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SYNOPSIS

This study is concerned with the prediction of the maximum

probable response of §tructhres in the along-wind direction.
An outline of the theoretical basis of the approach ié given
and the effect of vérying wind and structural parameters for

a range of different structures is examined.

To put the study in context, a brief look is taken at the
problems of formulating a more consistent approach to the

overall problem of wind loading.
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CHAPTER 1

INTRODUCTION.

The Need for A Study.

The need for this study arose out of the writer's involvement"
in the design of guyed masts and microwave towers. In
particular, it was required to show that certain dished

microwave reflectors would not exceed a specified displacement.

The first thing that became apparent in>this instance was

that such a specification was asking the impossible. The
best that could be achieved was to show that this displacement
had a certain likelihood of being exceeded in the design life

’.

of the structure.

Secondly, although it was clear that a non-deterministic
approach was the right one - it seemed, at the time, that the
subject was so clothed in unfamiliar terminology and assumed
so many arbitrary parameters that it was difficult to have

much confidence in the result.

In the'event, the exigencies of the design pfeclﬁded further
pursuit of the subject and the problem was solved using
_static‘ioading. However, subsequent design work oniother :
wind-sensitive structures convinced the writer of the need
for a non-deterministic approach that could be easily

understood and applied to design problems.

ScoEe.

This study 1is,therefore, concerned with détefmining the
maximum probable response of structures in high wind
conditions in a direction coincident with the wind. This
along-wind response ignores effects such .as vortex shedding,.
galléping, fluttéf and other forms of aerodynamic instability

which produce responses primarily out of the plane of the wind.

2ef .
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Current Treatment of Wind Loading.

The current treatment of wind loading on structufes based

on British Standard Code of Practice No. 3 Chapter 5 (2)

involves the selection of a basic wind speed from isopleth
map; giving the maximum gust speed, at a height of ten
metres abdve the ground, likely to be exceeded not more than
once in fifty years. This is, then, modified to take into

account local topographic influences, surface roughness of

‘the environment, gust duration appropr{ate to building size,

height and design life of the structure.

With this modified velocity, the wind pressure and, hence,

the total wind load acting on the structure can be calculated.
This method has two main limitations. Firstly, although
allowing a 1ower gust speed to be used for buildings
exceeding 50 metres by increasing the averaglng time

to fifteen seconds rather than five seconds, no attempt

is made to quantify the extent to which the size effects

the overall wind load. Secondly, no account is taken of

the dynamic effects of gustiness on the structure or the
likelihood of a sequence of gusts striking the structure

and the consequences.

For a flexible structure, these effects may be very

significant_indeed.

The Statistical Approach.

The statistical approach, on the other hand, describes the
wind speed in terms of mean and fluctuating parts and treats

the fluctuations as a random stochastic process.

‘Then using the already well developed techniques for the

analysis of structures subjected to random loading, the
maximum probable response can be predicted taking into
account both dynamic effects and the spatial properties

of the gusts related to the size of structure.

3./ceen.
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This method borrows extensively from theory of random

" signals in communications and control engineering and

uses terms and concepts largely unfamiliar in ¢ivil

engineering.

- The development of the method owes much to the early work of

Davenport (3) in 1961 who showed that the fluctuating part
of wind velocity and the resulting pressures on a structure

in turbulent flow can be treated as a stationary stochastic

v process. The difficulty, however, has been the satisfactory

derivation of the many empirical relationships required and
'

developing of a consistent theory to describe the nature of

- atmospheric turbulence.

Once the maximum probable response has been found it is
convenient to express it as a ratio of the mean response
and such a ratio is known as a gust factor. Gust factors
were first proposed by Sherlock (13) and later developed
by Davenport (6), Vellozzi and Cohen (12) and others.

The Purpose of the Study.

It is the intention of this study :

(a) * to summarize the theoretical basis of the statistical
'approach and outline some of the recent developments
in the field. Chapter two coﬁcerns the description -
of the mean wind and chapters three to five, the effects

of the fluctuations in the wind speed.

(b) to compare the various published relationships for -
the essential empirical function - the coherence, and

the effect on the gust factor.

(c) to examine the effect of varying the design
parameters over a range of possible solutions to test
‘the sensitivity of the gust factor to such parameters
as the structure size, damping, wind speed profile

and surface roughness of the environment.

bofeoen.



Finally, it is hoped to demonstrate that, despite the
admittedly'unéértain_ﬁéture of many of the assumptionms,

the statistical approaéh offers a more rational treatment
of the wind loading problem.in general and the design of
tall buildings and wind-sensitive structures in partiéular.
Moreover, since it allows wind loading to be assessed on a
proBabalistic basis the method fits in with the current

limit-state philosophy.

5./ceiees



CHAPTER 2

' THE MEAN WIND. ¢

THE NATURE OF WIND :

Wind is a natural phenomenon which is caused by -
differences in atmospheric pressure resultiﬁg from
variations in the solar heat absorption over the
earth's surface. Additional forces are produced
~also by the effects of the ecurvature and rotation

of the earth. In meteorology, lines of equal
barometric pressure which cause winds in the same
direction are known as igobars which are given on

the familiar weather maps indicating the location and

distribution of complete pressure systems.

At ground level, the atmospheric wind is‘retarded
by surface friction, causing the formation of a
turbulent boundary layer. The height at which
the wind remains unaffected by this turbulence

is known as the gradient height Zg and

the corresponding wind velocity - the gradient
velocity.Vg. The gradient height normally varies

between 300 and 600 m above the ground.

“If a mass of air which is in-thermal equilibrium with
its surroundings rises,‘it willlundergo an adiabatic .
expansion and a consequent'fall in temﬁerature. I1f
the temperature falls at the same rate as that of

its surroundings, it is said to be in a state of
neutral stability with an adiabatic temperature

lapse rate.

This state of neutral stability is a necessary condition
for the turbulent boundary layer to consist only of
mechanical stirring effects and not convection currents

due to heat exchange between the air masses.

6./ciuee.



The assumption is usually made that, in high winds -
(the major concern in structural loading problems),
the effects of these convection curfents are ¢
negligible and that atmospheric conditions are

stable.

Within the earth's boundary layer or the planetary
boundary layer, the surface roughness gives rise

to turbulent fluctuations in the wind velocity.

The scale of this turbulence varies over wide limits
ranging from major eddies several thousand metres in
extent and lasting several minutes to the eddy caused
by some local obstruction which may'onlyllast a
fraction of a second. These small eddies are.usually
surperimposed on the larger ones with the result
that wind speeds vary greatly from place to place

and from moment to moment.

A physical model of a high wind is therefore one of

a mean flow which results from atmospheric pressures,
on which are superimpoéed fluctuations generated

in the turbulent boundary layer. Examination of these
fluctuations shows them to be entirely random in

nature.

The'assumption'of the randomness of the variations of -
wind speed is fundamental to the étatistical;approach;

It enables thé wind to be characterised by the statistical
properties that constitute a stochastic process.

However,two important simplifications are made :

(a) The process is stationary, that is, the average

properties do not vary with time.
(b) The process may be described by a probability

distribution making it possible to discuss the

wind speed in terms of probability of occurrence.

Toeeenns
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MEAN HOURLY WIND SPEED :

- The concept of a mean wind speed introduces the problem

of a suitable time period for averaging the wind speed

- values. Because the fluctuations in the wind speed

vary over such a wide séale, the result of measurements
to determine the mean will depend on the duration over
which the sample is taken. A large duration will

allow the effects of the large eddy and eveﬂ changes

in the complete weather system, while a short duration
may only include the small scale eddies. The choice

of such an "averaging'" time, therefore, depends on

several factors :

(a) The mean speed should be reasonably constant for

the éssumption-of a stationary process to remain
valid. In practice, this means that the period
must be short enough to be unaffected by atmospheric
pressure variations and Changes in the weather
regime and long enough not to be influenced by

gust variatiohs in the averages. An analysis
.undertaken by Van der Hoven (14) shows that the-
‘intensity of wind variations with time has two
distinct peaks, one at about four days corfespohding
to the passage of complete isobar system and the
other at about one minute - the variations due to
turbulence. _Furthér, the yariations are least
between about 15 minutes and two hours and this.
period is known as the spectral gap because the
effects associated with each of the peaks aré

neatly seperated by this period of low variation

intensity.

(b) The period should be short enough’to'contain
the peak effects in a storm of an isolated train
of gusts. Davenport ( 3) states that effects
such as thunder storms and squalls usually last

for 5 to 10 minutes.

8./



(¢) It should be long enough for the structure ;
tc attain a steady-state of response.
Fundamental frequencies of most structures
.are usually less than ten seconds and they have
ample time to reach a steady state in 5 to
10 minutes. (A side effect of this is that
transient response need not be considered in .

assessing the overall structural response.)

(d) The necessary data must be available and it
‘must be such that the assumptions of

randomness remain valid.

Although Davenport (_3) has suggested an averaging
timeiof between 10 and 15 minutes as being ideal,
most meteorological stationms have wind speed data
averaged over one hour. It can be seen that all
the above factors applyvto an hourly averaging
period and, particulafly, that it falls within
Van der Hoven's spectral gap. The result is that
choosing an averaging time of one hour leads to

statistically stable averages.

Assuming conditions of neutral stability, this mean
hourly wind speed'bas been found to follow a simple

power law variation with height. (In fact, meteorologists
(7) use a more complicated logarithmic law derived from
the equations of motion of a fluid and the effects of
_momentum in a turbulent boundary layer but, for |
structural purposes, the simplified law would seem

to be justified (7a) ). Thus :

where Z1 and 82 are different

2

;QED - E! -
Y@ () |
. ' - (2.1)

"heights above the ground and
are the respective mean wind

V(@) % (%) |

velocities.
‘9./.-..-0



Relating this to the gradient height or a standard

height of 10 m above the ground we have :

V(R) . (2, <
o © (%9
or (2 '=- 2, \ %
: i%?;3> <’ /fé:)

where 5(10) in the mean hourly wind veiocity at a

-— (2.2)

reference height of ten metres.

Values for the power léw,index,°¢, can be determined
from measurements of the mean wind speed profile
variation with height, and at the same time, a surface
drag co-efficient, K, can be defited as a dimensionless
measure of the roughness of the terrain relating the

mean wind speed to the shear stress near the ground.

Values for these parameters given By Davenport ( 6) are
listed in Table I. Based of such daté, Davenport

gives the following values :

TABLE I
Power Law Gradient Ht Surface Drag
Index, Z(g)m Co-efficient, K .
Open Grassland ~  0.16 300 0.003-0.005
Woodland,
Suburbs 0.28 430 0.015-0.030
Urban Cenfres, . '
Broken Country 0.40 560 - 0.030-0.050

10./.00ene



~The figures given for the power law index in open
grassland and woodland or suburbs afé well substantiated -
" by a wide raﬁgebof experimental evidence but: for urban
centres, the power law variation is less Well-defined.
It is not certain whether it is more satigfactory to
assume a higher value for the power law index as
 Davenport ( 6) recommends or whether to use a lower

value and assume it starts from a'1eve1vabove the average

obstruction height of the buildings.

It is doubtfulvwhether either the power law index
and the mean‘windiis very meaningful in these
circumstances as the wind speed is very much
determined by such factors as the nature of the
buildings in the surroundings, thé orientation of

the streets and other obstructions.

The power law variation with height can, therefore, only

be regarded as a satisfactory approximation if :

- (a) There is reasonably level terrain with

uniform roughness.

(b) There is a steady flow condition (high wind)
' at the gradient height with neutral .

stability.

(c) The index,=, is varied to take into account

the surface roughness.,

Thus the power law is unsuitable in the presence of
hills and for the effects caused by funnelling down
valleys or other topographical features., On the tops
of hills, often the sites of tall towers, the effect
of streamlining can causé an increase in wind speed
immediately above thé ground which may be followed
by a decrease of velocity with increasing height '

and ultimately a reversion to the standard profile. -

1./......
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C.f. 3, Chap. vV (1970) (2) gives a table of
factors which modify the wind speed to take into
account topographical influences and a method
based on the French Code of Practice (16) to
define the effective height of a building close

to the tops of hills or escarpments.

Another problem is the satisfactory description of
the wind profile ﬁhen there is a sudden change:in
surface.roughness such as may occur between open
country and urban centres. It is generally
recognised that an interface exists between the
two turbulent regimes. Davenport (15) suggests
that this interfdce slopes at approximately 1:100
but more recent research (7a) suggests that 1:10

might be more appropriate.

Under these circumstances,the designer sthld
ascertain the height at which the regimes change
in relation to the height of the structure (see

Fig- l)-

~
1o _ T Wind Regiwe
Tulevlace

The Effect of a change in Terrain Roughness

FIG. 1~

The direction of the mean hourly wind does not remain
constant over the gradient height. The effect of the

" rotation of the earth causes a directiqn change which
may varj from 30° to 45° depending on the terrain
roughness. This'cﬁange of wind direction with height
is known as the Ekman Spiral but, except for very large

structures, its-:effect is usually ignored.

12./ceeen.
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To summarise, it is convenient to average the wind
speed data from a continuous record over one hoyr
and such an average is known as the mean hourly

wind speed. This mean speed is assumed to vary

‘up to the gradient height according to a simple

power law which depends on the roughness of the

terrain over which the wind passes. This assumption

is inadequate in dense urban areas, where the roughness
changes suddenly or when topographical features altér
the wind speed profile. In these cases, the designer
should be aware of the problems and make suitable

allowances.

There is a tendency to regard the mean hourly wind
speed as a well defined phenomenon and it is hoped
this brief description has served to underline its

basically unpredictable nature.

The Analysis of Mean Wind Speed.

Mean hourly wind speed data have been recorded in
this country for periods of between fourteen and
twenty—-one years and one way of finding a wind
speed to use as a basis for design is to simply

take the highest appropriate value recorded.

This épproach, however, gives no indication of risk .
of the actual wind speed exceeding this value and

in order to treat the wind speed in terms of a given

probability of occurence the techniques.of extreme

‘value statistics are used.

If B(V) is the probability of the actual wind speed
not exceeding V then a return period is defined such

that

Rt(V) 2 ‘.-:-LP;(-V) | o — (2-3)

130/001000
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It is generally accepted (9) that the statistical
population of annual mean hourly maxima confonmalto :

the Fisher-TippetE Type 1 Distribution.

"Pt(v) = E"P(A‘E*F(“"(V“ U))) S @4)

where a is a measure of the dispersion of the extreme

and u is the mode of the distribution.

For each site, the highest recorded mean hourly wind
speed is tabulated for each year a record is available.
This data is then ranked such that each value, m,
is arranged in ascending 6rder (m=1 for the
smallest) up to the sotal of N values. Plotting
positions, pf are then found such that :

fts‘ A

N+]

This value corresponds to the prohability of obtaining
the associated highest mean hourly wind speed in any

one year with a return period :

| - pt
A straight-line relationship is then obtained by

plotting each valué for the mean hourly wind speed

against the reduced variate y such that :

g = ~loge(~loge )

./ooon..
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From the plot, the mean hourly wind speed with

a given probability of occurence within the requ}red
return period can be derived. Such a plot is given
for the D.F. Malan Weather Station, Cape Town in

Fig. (2). It is usual to draw up isotach maps

for the mean hourly wind speeds likely to be exceeded
once in 50 years which can be used to find the

design values for a particular area,

15./c0cen.
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CHAPTER 3

THE ANALYSIS OF GUSTS. , R

EEEAN

THE WIND VELOCITY VECTOR AND THE VARIANCE OF THE

- FLUCTUATIONS

As has already been stated, it is convenient in the
statistical approach to separate the properties of

the wind into mean and fluctuating components.

Thus the wind velocity, Vi, can be defined in terms

of a scalar mean speed and a fluctuating gust vector :

V =V + vi where V is the mean hourly speed
and vi is the gust vector as defined

in figure 4. -

For most applications, only the along wind component
of Vi is used and it is, in fact, only comparatively
recently that instruments have been developed which
are capable of measuring the other two components.

z 2y !
x3 | 1ol = (e Uy 4y )72

K2

,‘\ 'U&
\& |
Ty < - -
U, Ty
FIGURE 4.

It should be noted that the mean value of vi is, by

definition, equal to zero.

16./cceese
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‘Thus :

T .
. .!f/VL.dt=OwhefeT=lhouxj_

-

. o 3 4 t -
-and the variance is given by o (v()= |
- T

T
/\S'Lz.o‘t - (3.])
.‘Hence - (u" /(u* + _,,u-;') dt
- 2 o s) + o (c:'z_')-a- < (’J's> - (3.2)
‘At ground level : c‘[\r)/\.. 3 a-(u*,_) ound O"(U‘z)>0“{0'3>

so that it is usual to approximate f/\r;)by 6‘(&3‘,}.

Experimental results show that the standérd deviation
of the gust variations decreases slowly with height
and, to fit into the concept of a planetary boundary
layer, it should tend to zero at the gradient height
Zg. However, for structural design purposes, the
assumption is usually made (7)vthat the standard

deviation is invariant with height so that :
. v, 1,
ole) 2 e(e) = 250KV - O

thus

() z 258 v (194, YV
and the intensity'of turbulence : .
c'CU';)/\T(xa) = 2'58 ) (',o/xsyx.__ (3.-4)
expressgd in a consistent convention ‘(see fig., 4).
If Davenport's values for the sufface drag co-efficient '

and gradient height are assumed O'(U'L)and O'(GL)/L are

given in Table 2.
17 [/
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TABLE é.
o(w) - ‘els)
_ _ ' Ho
Open Country 0.106 Vg ' 0.18
Woodland = - S 0.1107g .- 0.32
Urban centres ~0.115 Vg . 0.58 |

It can be seen that o’(\t,')is almost invariant not only -
with height but also with the surface roughness, v

co-efficient, K, and a reasonable value is :

U'(\"t'.) = on %)7 = o“_a—‘ﬁo) (seé Harris, Ref. 7)

It is interesting to express the maximum short
duration gust speed which is usually used in the
calculation of wind pressures on structures in

terms of the mean value and the variance.

Hafris N gives'the ratio of the 2-second gust

| speed to the mean speed at ten metres height as 1.6.

Since g:__(-:"') = 0.18 in open coﬁntry, it follows
o) // i
|v\u?“C”
ST
that : ‘(ZS \0) \IQD> 4~ 33 o’(\S'LB M W}‘ e _
- (3.5)

and for the variation of the 2-second gust speed with

height :
VQ_S ('x—-s) - (%)o‘ %o§ -+ Ov‘(o [o )\ - (3 Sa)

Figure 5 , gives, the cumulative normal probability \3
ens el -

‘)} A b AL %

Lstr,;,hut;an'w1th a mean hourly wind speed of 20 m/s ”
and an intensity of turbulence corresponding to the

open country site.

Hence :

s (o) » ©18xRe = 36 M/sv

18./ 0 e
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It can be seen that the probability of the 2-second

gust speed being exceeded is 0-006$ or one in 2cco .
.

3.2, CORRELATIONS AND GUST SPECTRA:

. It:is ﬁot, however, sufficient for structural‘purposes'.
to describe the effects of gusts solely in terms of the
variances of the fluctuations. For a large structure,
their effect may not cover the whole surface and, in
some instances, may be extremely localised. Cleérly,

a gust will have definite dimensions and variations
both in ‘time and space must be described. This is
done by using the statistical theory of correlations

and spectral analysis.

Consider a point in.space defined by the Cartesian
co-ordinates, ¥. Then, if péirs of wind velocity
measurements VYi(t) and Vi(t + ¥ ) are taken withi

time lag, ¥, at this point, the auto-covariance function

is defined as

| c"(‘c) = Vi(y) _\f,;(ta»?) ' | —(3.6).

where the bar denotes a time average over time t.
If the time lag,'t,is reduced to zero, then
C"(o) = G‘J’ (¢) = & (U’C) ' - (3.7

The normalized auto-covariance function is called

the éuto—correlation.ftqand is defined by :-
P(x) - (%) Veste) = Vo) - oo

\ \/ |
e(‘r)is dimensionless andf(°)= 1. As ¥ tends to

infinity,(ff)becomes'asymtotic to zero.

19./cecne.
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Note also that the function is symetrical about T = 0

. ' e
i.e. T - - (3.9)

e'(-) = () ava €)= (¥

The auto-correlation function is a measure of relation
of two gust velocities seperated by a time lag,'\:
As ¢ becomes longer, the relation becomes less and a t1me

scale, T, is defined such that :
o | ° '
i v
T- | ¢'(¥) de
(~4

- (3.10)

.T is sometimes called the 'memory' time since if ¢ T,
the gusts are sa1d to be well correlated and if ’t) l
badly correlated.

The power spectrum of wind velocity is used to describe

the frequency range and energy ‘con'tent of the gusts
occurring in the averaging time. The gust signal is

4not periodic; it consists of a continuous range of
. frequencies which can be described as being made up
. of simple harmonic contributions using the Fourier Series.
If one of these contributions has the cosine form
U = 0CSlnint and its period T,is Va » (See Fig. 6 ) .

then the covariance function for this contribution is

CiY) = (L) v (e + )

and if ¥ is taken as T;:

c"'(-n\ = at Csa22ﬁnTl

!
Dea
R
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Where a is the amplitude and n is the frequency.

Now the variance of the cosine form is also a"/z and
‘ e

“the variance of the whole range of frequencies must

be equal to the sum of the variances of the contributions :

2 . .t -
6(s) = Z ai o - (3.11)
: i:l ‘ 2

The power spectrum is, then, defined as the total
co'ntribution to the variance of all harmonic components
so. that '

o-o;-) fS(n)dn

o - (3.12)

A
ands (V\) is the spectrum of gust velocity at

frequency n.

C\)(V\) and S (V\) are Fourier Transform pairs?

S(“) 4/’“6}(":3&52——"1:&&. -(3;.13)

" B
C‘(?)_ - ‘Z‘S\‘(\“)m Zfiw't dw

- (3.14) .

It is necessary now to determine the spectrum in terms
which can be used for design purposes. This has been
done by various authors who have suggested an empirical

relation on the basis of experimental results..

Harris (7 ) suggests the following relationship ':

S0 = 4 w.g- A »+~z)%
7_ 14

« ’ = (3.15)

where 0 = '}1- and z is a length constant taken
Yo
as 1800 m.

21 0enen.
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Thus it should be noted that the gust spectrum is
defined in terms of surface roughness and the mean - -
; A _
hourly wind speed is 10 m/&S :><::

Using this equation and the Fourier Transform relationship,
it can be shown that the auto-correlation function (7 )

can be calculated by :

PV(%) :( )(i)l/s K,/s ({-) S - (3.16)
i o a
where 7 T =242 Ve T s r*(vs) 72 679 and K',a(t)

is a modified Bessel function of order 1/3.

The time scale, T, in the same way is given by :

- RTG/R P%)Z/V.o - 0684 2Ke

= (3.17)

where r‘(s/é) =. ."7—3

SPATIAL CORRELATIONS :

The terms auto-covariance and auto-correlation refer to the
time averaged properties of gusts at a single point (hence
the prefix, auto-) but, in structural problems, it is ‘
also mecessary to descrlbe the spatial as well as the '

time averaged properties of gusts.

To do this'rigorously requires a knowledge of the
relationship of each three velocity components at a pointl
2, , to the corresponding components at another point Jﬁi
It is thus necessary to use tensor notation for the
systematic treatment of these functions. However,
although. the derivation of some of these functionS'coeld
be given in general terms, this study is primarily
concerned with the along wind component. | Further,
the knowledge existing of the relationships between all

the other components is very slight and it is usual in terms
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of the empirical relationships derived from experiments
to deal . only with this single component.
e

. . . / .
Consider two points xi and X; , then the cross-covariance

function could be written as either :

c“ij (i, xi2)= Oc(xi;t) 9 (x5t ¥)

o €Ly = ST R+ )
~(3.18)

. 2
and A (°>- = a (o)

The normalised cross—covariance or cross—correlation is :

¢

PN = CY/AELSDHGld i

It can be seen that(’gJ('l')ls dimensionless, lies
between -1 and +1 and is a measure of the relation of
the gust velocities at ‘the two points lagging by a

time, ¥ . It is not, however, symmetrical i.e.
c".-,J (v) # €4 ()

9 :
DividingC.‘a’(t)into symmetrical and anti-symmetrical

parts :

A pan oy (a0 Wb, |

23/ 1.
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This leads directly to the cross spectrum :

8% (= ?gcwv - LQ‘gcw) NERTY

where Rﬂ(w)and&a(n)are defined by the symmetrical and
anti-symmetrical parts of the cross—covariance. The
complex quantity is introduced because the cross-covariance

is not a symmetrical function of ¥.

' Thus F\-\) (w) = 2 [(C Y '\“C ‘i >C°S 2'“"‘\7-4? ~(3.22)

.. ’ ® - - -
d Q‘i,j(u) = 2[(c‘fd -cj',;')cﬁs 2w tdt -(3.23)

Unlike the powef specfrum, the éross- Spectfum has no
easy physical interpretation and, therefore, is a -
much more difficult.concept to understand. It leads
to a very important quantity in spectral analysis :
_the_coherence,g§69which is defined as the

normalised cross-spectrum.

Thus g‘f;j () = 8§ @/\/5"&( DG ~(3.24)

Like the cross—spectruﬁ, it is also a complex quantity
and is used to describe the spectral loading on a
structure subjected to a random load. It can be
interpreted physically as the filtered (of frequency n)

. . t
cross-correlation between xi and %) for zero lag.

At the present time, most of the relationships for the
' cross-spectrum and coherence are derived on an empirical
“basis from wind tunnel tests and observation of the
behaviour of full scale structures on a great variety

of different sites. Harris-(7) has given a consistent
theoretical approach based on two assumptions about the
nature of turbulence in the planetary boundary layer.

These are :-
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(a) Taylor's Hypothesis :

Based on wind tunﬁel experiments on the turbulence )
generated by a grid of bars, Taylor suggésted that the
cross-covarignce between any components of turbulence
- at two points separated by a distance S1 in the
" downstream direction is equal to the cross-covariance
measured- at one point for a lag¥® given by ¥ = §1/¢
where V is the mean wind speed in the wind tunnel.

l.e.

C%(xloxlaxajxl"'sil% 1.3 b} t)

— (3.25)°
GC"-za"-:.,T*fs‘/V(xs))) ( - ‘

The implication is that the turbulence does not
change substantially over a short distance in the

downstream direction.

(b) Homogeneous Iédtropié Turbulence.
Hoﬁogeneogs-isotropic turbulence (H.I.T.) is a
theoretical coﬁcept representing the turbulence ..
developed in an infiniteﬁregion with no boundaries
and a uniform rate of geﬁeration of turbulent
energy per unit mass. It féllows that the
variances in all three component directions must

be equal.

i.e. G‘z(gs.)' = c-"-cérz) = dzC"aD

Clearly, at ground level this assumption is
wrong since the turbulence is highly anisotropic:
but it becomes progressively better with '

increasing height.

 This approach leads to highly complex mathematical
forms 1nvolv1ng Mod1f1ed Bessel functions of
fractional order. Moreover, it 15 doubtful
whether the H.I.T. assumption is not too drastic

to be universally applicable. For these reasons,

25.f e
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the theoretical derivation will not be given and
_the co-herence and cross—correlatjon functions used

in this study will all be of an empirical nature.

Coherence Functions.

Expressions derived by'various authors (4,7,17) for the
coherence function and the phase angle (introduced because

of the complex nature of the function) are given in ‘

Table 3. Almost all these expressions apply only to horizontal
or vertical lattice structﬁres. This is because; for

these structureé, the magnitude of ‘the turbulent

fluctuations caused by the structure is small compared>

with its size and, therefore, experimental results for

a free wind stream apply. However, both Davenport and

Vickefy have suggested that their results may be used

- for solid structures. Of Shiotani's results, the case

of anisotropic homogeneous turbulence is the more genmeral,
more applicable close to the ground and will be used in

this study.

But it should be noted that Shiotani's results were
measured in areas subjected to violent tropical storms
and are applicable to typhoon conditions. In these conditionms,

it was found that there is little difference between the-

lateral and vertical scales of turbulence some distance from

the ground and probably, the most accurate model is one of
anistropic turbulence at low heights with the isotropic
condition developing with increasing height. However, it is
possible that‘Davenport's results mayvbe mqfe applicable to
South African conditions and it should be emphasized that
all these empirical results apply primarily to extreme
conditions in the Northern Hemisphere and the applicability
to the more temporate regions of the Southerﬁ Hemisphere

has not yet been verified.
Thus, it is proposed to compare a modified Davenport

coherence function for bluff structures with those given

in Table 3.

26/ ceenicnnns
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This modified function uses the fact that the e

constant C for horizontal separations is twice that

for vertical segﬁ?ations and, hence, the proposed
¢

function is : : ) 7. Y
£ N i T o i e -~ N
’Lﬁ_ YES AT LD O W f2-TR T o T e
i r s

QL o (-Bn(rampts xh)'?)

K | Vo

where n is the frequency

. . p
x1 is the horizontal separation between xi and xj

x3 is the vertical separation between xi and xﬁ

~and  Vm is V (x3) + VI (x3)

A further pfoblem-concerns fhe height at wbich the mean
velocity may be assumed Fo act when poiﬁts.are séégfated
vertically. Davenport in his original formulation used
10 metres regardless of the actual height but it has
been found preferable to take a speed corresponding

to the mean height between the points.
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CHAPTER 4

~ WIND FORCES ON STRUCTURES IN TURBULENT4FLOW.. -

The problem of wind generated forces is complicated, by the
presence of a structure which itself modifies the flow in 1ts
vicinity. In broad terms, the difficulty is to express the
fluctuating forces on a body in turbulent flow in terms of the
power spectrum of fluctuating velocities. Such an expression is

known as a transfer function and called. the aerodynamic admittance.

Consideration will now be giﬁen to the formulation of these
functions in general terms and their application to different

types of structure. : N

4,1, Point Correlations.

" The drag force D(t) on a body in turbulent flow can

be represented by the equation :

DRI G el g

where p is the fluid density
1 is the representative_body dimension.

Cy is the drag co-efficient - .

and Cm is the inertial or virtual mass co-efficient.

el.Cu\ is known as the inertial mass since the inertial force,
Di(t), resulting from the additional accelerations in the

flow due to the presence of the body, equals f 13Cm O\V(’Q
: ax

If this expression is divided into.mean and fluctuating parts,

" such that :
v(t) = V + g,l

Then, if the fluctuating part of the drag force is F

= -2 _t = \ 2 - 3 |
then D * pe 5’2((\1 z-HYl +2VU"> I,C.D +g’l(_-h6‘) PL Cm -(4.2)
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But, for the fluctu'atingﬁ force only, v‘z, is small and

hence :
e

b (\? L"cb-*. 'f’LaM | s
:;S(;;;o::oTarlance function for the fluctuating load,
) = pIplt =

()ZVZL"CD m*(’zL Cra o%‘ﬂ*—?%*;;(t*?)

- rtv | 63%{6.(t)%t(§*t)+ m(*-*'t)e\d,“; (*7] |
—(4.4)

Since the process is stationary and the function symmetrical,

the third term is equal to zero and :-

ds () Au-,(tn)‘ é‘ (S@) G+ T))
‘*b' T ‘* T )

Z— -(4.4a)
so"that '
c"cr) 2|4 (\, Cn u'(,t)\S‘(t«’b} —~\Cw Z\Z_Sts; t)\r(tﬂ.‘))
-(4f5)

Using the Fourier Transform relationship :

: )
sfeo = 4f clvyes 21 n & A
' (. .

Then
s"m 41%»2 / (%} s 2uat
—_ \}C\M (Zﬂv\} CU('E)COS 21 w’t’) ch:

-(4.6)
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Therefore.:

Sf(u) SCD("‘) 4 cD ,SV(Q [\ 4 Chs ( o nL)J

/4(’21.4 V4

whereSTk)ls the power spectrum for the fluctuatlng

drag co-efficient CD.

Thus relationship between fluctuating drag and veloéiﬁy is
o act [i+ga(ma)]
a . Cjﬁ V -(4.8)

1, . .
wherexq is the aerodynamic admittance.

The term,&ﬁﬂ,.is referred to as the reduced frequency. It

can be seen that the drag and inertial mass co—efficients

are functions of both the reduced frequency and their position
on the structure. Hénce the expression for the aerodynamic
admittance must be modified to take into account sﬁatial

correlations of the fluctuating velocity.

Small wave 1ength'gusts have only a localised effect
and therefore are less well correlated than larger gusts.l
At some stage the wave size must become so small that it

no longer has a perceptible effect.

Fluctuating Drag Including Spatial Correlation.

In order to assess the effects of spatial correlatioh
of velocities or pressures over a structure, it is
necessary to break its surface up into a number of
infinitesimal sub-areas over which the correlation is

assumed to be total.

Thus, from equation (4.2), the f1uctuat1ng drag over

the whole surface becomes :

f@) - [((?chb+ BCML %g. ) AA
~(4.9)

31./......
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so that, féllowing the derivation as in equation
(4.4), the covariance of fluctuating dx;ag force may

be written:

: . 2 A. A - . ‘ L ’ '

+ Lkl C,,.cm'. 4_!5'(1:).& \:L(t-m.—) |

+ lh Conie \ILC,,L v (). A ck(tm-\

+ L CML Vk‘—‘ob. Uk(t+'t)5. U‘L(£ ] dAk d4,

(’ [/ Vk Vi G Oy Che ("".) |
L llz(.'t_ Cmvb.'cML- %;EZC{:L(?:) |

“lime Teo { -4, |

+ L Cu Y, Cp, d c“m(fc)]aahdnL

—(4.10)

dx
Ckl (V\) is the velocity cross-covariance function

between any two p01nts k and 1 on the structure,

The power spectrum, SP("\) can now be written by

using the Fourier transform relatlonshlp
Py = 4 / Cp(r) Cos 2Tm T d ™
® SH_CA) 4/ Ckl(’r_’)cbs 2rn Tt dT.
Thus *

%)~ | T T G S.L(n)" L oSl

- lkcm,l Vo, 2 i Sﬂ(n)nlcm Vi Gy 2. csm(n)
— (4.1)
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This expi'ession can be reduced by noting that the

power spectral density function must be real so that :
: ]

Pl = Sul Gl

where Pk(' ("\) is the co-coherence defined in equation

(3. 22)and¢k_L(V\> is the phase angle. ¢I¢L(") f_—av\’(QE:(V\))
(w)

Thus the normalized cross-spectrum:Rﬂ(\A) is given by :-

Paul) = RY, (a_) NSNS Cos ¢u(-)

and $-

C“) f //[ Vi VL (CDthL-\- ’égéu C\MEC.ML)
Rl STy ST 0y CoS%tzL(v?]dAh_dﬂh

-(4.13)
where !,k,‘,L are the reduced frequencies :

pATI™ lk and 2-17“ lt fespectively._
VR Vo

The validity of the assumptions which lead to Equation(4.13)

has been examined by Vickery and Davenport (18). The velocity
pressure relationship as given by equation (4.1) is

adequate for open lattice structures where the flow is not
substantially altered by the structure itself and the

magnitude of the velocity disturbances is sﬁall compared

with the structure size. In the case of large bluff structures,
however, the validity of the relationship is more dubious

since the disturbed velocity field bears little relation to

the undisturbed one.

33./.....
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This is largely because the veiocity field is no longer
substantially made up of the along-wind componeﬁt. As
other velocity components become more s1gn1f1cant the
aerodynamic co-efficients C and CM no longer hold and 1t
becomes necessary to deflne_the spectra in terms of more

general aerodynamic admittance functions.

For lack of experimental data concerning these functions,
it is generally assumed (10) that the‘assumptions qf

equation (4.1) are valid even for bluff buildings.

It should be mentloned here that most researchers also assume
that the pressure fluctuatlons on the windward face and the
suction fluctuations on the leeward face are practically
uncorrelated (iO) and that the total load can be
satisfactorily assumed to be-the total mean pressure (both
pressure and ‘suction) together with the fluctuating pressure

on the windward face only.

Recent work by Simiu (11), however, shows that this may lead
to significant errors in the'prediction of the maximum
fesponse and suggests a method to include fluctuations in the

suction on the leeward face.

" The formulation given above for the power spectrum of
fluctuating drag ié based on the work of Solnes and
Sigbj8rnson (10) which inéludes the inertial mass in the
formulation. Although Davenport (3) gives some experimental
values for the inertial mass co-efficient, Cy, applied to

a flat plate in turbulent flow, they are not generally
applicable and, for design purposes, inertial mass is

ignored for lack of experimental back-up.

Parametric_studies of wind loading using random simulation
techniques (19) have shown that neglecting higher order
terms (as in Eqn. 4.3) and non-linear and variable damping
terms results in both the fluctuating forces and response

tending to be non-Gaussian in their nature.
The error in neglecting these-higher order terms could be
much as 107 of the respomse. "Also, terms involving

CM are dependent on the nature and size of the structure, and

errors of 157 are possible if these terms are neglected.

34./......
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CHAPTER 5

THE CALCULATION OF STRUCTURAL RESPONSE.

The'fluétuatihg pfessures resulting from the turbulent wind
velocity produce certain structural responses. The relative
importance of these rgSponées will depend on the design criteria
applied. For instance, in a tall building where occupier comfort
is a major consideration, the accelerations at each floor lével
are likely to be a limiting factor in the design - whereas, a

microwave tower will certainly have a maximum allowable displacement.

In this study, since modal analysis is used, the variance of the
displacement for each mode is calculated and from this, the |
variance of the reduired response can be formed, A

The structure is assuméd to have reached a steady-state of vibration -
~and the response is linear. Further, although it is likely that

in these conditions a low cycle fatigue or cumulative piastic

‘damage would lead to failure, little is knowh about these effects

_ in relation to non—deterministic analysis and, therefore, the

- so-called "first paséage approach" is used whereby failure is

deemed to have taken place when a given stress or response leQel

is exceeded.

5.1. Modal Analysis.

In the calculation of the response spectrum,'modal
analysis is a natural choice. The resolution of response
into natural modes of free vibration allows the contribution of

each to the total response to be treated separately.

When a structure is vibrating in a single mode, the

displacement at any point can be written :

q(e,%) = Q1) pj(=) | — (s

35./..;...



-~ 35 -

. . ‘ ¢
wherer&)ie called the generalised displacement for the

Vjth mode and)f(i)is the ordinate of the modal function.
Qj(t) defines the amount of}ﬁ(() present in the exc1tat1on

and the acceleration at any point is

. (3 . '
d - \ A@c — - z‘ ‘ y )
fél‘ }A‘l a'tz - LQJ P\)Q"\ . _(5 2)
‘and the inertial force p(t) required to excite this

‘acceleration is

p (t) = m(x)}AJ k’) Q ' -(5.3)
where m(x) is the mass per un1t length and w,, the circular
frequency.

Because of the orthogonality of ratural modes whereby it

is possible to write: :

el
lw(?)fL(l)Fd(x)At =0 f« c.)fd
the generalised force Pj(t) can‘be'written :
. L ' ' :
Pj(t) =/_I>(=c§t) }A\',(‘x-) dac
so that

]> Lt) - J/"M~(1f) }*J (x) CQJ

and the generalised stiffness Kj is given by

ko= T, = Q"‘/m(a ?('x) de = -(5.4)
17 gy = B [ e fytm dx

Hence by making the necessary transformation to
generalised co-ordinates, the modal contribution to the

response can be calculated from the eguation :
2 : '
Mjdq + A& + Qi - P
— & z
o ro VT “Q* d ~(5.5)

* Note Mj(x) refers here to the normalised values obtained
by scaling all the ordinates such that the maximum value
is unity. '
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and the steady state response to a - sinusoidal excitation

of frequency n and amplitude Pj can be shown to Pe :

Q - T ! e
Ky o V) + ("‘_‘:\) | ,
where & is the logarithmic decrement (assuming damping

is small) and nj is the modal frequency.

From this, the spectral response can be shown to be :

SR - scu) | | -
{@—x/ t) ( )] -(5.7) "

and the mechanical admittance X, J(v)ls defined by
l

T oy Eay]

'
—
'!-

‘ 2
Hence, -

o 2
;%) = Sj6) Xuwj()

-(5.8)

so that the spectrum of structural résponse for

each mode can be found by considering each frequency

in turn over the full range. Then, by definition, the
variance of the response-is the area under the spectral

response curve :

Sar - [ 4o
. VYO

-(5.10)
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: Finally,lassuming there is no coupling bétween modes

the standard deviation of the response can be ca1cu1%§ed

by summing the variances for each mode considered :-

T = = 51 |
g '\/6‘,+6‘{+0‘a+--+3'm - =(5.11)

The spectral response curve for each mode has a very
pronounced resonant peak correspondlng to the appropriate
natural frequency.(See fig.8 ) under which most of the
‘area is concentrated. In pract{ce, it is only the
spectral peaks of the firét three or so modes which
contribute and the inaccuracy involved in ignoring all

__but the fundamental mode is small,

Finally, given the modal displacements at any point in
the structure, ‘the stresses induced can be found by using
the appropriate modal influence functions. For example,
the modal influence function for shear force at a section

x from the base of a line structure of height,i{,is t

g; = Wi [ e RIS

and the corresponding moment influence function :

B = ] [ mo peo = de

The Modal Response Spectrum.

Equation 4.13 can now be used to write the expression for

the spectral response for each mode.

S(’».) e / f (Vv BeBL /-(‘)(IQ}AJ(L) Qh\.(\'\)S(“)CosqSh{]dl;Adu

- (5.12)

(Considering, now, a vertical line.structure and integrating CJ
over the height). : . »

38./.0uun.
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Bk and Bl are factors wh1ch contain the varlatlon of breadth and

the pressure coef_f1c1ents C and C over the structure.

Note that the expression also contains thﬁ mode shape ) ><

ordinates at kiand 1, FJ(‘!> and}k')(L) Th{a results from _
the orthogona]/.'ty property ‘which allows the-force spectrum = -
. for the Jth mode to be expressed/,?erms of the mode shape. 7 ?

Also, it is assumed that the velocity spectrum is

invariant with helght, i.e.

Su(w) f_'\'/S\LQ\)Su"S - ’—(5.'13)

Now, it is convenient to define new non-dimensional

- parameters Kh and. XL such that 2

Yo = Ve B A=)
Vo Bo

— R
where \[o and Bo are taken at any convenient reference

point (in this study, always the 10 m reference height).

For vertical structures, a further term must be added to
equation 5.8 to account for the var1at10n of the mean

. velocity with height.

Thus :., "

3(“) E Vo ©n \‘(‘3 /[Xh Su mem(»] ity 3_{‘*5

,‘lﬂb)

-(5.14)

'Now if the mean wind load ?J 1s defined by :
o Bola v(.@/ Ye Ve  dH
Vi) |
-(5.15)
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then :

e

Sj(n = 4 B}’ \T:,’ Jr}(_ro S:(nz | ~(5.16)
. . i

where | ' 2
—? ' -
: J - - =(5.17).

a; * T |
‘ '[. yh vh/V(la} du

and

. A - "
Jpt / / [radi Ria(dtosputddty, —(5.18)

Jaf and Jqf(n) are Falled the ﬁodél admittances and Ja%
expresses primarily the variation of the mean speed with
heighf and Jgf(rg expresses the correlation of the gust
effects over the structure. Further explanation of

the modal admittance terms is neéessary for the

complete understanding of the method.

‘Modal Admittances.

Consider the vertical line structure shown in

Figure 9.

It can readily be seen that the mean wind load for each
mode on the structure can be found by summing the

contributions at each level :

e : .
— - - - -
Tye Lot S BV = Lo O Bolo g2 YeBe Vu

. L 1O | . \‘OBQ V(ao)
‘Where B now contains the breadth and the pressure

co-efficients CD and C,, and 8H is the height interval.

M
Since the variation with height is a continuous- function,

then

Y
% = _:lZ(:"'{.o r\(-(.o)gc / Xh \{-__IQ~ .- dit
: © Vi)
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The admittance function Jb(u) expresses the sum, over
all the elements of the structure, of the" effect, of
the wind velocity contributions made to the spectral

load for the_freQuency n -

Bny
v

v.)szthb’c

k=1 L=

(using Davenport's coherence function).

Considering Figure 9 again, if, for example, we assumed a
frequency of 1 HZ, we would have the sum of the terms

in a matrix of the form :-

' v ~-e® | -"Bvﬂé“ ' “8x'25“ ——&7‘55{*
yf?“)t X\YIC v. + XX € _V +X\K.$e- T~ +XK4.6 V v e

: . _sxo : —UrZSH
+XZ X,e -_V— + (zlz N 4= 9.6/3 V -+, ..

_B x4 _ealu L_ ,
'l-x XCB—\I——'-I- Xbxzé +K3‘635- ce

-2 Su

X x» fo .
‘_3 X -—&ﬁ45*+_ .
_BxSS“

+Z$X£-

Computations are facilitated by noting that, in such a
matrix, the diagonal, and lines parallel to it, have

equal seperation distance ¥), so that the matrix becomes :

R
B R . \ - : - - .
_° — e~ j_____o..e__,x, e~ @ - e \'(= 160 m
o ®. cnz;7 o cope] O ez>aé- o e b c>«s=zy4 ‘e Bow
o 0 ove] '0‘645 0'052- 0.0%“; 0-032._\; .
T : = . q~Y. T 60w
o oo 9082 0218 o24¢,-<>~1?9- :
—— R mm— P - s - B PN =Y ; Y :
o R i1 !O°¢>46 0246 l 077 ]O ?SS . ZZ‘M
T It - Y Y' - "V
&  |p.ecod 07032 | 0-172 | 015§ LZ 62 ‘
t A
L Y20 u/s
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Since this function is also continuous, it clearly

. : . . .8
results in a volume integral of the kind shown in

figure 10.

~-8%0
Yb(,f_
FIGURE 10
_ Some authors treat the problem simply by the discrete -
formulation indicated in Equation 5.?,However, particularly j:><z

at high frequencies, the '"cusping" associated with the

v
central spine (kR=¢ and RLJ(*):i) becomes very acute and
it is recommended (20) that a curve fitting approach such as

Simpson's Rule is used for the integral.

42.)0eunn.
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Bluff structures can be handled in a similar manner
by dividing them up into vertical strips corresponding

approximately in width to the verticél divisions as in

Figure 11..
¢ ]
| i
< | | .
| | l
4 L
~ o Ll
Lol o p
B ~ -
W -
| |
S T 7
VS | ‘
_FIGURE lf

Ndrmally, the natural ffequency analysis for such a
building would have been done on the basis of a simpie
line-like form and no torsion modes would have been
considered. In this case, each vertical strip has

the same modal ordinates and can be treated in the.same
way as the line structure, only cross—correlation between
. strips must be considered. Thus a symmetrical admittance

matrix of the following form can be set up :

43S
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Stip  Smp Shrp

no| 12 1z | Swpt

1 22 23 | Swip 2

31 | 32 33 | Swip 3

Where 11,22, 33 are line correlations and 12, 23, 13

etc. express the cross-correlation between strips.

Calculation of Maximum Probable Response.

’

One of the major advantages of the statistical approach
"to wind loading is that it provides the designer with
a means of assessing the risks of failure during the

life of the structure.
In order to do this, it is necessary to know the
distribution of peak values occurring within a given

time.

Davenport has suggested that for the stationary random

variable x during an averaging time of T (see ref. 5) :

x peak = e [" + 3(9T> O:%;)] "(5.'1.9)

where 3(\""') '5-_\-——’1 Q;—‘S—J—BT | —(5.20)
oje' .

and i % 21
/ tSwW) dn

50 / S%(w) dw | -(5.21

The averaging time T is usually taken as one hour.

A
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Thus the most likely maximum response in a given

averaging time is, therefore :. S N

."_Q““’"‘_"' E’p[t +.Sa-_§g>] | o

Hence, the gust factor, GF, is :

GFa 1+ 9 SX)
. S o . GQ ' 77(5'23)

Note that this formulation for the maximum expected
response assumes that tlis response is normal or
Gaussién, It has been shown (19) that this is,

in fact, not the case because of neglecting higher

order and non-linear terms.’
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€HAPTER 6

THE APPLICATION OF THE STATISTICAL APPROACH.

In order to illustrate the use of the method and afford some
comparison with conventional design, the effects of varﬁing

the required parameters will be examined for a bluff building;

At the same time, there are a number of parameters such as the
surface roughness co-efficient and the damping for which accurate
 assessment cannot be made. A knowledge of the sensitivity of

the response to variations of these parametérs is, therefore,
essential if the statistical approach is to be used with confidence.
There are two solution techniques which are usually used. One is
a static approach with the addition of dynamic effects close to
‘the resonant frequency - the so-called "narrow-band" response,
The other is the'dynamic or frequency approach which uses modal
analysis to evaluate thé spectral response for the range of
exciting frequencies, In this study, only the dynamic approach

is used,

In much of the following, the gust response factor will be used

as an indication of the sensitivity the structure to the fluctuating -
~effects. In this céntext, the guét factor is taken to be the ratio

of the extreme response to the mean response for the first modal '
displacément only. It will be shown that for many common applications
this is a satisfactory assumption and one that is commonly made

in simplified approaches.

6.1. -‘NOTES ON COMPUTATIONAL METHODS :

A suite of computer programmes under the general title of
DYNWIND has been written for the solution of -a range of

wind loading problems by the statistical approach.

It is not the purpose of this study to emphasize the
computational aspect. The programming is straight
forward aﬁd there are no doubt more efficient solution
techniques. The writer makes no claims for exclusivity.
in this respect. For this reason, oﬁly a summary of the
general aspects and a short resumé of each programme will

be given.
46,/ uven.



- 46 -

6;1{1. Input : All the programmes require terrain and wind
Speed profile data,'étruc;ﬁfai data and the mode shapes.

Detailed input requirements are given in Appendix .B.

6.1.2, Oﬁtput: Each programme prints the veiocity, force and-
response spectra, together with the admittance function,
for each mode. Thevmeaniand standard deviation of
the modal displacement are.then given, followed by

the gust factor for that mode., » : R

C6.1.3. Basic.Programme :

The programme first éompﬁtes'_the parameters that are .
.not frequéncy dependent and then compute§ the spectral
force contribution for a frequency range of 0.00001

to 10 HZ (i.e; a range of gusts having period of
between 10000 and 0.1 seconds) from the relation
(Eqﬁ.S.l6): .

si) = 4 Fj 2 3a® Jptm) §'(n)
| v(fo)
2 2
sV (n) and Vho)are known and 4 PJ Ja” is constant
for each frequency, 1eav1ng Jp (n) wh1ch is found as

~ described in section 5.3.
Then,‘SQ(n) is calcﬁlated from (th; 58)
sQm) = sifm) ¥°mj

The necessary integrations are done using Simpsons's
Rule with the exception of the integration of the response-
spectrum where the trapezoidal rule is used since the
frequency increments were sufficiently small. |

Note that in all the f1gures the admittance functlon,

Jp(n), has been normalized by d1v1d1ng by [/ Yhdn']

A listing of each programme is given in Appendlx c.

47./cevnn.
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DYNWIND/BUILDING allows the gu#t factor and modal
spectral responsé for & recténgular bluff étrugture'to
be found. Any one of four different cohérence functions
may be chosen and the surface roughness co-efficient

and the damping mhy be varied between prescribed limits.
Only the overall dimensions and the number of vertical and
horizontal divisions need be inmput. vIt is assumed that
the mode shape has a strip form that only a small

alteration would be required to include torsion modes

'és well.

DYNWIND/LATTICE allows the response of wind sensitive
vertical lattice structures to be found. No horizontal
correlation effects are considered although the choice
of coherence functions remains.

DYNWIND/TOWER computes the response of transmission

line towers. Hofizontal correlation effects of the wind

on the transmission wires are considered.

SUMMARY QOF ASSUMPTIOQNS :

The following is a summary of the assumptions made for

the purposes of the programme :

(a) The basis of the method is that the fluctuations in

wind speed are a stationary random process.

(b) The wind velocity spectrum used_isnafter

Harris (7) as given in equation 3.15.

(c) - The response is linear and a steady state has

been attained,
(d) There is no coupling between modes.
(e) Shiotani's coherence function for anisotropic

homogeneous turbulence has been used because it

has the most general abplicability.

8./ iunen
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THE EFFECT OF VARYING THE STRUCTURE SIZE :

Varying the structure gize for a particular turbulent
régime while hdlding all the other parameters constant
illustrates the effect of the correlations on the gust

factor.

A bluff building is considered with a height that varies
from 25 m to 100 m and a breadth of between 10 m and

35 m. (The fundamental mode only is considered for the
pufposes'of these comparisons). It can be seen from figuré
127 . that the effect oh.the gust factor 1is considerablé

and that it is greater for narrow structures than for

rbroad-structures - for the 10 m width the reduction in

the gust factor is 337 and for the 35 m width only 28%.

Intuitively, it is easy to see that 19ng period gusts
(say, 1000 secoﬁdé)éwill envelop the whole structure
and that the effect of very shortiperiod gusts will be
negligible because of their size in relation to the
structure. This approach enables this effect to be -

quantified.

From Eqn. 5 .16 it is seen that the admittance, Jpz(n),

. amounts to a frequency dependent factor which relates the

spectral values of velocity and force. This factor varies
according to the size of the structure. A decrease in

size, increases the range over which the admittance

factor is significant, that is to say -~ it is totally

‘or partially correlated for a'greater range of gust

frequencies.

As can be seen from fig. 13 a large part of the area
of the response spectrum (and, therefore, the variance)

is concentrated close to the reséonant peak.

Hence, if the gusts are significantly correlated at

resonance, the result is the variance and, consequently,

the gust factor is increased.

'49./.....;
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For example, referring to fig.16 , a 25 m high by

10 m wide concrete tower subjected tobgusts with a -
period of 100 5éconds (n = 10-2) has an admittadce -
factor of 0.95 whereas, at the resonant freqﬁency
Jp_(n.o)2 is 0.34 which is still significant for the
spectral peak. Thus, for this structure the gust

factor is 3.6 compared with 2.4 for a 110 m height.

(See figs., 14-16 for the variation of admittance with size.)

In practice, however, a 25 m high building would have

a considerably higher fundamental frequency which will

reduce this effect. This can be seen from the dotted

line on figure 12 which represents the effect of
simul taneously varying the fundamental frequency and

the height.

NATURAL FREQUENCY, MODE SHAPE AND DAMPING :

The dynamic characteristics of the structure effect
the response and arn important feature of the statistical
approach is that it allows these effects to be taken

into account. -

There are many ways of finding the natural frequenéies '
and mode shapes of structures (1,4, 8). Buildings, however,
tend to be more rigid than calculated because of the '
bracing effect of partitions and other redundants which

are usually ignored. A study by Ward (31) of an eleven
storey office building in Ottawa has shown that it is
difficult tb calculéte the natural frequencies exactly

and that the fundamental mode shape is close to a

straight line about both the long and the short axes
regardless of the presence of bracing shear walls. This
would tend to show that bending effects do not predominate
to the extent usually assumed in this-type of structure and
the assumption of a linear fundamental mode is the most
reasonable regardless of the calculated shape. The

values used for this study are taken from those calculated
for a twenty-three storey concrete cored tower block
(Reference 7) and as can be seén from figure 17 the bending
effect predominates. However, the effect of using.a linear

mode shape instead has been investigated and the results are

given in Table 4.
ﬁf\ 7
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It can be seen that the effect on the gust factor

is neglible.
)

TABLIE & .

EFFECT OF STRAIGHT LINE MODE APPROXIMATION (B = 35m)‘

Building Height (m) ~ - Gust Factor Gust Factor
(Bending Mode) (Straight line Mode)
25 - 2.998 = 3.005
50 . 2.506 2,504
75 ' 2,279 2.275
100 | 2,141 2.136

Figure 18 shows the variation of the gust factor with
fundamental frequency and that the gust factor is
constant over a substaqtial range of the fundamental
frequencies considered. This implies that so long as
the gusts are sufficiently uncorrelated close to the
resonant frequency, then dynamic magnification will be
negligible.The interesting thing is that the structure
has to be very flexible indeed before these effects

become significant.

For.most design applications it is necessary to consider
'fhe effect of higher modes.' This depends on the type of
-structure but for the cantilever building considered with
natural frequencies generall& in the fange 1:6:17:34
(chéracteristic of uniform cantilevers) and 1:3:5:7
"(shear frames) -~ the effect of the second and higher
modes can be ignored. The form of the second mode

admittance function is given in fig. 19.

The effect on the guét factor can be found‘from -

51e/eenee.
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Ist Mode : q, = 0.023m o =0.007m
. ] | o | -
2nd Mode : Q2 = 0.0003 m d} = 0,000 m
and G f = q, + 5 + \/ 2,52
v .F. {- Q2> ot g x yo +o,
thus ‘G.F. = 0.0227 + 3,75 x 0.00701
GOF. =

2.162 c.f. 2.141 (Ist Mode only)

Thus the increase in the gust factof'resulting from

considering the second mode in this case is less than 1%.

Damfing is another important consideration which cannot
be assessed with any degree of accuracy. The following
figures for the mechanical damping percentage critical
damping in different types of structure are suggested

by Davenport (6) :

Concrete structures . 172 - 27

- Steel structures O.SZ- 1%

This mechanical damping is not only a function of the
‘'material used but will also depend on the type of
' conmstruction, intensity of excitation, joint rigidity

and the foundatioms.

At the same time,‘there is a degree of aerodjnamic'damping
which will take place as a result of dissipation of energy
through the induced force fluctuations in the airflow.

An estimate of this effect has been made by Davenport- (4)

but this has not been fully substantiated experimentally (7d).

Figure 19shows the variation of the gust factor with
increasing critical damping ratios. It can be seen that
the estimation of damping ratios becomes critical

for tall flexible structures, but for normal buildings

the effect is slight.

52./ceeenn
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THE STRUCTURE OF THE WIND WITH REFERENCE TO,SITES IN SOUTH AFRICA :

"The wind structure for a given location depends on the mean

wind speed and the sdrface“rbughness co-efficient.

Both these parameters are interrelated since the degree
of roughness effects the mean speed at ground .level. -
Thus, it may be unrealistic to take a mean wind speed
as applying to a particular area regardless of the

terrain.

Unfortunately, although it may be possible to make an
estimate of the roughness of the terrain for a particular-:
~site, it is usually difficult to assess:cwith accuracy

its effect on the mean wind -speed.

Since the wind speeds relating to a particular city in
South Africa are normally measured at airports which
tend to be in open flat terrain, the mean wind speeds
recorded are usuali& higher than those in the built-up

areas and the gust speeds will be lower.

The reverse is, however, true for Cape Town where,
in the city centre, the funnelling and streamlining
effects associated with the Table Mountain result in

high mean speeds and intense gusting.

Fig. 21 shows an anomometer trace taken in Table Bay
Harbour on the 18th November 1973, It can be seen that,
for that record,the mean hourly wind speed was 23 metres
per second and the extreme gust speed was 35 metres per
second. This is the maximum mean hourly wind speed fér,
that year and, from similar records, the 1974 maximum was

‘22 metres per second.

Unfortunately, prior to 1973, only maximum gust speeds
were recorded by the South African Railways and Harbours
and the anemometer traces are now unobtainable. It is
difficult to draw any definite conclusions from just two
- statistics but calculating the return period as outlined

in chapter 1 for each value from :

vt ,/"‘Ft
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Then, using these poihts, an extrapolated line has

- been added to figqre‘Z showing the increased mean speeds
"in the harbour. This line is assumed to have the same
slope as the line for the mean wind'speed at D.F. Malan
Airport whith seems a reasqnablé assumption to make
‘'since the strﬁcture.of the wind ié not .likely to have
changed much in the ten kilometres of so Between each
location, From figure 2 the mean hourly wind and

| gust speeds for Table Bay Harbour can be read off as

27 and 41 metres per second respectively compared with

20,1 and 33vmetres'per second at D.F. Malan Airport.

It is interesting to note that the direction of the
maximum mean hourly wind at the Harbour was consistently
South East and, at D,F. Malan Airport, this was the

case on only two occasions in fourteen years.

Where.data,is available, it i§ possible to estimate

the relation between the two parameters from the difference
between the maximum gust speed and the mean speed but

- this again depends on assumptions concerning the nature

of the turbulence.

If the maximum two second gust speed and the mean hourly
wind speed are known for a part1cu1ar s1te, then the
standard deviation of the wind velocity fluctuatlons may

be calculated from :

VZs(lO). B -‘7(10) + 3'33‘7. (Eqn. 3.5)

Although Equation 3.5 strictly only refers to an open
country site (%t =0.1b), it seems reasonable to assume that
the overall level of probability of occurence should not
vary from site to site'since this would lead to an

inconsistent approach.

LY/
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Therefore, Equatlon 3 5 is assumed to relate to all sites
regardless of the wind regime. Th1s ass&ﬁptlon gives

figures for the intensity of turbulence at vari;us sites in
South Africa which correspond roughly to those given in

' Table 2 for’ Davenport's terrain roughness go—efficienrs;
(Port Elizabeth is the only centre that falls into no specific

category see Table 5.)

From equation 3.3, an estimate of the terrain roughness

can now be made : .
. Ov = 2.58 k¥ ¥ (0)

The figures.ianable 5 are based on wind speed data

from various centres given in H.I. May's study :-

"Some wind speed data for estimating wind loads on
‘'structures in South Afrlca" (9). It should be noted -
' that all but one of those on the coast have a surface
roughness co—eff1c1ent corresponding to open grassland
“which pornts to influence of the sea on the wind
structurelln coastal areas.

The figures for the inland centres also show a

remarkable degree of uniformity of terrain.

‘The significant‘fact-abopt Table 5 is that in ﬁe way

can the standard deviations of the turbulent fluctuations
be taken as independent of terrain roughness at the véribus.
sites., This runs directly cbntraétictoryAto the findipgs
of Davenport and Harris (7) for sites in the Northern

- Hemisphere,

Predictably, as can be seen from Figure 22, the

gust factor increases with the terrain roughness and
this increase is most marked in the category applying
to woodland, suburbs and small towns. It is this
category that is most widely applicable in this country

since the city centre areas are relatively small.

55/ e
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COMPARISON WITH C.P. 3 CHAP vV : (1970) :

In the conventlonal methods as set out in C.P.23:
Chap. V : 1970 (2) and the Standard Bulldlng Regualtions (21)

the calculatlon of wind pressures is'based on the maximum -

two second gust speed likely to be exceeded once in a glven

return period. Whereas, in the statistical approach, the_

maximum mean wind is used with a constant gust increment.

Apart from the essential differences between the two
approaches referred to in thevintroduction, there is an
inherent unreliability in using gust speeds. Wind '
recording instruments have become more sensitive”

in recent years wh1ch has resulted in records belng .
broken. At the same t1me inertial effects

cause the instrument to "overshoot" and, whereas both these
effects tend to cancel out as‘far as mean speeds are

concerned, they lead to cumulative positive errors in

'gust measurements. -Mean wind speeds are, therefore,

a more consistent measure on which to base design.
Based on the works. of Deacon (22) in Australia, it has been
found that the gust speed does not vary with height to

the same exponent as the mean wind speed.

Deacon found that the power law exponent was 0.16 for

Athe'mean hourly wind speed and 0.085 for the average

maximum gust. It is possible to compare the two approaches -
u51ng Deacon s power law 1nd1ces for the variation of the
respectlve speeds with he1ght and the use of a constant

gust,lncrement.for,the mean speed.only.

T

Thus, the two second gust speed may be expressed as :
A .
0088 ~—
st (:‘33 % V(lo) xle
(assuming Harrls s ratio of 1. 6 for VQS//Y((é))

or, using Equation 3.5 a :

\‘325 = .V(w)'[(m}fo)wb-\- O'Q:_]
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The two‘approaches have been blotted in fig. 23 and the
constant gust increment resulfs in velocities which are
~about 57 greater than the poﬁer index'variation of
0.085.

Fig. 24 shows the vafiation with height of both the
mean wind speed using . Davenport's power law indices and
the gust wind speed variation based on the indices given

by the code for various different terrains (see Table 1).

The Code, C.P. 3 : Chap. V : , also allows the profile to
 begin at the average roof height which reduces the

maximum gust speed slightly.

This, however, has not been done for the mean wind

variation with height in this study.

At this stage, in order to look at the differences
‘in response between the statistical approach and the
conventional ﬁethod, a quasi-static gust factor is
defined equal to the ratio of the maximum response

(based on the gust speed) to the mean respomnse.

Now, for a uniform rectangular building, -the moment

at the base can be written : . '
, ' : l ‘
_ 2 2 ‘ QO(A '
. .4
M = 0ci3Bey VW H (71_5 (gc'_»
: ‘ . _ °

. 2 4
= 0613 By N W
B 2(;4—0(} |

where B is the breadth

CD.is the drag co-efficient

vy is the velocity at top of the building
H is the height

and o 1is the power law index.
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Taking, as before, the 23 storey office building with

‘the following pafaﬁéﬁéfs s , e
H f 110 m, B = 35 m, CD = 1.4 . No = 0.42 Hz
and values for the wind structure from table .

Then, if, for C.P. 3, Chap; V, Table 3 the terrain
around D.F. Malan Airpbrt is taken as category 2, at’
Jan Smuts Airport taken as category 3 and both are

Class C structures, the response can be compared as

N.M. .

follows :- ' -
D.F. Malan Airport Jan Smuts Airport

Velocity Gust ' 1.64 2.21
factor

= ' 8. ' 8
Mean Moment, M , 1.4 x 107 N.M, 2,05 x 10

A
Max. Moment, M ' 8 : 8
(2s gust value) - 2.25'x 100 N.M., 3.66 x 10° N.M,
Quasi—étatic A
Gust Factor, M _

M 1.6l | 1.78
Statistical Gust Response :
Factor : : '
(see fig. 22 ) . 1.84 2.32
Davenport's Gust Response
Factor ) ' ,
(see reference 6 ) 1.96 - - 2.44

The following observations can be made about this

comparison @

(i) " The quasi-static gust factor is significantly
less than the statistical. This means that for
a "once in fifty year" probability the maximum
wind moment would be underestimated by between

23 and 25 percent using C.P. 3 Chap. V.

(ii) The quasi-static gust factor is approximately the
same for both sites despite the difference in the

velocity gust factors. Clearly, this is unrealistic.



- 58 -

(iii) A small error in estimating the maximum gust
speed results 1n a large difference in the moment.
For example, assuiming a- gust speed of 45 m/s-
instead of 43 m/s increases the maximum momenfv

by 20Z and the quasi-static gust factor to 1.9.

(iv) It can be seen from fig. 22 that taking the
terrain roughness as 0.025 instead of 0.02 at
Jan Smuts, results in increasing the statistical

gust factor te 2.47.

This would be equivalent to assuming :-

oy = LsBxoe2s2x194 ¢ 19 w/s
or

st l94 ¥ 33%73 4‘3-?&/5

(v) Davenport's simplified gust factors have been
calculated for comparison from Tables 4-8 in
Reference 6. The discrepancy between the two
figures results from using different coherence

functions as can be seen in fig. 25.

It is to be expected (given the results in Table 4)
that Davénportfs method, which is based on a straight
line mode shape for the fundamental mode, would
yield closely similar results. However, the
correspondence can not be extended beyond the case

of simple cantilever type structures. Davenport'é
method can, therefore, be used for this type of

structure only and is not applicable where :

(a) The shape or the stiffness of the structure

alters with height.

(b) The mode shape differs significantly from

a straight line.
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(c) Several modes contributé to the regponse, - B ‘

Finally, comparing the intensities of turbulence

with intensities of response for the two sites. :

D.F. Malan - Jan Smuts
Intensity of Turbulence
V21 . 0.19 0.37
Mean Response, 61 |
(Mode 1) - A , . 0.0l4m - 0.023 m
Standard deviation
of response : : ~0.0031 m 0.0081 m
Intensity of response 0,22 0.35
- Max. Response, Qmax " 0.025m 0.054 m

It can be seen that the maximum response figures for
identical buildings on the. two sites with similar mean
wind speeds differ by a factor of two purely as a result

of the nature of the surrounding terrain,

These figures differ by roughly the same proportion as
the intensities of turbulence which correspond approximately

to the response intensities.

THE COHERENCE FUNCTIONS :

The effect of using the different coherence functions given in Table 3

for a 110m office building and a 220m concrete chimney shield

has been investigated. The details of each are as follows :

110 m Office Building

H = 110m, B = 35m

V(10) = 20.1 m/s, K = 0.015, <= 0.28
Damping : 27 critical.

60.,.-..-0
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220 m Chimney Shield:

H = 220m, B = 10m | e

V(10) = 20.1m/s, K = 0.015, o = 0.28

Damping : 2Z critical.

It can be seen that significant differences can result
from the choice of the coherence function and the

effect on the response is given in Table 6.

Using Davenport's coherence function which does not
include a phase relationship results in a 8.5 and 16%
respectively overestimation of the gust factor, for
the two structures. (Assuming Shiotani's results

to be more applicable) There is good agreémeht,
however, between Shiotani's value for anisotropic

turbulence and Vickery's value.

The normalized admittance functions have been plotted
for comparison in Fig. 25 (Office Building only). It
may be seen that Vickery's coherence function becomes
asymtotic to 0,882 insééad of 1.00 for decreasing
frequency. This is strénge because it implies that
correlation is not total, no matter how long the
period of the gusts. Experiments on flat .
plates carried out by Bearman (7) confirm that the

function must be asymtotic to 1.00.
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" TABLE 6

COMPARISON OF COHERENCE FUNCTIONS.

110 m High OffiCe'Building

Shiotani
Anisotropic Isotropic
Standard Deviation .00704 ~ 0.00752
Extreme Distribution L )
Factor, g 3.751 _ 3.795

Gust Response o
Factor j 2.14] - 2.233
(1st Mode only) '

. Chimney Shield

Standard Deviation .0139 0.0150

Extreme Distribution : :
Factor, g 3.714 3.722

Gust Response
Factor _ 2.205 2,299
(1st Mode only)

4

Davenport Vickery
0.00802 .00707
3.818 3.765
2.325 2.150°
0.0179 0.0142
3.737 3.719
2.556 2.226
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CHAPTER 7

: o _ : )
. SOME- EXAMPLES OF THE STATISTICAL APPROACH

The application of the statistical approach to wind loading has
_been illustrated using large bluff buildings whose size in relation

to the gusts is an important consideration.

They repreaent one end of the scale. At the other end, there
are structures, inherently wind sensitive, but small enough“to be

‘excited by a much larger range of gusts.

The results of the,analyaes of”three such structures are given

in this chapter. Although very different, they have remarkably .

similar mode shapes and dynamic characteristics.

All are steel structures as opposed to the concrete of the
previous chapter and the natural frequency analyses (detalls of

" which will not be glven) were undertaken u51ng the standard lumped

mass approxlmatlons.v They,come from the writer's experience,

were designed using static ioadings, have been built and, in

the absence of any reports to the contrary, are assumed to be

functioning satlsfactorlly.

For the purposes, of comparison, the mean moments, the maximum
gust moments (based on C.P. 3 Chap. V) and the maximumvexpected_
- moment based on a 50 year return period ueing'the statistical
approach areigiven as well as the-snectral“analysis‘in each case.
In addition, although further modes were cqnsidered, onlyAthe

results for the first mode are given.

..7;1. GROOTE SCHUUR HOSPITAL CHIMNEY :

Because of uncertainty over the hature of the wind structure
‘in ‘the area of the hospital, two different sets of wind

parameters are considered and compared.
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Wind Regime 1: o B _i I e

Wind parameters for the nearby D.F. Malan Airport

are assumed to apply and no adjustment is made to these
 parameters resulting from thé increased terrain roughness
because of anticipated streamlining effects on the slopes

of the mountain.

The parameters are :
—\;(u,) = lo. w/s X = 0.lb K= 0.00S

A .
V,“°¥_?-3£5 “4/5 oF o “*Q&TQS Mn%jktu

P

Wind Regime 2 :

Because of the average building height in the hospital
confines, a rougher terrain is assumed coupled with a
lower mean speed. To be consistent, however, the

maximum gust speed is kept the same.
LA | - .
Thus, assuming ¥. = 2.2 (see Reference 7a) then : -
. v S L

:i(!é)F= 33 = IS '“3/55
2:2 v _
0.28, I = 0.015

And o«¢

Details of the structure are given in Fig. 28 and the

results listed in Tables 7 and 8.

The drag co-efficient for the circular cross-section of the

chimney is taken from fig. 26 with a Reynold's number

calculated from :-
Re = 69000 0 = 1.06 x 10

Thus € = 01.35'
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Circular section structures are prone‘to vortex shedding '
exc1tat1on and this must be taken into account in the calculation
of the maximum response. _ '
The crltlcal vortex shedding frequen01es for the structure -
can be found from :-
Verit T 5 ND (see Reference 7 : Paper 5)
(N_ié‘thevnarural frequency and D the diameter).
5.72 /s

Thus Vlcrit

and V, crit

) 26,95 m/é_

‘Following the method for calculating the amplituderof the

vortex shedding oscillations in reference 7 (Example‘3) :

5 = QM S where M is the mass/ metre

[T -

S

so that C, = 16.9 and frpm fig, 27 the R+M.S. amplitude of the
oscillation, Ylo = 0.01, | |

The standard dev1at10n of the dlsplacement due to vortex

sheddlng can be calculated from :

'G_rovl'e.r. = V\°b ‘ |
= O-of xO'l6 = 0 co7bwm

Since the response is likely to be SinUSOidagthe maximum

amplitude is :

QVortex = 2 NFE x .0076_ i = 0.02 m

So that the maximum displacement at the tip of the chimney
is the vector sum of the along~wind and the across-wind

components.
Assuming only the first three modes are significant :

From Table 7,  Qmax = 0.038

-
Qtotal = VO-Q'LZ 0033 " _ 0.042 m

or 42 mm

64/ eunnn.
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To calculate an approximate gust response factor using

Davenport's Figs. 4 ~ 8 in Reference 6 : .

g = 1+gv45+ﬁ , and R = SF
. @

where g is the péak factor frbm Fig. 4 = 4.2
- ¥ is the roughness factor from fig. 5,
for Regime 1, ¢ = 0.24
for Regime 2,  {='0.42
B is the background excitation frém fig. 6 = 1.6
S is thersize reduction from fig.v7' = 0.05
Fiis the gust energy ratio from fig. 8 = 0.15
and rp is fhg’percehtage;criﬁical damping = 0.0076
. . 4 - —
. Therefore, for rggime 1: G=1+4,2x f24 \| 1.6 +O.ﬂ2'§°;g? = 2,61
and for regime 2 : G=1+4.2x .42 1,6 #0i15 x .05"= 2.82
‘ o b

The second figure agrees well with that calculated by the
programme if the difference in the coherence functions is
borne in mind., The first figure is rather less than the
programme value. This is because the roughness co-efficient
used is at the extreme end of the scale applicable to open
country and Davenport's method does not allow this sort of

variation.

Nevertheless, it is to be concluded that Davenport's
gust factor method is a satisfactory approximation for this

type of structure.

A comparison of the moments in Tables 7 and 8 shows the maximum
expected moment to be 477% and 267 higher than the maximum
gust moments calculated from C.P. 3 Chap. V for regimes 1:

and 2 respectively.

A general comment that can be made with regard to all of the

results is the negligible effect of the second and hiéher modes.
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LANTERN LIGHT STRUCTURE FOR ST. LUCIA BAY :

This lattice support structure for éllaﬁtern ligﬁt

is made of éluminium., The exposed nature of the site
suggests a véry low roughness co—efficient and the wind
speed data for Durban taken from Reference 9 is assumed

to be appllcable.

The details are given in Fig.29 and the results in

Table 9.

There is no significant difference in the maximum gust
moments calculated from C.P. 3 Chap. V and the maximum

expected moment based on the statistical method.

The gust factor from Davenport's method is con51derab1y
more inaccurate for thlS structure wh1ch illustrates the

strict 11m1tat10ns of the s1mp11f1ed approach.

132 KV TRANSMISSION LINE SUSPENSION TOWER :

The design of transmission line towers is a task usually

only undertaken by specialists in this field.

Designs are used many times over and are, therefore, very

economical. As a result, the ElectrlcltySupply Comm1s51on

. and most mun1c1pa11t1es usually require that full scale

structures be tested to either two and half or one ahd a

half times the specified working load debending on the loading

~ conditions.

Few structural designers have the comfort of this sort of luxury
and such tests provide.a unique opportunity to learn.from and

refine designs.

The trouble is that the specified loadings are of a highly'

arbitrary and irrational nature.. They have been fixed from
experience at what is regarded as economic level and without
any regard to the actual‘nature of the loads that will be

acting on the structure.
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Thus the designer isfbléyingva kind qf structural

_” blindman's buff and there seems little point in doing

expensive tests to specified loads if these are

not rélated to reality.

Briéfly; the towers afe'designed for a wind pressure of
0.717 kPa on-1,5 times the exposed area and the power lines
for the same pressure on 0.6 times their exposed area.

'Even assuming that these wind pressufes are acceptable,

the loads také,insufficiént'account for drag and lift
effects which if calculated from the Standard Building
Regulations (21)'or Cohen and Perrin (23) could be nearly

twice as high.

It must be admitted, however, that normal methods will
lead to an over-designed solution because of the size
effect in relation to the length of the line span and

S

the dimensions of the gusts.

Clearly, a non-deterministic approach is required which
will allow the horizontal correlation effects on the

_transmission lines to be quantified.

In this example, the details -of which are given in fig.30
these horizontal correlation effects have been taken
into account by assumingvthat the mode shape of the
transmission lines is a sine function and the total
correlation for each frequency is the product of the
vertical correlations on the tower and the horizbntaI:

correlations on the lines.

The results given in Table 10 show that the reduction
allowed by the correlation effects on the lines is not
inconsiderable. A gust factor of 1.75 allows a 257 reduction

on the gust moments calculated by C.P. 3 Chap. V..
The gust factor of 2.3 for the lantern light gives some
indication of what the result would have been, had the

horizontal correlation effects not been thken into account.
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The maximum moment at the base calculated using the
ESCOM specification is still; however, somewhat

lower than that found by the statistical theory.
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WIND REGIME 1

V(10) = 20 m/s, &« = 0.16, k = 0.005
A ,
V max =

33 m/s at-lO metres

toee

WIND REGIME 2

V(10) = 15 m/s, > = 0.28, k = 0.015
A
V max =

33 m/s at 10 metres.

GROOTE SCHUUR HOSPITAL CHIMNEY
" FIG. 28

—a—




SSG*T€ - Ghh'tcZ - 092° 000°1 0oL’ os€* oothtl 0ty

OkZz'le  (00°c2 rie* 928" 09c* osg* 0°wl1 0" ke
g8gg°0¢ 12s*z¢ €91 -~ hS9*.- -~ 0O9L° 0Ge* 0*h11 C°1e
984 °0€ ZLe*1e 611 . 48h* - n9L*t 0s¢e* T Qthld Cént
L10'0¢e. 1he*trz os0* - 6gg’ © G9cL® - 08€* ot 0°sl
€S5h°6T 26502 Osg* hiz® -~ .0e9¢L” gse* 0°0s1 ntel
The'82 999°%61 9z0* sire ST VAN ose* 0061 nte”

- 89L°LZ 0tk *e1 - 600°* hh0* ogL® ose* e*cel - Nty
6L1°92 96h°Q1 00 - eoo* coz*1 angs 0°90¢g n°
voo* - o0n* ovo* . 000°* S 11 A - 0001 C*9ng c*

033ds 1SN9  Q33dS NY3IH VHHYD  3dVHS 3Q0W  HLUY3IUS 44300 OvnC  H/SSYH kLR
Los*1 091°* osn* . sto’ ace*oe

- d3¥d+eANNd X3ONI ¥310d  OSHIMHYT SSIUHONOY  ANI™ NY3IW

REEXES AR RPRNE YR NFREYERRRRYFARESE R SR FFFEY Y YR E FY F'Y FR FENFE R

T IWNIOTE ANIM - AINWIHD TVIIASOH VNNHOS ALOOWD 40 S1SAIWIY TvyLrdIdS 3HL

L AT9VL



TABLE 7 CONTD.

SPECTRAL VALUES = noDE HNUH3ER |

_.1005-03

,200,-03
,300,-03
, 4006-03
©.5005-03
Lb00,-C3

,7000-03

LL0ODG~03
.700:;~-G3
. IQOI_;"OZ
. l lnu-cl
£ 2100=~01
f310:5,=-01
L iluiu=01
.5100:=01
L615,~01
,710.-31
N l).l.r“_.-Dl
,$10..~C1
,IEDU*OG
L230.,+0C
KY U Ui
Ll . *00
«510.+%30
L0106+ 00
YR Sv1C
w143+ 30
» 913, 70C
LAl +dl
W1220%3G1
220,%01
324,;+31
4 L+31
Wou 1+l
. o25,+C1

0y o,

')
“

720, *351
PSR SV |
W 721 %v 3Tl

112 ,+02
L1120 %02

10 L RESpPUIISE PARAMMETER

.9998+00"
.9996+00
.9993+00
,9991+00
,9989+00
,9967+00
,7934+00
,9982+00
.5783+00
.2978+00
.9757+00C
.9541+00
.9331+00C
,9126+00
,0926+030
.8731+30
5541400
,6356+00
.3177+00
,7849+30
,6393+03
.5315+30
L4519+00
. 3925+00
,3475+30
,3131+00
s2864+00
26E3+01

e 2487 U

, 2255430
L1BHT7+00
L1831+00
.185y+3C
<) B75+00
LA1B70+03
e dB7u+3C
1876490
J1870+3u
J1B67u+3J0
L1UT S+

,565,=02

GUST FACTOR

.83081-01
«1212+00

-« 1615+30

e2019+00
e2422+390
«2824+00
«3226+00
e 3627+00
L 4027+40
.3188+i1
«e3613+01
«3336+01
e 2989+01}
«2686+01
W 2437+01
e2232+01
«2063+01
e 1921+01
. l706+l]l .
s1122+031
CH678+20

., 7209+00

2

W 6236+J0C
«5535+00
«5303+353
,4583+30
2 42%1+30
«3956+20
«3527+30
«2356+00
s 1834+30

. 1530+30

«1327+030
«1180+30D
e 1066+30
«927%96-31
e 93723-01
0470 =ul
e 7258 =111}

.4220+Gl.'

« 845

.1587+03
.3174+03
. 4759+03
,6342+03

e7924+03°

.9503+403
,1108+04
.1265+04
s 1422+04
.1579+04
.1222+05
.1355+05
.1223+05
.1072+05
L, 2420+04
.B359+04
L7492+04
L6775+04
J6173+04
,5262+04
,2619+04

.1813+04

.1280+04
L7616+03
.7559+03
LH156+03
.5157+03
JU422+403
.3866+(323
W3126+(02
. 1709+03
., 132040

.1118+03

7771402 .

,B708+02

.7884+02

.7228+02
.6594+02
L 6249+02
=871+02

L 1252-01

¢

,1000+01L
,1000+01

., 1000+01"

~,1000+01
,1000+01
,100G+01
. 100C+01
,100G+01
. . 1000+01
.10005+01
»2999+00
.7996+00
.7992+00
.92985+090
.29277+00
.9967+00
.79546+00
7942+00
.99227+00
L26%4+400
.7615+00

.9172+00
,8575+00 .

.7841+00
.6992+00
,6054+00
,5057+00
L4038+00
.3035+00
,1341+00
.1280+01
,1231+02
.4580+02

L1195+03

.2534+03

L4764+03

.8184+03
J1315+04
.2005+04
L2941+04

.3677-01

' "DAVENPORT 'S APPROXIMATE GUST FACTOR = 2.61.

. 1645-06
,2192-06
,2738-06
,3284-06
,3829-06
,4372-06
L 4915-06
.5456-06

L,4224-05

. 4683-05
.4231-05
,3709-05
.3263-05
,2398-05
.2601-05
,2355-05
.2149-05
,1838-05

-+ 1013=-05

.6829-06
,5159-06
L42368-06
,3736-06
.3514-06
.3524-06
,3785-06
J4401=-péb
L,8057~06
L46148=-07
.3703-08
,6433-09
,2838-09
,1186-09
.5719=-10
,3052-10
,1759=10
,1075=~10
,6898-11



TABLE 7 CONTD.

WEAN MOMEUT GUST IOMCHT HAX«MOMEWT

3268405

- T - P S g S T G oy BD G G em T e 4 M @A R G YR m At G Sy WS A S g

‘0 «6321+05 . 93224058
3,0 $2616+05 « 4979405 ,7584+05
0,0 .20673+05 .3910+05 .5983+05

_9,0 . 1580+05 .2957+05 - .4485+05

12,0 c 1146405 . 2129405 «3171+05

15,0 . 0 7754+34 »1431+05 .2104+05°
16,9 «4710+04 LB648+04 . 1245+05

21,0 22390+04% L 4355+04 «6091+04

24,0 «8066+03 | 1461404 +1979+04
27,9 .0300 , 30090 .0000

MAXIMUM RESPONSE (FIRST THREE MODES INCLUDED)
 =0.038 m

N\

GUST RESPONSE FACTOR (FIRST ,THREE MODES INCLUDED)
= 2,85
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L . -+ TABLE 8 CONTD.

_ SPECTRAL VALUES = {10DE HUMBER 1

....... - o - > s - - m T - . - - - ¢

FROCYUENCY AEROCADHMITTANCE VELOCITY FORCE HMECH.ADMITTARNCE RESPONSE
L, 1005-03 ,5997%00. ,9091=931 .2345+03 .1005+01 ,8105-07
.203.~03 .5994+10 .1818+20 ,4688+03 .looy+0l . 1420-06
.300u-~03 . 9991+00 . 2726+00 ,7028+03 ~,1000+01 .2429-06
,4332-03 ,9983+00 +3633+00. 9364403 ,100p0+01 e 3236~06
,5030-03 L9985+3¢ L 4539+90 L1170+04 L 1006+01 . 1042-06
L633u-03 ,7942+30 5443400 L 1402+04 ,1000+01 ,4845-06

L 7u0.,=03 .G98u+20 P 06346400 L1634+04 L100G+01 .54647-06
LJ650,-03 JI9TT+OG «7246+00 . 1865404 .1000+01 L 6446-06.
L9GL=03 5974+00 .8143+00 ,2096+04 L1000u+01 .7242-06
L153:-02 ,9971+30 .9038+33 .2325+04 L1000+061 ,3036-06 .
c1130-01 L9684+00 T ,5933+51 ,1483+05" .9999+00 .5124-05°
,2103-01 L9406+00 .5803+01 .1408+0S ,9996+00 ,4869-05
,310,-01 L9137+00 .5025+31 ., 1135405 .9992%00 . 4097 -05
, 430 ,=01 LB86877+30 LH368+71 .1001+05 ,9985+00 .34463-065
L5126=01 T L 8625+00 “03364+31 8599+04% ,9977+00 «2979-05
L010.i=01 L8382+03D «3473+01 J7513+04 ,9967+00 +2605-05
J715.,-01 LBl14a+00 L3164+01 L,6652+04 - 9956+00 .2309~05
JluUa-Gl 7922400 2713401 ,5955+04 .9942+00 .2070-05
LY10:.-01 L77G5+00 W 2705+01 5378+04 .9927+00 .1872-05
L 110+ u0 «7313+30 2394+ 51 Li518+04 L92894+00 ,1578-05
,2loutCh L567u+30 J1567+1 . 2292+04 .9615+00 .8237-06
L 310G+ 4564+00 J1210+01 . 1425+04 .9172+00 .5369-06
L410..+00 L381u*uy L 1305+01 ,9877+03 ,8575+00 .3921-06
NS TIRERN L 3285+21) . 3689+00 .7365+03 .7841+00 .3246-06
Lo LU, O L2911+ .7713+00 .5793+03 . 6992+00 .2863-06
710+ 00 ,26384+00 - 6971 +00 Li7496+03 .6054+00 .2709-06
LH10.+00 S2437+032 «6385+40 L 4016+03 .5057+00 «27%4-06
L1600 £ 2287+30 ,5508+4) ,3486+03 ,40328+00 «2934=06
L1l + 0 L 2173+00 5512430 .3G91+03 ,3035+00 ,3519-06
L1280+ a1 L2025+90 LH4TL4+0D 0 ,2571+03 L1341+00 L6626-06
L22u..+01 LdB65+00 «32B8u+00 .1575+03 .1280+01 .4251-07
L320Lt01 L1895+0C s 2555463 .1250+03 ,1231+02 . ,3509-08
L420,+01 CL1912+00 2132400, ,1052+03 ,4580+02 ,7937-09
LH20..+01 1914400 . 1849+30 .9133+02 L1190+03 .2653-09
LO2n*O L1914+05 l64%4+C0 .8121+02 .2536+03 .1106=-09
,77un*3l L 1914+00 L 14983+00 .7350+02 LH764+03 ,5332-10
JLzostdl L1914 +0 «1365+09 L 6740462 ,8184+03 ,2846=10
W7 200e*dl L1914+00 1264+00 6242402 L 1315+04 L 1640=-10
f12 %02 L1914+ 00U «11060U+00 L5827+02 ,2008+04 .1003~10
il 2%i2 17140, 1109+ 5#75+02 L2941 +04 . e6432=-11"

o _MOULLL KESPUHUSE. PhiAlETC2SE .
CEA RESP. MAXWRESPONSE .. .

e D5 L0u=12
GUST FACTIR =

1 205+01
3.744

Su532-0G2 »3194~01

"DAVENPORT 'S APPROXIMATE GUST FACTOR = 2,82




»  TABLE 8 CONTD.

i

N 2125405 . 6355+05 .8064+05
3,0 ¢ $1735+05 .5012+0% " «6615+05
6,0 . 1392+05 «3938+405  .5239+0%

-2.0 A 1073405 - ,2980+05 .3938+05
12,0 W7BLI* G4 e 2146405 «2790+05
15,0 «5350+04 . 1443+0% . 1857405
16,0 «33U6+04 .8726+04 «1101+05
21,0 Ple21+04 «4396+04% - ,5397+04
24,0 «5759+03 . L 1476+04 «1756+04

27,0 L0000 CL.00G0 .uoao

MAXIMUM RESPONSE (FIRST THREE MODES INCLUDED)
o = 0.0325

£

CUST RESPONSE FACTOR (FIRST THREE MODES INCLUDED) .
' = 3,75 -



o | V | ]
WIND PARAMETERS _-_;j:g T
. . . z‘—_ . . t '1
V(10) = 24.8 m/s,%= 0.16, k = 0.002 : .
A S e ‘ ' i
V = 38 m/s at 10:metres .
For calculation of Drag Co-efficients : g
(See reference 23) N
' : ' o 1 8
Cp = 3.65 = 4.65¢0 T
vhere § = solidity ratio g
= Projected area B
Enclosed Area . %‘
!
g-
g
!
g
g
i SR
g

LANTERN LIGHT STRUCTURE FOR ST. LUCIA BAY

FIG. 29
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. ’ " TABLE 9-CONTD.

SPECTRAL VALUES = H40DE HUIIWER - L

___________ - s e = = o A o —n - o v i [

FREQUENCY AEROCADNITTANCE VELOCITY FORCE MECH,ADMITTANCE RESPONSE
.1060-03 .9995%00 .2304-31 .. ,5077+04 .1000+01 .3976-04%
. 2u05-03 . 7996+00 . 4008-01 L,1015+05 .1000+01 .7950-04
.3005-03 . 2954+30 $6212-01 .1522+05 .100u+01 .1192-03
L1006 =03 ,9993+30 - JHU14-01 .2029+05 .100Gg+Ul ., 15689-03
LBnLL=-03 7991400 < 1UN2+4G0 ,2535+05 L100y+0l ,1986-03
L OUtiu=-03 L9989+ Ju . 12C2+03 3041405 . 100u+01 .2382-03
,7135-03 ,9987+0y . 14G1+30 . 3546405 ., 1000+D1 .2777-03
,U01:,=-03 ,9985+30 «1601+70 .4051+05 . 1000+01 «3172-03
L 4035=33 LT 4+30 .1801+30 . 4554+05 . 100G+U1 .3567-03
lioun-02 W99822Z+00 «270U+00 ,5057+05 .loag+al .3961-03
,119u-C1 L 960u+0u . 1751+01 J4347+406 ,9998+00 ,3405-02
. 210u-01 « 9622430 2214+01 .5397+06 ,9993+00 .4230-02
,S13u=al CI447+00 . 2171401 .5197+06 .9984+00 W4077-02
,4100~01 W 7275400 «2007+01 716406 .9972+00 .3704=-02
LS1uu-01 .9107+uu .1836+Q1 , 4235406 .9957+00 »3331=-02
L61015=-01 L8942+00 c1583+0] .3812+06 .99239+00 .3004-02
W 71:3=01 LJB7RGYOU L 1852+01 L3453+06 .9917+00 $2727-02
Julug=0l L8621 +U4 11+l .3148+06 .9892+00 .2493~-02
s1uu=31 JEHEH+0U s 1346+01 ,2888+06 L2864+00 .2293-02
L 1105+00 CS1leg+0D .1200+al 2488+D6 L.9801+00 .1936-02
L21UU+CO ,6855+20 W 7947400 ,13680+06 .9284+00 d164-02
C31Gu*5a LS5804+0) +6153+03 .9048+95 ,8475+00 .8362-03
,%17.5+30 CH975+0U «5114+00 Lb486+05 .7415+00 .6809-03

W Y13.,%30 J4322+)u e 4425+00 LH4845+405 ,6164+00 ,6156-03
LG50 3604+ . 3%25+00 .3786+035 . 4796+00 .6182-03
W7 1oo 30 L 339L+25 «3551+00 . 3050+05 .3405+00 ,7015-03
,ul5,%a0 .3056+:33 ¢ 3253+00 .2519+05 .2098+00 .9405-03
o, 71ua*dd W 27E9+3G e 3310+ u0 W2124+05 ,9987-01 .1665-02
L1 11.:+31 286 1+00 . 2806+00 .1822+05 W 2494-01 .5722-02
y120L*31 W 2234404 . 2304420 JAU17405 ,3657-01 .3035-02
220501 JU487+00 1672450 . b6296+04 .9001+0D1 .5478-05
L3200 % 0L J1274+00 «1302+03 L 4237+04 5570+02 .5959-06
C12u0*Cl L 1226+030 e 1386+GD .3375+04 L, 1844403 L1434-p6
LU0 L1217+00 e 9422-31 .2505+04 L4557+03 L, 4993-07
CoZutol J1224+00 W H379-01 . 2598+04 .9467+03 .2150-07
725G S1254%+03G «7584-901 « 2371404 .1751+04 .1061=-07
TR B ,1242+00 «6954-9] . 2139+04 .29738+04 .5757-08
JY2I0 UL JA247+30 c6441=01 .2036+04 L H754+04 .3353-08
Lu2,+G2 L1250+04G «6313=111 . 1904+04 .7222+04 .2065-08
Ji12.%02 L1251+900 JBHag9=-al L1791+0% L 10u54+05 .1331-08

MOUALL RESPUL.SE PARAIETERS:

5Tb.DEV G FACTOR ‘Caii RESP MAX.RESPONSE

,3372-01 LJIE36+00  L4167+3] ,6215+00 .1387+01
GUST FACTOR = 2.231 ‘

---. DAVENPORT'S APPROXIMATE GUST FACTOR = 2.8



MEAN MOMEHT GUST HoHELT HAX.MOHEHf

L LEVEL
.0 +3695+06 «7961+06 .8355+06
2,0 .32035+086 . 6B45+06 .7532+06
4,0 «2734+06 5787406  .6728+06
6,0, « 2295406 4817406 +5954+06
_8,0 ¢ . 1856+06 «3948+06 «5217+06
10,9 . 1539+06 +3162+05 .4516+06
12,0 e 1224400 «2513+G6 .3847+06
14,0 $9484+05 « 1935406 .3210+065
16,0 7120+05 Jl444406 . 2607406
IB.J . Oslls'.'gb olo32+06 02042"06
20,0 «3486+05 «6991+05 . .1526+06
22,0 .2205+35 < 4399+0U5 .1069+06
24,0 .1265+0% .2510+0% .6860+05
26,u «6118+04 «1209+0% . .3711+0%
25,4 e2119+04 CHLT4404 T 1293405
30,0 «00LU L0060 ' . (000

MAXIMUM RESPONSE (FIRST THREE MODES INCLUDED)

= l.4m

GUST FACTOR (FIRST THREE MODES INCLUDED)
= 2.30



MODE 3 . _ ' - -
No=21"49 Hz '

MOOE 2
No = 5-97 Hz

MODE 1
No= 169 Hz

WIND PARAMETERS

V(10) = 21.5, = 0.16, K = 0.005

N r
V = 34 m/s at 10 metres

182 KV TRANSMISSION LINE SUSPENSION TOWER

FIG. 30
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" TABLE 10 CONTD.

SPECTRAL VALUFS -

10DE NUﬂuEﬁ ! R
FREQUENCY AERO ADMITTAHCE VELOCITY FORCE HWECH.ADMITTANCE RESPONLSE
,1500-03 .6363+30 L4344-01 .6026+05 . 1000+01 .1181-p5%
.200u=03 .8296+00 .06687-01 L1196+06 .1000+01 .2344-05
,30U0~-03 .8233+00 .1303+00 .1780+06 .1000+01 .3488-05
L 4320-03 CHB1T3+00 e 1737+90 .2355+04 ,1000+01 461505
,5U%i=03 LB109+00 v 2170+00 . 2920+06 .10006+01 »5723-05
,6000~03 LBU4T+00 ¢ 2604439 «3477+06 - . 1000+01 .6814-05
.700,~03 V7267400 . 3036400 .4324+06 ,1000+01 .78087-05
L0u=-03 W 7927+0¢ »3469+39 4563+06 ,1000+01 .86942-05
R A1 I TR ) W 7868+00 . «3900+00 .5093+06 ,1000+01 «7980-05
I EIDAEI L7815+00 «4331+030 .5613+06 .1000+01 .1100-04
L11G6u=G1 W4219+00 559+0u1 .2491+07 .9999+00 .4883-04
f210u=01 $2747+30 4188+01 . 1909+07 .9997+00 .3742-04
L31G0=01 . 2005+43u «3942+y1 S1311+07 .9993+00 «2572-04
W41yli=01 1574+0u «3565+01 .9313+06 ,9983+00 .1827-04
JS1ui=01 JA299+3u . ,3221+01 6941406 .9982+00 .1363-04
L61Ui=D1 LA110+03 e2931+01 ,5400+06 .9974+00 .1061-C4
,7100-01 L9744=-301 .2691+01 L 4351+06 .9965+00 .8558-05
.6100-01 .8729-401 «2491+01 .3608+06 .9954+00 «7103-05
,910u=-01 L7946=01 ,2321+41 ,3061+06 .9942+00 «6034-05
L+ 80 L6B875-31 e 2364+y1 .2353+06 .7915+00 .4650-05
L 210u+90 L 4473=01 . 1360+01 . 1309+06 ,9694+00 .2041-05
,313u*00 . 3507=01 «1052+31 . . ,6123+05 ,9338+00 .1285-05
L41U5+00 .2906=~01 .B741+00  _ ,4215+05 ,8858+00 .9326-06
LS1du+0u .2485-31 .7561+30 .. ,3118+05 8262400 .7395-06
ol .*00 .2175=31 «6712+20 . 2422+05 ,7565+00 6276-06
L10uLHul 1939=-01 «60367+30 . 1952+05 . 6782+00 5641-06
NIRRT . 1754-01 . 5558400 J1616+05 - .5934+00 «5344=-06
WV 15u+00 L160G7-01 WS143+403 .1371+05 5043+00 »5329-06
LAn10+01 LlH86=31 CH7928+ 30 .1133+05 LH4134+00 «5610-06
J120u+01 1311=01 «4277+05 .9303+04 .2460+00 7411-06
L2pau*0l CF145-02 . 2356403 L 4334+04 L4831+00 .1758-06
cu2d0%31 . 3191=-02 02225400 . 3024404 ,b6e5+01 .8864-08
S DR IE! LHU25-02 .14856+00 . 2471+04 ,2680+02 .1808-08
Y IVIE LB | L B0E2-02 1610430 . 2159+04 .7170+02 .5900-09
fo7titl) Cul7.5-32 «1431+00 1941404 .1552+03 «2450-09
N FENLI c0231=52 . 1296400 L 1770+04 .2942+03 W 1179-09 .
JLZ2UU+IL f8262-22 L1166+09 . 1629+04 .5082+03 6281-10
L Y72t W 5274=32 . 1106+02 1511404 .8200+03 .3611=10
I RRPINE P L277-02 «1U274+90 w1411+04 ,1255+04 «2203-10
Jli2uri2 277 =42 26511 - L1326+014 ,1842+04 ».1410=-10
10ual. RES,ULSE PARAIETERS!
AT i sTD.DEV G FACTOR JGEAil RESP {IAX.RESPONSE
149=33 W 1222-31 $ 343401 ,6945-01 .1189+00, - -
UST FACTOR = 1,711 '



" TABLE 10 CONTD.

«02000

MEAN VOIEIT GuUsT HUVEHT MAX.IONFHT
 .7065+96 . 1572+07 .1361+07%
L.e64249%06  ,1426+07  ,125]1+07

«5792%96 .1283+07 .1142+07
«5171+06 «1143+07 . -,1034+07
«4565+06 . 103¢+07 . 9269+06
«3974+06. «8743+06 «8213+06
«3433+06 L T7H65+4006 7171406
«2845+06 «6232+06 «6145+06
~ «2308+06 +5C45+00 «5135+06

W 1792+56 +3905+06 +4143+06

«1290+06 «2799+06 «3162+06
«9091+05 W 196E+D06 2241 +06
«5438B+y5 L 1172+94 .1339+06
«3067+05 «66U1+05 .7371+05
«BbUH+DH < 1844408 «1619+05
L0000

.0000

MAXIMUM RESPONSE (FIRST THREE MODES INCLUDED)

=0.118m

n MAXIMUM BASE MOMENT CALCULATED USING ESCOM SPECIFICATION
= 1.02 X 106 N.M.

MAXIMUM GUST FACTOR (FIRST THREE MODES INCLUDED)
=1.75




CHAPTER 8 .

: ’ .
THE OVERALL WIND LOADING PROBLEM.A

No study of this nature would be compiete without a

‘discussion of the overall problem of wind loading and some of
the difficulties involved in the formulation of a consistent
and realistic approach to the design of structures subjected

to wind excitation.

R.A. Waller in his paper '"Design Techniques for Practical Wind
Problems" (25) suggests the sort of errors that may arise in
the estimation of wind-induced stresses and the confidence that
can therefore be put into the various aspects of wind load

calculations :

Errors in Stress Estimation ( %)

Wind Pressure Structural Computational Total
Velocity Co-efficients Model Model
‘Static : 50 20 - 20 10 _ 60
Gusting 100 100 20 25 - 100

Vortex - Shedding 50 200 : 25 10 200

Although questionable, thése figures illustrate the areas where

most uncertainty lies and that the degree computational’sophisticafion
is of minor significance. The assumptionm, for example, that -

mean wind speed at D.F. Malan Airport appiies to the Cape Town docké
would result in approximateiy a 507 underestimate in the maximum

mean stress.

There is clearly a danger in éxtrapolating wind speed data from

one location to another, The maximum wind velocity at ten metres

for a given site depends on the roughnmess of the surrounding terrain,
the topography and the gradient wind velocity. The most rationmal
way of finding a design wind speed would be to base it on the
maximum gradient wind velocity (not the extrapolated gradient wind
velocities as given in reference 9 ). Unfortunately, measurements

of the gradient wind are seldom if ever available on a consistent
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statistical basis. Another alternative, is the development

of short term survey techhiqiles to measure wind effect® at a

particular site and the evolution of the necessary statistical

- machinery to relate these to longer return periods.

8.1,

WIND PARAMETERS AND C.P, 3 ¥ CHAPTER V : PART 2 : 1970

There is a considerable body of opinion w1th1n the
profession in Britain which feels that the 1atest wind
code is based to a considerable degree on extrapolated

data which results in unreasonably h1gh design values.

The adequacy of this céde has been discussed in a number of

publications (7,26) and the arguments for and’ against’

run roughly as follows :-

The critics maintain that the revised code is

based on extrapolated data. ,

results in excessive wind loads compared with
the 1952 code and is thus both uneconomic and
unrealistic particularly for low-rise structures.
is too:complex to apply.

gives little guidance on complex wind-sensitive
structures while being too stringent for standard
designs. _
Few, if any, cases occur where a structure fails through'ﬁ
insufficient account having been taken of wind. s
there is inadequate research into the effect of

these high winds on the maximum response.

The proponents of this code reply that it is :

‘based on the latest research and that wind damage

occurs in Britein, particulatly to cladding costing

£7 m per annum.-

the wind speeds in the code can occur and structures
based on the 1952 code do not fail because of
redundants which were not taken into account in the
original design. However, this may not now be the

case as structures become more sophisticated.

i

70./ceeen.



8.2.

Clearly, much résearch:is requiréd before these conflicts
are resolved but it ddeé seem.that, with the greater
confidence a gust factor approach gives in the prediction
of response, it will be possible to use a reduced safety
margin for the effects.of extréme winds. 1In order to do
this, however; it will be nécessary to predict the

behaviour of structures in the non-linear range.

NON-LINEAR NON-DETERMINISTIC RESPONSE :

 Implicit in the formulation outlined so far is the

assumption of linearity; However, when considering the
response to extremes with such low probabilities of
occurrence it is unrealistic to use.a "first-passage"
approach. Certainly, to limit the response to the elastic’
range would be uneconomic but the problems of predicting
the response using a frequency approach when some plastic

deformation or cracking has occurred are formidable.

Hudson in his paper "Dynamic Properties of Full-Scale
Structures Determined from Natural Excitations" (21) refers
to a building in Peru for which the natural periods of
vibration had been measured before and after an éarthquake
and it was found that the fundamental period had changed
from 0.38 to 1.2 seconds as a result.of cracking, plastic
deformation and other non-linear effects. It was concluded
that simple low-level wind excitation tests to measure the.

vibration characteristics (which show ‘good correlation with

calculated values) have limited applicability because of

. significant structural alterations take place under high

load conditions.

At the same time, it has been shown (28) that as the A
intensity of the excitation increases the response is more

complex.,
Sub-dominant modes are increasingly prominent and the

non~-linear damping due to hysteresis effects in the

stress/strain relationship becomes significant.
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With yielding, the non-linear damping tends to increase
because of the large increase in energy absorption and this

gives an additional, unquantifiable safety factor.

Modal analysis is not particularly well suited to the
non-linear, non-deterministic solutions because of the

need to find the natural modes and frequencies initially.

A possible solution technique might be to use the direct
method as described by K.N. Handa (30) with an equivalent'

linearization (31) for the non-linear relationship.

Some work (29) has been done on the accumulation of
plastic deformation in simple structures using step-by-step

numerical simulation techniques.

This study concludes that a -ductile sfruqturg has
significantly greater margin of safety against wind action
than a brittle structure with the same elastic strength.
However, there is an increased risk that, for such.structures, '
some permanent deformation may contribute to fhe damage of - ‘
the cladding, etc., It is suggested that a nett load factor
of 1.45 on the maximum gust effect can be used. This |
seems to mean an increase on the conventional wind load

factor (1.4).

In general, howevér, although the theoretical framework
exists (32) for the practical solution of non-linear
problems on the probabalistic basis, the field remains

largely untackled.

Finally, as has alreédy been, mentioned, failuré is likely
to occur as a result of low cycle fatigue or cumulative pléstic
damage and these phenomena in themselves are not adequately

understood at the present.

PRESSURE CO-EFFICIENTS :

Another field of uncertainty in the overall wind load

problem is the determination of pressure co-efficients.
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There have been many studies to determine the drag :
‘co~efficients for various‘shapes in wind tunnels‘but there
is evidence to show (26) that drag co-efficients determined
from’model-studiés are not the same as those obtained from
full-scale research. Also, drag co-efficients in turbulent
flow are higher than those measured in steady flow and
these effects, together with those associated with the

inertial mass co-efficient, CM’ and higher order terms

in the formglation'of'fiuctuating drag are usually ignored.

It is well known that structures themselves alter the nature
of the flow in their vicinity and that many of the results
applied to bluff buildings are taken from measurements

in a free wind stream.

For this, reason more confidenée can be placed in the
pressure co-efficients determined for light lattice structures

because the windstream disturbance is minimal.

‘For bluff structures, further full-scale research is

required. Tentative results from studies made by

Mackey (26) in Hong Kong on an instrumented, experimental
building have shown that it fesponds to face-on winds at

its natural frequency of about | HZ and also at a frequency
of one seventh of this value. This is thought to be due

to the presence of a cushion of stagnant air ahead of the

building vibrating with its own natural frequency and

"bleeding-off" into the wake around the sides. This research

has also investigated the use of small-bore pipes on the face:

to bleed off high pressure areas into the suction wake.

VORTEX SHEDDING AND OTHER FORMS OF AERODYNAMIC INSTABILITY :

Having studiously avoided the difficulties of vibrétidn
out of the plane of the wind so far, it is necessary to

mention them in this overall view of the problem.

In general the susceptability to vortex shedding and other
forms of instability depends on the shape of the structure,

its natural frequency and, more particularly, the Reynold's

_number for the flow concerned.,
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Indications are that whgh the vortex shedding frequency,
which depends on these féctors,rapproaches the f%pdamental
frequency of the structure, there is a tendency to lock
onto this frequency. 'This results in the amplitude of

the response &ge to the component of the fluctuating
force (lift component) out of the plane of the wind
vconsiderably exceediné the along-wind response. This

is because the turbulent intensity of the fluctuating
force is low at the natural frequency resulting in the

sinusoidal fluctuations of the lift force dominating the

response. The total effect can be formulated as a random

process in a similar manner to the along-wind bomponent
but the necessary aerodynamic functions are very difficult

to determine experimentally (see references 7c and 33).
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¥



- 74 -

CHAPTER 9

CONCLUSIONS.

In this study, a brief summary of the nature of wind and the
theoretical background of the statistical approach to wind
loading has been given. A wide range of examples have been

‘looked at and the overall problem of wind loading discussed.

In a study of this nature, no definitive cdnclusions can be
drawn. The basis, although as wide as possiblé, is still too
natrow for general conclusions and too’.broad for specific
conclusions. The best that can be offered is a few pointers to
be added along the road to a more consistent approach to wind

loading. These fall into three categories.

9.1, THE SPECIFIC EXAMINATION OF THE STATISTICAL APPROACH :

9.1.1.The variation of the gust response factor and the
normalised admittance functions with size for a bluff
building has been shown. For the range of sizes

chosen the gust factor varied from 3.6 for a 25 m high

by 10 m wide building to 2.2 for one which is 110 m high

by 35 m wide. These sizes cover a comprehenéive range of
buildings, since the wind parameters taken apply generally "
to most urban centres in South Africa, fig. 12 can be used as
a rough guide as to the size of the gust factor for most

bluff buildings in the country.

N

9.1,2.The straight line mode was shown to be an excellent

approximation for the fundamental mode shape in the examples
_chosen. This confirms the efficacy of Davenport's gust

factor approach as set out in reference 6.
Dynamic effects only become significant in the calculation

of the gust factor for cantilever-type, prismatic structures

with fundamental frequencies below 0.5 HZ.
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For this type of structure and.all the examples given

the effect of higher modes was neligible.

Damping was not a very significant factor for the normal

range of relatively stiff structures considered.

9.1.3.The choice of a coherence function may make a significant
difference to the gust factor but more research is required
to establish which function if any, is actually applicable

to the more temperate wind conditions in this country.

9.1.4.The examples of steel structures show Davenport's gust
factor method to have a strictly limited applicability. In
cases where it was clearly applicable, good agreement

was found with the computed values for the gust factor.
~ The maximum moments given by the statistical approach did
not differ substantially from those calculated from

maximum gust speeds based on C.P. 3 Chap. V.

9.2. WIND PARAMETERS WITH REFERENCE TO SOUTH AFRICA :

9.2.1.There is a danger in assuming a set of wind data is

generally applicable and extrapolating limited information.

9.2.2.The Davenport/Harris assumption that the standard deviation of
the wind fluctuations is invariant with terrain roughness

does not apply to South Africa.

9.2.3.For the statistical approach to be used with confidence

' in this country more wind speed data is needed and, in
particular, short term measuring techniques must be
developed whi¢h can then be related to the overall wind
data to allow the wind parameters to be estimated for a

particular site.

In the meantime, however, the statistical method allows
structural response to be predicted with more confidence,

not only because gust correlation and dynamic effects are
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taken into account, but, because even with reasonably
arbitrary wind parameters, this response can be related

to a specific probability of occurrence of the exttreme

" wind values.

THE OVERALL WIND PROBLEM :

Clearly, much more research is réquired but it seems
probable that a gust factor approach coupled with
adjustable risk factors in assessing overall structural
safety will ultimately lead to a more consistent approach

to the problem of wind,loéding.
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" APPENDIX B = DYNWIND : - INPUT
. 2
‘'The input required is common to all the DYNWIND programmes except

DYNWIND/TOWER which requi:es two extra terms,

Line 1 : V0, GUST, RK, DEL, ALPH, GALPH, IB, TH, RD, NO, ICOR, TRANS'
Line 2 : (Repeated IH times).
AM, CD, B, H, ATR®
" Line 3'. : (Repeated NO times).
RN, UM (1-»IH) ;
KEY ALY - Mean wind speed for tﬁe site at 10 metres
GUST - Gust wind speed at 10 metres
RK - Roughness co-efficient
DEL - Logarthmic decrement for damping
ALPH - Power law index for mean wind speed.
GALPH - Power law index for gust wind speed.
1B = Required number of horizontal divisions for
' coherence function.
1H -A.vRequirEd number bf vertical divisions (must correspon
to the modal ordinates).
RD - Density of air
NO - Number of natural modes to be considered.
ICOR -  Correlation function required : _
ICOR =1 - Shiotani (Anisotropic turbulence).
ICOR = 2 - Shiotani (Isotropic turbulence).
ICOR = 3 - Davenport (modified).
ICOR = 4 - Vickery
Repeat ( AM ~ Mass per metre at level H
IH times 1 ¢CD - Drag co-efficient at level H
< 8 - Breadth or area per metre for lattice structures
‘ at level H
! H - Level in metres measured from the base.

Repeat FN - Natural Frequency for the mode considered.
NO times

UM (I-OIH)— Modal ordinates at each level,



' ' x
For DYNWIND/TOWER only  :

TRANS
e

ATR

Power line span in metres

Exposed area of power line at level H. -

" (This should contain the drag co-efficient
.for a suspended cable for the wind blowing

transversely onto the cables.

i.e. ATR = TRANS x cable diameter x-
Drag co-efficient.?)



APPENDIX C - PROGRAMME LISTINGS -~ D¥NWIND/BUILDING

DIMENSION  AM(25)»CD(25)9B(25) rH(25) rUM(25) 1G(25) 1 V(25) »HRO2(400) »
1PO(400)r@V(QO1)ng(QOO)r&AZ(HOO)r@Q(#OW)er(?J) PHR(25925) 1GA(25) s
2FLUT(25) v IBUF (2000) VG (25) - )

3 vm0(25).Gw0(25)'v4f(z5)'BETA(ZS)'SUF(b)'GVT(S)

CALL PLOTS(IBUF»2000,17)

10=8.

IouT=5

GSD‘O.

CALL AXIS(=5.90.0»13HLOG. rREOUENCYr—13r6.rO.r—S.rl )

CALL AXIS(=5.¢0+»10HADMITTANCE 1+10+5¢¢90.+0.+0.25) .

READ(IO»10) V10 /rGUST»RK»DEL » ALPH»GALPH» IB» IH)RD»NO» ICOR
DO 2 I=1,1IH o

BETA(I)=0. _ :

2 READ(IOr10) AM(I)sCD(I)»B(I)sH{(I)
"DO 160 NON=1,NO
3 READ(I0¢10) FNe(UM(I)rI=1yIH)
DO 160 IC=1/,ICOR .
WRITE(IOUT»201) : S . : ‘
201 FORMAT (1H1y! THE SPECTRAL ANALYSIS OF ',/6Xr60(
C 'x')//) . : -

WRITE(IOUT»17) V10,RK»DEL»ALPH»FN :

17 FORMAT (' MEAN WIND ROUGHNESS DAMPING POWER INDEX FUND.FREQ '/

1 b e e ettt eecmmmmin ctecmcmem e o e e e o '/
2 5F10.3/) | - . '

"~ WRITE (IOUT,»18) : 2

18 FORMAT(! LEVEL ~ MAS3/M . DRAG COEFF BREADTH MODE SHAPE GAM ’
1MA MEAN SPEED GUST SPEED!/! —mmew = e i e

2= mmmmmmmem mmemem e e e — e =-=1')
DO 20 IL 1,IH : i '
VG(IL)=(H(IL)/10. )*fGALPH*GUST
V(IL)-(H(IL)/lo ) **ALPH *V10
G(IL)= V(IL)*B(IL)* CD(IL)* UM(IL)/B(1)/CD(1)/V10
 WRITE(IOUT»16) H(IL)rAM(IL)rCD(IL)rB(IL)rUM(IL)rG(IL)rV(IL)
1,vG(IL)
16 FORMAT(2(F8, 1r2X)roFlO 3 )
20 GA(IL)=G(IL)/V10*xV(IL)
X1 =0
X2=0
Y1=0.
Y2=0
Y5 0.
BH-(B(1)+B(IH))/2/IB
" DH=H(IH)/(IH~1)
NH=IH-2 _
. DO 30 IL= 2rNH92
X3=X3+GA(IL)*u,
X2=X2+4xG(IL)*G(IL) .
30 X1=X1+4+ 4% G(IL)
MOH =IH-1
DO 40 IL 3rNOHr2
Y3=Y3+GA(IL)*2.
Y2zY2+2%G(IL)*G(IL)
40 Y1= v1 + 2 *x G(IL) .
H2‘(G(1)*G(1)+x2+Y2+G(IH)*G(IH))*DH*O 33333333
HL = (G(1) +X1 +Y1 +G(IH))* DH*0.3333333333



50

60

'H3_(éA(1)+x3+73+eA(IH)i*DH*o 33333330335

HE=H1x+%2/H2
X1=0 -

PJAZRD*B(1)*CD(1)*xV10 *VlO*H1/2
- PME=PJA/H1xH3

Y1=0 . N N SR
DO 50 IL =2/NHs2 * . o -
X1=X1 + UMCIL)*UM(IL)*AM(IL)

DO 60 IL =3)NOH»,2 :

Y1=Y1 + UM(IL)AUMCIL) *AM(IL)
GK—(UM(1)*UM(1)*AM(1)+4*71+2*Y1+UM(IH)*UM(IH)*AM(IH))*DH*O 3333 3

- GK=GK* (24 %3+142%FN) *x*2

72

76
73

71

77

75

WRITE(IOUT,»14) NON
RN=0.00000

TN=.00001

00=0,

CALL PLOT(O 0s0.0,-3)

DO 100 N=1,400 :

IF(N.GT.100) TN=0.001

IF(N.GT.199) TN=0.01

IF(N.GT.299) THN=0.1

RN=RN+TN :

IX=0 o

DO 97 K=1,18B

J=0

IHU=TIH=-J

DO 78 I=1,IHJ

TU=I+J

GO TO(T71273+76275)+1C

HD= ( ( U%DH) *#2+ (2 IX*BH) *%2) %0 .5

HR(IJ »I)=6G(IJ )*G(I)*EXP(— HD*8 ¢ ¥ RN/ (0 5% (V(IJ)+V(I))))
HR{I»IJ)=HR(IJrI) ’ :
GO TO 78 '

A=1.27

D=1.27

c=0

GO TO 77

A=3,82

D=1.27

C=0.8 _

RMINZ ( (JKDH) %42+ ( IX*¥BH) ¥#2) %0 . 5
TMN=1.57079~-ATAN (I X*BH/J/DH)
CONS—((D*COS(TMN))**2+(A*SIN(TMN))**2)**O 5
ENZRN*2 ¢ %3,142

HR(IJ »I)=G(IJ )*G(I)*EXP(-A*D*EN*RMN/VlO/CONS)*COS(C*FN*RMN/VIO)
HR(I»IJ )=HR(IJ +I) -

GO TO 78

AL1=151.2%(V(IJ)+V(I))/2./V10

RAB= ( (J*DH) * 12+ (IX*BH) % 72) %50, 5
THE=RAB/AL1*(1+(6.2832*%RN¥AL1/V10)*k2) x50+
HR(IJr»1)=G(IJ)*G(I)*EXP(~1. 1939*THE)*CO§(O 7*THL)
HR(I»IJU)=HR(IJU»I)

CONT INUE

IF(J~IH) 79,79,82

J=J+1

IHJ=IH~J

GO TO 72

HSUM=0. .

DO 85 I=1,IH -



83

8y
85

87

88

Q7

98

86

99

15
00

66 FLUT(I1)=FLUT(I1)+ (6. 284*FN)**2kDH*AM(IZ)*UM(IZ)*(H(12)~H(Il))

HX=0

HY =0

DO 83 J= 2;HHv2
HX=HX4+HR (I, J)
DO 84 J=3»,NOH,2
HY=HY+HR(I»J)

HS(I)=(HR(I» 1)+4*HX+2*HV+HR(I IH) ) *DH*0.3333333

HX=0

‘HY=0

DO 87 I=2/NH¢2 -

HX=HX+HS (1)

DO 88 I=3yNOH,2

HYSHY+HS (1)

HROZ (K )= (HS (1) +44HX+24HY+HS ( TH) ) kDH¥0 . 33533333
IX=IX+1 :

SIT=1

IK=0
RO(N)=0
DO 98 KN=1,1B _
RO(N) PO(N)+HR02(KN)*(IF*(IB IK))
1T=2. ~ :
IK=IK+1
RO(N) = --RO (N) /H1 =x%x 2/1B/1I8
AN = RN * 1800./ V10 o ,
SVIN) = 4.%RK*V10% V10 * AN /(2 +AN¥®AN)*%0.83333
SP(N) . 4o *PJAXPUIAX RO(N)*SV(H)/V10/V10.
XA2(N) (1= RMKkRN/EN/FN) *%2 +(DEL*RN/3, 142/FN)**2
SIN)I= SP(N)/GK/GK/XA2(N)
X=0.4343%ALOG (RN)
Y=RO(N) x4,
IF(N.EG.1) IPEN=3
IF(N.GT.1) IPEN=2
CALLL  PLOT(XrYrIPEN)
IF(N.EG.1) TO=S0(1)
IF(N.EQG.1) GO TO 99

[T

TO=(SQ(N)+SO(N=1)) /2,

QCS=QOS+TOXRN*TN
QO=0G+TO/RN*TN

TEN=N/10%10

IF(N=-TEMN) 100+ »100

WRITE(IOUT»19) RN» RO(N)vSV(N)vSP(N)vXAZ(N)vSO(N)
FORMAT( 10F10.3/)

CONT INUE

SDE(NOII) =00 *%0.5

VTZ(QUS/QQ) *%0.5 "

OME=QMFE+PME/GK
VTS=(2.%ALOG(VT*3600.))%:0.5

GVT (NOIH)=VTS+(0.5772/VTS)
GSD=GSD+SDE (NON) *GVT (NON)
OMAX=QME+GSD

WRITE(LOUT»13) G2 9rSDE(NOIH) GV T (NO) » OME » QMAX
UF =QMAX/ UME. '

GUF =GUF +UF

TFL=0

IFL=0

DO 167 I1=1,IH

FLUT(I1)=0.

IFL=I1+1 .

DO 166 I2=IFL+IH

K
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167 BETA(I1)=BETA(I1)+FLUT(I1)*SDE (HON)*GVT (NON)
160 WRITE(IOUT»200) UF '
WRITE(IOUT,»203) :
IFL=0
DO 176 I1=1,IH o o -
VMO(I1)=0 AR - PR
GMO(I1)=0 - S
IFL=I1+1
DO 175 I2=IFL»IH
VMO (I1)=VMO(I1)+0. 613*CD(IZ)*B(I°)*DH*V(IZ)**Z*(H(IZ)-H(Il))
‘GMO(I1)=GMO(I1)+0. 613*CD(12)*8(IZ)*DH*VG(IZ)**Z*(H(12)~H(11))
175 VMM{I1)=VMO(I1)+BETA(I1) . ,
WRITE (IOUT»204)H(I1) VMO(Il)rGMO(Il)rVMM(Il)
176 CONTINUE ,
203 FORMAT(1H1,»' LEVEL MEAN MOMENT GUST MOMENT MAX « MOMENT
1V/1Xe6(=1) p7Xe3(14('=1)) /)" _
204 FORMAT(F6.1¢7X¢3(E10.492X))
, CALL PLOT(11.¢0.r999) ' ' . -
200 FORMAT(' BUST FACTOR = 'F5.3/11X» 19('~')>
10 FORMAT( ) -
13 FORMAT (/' MODAL RESPONSE PARAMETERS:: ' /26('=1)/
1' VARIANCE  STD.DEV G FACTOR MEAN RESP MAX. RFQPONQC'/56('~')
2/8(E10.492X)): '

19 FORMAT(8(E10.4¢2X)) ‘ ' ‘ :
14 FORMAT (1H1,? SPECTRAL VALUES - MODE NUMBtR "2vI2/6X032(' =)/

1' FREQUENCY AERO.ADMITTANCE VELOCITY - FORCE MECH.ADMITTANCE
2RESPONSE'/73('=")/) - .

CALL EXIT
END :
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17
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 DYNWIND/TOWER

DIMENSION AM(Zb)vCD(ZS)vB(25)rH(25)rUM(Zb)rG(Zb)rV(Zb)vHROZ(400)o
IRO(400) ySV(LOO) »SP{400) r XA2(400) +SO(L400) PHS(25) 'HR(vaZb)rGA(ZS)r
2FLUT(25) » IBUF(2000) »VG(25) 2 GC(25) v CRO(25) +ATR(25)

3 VMO (25) » GMO(ZS)rVMm(Zb)vBETA(ZS)vSDE(b)vaF(S)

" CALL PLOTS(IBUF,2000,17) -

10=8 S
10UT=5 o

GSD=0.

OME=0.

CALL AXIS(=5.+0.r13HLOG. FREOULNCYr—13r6.10;i~5.:1.)-

CALL AXIS(=5.70¢910HADMITTANCE»+10¢5.990.¢0.90.25)

READ(IO+10) V10,GUST'RK»DEL»ALPH»GALPH?

DO 2 I=1,1IH
BETA(I)=0.

READ(IO,10) AM(I)rCD(I)vB(I)rH(I)rATR(I)

DO 160 NOWN=1rNO
ATMO=0.

HTRANS=0. R :

READ(IO»10) FN2(UM(I)rIz=1y1IH)

DO 160 IC=1rICOR

WRITE(IOUT»201)

FORMAT (1H1,? THE SPECTRAL ANALYSIS
C '%%)//)

WRITE(IOUT»17) V10/RK/DEL»ALPHIFN
FORMAT (' MEAN wIND ROUGHNESS DAMPING

2.5F10.3/7) : ’

WRITE (IOUT»18) S '
FORMAT (' LEVEL = MASS/M - DRAG COEFF
1MA MEAN SPECD GUST SPEED'/! ———w--

2_— [0 D Sy UG S — - - —— ————— -

DO 20 IL=1.IH
VG(IL)=(H(IL)/10.)*xGALPH*GUST
MIIL)=(H(IL)/10.)**ALPH *V10

IBy IH'RD e NOr» ICOR» TRANS

~

OF '"»/6X060¢

POWER INDEX FUND.FREQ '/

BREADTH MODE SHAPE GAM

——ne e — . . - - —— -

G(IL)= VI(IL)*B(IL)* CO(IL)* UM(IL)/B(1)/CD(1)/V10

GC(IL)=SIN(1.57079%(IL=1)/(IH=-1))
ATMO=ATMO+ATR(IL)*0.613%V (IL)*%x2xUM(IL)

WRITE(IOUT»16) HOIL)  AMCIL)»CD(IL) BC(IL) UM(IL)rG(IL)rV(IL)

1»vG(IL)»GC(IL)PATMO .

16 FORMAT(2(F8.1¢2X)»8F10.3 )

20

30

HTRANS=HTRANS+GC (IL)
GA(IL)Y=G(IL)/V10*V(IL)
HTRANS=HTRANS*TRANS/2./ ( IH-1)
X1 =0 4

X2=0

X3=04

Y1=0.

Y2=0

Y3=0.

BH=(B(1)+8(IH))/2/1B

DH=H (IH)/ (IH-1)

NH=IH-2

DO 30 IL=2/NHs2
X3=X3+GA (IL) %4,
X2=X2+4%G (IL) *G (IL)

X1=X1+ 4% G(IL)

NOH =IH-1



40

- 60

72
76
73

71

77

75.

DO 40 IL =3,NOHs,2
Y3ZY3+GA(IL) %2,
Y2z=Y¥242xG(ILY*G(IL)
Yi= Yl + "2 *x G(IL)
H2-(G(1)*G(1)+X2+Y2+G(IH)*G(IH))*DH*O 33333333
H1 = (G(1) +X1 +Y1 +G(IH))* DH*%0.3333333333

'H3-(GA(1)+X3+Y3+GA(IH))*DH*O 33333333333

HE=H1**2/H2

- X1=0

PJA= RD*B(l)*CD(l)*VlO *VlO*H1/2+ATMO
PME= PdA/Hl*HS'

Y1=0 -

DO S50 IL =2/NH:2

X1=X1 + UM(IL)*UM(IL)*AM(IL)

DO. 60 IL =3+NOHr2

Yli=vl + UM(IL)Y*UM(IL)*AM(IL)

GK= (UM(1)*UM(1)*AM(1)+4*X1+2*f1+UM(IH)*UM(IH)*AM(IH))*DH*O 33333

GK=GK* (2.%3, 142*FN)**2
WRITE(IQUT»14) NON
RN=0.00000

TN=.,00001.

GO=0.

R0S=0. ‘

CALL PLOT(0.0¢ 0 0r-3)
DO 100 N=1,400

IF(M«GT.100) TN=0.001

IF(N.GT.199) TN=0.01
IF(N.GT.299) TN=0.1

- RNZ=RN+TN
‘DO 86 ITOW=1.2

IF(ITOW.EQWs2) DH=TRANS/2./(IH~1)
IF(ITOv.EQ.1) DH=H(IH)/(IH-1)
IX=0 -

DO 97 K=1.1B

J=0 :

IHJZIH=-J ' '

DO .78 I=1,IHJ

I1U=1+J

GO TO(T71+76073275)1TOW
HD=J*TRANS/ (1H=1)

"HR(IJ »I)=6GC(IJ )*GC(I)*EXP(— HD*16+*RN/V (IH))

HR(I»IJ)ZHR(IJr1)

GO TO 78 S o
A=1.27 - : : g
D=1.27 :

c=0 .

GO TO 77

A=3.82

D=z1.27

C=0.8

RMN—((J*DH)**2+(IX*BH)*r2)*fO o)
TMNZ=1.570796~ATAN( IX*BH/J/0OH)

CONS=( (D*COS{TMN) ) xk2+ (AXSIN(TMN) ) *xk2) %0+ 5
ENZRN*2 « %34 142

HR(IJ »I)=G(IJ )*b(I)*EXP(—A*D*EN*RMN/VlO/CONS)*COS(C*EN*RMN/VlO)

HR(I»IJ )=HR(IJ »I)

GO TO 78

AL1Z151.2%(V(IJ)+V(I))/2. /le

RAB= ( (J*DH) %2+ ( IX*kBH) **2) **0 5
THE=RAB/AL1*(1+(6. 2832*RN*AL1/V10)**2)*#0 )



78

79

82

83
84
85

87

88

97

98
86

CALL  PLOT(X»YrIPEN)
IF(N.EQ.1) TO=50(1)
IF(N.EQ.1) GO TO 99
TO=(SO(N)+S(N=-1)) /2,

99

15
100

.....

HR (10 TU)=HR (1J0 1)
CONTINUE =~
IF(J-IH) 79,79,82

J=J+1

IHU=IH-J

GO TO 72

HSUM=0.

DO 85 I=1:1H
HX=0 - -

"HY=0

DO 83 J=2/NH»2"°
HX=HX+HR (T »J)
DO 84 J=3+NQOHr2
HYZHY+HR (I J)

HS(I)=(HR(I» l)+4*HX+2*HY+HR(I IH) ) *DH*0,3333333

HX=0

HY=0

DO 87 I=2)NH»2
HX=HX+HS (1)

DO 88 I=3¢NOH»2
HY=HY+HS (1)

HRO2(K )= (HS(1)+4*HX+2*HY+HS(IH))*DH*O 33333330

IX=IX+1
IT=1.
IK=0
RO(N)=0

DO 98 KN=1,1B

RO(N)—RO(N)+HR02(KN)*(IT*(IB~IK))

IT=2
IK=IK+1 '
CRO(ITOW)=RO(N)

CRO(1) = CRO(1) /H1
CRO(2)=CR0O(2)/HTRANS/HTRANS
RO(N)=CRO(1)*CRO(2)

AN = RN *x 1800./ Vv10.
SVIN) = 4.¥%RK*V10*x V10 *
SP(N) = 4.*xPJA*%PJAX RO(N)*SV(N)/Vv10/v1i0
XA2(N)= (1- RN*RMH/FN/FN)
SQ(N)= SP(N)/GK/GK/XA2(N)

X=0.4343*xALOG(RN)
Y=RO(N) %4,

IF(N.EQ.1) IPEN=3
IF(N.GT.1) IPEN=2

OOS=0NS+TG*RN*TN
QU=00+TQ/RN*TN
TEN=1I/10%10

N

IF(N-TEN) 100, 0100

WRITE(IOUT»19) RNy RO(N)'SV(N)'SP(N)vXAZ(N)rSG(N)

FORMAT( 10F10.3/)
CONTINUE

SDE(NOH) =06  #%0.5

VT=(Q0S/00) *%0.,5 -

OME=OME+PME/GK

VTSZ=(2.%ALOG(VT*3600.) ) x*045
GVT(NON)}=VTS+(0.5772/VTS)

xx 2/18/18

AN /(2 +AN¥AN) %0, 83333

*%2 +(DEL*RN/3.142/FN) %%2
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GSD= GbD+SDE(NON)*GVT(HON)'
OMAX=QME+GSD
WRITE (IOUT,13) OO:SDF(NOH):GVT(NON):OMF IMAX
UF=GMAX/QME
GUF =GUF +UF ' . : - )
TFL=0 N ‘ . LT . . e o
IFL=0 .- = '
DH=H(IH)/ (IH-1).
DO 167 I1=1:IH.
- FLUT(I1)=0.
- IFL=I1+1 "
DO 166 I2=IFL+IH
66 FLUT(I1)=FLUT(I1)+(6. 284krN)**2kDH*AM(IZ)*UM(IZ)*(H(IZ)—H(II))
67 BETA(I1)=BETA(IL1)+FLUT(I1)*SDE(NOM)*GVT{NON)
60 WRITE(IOUT,»200) UF
WRITE(IOUT»203)
~ IFL=0 _
DO 176 I1= 101
'VMO(I1)=0
GMO(I1)=0
IFL=I1+1
DO 175 I12=IFL,IH
VMO(I1)=VMO(I1)+0. 613*CD(12)*B(IZ)*DH*V(IZ)**Z%(H(IZ)—H(II))+
CATR(I2) %0613 (H(I2)~H(I1))*V(I2)*k2
GMO(I1)=GMO(I1)+0. 613*CD(12)kB(IZ)*DH#VG(IZ)*“Z*(H(IZ) H(Il))+
CATR(I2)*0+.613%(H(I2)=H(I1))*VG(I2)*%2
75 VMM(I1)=VMO(I1)+BETA(I1) '
WRITE(XOUT»204)H(I1)»VMO(I1)»GMO(IL1) rVMIM(I1)
76 CONTINUE ' _ -
03 FORMAT (1H1.' LEVEL - MEAN MOMENT GUST MOMENT ‘MAX.MOMENT "
1V/1X26( =) 27X 3(1U(1=1))/)
04 FORMAT(F6.1»7X¢3(E10.422X))
CALL PLOT(11.70.,999). ‘ ' _
00 FORMAT(? GUST FACTOR = 'F5.3/11X»19('="))
10 FORMAT( ) :
13 FORMAT (/' MODAL RESPONSE PARAMETERS: /26 (1=1)/
1' VARIANCE  STD.DEV G FACTOR  MEAN RESP MAX. REbPONSE'/bé('—')
2/8(E10.402X))
19 FORMAT(8(E10.422X)) : s
14 FORMAT (1H1.»? SPECTRAL VALUFS ~ MODE NUMBER '»12/6X¢32(1'=1)/

~1' FREQUENCY AERO.ADMITTANCE VELOCITY FORCE MECH.ADMITTANCE
2RESPONSEY/73('=')/) ST .
CALL EXIT

END
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