Wind and Structures, Vol. 10, No. 1 (2007) 1-22 1
DOI: http://dx.doi.org/10.12989/was.2007.10.1.001

Suppression of aerodynamic response of suspension
bridges during erection and after completion
by using tuned mass dampers

Virote Boonyapinyo®

Department of Civil Engineering, Thammasat University, Rangsit Campus, Pathumthani 12120, Thailand

Adul Aksorn?

Faculty of Architecture, Khon Kean University, Khon Kean 40002, Thailand

Panitan Lukkunaprasit*'

Department of Civil Engineering, Chulalongkorn University, Bangkok 10330, Thailand
(Received November 1, 2005, Accepted November 14, 2006)

Abstract. The suppression of aerodynamic response of long-span suspension bridges during erection
and after completion by using single TMD and multi TMD is presented in this paper. An advanced finite-
element-based aerodynamic model that can be used to analyze both flutter instability and buffeting
response in the time domain is also proposed. The frequency-dependent flutter derivatives are transferred
into a time-dependent rational function, through which the coupling effects of three-dimensional
aerodynamic motions under gusty winds can be accurately considered. The modal damping of a structure-
TMD system is analyzed by the state-space approach. The numerical examples are performed on the
Akashi Kaikyo Bridge with a main span of 1990 m. The bridge is idealized by a three-dimensional finite-
element model consisting of 681 nodes. The results show that when the wind velocity is low, about 20 m/
s, the multi TMD type 1 (the vertical and horizontal TMD with 1% mass ratio in each direction together
with the torsional TMD with ratio of 1% mass moment of inertia) can significantly reduce the buffeting
response in vertical, horizontal and torsional directions by 8.6-13%. When the wind velocity increases to
40 m/s, the control efficiency of a multi TMD in reducing the torsional buffeting response increases
greatly to 28%. However, its control efficiency in the vertical and horizontal directions reduces. The
results also indicate that the critical wind velocity for flutter instability during erection is significantly
lower than that of the completed bridge. By pylon-to-midspan configuration, the minimum critical wind
velocity of 57.70 m/s occurs at stage of 85% deck completion.
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1. Introduction

Wind-induced flutter instability and buffeting response are particularly important aerodynamic
responses of long-span suspension bridges and long-span cable-stayed bridges. The wind effect must
be taken into account not only for the completed bridge but also for the bridge during erection.
Flutter is a phenomenon of self-excited vibration, which may cause a bridge to vibrate continuously
with increasing amplitude until the bridge structure fails. A large buffeting amplitude may cause
fatigue damage in structural members or make drivers and passengers in moving vehicles feel
uncomfortable. With the rapid increase in the span length of modern cable-stayed and suspension
bridges, research on aerodynamic response analysis and its suppression of long-span bridges during
erection and after completion has become a problem of great concern.

Although the period of deck erection is usually not too long and the expected wind velocity for
this period can be reduced accordingly, the overall stiffness of the bridge during erection is
significantly less compared to that of the completed bridge in service condition. Therefore, the
general conditions against the aerodynamic instability are found to be less favorable than the
completed bridge (Brancaleoni 1992, Tanaka, ef al. 1998, Ge and Tanaka 2000, Cobo del Arco
2001). For truss stiffened bridges, the problem may be solved by erecting the open truss first
(Larsen and Gimsing 1992) but this can not be done in box-girder suspension bridges. The
suppression of aerodynamic response of long-span suspension bridges during erection and after
completion can be done by the control method and the choice of erection method.

The strategy for the control of wind-induced vibration of long-span bridges can be classified as
structural countermeasures, aerodynamic countermeasures and mechanical countermeasures. The
structural countermeasures are done by increasing the first torsional frequency and the ratio between
the first symmetric torsional and vertical bending frequencies. This method can obviously improve
the flutter behavior of bridges (Simiu and Scanlan 1996). The aerodynamic countermeasures are
usually an effective method for response suppression. Wardlaw (1992) summarized the
countermeasures for improving the aerodynamic stability of bridge decks and noted that a satisfying
aerodynamic performance of bridge decks can be achieved by the use of shallow sections, closed
sections, edge streamlining and other minor or subtle changes to the cross-section geometry. Active
aerodynamic countermeasures have also been studied for increasing the critical flutter wind speed
(Wilde and Fujino 1998).

Past and present researches on the mechanical countermeasure of the buffeting response
(Malhortra and Wieland 1987, Miyata, et al. 1993, Conti, et al. 1996, Gu, et al. 2001, Chang, et al.
2003) and flutter response (Nobuto, et al. 1988, Gu, et al. 1998, Pourzeynali and Datta 2002, Kwon
and Park 2004) of long-span bridges focus mainly on the tuned mass damper (TMD). Conti, et al.
(1996) showed that the TMD can reduce the horizontal buffeting response in terms of standard
derivative value by 35% in a full aeroelastic model test of the Normandie cable-stayed bridge
during erection. However, previous researches on the suppression of aerodynamic response of long-
span bridges are generally based on: (1) the spectral approach which uses only two modes, that is,
the first vertical mode and the first torsional mode, with the results being limited to the buffeting
response only in terms of the standard derivative values; and (2) the simplified aerodynamic model
that does not consider the combined flutter instability and buffeting response and neglects the
aeroelastic coupling between modes. Boonyapinyo, et al. (1999) and Chen, et al. (2000a) showed
that neglecting the effects of aeroelastic coupling between modes results in a significant
underestimation of the torsional displacement response and produces a considerable difference in the
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vertical response at high wind velocities.

In addition, previous research on multi-mode coupled flutter analysis and its suppression are
commonly performed through the solution of a nonlinear complex eigenvalue problem (Miyata and
Yamada 1988, Agar 1991). Since unsteady self-excited forces are a function of reduced frequency,
each solution associated with each mode needs an iterative calculation until the assumed frequency
coincides with that of the prescribed target mode. This procedure can be time consuming and
computationally cumbersome particularly for the multi-mode flutter analysis of long span bridges
that have closely-spaced frequencies. Recently, the computational efficiency of flutter analysis has
been improved by representing the unsteady self-excited forces in terms of a rational function
approximation (Fujino, et al. 1995, Boonyapinyo, et al. 1999, Chen, et al. 2000a, 2000b).
Accordingly, the multi-mode coupled flutter analysis is reduced to evaluate the eigenvalues of a
constant matrix at each prescribed wind velocity. Very few researches, if any, on the suppression of
aerodynamic response of long-span suspension bridges by using TMD have been based on an
advanced aerodynamic model that considers combined flutter instability and buffeting response in
time domain and aeroelastic coupling between modes. An accurate estimation of the suppression of
aerodynamic response requires a precise prediction of the aerodynamic damping and proper
consideration of the changes that take place in mode shapes due to aerodynamic coupling. With the
rapid increase in the span length of modern cable-stayed and suspension bridges, an advanced finite-
element-based aerodynamic model must be considered and then the control efficiency of TMD with
wind velocity could be better understood and accurately investigated.

In this paper, the suppression of aerodynamic response of long-span suspension bridges during
erection and after completion by using single TMD and multi TMD is presented. An advanced
finite-element-based aerodynamic model that can be used to analyze both flutter instability and
buffeting response in the time domain is also proposed. The equation of motion in the time domain
is expressed in modal-coordinate state-space form. The frequency-dependent flutter derivatives are
transferred into a time-dependent rational function, through which the coupling effects of three-
dimensional aerodynamic motions under gusty winds can be accurately considered. The buffeting
forces are considered through a quasi-steady formulation together with the appropriate aerodynamic
admittances. The modal damping of a structure-TMD system is analyzed by the state-space
approach. The numerical examples are performed on the Akashi Kaikyo Bridge with a main span of
1990 m during erection and after completion by using single TMD and multi TMD.

2. Turbulent wind model and its simulation

The turbulent wind model consists of a steady part (related to mean wind speed) and a superimposed
fluctuating part. The fluctuating wind forces acting on the structure depend on the size of gust in
relation to the size of the structure. This dependence can be expressed in terms of the aerodynamic
admittance, which is a ratio of the fluctuating force in the turbulent wind to the quasi-static force in
the steady flow. The multidimensional autoregressive moving average (ARMA) proposed by Samaras,
et al. (1985) for generating the time-space correlated fluctuating wind velocity along the bridge is
applied. The details of the turbulent wind model are given by Miyata, et al. (1995), among others.

3. Aerodynamic force model and equation of motion

The aerodynamic force model is assumed to consist of: (1) frequency-dependent aeroelastic force
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due to wind-structure interaction in a smooth on coming wind flow; and (2) time-and-space-
dependent buffeting force due to turbulence in an oncoming wind flow, but neglected interactive
with structural motion. Then, the sectional aerodynamic wind forces per unit span are defined as

Lift: L=L,+L, (1a)
Drag: D=D,. + D, (1b)
Moment: M= M, + M, (1c)

where subscript ae refers to aeroelastic effects; and b to buffeting effects.

The quasi-steady buffeting lift, drag and moment forces are expressed in terms of steady average
(or static) lift, drag and moment force coefficients C;, Cp and Cy,, respectively, (Simiu and Scanlan
1996) as

1 A,
L, = EpUzB[CL(l + z[ﬂj) + (CL + ECD) %} (2a)
D, = %pUzAn[CD(l + zll]) + c;%} (2b)
M, = %pUzBZ[CM(l + 2(2]) + CMVL—VJ (2¢)

where U=mean along-wind velocity; p=air density; B=deck width; u=u(f) and w=w(f) are the
horizontal and vertical gust (or fluctuation) velocity components of the wind; 4,=projected area of
the deck normal to the wind direction; C;, = dC,/d,; C, = dC,’d,; C;, = dC,,/d,; a=wind
angle of attack.

Because the aeroelastic forces depend on reduced frequency while the buffeting forces naturally
depend on time and spatial location, the frequency-dependent aeroelastic forces are transformed into
the time-dependent forces so that they can be applied in an explicit time-domain approach. The
most common form of the approximation of aeroelastic force coefficients used currently in
aeronautics is a rational function of the nondimentional Laplace variable p where p=sB/U=iK and
nondimensional time s= U#/B.

Thus, for sinusoidal motion in the vertical y, rotation g, and horizontal z directions, the linearlized
forms of the aeroelastic or self-excited forces are completely expressed in the Laplace domain as

Lae B K'Hi+K'H, K’H,i+K'H, K'H,i+KH,||y/B

= — 1 2 * % % % * % H

Du( =3PY| B ||KP/i+K'P, K'P/i+K'P, K'P,i+KP;|\Z'B )
A4 2 * * * * * * 7

M. BU\KAi+ KA, KAli+ KA, KAji+KdAl |l

where the aeroelastic coefficients matrix can be expressed in the rational function or partial fraction
form (Boonyapinyo, et al. 1999); K=Baw/U=reduced frequency; w=natural frequency; and H;, P/,
A}, (i=1-6)=experimentally obtained flutter derivatives or aeroelastic coefficients.

Finally, the equation of motion in the time domain is expressed with a modal-coordinated state-
space form as (Boonyapinyo, et al. 1999)
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where M = M—% BZAZ; C=0C- %pUBAl; k = K- %pUZAO; modal aeroelastic matrix A;=
®'a;®, [=0,1,2,...,m+2; ®=natural mode shape; a,=aeroelastic matrix in the form of rational
function approximation; M, C and K=modal mass, damping, and stiffness matrices, respectively;
M, C, and K =aeroelastic-modified modal mass, damping, and stiffness matrices, respectively; x,,
[=3,4, ..,m+2,= =aerodynamic state vectors; U=mean along-wind velocity; q=generalized
coordinate; F,=modal buffeting force vector; m=partial fraction or lag terms for the approximation
of flutter derivatives generally varied from 2 to 4 depending on their characteristics.

Because Eq. (4) explicitly includes both aeroelastic and buffeting forces, it can be used to analyze:
(1) several types of aerodynamic instability, such as, galloping, torsional flutter, and flexural-
torsional flutter; and (2) combined flutter instability and buffeting responses. Details of the solution
of flutter velocity under smooth wind and the solution of buffeting response under turbulent wind
are given by Boonyapinyo, ef al. (1999).

4. Design of tuned mass dampers
4.1. Equation of motion of structure-TMD system

The modeling of the bridge-TMD system and TMD at the span-center for horizontal, vertical and
torsional directions is shown in Fig. 1. The equation of motion for a multi-degree-of-freedom
system with a TMD 1 and a TMD 2 attached to 4™ and A" degrees of freedom, respectively,
subjected to wind load p is given by:

mi+ca+ku=p (6)

The solution can be expressed by the modal analysis as

u o, - O, 00 X
u = Uy = AX = 0 0 1 0 X1 (7)
Uy 0 001 [x,

where ug=vector of absolute displacement of the main structure; #,, and u,=absolute displacements of
TMD 1 and TMD 2, respectively; x,=vector of generalized-coordinate displacement of main structure;
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(d)

Fig. 1 (a) Modeling of bridge-TMD system; and TMD at the span-center section for: (b) horizontal; (c) vertical;

(d) torsional directions

x1 and x,=generalized-coordinate displacements of TMD 1 and TMD 2, respectively; ¢,=#" natural
mode shape of the main structure without TMD, normalizing such that modal mass=1.

By substituting Eq. (7) into Eq. (6) and premultiplying Eq. (6) with the transpose of A, the
equation of motion in modal coordinates can be written as
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T
o, p
P=Ap=10'p (12)

0
0

and m,, ¢;, and k;; =mass, damping coefficient, and stiffness of TMD 1; mp, c,, and k,=mass,
damping coefficient, and stiffness of TMD 2.

Finally, the modal damping of the structure-TMD system can be analyzed by the state-space
approach.

4.2. Optimal damping ratio of TMD

To simplify the analysis by neglecting the structural damping ratio, the optimal damping ratio of
TMD (& o) and tuned parameter ( f; ,,,= @/@;) can be obtained for the randomly forced vibration

as (Ayorinde and Warburton 1980)
= puBut+4) 13
o = 8t it 2) -
+2
From = [ (14)
2(pu+1)

where mass ratio u=m/m,=the ratio of the TMD mass to the modal mass of structure. For
examples, when ©=1% and ©=3%, & ,,=5% and 8.6%, respectively. The above formula for
optimal damping ratio of TMD or similar one was used by many researchers, such as for control of
buffeting response (Chang, et al. 2003) and for flutter response (Kwon and Park 2004). Gu, ef al.
(1998) were also used similar formula for parametric study on control of flutter response by
theoretical and experiment studies. More details of optimal damping ratio of TMD are given by
Simiu and Scanlan (1996), among others.

5. Numerical examples of the completed bridge

The flutter and buffeting responses of the Akashi Kaikyo Bridge with a main span of 1990 m and
two side spans of 960 m are investigated with and without tuned mass dampers. The completed
bridge is idealized by a three-dimensional finite-element model consisting of 681 nodes, as shown
in Fig. 3. The stiffening truss girder, as shown in Fig. 2, has a 35.5 m width, a 14 m depth, a
6.74 m” projected area normal to the wind direction (4,) and an offset distance between the shear
and gravity centers of 3 m. The aeroelastic matrix a, in the form of rational function approximation
given by Boonyapinyo, et al. (1999) is calculated from experimentally obtained flutter derivatives of
stiffening truss girder (modified section) given by the Honshu-Shikoku Bridge Authority (1995).
The static aerodynamic coefficients of truss girder are; Cp,=1.9873, C;=0.0182, C,,=-0.0046,
Cp=0.217, C;=1.612, C,,=0.381. The static aerodynamic drag coefficients of the main cable and
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Fig. 2 Cross section of a stiffening truss girder of the Akashi Kaikyo Bridge (dimensions in m)
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Fig. 3 (a) 3D finite-element modal; (b) 3D flutter mode shape (real part); (c) flutter mode shape of imaginary
part; (d) flutter mode shape of real part

tower are 0.7 and 1.8, respectively. In the analysis, the following parameters are used: (1) modal
logarithmic decrement 6=0.03 for horizontal, vertical, and torsional modes; (2) time step
increments=0.5 s; (3) winds are generated every 0.5s; (4) longitudinal turbulence intensity 7,=10%;
vertical turbulence intensity 7,=1,/2; (5) the turbulent wind (mean and fluctuating wind velocities)
is applied to the nodal nodes of the deck, while the smooth wind (the mean wind velocity only) is
applied to the nodal nodes of the cables and towers; (6) number of structural modes used =20; and
(7) the statistical response values are calculated for 10 minutes starting from the 301st second
(avoiding starting transient response) to the 900th second. The major natural frequencies and mode
shapes of the bridge are shown in Fig. 4; these modes are among the first 20 modes, except for the
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second torsional mode (the 23th mode).

Many single TMD in each mode and multi TMD for the suppression of aerodynamic response are
investigated in this paper. The optimal damping ratio and frequency of TMD were designed based
on Egs. (13-14). The modal mass of the first vertical, horizontal, and torsional modes of the
completed bridge are 6,343 tons, 4,571 tons, and 1,146,542 tons-m?, respectively. The mass ratio is
the ratio of the TMD mass to the modal mass of bridge in each direction.

5.1. Effects of single TMD in each mode on flutter response

Fig. 5 shows the comparisons of critical wind velocities of the completed bridge by using single
TMD in each mode with several mass ratios. The results show that the single TMD in each mode
results in no significant change in the critical wind velocity for flutter instability. For example, the
single TMD that slightly increases the critical wind velocity is as follows: (1) TMD with 1% and
2% mass ratio tuned to V1 mode; (2) TMD with 1% and 2% mass ratio tuned to V3 mode; (3)
TMD with 3% and 5% mass moment of inertia tuned to T1 mode. The single TMD that slightly
decreases the critical wind velocity is TMD tuned to Hl mode. The single TMD that significantly
decreases the critical wind velocity is TMD tuned to H3 mode.

5.2. Effects of multi TMD on flutter response

Many types of multi TMD are investigated. Firstly, the multi TMD type 1 at the span-center
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Fig. 5 Comparisons of critical wind velocities of the completed bridge by using TMD in each mode with
several mass ratios

section consists of vertical and horizontal TMD with 1% mass ratio in each direction together with
torsional TMD with ratio of 1% mass moment of inertia.

For the completed bridge without TMD, the analytical result of a flutter wind velocity of 101.4 m/s
is slightly higher than the experimental result of 92.00 m/s obtained from wind-tunnel experiments
of the full-bridge aeroelastic model undertaken by the Honshu-Shikoku Bridge Authority (1995).
The difference in flutter velocity is probably caused mainly by the flutter derivative as well as the
geometric nonlinearity. The flutter derivative may be influenced by the mode shape and
displacement amplitude, as discussed by Scanlan (1988), as well as the torsional-displacement-
induced wind angle of attack. However, good agreement in flutter mode shape is obtained between
the analytical results, as shown in Fig. 3(b-d), and the experimental results. As can be seen in the
Fig. 4, the flutter mode shape is coupled among the T1, H3, and V3 modes, which have the natural
frequencies close to each other. The horizontal component results mainly from the significant 3 m
offset between the shear center and gravity center of the truss girder, as well as the aeroelastic drag
forces.

For the completed bridge with multi TMD type 1, the response of system (structural+
aerodynamics) frequencies and damping with wind velocity are shown in Figs. 6-7. The analytical
result of a flutter wind velocity for the completed bridge with multi TMD type 1 is about 100.1 m/s.
The results show that the multi TMD type 1 results in no significant change in the critical wind
velocity for flutter instability. This is because the rate of increase of negative aerodynamic damping
is so high when the wind velocity approaches the flutter velocity (hard-type flutter), as shown in
Fig. 7.

Finally, comparisons of critical wind velocities of the completed bridge by using several multi
TMD with several mass ratios in each mode are shown in Fig. 8. Similar to the multi TMD type 1,
the results show that the several multi TMDs including the combination of flutter mode H3, V3,
and T1 result in no significant change in the critical wind velocity for flutter instability.

5.3. Effects of multi TMD on buffeting response

The principal concept of multi TMDs is to reduce the dynamic response part in vertical,
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Fig. 9 Displacement response at the center node of the main span for the completed bridge with and without
multi TMD type 1 at wind velocity 20 m/s

horizontal and torsional directions, but not the mean (static) response part. Figs. 9 and 10 show
comparisons of the displacement response at the center node of the main span with and without
multi TMD type 1 at U=20m/s, and 40 m/s, respectively. The results show that when the wind
velocity is 20 m/s, the multi TMD type 1 can significantly reduce the buffeting response in terms of
the std (standard derivative) values in the vertical, horizontal and torsional directions by 8.6%, 9%,
and 13%, respectively. When the wind velocity increases to 40 m/s, the multi TMD type 1 can
significantly reduce the torsional buffeting response in term of the std values by 28% [(0.3468-
0.2499)/0.3468*100=28%], and can moderately reduce the vertical buffeting response by 5.4%. It
is noted that when velocity increases, the control efficiency of TMD in reducing the torsional
buffeting response increases greatly because the torsional aerodynamic damping reduces with wind
velocity (see Fig. 7). However, its control efficiency in vertical and horizontal directions reduces
because the aerodynamic dampings in these directions increase with wind velocity (see Fig. 7) and
become more dominant than TMD.
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Fig. 10 Displacement response at the center node of the main span for the completed bridge with and
without multi TMD type 1 at wind velocity 40 m/s

5.4. Effects of mass ratio of multi TMD on buffeting response and peak stoke

Multi TMD with 1%, 2% and 3% mass ratio tuned to H1 and V1 in each direction and ratio of
1%, 2% and 3% mass moment of inertia tuned to T1 mode are studied. The effects of mass ratio of
multi TMD on the std displacement responses at the center node of the main span are shown in
Fig. 11. The results show that the control efficiency of TMD in reducing the torsional buffeting
response increases greatly as the ratio of mass moment of inertia increase from 1% to 3% at high
wind velocity. However, its control efficiency in vertical and horizontal directions tends to saturate
or even decrease as the mass ratio increases from 1% to 3%.

The stroke of multi TMD type 1 for the completed bridge at wind velocity 40 m/s is shown in
Fig. 12. Because the damper mass absorbs most of the energy of the excitation, its stroke is much
larger than that of the bridge (see Figs. 10 and 12). The effects of mass ratio on the peak stroke of
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Fig. 11 Effects of mass ratio on std displacement responses

at the center node of the main span for the

completed bridge with multi TMD tuned to H1, V1 and T1

multi TMD with 1%, 2% and 3% mass ratio tuned to H1

and V1 in each direction and ratio of 1%,

2% and 3% mass moment of inertia tuned to T1 modes at wind velocity 40 m/s are shown in Fig. 13.
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Fig. 12 Stroke of multi TMD type 1 installed at the span-center for the completed bridge at wind velocity 40 m/s

The results show that the peak strokes of TMD in vertical and horizontal directions significantly
reduce as the mass ratio increase from 1% to 3%. Therefore, the mass ratio of TMD in vertical and
horizontal directions may increase up to 2-3% for a long-span bridge to reduce the peak stroke of
TMD and to make its stroke move within the operation range inside the stiffening truss girder.

6. Numerical examples of the bridge during erection

The flutter and buffeting responses of the Akashi Kaikyo Bridge during erection are investigated
with and without tuned mass dampers. Deck erection of the suspension bridge involves many
challenging problems with respect to both construction safety and time schedules. It needs to be
carefully selected by considering all practical aspects, such as geometry control, static and dynamic
stress, as well as the aerostatic and aerodynamic stabilities. In this research, two typical types of
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Fig. 14 Deck erection sequence

deck erection sequence (Gimsing 1997) shown in Fig. 14 are investigated as follows: (1) midspan-
to-pylon configuration, and (2) pylon-to-midspan configuration.

6.1. Natural frequencies of the bridge during erection

The natural frequencies of the bridge during erection by midspan-to-pylon and pylon-to-midspan
are shown in Figs. 15 and 16, respectively. Some important results can be summarized as follows.
(1) The first horizontal frequency is not influenced significantly by the percentage of the erected
deck length nor the erection sequence. This implies that the ratio of the effective stiffness to the
effective mass in the first horizontal mode remains more or less at the same value. (2) The first
vertical frequency and the first torsional frequency by the pylon-to-midspan configuration are higher
than those by the midspan-to-pylon configuration. This means that the pylon-to-midspan
configuration is stiffer than the midspan-to-pylon configuration. (3) The third horizontal frequency
is influenced significantly by the percentage of the erected deck length and the erection sequence.

6.2. Flutter response of the bridge during erection

The critical wind velocities for flutter during erection between midspan-to-pylon configuration and
pylon-to-midspan configuration are compared in Fig. 17. Some important results can be summarized
as follows. (1) The critical wind velocity during erection is significantly lower than that of the
completed bridge, especially at the stage of 25-95% deck completion by midspan-to-pylon



Suppression of aerodynamic response of suspension bridges during erection 17

0.24

H3
0.20

V3

o
=
N

Tl %

e s
HI I

Mb

o
=)
&

Frequency (Hz)
o
o

o
=)
K

0.00

0 10 20 30 40 50 60 70 80 90 100
Deck Erection (%)

Fig. 15 Comparisons of natural frequencies during erection by midspan-to-pylon configuration

0.18
V3
0.16
0.14 Tl
2012
> 0.10 Vi
[=]
S 0.08 03
g 0.06 .
&3 H1
0.04 e . a,
0.02
0.00

0 10 20 30 40 50 60 70 80 90 100
Deck Erection (%)

Fig. 16 Comparisons of natural frequencies during erection by pylon-to-midspan configuration

configuration and at stage of 55-95% deck completion by pylon-to-midspan configuration. (2) The
critical wind velocity during erection by pylon-to-midspan configuration is significantly higher than
that by midspan-to-pylon configuration. (3) By midspan-to-pylon configuration, the first minimum
critical wind velocity of 41.20 m/s occurs at an early stage of about 25-40% deck completion, and
the second minimum critical wind velocity of 45.70 m/s occurs at the stage of 85% deck
completion. (4) By pylon-to-midspan configuration, the minimum critical wind velocity of 57.70 m/s
occurs at the stage of 85% deck completion. At this stage, the contribution of the deck to the
overall stiffness is not yet fully developed and the bridge deck is very long to pick up the
aerodynamic forces, together with the natural frequencies of T1, V3, and H3 modes that cause
flutter and which are close to each other.

The flutter mode shapes in real part at 85% deck completion by midspan-to-pylon configuration
and by pylon-to-midspan configuration are shown in Figs. 18 and 19, respectively. As can be seen
in the figures, similar to the completed bridge, the flutter mode shapes in two types of erection
sequence are still coupled among the T1, H3, and V3 modes.
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6.3. Effects of single TMD and multi TMD on flutter response during erection

Effects of single TMD in each mode and multi TMD on aerodynamic response are investigated.
Single TMD in each mode and multi TMD with 1% and 2% mass ratio by midspan-to-pylon
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Fig. 20 Comparisons of std displacement response at 85% deck completion with and without TMD typel at
end of deck by pylons-to-midspan and at the center node of the main span by midspan-to-pylons
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configuration and pylon-to-midspan configuration are considered. The results show that, similar to
the completed bridge case, the single TMD in each mode and multi TMD result in no significant
change in the critical wind velocity for flutter instability. For example, the single TMD tuned to T1
mode, and multi TMD tuned to H1, V1, and T1 modes lead to a slight increase in the critical wind
velocity for flutter instability. Therefore, the detailed results are not shown here.

6.4. Effects of multi TMD on buffeting response during erection

The multi TMD type 1 consists of the vertical and horizontal TMD with 1% mass ratio in each
direction together with a torsional TMD with ratio of 1% mass moment of inertia of the bridge
during erection is investigated. The multi TMD type 1 is installed at the span-center section for
midspan-to-pylon configuration and at the two end sections for pylon-to-midspan configuration.
Comparisons of std displacement response at 85% deck completion with and without multi TMD
type 1 at the center node of the main span by midspan-to-pylons configuration and at end of deck
by pylon-to-midspan configuration are shown in Fig. 20. The results show that, similar to the
completed bridge case, when velocity increases, the control efficiency of multi TMD in reducing the
torsional buffeting response increases greatly. However, its control efficiency in the vertical and
horizontal directions reduces.

7. Conclusions

The suppression of aerodynamic response of long-span suspension bridges during erection and
after completion by using single TMD and multi TMD is presented in this paper. An advanced
finite-element-based aerodynamic model that can be used to analyze both flutter instability and
buffeting response in the time domain is also proposed. The modal damping of a structure-TMD
system is analyzed by the state-space approach. From the numerical examples of the Akashi Kaikyo
Bridge, the conclusions are summarized as follows:

When the wind velocity is low, about 20 m/s, the multi TMD type 1 (the vertical and horizontal
TMD with 1% mass ratio in each direction together with a torsional TMD with ratio of 1% mass
moment of inertia) can significantly reduce the buffeting response in terms of the std value in
vertical, horizontal and torsional directions by 8.6-13%.

When the wind velocity increases to 40 m/s, the control efficiency of multi TMD type 1 in
reducing the torsional buffeting response increases greatly to 28% because the torsional
aerodynamic damping reduces with the wind velocity. However, its control efficiency in vertical and
horizontal directions reduces because the aerodynamic dampings in these directions increase with
the wind velocity and become more dominant than TMD.

The single TMD and multi TMD result in no significant change in the critical wind velocity for
flutter instability. This is because the rate of increase of negative aerodynamic damping is so high
when the wind velocity approaches the flutter velocity.

The control efficiency of TMD in reducing the torsional buffeting response increases greatly as
the ratio of the mass moment of inertia of TMD increases from 1% to 3% at high wind velocity.
Although, its control efficiency in vertical and horizontal directions tends to saturate or even
decrease as the mass ratio of TMD increases from 1% to 3%, its mass ratio in vertical and
horizontal directions may increase up to 2-3% for the long-span bridge to reduce the peak stroke of
TMD and to make its stroke move within the operation range inside the stiffening truss girder.
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The critical wind velocity for flutter instability during erection is significantly lower than that for
the completed bridge. The critical wind velocity during erection by pylon-to-midspan configuration
is significantly higher than that by midspan-to-pylon configuration. By midspan-to-pylon configura-
tion, the minimum critical wind velocity of 41.20 m/s occurs at an early stage of about 25-40%
deck completion. By pylon-to-midspan configuration, the minimum critical wind velocity of 57.70
m/s occurs at the stage of 85% deck completion.

Similar to the completed bridge case, when velocity increases, the control efficiency of multi
TMD in reducing the torsional buffeting response of bridge during erection increases greatly.
However, its control efficiency in vertical and horizontal directions reduces.
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