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Symplifying hypotheses : x negligible
y and O structurally independent

Equations of motion
m[y(t)+28,0,9(t)+oly(t) |=F, +F (1) +L,
| 0(t) + 28,0,0(1) + 30(t) | =F, + F (1) + M, (1)

F,,M, =mean wind actions

F,» Mg =fluctuating wind actions

L., M, =aeroelastic (motion —induced) actions
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Equations of motion
{m[y(t)+2§ymyy(t)+m§y(t)] =F +F (t)+L,(

Aeroelastic actions

La(t)=%pU2b{KHI(K)$+KH;(K)b'U ; ) T}

bo(t)

Ma(”%pﬁzb{mﬂw@m&(K) e (k)00 ()21

H; (K),A; (K)(i=12,3,4) = aerodynamic derivatives

K = wb /U = reduced circular frequency



Free-vibration wind-tunnel tests
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Free-vibration wind-tunnel tests



Free-vibration wind-tunnel tests



Free-vibration wind-tunnel tests



Forced-vibration wind-tunnel tests
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Aerodynamic derivatives



Equations of motion
[y +28, 0,y + coyy} R +L,
1| 6+28,0,0+ 00| =F, +F; + M,

Aeroelastic actions

L =100 KH1:+KH*@+K H:o+ K2H: Y
2 U u ‘b
M, :%puzb{KAj¥+ ka9 e A0+ KA ﬂ
u u

Instability analysis = F, =F/ =0(a=Y,0)

m[y+25,0,y+oly | %puzb{KHIX - kH; 2

+K2H0 + K2H, y}
u u ‘b

. . 1 . . b
I[6+2§9w69+m§9]—Epuzb{KA y + KA

Yk A6+K2A*y}
u u b



Equations of motion

-

m['y+2§yooyy+00§y}:%pﬁzb{KH1:+ KH*@+K H0 + K?H, ﬁ

u u
<
1| 8+28,0,0 + (0 | = %puzbz {KAI —+KA, % + KZAD+ K2A, ﬂ
ut ()_d()ds_, vT
S_b:>()_ dt  ds dt_()b
® b ®,0

" 2
Yoo k Y k2 Y P Y Ko+ K0+ K2H: Y
b b Yb 2m| ‘b ‘b

! . 2 pb4 h 2 2 *y
0 +2¢,K,0 + K20 = > KA, b+KA6+KA€)+KA ”

\



Equations of motion

: 2
l+2gKyK2y po” KH*y+KH6+KH9+KH*y
b b Vb 2m b b

';+KA 0 + K2A” 6+K2A*ﬂ

pb*
0 + 25, K0 + K20 = = KA

y(t) =y ;0(t)=0,e"

Y(S) yo aiks - 9() eele

@y (De K Ke



y(S) _ yoeiKS , G(S) _ eoeiKS
Equations of motion

r_2- 2pb2-2* 20 | Yo pbz-z* 20L1* _
~K +2|§yKyK+Ky—%(|K H; + K H4)} - —Lm(lK H, +K?H;) |6, =0

pb* /., s 22\ | Yo 2 o , pbt o 2N
—j(lK A +K?A]) | K +2|F,6KK6+K6—7(|K A, +KPA]) (6, =0

=

% =0, = 0= trivial solution

A non —trivial solution exist if and only if the matrix of the coefficients

has determinant A =0
I 2 - 2 sz 20 g 20 4*
A=|-K +2|§yKyK+Ky—%(|K H + K?H, ) |

4

| —K?® +2iE KK, +K? —%(iKZAZ - KZA;)} -

+ _—pz—b:(iKzA; + KzA’;)H—p—Z(iKZH; + KZH;)} =0
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K? +2i€ K K+ K> —%(iKZHI +K2H;) |

4
K2 1 2ig, KK, + K2 —%(iKZA’; +K2AY) [+

2

2m

"2b|4(||< A+ KA )H pb” (iK2H2+K2H’;)}=O

2
-X? +2i¢ X +1—%(iX2HI + sz;)}.

2 4
X2 1 21, X Lo | Qo | PO P2 (XA +iXPA) [+
o, (O 21

y

pzbl4(|x A+ XA )} pbz(ux H; +X2H;)}:O

2m



_ 2 : pr 21 1% 21 1*
A=|-X +2|§yX+1—%(|X H; + X H4)]

@y ®y

2
4
: —X2+2i§9X%+(&J —%(iXZA’{HXZAg) +

pb* (.o a- 2 a\ || PR? (o2 20 | _
{—FOX Al + X A4)M%(|X H, + X H3)} -0=
Complex equation of the 4th degree in the complex unknown X

a,(K)X* +a,(K)X®+a,(K)X* +a,(K)X+a,(K)=0
X="2=X, +iX, 2 0=0, +io, =
O)V
Y(t) _ yoeicot _ yoeiwrte—wit
9('[) _ eoeimt _ eoeiwrte—mit

o, > 0= asymptotically stable system
o, =0 = stable system
o, < 0= unstable system

o, =0 = bifurcation condition = flutter occurrence = o = o,



Complex equation of the 4th degree in the complex unknown X
as a function of K

a, (K)X* +a,(K)X* +a,(K)X*+a,(K)X+a,(K)=0
Search for the solution of the complex equation of the 4th degree
under the condition that the unknown X is real
b, (K)X* 4+ b, (K)X® +b, (K)X* + b, (K)X + b, (K) |+
H| ¢, (K)X* 4 ¢, (K)X® 46, (K) X2 +¢,(K) X+, (K) | =0=
Two real equations of the 4th degree in the real unknown X
as a function of K
b, (K)X* + b, (K)X*+b,(K)X*+b,(K)X+b,(K)=0
C, (K)X* +¢,(K)X® +¢,(K)X* +¢,(K)X +¢,(K)=0



Two real equations of the 4th degree in the real unknown X
as a function of K

{b4(K)X4+b3(K)X3+b2(K)X2 +b, (K)X +by(K)=0
C,(K)X* +¢,(K)X* +¢,(K)X*+¢,(K)X+¢c,(K)=0
Complex and negative solutions are disregarded =

X, :Xb(K); X, :XC(K)

X A Flutter circular frequency
X O =0, X¢
X e | b Flutter critical velocity
i Xc u. = D
> K.



CLASSICAL FLUTTER
2 D.O.F. coupled vertical and torsional flutter

m[y+25,0,y+ 0y |= %pﬁzb{KHg FKH, 2 4 K2H0 + KZHZ%}
U 0

| [9 +28,00,0 + o, :l = %pﬁzbz {KAIE + KA, % +K?AL0 + K°A, %}

\

STALL FLUTTER
1 D.O.F. torsional flutter

1 . b0

I [é +28,m,0 + mé@} = EpUZbZKA2 — =

4
0+ 2{5)9 —ﬂgAz}a)eéerge =0

4] o,



STALL FLUTTER —-1D.O.F. torsional flutter

é+2{ge —%mﬂe ’;}%émge:o

Flutter critical condition A’ A

LT alg, | _

- 4 o A
Flutter critical velocity 1/ K, 1/K

_ bo,

F KF




Flutter derivatives
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275 mx75 m

215 m X105 m
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Great Belt East Bridge, 1997



Xihoumen Bridge, China, 2008



Akashi-Kaykio Bridge, 1998



Akashi-Kaykio Bridge, 1998



Akashi-Kaykio Bridge, 1998



