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Abstract. The underlying mechanism of the wind-induced vibration of the hangers of the suspension bridges is still not fully
understood at present and hence is comprehensively examined in this study. More specifically, a series of field measurements on the
No. 2 hanger of the Xihoumen Bridge was first carefully conducted. Large amplitude vibrations of the hanger were found and the
oscillation amplitude of the leeward cable was obviously larger than that of the windward cables. Furthermore, the trajectory of the
leeward cable was close to an ellipse, which agreed well with the major characteristics of wake-induced vibration. Then, a
theoretical model for the wake-induced vibration based on a 3-D continuous cable was established. To obtain the responses of the
leeward cable, the finite difference method (FDM) was adopted to numerically solve the established motion equation. Finally,
numerical simulations by using the structural parameters of the No. 2 hanger of the Xihoumen Bridge were carried out within the
spatial range of 4<X<10 and 0<Y<4 with a uniform interval of AX=AY=0.25. The results obtained from numerical simulations
agreed well with the main features obtained from the field observations on the Xihoumen Bridge. This observation indicates that the
wake-induced vibration might be one of the reasons for the hanger oscillation of the suspension bridge. In addition, the effects of
damping ratio and windward cable movement on the wake-induced vibration of the leeward cable were numerically investigated.
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1. Introduction

The length of hangers of the suspension bridge increases
with the bridge span. Since the hanger tension is passively
produced only by the gravity of the deck and the external
loadings acting on the deck, the natural frequency of the
hanger is far lower than that of the prestressed stay cable.
Hence, the hanger of suspension bridge is sensitively prone
to wind-induced vibrations. Serious and long-lasting
vibration of the hanger will change the mechanical
properties of bridge structure and then cause fatigue
problem and impair the safety and serviceability of the
whole bridge (Greco et al. 2013, Lonetti and Pascuzzo
2014). There are a number of hanger vibrations reported in
the literature, for example, the Akashi-Kaikyo Bridge in
Japan (Fujino et al. 2012), the Great Belt East Bridge in
Denmark (Laursen et al., 2005) and the Xihoumen Bridge
in China (Hua ef al. 2019; Wen et al. 2018). However, it
seems that the researchers have different opinions about the
underlying mechanism of the hanger vibration. Laursen et
al. (2005) speculated that the ice accretions might lead to
the vibration of the hanger based on a field observation on
the Great Belt East Bridge. Zhang ef al. (2016) proposed
that the vibration of the main cable could result
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in large amplitude vibration of the hangers near the pylon
based on a numerical analysis for the Xihoumen Bridge. Li
et al. (2017) and Chen et al. (2018) both found that the
wake of the pylon could lead to large amplitude vibration of
the hangers. Wen et al. (2018) and Hua et al. (2019)
conducted a series of wind tunnel tests and studied
aerodynamic interference of quadruple cables of the
Xihoumen Bridge and verified the efficiency of spacers on
suppress the wake-induced vibration through field
measurements. Li et al. (2019) and Deng et al. (2019a)
respectively established quasi-steady and unsteady 2-D
theoretical models and found that the hanger vibration could
be induced by the aerodynamic interference between the
cables of a hanger (wake-induced vibration).

In the past few decades, the features of the wake-
induced vibration of two circular cylinders have been
widely investigated. Some researchers focused on the flow
patterns around two circular cylinders. For example,
Igarashi (1981, 1984) investigated the flow patterns of two
tandem circular cylinders and proposed that there are eight
types of flow patterns around two tandem circular cylinders.
Zdravkovich (1987) classified the flow patterns of two
tandem circular cylinders into three basic regimes: the
extended-body regime, the reattachment regime and the co-
shedding regime. Gu and Sun (1999) studied the flow
patterns of two staggered circular cylinders by utilizing
pressure measurement and flow visualization methods and
put forward that there are three different types of flow
patterns: the wake interference, the shear layer interference
and the neighborhood interference. Sumner et al. (2000)
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further investigated a much wider range of flow field for
two staggered circular cylinders and identified nine
different flow patterns. The aerodynamic forces of two
tandem and staggered circular cylinders could be obtained
by means of wind tunnel tests (Arie et al., 1983; Zhang and
Melbourne, 1992; Alam et al., 2003; Sumner and Richards,
2003; Akosile and Sumner, 2003; Sumner et al., 2005) and
these data is the basis of further theoretical studies. On the
other hand, Kim et al. (2009) experimentally investigated
the characteristics of the wake-induced vibration of two
tandem circular cylinders with L/D=0.1-3.2 (L is center-to-
center distance between two cylinders and D is the cylinder
diameter). Yagi et al. (2015) carried out wind tunnel tests to
identify the derivatives of the leeward cylinder and
conducted a series of flutter analyses to obtain the responses
of the wake-induced vibration. Recently, more detailed
parametric studies about the responses of the wake-induced
vibration, including the effects of diameter ratio, natural
frequency and surface roughness, were accomplished by
Assi (2014), Qin et al. (2018) and Du et al. (2017). A
number of researchers made great efforts to reveal the
underlying mechanism of wake-induced vibration. Assi et
al. (2010, 2013) conducted experiments in a water flume on
a pair of cylinders in tandem arrangement and concluded
that the downstream cylinder is excited by the unsteady
vortex-structure interactions between the body and the
upstream wake. Mysa et al. (2016, 2017) numerically
investigated the origin of wake-induced vibration of two
tandem circular cylinders and have reached similar
mechanism as Assi et al. (2010, 2013). Deng et al. (2019)
theoretically investigated the wake-induced vibration and
concluded that the negative aerodynamic stiffness is the
main cause of wake-induced vibration.

At present, the mechanisms of wake-induced vibration
of transmission lines and offshore risers have been
extensively studied (Paidoussis et al. 2011). However, very
few efforts have been made towards the mechanism of
wake-induced vibration of the hangers of suspension
bridges. Few results obtained from field observations were
reported. Furthermore, only 2-D theoretical models, which
are much different from the 3-D prototype cable, have been
established to explain the mechanism of wake-induced
vibration of the hangers. In the present study, the underlying
mechanism of the hanger vibration is comprehensively
investigated. More specifically, a series of field
measurements on the No. 2 hanger of the Xihoumen Bridge
was first conducted. Then, a theoretical model for the wake-
induced vibration based on a 3-D continuous cable was
established to obtain the responses of the leeward cable.
The numerical results of wake-induced hanger vibration
were carefully compared to those from field measurements.

1. Field measurements on the hangers of the
Xihoumen bridge

A series of field measurements on the No. 2 hanger of
the Xihoumen Bridge were conducted to obtain its wind-
induced responses. The Xihoumen Bridge, which has a
1650-meter-long main span and a 578-meter-long side span,
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is located between Ningbo City and Zhoushan Island in the
eastern China. The No. 2 hanger at the side span of the
Xihoumen Bridge was found to oscillate violently during
the operation stage, therefore, was selected for the field
measurements. The No. 2 hanger consists of four cables,
which has the center-to-center spacing of 300mm in the
longitudinal direction of the bridge and 600mm in
transverse direction, respectively. The diameter of the cable
is 88 mm. Six accelerometers were installed on the Cables
A, B and C of the No. 2 hanger at the height of 15m over
the bridge deck. The sampling frequency of the
accelerometers is 10Hz. The wind velocity and the
corresponding wind direction were collected by an
anemometer installed at the height of 4m over the bridge
deck. The sampling frequency of the anemometer is 1Hz.
The arrangement of the six accelerometers is shown in Fig.1
and the definition of wind direction is shown in Fig.2.
Figure 3 presents the photos of the accelerometers and the
anemometer installed on the No. 2 hanger.

Obvious oscillation of the cables on the leeward side
was found at the wind velocity of 5-8 m/s, while the
windward cables only vibrates slightly. Two typical data
sets, including acceleration on the cables, the wind velocity
and the wind direction, are presented in the present study.
The first is collected from 0:00 to 24:00 on January 14,
2014 (as shown in Fig.4) and is named Data 1 in the
following contents. The second is collected from 0:00 to
24:00 on January 26, 2014 (as shown in Fig.5) and is named
Data 2. It could be found from Fig.4 that the hanger
oscillates obviously between 18:00-22:00 and the
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corresponding mean wind velocity and direction are
respectively about 6m/s and 170°. Noted that wind direction
of 170° signifies that the wind is nearly perpendicular to the
beam of the bridge, as shown in Fig.4 (c) and (d). The peak
acceleration of Cable A in the longitudinal direction, which
is about 10 m/s2, is obviously larger than those of Cables B
and C. However, in the transverse direction, the difference
between the peak accelerations of Cables A, B and C is not
as obvious as that in the longitudinal direction. From Fig.5,
it is found that the responses of Cables A, B and C are
similar to those in Fig.4. It seems that the violent vibration
of Cable A is related to the wake induced by Cables B and
C and this indicates the No. 2 hanger of the Xihoumen
Bridge may have suffered wake-induced vibration.

(a)Accelerometers

(b) Aneometer

Fig. 3 Photos of the accelerometers and anemometer
installed on the hanger
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Figure 6 shows the power spectral density (PSD) of the
longitudinal acceleration of Cable A for Data 1 and 2,
respectively. Noted that only the time history corresponding
to large amplitude vibration is used to calculate the PSD in
Fig.6. It can be observed from Fig.6 that multiple modes are
involved in the hanger vibration. However, it should be
pointed out that the higher frequency components of the
acceleration are more obvious than those of the
displacement. Figure 7 presents the trajectory of Cable A
when large amplitude oscillation takes place. It could be
found that the trajectory of Cable A is close to a clockwise
ellipse, which agrees well with the major characteristics of
wake-induced vibration (Paidoussis et al. 2011; Yagi et al.
2015).

2. Theoretical model of wake-induced vibration for 3-
D continuous cable

3.1 Motion equations of the leeward cable

A 3-D continuous twin-cable hanger is considered and a
coordinate system oxyz is defined, as shown in Fig.8, where
the origin is at the top end of the leeward cable; x and y axes
are respectively parallel and perpendicular to the wind
direction in the horizontal plane; z axis is parallel to the
axial direction of the leeward cable. The following
assumptions are made in this study:

(1) Quasi-steady assumption is utilized to evaluate wind
force on the leeward cable.

(2) The axial vibration of cable is neglected.

(3) The flexural, torsional and shear stiffness of cable
are neglected.

(4) The constitutive relation of cable follows Hooke s
law.
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Fig. 8 3-D continuous twin-cable hanger

Accordingly, the motion equations governing the
leeward cable could be expressed as,

0 ou o°u au
T+ F @) =ML H 1
az[ 7) az] (z,1) 7 Tag (D
0 oV o%v ov
LT+ D+ F ) =M e, S 2
az[(T T)az] L (z,1) ey 2

where 7 is the static cable tension; 7 is the dynamic
cable tension; u and v are the dynamic displacement
components in the x and y directions, respectively; Fi(z,?)
and F(z,t) are the aerodynamic forces per unit length in the
x and y directions, respectively; M is the cables mass per
unit length; ¢; and ¢, are the linear structural damping
coefficients in the x and y directions, respectively.
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The dynamic tension 7 could be obtained from (Irvine
1981),
*2 2
r—pa® -0 _fz 3)
2dz
where E is the elasticity modulus of the cable; 4 is the
area of the cross section of the cable; dz" and dz are the
lengths of the deformed and undeformed cable element,
respectively. According to geometrical relationship, one
have,

dz? = dz® +ou® +ov? )
Substituting Equation (4) into Equation (3), one has,
2 2
r= EAM (5)
2dz

By using of the Equation (5), the Equations (1) and (2)
can be rewritten as,

6u EA . du,, au 6v6v6u v, 0%
T il X g
oz 2t 2 2B ( ) 07? 622 oz o7 (62) 7] (6a)
6u ou
+F (z,t)=M —-+cC, —
(Z,1) e Clat
azv EA__ v, 0% 8u6u8v
Tt ) T e ‘5’51
(6b)

o ov

+Fy(Z,t) = M ?‘FCZE
According to the quasi-steady assumption, the
aerodynamic forces on the leeward cable, F; and F), could

be given by,

1
Fan (2.0 :EpUZDCD(L) (X, y) (7

where p is the air density; U is the wind velocity; D is
the diameter of the cable; Cpu)(x,y) is the mean drag (lift)
coefficients of the leeward cable. The Cpand C of Deng et
al. (2019b) obtained from wind tunnel tests are adopted in
this study.

3.2 Numerical solution method

The finite difference method (FDM) is adopted to
numerically solve the motion equations. The leeward cable
is uniformly discretized into N segments in space, as shown
in Fig.9. The space node is j=0, 1, 2, ..., N from the top to
the bottom and the space step 4 equals to L/N, in which L is
the length of the cable. The time node is k=0, 1, 2, ..., M
and the time step # equals to 7/M, in which 7 is the total
calculation time.

The second-order central difference is used and

o%u o d%u ¥
accordingly the derivatives of oz* = oz°  at® = at?
ou ov
ot and ot in Equation (6) could be expressed as (Li et
al. 2014),

6 u 1
o J hz( —2u¥ +uj+1)+o(h ) (8a)

Fig. 9 Space discretization of the leeward cable
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k k
where Ui and Vi represent the values of u and v at

space node j and time node £, respectively.
Substituting Equation (8) into Equation (6), difference
scheme can be obtained,

u

k+1 1 _
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(G=123,...... N-1, k=1,2,3,4,...... M)

The boundary and initial conditions should be given
before the Equations (9) is solved. The boundary and initial
conditions could be expressed as follows,

u(0,t)=v(0,t)=0 u(L,t)=v(L,t)=0
ou(x,0) _ov(x,0) _

ot ot

te(0,T)

u(x,0)=v(x,0)=0 0 xe(0,L) (10)

4. Numerical example

The No. 2 hanger of the Xihoumen Bridge is taken as
the background for the numerical simulation. The cable
length is L=160m; the static cable tension is 7=495.8kN;
the mass per unit length is M=31kg/m; the diameter of the
cable D=0.088 m; the elasticity modulus is E£=1.1x10"
N/m?; the structural damping ratios for the first mode in the
x and y directions, & and &, are both 0.1%. In this
numerical example, the terrain category A stipulated in
Chinese Code, which has an exponent of 0.12, is adopted to
consider the increase of wind speed with the height. The
wind velocity at the height of bridge deck is U,.,,=8m/s. The
detailed parameters used in the numerical example are
summarized in Tab.l. The numerical simulations are
conducted within the spatial range of 4<X<10 and 0<Y<4
with a uniform interval of AX=AY=0.25. Accordingly, there
are 425 computational cases in total.

4.1 Cable responses

Figure 10 presents the spatial distributions of the
maximum one-side resultant amplitude (Amua/D) of the
stable vibration at the mid-point and quarter-point of the
leeward cable, respectively. It can be found from Fig.10 that
obvious oscillation of the leeward cable could be observed
within the spatial region of 0.25<Y<1.75. The amplitudes at
the mid-point of the leeward cable are larger than those at
the quarter-point and the maximum amplitude, about 1.66D,
occurs at the point of X=5.75 and Y=0.25. It is noted that the
spatial position of the No. 2 hanger of the Xihoumen Bridge
shown in Fig. 4 and Fig.5 is about X=6.8 and Y=0.60.

Figure 11 presents the time histories of displacements at
the mid-point of the leeward cable for four typical cases
(X=5.5, Y=0.25; X=5.5, Y=1; X=8, Y=0.25 and X=9.5,
¥Y=0.25). It can be found from Fig.11 that the oscillation
amplitude of the leeward cable in the along-wind direction

Tablel Calculation parameters

Parameters Symbol Value
Length (m) L 160
Static cable tension (kN) T 495.8
Mass p(e;gl/l;li; length M 31
Diameter of the cable (m) D 0.088
Elasticity modulus (N/m?) E 1.1x10"
Wind velocity (m/s) Urer 8
Damping ratio & & 0.001

A /D
may

(b) Quarter-point of the leeward cable

Fig. 10 Spatial distribution of the one-side amplitude of
the leeward cable

is much larger than that in the cross-wind direction. The
stable trajectories at the mid-point of the leeward cable are
shown in Fig.12. It can be observed from Fig.12 that the
stable trajectory of the leeward cable is an ellipse, which
also agrees well with the results obtained from the field
observations (as shown in Fig.7). Furthermore, the direction
of the dominant axis in Fig.12 is almost the same as the
wind tunnel results obtained by Yagi et al. (2015). It should
be noted that two dampers have been installed between the
cables of the No. 2 hanger during the field measurements.
Figure 13 presents the PSD of the stable vibration at
1/10 span point of the leeward cable for the two typical
cases (X=5.5, ¥=0.25; X=5.5, Y=1) obtained from numerical
simulations. As can be seen from Fig.13, the first several
modes (up to the 5" mode) could be evoked in the wake-
induced vibration obtained from numerical simulation and
the amplitude of the first mode is obviously larger than
those of the rest modes. Compared with the PSD of the
responses obtained from field observations (as indicated in
Fig.6), the highest mode evoked in the vibration (up to the
5" mode) is lower than that obtained from field
observations (up to the 11" mode). The main reason is that
the response obtained from numerical simulations is only
induced by wake-induced vibration. However, the response
obtained from field observations may results from many
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Fig. 11 Time histories of the displacements at the mid-
point of the leeward cable

other factors besides wake-induced vibration, such as
vortex-induced vibration and buffeting. Fig.14 shows the
oscillation shapes of the leeward cable at the calculation
time of =1000s, 1250s, 1500s, 1750s and 2000s for the two
typical cases (X=5.5, ¥=0.25; X=5.5, Y=1) obtained from
numerical simulations. It could be found from Fig.14 that
the oscillation shapes of leeward cable obtained from
numerical simulations changes with the variation of the
time. It appears that the oscillation shape at the time of
t=2000s mainly comes from the first mode shape for the
two typical cases.
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Fig. 12 Stable trajectory at the mid-point of the leeward
cable

Based on the results obtained from numerical
simulations, the main features of the observed responses of
the hangers of the Xihoumen Bridge are reproduced. Hence,
the wake-induced vibration might be the underlying
mechanism of the vibration of the hangers of the Xihoumen
Bridge.

4.2 Effect of the structural damping

To mitigate the wind-induced vibrations of the hangers
of the Xihoumen Bridge, dampers were installed between
the cables of the hanger from the construction stage. The
field tests show that the modal damping ratio of the cable
could be reached about 1.5%. The vibrations of the hangers
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Fig. 13 PSD of the stable vibration at 1/10 span point of
the leeward cable obtained from numerical simulations

on the Xihoumen Bridge are unfortunately not effectively
suppressed, while the vibration of stay cable on cable-
stayed bridges could be well mitigated at the damping ratio
level of 0.5% (Chen et al. 2002; Li et al. 2014). Fig.15
shows the relationship between the amplitude at the mid-
point of the leeward cable and the damping ratio for the
typical case of X=5.5, Y=1.25 obtained from the numerical
simulations. It can be found from Fig.15 that the along-
wind amplitude of the cable slowly decreases with the
damping ratio when it is lower than 1.5%. However, the
cross-wind amplitude of the cable keeps almost unchanged
within the damping ratio range of 0.1%~1.5%. This
observation indicates that it is not an optimal
countermeasure to mitigate the wake-induced vibration of
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Fig. 14 Oscillation shapes of the leeward cable obtained
from numerical simulations

the hangers by increasing the structural damping. Deng et
al. (2019a) found that the wake-induced vibration is evoked
because of the negative aerodynamic stiffness and
suggested that the increase of cable stiffness may be a more
effective countermeasure to mitigate the wake-induced
vibration of the hangers. In fact, spacers were installed on
the hangers of the Xihoumen Bridge in the summer of 2015
and the wake-induced vibration seems to be well mitigated
from then on.



Wake-induced vibration of the hanger of a suspension bridge 177

05
—a—u/D
0.4 ——v/D
o 034
)
=]
g 0.24
<
0.14
o— o —— 5
0.01
0.0 05 10 15

Damping Ratio(%)
Fig. 15 Relationship between the amplitudes at mid-point
of the cable and the damping ratios

Amplitude

0 500 1000 1500 2000
t(s)

()¢=0.1%

Amplitude

0 500 1000 1500 2000
t(s)

(b) &= 0.5%

Amplitude

-0.6+ T T T i
0 500 1000 1500 2000

t/(s)

() &=1%

Amplitude

0 500 1000 1500 2000
t(s)

(d)¢=1.5%
Fig. 16 Time histories of displacements at mid-point of the
leeward cable for various damping ratios (X=5.5, Y=1.25)

——u/D
2.04 v/iD

Amplitude

500 1000 1500 2000
()
(a)X=5.5, Y=0.25
2.8
2.4 —u/D
2,01 vID

Amplitude

500 1000 1500 2000
t/(s)
(b) X=5.5, Y=1
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point of the leeward cable (a,~0.5D)

Figure 16 presents the time histories of the
displacements at the mid-point of the leeward cable for
various damping ratios for the case of X=5.5, Y=1.25. It can
be found from Fig.16 that the amplitude of the cable in the
along-wind direction slowly decreases with the damping
ratio. However, the amplitude in the cross-wind direction
seems to be less sensitive to the damping ratio.

4.3 Effect of the windward cable vibration

The field measurements show that obvious along-wind
vibration of the windward cable could be found together
with the large amplitude vibration of the leeward cable, as
described in Fig.5 (b) and (d). Hence, the windward cable
vibration might be important to be considered for the
leeward cable vibration. In this study, the along-wind
vibration of the windward cable is simply assumed as,

u,(z) =a,sino,t (11)

where a,, is the maximum one-side amplitude of the
windward cable; w,, is the vibration frequency, equals to the
first natural frequency of the cable. The aerodynamic forces
of the leeward cable (Equation (7)) are obtained in
consideration of Equation (11).

Figures 17-19 present the time histories of the
displacements at the mid-point of the leeward cable for
various values of a,, = 0.5D, 1.0D and 1.5D for the two
typical cases (X=5.5, ¥Y=0.25 and X=5.5, Y=1). From Figs.
17-19, it can be seen that the amplitude of the leeward cable
obviously increases with the increase of the amplitude of
the windward cable a,. Therefore, the large amplitude
vibration of windward cable can facilitate the vibration of
leeward cable in the aerodynamic interference, which is
consistent with the existing experimental results (Kim et al.
2009; Armin et al. 2018).
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Figure 20 presents the PSD of the stable vibration at
1/10 span point of the leeward cable for the cases of X=5.5,
¥Y=0.25 and X=5.5, Y=1 for a,~1.0D. Although some higher
model frequencies are found in the vibration, the leeward
cable vibration is dominated by the first model frequency.
This observation is similar to that in the case of fixed
windward cable. The stable trajectories at the mid-point of
the leeward cable are shown in Fig.21. It could be found
that the trajectory of leeward is also close to an ellipse.
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Fig. 20 PSD of the stable vibration at 1/10 span point of
the leeward cable obtained from numerical simulations
(aw=1.0D)

5. Concluding Remarks

The underlying mechanism of the wind-induced
vibration of the hangers of the Xihoumen Bridge was
investigated in this study based on the field measurements
and theoretical analyses. First, a series of field observations
on the No. 2 hanger of the Xihoumen Bridge was carefully
conducted and large amplitude vibration of the hanger were
found. The wind direction when the hanger oscillated
violently was 170°, which was nearly perpendicular to the
beam of the Xihoumen Bridge and the wind velocity was
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about 6 m/s. The oscillation amplitude of the leeward cable
was obviously larger than that of the windward cables.
Furthermore, the trajectory of the cable is close to a
clockwise ellipse, which agreed well with the major
characteristics of wake-induced vibration. Then, a
theoretical model for the wake-induced vibration based on a
3-D continuous cable was established to numerically study
the underlying mechanism of the hanger vibration. The
motion equations of the continuous leeward cable were
derived and the aerodynamic forces acting on the cable is
obtained by using quasi-steady assumption. The finite
difference method (FDM) was adopted to obtain the
vibration responses of the leeward cable. Finally, numerical
simulations by using the structural parameters of the No.2
hanger of the Xihoumen Bridge were carried out within the
spatial range of 4<X<10 and 0<Y<4 with a uniform interval
of AX=AY=0.25. The results showed that obvious
oscillations of the leeward cable occured in the spatial
region of 0.25<Y<1.75, in which the maximum one-side
resultant amplitude (A4.«/D) at mid-point of cable could
reach 1.66D at the point of X=5.75 and Y=0.25. Moreover,
the stable trajectory of the leeward cable was an ellipse. The
results obtained from numerical simulations agreed well
with the main features obtained from the field observation
on the Xihoumen Bridge. Hence, the wake-induced
vibration might be the underlying mechanism of the
vibration of the hangers of the Xihoumen Bridge. The
effects of damping ratio on the wake-induced vibration of
the leeward cable were numerically analyzed. The results
showed that the amplitude of the cable slowly decreases
with the damping ratio when the damping ratio is lower
than 1.5%. It is noted that the required damping ratio to
substantially suppress the wake-induced vibration of the
hangers on the suspension bridges is as high as 1.5%, which
is far larger than that for the vibration mitigation of the stay

cables on the cable-stayed bridges. Moreover, it was found
that the large amplitude vibration of windward cable can
facilitate the leeward cable oscillation in the wake-induced
vibration.
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