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ABSTRACT

The presence of a nearby structure influences the pressures on a high-rise building due to interference. The
present paper describes the results of an experimental study carried out on rigid models of buildings in a
boundary layer wind tunnel in order to study the interference effect. A model of a low-rise building is
placed on the upstream side of a high-rise building model and the wind environment between the two is
measured. Spacing between the two models is varied in order to study the influence of spacing on the wind
environment. It is observed that the wind environment between the two buildings is changed and thus wind
pressures on high-rise buildings are adversely affected. This influence is quite distinct for the spacing
values up to 5 times the height of the low-rise building model.

INTRODUCTION

For design of high-rise buildings under wind loads, wind pressure coefficients are referred from the relevant
code of practice on wind loads [IS:875-1987]. Wind loads acting on building frames at various floor levels
are calculated using these coefficients and wind velocity acting at the respective floor level after selecting
a suitable velocity profile (Fig. 1) [Simiu and Scanlan, 1963]. Values of pressure coefficients available in
the design codes are based on experimental studies carried out on isolated models of high-rise buildings in
wind tunnels. However, the presence of other structures in the near vicinity, especially on the up-stream
side, affects the wind environment in front of the high-rise building (Fig. 2) [Cochran, 2004]. Separation of
flow developed on top of a low-rise building (Fig. 3), results in shooting velocity on certain portions of the
high-rise building. This not only causes great inconvenience to the occupants of apartments in that zone but
also alters wind pressures and forces on the high-rise buildings [Penwarden and Wise, 1975; Peterka and
Ratcliff, 1989; Livesey, 1992].

However this increase or reduction of wind speed and thus pressure/force on the building frame is not, in
general, accounted for while designing high-rise buildings. In fact no code of practice suggests modification
factors for the same. Therefore, an effort has been made in the present study to investigate experimentally
the amount by which the wind environment will get changed due to the presence of a low-rise building on
the up-stream side of a high-rise building.

DETAILS OF MODELS

Models of both low-rise and high-rise buildings were made of plywood. Dimensions of the low-rise building
model are 500 mm (length) x 100 mm (width) x 100 mm (height). The high-rise building model has dimensions
of 500 mm (length) x 100 mm (width) x 500 mm (height) (Fig. 4).
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Fig. 4 : Dimensions of (a) the low-rise building model and (b) the high-rise building model

PARAMETRIC STUDY

As mentioned above, in the present study, models of low-rise and high-rise buildings have been tested in the
wind tunnel, with the low-rise building model placed on the up-stream side of the high-rise building model.
The spacing between them was varied in order to study the effect of the spacing on the wind environment
between them. The spacing between the models (S) was kept as 200, 250, 300, 350, 400, 600, 800 and 1000
mm resulting in an S/H, ratio of 2.0, 2.5, 3.0, 3.5, 4.0, 6.0, 8.0 and 10.0, where H, = height of the low-rise
building model. The mean value of the velocity profile between the two models was measured using a pitot-
static tube for each case. In all 10 test runs were conducted.

EXPERIMENTAL TECHNIQUE

Models of the building were tested in boundary layer flow in a closed circuit wind tunnel with cross-
sectional dimensions at the test-section of 1.3 m (width) x 0.85 m (height). The test section has a length of
8.2 m. A reference pitot-static tube was placed at a distance of 3.5 m from the grid (Fig. 5) and 500 mm
above the floor of the wind tunnel to measure the free stream velocity during the experiment.
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First of all, the velocity profile was measured at the test section i.e. at a distance of 5.95 m from the grid
(without the building model) with a free stream velocity of about 15 m/sec. For this purpose, a second pitot-
static tube was used (Fig. 5). Then the high-rise building model was placed at a distance of 6.1 m from the
upstream edge of the test section (Fig. 6) and the velocity profile was measured again in front of the model
at a distance of 150 mm.
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Fig. 6 : High-rise building medel in isolation at test-section

Then the model of low-rise building was placed on the upstream side of the high-rise building model at
a distance of 200mm (Fig. 7) and the velocity profile was measured again in front of the high-rise building
model at a distance of 150 mm. After that, the spacing between the models (S) was varied to 250, 300, 350,
400, 500, 600, 800 and 1000 mm, and the velocity profile was measured for all these cases. The high-rise
building model was kept at the same location in all the cases and the low-rise building model was shifted
towards the grid to increase ‘S’. :

RESULTS AND DISCUSSIONS

As mentioned above, velocity values at different heights above the floor of the wind tunnel have been
measured in front of the high-rise building model with and without the interfering building model on the
up-stream side. These values of the velocities are listed in Table 1 for all 10 cases and the corresponding
velocity profiles are shown in Figs. 8 to 17.

Figure 8 represents the wind velocity distribution at the test section without any model. It is seen from
the figure that the velocity increases rapidly in the lower 50 mm layer, after which it increases slowly. The
figure also shows the velocity profile at 150 mm in front of the high-rise building model. Due to downwash,
there is reversal of wind in the lower 50 mm layer with a maximum value of -7 m/s at 20 mm height above
the floor. It is also noticed from the figure that between 50 and 250 mm above floor, the velocity remains
almost constant at about 10 m/s. It then increases gently up to 15 m/s at the top of model, which is the free

stream velocity.
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Fig. 7 : A low-rise building model on the upstream side of the high-rise building model

The influence of placement of a low-rise building in front of a high-rise building in the near vicinity, on
the velocity distribution can be seen in Fig. 9. This figure represents the velocity profile in front of the high-
rise building model at a distance of 150 mm with the low-rise building model on the upstream side at a
spacing of 200 mm. The presence of the low-rise building reduces the negative velocity in the lower 50 mm
region. But it increases velocity at 100 mm height very strongly. The increase is about 120% compared to
the ‘no interference’ case. This shooting velocity, hitting the floors of the high-rise building around the
height of the low-rise building, will cause very severe pressure in that region on the high-rise building.
Since the velocity is about 2.2 times the velocity without the interfering building, the pressure and forces
will be around 5 times the normal pressure or forces calculated on the basis of code recommendations. This
high intensity wind pressure / forces will not only cause increased member forces and stresses in the building
frames, but the residents / occupants of floors around the height of the low-rise building will also experience
great inconvenience. In the event of windows / doors remaining open, light-weight household items are
likely to get blown around even at a nominal free stream velocity of wind. It is also seen that the lower 80
mm portion of the high-rise building model is now subjected to reduced velocity as compared to the ‘no
interference’ case.
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Table 1 Comparison of velocities in front of the high-rise building model
for different spacing between models

Height Velocity of flow (m/sec)
above
floor No High = = S= S= S= S= = = =
(mm) Build-  Rise 200 250 300 350 400 500 600 800 1000
ing Bldg. mm mm mm mm mm mm mm mm mm
Case only
0 8.92 -5.16 0.00 -258 -6.56 -6.44 499 -446 -3.16  -3.15 -2.58
10 9.81 -5.31 094 405 -7.83 -525 461 -446 -3.16  -3.15 -2.58
20 10.62  -6.93 0.53 -440 -7.83 -6.10  -529 -446 -3.16  -3.15 -1.29
30 1052  -2.09 -1.82 569 -6.66 -5.86 427 -446 249  -1.82 0.00
40 11.80 7.51 -4.15  -224 -332 -5.52  -427 -446 -1.82 -1.82 0.00
50 12.22 8.14 -460 000 -0.22 =770 -4.64 -4.46 -1.82 -1.82 2.20
60 12.62 8.14 0.00 1.37 -2.11 -5.57 499 -446 -1.82 -1.82 220
70 12.75 8.34 0.00 -470 0.00 =770 499 -427 -1.82  -0.91 2.20
80 13.01 8.53 000 -729 -1.82 -7.69  -5.61 -4.05 1.06 0.00 3.11
90 13.13 8.73 18.63 4462 -2.20 940 -561 -340 1.82 2.20 3.40
100 13.13 8.73 1893 1158 1.592 -9.40 -539 220 3.16 2.58 3.40
110 13.26 8.92 16.65 1649 8.19 -3.76 -3.52 410 4.45 3.40 3.86
120 13.32 8.92 1466 16.59 1038  -6.87 0.53 644 5.75 3.64 4.27
130 13.39 8.92 13.80 14.85 11.28 -9.24 439 794 6.81 427 4.64
140 13.51 8.92 1294 13.63 13.13 1.30 6.68  8.43 7.51 4.99 5.15
150 13.63 8.92 12.81 12.88 13.26 8.73 824  9.20 8.14 5.61 5.31
160 13.63 8.92 12.22 12,62 13.13 7.93 873 972 8.35 6.18 5.60
180 13.87 8.92 11.37 1173 12.08 11.22 946 10.14 9.29 7.17 6.56
200 14.10 9.11 1093 1123 11.94 10.83 10.22 10.22 9.81 8.04 7.40
220 14.34 9.29 10.62 1046 11.58 11.21 10.54 10.46 9.98 8.64 8.15
240 14.57 9.29 10.30 10.06 10.78 1030 10.70 10.54 1030  9.02 8.64
260 14.68 9.46 1046 998 1054 10.14 1022 10.62 10.30  9.89 9.38
280 14.91 9.72 1046 9.72 1030 9977 10.14 10.62 10.30 10.30 10.06
300 15.02 9.98 1046 964 1046 9977 1046 10.62 1030 10.46 10.38
320 15.13 1038 11.08 989 1046 1030 10.54 10.7 10.30  10.46 10.78
340 1524 1077 11.30 1030 10.77 1046 10.85 11.00 10.62  10.62 11.00
360 1524 1100 11.52 1038 1092 10.77 11.23 11.59 10.93  10.93 11.59
380 1546 11.15 12,15 1077 11.37 11.08 11.66 11.87 11.22  11.23 12.48
400 1546 1137 12,62 1130 11.80 11.52 12.01 12.35 11.66 11.66 13.13
420 1567 11.94 1345 11.87 1235 11.94 1255 1294 12.35  12.35 13.63
440 15.67 1249 1399 1255 1268 12,75 13.26 13.75 1326 12.94 14.17
460 15.67 1357 1485 1326 1326 1326 13.87 14.28 13.99  13.13 14.57
480 15.67 13.57 15.13 1338 1326 13.63 13.99 1440 1423 13.26 14.80
500 15.67 13.87 1513 1338 1326 13.63 1399 1440 1423 13.26 14.80

Figures 10 and 11 represent the velocity profiles in front of high-rise building models for S = 250 mm
and 300 mm respectively. The figures indicate that with the increase in spacing between two models,
shooting velocity reduces and also point of maximum velocity shifts upward. Increase in velocity, compared
to no interference case, is about 75% for S = 250 mm and about 50% for S = 300 mm.

Figures 12 to 17 indicate that with further increase in spacing between the building models, shooting
velocity decreases further. The presence of low-rise building fails to enhance the wind velocity in front of
the high-rise building when spacing between two buildings is 6 times or more than height of low-rise
building. It is also observed from Figs. 9 to 17 that as the spacing “S” increases, more and more lower
portion of high-rise building will be subjected to reduced velocity as compared to no interference case.
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When S = 1000 mm, i.e. when spacing between the models is 10 times the height of low-rise building
model, almost lower half height of the high-rise building model, i.c. 250 mm, is subjected to reduced
velocity. Therefore, it can be said that whereas interference effect of a low-rise building placed on the
upstream side of a high-rise building is to reduce total wind force acting on high-rise building, certain
portion of high-rise building will experience severe wind pressure / force when interfering building is quite
close.

Figure 18 compares the reference velocity profile (i.e. without interfering model) with those profiles
with varying spacing between two models. It is observed that there is almost no effect of spacing between
building models on the velocity distribution in front of almost upper half height of the high-rise building
model, i.e. 250 mm from top. In the portion between 100 mm and 250 mm from bottom of the model,
velocity is distinctly more than no interference case when spacing between the models is up to 300 mm, i.e.
three times the height of low-rise building model. Lowest 100 mm portion of high-rise building model is
subjected to negative velocity in almost all cases of spacing.

This variation of wind environment and thus velocity in front of the high-rise building due to the
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interference of the low-rise building placed on the upstream side, will in turn result in variation in the wind
pressure / forces on the building frames of high-rise building. The correct values of wind forces, thus, need
to be considered for ensuring comforts of the residents in and safe design of the high-rise buildings under
such situations.

It is worth mentioning that only mean values of the velocity were measured in the present study. However,
it is expected that turbulence of flow will further influence the wind pressure / forces on the building and
thus need to be investigated. More appropriate study will be to measure pressures on the surfaces of the
high-rise building model.

In order to give guideiines for the design of structural system of such a high-rise building falling in the
interfering zone of a low-rise building, it is worth measuring shear force and moments at the base of the
high-rise building model using load cell.

Further, the velocity profiles have been measured along the center-line of the models only in the present
study. In order to understand the flow field fully, measurements should have been taken over a plane to
include possible V-component of the velocity. The conclusions drawn, thus, have the limitations to that
extent.
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CONCLUSION

The following conclusions are drawn from the study reported here in.

(1) When wind strikes on a high-rise building, negative velocity is experienced in the lower regions of
about 8 to 10% height due to downwash.

(2) Velocity remains almost constant in the region from 10% to 50% height of high-rise building.

(3) In the upper 50% height of the high-rise building, velocity increases from the mid height to the top end
gently.

(4) When a low-rise building is placed on the upstream side of the high-rise building (with ratio of high-
rise to low-rise building being 5) at a spacing of 2 times the height of the low-rise building, a shooting
velocity is observed at the height of the low-rise building. The shooting velocity is almost 2.2 times the
velocity without the presence of low-rise building.

(5) Shooting velocity decreases with the increase in the spacing between low-rise and high-rise building.

(6) The influence of low-rise building on wind environment between low-rise and high-rise buildings can
be seen even at a spacing of 10 times the height of the low-rise building.

(7) The presence of low-rise building in front a high-rise building is advantageous in reducing wind speed
and thus wind pressure when the spacing between two buildings is more than 5 times the height of the
low-rise building.
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ABSTRACT

This paper describes use of a simple tuned mass damper (TMD) to control across-wind response of tall
RC chimneys. This TMD is in the form of a simple pendulum suspended from chimney top. Across-wind
analysis is carried out using approach of Vickery-Basu (1984). It is noted that with the use of TMD,
mode shapes and natural frequency of chimney-TMD system changes, which in turn affects equivalent
modal mass and aerodynamic damping of chimney. These changes in dynamic characteristics lead to
reduction in across-wind response. Effect of TMD is quantified by comparing peak tip deflection and
base moment of chimney with and without TMD. For a 220 m tall RC chimney, TMD with mass equal to
1 % mass of chimney, is found to reduce peak tip deflection by 28 % and base moment by 24 %. Effect
of TMD mass on chimney response is also studied.

Key words:: RC Chimney, tuned mass damper, across-wind response, peak tip deflection, base moment

INTRODUCTION

Tall chimneys are used to discharge pollutants at higher elevation. Increase in quantity of pollutants due to
rapid industrialization and enforcement of strict air pollution standards, necessitates use of tall chimneys.
Tall reinforced concrete (RC) chimneys are commonly used and with the availability of high grade concrete,
chimneys with thin shell thickness are being constructed, there by making them slender and sensitive to
wind vibrations. Under the influence of dynamic wind loads chimney oscillates in along-wind and across-
wind directions. Along-wind vibrations occur due to gust in the direction of the incident wind and are
associated with drag forces. Across-wind vibrations occur due to vortex shedding, leading to development
of lift forces in the direction normal to the flow of incident wind. The displacements due to lift forces can
become very large when the wind load frequency matches the natural frequency of chimney, resulting in
resonance. Wind loads are the most critical loads on tall chimneys and chimney design is usually governed
by wind loads. Economy in chimney design can be achieved by controlling its wind response. Recognizing
this fact, in the past there have been attempts to control wind response of chimneys using strakes, perforated
screens, rubber mountings, hanging chain dampers and tune mass damper (TMD).

TMD is an auxiliary device consisting of a spring, mass and a damper. TMDs have been widely used to
control wind response of buildings. Mc Namara (1977), Tanaka et al. (1983), Kwok (1984), Xu et al. (1992)
have studied effect of TMD in controlling wind response of buildings. Many tall buildings throughout the
world are fitted with TMD to control wind induced vibrations. Use of TMD for controlling wind response
of chimneys (or tall stacks) has also been attempted in the past. Durvasula et al. (1994) have studied effect
of TMD on dynamic response of laboratory models of chimney. TMD in the form of a cantilever with tip
mass suspended at chimney top is used. TMD parameters (i.e., mass and stiffness) were arrived at using
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classical approach of Den Hartong (1956). Frequency response function is obtained by taking fourier
transform of recorded response under impulsive loading. They studied effect of TMD on frequency response
function, and showed that by deploying TMD, response amplitude in the neighborhood of natural frequency
gets reduced by 50%-60%. In this experimental study, effect of TMD mass on frequency response function
was also studied. Ricciardelli (2001) obtained parameters of TMD to avoid lock-in behavior of chimney.
Recognizing the fact that presence of TMD increases damping in chimney, he obtained an equation to
calculate the amount of TMD mass required to prevent vortex shedding lock-in. Areemit and Warnitchai
(2001) have reported interesting results on the use of pendulum type TMD to control across-wind response
of a 90 m tall steel stack. They have used pendulum type TMD in the form of a steel ring suspended with
three rope wires from chimney top. Three viscous dampers are also used in the TMD to enhance its damping.
For this steel stack of 296 t mass they used TMD of 3.6 t supported with three ropes of 0.38 m length and
viscous dampers with 40% damping ratio. By conducting controlled field study on free vibration response
and forced vibration response under natural wind excitation they showed that TMD increases damping of
steel stack from 0.5% to 4.0%. This increase in damping is shown to be very helpful in controlling fatigue
related damage due to vortex shedding. Gerges and Vickery (2003) conducted experimental study on a stick
type aero elastic model of slender tower with square cross section fitted with nonlinear TMD in the form of
a wire rope. Wind tunnel test revealed that due to presence of such nonlinear TMD, across-wind response
decreases significantly. They argued that increase in damping due to TMD is largely responsible for this
reduction in response.

Experimental studies have shown that TMD suspended from chimney top is effective in reducing across-
wind response of stacks/chimneys. This has been demonstrated by experimental study on laboratory model
(Gerges and Vickery, 2003) as well as on prototype model (Areemit and Warnitchai, 2001). However, there
are no analytical studies on effect of TMD on across-wind response. It is to be noted that presence of TMD
alters dynamic characteristics of chimney. Similarly, if TMD is tuned to first natural frequency, then for
structure fitted with TMD, natural frequency of first two modes become very close to each other. These
changes in dynamic characteristics influence wind response of chimney. With this in view, in this paper an
analytical study is undertaken to investigate effect of TMD on across-wind response of chimney. This study
is limited to RC chimneys with a little or no taper, and TMD considered is in the form a simple pendulum
suspended from chimney top. It is noted that TMD which becomes an integral structural part of the system,
significantly alters the mode shapes and modal mass of chimney. In the analysis of chimney with TMD,
these mode shapes and modal masses have been used. Structural damping parameters are kept same for
chimney without and with TMD. Effect of TMD is quantified by comparing response of chimney without
and with TMD. Results on influence of TMD mass on response of chimney are also presented.

ACROSS-WIND ANALYSIS OF CHIMNEY WITHOUT TMD

Across-wind response of chimney or tall structures occurs mainly due to vortex shedding and displacement
dependent forces. Various models have been proposed in the past to obtain across-wind response of tall
structures and amongst them model of Vickery and Basu (1984) seems to be the most accepted one. Following

the approach of Vickery and Basu (1984), peak tip deflection (7;) of chimney with a little or no taper in
mode is given by:

g-Co-d-, p,-d*Na@Dh O+’ < D(5.4)
8.71'2 'Snz mei , (1)

ni: 1 h % 1
|:Z'.|.(pzi2.dz:| '(ﬁs_ka.pa.dz/mei)/z
0

Similarly, base moment in i mode is given by
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h
Mi=4'7T2'fi2'77i',|‘mz'(0zi'z'dz 2)
0

where,

g peak factor

C. rms lift coefficient

d average diameter of top one third portion of chimney

@ i" mode shape factor at height z such thatg,; = 1.0

S strouhal number

Pa mass density of air

/ correlation length in diameters taken as 1 in case of inadequate field data
N equivalent aspect ratio = h/d

h height of chimney

m, equivalent mass

h h
=.[mz '(pziz 'dz/.[¢zi2 “dz
0 0
m, mass per unit length at height z
2
1 1{1-k"
®(B,k)= —— k¥ exp{-= 1=k
7 2| "

B spectral bandwidth

k =ulu,

u mean design speed at 5/6 h

u,, critical wind speed

= f£-dlS,

f natural frequency of i mode

B, structural damping as a fraction of critical damping

k, aerodynamic damping coefficient

z height of any section of the chimney measured from top of foundation

In across-wind analysis, those modes whose critical wind speed is less than the mean design wind speed
are included. Generally for RC chimneys only first mode critical wind speed is less than the mean design
wind speed. Hence only one mode is considered in the analysis.

CHIMNEY WITH TMD

TMD in the form of a simple pendulum suspended from chimney top is considered. This pendulum consists
of a steel rod (or wire rope) and a tip mass (Fig. 1b). Pendulum is hinged at the point of suspension. TMD
is tuned to the first mode of chimney. For a particular value of tip mass (m ), required natural frequency of
TMD (f) is obtained as (Sadek, et al, 1997):

fe=(/1+p) 1 3)
where, £, is the natural frequency of first mode of chimney, and /4 is ratio of TMD mass to generalized
mass of chimney in the first mode. Natural frequency of pendulum in Hz is given by:

1
fi =A% @

where, A, is height or length of rod of TMD. Thus, for a given TMD mass (m,), the length of pendulum
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cross girders
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(or wire rope)
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tip mass (m,)

. > 7XXN RN XN
’ "D=24m

(a) Chimney (b) Chimney with TMD

. Fig. 1 Details of example chimney
can be obtained from eq (4).

For chimney with TMD, expression for peak tip deflection will have to be suitably modified to include
effect of TMD on mode shapes. Expressions for peak tip deflection (1), ), and base moment (M) for chimney
with TMD are taken as:

g Codgu pd WD ROl o

_ 8-7'[2 'Snz (mei)t
P by )2 (%)
B( J cozf-dzﬂ (B, ~k, p, - l(m,),)*
0
hth,
M =4-m £ [m, 0, z-de (6)
0

where,

h,  length of rod (or wire rope)

(n,), deflection of tip mass of TMD in i* mode
(m,),equivalent mass considering the effect of TMD

hthy h+hy
=[ I mz.(aziz.dzj/[ .I. (Dziz'dz]
0 0

In above expressions, all the integrations are performed from z =0 to 4+#,. As described earlier, with the
use of TMD which is tuned to the first mode of chimney, frequency of first two modes of chimney-TMD
system will become quite close to each other. Hence, it is expected that the critical velocity (%, = f;-d/S, ),
of first two modes will be less than the mean design wind speed. Thus, in the across-wind analysis of
chimney with TMD two modes will have to be considered. Modal responses are combined using square
root of sum of square (SRSS) rule. Thus, peak tip deflection (1) and base moment (34) will be given by:

n=y{3n’ Q)

M=\,2Mi2 (3)

It is to be noted that Cheng and Kareem (1992) have also suggested SRSS rule to combine modal responses
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in across-wind analysis. For chimney with TMD, two modes will have very close frequencies. The correlation
between these two modes would depend on proximity of two frequencies and damping ratio. For chimney,
damping ratio is 0.016, for which the value of correlation coefficient (Chopra, 2001) is very less even for
modes with close frequencies. Hence, in the present study SRSS is used. Furthermore, through numerical
simulation of a single degree of freedom system with TMD and damping ratio of 0.016, it is verified that
under harmonic excitation, SRSS results match well with the exact steady state response. It is also noted
that if damping increases to 0.05, then SRSS results do not match well with exact solution, and one will
have to use Complete Quadratic Combination (CQC) rule for combining modal responses.

NUMERICAL EVALUATION

Various integrals appearing in the expression for peak tip deflection (eq (1) and (5)) and bending moment
(eq (2) and (6)) are numerically evaluated. Chimney is discretized into various parts and mass per unit
length of chimney m_, at a particular section is obtained by adding mass of segments above and below this
section and dividing this total mass by total length of these two segments. For chimney with TMD,
discretization of chimney is kept same and one additional segment comprising of TMD is included.

If chimney is divided into » segments, then chimney with TMD will have n+1 segments. Let A} be
height of each segment of chimney and 4 the height of TMD segment, then various integrals are evaluated
as follows:

k Ah & Ah
2 2 2
J.(Dzi -dz =@y '7'*' Z(pji 'Ah+¢(n+1)i2 7 ©)
0 Jj=2
Ity Ah & (Ah+h) h
J. q)ziz.dzz(pliz .*+2¢ji2.Ah+(o(n+l)i2 : : +¢n‘2 - (10)
0 2 j=2 2 2
h 2 . 2
2 m @, nfm;tm, 2 My Qi
m, @, dz=—"7Tq V| L SN2, Tn P
! 0. 5 122[ 5 ?, 5 (11
h+h, 2 2
' 2 m; -, L m;tm; 2 My Py 2
m @, dz=——"p 3 Ty 2 T
{ o > 122[ > [0 5 P, (12)
where,
m, mass per unit length of chimney
m, mass of j* segment of chimney

J

m, mass of TMD
¢ i"mode shape factor@,, at z= j-Ah
@1y " mode shape factor at chimney top level i.e., bi

®, i" mode shape factor at TMD level

EXAMPLE CHIMNEY

A 220 m tall reinforced concrete (RC) chimney shown in Fig 1a is considered. Fig 1b shows chimney with
TMD. Outer diameter at bottom and top is 24 m and 14 m respectively, and thickness of chimney shell at
bottom and top is 0.80 m and 0.27 m respectively. Chimney material is M25 grade concrete with mass
density of 2.5 t/m’ and Young’s modulus of 3.2 x 107 kN/m?. F ree vibration characteristics are obtained by
finite element model of chimney. In this model, chimney is modeled using 100 beam elements. First two
natural frequencies are 0.48 Hz and 2.0 Hz respectively, and first two mode shapes are shown in Fig 2.
Values of various other parameters are taken as: B = 0.17, ¢;=0.12,g =4, §.=0.2, p,=1.2kg/m3, B,=
0.016,k =0.5, & =47.5 m/s.

In across-wind analysis, modes with critical wind speed (u,,, = f,-d/S,) less than the design wind

con
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Fig. 2 Mode shapes of chimney without TMD

speed are to be considered. For the example chimney without TMD, critical wind speeds for the first and
second modes are 37.8 m/s and 157.2 m/s respectively. Design wind speed is 47.5 m/s and hence only first
mode is to be considered in the across-wind analysis. Variation of peak tip deflection (7 ) and base moment
(M) with mean wind speed (7 ) is shown in Fig 3a and 3b.

TMD with 180 t mass, which is 1 % of chimney mass is considered. For this TMD mass, ratio (1 ) of
TMD mass to generalized mass of chimney in first mode is 0.08 and required frequency of TMD as per eq
(3) is 0.45 Hz. To achieve this frequency, length of TMD rod shall be 1.24 m (eq (4)). It is ensured that a
suitable cross section of rod (or wire rope) can support 180 t of mass. This rod can be suspended with the
help of two cross girders at chimney top (Fig 1b). For finding the natural frequency and mode shapes of
chimney-TMD system, TMD is included in the finite element model of chimney. In this model, TMD is
represented as spring mass system with mass equal to tip mass of TMD and spring stiffness is such that
natural frequency of spring mass system is same as the required natural frequency (f) of TMD, i.e., 0.45 Hz.
Model of chimney-TMD system is shown in Fig. 4a.

With the use of TMD, free vibration characteristics of chimney changes. First three natural frequencies
of chimney-TMD system are 0.40 Hz, 0.53 Hz, and 2.0 Hz, and corresponding mode shapes are shown in
Fig 4b. Critical velocity for first and second mode now becomes 31.5 m/s and 42.0 m/s respectively and

0.2 W 14
_0.15 %o 0.75 1
) "
g g
2 z
3 &
2 0.1 4 < 0.5
o g
§< =]
[=]
:
™ 0.05 - & 025
0 T T T L} 0 T T T L}
0 20 40 60 80 0 20 40 60 80
7 (mfs) u (m/s)
(a) (b)

Fig. 3 Response of Chimney without TMD (a) Peak tip deflection (b) Base moment



Journal of Wind & Engineering, Vol. 2, No. 1, July 2005, pp. 9-21 15

TMD portion TMD portion
E
S
[
i
£,=0.40 Hz f=2.0Hz
— r 0 1 I 1 r 1
-1 0 1 1 0 1 1 0 1
1" Mode 2" Mode
(@ b)

Fig. 4 Chimney with TMD (a) Finite element model (b) Mode shapes

since these are less than the design wind speed of 47.5 m/s, these two modes will have to be considered in
the across-wind analysis. It is to be noted that frequency of third mode of chimney-TMD system is same as
that of second mode of chimney without TMD. Thus, TMD which is tuned to the first mode does not affect
higher modes of chimney. Its effect is confined to only first mode, which gets split into two modes with
natural frequencies of 0.40 and 0.53 Hz. These two frequencies are about 25% away from each other.
Further, for these two modes of chimney with TMD, mode shape factor (¢, ) has been normalized to unity
at TMD level, i.e.,@,; is taken as unity as shown in Fig 4b. Using these mode shapes, peak tip deflection
and base moment are obtained as per eq (5) and eq (6). It is important to note that damping parameters 3
and k, are taken same as those for chimney without TMD. Variation of peak tip deflection for first and
second mode with mean design speed (7 ) is shown in Fig 5a along with the combined modal response. As
mentioned earlier, combined modal response is obtained by combining modal responses using SRSS rule.
Similarly variation of base moment for first and second mode is shown in Fig 5b.

EFFECTIVENESS OF TMD

In Fig 6 comparison of peak tip deflection of chimney without TMD and with TMD is shown. In this figure,
results for chimney with TMD refer to modal responses combined using SRSS rule. It shall be noted that in
the experimental study, Gerges and Vickery (2003) also quantified effect of TMD, by comparing peak tip
deflection of a slender structure without and with TMD. Their results are reproduced in Fig 7. It is seen that
results of present study (Fig 6) are qualitatively similar to experimental results (Fig 7) of Gerges and
Vickery (2003). This experimental study was performed on an aeroelastic model of a slender structure with
square cross section. Effect of damping on across wind response was studied. A nonlinear TMD in the form
of wire rope spring is used in this study and its effect on response is also studied. In Fig 7, peak tip
displacement expressed as percentage of width of model is plotted as function of wind velocity. Results for
different damping ratios and for model with TMD are shown in this figure. It is seen that in the experimental
study also, TMD reduces the peak tip deflection of chimney in the vicinity of critical wind speed.

Effect of TMD on base moment is shown in Fig 8. It is seen that with the use of TMD, maximum value
of peak tip deflection reduces by 28 % and maximum value of base moment reduces by 24 %. Effect of
TMD on various dynamic parameters is listed in Table 1. With the use of TMD, effective mass per unit
length ((m,),) increases in both the modes and aerodynamic damping term (k, - p,, - d* /(m,;),) decreases.
From Fig 6 it may also be noted that peak tip deflection reduction is predominant only in the vicinity of
critical wind speed and at other wind speeds effect of TMD is insignificant. In fact at wind speeds far away
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from critical wind speed, chimney with TMD has slightly higher peak tip deflection than chimney without

TMD.

It would be interesting to know the deflection of TMD which is expected to undergo large deflection.
Deflection of TMD (7, ), is obtained by replacing ¢;; in eq (5) with¢,, (which is unity). Variation of TMD

Table 1 Effect of 180 t TMD on various quantities

Quantity Without TMD
Mode 1 Model Mode 2

Frequency (Hz) 0.48 0.40 0.53
(m,) (kg/m) 44621.4 83162.45 60227.9
?, 1.0 0.19 -0.43
Wb

[ 0. -d 50.1 1.672 4317

0
k,-p,-d?/(m,), 0.0033 0.0018 0.0024
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Fig. 9 Deflection of chimney and TMD

deflection (i.e., combined modal response) with mean wind speed (37 ) is shown in Fig 9. It is seen that
maximum TMD deflection is 0.35 m, which is about three times higher than the peak tip deflection of
chimney. Results so far presented, refer to TMD with mass equal to 1 % chimney mass. In the next section,
effect of TMD mass on chimney response is studied.

EFFECT OF TMD MASS

It is quite clear that effect of TMD on chimney response will change with mass of TMD. If TMD mass is
changed then required frequency of TMD will also change (eq 3) and hence length of pendulum rod will
also have to be changed. With the change in mass of TMD, mode shapes of chimney-TMD system also
change. Effect of TMD mass on first and second mode shape and frequency is shown in Table 2 and Fig. 10.
In this figure, mode shapes are plotted for three values of TMD mass, i.e., 90 t, 180 t and 270 t. Effect of
TMD mass on peak tip deflection and base moment is shown in Fig 11. In this figure results for first and
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Fig. 10 Effect of TMD mass on mode shapes
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second mode are shown separately. It is seen that with the increase in TMD mass, peak tip deflection and
base moment in first mode reduces considerably but in second mode response increases with mass of TMD
(Fig 11). Effect of TMD mass on combined modal response is shown in Fig 12. Here it is seen that maximum
value of peak tip deflection increases slightly with TMD mass. For 90 t TMD maximum value of peak tip
deflection is 0.123 m where as for 270 t TMD maximum value of peak tip deflection is 0.127 m. Thus,
reduction in peak tip deflection for 270 t TMD becomes 27 % whereas for 90 t TMD, this reduction is 29 %.
Details on percentage reduction in peak tip deflection and base moment for different TMD mass are given
in Table 2. It is to be noted from Fig 12, that the maximum value of peak tip deflection occurs at wind speed

Table 2 Effect of TMD mass on natural frequency and response

m(t) h (m) /,(Hz) f(Hz) % Reduction in response
Peak tip Base
deflection () moment (M)
0t - 0.48 2.0 - -
90t 1.15 0.43 0.52 29 27
180 t 1.24 0.40 0.53 28 24
270t 1.34 0.38 0.54 27 21
0.16 - 1 4
— 90t — %0t
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Fig. 12 Effect of TMD mass on combined modal response (a) Peak tip deflection (b) Base moment
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very close to critical wind speed of second mode. At wind speeds less than critical wind speed of second
mode, peak tip deflection reduces with TMD mass. Effect of TMD mass on deflection of TMD is depicted
in Fig 13, which indicates that with increase in TMD mass, deflection of TMD decreases. It is important to
note here that damping of TMD is taken to be same as that of chimney. If damping of TMD is increased,
then its deflection will get reduced.

DISCUSSION

Tuned Mass Dampers are being widely used to control structural vibrations due to wind, vehicle and
earthquake loads. It is well known that TMD is quite effective if main structure is vibrating in the vicinity
of resonance region. Since across-wind response is associated with resonance condition, it is natural to
expect that TMD will help in reducing across-wind response. Experimental studies on prototype (Areemit
and Warnitchai, 2001), and laboratory models (Gerges and Vickery, 2003) have indicated that TMD quite
effectively reduces across-wind response of tall stacks/chimneys. In these studies it is argued that due to
use of TMD, damping of chimney-TMD system increases which results in response reduction. However,
one should also recognize that deployment of TMD alters free vibration characteristics of chimney and this
also affects its across-wind response. In order to quantify effect of these changes in free vibration
characteristics, analytical study on across-wind response of chimney is given in the present paper. Across-
wind response is obtained using approach of Vickery and Basu (1984). TMD in the form of a pendulum
suspended at chimney top is used. It is recognized that with the use of TMD, first mode of chimney gets
split into two modes which have very close natural frequencies. In across-wind analysis both these modes
are considered since corresponding critical speeds are less than the design wind speed. Equivalent mass per
unit length (m,), in these two modes increases and aerodynamic damping value (&, - p, - d* /(m,;), ) reduces
(Table 1). These changes in dynamic characteristics result in reduction in the across-wind response. Fig. 6
shows effect of TMD on peak tip deflection of chimney. This effect is qualitatively similar to the one
obtained by Gerges and Vickery (2003) in the wind tunnel test (Fig 7). For the example chimney, TMD with
1% mass reduces peak tip deflection and base moment by 28 % and 24 % respectively. It is to be noted that
in the present study, structural damping value ( B, ) is kept same for chimney without and with TMD. Since
first two mode shapes of chimney-TMD system appear similar to the first mode of chimney without TMD,
aerodynamic coefficient (k ) is also kept same for chimney without and with TMD. Thus, changes in dynamic
characteristics of chimney due to use of TMD are largely responsible for getting reduction in across-wind
response. It is further shown that mass of TMD also affects the across-wind response of chimney. TMD
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Fig. 13 Effect of TMD mass on its deflection
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with higher mass increases peak tip deflection and base moment of chimney (Fig 12). At the same time
deflection of TMD itself reduces with its mass (Fig 13). It is relevant to note here that higher deflection of
pendulum type TMD will make it a non linear TMD. Thus, in order to have smaller TMD deflection, it is
required to use TMD with higher mass.

Results presented in this paper are helpful in properly understanding the effect of TMD on across-wind
response of tall chimneys. However, this study is restricted to chimneys with a little or no taper. It is
reasonable to expect that similar results will be obtained for chimney with significant taper. It would also
be interesting to use multiple TMDs at different heights of chimney rather than a single TMD at chimney
top. In this context it shall be noted that tall RC chimneys have platforms (RC slabs) at various heights.
Possibility of using these platforms as TMD needs to be explored.

CONCLUSION

Based on present study following conclusions are drawn:

1. Pendulum type TMD is quite effective in reducing across-wind response of chimneys. This reduction
occurs due to changes in dynamic characteristics of the chimney.

2. Due to use of TMD, mode shapes get changed which in turn reduce the equivalent mass ((m,,), ). This
reduction in equivalent mass increases the negative aerodynamic damping (k, - p, - d* /(m,,), ), and hence
total damping of the chimney increases.

3. Fora 220 m RC chimney, TMD with mass equal to 1 % mass of chimney reduces peak tip deflection of
chimney by 28 % and base moment by 24 %.

4. TMD with higher mass slightly increases peak tip deflection and base moment of chimney (Fig 12) but
it reduces deflection of TMD (Fig 13).
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ABSTRACT

The natural wind was simulated in the wind tunnel at the University of Roorkee (India) on the basis of full/
model-scale comparison. For this the Texas Tech university (TTU) building model was fabricated on a
geometric scale of 1:50 and tested in the simulated wind for comparison of pressures with full-scale values.
Hip roof building models (geometric scale 1:50) of plan dimensions 280mm x 140mm x 58mm (eave
height) with 10°, 15°, 20°, 25°, 30°, 35° and 40° roof slopes with large overhangs (22mm) were tested in the
same simulated wind for design pressure coefficients. A quadrant portion of the model roofs was divided
into ten different zones. Design pressure coefficients (Cpq) for 3-sec gust for each zone for wind directions
varying from 0° to 90°,at an interval of 15° have been tabulated in Table-1. Effect of interference on design
wind pressure coefficients have also been discussed and the interference factors due to single similar and
three similar buildings as that of test building for 30° hip roof pitch have been tabulated in Table-3.

Key words: low-rise structures, flow simulation, design pressure coefficients, TTU building, Hip roof,
Interference

INTRODUCTION

A high percentage of population of the world lives in the tropics, especially in the coastal regions, where
advantage can be taken of the natural cooling effects of the sea breeze and trade winds. Unfortunately many
of these coastal regions are also liable to be subjected to the winds generated by extreme tropical cyclones,
known in some localities as ‘typhoons’ or ‘hurricanes’.

Wind loads on low buildings have not received the attention they deserve when the large investment in
such structures is considered. Unfortunately, they have an inconvenient way of reminding us of this neglect
when a hurricane or tornado strikes.

It has been long recognized that roof geometry used in houses and low-rise buildings may significantly
influence wind pressures on roofs due to change in flow patterns around the houses and buildings. Extensive
wind tunnel studies carried out by Davenport, Surry and Stathopoulos (1978) and Holmes (1994) have led
to certain important conclusions regarding the effect of roof slope upon the wind Pressures on low-rise
buildings with a gable roof. Several post disaster investigations on wind induced damage to building roofs
reveal that hip roofs have performed better than the gable roofs during severe cyclones (Sparks, Baker,
Belville and Perry, 1985, Federal Emergency Management Agency, 1992). Sparks, Hessig, Murden and Sill
(1988) measured mean wind pressure on both gable and hip roofs in a wind tunnel with the aim of predicting
the risk of structural damage associated with roof shape. Meecham, Surry and Davenport (1991) also carried
out a comparative study on the magnitude and distribution of both mean and peak pressures between a
gable roof and a hip roof of 18.4° roof pitch. They found that the worst peak pressure on hip roof reduced by
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as much as 50% of that on the gable roof. Due to lack of knowledge of wind pressure distribution on hip
roofs of varying pitches Xu and Reardon (1998) carried out wind tunnel tests on three hip roof building
models of 15°, 20°, and 30° roof pitch. Only point roof pressures were measured in that study. The results
revealed that the 30° hip roof experiences the highest peak suctions at the corners and the worst peak
suctions are much smaller on the hip roofs than on the gable roofs for 15° and 20° roof pitch.

In the present study, seven hip roof models of plan dimensions same as that of Xu and Reardon’s model
(Fig.1) for roof slopes varying from 10° to 40° at an increment of 5°, have been tested for design pressure
coefficients for different zones selected (Fig.2) on the roof. Design pressure coefficients are based on peak
factor of pressure fluctuations. The values obtained are found to follow the Gaussian distribution except for
the extreme taps. This shows that higher probability of suctions is for corner tap. Averaged point pressure
coefficients have been calculated for various zones of the roof for angle of wind attack varying 0° to 90° at
an increment of 15°, Effect of interference on test building with similar and three similar buildings as that
of test building at fifteen different locations as marked in the grid (Fig. 8) have also been investigated.
Significant results have been obtained (Ahmad, 2000).
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Fig. 1: Model configurations and pressure taps location for hip roof

EXPERIMENTAL PROGRAM

Experiments were carried out in an open circuit wind tunnel having a test section 15m long, 2.1m wide and
2.0m high at the University of Roorkee now Indian Institute of Technology, Roorkee (India). Seven hip roof
building models of a building, 14m x 7m in plan and having 2.9m eave height with a large overhang of
1.1m, were made at a geometric scale of 1:50 with roof slope varying from 10° to 40° at an increment of 5°.
In consideration of the symmetry of the building, a total of 62 taps were arranged on half of the roof (Fig.
1), except for the 20° and 30° roof slopes where 124 taps were arranged on the whole roof to verify the
symmetry condition. Particular attention has been paid to the total number and positions of the taps near the
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hip ridge, roof ridge and roof edge, from where the air flow may get separated to form a region of high
velocity gradients with high local turbulence and vorticity. The quadrant portion of the roof has been
divided into ten different zones (Fig. 2) based on the BRE Report No. 346 Nov. 1989.

The building models were fabricated using 6mm thick ‘Perspex sheet’. Pressure taps 10mm long, 1.3mm
external diameter and 1.00mm internal diameter of stainless steel tubing were inserted into the holes drilled
in the Perspex sheet with one end of the tap flushed with the roof surface.
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Fig. 2: Schematic diagram for different zones on hip roof building model

The tubing for measuring the surface pressures consisted of 500mm vinyl tubes with a 40mm restrictor
placed at 400mm from the pressure point. Pressure measurements were carried out by using Scanivalve
ZOC12, a 32-port pressure scannet, having a linear response up to 100Hz. The sampling rate was kept at
375 samples per second per channel and the duration of each run was 32 seconds (for hip roof). The total
measurement of time for the almost continuous five records is about 160s. This corresponds to from 32 to
65min in full scale depending on design wind speeds and design philosophy (AS 1170.2, 1989). Whereas
duration of each run for TTU model was kept 20 seconds which is equivalent to 15min duration on prototype.

Natural wind was developed for the 1:50 scale hip roof model to simulate the wind over open country
terrain. The simulation was done on the basis of Texas Tech University (TTU) full-scale data. The velocity
profile and the longitudinal Turbulence intensities obtained in the tunnel are shown in Figs 3 and 4. The
mean longitudinal wind speed profile measured in the wind tunnel is in good agreement with TTU full-
scale profile with a power law exponent of 0.15. The longitudinal Turbulence Intensity at the model eave
height is 19%, which satisfies the field condition at eave height. The Small Scale Turbulence Content (S)
which is defined as S= [n S (n)/S *] [S /UJx10¢ evaluated at n=10U/Lp where, n is frequency, S (n) is
spectral density, S is the standard deviation of the longitudinal mean velocity (U) and L is the characteristic
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model dimension, is found to be 85.The spectra curve is shown in Fig. 5. The model eave height has been
taken as the characteristic dimension. The Integral scale was also evaluated at model eave height of the
longitudinal wind velocity and found to be 0.45m. The auto-correlation plot to find the Integral Scale is
shown in Fig. 6. The Integral Scale is defined as area under the auto-correlation curve of the fluctuating
velocity component. Since auto-correlation measurements are usually temporal measurements at a fixed
point, Taylor’s hypothesis can be used to convert the area under the auto-correlation function into unit of
length as given by the equation.

=U f R(1)dt

where L is the integral length scale, U , the mean wind velocity, 7, the time and J.R(T)dt is the area
under the auto correlation curve (Scruton, 1981).

The major problem with the integral scale method is that the auto-correlation function is often highly
oscillatory, and the area under the curve tends to cancel out, which will give an unrealistically small length
scale. A common method of overcoming this problem is to define the integral scale as the area under the
auto-correlation curve for the value occurring before the first zero crossing of the auto-correlation plot.

For each run wind pressure measured on the models were expressed in the form of a non-dimensional
pressure coefficient, defined as follows:

P(t) F,
C,(t)=———
Z oU?
5 P

Where, P is the static (ambient/atmospheric) reference pressure, U the mean longitudinal wind speed at

the reference height (eave height) and p the air density.
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To check the reliability of the data, a 1:50 scale model of TTU building (Fig. 7) of plan dimension 13.7m
X 9.1m with eave height 4.0m, was fabricated and tested in the simulated flow condition and terrain and the
results were compared with the full scale data. It was observed that the mean, rms and peak pressures are in
good agreement at all the locations except the peak suctions at the corners. Similar results have been
reported by other investigators (Cochran, 1992; Okada and Young, 1992; Lin et al., 1995; Rofail, 1995;
Tieleman et al., 1996; Tieleman, 1996; Ticleman et al. 1997)
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RESULTS AND DISCUSSION

Design pressure coefficients

Wind pressures on building roofs are highly fluctuating and random in nature. Design pressure coefficients
(Cpq) for any zone of the roof of the building can be deduced from the most critical values of the peak
pressures measured in the experiment. The measured peak pressures at a point corresponding to the maximum
wind speed, with wind approaching the building from the most critical direction, are likely to occur only
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rarely and thus it is more logical to take a reduced value for the design. In the present work, a ‘peak factor’
has been calculated from pressure history record for each tap as

PeakValue

rmsValue
About 1% higher peak factors have been dropped and computed the mean of the rest peak factors. The
average value of peak factor obtained here is 3. A simplified procedure given in the BRE Report Digest No.
346, August, 1989 Part-4 has also been used for calculation of gust peak factor (g, ) which is given as:

(8g,,) = 042 1 (3600/t) @.1)

Where t is the gust duration time in seconds. The gust peak factor obtained from equation 2.1 has been
shown to be within a few percent of the values obtained from more complex formulations. For the purposes
of these procedures, the simplified formula was considered quite adequate. However, it is a factor dependent
on the gust duration, t, which is not of direct interest to the designers. His concern is to choose for static
structures, the appropriate gust speed, which will envelop his structure or component to produce the maximum
loading.

Fortunately, the bluff type structures, such as buildings, which can be designed statically, there is a
simple empirical relationship between the duration, t, and the size of the structure or element, t, given by

t=4.5b/U (2.2)

Where U is the relevant mean wind speed and b is the diagonal dimension of the loaded area under
consideration. This may be whole building, a single cladding element or any intermediate part.

Taking cladding element for hip roof 7.00m X 2.90m, the g,  obtained using Eq. 2.1 & 2.2 is 2.924. This
is quite close to peak factor obtained as 3 using time history in the present study.

Therefore, to find the design pressure coefficients peak factor is taken 3. The design pressure coefficients
have been defined as:

(Davenport, 1964). Plots of probability density function of the measured pressure fluctuations for different
zones over the roof surface have been given in Figs. 11a and b. These plots show that the observed data
follow the Gaussian distribution except for the extremes.

Peak Factor =

Zonal Pressure Coefficients

Due to symmetry of the building about both axes in plan, the a quadrant portion of the hip roof have been
divided into 10 different zones (Fig. 2) based on BRE Report (1989) part-6 and the values of Design
Pressure Coefficients (Cpq) for 3-sec gust for all the 10 zones for 10° to 40° roof slopes at an increment of
5° for wind varying from 0° to 90° at an increment of 5° have been tabulated in Table-1.

COMPARISON OF DESIGN PRESSURE COEFFICIENTS (3-SEC GUST) WITH BUILDING
RESEARCH ESTABLISHMENT (BRE) REPORT (U.K.)

A comparison of design pressure coefficients (3-sec gust) of BRE (Building Research Establishment) Report
Digest No.346 (Nov.1989) published in U.K., which is compatible with British Standard BS6399 (Part-2),
has been made with the results of design pressure coefficients of the present study. The calculated design
pressure coefficients from Cpmin for hourly mean wind speed has been converted to 3-sec gust as:

Cpq (3-sec gust) = Cpq (hourly mean wind speed)/ 2.25. A conversion factor of 2.25 is reported in
IS875 (part-3).

In the BRE Report, the design pressure coefficients on hip roofs (without overhang) for roof slopes 5°,
15°, 30°, and 45°with wind incidence angles of 0°, 30°, 60°, and 90° have been tabulated. Therefore, comparison
for only 15°and 30° hip roof slopes for 0°, 30°, 60°, and 90° wind directions only could be made. The values
have been tabulated in Table-2. On comparing it was found that overhang play a significant role.
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Table 1: Design Pressure Coefficients (3-sec gust) on hip roof

Hip Wind Zone-  Zone- Zone- Zone- Zone- Zone- Zone- Zone- Zone- Zone-
roof  Incidence 1 2 3 4 5 6 7 8 9 10
Pitch Angle
@) (@)
0 -0.993 -1.190 -1.229 -0.601 -0.613 -0.664 -0479 -0.464 -0.459 -0.700
15 -1.030  -1.160 -1.156 -0.638 -0.672 -0.685 -0.501 -0.490 -0.461 -0.700
30 -0949 -1.133 -1.034 -0.702 -0.734 -0.679 -0.648 -0.618 -0470 -0.688
10 45 -0.899 -1.022 -0.871 -0.704 -0.732 -0.649 -0.864 -0.880 -0460 -0.657
60 -1.110 -0.765 -0.675 -0.651 -0.650 ~ -0.515 -0.943 -0.979 -0.533 -0.559
75 -1.000 -0.558 -0.495 -0.557 -0.553 -0.422 -0982 -0989 -0.525 -0.443
90 -0.876 -0.473 0377 -0460 -0.469 -0368 -0.965 -1.019 -0.452 -0.402
0 -0.819 -1.053 -1.086 -0.584 -0.709 -0.865 -0.432 -0.417 -0.392 -0.536
15 -0.966 -1.145 -1.088 -0.744 -0.888 -0.918 -0.506 -0.465 -0.466 -0.593
30 -0.872 -1.109 -0.991 -0.864 -0.984 -0.885 -0.668 -0.635 -0.452 -0.581
15 45 -0.834 -0993 -0.810 -0.883 -0.990 -0.767 -0.836 -0.776 -0.451 -0.553
60 -0.994 -0.758 -0.662 -0.849 -0.944 -0.606 -0.933 -0.925 -0470 -0.477
75 -1.138 -0.566 -0.481 -0.703 -0.772 -0.450 -0917 -0.936 -0.443 -0.439
90 -0.859 -0.472 -0.388 -0.549 -0.567 -0.404 -0.857 -0.900 -0420 -0.437
0 -0.684 -0.709 -0.777 -0.756 -0.700 -0.478 -0.430 -0404 -0427 -0.543
15 -0.770 -0.714 -0.756 -0.846 -0.795 -0455 -0489 -0.446 -0495 -0.540
30 -0.788 -0.783 -0.737 -0.947 -1.028 -0.949 -0.552 -0.498 -0.570 -0.730
20 45 -0.897 -0.825 -0.643 -1.015 -0972 -0987 -0.643 -0.585 -0.705 -0.721
60 -1.014  -0.799 -0.592 -0.974 -0947 -0.887 -0.718 -0.685 -0.563 -0.547
75 -0.984 -0.685 -0.486 -0.834 -0.837 -0491 -0.695 -0.680 -0.444 -0.451
90 -0.807 -0.540 -0.385 -0.660 -0.661 0317 -0.620 -0.610 -0.314 -0.367
0 -0.809 -0.602 -0.624 -0.760 -0.728 -0.458 -0.558 -0.502 -0.434 -0.558
15 -1.029 -0.670 -0.611 -0.870 -0.818 -0.457 -0.691 -0.577 -0.509 -0.572
30 -1.100  -0.720 -0.661 -0.863 -0.859 -0.520 -0.812 -0.712 -0.555 -0.628
25 45 -1.076 -1.001 -0.697 -0.900 -0.795 -0.918 -0.715 -0.684 -0.468 -0.828
60 -1.294 -1.051 -0.527 -0973 -0.808 -1.082 -0.687 -0.688 -0.399 -0.803
75 -1.157 -0.815 -0.397 -0.864 -0.721 -0.654 -0.604 -0.620 -0.330 -0.581
90 -0.934 -0.601 -0.320 -0.715 -0.692 -0.398 -0.568 -0.559 -0271 -0.418
0 -1.184 -0.583 -0.573 -0.730 -0.672 -0422 -0.676 -0.515 -0.767 -0.457
15 -1.231  -0.658 -0.571 -0.791 -0.776 -0.420 -0.830 -0.706 -0.864 -0.488
30 -1.037 -0.657 -0.589 -0.711 -0.739 -0.514 -0.763 -0.677 -0.744 -0.572
30 45 -0.631 -0.601 -0.595 -0.623 -0.588 -0.620 -0.611 -0.636 -0.575 -0.588
60 -1.306 -1.335 -0.697 -0.948 -0.738 -0.923 -0.628 -0.608 -0.497 -0.906
75 -1.209 -1.048 -0431 -0.936 -0.711 -0.756 -0.571 -0.567 -0.448 -0.741
90 -0.906 -0.693 -0.317 -0.836 -0.719 -0.506 -0.495 -0.479 -0.442 -0.476
0 -1.142  -0.621 -0.627 -0.750 -0.705 -0.477 -0.752 -0.602 -0.853 -0.523
15 -1.179  -0.643 -0.616 -0.782 -0.792 -0480 -0.890 -0.779 -0.929 -0.522
30 -0.856 -0.628 -0.613 -0.656 -0.631 -0.512 -0.685 -0.628 -0.656 -0.535
35 45 -0.635 -0.598 -0.606 -0.575 -0.588 -0.597 -0.607 -0.604 -0.547 -0.589
60 -1.429 -1.616 -0.822 -0.967 -0.772 -0.876 -0.616 -0.620 -0.506 -0.925
75 -1.424 -1.344 -0504 -1.041 -0.789 -0.832 -0.573 -0.581 -0.455 -0.893
90 -1.065 -0.874 -0.389 -0.854 -0.762 -0.661 -0.491 -0477 -0.464 -0.611
0 -1.224 0663 -0.691 -0.766 -0.719 -0.567 -0.869 -0.711 -0921 -0.622
15 -1.133  -0.672 -0.662 -0.751 -0.759 -0.557 -0.872 -0.791 -0.921 -0.609
30 -0.725 -0.631 -0.652 -0.668 -0.650 -0.565 -0.633 -0.620 -0.580 -0.604
40 45 -0645 -0.612 -0636 -0.602 -0.609 -0.568 -0.631 -0.636 -0.546 -0.595
60 -1.021 -1.170 -0.688 -0.756 -0.656 -0.672 -0.620 -0.650 -0.581 -0.700
75 -1.231 -1.285 -0.580 -0.998 -0.742 -0.791 -0.539 -0.549 -0497 -0.918

90 -0.928 -0.817 -0388 -0918 -0.768 -0.744 -0.451 -0.444 -0.457 -0.684

EFFECT OF INTERFERENCE ON DESIGN PRESSURE COEFFICIENTS

Wind engineering standards and codes offer little guidelines to the designer for assessing the effect of
interference, which complicates wind loading on structures. In a study on the evaluation of wind loads
acting on low-rise buildings in the presence of a large nearby buildings by Stathopoulos (1984), comparisons
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Table 2: Comparison of design pressure coefficients with BRE report with present work

Roof Zone Angle of | Present BRE Roof Zone Angle of | Present BRE
Slope wind design Report Slope wind design Report
attack value (1989) attack value (1989)
with values with values
L.Im without l.Im without
overhang | overhang overhang | overhang |
15° 1 0° -0.819 -0.910 15° 2 0° -1.053 -0.830
30° -0.872 ~-1.320 30° -1.109 -1.140
60° -0.994 -1.310 60° -0.758 -0.980
90° -0.859 -1.20 90° -0.472 -0.840
30° 1 0° -1.184 -0.890 30° 2 0° -0.583 -0.260
30° -1.037 -0.740 30° -0.657 -0.630
60° -1.306 -1.040 60° -1.335 -1.050
90° -0.906 -1.130 90° -0.693 -0.940
15° 3 0° -1.086 -0.800 15° 4 0° -0.584 -0.440
30° -0.991 -1.110 30° -0.865 -1.000
60° -0.662 -0.720 60° -0.850 -1.430
90° -0.389 -0.580 90° -0.550 -0.970
30° 3 0° -0.573 -0.250 30° 4 0° -0.730 -0.530
30° -0.589 -0.520 30° -0.710 -0.740
60° -0.697 -0.980 60° -0.950 -1.250
90° -317 -0.770 90° -0.836 -1.400
15° 5 0° -0.709 -0.830 15° 6 0° -0.860 -1.710
30° -0.985 -0.990 30° -0.885 -1.310
60° -0.945 -0.710 60° -0.606 -0.800
90° -0.567 -0.590 90° -0.405 -0.640
30° 5 0° -0.672 -0.330 30° 6 0° -0.420 -0.280
30° 0.740 -0.550 30° -0.514 -0.510
60° -0.740 -0.820 60° -0.923 -0.770
90° -0.719 -1.010 90° -0.506 -0.780
15° 7 0° -0.432 -0.830 15° 8 0° -0.417 -0.800
30° -0.668 -1.140 ' 30° -0.635 -1.110
60° -0.934 -0.920 60° -0.925 -0.720
90° -0.857 -0.840 90° -0.900 -0.580
30° 7 0° -0.676 -0.260 30° 8 0° -0.515 -0.250
30° -0.763 -0.630 30° -0.677 -0.520
60° -0.629 -1.050 60° -0.608 -0.980
90° -0.495 -0.940 . 90° -0.479 -0.770
15° 9 0° -0.392 -0.390 15° 10 0° -0.537 -0.390
30° -0.452 -0.460 30° -0.582 -0.460
60° -0.471 -0.570 60° -0.477 -0.570
90° -0.420 -0.640 90° -0.437 -0.640
30° 9 0° -0.300 -.767 30° 10 0° -0.458 -0.767
30° -0.390 -0.744 30° -0.573 -0.744
60° -0.580 -0.497 60° -0.906 -0.497
90° -0.780 -0.442 90° -0.477 -0.442

with the National Building Code of Canada (1985) and the ANSI Standard (1982) show underestimation
(up to 46%) or overestimation (up to 225%) of the code specifications, which are generally for isolated
prismatic buildings. These results indicate that code recommendations may be significantly low (unsafe) or
uneconomically conservative, therefore, the effect of adjacent structures on wind loads should be evaluated
properly for realistic wind load design of buildings. Even over six decades of work pertaining to interference
effects could not provide general recommendations for designers. Three main reasons appear to explain the
lack of a comprehensive and generalized set of guidelines for wind load modifications caused by adjacent
buildings. First the complex nature of the problem even for a single additional building, since there are a
large number of variables involved including the size and shape of the buildings, their relative positions,
wind directions and topographical conditions; second, scarcity of adequate data; third, the widely held
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Table-3(a): Interference Factors for different zones (all azimuths) for Design pressure coefficients due to
interference with similar buildings

Location Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone-
of 1 2 3 4 5 6 7 8 9 10
Interfering
building

1 1143 11.029 | 1.158 |[1269 |1.504 | 1015 | 1.050 | 1.113 |1.090 | 1.070
2 1.207 | 1.031 | 1.141 [ 1.198 |1.370 |1.006 | 1.125 | 1.167 | 1.154 | 1.039
3 1224 | 1.056 {1177 | 1200 |1.363 |1.003 |1.168 | 1.193 [ 1.170 | 1.041
4 1364 1 1.090 | 1.154 | 1.267 | 1438 |[1.160 | 1.236 | 1271 |1.170 | 1.162
5 1.309 [0.871 | 1.134 |1392 |1.563 | 1.157 |1.192 | 1.208 |1.085 | 1.056
6 1.352 10999 | 1.186 | 1.328 | 1.437 |1.030 | 1.189 | 1.207 | 1.189 | 1.019
7 1.375 | 0.78 1.174 | 1354 | 1494 |[1.039 | 1219 | 1215 | 1279 | 1.052
8 1412 | 1.018 | 1.254 | 1351 | 1519 |1.039 | 1273 {1316 |1.220 | 1.070
9 1.122 | 0672 | 1.082 | 1.288 | 1.443 | 1.018 | 1.217 | 1.249 | 1.073 | 1.071

10 1461 | 1.052 | 1.183 | 1333 | 1486 |1.298 |1259 |[1.298 |1.087 | 1.185
3 1.354 | 1.028 | 1.138 | 1319 | 1.462 | 1254 | 1.131 | 1.143 | 1.037 | 1.168
12 1.341 0983 | 1.160 |1222 | 1360 |0.999 | 1.129 | 1.143 | 1.022 | 0.997
13 1.277 | 0.848 | 0993 | 1217 | 1318 |0.921 |1.154 |[1.143 |1.066 | 1.015
14 1.356 | 0960 | 1.070 | 1.247 {1338 | 1.114 | 1208 | 1.248 | 0984 | 1.044
15 1422 | 1.114 | 1.137 | 1284 |1.380 | 1273 [1.168 [ 1.186 | 1.006 | 1.197

Table-3(b): Interference Factors for different zones (all azimuths) for Design pressure coefficients due to
interference with three similar building

Location Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone- | Zone-
of 1 2 3 4 5 6 7 8 9 10

interfering
building
1-9-10 0.513 [ 0.662 | 1.088 | 1.221 1.155 | 1.041 [ 0.845 | 1.017 | 1.047 | 1.096
1-9-14 0.502 | 0.613 | 1.001 1220 (1260 |0.963 | 0824 |1.016 | 1.013 | 1.049
1-13-14 0.544 | 0.731 1.003 1.200 | 1.218 [ 0972 | 0.922 | 1.194 | 1.020 | 1.065
2-13-15 0.603 |0.733 | 1.100 | 1.184 | 1.148 | 1.096 | 0.964 | 1.234 | 1.064 | 1.189
2-11-13 0.542 | 0.651 1.195 | 1.067 | 1.069 |0948 | 1.056 | 1.325 |0.918 | 1.052
2-9-11 0509 | 0612 1207 |1.123 | 1.122 |[0935 | 0977 | 1212 | 0969 | 1.053
3-9-12 0.598 | 0.640 | 1.229 | 1.161 1.140 | 0.912 | 1.001 1.215 | 1.087 | 1.049
3-12-13 0.602 0695 |1238 |1.123 | 1.100 | 0.890 | 1.023 1.236 | 1.120 | 1.147
3-12-14 0.625 | 0764 | 1.140 | 1.151 1.144 | 1.270 | 1.168 | 1.528 | 0.885 | 1.216
3-10-12 0629 §0.737 | 1.165 | 1.144 | 1.157 | 1.359 |[0.872 | 1.124 | 0924 | 1.165
3-5-12 2.61 0.755 | 1.130 | 1.131 1.141 1.225 10916 | 1.129 | 1.190 | 1.113

notions that wind loads on a building are expected to be generally less severe if surrounded by other
structures when it is isolated (Khanduri et al. 1998)

Noting the degree of variability, interference effects on wind loads on low-rise hip roof building with 30°
roof pitch due to similar and three similar buildings as that of the test building were planned. The interfering
buildings were placed at fifteen different locations as per the grid marked in the Fig. 8. First, the single
interfering building was placed at each location and the wind directions were varied from 0° to 90° at an
increment of 15° during observation of pressures. The Interference Factor (IF) which is defined as the ratio
of response (Design Pressure Coefficients, all azimuths) in the interference conditions to the response
(Design Pressure Coefficients, all azimuths) in stand-alone condition was calculated and has been tabulated
in Table 3(a). Secondly, the three similar interfering buildings were placed randomly as 1-5-12 means first
interfering model at grid location 1, second at 5 and third at 12. The wind directions were also varied from
0° to 90° at an increment of 15° and pressures were observed. Interference Factors (all azimuths) obtained in
this case for design pressure coefficients have been tabulated in Table-3(b).

From these interference study, it is concluded that for single building interference, maximum enhancement
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in the design pressure coefficients have been obtained to 56% for interfering building position 5(-28,28) in
zone-5 and maximum shielding of 33% was found for interfering building position 9 (-42,0) in zone-2 of
the roof.

For three similar building interference maximum enhancement for design pressure coefficients was found
to be 53% for interfering building positions 3-12-14 in zone-8 and maximum shielding of 50% for the same
was found for interfering building positions 1-9-14 in Zone 1 (Ahmad,2000)

0° wind
Y -axis
& 4 o
14cm
1 7 3 s
14 cm
15 ! S 2 7
e em
10 5 H
14 1 -74—
lnt£fering 28 cm
Building
o e g XIS 13 9 .
90° Wind => Test building |

§ 14em * 14cm } 8em 4
Fig. 8: Schematic diagram for interfering builidng positions

CONCLUSION

Design Pressure Coefticients obtained for the first time in the present study for 3-sec gust (for Indian Code)
are compatible with BRE digest No. 346 (1989) Part-6 values. As no design pressure coefficients values are
given in IS: 875 (part-3) for hip roof therefore the present values can be used for design purposes. Effect of
overhang was found significant. Enhancement due to interference (maximum up to 60%) was found in the
design pressure coefficients in almost all of the zones selected except Zone-1 & 2.
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ABSTRACT

Transportation system is pivotal for an improved infrastructure development. It is further improved by
appropriate connectivity of various parts of the country. Bridges again play a vital role in providing strength
to the infrastructure development of any country. Cable stayed bridges may provide a good solution for
medium span bridges. However such bridges are inherently flexible and prone to wind induced oscillations.
Wind tunnel studies are very useful for analysing the cable stayed bridges under the effect of prevailing
wind condition. The present paper is aimed for focusing the attention on the wind load effects on a cable
stayed bridge.

INTRODUCTION

Bridge structures — for roads , railways, pedestrians and services — are in increasing demand to cater for the
enormous needs of developing transportation networks, and, infrastructure in general. There is hardly a
project, whether it is for the highways, railways or a combination of two, which will not envisage the use of
bridge(s), large or small. Cable stayed bridges may provide a good solution for medium span bridges. Cable
stayed bridge have drawn significant attention of researchers in various parts of the globe. In contrast to
other type of loading on a cable stayed bridge, the wind load depends on the dimensions as well as shape of
stiffening girder. In the early stage of the design process, it is essential to evaluate the aerostatic and
aerodynamic properties of different cross-sectional layouts for the stiffening girder. Streamlining of the
girder will lead to reduced wind forces and smaller dimensions. At the same time stiffening girder with an
unfavourable shape in relation to aeroelastic instability will lead to catastrophic oscillations if the structure
is so flexible that its motion will allow the aeroelastic phenomina to develop fully at wind speeds less than
the design value.

Since the Tacoma Bridge disaster, wind tunnel tests have become an important tool in investigations of
aeroelastic stability and in estimation of wind forces on long span bridges. These tests are performed either
on fullscale models or on sectional models of a relatively small segment of the stiffening girder. In the
present work sectional models are utilized as they offer the advantage of a larger scale and thereby a less
demanding accuracy in manufacturing the model. The present paper is aimed for focusing the attention on
the wind load effects on a cable stayed bridge. Studies were done on a proposed bridge over river Ravi at
Basohli (J&K) Fig. 1 (Kumar et al 2005). By model study at Wind Engineering Centre, Indian Institute of
Technology Roorkee, aerodynamic forces were calculated on the deck models with respect to angle of
attack of wind and it was found that the bridge was aerodynamically stable in smooth flow.
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A representative deck of the cable stayed portion of the bridge, was placed in a boundary layer wind
tunnel. Forces and moments were measured on the models with the help of load cells in smooth low-
turbulence flow (turbulence intensity about 1%). A smoke generator was also used to get a visual picture
of the flow around the deck. The various aspects of the test carried out are described below.

Experiment Facility

The flow generating system used for the bridge model test is the open circuit type boundary layer wind
tunnel of the Institute (IIT Roorkee) which has a test cross section of 2.1 m x 2.0 m. The wind tunnel has
a 125 HP driving motor-fan system capable of generating wind velocity upto 15 m/s. Tt is possible to
maintain an accurate control on the wind speed by means of an eddy current type mechanism of
Dynodrive make attached to the driving motor.

Instrumentation

1. Initially a Hot Wire Anemometer of Dantec make was used for measurement of the wind velocity and
turbulence intensity.

2. Subsequently, wind velocity measurements were made using an inclined tube manometer.

A load cell of Nissho make of Japan having 3 components (F,F and My) with load capacity 10 kg and

moment capacity 4 kg-m was used for measuring drag force (F )5 and moment (My).

4. A separate compact load cell (size 30 30 “120 mm) of cantilever type was used for measuring the lift
force (F,) on the model.

5. Data were collected using Nissho make digital signal conditioning and display unit having five channels.

w

Calibration

Static load calibrations were carried out to establish the relationship between the voltage output signals
and the corresponding force/moment. Calibrations were carried out for loads in the range of the forces
expected on the model.

Influence of Reynolds Number on Flow

Tanaka (1992) has explained that Reynolds number has a very significant effect on the flow pattern
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around a circular cylinder, and, therefore, it needs proper consideration for a structure with smooth
curved surface geometry, though this is not usually the case in bridge structures. In case of the flow over
sections with sharp edges, the flow separation points do not shift and the flow pattern, therefore, is
insensitive to a change in the Reynolds number.

This is usually the case for bridge deck cross-sections. However, the boundary layer after separation
from the upstream edge, may reattach to the bridge deck, depending on the aspect ratio of the bridge cross-
section. The flow reattachment results in a reduction of drag force and increase of the Strouhal number in
general. The critical aspect ratio of the bridge deck at which this change occurs depends on the edge radius
and the turbulence level, besides the Reynolds number.

Although the Reynolds number for the prototype is much higher than the Reynolds number for the
model, the results do not require any correction as the point of separation would remain fixed on the top of
the deck because of the presence of crash barrier and railing.

FORCE COEFFICIENTS

The three force coefficients for a bridge deck have been defined differently in the literature, using either
depth of the deck, D or its width, B. In the present work, following definitions have been used.

F
Cp=—D —
0.5 pV2DL

F
C,=—=D0
0.5 pV2BL

C,,;%
0.5 pV?B2L

where

= mass density of air taken as 1.2 kg/m?
= mean wind velocity, m/s

length of the model, m

measured drag force in N

measured lift force in N

measured moment in N-m

I

Z Mo e <O
i

WIND TUNNEL INVESTIGATION FOR CABLE STAYED BRIDGE

A 572 m long two-lane cable-stayed road bridge is proposed to be constructed over the river Ravi at Basohli
in J&K State. The main span of the bridge is to be 330 m and there are two 121 m long side spans. Wind
loading is one of the important design considerations for bridges such as this. The cross section of the deck
is 14.712 m wide and 2.40 m deep and has a triangular shape. The deck is to accommodate two traffic lanes,
with foot paths on either sides, and is to be provided with crash barrier and railing on both the sides. The
cross section has a close resemblance to that provided for the Skarnsund bridge in Norway, which has a
length of 910 m (main span 530 m).

Model of the Bridge Deck

A section of model Fig. 2 was made in plywood (with crash barriers of wood and a brass rod at the top) to
a scale of 1:30. The total projected depth of the deck is obtained as 107 mm including the crash barrier. It
was attempted to make the model as rigid as possible while at the same time restricting its weight to a
minimum, so as to keep the total force (self weight + lift due to wind) within the limits of the load cell
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Fig. 2: Sectional Model of Length 900 mm for the Deck

capacity. The length of the model was also optimized at 900 mm so that the wind drag force and wind
moment remain within limits of the load cell capacity. The model, together with supports and attachments,
weighed 7.58 kg.

The model was fixed at a height which provided a clearance of 284 mm below the model. Each end of the
model was provided with end plates of Perspex 2.5 mm thick x 240 mm deep x 590 mm wide and shaped at
the periphery. The end plates ensured that the flow over the full length of the model is maintained to be
similar, that is, two dimensional.

In order to attain the desired angle of attack/incidence of the incoming wind the model had to be tilted at
various angles. To accomplish this, a simple hinge type joint was provided below the deck which could be
locked by means of a screw.

Flow condition

The tests have been carried out under a smooth low-turbulence flow to avoid excessive vibrations in the
system (deck mounted on a pipe of 28 mm diameter). Also, it is a general practice to determine the wind
force coefficients in a smooth low-turbulence flow

It is reported (Walshe, 1981) that the values of the wind force coefficients generally remained unaffected
by turbulence (intensity 6.5% and 9.3%). The value of C was found to have an increase of nearly 5% at
9.3% turbulence and no increase for 6.5% turbulence.

The mean wind velocity was measured at the mid-height of the deck model. The tests were carried out at
wind velocity of 10.8 m/s. Thus, Reynolds number for the model was typically obtained as follows:

Re= VD _ 10.8x0.107 ~0.77 x10°
v 1.5x107°
where Re = Reynolds number
vV = Wind velocity, m/s
D = Depth of the bridge deck (maximum), m
\Y = Kinematic viscosity of air, m?%s

In the prototype, the velocity V is taken as the 3-sec gust velocity from the IS:875 (Part-3)-1987, which
works out as:
V=39x1.06x1.09x1=45m/s
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Re- (45)x3.2

= 5 =0.96x10’
.OX

Observations

The observed forces and the force coefficients derived therefrom are given in Table 1 and are plotted in
Fig. 3. A sample calculation for obtaining the force coefficients from the observed forces is given below.

Table 1: Forces observed on deck model and force coefficients obtained

odegree  C, F_ (KN/m) c, F_ (kKN/m) C. M(kN-m/m)
-6° -10.96 -0.355 5.51 0.818 -0.393 -0.260
-5 -9.69 -0.314 5.26 0.780 -0.185 -0.120
40 -8.12 -0.263 5.01 0.743 -0.060 -0.0040
30 -7.04 -0.228 5.23 0.775 0.175 0.0116
20 -5.86 -0.190 5.12 0.759 0.334 0.0221
10 -5.52 -0.179 4.68 0.694 0.564 0.0373
0° -4.10 -0.133 4.88 0.724 0.657 0.0435
+e 2.72 -0.088 491 0.728 0.806 0.0533
+2° 230 -0.075 5.13 0.761 0.900 0.0595
+30 -1.55 -0.050 491 0.728 1.090 0.0721
+4o 0.71 -0.023 5.24 0.777 1.110 0.0734
+50 0.77 0.025 5.13 0.761 1.230 0.0814
+6° 2.38 0.077 5.73 0.850 1.331 0.0880

It can be seen from the observations and further processing of data for lift coefficient, C,, that it varies
linearly with the angle of attack « as per the following expression.

C,=-0.136 +0.0355

The drag coefficient C; is seen to have a symmetrical pattern for positive and negative values of ol and
may be defined by the following equation.
C,=0.70 + 0.0042 o?
For moment coefficient C,, the results fit closely into three linear equations depending on the value of @,
viz —
(a) Fora=-6°to—1°:
C,,=0.050+0.0127 o
Foro=-1°to +3°:
C,,=0.046 +0.0087 o
(b) Foroa=+3°to+6°:
C,,=0.056 +0.0053 o

Recommendations

The static force coefficients obtained from wind tunnel study on a geometrically similar model of the
bridge deck are processed. Based on this the recommended values of the force coefficients and the design
forces obtained using these coefficients for a deck level wind speed of 45 m/s are given. For design purposes,
value of the angle of wind attack on the deck may be considered to vary between 0° and £5°.



38 Wind Tunnel Investigation for a Cable Stayed Bridge

Cy=~0-136 + 0-03550¢

~0-4b

LIFT COEFFICIENT, €

* 0-91

L. { | i i i 4 3 I L
[+] [+ [+] [ (;0 [
69 5% 4% 3% 100 4% o 1Y 20 3® 40 57 6

DRAG COEFFICIENT, Cp

1.001
(a) X z-6"t0~1" | o.0sf W
Cpm= 0:050 + 0.0127 o< . (b)
(b)e< 5-1"to +3° M 0.06-

\;"1: 0046‘*‘0‘0087“
(c) o< :+3°to +6°

CM=0:0%6+0-:00530¢

L 1 1 ] I 1 L L I
g __5° TILO —3T,E _;o 0 18 2 3° 40 g® o
[= e
-~ 002
—~0.04L-

MOMENT COEFFICIENT, Cpy

Fig. 3: Aerodynamic Force Coefficients for Cable Stayed Bridge Deck of 300 m Span Bridge over River Ravi at Basohli
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Table 2: Recommended aerodynamic force coefficients and design wind forces for bridge deck of
Cable Stayed Bridge at Basholi (J&K)

o degree C, F, (kN/m) G, F,, (kN/m) C, M(kN-m/m)

-6° -0.349 -6.24 0.979 3.81 -0.0302 -7.94

-5e -0.314 -5.61 0.926 3.60 -0.0155 -4.08

-40 -0.278 -4.97 0.882 3.43 -0.0009 -0.24

-3e -0.243 -4.34 0.849 3.30 0.0137 3.60

-2° -0.207 -3.70 0.825 3.21 0.0283 7.44

-1° -0.172 -3.07 0.810 3.15 0.0429 11.28

0° -0.136 -2.43 0.805 3.13 0.0529 13.91

+1° -0.101 -1.80 0.810 3.15 0.0629 16.54

+2° -0.065 -1.16 0.825 3.21 0.0729 19.17

+3° -0.030 -0.53 0.849 3.30 0.0829 21.80

+4° 0.006 0.11 0.882 3.43 0.0888 23.35

+5° 0.041 0.75 0.926 3.60 0.0949 24.96

+6° 0.077 1.38 0.979 3.81 0.1010 26.56

CONCLUSION

1. The flow pattern is similar to that for sharp-edged bodies and would, therefore, remain unaffected by
the Reynolds number.

2. The effect of wind turbulence on the horizontal force coefficients is expected to cause some increase
that may not exceed 10%.

3. Based on results for the Skarnsund cable stayed bridge in Norway (Ferraro and Irwin, 1989) that has a
deck section very close to the Basohli bridge and a much larger main span of 530 m, the deck of the
Basohli bridge should be aerodynamically stable in smooth flow for wind speeds much in excess of 60
m/s, the limit established for the Skarnsund bridge.
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ABSTRACT

The along wind response of a tall tapered chimney has been studied using spectral density approach in
finite element framework. The wind velocity is considered as stationary zero mean random process
superimposed over mean velocity. The power spectral density (PSD) of the response due to along wind
component has been obtained using complex frequency response function (CFRS) and the spectral density
of the along wind drag. The numerical integration has been carried out in the frequency range of interest to
find the response variance. The effect of the taper ratio, mean wind speed and terrain condition on the
response of the chimney have been studied.

INTRODUCTION

In recent times, many industrial activities release toxic gases to the atmosphere. The legislation to
prevent air pollution requires the construction of sufficiently tall chimneys to give off toxic gases
through these structures so that the minimum harmful effects are caused to the population. It has been
recognized that in the case of modern tall structures which are more flexible, lower in damping and
lighter in weight than their predecessors, the natural frequencies of vibration may be in the same range as
the average frequencies of occurrence of powerful gusts and therefore, large resonant motions due to
wind excitation may occur, which must be taken in to account in design. It has been recognized that in
the case of modern tall structures which are more flexible, lower in damping and lighter in weight than
their predecessors, the natural frequencies of vibration may be in the same range as the average frequencies
of occurrence of powerful gusts and therefore, large resonant motions due to wind excitation may occur,
which must be taken in to account in design. The study of the dynamic along wind response of vertical
structures began by introducing equivalent static forces obtained using gust response factor ( Davenport,
1967; Vellozzi and Cohen, 1968; Simiu, 1976). Further research in wind engineering lead to the
development of equivalent wind spectrum technique (Solari, 1982, Solari,1988). Such equivalence was
established by introducing power spectral density function describing stochastic wind velocity field.
Continuing research in random vibration theory and state of the art measuring systems initiated several
theoretical and experimental studies on the wind effects on tall buildings or stack like structures (Solari
1989; Muller and Nieser 1976; Gusella and Materazzi, 2000).

Wind tunnel tests were carried out to investigate the along wind and across wind effects on the rectangular
tapered structures (Kim and You, 2002). In the present study the response of tall chimneys with tapered
cross section subjected to along wind force has been obtained using a spectral density approach in Finite
Element Frame work. The response variance has been obtained by a numerical integration of the spectral
density matrix of the response.
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WIND LOAD

In the present study, only the along wind component of the wind velocity is considered. The along wind
component of the wind imposes loads on the structure that vary both spatially and temporally. The along
wind component Ulz,#) at height z at the instant t is given by

U(z,t)=U'(z)+u(z,f) (1)

where U’(z) is the mean wind velocity and u(z,#) is the random fluctuating component having zero mean.

Mean Velocity Profile

In the present analysis, the mean velocity profile of the wind has been assumed as (Zhou et al. 1996b)

a<z)=a[;]“ @

in which, U’(z) denotes mean wind velocity at reference height z and o is the constant which depends on
the roughness of the terrain.

Random Component of Wind Velocity

The random component of the wind velocity has been described by the PSD function, which can be defined
as (Newland, 1993)

S, (0) = Eu(o)u’ (0)] 3)
where u(w) is the Fourier transform of the wind time history u(t). The asterisk denotes complex conjugate.

In the present study, the fo]lowing expression suggested by Davenport (1967) has been used
4x2U, _C;
S, (0)=——7x—+ 4
trx2p ? )
Here, C , is the terrain friction drag coefficient

Drag Force

The along wind drag force F(z,f), can be expressed in terms of velocity fluctuations as

F(z,t)=—% AU (2,0 )

in which p is the air density, 4 is the cross sectional area normal to the direction of wind, C, is the drag
coefficient and u(z,?) is the fluctuating component (gust component) of wind. The spatial variation of wind
velocity exists only in the mean wind profile so that envelop function is assumed to be unity in the analysis.
Ignoring the small terms containing the square of the fluctuating component, the Eqn. (5) can be simplified
as

F(21) =3 C,pAT () +C,p AT ©

MODEL OF THE CHIMNEY

The model of a tapered chimney subjected to along wind force is shown in Figurel. The chimney is discretized
in finite element method using uniform beam element. The axial and torsional deformations are neglected.
In a typical beam element, at each node of two ends of the member, there exists two degrees of freedom-a
lateral deflection and rotation about the axis perpendicular to the plane. The element stiffness [K] and
mass matrix [M], are given by Bathe and Wilson (1987).The damping matrix [C], of the element is assumed
to be proportional to the combination of the mass and the stiffness matrices (Rayleigh damping).
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Fig. 1: Model of the chimney
RESPONSE SPECTRAL DENSITY

After assembly of element mass, stiffness and damping matrix and imposing proper boundary conditions,
the global equation of motion can be written as

[MI{X}+[CHX} +[KT{X} = {F(2)} (7)
where, [M] is the global mass matrix; [K] is the global stiffness matrix; [C] is the global damping matrix;
{F(#)}is the aerodynamic drag force at nodes; {X} is the response vector. The finite Fourier transform of
the force and response is related by the equation

(X (0)}=[# (o) ]{F (o) ® where
[H(w)] is the complex Frequency Response Function (CFRF) of the system. function, one has the PSD of
the response as

[SXX (w)] = [H (w):l[SFF (w):“:H * (w)]T (9)
in which [S,, ()] is the cross spectral density matrix of the response and [S_ (w)] is the cross spectral
density of the excitation. To determine [Sge(w)] one can first write the Fourier Transform of the nodal force
vector and thereafter by routine assembly of the elemental force vector, the global force vector in transformed
domain is obtained. Finally, the expected value of E[ {F(m)} {F*(w)}T] will generate spectral density matrix
of the force Having obtained the spectral density matrix, the covariance quantities are obtained by integrating
PSD of the response in finite frequency range of interest (Newland, 1993).

RESULTS AND DISCUSSIONS

A reinforced concrete chimney of circular cross section with the following characteristics is used to illustrate
the proposed scheme: Height of the chimney 50 m, cantilever type and firmly secured at the base. It has out
side diameter 5 m at the base and uniform thickness 0.6 m through out the height. The chimney cross
section is assumed to vary along the height. A linear variation of the mean cross sectional diameter has been
assumed by incorporating taper ratio defined as the ratio of mean diameter of the tip cross section to that of
the base cross section. The density (p) and Young’s modulus of elasticity (E) of concrete is taken as 2400
kg/m?* and 2.21x10'N/m? respectively. The air density (p,) is 1.18 kg/m® and coefficient of drag is 0.8. For
the purpose of dynamic analysis, the chimney has been idealized with 25-50 elements in Finite Element
method.
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Power Spectral Density of the Response

The PSD of the displacement at the tip is shown in Figure 2. Three taper ratios (t=1 for uniform section,
t=0.6, t=0.4) have been considered to examine the effect of taper on the spectral density of the response.
The first peak of the spectral density curves for the tip displacement is seen to occur at frequency 6.7 rad/
sec for uniform chimney, 7.2 rad/sec and 7.75 rad/sec for the chimneys with taper ratio 0.6 and 0.4 respectively
which coincide with the fundamental natural frequencies of the structural model. The magnitude of the
peak displacement is increased when the taper ratio increases. However, the decrease of fundamental
frequency values caused the reverse effect in the case of tip acceleration (not shown)

Response Variance

The PSD of the response is sampled at interval Aw=0.1 rad/sec and lower and upper cutoff frequency are
chosen as 0.5 rad/sec and 120 rad/sec for the numerical integtration. The upper cut off frequency is chosen
to include up to first three natural frequencies of the structure under study.

Effect of taper ratio on the standard deviation of the response

The standard deviation of the displacement for various taper ratios of the chimney has been shown in
Figure 3. The mean wind speed and surface roughness coefficient are taken as 30m/sec and 0.25 respectively.
The standard deviation of the displacement is found to increases with the increase in taper ratios. The
standard deviation of the acceleration also exhibits a pattern similar to the standard deviation of the
displacement but after certain height, the acceleration standard deviation changes the trend showing higher
values with less taper ratio.

5 04
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Ng 03 — - —-- Taper ratio (0.6)
ug ’ Taper ratio (0.4)
= 0.25 )
3 i
S 02- i
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Fig. 2: PSD of the tip displacement of the chimney

Effect of terrain roughness on standard deviation of response

Figure 3 reveals the effect of terrain roughness coefficient on the standard deviation values of displacement.
Results show that standard deviation values are increased with the increase in roughness coefficient. Similar
variation of the response standard deviation with the changes in mean wind speed was observed.

CONCLUSION

The study of vibration of tapered chimneys induced by along wind force has been conducted in frequency
domain using power spectral density approach in finite element framework. The random component of the
wind velocity has been described by a suitable PSD function. The study conducted with some selected
parameters of the chimney and wind characteristics reveals that the PSD of displacement increases with the
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increase of taper ratio but the PSD of acceleration decreases with the increase in taper ratio. The standard
deviations of displacement along the height of the chimney increase with the increase in taper ratio. However,
the acceleration standard deviation shows reverse effect beyond a certain height. However, the response
quantities are greatly influenced by the terrain condition
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ABSTRACT

In this paper the results of wind tunnel study of gable building models of different roof slopes has been
carried out in stand-alone position under simulated flow conditions have been presented. The building
selected for the study is a hypothetical low gable roof building without openings. The variations of the
effect of angle of wind incidence and roof slope on wind pressures on gable building roof have been
presented.

INTRODUCTION

In recent years, wind loading on low buildings has been an area of active investigation due to increasing
public concern towards severe damage caused by windstorms. Low-rise residential and light commercial
structures continue to be the most vulnerable to damage in severe wind. A gable building is the most
common among low buildings of all type and such this has been the focus in many studies in the last few
years. Surface pressure, both the mean and fluctuating components, on the roof of a building are not only
strongly influenced by building geometry and wind incidence angle, but also depend on surroundings and
wind flow characteristics. These are also influenced by features at roof edges. Wind loads on low buildings
are mainly obtained from different codes, wherein the major source of data on which specifications are
based is wind tunnel testing of scaled rigid models under simulated flow. The measured pressures are
reduced to dimensionless coefficients based on a reference velocity, usually at the eaves height of the
building. Codal specifications are based on such information, usually a statistical reduction of averaged
peak pressure.

Various full-scale studies have been conducted on low buildings. Full-scale experiments are necessary to
validate wind tunnel and computational models and to study phenomena not easily studied in the conventional
wind tunnels. Issues of flow simulations and measurement techniques for wind tunnel tests have been
brought out from various studies on full-scale/model-scale comparisons with greater clarity. In view of
recent findings from these studies, there is a need to examine the effect of angle of wind incidence and roof
slope on wind pressures on gable building roof.

EXPERIMENTAL PROGRAMME

A gable roof building (13x7x5 m) has been selected with the roof slope varying from 10°to 35° (with the
increment of 5° ). The models of gable roof building were made at a geometric scale of 1:100. 72 pressure
taps were used to cover the whole roof. The tubing system to measure the surface pressure consisted of 500-
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mm vinyl tube with a 30 mm restrictor at 400 mm from pressure point, and a scanivalve pressure scanner.
Pressure measurements were carried out by using Scanivalve ZOC12, a 32-port pressure transducer. The
pressure measurement system has a linear response (constant magnitude and linear phase) up to 100 Hz.
The sampling frequency was kept at 400Hz. 8192 samples of pressure from each port were recorded
thus giving a record of approximately 20 seconds, which corresponds to approximately 8 minutes for full
scale assuming velocity ratio 1/4. The roof area is divided into different zones as per the Indian Standard
Code (IS875-1987, Part- 3), (refer Fig. 1) with the purpose of making a direct comparison of codal values
with those predicted experimentally. Zones 1,2,3 and 4 are defined as local pressure zones and zones 5,6,7
and 8 are defined as field zones. For local pressure zones worst pressures emerging from all wind direction
from all four quadrants have been considered critical. Whereas for field zones, worst pressures emerging
from all wind direction for 5-5’, 6-6’, 7-7’ and 8-8" have been considered critical

Atmospheric surface layer was developed in the wind tunnel over the building models by controlling the
longitudinal and lateral turbulence intensities and their small scale turbulence content by using the
combination of vortex generators, barrier wall and roughening blocks. The target values for these flow
parameters were fixed on the basis of the findings of Cermak & Cochran (1992) and Tieleman et al.(1997).
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Fig. 1: Location of Various Zones on the Roof of Building Model

The velocity fluctuations in the wind tunnel were measured by single hot wire probe. Instantaneous
velocity fluctuations were recorded at a sampling frequency of 4 KHz. The mean velocity and longitudinal
turbulence intensity at the eaves height of models were 8.9 m/s and 19% respectively with the velocity
profile index being 0.136. The longitudinal integral scale at the same height was found to be 0.436m. The
small-scale turbulence content was defined as (Tieleman et al. 1997)

S = (nS (n)/Su?) / (Sw/U)? x 10° evaluated at n =10U/L,

Where n is frequency, S (n) spectral density and Su is the standard deviation of the longitudinal velocity,
U is the mean velocity and L is the characteristic model dimension. In the present study model height is
taken as the characteristic model dimension. Small-scale turbulence parameter of incident flow is evaluated
at the frequency n=10U/L_ as per above mentioned equation. L, is taken as model eaves height, i.e. 5.1 cm.
This gives the value of frequency equal to 1745, at U = 8.9 m/s. Average value of S(n) is taken for frequency
range 1743 to 1747 for the calculation of small scale turbulence parameter. The value obtained for this
parameter is 73. Tieleman et al (1999) has reported values of same order for small scale turbulence content
in his wind tunnel studies and has obtained values of same order for small scale turbulence content in his
wind tunnel studies and has obtained good correlation between full scale and wind tunnel model results for
mean and peak pressure coefficients.
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DATA REDUCTION

Design pressure coefficient for any zone of the roof of the building is deduced from the most critical value
of the peak pressure coefficient measured in the experiment, but is not taken equal to the peak value itself.
It is unlikely that the maximum wind speed will be experienced from the most critical wind direction for
each point of the building, and thus it will be more logical to take a reduced value for design. Different
codes have used different approaches to deduce the design pressure coefficient from experimental studies.
In the present study a method based on probability distribution of measured pressure peaks has been used.

The plots of probability density function of measured pressure fluctuations of different taps over the roof
show that the taps close to the edge and ridge of the building roof have significant deviation from Gaussian
distribution as shown by Xu et al. (1990). Different approaches are in vogue to transform the observed data
to follow the Gaussain distribution. In the present study Box-Cox transformation (Box and Cox, 1964) has
been used to normalise the independent peaks of pressure history of each pressure tap and independent
peaks have been obtained using criterion suggested by Paterka, (1983). Further, the pressure coefficients
were estimated at different probability levels as described above, and finally the design pressure coefficients
(Cpq) at 99% probability of non exceedance were selected.

EFFECT OF ANGLE OF WIND INCIDENCE

Variations of area averaged mean, peak (maximum and minimum), rms, and design pressure coefficients
for different zones of the roof with the angle of wind incidence have been studied, for different roof slopes.
It is found that for all the zones of the roof, mean, rms and minimum coefficients and the design coefficients
follow a similar variation as angle of wind incidence changes from 0° to 90°.

The worst values of pressure coefficients (Cpmean, Cprms, Cpmin, Cpmax and Cpq) for each zone of
building roof, after considering all wind directions are taken as the critical values and corresponding wind
direction is considered as the critical wind direction for the concerned zone. Cpmean, Cprms, Cpmin and
Cpq are affected by the same critical wind direction for any particular zone, where as wind direction 0° and
90° are observed to be critical for Cpmax. Critical wind direction changes with the roof slope. Critical
values of Cpmean, Cprms, Cpmin, Cpmax and Cpq and corresponding critical direction of wind incidence
for local pressure zones are presented in Table 1 and for other zones in Table 2.

It is evident from Tables 1 and 2 that for local pressure zones (zone 1,2,3,4) the oblique wind direction
(between 15° and 75°) is critical for Cpmean, Cprms, Cpmin and Cpq in most of the cases. At oblique wind
direction, the flow separates at the leading edges and ridge, and large suctions occur under these regions,
thus high values of pressure (negative) coefficients are observed for these regions. Critical wind direction
for Cpmax for local pressure zones is 90°. Critical wind direction for all pressure coefficients for zone 5 and
7 is observed at 90°, i.e. when wind approaches parallel to ridge. Critical wind direction for Cpmean,
Cprms, Cpmin and Cpq for zone 6 changes from 15° to 90° as roof slope changes from 0° to 35°. Oblique
wind is found to be critical for Cpmean, Cprms, Cpmin and Cpq for zone 8 and its value changes from 15°
to 75° as roof slope changes from 0°to 35°. Critical wind direction for Cpmax for zone 8 is found to be 90°.

EFFECT OF ROOF SLOPE

Variation of area averaged mean, rms, minimum, maximum and design pressure coefficients for different
zones of the building roof with roof slope have been studied. Critical values of all these pressure coefficients
emerging from most critical direction of wind incidence have been selected for each roof slope. These
variations in the form of graphs have been presented in Fig.2 and 3. It can be seen that Cpmean, Cprms,
Cpmin and Cpq vary similarly with roof slope. Effect of roof slope has been studied separately for local
pressure zones and for other than local pressures zones as discussed in the following paragraphs.

Local Pressure Zones

Itis observed from Fig.1 that the values of Cpmean, Cprms, Cpmin and Cpq decrease as roof slope increases.
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Table 1: Critical Values of Pressure Coefficients and Corresponding Critical Wind
Directions for Different Local Pressure Zones (Zone 1, 2, 3, 4)

Zone Roof  Critical Wind Direction( °) Critical Values of Pressure Coefficients
Slope
®) Cpmean, Cpmax Cpmean Cprms Cpmin Cpq  Cpmax
Cprms,
Cpmin, Cpq

1 10 60 0 -1.566 059 -3923 -2.968 0.087
15 60 0 -1.128 0.529 -3.943  -2.627 0.107
20 75 0 -1.28 0.439 -3.179 -2.61 0.100
25 75 0 -1.211 0411 -2.869 -2462 -0.042
30 75 0 -1.167 0453 -2904 -2463 0.034
35 75 30 -1.111 0.433 -2.788 -2.390 0.185

2 10 15 90 -1.556 0.579 -4.060 -3.350 0.181
15 15 0 -1.328 0.535 -3.662 -2956 0.198
20 15 90 -0.847 0.456 -2.825 -2.079 0.171
25 90 90 -0.963 0390 -2.850 -2.062 0.100
30 90 90 -0.979 0412 -3.030 -2.360 0.150
35 90 90 -0.98 0386 -2.854 -2.147 0.090

3 10 0 90 -1.542 0.468 -4.505 -2.790 0.447
15 15 90 -1.433 0.466 -3.521 -2.908 0.469
20 15 90 -0.882 037 2765 -2.155 0.386
25 60 90 -0.829 0307 -2.282 -1.790 0.530
30 60 90 -0.87 0297 -2.560 -1.730 0.482
35 60 90 -0.893 0278 -2.096 -1.790 0.545

4 10 45 90 -1.053 0355 -3.285 -2.767 0.254
15 45 90 -1.360 0.401 -3.084 -2.625 0.341
20 45 90 -1.288 035 -2.764 -2.339 0.124
25 75 90 -1.001 0384 -2.614 -2.165 0.165
30 75 90 -0.977 0364 -2.81 -2.04  0.241
35 75 90 -1.000 0369 -2.548 -2.161 0.340

Similar behavior is also observed by Eaton et al. (1975) and Sankaran (1993) in their studies on gable roof
buildings. Amongst the zones of local pressure, maximum value of area averaged peak pressure coefficient
(-4.5) is observed for zone 3 for 10°roof slope. For all local pressure zones the values of Cpmin and Cpq
change sharply as roof slope changes from 10° to 20° and the values of these pressure coefficients change
gradually as roof slope changes from 20° to 35°. The variations of Cpmean, Cprms and Cpmax for all zones,
with roof slope, are observed to be gradual except for zone 2, where the value of mean pressure coefficients
changes sharply (-1.5 to -1.0) as roof slope changes from 10° to 20°.

Pressure Zones 5-8

It is evident from Fig.2 that as the roof slope increases from 10° to 35° the values of Cpmean, Cprms, Cpmin
and Cpq for zones 5 and 6 (which are on windward side of roof) decrease whereas from 25° to 35° the values
of Cpmax increase. Cpmean, cprms, Cpmin and Cpq decrease very sharply as roof slope changes from 10°
to 15° for zone 5 and from 10° to 20°for zone 6. A value of -2.5 is observed as the maximum for the design
pressure coefficient for zone 5 and -2.75 for zone 6 at 10° roof slope. The maximum value of Cpmax is
observed to be 0.865 for zone 6. The values of Cpmean, Cprms, Cpmin and Cpq for zone 7 and 8 (which are
on the leeward side of roof) have different variation than zone 5 and 6. It is observed that the values of
Cpmean, Cpmin, Cprms and Cpq for zone 7 and 8 increase for roof slope up to 25° and then start decreasing.
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Table 2: Critical Values of Pressure Coefficients and Corresponding Critical
Wind Directions for Pressure Zones 5, 6,7, 8

Zone Roof Critical Wind Direction( °) Critical Values of Pressure Coefficients
Slope
©) Cpmean, Cpmax Cpmean Cprms Cpmin Cpq  Cpmax
Cprms,
Cpmin, Cpq
5 10 0 75 -0.998  0.441 -2.950 -2.457 0.320
15 90 90 -0.803 0337 -2.260 -1.836 0.356
20 90 90 -0.836 0344 -2.160 -1.860 0.407
25 90 0 -0.863 0355 -2.179 -1.950 0.375
30 90 0 -0.852 0374 -2422 -2.036 0.678
35 90 0 -0.849 0355 -2.537 -1.964 0.739
6 10 15 90 -1.173 0462 -3.187 -2.687 0.695
15 15 90 -0.863 0400 -2.846 -2.173 0.666
20 30 90 -0.564  0.287 -1.780 -1.456 0.624
25 90 90 -0.319 0277 -1.519 -1.184 0475
30 90 0 -0.353  0.295 -1.472 -1.303 0.708
35 90 0 -0.359 0303 -1.450 -1.270 0.865
7 10 90 0 -0.776 0295 -1.980 -1.668 0.108
15 90 90 -0.875 0355 -2.298 -1.838 0.188
20 90 90 -0.870 0346 -2.385 -1.830 0.272
25 90 90 -0936 0345 -2377 -2.035 0.279
30 90 90 -0.944 0340 -2.179 -1.974 0.273
35 90 90 -0.952 0360 -2.496 -2.077 0.058
8 10 15 90 -0.582  0.216 -1.700 -1.280 0.580
15 45 90 -0.748  0.238 -1.850 -1.520 0.516
20 45 90 -0.971 0.332 -2.530 -2.067 0.510
25 60 90 -0910 0.284 -2.540 -2.108 0.610
30 60 90 -0950 0356 -2.657 -2.060 0.643
35 75 90 -0.807 0360 -2.260 -2.000 0.498

Maximum value of design pressure coefficient for zone 7 is observed as -2.0 at 20° roof slope and for zone
8 it is observed as -2.1 at 25° roof slope.

CONCLUSIONS

1. Oblique wind directions are critical for negative pressures over most areas of the roof, however wind
directions parallel to ridge and perpendicular to ridge are also observed to be critical for some areas of
the roof.

2. The critical wind direction corresponding to different parts of the roof changes as the roof slope of the
building changes.

3. The maximum values (irrespective of the wind incidence angle) of the mean, rms, peak (negative) and
design pressure coefficients for local pressure zones, decrease as the roof slope increases. The change
is sharp from 10° to 25° roof slopes and gradual from 25°to 35° roof slopes.

4. The maximum values (irrespective of the wind incidence angle) of the mean, rms, peak (negative) and
design pressure coefficients decrease as roof slope increases for zones (other than those in 3 above) on
windward side of the roof and increase as roof slope increases for leeward side of the roof.
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ABSTRACT

Computational Wind Engineering (CWE) as an extension of Computational Fluid Dynamics (CFD) has
been one of the latest and active area of research for researchers due to advent of superfast and large
storage computing facility. The major aim of CWE fraternity is to find pressure coefficients around a
building modeled as 2-D or 3-D bluff body. In this field of bluff body aerodynamics, it is well established
that the biggest stumbling block on the way to achieving an acceptable solution is proper prescription of
boundary conditions for all the variables, viz., horizontal and vertical velocity, turbulence kinetic energy
and dissipation of turbulence kinetic energy, and pressure. A new direction has been given to assess the
suitability of boundary conditions prescribed at inlet by Ojha et al. (2001). This paper briefly outlines the
methods of treating the near wall zones as suggested in the literature. It is to be noted that the adoption of
. a particular approach to simulate for near wall flow field depends upon the solution strategy adopted.

INTRODUCTION

The near wall zone includes the near ground flow and flow in the close vicinity of the structures solid
boundary. Various closure models have been proposed to achieve an acceptable solution of the flow
field. To simulate a flow field around any bluff body, the solution to the governing equations require the
correct knowledge of the associated boundary conditions. Table 1 clearly illustrates the wide variations
of boundary conditions employed in near wall zone for numerical simulations by various investigators.
Of these various possibilities, the present study briefly reviews: wall function approach (Launder and
Spalding, 1974), three layer approach (Amano, 1984), artificial boundary condition based approach
(Murakami and Mochida, 1989), new zonal treatment (Stathopoulos and Baskaran, 1989), velocity scale
based models (Lakehal and Rodi, 1996), and direct numerical simulation (DNS) based wall turbulence
models.

GOVERNING EQUATIONS

The fundamental equations governing the 2-D turbulent wind flow field around buildings (Fig. 1) can be
described by Reynolds Averaged Navier Stokes (RANS) equations which comprise of the well known
continuity, momentum and turbulence transport equations. The time averaged continuity equation is
expressed as
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Table 1: Boundary conditions

Investigators AD (Solid boundaries : Ground or Model faces)

Yeung and Kot (1985)  No slip condition. k = € = 0, Stream function, ¥ = 0, as, the wall is a
streamline.

Hanson et al. (1986) For cells near solid boundary, a non-linear frictional shear stress term
has been included. For this Blasius’s formula for flat plate boundary
layer at zero incidence in turbulent flow has been used.

Aroussi and Ferris (1987) All dependent variables (U, V, k and €) are set to zero. Universal
logarithmic law of wall applied near solid walls.

Mathews et al. (1988) U =V = 0. Boundary conditions for k and € are as per wall function
approach .

Baskaran and V =0, and U, k, € are calculated using Universal wall law function of

Stathopoulos (1989) Launder and Spalding (1974)

Haggkvist et al. (1989) At ground logarithmic law of wall was applied.

Murakami and Mochida Wall function approach with V = 0 of Launder and Spalding (1974).

(1989)

Baetke et al. (1990) On bottom ground and all solid surfaces, logarithmic law of wall
condition applied.

Okajima (1990) No slip boundary condition on solid surfaces

Paterson and Apelt Wall functions for rough wall flow has been used for ground and faces

(1990)(JWEIA) of the cube.

Stathopoulos and Wall function approach used, and k, € are calculated using new zonal

Baskaran (1990) treatment approach.

Cuhadaroglu et al. U by log law of wallV, W not specified.k from standard equation.

(1991)

Maruyama (1992) Normal velocity and normal gradient of P, k and € are set to zero. At
domain II, for surface roughness element the flat wall boundary condition
was used proportionally.

Stathopoulos and Wall function approach at ground, and Two Layer Model at building

Zhou (1993) surface.

Apparasamy and Ghosh No slip condition.

(1995)

U, _
8xj _0: ]21:2 (1)

where, U, = the mean velocity component along x, coordinate direction. The momentum equation is
written as

du, 1dp 0 ou, — )
Uiax, = pox Tox, (”axj ”f“fJ

where, p = the mean pressure, p = density of fluid under consideration, v = laminar viscosity.
The terms u;u; -appearing in (2.2a), known as Reynolds stresses, are expressed as

— ou, dU;| 2
—uu, = v,(axj + o%, J— 3k5ij

where, k = turbulence kinetic energy, 0 j = Kronecker’s delta and v, = the turbulence viscosity. For
closure of these stresses, following two transport equations are employed.
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The terms E, , E, and damping functions f,, f, and f, are designed to account for near wall effects.
For fully turbulent zones, terms are identically zero and all functions are unity. In above equations, and
are empirical constants, 6, and 6, are Prandtl/Schmidt numbers. Based on experimental observations,
values of these constants are suggested as C, =1.44, C, =1.92, 0, =1.0, ¢, =1.3, C,=0.09.

OUTLINE OF VARIOUS APPROACHES

Various existing approaches are described briefly in the following discussion. Apart from the approaches
described in the following sections, a form of low Reynolds number turbulence model was initially
proposed by Jones and Launder (1973). Low Reynolds number turbulence models (LRTM) are in the
general form of Eq. (4) and (5) with different damping functions to correctly represent the asymptotic
behaviour near wall/ ground. Low Reynolds turbulence models basically use different types of E, and E,
expressions and damping functions such as f,, f,, and f, to account for near wall effects. As per Jones and
Launder (1973), in k-equation, the term E, is exactly equal to € in the immediate vicinity of the wall. An
exhaustive discussion of these models have been outlined in Mandal et al. (2002).
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WALL FUNCTION APPROACH

The most popular approach of modelling the near wall flow is wall function approach. This assumes
local equilibrium of turbulence and uniform shear stress in thin fluid layer. The Reynolds stress is nearly
constant in this zone. Various advantages as described in the literature are (Launder and Spalding, 1974):

¢ Near wall effect is built into the turbulence models by means of wall functions. Thus it avoids the
modelling of the near wall turbulence zone.

e Wall functions eliminate the necessity of extremely fine grid near wall to achieve a reasonable
approximation of the boundary layer profile. Thus, escalation in computer time and storage requirement
is avoided.

¢ An iterative solution of these equations provides the values of U_ (shear velocity) and U, (velocity at
the first grid point), required to establish the boundary conditions, without any analysis of the flow
in the sublayer and buffer region.

* As the wall function approach relates surface boundary conditions to points in the fluid away from
the boundary, this approach avoids the specification of the boundary condition right at the wall and
integration of equations through the viscous sublayer.

However, there are certain limitations of wall function approach. The approach is applicable only in
situations where universal wall functions are well established The method is not suitable for turbulent
boundary layers at low and transitional Reynolds numbers, unsteady and separated flows and flow over
spinning surfaces or surfaces with mass or heat transfer (Patel et al., 1985).

Two more promising improvements of WFA are elliptic fine-grid analysis within viscous sublayer
and fine-grid analysis in a parabolic shear layer. The experimental observation of the variation of
dimensionless velocity (U = U/U. ) against dimensionless distance (z" = z U, /v) from the wall shows a
linear profile close to the wall (0< z; <10) and a logarithmic profile beyond this (10< Z; <400)
(Hwang and Lin, 1998). Thus, the near wall zone may be modelled as

Linear Viscous Sublayer (0 < z; < 10):

+ + + +32 + _ . o +
U,=z, ; k,=01(z,)" ; ¢€,=02 ; —uw, =03k, (6)

Logarithmic layer (10 < Z; < 400):

+ -—-UP - 1 + + + + s
v, ——U——Eln[EZp]; ky, =1/(C)"; e, =K z}); —uw! =U? =03k} (7)

T

where, K = von Karman’s constant, Z; is the normalized wall distance, also called a local Reynolds
z,U,

+ . . .
number, expressed as, z, = , B = a roughness parameter which can take into account certain

extra empirical information such as wall roughness, pressure gradient and mass transfer through the wall
(E = 9 for hydraulically smooth walls). The dimensionless distance and the form of the logarithmic
equations have been defined otherwise also (Stathopoulos and Baskaran, 1990),

UP C2.25 kg5 1 CO.ZSkO.SZ
———————=—In|Ez; | wh to PP
@ /p) K [ p], where, 2, ” (8)
with z, = the distance of the first grid point P situated in the fully turbulent zone from the solid boundary,
k, = turbulence kinetic energy at node P, U, = velocity at node P.
The following expression to estimate the average € for the control volume adjacent to the wall has
been provided in Murakami and Mochida (1989) as
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C0.25k0.5
g=—L_" m|E z;] 9)
Zp -

In above equations, Cj}”k,‘i'S = (U, )s» i.c., this is the shear velocity at the level of node P. This
ensures that the wall shear stress is calculated based on the equilibrium of the local flow behaviour and

its interaction with the solid wall.

THREE LAYER MODEL

For describing k, € and 7, a three layer model is proposed (Amano, 1984) as described below.

Linear Viscous Sublayer (0 < z, <5):

2 Y oK Y
k=k{z—j ; 8=2v[ e J and T =0. (10)
Buffer layer (5 < Z; < 30):
7 CO75 1S 2 3
k=k,— . g=—t T=1T, —
b z, ; X 2 and b z, (11)

Fully turbulent layer (30 < Z; < 400):

k=k” —k, z+':k,,—

Zn —Zb

kP—k 0.75 715 ( )Z
Lz, |=bz+a. e=—*—_ 1=7,+(1, -7, )—
Zp—2z, ’ ’ Kz z, (12)

where, z,, z,, refer to respective thickness of the viscous sublayer and buffer layer, and z,, 7, denote the
distance of first node point P and the control volume north of it respectively.

VELOCITY SCALE BASED MODELS

In this approach, one equation model as outlined below has been employed to simulate flow close to wall
in which eddy viscosity is a function of a velocity scale and length scale (1,). A one-equation model in
the viscous sublayer is employed (Lakehal and Rodi, 1996) as

v, =C,k*l, and &=k"/I (13)

In (13), 1, is the damped length scale similar to van Driest function in case of Prandtl mixing length
and 1,is a function of near wall Reynolds number R, =U z/v. The two length scales in the present
case are evaluated as

/- C z
“T1+C, /(R.C)) (14)

l,=Czf, and

R, 25
where, C. = 13.2; / w=1- exp(— A 4 ] ; C = KC;O'75 (this conforms to the logarithmic law of
u

the wall) and 4, =50.5, 4" =25

ARTIFICIAL BOUNDARY CONDITION

No-slip condition at wall does not provide good results in case of simulation of airflow around building,
characterized by high Reynolds number (Murakami and Mochida, 1989) . In addition to the wall function
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approach as mentioned above, a power law profile for tangential velocity component was suggested in
Murakami and Mochida (1989) as,

U 0.25
: | 2
U, [ZP ] (15)

where, U, is the velocity parallel to the solid boundary at distance z . The normal gradient of k is set to
zero. The rate of dissipation () at first node P is taken from empirical relation,

e=C,k;’ /1 (16)

where, the length scale is given by / =0.5 Cﬁ'zSK Z,. Such a variation near wall was criticized in the
literature (Baskaran and Stathopoulos, 1990). As shear stress here is uniform and the length scale
increases linearly with distance from the wall, linear law of wall or log-law will be more appropriate.
The use of power law is supported by Murakami and Mochida (1989), as for separating flow, wall
functions are not successful.

THEORY BASED ON BLASIUS’ FORMULA FOR A FLAT PLATE

In Hanson et al. (1986), the impermeability and no slip conditions were simulated in a different way as

stated below. From Blasius’ theory, the shear stress at a solid surface at zero incidence in turbulent flow

is given by

U 2
dA

where, U = velocity parallel to the surface on the outer edge of its boundary layer, dA = the area of the
plate under consideration, and c_is given by,

c, =0.03(R,)*p (17b)

where, R, is computed as R, = pU, L/u in which, U, = average inlet free stream velocity, and L =
typical building dimension in the direction of flow.
Based on the above expression of shear stress, the source term in the momentum equation is

modified as,
T _ T
S = j(EJdA (17¢c)

This type of wall boundary condition has advantages similar to the wall function approach instead
of using a conventional no-slip boundary condition.

T

(172)

NEW ZONAL TREATMENT

In the fully turbulent zone, standard k-¢ model is used while in viscous sublayer (VSL) following
relations are used to estimate k and € (Stathopoulos and Baskaran, 1990)

d;
b=k (18a)
U e
& =2k — (18b)

e

where, s and e denote points within and at the edge of the VSL. This treatment is similar to wall function
approach. This approach avoids lot of computations like modification of source term or solution of low
Reynolds turbulence model equations using dense grid system near wall.
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WALL TURBULENCE MODEL BASED ON DNS DATA

An improved near wall model was proposed (Hwang and Lin, 1998) based on Direct Numerical Simulation
(DNS) data. DNS data provide detailed flow structure in the near-wall region. Thus, detailed analysis of
model forms and tuning of associated constants is possible using DNS data.

/v k
A Taylor micro-scale based local turbulence number (z,) is expressed as Z; =2/ _.; (Hwang

and Lin, 1998). Advantage of this adoption is that it avoids the singularity occurring at the separation and

1\2

ok?

Ek =-2v ‘x‘ and E, = 0. Also, in the k and

reattaching point. This model specifies f, =f, = 1, and

€ equations (4) and (5), following additional terms 7, and 7, are added respectively on the right hand

g oo L O KOE | 9 [ &dk
side, 20x;| €0x; and e dx,| kodx, |

Such additional terms are added to get predictions conforming to DNS data where, 77, is the
pressure diffusion term which compensates the unbalanced first order term and 77, balances the molecular

diffusion at the wall (Hwang and Lin, 1998). The damping functions and the model constants used were
as,

S, =1-exp(-0.01z; — 0.0008z;) | (192)

o, =14-1.1 exp[-(z, /10)] (19b)

o, =13-1.0 exp[-(z, /10)] (19¢)
CONCLUSION

The review has summarized various modifications to the k-& models for simulating near wall flow field.
Of the proposed approaches, the wall function approach has been more frequently used. These
modifications change from one zone to the other and are sensitive to varying degree to the use of
empirical constants used in expressions of production and destruction terms. These models should be
extensively tested with numerical examples for their efficacy in case of wind flow around bluff bodies.
Regarding variations of some of the functional forms, there appears to be lack of a general agreement
and need for quantification of many proposed modifications is felt even after so much work on turbulence
modelling.
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ABSTRACT

Wind load is one of the important loads to be considered while designing low-rise buildings constructed
in the area of high velocity wind such as cyclones and tornadoes. Low-rise buildings generally have
simple shape in plan with flat or pitched roof. Information regarding wind pressure coefficients, both
internal and external, on such building forms are available in code of practices of various countries
dealing with wind loads. However, wind forces get modified by the presence of nearby structures, which
can produce beneficial shielding or adverse increase in loading. It is, therefore, necessary to identify the
situations of adverse loadings so that they can be treated accordingly. Present paper deals with experimental
study carried out on models of square plan shape low-rise buildings with flat roofs by placing them in
different orientations in close vicinity in boundary layer wind tunnel, to study the influence of interference
effect on wind pressures, forces and moments on instrumented building.

INTRODUCTION

A general characteristic of modern building design is to construct light-weight structures. This feature
produces an increased vulnerability to wind damages. Hence it is necessary to estimate the wind loads
acting on all types of structures accurately. Standards on wind loads of various countries [IS: 875 (Part-
3) (1987), WRDR (1975)], give information regarding external and internal pressure coefficients on
different types of structures including flat and sloping roof buildings. However, these values are for
isolated cases only. Influence of nearby structure present in close vicinity on wind pressure coefficients
are not accounted for in the information available in the standards on wind loads. It, therefore, becomes
necessary to carry out wind tunnel tests on models of buildings and other structures, which are to be
constructed in the near vicinity of exiting structures.

Although notable study of interaction effects in relation to tall buildings was carried out as early as
1934 by Harris, efforts have been taken by many researchers [Ishizaki and Sung (1971), Kelenhofer
(1971), Blessman and Riera (1979 and 1985), Ruscheweyh (1979), Bailey and Kwok (1985), Kareem
(1987)] during last 3 decades to study the effects of interference on different types of structures in great
details. However, available information is yet not enough to be included in standards on wind loads.

An effort has been, therefore, made in the present study to bridge the gap between available information
with respect to influence of interference on external wind pressure coefficients on square plan shape low-
rise buildings with flat roofs due to the presence of similar buildings in close vicinity. Rigid models of
prismatic buildings with height-to-width ratio (H/a) = 2 (where H = height of building model and a =
width of the building model) are tested in a boundary layer wind tunnel and wind pressures on external
surfaces of the instrumented building model are measured by keeping interfering building model in close
vicinity as detailed below.
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EXPERIMENTAL PROGRAMME

The experimental study has been carried out in an open circuit wind tunnel having a test section of
length 15 m and cross-section 2 x 2 m. The study is carried out under an open-country terrain condition.
Appurtenances such as vortex generators and barrier wall are used at the upstream end of the test section
to achieve desired velocity profile following a power-law with an exponent of 0.133. To measure wind
velocity and turbulence intensity at the test section inside the wind tunnel, a constant temperature
anemometer system is used with the wire type probe. Maximum turbulence intensity obtained is around
16% near the floor. Figure 1 represents velocity and turbulence intensity profile at the test section inside
the wind tunnel.

1.0}
1200 -
0.8
1.0¢ 1000} 3 06k
L X i
€ a0l
c.8 £ 800 ol
p L
- w
o 06 & 600 > -
= a
™
400~ , |
04 L 0.2
i L:(l)’ﬁls
0.2 200} [
[} PO S WO SUNEN SO WS W s [+] PO P L 0.1 TS S S T |
0.08 0.0 042 0.14 0.16 0 b 8 i2 16 0.5 0.7 1.0
TURBULENCE INTENSITY VELOCITY (m/sec) U/U,

Fig. 1: Flow characteristics at the test section

In Fig. 1, “w’ is the velocity of flow at height ‘y’ above the floor of the wind tunnel, ‘U is free stream
velocity and ‘6’ is depth of the boundary layer which is 1.2 m in the present study. The atmospheric
boundary layer (300 m deep) has been modeled in the wind tunnel at a scale of 1:250.

The models for the present experimental programme are made from 6 mm thick Perspex sheets. Two
models (M-1 and M-2) of size 60x60x120 mm are prepared for the testing purpose (with a = 60 mm, H =
120 mm and thus H/a = 2). Out of two models, M-1 is provided with the arrangements for measuring
pressures. Pressure tappings are provided at 15 grid points arranged in 3 columns and 5 rows on each
face of the instrumented building model (Fig. 2). In all 60 pressure points are made on the model. These
tappings are made out of metal tubes of 1 mm internal diameter and 12 mm length. Transparent flexible
plastic tubes of diameter 1.5 mm and 1 m long are connected to the metal tubes from inside the models.
These tubes are taken from the base of the model to connect them to the transducer for measurement of
mean pressures.

Pressure measurements at pressure points on the surfaces of building model are made by mean of
differential pressure transducer. The input to the transducer head is given by connecting one end to the
reference (stable) pressure point located on the floor of the tunnel at a distance of 2.5 m on the upstream
side from the center of the turn-table, and other end to the point on model where pressure is required to
be measured. The pressure meter displays analog values of differential pressure. The transducer output is
fed into the digital integrator to have mean values of pressures.

PARAMETRIC STUDY

The wind interference effects of structures depend on many parameters that can be broadly classified
under two headings, namely (i) geometrical parameters and (ii) flow parameters. Geometrical parameters
include shape i.e. square, rectangular, circular or any other shape and size of the structures (a, b), heights
of the structures (H), spacing between structures (r), angle defining position of two structures (cr) and
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Fig. 2: Pressure tappings on wall surfaces of the Fig. 3: Definition sketch
instrumented model

relative inclination of the structures () (Fig. 3). Flow parameters, which can influence the interference
phenomenon, are the direction of wind (B), the wind velocity, turbulence intensity and turbulence scale.
It is basically the modified flow field around a group of structures which influences wind loads acting on
the structure under consideration. Hence the forces and moments acting on the structures can be functions
of all the parameters listed above. It is, therefore, required to investigate the critical flow and geometrical
parameters and their extent in causing changes in wind loads acting on the structure.

In the present study of interference effect on wind loads on square plan shape low-rise buildings with
flat roofs, effects of only a few parameters are studied. First of all, the instrumented building model (M-
1) is tested in isolated condition and wind pressure values are measured at all 60 pressure points for 6
wind directions, i.e. § = 0°, 15°, 30°, 45°, 60° and 75° (Fig. 4). Then to study the effect of interference,
the interfering building model (M-2) is kept on upstream side with y = 0°, & =22.5° and r = 100 mm.
The direction of wind (B) is varied from 0° to 75° in this case also in steps of 15° (Figs. 5-7).

ANALYSIS OF DATA

In order to analyse the pressure values obtained at 60 pressure points on the instrumented building model
(M-1), it is assumed that each pressure reading is a representative value of its nearby area. By this it is
possible to determine the forces on corresponding area and hence the resultant force on each face. After
superimposing the forces from the opposite faces, it is possible to find the resultant forces perpendicular
to the faces.

In a similar manner, moments caused by these individual forces are calculated about all the three
mutually perpendicular axes. Finally from the algebraic sum, the overturning moments about two horizontal
axes and also torsional moment about the vertical axis are computed. The results are presented in the
form of non-dimensional coefficients for forces and moments, which are defined as follows:

C,.=F /(qA) (1)
C,,=F,/(@qA) 2)
C.=VI(C,2+C.D 3)
CMx = Mx (qAa) “@
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CMy = My /(q A a) &)
Ci=M,/(qAQ) (6)

Where, C, = force coefficient in X-direction, CFy = force coefficient in Y-direction, C, = resultant
force coefficient, C,, = moment coefficient about X-axis, C,, = moment coefficient about Y-axis, C,, =
twisting moment coefficient about vertical axis, F, = total wind force in X-direction, F = total wind
force in Y-direction, M_ = total overturning moment produced about X-axis, My = total overturning
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Fig. 5 : Relative positions of models M-1 and M-2

moment produced about Y-axis, M, = total torsional moment produced about vertical axis, q = incident
wind dynamic pressure (in free stream) = 0.5 p V2, V_= free stream velocity (at 1.2 m above the wind
tunnel floor in the present study) in m/sec, A = area of building model face and a = width of the building
model.






