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SUSPENSION BRIDGE FLUTTER FOR GIRDERS WITH SEPARATED
CONTROL FLAPS

By Truc Huynh ' & Palle Thoft-Christensen z

ABSTRACT: Active vibration control of long span suspension bridge flutter using separated control flaps
(SFSC) has shown to increase effectively the critical wind speed of the bridges. In this paper, an SFSC
calculation based on modal equations of the vertical and torsional motions of the bridge girder including the
flaps is presented. The length of the flaps attached to the girder, the flap configuration, and the flap rotational
angles are parameters used to increase the critical wind speed of the bridge. To illustrate the theory a numerical
example is shown for a suspension bridge of 1000m+2500m+1000m span based on the Great Belt Bridge

streamlined girder.

KEY WORDS: Motion-Induced Forces, Modal Analysis, Suspension Bridge, Flutter, CAE, Maple V.

INTRODUCTION

The motion-induced wind loads on bridges have in many
cases been transformed into catastrophic forces. As examples,
mention can be made of the destruction of the Brighton Chain
Pier suspension bridge (1836), the Ohio River Bridge, (West
Virginia 1854) and the well-known Tacoma Narrows Bridge
(1940), FIG. 1.

FIG. 2. Great Belt
Bridge (1998)

FIG. 1. Tacoma Narrows
Bridge collapse (1940)

There are three main reasons for these dynamic collapses :
a) Aerodynamic instability (negative damping) producing
self-induced vibrations in the structure, b) Eddy formations,
which might be periodic in nature, and ¢) Random effects of
turbulence, i.e. the random fluctuations in velocity and
direction of the wind. These three subjects have been
important topics within suspension bridge aerodynamic
stability research for the last 60 years. A relatively new
research area on aerodynamic stability for very long-span
bridges is based on actively controlled flaps attached along
the girders, Ostenfeld & Larsen (1992). The purpose of
applying the so-called control flaps is that the small rotations
of the flaps attached along the girder in strong wind will
generate the aeroelastic forces to counteract the aeroelastic
forces occurred from the girder vibration. Two designs for the
control flaps have been the revolving “wind nose” as the
integrated parts of the girder and the separated flaps attached
under the girder, see FIG. 4. Hansen & Thoft-Christensen
(1998) and Hansen (1998) have investigated the first-
mentioned design. This paper deals with the last-mentioned
design.

SUSPENSION BRIDGE FLUTTER

TM. Sc., Ph. D. stud., Aalborg University, Sohngaardsholmsvej
57, DK-9000 Aalborg, Denmark. E-mail : 16truc@civil.auc.dk

2 prof., Ph.D., Aalborg University, Sohngaardsholmsvej 57, DK-
9000 Aalborg, Denmark. E-mail : ptc@civil.auc.dk

Let v(x,f) be the vertical displacement along the girder in
mode i, and r(x,f) the torsional displacement in mode j, both
coupled to produce a flutter mode at the time ¢, see FIG. 3

v (%,0) = ¢ (x)z(0) M
rx(x’t)=UJj(x)aj(t) @
where ¢(x) and y(x) are the vertical mode i and the torsional

mode j at the joint x on the girder, respectively. z(¢) and o(1)
are the associated modal coordinates in the modes i and j.
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FIG. 3. Vertical and torsional displacements of the girder
section

The motion-induced forces due to the movement of the
girder in the coupled vertical-tosional mode k can be written,
Scanlan (1996)

2 * *
Lgeck(x’t)= pU B KHl (K)Vz +KH2(K)B i‘x
2 U U
2y
+ K2H (K, +5—§#v2] ®)

M

2np2 * *
iy BUB[KA(K) | KASGOB
2 U U

2 4%
+K2A5 (K)r, +—IL;(Klv2} “)

where K = Bw/U is the reduced frequency, B is the girder
width, U is the uniform approach velocity of the wind, and @
is the bridge circular frequency of oscillation at the wind
action U. H}(K) and A} (K), i=1,2,3,4 are the flutter
derivatives determined experimentally in a wind tunnel.
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Flutter Analysis in Modal Coordinates

The modal wind load and the modal mass due to a coupled
vertical-torsional mode k are

L deck
Fet ) = L) w(ﬂ][Lz ("")}dx ©)
0

M ;leck ( X, t)

L m 0 ¢k('x) 6
My =jOT¢k(x) ’/”‘(x)][O JH’/’k(x)}dx ;

where m and J are the mass and the mass moment of inertia
per unit span including cables. Each of integral (5) and (6) is
a sum of three integrals, namely, two for the side spans of the
lengths L; and one for the main span of the length L,,. The
corresponding mode shapes ¢x(x), ¥si(x) of the side spans,
and @ i(x), Pui(x) of the main span are given in the
Appendix I.

- pUzB[KHl*(K)CD. é4(6)

sdeck KH(K)B= .
deeck(t - : 7 Zl(t)+ 2;} )

2y
+K2H}(K) 2oy (t) + ﬁf{ﬁq(x)} (M

deeck (t a (t)

)= pU2B? [KA{(K)E B

KAL(K)BY .
2 U U

+K2A5(K) Woy (1) +52A‘§—K)Ezl(r)} ®
where

L L
@ = {q&f(x)dx , E= {mx)wl(x)dx and W= fwl (x)dx

©)

and where (3) and (4) have been inserted. ¢;=¢;=¢, for the 1st
symmetric vertical (SV1) mode, and v; =y =y, for the 1st
symmeltric torsional (ST1) mode are assumed to couple at the
flutter mode. In the short form, (7) and (8) can be written as:

deeck ()=H1z(t)+ H2a,(t)+ H304 @) +H4z (1) (10)

Ft () =ML () + A26 () + By () + Adz()  (1D)

where
H2| _puBk |BF2E | 1Az puB’Kk BAZ‘f
H3| 2 |UKH3E A3 2 Z’;{AB
H4 YK gio| a4 i
B B
(12) (13)

The modal mass at the pure vertical mode and the pure
torsional mode is, cf. (6)

L L
M, =fm¢12(x)dx= md s M, =fJ1p12(x)dx=J y (14)
0 0

The governing equations for the vertical-torsional flutter
problem are

M 2(t) + 20,8 2(t) + w2a(t)) = Fleck (15)
M (6(t) + 20,6 (t) + w2a(r) )= Flect (16)

where w, and £, are the natural SV1 frequency (in rad/s) and
the associated damping ratio. w, and §, are the natural ST1
frequency and the associated damping ratio.

Let both z and o be the temporary dimensionless s =Ut/B

at flutter, the following relations are applied, Scanlan (1996)

2

Nod4Q)ds (WU o d?()(ds W
=V 0" dsz(d) “O'gr @)

Assuming that both z and o at the flutter mode are
proportional to et where z(f) = zgeiw! and a(r) = ageiv!.
Setting moreoverKs=wt, K, =Bw, /U, andK, = Bw, /U .
Using (14) and (17), egs. (15) and (16) can be written as:

2
~ Kl 2Kk E, - LA K= .. KZIQM
mw,® maw,;®
2 2
KW . KaBA4
Jo2W Jolw
_ KZH2U . KZH3 2]
mw?B’®  mw’Bd B|
, -
-K?+|2K,E, - RoA2 )ik KZ— KafB al |0
Jw, Jo ¥
(18)

The flutter conditions (the zero determinant for the
coefficients of z and «a given above) with H1 to H4 and A1 to
A4 given by (12) and (13) inserted, are

pB°H;  p’B°
2m 4m]

Re(Det)=—;

z

4 4 4%
w_[“_pB A,

H{A, + HiA; + —\-AjH; + A{H
(12 43@11(4312))]

3 4 4% 2pp* 2 2
‘”_3 pB A2§z+pB H, Lo p +w_2 _ _“’_g
wZ wZ wz wZ
4 2 w?
_%zga&_ﬂlﬂ_ﬂﬁfi&w_zJ %a _q (19)
5 27 2m  w;| w;
4 2pr% 2np6
Im(De z)_ (0843, pBHY  pB
2 2m amJ
(H1A3 + ApH G + ( ATHy A4H2))]
w pB’H; w, , pB'A
_2 ~Ca m =& J
Z 4
4 2
R 4 _pB Hl w" 2§z +2§ Yo _ g (20)
w, 27 2m Z Z .
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U,, and w,, can be found directly by graphical iteration using
Maple V and Matlab :

1/ Use MatLab to express the flutter derivatives H; (U, )
and A;"(U,w) in the polynomial of U and @ based on e.g.
measured values from wind tunnel tests.

2/ Express Re(Der) and Im(Det) in one unknown for a
prediction of U, where w,, @q, &y &os pym,J, and B all are
constants. For a prediction of U, Re(Det) and Im(Der) are
plotted by Maple V as a function of . The flutter solution
is found where Re(Det) and Im(Det) are intersecting on the
w-axis (@, <w, <wg) and Uy, is the last U predicted. (For a
predicted U < U, the intersection will be below the w-axis
and vice versa, see the numerical example in section 4).

The suspension bridge flutter conditions (19) and (20) are
also known as the sectional flutter conditions when setting EX
= @YW = 1, i.e. the first SV and ST mode shapes are equal to a
constant mode shape indicating a possible mode coupling. In

the case of a full-span bridge, the deformations of the girder

are functions of the position along the girder axis so that the
sectional assumption is no longer valid, especially when the
deformations (mode shapes) of the flaps along the girder are
taking into account in the flutter conditions.

For multi-mode flutter (depends on the bridge design, the
natural mode shapes and its frequencies) the governing flutter
equations (15) and (16) are increased to a number of equa-
tions according to the number of modes, say m modes. Hence,
the determinant condition (18) becomes of the dimension
mxm. In case of the Great Belt Bridge, a two-mode flutter
analysis consisting of the SV1 and the ST1 mode gives a
almost unchanged results compared to a four-mode analysis
including the SV2 and ST2 modes, Nielsen & Huynh (1999).

SUSPENSION BRIDGE FLUTTER FOR GIRDER
WITH SEPARATED CONTROL FLAPS (SFSC)

The aeroelastic forces occur from the girder cross-section and
the flaps are as shown in FIG. 4. The system is assumed to
oscillate from position B to C. The total acroelastic forces on
the girder and on the flaps are

L0 = L2 4 L (v, ) 4 L (07 (21)

Mt =M A MIQ ) ME )

(B Gy - L))

where rl(x,t) and rf(x,f) are the leading and trailing flap
rotations from horizontal position. L¥(v,,rf€) and Lf(v;,r{")
are the lift-induced forces from the leading and trailing flaps.
Me(v,,rle) and MY (v,,rl) are the moment-induced forces
from the leading and trailing flaps. v(x,2) = r,(x,£)B/2 is the
vertical displacement of the flaps due to the girder rotation 7.
Lr(v,rr)B/2 and LE(-v,rf)B[2 are the moment-induced
forces from the lift of the leading and trailing flaps due to the
vertical displacement v(x,?).

When the system oscillates purely vertically, the vertical
displacements of the flaps at location x are the same as the
girder vertical displacement at the same location:

~ 0 for small r,

FIG. 4. Motion-induced wind loads on the girder and
on the flaps )

V(1) = V(1) = v, (5,) = () (D) (23)

When the system oscillates purely torsional, the rotations of
the flaps at location x are assumed to be a,, and g, times the
rotation of the girder r,(x,f) (by external power)

rf- a, a,
o fhon

where a, and a,, are the rotational amplification factor of the
trailing and leading flaps, respectively. a, = a; =1 indicates
that " = rx'e =, ie. the flap rotations are the same as the
girder rotation.

The vertical translation v(x,£) due to a small girder rotation
rdx,t) is

o) =§rx(x,t) =§¢ @0 (25)

The aeroelastic from the flaps caused by v, and the flaps
rotations are

[L[:(vz,rxle }= pU*B'K' {H;(K‘)‘} H L H5(KHB' [f,ﬁf]

I

rw,,r) 2 U 1 U Iy
le (4 5 1
+ K HA K| +M‘,z 1 (26)
r;r Bv 1
le le 22 1 * 1 * 1 1 Tele
Mx (Vz7rx =pU B K AS(K)‘; +A6(K )B Ty
MT(v,,r") 2 u p U |
le 1A¥ ' 1
+K'A3(K") ’J; .,_E_AW_(IE_)VZ 27
ry B' 1

The lift forces from the flaps caused by v and the flaps
rotation are

(v, )] _ pUPB'K [H5(K) [-1] , HE(KOB' [
L@, 7" 2 U |1 Ui
le vy ¥ 1 o
+K'H;(K') rf +§_M)_v 1 (28)
re B' 1

where
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K'= B'wjU (29)

and where B' is the width of the flaps (e.g. 10% of the girder
width). The flap flutter derivatives H(K') and A (K'),
i=5,6,7,8 given by Simiu and Scanlan (1996) are

nF

K'H:=-2n F 3 K‘Ag“:—i— (30)
Kt =-Z[1e 2R L kar - [K g KE
2| K 2K'| 4 4
(1)
1 |2 1
K?H: = a|or G| ko B K g KG
2 2 | 32 4
(32)
12 '
K'ZHg=”12{ [1+%] ; K'ZAg=—”KG (33)

and where F(k') and G(k').are known as the real and the
imaginary parts of the Theodorsen circulation function C (k')
given by (Theodorsen Function Exact Values for k'€[0-1.4]
expressed in polynomial with the third correct decimal, using
MatLab) i

F(k') = 537 k,6_1533 54 2642 P 3399 i
1039 547 423 457
. 1847 2o 4299 R 1377 (34)
357 1990 1372
G’y = 11549 2 41019k‘”+ 72058 £10_ 206821k’9
45 19 9 12
& 572785 e 289524 74 157031 P 25197 P
24 13 11 4
" 24646 o 26462 PN 2941 2 7121, 207
13 69 57 1617 69064
(35)
where
k'=B'w/2U =K'/2 (36)

Modal Wind Loads on the Flaps and SFSC

The modal wind loads from the flaps are

L
Fi )+ FF ()= f LE @,r )+ LE ot iy s G
L

L,
@+ FE@ = (M7 prin )+ ME i)y () dx

L

(38)
Ly

FEO-FE© = [0 -5 S ax G0
L

where (39) is the moment contribution of the leading and
trailing flaps due to the rotation of the flaps and due to the
vertical translation v(x,f) when the girder rotates. The total lift

and torque from the flaps can be written, when (26) to (28)
have been inserted into (37) to (39)

FI(¢)+ Ff(t)=F1% + F2d, + F3a, + F4z (40)
FI @)+ FE@) + FL() - FE(t) =Tl +T24, +T3a; + T4z
(41)
where
Fl=-pU2B'm F® (42)
pUB? 7 (. 4G -
F2=——4—-— 1+—1?'-+F (a,r +ale)ﬂf (43)
U’B'n GK' _
Fa=f 20 (op O8 Mo, + g, )5y (44)
2 2
2 12 = g
pa_ PUTK™( 4G o, (45)
2 K'
2
pUB*n F _
n-£=2"s, (46)
2
pUB? 1 ,(1 G F)
2= 2| p(=- L _Z\(a, +a
: [ o ()
B B' [, 4G
+—(-FB+~—|1+—+F |(aj, —a, )||¥ (47)
B,( 4( - )(,e ))} ,
2012 12 '
pU?B%n [(K K'G
o PN LY | W PR | PRER
o e
' 12
+£' (2F~§—1—(—)(ale—a,,)+]< B(uﬁ) v, (48
B ) 2B' K'
2 1 1]
T4=_P_UB?‘”_MEJ, (49)

and where the lengths |L,—L,| of the flaps are entered into the
modal wind loads in the integrals

L, L, Ly
©p = [o{()dx , B = [pr(@h@dx , ¥y = (] ()dx
L L L

(50)
The total modal wind loads on the girder including the flaps
are

Ffe +FIr+ Flf=L1%;+L20; +L3a; +L4z;  (51)
Fle* + FF + FFF+FL -FF - (52)
M1z;+M2d;+M3a;+ M4z

where
L1=H1+F1 ; M1=A1+T1 (53)
L2=H2+F2 ; M2=A2+T2 (54)
L3=H3+F3 ; M3=A3+T3 (55)
Li=H4+F4 ; Md4=A4+T4 (56)

and where H1 to H4, A1 to A4 are given by (12) and (13).

Returning to the governing equations without the flaps (15),
(16) and (10), (11) it is seen that L1 to L4 now replace H1 to
H4, and M1 to M4 replace A1 to A4. Thus, the SFSC
conditions can be written in the form of (19) and (20) as
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NUMERICAL EXAMPLE

4
M
Re(Dez)_‘”—(1+ 31 [ wlrMa+ gy
w w

7t Pl
z Jo© m] SUSPENSION BRIDGE AND FLUTTER EXAMPLE
L w M w, L
- MgL3+0 ML 2]‘*““—42 '—3(2C p—2 2~ 1) To illustrate the theory a numerical example is shown for the
LA @y mo bridge in FIG. 5. The bridge data are:
2 2 2 2
9_5(_ _w_‘;_ Do o __——ME; —w—‘;—L42)+g"2L= Main span length L, : 2500 m
wz Wy 0% J w; mw W Side span length L : 1000 m
(57) Cable sag in main span f, 1265 m
Im(Def) = Mo Cable area (one main cable) A, :0.56 m®
m(Der) = E(Jw + mJ 3 (L 1M3+ L gMz- ML 3 Cable mass (one main cable) m, : 4396 kg/m
£ Cable space B :27m
Wy L M i .
~ MgL,|+ _) +— (-2, -2, __g__%z_ ~2F, _32 G{rder mass m, o : 14908 kg/m2
mw a)z w; mw Jw Girder mass mom. of inertiaJ, :2.5 E6 kgm’/m
Youngs modulus E :2.1 E11 N/m?
M 2 %
-2%o ﬂ“—) * 1(— —2_% 21 ] +2f, 28 497, Y Shear modulus G : 0.808 E11 N/m’
w;) w0\ Jo wFmo w? Dz Air density p :1.29 kg/m®
(58) Struc. damp. of SV and ST mode : 0.02
. where
FIG. 5 shows the main structure of the suspension bridge. The
1 L4 M2 (59 streamlined girder of the Great Belt Bridge is used as input
L= Y o Tng= > : Ma= T ) member data. FIG. 6 shows the SV1 mode and the ST1 mode
M3 LM 2 L4M3 . of the suspension bridge computed by GTSTRUDL.
Mg=—" » LiMa= » LgM3= (60) ) . .
p o [o1g The three first SV and ST frequencies are shown in Tables 1,
MA4L3 M1L2 LIM3 (61) where the results from the CAE and the analytical solution
3= » Mihg= e L AM) are compared. The associated analytical mode shapes
vt i iy iven in A I::i I lied in the fI t); diti (1p9)
L4M2 3 MAL2 given in Appendix I are applied in the flutter conditions ;
L = L3= > MgLo= (62) 20) and 58).
M2=—o L3 abh2=—ru (20) and (57), (58)
4500
1000 ) 2500 i 1000
(40 x 25) (100 x 25) (40 x 25)

3.0% Strait slope 1.6% Parbola slope

T.P. +95 (cable)

T.P. +90 (girder,
T.P. +40 | (g )

3.0% Strait slope

<« T.P. +360

—— cable

ég‘—" girder i LA
&< 1000 . 1000 —>‘§£

3 FIG. 5. Design example, status supports and dimension in m

AN

nh ‘h sty il 1 |
\ i f""":'m m“{
¢",(xm)

FIG. 6. a) 1st symmetric vertical mode (SV1) and b) 1st symmetric vertical mode (ST1)
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TABLE 1. Natural vertical and torsional frequencies, 3 first symmetric modes

Freq. CAE [rad/s] AM [rad/s] Devia. Freq. CAE [rad/s] AM [rad/s] Devia.
@, 0.404 0.402 0.5% Wa1 1.276 1.131 11.4%
Wy 0.630 0.631 0.2% W 1.932 2.097 8.5%
Wy 0.953 0.987 3.6% Wes 2.626 2.416 8.0%
5y Re(Det) Re(Det) Re(Der) Re
%3 Im(Det) Im(Det) 0011 Im(Det)
z Re o Re
20 00035
}2 Ms 08532808533
1 U =50 m/s 0 U=65m/s 0
2 00035
Im
g -0.001
4 U, =58.216 m/s
2 -0 0015
0y o5~gs 07 08 12 0705 os 07 0 112 @er = 0.853 rad/s
;" ome; Im

FIG. 7. Flutter results from the suspension bridge conditions (21) and (22)

The conditions (19) and (20) are solved graphically using
Maple V, see FIG. 7. The flutter solutions from the
suspension bridge conditions and from the sectional
conditions (where ® = E =¥ in (19) and (20)) are compared
in Table 2.

TABLE 2. Flutter Solutions

Freq. Sus. Bridge Section Deviation
U, [m/s] 58.22 55.85 42%
w, [rad/s] 0.853 0.878 2.9%

NUMERICAL ANALYSIS OF SFSC CONDITIONS

The SFSC conditions (57) and (58) are studied for the
following varied parameters of the flaps: a) Rotational
amplification factors a,, and a,, b) Rotational directions of the
flaps, i.e. the signs of a;, and a,, (flap configurations), and c)
the length of the flaps attached along the girder (Eq. (50)).

Configuration Minus+Minus (CMM) : Both of the flaps
rotate against the girder. The flap levels in CMM are
horizontal if #* = ¥ = —r,, which gives an increase in the
critical wind speed U, from 58.1 to 66.2my/s, i.e. 14%. U,,
increases until g;, = a,, = -4 and decreases afterwards. CMM
is a good configuration for damping of the torsional vibration
of the girder (decreasing critical frequency), FIG. 8.

Configuration Minus+Plus (CMP) : The leading flap rotates
against the girder, the trailing flap rotates with the girder.
CMP is the most effective configuration against flutter when
U,, strongly increases for a small rotation of the flaps. For full
flaps in the main span and the side spans, r'*=—-1.5r,and "=
1.5r,, U, increases 54% (from 58.1m/s). w,, increases to the
1st ST frequency and indicate the torsional divergent flutter.
By increasing a;, and a,, up to -3 and 3, U, and w,, can still
be found, but w, exceeded the 1st ST frequency indicated
that higher modes are involved in flutter (control spillover has
taken place in the higher modes). The wind speed increase
mathematically unlimited without any intersecting the
Re(Det) and Im(Det) on the w-axis, FIG. 9.

Configuration Plus+Plus (CPP) : Both of the flaps rotate
with the girder. For ' = ¥ = r, the flaps are not rotated

relative to the girder. U, increases 6% (from 58.1m/s), but
decreases afterwards for increasing flap rotations. The
increasing w. shows torsional instability when the leading
and the trailing flap are rotated in the same direction with the
girder, FIG. 10.

Configuration Plus+Minus (CPM) : The leading flap rotates
with the girder, the trailing flap rotates against the girder. The
CPM is the last possible configuration for a simultaneous
rotation of both leading and trailing flaps. With this
configuration, U,, decreases from the beginning so CPM is an
undesirable configuration against the flutter, FIG. 11.

Minimization of the Flaps Length using CMP

The flap rotations are regulated on the basis of the girder
small rotations, which is 2.4° at the flutter velocity 58.2m/s at
the center joint of the main span, Huynh (2000). Therefore the
flaps rotation can be increased for reducing of the flaps
length. In FIG. 12 the flutter solutions are solved for several
combination of the flap lengths along the center side spans
and the main span. The following parameters are fixed: a)
40% and 50% increase of the critical wind speed U,, and b)
CMP with leading and trailing flap rotational amplifications
of -3 and 3

SUMMARY AND CONCLUSION
TABLE 3. Flutter for 46% Flaps in the Main Span Center

Control No flaps
U, [m/s] 87.14 58.22
@, [rad/s] 1.250 0.853
T; [sec] 5.03 7.35

A suspension bridge of 1000m+2500m+1000m span with
separated control flaps has been studied for flutter onset based
on the Great Belt girder. A 50% increase of U, can be
obtained for 46 flap sections of dimension 2.7mx25m located
along the main span center (of 46% length of the main span).
The full flutter period Ty is the oscillations time of the girder
from A to C and back to A, FIG. 13. This period is also the
sum of the four periods BC, CB, BA and AB. The girder will
reach its peak rotation value at C from B in 1.3 seconds at
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flutter, i.e. the flap rotation within this period is twice the
girder rotation r,. The rotations of the flap away from the
center are less because the girder rotations are reduced
towards the pylon. The magnitude of the flap rotations
compared to the girder and the length of the flaps attached
along the girder are further presented in the paper.

Following the increased U, by using the CMP, the
associated critical frequency also increases considerably
inasmuch as the control forces have modified the flutter mode
(torsional divergent flutter). As long as the desired U, (and
hereby the required control forces) does not produce a higher

tr
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FIG. 8. Configuration CMM and full flaps
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FIG. 10. Configuration CPP and full flaps
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FIG. 12. CMP for different combination of flap lengths
along the main span center and the side spans center

APPENDIX I. NATURAL MODE SHAPES AND
FREQUENCIES OF SUSPENSION BRIDGES

In this appendix the natural mode shapes and frequencies of
suspension bridge are outlined analytically, Nielsen &
Huynh (1999). The cable mode shape of the main span

¢m, i(x) iS:

flutter mode frequency than the ST1 natural frequency, no
control spillover takes place in the higher ST modes.
However, at present, the SFSC condition assumes that the
forces generated from the girder-wind-interaction and the
forces generated from the flap-wind-interaction (for separated
flaps) are based on the independent flutter derivatives of the
girder and the flaps. The girder-flap interaction (and hereby
the new flutter derivatives of the whole system) for a full span
model example needs further study in wind tunnel (or by
computer simulation) to supplement the assumption of the

paper.
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FIG. 9. Configuration CMP and full flaps
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FIG. 11. Configuration CPM and full flaps
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1 Q.
s ()= g (1- (- sin(@,8)-cos(,8) +5,(& - &)
i
(63)
where Q; is non-dimensional vertical frequency (symmetric)

in mode i, & =x/Lm , x is the coordinate along the main

span, and where
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2 2
B =t | X 1—itan(&) . O (64)
Q? | Qf " 2)) 69
2
@ . H=mglZ [8f, (65

b; = =
k(@)L [H ~m Q7 [,
2
_3(Ly) 1 2=
16 fm) 2
H is cable horizontal force, my,, is the pylon equivalent mass

at the pylon top (assumed to be zero). k(€2;) is the dynamic
stiffness of the side span cable of mode i given by

AL _6Mfu/ln) (66
H 14+8(fu/Ln)*/3

Q)= 2T QZ; cosO ( 4(f./L.)a, cos® dcsine)
: = . -
HUBE QC, —d A 6 2
(67)
where
. . 2
do=1- 2t el , g2 AL _6MJe/le)  (o8)
Qc,i 2 T 1+8(fc/Lc) /3
; mermgcos0/2 (1, f _3(LY 1 (g
‘ me +myg cosO/Z A T i 2
2
le -sz +m COS 9/2 1 (70)
me +mg [2 L,,, cosf

0 is the angle between the chord of the side span cable and
horizon. L. , f. and T are, respectively, the chord length, the
cable sag and the chord force of the side span cable. m, and
my is the cable mass (one) and the girder mass per unit span.
A, is the cable area. The dimensionless frequency factor ;
is determined iterative by the condition

3

Q. Q. 4 /(Q;
tan] =& | el | 270 Q. (71)
(3% (7)) @
where
2
H
C(Qi)=k— ! 5 +1 ’wi=Qi —-—2—
6 k(Qi)Lm/H_mei /mLm mL;,
(72)

ay; is the symmetric vertical frequency of mode i in rad/s.
The side span cable mode shape ¢;(x;) of the bridge
vertical mode i can be written in the form

¢s,,-(;=)=ci( -tan( B )sm( c,is)—cos(szc,ié‘))+D,-sin(szc,,-§)

(73)
where £ = x, /LC , X is the coordinate along the chord of the

side span cable, and where

C, - 4(f. /L), czosi9é6—dC Smg/z)&fXé
Qc _A'cdc
. .sm9 Xé
sin€2 . ;

(74)

2 4 p
Xé AE A [—(l—itan(&))——ﬁ—z—}
k(R;) - m, my 8fn ; 2 6Q;
(75)

For ST mode j 1, /(x) and 1;; (x) are still given by (63) and
(73). Q; is iterated by the unchanged condition (71), but the
girder torsional stiffness is now taking into account in the
equation of motion of the cable, Nielsen & Huynh (1999).

APPENDIX II. NOTATIONS

Al H} :i=1,2,3,4 flutter derivatives of the girder;
i=5,6,7,8 flutter derivatives of the flaps;

B : cable spacing;

B' : flap width;

K : reduced feequency;

Fdeck | pdeck : vertical, torsional modal force of the glrder

Fle, Fle : vert. and torsion modal force of the lead.

flap; Fr,Ffr : vert. and torsion modal force of the

trail. flap;

[deck | pfdeck : motion-induced lift and moment of the

girder;

e, Mle : motion-induced lift, moment of the lead.

flap;

o.My . motion-induced lift, moment of the trail.

flap;

¥ : rotation of the girder;

rle, rr : rotation of the lead. and the trail. flap;

v : vertical displ. of due to the girder rot. ry;

v, : vertical displ. of the girder;

vie, yr : vertical displ. of the lead. and the trail. flap;

z(r) : modal coord. in vertical mode i at the time f;

agt) : modal coord. in torsional mode j at the time
L
0ix) : vertical mode i at the girder (cable) joint x;
Pi(x) : torsional mode j at the girder (cable) joint x;
Lo integral of multiplication of SV mode
shapes;
p : integral of multiplication of ST mode shapes;
and
) : integral of multiplication of SV and ST
mode
shapes.
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