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Vortex-induced vibration (VIV) of bridges, related to fluid-structure interaction and maintenance of bridge monitoring system,
causes fatigue and serviceability problems due to aerodynamic instability at low wind velocity. Extensive studies on VIV have been
performed by directly measuring the vortex shedding frequency and the wind velocity for indicating the largest girder dis-
placement. However, previous studies have not investigated a prediction of wind velocity to raise VIV with a various natural
frequency of the structure because most cases have been focused on the estimation of the wind velocity and peeling-off frequency
by the mounting structure at the fixed position. In this paper, the method for predicting wind velocity to raise VIV is suggested
with various natural frequencies on a road-rail bridge with truss-shaped girder. For this purpose, 12 cases of dynamic wind tunnel
test with different natural frequencies are performed by the resonance phenomenon. As a result, it is reasonable to predict wind
velocity to raise VIV with maximum RMS displacement due to dynamic wind tunnel tests. Furthermore, it is found that the
natural frequency can be used instead of the vortex shedding frequency in order to predict the wind velocity on the dynamic wind
tunnel test. Finally, curve fitting is performed to predict the wind velocity of the actual bridge. .e result is shown that predicting
the wind velocity at which VIV occurs can be appropriately estimated at arbitrary natural frequencies of the dynamic wind tunnel
test due to the feature of Strouhal number determined by the shape of the cross section.

1. Introduction

Vortex-induced vibration (VIV) is usually classified as
a detrimental factor that causes bridge fatigue and ser-
viceability problems due to aerodynamic instability at low
wind velocity in the operating status of a bridge [1–3].
.erefore, predicting VIV caused by wind loads is an im-
portant factor in the maintenance of the bridge. In addition,
predicting the wind velocity to raise VIV plays an important
role in knowing the detrimental event with a harmful vi-
bration in advance because predicting the wind velocity to
raise VIV means predicting the conditions for generating
VIV.

VIV phenomenon is estimated by the Strouhal number
(St) proposed by Vincenc Strouhal [4] in 1878. .e Strouhal
number, a dimensionless coefficient determined by the

shape of the structure, is expressed by the vortex shedding
frequency (fs), the structure shape, the wind velocity (V),
and the shape parameter (D). .at is, for a given shape, the
Strouhal number is determined by the current fs and U, as
given by

St �
fs × D

U
. (1)

In the field of Strouhal number research for VIV phe-
nomenon, extensive and valuable experimental studies have
been conducted with circular and rectangular cylinder
mounted at a fixed position. Okajima [5] conducted ex-
periments on the vortex shedding frequencies of rectangular
cylinder in the range of Reynolds number on the condition
mounted at a fixed position, and it was found that flow
pattern changes in a certain range of Reynolds number.
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Knisely [6] determined the Strouhal number of rectangular
cylinder mounted at a fixed position with various range of
Reynolds number and angle of attack. Roshko [7] conducted
wind tunnel test of circular cylinders, which was mounted at
a fixed position at various Reynolds number, and it is
suggested the formula between the Strouhal number and
Reynolds number of circular cylinder divided into two areas
of Reynolds number ranging from 50 to 150 and from 300 to
2000.Williamson [8] focused on two-dimensional (2-D) and
three-dimensional (3-D) vortex dynamics of circular cyl-
inder mounted at fixed position using various experimental
techniques. In addition, Sakamoto and Haniu [9] conducted
wind tunnel test and flow visualization using mounted
spheres at a fixed position, and vortex shedding patterns of
sphere are classified in five characteristic regions according
to changing of Reynolds number. Apart from numerical
simulations, Song et al. [10] used a simple cable-stayed
bridge model with the fixed position subjected to a distrib-
uted vortex shedding force, which is related to fluid flow
around an immersed structure.

Various experimental techniques have been investigated
to measure the vortex shedding frequency and wind velocity.
Larsen and Walther [11] calculated the Strouhal number of
a simple-shaped bridge model using the discrete vortex
method and compared results with the wind tunnel test.
Schewe and Larsen [12] conducted a task which is accom-
plished in the high pressure wind tunnel situated for
obtaining the Strouhal number of a cross section at typical
model scale (Re ≈ 105) and prototype condition scale (Re ≈
107) for Reynolds number. Diana et al. [13] showed free
motion test rig with configuration permits to execute VIV
test changing the constraint conditions. In this work, the
definition of bridge deck’s Strouhal number is the mea-
surement of the maximum displacement value with the
identification of the lock-in region. Strømmen and Hjorth-
Hansen [14] performed experiments using a stiffer rig with
respect to various damping level to reduce the VIV am-
plitude and showed the possibility that the Strouhal number
could be obtained from natural frequency. Belloli et al. [15]
described the VIV characteristics of multibox girders
through themeasurement of aerodynamic forces and surface
pressure distributions. Sarwar and Ishihara and Anina et al.
[16, 17] numerically analyzed to estimate the vortex-induced
vibration of the box girder bridge section. In addition, Noto
used a smoke-wire experimentation [18], and von Ellen-
rieder and Pothos [19] and Hain et al. [20] used a particle
image velocimetry (PIV) to visualize the vortex at uniform
flow. Recently, a study on the estimation of the Strouhal
number through the dynamic wind tunnel test [21] was
carried out, but the wind velocity was not determined by the
proposed method because it used the Strouhal number
obtained through the ensemble average of the spectrum.

On the related research for VIV, He and Li, Tao et al.,
Laima et al., and Wu et al. [22–25] conducted the dynamic
wind tunnel test using spring supported system, but their
research was not focused on estimating the wind velocity. He
and Li paid attention to the fact that the geometrical effects
of the girders can have the mitigation effect of the amplitude
of the vortex oscillation. Tao et al. compared circular

cylinder displacement with and without vortex generators at
various angles. Laima et al. investigated the influences for
geometric attachments with flow separation effects. Wu et al.
showed that multiple VIV regions could be present in
a specific geometric wide flat box girder, and the region was
called “multi-lock-in regions.”

In the field of monitoring system andmaintenance of the
structure, the investigations for VIV on long-span bridge are
very rare, and the cross section experimental results of the
VIV according to the scale are used to evaluate the influence
of the behavior of the prototype structure. Frandsen [1]
conducted an investigation of the wind velocity and am-
plitude of VIV to compare scale effects of 1 : 60, 1 : 80, and
1 : 200 on Great Belt East bridge, and the comparison of
results between scale effects shows that the larger the scale,
the lower the wind velocity. Larsen et al. [26] conducted an
investigation of the vortex shedding response of twin box
bridge section model on scale of 1 : 20 and 1 : 80 with and
without guide vanes at bottom plate of girder, and the result
shows the soffit mounted guide vanes can be efficient devices
for preventing VIV. Li et al. [2] used field measurement data
for observed VIV phenomena. DesignManual for Roads and
Bridges (DMRB) [27], for highway structures, suggested
a formula for predicting the wind velocity to raise VIV by
several types of a bridge shape according to effective width
and depth ratio, but effective width and depth ratio of road-
rail bridge with truss-shaped girder type was not suggested.

.e Strouhal number has to be a constant value for the
same cross-sectional shape of the bridge because the
Strouhal number is determined by the shape of the structure.
In addition, the vortex shedding frequency is proportional to
the wind velocity by (1), which represents a constant value
for the same cross-sectional shape. Since VIV is a resonance
phenomenon that occurs when the vortex shedding fre-
quency and the natural frequency of the bridge are close to
each other, these values can be evaluated as similar when
resonance occurs. Choi and Kwon’s previous result [21]
shows that the values of vortex-induced frequency and
structure vibration frequency are almost similar in case of
lock-in by the self-excited oscillation method. .erefore, the
self-excited oscillationmethod is applied for predicting wind
velocity to raise VIV.

In this paper, Sections 2–5 contain the following con-
tents: In Section 2, 12 cases of dynamic wind tunnel tests are
conducted on road-rail bridge with a truss-shaped girder,
and the root mean square (RMS) displacement is shown. In
Section 3, the Strouhal number is estimated from the dy-
namic wind tunnel test results, and it is confirmed that the
value of the Strouhal number is constantly estimated at the
arbitrary natural frequency of the same cross-sectional
shape. Section 4 is divided into three parts. In Section 4.1,
the similarity between the vortex shedding frequency and
the natural frequency of a structure is compared, and it is
shown that the wind velocity to raise VIV can be predicted
reasonably even when using the natural frequency instead of
the vortex shedding frequency. In Section 4.2, the estimated
wind velocity and the measured wind velocity error are
compared according to the estimated Strouhal number at an
arbitrary natural frequency by assuming that the Strouhal
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number extracted from the test is the Strouhal number
estimated from an arbitrary natural frequency. In Section
4.3, curve fitting for predicting the wind velocity to raise VIV
according to the natural frequency of the structure is pro-
posed from the dynamic wind tunnel test data of 12 cases in
the case of the tested structure shape. According to the
properties of the Strouhal number determined by the shape
of the structure, the method of estimating the wind velocity
to raise VIV at any structural frequency is reasonably
measured when the bridge shape is constant. Also, it is
shown that the wind velocity can be reasonably estimated
with a dynamic wind tunnel test even if the natural fre-
quency of the test structure is unknown.

2. Dynamic Wind Tunnel Test

2.1. Model Setup. As mentioned in introduction, estimating
the Strouhal number of a complicated bridge section is
possible by using the resonance phenomenon through
a dynamic wind tunnel test. In order to estimate the Strouhal
number of the complicated bridge section, the Yeoungjong
Bridge in Korea was selected as the cross section of the wind
tunnel test model. .e Yeoungjong Bridge is a road-rail
suspension bridge with a width of 41m and a height of 12m.
It is composed of six upper lanes, two lower lanes for the
road, and two lanes for the rail. .e details of the cross
section and side of the bridge are shown in Figure 1.

.e wind tunnel test was carried out at Korea University
in Korea. A two degree of freedom test was performed with
a uniform air flow condition as shown in Figure 2. Two laser
displacementmeters (LK-2101 and LK-081 fromKEYENCE)
were placed to measure the motion of the bridge due to wind
load, and an air flow transducer anemometer (model 6332D
from Kanomax) was placed for wind velocity measurement.
NI devices were used for data acquisition (BNC-2110 board,
PCI-6221 M Series from NI) and programmed using Lab-
view 2010 software.

.e scale for the wind tunnel test is 75 :1, and the scaled
dynamic parameters used in the test are shown in Table 1.
.e dynamic wind tunnel tests were carried out for 12 cases
by changing the value of the vertical and torsional natural
frequency of the bridge. .e values of vertical frequency
were divided into 3 different values of 1.12Hz, 1.5Hz, and
1.89Hz, respectively. And for each vertical frequency case,
the torsion to vertical frequency ratio was divided by 1.1, 1.3,
1.6, and 2.0. .e natural frequency of the wind tunnel test
cases is summarized in Table 2. For each case, damping ratio
was set at about 0.2∼0.3 (%).

2.2. Test Result. Figure 3 shows the test results at 1.89Hz,
1.12Hz, and 1.50Hz vertical frequencies, respectively. In
each figure, four RMS torsional frequency graphs are shown
according to the ratio of torsional and vertical frequency. It
can be confirmed that torsional VIV occurs in all cases. As
shown in the graphs, the peak value of the VIV appears to be
expressed at higher wind speeds as the torsional natural
frequency of the structure is set higher. From the above
results, it is shown that the wind velocity to raise VIV can be

estimated according to the torsional frequency of the
structure.

3. Estimating Strouhal Number

In the case that VIV occurs in a road-rail bridge with a truss-
shaped girder, the Strouhal number can be estimated by the
wind velocity and the vortex shedding frequency when the
frequency is close to the natural frequency of the structure.
.is is due to the fact that the vortex vibration is a resonance
phenomenon. In this paper, the following method is used to
estimate the Strouhal number:

(a) Measure the time series response of structures
subjected to wind loads at set natural frequencies
through a dynamic wind tunnel test.

(b) .e measured time series response for each wind
speed is converted into a frequency response by fast
Fourier transform (FFT).

(c) In the frequency response area, select a frequency
range with a frequency that is similar to the structure
frequency set in the test.

(d) Determine the Strouhal number using the vortex
shedding frequency and the wind velocity at the
value of maximum amplitude of FFT.

Figure 4 shows the signal with a maximum amplitude of
FFT in order to determine the Strouhal number from the
wind tunnel test by the method above. Figure 4(a) shows the
time history signal of the torsional displacement at vertical
frequency of 1.12Hz, frequency ratio of 1.1, and a wind
velocity of 5.215m/s. Figure 4(b) shows the result of FFT of
the time history signal of Figure 4(a). As shown in Figure 4(a),
in time history signal, it can be seen that the torsional
vibration appears constant in the section where VIV oc-
curs. As a result of this FFT, the frequency of this amplitude
is 1.229Hz, and the Strouhal number of this section can be
calculated from this frequency, wind velocity, and repre-
sentative length.

For all cases of the results of the 12 experimental cases at
each frequency, the Strouhal number is obtained using
maximum amplitude of FFT and wind velocity. .e mean
value of Strouhal number is 0.323, and the maximum error
value of that is −3.279% as shown in Table 3. Each percent
error is shown in Figure 5 by chart for visualization. From
Figure 5, it can be seen that the Strouhal number has almost
a similar value for all the cases since the Strouhal number is
determined by the shape of the structure. From this result, it
can be seen that the value of the Strouhal number can be
constantly estimated using the above method.

4. Prediction of Wind Velocity to Raise VIV

4.1. Difference between Vortex Shedding Frequency and
Natural Frequency. In Section 3, the Strouhal number is
estimated when the FFT amplitude has the maximum value.
In this section, the differences between the vortex shedding
frequency and the natural frequency are analyzed. .e
vortex shedding frequency is determined in accordance with
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550.000 ( Yeongjong Bridge, Korea )
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Figure 1: Yeongjong Bridge, in Korea. (a) Side of the bridge. (b) Cross section of the bridge.

(a) (b)

(c) (d)

Figure 2: Dynamic wind tunnel test setup. (a) Front view of the bridge. (b) Side view of the bridge. (c) Under view of the bridge. (d) Outside
view of the bridge.
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Figure 3: Continued.

Table 2: Frequency parameters.

Experimental cases Vertical frequency (Hz) Torsional frequency (Hz) Frequency ratio (torsional/vertical)
1

1.12

1.238 1.1
2 1.463 1.3
3 1.788 1.6
4 2.244 2.0
5

1.50

1.656 1.1
6 1.956 1.3
7 2.406 1.6
8 3.013 2.0
9

1.89

2.100 1.1
10 2.444 1.3
11 3.006 1.6
12 3.788 2.0

Table 1: Design parameters of wind tunnel tests.

Parameters Actual values Testing values
Width (m) 41 0.547
Height (m) 12 0.160
Mass per unit length (kg/m) 45,380 8.068
Mass moment of inertia per unit length (kg·m2/m) 7,068,000 0.223
Flow condition — Uniform �ow
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Section 3, and the natural frequency is the value set in the test
as shown in Table 4. �e equation for the di�erence between
the two values is as follows:

Δdiff � abs
ft −fs

ft

∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣ × 100. (2)

�e di�erences between the vortex shedding frequency
and the natural frequency for 12 cases are shown in Figure 6,
and maximum di�erence value has 0.722% as shown in
Table 4. According to Figure 6 and Table 4, the results show
that the di�erence between the natural frequency and the
vortex shedding frequency is almost close. �ese results are
in agreement with Choi and Kwon’s previous study [21].
�erefore, to evaluate the Strouhal number, the results show

that the vortex shedding frequency can be reasonably
constructed with substituting it with the natural frequency.

4.2. Estimation of VIV Wind Velocity through Estimated
Strouhal Number at Arbitrary Natural Frequency.
�rough the dynamic wind tunnel test, the Strouhal number
can be expressed as shown in (3a). Since the di�erence
between the vortex shedding frequency and the natural
frequency is small, the wind velocity can be estimated as
shown in (3b) using natural frequency instead of vortex
shedding frequency. In the �rst case, the Strouhal number is
estimated from the natural frequency corresponding to test
case 1, and the di�erence between the measured wind ve-
locity and estimated wind velocity is compared for each case
by (3c).
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Figure 4: Signal transformation using FFT at 5.215m/s wind velocity. (a) Time history signal. (b) Frequency history signal.
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Figure 3: VIV of girder of bridge in di�erent frequency parameters. (a) VIV of dynamic wind tunnel test at 1.12Hz vertical frequency.
(b) VIV of dynamic wind tunnel test at 1.50Hz vertical frequency. (c) VIV of dynamic wind tunnel test at 1.89Hz vertical frequency.
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Ss �
fs ×D
Us

, (3a)

Uestimated �
ft ×D
Ss

, (3b)

Udiff � abs
Umeasured −Uestimated

Uestimated

∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣ × 100. (3c)

Table 5 shows the predicted wind velocity to raise VIV
from case 2 to case 12 using the Strouhal number obtained
from the test case 1. �e Strouhal number (Ss) is 0.3132,
torsional natural frequency (ft) is the value set for each case,
and the width (D) is 12/75. �e measured wind velocity to
raise VIV for each case obtained from the wind tunnel test
shows that the maximum error is 5.986%.

Applying the above method for all 12 cases using (3c), 12
estimated wind velocities can be obtained for all cases. �e
di�erences between the estimated wind velocity and mea-
sured wind velocity is shown in Figure 7. �e di�erence is
a maximum of 6.304%, and this result shows that the wind

velocity to raise VIV can be appropriately predicted through
the Strouhal number even with dynamic wind tunnel tests at
an arbitrary frequency.

4.3. Curve Fitting of Wind Velocity to Raise VIV by Natural
Frequency. Since the wind velocity to raise VIV can be
predicted at an arbitrary frequency as shown in Section 4.2,
the curve �tting related to the prediction of the wind velocity
according to the natural frequency changes of the structure
is proposed by the dynamic wind tunnel test with 12 cases.
Although more accurate wind velocity results are estimated
if the Reynolds number e�ect is considered, according to
Frandsen [1], as the section model scale approaches the scale
of the actual structure, the wind velocity of VIV tends to
increase. �erefore, it can be expected that the wind velocity
of the actual structure will be larger than the estimating value
of wind velocity of scaled-section model by present scale.
Figure 8 shows the wind velocity according to the natural
frequency for each test case. �e curve �tting is shown
through the trend of each case. It is approximated as a �rst-
order polynomial function because the wind velocity is
proportional to the natural frequency according to the
de�nition of the estimated wind velocity in (3b). Consid-
ering scale e�ect, the curve �tting function is predicted as
f(x) � 36.706x + 0.106 as shown in Figure 8(a), and the
sum of squares due to error (SSE) is 0.760 as shown in
Figure 8(b). According to e�ects of Reynolds number, it can
be expected that the wind velocity of actual scale can be
estimated over than 45m/s because the �rst torsional fre-
quency of the actual bridge is 1.23Hz. Also, it is shown that
the wind velocity can be predicted according to the change of
the natural frequency in maintenance and monitoring of the
bridge.

5. Conclusion

In this paper, experimental investigations of prediction of
wind velocity to raise VIV that generates the maximumRMS
displacement amplitude are conducted on a road-rail bridge
with truss-shaped girder. For this purpose, dynamic wind
tunnel tests for 12 cases of various frequencies are con-
ducted. In the condition that VIV occurs, it is found that the
wind velocity to raise VIV increases as the natural frequency
of the structure increases due to the feature of Strouhal
number determined by the shape of the cross section. In
addition, the Strouhal number can also be reasonably es-
timated by the dynamic wind tunnel test at an arbitrary
frequency, since results show that the maximum error of the
Strouhal number among the 12 cases represents 3.279%.

Furthermore, it is found that the natural frequency can
be used instead of the vortex shedding frequency in order to
predict the wind velocity on the dynamic wind tunnel test,
since results show that the di�erence between the vortex
shedding frequency and natural frequency represents only
a maximum value of 0.722, and the maximum di�erence
represents 6.304% when the wind velocity to raise VIV is
predicted by using the mean value of Strouhal number.
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Figure 5: Percent errors of Strouhal number from the results of
dynamic wind tunnel test.

Table 3: Strouhal number estimation with dynamic wind tunnel
test.

Experimental cases Mean value of Strouhal number Percent
error

1

0.323

−2.989
2 0.554
3 0.721
4 1.781
5 1.119
6 0.377
7 −0.037
8 2.777
9 0.549
10 −3.279
11 1.533
12 −3.107
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Finally, curve �tting is performed to predict the wind
velocity of the actual bridge by using scale factor. Since the
road-rail bridge with truss-shaped girder is a very special
shape, this result can be used as a reference value for

estimating wind velocity to raise VIV that generates the
maximum RMS displacement amplitude.

�is result can be used as a reasonable way to predict the
wind velocity to raise VIV for changes in natural frequency.
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Figure 6: Di�erence between vortex shedding frequency and natural frequency.

Table 4: Di�erences between vortex shedding frequency and natural frequency.

Test cases Vortex shedding frequency, fs (Hz) Natural frequency, ft (Hz) Di�erence (Δdiff )
1 2.100 2.100

max|Δdiff | � 0.722%, Δdiff ≃ 0

2 2.443 2.444
3 3.000 3.006
4 3.771 3.788
5 1.229 1.238
6 1.457 1.463
7 1.786 1.788
8 2.243 2.244
9 1.657 1.656
10 1.957 1.956
11 2.400 2.406
12 3.014 3.013

Table 5: Di�erences between measured wind velocity and estimated wind velocity.

Experimental cases Measured wind velocity Umeasured (m/s) Estimated wind velocity Uestimated (m/s) Di�erence (Udiff ) (%)
1 1.0728 1.0728 0.0000
2 1.2040 1.2484 3.6896
3 1.4761 1.5358 4.0398
4 1.8364 1.9349 5.3635
5 0.6021 0.6322 4.9916
6 0.7194 0.7471 3.8491
7 0.8853 0.9132 3.1458
8 1.0815 1.1462 5.9856
9 0.8168 0.8461 3.5910
10 1.0028 0.9994 0.3451
11 1.1715 1.2293 4.9336
12 1.5418 1.5390 0.1807
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And it is likely to contribute to the �eld of maintenance and
monitoring system of the structure.
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