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A wide range of studies have focused on improving the aerodynamic stability of long-span bridges by raising
their critical flutter wind speed. There are two main approaches to enhancing aerodynamic stability: mechanical
and aerodynamic methods. The aerodynamic approach suppresses vibrations not by dissipating energy, but
by generating additional aerodynamic forces induced through the installation of thin plates. However, the
optimization process in the case of passive control is highly complex, as it involves not only the forces generated
by wind interaction with the deck structure but also those acting on attached thin plates. This paper proposes
an optimization algorithm that simplifies the determination of optimal parameters for wings used in passive
aerodynamic control. Based on the complex eigenvalue method, the optimization process is implemented
using the Genetic Algorithm (GA) function available in MATLAB. In addition, this paper also reviews several
previously proposed passive aerodynamic control strategies and, based on that, introduces a novel configuration:
a wing mounted to one side of the deck using a hinged connection and a torsional spring. Numerical simulation
results demonstrate that the newly proposed configuration outperforms previous approaches in all investigated

scenarios.
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1. Introduction

The expansion of long-span bridge construction has be-
come increasingly prominent in modern transportation
networks. Nevertheless, the aerodynamic behavior of such
structures presents significant challenges, particularly as
span lengths increase and structural flexibility intensifies.
Wind-induced instabilities, including flutter and vortex
shedding, can critically impact both the safety and func-
tional performance of these bridges. As a result, there is a
growing necessity to investigate and implement advanced
methods aimed at improving aerodynamic stability.

For the phenomenon of flutter vibration, two main ap-
proaches are commonly employed: mechanical control
methods and aerodynamic control methods. A typical form
of mechanical control involves the application of tuned
mass damping technology. The implementation of TMDs
for improving the aerodynamic stability of the bridge deck
is investigated with a representative bridge section, as de-
scribed in previous studies [1-3]. Meanwhile, the appli-
cation of multiple TMDs (MTMDs) to full bridge models
has been addressed in several studies [4-6]. Another form
of mechanical control involves the use of Tuned Liquid
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Column Damper (TLCD). In terms of operating principle,
TLCD are similar to TMD, utilizing the motion of liquid
within vertical columns. However, their application has
thus far been limited to enhancing the stability of struc-
tures subjected to pure torsion and harmonically varying
excitation moments [7-9].

Several studies have proposed the use of passive aero-
dynamic appendages such as wings and flaps, with both
computational and experimental results demonstrating the
effectiveness of these methods. In [10], the authors in-
vestigated the placement of wings at various locations to
enhance the critical wind speed, the wings can be either
rigidly attached to the bridge deck or mounted onto the sus-
pension cables. Studies [11-14] explored the installation of
flaps on each side of the deck structure, with analyses con-
ducted using both sectional and full-bridge models. In [15],
a novel approach was proposed involving wings mounted
under the girder in combination with a simple pendulum
installed inside the bridge deck. In [16], a configuration
integrating wings with torsion springs was introduced, the
chosen optimization method is grid search. A novel passive
aero-elastic damper for long-span bridges was presented in
[17], combining small TMDs with control surfaces through
a transmission mechanism. This system exploits the advan-
tages of both TMDs and control surfaces without requiring
external energy. Notably, several studies by U. Starossek
have focused on rigidly attaching wings to bridge decks to
enhance the critical flutter wind speed [18-21].

In general, calculating the critical flutter wind speed and
solving the optimization problem for passive aerodynamic
control is complex due to the wind-induced forces affecting
both the bridge deck and the additional wings. In [11, 12],
a minimum-state RFA (Rational Function Approximation)
model of unsteady aerodynamic forces is developed us-
ing rational approximation of the generalized Theodorsen
function, with a stability-based criterion for optimal control
design. Nevertheless, the computational process remains
highly complex and demanding. In [16], the authors em-
ployed the Step-by-Step method for estimating the critical
wind speed and used the grid search method to identify
the optimal parameters. However, the grid search method
requires evaluation of numerous cases, and the resulting
optimal values are only approximate. In this paper, the
authors propose the use of complex eigenvalue method to
compute the critical flutter wind speed in the case of pas-
sive aerodynamic control. Additionally, a novel approach
for optimizing device parameters is introduced. The com-
putational process is straightforward and enables rapid de-
termination of the optimal values. The authors also extend
the model presented in [16] by proposing a new control

strategy involving the installation of a wing combined with
a torsional spring on just one side of the deck. The concept
of asymmetric damping device arrangements has been dis-
cussed in several previous studies. In [5], the wing is rigidly
attached to one side of the bridge deck. In [22], the deck
is equipped with an eccentric mass located on one side. In
[23], a flap mounted on one side of the deck is actively con-
trolled. In the present study, numerical simulation results
demonstrate that the configuration of a wing, which is not
only combined with a torsional spring but also functions as
an oscillatory subsystem, placed on the leeward side of the
wind flow yields superior performance compared to the
other cases. However, this configuration, although more
effective, is often impractical in real applications since the
wind can blow from either direction. Consequently, human
intervention may be required to adjust the wing position
(see Fig. 1in [10] for a possible solution).

2. Method

2.1. Analytical models of wing-bridge deck systems

This section investigates several configurations involving
the attachment of wings to bridge decks. In all cases consid-
ered, the bridge deck is modeled as a sectional model with
2 degrees of freedom. The mass and mass moment of iner-
tia per unit length of the bridge deck are denoted by m and
I. The bending and torsional stiffnesses are presented by ky,
and k,, while the damping coefficients for bending and tor-
sion are denoted by cj, and c,. The dynamic characteristic
- natural frequencies and Lehr damping - associated with
bending and torsional vibrations are (wy, () and (wq, (a),
respectively. The shear center of the bridge deck crosssec-
tion is denoted as point S. Let B represent the width of
the bridge deck. The bending and torsional displacements
are represented by h and a. Wind with constant velocity
U is applied to the bridge deck. The aerodynamic forces
include the lift forces L;, and the moment M,.

In this study, four aerodynamic configurations are inves-
tigated to assess their influence on the bridge deck’s flutter
performance.

CASE 1: Rigidly attached wings are installed on both
sides of the bridge deck.

In the first case, wings of width By,, mass per unit length
My, and mass moment of inertia I, (about their centroids)
are rigidly attached symmetrically to the bridge deck, as
depicted in Fig. 1 (CASE 1). The parameter e denotes the
horizontal distance from each wing’s centroid to the deck’s
shear center S. Due to the rigid attachment, the wings
undergo the same rotational displacement « as the deck.

In this configuration, the dynamic equations governing
the system follow a form comparable to that of a bridge
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Fig. 1. Symetrical rigid attachment of wings to the bridge
deck [10].

deck section [24, 25], with additional aerodynamic forces
acting on the wings.

(m =+ me) h —+ Chh + khh = Lh + Lwl —+ sz
(1 20, + 2mwe2> i+ Calt + kit = My + My + My

—eLy1 +eLyp
1)

These include lift forces L,j,Ly; and moments
M1, My acting on the windward and leeward wings,
respectively.

CASE 2: The wing, rigidly connected, is applied to a
single side of the bridge deck.

Fig. 2 shows the second case, where only one wing is
rigidly installed on the leeward side of the bridge deck
(CASE 2). The notations used are consistent with those in
CASE 1. The aerodynamic lift and moment acting on the
wing are denoted by L, and My, respectively.

Fig. 2. A wing rigidly mounted to a single side of the
bridge deck [10].

The equations of motion for this system take the follow-
ing form

(m+mw)h+chh+khh = Lh+Lw

2)
(I + Iy + mwe2) &+ cube + kg = My + My + €Ly
CASE 3: On each side of the bridge deck, a hinged wing

with a torsional spring is mounted.

In third case, wings with the same width By,, mass per
unit length my, and moment of inertia per unit length I,
as in CASE 1. However, instead of rigid attachments, the
wings are hinged to the opposite sides of the bridge deck
and connected via torsional springs with stiffness ky,, as
illustrated in Fig. 3 (CASE 3).

Fig. 3. Hinged attachment of wings with torsional springs
on each side of the bridge deck [16].

Due to the hinged connections, the wings are allowed
to rotate independently of the deck. The torsional displace-
ments of the wings on the windward and opposite sides
are denoted by a,; and ayy, respectively. These displace-
ments are defined as absolute values, with their directions
indicated in Fig. 3.

The governing equations for the system’s motion are
expressed as

(m —l—2mw) h + Chh + khh =Ly+ Ly + Lo
(I + meez) &+ cabt + (kg + 2ky) a—

kwoyw1 — kwawy = My — eLyy + eLyp &)

Tl — ko + kypotyr = My

Tyl — kit + kyptgyy = Myp

These include lift forces Lg,i,Ly» and moments
M1, My acting on the windward and leeward wings,
respectively.

CASE 4: Similar to CASE 3, but the hinged wing with
torsional spring is installed only on one side of the bridge
deck.

This configuration features a single wing hinged to the
leeward side of the bridge deck and connected via a tor-
sional spring, as shown in Fig. 4 (CASE 4). This is also the
novel configuration proposed by the authors in this study.
The notations used are consistent with those in CASE 3.
The torsional displacement of the wing is denoted by ay,,
and the lift force and moment acting on the wing are Ly,
and My, respectively.

The equations of motion for this configuration take the
following form
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Fig. 4. Hinged attachment of a wing with torsional spring
on one side of the bridge deck.

(m+mzu)ﬁ+chh+khh = Lh+Lw
(I + mwez> &+ cube + (ko + kw) 0 — kyporyy = My + Ly

Tty + ky (’Xw - ‘X) = My
4)

It can be observed that CASE 3 is the generalized model
encompassing all other cases. CASE 1 corresponds to the
scenario in which both the windward and leeward wings
have sufficiently high torsional stiffness. CASE 2 corre-
sponds to the scenario where the windward wing has a
very small width while the leeward wing still maintains
sufficiently high torsional stiffness. CASE 4 corresponds to
the scenario in which the windward wing has a very small
width.

The following fundamental assumptions are introduced
in this study to simplify the analysis:

® The aerodynamic forces acting on the bridge deck and
the wings are determined separately, without consid-
ering the aerodynamic interactions between the deck
and the wings, as well as among the wings themselves,
as described in [26].

e In CASE 2 and CASE 4, the influence of the eccentric
mass distribution is neglected.

The aerodynamic forces on the bridge deck and the
wings act respectively at the shear center and the hinge
points. The aerodynamic forces L;, and M, acting on the
bridge deck are expressed in real form using flutter deriva-
tives AT, H (i = 1,2,3,4) [24, 25].

L, = %pUZB {KH{‘(K)% + KH;(K)B—; + K2H} (K)o
+K*Hj (K)%
M,y = %pusz {KAT(K)% + KA;(K)B—L’[" + K2A3(K)a
2 A% h]
+K“Aj(K) 3
) ®)
where U is the wind velocity and p is the air density.
The expression for the reduced frequency K is
(U]:B
K=2E2
z ®)

where wr is the flutter frequency.

For each bridge deck section geometry, the flutter deriva-
tives A;*, H;* are determined experimentally through wind
tunnel testing. Datasets of these coefficients for typical
bridge deck sections have been experimentally obtained
and tabulated in [27]. In cases where the wings are mod-
elled as thin plates, the aerodynamic loads on the plates
are represented in complex form through Theodorsen’s
circulation functions F(k) and G(k) [28, 29]. The transfor-
mation of these complex force expressions into real from
has been presented in [24, 25]. However, the mathematical
complexity of the functions F(k) and G(k) poses signifi-
cant challenges for the optimization process. Starossek [30]
proposed empirical formulas to evaluate F(k) and G(k) as
functions of the reduced frequency k.

_0.500502k> + 0.512607k> + 0.210400k + 0.021573

F(k) =
() k3 + 1.035378k2 + 0.251293k + 0.021508 )
Gk — 0.000146k> 4 0.122397k2 + 0.327214k + 0.001995
N k3 + 2.481481k2 + 0.934530k + 0.089318 @®
The expression for the reduced frequency k is
_ wrBy
k= T )

The graphs showing the variation of Theodorsen’s func-
tions F(k) and G(k), calculated according to Egs. (7) and (8),
are presented in Fig. 5.

Therefore, the coefficients appearing in the aerodynamic
force expressions for both the bridge deck and the wings
are governed by the reduced frequencies K and k, and are
ultimately determined by the flutter frequency wr and the
flow velocity U. It should be noted that, from Egs. (6)
and (9), the quantities K and k are geometrically related
and are therefore not independent variables.
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Fig. 5. Variation of Theodorsen’s functions with respect to
k.

2.2. Analysis based on the complex eigenvalue method

This section demonstrates the use of the complex eigen-
value method [30, 31] to evaluate the critical flutter wind
speed corresponding to the configurations introduced in
Section 2.1. The vibrations are assumed to be harmonic
and represented in complex form, the motion equations for
four cases outlined in Section 2.1 can be expressed in the

following form.

M5 + K¥x = £} (10)

where x is the displacement vector, M is the mass matrix,
K is the stiffness-damping matrix, and f; is the general-
ized force vector.

For CASE 1, we have
X = h I - Ly + Ly1 + Lu2 .
a | 7L My + My + My — eLyt + eLyyp
Mo | ™ + 2my 0 .
- 0 I+ 21y + 214,62
K — ky, +iwcy, 0
o 0 ko + iweg
(11)
For CASE 2, we have
X = h L Lh + Ly .
A My + My +ely |’
| mAmy 0 )
M_[ 0 I+Iw+mwez]’ (12)
K — ky, +iwcy, 0
o 0 ko + iwcey

For CASE 3, we have

h Lh + Lyt + L2
X = & S — My —eLy1 + eLup
[ M !
X2 Muyp
m + 2my, 0 0 0
_ 0 I4+2mpe> 0 0 |
M= 0 0 Iy 0 |7
0 0 0 Iy
ky, +iwcey, 0 0 0
Kt — 0 ko 4+ 2ky +iwey,  —kyw  —ky
0 —ky kuw 0
0 —ky 0 kuw
(13)
For CASE 4, we have
h Lh + Lw
X = o ML= | My+ely |;
Oy My,
m—+ my 0 0
M= 0 I+mper 0 |; (14)
0 0 Iy
ky, +iwcy, 0 0
K’ = 0 ko + ko +iwes  —ky
0 —kw kw
The solution toEq. (10) sought in the form:
X = xge!“rt (15)

where X is vibration amplitude vector.

In this formulation, the function f * is expressed as

* = wil*x (16)

where L* is the aerodynamic force coefficient matrix.
Eq. (10) is then rewritten in the form:

{Kd—w% [M—i—L*]}xo:O 17)

The condition for non-trivial solutions to Eq. (17) is that
the determinant of the coefficient matrix must be equal
to zero. By separating the real and imaginary parts, two
nonlinear equations are obtained, corresponding to the two
unknowns wr and U. For CASE 1 and CASE 2, these
equations can be solved to determine the flutter frequency
wr and the critical flutter wind speed U,,. For CASE 3
and CASE 4, if the value k;, is specified, the corresponding
flutter frequency wr and critical flutter wind speed U,
can also be determined. Eq. (17) is solved using the fsolve
function in MATLAB. Initial approximations are taken from
the critical flutter wind speed and flutter frequency of the
bridge deck without wing installation, and with this choice
of initial approximations, the solutions converge.
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2.3. Optimization procedure

As previously discussed, in CASE 1 and CASE 2, the rigid
connection between the wings and the bridges deck allows
the flutter frequency wr and the associated wind speed
Uy to be directly calculated for a specified wing configura-
tion, including size and position. In CASE 3 and CASE 4,
however, the torsional spring stiffness k;, is an unknown
parameter. Therefore, the problem is formulated as an op-
timization task to determine the optimal value of ky, that
maximizes the critical flutter wind speed.

The variables involved in the optimization problem are
defined as follows

y=[y1) y2 vB) " =[wr Us ko ]" (18)

Accordingly, the optimization problem can be stated
as the task of finding the variable y that satisfies a given
objective function

fobjective (y) = —y(2) = —Ucr — min (19)

Two equations derived from the determinant condition,
as discussed in Section 2.2, serve as equality constraints.
Meanwhile, the inequality constraint is expressed as

u@n) _ y2)2n) _ | max (20)

Urea = wrB  y(1)B — red

where U9 represents the maximum reduced wind speed
within the experimental domain [27].

Using this formulation, the optimization is performed
with the Genetic Algorithm (GA) implemented in the MAT-
LAB Optimization Toolbox to determine the optimal tor-

oPt that maximizes the critical flutter

sional stiffness ky
wind speed. The GA is configured with a population size
of 50, a crossover rate of 0.8, a mutation rate of 1, and a

termination criterion of 200 iterations.

3. Results and discussion

3.1. Great Belt bridge model

The cross-sectional model of the Great Belt Bridge was con-
sidered with parameters as specified in [2, 16], and these
parameters are presented in Table 1. The flutter deriva-
tives of the Great Belt bridge cross-section were determined
experimentally, as reported in [27], and are illustrated in
Figs. 6 and 7. It should be noted that U33* in [27] is equal
to 16.798.

These flutter derivatives are approximated by cubic
polynomial functions of the reduced speed U,,;, as de-
scribed in [2, 16]:

=
)
(\‘h *
— -20F —=H, -
1 ¥
= -¥-H,
- 3ok < J
€L H3
-o-H;
40t N 1
50 : . . : ) . . : .
2 4 6 8 10 12 14 16 18 20 22

red

Fig. 6. Experimental values H} (i = 1,2,3,4) with respect
to Uyeq [27].

14 T T T T T T T T T
12F : 1
+A1
ar A, T
—~ gl . |
< A
o :
~ 6 A, 1
W4t -
< of / 4
AT A g L ®
Ofeee e g o O ¢ .
il \ |
4 . . ) . . . . . .

2 4 6 8 10 12 14 16 18 20 22

Fig. 7. Experimental values A*;(i = 1,2,3,4) with respect
to U,.q [27].

A} =53 x107°U3 , +0.0016U2,; + 0.11U,,4 + 0.058

T

A} = 3.6 x107°U2 , — 0.0076U2,; + 0.017U,,4 — 0.03

T

A% = 0.00027U3 ; + 0.022U2 ; — 0.014U,,4 + 0.066

T

A} = —0.00018U3 , + 0.0046U> ; 4 0.02U, oy — 0.069

T

Hi = 0.00082U3 , — 0.019U2,; — 0.42U,,; + 0.1

red red
Hj = —0.00075U2,; + 0.053U2,; — 0.4U,q + 0.32

H} = —0.0015U2,; — 0.086U2,; + 0.11U,,4 — 0.21

red
Hj = 0.002U°,, — 0.052U2 ; + 0.13U, + 0.59

rei

(1)
The critical flutter wind speed without the installation of
wings was determined to be 40.1 m/s.

3.2. Grid search optimization

A preliminary investigation was conducted using the grid
search method [32, 33] to identify the optimal torsional
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Table 1. Bridge deck and wing parameters.

Parameter Symbol Value Unit
Bridge deck width B 31 m
Bridge deck mass per unit length m 178x10°  kg/m
Bridge deck mass moment of inertia per unit length I 2.173 x 106 kgm2 /m
Natural frequencies zz (1)% ;23§§
Lehr’s damping rati i 0
ping ratios Ta 0
Air density 0 1.225 kg/m3
Wing density ow 7850 kg/m3
Wing thickness d 2 cm

spring stiffness ku°Pt for CASE 3 and CASE 4. The
study assumed a ratio 2¢/B = 1 and the wing width
By = 0.1B. The stiffness ky, was varied within the range
[3000 — 336000] Nm/rad /m with an increment step Aky, =
3000Nm/rad/m [16]. The results are presented in Fig. 8.
It was observed that, for both CASE 3 and CASE 4, opti-
mal peaks of critical flutter wind speed exist. For CASE 3,
the optimal k°Pt was found to be 33000Nm /rad/m cor-
responding to a critical flutter wind speed of 58 m/s. For
CASE 4, the optimal ku°Pt was 63000Nm/rad/m with a
corresponding critical flutter wind speed of 77 m/s. It is
noteworthy that as k, increases sufficiently, a break-even
condition is reached where the critical flutter wind speed
equals that of the case with the wings rigidly attached to
the bridge deck. For CASE 1, the critical flutter wind speed
was 44.4 m/s, and for CASE 2, it was 48.2 m/s.

o
o

=
o

[2}
o

a
o

IS
o

w
o

N
o

Critical flutter wind speed with control (m/s)

5
o

0.5 1 1.5 2 25 3
Stiffness of torsion spring kW (Nm/rad/m) %10°

Fig. 8. Critical flutter wind speed by various values of k.

By employing the grid search method, a preliminary
estimate of the optimal value of ki, can be obtained. From
the response curves shown in Fig. 8, it is clear that k;, has
an optimal value corresponding to the maximum critical
flutter wind speed U, . However, the grid search method is
computationally expensive, and the resulting optimal value

is not entirely accurate, as it depends on the increment step
Aky. Therefore, in the following part of this section, the op-
timization method presented in Section 2.3 will be applied
to accurately determine the optimal torsional stiffness k.

3.3. Genetic algorithm optimization

The case with the ratio of 2¢/B = 1 is considered, and
various By, / B ratios are investigated. These ratios are refer-
enced from [18]. The critical flutter wind speeds for CASE
1, CASE 2 and CASE 3, CASE 4 (corresponding to the op-
timal torsional spring stiffness values, kz,pt ) are presented
in Table 2 and Fig. 9. The optimal values of k;, for CASE
3 and CASE 4 are calculated as presented in Section 2.3.
It is observed that, for the case B,,/B = 0.1, the critical
flutter wind speed obtained using the proposed optimiza-
tion method is higher than or equal to that of CASE 3 and
CASE 4 calculated using the grid search method. This in-
dicates that the optimization approach proposed in this
study yields faster and more accurate results compared to
the gridbased method previously applied in [16]. Addi-
tionally, it is also observed that CASE 4 yields the highest
performance, whereas CASE 1 provides the lowest. Con-
figurations utilizing hinged wings with torsional springs
demonstrate greater effectiveness than rigid connections.
In addition, better aerodynamic efficiency is achieved when
the wings are mounted only on the leeward side of the
bridge deck, rather than symmetrically on both sides.

In CASE 3 and CASE 4, since the wings move inde-
pendently from the bridge deck, it is necessary to examine
the appropriateness of the wing rotation angles. Table 3
presents the amplitude ratios between the wing rotation
angles and the bridge deck rotation angles, along with
the corresponding flutter frequencies. The symbols a1
and agy denote the vibration amplitudes of the windward
and leeward wings relative to the wind flow in CASE 3,
while g, represents the vibration amplitude of the lee-
ward wing in CASE 4. It is observed that for small wing
widths, the torsional spring stiffness is low, resulting in



8 Hong-Son Nguyen et al.

Table 2. Critical flutter wind speeds in the cases corresponding to 2¢/B = 1.00.

By /B CASE 1 CASE 2 CASE 3 CASE 4
w Uck (m/s) | Uckg (m/s) | kuP" (Nm/rad/m) | U, (m/s) | k%Pt (Nm/rad/m) | U, (m/s)

0.025 42.0 42.8 1548 50.8 1894 54.9
0.035 425 43.7 3253 52.5 4269 58.6
0.045 429 44.5 5698 54.0 8003 62.2
0.055 43.3 45.2 8943 55.2 13233 65.2
0.065 43.6 46.0 13073 56.4 20288 68.0
0.075 439 46.6 18125 57.4 29321 70.6
0.085 441 47.3 24146 58.4 40679 73.1
0.095 443 47.9 31220 59.3 54731 75.7
0.100 44 .4 48.2 35162 59.7 63031 77.0
0.110 445 48.7 43769 60.4 81734 79.5
0.120 447 49.3 53712 61.2 103777 81.9
0.130 44.8 49.8 64710 61.9 129741 84.3
0.140 449 50.3 76757 62.5 159498 86.6
0.150 45.0 50.7 90179 63.1 193235 88.8
0.160 45.1 51.2 104933 63.7 232134 91.1
0.170 45.2 51.6 120813 64.2 275823 93.3

100 T T : : r : : ing, thereby suppressing the bridge deck vibrations. CASE

— L 3 and CASE 4 exhibit better performance, as the stiffness

wr .- 22255 parameters can be tuned to achieve an appropriate phase

-¥- CASE 4

Critical flutter wind speed (m/s)

0.04 0.06 0.08 0.1 0.12 0.14 0.16
BW/B

Fig. 9. Critical flutter wind speeds in the cases
corresponding to the By /B ratios (2¢/B = 1.00).

large amplitude ratios between the wings and the bridge
deck. This amplitude ratio decreases as the wing width
increases and the torsional spring stiffness rises. In CASE
3, the amplitude ratio of the leeward wing is larger than
that of the windward wing. In contrast, for CASE 4, the
torsional spring stiffness is higher for all wing widths, and
the amplitude ratios are smaller compared to CASE 3.

In all four investigated cases, the wings are attached to
the bridge deck through struts. In CASE 3 and CASE 4,
the wings are connected to the struts via a hinge located
at the mid-chord, allowing them to perform independent
pitching motions. The aerodynamic forces acting on the
wings are transmitted to the bridge deck through the struts.
The objective of the aerodynamic control is to adjust the
phase angle of the wing motion such that the resulting
aerodynamic forces provide positive aerodynamic damp-

angle of wing motion. Moreover, CASE 4 yields the best
performance, despite its asymmetric configuration, because
the single-sided wing arrangement allows for a more favor-
able adjustment of the phase angle, resulting in the most
effective generation of positive aerodynamic damping.

Fig. 10 presents the optimal stiffness values ( kg,pt ) of
the torsion spring. As the wings become larger, k;,°P! cor-
respondingly increases. Among the considered cases, the
optimal stiffness in CASE 4 is consistently higher than in
CASE 3. In general, the kP! values differ significantly,
highlighting the necessity of employing an optimization
algorithm to accurately determine the required values.

" x10°
3
25F
-=~ CASE 3 (2e/B = 1)
ol -8~ CASE 4 (2¢/B = 1) 1
£
£
£ 15
g
_“g I
1
05
0‘  § L L 1 1 L

0.04 0.06 0.08 0.1 0.12 0.14 0.16
BW/B

Fig. 10. Optimal values of kiﬁ’f for different cases.
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Table 3. Flutter frequencies and vibration amplitude ratios.

B, /B CASE 3 CASE 4
v wr (rad/s) | agw /a0 | aow2/o | wp(rad/s) | agw/ao

0.025 1.0056 15.29 21.64 1.1273 11.51
0.035 1.0254 13.04 18.73 1.1886 10.17
0.045 1.0460 11.77 17.02 1.2538 9.25
0.055 1.0532 10.21 14.91 1.3109 8.46
0.065 1.0648 9.33 13.68 1.3577 7.73
0.075 1.0676 8.32 12.28 1.4071 7.21
0.085 1.0765 7.77 11.50 1.4521 6.75
0.095 1.0797 7.15 10.62 1.5056 6.45
0.100 1.0789 6.82 10.15 1.5246 6.25
0.110 1.0778 6.27 9.36 1.5722 5.97
0.120 1.0779 5.82 8.72 1.6178 5.73
0.130 1.0787 547 8.22 1.6618 5.50
0.140 1.0789 5.17 7.78 1.7066 5.32
0.150 1.0771 4.87 7.34 1.7513 5.16
0.160 1.0759 4.61 6.97 1.7979 5.03
0.170 1.0731 4.36 6.60 1.8416 4.90

4. Conclusions

This paper presents a range of passive aerodynamic con-
trol strategies designed to improve the critical flutter wind
speed of long-span bridges. An optimization approach is
employed to identify the optimal configuration of control
devices that yields the maximum enhancement in critical
wind speed. The optimization process is fully implemented
using the Genetic Algorithm (GA) function in MATLAB
and is applicable to other passive aerodynamic control
methods. Additionally, a novel control measure is pro-
posed, involving the installation of the wing on the leeward
side of the bridge deck, connected via the hinge and the tor-
sional spring. Numerical simulation results demonstrate
the superior effectiveness of this approach. The influence
of the size of the wings is also investigated. For CASE 3
and CASE 4, to evaluate the motion compatibility of the
wings, the amplitude ratios between the wings and the
bridge deck were examined for various wing widths, each
associated with its corresponding optimal torsional stiff-
ness. As the wing width increases, the optimal torsional
stiffness also increases. Although the mass ratio becomes
larger, the critical wind speed improves, and the amplitude
ratios between the wings and the bridge deck decrease. In
CASE 3, the amplitude ratio of the leeward wing is greater
than that of the windward wing. In CASE 4, despite its
structural asymmetry—which may require human inter-
vention for practical implementation—the enhancement in
critical wind speed is more significant than in CASE 3, and
the amplitude ratio between the wing and the bridge deck
is also smaller. The findings presented in this study can be
further extended to active control methods and applied to
full-bridge model. In the present study, the static unbalance

terms have not been considered; a future research direction
will focus on investigating the effects of mass eccentricity.
Acknowledgements
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Appendix

In this section, the expressions of L* for different cases
are presented. First, the aerodynamic forces acting on the
bridge deck can be reformulated as [30, 31].

Ly, = wfrpb? (cpph + bepaa) (22)
M, = wlz:r[pbz (bc,xhh + bzcwtx> (23)
where
B
b= 5 (24)
and
_ g * STTRY L _ é * STTRY L
Chn = — (Hy +iH{); cpo = p (H3 +iH;);
(25)

4 , 8 .
Can = — (A3 +iA7);  Caa = (A3 +i43)
® CASE 1: The aerodynamic forces acting on the wings
are expressed as

1 I Buit
Lun :Epusz KyH;y (Kw) %1 + Ko Hyyp (Kw) ‘zul
h
K iy (Ko) o K Hiy (Ko) 2
(26)
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1 Fopn B
My = EPUZB%; {Kw 1 (Kp) =22 i L 4 KpAL, (Ko) %
h
+K2 Aw3 (Kw) x+ Kzzu w4 (Kw) Blzj
(27)
1 . h . Buit
Lo :EPUZBw [Kzunl (Kw) %2 + Kw w2 (Kw) %
h
+K2 HwS (Kw) o+ Kz Hw4 (Kw) ﬁ
(28)
1 I Buit
My = EPU2B§; {KwA:ul (Kw) %2 + KwAyy (Kw) Z
2 2 )
Jer (Kw) o+ K (Kw) Bf
w
(29)
where
wrB
Ky = —7* (30)
From Eq. (9), it follows that
Ko = 2k (31)

In the case where the wings are considered as thin plates,
we have [24, 25]:

N s T 2G(k)
i (Ko) = = FF 0 Hig (Kn) = — 1 (14 F0) + 29
N T kG(K)] s T 2G(k)
H3:_ﬁ|:1:(k)_ 2 :|’ w4( ZU):E|:1+ k
. __F(k), B _2G(k) ]
on (Ke) = 5 ALy () = T [1-F0 = 258
. m [k kG(k) G(k)
A (Ka) = gy | g+ FO) = 52| g (k) = -2
(32)
Reformulation of the aerodynamic forces acting on the
wings
Ly1 = w% npbzzv (cimha1 + bwcha) (33)
My = (4.)12: 7'Cpb120 <bwcz)hhw1 + bg;cawaw“) (34)
Lyp = w% npbzzu (it + buwch,a) (35)
sz = (JJIZ: ﬂpb%u (waZUhth + b%UCEZXIX) (36)
where

bo = —- (37)

o
=
=

I

4 .
p (Hps +iHyp) ;

8 (A*3+1A 2)

2 .
i P (Hpg +iHyq);  chp = 8)

4 .
¢ (Aw4 +iA41);  Can =

28
||

Note that the notations used in Eq. (38) are adopted for

the remaining three cases. On the other hand, we have

hwl =h-— ew; I’lwz =h+en (39)
Thus, from Egs. (11) and (16), it follows that
. Ly Ly
vom| 4o
where
LTl = bzchh + 2b$UCZJh
Ly, = b3cp, +263,¢0
L21 — bscah + 2bw th
L3y = btcaq + 2039 + 2ezb§,cZ’h

(41)

e CASE 2: By applying a similar procedure as in CASE
1, with

S
vom| “

In this case, we have

Ly = by + b3,
L}, = b3 Cpy + eb% e Chn bi,cha
L3y = Dcyy + b3y, + eb,cl),
Ly = btcua + eb3,c, + b, + 03, + ebl,cl,
(43)

* CASE 3: The aerodynamic forces acting on the wings
are expressed as follows

h By
Ly *PU By KwH (Kw) wl + Ky (Kw) wZwl
u u
h
+K5 Hiys (Kuw) i + Ky Hipy (Koy) —B";l
(44)

Bwé‘wl
u

1 h
MW1 = Epuszzu |:Kw wl (Kw) lzj;[l -‘ersz (Kw)

h
(Kw) Kyl + Kz w4 (Kw) vl

K2 A%
+ B,

(45)
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1 I Buit
Ly :*Pusz Ksz,l (Kw) Tw2 + Ky Z;Z (Kw) Zwituw2
2 u u
I,
K Hi (Ku) wa + Ky iy (Ka) 52
(46)
1 I Bt
Myn = 7PU2B%U KwAZ;l (Kw) Tw2 + Ky :;)2 (Kw) w2
2 u u
h
+KE Al (Ko) tun + K Ajy (Ku) 52
w
(47)

Reformulation of the aerodynamic forces acting on the
wings

Ly1 = ‘U%”szzu (Czuhhwl + bwcz),x“wl) (48)
My = w%npbi (bwcz’hhwl + szUCz}Mm) (49)
Ly = w%”Pbg; (C;fhth + bwcﬁxauﬂ) (50)
Myp = w%npb%, (bwcfhhwz + b%ucf)‘”aaz,]z) (51)
with the coefficients expressed as in Eq. (38).
From Egs. (13) and (16), it follows that
Ly L L L
L =1 21 22 23 24 (52)
e I Ih I L5
Ly Ly Lz Ly
Liy = bPepy + 265l Lia = bPope;
* 3 T T
13 = byl Lis = Li;
Ly, = B3cap; Ly = bhegq + 26202,
* 3 . _ .
Ly = _ebwcziw L§4 = _L§3'
L3y = bicly; Lyp = —ebicly; Lig = biucin; Liy = 0;
Ly = bicfh? Lyp = ebiﬂ?m Liz=0; Ly = b?ucﬁva
(53)

¢ CASE 4: By performing transformations similar to
those in CASE 3, with
Ly L Ly
L*=mnp | Ly, Ly L3 (54)
Ly Ly Ly

In this case, we have

(1]

(2]

(8]

L = Vo + bzzucﬁjh? Li, = bop + Ebzzucﬁjh? Li; = by,

Ly = biegn + ebzzuciuh? Ly = bcan + ezbi@?fh; Ly = Ebgjcﬁua;

¥ 13w .rx 13 w . rx 14w
L3y = byCays L3y = ebiyCyyyi Lag = byCun

(55)
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