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Effects of seismic devices on transverse responses of piers 
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Abstract: The Sutong Bridge in China opened to traffi c in 2008, and is an arterial connection between the cities of 
Nantong and Suzhou. It is a cable-stayed bridge with a main span of 1,088 m. Due to a tight construction schedule and 
lack of suitable seismic devices at the time, fi xed supports were installed between the piers and the girder in the transverse 
direction. As a result, signifi cant transverse seismic forces could occur in the piers and foundations, especially during a return 
period of a 2500-year earthquake. Therefore, the piers, foundations and fi xed bearings had to be designed extraordinarily 
strong. However, when larger earthquakes occur, the bearings, piers and foundations are still vulnerable. The recent rapid 
developments in seismic technology and the performance-based design approach offer a better opportunity to optimize the 
transverse seismic design for the Sutong Bridge piers. The optimized design can be applied to the Sutong Bridge (as a 
retrofi t), as well as other bridges. Seismic design alternatives utilizing viscous fl uid dampers (VFD), or friction pendulum 
sliding bearings (FPSB), or transverse yielding metallic dampers (TYMD) are thoroughly studied in this work, and the results 
are compared with those from the current condition with fi xed transverse supports and a hypothetical condition in which 
only sliding bearings are provided on top of the piers (the girder can move “freely” in the transverse direction during the 
earthquake, except for frictional forces of the sliding bearings). Parametric analyses were performed to optimize the design 
of these proposed seismic devices. From the comparison of the peak bridge responses in these confi gurations, it was found 
that both VFD and TYMD are very effective in the reduction of transverse seismic forces in piers, while at the same time 
keeping the relative transverse displacements between piers and the box girder within acceptable limits. However, compared 
to VFD, TYMD do not interact with the longitudinal displacements of the girder, and have simpler details and lower initial 
and maintenance costs. Although the use of FPSB can also reduce seismic forces, it generally causes the transverse relative 
displacements to be higher than acceptable limits.
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1   Introduction

The Sutong Bridge in China (Fig. 1), an arterial 
connection between the cities of Nantong and Suzhou, 
has a 1,088 m main span and two 500 m side spans. 
The steel box girder superstructure is supported by two 
towers, two transitional piers and four auxiliary piers. 
Each pier is composed of two 60 m-tall freestanding 
concrete columns, which are jointed together at the 
concrete pile caps. Each column has a hollow rectangular 

section, which has out-to-out dimensions of 8.5 m in 
the longitudinal direction and 4.0 m in the transverse 
direction. The pier foundations consist of drilled 
caissons: 19 in each transition pier and each auxiliary 
pier next to a transition pier; and 36 in each auxiliary 
pier next to the tower. The drilled caissons are 2.5 m or 
2.8 m in diameter and about 120 m in length. 

The steel box girder of the Sutong Bridge is 
suspended vertically by stays and can move freely in the 
longitudinal direction, except that longitudinal viscous 
fl uid dampers (VFD) will become effective during 
earthquakes and stoppers will be engaged when the girder 
moves more than 750 mm relative to the tower (Ye et al., 
2005). At the pier locations, sliding bearings have been 
installed to allow for free movements of the girder in 
the longitudinal direction. However, due to the existence 
of friction, these bearings do provide some longitudinal 
restraints, and their effective stiffness is determined by 
the vertical compressions, frictional coeffi cients and 
initial sliding displacement (2 mm). Due to a tight design 

sbfj142
Text Box
Cite as:Shen X, Camara A and Ye A (2015). Effects of seismic devices on transverse responses of piers in the Sutong Bridge. Earthquake Engineering and Engineering Vibration. 14(4):611-623. DOI: 10.1007/s11803-015-0049-7.

sbfj142
Text Box



612                                           EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                             Vol.14

and construction schedule and lack of suitable seismic 
devices, fi xed bearings were employed in the transverse 
direction to restrain relative displacements between 
piers and the steel box girder. This kind of restraint is 
a common transverse means to resist earthquakes for 
cable-stayed bridges.

In order to meet navigational clearance requirements, 
the piers in the Sutong Bridge are very tall, about 60 m. 
It is desirable to keep tall piers in the elastic range 
during earthquakes to avoid excessive permanent 
defl ections at the top of the piers. Furthermore, due to 
their strategic role in the national highway network, 
damage in structural elements during earthquakes are 
not allowed in long span cable-stayed bridges (Camara 
and Astiz, 2012; Hamburger and Hooper, 2011), 
meaning that these structural elements should remain in 
the elastic range even during earthquakes with a return 
period of 2500 years. But due to the existing transverse 
fi xed constraints between the pier tops and the girder, 
large seismic forces could develop in the piers and 
foundations during design earthquakes (a return period 
of 2500 years). Consequently, piers and foundations 
were designed to have large dimensions. Furthermore, 
maximum transverse seismic forces in fi xed bearings 
were 1.39 times their corresponding vertical loads 
(normally, transverse force is 10% of vertical load). As 
a result, special design and detailing were required for 
these bearings.

The above design approach is force-based, in 
which all structural elements should remain elastic 
under design earthquakes. However, during unexpected 
larger earthquakes, higher seismic forces may induce 
signifi cant damage to these structural elements. The 
seismic damage in a cable-stayed bridge has already 
been reported: the tower and auxiliary piers of the Chi-
Lu Bridge (Taiwan, China) suffered signifi cant concrete 
spalling under the transverse seismic loads exerted 
by the Chi-Chi earthquake in 1999 (Chadwell, 2001; 
Chang et al., 2004). To optimize the seismic design of 
the Sutong Bridge, it is necessary to seek better seismic 
devices that can be used at the top of the bridge piers to 
protect structural elements from being damaged.

Since Yao (Yao, 1972) presented the concept of 
structural control as an alternative approach to solve 
seismic safety problems in structural engineering, 
passive control seismic devices have been extensively 
explored.  Seismic devices can be classifi ed into two 
categories: velocity-dependent, e.g. viscous fl uid 
dampers (VFD); and displacement-dependent, such 
as yielding metallic dampers (YMD).  In long span 
bridges, VFD are commonly used as seismic devices in 
the longitudinal direction of the bridge, and have been 
studied extensively in recent decades. Villaverde (2009) 
compared the seismic performance of four types of 
passive dampers: (i) friction dampers; (ii) viscoelastic 
dampers; (iii) VFD; and (iv) YMD. Camara (2011)  
assessed the performance of YMD and VFD in the 
reduction of seismic responses of several cable-stayed 
bridges. McDaniel and his co-authors (McDaniel and 
Seible, 2005; Vader and McDaniel, 2007) addressed 
the infl uence of passive dampers and shear links on 
the seismic performance of the San Francisco-Oakland 
Bay Bridge in both the longitudinal and transverse 
directions. Seven long span bridges in China employed 
VFD  in the longitudinal direction on the piers and/or 
at towers (Peng, 2011). The Rion-Antirion cable-stayed 
bridge (Greece) incorporates VFD on the pier tops in 
the transverse direction. The VFD performed well but 
complex structural details were needed to decouple the 
VFD from the longitudinal displacements of the bridges 
(Pecker, 2004; Tetssandier et al., 2000).

YMD were fi rst proposed by Kelly (Kelly et al., 
1971) to dissipate structural energy by means of nonlinear 
hysteretic cycles of metals. Even though YMD have 
been widely used in building construction and retrofi t 
in recent decades, very few YMD have been used on 
bridges, especially in the case of long span cable-stayed 
bridges. Tyler (1978, 1985) designed bridge-used tapered 
cantilever steel dampers, manufactured with round bars 
or plates. The C-shaped yielding devices were used in 
the Bolu viaduct, which was a 2.3-km-long seismically 
isolated structure in Turkey (Panayiotis et al., 2003). 
YMD with cantilever steel plates are potentially a good 
solution to reduce seismic responses in the transverse 

Nantong Suzhou

SNA SFA ST

Auxiliary piers Transition pier

Main channelNT NFA NNA

Auxiliary piersTransition pier

Fig. 1   Elevation of the Sutong Bridge (units: m)
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direction of cable-stayed bridges, since it not only allows 
for longitudinal displacements of girders, but also shows 
stable hysteretic characteristics that could withstand 
low-cycle fatigue damage under strong ground motions 
(Tsai et al., 1993). This type of damper is referred to 
as a triangular plate yielding metallic damper (TPYMD) 
hereafter.  Camara (2011) extended the application 
of TPYMD to cable-stayed bridges and proved its 
effi ciency in structures with moderate-to-medium spans 
between 200 and 400 m.

FPSB have good recentering capabilities and 
damping properties. Furthermore, they can effectively 
elongate the fi rst vibration periods of structures and 
decrease maximum spectral accelerations. Tsopelas 
tested the effectiveness of friction pendulum sliding 
bearings (FPSB) on bridges by shake table tests. 
Many large bridges in China used FPSB to protect 
the main bridge structural elements from damage 
under severe ground motion (Zhang et al., 2012). The 
results demonstrated that a substantial improvement in 
the seismic performance of the isolated bridge can be 
achieved that will sustain all levels of seismic excitation 
under elastic conditions (Tsopelas et al., 1996). 

Although passive devices have been explored and 
used extensively in the longitudinal direction in cable-
stayed bridges the traverse direction has not. Since it is 
diffi cult to decouple the longitudinal seismic response 
of bridge piers when considering the transverse seismic 
problem, there are very few research work focused 
on the transverse seismic responses of bridges with 
passive dissipators and/or isolator devices, especially 
for long span cable-stayed bridges. This work proposes 
a new kind of seismic device called transverse yield 
metallic dampers (TYMD) combined with sliding 
bearings to solve the seismic problems of bridge piers 
in the transverse direction. Then, compared comparison 
with well-studied seismic devices (VFD and FPSD) is 
conducted to show that the TYMD was able to reliably 
dissipate energy in the transverse bridge piers. Because 
the Sutong Bridge is a typical cable-stayed bridge (basic 
information is presented above), the results can be 
directly extended to other long-span bridges.

2  Model methodology and seismic input of the 
    Sutong Bridge 

A detailed 3D fi nite element model was developed 
in SAP2000 (Fig. 2). The steel box girder, concrete piers 
and towers were modelled by elastic beam elements. 
The yielding strength of the steel girder was 370 MPa, 
the elastic modulus was 210 GPa, the shear modulus 
was 80.7 GPa and the Poisson ratio was 0.3. The 
compressive strength of the concrete in the piers and 
towers is 22.4 MPa, the elastic modulus was 33 GPa, the 
shear modulus was 14.1 GPa and the Poisson ratio was 
0.17. Truss elements were used to model the stay cables, 
which have an equivalent elastic modulus for taking into 
account the sag effects based on Ernst’s theory (Thai 
and Kim, 2008; 2012). Nonlinear geometric (P-Delta) 
effects were included in the analysis as well. Bearings 
were modelled by nonlinear spring elements. Six linear 
elastic springs were placed at the cap bottom to simulate 
the stiffness of the foundations. An incremental iterative 
method was employed to integrate the coupled nonlinear 
system of dynamics based on the Hilber-Hughes-Taylor 
algorithm (Chopra, 2001; Hilber et al., 1977). The three 
fundamental modes are T = 15.39 s (longitudinal), T = 
9.98 s (transverse), and T = 5.63 s (vertical).

Two seismic levels, Level I earthquake (P1, Tr = 
1,000 years) and Level II earthquake (P2, Tr = 2,500 
years), have been considered in the design of the 
Sutong Bridge. Considering their important role in 
a transportation network, structural elements should 
remain elastic under a Level II earthquake. Therefore, 
this study is based on seismic responses from Level 
II earthquakes. Site-specifi c target transverse and 
vertical response spectra (assuming 5% damping) for 
Level II earthquakes were developed by the Earthquake 
Engineering Research Institute of Jiangsu Province. The 
peak spectrum acceleration in the transverse direction is 
3.91 m/s2 in the period range from 0.25 s to 1.08 s. The 
peak spectrum acceleration in the vertical direction is 
2.59 m/s2 from 0.1s to 0.6 s. One (1) set of vertical and 
ten (10) sets of transverse synthetic accelerograms were 
developed from the site-specifi c spectra, as shown in 
Fig. 3(a). Two selected vertical and transverse synthetic 

Fig. 2   Finite element model of the Sutong Bridge
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accelerograms are shown in Figure 3(b) and 3(c). The 
PGA of the transverse acceleration time history record is 
1.68 m/s2 and the PGA of the vertical acceleration time 
history is 1.1 m/s2. The duration of the acceleration time 
history records is 66 s. Analyses were conducted in the 
transverse direction with both transverse and vertical 
ground motions, which were imposed at the foundations 
of the bridge. Seismic responses presented below were 
obtained through averaging the results from 10 sets of 
transverse ground motions, each of which was combined 
with the same set of vertical ground motions.

In the optimization of transverse seismic devices 
for the auxiliary and transition piers in the Sutong 
Bridge, three types of seismic devices were considered: 
(1) VFD plus sliding bearings; (2) FPSB; and (3) 
transverse yielding metallic dampers (TYMD) plus 
sliding bearings. By comparing bending moments at the 
bottom of the piers and pier-girder relative transverse 
displacements, each of those three seismic devices was 
optimized by selecting appropriate design parameters. 
Then the responses of the three optimized seismic device 
systems, “free” bearing system and those of the fi xed 
bearing system (existing condition) were compared to 
determine a superior transverse seismic system for the 
Sutong Bridge.

3   VFD plus sliding bearings

VFD can be used in combination with sliding 
bearings (Fig. 4) to reduce the relative displacements 
between piers and the girder. In order to analyze the 
effects of VFD in structures, mathematical models of 
VFD have been developed, such as Kelvin, Maxwell 
and Wiechert models (Schwahn and Delinic, 1988). In 
this work, the most common Maxwell’s model, which 
defi nes each damper by a dashpot and a spring in parallel, 

Fig. 3   Seismic spectrum and accelerograms for the Sutong Bridge
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was employed.
The damper force can be described by the following 

equation:

d sgn( )f C u u




 


                           

(1)

In this formula,  fd is the force of the VFD; Cα is the viscous 
damping coeffi cient, which is defi ned by the diameter of 
the fl uid cylinder, piston and viscous medium; 



u  is the 
relative velocity and sgn(·) is the sign function; α is the 
velocity exponent, which typically ranges from 0.35 to 1 
for seismic applications (Peng, 2011). If α = 1, the above 
equation represents a linear force-velocity relationship 
in the VFD.

It is evident that the dissipative performance of 
the VFD is governed by two parameters: the viscous 
damping coeffi cient Cα and velocity exponent α. The 
value adopted for the viscous damping coeffi cient Cα in 
this work ranges from 0 to 5,000 kN(s/m)α. When Cα is 
0, it means that there are only sliding bearings installed 
between the girder and pier tops. For the Sutong Bridge 
or other long span cable-stayed bridges, the period of the 
fi rst transverse mode is fairly low, and the peak velocities 
in the transverse direction are fairly high (usually larger 
than 1m/s), making the energy dissipation of the VFD 
insensitive to the value of α (Peng, 2011). Therefore, 
a reasonable value of α = 0.5 was considered in the 
numerical model. 

Figure 5 shows the seismic responses of the bridge 
with the VFD, whose damping coeffi cient, Cα, ranges 
from 0 to 5,000 kN(s/m)0.5 in order to optimize the VFD 
effectiveness.  The peak displacements of the north end 
of the girder (NG) and the south end of the girder (SG) 
are both presented. The pier designations in Fig. 5 are 
shown in Fig. 1. 

The results reveal that by increasing the damping 
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coeffi cient Cα, the relative movements between the pier 
tops and the girder decreases, whilst the damper force 
increases. Meanwhile, bending moments at the pier 
bottom sections are fi rst reduced as Cα increases, reaching 
the minimum values for all piers at almost the same 
value of Cα; then, as Cα increases, the bending moments 
also become larger. This observation is in agreement 
with the results obtained by Siringoringo and Fujino 
(Siringoringo and Fujino, 2005) in the seismic analysis 
of the Yokohama Bay cable-stayed bridge (Japan). The 
above trend of pier bending moments is caused by the 
fact that damper forces are almost 90 degrees out-of- 
phase with the inertial forces of the piers. When the 
damping coeffi cient Cα of the VFD is low, the damper 

forces are relatively small and bending moments in piers 
are dominated by the inertial forces of the piers, i.e. the 
piers vibrate more like free standing high columns; as 
the damping coeffi cient, Cα of the VFD increases, the 
bending moments in the piers become more and more 
governed by the damper forces, i.e. the piers become 
transverse supports for the girder during earthquakes 
and are more effective in restraining transverse girder 
movements.

The results demonstrate that in the transverse 
direction, VFD located between the girder and pier tops 
could be very effective in reducing earthquake responses. 
In order to limit the relative movements between the 
girder and piers to be within the 0.3 m design criteria for 
the Sutong Bridge, a damping velocity exponent, α, of 
0.5 and a damping coeffi cient, Cα, of 3,000 (kN.(s/m)0.5) 
were used, resulting in a peak damper displacement of 
0.285 m and a maximum damper force of 3,360 kN. 

Since the Sutong Bridge may also experience large 
movements in the longitudinal direction, it is diffi cult 
to make VFD effective in the transverse direction. The 
structure should be designed to decouple the VFD from 
the longitudinal displacements, as is the case in the Rion-
Antirion cable-stayed bridge (Greece) mentioned above.

4  Seismic system employing FPSB

FPSB (Fig. 6) are bearings with self-recentering capability.

The girder

VFD

Pier Pier

Sliding
bearing

Sliding
bearing

Fig. 4  VFD plus sliding bearings

0.8

0.6

0.4

0.2

0
0             1            2            3            4            5
       Viscous damping coeffcient Cα (103 kN(s/m)0.5)
      (a) Damper relative displacement at piers top

5

4

3

2

1

0

D
am

pe
r d

is
pl

ac
em

en
t (

m
)

D
am

pe
r f

or
ce

 (1
03 

kN
)

0            1            2            3            4             5
       Viscous damping coeffcient Cα (103 kN(s/m)0.5)
                  (b) Damper force at piers top

660

600

540

480

420

360

300

B
en

di
ng

 m
om

en
t a

t p
ie

r b
ot

to
m

 
   

   
   

  s
ec

tio
ns

 (1
03 

kN
. m

)

0            1            2             3            4            5
       Viscous damping coeffcient Cα (103 kN(s/m)0.5)
      (c) Bending moment at pier bottom sections

0.8

0.6

0.4

0.2

0

G
ird

er
 e

nd
s d

is
pl

ac
em

en
t (

m
)

0            1             2            3            4            5
       Viscous damping coeffcient Cα (103 kN(s/m)0.5)
              (d) Displacement at the ends of girder

Fig. 5   Peak seismic responses with VFD

NT
NFA
NNA
SNA
SFA
ST

NT
NFA
NNA
SNA
SFA
ST

NT
NFA
NNA
SNA
SFA
ST

NG
SG

sbfj142
Text Box



616                                           EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                             Vol.14

The mechanical properties of FPSB under cyclic 
load can be modeled as a bilinear hysteretic model, and 
the post-sliding stiffness of FPSB can be expressed as 
(Tsopelas et al., 1996):

py
WK
R


                                

(2)

where Kpy is the recentering stiffness, W is the vertical 
reaction force under dead load, and R is the radius of 
the curved sliding surface. The elastic stiffness of 
FPSB (KES) depends on the vertical reaction force (W), 
the coeffi cient of kinetic friction (μ) and the elastic 
displacement of FPSB (Δx), as defi ned below (Tsopelas 
et al., 1996):

ES
WK

x



                            (3)

The basic design parameters of FPSB for the 
transition piers and auxiliary piers in the Sutong Bridge 
are presented in Table 1.

The post-sliding stiffness Kpy is an important 
parameter to determine the mechanical properties of 
FPSB. Here, the relative stiffness ratio, η, which is the 
ratio of the recentering stiffness over the elastic stiffness, 
as shown in Eq. (4), is selected as an index to evaluate 
the seismic performance of FPSB for the Sutong Bridge 
in the transverse direction. 

py

ES

K
K

 
                             

(4)

Based on vertical reaction forces and geometrical 
design constraints of FPSB, the radii of FPSB in 
transition piers (NT, ST), auxiliary piers far from the 
towers (NFA, SFA ) and auxiliary piers near the towers 
(NNA, SNA ), were varied from 1.5‒10 m, 1.8‒10 m, 
2.3‒10 m, respectively, and the η ratio, respectively, 
were varied from 0.01‒0.067 (NT, ST), 0.01-0.056 
(NFA, SFA), and 0.01‒0.043 (NNA, SNA).

Relative displacements of FPSB, as shown in Fig. 7(a), 
fi rst increase with η, then as η goes beyond a certain 
value the displacements are reduced. In Fig. 7(b), the 
forces of FPSB increase with the increase of the η ratio. In 
Fig. 7(c), peak bending moments at the bottom sections 
of the piers only become slightly smaller as the η ratio 
increases. The peak transverse displacements at the end 
of the girder fi rst increase, and then become smaller, as 
shown in Fig. 7(d).

It is observed that as the η ratio becomes larger, the 
transverse girder ends displacements and the relative 
displacements of FPSB are only slightly reduced, and 
in all cases they are larger than the displacement design 
limit (0.3 m) for the Sutong Bridge.

5   TYMD plus sliding bearings

Based on the aforementioned research work, YMD 
with triangular geometrical confi guration plates have a 
superior dissipating capacity. In order to apply YMD 
in the transverse direction, the YMD should be able to 
accommodate both the longitudinal displacements and 
the rotations about the transverse direction. 

Thus, a new design, named Transverse Yielding 
Metallic Dampers (TYMD) illustrated in Fig. 8, was 
proposed to be used in the piers of cable-stayed bridges 
in order to reduce the transverse seismic responses. 
TYMD are composed of triangular plates, sliding plates 
and semi-sphere force-conducting units. Two metallic 
semi-sphere conducting force units are located on the 
top of the triangular plate to slide on the surface of 
sliding plates. Thus, TYMD should not only be able to 
move longitudinally, but also reliably transfer transverse 
forces during earthquakes. Because of the restoring 
forces of the stays, cable-stayed bridges are inherently 
self-centering systems. Therefore, TYMD can be used 
in combination with sliding bearings to reduce the 
transverse relative displacements between the girder and 
top of the piers. 

Fig. 6   FPSB on Piers

The girder

FPSB

Pier Pier

Table 1  Basic design parameters of FPSB in the Sutong Bridge

Bearing location Vertical reaction 
force (kN)

Elastic disp. 
(m)

Coeffi cient of 
kinetic friction  

Horizontal friction 
force (kN)

Elastic stiffness 
(kN/m)

Transition piers 2500 0.002 0.02   50 25000
Auxiliary piers far from towers 4500 0.002 0.02   90 45000

Auxiliary piers near towers 6900 0.002 0.02 138 69000
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The mechanical behavior of TYMD can also be 
expressed by a bilinear constitutive model. The yielding 
force of TYMD is determined through the formula 
suggested by Priestley et al. (1996), which is:

pl,TYMD pl,pier0.85 0.9F F    
          

(5)

Fpl,TYMD is the lateral force causing yielding when applied 
on the apex of the TYMD. Fpl,pier is the lateral force on 
the pier tops when initial damage at the pier bottom 
sections appears. The coeffi cient 0.85 is a safety factor 

to ensure that the TYMD devices yield before the piers. 
Furthermore, a reduction of 10% is applied to take into 
account possible variations in the expected damper 
properties, e.g. imperfections during construction 
or deviation of the steel properties. β is the yielding 
level factor, which is introduced in this work to adjust 
the damage level of bridge piers under strong ground 
motions based on the importance of the structure.

Once the yielding force of TYMD is obtained, 
its mechanical parameters can be determined by the 
following formulas:
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(i) Obtain the yielding moment at the bottom section 
of the triangular plate (TP):

2
pl,TP y

1
6

M t B                      (6)

where σy is the yielding stress of the steel; t is thickness 
of the TP; and B is the width of the bottom section.

(ii) Obtain the lateral force that creates the yielding 
moment:

pl,TP
pl,TP

M
F

H
                            (7)

where H is the height of the TP.
(iii) Number of TPs:

pl,TYMD
p

pl,TP

F
N

F
                              (8)

(iv)  Assume that the stress and strain of steel plate 
along the height reaches the yield stress and strain at 
the same time; the elastic stiffness of the TP can be 
expressed as:

3

TP 36
E B tK

H
 


                           (9)

where E is the young’s modulus of the steel.
(v) Obtain transverse yielding displacement of 

TYMD when yielding starts:

pl,TP
pl,TYMD pl,TP

TP

F
x x

K
 

                   
(10)

where xpl,TYMD and xpl,TP are the yielding lateral 
displacement of TYMD and of a TP, respectively.

The relevant design parameters of the TYMD are 
shown in Table 2.

Herein, the material hardening is neglected, resulting 
in an ideal bilinear constitutive material model for the 
TYMD. With this assumption, the displacement results 
are considered conservative, even though this is not the 
case for the forces. However, displacements control the 
design in this case.  

The value of the β factor, which ranges from 10% to 
100%, is introduced to fi nd the optimal balance between 
the bending moments at the pier bottom sections and the 
relative displacements between the girder and the piers.

From the results presented in Figs. 9(a) to 9(d), the 
following observations can be made:

(1) The damper relative displacements decrease with 

the increase of the β factor. This result was expected 
from the combination of equation (5) and (10), because 
the yielding force of TYMD increases with the β factor.

(2) The damper forces increase with the increase 
of the β factor. The peak damper reactions in different 
piers are almost identical because the yielding forces of 
TYMD are the same, as shown in Table 2.

(3) The bending moments at the pier bottom sections, 
as sh  own in Fig. 9(c), reach the lowest values when the 
β factor is between 20% and 40%.

(4) The girder end displacements fi rst decrease as the 
β factor becomes larger; but when the β factor exceeds 
50%, these displacements almost remain constant, 
and below the maximum allowable value (0.3 m), as 
observed in Fig. 9(d). 

These results prove TYMD can be a suitable seismic 
device for the Sutong Bridge, because it provides a high 
energy dissipation capacity during strong earthquakes 
and can reduce both transverse displacements and 
bending moments at the pier bottom sections. A yielding 
level factor β = 50% is selected because the relative 
movements between the girder and piers (damper 
displacements) were kept within acceptable levels, and 
the bending moments in the piers are also acceptable. 
Further increase of the β factor will result in much higher 
bending moments in the piers and more steel plates in 
TYMD. In summary, when the β factor is 50%, the 
maximum damper displacement is 0.324 m (slightly 
larger than the maximum allowed, but still acceptable), 
the maximum damper force is 5098 kN and the number 
of plates is 47 on each single pier top. This demonstrates 
that TYMD presents an ideal dissipating energy 
capacity except that the number of plates seems to be 
large. However, the number of plates can be reduced by 
optimizing the parameters of the triangular plates 
or by special structure design.

6  Discussion of the results

6.1  Comparison of different seismic devices

The optimal parameters of three types of seismic 
devices have been obtained in the preceding sections by 
means of parametric analyses. The transverse seismic 
responses of the bridge with these optimized seismic 
devices, with a “free” system with only sliding bearings 
and those from the existing system with fi xed bearing 

Table 2  Design parameters of TYMD

t (m) B (m) H (m) σy (MPa) E (GPa)
0.03 0.6 0.5 235 210

Fpl,pier (kN) Mpl,TP (kN·m) Fpl,TP (kN) KTP (kN/m) Xpl,TYMD (m)
7780 31.725 63.45 4536 0.014
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are compared in order to obtain a more complete picture 
of the transverse seismic responses of the piers in the 
Sutong Bridge. 

The following conclusions can be obtained from 
results in Table 3:

(1) By utilizing the VFD, the transverse girder 
ends displacements can be reduced to 40% of the value 
observed in the “free” system; and transverse bending 
moments at the pier bottom sections may be reduced to 
54% of those in the existing Sutong Bridge. Furthermore, 
the relative peak displacement between the girder and 
piers is below 0.3 m.

(2) FPSB, compared with the “free” system, 
provides a slight reduction of transverse girder end 
displacements and transverse bending moments at the 
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Fig. 9   Seismic peak responses with TYMD

Table 3   Peak responses of seismic devices under synthetic record of Sutong Bridge

VFD FPSB TYMD Free Fix
Optimal parameters Cα = 3000, α = 0.5  η = 0.048 Β = 50% __ __
Displacements at end of 
girder (m)

0.303 (NG) 0.728 (NG) 0.3    (NG) 0.762 (NG) 0.251 (NG)

Bending moments at pier 
bottom section (kN.m)

456000 (NT) 625996 (SNA) 542260  (NT) 646722 (SNA) 839012 (NT)

Seismic device relative 
displacement (m)

0.285  (NNA) 0.778  (NT) 0.324 (NNA) 0.843  (NT) 0  (all)

Seismic device force (kN) 3360 (NNA) 1091 (SNA) 2976  (all) 138  (NNA) 12204 (NNA)

pier bottom sections, but the transverse movements of 
FPSB is inadmissibly large.

(3) Compared to the “free” system, TYMD reduces 
transverse girder end displacements to 39%, and 
transverse bending moments in the pier bottom sections 
may be reduced to 65% of those in the existing Sutong 
Bridge;. 

(4) From the results of these fi ve seismic systems, 
VFD and TYMD present good capacities in reducing the 
seismic response of the bridge piers and foundations.

As illustrated in Table 3, the largest seismic 
responses of the studied devices are recorded at the north 
auxiliary pier (NNA), close to the north tower. The force-
displacement responses of the three seismic devices at 
this pier are presented in Fig. 10, which came from one 

NG
SG
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specifi c accelerogram (seismic input by combination 
transverse direction with vertical direction). The average 
dissipative energy of each seismic device is presented 
Fig. 11, which was obtained by averaging the results 
from all ten sets of ground motion records.

Figures 10 and 11 show that the shapes of the force-
displacement responses of VFD are fully elliptical, 
meaning VFD is effective in dissipating energy,  while 
those of FPSB is very narrow, meaning it is not effective in 
dissipating energy. The hysteretic dissipation of TYMD 
is similar to that of the VFD. In addition, TYMD could 
easily be designed to yield under different earthquake 
intensities. The average energy dissipation of VFD is 
the largest one and the energy dissipation of TYMD is 
only slightly smaller than VFD. The FPSB effi ciency, in 
terms of energy dissipation, is poor, proving once again 
that this is not the ideal option to reduce the transverse 
seismic responses of the piers in the Sutong Bridge.

6.2 Check the effectiveness of seismic devices by  
       observed seismic records

In order to check the effective dissipative energy 
of the seismic devices under observed accelerograms, 
Loma Prieta record and Chi-Chi record were selected 

since they have the same site classifi cation as  the Sutong 
Bridge in terms of shear wave velocities (Vs is less than 
140 m/s). The elastic acceleration response spectra of 
one synthetic record of the Sutong Bridge, Loma Prieta 
record and Chi-Chi record are compared and shown in 
Fig. 12(a). The transverse and vertical acceleration time 
history records of Loma Prieta and Chi-Chi are shown in 
Figs. 12(b) and 12(c), respectively.

The seismic performance of VFD, FPSB, TYMD 
(seismic device with its optimal parameter which is 
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analyzed by the Sutong site-specifi c seismic input), free 
system and fi xed system are compared and checked by 
Loma Prieta and Chi-Chi records, and shown in Table 4. 
The strong motion station of the Chi-Chi earthquake is 
“TCU116” and the strong motion station of the Loma 
Prieta earthquake is “0005, FOSTER CITY -REDWOOD 
SHORES”.

For the Chi-Chi record, VFD and TYMD performed 
ideally with the optimized parameters. However, for the 
Loma Prieta record, the “free” case resulted in a larger 
bending moment at the pier bottom section than the 
fi xed system. This is because the elastic acceleration 
spectrum of the Loma Prieta record abruptly increases 
in the period range between 1 s and 4s, in which periods 
of the main transverse modes of the piers in the “free” 
case locate. The parameters of VFD and TYMD should 
be optimized using the Loma Prieta record in order to 
satisfy the criteria of seismic responses, particularly the 
relative displacements of seismic devices. However, 
the dissipative energy capacity of fi ve types of different 

seismic systems obtained the same conclusion for the 
Loma Prieta and Chi-Chi records, as well as the Sutong 
record which was explicitly analyzed before. 

7   Conclusions

Three-dimensional nonlinear time history analyses 
were conducted to study the infl uence of seismic systems 
on the transverse seismic responses of the Sutong Bridge 
under large ground shaking. Three seismic devices were 
considered in this study: VFD, FPSB and TYMD. 

The results revealed that by using VFD between 
the girder and pier tops in the transverse direction of 
the Sutong Bridge, it effectively reduces the seismic 
response of the bridge. VFD possess the best energy 
dissipation capacity among the three seismic devices. 

The seismic performance of FPSB depends on the 
vertical reaction force. In cable-stayed bridges, the 
bearing force is small because the cables transfer most 
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Fig. 12    Seismic records from Loma Prieta and Chi-Chi earthquakes

Transverse record of Loma Priera
Vertical record of Loma Priera
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Transverse record of Sutong Bridge
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Vertical record of  Chi-Chi
Transverse record of  Chi-Chi

Table 4   Peak responses of seismic devices under real seismic records

VFD FPSB TYMD Free Fix
Optimal parameters Loma Prieta Cα = 3000, α = 0.5 η = 0.048 β = 50% __ __

Chi-Chi
Displacement at the end of 

girder (m)
Loma Prieta 0.387 0.671 0.312 0.663 0.268

Chi-Chi 0.373 1.68 0.2 1.067 0.205
Bending moment at pier 
bottom section (kN.m)

Loma Prieta 827022 1497299 749412 1700048 1300696
Chi-Chi 488188 549446 478738 594115 881720

Seismic device relative 
displacement (m)

Loma Prieta 0.512 0.847 0.534 0.707 0
Chi-Chi 0.345 1.551 0.235 1.136 0

Seismic device force (kN) Loma Prieta 4858 2173 2976 138 19879
Chi-Chi 3204 3080 2976 138 11836
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of the dead load to the tower. Consequently, the energy 
dissipating effi ciency of this device is poor. 

TYMD may offer an outstanding seismic performance 
in a cost effi cient way. The yielding level β factor can 
be adjusted to optimize the seismic responses of piers 
in the transverse direction. When β = 50%, the energy 
dissipated through the device is rather satisfactory, being 
similar to that obtained with VFD. Thus, key elements 
of the bridge substructure can remain in the elastic range 
during severe ground shaking. 

Considering that the Sutong Bridge allows large 
deformations in the longitudinal direction, it is thus 
diffi cult to make VFD effective in the transverse 
direction, unless a special structure is designed. 
The ability of TYMD to adapt to the longitudinal 
deformation, its cost effi ciency, the ease of fabrication 
and its low maintenance make it a superior transverse 
passive seismic device for piers in the Sutong Bridge.
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