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Abstract

Buffeting response of cable-stayed bridges at their crection stage under yawed
wind has attracted engineering attention through wind tunnel observations and studies.
Cable-stayed bridges are particularly vulnerable to dynamic wind effects during their
construction stages duc to the lack of overall structural stiffness. The most critical stage is
just before the bridge main span is closed. At this time, a cable-stayed bridge resembles a
long cantilever structure supported by cables, and particularly, the fundamental frequency
in horizontal modes of oscillation may be very low. During this stage, the cable-stayed
bridge is more responsive to wind action both in lateral and vertical bending. For this
reason, the prediction of wind-induced bridge response becomes more important when
directional variation of wind is considered. However, only a few theoretical approaches

have been proposed, applicable only in extremely simplified cases.

This thesis deals with the prediction of buffeting response of cable-stayed bridges
under yawed winds using the modified buffeting analysis. The modified buffeting analysis
was originally developed by Kimura(1991) and was restricted to vertical bending response.
The comparison with experimental data was also conducted for extremely simplified flat
plate modcls. In this thesis, the modified buffeting approach is not only applied to actual
cable-stayed bridge models but also the calculation of the lateral bending osciliation has
been attempted. Further, the calculated results are compared with the experimental data
obtained from the wind tunnel tests of the aeroelastic cable-stayed bridge models; the

Normandy Bridge and the Kao Ping Hsi Bridge.



Acknowledgement

The author would like to express her deepest gratitude to her research supervisor, Dr.

H. Tanaka for his guidance and encouragement throughout the period of this study.

Thanks is also extended to Dr. K. Kimura, the University of Tokyo, Japan, for his
personal communications and helpful advice. The author also appreciates access to the

experimental data and related information given to her from the Danish Maritime Institute,

Denmark.

The author gratefully acknowledges the financial support provided by The Natural
Science and Engineering Research Council through her research supervisor, The University

of Ottawa scholarship and also by the author’s parents.

II



Table of Contents

ADSIFRCL ...ttt sttt s s bbb bbb s s S sa SRR e s SR SRS SRS SRS b E e a O 0 s I
ACKNOWIEAZEMENL ...t e s e s b srassas s e saasbs n
TablCOFCONLENLS ...covorieriiniiciiiiinieniir st s bs s r et s b st b s e sbs b s sas e e eansassnesass I
NOBALION ...coviiiirinnniinr sttt s s s e st st e s sn e sas st an st s e s ad e bassnnssanssatesatsanasanesaes Vv
Chapter 1 INtroduction ... s ssssasissenss 1
1.1 A brief survey of bridge acrodynamics ..., 1
1.2 Wind induced dynamic behaviour of cable-stayed bridges ......ccervieceisvenrencscnnennne 2
1.3 Objective and scope of the thESIS ... 6
Chapter 2 Theoretical Analysis of Bridge Buffeting Response .........ccccvemvmrniiicivernnins 7
2.1 INEPOQUCLION ..ovcvveisvrnesresisieiisirisasasrsssssssmtenssssrssssssisssisseasstessrssbssssnermsssnssnsssonsensesninsssses 7
2.2 Prediction of DUffeting FESPOMSE ....cuevciimncnseesncsiiesimiincnieeiissiisisonianne 8
2.2.1 Aerodynamic fOTCES ....cuvmieiinisiisniinenissnismiossieiimsrossasiassssmnissssessssssssssssssnessas 9
2.2.2 EQUAtIONS Of MOLIOMN ...coviiecvcrvrinnsismsmsnsissssmsasssssssessseressssssissesesssssssssisssosssssssasssansns 16
2.2.3 Power spectra of gencralized forces and velocity fluctuations .......eeeeeeernnneenes 18
2.2.4 RESPONSC POWCT SPCCLTA uvvviuiiiistisiisiiiisissnisissiissississessssssssssssasseasestssassasasassonsansses 21
2.3 Effects of yaw angles on bridge reSponse ... 23
2.4 Modificd buffeting ANALYSIS .......ccvierierecerereereninesnsressesirmsnsseseresserssasssasssesssssrsssassasaes 25
2.4.1 Effective Wind SPEEA ...ccoiiiiininmninmimeemeommisiammmnsssssssssosss 25
2.4.2 Generalized buffeting fOrCeS ..., 26
2.4.3 RCSPONSE POWET SPECITA wuvvivvesieiissiisismsssssssmisisisssssssssssssessosssisasssssssssssressisassassssssases 30
2.4.4 Evaluation of aerodynamic parameters .......cieeiseimaiisimssassesmsmcseses 33
Chapter 3 Comparison of Analytical and Experimental Results ........cccovcensiriarinnnnns 37
3.1 INLTOAUCLION ccuviriririsrinsrenssisrisennatsnsssnisesensnsssasssssirionsnsassassesesesssssssssasnessossensssssisassesssassnsss 37
3.2 Buffeting response of cantilever models ... 38



3.3 Buffeting response of the Normandy Bridge ....ccoviennmnensnisiimnninnenninnes 39

3.4 Buffeting response of the Kao Ping Hsi Bridge ..., 42
Chapterd DISCUSSION ..ottt bbb s basa s et 00n 45
4.1 Effect of acrodynamic damping ...c..ccverceimennvennneiii i, 45
4.2 Effect of turbulence ChAraCteriStiCs ...iccrierimmmeiriiiniinineimnienimnemssaiiisisioisses 46
4.3 Estimation of SINE CASE FESPONSE  vciieeciesissrsiirerisnsnssnsssessssisssisnisssssnsiesassssssssssasns 47
Chapter 5 Conclusions and COMMENLS ......cccovvienesnminiemnmsiinsimsiimssisissiies 49
5.1 CONCIUSIONS 1vvvvereereererrsrnsrsssessinssesssmsstisstessssssssnsssassesassnssesestssssssssass ssssssissssssstorsersssensssios 49
5.2 Suggested further study .o 50
REECTEIICES ... veeeesersererseasessessaransssrssssssssessasarssssssssessessssostssessnsstsngsasest st basasesrssanssnsassasssssasarsnese 51
FUGUTES..cv.oveverrresssststrensressesssassiestssasbesbasass b sress s sem s LRSS SRS RS SRS SRS LRSS 008 56

IV



Notation

The following symbols are used in this thesis.

Small letters

rms
t
u,v,w

X,Y,Z

coherence cocfficient or decay factor
frequency

length

distributed mass per unit length
generalized coordinate
root-mean-square or standard deviation
time

fluctuating wind velocity component

coordinates

. Capital letters

A
Ai*
AR
B
Co
Co
Cm
Cn
Cx
Cz
Cr
D

area

flutter derivative

aspect ratio

deck width

drag coefficient

lift coefficicnt

moment coefficient
normal force coefficient
lateral force coefficient
vertical force coefficient
lift slope

drag force



Fx, Fz
Hi*
| H(f) |2

Iu, Iw

Sr
Su,Sv,Sw

Suu, Sww

aerodynamic force components in x,z-direction
flutter derivative
mechanical admittance
turbulence intensities
reduced frequency
lift force per unit span
turbulence length scales
aerodynamic pitching moment
generalized mass for the i-mode
flutter deiivative
coherence function
power spectrum
force spectra
velocity spectra of u,v,w-component
cross spectra of u,w-component
mean weed speed
relative wind velocity

effective wind speed of the cosine and sine case
height

. Greek letters

angle of attack

wind yaw angle

torsional displacement
structural damping ratio
aerodynamic damping ratio
air density

rms response

VI



mode shape

circular frequency
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Chapter 1

Introduction

1.1 A Brief Survey of Bridge Aerodynamics

All suspended bridges are susceptible to wind-induced problems. Historically, there
have been records that many suspension bridges were either destroyed or severely damaged
by wind action. However, the dynamic response of bridges caused by wind action has never
attracted much concern until the dramatic collapse of the Tacoma Narrows Bridge in 1940,
After this disaster, more scientific attention and investigation have been devoted to
problems of bridge aerodynamics.

The early aerodynamic investigations were made mainly by Farquharson ct al [13]
and Scruton [36]. Their research focussed attention on the importance of dynamic effects
of wind and provided a solid foundation for subsequent rescarch and development of bridge
aerodynamics. A significant contribution was model testing, section models and full bridge

models, in conventional acronautical wind tunnels with smooth uniform flow.

In the early 1960’s, Davenport (1962) pointed out the importance of considering
natural wind conditions for bridge response. For the first time, wind was considered as an
atmospheric boundary layer flow with three-dimensional structure of the turbulence. Since
then, many experiments of full bridge models have been conducted in wind tunnels with
simulated natural wind [5,9,25,28,54,55].

At present, the experimental studies for the aerodynamic performance of bridges
under wind action are still important procedures. The wind tunnel testing techniques for
bridge models can be classified by model types which are; section models, full models and
taut strip models; or by the flow conditions which are smooth or turbulent. Each technique

1



has its own special advantages and disadvantages [57).

There are many analytical approaches for predicting dynamic response of bridges
including the buffeting analysis proposed by Davenport [6] based on the quasi-steady
assumption, and the bridge flutter theory developed by Scanlan [30] in terms of the
aerodynamic derivatives determined experimentally in wind tunnel using two-dimensional

or sectional models.

In both experimental and thcoretical means, the understanding of bridge
aerodynamics has progressed quite significantly in the last half century. At the same time,
development in bridge design and construction has progressed. An obvious example is the
development of cable-stayed bridges. Since the first modern cable-stayed bridge was built
in Sweden in 1955, cable-stayed bridges have become very popular and spread rapidly
throughout the world. In particular, the growth of span length is remarkable in the past
decade, which lecads to more complicated acrodynamic behaviour. It is therefore very
important to consider and investigate carefully the dynamic properties of cable-stayed
bridges , not only for completed bridges, but for bridges in the construction stage as well.

1.2 Wind Induced Dynamic Behaviour of Cable-Stayed Bridges

With increasing popularity, cable-stayed bridges have now been constructed
throughout the world. The recent trend of longer-span cable-stayed bridges is quite
remarkable, For example, the Normandy Bridge (France) with a main span of 856 m, and
the Tatara Bridge (Japan) with a centre span of 890 m are currently under construction
[26).

However, a long-span cable-stayed bridge design results in a more flexible structural
system, making the dynamic behaviour more complicated. It has become very important for
the design of cable-stayed bridges to consider dynamic effects caused by wind induced

vibration.



Wind effects on long-span bridge are generally classified into two groups ; i. e. static
and dynamic behaviours [ 43 ] as follows :
(1) Static behaviours

. Overturning

. Excessive lateral deflection

. Divergence

. Lateral buckling
(2) Dynamic behaviours

. Vortex induced oscillation

. Self-excited oscillation

. Vertical bending instability
. Torsional instability
. Coupled flutter

. Buffeting motion

Static phenomena have been well accepted and can be predicted by theoretical
calculations with good accuracy as long as the aerodynamic force components, lift and drag
forces and pitching moment are known. The following discussion is mainly on dynamic
phenomena.

Vortex Induced Oscillation

Vortex induced oscillation is an aerodynamic phenomenon. When air flow comes to
a bridge structure, a periodic vortex shed tends to be formed in its wake. The periodic
shedding of vortices alternately from the upper and lower surfaces of the bridge causes
periodic fluctuation of the aerodynamic lift forces on the bridge. Since the vortex shedding
frequency is basically proportional to the wind speed, it can coincide with or become very
close to a natural frequency of the bridge. Once the structural motion is induced by this
resonati.ng effect, the shedding frequency, in turn, can be controlled by the structural
motion. This leads to a more complicated flow-structure interaction phenomena which can

3



sustain the vibration for a while, The amplitude of oscillation will depend on the level of
structural damping and the geometric shape of the deck cross-section. The response can be

characterized as a nonlinear limit cycle type phenomenon.
Self-Excited Oscillations

Self-cxcited oscillations are caused by additional forces which depend on the motion
of the structure itself and can be described as unstable oscillations. The vertical bending
instability and torsional instability arc considered to be the single-degree-of-freedom flutters
associated with the negative acrodynamic damping forces. Coupled flutter (or classical
flutter) is a combined oscillation of torsional and vertical bending modes. Scanlan
formulated the flutter of bridge decks [4] following the formulation of wing flutter and
introduced the dimensioniess aerodynamic derivatives determined by wind tunnel tests of

section models.
Buffeting Motion

Buffeting is defined as a randomly forced vibration of a structure due to velocity
fluctuations in the oncoming flow. The buffeting forces are usually assumed to be random
functions only of time and spatial location, i.e. not interactive with structural motion. It
means that the buffeting motion is considered to be a pure forced vibration. The buffeting
cffect is a vitally important factor to be considered in the design of cable-stayed bridges.

The acrodynamic phenomena caused by wind induced oscillation have been briefly
described above. These aerodynamic phenomena must be considered in the design of long,
flexible bridges. Also, it should be seen that not all phenomena are equally likely to occur,

and certainly not all phenomena lead to catastrophic failures.

Vortex shedding induced vibrations commonly occur for pipeline suspension bridges,
and components ( such as hangers and cables ) on other bridges [57]. The vortex-induced
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oscillation is a serious matter in the case of resonance-cxcitation, which appears at a certain
wind velocity, and causes vibration with limited amplitudes; The self-excited oscillations are
the most dangerous aerodynamic phenomena which appear at or above the critical wind
velocity and cause divergent amplitude response until the structure collapses, The failure to
prevent major oscillations is usually catastrophic. Aerodynamic instabilitics have occurred
with some suspension bridges in the past such as the case of the Tacoma Narrows Bridge.
Though there have not been any observed instabilitics with cable-stayed bridges until today,
it is still important that critical wind velocities for the self-excited oscillations should be
beyond the realistic range of wind speeds.

Buffeting motion can occur in any bridges due to the atmospheric turbulence. The
dynamic response may increase at higher wind speeds. Though buffeting effects may not
cause collapse of the bridge immediately, it could causc fatigue damage of structural
materials or problems in the serviceability of the bridge. The essential purpose of buffeting

analysis for long span bridges is to ensure the reliability of the structures under turbulent

wind.

For a completed bridge, buffeting becomes important at high wind speeds. However,
for cable-stayed bridges, serious buffeting motion may occur during their erection at wind
speeds below the design wind speed for the completed bridge. In particular, when a cable-
stayed bridge is under construction during its final stage but the deck has not been closed
at the span centre, it resembles a half-span cantilever structure and the natural frequencies
may be very low both in lateral and vertical bending oscillations. Buffeting response to gusts
is then a serious issue. There have been several experimental observations and investigations
of cable-stayed bridges [5,24,25] which have shown even higher response under winds
horizontally skewed from normal to the bridge axis. The yawed wind effect is thus an
important consideration for cable-stayed bridges during their erection. For this reason, this
thesis focusses on the buffeting response of cable-stayed bridges during their erection, and
the directional variation of wind is also considered.



Though there have becn a few analytical attempts to investigate this problem, they
have covered only extremely simplified cases. The subject of this thesis is to further develop
the modified buffeting approach and predict the buffeting response for actual cable-stayed
bridges during their ercction. Also, the analytical results are compared with the

cxperimental data measured through wind tunnel tests.
1.3 Objective and Scope of the Thesis

The objective of the thesis is to extend the original modified buffeting approach to
include prediction of lateral buffeting response. Also a computer programme was designed
and applied to both vertical and lateral buffeting prediction of actual cable-stayed bridges.
Finally the analytical results are compared with experimental resuits.

The scope of the thesis is as follows:

Chapter 1 presents a brief survey of the development of bridge aerodynamics and the
wind-induced dynamic behaviours of cable-stayed bridges.

Chapter 2 focusses on buffeting motion of cable-stayed bridges. First, the conventional
buffeting analytical procedure is described, which considers only winds normal to the bridge
span. Then the effects of yawed wind on cable-stayed bridges under construction are
discussed, and a summary of some experimental evidence and a few analytical approaches
are presented. Further, the modified buffeting analysis applicable to vertical response
proposed by Kimura [24] is explained. Finally, the author extends the approach to predict
lateral bending oscillation of cable-stayed bridges.

Chapter 3 presents the analytical prediction of buffeting both in lateral and vertical
bending oscillations for the aeroelastic cable-stayed bridge models of the Normandy Bridge
and the Kao Ping Hsi Bridge, and compares them with the experimental results.

Chapter 4 describes some discussions on effects of aerodynamic parameters on wind
induced buffeting response of bridges.

Brief concluding remarks and suggested further study are given in Chapter 5.



Chapter 2
Theoretical Analysis of Bridge Buffeting Response

2.1 Introduction

The buffeting response of a cable-stayed bridge is usually caused by wind turbulence.
The response can be one or a combination of more than one random vibrations in lateral
bending, vertical bending or torsion around the longitudinal axis of a bridge deck . At high
wind speeds, the buffeting of the bridge deck becomes an clement for design consideration
of cable-stayed bridges. The magnitude of a bridge buffeting response not only depends
on the wind speed, the geometrical shape of the bridge deck, the structural damping and
natural frequencics of the bridge, but also on the properties of wind turbulence, such as
turbulence intensities, the length scales of turbulence and the energy spectra of turbulence
components.

Usually, the conventional buffeting analysis investigates only winds normal to the
bridge span. However, some wind tunne! observations and studics have indicated that an
even higher response may occur in winds with skew angles. Morcover, it would certainly
be necessary to consider winds from all directions for the calculation of peak response
probability of the bridge for any return period. This can only be assessed if the effect of
wind directions on buffeting response is known.

In this section, the development of research on buffeting analysis is briefly surveyed
and the typical procedures for the conventional buffeting theory are reviewed. The effects
of yaw angles on cable-stayed bridges are then discussed. Finally, the modified buffeting
approach in prediction of both lateral and vertical buffeting is explained.



2.2 Prediction of Buffeting Response

The prediction of the buffeting response to turbulent wind is a statistical approach
based on the concepts of power spectra to describe stochastic loads of stationary random
series and the statistical properties of the turbulence. In other words, the mathematical
analysis of buffeting is based on the theory of random vibration which predicts the root-
mean square (rms) response of structures through a frequency domain analysis. It is
accomplished by relating the frequency components of aerodynamic forces and those of the
structural response by considering the structure’s sensitivity to each frequency given by the
frequency response function. The theoretical approach applied to civil engineering
structures of line-like form, such as long-span bridges, tall masts and overhead power lines,
was first developed by Davenport [6], which is based on the following assumptions:

(1) The most serious effects are likely to occur under winds normal to the longitudinal
axis of the structure;

(2) Small changes of wind direction in the direction of the axis of the structure have
little or no effect on the loading;

(3) Because the structures are sufficiently slender, only the two-dimensional flow
condition can be applied to each span-wise segment,

(4) The turbulent fluctuations are so small when compared to the mean velocity that

the gust loading can be expressed as linear functions of the gust velocity.

The third assumption is also called the strip theory approximation, which indicates
that the aerodynamic forces acting on a section only depend on the flow pattern determined
by the cross-section and the angle of attack.

Another widely used assumption is the quasi-steady aerodynamic assumption which
summarizes that the instantaneous forces acting on a structure are taken equal to the steady
forces induced by a steady wind having the same relative velocity and direction as the

instantaneous wind. With this approximation, the aerodynamic forces at any instant depend
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on the relative wind speed at that instance, and they are given in terms of parameters that
must be determined experimentally. This approach has been shown to be valid, especially
for small reduced frequency fB/U (or large reduced velocity), where U is the mean wind
speed, f is the natural frequency of the flow fluctuation and B is the width of the structure.
When the reduced frequency is very small, the flow around the structure is regarded as
steady state. However, for large structures such as long-span bridges, the cffect of non-
uniform flow around their cross-section should be considered. The aerodynamic admittance
is introduced as a correction factor for the quasi-steady approximation, and it is considered
to be a transfer function from fluctuating wind velocity power spectra to the aerodynamic
loading power spectra of the section in the frequency domain.

The theoretical approach, known as the conventional buffeting theory or the quasi-
steady aerodynamic approach, is now most widely used for predicting the buffeting response
of long-span bridges by applying experimental data obtained from section model tests.

However, this buffeting theory is limited to cases of the wind normal to the bridge axis.

2.2.1 Aerodynamic Forces

Consider a bridge deck section and let x, z and 8 be the horizontal, vertical and
torsional displacement of the bridge deck section, respectively , as illustrated in Fig. 2.1
When the bridge deck is buffeted by turbulent wind, the aerodynamic forces acting on the
bridge deck are aerodynamic drag, lift and moment. Usually the aerodynamic behaviour of
the structure may be assumed to be linear; i.e. the aerodynamic forces can be expressed as
a linear combination of the forces caused by the movement in cach degree of freedom

and the linear buffeting forces induced by the velocity fluctuation of the incident flow.

The aerodynamic forces per unit length of the bridge in its span direction may be
written in forms based on the linear assumption as follows:



Lift force = Lse + Lb 2.1
Drag force = Dse + Db (2.2)
Moment = Mse + Mb (23)

where Lse, Dsc and Mse refer to the self-excited force components of aerodynamic lift, drag
and moment; Lb, Db and Mb are aerodynamic forces due to buffeting effects. Ref. [4]

offers the expressions of self-excited aerodynamic forces and buffeting forces as follows:

Lee = 0.5pU2 B [ KH1*(K) (z/ U)+KH2*(K) (B 8 /U)+K?H3*(K)9 ] (24)
Dse = 0.5pU2 B [ KP1*(K) (x / U)+KP2*(K) (B 6 /U)+ K2P3*(k)6 | 2.5)
Msc = 0.5pU2 B2 [ KA1%(K) (z/U) + KA2*(K) (B 6 /U) +K2A3*(K)8]  (2.6)

where: p = air density;

U = mean wind speed;

B = bridge deck width;

K = reduced frequency which is defined as K = Bw/U,;

w = circular frequency;

Hi*(K), Pi*(K) and Ai*(K) (i=1,2,3) are flutter derivatives which are obtained

experimentally.

The sectiona! buffeting lift, drag and moment forces are expressed in terms of steady
average lift, drag and twist force coefficients CL, Co and Cwm respectively,

Lb = 0.5 pU2B { Cu( 1+ 2 u(t) /U) + (CL’ + Cp ) w(tyU } X))
Db =05pU2B{Co (1+2u(t)/U) + Cow(t)/U} (2.8)
Mb = 0.5 p U2B2 { Cu (1+ 2 u(t) /U ) + Cv’ w(t)/ U } (2.9)

10



where u(t) and w(t) are the along-wind and vertical gust velocity components respectively;
Cv = dCu/de, Co’ = dCp/de, and Cv’'= dCwm/da.

Equations (2.7) - (2.9) arc based on the assumption that the fluctuation of the
buffeting forces is proportional only to that of u(t) and w(t). By taking the fluctuating parts
of (2.7) to (2.9), the aerodynamic buffeting forces may be expressed as:

Fb (t) = 0.5p U2 B { 2u(t) CL /U + (CU'+ Co) w(t) /U } (2.10)
Fob (£) = 0.5p U2 B { 2w(t) Co/U + Co’ w(t) /U } .11
Fub (t) = 0.5p U2 B2 { 2u(t) Cm/U + Cv" w(t) / U } (2.12)

Equations (2.10) - (2.12) are expressions of aerodynamic buffeting forces caused by
u(t) and w(t) components of fluctuating velocities.

Furthermore, when the quasi-steady theory is used, the aerodynamic forces acting on
a bridge deck are buffeting forces given in (2.10) - (2.12) and aerodynamic damping forces.
Aerodynamic damping forces are important in estimating the level of damping provided by
the motion-induced forces on the bridge deck. Fig. 2.2 represents the acrodynamic damping

forces caused by the motion of the deck, in which a is the angle of attack, and Ur is the
relative wind speed.

When the deck moves under a horizontal wind, the velocity of the wind relative to the
moving deck can be expressed as:

Urz= (U+x)2+2°2 (2.13)

11



Because only horizontal and vertical responses are considered in the present analysis,
the acrodynamic drag and lift forces are defined as D(e) and L( ) which are functions of

the angle of attack @, and they can be written as:

D(a) = 0.5p BUr 2 Co (2) (2.14)
L{a) = 0.5p BUr 2 Cu(a) (2.15)
where Cp (a) and C. () are drag and lift coefficients with a small angle of wind incidence.
The horizontal and vertical forces per unit length due to deck motion can be expressed as:
Fx = - D(a) cose + L(a) sina (2.16)

Fz = - D(e) sina - L{a ) cosa (2.17)

Substituting equations (2.13), (2.14) and (2.15) to (2.16) and (2.17), and assuming a small
amplitude motion, i.e. the terms involving the products of x and z can be neglected. The

force equations become:

Fx = 0.5p B (U2 + 2Ux ) [-Co (a ) coser + CL(e) sina ] (2.18)

Fz = - 0.5pB (U2+ 2Ux ) [ Co (@) sina + CL () cos ] (2.19)
letting

Cx(a) = - Cp (e ) cosa + CL(« ) sina (2.20)

Cz(a) = - Cp (a ) sina - Ct (@ ) cosa (2.21)

Fx and Fz can be expressed as:
Fx=05pB[U?+2Ux]Cx(a) 2.22)

Fz=05pB[U2+2Ux]Cz(a) (2.23)

12



in the equation (2.22), the first term represents the mean wind load and the second term
is the aerodynamic damping in horizontal direction. If the bridge deck has mass m per unit

length, stiffness and linear mechanical damping, the equation of motion in horizontal
direction can be written in the usual form:

m(x+2 wxx+ wx2x) = Fx (2.24)

where wx is a circular frequency in horizontal dircction. By substituting (2.22) to (2.24),
and combining the damping terms, the aerodynamic damping ratio can be expressed as:

pUB
Cax (@) = -

Cx (@) (2.25)
2mwx

Usually the angle of attack a is very small. If « = 0, the equation (2.25) can be
approximated as:

pUB
fax = Co ' (2.26)
2mex

where {ax = {ax (0), and Co = Co (0).

The equation (2.26) gives aerodynamic damping ratio in lateral oscillation based on
the quasi-steady assumption.

In order to obtain the aerodynamic damping force in vertical direction for a small
motion, the force can be approximated as:

dFz

Fz = | (2.27)

o a=0
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using (2.23)

d Fz . 9Cz(a)
= 0.5pB (U? + 2U x )
Jda da
. dCo(a) dCr(a)
sina+Cp(a) cosa+ cose - Cr(a)sina)

= -0.5pB(U2+2U x ) (
do

dCo
) (2.28)
(44

letting a = 0,

dFz .
| = -05pB(U2+2Ux)(Cop +

da a=0
From Fig, 2.2, for a small angle, & = z/U, the equation (2.27) becomes:
dCL  z

Fz=-05pB (U2 +2Ux) (Co + —) ——
de U
(2.29)

dCo .
=-05pB(Cp + =) Uz
do
The equation (2.29) expresses the vertical aerodynamic damping force due to the deck
motion in vertical direction. Similarly, if the equation of motion in vertical direction is in

the form:
(2.30)

m(z+20swzz +w2z) = Fz

where wz is circular frequency in vertical direction. By substituting (2.29) to (2.30), the

vertical acrodynamic damping ratio can be obtained
(2.31)

pUB dCu
fuz = + Cp)
do

14



The equation (2.31) gives aerodynamic damping ratio in vertical oscillation direction.
As mentioned before, only horizontal and vertical responses of the bridge deck are
treated in the present analysis. Based on the quasi-steady theory, the aerodynamic forces
acting on the bridge deck are aerodynamic damping forces caused by deck motion and

buffeting forces induced by the velocity fluctuations of the oncoming flow. In other words,

the equations of motion of the bridge deck both in horizontal and vertical directions can be
expressed as:

m(x +20xox x + @x2x) = Fox (t) (2.32)
m(z+2zwzz + wz22) = Foz (t) (233)
where {x and (z are total damping ratio in x and z directions which are written as

ix = {s + {m (2.34)

{z {s + Qaz (2.35)

Cax and {az are given in (2.26) and (2.31). Fox (t) and Fvz (t) are buffeting forces for

unit length caused by fluctuating components of velocities. From (2.10) and (2.11), they
can be expressed as:

2u(t) dCo w(t)
Fox (t) = 0.5pU2B[Co . + y 5 ] (2.36)
o
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2u(t) dCu w(t)
U +(-F;'+ Co ) —6_] (2.37)

Foz (t) = 0.5pU2B{ C.

2.2.2 Equations of Motion

In this section, the analysis procedure for a bridge response assumes that a
preliminary vibrational analysis of a bridge structure has been made, yielding a series of
natural vibration modes and corresponding frequencies.

Consider a line-like structure under aerodynamic forces which are aerodynamic
damping forces and buffeting forces, as shown in Fig. 2.3. Let qi (t) be the corresponding
time-dependent generalized coordinates, and ®xi (y) and ®zi (y) are horizontal and vertical

mode shapes, respectively. The equations of motion in x and z directions can be expressed
as

x(Bt)= Lai@) @) (238)

2(yt)= Lqi() () (2.39)

By introducing (2.38) and (2.39) to (2.32) and (2.33), the results are multiplied
through by mode shapes and integrated over the bridge span 1, yielding

;';ii (t)+2{xi wxi (ii (t)+wxi2qi(t) = Fxi (t) / Mxi (2.40)
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qi (t)+20z wzi qi (t)+wzi2 qi (t) = Fzi (t) / Mai (2.41)
where Mxi and Mzi arc generalized mass in x and z directions, which are given by

Mxi = jom (y) ®xi 2 (y) dy (2.42)

1
Mzi = j'o m (y) Pzi 2 (y) dy (2.43)

The generalized buffeting forces Fxi (t) and Fzi (t) have the form

}
Fxi (t) = jo Fox (t) &xi (y) dy (2.44)

1
Fzi (t) = jO Foz (t) Pz (y) dy (2.45)

Generally the higher mode contribution to dynamic response can be negligible
compared with the fundamental mode. In this thesis , only the first mode shape is used in
the calculation of the buffeting response. If ®x (y) and ®z (y) express the first mode in
x and z directions, respectively, the equations of the motion can be simply written as

1 1

q (D+2 0x oxq ({)+ox q(t) = 10 Fox (t) ®x (y) dy (2.46)

X
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. . 1 1
q ()+2 {z wz q(t)+ w22 q(t) = -KA—I Foz (t) $z (y) dy (247)
z O

Considering the equations (2.36) and (2.37) , the generalized forces corresponding

to the first mode shape both in x and z directions can be expressed as:

] dCo
Fx (t) = 0.5pBJ [ 2Co u(t) + —w(t) ] Px (y) dy (2.48)
0 de
| dCu

+ Cp ) w(t) ] ®z (y) dy (2.49)

Fz (t) = 0.5pB] [ 2CL u(t) + (
0 do

2.2.3 Power Spectra of Generalized Forces and Velocity Fluctuations

The spectra of generalized forces can be obtained from (2.48) and (2.49), if the
spectra of the fluctuating components u(t) and w(t) and their cross correlation spectrum

are known. The expressions of the generalized force spectra are as follows:

1 dCo

Srx (f) = (0.5pUB)?[ [ [4Cp? Suu (y,y’, f )+ (
00 do

)2 Sww (.Y, T)

dCo
+4 Cp (T) Suw (y,y,f ) ] Ox (y) Ox (v') dy dy’ (2.50)
o
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1 dCu
SFz (f) = (0.5pUB)? [ [ [4CL2 Suu (y,y’, f) + (—— + Cp )2 Sww (v.y', f)

00 de
dCu

+4CL (—— +Cbp ) Suw {y.y’, f ) ] ¥z (y)Pz (y") dy dy’ (2.51)
de

Usually, the cross-correlation spectrum Suw (y,y', f ) is negligible compared to the
other terms, therefore, the equations (2.50) and (2.51) will simplify as:

11 dCo
SFx (f)=(0.5pUB)? [Oj‘ [4Cp? Suu (y,y’,i)+(-—d---—)2 Sww (v, Px(y)Px(y')dy dy’ (2.52)
0 o
1 dCu
SFz(f)=(0.5pUB)?[ [ [4CL2 Suu (y,y’,f)+(——+Cp)? Sww (v,y' D) Pz(y)P2(y)dydy'  (2.53)
00 da

where Suu (y,y’, f) and Sww (v,y’, f) are the cross-spectral density functions. If along-span
coherence is taken into account, the cross-spectra may be expressed in the form:

Suwu (y,y, f) = Su () ]’;u v, ysf) (2.54)

Sww (5 ¥ ) = Sw (£) Rw (33) (255)

where Ru (y,y’,f) and Rw (y,y’,f) are called coherence functions or correlation coefficients,
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a simple expression was given by Davenport [7] as follows:

fly-yl

E vy.f) = exp{-c¢ (2.56)

where ¢ is a coherence coefficient or a decay factor of correlation coefficient which is

roughly 7 = 10.

In the equations (2.54) and (2.55), Su (f) and Sw (f) are defined as wind spectra
for the u(t) and w(t) components of turbulence. There are a variety of spectral
expressions available for modelling the velocity fluctuations. Based on these forms
widely used in civil engineering, the expressions of von Karman (1948) and Kaimal’s

forms (1972) are used in the present analysis which are listed as follows :

(1) von Karman spectra

u-component of turbulence

X
40u2 Lu fLu -5/6
Su(f) = —| 1+ 70.8 (—)?] (2.57)
U u

w-component of turbulence

20w ® L [1+188.8 (£ Lw/ U ) 2]
()< (2.58)

7 11/6
U [14+ 70.78 (fLw /U )?]

where ou and ow are the root-mean-square values of fluctuating velocity component u and

20



w, which are given in terms of turbulence intensities Iu and Iw

Iu ou /U (2.59)

Iw

ow/U (2.60)

X Z . .
Lu and Lw are the integral scales of turbulence. These expressions are based on the

assumption that the flow field is characterized by homogeneous, isotropic turbulence.

(2) Kaimal spectral forms are based on an extensive field study called the Kansas
experiments and take the following expressions:

u-component of turbulence

Ou 2 22 n
Su(f) = n P (2.61)
(1+33n)

w-component of turbulence

ow 2 1.3n

Sw(f) = 2.62
"o f 1+53nS"3 e

inwhich n =fZ/U, Z is the height above ground.

2.2.4 Response Power Spectra

Once the intensities and scales of turbulence are given or measured by experiment,
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the cross-spectral cxpressions can be determined by (2.54) and (2.55). The response spectra
can be obtained as follows:

1
Sqx (f) = — | Hx(f) |2SFx (f) (2.63)
mx4Mx2
1
Sqz (f) = ~——— | Hz () 12SFz ( ) (2.64)
4
wz Mz2

where | Hx (f) |2 and | Hz (f) |2 are called the mechanical admittance which are

expressed as

1
{Hx(f) |2 = (2.65)
[1- (£/8& )2 P + [20x (£/ £ )2

1
| Hz (f) |2 = (2.66)
[1-(f/f2)2 2+ [202 (f/f2)]

in which fx and fz are the first natural frequency corresponding horizontal and vertical
vibration; {x and {z arc total damping ratios given in (2.34) and (2.35).

The variance of the response can be obtained by integrating (2.63) and (2.64)

% 1

00
o2 = [ Sqgx(f)df = ——— [ |Hx(f)|2Srx (f) df (2.67)
0 4 0
wx Mx2

22



o] 1 ©
ogqx? = J' Sqz (f) df = | 1Hz ()12 Srz (f) df (2.68)
0 4 0
wz Mz

23 Effects of Yaw Angles on Bridge Response

Conventional buffeting analytical procedures arc only applicable for winds normal to
the bridge span. However, a strong wind does not always have the highest probability of
occurrence from the direction normal to the bridge span. It is possible to have significant
fatigue damage to a bridge from winds with horizontally skewed angles (yawed wind ). An
example is a long-span cable-stayed bridge during its ercction stage. Particularly, the most
critical situation is just before the main span of the cable-stayed bridge is closed, during
which the bridge has much less stiffness than a completed bridge. The turbulent wind can
shake the two long cantilever structures supported by cables. Some experimental
investigations have also focussed on winds with horizontal skew angles, particularly in cases

of cable-stayed bridges during their erection stages. These experimental results show a
higher response to yawed wind.

Recently some analytical approaches have also been used to predict the buffeting
response when the horizontal yaw angles are considered. Xie et al [53] presented a
buffeting analysis of long span bridge under yawed wind. The analysis was carried out by
introducing the concept of effective values of mean wind speed, deck width and scales of
turbulence. But this approach was limited to small yaw angle cases. It can not be applied to

bridges with unsupported free ends corresponding to cable-stayed bridges during their
erection.



Kimura [24] developed a modified buffeting analysis to explain his experimental
results by introducing the concept of effective wind speed as either chordwise or lengthwise
components of the flow velocity, called the cosine or sine case. Meanwhile, a correction
factor for the lift-curve slope due to the effect of the small aspect ratio is considered based
on the measured results by Winter [52]. The approach can be applied to predict the
buffeting responsc of the models with a flat plate cross-section under yawed wind by
separately considering normal and parallel wind components. The calculated results showed
a tendency similar to his experimental data. The application of the modified buffeting
analysis was still limited to idealized models with flat plate sections and the calculations were

restricted to vertical bending oscillation as well.

Scanlan attempted a similar modified buffeting analysis and also considered the effect
of the aspect ratio on lift characteristics based on Eiffel’s test resuits [34]). However, the
analytical results have little support from experiments.

Two full cable-stayed bridge models, the Normandy Bridge and the Kao Ping Hsi
Bridge, were tested at the Martin Jensen Wind Tunnel of the Danish Maritime Institute
{5, 25 ]. The former, with a centre-span of 856 m, is the longest clear span cable-stayed
bridge in the world. The latter is a single-tower cable-stayed bridge. The wind tunnel tests
of these bridges during their construction stages were conducted. Experimental data show
that the maximum dynamic response in lateral bending was reached with 35° yaw angle
wind for the Normandy Bridge. The maximum value of fluctuating cable tension was found
at the yaw angle of 20° to 30° for the same bridge. For the Kao Ping Hsi Bridge, in
construction stage, the dynamic cable force is approximately three times larger than in

service condition .

It is obvious that the consideration of the yaw angle effects on cable-stayed bridges
is very important because it may significantly change the prediction of dynamic response.
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2.4 Modified Buffeting Analysis

In this section, the modified buffeting analysis for predicting vertical bending is first
explained by following the approach proposed by Kimura [24]. 1t is then extended by the
present author for the prediction of lateral buffeting response.

The procedure of the modified buffeting analysis is similar to the conventional
buffeting theory. However, in the modified buffeting approach , the effects of yawed wind
action are considered by introducing the concept of effective wind speed. To obtain the
generalized aerodynamic forces acting on a bridge deck, the strip theory can be used as an
approximation, where the generalized forces are obtained by integrating the two dimensional
aerodynamic forces acting on cach narrow strip sliced along the wind direction. As stated

previously, the aerodynamic forces are the aerodynamic damping force and buffeting force

based on the quasi-steady approximation.

2.4.1 Effective Wind Speed

The concept of effective wind speed is based on the fact that if an infinitely long
plate is placed in the flow with no viscosity , the distribution of the acrodynamic forces
along the span-wise of the plate is the same whenever the plate is moving along its
longitudinal direction. As also explained by Fig. 2.4, the aerodynamic forces acting on an
infinite plate depend only on the velocity component normal to the longitudinal axis of the
plate and the velocity component V ( if the plate is moving with velocity V') does not have
any effect. If the relative wind velocity Ur is considered, Ur cosB can be defined as the
effective wind velacity which actually generates the aerodynamic effects on the structure.
Fig. 2.4 is an example with an infinitely long plate under yawed wind.

Although long span bridges are not infinitely long, the basic concept as described
above can be as an approximation in the present analysis, i.e. effective wind speed is taken
as the velocity component normal to the leading edge of bridges. For cable-stayed bridges
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under construction, or cantilever structures, they have two leading edges, one is the along-
span side and the other is the end of the bridge or the free end of the structure as shown
in Fig. 2.5. The corresponding effective wind speeds become Uc = Ucosp and Us = U
sin B respectively.

When Uc is considered as the effective wind speed, it is called the cosine case, and
similarly, the sine case means when effective wind speed Us is considered. By introducing
the cosine and sine cases, the buffeting analysis can be developed for both cases with yaw

angles as given in the following section.
2.4.2 Generalized Aerodynamic Forces

The aerodynamic forces acting on a bridge deck are buffeting forces based on the
quasi-steady theory. To calculate the generalized aerodynamic forces, the so-called strip
theory is applied to the modified buffeting analysis. As with the usual strip theory
approximation, acrodynamic forces acting on each strip parallel to the mean wind direction
are first calculated, and total aerodynamic forces are then obtained by integrating the forces
acting on each strip. However, it should be noted that the aerodynamic coefficients are
different for each case in which effective wind speed is normal or parallel to the longitudinal
axis of the bridge. In other words, the lengthwise component and chordwise component
of the cosine and sine cases are simply a reverse of each other.

First, the buffeting analysis for the prediction of the vertical bending for the cosine
and sine cases is presented. With the strip theory and quasi-steady approximation, the lift
forces caused by fluctuating velocity w-component corresponding to the cosine and sine cases
can be expressed as

wyt)
dLe (y,t) = 0.5pUc? (dS) CLa ———

Ue

= 0.5pU cosf Crex w(y, t) dS (2.69)

26



dLs (x, t) = 0.5pU sing (dS) Cua w(x,t) (2.70)

where dLe and dLs are the lift forces on the strip; CLe = dCL/ de and Cre = dCL/ da,

which are the lift slopes of the model under the wind with 8= 0° and 8 = 90°, respectively;
dS is the area of a strip.

It can be seen that the deflection inside a strip is the same in the cosine case, and in
the sine case it is the same as the mode shape of the bridge model. The generalized

buffeting forces on the strip corresponding to the cosine and sine cases would be

dleg = dLc @z (y)

= 0.5pUcosB CLa w(y, t) z (y) dS @.71)

dLsg = 0.5pU(db) sinB w(x,t) j'zgu(s)m(s) ds (272)

in which db is the width of the strip ; Is is the length of the strip; ®z (s) is the mode shape
along the strip; Cra (s) expresses the lift force distribution along the strip and s is the
coordinate along the strip with the origin at the end edge. The distribution of Cuix (s) for
thin flat plates is taken from McCormick [27] as shown in Fig. 2.6. The area between Cla

o~
(s) and the horizontal axis is equal to Cua. It is used in the following calculation as an
approximation.

The overall generalized aerodynamic forces are obtained by integrating (2.71) and
(2.72) along the strip. Because the resultant lift force on the strip is acting at the quarter

point chordwise from the leading edge for the cosine case, the generalized forces per unit
span over the bridge model can be expressed as
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I+e
Leg = 0.5pUB cosf Cre[ w(y,t)dz (y) dy (2.73)

e

Lsg = 0.5pUsinB (j'i: Euz(s) dz(s) ds) | :w (x,t) dx (2.74)

where ¢ = B tg 8 /4, and $z(y) = &z (I}, wheny > 1.

It should be explained that the equations (2.73) and (2.74) correspond to the case
of a flat platc model, in which C. =0, and Cb is negligible. Generally, the generalized
buffeting forces caused by u and w components of fluctuating velocities can be written in the
following forms in terms of the equation (2.10):

I+e
Leg = 0.5pUBcosf | +[ 2CL u(y,t)+(Cra+Cpo) w(y,t) ]®z (y)dy (2.75)

¢
s = B
Lsg = 0.5pU sinB{] 2CL®z(s)ds [ u(x,t)dx
0 0

+ 0}5 (Cua(s)+Co ) e(s)ds J‘Z w (%) dx } (2.76)

where CL and Cp are lift and drag coefficients corresponding to the sine case.

Using the same concept of the effective wind speed, lateral buffeting forces acting
on a strip can be obtained, which are caused by the aerodynamic drag force. Considering
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a cantilever deck ,as shown in Fig, 2.7, the effective wind speeds corresponding to the
cosine and the sine cases are:

Uc=(U+u)cosB-vsinf 277
Us=(U+ u)sinB + vcosf (2.78)

According to the strip theory and the quasi-stcady approximation, the drag force
acting on a strip along the effective wind speed direction can be expressed as

dDc (y,t) = 0.5 pUc2 Co dS (2.79)
dDs (x,t) = 0.5p Us? Cp dS (2.80)

substituting (2.77) and (2.78) to above expressions, and the terms involving the products of
u and v can be neglected, the drag forces caused by the mean wind speed U and u, v
components of fluctuations become:

dDc (y,t) = pUCo (dS)[u(y.t) cos 2B - v(y,t) cosp sinf ] (2.81)

dDs (x,t) = pU ED (dS)[ u(x,t) sin?B - v(x,t) cospB sinB | (2.82)

—

where Cp and Cp are the drag force coefficients of the model with 8 = 0° and B = 90°.

The generalized drag forces acting on a strip corresponding to the cosine and sine
cases will be:

29



dDeg (y,t) = dDec (y,t) Px (y)

pUCDb [ u(y,t) cos 2B - v(y,t) cosp sinB](dS) Px(y) (2.83)

—

dDsg (x,t) =pU Co (db)[fl(?bx (s)ds] [u(x,t) cos2B - v(y,t) cosp sinf] (2.84)

The overall generalized aerodynamic forces can be obtained by integrating (2.83) and

(2.84) , they can be expressed as:

|
Deg (y,t) = pUCDB/ [u(y,t)cos?B -v(y,t) cosp sinB ]®x (y)dy (2.85)
0

Dsg (x,t) = pUCp ( j'olibx (s)ds ) IOFu cos?B - v cosf sinB Jdx (2.86)

The generalized aerodynamic forces both of lateral and vertical directions acting on

a bridge deck can be determined by the equations (2.75), (2.76), (2.85) and (2.86) as long

as the aerodynamic force coefficients are known.

243 Response Power Spectra

As with the conventional buffeting analysis, the spectral density of the generalized

acrodynamic forces can be expressed as follows:

(1) Vertical response caused by the lift forces:

30



(a) Cosine case

I4+¢ 1+e
Ste( ) = (PUBCLcosB)? [ [ Suu (y.y',f) P2(y)®=(y’) dydy’

1+e 1+¢
+[ 0.5pUB(CLa+Cp) cosB2 [ [ Sww(y,y',f)®z(y)®=(y")dydy’ (2.87)

[+ ¢

(b) Sine case

~ Is
Sus (f) = (pUCL sinBIO(I)z(s)ds )2 j: BUSuu (x,x",f)dxdx’

+ [ 0.5pUsinB fol b C (s) + Co )z(s) ds ]2 IOBJ';Sww (xxf) dxdx’  (2.88)

(2) Horizontal response caused by the drag forces:

(a) Cosine case

1 1
So () = (PUCoBoostB? | | Suu (1) D)ty dvdy
0

11
+ (pUCo Bcosp sing )? | { Sw (v,y'f) Ox(y)®x(y’) dydy’ (2.89)
00

(b) _Sine case

Sos (f) = (pU ED coszﬁ,(;@x(s)ds )2 {l:j: Suu (x,x',f) dxdx’

+ (pUCb cosB sing jolfbx(s)ds % I: I: Sw (xX’,f) dxdx’ (2.90)
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Generally , the acrodynamic admittance should be considered in the buffeting analysis
due to the effect of the non-uniform flow field on aerodynamic force characteristics. In the
present analysis, the aerodynamic admittance is assumed to be unity as an approximation,

since its magnitude can not be identified.

By using above expressions, the response power spectra can be obtained in both
horizontal and vertical dircctions as

So (f)
S@x (f) = ——— | Hx () I2 (291)
4 2
wx Mx

Su ()

4 2
wz Mz

Sqz (f) = | Hz (f) | 2 (2.92)

where Sp (f) is Soc (f) or Sos (f), and Su(f) is Sic (f) or Sis (f) for the cosine or sine
cases, respectively; wxand oz are natural circular frequencies of the first mode in lateral
and vertical bending vibration; Mx and Mz are generalized mass given by (2.42) and
(2.43), corresponding to the first mode shape; | Hx (f) | 2 and | Hz (f) |* are
mechanical admittances given by (2.65) and (2.66).

The variance of the response corresponding to the generalized coordinate q is then
obtained by

«

ogx? = [ Sqx(f)df (2.93)
0
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o0

oqz2 = [ Sqz(f)df (2.94)
0

2.4.4 Evaluation of Aerodynamic Parameters

It is obvious that buffeting response of a bridge structure depends not only on the
structural properties, but also on the characteristics of turbulent wind . For a cable-stayed
bridge, all parameters used in the calculation of the horizontal and vertical response can be
summarized as follows:

(1) _Structural parameters;
. Geometrical dimension

. Mass and stiffness distribution of a bridge
. Natural frequencies and corresponding mode shapes

. Structural damping

(2) Aerodynamic parameters:
. Turbulence intensities

. Integral scales of turbulence

. Velocity spectra

(3) Interaction parameters:
. Drag and lift force coefficients

. Aerodynamic damping
. Aerodynamic force correlation

. Aerodynamic admittance
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In the present analysis and calculation of the buffeting response, the structural
parameters are obtained from the experiments. However, some aerodynamic parameters
and interaction factors used in the modified buffeting analysis have to be evaluated by

considering the effective wind speed, for both cosine and sine cases.

It has been established that the acrodynamic lift coefficient and its slope for a flat
plate can be identified as a function of a structural aspect ratio AR. For a bridge, aspect
ratio is defined as a ratio of its span length to width. For cosine and sine cases, the
aspect ratio is defined as (AR)c = 1/Band (AR)s= B / 1, respectively.

!

For small aspect ratio of the sine case, {( AR < 1/3, say ), additional considerations

arc needed to estimate the lift slope. Bisplinghoff [1] suggested the linear theory for a

delta wing having a small aspect ratio

Cle = -"21- AR (2.95)
in which the aspect ratio AR was defined as 12/ S where | is the length of the delta wing,
and Sis the wing area. The expression is used in the calculation for sine case with linear
theory. In fact, for a flat plate with the small aspect ratio, the effect of some additional lift
causcd by the vortices formed along the sides of the flat plate is evident and should be
considered. This cffect causes nonlinear changes of the lift force coefficient Cu with the
angle of attack. An example is shown in Fig. 2.8 (Gersten , 1960 ), which is the lift force

coefficient CL vs. the angle of attack « for a rectangular plate with AR = 0.2,

It can be seen that the lift slope based on the linear theory at @ = 0° obviously gives
a lower estimate. In order to consider the nonlinear effect for the small aspect ratio, the
equivalent lift slopes are evaluated based on the measured results. If measured lift
coefficients which change nonlinearly with angle of attack are known, the average lift slope

between zero and peak angle of attack o’ is expressed as Cl:mess (¢’ ) / @', where CL: meas
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is the measured lift coefficient.

In the following calculation, as an approximation, the equivalent lift slope considering
the nonlinear effect was taken and interpolated from the measured results of Winter [52],

as shown in Fig. 2.9, which is the normal force coefficient Cn against the angle of attack for
various aspect ratios.

To explain how to apply the measured results, the relationship of the lift, drag and
normal forces is shown in Fig. 2.10, the normal force Fn may be expressed by

Fn = 05pU2ACh (2.96)

where A is the plate area; and Cn is called the normal force coefficient. The lift and drag
forces are related to Fn by

L = Fn cosa (2.97)
D = Fnsina (2.98)

in which the lift slope becomes
ELa = ddC: cosa - Cn sina (2.99)

where the angle of attack is the peak angle of attack o’ which is taken as w’ /U, where w’

is a possible maximum of w calculated by assuming Gaussian distribution of w (i.e. W' =

3.6 ow ). The equation (2.99) gives the lift slope for small aspect ratio .

In the following analysis, for sine case, the buffeting response for vertical motion will
be referred to as linear and nonlinear results, depending on the lift slope given in (2.95)
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and (2.99), the former is referred to as linear and the latter is referred to as nonlinear.

Another important parameter is the acrodynamic damping ratio {a as stated before.
In the buffeting analysis, it is often a large part of the total damping effects. Based on the
conventional buffeting analysis, the acrodynamic damping ratio given by (2.26) and (2.31)
is only the case of wind normal to the bridge span. However, there has not been an
established theoretical means to evaluate the aerodynamic damping ratio under yawed wind.
In the present analysis, it is assumed to be proportional to cos B, which can be expressed

as :
{a = CaccosfB (2.100)

where {0 is {ax or {az given by (2.26) and (2.31). The same assumption was used by
Kimura [24] for the analysis of flat plate models.

Once all structural and aerodynamic parameters of the bridge are determined, the

root-mean-square (rms) response of the bridge can be predicted.
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Chapter 3

Comparison of Analytical and Experimental Results

3.1 Introduction

Wind tunnel studies have clearly indicated that buffeting response is particularly
important for long-span cable-stayed bridges during their construction under yawed wind
conditions [5,25]. In order to compare the theoretical analysis with experimental
observations, a modified buffeting approach has been developed to calculate buffeting
response both in lateral and vertical bending oscillations under yawed wind.

Kimura [24] developed a modified buffeting approach to include wind yaw angle
effects in buffeting calculation and compared the analytical results with wind tunnel test
results of flat plate models. After a computer program was developed for the present study,
it was also applied to these flat plate models to confirm its validity. The computer program
was then applied to two aeroelastic models of cable-stayed bridges, i.e. the Normandy Bridge
and the Kao Ping Hsi Bridge. The wind tunnel tests of the both bridge models were carried
out at the Martin Jensen Wind Tunnel of the Danish Maritime Institute, Denmark in 1993
and the author was given access to their experimental results. The wind tunnel investigations

examined the critical stages of the bridges during their erection for different wind directions.

Calculated results are shown together with the corresponding experimental results in
this chapter. The calculated root-mean-square responses of both cosine and sine cases are
shown in each figure, and for the sine case, the results for both " linear " and " nonlinear "
are included in the vertical bending response. As discussed previously, the effective wind
comes from a direction normal to the long axis of the model in cosine cases, and it comes

from the free end of the mode! in sine case.

Usually, the higher mode contribution to the response is negligible compared with the
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fundamental mode. For this reason, only first mode corresponding to both lateral and

vertical bending oscillations is used in the following calculation.
3.2 Buffeting Response of Cantilever Models

The wind tunne! tests of a series of cantilever flat plate models were carried out by
Kimura [24], of which only vertical deflection was allowed. Three typical models with
different width were chosen for the calculation of buffeting response to be compared with

the experimental results.

The model characteristics, the flow conditions and the lift slope used in the present
analysis are listed in Tables 3.1 and 3.2. The velocity spectrum for w-component of
turbulence is approximated by the spectrum defined by Kaimal et al (1972), i.e. spectral
equation given in (2.62).

Table 3.1 Model characteristics and flow conditions

Model Width Length Thickness Freq. Damping Tur. int. Scale
No. B(mm) 1(mm) (mm) (HZ) ratio(%) (%) length(mm)

1 25.4 0.45 Iu=8 Lu =24
2 50.8 305 0.8 7.1 0.54 Iw=6.2 Lw =10
3 102 0.58

e e e e ——— e — — ——

Table 3.2 Lift slope used in the calculation

Model No. Cosine case Sine case
Linear Nonlinear
1 5.0 0.13 0.68
2 4.2 0.26 0.96
3 ' 3.1 0.52 1.20

. ————————  —  —— =/ ]
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Figs. 3.1 through 3.3 show comparison of the calculated results against wind yaw
angles for models with different width when wind speed is 3 m/s. The ordinate is the vertical

deflection at the model tip and is made dimensionless by dividing by the model width.
The comparison of the calculated results with the experimental results shows that

(1) For the response of 8 = 0° where wind comes normal to the model span, the

calculated results generally compare well with the experimental results.

(2) For the response of B =90° where wind comes from the free end direction, the

experimental data are between so-called linear" and " nonlinear " results.

(3) The variation of the model response vs. wind angles generally agrees for yaw angle
|B | < 50° by cosine case; For50°< |B] < 80°,in which cosine and sine cases intersect,
the experimental data show smooth transition. The calculated results could not show the
same tendency due to the choice of the methed including both cosine and sine cases.

Further discussions are given in the next chapter.

3.3 Buffeting Response of the Normandy Bridge

The superstructure of the Normandy Bridge has a main span of 856 m. The main span
is composed of two parts, a 116 m concrete box girder, extending from each tower, followed
by a 624 m steel-box girder for the central portion of the span. Figs. 3.4 and 3.5 show
prototype dimensions and the cross-section of the bridge. There are two towers of 202.7 m
height on which the cables are anchored to support the bridge deck. A total of 92 stay
cables are arranged in two vertical plancs. The mean bridge deck elevation is 65 m above
water.
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The wind tunnel test of the Normandy bridge was conducted by the Danish Maritime
Institute in 1993. An aeroelastic model of this bridge during its construction was built with
a geometric scale of ! : 150 shown in Fig. 3.6. The bridge model was tested for the most
critical stage of this bridge during its erection; i.e., when a cantilever of 428 m is extended
from a pylon with supporting cables. The wind tunnel testing investigated the buffeting
response of this bridge, including both in lateral and vertical bending oscillations under full
scale wind speeds from 10 m/s to 55 m/s at the bridge level.

The measured mode shapes corresponding to the first lateral and vertical modes are
given in Figs. 3.7 and 3.8. The geometric dimension and mass distribution of the bridge
model are shown in Fig. 3.9. The model characteristics are listed in Table 3.3. The
turbulence of two different boundary layer flows are defined as exposure 1 and 2 as specified
in Table 3.4. The aerodynamic force coefficients are given in Table 3.5. Velucity spectra
were measured at the bridge deck level and were found to be similar to the so-called von
Karman spectra given by (2.57) and (2.58).

Table 3.3 The model characteristics of the Normandy Bridge

"Mode ____ Prototype  Model  Structural damping
freq. (HZ) freq. (HZ) ratio (%)
Lateral 0.114 1.365 0.2
Vertical 0.214 2.350 0.4

Table 3.4 Wind conditions at the bridge site

Exposure Turbulence Length scales Decay factor
intensities { %) (m) Long. Vert.
1 lu=9 Iw=35 Lu =200, Lw = 35 10 8
2 lu=13, Iw=7 Lu =100, Lw = 29 11 9

e e ————— e
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Table 3.5 Lift and drag coefficients and lift slope

Lift coefficient Lift slope Drag coefficient
Cosine  Sine (1)  Sine (n) Cosine Sine
-0.32 4.1 0.08 0.70 0.67 0.04

As described before, the aerodynamic force coefficients are different for cosine and
sine cases. Table 3.5 shows these aerodynamic force coefficients corresponding to cosine
and sine cases. For cosine case, the lift, drag and lift slope are taken from the section
model testing results of the Normandy Bridge. For sine case, the equivalent lift slopes are
referred to as linear and nonlinear results as stated in section 2.4.4, the former is given by

(2.95); the latter is approximately obtained from the experimental results by Winter [52],
including the drag cocfficient of the sine case.

The buffeting calculation was attempted for both lateral and vertical response using
the modified buffeting approach. The comparison of calculated and experimental results is
shown in Figs. 3.10. through 3.21.

Figs. 3.10 and 3.11 show root-mean-square responses of both lateral and vertical
deflection at the tip vs. wind speeds at bridge level, i.e. in the case of wind normal to the

bridge span. Both analytical and experimental results show that dynamic response is
proportional to wind speed.

Figs. 3.12 through 3.19 show buffeting response of both lateral and vertical deflection
at the main span free end against yaw angles, corresponding to the full-scale wind speeds
of 30 m/s, 33 m/s, 39 m/s and 44 m/s at the bridge level. There is general agreement between
calculated and experimental results.
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Fig. 3.18 also shows the effect of aerodynamic damping on buffeting response of this
bridge. Different damping is used to calculate of lateral bending response, one is based on
the equation (2.26) in terms of the quasi-steady assumption as the curve 2 in Fig. 3.18,
another is obtained from measurcd total damping when wind is normal to the bridge span
as the curve 1 in Fig. 3.18. It can been seen that the aerodynamic damping plays an

important role in prediction of buffeting response of cable-stayed bridges.

Both velocity spectral expressions, von Karman’s and Kaimal’s forms , were used in
the calculation shown in Figs. 3.20 and 3.21. It is found that there is no significant
difference.

3.4 Buffeting Response of the Kao Ping Hsi Bridge

The Kao Ping Hsi Bridge (Taiwan) is an asymmetric one-tower cable-stayed bridge
with a main steel span of 331 m and a concrete side span of 183 m, the width of the bridge
girder is 34.5 m . The mean bridge deck elevation is 50 m . Figs. 3.22 and 3.23. show the
general configuration of the Kao Ping Hsi Bridge and its cross section. Because of its
asymmetric configuration, the bridge wiil have a very long cable-supported cantilever during

its erection stage.

The wind tunnel investigation at the Martin Jensen Wind Tunnel of the Danish
Maritime Institute included section model tests and 1:150 scale model tests with the
configuration of the last construction stage and the in-service condition of the bridge. The

full bridge model of the Kao Ping Hsi is shown in Fig. 3.24.

The test report [5] indicated that the maximum bridge deck buffeting response during
construction is much larger than the response with its completed condition, as expected, due
to less stiffness at this stage.
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The model characteristics are given in ‘Table 3.6, The aerodynamic force coefficients
are listed in Table 3.7. The longitudinal and vertical turbulence intensities for the
construction stage are 10% and 8%. The velocity spectra are compared to the Kaimal
spectra.

Table 3.6 The model characteristics of the Kao Ping Hsi Bridge

~Mode __ Model  Structural  Mass distribution
freq. (HZ) damping ratio (%) (Kg/m)
Lateral 1.88 0.20 0.894
Vertical 2.32 0.30

e —————

—

Table 3.7 The aerodynamic force coefficients

ﬁ
Lift coefficient Lift slope Drag coefficients
Cosine  Sine (1) Sine (n) Cosine Sine
-0.38 6.0 0.16 0.73 0.45 0.08

The buffeting response under yaw winds was measured at 5 different wind speeds,
corresponding to full-scale wind speeds of approximately 20 m/s, 35 m/s, 50 m/s, 65 m/s and
80 m/s at the bridge deck level. The bridge response included vertical, lateral and torsional

motion of the deck.

The buffeting response was calculated for both lateral and vertical bending oscillations
during the bridge erection and was compared to the experimental results. Figs. 3.25 through

3



3.30 show the root-mean-square response of lateral and vertical deflection of main span

free end against yaw anglcs.
The comparison of the calculated results with the experimental results shows that

(1) When wind comes normal to the bridge model span, the calculated results are
about 1.5 - 2.0 times larger than the experimental results for both lateral and vertical

displacements.

(2) The experimental results show that the vertical response of the bridge end is
nearly constant for all yaw angles when wind speeds are 50 my/s, 64 m/s and 80 m/s at bridge
deck level, but the lateral response shows irregularity with the yaw angles. The analytical
results in vertical motion show the same tendency when yaw angles are between 0° and 70°

, but calculated values are nearly 1.5 times larger than the measured data.
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Chapter 4

Discussion

The buffeting response of cable-stayed bridges during their erection has been
discussed in this thesis. The modified buffeting approach is further developed to predict
lateral bending oscillation and the approach is applied to predict buffeting response of cable-
stayed bridge models under yawed wind. The analytical results both in vertical and lateral
bending oscillations are compared with the experimental results of cable-stayed bridge
models, they are in general agreement. On the other hand, it is also been found that

aerodynamic parameters play an important role in prediction of buffeting response of cable-
stayed bridges.

The discussion in this chapter is based on a comparison of the analytical and
experimental results given in Chapter 3. Discussed are some parameters in the prediction

of the buffeting response of cable-stayed bridges during their construction stage.

4,1 Effect of Aerodynamic Damping

In the present buffeting analysis, the acrodynamic damping force is based on the
quasi-steady assumption. The buffeting force is caused by the fluctuation of the oncoming
flow, whereas the aerodynamic damping is caused by the movement of the structure itself.
In the buffeting analysis procedure, it is important to include the acrodynamic damping
together with the mechanical damping as explained in section 2.2.1, since it is often a
fraction of the total damping effects.

Aerodynamic damping is a dominant factor in prediction of the buffeting response.

However, there has not been an established theoretical means to evaluate the aerodynamic

damping under yawed wind. In the present analysis, the acrodynamic damping under yawed
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wind is assumed to be proportional to cos8 . The same assumption was used by Kimura [24]

for the buffeting analysis of flat plate models.

It should be noted that for the vertical bending oscillation of flat plates, aerodynamic
damping ratio is proportional to cos . This expression may not be applicable for bridges
with box sections, such as the Normandy Bridge or the Kao Ping Hsi Bridge. On the other
hand, even though wind is normal to the bridge span, the measured and analytical results
are not in agreement. Fig. 4.1 shows the difference between the quasi-steady aerodynamic
damping ratio and the experimental results for lateral motion of the Normandy Bridge. The
measured data are significantly larger than the quasi-steady results.

By the comparison of the analytical and experimental results, when 8 is close to 0°
(i.e. cosine case ), the calculated results generally compare well with the experimental data
if the measured aerodynamic damping is used in the calculation. For example, the vertical
bending for the flat plate models as shown in Figs. 3.1 through 3.3 and the lateral deflection
for the Normandy Bridge as shown in Fig.3.10 under wind normal to the bridge span.

For the vertical deflection response of both the Normandy Bridge and Kao Ping Hsi
Bridge, the calculated results are greater than the experimental data. One reason is
probably the evaluation of the aerodynamic damping which remains uncertain.

4.2 Effect of Turbulence Characteristics
The effect of turbulence can be discussed in terms of the turbulence intensity, the

integral scales of turbulence or the velocity spectral density. These factors directly influence
the results of the buffeting response prediction.
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It can be easily shown that buffeting response is simply proportional to the turbulence
intensity if other parameters are not influenced by turbulence intensity. The turbulence
characteristics in wind tunnel test sections are not necessarily homogeneous. Because of the
limited size of the flow field, both the turbulence scale and intensity would be different in
the mean flow direction. The variation of the flow characteristics could influence the
buffeting response of a bridge. In particular, when yaw angle |8] is close to 90° (i.e. sine
case), the bridge span is almost parallel to the flow direction and thus the flow
characteristics may vary most significantly along the bridge span. In the present calculations,
the possible variation of the flow characteristics along a bridge span was not considered. It
can be concluded that the lateral bending response prediction using the flow characteristics
at a model free end location would be larger than that using the flow characteristics at the
model support location. The larger a bridge model dimension is, the more significant the
effect on lateral bending response would be.

Another factor influencing buffeting response could be the general shape of velocity
spectra. The von Karman'’s expressions of velocity spectrum were used in the calculation for
the Normandy Bridge. As mentioned before, the von Karman spectrum is based on an
assumption that the flow field is homogeneous and isotropic, Wind tunnel tests are obviously
carried out in shear flow turbulence and the resulted turbulence is typically characterized
by the Kaimal type spectra. However, this difference is perhaps negligibly smali as shown
in Figs.3.20 and 3.21.

4.3 Estimation of Sine Case Response

The biggest uncertainty in the calculation of sine case is the evaluation of
aerodynamic force characteristics such as lift force, drag force and lift slope. These
aerodynamic force coefficients greatly influence the root-mean-square response in both

lateral and vertical bending motion. As mentioned in section 2.4.4, these parameters for the
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sine case; i.e., the case of small aspect ratio, were taken from Winter’s experimental results
[52] on flat plates with small aspect ratio. For bridge models with box sections, these
aerodynamic force coefficients could be considerably different from the flat plates. However,
since there is no experimental results available for this case, the above assumption was
introduced as the first approximation. It can be seen that the experimental evaluation of
these aerodynamic force coefficients for sine cases could improve the agreement of
analytical and test results.



Chapter 5

Conclusions and Comments

5.1 Conclusions

The effect of wind yawed angle on the buffeting response of cable-stayed bridges
during their erection was emphasized as a major subject in the present study. The original
modified buffeting analysis was only for the vertical bending vibration, although there is
lateral buffeting observed experimentally . Therefore the study was extended to analyze
lateral bending response under yawed wind. The comparison of analysis with test results is
extended to actual cable-stayed bridge models.

It has been confirmed that the modified buffeting approach is effective in prediction
of buffeting response of cable-stayed bridges during their erection. The conclusion of the
study can be summarized as follows:

" (1) The modified buffeting approach is further developed to predict lateral bending
motion of cable-stayed bridges during their erection and the variation of wind directions is
considered.

(2) The modified buffeting approach is applied to actual cable-stayed bridge models and
proved effective. The buffeting analysis both in vertical mode and lateral mode is compared
with the wind tunnel testing data for cable-stayed bridge models, and the calculated and
experimental results are in general agreement.

(3) The analysis indicates that the buffeting response both in lateral and vertical bending

oscillations is greater at high wind speed and is almost proportional to the intensity of
turbulence. Wind tunnel tests confirmed this and the results agreed.
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(4) When the effective wind velocity is normal to the bridge span ( i.e. cosine case ), the
effect of aerodynamic damping on both vertical and lateral bending responses plays a

principal role.

(5) When the effective wind velocity is parallel to a bridge model span ( i.e. sine case ),
the effect of some additional lift caused by the vortices formed along the sides of the bridge
model should be considered as well as aerodynamic damping. These aerodynamic force
parameters include lift and drag force coefficients and lift slope. The variation of turbulence
intensity along the bridge model span is also an important effect on lateral bending motion

when wind direction is parallel to a bridge span.
5.2 Suggested Further Study

To obtain a better prediction of buffeting response under yawed wind, the present
study has emphasized the importance of aerodynamic parameter evaluation. Wind tunnel
testing is the most reliable way to find aerodynamically complicated behaviour.

Furthc;.r study in prediction of buffeting response of cable-stayed bridges should
include both theoretical analysis and wind tunnel testing. Additional study should
investigate acrodynamic force behaviour for bridge models with box sections and small
aspect ratio, i.e. in the case of wind parallel to the bridge span. Another study is needed
to determine aerodynamic damping under yawed wind, not only for different bending
oscillation but also for models with different cross-sections.
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Fig. 3.6 Photograph of the aeroelastic model of the Normandy Bridge
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Fig. 3.22 General configuration of the Kao Ping Hsi Bridge
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Fig. 3.23 Cross-scction of the Kao Ping Hsi Bridge
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Fig. 3.24 Photograph of the aeroelastic model of the Kao Ping Hsi Bridge
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Fig. 3.26 Vertical deflection of main span free end vs. yaw angle ( U=50 m/s )
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