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This paper focuses on the seismic isolation design of near-fault bridges under the seismic excitations of near-fault ground
motions in high-intensity earthquake zones and proposes a combined control system using lead rubber bearings (LRBs) and
cable displacement restrainers (CDRs) along with ductility seismic resistance for the reinforced concrete piers. As part of the
performance-based seismic design framework, this study provides the quantitative design criteria for multilevel
performance-based objectives of a combined control system under conditions of frequent earthquake (El), design
earthquake (medium earthquake), and rare earthquake (E2). Moreover, in this study, a preliminary performance-based
seismic isolation design for a near-fault actual highway bridge in high-intensity earthquake zones (basic peak of ground
acceleration 0.4 g) was developed. Using nonlinear time-history analysis of the actual bridge under near-fault ground
motions, the feasibility of a performance-based design method was validated. Furthermore, to ensure the predicted
performance of the isolated bridges during a strong earthquake, a relatively quantitative design in structural details derived
from the stirrup ratio of piers, expansion joints gap, supported length of capping beams, and limited vertical displacement

response was obtained.

1. Introduction

Since the 1970s, seismic isolation technology has been
applied to bridge engineering, and it has been used in-
creasingly in bridge design and strengthening in meizo-
seismal areas. Although the seismic isolation technology
of bridges was developed late in China, the number of
isolated bridges has grown from few dozens to near one
thousand after the Wenchuan Earthquake in 2008 (oral
research reports of Prof. F. L. Zhou). Presently, the de-
velopment of transportation infrastructure in China, such
as high-speed rail and highway transportation facilities,
has been making great progress and improved rapidly. In
fact, some highway bridges in high-intensity earthquake
zones with a peak of ground acceleration (PGA) of >0.4 g
and near active fault sites were constructed in Yunnan,

Tibet, Gansu, and other western provinces of China. Near-
fault ground motions are different from ordinary ground
motions in that they often contain strong coherent dy-
namic long-period pulses and permanent ground dis-
placements (“fling step”). The dynamic motions are
dominated by a large long-period pulse of motion that
occurs usually on the horizontal component perpendic-
ular to the strike of the fault, caused by rupture directivity
effects. The static ground displacements in near-fault
ground motions are caused by the relative movement of
the two sides of the fault on which the earthquake occurs.
These displacements are discontinuous across a fault
having surface rupture and can subject a bridge crossing a
fault to significant differential displacements [1]. At
present, seismic isolation technology [2, 3] is being ex-
tensively used in near-fault bridges such as the Turkey
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Bolu Viaduct, Iceland Thjorsa River Bridge, and Oseyrar
Bridge, all of which have withstood the test of near-fault
ground motions during real earthquakes [4-7]. Although
those bridges had suffered some damage, they also showed
that seismic isolation still has some positive effects under
the near-fault ground motions with velocity pulse effects.
If the seismic isolation design was not adopted, the
damage would have been more extensive. Studies related
to seismic disasters indicate that near-fault ground mo-
tions will cause large displacements of bridges at the
earlier stage and that the energy-dissipating function of
the seismic isolation elements is not completely developed
and they will be damaged early during the earthquake.
Unless the size and the capacity of seismic isolation el-
ements are larger, they will decrease the economic efhi-
ciency of the isolation design of bridges. Therefore,
combining the elastic or plastic displacement-restoring
devices with seismic isolation devices can be considered as
an important measure. For example, Diclei [8, 9] utilized
additional elastic stiffness or elastic-gap devices, and
Osman et al. [10] utilized SMA (shape memory alloy,
SMA) connection devices. Usually very large displace-
ments make seismic isolation an unfeasible solution due
to boundary conditions, especially in case of existing
bridges or high-risk seismic regions. Losanno et al.
[11, 12] implemented a frequency domain approach for
damping optimization in both elastomeric viscoelastic
and sliding isolators on regular bridges and demonstrated
that increasing the damping level of the isolation system is
not always favorable, and there exists an upper limit for
the damping level, after which they presented a numerical
investigation on the seismic behavior of isolated bridges
with supplemental viscous damping under near-fault
strong motions.

“Guidelines for Seismic Design of Highway Bridge” in
China (JTG/T B02-01-2008) [13] only provides simple
avoidance principles and general guidance for near-fault
bridge design and lacks detailed quantitative calculations
and detailed design requirements. Therefore, there are few
issues in seismic design of bridges subjected to near-fault
ground motions. In addition to practical engineering pro-
jects, a combined control system with lead rubber bearings
(LRBs), cable displacement restrainers (CDRs), and ductility
seismic design of bridge piers was proposed. Furthermore, a
numerical model based on OpenSees for seismic analysis was
established. According to multilevel performance objectives,
performance-based seismic isolation design of near-fault
highway bridges in high-intensity earthquake zones was
achieved.

2. Bridge Project Background

A 260m (4x20+5x20+4x20m) continuous girder
bridge in Yunnan province was studied. The bridge’s su-
perstructures consist of five prefabricated small box girders
placed abreast. The width of the single girder is 3.1 m and the
substructures comprised reinforced concrete double-
column piers, whose height ranges from 5 to 9m. The
rectangular section of columns is designed as 1.4 m long by
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1.4m wide. The prefabricated small box girders and end
transverse girders utilized C50 concrete, whereas the cap
beams, blocks, link girders, and piers are constructed of C40
concrete. Figure 1 shows the elevation and transverse section
of the bridge.

Note that the seismic intensity of the bridge is IX degree,
and the basic design ground motion acceleration is 0.4 g.
Furthermore, the bridge is located in the site near the
western branch of Xiaojiang Fault, and the distance between
them is less 10 km. The site category is III with a potential
seismic risk of magnitude 7.0. Note that the maximum
earthquake recorded was a magnitude 8.0 earthquake at
Songming Yangling in 1833.

3. Seismic Isolation Scheme and Performance-
Based Design Objectives

3.1. Bridge Seismic Isolation Scheme. For medium earth-
quakes, the basic PGA for this bridge is 0.4 g; however, for
larger earthquakes, the PGA could be >0.6 g. Moreover, it is
necessary to consider the long-period impulse effect of near-
fault ground motions. As shown in Figure 2, this paper
proposed a highway bridge isolation design scheme with a
combined control system of LRBs and CDRs, in addition to a
ductility seismic design of bridge piers. First, the yield and
energy dissipation of LRBs were used to protect the bridge
piers (I). When the bearing was close to its limit of de-
formation capacity, the CDRs (mature commercially
available products that are widely used in the world) worked
(I). When the bridge was subjected to the extreme ground
motions (e.g., near-fault ground motions), the bridge piers
could have a plastic response with ductility and the collapse
should be avoided (III). The stirrups and other construction
measures can ensure its ductile seismic-resistant capacity.
Using such schemes, a step-by-step fortification can be
achieved, and the seismic isolation design, ductility design,
and displacement control can be systematically unified to
prevent bridge collapse under a strong earthquake close to
the active fault.

3.2. Multilevel Performance-Based Seismic Design Objectives.
Focusing on the abovementioned scheme, we proposed the
seismic isolation and multilevel performance-based design
of near-fault bridges in high-intensity earthquake zones,
which was defined as follows.

E1 earthquakes (small earthquakes): piers remain elastic,
seismic isolation bearings were allowed to yield, the maxi-
mum shear strain of rubber-type bearings should be less
than 100%, and the residual displacement which would
cause a negative effect on usage should not be generated.
Note that the residual displacement should be controlled
within 10%-15% of the bearing height. This value was based
on the assumption that the thickness of rubber layer was 0.6
times as high as the bearing height. Furthermore, a design
value, 250%, was adopted as the maximum shear strain.
According to the introduction [14, 15] of Japanese seismic
isolation bridge design requirements by Kawashima, when
the deformation displacement reaches the design
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displacement uy, in the condition of slow release, the re-
sidual displacement should satisfy the inequality
Upg < 10%uy. Thus, the maximum residual displacement
calculated by a simple bilinear hysteretic model should be
less than 15% of the bearing height.

Design earthquakes (medium earthquakes): piers were
allowed to yield; the yield strength of piers was greater
than the yield strength of the bearings (i.e. Fp, > Fy,),
which could ensure the bearings yield first. The residual
crack width of piers should be sufficiently small, and no
repair is required after the earthquake. It can be controlled
by damage index, such as the displacement ductility co-
efficient which can be confined with 1.2 to 1.5, and by the
compressive strain of the constrained concrete (within
€.y =0.0033).

E2 earthquakes (large earthquakes): piers were allowed
to yield but the damage should be controlled, and the bridge
should not collapse. By controlling the amount of stirrups,
the limited drift ratio of piers could not exceed 3%. Fur-
thermore, the maximum shear strain of the LRBs should be
250%.

Some brief descriptions about E1 and E2 earthquake risk
levels had been presented. As stipulated by various speci-
fications in China, Table 1 listed the E1 and E2 earthquake
effects in regions with a basic PGA value of 0.4 g. In this
study, the peak accelerations of 0.2g for El earthquakes,
0.4 g for medium earthquakes, and 0.62 g for E2 earthquakes
were adopted.

4. Bridge Seismic Isolation Design and
Performance Assessment

Based on the displacement-based seismic design method
of medium-span seismic isolation bridge developed by Shi
et al. [16], seismic isolation was performed for every
continuous unit under medium earthquakes. Then, to
adjust the multilevel performance of the overall structure
(three continuous units), the time-history analysis was
conducted. In this study, the seismic isolation design in
the bridge’s longitudinal direction had been investigated;
moreover, the bidirectional seismic isolation had been
described [16].

The seismic isolation-bearing layout of this bridge was
designed as follows: LRBs were installed on the piers of
continuous spans, and flat slider bearings with larger dis-
placement capacities were arranged at the bridge abutment
and expansion joints. The reason for adopting this layout
was that the bearings at the bridge abutment and expansion
joints had larger displacement requirements during earth-
quakes. The bearings at abutments and expansion joints
usually had larger displacement requirements because of the
difference of dynamic characteristics and discontinuous
displacement between adjacent structures in the continuous
girder spanning over multisupports, which was also con-
firmed by the earthquake damages of several isolated bridges
during the Great East Japan Earthquake on March 2011. The
seismic design of the combined seismic isolation systems
with LRBs and CDRs was carried out based on seismic
design code, technical standard of isolated bearings, and
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displacement-based seismic design method [16]. The for-
mulas of equivalent damping ratio and the effective period
[16] of bridge system were as follows:

ZT(”";‘ : feff,i)

o = im
(1)
M
Teff = 27'[ eff'
Keff

The bridge was designed based on the “Guidelines for
Seismic Design of Highway Bridge” in China (JTG/T B02-
01-2008), and the design spectra (see Figure 3 as refer-
ence) with the basic PGA equaling to 0.4 g was adopted.
The equivalent damping ratios were 32%, 30%, and 32%,
and the effective periods were 1.71's, 1.755s, and 1.73 s by
calculating for the three segments from left to the right of
the bridge (see Figure 1)when the same target displace-
ments of 0.16 m for the bridge beams were considered.
Moreover, according to the requirements of vertical
bearing capacity and horizontal bearing capacity of the
bearings, the appropriate bearings were selected in the
products of isolation bearings [17]. Finally, the model
number of lead rubber bearing was Y4Q770 x 232 with the
total rubber layer height 144 mm. The model number of
flat slider bearing at the abutment and pier expansion
joints was GYZF,D400x60 and GYZF,D400x 38, re-
spectively. The corresponding mechanical parameters are
shown in Table 2. K;, K;, and F, represented the prey-
ielding stiffness, postyielding stiffness, and (level) yield
strength of the bearing system at the bridge pier, re-
spectively. Furthermore, [F] represented the vertical ca-
pacity of the bearings in the seismic isolation technique
specifications [17].

Cable displacement restrainers were installed at both
sides of the box girders and were anchored to the bridge’s
piers (capping beam). Note that their initial gap was
0.28 m (i.e., it worked when the bearing shear strain
y=200%). There were 5 restrainers in total on one side of
the bridge’s superstructure which were composed of five
prefabricated small box girders. A schematic drawing of
the commercial CDR system was presented in Figure 4,
whose yield force was 1540 kN with an axial stiffness of
1.7x10*kN/m (the total axial stiffness of the cables at
one side of the bridge substructures was 8.5 x 10*kN/m).
The arrangement of all devices is also shown in Figures 1
and 2.

Based on these calculations, reinforcement of the section
for bridge piers was appropriately adjusted and arranged, as
shown in Figure 5. HRB400 longitudinal reinforcement
consisted of ®28, HRB400 stirrup consists of ®14 limb
stirrup, and both of them were longitudinally and trans-
versely installed. The yield strength of HRB400 steel is
400 MPa. L, represented the length of the mesh area of the
confined steel bars in equivalent plastic hinge, and L, was
determined according to the “Guidelines for Seismic Design
of Highway Bridge” in China (JTG/T B02-01-2008). In
Figure 5, the parameter n represented the number of
stirrups.
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TaBLE 1: Earthquake risk levels for PGA.

Specification

El (small earthquake)

Design earthquake

(medium earthquake) E2 (rare earthquake)

Guidelines for seismic design of highway
bridge (JTG/TB02-01-2008)

Code for seismic design of urban bridge
(CJJ166-2011)

Code for seismic design of buildings
(GB50011-2010)

Code for seismic design of urban

rail transit structures (GB50909-2014)

Code for seismic design of railway engineering
(GB50111-2006, 2009 local revised edition)

02g 04g 0.68¢g
0.24¢g 04g 0.62¢g
014g 04g 0.62¢g
014g 04g 0.62¢g
0.16g 0.4g 0.64¢g

Note. Importance coefficient has been corrected according to the situation of this bridge.

4.0

Magnification factor

Period (s)
— NF-1 ---- NF-4 < NEF-7
----- NF-2 -enee NE-5 ----- NF-8
NF-3 e NF-6 — NF-9

FIGURE 3: Response spectrum of near-fault ground motions.

4.1. Earthquake Record Inputs for Time-History Analysis.
The velocity waveforms may not have pulses with the po-
larity reversals that make near-fault directivity pulses so
destructive. According to the “Guidelines for Seismic Design
of Highway Bridge” (JTG/T B02-01-2008) and “Specification
of Seismic Design for Highway Engineering” (JTG B02-
2013), the bridge was closed to a fault (only several kilo-
meters) to investigate the seismic performance of the seismic
isolation bridge structure under near-fault ground motions.
Furthermore, nine near-fault ground-motion records with
velocity pulses were specifically selected and input along the
longitudinal direction of the bridge after adjusting the PGA.
Table 3 lists the details of the selected near-fault earthquake
waves. The near-fault ground motions were downloaded
from the PEER/NGA database, and the permanent ground
displacement (“fling step”) effects were moved by their
processing procedure of filtering, and only the rupture di-
rectivity effects were considered in the paper.

Figures 3 and 6 depict the magnified coefficient re-
sponse spectrum, average spectrum of input earthquake
waves, and the bridge seismic specification spectrum for
category III sites. As shown in Figure 6, the average

spectrum value of the selected near-fault earthquake wave
was greater than the specification spectrum in the long
period. Moreover, being rich in medium-period and long-
period components is an important characteristic of near-
fault ground motions.

4.2. Multilevel Performance Objective Assessment

4.2.1. E1 Earthquake. Note that the PGA corresponding to
E1 earthquakes was 0.2 g. Figure 7 shows the displacement of
girders and bearings under near-fault ground motions.

The maximum displacement of bearings under near-
fault ground motions was 0.11m, which met the re-
quirement that the maximum shear strain of bearings should
be less than 100% (see Figure 7). The maximum residual
displacement of the LRBs was 37 mm, which was approxi-
mately 16% of the bearing height and primarily located in
the third continuous span unit. Though the ratio of the
residual displacement to bearing height exceeded the upper
bound, due to the larger uncertainty in the seismic response
of isolated bridge under near-fault ground motion, this value
was still acceptable. However, some bearings may need
replacement after earthquakes.

4.2.2. Medium Earthquake. In the combined seismic iso-
lation system with LRBs and CDRes, it was assumed that the
CDRs have enough capacities, so the seismic responses of the
CDRs were not analyzed here. The seismic responses of the
LRBs and the responses of the piers were concerned. Figure 8
shows the displacement response for the girder, bearing, and
piers under near-fault ground motions (0.4g). Under the
effect of near-fault ground motions, the displacement of
the girder and LRBs reached 0.225m and 0.221m, re-
spectively. Furthermore, the shear strain of the bearing’s
rubber layer exceeded 1.5 (rubber thickness was 0.144 m).
The displacement of piers reached vyield displacement
approximately.

4.2.3. E2 Earthquake. Table 4 lists the displacement re-
sponse of seismically isolated bridges under the effect of
0.62 g near-fault ground motions. It was observed that the
maximum shear strain of the bearings was 238%, whereas
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TaBLE 2: Mechanical characteristics of bearings.

Location Type K; (kN/m) K, (kN/m) Fy (kN) [F] (kN)

Abutment GYZF,D400 x 60 2094 0 46 1195

Expansion joint GYZE,D400 x 38 3306 0 46 1195

Pier Y4Q770 %232 14900 2300 216 4300

FIGURE 4: Cable displacement restrainers [18].
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TaBLE 3: Records of near-fault ground motions.

Number Earthquake event Station PGA (g) PGV (cm/s) PGD (cm)
NF-1 ChiChi, 1999 TCUO051-EW 0.160 51.53 124.52
NF-2 ChiChi, 1999 TCU054-EW 0.146 45.96 121.47
NE-3 ChiChi, 1999 TCU082-EW 0.226 51.54 152.35
NF-4 Northridge, 1994 JEN-022 0.424 106.22 43.06
NF-5 Northridge, 1994 RRS-228 0.838 166.05 28.78
NF-6 Northridge, 1994 SYL-360 0.843 129.71 32.68
NE-7 ChiChi, 1999 TCU065-EW 0.789 132.29 194.31
NEF-8 ChiChi, 1999 TCU067-EW 0.499 97.26 186.16
NF-9 ChiChi, 1999 TCU068-NS 0.365 291.94 867.76

the maximum drift ratio of the piers was 2.05%. Thus, this
design met the design performance goals that the failure of
bearings would not occur and the collapse of piers would not
happen. In addition the maximum internal force of a CDR
was about 950 kN.

As an example, the displacement response of the no. 12
pier and its force-displacement drifts curve are depicted in
Figure 9. It was found that the pier response would enter the
inelastic stage, and the residual displacement would occur at
the end of the earthquake.
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5. Detailed Structural Design of Seismically
Isolated Bridge

To ensure predicted performance of the seismically isolated
bridge under earthquake-like conditions, the detailed
structural design must be addressed. Note that the detailed
structural design of this bridge is as follows.

5.1. Stirrup Ratio and Encryption Zone of Bridge Pier.
Because the bridge pier was allowed to yield under E2
earthquake conditions, its stirrup design could be referenced
as “08 Guidelines” and be constructed based on performance
design principles. However, considering that the bridge pier
should have a 3% drift ratio capacity, the value of minimum
stirrup ratio should be determined based on the experi-
mental statistical research which was studied by Sun et al.
[19, 20] using 234 flexural failure RC columns. Note that Sun
et al.’s study proposed a formula for the minimum stirrup
ratio.

For the rectangular section piers in this paper, the
adopted formulas are listed here:

Ap 1 f Ag
. = =—.==.(1.3-p,m) -1, -—2>0.004, (2)
Sl’lc k] fyt ( Pt ) Hi 14C
fy
= —0, 3
" 0.85f! 3)

where f. is the yield strength of longitudinal reinforcement;
A, is the cross section area of bridge pier; A is the bridge
core area calculated from the edge of the stirrup; f. is the
concrete compressive strength; f., is the yield strength of the
stirrup; s is the space of the stirrup; h, is the depth of the
cross section of the bridge pier; Ay, is the stirrup area of
calculation cross section in s range; 7, is the axial com-
pressive ratio; p, is the longitudinal reinforcement ratio; and
k, is the coefficient related to limiting the displacement drift
under various earthquake risk levels. Note that the pier’s

drift ratios could reach 3%, at which k; =2.42, and the as-
surance rate is 85%.

Ma et al. [21] conducted flexural-shear damage exper-
iments for bridge pier specimens. Their results indicated that
the minimum stirrup ratio calculation formula in “08
Guidelines” was still lower than that in the European and
American Caltrans specifications. But the results calculated
by the formula proposed by Sun et al. were similar to the
stirrup ratio level in foreign seismic design specifications and
were applicable to the HRB400 high-strength reinforcement.
In this study, the stirrup was designed as 3% of the predicted
drift ratio of the piers which are located in the high-risk
earthquake region in China.

Figure 5 shows the actual stirrup of these piers (using the
HRB400 high-strength stirrup). Table 5 lists the comparison
of requirements on the stirrup ratios of bridge piers between
the formulas proposed by Z. G. Sun, the European speci-
fication [22], the American Caltrans [23], and “08
Guidelines.”

Note that the axial compression ratio 7, of the double-
column piers in equation (2) might significantly change
because of the transverse ground motion (overturning
moment effects), and the stirrup design should use its
maximum value. Researchers in this paper utilized the
Midas/Civil software to perform transverse pushover
analysis for the double-column piers: four typical groups of
bridge piers with heights of 5, 6, 7, and 9 m were selected and
loaded with the predicted drift for the bridge piers up to 3%.
As part of this study, this paper has only presented the
horizontal force-displacement relationship curves of the
double-column piers, which was achieved by the pushover
analysis for 7m high double-column piers and the axial
variation of the single bridge pier at the bottom, as shown in
Figures 10 and 11.

Finally, Table 6 lists the details of the stirrup densifi-
cation area under various specification requirements [24].
Considering that the contraflexure point of the bridge piers
was located at the midspan and the calculated height of
bridge decreased by Y%, the piers beneath 7 m in this bridge
were applied to the completely dense stirrups, whereas the
2.1 m range dense stirrups were applied to the situation that
a potential plastic hinge was located along the pier height.

>«

5.2. Expansion Joint Design. According to China’s “Guide-
lines for Seismic Design of Highway Bridge,” when selecting
the expansion joint gap of girder, the displacement of girder
should be considered under the action of earthquake. The
results from the E2 earthquake during near-fault ground
motions were used as a reference to optimize gaps between
the longitudinal bridge connections and the bridge abut-
ment expansion joint. Because the stiffness of the bridge
abutment was much larger than that of the bridge piers
which was equipped with the LRB bearings, the relative
displacement response between the abutment and the ad-
jacent girder was mainly contributed by the latter. At
the expansion joint of the bridge abutment, the girder’s
displacement should be less than that for the expansion joint
gap, whereas considering the maximum displacement
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TaBLE 4: Displacement response of seismically isolated bridge.

Pier location Girder displacement (m)

Bearing displacement (m)

Pier displacement ~ Bearing shear  Drift ratio of the

(m) strain pier (%)
1 0.381 0.342 0.110 2.38 2.05
2 0.381 0.296 0.132 2.06 1.44
3 0.381 0.296 0.131 2.05 1.48
4 0.371 — 0.035 — 0.40
5 0.371 0.287 0.110 1.99 1.46
6 0.371 0.286 0.110 1.99 1.47
7 0.371 0.341 0.021 2.37 0.35
8 0.371 0.291 0.121 2.02 1.39
9 0.371 — 0.044 — 0.47
10 0.381 0.297 0.130 2.06 1.42
11 0.381 0.296 0.130 2.06 1.39
12 0.381 0.293 0.117 2.04 1.56
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FIGURE 9: Response of the no. 12 pier. (a) Displacement response. (b) Force-displacement drifts curve.

(381 mm) of the girder under the action of E2 earthquake,
the commercial product of the expansion joint was OVM-
MF400 mm. According to China’s “Guidelines for Seismic
Design of Highway Bridge,” the expansion joint at the
middle spans could be 0.8 times that of the expansion joint at
the bridge abutment, i.e., 320 mm, whereas the commercial
product of expansion joint was OVM-MF320 mm. To
mitigate the longitudinal pounding effects of the bridge and
to prevent the girder from falling, the appropriate damping
and collision-proof rubber bumpers and other measures
were used in the expansion joints.

5.3. Design of Restrainer and Girders Falling-Prevention
Measures. Cable restrainers were used as longitudinal
displacement-limiting devices between the piers and girders.
When the lead rubber bearing approached its ultimate
deformation capacity, the cable displacement restrainers
start to work, which protects the bearing and limits the
relative displacement between pier and beam. The initial
clearance of the cable displacement restrainers was 280 mm
corresponding to 200% of the lead rubber bearing shear
strain. The transverse displacement-limiting devices such as
reinforced concrete blocks (shear keys) are also used. The
minimum seating length provided by the cap girder

guaranteed to prevent the falling down of the girders. Table 7
lists the semiempirical statistical results in the relative dis-
placement spectrum model between piers and girders
proposed by Wang et al. [25] The bridge was located at the
category III soil site, which was close to a fault, and the
support length of the cap girder between the bridge abut-
ment and the expansion joint was 1.4 m; however, under the
“08 Guidelines,” this length was 0.8 m (20 m span).

5.4. Design of Vertical Displacement-Limiting Devices. The
seismic isolation rubber bearings exhibited poorly tensile
strength. The bridge was located in a high-intensity earth-
quake zone and close to a fault. Therefore, the vertical
displacement-limiting device should be considered. The total
design tension of the vertical displacement-limiting device
was 25% of the self-weight of the superstructure; moreover,
each girder was independently designed. At present, the
vertical displacement-limiting devices can be designed by
the steel tension cables easily; in addition, the vertical limit
device adopted the cable-sliding friction aseismic bearing in
China [26], and the cable in the cable-sliding friction
aseismic bearing could also be used to satisfy the vertical
limit under the action of the earthquake. These provisions
were from those of the Caltrans in the United States [23]. The
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TaBLE 5: Comparison of the stirrup ratio.

Shock and Vibration

TaBLE 6: Comparison of the stirrup mesh zones.

Stirrup ratio (%)

Specification Pier height H=5m, 6m, 7m, 9m

Mesh range (m)

Specification Pier height H=5m, 6m, 7m, 9m

Sun’s formula [16]
European code EN1998-2
Caltrans 2006

China’s guidelines

0.48, 0.47, 0.46, 0.44
0.80, 0.80, 0.80, 0.80
0.57, 0.56, 0.56, 0.56
0.40, 0.40, 0.40, 0.40

China’s guidelines 5.0, 6.0, 7.0, 1.4
Caltrans 2006 2.1,21,21,21
European code EN1998-2 14,14,14, 14

Actual design Full column, 2.1

8000
7000
6000
5000
4000
3000

Horizontal force (kN)

2000

1000

0 1 1 1 1 1 )
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Displacement (m)

Ficure 10: Horizontal force-deformation curve.
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FiGure 11: Axial force-deformation curve.

vertical seismic force should be considered in an area with a
PGA of >0.6g. The total design tension of the vertical
displacement-limiting device should be 25% of the self-
weight of the girder, whereas the direction of the tension
(positive or negative) should be considered.

6. Conclusion

For designing bridges located near faults in high-intensity
earthquake zones (0.4g), this study proposed a seismic
isolation design scheme that used combined seismic iso-
lation systems of LRBs and CDRs and the ductility seismic
resistance of reinforced concrete piers. Moreover, multilevel
performance-based objectives were provided to design the
combined seismic isolation system under the conditions of
frequent earthquakes (El), design earthquakes (medium

TaBLE 7: Minimum seating length provided by cap girder (unit:
cm).

Site category I II 11 v

Minimal support length 30 30 70 100
“08 guidelines” design: 70 + 0.5L
(cm), where L is the span (m)

Note

Note. For bridges within 10 km of an active fault, a magnifying factor of 2.0
is applied.

earthquakes), and rare earthquakes (E2). This study vali-
dated the effectiveness of a performance-based seismic
isolation design method using a near-fault highway bridge in
the PGA 0.4g acceleration area. Furthermore, it provided
the key point of relative quantitative design in detail for the
combined damping system and the ductility of the piers such
as the stirrup ratios of bridge piers, expansion joint clear-
ance, support length of capping beams, and vertical
displacement-limiting devices.
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