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Flutter is one of the most serious wind-induced vibration phenomena for long-span bridges andmay cause the collapse of a bridge
(e.g., the Old Tacoma Bridge, 1940). )e selection and optimization of flutter aerodynamic measures are difficult in wind tunnel
tests. It usually takes a long time and consumes more experimental materials. )is paper presents a quick assessment and design
optimization method for the flutter stability of a typical flat box girder of the long-span bridges. Numerical analysis could provide
a reference for wind tunnel tests and improve the efficiency of the test process. Based on the modal energy exchange in the flutter
microvibration process, the global energy input and local energy input are analyzed to investigate the vibration suppression
mechanism of a flat steel box girder with an upper central stabilizer. Based on the comparison between the experimental and
numerical data, a quick assessment method for the optimization work is proposed. It is practical to predict the effects of flutter
suppression measures by numerical analysis. )us, a wind tunnel test procedure for flutter aerodynamic measures is proposed
which could save time and experimental materials.

1. Introduction

As the spans of bridges have become larger, the bridge deck
section of long-span bridges suffers aeroelastic phenomena
of flutter and buffeting, as well as VIV or galloping, and the
aerodynamic stability requirements of long-span bridges
have become greater [1]. Flutter is one of the most serious
wind-induced vibration phenomena for bridges, which
causes the entire structure to fail. Researchers have carried
out many studies to investigate the mechanism of flutter
such as identification of flutter derivatives and the flutter
aerodynamic measures [2, 3].

Based on the coupling effect of aerodynamic forces, Yang
et al. [4–6] established the relationship between torsional,
vertical, and lateral vibration parameters and flutter deriva-
tives (e.g., using the two-dimensional three-degree-of-free-
dom coupled flutter analysis method) and studied the flutter
mechanism of two typical bridge sections: the closed box
girder and two-isolated-girder sections. )e flutter of these
two sections is caused by negative aerodynamic damping, and

the negative aerodynamic damping of the streamlined section
is the result of the coupling effect of torsion and vertical
motion. With the rapid development of CFD (computational
fluid dynamics) methods [7], numerical simulation tech-
nology has been applied in the field of bridge wind engi-
neering [8–10]. Vairo [11] used the RNG turbulence model to
simulate the self-excited force acting on the typical main beam
section. )e identified flutter derivatives are basically con-
sistent with the wind tunnel test results. Shirai and Ueda [12]
used a nonlinear turbulence model k-ε to identify the flutter
derivatives of the slotted section and the section with the
central stabilizer, and the flutter mechanism was explained by
its calculated flow field morphology and unsteady wind
pressure distribution. Sarwar et al. [13] used the LES tur-
bulence model to investigate the aerodynamic characteristics
of a box girder bridge section.)e flow around the streamline
box girder section was analyzed, and the effect of section
details on the aerodynamic characteristics of the bridge
section was evaluated. Sun et al. [14] explored the turbulence
model for the numerical calculation of fluid-solid coupling
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and calculated 18 flutter derivatives of the rectangular section
with aspect ratios of B/D� 4 using the standard k-ωmodel; in
this way, the influence of inflow turbulence intensity on the
flutter derivatives was studied. Bai et al. [15] proposed an
improved CFD method based on block-iterative coupling,
performing 2D and 3D CFD simulations on two generic
bridge deck sections to determine their aerodynamic force
coefficients and flutter derivatives. Šarkić et al. [16] used the
SST k-ω turbulence model to identify the flutter derivatives of
a streamlined section, and their results are in good agreement
with the experimental data.

In order to investigate themechanism of the occurrence of
flutter and the mechanism of vibration suppression by
aerodynamic measures, many scholars have focused on en-
ergies and pressures. Scanlan [17] proposed a multimode
flutter analysis technique from the viewpoint of the energy of
the system. Based on the motion law of the vortex in discrete
vortex calculation, Larsen [18] proposed a simplified analysis
model that describes the motion of the vortex of the bridge
section during a torsional motion cycle and estimates the total
work done via the aerodynamic force generated by the vortex
on the bridge section; the model then estimates the critical
wind speed of the flutter. Chen et al. [19] studied the
mechanism of multimodal coupled flutter from the per-
spective of system energy. Liu et al. [20] combined structure
and airflow as a system to establish a new calculation method
for the flutter analysis of suspension bridges from the per-
spective of energy balance. Liu et al. [21] used CFD to simulate
the flutter process of the box girder and gave a definition for
the aerodynamic energy calculation formula of the airflow
input to the vibration model and the aerodynamic energy
ratio of the surface area of the model. )e flutter stability
criterion was given from the viewpoint of energy balance.
Yang et al. [22] used a method of flutter energy analysis to
investigate the components of energy input and energy dis-
sipation, and their results showed that components associated
with flutter derivatives A∗1 and A∗2 produce the maximum
positive and negative energy inputs, respectively. )e maxi-
mum energy dissipation has a strong correlation with me-
chanical damping force. Tang et al. [23] studied the effects of
different horizontal and vertical aerodynamic countermea-
sures, and flutter performance was judged by calculating the
input energy by aerodynamic forces.

Although scholars have performed many wind tunnel
tests and numerical simulations in the study of flutter
mechanisms and vibration suppression measures, the se-
lection and optimization of flutter aerodynamic measures
are difficult to obtain in wind tunnel tests. In this study, the
wind tunnel test method is used to study the energy input of
the vibration suppression mechanism of the upper central
stabilizer.)e characteristics of global energy input and local
energy input were investigated, which together demonstrate
the mechanism from a macroscopic and microcosmic
perspective. )en, the numerical simulation method is used
to accomplish bending-torsion coupling flutter for the box
girder, and a numerical analysis of the effect of the upper
central stabilizer on flutter stability was conducted, so the
numerical simulation method can be applied to the subject,
and the obtained result is determined to be applicable.

2. Wind Tunnel Test Setup and Data
Processing Method

2.1. Experimental Models. In order to study the effect of the
upper central stabilizer, a closed flat steel box girder with an
aspect ratio of 11 :1 was taken as the prototype in the wind
tunnel test. According to the requirements of the wind
tunnel test, the scale ratio of the sectional model is 1 : 75, the
model length L is 2m, the width B is 0.596m, and the height
H is 0.054m. )ree kinds of test conditions were proposed,
which were the original section and the original section with
the upper central stabilizer with the height of 0.3H or 0.4H.
Figure 1 shows the schematic diagram of the models.
Meanwhile, 102 pressure taps were arranged at the middle
section of the models.)e schematic diagram of the pressure
measuring point of the model is shown in Figure 2.

)e skeleton of the model was welded by aluminum alloy
tubes. )e surface of the model was made from aerospace
wood and electrical boards. )e edges of the model were
equipped with end plates made of acrylic. A picture of the
sectional model for the construction stage is shown in Figure 3.

For the simulation of aeroelastic parameters in the wind
tunnel test, a first-order symmetrical vertical bending mode
and a first-order symmetric torsional mode were simulated
for the girder of a long-span suspension bridge. Table 1
shows the model’s design parameters.

2.2. Wind Tunnel Test Procedure. )e wind test was carried
out in the CA-01 wind tunnel at Chang’an University. )e
test section was 15.0m long, and the cross section was 3.0m
wide and 2.5m high; the adjustable wind speed ranged from
0.2 to 53m/s, and the turbulence of the uniform field was less
than 0.3%. )e wind tunnel test included synchronous vi-
bration measurement, force measurement, and pressure
measurement. In the free vibration tests (2-dof only-vertical
and torsional), two laser displacement meters were installed
at each end of the model to measure the displacement.
During aeroelastic vibration, the electronic pressure scanner
valves made by PSI were used to obtain the pressure, and the
sampling rate is 312.5Hz, as shown in Figure 4. In the
aerodynamic force tests, the strain-gauge balance was used
when the sectional model was fixed. )rough the vibration
test, the effects of different upper central stabilizers on the
bending-torsion coupling flutter were measured. )rough
the wind force test, the aerodynamic force coefficients of the
girder were obtained. Moreover, the wind pressure distri-
bution on the surface of the model was measured syn-
chronously to study the influence of different aerodynamic
measures on the surface pressure distribution.

2.3. Data Processing Method. )e mean aerodynamic force
coefficients are nondimensional parameters describing the
magnitude of the static wind loads acting on the structure.
)rough a force test of the sectional model, this paper
measured the drag force coefficient CD, the lift force coef-
ficient CL, and the torque coefficientCM of each static model
with different aerodynamic measures, which are defined as
follows:
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CD �
FD

(1/2)ρU2DL
,

CL �
FL

(1/2)ρU2BL
,

CM �
M

(1/2)ρU2B2L
,

(1)

where FD, FL, and M are the drag, lift, and torque of the
sectional girder model, respectively, ρ is the air density, U

is the mean longitudinal wind speed, and B and L are the
height and width of the sectional girder model,
respectively.

)e wind pressures on the models are expressed in the
form of a nondimensional pressure coefficient, defined as

CP(i, t) �
CP(i, t) − P0

(1/2)ρU2 , (2)

where CP is the wind pressure coefficient at tap i and time t

on the outer surface of the model and P0 is the static ref-
erence pressure.

3. Wind Tunnel Test Results

3.1. Static Aerodynamic Force Coefficients. Figures 5 and 6
show a comparison of the mean aerodynamic force coeffi-
cients between the original section and the section with
central stabilizers at heights of 0.3H and 0.4H. It can be seen
that, at 0° (the wind attack angle), both the original section
and the section with the central stabilizer are subjected to a
downwardly negative lift force, and the absolute value of the
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Figure 1: Experimental models.
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Figure 2: Arrangement of pressure taps.

Figure 3: Experimental model in the wind tunnel test.
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negative lift gradually increases as the height of the upper
central stabilizer increases. To study the relationship between
the lift force coefficient and the flutter stability, the zero curve
of the lift coefficient is illustrated in Figure 4. Considering the
relationship between the vibrational amplitude and the wind
speed, the earlier the lift coefficient curve intersects the zero
curve, themore easily themodel is subjected to the positive lift
during microvibrations and the less the flutter stability. It can

be seen in Figure 4 that the flutter stability of the original
section is poor, and the flutter stability of the central stabilizer
with a height of 0.4H is the best. On the contrary, the values of
the torque coefficient decrease as the height of the upper
central stabilizer increases.

3.2. Relationship between Amplitude and Wind Speed.
Based on the relationship between vibration amplitude and
wind speed, it can be judged whether flutter occurred, and
the critical wind speed of the flutter can be determined.
Figures 7 and 8 show a comparison of the vibration response
of the model sections with different central stabilizers. )e
vibration responses in the figures are converted into the root
mean square (RMS) value of the full-scale vertical dis-
placement and torsional angle. It is found that the flutter
occurs in the original section at a 0° wind attack angle, and
the critical wind speed of the flutter is near 14.1m/s. When
the central stabilizer with a height of 0.3H or 0.4H is ap-
plied, the flutter can be suppressed.

3.3. Pressure Distribution Characteristics Acting on the Model
Surfaces. Figures 9 and 10 show the mean wind pressure
coefficient acting on the upper and lower surfaces of the
original section and the section with the upper central
stabilizers, where Xp is the lateral distance from each
measuring point to the center of the model. It can be found

Wind
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Measuring point section

Displacement meter

Figure 4: Schematic diagram of the synchronous measurement
system.
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Figure 5: Lift force coefficients for different wind attack angles.
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Figure 6: Torque coefficients for different wind attack angles.

Table 1: Design parameters of the model of the original girder section.

Parameters Symbol Unit Measured value
Equivalent mass m kg/m 15.080
Equivalent inertia movement Jm kg·m2/m 0.622
Fundamental vertical bending frequency fv Hz 1.274
Fundamental torsional frequency ft Hz 2.839
Vertical bending damping ratio ζv — 6.7%
Torsional damping ratio ζt — 3.5%

4 Shock and Vibration



that most pressure taps of the original model’s surface are
under negative pressure. When the central stabilizes are
with heights of 0.3 H and 0.4 H, positive pressure appears in
the upstream region of the upper surface of the girder
section, and the mean wind pressure coefficient in the
downstream area reduces greatly. As a result, the lift force
upstream from the upper surface changes from a negative
lift force to a positive lift force, and the lift force in the
downstream region changes from small negative values
into larger values, which inevitably lead to a negative
torque for the model. For the lower surface of the model,
the wind pressure distribution trend is almost the same
before and after the upper central stabilizer is applied.

However, as the height of the upper central stabilizer in-
creases, the absolute value of the mean wind pressure
coefficient increases slightly, which causes the negative lift
force of the lower model surface to increase.

4. Energy Input Characteristics of the Upper
Central Stabilizer

4.1. Global Energy Input Characteristics

4.1.1. Calculation Method

(1) Motion Equation of the Vibration System. In order to
simplify the analysis, this study only considers a two-degree-
of-freedom bending-torsion coupling vibration system.
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Figure 8: Torsional displacements for different aerodynamic
measures.
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Figure 7: Vertical displacements for different aerodynamic
measures.
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During the critical state of the flutter, the vertical dis-
placement and torsional displacement of the vibration
system, during a short-term vibration period, are regarded as
the simple harmonic vibrations of different phases at the
same frequency, which are expressed as follows:

h(t) � h0 sin ωt + φ1( ,

a(t) � a0 sin ωt + φ2( ,
(3)

where h0 and a0 are the vertical bending amplitude and the
torsional amplitude, ω is the vibration circular frequency
when the flutter occurs, and φ1 and φ2 are the initial phases
of the vertical displacement and the torsional displacement.

(2) Time History of Global Aerodynamic Force. In this study,
the time history of global self-excited aerodynamic force is
obtained by full-section pressure integration. Using MAT-
LAB programming to perform the integration process for
pressures at several moments in several vibration cycles, the
aerodynamic time history FL(t) and M(t) can be obtained
to calculate the aerodynamic work.

(3) Global Aerodynamic Force Doing Work. For the two-
degree-of-freedom bending-torsion coupling vibration
system, if the calculation time t0 is selected as a reference
point, when the section vibrates until time t1, the cumulative
work of the self-excited aerodynamic force for the vertical
and torsional degrees of freedom is

WH
se t1(  � 

t1

t0

FL(t) _h(t)dt,

WT
se t1(  � 

t1

t0

M(t) _h(t)dt,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(4)

where WH
se(t1) and WT

se(t1) are the work done by the self-
excited aerodynamic force on the vertical and torsional
degrees of freedom, respectively, and FL(t) and M(t) are the
lift force and torque time history, respectively.

)us, the total work done by the self-excited aerody-
namic force in the vibration system is

Wse t1(  � W
H
se t1(  + W

T
se t1( . (5)

(4) Mechanical Energy Increment. In the fluid-solid coupling
system, the vibration system is not conservative, and the
mechanical energy of the system is not a constant. )e work
done by the aerodynamic force is partially dissipated by
structural damping, and the other portion is converted into
the mechanical energy of the system. If one vibration period
is considered, the mechanical energy increment of the
system can be expressed as

ΔEM � Wse + WD, (6)

where Wse and WD are the work done by the self-excited
aerodynamic force and structural damping, respectively.

(5) Criterion for the Effectiveness of Flutter Aerodynamic
Measures Based on the Energy Method. From the perspective

of energy balance, while the vibration system is in a complete
vibration cycle, the mechanical energy increment ΔEM is
greater than 0. If the sum of the aerodynamic work and the
structural damping dissipative work is greater than 0, the
flutter has a tendency to be excited. When the mechanical
energy increment ΔEM is less than 0, the sum of the
aerodynamic work and the structural damping dissipative
work is less than 0, and the flutter has a tendency to be
suppressed. )us, when the mechanical energy increment
ΔEM is equal to 0, the flutter is at a critical state. However,
under normal circumstances, due to the small damping of
the bridge structure, the structural damping dissipation
work is also small. )us, this phenomenon can be largely
ignored. )e positive or negative values of the aerodynamic
cumulative work in a vibration cycle will directly determine
whether the aerodynamic measures are effective.

4.1.2. Analysis of Calculation Results. Figure 11 shows a
comparison of the global aerodynamic cumulative work of
the section with an upper central stabilizer in a micro-
vibration cycle, including a 0° wind attack angle and a wind
speed of 14.1m/s. )e cumulative work is the sum of the
work, including each time step. Since the figure shows the
cumulative work, the positive or negative slopes of the curve
in the figure represent the positive or negative work during
this period, respectively. If the slope is positive, positive work
is done during this time. )e positive or negative of the
accumulated work value represents the input energy or the
dissipated energy. )erefore, the cumulative total work at
the last moment of the vibration period in this figure will be
used as the criterion for the effectiveness of the aerodynamic
measures based on the energy method. It can be seen from
the figure that the cumulative total work of the original
section at the last moment is the largest among these three
girder sections. In comparison, the cumulative total work of
the section with a 0.3H upper central stabilizer is relatively
small, and the cumulative total work of the section with a
0.4H upper central stabilizer decreases until it is negative.
)us, it can be judged that the 0.40H upper central stabilizer
is effective. When the cumulative total work of the section
with a 0.30H central stabilizer shows a small positive value at
the last moment and no flutter occurs during the test, it is
recommended to perform a plurality of cycles to calculate
the work and determine the effectiveness of the aerodynamic
measures.

4.2. Local Energy Input Characteristics

4.2.1. Calculation Method

(1) Motion Equation of the Pressure Measuring Point. Based
on Section 4.1.1, the displacement and velocity equations of
the vertical motion and torsional motion of the section’s
center O in a microvibration period can be obtained. )e
motion equation for each pressure measuring point can be
calculated via the motion equation of centerO of the section,
as shown in Figure 12. Assuming that the vertical velocity of
the section’s center O is vh, the torsional angular velocity is
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ω, the pressure on the microelement within the area d si at
the ith pressure hole is pi, and the distance of pi to the center
O of the section is r; based on the kinematics of a rigid body,
the vertical velocity at the measuring point is also vh, and the
torsional linear velocity va is ω · r.

(2) Be Local Aerodynamic Force Doing Work. For the two-
degree-of-freedom bending-torsion coupling vibration
system, if the calculation time t0 is selected as the reference
point, when the section vibrates until time t1, the cumulative
work of the wind pressure for the local area x of the section
surface is

W(x,t) � 
t1

t0

P(x, t)vh(x, t)cos P
→

, v
→

h

+ P(x, t)va(x, t)cos P
→

, v
→

adt,

(7)

where P(x, t) is the static pressure at the section’s surface,
cos P

→
, v
→

h is the cosine of the angle between the directions
that are perpendicular to the pressure tap and the direction
of the vertical velocity, and cos P

→
, v
→

a is the cosine of the
angle between the directions that are perpendicular to the
pressure tap and the direction of the torsional linear velocity.

4.2.2. Analysis of the Calculation Results. In order to
compare the effects of different upper central stabilizers on
the local energy input characteristics of the original section,
the energy inputs acting on the upper and lower surface
areas for one vibration period for different girder sections
are calculated and are shown in Figures 13 and 14, re-
spectively. It can be found that, for the upper surface of the
model, the cumulative values of the original section are
mostly negative, except in the downstream fairing region.
)e aerodynamic force dissipates energy during vibrations.
In the upstream region, the cumulative work is all positive,
and the self-excited aerodynamic force in this region

continuously inputs energy into the vibration, which causes
the original section to flutter. Once the 0.30H upper central
stabilizer is arranged on the girder section, the cumulative
work in the upstream region reduces to nearly 0, and only
the downstream region shows positive work. For the girder
section with a 0.40H central stabilizer, the cumulative work
in the upstream region reduces to a negative value. )e
aerodynamic force in this region continuously dissipates
energy during the vibration. At the same time, compared
with the 0.3H central stabilizer, the positive work occurring
in the downstream region reduced as well, which indicates
that the effect of the 0.4H central stabilizer is better than that
of the 0.3H central stabilizer. )e aerodynamic force in the
upstream region of the upper surface of the model played a
role in dissipating energy during vibration, making it the
“critical region” for vibrations.

5. Numerical Judgment of the Effectiveness of
the Upper Central Stabilizer

5.1. CFDModeling. In order to improve the efficiency of the
wind tunnel test, the effectiveness of the upper central
stabilizer is studied through numerical simulation software
CFD. By establishing a CFD numerical model, simulating
the bending-torsion coupling vibration, verifying the ac-
curacy of the numerical model, and calculating the energy
input, the effectiveness of the measure was quantitatively
judged. )e length of the full flow field was about 30 times
the bridge width, the width of the full flow field was more
than 20 times the beam height, and the centroid of the two-
dimensional bridge section was located at the flow field of
about 1/3 the entrance. )e number of mesh grids is 53,243.
)e SST k-ω turbulence model is adopted. In order to better
simulate the flow field at the wall’s surface and the wake
region of the girder section, the grid was properly encrypted
at the wall and wake. )e time step is 0.0032, the spatial
discretization format is second-order precision, and the
SIMPLE algorithm is used. Grid meshing is shown in Fig-
ure 15. )e bending-torsion coupling vibration was realized
by the UDF program driving the moving grid to realize the
forced coupling vibration.

To verify the accuracy of the CFDmodel, the comparison
of mean aerodynamic force coefficients between the wind
tunnel test and numerical simulation results is listed in
Table 2. )is comparison shows that the numerical simu-
lation results are close to the wind tunnel test, which explains
that the CFD model is reasonable.

5.2.Comparisonof theCharacteristics ofPressureDistribution.
)e wind tunnel test and numerical simulation results of the
pressure distribution on the upper and lower surfaces of
different sections are compared in Figures 16 and 17, re-
spectively.)is comparison demonstrates that the numerical
simulation results are consistent with the trend of the wind
tunnel test results. )emean value of the pressure coefficient
in the numerical simulation results is slightly higher than
that of the wind tunnel test results.
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5.3. Numerical Judgment

5.3.1. A Comparison of the Cumulative Global Aerodynamic
Work. )rough the numerical calculations in Sections 5.1
and 5.2, the lift and torque time history could be obtained.
And with the calculation method mentioned in Section 4.1.1,

the cumulative global aerodynamic work in a microvibration
period could be calculated.

Figure 18 shows the cumulative global aerodynamic
work of the original section using upper central stabilizers
with heights of 0.15H, 0.20H, 0.25H, 0.30H, 0.35H, and
0.40H in a microvibration period. )e wind speed is
14.1m/s, in which flutter occurred. In order to judge the
effectiveness of different upper central stabilizers, the cu-
mulative total work at the last time step of the vibration
period in this figure is compared. )e cumulative total
work of the section with 0.15H, 0.30H, and 0.40H central
stabilizers is negative, and the cumulative total work is
positive for the other conditions. )us, the numerical
analysis result indicates that the central stabilizers with
heights of 0.15H, 0.30H, and 0.40H are effective in
damping the vibrations of this girder. Moreover, com-
paring these three measures, the absolute value of the
central stabilizer with a height of 0.4 H is the largest. It can
be judged that the damping effect of 0.4H is better than
0.15H and 0.30H, which is consistent with the phenom-
enon observed in the wind tunnel test, indicating that the
numerical study of the effectiveness of the upper central
stabilizer has certain reliability.
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Figure 12: )e schematic diagram of the motion equation for pressure taps.
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Figure 13: Local energy input of the upper surface.
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Figure 14: Local energy input of the lower surface.

Figure 15: Meshing of the flat steel box girder (local).

Table 2: )e mean aerodynamic force coefficients of the wind
tunnel test and numerical simulation.

Wind attack angle
Wind tunnel test Numerical

simulation
CL CM CL CM

−3 −0.325 −0.031 −0.391 −0.043
0 −0.142 0.042 −0.086 0.010
+3 0.055 0.076 0.108 0.091
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5.3.2. A Comparison of the Local Energy Input in a Vibration
Period. )e local energy input of the original section and the
section with different upper central stabilizers at the upper
and lower surface areas in a vibration cycle is given in
Figures 19 and 20, respectively. For the upstream area of the
upper model surface, most regions dissipate the energy of
the sectional model with upper central stabilizers for heights
of 0.15H, 0.25H, 0.30H, and 0.40H. However, most regions
input energy in situations where the sectional model has

upper central stabilizers with heights of 0.20H and 0.35H.
For the downstream region of the upper model surface, at a
location of 0.0<XP < 0.2, the section with central stabilizers
of 0.15H, 0.25H, and 0.35H inputs more energy during a
vibration period, and the other sections dissipate energy or
input less energy in the downstream region. Considering
both upstream and downstream regions, the sum of all local
work during a vibration period is negative for the sections
with central stabilizers of 0.15H, 0.30H, and 0.40H.
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Figure 16: Mean wind pressure coefficients of the upper surfaces of the models. (a) Wind tunnel test results. (b) Numerical simulation
results.

–0.3 –0.2 –0.1 0.0 0.1 0.2 0.3
–1.5

–1.2

–0.9

–0.6

–0.3

0.0

0.3
U

Lateral distance from the measuring point to the center Xp (m)

M
ea

n 
w

in
d 

pr
es

su
re

 co
ef

fic
ie

nt
 o

f l
ow

er
 su

rfa
ce

Original section
Original section + 0.30H upper central stabilizer
Original section + 0.40H upper central stabilizer

(a)

–0.3 –0.2 –0.1 0.0 0.1 0.2 0.3
–1.5

–1.2

–0.9

–0.6

–0.3

0.0

0.3
U

Lateral distance from the measuring point to the center Xp (m)

M
ea

n 
w

in
d 

pr
es

su
re

 co
ef

fic
ie

nt
 o

f l
ow

er
 su

rfa
ce

Original section
Original section + 0.30H upper central stabilizer
Original section + 0.40H upper central stabilizer

(b)

Figure 17: Mean wind pressure coefficients of the lower surfaces of the models. (a) Wind tunnel test results. (b) Numerical simulation
results.
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Moreover, for the lower model surface of these three cases,
the sum of all local work is also negative. )erefore, these
results are consistent with those in Section 5.3.1, and the
central stabilizers with heights of 0.15H, 0.30H, and 0.40H
are effective.

6. Concluding Remarks

)e selection and optimization of flutter aerodynamic
measures are difficult to accomplish in wind tunnel tests;
based on the angle of the energy exchanged in the micro-
vibration process, both experimental and numerical
methods are studied. )e global and the local energy input
characteristics from a macroscopic perspective were also
defined. Furthermore, the mechanisms of the effectiveness of
different upper central stabilizers for coupled bending and
torsional flutter were studied. Moreover, according to the
energy input calculation method proposed in this study, a
numerical judgment of the effectiveness of the aerodynamic
measures of a box girder section was discussed. )e purpose
of this study was to optimize aerodynamic measures through
numerical analysis when the flutter of a bridge occurs in a
wind tunnel test, which could provide a reference for wind
tunnel tests and improve the efficiency of the test process.
)e main conclusions are as follows:

(1) By calculating the global energy input characteristics,
the cumulative total work of the model in a complete
vibration cycle can be obtained. When the cumu-
lative total work is negative, the global aerodynamic
force dissipates energy in the vibration, and the
aerodynamic measures can be judged to be effective.
)e local energy characteristics could explain the
global energy input characteristics from a micro-
scopic perspective, thereby providing a basis for
optimizing aerodynamic measures.

(2) )e vibration suppression mechanism of the upper
central stabilizer is such that a proper upper central
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Figure 18: Global aerodynamic cumulative work for each time
step.
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Figure 19: )e local energy input of the upper surface.
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Figure 20: )e local energy input of the lower surface.
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stabilizer may produce cumulative work in the up-
stream region of the upper surface of the girder. )e
aerodynamic force in this region plays a role in
dissipating energy in the vibration system. )us, this
region is a “critical region” for flutter.

(3) )e numerical judgment method for the effective-
ness of the upper central stabilizer has a certain
reference value. When the upper central stabilizer is
tested in a wind tunnel test, the recommended
measures can first be obtained by numerical study,
which may save time and facilitate the process.
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