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ABSTRACT

Wind-Induced Interference Effects on Buildings - Integrating
Experimental and Computerized Approaches

Atul C. Khanduri, Ph.D.
Concordia University, 1997

Wind-induced interference effects are caused by the presence of adjacent structures, resulting in
an increase or a decrease in the wind loads on a building depending mainly on the geometry
and arrangement of these buildings, their orientation with respect to the direction of wind and
upstream exposure. A comprehensive analysis of literature underscores the seriousness of the
problem whilst exposing the inadequacy of existing research efforts in explaining and solving
the problems of wind interference. The overriding reason for this is the complex nature of the
problem and the large number of variables involved, even for the basic two-interfering buildings
situation.

The main aim of this research is to tackle the problem of interference in a systematic manner
in order to establish a generalized set of guidelines that will be of practical use to building
designers and planners. An extensive experimental program is developed to quantify
interference effects and a methodology employing neural network representations is developed
to model these effects, to define the complex relationships among the various parameters
involved and to provide knowledgeable assistance to building designers.

Extensive wind tunnel experiments have been conducted to find the mean and fluctuating

forces as well as their spectra on a building due to an adjacent building of small, medium and
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large sizes, for several wind directions and various upstream exposure conditions, including
city-centre situations. Interference effects are presented in the form of non-dimensional
Interference Factors that represent the aerodynamic forces on a building with interference from
an adjacent building, relative to the forces on a single free-standing building. The detailed
experimental results have been analyzed and simplified to yield simple Interference Influence
Grids, generalized guidelines and regression equations.

Finally, a database of experimental cases has been constituted and integrated with the
qualitative knowledge-base developed during the course of this study, in order to provide
valuable assistance to building designers at an early design stage. The database is used to
model interference effects via a novel technique based on Neural Network representations.
The methodology is capable of developing functional relationships among limited
experimental data and documented cases. The ability of Neural Networks to generalize
when presented with limited data makes them an attractive tool for knowledge acquisition
on wind-induced interference effects for which there is no theory or empirical
generalization at present. The developed knowledge-based design adviser is effective in
analyzing wind interference situations and in suggesting suitable remedial measures to

alleviate problematic interference effects.
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1

Introduction

1.1 Overview

The evaluation of wind loads on buildings is carried out mainly by using codes and
standards, whose specifications are generally based on wind tunnel tests performed on
isolated structures. In reality however, buildings seldom exist in isolation. It has been shown
by several researchers that wind loads on buildings in realistic environments may be
considerably different from those measured on isolated buildings. Neighbouring buildings
may either decrease or increase the flow-induced forces on a structure, depending mainly on
the geometry and arrangement of these buildings, their orientation with respect to the
direction of flow and upstream terrain conditions. This effect, commonly known as
interference, must therefore be properly assessed by designers and planners.

Wind Engineering Standards and Codes offer little guidance to the designer for assessing
the effects of interference. In a study on the evaluation of wind loads acting on low-rise
buildings in the presence of a large nearby building by Stathopoulos (1984a), comparisons
with the National Building Code of Canada (NBCC 1985) and the ANSI Standard (ANSI
1982) show underestimation (up to 46%) or overestimation (up to 525%) of the code
specifications, which are generally for isolated prismatic buildings. These results indicate
that code recommendations may be significantly low (unsafe) or uneconomically
conservative; therefore, the effect of adjacent structures on wind loads should be evaluated

properly for realistic wind load design of buildings.



The problems arising out of the undesirable effects of interference have caused several
cases of litigation. In a relevant lawsuit of Metropolitan Life Insurance Company vs. the
Port Authority of New York and New Jersey, the World Trade Centre has allegedly caused
“unusual, increased and unnatural wind pressures" on the plaintiffs' buildings nearby (Kwok
1989). Recognizing the importance of accounting for interference effects due to adjacent
structures, the Australian Standard for Minimum Design Loads on Structures (SAA 1989)
has incorporated a brief guideline on interference, but only as a general warning note:
".....The flow around any structure in a group will usually differ from that around a similar
isolated structure leading to different forces.....Interference effects are prevalent in
structures located less than 10b apart, where b is the dimension of the structure normal to
wind....."

Three main reasons appear to explain the lack of a comprehensive and generalized set of
guidelines for wind load modifications caused by adjacent buildings. First, the complex
nature of the problem even for a single additional building, since there are a large number of
variables involved including the size and shape of buildings, their relative positions, wind
direction and topographical conditions; second, the scarcity of adequate experimental data;
and third, the widely held notion that wind loads on a building are expected to be generally
less severe if surrounded by other structures than when it is isolated. This last reason,
though quite applicable to a building surrounded by a large number of similar structures,
becomes debatable where only two or three buildings interact, since several studies have
shown quite adverse effects depending on the relative location of these buildings.

For several years now, researchers have strived with limited success to formulate a set of

comprehensive and generalized guidelines to define wind load modifications caused by



adjacent buildings. There is a plethora of numbers generated as a result of specific wind
tunnel experiments on wind-induced interference effects, but the efforts seem inadequate in
light of the countless combinations of parameters involved. The present limited results,
therefore, cannot be used to develop empirical relationships or generalized guidelines that
may be directly helpful to the structural design practitioner. Since there is little practical
utility in these results, it is imperative to tackle the interference problem in a systematic
manner in order to come up with a generalized set of guidelines that will be of practical use

to building designers and planners.

1.2 Objectives and Scope

With a view of bringing into perspective the significance of the problem as well as past and
present research efforts in this area, data collected through literature has been analyzed to
identify common points of agreement and areas of concern. However, the analysis has also
found large gaps and lack of coherence among the results of various studies. Whilst there is
proprietary information on interference effects from specific projects, little of a general
nature is available to the designer.

A computer-based approach is therefore undertaken combining systematic experimental
results on wind-induced interference effects with artificial intelligence techniques to provide
valuable assistance to designers at an early design stage. As shown in Figure 1, a three-stage
integration process is proposed to integrate experimental and computerized approaches for a
generalized assessment of interference effects. As apparent from Figure 1, the main

objectives of the research can be briefly stated as follows:
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Figure 1. Schematic of the proposed integrated wind design adviser.

* Knowledge acquisition through literature: Undertake a detailed and up-to-date review
of the existing knowledge on wind-induced interference effects in order to identify the
extent of the problem, the past research efforts and to gather the qualitative and
quantitative knowledge available.

* Data acquisition through wind tunnel experiments: Undertake a detailed and systematic
study on interference effects including measurements of aerodynamic forces with the

help of extensive wind tunnel experiments on scale building models. Analyze the



database thus generated to develop an empirical model that will provide equations,
graphs and contours and general guidelines to evaluate interference effects.

® Development of a hybrid Knowledge-Based System for design assistance:
Generalization and classification of the relevant knowledge for building design
applications and to develop a hybrid knowledge-based adviser for interference effects
combining neural networks and knowledge-based systems technology.

The scope of investigation is limited mainly to two adjacent buildings having square plan
shape with interfering buildings of various dimensions so as to encompass a general
category of relative building sizes. Experiments have also been conducted incorporating the
effects of immediate surroundings simulating a “city-centre” situation. Several factors
influenced the selection of building geometries and configurations to be tested in the wind
tunnel. It is common knowledge that fabricating models for wind tunnel testing and the
testing itself can be a time consuming process. Therefore, to derive maximum information
from a limited number of wind tunnel experiments, limiting conditions were set up based on
an extensive review of prior research and exploratory tests, thus avoiding parameters of
little influence.

On the qualitative level, most concepts applied to and conclusions derived from the
study of interference effects between two buildings will pave the way for a better overall
understanding of the phenomenon of interference. The scope, although focusing on specific
configurations, includes the essential characteristics of wind flow around bluff bodies that
could be used for other building configurations as well. On the quantitative level, it is
expected that the proposed neural network model would help derive the extent of

interaction, i.e., generalize the results including cases not tested in the wind tunnel. The use



of knowledge-based approach for organizing and relating the qualitative and quantitative
information would prove a useful and practical “design adviser” at preliminary design

stages.

1.3 Research Outline

A detailed analysis of previous studies reveals a lack of generality in the results.
Eventhough most previous work on wind-induced interference effects deals with specific
building configurations and situations, some basic knowledge can be extracted from a
thorough analysis of the literature results which will eventually pave the way for further
research investigations. An extensive experimental programme is thus developed to study
the wind flow mechanisms and to quantify the extent of wind load modification on
buildings due to interference effects. Based on these results, general guidelines and limiting
conditions are formulated and remedial measures suggested.

On the basis of an analysis of the literature results, a preliminary framework for the
experimental programme is set up, basically by excluding cases that the majority of studies
have found to be relatively insignificant with regards to interference effects. For example,
the effect of a shorter upstream building can be disregarded on a taller downstream building.
On the other hand, certain factors like the spacing between adjacent buildings and their
relative arrangement constitute the most important parameters influencing interference
effects and are considered accordingly. The entire experimental programme is divided into
two categories: exploratory or pilot tests and detailed experiments. All measurements are
carried out at the Building Aerodynamics Laboratory of the Centre for Building Studies,

Concordia University.



Exploratory tests are designed mainly to provide a quick, preliminary estimate of the
extent of interference that would eventually form the basis of the detailed experiments.
These tests also help verify some of the literature results. A simple three-component strain
gauge force balance has been fabricated and carefully calibrated to measure the along-wind
drag and across-wind lift forces as well as the torsional moment about the vertical axis of
the building. Measured forces on a building due to interference from an adjacent building
are compared with those on an isolated building.

Detailed tests may provide an accurate and adequate measure of the interference effects.
This is done with the help of a “pressure model” that consists of a plexiglass model fitted
with several pressure tappings uniformly distributed on each of its four walls. Pressure
measurements are carried out by using pressure transducers. The digitization of pressure
signals and analysis of the data is done by a Data 6000 Waveform Analyzer.

To obtain a trend of the variation of interference effects with the size of the upstream
building, experiments are conducted with interfering building sizes (width and height) equal
to 2/3, 1.5 and 2 times that of the principal building. Some cases are also subjected to
further wind tunnel experiments for several wind directions and for simulated suburban and
urban upstream approach terrain conditions. In addition, experiments have been conducted
to obtain an assessment of the interference effects on a building due to its immediate
surroundings, simulating a “city centre” situation.

Finally, a database of experimental cases is constituted in order to provide valuable
assistance to building designers at an early design stage. The database is used to model
interference effects via a novel technique based on Neural Network representations, capable

of developing functional relationships among limited experimental data and documented



cases. The ability of Neural Networks to generalize when presented with limited data makes
them an attractive tool for knowledge acquisition on wind-induced interference effects for

which there is no acceptable theory or empirical generalization at present.

1.4 Thesis Organization

The remainder of the thesis is divided into eight chapters. Chapter 2 elaborates on some
background information and provides a context for discussion and research investigation in
the remainder of the thesis. Prior research in the area of wind-induced interference effects
and the potential applications of artificial intelligence technology to wind engineering
problems are critically examined and avenues for improvement are suggested. These
avenues serve as part of the motivation for the proposed research. Chapter 3 presents details
on the experimental methodology used in this investigation. It explains the experimental
set-up, fabrication of the models and the force balance, as well as details of the wind tunnel
and the data acquisition process. Chapter 4 contains the results of the exploratory
interference effects tests that provide a basis for detailed experiments. Chapter 5 presents
the results of detailed wind tunnel experiments on an isolated building model. Chapters 6
and 7, containing the results of detailed interference effects experiments, form the core of
the dissertation. Chapter 6 presents results for interference between two similar buildings
and chapter 7 presents the results of the detailed parametric study. The experimental results
are analyzed and discussed in detail vis-a-vis the interference mechanism. Chapter 8 rounds
up all the data and knowledge gathered in this study to develop a hybrid Knowledge-Based
Design Adviser that includes knowledge acquisition and modelling of interference effects

through neural networks. The ninth and the final chapter provides concluding remarks and a



summary assessment outlining the task accomplished, important contributions made and

future research directions.

May Viya (the Wind god). lord of formament. frotect me. Tn this pursuct for bnoutedge. in Uics
in this otale of comsciousmess, in this dedicalion and detowminalion. e (follocuing) this code of conduct
and celf control, and in this greal assemdbly of elite sckolans; may 7 neceive youn llessings.

- Athars Veda. Book Y. Fymn 24(5). I5008. 0,



2

Prologue

This chapter aims at providing a critical review of the research developments on wind-induced
interference effects on buildings (Khanduri et al. 1997a). Although several studies have
assessed the effects of interference on the velocity distribution around buildings, this research
deals primarily with wind load modifications due to interference effects. Most of the previous
studies have dealt with a specific configuration and some repetitions, differences of view points
and empbhasis are inevitable. The objectives of this review are to trace a historical summary of
the relevant material, to describe, compare and evaluate the available experimental data in order
to identify common points of agreement and areas of concern, to formulate on this basis
general guidelines and limiting conditions, and finally to suggest methodologies to strengthen
and broaden the scope of research on wind-induced interference effects. Interference

mechanisms are discussed in detail vis-a-vis the experimental results of various studies.

2.1 A Historical Perspective

Wind-induced interference effects on buildings are not a recent concern; the earliest quoted
work related to interference effects dates back in the thirties. Through extensive wind-tunnel
experiments, Harris (1934) found that torque on the Empire State building in New York would
be doubled if two building blocks were built across the two streets adjacent to the building.
Almost a decade later, Bailey and Vincent (1943) attempted to determine general relationships

between wind-speed and the distribution of wind-pressure over sloped, flat and stepped roofed
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buildings, both under fully exposed conditions and when in close proximity to other buildings.
This indeed was a bold step at that time, considering that research on wind effects in the first
half of the twentieth century was just broadening in scope to include most areas now identified
as part of wind engineering such as topographic effects on wind velocity distributions, wind
forces on buildings and the boundary layer concept. For the following two decades or so, wind
engineering research and consequent generalizations and codification of wind effects on
buildings were completely focused on the "single building" and Bailey and Vincent's
marvellous foresight in generalizing interference effects was put in cold storage.

The resurrection of interference effect studies occurred in the early seventies. This sudden
interest could perhaps be traced back to the collapse of three out of the eight natural draft
cooling towers at Ferrybridge, England in 1965, which was attributed to interference effects
(Armitt 1980). Studies on interference effects began in real earnest with a series of simple,
exploratory tests (Kelnhofer 1971, McLaren et al. 1971 and Lee and Fowler 1975). These
involved two rigid square or rectangular building models, one serving as the instrumented test
model, and the other as the adjacent building model. The models were tested in simulated
open-country terrain, in simple tandem or side-by-side arrangement. Only mean pressure
measurements were made but this was enough to highlight the seriousness of interference
effects. This effort gathered momentum in the second half of the seventies, when researchers
began using aeroelastic models for interference tests to measure dynamic moments (Melbourne
and Sharp 1976 and Saunders and Melbourne 1979). Perhaps for the first time it was found
that one of the most important aspects of the interference problem was the substantial increases
in the maximum torsional moment, which could be more than three times that measured on the
isolated building model (Blessmann and Riera 1979 and Ruscheweyh 1979). In addition to the

open-country exposure, building models were tested in simulated suburban and urban
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exposures. As one would expect, open-country exposure gave the most adverse interference
effects (Melbourne and Sharp 1976). Another development was the study of interférence
effects on a large group of buildings (Soliman 1976). This indeed was a daunting task, given
the complexity of building arrangements and the complex nature of wind; nevertheless, the
findings contributed to our knowledge and understanding of the interference mechanism due to
the grouping effects of buildings.

The eighties saw a spate of publications encompassing a wide range of issues on
interference effects. It was conclusively proven that interference was indeed a major problem
which could reduce or significantly increase wind loads on a structure. Attention was therefore
focused on interference effect studies vis-a-vis the existing codal provisions (Stathopoulos
1984a). Attempts were also made to suggest ways to codify these effects (Holmes and Best
1979, Bailey and Kwok 1985 and Kwok 1989), which met with some success when the
Australian Standard for Minimum Design Loads on Structures (SAA 1989) incorporated
detailed shielding factors and buffeting contour maps as a very general interference effects
guideline for designers. English (1985) explored the possibility of deriving a broadly applicable
quantitative description of shielding provided by an upstream building based on the results of
previous studies. There were detailed studies on the characteristics of fluid forces acting on
buildings and the flow pattern around them under conditions of interference (Sakamoto et al.
1987 and Sakamoto and Haniu 1988). Interference effects due to a large group of low-rise
buildings received considerable attention (Hussain and Lee 1980). In addition to the usual
cuboidal building models, models of various shapes (Thoroddsen et al. 1985) and roof slopes
(Wiren 1983 and Stathopoulos 1984a) were tested for interference. The measurements were
more detailed, with studies reporting mean and fluctuating pressures, moments, structural

response and load spectra as well.
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The research momentum of the eighties has been carried well into the nineties. In the initial
half of this decade (1990-1995) research on interference effects has developed both in
substance and number of applications, and research activity has been phenomenal. Work has
continued on previous thrust areas such as shielding effects of upstream buildings (English
1990 and English 1993), aerodynamic interference due to tall buildings (Taniike 1991, Taniike
1992, Yahyai et al. 1992 and Zhang et al. 1994), interference effects due to groups of buildings
Tsutsumi et al. 1992, Jozwiak et al. 1993 and Holmes 1994) and flow visualization studies to
explain the phenomenon of interference (Gowda and Sitheeq 1993). New and innovative
research directions include the study of interference from a statistical point-of-view (Ho et al.
1990), suggestion of factors of safety to cover amplification of member stresses or forces due
to interference effects (Sanni et al. 1992), torsional response of eccentric tall buildings under
conditions of interference (Zhang et al. 1993), computation of wind flows around tall
interfering buildings using a steady-state k-e model of turbulence (Paterson and Papenfuss
1993), and the modelling of interference effects using artificial neural networks (Khanduri et al.

1995a).

2.2 Interference Mechanism

There are many parameters which effect the manner in which one building modifies the forces
on another building in its vicinity. These are: size and shape of the building, wind velocity and
direction, type of approach terrain and abové all, the location and proximity of neighbouring
buildings. To understand the effect of adjacent buildings on wind loads, it would be worthwhile

to examine the wind flow mechanism around a single building and then see how it is modified
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by bringing an additional building in the vicinity. To keep matters simple, cuboidal shaped
buildings with wind approaching normal to a face and the resulting mean pressures are
considered.

In the case of wind flow around an isolated building, the windward walls are subjected to
positive pressure due to the direct impact of wind; negative pressure (suction) is generated on
the other three walls and roof due to separation of flow around the edges of the building. To
enable the data obtained from wind tunnel tests on scale models to be applied directly to the
prototype, surface pressure values on the building model are reduced to non-dimensional
pressure coefficients by referencing them to the mean dynamic velocity pressure (1/2)pl?
(where p is the density of air and U represents the free-stream mean velocity at the top of the

building). Thus, non-dimensional mean pressure coefficient, C p 1s defined as,

— P - Ps
Co = T 2.1)
2PV

and the root-mean-square pressure coefficient, ¢ » is defined as,

P

Cp = 3 2.2)

il 2
2PV

where, P = local mean surface pressure; P, = free stream static or atmospheric pressure and

~

P =root-mean-square of the fluctuating component of surface pressure.

Figure 2.1 shows a sketch of streamlines around a single isolated building and the resulting

mean pressure distribution, C pat approximately 3/4 of the building height from the ground

(Baines 1963).
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(a) Flow pattern around a building (b) Mean pressure (C , ) distribution
(Baines 1963)

N

Figure 2.1 Wind loading on an isolated building.

With the inclusion of another building in the vicinity, the loading pattern becomes quite
complex. The buildings may experience increased or reduced wind loads depending upon their
geometries, spacing as well as the characteristics of wind flow and upstream terrain. Figure 2.2
shows the modification of the streamlines due to an adjacent building and the resulting pressure
distribution at the base around these buildings (Taniike 1991). In this particular case, the wake
of the upstream building is considerably disturbed by the downstream building and a part of the
shear layer is greatly accelerated around the inner side wall of the downstream building. This
results in an increase in the negative pressure (suction) on the inner side wall of the
downstream building and the generation of a net inward lit. Sakamoto and Hanu (1988),
Taniike (1992) and Gowda and Sitheeq (1993) have performed flow-visualization around a

pair of buildings to study the flow pattern generated due to interaction effects.
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(a) Flow pattern around twin buildings (b) Mean pressure distribution around the
base (Taniike 1991)

Figure 2.2 Wind loading on two adjacent buildings

Figure 2.3 shows flow-visualization results taken from Gowda and Sitheeq (1993) for a
single tall building model and for building models in tandem arrangement. It can be seen from
Figure 2.3(b) that when the clear spacing between the models is small, the downstream model
is completely submerged by the shear layers emanating from the upstream model, thus
undergoing high suction on all its exposed faces. With an increase in the spacing between the
two models, these shear layers direct towards the front face of the model, resulting in an
increase in the pressure distribution on the front face of the downstream model. At a further
increase in the clear spacing between the two models, the influence of the wake of the
upstream model on the front face of the downstream model tends to diminish and the
downstream model approaches the behaviour of an isolated free-standing model as shown in

Figure 2.3 (c).
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(c) Two building models at a clear spacing of 6b

Figure 2.3 Flow-visualization for square plan building models of width b (=100m) and
height 5b (Gowda and Sitheeq 1993).

The arrangement of buildings, their relative size and the direction of wind determine the
extent of interaction. However, the following general conditions may be expected when two
buildings interact.

When an upstream building blocks another building, it increases or decreases the forces on
the downstream building by modifying the structure of wind in its wake. Mean along-wind
forces on a downstream building are reduced due to shielding by the upstream building. This
shielding clearly decreases as the separation between the buildings increases. Also, it would
be expected that increasing the number of nearby structures of significant size would result in
less severe wind downstream, thus leading to net shielding effects, for example in the case of a

city-centre.
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The increased turbulence intensity in the wake of an upstream building tends to increase the
dynamic loading on the downstream building. For large separation distances, the vortices get
enough time and space to become well-organized before they hit the downstream building, thus
increasing the vertical correlation of wind loading which is responsible for higher dynamic
loads. For smaller separation distances, the downstream building interferes with the steady
vortex shedding and disrupts its frequency, thus destroying the vortex shedding mechanism and
resulting in a small increase in dynamic loads. A downstream interfering building has very little
effect on the loads and response of an upstream building for most locations. However, for
locations of close proximity, a downstream building can significantly alter the wake
characteristics of the upstream building thus resulting in high dynamic loads on it.

Due to non-uniformities in the wind flow caused by other buildings or structures, wind
pressure may be unevenly distributed on the sides of a building, thus producing, in addition to
the overturning moment, a torsional moment about the vertical axis. This effect is expected to
increase significantly for close proximity locations, especially when the upstream building
blocks a building side or if the separated shear layers impinge on one side more than the other.
Such a twisting of the building can impose severe strain on the joints between the elements of
the structural bracing system.

Maximum interference effects can be expected for the open-terrain exposure, steadily
reducing for the suburban and reaching a minimum for the urban terrain. This is because for the
open terrain, a low turbulence intensity promotes an organized wake behind an upstream
building with a high energy content. The high energy vortices in the wake of the upstream
building excite the downstream building and lead to high interference effects, i.e., increased
dynamic loads on the building. An urban approach terrain on the other hand creates turbulence

which disturbs the organized vortices and reduces the strength of vortex shedding by
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redistributing energy to a wide band of frequencies. This leads to lower levels of excitation for
the downstream building, resulting in smaller interference effects as compared to the open
terrain.

Tall buildings upstream may producé adverse effects on a downstream building. This
phenomenon has been explained by Baines (1963), by considering the boundary layer flow
around high-rise buildings. The pressure on the front face of a building decreases downwards
due to the decreasing velocity in the boundary layer, consequently, the pressure gradient
induces a downward draft of air which can result in substantial velocities (and pressures) at
lower levels. Thus, smaller structures in the immediate vicinity of tall buildings would be
subjected to higher wind loads. Larger cross-sections upstream are expected to produce higher
interference effects on the downstream building because of an increase in the size of the
upstream wake, and therefore, higher dynamic wind loads are expected; mean loads, however,

would be reduced due to greater shielding.

2.3 Prior Research

There have been very few studies on a large group of buildings as compared to those on a
smaller group limited to two or three buildings, probably due to the difficulties caused by the
many parameters involved. However, the study of this aspect is a class in its own because of
the limitless variation in the arrangement and geometries of buildings, generating a large
variability in wind loads. A majority of studies in this area have been done to investigate wind
pressure characteristics from the point of view of natural ventilation (Wiren 1983, Wiren 1985,
Tsutsumi et al. 1992 and Jozwiak et al. 1993). Other works related to large building groups
have been reported by Soliman (1976), Hussain and Lee (1980) and Lee (1989). All these

studies highlight the fact that increasing the number of surrounding obstructions generally
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reduces the wind loads on a building. A detailed and comprehensive study on interference
effects of grouped low-rise buildings was carried out by Holmes and Best (1979). Their results,
with those of Hussain and Lee (1980), were incorporated in The Australian Standard for
Minimum Design Loads on Structures (SAA 1989) in terms of a shielding multiplier (between
0.7 to 1.0, depending upon the spacing, dimensions and the number of upstream buildings) for
the derivation of the gust wind speeds. However, cases involving a few (three or less) upstream
buildings, where wind speeds might actually be increased drastically have yet to receive the
attention they deserve by the codes, mainly because of the lack of adequate data on which to
base codal guidelines and recommendations. This review lays particular emphasis on this class
of building interference situations. Because of the heavy demands on time and resources
involved in experimenting with large building groups, the experimental approach in the majority
of studies has been to minimize building model configurations and keep them simple while
searching for limiting conditions.

Interference effects have been quantified in literature in two ways: one is where the pressure
values at designated points on a rigid test model are measured and reported in terms of
pressure, drag and lift coefficients, or moments; the other involves reporting moments about
the base or displacements or accelerations at the top of an aeroelastic model. Interference
effects on buildings are commonly expressed in terms of an Interference Factor (IF) (or

Buffeting Factor or Shielding Factor) given by,

Force on a building with interfering buildings present
Force on an isolated building

Interference Factor(IF) =
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The main parameters affecting interaction between adjacent buildings are the type of
upstream terrain, shape and size of buildings, the incident wind direction and last but not
least, the building arrangement and spacing. The effects of these parameters are discussed in

detail in the following subsections.

2.3.1 Effect of upstream terrain

It is well known that wind pressures on buildings are affected by terrain roughness. In the
case of an isolated building, with increased surrounding obstructions the mean wind
pressures acting on the building decrease while the unsteady pressures increase. Similarly,
the magnitude of increase in wind loads due to adjacent buildings is strongly dependent on
the upstream terrain. Kwok (1989), Melbourne and Sharp (1976), Blessmann (1985) and
Kareem (1987) investigated interference effects in various simulated exposure conditions
(open country, suburban and urban) and concluded that interference effects were more
pronounced for the open-country exposure. Due to the low degree of turbulence associated
with open-country exposure, fluctuations in the wake of an upstream building are well-
corré:lated and, therefore, cause enhanced wind loads on the downstream building. On the
other hand, a more turbulent urban exposure works to dampen the strength of such a wake,
thereby reducing the overall wind loads on the downstream building. Mc Laren et al. (1971)
observed that for a pair of identical square models arranged side-by-side and normal to the
mean flow, the mean drag coefficient decreases steadily with the increase on the upstream
turbulent intensity. On the basis of extensive wind tunnel tests, Taniike (1991) investigated

the mutual interference between neighbouring tall buildings in a highly turbulent flow over
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an urban area. Interference effects decreased exponentially with an increase in turbulence,
and vanished altogether when turbulence ix-xtensities increased up to 17-18%.

An analysis of the results of the above mentioned studies shows that by changing the
upstream terrain exposure from open to suburban, the along-wind and across-wind loads on
a downstream building due to an upstream building reduce to about 60% to 80% of the
open-terrain values, depending on the building geometries and their spacing; and by
changing from suburban to urban terrain, a further reduction in these values to about 50% to
70% of the open terrain values may be expected. There may also be a reduction of 50% in
the value of torsional moment on moving from an open to an urban exposure. Thus, a small
group of buildings located at the waterfront, an open field, or at the edge of a city centre

would be more susceptible to interference effects.

2.3.2 Effect of geometrical parameters

Wind loads on buildings increase with increasing height of buildings. Kelnhofer (1971),
Melbourne and Sharp (1976), Saunders and Melbourne (1979), English (1990) and Sykes
(1983) measured the effect of changing the relative height of upstream building on the wind
loads on a downstream building. It was observed that mean along-wind loads were reduced
by increasing the height of the upstream building due to shielding, but dynamic loads
increased. On the basis of experiments, Melbourne and Sharp (1976) concluded that the
interference effect of an upstream building reduces significantly once its height is less than
2/3 of the downstream building. Saunders and Melbourne (1979) reported that an upstream
building of the same height as the downstream building increases the along-wind dynamic
moments by up to 70% over and above an isolated building value; an increase by 50% in

the height of the upstream building increases this value to 90% at a reduced velocity of 2
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(ratio of hourly mean wind velocity at the top of building to the natural frequency of the
building times its breadth). Similarly, the across-wind dynamic loads also increase with an
increase in the height of the upstream building, apparently due to the increasing correlation
of vortices from the upstream building with height. Stathopoulos (1984a) studied the
interaction effects of adjacent high and low-rise buildings and found significant
amplification of roof peak suction coefficients on the low-rise buildings for specific
configurations.

A limited number of studies have dealt with mutual interference between buildings of
different foot-print (cross-section) areas. The size of the upstream building affects both the
mean and fluctuating forces on the downstream building. Taniike (1992) and Taniike and
Inaoka (1988) measured the forces on a tall building with a square foot-print caused by
proximity effects using upstream interfering buildings of same height but various foot-print
sizes in a low turbulence wind environment. The mean forces decreased with an increase in
the size of the upstream building due to shielding provided by the large upstream building.
It has been suggested (Taniike 1992) that since large buildings upstream shed large vortices
which increase the fluctuating velocity of the flow, the along-wind fluctuating forces and
response have a tendency to increase with the size of the upstream building. However, in the
across-wind direction these forces on the downstream building tend to decrease with
increase in size of the upstream building.

While most of the researchers have focused attention on buildings of square or
rectangular foot-print, a study by Peterka and Cermak (1976) examined the effect of four
octagonal nearby structures on the wind pressure along the circumference of a central

circular structure. It was observed that adverse effects can be encountered depending on the
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relative placement of structures in the approaching wind. These effects may be decreased by
introducing variations in building geometries. Thoroddsen et al. (1985 and 1987) have
presented mean and fluctuating moments due to a square upstream building of width D, on
downstream buildings having rectangular, parallelogram and triangular cross-sections.
Figure 2.4 shows some results taken from Thoroddsen et al. (1985) indicating that there
seem to be similar trends in the values of Buffeting Factors, BF (same as Interference
Factor, IF) irrespective of cross-sectional shapes of downstream buildings. Root mean
square (rms) along-wind loading reaches a maximum for relatively short separation
distances of around 1.5D and thereafter shows a decreasing trend with spacing (Figure
2.4(a)). Rms across-wind loading, on the other hand, shows a steep increase with
augmenting the along-wind spacing and reaches a maximum at a spacing of around 4.5D
(Figure 2.4(b)). Figure 2.4(a) shows that maximum along-wind BF is obtained for the
downstream building with parallelogram foot-print. It is also clearly evident from the figure
that parallelogram and triangular foot-prints are more susceptible to an increase in rms

loading than the traditional rectangular building.

2.3.3 Effect of wind direction and building orientation
Wind effects on buildings depend not only on the magnitude of wind speeds, but on the
associated wind directions as well. Since in actual situations the direction of wind is always
changing, it is important to study the effect of wind direction on interference effects.

In case of an isolated building with a square cross-section, the maximum drag force is
registered when the wind strikes the building normal to one face i.e., at a 0° angle of attack.

The maximum mean torque, however, would be for a wind direction at an angle of attack of
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about 75° to a face of the building (Blessmann and Riera 1979 and Isyumov and Poole
1983). With two or more close-by adjacent buildings, this scenario is expected to change.

Quite early on, Harris (1934) suggested that wind pressure on adjacent buildings varies
with wind direction. A few previous studies (Saunders and Melbourne 1979 and Sanni et
al. 1992) have suggested that interaction effects for two buildings will be the largest for a 0°
angle of attack of wind. Saunders and Melbourne (1979) tested two tall building models for
interference with the upstream model oriented with one face normal to wind and also at 45°
to wind. The results have consistently shown that the model oriented with zero angle of
attack has a response greater than that with an angle of attack of 45°. Sykes (1983) found
that for two cuboidal building models set at 30° yaw to wind, interference effects were
somewhat smaller than those measured in an approximately corresponding situation but
with the models set normal to wind direction.

However, detailed measurements on the effect of angle of attack of wind on interaction
between adjacent buildings show that the critical wind direction may vary, depending upon
the building geometries and their relative arrangement (Kelnhofer 1971, Blessmann and
Riera 1979, Wiren 1983 and Wiren 1985). In a detailed study on the effect of adjacent low-
rise building blocks on wind pressure distributions and heat loss due to uncontrolled
ventilation for a single family house, Wiren (1985) measured the average pressure
coefficients for two similar low-rise, roof-sloped buildings in tandem arrangement vis-a-vis
a similar isolated building for different angles of attack of wind. It was found that one house
located upwind of the test house had a significant effect on the pressures over all building
surfaces at small wind angles. This effect decreased and became negligible (compared to

isolated building values) at about 30° angle of attack of wind (for all house surfaces except
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the windward facade walls) and at about 90° angle of attack of wind for the windward

facade walls.

2.3.4 Effect of building arrangement and spacing

The spacing between adjacent buildings and their relative arrangement are the most
important factors governing interference effects. Common sense suggests that interference
effects between two buildings should decrease by increasing the separation distance, such
that beyond a certain spacing, buildings behave as isolated under the action of wind. It is
interesting to note, however, that in the case of tall buildings, interference effects in terms of
dynamic loads can be significant up to a distance of 1 km downstream (Saunders and
Melbourne 1979). In the same study dynamic moments on an aeroelastic model of a 150m
tall and 37m wide, square building were measured in the presence of similar single and twin
buildings as upstream obstructions. It was concluded that if a medium-sized building near a
waterfront or other clear fetch area has similar or taller buildings built upstream at critical
locations, the downstream building will suffer significant increases in peak loads and
serious dynamic effects. In a detailed interference study on two tall buildings, Bailey and
Kwok (1985) examined the increased along-wind and across-wind responses of a 216m tall
and 24m wide, square aeroelastic building model due to interference from a similar
neighbouring building and found that both upstream and downstream buildings were

affected. These effects will be discussed in detail in the following section.

2.4 Analysis And Discussion
To evaluate the influence of building arrangement and separation on interference effects, the

results reported previously have been analyzed and compared. English (1990 and 1993) has
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also attempted such a comparison but the data used were limited and originated from
various sources encompassing a broad range of testing techniques, flow conditions, building
geometries and configurations. A regression equation for a two-building configuration
(English 1993) to predict mean along-wind Shielding Factors (SF) i.e., ratios of mean
overturning moment or drag force for each applicable shielded configuration to the

corresponding moment or force for an isolated building (see equation 2.3), is suggested as,

SF = -0.05 + 0.65x + 0.29x* - 0.24x3 2.4)

Sth+b)
hb
buildings and h = height of the buildings.

where,x = log[ :'; S = clear spacing between the two buildings; b = width of the

To estimate the severity of interference effects, wind loading on a building in the
presence of an adjacent building is compared with the wind loading on an isolated building.
Results taken from studies sufficiently similar in terms of building geometries and flow
conditions to merit a comparison, are expressed in terms of the Interference Factor (IF).
Eventhough there is discrepancy between individual studies, data seem nevertheless to
follow a general trend so that an average IF curve represented by a polynomial can easily be
fitted for each case. The majority of studies have measured the effects of interference on

aerodynamic drag and lift, overturning moments and torsion.

2.4.1 Drag and lift

For flows about symmetrical shapes, a drag force may be identified acting in the mean wind
direction and a lift force at right angles to it. These aerodynamic forces are expressed in
terms of non-dimensional drag and lift coefficients; their magnitude depends upon building

geometry, upstream terrain and wind direction. These forces are obtained by assigning a
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representative area to each pressure tap location on the face of the model and multiplying it
by the pressure at that location. The products are then summed up for each instrumented
face of the model in the along-wind and across-wind directions to yield the drag force and
the lift force respectively. Alternatively, pneumatic averaging (Surry and Stathopoulos
1978) can be used to expedite the measurements. Drag and lift coefficients are defined and

discussed in chapter 3.

Figure 2.5 represents data from three studies (Lee and Fowler 1975, Sakamoto and
Haniu 1988 and Taniike 1992) on interference effects between two square plan buildings of
equal size (Khanduri et al. 1995c). An average curve representing a polynomial of the third
order defining the Interference Factor (IF) as a function of building spacing ratio S/b, where
S is the spacing between the two buildings and b is the building width, is fitted in each case.
Figures 2.5(a), (b) and (c) demonstrate that the effect of the adjacent building is to lower the
mean drag force on the principal(instrumented) building, since the Interference Factor in
each case is never greater than 1 (isolated building case). The average estimate in Figure
2.5(a) indicates that the mean drag Interference Factor for an upstream building model due
to a downstream model in tandem arrangement does not go much below 1. A slight
decrease in mean drag is observed around a clear spacing (S) of 3-4 times the model width
(b). This is due to the fact that the separated shear layers from the leading edges of both
sides of the upstream model start to flow intermittently into the region between the two
models at this spacing, thus decreasing the negative pressure on the rear surface of the
upstream model. Therefore, the upstream building is not significantly effected.

However, this is not so in the case of a downstream building with an upstream

interfering building. Figure 2.5(b) gives an estimate of the extent of shielding provided by
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Figure 2.5 Comparison of mean drag and lift due to interference
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the upstream structure to the downstream building. The effect of shielding is to lower the
drag force on the downstream building. As expected, the closer the two buildings, the
higher is the level of shielding. At a distance of about twice the building width, there is
practically no drag force on the building, and at still lower spacings, a negative shielding
(suction) is experienced by the downstream building. This is because the negative pressure
on the leeward face of the downstream model is small as compared to that on the windward
face since the separated shear layers from the upstream model reattach on the sides of the
downstream model and become weak by the time they reach the leeward end. It is
interesting to note that shielding can be quite significant at a distance as large as 12 times
the building width, where an Interference Factor of 0.7 implies a shielding of 30%. It can be
seen from Figure 2.5(c) for models arranged side-by-side, that the mean drag interference
factor is almost equal to 1 after a clear spacing of around twice the model width, which
implies that at this spacing, the models can be considered to be isolated from the point-of-
view of mean drag. This finding confirms that of Mc Laren et al. (1971) and Sayers (1991).
A similar comment can be made about mean lift for side-by-side arrangement (Figure
2.5(d)), where after a clear spacing of twice the model width the mean lift becomes zero
(isolated building case). However, at closer spacings a negative lift is generated because the
velocity of flow through the channel between the two models increases, thus generating a

larger negative pressure on the inner side wall than on the outer.

2.4.2 Overturning moments
The dead load of a building tends to resist the overturning or toppling effect of wind.
Overturning moments may be problematic for the whole building especially in the case of

relatively tall and slender structures. Base overturning moments are generally expressed
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about axes normal to the building faces; in the wind tunnel they are usually measured with
the help of a strain gauge balance that permits rotation about the base of the structure. The
base overturning moments (mean or rms) are expressed in terms of non-dimensional

moment coefficient, Cys, , in the along-wind direction as,

M,
Cu, = T 2.5)
EUZ bH?
and C ),  in the across-wind direction as,
M
Cu, = 7 = (2.6)
EUZ In

where M, = overturning moment in the along-wind direction; M, = overturning moment in
the across-wind direction; / = length of the building in the along-wind direction; b = breadth
of the building in the across-wind direction and / = height of the building.

Figure 2.6 shows the results of Saunders and Melbourne (1979), Bailey and Kwok
(1985) and Taniike and Inaoka (1988) for mean and dynamic IF for base overturning
moments on a building due to interference effects caused by another building at various
upstream locations (Khanduri et al. 1995c¢). For cla.dtf/ of presentation, data points shown
are for curve Sx = 2b only; the data sources for all three curves, however, are the same. The
extent of shielding provided by the upstream building becomes apparent in Figure 2.6(a)
which shows the variation of mean along-wind moments with spacing between two
buildings. Clearly the maximum shielding occurs when two buildings are in tandem

position, i.e. Sy = 0. For along-wind distances as large as 8 times the building width (b),
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shielding can be considerable, since according to Figure 2.6(a) the along-wind moment on
the downstream building is reduced to almost half of that of an isolated building at this
spacing. It can also be seen that at an across-wind spacing (Sy) of 4b the effect of shielding
vanishes altogether (isolated building condition) irrespective of the location of the
building in the along-wind direction. The average curves shown here are quite similar in
trend to those in Figure 2.5(b) which gives the mean drag IF for a downstream building
model in tandem arrangement with an upstream model. Tandem arrangement locations in
Figure 2.6(a) are, Sx =2b, Sy=0; Sx =4b, Sy=0 and Sx=28b, Sy=0. The values of IF
at these locations are, -0.24, 0.24 and 0.55 respectively. The corresponding situations in
Figure 2.5(b) are, S =b, S = 3b and S = 7b, for which IF are, -0.25, 0.14 and 0.53. Based on
the proximity of IF values for the two figures, it can be inferred that the shielding effect is
similar for both mean drag (Figure 2.5(b)) and mean along-wind moments (Figure 2.6(a)).
The dynamic wind loads due to interference follow a different trend from that of the
mean loads and the effects are much more severe. Figures 2.7(b) and 2.7(c) show curves
from the data of Saunders and Melbourne (1979) and Bailey and Kwok (1985) for dynamic
along-wind and across-wind IF for moments on a downstream building due to an upstream
obstruction at various along-wind and across-wind separations. IF values greater than 1 are
measured at most locations. IF as high as 1.55 is measured at Sx = 4b, Sy = 1b (see Figure
2.6(b)), which indicates a 55% increase in along-wind dynamic overturning moments. The
results show that dynamic IF for both along and across-wind can be quite high and attain
maximum values in the range covered by Sx = 4b to 8b and Sy = 0 to 4b with increases in
dynamic IF by up to 60%. Bailey and Kwok (1985) have also investigated the effects of a

downstream interfering building on a similar upstream building. In general, the effects were
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Figure 2.6 Effect of interference on mean and dynamic Interference factors
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insignificant for most relative locations. However, for a small range of locations between
Sx = -b to -2b and Sy = 0.75b to 1.5b, the dynamic overturning moments on the upstream
building increased by 100% to over 300% of the isolated building value. This was attributed
to the alteration of the wake characteristics of the upstream building due to the sharp
convergence of the wind flow through the narrow channel between the two buildings.

The regression curves and polynomials based on literature results are only as good as the
data they are supposed to represent. Because of limited comparable data, the curves are
based only on the building spacing ratio (spacing/building width). Nevertheless, they can
give an approximate estimate of the IF within specified limits of spacing between two
buildings. For better and reliable results, the regression polynomial should take into account
the building geometry, upstream terrain conditions and wind direction in addition to the
building spacing. The situation, therefore, becomes rather complex to be handled by a single
"all-in-one" regression equation, and a new technique incorporating neural network
learning, described later in the paper has been proposed to take care of multiple inputs and it

extrapolates the results reasonably well.

2.4.3 Torsion

For two buildings in close proximity, torsion may become a major problem as highlighted
by Blessmann and Riera (1979 and 1985), Ruscheweyh (1979), Thoroddsen et al. (1985 and
1987), Zhang et al. (1993) and Reinhold and Sparks (1980). Torsion is due to the
eccentricity of the centroid of the wind force distribution in comparison to the centroid of
the lateral resistive system (or centre of stiffness). In the case of buildings with symmetric

geometries, torsional moments may be caused by non-uniformities in the wind flow due to
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adjacent structures. This effect may further be accentuated if a building is not geometrically

symmetric or if the lateral resistive system of the building is not symmetric. Torsional

response of buildings can be measured in three ways:

a) Pressure measurement on rigid building models (Isyumov and Poole 1983). This
involves weighting individual pressure taps by their respective moment arms to provide
a direct measure of the component torque for each half face of the building.

b) Force balance technique (Melbourne and Sharp 1976 and Sykes 1983). It utilizes a rigid
building model mounted on a strain gauge balance that permits rotation about the base
and provides a direct measure of the torsional force; however it does not provide
information on building motion-induced effects.

¢) Aeroelastic technique (Zhang et al. 1994 and Isyumov 1982) that takes into account the
aeroelastic effects and provides information on the aerodynamic damping. However,
comparing the results of tests of wind-induced response on a 390m tall building using
high frequency force balance and aeroelastic model techniques, Isyumov et al. (1992)
concluded that additional motion-induced forces in the case of aeroelastic model were
small and satisfactory estimates were obtained with the much simpler high frequency
force balance model.

Figure 2.7 taken from Thoroddsen et al. (1987) shows the variation of rms torsional
loading with along-wind separation distance for buildings of various cross-sectional shapes,
blocked partly by an upstream rectangular building. It can be seen that torsion for a
downstream rectangular building increases by 1.8 times the maximum torsional loading on
an isolated building (for any wind direction) at an along-wind separation distance of about

three times the upstream building width. It has been generally observed that torsional
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Figure 2.7 Rms torsional moment (M,) due to interference (Thoroddsen et al. 1987)

loading increases for close building locations in the across-wind direction. In a study on
the torsional response of an eccentric square cross-section building by Zhang et al. (1993), it
was observed that the maximum mean torsional response of an eccentric building (with
elastic centre shifted away from the centre of mass by 10% of the building width) was
20% larger than that of a similar isolated building, while the standard deviation of
response increased by up to 70% at a reduced velocity of 6. However, for most locations,
mean torsional response of the eccentric building was reduced due to shielding effect
from the interfering building. For a smaller interfering building with edge dimensions
reduced to 60% of the principal building (building affected by interference), the dynamic
torsional effects were much higher and in some cases increased by up to 360% over the
isolated building value at locations upstream at Sx = 3b to 6b and Sy = 0 to b, where b is the

width of the buildings. This is attributed to the vortex shedding from both sides of the
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interfering model alternately impinging the principal building at the same frequency as that

of the principal building, causing torsional resonant buffeting of the principal building.

2.5 Hybrid Knowledge-Based Systems - State of the Art
The main source of knowledge on interference effects remains detailed wind tunnel
experiments. The complex nature of the problem and the large amount of variables involved
make it impossible to test all building interference situations. The experimental approach
adopted has been to minimize the number of model configurations and to keep them simple
while searching for limiting conditions. The generalization of results thus obtained to
various other building configurations and wind conditions still remains elusive. Two off-
shoots of research in the field of Artificial Intelligence (AI) offer excellent means for
organizing and relating the data generated through wind tunnel tests, Neural Networks (NN)
and Knowledge-Based Systems (KBS). The application of Knowledge-Based Systems
(KBS) in engineering is quite well established now. KBS technology has been applied to
wind engineering problems as well. There has been a lot of excitement recently about neural
networks (NN), which in its current state of development, is an attempt to mimic the human
thought process to solve complex problems with incomplete or confusing information. KBS
and NN technology, both off-shoots of research in Al, have been recently combined to solve
broader and more diverse areas of application; such systems are known as Hybrid
Knowledge Based System:s. |

There are few instances of application of KBS in wind engineering. From an overview of
about thirty six KBS in structural engineering in 1990, Reed (1990) found that only two

were related to wind. Fundamentals and applications of NN in civil engineering have been
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provided by Flood and Kartam (1994). Recently, NNs have also been applied in wind
engineering for predicting wind-induced damage to buildings (Sandri and Mehta 1995).
Khanduri et al. (19952 and 1997b) have demonstrated the suitability of NN for expanding
the solution of wind interference problems to more cases than those currently covered by
limited wind tunnel data.

A computer-based approach to complement the scarcity of experimental data to provide
valuable assistance to designers at an early design stage is suggested by Khanduri et al.
(1995b and 1995c¢). A hybrid KBS is proposed based on the use of Neural Network (NN)
representations that are capable of developing functional relationships among experimental
data and documented cases. A three-stage integration process between KBS and NN is
followed to arrive at a hybrid KBS configuration for the assessment of wind-induced
interference effects on design loads for buildings: data collection and knowledge structuring
by KBS, data evaluation and generalization by NN and conclusion analysis and design
guidelines by KBS. Such a hybrid KBS will constitute a practical tool at early design stages,
enabling the evaluation and refinement of close-to-optimum building configurations with
respect to wind interference effects.

The following sub-sections provide a brief review of the developments in research
applications of KBS and NN in the engineering field in general and wind engineering
domain in particular. The benefits derived by combining the two technologies are also

discussed.

2.5.1 Knowledge-based systems

One area of Al research which is quite advanced is that of Knowledge Based Systems (also
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known as Knowledge Based Expert Systems or Expert Systems). KBS provide the potential
of computerizing the knowledge of experts in specific domains such that problem solving
behaviour of experts can be simulated. Research in Al was formalized in the 1950s, but a
major resurgence and commercialization of Al began in the late 1970s on the basis of the
success of a few programs that performed specific tasks almost as well as human experts
and thus came to be known as Expert Systems (Parsaye and Chignell 1988). One of the
early knowledge based systems was DENDRAL (Buchanan et al. 1978), that was used for
determining the molecular structure of organic compounds from mass spectral and nuclear
response data. It was followed by several knowledge based systems covering a diverse
range of applications. Two of the successful ones were: MYCIN (Shortliffe 1976) which
contains judgement rules extracted from physicians and uses them to diagnose various
blood and meningitis infections; and PROSPECTOR (Duda et al. 1979) that contains rules
gleaned from geologists and performs geological analysis of aerial photographs, aiding a
human expert in the evaluation of the mineral potential of exploration sites. An overview of
knowledge based systems developed in a wide range of knowledge domains can be found in
Waterman (1985). KBS has been applied to a wide array of engineering problems; the
discussion herein will be restricted to structural engineering in general and buildings in
particular.

One of the early KBS in structural engineering was SACON (Bennett et al. 1978), which
provides knowledge in the use of a complex finite element program for structural analysis.
This was followed by a spate of KBS in structural engineering as detailed in Allen (1987).
Building design process is largely characterized by the contribution of numerous diverse

disciplines in a loosely organized manner and KBS are suitable for automating this design
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process (Bédard and Gowri 1990). One frequently cited building design system is HI-RISE
(Maher 1984), a system that generates and evaluates preliminary structural design for high-
rise buildings. Other significant works in the domain of building engineering are:
DESTINY (Rehak et al. 1985), a conceptual model of a KBS that performs integrated
structural design for arbitrary building types and FLODER (Karakatsanis 1985) that designs
floor framing systems. Bédard and Ravi (1992) explain a KBS module that generates space
layout alternatives for office buildings taking multidisciplinary criteria, which is a part of an
integrated design system for multi-storey buildings to assist at the preliminary design stage.
Wind Engineering is but a small problem domain in the larger context of such a building
design process. There are very few instances of applications of KBS in the field of wind
engineering; two of the early attempts were: WINDLOADER (Sharpe et al. 1990), which is
a knowledge based software program developed to assist in the correct interpretation of the
Australian Wind Loading Code and WISER (Kareem and Allen 1990) which is a KBS for
the design modification of high-rise buildings for serviceability. A recent practical and
useful application of KBS to wind engineering is WIND-RITE (Smith et al. 1995), a KBS
developed for the insurance industry that grades individual buildings, on a relative scale, for
their wind resistance. Other noteworthy applications are in the areas of Pedestrian Level
Winds (Wu et al. 1993) and Structural Safety Assessment with emphasis on wind effects

(Chen and Reed 1990).

2.5.2 Neural Networks
A Neural Network is composed of many interconnected processing elements that operate in

parallel, in a way quite similar to the function of neurons in the human brain to encode
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information. The beginning of research in artificial NN training algorithms can be traced
back to 1949 when D. O. Hebb proposed the learning law based on models of the human
learning process. The first artificial NN were developed in the decade spanning 1950 and
1960, and were initially implemented as electronic circuits. Due to a few failures of the
networks in solving certain problems, research in NN lapsed into obscurity for nearly two
decades. However, thanks to the dedicated efforts of a few researchers, a new foundation
emerged upon which the more powerful multilayer networks of today are developed. In the
last few years, theory has been translated into applications and the increase in the amount of
research activity has been phenomenal. Today, NN are being used for a variety of
commercial applications, including speech, character and text recognition; database
management, financial analysis; forecasting, image and signal processing; medical
diagnosis; dealing with fuzzy, chaotic or incomplete information and structural control.
Neural networks based on the backpropagation algorithm have been used in a number of
engineering applications as described in Garrett (1992) and Flood and Kartam (1994). In
structural and construction engineering, several applications of neural networks based on
experimental data have recently been reported in the area of concrete material modelling
(Wu and Ghaboussi 1992); structural system identification of an instrumented bridge
structure (Chen and Shah 1992); prediction of initial cable tensions in a guyed
communication tower (Issa 1992); selection of vertical formwork for a bridge site
(Kamarthi et al. 1992); hysteretic modelling of steel structures (Yamamoto and Sakai 1993)
and construction cost estimation (Moselhi et al. 1991 and Rao et al. 1993). Hajela and
Berke (1992) have demonstrated the pattern mapping, classification and optimization

capabilities of NN to solve a number of structural analysis and design problems.
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2.5.3 Hybrid knowledge based systems

As pointed out above, KBS and NN each have demonstrated capabilities that have been
applied to solve a wide array of engineering problems. Each approach has various
advantages and disadvantages. Table 2.1 summarizes the strengths and weaknesses of KBS
and NN. Integrating the two to exploit the advantages of both approaches would result in a
system that is more powerful and broad based, yet quick; with more human-like responses
but accompanied with logical explanations. Such knowledge based systems that combine
the rule-based approach with neural networks are often referred to as "hybrid" knowledge
based systems. (Caudill 1990). Various integration strategies for KBS and NN and their

potential applications can be found in Kartam et al. (1993).

Table 2.1 Knowledge Based Systems vis-a-vis Neural Networks

Knowledge-Based Systems

Neural Networks

Long development time; knowledge
acquisition is time consuming

User-friendly; explain their response due
to a logical reasoning process.

Brittle failure occurs when problem
deviates even slightly from the expected
problem domain.

Good performance for well-defined
problems.
Good for problems where explicit rules

can be formulated.

Lack learning ability.

Short development time for acceptable
results and high speed of computing due
to parallel processing.

No explanation facility available because
a network does not reason its way from
problem to solution.

"Fault tolerant" due to their distributed
nature. Degrade gracefully, i.e., provide
reasonable response when presented
with incomplete or noisy input.
Applicable to poorly defined problems
due to their ability to generalize, i.e.,
provide response for previously unseen
input.

No rules needed but are generated
through training on a comprehensive set
of examples.

Possess inherent learning capability.
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A major impediment in the application of KBS technology into practice is the so-called
“knowledge acquisition bottleneck™ which makes it difficult to acquire or generate useful
knowledge that can support real tasks. This is particularly important in the area of wind
engineering where the development of a KBS depends primarily on data generated through
wind tunnel experiments. For KBS to be robust, data covering a wide range of conditions
expected to be encountered in actual practice is needed. Since generation of large amounts
of data in a wind tunnel can be both expensive and time consuming, alternative methods of
creating data have to be explored. Reich and Fenves (1989) propose machine learning
techniques for generating knowledge for developing a KBS for the preliminary design of
cable-stayed bridges. Such NN representations are capable of developing functional
relationships from discrete values of input-output quantities obtained from computational
approaches or experimental results (Gunaratnam and Gero 1993).

The ability of NN to be trained to generalize when presented with limited data examples
makes it an attractive application for knowledge acquisition on interference effects due to
adjacent buildings where no currently acceptable theory or generalization exists for
describing an input/output response. A combination of knowledge based systems and
neural networks have the potential to model and solve complex interference effects problem
in wind engineering.

Because of the demonstrated capability of KBS in dealing with ill-structured problems
and NN in solving complex multivariate and non-linear problems with incomplete or
confusing information, these two tools offer viable complements to detailed wind tunnel
testing. It is anticipated that KBS and NN will play a major role in solving and generalizing

wind interference problems in the foreseeable future.
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2.6 Summing Up

The main objective of the analysis presented in the chapter is to scrutinize trends in

experimental data in order to assess the possibility of generalization. Because of the dearth

of "comparable" studies, this attempt has achieved to show only approximate trends. It

however underscores the need for a systematic, coherent and comprehensive approach to the

problem of interference. On the basis of this analysis and comparisons of literature results,

the following general guidelines have been formulated:

The critical locations for an upstream interfering building are at Sx = 4b to 8b and Sy =
0 to 4b, where b is the width of the building, producing an amplification of up to 60% in
the dynamic overturning moments on a similar downstream building. Mean loads on a
downstream building generally decrease due to shielding effect.

Interference causes substantial increases (by up to 100%) in the maximum dynamic
torsional moment of the downstream building, especially when the upstream building
blocks a side of the downstream building. The critical region is around Sx = 3b to 9b
and Sy = 0 to 2b upstream. Mean torsion is generally reduced.

Effect of an upstream taller building on a downstream building is more significant than
the reverse case. Mean along-wind loads are reduced, but dynamic loads are increased
by more than 70% for taller upstream buildings.

Mean loads decrease with increase in the foot-print size of the upstream building, but
dynamic loads increase by up to 200% on a tall, square downstream building due to a

square upstream building of similar height, but 2.5 times wide.
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The critical wind direction for interference depends upon the geometry and arrangement
of buildings, but generally a direction of wind normal to the building face may produce
significant interaction effects.

Interference effects are significant in open country exposure, steadily decreasing for
suburban exposure and urban exposure. Thus, buildings located along a waterfront,
deserts or an open area such as a park are more susceptible to interference effects.

Effect of downstream interfering building is not as significant as that of an upstream
building, but for small proximity locations at Sx = -b to -2.5b and Sy = b to 2b, dynamic
overturning moments on a similar upstream building may increase by up to 200% over
an isolated building value.

The wind loading of a building is generally less severe if it is surrounded by a large
group of buildings of significant size, thus leading to net shielding effects.

KBS and NN technology have been applied to very few problems in wind engineering.
These two Al technologies hold good promise in automating the knowledge dealing

with interference effects.

2.7 Avenues For Improvement

One aspect of the effect of adjacent buildings that causes high ground level wind speeds

(not covered in the present review), commonly known as “the pedestrian level discomfort”

(Isyumov and Davenport 1975, Lawson and Penwarden 1975 and Wu et al. 1993), has been

the subject of a much better-focused research than that on wind load modifications on

buildings. Significant efforts have been devoted to codify the ground level wind

environment for quite some time. This is perhaps because the effects of wind and adjacent
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buildings on pedestrians are immediately apparent as they affect human beings directly,
whereas the effects on building loads are not. Therefore, the idea of 'pedestrian level
discomfort’ is more easily appreciated than the concept of adverse wind loads on buildings
due to interference. The above review has nevertheless highlighted the importance of
interference effects between adjacent buildings, and the need to view wind-induced
interference problem from a practical design standpoint and attempt some kind of

codification and generalization of these effects.

2.7.1 Grey areas

Eventhough prior studies have underscored the severity of wind-induced interference

effects, they have only managed to touch the tip of the iceberg. Some important aspects

have been overlooked. The reason for this appears to be the enormity and complexity of the

problem. Nevertheless, a systematic and detailed study of wind-induced interference effects

seems to be in order. The major areas requiring further investigation are,

e Effect of relative building sizes

e Effect of incident wind direction

e Effect of immediate surroundings

e Empirical modelling

e Use of effective CAWE (Computer-Aided Wind Engineering) techniques for
generalization of experimental results as well as for providing practical design

assistance.
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This research, while aiming to fill-in the gaps left by previous studies through detailed
wind tunnel experiments, strives to find ways to generalize the solution of complex problem

of wind-induced interference effects by making use of Al techniques.

2.7.2 Practical design considerations

The studies reviewed provide either the mean or the fluctuating component of the wind
loads due to interference. For design of civil engineering structures, peak values of the loads
are usually required and these can be obtained using the method suggested by Davenport
(1964), wherein the peak load is the sum of the mean load and g times its standard
deviation; where g is a statistical peak factor (3.5 to 4.5). A value of g = 3.8 is commonly
used to predict the hourly peak values in the analysis of force balance model test results
(Isyumov et al. 1992).

Regarding local loads and based on experiments on a scale model of the Texas Tech
building, Carpenter (1994) found substantial increases in peak wind pressure, especially on
roof and wall corners, by positioning two identical blocks adjacent to each other. These are
extremely pertinent to design and special efforts must be made to ensure their consideration.

The plethora of numbers (interference factors) generated as a result of the wind tunnel
experiments on interference effects and the subsequent lengthy analytical and empirical
equations may not be directly useful to the structural design practitioner. Therefore, the
formulation of simple and straightforward design guidelines would be helpful, especially in
the preliminary design stages, to assess and estimate the effects of adjacent buildings on

wind loads. On the basis of wind tunnel experiments involving models of two 216m tall
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buildings of square cross-section (width 24m), Kwok (1989) suggests three rules to interpret
the results of interference effects:

(2) A potential increase in wind Ioads of 10% to 30% may be expected to be within the
normal safety factor in design.

(b) An increase of 30% to 50% should be of considerable concern, especially in terms of
serviceability requirements of the building. A comprehensive wind tunnel model testing is
recommended.

(c) An increase of greater than 50% will be well outside the safety margin used in normal

design, thus making wind tunnel tests mandatory.

2.7.3 Towards codification and generalization
In a wind-tunnel test to determine design cladding pressures on two adjacent tall buildings,
Surry and Mallais (1983) observed high suction regions near the ground for some particular
geometries and spacings between the two buildings. This questions code recommendations
which suggest design values of local suction increasing with height. Stathopoulos (1984a)
has also pointed out gross overestimation or underestimation of the wind loads by codes and
standards, as already mentioned. In spite of a few scattered attempts towards generalization
and codification of interference effects (Bailey and Vincent 1943, Stathopoulos 1984a,
Thoroddsen et al. 1987, Kwok 1989 and English 1993), a well-focused and systematic
effort is needed in order to formulate general and simplified guidelines on interference
effects for codification purposes.

Whilst there is proprietary information on interference effects from specific projects,

little of a general nature is available to the designer. Most of the interference effect studies
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reviewed involve two or three buildings with identical, square cross-sections. In actual
situations, there will be several adjacent buildings with different sizes and shapes. Adding
generality would be an extremely difficult, complex and time-consuming task, because of
the many parameters involved. However, several limiting conditions based on the results of
previous studies could serve to restrict the number of variables. For example, open country
exposure which has been found to give the most critical interference effects; and wind
normal to the model face may be taken as starting points for the codification process. The
effect of rectangular buildings of various cross-sectional sizes and heights should be studied
in detail before any generalization. Representative building sizes could be chosen to cover
the various cases of interfering buildings likely to be encountered, for instance, small,
medium and large buildings. The critical cases thus obtained could be subjected to more
detailed tests involving various wind directions, terrain conditions and building geometries
to generate a comprehensive database for purposes of codification. Once the database is
completed, advanced computerized avenues could be implemented to provide general
design assistance (Khanduri et al. 1995b).

Empirical modelling based on the database generated by wind tunnel tests could provide
equations to evaluate wind loads on adjacent buildings. Regression polynomials for
interference factors on buildings under proximity effects like those shown in Figures 2.5
and 2.6 could be provided. Such equations can be used for an approximate estimation of

wind forces on a building under interference conditions for preliminary design purposes.
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2.8 Summary

The chapter summarizes research developments in the area of wind-induced interference on
buildings and compares and analyzes the results of various studies. The data available from
the literature is of a very diverse nature and most studies cannot be compared directly
because of differences in building geometries and wind flow conditions. Although adjacent
buildings can drastically modify wind loads on buildings, there is very limited well-focused
research in this area. It is imperative, therefore, to study the effects of building interference
on wind loads in a more systematic manner through detailed wind tunnel experiments.
Empirical modelling and consequent generalizations to account for interference effects will
pave the way for simple design guidelines, thus leading eventually to codification. Hybrid
Knowledge Based Systems offer a viable alternative to extensive wind tunnel testing and

can help generalize and organize limited wind tunnel results.
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3

Experimental Methodology

3.1 Overall Approach

On the basis of an analysis of the literature results, a preliminary framework for the
experimental programme is set up. The severity of interference effects notwithstanding,
these experimental investigations purport to fill in the gaps left by previous studies and
augment their findings in a systematic and detailed fashion. The entire experimental
programme is divided into two categories: exploratory or pilot tests, and detailed
experiments. Exploratory tests are designed mainly to provide a quick, preliminary estimate
of the extent of interference that would eventually form the basis of the detailed
experiments. These tests also help verify some of the literature results. A simple three-
component strain gauge force balance was fabricated and calibrated to measure the along-
wind drag and across-wind lift forces as well as the torsional moment about the vertical axis
of the building. Detailed tests provide an accurate and detailed measure of the interference
effects. The principal building consists of a plexiglass model fitted with 12 pressure
tappings uniformly distributed on each of its four faces. Pressure measurements are carried
out by using pressure transducers. The digitization of pressure signals and analysis of the
data is done by Data6000 waveform analyzer. The aerodynamic forces are measured in
terms of non-dimensional along-wind drag and across-wind lift coefficients, for various
wind directions and approach terrains. All measurements are carried out at the Building

Aerodynamics Laboratory of the Centre for Building Studies, Concordia University.
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The main aim of this research is to investigate systematically the interaction between two
prismatic building models of various relative sizes under the influence of wind.
Measurements are carried out to examine the mean and fluctuating aerodynamic forces
acting on these models representing typical shapes of small, intermediate and large sized
buildings in various arrangements. The database generated is analyzed to create simple and
generalized sets of guidelines on interference effects along with the development of
empirical models. A knowledge base is finally developed based on the qualitative and
quantitative relationships derived from the experiments and observations. This knowledge
base constitutes the foundation of a PC-based adviser on interference effects as explained in

chapter 8.

3.2 The CBS Wind Tunnel

The boundary layer wind tunnel of the Centre for Building Studies (CBS) at Concordia
University, where the experiments are carried out, has a working section about 12m long
with a cross-section 1.8m x 1.8m. The roof is of adjustable height to allow for zero
longitudinal pressure gradient for various floor roughness characteristics simulating
different terrain exposures. The maximum wind speed at the test section is 14m/s. The
boundary layer develops naturally over a rough floor. Thus different wind tunnel floor
roughnesses will simulate boundary layer conditions representative of different terrain

exposures. Specific details can be found in Stathopoulos (1984b).

3.2.1 Wind speed and turbulence intensity profiles

In the CBS wind tunnel, the open country exposure condition represents exposure A as per
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the National Building Code of Canada (NBCC 1985) or exposure C of the American
Standard (ANSI 1982). This terrain develops in the wind tunnel over the roughness of a
carpet. The suburban terrain exposure corresponds to exposure B of NBCC (1985) and
ANSI (1982). This is achieved in the CBS wind tunnel by means of corrugated foam pads
placed over the carpet all along its length. The urban exposure may correspond to exposure
C of the NBCC (1985) or exposure A of ANSI (1982). This terrain condition is simulated
by placing egg box panels over the wind tunnel floor. The egg boxes are fixed on the panels
in a certain defined pattern so as to create the necessary roughness that simulates the
required turbulence at the centre of the turntable where the instrumented model is located.
The vertical distribution of the mean velocity and the longitudinal turbulence intensity
for the three simulated flow conditions are shown in Figure 3.1. It is clear that for the same
terrain roughness the turbulence intensity decreases with the increase in height above the
ground, and for the same height, the turbulence intensity increases with the increase in
terrain roughness. The velocity profile exponent in each case is estimated by using the

power law equation,

- @
vV_g - (i ) G.1)
where, v = mean wind velocity at a given height; v; = mean wind velocity at gradient
height; z = height above ground; z, = gradient height and &= power law exponent.

Thus the best fitted velocity profile exponents are 0.15 for the open terrain, 0.25 for the
suburban and 0.36 for the urban terrain exposure. The turbulence intensity at the building

height (80m) is 7%, 13% and 25% for the open, sub-urban and urban approach terrain

respectively.
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3.2.2 Spectrum of longitudinal turbulence

In order to fix a geometrical scale for the model, spectra measurements are performed for all
the three terrain exposures. The Fast Fourier Transformation (FFT) method was used for the
development of spectral estimates. Typical spectra measured at the building height (80 m)
are presented for the three exposures in Figure 3.2. These spectra are compared with

Davenport's empirical equation for the power spectral density (Davenport, 1961),

nS(n) 2 x?
o? - 3(1+x2)4/3

3.2)

x = ==1200 = =22 1200 (3.3)
Vio VzVi0

where, n = frequency; S(n) = power spectral density of the longitudinal turbulence
component; ¢” = variance of longitudinal wind velocity; v;, = mean wind velocity at 10m
height and v, = mean wind velocity at height z.

Figure 3.2 shows a good agreement between the curves based on CBS experimental data
and Davenport's empirical curve. The length scale of turbulence in the longitudinal direction
is obtained as follows:

Time scale T of a random process, that gives an idea of the average duration of the

eddies, i.e. the duration for which the velocity fluctuations will be sustained, is defined as,
T = [R,(r)a (3.4)
0

where R (%) is the auto-covariance, given by,

Rx) = [0 - V)6t +1) - V)] 6:5)
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where, v(?) = velocity in time t; v(t+17) = velocity at a time lag of T and v = mean velocity.

Thus, length scale of turbulence in the longitudinal direction is given by,

L, =vrt (3.6)

For the present study, T is estimated by integrating the autocovariance function of the
velocity time history at building height (see equation 3.4). Multiplying this by the mean
velocity at the building height, a length scale of 0.29m is obtained for the open terrain in the
wind tunnel. On using a length scale (L;) of 112m for full scale as suggested by
Stathopoulos (1984), a geometric scale of 112/0.29 = 386 is obtained. Therefore, a

geometric scale of 1:400 is used in the present study.

3.3 Experimental Set-Up

The experiments involve two rigid, prismatic building models of various sizes, one serving
as the instrumented "principal" test model and the other as the mobile "interfering" building
model that is used to provide interference by locating it at specific positions upstream or
downstream of the principal building. Force or pressure measurements are made on the
instrumented model with the interfering model nearby. These measurements are also made
on the principal model in isolated condition to facilitate a direct indication of the effect of

the interfering building.

3.3.1 Characteristics of the test models
Typical dimensions of the models have been selected to be representative of real buildings
at a geometric scale of 1:400. A total of 10 basic combinations of the interfering building

dimensions will cover a significant range of relative building sizes. The principal building is
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made of styrofoam for exploratory experiments with the force balance and of plexiglass for
pressure measurements. The models providing interference are made of wood. If b and h are
the breadth and height respectively of the square plan shaped principal building model, the
relative dimensions of the interfering building models are: breadth: b/1.5, b, 1.5b, 2b and
height: h, 1.5h, 2h. Additionally, a scale model of Montreal city downtown is used to study
the effect of immediate surroundings on the interference between two buildings of equal
size arranged in various “critical” configurations within the city centre model. The

dimensions of the building models are given in Table 3.1.

Table 3.1 Dimensions of the building models tested in the wind tunnel

Model Number  Length Breadth Height
(mm) (mm) (mm)

Principal (instrumented) model:

Py 50 (b) 50 (b) 200 (h)

Interfering (dummy) models:

I 50 (b) 50 (b) 200 (h)

L 33 (b/1.5) 33 (b/1.5) 200 (h)

I 75 (1.5b) 75 (1.5b) 200 (h)

L 100 (2b) 100 (2b) 200 (h)

Is 50 (b) 50 (b) 300 (1.5h)

Is 75 (1.5b) 75 (1.5b) 300 (1.5h)

I; 100 (2b) 100 (2b) 300 (1.5h)

Ig 50 (b) 50 (b) 400 (2h)

I 75 (1.5b) 75 (1.5b) 400 (2h)

Lo 100 (2b) 100 (2b) 400 (2h)

3.3.2 Arrangement
The models are arranged in tandem, side-by-side and staggered fashion. Each of the 10
basic cases shown in Table 3.1 are tested by placing the interfering building model at

various locations on a grid with the principal building stationed at the origin as shown in
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Figure 3.3. For 0° incident wind normal to the building face, only the positive Y-axis
quadrants are considered. For other selected wind angles the interfering building is placed
in all four quadrants. The distances in the X and Y-axes are designated as Sx and Sy
respectively and the interfering building is located around the principal building at distances
that are multiples of the principal building width, b; for instance, a location may be
designated as Sx = 2b and Sy = 5b. On an average, about 70 locations for each building
-configuration are tested for 0° wind and double of that for other angles. Thé locations (Sx,
Sy) are based on pilot studies as well as literature results, with closer observations

considered around critical locations.
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Figure 3.3 Building arrangement
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3.3.3 Approach terrain

Since the open approach terrain exposure gives the most adverse interference effects, all
model configurations are tested under this terrain category for all the designated wind
angles. The two “equal building”, Py-I; configuration (see Table 3.1) is also tested for the
suburban and urban approach terrains for 0° wind angle. The critical cases thus found are

tested within a simulated city centre environment with a suburban approach terrain.

3.3.4 Wind direction and building orientation

All the building configurations shown in Table 3.1 are tested for 7 wind directions: 0°, 15°,
30°, 45°, 60°, 75° and 90° with an open approach terrain. Buildings tested with suburban
and urban approach terrains are subjected to a 0° wind, with a premise that similar trends
(increase or decrease in interference effects relative to the 0° wind) would be expected for
other wind directions as well. The Montreal downtown model is oriented in such a way so
that the wind approaches from a south-south-west direction, which is the worst wind

direction based on meteorological observations (Wu 1994).

3.4 Exploratory Tests - Fabrication Of A Three-Component Force Balance

Exploratory tests are designed mainly to provide a quick, preliminary estimate of the extent
of interference that would eventually form the basis of the detailed tests. These tests also
help verify literature results. A simple three-component strain gauge force balance was
fabricated to measure the along-wind drag and across-wind lift forces and the torsional
moment about the vertical axis of the building. The balance is mounted with a 50mm x

50mm x 200mm styrofoam building model (principal building) and fixed on the floor of the
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wind tunnel. The balance assembly is connected to a data acquisition system that provides
the mean and fluctuating voltages proportional to the applied forces from three strain gauges
under the action of wind. An interfering building model made of wood is placed at various
locations around the principal building model. Measured forces are compared with that on
an isolated building model.

A two-component force balance with good sensitivity and stiffness was developed by
Whitbread (1975). The shear and moment were measured at the base of a 305 mm (12 inch)
tall carbon fibre shell of a building model using integrated silicon sensors. Tschanz (1982)
developed a high frequency, sensitive but rigid five-component balance-model system to
measure the total dynamic wind forces on the base of a building model.

The design of the balance used in this study is based on two main criteria: 1) quick, easy
and inexpensive fabrication and 2) reasonably acceptable performance commensurate with
the exploratory nature of the tests. Thus the design of the balance is believed to represent
the best compromise of desirable attributes for the intended application. Figure 3.4 shows
the photograph of the balance-model assembly and Figure 3.5 shows the schematic of the
balance. The main components, fabrication and the calibration process of the balance is

explained briefly in the following sub-sections.

3.4.1 Base plates

Three interconnected aluminum base plates form the basic components of the force balance.
The plates are stacked over each other, separated by frictionless bearings. The bottom plate
is fixed over a vertical steel rod that is free to rotate about its longitudinal axis. The top two

plates can move in mutually perpendicular directionsina horizontal plane. The smooth
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Figure 3.5 Schematic of the three-component force balance
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movement is facilitated by two LBSB-5 frictionless bearings having a maximum travel of

12.77 mm (0.5 inch) and a maximum load capacity of 22.25 N (5 Ib).

3.4.2 Thin beam load cells

Attached to the base plates are two thin beam load cells each containing a specially
integrated strain gauge laminated to the beam. Both the top and middle and the middle and
bottom pair of plates are interconnected by each load cell attached to the two mutually
perpendicular edges as shown in Figure 3.5. The sliding action of the plates bends the
beams and results in a voltage fluctuation that is captured by the data acquisition system.
This arrangement measures the shear force on the building in two mutually perpendicular
directions. A third set of load cells is fixed to a thin metal strip ("torsion strip") attached to
the vertical steel rod that divides the strip in the middle. These load cells measure the
torsional moment of the building under the action of a force. The torsional stiffness of the
balance can be regulated by two aluminum grips that can slide along the torsion strip and
can be fixed at any location thus changing the stiffness of the metal strip.

The range of shear forces expected to be resisted by the balance-model assembly for a
50mm x 50mm x 200mm building model is of the order of about + 1.1 N (0.25 Ib) (using
equation 3.7 (page 74) and assuming a drag coefficient of 1.3 (Liu 1991) and wind velocity
at building height of 11m/s). As per literature results, this value is increased by about 100%
to account for interference effects. Moreover, keeping in view future use of the force
balance, possibly for larger building models, a safe expected range of forces of +4.45 N
(1 Ib) is assumed. Thus, the thin beam load cell selected is OMEGA LCL-454G with a rated

capacity of +4.45 N (1 1b). Some important specifications of the load cells are as follows:
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e Excitation: 5 Vdc, 12 V maximum
e Rated output: 2 mV/V

¢ Operating temperature: -54°C (-65°F) to 93°C (200°F).

3.4.3 Voltage supply, signal amplification and filtering

The load cells have to be excited by a supply voltage. To obtain a high output voltage per
strain, the excitation should be as high as possible so that small strains can be measured
without a large error from noise and other unwanted signals. On the other hand, the supply
voltage should be kept as low as possible to avoid heating of the load cells. A 10 Volt
battery supplies the voltage to the load cells. The small output of the strain gauges is
amplified approximately 100 times to interface with the data acquisition system and the

signal is filtered using a KROHN-HITE 3342 low-pass filter.

3.4.4 Calibration of the force balance

The three-component force balance is calibrated carefully to determine the calibration slope
and cross-talk, if any, due to the misalignment of various components of the force balance.
A simple calibration rig is fabricated; it consists of a pulley system through which a known
load can be applied to the balance assembly and the resulting voltage changes measured on
a voltmeter. To measure cross-talk, loads are applied in one direction (say X) and voltage
changes measured for the other two components, i.e. torque and loads at right angles to X.
The maximum error due to cross-talk for each of the three component directions is about

3% of the load applied in the main direction. Figure 3.6 shows the calibration plots (load vs.
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voltage) for along-wind loading (drag), across-wind loading (lift) and torsional moment

(torsion). These are all linear.

3.4.5 Building model for force balance

The building models should have a small density, otherwise the overall frequency of the
balance-model assembly would be significantly reduced due to its high inertial mass.
styrofoam, owing to its extremely light weight, was the material of choice for fabricating the
principal building model. A 50mm x 50mm x 200mm styrofoam building model with sharp
edges and a weight of 13g was fabricated. The model is glued onto a thin, lightweight

50mm x 50mm x 10mm wooden strip to facilitate its fixing onto the force balance.

3.5 Detailed Tests - The Pressure Model

Detailed tests are targeted at specific areas identified by exploratory tests. They are
purported to provide an accurate and detailed measure of the interference effects. The
principal (instrumented) building consists of a 50mm x 50mm x 200mm plexiglass model
fitted with 12 pressure tappings uniformly distributed on each of its four faces (total 48
pressure taps). The model represents, in full scale, a 20m x 20m square plan building with a
height of 80m. Figure 3.7 shows the photograph of the principal model made of plexiglass

and the interfering models made of wood.

3.5.1 Instrumentation
Pressure measurements are carried out by using multi-input manifolds (Surry and

Stathopoulos 1978) connected to Honeywell pressure transducers which accurately transfer
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a pressure difference into an electric voltage. The connection between the model and the
manifold is typically 1.6mm internal diameter plastic tubing containing a restricting insert
of small bore made of brass tubing. A pitot static-tube located at the gradient height is
connected to pressure transducers for determining the total pressure. The digitization of
pressure signals and analysis of the data is done by Data6000 Universal Waveform
Analyzer. A sampling frequency of 500Hz over a period of 16 seconds was used to
evaluate the mean and standard deviation of the pressure data. The pressure spectra
comprised an average of 8 such records. The aerodynamic forces are measured in terms of
non-dimensional along-wind drag and across-wind lift coefficients as defined in equations
3.7 to0 3.10. These forces are obtained by assigning a representative area to each tap location
and multiplying it by the pressure at that location. The products are then summed up for
each instrumented face of the model to yield the drag force and the lift force respectively.
This kind of arrangement is routinely used for measuring mean drag and lift forces but is
unsuitable for measuring fluctuating forces as well as for repetitive measurements, like
those involving several interfering building configurations, because of high demands on
time and resources. For measuring fluctuating drag or lift, instantaneous pressure values at
each pressure tap location and their sum for two opposite faces of the building model are
required. Therefore, pneumatic averaging (Surry and Stathopoulos 1978) is used to measure
the fluctuating pressures in addition to mean pressures as well as to expedite the
measurements. It also makes an efficient use of the wind tunnel, instrumentation and

computer resources.
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3.5.2 Area Averaging
Overall wind loads on a structure are due to the integral effect of surface pressures over the
structure areas. As an alternative to direct force measurements, it is often preferable to
estimate these loads by integrating or averaging the pressures over a surface. Mean
pressures can be obtained by integrating pressure values obtained at various points over the
surface under consideration. However, for wind engineering studies, mean values alone are
not sufficient. It is also necessary to determine the fluctuating or root-mean-square and peak
loads, as well as to obtain spectral information. A problem arises when averaging
fluctuating pressures obtained from individual measurements. Since individual maxima of
pressures do not occur simultaneously at all pressure tappings, peak pressures obtained from
the direct summation of peak point pressures will overestimate the fluctuating and peak
structural loads. This has been verified experimentally. However, a pneumatically averaged
signal provides an instantaneous sum of the pressures at a number of tappings on a model
surface, thus representing an area-averaged pressure whose statistics can be investigated.
The area averaging technique consists of pneumatically averaging the pressures from a
number of taps connected in a carefully controlled fashion through a multi-input manifold
to a pressure transducer. The transducer reads the instantaneous spatially-averaged pressure
acting on the area associated with the pressure tap locations. Surry and Stathopoulos (1978)
have shown that such manifolds can be used to determine both mean and fluctuating
pressures accurately. Sockel and Kronke (1992) measured area loads with pneumatic
averaging method and found good agreement for mean values when compared with
numerically averaged results of transducers flush-mounted on the surface of the model.

Gumley (1983), used detailed theoretical analysis backed by experiments, to validate the
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area averaging procedure on such systems and to describe the properties of manifold
networks. Manifolds of up to 16 inputs have been shown successful for area load
measurements (Surry et al. 1983).

Figure 3.8 shows the 12-input manifold used in this study. Four such manifolds are used,
one for each face of the model. Each of the 12 pressure taps is connected to an input of the
manifold by a 1.6mm internal diameter plastic tubing containing a restricting insert of small

bore made of brass tubing to damp the resonance and to keep the frequency response flat.

11 ]

12.7mm (1/2")

1.6mm (1/16™)
Internal diameter

Plan view Side view

Figure 3.8 Pneumatic averager

Restrictors are widely used in wind engineering experiments for the measurement of
fluctuating pressures on building models where high frequency response capabilities are
desired (Irwin et al. 1979 and Gumley 1983). The total length of the plastic tubing is
600mm, the brass restrictor being inserted at a distance of 355mm from the pressure tap.

This tubing system responds adequately to pressure fluctuations on the model up to a
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frequency of 100Hz with negligible attenuation or distortion (Stathopoulos et al. 198 1). The
output of each manifold is connected to a Honeywell transducer. The tubing-restrictor-
manifold-transducer system maintains low distortion of the pressure signal while allowing
relatively long tube lengths to be used to ease the mounting of instrumentation underneath

the building model.

3.5.3 Presentation of Data
Measurements of the surface pressure on the model is reduced to non-dimensional pressure
coefficients by referencing them to the mean dynamic velocity pressure (1/2)pU? (where p

is the density of air and U represents the free-stream mean velocity). The non-dimensional

pressure coefficient C, »» as defined in equation 2.1, enables the application of experimental

results on the model directly to the prototype. The term (1/2)pU7 is obtained by taking the
difference of the total or stagnation pressure measured with the help of a Pitot static tube
and the static or ambient pressure.

The manifolds enable the building to be considered as a whole rather than its individual
instrumented points and provide the total mean and standard deviation of the wind forces
acting on each of the four walls of the building. A data acquisition program was written to
capture 16s of simultaneous force data as well as the force spectra. The forces on two
opposite walls are subtracted to give overall forces in two mutually perpendicular - the
along-wind (drag) and across-wind (lift) direction. The forces are measured with respect to
the building axis system as shown in Figure 3.9. The mean and fluctuating forces are
eventually converted into non-dimensional force coefficients given by the following

equations:
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where,

C, =Mean drag coefficient

C, =Mean lift coefficient

C, =Fluctuating drag coefficient
C

i = Fluctuating lift coefficient

Figure 3.9 Representation of force coefficients on the building axis system

— Fg

Ca = 7= (.7)
‘Z‘,OU A

—_ F -

Ci =5 ’2 (3.8)
EPU A

~ F 3

g, = ; d2 B9
‘Z‘pU A

~ F

Cr = I (3.10)
EpU A

where C;and C; are the mean drag and mean lift coefficients, respectively; F,; and F,
are the mean drag and mean lift forces, respectively; C,; and,; are the fluctuating drag
and fluctuating lift coefficients, respectively, %, and F, are the fluctuating drag and
fluctuating lift forces, respectively; p is the density of air; U is the free-stream mean

velocity at the top of the building and A is the projected area of building face normal to
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the direction of wind. The results of interference tests are presented in terms of an
Interference Factor (/F) given by:

Force coefficient on principal building (interfering building present)
Force coefficient on principal building (isolated condition)

IF = (3.11)

The Interference Factors are presented in terms of contours, graphs and simple
recommendations. These sets of contour maps are eventually used for providing simplified
and general guidelines on interference effects. Empirical modelling based on the database
generated by wind tunnel tests provide curve fitting equations for the evaluation of wind

loads on a building affected by interference caused by an adjacent building.

Dheorists conduct esperiments with thern braine. Exporimentow bhave lo we ther hands. Coo.
Theonists ane thinkens, evporimentons are enaftomen. “The theonist openales in a friematic flace free of
waide, of oibration. of dint. The exporimentor develops an intimacy with matler as a sculfplor does
with clay. battling i, shafing ¢f, and engaging L.

- fames Gleick. (haos: Making of Hew Science (1957)
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4

Experimental Results - Exploratory tests

On the basis of an analysis of the literature results, a preliminary framework for the
experimental programme is set up and, as explained previously, the entire experimental
programme is divided into two categories: exploratory or pilot tests and detailed
experiments. The main aim of the exploratory tests is to provide a quick, preliminary
estimate of the extent of interference that would eventually form the basis of the detailed
experiments. These tests also help verify some of the literature results. A three-component
strain gauge force balance is used to measure the along-wind drag and across-wind lift
forces on the principal building due to a similar adjacent building. The fabrication details
and the working of the force balance have been discussed in chapter 3. Measured forces on
a building due to interference from an adjacent building are compared with those on an
isolated building and some of the results are validated by comparison with available
literature data. The results are presented in terms of drag and lift Interference Factors, IF
(see equation 3.11). The extent of interference is defined on a grid similar to that shown in
Figure 3.3 with areas of special significance -highlighted on it. The main target of
investigation in the pilot study is the two equal building configuration (P, - I,) because some
literature results for comparison and validation are available for this configuration only.
This limited exercise has helped gauge, to a reasonable degree of confidence, the overall
scenario and trends, and prepare legitimate cases for a detailed analysis. Sections 4.1 and

4.2 validate the available literature results as well as demonstrate the effectiveness of the
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force balance. To reiterate once again, the main purpose of this exercise is to garner trends
rather than absolute values. These trends are presented in the form of Interference Influence
Grids in section 4.3. The knowledge of such trends helps understand the influence of the
interfering building and reduce drastically the number of configurations to be tested during

detailed experiments.

4.1 Mean Loads

The effect of interference on mean loads is shown, for four typical cases, in Figure 4.1,
wherein the present force balance results are compared with literature data. All cases are
tested with wind normal to a face of the principal or instrumented building. The agreement
between the two seems to be quite good in general except for the results of Lee and Fowler
(1975). This can be explained by the fact that while the buildings tested by Sakamoto and
Haniu (1988) and Taniike (1991) had more or less similar relative dimensions as in the
present study (width:depth:height = 1:1:4), Lee and Fowler's 25.4mm x 25.4 x 460mm
(1:1:18) building model represents a tall and slender building.

As expected, mean loads are reduced due to the effects of interference. In Figure 4.1(a)
this translates to a beneficial shielding when two buildings are arranged in tandem.
However, for close separation (less than 2b, where b is the width of the principal building),
the principal building may experience severe suction (IF < -0.10), i.e., a pull directed
towards the interfering building. In case of close tandem locations, both buildings are
completely submerged in the wake of the upstream building, the pressure on the windward
face of the principal building is reduced drastically due to the almost complete shielding

provided by the upstream building. The reduction is so high that the usual pressure on this

77



[

© o
o o

Interference Factor (IF)

S o o
N O N N

S
H

~ Present study

| b— Sx —

e

®. L M ¥

0 2 4 6 8 10 12
Sx/b

14
[ ]
s g 1.2
§ 1
Q
& 0.8
3
£ 0.6
(3]
% 04
g
0.2
' 0
14 16

T

1

- Present study

Wind D—:
— Sx

—

1 & b

o

2 4 6 8 1
Sx/b

0

12

(a2) Mean-drag IF for downstream building  (b) Mean-drag IF for upstream building

Interference Factor (IF)
- b =

© o o o
o NV B o

= Lee & Fowler (1975)
® Sakamoto & Haniu (1988)
4 Taniike (1992)
04
i Present study 02 } Present study
R /:f—r—\*-rﬂ T ot \
7S E Y ‘ ; b | ]
i 4 5-02 ( -
2 =
i = 04 F 4G
&l 8 - -
i Wind T [ E 06 |- . Wind | L]
i 4 Ib -0.8 + 'LDIb
Ph he
1 J. L 4 ‘1 - . *
0 1 2 3 4 5 6 o 1 2 3 4 5 6

(c) Mean-drag IF

Sy/b

(d ) Coefficient of lift

Figure 4.1 Effect of interference on mean wind forces

78



face changes into suction on account of the high velocity eddies forming in between the
small gap between the two buildings. Moreover, the two close-spaced buildings almost
replicate a rectangular building with a larger along-wind length so that the velocity of the
flow reduces considerably on reaching the leeward end of the principal building, reducing
the suction on its leeward face and hence the principal building experiences a reduction in
overall drag. The shielding effect of the interfering building is felt from as far as 12 times
the building width, reducing the mean drag on the principal building by 30%. When the
principal building is located upstream of the interfering building (see Figure 4.1(b), the
effect is not as spectacular barring a minor dip in the IF curve around a spacing of 2b. For
most of the part, the IF value hovers around 1.0, an isolated building condition.

Figures 4.1(c) and 4.1(d) compare the values of mean drag and lift when two buildings

are arranged side-by-side. Mean drag remains virtually unaffected. However, in case of
mean lift, high suctions (C; < -0.10) are registered again, for close spacings of less than 2b

(C, for isolated building is 0). This is due to the so-called “channelling effect” created by
the speeding-up of wind through the narrow channel between the two buildings. This
reduces the force on the inside wall of the principal building, thus causing a pull or suction
directed towards the adjacent building. A complete scenario including the effects of
interference for staggered locations is presented in Interference Influence Grids in section

4.3.

4.2 Dynamic Loads
Dynamic loads are expressed in terms of the standard deviation of fluctuating drag in the

along-wind direction and fluctuating lift in the across-wind direction. Both quantities
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register considerable increase on account of interference. Figures 4.2 and 4.3 compare
Interference Factors (IF) for representative locations with literature results. The agreement
seems to be quite satisfactory in general, except in case of Figure 4.2(c) and Figure 4.3(c)
where one of the literature results does not seem to follow the general trends of the other
two data sets. A reason for this disagreement is not available at this time, however, a clearer
picture is expected to emerge after detailed experiments. Figure 4.2 shows IF for dynamic
drag, registering high values around an along-wind spacing (Sx) of 4b. The maximum value
of IF reached (not shown here) was 1.74 around Sx = 3b and Sy = 1.5b, i.e. an increase of
74% in dynamic drag. Figure 4.3 shows IF for dynamic lift. The values are, in general.
higher than dynamic drag and the area around the principal building where interference
effects are prevalent is also wider than the case of dynamic drag. The largest value of
dynamic lift IF observed (not shown here) was 1.84 around Sx = 5b and Sy = 2.25b. A
comprehensive scenario is presented in Interference Influence Grids in the following

section.

4.3 Interference Influence Grids

The results of the exploratory tests are presented in terms of Interference Influence Grids
(IIG). These grids represent, at this stage, the extent of interference on a buildings by an
adjacent building of equal size subjected to wind blowing normal to a face of the building.
The IIGs, in a sense, present the summary of the exploratory tests and serve as the
preliminary knowledge source for the detailed interference effects experiments. They are
refined after carrying out the detailed experiments, to incorporate in addition to accurate

IFs, the effect of building geometry, wind direction and upstream terrain conditions.
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Figure 4.4 shows IIGs for mean interference effects. The large area (white) unaffected by
interference effects is conspicuous in Figure 4.4, as are the areas of high shielding shown in
Figure 4.4 (a). As discussed previously, high suction location in case of mean drag (Figure
4.4 (a)) is immediately in front of the principal building, whereas for mean lift, this area lies
to the side of the principal building. The critical locations for mean drag are the ones where
excessive shielding or high suctions are produced. The high suction region is at Sx < 2b
reducing the overall coefficient of mean drag (C, ) on the principal building to about -0.30

(C; for isolated building is 1.30). High shielding is observed up to an along-wind

separation of 10b. Coefficient of mean lift (C;) increases considerably (up to 0.30) for Sx =
1.5b to 5b and Sy = b to 2.5b upstream and, for Sx = -1.5b to -2.5b and Sy = b to 2b
downstream. However, C; reduces (up to -0.25) for sideways locations spanning Sx = -b to
b and Sy = b to 3b (C; for isolated building = 0). Close locations at less than 2b distance
around the principal building are a cause for special concern from the point of view of mean

forces.

Figure 4.5 presents IIGs for dynamic or fluctuating interference effects. It is clear that the
influence zone for dynamic lift (Figure 4.5 (b)) is larger than that of the dynamic drag
(Figure 4.5 (a)). The area of high dynamic drag (C,) is closer to the principal building
whereas the location of high dynamic lift (5,) is farther upstream and to the side of the
principal building. The largest increase in fluctuating drag forces occurs when the principal
building is located near the edge of the wake of the upstream building rather than within the

wake region. There is no significant increase in forces when the buildings are positioned
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in a side-by-side arrangement, the maximum increases occur along a diagonal line making
an angle of about 30° to 45° with the normal to the windward face of the building. The
sensitive locations upstream for fluctuating drag are Sx = 1.5b to 8b and Sy = 0 to 3b
causing an increase of up to 70%, and Sx = 1.5b to 9b and Sy = 1.5b to 4.5b for fluctuating
lift, increasing it by up to 80%. Interfering buildings located within a small sensitive spot
downstream at Sx = -0.5b to -2.5b and Sy = b to 2.5b cause a 30% to 50% increase in
fluctuating drag.

Figures 4.4 and 4.5 will help formulate the strategy for detailed interference effects
experiments. They will also help reduce the number of configurations to be tested in the

wind tunnel.

4.4 Summary

Preliminary results based on exploratory tests show a considerable change in wind loads on
a building due to the presence of a similar adjacent building. Mean loads are generally
reduced, causing beneficial shielding for most tandem locations, but also creating high
suction for some close locations. Fluctuating loads register a considerable increase over a
wide region around the principal building. The available literature results are validated and
show similar trends as in the present study. The Interference Influence Grids provide a
consolidated picture of the effect of interference and will provide the stepping stone for

further detailed experiments.

Everything dhowld be ac wmple as it . bt not smplen
-Alert Eimatecn (1879-1955)
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5

Detailed Experiments - Isolated Building

Since interference effects are defined relative to an isolated, free-standing building, the
coefficient of drag and lift for a single building are measured carefully and validated with
literature results. The term isolated free-standing (or isolated) building is applied to a
building without any adjacent buildings. Surprisingly, comprehensive studies on tall
isolated buildings in boundary layer flow that take into account the building size, turbulence
intensity of approach flow and wind direction are relatively few and general trends are
difficult to postulate. Although an in-depth study of wind forces on isolated buildings is not
the mandate of the present study, certain clear trends in the data have been established and
generalized empirical equations defining wind loads on isolated buildings of square foot-
print have been suggested. The experimental set-up has been discussed in chapter 3. In this
chapter, general flow mechanisms with respect to isolated buildings are discussed and
experimental results are presented, compared and analyzed. Data from measurements
carried out on a static “pressure” model representing a 20m x 20m x 80m building are
presented in terms of drag and lift coefficients. The forces are measured with respect to the
building axis system as shown in Figure 3.9. The effect of turbulence and wind direction on

building wind loads is discussed and general trends are established.

5.1 General Flow Mechanism

The general wind flow pattern and related mechanism for an isolated building under the
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action of wind normal to a face has been discussed in chapter 2, section 2.2. To recapitulate
(see Figure 2.1), when wind strikes a building normal to one of its faces, it is slowed down
against the front face and generates a pressure on that face, decreasing towards the edges.
The pressure cushion drives the flow ahead so that it passes round the sides and over the
roof of the building. There is also a down-flow on the lower part of the windward face,
forming eddies that direct the wind flow away from the building opposing the general
direction of the wind. The flow in the windward eddy spirals along the face of the building
and escapes round the sides with increased speed reducing the pressure on the side walls.
Suctions are thus developed on the sides of the building parallel to the wind direction as
well as on the leeward surfaces and the roof.

The wind does not always blow normal to a face of the building and the flow pattem
when the wind strikes a building obliquely should be considered. Figure 5.1 shows the
general flow pattern around a building and the resulting mean pressure distribution for

oblique winds. The conditions shown may change depending upon the direction of wind.

(a) Flow pattern (b) Mean pressure distribution

Figure 5.1 Wind flow and pressure distribution on a building for oblique winds

88



As shown in Figure 5.1 (a), the flow divides at the leading corner, the wind striking face 1-2
at a large angle is slowed down and pressure is thus developed on the face. As the flow
accelerates down face 1-2, it creates suction at edge 2. The face 1-4 which is only glanced
by the wind may cause no retardation of the flow, and the acceleration which is necessary
for the wind to pass around the building will generally lead to suction on such a face.
Suction will also be experienced by the leeward faces 2-3 and 3-4 which are under the
influence of the separation bubble in the wake. The magnitude of the wind load on a
building is also affected by the turbulence intensity in the approach flow.

In the present study, wind loads on the principal building are expressed in terms of non-
dimensional mean and fluctuating (standard deviation) drag and lift coefficients. All

coefficients are measured with respect to the building axis system.

5.2 Mean drag and lift

Figure 5.2 shows the variation of mean drag (C;) and lift (C;) with the angle of attack of
wind for open, suburban and urban exposures. It is clear from Figure 5.2(a) that the
maximum C is registered for wind striking the building at an angle (0) of 0°, normal its
face. Also evident is the fact that the drag coefficient reduces with increasing turbulence
intensity of wind or, in other words, on changing the upstream exposure from open to urban.
Recall from Figure 3.1 that the turbulence intensities associated with the three exposures

are: 7% for the open, 13% for the suburban and 25% for the urban exposure, measured at
the building height (80m). From Figure 5.2(a), the maximum values of C; (at 8 = 0°) are,
1.30, 1.15 and 1.02 for open, suburban and urban exposure respectively. The incident

turbulence affects the development of the separated shear layers, the entrainment
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of fluid into these layers, and consequently the reattachment of the shear layers (Laneville
et al. 1975). The reattachment of the shear layers separating from the front corners of the
building to its sides leads to a pressure recovery that decreases the suction behind the
building and hence reduces the drag. Lee (1975) and Akins (1992) found a decrease in the
value of mean force coefficients with increasing incident turbulence for a series of
rectangular prisms. Bearman (1978), found the base pressure, which effects the drag,
relatively insensitive to the scale of turbulence but highly dependent on its intensity, a fact

also corroborated by Courchesne and Laneville (1980) and Saathoff and Melbourne (1987).

Since C; and C; are represented in building axes (see Figure 3.9), C; values show similar
magnitude, but a trend that is opposite to 5d, with zero value for 6 = 0°, a maximum at 6 =

90° but similar values at 8 = 45° (Figure 5.2(b)).

The effect of changing the angle of attack of wind is to alter the path of the shear layers
and correspondingly change the forces on the building faces. Figure 5.2(a) shows that for all
the three approach terrains, mean drag steadily decreases to zero at 6 = 90°. The maximum
difference in the value of C; among the three approach terrains is at 6 = 0°. With
increasing angle of attack of wind 6, this difference decreases and becomes insignificant
after 6 ~ 40°. Vickery (1966) attributed the decrease in mean and fluctuating forces with
increasing turbulence intensity to an increase in the base pressure at small angles of attack.
For larger angles of attack where there would be no possibility of reattachment, the changes
in the base pressure would be insignificant. Thus, it seems that the appreciable decrease in
drag with increasing turbulence intensity continues up to the angle at which steady

reattachment to the side face occurs.
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Figure 5.3 compares the results of mean drag from the present study with those of Akins
(1992), ESDU (1979) and Taniike (1992). Agreement is good with Akins (1992) (power
law exponent, a = 0.12 and turbulence intensity L= 7.2 %). ESDU (1979) displays a similar
trend, although appreciably higher values. A plausible explanation may be that ESDU

(1979) values are culled from various sources and corrected for the effects of varying

turbulence intensities in approach flow. The highest value of C; for 6 = 0° is 1.37 by

Taniike (1992) owing to a low value of turbulence intensity of less than 2%.

1.4
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Figure 5.3 Comparison of mean drag for open approach terrain

Based on a thorough analysis of the experimental data, generalized empirical equations
defining coefficients of mean drag and lift for buildings of square footprint, taking into

account the effects of incident wind direction and turbulence intensity are suggested. The
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coefficient of mean drag, C;; is given by,

Ca = 4- B(Jga) - (130)2 .0

where, 6 is the angle in degrees, of incident wind with the normal to the building face (see

Figure 3.9) and A and B represent the effects of the incident turbulence intensity I, (%), and

are given by,
A4 =19(1,)%" (5.2)
B = 3.0¢1,)°%8 (5.3)

For calculating the values of mean lift, C;, 6 is replaced by 90° - 0 in equation 5.1.

Table 5.1 shows the comparison of the above equations with experimental results. The
mean of the sum squared errors (MSE) over all measured wind directions are 0.006, 0.008
and 0.009 for the open, suburban and urban exposures, respectively. Except for 8 = 75°,
where the errors in the predictions are rather large, the empirical equations predict the
values of coefficient of mean drag reasonably well for an upstream turbulence range of 7%

to 25%.

Table 5.1 Comparison between observed (experimental) and predicted (regression) values
for mean drag coefficient

Wind angle Upstream exposure
®) Open Suburban Urban
Observed  Predicted | Observed Predicted | Observed predicted

0 1.30 1.31 1.15 1.17 1.02 1.03
15 1.21 1.19 1.09 1.09 0.98 0.97
30 1.08 1.03 0.95 0.96 0.87 0.87
45 0.90 0.82 0.86 0.79 0.80 0.72
60 0.55 0.57 0.53 0.57 0.51 0.53
75 0.10 0.27 0.08 0.31 0.06 0.30
90 0.00 -0.07 0.00 0.01 0.00 0.01

MSE 0.006 0.008 0.009
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5.3 Fluctuating drag and lift

Figure 5.4 shows the variation of standard deviation of fluctuating drag (C;) and

fluctuating lift (C;) with the angle of attack of wind for open, suburban and urban
exposures. The fluctuating force coefficients decrease with increasing turbulence intensity,
which once again emphasizes the influence of turbulence on the flow around a building and
the consequent reduction in the fluctuating drag and lift forces. Unlike the mean forces, the
effect of turbulence does not diminish at larger wind angles. The periodic vortex shedding is
destroyed by high turbulence intensity in the approach flow, resulting in a redistribution of

the energy associated with pressure fluctuations over a wide frequency range and hence

lower fluctuating forces are registered for higher turbulence intensities. For & = 0°, C, is
0.25 which compares well with a similar value found by Reinhold et al. (1977), but for a
very tall building model (aspect ratio 1:17.5) and at a turbulence intensity of 12%; and, a
value of 0.22 found by Vickery (1968) for a building of similar proportions as used in this
study and at a turbulence intensity of 10.5%. On the basis of experiments on a tall, square
building, Kareem (1982) and Kareem and Cermak (1984) found the value of fluctuating lift
( 5,) to be 0.34 for the open terrain (o = 0.12) and 0.27 for the urban terrain (o = 0.34). The
corresponding values for the present study are 0.35 and 0.25 respectively. No other
comparable data is available for other incident wind angles.

Figure 5.5 shows the drag and lift time histories measured simultaneously for the
windward, leeward and side faces of the building with an open approach terrain and a 0°
wind azimuth, normal to the windward face. From Figure 5.5(a), the pressure on the

windward face and suction on the leeward face are clearly evident. The nature of
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fluctuations, or the time histories, on the windward and the leeward faces are almost

identical. As expected, lift fluctuations (Figure 5.5(b)) generate suction on both side faces of
the building. Sharp fluctuations on both walls give rise to a high overall C; of 0.35. Since

the mean forces on both the faces are almost the same, the overall mean lift is near zero.
This is clearly discemnible in the overall lift fluctuations plot where fluctuations about the
zero line are almost similar in magnitude but in opposite direction. Note the clear difference
in the time histories of overall drag (Figure 5.5(a)) and overall lift (Figure 5.5(b)). While the
drag time history appears to be broad-banded, the lift fluctuations seem to be on the narrow-
band side.

Figure 5.6 shows the spectrum of drag and lift fluctuations on the instrumented building.
Comparisons with the estimates of Kareem (1982) and Tschanz (1982) show a general
agreement in the trends. The slight disagreement in the values could be due to the
differences in the approach flow characteristics. No spectral peak is encountered for
fluctuating drag in Figure 5.6 which shows that the energy is distributed over a wide range
of frequencies. The spectra of fluctuating lift is remarkably different. It exhibits a spike in a
narrow band centred at the Strouhal frequency (nb /¥, ~ 0.10), where the bulk of the
energy is concentrated and indicates the occurrence of vortex shedding. This typical
characteristic of the measured spectra is quite similar to that reported by Vickery (1966),
Kareem (1982) and Kareem and Cermak (1984).

As done for the mean forces, an analysis of the experimental measurement results on
fluctuating forces have yielded generalized empirical equations defining coefficients of

fluctuating drag and lift for buildings of square footprint, taking into account the effects of

incident wind direction and turbulence intensity. The coefficient of fluctuating drag, C, is
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given by,

0 = c- o) + 5[5
Cd"C‘D(zoo + E\ 700

in which C, D and E defining the effects of turbulence intensity, are given by,

C

D

E

Fluctuating lift, C, can be obtained by replacing 6 by 90° - 6 in equation 5.4.

0.52(1,)%%
]']8(1‘, )-0.33

1.26(1,)%%

(54

(5.5)

(5.6

(5.7)

Table 5.2 shows the comparison of the above equations with experimental results. The

maximum error between calculated (regression) and observed (experimental) values for all

the three exposures is -0.03, insignificant from a practical standpoint. The mean of the sum

squared errors (MSE) over all measured wind directions are 0.0004, 0.0003 and 0.0003 for

the open, suburban and urban exposures, respectively. Thus, the empirical equations predict

the values of coefficient of fluctuating drag reasonably well for an upstream turbulence

intensity range of 7% to 25%.

Table 5.2 Comparison between observed (experimental) and predicted (regression) values
for fluctuating drag coefficient

Wind angle Upstream exposure
©) Open Suburban Urban
Observed  Predicted | Observed Predicted | Observed  predicted

0 0.25 0.27 0.20 0.22 0.16 0.18
15 0.21 0.19 0.18 0.16 0.14 0.13
30 0.17 0.15 0.15 0.13 0.12 0.10
45 0.14 0.14 0.13 0.12 0.11 0.10
60 0.15 0.17 0.13 0.15 0.11 0.13
75 0.20 0.23 0.18 0.20 0.15 0.17
90 0.35 0.32 0.30 0.28 0.27 0.25

MSE 0.0004 0.0003 0.0003
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It can thus be suggested that the nature of fluctuating forces on a square building, quite
like the mean forces, depend upon the degree of turbulence in the incident flow and its angle
of attack. These two parameters influence the modifications taking place in the structure
of the separated shear layers, thus effecting the boundaries of the flow reattachment region

on the sides of the building and hence the overall fluctuating forces.

5.4 Summary

A thorough investigation of mean and fluctuating forces on a single, free-standing building
with a square foot-print is undertaken to provide a reference for the study of interference
effects due to adjacent buildings. The experimental results compare well with available
literature data. The effect of incident turbulence in reducing the mean drag on a building is
prevalent for wind angles of less than about 40° and becomes insignificant at larger angles.
Turbulence also reduces fluctuating forces for all wind angles. At a wind angle of 0°, the
value of fluctuating lift is appreciably higher than that of fluctuating drag. The empirical
equations éuggested will help provide quick estimates of mean and fluctuating force

coefficients on buildings with square foot-print.

VY we take in on band any solume, of divinily on school metaghysice, for inatance, let ws ask: “Doca
& contacn amy abstract neadoming concowming gquantily on wumber 7 Wo. Does & contain any
exporimental neadoning, comcoming matter of fact on existence 7 o, ” (Gommes it then to flames: for it

- David Fume. rn Tnguny Conconing Human Undorstanding (1745)

100



6

Interference Effects - The Datum Case

Based on the results of exploratory tests detailed in chapter 4, Interference Influence Grids
(IG) were set-up. These grids present broad and general guidelines by defining areas
around a building sensitive to interference effects, and also by establishing limiting
conditions for detailed experiments. This is important, especially in light of the complex
nature of interference effects and the overwhelming number of possible building
configurations and flow conditions.

The “datum” or basic case is typical of most previous studies dealing with wind-induced
interference effects. This comprises two identical interfering buildings of square cross-
section in an open exposure and a zero degree wind azimuth, normal to the building face
(henceforth called the “normal wind”). Since the effect of the relative building sizes, the
incident wind directions and the upstream exposures will be compared to and discussed vis-
a-vis the datum case, it is therefore important to treat and discuss this benchmark case
separately.

Mean and fluctuating drag and lift force measurements are carried out on a static
“pressure” model. The details of the model, the pressure measurement system used and the
experimental methodology are outlined in chapter 3. In this chapter, experimental results for
the datum case are presented, compared, analyzed and discussed. Interference effects are
measured in terms of area-averaged loads as explained in chapter 3. Drag and lift spectra are

used to explain the interference mechanisms and typical spectral shapes for various
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interfering building locations are presented by means of simple Interference Spectral
Diagrams. Finally, the entire sets of results are presented as IIGs, refined in light of the
detailed experimental results. The IIGs embody the essence of wind-induced interference

effects for the datum case.

6.1 Overall Approach

Having identified and defined, in chapter 4, the areas around the principal building sensitive
to wind-induced interference effects by means of IIGs, the stage is now set for studying
interference effects in detail. Although the exploratory tests, described in chapter 4, greatly
help reduce the number of configurations to be subjected to detailed tests in the wind tunnel,
carrying out detailed experiments requires considerable time, effort and planning. As
explained in chapter 3, the effect of interference is studied by measuring the mean and
fluctuating forces on the principal building model (Po) due an interfering building model (Io)
of identical size at different positions around the principal building. The drag and lift forces
are measured with respect to the building axis system shown in Figure 3.9.

Figure 6.1, based on the results of the exploratory tests and the IIGs (see Figures 4.4 and
4.5), shows the detailed experimental plan, with the principal building at the origin and the
locations of the interfering building shown by black dots. These dots are denser for critical
regions and are sparse for locations of lesser significance from the point-of-view of
interference. The separation between the two buildings is designated by the centre-to-centre
distance, Sx in the horizontal axis (along-wind direction) and, Sy in the vertical axis

(across-wind direction), measured in terms of b, the width of the square principal building.
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Figure 6.1 Detailed experimental plan - locations of interfering building
tested in the wind tunnel

As explained in chapter 3, seventeen different interference cases can be classified as: ten
interfering building sizes, five extra wind angles (in addition to the normal wind, already
accounted for in the building sizes) and two extra upstream exposures (suburban and urban)

in addition to the open exposure. The various interfering building situations tested in the

wind tunnel are shown in Table 6.1.

Table 6.1 Interfering building situations tested in the wind tunnel

Number of interfering Wind angles Exposure Number of cases
building sizes tested (approximate)
10 (T; toIq) 0° Open 1000

1 @) 0° Suburban 100

1 M) 0° Urban 100

1 (1)) 15°, 30°, 45°, 60°, 75° Open 625

" same size as the principal building.
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The ten building sizes and two extra upstream exposure cases were tested for 0° wind
and taking advantage of the symmetry about the horizontal axis, the interfering building was
placed only in the two positive Y quadrants (see Figure 6.1). About a hundred such
locations for each of these twelve interference cases were selected, bringing the total
number of testing situations to 12x100 = 1200. For the five extra angles, the interfering
building was placed in all four quadrants. This increased the number of locations to about
125 and the total number of interference situations is 5x125 = 625. Thus, the overall testing
situations are 1825. Figure 6.1 and the above numbers are meant to provide an approximate
idea of the experimental effort involved. The locations of the interfering buildings did not
follow a rigid pattern: in fact they were altered during the experiments to reflect the actual
interference situation prevailing for a particular configuration. The advantage of symmetry
was taken to avoid unnecessary, repetitive testing, especially, for situations involving
oblique winds. For instance, coefficient of lift for 15° wind angle at Sx = 2b and Sy =4b is
similar to coefficient of drag for Sx = 4b and Sy = 2b for a wind angle of 75° (see Figure 3.9
for the definition of various force coefficients). In this chapter, results of the normal wind
(0° wind angle) case, involving two identical buildings, in an open exposure are discussed.

Area-averaged loads are obtained for each of the four walls of the principal
(instrumented) building model. For each location (Sx, Sy) of the interfering building model,
data was collected instantaneously at all four walls of the instrumented model, over a 16
second sampling period, with a frequency of 512 Hz. The statistics were thus computed for
a total of 8192 data samples for each face of the building model. Spectra measurements
were done for several locations and the data was collected similarly, but was averaged over

eight records, each containing 8192 data samples.
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Results are presented as interference effects contour diagrams, showing the drag or lift
force on the principal building due to the combined action of wind and interference effects
due to an adjacent building at Sx and Sy. The contours show force coefficients for mean
loads and the Interference Factor (IF) for fluctuating loads, given by equation 3.11.

6.2 Detailed Experimental Results - Mean Loads

The detailed experimental results regarding the effects of interference on mean wind loads
will be presented in this section. These results will be analyzed and discussed in a
subsequent section. For the datum case, the mean loads comprise the mean drag on a

building, in the along-wind direction, and the mean lift, perpendicular to it.

6.2.1 Mean drag
Mean drag coefficient (C, ) is given by equation 3.7. Figure 6.2 shows the contours for

mean drag coefficient on the principal building due to an identical adjacent building at
various locations around it. Comparisons with literature results (Sakamoto and Haniu 1988)

are also shown and the agreement seems to be satisfactory. The extent of shielding is

immediately apparent from the figure. The value of C for the principal building when the

interfering building is located at Sx ~ 11b is 0.90. Comparison with a Ed of 1.30 for
isolated building indicates a 30% decrease in mean drag. This means that a downstream
building experiences considerable shielding due to an upstream building located as far away
as 11 times the building width or 220m (about one quarter of a kilometre), in full scale, in

this case. Shielding would increase further for larger interfering buildings as will be seen in
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Figure 6.2 Effect of interference on mean drag coefficient

chapter 7. The shielding increases to 50% at Sx =~ 5b. At Sx =~ 2b, C; becomes zero
suggesting an absence of drag force on the principal building or, in other words, a complete
shielding of the principal building by the upstream building.

Shielding is beneficial for a building since it reduces the drag force on the building, thus
sparing its structural system and the cladding of high wind loads. However, for close
proximity locations (less than 2b) of the upstream building, C; becomes negative due to
high suction created on the windward face of the principal building. The overall mean drag
coefficient can decrease to as low as -0.31 for Sx = 1.25b. Compared to the isolated
building value of 1.30, this amounts to a decrease of 123% in the mean drag coefficient.
There is a small patch downstream around Sx = -b and Sy = 1.5b, where 6,, actually
increases to about 1.50, an increase of 15%, rather insignificant from a practical standpoint.

Overall, a narrow strip, or a “shielding belt”, of width b, extending up to a distance of
about 10b directly upstream of the principal building can be identified as the region of
significant interference effects. The design for wind loads should account for this shielding
region, decrease the mean loads on the principal building accordingly and thus take

advantage of the beneficial effects of interference. However, for two buildings in tandem at
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very close quarters (Sx < 2b), suctions generated on the windward face of the downstream
building can be a cause of concemn from the point-of-view of building energy management
and structural support of cladding. High suctions may result in heat loss ﬁ’01f1 a building,
imposing considerable strain on the heating, ventilation and air-conditioning system and,

consequently, on the overall building operation and maintenance costs.

6.2.2 Mean lift

The coefficient of mean lift (C;) is given by equation 3.8. Figure 6.3 shows the contours for
coefficient of mean lift on the principal building due to an identical adjacent building at
various locations around it. Comparisons with literature results (Sakamoto and Haniu 1988)
are quite satisfactory. As opposed to the contours for mean drag coefficient discussed in the
previous section, the tandem arrangement is not at all a significant parameter in this case. In
fact, mean lift coefficient for tandem arrangement is zero. This is to be expected for a 0°
wind that creates a symmetric flow around the buildings, resulting in forces of equal
magnitude on both side faces of the principal building, therefore a zero net lift. Similarly,
the net C; for an isolated building is also zero.

In general, mean lift does not seem to be greatly affected by interference for most
locations of the interfering building. However, when the interfering building is situated to a
side of the principal building (Sx = 0), creating a channel between the two buildings, high
suction is generated on the inner side face of the principal building adjacent to the channel.
The overall lift on the principal building is directed towards the interfering building, akin to
a force of attraction between the two buildings. At a sideways spacing of Sy =1.5b, C;

is -0.22. The high suction region extends up to Sy ~ 4b where C; is still -0.10.
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Figure 6.3 Effect of interference on mean lift coefficient

It is interesting to note the diagonal pattern of the C; = 0.0 contours to the downstream

and upstream on the side of the principal building. Thus, a “suction sector” can be
identified on the side of the principal building, stretching diagonally up to a distance of 5b
to its side responsible, predominantly, for the negative lift or suction on the principal
building. However, the critical region from the point-of-view of negative lift is not as large;
it is a small narrow strip extending up to Sy = 2b to the side of the principal building and

having a width spanning Sx = 0 to Sx =b, where C; falls below -0.15. The minimum value

of C_', of -0.27 is registered when the interfering building is located downstream at

Sx = -1.5b and Sy = 0.5b. There are few noteworthy locations for positive lift; small patches

exist on the upstream and downstream of the principal building, where the mean lift

108



coefficient is greater than 0.10. The maximum C; of 0.21 is registered at the interfering
building locations of Sx = 2b and Sy = b upstream, and Sx = -1.5b and Sy = 2b

downstream.

6.2.3 Mean loads - analysis and discussion

The most striking characteristic regarding the effects of interference on mean loads is the
high degree of shielding (reduction in mean drag) offered to the principal building by an
upstream interfering building. However, high suctions created due to close proximity
locations of the interfering building in front and to the side of the principal building should
be a cause for concern. The following sub-sections discuss the results of the detailed

experiments.

6.2.3.1 Mean drag

The shielding as well as suction for tandem arrangements, quite clearly, has to do with the
obstruction of wind by the interfering building. Basically, this interference lowers the
pressure on the windward face of the principal building and the overall drag, which is the
difference between the total pressure on the windward face and the leeward face, is reduced.
For close tandem locations (Sx < 2b), the separated shear layers from the upstream building
reattach to the sides of the principal building, eventually rolling down weakly behind it. For
example, for an interfering building at Sx = 1.5b, the suction (C, ) on the rear face of the
principal building is reduced to -0.29 from -0.58 in the isolated building case. Some shear
layers also escape into the narrow gap between the two buildings, bending sharply and

speeding into the channel from both leeward corners of the upstream building. This high
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velocity flow from both ends of the channel never strikes the front surface of the principal
building, it just skims over the surface, colliding in the middle to form a high velocity
backward flow. This skimming backward flow is responsible for high suction on the front
face of the principal building. Thus, the windward face of the principal building which in an
isolated condition would register an overall positive C; of 0.72, is instead subjected to a

suction of -0.50. Hence, the net C; on the principal building is -0.50 -(-0.29) = -0.21. Table

6.2 gives the C; values on the windward and leeward faces of the principal building for

various close tandem locations of the principal building. Since the windward face is
subjected to far more turbulent shear layers inducing a backward flow, it is more sensitive
to building spacing than the leeward face which exposed to a flow rendered mild by

reattachment to the side faces of the principal building.

Table 6.2 5‘1 values for close tandem arrangement (Sy = 0)

Sx/b Windward  Leeward Overall

) ) G 2)-G)
Isolated 0.72 -0.58 1.30
1.25 -0.57 -0.26 -0.31
1.50 -0.50 -0.29 -0.21
1.75 -0.44 -0.31 -0.13
2.00 -0.37 -0.32 -0.05
2.50 -0.16 -0.34 0.18

As the spacing between the two buildings becomes larger, C,; increases, but remains far

below the isolated building value even at an along-wind spacing of 14b (C; = 0.97). This
highlights the extent of shielding provided by the upstream building. Shielding is further

discussed with respect to other parameters in chapter 7.
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6.2.3.2 Mean lift
The most notable effects of interference on mean lift are the suction on the principal
building for side-by-side arrangement and pressure for close staggered arrangements. Two
buildings positioned side-by-side create a channel between them. For narrow widths of the
channel, the velocity of flow through the channel increases, thus creating high suction on
the inner sides of the two buildings. For example, for a side-by-side spacing of Sy = 1.5b,
the suction (C;) on the inner face (the channel side) of the principal building is increased to
-0.93 from -0.82 in the isolated building case, and reduced to -0.71 from -0.77 in the
isolated building case on the outer face. Thus, for Sy = 1.5b, an overall E', of -0.93 minus
(-0.71) = -0.22 is created.

For some close staggered locations, positive lift is encountered. For example, an
upstream interfering building at Sx = 2b and Sy = b creates a C; of 0.21 on the principal

building. This is because the separated shear layers from both sides of the upstream building

get just enough space to develop and reattach on the inner side of the principal building,
reducing the suction on that side to -0.60 from an isolated building value of -0.82. The C,
of -0.81, on the opposite side, is not very different from the isolated building value of -0.77.
Thus, the overall C; of -0.60 - (-0.81) = 0.21 is obtained. Table 6.3 gives the C; values on

the two sides of the principal building for various close locations of the principal building.

Note the interesting situation that arises for close downstream locations at Sx =-1.5b and

Sy = 0.5b and Sx = -1.5b and Sy = 2b. The C; value of -0.27 for the first location changes

to a positive C; of 0.21 when the interfering building is moved sideways to the second
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Table 6.3 C; values for various interfering building locations

Sx/b Sy/b Inner side  Quter side Overall

(1) (2) &) (4 (3)-(4)
Isolated 20.82 0.77 -0.05 (=0)
0.0 1.5 -0.93 -0.71 022
0.0 2.0 -0.95 -0.78 -0.17
0.0 3.0 -0.96 -0.83 -0.13
15 0.5 -0.81 -0.54 -0.27
1.5 2.0 -0.62 -0.83 0.21
2.0 1.0 -0.60 -0.81 0.21

location. In the first case, the suction on the outer face of the principal building is greatly
reduced. It is believed that at such an arrangement, the flow passing into the narrow channel
glides strongly along the rear face of the principal building towards its outer side. This flow
obstructs the regular suction-creating flow at the outer face of the building, reducing its
velocity considerably. Hence, the suction at the outer face of the principal building is
reduced. On moving the downstream building to a side, to the second location, this
backward flow can no longer reach to the outer side, but is strong enough to interfere with
the flow passing along the inner face. This reduces the suction on the inner face of the

principal building, and the overall lift is increased.

6.3 Detailed Experimental Results - Fluctuating Loads

As already explained in chapter 5 dealing with isolated buildings, the nature of unsteady or
fluctuating forces is quite different from the mean forces. Similarly, the changes in
fluctuating loads due to interference are also remarkably different from those on the mean
loads. Results show that while the effect of interference on mean loads is generally

beneficial (shielding), it is exactly the reverse in case of fluctuating loads which generally
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increase due to interference. The fluctuations in drag are almost entirely due to the action of
the incident turbulence of the longitudinal component of the wind velocity. However, the
unsteady lift results from the alternate vortex shedding from the two sides of the building
which may cause the building to vibrate laterally. Interference due to an adjacent building
causes significant changes in the incident turbulence as well as the vortex shedding and

therefore alters the fluctuating forces on a building.

6.3.1 Flucﬁaﬁng drag

Fluctuating drag coefficient (C,) is defined by equation 3.9. Figure 6.4 shows the
Interference Factor or IF (see equation 3.11) contours for fluctuating drag coefficient for the
principal building due to an identical adjacent building at various locations around it. IF
represents the increase (IF > 1) or decrease (IF < 1) in fluctuating drag on the principal
building due to interference. An IF of 1 suggests no effect due to interference as in an
isolated building condition. Comparisons with available literature results (Saunders and

Melbourne 1979) show a reasonable agreement.

« Saunders and Melbourre (1979)
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Figure 6.4 Interference Factor (IF) contours for fluctuating drag

113



The increase in fluctuating drag is immediately apparent. The largest IF of 1.6 is
obtained upstream at Sx = 3b and Sy = 0.75b, which indicates an increase of 60% over the
isolated building fluctuating drag coefficient of 0.25. Applying the yardsticks established in
chapter 2, viz., an increase in wind loads of over 30% to be of significant concern,
especially in terms of serviceability requirements, and above 50% well outside the safety
margin used in normal design, several locations can be identified on Figure 6.4 where
interference effects appear to be significant. A 30% to 60% increase is registered upstream,
for the area bounded approximately by Sx = 2b to 6b and Sy = 0.25b to 1.5b. It is
noteworthy that IF decreases below 1.3 for a small distance upstream, beyond Sx = 6b, but
increases again by 30% to 40% further upstream from Sx = 7.5b to 9.5b and Sy = 1.5b to
2.5b. There is a small patch downstream where IF increases up to 1.37 at Sx = -1.25b and
Sy = 1.25b. For upstream tandem locations (Sy = 0), fluctuating drag increases by about

20% between 2b to 5b, with a 25% increase at Sx = 4b.

6.3.2 Fluctuating lift

Fluctuating lift coefficient (C;) is defined by equation 3.10. Figure 6.5 shows the
Interference Factor (IF) contours for fluctuating lift coefficient for the principal building.
Comparisons with force balance results of Bailey and Kwok (1985) show a reasonable
agreement for Sx = 2b and Sx = 4b, but a poor agreement for Sx = 8b, although a similar
trend. The reasons for disagreement could be attributed to the differences in the flow

conditions and the sizes of the models.
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Figure 6.5 Interference factor (IF) contours for fluctuating lift

The increases in fluctuating lift are similar in magnitude to fluctuating drag, but the
region of significant increase is shifted away from the horizontal axis, at an angle of about
45° with the horizontal. The maximum IF is 1.61 at Sx = 4b and Sy = 2.5b, indicating a
61% increase over the isolated building C‘, value of 0.35. This increase suggests that at this
location, the velocity of the separated shear layers from the upstream interfering building is
the highest, as well as the rolling up of the shear layers from the principal building may be
synchronized with those from the upstream building. The region of 30% to 60% increase in
fluctuating lift is large and spans approximately from Sx = 2.5b to 7.5b and Sy = 2b to 4b.
In this region, the downstream (principal) building is greatly influenced by the wake of the
upstream building and is subjected to high fluctuating lift. Increases for tandem
arrangements (Sy = 0) are less than 20%, both for upstream and downstream locations.
There is a small close proximity location upstream, for which the fluctuating lift actually
decreases by up to 50%. Interestingly, the smallest fluctuating lift on the downstream

building is generated around the same upstream location where the fluctuating drag on the
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