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,e stress of the main tower of a cable-stayed bridge depends on the connection type between the tower and deck. In order to
study the most suitable longitudinal damping mode for a long-span cable-stayed bridge. In this article, a nonlinear finite element
model is established based on a large span concrete cable-stayed bridge with a main span of 680m. Without considering the
influence of the transverse constraint, the damping effect of the elastic connection device and the viscous damper is simulated
when the longitudinal seismic load is input. ,e results show that the stiffness of the main beam is increased by installing the
elastic connection device, so the longitudinal drift frequency of the main beam is increased, but the stiffness of the structure is not
changed by installing the viscous damper. Both viscous dampers and elastic connection structures can reduce the longitudinal
displacement of the beam end, but viscous dampers are more favorable for the stress of the main tower. In terms of damping effect,
viscous dampers are more suitable for long-span cable-stayed bridges, but, in terms of economy and parameter control, elastic
connection devices have more advantages.

1. Introduction

With the maturity of bridge construction technologies in the
past decades, cable-stayed bridges with different main girder
types, such as concrete girder and steel girder, have been widely
adopted around the world, with a main span possibly reaching
over 1000 meters. In the presence of a large number of long-
span cable-stayed bridges, the seismic performance of these
bridges has raised great concern in the engineering community
due to the bridge seismic vulnerability.,e half-floating system
is widely used in the longitudinal direction (i.e., additional
damping devices at the girder-tower connection). ,us, the
seismic effect of this system depends on the deformation ca-
pacity as temperature rises and the sufficient displacement
capacity at ground motions [1, 2]. Over the past decade, many
experimental tests were carried out to develop the constraints
for long-span cable-stayed bridges in the longitudinal direction.
Alternative vibration control systems to dissipate the input
energy were proposed and have been widely used (e.g., the
passive control system, the semiactive control system, and the

active control system). Among these three systems, the passive
one has been widely used. Among the typical passive control
systems, the viscous damper (VD) [3] and elastic connecting
devices (ECDs) [4] can effectively reduce both the vibration
response and the structural displacement of long-span bridges
under seismic actions. ,ey may also reduce the internal force
at the key sections of bridges, which make them feasible to
apply in long-span bridges.

For floating or semifloating systems, on the other hand,
the advantage is that the internal force of the main tower is
relatively smaller under the seismic action; however, they are
more likely to suffer from a large displacement at the girder
end. ,is is especially the case for long-span bridges where
the girder-end displacement is even greater. As such, how to
take effective measures to control the girder-end displace-
ment of floating or semifloating cable-stayed tower bridges
has gained much research interest.

1.1. Application of VD in Cable-Stayed Bridge. Dampers can
be divided into different types due to their principle of
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energy dissipation (i.e., lead extrusion dampers, steel
dampers, friction dampers, VDs, and others.) ,e most
widely used one for cable-stayed bridges is the VD [5].
Named as such, the damping force of a VD is generated by
the viscous fluid in the damper through the orifice. To ensure
the satisfactory performance of a damper, the fluid material
inside should meet the following requirements: (1) it has
strong viscosity and low-temperature sensitivity; (2) it is
with strong chemical stability; (3) it is nonflammable,
involatile, nontoxic, and of low compressibility.

Many hysteretic models have been available in the lit-
erature that can reasonably describe the mechanical prop-
erties of a VD. ,e most representative one is the Maxwell
model [6, 7] which simplifies the damper into a damping
element and a spring element. Ruangrassamee and
Kawaskima [8] investigated the seismic effect of the non-
linear viscous damping force scheme and the two-step
friction damping force scheme by the benchmark. ,e result
shows that nonlinear viscous dampers have better effective
control response with less damping force capacity. Zhu et al.
[9] investigated the effect of VDs for cable-stayed bridges
under randomly generated earthquake excitation and dis-
cussed the two key parameters C (damping coefficient) and α
(damping exponent) by simplifying the VD to Maxwell
Model. ,e result shows that nonlinear VD has better
performance in reducing the seismic response of the cable-
stayed bridge compared to linear VD. ,e use of VDs on
cable-stayed bridges has been discussed in some previous
works. Ferreira and Simoes [10] investigated four different
techniques including no control, VDs, and VDs with passive
and semiactive tunes mass dampers, and the effect of passive
dampers and a hybrid control system consisting of passive
viscous dampers installed in parallel with semiactive
dampers was investigated by the analytical pulses model and
44 recorded near-field ground motions [11]. ,e numerical
simulation results show that the passive VDs can reduce
force demand during strong earthquakes. ,e parameter
sensitivity of VDs is analyzed by the nonlinear time history
method [12]. ,e control effect of viscous dampers installed
between tower and girder on mitigating the longitudinal
vibration of the girder induced by train braking or running is
studied. It is shown that the viscous dampers installed be-
tween the tower and girder can effectively mitigate the
seismic responses of the structure and reduce the longitu-
dinal vibration of the girder and the dynamic responses of
towers induced by train braking or running.

,e above literature review demonstrates that as a useful
energy-dissipation and damping device, VDs can effectively
control the seismic effect of tower bridges and reduce the
structural displacement + response. ,ey can also reduce the
internal force at the key sections of a bridge and have dif-
ferent effects under different types of earthquakes.

1.2. Application of ECDs in Cable-Stayed Bridges. ,e ECDs
installed between the tower and the girder have also been
used to reduce the seismic response of cable-stayed bridges.
When the stiffness of the ECDs is suitable, the strength and
deformation ability of the bridge and girder can be taken

into account [13], but the ability to control the displacement
of the main beam is very limited [14]. Among them, elastic
cables and laminate rubber bearing are widely used. Ali and
Abdel-Ghaffar [15] investigated the use of laminate rubber
bearing between towers and girders for seismic mitigation.
,e result showed that, compared with the case with no
mitigation device installed, the ECD can effectively reduce
the longitudinal displacement at the girder end but may also
increase the base shear force and moment at the tower.
Wesolowsky and Wilson [16] analyzed the seismic mitiga-
tion effects of ECD under near-field earthquakes. It was
shown that the ECDs installed between the tower and girder
are effective for reducing girder-end displacements. ,e
seismic response of ECDs and VDs was compared. And the
effect of the hybrid application of ECDs and VDs on lon-
gitudinal seismic response had been compared [17]. ,e
results show that the hybrid application is a more cost-ef-
fective seismic measure and has excellent performance
during pulse ground motions. But the seismic response of
near-fault long-span cable-stayed bridges more serious as
the ratio of PGV to PGA increasing, so the ECDs are not
suitable for controlling the displacement of the girder-tower.
Li et al. [18] investigated the seismic design method for a
kilometer-scale cable-stayed bridge under near-fault pulse-
type uniform earthquake action. ,e nonlinear dynamic
analysis of three seismic systems (i.e., the ECD, the fluid
viscous damper (FVD), and the combination device of the
two were used between the towers and beams, resp.) was
carried out. Based on the target damping rate, if the span is
more than 1 km, the hybrid seismic system has a better effect,
while if the span is more than 500 meters and less than 1 km,
the ECDs system is suitable [19]. And under pulse-type
nonuniform earthquake action, VDs’ reduction efficacy of
bending moment at the tower bottom is even poorer than
that of the elastic connection device [20]. ,e above review
shows that the ECDs can also effectively reduce the dis-
placement response at the girder end of a cable-stayed bridge
under earthquakes but may disadvantageously increase the
internal force response of the main tower.

Although the viscous damper has a better effect on
internal force control, it is complicated to install and ex-
pensive. As the girder-tower displacement target, the ECDs
have more effect. Zhang and Liu [21] proposed the residual
error method between CDFs based on strain monitoring
data and Zhang et al.’s [22] research on the Wiener process
can assist in verifying both the pros and cons of the two
methods, VD and ECDs, to a certain extent. In this paper, to
investigate the seismic performance of double-tower cable-
stayed bridges with different seismic structural systems, the
best suitable seismic system for the long-span cable-stayed
bridge with double-tower under strong uniform earthquake
is selected.

2. Prototype Bridges

2.1. Structural Configuration. ,e prototype bridge con-
sidered in this paper is a long-span cable-stayed bridge with
double towers. ,e main span is 680m, and the overall
length of the bridge is 1280m with steel box girders and
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seven spans (60 + 90 + 150 + 680 + 150 + 90 + 60m), as
shown in Figure 1. ,e main girder is a single-box three-
chamber streamlined flat monolithic steel box with a girder
height of 3.5m and a width of 30.6m, as shown in Figure 2.
,e main tower is a concrete structure with 220 meters
above the tower seat and 21 pairs of cable-stayed cables on
both sides; compare Figure 3 (if the profiled steel sheeting-
concrete bridge deck is considered, the relevant research of
Gao et al. [23] can be referred to).

2.2. Structural Configuration. According to the Guidelines
for Seismic Design of Highway Bridges [24], the category A
seismic fortification will be considered for the bridge, which
indicates that the bridge shall remain operational with
limited postearthquake damage subjected to an E2 earth-
quake action. According to the three E2 seismic time history
inputs provided in this article, the acceleration response
spectrum is in good agreement with the designed acceler-
ation response spectrum. E2-2, the seismic wave with the
largest seismic response, was selected for conclusion anal-
ysis. ,e seismic input as shown in Figure 4 will be used in
the following analyses “Fujian Earthquake and Geology
Engineering Reconnaissance Institute, Minjiang Bridge
Engineering Site Seismic Safety Evaluation Report [25]”,
which is obtained based on the in situ geological survey and
corresponds to an exceeding probability of 4% in 100 years.
,e ground acceleration record in Figure 4 is categorized as
an E2 earthquake action. Both the longitudinal and the
vertical directions will be considered for the seismic load,
and the vertical value is 50% the longitudinal one according
to Fan and Ye [26].

3. Dynamic Nonlinear Modelling

3.1. Modelling the Upper Structure. ,e finite element (FE)
model for the bridge is established based on the FE software
package SAP2000, where the spatial beam element is used to
simulate the steel girder (cf., Figure 2). ,e influence of the
rotational inertia momentum due to girder mass is also
incorporated. ,e cable is modelled by the beam element
with the bending stiffness neglected. ,e sag effect of the
cable is considered by using an equivalent Young’s modulus.
,e RC elastic-plastic beam-column element is assigned for
the main tower and the piers considering the plastic de-
formation under strong earthquake actions. Taking into
account the elastic-plastic characteristics of RC structures,
the generalized force distribution of the beam-column el-
ement is shown in Figure 5, in which P represents the axial
force, Qy and Qz represent, respectively, the shears in the y
and z directions, T presents the torsion, and My and Mz
present, respectively, the moments in the y and z directions.
,e axial normal stress is generated by P, My, and Mz, and
the transverse shear stress is generated by Qy, Qz, and T.
Furthermore, the following assumptions apply to the beam-
column element:

(1) ,e linear-elastic ideal-plastic moment-curvature
relationship is used

(2) ,e shear and torsion strengths are sufficient to
prevent the structure from brittle failure

(3) ,e yielding axial force and moment are indepen-
dent of shear stress and can be determined by the
normal stress distribution of the section

(4) ,e three-dimensional standard yield surface of the
axial force and moment can be explicitly expressed
(to be discussed later in detail)

(5) ,e potential plastic deformation only occurs at the
end of the element beam, while the nodes between
different elements remain elastic without consider-
ing the length of the plastic zone

(6) ,is section may be divided by subheadings. It
should provide a concise and precise description of
the experimental results, their interpretation, and the
experimental conclusions that can be drawn

,e relationship between the axial force and moment for
the RC structures is expressed with the help of the yield
surface as follows:

f Pu, Myu, Mzu  � 1, (1)

where f() is the yield surface function, as detailed in Figure 6,
and

Pu �
Pu

P0
,

Myu �
Myu

My0
,

Mzu �
Mzu

Mz0
,

(2)

in which Pu represents the uniaxial yield tension, P0 rep-
resents the uniaxial yield pressure, My0 represents the pure
yield moment around y direction, and Mz0 represents the
pure yield moment about the z direction.

3.2. Modelling the Supporting Connections. ,e prototype
bridge considered in this paper is a semifloating system, with
a longitudinal sliding bearing (transverse restraint) and a
bidirectional sliding bearing installed between the main
tower and the girder and piers. Furthermore, a transverse
wind-resistant bearing is also equipped between the tower
and the girder to restrain the transverse displacement.
Sliding supports are used between the main tower, the tower
beam, and the auxiliary pier to simulate the hinged longi-
tudinal constraint, and the base of the main tower and pier
shall be made of steel plate, which shall be connected with
the table board of the shake table with fixed steel plate and
bolts, and shall be fixed. ,e layout of the connection
structures is shown in Figure 7.

In the FE model, the boundary conditions for these
connections are shown in Table 1, where Δx, Δy, and Δz
represent, respectively, the displacements along the longi-
tudinal, vertical, and transverse directions of the bridge, and
θx, θy, and θz represent, respectively, the rotational angles
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Figure 1: ,e overall layout of the double-tower cable-stayed bridge (unit: m).
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Figure 2: Cross-section of the steel box girder (unit: m).
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Figure 3: ,e structural layout of the main tower (unit: m).
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Figure 4: Ground acceleration record (adopted from “Fujian
Earthquake and Geology Engineering Reconnaissance Institute,
Minjiang Bridge Engineering Site Seismic Safety Evaluation
Report” [24]).
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about the longitudinal, vertical, and transverse directions.
In Table 1, 1 represents constrained and 0 represents
released.

3.3. Modelling the Bridge Pile Foundation. A six-spring
model is used to model the bridge pile foundation, including
three translational springs (with stiffness of Kx, Ky, Kz) and

Translational stiffness: Kx, Ky, Kz
Rotational stiffness: Kxx, Kyy, Kzz

X

Y

Kx Ky

(a)

Kx

Kz

X

Z

(b)

Figure 6: Six-spring model of the pile foundation: (a) elevation and (b) plan view.

Deck

Tower

(a)

Deck

Pier

(b)

Figure 7: ,e layout of the connection structures. (a) ,e connection structures between beam and piers. (b) ,e connection structures
between beam and pylon.

Table 1: Boundary conditions in the FE model.

Connections Δx Δy Δz θx θy θz
Pier bottoms 1 1 1 1 1 1
Connection between tower and girder 0 1 1 1 0 0
Connection between tower and piers 0 1 1 1 0 0
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three rotational springs (with rotational stiffness of Kxx, Kyy,
Kzz), and, in Figure 6, the general formulas are shown:

Kx � Ky � nP2,

Kz � nP2,

Kxx � P1 

N

i�1
y
2
i ,

Kyy � P1 

N

i�1
x
2
i ,

Kzz � P2 

N

i�1
y
2
i + x

2
i ,

(3)

in which P1 represents the vertical force generated at the
stake tip when the unit longitudinal vertical displacement is
generated at the stake tip. P2 represents the horizontal force
generated at the stake tip when the unit horizontal dis-
placement is generated at the stake tip; xi and yi represent,
respectively, the longitudinal and transverse distances of the
ith root stake from the center point of the cushion cap; andN
is the number of stakes. P1 and P2 are determined by the m
method.

3.4. Summary of the FE Modelling. A nonlinear three-di-
mensional finite element model is established for the whole
bridge in SAP2000, as shown in Figure 8. ,e main tower,
piers, and pile foundation of the bridge are all RC structures
with Poisson’s ratio of 0.2 and a mass density of 2549 kg/m3.
Young’s modulus is 34.5GPa, 32.5 GPa, and 30.0GPa, re-
spectively, for the main tower, piers, and pile foundation.
For the steel girder and the stay cables, Poisson’s ratio is 0.3,
and the mass density is 7850 kg/m3. Young’s modulus is
20.6GPa and 19.5GPa, respectively, for the steel girder and
the stay cables. ,ese configurations are representative of a
realistic long-span cable-stayed tower bridge as introduced
in “Modelling the Upper Structure” section.

4. Seismic Behaviors Associated with Two
Types of Seismic Mitigation Systems

In order to compare the effects of the two types of seismic
mitigation systems on the bridge seismic behavior, this
section analyzes the dynamic characteristics and seismic
response of the double-tower cable-stayed bridge. ,e main
control objective is to reduce the longitudinal displacement
of the main girder of the cable-stayed bridge under earth-
quake action. In the finite element modeling, the structure
itself is in the elastic range, and the maximum displacement
is controlled to be less than the limit without structural
damage.

4.1. Introduction of Two Types of Seismic Mitigation Systems.
,e cylinder VDs are often used on bridges. ,e internal
structure and typical VDs are shown in Figure 9. ,e
damping force provided by the VD mainly depends on the

movement speed of the piston relative to the container. ,e
damping force of the VDs is given by equation (4), as

f � casgn( _u)| _u|
a
, (4)

in which ca represents the damping coefficient, sgn( _u)

represents the symbolic function, _u represents the piston
velocity, and α represents speed exponent.

,e ECDs mainly include elastic cables and the laminate
rubber bearing. ,e hysteretic force F of an ECD is a linear
function of the relative displacement between the tower and
the girder; that is,

F � Ked, (5)

in which Ke represents the stiffness of the ECD. Under the
seismic loads, installing ECDs between the tower and the
girder for the cable-stayed bridge can increase the structural
stiffness and mitigate the girder-end displacement.

,e seismic mitigation effects of both types of constraint
systems (i.e., damping-based system and elastic restraint
system) will be compared in the following. For both seismic
mitigation systems, the installation scheme is shown in
Figure 10.

In order to compare the damping effect of the damping
restraint system and the elastic restraint system, the setting
of the viscous damper and the elastic cable in the back-
ground project is as follows: the scheme of arranging the
damper is to arrange 2 longitudinal viscous dampers be-
tween the lower beam of each main tower and the main
beam. ,e arrangement of elastic cables is to set 2 elastic
cables between the lower beam and the main beam of each
main tower. Because the bridge is a symmetrical structure,
only a single damper or elastic cable is used for research.

In the FE model, the VD is represented by a nonlinear
damper element, and the ECD is modelled by considering
the stiffness Ke in equation (5); the stiffness Ke is
2.5×104 kN/m for the ECDs. ,e VD damping coefficient is
set as 3000 kN (m/s)−α, and the damping exponent α equals
0.4 (cf. equation (4))

4.2. Comparison between the Dynamic Characteristics.
,e first ten (10) orders of the bridge seismic characteristics
are shown in Table 2, including the natural vibration fre-
quencies associated with the first-order torsion of the main
girder and the corresponding modal shapes. Since the
damping has a negligible effect on the natural frequency, the
bridge frequency with VD installed is approximately the
same as that without installing VD devices.

It can be seen from Table 2 that the main difference
between the bridge frequency with VD installed and that
with ECD installed is associated with the first and the sixth
orders of vibration modes. Note that the first-order mode is
dominated by the longitudinal drift of the main girder.
Using the ECD, the first-order vibration frequency of the
bridge increases from 0.1106Hz to 0.2110Hz, implying that
the longitudinal rigidity of the bridge is significantly im-
proved with ECD. For the sixth-order mode where the
antisymmetric vertical bending of the main girder
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Figure 10: Installation scheme of the seismic mitigation devices. (a) VD. (b) ECD.

Figure 8: FE model of the full bridge using SAP2000.
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Figure 9: Illustration of VDs. (a) Illustration of the internal structure. (b) Photo of VDs.
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dominates, the bridge frequency increases from 0.3625Hz to
0.3744Hz if installing ECD, with a weakened difference
compared with the first-order mode.

4.3. Seismic Response and Mechanism Analysis. Because the
longitudinal uniform seismic excitation has antisymmetric
load characteristics and the double-tower cable-stayed
bridge is generally a symmetrical structure, its structural
seismic response has the characteristics of antisymmetric.
Under uniform longitudinal earthquakes, the main beam
girder-end displacement of the twin-tower cable-stayed
bridge, the bottommoment of the main tower, and the shear
force are mainly caused by the first-order longitudinal drift
of the main beam, the low-order antisymmetric vertical
bendingmode of themain beam, and the highmode. Among
them, the transverse seismic wave input is not considered.

,e comparison of the internal forces in the longitudinal
direction and the displacements of the cable-stayed bridge
under the earthquake action with different seismic mitiga-
tion systems (VD and ECD) is presented in Table 3. Fur-
thermore, the seismic mitigation ratio of the two systems is
given in Table 4, where the mitigation ratio is computed as
(mitigated peak response− peak response without mitiga-
tion)/peak response without mitigation× 100%.

It is seen from Table 3 that the maximummoment at the
tower base is less than the yielding moment
(3.648×106 kN·m) without seismic mitigation measures,
implying that the bridge is within the elastic range with both
types of device.

When the ECD is used, the longitudinal displacement at
the main girder end and that at the main tower end are
reduced compared with the case with no mitigation device

installed. For example, the longitudinal displacement at the
girder end decreases from 1.414m to 0.951m. ,e seismic
mitigation ratios associated with the longitudinal displace-
ments at the girder end and the tower end are 32.74% and
28.10%, respectively. However, the base moment at the main
tower is only slightly reduced, and the base shear at the main
tower is disadvantageously increased.

For a VD-based restraint system, the longitudinal dis-
placements at both the main girder end and the tower end
are also reduced. Furthermore, the seismic mitigation ratios
associated with the base shear and base moment at the tower
are 18.69% and 19.15%, respectively. ,is demonstrates that
installing VD can significantly reduce the seismic response
of the bridge in terms of both longitudinal displacements
and internal forces.

To summarize, compared with the bridge without
seismic mitigation devices, the longitudinal displacements at
both the girder end and the tower end can be reduced by the
two types of devices, and the VD-based system performs
better because it not only results in a smaller displacement
but also leads to a weaker internal force. On the other hand,
the ECD has a relatively smaller efficiency in reducing the
internal force (recall that it even increases the shear force at
the tower base). As such, the seismic mitigation performance
of VDs is better than that of ECDs.

In order to explain the mitigation mechanisms of ECD-
and VD-based systems, the seismic response spectra are
plotted in Figure 11. By noting the fact that the first-order
vibration mode of the bridge is dominated by the longitu-
dinal drift of the main girder, if we let T0 denote the natural
period of the longitudinal drift mode, then T0 would be
located at the region where the acceleration response
spectrum decreases with the period (cf., Figure 12(a)).

Table 2: Vibration frequencies and the corresponding modal shapes of the bridge.

Order
Frequency

(Hz) Mode description Modal shape
VD ECD

1 0.1106 0.2110 Longitudinal drift of main girder

2 0.2269 0.2269 ,e 1st-order symmetric transverse bending of the main girder

3 0.2754 0.2757 ,e 1st-order symmetric longitudinal bending of the main girder

4 0.2925 0.2925 ,e reverse side bending of the two main towers
5 0.2978 0.2978 ,e same side bending of the two main towers

6 0.3625 0.3744 ,e 1st-order antisymmetric vertical bending of the main girder

7 0.4555 0.4555 ,e longitudinal vibration of pier #7

8 0.4745 0.4748 ,e longitudinal vibration of pier #0

9 0.5141 0.5161 ,e 2nd-order symmetric longitudinal bending of the main girder

10 0.5658 0.5658 ,e 1st-order symmetric transverse bending of the main girder + transverse
bending of piers #0, #1, and #2
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,erefore, extending the structural natural vibration period
and/or increasing the structural damping ratio will weaken
the acceleration and further the structural seismic response.
In Figure 12(b), increasing the structural damping ratio will
lead to a smaller displacement. However, increasing the vi-
bration period (beyond T0) will result in a greater structural
displacement. ,erefore, a greater structural damping ratio
principally means a reduced seismic response in terms of both
internal forces and displacements. However, a smaller vi-
bration period, or equivalently a greater structural stiffness,
will yield a smaller displacement but a greater internal force.
,is fact again indicates the advantage of VD-based miti-
gation systems compared with the ECD-based ones.

Because the main damage of a long-span cable-stayed
bridge under earthquake is that the longitudinal displace-
ment of the main girder longitudinal bridge is too large,
which may cause a falling beam or damage the expansion
joint, so it is necessary to discuss the longitudinal seismic
response of the long-span cable-stayed bridge with the long-
stayed cable and it is very important. For details, please refer
to Jia et al.’s related research on the pounding characteristics
between beams and the reasonable interval length of main
beams under different site conditions [27–30]. ,e author
discusses the effects of different shock absorption parame-
ters, and lateral analysis is also in further experimental
research. For more, refer to Xu et al. [31].

Table 4: Comparison of seismic mitigation ratios with different measures.

Restraint systems Longitudinal displacement at the girder end (%) Longitudinal displacement
at the tower top (%) Base shear in tower Base moment in

tower (%)
ECD 32.74 28.10 -9.98% 0.32
VD 45.97 33.20 18.69% 19.15

4

3

2

1

0

–1

–2

–3

–4
0 10 20 30 40

Time (s)

Fo
rc

e (
10

4  k
N

)

Floating system
Installed ECD

Figure 11: Time history analysis of the ECD tension and the tower base shear.

Table 3: Comparison of longitudinal internal forces and displacements with different mitigation measures.

Restraint
systems

Longitudinal displacement at
girder end (mm)

Longitudinal displacement at
tower top (mm)

Base shear in tower
(kN)

Base moment in the tower
(kN·m)

Floating
system 1.414 1.530 4.848×104 2.538×106

ECD 0.951 1.101 5.332×104 2.533×106

VD 0.764 1.022 3.942×104 2.052×106
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To achieve further insight into the seismic mitigation
mechanism of both types of mitigation systems for the cable-
stayed bridge, the time history curves of structural seismic
response are plotted in Figures 11 and 13 in terms of the
shear force at the tower bottom. For comparison purpose,
the ECD tensions and the damping forces (cf., equations (4)
and (5)) are also presented in Figures 11 and 13, respectively.
It can be seen that, overall, the damping force of VD is
greater than that of ECD, implying that the VD-based

system provides a more effective restraint to the bridge’s
seismic response.

In Figure 11, the impact of ECD on the tower shear force
can be explained by Figure 14, which shows the two
transmission paths of the seismic inertia force from the main
girder to the foundation: the first is “girder-cable-tower-
foundation” and the second is “girder-ECD-foundation.” In
terms of the latter, since the bridge longitudinal stiffness is
enhanced with an ECD, the synchronization between the
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Figure 13: Time history analysis of the VD damping force and the tower base shear.
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Figure 12: Illustration of the acceleration and displacement response spectra. (a) Acceleration response spectrum. (b) Displacement
response spectrum.
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internal forces in the cables and the tower leads to a greater
shear force at the tower bottom.

For the VD-based system as in Figure 14, since the VD
does not affect the structural stiffness, there is a significant
phase difference between the internal forces of the VD and
the tower, which accounts for the smaller shear force at the
tower bottom. Furthermore, as the arm of the VD’s damping
force is smaller than that of the tower shear force, the
mitigation effect of VD on the moment at the tower bottom
is enhanced compared with that of an ECD. ,is is con-
sistent with the observations from Table 4. ,e comparison
between Figures 11 and 13 again demonstrates that VDs
have a better seismic mitigation performance than ECDs.

5. Conclusions

,is paper has presented a comparison between the seismic
mitigation effects of two types of devices on a long-span
tower bridge, namely, VD and ECD. ,e dynamic charac-
teristics of the bridge are analyzed through three-dimen-
sional FE modelling of a prototype bridge. ,e following
conclusions can be made from this paper.

(1) ,e main difference between the bridge dynamic
characteristics associated with the ECD system and
VD system is at the 1st-order and 6th-order vibra-
tions. Compared with the case with no seismic
mitigation device installed, when the prototype
bridge is equipped with an ECD, the first-order
vibration frequency increases from 0.1106Hz to
0.2110Hz, implying that the longitudinal stiffness is
remarkably enhanced.

(2) ,e longitudinal displacement at the bridge tower
end and the girder end can be reduced by both ECDs
and VDs. ,e mitigation effect is better when using
VDs. Furthermore, VDs can also significantly
weaken the internal force at the bridge tower, while
the ECDs will disadvantageously increase the tower
shear force. It is thus suggested that VD-based
mitigation systems have a better performance than
ECD-based systems for long-span tower bridges.

(3) From the transmission diagram of seismic inertia
force of the main girder of a cable-stayed bridge, the
inertia force of the main girder in the elastic

constraint system is transmitted to the foundation
partly by the cable through the upper tower and
partly by the elastic cable or viscous damper through
the lower tower. For the elastic constraint system, the
elastic constraint increases the longitudinal stiffness
of the beam, and the seismic horizontal force
transmitted by the elastic cable is synchronized with
the time travel curve of the internal force at the
bottom of the main tower, so the shear force at the
bottom of the tower is increased. For the damped
constrained system, the longitudinal stiffness of the
beam is not increased, and the horizontal seismic
force of the beam body subjected to the damper is
inversus proportional to the time travel curve of the
internal force at the bottom of the main tower, with a
phase difference. ,erefore, the shear force at the
bottom of the tower decreases, and the seismic power
transmitted by the damper is smaller than the arm at
the bottom of the tower, so the bending moment at
the bottom of the tower is reduced more than the
shear force. From the analysis of the damping
mechanism, it can be found that a viscous damper
has a good damping effect and is an ideal damping
device.

(4) ,is article studies the assumption under the
premise that the stiffness, quality, and damping of
the cable-stayed bridge structure itself do not change
significantly. ,e research conclusion is only ap-
plicable to the online elastic range of cable-stayed
bridge structure itself and mainly studies the seismic
response characteristics and damping effect of a
long-span twin-tower cable-stayed bridge in longi-
tudinal direction under the longitudinal seismic
action, while the research on the damping of cable-
stayed bridge with different spans under the trans-
verse seismic action remains to be further studied.
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