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Suppression of Bridge Flutter Using Suction Control
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To verify the effectiveness of the suction-based method for improving flutter stability of long-span bridges, the forced vibration
experiments for extracting the flutter derivatives of a section model with and without suction were performed, and the cor-
responding critical flutter wind speeds of this structure were calculated out. It is shown by the experiment that the flutter stability
of the bridge depends on suction configuration. As the suction holes locate at the leeward side of themodel, the critical flutter wind
speed can attain maximum under the same suction velocity. In the analytical results, it is remarkably effective that the suction
control improves the long-span bridge flutter stability.

1. Introduction

With the current trend of increasing span of a bridge, the
sensitivity of bridges to wind enhances dramatically.
+erefore, in the design of long spanned bridges, flutter
stability has to be carefully investigated so as not to excite
the flutter oscillation below the designed wind velocity.
Once flutter occurs, it will lead to collapse of structure
totally. +erefore, how to improve the flutter stability of
long-span bridges has been studied and concerned widely
in the field of wind engineering. Generally, there are two
methods employed for suppressing wind-induced vibration
of long-span bridges, consisting of mechanical control
measures and aerodynamic control measures [1–6].
Aerodynamic control measures include the passive aero-
dynamic approach and active aerodynamic approach. +e
former is a way of improving flow fields around the object
indirectly, which can optimize the aerodynamic charac-
teristics of an object by changing the structure shape, and
the fluid boundary-layer structure is changed passively
[7, 8]. A number of passive control methods have been
proposed to reduce the drag, suppress the fluctuating lift,
and manipulate the wake vortex shedding from circular
cylinders, including surface protrusions, splitter plates,
guiding vanes, and base-bleed [9]. +e active aerodynamic
approach improves wind flow characteristics around an

object in a direct way [10]. Modi briefly reviewed devel-
opments in the exciting field of the moving surface
boundary-layer control and suggested possible application
in the next generation of civil engineering structures [11].
Kwon and Chang performed a full-bridge model experi-
ment by attaching additional flaps directly to the edges of a
deck model, and the results showed that this method could
suppress structural flutter effectively [12]. In 2001, Wildel
et al. conducted an experimental study on controlling
pitching motion of a bridge deck with a trailing-flap
method, and the results showed that this active aerody-
namic method had a good effect on improving flow field
around the model [13].

Suction is an active aerodynamicmethod, which controls
wind flow around objects aerodynamically and is applied
firstly in aviation. Scientists used the suction method in
reducing drag and increasing lift force [14, 15], and it was
confirmed to work well. +e study on civil engineering
structures is only just beginning in controlling wind-induced
effects by this method. Xin et al. conducted numerical
simulations to analyse the flutter stability of long-span
bridges and the wind-induced static effects on structures
with suction [16, 17]. Chen et al. used the suction-based flow
control method to suppress the wake vortex shedding [18].
So far the experimental research studies on suppressing the
flutter of long-span bridges by suction is still in the blank.
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+erefore, based on the forced vibration method, a wind-
tunnel test on the flutter stability of a long-span bridge with
steady suction was carried out, and a section model of the
Great Belt East Bridge was employed as the specimen.
Comparing the critical flutter wind speed with and without
suction, the effectiveness of improving long-span bridges
flutter stability with the steady suction was verified.

2. Mathematical Model

2.1. Self-Excited Forces. +e lift force and moment of the
bridge section model in the two-dimensional flow field can
be expressed in Scanlan’s form with eight flutter derivatives,
as follows [19]:
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where ρ is the density of the air; B� 2b is the bridge deck
width; U is the mean cross wind velocity; h and α are the
respective vertical and torsional displacements; and each dot
denotes a derivative with respect to time; L and M are the
self-excited lift force and moment, respectively; K�Bω/U is
the nondimensional reduced frequency; ω is the circular
frequency oscillation. +e nondimensional aerodynamic
coefficients A∗i and H∗i (i� 1–4) are called the flutter de-
rivatives, and they evolve as functions of the reduced velocity
U/fB, where f�ω/2π is the frequency oscillation.

Flutter instability of structures can be assessed analyti-
cally using the flutter derivative formulation, and a set of
flutter derivative coefficients is used for this purpose. +ese
coefficients can be determined from wind-tunnel experi-
ments on the section model excited by initial displacements.

2.2. Extract the Flutter Derivatives of a Bridge Section.
+e motion differential equation of the system with two
degrees of freedom is as follows:

m €h + 2ζhωh
_h + ω2
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in which m means the unit length quality; I means the unit
length inertia; and ζ means the mechanical damping ratio.

For the purpose of extraction the flutter derivatives,
according to the demand of the forced vibration test in a
wind tunnel, a sinusoidal motion of a bridge sectionmodel is
forced to execute, and the single vertical and single rotational
movement states (displacement and velocity) at a definite
time instant can be expressed as follows:

h(t) � h0 sin ωht( , (3a)

_h(t) � ωhh0 cos ωht( , (3b)

α(t) � α0 sin ωαt( , (3c)

_α(t) � ωαα0cos ωαt( , (3d)

in which h0and α0represent the vertical and rotational vi-
bration amplitudes, respectively, and t is the time. Equations
(3a) and (3b) are referred as the single vertical motion and
equations (3c) and (3d) as the single rotational motion,
respectively. Two series of motions make the aerodynamic
forces uncoupled. +e above four equations give the wall
boundary conditions for the bridge model in wind inflow.

When the single vertical motion of a bridge model was
performed, equations (1a) and (1b) taking an uncoupled
form are rewritten as follows:
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Once the aerodynamic forces are established, the critical
conditions for the onset of aerodynamic instability can be
calculated. Consider the definite states at n discrete time
instants in a complete time period of the model vibration, so
that equations (3a) and (3b) are written in matrix style as

F � CX, (5)

where

F � Li Mi 
T

i � 1 ∼ n, (6a)

X � H∗1 H∗4 A∗1 A∗4 
T
, (6b)

with C the corresponding coefficients matrix. +en, the
aerodynamic derivatives are obtained as follows:

X � C
T
C 

−1
CF. (7)

+e other flutter derivatives can also be obtained in the
same way. +e solution of the flutter equations can be
obtained if plots of the flutter derivatives H∗i and A∗i are
available from measurements as functions of K. +en, the
flutter speed can be calculated.

+e flutter speed Ucr �Bωcr/K, wherein ωcr is the flutter
frequency. +e critical wind speed Ucr is the lowest possible
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wind speed resulting in the aeroelastic instability. For the
purpose of practical flutter prediction, the critical wind
speed Ucr is the most important factor and of concern. +e
flutter frequency does not coincide with the natural fre-
quencies of the structure as the dynamic properties are
modified by the self-excited forces.

3. The Forced Vibration Experiment of a Bridge
Flutter with Suction

3.1. Test Model. A 1 : 40 geometrically scaled section model
of the Great Belt East Bridge was adopted. +e model is
775mm wide (B), 110mm deep (D), and 1200mm long (L)
(see Figure 1). +e mass of the bridge model is 11 kg (9.2 kg/
m). +e blockage ratio of the experiment facility was about
2.2%, and it was unnecessary to correct the data for the
blockage effect [20]. +e bridge situated in Denmark
comprises a 1624mmain-span suspension bridge flanked by
two continuous multispan approach bridges. +e experi-
mental study was performed at Re 104. And the Great Belt
East bridge Reynolds numbers are about 105∼106. +erefore,
there are two orders of magnitude difference between sec-
tion model and prototype Reynolds numbers.

+e suction hole is circular and 0.7 cm in diameter, and
there are 7 columns 28 suction holes in total arranged on the
undersurface of the model.

Figure 2 shows that each column stands for one suction
configuration, from left to right, which denoteK1, K2, K3,
K4, K5, K6, and K7. Every suction configuration has four
suction holes, which are opened while the other holes shut
off.

Suction control works through suction flow, which is
generated by a specialized apparatus installed on an object
surface. +e suction flow generated from external energy
supply may improve wind field characteristics around an
object so as to reduce wind-induced effects on the object.
Steady suction refers that the velocity of suction remains
constant at each moment. Its parameters mainly include
suction velocity and suction coefficient.

Here, we define the suction coefficient Cs as

Cs �
VSs

USd

, (8)

in which V is suction velocity; Ss is area of suction hole; and
Sd is undersurface area of the model. In the test, Sd � 0.57m2.

3.2.ExperimentalDevice. +e forced vibration test for flutter
derivatives extraction was conducted in the atmospheric
boundary-layer wind tunnel. +e wind tunnel is a closed-
circuit tunnel with a rectangular test section that is 4m wide,
3m high, and 25m long.+e wind speed (U) is continuously
variable, and the flow has a longitudinal turbulence intensity
of less than 0.46%.+e performance parameters of the forced
vibration system are given in Table 1. Two Omega160 IP60
version six-axis force sensors are used in the test.+e sensors
are produced by American ATI Company.+ey canmeasure
all three forces (drag, lift, and side forces) and three mo-
ments (yaw, pitch, and roll moments). +e forces capacity is

±1000N, and the resolution is 0.25N. +e moment capacity
is ±120N·m in the measuring, and its resolution is 0.0125N,
whose full-scale error is 0.5% equivalent to 5N. +e ac-
celerometers adopted are Type 4507B produced by Danish
B&K Company. +e amplitude frequency range of the ac-
celerometer is 0.3Hz–6 kHz. Four accelerometers are
mounted on the four corners of the undersurface of the
model.

In this test, the section model was given vertical am-
plitude of 14mm and torsional amplitude of 3°, and the
frequencies of two motions in vertical and torsional were
both 0.5Hz. +e acceleration measurements were obtained
by acquiring data at a sampling frequency of 100Hz for a
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Figure 1: +e deck cross section (unit: mm).
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Figure 2: Undersurface of the model (unit: mm).
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period of 20 s. And the forces measurement data were ac-
quired for 20 s at a data acquisition rate of 100Hz. Besides,
the angle of attack α was 0°. A connection graph for the
section model and the forced vibration system is shown in
Figure 3.

3.3. Suction System. +e suction system mainly consists of
four parts: the air source system, the gas source processing
system, the pipe network, and the control system. +e
suction system in the experiment is shown in Figure 4.

Four flow meters are used in the test. +e flow meters
are produced by Chinese SMC Company, as shown in
Figure 5.

4. Results and Analysis

4.1. FlutterDerivatives. All the eight flutter derivatives of the
section model obtained with and without suction are plotted
in Figure 6. +e forced vibration method was used to extract
the flutter derivatives [21–23]. K0 means no suction.

Table 1: Performance parameters of the forced vibration system.

System span: 4000mm Frequency:0–5Hz
Range of angle of attack: from –15° to +15° Resolution of angle of attack: 1°Vertical amplitude: 4mm–30mm Lateral amplitude:
4mm–30mm Torsional amplitude: 1°–10° Style: sinusoidal motion

Figure 3: Section model and forced vibration system.

Vacuum filter

Flow meter

Gas tank

Vacuum pump

Figure 4: Suction system.

Figure 5: Flow meter.

4 Advances in Civil Engineering



0

-2

-4

-6

0 5 10 15
U/fB

H
1*

20 25 30

-8

K0

K3

K1

K7

(a)
H
2*

-10

10

20

30

40

0

U/fB
0 5 10 15 20 25 30

K0

K3

K1

K7

(b)

H
3*

0 5 10 15 20 25 30

-10

-20

-30

-40

-50

10

0

U/fB

K0

K3

K1

K7

(c)

H
4*

0 5 10 15 20 25 30

-1

-2

-3

-4

-6

-5

1

0

U/fB

K0

K3

K1

K7

(d)

Figure 6: Continued.
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In Figure 6, all the derivatives show a lot of variations
in different suction configurations and no suction with
increasing the reduced wind speed. In Figure 6(b), with
suction control, the A3

∗ is significantly reduced, espe-
cially for K7 suction configuration. It can be seen from
equation (1b) that A3

∗ reflects the relationship between
torsional displacement and pitching moment. +erefore,
the aerodynamic pitching moment of the bridge is af-
fected by suction in the process of torsional
displacement.

4.2. Flutter Critical Frequency and Wind Speed. Table 2
shows the structural parameters of the bridge.

As the flutter derivatives and the structural parameters
shown in Table 2, the flutter critical frequency and wind
speed of this bridge in different suction are achieved as
shown in Table 3.

In Table 3, the flutter critical wind speed is 38.8m/s without
suction; the flutter critical wind speed is 52.7m/s with K1
suction configuration; the flutter critical wind speed is 50.8m/s
with K3 suction configuration; and the flutter critical wind
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Figure 6: Flutter derivatives (Cs� 0.0018): (a) H1∗ ; (b) H2∗ ; (c) H3∗ (d) H4∗ ; (e) A1∗ ; (f ) A2∗ ; (g) A3∗ ; (h) A4∗ .
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speed is 65.8m/s with K7 suction configuration. +erefore, the
flutter critical wind speed is increased with suction control.
And when the suction position is located at the bottom of the
bridge far away from the incoming wind end, the effects of the
suction control are the best for improving the flutter stability.
+e possible reason is that suction control can restrain
boundary-layer separation so as to suppress the flutter of the
bridge.

5. Conclusions

+is paper proposes the suction control to suppress flutter of
the long-span bridge.+e forced vibration experiment of the
section model was performed with the steady suction. +e
main conclusions can be drawn as follows:

(1) +e suction control has influence on the flutter de-
rivatives, especially for A3

∗. A3
∗ is significantly re-

duced, for K7 suction configuration. +erefore, the
aerodynamic pitching moment of the bridge is affected
by suction in the process of torsional displacement.

(2) +e suction control can improve the flutter stability
of a long-span bridge; when the suction position is
located at the bottom of the bridge far away from the
incoming wind end, the effects of the suction control
are the best for improving the flutter stability. And
the possible reason is that suction control can re-
strain boundary-layer separation so as to suppress
the flutter of the bridge.
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