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SUMMARY

This thesis presents the vibrational characteristics and the aerodynamic

behaviours of suspension bridges. The oscillatory characteristics of

suspension bridge are effectively influential factors to analyze the

earthquake and the wind resistant behaviours. The coupling terms of

vibrational modes for an ordinary type of suspension bridge with vertical

hanger system are theoretically studied and disclosed to be a non-linear

form. The fundamental equations for the inclined hanger system are

derived and it is shown that the theoretically simplified solutions

satisfactorily accord with the experimental results. As for aerodynamic

behaviours associate with suspension bridges the flutter phenomena for

various types of fundamental forms of stiffening girders are investigated

experimentally~ Also the statistical responses of plate-like structures

due to fluctuating gusts are analyzed for which the aerodynamic coupling

effect, the aerodynamic magnification factors and the frequency response

functions for two dimensional system are illustrated from theoretical

considerations.
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PREFACE

This thesis is concerned with oscillatory behaviours and aerodynamic

responses of long-spanned suspension bridges. Since 1965 the laboratory

of Bridge Engineering, Dep't of Civil Engineering, Kyoto University is

engaged with the research project on the aerodynamic problems of bridge

structures. Main theme of the project is to disclose the aerodynamic

instability problems of long-spanned suspension bridge which is also

closely related with free vibrational behaviours of the structure. In

progress with the governmental work for the Honshu-Shikoku Connecting

Bridge Plan in Japan the technical approach for its possibility is greatly

emphasized in which the aerodynamic and the earthquake resistant design

methods are considered of the prim~ importance. Our investigations

intend to contribute to the above national project and, on the other hand,

intend to disclose the related engineering problems from various points of

views.

The present paper is prepared from the author's research work for

five years, supported by the scientific research funds of the ministry of

education and the research funds of the Japan Railway Construction Corpora­

tion.

The author is greatly indebted for a number of persons in the Bridge

Engineering Laboratory and particularly for Messers. H. utsUllomiya, :M. Noguchi,

Y. Iida, S. Takita, M. Matsumoto, K. Tsuji and H. Asamuma for their enduring

calculations and experimental works. Without their cooperation the project

could not be achieved to the present stage. To Professor Ichiro Konishi

the author should be to express his special thanks for his encouragement and

critism on this investigations. Finally the writer is indebted to Prefessors

T. Ishihara, Y. Niwa and the senior staffs in Dep't of Civil Engineering for

their understanding and kind support by which the author is privileged to

plan the Wind Tunnel to engage with the present research work.



CAHPTER 1 VIBRATIONAL CHARACTERISTICS OF SUSPENSION

BRIDGE WITH VERTICAL AND INCLINED HANGERS

Part 1

ON THE COUPLED FREE VIBRATIONS OF SUSPENSION BRIDGE

WITH VERTICAL HANGERS

1.1 INTRODUCTION

We present general vibrational characteristics of suspension

bridge in the vertical direction as well as in the horizontal

direction including the torsional rotation of stiffening floor ·system.

Recent results of investigations to increase the dynamic stability of so

flexible structures as long-spanned suspension bridge indicate possibili­

ties of a number of newly developed types of stiffening girders, hanging
1 J. 2), 3)

systems, etc. In order to clarify the restraint effect in new type

of suspension bridge an attention is placed on the vibrational behaviour

of ordinary type of suspension bridge with vertical hangers. Though our

consideration is restricted to linear elastic response of various struc­

tural members, it is easily expected that a set of fun:dam.ental equations

is eventually of coupled form of expressions because of complexity in

structural conjunctions of suspension bridges. For'the sake of brevity

the suspension bridge considered here is assumed to consist merely of two

extensional cables, stiffening floor and vertical hangers distributed

uniformly along the spanwise direction (Fig. 1.1). A set of fundamental

equations is obtained by the aid of the variational principle and classi­

fied into two classes of modes, the first of which can be termed as

deflectional modes, while the second can be termed as the torsional modes.

Numerical illustrations are demonstrated for the proposed dimensions of

the main span of the 1st plan of the Akashi Strait Bridge in Japan. The

natural frequencies of the lower orders and the corresponding vibrational

modes are determined by employing the Rayleigh-Ritz method.
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A)

1.2 DERIVATION OF FUNDAMENTAL DIFFERENTIAL EQUATIONS

In this paragraph we shall consider derivation of a set of funda­

metal differential equations of free vibrations of suspension bridge

as shown in Fig. 1.1. The deformed configuration can be signified, as

Fig. 1.2, by three components of displacements Uo, 110 , w. , which are

longitudinal (horizontal), lateral (horizontal) and lateral (vertical) of

stiffening girder and three components of displacements of cables for

which £, r are attached in order to distinguish the configurations of

two cables. In addition to these the angle of rota~ion e with respect

to the center line, which varies with the coordinate x only, is consi­

dered so that torsional motions of the floor can be described simulta­

neously with hor"izontal and vertical modes of deformations. By the

as sumption that initial plane remains plane after deformat i on, we have,

for stiffening floor,

awo aVa
u (x, y, z) = uo (xl- -- z - -- y

ax ox

(1·2-1)

W ( x • y, z) = wo(xl + () (xl Y

In order to obtain the fundamental equations, the strain and

kinetic energies, U and T, stored in cables and stiffening floor

system can be evaluated in terms of the displacements specified by

eq's (1-2-1)_ Let W be the workdone by the dead weight and let

WI and we be the dead load per unit length of stiffening floor and

a cable, respectively. Then we have, by virtue of the variational

principle,

(1-2-2)
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where

1 I iJ2 Wo = az Vo 2 iJO z
U=- J (E { ly(-) -I- I" (-) } -I- fl ( Iy -I- I. ) (-) 1 d x

2 0 ax' ax' • ax

I w'2J.2Ji w' r1 -I-h'z '., r ' r r ur 1
-I- J HW { dr -k' w; +.2. ( ,)-I- 2' V( } d x

o 2 1-1-Ji2

t b avo. 2 b 0 •
/ I = J {(~- - Ill) -I- (vo .. VI) -I- (k-l-wo --- Wt) _k 2 } dx

o 2 ax 2

}

A,1 • A. Lagrange's multipliers

The expressions /1 and 12 indicate that hangers are inextensible

throughout spanlength. Using the ordinary method of calculus of varia­

tion, eq. (1-2'2) yields to a following set of differential equations,

- 3 ..



namely.

wI' 8" if" Wo {)" 8 2 Wo bob0
-u" - PI - (I -- ) + - (£1 -- ) + 2'\ I ( h+wo + -2 -wt )+2 ,1,2 ( h+wo --2 - wr ) = wf

g 8:t.i11 y ifXal (h: 2 Y a x 2

(1·2·6)

(1·2·7)

if ao bob0
wI (ly";" J. ) '0' _ _ {I< (I + iJ - } + b J. 1 (h + Wo + - - wt )- b,\ 2 (h +Wo - - - w ) = 0
gA '. ax Y - ax 2 2 r

(1·2'8)

{
b ElvG }

}+ 2 ,l, 2 - -+ u . = 0 (1' 2 . 1 0 )
2 ax '

(Vo - v r) =0 (1·2·12)

Ii (u' - Ii w' ) 8 w; + Ii u;
w. ~ I' a { r r} "H ( )~ v 1+h 2 W + - E A +Il h - IV -
g r ax C C (1+ 1i2)t IV ax 1+ 1i2

bO
- 2 J. 2 ( h + roo - - - Wr ) = Wc~ ( 1•2 •14 )

2

The above nine equations contain eleven unknown dependent variables)

- 4 -



by the eq 1 s (1 - 2 - 6) through (1 - 2 ·14) plus two constraint conditions.

(1·2'15)

Physically the Lagrange's multipliers Al. A2 correspond to mutual

reactions for cables and floor as the results of constraint conditions.

The eq's (1-2·6) through (1-2·14) are of the general form of expressions

for dynamic behaviours of suspension bridge.

From a~ove nine equations, the free vibrations of suspension bridge

are classified into two types of modes. the first of which c~~ be termed

as the deflectional modes, while the second of which as the torsional

modes. The former modes of vibrations indicate that neither lateral

(horizontal) displacement nor rotation of floor with respect to the

center line of bridge contributes to the oscillations. The second type

of modes termed as the torsional modes consists of all displacement

components and none of them can vanish. One should thus recognize the

coupling of torsional and lateral displacements as a characteristic of

this type of free vibrations.

1.3 REMARKS ON THE DEFLECTIONAL MODES OF FREE VIBRATIONS

As previously considered the deflectiona1 modes of free vibrations

of suspension bridge are given by the following set of ~ressions

annihilating torsional. lateral (horizontal) displacemen~s of stiffening

floor and cables. viz .•

- 5 -



2
U 2 + (h+Wo- W) _ h 2

(1 -3-3)

Note that Wt =wr = W

(1-3.1) through (1-3-4) provide obviously the non-linear form of solutions

because of the constraint condition, eq.( 1·3-4). To linearize the solutions

let us find the Lagrange1s multiplier A in above expressions by vanishing

all displacements) then eq. (1·3·1) and eq. (1-3- 3 ) give us

(1-3-5)

Though the approximation may yield to 4 A= wf/ h. let us assume

- 2 HJPh"
4.t=-- ­

h

for this problem; this assumption reaches to the same form of the funda­

mental equations of the lateral vibrations of suspension bridge obtained

by M. Ito.S
) SUbstituting eq. (1-3'6 ) into eq's (1·3·1) through

(1-3·4) and defining Wo ,w ) u as vibrational modes independent of time

and Q) as the circular frequency, we have
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The above set of expressions, eq's (1-3-7), is considered as the

general form of deflectional modes. It should be noted that eq's (1-3-7)

are classified into cases depending on whether the equations are associat­

ed with singular point, in other words, h=O at midspan or not. The

center-diagonal stays, comm0n+Y adopted to modern types of suspension

bridges, constrain horizontal displacement of cable at the midspan and

consequently augment rem~rkably the deflectional stiffness of a suspension

bridge. Thus~ mathematically, installment of diagonal stays is conceived

as singularity at the midspan of the

bridge. Classically F _ Bleich and others 6) give the fundamental equations

of free vibrations of suspension bridge under the assumption that vertical

displacements of cables and stiffening floor are identical and the horizon­

tal increment of cable tension is introduced by the cable equation_

From the constraint condition for hangers, eq. (1·3-4), we have the

following set of fundamental equations alternatively by assuming that

u=hsJn9' W=Wa + h (1 -cos 9')

so as to satisfy eq. (1-3-4). Substituting above expressions into eq's

( 1·3· 7) and taking only linear terms into an account in terms of u and

W , we have

- 7 -



(1 • 3 - 8)
2£ A h ' 2[./ hh'o' 2£ A h' ,2 we ;-:-:-;;: " d { e eli.} d, d {'W • Ii.} 'e e U.

-y 1+Ji2 hu-- + 211w- (au.) -- -----
g dx (1 +H2) % tb: dx· 1+ It 2 (1 + It.) %

The numerical illustrations for above consideration are described

in 1. 5-

1.4 REMARKS ON THE TORSIONAL MODES OF FREE VIBRATIONS

The torsional modes defined previouly comprise all components of

displacements of stiffening floor and cables, which means that all

displacement modes are eventually of so coupled form as e~_ (1-2-6)

-through ( 1-2-14). However the lateral horizontal modes, ~ , ve ' Vr ,

aregiv-enby eqls (1-2-7), ( 1·2-11) and ( 1-2-12) in which othe~ modes of

displacements do not appear explicitly if the horizontal longitudinal

displacements /I.e ' Ur , are neglected throughout the spanlength_ Thus we

may subdivide the torsional modes into the lateral horizontal modes and the

purely torsional modes_ The former can be written as

Wf" iJ2
- vo + - (
g aX'

iJ' Vo ) 2flwli'
+ --(vo- v) =0

iJx' h

..::!..c. ~1+h'. ·v- -Ii", a2
v _ Hwlt'y 1 + fl.". ( Vo - v) = 0

g ax' h

where and _ v The latter, purely

torsional, is expressed for the lowest approximation as

{ Wf W n ()2 a'o a'o
- (/ +/ ) + ...E.. b'v'1+fl2 } 0 + - (£/. b-) - II (1 +/.)--

g AJ Y z: 2g ax • ) m i]:r; 2 y. 8:r; 2
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where ~m is the moment of inertia of main girders of the floor system.

In order to examine the above consideration on subdivision of

torsional modes, an attention is placed on the constraint conditions(1·2-5)

which are satisfied, ignoring the first terms, if

bo

J
wt = Wo + - + h (1-0080; )

2

vt = Vo - h sin rt

bo
(1-008,8) }wr = Wo - -+h

2

v r = Vo - h sin ,8

substituting eq's (1-4·3) and (1-4-4) into the energy expression and

taking an account into consideration up to the cubic terms of displacements,

we have

2

1 { (Vo - vI)
-_L +

2 % I h

2
(vo - v r )

h
}=o

- 9 -



where the operator l..xt is of the form

From eg's (1.4.5) through ( 1·4·9 ) the displacement modes are consid­

ered to couple with other by means o~ non-linear terms as above expressions.

It is worthwhile to note that on an account of eg's J~.4.5) through ( 1·4'9 )

the vertical de~lectional modes Wo exert no lateral (horizontal) modes,

Vo or v , when there exists no lateral displacement initially, while the

lateral (horizontal) modes can exert the vertical deflection of stiffening

floor when non-linea.:rterms are taken into an account.

1.5 NUMERICAL ILLUSTRATIONS

Numerical calculations for above fundamental eguations are performed

for the main span of the 1st plan of proposed Akashi-Strait Bridge in Japan,

which dimensions are as follows;

l(spanlength) ~ 1,300 m

f(sag) = 108 m

E (Young's modulus) = 2.1 x 107 t!m2
c 2

A (cross sectional area) ~ 1.232 m Icable
c

H (horizontal component of cable tension) = 5.841 x 104 t!cablew
W(total dead weight) = 30t!cable

I (moment of inertia wrt lateral axis) = 5 m4jone stiff. truss

IY(moment of inertia wrt vertical axis) = 20.25 m4
z

- 10 -



In calculation of the deflectional modes of free vibr~tions, two

cases are considered depending on the singular points of fundamental

equations at the mid-span, which correspond to whether we have the center

diagonal stays or not.

( i) Without cent er diagonal stay

Since we consider simply supported stiffening girder, the deflec­

tional modes are assumed as

a
~

k=1

. krrx
Ak SID-­

l

p krr%
w ~ Bk Sll-- (1'5·1)

k=1 t

r kr.x
u :£ Ck

sin--
k=1 l

which yields to the energy expression of the following form

from which the frequency equation is written as

(II (1l (2)
Dkj +Djk Dmj 0

l21 (31 (31 (41
Dit Dtm + Dmt Dtn - 0 (1·5·2)

(4) (51 (5)
0 Dmr Drn + Dnr

- 11 -



where j. k = 1, a , m,t=1, ..·······13, n,r=1. ·········r

(ii) With center diagonal stays

For this case the additional mechanical constraint to the above

case is given as Wn (t /2) = w ( t /2 ) and u (l /2) =0 Then

the deflectional modes are assumed as

W - ... A; . ;ltX
0- ~ • SlD--

l

h . i .. x
W = ~ (Ai + B; -) !':ID --

~ t l
(1-5-3)

h
u = .£ c.

i l. t
. i Jt%
sm~~

l

Similarly the characteristic equation is obtained as

- (41
D zt+ 1, 2j+1

- (6)
DU + 1 , zk

- (2l - (2l
D . +D .

2 J+ 1 • 2m+ 1 2m+ 1 • 2] + 1

(5l

D2m.+ 1 .21:

- (6)
DZi + 1. 2m

- (51D.
ZJ+1,Zn =0

For the torsional modes of free vibrations the purely torsional

modes of stiffening floor with center diagonal stays are calculated in

this study under the assumption for modes as

(a)
2w ktrz

1)= -= g Ai< sin--

}b k l

(1-5-4)

g h. k .. z
u= Ck Slll--

k l l
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" . k ",;x
tJ= L> Ak sm --

k t

(1-5-5)

. brx
u= Z Ck SID--

k l

The characteristic equations are obtained in exactly same manner

as the deflectional modes_ The natural frequencies of first symmetric

and anti-symmetric modes are given in Tables 1·1 ,1'2 and the modes

are shown in Fig IS l' 3, 1·4 , 1· 5 , 1 . 6 for deflectional and torsional

cases. The results are compared with those calculated by means of

fundamental equations given by F. Bleich and others.

The numerical results.indicate quantitatively the increasement of

stiffness of the structure when we have center diagonal stays; that is,

the natural frequencies increase approximately 10 to 20 %for the case

with center stays and more than 50 %for the case without center stays

to compare the results of assumption of identical vertical deformation

with those of the assumption of unequal vertical deformation of cables

and stiffening floor_ Though the calculation seems to be rather complex

the results can be obtained within short time when the electronic

computor is used.

Part II

ON THE FREE VIBRATIONS OF A SUSPENSION

BRIDGE WITH INCLINED HANGERS

1.6 INTRODUCTION

A theoretical consideration is performed on the free vibrations of

- 13 -



a long-spanned suspension bridge with customary vertical hanger system.

However, recent results of investigations indicate possibilities of

effective increasement of dynamic stability of suspension bridge by

means of (i) increasement of flexural and to~sional rigidities, (ii)

increasement of structural damping, (iii) improved cross sectional shapes

of stiffening girders. In this investigation the stress is placed on

experimental analysis to clarify the discrepancy of stiffness of suspen­

sion bridge frc~ the structural point of views,namely, the effect due to

inclination of hangers. Because of complexity of structural conjunction

of suspension bridge with inclined hangers a model of suspension bridge

( 3,250 + 6,500 + 3,250 ) is made based on the 1st plan of the proposed

Akashi Strait Bridge with both vertical and inclined hangers (Fig. 1.7).

The static and dynamic tests are performed and compared with two cases.

1.7 STATIC TESTS .AND RESULTS

In order to clarify the mechanical response of a suspension bridge

with vertical and inclined hangers the static tests are performed', in

which the deflections are measured by telescope under 18 different

loading conditions (Fig 1.8) for the cases of (a) inflexible towers and

(b) flexible towers under the uniform load (i.e., 615.6 gr/6.25 em/one

side). The results are as follows;

(1) For the case of inclined hangers the maximum static deflections

are obtained under fully loaded case on the main span, which corresponds

to 1/165 of span length; for the case of the vertical hangers the maximum

deflection to span length reaches to 1/154 under the corresponding load

conditions. The decrease of deflections due to inclination of hangers

tends to become remarkable when loaded asymmetrically or concentrated.

(2) When the tops of towers are fixed so as to be inflexible, the

. deflections of stiffening girders are about 35 %less than the case of

f~exible towers.

- 14 -



1.8 DYNAMIC TESTS AND RESULTS

This investigation intends to disclose the free vibrational charac­

teristics of a suspension bridge with inclined hangers. (Fig. 1.9) The

deflections of stiffening girders are obtained by use of the differential

transformers (Type Ml-6W-13, Shinkou Electric Co.) and the strains are

measured by the wire strain gauges amplified by the Ds6-MTH (Shinkou

Communication Co.) and recorded by the electromagnetic oscillograph

(Type FR-IOl, San-ei Bokki Co.). To have the steady state response the

electrodynamic vibration exciter (Type VS-VVE-3202 As, IMV Co.) is used,

the vibrator of which varies from 1 to 100 cps in frequency and up to 26

rum in an~litude, exer~ing the sinusoidal external forces up to 125 kg at

the m&ximum. In this test, the natural frequencies, the corresponding

modes, and the logarithmic decrement are obtained by measuring de1fections

and strains of stiffening girders and cables in free vibrations and under

the steady state excjtations for models with vertical and inclined hangers.

In order to estimate the effect on the deflection of stiffening gtrders

due to flexibility of towers, the tests are performed when the tops of

towers move freely and when completely fixed by additional supports. The

results are obtained as follows;

(1) For flexible towers, the vibrational modes seem to remain of

similar form for vertical and inclined hangers, while the fre~encies

become N (calculated) = 1.17 cps, N (vertical hanger) = 1.23 cps, N~
c v ~

(inclined hanger) = 1.45 cps for the ~undamental modes, and N = 1.54 cps,
c

Nv = 1. 58 cps, Ni = 2.00 cps for the first asymmetric modes.

(2) The logarithmic decrements for models with vertical and inclined

hangers are obtained and compared in Fig. 1.10. The relation between the

decrements and amplitUde can not be clearly found at the present but

decrements tend to increase when the amplitUdes decrease. In generally

speaking, the damping effect for the case of inclined hangers is considered

to be larger than the case of vertical hangers.

(3) With fixed tops of towers the natural frequencies for the case

of inclined hangers seem to increase about 10 %to compare with those for

- 15 -



the case of vertical hangers.

1.9 CONCLUSIONS

In this investigation the free vibrations of suspension bridge

are considered experimentally to disclose the characteristics for the

cases of vertical and inclined hangers. The static loading tests

indicate the discrepancy of responses due to hangers system, namely less

flexibility when loaded asymmetrically and partly distributed for inclined

hangers. The difference of static deflections for inclined and vertical

hangers reaches approximately 10 %, while dynamically there appear

remarkable differences on the natural frequencies for two cases and the

damping seems to increase significantly for the case of inclined hangers.

In Part I a theoretical consideration is given on free vibrations

to clarify the coupling of displacement modes and the effect of such

stiffening as center diagonal stays for the case of vertical hangers.

Recently various kinds of new types of suspension bridges are proposed,

increasing dynamic stability, by means of improved cross sectional shapes

of stiffening floor and improved hanger systems. To have analytical

continuation the experimental investigation is performed to clarify the

dynamic characteristics of free vibrations of suspension bridge with

inclined hangers in Part II. This investigation obviously calls for

thoroughful theoretical investigations on free vibrations for the case of

inclined hangers so as to make such structural improvement properly

justified.
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Table 1.1

'Vertical Deflectiona1 Vibration

Symmetric Mode W# Wo w = 1.083
W= (0.7930 + 8.235h/L) sin nx/L - (0.0655 + 3.535 h/L) sin 3TIx/L

+ (0.0518 - 4.586h/L) sin 5TIx/L
Wo= 0.7930 sin nX/L - 0.0655 sin 3nx/L + 0.0578 sin 5TIx/L
U = 0.214 h/L sin2nx/L - 0.414h/L sin4nx/L + h/L sin 6nx/L

Symmetric Mode W= Wo w = 1.330
W= Wo = 0.69885 sinnx/L - 0.1514 sin 3nx/L + 0.0382 sin 5TIx/L
U = -5.0570h/L sin 2nx/L + 2.781h/L sin 4nx/L - h/L sin 6nx/L

Anti-symmetric Mode W# Wo w = 1.549
W= (,0.8526 + 0.9858h/L) sin 2TIx/L - (0.0384 + 12.809h/L) sin4TIx/L

- (0.0091 + 3.281h/L) sin 6nx/L
Wo= 0.8526 sin 2TIx/L - 0.0384 sin 4TIx/L - 0.0091 sin 6TIx/L
U = -0. 5996h/L sin nx/L - 0.5858h/L sin 3TIx/L + h/L sin 5TIx/L

Anti-symmetric Mode W = Wo w = 2.266
W= Wo = 0.7192 sin 2TIx/L - 0.1258 sin 4nx/L - 0.0414 sin 6TIx/L
U = -0.0328h/L sin TIx/L - 1.4838h/L sin 3nx/L + h/L sin 5TIx/L

Torsional Vibration

Symmetric Mode W# Wo w = 1.433
o = 0.4772 sin nX/L - 0.0479 sin 3nx/L - 0.0171 sin 5TIx/L
W=b/2e - 5.717h/L sin TIx/L - 0.4169h/L sin 3TIx/L - 1.477h/L

sin5TIx/L
U = -4.439h/L sin2TIx/L + 11.820h/L sin 4TIx/L + h/L sin 6TIx/L

Symmetric Mode W= Wo w = 1.561
o = 2/b W = 1.142 sinnx/L - 0.106 sin 3nx/L -0.0876 sin 5nx/L
U = -2.950h/L sin2nx/L + 4.726 sin 4TIx/L - h/L sin 6nx/L

Anti-symmetric Mode W f Wo w = 3.020
o = 1.783 sin 2nx/L - 0.5601 sin 4TIx/L = 0.5780 sin 6TIx/L
W= b/2 e- 132h/L sin 2TIx/L - 156h/L sin 4nx/L + 114h/L sin 6TIx/L
U = -8.014h/L sinnx/L - 0.3758h/L sin 3TIx/L - 10h/L sin 5TIx/L

Anti-symmetric Mode W= Wo w = 2.680
o = 7.102 sin 2nx/L -0.537 sin 4TIx/L + 0.0285 sin 6TIx/L
U = -2.950h/L sin TIx/L - 1.827h/L sin 3TIx/L + h/L sin 5TIx/L
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Table 1.2 Comparison of Circular Frequencies

Methods presented

Vertical Deflectional Vibrations

Symmetric modes 1.083 (w :f w )
0 1.343

1.330 (w = w )
0

Antisymmetric modes 1.549 (w :f w )
0 1.810

2.266 (w = w )
0

Torsional Vibrations

Symmetric modes 1.433 (w :f w )
0 1.408

1.561 (w = w )
0

Antisymmetric modes 3.020 (w :f w )
0 2.395

2.680 (w = w )
0
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Static load conclitions

~~ Stations~~. , I I I
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-I- ..J I.. ..... '- --

No.
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2 - 1 /13

3 3 /13
-c.J

'C

"- S!
5/13

t:
E 5 f /13

- >.tf)

6 9 ! 13-
7 11/13

8 13/13

9 11/13

~c.J
10 9 /130

'C 11 7 /13- c;
E

-~ 12 5/13
V>

<r: 13 3 /13
I----

14 -- 1 /13i

15 No Load

16
One side span fully loaded

17
Bo,th side span fully loaded

18 All spans fully loaded
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20 No Load

Fig. 1. 8
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Photo 1. 1 General View> of Model
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Photo 1. 2 Inclined Hanger System
Fig 1. 9

- 28 -



o

0.10
o Inclined hanger

o
• Vertical hanger.

0.08 --~Ol------------------------------------

o

••

o

•••

.. _ .. 0

-- - --~~.••
•

~i..

o

o 0 0 Q
ro 0 0 0 0 0 0~ 0 0 0

o 0 0 0
o 0 0o O· 00 0 0 0 0 0

•• o~. O<J °co o • 00 ~ ~ 0

• 3D ·oo-=:.o 0 0 ~o 0 00
0. 0 0 •• 0 •••

Q) CD ••• o. 0.. .. ..00 . .
• • __...I.L- _-- - ------ -- -------

0.04-

0.02

0.06

I
I\)
\.()

I

o 1.0 2.0 3.0 4.0 5.0 Amp. 6.0
(mm)

Fig. 1. 10 Logarithmic Decrement of 1st Symmetric Mode of Vertical Deflectional Vibration.



Photo 1. 3 ertical Hanger System

Photo 1. 4 Detalj of Tower End.
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Photo 1. 5 Fixing Angles for Top Movement of Tower
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Photo 1. 6 Vibration Generator

Photo 1. 7 Instrument for Mea urements.
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CHAPTER 2 STRUCTURAL CHARACTERISTICS OF SUSPENSION BRIDGE

WITH INCLINED HANGERS

2.1 INTRODUCTION

As mentioned in the previous chapter the suspension bridges, as

one of the ManIs oldest means of bridging a gap, have been investigated

by number of researchers and were reported successful in designs and

constructions of the largest steel structures which man could make,

until the fall of the Tacoma Narrows Bridge in 1940. This notorious

accident eventually revealed the importance of wind action on bridge

structures and leaded to tharoughful researches on the stiffening

systems of suspension bridges, which resulted in wide adoption of the

truss-type stiffening girder instead of the plate girder type. 1),2)

Recently an attention is placed on the newly made Severn Bridge in

Britain for which the uniQue reversed trapozoidal and closed cross

section is used and the Hanger system for connection between cables and

stiffening girders is inclined to improve structural characteristics~)As

we~l known, main parts of suspension bridge consists of the cables as the

tensile members and the stiffening girder as the flexural members and

the changes of individual rigidities effect on the estimation of the

overall rigidity of bridges, which, however, also depend on and are

largely influenced by the connection configuration between cables and

stiffening girder, i.e., the Hanger System. D. B. Steinman
4) suggested

this effect of inclination of hangers and applied it for the Deer Isle

Bridge in order to stiffen the structure SUfficiently for wind action.

Similar feature also is found in the mono-cable suspension bridge

studied by F. Leonhardt. 5)

Such structural progress in suspension bridge as mentioned above

is considered closely related with recent development of structural

engineering and particularly with the positive tendency to utilize the
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suspension structures for huge spatial buildings.

It thus necessitates more detailed and exact analysis on the

flexural behaviour of cables and also indicates a wide range of

possibility to develop the new structural system. C. Thornton and

C. Birnstiel
6

) investigates, in the most unified sense, the mechanical

characteristics of suspension structures by using the incremental load

method as well as the method of continuity, which is considered to be

based on the same priciple of analysis of the suspension bridge with

inclined hangers by T. Fujino and K. Ohsaka.7) The so called dual

cable system is studied by D. Jawerth for various cases and clarified

its characters for the system with the inclined stiffening members.8
)

For the Barbara Bridge the dual cable system is used rigidly enough to

stiffen the system without any inclined hanger system. 9
) Z. Hiba

investigated another structural feature of suspension bridge due to the

inclination of hanger system, for which the plane enclosing cable and

hangers tilts with respect to the vertical plane, for the lateral

horizontal wind action:O) Additionally it is noticed that several

types of bridge structures such as the cable stayed beam bridge and the

Nielsen system bridge increase the rigidity by inclined connections of

main structural members.

For the Severn Bridge the inclined hanger system is used to increase

its damping capacity, which mechanism is however analytically unsolved

f t 1 b . d 11),12) H . 13)or ac ua r1 ges. owever T. Yamaguch1, K. Siraki, R. Nakagawa

performed the experimental study on the damping effect due to the

inclined hanger system for the Severn type bridge and compared the result

with the vertical hanger s~stem, which the Bleich's theory 14) is applied

for, to confirm the increasement of damping capacity in comparison with

the former case.

'It is easily expected that the dynamic and static characteristics

of suspension bridge with inclined hangers exhibit a coupled form of

various structural features. Of the most importance is thus the problem

how one can acquires with sufficient accuracy the basic features of

suspension bridge with inclined hangers. In order to clarify this
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characteristics we investigate for the first place the coupling of

displacements in the ordinary type of suspension bridge theoretically,
15),16) t' d' th . h t d'as men lone In e preVlous c ap er, and performe an experl-

mental study on the suspension bridge with inclined hangers. 17) The

results indicate that the inclination of hangers increases the damping

capacity, remarkably different from the vertical hanger system, and

the static flexural rigidity and also the natural frequencies. However,

since the deformational characteristics for both cases seem to be

similar and their coupling of deformations to be of the same order, it

is possibly considered that the fundamental equations for the inclined

hanger suspension bridge can be derived by the modification of the

ordinary deflection theory of suspension bridge with vertical hangers.

In this chapter, the general structural features of the inclined

hanger suspension bridge are illustrated; firstly the fundamental

equations are derived for "the Warren type hanger system in 2.2 and

modified for the Double Warren type hanger system in 2.3. An analytical

methods for static and free vibrational problems for three spanned

suspension bridge are presented in 2.4 and 2.5. In 2.6 the numerical

example is illustrated and compared in 2.7 with the experimental results

of model tests.

2.2 DERIVATION OF FUNDAMENTAL EQUATIONS-I

2.2.1 INCREMENTAL HANGER TENSIONS FOR WARREN TYPE INCLINED HANGER

SYSTEM

Let us consider the kinematical conditions for the cable-stiffening

girder - hanger system as shown in Fig. 2.1. Let the triangle composed

by the stiffening girders and two hangers be isosceles and let its base,

the height, the vertex distance be 2e(x), h(x) and e(x), respectively.

And let the deflections of cables and those of stiffening girders be

7Jc(x) and 7J
b

(x), then the induced incremental hanger tensions6T+,6T-
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as shown in Fig. 2.1, for the small deflections are written of the form

where

Let Q,c and Pc be the horizontal and vertical components

of the resultant hanger tensions at the vertex, then we have

..
where E~A. indicates the extensional rigidity of hanger .

..I.. J.

Note that Qc tends to zero in eq. (2.2.2) when e(x) tends to zero,

which corresponds to the vertical hanger system.

And also we have

limP= tim, c
.-"0 d-+h

which indicates that at the limiting case of vertical hanger system Pc

tends to the hanger tension identically.

As shown in Fig. 2.2 the induced hanger tensions produce the result­

ant forces Qc and Pc for the cable, while for stiffening girder the

horizontal an,} vertical components of resultant force as well as the

resultant moment Qch are produced.

2.2.2 EQUILIBRIUM EQUATION FOR CABLE

In order to obtain the equilibrium equation of cable let the result-
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ant forces distrubute along the cable as shown in Fig. 2.3 and let the

intensity be denoted by Pc and q, then we have the resultant horizontal

component of induced cable tension as the sum of Hg , the one due to the

ownweight per unit length, Hpv, the one induced vertical load Pc, and

Hpq , the one due to the horizontal load q. Since Hg and Hpv remain

constant, the equlibrium conditions for cables in horizontal and vertical

directions yield to

dH pq
+ q - 0

where y is the initial funicular curve of cable, which is determined by

H "+gY

in which g c and gb denote the own weight of cable per unit length and

the one of stiffening girder.

Integrating eq. (2.2.3) with respect to x, it yields to

"Hpq =- J q(u)du+C
o

SUbstituting eq. (2.2.6) into eq. (2.2.4) and neglecting the higher

order terms, the equilibrium equation for cable is reduced to

,-q (y'+71')+ (Hpv+C-JXqdu>y'+ (Hg+Hpv+C-!%qdU)71"
o Q

+P,,-gb=O

2.2.3 EQUILIBRIUM EQUATION FOR STIFFENING GIRDER

As in Fig. 2.4 let the sectional forces of stiffening girder be

N, V and M and in same manner as mentioned previously let them
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distribute within the length e(x) of the stiffening girder to be q(x;

(horizontal intensity), - Pc (vertical intensity) and m(x) (moment

intensity). Then for the action of distributed live load P, we have

dN

dx
q by the equilibrium in horizontal

direction

iM ,
-- = -m-N7J + V
dx

which are therefore reduced to

by the equilibrium in vertical

direction

by the equilibrium for moment

d 2 M

dX 2
= -

dm (dN, J1) dV
dx - -;;;7J +N7J +-;h

"(EJ1}") -m' - CN7J')+ (Pc -l5b) =p (2-2'8)

2.2.4 FUNDAMENTAL EQUATIONS FOR SUSPENSION BRIDGE WITH INCLINED

HANGERS

From the above mentioned eqls (2.2.7) and (2.2.8) one obtains the

fundamental equations for suspension bridge with inclined hangers by

eliminating the term Pc - gb from both equations equilibrium for cable
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and for stiffening girder, as follows

(EI71")" -m' - (NTJ')' -I- q (y'+ r/)- (llpv+C-f:t'l du) y"
D

. - (11 +Hpv+C- f:tq(uldu) TI ' /
g 0

p (2·2·9)

for which m(x) and q(x) are rewritten by use of eq. (2.2.2) as

Qc
q (xl = -=- = --- he 2 7j' _ A 7]J

e d' -;
(2·2·10)

2E,A,he 2Qc h
mIx) = -_- = ----- h TJ I :::.

e d' -;
A h 1)'

assuming that the deflections of cable through the vertices of the

triangles composed by hangers and stiffening girder coinside with those

of stiffening girder; namely 6 h = O.

The horizontal equilibrium of force yields to

:c
N = f q(ul du

D

Also the initial funicular curve of cable y is written by

(2·2·12)

y"= -- h"

where hT is the height of tower top from the stiffening girder.
of

SUbstitutionAeq's (2.2.10), (2.2.11), (2.2.12), (2.2.13) into eq. (2.2.9)

yields to

" I X ' .;r
( EJ 7J") - (Ah7J') - {r/ f J17j

1dU} -A 71Jeh'-r/) + (/lpv+C-fr/ Adu) h"
o 0

(2'2·14)
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which is reduced to

- (A It 7/' ) • - A h' 7J' = p

and

( 2 • 2 • 15')

if one annihilates the higher order terms of deformation and one

introduces the relation lip = Hpv + C. In eq's (2.2.15) and (2.2.15')~

E,A l denotes the extensional rigidity of hanger, h and e the vertical and

horizontal projection of hanger length, d and e the distance of vertices.

When e tends to zero in eq. (2.2.15), A also tends to zero and eq. (2.2.15

eventually yields to the form of fundamental equation of deflection theory

f d · t f . b' d 18) Th th f d t 1or an or ~nary ype 0 suspenslon r~ ge. us, e un amen a

equation of equilibrium for a suspension bridge with inclined hangers

(Warren type) is derived as a modified form of the ordinary deflection

theory by introducing the parameter.A.

The undetermined quantity Hp in eq. (2.2.15) is determined by the

so called cable equation which is obtained in exactly same consideration

as the case of vertical hanger system as follows

Hp - f'"A 7/' dUd S 3 d s 2r d ( = f 0 ( -) dx ± a T f ( -) dz - h ,t f 7/ d z
, L L EcA c dz ( • L dz L

(2·2·16)

where ( denotes the longitudinal displacement cable, ds the infini­

tesimal curve length of cable, at the thermal expansion coefficient and

T the temperature change.

2.2.5 SIMPLIFICATION OF THE FUNDAMENTAL EQUATION OF EQUILIBRIUM

As discussed in the previous sections eq's (2.2.16) and (2.2.16)
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are the fundamental e~uations for suspension bridge with inclined hangers

(Warren type), which can be greatly simplified if the vertical angles of

hangers 2[3 and the distance e remain constant, as following,

2 E ,A 1 2 E 1 A, 2

A =--- he 2 =--_- cosf3sin f3 = canst - Ao
d 3 ; c

fX A 7/' du = Ao7J
o

for which e :;:;; 2 e ,

So e~'s (2.15) and (2.16) yield to

-I{" Ao Cds
)3)~ h + -- -- r 7] dx

L E cAe dz
(2·2-18)

These e~uations are of the most simplified form of eQuilibrium

equations for the case of inclined hangers, signifying that the incli­

nation of hangers is tantamount to the increase of horizontal component

of cable tension induced by the own weight by the amount of A 0 h from

eq. (2.17) and to the decrease of sag ratio .by the amount of (t2/8)(Ao/EcAe)x

3
(ds/dz) if the initial curve of cable is assumed as a parabola. The

two effects therefore indicate the increase of the overwhole flexural

rigidity for the case of inclined hanger.
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2.3 DERIVATION OF FUNDAMENTAL EQUATION - II

In the previous paragraph the fundamental equations for the

Warren type hanger system are considered and the same method applied

is here used for the case of the Double Warren type hanger system as

shown in Fig. 2.5. The relation of induced hanger tensions and flexural

deflection within the distance 2e in Fig. 2.6 are obtained in exactly

same manner as

{ }
_It

7J {xi - 7J (x - e )
c b d

Expanding terms, 1]b (x+e) , 1}c (X+e) • h (x+e) , h (x-e) , etc. ~

with respect to x into a Taylor's series and assuming that »
fi.(1-2h 2 /d 2

) (e /h) then we have Pi + 1 :'" fi i • Pi -1 and above four

equations are reduced to

Eq. (2.3.1) indicates that the stiffening effect due to the Double

Warren type hanger system is expected to be similar as the Warren type
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hanger system except that the horizontal and vertical components of

equivalent reactions q, Pc are doubled, while the equivalent moment m(x)

remains same as the previous case.

The equilibrium equation is thus written by subsituting the relations,

q

N J"'q(l.l) dl<
o

m _

into eq. (2.2.9) and neglecting higher order terms) as follows; ,

It _ --,

(£'In'') - (Ii +lJ ).,,"+J1 h"- {AhTj'+ 2h' f"'A Tjldl<} =pg P 'I TJ '0

The cable equation yields, in exactly same consideration as before, to

Hp - 2 rJ7J1 du. ds. d

I r J ()" 1: ( s) a " fd ~ = J, 0 - dx ± at T - dx - Ii TJ dx
L LEe A c dx L dx L

where

Note that eq. (2.3.5) can coincide with eq. (2.2.15') if one has

e 2 e in eq. (2.3.5). Eq. (2.3.4) is also rewritten as

(EITJ")'-{(Hg+H +.iIh)r/}'+{(1J -2J"7fr/dl.l)h' }'=pp p 0
(2·3·6)

which is easily reduced to the fundamental equation of the deflection
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theory for an ordinary type of suspension bridge since;1 approaches to

zero when e tends to zero. The stiffening effects due to inclination of

hangers may therefore attribute to the second term correction m(xl= Ah TJI

and the third term correction N= 2 f"'If7J1 du , the former of which
o

signifies the corrective term for flexural deformation of stiffening

girder and the latter of which signifies the one for deflection of cable.

2.4 STATIC ANALYSIS OF THREE SPANS SUSPENSION BRIDGES WITH INCLINED

HANGERS

2.4.1 FORMULATION FOR WARREN TYPE HANGER SYSTEM

In this paragraph the static analysis of three spans suspension

bridge wit~ inclined hanger system in Fig. 2.7 is presented by using the

simplified form of fUndamental equation; namely eq. (2.2.17) is the

equilibriurn equation and eq. (2.2.18) the cable equation provided that

the vertical angle 2 fJ and the vertex distance e remains constant through

the span length. Thus the difference equations for deflections excluding

boundary points are given as

- {4E1 + a Z (H g +Hp + 11 0 h i+1) } TJi+1 + EIrli+2+ a 4 IIp 11'= a' Pi

(2'4·1)

When the side and the main spans are equally divided into ten and

twenty parts, respectively, we have

IK. VJ=IP

where

o
ffJ=
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and

I 7h ' 1]2' ·········1]9 I

"-H h*P2 P

"pg -11 h *p

177mT = I 7J It , 7J 12 , ••••••••• 7/ m I

-11 h"PU p

P l2 -J1p h"

in which tt)~ and f1]m denote column vectors for side and main spans

deflections and IP~ and (Pm denote load terms obtained from the difference

eCluation) eCl· (2.4.1). Note that

G1-E/* F 2 El* 0 0 0 0 0 0

F1 G 2 F3
El* 0 0 0 0 0

£1* F 2 G3 F~ El* 0 0 0 0

0 £1* F3 G; Fs El* 0 0 0

fK. - 0 0 E/* F~ Gs Fs El* 0 0

0 0 0 El* Fs Gs F., £1* 0

0 0 0 0 El* Fs G., Fa £1*

0 0 0 0 a El* F7 Go F g

0 0 0 0 0 0 £/* Fa Gg -£1*
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Gu -£1 1'12 £1

I'll G1Z F,a £f

£1 Fl:1. G13 ~l £1 0

£1 F;. (;.5 FIr; Ef

£1 Fu (;.5 1"6 £1

£1 1'15 Gt6 ~7 £1

lKm = E1 1'16 Gj7 F,g £1

El 1'17 ~e 1'19 {Ed
0 r+<}r£1 FIB

~9 - EI 0

Cil 2F;s c..o

0 0

in which the upper and lower terms correspond to the terms for

symmetric and anti-symmetric live loads, respectively and

EI* flexural rigidity for side span

EI flexural rigidity for main span

a* one tenth of side span length

a one twentieth of main span length

F ;;;:
K

G ;;;:
k

~;;

2- 4EI* - (a*) (H + H + A 0 h_ )
2 g P -1';:

6EI*+2{a*) (H +H +Anh.-)
g pk

0.1 hT.k - 0.04 f l k(lO - k)
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h
T

= height of tower top above stiffening girder

f
l

= sag for side span

F
k

= 4EI (a)2(H + H + !l0~)
2 gp

G
k

= 6EI + 2a (H + H + Aoh )
g P -K

~ = h
T

- 0.01 f (k - 10)(30 - k)

f = sag for main span

k=11, ..····20

With no temperature change the cable equation(2.2.l8)is expressed

by use of the Simpson's formula as follows

1 8 1 19
H = - [R' 1J' + 2 1: 1l.7J.+Il g 7)gJ + - (Rn 7Ju + 2 r; H T). +Hzo 7)20J

p 10 j=--.=7. J J 10 'j=12 j J

where

1 8f A o 16F 2 2-
H . = - (- + -- { 1 +- (2 - O. 1 j) } 2) j = 11 2a

J L E t2 EcAc t 2

It should be mentioned that eg. (2.4.3) is valid only for symmetric

live load and for the anti-symmetric load it vanishes identically.

Solving eg. (2.4.2) and eg. (2.4.3) simultaneously the deflections

and sectional forces are given as follows:

For main span

1. Deflection 7] i

2. Slope 7j ~ = ( 1/2 a )( 7} i + 1 - 7J i _ 1 )£ <2·4-5)
3. Shearing Force : Qi = (-EI/2aJ)(7Ji+2-27]i+1+27}i_1 -7J j - 2 ) (2-4,6)
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4.

5.
Bending Moment ML = (-E1/a 2

) (lli+1-2 71i+7Ji-l)

Increment of Induced Hanger Tension

. 1 Pc
i

1 . P
L:::. T ' = - ~ + - £, A, SID (-n. 1 - 7J. ), '/£+ £-1

-r- 2 cooP 2 2a

. 1 Pc i 1 sm' 2{i _1_
DT'=----+-E,A, (71;+1-1];-1)

- 2COOjJ 2 20:"
}

(2·4·])

where Pi is the love load acting at the panel point i.

For side .span above relations are also valid except that EI and

(a) are replaced by EI* and a* respectively.

2.4.2 FORMULATION FOR DOUBLE WARREN TYPE HANGER SYSTEM

For the Double Warren type inclined hanger system as shown in Fig.

2.5, the fundamental and cable e-quations are given by eqls (2.3.6) "and

(2.3.4), for which no simplification is made. The approximate character­

istics can be analytically obtained by assumption that the parameter A

remains constant. It is physically exemplified by the case that the

vertical angle 2ft geometrically remains constant and the extentional

rigidity of hanger £, AI / d are also constant, which differs from the

case for the Warren type inclined hanger system.

Since the corrective terms in eq. (2.3.6) are written

.-.. , ,-" ,
-A { (h1j') + 2 (7Jh') }=- A { (h1j) + ( h'TJ)}

so we have

"(EITJ")-
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The difference equation for equilibriQm is thus written as

- 1 - -
EI7]i~2-{ 4El+a 2 (Hg +lJp+Ah i _ 1)- ~ A h'i_1 } 7Ji-1 + {6El-1-2a'(Hg+llp+Ahi) } 7Ji

= a"P.
l

and the cable equation with no temperature change is written as

(2·4'10)

1 2 Ads J

H = - f (Il' +- (-) ) 7J dx
P L E L EcAc dx

1 d s J

L =-f (-) dx
E E A L dxc c

for which eq. (2.4.3) is valid except that

H.
j

H. =_1_
J LE

2
(2 - O. 1 j)

j = 1 ,

j= 11 , ,

Note that eq. (2.4.12) is simply obtained by substituting 2 A for

A 0 in eq. (2. 4.4) .

Therefore the basic equation is obtained by substituting eg. (2.4.10)
into eg. (2.4.9) to be

o

All matrice defined above are exactly same as those in eg. (2.4.2)

except that the terms Fk are ;eplaced by the following terms F~ and

F~ for upper off-diagonal and lower off-diagonal terms, viz.,
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A
{~_~I (1 - O. 2 k) 1F" F,,---

" 2a" I I II

- k=1 ,"', 9

F/
A {~ 4JI

(1 - O. 2 k) }Fd"-2a* II II

Fh" F,,+ U A
(2 - O. 1 k)

l 2a

- k=1,···.20

F/
4 J A

FI< - - (2-0.1 k)
I 2a

With above expressions and some modifications if necessary the

three spans suspension bridge with the Double Warren type inclined

hanger system is analytically solved for any loading conditions.

2.5.1 FREE VIBRATIONS OF SUSPENSION BRIDGE WITH INCLINED HANGER

2.5.1 CHARACTERISTICS OF WARREN TYPE FJlliGER SYSTEM

In the first place the free vibrational problem for the suspension

bridge with inclined hangers is illustrated for the simplified case here.

Let m and wbe the mass per unit length and the circular n~tural fre­

quency, then we have the following variational equations in the place

of eq. (2.2.17).

with

1I =_1 ;: {Ii' + ~(~)3} 7J dx
P L E L EcAc dx
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For a single span bridge, the natural frequency ill is approxi-

mated by assuming that 7j = sin "x/l as the fundamental vibrational

mode, as

and also we have approximately

t d s 3 . 1rX
:tx 32/ !(cr;)SJllT dX }-dx+-- _0 _

t 1rml' f'('!!!- / dx
o dx

(2·5·2)

for the first anti-synrrnetric mode by assuming that 7J = sin 2 1r x/ l .

In both expressions eq's (2.5.2) and (2.5.3.), the terms mUltiplied by

the parameter Ao indicate the stiffening effect due to the inclined

hangers.

Generally the vibrational modes for a simply supported single span

suspension bridge can be expressed as

7J
= . fl.1r x
Z en SID--

II =1 l

by use of which an application of the Rayleigh-Ritz method yields to the

following characteristic equation to determine a set of approximate

natural frequencies,

l Ao ds 3 • i7tx l j"'x+ f (h" +- (-) ) Sill- dx f H'Sill " dX) I = 0
o EcAc dx l 0 1
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Since eq.(2.5.4) forms a symmmetric determinant, one may obtain a

real set of characteristic values from it.

2.5.2 CHARACTERISTICS OF DOUBLE WARREN TYPE HANGER SYSTEM

In exactly same manner the free vibrational problem for the Double

Warren type hanger system is solved by the equation

"(E11/') - (llg+Hp+Ah) 7)"+ {(Hp - 2 A7j) h' }' -m(27)=O

where A is assumed constant. When one approximates the first symmetric

vibrational mode by .7) = sin 1t x/ t the corresponding circular frequency

WI is written for single span suspension bridge as

The natural frequencies for higher modes are obtained by the same

manner as before) assuming the Fourier sine series for the deflectional

curves.

2.5.3 FREE VIBRATIONAL ANALYSIS BY THE DIFFERENCE EQUATION

In above paragraphs the Rayleigh Ritz method is applied for free

vibrations defined by eq's (2.5.1) and (2.5.2). It is also possible to

obtain natural frequencies and the corresponding modes by use of the

difference equation defined as eq. (2.5.2).
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o

o

where the right hand side terms are given as

IPs = - (a *)' P =-a'm

and the cable equation is considered simultaneously for the symmetric

modes. For anti-symmetric modes we have Hp = 0, so eq. (2.5.7) is

solved independently from the cable equation.

2.6 NUMERICAL ILLUSTRATIONS

The fundamental equations for a suspension bridge with inclined

hangers are numerically evaluated for the below mentioned model bridge)

for which static and dynamic tests are performed. Various dimensions

for the model are shown in Table 2.1 and its general view is shown in

the Photos~ Since the stiffening girder of model forms a Warren truss

of equal pannel length) eq. (2.4.2) is rearranged for the eight and

twenty four partitioned deflectional points for side and main spans)

respectively. Numerically eq. (2.4.2) is solved by use of the Kyoto

University Digital Computer, KDC II (HITAC 5020).
The results are shown in Fig's 2.8 to 2.13) the first two cases

of which are for symmetric loads, while the latter two cases of which

are for asymmetric loads. For sake of brevity the influence due

to the parameter A ,Table 2.2, is evaluated for various number of

*pp 99 - 101
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cases assuming it to be constant in each span lengths. It is noted from

above figures that deflections in general decrease when the parameter

A increases and the tendency seems to be remarkable particularly for

asymmetric loading or locally concentrated loading. And deflectional

slope at supports of spans decreases when the parameter A decreases.

From the deflectional point of views the effect of inclination of hangers

is characterized to decrease the deflections and distribute them spanwisely.

As far as the present result is concerned the sectional forces vary their

amounts little but distribute differently from each other depending on the

value of parameter A . It should be mentioned that the hanger tensions

differ remarkably from those for vertical hanger system and tend to be
~f lire p",,.,,t:

the maximum in the'neighbourhoodAwhere loads discontinuously change.

However the spanwise distribution of hanger tension seems insensible with

variation of the parameter A to be in the similar form.

The natural frequencies and the corresponding vibrational oodes are

given in Table 2.3 and illustrated in Fig's 2.12 and 2.13. The fre-

quencies may increase by 10 to 20 %due to the parameter A in comparison

with the vertical hanger system) while the vibrational modes of lower order

bear resemblance to the vertical hanger system. Thus the parameter A

rather effects on the higher order vibrational modes. As shown in Fig.

2.13 the first to third antisymmetric modes are considered in the same

phase even when A increases but the fourth mode in the main and side

spans can be out of the phase when the parameter exceeds the certain

value of A •

2. 7 MODEL TESTS AND DISCUSSIONS

In order to clarify and confirm the deflectional behaviours of a

suspension bridge with vertical and inclined hangers~ static loading

tests and free vibrations tests are performed for a model of the three

spans suspension bridge in plan (300m + 860m + 300m)) which dimensions

are given in Table 2.1.
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The model is so designed that the scale is 1/100 with the slicing

factor 9.2757 and two cables ( ~ 2.6mm steel wire), the stiffening

girder of Warren Truss (Methacrylic Acids) and the hangers ( ~ 0.6mm

copper wire) are used.

In the static experiments the strains in cables are measured by the wire

strain gauges affixed directly on cable surface and vertical and horizontal

deflections are measured by the optical level, which is also used ,for meas­

urement of deflections of stiffening girders. The induced hanger tensions

are measured by a gauge device of trial production which responses pro­

portionally to the applied hanger load.

In the free vibration tests the deflections of stiffening girders

are obtainerl by use of the differential transformers, (Type 150 BL,

Shinkou Electric Co.) and the amplifier (Type Ml-6w-13, Shinkou Electric

Co.) and strains in cables and stiffening girders are Ineasured by the wire

strain gauges amplified by the Ds6-MTH amplifier (Shinkou Communication Co.)

and recorded by the electromagnetic oscillograph (Type FR-IOl, San-ei Sokki

Co.)

This experimental investigation is performed for four hanger systems;

vertical, three members, Warren type, and Double Warren type hanger

systems, Fig. 2.15. In the static tests deflections and strains of

stiffening girders and cables are obtained and compared with the theore­

tical values evaluated ~ above described equations and in the dynamic

tests the natural frequencies of lower orders, the corresponding modes and

the logarithmic decrements are obtianed by measuring deflections and

strains of stiffening girders and cables in free Yibrations.

The results are summarized as follows:

(1) The cables and stiffening girders displace spanwisely for an arbi-

trary loaded state and the deflections differ dependent on

the type of hanger system to become smaller in due order of the vertiCal,

the three members, the Warren type, and the Double Warren type hanger
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systems. The inclination of hangers are considered to stiffen the

flexural rigidity of suspension bridge particularly effective for

concentrated loads or asymmetric loads.

(2) Cable deformations are in generally decisive on the deformed

configurations and furthermore the longitudinal deformations tend to

be of singificant amount for local or asymmetric loads. As for cable

deforThations the effect due to the gravitational change is more dominate

than the effect to the elongation of cables for the lowest or lower

orders of deformed states.

(3) The deformational characteristics of a suspension bridge are

considered to be sensitively depend.ent on the hanger system, while

geometrical configurations and extensional rigidity should be therefore

specified for analysis. Since the amount of elongation of hanger is

comparatively small to the deflections of stiffening girder, it is

considered more reasonable to evaluate the stiffening effect in terms

of its constraint forces than in terms of its deformation configuration.

(4) ~or the vertical hanger system the hanger tension remains approx­

imately constant in the span-wise direct.ion, while positive and. negative

hanger tensions are induced alternatively for the inclined hanger

systems, the enveloIe of wr.ich is approximately proportional to the

deflectional slope of stiffening girder. As far as this experiment is

concerned it is observed that no hanger receives compensative compre­

ssion to relax for any loading case.

(5) In free vibrational tests the first s:'rmmetric mod.es is observed.

but the second or more higher symmetric and the anti-symmetric modes

are not excited in a stable form. The results obtained are ShO~~l in

Table 2.3, from which tt..e natura.l frequencies are known to be varied

for different types of hanger system. The corresponding mode havrever
<:lnot

varies less sensitivelYl'remains almost in similar form. The inclined

hanger system is customarily characterized by its damping capacity,
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which is hardly investigated analytically by the mechanical model used in

this experiment. However the result we have is considered to some extent

to indicate that the inclined hanger system reserves more damping capacity

than the vertical hanger system as illustrated in Fig. 2.16. The

logarithmic decrement for the first symmetric mode seems to be independent

from the amplitude so that the viscous damping may be doninant. In this

experiment the inclined hanger system is considered to reserve a sjgnificant

portion of structural damping in the region of more than 2 rom amplitudes

but there are some cases we obtained in the previous tests that the

Coulomb damping appears in the small amplitudes.

Compared the above experimental results with the fundamental equations

in this investigations we have the following results; Fig's ·2.17 - 2.26

indicate the deflections of stiffening girder and the induced hanger

tensions obtained by the experiment and those evaluated theoretically.

For the deflections the fundamental equations are considered well des­

cribing the experimental results when the pararr~ters take A =A 1 =

5.2763 kg/cm which correspond to the smallest values in the each spans.

Since the stiffening girder of Warren Truss type is equally partitioned

for a panel length, the parameter A does vary from a point to other, so

that the calculations are performed by use of the simplified equation for

the parameters A corresponding to 1/4, 1/8, 1/16 th points from the end

support. These deflections obtained are smaller than the experimental

results. Generally speaking such a long spanned flexible structure as

suspension bridge is considered to response rather uniformly and to

decentralize its deflections for live loads.

As for cable deformations the longitudinal components are apparently

observed for locally concentrated or asymmetric loads, which magnitudes

are comparatively small to the vertical component. Theoretically it is

considered that the longitudinal deformation of cable tends to decrease

the stiffening effect due to inclination'of hangers. If this effect of

stiffening decrease is taken into an account, the exact evaluation is

necessary to obtain the precise deflections of stiffening girder.
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Experimentally the deflections are sufficiently approximated by the

simplified form of fundamental equations using the smallest value of

parameter A to know the effect of inclination of hangers. Note that

the longitudinal displacement of cable takes an important role in evaluation

of induced hanger tensions and indirectly effects on the deflections of

stiffening girder. The details are given in the appendix.

For the vertical hanger system the natural frequencies obtained are

9.32 rad/sec theoretically and 9.68 rad/sec experimentally with the 3.9 %
difference and 10.7 rad/sec theoretically and 11.2 rad/sec experimentally

for the Warren type inclined hanger system with the 4.7 %difference. In

order to obtain the dynamic character of inclined hanger system the forced

vibration tests are performed by use of the vibrator which is made

specially for this purp0se to be capable to apply the constant amplitude

of sinusoidally time varing force. Results are illustrated in Fig. 2.27

through Fig. 2.31. which is summarized in Table 2.4. From these theo­

retical values are considered satisfactorily to accord with the experi­

mental ones. So far the theoretical and the experimental investigations

for suspension bridge with inclined hangers are considered to result in

the fact that the fundamental equations obtained can characterizestati­

cally and dynamically the flexural behaviour of structure considered here.

As shown in 2.5 the stiffening effect due to inclination of hangers

is characterize by the parameter A in the form Ah = EA (2h/e) cos fl x

sin
2 fJ (e >: 2e). Thus the maximum effect is obtained by setting e = 2e.

viz., Ah=EIA l sinpcos
2

fJ The non-dimensional quantity Ah/E1A 1

and fl (the half of vertical angle) are related as shown in Fig. 2.34, in

which the full line corresponds to the relation Ah=E1A1(2h/;)oosflsin 2 fl

and the dashed line to the relation A h = E 1 Al sin fJ COS 2 fJ •

From these the intersecting point for a given value of 2 h / -; gives the

most effective vertical angle. For the Severn Bridge the vertical angle

vary spanwisely as in Fig. 2.35. Based on Fig. 2.27 we have 2h/e = 5

to 6 so that the most effective vertical angle will be fJ = 100.
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CONCLUSIONS

In this investigations the fundamental equations of equilibrium

for a long-spanned suspension bridge with inclined hangers are derived

and confirmed by the model tests performed. The equations can be solved

comparatively easily by the aid of the digital computer with sufficient

accuracy for the design plITpOse. Structurally the inclination of hangers

is featured by the parameter A to stiffen the flexural rigidity of

structure, which can be assumed constant for an ordinary type of inclined

h~~ger system, greatly simplifying the equations to be in a compact

form. The effective geometrical configuration for inclined hanger system

is obtained by illustrating the relatio~of the Ah - P curve, which is

independently determined from the flexural dimensions of cables and sti­

ffening girders as the first approximation. More exactly the structural

features for this system considered will be analyzed by taking into an

account the longitUdinal displacement of cable, which is considered less

effective on the flexural deflections but important on evaluation of

induced hanger tensions.

Dynamically the inclined hager system increases the natural fre­

quencies up to 10 to 20 %without any significant variation of vibrational

modes as far as the modes of lower orders are concerned. It is, however,

noticed that the damping characteristics for the inclined hWlger system

remains analytically unsolved in spite of the fact that it apparently

increases in our experimental study. The investigation for dynamic

behaviour for suspension bridge with inclined hanger is therefore called

for in order to characterize the system.
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APPENDIX THE ANALYSIS OF SUSPENSION BRIDGE WITH INCLINED HANGER

TAKING INTO AN ACCOUNT THE LONGITUDINAL DISPLACEMENTS OF

CABLES

In this appendix the longitudinal displacement of cable is taken

into an account for derivation of the fundamental equations. Using

the similar notations in above study, the longitudinal displacement of

cables "can be obtained as

H A
!:- IX P (d s) 3 ex ds )2 • X{ tt d S 3.. = -- - dx+rtIT. (- dx+II.1J-[ li+--(-)17Jd%

o E A dx - dx '0 E A dx
c t: C C

Note that the integration of above expression yields to the cable

equation.

The longitudinal displacement of cable may vary the induced cable

tension, so that we have

In the exactly same manner as before the resultant force at the vertex

can be written as
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Let us define q(x) and m(x) as

Qc 2E j AI
g(.o;) = -=- =

e d 3 e
( ' c) "C' t)he 2 7j-- =A 71--

h . h

C
Ah('l)'--)

h

and substituting these into equilibrium conditions of stiffening

girders and cables, one obtains

(A • 1 )

wich can be simplified if A is assumed to be constant as follows

(A • 2)

More precisely the additional corrective term for moment is written as

m{x] = A h ( 7j' - ~ ) + p e
h

'lilus eq. (A.l) can be of the form
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(A • 3)

when p demotes the density of live load per unit length.

Therefore the exact form of fundamental equations are coupled

consisting of three equations for three unknowns of the vertical

deflections of stiffening girder ~ ) the longitudinal displacement

of cable f and the horizontal component of cable tension Hp '

t "( El1)")" - {(f.l 11 A J"'-}"g + P:- 0 h) 1j - Ao h 0 h d IJ + h Hp = p (1 + er )
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Table 2.1

Span Length

Cable Sag

Cross Section of Cable

Weight of Cable

Moment of. Inertia of
Stiffenig Girder

Weight of Stiff Girder

Panel Length

Distance of Cables
(etc)

Height of Towers

Moment of Inertia of
Tower

Live Load

Diameter of Hangers

Dimensions of Model

Main Span

I m = 860 em

f m= 71.5Cm

A em = 5.309mm2

Wcm = 47.01 5 g/Om

Ifm = 28.7530m4

Wgm= .126.7 0 g/Om

10 0 rn

b m= 330m

I pm = 0.8 8 4 9 C mol

WrrJ = 62g/Cm

¢ 0.6

- 65 -

Side Span

Is = 30 0 Om

fs = 8.9 6 9 Om

5.3 0 9 mm 2

Wc.s = 5 O. 0 4 5 g/Om

2 8. 7 5 3 Om;\.

Wgs = 1 2 8. r 2 vern

100m

330m



Table 2.2 Parameter A

Main Span

1,.,; point Am - 30.311 Kg/Om4

111 point 15.1 56

1 point 8.687816
near tower 5.2763

Side Span

near tower As = 5.2763 Kg/Gm

1-13 point 7.6036
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Table 2.3

Calculated Natural Frequencies

~ IV"t. H.ng. Inclined Hanger Sys.

Mode I Sys. Warren Type Double Warren Type
~-

Sym. 1 s 1; 9.319 10.70 11.66

2nd 14.760 1 8.2 9 21.12

3rd 19.560 22.36 I 24.8 B

4 tn 31.000 35.90 40.07

Anti-Sym.181; 9.01 5 1 1. 4 1 1 3.28

2nd 13.950 17.87 20.98

3rd 22.170 26.50 30.03

4 th 37.670 46.30 49.07

Hanger Am= 0 Am= As Am = As

Parameter As = 0 = 5.2763Kg/Cm = 10.55 3Kg/Cm

(rD.d/sec)

Experimental Natural Frequencies (Free Vibration Test)

1st Sym Mode 2nd Sym Mode

_....-

Vertical Hanger 9.68 16.30

3 member type 10.8 --
Warren type 1 1. 2 --
Double Warren type 1 1. 5 --
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Table 2.4

Comparison of the calculated Natural Frequencies with the

Experimentally Obtained Frequencies (Forced Vibrations)

Vertical Hanger Sys. Inclined Hanger Sys.

Am = As = 0 Am=As= 10.553 Kg/em

Calculated Experimental Calculated Experimental

Sym. 1 s t 9.32 9.43 11.66 1 1. 76

2nd 14.76 15.1 7 21.12 21.39

3rd 19.56 19.90 24.88 25.16

4 th
I

31.0 --- 40.07 --

Antisym. 1 s t 9. 0 2 9.27 13.28 12.95

2nd 13.95 13.35 20.98 18.86

3rd 22.17 -- 30.03 --

4th 37.67 -- 49.07 --

(rad/sec)
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Fig. 2.3 Equilibrium of Cable Element
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Fig. 2.8 Flexure Charaeteni sties

(Symmetric Loading)

(4)Am: 17.376 As: 15.207

As:7.6036

(2)Am: 5 .2763 As: 5 .2763

(1) 0 0

(I) (2) (3) (4)

Fig 2.9 Flexure Characteristics
(Symmetric Loading)
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(1) (2) (3) (4)

Fig 2.10 Flexure Characteristics

(Asymmetric Loading)

.. ,.------ 'Ie

E'g 2.11 Flexure ,Characteristics

(Asymmetric Loading)
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1st Symmetric Mode

2nd Mode

3rd Mode

(1) (2) (3) (4)

4th Mode

Fig 2.12 Symmertic Modes of Free Vibration
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1st Anti-symmetric Mode

3rd Mode

4th Mode

Fig 2.13 Anti- Symmetric Mode of Free Vibrations
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Vertical Hanger System

Three Members Hanger System

Fig. 2. 14 Types of Hanger Systems

Warren Type Hanger System

Double Warren Type Hanger System

Fig. 2.15 Types of Hanger Systems
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as a fraction of the span
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Photo 2.1 General Views of Model
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Photo 2.2 Tower and Supporting Angles
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Photo 2.3 Details for Anchorage and Cable Bent hoe
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CHAPTER 3 AEROELASTIC BEHAVIOURS OF LONG-SPANNED

STRUCTURES

3.1 INTRODUCTION

The wind-induced dynamic behaviours of a long-spanned suspension

bridge have presented for long time one of the most controversial problems

on an account of its complexity in interrelation of aerodynamic forces

acting on rather complicate compound of number of struct~al members.

The formally revealled results for the above themes in various countries

to disclose the characteristics are mainly concerned with the stability

of the structures and fortunately numerous eminent results after the

accident of the Tacoma Narrows Bridge have been obtained since whenever

the long-spanned suspension bridge be planned the most careful experimen­

tal investigations on the aerodynamic stability of bridge sections are

re~uired to predict the performance of the concerned structures in the

available design wind speed. In order to clarify the aerodynamic insta­

bility of suspension bridges the following characteristics and methodol­

ogy should be mentioned in general:

1) Geometrical configuration of structures and aerostatic charac­

teristic

2) Dyn~ic properties of structures and aerodynamic characteristics

3) Fluidmechanical c~aracteristics of air-stream and its statis­

tical properties'

4) Influences of neighbouring structures and boundaries; buffetting

and scattering

5) Methodology of wind resistant design of structures

6) Experimentation for aerodynamic performance of prototype by use

of model and its representation.

These problems are considered mutually related with each other and

still there remains a number of facts unexplained satisfactorily.

As Prof. F. B. Farquharson quoted, however, the systematically inconclu­

sive achievement of above researches should hot be interpreted as repre-
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senting any la.ck of confidence in .the data accumulated but rather as

arising from the fact that but a fraction of the field has been covered

by the endeavor.

The first problem of aerostatic characteristics of structures

provides one of the fundamental approaches to evaluate qualitatively

and quantitatively the fluid forces on the structures induced by the

air-stream. The second problem of dynamic properties and aerodynamic

characteristics forms a basis to predict the flutter instabilities such

as the classical flutter, the stall flutter, etc., in the relation

with the experimentation for measurement of the non-steady aerodynamic

forces and with the similarity requirement between th~ protorype and

the model. This fraction of investigation is previously researched by

aeronautical engineers and the importance of the results tends tO~.increase

rapidly with tendency of elevating the heights and widening the span­

length of structures. As the main recent contributions one may mention

the analysis on the Severn and Forth Bridges by R. A. Frazer, C.

Scruton2 ), D. E. Walshe 3 ), the investigation on the classical flutter

by A. Selberg 4 ), the aerodynamic analysis of H-section by D. DickerS)

and the non-linear problem of aeroelastic oscillator of square prism

by G. V. Parkinson and J. D. Smith6 ). The theoretical consideration

on the 'flutter stability of suspension bridge taking into an account

of the horizontal spanwise variation of wind velocity is given by I.

Konishi, N. Shiraishi, H. Utsunomiya7 ) and independently by T. Narutomi,

M. Kawashima8). The third problem is closely concerned with the meteoro­

logical studies, which is firstly systematically investigated by A. G.

Davenport 9 ) intrOducing the statistical concept into the wind-induced

behaviours of structures. The stochastic and statistical properties of

atmospheric turbulence and turbulent flows are studied by such investiga~

tors as H. Shiotani10~ H. IShiZaki11~ M. Hinu 1Z ), Y. Mitsuta 13 ), etc.,
14) W L' 15) Y C Fu 16)in our country and by H. E. Cramer ,H. . lepman , . . ng ,

etc., in other nations. From the structural engineering point of views

G. Vincent 17 ), 18) introduces the concepts of It wind efficiency It and

II the time to build instability 11 as the result of observations and
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investigations of wind-induced oscillations of the Golden Gate Bridge

and it is directly applied for the wind resistant design of the New

Quebec Bridge by L. R. Cayes 19 ). The influences. of neighbouring

structures and boundaries are considered as one of causes of turbulence

in air stream to produce the buffetting and scattering of structural

motions as investigated by C. Scruton20 ). The wind resistant design

methods of the long-spanned suspension bridge are presented by D. B.

Steinman21 ), F. Bleich22 ), and A. G. Davenport 23 ) as well as A. Hirai 2 *),

who considers the ultimate stage of collapse by the aerodynamic instabil­

ity to relate the torsional buckling of bridge sections, and S. Koma­

tsu2S ) .

The sixth problem of experimentation and similarity calls at

present mostly for more eleborate modifications of customary methods.

Recently, however, the measurement technique of non-steady aerodynamic

forces. developed by S. Kawashima26 ) is successively applied by N. Ukegu­

chi, H. Sakata, and H. Nishitani 27 ) for various types of bridge sections

and the alternate method by R. H. Scanlan and Ali Sabzevari 28 )is pre­

sented by use of the so called free vibration method.

In this field of investigations the contributions by J. P. den

Hartog29
) and Y. Rocard30 ) should be noted to disclose some of basic

aerodynamic properties of instability of structures on wind stream.

However of great difficulty remains the problem to anticipate the

probable performance of long spanned suspension bridge in wind stream

at the initiation, diverging, and final stages of vibrations of struc~

tures.
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3.2 STATIC AEROELASTIC FORCES ON BRIDGE STRUCTURES

The static aeroelastic forces act on the structures in air stream

as shown in Fig IS 3.2.1. & 3.2.2. and these are expressed according co the

specifications for wind resistant design of the Proposed Honshu-Shikoku

Bridge in ,Japan as

L (L if l ) = 2.- CL P V 2 B (kg / m)
2

1
D (drag) = - Cn PV 2 A (kg/m)

2

M (pitching moment) =~CMPV2B: (kg-m/m)
2

(3·2·1 )

where p is the air density, V is the wind velocity, A is the projected

area per unit length to normal plane to two dimensional wind stream, B

is the width of structure and CL, CD' CM are non-dimensional aeroelastic

coefficients for lift, drag & pitching moment. Additionally three dQmen­

sional aeroelastic forces are defined as the side force, the rolling and

the yawing moments, but an ordinary type of long-spanned suspension

bridges is considered to receive dominantly the above two-dimensional

aeroelastic forces which mainly depend on the following factors;" (1)

Structural Factors, size, geometrical shape and configurations of

members, (2) Fluidmechanical Factors, friction between structures and

fluid, (3) Enviro~ental Factors. In evaluation of above aeroelastic

forces an attention should be particularly placed on the influences
ra.ho

of the Reynolds numbers and the aspectAwhich are briefly reviewed as

follows:

Influence of the Reynolds Number: The close relation-

ship between the geometrical shape and configuration of structural

members and the skin friction of the fluid on the surfaces of structural

elements are known and investigated by number of researchers. Some of

the results indicate the relations between the drag COefficients and

the Reynolds numbers. Generally speaking, the skin friction of the

fluid with the structural surfaces can vary with the wind velocity,
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which attribute the change of aerodynamic coefficients to the movement

of separation points of flow. For the ordinary scale for suspension

bridges the Reynolds number takes

3 x 105 to 5 x 106 for main cables

2 x 10
6 to 4 x 107 for towers

6 x 10
6 to 6 :x. 107 for stiffening girders

and these are so bluff and squared shaped except for the cables and

hangers that the separation points are considered insensitive with the

wind velocity to result in little dependence of aerodynamic performance

of structures on the Reynolds number.

Influence of the Aspect Ratio As mentioned below the

horizontal wind-induced force, the drag, takes an important role in

consideration on the static deflectional characteristics and the static

instability. According to T. von Karman the drag is characterized as

{
induced drag

drag -----------------{ pressure drag-------
f . t" 1 dr wake drag
r~c ~ona ag

Experimentally the relations between the lift and the drag coefficients

as shown in Fig. 3.2.3 depend significantly on the aspect ratio, viz.,

the structural configuration. However a corrective ~valuation fOr

this relation is possible if one applies the lifting line theory by L.

Prandtl so that the drag coefficient CD is proportional to the squared

lift coefficient c~ and inversely proportional to the aspect ratio.

Fig. 3.2.4 is the result of correction for Fig. 3.2.3 by the lifting

line theory. From a practical point of views C. Scruton suggests the

corrective coefficient for the drag coefficients for various aspect

ratios which are also adopted in the specifications for wind resistant

design for the Proposed Honshu-Shikoku Bridges in Japan.

As discussed in th~ preceding paragraph the static aeroelastic

forces possibly cause to increase the aeroelastic instability. Some
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of the fundamental consideration on aeroelastic instability taking into

an account the static wind induced forces are described in the followings.

A) Selfexcited oscillations due to stationary aeroelastic forces

The instability phenomenon exemplified by oscillations of trans­

mission lines is investigated by J. P. den Hartog29 ), that is, the gal­

loping phenomenon and the den Hartog criteria for stability is estab­

lished as follows.

Let us define the resultant lift and drag forces as

then the lift force for the relative angle of attack y/V due tc the

deflection y is

Ly = - {

by which the equation of motion of a single degree of freedom with the

system of mass m and spring constant k is expressed by

aCL ) 1 2 imy + (-- + CD - pV l A - + k r = 0
ad 2 re V

Thus the stability is determined by the conditions that

ac l ,--+ CD > 0
ad

aCL--+ CD < aaa

stable

unstable

In general, the drag coefficient CD being positive the instability

occurs necessarily when aCL / ad < 0 so that the theory by the above

criteria is termed as the negative slope theory. The experimental

values for aeroelastic forces acting on bridge sections are shown in

- 107 -



3.4 from which the negative inclination of the lift coefficient is

frequently obtained for an H-type cross sectional shape of stiffening

girder of suspension bridge. A usual type of cross section for suspen­

sion bridge is so arranged as to increase an aerodynamic stability, so

there is scarcely possible to find the region of the negative slope for

the lift coefficient-angle of attack relation. This indicates the fact

that an aerodynamic instability of the galloping type is seldom expected,

and it is also confirmed experimentally and theoretically by the investi­

gation by N. Ukeguchi, H. Sakata, et a1 31
).

In their investigations the aerodynamic forces are assumed to act

not only such directional forces as lift and drag but the pitching

moment on the bridge sections to couple the deflectional and the torsion­

al motions as written as

1
y + W2 Y =- pV2

'I 2
(2 /;) aeL Y

- {-(-+Cn )(c;o--)}
M art v

1 (2 /;) 2 ac .
ip + w~c;o =- pV2 -- (~) (c;o_L)

2 I art v

(3.2.4)

where M

I

Ct.J , wa7)

2b

CL
CD

eM
y
rp

mass per unit length (kg sec 2 /m2 )

moment of inertia per unit length (kg sec 2 )

circular frequencies for deflectional and

torsional free vibrations (rad/ sec)

width (m)

aeroelastic lift coefficient

aeroelastic drag coefficient

aeroelastic pitching moment coefficient

deflection of neutral axis (m)

angle of rotation (rad)

Let ~, V, r, z, be defined as

M
jJ.=-­

.2.. pb 2
2

I

v=-­
.2..pb~
2
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then the Routh descriminant gives the criteria for stability as follows

BC L- (- + CD) > 0aa

aCM
vz -4-->Oaet

(a)

(b)

(c)

for which the expressions (a), (b) give the galloping instability and

the divergence condition to form aperiodic divergent solution, respec­

tively. The third expression is only valid for acMI aa < a since we

have in general T < 1. Applying the above theory for the truss-type

stiffening girder of suspension bridge only the divergence condition is

physically valid and it results in compar~tively higher critical wind

velocity than the critical velocity for the flutter phenomer~n, and one

obtains similar tendency for the plate girder type of stiffening system.

Apparently this estimation for stability does not accord with the experi­

mental results for aerodynamic instability of suspension bridge so that

it is possibly concluded that an application of the negative slope

theory will be inappropriate and analysis of the aerodynamic instability

of an ordinary truss-stiffened and an improved closed shaped stiffening

girders of suspension bridges.

B) Lateral. Torsional Buckling Instability Criteria

From the different point of views from the abovementioned an insta­

bility criteria is investigated by A. Hirai taking into an account the

static aerodynamic forces on the suspension bridge proportional to the

disPlacements 24 ). The fundamental equations for this problem are written

as

Ehi"" - 2H r'" + M cp)" - L = 0
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where Land M denote the lift and the pitching moment per unit length,
t .

while M denote the resultant bending moment due to the horizontal

drag force. Evaluating the above aerodynamic forces as

M=
1 Be L

L = - pV 2 b--rp
2 aa

the critical stability is obtained from the above fundamental equations,

where p is the air density, b the width, ~ the spanlength, V the

velocity, CD the drag coefficient, 8CL/aa the inclination of lift

coefficient and aCM/8a the inclination of pitching moment coefficient.

c) Vortex Induced Oscillations

For the analysis of aeroelastic responses of structures the turbu­

lence in the fluid takes an important role as the facts that various

aeroelastic and aerodynamic effects largely depend on the magnitude and

the stability of vortices. In the range of comparatively low Reynolds

number the alternating stable Benard Karman trail of vortices is gener­

ated, while for the high Reynold number range one also observes a domi­

nant periodic change of velocity in the neighbourhood of obstacles in

the fluid. It is therefore considered that the vortex may excite the

structures in the steady flow of low Reynolds number and in the turbu­

lent flow of the high Reynolds number. The periodicity of the Karman

vortex is observed firstly by Strouhal that the frequency N of the oscil­

lations of the transmission lines is proportional to the wind velocity

V and independent of the elastic modulus to reduce an expression as

S = Nd/V

in which d is the width of resistance area,as shown in Fig. 3.2.5, and

S is termed as the Strouhal number. Experimentally Fage and Johansen

obtained S = 0.15 for a plate, while Rosbko found the Universal Strouhal
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number S* = 0.16 by correcting the velocity and the width of structures

according to the types of free stream lines~ which is eventually inde­

pendent from the types and shapes of structures.

The drag forces when a vortex is produced in the wake are theoreti­

cally evaluated by von Karman and the relation between the drag coeffi­

cients and the Strouhal number is analyzed experimentally by Ippen et al

to yield to

s -
0.22

CD

This is known as the fundamental relation of the Strouhal number and the

drag coefficients and for various shapes as illustrated in Fig. 3.2.6.

For the suspension bridge structures the vertical oscillations are more

easily produced than the horizontal lateral movement and the alternate

vortex trail generates in the lateral direction to the flow the resultant

periodic forces as follows

L =fJ (2. PV·) CD d sin 2 rr.Nt
2

in which B is the coefficient proposed by Y. Rocard 3o
). The value of

Stakes 0.05 for a circular cross section and 0.25 to 0.30 for an ordi­

nary type bridge structures. When the Strouhal number be 0.16 then we

have

2 rr: N = 21C X 0.16 V / d .:.- V / d

1 .
L = {i ( - PV 2 ) CD d Sill V, /d

2

Applying the above considerations for a three spans suspension

bridge (i 1 + t + ~l)~ the natural frequencies wn are determined by the

characteristic equations~ viz. ~
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so that

, E
16 lJ./l I

w~=----

ml'

according to Y. Rocard. When the wind acts normal to and uniform to the

bridge, the lift force is vertically produced and the vortices appear as

immense rolls parallel to the deck, discharged in phase along the bridge.

On the contrary the anti-symmetric modes are supposed to occur, then

obviously the resultant effect will cancell out to annihilate the assumed

modes of vibrations. For the case ~2» ~4 the frequency is propor-
n n '

tional to the degree of modes, n and to the wind velocity. Since the

symmetrical vibrations with 2n + 1 half sine waves along the bridge

receive from the vortices a resultant excitation on One half sine wave,

the overall excitation of all the other half sine wave cancelling out,

the amplitude of the force exciting the mode n will be proportional to

/
1 21 n. Thus according to the aerodynamic expression SzpV CD the excita-

tion of the mode n leads to the exciting force 1 x 8C ~pV2 which is
n D2

proportional to n. For very high harmonics the natural frequencies w

tend to vary with n2 so that the wind speed V is proportional to n2 and

consequently the exciting forces increase with n 3 for the vibrating nth

modes. Applying the preceding remark for the Tacoma Narrows Bridge the

lift force of 2 lbs/ft ( = 3 kg/m ) is required for the 9th mode under

the wind celocity V = 60 ft/sec ( = 19 m/sec). Y. Rocard also investi­

gates the possibility for the bridge to vibrate stationary by the vortex

excitation in the range of resonance which tendency is also experimen­

tally observed. In the investigation by Rotard the vortex excitation is

shown in a single region of the amplitude-wind velocity relations, while

two or more possible stable limit cycles exist in the latter experimental

results. An explanation is made for the high ranges of limit cycles as

the non-linear charecteristics of excited oscillations and the other as

a kind of such instability as galloping by Ohtsuki and Washizu32 ).
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3.3 DYNAMIC AEROELASTIC FORCES ON BRIDGE STRUCTURES

Aerodynamic investigations on the long-spanned suspension bridges

are required inevitably for almost any kinds of projects to guranttee

the most important factors of safety. For reconstruction of the Tacoma

Narrows Bridge T. von Karman, F. B.Farquharson , G. Vincent et al worked

to characterize the detrimental factors to cause the failure of the

Tacoma Narrows Bridge and to disclose the fact that the torsional stiff­

ness of the failed structure remains remarkably small and the stiffening

girder of the so called plate girder type forms unbeneficial cross­

sectional shape aerodynamically.

From the dynamic point of views the most important feature is con­

sidered as instability phenomenon of wind induced self excitation and F.

Bleich22
) and Y. Rocard 3o

) applied the aerooynamic forces for a plate

derived by T. Theodorsen for this instability problem of the classical

flutter, namely the coupling of torsional and flexural vibrational modes

by the wind stream. This theoretical investigation accords SUfficiently

with the experimental results as for the Tacoma Bridge but on the contra­

ry explains unsatisfactorily for the Golden Gate Bridge. Phenomenolo­

gically the classical flutter is the instability due to the coupling of,

flexural and torsional vibrational modes, for which case the air stream

is asstuned to flow along the structural surface without accumlating any

kinematical energy on oscillating structure. The typical feature of the

classical flutter is exemplified by the fact that br-yond the critical

wind velocity at which the steady state remains the amplitude increase

remarkably to yield to failure of the structure.

However it is already mentioned by Panovko & Gubanova et al that

the stall flutter due to the separation of flow due to structural member

may take an important role in characterization of unstable oscillation

of a bluff structure in air stream. In such case the separated flow from

structural surface may reattach with certain phase difference which re~

sults in supplying the energy to structure to form finally negative

damping. It is also said that the torsional mode of vibrations becomes

dominant in the stall flutter state. As for the classical flutter there
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is a number of theoretical and experimental investigations to confirm

this instability phenomenon, while the stall flutter is considered too

complicate to investigate theoretically at the present stage. The stall

flutter is caused by the flow separationaroill1d the structure in wind

stream to produce ~:le phase lag between the aerodynamic forces and the

induced deformations to form the positive workdone on the oscillators

from the stream. The phase lag for the classical flutter is termed as

the Wagner effect which can be expre~sed mathematically, while for the

stall flutter the phase difference varies in more involved manner so that

there appear not too many references except for the instability problems

for propellas, the screw blades, etc.

It should therefore be noted that the aerodynamic investigations for

structures in civil engineering are comparatively inVOlved because of the

fact that the structure is not fully susceptible to streamlining and

produces the turbulent flow of air even in ill1iform wind to cause whorls

and vortices, for which case the phase lag of the aerodynamic forces

and induced deformations takes inherently an important role in the re­

sultant responses of structures.

According to Y. C. Fung 34
) the stall flutter is defined as Ita

periodic self-excited oscillation of the strueture with mass and elastic

effects in the airstream which is possibly separated partially or wholy

in its vibrations ll
• Although this definition characterizes a general

feature of the stall flutter, as Scanlan & Rosenbaum pointed out, the

flow separation does not always produce regular periodic forces, but in

some instances this separation occurs in an unstable way so that fluctu­

ating conditions ranging from near-potential flow conditions to very

turbulent conditions (buffeting) obtains. The latter type of instabil­

ity is in general termed as the buffeting flutter but it is less clearly

distinguished from the former. A. G. Rainy illustrates the difference

as follows:

Since the bUffeting is the structural response for turbulent external

forces, namely the forced Vibration, the force-response relation is valid

only for the positive damping. For the negative damping the equilibrium
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problem of the force-response relation is transformed to 'the stability

problem, viz., the stall flutter. Thus the stall flutter and the buf­

feting differ. from each other depending on the sign of the damping terms.

General speaking for the stall flutter one observes the following chara­

cteristics:

1) The flutter velocity drops severely in comparison with the case

of the classical flutter.

2) The flutter frequency rises slowly toward the natural torsional

oscillation frequency of the structure in still air.

3) The torsional motion predonimates. Whereas in classical flut­

ter the torsional strain and bending strain are of the same

order of magnitude, in stall flutter the amplitude of the

bending oscillation becomes negligibly small in comparison

with that of the torsion, although the axis of rotation is in

general not the elastic axis.

4) Usually the flutter speed reaches a minimum and rises agai [l as

the structure becomes completely stalled.

5) There is a large phase shift at the transition from classical

flutter to stall flutter. The phase difference between tbe

bending and torsion drops by about 45°, sometimes vanishing

completely.

6) Variation of the structural properties of the airfoils bas very

different effects on the stall flutter as compared witb the

classical flutter. Tbe ratio of the uncoupled bending and

torsion frequencies in still air has little effect on stall

flutter, for which the critical speed is often higher when

the ratio is equal to 1 than at other values.

~he stall flutter was for the first time observed by W. S. Farren

and H. L. Stueder and investigated by R. L. Halfman et al to notice that

the pitching moment - pitching angle curve near the stall angle forms the

8-shaped hysteresis to s~pp1y the positive energy from the air stream to

oscillating_structure in course of time.
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In general the pitching moment and the angle is expressed as

M
______ Co +$ a. cos jWt + $ b . sID. jWt

j ) j )

a = d + ao sID Wt

where P air density

V wind velocity

b half chord length

s span length

0.0 ; arnpli'tude
- average angle of attacka.

w circular fre~uency

( a)

(h)

Thus the workdone by pitching moment per one cycles is given as

( c )

If bl < 0, then W < 0 gives positive torsional damping (stable)

but if bl > 0 ) then W > 0 gives negative torsional damping (un~

stable) .

Therefore the lowest coefficient bl of the third terms in eq. (a)

contribute to the positive workdone depending on its sign, namely the

characteristics of the phase lag. There appears two types of approaches

for investigation on the stall flutter. The one pursues the relation­

ship with the classical flutter and the other is to use the oscillating

aerodynamic forces in separated flow, obtained experimentally. The

former type of investigations is done by Victory and Mendelson. Victory

introduces the torsional damping term which is obtained from the oscil­

lation tests of large amplitude instead of that of classical flutter

and showed a good accordance with the experimental result by Stueder.

Mendelson obtained the relationship of the critical velocity and the
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pitching angle for the stall flutter assuming the appropriate phase

difference on aerodynamic restoring force and damping forces. The latter

type of investigations is done by Haley, Schnittger, Sisto, Vaccaro, et

al, but there remains a number of difficulties for applying these inves­

tigations on the actual design of long-spanned suspension bridges.

So far the self-excited oscillations of structures in wind stream

are considered in the form of the classical flutter and the stall flut­

ter. For the aerodynamic characteristics of the long-spanned suspension

bridges it is obviously noticed that both types of instabilities should

be considered depending on the geometrical shapes and configurations of

stiffening girders. Recently an attention is paid on the direct measure­

ment of aerodynamic forces in oscillating structure by use of the so

called free vibration method and the forced vibration method.

The fundamental e~uations for a linear system of two degrees of free­

dom in air stream are written2s ) as

rp + 2((I W (I lp + w~ 9' = AI ~ + A 2(P + A39'

deflection

torsional angle

damping ratio in vertical, torsional oscilla­

tions in still air

natural fre~uencies in uncoupled vertical,

torsional oscillations

H., A.(i=1.2.3) ; aerodynamic coefficients
1. 1.

n
9'

where

The above' introduced aerodynamic coefficients yield for a plate to

* m * 2 7r
H, =-- Hl =- 2Al = - -I G(kll

pw b2 k

* m 11: *
H 2 =--H 2 =- (- + Al )

pw b3 k
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Based on eq's (3.3.1) and (3.3.2) Scanlan and Sabzevari measured the

aerodynamic coefficients for an ordinary type of bridge models to note

that the coefficient A
2

in above expression takes the most important

role. For a plate this coefficient remains negative, while for a truss

type of cross section it remains positive.

Alternatively Ukeguchi and Sakata27
) applied the forced vibration

method for measurement of aerodynamic forces .for oscillating structure

for which the lift "and the pitching moment for steady motion are written

as

rr: p b3 ClJ" Tja

L = { Ct }, b -I- Cl a eta }
m

for which

Ctk = (Cth)R+ i (C til l 1

Clcr = CC[O:)R + (C {a) I

Cmit = (C mh) R + (Cmk ) I

C (C ma) R -I- i (Cma ) Imcr

As far as the linear aeroelastic characteristics of bridge struc­

tures are concerned, the aerodynamic instability problem should be

considered as the most important factor for the safety of the struct~Yes

and its typical patterns are given as the classical flutter and the stall

flutter depending as the geometrical shapes of cross sections and the

aerodynamic characteristics of structures. These features are at the

present stage best known and confirmed experimentally for which one may

apply the forced vibration method or the free vibration method. In this

paper the application of the free vibration method for evaluation of
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aero~amic coefficients is discussed and the fundamental consideration

on various types of stiffening girders of suspension bridges is given

in the following paragraphs.
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3.4 AEROELASTIC CHARACTERISTICS AND STATIC WIND TUNNEL TESTS

As previously reviewed in 3.2 the static aeroelastic forces on the

structures in the air stream are considered to cause the various types

of instability phenomena and also they take an important role in the

structural design for the static forces. The main difficulties on the

aeroelastic analysis of the bridge structures are due to the complexity

of structural configuration of bridges and the bluffness of the members.

Though there are closed forms of theoretical solutions for induced aero­

elastic forces for several simple cross sections such as plates, cylin­

ders and airfoils, the bridge cross sections, on the contrary, are aero­

elastically so complicate that the turbulences due to various fluid­

mechanical discontinuities and singularities can not be solved analyti­

cally yet.· Whatever the bridge sections be, ordinary trussed girder

type or modern streamlined box type, additional stiffening members such

as handrails, road-lamp-poles, etc., cause inevitably to the disturbance

of the stream lines to result in the particular types of aeroelastic

forces. Therefore, at present, an experimental analysis is considered

as the most reliable method of evaluation of the aeroelastic forces

acting on the bridge structures.

In this investigation the non-dimensional aeroelastic coefficients

for lift, drag and piticing moment (CL, CD' eM) are determined by using

the section models as illustrated in Tables 3.4.1 and 3.4.2. In order

to disclose the fundamental aeroelastic properties of bridge section,

the models simply consist of deck with two girders and two end plates;

two types of girders are employed namely trussed and plate girder with

or without lower flanges and three slots are placed in the deck as shown

in the tables. The static aeroelastic experiment is performed by use of

the following equipments.

The Eiffel type Wind Tunnel (Mitsubishi Heavy Industry Co., Ltd)

is used by which wind velocity can vary continuously up to 25 m/sec at

the maximum which is considered two dimensionally uniform throughout the

effective eros s section of 1. 5 x 2·.5 m2 . (Photo 3.1)

Lift, Drag and Pitching Moment are measured and recorded independ-
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ently on the X-Y recorders by the Shimadzu Six Components Pyramidal

Balance (Shimadzu Seisakusho Co., Ltd) (Photo 3.2)

Wind velocity is measured by the Betz type Manometer and the NFL

type Pitot tube (Rikasieki Kogyo Co., Ltd)

The experimental results are illustrated in Fig. 3.4.1 to Fig. 3.4.

13 for the aeroelastic coefficients C , C , C versus the pitching angle,L D M
from which the following characteristics are mentioned:

(i) Effects of the girder types

a) The lift coefficient C
L

curve; The truss-stiffened models show

eventually the similar tendency of variation of induced lift force as the

case of the plates. The lift force increases almost linearly with the

pitching angle up to 15°, beyond which the variation tends to vanish to

be almost parallel to the abscissa. For the plate girder type a region

of the negative inclination appears clearly and the higher the height of

girder, the wider region of pitching angle in which the negative slope

of the lift curve appears is obtained.

b) The drag coefficient CD curve; The drag c~ves obtained vary in

general concavely for both truss and plate girder types, while the magni­

tudes are significantly different; namely the drag forces induced for the

plate girder types are more than twice as large as those for the truss

types.

c) The pitching moment foefficient CM curve; The variation of the

pitching moment ciefficient seems to be considered apparently similar

with the variation of the lift coefficient for both the truss models and

the plate girder models.

(ii) Effects due to Slots of Deck

From the fluidmechanical point of views the existence of slots of

deck never fails to disturb the stream lines to induce the complicate

variation pf aeroelastic forces with respect to the change of pitching

angle. Obviously the lift forces are reduced for trussed type girder
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with slit deck so that the inclination of lift coefficient curve (aCLI

aa)a=o is largely reduced. For the plate girder (dCL/aa)a=o' which is

negative in this case, also is reduced though the region of the negative

slope becomes wider.

(iii) Effect of Flanges

For the plate girder type the flanges take an important role in the

design of structures. However the existence of flanges aeroelastically

tends to increase the negative inclination of lift and pitching moment

curves as well as the drag forces for the solid deck, while, on the

contrary, it decreases the negative inclination of the lift coefficient

curve for the slit deck.

(iv) Influence of the ratio of the width to height (bid)

As for the trussed girders type models the exposed areas for the

wind pressure being comparatively small, the effect due to various height

of girders is relatively small; while as for the plate girders type

models the higher the height of girders the more inclined the negative

slope of the lift curve. When the ratio of the width to height remains

larger than about 3.0, there appears very little tendency of the nega­

tive slope in the lift curve so that the induced aeroelastic forces f~e

considered to be determined by the characteristics of the decks.

In order to analyze the aeroelastic charecteristics of the plate

girder type model a different series of experimental study is performed

in which the 18 kinds of models are used, as shown in Table 3.4.2.

The results of the lift coefficients are given in Table 3.4.3 by which

the most significant factor, the inclination of lift coefficient curve,

indicates the tendency that, the higher the height, the more unstable

characteristics increase. Typical relations of the aeroelastic coeffi­

cients versus the pitching angle are also illustrated in Figs. 3.4.11,

3.4.12 and 3.4.13. From these it is considered that as long as the
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pitching angle changes within ±5° the slot configuration as given as the

I-type is responsible for the smaller magnitudes of aeroelastic forces.

Though the numbers and kinds of models are so limited, the above results

apparently confirm the previous results done by various investigators and

it is therfore concluded that the trussed models behave so similarly as

the plate while the plate girders models show quite different types of

the induced forces depending on the position of deck, the height to width

ratio, the slot configurations, the types of flanges, etc.
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Table 3.4.1

~ x Type of Model Cross Section Type of Model Cross Section
heigh!

A-TT

~~. .~~
.A-TT-S 1--3.0 0.50

A-PP b· A -P P-S
--

N-TT

I I
A'-TT-S --I3.0 O. 75

A'-PP A'-P P-S

A'~TT

I I
A'~TT-S 1--13.0 1. 00

A'~PP A'~P P-5

A-TT-F

I I A-TT-FS 1--13.0 0.50
A-PP-F A-PP-FS

A'-TT-F

I r A'-TT-F S I--13.0 0.75
A'-P P-F A'-PP-FS

A'~TT-F

I I A'LTT-F 5 rl3.0 1. 00
A"-P P-F A'~P P -F S

B-TT H B-TT-S
2.0 0.50 ---

B-PP B -P P-S

2.0 0.50 B -P P-F I I B-PP-FS 1--1
C-TT H C-TT-S

1.5 0.50 --
C-PP C -P P-S

- ....

I--I1.5 0.50 C-PP-F C-PP-FS

-- -
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Table 3.4.2

Type height height/ Cross-sectionmm width

-
DP40 40 0.133

'"U

DP 60 60 0.200 -
D P80 80 0.267 300

.--

E P40 40 0.133
'"

E P60 60 0.200
135 30 135

I--

EP80 80 0.267 300

....-

F P40 40 0.133

::J15c:11 ~ J,[:
"t:l

FP60 60 0.200
1..--.--'--

FP80 80 0.267 ,300")

~

GP40 40 0.133

~nI - "t:l

GP60 60 0.200
20

,..........;
40 20 80 20 80 40

GP80 80 0.267 :300)

.--

HP40 40 0.133

wI. LJ .I~
-0.

H P60 60 0.200 -90 90

HP80 80 0.267 300.

-
I P 40 40 0.133

!
"t:l

I P 60 60 0.200
20' -110 20 110 20

I P 80 80 0.267 110 300 10
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Table 3. 4. 3

Type (CL)a=5° (CL)a=-5° ,e,.CL (8CL/8a)a=D

DF 4 0 1. 0 5 - 0.4 4 1.4 9 8.54

6 0 0.64 - 0.2 1 0.85 4.87

8 0 0.2 9 - 0.03 0.3 2 1.83

EF '4 0 0.66 - 0.4 1 1. 0 7 6.1 0

6 0 0.25 - 0.05 0.30 1.74

8 0 0.23 0.0 0 0.23 1. 3 2

FP 4 0 0.5 9 - 0.0 7 0.66 3.78

6 0 0.3 1 0.03 0.28 1. 6 0
--

80 O. 1 8 0.06 O. 1 2 0.6 9

OF 4 0 0.5 6 0.04 , 0.55 3. 1 3
>--.-

6 0 0.25 D. 1 0 0.1 5 0.86

8 a 0.1 6 0.1 0 0.06 0.34 ...
HP 4 0 0.5 9 - 0.0 9 0.68 3.90

6 0 0.28 0.0 8 0.20 1. 1 5

8 0 0.0 9 0.06 0.03 O. 1 7

I P 4 a 0.4 7 - 0.0 7 0.5 4 3.09

6 0 0.1 2 0.04 0.08 0.4 6

8 0 O. 1 1 O. 1 7 - 0.0 6 - 0.3 4
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3.5 AERODYNAMIC CHARACTERISTICS A1~ DYNAMIC WIND TUNNEL TESTS

I} Introduction:

In continuation with the aeroelastic experimental tests a series of

the dynamic tests by the same models as used in the static tests is per­

formed by use of the Eiffel type Wind Tunnel in the Department of Civil

Engineering, Kyoto University, and as the same as before the windveloci­

ty is measured by the Betz Manometer and the NPL type-Pitot tube.

In the first series of experiment the models in Table 3.4.1 are used in

order to disclose the kinds of effective factors to charecterise the

flutter phenomenon in the typical forms of cross sections for bridge,

namely the truss-stiffened and the plate girder type of models.

The dependence of the critical wind velocity on the frequency ratio (the

ratio of the frequencies of the torsional to the deflectional modes),

the ratio of the width to the height of the cross sections, and the con­

figuration of slots on the deck are examined qualitatively.

In the second series of experiments the ten kinds of models are so chosen

to clarify the aerodynamic Characteristics associated with the types of

girder systems, as shown in Fig. 3.5.6. In this test the steady ~or­

sional amplitudes of the flutter state are obtained for certain reduced

velocity. In the third series of the experiment an attention is placed

on the inherent capacity of damping effects in the model mountings.

Similarily as the second series of experiment the flutter amplitude are

obtained and plotted with the reduced velocity.

2} Similarity Requirement

In order to analyze the aerodynamic behaviour of the bridge struc­

tures, such as a suspension bridge, by use of the model tests both geo-.

metrical and vibrational similarities are required so that the flow

pattern with vibrating structures might be assumed to be similar with

the prototype. Through the dimension analysis C. Scruton defined the

similarity parameters as follows
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a) J (j / p B' ,

where 10 the polar moment of inertia per QDit spanwise length,

calculated with respect to axis of rotation for torsional

oscillations

I; the mass per unit spanwise length for vertical oscillations

So • Sz elastic stiffness corresponding to /0' l z ' respectively

p air density

B width of bridge

V wind speed

Dos 00:: logarithmic decrements for torsional and vertical oscilla-
•

tions respectively due to structural damping

As known already there is a controversial problem of applicability of

the so called section model instead of the full size model in the wind

tunnel test. If the experimental apparatus and stations be sufficiently

large enough, the full size model test is obviously recommended placing

an attention on the damping and the aerodynamic similarity requirements

as well as the geometrical similarity. However it is also noted that

the main aerodynamic feature of suspension bridge is in general deterrr.ind

by the geometrical and the kinematical characteristics of stiffening

girder system and a number of previous investigations have confirmed

this presumption as far as the two dimensional flow is concerned.

In this investigation stress being placed on the aerodynamic be­

haviours of the idealized from of bridge sections, no similarity rule

is particularly considered except the fact that the frequency ratio of

the torsional to the deffectional modes remains in the: range from 1.0 to

2.5 approximately.

3) Description of models and their mountings

As mentioned before, in this series of experiments, about 30 kinds

- 147 -



models are used as shown in Tables 3·5.1, 3-5.2 and 3·5·3 (Photo 3.3 -

3.5). All models are attached to the end plates which are supported at

the center of cross section in such a way that the mounting apparatus

permits both vertical and pitching motions as shown in Fig. 3.5·1.

The natural frequencies for deflectional and torsional models can be

adjusted by use of eight coiled springs of appropriate spring constants

and the proper distances (8b) of spring positions.

The deflection is measured by a channel form of copper gauges (Gl) with

the electric wire strain gauge and the torsional deformation is recorded

as the difference of the two gauges (Gz ) as shown in Fig. 3·5.1.

4) Experimental results

In order to analyze the aerodynamic instability of bridge section

the preliminary inrestigation, namely the first series of experiment,

was performed, by which the flutter frequency and the flutter win~ ve­

locity were obtained as shown in Tables 3.5.1. - 3- As illustrated in

Table 3.4.1 the A-type model such as A-TT and A-PP-F in Table 3.5.1 is

such a model as the ratio of the height to the width of the deck

is 3.0 and it should be noted that the static wind tunnel tests show the

negative inclination of the lift coefficient-pitching angle curve for

the plate girder type model of this kind. However the height of girders

being smaller than approximately 1/3 of the width of deck there appears

very little tendency of the negative inclination in both the lift coef­

ficient and the pitching moment coefficient curves. Dynamically the nega­

tive inclination in the lift coefficient curve seems us to take less

important role in the flutter phenomena since, as far as this investiga­

tion is concerned, the torsional mode in the flutter state is so domi­

nant to compare with the deflectional modes. From the results the

plate girder type model with or without slots on the deck vibrates with

flutter frequency which almost accords with the frequency of free tor­

sional Vibrations, while the flutter frequency of the truss-stiffened

girder type models remains between the frequencies of free deflectional
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and free torsional vibrations. In this experiment the flutter velocity

is obtained by measuring the damping of free vibrations in wind stream

induced by initial small disturbances. Several examples are illustrated

in Figs,. 3.5·5 and the flutter velocity is defined as the wind velocity

for intersecting point of the abscissa and the damping curve.

The relation between the flutter wind velocity and the frequency ratio

is shown in Figs. 3.5.2, 3.5.3 and 3.5.4. Though a number of results

is limited it can be said that the flutter velocity tends to increase

with the frequency ratio.

As long as the truss-stiffened girder type models are concerned the

slot deck is responsible for increasement of the flutter velocity

but for the plate girder type models the configurations and the dimen­

sions of slots on the desk, the height of girders and the type of

flanges, effec~ on the flutter velocity dependent on the frequency

ratios~ Through the preliminary tests it is considered that the flutter

wind velocity and the flutter frequency are some indications of the

aerodynamic instability phenomena of the bridges.

In the second and the third series of experiments therefore it is aimed

to disclose the mechanisms of initiation and annihilation of instability

so that for some typical types of models as illustrated in Fig. 3.5.6

the initial steady and final stages of flutter phenomena are searched by,

varying wind velocity continuously.

In the second series of flutter experiments the torsional and de­

flectional amplitudes in the steady state are obtained for the nondimen­

sional reduced velocity. The flutter states in this tests apparently

are classified into two types depending on the plate type response and

the plate girder type response. The former type responses, as shown in

Fig. 3.5.7 _ 3.5.11, is characterized as follows; at the critical reduced

velocity the amplitudes start to increase suddenly so that as decreasing

the velocity there exists the steady amplitude. Again decreasing the

wind velocity, the steady amplitude may decrease or increase depending

on the type of models and the frequency ratio. This indicate clearly

that the wind velocity at which the flutter starts and the wind velocity
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at which flutter vanishes are different and, so far, the former is

approximately 20 - 30% larger than the latter. For the plate girder

type response as shown in Fig. 3.5.12 - 15 the starting flutter velocity

also differs from the ending flutter velocity as same as the former case.

However the steady amplitudes vary gradually with the wind velocity.

It is also noted that for this type the torsional mode is so dominant

that the vertical deflection can be disregarded. For a particular type

of model (EP type) the relation of the steady flutter amplitude and the

reduced wind velocity shows that as increasing the wind velocity the

amplitUde increases until about 2.0 of the reduced velocity beyond which

the amplitude gradually decreases as Fig. 3.5.15.

The third series of experimental study is performed for the s.ame

models as used in the second series of experiment in order to comfirm

the flutter amplitude and the reduced velocity relations obtained previ­

ously, as Fig. 3.5.16 - 24. In this study the same results are obtained

for the plate and truss types models except the fact that there exist

small steady amplitUde below the starting flutter velocity. For the

plate girder type models the torsional amplitude increases remarkably

above the ending flutter velocity but the relation can not coincide with

each other for increasing and decreasing wind velocity.

Through this experimental study it is concluded that the flutter

amplitude-reduced wind velocity relation can characterize the flutter

phenomena for bridge structures and this relation seems to be sufficient­

ly sensitive for the types of stiffening girders, slots configurations,

deck positions, etc. However since it is so sensitive, aerodynamic

characteristic is considered to be quite involved so that it is hard to

illustrate the detailed flutter properties by these relations. In order

to determine specific factors of aerodynamic instability for bridge

section it is desired to measure directly the aerodynamic forces acting

on the bridge sections which will be considered the next paragraph 3.6.
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Table 3. 5. 1

Natural F req. Flutter Flutter
Model oef!. Torsional

CtJ an Frequency Velocity

who rad/s CtJ ao rad/s CtJh~ w F V F m/s

8.69 1 1. 0 8 1. 2 8 1 0.0 5 3.65

8.66 1 2.3 6 1.43 1 1. 9 0 -
A-PP

8.66 1 3.80 1. 5 9 1 3.3 0 5.32

8.66 1 5.39 1.78 1 5. 1 5 7.80

9. 1 0 1 1. 4 2 1,26 1 0.0 3 6.89

9.1 0 1 2.5 1 1, 3 8 1 1. 6 1 9.04
A-TT

9. 1 5 1 4.60 1.60 1 3. 2 5 9.75

9. 1 3 1 6.4 4 1,80 1 4.8 9 1 1, 6 2

8.58 1 1. 0 8 1,29 1 0.5 9 3. 6 5

8.54 1 2.5 6 1.47 1 2.1 0 4.08
A-PP-F

8.56 1 3.83 1, 6 2 1 3.4 1 4.28

8.58 1 5.70 1.83 1 4.9 6 5.1 6

8.9 1 1 1, 3 6 1,28 8.8 3 8.01

8.88 1 3.2 2 1. 49 8.60 8.56
A-PP-S

8.87 1 4.3 1 1, 6 1 8.62 8.80

8.86 1 5.06 1.70 8. 7 0 8. 9 4

9.45 1 1. 7 4 1, 2 6 1 O. 7 9 1 D. 1 7

9.30 13.22 1, 4 2 1 2. 1 9 1 2.53
A-TT-S

9.30 1 4.78 1, 5 9 1 4. 1 4 15.55

9.3 0 1 5.94 1, 7 1 1 5. 1 6 1 5.97

8.0 8 1 1. 5 0 1. 3 1 1 1, 4 8 7.85

8.78 1 2.53 1, 4 3 1 2.50 8.90
A-PP-FS

9.968.7 8 1 4.3 4 1. 6 3 1 4.34

8. 7 8 1 4.9 5 1. 7 0 1 5.00 10.80
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Table 3. 5. 2

Flutter Flutter
Natural Frequency w ao Frequency Velocity

Model
who Weto

Who W F V F

9.27 1 3.20 1. 4 3 12.96 3.3 1

D P.:) 0 9.2 S 1 4. 7 1 15 9 1 4.52 3.45

9.23 1 7. 1 7 1. 8 5 1 6.72 4.03

9.1 8 1 3.3 6 1. 4 6 1 3.36 3.69

DP6G 9. a 2 1 4.93 1.6 5 1 4. 1 5 3.9 1

9. a 2 1 6.4 7 1.82 1 6.4 7 4.5 2

9. a 6 1 1. 7 8 13 a 1 1. 6 a 3.4 8

DP8a 9. 1 6 1 4.3 1 1. 5 8 1 3.80 3.94

9.04 1 6.6 9 1.84 1 6.40 4. 9 1

9.43 13.65 1. 4 5 1 2.92 5.06

DT40 9.4 1 1 4.9 1 1.5 8 1 4.7 a 5.69

9.42 1 7. 2 6 1. 8 3 1 6. 1 1 8.56

9.4 3 1 3.5 3 1.43 1 2.81 6.9 1

DT7a 9.58 1 4.6 1 1. 5 5 1 3.85 8.26

9.4 4 1 7.59 1. 8 6 1 5.67 12. a 9

9.35 1 3.3 6 1. 4 2 1 2.75 3.4 8

EP40 9.35 1 4.9 1 1. 5 8 1 4.9 1 3. 7 0

9.4 2 1 6.72 1. 7 7 1 7.25 4.92

9.03 1 2.7 1 1.4 a 1 2.56 2.2 6

EP6a 9.08 1 4.52 1. 6 0 1 4.52 2.92

9.1 6 1 6.8 0 1. 8 5 1 6.50 3.20

9.27 1 4.5 0 1. 5 6 1 4.4 0 2.95

EP70 9.27 1 6.80 1. 8 1 1 6.50 3.4 7

- - - - -

9. 1 1 1 2.9 0 1. 4 2 1 2.70 3.0 6

EP80 9. 1 1 1 4.3 0 1. 5 7 1 3.95 3.20

9.1 0 1 6.7 0 1.84 1 5.95 3.92
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Table 3. 5. 3.

Natural Frequency Flu tter Flutter
Model wao Frequency Velocity

(i)h 0 (i)ao who
(i)F v p

9.4 4 1 3.5 7 14 4 1 3.3 5 2.7 3

FP40 9.44 1 4.6 1 1. 5 8 1 4.5 2 2.9 2

9.4 4 1 Z 2 5 183 1 6.9 0 3.92

9.42 1 3.5 1 1.43 1 2. B 8 2.74

FP60 9.35 1 4.53 156 1 4.22 2.9 2

9.35 1 6.89 180 1 6.4 9 2.9 2

FP80 - - - - -

9.44 1 3.66 1. 4 2 1 3.5 2 2.9 3

GP40 9.33 1 4.92 1. 5 8 1 4.9 2 3.5 8

9.44 1 6.97 1. 8 0 1 7. 2 6 3.7 0

GP60 - - - - -

GP80 -- - - - -

9. 4 4 1 3.36 1. 4 2 1 3.3 6 2.93

H P 4 0 9.44 1 4.93 1.58 1 4.93 3.21

9.44 17.7 0 1.88 1 7.2 5 3.22

HP60 - - - - -

9.26 1 2.90 1. 3 9 1 2.9 0 2.61

HP80 9.30 1 4.60 15 7 1 4.6 0 3.20

9.40 17.3 0 1.86 1 6.60 3.46

9. 4 4 1 3.3 5 1. 4 1 1 3.35 2.4 6

I P 4 0 9.44 1 4.93 1. 5 B 1 4.93 2.63

9. 4 4 1 7.7 0 1.88 1 7.25 3.2 2

9.3 1 1 3.27 14 1 1 2.95 2.6 3

IP60 9.42 1 4.7 1 1. 5 6 1 4.4 7 3.2 2

9.43 1 6.62 176 1 6.5 0 4.24

9.1 6 1 2.9 7 1. 4 1 1 2.5 6 3.2 2

I P 80 9.23 1 4. 6 1 1.59 1 4.3 3 -

9.2 1 1 6.5 0 1.79 - -
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Table 3. 5. 4

, Torsional Vibration
Freq.

Dimension Deflectional Vibration Ratio.

MOdel~
1----- ---- .---------- - --------- - - ---

m
Oh o

who I
tJ aD

WaD WaVw
K9' sec;/m' [ad/sec Kg. m· sec;/m [ad/sec h o

F=.

.02798 .0896 8.8 0 0.9 9

.029 0
.02867 .0650 1 0.5 4 1. 1 8

p 1 ate .7587 8.93
.02957 .04 8 1 1 2.2 2 1. 3 7

.03069 .0300 1 3.8 7 1. 5 5
- -

.02941 .09 0 1 1 0.26 1. 1 8

D '1' 7 0 H .81 7 3 .0 1 89 8.7 0 .03011 .0823 1 1. 6 0 13 3

.03 1 0 1 .04 4 6 1 1. 8 3 1. 3 6,

.02951 .0963 8.32 0.96
Q) .03020 .0 7 4 5 9.94 115
0. iDP40H .82 1 7 .0 1 1 8 8.6 3>-.... .03111 .0578 1 1. 7 7 13 6
r I

I .03222 .04 23 1 3.4 3 1. 5 60

.DP70l-J .0 1 3 5
.03033 .0585 8.4 1 0.97

.8543 8.6 4
I .03193 .03 1 7 1 1. 7 5 1. 3 6

IDP70H .0 1 7 7
.03105 .0343 8.4 8 1. 0 2

.. 89 4 5 8.3 0
F30 .03265 .0256 1 1. 6 1 1. 4 2

.02960 · 1 1 4 4 8.25 0.95

ET70H ·8326 .0228 8.64
.03029 .0805 1 0.3 3 1. 2 0

.03119 .05 1 8 1 1. 8 8 13 8

.03231 .0369 1 3.6 3 1. 5 8

.02969 .094 7 8.5 4 0.99

EP40l-l .8369 .0228 8.63
.03038 .055 1 1 0.27 1. 1 9

Q) .03129 .04 0 5 1 2.05 14 0
0-
>- .03240 .0296 1 3.5 3 15 7....
I .03051 .094 8 8.4 3 10 0

IJ.J

EP70H .8695 .023 1 8.4 6
.03120 .0692 9.94 1 1 7

.03211 .04 28 1 1. 8 3 1. 4 0

.03322 .0 2 1 3 1 3.4 5 1. 5 9

EP70H
.03123 · 1 0 0 0 8.44 1. 0 2

fi'30
.90 9 7 .0 1 3 9 8.29 .03193 .0 750 9.89 1.19

.03283 .0550 1 15 4 1. 3 9

.02949 · 1 1 7 7 8.64 1. 0 0

F'l'70H .8282 .0 1 85 8.64
.03018 .0568 1 0.4 7 12 1

.03109 .03 85 1 1. 9 4 13 8

.03220 .030 6 1 3.59 1. 5 7

.02959 · 0 9 1 1 8.64 1. 0 0

FP40H .83 26 .024 1 8.64
.03028 .0 64 4 1 0.2 1 1. 1 8

Q)

c. .03118 .0 3 8 2 1 1 7 8 1.36
>-

+oJ .03230 .0279 1 3.59 1.5 7
r

LL .03040 .07 6 4 8.49 1. 0 0
FP70H .86 5 1 .0222 8.4 7 .03110 .0533 1 O. 1 9 1. 2 0

.03200 .04 3 1 1 18 4 1. 4 0 -
FP70H .03113 .09 ~ 3 8.37 102

F30
.9053 .02 1 3 8.2 4 .03182 · 0 ~ ,., 2 1 0.0 5 122

.03272 .0627 1 1. 6 7 1. 4 2 -
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Table 3. 5. 5

~
Deflection al Vibration Torsional Vibration i Freq.

Ratio.----------- ---- --------------- - ~ ~ --
m () who I

0 Wan (j)a
Model K9·sec:;/m' h o rad/sec KY" sec 2 a. rad/sec

./(tJh o

- 1-'---- -
.03 76 1 1. 69 .01631 .0 2 1 7 1 7. 8 0 1. 52
.0 3 9 1 1 1. 6 2 .01941 .0284 1 9.64 1. 6 9

Plate .4 4 7 3 .0 342 1 1. 62 .0240 1 .02 1 8 2 1. 54 1.8::;
.0 3 9 1 1 1. 52 .03 0 1 7 .023 7 23.25 2.0 2
.04 25 1 1. 5 2 .03540 .0 1 7 6 2 4.08 2.09
· 036 7 1 0.60 .01794 .02 1 4 1 7. 06 1. 6 1
.0380 1 0.60 .02104 .0 1 7 6 1 8.85 1,78

DT70H .54 26 .0376 1 0.55 .02564 .0278 2 0.74 1. 9 7
.0 4 2 1 1 0.52 .03180 .01 93 2 2.4 4 2.1 3
·a 4 06 1 0.3 7 .03703 · a 1 5 7 2 3.34 2.25
.0 368 1 0.54 .01718 · a 1 98 1 6.80 1. 5 9

- .0 4 1 2 1 0.4 7 .02026 .0 2 1 0 1 8.59 1. 7 8Q)

"0 DT70ir .54 4 a .0 3 3 1 1 0.6 1 .02488 .0 2 1 6 1 9.39 1.830
E ,0524 1 0,5 4 .03105 .0 1 1 2 23.6 2 2.24

.03 4 7 1 0.40 .03628 .0383 23.27 2,24
Q)

a. .0283 1 0.60 .01806 .0 1 9 0 1 6.96 1. 6 0>-....
.0313 1 0.60 .02117 .024 3 1.78ET70H .5802

1 8,85
VI' .0299 1 0.54 .02557 .0 1 4 1 2 0.65 1. 96VI

:J
.0363 1 0.5 2 .03193 .0 1 1 3 2 3.04 2.1 9....

l-
.0 3 4 4 1 0.6 6 .0 1 822 .029 6 1 6.85 1, 5 9
.0399 1 0,5 6 .02133 .020 0 1 8.7 1 1.7 7

ET70n: .580 2 .0 4 0 5 1 0.60 .02593 ,029 2 2 0.75 1. 8 6
.034 2 1 0.60 .03209 .0 1 0 0 2 2. 5 3 2. 1 3
.0 3 2 1 1 0.6 0 .03732 .017 1 23.1 5 2.1 7

.0 254 9.89 .01829 · 0290 1 6.03 1.62

·a 2 25 9.89 .02140 · 03 1 9 1 7, 76 1. 8 a
DP70H

.0 1 7 4 2,03. 6 1 6 1 ·a 1 85 9.84 .02600 1 9.93
F30

9.89 .0165 2 1. 64 2.1 9.0 1 88 .03216

.0 1 89 9.84 .03739 .0 1 2 0 2 2.3 7 2.27

· 02 4 1 1 0.0 5 .02003 .04 2 2 1 6.1 6 1. 6 1
- 1 0.0 5 .02414 .029 6 1 8.0 7 1. 8 aIII .0 2 3 0"0 DP70n:0 .5954 .0 281 1 0.05 .02773 · 0 2 7 1 1 9.90 1. 9 8E F30

·a 233 1 0,05 .03389 .024 9 2 1. 67 2.1 6

III .0 235 9.94 .03913 .0 3 6 1 2 3. 0 2 2.3 2
0-

?: .0382 9,4 1 .01742 .0 1 8 7 1 5.84 1. 6 8

.0 3 73 9.87 .02050 .0 1 7 3 1 7. 7 3 1. 80
.... DP70H

.02512 · 03 1 9 1 9.68 2.0 0III .6339 .;: .: :J 0 9.87"'0 F'30...
9.84 .03129 .0 1 1 9 2 1.58 2. 1 9Cl, .03 90

III
.03652 .0 1 7 7 2 2.5 0 2.3 2... .0 34 8 9.72ro

Cl.. .0363 1 0,05 .02007 .030 7 1 6. 1 0 1. 60

· 03 30 1 0.2 1 ,023 1 8 .024 5 1 8.07 1.7 7
EP701r

.0352 1 O. 1 7 .02778 .0 1 9 2 1 9.9 7 1. 9 6.5966
F 3 0

9.95 .03394 .0226 2 1. 6 0 2. 1 7.035 4

·a 3 6 a 9,82 .03917 .0 1 5 7 2 2.6 8 2.3 1

.04 32 1 1. 4 7 .01463 ,03 3 1 1 7.07 1. 4 9

Sever n .4553 .0 4 1 3 1 1. 55 .01771 .027 4 1 8,93 1. 6 4

.052 2 1 1. 4 7 .02233 .0 1 7 6 2 0.87 1.82....
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Fig. 3.5.1 Mounting Arrangement
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Fig. 3.5.3 Critical Wind Velocity - Frequency Ratio Relation
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Fig. 3.5.4 Critical Wind Velocity-Frequency Ratio Relation
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Fig. 3.5.5 Logarithmic Decrement-Wind Velocity Relation (Plate Girder t.ype Model)
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Fig. 3.5.7
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Fig. 3.5.8
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Fig. 3.5.10
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Fig. 3.5.11
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Fig. 3.5.12
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Vcr
~

Vcr E 1;, C w,/w" Test No. Notationw, w"
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Fig. 3.5.13
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Fig. 3.5.16 Flutter Amplitude-Reduced Velocity Relation. Model: Plate
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Fig. 3.5.17 Flutter Amplitude-Reduced Velocity Relation, Model: DT70H
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Fig. 3. 5. 18 Flutter Amplitude- Reduced Velocity Relation, Model: DT70n
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Fig. 3.5.19 Flutter Amplitude-Reduced Velocity Relation, Model : ET70H
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Fig. 3.5.21 Flutter Amplitude-Reduced Velocity Relation, Model : DP70HF30
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3.6 MEASUREMENT OF AERODYN~1IC FORCES ACTING ON MODEL IN WIND 1~NEL

As shown in previous paragraphs 3.4 and 3.5 the aerodynamic charec­

teristics of bridge sections are disclosed by the static and dynamic wind

tunnel tests. By the so-called static test in our problem_the steady

aeroelastic coefficients, CL(lift coefficient), cD(drag coefficient), and

CM(pitching moment coefficient), are obtained, while by the dynamic tests

the critical wind velocity for instability is determined.

However the critical wind velocity and the flutter frequencies for the

flutter phenomena, for instance, indicate insufficiently the aeroay­

namic characteristics of the so complicate system of bridge sections.

It is well known that for determination of aerodynamic forces acting on

airfoils there are two representative ~ethods, namely the free vibr~tion

method and the forced vib~ation methoJ. The forced vibtation method is

used by R. L Halfman to compare the Theodorsen theory with the actually

acting aerodynamic forces on the aerofoil, NACA0012 sections of two

degrees of freedoms. The results show a good accordance with each other.

The principle of measurement method by Halfman is again used by Ukeguchi,

Sakata and Nishitani with an improved idea to subtract the inertial

forces from the total dynamic forces to find the differential forces,

aerodynamic forces, using as additional dummy model. In other words this

method is to obtain the aerodynamic forces as the difference between the

dynamic forces received by a model in air stream and the dynamic forces

received by the other model in still air, both of which move simultane­

ously together. It shoQld be mentioned that the forced vibration method

due to Halfman et al is only valid for the small amplitudes in the linear

region of responses. As illustrated previously the free vibration method

is recently applied by Scanlan and Sabzevari reviwing the flutter phenome­

non of suspension bridge to assure the fact that the plate girder type

bridge section is clearly characterized by the dominant aerodynamic

coefficient A2 which is defined in the set of equations, (3.3.1) and

(3.3.2) in 3·3.

The relations of aerodynamic coefficients defin~d by the forced vibra­

tion method and the free vibration method are tabled in Table 3.6.1.
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According to the investigation by Ukeguchi, Sakata and Nishitani the

plate girder type model and the truss-stiffened plate type model with

some angle of attack show the positive phase angle S[C ] as shown in
rna

Fig. 3.6.1, while the absolute values of coeficients are considered less

remarkably varying with the types of models and they tend to increase as

the reduced velocity increases. It is easily seen that the plate with

no angle of attack is associated with the negative value of phase angle

S[Cma], so that the positiveness of this phase angle is considered to

relate to some extent with discontinuous separation of flow from the body

of models.

The aerodynamic coefficients defined by the free vibration method

are illustrated as in Fig. 3.6.6 for the plate by the Theodorsen's

theory. By use of the models in our investigations the characteristic

aerodynamic coefficients Az and A3 are obtained experimentally as shown

in Fig. 's 3.6.7 ~ 3.6.12. In Fig.3.6.13 one of the remaining coefficient

~ is shown as the non-dimensional quantity ys the reduced velocity.

The similar relations of Az*, A3* with the reduced velocity are figured

qualitatively in Fig. 's 3.6.14 and 3.6.15 using the experimental results.

The characteristic phase angle S[C ], defined in the forced vibration
lllCi..

method, is easily determined as shown in Table 3.6.1; based on the aero-

dynamic coefficients A2* and A3* some of the test results are plotted in

Fig. IS 3.6.16 and 3.6.17 which reveal, generally speaking, that the plate

or : the truss-stiffened plate type is associated with the negative value

of the phase angle 6 and, however, the plate girder type model is asso­

ciated with positive as already remarked in the investigations by Uke­

guchi et al.

In our investigations the free vibration method is used to deter­

mine the aerodynamic forces acting on the bridge sections according to

the method proposed by Scanlan and Sabzevari. The results indicate that

measurement of frequencies and damping coefficients is easily done with

sufficient accuracy, while the measurement of phase angle between the

deflection and the torsional deformations is comparatively difficult and

it effects directly on the coupling aerodynamic coefficients Al *. H2*
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and Hs*. In order to eliminate this difficulty a combined method for

determination of aerodynamic coefficients is considered to use the both

types of methods, namely the free vibration method and the forced vibra­

tion method to determine the uncoupled aerodynamic coefficients, Hl*,

Az*, and AJ * and secondly to use the forced vibration method to deter­

mine the coupled aerodynamic coefficients, Al*. H2* and Hs*.

The principle to use the forced vibration method is as follows;

If the steady vertical force is applied for models, the equations of

motion are written as

; + 2( q ([) '1 11 + w~ 7) - HI 11 - H 2 ~ - 1I3 ep = L / m

~ + 2('(/ ([)(J.~ + w~ ep - Ai 7; - A2~ - A 3 f{J = 0

Since L = Lo sin (wt + \{I). we have n ;;; no sin wt, rp = SOosin (wt -8 )

Substitution of above deflectional moues into the second equation ylelds

to

where the right side is known as given values ; ttl ,~ are initiallyex ex.
given natural frequencies and damping cOdfficient. A2. As are determined

by the free vibration method, and w, n, ~, e are the forced frequency,a a
the amplitudes, and the phase angle of deflectional modes.

The steady forced vibration is remarkably stable so that it is easily done

to find the phase angle between the torsional deformation and the defle­

ctional deformation from the Lissajous! diagram.

If the steady pitching moment is applied for models, the equations

of motion are written as

1J + 2(' ([) ~ + ([)2 1J - III 7] - H 2 rp - H 3 m = 0
'I 1/ 'I T'

rp + 2(a([)ai> + w~<p - At 7; - A2~ - Az({J =Mt / Jp

By similar fashion as before the coupling aerodynamic coefficients Hz,

Hs can be determined from the responses defined by the first equation

of the above set of equations as follows
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TJ. (H 3 = - - (Q)2 - Q)2 ) COS 0 + (2 ( Q) _ H 1 Q) sin f) '1
CP. 1) 'i 1) 1 J

According to the preliminaty experimental investigation by this

method the aerodynamic coefficients obtained for a plate coincide satis­

factorily with the theoretical values, so the method is applied for a

truss -stiffened bridge section model, RT-l as shown in Photo 3.5.

The results are indicated in Fig.'s 3.6.18 and 3.6.19. In Fig. 3.6.18

the aerodynamic coefficients determined from uncoupled free vibrations,

namely Hl*, A2 *, Aa* are shown in comparison with those defined by the

Theodorsen's theory. As far as this results are concerned, A2* is

considered to accord with the theoretical values, while A3* is remarkably

smaller and Hl* is comparatively smaller than the Theodoren's theory.

For the aerodynamic coefficients AI*, H2*, Ha* to result in the coupling

effects the following facts should be particularly noticed that Al * is

negligibly small and H2 * shows a peak value at approximately V/bw = 8.0

and H3* decreases monotonically in the large value of the reduced veloc­

ity. It is interesting to note that the peak value H2 * occurs at the

reduced velocity 8.0 approximately which is equal to the critical re­

duced velocity as shown in Fig. 3.6.20.

It is rather difficult to conclude the general aerodynamic behavi­

ours of large spanned bridge structures, because the aerodynamic effects

on the bridges can differ from one another depending on the types of

structures and the dynamic characteristics. However the experimental

method as mentioned above seems us to have an advantages for the sake of

simpleness and rapidness to characterise the flutter phenomenon of the

bridge sections.
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Table 3. 6. 1

...

Coefficients General Structure Plate (Theory)

Clh J...-1H*1 ~ I C (kll
7[ 1 1-

~'\.

P 3 3
-lr _ir

2 2

1 z
( H;)z 1 {1+ I C (k) I} 2+ { 2 I C (kl I } ZCla - (HI) + -

7[ k k

H * -1 k { 1+ I C(kl I }
fJ n: + 'tan-1 _ 2

7f: + 'ta.n
H * 2 I C(klla

1 * ~ I C(kllCml1 - A1
n: k

n: 1t

fJ - -
2 2

1
CAz*/ + (A a*)2 1 { 1-I C(kl I }2 + {I c(kll }2

Cma - -n:
k 2 k

P
-1 A2*

-tan-1 k { 1-1 C(kl I }tD.n -
Aa'" 2 I C(k)/
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Aerodynamic Coefficients for Model DP70H (F30)
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Aerodynamic Coefficient for Model ET70n
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Aerodynamic Coefficient for Model ET70n:
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Aerobynamic Coefficient for Model ET70H
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3.7 DISCUSSIONS AND CONCLUDING REMP~KS

From the investigations above mentioned the aerodynamic and aero­

elastic responses of long-spanned bridge structures should be examined

experimentally by use of the wind tunnel test, because the theoretical

considerations for arbitrary shapes and combinations of structural mem­

bers are so complicate aerodynamically that it is considered ~uite dif­

ficult to anticipate ~uantitatively the wind induced behaviours of bridge

structures. However it seems very important to engineers to know at

least ~ualitatively the aerodynamic effects of various structural factors

for aerodynamic instability. An indicated in 3.4, 3.5, 3.6 the most

important factors particularly for the flutter phenomena are considered

as the fre~uency ratio of deflectional to torsional vibrations, the

damping factors, mass effects, the angle of attack, the aerodynamic coef­

ficients, etc. In this paragraph several fundamental aero~ynamic char­

acteristics are considered theoretically as well as experimentally in

comparison with various investigators! results. As matter of fact, the

bridge section of long-spanned suspension bri'dge forms in general a box

typ~ cross section with two main trussed stiffening walls and two horizon­

tal trussed or deck systems, and the frequency ratio of torsional to

deflectional modes varies from 2.0 to 3.0. From the structural point

of view, the damping coefficients are comparatively small compared with

other types of bridge structures. Experimental results so far indicate

the fact that the most important aerodynamic characteristic is the

flutter phenomenon of coupled or uncoupled modes depending on the struc­

tural and vibrational characteristics of the bridge. Therefore an atten­

tion is placed on the flutter type instability and main considerations

and discussions are given on this instability from the following points

of views: (1) the linear characteristics of aerodynamic coefficients

to determine the critical wind velocity by use of the analog simulations,

( 2) the experimental method for determination of critical wind veloc­

ity and associate factors, (3) some influent factors for critical

wind velocity and (4) some recommendations for aerodynamic stability

problems of long-spanned bridge.
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( 1) Application of analog simulation method

The basic characteristics of the linear aerodynamic responses of

bridges are described by the following set of defferential equations

as mentioned already;

~+2( Ql~+Ql27J=HI~+H2~+H3cp
1] 1] 'fj

where n, cp indicate the deflectional and torsional responses and Hi'

A. ( i = 1 ~ 3) the aerodynamic coefficients, which can be rewritten of
1

the non-dimensional form as follows

• m. • 2l!
HI - HI = -2 AI = - - I C(k] IpQlb 2 k

• I p l!
AI - A = I:"" I. C(k) I- ph] Ql I I<

The right handed expressions are valid for the case of thin plate for

which the Theodorsen's function C( K ) takes anim~ortant role for deter­

mination of its aerodynamic behaviours. For the quasi-steady state the

coefficients H., A. in eq's (3.7.1) are written as
1 1

ph'V BCLAI-~~ __
21 p ad,

ph 2 V aCLH2 =-_(_) •
2m act
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It should be mentioned that eq's (3.[.3) give the fact that all aerody­

namic coefficients but H3 and A3 are proportional to the wind velocity,

while H3 and A3 are proportional to the squared magnitude of the wind

velocity. Since the smaller the aerodynamic coefficients the more stable

the bridge, the stability increases when the inclination of lift coef­

ficient decreases in general. For A2 the decreasement of acL/aa results

in increasement of the magnitude so that the torsional damping term luay

increase to tend to be stable.

In order to determine the critical wind velocity of the classical

flutter phenomenon there are various numerical methods proposed by a num­

ber of investigators. One of the most simplified empirical formula is

presented by A. Selberg as follows

..

Notations are below mentioned.

In this investigation an analog simulation is performed for eq's

(3.[.1), by use of which result an approximate formula for the critical

wind velocity is derived.

From eq's (3.[.1) we have
. .

71 + (2'1]([)1]-Hl)7J+W~ 7l- H.<p-HJ rp=O

..
rp + (2'a: wa. - A. ) i> + «([)J - A3) rp - A 1 ~ = 0

which are also reduced to

"~+- (2(a([)a.+2'1)([)1)-Hl-A.)~+{(W~ -A3H·([)~+ (2'7/([)1)- H I1 (2(a.([)a- A.)

-A,H. }:p + { (2(1)W7/-H,) «([)~-A3) + (2(a([)a-Ad ([)~ -A,H 3 1;P

Eq. (3.[.6) is the fundamental differential equation for the present

problem arrd the stable solution requires to satisfy the following

Routh condition as written'as
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(a)

(e)

As long as W~-A~ >0, eq's (a) - (b) hold as required. This condition is

already mentioned by Y. Rocard in his investigation.

In Rocard1s investigation the aerodynamic coefficients defined as

eq's (3.7.2) are uniquely determined by a single coefficient Al* as shown

in eq's (3.7.2) since a plate is only considered. Therefore the Routh

condition, eq (e) is to determine the condition for A1*, from which the

formula for critical wind velocity can be derived.

In order to know the effects of each aerodynamic coefficients on the

instability the analog simulation 'is used by use of the analog computor

ALB-1000 (Photo 3.6), for which case the analog block diagram is written

as Fig. 3.7.1 based on eq's (3.7.5).

As shown in Fig's 3.7.2 - 3.7.7 obtained by use of the analog com­

puter for a plate, the uncoupled and the coupled modes of oscillations

tend to converge and also the coupled modes, considering the aerodynamic

coefficients, Al. Hz, Hs. Al .and Hz, Hz and Ha, converges for given

in~tial deformations. However for the case when A1 and Hs are taken into

an account, the divergent oscillations are obtained in our calculations,

and there appears no divergent oscillations without simultaneous exist­

ence of Al and Hs. Therefore it is considered that the critical Routh

condition eq. (e) can be written as follows;
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where

D = (W~ - A 3) (2 (1) W 1) + I H, I ) + W~ (2 (a (j)a. + IAa I )

By eq's (3.7.2) we have

and by eq's (3.7.3) we have alternatively

pa b3 V3
A, 1Hz, 1=--­

2mJp

Thus the critical wind velocity V can be obtained ascr

Ba B3 ~Bo{-z- ( 1 + 1- -B: ) - D }
21CZ pZb3 IC(kll

2
~

or

h
B~

1-- - D) }
BZ

2

Since we have approximately the following expression

eq (3.7.8) and eq (3.7.9) yield to
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and

m Ip (2( d W d + I A 2 I )
2tr:2p2b3IC(klI2

2 mI (2 r w + I A 2 I )p '"a a

aCL 2
p2 b3 (_ )aa

Introducing the ~ame notations as A. Selberg used

we have

p.=
m

I = mr 2
p

where

Eg (3.7.10) is of similar expression for the critical wind velocity for

the classical flutter as eq.(3.7.4) exc~pt for the fact that the coef­

ficient K also depend on the critical velocity. For eq. (3.7.11) it is

obtained by egIs. (3.7.2) that
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so that the above term may be considered the dynamic correction factor

for damping coefficient. Apparently it depends on the flutter frequency

w, the kinematic factors ~ and v, the reduced frequency k and the lift

reduction factor C( k). A far as the similarity rule holds for the

inertia, the frequency, the wind parameter and the damping parameter,

eq.(3.7.11) is therefore determined experimentally.

So far our considerations are restricted to the classical flutter

which can be apparently characterized by the fact that A2 < 0, but for

the case A2 > 0 the coupling of torsional and deflectional modes takes

less important role and the critical wind velocity can be obtained by

or U)·7·12)

which indicates that the critical wind velocity increases as the torsion­

al stiffness, the torsional damping factor, torsional frequency and the

mass of structures increase.

( 2) Experimental method for determination of critical wind velocity

and associate factors.

In order to determine the aerodynamic stability of the bridge the

most probable method is at present considered to examine the proposed

bridges section experimentally by use of the wind tunnel. However one

should mention the fact that there exist apparently two different types

of factors to be considered, namely the insensitive and the sensitive

factors. The former factors are for example the frequency ratio, the

size of the model, etc., and the latter are the angle of attack, the

damping ratio, the slot area of the deck, et al. In generally the kine­

matic parameters contribute rather insensitively on the critical wind

velocity, while the aerodynamic parameters contribute sensitively on it.
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In this paragraph a few fundamental considerations for determination of

the critical wind velocity of the bridge section concerned are given as

follows; firstly the experimental method is described and secondly the

significantly sensitive factors are illustrated based on the experimen­

tal analysis.

As the results of a number of previous investigators on the aero­

dynamic problems of bridge sections the experimental examination is con-..
sidered unavoidable for which the similarity requirements and the experi-

mental accuracy is inevitably satisfied as required. Usually the two

degrees of freedom model-mounting is adapted so as to the,deflectional

and the torsional oscillations possible. Since the vibrations are char­

acterized by inertia~ damping, and restoring forces, tpe similarity, is

required on the f01lowing parame~ers:

1) mass parameter rn/ pb 2 I/pb'

2) damping parameter (7J > (a

3) frequency parameter wa /w1J

in which the mass parameter indicates the similarity on the magnitudes

the aerodynamic forces, the damping parameter the similarity on the dis­

sipative to nondissipative forces and the frequency parameter the simi­

larity on the aerodynamic flow configuration around the model. As for

the mass parameter requirement an attention should be placed on the fact

that the set-up model usually has an additional mass effects of so at­

tached parts as springs and supporting bars. The most reliable method

of determining the inertia forces is considered to calculate in the fol­

lowing manners; namely the natural frequencies Wl and Wz on at least two

different spring systems where spring constants are assumed kl and k2'

Then the mass M is determined by

M=---
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In the exactly same fashion the inertia forces for torsional motion are

determined by

where Sb indicates the half spring distance and W , W the natural
(Xl (X2

torsional frequencies on the corresponding spring system.

For the damping parameter there appears no definite method of esti­

mation on the damping capacity on the actual bridge, so that it is usual­

ly recommended to have as small damping ratio as possible in experimental

analysis.

It is rather easy to satisfy the frequency similarity requirement

experimentally. By the above manner, the similarity laws can be satis,....

fied prior to the experimental examination as far as the linear response

is concerned, but obviously an adjustment is required particularly for

the inertia parameters and the frequency parameters.

For determination of an aerodynamic stability two approaches are

considered, which are alternatively related with each other. The first

method is a direct experimental work by which the flutter phenomena are

obtained by varying the wind velocity, while the second is an indirect

experimental work in which the unsteady aerodynamic forces are measured.

The former method provides d~rectly the aerodynamic characteristics of

the structure concerned taking into an account the geometrical and vibra­

tional features simultane~usly, while the latter method provides partic­

ularly the individual aerodYnamic coefficients which has an advantages

that the obtained coefficients are considered independent from the iner­

tia and frequency similarity requirements and only dependent on the ve­

locity parameter. Accuracy of measurement and experimental informations

can be affirmed by combining the above two methods, namely the direct

measurement of critical velocity and the indirect measurement method.

At present the measurement methods of unsteasy aerodynamic forces are

considered the so called forced vibration method and the free vibration

method, either of which are appropriate for use to analyse the aerody~
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namic characteristics of bridge sections. Thereremains the controversial

problem for the size of models and the structural idealization, namely

the full-scaled model or the section model. It is naturally desired to

use the fully scaled model instead of the latter. However the inherent

damping capacity and the accuracy of' wind velocity variations should be

examined properly when the fully scaled model is used. As far as the

aerodynamic instability is concerned. the section model is considered to

provide sufficient informations experimentally.

( 3) Influent factors for the critical wind velocity of the flutter

phenomenun of bridge sections.

A number of various kinematical and aerodynamic factors may influ­

ence the stability and the responses of bridge sections in wind stream.

As pointed out already there exist complicate interaction between associ­

ate factors, but it should be noticed that for a flat plate eq 1 s(3.7.2)

indicate the fact that the non-dimensional form of aerodynamiccoeffi­

cients is given by one parameter, for example, the lift reduction factor

C{K). So far. an approximate estimation for the critical wind velocity

by such ones as A. Selberg presented gives, to be brief, the influential

factors and their form of 'contributions which comprise fundamentally the

frequency ratio. the ratio of width to the radius of gyration, the mass,

the damping ratio, the aerodynamic coefficients et aI, as a whole.

It is hard at present to enumerate qualitatively as well as quantita­

tively which factors are predominate to others. However, at this point,

the angle of attack and the slit deck are particularly considered since

these factors are not taken into an account theoretically.

The angle of attack is considered as one of the significant factors

to determine the critical wind velocity of the comparatively flat cross

sections. One of the typical experimental results for a flat plate is

shown in Fig. 3.7.8, which indicates that the small change of angle of

attack reduces the critical velocity remarkably but it tends to increase

the flutter frequency by comparatively small magnitude up to the angle

of attack approximately equal to 10° as long as this experiment is con-
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cerned. According to the quasi-steady state analysis the effect of angle

of attack is only taken into an account the form of the varying relative

angle of attack, so that by replacing the wind velocity V by Vrel = V sec

6C(CL= angle of attack) one obtains roughly the results that the reduced

velocity decreases by cosDL. This explains unlikely the previously il­

lustrated experimental result. To envidage the aerodynamic character­

istics due to the angle of attack the amplitude-damping-reduced velocity

relations are illustrated in Fig's 3.7.9 - 3.7.11 for various angles of

attack for a flat plate, With no angle of attack it can be said that the

torsional and deflectional amplitudes apparently do not depend on the

wind velocity, while increasing the angle of attack there appears one

to one correspondence between the steady state amplitudes and the wind

velocity. As long as the linear form of fundamental differential equa­

tions is concerned, the steady state amplitudes should be independent on

the wind velocity; thus the effect of angle of attack is considered as

the result of the non-linear responses of the structures in wind stream.

It is interesting to note that the change of angle of attack is clearly

determined theoretically for the aeroelastic problem, while for aerody­

namic problem it should be characterized by the non-linear problem,

which is not solved theoretically at present. In spite of the fact that

the angle of attack effects significantly on the critical wind velocity,

there is an independent problem, namely, the reasonable determination of

angle of attack from the moteorological observations at the sites.

C. Scruton induced from the observations at the site of the Severn

Bridge that the effective angle of attack decreases with the wind veloc­

ity at such open area as the water level.
. I h' ak.. 37 ) H ~~ .38) t 1 t dOn thlS problem H. s lZ 1 , . ~al e a repor e some

observational results of the vertical component of natural wind velocity

at various sites. Thus the present investigations on the aerodynamic

characteristics of bridge sections call for more detailed analysis both

on the nonlinear problems of aerodynamic forces and on the natural wind

velocity at the sites.

Another aerodynamic factor influent on the critical wind velocity
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which is considered here is the effect of slot on the deck part of the

stiffening girder system. Most modern type of trussed girder system of

suspension bridge employs the slit deck and particular girders sup­

porting decks. As shown in Fig's 3.7.12 and 3.7·14 the model test indi­

cates that the equi-damping curves in the amplitude-wind velocity rela­

tions behave in a complicate fashion, so that one may not easily factor

out the effect of slot on the critical wind velocity. In order to

analyse the aerodynamic characteristics of slit deck a few fundamental

considerations are given on the classical flutter phenomena of an idea­

lized slit flat plate. As the preliminary experiments three types of

truss-stiffened models as shown in Tables 3.7.1 and 3.7.2 are used for

the aeroelastic' tests and six types of truss-and girder-stiffened moaels

are used for the flutter tests (Table 3.7.3)

As shown in Fig's 3.7.15 the C
L

and CM curves may vary less sensi­

tively to compare the model with slit deck with the one with solid deck,

while the C
D

- curve for the slit deck tend to increase in comparison with

the C
D

- curve for the case of solid de.ck because the wind stream can

deform to result in increase of the drag force. The flutter tests, on

the contra~J, indicate, as shown in Table 3.7.2 and Fig. 3.7.16, that

the critical wind velocity increases by the slit deck quite sensitively.

In order to investigate the effect of slot an approximate estimation

method is considered on the critical wind velocity of flat plate by use

of the unsteady air forces given by the Theodorsen's Function. Formu­

lation is based on the assumptions that the aerodynamic forces associate

with the vibrating plate with a slot comprise with those acting on indi­

vidual solid parts and the reduction factors of aerodynamic forces remain

unchanged with those for the case of plate without slot. Though insuf­

ficient to express the flow pattern around a plate with slot since the

vorticities in wake and the effect of upstream part on the down stream

part are ignored~ such assumptions may be allowed because main contri­

butions of flows on the aerodynamic forces are due to those expressed by

the bound vortices. For sake of brevity the aerodynamic forces on a

plate with slit as shown in Fig. 3.7.17 is considered, the lift Land
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the pitching moment M of which are given as

c - s
+ 2n:pU2 cC(kl (--) l'

c

M = 2rr:pU C(kl b 2 0

-I- 2n:pc UC(kl rp

b 2 2 ••
-I- 1tpb2(---2(s+b) )1'

4

Taking into an account only the terms proportional to the velocity and

the displacement the above expressions yield to

L = 21CfJc UC(kl S,(.pl ~ -I- rrpU { 1 +C(kl} S2(.pl ~

+ 2rrpcU2C[kl Sd¢lrp

in which P = air density, U = mean wind velocity n = deflectional dis­

placement, rp = torsional displacement, C(k) ::: Theodorsen function. k =
reduced frequency bw/u, Si(q,)[i = 1-4J ::: modifying functions. ¢ := open­

ing ratio (sic),
The modifying functions S.(¢) in above expressions are limited to

~
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four types as described in Fig. 3.7.18. It is interesting to note that

Sf' S~, S3 are decreasing functions with the opening ratio? while S4 in­

creases up to~ = 1/3 then decreases to vanish at~ = 1.0. Another

point with respect to the modifying functions is featured at the fact

that the above expressions may not be reduced to those for the solid

plate when~ = 0 but in the lift force the second term yields to 1/2

and in the pitching moment the first and the third terms yield to 1/2

and the terms w~tb C(k) yield to 1/4 and 3/4 in the second term, in

comparison with a solid plate. This means that the Kutta conditions

assumed in this approximation hold when 5=0 so that one should pay an

attention on existence of physical discontinuity.

By use of above approximate expressions for unsteady lift forces

and pitching moments the critical wind velocity can be obtained the­

oretically as usaul manner.

The dashed curves are those approximated by A. Selberg's empirical

formula in the way as Tanaka and Ito 3S
) indicated. The numerical results

show that the dependence of critical wind velocity on the opening ratio

is sensitively influenced by the frequency ratio. The smaller the fre­

quency ratio, the more steeply the critical wind velocity increases.

For affirmation of the above approximate considerations an experiment is

performed by use of the model of flat plate (b = 15 em) with slot (s =
1.5 em) at the central part of chord, which is shown in Fig. 3.7.19.

As long as this result is concerned the method considered provides a

satisfactory accordance of theoretical and experimental results at the

smaller frequency ratios such as w /w ~ 1.1 - 1.5 When ¢ is also small.
a n

For the large ratio of ¢ it is without saying required that an effect of

wakes due to upstream parts on the down stream parts is taken into con­

sideration.

( 4) Some recommendations for aerodynamic stability problems of long­

spanned bridge.

In this chapter a fundamental consideration is given on the aero­

dynamic stability problems associate with a long-spanned suspension
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bridge. Since the fall of the Tacoma Narrows Bridge there are a number

of eminent investigations by various researchers on this point theoreti­

cally and experimentally. The aerodynamic characteristics of bridge

sections, up to this date, are qualitatively clarified mainly by Far­

quharsen, T. von Karman et al. As the theoretical evaluation of critical

wind velocity accords generally insufficiently with experimentI results,

it is considered evitable to perform the wind tunnel test to know the

aerodynamic forces by the methods previously discussed. However to

design the bridge aerodynamically stable there are a number of factors

to be possihly capable of taking into an account; namely the natural

frequencies of torsional and deflectional modes, the inertia effects, the

effects of radius of gyration to chord length. It is expected that the

larger the mass and the smaller the inclination of lift curve (assumed

positive slope) the more stable the bridge. For example the slot on the

deck may reduce the lift force per unit length of chord at least aer­

oelastically. However a particular stress should be placed on the fol­

lowing points; the non-linear characteristics on aerodynamic forces are

essential in order to describe the aerodynamic stability since the steady

responses of structures (amplitudes) depend On the wind velocity, which

can not be obtained in the linear form of fundamental equations. To

compare the model test with the field performance of proto-type struc­

tures, one ought to find great difficulty in reasonable judgement which

case is safe. G. Vincent considered, generally speaking, that a model

can response so sensitively in wind tunnel because the effective absorp­

tion of energy from floW is steady to shorten the time to build up an

instability, while for the proto-type the efficiency may decrease due to

turbulence of wind and phase lags of aerodynamic forces for so called

truss type girder system.

As the previous considerations we can recommend the following terms

in order to assure the aerodynamic stability of bridge sections:

1) Wind tunnel test is necessary to find the type of instability

and to obtain the aerodynamic forces.
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2) For classical flutter the frequency ratio should be taken as

large as possible, namely the torsional rigidity should be

increased, and inertia effect should be utilized effectively.

3) For stall flutter and galloping type of instabillty particular

attention should be placed on the damping effect as well as

the non-linear responses.

4) To improve the aerodynamic stability the configuration and the

position of slots on deck should be so considered as appropriate

structurally and aerodynamically.

5) The mean an~le of attack effects sensitively on aerodynamic

stability in" spite of the fact that there remains an uncertainty

in the idealization to be taken into an account in design.

Apparently there exists a large number of factors which should be

mentioned when one considers the aerodynamic stability problems of bridge

structures. Recent work by T. Miyata and I. Okauchi 36 ) intend specifi­

cally to analyse the initiation of aerodynamic instability by use of the

quasi-steady non-linear characteristics, as G. Parkinson showed. It is

considered that one needs to devote to the investigations on the non­

linear characteristics particularly in order to clarify the aerodynamic

instability more specifically and thoroughly.
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Table 3. 7. 1

bid x Notations Cross Sections

3.0 0.5 A-TT dILJXd
3.0 0.5 A-TT-S 1--1
2.0 0.5 B-TT I i

0.5 C-TT I I1.5

b= 30Cm

length of model =94Cm

Slit distances are 20, 25, 20mm

(opening ratio ¢= 0.217)
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f\)
f\)
f\)

I

Table 3. 7. 2

Models A-PP A-TT A-PP-F A-PP-S A-TT-S

defl. freq. cuT! 8.69 8.66 8.66 9.109.109.159.13 8.5 8 8.5 4 8.5 6 8.5 8 8.91 8.88 8.87 8.86 9.30 9.30 9.30

tor. fraq. OJri 11.1 13.8 15.4 1 1.4 12.5 14.6 16.4 11. 1 1 2.6 13.8 15.7 11.4 13.2 14.3 15.1 13.2 14.8 15.9

frequency ratio cur;t/w1j 1.28 1.59 t7 8 1.26 1.38 1.60 1.8 1.29 1.47 1.62 1.83 1.28 1.49 1.61 1. 70 1.42 1.59 1.71

flu tter freq. 10.1 13.3 15.2 10.0 11.6 13.3 14.9 10.6 12.1 13.4 15.0 8.8 3 8.6 0 8.6 2 8.7 0 12.214.1 15.2

flutter velocity 3.6 5 5.3 2 7. 8 0 6.8 9 9. 0 4 9.7 5 11.6 3.65 4.08 4.28 5.16 8.01 8.56 8.80 8.94 1 2.5 15.6 16.0



Table 3. 7. 3 Flutter Characteristics for Plate-Like Structures.

Model m 1 wi] Wer:. Wet./uJ? ).J ~r/buJ« K
kgsec2/m 2 kgsec 2 rad/sec rad/sec (exp.)

.1.11-173 .01631 11.69 17.80 1.52 .03951 3.241 3.603 .341

.4473 .01941 11.62 19.64 1.69 .03951 3.857 4.269 .365
PLATE .4473 .02401 11.62 21. 54 1.85 .03951 4.771 4.687 .361

.4473 .03017 11.52 23.25 2.02 .03951 5.995 4.426 .310

.4473 .03540 11.52 24.08 2.09 .03951 7.035 4.681 .309

.5426 .01794 10.60 17 .06 1.61 .03257 2.939 3.486 .291

.5426 .02104 10.60 18.85 1. 78 .03257 3.447 3.938 .301
DT70R .5426 .02564 10.55 20.74 1.97 .03257 4.200 4.638 .323

.5426 .03180 10.52 22.44 2.13 .03257 5·209 5.213 .333

.5426 .03703 10.37 23.34 2.25 .03257 6.066 5.323 .320

.5802 .01806 10.60 16.96 1.60 .03046 2.767 4.6h9 .382

ET70R .5802 .02117 10.60 18.85 1. 78 .03046" 3.243 5.326 . .398
.5802 .02557 10.54 20.65 1.96 .03046 3.917 6.075 .415
.5802 .03193 10.52 23.04 2.19 .03046 4.892 6.122 .380

.5440 .01718 10.54 16.80 1. 59 .03248 2.807 4.224 .360

.5440 .02026 10.47 18.59 1. 78 .03248 3.310 4.879 .379
DT70n .5440 .02488 10.61 19.39 1.83 .03248 4.065 5.290 .379

.5440 .03105 10.54 23.62 2.24 .03248 5·073 5.606 .358

.5440 .03628 10.40 23.27 2.24 .03248 5.928 5.690 .345

.5802 .01822 10.66 16.85 1. 59 .03046 2.971 4.901 .393

.5802 .02133 10.56 18.71 1.77 .03046 3.268 5.267 .393
ET70n .5802 .02593 10.60 20·75 1.86 .03046 3.973 5.613 .387

.5802 .03209 10.60 22.53 2.13 .03046 4.916 5.936 .369

.5802 .03732 10.60 23.15 2.17 .03046 5.718 6.208 .366

.4553 .01463 11.47 17.07 1. 49 .03881 2.856 3.802 .373
Severn .4553 .01771 11.55 18.93 1. 64 .03881 3.458 4.116 .364

.4553 .02233 11.47 20.87 1. 82 .03881 4.360 4.471 .354
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Fig. 3. 7.1 Analog Block Diagram for Flutter Simulationl .

17 (SOvolt)

<p (50volt)

FiR- 3.7.2 Simulated Free Vibrations Deflectional and Torsional Modes
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Displacement at windward edge

Fig. 3.7.3 Convergent Oscillations in one term coupling H3
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(H2• H3J
I I I I j I I I I I I : J , I 1 I I I I j

r; (k=0.2)

L C. tp=20volt. cp X 2

L C. cp =40vol t.

Fig. 3. 7. 4 Convergent Oscillations in two terms coupling of H
2

and I-h
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1. C. rp SOval t.

I I I I I i I

-w~w

7J (k=0.2)

rp (k=0.2)

17 (k=0.3)

Fig. 3. 7. 5 Convergent Oscillations in two terms coupling of Al and Hz
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L C: 1J=50volt.
k=O.3

.<p XIO

Fig. 3. 7. 6 Divergent Oscillations due to Couplin~

Aerodynamic Coefficients Al and H3
(k=reduced frequency)
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77 (k=0.2)
---------~---~V\

1. C. Tf=rp = 0

_rp(_k0.2) ~~

77 (k=O.3)

L C. rp = lOvol t.

~ 1----,

I

Fig. 3. 7. 7 Simulated Divergent Oscillations in Air Stream
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Fig. 3. 7. 15 (c)
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APPENDIX MEASUREMENT OF UNSTEADY AERODYNAMIC COEFFICIENTS OF PLATE

AND PLATE-LIKE STRUCTURE BY MEANS OF THE FREE VIBRATION

METHOD

In the paragraph 3.6 the measurement method of unsteady aerodynamic

forces is presented to use both the free vibration method and the forced

vibration method. The accuracy of obtained values in this method is

largely dependent on the preciseness of the amplitudes and the phase

angle between flexural and torsional displacements. Through the experi­

ments in wind tunnel this difficulty is found to be eliminated by using

the low pass filter and by recording the Lissajous diagram on the dual
~

beam synchroscope. Some typical cases are exemplified in Photo.

Using such data the unsteasy aerodynamic coefficients for a plate (940 x

200 x 2) and plate-like model (DT70H) are obtained as shown in Fig's A.I

and A.2, which yield to the similar results as those obtained previously.

All aerodynamic coefficients for plate and simple plate-like model are

so far satisfactorily coincident with the Theodorsen's theory except

those propertional to the rate of torsional deformations, namely Al* and

H2* To compare the case for plate with the case for DT70H the coeffi­

cient Az* is considered to be on different curves, while H2* to be on

same .curve. It is irteresting to note that both coefficients are much

more smaller than the Theodorsen's theory.

*Photos A.I, A.2, A.3; pp 394 - 395
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Photo 3.2 Six Components Balance
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Photo 3.3 Model (EP70n ( 0»)

Photo 3.4 Mod I( vern T p )
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Photo 3.5 10d 1 (RT- 1 )

Photo 3.6 Analog Computer (HITACHI AL 1000)
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CHAPTER 4 AERODYNAMIC RESPONSES OF STRUCTURES IN TRANSVERSELY

& CHORDWISELY FLUCTUATING GUSTS

4.1 INTRODUCTION

The aerodynamic investigations on the long-spanned suspension bridge

are so far mainly concerned with the aerodynamic instability due to the

flutter phenomenon in the uniform air stream. However there is an

aspect of the problem other than the stationariness of air flow, which

should be considered; that is, the fact that timely and spatially varying

nature of natural wind velocity possibly causes the fluctuations of

responses of such flexible structures as suspension bridges. The actual

structure is so required to be designed as sufficiently resistant to

various types of wind loadings and feasibly stable for various aerody­

namic destabilizing factors. As already mentioned, the latter problem

is closely related with the flutter and the galloping types of instabil­

ity problems, while for the former problem the randomness of wind veloc­

ity takes an important role to produce timely and spatially fluctuating

respones. One of the significant contributions has been achieved by

A. G. Davenport l ) since 1960. His statistical approach extends over

most of flexible structures such as tall masts, tall buildings and long­

spanned suspension bridges. After A. G. Davenport1s investigations there

are numbers of papers presented by applying his method directly and some

b .. . f . . t f' 2),3),4),5) F d t 1y modlfylng lt rom varlOUS pOln s 0 Vlews. un amen a

scheme for analysis due to A. G. Davenport is to disclose the aerodynamic

mechanisms that fluctuations of wind velocity are responsible for the

fluctuations of induced aerodYnamic forces for the structures to receive

timely and spatially varying responses. In order tc investigate this

theme, therfore, the following problems are considered to be clarified:

(1) meteorological characteristics of natural winds

(2) fluidmechanical properties of fluctuating wind velocity

(3) unsteady aerodynamic forces due to fluctuating wind velocity

(4) statistical effectiveness of aerodynamic forces on structures

(5) fre~uency response characteristics of structures
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(6) probabilistic estimation of variation of aerodynamic responses

(7~ stabilizing and destabilizing effects due to fluctuations of

wind velocity

In this investigation stress is placed on the above problems (3),

(5), and (7) particularly, considering two-dimensional air flows.

The unsteady aerodynamic forces of lift and pitching moments acting

on a plate due to transversely· fluctuating wind velocity are investigated

by Th. von Karman and W. R. Sears S ) who succeed in defining the so-called

Sears function by which the periodically fluctuating wind velocity is

easily taken into an account for estimation af the corresponding aerody­

namic forces 7
). R. Isaacs S

) investigates the lift force of airfoil due

to the chordwisely fluctuating wind velocity when the angle of attack

exists and the theory for this effect is more precisely estabilished by
9 )J. H. Horlock . Based on the Horlock's investigations the aerodynamic

forces due to chordwisely fluctuating wind velocity for a vibrating plate

are derived theoretically in this investigation. The stabilizing and

destabilizing mechanisms for a plate under action of fluctuating wind

velocity is discussed here.

In statistical analysis of random phenomena in mechanical system it

is important to find the frequency response function for the given

system. In connection with suspension bridge the coupling of deflec­

tional and torsional modes of vibrations is inevitable under the action

of wind . A general coupled form of frequency response function for the

plate-like structures in air stream is illustrated here.

Wind tunnel tests are performed by using the same models as shown

in the previous chapter in artificially generated flows by setting the

wooden grids in the tunnel.
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4.2 STATISTICAL CONEEPTS IN ANALYSIS ON AERODYNAMIC PROBLEMS OF

SUSPENSION BRIDGES DUE TO A.G .DAVENPORT 1 0) '\, 1 d
In this paragraph the fundamental concept and the method of analy­

sis by A. G. Davenport are briefly introduced, related with the present

concerns.

4.2.1 Aerodynamic Forces due to Fluctuating Flow

1) General Problem for resistance in unsteady flow.

In general the resistance in fluctuating flow can be expressed as

where

p(t) = force per unit area for the object at time t

V(t) = velocity of the fluid at time t

P = fluid density

n :::: diameter of object

A = a reference area for the additional mass
0

Cn(n) = coefficient of drag (assumed to be a function of the

fluctuation freCluency n)

C (n) :::: coefficient of additional mass (including the eCluivalent
ill

mass of the fluid and object itself -also assumed to be

a function of n)

In uniform flow, the average velocity in the region is obviously

equal to the velocity at any point in the region. In turbulent flow,

however, the average velocity differs from the velocity at a point owing

to the variations in phase and randomness of the fluctuations within the

region.

If we assume a correlation function for the fluctuating wind velocity

of the type

1x_:r! 1

Rxx: = e L ~nl
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where L(n) is the scale of the fluctuations at frequency n, then the

correlation over the whole area is of the form

1z-:I:' I
C =./ f6f Df D e- L.>; (Ill

o 0 0 0

Eq.(4.2.3) can be written as

e

1.2:-.2:'1
L;:(nl dxdz'd;:dz'

2 -7';
C(e}= -- ( 7 .; - 1+ e )

( 7f}2 (4'2·4)

where ~=nD/ V (reduced frequency), Fig. 4.1 and Fig. 4.2, if one takes

the scale of fluctuations L(n) as

-
• . 1 V

L.>;(nl= L;:(nl=-­
7 n

and

The characteristics can be described as follows:

1. For reduced frequencies less than 0.1 the velocity fluctuations with­

in the region of the flow likely to affect the pressures on the

structure are fairly uniform: thus the resistance in turbulent flow

at these reduced frequencies probably approaches that in uniform

fluctuating flow.

2. For reduced frequencies greater than 1, fluctuations in the turbulent

flow have negligible effect in inducing pressures on structures.

3. For 0.1 <t;;<lthere is a transition region in which the resistance

diverges from the uniform flow in 1 and decreases until it is negli­

gible as in 2.

2) Drag

For the present analysis eq.(4.2.l) can be written as
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where P = the mean pressure = (1/2)PC
D

(O)V2D

Th~ spectrum of the Sp(n) is written as

- • S (Il)
Sp(nl= 4P' \lA (nIl ~

v'

where c(e) = velocity correlation Over the postuated region of influence,

eq.(4.2.4)

S (n) = spectrum of horizontal velocity at a pointv
Since, at the reduced frequencies for which CDCC)/CD(O) becomes signif-

icantly greater than unity, Cee) diminishes rapidly to very small values,

it seems adequate to assume that

3) Lift Forces

It is characteristic of most bridge decks that they will experience

a vertical force When the wind is inclined to the plane of the deck.

The forces that develop are large.even at small angles of inclination.

If the deck and the mean wind are horizontal, this angle of inclination,

or angle of attack of the deck to the wind. a is the angle between the

horizontal and the instantaneous wind velocity. Approximataly,

w
(1.---V

where w = the vertical component of velocity.

For most bridge decks it is possible. over a limited range. to

represent the change in lift force with angle of attack by a straight

line. Suppose that the slope of this line, i.e., the rate of change of

lift force with a. is denoted by dZ/da, then the vertical force P is

given by
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dZ w.
p=-

\ da 11

where w is an effective vertical velocity. .The best assumption we can
e

make regarding w is that it is the average vertical velocity over some
e

hypothetical region of influence. The expression for the spectrum of

vertical lift force can be written as

where S (n) is the vertical velocity spectrum andw
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4.2.2 Aerodynamic Responses to Fluctuating Flow

For the mechanical system considered the fundamental vibrational

characteristics are determined by usual method of calculations.

Let n and ~ (x) be the natural frequencies and the corresponding moder r
of the r-th degree, then the joint mode acceptances are given as

where R I (n) is the cross correlation ceofficient of the formxx

7 I x-x' I n

Rxx'(nl= e V

and dynamic magnifi~ation factors Ix (n)1 2 are calculated as
r

where 0 is the total logarithmic damping decrements consisting of
r

aerodynamic and mechanical damping. So the normalized variance of the

dYnamically magnified mode components of the pressure,

a; (PI

The second moment of the pressure spectra is written as

which is required in calculating lithe responce factors", vT.

For the beam-like strectures, the root mean square shear and bending
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moment at the station x, 0Q(X) and 0M(x) can be written as
00

a 2 {x)= ;; a;[1"1 q;(x}
Q r=1

where q (x) and m (x) are the shear force and bending moment at station
r r

x due to unit r-th mode load distribution. Similarly, the second moments

of the shear and bending moment spectra are given by

~fuen the distribution of statistical quantity is given as the Gaussian

type, the distribution of its maximum value, which is the main concern,

is easily determined by the theory of extreme values. Applying this

theory the gust factor defined as

g (li T) a (yJ /1"
where

is derived by A. G. Davenport, which is considered as the most signifi­

cant quan'ti ty in the analysis of structural responses in fluctuating

flows.
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4.3 AERODYNAMIC FORCES INDUCED BY CHORDWISELY _~D TRANSVERSELY

FLUCTUATING WIND VELOCITY

4.3.1 Aerodynamic Forces induced by Transverse Periodic Gust Velocity

According to Th. von Karman and W. R. Sears the lift force Land

the pitching moment M are expressed as

L = 2 'lrp6 U 11. e i v I S (k') }

M U iVI S I= IT P 6" IJ 0 e (k )

(4·3·1 )

when a plate is sUbj~cted to transverse periodic gust velocity of the

form

"
IJ (" , t ) = V 0 e i v (t -lj )

where U mean velucity

II fluctuating circular frequency

t time

x coordinate parameter

p air density

b half chord length

k' = 'Jb/U : reduced frequency

and
1

0
(k')K I (ik') + ill (k')Ko (ik')

S (k') = ---_.._--
KI (ik') +Ko (ik')

in which J and K signify the Bessel and the modified Bessel functions
n n

of n-th degree.
Experimental justification for Karman-Sears results is investigated

by A. M. Kuethe and W. R. sears 17 ) and it is shown that the theoretical

estimation satisfactorily accords with the experimental results.
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However, N. H. KemF 1S ) shows the modified form of the Sears function as

K(k', A)

by introducing the fluctuating velocity profile such as

t1 (x , t) =
. IJ,x

t1 0 e ivt e -, u (V"""IJ,)

The lift force for this case is given as

where

and

A= IJ,b /U

k'
K ( k', ..t) = { J 0 (}.) - i J d..t 1} C (k I ) + i T J I (,zl

X, (i")
C (I.') = --------

Ko (i k') +K , (i k' )

(4·3'5)

in which the C(k1 ) function is the well known Theodorsen function.

So it is easily shown that

K (k'. k') = S (k')

and

X (I.' • 0)
i k'

-C(k')+­
2

which is considered as a form of extended Sears function.
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Aerodynamic Forces induced by Chordwise Periodic Gust Velocity

The aerodynamic forces due to horizontal periodic gust when an

airfoil receives angle of attack a are considered by R. Isaacs and

studied in more general way by J. H. Horlock9 ) on the basis of the

Karman-Sears theory6), explained briefly in 4.3.1. Let the fluctuation

of horizontal gust u be given by

u = 1.1. (sin II t cos k' x - cos II I sID. k' x )

= u 0 sin (II I - k' x)

where
IJb

k'=
U

Then the lift force subjected to the horizontal gust as eq.(4.3.6) is

obtained by J. H. Horlock of the form

(4·3-7)

in which

To (k')=J o (k'){ 1+ReC(k')} +JI (k') [meC!;:')

(4·3·8)

+ i (il (k'}{2-ReC (k')} +Jo (k')/mC(k')

and a is the constant angle of attack.

Suppose that the wind velocity fluctuates transversely and chord-

wisely with the phase angle ~, one can write

1.1= W o
i (lIt-':-) fJ

e U cos

i(lIt-~). fJ
v = Wo e U SID.

so that the resultant lift is expressed as

cdcoss To (k') + sin fJ S (Ie')}
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When a plate receives the fluctuating velocity transversely and chord­

wisely as in eq.(4.3.9), the general form of the lift forces can be given

byeq.(4.3.10).

It should be noted that the pitching moment acting on a plate in

this case is given by multiplying a quarter length of chord for the lift

when the effect of apparent mass is neglected.
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4.3.3 Generalization of the Horlock Theory

In the previous paragraph the Sears and the Horlock theories are

briefly described which provide the fundamental concepts for analysis

of aerodynamic responses of bridge sections under action of fluctuating

wind velocity. According to J. H. Horlock there exists no aerodynamic

force induced by horizontally fluctuating winds when a structure receives

no angle of attack, excluding the effect of drag force. In order to

investigate the effects of fluctuating wind velocity on the bridge

section at certain oscillatory state it is considered necessary to find

the aerodynamic forces for the case that the angle of attack varies with

a certain frequency. Using the Karman-Sears theory generalization of the

Horlock theory is illustrated as follows:

If a plate oscillates in certain specified manner and subjects to a

periodically fluctuating wind, the effect of vertical gust may not be

changed by the specified vibrations, while the effect of horizontal gust

is altered since the relative angle changes from time to time.

Let the chord length be 2 and y (x), y (x,t) and yl(x,t) be thes 0

bound, the quasi-steady and the induced vorticities by the veroticity

in the wake y( ~J' t), respectively, for which x extends over the plate

and ~ extends over from 1 to co,

Thus the lift force for a plate 6
) is expressed as

T tel
I I a II (%, t ) % dx+PU!OO d f (4 3 1 n

L=P[ uT.(%1 d%+PU,£ To (%,I) d:c-pa; _I To _I.) fZ- •.

where U is the mean velocity and u is the fluctuating horizontal gust.

Let the relative angle of attack be a, then the transverse velocity

component of a plate due to the horizontal gust u can be given as

ITD(X,t)

f r)
_I 2 it ( % - X

dx' = - au

which is the fundame~tal equation to determine the quasi-steady vortic­

ity in terms of the relative angle of attack and the fluctuating wind
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velocity. Once the quasi-steady vorticity is known, then eq.(h.3.ll)

can be expressed only by the mean and fluctuating velocities and the

relative angle of attack since the bound vorticity is determined by the

customary airfoil theory and the effect of vorticity in the wake is also

expressed in terms of the quasi-steady vorticity.

In order to solve eq.(4.3.12) let us assume that

o 00

ro= 2U{AoCOt-+ Z All sin II. o}
2 "=1

1 • •
a "" q; -I- - (ll'I-q;x)

U
(4-3-13)

u ~= Ito sin ( II I -k' .x)

X=-C080

and substituting eq's (h.3.13)19) into eq. (4.3.12), then it is written

that

00

U(-A o+ Z All COS nO)

11 CP { •
U o (CP + (j-fj cos O) SlU II t COS ( k' COS 0) + cos II t sin ( k'cos 0) }

Therefor~ indetermined coefficients A (n = 0, ) in eq. (4.3.13)
n

are now given as

.
U.[rrA adO = u a (CP + Z){sin V t .(COS (k' cos 0) dO + cos V I •.errsin (k' cos f}) d 11 }

(4·3·14)

and
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+ roB V l J 1f 0CA3 ,dJ sin (k' DOS fJ) d fJ }
o

U o •
+ U cp { sin Vl.["'ooB fJ 008 n8 roB (k' 0080) dO

+ 008 lit J1r:008O OOSnO sin (k'OO8O) dO}
o

By use of the formulas

'" n 1CJ ·oos nO COS (k' COS 8) dO = 7C OOS - J" (k')
o 2

£ '" ., " 1111:
COS nO SID (k cos 0) dO = 1C Slll- J" (k')

o 2

eq's (4.3.14) and e~. (4.3.15) can be rewritten as

A 0 = u~ (cp +Z) 1 n ( k') sin III - ~: cp I I (k') COS III

Un (,,+1)11: (n-l) 11:
--lp (sin vt {COS 1"+1 (k')+COS J"_1 (k')}

U2 2 2

{
. (n+ 1 ) 11: ,. ( n -1 ) n: }

+ COS III SID 2 1"+1 (k) + SID 2 1"_1 (k') )

so one finds that

o C" 'oot°To= 2 un( r:p+fj) SID vt 1 0 (k) 2"

_I { 2 sin v l cos~ J., (k') + 2 cos III sin n
2
11: Jn (k')} sin nO)

1 2
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2"0 • ()
- - rp (COS Vi J I (k') cat-

V 2

(
. (11.+1) 1C ,. (n-D 1C , )}. )

+2COSv l SID 2 J"+1 (k )+SlD 2 J"_1 (k) SlDn()

In determination of the lift force in eq. (4.3.11) let us write each

term as follows;

11 = PJl Ur. (x) dx
-I

1 2 = PVfl To (x , I) dx
-I

a I

I 3 = - P - f To (z , I) dxat -1

T(C1
I. = pV fOO dC

1.Jf2=1

then we have, according to the Karman-Sears' theory,

so that

L = J 1 + 1 2 C (k') + 1 3

where C(k') is the Theodorsen's function.

(1) The intergral II

Since the bound vorticity19) is given as

r.(xl=r.(O)= 2 Vrp 1+cos 0
sin ()
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by the G1auert's formula, we have

(4,3-20)

= 2 rc p Uu o rp { sIDVl 10 (k')+ 008Vl 1 1 ( k' ) }

(2) The integral 12
The integral 12 is written by J. H. Horlock as

.-
so by use of eqls (4.3.16) for n = 0 and 1 we have

- 2 TC P u 0p{ _.2.- ( 1 0 (k') - 1 2 ( k ' )) sin V l + 11 ( k ' ) cos IJ l }
2

(3) The integral 1
3

Similarily we have

a TC A.
1 3 =2PU- { - (Ao + -- )}

Ol 2 2

. "

{
11 rp J 2 (k')}= 2 TC PUl.l 0 ( (tp +u ) J I (It ') - U2 k' OOS ve

. ... ,
{

tp , rp T/)11(k)}. J+ -12 (It )-(--- SlDVl
U U U 2 It'

(4'3'22)

Therefore the substitution of eqls (4.3.20), (4.3.21) and (4.3.22) into

eq. (4.3.19) yields to
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+ 2 'It PU u 0 ( rp +z).{ sin II c J 0 (k')- OOS II I J 1 ( k' ) } C ( k' )

{
. J 0 (k') -J" (It') }

+ 2 11: P u 0 q; SIll V t 2 + OOS V I 1 1 (k') C ( k' )

~ ,q; ]2 (h') }
+ 2 n: p U u 0 r{( rp +-) J 1 (k ) - - , COS II C

U U2 k

r ei I (9);' Jl(k')}. )+ -J. (k)- ---) SIDVl
U U U2 k'

=2n:pUuo (rp{sinvtJ o (k')(1+C(k'»)+COSvt 1, (k')(2- C (k')}

.
-l~ Z {sinVI 1 0 (h') C(h')+OOSVI 11 (k')(l-C(h')}

(p{. 1 0 (k')-}z(k')
+- SIDvt (1-C(k').)+OOSvt 11 (k') C(k')

U 2

rp { 12 (k') }
-- OOSVI

UZ k'

~ f JJ (k')}. )+ - SID VI
UZ k' (4·3-23)

Alternatively, when the horizontal gust velocity is given in complex form

ill(t_':")
... = "'0 e U (4·3·24)

which imaginary part is equal to eq. (4.3.6). then eg. (4.3.23) can be

written as

.
L=2n:pUu o e Ivl (To (h') iP+T 1 (k') Z+ T z (k') t+ T 3 (k') t: +T. (k') ~~ J

where
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J I (k')
l' 4 (k') = --k"""":"'-

To (k')=J o (k'){1+ C (k'>1 + ill (e) { 2-C(k')}

1'1 (k')=J O (k') C(k')+ iJ 1 ( k'){ 1-C(k'l}=S(k')

T~ (k')=~ {1 0 (k')-J2 (k')}{1-C(k')} +iJ 1 (1.') C (k')
2

J 2 (k') .11 (k')+J 3 (/t')
T 3 (k')=-i =-1------

4

-.!-{Jo (k')+J2 (k')}
2

Note that the function Ta(k i
) defined in eq. (4.3.26) is exactly

same function of e~. (4.3.8) and furthermore in eq. (4.3.25) half length

of chord being taken as the unit length~ we have for the chord equal to

2b the following lift expression,

L=27f-pbUu o e iJJ1 (To (k')a>+T 1 (k').!Z.+T 2 (el
blp

+T
3
. (.k,)b~P+t; b~.).

T U U U i 4 (k }i.J;

(4-3'27)

The vector diagrams for the functionS defined in eq. (4.3.26) are shown

in Figls 4.3 - 4.8

As for the functions to characterize the aef'odjfhStitJd magni:tiua;tiofi

factors ~ it should be noted that the functions of: TO(k;) j T2 (k i
) atJd

T
3

(k l ) signify the frequ:ency depend.ence of lift with respect to 'GoT3<L0fial

deformation and those of T
I

(k f ) and ':r4Ck f) that with respect totleXlif'al

deformation" where T
1
(k I) is identical with the SearS I f'UrtctIon tit gq"

(4~3~3j~



4.3.4 Aerodynamic forces induced by a few patterns of transverse

periodic gust velocity

Case 1 Rectangular Transverse Gust

Given a rectangular transverse gust velocity as shown in Fig. 4.9,

the gust pattern is expressed by Fourier Cosine series as

= 4 m+1 (2 m -1)n:
[(xJ = J: ( - 1) cos :>;

m=1 7C (2m-1) 2 b

Thus a cpmplex form of periodic transverse gust velocity of rectangular

shape can be written as

4 (- 1 ) m+ 1

7r(2m.-1)

where v
o

amplitude of the gust velocity

v circular frequency of fluctuating gust

t time

x coordinate distance

b quarter wave length

By use of eq. (4.3.4) one obtains the lift force and the pitching

where

and

(2m-nn:
}.m=-----

2

vb
k' = u

KM ( k I , }. m) = {J0 ( 1 m ) - i J I (). m) } C ( k')
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Note that the apparent mass does not contribute to the pitching moment

for this case. When the wave length of rectangular transverse gust is

infinite Am tends to vanish so that we have. from ego (4.3.30),

and

K L (k', 0) =C(k') +
i k'

2

00 4
:£

m=1 7C

so that lift force and the pitching moment are reduced to

ill/ i k'
L = 2npbUIJ o e {C(k') + - }

2

M illl= rrpb2UIJo e C (k')

In other words. the infinite wave length actually corresponds to the

aerodynamic forces due to translatory oscillation of structures and the

above expressions yield exactly to Karman-Sears results~)'7)

Case 2 Triangular Transverse Gust

For triangular transverse gust the corresponding expression for eq.

(4.3.28) is now given as

00

IJ(X,t)= ];
m=1,3,5

mltx
sin---

2b

Jnrr
sin vt sin-­

2

An alternative form is written for the above expression as

IJ (x • l)
00

];
"'=1,2,3
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An attention should be placed on evaluation of aerodynamic forces

for such transverse gust as this case. By the Karman-Sears theory6) the

pitching moment is induced by the wake if one ignores the apparent mass

effect, while the lift consists of those due to both the wake effect and

the quasi-steady effect. Therefore the lift force and the pitching

moment are now written as

iyt DO 4 (-1) m+1

}
L = 2rcpbUv o c 2 KL ( k', Am)

m=1 ( 2m-1 ) 2 rc 2

(4'3'32)

M = 7f.pb 2 VVo i yt co 4 (-1) m+1
e 2 KM (k', Am)

m=1 (2m-1 )%7t 2

and

( 2m-1 )
A = rc

m 2
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4.4 AERODYNAMIC RESPONSES OF STRUCTURES OF THO-DEGREES OF FREEDOM IN

TWO DIMENSIONAL FLOWS

4.4.1 Frequency Response Functions for Structures of Two Degrees

of Freedom in Two Dimensional Air Flows

In order to analyse the aerodynamic responses of suspe~sion bridge

there appears a number of factors to be taken into an account, which,

generally speaking, form complicate mutual interactions. Particular

attention is placed on the aerodynamic responses of structures in two

dimentional air flow which displace only deflectionally and torsionally in

this paragraph. Restricting ourselves to the above case the fundamental

equations of motions are written, according to Scanlan and Sabzevari's

notations, as follows,

where Land M are the periodic lift force and periodic pitching moment.

By usual methud for determination of frequency response function

the Fourier transform is applied for the system given by eq. (4.4.1)

(4'4·1')

where 0 signifies the Dirac's Delta Function.

Thus the frequency response function for eq. (4.4.1 ' ) can be written

as

H (~,l
1]

!H("'1 =
e (wI

1]

Where

- 275 -



and

H,,(wJ =

e7j(W} =

W ~ - W2 - A 3 + i (2 ( a W a - Az) W

DR + i D[

DR + iD[

w~ - WZ+ if 2(1/ w1J -H, ) W

DR+ i D[

in which the aerodynamic coefficients H. ,A. (i = 1,2,3) are assumed real
1 J..

functions of reduced frequency bW/U.

For example the aerodynamic coefficients for ~ plate are given as

tr:Pb 3 U
Az = - 2 I { 1-I C (k)] } (4·4·{')

k
bw

U

It will be convenient to characterise the frequency response function

lj/(w), given by eq. (4.4.2), in terms of the gain factor and the phase

factor as follows:

!H(w) =
IH,,(w) I e i {)1J1I

Ie 7j (wl lei ()aT)
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so that

IN'I(wl \ jNa [wI \

Gain Factor =

I8'1 (wI I lea(w1\
(4-4-4)

Phase Factor =
()'1'1 ()1/a

{Jarl °aa

for which

1

[H'I(w1[ = (i (w~-w2-A3)DR+(2 (/ua - A2)wD]} z+{W(2(aWa.....~)1.Jl-(W~-WZ-A3)Dl }z/(Dk +Dp!) T

1

IHo:(wll ={ (N3 DR+ WNz D])2 + (H.DJwHzDR)~(DR+Dp2}T

1

18 1/((,]11 = wA I / (DR +Dj ) 2"

1

j8a (wl! = ({ «(JJ~-wz)DR+(2(rIUJ'I-H,)WD]r+{w (2(T/UJ1/-H,)DR - (UJ~ -wZ)D] r/(Dk+D } )2) 2"

lia.no ='1'1

(2( aWa-A2) UJDR - (W~-W2 -A 3 )D]

(UJ~_(i)2 -A 3) DR + (2(a. UJ a-Az) wn]

f1 3 - UJ H 2 DR

H 3 DR + wH 2 D]

(4-4-5 )

Using the frequency functions the aerodynamic responses are obtained

as in the following sections-
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4.4.2 Aerodynamic responses due to periodic Transverse gust

Case 1 Sinusoidal Transverse Gust

vllien a structure subjects to the sinusoidal transverse gust the

aerodynamic forces are given by eq.(4.3.l) and the fundamental equations

yield to

where k t = Vb/U and U is the mean velocity, while m and I indicate the

mass and the inertia moment of unit length. Let Yeivt and ~eivt be

the responses for the above equations, one obtains that

[J
namely

[
(i)~-l/Z+iV(2(T/(t)T/_Hl) -(H3+ivHz) ]_1

-AI v (i)~-Vz-A3+iv (2(aWa-A2)
[

- 21t:b U Vo S (k')]

7rpb 2

J UVo S(k'}

21tpb rr:pb 2

Y=- Dvo S(k')H [vl+--Uvo S(k') Ha(vl
m T/ I

2trpb f) rrpb 2

1J!=- -- UVo S(k')' 7/(v)+-- Dv o S(k') f)a(vl
m I

and
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2 n pb • 2 2npb 1Cpb 2

p = ((--y I1I7) (vlI -2 (~-)(--)III (vll'IH Iv) I 008 (0 -0 )
m m I 7) II 7)7] 7Ja

(4.4-7)

2rr.pb 2 2 21Cpb npb 2

1p'2= (C--) le7)lvl l-2(--)(-) Ie (lJ11·le (vll cos (0 -0 )m m 1 'I a 07) ({a

in which S2(k l
) is the squared absolute value of the Sear's function,

eq. (4.3.3). It should be noted that responses due to transverse gust

velocity are characterized for the system ~onsidered here by the follow­

ing functions.

- 2npb 2 2 2npb 'lCpb 2 rrpb 2
)2 2

Y2(vl= (--) IH (1'11-2(--)(--) III (vll-[Ha(1I1Icos (0 -0 ) +(-- IHo·lvllm 7) m I:: 1 7) 7)7) 7)a I

Case 2 Rectangular Transverse Gust

In this case the lift force and the pitching moment are given by

eq. (4.3.29) as follows

00

M b U ivl "= iCp 2 !J o e ~

m=1

where

i",L= 2rrpb U V o e =I
m=1

4 (-1 ) m+ 1

K
L

(k', lin)
7t" (2 m- n

4 (-1) m+ 1

iC (2m-1)

k'
KL(k', lm) ={Jd).m)-iJd).In)}C(k')+i~1, Um)

K
M

( k' , lin) = { ] 0 (lm) - i ] 1 (,l.m) } C ( k')
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and k' lib /U

Therefore the responses can be expressed by aid of eq. (4.4.8) as

- - 0<>
IfI'2 = yrZ(1I1 [{ Z

m=l

in which

(4·4·1Q)

Case 3 Triangular Transverse Gust

In the exactly same manner as Case 2 we have responses of structures

subjected to the triangular transverse gust, expressed by eq. (4.3.31),
as follows,

- 00 4 (_1)"'+1 00 4 (_1)m+ 1
yz =Y'(II) ({ Z

11: 2 (2m-1)Z
KLR (k', ~m) }'+{ £

It' (2m-1i
KU (k', Am)}2]Uz !Jo 2

"'=1 m=l

1j!. =W'(vl ({
00 tl (- n "'+1 00 4 (_n m+ 1
£ --- KMR (k', Am) Y+ { £ KlIfl (k', Am)}']U2voZ

m=l n: 2 (2 m-1)2 m=1 n:' (2 m-1)'

for which

K l. I (It' , Am) = ] 0 ( Am ) p ( k') + ] 1 ( ~m ) G ( k')

!SUR (k' , Am) = 1 -KLR

C(k')= F(k')+ iG(k'')
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4.4.3 Aerodynamic responses due to periodic chordwise gust

For periodic chordwise gust no aerodynamic force is induced unless

the relative angle of attack is taken into an account (refer to 4.3.2).
In this paragraph a few typical cases are illustrated according to a

variaty of the angle of attack, considering only sinusoidal horizontal

gust.

Case I Constant angle of attack,

Suppose that a structure receives the constant angle of attack a

the induced lift force and pitching moment are given by J. H. Horlock as

expressed by eq. (4.3.7),

U i III
L=2npb vorte To (k')

Substituting them into eq. (4.4.1) the responses are easily found as

in which

Ko (i k' ) K
2' ( , { } _ J (k ') 1 ( 0 ) J2

To (k)= Jo(k) 2-Re K o (ik')+K\ (ik') • m Ko+K.

Ku } , Ko ,2
+ (J 1 ( k') f1+ Re - 1 0 (k ) .1 m K

o
+ K I j

Ko+K.

Case 2 When structure oscillates periodically with the frequencyw
o

deflectionally or torsionally

When structures oscillates periodically in such way as

i (rIO i
Tf = Tfo e
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and also subjects to the horizontal periodic gust

iv(e _-.:..)
IJ = Uo e U

the induced lift force and pitching moment are given by eq. (4.3.27) as

"here

boo
k o=-

U

vb
k'= u

T) (k')=J o (k')CO')+iJl (k'){1-C(k')}

then responses corresponding to eq's (4.4.1) can be obtained as

(4·4·15)

It should be mentioned that the effect of phase differences between the

horizontal gust and the oscillatory displacement is ignored here.

Alternatively the responses due to horizontal gust when structure

vibrates torsionally in such way as
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fP = fPo e ;(,)0'

are obtained as following. By eq (4 3 27) th. " e aerodynamic forces are

L = 2 TC P b Uu 0 e i (wo +11) l (
To (k')+ikoT. (k')-k~ T ''1

• 0 3 (k ) J fPo

de! °C·
=2 1t pbUu oe l wo+lI) l TroCk'

r > k o ) fPo

so We have

} (4-4'16)

where

To (k')= J o (k ' ) {1+C(k')}+ ill (k'){ 2-C(k'q

1
T 2 (k')= 2" {1 0 (k')- 1 2 (k')} {l-C(k')}-iJi (k')CCk')

T 3 (k')=_ {Ii (k')+J 3 (k')}
4

It is interesting to note that there is a significant difference about

the response characteristics between the horizontal and the vertical

gusts; that is, the frequency response functions depend on the sum of

the specified frequency w and the gust frequency v for the former case.
o

While the frequency response functions merely vary with the gust fre-

quency v for the latter case. The fact seems an important character to

consider the effect of fluctuating wind velocity on the' aerodynamic
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stability which will be considered in 4.5.

Case 3 When structure subjects to flexure-tqrsion flutter

The flexure-torsion flutter of a structure in air stream is con­

sidered as one of the most important aerodynamic problems particularly

for long. spanned suspension bridges. Suppose ·that one .is restricted to

two dimensional analysis, then the deflectional and torsional deformations

can be written as

i"'ol
1j=TJo e

(4'4·18)

where n ,<jl are the deflectional and the torsional amplitudes and w ,
o 0 0

0/ are the flutter frequency and phase difference, respectively.o
Substituting eq. (4.4.18) into eq. (4.3.7) the lift force is ex~

pressed as

(4·4'19)

when the horizontal gust is given by

Thus the responses due to fluctuating horizontal gust are obtained

similarily as

(4-4·20)
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As considered in the previous chapter, the phase difference ~o

between the deflectional and torsional deformations in the flutter state

of plate or plate-like structures tends to vanish when the frequency

ratio of torsional and deflectional frequencies becomes large. So in

eq. (4.4.20) cos ~ can be replaced by unity for most types of actual
o

suspension bridges.
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4.4.4 Aerodynamic responses due to periodic transverse and chord­

wise gusts

When horizontal and vertical components of fluctuating gusts are

given as

u=w 008 P

where [3 indicates. the phase angle between u and v, then one obtains

(4'4·22)

for which w=w eivt and n ,$ are the responsive amplitudes in deflec-o· 0 0

tional and torsional modes of specified vibrations and W, w (k =w b/u)
o 000

correspond to the phase angle and the frequency specified. The expres-

sion for the pitching moment can be obtained by multiplying quarter

length of chord for the lift, eq. (4.4.22). From eg. (4.4.6) and eg.

(4.4.15) the responses subjected to the fluctuating gust given by eg.

(4.4.21) are also written as

2n:pb npb2 • ivl
7J={---H (lil+--H (1I1}(S(k')smP1UWac

m 7J I a

and

2npb npb 2 , • iVI
qI= {- -m- e~ (lil + -/- ea (v]}( S( k ) smf3) U W a e

2 lt pb rcpb 2

+{--- e7/(OJo+v)+--e (I1Jo+li)}(T 7]o+T qloe-i'/Jo )Uwoei(OJo+II)1
m / a 7/b rp

(4·4·23 1

For the case that a structure receives only constant angle of attack

eg. (4.4~23) are greatly simplified as
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2rrpb n:pb 2

1] = f - -m- H1J (v) + -I-Ha (Jll} fS( k') sin,8 + <pg T g (k')cos,8} U Wg c i vi

<p={
} (4-4- 24)

It is considered that the horizontal gusts

where S(k') and TO(k') are the functions defined by W. Sears and J. H.

Horlock) respectively. Eq. (4.4.24) implies the fact that both of the

frequency response functions and the aerodynamic magnification factors

are uniquely determined by the freQuency v,while eq. (4.4.23) implies

that the aerodynamic magnification factors are determined by the frequen­

cy V but the frequency response functions are associated with the s~ of

the frequencies of wand v..a
effect on the structure at the fluttering state, for example, in rather

complicate way and the overall responses depend.on their combination so

that there is no definite amplitude of vibration and it will be a time

varying and distorted form.
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4.5 STABILIZING AND DESTABILIZING EFFECTS OF FLUCTUATING GUSTS

4.5.1 General Remarks

In the previous chapter the aerodynamic stability of suspension

cridgea are considered from a fundamental point of views, and it is known

that various types of aerodynamic instability should be analyzed in order

to have sufficient safety of reliability depending on the structural

configurations and vibrational characteristics of the structure. Gener­

ally the aerody~amic stability is classified into two types, that is, the

galloping and the flutter phenomena, the latter of which is furthermore

classified into the so-called stall flutter and the flexure-torsion

flutter. The galloping appears for aeroelastically unstable sections

such as H-sections and near right rectangular cross sections, which is.
due to the non-linear characteristics of lift-coefficient curves. For

the stall flutter, there appears no well-established theoretical base

but it can be due to non-linear hystresis of aerodynamic forces and

responses. In this investigations we restrict ourselves to the problems

of linear aerodynamic responses and particular consideration is placed on

the destabilizing and stabilizing effects on the structures which aero­

synamic stability is concerned with flexure-torsion flutter phenomenon.

However it should be naturally mentioned that the non-linear aerodynamic

problems are of primary importance to be analyzed in near future.
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4.5.2 Destabilizing effect due to-fluctuating gust

For sake of theoretical brevity a plate possible to vibrate deflec­

tionally and torsionally is considered in two dimensional air flow.

If a plate oscillates periodically under the action of periodic forces,

the fundamental equations are written as eq. (4.4.1), viz.,

where the aerodynamic coefficients are given as eq's (4.4.1")
Suppose that Land M is periodic with frequencey v, then the aero­

dynamic coefficients are functions of the mean velocity U and the reduced

frequency k' = vb/ U, Therefore the stability of the system at the

given reduced frequency is our main concerns, which is easily examined

by the Routh-Hurwitz's criteria as follows (refer to 3.8 (1));

E 3 = 2( ill + 2( ill -Hl -A. > 0a a 1] 1]

E2 Eo - B2 > 0
3 1

It should be mentioned that the instability criteria stated here differ

from that of the classical flutter theory. Without forcing aerodynamic

force the fUndamental equations are of the form of eq's (4.4.1), so if

AI
1]=1]0 e
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are assumed then non trivial solutions are obtained when

=0

The aerodynamic coefficients of egIs (4.4.1 11
) are rewritten of the form

of

7r:pb Z I C(k}1 7r:pbJ ]C(kll
H1 =- --

___ W
A1 =-- W

m k I

7CpM 1+IC (kll w 7Cp b' 1-1 C (k) I
Hz =--- Az =---. w

m k 2/ k

27Cpb J IC(k) I
WZ

7C P b' IC (k) I
Ha =- A =----- WZ

m k 2 a I k

One method to determine the flutter frequency and the critical reduced

frequency is to fix w at first to calculate the aerodynamic coefficients,

which are numerically obtained for specified value of k. Thus, changing

the value of k, the solutions are required to be sought until these

satisfy the Routh condition and A .= iw in the above determinant. This

is one of the typical method to analyze tbe torsion-bending flutter

state. Once the reduced frequency k f = \ib/U is uniquely determined,

then substitution of k f into eqls (4.4.111
) yields to aerodynamic coef­

ficients of function of mean velocity U. Thus the Routh criteria pro­

vides the critical wind velocity beyond which the systems becomes unsta­

ble. Since the Theodorsen function indicates physically the reduction

of aerodynamic forces due to the reduced frequency by taking into an

account the effect of vorticity in the wake, the excitation below the

flutter frequency recults in the lift reduction and consequently

the critical mean velocity decreases.. which is, therfore, considered as

the destabilizing effect due to fluctuating gust. The lowest critical

velocity, or the lower bound, is now obtained by setting k l = 0 (which

corresponds to initiation of flutter) by the following conditions.
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7C pb 2

Eo = W~( W~--I- ¥2) 2: 0

(4-5'25)

It is easily known that B3 , B2, Bl, Bo take secondary role and the

critical condition is R = 0 for ~sual case.

From considerations in 4.4 the possibility that the forcing excita­

tion is below the flutter frequency Occurs only by the transverse gust,

so that the destabilizins effect is considered due to the verti.cal com­

ponent of the fluctuating wind velocity. Approximate method of' deter­

mine the flutter velocity in 3.8 gives the destabilized critical wind

velocity of lower bound roughly as

U
cr

IClk) I
IC(oll

=0.826 Ucr (4'5-26)

if the critical reduced frequency is taken as 0.2, which means about

20% decrease of critical wind velocity.
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."

4.5.3 Stabilizing Effect due to Fluctuating Gust

As considered in 4.5.2 the aerodynamic stability of a structure

can be defined in exactly same way for the case that the excitation

frequency is higher than the flutter frequency in uniform air stream

by the Routh criteria. Since the lift reduction tends to increase when

the frequency becomes larger the aerodynamic frequency characteristics

become smaller effect up to IC(k)!k===1/2.

If a plate is considered, the ultimate values for aerodynamic coeffi­

cients are

'1tph
H, = - -- V

m

3 7rpb 2

Hz =- --- V
2 m

rr. pb2

A, =-- V
21

itP b2

A~ =-- V 2

21

for which the critical conditions are given as

1tpb2 1Cpb 2 1
+ -- (--- -) V 2 ::::: 01m2 _.

trpb 2

Eo = W 2
( W 2 ~-- V2 ) > 0

.1J a 21 =
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An approximate method as used in the previous paragraph gives the

result that, if the critical reduced frequency is taken as 0.2. the upper

bound (k = 00) for critical wind velocity U is approximately
V=oo,cr

(4'5·281

When k is small ennugh to b D zDro, tk h . I
~ ~ ~ en we ave. apprOXimate y ,

Let us consider now the stabilizing effect on torsion-bending

flutter due to fiMctuating wind velocity. When transversely or chord­

wisely flutctuating gusts act on a plate. the fundamental equ~tions are

associated with the excitated frequency. For horizontal gust the aero­

dynamic responses have always the higher frequen't'ies than the flutt CT

frequency wand also there is a possibility that the transverse gust
o

has the higher frequencies than the flutter frequency, so that it is

considered to act on the safety side, namely the stabilizing effect on

the torsion-bending flutter.
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4.6 STATISTICAL CONSIDERATIONS OF AERODYNAMIC RESPONSES OF PLATE­

LIKE STRUCTURES DUE TO TWO DIMENSIONALLY FLUCTUATING GUSTS.

4.6.1 Introduction to random vibration analysis

In generally a timely random physical ~uantity x(t) defined in

duration T can be expressed in the form of the Fourier series as

00

x(l)=a o + 2 (a" OOSnWot+b" sIDnWot)
n=l

where w ; 2n/T. Thus the mean s~uared value for x(t) is given byo

-- 1 T/2
x 2(t1=':"'" J

T -T/l

1 00

a 2 + - 2 (aJ + b~ )
o 2 n=1

Instead of eq. (4.6.1) one has alternatively

00

'" (t)='£ C
n

e i"(,)ol
n=-o:l

for w;y.tch

00

X 2 (t I =.£ I C" 1
2

n:::::::.-oo

(4'6·3)

(4-6-4)

Let the ~uantity be responsive for continuous spectrum and let F(w)

be the F~urier Transform of x(t), then we have

and

1 = ;(,)t d'"x(t1=- J F((,)) e IoU

21C -00
F(fd)=J= x(tl e- iwt

de
-00

J = x 2(tl dt =
-00

by the Parseval theorem.

As well known the power spectral density function Sew) and the

auto-correlation function R(T) are defined as
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-- de!
x 2(t1 = 2 J= S(w) dw

o

and

for which the super bar is to take the average with respect to time.

By the Winer-Khinchine1s relation the power spectral density function

and the autocorrelation function are mutually related as follows;

S(w)= 2J= R(1") cos w r dr
o

R(r)= ~ Jco S(w)COS w r dw
17: 0
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4.6.2 Spectral Analysis of Aerodynamic Responses due to Fluctuating

Gusts

For the system given by eq1s (4.4.1) the frequency response function

is shown as eq' s (4.4.3). Suppose that Sand S are the power spectral
y x

density function (PSD) as

5, = [S" 5" ]
[SLL SLM ]5 =:t

Sl(!TJ Srpl(! SML SMM

then we have 2 0 )

Sy = U1(Ct.ll S:z; • lFl *(Ct.ll

where IH*(w) is the conjugate transpose of IH(w) and SLL' SMM are the

power spectral density functions of lift and pitching moment and Snn ~nd

S are the power spectral density functions of deflectional and torsion-
</J$

al deformations respectively. Eq (4.6.10) yields, thus, to

When the transverse and horizontal gusts v and u act on a plate like

structure which receives a constant angle of attack, power and cross

spectral density functions for lift and pitching moment are written as

following;

(4-6,12)
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where

u 2 (t) = 2} Suu(wl dw
o

a(t) lI(tl= 2JD::l S (wI dw
/.III

o

II 2 (t 1= 2 .(00 S (I d ,-,vv w UJ

o

(4·6·13)

and S(wb/U) and T(wb/U) are the Sears and Horlock functions.

If the fluctuating winds are obtained and the spectral analysis is

done, then by eQ.(4.6.11), (4.6.12) and (4.6.13) the variances of re­

sponses are found as

} (4'6·14)

Applying A. G. Davenport's considerations for eq!s (4.6.14) the response

factor v is obtained as

.r 00S'PiP(!<ll d W
o

1 0 )
so that the gust factors for duration T are rewritten as

(4'6·15)

1
g", (liT) = J 2 log 111/ T + ---;=======., J 21oB' )171 T

(4'6'16)
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When one considers only the transverse gust the expressions for power

spectral density functions are 50 simplified in eqls (4.6.11) and (4.6.

12) to

- bw
S = Y(w) U 2 S f_) S., \ U UP

with no effeet of cross-spectrum of transverse and chordwise gust by use

of eq f s (4.4. 8) .

When a structure is sUbjected to certain periodic oscillatory state.

the T (wb!U) in 'eq (4.6.12) should be replaced by the function defined in

eq's (4.3.25) and (4.3.26) and the similar expressions are easily ob­

tained. Consequently for spectral analysis of fluctuating gusts it is

required to have the power spectral and cross-spectral functions for

gusts, tne aerodynamic admittance such as Sears function and the frequen­

cy response functions of the structure considered. It should be noticed

that there is no average responses in our considerations and the aero­

dynamic responses, therefore, are eventually due to the fl1,lctuating gusts

to be evaluated in the form of g (\)1) 0" and g. (vT) 0A..A..'n nrl 'jJ 't''t'
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4.6.3 Spectral Characteristics of Gusts

As considered in 4.6.2 the aerodynamic responses are directly re­

sponsive f.or the spectral characteristics of gusts. There are a number

of investigations about statistical and probabilistic characteristics of

atmospheric turbulence. As for the norizontal gustivess A. G. Davenport

prOposes an expression for the spectral densityl) as

S uu (n.1 x=
D

u=
2Kr

(1-1- x2 )Y3
(4·6·17)

D

n.
where XD = 1,200 (1/m)

U

~ = the drag coefficient for the surface (refer­

red to the mean velocity at standard refer~

ence height, 10m)

Eq. (4.6.17) is comparatively satisfactory expression in comparison with

observations of horizontal components of natural winds.

The spectrum expression for vertical gustiness is proposed by Panofsky

and McCorwick 1
) as

u=

1/
3K,---­

(1+4 I r )2
(4·6·18)

Thenz/U and Uis the mean velocity at the height Z.where f ::;;. r

fundamental difference between eq. (4.6.17) and (4.6.18) is the fact

that the former depends merely on the frequency and the mean velocity at

reference height, while the later depends on the height Z and the corre­

sponding mean velocity and the frequency. Only the effect of vertical

gustiness being·considered, the statistical analysis Can be performed by

use of eq. (4.6.17). When a constant angle of attack or a certain exci­

tation on the structure exists, one is required to know the hOrizontal

and vertical gustinesses as well .as their co-spectrum as indicated in
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the eq's (4.6.12)

Recent1y.M. Shiotani 21 ) reports the observation results of stormy

winds at Tokushima in the Shikoku Island, Japan. It indicates that the

results satisfactorily coincide with the previous investigations as eq's

(4.6.17) and (4.6.18) and the cross-correlation between horizontal and

vertical gusts remains about -0.2 to -0.37 which coherence is, roughly,

considered independent from the frequency.

An approximate method for spectral analysis is to assume that the

autocorrelation function R(T) is of the form

..
R (rl = e '0 <4·6·19)

then the scale of turbulence L can be obtained by the Taylor's hypothe-
sis22) as follows x

L", = U foo R(rl d r = U To
o

The ass0~iate powers spectral density is now written as

2a 2

S(nl=--
L",U

where U is the mean velocity and 0 2 is the variance. The peak value for

S(n) occurs in eq. (4.6.21) at

The observed results give Lx = 100 ~ 200m so that the average duration

of wind action can be 2.5 ~ 5 sec for the mean velocity 40m/sec at the
site of structures.

Similarly an alternative method is to assume
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then

(4-6-23) .

which form can be"useful·in practical applica.tion.
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4.7 WIND TUNNEL TEST

In order to clarify the effect of fluctuating gusts on the structure

used as stiffening girder system of suspension bridge, wind tunnel test

is performed using same models as used in Chapter 3, for which turbulent

flow is generated by the grids placed at 6.50m windward from the model

(mountings of models and grids are shown in Photo 4.1, 4.2).

* Experimental apparatus and Models Configurations

Vibrational characteristics of models are shown in Table 4.2. Deforma­

tions are measured by use of Dynamic Strain Meters (DS6/MTX Shinkou

Electric Co. Ltd) and recorded in the magnetic recorder (TEAC Co. Ltd

351F-type). Mean Wind Velocity is obtained by Betz-type manometer and

NPL-type Pilot tube (Rika Seiki Co. Ltd) and horizontal gust velocity is

measured by the constant temperature anemometer (Nihon Kagaku Kogyo Co.

Ltd IAM-6o/28, IV type).

* Grids

Grids are so set as shown in Photo4.3, 4.4, 4.5 and their demensions and

configurations are given in Table 4.3.

* Experimental Results

Deformation and fluctuating velocity data are digitalized by the

A-D converter and the 2500 values are used in calculations which are

sampled at the sampling frequency 400 cps. Using the Blackman and

Tukey's MethodZS)the autocorrelation functions are obtained as shown in

Fig's 4.11, 4.12, 4.13 and the intensity of turbulence and the scale of

average vorticity are calculated as in Table 4.3.

By these results it is considered that the larger the grid size the

larger the intensity of turbulence and the intensity tends to decrease

when the mean velocity increases. From the autocorrelation functions

obtained for horizontal gust the peak values of the power spectrum are

considered somewhere between 2 and 4 cps and are considered to increase
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as the mean velocity increases.

The spectrums of responses of models are shown in Fig's 4.14 ~ 4.22

which indicate that vertical vibrations are dominate at the wind velocity

below the critical wind velocity for the plate and truss girder models

and similar characteristics seem to be expected for both types of models

as the wind velocity increases; namely the spectral density tends to

decrease as the grid size decreases. On the contrary the spectral

density of responses of the plate girder model tends to increase as the

grid size decreases.

In this experimental work special attention is placed on the effect

of fluctuating gusts on the critical velocity. Experimental results

are .shown in Table 4.3, which indicate that the critical wind velocity

tends to increase in the turbulent flow for plate and truss-girder

models, while it seem£ to decrease for the plate-girder model. This

means that the fluctuating gusts work as the stabilizing effect for the

plate and truss-girder models as long as this experiment is concerned.

Similar flutter test is perfolJned in uniform and turbulent flow using

the models as shown in Fig. 4.23 for which the amplitudes-reduced

velocity relations are given in Fig's 4.24, 4.25. Again the same tend­

ency of stabilizing and destabilizing effect due to fluctuating winds is

obtained using the grid size of 300x250.

It is unfortunate that we have only the horizontal gust components

in this experimental work because of the lack of experimental apparatus.

The measurement of vertical and horizontal components of gust is essen­

tial in the analysis of aerodynamic responses of structures in turbulent

flows. In spite of the lack of data, however, it can be said that exper­

imental results indicate affirmatively the theoretical characteristics

given in the previous paragraphs. The stabilizing effect on the criti­

cal wind velocity due to fluctuating gusts in wind tunnel test is also

reported by G. Vincent (A. G. Davenport2~)) for the model tests of the

Golden Gate Bridge. However, caution must be placed on the destabilizing

.characteristics as mentioned in 4.5.2 which is also considered closely

related with initiation mechanisms of flutter phenomena. It is re~uired thus
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I

to have more th0roughful analysis in theoretical and exper~ment~lworks

of the effects. due to fluctuating gusts on the aerodynamiG reliability

of sti.spensic:m bridge.
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4.8 DISCUSSIONS AND CONCLUDING REMARKS

Generally speaking, the oscillations of structures excited by wind

are ascribed to a number of aerodynamic mechanisms. In this chapter

particular considerations are plax::ed on the plate-like struc'tures which

can respond to unsteady nature of natural winds. Their oscillatory

displacements can become unlikely large because of their randomness.

A. G. Davenport investigates the statistical responses of flexible struc­

tures such as suspension bridges and tall masts in turbulent winds to con­

clude that the responses are possibly characterized by

1) fluid characteristics - power spectral density function of

fluctuating gusts and the mean velocity

2) dynamic characteristics - mc~hanical and aerodynamic magnlfica­

tion factors

3) statistical considerations on extreme values - gust factors or

response factor and duration

As illustrated in 4.2 A. G. Davenport contributes to large extent for

clarification on ~luid characteristics and statistical evaluation of

responses by applying the extreme value theory; on the other hand a

modification or the improvement for dynamic characteristics seems to be

reasonable by this investigations. Frequency:x:esponse functions used

by Davenport is the one by taking into an account the aerodynamic coef­

ficients for damping term, which may be justified if one considers

uncoupled lateral and transverse vibrations of structures. For most types

df suspension bridge the vibrations of stiffening girders are uncoupled

approximately laterally transverely and torsionally in free vibrations

but they are essentially coupled,transversely and torsionally in air

flows. Thus the aerodynamic mechanism which produces the lift is inevi­

tably responsible for simultaneous action of pitching moment, and the

corresponding frequency response functions are therefore required to be

obtained from a coupled form of fundamental equations. As for aerody­

namic magnification factor Davenport introduces statistically the aver­

age or expected value of spatial correlation over the cross section,
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c(E;, ) where ~ is the reduced frequency which should be modified by the

aerodynamic magnification factors introduced by W. R. Sears, and J. H.

Horlock, depending on the configurations and the components of gusts when

the plate-like structures are analyzed.

Although there is no comparable experimental result obtained, the

above mentioned theoretical considerations seem to be feasible in order

to describe the aerodynamic responses due to the fluctuating gusty winds .

.An important feature is now the stabilizing and destabilizing effects on

the aerodynamic stability problem for the plate-like structures. As

shown in previous paragraphs the horizontal component of gust may act as

stabilizing effect while the vertical component as destabilizing effect,

which indicates'to some extent the explanation for the obtained results

of G. Vincent and of ours. In other words the turbulent flows in the

wind tunnel should be examined to have comparative amount of tansverse

gustiness; otherwise the stabilized responses are noted and the destabi­

lizing effect is not taken into an account. When a structure subjects to

external excitations, the characteristics are no longer same as before

and in the analysis for this case not only the power spectrum of trans­

verse gustiness but also that of chordwise gustiness as well as the co­

spectrum should be specified as eq's (4.6.12), and the aerodynamic magni­

fication factors consist of the Sears function and the extended Horlock

functions as defined in eg. (4.3.27). Then the way of analysis is con­

sidered eventually same as before so that statistical evaluations may be

performed in similar manner.

As for experimental verifications it calls for the more reasonable

methods of work and complete accumulations of data on fluctuating gusti­

ness for Which we have obtained so far unsatisfactorily.

The more detailed investigations are needed to assure the satis­

factory reliability of such large scale structures as suspension bridge,

particularly to take into an account the three-dimensional effects and

to establish the similarity law of natural winds.
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W
f--'
o

k' T I (k') =S (k') T 2 (k') T 3 (h') T. (k')

0 1.0 00,0 ° 0 .500,0

0.1 .821,3 -.1 63,5 i. .083,7 +.123,2 i -.0125 i .499,4

0.2 .7 a 1,6 - :159,6 i. .134,2 +.156,4 i - ;024,9 i .497,5

0.3 .623,5 -.1 25,6 i .161,9 +.173,Oi -.037,2 1 .494,4

0.4 .567,9 -.085.0 i .176,4 +.185,6 i -.049.3 i .490,1

0.5 .524,6 - .044.0 i .1 825 +.197,3 i - .061,2 i .484,5

0.6 .488,4 - .004,0 i .182,9 +.209,Oi _ .072.8 i .477,8

0.8 .426,0 +.065,9 i .171,8 +.232,2i - .094,8 i .461,0

to .3686 +.125,9 i .1 4 9,8 +.253,4 i -.114,9 i .440,0

1.2 .3 1 2,0 +-.1 75,3 i .1 20,3 +.271,7 i -.132,8 i .4 15,2

1.5 .225,6 +.229,6 i .06 7,0 +.290,0 i - .1 54,7 i .372.0

2.0 .081,6 +.268.o i - .031,4 + .285,6 i -.176,4 i .288,4

3.0 - .1 45.2 +.1 77,8 i - .1 84,2 +- •1 59.7 i - .1 62,0 i ,113,0

4.0 - .1 98,0 -.020,7 i - .1 88,9 -. a 38,3 i -.091,Oi -.016,5

6.0 .081,3 -.141,Oi +- .0 98,0 -. 134,4 i +.040,5 i - .046,1

10.0 - .1 24,0 +.0 02.5 i - .125,0 +- .020,0 i -.025,5 i .004,3

00 0 0 ° 0

T a bl e 4 • 1 Aerodynamic Magnification Factors



Ta ble 4· 2 Vibrational Characteristics

mass per unit length m

(gsec Z cm-Z )

inertia moment per u.nit

length,! (leg HC Z )

deflect ional natural

frequency (rad/Hc)

torsional natural

frequ.ency (rod/sec)

logarithmic decrement

in de fl. vi bra t i on

logarithmic decrement

in tor. vibrat ion

P Lot e

0.265

0.0085

9.50

(1.51 c ps)

12.54

(2.00 cps)

.024

.032

Trussed Girder

(DT70H)

0.361

0.011 3

8.64

(1.375 c ps)

12.18

( 1.939 cps)

.025

.020

Plate-Girder

(DP701I)

0.384

0.0118

8.81

(1.402 c ps)

12.78

(2.034 cps)

.038

.031
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Tabl e 4· 3

Gr id Type Grid Size (ctc) Open Area OPening Rat io

A 400 X 350 340 X 320 77.7 %

B 200 X 350 140 X 320 64.0

C 200 X 100 140 X 70 49.0

IIntensity of Tu.rbulence

Mean Wind m/sec

Gr id Ty pe
Velocity 2.00 4.19 7.41 9.40

A .053 .047 .046 .043

B .052 .044 .040 .041

C .033 .030 .027 .028

IScal e of Average V 0 r tic i t Y (ml I
Mean Wind m/sec

Gr id Type Velocity 2.00 4.19 7.41 9.40

A .058 .122 .103

B .1 18 .190 .173 .108

C .084 .061 .039 .071

ICr it Lcal Wind Velocity (m/s ec ) I

Mode I Type

Gr id Type Plate Tru.ss Type H-Section

A 10.67 9.52 3.92

B 10.29 9.4 8 3.92

C 10.21 9.48 5.01

None > 8.92 9.01 6.4 3
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Fig. 4.24 Response- Reduced Velocity Relation

in Turbulent Flow

V /bw

7.06.05.04.0

\
\
\
\
\
I
\
1
\
\
\
\
\
\
\
\
I
\

\
I
I

\
I
\
\
\
\
\
\
1
I,

,1
I I

/ : I

! random :
: _--0--',__-t--(J-

~-.-.....--:.--tCJ- .~:-. I

2.01.0o

5

10

a EP70H (F30)
(Wa/ w.;=1.625)

• DP70H (F30)
( (oJ,r / w.; =1 .636)

()

Severn Type
(G:.J1r / UJ., =1.545)

Plate
( G:.Ja I % = 1 .54)

o

•

DT70H (F30)
(Wa / W,/=1.623)

DT70.1T (F30)
(G:.Ja / w.; =1.630)

- 359 -



Fig. 4.25 Response- Reduced Velocitv R~lation

in Uniform Flow
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Photo 4.1 Mpdel DP70H

Photo 4.2 Model DT70H
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Photo 4. 3 Model Plate-

Photol4.4 Grid A
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APPENDIX NUMERICAL ILLUSTRATIONS AND SUPPLEMENTARY REMARKS

In chapter 4 a fundamental consideration On aerodynamic behaviours

of plate like structures for fluctuating gusts is given based on the Karman­

Sears' theory. For two dimensional air stream the responses are produced

due to both transverse and chordwise gust components; the transverse gusts

may possibly exert the randomness of aerodynamic responses, while the

horizontal gusts may contribute stabilization of aerodynamic instability

and also cause to fluctuating responses when it receives a certain amount

of relative angle of attack. In this paragraph a few characteristics

are illustrated for plate like structures taking into an account only the

vertical gusts.

1. Power Spectra of Aerodynamic Forces

Generally the aerodynamic responses of two degrees of freedom structures

are written as

S [wI = Y ~ lwl V 2 I 5 [k II Z S Ii V
'ill

(B • 1 )

S<P'P (("\ = fP~ [w) Uz I S (k] \ Z SVIi

in which

51) 1) , S'I''P = power spectra of deflectional and torsional res:90nses

yz (wl , ijiz [<.Ij = aerodynamic frequency response functions of deflectional and

torsional oscillations

S(k) = aerodynamic magnification factor or Searls function

SVIi = power spectral density function of transverse gust

V = mean wind velocity

k = bw/U = reduced frequency

For numerical calculations of eq. (E.l) it is convenient to divide
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into two parts, namely the spectral density function of aerodynamic forces

and the aerodynamic frequency response functions, the former of which is

therefore defined as

(B • 2)

One of the most simple form of expressions for S t1V is given as eq. (4.6.21)

when the associate autocorrelation function is of the form of exponential

function. The normalized logarithmic power sF~stral function for this

is thus written as

$ Ie
(B • 3)

where v 2 are the variance of transverse gust and the scale of

turbulence, respectively.

An approximate expression for the squared Sear's function is given

as

I S(kl 1
2 = 1

1+21tk
(B. 4)

by H. W. Liepmann* (Fig. B.3). Eq. (B.3) is shown in Fig. B.l(Table E.l).

The logarithmic power spectra of aerodynamic force for eq.(B.2) is obtained

as the product of egIs (B.3) and (B.4) as follows
• Ie

WPL((iJ} = U2
;;; --------­

1< (1+2ltk)($2+k2)

(B • 5)

or • k

1t (1 +21<k) (s2 + A;2)

(Fig. (B.2) and Table B.2).

Note that the power spectra of aerodynamic force is remarkably dependent on

* H. W. Liepmann; On the application of statistic6l concepts to the bUffeting

problem, J. Aero. Sci., Vol. 19, 1952, PP 793 - 800
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the scale of turbulence as shown in Fig. B.2 and in general the larger the

scale of turbulence then the larger the power spectral density of aerodynamic

force. For the spectral density of aerodynamic force, the aerodynamic

magnification factor \ S (k) 1
2 takes a role of the so called gust alleviation

coefficient to reduce the effective amount of acting aerodynamic forces.

2. Aerodynamic Frequency Response Functions

The aerodYnamic responses defined as eq. (B.I) are generally

characterized by the aerodynamic frequency response functions

for which numerical illustrations are exemplified in this paragraph. The

simplest case is the one taking into an account the uncoupled frequency

functions, for which one only needs to consider
1

I H'I (m) I

lea (m) 1

1

(B • 6)

J 2 2
V (W~-(i)2-A3) +W2(2(awa-Az}

in which A2 , A3 , HI are aerodynamlc coefficients dependent on the frequency

o and the reduced frequency k = b0/U. When one substitutes the

aerodynamic 'coefficients given by the Theodorsen1s theory for them, it is

comparatively convenient to use an approximate expression for the lift

reduction factor C(k) as follows

0.165k2 0.335k2

k2
+ (0.041)2 k2 + (0.32)2

_ ( 0.165xO.041k + O.335xO.32k )i

k
2

+ (0.041)2 k2 + (0.32)2

'The accuracy of the above approximation is shown by R. I. Jones that the

maximum percentage errors based on the exact values are +10 %and - 11 %
for the absolute value of the imaginary part and + 2.6 %and - 2.1 %for
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the absolute value of the real part. Thus for evaluation of the frequency

response functions the error can be limited to less than 6 %at most. Nume­

rical illustrations for plate like structures are given in Fig's B.4.1 and

B.4.2 (Tables B.3 and B.4) which dimensions are taken from those of the 1st

SYmmetric modes of the Severn's Bridge. This indi~ates the fact that

the increase in mean wind velocity the peak value of the frequency response

functions are reduced on an account of the increase of the aerodynamic

damping. To compare these with the case of coupled form of aerodynamic

frequency functions as shown in Fig's B.5 and B.6 (Table B.5) there exists

a significant difference of characteristics that the flexural responses depend

on the torsional frequency at which the extreme value of spectrum appears

when the mean wind velocity reaches to 40 m/sec ((tJab/u = 0.(56) and the

peak values may be reduced first and increase secondly and then decrease

again as the mean wind velocity increases. S~milar aerodynamic frequency

response functions are exemplified in Fig's B.I.l through B.I., for the

Severn type model as shown in Table B.6. For this case the flexural

response y2 behaves slightly differently to compare with the former case.

It shows dual peak values in the neighbourhood of the natural flexural

frequency and respond also significantly in the natural torsional frequency

until the wind velocity reaches to about 6 m/sec (Wab/u = 0.5). As the

wind velocity increases further, the spectral density at the natural

flexural frequency increases remarkably and for 10 m/sec the frequency res­

ponse forms one peak shape as Fig.B.I.5. For the torsional frequency

response W2 varies quite differently from y2 and, when the mean wind

velocity becomes more than 8 m/sec, the peak value of the spectral density

function occurs at the natural flexural frequency and becomes more flat

as the wind velocity increases.

An example of experimental results of the frequency responses for

the Severn type model (Table B.6) is given in Fig's B.8.1 and B.8.2 for

which the peak of spectral density occurs at the flutter frequency.
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From the abovementioned considerations the aerodynamic responses can be

cha!'acterized primarily by the aerodynamic frequency response functions which

is sho~m in Fig. B.7.6 for this case. However at the flutter state one

should take into an account not only the responses due to transverse gusts

but the responses due to chordwise gusts, as schematically shown in Fig.

B.9. So far there is no comparative data of theoretical and experimental

results, put it can be said that there app~~rs no satisfactory explanations

for the aerodynamic responses for this case without considering the effects

of simultaneous action of transverse and chordwise gusts.

3. Bounds of Critical Flexure-torsion Flutter Wind Velocity

The fluctuation of wind velocity induces the varying unsteady aero­

dynamic forces on plate like structure as considered in chapter 4 and

it is known that horizontal gusts contribute to stabilization of aerodynamic

instability, while transverse gusts to destabilization. In this paragraph

numerical results are compared with experimental results for plate like stru­

cture models as Table B.7, where the minimum value of critical wind velocity

due to destabilizing effect and the maximUTh value due to stabilizing effect

are termed as the lower and upper bounds, respectively. As shown in

this table the experimental results lie between upper and lower bounds and

ratios of V
U

IVI are about 2.0 and the experimental results are slightly
cr cr 1

close to the upper bounds. Note that V /Vexp are about 0.5 to 0.6 andcr cr
this indicates that the structure possibly subjects to aerodynamic instability

which is restricted to an unstable mechanism, when the wind velocity exceed

about half of critical wind velocity.
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Table B'1 Logarithmic Power Spectra of Vertical Gust

wP(UJ) 1 (,)L
--=-

(
WL)2 ­

1+ -
U

s k

s = b/L : ratio of semichord to scale of turbulence

k = bw/U: reduced frequency

~ 0.001 0.005 0.010 0.050 0.100 0.500 1,000 5.000

.001 .15916 .06121 .03152 .00636 .00318 .00064 .00032 .00006.

.005 .06121 .15916 .12732 .03152 .01588 .00318 .00159 .00031

.01 0 .03152 .12732 .15916 .06121 .03152 .00636 .00318 .00064

.050 .00636 .03151 .06121 .15916 .12732 .03152 .01588 .00318

.100 .00318 .00636 .03152 .12732 .15916 .06121 .031 52 .00636

.500 .00064 .00318 .00636 .03115 .06121 .15916 .12732 .03152

lOOO .00032 .00064 .00318 .01588 .03152 .12732 .15916 .06121

5.000 .00006 .00031 .00064 .00318 .00636 .03152 .06121 .15916

10.000 .00003 .00016 .00031 .00159 .00318 .01 588 .03152 .12732
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Table B·2 Logarithmic Power Spectra of

Aerodynamic Forces (I S(kl!2 u>P{wl/a2)

k IS (kl[2 S = .001 .010 .100 1.000 10.000

.001 .9937 .15816 .03132 .00316 .00032 .00003

.002 .9876 .12574 -- -- -- --

.005 .9695 ,.05934 .12344 ·01540 .00154 .00016

.010 .9409 .02965 .14975 ·02966 .00299 .00031

.020 .8884 -- -- -- -- --
I

.050 .7609 .00484 .04657 ·09688 .01 208 .00121

.100 .6141 I -- .01936 ·0977 4 .01935 .00195

.200 .4431 -- -- -- -- --

.500 .2415 -- .00153 .01478 .03075 .00384

1.000 .1373 -- -- ·00433 .02185 .00432

2.000 .0737 -- -- -- -- --

5.000 .0308 -- -- ·00020 .00189 .00392
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Tabl e B· 3 Frequency Response Functions of Uncoupled

Deflectional Vibrations

p ( air den s i l y) = O. 1 25 kg sec 2 / m<

('I (damping Tal ion) =0.005

(;)'1 (natural frequ.ency) =0.8985 rad/sec

m (ma.ss per unit length) =1.190X10 3 kg sec 2 /m 2

b (s emi c h 0 r d) = 12.8 78 m

U=20 m/sec U=4o m/sec

b(;)
k=- (;) I H1} (lU)1 (;) I HTJ (lU) IU

(rad/sec) ( sec 2) (ra.d/sec) (s ec 2 )

.01 .0 15,53 1.239,06 .031.06 1.240,147

.025 .038,83 1241, DO ·077,65 1. 2 4 7,84 2

.050 .077,65 1.247,97 ·1 55,3 a 1. 2 76,1 56

.100 .155,30 1.276,67 ·310,61 1.403,669

.2 00 .310,61 1.406,1 1 .621,21 2.326,241

.300 .465,91 1.689,00 .931,82 7.555.4 0 4

.400 .621,21 2.362,57 1242,4 2 1.331,612

.5 00 .776,52 4.7 66,28 1.553,04 .619,451

.600 .931,82 12.208,7 1.863,64 .374,043

.800 1.242,4 1.3 51,96 2.4 84,9 .186,088

1.00 1.553,0 .622,34 3.1 06,1 .1.13,042

1.20 1863,6 .374,86 3.727,3 .076,389

1.50 2.329,6 .216,38 4.659,1 .047,835

2.00 3.1 06,1 .1 13,10 --
3.00 4.659,1 .047,84 --

·4.00 6.212,1 .026,4 6 --
6.0 0 --

10.00 -- -- --
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Table B·4 Frequency Response Functions of

Uncoupled Torsional Vibrations

p (air density) =0.125 kg sec~/m'

(a (damping rat io) =0.005

w
o.

(natural frequency) =2.3499 rad/sec

I (moment of inertia per unit length)=8.971X10· kgsec 2

b (semichord) =12,878 m

U=2om/sec U=40 m/sec

b 6)

k=- W eo.(w) W eO. (w)
U

(rad/sec) ( sec~) (rad/sec) ( sec 2 )

.010 .015,53 .190,99 .031,06 .228,38

.025 .038,83 .190,70 .077,65 .227,14

.050 .077,65 .190,50 .155,30 .225,67

.10 .155,30 ·190,43 .310,61 .225,29

.20 .310,61 ·192,04 .621,21 .234,56

.30 ·465,91 ·195,89 ·931,82 .259,44

.40 ·621,21 ·202,08 1.242,4 .309,64

.50 .776,52 .210,96 1. 5 53,0 .416,94

.60 ·931,82 ·223,00 1.863,6 .723,27

.70 -- -- 2.174 3.983

.80 1. 2 42,4 ·262,13 2.485 .748,54

1.0 1. 5 33,0 .338,68 3.106 .209,43

1.2 1.863,6 .527,12 3.7 2 7 .1 11,06

1.5 2.329,6 5.945,7 4.659 .059,51

2.0 3,106,1 ·233,57 6.212 .029,69

3.0 4.659,1 '062,14 9.318 .012,21

4.0 6.212,1 .030,10 -- --
6,0 -- -- -- --

10.0 -- -- -- --
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Tn bl e B' 5

U = 0.1 m/s ec

Frequency Response Functions of Ooupled Vibrations

W
-.1
W

I

k w I HTJ I , It I 18TJ I I 8a I () 1J'I {Ja'l {J1J a {Jaa y. (w) ij/2 (wI

0.2 1.30 .000,390 .000,0 02 .182 - .002,45 -1.57 -1.54 - .000,866 ,000,123 .000,001,12
0.4 1.54 .000,946 .000,004 .186 -.005,81 -1.56 -1.55 - .001,77 .000,172 .0 00,0 01,1 7
0.6 2.24 .002,13 .000,009 ·194 - ,a 12,6 -1.56 -1.55 -.002,76 .000,361 .000,001,27
0,8 5.97 .008,03 .000036 ·205 - ·045,0 -1.52 -1.52 -.003,89 .002,58 .0 00,001,42
1.0 5.18 .009,41 .000,042 ·221 ·048,8 1.53 1.53 - .005,25 : .001,94 .000,001,65
1.4 .867 .002,80 .000,012 ·281 ·011,4 1.57 -1.57 -.009,33 .000,05 .000,002,65
2.0 .313 .0 03,38 .000,015 ·657 ·005,89 -1.55 -1.54 -·031,2 .000,007 .000,014,5
3.0 .1 22 .000,864 .000,004 ·287 ·003,45 1.55 1.55 .020,5 .000,001 .000,002,85
4.0 .0658 .000,206 .000,001 ·0 95,4 .002,4 8 1.56 1.56 ·009,06 .000,000 .0 00,°00,3 1
6.0 .0284 .000,046 .000,000 ·032,8 ·001.60 1.56 1.57 ·004,67 -- --

U = 10m/sec

- -k w I fI'Il I Fia I 18TJ I I 8a I {J'I'I {)aT/ ana () aa y2 (wI 1Jf2 (v I
I

.258 0.2 1.30 .157 .000,256 .184 -.018,5 -1.55 -.275 - .a01,16 .000,104 .000,001,1 4

.515 0.4 1.54 ·184 .000,521 .188 -.037,7 -1.53 -.553 -.002,85 .000,149 .000,001,19

.773 i 0.6 2.23 ·306 .001,07 .195 -. 075,8 -1.49 - .739 -.004,67 .0 n0,3 0 9 .000,001,29
I

1.03 0.8 5.80 ·976 .003,75 .207 -·255 -1.31 - .71 0 .006,44 .0 '1,96 .000.001,43
1.29 1.0 4.98 1.05 .004,25 .222 ·269 1.31 -1.34 -.012,9 .001,85 .000,001,65
1.80 1.4 .864 ·304 .001,28 .283 ·063,3 1.53 -1.26 - .019.0 .00l,.051 1.000,002,71

2.58 2.0 .312 .358 .001,54 .670 ·032,0 1.54 -1.28 - .063,2 ,000,009 I ,000,0151

3.86 3.0 .122 ·087,0 .000,381 .285 ·019,2 1.51 -1.46 .040,1 .000,001 i .000.002,73

5.15 4.0 .065,8 ·020,8 .000,091,2 .095,1 .013,6 1.54 -1.47 .017,8 .000,000 I ,000,000,30

7.73 6.0 .028,4 ·004,61 .000,020,3 ,032,8 .008,80 1.55 -1.50 .009,22 -- I --

(c 0 It I i It U e dl

Dimensions Ill,,1 (sec 2 ) , jfIal (m sec 2
) , 18'11 (scc 2 /m), 18a 1 (sec'), y2 (scc'/m 2) ,1Jf2 (sec'/m<)



W
-.l
-!="'

(c 0 n lin" t: d)

u = 20m/sec

It (() I H7J I I H{1 I I e7J I I ea I {}7J7J 8
a7J f} 1]{1 (jaa 1'2 [<u! ijf2 (wI

.1 29 0.2 1.30 .702 .000,594 .1 91 -.037,1 -1.53 -.103 -000,121 .000,049,1 .000,001,2·3

.258 0.4 1.54 .783 ·001,28 .194 - .079,5 -1.49 - .212 - .000,641 .000,074,2 .000,001,27

.386 0.6 2.21 1.12 ·002,59 .202 - ·15 7 -1. 41 -.286 - '001,31 ·000,154 .000,001,37

.515 0.8 5.34 2.88 ·008,15 .217 - ·490 -t07 - .093,~ -·000,754 .0'00,942 .000,001,50

.644 1.0 4.5 0 2.73 ·008,79 .229 - ·490 1.09 -1.19 -·037,0 .001,85 .000,001,68

.901 1.4 .856 .760 .002,81 .292 - .118 1.48 - .995 -·032,9 .000,044 .0 00,0 02,87
1.29 2.0 .309 .851 .003,43 .71 8 - .055,9 -1.53 -1.04 -.104 .000,019,4 .000,017,4

. 1. 93 3.0 .122 .177 -000,752 .276 - ·036,8 1.48 -1.33 ·058,7 ·0 OD,D 0 1,7 .0 0 0,0 02.5 7
2.58 4.0 .065,9 .042,3 ·000,183 .094,2 -·025,4 1.52 -1.37 ·026,6 .000,000,3 .000,000,3
3.86 6.0 .028,4 .009,3 ·000,041 .032,7 -·016,2 1.54 -1.43 .013,8 -- --

u = 4 0 m/sec

IH1] I IHa I I e" I I eC! I (JC!7J - W2 (<u)k (() 07J7J {}1/(f. {} (1.(1. y2 (wI

.064 0.2 1.30 3.51 .001,50 .225 - .062,5 -1.57 - .004,00 .015,7 .000,087,9 .000,001,70

.129 0.4 1.54 3.95 .003,34 .230 -.141 -1.42 .004,25 .030,6 .000,103 .000,001,77

.193 0.6 2.18 5.55 .006,94 .244 -.289 -1.27 .080,4 .053,8 .000,267 .. 0 00,001,97

.258 0.8 4.43 11.5 .0 18,8 .293 - .821 -.736 .540 .056,6 .004,84 .000,002,54

.322 1.0 3.45 9.48 .018,9 .291 .739 .854 -1.09 -.190 .004,72 .0 00,0 02,61

.451 1.4 .816 2.90 .007,51 .345 .196 1.42 -.675 - .117 .000.182 .000,004,02
.644 2.0 .283 3.45 .011,1 1.05 .049.6 -1.38 -.531 -.315 .000.327 .000,036,8
.966 3.0 .123 .375 .001,42 .246 .083,5 1.41 -1.1 0 - .091,7 .000,004 .0 00,002,03

1.29 4.0 .066,0 .090,2 .000,364 .090.5 .052,5 1.48 -1.1 7 -.043,4 .000,000 .0 00,000,2 7
1.93 6.0 .028,4 .019,3 .000,082 .032.2 .031,9 1.52 -1.29 .022,8 -- --

6



Ta bl e B' 6 Model Characteristics

m (~ (JJ" I (0: we: Grid Size
2 Wa./Wry

kg 5cc/m2 rad/Hc kgsec2 rad/.ec ( em)

I
DP70H (F3Dl .5426 .003,55 8.7 0 8 I.0 18,2 9 .002.60 14.137 3 OX2 5 1.623

I
DP 7 orc (F3 Q) .5954 .003.34 8.796 I .020,03 .002.40 14.399 " 1.637

EP70H (F3 0) .6339 .004,10 8.752 .017,42 .005.22 1 4.1 37 'I I 1.615

EP70 rc (F3 OJ .5966 .004,82 8.836 .020,07 .002,97 1 4.4 5 1 ,/ 1.635

P La t e .4473 .005.50 10.21 0 .016,31 .002,21 15.904 1/ 1.558

DT70H ·5426 .003.77 9.163 .021.04 .003,84 15.51 2 1/ 1.693

DT70TC ·5440 .003,7 5 9.163 .020,26 .003,19 1 5.51 2 1/ 1.693

Severn Type ·4553 .006,37 1 0.21 0 .014,63 .002,94 15.661 'I 1.534

(1.62 (2.4 92
e ps) ep 5)

Aerodynamic Responses of Severn Type Model

Mean Wi nd Veloeixy R-e due e d Velocity Rcmarks

6.516 - 9.76 4rn/s ee 2.2 3 9 - 3.3 55* randoml)· vibrating

9.764-11.636 3.355 - 3.998* a 1 rno S I slcady

12.305 4.229* diverge'll

.

1 2.695 4.409** divergent i n unifarm

f low

* flutter frequeney=14.923 rad/sec. chord lenglh=40 cm

++ fluller frequeney=14.765 rad/sec

7
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'l'able B-7 Bounds r 0 r F 1 e x 11 r e -T 0 r s i Q n F 1 11 t t ere r i L i cal Wind Vel 0 c iL Y

I

W
-.l
0'\

~ 2
P (kgsec~n: )

l It exp
Model m (kgsec/m)

''I
OJ I (kgsec2 ) 'a OJ b (m) Vcr Vcr Vcr

'I C/.

m/sec m/SllC (m/sc c)

Plate 0.5326 _0 04 87 4.86 0.01406 .00005 6.89 0.10 0.1199 3.4 42 6.322 5.78

I' 0.5 32 6 .00418 4.7 6 0.01406 .00316 7.504 0.1 0. 0.1 202 3.413 6.666 655

" 0.5 326 .00439 4.76 0.01406 .00364 5.467 0.10 0.1202 1.980 3.7 7 0 3.16

" 0.4 4 7 3 .00589 1 1.69 0.01631 .00345 17.80 0.15 0.125 5.421 12.582 1 0.11

DT70lI 0.5426 .00584 10.60 0.01794 .00341 17.06 0.15 0.125 5.776 13.220 8.8 7

" 0.5426 .00605 10.60 0.02104 .00280 18.85 0.15 0.125 6549 15.271 1 1. 1 5

" 0.5426 .D0598 10.55 0.02564 .00442 20.74 D.15 0.125 9.156 19.126 14.43

" 0.5426 .00670 10.5 2 0.03180 .00307 22.44 0.15 0.125 9.646 20.887 1Z55

Vc~ · Lower bound of critical velocity of aerodynamic instability-
It -Vcr · Upper bound of critical velocity of aerodynamic instabili ty

V
exp · experimentally obtained critical velocitycr ·

8
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Fig. B. 7. 2 Aerodynamic Frequency
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Fig. B. 7.3 Aerodynamic Frequency
Response Function of a
plate- like structure
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Fig. B.7.4 Aerodynamic Frequency Response Functions
of plate-like structure
Mean Velocity U=8m/sec
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Fig. B. 7. 5 Aerodynamic Frequency
Response Functions of plate
like structure
Mean Velocity U=lOm/sec
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Fig. B. 7. 6 Aerodynamic FrequencJr

Response Functions of plate
like structure
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Fig. B. 7. 7 Aerodynarric Frequency
Response Functions of plate
1ike structure
Mean velocity U=12m/sec
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Fig. B. 8. 1 Aerodynamic De f1ectional
Response of Severn Type Model
(Mean Velocity=lO.8m/ses, at

fluttering slate)
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J.Q-l

Fig. B. 8. 2 Aerodynamic Torsional Response of
Severn Type Model
(Mean Velocity = lO.8m/sec, at
fluttering state)
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•

Effective Response due to
Vertical Gusts

Effective Response due to

Horizontal Gusts

circular frequency c.J

Fig. B. 9. Characteristics of Aerodynamic Frequency
Response Functions of structure subjected
to external oscillations of frequency Wo
(w,,: natural flexural frequency)
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PhOlO A.l Model Mounting for Mea urement of

Un lead Aerod namic Force (DT70H)

o cilia tory Record of Tor ional

(adove) and Flexural (belO\~

Deformations

Li sajous l Diagram of Torsional

(horizontal) and Flexural (vertical)

Deformations

Photo A.2 Record Example (Model, DTIOH)
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Oscillatory Record of Torsional (above)

and Flexural (below) Deformations

Lissajous'Diagram of Torsional (horizontal)

and Flexural (vertical) Deformations

Photo A.3 Record Example (Model, plate)

- 395 -



CHAPTER 5 CONCLUSIONS

Through this investigations on vibraticnal and aerodynamic charac­

teristics of suspension bridges the following features are considered to

be clarified

1. For ordinary type of suspension bridge with vertical hanger system

the vibrational modes are classified into two types, namely deflec­

tional modes and torsional modes, the former of which consists of

transverse flexural components of stiffening girder and cables and

longitudinal component of cables while the latter of which no com­

ponent of deformation can be ignored. The coupling of deformation

components is eventually of the non-linear form so that usually it

may be unnecessary to take into an account for actual design calcu­

lation as long as small deformation is considered

2. The inclined hanger system is so effective to incr~ase both damping

capacity and flexural rigidity, which is characterized by a stif­

fening parameter A to to be defined from hanger rigidity and con­

figurations. The fundamental equations form a modified form of

those of the ordinary deflection theory. The theoretical results

are satisfactorily in accordance with the experimental results by

use of the three spans suspension bridge model.

3. The fundamental investigations of aerodynamic instability of bridge

section are performed and it should be said that the flutter phenom-

enon are of primary importance in uniform winds.. For long spanned

suspension bridge the aeroelastic characteristics may contribute to

the non-linear dynamic behaviours to SOme extent, but the non-linear

aerodynamic behaviour is considered more significant, which should

be continuously researched. An approximate method of determination

of critical wind velocity is discussed and a formula for this is

presented taking into an account the effect of slit decks. The

determination of unsteady aerodynamic coefficients is investigated

by the free and the forced vibration methods by which the fundamen­

tal characteristics of plate-like structures are illustrated .

- 396 -



4. Aerodynamic responses of plate and plate-like structures due to

fluctuating gusts are discussed on the basis of Karman-Sears and

Horlock theories. The aerodynamic magnification factors and the

frequency response functions are characterized and the stabilizing

and destabilizing effects are discussed which consideration is af­

firmatively assured by wind tunnel test. Aerodynamic investigations

tend to increase the importance when one considers so large scale

of structures as long spanned suspension bridges and tall buildings.

As mentioned already there are two most important problems to be

mentioned as future analysis, viz., the non-linear aerodynamic char­

acteristics and the statistical behaviours of structures for fluctu­

ating wind, for which the author wishes to continue his research

work.
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