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a b s t r a c t

To investigate the characteristics of vortex-induced vibration (VIV) of the twin-box
girder, we carried out the VIV wind tunnel tests. The VIV of the twin-box girder occurs
in the range of 4.680≤Ur≤6.113, with the maximum dimensionless VIV displacement
RMS(y)/D=0.03308 at reduced velocity at Ur = 5.949. It is interesting that the VIV
suddenly disappears at Ur = 6.276 at the loading stage, and the large amplitude VIV
does not occur at the unloading stage, which indicates that the vibration trajectory with
the variation of reduced wind velocity shows significant asymmetry characteristic. In the
lock-in region, as the aerodynamic lift force increases, both the phase lag and the VIV
displacement show an increasing tendency with the reduced velocity. Flow visualization
results show that strong alternately shedding vortex generates around the gap during
the VIV. Under the effects of the vortex in the gap, the size of the separation bubble
increases with the increase of vibration amplitude, and the wake width becomes wider.
As the damping ratio increases, the amplitude of VIV displacement shows a decreasing
tendency, the lock-in region becomes narrower and the reduced velocity corresponding
to the max VIV displacement decreases. Moreover, the maximum RMS displacement of
vertical VIV decays exponentially as the damping ratio increases.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Under the condition of large-scale construction of long-span bridges, the safety of bridges structures is more frequently
oncerned. In particular, the effect of wind-induced vibration (vortex-induced vibration (VIV) and flutter) significantly
mpacts on the stability of the bridge structures. Streamlined twin-box girder is a popular section configuration adopted
n the long-span bridges, for example, the Xihoumen suspension bridge with the main span of 1650 m, the Gwangyang
uspension bridge with the main span of 1545 m, and the Stonecutters’ cable-stayed Bridge with the main span of 1018
. Although the twin-separated box girder has great aerodynamic advantages in flutter stability (Ge et al., 2011), the
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omplex section configuration, especially the gap between upstream and downstream parallel box girders, produces more
omplicated flow structures around twin-box girders.
It is generally acknowledged that the VIV is caused by the vortex shedding frequency close to the natural frequency of

he solid body, so the probability of the occurrence of VIV is quite high in natural environment. Although the amplitude
f vertical displacement of VIV is limit, which differs considerably from the flutter phenomenon and cannot devastate
he bridges, it might cause discomfort for drivers and can reduce the service life of the bridge structures induced by
ong-term fatigue damage at low flow velocity. In the last decades, the VIV of long-span bridges is more frequently
bserved (Larsen et al., 2000; Frandsen, 2001; Fujino and Yoshida, 2002; Li et al., 2011, 2014). Hence, it is necessary
o conduct the investigation concerned about the VIV characteristics of the long-span bridge with a twin-box girder,
hich is frequently used to link mainland to islands with important strategic and economic values because of its special
eographical position. There are many studies about VIVs of bluff body (e.g. circular cylinder; square cylinder) by wind
unnel tests or numerically simulations, and the mechanisms of VIVs of the bluff body have been deeply investigated.
he phase jump between two amplitude branches, an important phenomenon in the VIV of the cylinder, is caused by the
ortex-shedding mode switching and the vortex-shedding pattern change from 2S mode to 2P mode indicates that phase
ump from the upper branch to the lower one (Feng, 1968; Williamson and Roshko, 1988; Brika and Laneville, 1993).
lamo et al. (2005) confirmed that the maximum vertical displacement of the VIV of circular cylinders is closely related
o the damping ratios, which demonstrates that the damping ratio is a crucial factor in controlling the VIV behaviors.

Owing to the different aerodynamic configurations, the mechanisms of VIVs of the bare cylinder cannot directly apply
o streamlined box girders. Diana et al. (2006) experimentally studied the effect of vortex-shedding on the multiple box
eck of Messina Strait Bridge, and proposed a numerical model to calculate the vortex shedding forces. Larsen et al. (2008)
tudied the guide vane countermeasure to suppress VIV of a twin-separated box girder at various Reynolds numbers. They
ointed out that the displacement thickness should be about 10% of the guide vane offset, allowing a sufficient flow rate to
romote guide vane’s efficiency. Li and Ge (2008) investigated the response of VIV of a twin-box girder with different size
uide vanes at various locations. And the experimental results demonstrate that the size and location of guide vanes are
significant factor for the response of VIV of a twin-box girder. Yang et al. (2016) studied the VIV characteristics of a box
irder with various slot ratios and evaluate the efficiency of four countermeasures of surprising the VIV of twin-box girder,
ncluding increasing structural damping ratio, installing grid plate, wind barriers and guide vanes. The results show that
ncreasing structural damping could reduce the VIV response, while installing guide vanes has adverse effect. Grid plate
nd wind barriers can suppress the vertical VIV. Ma et al. (2018) investigated the responses of the VIV motion of a twin-box
irder in wind tunnel tests. The results indicated that the grid plates that could eliminate the generation of the large-scale
ortex could suppress the VIV of a twin-box girder efficiently, and the effect of grid plates is dependent on the design
arameters. Li et al. (2018) numerically investigated the suppression effect of central grids on the VIVs of twin-box girders
sing delayed detached eddy simulation (DDES). The results shows that the central grids could significantly suppress VIVs
f the twin-box girder. Zhou et al. (2018) evaluated the effectiveness of vertical central stabilizer (VCS) on vortex-induced
ibration of a twin-box girder. And the results showed that the vertical displacement of VIV of a twin-box girder with
igher upward VCS (UVCS) and downward VCS (DVCS) increases significantly. The characteristics of VIV response of the
win-box girder, and the vortex behaviors during the process of the VIV, and the effects of attachments, gap width, and
eynolds number on the VIV of the twin-box girder are comprehensively evaluated (Li et al., 2011, 2014; Laima et al.,
013; Laima and Li, 2015; Laima et al., 2018).
The characteristics of aerodynamic forces, such as force amplitude, phase referring to displacement, aerodynamic

amping and stiffness forces, are important factors to understand the process of fluid–structure interaction during VIV.
owever, it is not easy to measure the aerodynamic forces unless the force signal and displacement signal have high
ynchronicity and the damping of the measured section between the force sensors can be accuracy obtained or omitted
Gao and Zhu, 2015; Gao et al., 2018). An alternative method is that we can identify the aerodynamic forces based on
easured dynamic response (displacement or acceleration). For the study, the latter method is adopted. As well known,
tructural damping is one of very important factor to affect the VIV behaviors of bridge deck. For the long-span bridge, the
IV response and lock-in range are very sensitive to the damping. Therefore, the characteristics of aerodynamic forces and
amping effects are two curious concerns to study the VIV of bridge deck. However, the characteristics of aerodynamic
orces during the VIV and the damping effects on the VIV development are not yet revealed in our previous articles.
herefore, the main objective of the study is to investigate the aerodynamic characteristics of VIVs of a twin-box girder
nd the damping effects, which is a very important supplement for better understanding the VIV of bridge deck. The
aper is organized as follows. In Section 2, the experiments of VIV tests of a twin-box girder are described. In Section 3,
he experimental results which are concerned about the VIV characteristics of a twin-box girder are discussed in detail,
ncluding the VIV responses, aerodynamic forces, flow structures, and damping effects. Finally, conclusions are drawn in
ection 4.

. Experimental setup

The experiments were conducted in a closed-loop wind tunnel (WTWF-HIT, Harbin Institute of Technology, P. R. China),
hich has a small test section and a large test section, both rectangular. In this study, the experiments were carried out

n the small test section with a cross-section of 4 m × 3 m. The turbulence intensity of the free stream is less than 0.46%
ver the speed range of 2–50 m/s, and the non-uniformity of free-stream is no stronger than 1%.
2
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Fig. 1. Geometrical dimensions of the section model.

Table 1
Parameters of section model test.
Parameters Unit Value of prototype Similarity ratio Value of section model

Mass Kg/m 27511 λm = 1:402 16.50
Inertial moment Im Kg-m2/m 4002800 λIm = 1:404 1.50
Vertical natural frequency fh Hz 0.1831 λfh = 28.25:1 5.173
Torsional natural frequency ft Hz 0.2295 λft = 27.80:1 6.381
Vertical damping ratio ξh h – λξ = 1 0.21–1.56
Torsional damping ratio ξt h – λξ = 1 0.23–1.59

In the study, the investigated bridge is Xihoumen Bridge without attachments structures. The geometric scale ratio
of the section model is 1:40. The detailed geometrical dimensions of the section model is shown in Fig. 1. The twin-box
girder has two parallel box girders with a gap of length L = 150 mm and width B = 900 mm, and the center height of
he deck D = 87.7 mm. The total length of the sectional model is 1890 mm.

Fig. 2 presents the experimental apparatus used in dynamic experiments. The sectional model is supported by springs.
herefore, the section model can be allowed to have vertical and torsional motions. Each side has one oil damper which
an control the system damping by changing its viscosity. The geometrical blockage ratio of the section model is 2.9%.
ence the blockage effect can be ignored with a small blockage ratio. In addition, each side of the test system has one
arge endplate and one thin ellipse endplate to eliminate the disturbance of the test system. Table 1 shows the specific
ynamic properties of the spring-suspended sectional models.
To better understand the flow characteristics of twin-box girder in VIV motions, the smoke-wire flow visualization

ystem was adopted to capture the instantaneous flow patterns around the twin-box girder. The detailed information
bout the smoke-wire flow visualization system used in the study can be referred to the publication (Laima and Li, 2015).
he smoke-wire flow visualization system can be used in the range of U∞ = 2–3.65 m/s.
To capture the free stream flow velocity and the frequency of vortex shedding, three one-dimensional hotwire probes

Dantec 55P11) were installed in 1 m upstream from the leading edge of the sectional model, near the downstream surface
f the gap and the tail of the downstream girder along the flow direction, respectively. The detailed location information
f the probes is shown in Fig. 3. The probes were connected by 54N80 Multichannel (Dantec Dynamics Corp @), which
ould realize 8-channel signal synchronous sampling. In this study, the sampling frequencies of all hotwire probes were
et to 1 kHz.
Two laser displacement meters (B&K Corp @, 4507B) were arranged on the supporting beams to measure vertical

ccelerations and torsional accelerations, and each of the laser displacement meters was installed 750 mm away from the
ongitudinal axis of the section model. The sampling frequencies of laser displacement meters were also set to 1 kHz.
3
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Fig. 2. A sketch of experimental apparatus for dynamic tests.

Fig. 3. Locations of hotwire points.

3. Results and discussions

3.1. Characteristic of VIV responses of the twin-box girder

According to Table 1, the natural vertical frequency is fn = 5.173 Hz, the vertical damping ratio is ξ = 0.21%, and the
dimensionless mass (m* = m/(ρV ), m is the mass per unit length, ρ is the air density, V is the volume per unit length) is
* = 486.5. Hence, the Skop–Griffin number can be calculated out SG = 1.8714 (the Skop–Griffin number can be written
s SG = 2π3m∗ξSt2, which is an important parameter to present the ability of VIV of the buff body). The torsional vibration
requency of the free vibration system is fn = 6.381 Hz, and the critical damping ratio is ξ = 0.25%. The vortex-induced
vibration (VIV) test is composed of loading (increasing wind velocity) and unloading (decreasing wind velocity) tests. In
the loading test, the free stream flow velocity was gradually loaded from 2 m/s to 3.65 m/s with approximately of about
0.05 m/s increments. Then the unloading test was carried out. The flow velocity was gradually unloaded from 3.65 m/s to
2 m/s in increments of 0.05 m/s. In the experiment, the twin-box girder only has vertical vortex-induced vibration. Fig. 4
shows the time–history of the vertical vibration displacement of the sectional model during the loading process and the
corresponding wind velocity.

The relationship between the root mean square (RMS) of VIV displacement and reduced velocity is shown in Fig. 5, and
it can be observed that the lock-in region of the VIV of the twin-box girder is 4.680≤Ur≤6.113. In the loading test, the
displacement increases exponentially in the range of 4.680≤Ur≤5.638, and the relationship can be expressed as follow:

RMS(y)
D

= 3.22 × 10−8e2.424Ur (1)

he maximum dimensionless VIV displacement RMS(y)/D = 0.03308 occurs at reduced velocity Ur = 5.949. In addition,
the strength of VIV begins to weaken at Ur = 6.113, surprisingly, the VIV phenomenon disappears, and the VIV
displacement attenuates to zero at Ur = 6.276. In the vertical VIV displacement increasing region, the amplitude of VIV
displacement changes gradually. And it differs considerably from the VIV phenomenon of the bare circular cylinder, which
has sudden changes. In unloading tests, there are weak vibrations in the range of 4.680≤Ur≤5.005, and the amplitude
coincides with the loading test. Comparing the VIV displacement changes during the loading and unloading stages, it can
be observed that there exists a hysteresis phenomenon.

As Fig. 6 shows, in the lock-in region, the VIV frequency is very close to the natural frequency of the free vibration
system, but it still changes slightly with the reduced wind velocity. The relationship between VIV frequency and reduced
4
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Fig. 4. Time–history of vertical VIV of twin-box girder and corresponding wind velocity at the loading stage.

Fig. 5. RMS of vertical VIV of the twin-box girder versus reduced wind velocity.

Fig. 6. Oscillation frequency of vertical vortex-induced vibration of twin-box girder versus reduced wind velocity.

ind velocity can be expressed as: the VIV frequency shows an increasing tendency as the reduced velocity increases. The
IV frequency is less than the natural frequency but gradually approaches the natural frequency at 4.680≤Ur≤5.638. It

indicates that the effect of the aerodynamic force on the negative stiffness of the system continuously weakens. The VIV
frequency is higher than the natural frequency and gradually deviates from the natural frequency at 5.638≤Ur≤6.113,
demonstrating that the effect of the aerodynamic force on the positive stiffness of the system gradually strengthens.
5
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.2. Characteristics of aerodynamic forces

The frequency and amplitude of aerodynamic force and the phase lag with structural vibration displacement are
mportant VIV parameters. There are three main methods to obtain VIV aerodynamic forces in the wind tunnel tests.
irst, the aerodynamic forces can be obtained by integrating the surface-pressure. This method is relatively reliable,
owever, capturing more accurate aerodynamic forces requires a large number of pressure taps, and it might cause the
ifficulties of synchronous sampling of pressure signals, and displacement signals at each pressure tap is considerable.
econd, the aerodynamic forces can be directly measured by force/torque transducers. This measurement demands that
he transducers are synchronized with the instantaneous movement of the body, and the damping of the measured section
etween the force sensors can be accuracy obtained, nevertheless it is difficult to achieve in the real application. Third,
he self-induced fluid force can be identified from measured dynamic response, which can overcome the synchronous
roblem. In the previous published articles, the self-induced fluid force is usually firstly assumed as an empirical equation
orrelated with dynamic response, then the constant parameters are identified using linear or nonlinear parameter
dentification method. For instance, Yamada and Ichikawa (1992) obtained the flutter derivatives by the method of
xtended Kalman Filtering (EKF) form the coupling free vibration response. Sarker et al. (1992) proposed a Modified
brahim Time Domain (MITD) method to identify the linear flutter derivatives from displacement of free vibration. Gu
t al. (2000) proposed a Unifying Least Square (ULS) to identify Scanlan linear flutter derivatives form the coupling free
ibration response. Li et al. (2003) developed a weighting ensemble least-square method (WELS) to extract all eight flutter
erivatives of bridge deck from free vibration records. Ehsan and Scanlan (1990) proposed a nonlinear aerodynamic force
odel of VIV, which has the form of Van der Pol oscillator, and used decay and growth to steady-state oscillations to

dentify the parameters according to the first-order approximate solution. Larsen (1995) proposed a generalized nonlinear
ortex induced force model, in which the parameters can be identified from the instantaneous vibration signal based on
he first-order approximate solution. In the study, we do not used above method. For the one consideration is that, we
ant to directly obtain the aerodynamic force during VIV, however, the empirical equation should be assumed firstly,
hich may be not very accuracy. The other consideration is that, the dynamic system of the vertical VIV is very simple,
hich can be assumed as only having one vertical freedom. If the mass, damping, stiffness of the structure, and the
isplacement, velocity and acceleration of the vibration system can be accurately obtained, the aerodynamic forces can
e calculated from the displacement, velocity, and acceleration of the bridge deck by using the motion equation of a
ingle-degree-of-freedom system. For the mass of the structure, it is very easy to measure, and damping, stiffness of the
tructure can be identified from free attenuated vibration test in the still air. Moreover, the velocity and acceleration
ould be obtained by differentiating the displacement once and twice. Therefore, in theory, the self-induced fluid force
an be obtained from measured dynamic response directly. However, in practice, due to the influence of the nonlinear
actors induced by supporting springs and noise, the free oscillation equation cannot be obtained accurately. Some research
orks show that the dynamic system of VIVs of twin-box girder is a weakly nonlinear resonance system in which the
ffect of high-order components is negligible. Therefore, the first-order aerodynamic force component could be obtained
y filtering out the high-order components of vertical displacement. The method has been validated in the study of Gharib
1999).

The equation of a single-degree-of-freedom motion under wind force action can be written as follow:

mÿ + cẏ + ky + g(y, ẏ) =
1
2
ρU2CL(t)BLe (2)

where m represents the mass of the vibration system, namely, twin-box girder; ρ denotes the fluid density; c is the linear
amping coefficient; k is the linear stiffness; g is the nonlinear term of the system; CL(t) is the instantaneous lift force
oefficient, y is the vertical displacement of the system, and Le denotes the length of the sectional model.
Filtering the signals of displacement, velocity, acceleration, and aerodynamic lift force, each term of Eq. (2) can be

xpressed as:
y1(t) =

∫
G(r)y(t − r)dr

ẏ1(t) =

∫
G(r)ẏ(t − r)dr

ÿ1(t) =

∫
G(r)ÿ(t − r)dr

CL1(t) =

∫
G(r)CL(t − r)dr

(3)

here y1 denotes the signal after filtering; G represents the filtering function.
Assuming that the residuals of the filtered value of displacement, velocity, acceleration, and aerodynamic force from

he original signal are y2, ẏ2 ÿ2 and CL2, respectively. Hence the original signal can be expressed as follows:
y(t) = y1(t) + y2(t)

ẏ(t) = ẏ1(t) + ẏ2(t)

ÿ(t) = ÿ1(t) + ÿ2(t)
(4)
CL(t) = CL1(t) + CL2(t)
6
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Fig. 7. Times histories of lift force of twin-box girder at various reduced wind velocity.

Eqs. (4) into (2), the following equation can be obtained:

mÿ1 + cẏ1 + ky1 + mÿ2 + cẏ2 + ky2 + g(y1 + y2, ẏ1 + ẏ2)

=
1
2
ρairU2CL1(t) +

1
2
ρU2CL2(t)

(5)

To filter out the influence of high-frequency components, band-pass filtering is performed on the vertical vibration
signal of vortex-induced vibration in the frequency range 1/2fn < f < 2fn. Assuming that the nonlinear term g(y1 +

y2, ẏ1 + ẏ2) does not produce frequency components containing fn, the first-order aerodynamic lift force component of
Eq. (4) can be written as follow:

mÿ1 + cẏ1 + ky1 =
1
2
ρU2CL1(t) (6)

Fig. 7 shows that the time–history of fluctuating lift force coefficient, at Ur = 4.777, Ur = 5.480 and Ur = 5.949
respectively. Substituting the instantaneous fluctuating lift force coefficient into Eq. (6), the dimensionless displacement
only with the effect of the first-order aerodynamic lift force component can be obtained by adopting the Newmark-β
method. Fig. 8 compares the time–history of the dimensionless displacement calculated by Eq. (6) with the experimental
results, and the calculated results are consistent with the measured results. Fig. 8 demonstrates that the dynamic response
of VIV is mainly determined by the first-order aerodynamic component.

As VIV entering the lock-in range, the fluid–structure interaction gradually strengthens and the interaction between
aerodynamic lift force and system vibration appears. The relationship between the RMS of aerodynamic lift force
coefficient and the reduced wind velocity, the interrelation between the RMS of VIV displacement and the aerodynamic
lift force coefficient, and the interconnection between the phase and the reduced flow velocity are shown in Figs. 9, 10,
and 11, respectively. It can be seen from Figs. 9, 10, and 11 that the change of VIV aerodynamic lift force is comprised of
5 stages. In stage 1, the amplitude of aerodynamic lift force does not vary with the reduced wind velocity, meanwhile,
7
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Fig. 8. Times histories of measured VIV displacement and calculated displacement based on first order aerodynamic lift force.

the phase lag and the amplitude of VIV displacement gradually increases with the increasing of reduced velocity. In stage
2, the amplitude of the aerodynamic lift force shows a slightly decreasing tendency, however, it is larger than the value
of stage 1. The phase lag gradually rises to 90 degrees which means that the aerodynamic lift force and flow velocity are
in the same direction and the amplitude of VIV displacement continuously increases, as the reduced velocity increases. In
stage 3, the amplitude of the aerodynamic lift force significantly increases and the amplitude of VIV displacement keeps
increasing. Conversely, the phase lag gradually turns 90 degrees to 180 degrees which denotes that the direction of the
aerodynamic lift force is opposite to the VIV displacement. In stage 4, the aerodynamic lift force rises to its maximum
value, the phase lag is 165 degrees, and the amplitude of VIV displacement begins to decrease. In stage 5, the aerodynamic
force is almost zero, the phase lag is 172 degrees, and the VIV phenomenon of twin-box girder disappears. In the region
of VIV, the phase lag of VIV displacement and the aerodynamic force changes continuously without a sudden break. As
the aerodynamic lift force increases, both the phase lag and the VIV displacement show an increasing tendency with the
reduced velocity, and the relationship between phase lag and reduced wind velocity can be expressed as follow:

θ = 2.07 × 10−4e2.315Ur (7)

When the VIV motion of twin-box girder is stable, the VIV displacement can be written as:

y = A sin (2π ft) (8)

where A represents the amplitude of VIV displacement and f denotes the VIV frequency.
Assuming the phase lag between the VIV displacement and the aerodynamic lift force is θ , hence the instantaneous

aerodynamic lift force coefficient can be expressed as:

CL(t) = CL0 sin (2π ft + θ) (9)

where C denotes the amplitude of the aerodynamic lift force coefficient.
L0

8
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Fig. 9. RMS of fluctuating lift-force vs. Reduced wind velocity.

Fig. 10. Relationship between RMS of oscillation displacement and RMS of fluctuating lift-force.

Fig. 11. Phase between lift force and vertical displacement versus reduced velocity.

Eq. (9) can be rewritten as follow:

CL(t) = (CL0 cos θ) sin (2π ft) + (CL0 sin θ) cos (2π ft) (10)

It can be found that the first term has the same phase lag with the VIV displacement, in other words, the first term
denotes the aerodynamic stiffness coefficient. The second term has the same phase lag with the vibration velocity of the
VIV motions, namely, the second term represents the aerodynamic damping coefficient.

The relationship between the RMS of VIV displacement, the RMS of the aerodynamic damping force, and the RMS
aerodynamic resilience force are shown in Fig. 12(a) and (b). Moreover, Fig. 12(a) also presents the interconnection
between the amplitude of VIV displacement and the structural damping force. As VIV motion entering the stable stage,
the aerodynamic damping, and structural damping cancel each other. However, it can be seen from Fig. 12(a) that the
aerodynamic damping is slightly larger than the structural damping in the ascending section, indicating that the calculated
aerodynamic damping is not completely accurate. In the calculation of aerodynamic damping force, the average phase
angle calculated by aerodynamic lift and displacement is used. However, for a weakly nonlinear system, the phase of
aerodynamic damping and displacement is a time variable. In addition, the relationship between aerodynamic damping
and structural displacement is not a simple linear relationship in the rising stage of vortex-induced vibration, and the
aerodynamic damping in the descending section is also different from that in the ascending stage. For the relationship
9
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Fig. 12. Aerodynamic lift force versus reduced wind velocity.

between aerodynamic resilience force and vibration displacement, as shown in Fig. 12(b), the aerodynamic stiffness of
vortex-induced vibration changes from one stable stage to another.

3.3. Characteristics of the flow pattern of VIV motion around the twin-box girder

Fig. 13 presents the flow field structure around the box girder. For the stationary case (see Fig. 13(a)), the flows separate
at the leading edges on the upper and lower surfaces of the upstream box girder. Due to the Kelvin–Helmholtz instability of
the separation boundary layer, vortices shed from the upper and lower separated shear layer, and propagates downstream
and merge with the trailing vortices, producing alternately shedding vortex in the wake. It should be noted that the upper
and lower shear layers do not interact with each other around the gap. Due to the streamline aerodynamic design, the
separation of flow on the surface of the box girder and strength of the shedding vortex is relatively weak.

Compared with the stationary case, the most significant change of the flow pattern of the VIV of the twin box girder
is that the alternately shedding vortices appear around the gap, as shown in Fig. 13(b) and (c). With the increase of
the amplitude of vortex-induced vibration, the alternately shedding vortex becomes stronger. Under the influence of the
vortex generated in the gap, the size of the separation bubble increases with the increase of vibration amplitude, and the
wake width becomes wider, and the flow state around the downstream box girder is gradually controlled by the vortex
in the gap.

When the VIV enters the lock-in region, the vortex shedding process is controlled by the structural vibration due
to the interaction between fluid and structure vibration. Fig. 14 shows the variation of structural vibration frequency,
vortex shedding frequency, and vortex-induced aerodynamic frequency with reduced wind speed. The vortex-shedding
frequency can be obtained by the power spectra of velocities around the gap and the wake of the downstream box girder.
As shown in the figure, the dominant frequencies of oscillation, vortex shedding, and lift force are close to the natural
frequency of the body, but it should be noted there still are differences among the three frequencies. For the structural
oscillation frequency, it increases continuously with the increase of reduced wind speed. However, for the vortex shedding
frequency and the aerodynamic dominant frequency, they display stepped variation. As the figure shows, in 4.680≤U ≤
r

10
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Fig. 13. Flow visualization around the twin-box girder.

5.223, the vortex shedding process is not completely controlled by vibration. Except for the components close to the
structural vibration frequency, there are other vortex shedding frequency components in the fluid. While in the range
of 5.223< Ur≤ 6.113, the vortex shedding process is completely controlled by vibration, and the shedding frequency is
almost equal to the structural vibration frequency.

Fig. 14 also shows the variation of vortex shedding frequency with wind speed for the stationary twin-box girder.
According to the definition of the VIV of the body, it is generally believed that the vortex shedding frequency of fluid at
the tail of the structure is close to the natural frequency of the structure as the VIV appears. However, it can be found
from the figure that, the dimensionless vortex shedding of the stationary box girder (fv/fn) is only 0.6629 at critical Ur =

4.80, which is far less than 1. For the streamlined twin-box girder, although the velocity fluctuation caused by vortex
shedding has a dominant frequency, the energy is not concentrated and shows a broadband characteristic when the
vortex-induced vibration does not occur. When the natural frequency of the structure locates in the broadband range
and the energy is large enough, the vortex-induced vibration can be excited. Some vortices are controlled by vibration
11
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Fig. 14. Vortex shedding frequency of twin box girder during VIV occurring versus reduced wind velocity.

Fig. 15. RMS of vertical VIV of twin-box girder versus reduced wind velocity at various damping ratios.

due to the coupling between structure vibration and the surrounding fluid. However, due to the weak coupling effect,
some vortices with larger energy still maintain their original frequency. When the vibration amplitude begins to increase,
the vortex shedding around the box girder is completely locked by the structural vibration.

3.4. The effect of damping on vortex-induced vibration of the twin box girder

The RMS of VIV displacement versus the reduced wind velocity at various damping ratios is shown in Fig. 15. It can
be found that the damping ratio is a significant factor to control the VIV motion, and the amplitude of VIV displacement
shows a decreasing tendency, the lock-in region becomes narrower and the reduced velocity corresponding to the max
VIV displacement decreases as the damping ratio increases. Under constant mass ratio, the maximum RMS displacement
of vertical VIV decays exponentially as the damping ratio increases, as shown in Fig. 16. And the function between the
maximum RMS displacement of vertical VIV and damping ratio can be written as follow:

RMS(y)
D

= 0.04138e−151.5ξ (11)

Fig. 17 compares the relationship between the maximum RMS displacement of vertical VIV and Skop–Griffin parameter
(SG) with that of the circular cylinder, the relationships can be expressed as follows:

RMS(y)twin−box−girder

D
= 0.04413e−0.2105SG

RMS(y)circular−cylinder

D
= 0.7918e−1.050SG

(12)

Owing to the considerable differences in aerodynamic configurations, the flow characteristics of the twin-box girder
differ significantly from that of the bare cylinder. For bare circular cylinders, the flow separates from the surface and then
generates strong vortex-shedding at the wake forming Karman vortex. For streamlined box girders, the boundary layer not
only separates at the tail with alternative vortex-shedding but also generates complex flow separation and reattachment
phenomena at the leading edge. In addition, more complicated flow structures might be generated around the gap. Due
12
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Fig. 16. Maximum RMS displacement of vertical VIV of twin-box girder as a function of damping ratio.

Fig. 17. Maximum RMS displacement of vertical VIV of twin-box girder as a function of SG parameter.

to the significant difference in the flow structures, there are huge differentiation in the characteristics of VIVs between
twin-box girder and bare cylinder.

Compared with the regular pattern of a circular cylinder, it can be observed that at SG < 3.5, the amplitude of RMS
isplacement of vertical VIV is much smaller than that of rigid cylinders. For instance, the maximum RMS dimensionless-
isplacement of vertical VIV (RMS(y)/D) is 0.0468 and that of circular cylinders is 0.1556 at the same Skop–Griffin
arameter of SG = 1.875. Fig. 16 also shows that the attenuation of maximum VIV displacement of the twin-box girder
ith SG is slower than that of circular cylinders. For example, at SG > 3.5, the maximum VIV vertical displacement of the
win-box girder is larger than that of the cylinders.

Moreover, the phase difference between lift force and displacement of vertical VIV of twin-box girder continuously
hanges throughout the entire vortex-induced vibration process without phase jump. While the phase jump is a significant
henomenon in the VIV of cylinders, because it represents vortex-shedding pattern switching (Williamson and Govardhan,
004).
Last but not least, in the VIV of cylinders, there are three branches, namely initial branch, upper branch, and lower

ranch, in the vertical displacement, while the vertical displacement of VIV of twin-box girder has no obvious branches.
he amplitude of vertical displacement of twin-box girder changes continuously during the ascending phase, and after a
ery short descending period, it suddenly decays to zero. Although the hysteresis exists in the VIV of the twin-box girder,
he amplitude of vertical displacement is limited in the unloading stage.

. Conclusions

In this study, the investigations of vortex-induced vibrations of twin-box girder are executed. And the characteristics
f VIV response of bridge deck, the characteristics of aerodynamic force, and the damping effects on the VIV have been
nalyzed in detail. The conclusions are summarized as follow:

(1) For the approximate streamline box girder with large aspect ratio, the VIV amplitude is much smaller than that
of the bluff body in low SG number, however, the VIV amplitude is much larger than that of bluff body in high SG
number.

(2) For the bluff body, there usually have three branches, namely initial branch, upper branch, and lower branch, in the
vertical displacement, while the vertical VIV of approximate streamline box girder has no obvious branches. The
amplitude of vertical displacement of twin-box girder changes continuously during the ascending phase, and after
a very short descending period, it suddenly decays to zero.
13



B. Wu and S. Laima Journal of Fluids and Structures 103 (2021) 103282

C

L
d

D

a

A

R

R

B
D
E
F

F

F
G

G

G

G
G
K
L

L
L

L
L

L

L
L

L

L

L

M

S

W
W
Y

Y

Z

(3) The phase difference between lift force and displacement of vertical VIV of the approximate streamline box girder
continuously changes throughout the entire vortex-induced vibration process form 0 degree to 180 degree without
phase jump, which implies that there is not vortex-shedding pattern switching during the VIV.

(4) The structural damping has significant effects on the development of VIV of approximate streamline box girder. As
the damping ratio increases, the amplitude of VIV displacement shows a decreasing tendency, the lock-in region
becomes narrower and the reduced velocity corresponding to the max VIV displacement decreases. Moreover, the
maximum RMS displacement of vertical VIV decays exponentially as the damping ratio increases.
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