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CHAPTER 1: INTRODUCTION 

Abstract 
Wind loading is the essential dynamic loading of buildings in the Netherlands. To 
calculate the response of buildings to this loading, the characteristics of the 
fluctuating wind-induced pressures on the building's envelope are needed. Currently 
available models are based on simplified models, valid for lattice-like structures. In 
this thesis, this assumption is discussed, and models to describe the wind-induced 
pressures on bluff bodies are proposed. This chapter describes the statement of the 
problem, describes briefly the current state of the art, and gives the aims and 
restrictions of the current study. 
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Chapter 1: Introduction 

1.1. Problem statement 

1.1.1. Scope 

The structural performance of tall buildings is determined by the dynamic response. 
In the Netherlands, due to the demands of daylight access in every office, these 
buildings become relatively slender. This decreases the overall stiffness of the 
structure and increases the sensitivity to dynamic loading. 
The wind is the most important dynamic loading in the Netherlands. This wind load 
is a randomly distributed fluctuating pressure, that is not fully correlated in space 
and time. These characteristics make it unattractive to analyse the dynamic response 
of buildings, loaded by wind, in the time domain. Therefore, these loads are usually 
studied in the frequency domain. In practice, simplified concepts for the fluctuating 
wind load are applied, based on spectral analysis, which are described in section 
1.1.2. 
The transition of wind into wind loading and ( dynamic) response depends on the 
characteristics of wind climate and terrain, the building dimensions and the 
structural characteristics. This means that this study is multi-disciplinary~ 
Research into the description of wind climate and terrain is the domain of 
climatology and boundary layer meteorology. The characteristics of the atmospheric 
boundary layer under neutral conditions (see chapter 2) are essential parameters in 
the definition of wind loading on buildings. 
The transition from flow to pressures on bluff bodies, like buildings, is the domain 
of bluf! body aerodynamics. 
The reactions of a building to wind loading is the domain of structural engineering. 
A structural engineer designs the type and the dimensions of the structure and 
determines the responses, like displacements, accelerations, forces and stresses. 
The fluctuating wind loading on buildings is subject of the present research. The 
parameters of the above mentioned disciplines are required in this study. These will 
be defined in chapter 2. 
Another discipline that plays a role in the calculation and analysis of fluctuating 
wind loads and its effects is physiology, in which the perception of the accelerations 
of the structure by occupants of the building is studied. This is not studied in this 
thesis. 
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1.1. Problem statement 

1.1.2. Calculation of the fluctuating response to wind loading 

The problem which is studied is illustrated with an engineering model of the full 
process from wind velocity fluctuations to fluctuating response. This model works 
in the frequency domain, and is given in figure 1.1 to figure 1.5. 
Tuis model starts in figure 1.1 with the power spectrum of the wind velocity 
fluctuations (or simply the wind velocity spectrum). The power spectrum of a 
fluctuating signal gives the spectra} density as function of frequency, which 
represents the contribution of the fluctuations of that frequency (interval) to the total 
variance of the signal. Expressions for the wind velocity spectrum are known from 
meteorological measurements, varying with terrain roughness, wind velocity and 
height (see chapter 2). 

0.001 0.01 0.1 10 
frequency [Hz] 

figure 1.1: Schematic representation of the spectrum of wind velocityfluctuations 
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figure 1.2: Schematic representation of aerodynamic admittance 
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Chapter 1: Introduction 

The spectrum of the wind loading, given in figure 1.3, is calculated from the wind 
velocity spectrum using the aerodynamic admittance function (given in figure 1.2). 
The aerodynamic admittance includes the transition from wind velocity to wind
induced pressures and accounts for the effect, that these pressures are not fully 
correlated over the surface of the building. In the next section, this ;:terodynamic 
admittance is described in more detail. 
The response spectrum (e.g. displacements or acceierations) (figure 1.5) is 
calculated by multiplication of the wind loading spectrum by the mechanical 
admittance (figure 1.4). The mechanica! admittance depends on the structural 
properties of the building, like stiffness, mass, natural frequencies and damping 
ratio. Here, the mechanica! admittance for a single-degree of freedom system is 
given. This will be discussed in chapter 2. 

Q.001 0.01 0.1 
frequency [Hz] 

figure 1.3: Spectrum of total wind loading 
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fïgure 1.4: Mechanica/ admittance /or a single-degree-offreedom system with 
natural frequency 0.2 Hz 
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1.1. Problem statement 

0.01 0.1 10 
frequency [Hz] 

figure 1.5: Spectrum of response; a is quasi-statie response part, b is resonant 
response part 

The response spectrum can be divided in two parts, a and b in figure 1.5: Part ais 
the response spectrum at frequencies below the first natura! frequency of the 
structure. It represents the part of the fluctuating response that is caused by the 
upstream turbulence only, also referred to as the background response [Cook, 1985]. 
The peak in the response spectrum (part b) gives the fluctuating response, caused by 
resonance of the structure, and is called the dynamic response. The position of this 
peak corresponds to the first natural frequency of the structure. The height of the 
peak in the response spectrum is deterrnined by both aerodynamic and mechanica! 
admittance. 

1.1.3. The aerodynamic admittance 

The aerodynamic admittance is a modifying adjustment (for an actual body) of the 
ideal case of a body enveloped by turbulence with full spatial correlation [Simiu 
et.al., 1996]. lt accounts for the transition of the undisturbed wind velocity 
fluctuations into fluctuating wind-induced pressures, the spatial coherence of these 
pressures on the body, and the integration of these phenomena over the object. 
The aerodynamic admittance was originally defined for objects in uniform 
turbulence and has only been measured directly for square flat plates or lattice 
models in turbulent flow without boundary layer, where the wind field 
characteristics are independent of height [Vickery, 1965, Bearman, 1971]. There are 
three major disadvantages in using the aerodynamic admittance function for 
buildings, loaded by wind: 

• In the atrnospheric boundary layer, the flow field is not constant with height, 
which makes it difficult to define an appropriate reference wind velocity. 

5 



Chapter 1: lntroduction 

• It is impossible to measure the aerodynamic admittance for large structures, so it 
is nearly impossible to validate models in full scale. 

• For modal analysis (see chapter 2), the distribution of the loads over a structure is 
needed. Only for a single-degree of freedom system, the concept of figure 1.1 to 
figure 1.5 can be applied. 

This means that the aerodynamic admittance is an inconvenient concept for the 
determination of fluctuating wind loads and their effects on buildings. Instead, it is 
recommended to determine the wind loading on buildings by integration of the local 
pressures over the building facade. The distribution of the fluctuating pressures over 
the facade depends on the size and shape of the building and the mean and 
fluctuating characteristics of the wind. This is described in section 2.3. 
The connection between calculation of the spectrum of the wind loading directly 
with the aerodynamic admittance (on a structure in uniform turbulence) and the 
calculation using the integration of the wind-induced pressures over the surface is 
given in figure l .6. 

wind velocity fluctuations 

pressure fluctuations 

ö~ 
Cl> 0 
0 ;;:J 
c 't:I 
~ .s 
Cl> -0 
.c c 
0 ·-0 ;: 

wind loading fluctuations 

figure 1.6: Connection between aerodynamic admittance concept with the concept 
of integration of wind-induced pressures over the suiface 

The fluctuating wind-induced pressures are represented by their spectral densities. 
Integration of the pressure spectra over the building' s surf ace gives the spectrum of 
the total fluctuating load, or, if the modal properties of the structure are taken into 
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1.1. Problem statement 

account, the spectrum of the response. The spatial correlation is taken into account 
in the frequency domain by the coherence, that represents how much two fluctuating 
pressures are correlated. The coherence has a value between 0 for totally 
uncorrelated loads, and 1 for fully correlated loads. 
Models for the pressure spectra and the coherence of the pressures are needed to 
calculate the wind loading and response spectrum. Often, the following assumptions 
are used to determine the spectrum of the wind loading: 

• The spectrum of the wind-induced pressure in one place depends linearly on the 
spectrum of the undisturbed wind velocity at the same height. Especially for the 
frequency range, where dynamic eff ects become important, this assumption is not 
true. In chapter 2 and chapter 6 it will be shown, that this may result in an 
overestimation of the local loads. 

• The lateral and vertical coherence of the wind-induced pressures on windward 
and leeward side of the building are equal to the lateral and vertical coherence of 
the upstream longitudinal wind velocity fluctuations. However, it is known from 
earlier measurements that the coherence of pressures on buildings is higher (see 
section 2.3). Generally, this assumption leads to an underestimation of the overall 
loads. 

• The third assumption is that for the coherence of pressures at the windward and 
the leeward side the value 1 is applied. In section 2.3 and chapter 5 it will be 
shown that this may also result in an overestimation of the total wind loading 
spectrum. 

These three assumptions will be discussed in chapter 2. Generally, these are only 
valid for line elements or lattice structures. When these assumptions are applied to 
the calculation of wind loading on buildings, errors are introduced, that will 
counteract to each other. This yields a net effect on the fluctuating wind loading that 
can be either conservative or unsafe. 
In this thesis, the above assumptions are studied. This research project aims to 
describe the relation between the upstream wind field and the wind loading 
spectrum adequately for the calculation of wind loading on and response of 
buildings. The objectives of this study are specified further in section 1.3, after a 
brief overview of the state of the art on wind loading on buildings. 
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Chapter 1: Introduction 

J.2. Earlier research 

1.2.1. Historical note 

The first studies into wind effects on buildings were performed in the 19th century. 
Modelling the wind to simulate the atmospheric boundary layer flów was first 
studied about a century ago by Eiff el in France and Irminger in Denmark [Larose 
et.al., 1995]. The first wind tunnel experiments were conducted in smooth flow. In 
the 1920's it was first recognized that wind and wind loading are fluctuating 
processes. In the fifties and sixties it became clear, that turbulence is an essential 
flow characteristic for determination of the wind effects on structures. Much 
progress was made, when Davenport suggested to use statistical . concepts to 
describe the fluctuating properties of wind and wind-induced pressures [Davenport, 
1961a]. It was the start of wind engineering as a field of research. 
In the seventies, much experimental research has been perf ormed. In the eighties, 
numerical recipes became available, that are still under development. 
The development and state of the art of wind engineering over the years is described 
in a number of handbooks [e.g. Lawson, 1980, Cook, 1985, Cook, 1990, Simiu 
et.al., 1996]. Cook lists some milestones in wind engineering, mostly cases of severe 
damage to bridges (e.g. the collapse of the Tacoma Narrows bridge in 1940) and 
buildings. 

1.2.2. Full scale measurements 

Full scale data of wind-induced pressures on buildings in an urban environment are 
scarce, compared to the amount of available wind tunnel results. Problems, 
associated with finances, obtaining the reference pressure and reference wind 
velocity, and the unpredictable nature of the wind, make it time, money and labour 
consuming to perform such experiments [Cook, 1990, Sparks, 1982]. 
Measurements on buildings in a city in full scale where the fluctuating 
characteristics of wind-induced pressures were subject of investigation have been 
performed among others in Australia [Holmes, 1973, 1976], Canada [Dalgliesh, 
1970, 1975, 1982], Japan [Takeuchi et.al., 1971, Matsui et.al., 1982, Kanda et.al., 
1990, Ohkuma et. al., 1991] and the UK [Newberry et al., 1973]. These tests have a 
limited applicability, because the reference conditions are often badly measured. In 
chapter 3, this will be discussed further. 
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1.2. Earlier research 

1.2.3. Wind tunnel measurements 

Wind tunnel measurements of wind-induced pressures can be divided into four 
groups: 

• Experiments on objects with a basic shape are used to quantify the relevant 
parameters that influence the characteristics of the pressures. Fundamental 
studies into the aerodynamic behaviour of e.g. flat plates, two dimensional 
cylinders and surface mounted prisms have been perf ormed since the sixties in a 
wide range of configurations in grid turbulence without boundary layer [Vickery, 
1966, Bearman, 1971, Bearman, 1972, Surry, 1972, Castro et.al., 1977, Huot 
et.al., 1986, Abdelqari, 1991, Sankaran et.al., 1992, Abdelqari et.al., 1995]. 
Measurements on bluff body objects in a boundary layer with different intensities 
of turbulence [e.g. Akins et.al., 1976] are used to determine pressure coefficients 
as function of building geometry and turbulence intensity. The pressure 
coefficients, used in building codes are derived from such tests. 

• Comparative experiments, perf ormed on models of buildings that also have been 
tested in full scale, provide valuable information on the validation of wind tunnel 
tests. Recently, data on low-rise structures in Silsoe, UK, and at Texas Tech 
University, USA, have been measured and results are published extensively [a.o. 
Robertson et.al., 1988, Richardson et.al., 1992, Levitan et.al., 1992]. 

• Experiments, perf ormed on a standard model in different wind tunnels, like the 
model of the Aylesbury house [Sill et.al., 1992], the CAARC standard tall 
building [Tanaka et.al. 1986] and the BEATRICE Joint Project [Kasperski, 1996] 
are very useful in coinparing results from different wind tunnel simulations. 
Sometimes these experiments are made in combination with a full scale 
validation test or tests on basic-shaped objects. 

• A final group are the measurements on models of structures, like bridges or 
typical buildings in an early stage of the design process. Wind tunnel tests can 
affect the final design of those buildings. This means mainly contract research, 
where knowledge of results from fundamental research is used. The results of 
contract research usually have a restricted circulation. 

1.2.4. Numerical modelling 

Numerical modelling of wind effects on buildings can be divided in the following 
two groups: 

• Computational Fluid Dynamics (or CFD) is available to simulate the flow in the 
atmospheric boundary layer. The calculation of wind effects on buildings is only 

9 



Chapter 1: Introduction 

possible for cases under restricted conditions, which generally do not correspond 
to building practice. Numerical models are still in a preliminary stage of 
evaluation of the spatial and time dependent properties of wind-induced 
pressures. Calculation of pressure fields around buildings and of pressure 
coefficients is possible using these models (e.g. k-E models). Time dependent 
loads on buildings can be determined by Large Eddy Simulation (LES) or by 
Direct Numerical Simulation (DNS), but this requires very long computer times. 
Nowadays, only basic geometries can be studied by these methods, using very 
powerful computers. These models are not yet suited to study the fluctuating 
wind loads on buildings in the time or the frequency domain extensively. An 
overview is given in [Murakami, 1995]. 

• Calculation of the structural response to fluctuating loading is possible with 
models like finite element modelling. The time dependent loading or the 
frequency dependent characteristic of the loading can be used as input. 
Altematively, calculation of the response from the wind velocity can be done 
with knowledge-based programs, using the assumptions for pressure spectra and 
coherence, given in 1.1. It is beyond the aim of this thesis to investigate the 
response of structures to wind loading. A recent thesis [Van Oosterhout, 1996] 
presents a knowledge-based computer program to evaluate the dynamic 
behaviour of tall buildings. 

10 



1.3. Objectives 

1.3. Objectives 

1.3.1. Aims of this investigation 

Tuis investigation is part of a research project, which aims at a description of the 
variation in time and space of the fluctuating wind-induced pressures on buildings, 
representative of the design wind loading. 
The sensitivity of the variation in time and space with respect to wind field and 
building should be known before a quantitatively and qualitatively correct 
description of the fluctuating wind loading is feasible. A sensitivity analysis can 
only be perf ormed with extensive wind tunnel tests, which should represent the full 
scale phenomena adequately. However, only few validation tests for the fluctuating 
pressures are available in literature. These considerations lead to the following goals 
of this study: 

• Identification of the relevant quantities of the transition of wind velocity into 
wind-induced pressures, from literature and experimental data. 

• Validation of wind tunnel tests with full scale data, measured over urban terrain. 
• Evaluation of the calculation methods for wind loading on buildings, a.o. in 

building codes. 
• Definition of extensive wind tunnel tests into the sensitivity of fluctuating wind 

loading with respect to the relevant quantities of wind field and building. 

1.3.2. Outline of the thesis 

In this study, experiments to fulfil the goals in section 1.3.1 are described and 
analysed. The outline of the thesis is: 

• An overview of the literature of current knowledge and related experimental 
work is given in chapter 2. The quantities that determine the wind-induced 
pressures on a building and the building response are divided in three groups, 
according to the three disciplines that have been outlined in section 1.1: boundary 
layer meteorology, bluff body aerodynamics and structural engineering. 

• In the current study, experiments have been set up both in full scale and in an 
atmospheric boundary layer wind tunnel. The description of both experiments is 
given in chapter 3. The pressure measurement system, the measurement of the 
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Chapter 1: Introduction 

reference wind velocity and the instrumentation of both experiments are 
discussed. Also, an analysis of the errors in the pressures measured is given. 

• The flow characteristics in an urban environment have been determined and 
described in chapter 4. Terrain parameters and the characteristics of the mean and 
fluctuating wind are evaluated and compared with earlier experiments. 

• The characteristics of the fluctuating wind-induced pressures, measured both in 
full scale and in the wind tunnel are analysed and described in chapter 5 and 
compared to models derived in earlier research. 

• A confrontation of the results with existing engineering practice is presented in 
chapter6. 

• Conclusions of the present investigation and recommendations for further 
research are given in chapter 7. 

1.3.3. Restrictions 

In the current study, full scale and wind tunnel data are analysed. The restrictions of 
this research are (for more details see chapter 3): 

• Full scale measurements are acquired on one building only. 
• Measurements on only one model of this building are performed. 
• The wind tunnel tests are perf ormed in one wind tunnel, with only one 

configuration of turbulence generating devices. 
• Only measurements on two facades, corresponding to windward and leeward side 

for the prevailing wind directions, are perf ormed. Roof pressures and pressures at 
the side walls are not measured. 

• The wind tunnel experiments are limited to three angles of attack; the full scale 
data are obtained for a wide range of wind directions. 

• The measurements in full scale are limited to a relatively small part of the 
facades. The wind tunnel model is provided with more taps, distributed over the 
building. 

• No measurements of the response have been done. 
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CHAPTER 2: THEORY 

Abstract 
In this study, boundary layer meteorology, bluff body aerodynamics and structural 
mechanics are used. The relevant quantities of these disciplines are defined in this 
chapter, and the current knowledge of theory, relevant for the fluctuating wind 
loading on buildings is given. 
First, descriptions of the wind climate and terrain characteristics of the earth's 
surf ace are given. The theory of bluff body aerodynamics is presented, in particular 
the transition of turbulent flow into fluctuating pressures on objects, and finally 
structural mechanics, in particular the calculation of dynamic response, is 
summarized. 
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2.1. Introduction 

Wind loads on buildings can be studied from two approaches: The first is that of a 
structural engineer, who schematizes the structure and uses the loading, which is 
given in building codes. On the other hand, the physical problem is that of turbulent 
flow obstructed by an obstacle. The essential characteristics of these two points of 
view are both needed to apply results from fundamental research into practice. 

2.1.1. Wind loading on buildings 

The first approach is that of a structural engineer. Usually, the structure of a 
building is simplified into horizontal and vertical structural elements, connected by 
nodes. In the calculation of the structural behaviour, the loading is concentrated on 
the elements and nodes. In figure 2.1, this is represented by a grey area around the 
nodes. 

.......... Arep 

figure 2.1: Representation of a building loaded by wind. The loads on Arep are 
concentrated in the nodes 

The loading in one node or element is found by integration over the grey areas. 
These areas typically have a height corresponding to the height of one floor, in the 
order of 3 metres. The width of such an area is in the order of 6 to 8 metres, 
depending on the structural systern. The loading on the whole building is found by 
integration of the loading in all nodes. 
Since the response of buildings is determined by the natura! frequencies of the 
structure, the representation of the loading in the frequency domain is convenient for 
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the calculation of the response. The spectrum of the response of a building is found 
from the distribution of the pressures and the modal properties of the structure. This 
spectrum is calculated by integration of the pressure spectra over the .loaded surf ace. 
The pressure fluctuations are not uniformly distributed in time and space. The 
coherence of the wind-induced pressures accounts for this effect. For the fluctuating 
response at a point (y,z) of a building with more natural frequencies, this yields: 

Sxx(y,z,n) = 
= L,IH1(n)l2x1

2(y,z)x (2.1) 
l 

x IJ IJ x1 (yi ,Zi )x1 (y j ,Zj )~S pipi (n)S pjpj (n)~cohpipj(n)dyidzidy 1dz j 
AA 

• Sxx(y,z,n) is the spectrum of the response (x represents the displacement) to wind 
loading in a point with co-ordinate (y,z), 

• x1 is the modal shape of mode /, associated with natural frequency n1• Tuis is 
described in more detail in section 2.4, 

• IH1(n)l2 are the mechanica} admittance functions, which are introduced in figure 
1.4 and defined in section 2.4. They depend on the characteristics of the structure, 
like the stiffness, natural frequencies and damping, 

• cohpipj is the coherence of wind-induced pressures at two points (yi, Zi) and (yi, Zj) 
on the surface. It is the ratio of the cross spectrum of two fluctuating pressures p; 
and Pi• divided by the product of the autospectra of these signals: 

h 
_ Co2

pipj(n)+Qu
2

pipj(n) 
co pipj(n)-

S pipi (n)S pjpj (n) 
(A.32) 

Co is the co-spectrum and Qu is the quadrature-spectrum of the signals Pi and PJ. 
In some references, equation A.32 is called the squared coherence, this might be 
confusing in comparing results from different sources, 

• Spip;(n) is the autospectrum of the wind-induced pressures at co-ordinate (y;, Z;) as 
function of frequency n, 

• Ais the area of the facades on which the wind-induced pressures act. 

For the sake of simplicity, buildings are often represented by a single-degree-of
freedom system. For such systems, the response spectrum is: 
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(2.2) 

where CF is the effective load coefficient, defined in section 2.4, and SFF(n) is the 
spectrum of the total load on the building, found by: 

S pp(n) = JJ JJ ~S pipi (n)S pjpj(n)~cohpipj(n)dyidzidy jdZj 
AA 

(2.3) 

The characteristics of the distribution of the loading and the properties of the 
structure are incorporated in equation 2.2 in so-called effective values. This will be 
defined in section 2.4. 
Spp(n) and cohpp(n) depend on the undisturbed wind and on the pressure field 
induced by the building. These characteristics are different for the windward and 
leeward side. Therefore, the fluctuating loading in along wind direction' is described 
by: 

fJ Jf ~cohpwpw(n)~S pwpw(n)S pwpw(n)dAwdAw + 
AwAw 

+ IJ Jf ~cohpwpl(n)~S pwpw(n)S plpt(n)dAwdA1 + 
AwAt 

+ fJ fJ ~cohptpw(n)~S plpl(n)S pwpw(n)dAtdAw + 
A1Aw 

+ JJ fJ ~cohptp1(n)~S plpz(n)S plpt(n)dA1dA1 

A1 A1 

• Aw is the area of the windward face, 
• A1 is the area of the leeward face, 
• cohpwpw is the coherence of the pressures at windward side, 

(2.4) 

• cohpwpt is the coherence of the pressures at windward side with the pressures at 
leeward side, 

• cohptpt is the coherence of the pressures at leeward side, 
• Sppw is the pressure spectrum at windward side, 
• Sppt is the pressure spectrum at leeward side. 

Wind loading is used in the current generation of building codes in Europe as a 
quasi-statie loading with one or more correction factors to count for the fluctuating 
characteristics. The procedure to derive these factors is discussed in chapter 6. 
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2.1.2. Turbulent flow over an obstacle 

The second point of view is that of a turbulent flow, obstructed by an obstacle. The 
transition of wind velocity fluctuations into fluctuations of wind-induced pressures 
in smooth and turbulent flow bas been studied thoroughly in the past. Measurements 
in wind tunnels in homogeneous turbulence bebind grids, on objects with basic 
shapes, like cylinders, flat plates and lattice models (figure 2.2), have been carried 
out by various researchers, see the list of references in section 1.2.3. 
The pressures on the surface of an obstacle depend on the characteristics of the 
upstream flow and on the shape and dimensions of the body. The flow over 
buildings is more complex, because the flow characteristics depend the surf ace 
roughness and are not uniform with height. 

figure 2.2: Two dimensional object or cylinder, Iattice model, flat plate and suiface 
mounted bluff body (/rom left to right) 

As an example, a simultaneous record of wind velocity and windward and leeward 
pressures, measured on the main building of Eindhoven University of Technology is 
given in figure 2.3. The fluctuations of ):he wind velocity are much better followed 
by the pressures at windward side of the building than by the pressure fluctuations at 
leeward side. The fluctuations of the pressures at windward and leeward side are not 
correlated well. Also, the magnitude of the fluctuations at leeward side is much 
smaller than at windward side. These characteristics are analysed in this study using 
full scale and wind tunnel experiments. 
The relation between the wind velocity and the wind-induced pressures at windward 
and leeward side is studied in section 2.3, where the results of earlier research is 
discussed, focusing on fluctuating wind loading on buildings. The loads depend on 
the characteristics of the upstream flow, therefore, first, in section 2.2, models to 
describe the flow in the atmospheric boundary layer are presented. 
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figure 2.3: Simultaneous registration of wind velocity and wind-induced pressures in 
full scale on the main building of Eindhoven University of Technology 
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2.2. Atmospheric boundary layer meteorology 

2.2.1 lntroduction and notation 

Por wind loading studies, the characteristics are needed of strong winds at heights 
above ground, which are relevant to building practice. These characteristics depend 
on the surf ace roughness of the terrain. The layer in which the characteristics of the 
flow are directly influenced by the earth' s surf ace, is called the atmospheric 
boundary layer (ABL). In strong winds, the height of this layer is in the order of 
1000 metres, depending on the latitude. 
In the ABL, the influence of the frictional forces (shear) becomes increasingly 
important as the earth's surface is approached. In the lowest 10 % of the ABL, the 
shear is approximately constant and the production of turbulence is high. Both 
greatly depend on the fetch and on the height, density and shape of the obstacles on 
the ground. This part of the ABL is called the atmospheric surface layer (ASL), 
where the flow is described with parameters and models, given in the next sections. 
The models in this section are valid only for neutra! stability. This means, that 
vertical heat transfer is negligible. 
Meteorological data are available from measurements at weather stations, under 
standard meteorological circumstances, i.e. measured at 10 me tres over relatively 
smooth grass land (zo= 0.03 m, see sections 2.2.2 and 2.2.3). The analysis of the 
wind climate by meteorological offices is based on these data. The wind velocity in 
built-up terrain is calculated from these data using the models presented in the next 
sections. 
The wind velocity, observed at one point in space is defined by three orthogonal 
components: u is the instantaneous wind velocity along the mean wind direction, v 
the horizontal component, normal to u, and w the vertical component. The 
instantaneous wind velocity u, v and w are divided in a mean and fluctuating part. 
By definition, Vm and Wm are zero. This yields: 

u=um+u' 
v=vm+v'=v' 
w=wm+w'=w' 

• u, v, w, are the instantaneous wind velocity in the respective direction, 
• The subscript m gives the mean value and the ' denotes the fluctuating value. 

(2.5) 
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Co-ordinates in the along-wind, cross-wind and vertical direction are characterized 
by x, y and z respectively, so the height is given by z, and the fetch by x. The 
definitions of u, v, wand x, y and z are shown in figure 2.4. 

z 

y 

.... c 
CD c 
0 
Q. 
E 
0 
CJ 

x 

figure 2.4: De.finition of u, v and w components and x, y and z directions 

The wind direction is denoted by </J, and given in degrees relative to the true north 
throughout this study. This means that </J = 180° is southern wind and </J = 270° is 
western wind. 

North 

figure 2.5: De.finition of wind direction </J 

2.2.2. Mean wind profile 

The variation of the mean wind velocity um(Z) with height z is expressed with the 
logarithmic law known from boundary layer aerodynamics: 
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( ) - u* lnz-d um Z -- --
K Zo 

(2.6) 

• u* is the shear velocity or friction velocity, defined from the mean surface stress. 
For rough terrain, u* is determined from the fluctuating components u' and w', 
outside the direct influence of surface roughness elements (like buildings and 
trees): 

(2.7) 

• K is the von Kánnán constant. In this investigation, the widely accepted value of 
0.4 is used, 

• zo is the aerodynamic roughness length, which is a fictive height for which um(z) 
in equation 2.6 is zero, 

• d is the displacement height or displacement thickness. This is a corrected height 
of the surface level between densely built obstacles. 

Displacement height and roughness length are measures of the terrain roughness. 
The logarithmic law is valid for homogeneous and stationary flow under neutral 
conditions for heights z in the following ranges: 

• z > 20zo+d, 
• z < ZAsL, where ZAsL is the height of the atmospheric surface layer, typically 100 m 

for strong winds, 
• z > ZH> where ZH denotes the average height of the surrounding buildings. 

The logarithmic law is also not valid in the wake of a building up to a distance of at 
least l 2H, and close to a building at windward side, up to a distance of about 3H 
upstream, when H is the height of the building. 
The characteristics of the wind velocity, which are given in the next sections, are 
valid in the same range, unless stated otherwise. For example, when Zo = 1 m, and d 
= 10 m, the logarithmic law can be applied in the region between 30 and 100 metres 
under neutra} conditions for strong winds. 
For heights above ZAsL, the velocity profile is described by the velocity defect law 
[Tennekes et.al" 1972]. At these large heights, the wind direction is not constant 
with height: 
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.!1n(fcZ)+4 
K u* 

(2.8) 

• u0 and v0 are the u and v component of the gradient wind velocity outside the 
atmospheric surface layer, 

• fc is the Coriolis parameter, which depends on the latitude on the earth: fc = 
0.00011 in the Netherlands. 

Example 
Assume that u* = 1 mis and zo = 1 m, d = 0 m. The wind profile in the ASL is 
described by: 

um(Z) = 251n(z) 

The gradient wind is calculated from the second and third formula of 2.8: 

uo 18.8,v0 -12 

The wind velocity in the ABL is given by the first formula of 2.8: 

um(Z) = 22.8+ln(0.00011z) 

Ata height z = 200 m, the use of the logarithmic law yields 13.2 mis, and the defect 
law yields 19.0 mis. Application of the logarithmic law to this height will result in 
an underestimate of the pressures on a structure. In this example, the pressure 
(which is proportional to u2

) is underestimated by 50%. The angle between the wind 
velocity at 200 mand the gradient wind is arctan(-vcfu0) = 0.57 rad (about 33°). 

2.2.3. Surface texture 

Roughness length 
The roughness length zo can be determined by fitting the logarithrnic law ( equation 
2.6) to mean wind profile measurements. Typical values for zo for different 
roughness types are classified by Davenport and updated in [Wieringa, 1992]. This 
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classification was designed with the underlying assumption that a mismatch in 
roughness class would lead to an error in the estimated mean wind velocity of 10%. 
The classification is reproduced in table 2.1. 

Zo[m] Landscape description 

1 0.0002 
'Sea' 

2 0.005 
'Smooth' 

3 0.03 
'Open' 

4 0.10 
'Roughly 
open' 

5 0.25 
'Rough' 

6 0.5 
'Very 
rough' 

7 1.0 
'Closed' 

8 ~2.0 

'Chaotic' 

Open sea or lake (irrespective of the wave size), tidal flat, snow
covered flat plain, featureless desert, tarmac and concrete, with a free 
fetch of several kilometres. 

Featureless land surface without any noticeable obstacles and with 
negligible vegetation; e.g. beaches, pack ice without large ridges, 
morass and snow-covered or fallow open country. 

Level country with low vegetation (e.g. grass) and isolated obstacles 
with separations of at least 50 obstacle heights; e.g. grazing land 
without windbreaks, heather, moor and tundra, runway area of airports 

Cultivated area with regular cover of low crops, or moderately open 
country with occasional obstacles (e.g. low hedges, single rows of 
trees, isolated farms) at relative horizontal distances of at least 20 
obstacle heights 

Recently-developed 'young' landscape with high crops or crops of 
varying height, and scattered obstacles (e.g. dense shelterbelts, 
vineyards) at relative distances of about 15 obstacle heights. 

'Old' cultivated landscape with many rather large obstacle groups 
(large farms, dumps of forest) separated by open spaces of about 10 
obstacle heights. Also low large vegetation with small interspaces, 
such as bushland, orchards, young densely-planted forest. 

Landscape totally and quite regularly covered with similar-size large 
obstacles, with open spaces comparable to the obstacle heights; e.g. 
mature regular forests, homogeneous cities or villages 

Centres of large towns with mixture of low-rise and high-rise 
buildings. Also irregular large forests with many clearings 

table 2.1: Revised Davenport roughness classification, after [Wieringa, 1992] 
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Values for zo determined from profile measurements are very sensitive to eff ects of 
upwind obstacles, referred to as local roughness. The values in table 2.1 are 
representative for the roughness of a relative large upstream fetch, up to several 
kilometres. These are called 'regional' or 'effective' roughness lengths, after 
[Fiedler et.al., 1972]. Por homogeneous, smooth terrain, the local and regional 
roughness lengths are the same. Por built-up terrain, local values tend to 
overestimate the regional values. Regional values of zo can be estimated from the 
analysis of gusts [Wieringa, 1972] or by the evaluation of turbulence intensity 
[Tieleman, 1991]. The latter will be defined in 2.2.4 and used for the artalysis of full 
scale measurements in chapter 4. The effective roughness lengths is subject of study 
by meteorologists [a.o. Schmid et. al., 1995]. 

Displacement height 
The displacement height depends on the height and separation of the. surrounding 
obstacles. It can be derived directly from profile measurements, together with the 
roughness length. Por measurements over built-up terrain, a considerable scatter in 
measured values is found. A quick estimate for d is 0.6-0.8 H 0 b or 2/3 H 0 b, where 
H0 b is the average height of the obstacles. Por smooth terrain, with Zo lower than 0.3 
m,d=Om. 

Flow over a change in roughness 
When the wind flows over a roughness change, an internal boundary layer (IBL) 
develops, see figure 2.6. In the IBL, i.e. downstream of the roughness change, the 
mean profile is adjusted to the new roughness with values u*2 and z02• Above this 
layer, and upwind of the roughness change, the profile is given by the upstream 
characteristics, u.1 and z01. 

A simple formula for the height of the internal boundary layer, hmL, at a distance x 
downstream of the roughness change, is [Wood, 1982]: 

h/BL = 0.28(~)0·8 (2.9) 
zo+ zo+ 

Where Zo+ is the largest of the two roughness lengths. Equation 2.9 is valid for hmL < 
0.2HABL-

Por zo< 0.3, the ratio u.ifu.1 is given by [Simiu et.al., 1996]: 

U = (Zo2 )0.0706 

u *1 Zo1 
(2.10) 
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Measurements of the wind velocity over a roughness change in London are 
reproduced in table 2.2 [Bietry et.al., 1978, Simiu et.al., 1996]. These results give 
higher values for the ratio u*/u*1 than predicted with equation 2.10. 

0.005 
0.83 

0.07 
1.00 

0.30 
l.15 

1.00 
l.33 

2.50 
1.46 

table 2.2: Ratios u*/u*dor Zo1 = 0.07 mand various values of z 02, z 01 = 0.07 m 

For z01 = 0.07 and Zo2 = 1.00 m, equation 2.10 yields u*/u*1 = l.21, instead of the 
value 1.33, given in table 2.2. 

Profile 1 

Profile 1 

Terrain 1, zo1 

figure 2.6: Schematic view of mean wind profiles over a roughness change: terrain 1 
with properties z01 and u*b terrain 2 with properties z02 and u*2• This 
picture is not to scale 

Example 
When the upstream roughness length Zoi = 0.07 m (or any other value lower than 1 
m), and the downstream roughness length z02 = 1 m, the height of the IBL at 
downwind distance x of 2000 metres is 130 rnetres. When d is about 5 rnetres, the 
logarithmic law is valid at this position over the range from 25 to 130 metres. When 
u.1 = 2 mis, then u.2 = 2.66 mis (table 2.2). With the logarithrnic law, the mean wind 
velocity at hIBL is calculated: um.1(43)= 36.4 mis and Um,2(43)= 24.2 mis, soa 'kink' 
in the profile at hIBL is found. In nature, this kink doesn't exist and a transition layer 
is present where the profile for the rough terrain gradually changes into the profile 
for the smooth, upwind ·terrain. The height for which the profile of terrain 2 can be 
applied is about 0.2 h18L [Högström et.al, 1982]. For the layer 0.2hrnL < z < hrnL> a 
linear interpolation can be used. This means that in this example, the wind velocity 
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at 25 m height is calculated with the logarithmic profile 2, and a linear interpolation 
is needed for the height between 25 and 130 m. 

2.2.4. Turbulence intensity 

Turbulence is characterized by several parameters. The turbulence intensities lw lv 
and lw are defined as the ratio of standard deviation e> of the respective component 
and the mean wind velocity at the measurement height z. 

(2.11) 

The second indicator is the standard deviation of the wind velocity components, 
normalized by the friction velocity. The shear in the atmospheric surface layer is 
approximately constant with height, so u* is constant in the lower 100 to 150 metres. 
The following ranges, independent of height, are measured in Vancouver under 
neutral stability: a,/u* = 2.1-2.7; e>/u* = 1.2-2.3; e>Ju* = 1.0-1.7 [Roth, 1993]. 
These values correspond to the values, usually adopted [Panofsky et.al., 1984]: 

e>,/u* = 2.5 
e>/u*= 2.0 
e>Ju. = 1.25 

(2.12) 

Measurements in Zürich are reported by [Rotach, 1995]. Values for e>ufu*, aju* and 
e>wfu* for heights below 20z0+d, where u* is determined in the ASL, are in the order 
of 1.7, 1.5 and 0.9, respectively. 
In [Simiu et.al., 1996], a table for f3 = (e>ufu*)2 is presented which is reproduced 
below: 

zo[m] 

f3 
aufu* 

0.005 
6.5 
2.55 

0.07 
6.0 

2.45 

0.30 
5.25 
2.29 

1.00 
4.85 
2.20 

table 2.3: valuesfor f3 = (e>,/u*f, reproducedfrom [Simiu et.al., 1996] 

2.50 
4.00 
2.00 

The turbulence intensity is expressed as a function of height and terrain roughness, 
using expressions 2.6, 2.11 and 2.12: 

26 



lu(z)= 
1 
z-d In--
Zo 

lv(z) = 
0.8 

z-d 
In--

Zo 

lw(z)= 
05 
z-d 

In--
Zo 

E 
"'C 
c: 
::::J 

e 
C> 
Q) 

> 
0 
..c 
as 
L: 
.~ 
Q) 

::c 

s 
"'C 
c: 
::::J 

e 
C> 
Q) 

> 
0 
..c 
as 
L: 
-~ 
Q) 

::c 

2.2. Atmospheric boundarv layer meteorology 

100 

80 

60 

40 

20 

0 

0 0.1 

100 

80 

60 

40 

20 

0 

0.6 0.8 

. 

0.2 

. . 

\ 

.--

' 

0.3 

z
0
=1,d=10 

z
0
= 0.5, d = 0 

z
0
= 0.03, d = 0 

0.4 
Turbulence intensity, 1 u 

z
0
= 1, d = 10 

z
0
= 0.5, d = 1 

Z0= 0.03, d = 0 

1.2 1.4 1.6 1.8 
um(100)/um(h) 

(2.13) 
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figure 2.7: Profiles for different roughness lengths in homogeneous, stationary flow: 
Upper figure: turbulence intensity, Lower figure: mean wind velocity 

Equations 2.11 to 2.13 are valid in the atmospheric surface Iayer. Profiles of the 
(longitudinaI) turbuience intensity lu, using zo vaiues from tabie 2.1, are given in 
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figure 2. 7. These profiles start at a height of 20z0+d. The maximum height is 100 
metres, corresponding to the height of the ASL. For urban terrain (zo = 1 m), the 
turbulence intensity is larger than 22% for z < 100 m. For smooth terrain, which is 
the standard terrain type for meteorological measurements (zo = 0.03 m), the 
turbulence intensity is higher than 10 % over the full height. 

2.2.5. Extreme values 

Gust factor 
The relation between the maximum observed wind velocity u= and the mean wind 
velocity Um is given by the gust factor G: 

G=("::) N 
(2.14) 

Where ÜN denotes the average value over N observations. 

V arious empirica! equations have been used to describe the dependence of G on the 
other flow variables. The simple equation proposed in [Wieringa, 1972] implies a 
dependence on the turbulence intensity, record length Tand gust duration t, valid for 
observations of 1 hour (T=3600 seconds). The estimate of Gis represented by: 

E(G) = 1 +0.42/u ln(T I t) (2.15) 

Peakfactor 
The peak factor 8u is defined from the maximum and mean wind velocity and its 
standard deviation: 

E(umax) Urn+ gu<Ju or gu (Umax -Um) 
<Ju N 

(2.16) 

gu is also the average value over N observations. 

Davenport derives the following relation for the average value of gu, based on a 
Rayleigh distribution of the peaks [Davenport, 196lb, Davenport, 1964, Davenport, 
1967]: 

1 
E(gu) = .J2In(vT) +0577----,1== 

-v2ln(vT) 
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Tis the observation period (or record length) of the extremes (e.g. one hour) and vis 
the rate at which the mean value is crossed, which can also be interpreted as the 
frequency at which the normalized spectra} density has its highest value (see section 
2.2.7). Equations 2.14 and 2.16 yield the following relation between G and gu: 

G-1 
E(gu) =--= 0.421n(T I t) 

lu 
(2.18) 

This means that gu is independent of the turbulent characteristics, and depends on 
gust duration tand record length T only. 

Example 
For T = 3600 s, values for G and g u are determined from equations 2.13 and 2.18 in 
table 2.4 for gusts with different duration. 

t [s] 

1 
1 
3 
3 
5 
5 

Zo[m] 
0.03 
1.0 

0.03 
1.0 

0.03 
1.0 

z[m] 
10 
45 
10 
45 
10 
45 

d[m] 
0 
10 
0 
10 
0 
10 

G 
1.59 
l.97 
1.51 
1.84 
1.48 
1.78 

3.44 
3.44 
2.98 
2.98 
2.76 
2.76 

table 2.4: Values for gust factor G and peak factor 8u for different gust durations, 
roughness types and observation heights, T = 3600 s 

The peak factor is determined by the duration of the gust only and not by the 
measurement height or the terrain characteristics (or turbulence intensity). If T = 
1800 s and t = 0.05 s (or the sample frequency is 20 Hz, cf. the experiments 
described in chapter 3 to 5), equation 2.18 yields gu = 4.4, and equation 2.17 yields 
8u = 4.7. 

2.2.6. Integral length scales 

The fluctuations in the wind velocity can be assumed to be a superposition of eddies 
with different size and frequency. The integral length scale is an estimate of the size 
of the largest eddies. Nine integral length scales can be defined, corresponding with 
the u, v and w component of the flow evaluated in the along-wind, cross-wind and 
vertical direction (x, y and z). 
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The integral scale Lux is a measure of the size of the large eddies in flow direction: it 
is defined from the cross correlation Ruu(Ll) (see appendix A) of the wind velocity at 
two points i andj, separated a distance L1 in flow direction, as follows: 

00 

(2.19) 

The integral length scale varies with height and depends on the roughness of the 
upwind terrain. In the ASL, Lux ranges between 50 and 200 metres. 
Many measuring points in flow direction are needed to obtain an acceptable 
accuracy for Lux. In full scale, it is nearly impossible to determine Lux in this way, 
because the wind direction changes continuously and it is very expensive to record a 
sufficient number of instruments simultaneously. 
For low turbulence intensities (Ju < 10%) it may be assumed, that the fluctuations 
travel with the mean wind velocity. The structure of the eddies does not change in 
the travel period and the turbulence is called 'frozen' (Taylor hypothesis). From this 
hypothesis it follows that Lux can be calculated from the integral time scale T ux 
determined from the autocorrelation function (see appendix A), measured at one 
position, integrated over the time lag T. 

(2.20) 

Measurements in full scale of Lux, most of them using equation 2.20, scatter a lot 
[Solari, 1987]. The use of 2.20 is very sensitive to trends occurring in the 
registration of the velocity in time. In figure 2.7, the turbulence intensities for three 
roughness classes are given and these are greater than 10% for all three cases up till 
at least 150 metres. This means that Taylor' s hypothesis may not be valid in 
practice, and data obtained using equation 2.20, can not be used. Frequently Lux is 
estimated in this way, in absence of an other length scale, that can be derived easily. 

2.2.7. Spectra of wind velocity fluctuations 

Spectral density functions are calculated from time series of fluctuating signals, 
using fast Fourier techniques [Bendat et.al, 1986, Newland, 1975, see also appendix 
A]. An important property, following from the mathematical definition of one-sided 
spectra is: 
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(2.21) 

In figure 2.8, a schematic view of a spectrum S in the neutral atmospheric boundary 
layer is given as function of frequency n. In neutra} conditions, energy is produced 
at low frequencies (range A) by shear. In range B, which is called the inertial 
subrange, energy is passed down to smaller scales (higher frequencies). There is 
little production or dissipation of energy in this range. When spectra are represented 
on a log-log scale, like in figure 2.8, the slope of the spectrum in the inertial 
subrange is -5/3 and the nondimensionalized spectrum has a slope of -2/3. In range 
C, kinetic energy is dissipated into internal energy (heat). 

~: 
(/) 
c: 

0.001 

l range B . . . 

n 
P0.01 0.1 

n [Hz) 

range C ·> 

10 

figure 2.8: Schematic view of a wind velocity spectrum in the atmospheric boundary 
layer 

The ranges A and C both have a typical length scale. In A this is the integral length 
scale Lux which is defined in section 2.2.6. It can be estimated from the frequency 
nP, where the non-dimensional spectrum nSufa/ has its maximum value, when 
Taylor's hypothesis is valid (so lu < 10%) [a.o. Simiu et.al., 1996]: 

(2.22) 

In section 2.2.6, it was already explained, that the Taylor hypothesis is not valid for 
turbulence intensities higher than 10 %, and Lux should be determined using 
equation 2.19. 
The typical length scale in range C is the Kolmogorov scale 11: 
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(2.23) 

• Va is the kinematic viscosity of air: 17 .1 10·6 Pas, 
• e is the dissipation rate of turbulent kinetic energy. The dominant scales for wind 

loading on buildings in the atmosphere are much larger than 17. 

The frequencies of interest for the determination of dynamic response of buildings 
are in the order of 0.1 to 10 Hz. This is in the inertial subrange at high wind 
velocities. For the calculation of the background response (see A in figure 1.5), the 
energy production range is relevant. 
Spectra! density functions Su(n) (i=u,v,w) are usually represented as non
dimensional quantities (e.g. nS;;(n)la/ or nSii(n)lu*2

), so experiments under different 
conditions can be compared. The frequency is usually reduced by a length scale and 
the mean wind velocity. For turbulence bebind a grid, without boundary layer, the 
integral length scale Lux is a characteristic length scale. In boundary layer 
turbulence, the observation height z is a very suitable length parameter. This gives 
the reduced frequency f 

(2.24) 

Detailed descriptions of the spectral properties in the atmospheric boundary layer 
are contained in text hooks like [Panofsky et.al., 1984, Kaimal et.al., 1995]. In this 
section, the spectra in the neutra! ASL are presented. Theoretically, the spectra in 
the atmospheric boundary layer fit into a genera! expression [Olesen et al., 1984]: 

nS·· 
___!!_=--'----, i u,v,w a/ (C+Bfa 

(2.25) 

The shape and position of the spectra are determined by the coefficients a, {3, y, A, B 
and C. These coefficients can be calculated for equilibrium flow from theoretical 
considerations. The values of A, Band C depend on the ratios a/u •. In table 2.5 the 
coefficients are given for a/u. = 2.5, 2.0 and 1.25 for i = u, v and w respectively 
[Tieleman, 1991, 1995]. Values for these coefficients are given for two terrain 
types: The first type is qualified as flat, smooth, uniform (FSU) tei;rain and the 
second type as perturbed terrain, which is FSU terrain with incidental higher 
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obstacles. The FSU spectra have a pointed shape and the spectra for perturbed 
terrain are more blunt. In figure 2.9 the spectra for perturbed terrain are plotted. 

FSU terrain: C = 1 Perturbed terrain: C = 1 Ka!mal: C= 1 
a= 513, f3= 1, r= I a= 1, /3= 513, r= I a= l,/3=513,y= l 

A B A B A B 

Suu 20.53 475.1 40.42 60.62 21.66 33 
Svv 6.83 75.84 13.44 20.16 5.37 9.5 
Sww L67 7.23 3.28 4.92 1.14 5.3 

table 2.5: Factors a, f3, y, A, Band C, for three components and two terrain types, 
according to Tieleman [ 1995], and compared with equations 2.26 

0.1 

0.01 

0.001 

0.01 0.1 
nz/u 

m 

10 

figure 2.9: Spectra for perturbed terrain, equation 2.25 and table 2.5 

Example 

100 

For the u component, the inertial subrange starts at/= 0.1. Fora mean wind velocity 
of 25 mis at a height of 100 metres this is at n = 0.025 Hz, which is much lower than 
the range of frequencies of interest in the assessment of the dynamic response of 
buildings. Fora building with a first natural frequency n1 of 0.2 Hz, um = 25 mis and 
z = 100 metres, it follows that/ = 0.8 and nSuJ<J'/ = 0.05. 

The following formulas are widely used for the spectra in the neutral atmosphere 
[Kaimal et.al., 1972, Kaimal et.al., 1995]: 

nSuu 102/ 

u*2 = (1+33/)5/3 
(2.26a) 
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nSvv _ 17/ 

u*2 - (1+95/)513 
(2.26b) 

nSww _ 2.lf 

u*2 - (1+5.3/)513 
(2.26c) 

These spectra are averaged results for wind, measured in Kansas over flat, uniform 
terrain. The spectra of equation 2.26 fit into equation 2.25 using the values <Y/u. = 
2.17, 1.78 and 1.36 measured in Kansas for i = u, v and w, respectively. The 
calculated values for the coefficients A and Bare also given in table 2.5. 
The parameters in the universa! model are quantified for flat smooth and uniform 
terrain. For urban terrain, Högström et.al. [1982] give the following functions, 
obtained frorn full scale measurements in Sweden: 

nSuu(n) _ 86.6/ 

u*2 - (1+29.6/)513 

nSvv(n) 18.6/ ---=-----
u *2 (1+10.3/ )5/3 

(2.27) 

nSww(n) _ 3.lf 

u *2 (1+3.17 f )513 

Spectra measured over a city have been given by Roth et.al. [1993]. They found 
only small diff erences with measurements over flat terrain. In section 4.4, 
observations of the spectra of the wind velocity fluctuations over Eindhoven are 
discussed. 

2.2.8. Coherence of wind velocity fluctuations 

The wind velocity fluctuations do not only vary with time, but also in space. In the 
frequency domain, the relation between the wind velocity fluctuations at two 
separated points is given by the coherence. The mathematica! definition is given in 
appendix A. Davenport [1961a] suggested to use an exponential formula for the 
coherence of the longitudinal wind velocity for lateral and vertical separation. This 
widely accepted formula can be written as: 

-F cohuiuj(n) = e 
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2.2. Atmospheric boundarv layer meteorology 

Where F is a function of distance between the measuring points, mean wind velocity 
and frequency. Genera! expressions for F are: 

~((z; -zj)cz)
2 

+((y; -yj)cy)
2 

F = n--'-------------
Um,av 

or: 

h-zjlcz+lyi-Yjlcy 
F =n-------

um,av 

With: 

(2.29a) 

(2.29b) 

(2.30) 

The decay factors cy and Cz are derived experimentally. Decay factors, dependent on 
wind velocity and height have been reported in several experiments [Shiotani et.al., 
1971, 1979, Kristensen et.al., 1981, Panofsky et.al., 1984]. Sometimes, one decay 
factor is used for separations normal to the mean flow, instead of separate factors 
for horizontal and vertical direction. A wide range of values for the decay factors 
from several experiments is presented in [Solari, 1987]. 
Several variations to equation 2.29 are known. The definition of the reference wind 
velocity is not consistent. Instead of Um,av sometimes the mean wind velocity at a 
fixed height (usually 10 metres) is used. Also, the definition of equation 2.28 is not 
always clear. Often, the squared coherence or the root coherence is presented in the 
exponential form of equation 2.28. A factor 2 diff erence in these decay factors is 
found. This bas to be considered, when comparing decay factors, derived from 
different experiments with different definitions. 
In figure 2.10, the coherence of the longitudinal wind velocity, according to 
equation 2.28 and 2.29a with cy = 16 and Cz = 10 [Simiu et.al., 1996] is given. The 
frequency is reduced with the average wind velocity of these points um,av and with 
the cross-wind separation L1 between the points i andj,: 

(2.31) 

Example 
If the frequency is 1 Hz and the mean wind velocity i~· 20 mh: .. the coherence of the 
wind velocity is smaller than 0.1 for separations h.:ger ;1;an 2 metres. For a 
frequency of 0.1 Hz, the coherence is essentially higher, more than a factor 10 for A 
= 2 metres. 
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figure 2.10: Coherence of the longitudinal wind velocity fluctuations as function of 

nondimensional parameter nLVum,av 
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2.3. Aerodynamics 

When wind hits a building, the dynamic pressure of the oncoming flow is 
transformed into wind-induced pressure. The turbulent characteristics of the wind 
lead to a randomly distributed, fluctuating load on a building. In this section, the 
theory of the transition of dynamic pressure into wind-induced pressure is given and 
models to predict the fluctuating pressures on bluff objects, particularly buildings, 
are presented. 

2.3.1. Fundamentals 

Notation 
In section 2.1, the notations (u, v, w) and (x, y, z) are defined. In this section, the 
wind velocity is given in three components by u1, and the co-ordinates are given by 
x1 (tensor notation). This makes it possible to use the summation convention {or 
Einstein convention) which means that all repeated indices are added over all co
ordinate directions, e.g. u1u1 = u1u1 + u2u2 + u3u3. 
The material derivative D/Dt is defined in Cartesian co-ordinates: 

D iJ {) 
-= iJt +uj dx 
Dt j 

iJ!iJt is called the local derivative 
uiJ/{)xi is the convective term 

Fluid mechanics 
For an incompressible flow, the Navier Stokes equations can be written as: 

Du· du· du· iJp a2u· 
p--i =p(-i +u·-i)=pgi--+µ 1 

Dt at 1 {)x · ()x. <Jx .<Jx · J l J J 

(2.32) 

(2.33) 

(2.34) 

• p is the mass density of the flow, henceforth assumed con:.t::!nt at 1.25 kglm3
, 
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• µ is the dynamic viscosity, related to the volumetrie mass by the kinematic 
viscosity V=µ/ p, 

• p is the isotropic pressure, 
• pgi is the gravitation force, 
• Vis the volume, 
• t is time. 

If the viscous effects are negligible, the Euler equation is found from (2.33): 

Du· éJp 
p-1 =pg·--

Dt 1 (Jx. 
l 

(2.35) 

Multiplication of the Euler equation by ui using the summation convention, and 
integration over a streamline yields the Bernoulli equation for an inviscid, 
barotropic, steady flow (àlàt = 0): 

p +.!.uiui + gx3 =constant along a streamline 
p 2 

In the context of this thesis, the gravitation term is neglected. This yields: 

p +.!_pui ui = constant along a streamline 
2 

Pressure coefficient 

(2.36) 

(2.37) 

The Bernoulli equation is used to define the pressure coefficient CP for the pressure 
on a surface induced by the flow: 

C ::: Ps - Pa (2.38) 
p 1 

2puiui 

• p, is the pressure on a surf ace, 
• Pa is the ambient pressure, 
• The pressure difference p, - Pa is called ,.,;" ' induced pressure, denoted in this 

study as p, 
• the quantity 0.5pu;u; is often called th1.· ,-ivna~ '.c pressure. In appendix B, the 

effect of different choices for this term are om.:ussed. 
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The above definition of the pressure coefficient is generally applied, also to 
turbulent flows. 
Altemative pressure coefficients relate the statistics of wind-induced pressure to the 
upstream flow characteristics. In the current research, pressure coefficients for the 
mean, maximum, minimum and root-mean-square of the pressures are defined by 
substitution of ui by the mean wind velocity um: 

Mean pressure coefficient: C pm = 
1 

Pm 

Pu 2 
2 m 

Peak pressure coefficient: C P max = 
1 

and C p min = 
1 -pu 2 -pu 2 

2 m 2 m 

RMS pressure coefficient: C prms = 
1 -pu 2 
2 m 

(2.39) 

(2.40) 

(2.41) 

A peak factor gP is defined for the pressure, or pressure coefficients, analogous to 
the peak factor gu for the wind velocity in section 2.2.5: 

(2.42) 

Measured values for the pressure coefficients and the peak factor on a building are 
discussed in section 5.2. 

Reynolds number 
An important dimensionless number is the Reynolds number of the flow. lt is the 
ratio of the inertia and viscous forces: 

aui 
U·

J 
pUL UL 

Re=---=--= --= -
µ v 

• L is a characteristic length scale, 
• U is a characteristic flow velocity. 

(2.43) 
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Flow with very low Reynolds numbers is laminar. Turbulent flow in pipes is found 
for Re > 20.000. The Reynolds number plays a role in the similarity conditions for 
model tests. In chapter 3, this role is explained. 

Vorticity 
The rotation of the wind velocity field is called the vorticity co: 

auk 
roi =êijk-a 

Xj 

where EiJk is the pennutation tensor. 

(2.44) 

In turbulence, vorticity plays an essential role. The vorticity equation is derived 
from the Navier-Stokes equations. The resulting equation is: 

(2.45) 

2.3.2. Obstacle aerodynamics 

When turbulent flow is obstructed by an obstacle, the structure of the flow changes. 
Pressure fluctuations on the obstacle are determined by these changes. In this 
section two models to predict these fluctuations are described. These models each 
represent an extreme situation. The theory is described in more detail in [Batchelor 
et.al., 1954, Hunt, 1973a, Hunt, 1973b, Hunt et.al., 1990, Nieuwstadt, 1992] and the 
relevant features are given here. 

~~ 
Streamline 

w ) ) I 
- - - - - - ." ) ) c • u 

! L 
~~,.__;- ---~ 

tigure 2.11: A cylinder in turbulent flow 
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Consider a turbulent flow with characteristic length scale L and characteristic 
velocity U, obstructed by a cylinder with diameter d (figure 2.11). There are three 
zones in the flow: 

• I is the zone where inertia forces dominate. These forces depend on the distortion 
of the flow, caused by the body. The size of this zone is proportional to d, 

• B is the zone, where friction forces are present, this zone has a thickness o. When 
Re, for U and 8, is large enough, then Ó<.<L and the effect of this boundary layer 
is neglected, 

• The third zone, W, is the wake of the cylinder, where the flow is separated. 

Rapid distortion theory 
First assume that L<<d, so the scale of the eddies is much smaller than the diameter 
of the cylinder. The eddies are distorted in zone I. The characteristic time scale of 
this distortion, Td is: 

The characteristic time scale of the eddies, T is: 

T""'Uu' 

u' is the characteristic velocity of the fluctuating flow. 

It is assumed that Td < T. Tuis means, that the turbulence is distorted rapidly enough 
around the cylinder before it exchanges energy with other scales. Tuis is called rapid 
distortion. This assumption means, that the turbulence intensity is weak. (Ju"" u'/U < 
10% ). If the instantaneous velocity and vorticity are written as: 

ui = u~m + u/, where ui,m is of order U and ui' is of the order u '. 

the vorticity equation ( equation 2.45) changes in to: 

aw·· aw·· aw· au. au· ;/2w' 
--

1 +u· --1 +u' · =ro' ·~+ro' · +v--1 -dt J,m ax. } ax. } ax. } ax. dx .iJ.x. 
J } J J J J 

(2.46) 

The following assurnptions lead to further simplifications: 
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• For low turbulence intensities, the third term on the left hand side can be 
neglected, 

• The typical time scale Tof the second term on the right hand side is much smaller 
than Td, typical for the first term, so the second term is also negligible, 

• The Reynolds number UUv is generally larger than 1, this means that the viscous 
term, the third term at the right hand side, can also be neglected. 

This yields a linearized vorticity equation: 

aoJ'. aro·. aui m 
__ 1 + u . __ 1 = ro' . __ , -

dt J ,m ax . J ax . 
J J 

(2.47) 

This equation can be solved if the mean velocity field is known. A qualitative 
solution is presented here, after [Nieuwstadt, 1992]. 

y~~ 
x u

1 
u• 

A..12 
( 1 > 

t h 

figure 2.12: Distortion of a line element in a flow field approaching an object 

In figure 2.12, two line elements 11 and h, approaching a cylinder, are given. When 
the flow approaches the object, 11 will be compressed, and 12 stretched. This results 
in the new combination of line elements near the surf ace 11' and 12'. The vorticity 
behaves like a material line element (Cauchy's equation [Nieuwstadt, 1992]), so the 
vorticity along the y-axis increases, while it decreases along the x-axis. Vorticity 
along the y axis is coupled with the velocity components u1 and u3, and vorticity 
along the x axis is coupled with the velocity components u2 and u3. It follows that 
the along wind fluctuations (normal to the upwind side) will increase, while the 
cross wind fluctuations decrease [Nieuwstadt, 1992]. This is proved experimentally 
in [Hunt et.al, 1990]. 
The application of the rapid distortion tliefü_, ''"' ~"e flow around bluff bodies is 
studied a.o. by Hunt [1973a, 1973b], Du<bin ani, Hunt [1980], Kawai [1983b, 
1984], Hunt et.al. [1990] and Hölscher [19~-~~ 1urbin and Hunt give pressure 
spectra on a two-dimensional elliptical cylinder, for the cases when the frequency is 
very low (n <<1) or very high (n-700). The relations are derived using the von 
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Kármán spectrum [Von Kármán, 1948] for isotropic turbulence. The variance of the 
pressures is given by: 

(2.48) 

The spectral densities of the pressures are found by: 

Forn =0: 

S ( ) ( )2 L 2cos
2 

0 
PP n = pumau um(l+l2sin81) 

(2.49) 

• 8 is the angle of attack, which is 7r/2 for wind normal to the pressure measuring 
point. For a square object, the angle of attack is defined relative to the upwind 
surface, see figure 2.13. 

figure 2.13: Definition of angle of attack 8 for an object with square section (view 
fromabove) 

(2.50) 

The relevant characteristics of equations 2.49 and 2.50 are: 

• At the low frequency end, the pressure spectrum is constant, depending on the 
angle of attack, with a maximum value for flow normal to the facade, 

• At the high frequency end, the pressure spectrum is proporticnal to n·1613
, 

• The spectral density at high frequencies decreases with inrreasing L, 
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• The level of the fluctuations at the high frequencies · depends on the angle of 
attack and has its minimum for flow normal to the object. This result is in 
contradiction to the result at low frequencies. 

Quasi steady theory 
If L>>d, the scale of the eddies is much larger than the cylinder diameter. Since the 
distortion is restricted to a zone with dimension d, blockage, of which the influence 
is stretched to a distance L, is dominant. It is assumed that the fluctuating velocity 
field around the cylinder is irrotational, and it can be shown that the properties of 
the pressures can be derived from the Bernoulli equation (equation 2.36) [Bearman, 
1972, Nieuwstadt, 1992]. In this quasi-steady theory, the instantaneous value of the 
wind-induced pressure p(t) is found from the wind velocity vector u; by: 

(2.51) 

• Cp(fXt)) is the instantaneous pressure coefficient as function of angle of attack e 
at timet. For the sake of simplicity, the eis omitted, and the pressure coefficients 
are denoted by CP' 

For the fluctuating part of the pressures, the following. assumptions are made 
[Kawai, 1984]: 

• The second order terms (u')2
, (v')2 and (w')2 are negligible relative to um2

• The 
contribution of these terms to the mean dynamic pressure is small for lu < 10%, 
see appendix B. The contribution to the pressure spectra is also very small 
[Hölscher, 1996], 

• The mean wind direction is denoted as e, the horizontal fluctuating wind 
direction is 8Jt) and the vertical fluctuating wind direction as 8w(t), 

• The fluctuations in wind direction are small, so sin(8v(t))=8v(t), 
• The u, v and w component of the wind velocity are independent. 

The above assumptions lead to the fluctuating pressure p'(t) [Kawai, 1983a, 1983b, 
1984]: 

( 
/5C oC\ , , 1 , pm 1 , prr. 

p (t) = pum u Cpm +-v --+-w-- -) 
2 88v 2 OtJ,., . 

(2.52) 

This yields for the variance of the pressure fluctuations: 
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G 2 = (pu )2[G 2(C )2 +_.!.G 2(ÖC pm )2 +_!_G 2(ÖC pm )2] (2.53) 
P m u pm 4 v 88 4 w 88 

v w 

For the spectrum of wind-induced pressures as function of 8, it follows: 

The relation between the mean pressure coefficient and the root-mean-square 
pressure coefficient (as function of angle of attack 8) is: 

C =21 (c )2 +!(dCpm]2
(!r...)

2 +!(dCpm]2(Iw)2 

prms u pm 4 d(J I 4 d8 l v . u w u 
(2.55) 

For flow at stagnation, the contributions of the lateral and vertical component are 
zero, and the pressure spectrum and Cpnns are equal to: 

2 
S pipi (n) = (pC pmum) Suiui (n) (2.56) 

(2.57) 

Equation 2.56 can be rewritten in non-dimensional form: 

(2.58) 

For quasi-steady theory, Pmax = Cpm Umax, and the peak factor gP is equal to the peak 
factor gu: 
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The rapid distortion theory and the quasi-steady theory are only valid for flow which 
is not separated. Generally, when the mean pressure coefficients are negative, these 
theories are not valid. For windward side pressures these theories give solutions for 
the extreme situations L<<d and L>>d, d being the characteristic dimension of the 
object. For line structures and lattice models where d is the diameter of the line 
structure or the lattice elements (cf. figure 2.2), the quasi-steady theory can be 
applied. 
For a building, the characteristic length scale d is the smallest value of either the 
height or the width. In atmospheric turbulence, L is in the order of d to 1 Od. Tuis 
means, that quasi-steady nor rapid distortion · theory can be applied to determine the 
pressure fluctuations on buildings. This is discussed in the next sections. 

Strip theory 
The rapid distortion and quasi-steady theory are derived for a flow which is 
characterized by a velocity scale U. Tuis velocity scale is the mean wind velocity for 
objects immersed in isotropic turbulence, e.g. bebind a grid. For flow in a boundary 
layer, the velocity scale is related to the characteristics of the boundary layer itself. 
For the analysis of pressures on surf ace mounted bluff bodies, often the strip theory 
is assumed. Tuis means that the characteristics of the pressures at height .h depend 
only on the characteristics of the wind field at that height. If quasi-steady and strip 
theory are combined, equation 2.57 is defined as: 

(2.60) 

Similar relations can be derived for Spp(n). The reader is referred to appendix B for 
these relations. 

2.3.3. Pressure admittance 

Windward side 
Experimental results for the pressure spectrum at. windward side of bluff bodies 
show, that equation 2.58 is not valid for high frequencies [Holmes, 1973, Kawai 
et.al., 1979]. A modification of equation 2.56 is proposed by Kawai and co-workers 
to account for the deviation of the measured pressure spectrum from equation 2.58. 
A pressure admittance j Xp.uf n) l 2 is defined which accounts for the differences 
between the quasi-steady theory and the measured pressure spectra on bluff bodies: 
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(2.61) 

• Spp(n) is the pressure spectrum at co-ordinate (y;,Z;) on the facade, 
• Suu(n) is the wind velocity spectrum, and Um is the mean wind speed, both at 

reference height. Tuis ref erence height is usually the height of the pressure tap, h 
= z;. In the experiments, presented in this thesis, the wind velocity data are 
obtained at building height H, which is used as reference height. In chapter 5, the 
diff erence between these definitions is analysed, 

• Cpm is the mean pressure coefficient at tap (Yi> Zi). It is defined from the dynamic 
pressure q = 0.5pum2

, where um is the mean wind velocîty at tapping height or 
roof height. 

If the lateral and vertical component of turbulence are taken into account, the 
pressure admittance becomes [Kawai, 1983b]: 

spp(n) = . 

-1 12 2 2( 2 (dCpm)
2 

Svv(n) (dCpmJ
2 

Sww(n)](2.62) - Xpuvw(n) P Urn Cpm Suu(n)+ -- + --
' d8v 4 d8w 4 

It is shown experimentally that the contribution of the v and w spectra to the 
pressure admittance at windward side is small [Sharma, 1996]. In many 
experiments, only the u component of the turbulence is available, so the pressure 
admittance is calculated from the u component of the wind velocity only ( equation 
2.61). In appendix B and chapter 5, the errors involved in this assumption are 
discussed using experimental results. Henceforth, the notatfon 1Xp(n)l2 is used for 
1Xp,u(n)l2, unless specified otherwise: 

(2.63) 

Por the pressure admittance on a square prism with height over width ratio HIW> l, 
Kawai proposes an empirical relation, based on wind tunnel measurements [Kawai 
et.al., 1979]: 
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(2.64) 

• Wis the prism width, 
• Um = um(h), where h is the height of the pressure tap, see figure 2.14, 
• a = 213( l-(2Ymi/W)2), 
• Ymid is the distance between the vertical symmetry line and the pressure tap, see 

figure 2.14. 

Equation 2.64 is derived with the assumption that the strip theory is valid: the 
pressure spectrum at height h is related to the wind velocity spectrum at height h. 
The attenuation of the spectrum of wind-induced pressures depends on the distance 
of the pressure tap to the stagnation line. lt is represented by the slope of the 
pressure admittance at the high frequency end. 

w 

, ... 

___ T~P~ 2/3H 
H 

tigure 2.14: Elevation of a building, definition of Yedge• Ymid and h 

Shanna [ 1996] measured the pressure admittance on a model of a low-rise building 
with HIW < 1. He proposes an altemative reduced frequency /y: 

~ 3/8 f = nv n.wall y rel 
y u 5 

m 
(2.65) 

• Awall is the area of the Windward wall: Awall = H x W, 
• Yrel is the relative distance between the pressure tap and the vertical edge of the 

wall, or compared with Kawai's equation: Yret = J-(2ym;,/W), 
• Um is the mean wind velocity at tapping height h. 
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2.3. Aerodynamics 

Shanna uses the following functiort to fit results from a wind tunnel model of the 
TTU building: 

(2.66) 

The attenuation of the wind-induced pressure is assumed equal for all positions on 
the surface. The frequency where this attenuation starts to deviate from quasi-steady 
theory depends on the distance of the pressure tap to stagnation. 

Example 
A building is chosen with height 100 m and width 20 m, assuming that u* is 2 mis, 
and zo= 1 m. In figure 2.15, equation 2.64 is given for different values of Ymid as 
function of n Wlum. 
Equation 2.66 is given in figure 2.16 as function of nWlum for a building with 
similar geometry as the main building of Eindhoven University of Technology (see 
chapter 3). The pressure admittance is calculated for three different positions of the 
taps on the windward facade, at the same values for Yrel as in figure 2.15. 
The pressure admittance at the centre line is given by Ymid = 0. For pressures close to 
the vertical edge, or Ymid > 0, equation 2.66 gives a higher admittance than equation 
2.64. 

10 -------------~ 

0.1 

0.01 

0.001 0.01 0.1 
nW/u 

m 

10 

Windward wall: 
H = 100 m. W = 20 m 

y = 2.5 m, Ymid /O.SW = 0.75 

Y=5m,ymid/0.5W =0.5 

y = 10 m, Ymid /0.5W = 0 

figure 2.15: Pressure admittance functions according to Kawai for different values' of 
Ymi/0.5W 
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Chapter 2: Theory 

Windward wan: 
H = 45 m , W = 167 m 

y = 20.875 m, ymid /0.5W = 0.75 

y = 41.75 m, Ymld /O.SW = 0.5 

y = 83.5 m, Ymld /0.5W = 0 

figure 2.16: Pressure admittance function by Shanna { 1996] on the windward facade 
of a building with HIW < 1, for different values of Ymu/0.5 W (cf figure 
2.15) 

Area averaged pressures 
For structural engineering purposes, the pressures of a small area are represented in 
a node or line element, see figure 2.1. Tuis representative pressure is called area
averaged pressure. The spectrum of the area averaged pressure Spp.A can be 
calculated from the local pressure spectra integrated over the representing area Arep: 

spp,A(n)= A 
1 

2 I J~spipi(n)Spjpj(n)~cohpipj(n)dAidAj 
rep Arep Arep 

(2.67) 

Arep is represented by the grey areas in figure 2.1. An area averaged pressure 
admittance function is defined, based on the spectrum of the u component: 

S 2 2 
pp,A (n) =IXp,A (n)I (Cp,AmPUm) Suu(n) (2.68) 

• Cp,Am is the area-averaged pressure coefficient. 

An empirica! expression for the area averaged pressure admittance function is given 
by Sharma [1996], who measured Spp,A(n) directly in a wind tunnel: 

(2.69) 
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2.3. Aerodynamics 

If the expression for the pressure admittance, equation 2.66, is included, this 
changes into: 

2 2 n Arep 

( 
2]-5/12 

lxp,A<•>I =~lxp<•>I 1+2{ ~] (2.69a) 

This relation was used in [Sharma, 1996] to predict the intemal pressures inside a 
building with openings of different dimensions. The area averaged pressure 
admittance might also be very useful in determining wind loads, which are 
concentrated in nodes or line elements. 

Leeward side 
No general models are available to predict the spectrum of leeward side fluctuations 
depending on upstream turbulence and building parameters, although many 
experimental results exist. At leeward side, the fluctuating pressures are determined 
by upstream turbulence, but also depend on building shape and dimensions. An 
example of a pressure spectrum on leeward side of the building, used in this thesis, 
is given in figure 2.17 together with the simultaneously measured wind velocity 
spectrum. 

"'o" 
0.1 0.1 

"'o"' ...... ...... 
:il: "' "' CJ) CJ) 

c: 0.01 0.01 c: 

0.001 0.001 

0.001 0.01 0.1 10 
n 

figure 2.17: Spectrum ofupstream turbulence and leeward side pressurefluctuations, 
measured in full scale at Eindhoven University ofTechnology 

The shape of the pressure spectrum is determined by the upwind turbulence in the 
low frequency range and by the wake turbulence at higher frequencies, in this 
example for n > 0.2 Hz. Wake turbulence is induced by separation of the flow at the 
corners of the building. 
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2.3.4. Coherence of wind-induced pressures 

In equation 2.4, the coherence of wind-induced pressurès cohPP is introduced in the 
determination of the fluctuating along-wind loading. Three coherence functions are 
defined: 

1. First, the coherence between two pressures on wîndward side of the building is 
denoted as cohpwpw· 

2. The coherence between two pressures on leeward side is represented by cohptpl· 
3. Finally the coherence between the pressure at windward side and the pressure at 

leeward side (cohpwpl or cohplpw). 

These three functions are described separately in this section. 

Windward facade 
The coherence of wind-induced pressures at windward f acade is frequently 
described by an exponential fonnula, similar to fonnula 2.28. Often, results are 
given for the root coherence, simplified to: 

~ h ( ) - Kn!il Um,av co pwpw n =e (2.70) 

• L1 is the separation of the points (yi>Zi) and (yj,Zj). 
• um,av is the average value of the mean wind velocity at heights Zî and Zj 

The relation with equation 2.28 is represented by F = 2KnL11um,av· 
In the past, results from full scale and wind tunnel tests have been used to determine 
K. V alues of K, measured at Royex House in London are given in table 2.6 
[Newberry et.al, 1973]. 

West face, west winds 
East face, east winds 
South face, south winds 

Kvertical 

4.4±0.9 
5.3±1.0 
8.4±3.2 

table 2.6: Values of K, reported by (Newberry et.al" 1973) 

4.3±1.l 
5.7±1.l 
5.4±3.3 

Full scale measurements on building no. 51 of Waseda University in Tokyo give 
values of Kat windward side between 2.4 and 3.6 [Matsui et.al., 1982]. 
In these references, a range of values for K between 2.4 and 11.6 is reported. In 
figure 2.18, the corresponding graphs for these limits are given, together with the 
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graph for K = 5 (corresponds to Cz = cy = 10 in equation 2.29, where the coherence 
of the wind velocity was defined). 
The range of decay factors results in a large scatter in calculated coherence at a 
given value for nL11um.av· For example, when nL11u,av = 0.1, the calculated coherence 
varies between 0.06 and 0.85, for K = 11.6 and 2.5 respectively. In chapter 5, full 
scale and wind tunnel observations of the coherence at windward side are analysed. 
In chapter 6, the applicability of the results for engineer' s use is discussed. 
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figure 2.18: Coherence function ( equation 2. 70) for different values of K 

Leeward facade 
Few experimental results for the coherence of pressures at leeward side have been 
reported. Matsui et.al. (1982] report values for K (according to equation 2.70) for 
the leeward side coherence in full scale between 3.7 and 5.8. An extensive wind 
tunnel test is performed by Breeze [1992]. He proposes for the leeward coherence: 

h ( )
- -a(n!:.lum,av)/3 

co plpl n - e (2.71) 

This function is given in figure 2.19 for different values for a and {3. Breeze 
proposes a = 68 and f3 = 1.3 based on bis measurements. The curve for a = 10 and /3 
= 1 corresponds to the curve for K = 5 in figure 2.18 and to equation 2.29 for Cz = 
10. 
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figure 2.19: Coherence functions at leeward side for different values of a and /3 

Pressures at windward and leeward facade 
In equation 2.4, the coherence of the pressures at windward side and the pressures at 
leeward side cohpwpt (or cohptpw) is present. 
The only empirical model available to describe the coherence between windward 
and leeward side pressures, is the following modification of the cross spectrum of 
the pressures [Velozzi et al., 1968]: 

S pwlpl2 (n) = S pwlpw2 (n)N(n) (2.72) 

Where Spwlpt2 is the cross spectrum of the pressures at point w 1 at windward and 
point l2 at leeward side. Spw1w2 is the cross spectrum of points wJ and w2 at 
windward side, where point w2 is on the same (y,z) co-ordinate on the windward 
facade as point 12 on the leeward facade. 

1 1 -2.; 
N(n) =-- -e 

ç zç2 

h 
J: 15.4nD 

w ere~=----
um(2/3H) 

This yields for the coherence between windward and leeward side: 
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Equations 2.74 and 2.61 yield: 

(2.75) 

In chapter 5, this function N(n) is compared with experimental results. The 
consequences for the modelling of wind loads on buildings are discussed in chapter 
6. 

Example 
Fora building with D = 20 m, the values for N(n) in table 2.7 are found: 

Um(2/3H) 

n=0.01 Hz 
n =0.1 Hz 
n= 1 Hz 
n= lOHz 

10 
0.82 
0.27 
0.032 
0.003 

20 
0.90 
0.45 
0.063 
0.006 

table 2.7: Valuesfor N(n) asfunction ofn and um> D = 20 m 

2.3.5. Lattice model 

30 
0.93 
0.56 

0.093 
0.010 

In engineering practice, the quasi steady assumptions are applied, using the lattice 
model (see figure 2.2) to calculate the fluctuating wind loading on buildings. In the 
lattice model, the loading on a node of the lattice structure is found by the dynamic 
pressure multiplied by the drag coefficient Cv. This drag coefficient is the difference 
of the pressure coefficients at windward and leeward side: Cv = Cpw - Cpt· The 
spectrum of the drag in every point is calculated by the quasi-steady theory: 

(2.76) 

The spectrum of wind loading is found by integration of the overall drag over the 
area, similar to the procedure of equation 2.4. Because the drag spectrum represents 
both windward and leeward side pressures, only the coherence of the drag 
fluctuations bas to be taken into account. This coherence is assumed equal to the 
coherence of the upstream velocity fluctuations, which means that equation 2.29 
represents both the coherence of wind velocity and the coherence of wind-induced 
drag. This yields: 
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SFF(n) = Jf IJ ~SnwiSDjDjcohuiujdAidAj 
AwAw 

The lattice model will be discussed in chapter 6. 

2.3.6. Aerodynamic admittance 

(2.77) 

When an object, with small characteristic dimension relative to the characteristic 
length scale of the flow (e.g. a line or a lattice structure), is loaded by a uniformly 
distributed wind on a surf ace with area A, the overall drag at any time t, F D(t), on 
this surface is given by the quasi-steady theory [Simiu et.al., 1996]: 

(2.78) 

Here the drag coefficient CDm is assumed constant over the surface and in time. The 
velocity is divided in a mean and fluctuating part. This yields for F D: 

(2.79) 

The fluctuating part of F D is derived from quasi-steady theory: 

(2.80) 

For the standard deviation of the loading on the object, this yields: 

(2.81) 

This yields for the spectrum of the loading: 

(2.82) 

Up to here it is assumed, that the fluctuations are perfectly correlated over the whole 
area A. Because of the gusty nature of the oncoming flow this is not true, so a 
correction factor is defined in frequency domain, called the aerodynamic admittance 
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IX/(n)I [Davenport, 1961a). The aerodynamic admittance incorporates all 
differences in measured drag relative to the drag determined with equation 2.82: 

(2.83) 

The aerodynamic admittance is defined analogous to the pressure admittance, 
derived in equation 2.63. The aerodynamic admittance incorporates the effect of the 
integrated coherence of pressures. The effect of the pressure admittance is also 
included in the aerodynamic admittance. The aerodynamic admittance is measured 
directly for relative small objects in full scale [e.g. Davenport, 1963] or on models 
in a wind tunnel in isotropic turbulence [e.g. Bearman, 1971, Vickery, 1965]. 
Vickery derived the following expression, using the quasi-steady theory, for a 
square lattice model with area A = W x Win turbulence bebind a grid: 

(2.84) 

An empirical fit for 2.84 is: 

(2.85) 

Vickery also applied equation 2.85 to flat plates and found good agreement between 
this fit and experimental results. Equation 2.85 is frequently used for the calculation 
of wind loads on buildings. It is applied in the engineering model, presented in 
figure 1.3. An example is given in figure 2.20. In chapter 1, the concept of the 
aerodynamic admittance function was discussed. The aerodynamic admittance does 
not count for the height-dependence of mean and fluctuating wind velocity. The 
lattice theory is also not representative for the spectra and coherence of pressures on 
buildings, as shown in section 2.3.4. Therefore, the concept of the aerodynamic 
admittance and other models based on quasi-steady assumptions should not be used 
to determine fluctuating wind loads on buildings. 
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figure 2.20: Admittancefanctions by Vickery (eq 2.85) applied to two buildings (H is 
building height, Wis building width), Um is taken at 213H 
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2.4. Structural mechanics 

The assessment of the response of a building to fluctuating wind loading is the 
terrain of the structural engineer. The relevance of the models for the fluctuating 
wind loading on buildings depends on the sensitivity of the response to these 
models. In chapter 1, the procedure for calculating the dynamic response of a 
building is presented. In figure 2.1, a building is schematized as a multi-degree-of
freedom (MDOF) system. In this section, the essential parameters that determine the 
dynamic behaviour of buildings are described and models to calculate the response 
given. First, a description of a single-degree-of-freedom is given, in which the 
different quantities are defined. Then, the response spectrum fora MDOF system is 
given. 

2.4.1. Single-degree-of-freedom system 

In figure 2.21, a single-degree-of-freedom (SDOF) system is given, loaded by a 
fluctuating load F(t). 

tigure 2.21: Single-degree-of-freedom system: One-mass-spring system with force 
F( t ), displacement x( t ), stijfness k and damping c 

The equation of motion for this SDOF system is given by: 
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ma+cu+kx= F(t) 

• m is the mass, 
• c is the damping, 
• k is the stiffness, 
• x is the displacement, 
• u is the velocity = dx!dt, 
• ais acceleration =duldt. 

The eigenfrequency or natural frequency ofthis system is given by: 

n1 =-1- {k 2nf;; 

(2.86) 

(2.87) 

and the damping ratio is defined as the ratio of c and the critica! damping (this is the 
value of the damping c beyond which the free motion of the system is non
oscillatory): 

(2.88) 

The damping ratio is usually expressed as a percentage of the critica! damping. 

If the force F(t) = F0cos(21tnt), the steady-state solution for the displacement is: 

x(t) = F0 H(n)cos(2nnt-</>) 

Where: 

,i. -1 2t; ( n I ni) 
'l'=tan 

2 1-(n/n1) 

H(n) =-----====!====== 
4n2n12m~(l-(nl n1) 2 ) 2 +4t;2 (n !n1) 2 
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2.4. Structural mechanics 

H(n) is the mechanica! admittance, also called transfer function or dynamic 
admittance, depending on the natural frequency, damping and mass of the system. 
This function is given in figure 2.22 for a SDOF system, with one natural frequency. 
n1. 

0.001 0.01 0.1 10 
frequency [Hz] 

figure 2.22: Mechanical admittance fora SDOF system with n1=0.2 Hz and Ç = 0.02, 
cf.figure 1.4 

2.4.2. Multi-degree-of-freedom-system 

The structure of a building consists of a large number of structural elements, so it is 
a MDOF system. Generally, a MDOF system bas more natura! frequencies n1. To 
each natura! frequency belongs a mode of vibration x1• The displacement x(y,z,t) of 
point (y,z) on the building is described by the sum of the displacement at every 
mode of vibration: 

x(y,z,t)= lx1(y,z)~1(t) 
l 

(2.92) 

The coefficient ~I(t) represents how much each mode x1 contributes to the overall 
displacement. 
The loading and the structural properties are represented on a spatial grid, 
determined by the nodes in the structure, cf. figure 2.1. For buildings, the modes of 
vibrations are usually separated well and the damping is small. The response 
spectrum of a MDOF system in point (y,z) to a distributed random loading for a 
structure with small damping and for which the resonant peaks are well separated, is 
given by: 
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S.xx(y,z,n) = 

= LIH1(n)l2 
x/(y,z) fJ fJ x1(Yi,Zi)x1(Y j ,Zj )S pipj(n)dyidzidy jdZj (2·93) 

l AA 

with: 

1 
H1(n) =-----;========== 

4n2n1 2m1~(l-(nl n1 )2 )
2 +4t;?(nl n1 )2 

(2.94) 

The parameters n1, m1 and t;1 are the natural frequency, effective mass and effective 
damping, associated with the Jth mode of vibration. The definition of the eff ective 
values and the derivation of equation 2.93 can be found in chapter 5 of [Simiu et.al., 
1996]. 
For the sake of simplicity, the structure of buildings is often represented by a 
cantilever beam. Torsion of buildings is not incorporated in this simplification. The 
dynamic properties of a cantilever beam at every mode of vibration are represented 
by a SDOF system for that particular mode. The properties of the structure, the 
mass, damping and stiffness, and the loading are represented by so-called 
representative values. The response of such a single-degree-of-freedorn system to a 
random load described in the frequency domain, is given by: 

(2.95) 

• Sxx(H, n) is the spectrum of the displacement at the top of the structure, 
• S pp(_n) is the spectrum of the fluctuating load, 
• CF is an effective load coefficient, defined as the ratio of the effective load and 

the total load. It depends on the structural system and is defined as: 

(2.96) 

2.4.3. Serviceability limit state 

The serviceability limit state determines whether the building performs well or not. 
For dynamic response, this limit state is determined by the accelerations. Therefore, 
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the root mean square and the peak value of the accelerations are needed. The 
maximum value for these accelerations is usually found at the top of the building. 
The root mean square of the accelerations at building height H, aa2 is found by: 

00 

(aa (H))2 = (2nn1)4 (a x (H)) 2 = (2nn1)4 J S xx (H,n)dn 

0 

(2.97) 

The peak acceleration is defined from the RMS acceleration with a peak factor g0 : 

(2.98). 

Where g0 is defmed from the natura! frequency n1 and record length T, based on a 
Rayleigh distribution of the peaks: 

(2.99) 

Values for the maximum acceptable accelerations in the calculation of buildings are 
given in current building codes. A discussion on the acceleration criteria, given in 
several building codes, can be found in [Van Oosterhout, 1996]. 

Example 
For some values of Tand n1, g0 is given in table 2.8. 

T=600s 
T= 1800s 
T=3600s 

0.1 
3.06 
3.40 
3.60 

0.2 
3.28 
3.60 
3.79 

0.5 
3.55 
3.84 
4.02 

1.0 
3.74 
4.02 
4.19 

table 2.8: Values for g(J> for record lengths of JO, 30 and 60 minutes, and for some 
characteristic natura[ frequencies 

2.4.4. White noise approach 

The response of a single-degree-of-freedom system can be determined using the 
white noise approach. The spectrum of the accelerations is fully determined by the 
peak at the natural frequency. 
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The white noise approach implies that the spectra! density of the loading at 
frequency n1 is assumed constant with frequency and bas the value Spp(n1). It can be 
proved that when the response on a building is represented by a cantilever beam, 
which is further simplified into a SDOF system, the variance of the accelerations, 
equation 2.97, can be simplified into [Van Oosterhout et.al., 1993, Van Oosterhout, 
1996]: 

(2.100) 

Fora flat plate or a lattice model, this yields, using equation 2.83: 

(2.101) 

Equation 2.101 shows, that the variance of the acceleration depends linearly on the 
value of lzp(n1)12 at the natural frequency. This means that a mismatch of 20 % in 
IXp(n1)12 or in the force spectrum at n1 results in a mismatch in the standard deviation 
of the acceleration of 10 %, or, using equation 2.98, 10 % in the peak value for the 
acceleration. 
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Abstract 
Full scale and wind tunnel measurements have been perf ormed to study the spectra! 
characteristics of the wind-induced pressures. In this chapter, techniques for such 
experiments are described. First, these techniques are given in genera!, then the 
configurations of the current full scale and wind tunnel experiments are given in 
more detail. 
Error sources in the measured pressures are analysed. In full scale, errors are 
introduced by the choice of reference pressure, and by limitations in the data 
acquisition. In the wind tunnel experiment, acoustic distortion of the signal affects 
the fluctuating pressures. 
The internal pressure causes an overestimate of the full scale value of Cpm of 0.4 ± 
0.1. Acoustic distortion gives significant errors at the leeward side in the wind 
tunnel experiment, which affects the pressure spectrum and Cprms· 
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3.1. Genera! requirements 

Experiments to investigate wind-induced pressures, both in wind tunnel and full 
scale, are generally set up according to the schedule in figure 3.1. 

Il) -c 
Cl) 

E 
I!:? p R :::1 
Il) 
111 

~ 
~ 
:> 
:i 

ADC 1 

figure 3.1: Schedule ofpre~sure measurements in full scale and wind tunnel 

Examinations of the wind field (u,v,w) are made to analyse the reference conditions 
during the measurement of the wind-induced pressures. Wind-induced pressures are 
measured with differential pressure transducers (î). One side of the pressure 
transducer is connected by flexible tubing (t) with a pressure tap (p) in the facade, 
the other side is connected to a reference pressure (R). Data are recorded using an 
analogue-to-digital converter (ADC). Data analysis is usually done afterwards. 

3.1.1. Similarity conditions for wind tunnel testing 

Wind tunnel tests are done using a model of the building, its environment and the 
structure of the approaching wind. In Germany and the. USA, guidelines have been 
developed for wind tunnel tests [WTG, 1995, ASCE, 1996]. In these guidelines, the 
minimum requirements for the development of flows representative of the wind over 
different types of terrain are given. These requirements are defined in the ASCE
guideline as follows: 

1. The vertical profile of mean wind velocity and turbulence intensity should be 
modelled. 

2. The properties of atmospheric turbulence, in particular the length scales, should 
be modelled on approximately the same scale as that used to model the building. 
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3. The longitudinal pressure gradient should be sufficiently small as not to affect the 
results. 

The above requirements imply that the following equalities should be satisfied: 

( H) = ( H) , also known as Jensen number similarity [Jensen, 1958] 
zo WT Zo FS 

(3.1) 

(H) [H) · ·1 · fth · · · - = - , s1m1 anty o e unmers1on rat10 
Zg WT Zg FS 

(3.2) 

(_!!__) = (_!!__) , similarity of the integral length scale 
Lux WT Lux FS 

(3.3) 

With: 
• Zg is the gradient height 
• H is the height of the building 
• The subscript WT means wind tunnel 
• The subscript FS means full scale 

Reynolds number sealing is not possible in atmospheric boundary layer wind 
tunnels. For wind engineering purposes, this is usually no problem, as long as Re is 
larger than a boundary value: It is assumed that the flow over aerodynamically 
rough fetches is independent of Reynolds number if [ASCE, 1996]: 

* u zo >25 
v 

Where v = 1.5 10·5 m2/s, at 20°C and an ambient pressure of 1000 hPa. 
The German guideline gives a value of 5, instead of 2.5. 

(3.4) 

For the simulation of negative pressures, e.g. at roof corners, Tieleman (1991] 
proposes to use the small scale turbulence parameter S as similarity parameter: 

( *)2( )2/3 S = 0.27 !:!._ LB 
um lOz 

(3.5) 

Where L8 is the characteristic length scale of the model, usually the smallest value 
of either the height and width of the building. 
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If turbulence intensity and aufu* are equal in full scale and in the wind tunnel, than 
S is equal in full scale and wind tunnel. 
In [WTG, 1995] an additional requirement for the shape of the velocity spectrum is 
given, which the American guideline recommends only for special structures, like 
bridges: 

(3.6) 

To model the flow over complex topography or a city, it is recommended to model 
the surroundings of the object of study. The WTG-guideline recommends a two-step 
approach: In the first step, on a small scale, the relevant parameters of the oncoming 
flow are determined. In the second step, the model is studied on a larger scale to 
determine the required parameters. 
The relation between the time scale t, wind velocity at building height um(H) and 
building height Hof the model and full scale is given by: 

(3.7) 

This means that the time scale of the wind tunnel experiment corresponds to the full 
scale time scale, scaled by the geometrie scale and the velocity scale: 

(3.8) 

The frequency scale is defined similarly: 

(3.9) 

Example 
Suppose that the relevant frequencies in full scale are in the region between 0.1 and 
1 Hz, and that the geometrie scale is 11100 and the wind velocity is equal in model 
and full scale. The relevant frequencies in the wind tunnel experiment are between 
10 and 100 Hz. In this case, a full scale record length of 3600 seconds yields a wind 
tunnel record length of 36 s. 
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3.1.2. Examination of the wind field 

The mean and turbulent quantities of the undisturbed upstream wind are measured 
outside the direct influence of the test building (i.e. outside the recirculation and 
acceleration zone, see figure 3.2). However, the instruments must be close enough 
to the building to measure flow characteristics that are representative for the 
measured wind loads. A distance about three times the building height upstream is 
sufficient to fulfil these requirements. The measurement height should be at least the 
roof height of the test building. This height is used in many experiments, so it is 
useful to compare results from different references. 
Measurements of the flow closer to the building and measurements downstream the 
test building are influenced by the building itself. Measurements of the flow with 
the instrumentation on top of the test building is only possible at a height, outside 
the zone where separation and acceleration of the flow occurs. This is in the order of 
at least one to two times the building height above the building. 

------. 
Wind 

R 

3H 

A 

- - - - - -

11 H 

w 

figure 3.2: Zones where the wind characteristics are disturbed by the building itself, 
R is the recirculation zone, S is the separation zone, A is the acceleration 
zone, Wis the wake and H is building height 

Reference velocity measurements can be made in full scale with relatively cheap 
cup-vanes and/or more expensive ultrasonic anemometers. These instruments should 
be placed free from the mast, on which they are mounted. The World 
Meteorological Organisation gives a guideline for the distance of the instruments to 
the tower [Wieringa, 1994]: '."wind sensors should preferably be located on top of 
a solitary mast. IJ side mounting is necessary, the boom length should be at least 3 
times the mast width ... '. 
In earlier full scale experiments, where wind velocities and wind-induced pressures 
have been measured, different set ups have been used. Masts are put on top of the 
test building [Matsui et.al., 1982], on a neighbouring higher building [Dalgliesh, 
1982], upstream at a location, free from local obstacles [Holmes, 1973, Robertson 
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et.al, 1988, Levitan et.al, 1992]. In some experiments more measurement positions 
are used [e.g. Miyoshi et.al, 1971]. 
In full scale it is usually not possible to analyse the pressures on all sides of a 
building and for all wind directions with only one position where the reference 
velocity is measured. A special experiment was designed at Texas Tech University 
(TTU) to overcome this problem. The TTU building is placed on a large turn table, 
to obtain measurements independent of wind direction [Levitan et.al., 1992]. 
In wind tunnel measurements, it is possible to obtain the wind field cliaracteristics 
on the building location with the model removed. The configuration of turbulence 
genèrating elements is usually standardized, and the characteristics of the flow are 
known from previous series of measurements. Therefore, in wind tunnel 
experiments it is only necessary to measure the flow when simultaneous data of 
wind and wind-induced pressures are needed. Wind tunnel tests can also be useful to 
analyse the position of the meteorological equipment in full scale. 
Flow measurements in the wind tunnel are made with hot wire anemometers, laser 
Doppler anemometers or particle image velocimetry, depending on the required 
flow properties. Hot wire anemometers are relatively cheap and easy to handle. One 
dimensional (single wires) and two-dimensional (cross wires) techniques are 
available. An overview of measurement techniques is given by [Lomans et.al., 
1995]. 

3.1.3. Pressure transducers 

Diff erential pressure transducers measure the difference between the pressure on the 
surface and a reference pressure, preferably the ambient pressure. Instantaneous 
wind-induced pressures for mean wind velocities up to 25 mis are in a range 
between 50 and 1000 Pa. Diff erential pressure transducers are availabk in several 
types [Holmes, 1995]: capacity cells, strain gauge or inductive transducers. In recent 
experiments in Silsoe, UK, and at Texas Tech University, USA, Honeywell 
transducers are used of the strain gauge type. The transducers are mounted flush on 
the facade or connected with pressure taps by flexible tubing. 
Pressure transducers tend to drift in time. Full scale measurements are usually done 
over a relatively long period and data acquisition is done automatically.1Therefore it 
is recommended to install an automatic calibration in the rneasurement 
configuration. This is applied successfully in the experiments in Silsoe and at the 
TTU building [Ng, 1988, Ng et.al., 1990]. A schematic çiiagram of this technique is 
provided in figure 3.3. 
When the pressures are measured, the ports 1 and 2 are open and 3 is closed. After 
or before a measurement the zero-pressure calibration is obtained by closing 1 and 
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opening 3 automatically, so that both sides of the transducer are connected to the 
reference pressure. 

w 
Q 
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Cl z 
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port3 

1 

flexible tube 

figure 3.3: Pressure tap configuration in a full scale experiment 

3.1.4. Reference pressure 

referencep ressure 

1 

• 

In equation 2.36, the pressure coefficient is defined from the surface pressure Ps and 
the ambient or reference pressure Pa· The choice of reference pressure can have a 
large influence on the measured pressures. 
Levitan [1993] gives an overview of systems used in past full scale experiments and 
designs the reference pressure system for the TTU building. He gives three types of 
reference pressure systems: atmospheric statie pressure systems, internal pressure · 
systems and constant pressure systems. 
In full scale tests on low-rise buildings in an undisturbed flow field, reference 
pressures can be obtained from the atmospheric statie pressure upstream of the 
building. The pressure measured is Ps-Pa· Several methods have been used, like 
ground cavities, statie pressure tubes on directional vanes, or fixed statie pressure 
pro bes. 
For buildings in a built-up area and for high-rise buildings, an undisturbed 
measurement of Pa is practically impossible. Intemal pressures are used, the 
measured pressure is p-Pi· The internal pressure is not equal to the ambient pressure 
and corrections of the measured value of wind-induced pressures are needed 
[Dalgliesh, 1982]. 
In a constant pressure system, the reference pressure is provided by an insulated 
tank, which is placed in a protected location. The measured pressure is Ps-Prank· A 
slight change in temperature of the air inside the tank influences the pressure 
coefficient unacceptably. The pressure in the tank is usually not equal to the ambient 
pressure. 
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In wind tunnel tests, the reference pressure is usually obtained above the boundary 
layer. The results from the Aylesbury Comparative Experiment show large 
differences in mean pressure coefficients [Sill et.al, 1992), which were considered 
caused by differences in reference pressure. Dalley [1993] analysed the reference 
pressures in a comparative wind tunnel experiment on a model of the Silsoe 
Structures building. A pressure gradient in the wind tunnel causes offsets in the 
pressure coefficients, depending on the position of the reference pressure probe. 

3.1.5. Pressure taps and tubing system 

Pressure transducers are placed bebind the surface, connected by flexible tubing to a 
pressure tap in the surf ace. Pressure taps have a diameter in the order of 6 to 10 mm 
in full scale. Rain penetration can be a problem, especially for roof taps. Tuis can be 
overcome using a buffer, where the water is saved, which is applied in the TTU 
building [Ng, 1988, Ng et.al" 1990). 
Pressure taps in a wind tunnel model are typically in the order of 1 mm diameter. 
When fluctuating pressure are analysed, the length of the tubing between tap and 
transducer is restricted: Too long and too narrow tubes cause attenuation of the 
fluctuating pressures and filter the high frequencies of interest. Also, resonance in 
the tubing system can be a problem, which increases the fluctuations at the 
resonance frequency. In full scale, the frequency response of the tubing system is 
usually no problem up to 10 Hz, when tubes with a maximum length of 1 metre are 
used. In wind tunnel experiments, special attention should be given to this problem. 
An overview of methods to optimize the performance of tubing systems is given in 
[Holmes, 1995). 

3.1.6. Data recording 

It depends on the objectives of the research project, which sample frequency and 
record length is required. A high sample frequency restricts the number Of channels 
or the record length, because of limitations in data storage and file handling. 
Full scale record lengths are typically between 10 and 60 minutes. Full scale data 
recording is often done automatically. When the wind velocity exceeds a predefined 
limit, a record starts. 
Ina wind tunnel, data are collected at any required wind velocity within the capacity 
of the wind tunnel and for any required wind direction. Sample frequencies are 
higher and record lengths are much shorter than in full scale, and are determined by 
the sealing of wind velocity, the geometrie scale and the record length, see equation 
3.8. 
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3.2. Full scale measurements 

3.2.1. Description of the test site 

Pressure measurements have been perf ormed on the main building of Eindhoven 
University of Technology. Eindhoven is situated in the south of the Netherlands, 
surrounded by flat terrain. lts co-ordinates are 51.26 N and 5.30 E. The city bas 
about 200000 inhabitants and is the fifth largest city in the Netherlands. The nearest 
hills and the North Sea are at least 80 km away. Prevailing wind directions for 
strong winds are west and south west. 

North Sea 

.. ·..:~\f\ 
.. \\'v 

Belgium •.Brussels 

= 

Netherlands 

Germany 

··--·· Bochum 

figure 3.4: Geographical position of Eindhoven, relative to the capitals Amsterdam 
and Brussels and Bochum, where the wind tunnel measurements have 
been peiformed 
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tigure 3.5: Plan of the test site and the westward fetch: The test building is 
indicated with HG. The buildings EH, TH and RA.BO have a height, 
which is similar to the test building (in the order of 45 metres) 

The building is situated north of the city centre. lt bas dimensions height H = 44.6 
metres, width W = 167 metres and depth D = 20 metres. The building bas an exact 
north-south orientation so that the long facades are the western and eastern facade 
(figure 3.10). The fetch of the building in the prevailing wind directions consists of 
trees up to 12 metres height and low-rise buildings (maximum height 10 metres), 
with a few taller buildings in between. A picture of the westward fetch is given in 
figure 3.6. The measurements of the meteorlogical parameters are compared with 
routine measurements, done at Eindhoven airport. The airport is located 5 
kilometres to the west of the test building. The terrain in between is built with low
rise houses. 
The building has a concrete structure and is not very sensitive to dynamic effects. It 
bas a relatively smooth curtain-wall facade with mullions about 5 cm outside the 
surface. A detailed description of the test site and the building is given in [Geurts 
et.al., 1994]. 
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characterized in this study by the normalized distance to the northem or southem 
facade, respectively: Yno = y/Wat windward side and Yso = 1-Yno at leeward side, and 
by the normalized height, h!H. For example, pressure tap 6 is positioned at hl= 0.97, 
andyno= 0.14. 

windward side leeward side 
ta2# ta2# 

1 

l'. z ~ z l ta2# l'. z 
1 28.30 39.95 12 28.30 32.11 : 22 30.38 38.55 
2 27.50 39.95 13 27.50 32.11 : 23 27.90 38.55 
3 30.38 43.15 14 22.94 32.11 : 24 23.34 38.55 
4 22.94 39.95 15 20.46 32.11 : 25 22.54 38.55 
5 20.46 39.95 16 34.10 27.07 : 26 30.38 33.51 
6 22.94 43.15 : 17 30.38 27.07 : 27 27.90 33.51 
7 20.46 43.15 : 18 28.30 27.07 : 28 23.34 33.51 
8 28.30 43.15 : 19 27.50 27.07 : 29 22.54 33.51 
9 27.50 43.15 : 20 22.94 27.07 

1 
1 

10 32.86 32.11 : 21 20.46 27.07 
1 
1 

11 30.38 32.11 
1 1 
1 1 

table 3.1: Positions of pressure taps in fall scale, y in metres from the northern 
facade, z in metres from the ground 

The pressure taps are connected with differential pressure transducers by 50 cm 
flexible tubing with intemal diameter 6 mm. In [Ng, 1988] the frequency response 
of a similar configuration was tested and found to be flat to at least 20 Hz. In the 
current experiment, the frequency response of different tube lengths was tested 
using different signals. The ratio between the amplitude of the reference transducer 
and the test transducer is plotted against tube length in figure 3.8 fora signa! with 
frequency of 10 Hz. This ratio is not affected by the tube lengths studied here. 

1.4 -.-----------------. 

1.2 

;; 
J!! 0.8 
~ 

! 0.6 
< 

0.4 

0.2 

0 

0 20 40 60 80 100 120 
Tube length (cm) of test 

figure 3.8: Frequency response of tubes with different lengths at 10 Hz 
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Five types of pressure transducers have been used in phase I [Geurts, 1994]. Frorn 
these five types, the Microswitch (Honeywell) 163PC01D36 transducer (range -
1270 to 1270 Pa) was chosen and used in phases II and III. 
The configuration of the pressure transducers is provided with an automatic 
calibration systern, sirnilar to the schedule given in figure 3.3. The linearity of the 
transducers bas been checked every rnonth and found stable during the rneasurernent 
period. 

pressure tups 

test building 

sonic o.neMoMeter 
cup o.nermneter 

cup oneMOMeter 
,' / / 

cup o.ner10Meter /~ / 
/•/ -

(?/ 

figure 3.9: View from north of test building and meteorological tower 

D Fullscale 
measurement 
area 

figure 3.10: Overview of the test building, H = building height, W = building width, 
D = building depth 
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3.2. Full scale measurements 
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figure 3.11: Position of pressure taps at the building at westernfacade 
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figure 3.12: Position of pressure taps at the building at eastern facade 
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The data are written automatically to the hard disk of a personal computer. Analysis 
of the data is done on a UNIX work station. Records for which the mean wind 
velocity is too low, or if the wind direction is not between the interval 180 to 360 
degrees, relative to the true north, are deleted. Selected raw data are stored on 
magnetic tape. About 2000 full scale runs have been registered, of which about 500 
are saved in the project. 
The routine measurements at the airport are transformed into averages over every 
last 10 minutes of an hour. Every month, the measured data are delivered on routine 
basis. These data contain information of the wind velocity, wind direction, 
temperature and other meteorological parameters, and are delivered on floppy disk. 
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3.3. Wind tunnel experiment 

3.3.1. Description of the wind tunnel 

Wind tunnel experiments have been performed in the atmospheric boundary layer 
wind tunnel of the Building Aerodynamics Laboratory (in German: Institut für 
Aerodynamik im Bauwesen) of the Ruhr University in Bochum, Germany. It is a 
closed section, open return wind tunnel [Niemann, 1993]. The fan is placed bebind 
the test section. The test section is 9 .5 metres long, 1.80 metres wide and the ceiling 
is adjustable between 1.60 and 1.80 metres height. The turn table is 1.70 metres in 
diameter. A layout of this tunnel is given in figure 3.14. 

fetch with variable ceiling 
1.80 x 1.60-1.90 

tigure 3.14: Wind tunnel of Aerodynamik im Bauwesen, Bochum, Germany 
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3.3. Wind tunnel experiment 

WT FS WT FS WT FS WT FS WT FS 
Cl 21 C4 7 03 4 E2 13 Fl 17 
C2 15 Dl 20 04 6 E3 2 F2 11 
C3 5 02 14 El 19 E4 9 F4 3 

table 3.2: Positions of wind tunnel taps that correspond exactly to full scale taps: 
WT indicates wind tunnel tap: FS indicates Full scale tap. All taps at 
windward side 

4 r:t:::':::+===++=Rr===t--=-l====i===+===t=='=::i==============i==i====;::::=+:i-- 4 
3 3 

2 

A B CD EF G H J K L M N 

tigure 3.17: Pressure taps on the windward and leeward side of the wind tunnel 
model: Tap positions are on every intersection of the grid lines. The 
heights 1to4 correspond to the heights in full scale 

3.3.4. Time scales 

The time scale of the model test is estimated from equation 3.8, using the building 
height and wind velocity in full scale and in the wind tunnel and the full scale record 
length: 
The geometrie scale, Hw/Hps is 11350. The mean wind velocity at height H for the 
full scale data, analysed in chapters 4 and 5 is in the order of 10 mis. The mean wind 
velocity in the wind tunnel at model height is about 14 mis, so um(H)ps/um(fflwr = 
0.71. tps is 30 minutes, or 1800 seconds. This yields twr = 3.7 s. One wind tunnel 
record is 30.72 seconds, this corresponds to about 4 hours or 8 runs in full scale. 

3.3.5. Instrumentation 

DISA Cross wires anemometers were used to measure the wind field. Two 
components are measured simultaneously by one anemometer. During the pressure 
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measurements, the u and v component have been obtained. Two anemometers have 
been used at a time to find the flow characteristics at two positions simultaneously. 
Por the pressure measurements, Honeywell diff erential transducers type 
173PC14HD2 have been used. The reference side was connected to the statie 
reference pressure above the boundary layer at a Prandtl tube. The pressure taps 
where connected with the transducers by 50 mm long tubes with internal diameter of 
1 mm. The frequency response of these tubes is flat for frequencies lower than 200 
Hz [Sahlmen, 1996]. Only 20 to 24 transducers fit inside the model, so it was not 
possible to cover all taps at one time. Calibration of the transducers is done after 
every change of the positions of the transducers on the model. 

3.3.6. Data recording 

The wind tunnel data are recorded using four 8 channel 16 bits ADC's. The sample 
frequency during the pressure measurements was 1600 Hz and the run length was 
30.72 seconds. Twelve different combinations of 24 or 20 pressure taps have been 
registered. Simultaneously wind velocity measurements at two positions, near the 
position of the full scale meteorological tower have been made. About 260 
measurements have been made, covering all pressure taps at least four times. The 
configurations, which are used are presented in [Geurts, 1996b]. 
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3.4. Instrumental errors 

Sirnilarity of the pressures in the wind tunnel and full scale experiment requires that 
the dimensionless parameters that count for the transition from wind velocity into 
wind-induced pressures are similar in both experiments. These parameters are the 
pressure coefficients, the pressure admittance and the coherence. These are 
calculated from the mean and fluctuating wind and wind-induced pressures, · 
measured in the experiment. In these measurements, instrumentation errors and 
problems, associated with the choice of measurement height of the wind velocity, 
may occur. These errors and problems are analysed in this section. 

3.4.1. Mean pressure coefficients 

The mean pressures are represented by the mean pressure coefficient Cpm· This 
pressure coefficient is deterrnined by the mean wind-induced pressure, the reference 
pressure and the mean dynamic pressure: 

C _ Pw,m - Pref 

pm - 05p(um(Z))2 
(3.10) 

The accuracy of the four parameters Pw• Pref• p and Um, determines the accuracy of 
Cpm· The mass density of air Pa is assumed equal to 1.25 kg/m3 for all 
measurements, both in the wind tunnel and full scale. Experimental errors can occur 
in the wind-induced pressure, the reference pressure and the wind velocity 
measurements, both in full scale and in the wind tunnel: 

• The accuracy of the measured wind-induced pressure depends on the accuracy of 
the pressure transducer and on the performance of the tubing system. The latter 
only affects the fluctuating pressures. The accuracy of the pressure transducers is 
within 1 % of the measured values, so this is not relevant in the analysis of the 
mean pressure coefficient. 
In the wind tunnel, blockage may induce a statie pressure around the model, 
which probably decreases the pressure at leeward side of the model. The length of 
the test building is about 1/3 of the width of the tunnel. Tuis, and the influence of 
the neighbouring tall buildings on the model (EH and TH in figure 3.5) may 
cause blockage effects and possibly disturbs the pressures on the model. In the 
current study no correction was made for blockage. 
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• The ref ere nee pressure should be the ambient pressure. In practice, it is difficult 
to obtain in full scale [Dalgliesh, 1983 et.al., Sill et.al., 1992, Kato et.al., 1996]. 
In the full scale experiment, an internal pressure is used. This internal pressure is 
probably lower than the ambient pressure, thus giving an overestimation of the 
pressure coefficient. This is studied later in this section. 
In the wind tunnel, the reference pressure is obtained at the reference Prandtl tube 
above the boundary layer. This is probably a good measure for the reference 
pressure. 

• The mean wind velocity is measured with an ultrasonic anemometer in full scale 
and a cross-wire anemometer at roof height H, about three times the height of the 
test building upstream. Both sonic anemometer and the cross wire anemometers 
describe the wind velocity accurately. 

In figure 3.18, the difference between Cpm in full scale and Cpm in the wind tunnel at 
corresponding pressure taps is given as function of the mean wind direction. The 
value of Cpm, wr in this figure is the averaged value of at least 10 measurements. The 
values for Cpm,Fs are single measurements, so the range of the symbols in figure 3 .18 
represents the scatter in the full scale pressure coefficients. 
The offset between the full scale and the wind tunnel data at windward side is 
represented by the grey zone at -0.4 ± 0.1. At leeward side, the difference Cpm, wr 
Cpm,FS is larger and depends on wind direction. This is possibly caused by the statie 
pressure field in the wind tunnel at leeward side of the model, induced by blockage. 
For wind directions of 300 degrees, a larger diff erence is found both. at windward 
and leeward side. This extra difference is about 0.2. This is believed to hè caused by 
a change in statie pressure field by blockage eff ects, induced by the neighbouring 
tall building on the model (EH in figure 3.5). From these observations, the following 
conclusions are drawn: 

• The internal pressure coefficient in full scale is -0.4 ± 0.1. 
• The statie pressure field in the wind tunnel gives an increase in Cpm at leeward 

side of about-0.2. 
• Blockage by the neighbouring building EH gives an extra contribut:lon to Cpm, wr 

of about-0.2 when the wind direction is 300°. 

It is assumed that Cpm. WT at windward side for flow perpendicular to the opwind 
facade (<P = 270°) has the right value and that the offset in figure 3.18 is caused by 
the full scale reference pressure. 
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figure 3.18: Difference between mean pressure coefficients in the wind tunnel and 
in full scale: Upper figure: windward side, Lower figure: leeward side, 
Grey area: Range of -0.4 ± 0.1, influence of reference pressure 

3.4.2. Fluctuating pressures 

The fluctuating pressures are characterized by Cprms and the spectral characteristics, 
represented by the pressure admittance and the coherence. The fluctuating pressures 
are independent of the reference pressure, which is stable during one measurement. 
The measured fluctuations depend on the frequency-response of the transducers and 
the tubing system. In the wind tunnel, the characteristics of the tunnel and the fan 
induce additional fluctuating pressures. 
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Wind tunnel experiment 
The fluctuating pressures in the wind tunnel experiment are disturbed by eff ects in 
the pressure tubing and transducers and by acoustic effects in the wind tunnel. 
Resonance in the tubing system and attenuation of the signal can significantly 
change the registered pressures [Holmes, 1995]. In the current wind tunnel 
experiment, the frequency response is flat up to 200 Hz, or up to nHlum(H)""'" 1.75, 
where H is the model height, 128 mm, and um(H) is 14.6 mis. 
Acoustic eff ects in the wind tunnel (induced by the organ pipe effect of the open 
tunnel and the turning frequency of the fan) àdd fluctuating pressures (with zero 
mean value) to the wind-induced pressures. These effects can be identified from the 
spectral density of the pressures at leeward side in figure 3 .19. 
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figure 3.19: Spectrum ofwind-induced pressure at leeward side in the wind tunnel 

The dominant peaks in figure 3.19 can all be associated with distortions of the 
fluctuating pressures. The first peak, at about 8 Hz, is caused by the organ pipe 
effect, which induces a standing wave inside the wind tunnel. This peak is amplified 
by the resonance of a wall just outside the wind tunnel with a similar natura! 
frequency. The peaks at 60, 70 and 120 Hz are induced by the fan. Above 200 Hz, 
resonance inside the tubing system causes an increase in the pressure spectrum. 
The above errors increase the value of Cprms, WT• and probably also affect the pressure 
admittance at those frequencies. Tuis will be shown in chapter 5. 

Full scale experiment 
The fluctuating pressures in full scale are not modified by limitations in the tubing 
system or by external noise signals. However, the resolution of the transducers 
causes an upper limit at the frequency range that can be analysed. An example is 
given in figure 3.20, where lzp(n)i2Cpm2

, measured in the full scale experiment at a 
pressure tap at windward side is given as function of frequency. At the high 
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frequency end, the pressure admittance increases with frequency. This is caused by 
the decreasing wind velocity spectrum in combination with a constant pressure 
spectrum. 
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figure 3.20: Pressure spectrum and velocity spectrum (upper figure) and pressure 
admittance (lower figure) at windward side in full scale 

For frequencies n > 1 Hz, the measured spectra! densities of the pressures are so 
small, that the corresponding amplitudes are in the order of or less than the 
resolution of the transducers. The spectral density of the pressures at these 
frequencies is not determined by the pressures, but by the resolution. This aff ects 
both the pressure spectra and the coherence. For n > 1 Hz in the full scale 
experiment, both pressure spectrum and coherence are more or less constant. 
It does not affect the wind velocity spectrum, because the resolution of the sonic 
anemometer is 0.001 mis. Tuis means that very small fluctuations are measured 
well. 
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This is illustrated qualitatively with a measured test signal. In figure 3.21, this 
signa}, which fluctuates with an amplitude less than the resolution around the mean 
value, is sampled with a resolution of 1.2 Pa. The corresponding spectrum decreases 
with frequency towards a constant value in the high frequency range, where it 
fluctuates around 30 Pa2s. This means that the limited resolution causes a constant 
value for the pressure spectrum at high frequencies. 
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figure 3.21: Slightly fluctuating signa[ (upper picture) and its spectra[ density 
(lower picture), the measurement resolution is 1.2 Pa 

The magnitude of the pressure fluctuations depends is higher for higher mean 
pressures. This depends on the position on the facade. The increase starts at lower 
frequencies at h/H = 0.61 than at hlH = 0.97. For higher wind v~locities, the 
pressure fluctuations are larger, and the effect of the resolution is shifted to higher 
frequencies. 
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3.4. lnstrumental errors 

In the wind tunnel experiment, the wind velocities are higher, so the pressures 
fluctuations are larger. The resolution of the transducers is also smaller, and 
therefore, this problem is not observed in the wind tunnel results. 

Error corrections 
The fluctuating pressure measured in the wind tunnel is the wind-induced pressure 
plus the contribution of noise, induced by the acoustic characteristics of the wind 
tunnel: 

p' =pw' +pN' (3.11) 

Where the subscripts W and N stand for wind-induced pressure and noise, 
respectively. This yields for the variance: 

(3.12) 

where PwN is the correlation coefficient between the wind-induced pressure and the 
noise. The noise is assumed fully uncorrelated with the wind-induced pressure, so 
PwN = 0 and the third part on the right hand side vanishes. From the considerations 
about the error sources, it is assumed that the full scale value of Cprms is 
representative for O'pw in the wind tunnel, so O'pw = Yzp(umw1iCprmsFS· Substitution 
into equation 3.12 this yields for the noise part: 

2 
40'pN 2 2 

2 4 =CprmsWT -CprmsFS 
p Uwr 

(3.13) 

The corrected value for Cprms in the wind tunnel is found by: 

(3.14) 

Example 
In [Geurts, 1996] full scale and wind tunnel data of Cprms are reported. For </> = 270°, 
and h/H = 0.97 at windward side, CprmsFS = 0.55 and CprmsWT = 0.63. This yields: 

2 
40'pN 

2 4 :::::; 0.094' or CprmsN = 0.31 
p uwr 

(3.15) 
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At leeward side, at h/H = 0.86, CprmsFS = 0.15 and CprmsWT = 0.33, which yields 
CprmsN = 0.29. Tuis means that at leeward side, CJpN = 2CJpw· The peaks in figure 3.19 
indicate that peaks at distinct frequencies contribute to the variance, but the results 
in chapter 5 show, that distortion at the other frequencies also plays a role. 
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figure 3.22: Difference between (Cprmsf in the wind tunnel and in.full scale: Upper 
figure: windward side, lower figure: leeward side 

In figure 3.22, the difference of (Cprmsw1i and (CprmsFs)2 is plotted for corresponding 
taps. The wind tunnel data are averages over all observations and the full scale data 
are single runs: The scatter is caused only by the spread of the full scale data . 
The difference (Cprms,wr)

2
-(Cprms,Fs)2 is about 0.05 to 0.1 both at leeward side, and at 

windward side, depending on wind direction and tap position. The scatter of the 
windward side observations is very large. 
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3.4. lnstrumental errors 

The values for (Cprms,wrl, used in this picture are average values over a large 
number of runs. The values for ( Cprms.Fsi are single measurements, so the scatter in 
figure 3.22 gives an estimate of the scatter in the full scale observations. 
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3.5. Data analysis 

Data analysis is done on a SUN-UNIX workstation with custom made programs 
using the FORTRAN77 NAG library. In both full scale and wind tunnel experiment, 
the following characteristics of both wind velocity and wind-induced pressures are 
calculated: 

• Mean values 
• Standard deviations 
• Maximum values 
• Minimum values 
• Spectra! density functions 

From the measurements the following characteristics are determined: 

1. Meteorological parameters and terrain characteristics 
2. Pressure coefficients (mean, maximum, minimum and RMS) of all pressure 

channels 
3. Pressure admittance of all pressure channels 
4. Coherence of every pair of pressure transducers 

The parameters are defined in chapter 2. The numerical routines for the calculation 
of these parameters are described in [Geurts, 1994] and given in appendix A. The 
results are discussed in chapters 4 and 5. 
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CHAPTER 4: WIND FIELD OVER EINDHOVEN 

Abstract 
The flow in the neutral atmospheric boundary layer is characterized by the mean and 
fluctuating wind velocity characteristics and the terrain parameters. These 
parameters have been measured in the city of Eindhoven in full scale and simulated 
in an atmospheric boundary layer wind tunnel. In this chapter, the results are 
presented of both experiments and compared with existing models to describe the 
atmospheric boundary layer characteristics, which are described in chapter 2. 
The measured full scale flow is well described by these models for the mean profile 
and turbulence. 
The simulation of the full scale experiment in the wind tunnel, using the turbulence 
intensity at roof height as simulation criterion duplicates the flow characteristics and 
the spectra of the horizontal velocity components, measured in full scale, well. 
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4.1. lntroduction 

Calculation of wind loading on buildings starts with the identification of the wind 
field characteristics. Usually the characteristics are determined from meteorological 
measurements, mostly over flat terrain. In the current experiment, measurements of 
the wind field over urban terrain have been perf ormed. The terrain characteristics of 
the upstream fetch and the mean and turbulent characteristics of ·the flow are 
required as reference parameters for the wind-induced pressures. These 
characteristics were defined in section 2.2. The full scale data are used to evaluate 
the existing models to calculate these characteristics. 
The data measured at the full scale measurement site are used to design the wind 
tunnel experiment. In this chapter, the properties of the wind field, measured in 
Eindhoven, both in full scale and in the wind tunnel simulation, are described. The 
configurations of both full scale and wind tunnel experiment are given in chapter 3. 
Extensive descriptions of the characteristics of the flow in full scale and in the wind · 
tunnel simulation are given in [Geurts, 1995a] and [Geurts, 1996a]. 
The essential parameters in full scale are derived from the measurements with the 
sonic anemometer, mounted at a height above the ground H = 44.9 m. A total of 180 
full scale measurements, equally distributed over the wind direction interval 180° < 
f/J < 360°, is used to describe the terrain and wind velocity characteristics. 
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4.2. Mean characteristics and te"ain parameters 

4.2.1. Mean profile characteristics 

The vertical profile of the mean wind velocity under neutral conditions, and for 
uniform terrain, is described by the logarithmic law velocity by the friction velocity 
u*, roughness length zo and displacement height d ( equation 2.6). In the full scale 
experiment, measurement of the mean wind profile was not possible. The two 
lowest cup anemometers were mounted in the range where the logarithmic law is 
not valid (i.e. at a height z < 20Zo+d). The roughness length zo was determined from 
the turbulence intensity, measured by the sonic anemometer. This instrument is 
mounted at 44.9 metres height, in the atmospheric surface layer. In this chapter this 
height is indicated with H. Equation 2.13 yields: 

zo= (H-d)exp(-1/ lu) (4.1) 

A value ford of 10 metres is assumed in this study. Measured values for zo are given 
in figure 4.1 as a function of mean wind direction. An average value of 1.0 m is 
found for wind directions between 180 and 360 degrees relative to the true north. 
This corresponds to roughness class 7 in table 2.1. The standard deviation of the 
observations is 0.36 m. This is within an error of one roughness class. 
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figure 4.1: Roughness length in fall scale as fanction of mean wind direction 
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A lower or higher value of d changes the value of z0, but not its order of magnitude. 
When a displacement height of 5 metres is assumed instead of 10 metres an average 
value for zo of 1.2 metres would have been found. 
The friction velocity u* is determined from the Reynolds stress with equation 2.5, at 
44.9 metres height. The ratio of the friction velocity u* and the mean wind velocity 
um is given in figure 4.2. The mean value for u*lum over all wind directions is 0.12. 
The average value for zo in figure 4.1 yields a value for u*lum of 0.11, calculated 
using equation 2.6. The measured and derived values correspond very well to each 
other, therefore it is concluded that the terrain and mean profile of the wind at the 
full scale measurement site are characterized by the values zo = 1 m and d = 10 m. 
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tigure 4.2: Ratio u*lum asfunction of wind direction, measured at H = 44.9 m 

4.2.2. Relation with data at Eindhoven airport 

Wind field data over a city are usually translated from data measured at a 
meteorological observation site, often at an airport. The statistics of extreme winds 
is based on these measurements. Models are applied to predict the wind over the city 
from the wind data at the airport. Only few validation experiments have been 
reported in literature. The models, described in chapter 2, are based on such 
experiments. 
The field experiment in Eindhoven is used to validate the commonly used models in 
wind engineering. The mean wind velocity at H = 44.9 metres in the city is 
compared with data measured at Eindhoven airport. The measurements at the airport 
are done at 10 metres height and reported as mean parameters, averaged over the 
last 10 minutes of every hour. In the full scale experiment, an average value of 
um/uma of 1.13 is found. The variation over wind direction is given in figure 4.3. 
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figure 4.3: Ratio of mean wind velocity at 44.9 m height at the test site and 
measured at 10 metres height at Eindhoven airport 

In [Agterberg et.al., 1989] the terrain roughness in the Netherlands is mapped. The 
environment of the airport is classified in the range 0.36 m <zo< 0.70 m. It is very 
unlikely that this value is representative for the meteorological measurement site. In 
[Wieringa et.al., 1976], values for zo at the airport in the order of 10 cm are given 
during the winter and about 5 cm in the summer. 
The city of Eindhoven is classified in 0.71 m <Zo< 1.4 m, which corresponds well 
with the measured results, presented in section 4.2.1. 
The ratio of Umc (at 45 metres height) and uma (at 10 metres height) is predicted with 
the logarithmic law, equation 2.6 (The subscript a means airport, the subscript c 
means city, and the displacement length at the airport is zero): 

u*c 1 z -d 
Urne = Uma ln(-c--) 

u*a In( Za) Zoc 
(4.2) 

zoa 

Substitution of Ze= 44.9 m, Za = 10 m, Zoc = 1m,d=10 m, Zoa = 0.1 mand u*/u*a = 
1.30 (estimated by interpolation in table 2.2), yields Umc = 0.99 Uma. 

In [Wieringa et.al., 1983, Agterberg et.al., 1989], the relation between the terrain 
characteristics at the airport and the nearby terrain is determined using a 'blending 
height', hblend· The wind velocity at hblend is assumed constant in a region of 5 km 
over the roughness change. The concept is adopted in the Dutch building code to 
calculate the mean wind profile over the city from the hourly mean wind velocity at 
the airport [NNI, 1990, Van Staalduinen, 1995]. Application of the logarithmic 
profile yields this ratio between Umc and uma: 
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Chapter4: Windfield over Eindhoven 

umc In( hbl I Zoa) In(( Ze d )/ Zoc) - = --=---"=----=----"..;;..__ 
uma ln( Za I Zoa ) ln(( hbl - d ) I Zoc ) 

(4.3) 

When a blending height of 60 metres is used [Wieringa et.al., 1983, Agterberg et.al., 
1989], together with the aforementioned values of the terrain characteristics, Umc = 
1.26 Uma· , 
Possible reasons for the diff erence between the two models and the full scale results 
are: 

• Both models are not suited to accurately describe the relation between the wind 
velocity at the airport and in the city. 

• The value of the roughness length at the observation place at the airport is not 0.1 
m. A value of Zoa = 0.30 gives umcluma = 1.18 and 1.37, in the respective models. 

• The blending height of 60 m is not enough to describe the change in mean profile 
after a roughness change. A blending height of 100 m yields u,,,,/uma = 1.18. 

• The roughness length in the city is more than 1.0 m. 
• The difference in record length between airport (10 minutes) and city (30 

minutes) contributes to the ratio umcfuma, if Uma was obtained from 10 minute runs, 
umcluma would have been slightly lower. 

The results of these measurements indicate that there is an error margin in the 
application of these models of about 15%. Application of the blending-height 
method yields overestimates of the mean wind velocity in the city. A larger value for 
this height possibly improves this result. The empirica! numbers of table 2.2 can be 
used, but the result is very sensitive to the choice of the zo values, of both terrains. 

4.2.3. Wind tunnel simulation 

In the wind tunnel experiment, the wind field at the full scale measurement site is 
simulated. The techniques used in the current experiment to develop the modelled 
atmospheric boundary layer in the wind tunnel are given in chapter 3. Duplication of 
the mean profile using a so-called power law was not sufficient to simulate the right 
value of the turbulence intensity. U sing the rul es of thumb for the design of the 
turbulence generating elements, given in [Irwin, 1981], a turbulence intensity of 
18% was found instead of the required (full-scale) value of 28%. Modifications of 
the wind tunnel configuration were necessary. Tuis procedure is described 
elsewhere [Geurts, 1996a]. In the final configuration for the wind tunnel 
experiment, the turbulence intensity at H = 44.9 m in full scale is found at the 
corresponding height in the wind tunnel. 
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4.2. Mean characteristics and terrain parameters 

Mean profiles were obtained by measurements at ten heights, corresponding to a 
range between 30 and 200 metres in full scale. The measured profile is given in 
figure 4.4. The wind velocity is non-dimensionalized by the reference wind velocity 
at the Prandtl tube (Upra• see chapter 3). 
The value of zo in the wind tunnel experiment is derived from figure 4.4. The value 
of the fitted profile at um1Upra = 0 is zo = 4.1 mm. This corresponds to 1.44 m in full 
scale. In figure 4.4, no displacement height was taken into account. When d = 28 
mm is applied ( corresponding to d = 10 m in full scale ), a value of zo of 3 mm is 
found. 
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tigure 4.4: Mean wind velocity profile in the wind tunnel 

Duplication of the mean profile in a: wind tunnel needs the similarity of the lensen 
number H/z0 (equation 3.1). This means that the roughness length in the wind 
tunnel, based on the full scale value of 1 m, is about 3 mm. The full scale value is 
derived from the turbulence intensity at H = 44.9 m. The wind tunnel value, given 
here, is derived from the mean profile, and this profile-derived value for the 
roughness length corresponds to the turbulence-derived value. 

4.2.4. Conclusions 

Full scale measurements show that the mean wind profile over Eindhoven is 
characterized by a roughness length of 1 m and a displacement height of 10 m. This 
corresponds well with the roughness classification, given in table 2.1. 
Uncertainties about the conditions in which the airport-data are measured make it 
hard to compare the city data with the airport data. Two methods to calculate the 
relation between the mean wind velocity in the city and at the airport give different 
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results. All these methods are very sensitive to the value for roughness length at the 
airport. 
The mean wind velocity profile in the wind tunnel matches the full scale profile 
parameters well. This profile was obtained by simulation of the turbulence intensity 
at the full scale observation height (see also section 4.3). Many wind tunnel 
experiments attempt to duplicate the mean wind profile by a power law. This 
approach led to lower turbulence intensities than required from the full scale data. 
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4.3. Turbulence characterisäcs 

4.3.1. Full scale observations 

Full scale turbulence intensities, measured at H = 44.9 mare given in figure 4.5 to 
figure 4. 7 for the u, v and w component as a function of mean wind direction. The 
values are fitted by a polynomial of the fourth degree: 

(4.4) 
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figure 4.5: Longitudinal turbulence intensity as function of mean wind direction 
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figure 4.6: Lateral turbulence intensity as function of mean wind direction 
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figure 4.7: Vertical turbulence intensity asfunction of mean wind direction 

V alues for the coefficients B0 to B4 for Zo, turbulence intensities and peak factor are 
given in appendix C, table C.1. 
Por mean wind directions between 200° and 360°, the values for the turbulence 
intensities are independent on wind direction, with a standard deviation in the order 
of 10% of the mean value. The values for lu = 28% and lv = 22% have been used as 
similarity criteria for the wind tunnel experiment. 
An estimate of the integral length scale Lux is calculated from equation 2.20. The 
values are plotted in figure 4.8.-The average value is 141 m. The standard deviation 
of these results is 50% of this average value. As already discussed in cbapter 2, this 
parameter is not used in this study. 
Ratios between Oi and u*, for i = u, v and w, are given in figure 4.9 to figure 4.11. 
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tigure 4.8: Integral length scale as function of mean wind direction 
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figure 4.9: a,/u * as function of mean wind direction 
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tigure 4.10: a/u* asfunction of mean wind direction 
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figure 4.11: av/u* asfunction ofmean wind direction 
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The measured ratios are independent of wind direction. The average values of auf u* 
and a/u* are lower than the widely accepted values 2.5 and 2.0 [Panofsky et.al., 
1984] and the average value of a,.,/u* is higher than the widely accepted value of 
1.25. 
The peak factor gu (equation 2.16) is given in figure 4.12 as function of mean wind 
direction. It is derived for every single run with T = 30 minutes and t = 0.05 s. The 
mean value is 3.7, with a standard deviation of 0.55. The peak factor is independent 
of wind direction. 
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figure 4.12: Peakfactor gw asfanction of mean wind direction 

In table 4.1, a summary of the parameters analysed over all values of </> between 
180° and 360°, relative to the true north, is given. The newly introduced parameter 
<f>RMS is the RMS value of the wind direction during every run of 30 minutes. 
The variation coefficient (i.e. the ratio between standard deviation and mean) of the 
turbulence characteristics is typically in the order of 10 to 15 %. Omly Lux has a 
standard deviation of about 25% of the mean value. It is considered a less reliable 
parameter to characterize the flow over urban terrain. 

4.3.2. Wind tunnel results 

The turbulence intensity at roof height in full scale has been used as similarity 
criterion for the wind tunnel tests. A trial and error procedure [Geurts, 1996a) was 
used to design the turbulence generating elements for the simulation of the full scale 
flow. 
In the final configuration, the profiles of only the u and v component of the wind 
velocity have been measured. In figure 4.13, the vertical profiles of lu and lv in the 
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wind tunnel are given. The model height, which corresponds to the measurement 
height in full scale is given by a dotted line. 

Me an Maximum Minimum Standard deviation 

lu =<J'i/Um 0.28 0.36 0.22 0.03 

lv= <J./Um 0.22 0.34 0.17 0.03 

lw= <J'.,,/Um 0.16 0.20 0.12 0.01 

a.lau 0.80 1.21 0.62 0.10 

a...lau 0.57 0.67 0.47 0.05 

aulu* 2.41 3.23 1.95 0.23 

<J,/u* 1.91 2.89 1.45 0.28 

a.,,/u* 1.37 1.88 1.05 0.13 

f/>RMS [
0

] 13.5 19 10 2 
Lux [m] 141 268 64 35 
gu 3.71 5.90 2.59 0.55 
u*lum 0.12 0.16 0.08 0.02 
zo [m] 1.03 2.88 0.20 0.36 

table 4.1: Turbulence characteristics of the wind over Eindhoven, measured at 44.9 
metres height, for 180 runs with wind directions between 180 and 360 
degrees, relative to true north. 
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figure 4.13: Turbulence intensity pro.files in the wind tunnel simulation (600 mm is 
210 min fall scale) 

The turbulence intensity lu follows the logarithmic curve, derived with zo = 3 mm 
well to a height of about 400 mm. Above that height, the turbulence intensity is 
lower than predicted. 
The wind tunnel experiment was designed using the full scale wind velocity 
characteristics for western wind, normal to the test building. In table 4.2, the wind 
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tunnel turbulence characteristics, measured simultaneously with the wind-induced 
pressures, are given. These results are measured at roof height and are sorted by the 
corresponding wind direction in full scale. 
The longitudinal turbulence intensity at a wind direction of 240 degrees is lower 
than at the other directions. This is probably caused by the presence of the RABO 
building (see figure 3.6) about ten measurement heights upstream. 
The 'meteorological' scatter is absent in a wind tunnel experiment, because in a 
wind tunnel, the initial conditions of the experiments are controlled. A detailed 
analysis of the flow in the wind tunnel for the current experiment, with different 
configurations of the turbulence generating devices is described in [Geurts, 1995b] 
and [Geurts, 1996a]. 

240 degrees 270degrees 300 degrees 
Me an RMS Mean RMS Mean RMS 

lu 0.24 0.009 0.27 0.006 0.28 0.006 
fv 0.22 0.006 0.23 0.006 0.25 0.007 

avf au 0.91 0.02 0.88 0.03 0.89 0.023 

table 4.2: Flow characteristics in the wind tunnel experiment 

110 



4.4. Spectra of the wind velocity fluctuations 

4.4. Spectra of the wind velocity fluctuafions 

4.4.1. Full scale measurements 

Spectra of the u, v and w component of the wind velocity are determined in full 
scale from observations at 44.9 metres height, with the sonic anemometer. A verage 
spectra are calculated over 10 minute records, chosen according to the criteria given 
in section 5.1, fora wind direction </> = 270°. The number of records, used for this 
analysis is given in table 5.1. These records are also used for the spectra! analysis of 
wind-induced pressures. The results are given in figure 4.14 to figure 4.16. 
The measured spectra are compared with equation 2.25 with values for a = 1, f3 = 
5/3, r= 1, C = 1, and A and B given in table 4.3. These values have been derived 
from the measured values for <J/u*; 2.41, 1.91 and 1.37 for i = u, v and w, 
respectively. 

A B 
u 36.19 54.31 
v 11.71 17.56 
w 4.32 6.48 

table 4.3: Values for A and B: a/u* = 2.41, 1.91 and 1.37 for i = u, v and w, 
respectively 

The spectra are represented in non-dimensional form nSi/a/. The reduced frequency 
fis found by the observation height minus the displacement height: z = H - d = 34.9 
m: f = nz/um. The following conclusions are drawn from these figures: 

• The measured spectral densities of the u and v component correspond well with 
the predictions of the blunt model and table 4.3. 

• At frequencies below the spectra! peak, the measurements scatter more than in 
the inertial subrange. 

• The slope of the spectra in the inertial subrange corresponds to the theoretically 
derived value of -5/3. 

• The peak of the w component spectrum is shifted to higher frequencies, compared 
to the blunt model. Probably the terrain roughness affects the vertical component 
more than the horizontal velocity components. 
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figure 4.15: Wind velocity spectrum in full scalefor the v component 
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figure 4.16: Wind velocity spectrum in full scale for the w component 
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4.4. Spectra of the wind velocitv fluctuations 

The terrain in the current experiment does not correspond to perturbed terrain (i.e. 
smooth terrain, with randomly distributed higher obstacles, which falls in roughness 
class 4 or 5 in table 2.1, or zo < 0.25 m). The upstream fetch for the current 
experiment is characterized by a larger roughness length, zo = lm. The presence of 
large obstacles in the upstream fetch probably aff ects the low frequency content of 
the observed spectra. 

4.4.2. Wind tunnel results 

Wind tunnel spectra of the u and v component are measured at 128 mm height, 
which corresponds to the full scale observation height, scaled according to the 
geometrical scale of 1 :350. Cross wire anemometers are used, which measure two 
components simultaneously. In the current experiment, only the longitudinal and 
lateral component are available. 
In figure 4.17 and figure 4.18, the resulting spectra from one measurement are 
given. One measurement is an average over 23 blocks, calculated using overlapped 
processing, each block represents 2.56 seconds. The frequency is reduced by the 
observation height minus the displacement height, for which the full scale value was 
taken, scaled according to the geometrie scale: z = 99.5 mm. The results are 
compared with the blunt model, presented in chapter2, using values for A and B 
from table 4.3. In the wind tunnel experiment, it was not possible to measure the 
values for a;lu*, and therefore no estimates of the coefficients A and B have been 
calculated. The following conclusions are drawn from these figures: 

• The u and v spectra are fitted well by the model, represented by the values in 
table 4.3. 

• The scatter in the low frequency range is larger than in the inertial subrange. 
• The wind tunnel data correspond well with the full scale observations. 
• The spectrum of the u component has attenuates less than the theoretically value 

of -5/3, or -2/3, if the spectrum is represented in non-dimensional form. This is 
indicated by the dotted line in figure 4 .17. 

• The spectrum of the lateral component bas a peak value at nzlum = 0.03. This is 
found simultaneously with decrease in the u component and is probably caused 
by an instrumentation error (e.g. movement of the probe). 

• The spectra, measured for </J = 240° and </J = 300° are similar. This means that no 
effect of the upstream RABO building (see figure 3.6) on the wind velocity 
spectra was found in the wind tunnel experiment. 
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figure 4.17: Wind velocity spectrum in the wind tunnel/or the u component 
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figure 4.18: Wind velocity spectrum in the wind tunnel for the v component 
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4.5. Conclusions 

4.5. Conclusions 

The main conclusions, following from the full scale and wind tunnel measurements 
of the flow at Eindhoven University of Technology are: 

• The relation between wind in the city and the wind at the airport is investigated 
and compared with two methods. These methods and the observations give 
different results, which depend strongly on the value for zaa which is applied. 
Measured data at the measurement site in the city and at the airport show that 
equation 4.2 estimates this relation reasonably well. 

• The flow at the measurement site in the city of Eindhoven is described by the 
turbulence intensities, friction velocity and spectra! densities. Other parameters, 
like the mean profile or integral length scales could not be measured accurately 
enough to be not used for the description of the flow over the city. The standard 
deviation in the full scale parameters is in the order of 10% of the mean value, 
which is about the scatter one expects in meteorological measurements. However, 
when the integral length scale is calculated from Taylor' s hypothesis, a standard 
deviation in the order of 25% is found. 

• The spectra in full scale correspond well to models, derived for flat smooth and 
uniform terrain in the inertial subrange. Adjustments in the low frequency range 
are necessary, and more measurements needed to define a universa} relation 
between spectrum, mean wind velocity and height above ground. 

• In the wind tunnel, the turbulence intensities at 44.9 metres height in full scale 
are matched to simulate the flow. The resulting spectra of the u and v component 
correspond reasonably well with the full scale values in this technique. The 
values of the roughness lengths, both in full scale and in the wind tunnel have 
been calculated by the turbulence intensity. In the wind tunnel experiment, this 
value is similar to the profile-derived roughness length. 

When wind tunnel measurements over rough terrain are desîgned, one should take 
care of the turbulent characteristics of the flow, more than the mean profile. The 
lower part of the boundary layer is affected by the nearby obstacles, so it is 
recommended to reproduce these on scale. 
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CHAPTER 5: WIND-INDUCED PRESSURES 

Abstract 
Wind-induced pressures are measured on the main building of Eindhoven University 
of Technology full scale and on a scale model in the wind tunnel. These 
measurements are evaluated and compared with earlier experiments. 
In section 5.2, the pressure coefficients of the full scale and wind tunnel pressures 
are compared. Section 5.3 describes the spectral densities of the pressures as a 
function of position on the surf ace, in section 5.4, the coherence of the wind induced 
pressures is described. In section 5.5, conclusions on the observed data are 
summarized. 

117 



Chapter 5: Wind-induced pressures 

5.1. Introduction 

In this chapter, the experimental results of the fluctuating pressure measurements 
are analysed. Initially, for a complete and thorough analysis it is required that the 
measured mean pressures are correct. Therefore, both rnean and fluctuating 
pressures are analysed for both full scale and wind tunnel measurements. 
Full scale results are obtained on a small part of the facade, for wind directions 
between 180° and 360°, relative to the true north. Wind tunnel data are obtained at 
taps, distributed over the full windward and leeward facade, at three wind directions 
only. The configurations of both experiments have been described in chapter 3. 

Full scale data 
During the measurement periods, about 2000 records of 30 minutes length have 
been measured. In chapter 4, 180 of these records, equally distributed over the rnean 
wind direction range 180° < f/J < 360°, have been analysed. The same records are 
used in this chapter to describe the characteristics of the pressures as a function of 
angle of attack (or wind direction). 
Por comparison with the wind tunnel data and for spectra! analysis, full scale 
records are selected, that match the following conditions: 

1. The measured mean wind direction (30 minute records, H = 44.9 rn) is </J = 240° 
270° or 300° (± 5°), relative to the true north. Tuis corresponds to the wind 
directions that have been simulated in the wind tunnel experiment. 

2. The rnean wind velocity over 30 minutes is higher than 7 mis for ~ = 300° and 
higher than 8.5 mis for </J = 240° and f/J = 270°. 

3. The values of the following parameters are in the range mean value ± standard 
deviation (see table 4.1): 

• Longitudinal turbulence intensity: 0.25 < lu < 0.31, 
• Lateral turbulence intensity: 0.19 < lv < 0.25, 
• Vertical turbulence intensity: 0.15 < lw < 0.17, 
• Ratio between lateral and longitudinal turbulence: 0.70 < <5/<1" < 0.90, 
• Ratio between u* and um: 0.10 < u*lum < 0.14. 

4. The runs are classified as neutral and stationary. This is discussed in [Geurts, 
1995a]. 

Of all full scale records, 17 match these criteria. Por spectral analysis, the selected 
records are transformed into 5 new records of 10 minute length each, using 
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overlapped processing (see Appendix A). The results for the spectra and coherence 
are averages over all these 10 minute records. For example, the estimate for </> = 
270° (wind normal to the facade) is an average over 40 records. The relevant 
characteristics of these records are given in table 5.1. 

</J Numberof Numberof Um(H) [mis] (Um)max (um)min 
registrations 10 minute (10 minutes) ( 10 minutes) 

records [mis] [mis] 
240° 5 25 10.60mls 12.47 9.32 

270° 8 40 9.90mls 15.79 7.20 
300° 4 20 7.33 mis 8.46 6.45 

table 5.1: Average characteristics of full scale data, used to compare with wind 
tunnel results 

Wind tunnel data 
In the wind tunnel experiment, measurements have been perforrned for wind 
directions, corresponding to 240°, 270° and 300° in full scale. The mean wind 
velocity at roof height is 14.6 mis. One record is 30.72 seconds. For spectra} 
analysis, every measurement is divided into 23 records, and spectra are calculated 
using overlapped processing. The pressure coefficients in section 5.2 are averages 
over all observed data. The spectral characteristics are obtained from one 
measurement, which is representative for all other records. 
In section 3.3.4, the time scale of the wind tunnel measurements is calculated using 
the similarity of the non-dimensional quantity nUU, with Land U being a typical 
length and velocity scale. In the wind tunnel, 30 seconds correspond to 4 hours in 
full scale, so one record of 2.5 seconds corresponds to 20 rninutes in full scale, 
which is twice the length of one record used for spectral analysis in full scale. 
The configuration of the turbulence generating elements in the wind tunnel is 
designed using the full scale turbulence intensity at roof height as sealing criterion. 
In wind tunnel tests, there is no vertical heat flux, and trends in the wind velocity are 
absent. This means that the conditions of points 1 to 4 are valid for the wind tunnel 
tests. 

Relevant parameters 
Parameters which possibly affect the pressure coefficients, pressure spectra and the 
coherence are the dimensions of the building (H, Wand D), the positions of the taps 
on the facade (hand Yedge which are defined in chapter 2), the distance between the 
pressure taps (L\), angle of attack (8, or </> = 180° + {}) and flow parameters as the 
mean wind velocity (um), turbulence intensity (/u) and integral length scale (Lux). 
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Chapter 5: Wind-induced pressures 

Of these parameters, the flow characteristics are assumed constant for the full scale 
and wind tunnel measurements, studied in this chapter. The dimensions of the 
building are also unchanged throughout this study. This leaves the following 
parameters to analyse the pressure measurements: 

• The vertical position of the pressure taps on the facade is represented by the 
nondimensional quantity h/H. Four heights have been used in this study, which 
are given in chapter 3. At leeward side in full scale, two measurement heights 
were used. 

• The lateral position on the surface is represented by Yno= Yedg/W at windward 
side and Yso= Yedg/W at leeward side. The distance Yedge is measured from the 
northem and southem facade, respectively. In full scale, Yno varies between 0.12 
and 0.18 at windward side and Yso varies between 0.82 and 0.88 at leeward side. 
In the wind tunnel, Yno and Yso vary between 0.05 and 0.95, both at windward and 
at leeward side. 

• The separation L1 is calculated from the co-ordinates of the pressure taps on the 
facades. This is relevant in the analysis of the coherence of the pressures. The 
effect of lateral and vertical separation can be studied separately. 

• The angle of attack 0 is represented by the mean wind direction ef> ( </J = 0 + 180°, 
see figure 2.13). In the wind tunnel, three wind directions have been used, and the 
full scale data, presented here, correspond to these three directions. 

The reference wind velocity depends on the definitions used for the quantities 
studied here. The mean wind velocity at roof height can be used, or the mean wind 
velocity at the height of the pressure taps. The effect of these definitions is 
described in appendix B .1. 

Comparison with earlier research 
The results of the current experiments are compared with data, measured in earlier 
full scale and wind tunnel experiments. Measurements have been selected here, for 
which the geometry of the objects of study can be compared to the Main building of 
Eindhoven University of Technology, or for which many reliable full scale data are 
available. The relevant flow characteristics are given helow for the most relevant 
references: 

• In the early seventies, full scale measurements have been performed on Menzies 
Building [Holmes, 1973, Holmes, 1976] in Australia. The dimensions of this 
building are H = 43 m, W = 140 m, D = 13 m. This is similar to the geometry of 
the main building of Eindhoven University of Technology. The measurements 
were performed during three days, for wind normal to the windward facade, with 

120 



5.1. Introduction 

a mean wind velocity at heîght 13.5 m of 5.9 to 7.9 mis, and a turbulence 
intensity at a height of 13.5 mof 24.4%. A turbulence intensity at 53 m height of 
17.3 % was calculated. 

• A very extensive study on pressure coefficients is performed by Akins et. al. on 
square prisms in different boundary layers [Akins et.al., 1976, Akins et.al., 1979]. 
Prisms have been used with different dimensions ·and for different angles of 
attack. The results of the current experiment are compared with these data, 
obtained in a boundary layer with um = 10.8 mis, and a turbulence intensity at roof 
height of 15%. The prisms, that were used for this comparison have a height H = 
25.4 cm and ratio WID = 4. Ratios H/Wvaried between 2 and 8. 

• Recently, full scale and wind tunnel measurements have been performed on two 
low-rise structures. The experiment in Silsoe, UK, has been perf ormed on a 
building with dimensions H = 5.28 m, eaves height = 4.14 m, W = 24.13 m, D = 
12.93 m. Full scale and wind tunnel data have been reported a.o. in [Richardson 
et.al., 1992, Hoxey et.al., 1996]. 

• The full scale experiment at Texas Tech University [a.o. Levitan, 1992] is done 
on the ITU building, H = 4 m, W = 13.7 m and D = 9.1 m. The results of 
measurements with a mean wind velocity in the order of 10 mis, and a turbulence 
intensity at roof height lu = 20 % are compared with the results of the current 
experiment. The full scale experiment is simulated in many wind tunnel 
experiments. Some of these experiments are used for comparison with the results 
of the current experiments [Richards. et.al., 1996, Sharma, 1996, Okada et.al., 
1992] 

In the discussion on the results, also other full scale and wind tunnel measurements 
will be used. The relevant characteristics of these other measurements will be given 
there, when necessary. 
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Chapter 5: Wind-induced pressures 

5.2. Pressure coefficients 

In this section, the pressure coefficients, calculated from the measurements on the 
main building of Eindhoven University of Technology are presented. These pressure 
coefficients have been defined in equations 2.38 to 2.41. In this study, the values for 
Cp are defined relative to the mean wind velocity at H = 44.9 metres, denoted as 
Cp(H) or Cp: 

C (H)= P 
P 05p(um(H))2 

(5.1) 

Altematively, the pressure coefficient can be defined relative to the mean wind 
velocity at the height of the tapping point h. These coefficients are called local 
pressure coefficients [Akins et.al., 1976] and denoted as Cp(h). In appendix B, the 
effect of the choice of this reference height on the value for the pressure coefficients 
is described. 
In section 3.4, experimental error sources in the mean pressure coefficient Cpm and 
the root-mean-square pressure coefficient Cprms were analysed. Based on that 
analysis, the wind tunnel values for Cpm and the full scale values for Cprms are 
assumed representative for the pressures on the main building of Eindhoven 
University of Technology. 

5.2.1. Mean pressure coetlicients 

Windward side 
Graphs for Cpm for <P = 240°, 270° and 300° in the wind tunnel are given in figure 
5.1 to figure 5.3. For every pressure tap, these coefficients are average values over 
all measurements. More details about these measurements are presented in [Geurts, 
1996b]. The coefficients are presented relative to the normalized distance of the 
pressure tap to the northem facade Yno which is defined in section 3.2.2. The taps are 
distributed over the full length of the facades, see figure 3.17. A polynomial of the 
fourth degree (equation 5.2) is fitted through the data at h/H = 0.97, 0.72 and 0.61: 

C -.L 2 3 ,.;., 4 
pm(Yno)- "U + A1Yno + AzYno + A3Yno + ''4Yno (5.2) 

The values for A0 to A4 are given in appendix C. 
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figure 5.3: Cpm• windward side, wind tunnel, ef> = 300° 
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Chapter 5: Wind-induced pressures 

The following observations are made for flow normal to the windward facade, in 
figure 5.2: 

• The distribution of the mean pressure coefficients over the surf ace is nearly 
symmetrical, because the geometry of the building is symmetrical. The presence 
of the nearby TH building (see figure 3.6) decreases the pressure coefficients at 
0.8 < Yno < 1.0. The effect of this building is small in the pressures at h/H = 0.97. 

• The highest values for Cpm at a given height are found near Yno = 0.2 and y110 = 
0.8. This is far from the centre of the facade, where these maximums are 
expected. The difference between the maximum values and the values at the 
centre of the facade is small, about 0.1 at every height. An explanation for this 
distribution is not found. The full scale measurements are too restricted in 
measurement position to study this in detail. 

• _The largest valuè for Cpm is 0.87. 
• The pressure coefficients near the vertical edges of the building (y110 = 0 and Yno = 

1) are in the order of 0. 
• The highest values for the pressure coefficients are observed at h/H = 0.72 and 

h!H= 0.61. 

For oblique angles of attack, the following conclusions are drawn: 

• For 0.8 < y110 < 1.0, the presence of the TH building upstream (see figure 3.6) 
causes a reduction of the pressure coefficient for t/J = 240°. If the test building is 
not affected by this building, figure 5.1 would have been the mirrored image of 
fîgure 5.3, 

• The pressure coefficients for t/J = 300° at 0 <y110 < 0.2 are larger than the pressure 
coefficients observed for wind normal to the facade. 

Full scale data are measured for 180° < t/J < 360°. Taps are mounted at 0.12 < Yno < 
0.18 only, see figure 3.11. The variation of Cpm with wind direction is determined 
and fitted by a polynomial of the fourth degree: 

(5.3) 

where '/> is the mean wind direction over 30 minutes, in degrees relative to the true 
north. 
The values for B0 to B4 at four heights at y110 = 0.12 are given in appendix C. The 
resulting fit for h/H = 0.72 and h/H = 0.97 are given in figure 5.4 and figure 5.5. 
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5.2. Pressure coefficients 

The effect of the reference pressure is estimated in chapter 3. It is concluded that it 
gives an increase of Cpm with 0.4. The y-axis on the right hand side gives the values 
for Cpm which are corrected for this increase. The average value of Cpm, observed in 
the wind tunnel is plotted at if> = 240°, 270° and 300°. 
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figure 5.5: Cpff!J windward side, full scale, h/H = 0.97 and y11" = 0.12, both 
measured and corrected data are presented. The wind tunnel values are 
given by X and the Y axis on the right 

The following observations are made: 

• The wind tunnel values are close to the corrected full scale values. 
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Chapter 5: Wind-induced pressures 

• The pressure coefficient has its maximum at c/> = 290°, which is for oblique flow 
( (J = 110°), and not at c/> = 270° (where (:) = 90°). 

• The maximum value for the corrected Cpm is larger than 1 for h/H = 0.72. Near 
the roof, at h/H = 0.97, the maximum value is about 0.8. 

The figures at other heights and positions are similar and fits for the measured data 
can be derived from the polynomial coefficients in appendix C. 
The full scale pressure taps are far from the vertical symmetry line of the building. 
This means that for flow normal to the facade, for cjJ = 270°, the derivative of the 
pressure coefficient dCpmldfJ is not zero. This derivative is present in the definition 
of the pressure admittance (equation 2.62). The value of dCpmfd8 (or dCpm!dc/>) is 
derived from equation 5.3. The values for c/J= 240°, 270° and 300° atyn0 = 0.12 are 
given in table 5.2. 

240° 270° 300° 
hlH =0.61 1.05 0.68 -0.17 
hlH=0.72 1.13 0.61 -0.37 
hlH=0.90 1.11 0.54 -0.39 
hlH= 0.97 0.90 0.35 -0.45 

table 5.2: dCprr/dO [in raá1
] for windward side taps in fall scale, Yno = 0.12 

Probably the vertical component of the wind velocity contributes to the pressures 
near the roof edge, but this effect can not be estimated with the current experiments. 
It can be assumed that for taps at h/H = 0.72, dCPm!dBw is approximately zero. For 
the taps at h/H = 0.97, the vertical component probably contributes to the pressure. 

Leeward side 
In figure 5.6 to figure 5.8, the values of Cpm for cjJ = 240°, 270° and 300°, measured 
in the wind tunnel experiment are given. The values are given as function of Ysm the 
relative distance to the southem facade. The following observations are made: 

• The pressure coefficients at leeward side are independent of the measurement 
height. The pressure is induced by the wake flow bebind the model. Because of 
the width of the building, the separation at the roof is dominant, and the pressure 
coefficients are detennined by the wind velocity at roof height. 

• The distribution of the pressure coefficients on the facade is not symmetrical for 
flow normal to the windward facade. It is very likely that the neighbouring 
buildings TH and EH contribute to the negative pressures at leeward side. This 
effect is not studied in full scale, nor in the wind tunnel. 
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Chapter 5: Wind-induced pressures 

• The values for Cpm for <P = 240° are higher (there is less suction) than for <P = 
300°. This is possibly caused by the presence of the neighbouring buildings EH 
and TH, which disturb the flow field around the building. 

The pressures coefficients measured at leeward side in full scale are given in figure 
5.9. These data are fitted by a polynomial, similar to equation 5.3. The polynomial 
coefficients are given in appendix C for h/H = 0.75 and h/H = 0.86. On the y-axis at 
the right hand side, the full scale values are modified by a value 0.4 to account for 
the effect of the reference pressure. The (corrected) full scale values for Cpm are 
equal to -0.4 for 180° < <P < 250°. For 270° < <P < 360°, the corrected values are in 
the order of -0.6. This relatively large suction indicates that the flow is not fully 
reattached to the sides and top of the building [Akins et.al., 1976]. 
The wind tunnel values are also given in figure 5.9, relative to the y-axis on the 
right. The wind tunnel values do not entirely correspond to the presented full scale 
data. Especially the coefficients for a mean wind direction of 300° are lower in the 
wind tunnel experiment. This has also been ,observed in chapter 3. 
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figure 5.9: Cpnv full scale, leeward side, hlH = 0.75, Yso = 0.88, and comparison 
with wind tunnel data 

Local pressure coefficients Cpm(h) 
In appendix B, the ratio of Cpm(H) and Cpm(h) is analysed for the heights of the 
pressure taps in the full scale and wind tunnel experiments. Multiplication factors 
are derived, dependent on height of the pressure tap. For h/H = 0.72, a factor 0.76 is 
presented in table B .1. If this multiplication factor is applied to the coefficients 
presented in figure 5.2, local coefficients are found, which are given in figure 5.10. 
Mean pressure coefficients Cpm(h) higher than 1 are found at windward facade. This 
is also observed in the full scale data (figure 5.11). For surface mounted prisms, this 
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5.2. Pressure coefficients 

is generally observed. lt is caused by the cushioning effect of the building, in 
combination with the ground, because the flow is forced to the sides and over the 
building, and this induces a pressure field on windward facade. 
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figure 5.10: Cpm(h), windward side, wind tunnel data, f/J = 270~ cf. figure 5.2 
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figure 5.11: Cpm(h), windward side,full scale, Yno = 0.12, h/H = 0.72, cf.figure 5.4 

Comparison with earlier experiments 
An extensive study into the pressure coefficients on square prisms in boundary layer 
turbulence bas been reported by [Akins et.al., 1976 and Akins et.al, 1979]. The 
coefficients are presented as local coefficients Cpm(h) in [Akins et.al., 1976] and as 
coefficients C*pm(h) and C*pm(H) integrated over the entire facade in [Akins et.al., 
1979], henceforth referred to as integrated coefficients. The results of the current 
experiment are compared with the data for a prism with side ratio DIW = 0.25, in a 
boundary layer with a value for the turbulence intensity of 15% at the height of the 
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prism. The main building of Eindhoven University of Technology bas a side ratio of 
0.12, and the turbulence intensity at roof height is 28%. 
Measurements of Cpm(h ), at y/W = 0.10, 0.20 and 0.30 at h/H = 0.60, 0.70 and 0.90, 
measured by Akins et.al. are given in table 5 .3 and compared with the data, 
measured at y/W=0.12 and h/H = 0.61, 0.72 and 0.90 in the current wind tunnel 
experiments. The measured values of the current study are much higher than the 
data presented by Akins et.al. The data measured by Akins et.al. are measured under 
much lower turbulence intensity. 
In chapter 4, the mean wind velocity profile in the wind tunnel was found to follow 
the logarithmic law, so this does not affect the local pressure coefficients from the 
current experiment. 
A second characteristic is the value for D/W. Akins et.al. found that the pressure 
distributions are determined by this value. They concluded that the height did not 
significantly influence the pressure distributions. 

h!H 
0.60 
0.70 
0.90 

[Akins et.al.] 
Yno = 0.10 Yno = 0.20 

0.60 0.85 
0.60 0.80 
0.59 0.76 

Yno =0.30 
1.00 
0.92 
0.81 

[current wind tunnel study] 
h/H Yno = 0.12 
0.61 1.15 
0.72 1.15 
0.97 0.53 

table 5.3: Comparison of local pressure coefficients Cpm(h) in current study and 
[Akins et.al" 1976], windward side 

h!H 
0.60 
0.70 
0.90 

[Akins et.al.] 
Yno = 0.10 Yno = 0.20 

-0.74 -0.73 
-0.70 -0.66 
-0.59 -0.61 

Yno = 0.30 
-0.73 
-0.64 
-0.58 

[current wind tunnel study] 
h/H Yso = 0.88 
0.61 -1.28 
0.72 -1.13 
0.97 -0.81 

table 5.4: Comparison of local pressure coefficients Cpm(h) in current study and 
[Akins et.al., 1976}, leeward side 

At leeward side the wind tunnel values in the current study are less than the values, 
given by Akins et.al. The full scale values are closer to these data. In the study of 
Akins et.al., it was observed, that the smaller DIW, the larger the suction at leeward 
side. This means, that the small value for Cpm in the current experiment are induced 
by the large width of the building, probably in combination with the presence of the 
neighbouring buildings TH and EH (see figure 3.6). 
Integrated pressure coefficients C*pm(H) for the windward facade are in the order of 
0.6 in the tests by Akins et.al., for flow normal to the facade. Por 8 = 60°, C*pm(H)= 
0.5 is found. At the leeward side, C*pm(H) is -0.5 for both 8 = 60° and 90°. 
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5.2. Pressure coefficients 

In the current experiment values for Cpm(H) are presented in one point which can be 
much higher or lower than the integrated values. The average results of the current 
experiment are in the order of magnitude of the integrated coefficients, presented by 
Akins. 

Windward 
Leeward 

WT 
0.40 
-0.22 

Silsoe 
FS 

0.44 
-0.18 

WT 
0.4 
-0.2 

ITU 
FS (range) 

0.410.5 
-0.2/-0.4 

Eindhoven 
WT,h/H=0.72 

0.74 
-0.65 

table 5.5: Mean pressure coejficients Cpm(H), measured in Silsoe and on the ITU 
building, compared to data, obtained in the current experiment, for flow 
norm.al to the windward facade 

The mean pressure coefficients on Silsoe Structures building and TTU building are 
given in table 5.5. These values are related to the mean dynamic pressure at roof 
height and are almost a factor 2 lower than observed on the main building of 
Eindhoven University of Technology. 

From these results, the following conclusions on Cpm are drawn: 

• The mean pressure coefficients on the main building of Eindhoven University of 
Technology are higher than the values, presented by Akins et.al. in extensive 
wind tunnel research. The pressure coefficients at leeward side are smaller (there 
is more suction). This may be explained by the higher turbulence intensity and by 
the large width over depth ratio of the building used here. The leeward side data 
indicate that the flow is not fully reattached on the sides and top of the building in 
Eindhoven. 

• The mean pressure coefficients on the main building of Eindhoven University of 
Technology are higher than measured on low-rise buildings. The shape and 
dimensions of the Silsoe Structures Building and the Texas Tech University 
building are essentially different from the main building of Eindhoven University 
of Technology, and these measurements are made for lower turbulence 
intensities, for flow over relatively smooth terrain. 

• Local pressure coefficients, which represent the loading on points on the facade, 
can be much higher than the integrated values, which are valid for wind loading 
on the total facade. 
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5.2.2. RMS pressure coefficients 

A simple measure for the fluctuating pressures is the root-mean-square of the 
pressure coefficient Cpmw It is defined in chapter 2: 

(5.4) 

In chapter 3, the effect of experimental errors on Cprms is analysed. It was concluded 
that the full scale values are a good representation of the fluctuating pressures on the 
building. The wind tunnel data are disturbed by acoustic distortion, which aff ects 
the values for Cprms· 
In this section, the full scale and wind tunnel data at windward side are compared 
with each other. The relation between Cprms and Cpm in the quasi-steady theory is 
studied, and the data are compared to other experiments. For leeward side, only the 
full scale data are presented here, since the wind tunnel data are . not accurate 
enough. 

Windward side 
In figure 5.12 and figure 5.13, full scale data for Cprms at h/H = 0.72 and 0.97, 
respectively, are given as function of wind direction. These data are fitted by a 
fourth degree polynomial (equation 5.3). Values for the coefficients of the 
polynomial fits for Cprms at heights h/H = 0.97, 0.90, 0.72 and 0.61 are given in 
appendix C. 
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figure 5.12: Cprms• full scale, windward side, hlH = 0. 72, Yno = 0.12 
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tigure 5.13: Cprms• full scale, windward side, h/H = 0.97, Yno = 0.12 
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The following observations are made in figure 5.12 and figure 5.13, which are also 
valid for the other observation heights: 

• Cprms depends on angle of attack of the wind. For 270° < </> < 300°, it has its 
maximum value. 

• The scatter in Cprms is large for 280° < </> < 360°, because the taps are located on 
the northern side of the facade at Yno < 0.2. For wind coming from the north west 
to north (or c/J > 280°), the taps are probably in the separation region, which 
induces extra fluctuations in the pressures. 

The wind tunnel data are given in figure 5 .14 to figure 5 .16 as function of the 
position on the surface. These values are fitted by equation 5.2 and the coefficients 
are given in appendix C. The following observations are made: 

• The wind tunnel values depend on wind direction. The values for </> = 270° and </> 

= 300° are higher than for </> = 240°. 
• The wind tunnel values show a slight dependence on the distance to the northem 

facade. Por taps close to the leading edge (which is the northern facade for 
northem winds) the Cprms values are about 0.2 higher than for the taps close to the 
trailing edge. 

• The values are hardly dependent on height of the pressure tap. 
• The observed values for Cprms are higher than the full scale results for 

corresponding taps. This is caused by acoustic distortion, which is described in 
chapter 3. 
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figure 5.14: Cprms• wind tunnel, windward side, cfJ = 240° 
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figure 5.15: Cprms• wind tunnel, windward side, cfJ = 270° 
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figure 5.16: Cprms• wind tunnel, windward side, cfJ = 300 ° 
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5.2. Pressure coefficients 

Comparison with quasi-steady theory 
When quasi-steady theory is valid, Cprms at windward side depends on the turbulence 
intensity and on Cpm [Kawai, 1983a, Letchford et.al, 1993, Hoxey, 1996]. If the 
contribution of the vertical wind velocity component to Cprms is neglected, equation 
2.55 yields: 

(5.5) 

The parameters lu, lv, Cpm and dCpm/dOv are given as polynomial coefficients in 
appendix C, for the full scale measurements as function of wind direction. The 
values for Cpm• used here, are corrected for reference pressure eff ects, by subtracting 
0.4 from the value for B0• These polynomial representations are used to check the 
validity of equation 5.5. 
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1.5 -..----------------, 
h/H = 0.72 

180 210 240 270 300 330 360 
Maan wind direotion 
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M easurem ents 

tigure 5.17: Polynomial of measured Cprms versus quasi-steady values (QS), 
calculated from u and v component ( equation 5.5 ), and u component only 

135 



Chapter 5: Wind-induced pressures 

In figure 5.17, the fitted curve for Cprms• in table C.9, is compared with a calculated 
curve, using the polynomial representations for I", lv, Cpm and dCrm1d8, for which 
the coefficients are given in appendix C, tables C.1 and C.8. Two quasi-steady 
estimates are calculated, one assuming that dCpm1d8 = 0 (so Cprms = 2luCpm), and the 
other with equation 5.5. This is done for two pressure taps, at Yno = 0.12, at different 
heights. 
At h/H = 0.72 and h/H = 0.90, the quasi-steady estimate using the u component 
only, gives a reasonable estimate for 260° < <P < 320°, though it is somewhat lower 
at h!H = 0.90. For other wind directions it underestimates Cprms· Equation 5.5 
follows the curve for the measured data well for </> < 330°, but overestimates Cprms 
for 330° < </> < 360°. 
These observations imply that quasi-steady theory can not be used for pressures near 
the leading edge, where separation of the flow may occur, in this study for </> > 330°. 
If both u and v component are taken into account, the quasi-steady estimate is 
acceptable for the windward side values of Cprms• except for flow from the north ( </> 

= 360°), for which the pressure taps are probably in the separation zone, 

Leeward side 
Values for Cprms at leeward side at measurement height h!H = 0.75 are given in 
figure 5.18, and fitted by a polynomial of the fourth degree (equation 5.3). The 
coefficients are given in appendix C. 

180 210 240 270 300 
Mean wind direction 

330 

figure 5.18: Cprms• leeward side,fall scale, hJH = 0.75, Yso = 0.88 

360 

The value for Cprms in full scale depends on wind direction. Cprms is in the order of 
0.10 for 180 < </> < 230°, and is increasing to 0.40 for <P < 360°. Values of Cprm' in the 
wind tunnel in the order of 0.30 have been found, slightly dependlng on wind 
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direction and position of the pressure tap. The data, which correspond to the full 
scale results are given in figure 5.18. These results are about 0.2 higher than the full 
scale values and do not represent the full scale data well. The difference is caused 
by acoustic distortion, which is described in chapter 3. The relative effect of the 
distortion is much more relevant, compared to the observations at windward side, 
because the level of the fluctuations in the wind-induced pressures at leeward side is 
lower than at windward side. A detailed description of Cprms in the wind tunnel is 
given in [Geurts, 1996b]. 

Comparison with earlier experiments 
The extensive wind tunnel research of Akins et.al. gives values for Cprms(h) on all 
sides of square prisms. In table 5.6 and table 5.7, some of these values are compared 
to the full scale data, also presented as local values. 
The windward side values of the current study are about twice the values found by 
Akins et.al. Tuis is induced by the higher turbulence intensity' in the current 
experiments. The value for lu is about twice as high. 
The values for Cprms at leeward side are in the same order of magnitude in both 
studies. This means that the leeward side value for Cprms is not determined by the 
upstream turbulence intensity. It depends on the flow regime around the building. 
Akins et.al. found that these values depend on turbulence intensity hut also strongly 
on the ratio D/W of the building. 

[Akins et.al.] [ current full scale study] 
h/H lno = 0.10 lno = 0.20 'i.,no = 0.30 h/H lno = 0.12 
0.60 0.36 0.38 0.39 0.61 0.78 
0.70 0.35 0.34 0.34 0.72 0.72 
0.90 0.33 0.36 0.33 0.90 0.65 

table 5.6: Comparison of local pressure coefficients Cprms(h) in current study and 
[Akins et.al., 1976], windward side 

h/H 
0.60 
0.70 
0.90 

[Akins et.al.] 
Yno = 0.10 Yno = 0.20 

0.22 0.20 
0.20 0.17 
0.17 0.18 

Yno = 0.30 
0.19 
0.15 
0.15 

[current full scale study] 
h/H Yno = 0.12 

0.75 
0.86 

0.17 
0.15 

table 5.7: Comparison of local pressure coefficients Cmih) in current study and 
[Akins et.al" 1976], leeward side 

Measurements on Menzies building, made in the early seventies [Holmes, 1973, 
Holmes, 1976] give values for Cprms between 0.16 and 0.26 for windward pressure 
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taps. At leeward side, values in the order of 0.09 to 0.14 are given. The turbulence 
intensity at roof height of Menzies building was about 20%, and mean pressure 
coefficients in the order of 0.6 have been reported. This yields a quasi-steady 
estimate of Cprms = 0.24 which is in the range of observed values, and much lower 
than the values measured in Eindhoven. 
The measurements on the Silsoe Structures building yield values for Cprms of 0.23 at 
windward and 0.08 at leeward side. If the windward side value for Cpm is used, 
together with the turbulence intensity of 0.25, the quasi-steady theory yields Cprms = 
0.22, which is also much lower than observed in Eindhoven. 
The values for Cpnns(H) at the TTU building are in the order of 0.2 to 0.3 at 
windward side and 0.1 at leeward side in full scale for flow normal to the upwind 
facade. The wind tunnel measurements, reported in [Okada et.al., 1992] gives lower 
values, observed in the wind tunnel. 
From these comparisons, the following conclusions are drawn: 

• The values for Cprms at windward facade depend strongly on the turbulence 
intensity. 

• The values for Cprms at leeward side depend on the turbulence intensity and shape 
and dimensions of the building. 

• Full scale values at leeward side are consistent with observations made in earlier 
experiments. At windward side, the coefficients from different experiments can 
be compared if the effect of the turbulence intensity is taken into consideration. 

• The wind tunnel data give too high values for Cprms at leeward side. 

5.2.3. Extreme values 

The maximum pressures can be represented by the pressure coefficient Cpmax or by 
the peak factor for the pressures, gP, defined in equation 2.42. The pressure 
coefficient Cpmax is affected by the reference pressure in full scale and by acoustic 
eff ects in the wind tunnel. The peak factor is independent of reference pressure 
eff ects, and the height of the reference wind velocity is not relevant in the 
calculation of gP: 

g= = max m (
Cpmax -Cpm) (P - p ) 

p C pnns N (J p N 
(5.6) 

The run length in full scale is 30 minutes, and the sample frequency 20 Hz, so 
36000 data points are used to calculate one value for gP. 
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Windward side 
The measured peak factors at windward side in full scale at h/H = 0.72 and 0.97 are 
given in figure 5.19 and figure 5.20. A fourth degree polynomial is fitted through 
the results. The polynomial coefficients are presented in appendix C. 

10 

B 

6 ... 
O'l 

4 

2 

0 

180 

X: Average wind tunnel values 

210 240 270 300 
M ean wind direction 

330 360 

figure 5.19: Peakfactor,fu.ll scale, windward side, h/H = 0.72, Yno = 0.12 
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figure 5.20: Peakfactor,fu.ll scale, windward side, h/H = 0.97, Yno = 0.12 

The following observations are made: 

• The value for the peak factor depends on the wind direction. The largest values 
are found for flow along the facade (</> = 180° or </J = 360°). 

• For <jJ = 270°, at h/H = 0.72, gp = 4.2 is found. 
• Near the roof edge, at h/H = 0.97, the peak factor is slightly higher than near the 

mid-height of the facade, h/H = 0.72. 
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figure 5.21: Peakfactor, wind tunnel, windward side, t/J = 240° 
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figure 5.22: Peakfactor, wind tunnel, windward side, t/J = 270° 
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tigure 5.23: Peakfactor, wind tunnel, windward side, t/J = 300° 
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The wind tunnel values for gP at windward side are given in figure 5.21 to figure 
5.23. The values are independent of the position on the surf ace. For all three wind 
directions studied, the value for gP = 5 is a good estimate. The wind tunnel value for 
the peak factor is higher than the full scale value for </> = 300° and is in the same 
order of magnitude for </> = 240° and </> = 270°. The peak factors depend on <:Jp and 
are therefore modified by acoustic effects in the wind tunnel. 

Leeward side 
The peak factor at leeward side is defined by substitution of Cpmax and Cpm in 
equation 5.6 by -Cpmin and -Cpm· This peak factor is also fitted by a fourth degree 
polynomial. The coefficients B0 to B4 are given in appendix C. In figure 5.24, the 
full scale observations at one pressure tap are given. The peak factor is a function of 
wind direction. The values at leeward side are lower than the values at windward 
side at corresponding wind directions, observed in figure 5.19 and figure 5.20. 
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figure 5.24: Peakfactor gP, full scale, leeward side, h/H = 0.75 

Wind tunnel values for the peak factor are given in figure 5.25 to figure 5.27. In the 
wind tunnel, the peak factor at leeward side is about 4 in the middle of the facade, 
independent of lateral position on the facade and of wind direction. Near the vertical 
edges and near the roof edge, the peak factor is higher. The value for gP in full scale 
is smaller than the wind tunnel values for the wind directions studied in the wind 
tunnel, and corresponding taps (yso = 0.88) 
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figure 5.25: Peakfactor, wind tunnel, leeward side, <P = 240° 
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figure 5.26: Peakfactor, wind tunnel, leeward side, t/J = 270° 
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figure 5.27: Peakfactor, wind tunnel, leeward side, t/) = 300° 

142 

\1 

0 

+ 

\1 

0 

+ 

h/H 0.97 

h/H = 0.72 

h/H = 0.61 

Fit lor h/H = 0.97 

Fit lor h/H = 0.72 

Fit for h/H = 0.61 

h/H = 0.97 

h/H = 0.72 

h/H = 0.61 

Fit lor h/H = 0.97 

Fit lor h/H = 0.72 

Fit lor h/H 0.61 

h/H = 0.97 

h/H = 0.72 

h/H 0.61 

Fit for h/H = 0.97 

Fit lor h/H = 0.72 

Fit tor h/H = 0.61 



5.2. Pressure coefficients 

Comparison with quasi-steady theory 
Frequently, the quasi-steady theory is applied to predict maximum values for the 
pressures. In chapter 2, it was shown that in that case gP = gu. In chapter 4, an 
average value gu = 3.7 is found for the full scale data. At windward side, the 
measured data of gP are higher than 3.7 for all wind directions. The difference 
between gP and gu is larger for oblique angles of attack. At leeward side, the value 
for gP is smaller than 3. 7 for 230° < tf> < 300°. 
The applicability of the peak factor in building codes is discussed further in chapter 
6. 
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figure 5.28: Peak factors for the wind velocity and wind-induced pressures at 
windward and leeward side in full scale 

5.2.4. Discussion 

In this section, the statistical characteristics of the pressures have been analysed 
using the pressure coefficients and the peak factor. The data have been compared to 
earlier experiments in wind tunnels and full scale. 
It is assumed, based on earlier research, that the size of the building used in this 
study, arid the turbulence intensity are the relevant characteristics that deterrnine the 
mean and fluctuating pressures. The high value for the turbulence intensity of 28%, 
which is typical for built-up terrain at the measurement height, affects the values for 
Cprms and possibly also the mean pressure coefficients. The large width of the 
building and the ratio DIW determine the pressures at leeward side. 
The pressure coefficients have been defined in equation 2.36. In this definition, the 
mean dynamic pressure is defined from the mean wind velocity: qm = 112pum2

. In 
appendix B, other definitions are discussed. For low turbulence intensities, these 
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definitions yield about the same values for the pressure coefficients. If the dynarnic 
pressure is measured directly, and applied to define the pressure coefficients, this is 
relevant. In the current experiment, lu is 28%, which causes significant differences 
in the pressure coefficients according to the definitions given in appendix B. The 
effect of the turbulence intensity should be checked in future wind tunnel 
experirnents on the model of the main building of Eindhoven University of 
Technology. 
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5.3. Spectra of wind-induced pressures 

Spectra of the wind-induced pressures have been determined at the main building of 
Eindhoven University of Technology. All available pressure taps in full scale and in 
the wind tunnel have been used. These spectra depend on the turbulence 
characteristics of the oncoming flow and the shape and dimensions of the building. 
The relation between the spectrum of wind-induced pressures and the spectrum of 
the undisturbed upstream wind velocity is represented by the pressure admittance 
and the mean pressure coefficient. 
The mean pressure coefficient is analysed in section 5.2. The pressure admittance 
depends on the spectrum of wind-induced pressures, the spectrum of wind velocity, 
the mean wind velocity, the mass density of air and the mean pressure coefficient. It 
is defined in section 2.3, equation 2.62: 

2 
IXp,uvw(n)I = 

(5.7) 

The spectra of the wind velocity Suu(n) and the mean wind velocity Um are calculated 
directly from the measurements at height H = 44.9 m. These data are analysed in 
chapter 4. 
It is not possible to analyse the contribution of the w component. It is assumed 
small, based on the conclusions of the work of Sharma [1996]. In section 5.2, the 
effect of the v component on Cpnns was investigated. This effect is small for <P = 
270° and tfJ = 300°, and therefore, only the effect of the longitudinal component of 
the wind velocity is taken into account, and 1Xp,u(n)l2 is analysed. This is also done 
for <f> = 240°. The effect of the lateral component is discussed in appendix B. 
The spectrum of the pressures Spp(n) is calculated for every pressure transducer. The 
value for the mean pressure coefficient Cpm can not be determined accurately in full 
scale (see chapter 3), therefore the admittance function multiplied by Cpm

2 is 
analysed: 

(5.8) 
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In this section, the results for the pressure admittance at windward and leeward side 
in full scale are compared to the results in the wind tunnel. This comparison is made 
for the pressure taps at the normalized distance to the northern facade, Yno = 0.12 (or 
y,0 = 0.88, see the definition in section 5.2), both at windward and at leeward facade, 
for the three wind directions q, = 240°, 270° and 300°. 

5.3.1. Windward side 

Full scale measurements 
In figure 5.29 to figure 5.31, 1Xp(n)l2Cpm2 at windward side in the full scale 
experiment is given. It is represented as function of frequency, reduced by the 
observation height of the wind velocity and the mean wind velocity at that height, 
nHlum(ll). The full scale values are presented for the three wind directions, given in 
section 5.1. Each figure represents the average value over all available 10 minute 
records. The number of these records, and the mean wind velocity at roof height for 
each direction is given in table 5.1. 
The measured data show that 1Xp(n)l2Cpm2 can be divided into two frequency 
intervals, divided by a cut-off frequency: 

• This cut-off frequency is found at a reduced frequency f = nHlum(ll) in the order 
of 0.4 to 0.5 at all three wind directions. 

• For frequencies below the cut-off frequency, the value of 1Xp(n)l2Cpm2 depends on 
the height of the pressure tap and on the wind· direction. For flow normal to the 
facade, q, = 270°, it is in the order of 0.6 to 0.7. For oblique flow, lxp(n)l2Cpm2 is 
less, in the order of 0.4 to 0.5. Por </J = 240°, the pressure admittance increases 
with frequency for frequencies below the cut-off frequency. The pressures at h/H 
= 0.72 and h/H = 0.90 have the highest value for 1Xp(n)l2Cpm2

• 

• A large scatter is found for the frequencies below the cut off frequency. This can 
be minimized by frequency averaging (see appendix A), or by segment averaging 
of more segments. However, more data that match the criteria in section 5.1, were 
not available from the current experiment. This requires a measurernent period, 
extending over more years. 

• For frequencies larger than the cut-off frequency, the admittance function 
decreases with frequency. The height of 1Xp(n)l2Cpm2 depends on the height of the 
pressure tap. The closer the tap is to the roof edge, the higher is 1Xp(n)l2Cpm2

• 
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figure 5.29: 1Xp(n)l2Cpm2
, windward side,full scale: <P = 240° 
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figure 5.30: 1Xp(n)l2Cpm2
, windward side, full scale: <P = 270° 
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figure 5.31: lzp(n)l 2Cpm2
, windward side, full scale: </> = 300° 
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Wind tunnel measurements 
• Wind tunnel values for the pressure adrnittance at pressure taps, corresponding 

with the full scale positions are given in figure 5.32 for flow normal to the 
facade. The results are given as function of reduced frequency. 
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figure 5.32: 1Xp(n)l2Cpm2
, windward side, wind tunnel, t/J = 270° 

The relevant characteristics of figure 5.32 are: 

• The data are distorted by acoustic effects, described in chapter 3. The results at 
reduced frequencies higher than0.01 are higher than in full scale. 

• The level of 1Xp(n)l2Cpm2 depends on the position of the pressure tap. 
• The value for 1Xp(n)l2Cpm2 increases with frequency. No cut-off frequencies are 

observed. 

Tuis means that the wind tunnel does not represent the fluctuating characteristics of 
the pressures adequately at windward side. Therefore, no measurements at other 
positions or wind directions are presented here. 

5.3.2. Leeward side 

Full scale results 
The pressure adrnittance at leeward side is defined sirnilarly to the pressure 
adrnittance at windward side. Results for full scale 1Xp(n)l2Cpm2 are given in figure 
5.33 to figure 5.35 as function of frequency. The same registrations are used as for 
the windward side to produce these results. The relevant characteristics are: 
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figure 5.33: Pressure admittance at leeward side in full scale: <P = 240° 
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figure 5.34: Pressure admittance at leeward side in full scale: <P = 270° 
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figure 5.35: Pressure admittance at leeward side in full scale: ef> = 300° 
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• The value for lzp(n)l2Cpm 
2 at leeward side is smaller than 0.2 over the full 

frequency range. This means that the value for the pressure spectrum at leeward 
side is less than 20% of the pressure spectrum at windward side. 

• The maximum observed value for lzp(n)l2Cpm
2 depends on wind direction: For </> = 

240° one peak is found at nHlum(H) = 0.3. Por </> = 270° and </> = 300°, this peak is 
absent. 

Wind tunnel results 
The pressure admittance at leeward side is given for three pressure taps in figure 
5.36 for flow normal to the facade. The effects of acoustic distortion have been 
described in chapter 3, and in section 5.2 its effect on Cprms is discussed. 
The value of 1Xp(n)l2Cpm

2 is higher than the full scale values over the full frequency 
range. This means, that the fluctuating pressures are disturbed by acoustic distortion, 
not only at distinct frequencies, but over the full frequency range. In section 5.2, it 
was already observed that the values for Cprms in the wind tunnel are too high in the 
wind tunnel experiment. 
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figure 5.36: Pressure admittance at leeward side in wind tunnel: </> = 270° 

5.3.3. Comparison with earlier research and discussion 

Spectra of wind-induced pressures are measured both at leeward and windward 
facade of the building in full scale and in the wind tunnel. The transition of wind 
velocity fluctuations into wind-induced pressures is represented by the quantity 
1Xp(n)l2Cpm2

• In this section, the results are compared with the two models, which 
have been described in chapter 2. The relation of the pressure admittanfe with Cprms 
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is discussed, and the diff erence between the pressure spectrum at windward and at 
leeward side of the building is described. 

Windward side 
The pressure admittance at windward side has been studied extensively in the past 
using wind tunnel experiments at two research institutes [Kawai et.al, 1979, Kawai, 
1983a, Sharma, 1996, Richards et.al., 1996]. In both experiments, results are 
presented for pressures at windward side for flow normal to the facade, and models 
are derived, which have been described in chapter 2. Both models, by Kawai and by 
Sharma, represent 1Xp(n)l2 defined relative to the wind velocity at pressure tap height 
h, so the strip theory is applied. The model of Kawai is valid for surface mounted 
prisms with H > W. Sharma derived hls model from observations on a scale-model 
with H < W. The current results will be compared with the Jatter model. 
To compare the results of the current experiment with these references, the data, . 
presented in the past section are transformed into the appropriate values, through the · 
following steps: · 

• First, the value for Cpm(H) is transformed into Cpm(h), using appendix B. 
• The measured value for Sp,Jrlum2Suu is divided by (Cpm(h))2 to find a value for 

lzp(n)l2 (Suu and Um at height H). 
• The wind velocity characteristics Um(H) and Suu(n,H) are transformed into values 

um(h) and Suu(h,n). The ratios are given in appendix B. These ratios are used to 
obtain the appropriate estimate for 1Xp(n)l2• 

• The lateral velocity component contributes to the admittance at full scale pressure 
taps which are outside the stagnation zone. In that case the pressure admittance is 
defined in equation 2.62. The ratio of 1Xp,u(n)l2 and1Xp,uv(n)l2 is: 

(5.9) 

The value of equation 5.9 increases as the frequency increases. This is shown in 
appendixB. 

The values of the pressure coefficients Cpm(H), for the pressure taps used in this 
analysis are given in table 5.7 to table 5.9. 
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0.97 
0.27 
0.90 

Windward side 
0.90 0.72 
0.43 
1.11 

0.43 
1.13 

0.61 
0.34 
1.05 

table 5.7: Pressure coefficients at Yno = 0.12, t/J = 240° 

h/H 
Cpm 
dCpmldfJ (rad-1

) 

0.97 
0.53 
0.35 

Windward side 
0.90 0.72 
0.81 0.86 
0.54 0.61 

0.61 
0.74 
0.68 

table 5.8: Pressure coefficients at Yno = 0.12, </J = 270° 

Windward side 
h/H 0.97 0.90 0.72 0.61 
Cpm 0.47 0.80 0.92 0.82 
dCpmldfJ (rad-1

) -0.45 -0.39 -0.37 -0.17 

table 5.9: Pressure coefficients at Yno = 0.12, f/> = 300° 

Leeward side 
0.72 
-0.45 

Leeward side 
0.72 
-0.83 

Leeward side 
0.72 
-1.03 

In figure 5.37, some results of 1Xp(n)l2h calculated from the measurements for wind 
normal to the facade ( t/J = 270°) are compared with the model, proposed by Sharma 
[1996]. 
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figure 5.37: Full scale pressure admittance lzp(n)l 2
h, compared with the model of 

Sharma, wind normal to facade, at Yno = 0.12 
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In this model, the pressure spectrum at the low frequency end is described by 1Xp(n)l2 

= 1, so quasi-steady theory is valid in that frequency range. At the high frequency 
end, at frequencies larger than the cut-off frequency, the pressure fluctuations are 
described by a function which is proportional to n-a. Sharma gives a constant value 
fora= -513. 
For oblique angles of attack, there are no models available from Hterature. The 
results of the current study are characterized by a low frequency end below a certain 
cut-off frequency that is increasing with frequency for t/J = 240° and constant for tf> = 
300°. For frequencies, higher than the cut-off frequency, the pressure admittance 
decreases with frequency. Based onthe observations of Cprms• it is expected that the 
lateral component contributes significantly to the pressure spectra for tf> = 240°. 
Full scale data over a wide range of flow directions are available from the current 
experiment to study the eff ects of wind direction in more detail. This study mainly 
focuses on the wind loading applied in building codes, for which the wind normal to 
the facade is assumed representative. Tuis is studied further in chapter 6. 

Leeward side pressure spectrum 
The mean and fluctuating pressures at leeward side depend on the width and depth 
of the building. The data presented here are too limited to define generally 
applicable models. Since there are no models yet available, more results need to be 
available to generalize the results. 
In figure 5.38, the functions 1Xp(n)l2Cpm2 are given for two taps at windward and one 
at leeward side, both for flow normal to the facade. 
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figure 5.38: Pressure admittance at windward and leeward side. t/J = 270° 

The order of magnitude of the pressure spectrum at leeward side is less than 0.2 
times the magnitude of the pressure spectrum at windward side for all frequencies. 
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The slope of the pressure adrnittance at leeward side at the high frequency end ( say 
for f = nH!um(H) > 1) is much steeper than at windward si de. For those frequencies, 
the spectrum at leeward side is less than 0.1 times the windward side spectrum. 

Relation with Cprms 
Another measure for the pressure fluctuations, Cprms• is analysed in section 5.2. If 
the lateral and vertical component of the turbulence do not contribute to the pressure 
fluctuations, the relation between Cprms and lzp(n)l2 is: 

O'p ~f spp(n)dn -
Cpnns = -

05pum2 05pum2 

_ pumCpm~f 1Xp,u(n)l
2 

Suu(n)dn _ 2Cpm~J 1Xp,u(n)l2 Suu(n)dn 

(5.10) 

- 05pum2 - Urn 

For IXµ(n)l2 = 1, it follows from equation 5.10 that Cprms = 2IuCpm ,this is the quasi
steady theory. If lxp(n)l2 < 1, which is reported in earlier work on the pressure 
admittance, the value of Cprms is smaller than the quasi-steady value. 

Wind tunnel representation 
Unfortunately, the wind tunnel values for IXµ(n)l 2Cpm2 at the taps that correspond to 
the full scale taps are not similar to the full scale results. Noise contributions from 
wind tunnel sources increase the pressure spectra over a large frequency range. In 
chapter 3, it was found that acoustic distortion disturbs the signal at frequencies of 
60 Hz and higher. lt is surprising that the distortion of the pressure admittance is 
found over the full frequency range. The distorted frequencies are in the range of 
interest for the current study (nLllum(H) > 0.03). lt doesn't make much sense to 
analyse the pressure adrnittance at other positions on the model of the building in the 
wind tunnel. This means that the wind tunnel configuration, used here, is not suited 
to study the fluctuating characteristics of the pressures. Further experiments are 
needed to study the pressure adrnittance in the wind tunnel, where these eff ects are 
removed. Possible measures to minirnize the noise are: 

• Application of floor-mounted pressure taps, to measure a pressure signal, which 
registers the acoustic noise. This measured noise is subtracted from the wind
induced pressure signals, to get a undisturbed signal, that is analysed further. 

• Measurement at a lower wind velocity at model scale. The pressure caused by the 
fan noise is a function of u3

, so using a lower wind velocity is very effective. 
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However, there is a minimum wind velocity in the wind tunnel, required by the 
Reynolds number similarity of the friction velocity (equation 3.4). 

• Measurement at a larger scale. This means that blockage corrections become 
important. Blockage corrections have to be applied, or a larger wind tunnel test 
section is needed. 

Area averaged pressures 
In chapter 2, the area-averaged pressure admittance was presented. This quantity 
was not measured in this study. In the calculation of pr~ssure spectra in the nodes of 
a structure, which is presented in section 2.1, area averaged pressures are needed: 

Spp,A(n)= Al 2 Jf fJ~spipi(n)Spjpj(n)~cohpipj(n)dAidAj 
rep Arep Arep 

(5.11) 

The pressure spectra Spp(n) can be derived from the pressure admittance. Equation 
5 .11 can be simplified, under the assumption that the velocity characteristics, the 
pressure coefficient and pressure admittance are constant over the small area Arep: 

(5.12) 

Tuis means that the area averaged admittance (defined in equation 2.68) is given by: 

1Xp(n)l
2 Jf IJ ~cohpipj(n)dAidAj 

lxp,A(n)l2 =--~~----

The coherence of the pressures will be discussed in the next section. 

(5.13) 
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5.4. Coherence of wind-induced pressures 

The coherence of wind-induced pressures accounts for the incomplete correlation of 
the pressures on the surf ace, incorporated in the integration of the pressures in 
equation 2.2. The definition of the coherence is given in appendix A. It is defined as 
the normalized cross spectrum of two fluctuating signals: 

(Co pipj (n))2 + (Qu pipj (n))
2 

S pipi(n)S pjpj (n) 

• Copipi is the co-spectrum 
• Qupipj is the quadrature-spectrum 

(5.14) 

In this section, the coherence of wind-induced pressures is analysed for flow normal 
to the upwind facade. Results for oblique angles of attack have been described 
elsewhere [Geurts, 1996b]. 
This section is divided into three parts, in which both full scale and wind tunnel 
measurements are analysed. The full scale data are averaged results for the records, 
described in section 5 .1. Wind tunnel measurements are single runs. 
First, the coherence of the windward side pressures is analysed thoroughly. This 
coherence is simplified into a function of the relevant parameters, which were 
described in section 5 .1. 
The coherence of the pressures between the windward and leeward side is studied in 
section 5.4.2. The coherence of the leeward side pressures is the third part of the 
analysis. Results are compared to existing models, which have been described in 
chapter 2. 

5.4.1. Coherence of windward side pressures 

Full scale data for flow nonna! to the facade 
The coherence of pressures at windward side is studied using the results of all 
available pressure taps on the building, 21 in total. This means that 210 possible 
combinations of two pressure taps are available, because cohp;pj(n) = cohpjp;(n) for 
real-valued records. The coherence for lateral, vertical and diagonal separation is 
presented in figure 5.39 to figure 5.41 for flow normal to the windward facade as 
function of frequency. The mean wind velocity at height H = 44.9 metres is 9.90 mis 
(see table 5.1). 
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figure 5.39: cohpwpw as function of n, full scale, </J = 270~ h/H = 0.72, lateral 
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figure 5.42: cohpwpw• full scale, t/J = 270°, n = 0.01.33 Hz 
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figure 5.43: cohpwpw.full scale, <fJ = 270°, n = 0.0692 Hz 
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figure 5.44: cohpwpw•full scale, </> = 270°, n = 0.1292 Hz 
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The qualitative characteristics of these combinations of taps are: 

• The coherence decreases with increasing frequency for fixed L1 and constant 
um(H). Theoretically, for n = 0, the coherence is 1, and when n goes to infinity, 
the coherence is zero. 

• The coherence is lower for larger separation (at the same value for n). 
• The decrease of the coherence with frequency indicates that the coherence is an 

exponential function of n, e.g. cohpwpw = exp(-F(na)), where F and a probably 
depend on separation, height above ground and wind velocity. 

In figure 5.42 to figure 5.44, the coherence is given as a function of separation 
between the pressure taps for three fixed frequencies. The results are presented for 
all 210 possible combinations of two pressure taps. The following observations are 
made: 

• The coherence decreases with increasing separation. Theoretically, for L1 = 0, the 
coherence is 1, and when L1 goes to infinity, the coherence is zero. 

• The decrease of the coherence with L1 is faster for higher frequencies. 
• The decrease of the coherence with separation indicates that the coherence is an 

exponential function of L\, e.g. cohpwpw = exp(-F(L\a)), where F and a-depend on · 
separation, height above ground and wind velocity. 

0 5 10 15 20 25 
~[m] 

tigure 5.45: cohpwpw as function of L1, full scale, fjJ = 270°, n = 0.0692 Hz 

In figure 5.45, the effect of L1 on the coherence is plotted individually for the lateral 
and vertical separation. The direction of the separation has no effect on the 
coherence in this figure. Therefore, the coherence is analysed in this study as a 
function of separation L\, independent of the direction of this separation. 
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A three dimensional representation of the coherence as a function of ln(n) and L1 is 
given in figure 5.46. This figure shows that the aforementioned conclusions on the 
dependence of the coherence on L1 and n are valid, not only for the values of L1 and n 
given in figure 5.39 to figure 5.45, but for the full range of frequencies and 
separations, studied in the current experiment. 

figure 5.46: cohpwpw as function of L1 and n, full scale, </J = 270 ° 

The observations of figure 5.39 to figure 5.46 indicate that the coherence can be 
expressed as an exponential function of frequency and separation L'.1, modified by a 
function f and a power coefficient a, which are probably a function of A, the 
building height Hor width W, and wind velocity um: 

f( Á H )( A)a(A,H,um) coh (n)- e- ' ,um nu pp - (5.15) 

In figure 5.47, a contour plot of the coherence as a function of ln(nL'.1) and L1 is given. 
If the functions f(L'.1,H,um) and a(L'.1,H,um) are independent of L'.1, the lines for constant 
coherence are straight vertical lines. This is approximately found for cohpwpw < 0.8 
and L1 > 3. Por smaller separations, and when the coherence approaches unity, this is 
not true. 
To simplify the analysis, a reduced frequency n&um(h) and two functions a(L'.1) and 
Kh(L'.1) are defined, which are a function of the separation of the pressure taps. 
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tigure S.49: Coefficient a(A.)for cohpwpw(n), </J = 270~.full scale, equation 5.16 

The coefficients a and Kh both depend on the separation between the pressure taps. 
Kh is in the order of 2 to 4.5. For &H > 0.2, the scatter in Kh is small. The 
coefficient a varies between 0.4 and 1. lt decreases with increasing value for &H. 
In chapter 6, the values for Kh and a presented here are used to forrnulate a genera! 
model for the coherence of pressures at windward facade. 

Wind tunnel data 
The coherence of the windward side pressures in the wind tunnel is described 
qualitatively in the same way as the full scale data. Plots for the coherence for two 
combinations of pressure taps are given in figure 5.50, as a function of reduced 
frequency n&um(H). The data are compared to the full scale data. 
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figure 5.50: cohpwpw at windward side, both full scale and wind tunnel data, </J = 
270° 
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5.4. Coherence of wind-induced pressures 

The coherence of the pressures in the wind tunnel bas features, which are similar to 
the full scale values. In [Geurts, 1996b], wind tunnel and full scale data have been 
compared fora wide range of combinations of pressure taps. It was observed that 
the coherence of the windward side pressures in the wind tunnel corresponds well to 
the full scale values for pressure taps near the roof edge of the building. For 
pressure taps near the centre of the facade, the coherence of the pressures in the 
wind tunnel is higher than in full scale. The coherence of the wind tunnel data is 
expressed by Kh and a in equation 5.16. The resulting values are presented in figure 
5.51 and figure 5.52 and compared to the full scale data. 
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tigure 5.51: Coefficient Kh( t.1) for cohpwpw(n), 4' = 270°, wind tunnel and fall scale, 
equation 5.16 
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equation 5.16 
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There is a poor correspondence between the full scale and wind tunnel data for the 
factors Kh and a. The value for Kh in the wind tunnel increases with increasing 
value for &H. In full scale, a decrease was observed. In the wind tunnel, the factor 
ais more or less constant and bas a value in the order of 0. 7. 
These observations imply that the wind tunnel results overestimate the coherence for 
small separations, because Kh is smaller than in full scale with similar values for a. 
For larger separations, both Kh and a are larger in the wind tunnel. This means that 
the calculated coherence will be smaller than calculated with the full scale data. 

5.4.2. Windward-leeward coherence 

The windward-leeward coherence is given in equation 2.2 by cohpwpl and cohptpw· 
The pressures are real-valued signals, so cohpwpl = cohptpw· This coherence is studied 
qualitatively in this section. 

Full scale observations 
The coherence of pressures between windward and leeward facade in full scale is 
given as a function of frequency for two combinations of pressure taps in figure 
5.53. These data are typical for all full scale observations. 
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figure 5.53: Coherence of pressures between windward and leeward side, full scale 
data 

For n < 0.008 Hz, the coherence is higher than 0.8. It decreases fast for higher 
frequencies. For n > 0.02 the coherence is more or less constant at a v~lue of 0.25. 
This is caused by the instrumentation, which is discussed in chapter 3. 
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5.4. Coherence ofwind-induced pressures 

Wind tunnel data 
The value of cohpwpl in the wind tunnel is given in figure 5.54 as a function of 
frequency for two combinations of pressure taps. Por n < 20 Hz, the coherence 
decreases from 0.5 to 0. For higher frequencies, the coherence is near zero. 
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figure 5.54: Coherence of pressures between windward and leeward side, wind 
tunnel data 

It is concluded from the above observations that the coherence of the windward and 
leeward side pressures is relevant for full scale frequencies of less than 0.02 Hz. For 
higher frequencies, the coherence is near zero. The frequencies of interest for 
fluctuating wind loading on buildings are in the range between 0.1 and 2.0 Hz, 
where the coherence between windward and leeward side is very small. 

5.4.3. Coherence of leeward side pressures 

Full scale results 
First, the coherence of the pressures is analysed as function of frequency. Two plots 
of the coherence at leeward side as function of frequency are given in figure 5.55 
for fixed separation ..1. The coherence is given relative to L1 in figure 5.56 to figure 
5.58 for three fixed frequencies. The following conclusions are drawn: 

• The coherence of the pressures decreases with increasing frequency. 
• The coherence is lower for larger separation at the same frequency. 
• The coherence decreases with increasing ..1. 
• The change in coherence with increasing L1 is larger for higher frequencies. 
• The coherence is higher than at windward side, for the same values of L1 and n. 
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figure 5.58: cohptpl asfu.nction of 4 </> = 270°,fu.ll scale,fixed n 

In figure 5.59, a three dimensional representation of the coherence of the pressures 
at leeward side is given. The conclusions about the dependence of the coherence on 
separation and frequency are valid for the range of frequencies and separations, 
studied here. The contour plot of figure 5.60 shows that the coefficients Kh and a 
are not constant with separation for the leeward side coherence, which was also 
concluded at windward side. 
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figure 5.59: cohptpt asfu.nction of L1 and n, </J = 270°,fu.ll scale 
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figure 5.62: Coefficient afor leeward side coherence, full scale, </J = 270° 

Wind tunnel data 
In the wind tunnel, only few measurements of the leeward side coherence for 
separations, which can be compared to the full scale data are available. Two 
combinations of pressure taps are compared to the full scale observations in figure 
5.63. For the low frequency range, the wind tunnel coherence is equal to the full 
scale results. The decrease in the coherence with (reduced) frequency in the wind 
tunnel starts at a lower reduced frequency than in full scale. At a reduced frequency 
in the order of 0.08, the wind tunnel data start to increase. This is probably caused 
by acoustic effects in the wind tunnel, as observed in the spectra, in chapter 3 and 
section 5.3. This increase is not plotted in figure 5.63, and these data are omitted in 
the analysis. 
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flgure 5.63: cohplpl at leeward side, bothfull scale and wind tunnel data, </J = 270° 

The coherence of the pressures at leeward side is also analysed by equation 5 .16, for 
n < 40 Hz. The coefficients Kh and a are given in figure 5.64 and figure 5.65, 
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together with the full scale values. For the few combinations of pressure taps, which 
correspond to the full scale configuration, the values for these factors in the wind 
tunnel are higher than the full scale data, and the coherence is smaller for equal 
values of the reduced frequency. The factor a has a value in the order of 0.9, 
independent of ,1/H. The factor Kh increases with increasing value of .d!H, which 
was also observed at windward side. 
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5.4. Coherence of wind-induced pressures 

5.4.4. Discussion and comparison with earlier research 

Windward side coherence 
The coherence of the pressures at windward side is expressed by an exponential 
function in equation 5.16. Values for Kh and a for the wind tunnel and full scale 
measurements are compared in figure 5.51 and figure 5.52. The full scale and wind 
tunnel values do not correspond with each other. For small separations, the wind 
tunnel overestimates the coherence, but for large separations an underestimation is 
found. This means tb.at tb.ere is poor agreement between wind tunnel and full scale 
data. The wind tunnel analysis was not extended to other pressure taps, because the 
wind tunnel results should represent the corresponding full scale data first. This will 
be discussed further in chapter 7. 
Results from earlier research into the coherence of wind-induced pressures was 
presented in chapter 2. Many of these results are expressed by an exponential 
function, similar to equation 5.16, with a = 1. Values for 0.5Kh (based on the root 
coherence) have been reported between 2.4 and 11.6, corresponding to values for Kh 
from 4.8 to 23.2. In figure 5.66, the full scale results are compared with equation 
5.16 using a = 1, and Kh = 5 and 20. The assumption tb.at the coherence of the 
pressures can be expressed by the coherence of the upstream wind velocity is also 
checked in figure 5.66, where the expression for the wind velocity coherence, 
proposed by Simiu (equation 2.29) is plotted too. The measured data at windward 
side are between the limits, given by Kh = 5 and Kh = 20. The coherence of the 
pressures, observed in the current experiment is higher tb.an the coherence of the 
wind velocity, proposed in equation 2.29. 
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models, equations 5.16 and 2.29 

171 



Chapter 5: Wind-induced pressures 

Windward-leeward side coherence 
In chapter 2, the cross-spectrum of two pressure signals, one at windward and one at 
leeward side, was presented. In [Velozzi et.al., 1968], a function N(n) was proposed, 
which is a measure for the ratio of the cross-spectra Spwlpt2 and SpwlpwZ· In figure 
5.67, this function is given, calculated from full scale measurements and compared 
to the expression, proposed in equation 2.72 and 2.73. 
The measured data are much lower than the expression of Velozzi et.al. at the low 
frequency end, and in the same order of magnitude or higher for n > 0.1 Hz. The 
constant value of the measurements at n > 1 Hz is caused by the instrumentation, as 
described.in chapter 3. 
In chapter 6, the applicability of these results for the calculation of wind loading on 
structures is discussed. 
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tigure 5.67: Function N(n), calculated for two combinations of taps in full scale, 
and according to equation 2.73, after [Velozzi et.al., 1968] 

Leeward side coherence 
The coherence of the pressures at leeward side is expressed by an exponential 
function in equation 5.16. Values for Kh and a for the wind tunnel and full scale 
measurements are compared in figure 5.64 and figure 5.65. The factors in full scale 
and wind tunnel do not correspond to each other. 
The coherence of leeward side pressures has been studied before in some full scale 
experiments. Results are usually presented as an exponential decay funytion, similar 
to equation 5.16, often with a = 1. In chapter 2, values for Kh in the order of 5 for 
the coherence are presented, measured in full scale measurements. The extensive 
tests by Breeze [1992J on a wind tunnel model resulted in Kh = 68 and a = 1.3. In 
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figure 5.68, the expression of Breeze is given together with the full scale 
observations. 
In chapter 6, a modified calculation of the coherence of the pressures is proposed, in 
which the coefficients Kh and a are defined as a function of separation L1. The 
applicability of these functions to wind loading calculations is discussed there. 
The observations in the current full scale experiment all yield a higher coherence, 
than predicted by the aforementioned models, given in figure 5.68. These earlier 
models have been derived from measurements on buildings with H > W. Probably 
the geometry of the building affects the coherence of the pressures at leeward side. 
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figure 5.68: Coherence ofwind-induced pressures at leeward side 
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5.5. Conclusions 

In the current study, the transition from wind velocity into wind loading is described 
by three quantities: the pressure ct>efficients, the pressure admittance and the 
coherence. 

• The pressure coefficients are the ratio between the statistical properties of the 
wind-induced pressures and the undisturbed mean dynamic pressure, 

• The pressure admittance is the normalized ratio between the spectra! density of 
the wind velocity and the spectral density of the pressures, 

• The coherence of the pressures describes the distribution of the pressures over the 
building's envelope in the frequency domain. 

These characteristic quantities have been measured in full scale and in the wind 
tunnel experiment and are analysed in this chapter. The main conclusions are given 
below. 

Pressure coefficients 
Pressure coefficients have been determined in full scale for a wide range of wind 
directions, on a limited area of the windward and leeward facade. In the wind tunnel 
experiment, results are available for three wind directions, and distributed over the 
full facades. 
The mean pressure coefficients in the full scale experiment are corrected for 
reference pressure eff ects, based on the comparison of full scale and wind tunnel 
data in chapter 3. The relevant characteristics of Cpm are: 

• At windward side, Cpm(H) varies from 0.4 to 0.9, depending on the position on 
the surface and wind direction. The largest values for wind normal to the facade 
are not found in the centre of the windward facade on the wind tunnel model, hut 
at a relative distance of Yedg/W = 0.2 from the vertical edges, at h/H = 0.72. 

• In full scale, the highest value for Cpm(H) at windward side was found for </> = 
290°, near the northem end of the facade, for all four measurement heights 
studied. 

• The presence of the neighbouring TH building, with a height of about 50 metres, 
probably affects the pressure coefficients for y/W < 0.2 at the southem part of the 
facade in the wind tunnel. 
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• At leeward side, values for Cpm(H) in the order of -0.6 are found. This indicates 
that the flow around the building is not fully reattached to the sides or the top of 
the building [Akins et.al., 1976]. 

Also, the values for Cprms are analysed. The coefficients, measured in the wind 
tunnel, are disturbed by acoustic effects. These effects are relatively small for the 
windward side pressures, but they influence the leeward side data significantly. The 
main characteristics of Cprms• measured in full scale, are: 

• The values for Cprms at windward side depend strongly on the turbulence 
intensity. 

• At leeward side, the depth of the building is the relevant parameter that 
determines the values for Cprms· 

• Comparison of Cprms with quasi-steady theory shows that this theory can be 
applied only for a small wind direction interval, and only for the windward side 
pressures. 

The maximum pressure coefficients are represented by the peak factor gp, which is 
independent of reference pressure. V alues have been analysed from both full scale 
and wind tunnel data, bath at windward and leeward side. The wind tunnel data are 
probably determined by the acoustic distortion. The relevant conclusions for wind 
normal to the upwind facade are: 

• Peak factors at windward side, determined in full scale, are higher than the peak 
factors for the wind velocity, described in chapter 4. 

• At leeward side, the peak factors are slightly lower than the values for the wind 
velocity. 

Pressure admittance 
Spectra of wind-induced pressures are related to the upstream wind velocity 
spectrum by the pressure admittance and the mean pressure coefficient. In this 
chapter, the function 1Xp(n)l2Cpm2 bas been analysed, which represents the transition 
of wind velocity fluctuations into fluctuations of wind-induced pressures. The 
following conclusions are valid for the experiments, presented in this chapter: 

• The wind tunnel measurements do not represent the full scale data adequately. 
The values for 1Xp(n)l2Cpm

2 are much too high, both at windward and at leeward 
side. 
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• The graph for lzp(n)l2Cpm2 can be divided in two parts, separated by a cut-off 
frequency at nHlum(H) in the order of 0.4. 

• At frequencies below the cut-off frequency, the value for 1Xp(n)l2Cpm2 is constant, 
for higher frequencies, the value decreases with frequency. 

• At leeward side, the function lzp(n)l2Cpm2 is less than 20% of the value at 
Windward side. This means that sp/pl < 0.2 Spwpw· 

• For oblique angles of attack, the pressure admittance is only described 
qualitatively, similar to the observations for wind normal to the facade. Full scale 
data for the range -90° < (J < +90° are available, to analyse the dependence on 
wind direction. 

Coherence of pressures 
The coherence of the pressures bas been analysed for flow normal to the windward 
facade. Both full scale and wind tunnel results have been presented. The relevant 
conclusions, based on these observations are: 

• The coherence of wind-induced pressures at windward side and at leeward side 
can be expressed by an exponential decay function of mean wind velocity um, 
distance between the pressure taps L1 and frequency n. 

• The wind tunnel measurements do not correspond to the full scale data, both at 
windward and at leeward facade. 

• In full scale, the coherence of the pressures on the windward facade is higher 
than predicted with models for the coherence of the wind velocities. 

• The coherence of the pressures on the leeward f acade is higher than the 
coherence of the pressures on the windward facade, for similar values of 
nL11um(h). 

• The coherence of the pressures between the windward and leeward facade in full 
scale is higher than in the wind tunnel. A lower value for the coherence was 
found in the full scale experiment, than found with the only relevant expression 
in literature. 

Genera[ conclusions 
Generally, it can be concluded, that the mean pressures are simulated i:tdequately in 
the current wind tunnel experiment. The full scale values need modification for 
reference pressure eff ects. 
Some important conclusions on the instrumentation found in chapter 31 are repeated 
here. In full scale, the resolution of the transducers limits the range of frequencies 
for which the fluctuating pressures can be analysed. The fluctuating pressures in the 
wind tunnel are very much distorted by acoustic noise. Tuis affects the pressure 
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admittance both at windward and leeward facade heavily, and also the values of 
Cprmn especially at leeward side. 
This means, that an extensive wind tunnel study into the fluctuating pressures can 
not yet be undertaken. First, new validation tests should be done to improve the 
wind tunnel simulation .. 
The full scale data form a good database for validation of wind tunnel tests, after 
modification for reference pressure effects. To avoid problems caused by the 
resolution of the transducers, it is recommended in future to use data with a higher 
mean wind velocity, or use transducers with a higher resolution. 
In this study, the results are presented by empirically derived functions for the 
pressure admittance and coherence of the pressures. A detailed study into the 
transition of wind into wind-induced pressures requires a more extensive study into 
the relation between wind field and pressures. This relation is expressed in the 
frequency domain by the coherence between velocity and pressures. If the quasi
steady theory is valid, the coherence between the undisturbed wind velocity 
measured at a upstream distance x from the building and the wind-induced pressure 
is equal to the coherence between the wind velocity at two points separated a 
distance x in along wind direction. The latter data are not measured in the current 
experiments, so this comparison could not be made. For more fundamental 
understanding of the mechanisms that play a role in the transition of wind field into 
fluctuating pressures, this should be studied in more detail [e.g. Hajj et.al., 1996b]. 
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CHAPTER 6: ENGINEERING WIND LOADING 

Abstract 
The goal of this study is to develop models for fluctuating wind loading, which are 
representative for design wind loading situations. In this chapter, it is checked how 
much of this goal is achieved. First, the procedure of counting for the fluctuations in 
wind load in the current wind loading codes is described. The definition of the peak 
wind loads, and the description of the fluctuations of the pressures in time and space 
are discussed. The calculation of the fluctuating wind loads according to the Dutch 
building code is evaluated and compared with a modified model. 
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6.1. Introduction 

Designers of structures or facade elements use building codes with simple 
calculation procedures for the loads and load eff ects. The new generation of wind 
loading codes in Europe are all based on a similar concept: wind loading is applied 
as a quasi-statie loading, with correction factors that count for the .effects of the 
fluctuations. The procedure, used in these codes, is illustrated here with reference to 
the Dutch code (NEN 6702 [NNI, 1990]). The details of the procedure are given in 
an extensive report elsewhere[Van Staalduinen, 1995]. Other European codes are 
based on the same procedure, although sometimes other models for the quantities, 
used in this procedure are applied. 
In the Dutch code, the representative pressure on a structure is given by: 

(6.1) 

• Prep is the representative wind-induced pressure. 
• qrep is the representative dynamic pressure. 
• Cindex is equal to the mean pressure coefficient Cpm, which is defined in chapter 2 

and discussed in chapter 5. Values for Cpm fora wide range of building shapes 
and dimensions are provided in the codes. These values are based on extensive 
wind tunnel studies. 

• Ceq is a factor, that incorporates the pressure equalisation. Usually Ceq is set to 1. 
This is subject of ongoing research [Van Schijndel et.al., 1996]. 

• The factors Cdim and <{J1 account for the effects of the fluctuating wind on the 
response. The factor Cdim accounts for the incomplete spatial correlation of the 
wind-induced pressures over the surface. It is a reduction of the peak wind 
loading, because a peak wind loading works not on the full building. Therefore, 
the maximum loading is spread over the building facades: Cdim is smaller than or 
equal to 1. The factor tfJ1 accounts for the effects of the wind and building 
parameters on the dynamic response, and is larger than or equal to 1. It is derived 
for along-wind loading. For across-wind loading and torsion of buildings, the 
code recommends to use a calculation procedure given in [Van Staalduinen, 
1995], this procedure is similar to the procedure to calculate <P1 and cdim• 

Values for the quantities at the right hand side of equation 6.1 are discussed, using 
the results of the current research project: 
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• In section 6.2, the estimate of the representative dynamic pressure qrep and the 
pressure coefficient Cpm are discussed. 

• The procedure for calculating the coefficients Cdim and </J1 is described in section 
6.3. The results of the experiments given in chapter 5 are used to discuss the 
applicability of this procedure. A modified procedure is proposed and compared 
qualitatively with the original model. 

• Finally, conclusions on the applicability of the results of this study towards the 
wind engineering profession are summarized in section 6.4. 
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Chapter 6: Engineering wind loading 

6.2. Representative wind loads 

In the European building codes, wind loading is represented by a statie loading. This 
loading is calculated from the hourly mean wind velocity with a mean return period 
of 50 years. Meteorological observations at airports are used to determine this wind 
velocity. This wind velocity is translated to the mean wind profile for the terrain 
roughness belonging to built-up environment. Por the Dutch code, the method with 
the blending height, which is discussed in chapter 4, is applied for this translation. 
The representative dynamic pressure is calculated from the maximum wind velocity 
Umox. This maximum wind velocity is calculated by the peak factor gu: 

(6.2) 

The representative dynamic pressure is based on Umax and can be written as: 

(6.3) 

Por the code, the contribution of g/l/ is assumed negligible, which fs discussed in 
section 6.2.2. This yields: 

(6.4) 

In the Dutch wind loading code, the Netherlands is divided in three regions, each 
divided in two roughness classes. Por each region and roughness class, tables of qrep 

with height are given. To simplify the procedure for calculating Prep in equation 6.1, 
the quasi-steady theory is applied, which means that gP = 8u· Also following from 
this theory, is the application of the mean pressure coefficient Cpm to qrer 
The peak factor gm the pressure coefficient Cpm and the effect of the turbulence 
intensity on the representative wind loading are discussed in the next sections. 

6.2.1. Peak factor 

The peak factor, applied in equation 6.4, is based on the quasi-steady theory: if this 
theory is valid, 8u is equal to gP' Por the calculation of wind loads in the Dutch code, 
gu = 3.5 is applied. This is based on a value for the gust factor G = 1.7 and a 
turbulence intensity of 20 %, and follows from equation 2.18, assuming that the 
record length is 1 hour, and the gust length is 3 seconds. 
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6.2. Representative wind loads 

In chapters 4 and 5, peak factors for the wind velocity and wind-induced pressures 
have been calculated from the full scale data. These measurements are done for 30 
minute records, with a sample frequency of 20 Hz, and a turbulence intensity of 
28%. Tuis will lead to higher values for gu, than found with the above given choices 
for the codes. 
It was found from the experiments that for wind normal to the facade, the full scale 
values for gp at windward side were higher than the observed value for gu. For wind 
normal at windward facade, gp at leeward side is smaller than g". 
It is difficult to draw conclusions which are generally valid to apply to wind loading 
codes, based on these observations. For wind loading on buildings as a whole, the 
choice of 8u instead of gp for both windward and leeward side pressures results in a 
small error. For loads on facade elements, however, a larger peak factor gp is 
recommended for the loading at windward side. 

6.2.2. Eff eet of turbulence intensity 

The representative dynarnic pressure, based on the maximum wind velocity and 8u is 
given in equation 6.4. The part g/Iu2 is assumed negligible for the determination of · 
qrer The effect on the quasi-statie load is given in table 6.1, where gu = 3.5. 

fu 0.15 0.20 0.30 0.35 

[a]: l +2gufu 2.05 2.40 3.10 3.45 
[b]:1+2gufu + gu21/ 2.33 2.89 4.20 4.95 
[a!b] 0.88 0.83 0.74 0.70 

table 6.1: Effect of neglecting second order term of turbulence intensity on 
representative dynamic pressure 

In chapter 2 and 4 it was shown that turbulence irttensities in built-up terrain are 
higher than 20%. The data in table 6.1 show that for these turbulence intensities, the 
dynarnic pressure associated with the peak wind velocity can be underestimated by 
17% or more. 
In the Dutch code, the Netherlands is divided into three parts, each subdivided in 
two classes: built-up terrain and open exposure. To calculate the turbulence 
intensity, equation 2.13 is modified into: 

(6.5) 
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Chapter 6: Engineering wind loading 

The values of the parameters and characteristics of equation 6.5, applied in Dutch 
code are given in table 6.1. This results in the turbulence intensity profiles of figure 
6.1. 

Open exposure Built-up terrain 
Areal Area II Areall All areas 

Zo 0.1 0.2 0.3 0.7 
d 0 0 0 3.5 

1 1 1 0.9 

table 6.2: Overview of roughness characteristics, applied in Dutch code 
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figure 6.1: Profiles of lufor terrain characteristics in Dutch code 

For built-up terrain and a building height H < 60 m, the turbulence intensity lu is 
larger than 0.20. This means, that the influence of the turbulence intensity on the 
dynamic pressure is relevant for wind loading on buildings. 

6.2.3. Pressure coefficients 

The pressure coefficients applied in the Dutch code for rectangular buildings with a 
height smaller than its width are based on a reference dynamic pressure at roof 
height. It is assumed that the representative pressure occurs for wind normal to the 
upwind facade. The pressure coefficients given in the code are +0.8 at windward 
side and -0.4 at leeward side. These values are applied to the full facade. In figure 
5.2, values for Cpm(H) in the wind tunnel in the order of +0.8 are measured fora 
large part of the facade at windward side. The full scale data do correspond well to 
these data, after correction for the reference pressure. At leeward side, the values are 
in the order of -0.6 in the wind tunnel and in full scale, which is probably typical for 

184 



6.2. Representative wind loads 

a building with the geometry and dimensions of the main building of Eindhoven 
University of Technology. The sum of the measured data at windward and leeward 
side results in a higher overall load for the building used in this study, than 
calculated with the code. 
Por buildings with H > W, local coefficients Cpm(h) are applied in the code for 
heights h > W. For h < W, the pressure at h = Wis applied. No experimental data on 
this type of buildings are measured in this study. 
In chapter 5 and appendix B, the effect of the turbulence intensity on different 
definitions of the pressure coefficients was discussed. For building codes, the 
pressure coefficients are defined similar to the definition used to analyse the 
measurements in this study. 
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Chapter 6: Engineering wind loading 

6.3. Fluctualing wind-induced pressures on buildings 

6.3.1. General procedure in building codes 

In equation 6.1, the factors Cdim and lf11 are introduced, which account for the effects 
of the loading fluctuations on the response. A peak in the wind-induced pressures 
works on a limited area. Usually, a building is larger than this area, and the load may 
be distributed over the surface for the calculation of the building structure. This 
results in a lower design load. The factor Cdim accounts for this reduction, and 
depends on the dimensions (height and width) of the facade. Buildings that are 
susceptible to dynamic response react to the fluctuations at the natural frequencies 
of the structure. The response is larger than found by application of the quasi-statie 
loading, and a factor <fJ1 is defined, which is multiplied to the representative wind 
loading. 
The factors Cdim and <fJ1 are determined from a calculation of the fluctuating response 
<1x of structures to fluctuating wind loads and a calculation of the (mean) response 
Xm of the structures to the quasi-statie loading (x is the displacement). The product 
CdimtPI is a measure for the ratio of the values of these responses. In the Eurocode 
[CEN 1994], this product is expressed by the factor cd. These factors are based on a 
calculation of the response to the fluctuating wind loads based on the spectrum of 
the response. The procedure for this calculation is described in detail in section 2.4. 
Por the determination of the factors Cdim• </J1 and cd, this procedure is simplified to 
the response of a flat plate, dominated by the first natural frequency. Tuis response 
is given by a modification of equation 2.93: 

S:xx (H,n) = IH1 (n)j
2 

IJ IJS pipj (n)lf/1 (Yi ,Zi )lf/1 (y j ,z j )dyidzidy jdZj 
AA 

• Sxx is the response spectrum, 

(6.6) 

• Spipj is the cross spectrum of the wind-induced pressures, which is the product of 
the root of the pressure spectra Spipi and SpJpJ and the coherence cohpipJ• see 
appendixA, 

• lf/1 is the normalized mode shape: 
bh 

Jf lf/12 (y,z)dydz=1, (6.7) 
00 

• H1(n) is the mechanical admittance, cf. equation 2.91, further denoted as H(n). 
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6.3. Fluctuating wind-induced pressures on buildings 

When the loading is modelled in Nror discrete points, this yields: 

Sxx(H,n) = IH(n)l
2 

X 

x L ,LAiAj~S FFi,A (n)SFFj,A ~cohpipj(n)lJl(Yi ,Zi )l/f(Y j•Z j) 
Nwr Nwr 

• SFFi,A is the area averaged force spectrum at point i. (see figure 2.1), 
• cohpip1{n) is the coherence of the pressures at points i andj. 

(6.8) 

If the loading on windward and leeward side are treated separately, the spectrum of 
the response is given by: 

II II S pwipwj(n)tjf(Zi )tjf(Zj )dyidzidy jdZj + 
AwAw 

Sxx(n)=IH(n)l
2 

+2 Jf IJSpwiplj(n)lJl(zi)lJl(Zj)dyidzidYjdZj+ 

AwA1 

+IJ fJSpwipwj(n)tjf(Zj)tjf(Zj)dyidzidYjdZj 

At At 

(6.9) 

A further simplification can be made in the calculation of the response spectrum 
from the spectrum of the force, if the structure is modelled as a single-degree-of 
freedom system (cf. equation 2.95): 

With: 

Jf IJ ~S pwipwi(n)S pwjpwj(n)~cohpwipwj(n)dy;dzidy jdZj + 
AwAw 

(6.10) 

Spp(n) == + 2 Jf IJ ~S pwipwi(n)Spljplj(n)~cohpwiplj(n)dy;dz;dy jdZj + (6.11) 

Aw At 

+ JJ JJ ~~S-pl-ip_li_(n_)_S p_l.J_p_lj(_n_)~cohpliplj(n)dyidzidy jdZj 

At A1 
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Chapter 6: Engineering wind loading 

The variance of the response is given by: 

(6.12) 

For the calculation of Cdim and tfJ1 in equation 6.1, the ratio of the standard deviation 
of the fluctuating response to the response from the statie wind loading is expressed 
by: 

(6.13) 

The factor B accounts for the reduction of the quasi-statie wind loads, caused by the 
limited size of the peak wind loads, and the factor E expresses the contribution of 
the dynamic response. The factor B depends on the height and width of the facade. 
The factor E depends on the height and width of the building, and nattiral frequency 
and damping ratio of the structure. The representative dynamic pressure qrep is 
defined by: 

The factor cdim is defined by: 

The factor tfJ1 is given by: 

t/J1=1+2gulu..fii+E 
1 +2gulu.fB 

(6.14) 

(6.15) 

(6.16) 

In the following section, the choices made in the procedure for the calculation of 
Cdim and tfJ1 for the Dutch code are described. Then, the results of the current study 
are used to discuss these choices and to propose a modified procedure. Both · 
procedures are compared for some cases. 
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6.3. Fluctuating wind-induced pressures on buildings 

6.3.2. Procedure of the Dutch code 

In the calculation of the spectrum of the response (equation 6.6), the spectrum of the 
wind-induced pressures is integrated over the structure. Por the calculation of the 
factors B and E in the Dutch code, the lattice model is applied. Tuis means, that the 
pressures at a position of the surf ace can be expressed by the upstream wind velocity 
spectrum and a mean drag coefficient CDm, which is equal to Cpmw - Cpml· This yields 
the following spectrum of the loading SFF: 

SFF(n)= 

JJ JJ p2 ~(CDmiUmi )2 Suiui (n)~(CDmjUmj )2 Sujuj(n)~cohuiujdAidAj 
AwÄw 

(6.17) 

The flow characteristics are the local characteristics at the height of points i and j. 
The spectrum of the wind velocity, applied in the procedure of the Dutch code, is 
given by [Davenport, 1961b]: 

2 
nSuu(n) =4--f __ _ 

u*2 (l+/2)4/3 

where: 

f = 1200n 
um(lO) 

The coherence of the wind velocity is expressed by [Zilch, 1983]: 

~coh · · = exp(- Sn {lz· z ·l+ly· -y ·1)) 
uiu1 um(lO) 1 J i J 

(6.18) 

(6.19) 

(6.20) 

Equations 6.18 and 6.20 are both a function of the mean wind velocity at 10 metres 
height, so the wind velocity spectrum and coherence are assumed independent of 
height. Results from many experiments in the past show, that this is not true. Other 
models, presented in section 2.2, take the height-dependence into account. 
In figure 6.2, the spectrum of Davenport is compared with the blunt model of 
Tieleman (equation 2.25, table 2.5). The latter model is also used to evaluate the full 
scale observations in Eindhoven, presented in chapter 4. Equation 6.18 yields a 
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Chapter 6: Engineering wind loading 

higher spectra! density for frequencies n > 0.01 Hz in this example. For lower 
frequencies, the Davenport spectrum is lower in magnitude. 
For large heights, the overestimate of the spectral density can be a factor 2 or more, 
also in the range where dynamic effects become important. This is in the range 
between 0.1and2.0 Hz, as stated in section 2.4. 

1.5 

/ ... / ......... . 

0.5 

0.001 0.01 0.1 
n [Hz] 

u• 2.5 m/s 
z

0
= 0.5 m 

Equation 6.1 B 

Equation 2.25, H 20 m 

Equation 2.25, H = 50 m 

Equation 2.25, H = 100 m 

figure 6.2: Comparison of spectrum of equation 6.18 with the blunt model by 
Tieleman., given in equation 2.25 and table 2.5 
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Simiu, eq. 2.28, 2.29a 

Zilch, eq. 6.20 

figure 6.3: Comparison of coherence fanctions of Simiu ( see also figure 2.10 ), Zilch 
and equation 5.16, at an average height of 42.5 m 

In figure 6.3, three expressions for the coherence are compared. The difference 
between equation 6.20 and the formula by Simiu, presented in section 2,3 is not very 
large. These models are both derived for the wind velocity. The exponential 
function with Kh = 5 (equation 5.16) is an upper bound estimate of the coherence of 
wind-induced pressures, presented in chapter 5. It results in a much higher value for 
the coherence than the expressions for the wind velocity. 
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6.3. Fluctuating wind-induced pressures on buildings 

The effect of different models for the spectra and coherence of wind velocity on the 
response on buildings calculated with the lattice model is presented in [Geurts, 
et.al., 1993] and [Geurts et.al., 1995]. It was found that the available models for the 
coherence function can lead to a factor 5 diff erence in the calculated value for the 
spectrum of wind loading at the natural frequencies of tall buildings (SFF{n1)). This 
leads to a factor --J5 in the calculated peak accelerations, see section 2.4. In section 
6.3.3, a model for the coherence of the pressures based on the measurements of the 
current study is presented. 

6.3.3. Modified procedure for the calculation of tluctuating wind loads 

The integration of the pressures, presented in equation 6.8 is suited for the 
calculation of the fluctuating response to wind loading. Models for the spectra of 
wind-induced pressures at windward and leeward facade, and for the coherence of 
the pressures are needed in this procedure. Expressions for Sppw• Sppl• cohpwpw• cohptpt 

and cohpwpl are proposed in the next sections, based on the results of the 
measurements in chapter 5 and on earlier experiments. Based on these expressions, 
a proposal for an engineering model is made. 

Admittance 
The pressure spectra in a point are determined from the wind velocity spectrum, 
using the pressure admittance and the mean pressure coefficient: 

(6.21) 

In section 2.3, three different admittance functions are defined: 

• The pressure admittance 1Xp(n)l2 is applied in the calculation of the pressure 
spectrum in a single point (equation 6.21). 

• The area averaged pressure admittance lzp.A(n)l2 (equation 2.66 and 5.13) is used 
for the calculation of the area averaged pressure in anode (representative for the 
grey areas in figure 2.1). 

• The aerodynamic admittance lzp(n)l2 is used in the calculation of the fluctuating 
wind loading on buildings (equation 2.83). 

In the experiments, presented in chapters 3 to 5, the characteristics of wind-induced 
pressures are determined in single points. The area averaged pressure admittance 
and the aerodynamic admittance can be derived theoretically from the integration of 
the pressure admittance, if the coherence of pressures is taken into consideration 
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(equation 5.13). A relevant problem is the definition of the reference wind velocity 
for these admittance functions. For the pressure admittance, the wind velocity at 
roof height or at pressure tap height (strip theory) can be used. In chapter 5 and 
appendix B, the relation between the values for the pressure admittance for both 
reference heights is given. 
For the area-averaged admittance, the wind velocity field can be assumed uniform 
on the representative area. The wind field parameters at the average .height of this 
area are used as reference, or the wind field at roof height H. The problem of 
defining suitable reference values for the aerodynamic admittance is discussed in 
chapter 1, where the aerodynamic admittance is rejected for the estimation of wind 
loading on buildings. 

A model for the windward side pressure admittance 
For the applicability of the results to other buildings, it is important to attempt to 
describe the pressure spectra with a general model. The pressure admittance is a 
useful parameter to describe the spectrum of wind-induced pressure fluctuations at 
windward side. The pressure admittance depends on the position of the pressure tap 
on the building, the shape and size of the building and the upstream wind field. In 
the past, two models have been proposed for this function, which are described in 
chapter 2: 

• The model of Kawai [1979] is formulated for buildings with H > W. It depends 
on the width of the building and on the position of the pressure tap, relative to the 
vertical symmetry line, defined as Ymid· 

• The model derived by Sharma [1996] is defined for buildings with H < W. It is 
derived for low-rise buildings, particularly for the Texas Tech University 
building. The pressure admittance depends on the area of the windward facade 
and the distance of the pressure tap to the vertical symmetry line. 

The full scale measurements indicate, that the pressure admittance, measured on the 
main building of Eindhoven University of Technology depends on the height of the 
pressure tap on the surface. More precisely, for taps above stagnation the distance 
between the pressure tap and the edge, or the distance between the tap and the 
stagnation line is a relevant parameter. Por buildings with H < W, the height H of 
the building is the relevant length scale to incorporate the effect of the building 
geometry. 
The quality of the wind tunnel results of the pressure spectra at positions, 
corresponding with full scale data, is poor. Therefore, the wind tunnel data are not 
suited to fonnulate a general model, and full scale results, measured on other 
positions are not available. 
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6.3. Fluctuating wind-induced pressures on buildings 

The full scale measurements at windward side are translated into a modification of 
equations 2.64 and 2.66. This modified model is valid for a building with H < W, for 
wind normal to the facade. It is derived for measurements at positions on the facade 
of y/W in the order of 0.12 (corresponding to the full scale observations, presented 
in section 5.3): 

(6.22) 

[ ( J
2) 2 h-hsta 

a = - 1- _ g , for h ?. hs1ag = 2/3 H 
3 H hstag 

(6.23) 

hstag is the height of stagnation. Por rectangular blocks, hstag is typically in the order 
of 2/3 H. Por heights below hstag• it is not possible to define a universal relation from 
the present observations, for the following reasons: 

• In the current experiment, 2/3 H is in the order of 20z0+d, which. is the lowest 
height where the models to describe the wind field are valid (see section 2.2). At 
lower heights, the flow is probably too much aff ected by the surf ace texture in the 
direct vicinity of the test building 

• The pressure admittance function is not rneasured extensively in the experiments 
for heights below stagnation. Only measurements at h/H = 0.61 are available, 
which is not extensively enough to define a general model. lt is proposed here to 
assurne that the pressure spectrum for z < 20zo+d is equal to the pressure 
spectrum at z = 20z0+d. 

• It is difficult to find a length scale which is representative for the pressure field 
on the facade below stagnation for a building with H < W. The flow below 
stagnation is forced downward (recirculation, see figure 3.2) and towards the 
sides of the facade. 

The relation of the modified model (equation 6.22) with equation 2.66, which has 
been developed for H < W, is found by substituting the following relations in 
equation 2.66: 
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• HIW= 0.27, 
• Awau=HxW=H2 xWIH=3.7H2

, 

• Yrel = 2Yno = 0.24, 
• Um(h) = Um(H) ln(h-10)/ln(H-10) (see appendix B). 

This yields: 

f = nJA Yrez3
18 

= 0_23 ln(H-10) ( nH ) = ch( nH ) 
y Um(h) 5 ln(h-10) um(H) um(H) 

(6.24) 

For the current experiment, the coefficient Ch has values from 0.23 (at h/H = 0.97) 
to 0.29 (for h/H = 0.61). This means, that fy "" 0.25 nHlum(H), or 80/y2 = 5 
(nHlum(H))2

• This value for 80fy2 is higher than the corresponding term in equation 
6.22, so equation 2.66 yields a lower value for the pressure admittance than equation 
6.22. 
The exponent a in equation 6.23 depends on the height on the facade. This means 
that in the modified model the slope of the pressure admittance function depends on 
the height of the pressure tap. Equation 2.66 gives a constant value of 5/6. 
In figure 6.4, the modified model is given for pressure taps on the main building of 
Eindhoven University of Technology at Yno = 0.12. Also the full scale measurements 
at h/H = 0.72 and h/H = 0.90 are given. The measurements end at 0.1, caused by the 
resolution of the transducers, described in chapter 3. The models have a value 0 at 
the high frequency end. 

c: 
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---7--- h/H = 0.90, y
00 

= 0.12 -* h/H = 0.72, yno = 0.12 

figure 6.4: Measurements, equation 2.66 (model of Sharma), and equation 6.22, for 
wind normal to the facade 
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6.3. Fluctuating wind-induced pressures on buildings 

For buildings with HIW > 1, the model of Kawai (equation 2.64) is currently the 
only available model. It was derived based on wind tunnel tests, and compared with 
full scale data (Kawai et.al., 1979]. Buildings that are sensitive to dynamic loading 
fall mostly in this class. 
The pressure admittance for buildings with HIW "" 1 is not expressed in models in 
literature, nor subject of the current study. 

Pressure spectra at leeward side 
In chapter 5, the pressure admittance for pressure taps at leeward side is calculated. 
It is shown that the leeward side spectral density is less than 20 % of the windward 
side spectral density for the full frequency range in the full scale experiment. Based 
on these observations it is recomrnended to use for engineering purposes: 

(6.25) 

Where lzp(n)l2 and Cpm are the values at windward side. 

Area averaged pressures 
Area averaged pressures are not measured directly in the current experiment. The 
pressure spectra in one point, and the coherence of the pressures can be used to 
calculate the area averaged pressures (cf. equation 2.64): 

(6.26) 

• Spipi is derived from the wind velocity spectrum and the pressure admittance. For 
small values of Arep• the wind velocity field and the pressure admittance can be 
assumed constant on the area Arep· 

• cohpp can be described by the exponential function, proposed in equation 5 .16. 
The results in chapter 5 show that the exponential decay factors Kh and a depend 
on the separation of the pressure taps. In the next sections, these factors are 
quantified, and a model for the coherence is given. 

Altematively, the area averaged admittance function, proposed by Sharma in 
equation 2.68 can be used. The relation between the area averaged pressure 
admittance and equation 6.26 is given in equation 5.14. 

195 



Chapter 6: Engineering wind loading 

Coherence of pressures at windward side 
The coherence of pressures at wîndward sîde is fitted by an exponential function 
(equation 5.16) with factors a and Kh. These factors area function of the distance 
between the pressure taps, reduced by the height of the building and the mean wind 
velocity at average tap height. Tuis yields an advanced model for the coherence of 
windward side pressures, based on the current experiments: 

a 
a = 0.9-1.1-

H 

a 
Kh = 3.1- 2.6-

H 

(6.27) 

(6.28) 

(6.29) 

This model is valid for the observations in the current full scale experiment for JIH 
< 0.5. In figure 6.5, the measured values for the coherence of windward side 
pressures in full scale are compared with the advanced model, using the values for a 
and Kh of equations 6.28 and 6.29. Also, a curve with a = 1 and Kh = 5 is shown. 
The ratio of the calculated coherence with equation 6.27 and the measured 
coherence is presented in figure 6.6. 
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figure 6.5: Coherence of windward side pressures, comparison of fall scale data 
with the advanced model (equation 6.27) and equation 5.16, with Kh = 5, a 
::: 1 
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6.3. Fluctuating wind-induced pressures on buildings 

In literature, often the coherence of wind-induced pressures is presented as an 
exponential function equal to equation 5.16, with a = 1. Values for Kh are given in 
chapter 2. For the current experiment, a value Kh = 5 yields an upper bound estimate 
for the coherence at windward side, which is shown in figure 6.5. Therefore it is 
recommended for engineering purposes to use the exponential function for the 
coherence at windward s~de, with a value Kh = 5 and a = 1. 
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tigure 6.6: Coherence of the pressures at windward side in full scale, </J = 270°: 
ratio of calculated coherence using the advanced model ( equation 6.27) and 
measurements 

Coherence of pressures at leeward side 
The results of chapter 5 indicate that for the leeward side coherence of wind
induced pressures, the same exponential decay function can be used as at windward 
side. The coefficients a and Kh are different to those at windward side. Fitting the 
measured data to equation 5.16 yields an advanced model for the coherence of the 
pressures at leeward side: 

Li 
a.=l.0-15-

H 

(6.30) 

(6.31) 

These equations are valid at leeward side in the current experiments for &H < 0.2. 
The coherence of the pressures at leeward side is larger than at windward side for 
equal values of n&um(h) (see figure 5.65 and 5.68). 
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6.3. Fluctuating wind-induced pressures on buildings 

For engineering purposes, it is safe to use an exponential decay function with a = 1 
and Kh = 1.5. In figure 6.7, the measurements are compared with the advanced 
model, proposed here and with an upper bound model with a = 1 and Kh = 1.5. The 
calculated values for the coherence with the modified model fit the observed values 
quite well (figure 6.8). In figure 6.9, both upper bound models for the coherence at 
windward and leeward side are given. 

Relation of the pressures at windward and leeward side 
The relation of the pressures at windwárd and leeward side can be expressed by 
equation 2.72. A function N(n) is defined in equation 2.73, which gives the ratio of 
the cross spectrum of the pressures between windward and leeward side and the 
cross spectrum at windward side. 
In chapter 5, this function was analysed. A value of 0.25 for N(n) for n > 0.01 Hz 
(for wind velocities in the order of 20 mis at 2/3 H) is conservative. For n < 0.01 Hz, 
N(n) bas to be determined with equation 2.73. This range of frequencies is not 
important for dynamic response of buildings. 
The function N(n) is applied in calculation procedures based on quasi-steady theory 
[Solari,1982, Simiu et.al., 1996]. 

A modified calculation procedure 
The spectrum of wind loading and wind-induced response on a building is basically 
calculated with equations 2.2 and 2.3. Simplifications are needed to formulate a tool 
for engineering purposes, and to quantify the modification factors in the building 
codes. The quantities, which need simplifications, are the pressure spectrum, that is 
represented by the velocity spectrum and the pressure admittance, and the coherence 
of the pressures. In this section, some of these simplifications are proposed, using 
the results of the current study, presented in chapters 4 and 5. This results in the 
following assumptions: 

• The spectrum of wind-induced pressures at windward and leeward side of the 
building, Sppw(n) and Sppi(n) is calculated from the spectrum of the upstream wind 
velocity SuuCn), using the pressure coefficient Cpm and the pressure admittance 
1Xp(n)l2, which are defined in chapter 2, and evaluated in chapter 5. 

• The spectrum of the wind velocity is given by equation 2.25, taking the values for 
the blunt model of table 2.5. 

• The pressure admittance is described by equation 6.22 and 6.23 for buildings with 
H < W, and with equation 2.64 for buildings with H > W. 

• The mean pressure coefficient Cpm(h) is 0.8 at windward and -0.4 at leeward side, 
following the Dutch wind loading code. The values from the current experiment 
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are not applied, because there is no evidence that the measured data can be 
applied to buildings with H > W. 

• The coherence of the pressures at windward side is represented by equation 6.27, 
with Kh = 5, and a= 1, see figure 6.9. 

• The coherence of the pressures at leeward side is given by equation 6.27, with Kh 
= 1.5, and a= 1, see figure 6.9. 

• The ratio of Sppr(n) and Sppw(n) is 0.2. 
• The cross spectrum of the pressures at windward with pressures at leeward side is 

given by equation 2.72, with N(n) = 0.25, based on the results of chapter 5. 

This yields for the spectrum of the along-wind loading on a building with Aw = A1: 

JJ JJ ~Spwlpw1(n)Spw2pw2(n)~cohpwlpw2(n)dAw1dAw2 + 
AWAW 

SFF(n) = +2 JJ JJ 0.25~Spw1pwt(n)Spw2pw2(n)~cohpwlpw2(n)dAw1dAw2 + (6.32) 
AWAW 

+ JJ JJ 0.2~S pwlpwl (n)S pw2pw2 (n)~cohpllpJ2(n)dAw1dAw2 
AWAW 

This is simplified into: 

Comparison of modified engineering procedure with procedure of Dutch code 

(6.33) 

In this section, the procedure, used for the Dutch building code is compared with the 
modified calculation procedure by calculating the ratio of equations 6.33 and 6.17. 
Three cases are studied, given in table 6.3. If the ratio of the force spectrum 
calculated with the advanced procedure to the force spectrum calculated with the 
code-procedure is smaller than 1, the code gives an overestimation of the fluctuating 
loads. If this ratio exceeds 1, the advanced model predicts higher values for the 
spectrum of the loading. 
For the calculation of this ratio, the mean wind velocity profile um(Z) is characterized 
by u* = 2.5 mis and zo= 0.7 m, d = 3.5 m. 

200 



Case 
I 
Il 
m 

6.3. Fluctuating wind-induced pressures on buildings 

H[m] 

150 
100 
60 

W[m] 

50 
30 
30 

n1 [Hz] 
0.3 
0.5 
1.0 

table 6.3: Cases to study the spectrum of the wind loading 
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figure 6.10: Ratio of wind loading spectra, calculated by equation 6.17 and by 
equation 6.33 

The following observations are made: 

• In the low frequency end, for n < 0.01 Hz, the model applied for the Dutch code 
yields much lower values for the loading spectrum. This part of the loading 
spectrum is representative for the coefficient B, defined in section 6.3.1. 

• For frequencies between 0.01 to 0.1 Hz, the procedure of the Dutch code gives 
higher values for the spectrum of the loading. 

• As the frequency increases, the ratio of both procedures is higher than 1. This 
means that there is a frequency range, where the procedure of the Dutch code 
gives a lower value for the spectrum of the loading than the modified procedure. 

• . The ratio increases towards a peak: and decreases very fast for high frequencies. 
• The peak in figure 6.10 is found at frequencies in the order of the frequency 

range where dynamic effects on tall buildings are relevant, which is between 0.1 
and 2 Hz. 

• The diff erence in the loading spectra is smaller for increasing building height, but 
still significant for the cases studied here. 

Three quantities in the calculation determine the shape of figure 6.10: 
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Chapter 6: Engineering wind loading 

• The expression for the wind velocity spectrum by Davenport yields a small value 
for the wind velocity spectrum at low frequencies, which causes the large values 
of the ratio studied in figure 6.10. This velocity spectrum aJso yields an 
overestimation of the spectrum at intermediate frequencies, compared to the 
spectrum used in the engineering model (cf. figure 6.2). 
In figure 6.11, the calculation of the wind loading spectrum using both models is 
repeated, but under the assumption, that for the Dutch code also the wind velocity 
spectrum of equation 2.25 and table 2.5 (the blunt model) is used. Now, the 
largest diff erence in both procedures is found for the highest building. At the low 
frequency end, the modified procedures yields lower values for the loading 
spectrum than the procedure used for the Dutch code. The value at n < 0.01 Hz is 
(1.3+0.2)Cpm21Com2 = 0.67, because at these frequencies, the coherence functions 
and the pressure admittance have the value 1. 
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figure 6.11: Ratio of wind loading spectra, calculated by equation 6.17 and by 
equation 6.33, using the same wind velocity spectrum 

• The coherence of the pressures is higher than the coherence of wind velocity. The 
effect of this higher coherence in the modified procedure is represented by the 
increase of the curves in figure 6.10 and figure 6.11 with frequency for n > 0.01 
Hz. 

• The pressure admittance decreases with frequency beyond a cut-off frequency. 
The lower pressure admittance works in the opposite direction of the increase 
caused by the coherence and becomes dominant at a frequency in the order of 1 
Hz for the cases studied here. 
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Effect on the representative wind loads 
The product of the factors Cdim and </J1 is equal to 1 +2gJu --J(B+E). The factor gulu is 
equal to 7, based on gu = 3.5 and lu = 0.20. The factor Bis determined by the low 
frequency part of the response spectrum. The factor Eis proportional to Sxx(n1), or 
Spp(n1) fora single-degree-of freedom system. If Spp(n) is 50% higher, the factor E 
becomes 50% higher. In figure 6.10 and figure 6.11, a factor 3 difference in the 
calculated force spectra for both models is found in the frequency ranges, which are 
of importance for dynamic response. The modified model yields higher values for 
this force spectra. For the cases, given in table 6.3, the factors B and E are 
determined, according to the Dutch code: 

B= 1 
0.94 + 0.0218213 + 0.029W213 

(6.34) 

E = 0.0394n1 - 2
t
3 

t; (1+0.ln1H)(l+0.16n1 W) 
(6.35) 

The coefficients <jJ1 are calculated, and compared to coefficients </>1' when E is twice 
or three times the value, calculated by the Dutch code. 

Case B E t/!1 E=2E </>1 E=3E </>1 
1 0.519 0.235 1.103 0.470 1.191 0.705 1.269 

II 0.598 0.153 1.063 0.307 1.120 0.60 1.172 

III 0.649 0.049 1.019 0.097 1.038 0.16 1.056 

table 6.4: Factors Band E, and corresponding coefficients </>1 for cases studied 

For case 1, a factor 2 for the force spectra using both calculation procedures was 
given in figure 6.10. The coefficient </>1 will be 1.19, instead of the original value 
1.10, resulting in a 8% higher representative statie loading. 
The use of the modified procedure with the spectrum of the wind velocity by 
Davenport yields q,1 = 1.27, which causes a increase of the loading of 15%. For case 
II this is about 10%. 
To improve the accuracy of the calculations based on the Dutch code, it is 
recommended to apply the modified procedure for calculation of the coefficients 
Cdim and <jJ1• Tuis modified procedure should be extended to calculation of the 
response, using the model properties of the structure. 
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Chapter 6: Engineering wind loading 

6.4. Conclusions 

The results of this study into the characteristics of the fluctuating wind loading on 
buildings provide valuable information about the transition of wind velocity into 
wind induced pressures. The results give insight into the accuracy of choices made 
to define the wind loading in building codes. The relevant conclusions of this 
chapter are: 

• The effect of turbulence. intensity on the pressure coefficients is important for 
estimation of loads on buildings in built-up terrain. Neglecting the effect of the 
higher turbulence on the dynamic pressure can give and underestimation of the 
wind loading in the order of 10%, for the turbulence intensities, observed in the 
present experiment. A higher value for the pressure coefficient could be applied 
or the representative dynamic pressure could be adjusted. 

• The peak: factor for the wind velocity 8u measured in full scale undetestimates the 
peak: factor for the pressures gP at windward side for flow normal to the facade by 
about 20%. At leeward side, the measured value for gp is about 20% lower than 
8u for wind normal to the upwind facade. Application of these peak: factors of the 
pressure for calculation of wind loading on buildings as a whole is probably 
similar to application of the peak: factor for the wind velocity. Por the loading on 
facade elements, however, a higher value for the peak: factor is probably 
necessary. 

• Models for the spectra and coherence of wind-induced pressures are given, based 
on the results, presented in chapter 5. These modified models are 1valid for the 
current experiment and need more experimental research to be valid for wider 
use. Recommendations for further research are given in chapter 7. 

• · A modified calculation procedure is proposed, which is used to evaluate the 
coefficient t/>1 of the Dutch code. This modified calculation procedure uses 
modified models for the spectra and coherence of the pressures. 

• It is found that the modified engineering procedure yields a higher value for <{>1 up 
to 15%, depending on the choices made in this procedure. Tuis means that the 
lattice model, which is applied to calculate the correction factors that account for 
the fluctuating wind loai:ls, yields an underestimate of the wind loading spectrum 
in the range of frequencies, where the dynamic response is dominant. 

• The modified procedure should be extended to the calculation of the response, 
using the modal properties of a structure. 
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CHAPTER 7: CONCLUSIONS AND FURTHER RESEARCH 

Abstract 
The conclusions from chapters 3 to 6 are summarized. The wind field parameters, 
studied in chapter 4 correspond well to theory, presented in chapter 2. For the wind 
tunnel simulations of the wind field, similarity of the turbulence intensity was 
appropriate to represent the profiles of both mean and fluctuating characteristics. 
The results of the wind-induced pressures are represented in models, that are used to 
define a modified calculation procedure in chapter 6. This new model yields a 
higher representative statie loading than the Dutch code for buildings which are 
sensitive to dynamic response. 
Recommendations are presented for further research. It is essentîal to validate a 
wind tunnel before studying the sensitivity of the spectral characteristics of the 
pressures in detail. Finally, the use of spectral analysis for determination of 
fluctuating wind-induced pressures under extreme loading conditions is discussed 
and a recently developed technique to examine these fluctuations is presented. 
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Chapter 7: Conclusions and further research 

7.1. Conclusions 

In chapter 4 and 5, full scale and wind tunnel measurements of the wind and wind
induced pressures on a building in suburban terrain are analysed. In chapter 6, these 
results are implemented in a modified calculation procedure of the wind loading on 
buildings. This study leads to conclusions on the following subjects: 

• Description and simulation of the wind field over urban terrain, 
• Transition of wind velocity into wind-induced pressures, 
• The use of building codes to predict the response of buildings to wind loading, 
• Wind tunnel modelling. 

7 .1.1. Wind field over urban terrain 

• The observed full scale wind field characteristics are described well by available 
models. A roughness length of 1 metre and a displacernent height of 10 metres 
characterize the profile of the mean velocity and the turbulence at the test site. 

• The available models are valid in the atmospheric surface layer, this is up to a 
height of about 100 metres. The development of models for larger heights, which 
are relevant for high-rise structures, is necessary. · 

• Simulation of the turbulence intensity in the wind tunnel was appropriate to 
represent the mean profile and spectra! characteristics, which were measured in 
full scale. 

7.1.2. Transition of wind velocity into wind-induced pressures 1 

Pressure coefficients 

• Mean local pressure coefficients are modified by the reference pressure in full 
scale by about -0.4. Corrected values for this mean pressure coefficient are 
similar to the wind tunnel observations. 

• The root-rnean-square pressure coefficients in the wind tunnel are contaminated 
by acoustic noise. The full scale coefficients at windward side depend on 
turbulence intensity, and at leeward side these depend on building geometry. 

• Mean pressures at windward side correspond to data, measured in earlier 
experiments. The leeward side values are lower (there is more suction), probably 
caused by the geometry of the building. 
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7.1. Conclusions 

• Peak wind-induced pressures are represented by the peak factor. The peak factor 
for the windward side pressures is higher than the peak factor for the upstream 
wind velocity. The peak factor for the leeward side pressures is smaller than for 
the wind velocity. 

Spectral characteristics 
• The aerodynamic admittance function, which is sometimes used in engineering 

models, is defined for isotropic turbulence bebind a grid. lt is a too much 
simplified approach for buildings to account for the effects of the earth's surf ace 
on the wind loading. Moreover, it is not suited to study the dynamic response of 
buildings in detail. · 

• The quasi-steady theory, which is the basis of the lattice model to calculate 
fluctuating wind loads, is not valid for bluff bodies, like buildings. Modifications 
on this quasi-steady theory are used to define a convenient description of the 
fluctuating wind-induced pressures. 

• The pressure spectrum in a point on the facade is calculated from the wind 
velocity spectrum using a pressure admittance function. This function depends on 
building shape and dimensions, turbulence characteristics and the position of the 
pressure tap on the facade. Existing models, based on wind tunnel data, are 
modified to describe the full scale observations at windward side in this study. 

• The wind tunnel data do not simulate the full scale pressure admittance 
adequately. In this study, acoustic distortion disturbs the results of the pressures 
in the wind tunnel. 

• The spatial distribution of the fluctuating wind field is taken into account by the 
coherence of wind-induced pressures. The coherence of the pressures is described 
by an exponential function of a reduced frequency, with two exponential decay 
factors. The observed coherence at windward and leeward side is higher than the 
coherence of the wind velocity at the same value for the reduced frequency. 

• The coherence of the pressures at leeward side is larger than the coherence of the 
pressures at windward side, for equal values of this reduced frequency. 

• The pressures at windward side are poorly correlated with the pressures at 
leeward side. 

• The above conclusions are valid for windward and leeward sides of a building.· 
For the pressures in the separation zone, no experimental results are obtained in 
the current study. 
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7.1.3. Building codes 

In chapter 6, the procedure of counting for the fluctuating wind loads in the Dutch 
code is described. This procedure is compared to a modified model, which uses the 
results of the current experiments. This comparison leads to the following 
conclusions: 

• The modified procedure yields higher values for the wind loading spectrum than 
the procedure used in the Dutch code at frequencies, whi.ch are relevant for 
dynamic response. This may result in a 10% higher equivalent statie loading in 
building codes. 

• The wind velocity spectrum of Davenport, which is applied to define correction 
factors in the Dutch building code, leads. to a large overestimation of the wind
induced pressure fluctuations on high-rise buildings. 

• The use of coherence functions for the wind velocity leads to lower wind loads 
on buildings than expressions, derived for the wind-induced pressures. 

• The modified procedure should be extended to account for the modal properties 
of the structure. 

7.1.4. Wind tunnel research 

In this study, the wind tunnel tests were designed using the full scale wind field data 
as reference. The validity of the similarity criteria have been checked. The results of 
the current study are a basis for evaluation of wind tunnel measurements of 
fluctuating pressures. Based on the experiments, the following conclusions are 
drawn: 

• The flow over built-up terrain is modelled by matching the turbule1;1ce intensity. 
Similarity of the mean wind velocity profile in the wind tunnel with turbulence 
generating models based on available rules of thumb, was not enough to fulfil 
this condition. Extra elements have been added at the tunnel entrance to increase 
the turbulence intensity. In the definitive configuration, the mean profile 
characteristics and the spectra of the wind velocity fluctuations match the full 
scale data well. 

• The wind tunnel experirnents do not simulate the fluctuating wind-induced. 
pressures well. The characteristics of the fluctuating pressures in the wind tunnel 
are too much disturbed by the error sources, analysed in chapter 3. 

• The definition of the reference height for the pressure coefficients is not 
irrelevant. In the current study, rnean pressure coefficients are measured with 
reference to the wind velocity at roof height of the building. Often, in wind 
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tunnels the reference dynamic pressure above the boundary layer is used, which is 
calibrated against the mean wind velocity profile inside the wind tunnel. lt is 
necessary to know these reference conditions in the comparison of results from 
different experiments. 

• The reference pressure is relevant for the analysis of pressure coefficients. In the 
current wind tunnel experiment, it was assumed that this reference pressure was 
obtained accurately. Although studied.thoroughly in the past [Dalley, 1993], it is 
still an important point of concern. 

• Blockage effects around the model may modify the pressure coefficients at 
leeward side of the model in the wind tunnel. In the current study no blockage 
corrections have been made. 

209 



Chapter 7: Conclusions andfurther research 

7.2. Further research 

The extent of the results of this study is not sufficient to describe a quantitatively 
correct engineering approach to wind loading for all types of buildings and turbulence 
characteristics. The principle of the model proposed in chapter 6 is appropriate, but the 
quantification of the coefficients and functions needs further experimental research. 
Also, the validity of these models during peak pressures needs further investigation. 
Recommendations on the same subjects indicated in section 7.1, are given: 

• Description and simulation of the wind field, 
• Transition of wind velocity into wind-induced pressures, 
• The use of building codes to predict the response of buildings to wind loading, 
• Wind tunnel modelling. 

Additionally, the use of spectra} analysis for the wind-induced pressures is discussed. 

7 .2.1. Description of the wind field 

• Measurements of the wind field above 100 metres are needed to describe the wind 
representative for loading on high-rise buildings. In the Netherlands, measurements 
are made in Cabauw up to 200 metres height [Meijer, 1989]. Statistica! analysis of 
these data will provide valuable information. 

• The relation of the wind field over built-up terrain and standard meteorological 
measurements needs further research. 

7 .2.2. Transition of wind velocity into wind-induced pressures • 

• The full scale measurement should be extended: Measurements on other positions 
on the facade, particularly in the centre (yno = 0.5) are required. If possible, 
measurements at other heights are recommended. 

• Altematively, full scale data on a building with H >Ware needed. The pressures at 
leeward side may depend strongly on the geometry of the building. 

• The resolution of the pressure transducers should be small enough to represent the 
spectra at higher frequencies well. 

• The sensitivity of the pressure spectra, in particular the pressure admittance, and the 
coherence of pressures to building and wind field parameters needs to be studied. 
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An extensive wind tunnel test should be performed, in which the following 
parameters are varied systematically: 

• Roughness of upstream fetch 
• Building dimensions (or scale of the model) 
• Building shape 
• Position of taps on surf ace 
• Flow parameters, like turbulence intensity and mean velocity profile 
• The distance between the wind velocity measurement and the model of 

the building, to investigate the coherence between the velocity and the 
pressures. 

It is evident, that the wind tunnel experiment should represent full scale 
observations, before performing such extensive tests (see section 7.2.2). 

7 .2.3. Calculation models and building codes 

• The relation between the proposed modified engineering model and measurements 
of the actual response of buildings has to be investigated. 

• The limits of application of current and future codes for the calculation of high-rise 
buildings to wind loading should be investigated using the results from the above 
proposals for future research. 

7 .2.4. Wind tunnel studies 

For future wind tunnel studies into the fluctuating wind-induced pressures on 
buildings the following is recommended: 

• For studies into the wind loading on buildings in a city, the turbulence intensities 
should be simulated properly. They contribute to the mean dynamic pressure and 
determine the fluctuating pressures and peak pressures on the windward side and 
leeward side. 

• An improved wind tunnel test series is needed in which the full scale characteristics 
of the fluctuating pressures are simulated adequately. 

• Acoustic distortion of the pressure signal must be avoided. It is recommended to 
correct for these errors by the installation of floor-mounted taps, that register the 
noise part only [Cook, 1990]. The measured signals of the floor-mounted taps have 
to be subtracted from the wind-induced pressure signals to recover the wind
induced pressure. This has been applied successfully in the BEATRICE 
comparative experiment [Kasperski et.al., 1996]. 
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• When fluctuating load effects are measured in the wind tunnel, by e.g. an aero
elastic model, it is recommended to use models with dominant frequencies, outside 
the range of the distortion frequencies. 

7.2.5. Evaluation of spectra! analysis 

Throughout this thesis, spectral analysis bas been used to calculate. the fluctuating 
wind and wind loads. Spectral analysis implies stationarity of the signal. In this study, 
the spectra calculated fora sample of 10 minutes are assumed representative for any 
part of that sample. 
Peak pressures have a duration in the order of 1 to 5 seconds [Hajj et.al., 1996a]. This 
is too short to analyse the spectral characteristics in detail. The results of the analysis 
of the peak pressures, and recent studies of the full scale data, measured at the TTU 
building, show that the characteristics of the peak pressures are not r~presented well 
by the spectra. 
A drawback of spectra! analysis is that the transition of wind velocity into wind
induced pressures can not be studied in the time domain. The information about the 
larger scales in the time series is filtered out by the spectrum. 
Up to the 80's, no appropriate technique was available to overcome the drawbacks of 
the spectral analysis. Since then, the wavelet transform was developed by 
geophysicists and mechanical engineers, later followed by mathematicians. In the early 
90's, this technique was first applied to turbulence measurements [Farge, 1992]. 
Using wavelet analysis, a fluctuating signal is analysed in the time and the scale 
domain. Like the Fourier transform, the wavelet transform is a convolution of the 
analysed signal with a set of periodic functions. In Fourier transform, these functions 
are infinite, but in the wavelet transform it is a finite function, which is called wavelet. 
A wavelet satisfies the admissibility condition, i.e. its average is zero. There is always 
at least one reconstruction formula to retrieve the original signal fr<;>m its wavelet 
transform. This is not possible by spectral analysis, for which theoretically an infinite 
number of time series can be reconstructed. 
The analysing set of functions, or wavelet family, is found by dilating and translating 
the so-called mother wavelet. An example of such a wavelet is given in figure 7 .1. The 
numerical techniques are described elsewhere [Daubechies, 1987, Farge, 1992]. 
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figure 7.1: Example of analysing wavelet: Morlet wavelet 
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The wavelet transform is a promising tool for the analysis of 'special events' in a 
fluctuating signal, e.g. the peaks of wind-induced pressures. It is very well suited for 
the analysis of non-stationary data. Further research on the application of this 
technique for the analysis of wind velocity and wind-induced pressures is 
recommended. 

Example 
A time signal of wind-induced pressures and its wavelet transform is given in figure 
7.2 and figure 7.3. This signa! is measured in the current full scale e:kperiment at 
windward side of the building. Peak pressures are indicated by the numbers 1 to 5 in 
both figures. The example is evaluated in [Geurts et.al., 1997]. 
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figure 7.2: Time series of wind-induced pressures. The numbers 1 to 5 indicate special 
events ( occurrence of peaks) 
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Numerical procedures 

APPENDIX A: NUMERICAL PROCEDURES 

A.1. Mean, standard deviation 

Assume a random time series x(t) with sample time & and record length Tr. The 
total number of samples !TOT= T,I&. The sample frequency ns is 11&. The mean 
value Xm is found by: 

l i=ITOT 
Xm =-- LX(ti) 

/TOT i=l 

with t;=i& 

A new registration y(t) with mean value 0 is defined as: 

y(t) = x(t)-xm 

The standard deviation G?Gy is defined as the root mean square value: 

(A.l) 

(A.2) 

(A.3) 

The peak factor for signal x, gx, is defined from the maximum value Xmax, mean 
value Xm and standard deviation Gx for a registration of x. The estirnated value for 
the peak factor is the average over N observations, where Nis sufficiently large: 

(A.4) 

A.2. Stationarity 

The time series y(t) is called stationary if the statistical characteristics are 
independent of the starting point of the time series. A stationary signal is assumed 
representative for the whole time domain. For stationary time series, the mean and 
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standard deviation do not change with time. Tests to determine whether a signal is 
stationary are given in (Bendat et.al., 1986]. 

A.3. Fourier series and Fourier integrals 

If y(t), with mean value 0, is periodic with period T, y(t) can be written in the form: 

""' 
y(t) =Co+ L ck cos(2nkn1t- <Pk) 

with 
1 

ni =
T 

k=l 

l T/2 

C0 = - J y(t)dt 
T -T/2 

2 T/2 
Ak =- J y(t)cos(2nkn1t)dt 

T -T/2 

2 T/2 
Bk =- J y(t)sin(2nkn1t)dt 

T -T/2 

This is called the Fourier series of y(t). 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

(A.11) 

A non-periodic time series y(t), which can be differentiated in every finite interval, 
00 

and for which the integral J 1 y( t Aat exists, can be written as: 
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"" 
y(t) = J C(n)cos[2mit-tf'(n)]dn 

-oo 

Tuis is the Fourier integral of y(t), n is the frequency and 

tf'(n) = tan 1 B(n) 
A(n) 

"" 
A(n) = J y(t)cos(2mit)dt 

-oo 

00 

B(n) = J y(t)sin(2mit)dt 
-oo 

(A.12) 

(A.13) 

(A.14) 

(A.15) 

(A.16) 

The Fourier-coefficients A(n) and B(n) are calculated in the current study by the fast 
Fourier Transforrn. The algorithms are described in [Bendat et.al., 1986]. The 
procedures of the NAG-library for FORTRAN 77 are used [NAG, 1993]. 

A.4. Spectrum of a stationary random signal 

The standard deviation of a periodic function y(t) can be written as 

T/2 oo 

cr/ =t J y2
(t)dt = rsk (A.17) 

-T/2 k=O 

• So= C/ 
• Sk = 1/2Ck2(k=l,2, ... ) 

Sk is the contribution of the harmonie component with frequency kn to the variance 
of y(t). 

lt can be derived for a non-periodic function: 
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"" 00 

J y 2
(t)dt = 2 J C 2

(n)dn (A.18) 
-oo 0 

Measurements of wind or wind induced pressures are finite time series, so the 

integral Jly( t Mt does not exist. The time series is therefore redefined as: 

• z(t) = y(t) for (-T/2 < t < T/2) (A.19) 
• z(t) = 0, otherwise 

This yields for the variance: 

1 T/2 2""' o'/ = J z2
(t)dt = J C2

(n)dn 
T -T/2 T 0 

(A.20) 

and 

li li 2
00 

a/ = m a} = m - J C2 (n)dn 
T-t= T-t=T 

0 

(A.21) 

or: 

a / = J Syy(n)dn = J nSyy(n)dln(n) (A.22) 

0 0 

Here, Syy(n) is defined as the spectra! density function of y(t), also called variance 
spectrum or autocorrelation spectrum. To each frequency n there corresponds an 
elementary contribution Syy(n)dn to the mean square value or variance, a/. The area 
under the curve of Syy(n) is equal to the variance. 
An important characteristic of spectra for the analysis of displacements and 
accelerations of buildings are the spectra of the first and second derivative of a 
random process: 

(A.23) 
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Numerical procedures 

A.S. Autocorrelation and spectra 

The autocorrelation of a signal y(t) is defined as: 

lim 1 T/2 
Ry(r)= - J y(t)y(t+r)dt 

T-7ooT_T/2 

where ris the time lag. 

The autospectrum is derived from the autocorrelation by: 

00 00 

Syy(n) = J 2Ry(r)cos(2nnr)dr = 4 J Ry('r)cos(2nnr)dr 
--00 0 

A.6. Cross correlation and coherence 

The cross correlation of two signals z1(t) and z2(t) is defined as: 

(A.24) 

(A.25) 

(A.26) 

(A.27) 

The co-spectrum and quadrature spectrum are defined from the cross correlation: 

00 

Cozlz2 (n) = 2 J Rzlz2 (t)cos(2nnr)dr (A.28) 
-oo 

00 

Quziz2(n)=2 J Rziz2 (t)sin(2mzr)dt (A.29) 
-oo 

Or, from the Fourier transforms: 

(A.30) 
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Quziz2 (n) = Azi (n)Bz2 (n) Azi (n)Bz2 (n) (A.31) 

The coherence of the time signals zi(t) and z2(t) is defined as: 

(A.32) 

Sometimes, the square root of equation A.32 is denoted as the coherence. In this 
thesis, equation A.32 is used. 

A. 7. A veraging techniques 

The cross spectrum and the autospectrum of the wind velocity and wind induced 
pressures are studied using the coherence .and the pressure admittance. One 
registration of 30 minutes in full scale (or 30 seconds in the wind tunnel) is divided 
into more records. The characteristics are presented as averages over these smaller 
records. Also, the results are averaged over frequency-bands, to save disk space and 
calculation time. The averaging techniques are given be low. 

Segment averaging 
Each full scale record of 30 minutes is subdivided into 5 records of 10 minutes 
length, using overlapped processing. The same procedure is used to define 23 
records out of one wind tunnel registration. 
For one registration, the spectral density function is the average value over all 
records. The same procedure is used for the cross spectrum. If the autospectrum, or 
cross spectrum, of block q is given by Spp(q, n), the autospectrum of the registration 
is: 

QTOT 

:Lspp(q,n) 

S PP (n) = --=1-Q_T<_O_T_ (A.33) 

Where QTOT is the number of records per registration (5 in full scale, 23 in the 
wind tunnel). 
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Frequency averaging 
A second technique to smooth the data and to decrease the number of data to be 
stored, is frequency averaging. The values of the spectrum, belonging to a range of 
frequencies is averaged and represents the spectral density at the average value of 
the frequencies, nnew· 

(A.34) 

(A.35) 

Usually, spectral characteristics are presented on a logarithmic scale. The lowest 
values are not frequency averaged (for these frequencies, nrot = 1). To get a smooth 
estimate in the high frequency end and to reduce the size of the data files, the 
frequency averaging depends on frequency: 
The first 12 points of the spectrum are not frequency-averaged. Therefore, the 
scatter in the results at these frequencies is relatively large. The next 144 points are 
averaged in groups of 12, thus getting twelve new values. In the next step, the 
following 123 values are averaged, to get 12 new values, each being an average of 
144 original data. 
The pressure admittance is calculated for every registration of 30 minutes. First, the 
spectra of the pressures and wind velocity are calculated and averaged. After 
segment and frequency averaging, the estimate of 1Xp(n)l2 is calculated for every 
registration, which is an average over 5 records of 10 minutes. The results, 
presented in the thesis for the pressure admittance are average values, over the 
number of runs, representative for the wind directions, given in table 5.1. 
The coherence is calculated from the average Co- and Quadrature spectra and the 
average autospectra of each 10 minute record. Por every registration, an estimate of 
the coherence is made. The data, presented in this thesis are average values of these 
estimates over the number of 30-minute registrations, which represent each wind 
direction, see table 5.1. 
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Definitions of the velocity-pressure relation 

APPENDIX B: DEFINITIONS OF THE VELOCITY
PRESSURE RELATION 

Most of the quantities studied in this thesis are defined as a function of the wind 
velocity characteristics at the height of the building, H. In literature, definitions 
relative to the wind velocity at the actual height of the pressure tap, h, are used. In 
this appendix, the influence of these definitions on the values of the quantities used 
in this thesis is calculated. Also, the effect of the v and w component of the wind 
velocity on the pressure admittance is studied. The following relations are used: 

1: The logarithmic law is applied for the mean wind velocity: 

u* z-d 
um(z)=-ln(--) 

k zo 
(2.6) 

This law is valid for z > Zmin = 20z.o+d. In the current experiment, zo = 1 m, and d = 
10 m, so Zmin is 30 m. Pressure taps are installed on the building facades at heights > 
27 m. Therefore, the logarithmic law is used for z > 27 m in this appendix. 

2: The values for u* and Ciu are assumed height-independent, see section 2.2. 

3: The spectrum of the wind velocity is described by the blunt model, derived by 
Tieleman, presented in equation 2.25 and table 2.5. 

A~ 
nSuu(z,n) um(Z) 

Ci} - (l+B~)S/3 
Um(Z) 

(B.1) 

Thls yields for nzium(Z) >> 1: 

S ( ) - 2 -1(~)-2/3 uu z,n Ciu n 
um(Z) 

(B.2) 

And for low frequencies: 
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Suu(z,n) - cru n (--) 

Um(Z) 

AppendixB 

(B.3) 

For the ratio of wind velocity spectra at two heights h and H, equation B.1 yields, by 
substituting z = h - d and z = H - d, for zo = 1 m: 

( )
8/3( )5/3 Suu(n)H = H-d ln(h-d) um(h)+Bn(h d) 

Suu(n)h h-d ln(H-d) um(H)+ Bn(H-d) 
(B.4) 

B.1. Pressure coefficients 

Effect of reference height 
The pressure coefficient Cp is defined as the wind induced pressure, divided by the 
dynamic pressure, associated with the mean wind velocity at a reference height: 

(B.5) 

The relation between the pressure coefficient, relative to the velocity at pressure tap 
height h and the velocity at height H is: 

Cp,H _ p(h)I05p(um(H))2 _ (um(h)) 2 

Cp,h - p(h)/05p(um(h))2 - (um(H))2 

In the current study, with zo = 1 m and d = 10 m, this yields: 

C _ ln(h-10) C 
( )

2 

p,H - ln(H -10) p,h 

(B.6) 

(B.7) 

For example, if H = 45 mand h = 27 m (or h/H = 0.6), Cp.H = 0.64 Cp,h· In table B.3, 
these ratios are given for the other heights used in the current experiment. 

Effect of turbulence intensity . 
In chapter 2, the pressure coefficients are defined using the quantity 0.5p(um)2

• 

Other choices for this norrnalization can be the mean value of 0.5p(u(t))2 or the 
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mean of the instantaneous dynamic pressure. The differences, which may occur in 
using these different definitions are studied below. 
The instantaneous dynamic pressure q(t) is calculated from the instantaneous wind 
velocity by: 

(B.8) 

The mean value for q is: 

_l 2 2 2 2 _1 2 2 2 2 
qm --p(um +au +O'v +O'w )--pum (l+lu +Iv +Iw ) (B.9) 

2 2 

In chapter 2, the ratios /jlu and IJlu are 0.8 and 0.5, respectively. This simplifies 
equation B.9 into: 

(B.10) 

If we take the mean value of 0.5p(u(t))2 as normalization parameter, here denoted 
with q 'm• we find: 

q'm = .!.p(um 2 +er u 2) = .!.pum2(1+lu2) 
2 2 

(B.11) 

In table B.1, the effect of the different choices for normalization of Cp are given. 
Cpori represents the definition of the pressure coefficients, used in this thesis (so 
without the effect of turbulence intensity). For lu < 15%, the different chokes lead to 
about the same values for CP, within 5%. 

lu l+I/ Cp(lu) /Cpori l+l.89 fu2 C"(1.89/u) /Cpori 
0.10 1.01 0.99 1.02. 0.98 
0.15 1.02 0.98 1.04 0.96 
0.20 1.04 0.96 1.08 0.93 
0.25 1.06 0.94 1.12 0.89 
0.30 1.09 0.92 1.17 0.85 

table B.1: Effect of lu on Cp, under the different assumptions for normalization of 
the pressure 
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In the experiment in Eindhoven, the roughness length is 1 m, and a displacement 
height of 10 mis found. Equation 2.13 yields the values for lu given in table B.2. 
The eff ects of the above given choices for normalization on CP are not negligible, 
for the range of turbulence intensities, found here. 

fu l+l} Cp(lu) /Cpori l+l.89 I} Cp(l.89lu) 
IC ori 

H:::44.9m 28.1 % 1.08 0.93 1.15 0.87 
h=43.15 m 28.6% 1.08 0.93 1.15 0.87 
h=39.95 m 29.4% 1.09 0.92 1.16 0.86 
h=32.05 m 32.4% 1.10 0.90 1.20 0.83 
h=27.07m 35.3 % 1.12 0.89 1.24 0.81 

table B.2: Turbulence intensity at pressure tap heights and effect of lu on CP 

B.2. Pressure admittance 

The relation between the pressure admittance, measured relative to the velocity at 
pressure tap height h, and the pressure admittance, defined, relative to height H is: 

(1zp(n)l
2

) H _ S pp(h,n)l(pum(H)Cpm,H )2 Suu(H,n) 

(1z p(n)l2 )h - S pp(h,n)I (pum(h)Cpm,h)
2 

Suu(h,n) 

2 
_ (um(h)Cpm,h) Suu(h,n) 
- 2 

(um(H)Cpm,H) Suu(H,n) 

Tuis yields for the inertial subrange: 

For zo = 1 m, and d = 10 m, this yields: 
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(B.14) 

In chapter 5, the product of pressure admittance and mean pressure coefficient is 
measured and analysed. This yields, using equation B.7: 

(1Xp(n)l2 Cpm2)H 

(1xp(n)l2 Cpm2)h 
(H)2

'
3(In(H-10))-st3 

h ln(h-10) 
(B.15) 

For the low frequency range, the ratio of the pressure admittance functions is: 

(B.16) 

Por zo = 1 m, and d = 10 m, this yields: 

(B.17) 

or, if the pressure coefficient is also used: 

(1xp(n)l2 Cpm 2) H = (!:_)(ln(H -10))-1 

(IX (n)l2 C 2) H ln(h-10) 
p pm h 

(B.18) 

In the present study, this yields the ratios in table B.3. 
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hlH CpmWCpmh [1Xp(n)l2]H/[1Xp(n)l2]h [1Xp(n)l2Cpm 2]Hl[IX1,(n)l2Cpm2
]h 

Inertial Low Inertial Low 
subran~e freguencies subran~e fr~uencies 

0.97 0.98 1.04 1.01 0.99 0.96 
0.90 0.92 1.13 l.02 0.98 0.86 
0.72 0.76 1.49 1.08 0.86 0.63 
0.61 0.64 1.87 1.19 0.76 0.49 

table B.3: Ratio of pressure coefficient and pressure admittance, defined relative to 
wind velocity at roof height H and pressure coefficient and pressure 
admittance, defined relative to wind velocity at tapping height h. 

B.3. Effect of the lateral component of turbulence 

The pressure adrnittance is defined relative to the wind velocity components u, v and 
w. In the analysis of the data in chapter 5, the contribution of the v and w component 
is not taken into consideration. The experiments are analysed with the pressure 
adrnittance, defined with the u component of the wind velocity only. A higher value 
of the pressure adrnittance is found, if the lateral component of the wind velocity is 
relevant. 
The contribution of the w component is not studied, it is expected to be largest at the 
taps close to the roof edge, but is less than the contribution of the v component 
[Sharma, 1996]. This yields for the ratio 1Xp,u(n)l2/1Xp,uv(n)l2

: 

1Xp,u(n)l2 
-""---::::: 

1Xp,uv(n)l2 
(B.19) 

If the blunt model of Tieleman is applied, the ratio SvJSuu is given as function of 
f=nz/um(Z), under the assumption that O'v = 0.8 O'u (see chapter 2): 

Svv = cr} 13.44f (1+60.62f )
513 = 0.64 13.44 ((1+60.62f ))

513 
(B.20) 

Suu cru2 (1+20.16f)513 40.42f 40.42 (1+20.16/) 
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If nz/um < 0.001 then: 

2 
Svv = Cîv 2 13.44 = 0.213 
Suu au 40.42 

(B.21) 

lf nz/um > 10, then 

Svv = Cîv 13.44 60.62 = 1.333 
2 (( ))5/3 

Suu au 2 40.42 (20.16) 
(B.22) 

For intermediate reduced frequencies, SvJSuu is given in figure B.I. 

1.5 -.-----------------. 

1:333·· ····-··· ··----·-------- -- -- ---:;.--;;.::..·----~ 

0.5 

0.213 

1 E-5 0.0001 0.001 0.01 0.1 10 100 
nz/um(z) 

figure B.1: Ratio Sv/Suu asfanction of reducedfrequency 

Values for equation B.17 are given in table B.4 to table B.6 for some observations in 
the experiments. 

Cpm = 0.52, dCemf d8 = 0.35 
n'l/um(Z) = 0.01 
n'l!um(Z) = 0.1 
n'l!um(Z) = 1 
n'l!um(Z) = 10 

0.345 
0.879 
1.264 
1.326 

table B.4: Equation B.17.for hlH = 0.97 and </J = 270° 

Equation B.17 

1.04 
1.10 
1.14 
1.15 

229 



Cpm = 0.8, dCpmfd() = 0.61 

nz/um(Z) = 0.01 
nz/um(Z) = 0.1 
nz/um(Z) = 1 
nz!Um(Z) = 10 

AppendixB 

0.345 
0.879 
1.264 
1.326 

table B.5: Equation B.17,for h/H = 0.72 and <fJ = 270° 

Cpm = 0.72, dCpm/d8= 0.68 
nz/um(Z) = 0.01 
nz/um(Z) = 0.1 
nz/Um(Z) = 1 
nzlum(Z) = 10 

0.345 
0.879 
1.264 
1.326 

table B.6: Equation B.17,for hlH = 0.61 and </J = 270° 
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l.05 
l.13 
l.18 
1.19 

Equation B.17 

1.08 
1.20 
l.28 
1.30 
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APPENDIX C: POLYNOMIAL COEFFICIENTS 

Many characteristics in this thesis are fitted with a polynomial ·Of the fourth degree. 
The coefficients in these functions are not given in the main text, but are given here 
as reference. The coefficients A0 to A4 are used for parameters, given as function of 
the distance to an edge of the building (in this study, wind tunnel results), and the 
coefficients Bo to B4 for parameters given as function of wind direction in °, relative 
to the true north (full scale data). 

C.l. Meteorological parameters 

,1ta 
Bi 
B2 
B3 
B4 

-2.05 
0.0319 

-1.62 10·4 

3.646 10·7 

-3.057 10·10 

lv 

-0.37 
0.00527 

-1.292 10·5 

-1.939 10·9 

2.909 10·11 

-2.29 
0.034 

-1.69 104 

3.65 10·7 

-2.853 10'10 

u 

-59.89 
0.97 

-5.33 10·3 

l.27 10·5 

1.10 10'8 

table C.1: Polynomial coefficients forturbulence intensities and peak factor as 
function of wind direction '/>, for 180° < '/> < 360~ figures 4.5, 4.6, 4. 7 
and4.12 

C.2. Pressure · Coefficients 

240° 270°,·normal to facade 300° 
h/H: 0.61 0.72 0.97 0.61 0.72 0.97 0.61 0.72 0.91 

Ao -0.04 0.03 0.14 0.26 0.40 0.47 0.69 0.86 0.78 
A1 4.26 4.37 1.79 6.06 5.81 1.34 2.36 -1.43 -2.52 
Ai 13.14 -13.89 -6.02 -22.88 -23.19 -7.22 -12.83 -10.75 3.87 
A3 18.54 19.18 , 7.78 33.09 34.14 12.06 20.59 19.00 -0.92 
A4 -9.34 -9.26 3.14 -16.38 -16.87 -6.26 -10.82 -10.48 -1.18 

table C.2: Polynomial coefficients for Cpm at windward side of the wind tunnel 
model, equation 5.1, figures 5.1 to 5.3 
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240° 270°, normal to facade 300° 
h/H: 0.61 0.72 0.97 0.61 0.72 0.97 0.61 0.72 0.91 

Ao -0.77 -0.80 -0.77 -0.75 -0.79 -0.74 -0.60 -0.61 -0.62 
A1 0.50 0.48 0.10 0.99 1.01 0.36 -0.33 -0.38 -0.25 
Ai -1.44 -1.37 -0.47 -2.29 -2.80 -0.10 -0.29 -0.61 -0.67 

A~ 3.32 3.37 2.04 1.66 3.37 -0.79 0.54 1.83 1.28 
A4 -2.12 -2.20 -1.47 -0.47 -1.76 0.38 -0.48 -1.49 -0.83 

table C.3: Polynomial coefficients for Cpm at leeward side of the wind tunnel model, 
figures 5.6 to 5.8 

240° 270°, normal to facade 300° 
h/H: 0.61 0.72 0.97 0.61 0.72 0.97 0.61 0.72 0.91 

Ao 0.397 0.413 0.441 0.537 0.591 0.669 0.637 0.718 0.748 
A1 0.773 0.993 0.517 0.822 0.907 -0.517 -0.028 -0.396 -1.391 
Ai -2.456 -3.026 -1.406 -3.514 -3.994 0.865 -1.802 -0.677 3.212 
A3 3.352 3.600 1.115 5.088 5.695 -0.564 3.827 2.448 -2.903 
A4 -1.572 -1.414 -0.039 -2.386 -2.624 0.165 -2.196 -1.609 0.845 

table C.4: Polynomial coefficients for Cprms at windward side of the wind tunnel 
model,figures 5.14 to 5.16 

240° 270°, normal to facade 300° 
h/H: 0.61 0.72 0.97 0.61 0.72 0.97 0.61 0.72 0.91 

Ao 5.884 5.403 6.162 5.365 5.24 5.53 4.884 4.906 5.023 
A1 -6.093 -1.590 -11.32 -10.63 -7.40 -4.74 2.44 1.809 2.76 
A2 12.274 -0.982 38.190 44.68 33.04 17.464 -14.64 -10.27 -15.17 
A3 -8.410 3.310 -50.92 -63.88 -51.90 -20.68 22.70 16.29 31.70 
A4 1.163 -0.713 23.673 29.58 26.64 7.89 -9.88 -7.363 -19.30 

table C.5: Polynomial coefficients for gP at windward side of the wind itunnel model, 
figures 5.21 to 5.23 

240° 270°, normal to facade 300° 
h/H: 0.61 0.72 0.97 0.61 0.72 0.97 0.61 0.72 0.91 

Ao 5.82 6.818 4.85 4.30 4.31 6.05 3.91 4.06 4.77 
A1 -20.32 -30.88 12.60 -2.86 -3.19 -15.41 -0.505 -6.94 -4.04 
A2 65.40 98.29 -33.76 12.49 7.93 42.22 6.49 39.50 8.01 
A1 -78.99 -121.9 19.65 -27.33 -10.27 -47.56 -15.46 -70.59 1.25 
A4 32.14 51.97 3.06 18.48 5.79 20.17 11.32 39.93 -3.52 

table C.6: Polynomial coefficients for gP at leeward side of the wind tunnel model, 
figures 5.25 to 5.27 
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Polynomial coefficients 

windward side leeward side 
0.97 0.90 0.72 0.61 0.86 0.75 

49.1291 56.7162 55.8086 44.7273 -11.1603 
.:.0.789169 -0.890947 -0.858264 -0.669748 0.15544 

4.53023 10·3 4.987 10·3 4.69655 10·3 3.54128 10·3 -0.7651 10·3 

-1.0932 10·5 -1. t 689 10·5 -1.0694 10·5 -7 .6705 10·6 1.6008 10·6 

9.9398 10·9 9.7069 10·9 8.5385 10·9 5.6809 10·9 -12037 10·9 

-8.7477 
0.122287 

-5.9717 10·3 

1.1808 10-6 
-7.820 10-lO 

table C.7: Polynomial coefficients B0 toB4 for CP,,,, full scale, figures 5.4, 5.5 and 
5.9 

windward side leeward side 
hlH 0.97 0.90 0.72 0.61 0.86 0.75 

Bo 25.53 25.41 18.34 18.44 10.15 6.08 
B1 -0.42 -0.42 -3.03 -0.303 -0.161 -0.0965 
B2 2.47 10-3 2.49 10·3 1.80 10·3 1.79 10·3 0.95 10·3 0.57 10·3 

B3 -6.24 10-6 -6.28 10·6 4.51 10·6 -4.48 10-6 -2.44 10·6 -1.49 10·6 

B4 5.71 10·9 5.71 10·9 4.03 10·9 4.03 10-9 2.32 10·9 1.45 10·9 

table C.8: Polynomial coefficients B0 toB4 for Cprms' full scale, figures 5.12, 5.13 
and 5.18 

windward side leeward side 
hlH 0.97 0.90 0.72 0.61 0.86 0.75 

Bo -293.1 -259.4 -118.4 -150.9 -34.52 -202.45 
B1 4.77 4.07 2.04 2.47 0.77 3.46 
B2 -0.028 -0.023 -0.012 -0.014 -0.0051 -0.021 
B3 6.96 10·5 5.55 10·5 3.01 10·5 3.45 10·5 1.38 W-5 5.44 10·5 

B4 -6.42 10-8 -4.94 10-8 -2.74 10"8 -3.10 10·8 -1,31 10"8 -5.1310-8 

table C.9: Polynomial coefficients B0 toB4 for gp, full scale, figures 5.19, 5.20 and 
5.24 
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LIST OF SYMBOLS 

The first column gives the symbol, the second column the description. In the third 
column, the dimension of the symbol, if any, is given, and in the final column, the 
section where this symbol is introduced is given. 

Upper case 

A 
A 
A,B,C 
B 
B 
CD 
cdim 

cp 
CF 
Coii 
D 
D 
E 
F 
F 
G 
H(n) 
H 
I 
l; 
K, Kh 
L 
L;i 
N 
N 
Quii 
Re 
R; 
s 
Su 

amplitude 
area of a surface 
coefficients in spectra! density function 
factor in Dutch building code 
typical body dimension 
drag coefficient 
factor in Dutch building code 
pressure coefficient 
effective force coefficient 
co-spectrum of parameters i and j 
diameter, or sides of a flat plate 
depth of the building 
factor in Dutch building code 
force 
function 
gust factor 
mechanica! admittance 
height of the building 
zone in flow where inertia forces dominate 
turbulence intensity (i = u, v, w) 
exponential decay factor 
typical length scale 
integral length scale 
correction function 
number of observations 
quadrature spectrum of parameters i and j 
Reynolds number 
autocorrelation function of parameter i 
small scale turbulence parameter 
spectra! density of parameter i 

m 
m2 

m 

m 
m 

N 

m 

m 
m 

(3.2.3) 
(2.1.1) 
(2.2.7) 
(6.3.1) 
(2.3.2) 
(2.3.5) 
(6.3.1) 
(2.3.1) 
(2.4.1) 

(A.6) 
(2.3.6) 
(3.2.1) 
(6.3.1) 
(2.3.6) 
(2.2.8) 
(2.2.5) 
(2.1.1) 
(2.2.2) 
(2.3.2) 
(2.2.4) 
(2.3.4) 
(2.3.1} 
(2.2.6) 
(2.3.4) 
(2.2.5) 

(A.6) 
(2.3.1) 
(2.2.6) 
(3.1.1) 
(2.1.1) 
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List of symbols 

T typical time scale s (2.2.5) 
Tr length of registration s (A.1) 
Tij integral time scale s (2.2.6) 
u typical wind velocity mis (2.3.1) 
Upra wind velocity above boundary layer in the wind tunnel mis (4.2.3) 
v volume m3 (2.3.1) 
w width of a building m (2.3.3) 
w wake of a building (2.3.2) 

Lowercase 

a acceleration mls2 (2.4.1) 
c damping kg/s (2.4.1) 
co hij coherence of signals i and j (2.1.1) 
Cy, Cz exponential decay factors (2.2.8) 
d displacement height m 2.2.2) 
d characteristic dimension m (2.3.2) 
f,fy reduced frequency (2.2.7) 

Ic Coriolis parameter s·I (2.2.2) 
g peakfactor (2.2.5) 
gi gravitation acceleration mls2 (2.3.1) 
h height m (2.2.3) 
k stiffness N/m (2.4.1) 
l line element m (2.3.2) 
m mass kg (2.4.1) 
n frequency Hz (2.1.1) 
n1 natura! (or eigen-) frequency Hz (2.4.1) 
nP frequency where reduced spectrum is maximum Hz (2.2.7) 
p (wind induced) pressure Pa (2.1.1) 
q dynamic pressure Pa (6.1.1) 
t time s (2.2.5) 
u longitudinal component of wind velocity mis (2.2.1) 
u* friction velocity mis (2.2.2) 
v lateral component of the wind velocity mis (2.2.1) 
w vertical component of the wind velocity mis (2.2.1) 
x fetch m (2.2.1) 
x displacement m (2.1.1) 
XJ mode shape (2.1.1) 
y lateral position m (2.1.1) 
Zo roughness length m (2.2.2) 
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z height m (2.1.1) 
Zg gradient height m (3.1.1) 

Greek 

Cl, ~. "( coefficients in various functions (2.2.7) 
,1 distance between two points m (2.2.6) 
a boundary layer thickness m (2.3.2) 
e dissipation rate of turbulent kinetic energy m2/s3 (2.2.7) 

tijk pennutation tensor (2.3.1) 
ç damping ratio (2.4.1) 

17 Kolmogorov scale m (2.2.7) 
9 angle of attack rad, 0 (2.3.2) 
K von Kármán constant (2.2.2) 
µ dynamic viscosity kg/ms (2.3.1) 
v kinematic viscosity m2/s (2.2.7) 
ç factor (2.3.4) 
p mass density kg/m3 (2.3.1) 
O'j standard deviation of parameter i (2.2.4) 
î' time lag s (2.2.6) 

x admittance (2.3.3) 

</J wind azimuth rad, 0 (2.2.1) 

</J1 correction factor in Dutch wind loading code· (6.3.1) 

1fl nonnalized mode shape (6.3.1) 
(IJ vorticity s·t (2.3.1) 

Indices 

ASL atmospheric surface layer (2.2.2) 
D drag (2.3.5) 
F force (2.1.l) 
FS full scale (3.1.1) 
H building height (3.1.1) 
IBL intemal boundary layer (2.2.3) 
N noise (3.4.2) 
w wind induced (3.4.2) 
WT wind tunnel (3.1.1) 
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a ambient (2.3.1) 
a acceleration (2.4.1) 
a airport (4.2.2) 
av average (2.2.8) 
c city (4.2.2) 
edge relative to edge (2.3.3) 
i signal i (2.1.1) 
j signalj (2.1.1) 
l leeward (2.1.1) 
max maximum value (2.2.5) 
m mean value (2.2.1) 
mid relative to mid (2.3.3) 
min minimum value (2.3.1) 
no relative to northem facade (5.2.1) 
p pressure (2.1.1) 
p,A area averaged pressure (2.3.3) 
ref reference (3.4.1) 
rep representative (2.3.3) 
rms root mean square value (2.3.1) 
s surf ace (2.3.1) 
80 relative to southem facade (5.2.1) 
stag stagnation (6.3.3) 
u longitudinal component of velocity (2.2.4) 
v lateral component of velocity (2.2.4) 
w vertical component of velocity (2.2.4) 
w windward (2.1.1) 
x longitudinal direction (2.2.6) 
x displacement (2.1.1) 
y lateral direction (2.1.1) 
:z vertical direction (2.1.1) 

fluctuating (2.2.1) 
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SUMMARY 

Introduction (chapter 1and2) 
Wind loading is a fluctuating loading, which is not constant in time and place. It is 
the most essential source for displacements and accelerations of high-rise buildings. 
It is convenient to describe the fluctuating loading and the response in the frequency 
domain. The pressure fluctuations are characterised by the spectra and coherence of 
the pressure. Often, the calculations are based on the quasi-steady theory, which 
means that: 

• The fluctuations in the wind velocity are proportional to the fluctuations in the 
wind-induced pressures. 

• The spatial distribution of the pressure fluctuations are described by the spatial 
characteristics of the wind.velocity field. 

• The pressure fluctuations at windward and leeward side are perfectly correlated. 

Earlier research shows, that the quasi-steady theory is. not valid for buildings. The 
above assumptions are often used under the assumption that the resulting loading on 
buildings is on the conservative side. 
The sensitivity of the assumptions in quasi-steady theory to the wind loading and 
response of buildings can only be studied in extensive wind tunnel tests. To validate 
such tests, full scale data are necessary. 
The goals of this research are to describe the transition of wind field parameters into 
fluctuating wind-induced pressures qualitatively and to validate wind tunnel tests 
with full scale data. 

Measurements (chapter 3) 
In this study, full scale measurements have been performed of the wind field 
parameters and wind-induced pressures on the main building of Eindhoven 
University of Technology. A model of the building bas been tested in the 
atmospheric boundary layer wind tunnel of Aerodynamik im Bauwesen in Bochum, 
Germany. 
In full scale, the upstream wind velocity and direction have been determined at roof 
height. In the wind tunnel, the full scale data have been simulated at three wind 
directions. The building and its model are provided with pressure taps at windward 
and leeward side. Measurements of wind-induced pressures have been undertaken, 
simultaneously with the wind field measurements. 
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Measurement errors in both experiments affect the results. The reference pressure in 
the pressure measuring system caused an increase of the mean pressure coefficient 
by 0.4 in the full scale experiment. The fluctuating pressures in the wind tunnel 
were aff ected by acoustic distortion, induced by the fan and resonance eff ects in the 
wind tunnel. The full scale spectra! characteristics are distorted in the high 
frequency range, induced by the resolution of the measuring system. 

Results of wind field measurements ( chapter 4) 
The wind field in Eindhoven is described by three parameters as function of wind 
direction: The roughness length, the turbulence intensity and the spectral density of 
the wind velocity. The roughness length is 1 metre, derived from the full scale 
turbulence intensity at roof height. This corresponds well with existing models, 
based on visual exarnination of the upstream fetch (table 2.1). Also, the measured 
wind velocity spectrum in full scale is well described by existing models. 
The turbulence intensity is used as similarity criterion for the wind tunnel tests. The 
roughness length, derived from the mean profile, and the characteristics of the wind 
velocity spectrum in the wind tunnel model correspond well with the full scale data. 

Results of pressure measurements (chapter 5) 
Wind-induced pressures on the main building of Eindhoven University of 
Technology are described by pressure coefficients, peak factors, spectra! density and 
the coherence of the pressures. 
The mean pressure coefficients are similar to those observed in earlier experiments. 
The values for the RMS pressure coefficients at windward side depend strongly on 
the turbulence intensity. At leeward side, the pressure coefficients are determined by 
the geometry of the building. 
Peak factors for the pressures at windward side are higher than the peak factors for 
the wind velocity. At leeward side, the peak factors for wind normal to the upwind 
facade are smaller. 
The measured pressure spectra at high frequencies are not described well by quasi
steady theory. The pressure admittance accounts for the diff erence of the measured 
pressures and the theory. The spectra! densities at leeward side are in the order of 
20% of the spectra! densities at windward side. 
The coherence of the pressures at windward and leeward side are both higher than 
predicted by models for the wind velocity coherence. The coherence of the pressures 
at leeward side is higher than at windward side for equal reduced frequencies. The 
coherence between the pressures at windward and the pressures at ]eeward side is 
very small 
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lmplementation (chapter 6) 
In current building codes, wind loading is represented by a statie loading. The 
effects of the fluctuations are incorporated in correction factors. These factors are 
calculated with a procedure in the frequency domain, based on quasi-steady theory. 
The results of chapter 5 are translated into a modified procedure to calculate the 
fluctuating wind loading and response of buildings. The wind field is characterized 
by its spectra! characteristics. The transition into wind-induced pressures is 
represented by the pressure admittance and the coherence of the pressures. 
For high-rise buildings, which are sensitive to dynamic response, this modified 
model may result in a 10% higher equivalent statie loading than used in the current 
building codes. 

Conclusions and recommendations (chapter 7) 
The most relevant conclusions and recommendations are: 

• The turbulence intensity is relevant for simulation of wind loads on buildings in a 
city. It is a convenient parameter to derive an estimate for the roughness length, 
and it determines the fluctuating pressures on the building facade. 

• Similarity of the turbulence intensity at roof height was sufficient to simulate the 
mean profile and spectra! characteristics of the wind field. 

• The quasi-steady theory is not valid for buildings. 
• A modified cakulation procedure is proposed, which uses the results of the 

measurements. A preliminary calculation indicates that this procedure yields 
higher fluctuating wind loads in the range of frequencies, relevant for dynamic 
response of buildings. 

• The modified procedure needs validation with a sensitivity analysis into the 
effects of fluctuating wind field and wind-induced pressures. 

• An improved wind tunnel configuration is needed to study the spectra! 
characteristics of the pressures. This configuration should first be validated by 
full scale results. Acoustic eff ects must be avoided in this new configuration. 
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Inleiding (hoofdstuk 1 en 2) 
Windbelasting is een in tijd en plaats fluctuerende belasting, die verplaatsingen en 
versnellingen veroorzaakt, die maatgevend zijn voor het ontwerp van de constructie 
van hoge gebouwen. Het is gebruikelijk de fluctuaties te berekenen in het 
frequentiedomein, met behulp van spectraal analyse. Deze procedure gaat uit van de 
'quasi-steady theory', die gebaseerd is op onderstaande aannames: 

• Fluctuaties in de drukken op een gebouw zijn rechtevenredig met de fluctuaties in 
de ongestoorde windsnelheid. 

• De ruimtelijke structuur van de drukken, gerepresenteerd door de coherentie van 
de drukken, wordt bepaald door de ruimtelijke structuur van de windsnelheid. 

• De drukken aan de loef- en lijzijde zijn volledig gecorreleerd. Ofwel, een piek in 
de windsnelheid leidt tot een piek in de druk aan zowel de loef- als lijzijde. 

Eerder onderzoek heeft aangetoond dat deze aannamen niet geldig zijn voor 
gebouwen. Deze theorie wordt vaak toegepast, omdat algemeen aangenomen wordt 
dat het eindresultaat een veilige aanname oplevert. 
De gevoeligheid van de aannamen in de 'quasi-steady-theory' voor de belasting en 
responsie op gebouwen moet in een uitgebreid windtunnel experiment getest 
worden. Om dergelijke windtunneltesten te valideren is een vergelijking met ware 
grootte resultaten nodig. 
Het doel van dit onderzoek is het beschrijven van de overdracht van 
windveldparameters naar de fluctuaties in de winddrukken op gebouwen, en het 
valideren van een windtunneltest naar de fluctuerende drukken middels ware grootte 
metingen. 

Meetopstelling en meetfouten (hoofdstuk 3) 
Tijdens deze studie zijn gedurende 3 jaren metingen op ware grootte verricht van de 
windsnelheid en de winddrukken op het hoofdgebouw van de Technische 
Universiteit Eindhoven. Een model van dit ware grootte experiment is getest in de 
atmosferische grenslaag windtunnel van Aerodynamik im Bauwesen aan de Ruhr 
Universiteit te Bochum in Duitsland. 
Stroomopwaarts van het gebouw zijn ware grootte metingen van de 
windkarakteristieken op dakhoogte uitgevoerd. In de windtunnelexperimenten zijn 
de ware grootte metingen voor drie windrichtingen gesimuleerd. Op het gebouw en 
het model zijn drukmeetpunten aangebracht aan de loef- en lijzijde van het gebouw. 
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Bij sterke wind zijn simultaan met de windveldmetingen metingen van de 
winddrukken uitgevoerd. 
De gemeten drukken worden verstoord door meetfouten, zowel op ware grootte als 
in de windtunnel. De referentiedruk in het meetsysteem veroorzaakte in het ware 
grootte experiment een verhoging van de gemiddelde drukcoeffient met 0.4. De 
fluctuaties in de winddrukken in het windtunnelexperiment werden verstoord door 
akoestische ruis, veroorzaakt door de ventilator en door het orgel-pijp effect van de 
windtunnel. Verder verstoorde de resolutie van het meetsysteem de drukspectra op 
ware grootte in het hoogfrequente deel. 

Resultaten van meteorologische metingen (hoofdstuk 4) 
Het windveld in Eindhoven wordt beschreven door de ruwheidslengte, de 
turbulentie-intensiteit en het spectrum van de windsnelheid. Deze zijn bepaald als 
functie van de windrichting. De ruwheidslengte is 1 meter, afgeleid uit de gemeten 
turbulentie-intensiteit op dakhoogte. Deze komt goed overeen met gegevens uit de 
literatuur, gebaseerd op de visuele waarneming van de omgevingsruwheid (tabel 
2.1). Het gemeten spectrum van de windsnelheid komt goed overeen met reeds 
bestaande modellen. 
Voor de simulatie van de stroming in de windtunnel is de turbulentie-intensiteit op 
dakhoogte van het gebouw als belangrijkste gelijkvormigheidscriterium genomen. 
De waarden voor de ruwheidslengte, bepaald uit het gemiddelde profiel, en de 
karakeristieken van het windsnelheidsspectrum in het windtunnelmodel bleken goed 
met de ware grootte metingen overeen te komen. 

Resultaten van drukmetingen (hoofdstuk 5) 
De drukken op het hoofdgebouw van de TU Eindhoven worden beschreven middels 
drukcoëfficiënten, piekfactoren, de drukspectra en de coherentie van de drukken. 
De gemiddelde drukcoefficienten komen goed overeen met resultaten uit eerder 
onderzoek. De fluctuerende drukken aan de loefzijde worden bepaald door de 
turbulentie-intensiteit, en de drukken aan lijzijde door vorm en afmetingen van het 
gebouw. 
De piekfactoren voor de drukken aan de loefzijde van het gebouw zijn hoger dan de 
gemeten piekfactor voor de windsnelheid. Aan lijzijde zijn de piekf actoren voor 
wind loodrecht op de loefzijde lager dan die voor de windsnelheid. 
Uit de metingen van de spectra van de drukken blijkt dat voor hoge frequenties de 
'quasi-steady theory' niet geldig is. De drukadmittantie verrekent de verschillen 
tussen de metingen en deze theorie. De waarden van het drukspectrum aan lijzijde 
liggen in de orde van 20% van de waarde gemeten aan de windzijde. 
De coherentie van de drukken aan de loef- en lijzijde van het gebouw is hoger dan 
voorspeld wordt door de modellen voor de coherentie van de windsnelheid. De 
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coherentie van de drukken aan de lijzijde is hoger dan aan de loefzijde.· Verder is de 
coherentie tussen de drukken aan loef- en lijzijde klein. 

Interpretatie (hoofdstuk 6) 
De windbelasting is in de huidige voorschriften opgenomen als een statische 
belasting. De effecten van de fluctuaties worden in rekening gebracht met 
correctiefactoren. Deze correctiefactoren worden af geleid uit de spectrale 
karakteristieken van de windsnelheid en windbelasting, gebaseerd op 'quasi-steady 
theory'. 
De resultaten uit de metingen zijn vertaald in een vernieuwde procedure voor de · 
beschrijving van de fluctuerende belasting op en responsie van gebouwen. In deze 
procedure wordt het windveld gekarakteriseerd door de spectrale karakteristieken. 
De vertaling naar de fluctuerende windbelasting wordt gerepresenteerd door de 
drukadmittantie en de coherentie van de drukken. 
Voor hoge, trillingsgevoelige gebouwen levert deze vernieuwde procedure een tot 
10 % hogere equivalente statische belasting dan in de huidige Nederlandse norm 
wordt toegepast. 

Conclusies en aanbevelingen (hoofdstuk 7) 
De belangrijkste conclusies en aanbevelingen uit deze studie zijn: 

• De turbulentie-intensiteit is relevant voor de beschrijving van winddrukken op 
gebouwen in een stad. De fluctuerende drukken worden er door bepaald. Verder 
kan uit de turbulentie intensiteit een waarde voor de ruwheidslengte berekend 
worden. 

• Simulatie van de turbulentie-intensiteit in de wind tunnel bleek voldoende om het 
gemiddelde profiel en de spectrale karakteristiek van de windsnelheid te 
representeren. 

• De verschillende aannamen in de 'quasi-steady theory' geven fouten die voor de 
belasting op gebouwen in tegengestelde richting werken. 

• Vergelijking van de procedure gebruikt voor de huidige voorschriften met een 
vernieuwde rekenprocedure geeft aan dat de belasting van trillingsgevoelige 
constructies onderschat kan worden met de huidige rekenmodellen. 

• Deze vernieuwde rekenprocedure moet gevalideerd worden met een uitgebreide 
gevoeligheidsstudie naar de effecten van windveld- en gebouwparameters. Een 
verbeterde opzet van de windtunnelmetingen moet ontworpen worden, die 
gevalideerd moet zijn met ware grootte metingen, voordat een uitgebreide test 
kan worden opgesteld. Hierbij moeten de effecten van akoestische verstoring 
·worden venrieden. 

254 



Curriculum vitae 

CURRICULUM VITAE 

Name 
Date of birth 
Place of birth 

Education 
1980-1986 

1986-1992 

PhDwork 
1992-1997 

1995 

1996 

Wind engineering 
1995-present 

1996 

Geurts, Christianus Petrus Wilhelmus (Chris) 
June 20th, 1968 
Nijmegen, the Netherlands 

Secondary chool: Rijksscholengemeenschap, Tiel 
Gymnasium ~. Exam june 1986 
Eindhoven University of Technology 
Faculty of Building, Architecture and Planning 
Department of Structural Engineering 
Master's degree: september 1992 
Graduation subject: Modelling of wind loads on buildings. 

PhD researcher, Eindhoven University of Technology, 
Faculty of Building, Architecture and Planning, Department of 
Structural Engineering. 
Research fellow, 5 months 
Ruhr University Bochum, Aerodynamik im Bauwesen. 
Supported by the Human Capital and Mobility Program 
'BEATRICE'. 
Research fellow, one month 
Virginia Polytechnic Institute and State University, Dept. of 
Engineering Science Mechanics, Blacksburg, VA, USA 

Steering committee on wind engineering of KIVI (Royal 
institution for engineers): Secretary and treasurer 
Teacher in the course: 'Wind loading, Eurocode and TGB' for 
practising engineers. 

255 



BOUWSTENEN is een publikatiereeks 
van de Faculteit Bouwkunde, 
Technische Universiteit Eindhoven. 
Zij presenteert resultaten van 
onderzoek en andere aktiviteiten op 
het vakgebied der Bouwkunde, 
uitgevoerd in het kader van deze 
Faculteit. 

BOUWSTENEN zijn verkrijgbaar bij: 

Publikatiewinkel 'Legenda' 
Hoofdgebouw 4.92 
Faculteit Bouwkunde 
Technische Universiteit Eindhoven 
Postbus 513 
5600 MB Eindhoven 

of telefonisch te bestellen: 
040-472293 
040 - 472529 

Kernredaktie 
Prof. dr dipl. ing. H. Fassbinder 
Prof. dr R. Oxman 
Prof. ir H.H. Snijder 
Prof. dr H.J.P. Timmermans 
Prof. ir J.A. Wisse 

International Advisory Board 

Prof. ir N.J. Habraken 
Massachusetts lnstitute of Technology 
Cambridge U.S.A. 

Prof. H. Harms 
Techische Universität Hamburg 
Hamburg, Duitsland 

Prof. dr G. Helmberg 
Universität lnnsbruck 
lnnsbruck, Oostenrijk 

Prof. dr H. Hens 
Katholieke Universiteit Leuven 
Leuven, Belgie 

Dr M. Smets 
Katholieke Universiteit Leuven 
Leuven. Belgie 

Prof. dr F.H. Wittmann 
ETH - Zürich 
Zürich, Zwitserland 



Reeds verschenen in de serie 
BOUWSTENEN 

nr.1 
Elan, a computermodel for building 
energy design, theory and validation 
M.H. de Wit 
H.H. Driessen 
R.M.M. van der Velden 

nr.2 
Kwaliteit, keuzevrijheid en kosten 
Evaluatie van experiment Klarendal, 
Arnhem 
drs J. Smeets 
C. Ie Nobel, arch. HBO 
M. Broos, J. Frenken, A. v.d. Sanden 

nr.3 
Crooswijk 
van 'bijzonder• naar 'gewoon' 
drs V. Smit 
ir K. Noort 

nr.4 
Staal in de woningbouw 
ir E.J.F. Oelsing 

nr.5 
Mathematical theory of stressed 
skin action in profiled sheeting with 
various edge conditions 
ir A.W.A.M.J. v.d. Bogaard 

nr.6 
Hoe berekenbaar en betrouwbaar is 
de coëfficiënt k in x -koen x -ks? 
ir K.B. Lub 
drs A.J. Bosch 

nr.7 
Het typologisch gereedschap 
Een verkennende studie omtrent 
typologie en omtrent de aanpak 
typologisch onderzoek 
J.H. Luiten arch. HBO 

nr.8 
Informatievoorziening en 
beheerprocessen 
ir A. Nauta I drs J. Smeets (red.) 
Prof. H. Fassbinder (projectleider) 
ir A. Proveniers, 
drs J.v.d. Moosdijk 

nr.9 
Strukturering en verwerking van 
tijdgegevens voor de uitvoering van 
bouwwerken 
ir W.F. Schaefer 
ir P.A. Erkelens 

nr.10 
Stedebouw en de vorming van een 
speciale wetenschap 
K. Doevendans 

nr.11 
Informatica en ondersteuning 
van ruimtelijke besluitvorming 
dr G.G. van der Meulen 

nr.12 
Staal in de woningbouw, korrosie
beschermlng van de begane 
grondvloer 
ir E.J.F. Delsing 

nr.13 
Een thermisch model voor de 
berekening van staalplaatbeton
vloeren onder brandomstandigheden 
ir A.F. Hamerlinck 

nr.14 
De wijkgedachte in Nederland 
Gemeenschapsstreven in een 
stedebouwkundige context 
dr ir K. Ooevendans 
dr R. Stolzenburg 

nr.15 
Diaphragm effect of trapezoidally 
profiled steel sheets. 
Experimental research into the 
influence of force application 
ir A.W.A.M.W. v.d. Bogaard 

nr.16 
Versterken met spuit-ferrocement. 
Het mechanische gedrag van met 
spuit-ferrocement versterkte 
gewapende 
betonbalken 
ir K.B. Lub 
ir M.C.G. van Wanroy 



nr.17 
De tractaten van 
Jean Nicolas Louis Durand 
ir G. van Zeyl 

nr.18 
Wonen onder een plat dak. 
Drie opstellen over enkele vooronder
stellingen van de stedebouw 
dr ir K. Doevendans 

nr.19 
Supporting decision making processes 
A graphical and interactive analysis of 
multivariate data 
drs W. Adams 

nr.20 
Self-help building productivity 
A method for improving house 
building by low-income groups 
applied to Kenya 1990-2000 
ir P. A. Erkelens 

nr.21 
De verdeling van woningen: 
een kwestie van onderhandelen 
drs V. Smit 

nr.22 
Flexibiliteit en kosten in het ontwerp 
- proces Een besluitvormingonder
steunend model 
ir M. Prins 

nr.23 
Spontane nederzettingen begeleid 
Voorwaarden en criteria in Sri Lanka 
ir P.H. Thung 

nr.24 
Fundamentals of the design of 
bamboo structures 
0. Arce-Villalobos 

nr.25 
Concepten van de bouwkunde 
Prof. dr ir M.F.Th. Bax (red.) 
dr ir H.M.G.J. Trum (red.) 

nr.26 
Meaning of the site 
Xiaodong Li 

nr.27 
Het woonmilieu op begrip gebracht 
Jaap Ketelaar 

nr.28 
Urban environment in developing 

· countries 
editors: dr ir Peter A. Erkelens 
dr George G. van der Meulen 

nr.29 
Stategische plannen voor de stad 
Onderzoeken planning in drie steden 
Prof. dr H. Fassbinder (red.) 
ir H. Rikhof (red.) 

nr.30 
Stedebouwkunde en stadsbestuur 
ir Piet Beekman 

nr.31 
De architectuur van Djenné 
Een onderzoek naar de historische 
stad 
P.C.M. Maas 

nr.32 
Conjoint experiments and retail 
planning 
Harmen Oppewal 

nr.33 
Strukturformen lndonesischer 
Bautechnik Entwicklung methodischer 
Grundlagen für eine 'konstruktive 
pattern language' in lndonesien 
Heinz Frick 

nr.34 
Styles of architectural designing 
Empirica! research on working styles 
and personality dispositions 
Anton P.M. van Bakel 

nr.35 
Conjoint choice models for urban 
tourism planning and marketing 
Benedict Dellaert 

nr.36 
Stedelijke Planvorming als 
co-produktie 
Prof. dr H. Fassbinder (red.) 



nr37 
Design Research in the. Netherlands 
editors: Prof. dr R.M.Oxman, 
Prof. dr ir. M.F.Th. Bax, 
lr H.H. Achten 

nr38 
Communicatlon in the Building 
lndustry 
Bauke de Vries 

nr39 
Optimaal dimensioneren van gelaste 
plaatliggers 

nr40 
Huisvesting en overwinning van 
armoede 
dr.ir. P.H. Thung en dr.ir. P. Beekman 
(red.) 

nr41 
Urban Habitat: The environment 
oftomorrow 
George G. van der Meulen, 
Peter A. Erkelens 

nr42 
A typology of joints 
John C.M. Olie 

nr43 
Modeling constraints-based choices 
for leisure mobility planning 
Marcus P. Stemerding 

nr44 
Activity-based travel demand 
modeling 
D. Ettema 



Stellingen 

Behorende bij het proefschrift 
Wind-induced pressure fluctuations on building facades 

van C.P.W. Geurts 

1. In de windtechnologie vertegenwoordigt de spectraalanalyse het verleden en heden, 
maar is niet toereikend voor de ontwikkelingen in de toekomst. 

2. Het is onjuist de voor ingenieursmodellen gebruikte 'quasi-steady' rekenmethode te 
gebruiken voor onderzoek naar de gevoeligheid van de dynamische responsie van hoge 
gebouwen voor stromings- en gebouwparameters. 

3. Het belang van de turbulentie intensiteit voor de simulatie van wind en windbelasting op 
gebouwen wordt in de windtunnelpraktijk in het algemeen onderschat. 

4. Een windtunnel hoort de natuur te representeren, de natuur behoeft niet te doen wat de 
windtunnel vraagt. 

5. Zij die beweren dat alles over windbelasting reeds bekend is, en dat dus geen verder 
onderzoek nodig is, worden niet gehinderd door enige kennis over dit vakgebied. 

6. Een 'ingenieursmodel' kan worden opgesteld door vereenvoudiging van gedetailleerde 
rekenmethoden, die het gemodelleerde verschijnsel kwalitatief en kwantitatief juist 
beschrijven. Het is onjuist een dergelijk model af te leiden uit methoden die geldig zijn 
onder essentieel andere randvoorwaarden. 

7. Als verzekeringsmaatschappijen hun grenzen voor uitbetaling van stormschade 
verscherpen zal het maatschappelijk belang van windtechnologisch onderzoek vanzelf 
groter worden geacht. 

8. De ondergang van Fokker vergroot de kans op problemen zoals die zich op 4 november 
1996 met de Erasmusbrug in Rotterdam hebben voorgedaan. 

9. Een fietser die de kelder van het TUE-hoofdgebouw verlaat, heeft nooit tegenwind. 

10. Het bedrijfsleven kan door het financieel steunen van bestuursfuncties in studenten- en 
studieverenigingen relatief goedkoop in een deel van de opleiding van toekomstige 
werknemers voorzien. 

11. Het naleven van het rookverbod is een voorwaarde voor het schoon zijn van openbare 
gebouwen. 

12. "Dat proefschrift is voor hen een bewijs dat ze belangrijk zijn. Als iemand weigert 
daaraan mee te doen, voelen ze zich bedreigd. Ik vind dat verdomd stom! Een 
timmerman die voor het eerst van zijn leven een kast maakt, krijgt toch ook geen titel? 
En daar zou het nog enige zin hebben." 
(Maarten Koning in: Het Bureau, deel l: Meneer Beerta, door J.J. Voskuil, 1996) 



Statements 

1. In wind engineering, spectra! analysis is the tool of the past and present, but it is not 
sufficient for future developments. 

2. It is not right to use the 'quasi-steady' theory, which is frequently applied to engineers 
models, to study the sensitivity of the dynamic response of high-rise buildings to 
parameters of the wind and buildings. 

3. The relevance of turbulence intensity for simulation of wind and wind loading on 
buildings is generally underestimated in wind tunnel praxis. 

4. A wind tunnel should represent nature, nature does not have to do what the wind tunnel 
asksfor. 

5. Those who say that everything about wind loading is already known, and that no further 
research is necessary, are not hampered by any knowledge of this field. 

6. An engineer' s model should be forrnulated by simplification of detailed calculation 
methods, which describe the phenomenon qualitatively and quantitatively right. It is not 
right to derive such a model from methods which are valid under essentially different 
conditions 

7. If insurance companies tighten the limits for refunding storm damage, research in wind 
engineering will gain greater importance. 

8. The downfall of Fokker will enlarger the possibility to problems, like occured on the 
fourth of november 1996 with the Erasmus bridge in Rotterdam 

9. A cyclist, leaving the basement of the main building of Eindhoven University of 
Technology, will never encounter head winds. 

10. The business community can invest relatively cheap in the education of their future 
employees by financially supporting board members of students clubs. 

11. The fulfilment of the smoking ban is a condition for public buildings to be clean. 

12. 'For them, that thesis proves that they are important. If someone refuses to join them, 
they fee! threatened. I think that's stupid! You wouldn't give a degree to a carpenter 
who makes a cabinet for the first time in his life. And in that case it would at least make 
somesense.' 
(Maarten Koning in: Het Bureau, deel/: Meneer Beerta, by: J.J. Voskuil, 1996) 




