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Abstract: This study proposes a class of hybrid isolation systems constructed by combining Buckling
Restrained Braces (BRBs) with Rubber Bearings (RBs) or Lead Rubber Bearings (LRBs) for mitigating
the seismic responses in bearing-supported bridges under strong earthquakes. Firstly, two different
hybrid isolation systems (RB-BRB and LRB-BRB) were preliminarily designed based on the energy-
conservation concept in the case of a bridge with Y-shaped piers, which can meet all the energy
demands at different seismic hazard levels. Further, seismic evaluations were conducted on the
bridges with the LRB, RB-BRB, and LRB-BRB isolation systems based on the nonlinear time history
analyses. The proposed hybrid isolation systems show a two-phase energy dissipation behavior,
which facilitates the systems to reduce the seismic responses remarkably under different earthquake
scenarios and achieve most of the performance objectives corresponding to the code-specified hazard
levels. Finally, based on fragility analyses, the effects of the gap spacing and the stiffness ratio of the
BRB to the pier were investigated with respect to the failure probability in the case of a bridge with
LRB-BRB. It has been validated that the seismic performances of this study’s bridge can be improved
considerably with the optimized gap spacing and BRB stiffness.

Keywords: seismic design; buckling restrained brace; hybrid isolation system; bearing-supported
bridge; fragility analysis

1. Introduction

Earthquake-induced downtime and the permanent damage to some important bridges
have large consequences in terms of economics and safety [1-3]. There is a need for design-
ers to simultaneously achieve strength and seismic performance requirements. Generally,
the strength of continuous bridges can be enhanced by the rational design of the structural
components, such as girders, piers, and abutments. This increases the structural stiffness
and thereby affects the seismic performance of the bridge under different seismic intensities.
For the seismic design of bridges under strong earthquakes, isolation devices are usually
installed between the deck and the piers to mitigate dynamic responses [4,5], since bearings
or isolations are more readily replaced or repaired than structural components.

The isolation devices can be categorized by function into either seismic isolation
devices (bearings) or energy dissipation devices (dampers). In practice, the mass production
of the Rubber Bearing (RB), the Lead Rubber Bearing (LRB) [6], and the Buckling Restrained
Brace (BRB) [7] with specified standards has led to these products being available in markets
due to their advantages in cost, efficiency, and reliability in service environments. Among
these, conventional RBs and LRBs have been widely applied in bearing-supported bridges
for economic benefits in mild seismic zones; however, they are criticized for their excessive
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shear deformation under strong earthquake shakings. On the other hand, BRBs have a large
energy dissipation capacity for resisting unexpected deformation during strong earthquakes
but may transfer increased seismic loads to substructures during moderate earthquakes.

Compared with individual isolators, the hybrid isolation system has many advan-
tages because it exploits the merits of its isolators and has been investigated extensively.
Kim et al. [8] combined BRBs with a viscoelastic damper to improve the tested structure’s
structural lateral stiffness and wind-induced vibration performance at the same time.
Li et al. [9] proposed a hybrid isolation system consisting of a BRB and a viscous damper
to protect a high-rise building from the multi-hazards of earthquakes and wind, which
effectively dissipated energy under multiple hazard scenarios. Marshall et al. [10] combined
BRB with a high damping rubber damper to construct a multiphase energy dissipation
device that can be adjusted artificially to reduce the dynamic responses at different seismic
intensities. Moreover, BRBs were combined with self-centering bracing to simultaneously
mitigate the seismic responses and the residual displacement of structures [11,12]. These
studies demonstrated BRB as an effective energy dissipation damper that could be com-
bined with other isolators for the innovative seismic protection of structures under different
earthquake intensities.

The seismic design of bridges advances with the development of isolation systems.
In the performance-based seismic design, the performance criteria are usually defined by
the structural responses at a specified seismic hazard level [13]. Based on the identical
displacement-based design criteria, Xiang et al. [14] evaluated the seismic performances
of bridges retrofitted with different energy dissipation braces under design earthquakes.
Calvi et al. [15] simplified the isolated bridge as an Equivalent Single-Degree-of-Freedom
(ESDF) system and validated the ESDF model in a preliminary seismic design for both
regular and irregular bridges based on deck displacement.

For a practical seismic design, Yang et al. [16] proposed an Equivalent Energy Design
Procedure (EEDP) in the seismic design of a fused truss moment frame, allowing designers
to achieve the target performance at a certain earthquake intensity without complicated
iterations. By using the EEDP, Sadeghi et al. [17] conducted seismic analyses on bridges
retrofitted with a rocking dual-fused system. This innovative isolation system helps the
bridge achieve the targeted performance at different seismic intensities. Guo et al. [18]
improved the EEDP for the seismic design of a multi-degree-of-freedom system, such as
a high-speed railway bridge, supported by friction pendulum bearings where the pier
mass should be considered. The EEDP is based on the concept of energy conservation
by equating the strain energy and hysteresis energy of a realistic nonlinear system to the
strain energy of its assumed elastic system. Considering the nonlinear characteristic of
the hysteresis energy, this energy equivalence cannot be obtained unless the energy of the
realistic system is modified by a factor larger than unity. However, the determination of the
modification factor needs a lot of nonlinear dynamic analyses and iterations. Particularly for
complicated structures, such as the bridges with hybrid isolations, the accurate estimation
of the modification factor becomes impractical.

In preliminary seismic design, an empirical modification factor can be utilized to
simplify the EEDP. With the empirical modification factor, the rational energy dissipation
can be estimated, and thus the placement, size, and capacity of the intended isolation
systems can be determined. Furthermore, an optimal design of the isolation system could
be obtained based on the nonlinear dynamic analyses of the whole bridge system. Many
optimum approaches, such as the steepest descent search algorithm [19], the genetic
algorithm [20], the resilience-based method [21], and the fragility-based method [22],
were reported to be capable of simultaneously improving both the seismic and structural
performances. For example, Montazeri et al. [23] utilized a fragility analysis to evaluate
the impact of the individual BRB and LRB on the damage probability of bridges. The
structural fragility is an overall indicator related to bridges’ corresponding damage states
that can be rationally correlated with the performance-based design criteria. Thus, the
fragility-based method is utilized herein to obtain the optimal seismic design of the hybrid
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isolation systems by evaluating the structural fragilities in bridges under different seismic
hazard levels.

The objective of this work is to develop a class of novel hybrid isolation systems
that are composed of conventional LRBs and gap-tunable BRBs for the seismic design of
bridges. The novelty of the current study is that based on the simplified EEDP and fragility
analyses, a performance-based optimal design is proposed for bearing-supported bridges
by tuning the gap spacing and stiffness of BRBs. The present work is organized as follows.
First, we performed a preliminary seismic design for a case bearing-supported bridge with
gap-tunable BRBs based on a simplified EEDP. Then, seismic analyses of bridges with
different isolation systems were performed to evaluate the seismic performances of bridges
at different seismic intensities. Based on the seismic responses, fragility analyses were
performed to discuss the effects of the tunable gap spacing and stiffness of BRBs on the
vulnerability of both bearings and piers at different damage states. Finally, a practical
optimum design of the LRB-BRB isolation system was suggested to achieve better seismic
performances for similar bridges.

2. Models and Methods
2.1. Prototype Bridge Modeling

A three-span symmetrical pedestrian bridge with Y-shaped piers located in Xi’an,
China, was considered as the prototype model, as shown in Figure 1a. The superstructure
is a continuous steel-concrete composite girder with a deck section width of 7.0 m and
height of 1.0 m. The substructure is made of four Y-shaped piers of similar height. Each
pier is assembled by one vertical column with a height of 2.0 m and two inclined limbs
with a height of 3.0 m. The center-to-center spacing of limb tops is 4.6 m. In the prototype
bridge, the deck is supported by eight Rubber Bearings (RBs) seated on the limb tops of
the four Y-shaped piers. Both limbs and columns are made of Concrete Filled Steel Tubes
(CFSTs) with circular section diameters of 0.6 m and 0.8 m, respectively. The deck section
and the typical CFST Y-shaped pier are shown in Figure 1b.

o L |

Figure 1. (a) A three-span continuous prototype bridge with Y-shaped piers. (b) The typical Y-shaped
pier in the bearing-supported bridge implemented with BRBs. (c) The finite element model for the
typical pier with hybrid isolation system.
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The finite element model of the prototype bridge was built by using the nonlinear
dynamic analysis program OpenSees [24]. In the bridge model, the girder and piers were
modeled by the elasticBeamColumn and dispBeamColumn, respectively. For modeling the
CEFST piers, steel tubes with a thickness of 16 mm were modeled by the Steel02 element
with mechanical properties derived from the Giuffre-Menegotto-Pinto model [25]. The
infilled concrete was modeled with confined concrete by using the Concrete02 element
with mechanical parameters described by the Kent-Park model [26,27]. A standard type of
RB [28] with a height of 0.069 m was modeled by the zero-length element (Steel01). The
RBs, designed according to their vertical loading requirements, would yield at the shear
strain of 100% with the initial shear stiffness k; of 2180 kN/m and post-yielding stiffness of
21.8 kN/m.

In the case of this bridge, dynamic response along the transverse direction is crucial
since excessive shear displacement in the bearings will result in the unseating failure of
the bridge deck [29]. To mitigate the seismic responses, a pair of BRBs combined with a
gap in the symmetrical ‘Chevron’ configuration can be installed between the inner sides
of limbs and the deck bottom. The pair of BRBs can be modeled for placement at the
same level of the limb tops by an inclined angle of 5°. The finite element model of the
typical pier installed with the BRBs and bearings is illustrated in Figure 1c. Usually, the
soil-structure interaction (SSI) is beneficial to structural performance since it may introduce
additional flexibility and damping to structures [30]. Thus, the SSI can be ignored, when
pursuing a conservative design, except for important bridges where economic impact
matters, in long-span bridges where multiple support excitation should be considered, or in
asymmetrical rigid structures founded on soft soils where the detrimental effect of SSI may
arise [31,32]. In this work, the case bridge was a symmetrical short-span flexible bridge. For
the computational efficiency of the dynamic analyses, the soil-structure interaction between
piers and the earth was neglected by rigidly fixing the column ends with the ground.

2.2. Modelling of Isolation Systems

Three types of isolation schemes are considered in this study: replacing RBs in proto-
type bridge with LRBs, adding BRBs to assist RBs to construct a hybrid RB-BRB isolation
system, and combining BRBs with LRBs to construct a hybrid LRB-BRB isolation system. In
the RB and LRB individual isolators, both act as bearings to isolate shear or dissipate energy,
while in the RB-BRB and LRB-BRB hybrid isolation schemes, BRBs activate after the first
deformation stage of bearings. For preliminary design, the initial mechanical parameters of
the typical isolation devices are listed in Table 1.

Table 1. Initial mechanical parameters of the typical isolation systems.

RB LRB BRB Gap
Isolation
System Shear Stiffness  Shear Stiffness Post-Yielding Yielding Strength Steel Core 4 (mm)
(kN/m) (kN/m) Stiffness (kN/m) (kN/m) Area (mm?)

RB 2185

LRB 6200 1000
RB-BRB 2185 185 500 35
LRB-BRB 6200 1000 185 500 35

In the bridge supported by individual LRBs, a standard type of LRB [28] with a
deformable height of 0.169 m is modeled by the elastomeric bearing elements. For each
LRB, the idealistic force-displacement curve is shown in Figure 2, and its post-yielding
stiffness K, can be expressed as:

Ky = arKpg 1)

Fry = Kroxry (2)
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where Kj j is the initial stiffness, ay, is the ratio of the post-yielding stiffness to the initial stiff-
ness, Fy, is the yield force, and x1, is the yield displacement. For the LRB selected according
to the vertical load-carrying requirement, the initial stiffness K is 6.2 x 10° N/m, the
post-yielding stiffness is 1.0 x 10° N/m, the yield force F Ly of its lead core is 6.2 X 10* N,
the yield displacement xp,, is 0.01 m, the elastic modulus E| is 2.0 GPa, and the vertical
stiffness is 1.64 x 10° N/m.

A

K
Fy

Ko

-
Xiy X

Figure 2. The typical force-displacement curve of an LRB.

In the bridge with RB-BRB, BRBs are modelled by truss elements made of symmetrical
isotropic hardened steel (Steel02) with yield strength of 185.0 MPa and elastic modulus of
2.06 x 103 GPa. The post-yielding stiffness (Kpy) can be expressed as:

Kpy = apKpp 3)

Fpy, = x,Kpo 4)

The typical hysteretic curve of a BRB under cyclic loading is shown in Figure 3. In the
preliminary design, the steel core area of the initially selected BRB is 500 mm?, the initial
axial stiffness Kp¢ is calculated as 49,047 kN/m, «p is the ratio of the initial stiffness to
the post-yielding stiffness with a constant value at 0.01, and the yield displacement x,
is 2.0 mm.

F A

Fu. @

Fy |---- f

Xay XBu X

Figure 3. The typical hysteretic curve of a BRB under cyclic loading.

To adjust the yielding of BRBs, two combined gaps are set between the top ends of a
pair of BRBs and the bottom of the deck in series. The schematic detailing of the combined
gaps in the gusset plate is shown in Figure 1. The combined gap model is constructed by
assembling a tension gap unit with a compression gap unit in parallel. Then, the combined
gap connects with a BRB in series forming a gap-tunable BRB. Here, the BRB serves as an
additional energy dissipation component in parallel with RB, forming an RB-BRB isolation
system, as depicted in Figure 4. In this hybrid system, the combined gaps can provide the
pair of BRBs with an artificial spacing of d to delay their activation.
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Figure 4. The schematic depiction of an RB-BRB or LRB-BRB isolation system.

The force (F) in RB-BRB can thus be calculated by Equation (1). If the relative shear
displacement (Ax) between the deck and the pier tops is greater than d, one of the gap units
will be closed, and the BRB will be tensioned or compressed. If Ax is smaller than d, both
gap units remain open, and the BRB will not be activated. Usually, the gap spacing d in
the RB-BRB model is less than xg,. The idealized force-displacement curve of the RB-RBB
is shown in Figure 5a, where BRB begins to take loads at a shear displacement of initial
d and yields before the yielding of RB. In this model, four stiffnesses along the curve are
sequentially K7 = Kgg, Ky = Kgg + Kpgg, K3 = Kgg + agKpg, and Ky = agKgg + agKpg, with
three transition points corresponding to shear forces at F,; = dKy, Fy» = Fy1 + Ky (xpy — d),
and F,3 = Fj» + K5(xgy — xpy), respectively.

Kg(Ax—d) (Ax>d)
F=< 0 (—d < Ax < d) (5)
Kg(Ax+d) (Ax < —d)

F A F A
K
Fs |l K.
Fol Kz‘ B |l }
K[ e | &5/
Bl AT =l
B Bl 7ok, |
(j‘xtiy .‘XRV AXV Xiy d Xay Ax
(a) (b)

Figure 5. Force-displacement relationships of the (a) RB-BRB and (b) LRB-BRB isolation systems.

Due to the early yielding of the lead core, LRBs can dissipate more energy than RBs
under the same earthquake shaking. By replacing RBs of the RB-BRB with LRBs, the LRB-
BRB isolation system can be constructed with improved energy dissipation capacity. The
force-displacement relationship of the LRB-BRB with the initial gap spacing (d = 35 mm)
is shown in Figure 5b. Usually, the gap spacing in the LRB-BRB is larger than xp,, thus
BRBs will activate in the post-yielding stage of LRBs, rendering a stair-like quadrilinear
curve. In this model, four stiffnesses along the curve are sequentially K; = Ky, Ky = ap Kpy,
K3 = a1 Krp + Ko, and Ky = ap. K + apKpp with three transitions corresponding to shear
forces at Fyl = FLy/ PyZ = Fyl + Kz(d - xLy)/ and Fyg = FyZ + Kngy.

2.3. Multi-Level Earthquakes and Performance Objectives

In this work, typical ground motion records [33], including 7 far-fault (FF), 7 near-fault
(NF), and 7 pulse-like near-fault (PNF) earthquakes, were selected from Pacific Earthquake
Engineering Research (PEER) strong motion database [34]. The magnitude, Peak Ground
Acceleration (PGA), the Peak Ground Velocity (PGV), and the average shear wave velocity
(Vs_30) for soil layers within 30 m below the ground surface of the selected FF, NF, and PNF
earthquakes are listed in Tables 2—4, respectively. The frequency contents of the selected
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time histories were modified using the time domain spectral matching method proposed by
Al Atik and Abrahamson [35] to match their response spectra with the target spectra at the
Service Level Earthquake (SLE), the Design-Based Earthquake (DBE), and the Maximum
Credible Earthquake (MCE) hazard levels. Figure 6 shows the comparison between the
target response spectra and the response spectra of the selected records with a 5% damping
ratio. It should be noted that the response spectra of the selected ground motions match
the target responses well, particularly for the bearing-supported bridges widely used in
China with fundamental periods T}, less than 2 s [36]. Here, we conducted modal analyses
for the considered bridges with different isolation systems. All periods of the first three
modes, as listed in Table 5, are within this range.

Table 2. Far-fault ground motion records.

No. Earthquake Year Station Magnitude  Vs_30 (m/s) PGA (g) PGV (cm/s)

FF1 Northridge 1994 Beverly Hills 6.69 355.81 0.42 63

FF2 Northridge 1994 Canyon Country 6.69 325.6 0.41 45

FF3 Imperial Valley 1979 El Centro Array #11 6.53 196.25 0.36 42

FF4 Kocaeli, Turkey 1999 Duzce 7.5 276 0.31 59

FF5 Landers 1992 Yermo Fire Station 7.3 354 0.24 52

FF6 Chi-Chi, Taiwan 1999 CHY101 7.6 259 0.35 115

FF7 Friuli, Italy 1976 Tolmezzo 6.5 425 0.35 31

Table 3. Near-fault ground motion records.
No. Earthquake Year Station Magnitude  Vs_30 (m/s) PGA (g) PGV (cm/s)
N Imperial 1979 Chihuahua 653 242,05 028 305
Valley-06

NF2 Loma Prieta 1989 BRAN 6.93 476.54 0.64 55.9

NF3 Cape Mendocino 1992 Cape Mendocino 7.0 514 1.43 119.5

NF4 Northridge-01 1994 LA-Sepulveda VA 6.7 380 0.73 70.1

NF5 Kocaeli, Turkey 1999 Yarimca 7.5 297 0.31 73

NF6 Chi-Chi, Taiwan 1999 TCU084 7.6 553 1.16 115.1

NEF7 Denali, Alaska 2002 TAPS Pump Sta. #10 79 553 0.33 126.4

Table 4. Pulse-like near-fault ground motion records.

No. Earthquake Year Station Magnitude  Vs_30 (m/s) PGA (g) PGV (cm/s)
PNF1 Irpinia, Italy-01 1980 Sturno 6.9 382 0.31 455
PNE2 Erzican, Turkey 1992 Erzincan 6.69 352.05 0.49 95.5
PNF3 Landers 1992 Lucerne 73 685 0.79 140.3
PNF4  Northridge-01 1994 Rinaldi 6.7 282 0.87 167.3

Receiving Sta
PNF5 Northridge-01 1994 Sylmar-Olive View 6.7 441 0.73 122.8
PNF6 Kocaeli, Turkey 1999 Izmit 7.5 811 0.22 29.8
PNF7 Duzce, Turkey 1999 Duzce 7.1 276 0.52 79.3

Table 5. Periods of the first three modes for bridges with different isolation systems.

Isolation System T; (s) T, (s) T3 (s)
RB 1.2602 1.1879 0.9304

LRB 0.9771 0.8624 0.7146
RB-BRB 1.2603 1.1887 0.9304

LRB-BRB 0.9770 0.8612 0.7146
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Figure 6. Target response spectra compared with response spectra of the selected individual ground
motions at different earthquake hazard levels.

According to the Chinese seismic code (JTG/T 2231-01-2020) [37], a three-level per-
formance objective for the bridges was proposed as follows: Immediate Occupancy (10),
Rapid Return to occupancy (RR), and Collapse Prevention (CP). In design practice, the
desired objective is closely related to the subjected earthquake intensity. Generally, in an
isolated bridge, both piers and bearings are designed to remain elastic to achieve the IO
performance at the SLE hazard level with an exceedance probability of 63.2% in 50 years.
Further, RR performance can be achieved by keeping the remaining piers elastic while
allowing the bearings to yield or slide within an acceptable limit at the DBE hazard level
with an exceedance probability of 10% in 50 years. At the MCE hazard level with an
exceedance probability of 2% in 50 years, both piers and bearings will yield at a certain
limit, i.e., 3.167 for the base curvature ductility, thus achieving the CP performance.

Table 6 lists the crucial criteria for bearings and piers to target specific performance ob-
jectives under the corresponding earthquake shaking intensity. For each pier, the moment-
curvature analysis was performed on the column section by using the program Xtract [38].
The CFST column was constructed as a fiber element model comprised of the outer steel
tube fibers and the inner confined concrete fiber. The mechanical parameters of the steel
tubes are listed in Table 7, which are identical to those of Steel02, while the mechanical
parameters of the confined concrete are identical to that of Concrete02, as listed in Table 8.
The results show that the column yields at the curvature of 0.0042/m ((py) with the equiva-
lent yield curvature at 0.0057/m (¢.) and fails at the ultimate curvature of 0.0589/m (¢,).
The maximum bending moment of the CFST column occurs at the curvature of 0.0133/m
(@m)- Thus, the base curvature ductility ratio (1 = ¢o/ ¢y) of the pier can be used as both the
damage index and the desired performance criterion. Additionally, the bearing shear strain
(7) is used to evaluate the damage states of bearings. It was reported that the bearings
remained nearly linear up to a shear strain of 100% while their mechanical properties
degraded when the shear strain exceeded 150%. Once the shear strain exceeds 200%, the
bridge can be expected to collapse due to the unseating of the deck or the fatal damage to
the pier.

Table 6. Design criteria to target performance objectives for bridges under the corresponding earth-
quake intensity.

. Performance . . Base Curvature
Earthquake Intensity Objective Bearing Shear Strain Ductility
SLE 10 ¥ < 100% # < 1.000 (¢o < @y)
DBE RR ¥ < 150% 1 < 1.357 (¢p < @e)

MCE CP v < 200% 1 <3167 (9o < Pm)
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Table 7. Mechanical parameters of steel tubes.

Steel Tubes Fy (kN) Ey (Pa) b Ry Rq R,

Limb & column  3.55 x 10°  2.06 x 101! 0.01 18 0.925 0.15

Here, F, is the yield strength; Ey is the initial elastic modulus; b is the ratio of the post-yielding modulus to the
initial elastic modulus; Ry, R;, and R; are the parameters that control the transition from elastic to plastic phases.

Table 8. Mechanical parameters of the confined concrete.

Brid
Co nf;oi‘;nt £ (Pa) foe! (P2) Ece afzc (Pa) Ecu f: (Pa) E;s (Pa) A
Limb 234 x 107 4.20 x 107 0.0100 8.40 x 106 0.025 420 x 10°  1.17 x 1010 0.1
Column 234 x 107 3.82 x 107 0.0083 7.64 x 100 0.025 3.82 x10° 1.17 x 1010 0.1

Here, f./, f;, and Es represent the compressive strength, the tensile strength, and the tension softening stiffness of
the unconfined concrete, respectively; fo., afe’, €, and €, are the compressive strength, the residual strength, the
peak strain, and the ultimate strain of the confined concrete, respectively; A is the ratio of the unloading modulus
at crushing strain to the initial elastic modulus of the confined concrete.

3. Results and Discussion
3.1. Preliminary Seismic Design for Bridges with Hybrid Isolation Systems

Based on the energy-conservation concept, a simplified design procedure [16,18] can
be utilized to conceptually quantify the energy demands of the bridges to be balanced
by their primary energy dissipation components. Herein, LRBs, BRBs, and piers are the
primary energy dissipation components to resist the lateral earthquake shakings. For the
bearing-supported bridge considered in this study, all the piers are equally low and usually
vibrate by the first mode. Hence, each bridge can be simplified as an Equivalent Single
Degree of Freedom (ESDF) model in the transverse direction. The seismic input on the
ESDF model can be specified based on its importance, site conditions, and characteristic
period zone. The bridge site is within the ground fissure zones of Xi’an, China with the site
condition at classification II. The seismic fortification intensity is determined to be 9° by
considering its importance. Thus, three seismic hazard levels, i.e., the SLE, the DBE, and
the MCE were selected with PGAs at 0.2 g, 0.4 g, and 1.2 g, respectively.

For each seismic intensity, the corresponding design response spectrum is firstly
determined according to the Chinese seismic code for the seismic design of civil bridges.
Then, the response spectra are transformed into the seismic demand curves in the shear
force—displacement coordinate. In addition, the force-displacement relationship for the
base shear and deck displacement can be readily obtained with a nonlinear static analysis
of each ESDF model. Herein, we take the idealized force—displacement relationship of each
primary component (RB, LRB, BRB, and pier) as their responses, and combine them with
pier-isolation-deck in series to obtain a global response. This approximation assumes that
all the primary components in the ESDF behave in an elastoplastic manner.

Figure 7 illustrates the seismic demand curves and the approximate force—displacement
curves for the ESDF models installed with either RB-BRB or LRB-BRB isolation systems.
XRy, XLy, and xp, are the mass displacement responses at the yielding of RBs, LRBs, and
BRBs, respectively. xppg and xpjcr are the displacement demands of the assumed elastic
ESDF model at the DBE and MCE levels, respectively. xp, is the ultimate displacement
of BRB before failure. At the SLE level, the capacity curve for the model with RB-BRB
is bilinear, sequentially indicating two stages of elastic deformations of RBs and BRBs,
whereas the capacity curve for the model with LRB-BRB shows a trilinear curve. This
demonstrates that the input seismic energy is partially stored by the elastic strain energy of
LRB and BRB in the first and third stages, and partially dissipated by the damping of LRB
in the second and third stages.
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Figure 7. Seismic demand curves and force—displacement response for the ESDF models with
(a) RB-BRB or (b) LRB-BRB isolation systems at different seismic hazard levels.

From the SLE to the DBE demand level, the capacity curves for both models are mostly
linear, except for the final small portions. In the model with RB-BRB, the incremental
energy is mostly stored by the elastic strain energy of RB and BRB, leaving a small portion
dissipated by the yielding of BRB. Whereas in the model with LRB-BRB, the incremental
energy is partially stored by the strain energy of BRB, and partially dissipated by LRB,
leaving a very small portion dissipated by the yielding of BRB. For simplification, we
neglect the nonlinear energy dissipation due to the yielding of the LRBs and BRBs and
assume the isolation systems remain elastic to meet the energy demands at the DBE. Hence,
the RR performance can be readily achieved by selecting structural components with the
appropriate stiffness and yielding displacements.

From the DBE to the MCE demand level, the incremental seismic energy is mostly
dissipated by the nonlinear behaviors beyond yielding, i.e., the damping and hysteresis of
RB, LRB, and BRB. The preliminary design can be obtained by equating the incremental
energy to the elastic strain energy of the assumed elastic ESDF model, which can be easily
calculated from the grey area between the DBE and MCE demand curves, as shown in
Figure 7. Based on the equivalent energy concept, the elastic strain energy should be
balanced by the nonlinear energy, depicted as the hatched area under the capacity curve
shown in Figure 7. It should be noted that the hatched area is relatively smaller and
should be scaled by a factor larger than 1.0. However, the accurate determination of
the modification factor is a cumbersome process that involves a set of nonlinear time
history analyses and iterations. For the convenience of the preliminary design, we chose an
empirical modification factor at 2.0 to estimate the post-yielding deformation of BRB. With
that, we can determine the ultimate displacements for both ESDF models. It is seen that the
maximum displacements for both models are within their corresponding ultimate shear
limit (xp,), indicating that both models can meet the energy demands at the MCE intensity.

3.2. Seismic Analyses of the Isolated Bridges at Different Seismic Levels

For the bridge considered herein, with Y-shaped limbs and a single column, the
bearing shear deformation is the primary structural response used to predict the risk of
deck unseating, while the base curvature is the key damage indicator for the collapse of
piers. The seismic analyses of the bridges with different isolation systems were performed
through NTHASs on the OpenSess platform. In each simulation, the far-fault earthquake
record FF1 was chosen as the seismic excitation and spectrally matched to the SLE, DBE,
and MCE levels as described above. Each pier was assumed to vibrate in the first mode
with a damping ratio of 5 %. Figure 8a shows the time histories of the shear deformations
in models with different isolation systems under the FF1 ground motion. Different shear
limits were set according to the design criteria listed in Table 6 for different earthquake
intensities. It is evident that the shear deformations for all isolation systems are within
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their corresponding shear limits at the SLE. At the DBE, the shear deformation responses in
the models with different isolation systems are all within their shear limit, except for some
shear response peaks in the time history of the prototype bridge with RB. At the MCE, some
shear deformation peaks in bridges with RB and RB-BRB are larger than the corresponding
shear limit at collapse. This indicates that with RB or RB-BRB isolation systems, the bridge
in question cannot achieve the CP performance under the MCE intensities. For bridges with
LRB, all the responses except for a single peak are within the shear limit at CP. However,
this CP performance was achieved well in the model with LRB-BRB with all the shear
peaks below their corresponding shear limits. This demonstrates that the LRB-BRB is the
most effective isolation system for mitigating the shear deformation of the bearing.
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Figure 8. Time histories for (a) bearing shear deformation and (b) base curvature in bridges with RB,
LRB, RB-BRB, and LRB-BRB subjected to the FF1 ground motion.

Figure 8b shows the time histories of the base curvature in bridges with different
isolation systems under the FF1 ground motion. The different curvature limits were
calculated from the moment—curvature analyses for the different performance objectives,
as listed in Table 6. It is evident that all curvature responses are within the design criteria
corresponding to the desired performances, except for a single peak in the bridge with
LRB-BRB at the MCE. Moreover, a residual base curvature after the earthquake event was
observed in this case, indicating the permanent damage to the pier bases under the MCE
intensity. Under the large earthquakes, the LRB-BRB can dissipate more energy than other
isolation systems; however, under the moderate earthquakes, the LRB-BRB will transfer
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the larger seismic force to the pier underneath. Therefore, the energy-based preliminary
design may not achieve all the target performances at the corresponding seismic levels.

Figure 9 shows the hysteretic curves of the ESDF models under the FF1 ground
motions spectrally matched to the SLE, DBE, and MCE intensities. With the increase in
the earthquake intensity, the energy dissipation characterized as the area of the utmost
hysteresis increases significantly for the models with LRB, RB-BRB, and LRB-BRB. At the
SLE, the input energy is small and can be readily dissipated by the friction of the rubber
bearings, as shown in the mode with RB-BRB, or the yielding of the lead rubber bearings,
as shown in the models with LRB and LRB-BRB.
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Figure 9. Hysteretic curves of the isolated bridges under the far-fault ground motion (FF1) with
different intensities.

At the DBE, the input energy in the model with LRB is still dissipated by the lead
rubber bearings, showing a similar but larger hysteresis as that at the SLE. However, for
the bridge with RB-BRB and LRB-BRB, the input energy is dissipated in two phases: first,
by the friction or yielding of the bearings (RB or LRB) and then by the yielding of BRBs.
The hysteresis shows an evident pinching for the model with RB-BRB or with LRB-BRB,
indicating a two-phase energy dissipation behavior. At the MCE level, a similar but larger
two-phase energy dissipation is observed for models with RB-BRB and with LRB-BRB.
It can be noted that the energies dissipated by RBs or LRBs are much smaller than that
of BRBs. This implies that in the hybrid isolation system, the seismic energy is mostly
dissipated by the stiffness and yielding of BRBs, but the gap spacing will determine the
activation of the BRB and thereby influence the deck displacements. For example, the shear
displacement in the bridge with RB-BRB is nearly 180 mm, exceeding the shear limit of
RB (138 mm). The shear displacement for the bridge with LRB is 206 mm, which is much
larger than 66 mm for the bridge with LRB-BRB.

The hysteretic curves of the models under the NF1 and PNF1 ground motions are
illustrated in Figures 10 and 11, respectively. Both ground motions are spectrally matched
to the SLE, DBE, and MCE intensities. For each mode, the energy dissipation increases
with the increase of the subjected earthquake intensities, similar to the pattern observed
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in the bridges subjected to the FF1 ground motions. It can also be noted that the shear
displacement of the bridges subjected to the NF1 and PNF1 ground motions is slightly
larger than that under the FF1 ground motions. For bridges under the PNF1 ground
motion, the respective shear displacements for bridges with LRB, RB-BRB, and LRB-
BRB are 226 mm, 289 mm, and 137 mm, respectively, which are slightly larger than the
corresponding displacements for bridges under the FF1 ground motions. Particularly,
the shear displacements in the LRB and RB-BRB are beyond the maximum displacement
(200 mm) of the isolation system in bearing-supported bridges as suggested in the Chinese
guidelines [37]. This means that the isolation system under the near-fault ground motions
may not meet the performance demand at the MCE level. Similar pinching behaviors
were also observed in the hysteresis loops for bridges with RB-BRB and LRB-BRB. This
two-phase energy dissipation behavior suggests that the energy dissipation capacity can be
exploited step-wisely by tuning the gap spacing to achieve multi-level target performances
at different earthquake levels.
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Figure 10. Hysteretic curves of the isolated bridges under the near-fault ground motion (NF1) with
different intensities.
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Figure 11. Hysteretic curves of the isolated bridges under the pulse-like near-fault ground motion
(PNF1) with different intensities.

3.3. Optimal Seismic Design Based on the Fragility Analyses

To assess the seismic vulnerability of the bridges under different seismic hazards,
fragility analyses were employed by calculating the conditional probability of exceeding
the capacity for structural demands at different seismic intensity measures (IMs). A suite of
seismic records, including 22 far-fault, 14 near-fault, and 14 pulse-like near-fault ground
motions, were selected from the FEMA P695 [33] to consider three typical earthquake
scenarios and scaled by the following set of factors, 0.5, 1.0, 1.5, 2.0, and 2.5, to represent
different intensities. By performing probabilistic analyses on the responses calculated from
the nonlinear dynamic analyses, the Probabilistic Seismic Demand Model (PSDM) was
proposed by Shome et al. [39] to express the conditional probability of a structural seismic
demand exceeding a limit state.

In PSDM, the probability of reaching a certain damage limit state (LS) is conditioned
on a given earthquake IM and can be obtained using a lognormal distribution [40]:

In(EDP/S,)

PILS|IM] = ®[—— -
IBEDP\IM+IBC

(6)

where @ is the standard normal cumulative distribution function, S, is the median, and S, is
the logarithmic standard deviation of a structural capacity at a given damage state. By using
the power model [41], the relationship between the Engineering Demand Parameter (EDP)
and the selected intensity measure (IM) during a given earthquake can be expressed as:

EDP =a(IM)’ or In(EDP) = Ina + bIn(IM) 7)
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where a and b are the constant regression coefficients. The logarithmic standard deviation
of the interested EDP conditioned upon a given IM, Brpp|jp, can be obtained by:

5> (In(EDP) — In(alM?))>

=
Beppiim = p— 8

where 7 is the number of the NTHA simulations under the considered earthquakes.

By performing a set of NTHAs, the dynamic responses were calculated for the con-
sidered bridges subjected to the selected and scaled earthquakes. Based on the crucial
responses, we constructed two critical damage indexes, such as the bearing shear strain
and the base curvature ductility, as EDPs that can be readily obtained from the simulations.
The damage probability can thus be calculated by checking the key damage indexes against
their corresponding criteria, which were proposed in previous studies [22].

Based on the damage status exemplified in HAZUS [42], the criteria of the damage
indexes (the median and dispersion) were defined based on the loss of capacity relative
to the seismic demand. Accordingly, four damage limit states, namely slight, moderate,
extensive, and complete, were determined for all the considered bridges. Table 9 shows the
empirical medians and logarithmic standard deviations of two damage indexes available
in past studies for bearing and pier at different limit states [22].

Table 9. Damage indexes and corresponding limit states for bridge components.

Bridge Damage Slight Moderate Extensive Complete
Component Se Bc Sc Be Sc Be Se Be
Bearing Shear strain 100% 0.25 150% 0.25 200% 047 250% 047
Pier Basdelf:éﬁ?;“re 1.000 0.13 1.357 0.27 3.167 0.32 14.024 0.38

For bearing-supported bridges, piers and bearings are the primary components that
determine the structural capacity and the failure of the bridge system. The bridges consid-
ered here will reach a specific damage state as either the piers or bearings reach their limit
states. In this study, piers and bearings are assumed to operate in series to resist earthquake
shakings without considering the uncertainty of the local damages [43]. Thus, the system
fragility is within a range with lower and upper bounds given below [44]:

MaX[P(Fbearing)r P(Fpier)] < P(Fsystem) <1 —[(1 — P(Fbearing)) 1- P(Fpier))] 9)

where P(Fpearing), P(Fpier), and P(Fsystem) are the failure probabilities of the bearing, the pier,
and the overall bridge system, respectively. The lower bound indicates that the responses of
the piers and the bearings in this bridge are completely correlated, while the upper bound
means there is no correlation between them.

In this work, three types of isolated bridges were compared based on the fragility
functions derived from the nonlinear dynamic analyses performed at different IMs. The
peak ground acceleration (PGA) was selected as the IM in the probabilistic seismic demand
analysis of each bridge [45]. By employing PSDM, we presented the logarithmic relations
between the EDPs (the bearing shear strain and the base curvature ductility) and the
IM (PGA) in three isolated bridges under the considered ground motions, as shown in
Figures 12 and 13, respectively. We noted that the coefficients of determination R? for all the
cases are larger than 0.6, indicating a good fitting of the linear regression model to evaluate
the damage probability under the considered PGAs.
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Figure 12. Bearing shear strain (as EDP) in bridges with (a) LRB, (b) RB-BRB, and (c¢) LRB-BRB as a

function of PGA (as IM).
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as a function of PGA (as IM).
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Figure 14 presents the fragility curves for the bearing shear strain in bridges with
different isolation systems under the considered ground motions. It was observed that
with the aid of the isolation systems, bearings will not fail under a PGA less than 0.6 g for
each damage state. It was also noted that the effectiveness of the three isolation systems
for mitigating the probability of damage increases from the slight to complete damage
states. Among the three isolation systems, LRB-BRB is the most effective one in reducing
the probability of damage to the bearings for all the damage states over the considered
PGA range. Over the PGAs ranging from 0.0 g to 1.3 g, LRB is more effective than RB-BRB
in reducing the bearing failure probability at all damage states.
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Figure 14. Fragility curves for the shear strain of the bearings in bridges with different isolations at
limit state: (a) slight; (b) moderate; (c) extensive; (d) complete.

Figure 15 presents the fragility curves for the base curvature ductility in the models
with different isolation systems under the considered ground motions. It was observed that
due to the implementation of the isolation systems, piers will not fail under a PGA less than
0.3 g for each damage state. However, for cases with a PGA larger than 0.6 g, the RB-BRB
performs best followed by the LRB and the LRB-BRB. This distinct effectiveness among
the three isolation systems can be explained by the different actions of their included BRBs.
During the small earthquakes, the shear deformation of LRB is too small to close the gap
spacing. In this case, the LRB-BRB acts similar to an individual LRB, which may dissipate
more energy than an RB and thereby cause a smaller pier failure probability.
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Figure 15. Fragility curves for the base curvature ductility in bridges with different isolations at limit
state: (a) slight; (b) moderate; (c) extensive; (d) complete.

During large earthquakes, the bearing shear deformation becomes large enough to
close the gap and yield the BRB. On one side, the early yielding of the BRB may dissipate
more energy to prevent the failure of the bearings, consistent with the best effectiveness
of the LRB-BRB in protecting bearings, as shown in Figure 14. On the other side, the
installation of BRB will increase the shear stiffness of the isolation system and hence the
shear force transferred to the piers underneath, resulting in the increased failure probability
of the piers. As shown in Figure 15, the failure probability of the piers is the highest for
the bridge with LRB-BRB, followed by the bridges with LRB and RB-BRB under the PGAs
above 0.6 g. This demonstrates the contradiction of the structural fragility between the pier
and bearing at large earthquakes, which can be explained by the competition between the
larger demand for energy dissipation capacity and the lesser demand for stiffness in the
design of the isolation system.

In the detailing design, the dimensions of the primary bridge components should
be consistent with the energy-based preliminary design. This strategy is much more
practical for the retrofitting practice where the as-built design is unchangeable. In this case,
tuning the design parameters of the LRB-BRB isolation system, such as the stiffness and
gap spacing, are convenient for design since this does not require changing the bridge
components. For the bridge with LRB-BRB, the stiffness ratios (SR) of the BRBs to the piers
were selected to be 1.0, 5.0, 10.0, 15.0, 20.0, and 25.0, while the gap spacings range from
15 mm to 150 mm for each selected SR. The fragility functions for the bearing shear strain
and the base curvature ductility can thus be obtained from the 2100 fragility analyses.

Based on the fragility function, the median PGAs (earthquake IM) corresponding
to the 50% failure probability of both responses were chosen to indicate their structural
performances. Figures 16 and 17 illustrate the median PGA as a function of SR and 4 for
the bridge with LRB-BRB at different damage states. Generally, a higher median PGA
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means a better structural performance under a certain damage state. In this case, the two
crucial responses are highly correlated but show opposite dependencies on the SR and
d. For the bearing fragility curves, the median PGAs increase with the increase of the SR.
This confirms that the bearing performance is improved by increasing the stiffness of the
BRB. However, for the pier fragility curves, the median PGAs increase with the decrease
of the SR monotonically at the moderate and extensive damage states, indicating that the
performance of the pier is improved by decreasing the SR. However, under the slight and
complete damage states, the median PGAs reach peaks at an SR of 5.0 and then decrease as
the SR decreases to 1.0.

It is evident from Figure 16 that the median PGAs of the bearing fragility curves
increase with the decrease of d for all SRs. However, regarding the pier fragility, the effect
of d is correlated with that of SR, as seen in Figure 17. At the large SRs, the median PGAs
increase with the increase of d; as the SRs decrease to 5.0, the median PGAs become nearly
insensitive to d, particularly in the range from 15 mm to 100 mm.

PGA () PGA (2)
5.0

4.6
42
38
34
3.0
2.6
22
1.8
1.4
1.0

PGA (g)
5.0

46
42
38
34
3.0
26
22
18
1.4
1.0

Figure 16. Effects of SR and d on the median IMs of bearing fragility curves for the bridge with
LRB-BRB at different damage states: (a) slight; (b) moderate; (c) extensive; (d) complete.
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(b)

PGA () 4.0
3.0

1.0
0.80

2.0

(d)

Figure 17. Effects of SR and d on the median IMs of pier fragility curves for the bridge with LRB-BRB
at different damage states: (a) slight; (b) moderate; (c) extensive; (d) complete.

As we have reported in Figure 8, the CP performance cannot be fully achieved in
the preliminarily designed bridge with LRB-BRB under the MCE intensity. In the further
design procedure, the seismic design of the bridge should be improved based on the
previous parametric studies. For the more practical application, the dimensions of the
preliminary design remained unchanged and only two design parameters, SR and d, of the
hybrid isolation system, were modified to improve the seismic performances. An optimized
isolation system with an SR of 5 and d of 75 mm was suggested according to Figure 17. This
optimal design of the LRB-BRB considerably improves the structural performance of the
pier without significantly impairing the performance of the bearing.

Figures 18 and 19 show the response time histories in the bridge with the optimized
LRB-BRB subjected to the FF1 and PNF1 ground motions, respectively. In each case, both
the bearing shear deformation and the base curvature are reduced remarkably, compared
with those in the preliminary design with the SR of 10 and the d of 35 mm, as illustrated in
Figure 8. It was also observed that the bridge with the optimized LRB-BRB can achieve all
the target performances under the code-specified multi-level FF1 earthquakes. Although
the optimal design of the LRB-BRB is conducted under the PNF ground motions, it can
also perform well under the FF ground motions. This implies that the optimized hybrid
isolation system is insensitive to the seismic scenario.
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Figure 18. Time histories for (a) the bearing shear deformation and (b) the base curvature in the
bridge with LRB-BRB subjected to the FF1 ground motion.
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Figure 19. Time histories for (a) the bearing shear deformation and (b) the base curvature in the
bridge with LRB-BRB subjected to the PNF1 ground motion.

4. Conclusions

This work studied the seismic performance in the case of a bridge (with Y-shaped
piers) installed with hybrid isolation systems made of commercially available isolators,
such as RBs, LRBs, and BRBs. By using the simplified EEDP, the preliminary designs of
the bearing-supported bridges with gap-tunable BRBs were first proposed to meet the
energy demands of designed earthquakes. Further, nonlinear time-history analyses of the
designed bridges with LRB, RB-BRB, and LRB-BRB were performed to investigate the
seismic responses and energy dissipation capacities of the hybrid isolation systems under
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the considered ground motions. Finally, an optimal seismic design based on the fragility
analyses was proposed to achieve a better seismic performance based on the preliminary
design. The following conclusions can be drawn:

(1) A simplified energy-based seismic design of the bridge with the RB-BRB and LRB-
BRB hybrid isolation systems was proposed based on the energy-conservation concept.
This could provide a rational preliminary design for bearing-supported bridges with
hybrid isolation systems to meet the energy demands at different seismic intensities.

(2) The energy-based preliminary design may not achieve all the target performances
under the practical ground motions that are spectrally matched to the code-specified
seismic levels. However, the hybrid RB-BRB and LRB-BRB isolation systems show a
two-phase energy dissipation behavior.

(8) The fragility curves for the bearing shear strain and base curvature ductility show
different dependencies on the SR and 4 at different damage states. The seismic
performance of the bridge system can be adjusted by considering the fragilities of the
bearing and pier simultaneously, which is dependent on the stiffness ratio (SR) of the
BRB to the pier and the gap spacing (d).

(4) Two crucial design parameters, SR and d, can be tuned to reduce the failure probability
of a bearing-supported bridge. Based on the fragility analyses, a performance-based
seismic design of a bridge with LRB-BRB can be optimized and validated to achieve
better performance by tuning the SR and 4.

Furthermore, the design parameters (SR and d) can be readily adjusted for both new
and existing bridges, which facilitates the application of this class of hybrid isolation system
towards similar bearing-supported bridges to be designed or retrofitted.
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