclone 
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as a closed,cyclonic,rotational system of tropical origin in which sustained 

mean (10 minute mean) wind speeds are in excess of 17 m/s (Aust. Bur. of Met. 

1977). Tropical cyclones generally develop betw~en 5° and 20° latitudes on 

either side of the equator and mainly in low-pressure troughs. In the northern 

coastal regions of Australia, cyclones, which generally occur between December 

and Harch, have a long-term frequency of occurrence of 35 for a 10 year period 

(Southern and Scott, 19 76). 

Tropical cyclones are also referred to as hurricanes in the Americas 

and as typhoons in the South China Sea area. Cyclones have very low central 

pressures and steep pressure gradients over relatively short distances. The 

forward speed of cyclones produces a dynamic asyunnetry in the forces acting 

within the storm and alters the otherwise circular pressure and wind fields. 

In the Southern hemisphere there is a clockwise motion of air associated with 

tropical cyclones and winds are thus typically stronger on the left-hand side 

when viewed along the direction of translation. Along a radial line from the 

storm centre, the surface wind-speed increases from a fairly low value (perhaps 

of the order of 8 m/s) at the periphery of the storm,to a speed that can be in 

excess of 40 to 50 m/s at the "characteristic" radius of maximum wind; the 

wind speed then decreases very rapidly towards the storm centre, or eye. 

The maximum wind-speed obtained in a cyclone is partly dependent on 

the pressure gradient, the radius to the region of maximum winds and the 

translation speed of the cyclone (Tryggvason, Surry and Davenport, 1975). 

Tropical cyclones reveal wide variations in the parameters used to describe 

the storm whereas the underlying pattern shows little variation. The spatial 

extent of tropical cyclones can cover a region having a diameter of the order 

of 200 km and a height of the order of 10 km (Soby, 1976). The eye diameter 

may vary from about eight to 100 km but it is usually in the range of 20 to 

40 km. 

The energy source for cyclones is the supply of warm moist air over 



the tropical ocean surface. ~'hen ·cyclones move over land this source of 

energy is cut off and the intensity. of the storm decreases fairly rapidly. 

As a result, only a 50 km band along the northern Australian coast is likely 

to be affected by the severe wind effects of tropical cyclones according to 

the Australian wind loading code (Stands. Assoc. of Aust., 1975). 

2.2.2 Wind Speed Estimates for Tropical Cyclones 

Studies ·of the basic fluid-dynamical features of a tropical cyclone 

reveal that the circumferential speed decreases from its theoretical 

gradient wind-speed value above the boundary layer,as the surface is 

approached, while the radial pressure-gradient produces a region of radial 

inflow towards the centre of the cyclone (Patel, 1975). The relevant 

expression for the theoretical wind-speed, Vt' due to a stationary cyclonic 

disturbance,as derived by Graham and Hudson in 1960 (vide: Gomes and Vickery, 

19 76), is: 

1 
p 

d , 
EE. = 
dR 

v 2 
t 

R + fVt. (3) 
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Where P is the density of air, p~is the static pressure at R, the radial 

distance measured from the eye of the cyclone, and f is the Coriolis parameter 

(= 2QSin'i' where Q is the a.~gular speed of the earth at the equator and 'i' is 

the latitude). 
,. 

It is usually assumed that an emperical relationship exists for the 

pressure distribution outside the boundary layer and is such that: 

~ 
dR 

R R 
m m 

.6p - exp(·-) 
R2 R . . (4) 

Where .6p represents the difference between the peripheral sea-level pressure 

and the central pressure of the cyclone, and R is the radius to maximum winds. 
d , m 

Substituting for~ from equation (4) into equation (3) yields: 

= /~ Rm 
\j p R 

R 2 
exp (- _E! ) + (RnSiniJi) - RnSin'i' 

R 
(5) 

A multitude of simplified expressions have been developed for 

describing the relationship between minimum pressure and maximum wind; these 

have been recently reviewed by Atkinson and Holliday (1975). 

The maximum gust-speed at a site is of particular interest. Through 

a series of multiplicative and additive factors the theoretical wind-speed 

I 

·~ 



is converted to an equivalent Dines anemometer gust speed for a given height 

above ground (Gomes and Vickery, 1976). The conversion used is: 

(6) 

Where c is the ratio of the 10 minute mean speed above open sea to the 
0 

theoretical wind-speed, c
1 

is the ratio of the 10 minute mean speed at a 

given height above the site to the 10 minute mean speed 10 m above the sea, 

U is the 10 minute mean speed of the cyclone, g is the peak gust factor, 
c . 
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~ is an asymmetry factor and UA is the advance speed of the tropical cyclone. 

Following a review of available data, Gomes and Vickery (1976) have recoIDillended 

values for each of the conversion factors applicable to various terrain 

categories. 

A more mathematical rigorous approach has been developed by Patel 

(1975) who solved the three-dimensional,turbulent boundary-layer equations 

to obtain the various velocity components of a tropical cyclone within the 

surface boundary layer. 

2.2.3 Mean Wind-Speed Profiles 

In the case of extratropical storms the flow in the free atmosphere 

is geostrophic; that is, the inertial forces due to the curvature .of the 

isobars are negligible. Consequently, the velocity profiles near the ground 

in horizontally-uniform terrain obey the logarithmic law, of which a common 

approximation is the power-law. In the case of mature tropical cyclones the 

disturbance is relatively small, in meteorological terms, and the flow is 

dominated by the inertial forces due to the curvature of the isobars; the 

flow in the free atmosphere is said to be cyclostrophic. From a numerical 

solution of the boundary-layer problem it was noted that for flow over open 

terrain it is permissible to use the logarithmic law to represent the mean 

velocity-profiles of tropical cyclones. However, the logarithmic law over

estimates cyclonic winds for flow over open waters but underestimates the 

wind speed by up to 10 percent and 20 percent for flow in suburban and urban 

exposures respectively (Simiu, 1976). 

If the roughness of a terrain changes abruptly, as for example from 

sea or open terrain to suburban development, the flow in the boundary layer 



13 

goes through a gradual transition. The upstream velocity profile gradually 

adjusts to the downstream profile. Approximate methods have been presented 

for calculating the transitional velocity profile; it is shown that the full 

depth of the boundary layer is reached in less than 5 km (Davenport 1975). 

2.2.4 Other Factors That Affect Cyclonic Behaviour 

Due to the thermodynamic complexity of tropical cyclones, the 

decaying stage after land fall is usually predicted empirically. Some 

preliminary estimates have been made of the change in pressure of the cyclone 

~ith time after land fall (Gomes and Vickery, 1976). 

Cyclone asymmetry is primarily a result of the vector addition of the 

circular flow within the cyclone and the velocity of translation of the 

pressure system and various factors have been adopted to account for such 

asymmetry effects (Gomes and Vickery, 1975 and Martin, 1975 ). 

Although cyclostrophic models for tropical cyclones are being refined, 

there are several aspects requiring further investigation to provide a more 

precise description of the velocity profile close to the ground. 

2.3 Aerodynamics of Bluff Bodies 

2.3.l General Flow Pattern 

The aerodynamic pressures and forces exerted on structures by the 

natural wind are highly complex. Many structures may be described as bluff 

bodies which, under the action of wind flow, cause the formation of broad 

wakes due to the flow separating from well defined boundaries. Separation 

causes the flow to be divided into two distinct regions. Firstly,an outer 

region where the mean flow is essentially unaffected by viscosity, and secondly. 

a zone which is denoted as the 'wake' region. The two flow zones are separated 

by a so-called 'shear layer'. The wake region is characterized by relatively 

low velocity and pressure gradients where energy dissipation occurs because of 

viscosity effects. There are three very distinct pressure regions on a bluff 

body immersed in a fluid stream as shown diagramatical.ly in Figure 2. 3 

(Melbourne, 19 77) • 

2.3.2 Separated Flow 

Separated flow involves viscous and turbulent shear and acts to disturb 
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the outer flow field through effective dlsplacement of the boundary. In 

separated flow, a shear layer delineates between the outer flow field and the 

wake or cavity associated with separated flow. 

The fluctuating pressures associated with separated flowhave been 

attributed to a dynamic instability process (Melbourne, 1977). The shear 

layer fluctuates in position and occasionally reattaches onto the wall or 

roof as the case may be. This means that the cavity region under the shear 

layer is no longer vented. During this unstable process, very low 

intermittent negative pressures can occur On the surface under the shear 

layer near the leading edge. Whilst no proof of this instability process is 

currently available, there is significant experimental evidence, obtained 

from both model- and full-scale studies, which support the existence of such 

a process (Melbourne, 1977 and Robertson, 1975 ). 
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It has been observed that pressure fluctuations on the upstream face 

of a bluff body are approximately normally distributed. However, pressure 

fluctuations in the wake region,and particularly under a reattaching shear

layer, are intermittent in nature;theyare not normally distributed but follow 

a Wiebull distribution (Melbourne, 1977). For a normally-distributed process, 

the peak factor (defined as the number of standard deviations by which the 

peak hourly response exceeds the mean) lies between 3.5 and 4.5. However, 

for intermittent processes the peak factor can be in excess of 8.0. These 

high peak factors are significant for design purposes since they can indicate 

the existence of high negative pressures. 

2.3.3 General Flow Over House Roof 

For roof slopes of approximately 30° or less, the air stream is imable 

to accelerate enough to follow the roof surface and separates from the roof 

at the windward edge (Dreher and Cermak, 1973). The external mean roof 

pressures are negative and this indicates the existence of separated flow. 

After separation the flow may reattach further up the windward slope. Whether 

the flow re'attaches on the windward slope or not depends in part on the roof 

slope and height-to-depth ratio, h/d, of the structure. For typical low-rise 

domestic structures having a h/d ratio up to unity, it is usually f .ound that 

the flow will reattach on the windward roof slope (Vickery, 1976). 

Conversely, if the roof slope is greater than 30°, separation will be 

resisted and mean pre_ssures will be positive, but separation will occur at the 
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briefly in Section 2.9). This has r, 1 · 
esu ted in significant advances being 

de termina tior: 
made in the 

uell ciear of which stand w 

of aerody 0 •1mi 
- ' c wind-loads on multi-storey buildings 

their surround·s. 

By comparison, relatively little attention has been devoted to 
. d' a However, the Prob! low-rise buil ing~· ems associated with low-rise structures 

are greater and more difficult because the building is almost invariably 

iaunersed in the roughness 'system creuted by the surrounding objects and the 

flow field is a function of the building and its environment (Vickery, 1976). 

r atively recently that 
It is only compa attention has been directed to the 

Of reliable estimates of 
determination Wind loads acting on low-rise buildings. 

2.4.2 Need for Realistic Assessment of Roof Pressures 

. tance of roof pressur The impor es was highlighted by Jensen and Frank 
d local negative p-~ in 1956 who measure .. cssures which were nearly six times the 

. i the Danish code appl . value specified n Ying at the time (vide: Jensen, 1968). 
. me studies of dYnanu However, despite so c pressures on plain surfaces, little 

Ssure fluctuations on r f was known of pre. oo s until Mori (1973) undertook 

measurements of pressures on a flat roof of a model building. The significance 

i Pressures for design Pi.:.rposes was d of fluctuat ng _ iscussed in Section 2.3.2. 

2.4. 3 
ments of Roof p Recent Measure ressures 

have been measured on the roof Pressures of an exposed single-storey, 

full-scale house by Marshall (l 974 ). A model of this house was also used in 
ducted by Dreher and Ce an investigation con - rmak (1973). Fluctuating pressures 

were measured by Marshall (l974 ) and negative peak factors, g, were fot.md to 

range from 1. 5 to 7. 3 with a mean of 4 • 6 • The larger peak factors were not 

accepted and a value of 5 .O was suggested for design purposes. 

11 (1974) also reported the Marsha results of a model study, similar 

to that conducted by Dreher and Cerma.~, in which the turbulence intensities 

were approximately half the corresponding full-scale values. This caused 

the model fluctuating-pressure cor::ponents to be consistently low compared 

di values obtained fro h to the correspon ng · ni t e full-scale study. Similarly, 

d t 1ncl investigatio:-i f in an earlier win - UJ ~ 0 pressures acting on a flat-roof,, 

low-rise building, Davenport: and Surry ( 19 4) f rectangular, 7 ound that whilst 
res were similar ior .-.. the mean roof pressu ~wo terrain categories which were 

k negative pressure . . investigated, the pen - coefficients were almost twice as 



severe for rough as opposed to smooth terrain. 

In general, the model-scale and full-scale pressure coefficients 

recorded by Dreher and Cermak (1973), Davenport and Surry (i974) . and .. 

Marshall (1974) did not exceed the corresponding values specified in the 

Australian wind loading code (Stands. Assoc. of Aust., 1975). 

2.4.4 Eaton, Mayne and Cook Studies 
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The Building Research Establishment in Britain has recently completed 

a comprehensive series of measurements of wind pressures on a two-storey 

housing estate at Aylesbury, United Kingdom. Wind pressures were also 

recorded at a total of 72 positions on the walls and roof of an isolated 

two-storey experimental building. The plan dimensions of the experimental 

building were 13.3 m by 7.0 m; the eaves height was approximately 5.0 m. 

The roof pitch of the experimental building could be varied between 5° and 

45°, In the Aylesbury investigation the sampling rate and the sampling period 

used provide for adequate representation of the peak roof pressures at 

reasonable probability levels (vide:Melbourne, 1977). 

Two reports have been issued by the Building Research Establishment 

which detail the basic study undertaken at Aylesbury; namely Eaton and 

Mayne (1974) and Eaton, Mayne and Cook (1976). Arising from the Aylesbury 

study of measured pressures acting on buildings, several . important features 

have become evident. These include (Eaton, Mayne and Cook, 1976): 

a. pressure fluctuations exhibit a non-Gaussian distribution. 

Similar results were found by Dreher and Cermak (1973). 

b. significant peak pressures arise from short duration loadings 

caused by the intermittent nature of the flow and turbulence 

causing local pressure fluctuations. 

c. in general, for roof pitches up to 45~ the pressure fluctuated 

between positive and negative limits. 

d. for roof pitches below 27~~ the maximum pressure was usually 

negative. 

e. negative pressures became more severe with decreasing roof pitch. 

f, maximum roof negative pressures occurred in a localized zone a : 

short distance from the windward corner, along the eaves line 

and along the gable end, in a diagonal wind. Similar results 

were fotmd by Dreher and Cermak (1973) and Davenport and Surry 

(1974). 



. ._ 

As an example of the ~ezn and peak pressure coefficients obtained, 

the results for a 10° roof slopa subjected to a diagonal wind blowing at 53° 

to the ridge line of the experi=.:e.ntal building are plotted in Figure 2.4. 

19 

111e mean pressure coefficients, C , are based on the 10 m height mean velocity p A 

whilst the peak pressure coefficients, C , are based on 1/32 second peak 
p 

pressure referenced to the 10 m height extreme 2 second gust velocity (Eaton, 

Mayne and Cook, 1976). To deteL""....d.ne pressure coefficients appropriate to the 

eaves height velocity, the values given in Figure 2.4 would have to be 

increased by approximately 40 percent for the mean pressure coefficients and 

12 percent for the peak pressure coefficients (based on the measured velocity 

profile). 

A 

The range of peak pressure coefficients, Cp, found on the experimental 

building during the Aylesbury study, at various positions around the edse of 

the roof and for different roof pitches are plotted in Figure 2.5. The 
A 

plotted C values are based on the 2 second peak velocity occurring at the 
p 

ridge height. Also plotted on Figure 2.5 are the specified local pressure 

coefficients obtained from the British wind loading code of practice (British 

Stands. Inst., 1972) and the Australian wind loading code (Stands. Assoc. of 

Aust., 1975). From this comparison it is seen that parts of the perimeter of 

the roof have measured peak negative pressure coefficients, C , which far 
p 

exceed those values specified in the British and Australian wind loading codes. 

The peak recorded roof pressures obtained from the Aylesbury study are 

generally higher than have been obtained from previous studies. In previous 

wind-tunnel studies, pressure measurements have been conducted where the 

modelling procedure and data-sampling technique have not been entirely 

satisfactory. However, there are discrepancies within the Aylesbury study 

which have not been explained. For example, the first and second Aylesbury 

reports give substantial differences for the measured mean and peak pressure 

coefficients at equivalent pressure recording positions for similar wind 

directions. Power spectra for roof pressures were also given by Eaton and 

Mayne (1974). However, following the application of a digital filter the 

results became less smooth; this is a most surprising result. lt is 

conceivable that the type of digital filtering undertaken did not have a smooth 

transfer function. 

2.4.s Tieleman and Reinhold Study 

A further model study has been tmdertaken to investigate pressures 
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acting on residential lo~-rise buildings (Tieleman and Reinhold, 1976). 

In this wind-tunnel study the turbulence characteristics for smooth flow 

were simulated in preference to the simultaneous simulation of the mcan-

velocity profile and roughness length; the importance of reproducing the 

turbulence characteristics was highlighted by Marshall (1974). The 1:70 

scaled models represented single-and two-storey dwellings having four roof· 

slopes (0,10,20 and 30 degrees), two length-to-width ratios (b/d = 1.2 and 

2.0) and having either eaves or no eaves. 

The roof pressure oeasurements reveal that the wind approach angle, 

roof slope and position of measurement are the variables which most affect 

the magnitude of the mean and fluctuating components of pressure. The 

magnitude of the pressures were systematically larger for the two-storey 

models. The length-to-width ratio, and the presence or absence of eaves were 

found not to influence the magnitude of the external pressures to any 

significant extent. 

It was also observed that the probability distributions, which were 

non-Gaussian, could be described by a Weibull distribution. The departure 

of the negative pressures away from the mean were larger than the Gaussian 

distribution andwerealso larger than the positive departures. 
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Pressure spectra results were presented. These spectra reveal a great 

deal of variety and depend on the pressure tap location, roof geometry and 

wind approach angle. Pressure spectra taken from separation zones have a 

large low-frequency peak. The spectra of pressure records from recording 

positions near the leading edge under a diagonal wind approach angle show a 

single peak at higher wave numbers. This shift of the dominant wave numbers 

may be due to stre~ching of the turbulent eddies in the approach flow when 

passing over and around the model. 

Results from one of the models was compared with results obtained from 

a full-scale dwelling. The full-scale and model-scale turbulence levels were 

very similar. Whilst the full-scale mean pressures suffered from drift, the 

fluctuating pressure components were very similar; such agreement between 

model- and full-scale results is almost unique. 

In general, the maximum peak roof pressures recorded by Tieleman and 

Reinhold were found to have a similar range of values as was f otmd from the 

Aylesbury study (see Figure 2.5) for similar probability levels. The geometry 
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of one of the models that was tested was similar in many respects to the 

full-scale experimental building used fer ~he Aylesbury study (Eaton and 

Hayne, 1974). However, it was found thac for near-equivalent recording 

positions, differences between the model- and full-scale pressure coefficient 

results were approaching 100 percent in some cases. Because of small 

differences in geometry and measuring conditions, a critical comparison can 

not be made. 

2.4.6 Summary 

Recent full-scale and model-scale measurements of pressures acting 

on roofs of low-rise buildings have recorded peak negative pressures on low-

a lope roofs which are significantly greater than currently specified in the 

Australian wind loading code (Stands. Assoc. of Aust., 1975). Peak negative 

pressures which occur around the perimeter of the roof are located either a short 

distance from the windward corner along the eaves line or along the gable 

line of gable-shaped roofs, depending on wind-approach angle. These peak 

pressures are not always located at the corner zone of the roof as indicated 

by the Australian wind loading code. 

Whilst large peak negative pressures have been recorded, there has 

been limited consistency obtained from the results. For example, discrepancies 

have been observed for results obtained from the same study and between model 

and full-scale investigations. These discrepancies are partly due to errors 

in measurement of pressures and incorrect wind-tunnel modelling of boundary

layer wind flow. The discrepancies are also a reflection of the multiple 

number of geometric and flow factors which influence wind pressures acting on 

buildings. 

3_.5 Effects of Shielding 

Most model- and full-scale investigations of wind effects on low-rise 

buildings have been conducted using single buildings which are isolated from 

Others. It is only recently that some preliminary investigations have been 

conducted to determine the wind effects on buildings which are immersed in the 

surrounding roughness. For example, Eaton and Buller (1974) have conducted 

full-scale measurements of wind speeds in a variety of urban terrain situations. 

From a wind-tunnel study it was found that the mere presence of an upstream 

eolid fence, approximately half the height of a model single-storey dwelling, 

~ffectively reduced the mean.roof pressures whilst the fluctuating and peak 

11tessures were substantially increased (Dreher and Cermak, 1973). 



Full-scale measurement of pressures acting on houses located in 

8 
u.K. suburban estate at Aylesbury have been reported by Eaton and Hayne 

(lg74). The estate consisted of two-storey terrace houses arranged in 
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several parallel rows; the estate faced 15 km of open farmland. The results 

reveal that for corresponding measurement positions, the peak pressure 

fluctuations could either be positive or negative, depending on the position 

on the roof and the location of the building in the estate. Negative roof 

pressures on an isolated experimental building upwind of the estate were found 

to be significantly greater than the pressures acting on the roofs of houses 

within the estate. Further,pressure coefficients revealed fair agreement 

with the code prescribed values (Stands. Assoc. or Aust., 1975). 

Shelter effects resulting from groups of houses have been investigated 

by Vickery (1976) using various arrangements of identical rectangular prism

shaped structures. Peak roof pressures were averaged from three recording 

positions on the front half of the building centre-line; this was claimed 

to be a reasonable measure of the peak load coefficient on the front half of~ 

the roof. For the case of a single shielding row directly upwind of the model 

experimental house, and for approaching flow appropriate to category 1 or 2 

terrain, it was found that shielding reduced the peak pressure coefficient by 

as much as 75 percent for row spacings less than 4 times the building height. 

As the row spacing increased the reduction in the peak pressure coefficient 

decreased. For row spacing-to-height ratios of 8 and 16, it was found that 

the inclusion of additional shielding rows,up-wind of the experimental house, 

produced negligible change in the measured pressures compared with that obtained 

with a single shielding row. 

From the limited nuinber of investigations conducted it can be seen 

that the effect of shielding can produce significant changes in the pressures 

and loads acting on low-rise buildings embedded in their surrounds. However, 

considerably more work is required to quantify the effects of shielding for a 

wide variety of geometrical and flow conditions. 

2.6 Underside Roof Pressures 

The pressure ·1nside a ceiling space is composed of a fluctuating 

component superimposed on a mean pressure component. The internal pressure 

depends on the spatial distribution of short-term gusts which affect directly 

the external pressures and consequently the internal pressures acting. Separate 

from this spatial effect is a time effect for the internal pressure to respond 



to changes in external pressure. 

Pressure measurements by Eaton and Mayne (1974) in a permeable 

ceiling space of an exposed experimental building, have revealed the 

fluctuating nature of the internal pressure and the similarity of the 

pressure spectra for pressures acting on the end wall and within the ceiling 

space. Marshall (1974) has measured, in full-scale, the internal pressure 

• II 11 1 d" acting within a we -sea e garage which was attached to a house. It is 

difficult to assess the relevance of these results because details of the 

permeability of the buildings were not given. 

Measurements have been made of the pressures acting under both the 

eaves and the gable end of the roof of a model domestic structure (Dreher 

and Cermak, 1973). It was fotmd that the mean and peak underside pressure 

coefficients were positive for a wind approach arc of approximately 130° 

equally disposed about a normal to the wall line. Furthermore, the measured 

pressure coefficients were essentially constant for an equally disposed wind 

approach arc of 90°. For this case the peak pressure coefficients varied 

from+ 0.55 to+ 0.80 with a similar but slightly lower variation for the 

mean pressure coefficients. 
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From the measurements made by Dreher and Cermak (1973), it was also 

observed that the wind approach angle, which produced the maximum external roof 

pressure around the perimeter of the roof, also coincided closely with the wind 

approach angle which produced the maximum underside pressure about the eaves. 

When the recording positions were located adjacent to the leeward wall, the 

underside pressures became negative. 

2.7 Roof Wind Loads 

Most studies concerned with wind effects on structures have monitored 

the pressures occurring at various points on the structure. For structural 

purposes it is more pertinent to assess loads acting on various parts of the 

structure. To describe adequately fluctuating and peak loads, information is 

required on the correlation of fluctuating pressures in space and time. 

In recognition of the limited spatial correlation of gusts, the 

Australian wind loading code (Stands. Assoc. of Aust., 1975) incorporates 

reduction ·factors, which are based on the gust factor approach, to correct 

for loads computed to be acting over large areas of walls and roofs and which 



,
1
re based on the 2 to 3 second gust speed. However, the estimates of the 

reduction factor for roofs are over-conservative since they consider the 

effect of gust size only and do not include any allowance for aerodynamic 

effects; such effects include pressure recovery away from the leading edge 
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(Vickery, 1975). Pressure recovery is equivalent to a reduction in the 

magnitude of negative pressures in the streamwise direction and is associated 

with flow reattachment. 

The effect of pressure recovery has recently been investigated by 

Vickery (1976). Mean and peak roof loads weFe measured on roof segments of a 
0 

model of a large hangar building having a skillion roof with a slope of 3 ; the 

segments represented about 5 percent of the total roof area. It was concluded 

that the Australian wind loading code, whilst producing reasonable estimates of 

the load on the leading edge segment, will produce over-conservative estimates 

of the loads if the roof extends some building heights in the direction of the 

wind. There is some consideration now being given to modifying the wind 

loading code to account for pressure recovery. 

Vickery (1976) has also measured the total roof load on elevated and 

groundset houses having a low slope gable-shaped roof. The peak negative load

coeffi.cient was approximately 25 percent less than would be derived from the 

Australian wind loading code, using the specified pressure coefficients. By 

the appropriate measurement of pressures, Vickery (1976) has presented pressure 

coefficients which are suited to the calculation of loads acting over roof areas 

of the order of 10 square metres along a transverse centre line. The pressure 

coefficient results are presented for one- and two-storey houses having roof 
0 0 0 0 

slopes of 0 , 6 , 12 and 22 • 

To investigate the effects of spatial distribution of pressures acting 

over various areas of the roof, Marshall (1974) generated a new pressure-time 

record by multiplying separate pressure records by a weighting factor, proport

ional to the area attributed to each pressure tap, and then linearly combining 

each separate pressure-time record. As expected, the effective fluctuating 

pressure coefficients decreased, as the area over which the combined pressure 

was assumed to act, increased. For example, the peak fluctuating pressure 

c.omponent for the combined signal, acting over a roof area of 3.25 square metres, 

was found to be 25 to 40 percent less than the average obtained by algebraic?lly 

summing the· peak fluctuating components for each separate pressure record. It 

was also found that the peak factor, g, for the combined pressure record did not 

vary much from the average peak factor obtained from each of the pressure records 

considered. 



Tieleman and Reinhold ( 1976) obtained broad-band correlation 

O
cfficients with pairs of pressure signals from the roofs of model houses. 

c 
In general, for roof slopes of 0°, 10° and 20° with wind approaching no~l 
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to the ridge line, the pressures were reasonably well correlated in the lateral 

direction. For wind approaching at an angle of 45°, the pressures were well 

correlated along both edges .of the windward portion of the roof. The pressures 

acting on the internal portion of the roof, and in particular on the leeward 

roof section, were well correlated for all three roof slopes. For a two-storey 
0 house model having a 30 roof slope, some pressure taps were separated by 

distances of approximately 0.2b and 0.2d along the eaves and gable lines 

respectively; where 'b' and 'd' are the breadth and depth of a building. 

For these pressure recording positions the correlation coefficients usually 

exceeded 0.6 and for certain wind approach angles exceeded 0.85; this indicates 

a high degree of correlation. 

To assess wind effects on structures it is necessary to estimate the 

wind loads acting on various parts of the structure. Whilst measurement of 

pressures acting on low-rise structures is currently receiving more research 

attention, there has been limited work undertaken to assess wind loads acting 

over various areas. This latter resea~ch area is deserving of further attention. 

2.8 Wind Loading Codes 

In the Australian wind loading code (Stands. Assoc. of Aust., 1975), 

like most other comparable wind loading codes, the specified pressure 

coefficients are based on mean pressures measured in wind tunnels (Holmes, 

1976) under a variety of ~imulation conditions. In recognition of the existence 

of peak negative pressures near the leading edges of roofs, wind loading codes 

have imposed higher mean pressure coefficients or employed local pressure 

multiplying factors of 2 or more to be used with the mean pressure coefficients 

for corner and edge regions (Melbourne, 1975). 

In the Australian wind loading code the specified pressure coefficients 

are intended to be used with the 2 to 3 second peak gust velocities to determine 

the maximum peak pressure. This quasi-steady design method, which uses the gust 

wind speed approach, subverts any real understanding of the way total load is 

developed on a structure. Without the use of a suitable factor this approach 

is usually conservative in that it over-esti~~tes the total load on most 

structures. Local pressure coefficients given in the code are compromises 

intentionally set below the absolute maxima in an attempt to compensate for 

the spatial distribution of loadings and to allow for load sharing between 



various parts of the structure (Eaton, Mayne and Cook, 1976). However, 

for many situations, particularly low-profile roofs,· the local cladding 

loads predicted for .design purposes are un-conservative (Melbourne, 1975). 

2.9 Wind Tunnel Simulation Criteria 

Techniques for the modelling of wind effects on buildings and 

structures have improved considerably in the last ten years with the advent 

of large wind tunnels designed to produce turbulent boundary-layer models 

of the natural wind. 

When investigating the wind loading on structures, it is firstly 

necessary to model the natural wind. In addition to simulating the natural 

mean wind-velocity profile, Davenport and Isyumov (196 7) and Holmes and 

Best (1977) have noted the need for simulation of the turbulence 

characteristics of the flow. This should include simulation of the 

intensities, probability distributions and spectra, both in shape and scale, 

of the individual components of turbulence. The difficulties in achieving 

complete simulation have also been noted. 

From investigations of fluctuating roof pressures on low-rise 

domestic structures, it has been recommended by Tielman and Reinhold (1976), 

that it is more important that the turbulence intensity and scale should be 

reproduced in the wind tunnel with the same magnitude as can be expected in 

full-scale. 

2.10 Wind Effects on Structures 

2.10.1 Historical Review: Major Structures 
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The systematic study of wind loading effects on structures was started 

about the time of the Tay Bridge disaster in 1879. Current interest in 

dynamic effects on structures commenced in 1940 with the collapse of the 

suspension bridge over the Tacoma Narrows. The structure was designed to 

resist a steady wind speed. However, shortly after completion the main span 

of the bridge began to oscillate in both vertical and torsional modes under 

a moderate wind. Within a few hours the vibrating structure collapsed 

(vide: Parmelee, 1970). 

Examples of the failure of structures under wind action are not infrequent -



111 
though there are very few examples of I:".ajor buildings suffering severe 

ti tructural damage. By comparison, there has been a comparatively greater 

number of failures of smaller buildings, towers or stacks and bridges. 
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In the case of bridges and stacks, the failures have commonly been fatigue 

failures following long periods of severe cross-wind motions at comparatively 

moderate wind speeds (Vickery, 1975). 

2. 10. 2 Repeated Loadings 

The conventional design approach to wind loadings is the static 

application of a single large load; the so-called quasi-steady approach. 

Jn a review of the developments of structural des:lgn, Davenport (1967) 

noted that whilst the damaging effects of repeated loadings on structures 

had been recognized from histories of failures and research results, and 

cognizance of these effects had been considered for some time in the design 

of aircraft, it was only in comparatively recent times that deliberate 

attempts were taken in the design of civil structures to resist the repeated 

loading action of the wind. Davenport (1967) has categorized four types of 

structural unserviceability caused by the action of repeated wind loading; 

namely fatigue failure, foundation settlement, excessive deflections and 

:f.nduced motion of tall buildings. 

2~10.3 Recent Example of Cladding Failures 

In the past, roof claddings have received limited engineering attention 

at the design stage. Practice has been based largely on experience and 

performance in use. More recently, in the study of wind effects on claddings 

there have been two main areas of investigation; namely, the estimation of 

the magnitude of wind loads and the structural response of claddings. These 

investigations have been principally concerned with the quasi-steady loading 

and response of claddings. 

Following the damage caused by cyclone 'Tracy', it was concluded that 

the effects of sustained random wind-loading caused fatigue failures of roof 

cladding (Beck and Morgan, 1975). This was a major cause of the extensive 

loss of roof cladding which occurred during cyclone 'Tracy' (Morgan and Beck, 

1977). 

The possible damaging effects of repeated loadings had been previously 

recognized but this had not generally been translated into design 

recommendations for claddings. An exception to this is the Underwriter's 



Laboratories (1973) repeated-loading test procedure for roofing assemblies. 

However, it has been noted by Miller (1975) that there has been widespread 

reluctance in the United States to subject roofing assemblies to this 

non-mandatory test. Thus, cyclone 'Tracy' provided evidence of the need to 

consider the effects of sustained random wind-loading on roof claddings. 

2 .11 Cladding Behaviour Sub j ected t o Win d Load i n g 

2 .11.1 Introduction 
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To determine the response of cladding elements subjected to wind loading, 

two broad approaches are available. One approach is to assume that cladding 

panels are rigid plates and the problem reduces to one of determining the wind 

load imposed on the plate. The other approach is to consider the cladding 

panel as a flexible plate and then investigate the response of the panel 

subjected to fluctuating wind pressure. 

2.11.2 Rigid Plate Assumption 

A commonly used approximation for the design load on cladding elements 

is the local peak load (Tryggvasson, Surry and Davenport, 1975). The local 

peak load is estimated by assuming that the maximum peak pressure is spatially 

\llliform over the surface of the cladding. This assumption may be appropriate 

to limited areas of the roof which are downstream of any reattachment point, 

and where fluctuations relate to wake pressures. 

For those cases where spatial correlation effects become significant, 

less conservative estimates of the load acting will be obtained by considering 

correlation effects rather than a tmiform pressure distribution. The effects 

of spatial correlation of wind pressures acting on rectangular plates and prisms, 

with faces normal to the flow, is accounted for by th~ "aerodynamic admittance 

function" (Vickery, 1966) and the "correlation function" (Vellozi and Cohen, 

1968). There are numerous examples of spatial correlation effects on building 

elements. For instance, from the measured response of 2.1 square metre window 

panes located on a multi-storey building, it was c~ncluded by Mayne and Walker 

(1976) that the peak deformation and strain response were equivalent to that of 

a uniformly-loaded thin plate subjected to the peak pressure averaged over 0.3 

second. It should be noted that the peak pressure response was slightly higher 

when smaller averaging periods were used. In addition, Vaicaitis (1975) has 

used expressions, developed by Bullin 1967 for the narrow-band correlation of a 

low-speed, convected, turbulent boundary-layer, to represent the wind pressure 



spectral density on cladding elements attached to the side face of a 

building. 

Evidence of the effects of lack of spatial correlation of roof 

pressures has been previously given in Section 2.7. Some attempts have 
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been made to consider spatial correlation effects on roof cladding elements. 

For example, Marshall (1974) has postulated the use of a size reduction 

factor to be employed in the determination of gust factors for extended 

roof areas of domestic structures. Vickery (1976) has used a slower 

averaging period when recording roof pressures. However, there does not 

currently appear to exist a comprehensive assessm~nt of the narrow-band 

correlation which would enable a realistic assessment to be made of the 

fluctuating load on roofing elements subjected to intermittently-reattaching 

shear layers. 

Support for the rigid plate asslDilption has been provided by the 

results of Allen and Dalgliesh (19 73) where it was shown that for wind 

frequencies less than about 1 Hz, very little can be gained by taking into 

account plastic deformation and rate effect on metal-cladding panels which 

fail primarily by yield. The design of such claddings can be undertaken by 

assuming that the panel is a static structure which fails when the wind 

pressure exc~eds the standard plastic resistance. Some extra resistance is 

available for local high frequency wind turbulence. However, no allowance 

was made for possible fatigue damage or resonance effects arising from high

frequency turbulence. 

2.11.3 Dynamic Response of Cladding Elements 

It has been noted that the natural frequency of metal and glass 

panels varies from about 5 to 40 Hz and, as a consequence, dynamic magnification 

is unlikely to become significant except possibly for high-frequency wind 

turbulence created locally at building corners and on roofs of buildings 

(Allen and Dalgliesh, 1973). These observations were similar to the 

conclusions drawn by Mayne and Walker (1976). 

One method to determine the response of a flexible panel subjected to 

randomly varying load is to use the normal mode approach suggested by Powell: 

(1958). In this method the total displacement at a point on the panel is 

determined by summing the individual displacement response in any given 

number of modes. The panel displacement can then be converted j_nto the total 



}oad acting along a line of fasteners. 

An alternative approach, whir.:.h does· offer some advantages over the 

normal mode approach, is the simulation method of analysis employed by 

v
11
icaitis (1975). The analysis procedure, performed in the time domain 

rather than the frequency domain~uses a simulation procedure to generate 

random wind pressures and generalized random forces. The simulation 

procedure can also be extend2d to the simulation of a non-homogenous process 

characterized by an evolutionary power spectrum. 
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There are, however, a number of difficulties in the application of 

either the normal mode approach or the simulation procedure when determining 

the displacement response of a flexible panel. The major problem is 'that no 

reliable estimates are available to describe the power spectral density and 

the narrow-band,cross-power spectra of roof pressures. Thus the lack of data 

in this area, even for the case of a one-sided, two-dimensional~roof-pressure 

field, presently precludes the detailed analysis of roof panel response under 

random wind-loading. 

Currently, it would appear that estimates for the response of roof · 

cladding panels, subjected to random wtnd-loadi~1g, will be based on first-order 

approximations. For example, by considering a lliliform pressure field over 

limited areas of the roof, or adopting a spectral procedure and assuming a 

single-mode response may provide an initial estimate of the response of roof 

claddings. 

2.12 Behaviour of Claddings Under F~~ated Loadings 

The fatigue behaviour of glass subjected to random wind loading has 

been investigated by Allen and Dalgliesh (19 73) and Mayne and Walker (19 77). 

Joints in sheet-metal panels subjected to static loads have been widely 

investigated; however, it is only in comparatively recent times that
0 

investigations have been undertaken to determine the behaviour of these joints 

when subjected to repeated loading. Some of these studies have been 

undertaken to assess the behaviour of cladding panels under loading conditions 

which attempt to simulate the effects of wind loading.· For these investigations, 

repeated-load testing is conducted where the maximum applied load is held 

constant and some simplistic approach ls devised to relate the numbei; of cycles 

to failure to actual wind loading conditions. 



For example, constant repeated-load testing has been conducted on 

rivC'ted joints subjected to shear loading (Nissfolk, 1977). The behaviour 
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of roof claddings subjected to separate uplift and shear repeated-loading 

conditions has been investigated by Klee (1976). In these latter tests, test 

6 pccimens consisted of 80 mm lengths of trapezoidal steel cladding which were 

valley-fixed to steel purlins by cartridge-fired pins or screw fasteners. The 

allowable tensile or suction load was based either on the lowest load obtained 

by the application of a load factor of 2.0 to the ultimate-static load or the 

load, having a load factor of 1.3, required to produce failure at 5,000 cycles. 

It is interesting to note that the number of cycles to failure, adopted as a 

failure criterion by Klee, is half that specified by the Darwin Area Building 

Manual (Darwin Reconstruction Commission, 1975). 

The results of Klee suggest that the allowable uplift load is 

determined by repeated-load testing. For sheet thickness between 0.75 mm 

and 2.5 mm, the repeated-loading failure criterion led to a load factor of 

3.3 against the ultimate-static strength. These results are expected to be 

non-conservative since no account allowance was taken of the effect of 

super-imposed flexural stresses which exist in a prototype cladding panel. 

Furthermore, the relevance of conducting constant repeated-loading tests was 

not discussed. 

The European Convention for Constructional Steelwork, Committee 17, 

has prepared Draft Recommendations on the testing of sheeting and sheeting 

connections (Berry, 1976). In addition to making recommendations about 

static shear and uplift testing, guidelines are included which set out factors 

to be considered when performing repeated-loading tests. However, no guidance 

is given on the number of cycles to be applied for given environmental loading 

conditions. 

Thus the fatigue behaviour of metal panels, subjected to random wind 

loading has not been adequately investigated. The major problem appears to 

be the lack of i realistic simulated-loading history which can be applied 

under laboratory conditions. 

2.13 Fat i gue 

2.13.1 .The Fatigue Phenomenon 

Fracture of a component resulting from a repeated number of load 
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"' x - x 
x, g = x ) 

a 

peak gust factor for tropical cyclone. 

height of structure to eaves line. 

second moment of area of roof cladding about a planar axis 
of anti-symmetry. 

range of stress intensity factor. 

von Karman' s constant. 

peak load on segment of roof cladding. 

(v) 

length scale appropriate to model- and full-scale respectively. 

·'" 



M 

m 

N 

N , N 
,c p 

N(x) 

n 

n , n 
c . p 

n 
u 

n 
p 

P(x>a) 

p 

p 
,... 
p 

"' p 

po 

Pa 
2 2 

Pac' Pae' 
2 

Pau 
1 

p (x) 

lip 

q 

R 

R 
m 

S (n) 
p 

s 
T 

mass per unit length. 

an exponent for N used to predict the low-cycle fatigue life. 

number of cycles to failure under constant-repeated load 
(or strain) testing. 

(vi) 

number of cycles to crack initiation and for crack propagation 
respectively. 

average number of upcrossing of level 'a' per unit time. 

applied number of constant repeated loading cycles. 

number of cycles applied prior to crack initiation and during 
crack propagation respectively, at a load level which coincides 
with the appropriate value of N and N . 

c p 
fundamental natural frequency of structural component. 

dominant frequency of a narrow-band random process. 

frequency appropriate to model- and prototype-scales 
respectively. 

nyquist frequency appropriate to model- and prototype-scales 
respectively. 

wave number, where in this case n represents frequency. 

cumulative probability distribution function of random 
variable x (or p). 

instantaneous value of a random pressure record. 

local mean static pressure. 

local peak pressure. 

static atmospheric sea level pressure at · distance R from 
cyclone centre. 

mean atmospheric reference static pressure. 

standard deviation of pressure record (see definition for x
0

) 

variance of pressure record for combined, external and 
underside pressures respectively. 

probability density function of random variable x (or p). 

difference between peripheral atmospheric pressure and central 
atmospheric pressure of a cyclone at sea level. 

constant used to describe rate of fatigue crack growth. 

radial distance measured from eye of cyclone. 

radius to maximum winds of cyclone. 

power spectral density of pressure. The 

spectrum function is given by 
'n' represents frequency. 

2 
nS (n)/p

0 p . 

span of prototype roof assembly. 

time duration. 

non-dimensional 

where in this case 

' i 
!· 

t· 

t 
' 



At 

At 
p 

u , u m p 

x 

x 

z 
0 

sampling rate for analogue-to-digital conversion of 
pressure record. 

sampling rate appropriate to prototype scale. 

10 minute mean wind-speed at height z. 

mean advance-speed of tropical cyclone. 

mean wind-speed at height zG 

mean wind-speed appropriate to model- and prototype-scale 
respectively. 

f~iction velocity. 

maximum peak gust-speed at height z. 

theoretical cyclostrophic wind-speed of a stationary 
cyclonic disturbance. 

reduced variate of a random variable x(= 

mean value of a random variable x. 

peak value of x in a given period of time. 

standard deviation of x (=~(x - x) 2) 

height or distance above ground. 

height at gradient wind. 

roughness length. 

(vii) 

a: a..~ exponent giving the mean variation of the mean wind speed 
with height. 

y 

CJ 

ACJ 

p 

e: 
I: 

f2 

'I' 

~ 

EY 
dx 

measure of average frequencies of gusts. 

standard deviation (see definition for x
0

) 

stress range. 

density of air. 

constant plastic strain amplitude. 

cumulative sunnnation. 

angular speed of earth at the equator. 

latitude. 

~syunnetry factor for tropical cyclone wind speed. 

first derivative of y with respect to x. 

Subscript 
c used as a prefix for pressure coefficients to represent 

the combination of external and underside pressures acting 
on roof cladding: 

viz. 
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