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Abstract. In 2009, Ikitsuki Bridge, a truss bridge in Nagasaki Prefecture with a center span length of 400 m, was discovered
to have a crack in the diagonal member of the bridge. The side ratio of the section was B/D=1.18. Since motion-induced vortex
vibration has not been confirmed on rectangular cross sections with side ratios of B/D<2 according to the past wind tunnel
tests, wind tunnel tests were carried out. The tests had an additional purpose of clarifying the effects of the small protruding
lips of flanges in steel structures on motion-induced vortex vibration. Spring-supported tests, smoke flow visualizations were
performed with or without small protruding lips of flanges changing angle of attack. It was found that motion-induced vortex
vibration were confirmed with a rectangular cross section with a side ratio of B/D=1.18 by experimental results of a spring-
supported tests, an unsteady aerodynamic lift measurement and a flow visualization test. The effects of the existence of small
protruding lips of flanges became large when angle of attack became greater than 3-4 degrees.

1 INTRODUCTION

The vortices separated from rectangular cross sections are broadly classified into Karman vortices and motion-induced
vortices (vortices separated from the leading edge) [1, 2]. The former are those that are accompanied by the interferences of
two separated shear layers at both the top and bottom surfaces of the structures. The latter are the ones that are shedding
separately from the leading edges of the top and bottom surfaces caused by the separated shear layers at the top and bottom
surfaces excited alternately due to the vibration of the rectangular cross section. The vibration caused by the latter vortices was
found in past wind tunnel tests [3, 4]. The vibration is known as either motion-induced vortex vibration [1, 2] or impinging-
shear-layer instability [5-8]. The onset wind speed of this vibration depends on the side ratio of the rectangular cross section
and this relationship is schematically clarified [1, 8]. The mechanisms of the motion-induced vortex vibration of the rectangular
section and H-shaped section cylinders are also revealed [9-12]. This research is involved in the motion-induced vortex
vibration generated in a bracing member of a real truss bridge in Japan.

In 2009, Ikitsuki Bridge, a truss bridge in Nagasaki Prefecture with a center span length of 400 m, was discovered to have
a crack in the diagonal member of the bridge [13]. The side ratio of the section was B/D=1.18 (B: along-wind length, 590mm,
D: cross-wind length, 500mm). As a result of a field oscillation measurement, the primary cause of the crack was identified as
Karmén vortex vibration. However, another aerodynamic vibration was also observed in the wind speed range lower than the
resonance wind speed of the Karman vortex vibration. Since the Scruton number of the bracing members was estimated to be
approximately 2-3, the aerodynamic vibration was initially thought to be motion-induced vortex vibration. The Scruton number
is defined as Sc=2md/(pD?), in which m= mass of the structure per length; d=structural damping (logarithmic decrement)
measured in still air; p=air density. The generation of motion-induced vortex vibration is considered to be caused by the
unification of separated vortices from the leading edge and secondary vortices at the trailing edge [1]. Though motion-induced
vortex vibration has been confirmed on rectangular cross sections with side ratios of B/D=2-8 according to the results of past
wind tunnel tests, there is little past research on motion-induced vortex vibration on a rectangular cross section of B/D of less
than 2. For that reason, wind tunnel tests for B/D=1.18 was conducted to simulate the phenomenon in a closed circuit wind
tunnel at Kyushu Institute of Technology. A new finding was that the vibration in the bracing member with a rectangular cross
section (B/D=1.18) of Ikitsuki Bridge generated in the wind speed range of lower than Karman vortex-induced vibration was
suggested to possibly be motion-induced vortex vibration by the experimental results of the spring-supported test, the unsteady
aerodynamic lift measurement and the flow visualization [14-17].

In this paper, the authors focused on the wind tunnel model configuration. Small protruding lips of flanges in steel structures
have not been usually taken into consideration when manufacturing wind tunnel test models. Wind tunnel tests were carried
out in order to clarify the effects of the existence of small protruding lips of flanges in steel structures on motion-induced vortex
vibration. Spring-supported tests, smoke flow visualizations and Strouhal number measurement were performed with or
without small protruding lips of flanges changing angle of attack. Models were forced-oscillating in smoke flow visualizations
and unsteady aerodynamic lift measurements. All wind tunnel tests were conducted in a smooth flow.

2 EXPERIMENTAL SETUP

2.1 Section Models

Table 1 shows the dimensional data of the section models, B/D=1.18, used in each test. Two cross-sections of a rectangular
cross-section and a cross-section with flanges, a reproduction of the cross-section of the cracked bracing member of Ikitsuki
Bridge, were used. “Flanges” here means the small protruding lips of the flanges.
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Table 1. Section models (B/D=1.18)

Without Flanges With Flanges
B B
Wind Tunnel Tests m D m D
B(mm) D(mm) B(mm) D(mm)
Spring-Supported Tests 107 90.0 107 90.0
Flow Visualization Tests 47.2 40.0 47.2 40.0

2.2 Spring-supported Tests

The spring-supported test was conducted in a closed circuit wind tunnel (cross-section:1.8m highx0.9m wide) at Kyushu
Institute of Technology. Table 2 shows the conditions for the spring-supported test. The primary experimental conditions for
the model were: mass per unit length=3.32, 3.01 kg/m, natural frequency of heaving vibration=7.30, 7.69 Hz, logarithmic
decrement of structural damping=0.0033, 0.0036 and Scruton number=2.23-2.29. Figure 1 shows a photo of the section model
installed in the wind tunnel.

Table 2. Spring-supported test conditions

Without Flanges With Flanges
Angle of attack, a 3,4,5 deg.
Mass per unit length, m 3.32 kg/m 3.01 kg/m
Natural frequency, f 7.30 Hz 7.69Hz
logaithc decrements. 0.0033 0.0036
air density: p 1.18-1.20 kg/m? 1.19-1.20 kg/m?
Scruton number, Sc=2md/pD? 2.25-2.29 2.23-2.25

D: Model height =0.090m, L: Model length=0.768m

Figure 1. Section model for spring-supported tests mounted in Kyushu Institute Technology wind tunnel

2.3 Flow Visualization Tests

Figure 2 shows the experimental system of the flow visualization tests. Flow visualizations around the model during static
and oscillating times were conducted using a small-sized wind tunnel (0.4m highx0.4m wide) at Kyushu Institute of Technology.
It was considered that the wind speeds in the wind tunnel of ¥=0.6-1.0 m/s are good for visualization, so /'=0.6 m/s was selected.
Accordingly, the experimental Reynolds number was Re=VD/v=1.6x103. The forced-oscillating non-dimensional amplitudes
2n/D were selected in accordance with the spring-supported test results. Figures 3 and 4 show the forced oscillation system and
the installation status of the model, respectively. Table 3 shows the conditions for the flow field visualization tests.
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Figure 2. Flow visualization test system
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Figure 3. Forced oscillation system for flow visualization tests

Figure 4. Section model for flow field visualization test mounted in Kyushu Institute Technology wind tunnel

Table 3. Flow visualization test conditions

Wind speed region Wind speed region Wind speed region
around Motion-induced | of Karman vortex- of Ggllo ing
vortex vibration induced vibration ping
Angle of attack, a 0,3,4,5,10 deg. 0,5,10 deg.
Wind speed, V 0.6 m/s
Frequency of forced oscillation 50 Hz 1.95,1.79 Hz 1.07 Hz
method, /'
Reduced wind speed, Vr=V/fD 3.0 7.70, 8.40 14.0
Forced-oscillating non-dimensional
amplitudes, 21/D 0.10 0.10 0.15

D: Model height =0.040m, L: Model length=0.150m

3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Spring-supported Tests

Figure 5 shows the result of the spring-supported test for an angle of attack of 0 degrees [14,15]. Vibrations were confirmed
from the neighborhoods of reduced wind speed /7=2 and 8. Because the reduced wind speed at motion-induced vortex vibration
is calculated as Vi=1.67xB/D=1.67x1.18=2.0 [1], vibrations around V=2 were considered to be motion-induced vortex
vibration. The effects of the existence or non-existence of flanges on the maximum response amplitude of motion-induced
vortex vibration are extremely small. However, Figure 6 shows the result of an experiment separately conducted with an angle
of attack of 10 degrees that the maximum response amplitude of motion-induced vortex vibration in the case with flanges was
approximately 1.5 times larger than that in the case with no flange. Moreover, the responses over the reduced wind speed of
Vr=10 were quite different. The response of the model with flanges was much larger than without flanges. In other words, it
turns out that as the angle of attack becomes larger, the existence or non-existence of flanges tends to exercise an effect on the
patterns of the flows around the cross-section.

The Strouhal number measured on the cross-section with flanges was St=0.124. Its inverse number is the critical reduced
wind speed of beginning Karman vortex-induced vibration, V7=1/St=8.1. In other words, a vibration beginning in the
neighborhood of a reduced wind speed of 8 can be judged as Kadrman vortex-induced vibration. However, from the fact that
the Scruton number in this experiment’s case was small at Sc=1.32, it was found that Kdrméan vortex-induced vibration was
changed to a galloping along with the increase in wind speed.

Based on the above experimental results [14,15], additional wind tunnel tests were carried out in order to clarify the effects
of rectangular column flanges in this study.
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Figure 5. Spring-supported test result (a=0 deg.)[14, 15]
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Figure 6. Spring-supported test result (a=10 deg.)[14, 15]

Figures 7, 8 and 9 show the results of the spring-supported test for angles of attack of 3, 4 and 5 degrees, respectively. The
ratios of the response amplitude of motion-induced vortex vibration with flanges compared to without flanges at angles of
attack of 3, 4 and 5 degrees were approximately 1.0, 1.2 and 1.6, respectively. The effects of the existence of flanges became
large when angle of attack became greater than 3-4 degrees.

In other words, as the angle of attack becomes larger, the existence or non-existence of flanges tends to have an effect on
the patterns of flows around the cross section. On the other hand, the effect of the flange on Karman vortex-induced vibration
and galloping was hardly seen. As will be described later, discussion will be given to these causes based on the flow
visualization test results.

It was found that it could be very important to model small protruding lips of flanges in steel structures for wind tunnel
tests, especially bracing members of long-spanned truss bridges from a wind engineering point of view.
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Figure 7. Spring-supported test result (0=3 deg.)
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Figure 8. Spring-supported test result (0=4 deg.)
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Figure 9. Spring-supported test result (0=5 deg.)

3.2 Flow Visualization Tests

Figure 10 shows the results of flow visualization tests around forced-oscillating rectangular section models of B/D=1.18 at
the top displacement at the maximum response wind speed of motion-induced vortex vibration. It was confirmed that as the
angle of attack becomes larger, the formation of separated vortex from the leading edge on the lower surface of the model with
flanges is larger than that without flanges. Generally, it is clear that the pressure tends to decrease in the vicinity of the center
of the vortex as compared with the surroundings. Therefore, the larger the separated vortex from the leading edge becomes, the
larger the negative pressure on the lower surface becomes. It is supposed that the exciting force acting on the lower surface
becomes larger. The separated vortex from the leading edge gradually separated from the upper surface of the cross sections
and flowed downward as the angle of attack became larger.

Results of flow visualization tests around forced-oscillating rectangular section models of B/D=1.18 at the top displacement
in the wind speed region of Karman vortex-induced vibration is shown in the upper half of Figure 11. Even if the angle of
attack becomes larger, the effects of the existence or non-existence of flanges on the flow pattern around the section model
were hardly seen. Table 4 shows measured Strouhal number changing angle of attack. The effects were also not seen in the
predominant vortex shedding frequency.

Results of the flow visualization tests around the forced-oscillating rectangular section models of B/D=1.18 at the top
displacement in the wind speed region of galloping is shown in the lower half of Figure 11. Though the difference of flow
patterns under the lower surface of the model between with and without flanges was not recognized at an angle of attack of 0
degrees, a larger flow separation occurs from the leading edge of the lower surface with flanges than that without flanges at an
angle of attack of 10 degrees. Quantitatively showing this fact is unsteady aerodynamic lift Cz, in Figures 12 and 13 to be
described later. Unsteady aerodynamic lift coefficients Cr,; with flanges around /7=14.0 at an angle of attack of 10 degrees as
shown in Figure 13 are positive values which means the exciting force is acting on the surface, while Cr;; without flanges are
negative values. Therefore, the response with flanges becomes larger than that without flanges.

Table 4. Measured Strouhal Number St=fD/V

. Angle of Attack a (deg.)
Cross Sections 0 3 2 5 10
B
5 0.120 0.120 0.120 0.120 0.132

D 0.121 0.121 0.122 0.122 0.131
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Figure 10. Results of flow visualization tests around forced-oscillating rectangular section models of B/D=1.18 at the top displacement at
the maximum response wind speed of motion-induced vortex vibration
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Figure 11. Results of flow visualization tests around forced-oscillating rectangular section models of B/D=1.18 at the top displacement
in the wind speed regions of Karman vortex-induced vibration and galloping
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3.3 Unsteady Aerodynamic Lift Measurements
The unsteady aerodynamic lift obtained by the forced oscillation method is shown by the following equation:

Lift = 5oD°w?(C_ 5 +iCy,, )% )

where Lift is the unsteady aerodynamic lift per unit length [N/m], p: air density [kg/m?], w: circular frequency of the forced
oscillation [rad/s], Cryr: real part of unsteady aerodynamic lift coefficients, Cr;i: imaginary part of unsteady aerodynamic lift
coefficients, #=vertical oscillation amplitude [m] and D: height of model [m].

Substituting equation (1) into the external force term of the Equation of Motion and obtaining the following equations:

mij +cr+Kkn :ﬂstwz{(CL,]R +iCp i )%} ()
where m=mass, c=damping coefficient, k= stiffness.

m7j + (¢ — zpD?wC )7'7+(k—7TpD2a)2CL,7R)77:0 3)

Lzi

C—7rpD2a)C|_,7i <0 “

Accordingly, from equation (4), if the damping constant, ¢ is very small, and Cr;s is a positive value, it means that the
structure is aerodynamically unstable.

Figure 12 shows unsteady aecrodynamic lift coefficients Cr;: at an angle of attack of 0 degrees and an enlarged view in the
wind speed range of }/7=0-5[14,15]. Ciy in the ranges of the wind speed of motion-induced vortex vibration and Kérman
vortex-induced vibration are positive values and they correspond to the responses in Figure 5. This shows the same tendency
as the result that was confirmed by Yagi et al. [18], indicating that unsteady aerodynamic force coefficient H;* of rectangular
cross-section B/D=1 becomes a positive value in the neighborhoods of Vr=1.67xB/D=1.67 and Vi=1/St. Furthermore,
Nakamura and Mizota suggested the existence of low speed instability from the results of measuring unsteady aerodynamic
lifts using a rectangular cross section of B/D=1 [19, 20].

According to Figure 12, there is very small difference between Cr; “without flanges” and “with flanges™ in the wind speed
range of motion-induced vortex vibration at an angle of attack of 0 degrees. Therefore, the effects of the existence or non-
existence of flanges on the maximum response amplitude of motion-induced vortex vibration are extremely small.

Figure 13 shows unsteady aerodynamic lift coefficients C.;i at an angle of attack of 10 degrees and an enlarged view in the
wind speed range of Vr=0-5[14,15]. There are some differences between Cr,i “without flanges” and “with flanges” in the wind
speed range of motion-induced vortex vibration and Karmén vortex-induced vibration at an angle of attack of 10 degrees.
Unlike the response when an angle of attack is O degrees, the responses “with flanges” and “without flanges” greatly differ at
an angle of attack of 10 degrees, as shown in Figure 6.

-8.0 : v l\ :/ [D
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-12.0 - -o- Without Flanges a=0 deg., 2n/D=0.10
-e-With Flanges =0 deg., 2n/D=0.10

Figure 12. Unsteady aerodynamic lift coefficients C.,;(e=0deg.) [14,15]
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Figure 13. Unsteady aerodynamic lift coefficients Cy,; (a=10deg.) [14,15]
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4 CONCLUSIONS
The findings obtained from this research are as follows:

(1) Though motion-induced vortex vibration has been confirmed on rectangular cross sections with side ratios of B/D=2-8
according to the results of past wind tunnel tests, it was found that the motion-induced vortex vibration were confirmed
with a rectangular cross section even with a side ratio of B/D=1.18 by experimental results of a spring-supported test, an
unsteady aerodynamic lift measurement and a flow visualization test.

(2) The effects of the existence of small protruding lips of flanges became large when angle of attack became greater than 3-4
degrees.

(3) According to smoke flow visualization test results, flow patterns around a model with small protruding lips of flanges were
different from those around a model without small protruding lips of flanges. Unsteady aerodynamic lifts acting on the
models were also different from each other based on the wind tunnel test results.

(4) 1t could be very important to model small protruding lips of flanges of rectangular columns in steel structures for wind
tunnel tests, especially diagonal members of long-spanned truss bridges from a wind engineering point of view.
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