A note on the codal gust

factor provisions for
concrete chimneys

The gust factor method, as specified in 15:4998 (Part )-19927,
for estimating the along-wind response of reinforced concrete
chimneys is & special case of the modal gust factor approach.
This is based on considering the variation of the peak
fiuctuating component of the total wind load with the height
above ground to be linear. This paper exantines the resulting
inaccuracies in the response estimates by comparison with
the exact stochastic estimates in case of four example

chimneys of different heights. An alternative expression for

the F,load, due to the fluctuating component of wind has
been; suggested for obtaining more accurate moment
estimates. It has been shown through 4 comparative study
that the exact response estimates may change significantly
Jor the wind environment considered in 15:875 (Part 3)-1987",
and thus, it may be necessary to reformulate the expression
of the gust factor as in 15:4998 (Part 1)-1992? for an
appropriate design wind enmmnment

With the growing consciousness towards air pollution and
the standards on smoke dispersal via chimneys becoming
more stringent, chimneys of greater heights are being
constructed. Tall chimneys are particularly susceptible to
wind pressures, and therefore, for reasons of both safety and
economy, it is important to correctly estimate the design wind
loads expected to act on them during their lifetimes.
Recognising this, the Bureau of Indian Standards revised
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the code of practice for the design of reinforced concrete
chimneys in 1992. The revised code, 15:4998 (Part 1)-19922
(hereafter referred to as the ‘chimney code’), has adopted the
gust factor approach for the calculation of along-wind loads.
In this, the design wind load, F is obtained by adding the
mean wind load, F,, with the wind load F,, due 1o the
{randomly} fluctuating component of wind. The suggested
expression of ¥, is based on the modal gust factor approach,
In this approach, the largest peak value of the fluctuating load

_is obtained from that part of the mean wind load which is in

the fundamental mode of the chimney. The suggested
expression has been obtained by neglecting the variation of
chimney mass with height and by assuming that the
fundamental mode shape of the chimney is linear. As a result,
the peak dynamic component of the wind load has been
considered to be linearly varying with height, in preference
to the conventional approach of assuming the same
distribution as the mean (static) component. This approach
is therefore referred to as the triangular gust factor approach.
Fiven though this approach offers an improvement over the
conventional approach as shown by Vickery®, the modal gust
factor approach is an approximate approach. Further, since
the assumptions made for the codal expression for F, are
violated for the usually provided chimneys, thereis a need 1o
examine the accuracy of this expression in greater detail.

The calculation of the gust factor, G in the chimney code
is based on the wind characteristics adopted by Vickery® for
open terrains. Except for the mean wind velocity profile, these
characteristics are substantially different from those adopted
in formulating the gust factor provisions for buildings as in
I15:875 (Part 3)-1987 (hereafter referred to as the ‘wind code’).
This implies that a concrete chimney at a site may be designed
for a different wind environument than what a nearby building
would be designed for. Hence, it is desirable to examine

Mry 1998 * The Indian Concrete Jourasl

5%



whether these two different wind environments may lead to
substantially different chimney designs and whether there is
a need to revise the gust factor expressions in the chimney
code for compatibility with the wind code.

In this paper, exact profiles for peak fluctuating moment
have been obtained for four example chimneys of different
configurations and compared with the approximate profiles
obtained according to the triangular gust factor approach.

. Exact moment profiles have also been obtained for the wind
environment considered by the wind code to study the impact
of a different envirorunent on the response estimates. For__
completeness in the paper, a review of the exact stochastic
formulation, the gust factor approach, and of the wind
environments used in the ch:mney and wind codes, is also
inchuded.

Review of formulation

It is convenient to formulate the along-wind response of
cylindrical chimneys by using random vibration principles.
These structures have line-like configurations and thus, their
aerodynamic properties are well defined by the local cross-
sections. However, the stochastic formulation may not be
simple enough for practical design calculations, and therefore,
this formulation has been further simplified to the gust factor
approach (Davenport!, Vellozzi and Coher®, Vickery®), In the
following sub-sections, the exact stochastic formulation and
its simplification to the gust factor approach are reviewed in
detail,

Exact stochastic formulation

Let us mode! & chimney as fixed-base Euier-Bemouﬁ: beam
of circular cross section which is subjected to a drag wind
force, F(z.£) per unit height. On ignoring the contributions of
the air mass acceleration, this may be written as

. Fd
Fa=2pC, 0 {vf-z,:)- X(z.r)} 1)

where X(z,1} is the along-wind displacement response of
chimney at height, z, and time, ¢, C,(2) and D(2) are the local
drag coefficient and diameter respectively at height, . and p
is the mass density of air. Takmg X(z,5} = X{z) + x(z,b),
Ulzt) = Lifz) + u(zt), and on 1gnormg the second order terms,
equation {1) becomes

Flz,t)= -i-'pC},(z}D(z) %
W)+ 202,00 - 2U( ) x(2, 60} @
Thus, the mean component, F(z), of F(zt) becomes

F(z)ﬁ%PC,,(z}D(z) U'tz) (3)_

and, the fluctuating component, }(z;t}, becomes
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Fig 1 Comparison of the profiles for normalised peak fiuctuating
moment, Chimpey no 1

[z, = pCol ) DX2)U (bl 2, 1) {5)
The equation of motion for the chimney can be written as

P A Xz, 1)+ (D X(2,8)

4—%5—[&(2})(’”(2,:}]&1‘“{2,!) ®)

where p A(z)and cfz} respectively represent the mass and
damping per unit height, and Elfz} represents the flexural
rigidity at height, z. On decomposing X(z1) and F(s1) into
static (mean} and dynamic (fluctuating) parts, equation {6}

leads to the following eqlations
PLADNLO+HD)x(z,1) +
2 L e .
%{Eﬂz)x‘{z,ﬂ] = flz1) o
d: | " , ’
mw—[&:{z»{ (2)]=F(z) (8

Equation (8) gives the mean response, X(z), from a static
analysis of the chimney. Further, on using equation (4),
equation (7} may be alternatively written as

P A(2)X(2,1)+{e(2)+ POy (DU D }px(nt)

iﬁ {Elfz}x (2, :)] fz0) @

-~ On expanding x(z¢} in terms of mode shapes, ¢,(z),
#{z},....., and normal coordinates, 4,(4), g,(8),...., that is

Flat= fo0-pC (DD DHL0 @)
with -
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xz.t}= Z@(z}q,-t’r) (10

in equation (%), multiplying both sides by ¢,(z), by taking
the integral of both sides for the entire height, H, of the
chimney, and on using modal orthogonality relationships, we
get the decoupled equation of motion in the ith mode as

M{ ;i+ C. “I:‘"‘ KEQ:' = f=123,.... (1)
Here,
M= j': P AL (2)dz (12)

G = [ {0+ pCADDDU () (2 = 4r M (3)
j;‘--[E;(zm (Do) =4nnlM,  (14)

E= [ f(z0,(20

=l CHDDIDU(2)ul 2,08 (2)dz (15)

are respectively the modal mass, damping, stiffness and
force in the ith mode. Further, {; and n, respectively represent
the damping ratic and natural frequency in this mode. In
writing equation (11), coupling between different modal
equations due to damping has been assumed to be weak and
has thus been ignored. It may be noted that the modal
Jamping ratio {, is equal to the summation of the damping
inherent in the structure and the aerodynamic damping.

Equations (10) and (11) describe the fluctuating response,
x(z,t) of the chimney for a given time-history of the wind
~ velocity fluctuations, u(z,t). Howeve, since u(z,f) constitutes

a random process, it is useful to characterise the response
process, x{z1), by the largest peak amplitude for a given
probability of exceedance. Let both these processes be
assumed to be zero-mean Gaussian processes. Following
equation (i0), the spectral density function, 5.(zn), for the
response process, x(zt), may be written as

5.(:.::)”;;0;(2»;( 25, (n (16)

vhere, 5, (n)= H(n)H (n)Sp (n an
is the crogs-spectral density function of the modal
coordinate processes, 4(¢) and V. In equation (17),

I

2
4 2"3”{(1 - :‘":”) +i2f i “E“J
n; n,

is the transfer function relating the relative displacement
of the equivalent (single-degree-of-freedorm) oscillator in the
ith mode to the ith modal force. Further,

H(n)= (18)
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T i AL
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Flg 2 Compuarison of the profiles for normalised peak fiuctuating
rsament, Chimney no 2

Siye,( ﬂ)mp’f I:CD( 2, )Co{ 2 )D(2, YD 2, U (2, U (2.

X S,(z,,zaun)@{'z,)ﬂ{zz)dz,dz, (%)

is the cross-s al density function of the modal force
processes, Ft) and F(t), where 5 (z,,z,n) is the cross-spectral
density of the velocity fluctuation processes at heights, z,
and z,, The cross-spectrum, $,(z,.z,, n), can be written as

Su220sm)= ¥ (22 W NS (25 (2m)  (20)

where 5.(z.n) is the velocity spectrum at height, zand
Kz, 2un} is the nonmalised or the coherence
function. On substituting equations (17), (19) and (20) in
equation {16), we .can express the mean-square spectral
density of the fluctuating displacement response process at
height, z as

S{znpe= pzzz¢i(z)¢j(z}1{;(n)!i;{n}

UL @O m DX DX 2 U 2, WU 2, 12y 25, m)

JS«(Z;t”)S.(zzr”)@(zl»;(zz)dz:dzz {21)

On neglecting modal cross-correlation, equation (21} is
simplified to

Sz, np=p* T M (nf
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[ 1 Cola JCul DU DX WU 2 U2 11 (2 20 m)

V82,18 (2, 16 (2, )8,(2,)dz de,
{(22)

Similarly, the spectral density function, S, {z.n), for the
fluctuating bending moment response, m{zt), can be written
as

S (zn) = p2 3| EX 2 (Y [

U 1 o2 )G o DX DX 2 U2, WU 2 )72 2 m)

1jS,‘( 2,038 (0, ) ¢ {20 { 2, dzdz,

‘The root-mean-square (rm.s.) value, ¢ of a zero-mean
process is obtained from the spectral density, 5(n) of the
process as

o(2)= [} Stz,nidn

and the largest peak amplitude is obtained by multiplying
the r.m.s value with a peak factor. For the non-zero mean
processes, X(z,f) and M(z8), the largest peak amplitudes may
be thus expressed as

{7} = X(z) + g (v)o (2}
£

(23}

(24)

(25)

M, .z} = M(z} + g, (2)0,(z)} {26)

where, 0,(z) and g,(2) are the £m.s. values of the processes,
x(z,t) and m(z,1} respectively, as obtained by using equation
(24). Further, g,(z), and g,(z) denote the peak factors obtained
from the zeroth, second and fourth moments of the spectral
densities, 5.(zn) and S_{zn) respectively, for a given level of
confidence®®!%!, For a large number of peaks in a single
realization of a process with the spectral density, S(zn), the
peak factor, g, for the expected largest peak in the process
may be approximated as®

gy =Nainvl & 05772 2n
JZIHV:"
where
Ve !u’sfz,n}dn
[} Stz,m)dn @8)

is the expected rate of positive crossings in the process

and T is the duration of the process. Since it is a common
practice to adopt the hourly mean wind velocity as the mean
wind velocity, Li(z) at height, z, T is taken to be 1 hour. A
similar procedure involving equations (24)-(28) can be
followed for finding the largest peak in any other response
process, once the spectral density function is determined as
in equations (22) and {23) for the displacement and moment
TESPONSES.
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Fig 3 Compatison of the proflies for normatised peak fiuctuating
momant, Chimpey no3 .

Gust factor approach

‘The gust factor approach seeks to estimate the expected largest
peak response from the mean response, say X, (z) from X(z),
by simply multiplying it with a height-independent factor
called as the gust factor. As shown in the Appendix, this facior
may be expressed as

1
2
G,mng,,r[m%g—

1

29

where, g, represents the (height-independent) peak factor;
r represents a measure of ground roughness vis-a-vis the
height of the stack; B represents the background excitation
factor; S represents the size reduction factor; and F is a
measure of the available energy in the wind flow at the natural
frequency of the structure. The expressions of these
paratmeters are given in the Appendix. The expression of G, as
in equation {29) may be multiplied with the mean
displacement response to correctly estimate the largest peak
displacement response within the accuracy of the
fundamental mode dominance in the chimney response and
the accuracy of the considered wind characteristics model.
Even though equation (29) gives the gust factor for the
displacement response, this will also be applicable for any
other response process, say for the moment provess, M(z,1},
without any further modifications. Therefore, we may
alternatively write equation (29} as .

i
2
G= I+gfr[8+-§§~

Z, {30)
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to represent the gust factor to be used with all the mean
responses where, the various parameters on the right hand
side are obtained for the displacement response as explained
above. Conventionally, various world codes have been based
on the calculation of the design wind load by multiphication
of the mean wind load, F(z) with the gust factor, & so that a
static analysis of the structure may be carried out for this
design load. The accuracy of this approach depends on
whether the fundamental mode dominates the profile of a
given response function. Since the stress response function
have greater domination of the higher modes, this approach
gives ‘not so accurate” response estimates in such cases as it
does in the case of the displacement response. It can be shown
for a chimney with uniform mass distribution that the mean
displacement response is assured to be in the fundamental
mode if the mean wind load distribution is similar to the
fundamental mode shape. Herwce, it has been considered
appropriate to obtain the largest peak value of the fluctuating
load from that part of the mean load which is in the
fundamental mode, rather than from the total mean wind
load itsel®. On expanding the total mean Joad Fz) as

Flel=ap )+ a,¢,(zH..., (31

multiplying both sides by p, A(z)¢(z), integrating from 0
to H, and on using the orthogonality relationships, the total
mean wind load as in the fundamental mode becomes

$.(]) p. AR (F(

E(z)=o g fz)= Y, (32)
1

Multiplying this with (G - 1) gives the proportionate value

of the peak fluctuating load which can now be added to Flz)

to obtain the largest peak in the total wind load as F(z) +
(G-1)F (z). This approach is called the modal gust factor
approach. F(z} can be further simplified on assuming
uniform mass properties through the height, that is,
pAZ) = p A, and linear mode shape, §,(z) = 2/, to

3z
R(v=—% |/ Fl)adz (33)

In this form, the gust factor approach is called as the
triangular gust factor approach’.

Description of wind characteristics

The application of the gust factor approach through codal
provisions requires a proper description of the wind
characteristics in the form of velocity fluctuation spectral
density function, mean wind velocity profile, and coherence
function. For a set of assumed characteristics, the parameters,
B, 5, E and 1, as in equation (29} are expressed graphically or
through semi-empirical expressions. For example, the wind
code gives graphs to determine these parameters in case of
buildings, and the chimney code gives expressions for these
in case of chimneys. These two codes however assume
different wind characteristics, except for the mean wind
velocity profile, as is explained in the following sub-sections.
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Fig 4 Comparison of the profiles for normalised peak fluctuating
moment, Chimney nod

Wind characteristics in 1S:875 (Part 31987

In the wind code, IS:875 (Part 3)-1987, the velocity s

is assumed to be independent of height, thatis, Su(zn) e Su(n),
The following expression for $(n), as in Vickery®, has been
used.

H

nSin} _2
ol 3

#

X

(1+x3)if3

(34)

where, o, is the rm.s. value of the (height-independent)
velocity fluctuations, and

al(H)
) )
In equation (35), L(H) is the integral length scale of
turbulence at the top of the structure. The expression in
equation (34) was empirically suggested by Davenport” on
the basis of averaging several wind measurements over
terraing of different roughness and at different heights, and
by considering
U(H)
H} = 1200
.L( )=1200 U160} ©6)
The wind code specifies values of L(H) in graphical form
depending on the terrain type and building height, H. The
value of o, denoting the intensity of velocity fluctuations is
considered to be related to the roughness factor, r as
{see reference 6)

_148+20 20

= 1+B+a UCH) @7)
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Flg § Comparison of the exact moment profiles for different wind
anvironments, Chimney no. 1

where, o and § are the constants used to describe the mean
wind velocity profile and fundamental mode shape

respactively as in

U() = ( H{f}«) (38)
and

#
¢,fz)m[—f}-) (39)

- The value of & depends on the terrain category, that is, o
may be taken as 0.14 for Category 2% The value of f is close
to unity for s buildings and greater than unity for tall
chimneys. The valaes of the roughness factor, 7, have been
specified by the wind code in form of the graph for gr for
different building heights and terrain categories. Finaily, the
coherence function in the wind code has been considered to
bet

WM Mn) =

2 JCHy, — 3y + CHz, = 2,
exp Ul )+ U(z,)

“0)

for the two points, M, (y,z,} and Mfy,z,), with C, = 10 and
C =12,

it may be mentioned that though the gust factor
calculations are based on the power law variation of the mean
wind velocity (see equation (38)}, logarithmic law variation
has been used for the computation of the mean wind load,

Fig 6 Comparison of the axact moment proflies for differsit wind
environinents, Chimney no, 2

F, Due to this, the gust factor provisions in the wind code
mmmmtm&x&wspmﬁahmm&wmmmd
ioad,

Wind characteristics in 15:4998 (Part 1)-1992

The wind characteristics used in the chimney code for the
gust factor caiculations are the same as considered by Vickery®
for Category 2. Here, in contrast with the wind code, the
velocity spectrum is considered to be the height-dependent

von Karman spectrum, that is,
nS, (z,n) x(z)
olz) 08" ¢
with
nliz)
(@)= Ulz) (42)

In equation (42), L{z} is the integral length scale of
turbulence taken as

Liz) = 30°% {43)
Further, the rmus, vaiue of wind velocxty ﬁuduahons at

height, 2 is taken as
g2 = (0311 - 0.08%0g2)iAz) (44)
Finally, the expression used for the coherence function is

_ 10 Z,- -'Z;

Z, 4+,
2

]"(Z].,Zz,ﬂ)ﬁeg (45}
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Fig 7 Comparison of the exact moment profiles for difersnt wind
erwironments, Chimney no. 3

It may be noted that in contrast with the wind
<haracteristics model given in the wind code, this model does
not have any flexibility regarding the choice of meteorological
parameters such as the length scale, and r.m.s. value of
fluctuations with respect to the terrain category. Nevertheless,
this model uses a more realistic height-dependent spectrum
for the velocity Suctuations. The chimnney code accounts for
different terrain roughness (other than the Category 2) in an
adhoc manner through an appropriate change in U(10).
However, this is inadequate to describe the required changes
in the ing wind characteristics model and may thus
lead to unrealistic gust factors. Moreover, as in the wind code,
the gust factor calculations here are inconsistent with the mean
wind load calculations due to considering different mean
wind velocity variations.

Numerical study

Modal gust factor approach

The simplified form of F,{z), as in equation (43}, is based on
the assuu that the has the same cross-section
at afl heights and that its fundamental mode shape is linear.
Since the designs of chimneys usually involve the gradual
tapering of the diameter and thickness from base to the top,
P2} actually decreases with increasing z. Also, the linear
mode shape is not a realistic mode shape for 2 Euler-Bernoulli
beam type of structure. In view of these approximations and
because the modal gust factor approach is itself an
approximation, it becomes necessary to check the accuracy
of the triangular gust factor approach through a comparison
of the (approximate) response estimates from this approach
with those from an exact stochastic analysis.

Fig 8 Comparison of the sxact moment proflies for different wind
environments, Chimney no. 4

For the numerical comparison of the approximate and
exact response estimates, four reinforced concrete chimneys
of widely different configurations have been considered. Two
of these example chimneys, that is, Chimney no. 1 and 2, are

. the hypothetical chimneys as also considered by Vickery®. The

particulars of these two chimneys are given in Table 1. The
other two example chimneys are the existing chimneys.
Chimney no. 3 is the 180 m high chimney at Bokaro and
Chimney no. 4 is the 120 m high chimney at Obra. The
particulars of these two chimneys as considered by Arya and
Paul® are given in Table 2. The modulus of elasticity, E, has
been taken to be 33,500 N/mun? as recommended by the
chimney code for M30 concrete, The density of concrete, p,,
is taken to be 25 KN/, and the damping ratio is uniformly
assumed o be 0.016 in all the modes of vibration.

The wind characteristics considered are the same as those
described earlier for the gust factor provisions of the chimney
code. Since these characteristics were proposed by Vickery®
for Category 2 terrain (open terrain), the mean wind velocity
profile for Category 2 terrain as proposed by the wind code
has been considered here. It may be emphasised again that
this profile is different from that considered by Vickery (and
thus, by the chimney code) in obtaining the expressions for
8, 8, E and r. The basic wind speed is taken fo be 47 m/s, and
the mass density of air, p, is taken to be 1.2 kg/m®.

The exact stochastic analysis has been carried out by
considering the first six modes in case of each example
chimney. In each case, the mode shapes and natural
frequencies have been determined by discretizing the chimney
into fifty Buler-Bernoulli elements and by carrying out a finite
element analysis. The fundamental natural frequencies of all
the example chimneys are given in Tubles 1 and 2. In each
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case, the (largest) peak fluctuating moment,
M, (Z)H=8,{2)5,(2)) has been calculated at different values of
z by the exact analysis as well as by using the triangular gust
factor approach. In the latter, the gust factor, ¢, has been
caleulated by direct caleulation of the ratio, ¢ (2)/X(z) as in
equation (52) of the Appendix, instead of using the
expressions of B, §, E, r and g, as specified by the chimney
code. The various estimnates of the peak fluctuating moment
in each case have been normalised with respect to the
respective mean base moment, M(0). The profiles of the
normalised peak moment, m (M0}, as obtained _for the
stochastic and approximate analyses have been compared in
Figs 1 to 4 respectively for the Chimneys no. 1-4. The results
of the approximate analysis are denoted as 'Hnear’ in these
figures. Alsg compared are the estimates from the
conventional gust factor approach as obtained by multiplying
the mean moment values by (G ~ 1). It may be observed that
the conventional approach becomes unconservative for top
70 percent to 80 percent height of the chimneys, while the
triangular gust factor approach gives ‘too conservative’
estimates for almost the entire height of a chimney with as
much as 30 percent higher esiimates in the top half of the
chimney. In order to arrive at an expression of F(z) as an
alternative to the triangular gust factor approach, we congider
the parabolic fundamental mode shape, that is, ¢,(z) = Z/H°
in equation (32) and obtain
]
E(Z)“%LHF(Z}ZZdZ {46}
The estimates of m,_(z)M(0) based on this expression of
F (z) are shown as ‘parabolic’ estimates in the figures. It may
be seen that for about 30% height towards the base, this
expression leads to unconservative estimates. In fact, at the
base, the ‘parabolic” estimates may be guite unconservative.
Considering the trends of the ‘linear’ and “parabolic’ curves,
itappears that a curve in between these two curves may have
a reasonable matching with the curve for the stochastic
estimates. In view of this, the fundamental mode shape is
alternatively considered as ¢,(z) = (zZH)'* instead of the linear
mode shape, and thus the expression of F(z) is taken as

1.5

F; {z)e= é"é‘"{” LH F{'z}z“dz (47)

in place of equation {43}. The revised estimates of
m,,.(2YM(0) for this expression of F(z) as shown in Figs 1 -4
appear to be good approxirnations to the stochastic estimates.
In fact, those are conservative for most of the chimney heights
in each case without being ‘too conservative’. Thus, it may
be appropriate to replace the expression of F(z) as in equation
(43} by that in equation {47), and thus to consider the following
alternate expression of F_ in the gust factor approach adopted
by IS: 4998 (Part 1)-1992,

P4 (48)

(G-1)f 2\ o,
Hz_s {*}}*) L sz:sdz |

This expression may be deemed applicable to the other
terrains (than the Category 2 terrain) also since the adhoc
U{10Vbased variations in the wind model for these terraing
may not cause significant qualitative changes in the response
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estimates.

Wind characteristics

As described earlier, the wind characteristics adopted by the
wind and chimney codes for the gust factor approaches in
case of buildings and chimneys respectively are based on
independent sources. There is a fundamental difference
between these two sets of characteristics as the wind code
assumes a height-independent velocity spectrum and the
chimney code provisions are based on a more realistic height-
dependent It has been shown by Chandra Sekher
and Gupta®™ in case of buildings that a height-dependent
spectrum may give substantially different gust factors as
compared to a height-independent spectrum. However, the
wind characteristics model adopted by the wind code is much
more flexible as it properly considers the variations due to
diffemnttypesofteﬂaim'l'hepmvisionsinthedﬁmneycode
are strictly applicable to the open terrain conditions only. A
numerical study has been carried out in this sub-section to
appreciate how different these two models are s regards the
stochastic response estimated in case of chimneys no. 14
situated in an open terrain. For this purpose, the stochastic

estimates of m__.(z¥M(0) have been recomputed for the wind

characteristics adopted by the wind code, and compared with
those shown in Figs 1-4. Figs 5-8 show the comparison of
these two sets of profiles for Chimneys no. 1-4 respectively.
It may be noted that the value of o has been taken ag 0.145,
and fi has been taken as 2.0 for estimating the value of ¢,
from 7 as in equation {37). Further, the values of r have been
estimated from the graphs of g7 as given in the wind code by
estimating g, which is actually independent of o, (see equation
(273). )
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It may be seen from Figs 5 -~ B that the peak fluctuating
moment responses for the two wind models are significantly
different from each other at all heights of the example
chimneys. The estimates for the chimney code are consistently
higher than those for the wind code by about 30-40 percent.
This implies that the design wind environments as considered
by the codal provisions on gust factors for buildings and
chimneys are inconsistent. This inconsistency becomes
obvious from the fact that one set of provisions is largely based
on the work of Vickery in 1970 while the other set is directly
taken from the work of the same author in 1985. It is also not
obvious that which of these two models appropriately
characterises the wind environment in India, Hence, a more
comprehensive approach to characterising the wind model
and correspondingly formulating the gust factor provisions
for different types of structures becomes desirable. It may be
mentioned here that in contrast with the code provisions of
concrete chimneys, the code provisions for estimating
dynamic wind loads on steel chimneys as in IS: 6833 (Part 2)-
1989' are not even based on the gust factor approach.

Conclusions

The codal specifications on the design fluctuating load as in
the gust factor method for the design of reinforced concrete
chimneys have been critically looked at. It has been shown
by finding the peak fluctuating moments in case of four
example chimneys of different heights that the existing codal
expression for the load, F,, leads to consistently conservative
estimates. These estimates may be too conservative for the
top half of a chimney. A modified expression for F, has beent

proposed and it has been shown that this may lead to more
reasonable estimates of the bending moments at various levels
of a chimney.

The wind environments considered for the gust factor
provisions in IS: 875 (Part 3)-1987" and IS: 4998 (Part 1)-1992
have been compared by comparing the exact peak fluctuating
moment profiles due to both environments in case of the
example chimneys. It is seen that the two wind models are
inconsistent and thus lead to significantly different results
despite the use of same mean wind velocity profile. This
inconsistency is due to the fact that the two models have been
adopted from different sources. Since neither of these models
necessarily characterises the wind environment present in
India, it is suggested that the expressions for the gust factor
as in IS: 4998 (Part 1)-19922 be revised by considering a wind
mode] which is known to be representative of Indian wind
characteristics. This revision should be based on using the
same mean wind velocity profile as considered for calculating
the mean wind load, and different expressions should be
obtained for different terrain categories.
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Appendix
Derivation of gust factor, G,

Fhe gust factor approach is based on the assumption that the response
of the structure is in its fandamental mode of vibration. Hence, the
standard deviation of x{z,t) may be simplified to

o (1)= ¢’(Z{4x+nm{ﬁ [ Col2)C,(2)D(2)D(2)U(2)

UGz R (210 0802 8 (2, )z} | (49)

with R(z,.2,) = glﬁ:(ﬂ)ry(z,, z,,n)JS_(z,,u)S,{"zz.u)dn €50)

In equation {50), |§;(nﬂ represents the non-dimensional form of
{Hh(n) obtained by multiplying this with 4x°n’M, . Similarly, the

mean response, X(z). as given by equation (8} may be expressed in terms
of the first mode as

_ ()

X .
(z)= ey

L F(# (2)d:

e P o z -
”%(z{mfﬁ:-{o Col2)D( U (z)¢,(z}dz‘ (51)

It may be observed that in both equations (49) and (51), the
multipliers to the mode shape, ¢,(2) are independent of height, z. Hence,
on dividing the rim.s, response, g.{z) {as in equation (49)) by the mean
response, X(z) {as in equation {51)), we obtain a height-independent
ratio as
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— -
o (2) (i} the area under the spectrum for frequencies much
.i_.a?..‘%m_ smaller than n, as shown by B, and
z

Ul2)R (2, )8, (%, »:(Q)dzqdzz)
[ cotopmui g
it may be noted that due to the assumed vibration of the structure
in a single mode, the peak factor, gz}, for the displacement

process will also be independent of height, z. Thus on rewriting
equation 25 as )

ZJLHLft[sca{zz)cp(zz)l)(z,)D(z,)U(z,))x ]
32)

o (2)
Xm(z)wm‘z)[l +g#(z)-§aj-] {53)
we obtain the gust factor,
o (1)
G, =14+g,( z)—-j-;&-)— (54)
a5 a height-i ent factor which should be multiplied with

the mean response, X{z). to obtain the largest peak in the X(z,t) process.

It is possible to fusther simplify the calculation of gust factor, G,,
by decomposing the numerator on the right hand side of equation (52)
into the background and resonant parts, To understand the rationale
behind this approximation, let us rewrite equation (49) as

0. ()= S, (man] (55)
where
S, (m)=|H (2} S, (n) (56)

is the spectral density of the displacement response of the
equivalent osciliator in the fundamental mode, In equation 56

Sntmr=p2 [ [ Col2JCo 2, DU DXt N e RK 2 12y, 20,m)
JS,,(z,,n)S_(z,,n (2, (2, M dy, {57y

is the spectral density of the modal force process in the first mode.
Fig9 the S5 (n) , the mechanical adssittance function,
[H{nX and their product{=5,(n)) . It may be seen that the
admittance function, |H,(nX s either equal to a constant value of
1/ 16%*n M; or to zero, except for the frequencies around the natural
frequency, 1. At these ieg, for small ing, this function
attains very high values in form of a sharp spike. Due to these, the
spectrum, §, (n) is characterised by

{i} the same shape as that of 5, (n) , at the frequencies
much lower than n,, '

(ii} sharp spiké at the frequencies around »,, and )
(i) Little energy at the frequencies much higher than n,.
‘This is however true only if the peak in the admittance function is

not close to the peak in the spectrum of modal force. Insuch a case, the
area under S, (n)} canbe thought of comprising of

(i} the area for frequencies close to 1, as shown by R in
Fig 9,

The first contribution is called as the broad-band, non-resonant or
background response and the second contribution is termed as the
narrow-band or resonant response. With this understanding, the area
under §_ (n} may be approximately written as

s &
[ 8 dn I6xniM:

[y Senidn+ Sy (n )] 1H (n ) dn (58)

and since the total area under [H,(n) is equal to 1/64n°¢ n*M?,
we have

8, (n,)

I A
E AP AL MAMALLR
b8 gy L Sa(ndns )

In view of these simplifications, equation (52} becomes

11
AL {B + §~E—] (60)
X(z} 4
 where

Lﬂf[ r(z,,z,}C,,(z,)C,,{z,HXz,}ng)) X
B LWRU(2, )8, (0 8 (2, )d2dt,)

) [»U CB{""‘zW’fzm{z)dzrm’(H) s

is called the background excitation factor It is a measure of slowly
varying component of the Suctuating wind load. In equation {61)

- 1
i )= mfs.(zyzp l!tkin

- £ 5, (2 2n)dn

. [s.0LHn)n

is the frequency-independent and normalised measure of

coryelation between the velocity processes at z, and z, heights, with
o (H} denoting the rovs. value of the wind velocity fuctuations atz =

H. Further, in equation (60),

(62)

..... j;“ ﬂ' 58z, z,m) C(2)Ca (D) | X

S(H,n,)
5w LG9 0 ) 00 )|
[{ cotwpv e waf roran
is called the size reduction factoy, and

44t L7 LA BSR4t meemman]
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ny, S(H,n

B Tt H)

(64)

is cafled the gust energy factor. B is a measure of the available
energy in the wind flow at the natural frequency of the structure.

Further,

- 20 (H}

GO (65}

is a measure of ground roughness vis-a-vis the height of the stack.
it may be seen that B and SE/{, are, respectively, the measures of the
non-resonant and resonant parts of the total response. Depending upon
the model used for wind characteristics, different expressions or graphs
are used to describe these parameters.

On using the approximation as in equation (60), the expression for
the gust factor, G, as in equation {34) may be written as

£ 2
SE
G]E e !-l-gﬁ PI:B+“€"'"":I (66}
i
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