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SUMMARY

This thesis presents the vibrational characteristics and the zerodynamic
behaviours of suspension bridges. The oscillatory characterigtics of .
suspension bridge are effectively influential factors to analyze the
earthquake and the wind resistant behaviours. The coupling terms of
vibrationsl 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 systenm 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 phenémena 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 coupiing
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 serodynamic
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
gtructures. 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 primary importance. Our investigations
intend to contribute to the above national project and, on the other hand,

intend to disclose the relsted engineering problems from various points of

V1EWS.
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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
systems, etc.ih 23 order to clarify the restraint effeect in néw type
of suspension bridge an attention is placed on the vibrational behaviour
of ordimary 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 funfamental 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.



1.2 DERIVATION OF FUNDAMENTAL DIFFERENTIAL EQUATIONSA)

In this paragraph we shall consider derivation of a set of funda-
metal diffefential 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 u, m , we , 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 rotation 6 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 horizontsl and vertical modes of deformations. By the
assumption that initial plane remains plane after deformation, we have,

for stiffening floor,

. ) 2 [
u(x,y,z}—un(x—-—éx—z— axy
v (x,y,2) = vlxl= 8 (x) 2z (1-2-1)

w(z,y,z) = wl(B+ 82}y

In order to obfain the fundamental equations, the strain and
kinetic energies, [ 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

wy and ¥ be the dead load per unit length of stiffening floor and
a cable, respectively. Then we have, by virtue of the variational

principle,

SUT-U+W —difr =22 /)= 0 (1-2-2)
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Ay » d: : Lagrange's multipliers
The expressions f. and f: indicate that hangers are inextensible
throughout spanlength. Using the ordinary method of caleulus of varia-
tion, eq. (1.2-2) yields to a following set of differential equations,



namely,
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The sbove nine eguations contain eleven unknown dependent variables,

s By o5 Yy o5 Wy o, oup 5 v w5 1y and 4, to be determined



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

& By 2 2 b z

(5 o ul) +(vw=v,) +(hvwot - ~w, ) = k? (1-2-15)
& gy 2 z b0

(-2__511_”’) +(m—v, ) +(htw, s _wr)zzhz (1-2-16)

Physically the Lagrange's multipliers Ay, A, 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 above nine eguations, the free vibrations of suspension bridge
are classified into two types of modes, the first of which can be termed
as the deflectional modes, while the second of which as the torsional
modes. The former modes of vibrations indicate that neither laterai
(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 deflectional modes of free vibrations
of suspension bridge are given by the following set of expressions
annihilating torsional, lateral (horizontal) displacements of stiffening

fleor and cables, viz.,

WJ‘ I3 w/ 82 32w, a2 82w — .
——y —e _ (] —2 —
Pt A axaf(17axa£)+612(517012 Y+ 42 (htw —w)=w, (1:3+1)
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Note that wy=w = w» , =8, =08 > and A=), £ A. Eqg's
(1+3:1) through (1-3-4) provide obyiously the non-linear form of solutions
because of the constraint condition, eq.{1:3-4). To linearize the solutions
let us find the Lagrange's multiplier XA in above expressions by vanishing

all displacements, then eq. (1+31) and eq. (1-3+3) give us

42»’1:10[
(1-3-5)
2H B = we 2w /AR
Though the approximation may yield to AE::wf/’h, let us assume
- 2 HR wr+ 2w,
=T = (1+3+6)

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. Tto.” Substituting eq. ( 1°3+6 ) into eq's ( 1-3-1 ) through
(1+3-4) and defining w , w , s as vibrational modes independent of time

and @ as the cireuvlar freduency, we have
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The sbove set of expressions, eq's (1-3-7), is considered as the
general form of deflectional modes. It should be noted that eg's (1-3-7)
are classified into cases depending on whether the equations are associabt-
ed with singular point, in other words, &=g at midspan or not. The
center-diagonal stays, commonly adopted to modern types of suspension
bridges, constrain horizontal displacement of cable at the midspan and
congequently augment remarkably 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 8 give the fundamental eguations
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 fundsmental equations alternatively by assuming that
u=nhghn e w==w, + k (1 -008 @)
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 « and

w . we have
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The numericel illiustrations 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 meaﬁs that all
displacement modes are eventually of so coupled form as eq. (1-2-6)
_through ( 1-2-14 ). However the lateral horizontal modes, v , vy s U s
are givenby eq's (1-2-7), ( 1-2-11 ) and ( 1-2-12 )} in which other modes of
displacements do not appear explicitly if the horizontal longitudinal
displacements z, , u«, , are neglected throughout the spanlength. Thus we
may subdivide the torsional modes intc the lateral horizontal modes and the

purely torsicnal modes. The former can be written as

e 97 ) 2Hy /'
2 Vg + P (E]z P ) e : (vo— 1Y =0
. (1.4.1)
= ow g BTv Hp K
“‘gc' 1+flz U—-IIW P _%. (1)0—‘!)) :D
where Ay == Q. =Hp ' 7 2k and v, =19, = v . The latter, purely

torsional, is expressed for the lowest approximation as
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where Ly 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 abttention is placed on the constraint conditions(1-2-5)

which are satisfied, ignoring the first terms, if

b
w, = wy 4 -+ A (1 -0C05 & )}
2

{(1+-4-3)

2
wo— wp, — —2—+h (1-rcos B
(1-4-4)

v, = vu—-hSiDﬂ

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
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where the operator [z 1is of the form
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From eq's {l-h.S) through ( 1-4-9 )} the displacement modes are consid-
ered to couple with other by means of non-linear terms as above expressions.
It is worthwhile to note that on an account of eq's (1.4.5) through (1-4-9 )
the vertical deflectional modes 1w, exert no lateral (horizontal) modes,

v, or v , when there exists no lateral displacement initialiy, while the
lateral (horizontal) modes can exert the vertical deflection of stiffening

floor when non-linear terms are taken into an account.

1.5 NUMERICAYL ILLUSTRATIORNS

Numerical calculations for above fundamental equations are performed
for the main span of the 1st plan of proposed Akashi-Strait Bridge in Japan,
which dimensions are as follows;

1(spanlength) = 1,300 m

f(sag) = 108 m

EC(Young’s modulus) = 2.1 x 107 t/m?

Ac(cross sectional ares) = 1.232 ma/cable

Hw(horizontal component of csble tension) = 5.841 x 10h t/cable

W(total dead weight) = 30 t/cable

Iy(momﬁnt of inertia wrt lateral axis) = 5 m#/one stiff. truss

Iz(moment of inertia wrt vertical axis) = 20.25 mh

- 10 -



In calculation of the deflectional modes of free vibrations, 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 center diagonal stay

Since we consider simply supported stiffening girder, the deflec-

tional modes are assumed as

g . kwx
w, = Y A, 80
E—1
4 knx
w = X Bk sin >
k=1 I
r . kax
u = 3 C sm
k=1 k f e

which ylelds tc the energy expression of the following form

{ {2) (3 {4} (5]

from which the frequency equation is written as

{1 @
Dej+Dji D, 0
{2) B8 @ 4)
Dll D‘[m+ Dm[ Dln =0
(4) {5) (5
0 b, D +D,

- 11 -

(1-5-1)

(1-5-2)



where j k=1, - a, M, ==, e g, By FE= ., eeeseses T

(ii) With center diagonal stays

For this case the additional mechanical constraint to the above
case is given as wy (J/72) =w {[/2) and & ([/2} =0 . Then

the deflectional modes are assumed as

w= 5 A g "% )
¢
h . irx (1-5-3)
w:E_(A£+B,-—[—>sm - >
2 A
h . i
uzzci——SID iilel
i 4

Similarly the characteristic equation is cobtained as

- (U = (1 5 0
2"+1.2[+1+02£+1,2i+1 D2£+1,2m+1 Dyisa,om
— (4} - L (2) _ (5}
th+1,2j+1 Dzj+1,2m+1 Dzm+1,2j+1 2j+1,2n =0
- (6) _ (8 — {3 — {3
Dz[+1,2k Dzn+1,2k D2n’2k+02k!2n

For the torsional modes of free vibrations the purely torsionsl
modes of stiffening floor with center diagonal sisys are caleculated in

this study under the assumption for mocdes as

&
) 1= 2= 5 4 sin X
=5=23 4
(1-5-4)
A kr.rz
a= Y — €, amn
k¢ k !
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(b) N TT ~

= 2 4, sin
s a4+t opysn L (1-5-5)
W= s e - -
ko2 KT R ¢
krx
u:Z‘Ckst >

The characteristic equations are obtained in exactly same manner
as the deflectional modes. The natural fregquencies of first symmetric
and anti-symmetric modes are given in Tables 1.1 , 1-2 and the moédes
are shown in éig's 1+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 freguencies 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 11
ON THE FREE VIBRATIONS OF A SUSPENSION
BRIDGE WITH INCLINED HANGERS

1.6 INTRODUCTTION

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 torsional rigidities, (ii)
increasement of structural damping, (iii) impréved cross sectional shapes
of stiffening girders. 1In this investigation the stress is placed on
experimental analysis to clarify the discrepancy of stiffness of suspen-
sion bridge from 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 lst 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 inelined 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 cm/one
side). The results are as follows;

(1) For the case of inclined hangers the meximum 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 spen length reaches to 1/154 under the corresponding load
conditions. The decrease of deflections due to inclination of hangers
tends to become remarksble when loaded gsymmetrically or concentrated.

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

" deflections of stiffening girders are about 35 % léss than the case of

flexible towers.
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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 M1-6W-13, Shinkou Electric Co.) and the strains are
nmeasured by the wire strain gauges amplified by the DS6-MTH (Shinkou
Communication Co.) and recorded by the electromagnetic oscillograph
{Type FR-101, San-ei Sokki 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
mm in amplitude, exerting the sinusoidal external forces up to 125 kg at
the meximum. In this test, the natural frequencies, the corresponding
modes, and the logarithmic decrement are obtained by measuring delfections
and strains of stiffening girders and cables in free vibrations and under
the steady state excitations for models with vertical and inclined haﬁgers.
In order to estimate the effect on the deflection of stiffening girders
due to flexibility of towers, the tesis 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 freguencies
becone Nc(calculated) = 1.17 eps, Nv(vertical hanger) = 1.23 cps, N,

1

(inclined hanger) = 1.45 cps for the fundemental modes, and N, = 1.54% cps,

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 fixea tops of towers the natural frequencies for the case

of inclined hangers seem to increase about 10 % to compare with those for
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the case of vertical hangers.

1.9 CONCLUSIONS

In this investigation the free vibraticns of suspension bridge
are considered experimentally to disclose the'characteristics for the
cases of vertical and inclined hangers. The statie loading tests
indicate the discrepancy of responses due to hangers system, namely less
flexibility when 1caded asymmetrically and partly distributed for inclined
hangers. The difference of static deflections for inelined and vertical
hangers reaches approximately 10 %, while dynemically 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 dynemic 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 Deflectional Vibration

Symmetric Mode W # Vo w =1.083
W= (0.7930 + 8.235h/L) sin 7x/L - {0.0655 + 3.535 h/L) sin 3mx/L
+ (0.0578 - 4.586h/L) sin Smx/L
Wo= 0.7930 sin wx/L - 0.0655 sin 3nx/L + 0.0578 sin S5wx/L
U = 0.27h h/L sin2ax/L - 0.41kh/L sinbnx/L + h/L sin 6wx/L

Symmetric Mode W = Wo w = 1.330
W= Wy = 0.69885 sinmx/L - 0.1514 sin 37x/L + 0.0382 sin 5x/L
U = -5.0570h/L sin 2wx/L + 2.781h/L sin bYmx/L - h/L sin 6mx/L
Anti-symmetric Mode W # Wo w = 1.549

W = (0.8526 + 0.9858h/L) sin 2mx/L - (0.038L4 + 12.809h/L) sinkbwx/L
- (0.0091 + 3.281h/L) sin éwx/L

Wo= 0.8526 sin 2nx/L - 0.038k sin Lnx/L - 0.0091 sin 6mx/L

U = -0.5996nh/L sin nx/L - 0.5858h/L sin 3wx/L + h/L sin 5mx/L

Anti-symmetric Mode. W = Wo w = 2.266
W= Wo = 0.7192 sin 2mx/L -~ 0.1258 sin Uwx/L - 0.041s sin 61x/L
U = -0.0328h/L sin wx/L ~ 1.4838h/L sin 3mx/L + h/L sin 57x/L

o

Tersional Vibration

Symmetric Mode W # W, w= 1.hk33
© = 0.4772 sin 7x/L - 0.0479 sin 37x/L - 0.0171 sin Swx/L
W =b/280 - 5.717Th/L sin 7x/L - 0.4169h/L sin 3mx/L - 1.47Th/L
sinSmx/L

U = -4.439n/L sin27x/L + 11.820h/L sin 4wx/L + h/L sin 6mx/L
Symmetric Mode W = Vg w = 1.561

©=2/bW=1.142 sinmx/L - 0.106 sin 3wx/L -0.0876 sin 57x/L

U = -2.950h/L sin2mx/L + 4.726 sin brx/L - h/L sin 6mx/L
Anti-symmetric Mode W # W w = 3.020

0 = 1.783 sin 27x/L -~ 0.5601 sin bYmx/L = 0.5780 sin 6mx/L

W = b/2 8- 132h/L sin 2nx/L - 156h/L sin Umx/T + 174h/L sin 6wx/L

U = -8.014h/T sinnx/L - 0.3758h/L sin 3mx/L - 10h/L sin Swx/L
Anti-symmetric Mode W = Vg w = 2.680

© = T7.102 sin 2wx/L -0.537 sin 4nx/L + 0.0285 sin 6mx/L
U = -2.950n/L sin 7x/L - 1.827Th/L sin 3wx/L + h/L sin 5mx/L
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Table 1.2 Comparison of Circular Fregquencies

Methods presented Bleich's Eq.

Vertical Deflectional Vibrations

Symmetric modes 1.083 (w # w_ )
° 1.343

1.330 (w = w_)

o

Antisymmetric modes 1.549 {w # w_)
° 1.810

2.266 (w=1w_)

o

Torsiconal Vibrations

Symmetric modes 1.433 (w # w_)
© 1.408

1.561 (w ='wo)

Antisymmetric modes 3.020 (w # wo)
2.395

2.680 (w = wo)

- 19 -



hv

ImF‘—%‘X( l—x)j-“h.r £
\ l!‘
X
1/2 1/2
Fig. 1.1
[ %
' A
\ | \
\ : 3 Initial state
i I ‘\
3
Vi, V}:
v ' \
. 1 1 J B
- ,%“‘j \' / e Deformed state
z \\" I /
y‘ 3 ]
- 5
2 |
. £ Siiffenig floor
s b2\ | b/2
1 ]

GLL/ v/ 'w'b/ﬂ/

Fig.

1.2 Deformations at typical cross section of stiffening floor

- 20 -



10

0.8+ (w wo)
0.61
0.4 F
Cable and Girder
0.2 (w=wq)

—0. 2}
Vertical Deflectional Mode of Girder and Cable.
/"'“‘\..,_\
// \\._\
/ ~<
0.06 | / 7 N
7/ \
/
0.04 } // (w—‘-Wo)/) \
/ \
0.02 V4 \

o \____/
—0.02 b 4

/ { wektwg)
—0. 04

Horizontal Mode of Cable in Vertical Deflectional Vibration

Fig. 1.3

- 2] -



1.0p Cable

Girder (vt wo)

0.6 F s A

0.4 o //

0.2 F s Girder and Cable
[/ \ (w=wq)
7 N

—0.4
Vertical Deflectional Mode of Girder and Cable.

0.03 -

T

0.02
(weF wo)

0.01

T

0.00

—0.01

—0. 02

—0.03

T

Horizontal Mode of Cable in Vertical Deflectional Vibration .

Fig. 1.4

- po .



Girder (O =%w) @ (w=w)

& W / N
0.8+ 8 / \

0.4 4 hY
// Cable (Wﬂ‘: Wo) AN
Ve Girder (@) \\

Q. 2 - 2 // \

Torsional Mode of Girder and Cable

0.08

0. 06

0. 04

0.02

—0.02

—0.04

~0.06

Horizontal Mode of Cable in Torsiocnal Vibration

Fig. 1.5

- 23 -



1.0 Cable

Girder (o wo)

’0.8 - P ™

0.6 / R

0.2 F yd Girder and Cable
s : (w==wy)
7 N

Vertical Deflectional Mode of Girder and Cable.

—0.8}

0.03

T

0.02
(we wp)

0. 01

0.00

—0.011

—(0, 02

—0.03

Horizontal Mode of Cable in Vertical Deflectional Vibration .

Fig. 1.4

- 292 _



/Girder (@=—i;\v) Do {w=wp)

—

~ s
8 W y. N
0.8 8 / \

L \
0.6r6 / \

N\
/ Cable (W:;:Wo) \
0.2} 2 g Girder (@) \

Torsional Mode of Girder and Cable

0.08 1

0. 06

0.04

0.02 r

—0.02 } \ /
—0.04 F \ /

-0. 06

T

Horizontal Mode of Cable in Torsional Vibration

Fig. 1.5

- 23 -



30
.01 Cable

(wEwy)

Cirder (®)
2.0 +20

s,
M.
- ~

1.5 k15 s \\//

Girder (@=“%—w) D {w=wp)

1.0F—10

L.5F—15 Torsional Mode of Girder and Cable.

2.0 +—20

2.5-—25

1

0,04

0.02 b /<( Wk wp)
0

~-0.02

—0.04

—0.06

Horizontal Mode of Cable in Torsional Vibration.

Fig. 1.6

— 2l



(00T/T.9[®0G) [BPOIN [N Jo MBIA [ISUBY) [—]

|

0528

- 25 -



Static load conditions

Stations
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Photo 1.1 General Views of Model
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Photo 1.3 Vertical Hanger System

Photo 1.4 Detalis of Tower End.
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CHAPTER 2  STRUCTURAL CHARACTERISTICS OF SUSPENSION BRIDGE
WITH INCLINED HANGERS

2.1 INTRODUCTION

As mentioned in the previcus chapter the suspension bridges, as
one of the Man's oldest means of bridging a gap, have been investigated
by number of researchers and were reported successful in designs and
constructions of the 1argest steel structures which man could make,
until the fall of the Tacoms Narrows Bridge in 19L0. This notorious
accident eventually revealed the importance of wind action on bridge
structures and leaded to thoroughful 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;3)As
well 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. Steinmanh) 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.S)
Buch 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
flexursl behaviour of cables and also indicates a wide range of
possibility to develop the new structural system. C. Thornton and
C. Birnstielé)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 7. Fujino and K. Ohsaka.”) 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 menbers.>’
For the Barbara Bridge the dual cable system is used rigidly enough to
stiffen the system without any inclined hanger system.g) 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.”®’ 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

maein structural members.

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

its damping capacity, which mechanism is however analytically unscolved

11),12) 13)

for actual bridges. However T. Yamaguchi, 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 system, which the Bleich's theory14) 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 acguires 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,
183, - . . .
,18) as mentioned in the previous chapter, and performed an experi-
17) The

results indicate that the inclination of hangers increases the damping

mental study on the suspension bridge with inclined hangers.

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 thelr coupling of deformations to be of the same order, it
is possibly considered that the fundemental equations for the inclined
henger suspension bridge can be derived by the modificaetion of the

ordinary deflection theory of suspension bridge with wvertical hangers.

In this chapter, the general structural features of the inelined
hanger suspension bridge are illustrated; firstly the fundamental‘
equatibns are derived for the Warren type hanger system in 2.2 and
modified for the Double Warren type hanger system in 2.3. An analytiecal
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 INCREMENTAT HANGER TENSTONS FOR WARREN TYPE INCLINED HANGER
SYSTEM
Let us consider the kinematical conditions for the cable-stiffening
girder - hanger gsystem 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 &(x), respectively.
And let the deflections of cables and those of stiffening girders be

WC(X) and.ﬂb(x), then the induced incremental hanger tensionsal, ol
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as shown in Fig. 2.1, for the small deflections are written of the form

E A, & , p
Anﬁ:—jrﬂ{Ah+me+A e }
(2-2-1)
E A, b , ,
al_=—""—{_shtne+akec)
- T
where d = (k24 e2)
Let Qq and P, be the horizontal and vertical components
of the resultant hanger tensions at the vertex, then we have
2E. 4, y ,
Q. = = her {9, + ok}
(2-2-2)
A
= 2E, 4, A% Ak
d?

where E#, indicates the extensional rigidity of hanger.
Note that Qe 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

E4 A
22 A h = zElAlﬁh—

lim P.= {im
e-—rp d—h

which indicates that at the limiting case of vertical hanger system P,
tends to the hanger tension identically.

As shown in Fig. 2.2 the induced hanger tensions produce the result-—
ant forces Qe and P for the cable, while for stiffening girder the
horizontal and vertical components of resultant force as well as the

reswltant moment Qoh are produced.,

2.2.2 EQUILIBRIUM EQUATION FOR CABLE

In order to obtain the equilibrium equation of cable let the result-

- 36 -



ant forces distrubute along the cable as shown in Fig. 2.3 and let the
intensity be dencted by p, 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 Pe, and
Hpq» the one due to the horizontal load ¢g. Since Hg and Hpvy remain
constant, the equlibrium conditions for cables in horizontal and vertical

directions yield to

dH
rq
+g=o0 (2-2-3)
dx
dH g ' . . .
— () + Hy, +H )y "+ (Hy +H  + H, ) 9"+ (B, — g,) =0 (2-2-43

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

I3

Hgyl + (8, +gp) =0 (2+2+5)

in which &, and &, 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

x
Hyg =~ {'q{u\dui-c (2:2-6)
Substituting eq. (2.2.6) into eq. (2.2.4) and neglecting the higher
order terms, the equilibrium equation for cable is reduced to

r ) x 1 x "
9O AR (Hy + O [gdi) Y4 (Hp+ )y, O [gdud g

+P.—g,=10 {2-2-71
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 €(x) of the stiffening girder to be g(x;
(horizontal intensity),~ P, (vertical intensity) and m(x) (moment

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

Frn by the equilibrium in horizontal
direction
14 £ - .
- =" (p+gp+p) by the equilibrium in vertical
x
direction
M iy
: e me N 4V by the equilibrium for moment
x

which are therefore reduced to

dzM . dm (dN , . 14
dzz  dx ni:-:77 N )+T;

= - (47N — (pt+gp-p.)

(Elgn) =m' — (ND')+ (P, —g4) =p (2-2-8)

2.2.4 FUNDAMENTAL EQUATIONS FOR SU$PENSION BRIDGE WITH INCLINED
HANGERS | "
From the above mentioned eq's (2.2.7) and (2.2.8) one obtains the
fundamental eguations for suspension bridge with inclined hangers by

eliminating the term p, - g&p from both equations equilibrium for caeble
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and for stiffening girder, as follows
(E[yi..)" —p - (NZ”)' + g (7' - 77'}_ {HP"—;—C—-—fq duy ¥"
o
x "
_(Hg+}1p”+6—£q(u]du)ﬂ = p (2-2+9)

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

0. 2E. 4, ,
—_ J R — 2l =
i) =— =——T hezn’ = A7 (2.2-10)
€ d? e
Qck 2E1-41h32
. . L F
mp = = ————— k7' =AY (2-2-11)
€ d’ e

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 & h = 0,

The horizontal equilibrium of force yields to

N= [fTqudu (2:2:12)
2

Also the initial funicular curve of cable ¥ is written by

yz th_.h ..' y":-—'h" (2.2'13)

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

of
Substitution,eq's (2.2.10), (2.2.11), (2.2.12), (2.2.13) into eq. (2.2.9)
yields to

. " I , f .o , x "
(Eigpmy -—(Ahﬂ')—{?'} fx/fﬂ'du} - ARE — 7Y + ([1PU+C—f77 Aduy h
b 1]

_<Hg+f1pu+c-{/w’du)v"=p (2-2-14)
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which is reduced to

" ' Ed ’ " x
(Elgny — (Hg-ufp,_of A7gtdey 7" + (ﬂp—of Aq'duyn”

—(ARRY AW =p  (2-2-15)
and
2E, 4, :
A= ——— he? (2-2-15)
d? e .

if one annihilates the higher order terms of deformation and one
introduces the relation Hp = Hpy + C. In eq's (2.2.15) and {2.2.15'),

E, 4, 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), 4 also tends to zero and eq. (2.2.15
eventually yields to the form of fundamental equation of deflection theory
for an ordinary type of suspension bridge.w) Thus, the fundamental
equation of equilibrium for a suspension bdridge with inclined hangers
(Warren type) is derived as a modified form of the ordinary deflection
theory by introducing the parsmeter.4,

The undetermined quantity Hp in eq. (2.2.15) is determined by the
so called cable eguation which is obtained in exactly same consideration
as the case of verticael hanger systém as follows

® o
‘Cdf:f_ﬁ{_%??_dt(g—:-)adxid‘T‘{(::-:—)zdx-—h"{ﬂdx (7+2-16)
where ¢ denotes the longitudinal gdisplacement cable, ds the infini-
tesimal curve length of cable, % the thermal expansion coefficient and

T the temperature change.

2.2.5 SIMPLIFICATION OF THE FUNDAMENTAY, 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 equations for suspension bridge with inclined hangers
(Warren type), which can be greatly simplified if the vertical angles of

hangers EB and the distance € remain constant, as following,

2FE, 4, 2E, 4,
— he? =
d3 e <

A= cosfain’ f = const = A,

foﬂ’du:/[uﬂ

L]

for which ez 2c, Eid =const

So eq's (2.15) and (2.16) yield to

(Elqu) —{ (Hy+H,+ Ach)y 0} +Hh"=p (2,2-17)

H ds 3 ds 2
deE: P _[L(-d—;) dxj;a‘TfL(;x'—)dx

E A
e e

~L R+ -“A—O(—f) } 7ds (2-2-18)

These equations are of the most simplified form of equilibrium
egquations 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,% from
eq. (2.17) and to the decrease of sag ratio by the amount of (28 (A E A Y

(a's/d:c)3 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 DERTVATION OF FUNDAMENTAL EQUATION -~ II
In the previous paragraph the fundamental equations for the
Warren type hanger system are considered and the seme 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

- E}A! A
all =— {7, (x+e) =76 } -

A B A, A
.Q__Z'—"‘“":";-“ {??C{x)—?]b (xwﬂ)}-d—

v E A4, h {(x+e)
al, = {ﬂc (F+e)—7, (x}}

C VETERE (a4e) Vv RZ {(ade) det

v E, A, { } h (z—¢)
al = 7, (&} - 7 (z~—2)
W/ erhz (x—g) 6 “

W h? (x—e)Yte?

Expanding terms, 7, (x+e) , 7 _(x+e), k (x+e) , & (z—e) , ete.,
with respect to x into a Taylor's series and asssuming that 1 >
K(1-2h2/d%) (e / k) ‘then we have f,,, = f, = B, -1 and above four

equations are reduced to

ALV E Ak ,
. {(z2~3-1)
A v E. 4 & ]
al = AT+ :»—-——:{—z--«—-{ ey, —ah }

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 g, p. are doubled, while the equivalentmoment m(x)

remains same as the previous case.

The equilibrium equation is thus written by subsituting the relations,

(20 28 4,
2¢ d? 7

N':fxq{u)du 0 (2-3-2)

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

(EIp"y = (Hp+H)) p"+H, "~ (A7 + 2k [*A 7' du }':p (2:3-3)

L

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

ds 2
d& = —Y d g, T — dxz — &' d ‘3.
fL d L E_ Ac dx) *E -/; dx) * f:f‘? * (2:3-4)
where
~ _ E ke (2.3+5)
A = TR

Note that eq. (2.3.5) can coincide with eq. (2.2.15') if one has
e = 2ein eq. (2.3.5). Eq. (2.3.4) is also rewritten as

(En;”)'—{(Hg+ﬂp+7j“k)7f}'+{(zip_zf"}f;;' du)k' } =p (7:%.8)

0

which is easily reduced to the fundamental equation of the deflection
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theory for an ordinary type of suspension bridge since A approaches to
zero when e tends to zero. The stiffening effects due to inclination of
hangers mey therefore attribute to the second term correction mizy= A k7’
and the third term correction N::Q.[xZﬂfdu , the former of which
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 with inclined hanger system in Fig. 2.7 is presented by using the
simplified form of fundamental equation; namely eq. (2.2.17) is the
equilibrium equation and eq. (2.2.18) the cable equation provided that
the vertical angle 2 f and the vertex distance & remains constant through
the span length. Thus the difference eguations for deflections exeluding

boundary points are given as

Eln; p — { 4Bl +a2 (Hg+H idoh; 0} 7,y +{ 6E1 4202 (HgtH +Aohi) 7

~{ 4E1 +a® (Hg +H, + Ao ;) } Mg HEM et B E = 0t p;

(2+4-1)

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

twenty parts, respectively, we have

K. g=1F (2-4-21
where
KS D \ﬂ].ﬁ PS
K = M o= P -
0 K M P,
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and

T o
075 e i 7]1 , 772 g eemeeares 7?9 i WmT — i T}u » 7?‘2 ;  ereesans 7?59 l
) Py 14
P -th Pu _[IPh
"
pr —H k* p e —H A"
A
Ps: (a*y | -~---- le: a‘* -emm-
"
ps —H h* pao—H, b

in which g, and #, denote column vectors for side and main spans
deflections and P, and P, denote load terms obtained from the difference

equation, eq. (2.4.1). Note that

G, —EI* F, EI" 0 0 0 0 0 0
F, G, Fi EI" 0 0 ) 0 0
EI* F, G, F, EI 0 0 0 0
0 EI* F, Gy Fy EI ] 0 0
K, = 0 0 EI* F, Gs Fg EI* 0 0
0 0 0 Er* F, Gy F, EI” 0
0 0 0 0 EI™  F, Gy Fi £1*
0 0 0 0 0 EI"  F, Gy F,
D 0 0 0 0 0 Ert Fgq Cy—-EI"




Cu—El Fi
FH 6!2
Ej Fu

El
Fus Ef
Gis Fiy
By Gis
£l Fyy

EI
a

Ef

Fis Ef
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Fis Gig
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Ei

El

Fig

Gie

0El

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

symmetric and anti-symmetric live loads, respectively and

BEI¥*
EI

o¥

PTP. P?‘m P‘;:j

1l

]

flexural rigidity for side span

flexural rigidity for main span

one tenth of side span length

one twentieth of main span length

- YED* - (a¥)P(H_+ H_+4en)

2
EEI* + 2(a*) (Hg + H§ 4‘thk)

0.1 h

T

'k - 0.04 £, k(10 - k)
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hT = height of tower top above stiffening girder

fl = sag for side span
F. = - L4ET - (a)g(H + H+ A hk)
k 5 B p 0
= A k — y e
Gy 6EI + 2a (Hg+Hp-+ o) 11 20
b =hy - 0.01 £ (k - 10)(30 ~ k)
f = sag for main span

With no temperature change the cable Equation(2.2,18)is expressed

by use of the Simpson's formula as follows

’ 1 " As ds s
A i R L R
E €
(2-4+3)
1 : 8 1 19
Hp:—' (H17?1+2 z H'77'+H!>7?n] + - [Hu T + 2 T H n '*‘Hzo 7720]
10 fo=2 77 10 %
je=z =12 4 4
where
8/, N VA 5 :
H; =— + —_— 1=0.27)+1}2] =1, e
/ Lg 12 ECAC{II £y ( } J 7
1
) (2-4-4)
1 8/ A 1612 2
Hi=— [—+ -2 {14 2~017)°}2 ] =11, 20
i LE : EcAc{ J_,,_ ( ) } ]

Tt should be mentioned that eq. (2.4.3) is valid only for symmetric
live load and for the anti-symmetric load it vanishes identically.

Solving eq. (2.4.2) and eq. (2.4.3) simultaneously the deflections
and sectional forces are given as follows:

For main span

'1. Deflection : 7,
Slope : g = (1r2a)(g;00—7,_ (2-4-5)
Shearing Force Qf::(—EI/?“SJ(”L+2“27£+1+2”i—1“W;-z) (2-444)
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4. Bending Moment : M= (-El/a?) (Mg, 3 =27;+7;_4) (2-4-7)

5. Inerement of Induced Hanger Tension
P L
i 1 © 1 : 1
AT+ __:__5 p— + -2—1'31.4181]1,5 -2'-; (7?,:.471'7?[—1)
(2-4+ 8}
F
. 1 1 . i
aT b=e— < 4+ —E A4 gin 24 — (77[-{—1"'771'—1)
2 o8 f 2 Za

Er e
Pt =P T iy A0 F 6 T AT T ) e

where P; is the love load acting at the panel point 1.
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 ceble eguations are given by eqg's (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 2'
remains constant. It is physically exemplified by the case that the
vertical angle 24 geometrically remeins constant and the extentional
rigidity of hanger E 4, /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{ gy 42 (ah'y }:~/T { rm;§'+( h’ni}
sO we have

(Efn"y - | (I-Ig'+H,,+;fA) 7 }"+ { (HP-Xq) % };:p (2+4-9)
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The difference egquation for eguilibrium is thus written as

-~

~ 1 ; . ~—
Eln;_p={ 4Bl +a? (H tH Ak ) - 7a AR} gy +] 6El+2a2(H +H +Ah}) | 7,

1

—~ ~ ‘ .
"{45}'-}‘“2(}134'}1?'*‘/1 hi-‘l*T) +—2—a Ak i1 } Tiaq +E]77‘-_§.2—1-a‘1'1ph

= a'F (2+4~10)

and the cable equation with no temperature change is written as

1 24 ds 1 ds

3
H — W d A — dzx (2-4-11)
P Lg fL( TECAC<dx) ) as E ECAC"Q ()

for which eq. (2.4.3) is valid except that

~

1 8/x 2 A [ 45 2
H.‘“—“_( + =L - Y 2 T
;o Lg A ECAC{1+( i /1 (1-02/7) } ) ‘1-*1 3 e : 9
~ 5 (2:.4-12)
1. .8/ 24 16/ . =
H, - -+ 1+ ( _ . 2 P4
R TR’ EA, { /e 2-0.1j) | ) j=11, » 20

Note that eq. (2.4.12) is simply obtained by substitutingQAE'for
Ao in eq. {2.4.4)}.

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

K-S D h?s P_‘
0 K, . Fn

A1l matrice defined above are exactly same as those in eq. (2.4.2)
except that the terms Fy are replaced by the following terms FE and

Fi for upper off-diagonal and lower off-diagonal terms, viz.,
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‘Z A 4,1
Fﬂ F-—-“——' r#__’. - k
* ke {5 ; (1-0.2%)}
farvoed k;T’ ’9
A b 4f
£t F — -2 (102 k)
k k+20‘ {51 1A }
e
“ Fo+ 2l 2o k
Fy ko (2—-0.1k)
= k=1 ,-,20
41 4
£l Fy— — — (2-0.1k)
k k 'l oa 2

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 conditioms.
2.5.1 FREE VIBRATIONS OF SUSPENSION BRIDGE WITH INCLINED HANGER

2.5.1 CHARACTERISTICS OF WARREN TYPE HANGER 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 @ be the mass per unit length and the eircular natural fre-
quency, then we have the following variational equations in the place
of eq. (2.2.17).

s f &1 (7"~ (Hg+do k) 70" + B Hyp-m w22} du=g (2-5-1)

with

1 i Ao ,ds 2
=1 VAL AT R
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For a single span bridge, the natural frequency o , is approxi-

mated by assuming that # = sin 7= as the fundamental vibrational

mode, as
Ldsd . 7mx
nsEl Hg{z 512 /¢ om? . Tx 397 f T)Sdex
w = (1+ )+ + A | hgn —dx 4
! mz4 nz El 2tmgd L mgd o ¢ Tmyg? ( ) dx
and also we have approximately (2-5-2)
167t El 2 gn? nx
mzz 1+ g )+A0Mflhsmmdx (2:5+3)
Z mit gmzEl mg3. % 4

for the first anti-symmetric mode by assuming that »=8l 27z/f .
In both expressions eq's (2.5.2) and (2.5.3.), the terms multiplied by
the parameter A. indicate the stiffening effect due to the inclined
hangers.

Cenerally the vibrational modes for a simply supported single span

suspension bridge can be expressed as

nAntx

e -
7 = 2 C, sD

no=

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,

i piEl (iz4j2)m2 . .
! Lo imx Lo Jnx
= -ma)zi)(?ij— . [(’Hg—l—th)Sln = sin %5 dx
1 L. o Ae . ds. s . inz J sin jrx
e PRI gl
L ({‘( -%Ea%(dx) ) sin dx [K" T i

+fl(h"+E,,("‘) ) sin dxffzz'mnil’.‘_dx][—a (2-5-4)
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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

(Eig"y - (Hg+H,+ A k) 7;"+{(HP_2A7;) £} -mwig=p (2:5.5)

—~

where A4 is assumed constant. When one approximates the first symmetric
vibrational mode by 7 = 8lh zx,/y , the corresponding circular frequency

@, is written for single span suspension bridge as

2y H 2 512 /2 - 2m? L. Tx ¥
z WEI(H A + 4 _[%sm-—:tw

[17 ey
omY x*E} wemyd Lp my? ¢ LA L
ds. 3 . W%
_ 5 sin - s
Ll {‘[ i Ly (2.5-6)

1 ds 3
Tm/ ‘{'5(‘—{%) dx

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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== (2.5-7)
where the right hand side terms are given as
mw2n1+ Hp(h*)" ma® qu + Hy, &
mw?n,+ Hp(h*)” m@? gy H K

Ps.,—.-(a')‘ . e Pom @t | e

------------

and the cable egiation is considered simultaneously for the symmetric
modes. TFor anti-symmetriec modes we have Hp =0, so eq. (2.5.7) is

solved independently from the cable equation.

2.6 NUMERICAL ILLUSTRATIONS

The fundemental equations for & 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 genersl view is shown in
the Photosf Since thé 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 maiﬁ 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
_53_



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
giffer remarkably from those f%;ﬁ;figig?l hanger system and tend to be
the meximum in the neighbourhood,vwhere loads discontinuously change.
However the spanwise distribution of hanger tension seems insensible with
variation of the parameter A4 to be in the similar form.

The natural frequencies and the corresponding vibrational modes 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 4 in comparison
with the vertical henger system, while the vibrational modes of lower order
bear resemblance to the vertical hanger system. Thus the parameter 4
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. T MODEL TESTS AND DISCUSSIONS
In order to clarify and confirm the deflectionzl behsviours of =
suspension bridge with vertical and inclined hangers, static loading
tests and free vibrations tests are performed for a model of the three
spens 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 ( ¢ O.6mn
~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-
porticnally to the applied hanger lozd.

In the free vibration tests the deflections of stiffening girders
are obtained by use of the differential transformers, (Type 150 BL,

Shinkou Electric Co.) and the amplifier (Type Mi1-6W-13, Shinkou Flectric
Co.) and strains in cables and stiffening girders are measured by the wire
strain gauges amplified by the DS6-MTH amplifier (Shinkou Communication Co.)
and recorded by the electromagnetic oscillograph (Type FR-101, San-ei Sokki
Co.)

This experimental investigetion 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 by above described equations and in the dynemie
tests the natural frequencies of lower orders, the corresponding modes and
the 1ogarithmic decrements are obtiasned by measuring deflections and
strains of stiffening girders and cables in free ¥ibrations.

The results are summarized as follows:

(1} The cables and stiffening girders displace spanwisely for an arbi-
trary lbaded state and the deflections differ dependent on
the type of hanger system to become smallef‘in due order of the wertical,

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
deformations the effect due to the gravitational change is more dominate
than the effect to the elongaticn of cables for the lowest or lower
orders of deformed states.

(3) The deformational characteristies of a suspensicn bridge are
considered to be sensitively dependent on the hanger system, while
geometrical configurations and extensional rigidity should be therefore
specified for snalysis. 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
cf its constraint fofces than in terms of its deformation configuration.
(4)  For the vertical hanger system the hanger tension remains approx-
imately constant in the spanwise direction, while positive and negative
hanger tensions are induced alternatively for the inclined hanger
systems, the envelore of which is approximately proportional to the
deflectional slope of stiffening girder. As far as this experiment is
concerned it is observed thalt no hanger receives compensative compre-
ssion to relax for any loading case.

(5) 1In free vibrational tests the first symmetric mcdes 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 shown in
Table 2.3, from which the natural frequencies are known to be varied
for different types of hanger system. The corresponding mode however
varies less sensitivelyizéemains almost in similar form. The inclined

hanger system ié“éustomarily 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 significant
portion of structural damping in the region of more than 2 mm 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 theoreticeally.

For the deflections the fundamental equations are considered well des-
cribing the experimental results when the parameters take 4 =/4:=

5.2763 kg/em 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
cbserved 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.

_ST_



Experimentally the deflections are sufficiently approximeted by the
simplified form of fundamental equations using the smallest value of
parameter 4 +to know the effect of inclination of hangers. Note that
the longitudinal displacement of cable takes an importantrole 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 purpose 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 characterize stati-
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 A4 in the form A& = EA (2h/E) cos #x
sinaﬂ (e = 2e). Thus the maximum effect is obtained by setting & = 2e,
viz., Ah=E 4, 8 fcws # . The non-dimensional quantity A4/ E, 4,
and # (the half of vertical angle) are related as shown in Fig. 2.3h, in
which the full line corresponds to the relation Ak =E, 4, (24/¢)cos B sin’ A
and the dashed line to the relation Ah=F, 4, smpfcos f ,
From these the intersecting point for a given value (;fzh/?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 A = 100.



CONCLUSIONS

In this investigations the fundamental equations of eguilibrium
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 purpcse. Structurally the inclinstion of hangers
is featured by the parameter 4 to stiffen the flexural rigidity of
structure, which can be assumed constant for an ordinary type of inclined
hanger system, greatly simplifying the eguations to be in & compact
form. The effective geometrical configuration for inclined hanger system
is obtained by illustrating the relatiomr”of the A% - £ curve, which is
independently determined from the flexural dimensions of cables and sti-
ffening girdérs as the first approximation. More exactly the structural
features for this system considered will be analyzed by teking 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 hanger system
remaing 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,~An

P ds 2 ds 1 1

df =2 i (— T(— _ —-
S () dr a T () ds—y' dn— o ndy

[ o

H

__opx p ..'{_!._S.. 3 L, A5, 2 . X A ds s
¢=/f E A, az) i @ TL Y dea kg = [H{F e —— () g 4=

Note that the integration of above expression vields to the cable

equation.

The longitudinal displacement of cable may vary the induced cable
tension, soc that we have

A , £
ol = E 4 ;—;{Ak'i-e {79 -~ -.h_-) }

h , 13
&T,_:EIAL ;’{—Ah-{’ﬂ (g - -h—') }

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

can be written as
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) . hex , £
Q.= aT 80 f +aT _8h f = 2EsAv— (1 -7

2

A
P, =nT, s B+ T s f = 2E1A,g; 2~k

&

Let us define q(x) and m(x) as

Q. 2E; 4, , ¢ . , £
q(z):-:é_-—: s hez(n———h-):/j (7;»—-—7:)
h
m iz} == Q—i—: Ah(n'-——f—)
P 3

and substituting these into equilibrium conditions of stiffening

girders and cables, one obtains

SN "‘. 7 E ' i 1 E
(EIp"y — (Hg +H 09"+ Hy= p+ { Ak (" = — )+ AK(7' = =~ ) }

wich can be simplified if A4 is assumed to be constant as follows

£
o \ L7 " —
(EIH)—{(HgTHP)ﬂ-}'Ah[(?] - )du}+hHP p

More precisely the additional corrective term for moment is written as

m{x);:Qch-l-Pc £
, €
m{z):Ak(?}—T)+pf

Baus eq. (4.1) can be of the form
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)l" x ’ 5 i1 1]
(Ey )—{cHg+Hp>q+Ahfucq -—h—)du}+b Hy=p (1+&) (4. 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 7 , the longitudinal displacement

of cable § and the horizontal component of cable tension Hp.

Al 1E " I
(Elp™)" - (Hg+Hpijnh)7}_th f_h.. du } +k Hy=p (1+€)

Q

P ﬁi 3 v " 4 ds. 2 *dsgz
Ezjo"EAc(dx) dz 4 A n—_[‘{h L (55) }nd= = d.‘Tjo‘(}—x) dz
€ c Ve _
] A ds ds
* h." it 3 a3 z
Lo () e m (50 e
Hl’: /-x ! ('d_f): dx
o ECAC dx
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Table 2.1 Dimensions of Model
Main Span Side Span
Span Length 1p= 860Cm ls=300Cm
Cable Sag fpn= 715Cn fs =89 6%Cm

Cross Section of Cable

Weight of Cable

Moment of .lnertia of
Stiffenig Girder

Weight of Stiff Girder
Panel Length

Distance of Cables
{cte)

Aem = 5309mm?

Wem = 470158 Cn

Ifg = 28753Cnm*

Wgn= 126708 Cn
10Cm

bp= 33Cn

530 % mm®
Wosg =50.045 g/Cm
28.753Cm*
Wgs =128.C2g/Cm
10 Cm

33 Cnm

Height of Towers

Moment of Inertia of
Tower

Live Load

Diameter of Hangers

hp= 1437 Cm
Ipm = 08849 Cm?
Wp= ¢$2&7Cnm

¢ 0.6
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Table 2.2 Parameter A

Main Span
14; point Am = 30.311 Kg/Cm
‘ 1'/8 point 15156
44 point 86878
near tower ‘ 52743
Side Span
near tower As = 52763 Kg/Cm
g point 76036
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Calculated WNatural

Table 2.3

Freguencies

Type | vert, Hang. Inclined Hanger Sys.
Mode Sys. Warren Type Double Warren Type
Sym. st 9319 10.70 1166
2nd 147460 1829 2112
3rd 19560 22346 24.88
4 th 31000 35.90 40,07
Anti—-Sym.1st 2015 11.41 13.28
2nd 13950 1787 2098
3rd 22170 2650 30.03
4 th 374670 4630 4907
Hanger Am =0 Am = 4ds Am = As
Parameter As =0 = 52763Kg/Cm = 10.553Kg Cn
{(ra.d/sec)
Experimental Natural Freguencies (Free Vibration Test)
1st Sym Mode 2nd Sym Mode
Vertical Hanger .68 16.30
3 member type 10.8 —
Warren type 112 —
Double Warren type‘ 115 —
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Table 2.4

Comparison of the calcuiated Natural Frequencies with the

Experimentally Obtained Frequencies {Forced Vibrations)

Vertical Hanger Sys. inclined Hanger Sys.
Am = As =70 An=As=10555Kg/Cn
Calculated Experimental Calculated Experimental
Sym, ist ¢32 943 1166 1178
2nd 14.7 6 1517 2112 2139
3rd 1954 1990 2488 2516
4 th 310 —— 40,07 —
Antisym. 15t 902 927 1528 1295
2nd 13.95 1335 2098 1886
3ra 2217 — 20,03 _—
4th 57.67 — 4907 —
(rad/sec)
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Fig 2-1 Inclined Hanger System

Qch

Fig 2-2 Additional Sectional Forces
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J{Q+Hpv+Hpa

q dy+dn

+g tp,

b

C

HyHyy+H 5 +dH 5

Fig. 2.3 Equilibrium of Cable Element
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*\\ o, Tg
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" N
’ " \*/ N+dN
V+dv

Fig. 2.4 Equilibrium of Stiffening Girder Element
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Fig 2.9 Flexure Characteristics
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Fig 2.10 TFlexure Characteristics
(Asymmetric Loading)

Fg 2.11 Flexure .Characteristics

(Asymmetric Loading)
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2nd Mode

4th Mode

Fig 2.12 Symmertic Modes of Free Vibration
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A= A=5.2763
A=17.376 A,=15.207

4th Mode

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

N

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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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 Shoes
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CHAPTER 3 AFROELASTIC BEHAVIOURS OF LONG-SPANNED
STRUCTURES

3.1 INTRODUCTZION
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 structural members.
The formally revealled results for the above themes in various countries
to disclose the characteristics are mainly concerned with the stability
of thé structures and fortunately nﬁmerous eminent results after the
accident of the Tacoma NarrowsbBridge 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
reguired 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) Dynamic properﬁies of structures and aerodynamic characteristics
3) Fluidmechanical characteristics of air-stream and its statis—
tical properties:
L) Influences of neighbouring structures and boundaries; buffetting
and scattering
5) Methodology of wind resistant design of struétures
6) Experimenfation for aerodynamic performance of prototype by use

of model and its repreéentation.

These problems are considered mutually related with each other and
still there remains a number of facts unexplained sgtisfactorily.
As Prof. F. B. Farquharson quoted, however, the systematically inconclu-

sive achievement of above researches should not be interpreted as repre-
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senting any lack 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 gualitatively
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 prediet the flutter instabilities such
as the classical flutter, the stall flutter, etec., in the relation
with the experimentation for measurement of the non-steady aerodynamic
forces and with the similarity requirement between the protorype and
the model. This fraction of investigation is?reviouslyresearched by
geronautical 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 énalysis on the Severn and Forth Bridges by R. A. Frazer, C.
ScrutonZ), D. E. Walshea), the investigation on the classical flutter

5)

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

)

by G. V. Parkinson and J. D. Smith®’. The theoretical consideration

by A. Selberg“>, the aerodynamic analysis of H-section by D. Dicker

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. Kawashimaa). The third problem is closely concerned with the meteoro-
logical studies, which is firstly systematically investigated by A. G.
D&venportg) introducing the statistical concept into the wind-induced
behaviours of siructures. The stochastic and statistical properties of
atmospheric turbulence and turbulent flows are studied by such investiga-

)

tors as H. Shiotanil°2 H. Ishizakillz M. Hinulz), Y. Mitsutal®’, etc.,
in our country and by H. E. Cramerl“), H. W. Liepmanls), Y. C. Fungls),

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

1

G. Vincent17)’ 18) introduces the concepts of " wind efficiency " and

" the time to build instebility " as the result of observations and
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investigations of wind-induced oscilletions of the Golden Gate Bridge
and it is directly applied for the wind resistant design of the New
Quebec Bridge by L. R. Cayeslg). The influences of neighbouring
structures and boundaries are considered as one of causes of turbulence
in sir stream to produce the buffetting and scattering of structural
motions as investigated by C. Scrutonzu)- The wind resistant design
methods of the long-spanned suspension bridge are presented by D. B.
Steinman21), F. Bleichzz), and A. G. DavenportZS) as well as A. HiraiZ“),
who considers the ultimate stage of collapse by the aerodynamic instabil-
ity to relate the torsional buckling of bridge sections, and 5. Koma-
tsuzs) .

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

)
7)

and the alternate method by R. H. Scanlan and Ali Sabzevari

forces developed by S. Kawashima?®’ is successively applied by N. Ukegu-

chi, H. Sakata, and H. Nishitani? for various iypes of bridge sections

2B)is pre-
sented by use of the so called free vibration method.

In this field of investigations the contributions by J. P. den
Hartogzg) and Y. RocardaO) 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 fina} stages of vibrations of struc—

tures.
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3.2 OSTATIC AERCELASTIC FORCES ON BRIDGE STRUCTURES
The static aeroelastic forces act on the structures in air stream
as shown inFig's3.2.1. & 3.2.2. and these are expressed according to the
specifications for wind resistant design of the Proposed Honshu-Shikoku

Bridge in Japan as

L (Li_fz):-;-CL,aVEB (kg/m) ~

1
D (drag):—?- CDpVZA (kg/m) (321
M (pitching moment) z—;——CMpV‘le (kg —~m /m) J

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’ C,, are non—dimensional aeroelastic

coefficients for 1ift, drag & pitching Eoment. Additionally three dimen-
sional aercelastic forces are defined as the side forece, the rolling and
the yawing moments, but an ordinary type of long-spanned suspension
bridges is considered to receive dominantly the above two-dimensional
geroelastic 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) Environmental Factors. In evaluation of ebove aeroelastic
forces an attention should be particularly placed on the influences

of the Reynolds nunmbers and the aspecgiggich 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,

L]
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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 lO5 to 5 x 106 for main cebles
T

T

2 x 106 to 4 x 10' for towers
6 x 106 to 6 2 10

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

for stiffening girders

hangers that the separation points are considered insensitive with the
wind veloeity 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

_____ pressure drag--_____{
AR oo { wake drag

frictional drag

Experimentally the relations between the 1lift and the drag coefficients
as shown in Fig. 3.2.3 depend significantly on the aspect ratio, viz.,
the structural configuration. However a corrective evaluation for

this relation is possible if one applies the 1lifting line theory by L.
Prandtl so that the drag coefficient CD
1ift coefficient Ci and inversely proportional to the aspect ratio.

is proportional to the squared

Fig. 3.2.L4 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 alsc adopted in the specifications for wind resistant

design for the Proposed Honshu-8hikoku Bridges in Japan.

As discussed in the preceding paragraph the static aercelastic

forces possibly cause to increase the aeroelastic instability. Some

o
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of the fundamental consideration on aeroelastic instability teking into

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

A) Selfexcited oscillations due to stationary serocelastic forces

The instability phenomeron exemplified by oscillations of trans-
mission lines is investigated by J. P. den Hartogzg), that is, the gal-
loping phenomencn and the den Hartog criteria for stability is estab-
lished as follows.

Let us define the resultant 1ift and drag forces as

4

1 1
L= ¥y 4:Cp D=.2_ oV, A-Cp

then the 1ift force for the relative angle of attack v/V due tc the

deflection y is

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

- ac,

m.y-l-( 7

4 Cp ) S AVl AT 4y =0 (3.2.2)

da

Thus the stability is determined by the conditions that

%+ CD )| stable
(3.2.3)
ac; unstable

—+Cp <0
da P

In general, the drag coefficient CD being positive the instability
occurs necessarily when 8C, /8¢ < 0 so that the theory by the above
criteria is termed as the négative slope theory. The experimental

values for aeroelastic forces acting on bridge sections are shown in
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3.4  from which the negative inclination of the 1lift coefficient is
freguently 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 1o increase an aerddynamic stability,.so
there is scarcely possible to find the region of the negative glope for
the lift coefficient-angle of attack relation. This indicates the fact
that an serodynamic 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 a131>.

In their investigations the aerodynamic forces are assumed to act
not only such directional forces as 1ift and drag but the pitching
moment on the bridge sections to couple the deflectional and the torsion-

al motions as written as

. 1 (26) acy, ¥
Feoy=tors LN (Figy(e-y)
{3.2.4)
" 1 (262 8C, ;
L 4 wi = ——— g2 — —
= T G ey
where M : mass per unit length (kg sec?/w?)

moment of inertia per unit length (kg sec?)

w, , o, circular frequencies for deflectional and
torsional free vibrations (rad/ sec)

2b : width (m)

CL : aercelastic 1ift coefficient

CD : aeroelastic drag coefficient

CM aeroelastic piiching moment coefficient

v deflection of neutral axis (m)

14

angle of rotation (rad)

Let p, v, 7, z, be defined as

{1 2
M= ' Y = ) 7T = _2._ R z:( a)h
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then the Routh descriminant gives the criteria for stability as follows

8¢,
- + C >
( 5a D) 0 (a)
ac
- 4—2 = g (v)
da
5C
M ey 0 (e)

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 BCM/ ga < 0 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 compargtively higher critical wind
velocity than the critical velocity for the flutter phenomenon, 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) Latersl Torsional Buckling Instability Criteria

From the different point of views from the abovementioned an insta-
bility criteris is investigated by A. Hirai teking into an account the
static aerodynemic forces on the suspension bridge proportional to the
)

displacementszg The fundamental eguations for this problem are written

as

E[ﬂ”n "'2H77"+ (M gﬁ)" — L = 0

H w T
ECWQO'“ —-chﬂ’- __Q_bgga + M 7 —MI = (]
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where 1L and Mt denote the 1ift and the pitching moment per unit length,

while M denote the resultant bending moment due to the horizontal

drag force. Evaluating the above aerodynamic forces as
. Cpprrby: ac 1 ac
M= L= pristo , M =_—pr:s—Yg
2/ 198 ? o 2 aa

the eritical stability is obtained from the above fundamental equations,
where p 1is the air density, b the width, & +the spanlength, V the

velocity, C. the drag coefficient, BCL/aa the inclination of 1lift

D
coefficient and BCM/Ba the inclination of pitching moment coefficient.

C) Vortek Induced Oscillations

For the analysis of aseroelastic responses of structures the turbu-
lence in the fluid takes an important role as the facts that wvarious
aercelastic and aserodynamic effects largely depend on the magnitude and
the stability of vortices. 1In the range of comparatively low Reynolds
number the alterneiing 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 comnsidered 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 veloecity

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

S =Nd/V
in which 4 is the width of resistance area,as shown in Fig. 3.2.5, and
S is termed as the Strouhel number. Experimentally Fage and Johansen

obtained S = 0.15 for a plate, while Roshko 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

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:ﬁ(%pV*)CDdsin 27N

)-

B +takes 0.05 for a circular cross section and 0.25 to 0.30 for an ordi-

in whieh B is the coefficient proposed by Y. Rocara?? The value of

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

have

28N = 28 X 016V d =V /d

" L=ﬁ(-12—~sz)chsin Visd

Applying the above considerations for a three spans suspension
bridge (£; + & + 2,), the natural frequencies w are determined by the

characteristic equations, viz.,

1
tan . + 2tan & g, = (1+2d) &, €= f /! <-§*
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so that

16 4, EI g
CUZ—'——'—'—-«}- —
n 2f

mlt

A

according to Y. Rocard. When the wind acts normal to and uniform to the
bridge, the 1ift 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
obviocusly the resultant effect will cancell out to annihilate the assumed
modes of vibrations. For the case u; >> u; ., the freguency is propor-
tional to the degree of modes, n and to the wind velocity. Since the
symmetrical vibrations with2n + 1 half sine waves along the bridge
recelve from the vortices a resultant excitation on one helf 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/n. Thus according to the aerodynamic expression B%pvzc the excita-

D
tion of the mode n leads to the exciting force % bt BCD%pV2 which is
proportional to n. For very high harmonics the natural freguencies ¢
tend to vary with n® so that the wind speed V is proportional to n? and

consequently the exciting forces increase with n?

for the vibrating nth
modes. Applying the preceding remark for the Tacoma Narrows Bridge the
1lift force of 2 1bs/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 Rorard 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 Washizusz).
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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 torsionsl 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.
BleichZZ) and Y. Rocardau) applied the aerodynamic 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 investigationaccords sufficiently

with the experimental results as for the Tacoma Bridge but on the conira
ry explains unsatisfactorily for the Golden Gate Bridge. Phenomenolo-
gically the classica} flutter is the instability due to the coupling of
flexural and torsional vibrational modes, for which case the air stream
is assumed to flow along the structural surface without accumlating any
kinematical energy on oscillating structure. The typical feature of the
classical filutter is exemplified by the fact that beyond the eritical
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 g 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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i8 g number of theoretical and experimental investigations to confirm
this instability phenomenon, while the stall flutter is considered too
complicate to investigate thecretically at the present stage. The stall
flutter is caused by the flow separation around the structure in wind
stream to produce “he 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 expressed 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 hecause of the
fact that the structure is not fully susceptible to streamlining and
produces the turbulent flow of alr even in uniform 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.

)

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

According to Y. C. Fungau the stall flutter is defined as "a
effects in the airstream which is possibly separated partially or wholy
in its vibrations”. Although this definition characterizes a general
feature of the stall flutter, as Scanlsn & Rosenbaum pointed cut, the
flow separation does not always produce regular periodic foreces, 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 valig

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 cbserves the following chara-

cteristics:

1)

2)

3)

5)

The flutter velocity drops severely in comparison with the case
of the classical flutter.

The flutter frequency rises slowly toward the natural torsional
oscilliation frequency of the structure in still air.

The torsional motion predonimates. Vhereas 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
Witﬁ‘that of the torsion, although the axis of rotation is in
general not the glastic axis.

Usually the flutter speed reaches a minimum and rises again as
the structure becomes completely stalled.

There is a large phase shift at the transition from classical
flutter to stall flutter. The phase difference befween the
bending and torsion drops by about 45°, sometimes vanishing
completely.

Variation of the structural properties of the airfoils has very
different effects on the stall flutter as compared with the
classical flutter. The 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.

The stall flutter was for the first time observed by W. 5. Farren

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

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

8~shaped hysteresis to supply 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 .
— C°+Ea.oos]’wt+2b}.smjwz (a)
20V16S &y i/ j
@ = a + a8l v (b)

where p ; air density
V 3 wind velocity

b ; half chord length

s ; span length

Qo3 amplitude

o ; average asngle of attack
W

; circular freguency

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

FV:fMdd:gzrszbza: b, . (e)

If by <0, then W< 0 gives positive torsional damping (stable)
but if by > 0, then W > 0 gives negative torsional damping (un=
stable).

There fore the lowest coefficient b; 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 investigatioﬁ 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
fofmer ty?e 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 cbtained the relationship of the.cfifical 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 selif-excited oscillations of structures in wind stream
are considered in the form of the classical flutter and the stall flut-
ter. For the aerodynamic characteristies 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 equations for z linear system of two degrees of free-

dom in air stream are writtenza) as
7+ 20,00+ 0y = Hq+H¢+Ho (3-3-1)
P+ 20, 0, P+ 29 =A, 7 +A.p +4,0 (3.%.92)
where n ; deflection
4 : torsional angle
;n, ga ; demping ratio in vertical, torsional oscilla-
tions in still air
wﬂ’ Wy ; natural frequencies in uncoupled vertical,

torsional oscillations

Hi’ A (i=1.2.3) ; aerodynamic coefficients
i

The above' introduced aerodynamic coefficients yleld for a plate to

I 7
* m * 2R * P
P oam A lewl e TR CW
* m n * x Ip 1 P
Hy ool Hy = — 4+ A Ay = A, = (A, - — -
2 e 2 (k + 1) 2 s 2( i X ) (3-3.3)
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Based on eq's (3.3.1) and (3.3.2) Scanlan and Sabzevari measured the
aercodynamic coefficients for an ordinary type of bridge models to note
that the coefficient A2 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 oscilliating structure

for which the 1ift and the pitching moment for steady motion are written

as
Tpbime 7o
Lz_—“‘"{cuzf‘* Cra “0} (3-3-4)
m
nRbt T
Mem— I C — Cm o4
I { mh b v a 0 } (3.3%.5)
for which
Con = (Cynlg +i(Cp0,

Cra= (Cralp+i(C,.7,

(3-3:4)

Co = (Candp + 1 (Cpyp),

Cna = (Caadp +i (€7,

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 structures
and its typical patterns are given as the classical flutter and the stall
flutter depending as ithe 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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gerodynamic coefficients is discussed and the fundamental consideration
on various types of stiffening girders of suspension bridges is given

in the followihg paragraphs.
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3.4 AFROELASTIC 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 alsc they take an important role in the
structural design for the static forces. The main difficuities 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 soclutions 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 vet. . Whatever the bridge sections be, ordinary trussed girder
type or modern streamlined box type, additional stiffening members such
85 handrails, road-lamp-poles, etc., cause inevitably to the disturbance
of the stream lines to result in the particular types of aerocelastic
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 1ift, drag and piticing moment (CL, CD’ CM) are determined by using
the section models as illustrated in Tables 3.4.1 and 3.L.2. In order
to disclose the fundamental aercelastic 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 aercelastic experiment is performed by use of
the following equipments.

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

. 1s 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 cross section of 1.5 x 2.5 mz. (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 B8ix Components Pyramidal
Balance (Shimadzu Seisakusho Co., Ltd) (Photo 3.2)

Wind velocity is measured by the Betz type Manometer and the NPL
type Pitot tube  (Rikasieki Kogyo Co., Ltd)

The experimental results are illustrated in Fig. 3.4.1 to Fig. 3.L.

13 for the aerocelastic coefficients CT, c CM versus the pitching angle,

D)
from which the following characteristics are mentioned:

(i) Effects of the girder types

a) The lift coefficient CL curve; The truss-stiffened models show
eventually the similar tendency of variation of induced lift force as the
case of the plates. The 1ift 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 1lift curve appears is obtained.

b) The drag coefficient CD curve; The drag curves 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.

¢) The pitching moment foefficient C,, curve; The variation of the

M
pitching moment ciefficient seems to be considered apparently similar
with the variation of the 1lift 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 exlstence of slots of
deck never fails to disturb the stream lines to induce the complicate
variation of aseroelastic forces with respect to the change of pitching

angle. Obviously the 1ift forces are reduced for trussed type girder
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with slit deck so that the inclination of 1ift coefficient curve (acL/

9
negative in this case, also is reduced though the region of the negative

is largely reduced. For the plate girder (BCL/Ba)a=O, which is
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 1ift 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 1ift coefficient

curve for the slit deck.

(iv) Influence of the ratio of the width tc height (b/d)

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 1s 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 1lift curve so that the induced aeroelastic forces are

considered to be determined by the characteristics of the decks.

In order to analyze the aercelastic charecteristics of the plate
girder type model adifferent series of experimental study is performed
in which the 18 kinds of models are used, as shown in Table 3.L.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 aerocelastic coeffi-
cients versus the pitching angle are also illustrated in Figs. 3.h.11,

3.4.12 and 3.4.13. From these it is considered that as long as the
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pitehing 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, etlc.
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Table 3.4.1

% X |Type of Modell Cross Section | Type of Model| Cross Section
A—TT |1 A—TT—S ‘
e BT s ME A _pp—s
A—TT A—TT—S —_—
3.0 | 0.75 AP D AP P s
A~TT A—TT =S —_— —
S0 L A—Pp A~—PP—S
: A=TT—F | T T |A-TT—FS I I
. 0. 50 _
50 a—pp—p | L L A—PP-FS
A—TT-F | T T |A~TT—FS I,_.__I
3.0 | 0.7
S A~PP —F L l A'—PP—FS§
A~TT~F | 1 T |A~TT—FS| T—
3.0 | L.00 L L )
A—PP-—F A~PP—~FS§
B—TT l B—TT-S
2.0 | 0.50 : N
B—PP ! B—PP—S§
T -1l-—- T’- —1—
2.0 0.50 | B=PP~—F J_ B—-PP-F§| | — —
il = e SN
C—TT C—TT-S5
1.5 | 0.50 —
C—PP C—PP-5
g T p— _r_
1.5 0.50 C—PP—-F C—PP—-—FS —_———
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Table 3.4.2

Type hdih; height / width Cross-section
D P40 40 0.133
D P60 60 0.200
D P80 80 0.267 300
EP40 40 0.133
E P60 60 0.200
135 30 135

EPB80 80 0.267 300
F P40 40 0.133
FP60 60 0.200 __] ‘

| 40 15 80 30 80 15 40 ]
FP80 80 0.267 3007
G P40 40 0.133
GP60 60 0.200 l l

40120 80 20 80 200 40
GP8o 80 0.267 2300y
H P 40 40 0.133 ‘
"HP60 60 0.200 —H H

L3010, 90 40 80 10.30]
HPS80 30 0.267 300,
I P40 40 0.133
I P60 60 0.200 .i E

20, 110 20 110 20

1 P8o 80 0.267 1{; 300 10
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Table 3. 4. 3

Type (Crlg=ge | (CLYy—_ge ac, (aols/aa)a::[]
DF 40 105 -0.44 149 8.5 4
60 0.6 4 -0.21 0.85 4.87
80 029 -0.03 0.3 2 183
EP 40 0.6 6 - 0.4 1 107 610
60 025 -005 0.30 1.7 4
80 0.23 0.0 0 0.23 132
FP 40 0.59 -0.07 0.66 578
60 0.3 1 0.03 0.28 140
80 0.18 0.06 0.12 069
GP 40 0.5 6 0.0 4 0.55 313
60 D.25 0.10 0.15 0.86
80 0.16 0.10 0.0 6 0.34 =«
HP 40 0.59 -0.0°9 0.68 390
60 0.2 8 0.0 8 0.20 115
80 0.09 0.0 6 0.03 0.17
IP 40 0.47 -0.07 0.5 4 3.09
60 0.12 0.0 4 0.0 8 0.4 6
80 0.11 0.17 — 006 ~0.34
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3.5 AERODYNAMIC CHARACTERISTICS AND DYNAMIC WIND TUNNEL TESTS

1) Introduction :

In continuation with the seroelestic 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 wind veloci-
ty is measured by the Betz Manometer and the NPL type-Pitot tube.

TIn the first series of experiment the models in Table 3.L.1 are used in
order to disclose the kinds of effective factors to charecterise the
flutter phénomenon 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 gqualitatively.

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 tor-
sional amplitudes of the flubter state are obitsined for certain reduced
velocity. In the third series of the experiment an attention is placed
on the inherent capacity of damping effects in the wmodel 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 aserodynamic 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) I, /BB, I_spBe
&) Sa/pV282 , Sz/pprz

c) 6@3 y 5:5

where I, . the polar moment of inertia per unit spanwise length,
caleulated with respect to axis of rotation for torsicnal

oscillations
I, i the mass per unit spanwise length for vertical oscillstions

Sp ., 5, ¢ elastic stiffness corresponding to I, » I, respectively

¢ alr density
B : width of bridge
vyt wind speed
O Oy 2 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 experimenteal 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 aercdynamic feature of suspension bridge is in general determind
by the geometrical and the kinematical characteristics of stiffening
girder system and a number of previcus 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 igealized 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 spproximately.

3) Description of models and their mountings

As mentioned before, in this series of experiments, about 30 kinds
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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 (Sb) of spring positions.

The deflection is measured by a channel form of copper gauvges (Gl)vwith
the electric wire strain geuge and the torsional deformation is recorded

as the difference of the two gauges (G} as shown in Fig. 3.5.1.

L) 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 wind 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 éngle 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 1ift coef-
ficient and the pitching moment coefficient curves. Dynamically the nega-
tive inclination in the 1lift 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 Vvibrations, while the flutter frequency of the truss-stiffened

girder type models remains between the frequencies of free deflectional

-~ 148 -



end 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 freguency ratio
is shown in Figs. 3.5.2, 3.5.3 angd 3.5.4. Though a number of results
is limited it can be said that the flutter velocity tends to increase
with the freguency 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, effect 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 instabllity 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 initiel steady and finsl 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 lncrease 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 veloéity as same as the former case.
However the steady amplitudes vary gradually with the wind velocity.

Tt is slso 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 tﬁird series of experimental study is performed for the same
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 veloecity. 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-
1y sensitive for the types of stiffening girders, slots configurations,
deck positions, etc. However since it is so sensitive, aserodynamic
characteristic 1is 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 ef gerodynamic 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.



Table 3. 5. 1

Naturai Freq. Flutter Flutter
Model Defl. | Torsional “as | Frequency | Velocity
@n, rad/s| ®a, rad/ s “ho @ g Ve m/ 8
8.679 1108 .28 1005 365
8.66 123546 1453 T1%90 —
A—PP
8.66 13280 159 1330 5.32
866 1539 178 1515 7280
g10 1142 126 1003 6.8 9
210 1251 138 1161 Q04
A-TT
915 14.60 160 1325 975
213 146.44 180 1489 1162
8.5 8 1108 129 1059 365
854 1256 147 1210 408
A—PP-—F
856 1383 162 1341 4.28
8.58 15710 .83 14946 516
8.9 1 1136 128 8.8 3 8.01
8.88 1322 149 8.60 8.56
A—PP-5
8.87 14.31 161 8.6 2 8.80
B.86 1506 170 870 8.9 4
9.45 1174 1246 1079 1017
230 1322 142 1219 1253
A-TT-S
230 14.78 159 14.14 1555
230 1594 1.7 1 1516 1597
8.08 1150 131 1148 785
8.78 12553 1453 1254 8.90
A—-PP-~FS
878 1434 163 14.3 4 996
8.78 14,95 170 1500 10,80
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Table 3. 5. 2

Flutter Flutter
Model Natural Frequency wg, Frequency Velocity
@h, @e, “ho @ g Vg
927 1320 143 1296 231
DP40 9228 14.71 1579 14.52 3.45
923 17217 .85 1672 403
218 13536 146 1336 369
DP4O 202 14.93 165 1415 391
9.02 1647 .82 16.47 452
206 1178 .30 1160 3.48
DPBO 916 14.31 1.5 8 1380 394
9.0 4 1669 184 16.40 4.9 1
9.43 1365 145 1292 506
DT 40 241 14.9 1 158 14.70 569
9.4 2 17226 183 16,11 8.5¢
943 1253 143 1281 6.2 1
DT70 958 14.6 1 155 1385 B8.26
2.4 4 1759 .86 1567 1209
935 1336 1.4 2 1275 348
EP 40 9.35 14.91 158 14,91 370
9.4 2 1672 177 17225 4.9 2
203 1271 140 1256 2246
EP 60 208 14,52 .60 14,52 292
216 1680 .85 1650 3.20
227 1450 156 14.40 2.95
EP70 927 1680 181 1650 3.47
211 1290 142 1270 3.06
EPBO 211 1430 157 1395 520
210 14670 .84 1595 3.9 2
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Table 3. 5. 3.

Natural Frequency Flutter Flutter
Model Pty Frequency| Velocity
Wp, wg, Dy, w p Vg
.44 1357 1.4 4 1335 273
FP40 2.4 4 14.61 158 14.52 2.9 2
944 1725 183 1690 392
942 7351 143 1288 2.7 4
FP6DO 235 1453 154 14272 2.9 2
235 15.89 180 1649 292
FP8D — e J— _ .
244 1366 142 13552 2953
GPA49D 9353 14.92 158 14.92 358
944 1697 180 1726 370
GP4O — — — — —
GF80 - — — — e
244 1336 142 1336 293
HP4 9] 244 1493 .58 1493 321
244 17270 188 1725 322
HP 60 — - - — —
226 1290 139 1290 261
HPS8D 9.50 14.60 .57 14460 320
240 1730 .86 1660 546
9.4 4 13535 1.41 1335 2.4 6
irP40Q 944 1493 158 14.93 263
%44 1770 .88 1725 3.272
231 1327 141 1295 263
1FP460 942 14,71 156 14.47 322
2453 1662 176 1650 4,2 4
916 1297 141 12546 3.2 72
IP8G 92253 1461 .59 1433 -
9.2 1 1650 179 — —
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Table 3. 5. 4
. . . Freq.
Dimension Deflectional Vibration Torsional Vibration Ratio
————— e e Y mem mmm s m— _—— 7 — T T e e e SR e -
m who I 5 wdg fljau
Model Kg. sec/ On, rad, sec |Kg-m-sect m do rad  sec /“"ho
B .02798 | .089¢ 880 0.99
, 0290 . .02867 .0650 | 1054 118
plate | .758 : : 02957 | .oa81 | 1222 | 137
.03069 .0300 | 1387 155
1 02941 | .0%01 1| 102¢ 118
lp170H 8173 | .0189 870 .03011 L0823 1160 133
| .03101 .0446 | 1183 136
) L0295 1 .0963 8.3 2 0.9 6
@ bao 6017 0118 . .03020 | .0745 294 .15
?ED 4 : : : 03111 | .05781 1177 134
a 03222 | .0423 1) 1343 156
0P 708 6543 0135 6s 4 .03033 .0585 8.4 1 0.9 7
i ' ) . .03193 L0317 | 1175 1.3 6
DP70H .03105 L0343 8.4 8 1.0 2
8945 | L0177 30
F30 8% 8 .03265 | .0256 | 1161 1.4 2
.02960 | .1144 825 0.95
.03029%9 | .0805 | 10.33 120
ST 7 DR . .022 )
ET7OH 832¢ 0228 8.64 L,03119 0518 1| 1188 138
.03231 L0369 | 1363 158
02969 | .0947 8.5 4 0.99
.03038 | . 10. )
EP40H .8369 | .0228 8.6 3 30 0551 0.2.7 119
o .03129 | .0405 1| 1205 140
= .03240 | .0296 | 1353 157
N .03051 .0948 8.4 3 100
EP70H L8695 L0231 8.4 6 03120 0692 794 L7
03211 0428 1183 140
.03322 | .0213 | 1345 .59
EF7 0K .031253 1000 8.44 1.0 2
P50 .9097 | L0139 8.29 .0319% .0750 9.89 .19
.03283 | .0550 | 1154 139
.02949%9 | 1177 8.6 4 .00
FT70H .B282 .0185 864 03018 0568 10.47 L2
.03109 | .0385 | 1194 1.3 8
.03220 0306 | 1359 157
02959 L0911 8.6 4 .00
., |FP4OH | .8326 | .D241 8.6 4 ‘05028 ) 0644 ] 1021 L8
8 .03118 | .0382| 1178 1.3 6
= .03230 L0279 1359 157
w .03C40 .0764 8.4 9 1.0 0
FP70E .8651 .0222 8.4 7 .03110 .0533 1019 120
.03200 .0431 1184 140
FP70H 03113 0933 837 1,02
r a0 .9053% | 0215 8.2 4 .03182 0,721 1005 1.22
03272 0627 1167 1.4 2
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Table 3. 5. 5

Dimension Deflectional Vibration Torsional Vibration Freg
____________ B R Ratio
n W, i - ey T 77

&del Kg- seci/nf oo rad/sec Kg- sec? ®a, radf/;ec M/Mh_
0374 1169 01639 0217 1780 152

0391 1162 01941 0284 1964 1.6 9

Flate L4473 0342 1162 02401 .0218 | 2154 185
L0397 1152 03017 L0237 2325 2.02

.0425 1152 03540 0176 | 2408 209

L0367 10,60 01794 .0214 1706 1.6 1

0380 10,60 02104 L0176 1885 178

DT70H .5424 L0376 1055 02564 .0278 | 20.74 .97
.0421 1052 03180 0193 | 2244 2,13

L0404 10.37 03703 L0157 2334 225

0568 1054 01718 .019%8 1680 1.59

< 0412 10,47 020246 L0210 1859 178
BlpT70¢= .54 40 L0331 10.61 02488 L0216 19359 1853
E 0524 10.54 03105 0112 | 2362 2.24
. L0347 10.40 03628 L0383 | 2327 2.2 4
a .0283 10.60 01806 0190 1696 .60
. ET70H c802 0313 10.60 02117 .0243 | 1885 178
@ .0299 10.5 4 02557 L0141 20.65 196
E 0363 | 1052 03193 | .0113 | 2304 219
0344 10.66 01822 L0296 1685 159

0399 1056 02133 .0200 1871 177

BT70n .5802 .0405 10.60 02593 L0292 2075 186
0342 10.60 03209 L0100 2253 213

L0321 10.60 05732 L0171 2315 2.17

.0254 98¢ 01829 L0290 14,03 1.6 2

bP70H .0225 89 02140 L0319 17276 180

£ 30 L6161 .0185 9.84 02600 .0174 1993 203
.0188 289 632156 L0165 | 2164 219

L0189 284 0373%% 0120 | 2237 2.27

.0241 1005 02003 0422 1616 1461

g - .02534Q0 10.05 02414 0296 1807 1.80
El p3o0 5954 L0281 1005 027753 L0271 1990 198
.0233 10,05 03389 0249 2167 2.16

@ 0235 994 05913 L0361 2302 2.52
z 0382 9.4 1 01742 .0187 1584 168
IoP70u 0373 9.87 02050 L0173 172753 180
s £30 L6339 "ise 9.87 02512 0319 19468 200
= 0390 984 05129 0119 2158 219
% 0348 972 034652 .0177 | 2250 2.3 2
& L0363 1005 02007 L0307 1610 160
A L0330 10.21 02518 0245 1807 1.77
- .5966 ,0352 1017 02778 L0192 1997 196
.0354 995 05394 L0226 | 2160 2.17

— .0360 9.82 03917 L0157 2268 2.3 1
0432 1147 014653 L0331 1707 149

Severn .455% L0413 1155 01771 .0274 1893 1.6 4
- .0522 11.47 02233 0176 2087 .82
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Details for Gi & G(gauges)
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Fig. 3.5.1 Mounting Arrangement
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Fig. 3.5.2 Critical Wind Velocity-Frequency Ratio.Relation
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Fig. 3.5.3 Critical Wind Velocity -Frequency Ratio Relation
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¢ logarithmic decrement
s —-—C—— DP60H wao/who =1 4g
ok s P DPGEOH ” 1.6
‘t“v—-\ o @—— = DPEOHF30  ~ 1.46
\\5\
| —4—— DP6OHFI0 ’ 1.65
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Ll A n -
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2 3 ’
—. 05 F
1
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S, logarithmic decrement \
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05F
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ywind velocity m/sec
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——— \0‘
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—. 05F

Fig. 3.5.5 Logarithmic Decrement-Wind Velocity Relation(Plate Girder type Model)
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Fig. 3.5.6 Dimensions & Configurations of Models
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Fig. 3.5.7

n @
cm
7.5 15°r‘
Plate
50 101
2.5 5p
, i . L B!
0 2.0 8
% 5 w
Ver Ver i wa ¢, ¢, w./wrs Test No. Notation

11.76  8.26 10.014  13.273 . 00466 . 00255 1.325 11-13 9?0 70
13.89  8.96 10.210  15.708 . 00385 . 00245 1. 538 1111 o @
15,73 12.83 10.210  18.326 . 00446 . 00214 1.795 11—12 © ©
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Fig.
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@
r .15
DT707 ( F30)

A

10F

5—

Y N 1 N

1.0 2. 3.0

Ver® Ver® ©, @ . ¢, £, W./e: - Test No. Notation

11.63 8.76 9.032 12.30  .00355  .00290  1.362  11—30 PO 7@

13.17 9.66  9.032  14.73  .00432  .00259  1.630  11-31 ° g

16.08  11.90  9.163  17.20  .00395  .00284 1.877  11—32 ©



Fig. 3.5.9
7 @
7.5 15°
em
DT70H( F30)
: L
5 = 10r-
25F 51
) H . 1
] 1.0 2.0 3.0 4.0
VC!‘H VCI"E Gy @ gv é’n Test NO. Notation__}’:/b"
12.34 8.95 9.032 12.25 . 00355 . 00251 11—33 ? O 70
12.94 10. 26 9.032 14. 66 . 00355 . 00290 11—34 ® @
15.23 12.60 9.032 17.20 . 00373 . 00184 1135 © ®
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Ibg. 3.5.10

7@
75 ¢+ 15°
w
Severn Bridge M odel
55 10F
2.5L 5L
" -
1 1 ' &4
0 1.0 2.0 3.0 6.0
v/baw
—_ Ver® Ver® @y ®a £y S w./ & Test No. Notation
14.40 9.91 10,01  13.09  .00545  .00284  1.307 11—26 20 710
12,70 10.42 1013 15.65  .00735  .00274  1.545  11—97 e @
1468 12.92  10.21 18.06  .00735  .00274  1.769 1128 ¢ ©
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Fig. 3.5.12

7 s
7.5 15°%
DP70x ( F30)
5.0 10k
§
|
25F G !
]
]
1
{
]
i
1
N i
|
'
1
1
1
Q . 1 ) V/b(;)
1.0 2.0 3.0
‘Model, DP707F30.
Ver Ver® @y &, L, ., w,/w. Test No. Notation
2.83  2.20 8.639  11.938  .00324  .00253 1.382 11—14 %O 7©
3.35 2.83 8.796  14.451  .00355  .00302 1.643 1115 s ®

4.71 3.97 8.83  16.755  .00299 L00505 1.896 11—16 © ®
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Fig. 3.5.13

DP70H( F30)

5 ff—

Ver®  Ver' &, @, £, &, w./i@r» Test No. Notation

3.22 180 8727  11.912  .00322  .00290 1.365 11—25 O
00290 1.636 11—24 ®

3.96  2.90  8.691 14.216  .00418

.59 3.84  8.727 16.650 .00384  .00298 1.908 11—23  ©
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- 10°

Fig.

3.5. 14

EP707 ( F30)

v/bw
| i
2.0 3.0
_ Ver®  Vert @s @a £, £ ©,./@; Test No. Notation
1.80 0 8. 650 11.94 . 00536 . 00290 1. 380 1119 O Q
1.80 0 8. 836 14. 36 . 00645 . 00367 1. 625 11—-18 ® ®
2.54 1.88 8. 844 16. 89 . 00561 . 00410 1.909 11—-17 © o
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Fig. 3.5.15

EP70H( F30)

Ver® Ver® @, @, & g, w-/wr Test No. Notation .
4.16 2.02 8.718 11. 868 . 00513 . 00344 1. 361 11—-20 O
3.22 1.97 8.770 14. 361 . 00458 . 00397 1.638 11—21 ®
1. 56 — 8.796 16. 755 - 00626 . 00280 1.905 11—22 ©
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3.5.16 Flutter Amplitude-Reduced Velocity Relation, Model . Plate
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( deg) O Sb=15cn ®gu/@ho=L. 61
® -~ 254 ” 1.78
0 v 35 " ’” ].. 97
@ v 45 2 2.13
@ 1% 55 ’ r 2. 25
15°F
10°
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] | v/bw
0 1.0 2.0 7J0
Fig. 3.5.17 Flutter Amplitude-Reduced Velocity Relation, Model : DT70H
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Flutter Amplitude-Reduced Velocity Relation, Model - DT 707



O  Sb=lbem @ /oy =1.607
? ® - 25~ v 1.78
( deg) [ 3] “ 55 4 ”" 1.96
IST © ~ 50~ ¥ 2.19

Fig. 3.5.19 Flutter Amplitude-Reduced Velocity Relation, Model : ET70H
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Fig. 3.5.20 Flutter Amplitude-Reduced Velocity Relation, Model . ET707
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Fig. 3.5.21 Flutter Amplitude-Reduced Velocity Relation . Model @ DP70HF30
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Flutter Amplitude-Reduced Velocity Relation, Model
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3.5.23 Flutter Amplitude-Reduced Velocity Relation, Model ; EP70HF30
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3.6 MEASUREMENT OF AERODYNAMIC FORCES ACTING ON MODEL IN WIND TUNNEL
As shown in previous paragraphs 3.4 and 3.5 the serodynamic 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 i1s determined.
However the critical wind velocity and the flutier frequencies for the
flutter phenomena, for instance, indicate insufficiently the aerody-
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 wethods, namely the free vibration
method and the forced vibration method. The forced vibtation method is
used by R. L Halfman to compare the Theodorsen theory with the actually
acting aerodynamic forces on the gerofoil, NACADO12 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,
Sekata and Nishitani with an improved idees to subtract the inertial
forces from the total dynamie 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
dynemic forces received by a model in air stream and the dynamic forces
received by the other model in still azir, both of which move simultane-—
ously together. It should 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 epplied 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 A, which is defined in the set of eguations, (3.3.1) and
(3.3.2) in 3.3.
The relations of aerodynamic coefficients defin=g 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 B[Cma} as shown in
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
BECmu]’ 8o 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 cur investigations the characteristic
aerodynamic coefficients Ap and A; are obtained experimentally as shown
in Fig.'s 3.6.7 ~ 3.6.12. 1In Fig.3.6.13 one of the remaining coefficient
ﬁl is shown as the non—dimensional quantity vs the reduced velocity.

The similar relations of As¥, A3¥* with the reduced velocity are figured
gualitatively in Fig.'s 3.6.14 and 3.6.15 using the experimental results.
The characteristic phase angle B[Cmu]’ defined in the forced vibration
method, is easily determined as shown in Table 3.6.1; based on the aero-
ynamic coefficients Az¥ and Az¥* some of the test results are plotted in
Fig.'s 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 B 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 forées acting on the bridge sections according to
the method proposed by Scanlan and Sabzevari. The results indicate that
measurement of frequencies and demping coefficients is easily deone 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 A%, Ho¥
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and Hy*., 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, Hy¥,
A,*, and A * and secondly to use the forced vibration method to deter-
mine the coupled aerodynamic coefficients, A¥, H.* and Ha¥.

The principle to use the forced vibration method is as follows;

If the steady vertical force is applied for models, the equetions of
motion are written as

74 20,0, +wiyg —Hg—Hp —Hip=1L/m

G+ 2,0, P +WLP A ] - A — Ay =0

Since L = L, sin (wt + ¥), we have 1 = n, sin wt, ¢ = ¢;sin (wt -0 )
Substitution of ebove deflectional modes into the second equation yields
to
1T ,Po .
A‘:E —7}-—) ((w2-wi-Ay)sin 6+ (2¢ 0, -4,) w cos 6)
14

vhere the right side is known as given values ; mu, ﬁa are initially
given natural frequencies and damping codfficient, Az, A3 are determined

by the free vibration method, and w, n Py 6 are the forced frequency,

»
the amplitudes, and the phase angle ofodeflectional modes.
The steady forced vibration is remarkably stable so that it is easily done
to find the phase angle befween 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

7+ 20,07 +@q ~Hy-Hp —H,p=0

5'5 + anwa%" + m;go —’117.7 - AzS.U "As?"::Mt/lp
By similar fashion as before the coupling aerodynamic coefficients Hj,

H3 can be determined from the responses defined by the first equation

of the above set of equations as follows
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gy 7o .
llz—;ﬂ—(%) { (c-);_(uZ)S]Dﬁ + (2¢, w —~H) o cos ¢)

Hy == 2 (@ -wyos0 + (2¢ @ —u,) @ sin § )
Po 7 7
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-1 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 aercdynamic coefficients determined from uncoupled free vibrations,
namely Hi¥, Ay¥, Ay¥ are shown in comparison with those defined by the
Theodorsen's theory. As far as this results are concerned, As¥ is
considered to accord with the theoretical values, while A3¥ is remarkably
smaller and Hi¥ is comparatively smaller than the Theodoren's theory.
For the aerodynamic coefficients A%, Ho¥®, H3¥ to result in the coupling
effects the following facts should be particularly noticed that 4% is
negligibly small and Hy* shows a peak value at approximately V/bw = 8.0
and Hy¥* decreases monotonically in the large value of the reduced veloc-
ity. It isinteresting to note that the peak value Hy* occurs at the
reduced velocity B.b aﬁproximately 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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Aerodynamic Coefficients for Model DP707(I°30)
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Aerobynamic Coefficient for Model ET70H
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3.7 DISCUSSIONS AND CONCLUDING REMARKS

From the investigations above mentioned the aerodynamic and aerc-
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 gquite dif-
ficult to anticipate quantitatively the wind induced behaviocurs of bridge
structures. However it seems very important to engineers to know at
least qualitatively the aerodynamic effects of variocus 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 frequency ratio of deflectional to torsional vibrations, the
demping factors, mass effects, the angle of attack, the aerodynamic coef-
ficients, ete. In this paragraph several fundamental aerodynamic 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 bridge forms in general a box
type cross section with two main trussed stiffening wallsand 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 QEfferential equations
as mentioned already;
M+ 20,9,7 +0ig=Hj +H: ¢+ Ho
(3+7:1)
¢+ 20,09+ WP = 1+ Ap + AP
where n, ¢ indicate the deflectional and torsional responses and Hi’
A, (1 =1 ~ 3) the aerodynamic coefficients, which can be rewritten of

1
the non-dimensional form as follows

* m * 27
H: - pwbz ‘H’ —"2Al - = T l C(k} |
* m . *
H, FrTE H, “(T+ 4,)
* m 2
H, — P b3H:_ - -IAl
(3-7.2)
* IP T i
Al ‘06‘30) AI EI 'C(k}l
i
* P 1 * T
puaes — — A - -
A =g =5 (A )
L IP A — Ai*
A Fgm b=

The right handed expressions are valid for the case of thin plate for
which the Theodorsen's funetion C( K ) takes an important 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

pb¥V acC; pbrv 3¢ bz C
o= (Chy g Sy g =P
m du 2m ou m da
_pbrv 3c, pbw( 1 8¢, pb:re B¢,
P = : 2 == - T e -
21, Oda 21, 2 da T (aa)
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It should be mentioned that eq's (3.7.3) give the fact that all aserody-
namic coefficients but Hi and A3 are proportional to the wind velocity,
while Hy and A; 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 1lift coef-
ficient decreases in éeneral. For A, the decreasement of BCLfaa results
in increasement of the magnitude so that the torsional demping term may
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

V.=088w b -5(1——2i) (3.7.4)
F . [3 P f"é

Notations are below mentioned.

In this investigation an analog simulation is performed for eq's
(3.7.1), by use of which result an approximate formula for the critical
wind velocity is derived.

From eq's {3.7.1) we have

7 + (2(,]@”~H1)7}+w31 n—Hzéﬁ—H;,,@:ﬂ

" (3'7'5)
@+ (20, @u—A )P+ (w2 — Ao —A, 7 =0

vwhich are also reduced to

nrt

P+ (20020, @, —Hi— A ¢+ | (02 —AN+ 01+ (20,0, ~H)) (20,0, 45 )
—AH, } P+ { (20,0, ) (@R-Ay) + (20,0, - 4 ) 0F A Hy Y
+ Wz (Wi -d,) p=0 (3.7.6)
Eq. (3.7.6) is the fundemental differential equation for the present

problem and the stable solution requires to satisfy the following

Routh condition as written as
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By = 20,0, + 2{, 0, + | Hi| + [ds | > 0 (a)

Bz wf - Ayt w+ (20,0, +|H ) (2@, +|4: )+ 4 |H >0 (b)
By = (w2 -4 (2( @ +|HiDF e} (20 @A)+ 4 K] > 0 (c)
By = w2 (04-4;) > ¢ (a)
R = B,B. B,— B B, - B° > 0 (e}

As long as wé~A§ >0, eq's (a) ~ (b) hold as required. This condition is
already mentioned by Y. Rocard in his investigation.

In Rocard's investigation the aerodynamic coefficients defined as
eq's (3.7.2) are uniquely determined by a single coefficient 4,% 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 A;*, from which the
formule for critical wind velocity can be derived.

In order to know the effects of each aerodynamic coefficients on the
instability the anslog simulation 'is used by use of the analog computor
ALS-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, Ay, Hz, H3, Ay &and Hy, H, and Hj, converges for given
initial deformations. However for the case when A, and H; are taken into
an account, the divergent oscilletions are obtained in our caleulations,
and there appears no divergent oscillations without simultanecus exist—
ence of A; and Hy. Therefore it is considered that the critical Routh

condition eq. (e) can be written as follows;
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B, B, B,
— {1+ 1~

}-D> 4y |4,

where

D= (w2 -4, (2,0, + | H, | + w2 (20, @, + [ 42 )

By eq's (3.7.2) we have

pe bhew? omtpzhs
Al =2 2 4= el
mIP k m]p

and by eq's (3.7.3) we have alternatively

pzbivs  BC;

(

2
2m1,, aa)

AxiHaiz

Thus the critical wind velocity Vcr can be obtalned as

m 1 B, B 4B
v, = 5/ d - (== (1+ ]/1-——:)_0}
\/gnzpzbﬂ[C{k}{ 2 83

or

2ml, B, B 2B
Vcrz 3 s {‘—"_2 3(14’ 1— °
pzba(a_&*)z 2 B}

0c

Since we have approximately the following expression

B, B 4B, . .
22 Y1/ ) = D (] S w20 O |42 1)

eq (3.7.8) and eq (3.7.9) yield to
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ml, (20 , @0 + (A2 1)
Vo, = 3 P ¢« 22 (02 - @)
2 EepE bl [C(k){ a 7

2ml, (2¢ @, +[ 4 )

— )]
er = 3 €L 2 (0§ 7
pzb:(
da

and

14

Introducing the Same notations as A. Selberg used

2rpb? orz _
y:—-r ’ y = y , Ip_.mr2
we have
¥ 0y
v, =Kw,b 5;(1—@3)
oot D12 (3.7.10)
= Wg b 1= L7.10
A AT 3.1
where
g1 |4 | ar 4: |
K= 3 (2¢ .+ ) or K= 3 (20 + o
, JC«?&H « o, V/(acL)z 2t (3.7.11)

o

Bq (3.7.10) is of similar expression for the critical wind velocity for
the classical flutter as eq.(3.7.4) excépt for the fact that the coef-
ficient K also depend on the critical veloeity. For eq. (3.7.11) it is
obtained by eq's. (3.7.2) that

4] b (% f-tewiy =~ (Lo LSl

2y 9] k

@, 21,
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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 Y and y, the reduced frequency k and the 1ift
reduction factor C{ k ). A far as the similarity rule holds for the
inertia, the frequency, the wind parsmeter and the damping parameter,
eq.(3.7.ll) is therefore determined experimentally.

So far our considerations are restricted to the classical flutter
which can be apparently characterized by the fact that A < 0, but for
the case A, > 0 the coupling of torsional and deflectional modes tskes

less important role and the critical wind velocity can be obtained by
Ay =— zca W,

* 7.
or Al ang, 2 (3-7-12)
i

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 aercodynamic 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
demping ratioc, 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 determinaticn of
the critical wind veloeity of the bridge section concerned are given as
follows: firstly the experimental method is described and secondly the
significantly sensitive factors are illustraied based on the experimen-
tal analysis.

As the results of a number of previous investigators on the aero-
dynamic problems of bridge sections thg experimental examination is con-
sidered unavoidable for which the similarity requirements and the experi-
mental accuracy is inevitably satisfied as recquired. Usually the two
degrees of freedom model-mounting is adapted so as to the.deflectional
and the torsional oscillastions possible. Since the vibrations are char-
acterized by inertia, damping, and restoring forces, the similarity is

required on the following parameters:

1) mass parameter : mpbt , I /pbt
2) Qamping parameter : ¢, » Ca
3) frequency parameter : w_ Jw

a 7

in which the mass parameter indicates the similarity on the magnitudes
the aerodynamic forces, the demping parameter the similarity on the dis~
sipative to nondissipative forees 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 relisble method
of determining the inertia forces is considered to caleculate in the fol-
lowing manners; namely the natural frequencies w; and wy; on at least two
different spring systems where spring constants are assumed k;, and ko,

Then the mass M is determined by

ky— kg
@2 — w}
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In the exactly same fashion the inertia forces for torsional motion are

determined by

; S (ki = ka)
cu;!—-méz

where § indicates the half spring distance and w_ , w_ the natural

b
torsional frequencies on the corresponding spring :;steE?

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 demping 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 approsaches 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 directly the aerodynamic characteristics of
the structure concerned taking into an account the geometrical and vibra-
tional features simultancously, while the latter method provides partic-
ularly the individual aerodynamic coefficlents 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 informationsb
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 capecity 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.

4 mumber of various kinematical and aerodynamic factors mey influ-
ence the stability and the responses of bridge sections in wind stream.
As pointed out already there exist complicaie interaction between associ-
ate factors, but it should be noticed that for a flat plate eq's(3.7.2)
indicate the fact that the non-dimensional form of aerodynamic coeffi-
cients is given by one parameter, for example, the 1ift reduction factor
C{K). So far, an approximate estimation for the critical wind veloccity
by such ones as A. Selberg presented gives, to be brief, the influential
factors and their form of contributions which comprise fundamentally the
frequency ratic, the ratio of width to the radius of gyration, the mass,
the damping ratio, the aerodynamic coefficients et al, as a whole.

It is hard at present to enumerate gqualitatively 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 ere 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 guasi-steady state analysis the effect of angle
of attack is only taken into an account the form of the varying relative
angle of attack, s0 that by replacing the wind velocity V by Vrel = V sec
& (oL= angle of attack) one obtains roughly the results that the reduced
velocity decreases by cosll. This explains unlikely the previously il-
lustrated experimental result. To envidage the aerodynamic character-
isties due to the angle of attack the amplitude-damping-reduced velocity
relations are illustrated in Fig's 3.7.9 -~ 3.7.1l 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 staete 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 aercelastic problem, while for aerody—
namie 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 sighificantly 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. Seruton 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.

On this problem H. Ishizaki37), H. Araias) et al reported 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 sloi 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 3.7.1Y% 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-siiffened models as shown in Tables 3.7.1 and 3.7.2 are used for
the aerocelastic tests and six types of truss-and girder-stiffened models
are used for the Tlutter tests (Table 3.7.3)

As shown in Fig's 3.7.15 the CL and CM curves may vary less sensi-
tively to compare the model with slit deck with the one with solid deck,
while the CD- curve for the slit deck tend to increase in coﬁparison with
the CD— curve for the case of solid deck because the wind stream can
deform to result in increase of the drag force. The flutter tests, on
the contrary, indicate, as shown in Table 3.7.2 and Fig. 3.7.16, that
the critical wind velocity increases by the slit deck gquite 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 sir forces given by the Theodorsen's Funetion. Formu-
lation is Dbesed 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-
ficlent to express the flow pattern around a plate with slot since the
vorticities in wake and the effect of upsiream part on the down stream
part are ignored, such assumptions may be allowed because main contri-
butions of flows on the serodynamic 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 1ift . and
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the pitching moment M of which are given as
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Taking into an account only the terms proportional to the velocity and

the displacement the above expressions yield to

L=2rpcUCH S g + noU{ 1+C(0)} S0 ¢

4+ ompclUsCll) Siid @

. c .
M= npc?UC{kl S,{¢) 5 + npczﬂ—z—‘i” (1 —Ch )2 Ssidh+ S.(¢)
+ TperU2C (k) 5P ¢

in which p = air density, U = mean wind velocity n = deflectional dis-
placement, ¢ = torsional displacement, C(k) = Theodorsen function, k =
reduced frequency bw/U, 8;(¢)[1i = 1-4] = modifying functions, ¢ = open-
ing ratio (s/c).

The modifying functions si(¢) 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
S,, Si, S; are decreasing functions with the opening ratio ¢ while Su in-
creases up to<® = 1/3 then decreases to vanish at¢p = 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 wheneb = 0 but in the 1ift 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 with 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 s=0 so that one should pay an
attention on existence of physical discontinuity.

By use of above approximate expressions for unsteady 1lift forces
and pitching moments the critical wind velocity can be obtained the-
coretically as usaul manner.

The dashed curves are those approximated by A. Selberg's empirical

35/ indicated. The numerical results

formula in the way as Tanaka and Ito
show that the dependence of eritical wind velocity on the opening ratio
is sengitively influenced by the freqﬁency fatio. The smaller the fre-
quency ratio, the more steeply the critical wind velocity increases.

For affirmation of the above approximate conslderations an experiment is
performed by use of the model of flat plate (b = 15 em) with slot (s =
1.5 cm) 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 freguency ratios such as ma/wn =1.1 - 1.5 when ¢ is also small.
For the large ratio of ¢ it is without saying required that an effect of
wakes due Lo upstream parts on the down stream parts is taken into con-—

sideration.

( &) 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 nunber
of eminent investigations by various researchers on this point theoreti-
cally and experimentally. The aerodynamic characteristics of bridge
sections, up to this date, are gualitatively clarified mainly by Far-
guharsen, T. von Karman et al. As the theoretical evaluation of critical
wind velocity accords generally insufficiently with experimentl 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 possibly capable of taking into an account; namely the npatural
frequencies of torsionel 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 1ift 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 cbtained 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 mey 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 serodynamic 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 freguency ratio should be taken as
large as possible, namely the torsicnal rigidity should be

increased, and inertia effect should be utilized effectively.

3) TFor stall flutter and galloping type of instability particular
attention should be placed on the damping effect as well as

the non-linear responses.

Ly To imprové the aerodynamic stability the configuration and the
position of slots on deck should be so considered as appropriate

structurally and aerodynamically.

5) The mean angle 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 numbér of factors which should be
mentioned when one considers the aerodynemic stability problems of bridge
structures. Recent work by T. Miyata and I. Okauchi®®’ intend specifi-
cally to snalyse the initiation of aerodynamic instability by use of the
quaéi—steady non-linear characteristics, as G. Parkinson showed. It is
considered that one needs to devote o 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

b/d X Notations Cross Sections
3.0 0.5 A-TT d]: xa
b
3.0 0.5 A-TT-8 — ——
2.0 3.5 B-TT
1.5 0.5 C-TT
h==30Cm
length of modei =94Cm
Slit distances are 20, 25, 20mm

{opening ratio $=0217)
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Table 3. 7. 2

Models
defl. freq. wy
tor. freq. oy
frequency ratio wg/@y
flutter freq.

flutter velocity

A-PP

A-TT

A—PP—F

A—-PP-5

A=TT—

S

8469 B.SS BS

111 158 154

128 159 178

10.1 133 1582

365 532 780

2.10

114

126

10.0

689

210 915

125 1446

138 160

116 133

904 975

2.13

164

1.8

14.9

116

B58

111

1.29

10,6

365

B54 856

126 138

147 162

121 134

408 4.28

858

157

.83

150

516

8.21

114

128

883

8.01

888 887

132 143

149 161

B460 842

856 8.80

8.86

151

1.70

870

854

230 %30
132 148
142 159
122 144

125 154

230

15.9

171

15.2

16.0




Table 3. 7. 3

Flutter Characteristics for Plate—Like Structures.

Model m I Wy Wy w“/w? M W Vc.r/wa K
kgsec? /m? kgsec? rad/sec rad/sec {exp.}
73 .01631 11.69 17.80 1.2  .03951 3.24k1 3.603 .3kl
ChlbT3 .019k1 11.62  19.64  1.69 .03951 3.85T7 L.269 .365
PLATE LT3 .02h01 11.62  21.54 1.85 .03951 L.771 L.687 .361
Chh73 .03017 11.52  23.25 2.02  .03951 5.995 L.h26 .310
LLhT3 .035k40 11.52 24,08 2.09 .03951 7.035 L.681 .309
.Sh26 .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
DTTOH .Sh26 .02564 10.55 20.74 1.97 .03257 L4.200 L.638 .323
.5426 .03180 10.52  22.4h  2.13  .03257 5.209 5.213 .333
.5426 .03703 10.37 23.3%  2.25 .03257 6.066 5.323 .320
.5802 .01806 10.60 16.96 1.60  .030L&é 2.767 L.6F2 .382
ET70H .5802 02117 10.60 18.85 1.78  .030L6 " 3.243 5.326 ° .398
.5802 .02557 10.54  20.65 1.96  .03046 3.917 6.075 .h15
.5802 .03193 10.52 23.04 2.19 .03046 L.892 6.122 .380
.54ho .01718 10.5% 16.80 1.59 .03248 2.807 L.224 .360
5440 .02026 10.k7 18.59 1.78  .03248 3.310 L.879 .379
DT70T . 5k40 .02488 10.61  19.39 1.83 .03248 L.065 5.290 .379
.5Lko . 03105 10.54  23.62 2.2Lh  ,03248 5.073 5.606 .358
.5hkLo .03628 10.40 23.27 2.2%  .03248 5.928 5.690 .3LsS
.5802 .01822 10.66 16.85 1.59 .03046 2.971 L.901 .393
.5802 .02133 10.56 18.71 1.77 .03046 3.268 5.267 .393
ET700 .5802 .02593 10.60 20.75 1.86 .03046 3.973 5.613 .387
.5802 .03209 10.60 22.53 2.13  .03046 L.016 5.936 .369
.5802 .03732 10.60 23.15 2.17 .03046 5.718 6.208 .366
L4553 .01463 11.47  17.07  1.49  .03881 2.856 3.802 .373
Severn  .4553 L01TTL 11.55 18.93 1.64  .03881 3.458 L.116 .36L4
.4553 . 02233 11.47  20.87 1.82 .03881 L4.360 L.h71 .35%4
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Fig. 3.7.1 Analog Block Diagram for Flutter Simulationt -
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Fig. 3.7.2 Simulated Free Vibrations Deflectional and Torsional Modes
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Fig. 3.7.4 Convergent Oscillations in two terms coupling of Hy and Hs
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Fig. 3.7.5 Convergent Oscillations in two terms coupling of A, and H

~ 227 -



L C. 7=50volt.
=0, 3

e %10

Fig. 3.7.6 Divergent Oscillations due to Coupling
Aerodynamic Coefficients A; and Hs
(k=reduced frequency)
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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 aerocdynamic

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 Photéﬁ
Using such daté the unsteasy aerodynamic coefficients for a plate (9Lho x
200 X 2) and plate-like model (DITOH) are obtained as shown in Fig's A.1
and A.2, which yleld to the similar results as those obtained previocusly.
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 torsicnal deformations, namely A,¥* and
Hy ¥ To compare the case for plate with the case for DT70Hbthe coeffi-
cient Ap¥ is considered to be on different curves, while Hy* to be on
same .curve. It 1s irteresting to note that both coefficients are much

more smaller thap the Theodorsen's theory.

*Photos A.1, A.2, A.3; pp 39L - 395
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Photo 3.2 Six Components Balance
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3.3 Model (EP707 (F30) )

Photo

)

)

['ype
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Photo 3.



Photo 3.5 Model (RT—1)

Photo 3.6 Analog Computer (HITACHI AL S1000)
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CHAPTER L AERODYNAMIC RESPONSES OF STRUCTURES IN TRANSVERSELY
& CHORDWISELY FLUCTUATING GUSTS

4.1 INTRODUCTION

The aerodyneamic investigations on the long-spanned suspension bridge
are so far mainly concerned with the =zerodynamic instability due to the
fiutter 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 verying
nature of natural wind velocity possibly causes the fluctuations of
responses of such flexible structures as suspensicn bridges. The actual
structure is so reguired to be designed as sufficiently resistant to
variocus 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, Davenportl) since 1960. His statistical approach extends over
most of FTlexible structures such as tall masts, tall buildings and long-
spanned suspension bridges. After A. G. Davenport's investigations there
are numbers of papers presented by applying his method directly and some
by modifying it from various points of views?)’a)’“)’5) Fundamental
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 verying responses. In order tc investigate this
theme, therfore, the following problems are considered to be clarified:

(1) meteorological characteristics of natural winds

(2) fluidmechenical properties of fluctuating wind velocity

(3) unsteady aerodynamic forces due to fluctuating wind velocity

(4) statisticael effectiveness of aerodynamic forces on structures

(5) frequency response characteristics of structures

_253.—



(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 1ift and pitching moments acting
on & plate due to transversely fluctuating wind velocity are investigated
by Th. von Karman and W. R. Searss) who succeed in defining the so-called
Sears function by which fthe periodically fluctuating wind velocity is
easily tsken iﬁto an account for estimation of the corresponding aerody-
namic forces7). R. Isaacsa) investigates the 1ift force of airfoil due
to the chordwisely fluctuating wind wvelocity when the angle of attack
exists and the theory for this effect is more precisely estabilished by
J. H. Horlockg). 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 connectlon 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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L.2 STATISTICAL CONEEPTS IN ANALYSIS ON AERODYNAMTC PROBLEMS OF
SUSPENSION BRIDGES DUE TO A.G.DAVENPORT!®) © 16)
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

dV {1}

Puy::%-pcamqu)|Vu)]+cmm)p%; — (4-2-1)
where
P(t) = force per unit area for the object at time %
V{t) = velocity of the fluid at time t
o = fluid density
i) = diameter of object
i Ac = a reference area for the additional mass

CD(n) = coefficient of drag (assumed to be a function of the
fluctuation frequency n)

Cm(n) = coefficient of additional mass {including the equivalent
mass of the fluid and object itself -also assumed to be

a function of n)

In uniform flow, the average velocity in the reglon i1s 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

[EE

L (4-2-2)
Ryy _ ¢ L{n) 2
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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

b b DD _]z-x'] _ |z
C:[{{.{ e Lz(n) € ngn) dxdx' dzdz, (4.2.5)

Eq.{4.2.3) can be written as

2 -7¢
C(«f}z”f)z(?f—we ) (4-2-4)

where £=nD/ V (reduced frequency), Fig. 4.1 and Fig. L.2, if one takes

the scale of fluctuations L{n) as

L (=L, [n]:-—j- r and b=D
7 n

The characteristics can be described as follows:

1. For reduced freguencies less than 0.1 the velocity fluctuations with-
in the region of the flow likely to affect tﬁe pressures on the
structure are fairly uniform: thus the resistance in turbulent flow
at these reduced frequencies probably sapproaches that in uniform
fluctuating flow. ‘ o

2. Por reduced freguencies greater than 1, fluctuetions in the turbulent
flow have negligible effect in inducing pressures on structures.

3. For 0.1 <E<ithere 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 anelysis eq.(4.2.1) can be written as
1 = - .
P=_2. oV Cy + pCpYV DV, SN 27n ¢

- Col&y ¥ .
P CD‘ —£ gin 970

:F + 2
pO ¥
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where P = the mean pressure = (l/Q)QCD(O)VQD

The spectrum of the SP(n) is written as

sy (r)

Pz

S, nl= 4P |2, (m "

| 241" = Ci@) (Cpie1r Cplon)?

where C(€) = velocity correlation over the postuated region of influence,
eq.(h.2.4)
Sv(n) = spectrum of horizontal velocity at a point

Since, at the reduced frequencies for which CD(f)/CD(O) becomes signif-
icantly greater than unity, C(¢) diminishes rapidly to very small values,

it seems adequate to assume that

2,61 = €

3) Lift Forces

It is characteristic of most bridge decks that they will experience
a vertical force when the wind is ineclined 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 fto the wind, o is the angle between the

horizontal and the instantaneous wind velocity. Approximetaly,

R
I
<1 &

vwhere w = the vertical component of velocity.

For most bridge decks it is possible, over a limited range, to
represent the change in 1ift force with angle of attack by a straight
line, Suppose that the slope of this line, 1.e., the rate of change of
1ift force with o, is denoted by dZ/da, then the vertical force P is

given by
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i
a.\n.
falnN
it} o

vhere LR is an effective vertical velocity. The best assumption we can
make regerding We is that it is the average vertical velocity over some
hypothetical region of influence. The expression for the spectrum of

vertical 1ift force can be written as

dZ : Sypin 2
Sp("): (.d—;) Ve | ZA("H

where Sw(n) is the vertical velocity spectrum and

240 = ci)
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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 ur(x) be the natural frequencies and the corresponding mode

of the r-th degree, then the joint mode acceptances are given as
e _ 1 arpt . :
[T, 0] = e S PRy tm) 1 (%) g (') dx ds
r [} [

where Rxx'(n) is the cross correlation ceofficient of the form

_7lz=x'ln

RXX‘(;;): e ¥

and dynamic magnification factors ]xr(n)|2 are calculated as

1

(-G Y+ () ()

[ P =

where Gr is the total logarithmic damping decrements consisting of
aerodynamic and mechanical damping. ©5¢ the normelized variance of the

dynamically magnified mode components of the pressure,

S_(m
= [l [J,m] —L£— dn
P

The second moment of the pressure spectra is written as

5, (n)
oo z “p
jo‘ n2 |2 ()| |J, (m ] = dn

{0, P}
P:

which is required in calculating 'the responce factors", vT.

For the beam-like strectures, the root mean square shear and bending
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moment at the station x, OQ(X) and OM(X) can be written as

65(1)’—‘ 2 oiP qiiw)

oz

v )
Gl‘?!(x}: E o2 ] mi =}
re=
where g (x) and mr(x) are the shear force and bending moment at station
T

x due to unit r-th mode load distribution. Similarly, the second moments

of the shear and bending moment spectra are given by

et 2
fgel = 2 {om} o

o=

[og@} = 3 {a®) mze

When the distribution of statistical quantity is given as the Gausslan
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 (vTYTN/TF

where

S — 1
g (vTY =2l vT + — -
v 2log vT

is derived by A. G. Davenport, which is considered as the most signifi-
cant guantity in the analysis of structural responses in fluctuating

flows.
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4.3 ABERODYNAMIC FORCES INDUCED BY CHORDWISELY AND 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 1lift foree L and

the pitching moment M are expressed as
L=12upblU ve ¢*”" 5 (k')

(4-%-1)
M=rxphrU v, ¢'*" S (k')

when a plate is subjected to transverse periodic gust velocity of the

form
v (z, )= v, ef”“'%ﬂ (4:3.2)

where U : mean velocity

v fluctuating circular frequency

t time

X coordinate parameter

p : alr density

b half chord length

k' = vb/U : reduced frequency
and

- Jo (KK, (Pk'Y + iJy (K'Y Ky (i)
S (k') = -

Ko (i) + Ko (ikD (4-3.3)

)
Pk' (K, Cik') + Ky (k"))

in wﬁich J sand K signify the Bessel and the modified Bessel functions
n n

of n-th degree.

Experimental justification for Karman-Sears results 1s investigated

)
by A. M. Kuethe and W. R. Searst’

estimation satisfactorily accords with the experimental results.

and it is shown that the theoretical
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However, N. H. Kempla) shows the modified form of the Sears function as

K (k' ,

by introducing the fluctusting velocity profile such as

ax

§ —

v(x,;):vociw e U (v i)

The 1lift force for this case is given as

L=9npbl v, eVt K (", I
where = pb /U
and Kk, Dy ={Je01=iiR} € Ky +i— 1o

K ik
Ko (i)Y 4K, (i %)

C(k') =

(4-3-43

{(4-3-5)

in which the C(k' ) function is the well known Theodorsen function.

S0 it is easily shown that
K, ¥y= Sk

and ) i
, ik
Kk , 0y =cC (k" +?

which is considered as a form of extended Sesrs function.
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h.3.2 Aerodynamic Forces induced by Chordwise Periodic Gust Velocity

The aerodynamic forces due to horizontal periodic gust when an
airfoil receives angle of attack o are considered by R. Isasacs and
studied in more general way by J. H. Horlockg) on the basis of the
Karman-Sears theorys), explained briefly in 4.3.1. Let the fluctuation

of horizontal gust u be given by

w==uy (S pe COS k' %— COS v¢ SN &' x)

(4-3-4)
=g sin (pt — k' z)

h p— 2
where —
i

Then the 1ift force subjected to the horizontal gust as eq.(4.3.6) is
cbtained by J. H. Horlock of the form

Lu:2npruﬂolc£” T, (k') (4.%-7)

in which
To (K'y=Jo (K[ 1+ReC(KY} +J1 (K ImC(ED
(4-3.8)
+i(Jy (K'Y {2-ReC (k') } +Jo (EDNImC(E")
and o is the constant angle of attack,
Suppose that the wind velocity fluctuates transversely and chord-

wisely with the phase angle B, one can write

P (vt )

a= w, € v’ cosf
{(4-3-9)
N ei(y:-—-g-)siﬂﬂ
so that the resultant 1lift is expressed as
L,=2npblw, ¢ alcosB T, (k) +sin B S(k)} (4-3-10)
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When a plate receives the fluctuating wvelocity transversely and chord-
wisely as in eq.(4.3.9), the general form of the 1lift forces can be given
by eq.{k.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 whichprovide the fundamental concepts for analysis
of aerodynamic responses of bridge séctions 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, exrpluding the effect of drag force. In order to
investigate the effects of fluctusting 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 freguency. Using the Karman-Sears theory generalization of the
Horlock theory is illustrated as follows:

If & plate oscillates in certain specified manner and subjects to &
pericdically 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), yo(x,t) and Y, (x,t) be the
bound, the quasi-steady and the induced vorticities by the veroticity
in.the wake Y( £,t), respectively, for which x extends over the plate
snd & extends over from 1 to =,

)

Thus the 1lift force for a plate6 is expressed as

r )

a {w ]
1 8 ~ ! ol e %
_ - 7o (x,t) % dx4p df 4-3-11
me:{" urs(x)dx-i-pUJ; To(x,t)dx pal£ | 0 B _'/,‘ £z 1

where U is the mean velocity and u is the fluctuwating horizontal gust.
Let the relative angle of attack be ¢, then the transverse velocity

component of a plate due to the horizontal gust u can be given as

aTo (25 00 g (4:3.12)

D2 m(x-x)

which is the fundameﬁtal 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.(k4.3.11)
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 airfcil theory and the effect of vorticity in the wake is also
expressed in terms of the guasi-steady vorticity.
In order to solve eqg.(k.3.12) let us assume that
oo

¢ .
o= 2U{A,c0 _2-+ E Ad,simag}

ol

R
i

1 N
So'i'E(T]’!"}Dx) r
(4-3-13)

ooz unSjD(yl-—k'x)

== — (08 8

and substituting eqg's (h.3.13)19) into eq.(4.3.12}, then it is written
that

[= =]
U(-4de+ F 4,008 n)

nz=1

-

7@ . .
= s (P e 008 0){sn ¢ cos (k'cOS 0) + cos ve SIN(k'cos 0) !

Therefore indetermined coefficients An(n =0,.00... ) in eq. (L.3.13)

are now given as

-

A T .0 = , .
U[Tod0=uy (9| sy [cos (Koos0) d0+cos ye 7SN (K cos ) d )
g . . =
'ngg{gm vt [ 008 0 cos (k' c0S6) df+cosv: [cos g sin (K cos 6) d6 }
Yo

(4-3-14)

and
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U ™A 008" n0do=—u,( g+ g—){ siye ["eos 76 cos (k'cosd) do
[}

1

T .
+oosve [ 008 nf SR (k'cos 8) 4B }
2
Lo « : x
+ e {simve fTo0s 6 c0n nf cOS (k' C0SB) db
Qa

+ 008ve [To0s¢ cosnd SI (k'cosd) df ) (4:3.15)

By use of the formulas

SToos n8 cos (k'cos 6) d@:TfOOS'n—;E I, (k"

[}
‘[”oos a8 Sin (k'cos 6) 46 :zrsi]lfl—;— I, (k")

eq's (L4.3.14) and eq. (4.3.15) can be rewritten as

Uy 7 ] 5 4 ; 4
Au:—U—(tp+a—)1n(k)smw—T]% P Ja (k) 008 pe

2 . N
o+ {sin e cos 28 Iy (K +oosvisin T 1, (#))

Anp— — —
U

Uy . (’1—'——1)7[
-~ & (sin vt {cos —
" e foon L2

(n-1) @

Jopq ()4 cos Ja_q (6"}

(nt1) 7

+ cos i { sin 5

, . {(n-1) =
Jgq (K + 80—

Ty (K'Y ])

(4-3-16)

so one finds that

; é
7 : -
ro=2uo((@4r-) (SIwe Jo (K7) 06—

. ha ' “
- ?z‘c{ 2 sin uzcos_';_”;n (k') + 2co8 wsm—z—J,, (¥} sin ng )
1
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2u, . , 8
- i; ¢ (ecoswve Jy (K )mmz-
. (n+}m . (n—1y 7 L
- ? {QﬁnV‘(ms—:j;—‘JmH M)-+ms_£;ll“_&w1(k)
. +N) , . (n=)m , .
roomye (YT s PR y) Y sinee )

2
(43173

In determination of the 1lift force in eq. {(4.3.11) let us write each

term as fellows;

i, ::pf‘urslx} dx

-1

I, prftr‘, {(z , t) dx
-1

3 (4+3.18)
Is z—ﬂ‘a‘_[jfo (=, ) dx
T
VAL
then we have, according to the Karman-Sears' theory,
K - g¥
I,o=_1, o (ik )
Ko (ik"Y+K, (ik™)
50 that
L=1,4+1:C (k'Yy+1, (4-3.19)

!

where C{k') is the Theodorsen's function.

(1) The intergral Il

S8ince the bound vorticitylg) is given as
rs=wl=r, 8= 2 U?’M
sin 4
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by the Glauert's formula, we have

r . ' . :
Ii=20Uuo ¢ [ { sinve o (k'0080)+008 ve 8i0 (k'co86) } (14 0080) a6

(4-3%-20)
=:2W9Uuu?’{vatln(kﬁ4-m3uajl(k')}
(2) The integral 1,
The integral 12 is written by J. H. Horloeck as
I, = zeerz(A -;—Al )
2 a 2
so by use of eq's (4.3.16) for n = 0 and 1 we have
I, = QTEPU“o(ED+% Y { Jo (K'ysye—J (k) cos vt )
N 1 . , . R
-27-:9%93{—3(10 (K )=, (k" )8ID pe + T (k") 008 v} (4+3.21)
(3) The integral I3
Similarily we have
o T A,
In=2plU— { — { Ag+ —
3==20 Y { 2( o 2 )}
7 o @ Je (KD
=oxplu, [{(?-}--—U—)J: (k )_[7-2 —'-k,—}OOSw
¢ T AN A 1
+{f;12(" (7~ )—k,——}smw] (4-3-22)

Therefore the substitution of eq's (4.3.20), (b4.3.21) and (4.3.22) into
eq. (4.3.19) yields to
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L=pnpUu, ¢ {8 ve Jo (k') + cosvi ], (K)}
+onpUu, (¢+_Z_)N{sin,,; Jo (K)—cosve Ji(k' )} C (k)

Jo (K y=Jy (kD)

+onpu, ¢ | 8D YL 5 +oosve o (K'Y} C (KD

7 P Je (KD
+2mpUue ({(9+77) 1y (K= ———} cos v

+{§11 k= (G-73)

=orpUu, (@ {sinve Jo (k) (1+CCkD)+eosve T1 (K)(2 -C (k') )}

*

£ {8l un Ty (K CCR a8 e Ty (K (1-C (kD) ) }

o . . Jo (K'Y =T, (k") ,
+?j-{smw < 2" (1-C (E"roos ve Jo (k') C (K'Y )

7] szk')}ws )

us £ Y

7o (kDY
.;.[7;{__.‘{:'__}3]]1;;:] (4-%-23%)

Alternatively, when the horizontal gust velocity is given in complex form

ivir -2y
u {4-3-24)

=ty &

which imeginary part is equal to eq. (4.3.6), then eq. {4.3.23) can be
written as

[

.“ e * -
L=2rpUss e’ (Ty (KypuT, (8 2aT, (01 5L ne " A
0 {1: )qm-l(>y+z(kau+7‘s(k)m+7u ”"U“z]

(4-3-25)

where
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To (KY=To (KY{14+CON} + i)y (k)Y { 2-Ck'y )
Ti (KY=Jo (K CCRDY + i (D[ 1=C k) ) == 8 (k'3

1 :
T;(H):_g{JockW—fztk)}{1~6<v}}+if,(V)C(kw (4-3:261

e (KDY J (YT, (6D
TS(E):—L'_;—.——:—-L 4

1 o '
T, (ygzz————-——::ig{lork YTz (k']

Note that the function TO(k') defined in eq. (4.3.26) is exactly
same function of eqg. {(4.3.8) and furthermore in eq. (4.3.25) half lsngth
of chord being taken as the unit length, we have for the chord squsl to
Zb the following lift expression,

v o T N2 It I 5
L=2mpbUus e [To (RDQ+Ty (K) b Te (Kt Ts (R g+ T (K1) 227
(45%5:773

The vector diagrams for the functions defined in eq. (L4.3.26) are shown
in Fig's 4.3 ~ k.8 .

As for the functions to- characterize the sercdynamic megnificstiom
factors, it should be noted that the functions of Ty(k'), T,(k') and
Tgik‘} signify the frequency dependence of 1ift with respect fo forsional
deformation and those of T,(k') and ¥, (k') that with respect to flexural
deformation, wheve Tl(k’j ig identiesl with the Besrs' funcbion of eg-

{k.3.3).

il
[
{WN
[



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. L.9,

the gust pattern is expressed by Fourier Cosine series as

=] 4 y 1)m+1 (2’""1)7tx
- 5 - 008 ——————
A= e 2 b

Thus & complex form of periodic transverse gust velocity of rectangular

shape can be written as

(2m—1)}x®

{— )m-i-‘l O S
vi{x,ti== X 09—4—-—‘—-—1-”——8!(” 2 b ) (4-3+28)
m==1 T{Zm~1)
where v, oG amplitude of the gust velocity
Y : ecircular freguency of fluctuating gust
t 1 time

coordinate distance
quarter wave length
By use of eq. (4.3.4) one obtains the 1lift force and the pitching

moment for a plate of chord length 2b in the mean velocity U as follows,

e oo 4 (="
L=2mpbUv, e I R K, (&, 2.0
(4.3-29)
W e DA
M=0mpbtl v, ' m:1n—(2—;-_"_—1—)— Ky (K", )
where
xm=(2m2—1)rr k= %g
and
Kp (K 2,0 ={ Jo (X)) —il, (x,,,)}cck’ui-xi Ji ()
"’ (4:3-30)

Ky (B, Ry = {To (A0 = ids (2,0 }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 eg. (4.3.30),

- ¥

KL (k', 6y =C (k'Y + —-2—- ' KM:C(IC')‘
and
oo _ytd
T 4 v
m=1 T (2m-—1)

so that 1ift force and the pitching moment are reduced to

M 'k
L=2n0blUv, e’ {cm'n‘? }

M=rpbUv, 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 resultss)’7)

.

Case 2 Triangular Transverse Gust

For triangular transverse gust the corresponding expression for eq.
(4.3.28) is now given as
co 4v, . mAx mi

e (x, )= § - sin gin y: sin
m=—135 memt 26

An alternative form is written for the above expression as

. 2m—1
E(pte—
Vs, )= 3 -—ﬁ%—ﬂ}"'“e 26
m=123 (2m—1)"m*

z)
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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 theoryS) the

pitching moment is induced by the wake if one ignores the apparent mass
effect, while the 1ift 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

. co 4 (-mH1
L=2npbliv, ¢**' 3 ! K, (k', 1)
m=1 (2m—1)zm? "

.y (4:3.32)
: 4 (-1
M:R’pbzuu e“’t Dzo e e &'
’ m=1 (2m—{)2g? Ky K 40

and

— (2m—1)

i 5

Ky (82,0 ={Jo Ag) = iJys ) Ve k) + ;_;‘_ Ji (2,

m

Ky (1,20 = 1 -K, (&', 1)
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L.L  AERODYNAMIC RESPONSES OF STRUCTURES OF TWO-DEGREES OF FREEDOM IN
TWO DIMENSIONAL FLOWS

k. 4.3 Frequency Response Functions for Structures of Two Degrees

of Freedom in Two Dimensional Air Flows

In order to anzlyse the aerodynamic responses of suspension bridge
there appears a number of factors to be taken into an sccount, which,
generally speaking, form complicate mutuel 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,

" - - a L
1+20,@ 0 + Qn=H+H.0+Hp+ —
(4-4-1)

”r - . - M
O+ 20,0, P+ DRP=A 7 +A2 Q¢ + A @ + T

where I, and M are the periodic 1lift force and pericdic pitching moment.
By usual method for determination of frequency response function

the Fourier transform is applied for the system given by eq. (L.L.1)

" . . . )
7 +2(,0, 7 + ©} n=Hj+H @ +H 0+ ()

(4+4+1)

ar a . . o
@+ 20,0, 0 + Zp=A 7+ P+ A9+ (5)
where 8§ signifies the Dirac's Delta Function.

Thus the frequency response function for eq. (4.L.1') can be written

8s

H{w) = . (4-4-2)

where
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Wi —wt A+ (2{ @ —d)w

H (o) =
? Dp+idy
Hy+ iwH,
H (o) = E—
DR'*"DI
iwA,
6,0 = ————
DR—i— IDI
wg-—m2+£{25qmn -H, ) @
8, fo) = ‘
DR+ i,

and
Dp = (02 @) (W~ @ = A3) — 02 (20, @ —H) (2{q @z ~42) +02 4, H,

= (wg]_mz)(.?(awa_Az) @ -+ (mé _‘(‘)2—‘43)(2{:77&)7;“11‘) ®+wAd, H,

in which the aerodynamic coefficients Hi,Ai (i = 1,2,3) are assumed real

functions of reduced frequency bw/ U.

For example the sercodynamic coefficients for a plate are given as

wpblU zob2lU

H =~ ' _
: —— [ Ch] 4= ——— |C|
TphzU rob2U
By = ———{1+|Cn)| } Ay = — {1-1cw] } (4-4-1")
21
2mpbl? ntobrle
Hy = - —— [ €k As:z-—-—7-— | Clhy |
b
k =
U

It will be convenient to characterise the frequency response function
H(w), given by eq. (4.4.2), in terms of the gain factor and the phase

factor as follows:

[H”(w]! cla’l’l [Ha{cu)l eiﬂm
Hiw) = ‘o ) (4-4-3)
]9,,(60]1 e 97 16, (0] ¢ 9aa
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s¢ that

ol ] ]
Gain Factor =
16, |8, §
(4+4.4)
- Oya
Phase Factor = ‘
0(11] 0aa /

for which

1
IH,,(m\l:H(wé—w?—Aa)DR-HQCG a-—Az)ij}a.g-{m(Q(mma,_Az)DR_(mé_wz_A:)DI}z/(Dk +D?‘;)2] 2
1
\Hytol| = (B, Dg+ 0B, D'+ (Hy D-wHoDg)'/ (D3 4 D2} 2
1
18,0l = @4, / (Dg +D3) 2
1
16,001} = [{ (02— Dy +(2¢, @, ~H)D; ' +{@ (20, ©,~H) Dg~ (0% —w) D ¥/ (bz4p2y) T

o (20,0 A 0D (@0t -4 Dy

b (wé—wz_Aglhq-gz(awﬂ_AngI
H=Df —~wH, Dy Dy
tan 6‘7]‘1 = tan g‘”?:"_f)_
Hgbk_ymH,DI /i
w(2f w ~H) Dy — (w2 02) D
tan 6, = LA Al S ! (4-4-5)
(w;_mz)Dﬂ.{_ (Zcﬁw,‘,"Hl)me

Using the fregquency functions the aerodynamic responses are obtalned

as in the following sections.

..2"(’{_.



4.4.2 Aerodynamic responses due to periodic Transverse gust

Case 1 Sinusoidal Transverse Gust

When a structure subjects to the sinusoidal transverse gust the

aerodynamic forces are given by eq.(h4.3.1) and the fundamental equations

yield to

I . rpb v i ]
B420,0, 0+ g =g 4 gt Hp— 200 Yoy e TSR
m

o

bed . . . ok ipt s
§9+2Cawa¢+a)é§0=,4,77+A2§0+A3go+ 'OI Uy e‘ S (kN

where k' = vb/U and U is the mean velocity, while m and I indicate the
mass and the inertia moment of unit length. Let Yeth and ?elvt be

the responses for the above eguations, one obtains that

4 2w pb ,
fwr—vitiv (20,0, -H)} Y~ (Hot ivHy ) T=— Uve S(k)
' npb? .
A vY - v o Ayviv (20 0 —4y) |} T= Uvo S (k"
—_ apb
Y @F—vit iy (20, @ —H)) —(H,+ivH,) T(.z2ze Uve S(E")
m
‘ .
i —Ayp WLy Ay biy (20 W, ~A)) 7 Uva Sk
namely
xph , Tpbt
Y 2 Uvy, SCEY H_ (4 L Uwvy, SCEY H (1)
m 7 “
(4-4-6)
2T ph Tpb?

Uvy, SCk"Y P00+

Yo Uvy, S(k"Y 6,40

and
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2npb 2ph pr
vz =(( Y1 H,ml -2 —)( YH, | [Hy (4] cos (0,,—0,,) <
b
4-(”; 2)2 |H 1 |" ) U2 ve? 52 (k")
P (4-4-7)
2rxpb 2 2rph Tpb?
e = ( (—)'lg,0 12_2( Y7 18, w118, cos (6,8,
o

3
+ (an Y 8,1 ) U vor 52 (k')

in which 8%(k') 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 zonsidered here by the follow-

ing functions.

~ b b2 b2 2

y:(p).—_(zw ¥ U0l -2 (222 CE2) 00 1 H il s €0, -0, )T(”p ¥ |1, 0]

s 1) 7::,0!’:2

RV ES (Zw ¥ 18,( );_2(27&9 )( )gs (14| [6,v}|cos (8, — aa”(—,)zlea(”‘lz
Case 2 Rectangular Transverse Gust

In this case the 1ift force and the pitching moment are given by

eq. (4.3.29) as follows

1

ive w4 (=17
L=9onpblUv, ¢ m_{1 B KL“‘” Am)

— om(2m-1)

+1

iy °oe 4 (__1)m

M=npbt Uvy e'"" W T Ky (k') )

T m(P2m-1)

where

’

Ky (k' amy = { Jo (Am)= iy (Am)} CCRYFigm Ty (Am)

Ky (K, am) = {Jo (Am)—il, (dm)} C (KD
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and Am::_EZIL:l)_x , kK = pb U

2

Therefore the responses can be expressed by aid of eq. (L.L.8) as

= oo 41 ""7 ;o2 4 (=" . .
Y=V ({ 5§ ———— K g (¢, ) —————— K, (K, Im) | JU2 vy
(.2, o Kir Pl 2, r amoy KLI Fivew,
e o 4(p "t e 2 4"t
Yz = ¥y S ——— Kyp (K, im) —— Ky (K, Am) } ) Uz g2
A2 T (gm-1) MR KRR Ve Ry 30
(4-4-9)
in which
Kip=RekK; , Ky; = Im K,
(4-4-10)
KIHR: Re K,'.I 3 KM’ = Im KM
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 eg. (4.3.31),

as follows,

v e 4 (="t . ee 4™
Yz :Yz(p] y 2y ', 2 , .
[{ m=1 7 (Ym—1p KLR (k Xm)}+{m£1-—————-—-—-ﬁ2 Com 17 KLI (K, ;{m)} ]Uz R
_7 ° AE=p"T! N
Wz =2 v ' z , 2
W m-£-1 nZ (P m—1p KMR“"R"‘)}*{mﬁlm Ky (K, 2m)} Y02 02
for which C4ede11)
KLR(!"; Am) = Jy (dmYF (RS = Jo (Am) G(E'Y —m o J1 (Am)

Am

Ky (K, dm) = J, (Am)YF (K'Y 47, (Am) G(K)
Kyp (K, Am) = 1=Kz
Bppg (85 Am) = Ky,

Cek Y= F(EY+ iC (kD
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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 1 Constant angle of attack,

Suppose that a structure recelves the constant angle of attack «
the induced 1ift force and pitching moment are given by J. H. Horlock as
expressed by eq. (4.3.7),

L=2ompbUvoce " T, (k)

(4.4+12)
M=rpb2Uvsae 'l T, (k"

Substituting them into eg. (4.4.1) the responses are easily found as

Yz :-}72 7ot (E'y Uz ug? g2

(4-4-13)
e 2@‘.2 Tez (kY Uz yy2 g

in which

Ko (K

K,
Ko (ikVEK, (iK'

' z
}—J' (k)lm(K0+Kl)]

T (k= (JockN{2-R

-

K z
N f (kY ——
K0+x,} ’ Kﬁfix]

+ (Jo (kY {1+ Re
Case 2 When structure oscillates periodically with the frequency'wo
deflectionally or torsionally

When structures oscillates pericdically in such way as

fagl

7 =1 €

1
v
o
faec]
£



and also subjects to the horizontal periodic gust

iv(t-—-%,—)
= g, e

the induced 1lift force and pitching moment are given by eq. (L.3.27) as

by

L:zzﬁpng[iT,{y}Tr—T‘(kﬁ(%%)ﬁ mef(wr%wa

M=npblu, (iT, u:')(%%)—ﬂ (k’)(f’-g’-“)z]me"(%**’” t
Let Tn(k‘,ko)b?

T, (K, k)= Ty R iT =T D k=T (KD B (4-4-14)
where

ko_['—{? , k= i;-

Ty (Ky=1Jo (KYCCEY+ ity (R {1-C(k}
¥ 1 L ¥
T, (k):-E{Jo (k'Y + 1, (KD}

then responses corresponding to eq's (4.4.1) can be obtained as

Y2 = Y2 (wg+v) Ut ug !Tzzrk' » kol !2('10_)2
(4-4-151)

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 horizontel gust when structure

vibrates torsionslly in such way as

- 282 -



fagt

P = Pe

are obtained as following. By eq. (L.3.27) the aerodynamic forces are

_ i(wyt+p) ¢
L=2npbUuee ' *° (To(F)+ikoTz(U)-k’T,(k5] 2,
]

def £ {
::Qﬁpr“nel(wo+V)t To (k' ko ) @,

_Mzzwp62Uuoe‘(w°+y)‘ T¢(k', ko ) @,

S0 We have

YE=YE (ot ) Uru? | Ty (K, ko) |* @2

(4-4-14)
V2=¥2 (0,+ )2 [Ty (F, ko) |? ot
where
Ty (k' ko)== Ty (K ) +ikyT, (k')-koz Ts (k")
To (K= Jo (B [ 14+CED} + idy (60 2 -Ck)
(4-4+-17)

T, (F)= ~—12- {Jo (M= T (Y} {1-cka}=idy (RCCR

: r I
T, (K= — Z—{J,(k)+],(k)}

It is interesting to note that there is a significant difference ebout
the response characteristics between the horizontal and the vertical
gusts; that is, the frequency response functions depend on the sum of
the specified frequency 0 and the gust frequency v for the former case,
while the frequency response functions merely vary with the gust fre-
guency 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 L4.S5.

Case 3 When structure subjects to flexure-torsion 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

wgt

- i — ‘-(“’l""r")
=7 e P=@qse ™ ¢ (4-4-18)

where N, ’éo are the deflectional and the torsional amplitudes and wo,
wo are the flutter fregquency and phase difference, respectively.

Substituting eq. (4.4.18) into eq. (L4.3.7) the 1lift force is ex-

pressed as
Lm?:r:pruo [T¢(k', ko) q}ne—‘4’0 +T”{k’, ko)?]ei(wu+lf)f (4.4.1?)

when the horizontal gust is given by

. z
[ R,
u::uoeLy( U)

Thus the responses due to fluctuating horizontal gust are obtained

similarily as

Y2 :?z (wo+v)Uz uuz “ Tgp(k', ko) l2%2+2‘T? (k" ko)l IT,? O kg)lGOSllfo'?’o' (7_};_)
T, ko ()" S

V=Y (wo4) U2 (| 1"97 ', kﬂ)1=¢oz+glr?, (k' ko) | 17*,] (&, ko)gms%.%.(’fbi)

s 2 Moz
+ T, (K, ko | (_bi’) ]

{(4-4.20)
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As considered in the previous chapter, the phase difference wo
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 wo can be replaced by unity for most types of actual
suspension bridges.
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. h.h Aerodynamic responses due to periodic transverse and chord-
wise gusfs
When horizontal and vertical components of fluctuating gusts are
given as

u_—_wcosﬁ v:wSi]lﬂ (4-4.21)

where B indicates. the phase angle between u and v, then one obtains

o

— ive f . . . )
Le=—ompblUw,e'” [{Tﬂ(k ) k,,)T.FT?(k, ko)%e—‘%} e“"“‘msﬂ+5(k')sm,9]

(4-4-22)

for whidhyﬁwrogivt and no,tbo are the responsiye amplitudes in deflec~
tional and torsicnal modes of specified vibrations and wo, W (ko=wob/U)
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 eq. (4.4.6) and eq.
(4.4.15) the responses subjected to the fluctuating gust given by egq.

(4. 4.21) are also written as

7npb rpbt
va1+

n={- H 0} (S0 sing) Uwee ™!

m

oxph 7 pbz 7 L .
+{- —— H, (@ohv)+ ——Hy (05+) }( qu-i/['q,?’oe N g e (PotVY
and 24+ 4-23)
orpb Tob? R .
p={- 8,,(vl+——1-~8a(v)}(3(k’)smﬂ)Uwuew'

’”

wpbe . .
81; (0)0+V)+_I—8a(mo+v7}( T,]-?-k?’q,%e—’% )Uwoe E(@y+p) e

For the case that a structure receives only constant angle of attack

eq. (4.4:.23) are greatly simplified as
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2npb o bt
H i+ P

7]2{— 7 I Hatv}}{S(k')sinﬁ-;-gogro (k‘)COS}g}anciy‘

(4-4-24)
IrRpb

)

o={-

T pb? p . ;
%hd+——7~{gwﬂ{S(k)mnﬁ+¢nTo(kwmsﬁ}uwoe‘”

where S(k!') and To(k') are the functions defined by W. Sears and J. H.
Horlock, respectively. Eq. (4.4.2h4) implies the faet that both of the
frequency response functions and the aerodynamic magnification factors
are uniquely determined by the frequency v, while eq. (4.L.23) implies
that the aerodynamic magnification factors are determined by the frequem
cy V but the frequency response functions are associated with the swum of
the frequencies of W, and M. It is considered that the horizontal gusts
effect on the structure at the fluttering state, for example, in rather
complicate way and the oversall responses depend. on their combination so
that there is no aefinite amplitude of wvibration and it will be =z time

varying and distorted form.
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4.5 STABILIZING AND DESTABILIZING EFFECTS OF FLUCTUATING GUSTS

L.5.1 General Remarks
In the previous chapter the aerodynamic stability of suspension

bridges 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 aerodypamic 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 gélloping appears for aercelastically unstable sections
such as H—éections and near right rectanguiar cross sections, which is
due to the non-linear characteriétics of liftecoefficient curves. For
the stall flubter, there appears no well-established theoretical base
but it can be due to non-linesr hystresis of aerodynamic forces and
responses. In this investigations we restrict ourselves to the problems
of linesar aserodynamic 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 imporbance 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.,

rr - . - L
7+ 2(.{,9)1?7]+&)5]1]:111:7+h’2gD-t—H;,(p»}--;
" . 4 . M
P+ 20,29 +wip= xn+Azgo+Aa¢+T

where the aerodynemic coefficients are given as eq's (L.h.1")

Suppose that L and M is periodie with freguencey 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));
By = 20,0, + 2{,0, - =4, > 0
By = mg_,{x.;.m%.;. (ZCWMW—HI) (2 Cawa—Az)-/th > 0
By = (0 —4y) (20,0, ~H)+ 02 (2{,0, ~4) -4 H, > 0
B, ZGJ;‘; (wi—A43) > 0

R = B',\BZBl - 33280'812 > 0

Tt 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 (L.4.1), so if

=7, e ¥, o=, ¢~
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are assumed then non trivial solutions are obtained when
,124-(2(”&)”—}1;)), "T‘CU; —~ (A H;+Hy)

-4, A 124-(2(ama—Az)x+.(&% —A3)

The serodynemic coefficients of eg's (4.4.1") are rewritten of the form

of

mpb: | CkIl _mpb |Cm]

T k T K
okt 14| C(k) b4 -

Hy = 22 ”"k Lo 4, = oY 1-lC)]
" 21 k
oxpbt {C{k) Zpbs | C(k

b, — “5 : PLLLNCICI I
m 1 k

One method to determine the flutter freguency 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 determinent. This
ig one of the typical method to analyze the torsion-bending flutter
state. Once the reduced frequency k' = vb/U is uniquely determined,
then substitution of k' into eq's (4.4.1") yields to aerodynamic coef-
ficients of function of memn velocity U. Thus the Routh criteria pro-
vides the critical wind wvelocity beyond which the systems becomes unsta-
ble. Since the Theodorsen function indicates physically the reduction
of aercdynemic 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 1ift reduction and consequeqtly

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' = o (which

corresponds to initiation of flutter) by the following conditions.
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2npb
vV

m

By =200, +2( 0, +

B,

2rpb b2
Dat @+ 40,00, + —— (2{ @)V + m} (2rrp62_1 Yz g

B, = w} (2(77&),))+O);(2(ama)+ 2re? @y g
m

mpb?
I

By = w}";( wé—

R = B, BzBl—Bsz Bo—Blz;- 0 (4-5-25)

It is easily known that By, Ba, By, By *tazke secondary role and the

critical condition is R = 0 for usual case.

From consideérations in 4.l the possibility that the forcing excita-
tion is below the {lutter freguency occurs only by the transverse gust,
so that the destabilizing effect is considered due to the vertical com-
ponent of the fluctusting wind velocity. Approximate method of deter—
mine the flutter welocity in 3.8 gives the destabilized critical wind

velocity of lower bound roughly as

| C (ki
U, = 3
( y= )” cr lc(oll

=0826 U, (4-5+24)

if ﬁhe critical reduced frequency is taken as 0.2, which means sbout

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 agrodynamic stability of a structure
can be defined in exactly same way for the case that the excitation
frequency is higher than the flutiter freguency in uniform air stream
by the Routh criteria. Since the 1lift reduction tends to increase when
the freguency becomes larger the aerodynamic frequency characteristics

become smaller effect up to ]C(k)}k=m=l/2.

If a plate is considered, the ultimate values for aerodynamic coeffi-

cients are

‘mpb 2
Hy=— 227y gy = PP
m vai
Teb? ha
Hy = ~ E L 14 Ay = ~— e
2 m : ‘41
ﬁ.’ [ b2
Hy = . P Ve Aa:z‘cp ¥
m 2 I

for which the critical conditions are given as

i npb T pb*
B;—ZCawa-x—z{vwﬂ.;-(—-m + Vi R4

(%
o

Be= w2 +ap +4¢Law0, + { (20,0 ( nf,ba )+ (20 @) (n:b R4
N TP b2 (ﬂibz- _;_>V2£; g

B, = (20,0, 0% + (Z(C,ma)w§+n—m‘m wz V- ngt;z (e V= g

Bo= oy (0= 220y 2 g

R = BS B, B‘l - Bsz B, - B2
1

)
o

(4-5-27)
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An approximate method as used in the previous paragraph gives the
result that, if the critiecal reduced frequency is taken as 0.2, the upper

bound (k = =) for critical wind velocity U is approximately

CD’CI'
Vvmoo = U z/|Cl0]
| Cbdl]
=132V, (4-5:28)
When k is small enough to be zero y then we hgve , approximately |,

3
Uv:oc = Ucr 4 =16 Uf:r

Let us consider now the stabilizing effect on torsion-bending
flutter due to fiuctuating wind velocity. When transversely or chord-
wisely flutectuating gusts act on a plate, the fundamental equations are
assoclated with the excitated frequency. For horizontal gust the aéro-
dynamic responses have always the higher frequenties than the fluttcr
frequency Wy and also there is a possibility that the transverse gust
has the higher frequencies than the flutter freguency, so that it is
considered to act on thesafety side, namely the stabilizing effect on

the torsion-bending flutter.
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b6 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 gquantity x(t) defined in

duration T can be expressed in the form of the Fourier series as

z{ti=a, + °§ (a, 008 nw, ¢+ b, SIN nwyt) (4-6-1)

n=—1

where mo = 2n/T. Thus the mean squared value for x(t) is given by

1 T2 1 oo ]
2lp o 2 dt = z — z z b
x 2z T [T/z X2ty dt e + 2n£1 (a2 4 62) (4+4+2)

Instead of eq. (4.6.1) one has alternatively

2 ()= T ¢ g FP@nt
prm—os (4:4.3)
for wp/ich
oo
o H
’ztli_nf_mw"l (degea)

Let the quantity be responsive for continuous spectrum and let F(w)

be the Fourier Transform of x(t), then we have

an

x(t}:zn

j,‘: Fbe ' a0 ,  Fll= [ 2()e™ "% as (4+6+5)

-0

S znde = 2 |F do

—_— o0

by the Parseval theorem.

As well known the power spectral density function S{w) and the

auto-correlation function R(T) are defined as

_ggh_



de f ‘
z2(t) = 2{“‘5(@) dw (4-6-6)

gnd .

Rty = =z{thx(¢t+71) / =) {(4-6-71)

for which the super bar is to teke the average with respect to time,
By the Winer-Khinchine's relation the power spectral density function
and the autocorrelation function are mutually related as follows;

Swi= 2/ Rit)cos wrdz

(3
(4+6-8)

Ritl=

|-

S Swics vt dow
]
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4.6.2 Spectral Analysis of Aerodynamic Responses due to Fluctuating

Gusts
For the system given by eg's (4.k4.1) the frequency response function

is shown as eq's (L.4.3). Suppose that SY and Sx are the power spectral

density function (PSD) as

N S
Sw Sn?’ LL LM
S - Sx“—M' (4'6"9)
4 s S 5
Sva o9 ML AM
o)

then we ha.ve2

Sy = He -+ 5, - H*W) (4+6-10)
where /H¥(w) is the conjugate transpose of /MH(w) and SLL’ SMM are the
power spectral density functions of 1ift and pitching moment and Snn and

5] gre the power spectral density functions of deflectional and torsion-

al deformations respectively. BEq (4.6.10) yields, thus, to

2
Syp = “jvl Sppt QIH;]

2
H,| 008 (0,0, S+ |H, [ Sy

(4.6-11)
2 3
S?‘P-: 59731 SLL+2;91; Heai o8 (ﬂaa'gan) Spr + 18a r SMM

When the transverse and horizontal gusts v and u act on a plate like
structure which recelves a constant angle of attack, power and cross

spectrel density functions for 1ift and pitching moment are written as

following,
5= G2 5 (205,425 () To(220) S0y T2 (55 S} ]
Su= 2 Y (5 ()5, + 25T (50 5,0+ T2 (50 S0 L
PR (2;1:1»0) (7:.0;52{]){52 (_“;_b) S,,,,+25(£§—)7‘n (—w—;)sw +T§(%) Syl )

(4+6-12)
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where

S

u(e) = 2 f°° Sy, dw
L]

u{z}v(t):g{m S,y @ do L (4-6-13)

v i=2 (% S,, ) do
0

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.(L4.6.11), (4.6.12) and (L4.6.13) the variances of re-

sponses are found as

v o
a2 —2_0[' S, 0 do

(4:.6-14)

— oo
09;?—2[ Sw{m) dw

Applying A. G. Davenport's considerations for eq's (4.6.14) the response

factor v is obtained as

o0
b[' @z 5, (o) dO

y.=2r
? \/ (7S, de

@l

(4:-6-158)
so that the gust :f'ac:‘c.ors—‘.l ) for duration T are rewritten as
1
(vy= « 2log v, T +
b 7 Vv o 2)og v, T
(446-16)

1

Ty = log v,7 + 77— — -
sp (vT1 =V 2log T + TR T
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When one considers only the transverse gust the expressions for power
spectral density functions are so simplified in eq's (4.6.11) and (L.6.
12) to

~ bw
Sy9= Y@ U2 S () Sy,

> bw
Sgﬂ?’: YUz § (—(-]'—') va

with no effect of cross-spectrum of transverse and chordwise gust by use
of eq'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 (L4.3.25) 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, the aerodynamic admittance such és Bears 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 fluctuating gusts

to be evaluated in the form of vi) o d T .
b gn( )man %(v)qw
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4.6.3 Spectral Characteristics of Gusts
As considered in 4.6.2 the aerodynamic responses are directly re-
sponsive for the spectral characteristics of gusts. There are a number
of investigations about statistical and probabilistic characteristics of
atmospheric turbulence. As for the horizontal gustivess A. G. Davenport

proposes an expression for the spectral densityl) as

Sun(n} x2
= 2K D (4-6+17)
u: SR TR
n
where zp = 1,200 T (1 ./ m)

K. = the drag coefficient for the surface (refer—
red to the mean velocity at standard refer-
ence height, 10m)

Eq. (k.6.17) is comparatively satisfactory expression in comparison with
observations of horizontal components of natural winds.
The spectrum expression for verticael gustiness is proposed by Panofsky

and MeCorwickl) as

= 3K, ——— (4+6-18)
HE (+4 )

1 SW(“‘]’ fz,

where fr = nz/U and U is the mean velocity at the height %Z. The
fundamental difference between eq. (L4.6.17) and (4.6.18) is the fact
that the former depends merely on the frequency and the mean wvelocity 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. (L4.6.17). 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)
Recently M. Shiotani21) reports the observation results of stormy

winds at Tokushime in the Shikoku Island, Japan. It indicates that the
results satisfactorily coincide with the previéus investigations as eq's
(4.6.17) and (L.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
Riry= e 7o (4:6-19)

then the scale of turbulence Lx can be obtained by the Taylor's hypothe-
. 22)
518

as follows

L,=U/f% Rtidt =Ur, (4.6+20)
d .

The associate powers spectral density is now written as

1
Sni= za*

=10 (4-6-21)

27%n

(1) + (Bny

where U is the mean velocity and 6% is the variance. The peak value for

S{n) occurs in eq. (4.6.21) at

(

ST
E]
[:]
]

) =]
2rl, (4.6.22)

The observed results give Lx = 100 v 200m so that the average duration
of wind action can be 2.5 v 5 sec for the mean velocity WOm/sec at the
site of structures.

Similarly an alternative method is to assume
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—alr]

then Riri= ¢ OB 27 ne T
' Sy 1 1
R ;:25{: , - e -
gz azﬁ-4nz(n4qu)2 at+ 4wt (n—ny)?

which form can bé-useful in practical application.
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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 £.50m windward from the model

(mountings of models and grids are shown in Photo k.1, k.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-60/28, IV type).

* Grids

Grids are so set as shown in Photob4.3, 4.4, 4.5 and their demensions and

configurations are given in Table k.3,

b Expérimental Results

Deformation and fluctuating velocity data are digitalized by the
A~D converter and the 2500 values are used in calecwlations which are
sampled at the sampling freguency 400 cps. Using the Blackman and
Tukey's Methodzs)the autocorrelation funetions are obtained as shown in
Fig's 4.11, k.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 funetions
obtained for horizontal gust the peak values of the power spectrum are

considered somewhere between 2 and U4 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 L.1Lh ~ 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
end similar characteristics seem to be expected for both types of models
as the wind velocity increases; namely the speciral 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 veloeity. Experimentsl results
are shown in Table 4.3, which indicate that the critical wind velocity
tends to increase in the turbulent flow for piate and truss-girder
models, while it seems to decrease for the plate-girder model. This
means that the fluctuating gusts work as the stabillizing effect for the
plate and truss-girder models as long as this experiment is concerned.
Similar flutter test is performed in uniform and turbulent flow using
the models as shown in Fig. 4.23 for which the amplitudes-reduced
velécity relations are given in Fig's L4.2L4, 4.25. Again the same tend-
ency of stabilizing and destabilizing effect due to fluctuating winds is
cbtained using the grid size of 300x250.

It is unfortunate that we have only Llhe 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 serodynamic responses of structures in turbulent
filows. 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. DavenportZH)) for the model tests of the
Golden Gate Bridge. However, caution must be placed on the destabilizing
.characteristics as mentioned in Lk.5.2 which is also considered closely

related with initiation mechanisms of flutter phenomena. It is required thus
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to have more thorougﬁful analysis in theoretical and experimental works -
of the effects dué to fluctuating gusts on the serodynamic reliability

of suspension 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 placed on the plate-like structures 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 statisticsl 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 cheracteristics -~ power spectral density function of
fluctuating gusts and the mean velocity
2) dynamic characteristics - mechanical and aerodynamic magnifica-
tion factors
3) statistical considerations on extreme values - gust factors or
response factor and duration
As illustrated in L.2 A. G. Davenport contributes to large extent for
clarification on fluid characteristics and statistical evaluation of
responses by applying the extreme value theory; on the other hand =
modification or the improvement for dynamic characteristics seems to be
reasonable by this investigations. Frequency response functions used
by Davenport is the one by teking 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
of 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 1ift is inevi-
tably responsible for simultaneous action of pitching moment, and the
corresponding freguency response functions are therefore reguired 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 fregquency which should be modified by the
aerodynamic magnification factors introduced by W. R. Sears, and J. EH.
Horlock, depending on the configurations and the components of gusts when
the plate-like structures are anaiyzed.

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 preblem for the plate-like structures. As
shown in previous paragraphs the horizontal component of gust may act as
stabilizing effect while the wvertical component as destabllizing effect,
which indicates to some extent the explanation for the obtained results
of G. Vincent and of ocurs. In other words the turbulent flows in the
wind tunnel should be examined to have comparative amount of tansverse
gustiness; otherwise the stabllized responses are noted and the destabi-
lizing effect 1s 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 alsc that of chordwise gustiness as well as the co-
spectrum should be specified as eq's (4.6.12), and the aerodynemic magni-
fication factors ccnsist of the Sears function and the extended Horlock
functions as defined in eq. (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-dimensionsl effects and

to establish the similarity law of natural winds.
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- QTE -

Kk’ T, (=38 (&) T, (k") T, (&) T, (k)
0 10000 0 5000
D.1 8213 —.1635¢ L0837 +.1232i 01251 4994
0.2 7016 —.15%6¢ A342 4.1564 02491 4975
0.3 5235 —. 1256 61,9 40173014 03721 4944
0.4 5679 —.0850¢ 1764 +.18541 0493 .490,1
0.5 5746 —.044,0¢ 1825 +.19731 L6121 .484,5
0.6 .4884 - .004,0¢ L1829 +.2090¢ 0728 L4778
0.8 4240 +.0659¢ 71,8 +.232,2i 09481 L4610
1.0 3686 +.1259¢ 1498 +.2534 i 1491 L4400
1.2 L3120 +.1753¢ 4203 +.274,7i 132814 4152
1.5 L2256 +.2296¢ 0670 +.2900¢ 15471 .372.0
20 .081,4 +.268,0i ~.031,4 +.2856i 7640 .2884
3.0 ~.1452 +.1778i -.184,2 +.15%97i L6201 L1130
4.0 -.1980 -.020,7¢ ~.1889 —.0383 .091,0¢ -.0165
6.0 0813 —.141,0¢ +.0980 ~.13441 .0405¢ ~.044,1
10.0 ~.1240 +.0025¢ ~.1250 +.020,0¢ 02551 .004,3
oo 0 0 0
Table 4.1 Aerodynamic Magnification Factors




Table 4-2 Vibratienal Characteristics
Plate Trussed Girder Plate-Girder

(DT 70 8) (DP70H)

mass per unit length m 0245 0361 0384
{gsect cm™2})

ineriioc moment per unif 0.0085 00113 0.0118
length,] (kg sec?)
deflectional naturgl 950 8464 881
fregquency (rad/sec) (1.51¢ps) (1375cps) (1.402¢ps)
torsional naturael 1254 1218 12.78
frequency (rad/sec) (200¢cps) (1.93%9cps) (2034cps)
logarithmic decrement 024 .025 .038
in defl.vibration
logarithmic decrement 032 .020 .031
in tor, vibration
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Table 4-+5

Grid Type Grid Size (ctc) Open Area OPening Ratio
A 400 X 350 340 X 320 777 %
B 200 X 350 140 X 320 44.0
c 200 X 100 140 X 70 49.0
Intensity of Turbulence
Mean Wind m/sec
Grid Type NJelocity 200 419 7.41 9.40
L0583 047 044 043
052 .044 .040 L0041
¢ .033 .030 .027 .028
Scale of Average Vorticity im
Mean Wind m/sec
Grid TypeNJelocity 200 419 7.41 9.40
A .058 122 .103
118 .190 173 .108
¢ .084 061 .039 071
Criticel Wind Veloaitj (m/sec)
Maodel Type
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Fig. 4.25 Response-Reduced Velocitv Ralation
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APPENDIX  NUMERICAL ILLUSTRATICNS AND SUPPLEMENTARY REMARKS

In chapter 4 a fundamental consideration on aerodynamic behaviours
of plate like structures for fluctuabting gusts is gi%en 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 Aercdynamic Forces
Generally the aerodynamic responses of two degrees of freedom structures

are written as

S, =T U] Swi’s,,
(B. 1)

Spp)=T2 @ Uz| S1]*5,,

in which

S’M’ : S‘P‘P

Y2 (), T2 ()

[}

power spectra of deflectional and torsional responses

It

aerodynamic frequency response functions of deflectional and

torsional oscillations

S (k) = aerodynamic magnification factor or Sear’'s function
$,, = power spectral density function of transverse gust
U = mean wind velocity
k = bwsU = reduced freguency

For numerical calculations of eq. (B.1l) it is convenient to divide
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into two parts, namely the spectral density function of aerodynamic forces
and the aerodynamic freguency response functions, the former of which is

therefore defined as

P lwb= Py () = Uz] SHk|* S, (@ (B.2)

One of the most simple form of expressions for §,, 1is given as eq.(h-6.213
when the associate autocorrelation function is of the form of exponential
function. The normalized logarithmic power spectral function for this

is thus written as

@5, (o 1 (@Lz) 1 s k b 5
[ ————— =, § i —— ( - 5)
v T U +(wLx)2 T (s%+ k2 L,
U
where u? R L, are the variance of transverse gust and the scale of

turbulence, respectively.

An approximate expression for the squared Sear's function is given

as

1
sy P = ——— 8.
| Sk | v (8. 4)

by H. W. Liepmann¥* (Fig. B.3). Eq. (B.3) is shown in Fig. B.1 {(Table B.1).

The logarithmic power spectra of aerodynamic force for eq.(B.2) is obtained

as the product of eq's (B.3) and (B.4) as follows

s k
WP () = U233

T(1+27k)(s2+ kD)

(B.5)

or WP; (w) sk

Uz p2 m (1+2nk)(s?+ k?)

(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 statisticél concepts to the buffeting
problem, J. Aero. Sei., 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][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.1) are generally
characterized by the aerodynamic frequency response functions Yz and .
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

iHﬂ(m}[

»/<w;-mﬂ”+mzmc”wn~ﬁ,f
(B . gy
1

16,00 | = ;
V (wpmon ) v (20 0, - 40

in which Ae, AB, Hl are aerodynamic coefficients dependent on the frequency

w and the reduced frequency kr =bw/ y . When one substitutes the
aercdynamic ‘coefficients given by the Theocdorsen's theory for them, it is
comparatively convenient to use an approximate expression for the 1lift
reduction factor C(k) as follows

0.165K°  _ 0.335K°
¥+ (0.081)° 12+ (0.32)
_ 0.165x0.0k1k  0.335x0.32k )i

kW o+ (0.081)% k% + (0.32)°

clk) = 1 5

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 & % 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.k4) which dimensions are taken from those of the lst
symmetric modes of the Severn's Bridge. This indicates 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 czse of coupled form of serodynamic
frequency functions as shown in Fig's B.S5 and B.6 (Table B.5) there exists
a significant difference of characteristics that the flexural responses depend
on the torsional freguency at which the extreme value of spectrum appears
when the mean wind velocity reaches to 40 m/sec ( @, 6/U = 0.756) and the
peak values may be reduced first and increase secondly and then decrease
again as the mean wind velocity increases. Similar aerodynamic freguency
response functions are exemplified in Fig's B.T7.1 through B.T7.T7 for the
Severn type model as shown in Table B.6. For this case the flexursal
response ¥: 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 freguency
until the wind velocity reaches to about 6 m/sec (@ub 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.7.5. For the torsional fregquency
response ¥: varies quite differently from ¥ 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.B.2 for
which the pesk of spectral density occurs at the flutter frequency.
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From the sbovementioned considerations the aerodynamic responses can be
characterized primarily by the serodynamic frequency response functions which
is shown 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.g. So far there is no comparative data of theoretical and experimental
results, but it can be said that there appe.rs no satisfactory explanations
for the aerodynamic responses for this case without considering the effects

of simultaneocus 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 L 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.T, where the minimum value of ecritical wind velocity
due to destabilizing effect and the maximum 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 sz/Vir are about 2.0 and the experimental results are slightly
close to the upper bounds. Note that Vir/V§§P are about 0.5 to 0.6 and
this indicates that the structure possibly subjects to aerodynamic instability
vhich is restricted to an unstable mechanism, when the wind veloclity exceed

about half of critical wind velocity.
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Table

B -1
wP(m) 1
g2 —-"-7'[_
s=5b,1L

Logarithmic Power Spectira

s k

Gl

*~ ratio
.

14 (

wlL 2
i

) N T (st k2)

¥

Vertical Gust

of semichord to scale of turbulence

k= bw /U reduced frequency

A 0.001 0.066 0010 0.050 0.100 0500 1000 5000
001 ] .159146 .06121 .03152 .00636 .00318 .00064 00032 .00004
.005 | .06121 .1591¢ .12732 .03152 .01588 .00318 .00159 .0003%1
.010 {.0%3152 .12732 .15916 .06121 .03152 .00636 .00318 .00064
.050 {.006%6 .0%3151 .06121 .1591¢6 .12732 .03152 .01588 .00318
.100 | .0D318 .00436 .03152 .1273%2 .15916 .06121 03152 .0Dé636
.500 | .00064 .00318 .0063& .03115 .06121 159146 12732 .03152
1.000 | .0003%32 .000464 .00318 .01588 .03152 -12732 15916 .06121
5000 | .00004 .00031 .000464 .00318 .0063& .03152 .04121 .15916

10.000 | .00003 .0D014 .000%1 .00159 .00318 .01588 03152 .12732
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Table B-2 Logaritihmic Power Specira of

Aerodynamic Forces (| SEIF @P{el/ 0%)

k [Stk|* s=.001 .010 .100 1.000 10.000
.001 9937 15816 03132 .D0316 .00032 .00003
.002 9876 12574
.005 9695 | 05934 12344 01540 .00154 .000146
.010 9409 02965 14975  .02946 .N0299 .Ddom
.020 .8884 E—

: |
.050 .7609 .00484 .04657 09688 .01208 00121
-100 6141 —_ 01936 09774 .01935 .00195
.200 4431 —
.500 2415 s .00153 01478 .03075 .00384
1.000 1373 — — .00433 .02185 00432
2.000 L0737 _
5000 .0308 _ _— .00020 .00189 .00392
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Tabie DB-3 Frequency Response Functions of Uncoupled

Deflectional Vibrations

p (air density) =0.125 kg sec?/mH

{v(damping retion) =0005

‘U,, {(natural frequency) =(Q8985 rad/sec

m (mass per unit lengih) =1190X 10° kg sec? /m?

b {(semichord) ==12878m

U=20m sec U=40mrsec
P w | H (o] [ [ H, (o |
u n A
(red/sec) (se c?) (rad /sec) (sec?)
.01 .0155% 123906 .031,06 1,240,147
.025 .0388% 1.241,00 077,65 1247842
050 077,65 124797 -15530 1.276,156
.100 15530 1.276,67 310,61 1.403,669
.200 31061 1.406,11 621,21 2326241
.300 46591 1.68900 931,82 7555404
.400 621,21 236257 124242 133,612
.500 77652 476628 1.553,04 619451
600 .931,82 122087 1843,64 374,043
.800 12424 1351,96 24849 .184,088
1.00 1.553,0 .62234 3.106,1 113042
1.20 1.863,6 374,86 37273 076,389
150 23294 .2164,38 46591 .047835
2.00 3.106,1 .i13,10 —_—
3.00 4.659,1 04784 — —
- 4.00 62121 .026,46 _— —_—
6.00 — —_—
10.00 —_ e — —_
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Table B-4 Frequency Response Functions of

Uncoupled Torsional Vibrations

p fair density) =0.125 kg sec? /mt
{, (domping ratio) =0005
@, (natural frequency) =23499 rad/sec

] (moment of inertia per wnit length) ==8971X10* kg sec?
b {semichord) :12878”&

U=2Qm/sec U=4pm/sec
b
k= w By (o) @ By (w)
{rad /sec) (sec?) (rad/sec) (sec?)
.010 .0155% 190,99 .031,06 .22838
.025 03883 190,70 07765 227,14
.050 .077,65 190,50 155,30 .225,67
A0 .155,50 19043 310,61 .225,29
.20 310,61 192,04 621,21 23456
30 465,91 -195,89 931,82 .259,44
.40 621,21 .202,08 1.2424 .309,64
.50 77452 210,96 1.553,0 41694
.60 931,82 -22%,00 1.863,6 723,27
.70 E— —_ 2174 3983
.80 1.242,4 26213 2.485 .74854
10 15330 .33868 3106 .209,43
12 18636 52712 3727 111,06
15 25296 59 45,7 4659 .05951
2.0 3,106,1 23357 6212 02969
30 46591 062,14 9318 01221
40 62121 .030,10 R ——
6.0 — R - .
10.0 N S - -

....3'(2...
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Table B-+5 Frequency Response Functions of Coupled Vibrations
U=10.1 mrsec
k o | 1] [ 4 | l6, | 18, | 0., Oy Oya 0, ¥z (v) e (o)
02 | 130 .000390 .000,002 -182 | -.00245 -—-157 -154  -.000,866 | .000,123 | .000,001,12
04 | 154 .000,9446 .000,004 186 |-.00581 -156 -155 —.00177 .000,172 | .000,001,17
0.6 | 224 .002,13 .000,009 194 | =-.0126 -—156 -155  -.00276  .000361 | .000,001,27
08 | 597 .00803 .000036 -205 | -.0450 =152 -152 -.00389% ! .00258 .000,001,42
1.0 | 518 .00941 .000,042 221 -048,8 155 153  -.00525 ; .001,94 .000,001,65
1.4 | .8647 .002,80 .000012 281 -011,4 167 -157  =.00933 .000,05 .000,002,65
2.0 -313 .003,38 .000,015 657 .00589 -155 -154 ~.0312 .000,007 | .000,014,5
30 122 .000864 .000,004 .287 .00345 155 155 0205 .000001 | .000,00285
40 .0658 .000,206 .000,001 0954 .00248 156 154 00904 .060,000 | .000,000,31
4.0 .0284 .000046 .000000 0328 .001.60 156 157 004,67 . —— —
U=10 m/sec
k @ ' H:) | [ Ha ‘ ‘ 877 I I 83, I 0?317 0117.* 01;:1 oaa Y2 (o) L ()
.258 | 0.2 | 130 157 .000,256 .184 | -.0185 -155 —.275 —.00116 .000,104 | .000001,14
515 | 04 | 154 -184 .000,521 .188 | -.p377 -153 -.553 -.p0285 .000,149 | .000001,19
773 0 06 | 223 3064 .001,07 195 | —-.p758  -149 —.739 —.00447 000,509 | .000601,29
103 08 | 580 976 00375 207 | —.255 -131 =.710 -.006,44 071,96 000,001,435
129 10 | 498 1.05 .004,25 222 .269 131 -134  —,0129 .001,85 -000,001,65
1.80 1.4 .864 -304 .001,28 .2853 0633 153 124 -.0190 000c051 00000271
258 20 312 .358 .001,54 670 .0320 —154 2B —.0632 .000,00%9 | -000,0151
286 30 122 .0870 .000381 .285 L0192 151 —146 .040,1 .000,001 | .000,00273
515 40 .0658 .0208 ,000,091,2  .0951 L0134 154 =147 .0178 -000,0G60 | -00000030
773 4.0 0284 .004,61 .000,0202 .0328 .008,80 155 -150 .009.22 — | -

Dimensions |Hq| {sec?) , ]Ha[ (m seec?) , qu](sm:z/m), |6ﬁ] (sec?),

{centinued)

}72 {sect /m?2)} , 1.;;' {sect  m*)
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(continued)

U=290 mrsec

k w | Hﬂ I l Hd i I 90 ] i ea l 63:"7 5“‘ dqa 8 e Y le} 'g?: {0}
129 | 02 | 130 .702 .000,594 191 | —.0371 -153 ~-.103 .000,121 | -000,0491 | .000,001,23
.258 0.4 154 .783 -001,28 194 —-.0795 -149 -.212 —.000641 | .000,074,2 | .000,001,27
.5386 0.6 221 112 -0025¢9 202 —~+«157 -1.41 -.286 —-00131 -000,154 .000,001,37
-515 0.8 | 534 288 -00815 217 —-490 -1.07 =.093,4 —-.000,754 | .000,942 .000,0014,50
644 1.0 450 273 -008,7¢9 .229 —~.490 1.09 ~-1.19 —.0370 -001,85 .000,001,68
201 1.4 .85¢6 -760 -00281 292 -.118 148 -.995 —.032,9 -000,044 .000,08287
1.29 20 309 -851 -003,43 .718 -.0559% -153 ~1.04 ~.104 0000194 | .00D0,0174

. 1.93 3.0 122 A77 000,752 -276 -.034,8 1.48 -133 -058,7 -000,001,7 | 00000257
258 40 | .0659 .0423  .000,183 -0942| -.0254 152 137 0266 .000,000,3 | .000,0003
3.86 60 | .0284 .0093  .000041 .0327| -.0142 154  —143 -013,8 E—

U= 40 m’sec

k @ l Hﬂ ‘ l Ha l [ 8,, I l 94 l 67)71 6“’? eqa 3(“1 ?2 {2 @"z {w)
064 | 02 | 130 351 .001,50  .225 | —.0625 —-157 —-.004,00 .0157 .000,0879 | .000,001,70
129 0.4 154 395 00334 .230 -.141 —~1.42 .004,25 .030,6 .000,103 .000,001,77
193 0.6 218 555 004,94 .244 -.289 ~1.27 .080,4 .0538 000,247 | .000001,97
.258 0.8 443 115 0188 293 —.821 -.73¢6 540 .056,6 .004,84 .000,00254
322 1.0 345 9.48 0189 291 .739 .854 ~-1.09 =.190 .00472 000,002,461
451 1.4 .B16 290 00751 345 A%6 142 —.675 =117 .000182 .000,004,02
644 2.0 .283 345 0111 1.05 L0496 -1.38 -.531 -.515 000327 .000,034,8
946 3.0 123 .375 001,42 246 .0835 141 ~110 -.091,7 .000,004 00000203
129 4.0 L0640 .090,2 .000,364 .0905 .05625 148 -117 —.043,4 .000,000 .000,000,27
193 4.0 .028,4 0193 .000082 .p322 0319 152 ~129 .0228




Table B- 6 Model Characterisiics

"i & @, i (o w, Grid Size o w
kgsec/mz rad/sec| hgsec rad/sec | (em) 7
DP70H (F30)| .5426 .00355  87081.01829 .00260 14437 |30X25 | 1423
DP7ox (F30y| .5954 .00334 8794 .020,0%3 .00240 14399 “ 1637
EP70H (F30) | .6339 .00410 8752 .01742 .00522 141537 v L1615
EP7on F30)| .5966 .00482  8834!.02007 .00297 14451 “ 1635
Plate L4473 .00550 10.210].0163%1 .00221 15904 “ 1.558
DT70H 5426 .00377 92163 1(.021,04 .00384 15512 “ 1693
DT7o= -5440 .00375 9163 .02026 .00319 15512 ” 1693
Severn Type | .4553 .00637 10.210|.014,63 .00294 15641 “ 1534

(162 (2492

cps) cps)

Aercdynamic Responses of Severn Type Model

Mean Wind Velocizxy

Reduced Velocitly

Remarks

6516 ~ 9744mssec 9939~ 3355 randomly vibrating
9764 ~ 11636 33555~ 3998" slmost steady
12305 4029* divergent
124695 4.409** divergent in uniform
flow
x flutter frequency =14923 rad/sec, chord length=140cm

%

flutter frequency = 14765 rad/sec
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Table B-7

Bounds for Flexure-Torsion Flutier Critical Wind Velocity

Mode ! {m(kgsecsm) ‘, @, I (kgsec? ) 'S w, b (m)| plhgsecym ) Vet ch, V:fp
m/sec m/sec m/sec)
Plate 05526 .00487 486 001406 .00005 689 010 01199 3442 6322 578
” 05326 .00418 4.7 6 0601406 00314 7.504 0.10 01202 2413 6666 655
" 05326 .0043%9 476 | 001406 .00364 5467 | 010 | 04202 | 1980 3770 516
“ 04473 .00589 1169 | 001431 00345 1780 0145 | 0125 5421 12582 10.11
DT70H 05426 .00584 10.60 001794  .00341 17.06 0.15 0.125 5776 13220 887
“ 05426 .00605 1060 002104 00280 1885 015 0125 6549 15.271 1115
“ 05426 .00598 1055 002544 .00442 20.74 015 0125 9156 19124 14.43
“ 05426 .00670 1052 0.03180 .00307 22.44_ 015 £.125 9646 20.887 1755

)F’cffr { Lower bound of critical velocity of aerodynami.c instabi‘li'by

Vc‘: + Upper bound of critical velocity of aerodynamic instability

Vcerx‘D . eXperimentally oblained critical velocity
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10.0

U=40m/sec
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0.005

0.01 0.02 .

|

|
|
|

ﬂ U=20m/sec

Fig. B.4.1 Frequency Response Function for Uncoupled Deflectional Mode

(&4=0.8985 rad/sec, &=0.005, m/pb*=57.40)

2.0 5.0
Reduced Frequency k
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| @, (@) | (sec?)
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005 010 .020

050 .100

.200

Reduced Frequency k

Fig. B.4.2 Frequency Response Function for Uncoupled Torsional Mode

(wo=2,3499,

€.~0.005,

I/pb*=26.09)
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107 F

(sec®/m?)

m =1.190X 10%kgsec?/m?
[ =8.971X10*kgsec?

wy=0.8985 rad/sec
®,=2.3499 rad/ses
U=40m/’SEC C:;=0.005

§a=0.005

b =12.878m
P =0.125kgsec?/m*

Fig. B.5 Aerodynanmic Fequency Response Functions for Deflectional Oscillations
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T W Fig. B.7.2 Aecrodynamic Frequency
se;c“ Seg“ Response Functions of a
w m ' plate-like structure
Mean Velocity U=4m/sec
103 1.0 :
10| 107
1075} 107
A\
1 1 |
20 25 30
@(rad/sec)
1.0 1.5

reduced frequency k
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/‘ Fig. B.7.3 Aerodynamic Frequency

Y| W i. Response Function of a
coct | caet ' plate-like structure
e
m | mt ‘ Mean Velocity U=6m/sec
1
1073 107!
10| 107
Y
\
10 1073 \
AN
20 25 30
®(rad/sec)
% 07 0.8 0.9 10

reduced frequency k=bw/U
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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)
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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 ordinery type of suspension bridge with vertical hanger system
the vibrational modes are classified into two types, namely deflec-
tiopnal 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

The inclined hanger system is so effective to increase both damping
capacity and flexural rigidity, which is characterized by a stif-
fening parameter A to to be defined from hanger rigidity and con-
figuretions. The fundamental equations form a modified form of
those of the ordinary deflection thecry. The theoretical results
are satisfactorily in accordance with the experimental results by
use of the three spans suspension bridge model.

The fundamental investigetions 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 aercelastic characteristics may contribute to
the non-linear dynamic behaviours to some extent, but the non-linear
serodynamic behaviour is considered more significant, which should
be continuously researched. An approximate methoed 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 .
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Aerodynamic responses of plate and plate-like structures due to
fluctuating gusts are discussed on the basis of Karman-Sears and
Horlock theories. The aercodynamic 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 cousiders so large scale

of structures as long spanned suspension bridges and tall buildings.
As menticned already there are two most important problems to be
mentioned as future analysis, viz., the non-linear aserodynamic char-
acteristics and the statistical behaviours of structures for fluctu-
ating wind, for which the auvthor wishes to continue his research

work.

- 397 -



