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ARTICLE INFO ABSTRACT

Keywords: The high-speed railway (HSR) in China has developed rapidly in recent years. However, HSR bridges have to face
High-speed railway bridge the challenge of earthquakes since China is one of the most earthquake-prone countries in the world. Bearing is
Earthquake ) the key component in the HSR bridge, and using isolation bearing instead of common bearing (non isolation
ilzﬁlt(;;xnpendulum bearing (FPB) bearing) can provide bridge the better seismic performance. To improve seismic performance of HSR bridges at

different earthquake intensities, in this paper the friction pendulum bearing (FPB) is used, and an improved
equivalent energy-based design procedure (EEDP) based on the principle of energy conservation is proposed.
This method has the advantages of simple calculation and avoiding complicated iterations, which can also take
into account the post-yield stiffness of the structural members and is capable of designing three performance
objectives simultaneously. Meanwhile, based on the analysis of experimental data, the improved performance
objectives applicable to the isolated HSR bridges are proposed. The FPB of an isolated HSR bridge is designed by
the improved EEDP to verify the applicability of the proposed method. Then the finite element model of the
designed isolated HSR bridge is built, and nonlinear dynamic responses at different earthquake intensities are
analyzed to examine the structural seismic performance. Results show that the designed structure can achieve the
prescribed performance objectives at three earthquake intensities which proves the practicability and effec-
tiveness of the proposed improved EEDP method.

Energy-based design procedure (EEDP)
Seismic performance

1. Introduction and 80% of the line run through high seismic risk areas. Like the pipe-

line’s distribution [3-5], the HSR line is also inevitable to avoid earth-

The development of China’s high-speed railway (HSR) has rapidly
progressed in recent years, characterized with the total mileage of in-
service railway lines exceeding 31,000 km in 2019. By the year of
2030, China’s HSR network is expected to cover most areas of China
with eight longitudinal lines in the south-north direction and eight
transverse lines in the west-east direction respectively. Due to the ne-
cessity of protecting arable lands and the advantage of rapid construc-
tion, the majority of HSR lines generally consist of bridges [1], as shown
in Fig. 1; for instance, in both the Beijing-Shanghai line and the
Beijing-Guangzhou line, bridge portions comprise more than 80% of the
lines’ total mileage [2]. As China is one of the most earthquake-prone
countries in the world, these bridges face the earthquake challenge
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quake threat. Chinese earthquake records and railway lines are shown in
Fig. 2. The Wenchuan earthquake of China in 2008 caused a large
number of irreparable damages to bridges [6]. In addition, most of HSR
bridges in China are simply supported bridges with common span of 32
m, and with much stronger girders and piers to ensure the line’s
smoothness for moving train [7,8]. There are several researches related
with seismic analysis [9-12] and dynamic interaction of train and bridge
coupled system of HSR bridges [13-16]. Theoretical researches and
experimental tests validated that HSR bridges could resist common
earthquakes, however, in extreme event bridge may collapse under
strong earthquakes [17]. Reinforcement ratios of piers are required to be
increased to improve the seismic performance of bridges, however,
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Fig. 2. Chinese earthquake records and railway lines.

which means more economic investments [18]. Compared with bridge
piers, girders, and track structures, the bearings are relatively easily
replaced, less expensive, and are the key components of bridge. Isolation
techniques have been extensively used to improve the seismic perfor-
mance of the bridge structures [19], considering the economic in-
vestments and seismic performance of HSR bridges under different
earthquake intensities, it is a good choice to use the isolation bearing to
reduce seismic damage and minimize the downtime of those HSR simply
supported bridges.

Moment connection (MC)

Buckling restrained brace (BRB)

The prototype FTMF Simplified model of FTMF
(a) FTMF parallel system
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To ensure a rapid repair and even immediate function recovery of
HSR bridges after earthquakes, the protection of the HSR bridges against
earthquakes is demanding, and the corresponding requirements of
isolation bearing are much higher than other traditional ones. Several
numerical and experimental studies show that the friction pendulum
bearing (FPB) has great advantages, because of high bearing capacity,
large displacement capacity, perfect durability, automatic restoration
and variable natural vibration period controlled by the slide radius. Yu
et al. [20] analyzed the effects of FPB on the responses of simply sup-
ported bridges of high-speed railway under longitudinal earthquakes,
and the results show that FPB can effectively protect the bridge and track
structures. Tsopelas et al. [21] conducted an experiment to compare the
seismic responses of an isolated bridge with FPB and a non-isolated
bridge, demonstrating a substantial improvement in the ability of the
isolated bridge to sustain all levels of seismic excitation. Kim and Yun
[22] studied a double concave friction pendulum system with various
friction values and restoring properties on a bridge under various
earthquake excitations. Morgan and Mahin [23] presented some nu-
merical investigations to characterize the performance of a new
multi-stage FPB, capable of progressively exhibiting different hysteretic
properties at various levels of displacement demand. Fenz and Con-
stantinou [24] described the principles of operation of the double
concave FPB and presents the development of the force displacement
relationship based on considerations of equilibrium. Mosqueda et al.
[25] examined the behavior of FPB under multiple components of
excitation through experimental and numerical studies.

To ensure better performance of isolated HSR bridges under different
earthquake intensities, rational performance objectives and design
method should be taken into adequate account. At present,
performance-based seismic design method is widely accepted, in which
the design criteria are expressed in terms of achieving stated perfor-
mance objectives when the structure is subjected to stated levels of
seismic hazard [26]. Calvi et al. [27] discussed the objectives of an
isolation system for a bridge structure and presented a
displacement-based design approach using a linear equivalent single
degree-of-freedom model. Jara and Casas [28] proposed an extension of
the displacement-based design procedure for bridges supported on
hysteretic isolation bearings. Gardone et al. [29] estimated the target
displacement of the structure through the acceleration-displacement
response spectrum, and proposed a method for seismic design of new
bridges and strengthening of old bridges. Priestley et al. [30] proposed
the direct displacement-based design (DDBD) method. Okuda et al. [31]
carried out a seismic performance retrofit study against large-scale
earthquakes on an existing bridge. Li and Conte [32] applied an
advanced probabilistic performance-based optimum seismic design
methodology to the isolation system for a California high-speed rail
prototype bridge, but this approach is complex and impractical for en-
gineering design purposes. Goel et al. [33,34] proposed a
performance-based plastic design (PBPD) method, in which the
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Fig. 3. FTMF parallel system and corresponding force-deformation relationship.
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Fig. 4. Girder-bearing-pier series system and corresponding force-deformation relationship.

pre-selected target drift and yield mechanisms as key performance
criteria. The design method assumes that a system has a bilinear
force-deformation relationship, however, the isolated HSR bridge has a
trilinear force-deformation relationship. Yang and Tung [35,36] pre-
sented a novel equivalent energy-based design procedure (EEDP) based
on the concept of energy conservation and the response of an equivalent
single degree of freedom (SDOF) for seismic resilient fused truss moment
frame (FTMF) as shown in Fig. 3(a). A trilinear force-deformation
relationship model is adopted in EEDP as shown by the black line in
Fig. 3(b), which represents that EEDP can design three performance
objectives. Furthermore, EEDP achieve the desired structural period,
strength, and deformation with simple hand calculations without iter-
ations. However, EEDP is currently mainly applied to parallel structures
similar to FTMF as shown in Fig. 3(a), and the structural members
designed by EEDP do not take into account post-yield stiffness as shown
in Fig. 3(b). The girder-bearing-pier system of the isolated HSR bridge is
actually a series structural system as shown in Fig. 4(a), so the previous
EEDP method cannot be utilized. In addition, the post-yield stiffness of
pier and bearing which are shown in Fig. 4(b) are also not considered in
the previous EEDP method.

In this paper, FPB is adopted in HSR bridges to improve seismic
performance under different earthquake intensities. However, the per-
formance objectives in China’s current code for seismic design of rail-
way engineering are not applicable to the isolated HSR bridges. As such,
the improved performance objectives applicable to the isolated HSR
bridges are proposed, which are based on the analysis of existing
experimental data. Furthermore, an improved EEDP method is proposed
for the isolated HSR girder-bearing-pier series system. This method can
take into account the post-yield stiffness of the structural members and is
capable of designing three performance objectives simultaneously. To
ensure the line’s smoothness for moving train and improve the seismic
performance of HSR bridge, a FPB of the isolated HSR bridge is designed
by the improved EEDP method without changing pier and girder. To
validate the effectiveness of the proposed EEDP method, finite element
model of the isolated HSR bridge is built, and then nonlinear time his-
tory analyses are conducted for verification.

2. Seismic performance objectives of HSR bridge

Currently China’s code for seismic design of railway engineering
(GB50111-2006) [37] stipulates three-level performance objectives for
HSR bridges. The determination of three performance objectives is
related to the earthquake intensities. During the service level earthquake
(SLE) with exceedance probability of 63.2% in 50 years, the perfor-
mance is targeted to be immediate operation (I0), that means the HSR
bridge is expected to be elastic, barely damaged and can guarantee the
normal operation function after an earthquake. While subjected to the
design based earthquake (DBE) with exceedance probability of 10% in
50 years, the performance is targeted to be short-term recovery (SR),
and the HSR bridge system is expected to be repairable damaged and
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Fig. 5. The prototype’s skeleton curve of the pier specimens.

present elastoplastic state. After an earthquake, the full functionality of
bridge can be recovered in a short time. In the maximum considered
earthquake (MCE) with exceedance probability of 2% in 50 years, the
performance is designed to be collapse prevention (CP), that means the
severe damage is allowed but the bridge does not collapse. Note that in
the aforementioned performance objectives, although the overall per-
formance state of the bridge structure is provided, the performance state
of each member is unclear. More importantly, these performance ob-
jectives are applicable to the common seismic HSR bridges, not to the
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Fig. 6. Elastoplastic bilinear model of the pier.
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Fig. 7. The SDOF model of common HSR simply supported bridge.
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Fig. 8. Design response spectra.

isolated HSR bridges. Therefore, the improved performance objectives
applicable to the isolated HSR bridges should be proposed.

2.1. Analysis of existing experimental data

Shao et al. [18] conducted a large number of theoretical and
experimental analyses on the seismic performance of HSR piers. The
experimental data of three 8 m prototype piers with different longitu-
dinal reinforcement ratios, different axial load ratio and different stirrup
ratio are reanalyzed in this paper, and specimen numbers of the three
prototype piers are SOL1, SOL2 and SOL3. The prototype’s skeleton
curve of the pier specimens as shown in Fig. 5, which represents the
force-deformation relationship, was simplified into an elastoplastic
bilinear model by the geometric graphic method [38], and the turning
point of the bilinear model is defined as the yield-state performance
point of the pier. As shown in Fig. 6, K,; and Kp, represent the elastic
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stiffness and the post-yield stiffness of the pier respectively. F, and F,
represent the yield and the ultimate lateral force capacity of the pier,
respectively, while D, and D, are the corresponding displacements of the
pier. For a HSR bridge with common bearings, the superstructure is
usually simplified to a lumped mass my at the top of pier, the pier mass
m, takes into account 50% of the actual mass m, of the pier, and the
pile-soil  effect is not considered in this paper. The
single-degree-of-freedom (SDOF) model is generally suggested for the
seismic analysis and design of common HSR simply supported bridge in
Chinese code [37], Mcq is the equivalent mass of SDOF model, as shown
in Fig. 7. The tested pier is used as the typical substructure for a 32.6 m
simply supported bridge, and the site condition of the bridge is classi-
fication II. The characteristic period zone of ground motions is the 3rd
type, and the seismic fortification intensity is 8°, which are all defined by
Chinese code. Fig. 8 shows the design response spectra specified in
Chinese code, where the peak ground acceleration (PGA) of the SLE and
DBE are 0.1 g and 0.3 g respectively. Based on these, the equivalent
seismic force on the pier in the SLE and DBE are calculated using the
capacity spectrum method. The seismic force is then compared with the
yield force of pier to determine the pier state under earthquake. As
shown in Table 1, the piers remain elastic during in SLE but yield in the
DBE.

2.2. Improved performance objectives for isolated HSR bridges

Piers of HSR bridges in China often have large volume and cross-
section to achieve great stiffness such that structural deformations are
limited to guarantee the line smoothness ensuring high-speed moving
train’s safety under normal operation conditions. However, these strong
piers remain elastic during the SLE but yield during the DBE by
analyzing the existing experimental data. Moreover, theoretical re-
searches and experimental tests validated that such strong HSR bridges
could resist common earthquakes, however, may collapse during
extreme large earthquakes [17]. Reinforcement ratios of piers should be
increased to improve the seismic performance of bridges, but which
means more economic investments [18]. It will be of great significance if
the piers can be protected to avoid premature damage during the DBE by
substituting common bearings with isolation bearings. But these per-
formance objectives of Chinese code are be not applicable to the isolated
HSR bridges. Therefore, this paper gives the improved performance
objectives applicable to the isolated HSR bridges with FPB.

Fig. 9 shows the structure, isolation principle and hysteresis curve of
FPB. Before sliding, FPB can provide enough shear force and stiffness to
ensure the line smoothness and high-speed moving train’s safety, and
the shear pins restrict the relative motion between the upper and lower
support plates of FPB. However, the earthquake will cut off those shear
keys to cause FPB to slide like the bilateral sliding bearings. This sliding
motion will isolate seismic forces, and the friction force will dissipate
earthquake energy. So FPB is very suitable for HSR bridges. The FPB
isolation principle is shown in Fig. 9 (b). When the girder relatively
moves on the piers, the bearing between them vibrate like a pendulum
with a certain period. The period can be changed to an expected value by
adjusting the curvature radius R of pendulum [20]. By well designing
FPB, HSR bridge can achieve different performance.

A well-designed isolated HSR bridge is able to achieve different

Table 1
Seismic design parameters for prototype of the pier specimen.
Specimen number Pier mass m,, (kg) Initial stiffness (kN/mm) Yield force (kN) Earthquake intensity PGA (8) Seismic force (kN) Pier state
SOL-1 250,255 202.93 6407.18 SLE 0.1 3500.00 Not yield
DBE 0.3 7852.23 Yielded
SOL-2 246,694 91.77 3266.47 SLE 0.1 2451.43 Not yield
DBE 0.3 3749.86 Yielded
SOL-3 248,538 124.67 5525.92 SLE 0.1 2704.56 Not yield
DBE 0.3 6902.36 Yielded




Soil Dynamics and Earthquake Engineering 134 (2020) 106161

F

=

WWL—K -

1 b2
I/ iKbl

=S

RcosO

D

I

(b) Isolation principle of FPB

(c) Hysteresis curve of FPB

Fig. 9. Friction pendulum bearing (FPB).

i B Ductility
g R Demand
L iy Pler
; i1 Yield
‘ Bearing 5’." :
. . Slide ¥
D, D, D, DisplaVcement

Fig. 10. Proposed performance objectives for isolated HSR bridges.

W. Guo et al.
Upper support plate  Spherical crown plate
Shear pin Lower support plate
(a) Structure of FPB
Longitudinal input
Table 2

Comparison of pier performance in common HSR bridge and isolated HSR
bridge.

Earthquake Desired Pier performance

intensity performance Common HSR Isolated HSR
bridge bridge

SLE 10 Elastic Elastic

DBE SR Yield Elastic

MCE CP Yield Yield

performance objectives at different earthquake intensities. Based on
analysis results and three performance objectives in Chinese code, the
improved performance objectives also need to meet IO, SR and CP, and
the desired force-deformation curve of the isolated HSR bridges is
trilinear, as shown in Fig. 10. It is specifically described here: when an
isolated HSR bridge is subjected to SLEs, all the bridge members remain
elastic, in which the pier remains elastic and the bearing does not slide,
corresponding to the first performance objective I0; when an isolated

A F. A

Fiearng

Fy,

P

Fiy

HSR bridge is subjected to DBEs, the pier remains elastic, the bearing
starts to slide, and the sliding motion of bearing is used to isolate seismic
forces and dissipate earthquake energy, corresponding to the second
performance objective SR; when an isolated HSR bridge is subjected to
MCEs, the pier yield and dissipate energy by hysteretic behavior, the
pier’s displacement ductility factor is required to be no larger than a
value of 4.8 which is specified in Chinese code, and the bearing con-
tinues to slide to isolate seismic forces and dissipate earthquake energy,
corresponding to the third performance objective CP. The pier is pro-
tected to avoid premature yielding during the DBE by substituting
common bearings with isolation bearings. Table 2 compares the pier
performance in common HSR bridge and isolated HSR bridge.

For the HSR FPB isolated bridge, if the friction coefficient y for
friction pendulum bearing under SLE excitation is well designed, the
bearing does not slide, and the pier remains elastic for the performance
objective of 10. If the earthquake intensity is greater than the SLE, the
seismic force will be greater than F,, (F,, = uW, W is the weight of
superstructure) of FPB, corresponding displacement is Dy,, and the
bearing will start to slide with the stiffness Kp, as shown in Fig. 11(a).
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Fig. 11. Behavior of bearing, pier and isolated HSR bridge.
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Under the excitation of DBE, by designing the sliding stiffness Kpy (Kpo =

W/R, Ky, is designed by the size of the curvature radius R) of the friction
pendulum bearing, the seismic force between the pier and girder can be
adjusted, the pier remains elastic and the bearing starts to slide for the
performance objective of SR. If the earthquake intensity is greater than
the DBE, the seismic force will be greater than the yield base shear F,y,
and the pier yields, as shown in Fig. 11(b). Under the excitation of MCE,
the pier yield and the bearing continue to slide, and the pier ductility
factor is checked for the performance objective of CP. The performance
curve of isolated HSR bridge is illustrated in Fig. 11(c). It’s obvious that
the proposed performance objectives of isolated HSR bridge can be
realized by designing the friction coefficient 4 and the sliding stiffness
coefficient Kp,.

3. Equivalent model of HSR simply supported bridge

In section 4, an improved EEDP method based on the concept of
energy conservation will be proposed, and this method is based on the
equivalent SDOF system. However, for the isolated HSR bridge to be
designed, the isolation bearing and the pier are connected in series, and
it can be simplified as a two-degree-of-freedom (TDOF) system. The
series structural system of TDOF system needs to be equivalently
transformed to be an equivalent nonlinear SDOF (ENLSDOF) system.

A common transformation in which a multi-degree-of-freedom
(MDOF) system is equivalent to a SDOF system is introduced here.
Firstly, assuming that the vector for the mode shape {®} of the MDOF
system remains unchanged during the analysis, and the lateral
displacement shape of the MDOF system is similar to the system’s basic
mode of vibration. The following equations are given based on the
equivalent SDOF model:

I* =1 (@)
Emi¢li

r="t— (2)
> m,»@f[
=1

where I'; is the participation coefficient of the first mode, and &, is the
mode vector value of the first mode shape of the equivalent SDOF
system.

If both of SDOF and MDOF systems vibrate by the first mode, the
maximum kinetic energy is assumed to be equal, and the following
Equation (3) can be obtained:

1 L 1 ,
EMeq(wlxm) =3 ;mi(wlxi) 3)
where o, is the circular vibration frequency of the first mode; M., and
Xxm are the mass and displacement of the equivalent SDOF model,
respectively; and m; and x; are the mass and displacement of the ith node

of the MDOF model respectively. Equation (4) can be derived from
Equation (3) as follows:

Zmixiz
i=1
Mey=="5— C))
Because x;/x,, = ®1;/®1; and &, = 1/I'1, Equation (5) can be ob-
tained as follows:

<Zmi¢'1i)2
My == )
;miqfﬁi

For the HSR bridge isolated by FPB, it is simplified as a TDOF system.
The relationship between the top displacement D of the TDOF system
and the displacement d of the equivalent SDOF system is expressed in
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Fig. 12. Force-displacement relationship and energy conservation concept in
improved EEDP.

Equation (6):
D=dl" &), (6)

where @, is the mode vector value of the first mode shape at the top of
TDOF system.

4. The improved equivalent energy-based design procedure

The energy released by the earthquake is transmitted to the structure
through the ground, causing the response of the structure. Therefore,
there is a sufficient theoretical basis to balance the seismic demand and
capacity of structure from the perspective of energy. Housner [39]
proposed the energy-based seismic design concept at the first World
Conference on Earthquake Engineering, and explained that the total
energy E; of a seismic input into the structure converts to different types
of energy. While some of this energy is dissipated through damping E;,
the remaining energy is stored in the structure in the form of kinetic
energy Ey, and strain energy E,. If the structure were designed to remain
elastic, E, would be stored as elastic strain energy E;. In the case where
the structure yields, E, will be divided into elastic strain, E;, and hys-
teretic energy, E,. Uang and Bertero [40] elaborated on this concept
using the following Equation (7):

Ei:Ek+E5+Ea:Ek+E§+ES+Eh (7)

If a structure remains elastic under earthquake action, the strain
energy to be stored in the equivalent linear SDOF (ELSDOF) model is
transformed into elastic energy, which can be obtained through simple
calculation. However, when a strong earthquake occurs, the structure
will yield, and the strain energy of the ENLSDOF model will be dissi-
pated through the vibration cycle. This portion of the energy needs to be
obtained by a time history analysis of the structure. Yang and Tung [35,
36] proposed a novel EEDP based on the concept of energy conservation,
which assumes that the energy input into the above two models are
equal, and thus seismic energy of the ELSDOF model can calculated to
obtain that of the ENLSDOF model. Furthermore, it’s well known that
when the ENLSDOF model is subjected to seismic excitation, the energy
will be dissipated through all of the vibration cycles of model. For
simplicity and convenient engineering application, a simple monotonic
pushover process is adopted to equivalently describe the energy pro-
duced by seismic excitation. As the pushover process only corresponds
to the monotonic maximum response of structure, the energy dissipated
in the monotonic pushover process is less than that in the earthquake
which is actually a cyclic process, and a modification factor larger than
1.0 is given for calculation of energy.
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Base on the above, an improved EEDP is proposed to be applied to
the isolated HSR bridge in this paper, which also has the advantages of
simple calculation and without complicated iterations, and considers the
post-yield stiffness and displacement ductility of the structural mem-
bers. Fig. 12 shows force-displacement relationship and energy conser-
vation concept in improved EEDP. The force-deformation response of an
isolated HSR bridge is approximated by the ENLSDOF system. The en-
ergy to be dissipated by the ENLSDOF system is equal to the energy of an
ELSDOF system [35,36]. In Fig. 12, the vertical axis represents the base
shear, which is calculated using the spectral acceleration, S,, multiplied
by the structural mass, m, and the horizontal axis represents the
displacement of equivalent SDOF system. Through Equations (8) and
(9), the response spectrum curve of the acceleration-period relationship
at different earthquake intensity (SLE, DBE and MCE) can be trans-
formed into the curve of the force-displacement relationship for the
equivalent SDOF system in Fig. 12.

F=S,xm (8
T2
d= Sa@ (9)

where T is the period of the equivalent SDOF system.

4.1. IO performance objective at SLE

During the SLE intensity, the structure is designed to remain elastic
for the performance objective of IO. As shown in Fig. 13, the force-
deformation relationship shall remain linear. The balance point of
structural capacity and seismic demand is determined by four parame-
ters, namely the elastic period (T), yielding base shear (F,), earthquake
intensity at the SLE, and yielding displacement (d,). Since these pa-
rameters are not independent, as long as two of the four parameters are
determined, and the other two parameters can be obtained [35].

For the HSR bridge isolated by FPB, through the design of the friction
coefficient y for friction pendulum bearing, the FPB does not slide and
the pier remains elastic for the performance objective of IO during the
SLE intensity. At this time, the FPB initial stiffness Kp; is much greater
than the pier stiffness Kj; and shear displacement Dy, of FPB is less than
0.2 mm, so the FPB is similar to common fixed bearing and the defor-
mation of the FPB is ignored. And the isolated HSR bridge is similar to a
common HSR bridge, which can be directly simplified as a ELSDOF
system with a mass of M, = m; + my and an initial stiffness of the pier
stiffness K;,;. Therefore, the fundamental period of the ELSDOF system is
determined, as shown in Equation (10).
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T =g, M (10)
K,

The SLE intensity is selected in GB50111-2006, with T determined,
the yielding base shear F, and yielding displacement d, of the ELSDOF
system can be identified from the intersection of the SLE curve and the
ELSDOF capacity curve on Fig. 13. By distributing F, to the pier and
girder according to the mass ratio, the sliding force F;, of the FPB can be
calculated, and the friction coefficient y of the FPB is determined, as
shown in Equations 11 and 12.

ny
Foy = F, 11
Py my Y an
Fy Py 12
W myxg
Dy=d, =F, /K, 13)

where W is weight of superstructure, Dy is the top displacement of the
isolated HSR bridge.

4.2. SR performance objective at DBE

When the isolated HSR bridge is subjected to the DBE intensity, the
pier remains elastic, and the FPB starts to slide, corresponding to the
second performance objective SR. The desired performances of the
ELSDOF and ENLSDOF systems at DBE as shown in Fig. 14. The incre-
mental energy of the ELSDOF system from the SLE to the DBE is defined
as AEp,, as determined by Equation (14). The incremental energy of the
ENLSDOF model when subjected to ground motion from the SLE to the
DBE is defined as AEyp;, improved EEDP method equates the AEg; to
AEnp1 [35]. The incremental energy of the ENLSDOF model when
pushed monotonically from the SLE to the DBE is defined as AEnpa,
which can be calculated by Equation (15). and AEyp; and AEny; are
connected by a modification factor y,. Equation (16) explains the rela-
tionship between the three types energy mentioned above. The energy

Fh Ay
AEy,

MCE

ELSDOF

ENLSDOF

SLE

displacement

Fig. 14. The desired performances of the ELSDOF and ENLSDOF systems
at DBE.

—_

AEp = 3 (Fy + FI)HE) : (dnm; - dx) as
1

AEwin =3 (F, +F,)(d, —d,) @15)

AEp =AEyp; = v, AEnn ae)
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Fig. 15. The desired performances of the ELSDOF and ENLSDOF systems
at MCE.

modification factor y, will be explained in section 4.5.
Substituting Equations (14) and (15) into Equation (16) gives the
plastic displacement d,, of ENLSDOF system, as shown in Equation (17).
ZAEEI

dy=—F——+d, 17
! }’a(Fp+EV)+ ’ an

where Fppr and dppg are base shear and displacement of the ELSDOF
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system at the DBE intensity, respectively, can be identified from the
intersection of the DBE curve and the ELSDOF capacity curve on Fig. 14.
F, and d, are base shear and displacement of the ENLSDOF system at
DBE intensity respectively, it should be noted that F, is equal to the yield
base shear F,y of the pier. Assuming that the vibration of the isolated
HSR bridge is mainly controlled by the first mode, and the secant stiff-
ness Keg corresponding displacement Dy, of the FPB at DBE intensity as
shown in Fig. 11(a), is employed to perform the mode analysis together
with the pier stiffness Kj;. After obtaining d,, Kt and Dy, can be ob-
tained through Equations (2) and (6) from the section 3, and the sliding
stiffness K, of the FPB can be calculated. Until now, IO performance
objective at SLE intensity and SR performance objective at the DBE in-
tensity are achieved by the design of the FPB.

4.3. CP performance objective at MCE

During the DBE intensity, the isolated HSR bridge need to withstand
the earthquake attack without collapse, corresponding to the third
performance objective CP. At this time, the pier yield and dissipate en-
ergy by hysteretic behavior, and the FPB continues to slide to isolate
seismic forces and dissipate earthquake energy. The isolated HSR bridge
creates a trilinear force-deformation response corresponding to the
ENLSDOF system as shown in Fig. 15, in which K},y and K, are post-yield
stiffness and post-yield ultimate stiffness of the ENLSDOF system,
respectively. The performance objective CP is achieved by designing the
FPB to limit the ultimate displacement of the pier, to ensure that the
ductility factor of the pier is no larger than the value of 4.8.

'

| HSR bridge parameters l

!

Determine earthquake intensities
(SLE, DBE, MCE)

:

HSR bridge and ENLSDOF system

Determine the relationship between isolated

Select performance objectives
(I0, SR, CP)

Determine

Adjust design |

| Calculate 7, Fby ‘

modification factor

Don’t meet

——_ Selecty,
Calculate K,

Calculate D,

Check the
ductility factor

Select v,

Fig. 16. Design flowchart of the improved EEDP method for isolated HSR bridge.
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The incremental energy of the ELSDOF model from the DBE to the
MCE is defined as AEg», which can be determined by Equation (18). The
incremental energy of the ENLSDOF system when subjected to ground
motion from the DBE to the MCE is defined as AExps. The incremental
energy of the ENLSDOF system when pushed monotonically from the
DBE to the MCE is defined as AEyp2, which can be determined by
Equation (19). Improved EEDP equates the AEg; to AEnp, [35], and
AEnp2 and AEny, are connected by a modification factor y;, Equation
(20) explains the relationship between the three types energy mentioned
above. Fig. 15 shows the relationship between AEg, and AEpy, and the
desired performances of the ELSDOF and ENLSDOF systems at MCE. The
energy modification factor y, is similar to y,, which will be introduced in
section 4.6.

1
AEp, = 5 (Fuce + Fope)(duce — dpsr) (18)
1
AENMZZE(FuJ'_Fp)’(du_dp) 19)
AEp, =AENp = 7,AENu (20)

Substituting Equations (18) and (19) into Equation (20) gives the
ultimate base shear F, of ENLSDOF system, as shown in Equation (21).
2AEp,

F,=—————F, 21
l—a) 2n

where Fycg and dycg are base shear and top displacement of the ELSDOF
system at the MCE intensity, respectively, can be identified from the
intersection of the MCE curve and the ELSDOF capacity curve on Fig. 15.
F, and d, are base shear and top displacement of the ENLSDOF system at
the MCE intensity, respectively. For the isolated HSR bridge, in Equation
(21):dy— dy = (Fy — Fp)/kpu, and Kpy = kpo-kpa/(kp2 + kp2). It is well
known that F, is equal to the ultimate base shear F,, of pier, and thus the
ultimate displacement D,, of the pier at the MCE can be calculated by
Equation (22).

Fr—F,
Dpu = + Dpv (22)
K])Z :

4.4. EEDP design process

The flowchart of the improved EEDP method for isolated HSR bridge
is provided in Fig. 16, and the design steps are outlined as follows.

(1) Specify the design parameters of the HSR simply supported
bridge, such as the mass my, stiffness K1, K2 and the yield base
shear F,y of the pier, and girder mass m.

(2) Select earthquake intensities and corresponding design response
spectra, then select the type of isolation bearing and determine
performance objectives (IO, SR and CP) at different earthquake
intensities.

(3) Determine the relationship between the top displacement of
isolated HSR bridge and the displacement of the ENLSDOF system
by Equation (6).

(4) Calculate the fundamental period T of the ELSDOF system by
Equation (10), and identify the yielding base shear F, and
yielding displacement d, of the ELSDOF system on Fig. 13. Then
calculate the sliding force Fyy, of the isolation bearing to target
performance level of IO.

(5) Determine energy modification factor y, described in following
section, and calculate the displacement d, of the ENLSDOF sys-
tem through Equation (17). Then obtain d,, K and Dy, through
Equations (2) and (6) from the section 3, and calculate the sliding
stiffness Kp» of the isolation bearing to target performance level of
SR.
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Table 3

Earthquake records.
No. Name Year Magnitude NGA# Station
1 Chi-Chi Taiwan-05 1999 6.2 3160 TCUO14N
2 3191 TCUO8IN
3 Imperial Valley-06 1979 6.53 175 E12140
4 167 CMPO15
5 Northridge-01 1994 6.69 970 FAI095
6 1000 PIC090
7 Kobe_Japan 1995 6.9 1100 ABNO0OO
8 1102 CHYO000
9 Landers 1992 7.28 850 DSP000
10 3757 NPF090
11 San Fernando 1971 6.61 57 ORR021
12 83 PUDO55
13 Loma Prieta 1989 6.9 762 FRE000
14 800 SJW160
15 Superstition Hills-01 1987 6.2 718 IVWO090
16 726 WLF225

(6) Determine energy modification factor y, described in following
section, and calculate the ultimate base shear F, of ENLSDOF
system through Equation (21). Then calculate the ultimate
displacement Dj, of the pier at the MCE by Equation (22), and
check whether the pier ductility factor is no larger than the value
of 4.8 for performance level of CP.

(7) If the pier ductility factor is larger than the value of 4.8, return to
step 4.

(8) If ductility factor of the pier meets the requirement, the seismic
performance of the final designed structure should be evaluated
via nonlinear dynamic analysis.

4.5. Modification factor y,

The energy modification factors in improved EEDP method are
derived by nonlinear time history analysis of SDOF system. In this paper,
A suite of 16 ground motions are selected from the PEER ground motion
database [41], as listed in Table 3. These ground motions are selected
based on the site classification II, the characteristic period zone is the
3rd type and the seismic fortification intensity is 8° according to
GB50111-2006 [37]. The PGA corresponding to the SLE (63.2% prob-
ability of exceedance in 50 years), the DBE (10% probability of ex-
ceedance in 50 years) and the MCE (2% probability of exceedance in 50
years) are 0.1 g, 0.3 g and 0.57 g, respectively. Fig. 17 shows the design
response spectra specified in GB50111-2006 [37], and spectra of the
selected earthquake records scaled to DBE intensity.

In this section, the yield ratio 7 is defined as # = F,/Fy, in which F,
and F, are base shear of the ENLSDOF system at SLE intensity and DBE
intensity, respectively. The yield ratio should satisfy the energy con-
servation and practical application requirements. Selecting a smaller
yield ratio will result in a weaker structure. To dissipate the inputted
seismic energy the structure would produce excessive displacement
response; Selecting a larger yield ratio will result in a stronger structure
that can withstand a strong earthquake without damages, but increase
the material usage and lead to more economic investment. Therefore,
choosing an appropriate yield ratio is crucial.

When the structural fundamental period T is determined, for a
selected yield ratio, there are many possible values of y,. As shown in
Fig. 18(a), any value can be set in the range of y,, and then if F, is given,
the corresponding displacement d, of the ENLSDOF system can be ob-
tained from Equation (17). The ENLSDOF system performs the time
history analysis with the 16 selected earthquake records, and the mean
value of the maximum displacement response of the ENLSDOF system at
DBE intensity can be calculated. This value is compared with the
determined displacement d, given by Equation (17), and if the two
values equal to each other, the trial value of y, can be seen as the correct
modification factor. Fig. 18(b) shows the relationship between y, and
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Fig. 17. Response spectra of GB50111-2006 and earthquake records.
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Fig. 19. Calculation values of y, and corresponding fitting cubic curves.

the displacement d, of the ENLSDOF system at DBE intensity with
T=0.39s and n = 1.8. Fig. 19 gives the calculation values of y, and
corresponding fitting cubic curves. In this paper, y, are partitioned ac-
cording to the period, and then, y, and  are fitted with the cubic curve
as shown in Equation (23). The obtained corresponding coefficients of

the fitting cubic curve are given in Table 4.

Ya=P1 + P2l + P + pail’

10

(23)
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Table 4
Coefficient values of the fitting cubic curves for y,
Coefficients
Period T
pP1 P2 p3 P4
0.30~0.39 0.434 2.856 —1.628 0.248
0.40~0.49 —0.405 4.148 —2.216 0.332
0.50~0.59 —0.636 3.893 —1.947 0.278
0.60~0.69 —0.280 4.084 —2.263 0.351
0.70~0.79 —1.459 6.105 —3.268 0.507
0.80~0.89 —1.083 5.688 -3.178 0.511
A
F
FMCE | oo oS
1
i MCE
i
F H .
F“; """""""""" gt +——trial y,,,
[T i Py 22 !
F [~ ~u \ DBE
I ! 1
F [---------- 1 : (I
Y ! ' i 0 trial
I 1
| : o
1 [
! | i | SLE
1 : | : T
1 1 N 1 :
d, d, dy dpdyee displacement
Fig. 20. The trial values of y;, F, and d,
2.15
2.1+
2.05F
¥
o 2F
1.95 ¢
2
fyb=-2.243y +1.775v+1.755
1.9r
0.1 0.2 0.3 0.4 0.5
v

Fig. 21. The values of y;, with T=0.831s, y = 1.9
4.6. Modification factor y,,

To determine the complete trilinear behavior curve of the ENLSDOF
system with known fundamental period T and yield ratio 5, the defini-
tion of the post-yield stiffness ratio » must also be introduced, that is, the
ratio v of the post-yield stiffness K, to the post-yield ultimate stiffness
Kpy of the ENLSDOF system, where v = K, /Kp,. When the fundamental
period T and yield ratio 5 of an ENLSDOF system are determined, the
behavior curve of the ENLSDOF system can be obtained completely as
long as the post-yield stiffness ratio v is determined. Each post-yield

11
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Fig. 22. The elastoplastic bilinear model of the SOL-2 prototype pier.

Lumped mass:

m, =1,360,200 kg Single Friction Pendulum

Bearing element

Bearing
Lumped mass:
my; = 0.5mp .
~123347 kg Pier Two Node Link Element

Fig. 23. The modeling approach of the finite element model based on OpenSee

stiffness ratio v corresponds to the behavior curve of an ENLSDOF sys-
tem. The ENLSDOF system performs the time history analysis with the
16 selected earthquake records, and the mean value of the maximum
base shear and displacement of the ENLSDOF system at MCE intensity
can be calculated. Substituting the mean value of the maximum base
shear and displacement into Equation (21) gives y;, corresponding to this
v, as shown in Fig. 20. Limited to space requirements, this paper only
provides the values and fitting curve for y;, in Fig. 21 with T=0.831s, =
19,» =0.170.5.

5. Application of the proposed method for an isolated HSR
bridge

To realize better seismic performance of isolated HSR bridge under
different earthquake intensities, a FPB of the isolated HSR simply sup-
ported bridge in the longitudinal direction is designed by the proposed
improved EEDP method, while the parameters of pier and girder are
known. The SOL-2 pier specimen with the lowest longitudinal rein-
forcement ratio and axial load ratio of 8m pier in the experiment of Shao
[18] is selected, the skeleton curve of the SOL-2 pier has been simplified
into an elastoplastic bilinear model as shown in Fig. 22, in which the
yield force Fyy is 3266.47 kN, the corresponding displacement Dy, is
35.59 mm, and the post-yield stiffness K, is 8194.642 kN/m. The girder
and track component are considered as the lumped mass to characterize
the inertial effects. To verify the effectiveness of the proposed improved
EEDP method, the finite element model of the isolated HSR bridge is
built by OpenSees, the modeling approach of the finite element model as
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Fig. 25. Nonlinear time history responses of the pier’s base shear at the
DBE intensity.

shown in Fig. 23, and the seismic performance of the final designed
isolated HSR bridge is evaluated via nonlinear dynamic analysis. The
FPB is simulated using a special Single Friction Pendulum Bearing
element, and the pier is simulated by a Two Node Link Element, and the
horizontal behavior of the Two Node Link Element is simulated by
Steel01 uniaxial material with the simplified elastoplastic bilinear
model as shown in Fig. 22. In this paper, based on the individual seismic
response spectra and the mean seismic response spectra of 16 earth-
quake records, the FPB of isolated HSR bridge are designed respectively.

5.1. Design based on the response spectra of individual earthquake record

In this section, two earthquake records (Chi-Chi and San Fernando)
in Table 3 that match well with the design response spectra are selected,
and are respectively scaled to SLE, DBE and MCE intensity for nonlinear
time history analysis of the designed isolated HSR bridge with FPB. After
the friction coefficient y and sliding stiffness Kp, of the FPB are designed
by the improved EEDP method, the finite element model is established
for nonlinear time history analysis. Fig. 24 shows the comparison of
maximum nonlinear time history analysis results and performance
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behavior curve designed by the improved EEDP method. Fig. 25 shows
the nonlinear time history analysis responses of the pier’s base shear at
the DBE intensity by Chi-Chi and San Fernando earthquake records,
respectively. Fig. 26 and Fig. 27 show the hysteretic curves from
nonlinear time history analysis of the pier and bearing at different
earthquake intensities by Chi-Chi and San Fernando earthquake records,
respectively.

Fig. 24 shows that at the SLE intensity, the maximum values of
nonlinear time history analysis responses for Chi-Chi and San Fernando
earthquake records are nearly consistent with those designed by the
improved EEDP method, and the FPB does not slide. It can be clearly
seen from Fig. 26(a), (d) and Fig. 27(a), (d) that the FPB and the pier
remain elastic through the hysteresis curve. In other words, the isolated
HSR bridge designed by the EEDP method can achieve the expected IO
performance objective. The maximum base shear of the pier from
nonlinear time history analysis at the DBE intensity by Chi-Chi earth-
quake records is 5.71% less than the expected yield base shear, and the
pier remains elastic as shown in Fig. 26(e). Meanwhile, the FPB is in the
sliding state as shown in Fig. 26 (b). For San Fernando earthquake re-
cord, Fig. 25 (b) gives the error for the base shear of the pier is 0.34%
and slightly greater than that for the expected yield base shear, while the
top displacement of the model is slightly greater than the displacement
designed by the improved EEDP method as shown in Fig. 24 (b). The pier
has yielded and the FPB is in the sliding state as presented in Fig. 27(e)
and 27 (b), respectively. The reason for the above errors is that many
simplified calculations, such as equivalent linearization, are adopted in
the design process, which leads to some errors. However, these errors
are relatively small, and it can be considered that the improved EEDP
method has basically achieved the expected SR performance objective at
the DBE intensity. Fig. 26 (c), (f) and Fig. 27 (c), (f) indicate that the pier
is in the yielding state, and the FPB is in the sliding state at the MCE
intensity. The pier of the isolated HSR bridge meets the ductility re-
quirements and do not collapse, so it achieves the expected CP perfor-
mance objective by the improved EEDP method.

From the above results, when the same earthquake record is used for
the isolated HSR bridge design and nonlinear time history analyses, the
error for the maximum values from the nonlinear time history analysis
and those calculated by the improved EEDP method were within 10% for
the base shear and displacement of the isolated HSR bridges. The ex-
pected performance objectives of isolated HSR bridges at different
earthquake intensities are nearly achieved, and it can be considered that
the improved EEDP method has sufficient accuracy.

5.2. Design based on the mean response spectra of a suite of earthquake
records

To verify the accuracy of the improved EEDP method and the
equivalent SDOF system for practical engineering design, the mean
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Table 5

Design parameters for the isolated HSR bridge with FPB.
Parameters Value Remark
Fy 1721.41 KN From Equation (10), Fig. 13
dy 18.76 mm From Equation (10), Fig. 13
Dy 18.76 mm From Equation (13)
" 0.109 From Equation (12)
Ya 1.729 From Equation (23), Table 4
F, 3266.47 KN Defined
d, 48.72 mm From Equation (17)
D, 50.40 mm From Equation (6)
Kpo 91.75 KN/mm From Equations (17) and (6), Fig. 11(a)
b 1.937 From Fig. 21
F, 3620.81 KN From Equation (21)
D, 105.42 mm From Equation (6)

response spectra of 16 earthquake records mentioned in Table 3 was
selected to complete the design the FPB of isolated HSR bridge. The
parameters obtained by the improved EEDP method are shown in
Table 5.

Fig. 28 (a) shows the performance behavior curve designed by
improved EEDP method, a corresponding numerical analysis model of
the isolated HSR bridge is established, and nonlinear time history
analysis is performed by the 16 earthquake records listed in Table 3. The
mean of maximum values of the base shear, the displacement of the pier
and the displacement of the FPB calculated by the nonlinear time history
analysis are compared with the values obtained by the improved EEDP
method, as shown in Fig. 28 (b), (c), and (d).

At the SLE intensity, the results from the time history analysis are
nearly consistent with those designed by the improved EEDP method as
shown in Fig. 28, which means that the I0 performance objective is
achieved. At the DBE intensity, the mean base shear of the pier obtained
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by nonlinear time history analysis is 4.88% less than the expected yield
base shear as indicated in Fig. 28 (b), and the pier did not yield.
Meanwhile, the displacement of the pier is greater than the value
designed by the improved EEDP method with 1.72% error as shown in
Fig. 28 (c), and the displacement of the FPB is less than the value
designed by the improved EEDP method with 0.87% error as shown in
Fig. 28 (d). This basically meets the SR performance objective. At the
MCE intensity, Fig. 28 (d) shows the displacement of the FPB is in good
agreement with the expected design, and the base shear of the pier is
1.98% slightly less than the expected design value as shown in Fig. 28
(b), but the error for the displacement of the pier is 12.12% less than the
value designed by the improved EEDP method as indicated in Fig. 28 (c).
The pier of the isolated HSR bridge meets the ductility requirements and
do not collapse, so the CP performance objective can be achieved. Based
on the above analysis, the maximum error between the values of
nonlinear time history analysis and the values designed by the improved
EEDP method for the isolated HSR bridge is 12.12%, which proves that
the improved EEDP method can better realize the performance design of
isolated HSR bridges, and the calculation of the design process is simple
and without complicated iterations.

6. Conclusions

Considering that HSR bridges could resist common earthquakes,
however, collapse under stronger earthquakes. The isolation bearing can
reduce the seismic damage and minimize the downtime of HSR simply
supported bridges. To improve seismic performance of HSR bridges at
different earthquake intensities, the FPB is adopted in this paper.
Meanwhile, based on the analysis of experimental data, the improved
performance objectives applicable to the isolated HSR bridges are pro-
posed. To well design the isolated HSR bridges at different earthquake

SLE- MaaL A
{ F=3549.16kN
8y =-1.98%
DBE- Amadan

F,=3106.97kN;
Sp=-488% | :
: A Individual value

MCEl AA AM A a4 A4

LFy=1722.97kN i AMean value

--- Designed value by

5y=0.09%
: y ° improved EEDP

L : I | J
1000 2000 3000 4000 5000
Base shear (kN)

(b) The base shear of the pier

SLE AALA AA MM AL 2
: Dpy=102.87mm
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DBE- Adddd A A
: Dpp=49.96mm
i Spp=-0.87%

MCE-  Autas : :A Individual value
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Displacement (mm)

(d) The base shear of the FPB

Fig. 28. Comparison of the results of improved EEDP method and nonlinear time history analysis.
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intensities, an effective design procedure is indispensable. This study
presents an improved EEDP method, which considers multiple perfor-
mance objectives, and takes the post-yield stiffness into account. The
validity of the improved EEDP method is verified by numerical exam-
ples. The following conclusions are given:

(1) According to the analysis and calculation of the existing experi-

(2)

3

(€))

(5)

mental data, it is found that the piers remain elastic during the
SLE but yield during the DBE. Based on this, the improved per-
formance objectives applicable to the isolated HSR bridges are
proposed, which are IO, SR, and CP corresponding to SLE, DBE,
and MCE intensity, respectively.

The proposed design procedure is simple and can simultaneously
achieve the three performance objectives at SLE, DBE and MCE
intensity. The FPB of isolated HSR bridge is designed by the
improved EEDP method, and the designed isolated HSR bridge
realizes the trilinear force-deformation behavior and achieves the
performance objectives of 10, SR, and CP without complicated
iterations. Its effectiveness for designing the isolated HSR bridge
has been proved.

The results from the time history analysis are close to those
designed by the improved EEDP method. The maximum error for
the displacement of the pier is 12.12%, which proves that the
improved EEDP method is sufficiently accurate.

By adopting the FPB bearing instead of common bearing in HSR
bridge, the seismic performance of HSR bridge is improved, and
the pier is protected to avoid premature yielding at the DBE in-
tensity. This proves that it is reasonable to adopt FPB in HSR
bridge.

The improved EEDP method proposed in this paper is currently
only applied to simply supported bridges, and it should be
extended to different bridge types and different structures in the
future.
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