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ABSTRACT

Tall buildings are replacing low-rise buildings in almost all the cities. The purpose of
construction of high-rise buildings is to accommodate many flats and offices on a small plot
area. Wind is one of the important loads considered at the time of analysis while designing
both low-rise and high-rise buildings. Although architects generally deign multistoried
apartment / office buildings in square or rectangular plan, they design the buildings with
irregular cross-sections also at times for aesthetic reasons. For buildings with regular cross-
sectional shapes such as square and rectangular shape, wind pressure and force coefficients
are available in relevant standards on wind loads. However, the available information is not
sufficient to design such type of tall buildings with irregular cross-sectional shapes.

The flow field around tall buildings changes due to the change in cross-sectional
shape, thus creating a wind field which is different in comparison to that for uniform plan
shape buildings. It results in different wind loads than those which are available in the
relevant standards on wind loads of various countries and research publications. Therefore it
has become necessary to test the model of such a tall building with irregular plan shape in the
wind tunnel to measure the wind loads acting on it every time it is designed.

Further, the information about wind pressure coefficients and force coefficients
available in relevant codes of practices on wind loads on tall buildings with regular shapes is
for stand-alone or isolated condition only. Pattern and quantum of change in wind loads on a
tall building due to the presence of other buildings of same or different cross-sectional shape
and height are not reported in standards on wind loads. Wind tunnel tests are the only
possible solution as on today to evaluate the wind loads on a tall building under interference
condition. Aim of the present study, therefore, is to test the models of tall buildings with
varying cross-sectional shapes in the wind tunnel to measure wind loads both under isolated
and interference condition.

In present study, eight types of cross-sectional shapes are considered. The cross-
sectional shapes are so chosen that floor area remains same in all the cases. The present study
is carried out under three major heads namely (i) experimental study-force measurements, (ii)
experimental study-pressure measurements and (iii) wind response analysis.

In the experimental study, the rigid models of tall buildings with different cross-
sectional shapes are tested in an open circuit boundary layer wind tunnel having test section
of length 15m and 2 m x 2 m cross-section. The prototype buildings are considered to be
situated in a sub urban terrain with well scattered objects having height between 1.5 m to 10

m, defined as Terrain Category 2, Zone-V in IS: 875 (Part-3) 1987. Vortex generators, barrier
v



wall and small blocks are used as obstructions to flow to meet the wind tunnel simulation
requirements and for the development of turbulent flow for generating the atmospheric
surface layer in the wind tunnel.

The prototype buildings are assumed to have ground floor plus 18 storeys with total
height of buildings as 60 m and floor area 400 m® Models for wind tunnel tests are made at a
scale of 1:100. Two types of models are fabricated, wooden models for force measurements
and Perspex sheet models for pressure measurements. Therefore, 8 no. wooden models and 7
no. Perspex sheet models i.e. 2 models for each 8 cross-sectional shapes except model-E, are
made. Many numbers of pressure points are created on the surfaces of Perspex sheet models
depending on the requirement.

In first part of the study, base shear, base moments and twisting moments are
measured by placing wooden models one by one on force balance under isolated as well as
interference conditions. Force measurements are carried out at free stream velocities of 6, 8
and 10 m/sec approximately.

In second part, mean, rms, maximum and minimum wind pressures are obtained at all
pressure points on Perspex sheet models at free stream velocity of 10 m/sec. Models are
divided into two categories i.e. (i) models having symmetry about both axis and (ii) models
having symmetry about one axis. Models having symmetry about both axis are tested in the
wind tunnel under 4 wind incidence angles namely 0°, 30°, 60° and 90°. Models having
symmetry about only one axis are tested in the wind tunnel under 7 wind incidence angles
from 0° to 180° at an interval of 30°. Wind pressures measured on the surface of each models
are expressed in form of non-dimensional pressure coefficients (C,). Models are tested under
isolated as well as interference conditions.

The third part of the work presented in the thesis is to carry out analytical study to
obtain response of tall buildings with different plan shapes under wind using wind loads
obtained experimentally in part two. Prototype buildings are assumed to be made of R.C.C.
beams and columns with gird size as 5 m x 5 m and storey height as 3.75 m for lowest storey
and 3.125 m for remaining storeys. The buildings are analyzed using readily available
software package STAAD.Pro. Static response including moments about both axis, shear
forces, twisting moments and displacements in all columns at every storey are obtained under
various wind incidence angles. These values are compared with one another to understand the
effects of building cross-sectional shapes and wind incidence angles on the response of tall
buildings under wind loads.

At the end, conclusions are drawn as to which of 8 cross-sectional shapes considered

in the present study is subjected to minimum wind loads under isolated condition and which
Vv



one under interference condition. Similarly the cross-sectional shape which results in
optimum response under wind loads is also identified.

Results presented in the thesis can be made used by the architects and structural
designers to design tall buildings of same or similar cross-sectional shapes studied and

reported in this thesis.
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Chapter - 1
INTRODUCTION

1.1 GENERAL

There is a gradual increase in number of high-rise buildings in almost all the cities
over the world every day. It is either existing low-rise buildings being replaced by tall
buildings or new tall buildings are being constructed to meet additional demand of space for
office or residential purposes. Apart from satisfying space and functional requirements,
architects these days try to give additional aesthetic look to their buildings. Some of the tall
buildings with varying appearances are shown in Photo. 1.1.

1.2 DESIGN LOADS

Like any other structure, tall buildings are designed for gravity loads and horizontal
loads. Wind is equally important horizontal load as earthquake load for design of tall
buildings. Whereas gravity loads can be correctly calculated, estimation of horizontal loads
specially wind loads to be done very carefully for safe and economical design of tall

buildings.

1.3 WIND LOADS
1.3.1 Factors Affecting Wind Loads

Various parameters which affect wind loads on structures can be classified into two
groups as: (i) Flow parameters and (ii) Structural parameters. Flow parameters include wind
velocity, direction of wind and ground roughness or turbulence. Structural parameters include

aspect ratio, building height, slope of the roof, solidity ratio, shielding effect and opening.

1.3.2 Evaluation Procedure

The wind loads on a structure are required to be calculated for (a) individual structural
elements such as roofs and wall or on a cladding unit, and (b) the building as a whole. There
are two methods generally used for evaluation of wind loads on a structure namely (i)
pressure coefficients method, and (ii) force coefficients method.

As per the information given in Indian Standard on Wind Loads [IS: 875 (Part-3) -

1987], design wind force on a member is calculated from the following expression



F=AXxP
Where,
F = wind force,
P = wind pressure acting uniformly on area A,
P=05xCyx px V,
p = density of air,
C, = pressure coefficient,

V4 = design wind speed.

In case of buildings having openings, C,, is expressed as,
Cp = Cpe - Cyi
Where,

Cpe = external pressure coefficient and

C,i = internal pressure coefficient.

Therefore, P = 0.6 X (Cpe - Cpi) X V¢°
As per IS: 875 (Part-3)-1987 design wind speed, Vg, is expressed as,
V4=VpX ki xkyXxKks

Where, Vy, is known as basic wind speed. kj is risk coefficient or probability factor
which depends on the class and design life of the structures, k, is the terrain, height and

structure size factor and ks is topography factor.

If force coefficient method is employed, design wind force on a member is obtained
as,

F=AX05xCix px Vg

Where,

C; = force coefficient.



b

(d) One World Trade Center

Tower

(9) International Commerce (h) Petronas Tower (i) Zifeng Tower
Center

Photo. 1.1 Typical tall buildings

3



1.4 NEED FOR THE PROPOSED STUDY

As explained earlier, it is important to have the information of correct values of wind
pressure coefficients (Cp) and force coefficients (Cs) acting on tall buildings in order to be
able to evaluate wind loads correctly for its safe and economical design.

However, as will be seen in Chapter 2 of this thesis, information about C, and C¢
available in relevant codes of practices are primarily for simple cross-sectional shapes only
and secondly for isolated or stand-alone condition only. Effects of irregularity in cross-
sectional shapes and presence of nearby structures on pressure and force coefficients are not
included in standards on wind loads.

An effort has, therefore, been made in the presents study, to generate sufficient data of
Cp and Cs on tall buildings with varying cross-sectional shapes firstly under isolated condition
and secondly under interference condition through wind tunel tests. After obtaining values of
C, and C; for many cases, the same has been used to analyze structural frames to obtain the

response of the same under wind loads.

1.5 OBJECTIVE AND SCOPE
The present study has been carried out with the following objectives and steps.

Q) Eight different types of cross-sectional shapes of tall buildings (Fig. 1.1) are chosen
to study the influence of cross-sectional shapes on response of tall buildings under
wind loads. All these buildings have same cross-sectional area and height.

(i) Eight no. wooden models and seven no. Perspex sheet models with pressure points
are prepared.

(iii))  Wind forces including base shear, base moments and twisting moments acting on all
eight models are obtained experimentally by testing wooden models in an open-
circuit boundary layer wind tunnel.

(iv)  Effect of wind incidence angle on wind forces is studied by allowing the wind to hit
the models at many angles.

(V) Effect of interference on wind forces is studied by firstly placing all eight wooden
models one by one on load cell and later by placing another model of same cross-
section and height in near vicinity at different locations.

(vi)  Wind pressure distribution on the surfaces of all building models are obtained by
testing all seven Perspex sheet models one after another in the wind tunnel.

(vii) Effect of wind direction on wind pressure distribution is studied by allowing the

wind to hit the models at many wind incidence angles.
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(viii)

(ix)

(x)
(xi)

(xii)

(xiii)

(xiv)

(xv)

Effect of interference on wind pressure distribution is studied by placing wooden
model of same cross-section in near vicinity.

Drag coefficients (Cp) or Force coefficients (Cy) are calculated from the values of
forces measured.

Pressure coefficients (C,) are obtained from the measured values of wind pressures.
Values of Cp and C, obtained experimentally are compared with corresponding
values available in standards on wind loads and research publications.

All buildings are assumed to be made of R.C.C. rigid-frames. Out of eight, seven
buildings are first designed for gravity loads to arrive at suitable values of cross-
sectional dimensions of beams and columns.

All seven building frames are analyzed by using experimentally obtained wind loads
under isolated condition. Response of the buildings are obtained in the form of
column forces, column moments and displacements.

Wind response analysis is repeated on all seven buildings for interference conditions.
Response parameters obtained in isolated condition are compared with those in

interference conditions.
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1.6 ORGANISATION OF THE THESIS

The present research work is described in 7 chapters in this thesis.

Chapter 1 briefly describes method of evaluation of wind loads on tall buildings. It is
followed by objective and scope of the present study.

Information available regarding wind pressure coefficients (Cp) and wind force
coefficients (Cy) on tall buildings with varying cross-sectional shapes in standards on wind
loads of various countries are enumerated in Chapter 2. This chapter also includes similar
information available in research publications.

Chapter 3 gives detailed information about the models prepared and wind tunnel used
for experimental study.

Results of the force measurement study are discussed in Chapter 4.

Chapter 5 describes the results of pressure measurement study.

Chapter 6 is devoted for wind response analysis of all the buildings.

Conclusions drawn from the present study are listed in Chapter 7. Utility of present
study and scope of further research work are also included in this chapter.

Research publications referred during the present study are listed at the end of the

thesis.



Chapter - 2
LITERATURE REVIEW

2.1 GENERAL

Objectives of the present study is to understand the effects of cross-sectional shapes
of tall buildings on (i) wind loads acting on them which includes base shear, base moments
and twisting moments, (ii) wind pressure distribution on the surfaces of tall buildings and (iii)
response of them under wind loads.

As has been mentioned briefly in Chapter 1, information available in codes of
practices of various countries dealing with wind loads, are for limited cross-sectional shapes
and limited wind incidence angles only. Detailed descriptions about available codal
information are being given in this chapter.

During the last 4 decades, many researchers have carried out wind tunnel as well as
analytical studies on the models of tall buildings with different cross-sectional shapes.

Findings of some of these researchers are also included in this chapter.

2.2 CODAL INFORMATIONS
2.2.1 Australia and New-Zeeland Standard (AS/NZS-1170-2, 2011)

This code of practice covers the structures which falls within the criteria such as (i)
building less than or equal to 200 m height and (ii) structures with roof span less than 100 m.
This code also includes the wind load for structures other than offshore structures, bridges
and transmission towers. The information about the cross-sectional shape other than square
and rectangular shape is not included in this code of practice. Very little information about

the pressure distribution is available when building is attacked by the skew wind angle.

2.2.2 American Standard (ASCE-7, 2002)

ASCE-7 gives detailed information about wind loads on low-rise buildings having
different types of roof. The information on low-rise buildings with different aspect ratio are
also available in this standard. However, there is lack of information about wind loads on
high-rise buildings with different cross-sectional shapes. Similarly no information is available

in case of skew wind.

2.2.3 British Standard (BS EN 1991-1-4, 2005)
This code of practice gives the guidance on the determination of natural wind actions

for the structural design of buildings and civil engineering works for each of the load
8



conditions under consideration. This code of practice is applicable to building and structures
with heights up to 200 m and bridge having no span greater than 200 m. This code also
intends to predict characteristics wind actions on land based structures and their components.
There is no information about the wind pressure distribution for uneven cross-sectional
shapes. Information about different skew angle wind is also not included in this code of

practice.

2.2.4 Indian Standard (1S-875, part-3, 1987)

According to IS: 875 (Part-3), (Clause 6.2.2.1, Table 4), 1987, the external pressure
coefficients (Cp) for rectangular clad buildings are given only for uniform cross-section along
the height. These values are available for different height to width ratios and length to width
ratios. However, wind pressure coefficients are given for two different wind incidence angles
namely 0° and 90° only. Typical values are shown in Table 2.1. Similarly, force coefficients
(Cp) are given in the existing code (Clause 6.3.2.1, Fig. 4) for buildings with rectangular

cross-section.

Table 2.1 Wind pressure coefficients on rectangular clad building
[Clause 6.2.2.1, IS: 875 (Part-3), 1987]
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Fig. 2.1 Force coefficients for rectangular clad buildings in uniform flow
[(Clause 6.3.2.1, Fig. 4), IS: 875 (Part-3), 1987]
2.3 RESEARCH PUBLICATIONS
2.3.1 Wind Tunnel Studies - Isolated Condition

Kareem and Cermak (1984) reported the nature of pressure fluctuations on the side
faces of a square building model in boundary-layer flow parallel to these faces. Authors
concluded that the effect of increasing the turbulence intensity results in reduction of the lift
force coefficient. It was also concluded that the pressure fluctuations on the side faces of a
prism are nonhomogeneous, which implies that they are dependent not only on separation
distance and time, but also depend on the relative location.

Stathopoulos (1985) experimentally investigated the ground-level wind conditions
around buildings with chamfered corners. This study included models of both square and
chamfered buildings of various heights ranging between 60 m and 180 m which were
exposed to a simulated open country terrain. Corners of the building were chamfered at a 45°

angle. Effect of chamfered roof was also examined by the author.
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Tanaka and Lawen (1986) carried out pressure and aeroelastic study of the
CAARC standard tall building with the linear scale of 1:1000. Results were compared with
other experimental works.

Balendra and Nathan (1988) presented the experimental results for longitudinal,
lateral and torsional responses of a triangular building model of aspect ratio 1:4.6 in an
atmospheric boundary layer, using a linear model with three degree of freedom. Variation of
wind incidence angle are used to determine the critical angles for longitudinal, lateral and
torsional motions. It was found that the R.M.S displacements of model vary exponentially
with reduced velocity.

Kwok et al. (1987) conducted wind tunnel model tests to investigate the effect of
edge configuration on the wind-induced response of a tall building with rectangular cross-
section. Results of wind tunnel model tests showed that modification to the edge of a tall
building with a rectangular cross-section has a significant effect on the excitation process and
the response characteristics. The authors found that two of the configurations considered are
effective in causing significant reductions in both along wind and across wind responses.

Kwok (1988) conducted the wind tunnel tests to investigate the effect of building
shape on the wind-induced response of a tall building with rectangular cross-section. It was
also found that building model with horizontal slots, slotted corner and chamfered corners
caused significant reduction in both the along-wind and across-wind responses.

Stathopoulos and Zhu (1988) studied the wind pressure on buildings which are
affected by various appurtenances such as balconies or general roughness of the building
envelope. Influence of the configuration of the building envelope to the wind loads on
cladding and structural elements were determined. The authors also investigated the
possibility of simplification of wind tunnel building models.

Szalay (1989) carried out wind tunnel measurements to determine drag coefficients
on 16 sided polygon, 12 sided polygon and circular cylinders. Force and pressure
measurements were made Reynolds number dependency was also investigated within limited
range.

Hayashida and Iwasa (1990) studied the effects of building plan shape on
aerodynamic forces and displacement response for high-rise buildings with an assumed
height of 600 m in a wind tunnel. Authors carried out experiments using rigid models with 8
different types of building plan shapes of equal floor area (=6400 m?) and equal building
height (=600m).
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Lythe and Surry (1990) examined mean torsional wind loads on tall buildings using
data base which is experimentally obtained from wind tunnel tests, and concluded that wind
tunnel testing is needed when dynamic properties of a building are unusual, or if the center of
stiffness is significantly different from the center of mass or the platform centroid.

Stathopoulos and Luchian (1990) carried out experiments which consist of an
extensive series of tests in a boundary layer wind tunnel simulating the flow over an open
country terrain exposure. The results of the tests for buildings with a two-level flat roof were
discussed. The results of the study are compared with the flat roof specifications provided by
standards on wind loads.

Cheong et al. (1992) presented experimental techniques for determination of wind
loads along the height of a tall and slender building. They used an aeroelastic model for
conducting the experiment. The dynamic pressures acting on the model were measured
simultaneously from two pressure tapping. Then the auto and cross spectral densities were
calculated which enabled the calculation of acceleration at a height.

Isyumov et al. (1992) studied the performance of a tall building under wind action.
Prediction of the wind induced response of a 390 m high office tower have been made using
high frequency base balance model and aero elastic model techniques. The authors observed
that due to the presence of another building, the aerodynamic interference can also be
experienced in a highly built-up terrain.

Jamieson et al. (1992) conducted an experimental study for wind tunnel pressure
measurement at 2/3 height on a 1:300 scale model of a tall building with various corner
configurations based on the CAARC standard tall building. The aim was to investigate the
influence of corner configuration on the magnitude and distribution of the peak pressure
coefficients. Three different corners such as square, cut corner and beveled corner were
included for the wind tunnel pressure measurement study.

Beneke and Kwok (1993) tested four different models of buildings in boundary layer
wind tunnel to investigate wind induced torsion on tall buildings. Four basic cross-sectional
shape namely rectangle, square, triangle and D-shape were considered. Each model was
tested at varying reduced velocities and angles of wind induce under wind excitation
corresponding to terrain categories 2 and 4. Results indicate that the triangular shape model
produced dynamic torsional response in excess of any other model tested. D-shape and

diamond shape models yielded significantly lower torsional response.
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Chaudhary and Garg (1993) conducted experimental study for wind pressure
distribution around the high-rise building curved in plan. The aim was to investigate the
influence of curved plan on the distribution of the peak pressures.

Kawai (1993) studied the bending and torsional vibration of tall buildings in strong
wind. Wind tunnel tests were carried out in smooth flow and turbulent boundary layer flow
over urban area. It was observed from the experimental studies that the strong vortex induced
vibrations in the tall buildings occurred with shallow section both in smooth and turbulent
flows. The torsional flutter were also observed by the authors for the model of the side ratio
of 4 both in smooth and turbulent flows at the reduced velocity of U/n =6, where U is the
flow velocity and n is the natural frequency of the torsional vibration.

Miyashita et al. (1993) investigated the characteristics of both the wind force acting
on, and the responses of a square building with chamfered corners. The wind forces acting on
the building were obtained from the wind tunnel tests. The authors also calculated the
response of the building through the employment of modal analysis, which uses the results of
the wind tunnel tests. The importance of correlation of the wind forces in along and across
direction for the response analysis was addressed in this study.

Selvam and Konduru (1993) studied the rood corners pressures on the Texas Tech
Building using k-€ turbulence model on a non-staggered grid system. Computed pressures
and rms pressures were compared with field and wind tunnel results by authors.

Surry and Djakovich (1995) investigated the fluctuating pressures on models of tall
buildings. The objective of this study have been to explore the high peak suctions developed
on building models and their relationship with building shape and the characteristics of the
oncoming simulated atmospheric shear flow. It was concluded that the highest peak suction
occurs practically at any location of the model side face and it has reasonable agreement with
the current Canadian code requirements for cladding design.

Cooper et al. (1997) measured the unsteady wind loads acting on a super-tall building
with a tapered cross-section and beveled corners as a functions of reduced velocity and
motion amplitude. The damping components of the along-wind and across-wind unsteady
aerodynamics forces were also obtained from time histories of fluctuating aerodynamics
force.

Kawai (1998) investigated the effects of corner cut, recession and roundness on aero
elastics instabilities such as vortex induced excitation and galloping oscillation. The author
observed that small corner cut and recession were very effective to prevent aero elastic

instability for a square prism by increasing the aerodynamics damping, but the large cornet
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cut promotes the instability at low velocity even if the damping is small enough. Corner
roundness is also effective to increase the aerodynamic damping to suppress the instability.
The corner modifications promote the instability at low speed, because the vortex shedding is
prevented by the modifications.

Letchford and Robertson (1999) studied the full scale mean wind loads on panels
within free standing walls and compared with previous and new wind tunnel studies.

Tamura and Miyagi (1999) carried out wind tunnel tests for measurements of
aerodynamics quantities, like averaged and fluctuating statistics of drag and lift forces which
acting on a square sectioned cylinder with sharp, chamfered or rounded corners. Principal
results were as follows: (1) side surface with cut corner and round corner promote the
reattachment and reduction of drag forces. (2) In case of rounded corner cylinder in turbulent
flows, it was found that the spectral peak frequencies are higher than those in uniform flow,
due to turbulent flow the shear layer that separate from the windward edges reattached to the
side surface even at angle of attack o = 0°. (3) The values of C_rms for three dimensional
cylinders were reduced to about 10% of the values for two dimensional cylinders. This means
that effects of Karman vortices and resulting lift force were not so large for three dimensional
cylinders.

Thepmongkorn and Kwok (2002) carried out a wind tunnel study on the effects of
eccentricity between center of mass and center of stiffness of a tall rectangular building on
the wind generated response and wind excitation mechanism. The results indicated significant
effects of eccentricity on the along-wind, cross-wind, and twisting moment responses for both
cases when wind is normal to narrow and wide faces of the building model.

Balendra et al. (2003) conducted full scale measurement for wind induced response
of some typical tall buildings. Based on these observations they presented an empirical
relation for predicting period of vibrations. These also presented the expression relating wind
speed to acceleration in buildings.

Liang et al. (2004) carried out an experiment to find the wind-induced dynamic
torque on rectangular cylinders with various side ratios through a series of model teats in a
boundary layer wind tunnel. Based on the experimental investigation, authors presented
empirical formulae of torque spectra, RMS torque on rectangular and Strouhal number, as
well as coherence functions of torque. An analytical model of wind-induced dynamic torque
on rectangular tall building was established accordingly. Comparisons were made between

the experimental and analytical study.
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Balendra et al. (2005) used a new technique of laser positioning measurement system
of direct measurement of wind induced tip displacement of tall building. Based on the present
study it was recommended that this technique can used for closely spaced structures which
can be structurally coupled or uncoupled, to measure the relative displacement. The authors
concluded that this method is better than conventional strain gauge method.

Gomes et al. (2005) presented the experimental and numerical study of wind
pressures on irregular-plan shapes. The experiment were carried out in a closed-circuit wind
tunnel and a multi-channel pressure measurement system was used to measure means values
of loads on 1:100 scale models. Authors compared the experimental data with the numerical
CFD values and found that results were same for normal wind incidence whereas differences
have occurred for other directions.

Lin et al. (2005) investigated the characteristics of wind loads on tall buildings. Nine
models with different rectangular cross section were tested in a wind tunnel. The effects of
three parameters namely side ratio, aspect ratio, and elevation were highlighted in analyses of
local wind force coefficients. Comparisons were also made with results obtained from high-
frequency force balances in two wind tunnels.

Ahuja et al. (2006) investigated unpleasant wind condition around tall buildings.
Wind velocity near the earth surface is quite close to zero and it increases with increase in
height. Authors concluded that the two principal types of flow that adversely affect the
pedestrian environment are (i) downwash flow bringing higher energy wind to lower
elevation and (ii) horizontally accelerated flow. The comfort criteria for pedestrian within a
built environment were also included in this paper.

Mendis and Ngo (2006) discussed the changes in tall building design practice after
the World Trade Centre (WTC) buildings collapse. These suggestions and the lessons learnt
from the collapse are discussed in the paper.

Garg and Chaudhry (2007) carried out an experimental study to investigate the wind
induced flow-field around the complex shaped buildings.

Goel et al. (2007) studied the wind loads on buildings with attached canopies. Six
number scaled models of the arch roof building were tested with five types of canopies
attached.

Amin and Ahuja (2008) presented the experimental results of wind tunnel tests to
evaluate wind pressure distributions on different faces of typical plan shape buildings. These
models were made from Perspex sheet at geometrical scale of 1:500. Authors focused on the

effects of model shapes on the surface pressure distribution. Fluctuating values of wind
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pressure were measured at pressure points on all surfaces and mean, maximum, minimum
and R.M.S. values of pressure coefficients were evaluated.

Dalui (2008) measured wind pressure distribution on building models having square,
circular and octagonal cross-section.

Kim et al. (2008) conducted an experimental study to investigate the effects of
tapering on reducing the RMS across-wind displacement responses of a tall building, using an
aeroelastic tapered model of a tall building. Author concluded that the tapering effect
appeared when the reduced velocity was high and the structural damping ratio had a moderate
value of 2-4% and the less damping ratio causing motion-induced excitation.

Ngo and Letchford (2008) studied the topographic effects on gust wind speed. Four
major wind-loading codes are reviewed by author in order to make the detailed comparison of
topographic effects between codes.

Goel and Ahuja (2009) carried out an experimental study in the boundary layer wind
tunnel to measure the wind loads on low rise buildings.

Gu (2009) carried out wind tunnel tests on 27 typical tall building models by using
wind pressure scanning and HFFB techniques. Characteristics of wind pressure and forces
acting on these buildings were analyzed by author.

Merrick and Bitsuamlak (2009) explored the effect of building shape on the wind
induced response of a structure through wind tunnel studies. Load patterns attributed to the
cross-sectional shape of the structure were observed in the results. This value of wind load
were compared against the values given by NBCC (National Building Code of Canada) and
ASCE (American Society of Civil Engineering) standards.

Verma (2009) measured wind pressure distribution on the models of structurally
coupled tall buildings.

Amin and Ahuja (2011) presented the experimental investigation of wind pressure
distribution on models of typical plan shape buildings on different wind incidence angel from
0° to 180° at an interval of 15°. Two L-shaped and two T-shaped models having same plan
area and height but having different dimensions were tested in a closed circuit wind tunnel. It
was observed that plan shape and dimensions of models significantly affects the wind
pressure distributions on different faces of models.

Bhatnagar (2011) carried out an experimental study of five different high-rise
buildings with different plan shapes i.e. square, corner cut, corner chamfered, through
passage and half through passage in close circuit wind tunnel. The effects of different plan

shape on wind pressure distribution were presented by the author.
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Yang et al. (2011) conducted an experimental study to quantify the characteristics of
wall, vortex and flow condition around the high-rise building as well as the resultant wind
forces (forces and moments) acting on models in high speed wind. The measurement result
clearly revealed that the wake vortex and turbulent around the buildings induced by high
speed wind like tornado are totally different from those in conventional straight line winds.

Ramakant (2012) conducted wind tunnel test on rigid model of T-shaped building for
evaluating pressure coefficients on different face of building model.

Tanaka et al. (2012) conducted aerodynamic force measurement and wind pressure
measurement for tall building models with various building shapes but with same height and
volume. The authors discussed about the mean overturning moment coefficients for all
models and their behavior in the along wind direction. It was found that the correlation
between maximum mean coefficients and maximum fluctuating coefficients are high for both
along-wind and across-wind directions. The power spectral densities of the models,
aerodynamics characteristics of the composite models with multiple modifications were also
discussed by authors.

Kumar (2013) studied wind pressure distribution on tall buildings with steps
configuration. It was observed by the author that both base shear and base moments
developed due to wind loads are not only influenced by wind direction but these are highly
affected by steps configurations also.

Kushal (2013) conducted an experimental study on L-shape and T-shape building
models with linear scale of 1:200. Author presented the force and pressure coefficients
around the tall building models considering isolated and interfering condition.

Chakraborty et al. (2014) conducted experimental study to measure the mean wind
pressure coefficient on plus shape model. The experiment carried out in an open circuit wind
tunnel on a 1:300 scale rigid model.

Mukherjee et al. (2014) conducted an experimental study on Y-shape building with
linear scale of 1:300. Authors also studied the flow pattern around the model and explained
the phenomenon occurring around the model.

Verma et al. (2014) presented application of artificial neural networks (ANNS) to
estimate pressure coefficients on surface of tall buildings. Authors concluded that the value of
Cp (Mean) decreases with increase in wind incidence angle for the same pressure point.
Further, suction effect is noticed near the corners of the building.

Zhang et al. (2014-a) carried out experimental investigation to quantify the

characteristics of the microburst-induced wind loads i.e. both static and dynamic wind loads
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acting on a high-rise building model and compared those with the test model placed in
conventional atmospheric boundary layer (ABL) winds. Authors performed the experimental
study by using an impinging-jet-based microburst simulator available in IOWA State
University.

Zhang et al. (2014-b) studied the microburst-wind loading effects on low-rise
structures. A cubic-shaped building, a grain bin and two gable-roofed buildings were
considered and compared by performing laboratory tests on scaled models using a microburst
simulator at IOWA State University.

Verma et al. (2015) carried out CFD analysis to evaluate wind loads on octagonal tall
buildings. Mean area weighted average wind pressures on the faces of the octagonal plan
building models are evaluated by the authors with the help of FLUENT-14 (ANSY'S 14.0) for
CFD analysis.

2.3.2 Wind Tunnel Studies - Interference Condition

Timothy et al. (1977) tested a single square prism at different wind directions in a
wind tunnel in smooth and turbulent flow. A second square prism was placed on upstream
side with various separations to provide interference effect. Authors concluded that the
presence of buildings and towers in strong winds made situation complicated.

Shykes (1983) tested a model of a simple building of rectangular plan form and
elevation (CAARC standard model) in a simulated atmospheric shear flow. The model was
rigid and mounted on two mutually perpendicular pairs of torsion bars which allowed the
model to vibrate with two degrees of freedom with linear mode shapes. Author concluded
that the fluctuating lateral displacement was reduced by the presence of the upwind models at
reduced wind speed around 10 m/s at which the isolated model experienced peak response.
These tests have confirmed the importance of testing particular layouts of the buildings which
may give rise to increase in forces when one building lies in or near to the wake of similar
size buildings.

Blessmann and Riera (1985) conducted the experiment to study the interaction
between two square prisms with a height to base length equal to six. Fifteen relative position
were studied for wind incidence angle at every 15° under smooth-uniform as well as turbulent
shear wind. It was concluded that the buffeting causes an increase in the maximum resultant
force coefficient by as much as 30% with respect to the isolated building, in both flow

conditions.
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Stathopoulos and Storms (1986) carried out an experimental measurement in a
boundary layer wind tunnel to determine wind velocity and turbulence conditions in passage
between two rectangular tall buildings. Experiments were done under simulated open country
terrain conditions for a wide range of wind azimuths. The authors also included geometrical
parameters such as the height of the buildings and the passage width. Results show that most
critical wind velocity conditions occur for buildings of different height at a point near the
passage entrance for wind direction skewed by 30° from the center line.

Chaudhary et al. (1990) studied the pressure coefficients on tall twin towers of a
building complex which was curved plan. Two complex shapes of building were studied for
arriving at an optimum configuration of building in respect of wind effects. Pressure
coefficients and resulting wind loads on the lattice tower of 63 m developed due the
interference of two silos of 40 m height were also evaluated.

Yahyai et al. (1990) studied interference effects for tall rectangular buildings which
were almost square in plan, with building proportions (1:1.2:6). The authors studied both
rigid and aeroelastic models. From the study on rigid models it was concluded that
interference effect between two buildings of same size was observed upto 24 times the depth
of building located on the upstream of the object building. For mean response in the along-
wind direction there was shielding effect. Fluctuating response in along-wind and across-
wind directions were observed to have a peak value at 5D-6D spacing for in line positions, in
SAB (short afterbody) orientation. In SAB orientation the long side is facing the wind. For
LAB (long afterbody) study, the maximum BF for RMS along-wind response was observed
at (6D, 2b) position at a reduced velocity of 6.0. In LAB orientation the short side is facing
the wind. Maximum BF for RMS across-wind response was observed from (2.5D, 2.5b)
position at a reduced velocity of 6.0. Significant increase in the RMS response was reported
between 2.5D and 6D spacing and at 1b-4b offsets, D being the dimension of the building
along the wind direction. For downstream interference, 2D to 3D spacing, with or without
offset was found to be critical. A critical zone of interference was demarcated, which extends
between 1b and 3b on either sides of mean wind direction on the face of the model.

Blessmann (1992) studied the influence of neighborhood in a large city center on
models of two tall buildings by considering the static wind effects. Author concluded that
values of the force increase in small extent in case of insolated buildings, but torsional
moments due to wind acting on parts of the main facades had an increase of 125% in one case
and 54% in the other.
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Taniike (1992) investigated the proximity effects of tall square building by using
neighboring structures of different size in a low turbulence wind environment. It was found
that the fluctuating forces on the object building generally increased by the presence of
upstream buildings of any size. It was also concluded by the author that, the increase in the
fluctuating forces was mainly caused by (i) shed vortices from the upstream building directly
hitting the object building (2) transition of the shed vortices into smaller scale vortices
through a convection process which increased the fluctuating velocity of the incident flow,
(3) the connected flow between the two buildings that strengthened vortices shedding from
the object building.

Tsutsumi et al. (1992) carried out an experiment to investigate the characteristics of
wind pressure on groups of apartment buildings. The main parameter of this study was
comparison of staggered grid layout with normal gird layout. The effects of wind incidence
angles were also examined. The results were presented as the wind pressure coefficient
difference between wind ward and leeward surfaces. The relation between the average wind
pressure coefficients in a model with various layouts of buildings was discussed.

Yahyai et al. (1992) tested the interference effect of aerolastic model of a typical
rectangular multistoreyed building. It was observed that due to the presence of an interfering
building, the mean response of the building generally reduced on account of shielding, while
the dynamic response usually increased. The effect of interference is much more pronounced
when the interfering building is located on the upstream side compared to when it is situated
on the downstream side.

Paterson and Papenfuss (1993) compared the experimentally obtained wind flows
data of two tall buildings with results obtained from a computer simulation. The simulation
uses a steady-state solution method with a k-e model of turbulence. It was concluded that the
vortices shed from each building have a strong influence on pressures on and around the
other buildings.

Zhang et al. (1995) performed wind tunnel model tests to investigate interference
effects on torsional response of a tall square cross-section building with structural
asymmetry. Two sizes of square cross-section rigid interfering building models were
individually located at positions upstream and downstream side of the principal model to
generate interference effects. It was concluded that the mean and standard deviation of
response of eccentric principal building could be significantly enhanced due to the presence

of interfering building.
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Gupta and Krishna (2002) carried out an experimental study to measure the critical
interference around a TV tower.

Thepmongkorn et al. (2002) investigated the interference effects on the CAARC
standard tall building by an 8:1:1 tall interfering building both upstream and downstream. It
was concluded that the along wind and across wind, and twisting moment responses of the
principal building were significantly increased when the interfering building was located
diagonally upstream.

Xie and Gu (2004) studied the mean interference effects between two and among
three tall buildings through series of wind tunnel tests. The authors also discussed the
shielding and channeling effects to understand the complexity of multiple- building effects.
The result shows that the upstream interfering buildings cause certain shielding effect by
decreasing the mean wind load on downstream side building. The variation of the shielding
effect is found to be significant when the heights of interfering buildings range from 50% to
125% of the height of the principal building.

Chaudhary and Garg (2006) investigated the pressure and force coefficients of
typical shape building of 24.80 m height made from four rectangular shaped blocks arranged
in a cruciform shape. The study was carried out a wind tunnel under simulated Atmospheric
Boundary Layers (ABLSs) conditions. The pressure coefficients obtained around various faces
of the building are used to obtain the design forces. It was concluded that building under
consideration was subjected to significantly higher pressure coefficients as compared to the
rectangular/square shape buildings.

Gupta et al. (2007-a & b) conducted a series of tests in a wind tunnel on four tall
residential towers (30 storey/108 m tall and 50 storey/180 m tall) in a simulated boundary
layer flow and described the results under stand alone and interference conditions. It was
concluded that the wind tunnel study influences the design of window and door sections, the
exterior panel walls as well as the thickness of the window glass panels, but there is not a
very significant variation in the overall wind design coefficients from IS code when
integrated over the whole structure for stand-alone case.

Lam et al. (2008) investigated the interference effects on a row of square-plan tall
buildings arranged in close proximity with wind tunnel experiments. Forces and moments on
each building were measured with base balance under different wind incidence angles and
different separation distances between buildings. It was found that the inner buildings inside
the row were subjected to reduced wind load components acting along the direction of row at

most wind directions. As compared to isolated case, the building surrounded with interfering
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building was subjected to less wind loads. The interference effect on fluctuating wind loads
was also investigated by the authors. It was also found that across wind load fluctuations are
much smaller than the isolated building case with the disappearance of vortex shedding peak
in the load spectra.

Zhang and Gu (2008) presented the numerical and experimental investigation of
wind induced interference effects on the distribution of pressure on a building surround by
another building in staggered arrangement. This test was carried out in a low speed boundary
layer wind tunnel. Mean and fluctuating pressure measurement on the principal building
surrounded by interfering building were obtained.

Amin and Ahuja (2009) presented the mean interference effects between a pair of
buildings closed to each other in a geometrical configuration of L-shape and T-shape.
Experiment was carried out in closed circuit wind tunnel on models of 1:300 scale to measure
the mean pressure coefficients on two building models close to each other with different wind
incidence angles. Significant changes in wind loads were observed in interference condition
as compared to a similar building in an isolated. It was also found that the interference effects
mainly depend on the angle of attack and arrangement of the buildings with respect to each
other.

Kim et al. (2009) performed the experiments to determine interference effects of
local peak pressures on an identical pair of tall buildings to establish design cladding
pressure. The results show distribution of maximum and minimum pressure coefficients on
walls of principal building with critical locations of an interfering building. It was also
noticed that the maximum wind pressure coefficients occur on the side walls of the principal
building due to interference.

Gu and Xie (2011) reported the means and dynamic response interference effect and
peak wind pressure interference effects of two and three tall building models. Especially three
buildings configuration are investigated through a series of wind tunnel tests on typical tall
building models using force balance technique and wind pressure measurements.

Hui et al. (2013) investigated the interference effects between two rectangular-section
high-rise buildings by wind tunnel experiments, which are focused on local peak pressure
coefficients. These experiments were carried out under 72 wind incidence angles for various
configurations. In this study two building arrangements were considered namely parallel and
perpendicular. Authors presented the evaluation method of interference effects for local peak

pressures in detail, and also discussed the interference factor for the largest positive and
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smallest negative peak pressures. The result shows that interference effects greatly depend on
configuration and directions of wind.

Menicovich et al. (2014) studied the integration of active air flow control into the
assembly of building envelopes in order to affect the interaction between tall buildings and
surrounding air flow.

Verma (2014) carried out wind tunnel study on rigid models of rectangular shape
high rise buildings coupled through single bridge. Author conducted experimental work for 3
wind incidence angles i.e. 0°, 45° and 90° in order to measure the pressure distribution. It is
observed by the author that the negative pressure on opposite faces gets increased
considerably when the models are close to each other.

Wang et al. (2014) conducted wind tunnel experiments to investigate the interference
effects of a neighboring building on wind loads on scaffolding with nonporous cladding.
Three types of scaffolding were considered. The effects of neighboring building location,
neighboring building height ratio and principal building opening ratio were studied. It was
concluded that the largest positive and largest negative mean panel pressure coefficient
occurs when the neighboring building was located in front of measured scaffolding. The
largest positive wind loads on the scaffolding become larger when the neighboring building
was located on the left or right side of the measured scaffolding. The building height ratio

also had a significant effect on largest mean force coefficients.

2.3.3 Wind Response Analysis

Bailey and Kwok (1985) presented the effects of interference excitation due to twin
tall buildings. Authors studied about the dynamic response of a tall square building under
interference excitation from neighboring tall buildings. In a low turbulence wind environment
and under normal wind conditions, the dynamic response of pair of twin tall buildings may
increase by a factor of up to 4.4. The dynamic loads on the downstream side building of the
pair may get increased by a factor of up to 3.2 due to “resonant buffeting”.

Balendra and Nathan (1987, 1988) conducted the experiments and presented results
for longitudinal, lateral and torsional response of square building model and triangular
building model. The model was with three degrees of freedom. The critical angles for
longitudinal, lateral and torsional response were determined. It was noticed that maximum
longitudinal displacement was not for normal wind incidence, whereas the maximum lateral
and torsional displacement were for normal wind incidence. It was noticed that root mean

square displacements of model vary with the reduced velocity.
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Selvam (1990) presented the fluid flow around the building using Navier-Stokes
equations. Mathematical equations are solved using the finite difference procedure in an
iterative form.

Katagiri et al. (1992) reported a spectral modal analytical method for the wind-
induced lateral-torsional response of high-rise buildings. This method is based on the model
forces obtained from a force balance. This method was applied to study the response of
under-planning building having a height of 232 meters.

Chaudhary et al. (1995) investigated the effect of atmospheric turbulence on the
response of the full-scale vertical cantilever structure. It was concluded that the input Gust
spectra and the corresponding response spectra are practically identical in shape, for
“Background Effects”. A sharp peak in the response spectra has been observed at natural
frequency of the structure pertaining to the “Resonance Effects”.

Bazeos and Beskos (1996) presented a numerical method for the determination of
wind-induced torsional moments on isolated or a group of rigid buildings of arbitrary cross-
section. It was also concluded that the method appeared to be a valuable tool for the rapid
determination of wind-induced torsion on building with satisfactory accuracy, especially
because there is almost nothing on the subject in wind codes, while experiments are time
consuming and costly. The only disadvantage of this method is the difficulty in selecting flow
separation points when more than one building is present and their shapes are complicated.

Selvam (1997) presented method of computation of pressures on Texas Tech
University building using large eddy simulation. Author concluded that the mean pressures
computed using Gaussian distribution is much bigger than the field measurement.

Balendra et al. (1999) studied the role of TLCD (tuned liquid column damper) in
reducing the along-wind response of tall buildings. Building with different mass-stiffness
distributions were considered for this study. A continuum formulation which was capable of
providing response statistics along height of the building was employed. The performance of
TLCD was discussed with respect to mode shapes of the building. A numerical example,
illustrating that a second damper could greatly improve the overall response of certain type
building was also presented.

Shankar and Balendra (2002) investigated the effect of coupling on the vibrations of
tall buildings. The buildings under investigation were coupled to rectangular tanks which
acted as vibration absorber. Further there was a primary structure coupled to rotary tuned
liquid column damper. The behavior was simulated by making use of a beam coupled to

many tanks at arbitrary locations the coupling forces and velocities obtained from the
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formulations were used in the energy flow analysis. The method balances the input,
dissipated and transferred energy of the beam. The energy reduction due to the presence of
the energy absorber was noticed. The authors presented a parameter which is indicative of
energy reduction due to the presence of energy absorber.

Rai and Prasad (2005) carried out non-linear static analysis of a 30 storey framed
building by providing shear wall and a new arrangement i.e. diagonal shear wall panels. The
authors emphasized the need to carry our non-linear static analysis as the same gives better
understanding and more accurate lateral load evaluation of buildings.

Srinivas et al. (2005) studied the along wind response of a tall tapered chimney using
spectral density approach. The response variance, in the frequency range of interest was
worked out using numerical integration. The effect of the taper ratio, mean wind speed and
terrain condition on the response of the chimney had been studied and it was concluded that
terrain conditions and taper ratio has considerable influence on response.

Chetia and Talukdar (2006) discussed the effect of storage water tank on the roof of
a ten storied asymmetric building for controlling the vibration during earthquake. The storage
water tank is modeled as tuned mass damper (TMD). TMD model consists of an impulsive
force on the wall of the tank. Second is due to water in second part is attributed to convective
mode of water. The variance of displacement was found for different depths of water. It was
concluded that such storage water tank can be an effective TMD device if its optimum
location above the roof and water level are maintained.

Rai et al. (2006-a) conducted linear static and non-linear static analysis of a 35
storeyed reinforces concrete frame building provided with conventional shear wall (non-
staggered) and a new kind of arrangement i.e. frame with staggered shear wall panels to resist
the lateral loads. The shear wall panels were bay-wide and storey deep discrete panels. The
various arrangements of staggered shear wall panels have been investigated and critically
assessed for their feasibility and advantages as compared to the conventional shear wall
system. The authors concluded that the performance of staggered shear walls is better with
respect to lateral drift, interstorey drift and member forces.

Rai et al. (2006-b) presented analysis of bare frame and a frame stiffened with shear
wall to keep interstorey and lateral drift within safe limit to prevent excessive damage
followed by complete collapse of structure. The lateral and interstorey drift limitations in
codes of various countries around world have also been reviewed in this paper. The authors

concluded provision of shear walls improves the performance of the building by reducing

25



lateral displacements and drift. It is also concluded that these are effective against non-
structural damages.

Darla and Talukdar (2007) studied the fatigue damage analysis of a steel tower
using spectral density approach. Power spectral density of axial stress for critical members of
the tower were evaluated and then used in Rayleigh’s method to obtain the expected damage.
It was found that terrain condition and wind speed has considerable influence on the fatigue
life of the tower.

Garg and Goel (2007) discussed the nonlinear study of residential building tower
under cyclonic wind region.

Mendis et al. (2007) considered a number of factors which are associated with the
design of tall buildings with respect to wind loading. Authors found the importance of
structural strength and serviceability in case the tall buildings, as significant dynamic
response can result from both buffeting and cross-wind loading excitation mechanism.

Amin (2008) studied the effects wind on high-rise buildings namely L-shape and T-
shape. The effect of the building shape on the wind induced response of tall buildings was
investigated. The expression for the lateral response for different wind angles of incidence
was also presented by the author.

Dalui (2008) carried out wind response analysis of high-rise buildings of three
different building plan shapes namely square, octagonal and circular. Mean wind response
such as bending moments, shear force and displacement were obtained under various wind
angles in order to study the effects of different combination of shape and wind direction.

Verma (2009) carried out analytical study to investigate the influence of the angle of
incidence on longitudinal, lateral and torsional oscillation of coupled buildings. To study the
effects of structural coupling on the structural response of two high-rise buildings, linear
static analysis was carried out using STAAD PRO 2005 software. The expressions for
predicting the lateral response for different wind incidence angle were presented by the
author.

Vyavahare et al. (2012) investigated the importance of wind induced oscillations or
excitation around tall buildings in along and across wind directions. The authors found that
the curves for values as per IS 875 (part-3) draft and ANN predicted values of various
responses for across wind direction are almost overlapping each other which indicate close
agreement between ANN predicted values and values as per 1S-875 (part -3) draft code.

Mohotti et al. (2013) performed the CFD analysis in simulating the wind behavior

around tall structures. An isolated rectangular building model considered by the author as the
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base model in the analysis. The effect of neighboring buildings onto the nearby tall building
also discussed.

Bairagi and Dalui (2014) carried out numerical study simulation to obtain optimum
spacing in between interfering and principal buildings. Analytical results of rectangular plan
shape prismatic bluff bodies in a series of Fluid Flow (CFX) are also investigated by authors.

Kheyari and Dalui (2015) presented study of interference effect due to wind over a
tall building using CFD package of ANSYS. Authors carried out the analytical study through
modeling of the isolated building, interfering building, principal building and domain

boundary with different wind incidence angles.

2.4 LIMITATIONS

It is observed from the above articles that information available regarding wind
pressure and wind force coefficients on tall buildings in different standards on wind loads are
primarily for common and regular cross-sections only and secondly for stand-alone
conditions only. So far as research publications are concerned, many of them are for
interference study between tall buildings of regular cross-sections only. Information about
wind pressure and force coefficients on tall buildings with many types of irregular and
peculiar cross-sections are neither available for isolated condition nor interference condition.

It is, therefore, proposed in the present study to carry out experimental study to
measure wind pressures and wind forces on the models of tall buildings with eight different
types of peculiar cross-sections. It is also proposed to carry out response analysis of these tall
buildings by applying experimentally obtained wind pressures at many wind incidence

angles.
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Chapter - 3
EXPERIEMENTAL PROGRAMME

3.1 GENERAL

As explained in Chapter 1, the objective of the present research work is to carryout
wind tunnel testing of tall buildings with different cross-sectional shapes, keeping the plan
area and height the same. This chapter deals with the description of the models tested in wind
tunnel including material of fabrication and their geometric dimensions. Description about
the wind tunnel used along with flow characteristics are also given in this chapter. The
instrumentation used and the observations taken are also described in this chapter.

3.2 WIND TUNNEL USED

Experimental study is carried out in open circuit boundary layer wind tunnel at the
Department of Civil Engineering, Indian Institute of Technology Roorkee, Roorkee, India.
The wind tunnel has a single fan to generate uninterrupted flow which is operated by 125 HP
motor. The tunnel has 15 m long test section with 2 m X 2 m cross-section. Total length of
the tunnel is 38 m (Fig. 3.1). Photograph 3.1 shows the external view of the tunnel. Under
normal condition, the flow in the tunnel is uniform. Flow roughening devices including
vortex generators, barrier wall and cubical blocks (Fig. 3.2 and Photo. 3.2) are placed on
upstream side of the test section in order to generate flow fields of different velocity profiles

and turbulence.

3.3 WIND FLOW CHARACTERISTICS

The velocity profile measured at the downstream end of the wind tunnel on top of the
turn table is shown in Fig. 3.3. The variation of the turbulence intensity of flow in the wind
tunnel with height is shown in Fig. 3.4. The turbulence intensity near the floor of the wind
tunnel is found to be about 12%.

The theoretical equation of power law is given as:

_— = T 3.1
Vo Zo

Where, v, is the velocity with reference to height z,. v is the velocity at any height z

and n is an index called as power law index.
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Fig. 3.1 Longitudinal and plan views of open circuit wind tunnel

Photo. 3.1 External view of open circuit boundary layer wind tunnel
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Photo. 3.2 In-side view of wind tunnel showing flow roughening devices

In order to find the power law index ‘n’, velocity profile is plotted on log-log scale

with v/v, on X-axis and z/z, on Y-axis. Slope of the straight line gives the value of power

law index ‘n’ which is found to be 0.22 in the present study (Fig. 3.5).
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Fig. 3.3 Measured velocity profile at test section of open circuit wind tunnel
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3.4 EQUIPMENTS USED
3.4.1 Velocity Measuring Equipment

The wind velocity inside the wind tunnel is measured with the help of the instrument
“TESTO-480” (Photo. 3.3). A probe is connected to this instrument to measure the wind
velocity at different height which has a length of 1 m. This instrument is connected to and

operated through a computer.

3.4.2 Force Measuring Equipment

Wind loads acting on the plywood models of tall buildings are measured with the help
of five component load cell which is attached to the lower side of the wind tunnel floor
(Photo. 3.4). It gives five values of forces namely Fy, Fy, My, My and M,. These values of
forces are displayed on display unit and are stored in a computer for further processing

through Data Acquisition System (Photo. 3.5).

3.4.3 Pressure Measuring Equipment

Wind pressure measurements on the Perspex sheet models of tall buildings are done
by using “Baratron Pressure Transducer” (Photo. 3.6). This instrument is capable of
measuring extremely low differential heads. It comprises of a pressure head and display unit
where the surface pressure measured is directly displayed in terms of mmhg. Later it is
converted to N/m?. The output coming from display unit is stored in a computer with the help
of Data Acquisition System.

Whereas one end of pressure head is connected to one of the pressure tappings on the
model at a time, another end is connected to a reference pressure point on the inner surface of

the wall of the test section where velocity of flow is expected to be zero.

3.4.4 Data Acquisition System
The instrument receives the electronic signal from the measuring device and transfers
it to the computer. It can measure the fluctuating values of force and pressures at every 0.1

sec interval (Photo. 3.5).
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Measuring device Probe

Photo. 3.3 Velocity measuring device Photo. 3.4 Five component load cell attached to
with Probe the lower side of the wind tunnel floor

Photo. 3.5 Display unit for five components Load Photo. 3.6 Pressure Transducer: Head
Cell, Data Acquisition System and Computer and Display unit

3.5PROTOTYPE BUILDINGS

Eight number tall buildings selected for the study have ground plus eighteen storeys
with flat roof. All buildings have different cross sectional shapes but their height and floor
area remain same. Height of each building is 60 m and floor area is 400 m?. Other, details of
the prototype buildings are discussed in Chapter-6.
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3.6 DETAILS OF MODELS
3.6.1 Materials

Rigid models of tall buildings for force measurements are fabricated using plywood
sheets. For the measurement of pressures, the models are fabricated using Perspex sheets.
Pressure points are fitted with stainless steel tubes of 2 mm internal diameter and 15-20 mm
length flushed on the surface of the model. PVC tubes are connected to free ends of stainless
steel tubes. Other ends of PVC tubes are to be connected to the pressure gauge during

pressure measurement experiments.

3.6.2 Cross-Sectional Shapes

In the present study both plywood and Perspex sheet models are made at a length
scale of 1:100. Eight number plywood models (Models A to H) are made, cross-sectional
shapes and dimensions of which are shown in Fig. 3.6. Isometric view of all 8 models along
with height dimensions are shown in Fig. 3.7.

Only 7 numbers Perspex sheet models namely A, B, C, D, F, G and H, are made.
Perspex sheet model of cross-sectional shape-E is not made. Plywood models are shown in

Photo. 3.7 and Perspex sheet models in Photo. 3.8.
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(All dimensions are in mm)

Fig. 3.6 Plan view of the models used for experimental study
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Model-A Model-B Model-C Model-D

Model-E Model-F Model-G Model-H

Photo.3.7 Actual images of plywood models
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Model-F Model-G Model-H

Photo. 3.8 Actual images of Perspex sheet models

3.6.3 Pressure Tappings

All 7 Perspex sheet models ae provided with many pressure points on its wall surfaces
in 7 horizontal sections (Figs. 3.8 to 3.14). Number of pressure points on a section depends
upon the cross-sectional shapes (Table 3.1).
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Fig. 3.12 Details of pressure points on Model-F (Fish Shape-1)
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Table 3.1 Details of pressure points on building models

Building Number of pressure points on the model surfaces No. of pressure points | Total no. of pressure
model | A | B|C|D|AL|A2|A3|B1|B2|B3|Cl|C2|C3|D1|D2|D3 per section points
Model-A 35|35 (35(35 | - | - | - | - |- 1|-|-1]1-1]1¢=-1¢-71]°-1- 20 140
Model-B | - | - | - | - |14 |21 |14 |14 |21 |14 |14 |21 |14 |14 |21 |14 28 196
Model-C| - | - | - | - |14 |21 |14 |21 |21 |21 |14 |21 |14 |21 |21]|21 32 224
Building Number of pressure points on the model surfaces No. of pressure points | Total no. of pressure
model A BL | B2 | B3 | B4 | B5 C D1 | D2 | D3 | D4 | D5 per section points
Model-D | 35 7 21 7 7 35 7 7 21 7 24 168
Building No. of | Total
model Number of pressure points on the model surfaces pressure | no. of
points | pressure
A [B [C [D [E [F [G [H [T [J [K]L [M[N O [P [Q R [S [T |beuion points
Model-F 14 | 14 | 14 |14 | 14 | 14 | 14 | 14 |49 | 14 | 14 |14 | 14 | 14 | 14 | 14 | - - - - 37 259
Model-G | 14 | 14 | 14 | 14 | 14 | 35 | 14 | 14 | 21 |14 | 14 |35 | 14 | 14 | 14 | 14 | - - - - 39 273
Model-H | 14 | 14 | 14 | 14 | 14 | 21 | 14 | 14 | 14 | 14 |14 | 14 | 14 | 14 | 14 |21 | 14 | 14| 14 | 14 42 294
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3.7 EVALUATION OF DRAG FORCE COEFFICIENTS
Value of drag force coefficients (C,;) on all eight models at all wind incidence angles
are calculated from the measured values of along wind loads (F,) using the following

relationship.
A Pref

Ca

Where A is the projected area of the model and P,..f is reference wind pressure which
IS obtained as,
Prer = 0.6 V2, =0.6x(9.78)* = 57.38 N/m’

3.8 EVALUATION OF PRESSURE COEFFICIENTS

As mentioned earlier, the fluctuating pressures at each pressure point are measured
using Baratron pressure gauge for a duration of 60 seconds. The readings measured at each
point are in the form of mmhg. All readings recorded from the Baratron pressure gauge are
multiplied with some multiplying factor to convert it into the pressure (N/m?).

Pressure = Multiplying Factor X Baratron Range X Baratron Reading

The multiplying factor used is constant for the Baratron used and its values is taken as
13.29. The Baratron pressure gauge has different Baratron range like 1, 0.3, 0.1, 0.03, 0.01
and 0.003. Baratron reading is the actual reading recorded from the Baratron pressure gauge
using data logger.

Values of pressure measured at all pressure points for duration of 60 seconds are

averaged to get mean wind pressure. Mean wind pressure coefficients (Cp meqn) are then

evaluated as

C _ Pavg
mean — 2
p 0.6V,% ¢

Where, P4, = mean wind pressure at a point in N/m?

V. = free stream wind velocity at 1 m height above the floor in m/sec
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Chapter - 4
EXPERIMENTAL STUDY - FORCE MEASURMENTS

4.1 GENERAL

First phase of the present study is experimental investigation of wind force on base of
the model of tall buildings of 8 different cross-sections having same floor area. Wooden
models are tested in the wind tunnel by placing them on five component load-cell one by one
in isolated condition.

Wind is made to hit the models having symmetry about both axis X-X and Y-Y axis
at 7 wind incidence angles from 0° to 90° at an interval of 15°. In case of model with
symmetry about one axis only, wind forces are measured at 13 wind incidence angles from 0°
to 180° at an interval of 15°.

After obtaining wind forces such as base shear, base moments and twisting moment in
isolated condition under varying wind incidence angles, interference effect on base shear,
base moments and twisting moment is studied. For this purpose each wooden model is placed
one after another at the center of the load-cell and plywood model of same cross-sections is
placed on the upstream side as interfering building model. In this study, base shear, base
moments and twisting moment are measured on wooden models for only one wind incidence
angle and one value of longitudinal spacing between models. Three transverse spacing
namely full blockage, half blockage and no blockage are considered in case of models which
are symmetry about both axis. Four interference conditions namely back-to-back, back-to-
front, front-to-back and front-to-front are considered for models which have symmetry about

one axis only.
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4.2 ISOLATED CONDITION
4.2.1 Model-A (Square Shape)

Wooden model of model-A (Photo. 3.7) is tested in isolated condition under 7 wind
incidence angles from 0° to 90° at an interval of 15° (Fig. 4.1). As mentioned earlier, value of
force coefficients are obtained originally from five component load-cell in (mv) unit which
are later converted to kN and N-mm.

Figure 4.2 shows the variation of base shear, base moment and twisting moment with
respect to varying wind incidence angle. Base shear Fx is maximum when wind hits the
model at 45° wind angle due to large exposed area. Base shear Fy is maximum at 30° and 75°
wind incidence angles.

Base moments Mx and My are the function of base shear Fx and Fy respectively.
Therefore, variation of base moment is similar to that of base shear. Twisting moment Mz is
maximum at 15° and 75° wind angles.

Figure 4.3 shows the variation of drag coefficient (C4) on model-A at different wind
incidence angles. It is seen from the figure that drag coefficient is maximum (0.9) at 0° wind
incidence angle, which decreases with increase in wind incidence angle, due to the changes in
effective frontal area. Drag coefficients is reciprocal to the effective frontal area. Minimum

drag coefficients (0.71) is observed at 75° wind incidence angle.

Fig. 4.1 Cross-section of model-A showing different wind incidence angle
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4.2.2 Model-B (Plus Shape-1)

Wooden model of model-B (Photo. 3.7) is tested in the wind tunnel to measure the
base shear, base moments and twisting moment in isolated condition under 7 wind incidence
angles namely 0°, 15°, 30°, 45°, 60°, 75° and 90° (Fig. 4.4).

Base shear, base moment and twisting moment measured on model-B under varying
wind incidence angles are shown in Fig. 4.5. It is seen from the figure that maximum base
shear Fx occurs at 45° wind angle and minimum at 75° angle. Fy is maximum at 60° wind
incidence angle. Twisting moment Mz is maximum at 30° angle.

Figure 4.6 shows the variation of drag coefficient (C4) on model-B at different
wind incidence angles. It is seen from the figure that drag coefficient is maximum (0.82) at

45° wind incidence angle and minimum (0.53) at 75° wind incidence angle.
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Fig. 4.4 Cross-section of model-B showing different wind incidence angle
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4.2.3 Model-C (Plus Shape-2)

Wooden model of model-C (Photo. 3.7) is also tested under 7 wind incidence angles
(Fig. 4.7) as in the case of model-A and model-B. Base shear, base moments and twisting
moment are measured at all wind incidence angles.

Variation of base shear, base moment and twisting moment measured on model-C as a
function of wind incidence angle are shown in Fig. 4.8. It is noticed from the figure that base
shear Fx, i.e. base shear in direction of the wind varies drastically with respect to wind
incidence angle. Maximum base shear occur at 0° wind incidence angle due to its large
exposed area.

Variation of Mx and My i.e. base moment, is identical to that of Fx and Fy
respectively. Twisting moment Mz is maximum at 60° wind angle and it is almost equal to
zero at 0° and 90° wind incidence angles.

Maximum drag coefficient (1.08) is observed at 0° wind incidence angle and

minimum (0.49) at 90° wind incidence angle (Fig. 4.9).

Fig. 4.7 Cross-section of model-C showing different wind incidence angle
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4.2.4 Model-D (1-Shape-1)

As mentioned earlier, base shear, base moments and twisting moment on I-Shape-1
building model are measured at 7 wind incidence angles (Fig. 4.11). Base shear Fx is
maximum at 45° wind angle and it is minimum at 90° angle. Its variation between 0° and 45°
is small as compared to the variation between 45° and 90° wind incidence angles. Fy is
maximum at 15° wind angle. Twisting moment Mz is maximum at 30° wind incidence angle.

Drag force coefficients on model-D are also plotted and shown in Fig. 4.12. It is clear
that drag force is maximum at 0° wind angle due to its large exposed area and minimum at

75° wind angle.
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Fig. 4.10 Cross-section of model-D showing different wind incidence angle
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4.2.5 Model-E (I-Shape-2)

Wooden model of model-E (Phot. 3.7) is tested under 7 wind incidence angles namely
0°, 15°, 30°, 45°, 60°, 75° and 90° (Fig. 4.13). Base shear, base moment and twisting moment
are obtained for model-E (Fig. 4.14). Base shear Fx is maximum when wind angle is 45°,
while it is minimum in case of 90° angle. Fy is maximum at 75° angle and Mz at 15° and 75°
angles.

Drag force coefficients on model-E is plotted with respect to wind incidence angle
and it is shown in Fig. 4.15. It is clear that drag force is maximum at 0° wind angle due to its
large exposed area and minimum at 75° wind angle. Difference in the values of drag force

coeffients at different wind incidence angles are relatively small.

90°

Fig. 4.13 Cross-section of model-E showing different wind incidence angle
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4.2.6 Model-F (Fish Shape-1)

Wooden model of model-F (Photo. 3.7) is tested under 13 wind incidence angle (Fig.
4.16). Base shear, base moments and twisting moment are measured at all wind incidence
angles. Variation of base shear, base moment and twisting moment measured on model-F as
a function of wind incidence angle are shown in Fig. 4.17. It is noticed from the figure that
base shear Fx, i.e. base shear in direction of the wind varies with respect to wind incidence
angle. Maximum base shear occur at 180° wind incidence due to its large exposed area.

Variation of Mx and My i.e. base moment, is identical to that of Fx and Fy
respectively. Twisting moment is maximum at 90° wind angle and it is almost equal to zero at
0° and 180° wind incidence angles. Fy is maximum at an angle between 135° and 150°. Mz is
maximum at 90° angle.

The experimental results for model-F are processed and drag coefficients at all wind
incidence angles are calculated. It is seen from Fig. 4.18 that maximum drag coefficient
(1.12) and minimum drag coefficient (0.54) are obtained at 180° and 120° wind incidence
angles respectively. Large variation of drag coefficients with respect to wind incidence angle
is noticed in this model.
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Fig. 4.16 Cross-section of model-F showing different wind incidence angle
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4.2.7 Model-G (Fish Shape-2)

Wooden model of model-G (Photo. 3.7) is tested in the wind tunnel to measure the
base shear, base moments and twisting moment in isolated condition under 13 wind incidence
angles from 0° to 180° (Fig. 4.19).

Base shear, base moment and twisting moment measured on model-G under varying
wind incidence angles are shown in Fig. 4.20. It is seen from the figure that maximum base
shear Fx occurs at 75° wind angle. Fy is maximum at 45° 90° and 135° angles. Twisting
moment Mz is maximum at 105° angle.

It is seen from Fig. 4.21 that maximum and minimum drag coefficients on model-G
are 0.93 and 0.57 at wind incidence angles 90° and 30° respectively. Effects of wind

incidence angle on drag coefficients is large in this model.
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Fig. 4.19 Cross-section of model-G showing different wind incidence angle
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4.2.8 Model-H (Fish Shape-3)

Figure 4.23 shows the variation of base shear, base moment and twisting moment
with respect to varying wind incidence angle. Base shear Fx is maximum when wind hits the
model at 90° wind angle due to large exposed area and it is minimum at 30°. Base shear Fy is
maximum at 135° and this value is approximate similar to that of 45° wind incidence angle.

Base moments Mx and My are the function of base shear Fx and Fy respectively.
Therefore, variation of base moment is similar to base shear. Twisting moment Mz is found
to be maximum at 90° wind incidence angle.

Maximum and minimum drag coefficients on model-H are 0.91 and 0.58 at 90° and

30° wind incidence angles respectively (Fig. 4.24).
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Fig. 4.22 Cross-section of model-H showing different wind incidence angle
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Fig. 4.23 Variation of base shear (Fyx and Fy), base moment (M, and My) and twisting
moment (M;) on model-H with wind incidence angle
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Fig. 4.24 Variation of drag force coefficient on model-H with wind incidence angle
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4.3 INTERFERENCE CONDITION
4.3.1 Model-A (Square Shape)

Wind interference effect on base shear, base moments and twisting moments are
studied for 3 wind interference conditions namely full blockage, half blockage and no
blockage (Fig. 4.26). Wooden model of model-A is placed on five component load-cell with
another model of same cross-section as interfering model placed on upstream side. In first
condition, interfering building model is placed exactly in front of model placed on load-cell.
In second case 50% of front surface of the building model is blocked. In third case, wind is
free to hit wind ward surface of the building model.

When tall building are constructed, gap between two buildings vary a lot depending
upon the availability of ground space. In the present study, distance between two models in
the direction of wind is kept as 60 mm which corresponds to 6 m in case of prototype
buildings and is one-tenth of building height.

Base shear, base moment and twisting moment are plotted in the form of histogram,
and shown in Fig. 4.26. Fx, Fy, Mx and My are found to be maximum in no blockage
condition, whereas Mz is maximum at half blockage condition.

It is seen from Fig. 4.27 that maximum drag coefficient (0.78) is obtained in case of
no blockage wind interference condition and minimum drag coefficient (-0.11) in case of full

blockage wind interference condition. However, Cd is 0.90 in isolated condition (Fig. 4.3).

Model-A
Full Blockage Half Blockage No Blockage

Fig. 4.25 Cross-section of model-A showing different wind interference conditions
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Fig. 4.27 Comparison of drag coefficients on model-A at all three wind interference
condition
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4.3.2 Model-B (Plus Shape-1)

Model-B is also tested under 3 interference conditions (Fig. 4.28) as in the case of
model-A. Base shear, base moment and twisting moment are plotted in case of full blockage,
half blockage and no blockage conditions. Fx, Fy, Mx and My are maximum in case of no
blockage condition and minimum in case of full blockage condition. Twisting moment Mz is
maximum in case of half blockage wind interference condition (Fig. 4.29).

It is seen from Fig. 4.30 that maximum drag coefficient is 0.59 in case of no blockage
wind interference condition and minimum drag coefficients -0.11 is found in case of full

blockage wind interference condition. This value is 0.8 in isolated condition (Fig. 4.6)

Model-B
— —_— 6 m
6 m 6m
Full Blockage Half Blockage No Blockage

Fig. 4.28 Cross-section of model-B showing different wind interference conditions
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4.3.3 Model-C (Plus Shape-2)
Wooden model of model-C is tested under the 3 wind interference conditions namely

full blockage, half blockage and no blockage (Fig. 4.31). Base shear, base moment and
twisting moment are also plotted along the wind incidence angle (Fig. 4.32). It is noticed that
whereas Fx and My are maximum in no blockage condition, Fy, Mx and Mz are maximum in
half blockage condition.

Maximum and minimum drag coefficients can be seen in Fig. 4.33 which is 0.95 and -

0.24 in case of no blockage and full blockage wind interference condition respectively.

Model-C
S — -
- e
— L [ ] L ]
6 m
Full Blockage Half Blockage No Blockage

Fig. 4.31 Cross-section of model-C showing different wind interference conditions
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4.3.4 Model-D (I-shape-1)

Wooden model of model-D is also tested under 3 wind interference conditions (Fig.
4.34). Base shear, base moment and twisting moment are also plotted along the wind
incidence angle (Fig. 4.35). Fx and My are maximum in no blockage condition. Fy and Mx
are maximum at half blockage condition. Twisting moment Mz is also maximum in half
blockage condition.

It can be seen from Fig. 4.36 that maximum drag coefficient 0.95 is obtained in case
of no blockage wind interference condition and minimum drag coefficient -0.14 evaluated in

case of full blockage wind interference condition.

Model-D
—_ 6 m
L | L 6 m
6 m
Full Blockage Half Blockage No Blockage

Fig. 4.34 Cross-section of model-D showing different wind interference conditions
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4.3.5 Model-E (I-Shape-2)

Wooden model of model-E is tested under three wind interference conditions namely
full blockage, half blockage and no blockage (Fig. 4.37). Base shear, base moment and
twisting moment are calculated and plotted (Fig. 4.38). In this case, all parameters namely
FXx, Fy, Mx, My and Mz are found to be maximum at no blockage condition.

It is found that maximum drag coefficient is 1.37 in case of no blockage wind
interference condition and minimum drag coefficient is -0.28 in case of full blockage wind
interference condition (Fig. 4.39).

Model-E
= || — I
L I — — L
—_— 6m 6111 6m
[ I |
Full Blockage Half Blockage No Blockage

Fig. 4.37 Cross-section of model-E showing different wind interference conditions
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4.3.6 Model-F (Fish Shape-1)

Present article gives detail of force measurements on wooden model of building
model-F in four different wind interference conditions namely back-to-back, back-to-front,
front-to-back and front-to-front (Fig. 4.40). Results are presented in Fig. 4.41. Fx and My are
maximum at front-to-back condition. Fy, Mx and Mz are maximum at front-to-front
condition.

Due to the presence of interfering building model on upstream side, negative forces
are measured in all four cases experimentally. Therefore, all drag coefficients evaluated are
negative. It is noticed that maximum negative drag coefficients is -0.43 in case of front-to-
back wind interference condition and minimum negative drag coefficients is -0.14 in case of

back-to-back wind interference condition (Fig. 4.42).

Model-F
P —— —_— -_— —> |
nN T HE BT
;-n-l_ ;,ﬂ - 6m
Back-to-Back Back-to-Front Front-to-Back Front-to-Front

Fig. 4.40 Cross-section of model-F showing different wind interference conditions
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4.3.7 Model-G (Fish Shape-2)

Wooden model of model-G is also tested under four different wind interference
conditions (Fig. 4.43). Experimental values of base shear, base moments and twisting
moment are evaluated and plotted along the wind incidence angle (Fig. 4.44). Fx and My are
maximum in front-to-back condition. Fy and Mx are maximum in front-to-front condition.
Mz is maximum in front-to-back condition.

Values of drag coefficients are plotted in form of histogram in Fig. 4.45. Maximum
drag coefficients evaluated is -0.17 in case of front-to-back wind interference condition and

minimum drag coefficients is -0.11 evaluated in case of back-to-front wind interference

condition.
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Fig. 4.43 Cross-section of model-G showing different wind interference conditions
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4.3.8 Model-H (Fish Shape-3)

Wooden model of model-H is tested under four different wind interference conditions
(Fig. 4.46). Experimental values of base shear, base moments and twisting moment are
evaluated and plotted along the wind incidence angle (Fig. 4.47). In this case, Fx, Fy, Mx and
My are maximum in back-to-back condition. Mz is maximum in back-to-front condition.

Values of drag coefficients in all four wind interference conditions are evaluated. It is
seen in Fig. 4.48 that drag coefficient is maximum in back-to-back condition and minimum in
front-to-front condition.
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Fig. 4.46 Cross-section of model-H showing different wind interference conditions
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4.4 COMPARISON OF DRAG FORCE COEFFICIENTS - ISOLATED CONDITION

In order to study the influence of plan shape of the building on wind loads, maximum
drag coefficients evaluated on all eight building models in isolated condition are compared in
this article.

4.4.1 Models having symmetry about both axes

Figure 4.49 and Table 4.1 show the comparison of drag coefficients for models
having symmetry about both axes. It is seen that maximum drag coefficients (1.08) is
observed on model-C at 0° wind incidence angle. This value decrease gradually with increase
in wind incidence angle. A comparatively equal maximum drag coefficient occurs on model-
A, D and E which varies between 0.90 to 0.99 at 0° wind incidence angle. Minimum drag

coefficient also occurs in case of model-C at 90° wind incidence angle.

1.20
1.00
=)
£ 0.0
g —o— Model-A
£ 0.60 —=— Model-B
[«5]
38 Model-C
g 0.40 —»¢—Model-D
[a)
—¥— Model-E
0.20
0.00

0 15 30 45 60 75 90 105 120 135 150 165 180
Wind Incidence Angle (in degree)

Fig. 4.49 Comparison of drag coefficients on building models having symmetry about
both axes at various wind incidence angles

Table 4.1 Drag coefficients for model having symmetry about both axes at various
wind incidence angles

wind |_nC|dence Model-A Model-B Model-C Model-D Model-E

angle (in degree)
0 0.90 0.80 1.08 0.96 0.99
15 0.80 0.64 0.90 0.85 0.85
30 0.81 0.66 0.76 0.80 0.85
45 0.80 0.82 0.70 0.83 0.89
60 0.77 0.67 0.64 0.78 0.82
75 0.71 0.53 0.54 0.68 0.80
90 0.88 0.64 0.49 0.78 0.86
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4.4.2 Models having symmetry about one axis only

Figure 4.50 and Table 4.2 show the comparison of drag coefficients for models
having symmetry about one axes only. It is seen that maximum drag coefficient (1.12) is
observed on model-F at 180° wind incidence angle. Minimum drag coefficient occurs on
same model-F at an angle of 120° (0.54). Comparatively equal drag coefficients occur on

model-G and model-H which varies between 0.72 to 0.90. Maximum drag coefficient (0.93)

occurs on model-G at 90° wind incidence angle.
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Fig. 4.50 Comparison of drag coefficients on building models having symmetry about
one axis only at various wind incidence angles

Table 4.2 Drag coefficients for model having symmetry about one axis only at various

wind incidence angles

wind incidence angle (in degree) Model-F Model-G Model-H

0 0.86 0.72 0.77
15 0.76 0.58 0.63
30 0.65 0.57 0.58
45 0.70 0.69 0.67
60 0.80 0.82 0.65
75 0.97 0.90 0.84
90 0.90 0.93 0.91
105 0.57 0.64 0.74
120 0.54 0.60 0.64
135 0.68 0.69 0.74
150 0.80 0.70 0.69
165 1.02 0.70 0.63
180 1.12 0.90 0.80
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4.5 COMPARISON OF DRAG FORCE COEFFICIENTS - INTERFERENCE
CONDITION

Comparison of maximum drag coefficients evaluated on all eight building models
under interference condition is made herein.
4.5.1 Models having symmetry about both axes

Table 4.3 and Figs. 4.51 to 4.53 show the comparison of wind interference effect on
drag coefficients on wooden models having symmetry about both axes tested under three
different wind interference conditions. In case of full blockage interference condition,
maximum drag coefficient -0.28 is evaluated for model-E due to its large exposed area and
minimum drag coefficient -0.11 for model-A and model-B. In case of half blockage wind
interference condition, maximum drag coefficient is found in model-B as 0.51, and minimum
drag coefficient for model-A as 0.18. When wooden models are tested under no blockage
wind interference condition, maximum drag coefficient is observed on model-E which is 1.37
and minimum drag coefficient on model-B as 0.59. Equal drag coefficients are evaluated in

case of model-C and model-D.

Table 4.3 Drag coefficients for model having symmetry about both axes at wind
interference condition

Drag Coefficients Cgq

Wind Interference Condition | Model-A | Model-B | Model-C | Model-D | Model-E
Full Blockage -0.11 -0.11 -0.24 -0.14 -0.28
Half Blockage 0.18 0.51 0.39 0.24 0.42
No Blockage 0.78 0.59 0.95 0.95 1.37
0.5 Full Blockage
-0.4—
-0.37 -0.24 028
0.2 SuEmaE 0.14 gl
_0. - -0.11 -0.11 FoEe ;-| T LI T
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Fig. 4.51 Comparison of drag coefficients on building models having symmetry about

both axes in full blockage wind interference condition
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Fig. 4.53 Comparison of drag coefficients on building models having symmetry about

both axes in no blockage wind interference condition

4.5.2 Models having symmetry about one axis only

Models having symmetry about one axes only i.e. model-F, model-G and model-H are
tested under four wind interference conditions namely back-to-back, back-to-front, front-to-
back and front-to-front (Fig. 4.40, 4.43 and 4.46). Drag coefficients evaluated are compared
in Table 4.4. In case of back-to-back wind interference condition (Fig. 4.54), all models have
equal drag coefficients (-0.14). When wooden models are tested under back-to-front wind
interference condition (Fig, 4.55), maximum drag coefficient -0.24 is evaluated on model-F.
Model-G and model-H are subjected to approximately equal drag coefficients. Maximum
drag coefficients evaluated on model-F is -0.43 in case of front-to-back wind interference
condition (Fig. 4.56). In front-to-front wind interference condition (Fig. 4.57), maximum drag
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coefficient is found as -0.37 in case of model-F and minimum drag coefficient is -0.04

evaluated on model-H.

Table 4.4 Drag coefficients for models having symmetry about one axis only at wind

interference condition

Wind Interference Model-F Model-G Model-H
Condition
Back-to-Back -0.14 -0.14 -0.14
Back-to-Front -0.24 -0.11 -0.10
Front-to-Back -0.43 -0.17 -0.10
Front-to-Front -0.37 -0.14 -0.04
Back-to-Back
o -0.5
5 -0.4
£ .03
3
o 0.2 -0.14
5 -0.1 %
Model-F

Fig. 4.54 Comparison of drag coefficients on building models having symmetry about

one axis only in back-to-back wind interference condition
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Fig. 4.55 Comparison of drag coefficients on building models having symmetry about

one axis only in back-to-front wind interference condition
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Fig. 4.56 Comparison of drag coefficients on building models having symmetry about

one axis only in front-to-back wind interference condition
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Fig. 4.57 Comparison of drag coefficients on building models having symmetry about

one axis only in front-to-front wind interference condition

4.6 COMPARISON OF BASE SHEAR, BASE MOMENTS AND TWISTING
MOMENT

4.6.1 Models having symmetry about both axes

Variation of base shear, base moments and twisting moments measured on wooden
models namely model-A, B, C, D and E as a function of wind incidence angle are shown in
Fig. 4.58 to 4.62 respectively. It is noticed from Fig. 4.58 that force Fx, i.e. base shear varies
within a small range in case of model-A, B and D. Further its values are maximum at 45° and
135° wind incidence angles and minimum at 90° wind incidence angles. In case of model-E
also, maximum Fx occurs at 45° and 135° wind incidence angles. Maximum value of Fx in
case of model-E is approximately equal to maximum value of Fx in case of model-C. Further
maximum value of Fx on model-E is almost 1.8 times the maximum value of Fx on model-A
and model-B, and 1.5 times the value of model-D. Figure 4.58 thus indicates that the
variation in cross-sectional shape causes increase in base shear to a large extent for certain

wind incidence angles. Variation of Fx with wind incidence angle is maximum in case of
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model-C (Plus Shape-2) where maximum value of Fx is almost 3 times minimum value.
Figure 4.59 indicates the variation of base shear Fy with respect to wind incidence angle. It is
noticed that difference between maximum and minimum value of Fy is more in case of
model-B (Plus Shape-1) and model-C (Plus Shape-2) as compared to other models.

Figure 4.60 shows that variation of Mx i.e. base moment about X-axis is identical to
Fy. Maximum Mx is observed at 15° wind incidence angle in case of model-C. Variation of
My i.e. base moments is identical to that of Fx (Fig. 4.61). Its maximum value in case of
model-E (I-Shape-2) is about two times as compared to the value in case of model-A, model-
B and 1.3 times the value in case of model-D (Fig. 4.61). Maximum variation of My is
observed in case of model-C.

It is noticed from Fig. 4.62 that variation of twisting moment Mz w.r.t. wind
incidence angle is more in case of model-C and E (Plus Shape-2 and I-Shape-2) as compared
to other models. Further, Mz is maximum between 60° and 75° wind incidence angle in these
models. In case of model-A, twisting moment is maximum at 15° and 105°. In case of model-

B and D, twisting moment is maximum at 30°.

(__—x-——-—‘*/_\ \\ —o— Model A
800

! ; > \Q —=—Model B
Model C

Base Shear Fx (in gm
(@2}
o
o

400 -
—>¢—Model D
200
—¥— Model E
O T T T T T 1
0 15 30 45 60 75 90

Wind Incidence Angle (in degree)

Fig. 4.58 Comparison of base shear Fx on building models having symmetry about both
axes at various wind incidence angles
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Fig. 4.59 Comparison of base shear Fy on building models having symmetry about both
axes at various wind incidence angles
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Fig. 4.60 Comparison of base moment Mx on building models having symmetry about
both axes at various wind incidence angles
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Fig. 4.61 Comparison of base moment My on building models having symmetry about
both axes at various wind incidence angles
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Fig. 4.62 Comparison of twisting moment Mz on building models haing symmetry about
both axes at various wind incidence angles

4.6.2 Models having symmetry about one axis only

Base shear, base moments and twisting moments measured on these wooden models
namely Model-F, G and H as a function of wind incidence angle are shown in Figs. 4.63 to
4.67 respectively. It is noticed from Fig. 4.63 that force Fx i.e. base shear in the direction of
wind varies within a small range in case of model-G and H. Further, its value is maximum at
75%. Maximum Fx is measured on model-F (Fish Shape-1) due to large exposed area at 180°
wind incidence angle. Further, this value is 1.8 times the maximum values of Fx in case of
model-G and model-H. It is noticed from Fig. 4.64 that force Fy i.e. base shear in the
direction perpendicular to wind varies within a small range in case of model-G and H.
Maximum value of base shear Fy is observed at 150° in case of model-F, which is 2.5 times
the maximum value of model-G (Fish Shape-2) and model-H (Fish Shape-3).

Variation of Mx and My, i.e. base moments is identical to that of Fx and Fy
respectively (Figs. 4.65 and 4.66).

It is noticed from Fig. 4.67 that maximum twisting moment Mz is measured on
model-F which is about 1.7 times the maximum value of twsinting moment in case of model-

G and 4.5 times the maximum value of Mz in case of model-H.
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Fig. 4.63 Comparison of base shear Fx on building models having symmetry about one

axis only at various wind incidence angles
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Fig. 4.64 Comparison of base shear Fy on building models having symmetry about one

axis only at various wind incidence angles
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Fig. 4.65 Comparison of base moment Mx on building models having symmetry about

one axis only at various wind incidence angles
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Fig. 4.66 Comparison of base moment My on building models having symmetry about

one axis only at various wind incidence angles

60000
50000
40000
30000
20000
10000

-10000
-20000
-30000
-40000
-50000

Twisting Moment Mz (in gm-mm)

N ”

0

15 30 45 60 75 90 105 120 135 150 165 180

Wind Incidence Angle (in degree)

—o— Model F
—— Model G

—#— Model H
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Chapter -5
EXPERIMENTAL STUDY - PRESSURE MEASUREMENTS

5.1 GENERAL

Second phase of the present study is experimental investigation of wind pressure
distribution on the wall surfaces of tall buildings of seven different cross-sections having
same floor area. Perspex sheets models provided with pressure points on its wall surfaces
(Photo. 3.8) are tested in the wind tunnel by placing them at the center of the turn-table one
by one in isolated condition.

Wind is made to hit the models having symmetry about both X-X and Y-Y axis at 4
wind incidence angles from 0° to 90° at an interval of 30°. In case of models with symmetry
about one axis only, wind pressure distribution is measured at 7 wind incidence angles from
0° to 180° at an interval of 30°.

After obtaining wind pressure distribution on 7 Perspex sheet models in isolated
condition under varying wind incidence angles, effect of interference on wind pressure
distribution is studied. For this purpose, each Perspex sheet model is placed one after another
at the center of the turn-table and plywood model of same cross-section is placed on the
upstream side as interfering building model. In this study, wind pressure distribution on
instrumental model is obtained for only one wind incidence angle and one value of
longitudinal spacing between models, but for 3 values of transverse spacing namely full
blockage, half blockage and no blockage.

Mean wind pressure coefficients (Cpmean) are calculated from the values of mean
wind pressures (P,y4) Obtained experimentally. Results of this study are presented in this
chapter in the form of cross-sectional variation and contours of mean wind pressure

coefficients.

5.2 ISOLATED CONDITION
5.2.1 Model-A (Square Shape)

Perspex sheet model of model-A (Photo. 3.8) with a total of 140 pressure points (35
on each face) (Fig. 3.8) is tested in isolated condition under 4 wind incidence angles namely
0°, 30°, 60° and 90° (Fig. 5.1). As mentioned earlier, values of mean wind pressure obtained
originally form pressure transducer are in mmhg unit which are later converted to N/m?.

Table 5.1 gives example of such conversion for few pressure points including the values of

Cp,mean-
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Table 5.1 Typical values of wind pressures and Cp mean 0N model-A at 0° wind incidence

angle under isolated condition

Pressure Point Baratron Baratron Reading Pressure

no. Range (mmhg) (N/m?) Cp.mean
1 1 0.05 9.18 0.16
2 1 0.09 13.13 0.23
3 1 0.11 14.62 0.25
4 1 0.11 13.13 0.23
5 1 0.09 9.18 0.16
6 1 0.12 17.16 0.30
7 1 0.26 34.12 0.59
8 1 0.28 36.69 0.64
9 1 0.26 34.12 0.59
10 1 0.14 17.16 0.30
11 1 0.11 14.92 0.26
12 1 0.26 35.15 0.61
13 1 0.29 39.08 0.68
14 1 0.27 35.15 0.61
15 1 0.11 14.92 0.26
16 1 0.10 13.17 0.23
17 1 0.25 32.19 0.56
18 1 0.26 34.26 0.60
19 1 0.24 32.19 0.56
20 1 0.10 13.17 0.23
21 1 0.06 9.76 0.17
22 1 0.21 28.18 0.49
23 1 0.23 30.23 0.53
24 1 0.21 28.18 0.49
25 1 0.08 9.76 0.17
26 1 0.02 2.40 0.04
27 1 0.15 20.00 0.35
28 1 0.17 23.10 0.40
29 1 0.15 20.00 0.35
30 1 0.02 2.40 0.04
31 1 0.01 1.49 0.03
32 1 0.18 24.40 0.43
33 1 0.22 28.87 0.50
34 1 0.19 24.40 0.43
35 1 0.02 1.49 0.03

Figure 5.2 shows the variation of mean wind pressure coefficients (Cpmean) On all
surfaces of model-A at 0° wind incidence angle in the form of contours. It is seen from the
figure that pressure occurs on windward face-A which increases from bottom to near the top

edge of the face due to increase in wind velocity with height. The values of pressure
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coefficients vary from 0.45 to 0.63. It is also observed that maximum positive pressure occurs
along the center line of the windward face which decreases towards the edges. Further, wind
pressure decreases near the top edge due to the separation of wind flow. Side faces namely
face-B and face-D are subjected to suction which decreases from windward edge to leeward
edge.

When the building model is attacked by wind at skew angle i.e. 30° pressure on
windward face decreases from windward edge to leeward edge (Fig. 5.3). It is also noticed
that face-B is now subjected to small value of suction whereas face-C and face-D are still
subjected to large suction. At 60° wind incidence angle (Fig. 5.4), wind pressure distribution
on face-B becomes similar to that of face-A in case of 30° wind incidence angle. Similarly,
pressure distribution on face-C and face-D get interchanged. At 90° wind incidence angle
(Fig. 5.5), face-B becomes windward face and face-D becomes leeward face. Therefore, wind
pressure distribution, in this case is comparable with that of 0° case. Effect of wind incidence
angle on the pressure distribution on Face-A can also be seen from Table 5.2. Maximum
value of mean wind pressure on face-A is found to be 0.68 at 0° wind incidence angle,

whereas minimum is -0.91 at 90° wind incidence angle.

DD ——— A C

B

30° / / 600

e

G0°

Plan Isometric

Fig. 5.1 Wind incidence angle on Perspex sheet model of model-A in isolated condition

(All dimensions are in mm)
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Cross-sectional variation of mean wind pressure coefficients (Cpmean) at seven cross-
sections namely A-A, B-B, C-C, D-D, E-E, F-F and G-G (Fig. 5.6), along the height of
model-A at 0° wind incidence angle are shown in Fig. 5.6. Location of sections from the top
of the model can be seen in Fig. 3.8.

It is observed from Fig. 5.6 that windward face (face-A) is subjected to maximum
pressure at section c-c. Suction on side faces (face-B and D) are maximum at top most
section (section A-A). Leeward face (face-C) is subject to almost same value of suction at all
sections.

Cross-sectional variation of mean wind pressure coefficients (Cp mean) at other wind
incidence angles namely 30°, 60° and 90° are shown in Figs. 5.7 to 5.9 respectively which are
self-explanatory. These values of Cp,mean available at 7 sections along the height of building
model are very useful for analysis of building frame under wind loads at various wind
incidence angles. These are also of great advantage in designing the cladding and its

connections to main frame.
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Fig. 5.9 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-A at 90° wind incidence angle

102



Comparison of Cpmean Values at 35 pressure points on face-A of model-A at 7 wind
incidence angles are shown in Table 5.2. It is noticed that the face A is subjected to

maximum pressure of Cymean = 0.68 at 0° and minimum pressure of Cpmean = -0.91 at 90°,

Table 5.2 Variation of C, mean 0N face-A of model-A with wind incidence angle

Pressure point no. Mean wind pressure coefficients (Cp mean)
0° 30° 60° 90°
1 0.16 -0.11 -0.27 -0.47
2 0.23 0.09 -0.19 -0.62
3 0.25 0.19 -0.16 -0.78
4 0.23 0.24 -0.16 -0.91
5 0.16 0.45 -0.26 -0.80
6 0.30 0.03 -0.25 -0.54
7 0.59 0.39 -0.05 -0.68
8 0.64 0.51 0.05 -0.82
9 0.59 0.62 0.12 -0.85
10 0.30 0.67 -0.18 -0.73
11 0.26 0.01 -0.26 -0.62
12 0.61 0.40 -0.05 -0.67
13 0.68 0.57 0.04 -0.76
14 0.61 0.64 0.10 -0.75
15 0.26 0.65 -0.17 -0.73
16 0.23 0.00 -0.25 -0.61
17 0.56 0.36 -0.05 -0.67
18 0.60 0.50 0.05 -0.66
19 0.56 0.59 0.07 -0.72
20 0.23 0.55 -0.06 -0.66
21 0.17 -0.02 -0.24 -0.53
22 0.49 0.33 -0.06 -0.59
23 0.53 0.46 0.04 -0.66
24 0.49 0.52 0.08 -0.72
25 0.17 0.50 -0.03 -0.69
26 0.04 -0.05 -0.22 -0.43
27 0.35 0.25 -0.06 -0.53
28 0.40 0.36 0.02 -0.63
29 0.35 0.41 0.06 -0.71
30 0.04 0.34 -0.06 -0.72
31 0.03 -0.05 -0.22 -0.37
32 0.43 0.28 -0.05 -0.42
33 0.50 0.41 0.09 -0.54
34 0.43 0.46 0.14 -0.71
35 0.03 0.32 0.03 -0.70
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5.2.2 Model-B (Plus Shape-1)

Perspex sheet model of model-B (Photo. 3.8) with a total of 196 pressure points (49
on each face) (Fig. 3.9) is tested in isolated condition under 4 wind incidence angles namely
0° 30° 60° and 90° (Fig. 5.10). The building model-B (plus shape-I) is tested in the wind
tunnel to measure the pressure distribution on its all surface under varying wind incidence
angle.

Figures 5.11 to 5.14 show the distribution of mean wind pressure coefficients Cy mean
on the surfaces of model-B (plus shape-I) in different angles of wind attack. It can be seen
from Fig. 5.11 that when wind incidence angle is 0°, pressure occurs on frontal surface (i.e.
face-A2) of the building model-B. But all other surfaces including cut corners are subjected
to suction. Although surfaces B1 and D3 fall on windward side, these are also subjected to
suction for almost half of the width as these are recessed surfaces. Values of suction on
leeward corners (i.e. faces B3, C1, C3 and D1) are as high as those on leeward flat surface
(i.e. face-C2). Suction on side faces (i.e. face B2 and D2) are still higher than leeward face.
Frontal corner faces (i.e. faces Al, A3, B1 and D3) experience less suction as compared to
the leeward corner faces (i.e. faces B3, C1, C3 and D1).

In case of 30° wind incidence angle the positive pressure zone moves to right side of
the model and it occurs on faces A2, A3 and B. All remaining faces experience suction with
maximum value on face-D3. Contours of mean wind pressure coefficients (Cp mean) at 60° and
90° wind incidence angles are shown in Figs. 5.13 and 5.14 respectively.

As compared to model-A (square shape) (Fig. 5.6), maximum values of pressure on
windward surface is small in case of model-B (plus shape-1) (Fig. 5.15) at 0° wind incidence
angle. However, suction on side faces is slightly larger.

Comparison of Cpmean at 49 pressure points on face-A of model-B for 4 wind
incidence angles can be seen in Table 5.3. This face is subjected to maximum pressure
coefficient of 0.62 at 30° wind incidence angle and minimum pressure coefficient of -0.92

both at 30° wind incidence angle.
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Figures 5.15 to 5.18 show the cross-sectional variation of mean wind pressure
coefficients (Cpmean) at 7 different sections along the height in different wind incidence
angles of flow. It is noticed from the Fig. 5.15 that the pattern of mean wind pressure
distribution is parabolic on face-A2 when wind incidence angle is 0°. Figure 5.17 also
indicates that maximum suction occurs on face-B3 when wind incidence angle is 60° and
corresponding value of Cpmean is -1.21.At other angles namely 0°, 30° and 90°, suction is

smaller than that in case of 60° wind incidence angle.
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Comparison of Cpmean Values at 49 pressure points on face-A of model-B at 7 wind

incidence angles are shown in Table 5.3. It is noticed that the face A is subjected to

maximum pressure of Cp mean = 0.62 and minimum pressure of Cp mean = -0.92 at 20°,
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Table 5.3 Variation of C, mean 0N face-A (face Al, A2 and A3) of model-B with wind
incidence angle

Mean wind pressure coefficients (Cp mean)
Pressure point no.

0° 30° 60° 90°
1 -0.20 -0.92 -0.47 -0.47
2 -0.40 -0.90 -0.44 -0.47
3 0.22 -0.18 -0.28 -0.47
4 0.27 0.07 -0.14 -0.69
5 0.22 0.27 -0.43 -0.90
6 -0.40 0.08 0.31 0.48
7 -0.20 0.08 0.10 -0.31
8 -0.13 -0.86 -0.46 -0.45
9 -0.21 -0.90 -0.44 -0.46
10 0.36 -0.18 -0.25 -0.52
11 0.57 0.38 0.03 -0.77
12 0.36 0.56 -0.39 -0.82
13 -0.21 0.49 0.57 0.47
14 -0.13 0.62 0.60 -0.10
15 -0.22 -0.90 -0.44 -0.45
16 -0.21 -0.87 -0.42 -0.45
17 0.34 -0.21 -0.24 -0.57
18 0.58 0.36 0.03 -0.71
19 0.34 0.56 -0.35 -0.74
20 -0.21 0.58 0.56 0.35
21 -0.22 0.58 0.63 -0.11
22 -0.18 -0.83 -0.42 -0.44
23 -0.20 -0.87 -0.39 -0.43
24 0.37 -0.24 -0.24 -0.55
25 0.59 0.34 0.03 -0.67
26 0.37 0.54 -0.34 -0.72
27 -0.20 0.51 0.51 0.27
28 -0.18 0.54 0.61 -0.10
29 -0.19 -0.82 -0.41 -0.42
30 -0.20 -0.84 -0.40 -0.42
31 0.27 -0.33 -0.30 -0.51
32 0.49 0.28 -0.01 -0.66
33 0.27 0.44 -0.26 -0.71
34 -0.20 0.43 0.45 0.21
35 -0.19 0.46 0.51 -0.09
36 -0.20 -0.67 -0.42 -0.41
37 -0.19 -0.78 -0.39 -0.41
38 0.19 -0.24 -0.25 -0.42
39 0.39 0.21 0.01 -0.62
40 0.19 0.36 -0.17 -0.70
41 -0.19 0.33 0.33 0.05
42 -0.20 0.36 0.40 -0.08
43 -0.14 -0.71 -0.40 -0.39
44 -0.22 -0.77 -0.40 -0.40
45 0.19 -0.24 -0.21 -0.35
46 0.45 0.25 0.04 -0.54
47 0.19 0.36 -0.08 -0.75
48 -0.22 0.34 0.35 0.14
49 -0.14 0.44 0.49 -0.03
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5.2.3 Model-C (Plus Shape-2)

Perspex sheet model of model-C (Photo. 3.8) is also tested under 4 wind incidence
angles (Fig. 5.19) as in the case of model-A and model-B. Mean wind pressure distribution
contours are plotted on all surfaces of the model (Figs. 5.20 to 5.23).

Figure 5.20 indicates that maximum pressure (Cpmean = 0.7) occurs at almost ¥ height
of the model on face-A2 at 0° degree wind incidence angle. Comparatively less pressure is
observed in upper and lower parts of the model on windward faces. In this model, all
windward faces namely Al, A2 and A3 are subjected to pressures of almost equal magnitude.
This difference w.r.t. model-B is observed due to long length of cut corners in model-C as
compared to model-B. Suction is noticed on parallel side faces and leeward faces. Maximum
suction occurs on side face-B2 and face-D2 (Cp mean = -0.7). The figure also indicates that less
pressure variation occurs on leeward side of building model-C.

At 30° wind incidence angle (Fig. 5.21), positive pressure zone move from windward
face to leeward face. Face-B2 experiences maximum suction (Cp mean = -0.8) near the top of
the building model.

At 90° wind incidence angle (Fig. 5.23), wind direction is perpendicular to its small
faces. Maximum positive pressure occurs on face-B2 with Cpmean = 0.64. Suction occurs on
face-A2 and face-C2 with Cp mean = -0.75.

Table 5.4 compares the values of Cpmean On face-A of model-C at 4 different wind
incidence angles. Maximum value of Cp mean ON this face is 0.78 at 60° wind incidence angle

and minimum value is -0.88 at 90° wind incidence angle.

D2 T
D3 D1
Al C3
0° — a2 2
A3 Cl
600
/ Bl B3
30° / &2
60° Al
90°
Plan /
Isometric

Fig. 5.19 Wind incidence angles on Perspex sheet model of model-C in isolated condition
(All dimensions are in mm)
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Cross-sectional variation of Cymean at 7 sections along the height of model-C can be

seen in Figs. 5.24 to 5.27 for 4 different wind incidence angles.
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Fig. 5.26 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-C at 60° wind incidence angle
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model-C at 90° wind incidence angle

Comparison of Cpmean Values at 49 pressure points on face-A of model-C at 7 wind
incidence angles are shown in Table 5.4. It is noticed that the face A is subjected to
maximum pressure of Cpmean = 0.76 at 60° and minimum pressure of Cp mean = -0.88 at 90°.

124



Table 5.4 Variation of C, mean ON face-A of model-C with wind incidence angle

Pressure point no.

Mean wind pressure coefficients (Cp mean)

0° 30° 60° 90°
1 0.02 -0.30 -0.66 0.27
2 -0.10 -0.40 -0.65 -0.27
3 0.36 0.01 0.34 0.26
4 0.38 0.19 017 0.33
5 0.36 0.30 -0.80 -0.84
6 -0.10 0.27 0.46 0.01
7 0.02 0.07 0.19 012
8 0.47 0.14 -0.58 027
9 0.34 -0.23 -0.58 -0.27
10 0.66 0.20 0.27 0.28
11 0.66 0.46 -0.27 -0.37
12 0.66 0.53 -0.72 -0.82
13 0.34 0.61 0.66 0.01
14 0.47 0.62 0.70 -0.16
15 0.46 -0.12 -0.55 -0.25
16 0.46 -0.16 -0.56 -0.28
17 0.67 0.21 -0.31 -0.27
18 0.71 0.47 -0.49 -0.41
19 0.67 0.49 0.79 -0.88
20 0.46 0.64 0.64 0.01
21 0.46 0.71 0.76 -0.25
22 0.43 -0.11 -0.53 -0.23
23 0.41 -0.14 -0.53 -0.24
24 0.59 0.16 0.32 -0.26
25 0.63 0.40 -0.54 0.40
26 0.59 0.46 -0.79 -0.80
27 0.41 0.68 0.56 0.00
28 0.43 0.67 0.69 -0.23
29 0.36 -0.11 -0.52 -0.22
30 0.37 -0.17 -0.51 -0.23
31 0.53 0.16 -0.28 -0.24
32 0.58 0.39 -0.32 -0.36
33 0.53 0.47 -0.72 -0.70
34 0.37 0.57 0.51 -0.01
35 0.36 0.57 0.64 -0.18
36 0.34 -0.07 -0.45 -0.27
37 0.34 -0.10 -0.49 -0.27
38 0.43 0.16 -0.28 -0.27
39 0.49 0.31 -0.33 -0.38
40 0.43 0.72 -0.59 -0.66
41 0.34 0.51 0.41 0.02
42 0.34 0.54 0.52 -0.05
43 0.38 -0.06 0.43 027
44 0.35 -0.08 -0.49 -0.25
45 0.47 0.20 -0.24 -0.37
46 0.52 0.39 -0.22 0.00
47 0.47 0.37 -0.49 -0.60
48 0.35 0.57 0.45 0.09
49 0.38 0.63 0.59 -0.05
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5.2.4 Model-D (I-Shape-1)

Present article gives details of the experimental results on I-shape-1 building model.
As mentioned earlier, mean wind pressure on the all surfaces of building model-D are
measured in four wind incidence angles (Fig. 5.28) in order to see its effects on different
faces of building model.

Figures 5.29 to 5.32 show the distribution of mean wind pressure coefficients (Cp mean)
on surface of building model at 0°, 30, 60° and 90° angle of wind attack. It is seen from Fig.
5.29 that when wind incidence angle is 0° front surface of building model (face-A) is
subjected to pressure whereas suction occurs on leeward faces and side faces.

Cross-sectional variation of Cymean 0N model-D can be seen in Figs. 5.33 to 5.36. It is
noticed from the figures that maximum value of Cpmean On any surface is 0.96 and minimum
value is -0.80. These values for 35 pressure points on face-A (Fig. 3.11) are compared in
Table 5.5 for 4 wind incidence angles. It is noticed from the table that face-A is subjected to

maximum pressure of Cymean = 0.76 and minimum pressure of Cp mean = -0.81.

= b

D5 Dl
D4 D2
D3
0° — | A C

600
B3

B2 B4
Bl BS

30° /

60°

90°

Plan Isometric

Fig. 5.28 Wind incidence angles on Perspex sheet model of model-D in isolated condition

(All dimensions are in mm)
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Fig. 5.29 Distribution of mean wind pressure coefficients (Cp mean) 0N different surfaces

of model-D at 0° wind incidence angle
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of model-D at 60° wind incidence angle
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Comparison of Cpmean Values at 35 pressure points on face-A of model-D at 7 wind
incidence angles are shown in Table 5.5. It is noticed that the face A is subjected to

maximum pressure of Cpmean = 0.82 at 30° and minimum pressure of Cp mean = -0.81 at 90°.

Table 5.5 Variation of C, mean 0N Face-A for Difference wind incidence angle of

building model-D

. Mean Pressure Coefficients (Cp mean)
Pressure points ° 30° 60° 90°

1 0.29 0.05 -0.16 -0.23
2 0.37 0.23 -0.09 -0.36
3 0.38 0.27 -0.04 -0.55
4 0.37 0.33 0.04 -0.72
5 0.29 0.53 -0.12 -0.81
6 0.51 0.13 -0.12 -0.24
7 0.58 0.53 0.10 -0.35
8 0.76 0.66 0.22 -0.61
9 0.58 0.76 0.32 -0.77
10 0.51 0.82 0.01 -0.72
11 0.48 0.10 -0.13 -0.29
12 0.52 0.50 0.09 -0.43
13 0.73 0.68 0.24 -0.64
14 0.52 0.75 0.31 -0.70
15 0.48 0.72 0.02 -0.64
16 0.36 0.11 -0.11 -0.34
17 0.45 0.45 0.08 -0.44
18 0.64 0.62 0.21 -0.61
19 0.45 0.72 0.28 -0.68
20 0.36 0.67 0.01 -0.60
21 0.37 0.10 -0.11 -0.30
22 0.38 0.42 0.07 -0.40
23 0.56 0.55 0.19 -0.58
24 0.38 0.66 0.25 -0.63
25 0.37 0.61 -0.01 -0.59
26 0.14 0.00 -0.17 -0.20
27 0.54 0.36 0.06 -0.33
28 0.57 0.50 0.16 -0.54
29 0.54 0.57 0.22 -0.71
30 0.14 0.55 0.06 -0.64
31 0.06 -0.03 -0.15 -0.16
32 0.57 0.40 0.09 -0.17
33 0.65 0.40 0.20 -0.28
34 0.57 0.60 0.28 -0.52
35 0.06 0.48 0.13 -0.64
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5.2.5 Model-F (Fish Shape-1)

The experimental results for the building model-F for 7 wind incidence angle (Fig.
5.37) are presented in this article. Mean wind pressure distribution on building model
surfaces are shown in Fig. 5.38 to 5.44 at seven wind incidence angles from 0° to 180° at the
interval of 30°.

Cross-sectional variation of C,mean 0N model-F is shown in Figs. 5.45 to 5.51. It is
noticed that at 0° wind incidence angle, on windward side all surfaces perpendicular to wind
are subjected to pressure, whereas surfaces parallel to wind are subjected to suction. As wind
incidence angle increases, pressure on many surfaces becomes suction. Largest face (face-1)
is subjected to suction from 0° to 90° angles beyond which it is subjected to pressure with
maximum value of pressure (Cpmean = 0.67) at 180° angle. At this angle, all other surfaces of
the model are subjected to suction.

0° —— |2 -~ 180°

30° / G \ 150°

60° 120°
90°

Plan Isometric

Fig. 5.37 Wind incidence angles on Perspex sheet model of model-F in isolated condition

(All dimensions are in mm)
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Comparison of C,mean Values at 14 pressure points on face-A of model-F at 7 wind
incidence angles are shown in Table 5.6. it is noticed that the face A is subjected to maximum

pressure of Cpmean = 0.73 at 0° and minimum pressure of Cpmean = -1.29.

Table 5.6 Variation of C, mean 0N face-A of model-F with wind incidence angle

Pressure Mean wind pressure coefficients (Cp mean)
points 0’ 30° 60° 90° 120° 150° 180"
1 0.49 0.03 -0.48 -0.51 -0.41 -0.75 -0.77
2 0.49 0.25 -1.29 -0.52 -0.33 -0.72 -0.75
3 0.73 0.09 -0.76 -0.49 -0.36 -0.63 -0.60
4 0.73 0.23 -1.28 -0.48 -0.42 -0.74 -0.72
5 0.71 -0.10 -0.93 -0.46 -0.45 -0.82 -0.70
6 0.71 -0.08 -1.28 -0.45 -0.27 -0.71 -0.70
7 0.67 0.02 -0.90 -0.45 -0.40 -0.83 -0.65
8 0.67 -0.11 -1.27 -0.43 -0.40 -0.79 -0.65
9 0.59 -0.04 -0.84 -0.42 -0.38 -0.74 -0.66
10 0.59 -0.23 -1.19 -0.44 -0.37 -0.76 -0.66
11 0.45 -0.22 -0.81 -0.44 -0.37 -0.77 -0.59
12 0.45 -0.40 -1.06 -0.41 -0.38 -0.73 -0.63
13 0.47 -0.16 -0.76 -0.40 -0.36 -0.71 -0.65
14 0.47 -0.21 -0.99 -0.39 -0.35 -0.69 0.00
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5.2.6 Model-G (Fish Shape-2)

The experimental results for the building model-G for 7 wind direction are given in
the present article. Distribution of mean wind pressure coefficients on various surfaces of
building model are shown in Figs. 5.53 to 5.59 at various angle of wind attack.

Cross-sectional variations of pressures are shown in Figs 5.60 to 5.66. Except face-I,
wind pressure distribution on model-G is similar to that of model-F. Face-I is subjected to
slightly larger pressure at 180° wind incidence angle in case of model-G as compared to
model-F due to the fact that air is entrapped between the fins in model-G.

("‘n\_‘
. L
M ] K

- |’0°

30 / \ \I 50° L

60° o0 120° "

Plan Isometric

Fig. 5.52 Wind incidence angles on Perspex sheet model of model-G in isolated condition

(All dimensions are in mm)
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Fig. 5.64 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-G at 120° wind incidence angle
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Value of Cpmean 0N Face-A of models-G for 7 wind direction are compared in Table

5.7. Maximum value of C, is 0.69 and minimum is -1.29 which occur at 0° and 60° wind

angles respectively.

Table 5.7 Variation of C, mean 0N face-A of model-G with wind incidence angle

Pressure Mean wind pressure coefficients (Cp mean)
point no.
0° 30° 60° 90° 120° 150° 180°

1 0.46 -0.24 -0.76 -0.61 -0.55 -0.58 -0.62
2 0.46 0.28 -1.24 -0.62 -0.58 -0.60 -0.60
3 0.69 0.09 -0.70 -0.58 -0.59 -0.60 -0.57
4 0.69 0.40 -1.22 -0.57 -0.67 -0.59 -0.58
5 0.69 0.06 -0.86 -0.55 -0.57 -0.63 -0.52
6 0.69 0.23 -1.29 -0.54 -0.60 -0.61 -0.53
7 0.63 0.02 -0.83 -0.54 -0.54 -0.61 -0.50
8 0.63 0.13 -1.23 -0.53 -0.58 -0.60 -0.50
9 0.55 -0.01 -0.80 -0.53 -0.53 -0.61 -0.51
10 0.55 0.11 -1.16 -0.52 -0.55 -0.59 -0.49
11 0.40 -0.06 -0.71 -0.51 -0.48 -0.57 -0.51
12 0.40 -0.10 -0.99 -0.50 -0.53 -0.57 -0.50
13 0.40 -0.09 -0.64 -0.48 -0.50 -0.57 -0.48
14 0.40 -0.05 -0.92 -0.50 -0.48 -0.53 -0.44
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5.2.7 Model-H (Fish Shape-3)

Mean pressure contours plotted in on various surfaces of model-H at different wind
incidence angles are shown in Figs. 5.68 to 5.74.

Rear face in this model is subjected to different pressure distribution at 180° wind

incidence angle as compared to model-F and model-G (Figs. 5.51, 5.66 and 5.81).

P
Q 8]
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0° —— [ [ K -— 1"
c T 600
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60° i 120° ~1
920 NN
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Fig. 5.67 Wind incidence angles on Perspex sheet model of model-H in isolated condition

(All dimensions are in mm)
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Value of Cpmean ON Face-A of models-H for 7 wind direction are compared in Table

5.8. Maximum value of C, is 0.71 and minimum is -1.03 which occur at 0° and 60° wind

angles respectively.

Table 5.8 Variation of C, mean 0N face-A of model-H with wind incidence angle

Pressure Mean wind pressure coefficients (Cp mean)
points
0° 30° 60° 90° 120° 150° 180°
1 0.48 -0.12 -0.39 -0.41 -0.40 -0.36 -0.61
2 0.48 0.36 -1.01 -0.40 -0.42 -0.34 -0.60
3 0.71 0.17 -0.44 -0.39 -0.39 -0.37 -0.61
4 0.71 0.45 -0.97 -0.37 -0.45 -0.36 -0.62
5 0.69 0.08 -0.57 -0.35 -0.38 -0.37 -0.59
6 0.69 0.26 -0.99 -0.33 -0.39 -0.37 -0.57
7 0.68 0.06 -0.50 -0.33 -0.36 -0.37 -0.54
8 0.68 0.20 -1.03 -0.32 -0.38 -0.35 -0.55
9 0.54 0.02 -0.48 -0.33 -0.34 -0.35 -0.56
10 0.54 0.06 -0.86 -0.33 -0.34 -0.34 -0.55
11 0.52 -0.03 -0.44 -0.31 -0.33 -0.38 -0.59
12 0.52 -0.06 -0.73 -0.33 -0.33 -0.36 -0.58
13 0.65 -0.03 -0.33 -0.31 -0.29 -0.34 -0.57
14 0.65 -0.07 -0.72 -0.37 -0.35 -0.33 -0.57
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5.3 INTERFERENCE CONDITION
5.3.1 Model-A (Square Shape)

Wind interference effects on distribution of mean wind pressure coefficients on
different surfaces of model-A are studied for 3 interference conditions namely full blockage,
half blockage and no blockage (Fig. 5.82). Instrumented model i.e. Perspex sheet model of
model-A is placed at the center of the turn-table with plywood model as interfering model
placed in front of it on windward side. In first situation, plywood model is placed exactly in
front of Perspex sheet model causing full blockage to stream of wind. In second case, 50% of
front surface of instrumented building is blocked. In third case, wind is free to hit windward
surface of instrumented building. Gap between two models in the direction of wind is kept as
60 mm, i.e. 0.1 times depth of the model.

In full blockage interference condition, all faces are subjected to suction (Fig. 5.83)
due to the presence of interfering building model. Windward face i.e. face-A, is subjected to
maximum suction and leeward face i.e. face-C, is subjected to minimum suction. Face-B and
face-D which are parallel to the direction of wind flow are subjected to intermediate values of
suction. It is also noticed that suction on these faces reduces from windward edges to leeward
edges.

In half blockage wind interference condition, 50% area of the front face is subjected
to wind. It is observed that some part of face-A subjected to pressure and remaining is
subjected to suction. Maximum pressure occurs near the edge of face-A and the value is 0.7.
Remaining faces are subjected to suction. Maximum suction (-0.44) occurs on face-D.

It is seen from Fig. 5.82 that 100% area of face-A is open to wind in no blockage
interference condition. Although entire face-A is subjected to pressure (Fig. 5.85), one edge
of the face is subjected to very small pressure as compared to another edge. Further,
maximum pressure does not occur along centerline, but along a line towards one edge. All
remaining faces are subjected to suction. Face-B is subjected to minimum suction in full

blockage condition and maximum suction in no blockage condition.
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Figures 5.86 to 5.88 show the detailed variation of mean wind pressure coefficients at
different sections along the height in various interference conditions of wind flow. It is
observed from Fig.5.86 that variation of mean wind pressure coefficients is parabolic at
section A-A in full blockage interference condition. Maximum suction occurs on face-A at
section C-C of building model-A and value of suction is -0.40.

It can be seen from the Fig. 5.87 that some portion of face-A is subjected to pressure
and rest is subjected to suction. The maximum pressure occurs at section B-B of face-A and
its value is 0.75. Maximum suction occurs on face-B due to the presence of interfering
building and value of the suction is -0.77.

In case of no blockage interference condition (Fig. 5.88), most of the portion of face-
A is subjected to pressure while some of its portion is subjected to suction. Rest all faces are

subjected to suction and the value of the suction varies between -0.3 to -0.6.
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model-A in full blockage interference condition
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model-A in no blockage interference condition
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Table 5.9 compares the values of Cp mean at 35 pressure points on face-A under

different interference conditions with isolated condition.

Table 5.9 Interference effect on variation of Cymean 0N face-A of model-A

Mean wind pressure coefficients (Cp mean)

Pressure Isolated (0° wind
points Full blockage | Half blockage No blockage o
incidence angle)
1 -0.07 -0.30 -0.13 0.16
2 -0.30 -0.16 0.22 0.23
3 -0.32 0.07 0.35 0.25
4 -0.30 0.49 0.35 0.23
5 -0.07 0.72 0.30 0.16
6 -0.32 -0.39 -0.08 0.30
7 -0.38 -0.30 0.46 0.59
8 -0.37 -0.12 0.70 0.64
9 -0.38 0.34 0.71 0.59
10 -0.32 0.75 0.43 0.30
11 -0.40 -0.27 -0.07 0.26
12 -0.40 -0.30 0.39 0.61
13 -0.40 -0.32 0.68 0.68
14 -0.40 -0.13 0.72 0.61
15 -0.40 0.36 0.43 0.26
16 -0.39 -0.25 -0.12 0.23
17 -0.38 -0.28 0.30 0.56
18 -0.38 -0.31 0.63 0.60
19 -0.38 -0.23 0.69 0.56
20 -0.39 0.26 0.41 0.23
21 -0.38 -0.22 -0.07 0.17
22 -0.39 -0.23 0.39 0.49
23 -0.39 -0.23 0.60 0.53
24 -0.39 -0.12 0.67 0.49
25 -0.38 0.30 0.38 0.17
26 -0.28 -0.21 0.02 0.04
27 -0.39 -0.24 0.43 0.35
28 -0.39 -0.13 0.56 0.40
29 -0.39 0.08 0.56 0.35
30 -0.28 0.38 0.23 0.04
31 -0.25 -0.17 -0.02 0.03
32 -0.32 -0.24 0.43 0.43
33 -0.32 -0.06 0.57 0.50
34 -0.32 0.21 0.55 0.43
35 -0.25 0.34 0.18 0.03
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5.3.2 Model-B (Plus Shape-1)

Model-B is also tested under 3 interference conditions (Fig. 5.89) as in the case of
model-A. Wind pressure distribution in the form of contours of C,mean ON various surfaces
are shown in Figs. 5.90 to 5.92. Cross-sectional variation of C,mean at 7 sections along the
height of the model are plotted in Figs. 5.93 to 5.95 for full blockage, half blockage and no
blockage condition respectively. Windward face of model-B is subjected to suction in full
blockage case. It is subjected to partly pressure and partly suction in half blockage case. In no
blockage case, entire surface is subjected to pressure.

Table 5.10 compares the values of Cpmean at 49 pressure points on face-A under

different interference conditions with isolated condition.

Instrumented

building
/
— i
- >~
—_—
Full blockage interference condition
600
— 60 [=+
i
/
Instrumented /
building iy
Half blockage interference condition Isometric
50 50
o c2
50 c3 cl
D1 B3
A f 100 | D2 B2
/ 1 b
)
Al
Instrumented j‘i A2 A3
building
Plan
No blockage interference condition All dimensions are in mm

Fig. 5.89 Details of model-B showing different interference conditions

192



550%%
500 1/%/
450 §
400 'g_-j
£
’5\3507
&
p—
+= 300
<
2 .
%2507 b
-b \
-
200
150 _b\
%
-b\
100\&
502 \
10 30
Width (mm)
Face-Al
550
500
450
400:
—
£ 350
=
p—
+— 300
<
2
% 250 |
200
150
100
50
.10 30
Width (mm)
Face-C1

SOOW
450

o
o
400 /DS‘D&Q

200
150
100 _QA”"‘\\\\\\
50

50 100
Width (mm)
Face-A2

Sb 160
Width (mm)
Face-C2

550

500\ \&

450-\'&

>

400 | |\
~

=350

300y

250

Height (m

200

150 «

100

50+

10 30

Width (mm) Width (mm)
Face-A3

|

550

500 \ \'\

450 —\¢&

400 —

150

100}

50—

10 30

Width (mm) Width (mm)

Face-C3 Face-D1

550

A

o
w

500

?u’\

450

0
3,
45\

400
~—~
E 350
300

250

T

Height (m

200
150
100

50—

0.2
NN
10 30

Face-B1
1
&
550 9P
N
5007/
450 /

120
/N

400
~ I~
£ 350-%,
o
300353,
N
2 \
250
200
=4
3>
S~
150
—
100,

50

S
N

v

T
10 30

P
< ™
550/ < /@
Ao
500
450
400 &
—~
£ 350\
S
N
4= 300
=
=2
E 250 |y
200 £
150/
100>
50
20 40 60 80
Width (mm)
Face-B2
550
500"
450
400
’E\ssof
e
p—
+— 300
=
2
% 250
200§
150 1
100\,
507\&%
0.2-0.27=
20 40 60 80
Width (mm)
Face-D2

(=4
=3
5507)
—

500 —
450

400 —

~ -
o
£ 350 S;y
300 /
&

250

Height (m

200

150

[
100 ™\
|
50~ ) o
5

[S)

T
10 30

Width (mm)
Face-B3

550 —{-0.05
1-0.05
500

450

04

150 o;/
PN
100 —

50625

0.2

10'30
Width (mm)
Face-D3

Fig. 5.90 Distribution of mean wind pressure coefficients (Cp mean) 0N different surfaces

of model-A under full blockage interference condition

193



550, — 550 550% 55047/ 550 % ! 550
Qﬁ = C/ 13 _0_56/
o83 bfjg’ ° *
500|052 500 500} 500 500 500
-0.51 /
05— &V o 4? ,Q!’*e
-0.A9 < < ?
450 g8 450 450 4504 @ 450 | ¥ 450
oAT"
A (=4 (<
3 - [ "
400 po 400 400 400 | @ 400/ 1 4001 .04
o \ 2 049
! 05
e
"Eas0 "E350- "E 350 350 33507% £ 350 g:;_
_ ;
é é.‘b é é \E/ L é «© /
230047 ( 42300+ 23000 § 42300 ‘-"\ 2300 ) ) E T 300-8 @
2 > =) h (=) o =2 o _k
2 R 8 = Yo
i’ 250 % 250 % 250 % 250 O E 250 /| & 250 o8t
o 2
200 200 200 200\ % 200 200
% “% 5! & “F
N 5 N RN o
— i~y — — e Y
150 1505 150105, 150 N 150 N 1509
g -
100 1004 100+ 2.3 100+ 25 1000 % 100-1-0.43
"
— M e
50 50| 50~ 50 507& S — 50107
0.3- Zﬁ = AN
o -
10 30 10 30 10 30 20 40 60 80 10 30
Width (mm) Width (mm) Width (mm) Width (mm)  Width (mm)  Width (mm)
Face-Al Face-A2 Face-A3 Face-B1 Face-B2 Face-B3
2 ; =
550~ 5504 ‘v 5504 & 550 5507§
3 > D 1
500 / « 500 500 500 ? 500
?? -0.42 \ 05—
& _3.49
450/ & 450 450 ™\ 450 450543
< C 0.46
400 ?_,A& 400 400 Dpﬂf’/ 400 400
bu‘ 53?3‘/
= 046
/E\35°’%\ Easo0- c 350—»:':? S350 9‘5‘\ E 350
3 3 = E - E lew
+— 300 &l 4+ 300 300 < 4= 300 ¥ 42300
= : < oy = = =
2 A = o 22— =2
% 2507?;?: %’ 250 2507~gg\§§ % 2507\ E 250
%o
\ = N & «
200 200 200-1\% 200~ b3 I 200
o ¢
= % & c\o 047
1507 *X 150 1501/ 150-& < 150
2 o <
2\5\ &
1003\ 100-)/° 1007 100 100
&) f’ 5
50 \ 50 50-F @ 50| 50| /
‘ A
.10 30 50 100 10 30 10 30 20 40 60 80 10 30
Width (mm) Width (mm) Width (mm) Width (mm)  Width (mm)  Width (mm)
Face-C1 Face-C2 Face-C3 Face-D1 Face-D2 Face-D3

Fig. 5.91 Distribution of mean wind pressure coefficients (Cp mean) 0N different surfaces

of model-A under half blockage interference condition

194



P 'b."
550 |3 550
500 {018 500
0.78
_O_BA
4507% 4504
400 ) & 400
®
[om} \/ ~~
£ 350 £ 350
£ [v% £
p— o N
+= 300—{ %5 4+ 300
= o, N
= NS [
[ ) D
250 S~ 250
I ‘0.>9\ T
”0.)0\
20010, 200
05
1504 %25 150
‘0.)7 q
73 ~
=
100—g, > 100
<.’\
50—, —— 50
10 30
Width (mm) Width (mm)
Face-Al Face-A2
—
-0.53 06 \\
550|052 550"
o
o —-0.49
500 | 500 \
[ 048
450 450 _
e 0.47 \
400 \ 400 \-0‘46K
2 —~
S350 %\ £ 350 \
k-]
E & E
= 300 ‘?,,\ E 300
(=2} "\ 2
D 250 D 250
I %, I
o
200 ’s\\ 200
B\ :
150%; 150
%\
100 100
‘b,‘s & 3
= e\
50 % 50 @
f"v\ \ (-0.34—
.10 30 _sb 100
Width (mm) Width (mm)
Face-C1 Face-C2

550%
500 (
154
as0| F
@
400 2
~
£3504 ‘o
E
+— 300———
=
[=))
D 250
I
200\ &
=
=
\
150
o
3
100+ \
50
10 30

~—~ ;
E 350 |c

Height (m

55

50

45

40

Height (m

20

15

10

5

Width (mm) Width (mm)

Face-A3

Tc\

500
450 |
2
400-%?
~—~
€ 350

150 &
100

50—

10 30

Face-B1

550
500

450

>
400 /

150
100

50

10 30

Width (mm) Width (mm)
Face-D1

Face-C3

07 55
i~
&
<
o 3
<@
OL_?
0 N2

T 92
U5 U5

§ 049 )
N

045
\

0—

\ﬂ<

0 D
s/
> o°

o i4vs

2

0 E<)

N
20 40 60 80
Width (mm)
Face-B2
550+
500
450 —

350 @
oF
Q/\
300-) )
?(\
\a
250 P
gp/’\
~
200 .
O
150 \
S
100 &

20 40 60 80
Width (mm)
Face-D2

0|/

550
S
500
o
450
o L
4001 @
o
~~ ‘sz.
E350 1o 5\
c Sty
+= 300
= 5!
o
2 L
2505,
I ko)

200

150 —

100

50—

iy =

10 30

Width (mm)
Face-B3

550 —X

02

500

<0.75

450

400
& 350 ¢
300

250

Height (mm)
75
Q0 80

200 —

150

100

v

50+

10 30
Width (mm)
Face-D3

Fig. 5.92 Distribution of mean wind pressure coefficients (Cp mean) 0N different surfaces

of model-A under no blockage interference condition

195



0,22 .g,17-0-21 0.190.17 -0.21 031026 -0.28
.28 -0.42 0,28
.28 .13 -0.27
-0.54 021 -0.55% o & 0,20
-
Pl ]
0,57 419 -D.50 -0.19
=|
=0.54 o721 =0.55 'ﬁ ﬁ 0,20
026 -0.33 -0.27
.26 042 -0.28
022017921 -0.19-0.17 -0.21 .0.31-0.26 .0.28
Section A-A Section B-B Section C-L
=038 .0.29-0.27 «0.34 -0.30 -0.25

0,26 -0.24 -0.21

i

0,47 - -
oS
-
L.'Iﬂ
=0.45 |-
oo
-
0.47 o=

£1

-0.38 -0.29 -0.27 «0.34 -0.30 -0.25 <0.26 -0.24 -0.21

Section D-D Section E-E Section F-F

-0.20 -0.18 -0.15

Section G-G

Fig. 5.93 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-B in full blockage interference condition

196



o

63 052

© 5 -0.44 %048 043 - 0.46.0.47 -0.46
o Z oo 22 [
B-Oﬂ m -0.40 rlq -0.54 -0.42 -0.45 fj -0.43
0.4 -0.42 -0.41 1-0.51 -0.40 -0.45 »f -0.43
B 4 5o ™ 039 -0.39 . -0.43 -0.37 , -0.43
=5 7 50 7 56
= Rt R
0.28 | 03 o MEL o 0.19 W -0.41
So =)o) iy e
= 52 o2 £g =5 28
0.51 — 008 =043 072 8w 53 -0.44 0.74 53 % o -0.45
: -0. 0.34 -0.45 0.43 -0.47
0.50 -0.45 0.66 @
. -0.46 0.60 -0.46
Lo 1]
-0.60 066 -0.56 -0.53-0.57 -0.56 -0.53 -0.56 -0.58
Section A-A Section B-B Section C-C
-0.49 -0.46 . -0.47
o k0.47’ -0.51 .0.52 -0.47-0.48 -0.53
o ¢ S S % 56
i 5 & 3
E -0.48 [ 040 07 -0.44 ' -0.38
-0.47 -0.41 ﬂ 0.47 m -0.46 E -0.42
-0.35 L 033 04 , -0.36 -0.34 T w035
) 7 56 4 S 5
& > 2 28
0.14 -0.37 0.13 - 033 023 -0.32
00 (oY) co X oo 5
2B W B N b [
0.70 o B & 0.42 0.63 S8 S G -0.37 055 L 85|l 035
0.44 > .0.56 0.31 W -0.44 @ : -0.42
054 eyl 03 040 L& 40 0.28 040
L ’ 0.50
10.52-0.56 10,63 -0.54 -0.58 -0.57 0.48 053 0
Section D-D Section E-E Section F-F
-0.46 g 44 -0.51
-0.41
-0.47
-0.31 -0.29
0.20 -0.30
0.46 -0.36
-0.39
-0.37
-0.49 -0.47 -039
Section G-G

Fig. 5.94 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON
model-B in half blockage interference condition

197



-0.68 -0.59-0.49

058 051 .49 0,50 -0.51 0,51
L
Y P \
|~ 0.15 -0.48 063 - iﬂ -0.45 0.70 . ] 4 0.47
-0.90 «—_| -0.45 0.824 o 0.45 086/ byt
6.22 &} &} = —- -0,49 0.26 iy | s -0.50 0.21 - = = 0.48
3 5 & 93 4= T Mes e
:3 S ol =] gy e ko bo o
B owd Lo I
0.35 050 076 » -0.43 079 -0.47
. - . .
ve 7 22 5% 52 &3
0.38 ! )l Wl n52 058 Sl W 050 o058 (o Bl o 046
-0.21 -0.46 -020 - -0.43 A Em0.04 g 0.44
T g -0.45 : -0.45 0.43 -0.43
J l __'lLl ! J
1 . ¥ - -
058 ;053 40.57-0.54 -0.53 0.53 -0.55 -0.53
Y
Section A-A Section B-B Section C-C
-0.48 -0.46 -0.50 -0.46-0.43 -0.46 -0.45 -0.42 -0.46
L I A
i d _T f m Y
0.72 - -0.46 -0.67 - e, 0.45 -D.S?{ ﬂ -0.39
085 /g Ifi.ﬁ 0.45 082 4 -0.39 0774 -0.35
P B . 0.40 0.11 T -0.38
0.16 0.45 0.05 Mo = ) L& L5
e & & oo oo T o
&8 = g w - @ & f; 0.54 == W= 033
0.73 = .4 0.66 -0.38 U -0.
T S~ st 83
0.55 S5 58 043 048\ i3 &5 039 032 '\egy o Sih 038
' -0.09 043 0.06 m -0.41 012 0.35
0.34 _9:4@ 0.28 -0.37 . -0.34
l——‘ | 0.43 -0.40
052 -0.49 -0.48 -0.49 -0.46 -0.45 -0.45
Section D-D Section E-E Section F-F
-0.45 5 4 -0.39
~1 1
1
-0.30 L4 -0.41
-0.75 -0.37
0. .
s & L 0.33
&Y R
0.54 -0.34
= oo
) e
0.30 \a e 0.39
02 0.41
0.10 0.42
sz -0.50 042
Section G-G
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Table 5.10 Interference effect on variation of Cpmean 0N face-A of building model-B

Pressure Mean wind pressure coefficients (Cp mean)
A 0 N - -
points | Fyll blockage | Half blockage | No blockage Isolated (Oar\:\glr:)j incidence
1 0.01 -0.57 -0.69 -0.2
2 -0.2 -0.66 -0.79 -0.4
3 -0.32 -0.24 0.22 0.22
4 -0.36 0.28 0.39 0.27
5 -0.32 0.51 0.38 0.22
6 -0.2 -0.12 -0.24 -0.4
7 0.01 0.02 -0.07 -0.2
8 -0.14 -0.57 -0.71 -0.13
9 -0.38 -0.54 -0.74 -0.21
10 -0.64 -0.39 0.26 0.36
11 -0.57 0.24 0.76 0.57
12 -0.64 0.72 0.58 0.36
13 -0.38 0.3 -0.03 -0.21
14 -0.14 0.38 0.07 -0.13
15 -0.37 -0.46 -0.87 -0.22
16 -0.47 -0.45 -0.82 -0.21
17 -0.55 -0.37 0.21 0.34
18 -0.5 0.19 0.79 0.58
19 -0.55 0.74 0.58 0.34
20 -0.47 0.44 0.01 -0.21
21 -0.37 0.46 0.03 -0.22
22 -0.4 -0.43 -0.81 -0.18
23 -0.45 -0.42 -0.83 -0.2
24 -0.47 -0.35 0.16 0.37
25 -0.46 0.14 0.73 0.59
26 -0.47 0.7 0.55 0.37
27 -0.45 0.4 -0.02 -0.2
28 -0.4 0.43 -0.02 -0.18
29 -0.38 -0.44 -0.76 -0.19
30 -0.42 -0.43 -0.77 -0.2
31 -0.43 -0.42 0.05 0.27
32 -0.41 0.13 0.66 0.49
33 -0.43 0.63 0.48 0.27
34 -0.42 0.37 -0.08 -0.2
35 -0.38 0.38 -0.02 -0.19
36 -0.28 -0.44 -0.71 -0.2
37 -0.39 -0.44 -0.71 -0.19
38 -0.4 -0.34 0.11 0.19
39 -0.39 0.23 0.54 0.39
40 -0.4 0.55 0.32 0.19
41 -0.39 0.26 -0.07 -0.19
42 -0.28 0.28 -0.07 -0.2
43 -0.19 -0.43 -0.71 -0.14
44 -0.33 -0.44 -0.87 -0.22
45 -0.39 -0.31 0.04 0.19
46 -0.36 0.2 0.54 0.45
47 -0.39 0.46 0.3 0.19
48 -0.33 0.33 -0.13 -0.22
49 -0.19 0.32 -0.05 -0.14
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5.3.3 Model-C (Plus Shape-2)

Model-C is also tested under 3 interference conditions (Fig. 5.96) like model-A and
model-B. Figures 5.97 to 5.99 show wind pressure distribution on various surfaces in the
form of contours of C,mean. Cross-sectional variation of Cpmean are shown in Figs. 5.100 to
5.102. Pattern of wind pressure distribution is similar to those of model-A and model-B.

Comparison of the values of Cymean under different interference conditions with
isolated condition can be seen in Table 5.11.
Instrumented

building
60— |[=—

/ Y
E—— Eterferlﬁ [ s
building /

Full blockage interference condition

600

—=| 60 |

Interfering
building / Al

Instrumented
building
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Isometric
|=—r100 i 100 i 100 i
N c2
50 Cc3 C1
. D1 B3
e 100 | D2 B2
I i
Iﬁﬂ | ‘L D3 B1
50 Al A3
Eterf‘ermg iR A2
building [ns_tmmented Plan
building
No blockage interference condition All dimensions are in mm

Fig. 5.96 Details of model-C showing different interference conditions
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model-C in full blockage interference condition
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Table 5.11 Interference effect on variation of Cpmean 0N face-A of building model-C

Pressure Mean wind pressure coefficients (Cp mean) O_
points | Full blockage | Half blockage | No blockage I_sol_ated (0" wind
incidence angle)
1 -0.62 -0.86 -0.29 0.02
2 -0.77 -1.24 -0.34 -0.1
3 -0.59 -0.36 0.23 0.36
4 -0.53 0.04 0.24 0.38
5 -0.59 0.42 0.19 0.36
6 -0.77 0.35 -0.2 -0.1
7 -0.62 0.27 -0.01 0.02
8 -0.57 -0.67 0.08 0.47
9 -0.01 -0.87 -0.03 0.34
10 -0.82 -0.53 0.5 0.66
11 -0.83 -0.15 0.57 0.66
12 -0.82 0.4 0.54 0.66
13 -0.01 0.68 0.2 0.34
14 -0.57 0.72 0.34 0.47
15 -0.58 -0.56 0.13 0.46
16 -0.63 -0.56 0.1 0.46
17 -0.67 -0.5 0.54 0.67
18 -0.66 -0.26 0.67 0.71
19 -0.67 -0.1 0.59 0.67
20 -0.63 0.68 0.34 0.46
21 -0.58 0.7 0.34 0.46
22 -0.6 -0.65 0.13 0.43
23 -0.62 -0.63 0.48 0.41
24 -0.64 -0.63 0.51 0.59
25 -0.63 -0.47 0.63 0.63
26 -0.64 -0.13 0.54 0.59
27 -0.62 0.62 0.33 0.41
28 -0.6 0.66 0.33 0.43
29 -0.57 -0.64 0.12 0.36
30 -0.59 -0.63 0.12 0.37
31 -0.62 -0.53 0.47 0.53
32 -0.61 -0.34 0.57 0.58
33 -0.62 -0.06 0.47 0.53
34 -0.59 0.53 0.27 0.37
35 -0.57 0.61 0.28 0.36
36 -0.48 -0.62 0.12 0.34
37 -0.55 -0.66 0.11 0.34
38 -0.6 -0.45 0.39 0.43
39 -0.59 -0.22 0.41 0.49
40 -0.6 0.2 0.35 0.43
41 -0.55 0.46 0.22 0.34
42 -0.48 0.52 0.2 0.34
43 -0.44 -0.63 0.14 0.38
44 -0.52 -0.63 0.09 0.35
45 -0.6 -0.48 0.36 0.47
46 -0.61 -0.14 0.45 0.52
47 -0.6 -0.02 0.37 0.47
48 -0.52 0.46 0.21 0.35
49 -0.44 0.58 0.22 0.38
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5.3.4 Model-D (I-Shape-1)

Wind pressure distribution on the surfaces of model-D under 3 interference conditions
(Fig. 5.103) are obtained and contours of Cpmean are plotted (Figs. 5.104 to 5.106).
Distribution is similar to the models tested earlier. Figures 5.107 to 5.109 show cross-
sectional variation of Cymean at 7 sections along height.

Table 5.12 compares the values of Cymean at 35 pressure points on face-A under 3

interference conditions with isolated case.

Instrumented

building
—| &0 |..—/
, 1 Ny
*  |Interfering ’f’
building E
. £
Full blockage interference condition 600
—{60l—
—_—
B — y
- : 1
o o ~
Instrumented
building
Isometric
Half blockage interference condition
| 250 |
50 | D1 B5
1 [ b2 B4
|—-——-
— 1 50
100 D3 B3
= — J 50
|--——~
60— 51: D4 B2
Instrumented { D5 A Bl
building o
Plan
No blockage interference condition All dimensions are in mm

Fig. 5.103 Details of model-D showing different wind interference conditions
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209



085 .82 041 033
550 -| 550
550 O a50] 078 50| 038 850038 |
EiYE] E 0.54 EXR
500 087 500 458
il A0 500 a0
a8 087 T 041
i y B |
450 e 4507753 450 450+ asp 032
ErE- - 4133
400 400 400 400+ 480 400~
_bAs B | -0.BS -0.44
5 T 041
— 350 38— 5 350 5 3
0E2 D60 Y] R
Y § A0 038
300 300
e S vy Sl gy L Y S Y
. k)
D 250 P 350 250 250 250
[ oA 0.5
200 200 5% 20045 2004 200" 5'5E 2000
078
150 150 150 —rg 1504 160 1500
s
100 s BEEW 100 psa 100 100 540 W0 538
07 T
50 50 50— a0-
50 T 50+ BT
A7 .58 054 453
blll LA LA TTTT
10 5 1030 030 108
Width (mm)
Face-A Face-B1 Face-B2 Face-B4 Face-B5
280 0.5 -0.58 .58
550 E 5 550
Ll Y Ly B 560 550
AT -0.58
i Y ) 7
500 aon] g0 500 50 500
457 087 .58 057
4507 450 460 45075 st 555 250 j.::
05 -
LT
400 200 400 400+ son] aop
054 0.50 052 0.5%
~—~
& 350 250 50— D8 350 450 5
E -0.52
N 4_54
+ 300 304 300
= AT 253 L oy s
2
[5) 05
250 250 250 250
T 280 2504
0.49
200 200 Py 200 .52 200 200" 'ez 2001 Fag
053 748
150 - 150 1 T 150 1804 8.5 150 -0 H
5.1
100 100 557 1001 0,65 100 100 alap it ]
N 058
: a0 | [A
50 / / 01w 053 50 50
053 053 B8 050
ﬁ\‘ T 7 TTTT ‘|]|I| U TTTT LA
50 100 150 200 14 30 L] 20 40 60 80 1050 10 0
Width (mm)
Face-C Face-D1 Face-D2 Face-D3  Face-D4 Face-D5

Fig. 5.105 Distribution of mean wind pressure coefficients (Cp mean) On different surfaces

of model-D under half blockage interference condition

210



\ .84
550
550~
500 500
084
450 1504
083
400 400-
082
350

’é‘ B0

e
300

= e

=

079

2 250 250

[

I
200 200578

078
150 1501080
EE
100 100~ 082
50 50 -0.81
080
T T IT1]
100 150 10 30
Width (mm)
Face-A Face-Bl
069
550

550

500 500
070

450 2501
o

400 400+
072

~—~

& 350 250

e g 071

~ 5=

= 300-F

= R

2

[

T 250 250
200 201207
150 % 150
100 007 p72

B
507 ] 570
-0.69
ITTT
10 30
Width (mm)
Face-C Face-D1

-0.84

550-1

-0.83

082

500—

.81

.80

400

350

-0.82

300

0.81

250+

080

.79

.78

200

077

-0.78

077

Face-B2

TTTT
10 30

550

.89

500

-0.68

450

400

-0.87

350

300

-0.68

067

200

1504

.68

100

-0.66

< 66

Face-D2

IT11
10 30

087
550
5501
500 500
086
450 150 055
084
200 o7 F
082
350 asn-| -0.83
8
300
30008
g
250-} 250
200 2001705
150 150 o83
100 100~ .0.82
FiES|
0 50— 030
- Ei
0.78
T T T T LI
20 40 60 80 10 30
Face-B3  Face-B4
e 93 5902 271
% o
500 65— 50 088
}_,% 067
4504 @ 450
400 o C 100
087
3 [\/\
3505 <© |
3 < 30
[3,)
300 <
< S Y
o
2 e
(=]
2504 @ 25088
200 \f( 200’85
06
150 Ll
100 ;<0°< 1000 68
/- 067
50-] 086 |
50 5
08%% 65 085
T T T T T111
20 40 60 80 1030
Face-D3  Face-D4

550 077

500

400

350

.78

-0.78

-0.78
-0.80
-0.81

-0.82

-0.83
-0.82
.81

-0.80

300

250

201 a8

150 481

1004 079

50

.78
-0.80

.82

.83

072

-0.67

TTTT
10 30

Face-B5

550 "

500

450~

350

300

-0.62

061

200~

-0.60

-0.58

150

100

.58

50

-0.80

061
.62

1T
1030

Face-D5

Fig. 5.106 Distribution of mean wind pressure coefficients (C, mean) 0N different surfaces

of model-D under no blockage interference condition

211



-0.29

-0.41
/T\

-0.25

S 08 8 2 3 X ¥ N X R
° % % % 7 S S 9 9 2
EREEEEEE. o ~ 4 2 A 4 » -
~ ™~ ~
-0.28 -0.28 S o < -0.23 -0.23 =
-0.20 -0.20 (@] -0.16 -0.16
031 031 15 -0.35  -0.35
—
027 -0.27 m = N%.Nu -o.ﬁo =
~0.27 027 [ 5 %m . o
_ & = = S
o] =l 2] )] o~ @ o o _..ﬂ__ %
e S 9 ¢ o . _ 7S
) oM ™M ™ ™M e < < < <
S ° 2 <9 <9
o & ¥ F F 3
S N, SO 3 3
& < o
S
-0.24 -0.24 _ o
-0.15  -0.15 0
-0.33 -033 .m
-0.26 -0.26 w.
-0.28 -0.28 WT., 3
=
r \ i \ %
S = 7 I
S ? < 9 S
AR S B
S < < = o
o~
N, S N, S, S .
i <@
-0.10 -0.10 < < -0.22 -0.22
-0.12  -0.12 i
< -0.30 -0.30
-0.32  -0.32 =
/1 2 -0.26 -0.26
op%.po -o.am_:o S mum_ -0.25 -0.25 Wmu
0. 0 & & i

\V/
-0.36

Section E-E Section F-F

Section D-D

-0.26

-0.26

q & g 8 A
S 9 © 5 9
A A & & A
-0.20 -0.20
-0.16 -0.16
-0.30 -0.30
-0.25 -0.25
-0.25 -0.25

-0.26

-0.26

Section G-G

Fig. 5.107 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-D in full blockage interference condition

212



S 8 5 3 8
S © © 9 <
, FFFT13
& 3
n.vm 0.56 0.65 <
-0.54 -0.57
-0.54 -0.69
-0.51 1 i -0.63
pa] 0% gl —
n 1)
<

Ly 8 s
(] o

{ 5§ S

s <

T S S B

9 ° < 9

|
; I
o o
. -0.57 -0.66 W
-0.58 -0.54
-0.58 -0.75
-0.55 L -0.63
- m "0.56 %ﬂ w
1N
o
| E\\ﬁ\m &

™ ™~ 0. ©

) =t <

S N g

? S S

S I R

¢ © ¢ ¢
s Fr+ 11
am S
_ -0.36 -0.41 '
-0.55 -0.66

/
-0.62 » -0.92

2\ )

-0.59 =/ -0.82
9m -0.58 \Mrmpx W
un
3

Section C-C

Section B-B

Section A-A

-0.38

-0.33

-0.33

-0.35

1

—j
>

M~ o
w M
?@ m -0.55 0.59 <
-0.51 pe > -0.47
-0.51 -0.69
-0.50 -0.56
R -0,
ﬂm 0.50 \-\mm.+ X
oLl Ve oa v
.I_ o
8 (=} o
o~
S 9 o
S <
I .
2 © < <9
™
o o
. m -0.52 -0.58 W _
-0.54 fe -0.42 [P
-0.53 -0.70
-0.50 -0.57
- -0.60
o m 0.52 ﬂ.\+ S
o o
. — _
IR
o o o
[¥p] o~ [ag]
g )
s ¢
g 8 8] 8 =
S 9 <9 5 °
= i
-0.53 -0.59 T
-0.53 5-0.46
-0.54 -0.73
-0.51 -0.63
- m -0.52 -0.59 w I~
0 %
S S
u
Ly vy A
- o

Section E-E Section F-F

Section D-D

mox 8 809
s S 3 % <
S T s I I
1 @
¢ & 053 -0.59 W@
-0.51 -0.49
-0.49 -0.62
-0.48 -0.57
o m -0.51 -0.59
u
o E
' (s] [Cs]
o ~ —
g & ¢ ° °
S 9

-0.71

Section G-G
Fig. 5.108 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON

model-D in half blockage interference condition

213



-0.61
-0.55
-0.48
0.53
-0.56
-0.61

» -0.60
» -0.55

—— -0.68

o
o0
H o
0.83
-0.72
o)
w
1o
o}
a
S
[0 .+]
=S
-0.79

214

Section G-G

» -0.67 0.71

O LL
> -0.80
> -0.82 %) 0
- = -0 -0.81 c
0.81 5 0.68 E
’ » -0.83 w -0.65 I ——»' -0.80 w
‘ -0.68 078
==K =
o o o
T T e — T
S Jéﬁ
o T ¥ & g %
c = 35
] o
S
5 % % & 8 4 o g & 8
g W S o ° < < s & o ¢ <
nm 0_. [ [ T
) 1
J < o
ﬂ . s
R <@ m -0.66 -0.84 Wn_v ? m 0.66 078
-0.86 Wn.u 0 -0.65 . .u -0.84 ﬁ -0.66 (&—F 7
_ .\r\ 08 oss ” 087 ¢ -0.64
» -0.80
" 5 -0.65 Yiolo7o 5 -0.65 < .
» 083 B m -0.65 -0.77 W 3 2m -0.65 -0.77
_ 8 3 ) o U © "
o ] Al
0.80 " 3 3 N R 2
? « o S v ~ T
< ' o0 — T o 00 o)
o S M pl c 2 o
&
o — [Us} o)) o0 o
w0 e} o A 6]
& R S © ° o <
s o
. _. q :\\a
o [e)]
i o — — S
e _ -0.67 -0.85 e
-0.87 _ A -0.66 ! ! -0.83 A
084 g -0.67 ol 081 <
»{-0.83 5 2
= -0.69 e sl 081 5
> 0.82 8 o -0.68 -0.81 s
-0.84 W + O © m w &
o0 o o
o ! < T
' m
S

-0.80
model-D in no blockage interference condition

Fig. 5.109 Cross-sectional variation of mean wind pressure coefficients (Cp mean) ON



Table 5.12 Interference effect on variation of Cymean 0N face-A of building model-D

Pressure point no.

Mean wind pressure coefficients (Cp mean)

Isolated (0° wind

Full blockage | Half blockage | No blockage | . .
incidence angle)
1 -0.42 -0.63 -0.34 0.29
2 -0.52 -0.62 0.11 0.37
3 -0.53 -0.31 0.25 0.38
4 -0.52 0.23 0.24 0.37
5 -0.42 0.5 0.16 0.29
6 -0.54 -0.43 -0.17 0.51
7 -0.51 -0.54 0.4 0.58
8 -0.49 -0.42 0.71 0.76
9 -0.51 0.2 0.68 0.58
10 -0.54 0.52 0.09 0.51
11 -0.52 -0.5 -0.36 0.48
12 -0.49 -0.47 0.38 0.52
13 -0.49 -0.42 0.7 0.73
14 -0.49 -0.02 0.63 0.52
15 -0.52 0.41 0.08 0.48
16 -0.54 -0.47 -0.34 0.36
17 -0.5 -0.44 0.38 0.45
18 -0.49 -0.42 0.65 0.64
19 -0.5 -0.12 0.61 0.45
20 -0.54 0.35 0.09 0.36
21 -0.53 -0.45 -0.26 0.37
22 -0.51 -0.42 0.38 0.38
23 -0.51 -0.32 0.55 0.56
24 -0.51 0.09 0.51 0.38
25 -0.53 0.35 0.07 0.37
26 -0.43 -0.42 -0.19 0.14
27 -0.51 -0.45 0.34 0.54
28 -0.51 -0.26 0.47 0.57
29 -0.51 0.19 0.41 0.54
30 -0.43 0.31 -0.01 0.14
31 -0.26 -0.42 -0.19 0.06
32 -0.47 -0.29 0.36 0.57
33 -0.48 -0.16 0.48 0.65
34 -0.47 0.26 0.42 0.57
35 -0.26 0.16 -0.15 0.06
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5.3.5 Model-F (Fish Shape-1)

Interference study between two models of model-F is carried out for 4 interference
conditions namely back-to-back, back-to-front, front-to-back and front-to-front (Fig. 5.110).
A gap of 60 mm is kept between 2 models in the direction of wind in all 4 cases.

Contours of Cpmean are shown in Figs. 5.111 to 5.114. It is noticed that rear face of the
model, i.e. large face, is subjected to slightly less suction in case of back-to-back interference
condition (Fig. 5.111) as compared to front-to-back condition (Fig. 5.113). Similarly, this
face is subjected to slightly large suction in back-to-back interference condition (Fig. 5.112)
as compared to front-to-front condition (Fig. 5.114). Cross-sectional variation of Cpmean are
shown in Figs. 5.115t0 5.118.

Comparison of Cpmean at 14 pressure points on face-A of model-F for 4 interference
conditions with isolated case is shown in Table 5.13.
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Table 5.13 Interference effect on variation of Cymean 0N face-A of building model-F

Mean wind pressure coefficients (Cp mean)
Pressure .
point no. Back to Back to Front to Front to I_sol_ated (0" wind
back front back front incidence angle)
1 -0.6 -0.61 -0.48 -1.06 0.49
2 -0.61 -0.27 -0.51 -1.1 0.49
3 -0.64 -0.86 -0.46 -1.07 0.73
4 -0.64 -0.86 -0.49 -1.06 0.73
5 -0.61 -0.79 -0.48 -0.99 0.71
6 -0.6 -0.79 -0.46 -0.99 0.71
7 -0.55 -0.75 -0.45 -0.95 0.67
8 -0.57 -0.74 -0.43 -0.95 0.67
9 -0.53 -0.76 -0.43 -0.95 0.59
10 -0.53 -0.76 -0.43 -0.98 0.59
11 -0.52 -0.74 -0.41 -0.97 0.45
12 -0.51 -0.75 -0.42 -0.96 0.45
13 -0.5 -0.72 -0.36 -0.97 0.47
14 -0.49 -0.72 -0.39 -0.94 0.47
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5.3.6 Model-G (Fish Shape-2)

Interfering model of model-G is placed on the upstream of instrumented model of
model-G with a gap of 60 mm in 4 different interference conditions namely back-to-back,
back-to-front, front-to-back and front-to-front (Fig. 5.119) to measure wind pressure
distribution on all surfaces of model-G. Contours of Cymean are shown in Figs 5.120 to 5.123

and cross-sectional variation in Figs. 5.124 to 5.127.

Comparison of Cpmen at 14 pressure points on face-A of model-G for various

interference conditions with isolated condition is made in Table 5.14.
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Fig. 5.119 Details of model-G showing different interference conditions
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Table 5.14 Interference effect on variation of Cpmean 0N face-A of building model-G

Mean wind pressure coefficients (Cp mean)

Pressure
point no. Back to Back to Front to Front to Isolated (0° wind
back front back front incidence angle)
1 -0.6 -0.61 -0.48 -1.06 0.49
2 -0.61 -0.27 -0.51 -1.1 0.49
3 -0.64 -0.86 -0.46 -1.07 0.73
4 -0.64 -0.86 -0.49 -1.06 0.73
5 -0.61 -0.79 -0.48 -0.99 0.71
6 -0.6 -0.79 -0.46 -0.99 0.71
7 -0.55 -0.75 -0.45 -0.95 0.67
8 -0.57 -0.74 -0.43 -0.95 0.67
9 -0.53 -0.76 -0.43 -0.95 0.59
10 -0.53 -0.76 -0.43 -0.98 0.59
11 -0.52 -0.74 -0.41 -0.97 0.45
12 -0.51 -0.75 -0.42 -0.96 0.45
13 -0.5 -0.72 -0.36 -0.97 0.47
14 -0.49 -0.72 -0.39 -0.94 0.47
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5.3.7 Model-H (Fish Shape-3)

Four interference conditions namely back-to-back, back-to-front, front-to-back and
front-to-front under which wind pressures have been measured on the surfaces of the
instrumented model of model-H are shown in Fig. 5.128. Results in the form of pressure
contours are shown in Figs. 5.129 to 5.132 and in the form of cross-sectional variation in
Figs. 5.133 to 5.136.

Table 5.15 compares the values of C, mean in different cases.
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Fig. 5.128 Details of model-H showing different interference conditions
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Table 5.15 Interference effect on variation of Cy mean 0N face-A of building model-H

Mean wind pressure coefficients (Cp mean)

Pressure —
point no. Back to Back to Frontto | Frontto Isolated (0" wind
back front back front incidence angle)
1 -0.6 -0.61 -0.48 -1.06 0.49
2 -0.61 -0.27 -0.51 -1.1 0.49
3 -0.64 -0.86 -0.46 -1.07 0.73
4 -0.64 -0.86 -0.49 -1.06 0.73
5 -0.61 -0.79 -0.48 -0.99 0.71
6 -0.6 -0.79 -0.46 -0.99 0.71
7 -0.55 -0.75 -0.45 -0.95 0.67
8 -0.57 -0.74 -0.43 -0.95 0.67
9 -0.53 -0.76 -0.43 -0.95 0.59
10 -0.53 -0.76 -0.43 -0.98 0.59
11 -0.52 -0.74 -0.41 -0.97 0.45
12 -0.51 -0.75 -0.42 -0.96 0.45
13 -0.5 -0.72 -0.36 -0.97 0.47
14 -0.49 -0.72 -0.39 -0.94 0.47
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Chapter - 6
WIND RESPONSE ANALYSIS

6.1 GENERAL

The aim of the study is to evaluate the response of tall buildings with different cross-
sectional shapes under wind loads obtained from the experimental measurements. All
buildings are analyzed by linear static analysis method using STAAD.Pro software. The
response of all building frames are obtained for various wind incidence angles both under
isolated and interference conditions. The results obtained are presented in this chapter. The
purpose of the study is to compare the response of tall buildings with different cross-sectional

shapes under similar wind environment.

6.2 BUILDING DIMENSIONS

In all, buildings with 7 different cross-sectional shapes are considered for wind
response analysis. The height and floor area of all prototype buildings are kept 60 m and 400
m? respectively. Each prototype building has 19 storeys with lowest storey height as 3.75 m
and the height of the other storeys as 3.125 m each. All building frames are made of R.C.C.
beams, slabs and columns. Table 6.1 gives the details of building and element dimensions.
Grades of concrete and steel reinforcement used in prototype buildings are M-25 and Fe-415
respectively. Live load and floor finishing loads are taken as 4.0 kN/m? and 1.0 kN/m?

respectively. The depth of the slab is taken as 150 mm.

Table 6.1 Description of the buildings and frame elements

S.No. Particulars Details/Values

1 First storey height 3.75m

2. Remaining storey height 3.125m

3. Size of beams 300 mm X 600 mm
4. Size of columns (from first storey to fifth storey) 750 mm X 750 mm
5. Size of columns (from sixth storey to tenth storey) 600 mm X 600 mm
6. Size of columns (from eleventh storey to fifteenth storey) 500 mm X 500 mm
7. Size of columns (from sixteenth storey to nineteenth stoery) | 400 mm X 400 mm
8. Thickness of floor slab 150 mm
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Square shape prototype building is assumed to have plan dimension of 20 m x 20 m.
Bay width is taken as 5 m in both directions. Thus this building has 16 square blocks of 5 m x
5m dimension (Fig. 6.1). Plus Shape-1 prototype building is obtained by removing 2 square
blocks from 2 corners of square shape building and placing them along another edge. Thus
this building has plan dimensions of 20 m x 25 m (Fig. 6.2). This also represents rectangular
plan building with corner cuts. Figure 6.3 indicates that Plus Shape-2 building has cross-
sectional dimension of 20 m x 30 m.

I-shape-1 building has plan dimension of 20 m x 25 m as in the case of Plus Shape-1
building, but 4 blocks are placed differently at 4 corners.

Plan dimensions of Fish Shape-1, Fish Shape-2 and Fish Shape-3 buildings are 20 m x
35m, 25 m x 25 m and 25 m x 25 m respectively (Figs. 6.5 to 6.7).
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Fig. 6.1 Ground floor plan of Square Shape building

248



- 20m -

Fig. 6.2 Ground floor plan of Plus Shape-1 building
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Fig. 6.3 Ground floor plan of Plus Shape-2 building
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Fig. 6.6 Ground floor plan of Fish Shape-2 building
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Fig. 6.7 Ground floor plan of Fish Shape-3 building
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Figures 6.8 to 6.14 represent front elevations and isometric views of all seven
prototype buildings.
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Fig. 6.8 Elevation and isometric view of Square Shape building
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Fig. 6.9 Elevation and isometric view of Plus Shape-1 building
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257



|-5 nl-{-ﬁm-{-ﬁm-{-ﬁm-{-ﬁm-{

N
SUUDUUUSNNNNNNSRNRNA
177777777777777777 %"
SSSSSSSSSSSSSSSSSSH
(TS
SSSSSSSSSSSSSSSSSSH,
/77777777777777777 5"

T L
L
e
W =
i

hilm

Isometric View

Elevation

Fig. 6.14 Elevation and isometric view of Fish Shape-3 building

258



6.3 CALCULATION OF WIND LOADS ON PROTOTYPE BUILDINGS

Wind loads at each node of all seven prototype buildings are calculated from the
experimentally obtained mean wind pressures at different pressure points on the building
models. Method followed in evaluating wind load is described below.
Step -1 Evaluation of pressure acting on model at various points as described in Chapter-3

using the expression
Py moa = 13.29 X Baratron reading X Baratron range (%) ................ (5.1

Step -2 Evaluation of wind velocity at various levels on model during the wind tunnel test
Step -3 Evaluation of wind velocity on prototype building at various storey levels using

relation

Where,

Y, = atmospheric boundary layer depth

u, = free stream wind velocity corresponding to the boundary layer depth

y = any storey height

u = wind velocity on the structure at any height y

n = power law index

The building is considered to be located in terrain category — Il and zone — V, open
terrain with well scattered obstructions having heights generally between 1.5 to 10 m. The
power law index obtained during the experiments is 0.22. As the building is in zone — V, the
basic wind velocity at 10 m height above mean ground level is considered as 50 m/s for 50
year return period [IS : 875 (part - 3), 1987].
Step — 4 Evaluation of pressure on prototype as

2
Pry,proto . <Vy,prot0>

P ry,mod Vy,mod

or,

2

V,

_ y,proto

Pryproto = Prymoa X [Z2Z22) oo (5.3)
Vy,mod

Step — 5 Finally wind force at various nodal points is obtained as

oy pT0t0 K A e, (5.4)
F, »roto = Static load on the building structure at any height y corresponding to strip area A.,

F. y,proto

Py, »roto = Pressure on the building at any height y,
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Py, moa = Pressure on the corresponding model at any height y,
Vy, proto = Velocity on the corresponding building at any height y,
V, moa = Velocity on the corresponding model at any height y,

A, = effective frontal area (strip) area considered for the building at height y,

6.4 RESPONSE UNDER ISOLATED CONDITION
6.4.1 Square Shape Building
6.4.1.1 Forces in columns

Response of square plan shape building (Fig. 6.8) subjected to wind loads under
isolated condition is evaluated for 4 wind directions namely 0°, 30, 60° and 90°. In order to
study the influence of wind incidence angles on the structural response, attention is given on
certain internal stress resultants which includes axial force, twisting moment, Mx (global) and
My (global) on three columns which are denoted as column-A, B and C (Figs. 6.15 to 6.26).
In addition to these parameters, lateral deflections of these 3 columns in X-direction are also
observed (Figs. 6.27 to 6.29). Effect of wind incidence angles on all these parameters are
studied and reported in this article.

It is seen from Fig. 6.15 that axial force on central column i.e. column-A of square
plan shape building increases linearly from top to bottom but does not vary with the change
in wind incidence angle. Maximum axial force (6,800 kN) is observed at the ground level. In
case of column-B (Fig. 6.16), axial force is not affected by wind incidence angle above 45 m
height i.e. in top 25% of the height of the column. In the lower part, effect of wind incidence
angle on axial force in column-B increases with decrease in height of the column. The axial
force is minimum (5,200 kN) at 90° wind incidence angle and it is maximum (5,800 kN) at
30° wind incidence angle. For column-C (Fig. 6.17), variation of the axial force is similar to
that of column-B, but maximum (4,600 kN) and minimum (4,400 kN) axial force are
observed at 30° and 90° wind incidence angles repectively. Large variation due to wind
incidence angle is seen in lower 75% height of the column above which the values match
with each other.

Figure 6.18 shows the effect of the wind attack on twisting moment developed in
central column i.e. column-A of square plan shape building. Due to symmetry of the structure
almost zero torsional moment is observed along the height of the column at 0° and 90° wind
incidence angles. Further, it is seen from the figure that torsional forces are large at other
wind incidence angles. At 30° and 60° wind incidence angles, maximum twisting moment is
noticed at around 17% height of the column from the base, and then torsional values suddenly
drop to the bottom end. Almost zero torsion is observed near the top of the column in all the
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cases. Figures 6.19 and 6.20 show the effect of the wind incidence angle on twisting moment
on column-B and C respectively. Moment variation pattern in these cases are similar to
column-A.

Figures 6.21 to 6.23 present comparison of the moment about ‘X’ axis (Mx) at
different wind incidence angles on column-A, B and C respectively. It is seen from Fig. 6.21
that maximum Mx is observed at 30° wind incidence angle and minimum moment i.e. zero at
90° wind incidence angle in column-A. Variation of Mx with wind incidence angle in case of
column-B and column-C are comparable (Figs. 6.22 and 6.23) with maximum value at 30°
wind incidence angle and minimum at 90° angle. There is no influence of wind incidence
angles on Mx near the top of these columns.

Figures 6.24 to 6.26 show the comparison of My, i.e. moment about ‘Y’ axis at
varying wind incidence angles on column-A, B and C respectively. At 0° wind incidence
angle, zero moment is observed along the height of the column in case of column-A and B.
Maximum My is observed in column-A and B at 90° wind angle. In column-C, pattern of
variation of moment My is different, but it is also maximum at 90° wind angle and minimum

at 0° angle as in the case of column-A and B.

6.4.1.2 Displacement of columns

Horizontal displacement of column-A, B and C at every floor level under different
wind incidence angles are obtained during the analysis. The results are shown in Figs. 6.27 to
6.29. Maximum deflection in column-A and B is around 0.07% of height of the building and
around 0.06% in column-C.
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6.4.2 Plus Shape-1 Building
6.4.2.1 Forces in columns

Response of Plus Shape-1 building is evaluated under different wind incidence angles
namely 0°, 30°, 60° and 90°. It is seen from Fig. 6.30 that axial force in column-A does not
vary with wind incidence angle. It linearly increases from top to bottom. Axial force in lower
parts of column-B and column-C are affected by wind directions, although of small
magnitude (Figs. 6.31 and 6.32).

Figures 6.33 to 6.35 show the variation of twisting moment Mz with height of the
building. It is observed from Fig. 6.33 that little amount ot torsional force is observed in
column-A at 30° wind attack, and for rest of wind incidence angles it is almost zero.
Maximum twisting moment in column-B (Fig. 6.34) is observed at 60° wind incidence angle
with smaller values at other angles. Similar torsional forces are observed in case of column-C
(Fig. 6.35).

Figures 6.36 to 6.38 show the moment about ‘X’ axis for column-A, B and C
respectively. It can be seen from the figures that maximum moment Mx is observed at 0°
wind incidence angle and zero moment at 90° wind incidence angle in all columns.

Effect of wind incidence angle on My in column-A, B and C are shown in Figs. 6.39,
6.40 and 6.41 respectively. Maximum moment and minimum moment are observed at 90°
and 0° wind incidence angles respectively in all 3 columns. Numerically, value to My is

maximum in column-B amongst these 3 columns and minimum in column-A.

6.4.2.2 Displacement of columns

Horizontal displacement of column-A, B and C at every floor level under different
wind incidence angles are obtained during the analysis. The results are shown in Figs. 6.42 to
6.44. As expected, maximum displacemtn in X-direction is observed at 0° wind incidence
angle and zero displacement at 90° in all columns. Maximum deflection is around 0.07% of
height of the building.
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6.4.3 Plus Shape-2 Building
6.4.3.1 Forces in columns

Effect of wind incidence angle on axial force in column-A, B and C can be seen in
Figs. 6.45 to 6.47 respectively. In case of column-A (Fig. 6.45), maximum axial force is
observed at 90° wind incidence angle and minimum at 0° degree wind incidence angle.
Column-B (Fig. 6.46) is subjected to same axial force at every wind incidence angle. In case
of column-C (Fig. 6.47), it is observed that maximum axial force is observed at 0° wind
incidence angle. However, axial force is same at all wind incidence angles above 80% height.

Figures 6.48 to 6.50 show variation of twisting moment (Mz) along the height of
column-A, B and C of Plus Shape-2 building at varying angle of wind attack. Similar
moment variation pattern is observed along the height of column-A, B and C. Mz is almost
zero on column-A, B and C at 0° and 90° wind incidence angles and maximum at 60° angle.

Moment about ‘X’ axis i.e. Mx and moment about ‘Y’ axis i.e. My are shown in Figs.
6.51 to 6.56 with respect to the varying wind incidence angle on column-A, B and C. In case
of column-A both Mx and My are maximum at 90° angle. Moment about X’ axis in column-

B is zero at 90° angle and My is zero at 0° wind incidence angle.

6.4.3.2 Displacement of columns

Horizontal displacement of column-A, B and C at every floor level under different
wind incidence angles are obtained during the analysis. The results are shown in Figs. 6.57 to
6.59. As expected, maximum displacement in X-direction is observed at 0° wind incidence
angle and zero displacement at 90°. Maximum deflection observed is around 0.125% of
height of the building.
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6.4.4 1-Shape-1 Building
6.4.4.1 Forces in columns

Axial force in column-A, B and C of I-shape-1 building at different wind incidence
angles are shown in Figs. 6.60 to 6.62 respectively. In case of column-A (Fig. 6.60), axial
force gradually increases with increase in wind incidence angle in the lower 80% height of
the column. Above 80% height, axial force is same at all wind incidence angles. In case of
column-B (Fig. 6.61), axial force remains same at all wind incidence angles. For column-C
(Fig. 6.62), axial force is approximately similar at 30° and 60° wind incidence angles.
Maximum axial force is observed at 60° wind incidence angle and minimum at 90° angle.

Figures 6.63 to 6.65 show the variarion of torsional moment Mz along the height of
column-A, B and C at varying angle of wind attack. At 0° and 90° wind incidence angles,
twisting moment is zero and it is maximum at 30° wind incidence angle.

Moment about ‘X’ axis i.e. Mx is plotted along the height and is shown in Figs. 6.66
to 6.68 for column-A, B and C respectively. Mx is minimum at 0° wind incidence angle in
column-A which increases with increase in wind incidence angle (Fig. 6.66). It is maximum
at 90° wind angle of attack. In case of column-B (Fig. 6.67), it is observed that zero moment
occurs at 90° wind incidence angle and maximum moment at 0° wind incidence angle. For
column-C (Fig. 6.68), maximum moment is observed at 0° wind incidence angle and
minimum at 90° angle.

Moment about ‘Y’ axis i.e. My is plotted along the height with respect to wind
incidence angle for column-A, B and C shown in Figs. 6.69 to 6.71 respectively. For column-
A (Fig. 6.69), almost same values of My is observed at 60° and 90° wind incidence angles.
Similar moment variation pattern is observed along the height of column-B and C. Moment
My is maximum at 60° angle and is minimum at 0° angle in case of column-B as well as

column-C.

6.4.4.2 Displacement of columns

Horizontal displacement of column-A, B and C at every floor level under different
wind incidence angles are obtained during the analysis. The results are shown in Figs. 6.72 to
6.74. As expected, maximum displacement in X-direction is observed at 0° wind incidence
angle and zero displacement at 90°. Maximum deflection is around 0.09% of building height

in all columns.
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6.4.5 Fish Shape-1 Building
6.4.5.1 Forces in columns

Figures 6.75 to 6.77 present the comparison of axial force on three typical columns
namely column-A, B and C of Fish Shape-1 building respectively. Axial force in all columns
is highly affected by wind incidence angle. In case of column-A (Fig. 6.75), minimum axial
force is observed at 0° wind incidence angle which increases gradually with increase in wind
incidence angle. In case of column-B (Fig. 6.76), it is observed that maximum axial force is
observed at 0° wind incidence angle and minimum at 180°. Maximum axial force is observed
at 60° wind incidence angle in case of column-C (Fig. 6.77).

Torsional moment Mz developed in column-A, B and C are shown in Figs. 6.78 to
6.80 respectively. Similar moment variation pattern is observed in all columns with
maximum twisting moment at 150° wind incidence angle. Twisting moment is zero near top
portion of the columns.

Moment about ‘X’ axis i.e. Mx plotted along height is shown in Figs. 6.81 to 6.83 for
column-A, B and C respectively. Moment Mx is maximum at 180° wind incidence angle and
minimum at 0° in case of column-A. For column-B and C similar pattern is observed for
moment Mx with maximum value at 0° wind incidence angle but difference in magnitude is
large.

My i.e. moment about ‘Y’ axis are plotted in Figs. 6.84 to 6.86 along the height for
column-A, B and C respectively. From 80% height to top end, same moment variation is
observed at all wind incidence angles in case of column-A, B and C but the magnitude is
different for lower parts. For column-A, maximum moment is observed at 90° wind incidence
angle and minimum at 0° wind incidence angle. For column-B and C, maximum moment is

approximately same.

6.4.5.2 Displacement of columns
In case of Fish Shape-1 building, deflection of columns are not exactly zero, but close

to zero (Figs. 6.87 to 6.89) at 90° angle. It is maximum at 0° wind incidence angle.
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6.4.6 Fish Shape-2 Building
6.4.6.1 Forces in columns

Variation of axial force in column-A, B and C with wind incidence angle is shown in
Figs. 6.90 to 6.92. Influence of wind incidence angle on axial force in columns is not much.

Figures 6.93 to 6.95 represents variation of torsional moment Mz in these three
columns with angle of wind attack. It is maximum in all columns at 120° wind angle followed
by its value at 90° angle.

Effects of wind incidence angle on moment about ‘X’ i.e. Mx can be seen in Figs 6.96
to 6.98 for column-A, B and C respectively. Variation of My, i.e. moment about ‘Y’ axis is
shown in Figs. 6.99 to 6.101. Mx is highly influenced by wind incidence angle. It is
maximum at 180° wind angle in column-A, whereas it is maximum at 0° angle in column-B
and C. My is also highly influenced by wind direction. It is maximum at 90° angle in column-

A with very close values at 60° angle. In case of column-B and C, it is maximum at 60° angle.

6.4.6.2 Deflections of columns
In case of Fish Shape-2 building (Figs. 6.102 to 6.104), horizontal deflection is

maximum at 180° angle in all columns. It is almost zero at 90° angle.
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6.4.7 Fish Shape-3 Building
6.4.7.1 Forces in columns

Response of Fish Shape-3 building under wind loads at 7 wind incidence angles is
obtained and variation of axial force, twisting moment Mz, moment about ‘X’ axis i.e. Mx
and moment about ‘Y’ axis i.e. My with wind incidence angle are plotted in Figs. 6.105 to
6.116.

Axial force in face column, i.e. column-A and corner column, i.e. column-C are
affected by wind incidence angles. Whereas axial force is maximum at 150° wind angle in
column-A, it is maximum at 60° angle in column-C. Axial force in central column, i.e.
column-B, is not affected by wind incidence angle.

Twisting moment, Mz, is maximum at 90° angle in all three columns.

Moment about ‘X’ axis, i.e. Mx in column-B and C is maximum at 0° wind incidence

angle. My is maximum at 90° angle in all three columns.

6.4.7.2 Deflections of columns

Horizontal displacement in X-direction in case of Fish Shape-3 building in all three
columns is highly influenced by wind direction. It is maximum at 180° angle followed by the
value at 0° angle (Figs. 6.117 to 6.119). It is minimum at 90° angle.
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6.5 RESPONSE UNDER INTERFERENCE CONDITION
6.5.1 Square Shape Building
6.5.1.1 Forces in Columns

Response of square shape building is measured under three interference conditions
also namely full blockage, half blockage and no blockage (Fig. 6.120). Figures 6.121 to 6.123
show the effect of interfering building on axial forces in case of column-A, B and C
respectively. In case of column-A i.e. central column, axial force remains same at each
interference condition (Fig. 6.121). There is no effect of interfering building on axial force in
central column. In case of column-B, i.e. edge column (Fig. 6.122), minimum axial force is
observed in full blockage interference condition and maximum at no blockage interference
condition which is as close as value in isolated condition. In case of column-C, i.e. corner
column (Fig. 6.123), similar variation pattern of axial force is observed but the magnitudes
are slightly less than that in column-B. In full blockage interference condition, the square
shape building is fully covered by interfering building and hence the axial forces in column-B
and C are minimum in this condition. Values of axial force in column-B and C in no blockage
condition are quite close to respective value of axial force in isolated condition. At other two
interference conditions, value of axial force is less than that in isolated condition, which
indicates that there is advantage of shielding in case of axial force in columns.

Wind interference effect on twisting moment Mz is shown in Figs. 6.124 to 6.126 for
column-A, B and C respectively. Similar moment variation pattern is observed in all columns
with maximum twisting moment under half blockage condition. It is further noticed that Mz
is maximum at around 17% height from the bottom end and zero at the top end.

Moment about ‘X’ axis i.e. Mx plotted along the height is shown in Figs. 6.127 to
6.129 on column-A, B and C respectively. Maximum moment is observed in column-A at no
blockage interference condition which is very close in magnitude to the value in case of
isolated condition (Fig. 6.127). In case of column-B (Fig. 6.128) maximum moment is
observed at no blockage interference condition and minimum at full blockage condition. In
case of column-C, Mx is almost zero in full blockage condition and maximum at no blockage
condition (Fig. 6.129). Moment My i.e. moment about ‘Y’ axis are shown for column-A, B
and C in Figs 6.130 to 6.132 respectively. Figure 6.130 indicates that maximum moment is
observed in column-A at no blockage interference condition followed by its value at half
blockage condition. My is zero at full blockage interference condition as well as isolated
condition. In case of column-B (Fig. 6.131) and column-C (Fig. 6.132), maximum moment is
observed at half blockage wind interference condition and minimum at full blockage

condition.
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6.5.1.2 Displacement of columns

In case of interference conditions, horizontal displacement in X-direction of all three
columns in Square Shape building is less than that in case of isolated condition. In case of full
blockage interference condition, the building and thus all three columns move in —ve X-
direction (Figs. 6.133 to 6.135).
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6.5.2 Plus Shape-1 Building
6.5.2.1 Forces in columns

As in the case of Square Shape building, response of Plus Shape-1 building is also
obtained under three interference conditions namely full blockage, half blockage and no
blockage (Fig. 6.136). Interference effect on axial force is observed in column-A, B and C.
Axial force values are similar at all interference conditions along height in case of column-A
(Fig. 6.137). Maximum axial force observed in column-A of this building is greater than that
in Square Shape building. In case of column-B (Fig. 6.138) and column-C (Fig. 6.139), there
is very small effect of interference on axial force.

Variation of twisting moment pattern are similar for all columns namely column-A, B
and C, as shown in Figs. 6.140 to 6.142 respectively. Maximum torsional moment is
observed at half blockage interference condition and at around 10% height from the bottom
end. In case of isolated and full blockage wind interference condition, torsional moment is
almost zero thoroughout the height.

Figures 6.143 to 6.145 show the variation of moment Mx along height for column-A,
B and C respectively. Figure 6.143 indicates that maximum moment is observed at isolated
condition in case of column-A and minimum moment Mx is observed at full blockage wind
interference condition. There is very small effect of interference on Mx in column-B.
Similarly there is large effect of interference on My in column-A (Fig. 6.146), but there is
small effect on My in column-B (Fig. 6.147) and column-C (Fig. 6.148).

6.5.2.2 Displacment of columns
As in the case of Plus Shape-1 building, all three columns have —ve deflection in full
blockage interference condition. Similarly, numerical values of deflection in all interference

conditions are less than that in case of isolated condition (Figs. 6.149 to 6.151).
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6.5.3 Plus Shape-2 Building
6.5.3.1 Forces in columns

Effects of interference (Fig. 6.152) on axial force in column-A, B and C of Plus
Shape-2 building can be seen in Figs. 6.153 to 6.155 respectively. It is noticed that whereas
axial force in edge column i.e. column-A and corner column i.e. column-C are affected by
interference conditions, the same in central column i.e. column-B is not affected. Variation of
Mz due to interference can be seen in Figs. 6.156 to 6.158. It is maximum in half blockage
interference condition. Further, values of twisting moment in other conditions are almost
zero. Influence of interference on Mx is shown in Figs. 6.159 to 6.161 and on My in Figs.
6.162 to 6.164. Mx in case of all three columns are highly influenced by blockage condition.
It in case of edge column, i.e. column-A is maximum at full blockage interference condition.
It is maximum in isolated condition in case of central column, i.e. column-B and corner
column, i.e. column-C. Values of Mx in no blockage condition in both these columns are
slightly less than that in isolated condition.

Moment about ‘Y’ axis, i.e. My is not affected much by blockage condition in case of
edge column i.e. column-A. Its value is maximum in half blockage condition in both central

and corner columns, i.e. column-B and C.

6.5.3.2 Displacment of columns

Columns in Plus Shape-2 building also show similar deflection pattern as Square
Shape and Plus Shape-1 buildings (Figs. 6.165 to 6.167). All three columns under
consideration show maximum deflection in isolated condition. Values of deflection in no
blockage condition are slightly smaller than but close to corresponding values in isolated

condition.
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6.5.4 1-Shape-1 Building
6.5.4.1 Forces in columns

Figures 6.169 to 6.180 show the results of force and moments for column-A, B and C
in isolated condition and three interference conditions namely full blockage, half blockage
and no blockage (Fig. 6.168). Axial force, twisting moment, moment about ‘X’ and ‘Y’ axis,
all are plotted along the height to check the effects of wind forces at each floor of I-Shape-1
building. Figures 6.169 to 6.171 show the plot of axial force in column-A, B and C
respectively. Whereas blockage conditions have no effect on axial force in central column i.e.
column-B, it have small effects on axial forces in edge column i.e. column-A and corner
column i.e. column-C.

Variation of twisting moment Mz can be seen in Figs. 6.172 to 6.174. All three
columns under consideration are subjected to similar values of twisting moment at different
interference conditions. All of them are subjected to maximum twisting moment in half
blockage condition.

Moment about ‘X’ axis i.e. Mx is shown in Figs. 6.175 to 6.177 for column-A, B and
C respectively. There is large influence of interference on moment about ‘X’ axis in all
columns. Whereas Mx in edge column is maximum at full blockage condition, its values in
central column and corner column are maximum at isolated condition. Values of Mx in these
two columns in no blockage condition are slightly less than those in isolated condition.

Moment My drawn with repsect to height are shown in Figs. 6.178 to 6.180. My in
column-A and column-C is maximum in half blockage condition. Its value in column-B is

maximum in full blockage condition which is as close as the value in isolated condition.

6.5.4.2 Displacement of columns
In case of 1-Shape-1 building also, all three columns move in —ve X-direction at full
blockage condition (Figs. 6.181 to 6.183). Deflection in +ve X-direction is maximum at

isolated condition in all columns, followed by its value in no blockage condition.
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6.5.5 Fish Shape-1 Building
6.5.5.1 Forces in columns

Axial forces in column-A, B and C are calculated under wind load at four wind
interference conditions namely back-to-back, back-to-front, front-to-back and front-to-front
for Fish Shape-1 building and compared the values with those of 2 isolated cases namely 0°
and 180° wind attack (Fig. 6.184). Variation of axial force along height is shown for column-
A, B and C in Figs. 6.185 to 6.187 respectively. Axial force in front column i.e. column-A is
maximum in isolated 180° case. Axial force in back edge column i.e. column-B and back
corner column i.e. column-C are maximum at isolated 0° condition.

Moment about ‘X’ axis i.e. Mx along the height are shown in Figs. 6.188 to 6.190. It
is highly influenced by interference condition. Mx is maximum at isolated 180° condition in
column-A, isolated 0° condition in column-B and C.

Figures 6.191 to 6.193 show the variation of moment My with respect to height in
case of column-A, B and C respectively. Influence of interference condition on My is not

much.

6.5.5.2 Displacement of columns
Response of Fish Shape-1 building is obtained under 2 isolated conditions and 4
interference conditions. Horizontal displacements of all three columns in all four interference

conditions are less than those in two isolated conditions (Figs. 6.194 to 6.196).
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6.5.6 Fish Shape-2 Building
6.5.6.1 Forces in columns

Analytical results for Fish Shape-2 building are shown in Figs. 6.198 to 6.206. Axial
force in face column, i.e. column-A is maximum at isolated 180° condition. Axial force in
back edge column, i.e. column-B and back corner column i.e. column-C are maximum at
isolated 0° condition. Values of axial force in all three columns fall between the values for
isolated 0° and isolated 180° condition.

There is large effect of interference on the values of moment about ‘X’ axis in all
three columns. Mx is maximum in isolated 180° condition in column-A, in isolated 0°
condition in column-B and C

There is not much influence of blockage on My in column-A and C. Its influence on

column-B is large.

6.5.6.2 Displacement of columns

Interference effect on horizontal displacement of columns in Fish Shape-2 building
can be seen in Figs. 6.207 to 6.209. Horizontal displacements in interference conditions in all
columns are less than corresponding values in isolated condition, which implies that blockage
is beneficial so far as deflection of columns is concerned. Maximum displacement is

observed in isolated 180° case followed by isolated 0° condition.
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6.5.7 Fish Shape-3 Building
6.5.7.1 Forces in columns

Wind interference effects on forces in column-A, B and C of Fish Shape-3 building
can be seen in Figs. 6.211 to 6.219. Whereas axial forces in column-A and column-C are
affected by blockage condition, axial force in column-B is not affected.

Moments about ‘X’ axis, i.e. Mx in all columns are influenced by interference
condition. There is reduction in values of Mx due to interference. Blockage has not much of

influence on My values.

6.5.7.2 Displacement of columns

Figures 6.220 to 6.222 show the deflected shapes of column-A, B and C respectively
under 4 interference conditions and 2 isolated conditions. Deflection values in interference
conditions are very small as compared to those in isolated conditions. Deflection values in
isolated 180° condition are slightly more than corresponding values in isolated 0° condition in

all 3 columns.
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Chapter - 7
CONCLUSIONS

7.1 GENERAL

The preceding chapter of this thesis covers a study of the effects of wind on high-rise
buildings with different cross-sectional shapes. Detailed study is made to determine the peak
pressure around the buildings and behavior of building on wind loads. The rigid models are
used for force measurement and Perspex sheet models are used for pressure measurement. A
high degree of accuracy achieved in the present wind tunnel study. Response study is also
made to compute the along-wind and across-wind mean wind response of such buildings.

On the basis of experimental and analytical studies carried out, significant findings of

the present study are summarized below.

7.2 EXPERIMENTAL STUDY - FORCE MEASUREMENTS
7.2.1 Isolated Condition
7.2.1.1 Square Shape building
1. Base shear Fy, i.e. along wind force is maximum at 45° wind incidence angle, i.e.
when wind hits perpendicular to the diagonal.
2. Base shear Fy, i.e. across wind force is maximum at 30° and 75° wind incidence
angles.
3. Twisting moment M, is maximum at 15° and 75° wind angles.
4. There is negligible effect of wind incidence angle on the value of drag force

coefficient Cg.

7.2.1.2 Plus Shape-1 building
1. Base shear Fyis maximum at 45° wind angle and minimum at 75°.
2. Base shear Fyis maximum at 60° angle.
3. Twisting moment M, is maximum at 30° angle.
4

. Cqvaries significantly with wind angle.

7.2.1.3 Plus Shape-2 building
1. Base shear Fy is maximum at 0° wind incidence angle and it falls sharply from 0° to
90%angles.
2. Base shear Fy is maximum at 15° angle.

3. Twisting moment M, is maximum at 60° wind incidence angle.
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4.

Cq is maximum at 0° wind incidence angle which falls drastically with increase in

wind angle.

7.2.1.4 1-Shape-1 building

1.
2.

Value of Fyis maximum at 45° angle.

Variation of F, between 0° and 45° is small as compared to its variation between 45°
and 90° wind incidence angles.

Fy is maximum at 15° wind angle.

M, is maximum at 30° angle.

Cq is not much affected by wind incidence angle.

7.2.1.5 I-Shape-2 building

1.

F. is maximum at 45° angle with small variation between 0° and 45°, as compared to
the variation between 45° and 90°.

F, is maximum at 75° angle.

M, is maximum at 15° and 75° angles.

There is very small influence of wind incidence angle on the value of Cy.

7.2.1.6 Fish Shape-1 building

1.
2
3.
4. Cqis highly influenced by wind incidence angle and it is maximum at 180° wind

F, is maximum at 180° wind incidence angle.
F, is maximum at an angle between 135° and 150°.

M, is maximum at 90° angle.

angle.

7.2.1.7 Fish Shape-2 building

1.
2
3.
4. Cqis highly affected by wind incidence angle.

F, is maximum at 75° wind incidence angle.
Fy is maximum at 45°, 90° and 135° anglles.

M, is maximum at 135° angle.

7.2.1.8 Fish Shape-3 building

1.

2
3
4.
5

Effect of wind incidence angle on Fis small.
F, is maximum at 90° angle.

F, is maximum at 135° angle.

M, is maximum at 90° wind angle.

Effect of wind incidence angle on Cyq is not appreciable.
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7.2.1.9 Comparison of forces on buildings with different cross -sectional shapes

1.

10.

11.

I-shape-2 building is subjected to maximum along wind force i.e. Fy, followed by Plus
shape building which is very close in magnitude.

I-shape-1 building is subjected to intermediate value of Fy,

Square shape and Plus shape-1 buildings are subjected to minimum Fy

Maximum value of Fy in case of I-Shape-2 building is almost 1.5 times that on I-
Shape-1 building and 1.8 times that on square shape and Plus Shape-1 buildings.
Variation of Fx with wind incidence angle is maximum in case of Plus Shape-2
building where maximum value of Fy is almost 3 times minimum value.

Out of Fish Shape-1, Fish Shape-2 and Fish Shape-3 buildings, along wind force, i.e.
Fx is maximum on Fish Shape-1 building.

Fx on Fish Shape-2 and Fish Shape-3 buildings varies within a small range with wind
incidence angle as compared to variation of F, on Fish Shape-1 building.

It is not only F, twisting moment M; is also maximum on I-Shape-2 building.

Out of Fish shape-1, Fish shape-2 and Fish shape-3 buildings, Mz is maximum on
Fish Shape-1 building as is the case with Fy also.

Drag coefficient C4 is maximum on Plus Shape-2 building out of square shape, Plus
Shapes and I-shapes buildings in isolated condition.

Cq4 on Fish Shape-1 building is maximum out of all Fish Shape buildings in isolated

condition.

7.2.2 Interference Condition

7.2.2.1 Square Shape building

1.

Both base shears i.e. Fx and Fy, and thus both base moments i.e. My and My are
maximum in no blockage wind interference condition.

Twisting moment M, is maximum in half blockage condition followed by no
blockage condition.

Drag coefficient C4 is maximum in no blockage condition.

7.2.2.2 Plus Shape-1 building

1.
2.
3.

Both F, and F, are maximum in no blockage condition.
M is maximum in half blockage condition.

Cq is maximum in no blockage condition.

7.2.2.3 Plus Shape-2 building

1.

Fx and My are maximum no blockage condition.
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2. Fy, Myand M, are maximum in half blockage condition.

3. Cg4is maximum in no blockage condition.

7.2.2.4 1-Shape-1 building

1. Fxand My are maximum in no blockage condition.

2. Values of Fyand My are not influenced by interference conditions.
3. Mg is maximum in half blockage condition.
4

. Cq1s maximum in no blockage condition.

7.2.2.5 1-Shape-2 building
1. Both base shears i.e. Fx and Fy, both base moments i.e. My and My, and twisting
moment M, are maximum in no blockage condition.

2. Drag coefficient Cg4 is also maximum in no blockage condition.

7.2.2.6 Fish Shape-1 building
1. Fxand My are maximum at front-to-back condition.
2. Fy, My and M, are maximum at front-to-front condition.

3. Cg4is maximum at front-to-back condition.

7.2.2.7 Fish Shape-2 building
1. Fx, Myand M, are maximum at front-to-back condition.
2. Fyand My are maximum at front-to-back condition.
3. Although Cq4 value is maximum at front-to-back condition, its values at other

interference conditions also are of almost same magnitude.

7.2.2.8 Fish Shape-3 building
1. Fy Fy, My and My are maximum at back-to-back condition.
2. M is maximum at back-to-front condition.
3. Cqy is maximum in Back-to-back condition.

7.2.2.9 Comparison of Cq4 on buildings with different cross-sectional shapes
1. Ininterference condition, out of Square Shape, Plus Shapes and I-Shapes buildings, I-
Shape-2 building has maximum Cjy in full blockage and no blockage conditions.
2. Cq4 is maximum on Plus Shape-1 building in half blockage wind interference
condition.
3. All Fish Shape buildings have almost same Cq4 in back-to-back wind interference

condition.
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4.

Amongst all Fish Shape buildings, Fish Shape-1 building has maximum Cgq in all

remaining three interference conditions.

7.3 EXPERIMENTAL STUDY - PRESSURE MEASUREMENTS
7.3.1 Isolated Condition
7.3.1.1 Square Shape building

1.

A

When wind flow is perpendicular to the windward face, pressure occurs on it and
suction occurs on all other faces.

The positive wind pressure observed on windward face increase from bottom to near
top edge of the face due to increase in wind velocity with height.

Maximum positive pressure is observed along the center line of the windward face
which decreases towards the edges.

Near the top edge of windward face, pressure reduces due to upwash.

Suction on side faces reduces towards leeward edge.

Leeward face is subjected to uniform suction.

Values of pressure and suction on all faces changes with change in wind incidence

angle.

7.3.1.2 Plus Shape-1 building

1.

Pressure occurs on windward face and suction occurs on parallel side faces and
leeward face under wind incidence angle of 0°.

Even cut corners on windward faces are subjected to suction.

Pressure on windward face decreases with the increase in wind incidence angle.
Maximum suction is observed in a cut corner on leeward side at a skew angle of wind
attack.

Maximum pressure on Plus Shape-1 building is less than that on Square Shape
building.

Value of maximum suction on Plus Shape-1 building is greater than that on Square

Shape building.

7.3.1.3 Plus Shape-2 building

1.

Entire windward face including cut corners are subjected to pressure due to long
length of cut corners, when wind hits perpendicular to long wall.

Suction is noticed on parallel side faces and leeward faces.

At skew angles and also when wind hits perpendicular to a short wall, most of the

surfaces are subjected to suction.
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7.3.1.4 1-Shape-1 building

1.

When wind hits the building perpendicular to long wall, windward face is subjected to
pressure. Side faces and leeward face are subjected to suction.

Suction is maximum in the cut regions on side walls.

At other wind angles, very small portion of the building is subjected to pressure. Most

of the areas are subjected to suction.

7.3.1.5 Fish Shape-1 building

1.

When wind hits the stepped face, all cut corners are subjected to pressure including
side faces.

It is only last side face and leeward face, which are subjected to suction.

When wind hits the flat surface, perpendicular to it, only windward flat surface is
subjected to pressure and all other areas are subjected to suction.

7.3.1.6 Fish Shape-2 building

1.

When wind hits the pointed end of the building, windward cuts are subjected to
pressure and all other surfaces are subjected to suction.

When wind hits the tail end, this surface is subjected to pressure and all other surfaces
are subjected to suction.

Pressure in the channel part is greater than corresponding value in case of Fish Shape-
1 building.

Even suction on side walls in this case is more than that in case of Fish Shape-1
building.

7.3.1.7 Fish Shape-3 building

1.

2.

When pointed end of Fish Shape-3 building is subjected to wind, both windward and
leeward faces are subjected to pressure and suction respectively of same magnitude of
Fish Shape-2 building.

When wind hits the tail end, side faces are subjected to suction of smaller magnitude

as compared to Fish Shape-2 building.

7.3.2 Interference Condition
7.3.2.1 Square Shape building

1.

2.

When wind flows in full blockage interference condition, all surfaces of the building
are subjected to suction with larger suction on windward face.

Maximum suction occurs near % height from the bottom on windward face.
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Part of the windward face is subjected to pressure and part suction under half
blockage interference condition.

Although almost entire windward face is subjected to pressure under no blockage
interference condition, the distribution is not symmetrical.

Suction on side faces and leeward face is higher in magnitude in no blockage

condition as compared to the other two cases.

7.3.2.2 Plus Shape-1 building

1.

In full blockage interference condition, all faces are subjected to suction, with
maximum suction on windward face near the top edge of the building.

At half blockage interference condition, leeward face and side faces are subjected to
suction whereas, windward face is subjected to partly pressure and partly suction.
Almost entire windward face is subjected to pressure at no blockage interference

condition.

7.3.2.3 Plus Shape-2 building

1.
2.

All surfaces are subjected to suction in full blockage interference condition.

Part of windward face is subjected to pressure and part suction at half blockage
interference condition.

At no blockage interference condition, windward face is subjected to positive
pressure.

Suction on leeward face is maximum in no blockage interference condition.

7.3.2.4 1-Shape-1 building

1.

In full blockage interference condition, all faces of the building are subjected to
suction.

In half blockage interference condition, windward face is subjected to partly pressure
and partly suction.

Almost entire windward face is subjected to pressure in no blockage interference
condition.

Out of three interference condition, suction on leeward face is maximum in no

blockage interference condition.

7.3.2.5 Fish Shape-1 building

1.
2.

Maximum suction occurs on large face at front-to-back interference condition.

Large face is subjected to minimum suction at front-to-front interference condition.
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7.3.2.6 Fish Shape-2 building

1.
2.

Suction on all faces vary with interference condition.

Minimum suction on rear face occurs at front-to-back interference condition.

7.3.2.7 Fish Shape-3 building

1.
2.

All faces are subjected to suction in all interference conditions.

Maximum suction on rear face occurs at back-to-back interference condition.

7.4 WIND RESPONSE ANALYSIS
7.4.1 Isolated Condition

7.4.1.1 Square Shape building

1.

Out of column-A, B and C, column-A i.e. central column, is subjected to maximum
axial force.

Axial force in column-A is not influenced by wind incidence angle.

In case of column-B and C, i.e. edge column and corner column, influence of wind
incidence angle is predominant in lower 75% height of the columns.

All three columns, namely column-A, B and C are subjected to maximum twisting at
30° wind incidence angle, followed by its value at 60° angle.

Twisting moment in all three columns are maximum at around 17% height of the
column from the base.

Moment about X-axis in all three columns are maximum at 30° wind incidence angle.
Moment about Y-axis in all three columns are maximum at 90° wind incidence angle.
Central column, i.e. column-A and edge column, i.e. column-B are subjected to
maximum deflection at 30° wind incidence angle, whereas corner column, i.e.
column-C is subjected to maximum deflection at 0° angle.

Maximum deflection in column-A and B is around 0.07% of height of the building

whereas it is around 0.06% in case of column-C.

7.4.1.2 Plus Shape-1 building

1.

Axial force in central column, i.e. column-A is not influenced by wind incidence
angle.

Axial force in lower parts of end columns namely column-B and column-C are
affected by wind direction, although of small magnitude.

End columns are subjected to maximum twisting at 60° wind incidence angle.
Moment about X-axis is maximum at 0° wind incidence angle and minimum at 90°

angle in all three columns.
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Moment about Y-axis is maximum at 90° angle and minimum at 0° in all columns.
Out of these three columns, column-B is subjected to maximum My, whereas column-
C is subjected to maximum M.

Maximum displacement in X-direction is observed at 0° wind incidence angle and
zero displacement at 90° angles in all three columns.

Maximum deflection is around 0.07% of height of the building in all columns.

7.4.1.3 Plus Shape-2 building

1.

Axial force in central column, i.e. column-B is not influenced by wind incidence
angle.

End columns are subjected to maximum axial force at 0° or 90° angle depending upon
its location.

All columns are subjected to maximum twisting at 60° wind incidence angle.

Moment about X and Y axes are highly influenced by wind direction.

All three columns under consideration are subjected to maximum deflection at 0°

wind incidence angle, with value being around 0.125% of height of the building.

7.4.1.4 | shape-1 building

1.

Axial force in edge column, i.e. column-A remains same in all wind incidence angle
above 80% height.

Below 80% height, axial force in column-A increases with wind incidence angle.
Thus it is minimum at 0° and maximum at 90° angle.

Axial force in central column, i.e. column-B is not affected by wind incidence angle.
In case of corner column, i.e. column-C, axial force is maximum at 60° angle and
minimum at 90° angle.

Twisting moment, M, is maximum at 30° wind incidence angle in all columns. M, is
almost zero at all other angles.

Moment about X-axis is minimum at 0° angle and maximum at 90° angle in column-
A

Mx in column-B is maximum at 0° angle and zero at 90° angle. It is maximum at 0°
angle and minimum at 90° in column-C.

Effect of wind incidence angle on My is similar on all three columns. It is maximum
at 60° angle and minimum at 0° angle.

All columns show maximum deflection at 0° angle. It reduces with increase in wind

angle and becomes zero at 90° angle.
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10. Maximum deflection is about 0.09% of building height in all columns.

7.4.1.5 Fish Shape-1 building

1.
2.
3.

Axial force in all columns are highly influenced by wind incidence angle.

Wind incidence angle, causing maximum axial force varies with location of column.
Whereas edge column, i.e. column-B is subjected to maximum axial force at 0° angle,
corner column, i.e. column-C is subjected to maximum axial force at 60° angle.
Twisting moment, M, is maximum in all three columns under consideration at 150°
wind incidence angle.

Moment about X-axis is maximum at 180° angle and minimum at 0° angle in case of
column-A.

M, is maximum at 0° angle in case of column-B and C with larger value in column-B
than column-C.

Moment about Y-axis, i.e. My, is maximum at 90° and minimum at 0° wind incidence
angle in column-A.

My in column-B and C are maximum at 60° angle with almost same value.

All three columns show maximum horizontal deflection at 0° wind incidence angle

which is followed by its value at 180° angle.

10. Influence of wind incidence angle on the horizontal deflection is a lot.

7.4.1.6 Fish Shape-2 building

1.
2.

Influence of wind incidence angle on axial force in columns is not much.

Twisting moment is maximum in all three columns at 120° wind incidence angle
followed by its value at 90° angle.

Moment about X-axis, i.e. My, is highly influenced by wind incidence angle.

M, is maximum at 180° angle in face column, i.e. column-A, whereas it is maximum
at 0° angle on tail columns i.e. column-B and C.

M, is maximum at 60° angle in all three columns.

Horizontal deflections in all columns are maximum at 180° angle and are almost zero

at 90° angle.

7.4.1.7 Fish Shape-3 building

1. Axial force in face column and corner columns are affected by wind incidence angles.

2.
3.

Axial force in central column is not affected by wind direction.

Twisting moment is maximum at 90° angle in all columns under consideration.
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Moment about X-axis is maximum at 0° angle and moment about Y-axis at 90° angle
in all three columns.
Horizontal deflection is maximum at 180° angle and minimum at 90° angle in all three

columns.

7.4.2 Interference Condition
7.4.2.1 Square Shape building

1.
2.

10.
11.

There is no effect of interference on axial force in central column.

Both edge column and corner column show similar pattern of axial force variation
under interference conditions with minimum value of axial force in full blockage
condition and maximum at no blockage condition.

Values of axial force in no blockage condition are quite close to respective value of
axial force in isolated condition in case of both edge column and corner column.
Similar twisting moment variation pattern is observed in all three columns under
consideration with maximum value under half blockage condition.

Twisting moment in all the columns are maximum at around 17% height from the
bottom.

Moment about X-axis is maximum in no blockage interference condition in all
columns which is very close in magnitude to the value in case of isolated condition.
Moment about Y-axis in central column is maximum at no blockage interference
condition, followed by its value at half blockage condition.

In case of edge column and corner column, moment about Y-axis is maximum at half
blockage condition and is minimum at full blockage condition.

Horizontal displacements of all three columns in X-direction under consideration in
all interference conditions are less than respective value in isolated condition.
Horizontal displacement is minimum in half blockage interference condition.

In case of full blockage interference condition, the entire building moves in negative

X-direction.

7.4.2.2 Plus Shape-1 building

1. Axial force in central column is not affected by interference condition.

2. Axial force in corner columns are affected by interference condition, although the

3.

influence is very small.
All three columns under consideration are subjected to maximum twisting moment in

half blockage interference condition.
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Maximum twisting moment in all columns occurs at around 10% height from the
base.

Moment about X-axis is maximum in isolated condition and minimum in full
blockage condition.

Effect of interference on moment about X-axis is maximum in central column.

There is large effect of interference on moment about Y-axis in central column,
although its effect on corner columns is small.

The entire building moves in negative X-direction in full blockage interference
condition.

Numerical values of deflection in all interference conditions are less than that in

isolated condition in all columns under consideration.

7.4.2.3 Plus Shape-2 building

1.

Axial forces in edge column and corner columns are affected by interference
conditions. However, the same in central column is not affected.

Twisting moment in all three columns under consideration are maximum in half
blockage interference condition.

Values of twisting moment in other blockage conditions are almost zero.

Moment about X-axis in edge column is maximum at full blockage interference
condition.

In case of central column and end columns, moment about X-axis is maximum in
isolated condition followed by its value in no blockage condition.

Moment about Y-axis is not affected much by blockage condition in case of edge
column.

In case of both central and corner columns, moment about Y-axis is maximum in half
blockage condition.

All three columns under consideration show maximum deflection in isolated

condition followed by its values in no blockage condition.

7.4.2.4 1-Shape-1 building

1.
2.

Axial force in central column is not affected by interference conditions.

Blockage conditions have small effects on axial forces in edge column and corner
column.

All three columns under consideration are subjected to maximum twisting moment in

half blockage condition.
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4. Whereas moment about X-axis in edge column is maximum at full blockage

condition, its values in central column and corner column are maximum at isolated
condition.
Moment about Y-axis in edge column and corner column are maximum in half
blockage condition. Its value in central column is maximum in full blockage
condition.
Horizontal deflection in all three columns is maximum in isolated condition followed

by its value in no blockage condition.

7.4.2.5 Fish Shape-1 building

1.
2.

Axial force in front column is maximum in isolated 180° case.

Axial force in back edge column and back corner column are maximum at isolated 0°
condition.

Moment about X-axis is highly influenced by interference condition. Its values in
different interference conditions are less than that in isolated condition in all three
columns under consideration.

Moment about Y-axis is not affected by interference conditions much.

Horizontal displacements of all three columns in all four interference conditions are
less than those in two isolated conditions. It is to say that there is beneficial effect of

interference on horizontal deflection of Fish Shape-1 building.

7.4.2.6 Fish Shape-2 building

1.
2.

Axial force in face column is maximum at isolated 180° condition.

Axial forces in back edge column and back corner column are maximum at isolated 0°
condition.

Values of axial force in all three columns under consideration fall between the values
for isolated 0° and isolated 180° condition.

Moment about X-axis is maximum in isolated 180° condition in face column, in
isolated 0° condition in back edge column and back corner column.

There is not much influence of blockage on moment about Y -axis in face column and
back corner column.

Moment about Y-axis in back edge column is highly affected by blockage condition.
Blockage reduces the horizontal displacements of all columns under consideration.
Maximum deflection occurs in isolated 180° condition followed by isolated 0°

condition.
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7.4.2.7 Fish Shape-3 building

1.

Whereas axial force in face column and back corner column are affected by blockage
condition, axial force in central column is not affected.

Moment about X-axis in all columns get reduced due to blockage.

Blockage has not much of influence on moments about Y-axis.

Deflection values in interference conditions are very small as compared to
corresponding values in isolated conditions, in all columns under consideration.
Deflection values in isolated 180° condition are slightly more than corresponding

values in isolated 0° condition in all columns.

7.5 MAJOR CONTRIBUTIONS / ACHIEVEMENTS

Following are the major contributions / achievements of the present study.

Very large amount of experimental data about the wind pressure distribution on
various surfaces of Square Shape, Plus Shape, I-Shape and Fish Shape building have
been generated which can be used by the designers while designing such buildings for
wind loads in both isolated as well as interference conditions.

Effect of sudden change in building stiffness, due to variation in cross sectional shape,
on the response of the buildings have been obtained analytically.

Effect of interference of one building block to another building block of same shape

have been quantified as a result of both experimental and analytical response study.

7.6 RECOMMENDATIONS FOR FUTURE RESEARCH

Based on the present study, it is recommended that further studies should be carried

out in the following areas.

1.

Study of interference effects on each building with couple of buildings of different
plan shapes in near vicinity.

Effects of aerodynamics modifications like openings, corner cut etc. on the wind
pressure distribution and response of all seven buildings.

Dynamic response analysis of the buildings using time varying wind data.
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