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Abstract. This paper investigates the seismic response of a typical non-navigable continuous girder bridge isolated with
friction sliding bearings of the Hong Kong-Zhuhai-Macao link projects in China. The effectiveness of the friction pendulum
system (FPS) and accuracy of the numerical model were evaluated by a 1/20 scaled bridge model using shaking table tests.
Based on the hysteretic properties of friction pendulum system (FPS), double concave friction pendulum (DCFP), and triple
friction pendulum system (TFPS), seismic response analyses of isolated bridges with the three sliding-type bearings are
systematically carried out considering soil-pile interaction under offshore soft clay conditions. The fast nonlinear analysis (FNA)
method and response spectrum are employed to investigate the seismic response of isolated offshore bridge structures. The
numerical results show that the implementation of the three sliding-type bearings effectively reduce the base shear and bending
moment of the reinforced concrete pier, at the cost of increasing the absolute displacement of the bridge superstructure.
Furthermore, the TFPS and DCFP bearings show better isolation effect than FPS bearing for the example continuous girder
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bridge.
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1. Introduction

With the rapid development of China’s economy,
transport infrastructure such as offshore bridges need to be
constructed in the coastal area of southeast China, most of
which are located in moderate or high seismic regions on
the Chinese seismic hazard map. Some highway bridges
that have followed the seismic design codes and
specifications suffered severe bearing damages or even
unseating of the superstructures during the 2008 Wenchuan
earthquake in China (Han et al. 2009), which highlights the
poor displacement capacity of the bridge bearings. Bridge
bearings are vulnerable components when bridge structures
subject to earthquake excitations, therefore the seismic
performance of bridge bearings have been investigated
extensively (Han et al. 2012, Peng and Wu 2017).
Currently, there are two seismic design approaches
available for reducing destructive effects caused by strong
earthquakes. One is to use isolation device, which is a
strategy that attempts to reduce the seismic forces to near
the elastic capacity of structural members, thereby
eliminating or reducing the inelastic deformations. The
main concept of isolation is to reduce the fundamental
frequency of structural vibration to a value lower than the
predominant energy-containing frequencies of the
earthquake. The other is to use energy dissipation device or
increase damping, which is intended to reduce seismic
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energy input into the structure. Therefore, it is possible to
control large plastic deformations caused by the natural
period elongation. Both these beneficial effects are typically
realized by using non-linear devices, which can ensure a
minimum required linear horizontal stiffness under small
deformations. This stiffness decreases due to nonlinear
response, decoupling deck from pier under strong seismic
events, and then increasing protection efficiency.

Laminated rubber bearings, such as the high damping
rubber bearing (HDRB) system and the lead rubber bearing
(LRB) system, have been extensively used in seismic
isolation system. However, the mechanical property of
rubber bearings makes them vulnerable to marine erosion
environment and the future replacement is very difficult due
to the heavy weight of the superstructure in offshore
bridges. Therefore, the sliding bearings, which have high
bearing capacity and favorable durability (Castaldo et al.
2015), provide a better solution for bridge seismic isolation
system. The sliding isolators can be generally classified into
three categories: (1) the friction pendulum system (FPS),
which was proposed by Zayas et al. (1987) and has been
proved to be an efficient device in reduction of the seismic
responses of structures (Saha et al. 2018, Castaldo et al.
2015) (2) the double concave friction pendulum (DCFP),
which was introduced by researchers (Constantinou 2004,
Fenz and Constantinou 2006). The seismic response
characteristics of structures with DCFP bearings have been
reported by Kim and Yun (2007) and Faramarz and
Montazar (2010). (3) the triple friction pendulum system
(TFPS), which has four or more sliding surfaces as well as
adaptive stiffness and damping properties, is especially
suitable for being incorporated with performance based
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Fig. 1 The bridge in construction

seismic design (Billah and Alam 2016, Catalan and Foti
2015). Fenz and Constantinou (2008a, b), Fadi and
Constantinou (2010) investigated the mechanical behavior
and the series model of TFPS with four sliding surfaces.
Tsai et al. (2006, 2010) established the lateral force-
displacement relationship of the bearing with numerous
concave sliding interfaces through experimental research.
Han et al. (2012) developed the multi-spherical sliding
friction isolation bearings to meet the requirement of
offshore bridges in high seismic regions for isolation
bearings. Amiri et al. (2016) proposed a direct
displacement-based design procedure for a continuous deck
bridge isolated with triple friction pendulum bearings.

The seismic response of a typical non-navigable
continuous girder bridge isolated with friction sliding
bearings in the Hong Kong-Zhuhai-Macao link projects of
China was investigated in this paper. The effectiveness of
FPS and accuracy of the numerical model were evaluated
by a 1/20 scaled bridge model using shaking table tests
results by Du et al. (2016), Kang et al. (2014). The seismic
response analyses of isolated bridges with three sliding-type
of bearings were carried out considering soil-pile
interaction under offshore soft clay conditions based on
hysteretic properties of FPS, DCFP, and TFPS. The fast
nonlinear analysis (FNA) method and response spectrum
analysis were employed to investigate seismic response of
the isolated offshore bridge structures. Hysteretic
characteristics and seismic isolation effect of the three types
of bearings were compared to provide reference for bridge
seismic isolation design.

2. Description of the Non-navigable Bridge

The examined offshore bridge is a typical continuous
girder bridge in the Hong Kong-Zhuhai-Macao link projects
of China. In the shallow water non-navigable region, a
multi-span composite continuous girder bridge is adopted.
The arrangement of the non-navigable bridge is 6x85000
mm as one continuous unit, as shown in Fig. 1.

The composite single-cell box girders with a deck width

of 16300 m and a deck height of 4300 mm are used for the
example bridge. The composite girder consists of open-
topped steel trough and top slab made of C60 marine
durable concrete, which are tied together by shear
connectors on top flange plates of the steel trough and small
longitudinal girder. Truss diaphragm is used for the
composite girder and there is one web stiffening rib
between the adjacent diaphragms. Cross section of the
bridge is shown in Fig. 2.

The plane dimension of the bent cap is 23500 mmx4000
mm. Hollow section with thin-wall is adopted for the bridge
pier. The external dimension of the pier is 11000 mmx 3500
mm and the thickness of the wall varies from 1200 to 1700
mm. The dimensions of the pier are as shown in Fig. 3.
Prefabricated cushion caps and piers are used to construct
the bridge substructure. The bridge is equipped with four
bearings at each pier location for a total of 28 bearings. The
bearings are directly located above the bent cap of the thin-
wall columns.

Composite steel tube piles are utilized for the
foundation. The pile length ranges from 4500 mm to 35500
mm, and 6 piles are employed for each pier. Diameter of the
steel tube is 2000 mm, and dimension of the cushion cap is
15600 mmx11400 mm. Low pier regions, where the height
of the pier is 23750 mm and the length of the pile is
20000mm, are selected for investigation in this paper.

3. Friction pendulum bearing
3.1 Friction pendulum system (FPS)

The friction pendulum system consists of a spherical
stainless steel surface, an articulated slider and a housing
plate, as shown in Fig. 4(a). Based on the working
mechanisms and dynamic equilibriums, the force-
displacement relationship and natural period of the FPS
bearing are given by Eq. (1) and Eq. (2), the first term of the
right hand side of Eq. (1) represents the restoring force
mechanism related to the curvature of the sliding surface.

oW

d + W sgn(@) 1)

eff

T=27R, /g @)

where W is the vertical load, Re is the equivalent radius of
the sliding surface (Res=R-h, where R is the radius of the
concave and h is part height of the articulated slider), d is
the relative displacement, u is the friction coefficient
between the sliding surfaces, 8 is the sliding velocity, sgn
is the signum function. Eq. (2) shows that the natural period
of vibration is independent of the mass of the
superstructure.

3.2 Double concave friction pendulum (DCFP)

The double concave friction pendulum bearings as
shown in Fig. 4(b) are made of two concave surfaces, which
are called upper concave surface and lower concave
surface, respectively. The friction coefficients (uy, u,) of the
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Fig. 3 Structure diagram of the pier (Unit: mm)

two concave surfaces were taken with different values. The
restoring force and natural period of the DCFP bearing are
given by the following equations (Constantinou 2004, Fenz
and Constantinou 2006)

F = W d + flReffl + fZReffZ (3)

Reffl + ReffZ Reffl + ReffZ

T= 277\[(Reff1+Reffz)/g 4)

Where Ry and Regro are the equivalent radii of the two
sliding surfaces, f; and f, are the friction force of the two
sliding surfaces.

3.3 Triple friction pendulum system (TFPS)

The triple friction pendulum system consists of two
facing concave stainless steel surfaces separated by an
internal nested slider assembly, which is made of two
concave slide plates separated by a rigid slider, as shown in
Fig. 4(c). TFPS has four sliding concave surfaces with the
radii R;=R, and R,=Rj, and four coefficients of friction.
These bearings are fully passive devices that exhibit

(b) DCFP

Rigid Slider

(c) TFPS
Fig. 4 Cross section of the three bearings
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Fig. 5 The elevation drawing of the bridge model (unit: mm)

() The scaled bridge model

(b) FPS bearing

Fig. 6 Shake table test setup

Table 1 Similarity relation between model and prototype

Physical Similarity Physical Similarity

quantity ratio quantity ratio
length 1/20 acceleration 1.0
time 1/420 velocity 1/420
stress 1.0 displacement 1/20
weight 1/400 density 20

adaptive stiffness and damping behavior, which results from
the internal construction of the bearings. The force-
displacement relationship of the bearing is established,
according to the dynamic equilibrium and geometrical
relationship of the sliding surfaces, and the mechanical
properties are shown in literatures (Fenz and Constantinou
2008a, b).

4. Experimental investigation of the bridge isolated
with FPS

To investigate the seismic response characteristics of the
prototype offshore bridge isolated by FPS, a scaled bridge
model was constructed and tested using shaking table tests
(Du et al. 2016, Kang et al. 2014), as shown in Fig. 5 and
Fig. 6. The scaled bridge model was then reused and tested
with ordinary bearings as the benchmark model. The scaled
bridge is 13 m long and has 6 spans with a spacing of 2 m.
The focus of the test is the mechanical behavior of the
isolation bearing, hence steel tube piers which remain
within the elastic range during the test were utilized to
preclude the influence from potential damage of reinforced
concrete piers. Since the bridge deck is expected to exhibit
rigid-body motion under horizontal excitations, the mass
similarity is the main requirement for the deck model.
Reinforced concrete blocks are placed on the top of girder,
resulting in a total weight of 473.0 kN for the deck model.

Considering the shake table capacity, a scaling factor of
1/20 is used for the bridge model. Similarity relation
between the model and prototype is given in Table 1. The
horizontal ground motion recorded from San Fernando

earthquake was compressed in time by a factor of 1/v/20
to satisfy the similitude requirements of the shake table test,
as shown in Fig. 7(a).Numerical model of the shake table
test is established. Experimental and numerical results of
the center pier are shown in Figs. 7(b)-(e).

Fig. 7(b) shows the experimental and numerical
hysteretic loops of the FPS isolation system, which matches
with the theoretical one well and shows the desired
mechanical properties as described in section 3.1. Figs.
7(c)-(d) compares the shear responses of the bridge piers
with and without FPS isolation system. The maximum shear
force of the non-isolated bridge pier is 54.85 kN whereas
that of the isolated bridge pier is 5.83 kN. Shear force ratio
between the isolated and non-isolated bridge pier is
approximately 1/3.27~1/9.41, indicating the effectiveness of
the FPS bearing. Displacement responses of the bridge
girder to pier top is shown in Fig. 7(e). The mean
displacement value of FPS bearing under severe earthquake
ranges from 1.628 to 3.56 cm, satisfying the displacement
restriction, while the relative displacement of the pier top
ranges from 1.364 to 3.981 cm, verifying that the bridge
pier remain in elastic stage. From Figs. 7(b)-(e), it can be
seen that the numerical results agree well with the test
results.

5. Finite element model of the bridge
5.1 Modeling of bridge structure
Shake table tests verify the effectiveness of FPS bearing

and the accuracy of the numerical model. Based on shake
table test results, finite element model of the whole isolated
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prototype bridge is established to comprehensively
investigate isolation effect of the three sliding-type
bearings. The base isolation system aims to reduce the
earthquake response to keep the bridge in the elastic range.
Hence, the bridge superstructure, piers and pile foundation
are assumed to remain in the elastic state during the
earthquake excitation. Both the superstructure and
substructure of the offshore bridge are modelled by elastic
frame elements to improve computational efficiency. The
mass of the element is assumed to be distributed between
the two adjacent nodes in the form of point mass. The effect
of non-structural elements to the stiffness of the bridge
girder is neglected.

5.2 Modelling of friction sliding bearings

As the earthquake response of the isolated bridge is
greatly influenced by the type of sliding isolators, particular
attention is paid to the simulation of the mechanical
behavior of the isolators. The Friction pendulum isolator
and Gap elements are employed to model the three types of
bearings. The Friction pendulum isolator in the commercial
software SAP2000 is a biaxial hysteretic element for two
shear deformations in horizontal directions. The post-elastic

Table 2 The property of each element in the series model of
DCFP bearing

Series Friction Equivalent Rate
bearing coefficient radius parameter
FPS,; Hm1= M Rmi= Reff1 am1= ag
FPS, Hm2= U2 Rm2= Refr2 dm2= az

stiffness of the FP element in two shear directions can be
computed using the radius of curvature of the sliding
surface considered whereas the uncoupled gap element is
assigned to the axial direction. Linear properties of the FP
element are only used for translational deformations.

The FP element is used to simulate the behavior of FPS
bearings. As for DCFP bearing, under the condition of u;<u,
and Rgm=Resr, considering structural relationship with FPS
bearing, a series model of two FP elements is employed to
simulate its mechanical properties, as shown in Fig. 8(a).
The parameters of each element in the series model of
DCFP bearing is given in Table 2. A series model of three
FP elements is utilized to model TFPS bearing (Fenz and
Constantinou 2008c), and the displacement restrainer is
modeled by a GAP element, as depicted in Fig. 8(b). The
property of each element in the series model of TFPS
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Table 3 The property of each element in the series model of TFPS bearing

Series bearing  Friction coefficient ~ Equivalent radius

Displacement limit Rate parameter
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(b) TFPS

Fig. 8 The series models of bearings

bearing is given in Table 3.

In Tables 2 and 3, gmi, Rmi, @mi» Dmi are the friction
coefficient, equivalent radius, rate parameter and
displacement limit, of the ith spherical surface for the series
model, and 4, R;, &, D; are the friction coefficient,
equivalent radius, rate parameter and displacement limit, of
the ith spherical surface for the actual bearing, respectively.

With reference to the design documents, the
fundamental vibration period of the isolated non-navigable
bridge is approximate 2.5 s, hence the effective radius,
Ref=1550 mm, is selected to yield a pendulum period equal
to 2.5 s (Eq. (2)) and the friction coefficient is set to be 0.1.
The dimension, radius and maximum friction coefficient of
DCFP and TFPS bearings are identical to the FPS bearings
and basic parameters of the three bearings are summarized
in Table 4.

force-displacement relationship between numerical and
analytical analysis is shown in Fig. 9, where a good
agreement is found.

5.3 Soil-pile interaction

Nonlinear Winkler foundation approach (Heidari et al.
2014) was adapted to model the soil-pile interaction, where
beam-column elements represent the piles and nonlinear p-y
springs represent the soil, as shown in Fig. 10. The p-y
springs were used to simulate the lateral confinements in
both transverse and longitudinal directions. Because the
dynamic behavior of a continuous bridge system is mostly
excited in the horizontal direction, the friction between the
soil and pile was not taken into consideration and pinned
connections were used at the bottom of piles.

The p-y elements in clay followed the relationships
developed by Matlock (1970). The lateral soil resistance-
deflection (p-y) relationships for sand followed the API
(2000). The following equations are used to determine the
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Table 4 The basic parameter values of bearings
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Rate parameter a (sec/m)

Type Height h;(mm) Radius Re (mm) Nominal displacement (mm)  Friction coefficient u
FPS h=200 Re=1550 d=270 £=0.06-0.1 0.1
DCFP h1:h2:100 Reffl:Reff2:155O d]_ d2:150 ,Ll]_:0.03'0.06, ﬂ22006'01 0.1
=0.03-0.06
hi=h,=100 R =R¢xs=1550 d,=d,=100 1
TFPS 14 effl™ Ceffé 1T =113=0.02-0.04 0.1
h2:h3:50 ReffzzReff3:350 d2:d3:35 #2/';:‘2006_01
*The first value of friction coefficient x is for slow velocity and the second value for fast velocity.
Superstructure
/U vy
T ile Cap VU oy spring
-~ T \ //’\\
~._J1__-1"°"° Frame
element
Sand p-y model
Fig. 10 The pile-soil interaction model
Table 5 The basic soil parameters
Depth (m)  Soil type Parameters
. k=17.74 kN/m®, C,=3.01, C,=3.45,
0-5 Silt C,=28, 7=16.3 KN/m"
: C= 30 MPa, &5,=0.025,
513 Clay 7=18.5 KN/, J=0.25
13-20 Sand k=5 kN/m°, C,=3.01, C,=3.45,

Fig. 11 Finite element model of the isolated bridge

relationships for sand.

P =(C,xH+C,xD)xyxH (5)
Py =CyxDxyxH )
Py :min{pus, pud} (@)
P=Ax puxtanh{i: : xy} €))

where P, is the ultimate lateral bearing capacity of sand
determined by shallow depths, P, is the ultimate lateral
bearing capacity of sand determined by deep depths. y is
effective unit weight of soil. D is the average pile diameter

C4=28, y=20.3 kN/m°

EL-Centro

Taft-69Deg

Landers
—— San Fernando
—— Taft -339 Deg
—— Loma Prieta
— Aurtificial
=== Standard Design Spectra
= = Average scaled

20

Acceleration (g)

Period T (s)
Fig. 12 Response spectrum of selected ground motions

from top to the bottom. H is the depth of sand. C;, C,, Cs
are coefficients determined by API (2000). P, is the lower
value of B,; and P,; which should be used as the ultimate
bearing capacity at depth H. A is the factor for cyclic
loading condition. k is the initial modulus of subgrade
reaction. y is the lateral deflection of sand.

The pile length of the offshore bridge is 20000 mm and
the diameter of the pile is 2000 mm. Consequently, 42
springs are used along the pile length with the interval to be
1000 mm. The basic soil parameters needed for calculating
the values of the p-y curve are listed in Table 5. Finite
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Table 6 The selected earthquake ground motions

Earthquake Name Date Station Magnitude Distance (km) PGA Scaled factor

Imperial Valley 1940 EL-Centro 6.95 6.09 0.34g 0.73
Taft-69 Deg 1952 Lincoln School 7.36 38.89 0.16g 1.56
Landers 1992 Joshua Tree 7.28 11.03 0.299 0.86

San Fernando 1971 Palmdale Fire Station 6.61 28.99 0.27g 1.08
Taft-339 Deg 1952 Lincoln School 7.36 38.39 0.18g 1.38
Loma Prieta 1989 Anderson Dam 6.9 20.26 0.48¢g 1.93

Table 7 Seismic responses of the bearing under earthquake excitations
. Longitudinal displacement (mm) Shear force (kN)

Ground motion FPS DCFP TFPS FPS DCFP TFPS
EL-Centro 115.9 222.8 209.3 2653 2247 2301
Taft-69Deg 220.7 221.2 223.1 3648 2203 2372

Landers 98.0 125.5 1111 2453 1758 1640
San Fernando 1315 175.8 181.5 2833 2064 2073

Taft -339 Deg 117.9 207.5 215.0 2683 1851 2347

Loma Prieta 98.2 137.2 164.4 2464 1811 1916
Artificial 156.7 153.7 2414 3082 1948 2598
Mean value 134.1 177.7 192.3 2831 1983 2178

element model of the bridge established based on the
abovementioned techniques is shown in Fig. 11.

6. Fast nonlinear analysis

Fast Nonlinear Analysis method was used in time
history analysis of the bridge structure. The method is
efficient, particularly for structural systems which are
primarily linear elastic but have a limited number of
predefined nonlinear elements. The nonlinear forces are
treated as external loads and modified modal equations are
formed. FNA method avoids the calculation of stiffness
matrix at each time step and hence it is several magnitudes
faster than the traditional nonlinear integration method. The
analysis was performed with the program SAP2000,
Version 14.1.0, using the Fast Nonlinear Analysis (FNA)
method with a large number of Ritz vectors (140) so that
the results are basically accurate.

6.1 Selection of the ground motions

Seismic fortification intensity of the offshore region
where the prototype bridge located is 8 degree as per
seismic hazard map of China. The site class of the bridge
location is IlI, the characteristic period is T4=0.65 s, the
design basic acceleration of ground motion is A=0.249 g,
the coefficient of seismic importance of a bridge is Ci=1.7,
the coefficient of the site is Cy=1.2, the coefficient of
damping modification is Cy=1.0. Design spectra is
established in accordance with Guideline for seismic design
of highway bridges (JTG/T 2008) based on the predefined
parameters. Earthquake ground motions were selected by
controlling average spectra values at two frequency ranges,
namely, the 0.1-T, (where T, is the characteristic period of
the site )platform and the fundamental vibration period of
the global bridge vibrations. The difference between a real

ground motion and the design spectra at the two frequency
ranges should not exceed 10%-20%. Seven ground motions
with a probability of exceedance of 5% in 120 years (P3
level) and a peak ground acceleration of 0.249 g were
selected to conduct dynamic analyses. The selected
earthquake ground motions are listed in Table 6 and the
response spectra of selected ground motions and the design
spectra are shown in Fig. 12.

6.2 Response results

The seven selected ground motions were input in the
longitudinal direction of the offshore bridge models, which
were isolated by three types of friction sliding bearings, and
the seismic response of each bridge model was obtained
through FNA analysis.

6.2.1 Responses of the bearings

Fig. 13 shows the force-deformation behavior of the
bearing under the selected ground motions. The peak
displacement and shear force of the bearing are listed in
Table 7.

Bi-linear behavior of FPS is observed in Fig. 13,
revealing the fact that FPS begins sliding after exceeding
the static friction force. Post-elastic stiffness of DCFP is
smaller than that of FPS, and a second stiffness occurs in
the case of large bearing displacement, indicating tri-linear
behavior. Due to the existence of multiple spherical sliding
surfaces, TFPS exhibits multi-linear behavior and adaptive
stiffness. However, the hysteretic loop of TFPS under
certain earthquake ground motion (for example Landers
ground motion) is found not to exactly follow the
theoretical multi-linear curves as shown in Fig. 9. This is
because the displacement responses of the bearing under
these ground motions are relatively smaller than the
displacement limit value that is capable of changing the
stiffness of the bearing.
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Fig. 13 Hysteretic behavior of bearings per input earthquakes
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Fig. 14 Accumulative energy dissipation of the three types of bearings per input earthquakes
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Fig. 15 Time history response of shear force of pier bottom

There are significant differences in displacement and
shear force responses among the three types of bearings

when subjected to the same earthquake excitation, as
demonstrated in Table 7. For instance, under the Taft-339
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Table 8 Maximum response of bridge per input earthquakes
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Ground Shear force (kN) Bending moment(kN -m) Displacement(mm)
motion FPS DCFP TFPS FPS DCFP TFPS FPS DCFP TFPS
EL-Centro 10581 9489 10216 127865 117844 126061 77 71 76
Taft-69Deg 12365 10459 10456 150487 131540 126359 91 79 76
Landers 8924 7188 6887 107723 87704 83841 65 53 50
San Fernando 12295 11759 9217 150119 146943 111602 91 88 67
Taft -339 Deg 9887 10609 10390 120501 133374 124572 73 80 75
Loma Prieta 10048 9055 9118 122524 114043 113097 74 68 73
Artificial 11575 11181 10994 140635 139426 135500 85 84 82
Mean value 10810 9963 9897 131402 124563 120147 79 75 72
Table 9 Response spectrum analysis of the isolated bridge
Type Displac_ement of Shear f_orce of Shear fqrce of Bending moment of Displa_cement of
the bearing (mm) the bearing (kN) bottom pier (KN) bottom pier (KN.m) top pier (mm)
FPS 122.23 2629 9774 116820 70.73
DCFP 176.91 1912 7859 92503 56.20
TFPS 164.80 1856 7527 86002 52.41

Deg earthquake excitation, the displacements of FPS, DCFP
and TFPS bearings are 117.9 mm, 207.5 mm, 215.0 mm,
respectively. The displacement of FPS is about 56.8% and
54% of the values of DCFP and TFPS, respectively. The
shear forces of FPS, DCFP and TFPS bearings are 2683 kN,
1851 kN, 2347 kN, respectively. The shear forces of DCFP
and TFPS are found to be smaller than that of FPS by 31%
and 13%, respectively. Great variances in displacement and
shear responses of the same bearing under different
earthquake excitation are also observed. The peak
displacement and shear force responses of FPS subjected to
Landers ground motion are 98 mm and 2453 kN, while
those values under Taft-69 Deg ground motion are 220 mm
and 3648 kN.

There are great variances in seismic response of the
bearing when subjected to different earthquake excitations.
The seismic responses of FPS, DCFP and TFPS bearings
indicate that the bearing displacements of TFPS are slightly
larger than those of DCFP (see Table 5). In addition, both
TFPS and DCFP are capable of generating significantly
larger horizontal displacements than FPS. In general, TFPS
exhibits multi-linear behavior with small stiffness, DCFP
exhibits tri-linear behavior with moderate stiffness, and FPS
exhibits bi-linear behavior with large stiffness. Fig. 14
shows the accumulative energy dissipation of the three
types of bearings. It can be seen that energy dissipation of
the bearings varies greatly under different earthquake
excitations. However, the energy dissipated by DCFP
bearing is the largest and that of TFPS bearing is the
smallest in all cases.

6.2.2 Responses of the bridge piers

Bridge piers, which are the main structural members of
a bridge, are vulnerable when subjected to severe
earthquakes. Hence, seismic response analysis of the bridge
piers can better illustrate isolation effect of the three types
of bearings. Fig. 15 shows the time history response of
shear force of pier bottom under 7 earthquake ground
motions. When subjected to the given ground motions,

reductions in seismic responses of bridge piers isolated by
DCFP and TFPS bearings are observed compared to those
isolated by FPS bearing. At the initial stage of earthquake
excitation, shear forces of bridge piers isolated by DCFP
and TFPS bearings decrease synchronously with those of
FPS isolated bridge piers. While at the middle and later
time of earthquake excitations, amplitude of the shear
response is smaller than that of FPS isolated bridge and
period shift and phase hysteresis also occur. Compared with
the bridge isolated by DCFP bearings, the response
amplitude of the bridge isolated by TFPS is reduced slightly
and the change of vibration period is not obvious. This may
be due to the low earthquake intensity that results in little or
not significant displacement on number 2 and 3 surfaces of
TFPS bearing, in which TFPS works as DCFP. Hence,
TFPS exhibits similar behavior as DCFP.

Table 8 lists the peak responses of the bridge piers.
Shear force and bending moment of the bottom of the pier
and displacement of the top of the pier of the bridge with
DCFP and TFPS bearings are smaller than those of bridge
with FPS bearing. There is great variance in the seismic
response of bridge piers when subjected to different
earthquake excitations. Under San Fernando earthquake
excitation, the reduction ratios for shear force, bending
moment, and displacement of bridge piers utilizing DCFP
bearing are 4%, 2%, 3%, respectively, while those for TFPS
bearings are 29%, 25%, 26%, respectively. When subjected
to the EL-Centro earthquake excitation, the shear force,
bending moment, and displacement of the bridge pier
utilizing DCFP bearings decrease by 10%, 8%, 8%,
respectively, while those of TFPS decrease by 3%, 1%, 1%,
respectively. As a whole, the seismic responses of the
bridge utilizing TFPS are slightly smaller than those of the
bridge utilizing DCFP bearings. However, increases on the
seismic responses of bridge isolated by DCFP and TFPS
bearings are observed compared with those of the bridge
isolated by FPS bearing when subjected to the Taft-339 Deg
earthquake excitation. The shear force, bending moment
and displacement responses of the bridge using DCFP
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Fig. 16 Acceleration spectrum in multi-mode analysis

increase by 7%, 11%, 10%, respectively. From the above
results, differentiation of seismic responses of the bridge
structure are observed, which is due to the influence of
spectral characteristics of selected ground motions. This
needs to be considered in the selection of isolation bearings
in bridge seismic design.

From the above analysis, it can be concluded that the
isolation effect of TFPS is better than DCFP and DCFP is
better than FPS under the given basic parameters of the
bearing. However, discreteness is observed in seismic
responses, therefore optimization and regression analysis
need to be carried out in engineering applications.

7. Response spectrum analysis
7.1 Equivalent linearization

In the equivalent linearization method, the behavior of
isolators is modelled by linear elastic elements with the
stiffness equal to the effective or secant stiffness of the
element at the actual displacement. The effect of energy
dissipation of the isolation system is considered by
representing the isolators with equivalent linear viscous
elements based on the energy dissipated per cycle at the
actual displacement. The response is then calculated by
using the response spectra that are modified for the effect of
damping larger than 5% through damping reduction factor
B. The damping reduction factor B is a function of the
damping ratio. Formulas to calculate factor B are given in
various codes and specifications. The values of factor B
recommended by Eurocode8 (2005) is given as follows:

~ (o.05+§
B= 0.10 ©)

where, & is the damping ratio.

The ordinates of the 5%-damped response spectrum for
values of period larger than 0.8T are divided by damping
reduction factor for the effective damping of the isolated
bridge. Only the isolated modes are allowed to consider the
reduction of response due to increased damping. The
response spectrum used in multi-mode analysis of the
offshore bridge isolated with the three friction pendulum
bearings is presented in Fig. 16.
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Fig. 17 Comparison between response spectrum analysis
and FNA analysis

Response spectrum analysis of the equivalent linear
bridge structure was conducted. The results of these
analyses are presented in Table 9.

From Table 9, it can be seen that displacements reach a
maximum of 176.91 mm for DCFP bearings and a
minimum of 122.23 mm for the FPS bearing, and shear
forces reach a maximum of 2629 kN with FPS bearings and
a minimum of 1856 KN with TFPS bearings, indicating that
DCFP and TFPS bearings are capable of generating larger
displacements and smaller shear forces. The shear force,
bending moment, and displacement of bridge with TFPS
bearings are smaller than the other two cases. While, those
of FPS isolated bridge are larger than the other two. All of
the three kinds of isolation bearings have favorable isolation
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effect. Among the three alternatives, isolation effect of
TFPS is better than DCFP, and DCFP is better than FPS.

7.2 Comparison of response results

Fig. 17 compares results of response spectrum and FNA
analysis. It can be inferred that isolation effect of the three
types of friction sliding isolators obtained by response
spectrum analysis is consistent with that by FNA analysis.
The resulting shear forces and bending moments of the pier
bottom, as well as the displacements of the pier top are in
all cases greatest for the FPS and smallest for the
TFPS.Seismic responses of the isolated bridge obtained by
response spectrum analysis are 20% smaller than those from
FNA analysis. This can be attributed to the ignorance of the
influence of higher mode shapes in the equivalent
linearization.

8. Conclusions

This paper investigates the effectiveness of three
sliding-type bearings as seismic isolation for offshore
bridges. Both experimental and numerical investigations of
the bridge isolated with sliding-type bearings were carried
out. Response spectrum and fast nonlinear analysis methods
are employed to investigate the seismic response of bridges
isolated with FPS, DCFP, and TFPS bearings, considering
the soil-structure interaction effect. The following
conclusions can be drawn from the experimental and
analytical results:

* The experimental and numerical results of the shake
table tests demonstrate a substantial reduction of seismic
response of isolated bridge in comparison with the non-
isolated bridge, and favorable isolation effect is
provided by the FPS bearing.
« Isolation effect of the three types of friction sliding
isolators obtained by response spectrum analysis is
consistent with that by FNA analysis. However, seismic
responses of the isolated bridge obtained by response
spectrum analysis are 20% smaller than those from FNA
analysis. Analytical results reveal that FPS, DCFP, and
TFPS reduce seismic responses of the bridge and all
exhibit satisfactory isolation effects.
* The three sliding-type bearings can effectively reduce
the earthquake influence on bridge substructures.
However, there is significant variance in the isolation
effect of the three kinds of bearings with the same
dimension and friction coefficient. Under the same
earthquake excitation, TFPS and DCFP bearings are
capable of generating larger displacements and smaller
shear force. By comparing shear forces and bending
moments of the pier bottom and displacements of the
pier top, it can be inferred that isolation effect of the
TFPS is the best. Seismic responses of the bridge piers
isolated by TFPS and DCFP are smaller than those of
bridge piers isolated by FPS. Discreteness is observed in
seismic responses, therefore optimization and regression
analysis need to be carried out in the selection of the of
isolation bearings in bridge seismic design.
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