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Abstract. A butterfly web girder is a box-shaped girder with discretely distributed side openings along the spanwise direction. Until now,
there have been few studies related to the aerodynamic performance of the butterfly web bridge. The objective of the current study was to
clarify the effects of the side openings on the aerodynamic performance of the girder. Two butterfly web girders with side ratios B/D = 3.24
and 5, where B is the girder width and D is the depth, were examined through a series of wind tunnel tests. A comparison of the results for
butterfly web girders and conventional box girders of the same shape confirmed that the side openings stabilized the vortex-induced
vibration and galloping when B/D = 3.24, whereas the vortex-induced vibration and torsional flutter were stabilized when B/D = 5. The
change in the flow field due to the side openings contributed to the stabilization against the vibration. These findings not only confirmed the
good aerodynamic performance of the butterfly web bridge but also provided a new method to stabilize the box girder against aerodynamic

instabilities via discretely distributed side openings.
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1. Introduction

A bridge always requires light and strong girders with
good aerodynamic performance. A new type of girder, the
butterfly web girder, was recently introduced. This girder
can be viewed as a box girder with discretely distributed
side openings (Fig. 1) and has advantages in terms of
structure, construction, and maintenance (Kasuga 2017).
The side openings reduce the weight of a butterfly web
girder bridge, making it comparable to a corrugated-steel
web girder bridge. However, in pursuing lightness and
strength for the girder, the importance of the aerodynamic
performance cannot be neglected (Billah and Scanlan
1991). Therefore, the concern is whether the side openings
can stabilize the box girder against aerodynamic
instabilities.

A butterfly web bridge with a side ratio of B/D = 5,
where B is the girder width and D is the girder depth, was
confirmed to be stabilized against vortex-induced vibration
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Fig. 1 Butterfly web girder (Takubogawa Bridge)

and torsional flutter by the discretely distributed side
openings by a previous study (Kasuga 2015). However, that
research was limited to a butterfly web girder with a side
ratio of B/D = 5. Because the aerodynamic performance of
a bluff body is generally characterized by the side ratio, the
effects of side openings on the aerodynamic performance of
box girders with different side ratios was investigated in the
current study by examining two butterfly web girders with
B/D = 3.24 and 5. The former was designed for the main
girder of a 365-m extradosed bridge with a main span of
180 m, and the latter was designed for the main girder of a
500-m five-span extradosed bridge. Two conventional box
girders of the same shape as the butterfly web girders were
also examined, to compare the effects of side openings on
aerodynamic performance.
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As a bluff body, the aerodynamic performance of a
conventional box girder can generally be characterized as
that of a rectangular cylinder of the same B/D ratio.
Therefore, according to previous studies (Okajima et al.
1990, Matsumoto et al. 2008a), a conventional box girder of
B/D = 3.24 may show vortex-induced vibration, galloping
instability at a certain angle of attack, and torsional flutter,
whereas at B/D = 5, the conventional box girder may show
vortex-induced vibration and torsional flutter. However,
owing to the discretely distributed side openings, it is
difficult to make assumptions about the aerodynamic
performance of a butterfly web girder.

Vortex-induced vibration can be roughly divided into
two types: the Karman-vortex and motion-induced types
(Komatsu and Kobayashi 1980, Shiraishi and Matsumoto
1983, Nakamura and Nakashima 1986, Naudascher and
Wang 1993, Wu and Kareem 2012, Nguyen et al. 2018).
The Karman-vortex vibration usually occurs at the reduced
wind velocity of 1/Sz. The onset of reduced wind velocity in
motion-induced vortex vibration can be explained by the
following equations (Matsumoto et al. 2008a)

Vertical motion

U —113—11673 (1)
" N06D N D
Torsion motion:
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where N = 1, 2, ... The two conventional box girders

used in this study were expected to exhibit motion-induced
vortex vibration rather than Karman vortex vibration (Shi-
raishi and Matsumoto 1983, Nguyen et al. 2018). Due to
shear layer instability, motion-induced vortices generate
motion-induced vortex vibration (Shiraishi and Matsumoto
1983, Nakamura and Nakashima 1986, Naudascher and
Wang 1993, Wu and Kareem 2012, Nguyen et al. 2018).
However, discretely distributed side openings cause the
flow to get through the girder. The outflow from the side
openings into the wake may affect the formation of these
vortices at the trailing edge, potentially affecting the coa-
lescence of vortices from the leading and trailing edges
(Deniz and Staubli 1997, Hourigan et al. 2001, Mills et al.
2003, Kumar et al. 2009). Therefore, the effects of side
openings on motion-induced vortex vibration must be
investigated.

Galloping is a type of divergent vertical vibration that
occurs at high wind velocities, usually in rectangular
cylinder-like bluff bodies with small B/D ratios (Nakamura
et al. 1991a and 1994, Parkinson and Smith 1964,
Naudascher et al. 1981, Hu et al. 2016). Galloping occurs
because in a rectangular cylinder-like bluff body with a
non-reattachment flow pattern, a downward motion of the
body at high wind velocity can induce a downward pressure
force (Parkinson and Sullivan 1979, Mizota and Okajima
1981, Nakamura et al. 1991, 1994, Hu et al. 2016). The
Karman vortex plays an important role in mitigating
galloping instability (Matsumoto et al. 2008b, Yagi et al.
2013). Nakato (2016) confirmed that Karman vortex
shedding can be suppressed with side openings by

controlling the fluctuating lift coefficient of a square
cylinder. Because the outflow from the side openings of a
butterfly web girder interferes with vortex shedding during
vibration, it is important to determine whether the side
openings can simultaneously suppress Karman vortex
shedding and mitigate galloping.

Torsional flutter is a divergent type of torsional vibration
that is closely related to vortex convection along the surface
and the locally separated flow near the leading edge
(Matsumoto et al. 1997, Andrianne and Dimitriadis 2013).
Because side openings may have effects on the unsteady
flow around the body, their effects on torsional flutter
should also be investigated.

Furthermore, the flow field around a rectangular
cylinder with discretely distributed side openings has three-
dimensional properties owing to section differences along
the span-wise direction (Nakato 2016). These three-
dimensional characteristics of the flow field may reduce the
aerodynamic forces’ span-wise correlation, which is
sensitive to the vibration pattern and its amplitude (Li et al.
2016). Therefore, the three-dimensional flow may
contribute to the effects of side openings on aerodynamic
performance.

The purpose of the present study was to investigate the
effects of side openings on aerodynamic performance. A
series of wind tunnel tests was conducted on two butterfly
web girders and two conventional box girders of the same
shape. The wind tunnel tests consisted of aerodynamic
force, free wvibration, and forced vibration tests. To
determine the effects of side openings, the aerodynamic
responses and aerodynamic damping of the butterfly web
and conventional box girders were monitored. To facilitate
observation of the effects of side openings on the
aerodynamic response, low values were assigned to the
mass and damping of the free vibration system. The wind
velocity distribution in the wake of the girder was also
examined to investigate potential reasons for the effects of
side openings on Karman vortex shedding and galloping.
These findings confirm the good aerodynamic performance
of the butterfly web girder and provide a new method to
control aerodynamic instability.

2. Wind tunnel test details

For the B/D = 3.24 model, the authors conducted wind-
velocity measurements in the wake of the girder and tests of
aerodynamic force, spring-supported free vibration (vertical
one degree of freedom (1DOF)), and forced vibration
(vertical 1DOF, torsional 1DOF). For the B/D = 5 model,
the authors conducted free vibration tests (vertical 1DOF,
torsional 1DOF) and forced vibration tests (torsional
IDOF). Wind tunnel measurements were conducted for
both models in a room-circuit Eiffel wind tunnel at Kyoto
University. The wind tunnel had a working section 1.8 m
tall and 1.0 m wide. The maximum wind velocity was 30
m/s and the turbulence intensity of the smooth flow in the
working section was 0.3%.

2.1 Model details

Two butterfly web girder sectional models were adopted
in this research, one with a 1:80 geometrical scale and B/D
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Fig. 3 Section of the B/D = 5 model and side opening detail (unit: mm)

ratio of 3.24, and the other with a 1:100 geometrical scale
and a B/D ratio of 5. The cross sections and side openings
of each model are shown in Figs. 2 and 3, respectively. The
width (B) and depth (D) of the model with a B/D ratio of
3.24 were 161.9 mm and 50 mm, respectively, and those of
the B/D = 5 model were 300 mm and 60 mm, respectively.
The opening area ratio is defined by the ratio between the
opening area and the total area of the front/rear surface. The
opening area ratio is 15.5% for the B/D = 3.24 model and
16.7% for the B/D = 5 model. For the convenience of
discussion, a butterfly web girder is defined as an open
girder, and a conventional box girder of the same shape as
the butterfly web girder is defined as a closed girder. A
conventional box girder can be realized by covering the side
openings of a butterfly web girder with an acrylic plate. To
understand this better, open girders with B/D = 3.24 and 5
are shown in Figs. 4(a) and (b), respectively, and closed
girders with B/D = 3.24 and 5 are shown in Figs. 4(c) and
(d), respectively. Additionally, as shown in Fig. 5, at a
certain angle of attack (a) due to the mean wind, the model
has an equivalent length (B’) and depth (D).

2.2 Aerodynamic force tests

In the aerodynamic force experiment, the model was
rigidly connected to load cells and three aerodynamic forces
were then measured. The data was recorded in a sampling
frequency of 1000Hz. The angle of attack («) ranged from
—10 to 10° in 1° intervals and was defined as nose-up
positive.

The three aerodynamic force coefficients (lift: Cr,, drag:
Cry, and pitching moment: Cy), Strouhal number S?, and
fluctuating lift force coefficient Cg’ are defined on the
structural axis as follows

_ Fy 3
e )
2
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where F), F,, and F) are the mean values of lift force
(N), drag force (N), and pitching moment (N-m) defined on
the structural axis (Fig. 6); [ is the span length, p is the air
density (kg/m®), U is the approaching wind velocity (m/s),
fs is the dominant frequency (Hz) of the Karman-vortex
shedding, F,(t) is the fluctuating lift force time series, F,’(?)
is the lift force component fluctuating in the frequency of
fst» FY'(£)sw is the standard deviation of F,’(?). fiu was
identified from the fluctuating lift force F\(t), and F,’(¢) was
calculated by applying a bandpass filter with a center
frequency of f; to the fluctuating lift force F(t).

Based on the quasi-steady theory, galloping occurs when
the lift slope (dCr/da) is negative, that is, the well-known
Den Hartog criterion (Den Hartog 1985). Furthermore, the
Karman vortex shedding intensity, which indicates the
strength of Karman vortex shedding, is defined by the
fluctuating lift force coefficients Cr,’. The drag coefficient
Cry 1s sensitive to the Karman vortex shedding intensity.
Strong vortex shedding is accompanied by strong roll-up of
the separating shear layers at the near wake and negative
base pressure of a large absolute value, which leads to a
large Cr: (Bearman and Trueman 1972, Matsumoto et al.
2006, Dong et al. 2017).



122 Jiaqi Wang, Tomomi Yagi, Jun Ushioda, Kyohei Noguchi, Naoki Nagamoto and Hiroyuki Uchibori

|i|ii|i|||;19= '

Fig. 4 Models used in the experiment: (a) open girder (B/D = 3.24), (b) open girder (B/D = 5), (c¢) closed girder (B/D =
3.24, side openings covered), (d) closed girder (B/D =5, side openings covered)

(b)
Fig. 5 Equivalent size of the model. (a) shows the case at o = 0°, (b) shows the case at a = +3°, a is the angle of attack due
to mean wind

2.3 Free vibration tests

Both the B/D =5 and B/D = 3.24 models must show the
torsional flutter. The B/D = 3.24 model may show galloping
at a certain angle of attack. To avoid the interference
between the vertical and torsional  vibrations,
vertical/torsional 1DOF free vibration tests were applied in
this research to evaluate the effects of side openings on
aerodynamic performance, that is, vortex-induced vibration,
galloping, and torsional flutter. A vertical 1DOF free
vibration test was conducted for the B/D = 3.24 model, and
vertical IDOF and torsional 1DOF free vibration tests were
conducted for the B/D = 5 model. Supported by eight coil
springs, the displacement of the girder in smooth flow was
measured at a = 0°, —3°, and +3° using laser gages. Low
values were assigned to the mass and damping of the 2mé,
system to facilitate observation of the effects of the side Sen = pD? ®)
openings on the aerodynamic properties (Tables 1-3).

Fig. 6 Definitions of aerodynamic forces

The Scruton numbers for the vertical and torsional
directions are defined as follows, respectively




Table 1 Characteristic parameters for the model (side ratio
B/D = 3.24) used in free vibration experiments; the model
has one vertical degree of freedom (1DOF) and the
experiment is in smooth flow

Casename Angle of attack m (kg/m) f(Hz) &, Sey
—-3° 2.40 456 0.0028 4.5

Closed girder 0° 2.40 4.57 0.0027 4.4
+3° 2.40 4.55 0.0026 4.2

—3° 2.36 4.60 0.0028 4.5

Open girder 0° 2.36 4.52 0.0029 4.5
+3° 2.36 4.60 0.0029 4.5

Table 2 Characteristic parameters for the model (B/D = 5)
used in free vibration experiments (torsional 1DOF, smooth
flow)

Casename Angle ofattack I(kg'm) f(Hz) &, Sc,
—3° 4.64x10% 6.41 0.0069 43

Closed girder 0° 4.65x102% 6.41 0.0056 35
+3° 4.63x10% 6.41 0.0063 39

—3° 4.63x10% 6.45 0.0068 42

Open girder 0° 4.64x10% 6.42 0.0057 36
+3° 4.56x102% 6.45 0.0073 45

Table 3 Characteristic parameters for the model (B/D = 5)
used in free vibration experiments (vertical 1DOF, smooth
flow)

Case name Angle of attack m (kg/m) f(Hz) Oy Sey
-3° 6.48 2.23 0.0027 8.5

Closed girder 0° 6.49 2.23 0.0028 8.6
+3° 6.47 2.23 0.0027 8.5

-3° 6.40 2.25 0.0027 8.4

Open girder 0° 6.40 2.25 0.0027 8.4
+3° 6.40 2.25 0.0027 8.4

o us, o)
co pD*

where m is the mass per unit (kg/m), / is the moment of

inertia per unit (kg'm), J, and J, are the vertical and

torsional structural damping quantified by logarithmic

decrement, respectively, and p is the air density (kg/m?).
The reduced wind velocity, Ur, is defined as follows

U

Ur = 75 (10)

2.4 Forced vibration tests

The aerodynamic self-excited forces due to wind
encountering a girder can be calculated using the
aerodynamic derivatives, as follows (Scanlan and Tomko
1971)
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where Ly is the lift force per unit span (N/m), M, is the
pitching moment per unit span (N-m/m), # is the vertical
displacement (m), ¢ is the torsional displacement (°), (-)
indicates the time differentiation, b is the half-length of the
width of the girder (m), & is the reduced frequency (bw/U),
and w is the angular frequency (rad/s).

Aerodynamic derivatives are used in practice to analyze
galloping, torsional flutter, and coupled flutter. The coupled
flutter, where the contribution of the coupling effect
between torsional and vertical vibration is dominant, is
mainly characterized by 4,", 4,", and H;" (Matsumoto 1996,
Chen and Kareem 2006, Yang et al., 2007, Ge et al. 2016).
Galloping is mainly characterized by positive H,", whereas
the torsional flutter is mainly characterized by positive 4"
(Scanlan and Tomko 1971, Matsumoto 1996). Rather than
the coupled flutter, the two models may show the galloping
and torsional flutter. The effects of side openings on the
galloping and torsional flutter were discussed based on the
aerodynamic damping in vertical direction H," and the
aerodynamic damping in torsional direction 4>", which were
identified from the vertical/torsional 1DOF forced vibration
tests, respectively. Aerodynamic self-excited forces were
measured by load cells rigidly connected to the model under
vertical or torsional 1DOF forced vibration; the
displacement of the model was simultaneously recorded
using laser gages. The aerodynamic derivatives were then
calculated based on the displacement and aerodynamic self-
excited force time series.

Therefore, the vertical and torsional 1DOF forced
vibration tests were conducted for the B/D = 3.24 model at
o= 0° and +3°, and the torsional 1DOF vibration tests were
conducted for the B/D = 5 model at a = 0° and +3°. To
improve the accuracy of the flutter derivatives, the ampli-
tude of the forced vibration cannot be too small to obtain
large aerodynamic self-excited forces. Therefore, the
vertical amplitude and frequency were set to 10 mm and 2
Hz, respectively, and the torsional amplitude and frequency
were set to 2° and 2.6 Hz, respectively. The inertial forces
were minimized as possible by setting a small mass and
moment of inertia, and the inertial forces caused by the
forced vibration were removed from the forces measured by
the load cell.

2.5 Wind velocity measurement around the girder

The wind velocity distributions in the wake of the B/D =
3.24 girders with and without side openings were measured
using an ‘X’ hot-wire anemometer; the wind velocity within
the butterfly web girder was also measured. The
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Fig. 7 Measurement points (B/D = 3.24 model) in the X—Y plane (unit: mm)
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Fig. 8 Aerodynamic force coefficients (B/D = 3.24 model, U = 6 m/s, smooth flow) for (a) lift force Cr; (b) drag force Cr;

(c) pitching moment Cy,

measurement was performed with a sampling frequency of
1000Hz. An ‘X’ hot-wire anemometer provided the X- and
Y-direction components of wind velocity. The measurement
points and parameter definitions are shown in Fig. 7, where
the origin of the coordinates is the center of the span and
girder section, X/B and Y/D are non-dimensional
coordinates in the main flow and vertical direction,
respectively, and Z is the center distance in the span-wise \
direction. Because the center of the opening at the middle
span coincides with the span center of the model (Fig. 4

(a)), the wind velocity distribution in the wake and inner
space of the open girder was measured in the vertical plane
(X-Y plane) at the span center (Z = 0). Meanwhile, the wind
velocity distribution in the wake of the closed girder was
also measured in the vertical plane (X-Y plane) at the span
center (Z = 0). As a comparison with the frequency of
vortex shedding identified from the fluctuating lift force,
the frequency of vortex shedding was also calculated from
the fluctuating wind velocity of the point of X/B = 1 and
YID=1.
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3. Aerodynamic performance of the B/D = 3.24 girder
3.1 Aerodynamic forces

The lift (Cr), drag (Cr), and pitching moment (Cy)
coefficients are presented in the structural axis in Fig. 8(a) -
(c), respectively. These coefficients showed the same trend
in the closed and open girders. However, the absolute
values of the coefficients of the open girder were smaller
than those of the closed girder for each angle of attack.
These results indicate that the side openings can reduce the
lift, drag, and pitching moment. According to Fig. 8(a), the
closed girder showed a negative gradient in the lift
coefficient (Cr) at 1° < a < 4°, whereas the open girder had
a negative slope at 2° < a < 4°. Because a negative gradient
of the lift force indicates galloping instability, both the
closed and open girders might show galloping instability at
o = +3°. This is because with the change of a from 0° to
+3°, the equivalent side ratio B’/D’ decreased from 3.24 to
2.6. Meanwhile, the flow pattern around the girder changed
from a reattachment type to a detachment type, which
makes the model prone to galloping instability at a = +3°.
Therefore, the discussion on the side opening effects
focuses mainly on the results of the free vibration and
forced vibration tests at o = +3°.

The Karman vortex generates a large drag force
coefficient and increases the curvature of a substantially
separated flow (Bearman and Trueman 1972, Knisely ef al.
2002, Matsumoto et al. 2006). Consequently, the smaller
drag force coefficient of the open girder indicates the
suppression of Karman vortex shedding. As presented in
Table 4, the Strouhal number identified from the fluctuating
wind velocity (S = 0.171 for the closed girder; St = 0.174
for the open girder) and that from the fluctuating lift force
(St = 0.167 for the closed girder; St = 0.164 for the open
girder) were almost the same, indicating that the lift force
fluctuates in the frequency of Karman vortex shedding.
Meanwhile, the fluctuating lift force coefficients of the
open girder were smaller than those of the closed girder
(Fig. 9), confirming that Karman vortex shedding was
suppressed owing to the side openings.
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Table 4 Strouhal number identified from fluctuating lift
force and fluctuating wind velocity (B/D = 3.24 model, U =
6 m/s, smooth flow, a = 0°)

St of Closed St of Open
girder girder
Fluctuating lift force 0.167 0.164
Fluctuating wind velocity 0.171 0.174

3.2 Vertical 1DOF aerodynamic performance

The vertical aerodynamic responses of the closed and
open girders at a« = +3° are shown in Fig. 10. For
convenient comparison of the free vibration and forced
vibration test results, the double magnitude of the forced
vibration is also included in the figure. U is the horizontal
velocity of wind approaching the wind tunnel. The Scruton
number was set to a small value for easier observation of
the aerodynamic response (see Table 1). The symbol of two
points connected by the vertical line indicates “limit cycle
oscillation”. For the closed girder, vortex-induced vibration
with the largest reduced double amplitude (0.42) occurred
at a reduced wind velocity range (4 < Ur < 6) and galloping
occurred at Ur > 47 (Fig. 10). The maximum reduced
double amplitude of the vortex-induced vibration was 0.24,
and galloping did not occur at Ur < 70 for the open girder
(Fig. 10). Regarding vortex-induced vibration, the 1/St
values for the closed and open girders were 5.78 (St =
0.173) and 5.99 (St = 0.167), respectively, which are
slightly larger than 1.67B/D (= 5.41). Thus, the reduced
critical wind velocity of the Karman vortex vibration (1/5¢)
was slightly larger than that of the motion-induced vortex
vibration. Therefore, it is concluded that the vortex-induced
vibration of the B/D = 3.24 model was of the motion-
induced type. To discuss the effects of side openings on the
critical wind velocity of galloping and aerodynamic
damping further, the aerodynamic derivative H;" values of
the closed and open girders at a = +3° are shown in Fig. 11.
The reduced critical wind velocity of galloping was
approximately Ur = 60 for the closed girder and
approximately Ur = 80 for the open girder. These results
demonstrate that galloping occurred in the open girder
within the higher wind velocity range. The double
magnitude of the vertical response of the closed girder
reached 20 mm (the double amplitude of the forced
vibration) at approximately Ur = 60 (Fig. 10), which was
close to the reduced critical wind velocity of galloping (Ur
= 60) observed in Fig. 11. Therefore, the critical wind
velocity of galloping determined from the free vibration
tests corresponded very well to that from the forced
vibration tests, considering the aerodynamic damping corre-
sponding to a double amplitude of 20 mm.

The H," values for the closed girder obtained from the
forced vibration test results were larger than those for the
open girder in the high wind velocity range. These results
indicate that the open girder was more stable than the closed
girder at high wind velocities.

Therefore, the side openings can mitigate the motion-
induced vortex vibration and stabilize the galloping.
However, despite the suppression of Karman vortex
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shedding, demonstrated by the fluctuating Ilift force
coefficient, the open girder still showed better galloping
stability than the closed girder. To further discuss the effects
of side openings, the flow field around and within the
bridge deck will be investigated in the next section.

3.3 Torsional 1DOF aerodynamic performance

The same mechanism is responsible for motion-induced
vortex vibration in both the vertical and torsional directions.
Thus, for the torsional direction, only the effects of side
openings on flutter instability are discussed, based on the
forced vibration result. Figs. 12 and 13 show A4," of the
closed and open girder at o = +3° and 0°. With the change

2A4n =20 mm, smooth flow)

AZ* .
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Fig. 13 Aerodynamic derivative 4>" of the B/D = 3.24
model (B’/D’ = 3.24, torsional 1DOF, a = 0°, f= 2.6 Hz,
2A4¢p = 4°, smooth flow)

in a from +3° to 0°, 4," was shown in the order that the
equivalent side ratio B’/D’ increases from 2.6 to 3.24.
According to Fig. 12, at & = +3°, 4," of the closed girder
has a positive value at Ur > 12, whereas that of the open
girder is positive at Ur > 14. The 4," value of the closed
girder is almost the same as that of the open girder.
According to Fig. 13, at a = 0°, 4," of the closed girder also
showed almost the same value as that of the open girder. By
comparing Figs. 12 and 13, with the change in a from +3°
to 0°, 4," of the closed/open girder obviously decreased.
The decrease in A4," is related to the increase in the
equivalent side ratio B’/D’ from 2.6 to 3.24. This will be
discussed later by comparing these results with the results
of the B/D = 5 model. In summary, the side openings do not
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have obvious effects on the critical wind velocity of the tor-
sional flutter and aerodynamic damping in the torsional
direction.

4. Flow field characteristics in the wake and inner
space of the B/D = 3.24 girder

As discussed in the previous section, the side openings
contributed to the suppression of Karman vortex shedding.
According to a previous study (Yagi et al. 2013), the
mitigation of Karman-vortex shedding can lead to galloping
instability. However, side openings can still stabilize the
galloping. To clarify the mechanism of the side opening
effects on aerodynamic performance, wind velocity
measurements in the wake and inner space of the B/D =
3.24 model were conducted.

Because the center of the opening coincides with the
span center, for both the closed girder and open girder, the
mean wind velocity distribution in the wake was measured
in the vertical plane (X-Y plane) at the span center of the
model (Z = 0) (Fig. 7). By comparing the mean wind
velocity vectors in the wakes of the closed and open girders,
the effects of side openings on the time-averaged streamline
were examined.

Fig. 14 shows the distributions of mean wind velocity
vectors in the wakes of the closed and open girders along
the Y-direction at X/B = 0.50, 0.60, 0.75, and 1.00. The
approaching wind velocity vector of 6 m/s is also included
in the plot, which has the same scale as the mean wind
velocity vectors in the wake. The mean wind velocity
vectors in the wake of the closed girder were generally
different in magnitude and/or direction from those of the
open girder. More specifically, the vectors of the closed
girder at |Y/D| = 0.5 and 0.5 < X/B < 1 exhibited
larger angles between the vector and the X-direction than

those at the opening center of the open girder. This indicates
that the side openings reduced the curvature of the time-
averaged streamline in the wake.

The curvature of the time-averaged streamline in the
wake was reduced by the side openings. The curvature of
the time-averaged streamline in the wake of the rectangular
cylinder was reduced by increasing the side ratio
(Nakaguchi 1968). The side openings likely reduced the
curvature of the time-averaged streamline in a similar way
to the reduction in curvature due to the increase in side
ratio. Meanwhile, by increasing the side ratio, it enhances
the reattachment of the time-averaged flow field on the side
surface (Nakaguchi 1968). Therefore, the small curvature of
the time-averaged streamline in the wake due to the side
openings indicates that they equivalently increase the side
ratio and enhance the reattachment of the separated shear
layer on the model side surface. Owing to the reattachment
of the time-averaged shear layer on the surface, the critical
wind velocity of the galloping can be increased (Bearman
and Tureman 1972, Mizota and Okajima 1981, Kwok and
Melbourne 1977, Nakamura et al. 1991). Consequently, by
enhancing the reattachment of the separated shear layer on
the side surface for the B/D = 3.24 model at a = +3°, the
side opening stabilized the galloping.

As shown in Fig. 14, at high wind velocities, the flow
reaches the inner space of the girder and bursts out from the
downstream-side opening. Because the flow from the
downstream opening can disturb the fluid entrainment in the
wake and the formation of the reversed flow (Bearman and
Trueman 1972, Laneville and Yong 1983, Deniz and Staubli
1997), the smaller curvature of the time-averaged
streamline around an open girder may be related to the
outflow from downstream openings.

With internal distance, the side openings are discretely
distributed along the span-wise direction. Therefore, the
outflow from the side openings may cause the flow field
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Fig. 15 Aerodynamic response of the B/D = 5 model (B’/D’
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around the girder to change along the span-wise direction,
exhibiting three-dimensional characteristics. This is con-
sistent with the low correlation of the fluctuating wind
velocity in the wake of a stationary and oscillating square
cylinder with side openings observed in the previous studies
(Nakato 2016). Because the reduction in the correlation of
wind velocity may lead to a decrease in the correlation of
forces working on the model along the span, the three-
dimensional effects of flow field may be another reason for
the stabilization of vibration owing to the side openings.

In summary, potentially affected by the outflow from the
side opening in the wake, the time-averaged flow field
around the girder is changed owing to the side openings.

5. Aerodynamic performance of the B/D =5 girder

As discussed previously, the galloping instability and
motion-induced vortex vibration of the B/D = 3.24 model
were stabilized by the side openings. However, the side
openings exhibited no significant effects on torsional flutter
instability in the B/D = 3.24 model. Therefore, the effects of
side openings on the aerodynamic performance of the
slenderer girder (B/D = 5) are discussed in this section. The
aerodynamic force of the stationary B/D = 5 model was not
observed to fluctuate in a frequency of vortex shedding
owing to the flow field of the reattachment type. Because of
the flow pattern of the reattachment type, the B/D = 5
model should experience torsional flutter instability rather
than galloping instability. Therefore, vertical 1DOF and
torsional 1DOF free vibration tests, and torsional 1DOF
forced vibration tests are conducted for the B/D = 5 model.
The results of the torsional 1DOF free vibration tests and
forced vibration tests are shown in the order that the
equivalent side ratio of the B/D = 5 model increased from
B’/D’=4.1 to B’/D’ =5 with the change of a from +3° to
0°.
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A previous study (Matsumoto et al. 2006) demonstrated
that the reduced critical wind velocity of the Karman vortex
vibration (1/S7) was slightly larger than that of the motion-
induced vortex vibration (vertical direction 1.67B/D and
torsional direction 2/3 x 1.67B/D) for a B/D =5 rectangular
cylinder. In such a case, the vortex-induced vibration is
mainly of the motion-induced type. The vortex-induced
vibration of the B/D = 5 model, which is a rectangular
cylinder-like structure, is therefore of the motion-induced

type.
5.1 Torsional 1DOF aerodynamic performance

The results of the torsional 1DOF free and forced
vibration tests at a = +3° are shown in Figs. 15 and 16,
respectively. The B/D = 5 model at a = +3° has an
equivalent side ratio of B’/D’ = 4.1. The horizontal axis U
in Fig. 15 is the approaching wind velocity in the wind
tunnel. The Scruton number was set to a small value for the
1DOF torsional free vibration system (Table 2). The symbol
of two points connected by the vertical line indicates “limit
cycle oscillation”. As shown in Fig. 15, the vortex-induced
vibration for both the closed and open girder occurred at
approximately Ur = 5, which is close to 2/3x1.67B/D (Eq.
(2)), confirming that the vortex-induced vibration is of the
motion-induced type. The largest double amplitude of the
torsional motion-induced vortex vibration for the closed
girder was 2.1°, and that of the open girder was 1.7°. The
reduced critical wind velocity of torsional flutter was 10 for
the closed girder and 20 for the open girder. According to
Fig. 16, based on A4,", torsional flutter instability was
evident in the closed girder at Ur > 40 and in the open
girder at Ur > 60. However, according to Fig. 15, the double
amplitude of the vibration reached 4° at Ur = 23 in the
closed girder, which was the double amplitude of the forced
vibration, and this value (Ur = 23) was far smaller than that
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Fig. 17 Aerodynamic response of the B/D =5 model (B°/D’
=5, torsional 1DOF, a = 0°, smooth flow)

(Ur = 40) of the forced vibration (Fig. 16). In the open
girder, the cross point of the double amplitude of the
vibration and 4° occurred at Ur = 32 (Fig. 15), which was
far smaller than that (Ur = 60) observed in the forced
vibration test (Fig. 16). This result indicates that at a = +3°,
the results of the free vibration and forced vibration tests
did not correspond well. However, the results of these tests
still demonstrate qualitatively that the side openings can
stabilize the motion-induced vortex vibration and torsional
flutter

The torsional vibration responses and aerodynamic
derivative 4>" of the closed and open girders at a = 0° are
shown in Figs. 17 and 18. The B/D = 5 model at a = 0° has
an equivalent side ratio of B’/D’ = 5. According to Fig. 17,
the vortex-induced vibration for both the closed and open
girder occurred at approximately Ur = 5, which is close to
2/3 x 1.67B/D (Eq. (2)). This also confirmed that the
vortex-induced vibration is of the motion-induced type. The
double amplitude of the torsional motion-induced vortex
vibration for the closed girder at & = 0° was 2.4°, and that
for the open girder was almost 0° (Fig. 17). These results
confirmed that the side openings diminished the torsional
motion-induced vortex vibration. Additionally, the closed
girder exhibited torsional flutter instability at Ur > 23 and
the open girder did not show torsional flutter instability
until Ur = 32. Thus, the torsional flutter was mitigated by
the side openings. This finding was further confirmed by
the aerodynamic derivative 4," (Fig. 18), whose positive
value indicates aerodynamic instability. The closed girder
showed torsional flutter instability at Ur > 32 and the open
girder did not show torsional flutter until Ur = 60 (Fig. 18).
Moreover, as shown in Fig. 17, the double amplitude of
torsional vibration of the closed girder was less than 4° until
Ur = 32, which is the double amplitude of the forced
vibration. Because the double amplitude of the aerodynamic
response at Ur = 32 was close to 4° (Fig. 17), the critical
wind velocity of torsional flutter in the free vibration test
was close to that of forced vibration (Ur = 32) considering
the aerodynamic damping corresponding to a double
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Fig. 18 Aerodynamic derivative 4, of the B/D = 5 model
(B’/D’ = 5, torsional 1DOF, a = 0°, f=2.6 Hz, 24¢ = 4°,
smooth flow)

amplitude of 4° (Fig. 18). Therefore, the reduced critical
wind velocity of torsional flutter in the free vibration test
corresponds well with that of the forced vibration test.

Comparing Figs. 12, 13, 16, and 18 shows that the side
openings had no effects on the torsional flutter for the B/D
= 3.24 model at « = +3° and 0°, but increased the reduced
critical wind velocity of the torsional flutter from Ur = 60 to
Ur = 80 for the B/D = 5 model at a = +3°, and totally
mitigated the torsional flutter for the B/D = 5 model at o =
0°. In terms of this difference in the effects of the side
openings on torsional flutter between these two models, the
model configuration may play an important role. As
mentioned before, the opening area ratio is 15.5% for the
B/D = 3.24 model and 16.7% for the B/D = 5 model.
Therefore, rather than the opening area ratio, the equivalent
side ratio B’/D’ of the model probably plays the main role.
By comparing Figs. 12, 13, 16, and 18, the torsional flutter
of the model with equivalent side ratio B’/D’ = 2.6 and 3.24
was characterized by the relatively large 4,", while the
torsional flutter of the model with equivalent side ratio
B’/D’=4.1 and 5 was characterized by the relatively small
A>". Therefore, 4," of the closed girder gradually decreased
with the increase in equivalent side ratio from B’/D’ = 2.6 to
B’/D’ = 5. Meanwhile, as shown in Fig. 19, 4," decreased
with the increase in side ratio from 3 to 10 for the
rectangular cylinder. Similar to the decrease in 4," with the
increase in side ratio for the rectangular cylinder, 4," of
these two models decreased owing to the increase in
equivalent side ratio B’/D’. Furthermore, the torsional
flutter of the rectangular cylinder gradually switches from
the wind velocity-restricted type to the divergent type with
an increase in side ratio from 2 to 10, because the flow
pattern  gradually changes from the intermittent
reattachment type to the steady reattachment type
(Matsumoto et al. 1997). Possibly because of the change in
flow pattern with the side ratio, the side openings did not
have effects on the torsional flutter characterized by the
comparatively large 4,", but stabilized that characterized by
the comparatively small 4,".
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5.2 Vertical 1DOF aerodynamic performance

The vertical 1DOF aerodynamic performances of the
closed and open girders at o = 0° are summarized in Fig. 20.
The mass and damping of the system were minimized as
much as possible to more clearly observe the responses of
the closed and open girders (Table 3). The largest reduced
double amplitude of the motion-induced vortex vibration of
the closed girder was approximately 0.23, whereas that of
the open girder was almost 0. Consequently, the side
openings mitigated the motion-induced vortex vibration for
the B/D = 5 model. Neither the closed nor the open girder
exhibited galloping instability. However, the closed girder
showed larger amplitude than the open girder at high wind
velocities, indicating that side openings can limit the
amplitude of the vertical vibration at high wind velocities.

6. Conclusions

To investigate the effects of side openings on the
aerodynamic performance of box girders, two butterfly web
girders with side ratios of 3.24 and 5 were used in this
research. A series of wind tunnel tests, that is, aerodynamic
force tests, free vibration tests, and forced vibration tests,
were carried out for these two butterfly web girders. To
further investigate the effects of side openings on the flow
field, the wind velocity in the wake of a butterfly web girder
with a side ratio of 3.24 was also measured. The
conclusions are summarized as follows:

. The side openings suppressed the Karman vortex

shedding. Meanwhile, the side openings stabilized the

motion-induced vortex vibration in both the vertical and
torsional directions.

. The side openings increased the critical wind

velocity of galloping. This may be because the side

openings enhanced the reattachment of the time-
averaged flow on the girder side surface.

. The side openings had no significant effects on

the torsional flutter for the model with a side ratio of

3.24, while they stabilized the torsional flutter for the

model with a side ratio of 5. This is probably because

the mechanism of torsional flutter changed with the
increase in side ratio.

The two girders proved to have good aerodynamic
performance owing to the discretely distributed side
openings. The use of side openings is a promising method
to design strong and light box girders with good
aerodynamic performance.
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