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ABSTRACT

This thesis describes the development of a Pivot Mode Activator System (PMA)
for the measurement of motion-induced forces on wind tunnel models of tall struc-
tures. The impetus for this was the desire to refine the established base balance wind
tunnel technique of predicting wind loads. The system developed forces a sinusoidal
oscillation of the test model in a pivoting mode about its base at controlled ampli-
tude and frequency. The wind forces acting on the model are measured, and the
motion-induced forces are extracted by correlating the total force with the motion.
In this way, both the in-phase and out-of-phase components of the motion-induced
forces are distinguished. These quantities are denoted by a complex aerodynamic
impedance whose real and imaginary parts correspond to aerodynamic stiffness and

damping parameters.

As a demonstration of the use of the system, two substantial exper.mental stud-
ies have been carried out. The first is a comprehensive study of a square prism.
This study provides extensive data on the aerodynamic impedance for tip oscilla-
tion amplitudes less than about 15% of the model width. The effects of varying the
turbulence intensity of the wind and the aspect ratio of the model are also investi-
gated. To complement these results, additional experiments have been carried out
for the same model shape. These include forced oscillation experiments on a pres-
sure model which provide information about the spatial and spectral distribution
of the forces, as well as free oscillation experiments on several aeroelastic model
structures. Rms r¢ ponse predictions based on base balance data, augmented with
the measured data on motion-induced forces, are found to agree very well with the

corresponding results from an aeroelastic model test.

The second experimental study involved base balance experiments and PMA

experiments on various cross-sectional shapes. This study provides a large data set,

iii




which along with some judicious interpolation, is expected to be of valuable use to

designers of tall chimneys.

The Pivot Mode Activator System has surpassed the initial design expectations.
The aerodynamic impedance for a model can be measured with a high degree of res-
olution. It is hoped that the system will provide a means for expediting fundamental
research into motion-induced force models as well as contributing to practical wind

tunnel studies.
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Nomenclature

Following is a list of some of the variables used in this thesis which is
intended to assist the reader. Not all variables are included. Variables associated
with specific models from previous sources and described in Chapter 3, for example,
are not included nor are variables which are clearly defined or redefined in the text
for local use. Various subscripted variables such as spectral quantities are not

individually specified. First reference should be made to the text where first used.

a power law profile exponent

a(t) amplitude function

Ap background contribution

Agp resonant contribution

B characteristic length, (width of structure)

C.|2] per unit height damping coefficient at 2

Cp drag coefficient

C coefficient of random component of generalised force
Cnm coefficient of motion correlated generalised force
Cum moment coefficient

Cx . coefficient of X direction moment

Cr coefficient of Y direction moment

E Young’s modulus

f frequency

f frequency at which maximum in spectrum occurs
N balancing frequency

fr response frequency

fs frequency of structure (in still air)

Xix



NOMENCLATURE

Ho(f) or Ha(w)
H(f) or H(w)
Inm

In

i(2)

vortex shedding frequency

drag force per unit height

generalised force as a function of time

aerodynamic force

generalised force in the drag direction

generalised force in lift direction

random component of generalised force as a function of time
motion correlated generalised force as a function of time
across wind force

peak factor

dimensionless complex aerodynamic impedance
=a+1f

modified dimensionless aerodynamic impedance

=a +103*

height of structure

height of level ¢

aeroelastic admittance function (of frequency)
mechanical admittance function (of frequency)

mass moment of inertia of the model

mass moment of inertia of the calibration mass model
influence function as a function of vertical location
complex aerodynamic impedance with dimensions [{;"'ﬁ
impulse response function, resisting moment due to deflection
generalised stiffness of structure

scale of turbulence, 3» where

Am is the wavelength at which fS(f) is maximum
gencralised mass of structure

velocity pressure of mean flow
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NOMENCLATURE

Wi(t)
Wa(t)

<

L 3 Q.'e»
[

= 3 p.V?

modal force

a general response quantity
auto-correlation function of quantity ¢
cross-correlation function between quantities ¢ and 5
auto-spectral density of quantity s
cross-spectral density of quantities ¢t and j
transfer function between quantities ¢ and j
time

mean flow velocity

critical velocity of vortex shedding

gradient velocity

onset velocity for galloping behavior
reduced velocity

=V/fB

voltage signal A

voltage signal W

wind-induced moment as a function of time

wind force per unit height

random component of wind moment as a function of time

motion correlated wind moment as a function of time
along wind displacement

dimensionless tip deflection

=y/B

response, (when specific: tip deflection)

rms response

variance of response

expected maximum (peak) response




NOMENCLATURE

aq s
ai’
g Chapter 2:

elsewhere:

expected minimum response

gradient height

vertical location

real part of aerodynamic impedance

(aerodynamic stiffness parameter)

quasi-steady estimate of aerodynamic stiffness parameter
real part of modified aerodynamic impedance

a mode shape desc:iptor value

imaginary part of aerodynamic impedance
(aerodynamic damping parameter)

quasi-steady estimate of aerodynamic damping parameter
imaginary part of modified aerodynamic impedance
length scale factor

mass scale factor

time scale factor

density scale factor

mode shape as a function of vertical location
dimensionless mass parameter

= Pa/Ps

phase function

density of air

structural density

time lag

wind angle of attack (azimuthal angle)

phase of the complex aerodynamic impedance
circular frequency

=2xf

circular response frequency
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NOMENCLATURE

= 2nf,

natural circular frequency of structure in still air
=2xf,

vortex shedding frequency

=2xf,

“aerodynamic damping” as a fraction of critical
structural damping as a fraction of critical

Strouhal number or Strouhal frequency
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Chapter 1
Scope of the Study

1.1 Introduction

This thesis describes the design, development, and demonstration of a new wind
tunnel experimental technique for the measurement of motion-induced forces and

the prediction of their effects on tall slender structures.

The prediction of wind-induced loading and response of tall buildings,
towers, chimneys, and other large structures is an important consideration for the
structural design engineer. Although building codes offer important and helpful
estimates of the wind loading, the analytical procedures on which they are based
are not sufficiently developed for confident application to taller or more complex
structures. Only the along-wind response procedures are well established. Despite
significant advances in computational fluid dynamics, the complexity of the flow
fields associated with the action of the turbulent shear flow on these complex bluff
bodies necessitates the use of experimental or modelling approaches. Even at the
present explosive rate of growth in computer speed and memory capabilities, it will
be some time before these problems will become tractable by computational anal-
yses alone. When this does eventually occur, experimental modelling techniques
will remain a vital, albeit less often required, tool for demonstrating various phe-
nomena, validating theoretical and numerical models, ¢ 1d developing fundamental

understandings of the underlying physical mechanisms.

In the meantime, modelling techniques are in many cases the only avail-



CHAPTER 1. SCOPE OF THE STUDY 3

able means of estimating wind loads and their effects. It is often necessary to carry
out experiments in a boundary layer wind tunnel in which the full scale structure
and its wind environment are simulated. The response information of interest may
include: displacements and accelerations, base bending moments and shears, or

pressure distributions.

Modelling the wind environment requires, in general, matching the ver-
tical variation of mean wind speeds, and the spectral characteristics, including in-
tensities and scales expected to be seen in full scale. The boundary layer is usually
considered to be locally stationary. Wind effects for particular cases of mean wind
speed and direction are determined experimentally and then combined with statis-

tical models of wind speed and direction for the particular geographic location.

With regard to modelling the structure itself, two techniques that have

evolved in the modelling process are:

1. the use of an aeroelastic model

2. the dynamic base balance technique

Before describing these techniques further and comparing their advan-

tages and disadvantages, some discussion of the flow-induced forces is in order.

Very broadly, the dynamic forces induced by the wind on a structure

may be divided into three classes.

e Turbulence or buffeting: This is due to rapid changes in the wind veloc-

ity, that is, changes in the wind speed and in the angle of attack.

e Wake effects: These are due to the unsteady nature of the wake behind
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a bluff body which occurs even in smooth fiow. Vortex shedding is one

example, which is often identified.

e Motion-induced forces: This refers to aerodynamic forces which are in-

duced by the motion of the structure through the fluid.

The three classifications are by no means independent. For example, turbulence
can influence both the wake effects and the motion-induced forces. The motion
of the structure may also alter as well as supplement the wake forces acting on
the structure. Nevertheless, conceptual division into the three classes is helpful
in examining the two wind tunnel modelling techniques presently in use and, in

addition, a third technique which forms the main thrust of this thesis.

1.2 Aeroelastic Modelling

Basically the aeroelastic modelling approach attempts to model the complete aeroe-
lastic process. The model is designed to not only have the exterior geometry of the
prototype structure, but also all of the relevant structural parameters such as mass
and stiffness distributions, and effective damping. Consequently the model responds
to the flow in the same way as the prototype would. In turn, any effects that the
responding structure has on the flow are also modelled. The appfoach requires
that certain modelling criteria are met so that there exists appropriate similarity in
the dynamic behavior of the model and that of the full scale structure. Similarity
implies that the relative magnitudes of all significant forces are the same in both
model and full scale. For a discussion of similarity requirements in general and
as applied to a wide range of problems in practical fluid dynamics, the reader is

referred to Hertig|37]. Isyumov (40| has summarised the modelling criteria for wind
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tunnel testing of tall structures. Specifically this requires that the following ratios

are considered:

. 2e inertial forees of structure
mass: fa inertial forces of flow

. . E elastic forces
st.ifness: PRA inertial forces of flow

ine: dissipated energy per cycle
da‘mplng‘ So structural kinetic energy

The proper modelling of the flow environment in a wind tunnel is of
course a prerequisite to the technique. High Reynolds number flow is assumed. In
other words, the viscous forces of the fluid are considered negligible relative to the
inertial forces of the same. This assumption must be given due consideration in
cases which are sensitive to Reynolds number. For tall structures such as buildings,
chimneys or towers, gravity forces contribute little to the restoring forces of the
structure, and so Froude number scaling, which concerns the ratio of gravity forces
to fluid inertial forces, is not considered. This is in contrast to the modelling of

long span bridges or flexible roof structures, for example.

In most cases, the air density in model and full scale is the same, and
so the first condition requires that the effective density of the structure also be the
same at both scales, thus A, = 1. Once a length scale, AL, is chosen, then the
mass scaling required is Apy = A3)\,. Meeting the second condition subsequently
dictates appropriate stiffness and time scales. Hence the velocity scale of the flow,
Av = Ap/Ar is also defined. The third condition combines the length, mass, and
time scales so that the rate of energy dissipation is appropriately modelled. This
similarity condition is implicitly met in requiring that the effective viscous damping

as a fraction of critical is the same in model and full scales.

For complete and proper modelling of the aeroelastic effects, the scales

discussed above must be the same for all modes of vibration of the structure which
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are considered significant. Hence the ratio of frequencies of any two modes must be

the same in both model and full scale.

For many tall structures, it is sufficient to consider only the first two
fundamental sway modes of the structure and, furthermore, to consider the dis-
placement modes as linear functions of height in each of two orthogonal indepen-
dent directions. These approximations have given rise to the so called “stick model”
approach where the model is designed to vibrate elastically in two rotational de-
grees of freedom, each pivoting about a point at the base of the model. The scaling
conditions are applied to the generalised mass, generalised stiffness, and damping
as a fraction of critical for each mode independently. A single degree of freedom
version of this type of aeroelastic model has been used in the experimental portion

of this study and will be described in a later chapter.

In cases where the significant modes are more three dimensional or where
higher modes are significant, multi-degree of freedom aeroelastic models are used. In
general these rely on a lumped element approximation of the structure, although in
some cases, continuous or distributed element models have been used, particularly
for slender towers where several modes have been considered important [41,43]. For
most tall buildings, a model with four or five lumped elements is sufficient. Details
of these modelling procedures can be found elsewhere[40,77]. Figure 1.1 shows an

example of an aeroelastic model for a tall building.

The design and construction of an aeroelastic model can be a time con-
suming and relatively expensive process. The testing procedures involved are also
relatively extensive. Tests must be carried out for a range of wind speeds which
each represent a different full scale speed. This is important in order to capture
any phenomena which are related to a limited or critical range of wind speeds, such

as vortex-induced excitations. These tests must also be carried out for different
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Figure 1.1: Examples of Aeroelastic and Base Balance Wind Tunnel Models

directions of wind as well.

Often the loading information from the wind tunnel testing is required
by the engineers before the final design is complete. Indeed, the information on
wind loading often contributes to some modifications of the structural design of the
prototype. Since the wind tunnel testing is at that point completed, extrapolations
of the results to the new design must be relied upon, or, alternatively, another
iteration of wind tunnel testing must be carried out with appropriate model redesign

and construction.




CHAPTER 1. SCOPE OF THE STUDY 8

1.3 Base Balance Technique

The base balance technique offers a relatively economical and expeditious alterna-
tive to the more involved aeroelastic procedure. Figure 1.1 includes a photograph of
a base balance model. The technique involves the use of a very stiff high frequency
balance-model system which models only the exterior geometry of the structure
and makes complementary use of analytical techniques to determine the final wind-
induced response. The wind tunnel study may be carried out at a stage in the design
when only the exterior geometry of the structure has been fixed. When they be-
come available, the remaining structural properties are combined analytically with

the wind tunnel data to determine full-scale responses.

Figure 1.2 shows a diagrammatic representation which compares the
aeroelastic and base balance techniques. The measured quantity in the aeroelas-
tic procedure is the final response spectrum. In the base balance technique, on
the other hand, it is the spectrum of modal force which is measured experimen-
tally. The final response of the structure to that modal force is then determined
analytically. Changes in the structural properties can be readily accommodated by
iteration of the analytical procedures. Parametric studies wherein the responses are
predicted as functions of the structural parameters are often feasible. Importantly,
it is unnecessary to retest a new wind tunnel model unless significant changes in

the exterior geometry are made.

The aeroelastic modelling remains the most complete form of wind tun-
nel simulation; however, the base balance technique offers the very desirable advan-
tages of economy and flexibility. Although there are several assumptions inherent in
the approach, there are also reasonable modifying procedures which can be made to

accommodate most cases in which the assumptions do not strictly apply; these will
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be discussed further in the next chapter. The main exception to this is the exclusion
of motion-induced forces. While the turbulence and buffeting are provided by the
correctly modelled flow, and the wake effects are created by the correctly modelled
geometry, the stationary model used in the base balance technique simply cannot
affect the flow in the same way that the responding aeroelastic model can. Hence

any motion-induced forces are absent in the base balance technique.

1.4 An Alternative Approach

The motion-induced aerodynamic force represents a relatively small proportion of
the total motion producing force acting on a tall structure. It is typically no more
than a few percent of the inertial force. However, because part of the motion-induced
force acts systematically in phase with the velocity, its effect on the response can
be substantial. Forces which act in phase with velocity act effectively like damping
forces. Unlike the structural damping, however, the aerodynamic damping may be
negative implying that there is net work being performed on the structure by the
flow. Hence there is a gain of energy by the structure. This can effectively reduce
or even negate the total damping available to the structure. In the latter event,
the structural motion will increase until either structural failure occurs, or until

nonlinear structural elasticity or altered flow conditions restore sufficient damping.

Simply neglecting the motion-induced forces in the base balance ap-
proach can therefore produce either conservative or grossly unconservative results
depending on the particular conditions. Methods of including them are therefore
highly desirable. The suggestion put forth here is to augment the base bal-
ance technique with experimentally derived data on the motion-induced

forces acting on the model of interest. Specifically, it is suggested that
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the rigid base balance model be forced to oscillate in a pivot mode, which
is the same mode shape assumed in the base balance technique, and the
motion-induced forces be measured. These data would then be used con-
jointly with the base balance results to produce more reliable response

estimates.

The main advantage of this approach over the more complete aeroelastic
approach is that the wind tunnel testing is still independent of the actual structural
properties. Like the base balance approach, it can readily accommodate changes
in those properties, or allow parametric studies, without requiring retesting of each
case. Such calculations are carried out in the analytical portion of the wind study.

Only the basic geometry is required to perform the experimental portion.

While there would be some additional wind tunnel tests required over
the regular base balance experiments, there is still a great overall savings in the
design and construction effort of the model required, as compared to that of an

aeroelastic model.

There are some simplifying assumptions which can minimise the amount
of extra wind tunnel tests required. These will be discussed further in a later

chapter.

1.5 Aims of the Study

The principal aim of this study is to design a routine experimental system
to augment the base balance technique by providing information about
the motion-induced forces acting on a structure. This information would

be used conjointly with base balance results to produce more reliable response
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estimates.

The demonstration of the system in application to a typical

research problem constitutes a separate part of the study.

In the process of designing and demonstrating the system, two seccadary
goals developed which also form significant parts of the study. The first was the
provision of a comprehensive set of matched experiments on a particular
bluff body, a square prism, with which theoretical predictive models of
motion-induced forces may be tested and developed. The second was the
provision of a data base including several shapes of bluff bodies which can
assist in the basic design process of tall chimneys or slender buildings.
This data base includes extensive base balance results as well as results from the
system developed for measuring motion-induced forces. It is intended to allow the
designer to obtain preliminary wind load estimates for a wide range of cross-sectional

shapes.

1.6 Preview

The thesis is divided into five parts as follows.

Part 1, containing Chapters 1-3, provides some background for the

study:
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Following this introductory chapter, Chapter 2 reviews the base balance
technique currently in wide use. It describes the basic procedure, the underlying
assumptions, and the various modifications used to accommodate practical cases
which deviate from those assumptions. This review is intended to stand indepen-

dently as well as to provide a point of departure for the current work.

Chapter 3 reviews the current state of knowledge regarding motion-
induced forces. Some theoretical models are described, and their advantages and
disadvantages highlighted. Previous experimental approaches are also discussed.
The reasons behind the approach taken with the proposed experimental system is

also clarified by this review.

Part II, containing Chapters 4-6, describes the development of the
Pivot Mode Activator System. This is the system developed for the measurement
of motion-induced forces using a rigid base balance model. It includes experimental

and analytical components:

Chapter 4 describes the hardware of the system. A functional overview
is first given and then particular subcomponents are described in more detail. Both

the mechanical activator and the electronic signal processor are outlined.

Chapter 5 discusses the calibration and experimental procedures which
have been developed. The system is quite sensitive to the dynamic forces present
in the activator and a specific procedure is required to account for the potential
contaminating forces. For this reason, a full chapter has been devoted to describing

this portion of the work.

Chapter 6 outlines the analytical procedures which have been developed.

This includes a discussion of appropriate notation to describe the motion-induced
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forces, and then the various computational methods of extracting the desired quan-

tities frcm the raw experimental data.

Part III, containing Chapters 7 and 8 describes the experimental stud-
ies. The main purpose of these studies was to demonstrate the use of the Pivot Mode
Activator System. The first is more research oriented while the second, although

extensive, is a more routine program of data aquisition:

Chapter 7 reports a comprehensive set of experiments carried out on the
square prism. These experiments included measurements of the motion-induced
forces using the Pivot Mode Activator System which investigated the effects of
oscillation amplitude, turbulence level of the approaching flow, and aspect ratio of
the model. Some qualitative comparisons are made with previous findings involving
square prism. To complement the results, experiments were also carried out on a
stationary model using the regular base balance technique. An investigation was
then carried out on the vertical variation and correlation of the motion-induced
forces. These tests used a pressure model forced to oscillate at various amplitudes
and from these a great deal of data was accumulated. Only the results pertinent to
the current study are included. The data set in its entirety is included in a separate
report|{74]. “Free” oscillation or aeroelastic experiments were also carried out on
the square prism with several different sets of structural properties. These tests
provided a set of results with which to compare predictions derived from the other
tests. Different methods of carrying out those predictions are looked at and some
insight into the nature of motion-induced forces in the range of vortex shedding is
gained by this. Together these set of experiments provide a set of matched results
under controlled conditions. It is hoped that they can thus be used to test and

develop predictive models of motion-induced forces.

Chapter 8 provides a large set of results from experiments on several
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different shapes of prisms. In contrast to the previous chapter, this one is of a more
routine and practical nature. The experiments include both base balance tests and
pivot mode activator tests. This data base provides an extensive set of information
which can be used by designers of tall chimneys and slender buildings. Again, in
the interests of space, only the main results of these tests sufficient for the present
purpose are included here. The complete set of data is reported separately|[78] in a

form more suitable for use by design engineers.

Part IV contains the concluding Chapter 9. This chapter summarises
the main findings which resulted from the studies in Parts II and III with respect
to the development of motion-induced forces in general and the practical use and
improvement of the Pivot Mode Activator System. Some recommendations for

further studies are then discussed.

The Bibliography and Appendices then follow as Part V.




Chapter 2

Review of the Base Balance
Technique

2.1 Introduction

In order to predict the wind-induced loading and response of tall buildings, towers,
and chimneys, it is often necessary to carry out experiments in a boundary layer
wind tunnel in which the full scale structure and its wind environment are modelled.
The measured responses of interest may include: displacements and accelerations,
base bending moments and shears, or pressure distributions. If certain modelling
criteria are conformed to, then the model responses may be scaled up to full scale.

The modelling techniques involved here have been well developed[37,40).

Complete wind tunnel simulation of a structure involves modelling all
of the relevant structural parameters such as exterior geometry, mass and stiffness
distributions, and 2ffective damping. The design and construction of an aeroelastic
model for this purpose can be both time consuming and expensive. Furthermore,
once the test is carried out, only limited extrapolations of the responses can be
made should the structural parameters change in the course of the design. Although
aeroelastic modelling remains the most complete form of wind tunnel simulation,

more economical and flexible procedures are desired.

The use of the “high frequency base balance technique” developed by
Tschanz [84] is now a widely accepted technique for wind tunnzl model studies|21,81].

It offers a relatively economical and expeditious alternative to the more involved

16
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aeroelastic procedure. The technique involves the use of a very stiff high fr