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Abstract

Restrainers, being of relatively low cost and easy to install, are often used to prevent
unseating of bridge spans. The potential of using superelastic shape memory alloy (SMA)
restrainers in preventing such failure has been discussed in the literature; however, the
impact of such smart restrainers with optimized configurations in reducing the failure prob-
ability of bridge components and system as well as the long-term economic losses given
different earthquake scenarios has not been investigated yet. This study presents a proba-
bilistic seismic fragility and long-term performance assessment on isolated multi-span sim-
ply-supported bridges retrofitted with optimized SMA restrainers. First, SMA restrainers
are designed following the displacement-based approach and their configuration is opti-
mized. Then, seismic fragility assessment is conducted for the bridge retrofitted with opti-
mized SMA restrainers and compared with those of the original bridge and the bridges
with elastic restrainers (steel and CFRP). Finally, long-term seismic loss (both direct and
indirect) are evaluated to assess the performance of the retrofitted bridges in a life-cycle
context. Results showed that among three considered restrainers, SMA restrainers make the
bridge less fragile and help the system lower long-term seismic loss. The design event (DE,
2475-year return period) specified in Canadian Highway Bridge Design Code (CHBDC,
CSA S6-14 2014) may underestimate the long-term seismic losses of the highway bridges.
Under DE, the damage probability of the bridge retrofitted with optimized SMA restrainers
experiencing collapse damage is only 0.7%. Under the same situation, its expected long-
term loss is approximate 17.6% of that with respect to the unretrofitted bridge.
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ADTE Average daily traffic remaining on the damaged link

A, Design area of the restrainer

¢ Damping coefficient of the pier

Caw Average wages for car drivers per hour

Carc Average wages for truck drivers per hour

cp Equivalent viscous damping of bearing

Caoods Time value of goods transported in a cargo

c, Equivalent viscous damping of the restrainer

Creb Rebuilding cost per square meter

Cruncar Average costs for running cars per kilometer

Crunmuck  Average costs for running trucks per kilometer

Cps.i Consequences at a certain damage state, i

Crepi Repair cost of a bridge at damage state i

Crun Running costs

(o Monetary time lost for users and goods traveling

d; Duration of the detour

D, Detour distance

EDP Engineering demand parameter

1, Stress of restrainer at allowable displacement, A,

Fy Restoring force of bearing at allowable displacement, A,
F, Requied strength of restrainer

Fiperia Inertia force of girder

h, Vertical distance between two anchored ends of restrainer
M Intensity measure

k, Stiffness of pier

ky, Effective stiffness of isolation bearing

k. Effective stiffness of restrainer

l Route segment containing bridge

L Length of bridge

L) Expected annual hazard loss at time #,

LCL Total life-cycle hazard loss

L Loss of bridge at damage state i

Ly Design length of restrainer at initial condition

L, Length of restrainer at design target displacement condition
m; Mass of bridge pier

m, Mass of bridge girder

n, Number of isolation bearings at each pier or abutment location
N Total number of simulation cases

N, Number of earthquakes that occur during the time interval
Ocar Average vehicle occupancies for cars

Oruck Average vehicle occupancies for trucks

P[Fj] Failure probabilities of ith component

Ppsipga  Conditional probability of a bridge at damage state i for a given PGA
P Failure probabilities of system

R,., Repair cost ratio at damage state i

S Average detour speed

So Average speed on intact link

SA(T, &;) Design response spectra ordinate for period 7 and damping ratio &,

S, Median estimate of capacity
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Sp Average speed on damaged link

Hint Investigated time interval

T, Ratio of average daily truck traffic

u Displacement of bridge pier

U, Displacement of bridge girder

i, Ground acceleration

w Width of bridge

A, Allowable relative displacement between bridge girder and pier
Ay Design target displacement of restrainer

Ay Relative displacement between girder and pier

A Slack of restrainer

0, Horizontal angle of restrainer at initial condition

0, Horizontal angle of restrainer at design target displacement condition
[ Cumulative distribution function of standard normal distribution
a Normalized elongation ratio of restrainer

B. Logarithmic standard deviation of capacity

Poim Standard deviation of demand

14 Shear strain of isolation bearing

Emax Maximum applied strain of SMA

A Median value of IM

& Standard deviation of IM

Uy Displacement ductility of pier

T Monetary discount rate

1 Introduction

Simply supported highway bridges are widely found in the transportation network. For
example, more than 105,300 simply supported bridges make up more than 60% of the total
number of bridges (163,433) in the central and southeastern United States alone (Nielson
2005). There are more than 1700 simply supported bridges making up more than 66% of
the total number of highway bridges (2555) in British Columbia, Canada (Siddiquee and
Alam 2017). However, damage observations have revealed that such bridges are highly vul-
nerable during previous seismic events (Kawashima et al. 2009; Naeim and Kelly 1999).
For instance, in the 2008 Wenchuan earthquake in China, more than 27 multi-span simply-
supported (MSSS) bridges experienced severe damage or complete collapse (Chen 2012).
Typical damages of these bridges included sliding of the bearing, pier damage, shear key
failure, and unseating of bridge spans (Xiang and Li 2017). These damage examples have
raised public concerns about the seismic safety of MSSS bridges.

Different types of control strategies have been developed to prevent bridge failures dur-
ing seismic events. [solation bearings as one of the most popular techniques, such as natu-
ral rubber bearing, lead rubber bearing, high damping rubber bearing, are being widely
adopted for highway bridges around the world, especially in Japan and the USA (Alam
et al. 2012). Their efficiency in suppressing the transmission of the input earthquake energy
has been proved during recent earthquakes (Xie and Zhang 2016), analytical studies (Liao
et al. 2004; Shen et al. 2004; Zhang and Huo 2009; Ozbulut and Hurlebaus 2010; Li et al.
2018a, b), and experimental researches (Hwang et al. 2002; Xiang et al. 2018). However,
considering the high flexibility of isolation bearings, such devices may experience large
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deformation under strong earthquake excitations, especially near-fault ground motions,
and as a result, some critical problems may arise, e.g. the instability of the isolation bear-
ings and unseating of the deck (Ozbulut and Hurlebaus 2011; Li et al. 2018a, b). Since the
unseating of bridge spans is one of the main causes of collapse for MSSS bridges, isolation
devices may not be always beneficial for such bridges.

As suggested by several seismic design guidelines, such as AASHTO LRFD (AASHTO
2012), Caltrans BDA (Caltrans 2013), Eurocode 8 (Eurocode 2005), Canadian Highway
Bridge Design Code (CSA S6-14 2014), restraining devices can be chosen to retrofit the
highway bridges to prevent the unseating problems of bridge spans. In the last 20 years, dif-
ferent types of restraining devices (e.g. restrainer or damper) have been developed to limit
the displacement (Saiidi et al. 2001; DesRoches et al. 2003; Julian et al. 2007; Andrawes
and DesRoches 2007b; Johnson et al. 2008; Padgett and DesRoches 2008; Markogiannaki
and Tegos 2014; Aryan and Ghassemieh 2015; Joghataie and Pahlavan 2015, 2017; Wang
et al. 2019a, b). The efficiency of restrainers has been verified in the literature; however,
restrainer failures were still observed during the 1989 Loma Prieta, 1994 Northridge, and
1995 Kobe earthquakes (Schiff 1995; Andrawes and DesRoches 2007a) due to the inherent
flaws in the design of the restrainers. Current design guidelines ignore the dynamic interac-
tions between the superstructure and substructure. More recently, the present authors have
proposed a new restrainer design procedure for isolated highway bridges (Li et al. 2018a).
The failure probabilities of unseating were analyzed to verify the efficiency of the proposed
method. The influence of restrainers on the seismic performance of critical structural com-
ponents (such as bearings and piers) and the overall bridge system has not been thoroughly
discussed. Another important point is that the restrainers used in Li et al. (2018a) were not
installed in an optimized configuration. In a recent paper, the same authors used a frac-
tional factorial design method to identify the optimized configuration of SMA restrainers
in the bridge (Wang et al. 2019a, b). While the previous studies (Li et al. 2018a; Wang
et al. 2019b) proved the potential of using SMA restrainers in bridges and proposed some
design guidelines, adoption of these guidelines and successful implementation require a
complete performance-based evaluation of this structural system in light of performance-
based earthquake engineering (PBEE). However, to the best of authors’ knowledge, no
study has been directed towards understanding the performance of such a retrofitted bridge
with optimized restrainers and how restrainers in an optimized configuration may impact
the overall safety of the bridge under seismic events.

Numerous experimental and numerical studies have explored the efficiency of steel,
FRP, and SMA cable restrainers in limiting the displacement of bridge systems in seis-
mic regions (Saiidi et al. 1996, 2001, 2006; Andrawes and DesRoches 2005, 2007a, b;
Padgett et al. 2010; Guo et al. 2012; Joghataie and Pahlavan 2017; Shrestha et al. 2018).
Due to the low price, steel cables and high-strength steel bars are the primary forms of
seismic restrainers to retrofit the bridges (Saiidi et al. 2006). Considering the easy instal-
lation and fabrication, FRP with high tensile strength and versatility is a potential can-
didate for seismic restrainers. The effectiveness of FRP restrainers in limiting relative
hinge movement has been experimentally verified by Saiidi et al. (2006). However, both
steel and FRP restrainers are generally designed to remain elastic and cannot dissipate any
energy during earthquakes, and consequently, they may transfer larger earthquake force to
the bridge piers. For addressing the shortcomings of traditional restrainers, shape mem-
ory alloy (SMA) cables/rods with superior energy dissipation and self-centering capacity
have been proposed as restrainers by several researchers (DesRoche and Delemont 2002;
Andrawes and DesRoches 2007a, b; Ozbulut and Hurlebaus 2011; Bhuiyan and Alam
2012; Alam et al. 2012; Li et al. 2018a; Wang et al. 2019b). However, decision-makers
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are yet to recognize the long-term performance benefit of the bridges retrofitted with such
smart materials as they incur a higher initial cost. Most of the previous studies conducted
the seismic performance assessment of the bridge retrofitted with SMA restrainers com-
pared to a conventional bridge. Some studies extended the analysis to determine the initial
cost of construction of such a bridge system. However, these two parameters alone would
not necessarily give a holistic image regarding the overall performance of the structure.
The performance benefit associated with the bridge retrofitted with SMA restrainer has not
been well recognized by the decision-makers and the corresponding life-cycle loss has not
been emphasized in the decision-making process. Hence, the application of SMA in civil
infrastructures is still limited. In this regard, the long-term performance-based engineering
(PBE) is necessary to be conducted to aid the decision-making of government and promote
the application of novel materials in civil engineering.

The objective of this study is to explore the impact of SMA restrainers with the opti-
mized configuration on the seismic vulnerability and long-term performance of an isolated
highway bridge. A typical three-span simply-supported highway bridge located in Vancou-
ver, Canada, is considered in this study. The bridge is retrofitted with SMA cable restrain-
ers as per previously proposed design guidelines. Fragility curves of the bridge retrofitted
with SMA restrainers are assessed and compared with those of the original bridge struc-
ture and the bridges with elastic steel and CFRP cable restrainers. A total of 21 near-fault
ground motions were used in the numerical simulations. Incremental dynamic analyses
(IDAs) were performed to derive the fragility functions of the bridge. Two bridge compo-
nents, including bridge piers and isolation bearings, are taken into account for generating
the fragility curves of the bridge at both component and system levels. Finally, the long-
term performance of the bridge is assessed by considering the corresponding economic
impacts.

Previously, Li et al. (2018a) developed a displacement-based restrainer design guideline
for isolated highway bridges. Then, the optimized configuration of SMA restrainers was
numerically investigated by Wang et al. (2019b). This current paper focuses on probabil-
istic seismic risk assessment of the bridge retrofitted with the restrainers in an optimized
configuration. The earlier papers proposed the design guideline and the optimized configu-
ration. In order to close the above gaps, the current paper shows how the bridges with opti-
mized restrainers perform under different earthquake scenarios. A probabilistic risk assess-
ment was conducted to evaluate the seismic vulnerability and long-term performance of
a typical three-span simply-supported highway bridge considering material uncertainties.
The original contribution is to conduct a complete performance-based evaluation of the
bridge equipped with optimized SMA restrainers in the light of performance-based earth-
quake engineering (PBEE). Another contribution is to provide a holistic image regarding
the overall performance of such a novel bridge by assessing the life cycle economic losses
of the bridge. This study is expected to provide some valuable insights and a holistic image
of the long-term performance of such a structure for the decision making process.

2 Case study
2.1 Bridge description and modeling

A typical three-span simply-supported highway bridge isolated by LRBs is modeled and
analyzed under seismic ground motions using finite element software OpenSees (McKenna
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et al. 2000). The considered bridge type is a common bridge type. According to a detailed
review conducted by the National Bridge Inventory (NBI), multi-span simply-supported
highway bridges (MSSS) account for about 20% of the highway bridges and the most
likely number of spans is three (Nielson and DesRoches 2007). As mentioned earlier,
the response of base-isolated structures subjected to near-fault ground motions has been
questioned in recent years (Dicleli 2007; Jonsson et al. 2010; Ismail and Casas 2014). It
is mainly attributed to the distinct characteristics that make them different from far-field
records, such as large long-period spectral components, long-duration pulse-like veloc-
ity waveform, and high peak ground velocities (Liao et al. 2004). In the latest studies,
the same authors (Hedayati Dezfuli et al. 2017; Li et al. 2017a, b) have proved that the
near-fault ground motions have a strong influence on the long-span or isolated bridges. In
this regard, dynamic time history analyses are performed using 21 near-fault earthquake
records having an epi-central distance smaller than 15 km. The detailed properties of these
ground motions are listed in Table 1 (PEER 2018). Since the bridge is located in Vancou-
ver city (western Canada) on Soil Class C (stiff soil), the ratio of PGA to PGV for these
records is between 0.8 and 1.2 (Naumoski et al. 1988; Hedayati Dezfuli and Alam 2016).
Considering PGA as the intensity measure (IM), the selected ground motions have PGA
values ranging from 0.13 to 0.79 g.

The bridge consists of three-span reinforced concrete (RC) girders isolated by 30 rub-
ber bearings installed between the girder and abutments, and the girder and pier caps. The

Table 1 Characteristics of near-fault ground motions

No Earthquake Year Magnitude Station component Epicentral PGA (g) PGV (cm/s)
(Richter) distance
(km)

1 Chi—Chi 1999 7.6 TCU065-E 2.5 0.79 115.0
2 Chi—Chi 1999 7.6 TCUO71-E 5.8 0.53 52.3
3 Chi-Chi 1999 7.6 TCUO074-E 13.5 0.38 44.9
4 Chi—Chi 1999 7.6 TCUO078-E 8.2 0.45 40.2
5 Chi—Chi 1999 7.6 TCUO079-E 11.0 0.59 70.5
6 Chi—Chi 1999 7.6 TCU084-N 11.5 043 48.1
7 Imperial Valley 1979 6.5 CHIOI2 73 0.27 24.9
8 Imperial Valley 1979 6.5 E08230 39 0.47 52.0
9 Imperial Valley 1979 6.5 E11230 12.6 0.38 44.6
10 Kobe 1995 6.9 KIM090 1.0 0.63 76.1
11 Kobe 1995 6.9 NIS090 7.1 0.46 38.3
12 Landers 1992 7.3 JOS000 11.0 0.27 27.6
13 Loma Prieta 1989 6.9 BRNO0O0O 10.7 0.46 51.4
14 Loma Prieta 1989 6.9 CLS090 39 0.48 47.6
15 Loma Prieta 1989 6.9 G02000 11.1 0.37 36.8
16  Loma Prieta 1989 6.9 SITE225 14.7 0.28 28.2
17 Northridge 1994 6.7 LOS070 124 0.47 41.1
18  Northridge 1994 6.7 STC090 12.1 0.34 31.5
19 Northridge 1994 6.7 PKC090 7.3 0.30 31.0
20  Northridge 1994 6.7 RO3000 10.1 0.28 25.3
21 Northridge 1994 6.7 GLE170 13.4 0.13 15.7
@ Springer
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superstructure consists of 5 I-shape RC girders at each span and a 150 mm RC slab covered
by 50 mm of asphalt layer. The concrete girders are supported on two RC multi-column
bents. The detailed geometry of the bridge pier is illustrated in Fig. 1. The pier has a diam-
eter of 900 mm and is reinforced with 18-M30 steel rebar (reinforcement ratio of 2.0%).
D22 rebar is used as hoop reinforcement at a spacing of 300 mm. Three different types of
restrainers (steel cable, CFRP cable, and SMA cable) are designed by the previously pro-
posed design procedure (Li et al. 2018a) to limit the relative displacement between the pier
and the bottom of the girder. The bridge is designed as per CHBDC (CSA S6-14 2014).
Lead rubber bearings (LRBs) are designed to isolate the bridge according to the recom-
mendation from AASHTO (2014) and Earthquake Engineering Handbook (Scawthorn and
Chen 2003). All the bearings have the same plan area of 250 mm by 250 mm with identical
total thicknesses of rubber layers (60 mm). The geometric details of the bridge, pier, and
girders are shown in Fig. 1.

The superstructure, pier caps, and foundations are modeled using elastic beam-column
elements so that these components remain elastic under earthquake excitations. The pound-
ing effects of deck—deck and deck-abutment are represented by bilinear contact elements.
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Fig.1 Three-span simply-supported concrete-girder bridge (mm); a 3D configuration, b elevation view, ¢
modeling of the restrainers and d pier section
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Fiber-based nonlinear beam-column elements are used to describe the hysteretic behavior
of the bridge bents. The confined, unconfined concrete and the longitudinal reinforcements
are simulated using different stress—strain relationships (see Fig. 1d). The Chang and Man-
der (1994) uniaxial steel model simulated the behavior of the reinforcements (Grade 40).
Concrete 01 was used to model the unconfined and confined concrete. The material proper-
ties of concrete and steel reinforcement are listed in Table 2. The behavior of the abutment
is described by a bilinear demand model that accounts for expansion gaps incorporating a
realistic value for the embankment fill response according to Caltrans (2013). The dynamic
mechanism of the foundation is modeled by a series of zero-length linear rotational and
translational spring elements. The stiffness values of the foundations are determined based
on FHWA (2006). The bilinear kinematic model is ideally chosen to simulate the hysteretic
behavior of LRBs. The initial stiffness, yield force, and post-yield hardening ratio of LBRs
are 10.15 kN/mm, 15.1 kN, and 0.1, respectively.

The tension-only element is used to describe the behavior of the restrainers. Since the
steel and CFRP cables are designed to remain elastic, an elastic-perfectly plastic gap model
incorporating a uniaxial MinMax material is used to describe their elastic behavior. If the
strain falls above the maximum threshold strain, the steel or CFRP cable is assumed to
have failed and a value of 0.0 is returned for the stress. A combination of a tension-only
gap element with high stiffness and a truss element with a flag-shaped constitutive model
is combined to model the SMA cable restrainers. The material properties of restrainers are
shown in Fig. 1c. Here, it should be mentioned that the stiffness and yield stress of the steel
cable are different from those of the steel plate or reinforcing steel. According to the stud-
ies of DesRoches and Fenves (2000) and Saiidi et al. (2001), the modulus of elasticity of
typical steel cables is 69 GPa. The cable restrainers are connected from the bottom of the

Table 2 Properties of the bridge

Component Material Property Value Unit
Pier Concrete Unconfined compressive strength, f;,. 30 MPa
Confined compressive strength, f;. 36.8 MPa
Tensile strength 0 MPa
Strain at peak stress, €, 0.2 %
Reinforcing steel Elastic modulus 200 GPa
Yield stress, fy 336 MPa
Yield strain, € 0.17 %
Strain hardening ratio 0.5 %
Restrainer (cable) Steel Elastic modulus, E 69 GPa
Ultimate Stress, f, el 1210 MPa
FRP Elastic modulus, Eggp 159 GPa
Ultimate stress, f, rrp 2430 MPa
SMA Modulus of elasticity 66.7 GPa
Austenite-to-martensite starting stress 400 MPa
Austenite-to-martensite finishing stress 510 MPa
Martensite-to-austenite starting stress 370 MPa
Martensite-to-austenite finishing stress 130 MPa
Abutment - Stiffness, k,,, 241 MPa
- Passive pressure force, Py, 3968 kN
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girders to the pier cap by using steel hooks (see Fig. 1c). More details can be found in the
works of Li et al. (2018a) and Wang et al. (2019b).

2.2 Design of restrainers

The restrainers at abutment, end-span, and mid-span locations are designed independently
according to the design procedure proposed by the same authors (Li et al. 2018a). A sim-
plified model, i.e. a linearized two DOF analytical model, is used to design the restrainers
as shown in Fig. 2b. A brief design procedure is provided as follows. More details with an
example are available in Li et al. (2018a) and Wang et al. (2019b).

According to the geometric condition (see Fig. 2a), the design target displacement of
the restrainer, A, can be calculated as

A=A, —A; =L, cosf —L,cosb, (1)

where A, is the allowable relative displacement between bridge girder and pier; A, is the
slack of the restrainer; L, L, 6,, and 8, are the lengths and the corresponding horizontal
angles of the restrainer at initial and design target displacement conditions, respectively. L,
and 6, can be determined as

2
cos 8, :\/1—(sin01)2: 1- (Lh—r> 2

rl

Lrl = LrO + aemaerO (3)

where h, is the vertical distance between the two anchored ends of the restrainer; « is the
normalized elongation ratio defined as the ratio of the axial deformation to the limit dis-
placement of the restrainer; ¢, is the maximum applied strain of SMA. The design length
of the restrainer, L, can be calculated as Eq. 4 by substituting Egs. 2 and 3 in Eq. 1.

(@) 5 Moving direction ~ (b) Girder m, —>u
Girder | : ' '
Adl Fiori 7 |
inertia A !
) < ; ke
Fr< ' : &)
Pier m, —>u
ky
Pier ci

> i

VA ‘

Fig.2 Schematic view of a deformation and forces acting on the girders and b simplified model
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Ay

\/(1 + O‘Emax)z — sin’ 6, — cos 6,

L=

“4)

According to the equilibrium of all forces in the horizontal direction (see Fig. 2a), the
required force in the restrainer, F,, can be derived as follows.

F = Finertia B anh — mzsA(T’ 50) B anb
r cost, g, \2 6)
- ()

where SA(T, &;) is the design response spectra ordinate for period 7 and damping ratio &;
Fiperiia 1S the inertia force of the girder; m, is the mass of the bridge girder; n,, is the number
of isolation bearings at each pier or abutment location; Fy is the restoring force of the bear-
ing at allowable displacement, A,. Here, A, can be determined by the designers according
to several governing factors, such as the available seat width, initial gap between girders,
limitation of the lateral design displacement, and the maximum shear strain of isolation
bearings.

After obtaining the required strength of restrainers, the corresponding area can be calcu-
lated as follows.

A= (6)

In which f,, represents the stress of the restrainer at allowable displacement, A,

In this study, the same value of Aa is used to design the restrainers. While using dif-
ferent types of restrainers, they are considered to have the same effective stiffness in the
design procedure following the works of Andrawes and DesRoches (2007b) and Li et al.
(2018a) (see Fig. 3).

Wang et al. (2019b) optimized the design parameters of the restrainers using frac-
tional factorial design method. The optimized value of @ and 6, are set as 1.0 and O,
respectively. Here, the restrainers at abutment location are designed based on a sin-
gle DOF system. When designing the restrainers at endspan locations, the effects of
abutment should be considered. In the design, the allowable displacement, A, and the
slack in restrainers, A, are assumed as 150 mm and 25 mm, respectively. The material

Fig.3 Mechanical properties of
steel, CFRP, and SMA cables

F (kN)

Slack , aa
Displacement (mm)
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properties of steel, CFRP, and SMA cable are illustrated in Fig. 1c. The designed
parameters of the restrainers at different locations are listed in Table 3.

3 Methodology of seismic fragility and life-cycle loss assessment
3.1 Seismic vulnerability methodology

The probabilistic seismic demand model (PSDM) is employed to derive the analytical
fragility curves in this study. The scaling approach is utilized to develop PSDM. The
correlation between the engineering demand parameters (EDPs) and the corresponding
intensity measures (IMs) is established by using the regression analysis in PSDM. It is
assumed that the EDP follows a lognormal probability distribution (Song and Elling-
wood 1999).

In (EDP) = In (a) + bIn(IM) @)

where a and b are the regression coefficients that can be determined from a regression
analysis of the response obtained from incremental dynamic analyses (IDAs).

Given the seismic demand and capacity, the fragility of each bridge component at a
selected damage state, DS, can be calculated as follows.

®)

P[DS|IM] =@ [W]

¢

where @ (-) is the cumulative distribution function of the standard normal distribution; 4
and £ are the median and the standard deviation of the IM, respectively.

I (S.) —1In(a)

= @’ 9
A . ©)
_ Vo 2 (10)

b

where S, and . are the median estimate and the logarithmic standard deviation of the
capacity, respectively; Bpv 1S the standard deviation of the demand that can be calculated
as follows.

Table 3 Designed parameters for restrainers

Restrainer Allowable Slack Length Area, A, (mm?)
A, (mm A, (mm L. (m
a (mm) s (mm) r () Abut. End-span Mid-span
Steel 150 25 7.13 258 258 834
CFRP 150 25 8.18 129 129 415
NiTi SMA 150 25 1.87 608 608 1961
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Table 4 Limit states of bridge components

Bridge component EDP Limit states Reference

Slight Moderate Extensive Collapse

Pier Hq 1.00 1.20 1.76 4.76 Hwang et al. (2001)
Isolation bearing y 100% 150% 200% 250% Zhang et al. (2009)

Table 5 Capacity models of

. Limit states Displacement Shear strain Down-

bridge components ductility time
(days)

SC ﬁt‘ S(‘ ﬁ()

Slight 1.00 0.73 100 0.55 7

Moderate 1.20 0.61 150 0.55 30

Extensive 1.76 0.74 200 0.59 120

Collapse 4.76 0.77 250 0.65 400

b\12
5 \/Z, , [In (EDP;) — In (aIM?)] an
DIIM — N_2

where N is the total number of simulation cases.

For highway bridges, bridge piers and isolation bearings are the main vulnerable
components considering their nonlinear behaviors under earthquake excitations (Heday-
ati Dezfuli and Alam 2016; Xie and Zhang 2016; Zheng and Dong 2018). In this study,
four limit states (namely slight, moderate, extensive, and collapse) defined in terms
of EDPs are the same as those used in loss assessment package HAZUS-MH (FEMA
2003). The damage states of bridge piers and isolation systems are quantitatively meas-
ured by displacement ductility, u4, and shear strain, y, respectively. According to the
available literature (Hedayati Dezfuli and Alam 2016; Hwang et al. 2001; Zhang et al.
2009), the limit states for each bridge component are listed in Table 4. The distribution
parameters of limit states, median estimate (S.), and lognormal standard deviation (f,)
are identified to describe capacity models for each bridge component. Some levels of
uncertainty are considered in the definition of the median values (Hedayati Dezfuli and
Alam 2016). The distribution parameters of capacities are provided in Table 5 based
on the recommendations in the literature (Hwang et al. 2001; Nielson and DesRoches
2007; Ramanathan et al. 2010; Hedayati Dezfuli and Alam 2016).

The fragility of the bridge at the system level can be developed from the fragilities of
bridge components using the first-order reliability theory according to Eq. 12 (Nielson
and DesRoches 2007; Hedayati Dezfuli and Alam 2016). This equation can be used to
calculate the lower and upper bounds of the system fragility function. The lower bound
refers to the components with complete correlation, while the upper bound assumes no
correlation among components. If the lower bound is used to evaluate the system fragil-
ity, the failure probability of the system will be underestimated. In this regard, the upper
bound is utilized to conservatively assess the vulnerability of the system.

@ Springer



Bulletin of Earthquake Engineering (2020) 18:3285-3316 3297

n

I?:alx (P[F)]) spssl—g(l—P[F,.]) (12)

where P[F;] and P, are the failure probabilities of the ith component and system, respec-
tively; n is the number of the vulnerable components, and IT is the product of the operator.

3.2 Life-cycle loss assessment

The life cycle performance assessment of a structure is a very complex process. Different
methods with several assumptions have been proposed to assess the loss assessment of a
structure in the literature. In this study, a framework proposed by Dong et al. (2013) was
used to evaluate the long-term loss of the bridge retrofitted with SMA restrainers. The effi-
ciency of the framework in assessing the seismic risk of a bridge structure has been vali-
dated in the works of Dong et al. (2013), Dong and Frangopol (2015, 2016), Zheng et al.
(2018) and Zheng and Dong (2018).

In order to investigate the life-cycle performance of the bridge, the performance and
damage probability of the bridge under earthquake excitations should be identified. The
performance-based assessment approach proposed by the PEER center is adopted to com-
pare the long-term performance of the bridges retrofitted with and without restrainers.
The flowchart of the long-term life-cycle loss analysis for the isolated highway bridges
retrofitted with restrainers is indicated in Fig. 4. In the procedure, both direct and indirect
consequences, such as repair loss, running cost, property loss, etc. are considered in the
life cycle context. Following the work of Dong et al. (2013) and Zheng et al. (2018), the
repair cost of a bridge is regarded as the direct loss. Given the unit cost associated with
downtime (e.g. $/day), the corresponding indirect loss in the downtime can be calculated.
As shown in Fig. 4, the hazard scenarios should be identified first to assess the seismic
loss. In this study, five different hazard levels are considered and the expected life-cycle
loss with respect to all the seismic events is calculated. The five considered hazard events
are 225 (Event 1), 475 (Event 2), 975 (Event 3), 2475 (Event 4), and 5000-year (Event 5)
return periods seismic intensities. According to CHBDC (CSA S6-14 2014), 2% probabil-
ity of exceedance in 50 years with a 2475-year return period is regarded as the design event
(DE). Here, the hazard curve is identified according to the USGS national seismic hazard
map (USGS 2017). The seismic intensities (e.g. PGA) under different seismic scenarios
can be calculated based on the hazard curve. Given the location of the bridge, the PGA
associated with the five hazard events can be calculated. In this study, the PGAs with a
return period of 225, 475, 975, 2475 and 5000 years are 0.1805, 0.2706, 0.3888, 0.5472,
and 0.7042 g, respectively.

Under a given hazard event, the loss of the bridge, L;, in economic metrics can be calcu-
lated as follows (Dong et al. 2013).

4
L= Z Cps.iPps.ipca (13)
i=1
where Cpg; denotes the consequences at a certain damage state, i, of the bridge; Ppg;ipga
denotes the conditional probability of a bridge at damage state i for a given PGA.
The repair cost at a certain damage state is assumed proportional to the rebuilding cost
of the bridge and can be expressed as follows (Stein et al. 1999).
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Fig.4 Flowchart of the perfor-

mance-based life-cycle analysis Step 1: Hazard ana]ysis
of isolated highway bridge )

retrofitted with restrainers under Select ground motions

a seismic hazard l

Step 2: Restrainer design

Determine the configuration and dimension:
Horizontal angle, &; Vertical distance, 4,
Total length, L,y; Cross-sectional area, 4,

|

Step 3: Structural response analysis

Model the 3D isolated highway bridge model
Determine engineering demand parameters

Y

Step 4: Vulnerability analysis

Select performance level
Determine the probability at each damage state

|

Step 5: Loss analysis

Calculate direct and indirect losses (repair
loss, running cost, and monetary time lost)

Step 6: Long-term loss analysis

Calculate life-cycle loss under investigated
hazard scenarios

CREP,i = Rr('r *Crep W-L (14)

where Cpgp; is the repair cost of a bridge at damage state i; c,,, is the rebuilding cost per
square meter (unit: $/m?); W and L represent the width and length of the bridge (unit: m);
R, is the repair cost ratio at damage state i. Following the work of Mander (1999), the
repair cost ratios at the slight, moderate, extensive, and collapse levels are 0.1, 0.3, 0.75,
and 1.0, respectively.

Indirect costs considered in the current study include the running costs due to the bridge
closure, Cgyy» and the monetary time lost for users and goods traveling, Cy;. Given a cer-
tain limit state i, these costs can be calculated as follows (Dong et al. 2013; Stein et al.
1999; Rackwitz 2002).

Ty Ty
Crunvi = |Cruncar| 1 = 100 + CRun.truck To D, -ADT - d, (15)
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T, 7,1 [D,-ADT [
CTL,i = [CAWOzrur<1 - m) + (CATCOtruck + Cgoods)ﬁ] : [ S +ADTE - <g - S_0>]dl
(16)
where ¢, ... and ¢, .. are the average costs for running cars and trucks per kilometer

(unit: $/km), respectively; Ty, is the ratio of the average daily truck traffic; D, is the detour
distance (unit: km); ADT is the average daily traffic to detour; ADTE is the average daily
traffic remaining on the damaged link; d; is the duration of the detour listed in Table 5
(unit: day) (Padgett et al. 2009; Dong et al. 2013); ¢4y and ¢,y are the average wages for
car and truck drivers per hour (unit: $/h), respectively; o,,, and o, are the average vehicle
occupancies for cars and trucks, respectively; ¢, is the time value of the goods trans-
ported in a cargo (unit: $/h); S represents the average detour speed (unit: km/h); [ is the
route segment containing the bridge (unit: km); S, and S, represent the average speed on
the intact link and damaged link (unit: km/h), respectively.

By substituting Eqs. 14-16 in Eq. 13, the annual loss under the selected hazard can be
determined. Then, the total loss of the bridge during the investigated time interval (0, f,) can
be calculated. Following the work of Dong and Frangopol (2016), the occurrence of an earth-
quake is assumed as a Poisson process. The total life-cycle hazard loss, LCL, can be deter-
mined as follows.

N
LCL(t) = D Li(t) - €™ (17)
i=1

where N(t,,,) denotes the number of earthquakes that occur during the time interval; L;(#)
denotes the annual hazard loss at time #,, and 7 denotes the monetary discount rate. The
total expected lifetime failure loss of the bridge, E[LCL(t;,)], during the time interval, ¢

can be expressed as follows (Zheng et al. 2018).

A E(L;
E|LCL(t,)] = f—(’) (1= emhm) (18)

T

int>

where /lf denotes the mean rate of the Poisson model; E(L;) is the expected annual hazard
loss.

Following the relevant literature, the indirect loss assessment is based on a wide range of
parameters. The reasonable value of each parameter plays an important role in the accuracy
of results. Many factors may affect the values of the considered parameters, such as change of
traffic flow over the bridge with time, the possibility of partially opening the bridge for traffic
flow, wage or compensation level at the local economic level, the variation of link length, etc.
It is clear that many parameters are dynamic and depend on the time, local economic level,
repair strategy (the downtime, traffic control, selection of a detour), etc. It is hard to accurately
evaluate the indirect loss. Hence, the values of these parameters used in this study are deter-
mined according to the relevant literature or seismic guidelines. However, given more infor-
mation from the local transport agency, an accurate result can be easily obtained and updated.
Besides, since it is not easy to know the number of casualties, the life loss cost is not consid-
ered in this study.
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4 Fragility analysis of the isolated MSSS

As mentioned earlier, two critical components of the isolated MSSS, i.e. bridge pier and
isolation bearing, which have major contributions to the system fragility, are considered
in vulnerability analysis. Two engineering demand parameters are estimated, namely dis-
placement ductility of bridge pier and shear strain of isolation bearing (Hedayati Dezfuli
and Alam 2016).

4.1 Probabilistic seismic demand models (PSDM)

Prior to establishing the PSDM, the main uncertainties in modeling a bridge, i.e. mate-
rial uncertainties, are considered to generate the bridge samples (Hwang et al. 2001). It is
assumed that the concrete compressive strength and the yielding strength of reinforcing
steel satisfy a normal distribution and lognormal distribution, respectively. The mean val-
ues of the compressive strength and the coefficient of variation (COV) are 30 MPa and 0.2,
respectively. The yielding strength of reinforcement has a mean value of 336 MPa and the
COV is 0.11. The Latin hypercube sampling (LHS) approach is used to generate 10 ran-
dom bridge samples. As mentioned earlier, three-span simply supported highway bridges
are a typical bridge type. The bridge type and the number of bridge spans are not consid-
ered as uncertainty parameters. Besides, the geometry of the bridge, mechanical uncertain-
ties of the restrainers, etc. are not considered so that the design of the restrainer and the
analyses could be simplified.

Each ground motion is scaled to 8 intervals in IDA and more than 1600 data sets are
generated for the regression analysis. Thus, sufficient damage data corresponding to dif-
ferent intensity levels can be generated in PSDM. Displacement ductility, y,, of the bridge
pier is defined as the ratio of the ultimate displacement, A, to the yield displacement, A,.
In elastomeric isolators, shear strain, y, is defined as the ratio of the lateral deformation, A,
to the total thickness of rubber layers, f.. The probabilistic seismic demand models for the
bridge pier and the isolation bearing in the logarithmic form are listed in Table 6 when the
bridge is retrofitted with three different restrainers. It can be seen that the EDP and IM are
linearly correlated where the R? values are higher than 0.85.

Table 6 PSDM for engineering demand parameters

EDP Restrainer Response PSDM [na+ bin(PGA) Poirca R

4 Without In(y) 1n(204.9)+(0.90)In(PGA) 0.224 0.89
CFRP In(y) In(162.5)+(0.82)In(PGA) 0.220 0.88
Steel In(y) In(164.5)+(0.82)In(PGA) 0.216 0.89
SMA In(y) In(116.9)+(0.64)In(PGA) 0.199 0.85

My Without In(uy) In(1.13)+(1.55)In(PGA) 0.421 0.90
CFRP In(uy) In(1.28)+(1.54)In(PGA) 0.435 0.89
Steel In(uy) In(1.32)+(1.56)In(PGA) 0.439 0.89
SMA In(uy) In(1.32)+(1.42)In(PGA) 0.389 0.90

Ay Without In(A,y) n(143.4)+(0.90)in(PGA) 0.224 0.89
CFRP in(A In(113.6)+(0.82)In(PGA) 0.220 0.88
Steel In(Ay) In(115.2)+(0.82)In(PGA) 0.216 0.89
SMA in(Ay) In(81.8)+(0.64)In(PGA) 0.199 0.85
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4.2 Component fragility curves

The fragility curves for the pier and bearing of the bridge retrofitted with different types
of restrainers can be calculated according to Eq. 8. The median, A, and the standard devia-
tion, &, of PGA are quantified at each damage state using Eqs. 9 and 10, respectively (see
Table 7). Then, the cumulative distribution functions can be calculated for each component
at each damage level.

Figure 5 depicts the fragility curves of bearing at each damage state when different
types of restrainers are utilized to retrofit the bridge. Results show that after retrofitting
the bridge, the vulnerability of the isolation system noticeably decreases. The bearing in
the case of SMA restrainers is less vulnerable compared to the unretrofitted bridge and the
bridges with elastic restrainers at each damage state. The failure probabilities of the bridges
with CFRP and steel restrainers are almost the same and lie in between those of the bridges
with SMA restrainers and the unretrofitted bridge. The phenomenon can be explained by
the following reasons. Compared to elastic restrainers, SMA restrainers can dissipate a
large amount of earthquake energy and as a result, decrease the seismic responses of the
bridge. Another point is that different types of restrainers have the same effective stiffness
in the design procedure following the works of Andrawes and DesRoches (2007b) and Li
et al. (2018a) (see Fig. 3). According to the design method, the restrainers can reach the
same level of force at their design strain levels. The real stiffness of SMA restrainers dur-
ing earthquakes is higher than that of the elastic restrainer. A sensitivity analysis has been
conducted to evaluate the effect of the stiffness on the seismic performance of the restrainer
in the latest work by Wang et al. (2019b). In this study, the optimized effective stiffness is
used to design the restrainer. More details have been available in the works of Andrawes
and DesRoches (2007b), Li et al. (2018a) and Wang et al. (2019b).

To be more specific, PGA with a value of 0.55 g, i.e. the design event considered in
CHBDC (CSA S6-14 2014) (Event 4), is selected and failure probabilities at each dam-
age state are listed in Table 8 for different types of restrainers. According to Table 8, at
moderate limit state, CFRP, steel, and SMA restrainers can reduce the damage probabili-
ties of bearing by 57.9%, 55.1%, and 88.4%, respectively. At the extensive limit state, the
restrainers can reduce the damage probabilities of bearing by 71.8%, 69.2%, and 93.1%,
respectively. Note that although the residual deformation of bridge bearings or decks is
not the focus of this study, the authors find from the IDA that compared to steel and CFRP

Table 7 Mean and standard deviation of fragility functions

Components Restrainer Slight Moderate Extensive Collapse
A ¢ A ¢ A ¢ A 4

Bearing Without —0.80 0.66 -0.35 0.66 —-0.03 0.70 0.22 0.77
CFRP -0.59 0.72 —-0.10 0.72 0.25 0.76 0.52 0.83
Steel —-0.61 0.72 —-0.11 0.72 0.24 0.76 0.51 0.83
SMA -0.25 0.92 0.39 0.92 0.85 0.98 1.20 1.07

Bridge pier Without —0.08 0.55 0.09 0.48 0.29 0.55 0.93 0.57
CFRP -0.16 0.55 0.01 0.49 0.21 0.56 0.86 0.58
Steel -0.18 0.55 —-0.01 0.48 0.19 0.55 0.82 0.57
SMA -0.20 0.59 —-0.01 0.52 0.21 0.60 0.91 0.62
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Fig.5 Fragility curves of isolation bearing at a slight, b moderate, ¢ extensive, and d collapse damage state

Table 8 Damage probabilities of bearing with different restrainers at 0.55 g PGA

Restrainer Slight Moderate Extensive Collapse

P A (%) P A (%) P A (%) P A (%)
Without 0.952 - 0.482 - 0.132 - 0.046 -
CFRP 0.789 -17.1 0.206 -579 0.039 -71.8 0.012 -72.8
Steel 0.804 —15.6 0.221 —55.1 0.042 —-69.2 0.014 —170.2
SMA 0.442 —53.6 0.069 —88.4 0.014 -93.1 0.004 -92.0

P is the damage probability; A is the relative difference between damage probabilities of the bearing with-
out restrainer and with two other types of restrainers

restrainers, SMA restrainers with a high re-centering capacity can significantly decrease
the residual deformation of the bearings or the decks (more than 50%). For example, Fig. 6
shows the deformation of the bearings at the midspan location under the two most devas-
tating earthquakes. As shown, the residual deformations of the bearings for the bridges
retrofitted with steel and CFRP restrainers are 15.6 mm and 15.9 mm, respectively, under
the Loma Prieta (BRNOOO) earthquake. After retrofitting the bridge with SMA restrainers,
the corresponding value decreases to 6.9 mm under the same earthquake. In general, the
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Fig.6 Time history of the deformation of the bearings at the midspan location under Imperial Valley
(E11230) and Loma Prieta (BRN0O0O) earthquakes

average residual deformation of the bearings at the midspan location is calculated for the
retrofitted bridges. Compared to steel and CFRP restrainers, SMA restrainers could reduce
the residual deformation of the bearings by 51.4% and 53.2%, respectively.

Figure 7 illustrates the fragility curves of the bridge pier at each damage state. As
observed in Fig. 7, at lower PGA, all the four bridges show small vulnerability at each limit
state. However, at higher PGA, the use of restrainers in retrofitting the bridge can increase
the damage probability of the pier as a result of the increased stiffness of the system. How-
ever, under Event 4 (design event) and Event 5 (maximum considered event), the damage
probability of the bridge pier is less than 10% at the moderate, extensive, and collapse limit
state. The restrainers do not considerably increase the fragilities of the bridge pier (see
Table 9). Figure 7a shows that the retrofitted bridge pier may become more fragile at slight
damage that could be repaired easily.

The elastic and superelastic restrainers cause similar damage probabilities in the
bridge pier due to the same effective stiffness considered in the design procedure. How-
ever, compared to the elastic restrainers, the damage probabilities of the bridge pier with
SMA restrainers increase at the slight, moderate, and extensive limit states for lower
PGA values. For higher PGA values, the SMA retrofitted pier deem to have a better
seismic performance due to the high energy dissipation capacity. It can be attributed to
the fact that at low PGA values, the initial stiffness of SMA restrainers is higher than the
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Fig. 7 Fragility curves of the bridge pier at a slight, b moderate, ¢ extensive, and d collapse damage state

Table 9 Damage probabilities of bridge pier with different restrainers under Event 4 and Event 5

Restrainer ~ Slight Moderate Extensive Collapse

Event 4 Event 5 Event 4 Event 5 Event 4 Event 5 Event 4 Event 5
0.55g) (0.70g) (0.55g) (0.70g) (0.55g) (0.70g) (0.55g) (0.70 g)

Without 0.055 0.215 0.001 0.016 0.000 0.004 0.000 0.000

CFRP 0.124 0.358 0.005 0.057 0.002 0.014 0.000 0.000
Steel 0.136 0.387 0.006 0.068 0.002 0.017 0.000 0.000
SMA 0.208 0.452 0.014 0.100 0.005 0.027 0.000 0.000

elastic restrainers, which causes a higher seismic force demand in the pier. At high PGA

values, the restrainers experience large amplitude

deformations and SMA restrainers

with a higher damping capacity compared to elastic restrainers, dissipate large seismic
energy. According to the above analysis, both stiffness and energy dissipation capacity
of restrainers have contributions to the fragility of the bridge component. Hence, the
influence of the stiffness and energy dissipation capacity should be carefully considered

in the design of restrainers.
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4.3 System fragility curves

The upper bound of the first-order reliability theory in Eq. 12 is used to estimate the fragil-
ity of the bridge system. Using the upper bound can obtain a conservative evaluation of the
failure probability of the system. Figure 8 shows the fragility curves of the isolated MSSS
without restrainers and with CFRP, steel and SMA restrainers at four limit states. As can be
seen, the bridge system without restrainers is more fragile than the retrofitted bridge at four
limit states and PGA values ranging from 0O to 2.0 g. In the case of using CFRP and steel
restrainers, the bridge systems are almost at the same level of vulnerability at four limit
states, which means that elastic restrainers have nearly equal contributions to the fragil-
ity of the bridge system. Compared to elastic restrainers, SMA restrainers can effectively
reduce the probability of damage to the bridge system. It is because the fragility reduction
in the rubber bearing outweighs the increase of the fragility in the pier and as a result,
the seismic vulnerability of the whole system decreases. It can be concluded that SMA
restrainers perform more efficiently in improving the seismic performance of the bridge
system.

In order to quantitatively compare the performance of three different restrainers, prob-
abilities of damage of the isolated bridge are listed in Table 10 for five seismic events and
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Fig. 8 Fragility curves of the bridge system retrofitted with different types of restrainers at a slight, b mod-
erate, ¢ extensive, and d collapse damage state
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Table 10 Damage probabilities of the bridge system at each seismic event

Event Restrainer Slight Moderate Extensive Collapse
P A (%) P A (%) P A (%) P A (%)
El Without 0.188 - 0.005 - 0.000 - 0.000 -
CFRP 0.088 -53.4 0.001 -70.2 0.000 - 0.000 -
Steel 0.095 —493 0.002 —-65.9 0.000 - 0.000 -
SMA 0.072 -61.7 0.001 —68.4 0.000 - 0.000 -
E2 Without 0.517 - 0.047 - 0.005 - 0.002 -
CFRP 0.284 —45.1 0.014 -71.1 0.001 -74.5 0.001 -70.9
Steel 0.301 —-41.8 0.015 -67.7 0.002 -71.1 0.001 -67.2
SMA 0.164 —68.2 0.008 -839 0.001 —-81.6 0.000 -743
E3 Without 0.795 - 0.186 - 0.031 - 0.010 -
CFRP 0.539 -322 0.061 -67.3 0.008 —74.7 0.003 -73.0
Steel 0.560 -29.6 0.067 —64.2 0.009 -71.9 0.003 —-70.1
SMA 0.302 -62.0 0.022 -88.4 0.003 -89.8 0.001 -87.0
E4 Without 0.955 - 0.482 - 0.132 - 0.046 -
CFRP 0.815 —14.6 0.206 -57.2 0.039 -70.7 0.012 -72.8
Steel 0.831 —13.0 0.221 -542 0.042 —-68.0 0.014 -70.2
SMA 0.558 —41.6 0.069 -85.6 0.014 —89.7 0.004 -92.0
ES Without 0.990 - 0.698 - 0.268 - 0.101 -
CFRP 0.934 -5.6 0.394 —43.6 0.098 -63.3 0.029 -71.2
Steel 0.943 -4.7 0.418 —40.1 0.107 —-60.1 0.031 —68.9
SMA 0.756 -23.6 0.186 -733 0.044 -83.6 0.007 -934

four limit states. For Event 1 (225 year return period), both the retrofitted and unretrofitted
bridges have very low damage probabilities at all limit states. For Event 2~35, the fragil-
ity of the retrofitted bridges presents a noticeable reduction at each limit state compared
to the unretrofitted bridge. At the design event (Event 4), the damage probabilities of the
unretrofitted bridge at slight, moderate, extensive, and collapse damage states are 0.980,
0.482, 0.132, and 0.046, respectively. When SMA restrainers are used, the probabilities of
the bridge significantly reduce to 0.543, 0.069, 0.014, and 0.004, respectively. The bridges
with CFRP and steel cables have similar and intermediate vulnerability compared to the
unretrofitted bridge and the bridge with SMA restrainers. A similar phenomenon can be
observed at other seismic events. Another important finding is that the SMA restrainers
can effectively prevent the considered bridge from moderate and collapse damages under
the maximum considered seismic event (5000-year return period). The probabilities
of the bridge experiencing the extensive and collapse damages are only 4.4% and 0.7%,
respectively.

4.4 Probability of unseating

The relative displacement between the girder and pier, A, is considered as the EDP to
evaluate the probability of unseating. In this study, the maximum relative displacement at
the midspan location is considered to develop the fragility functions. Following the works
of Li et al. (2018a), the seat width of the pier (L;,=400 mm) is considered as the limit
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value for the unseating of the bridge spans, i.e. collapse damage state. The corresponding
limit values at slight, moderate, and extensive damage states are set as 0.25L,,, 0.50L,,,
and 0.75L,,, respectively (Li et al. 2018a). Then, the PSDMs of A, can be derived and
listed in Table 6. After calculating the PSDMs, the fragility curves at each damage state
can be determined. Figure 9 illustrates the fragility curves of the bridge experiencing
unseating of bridge spans.

It can be observed from Fig. 9 that the probabilities of the bridge at the four different
damage states can be noticeably reduced by the use of the restrainers. Compared to the
elastic restrainers, the superelastic SMA restrainers can significantly decrease the unseating
probabilities of the bridge at each damage state. Another finding is that the bridges have
a very low probability to experience the unseating of bridge spans (i.e. collapse damage)
during the earthquakes. For example, at a PGA of 2.0 g, the unseating probabilities of the
unretrofitted bridge and the bridges retrofitted with CFRP, steel, and SMA cables at col-
lapse damage state are 2.5%, 0.43%, 0.47%, and 0.04%, respectively.

Here, it should be mentioned that the damage probabilities of the isolation bearings are
used in the life cycle assessment without considering the probabilities of unseating due to
the following reason. Since the limit values of A, at the slight, moderate, and extensive
damage states are lower than L, the economic loss of the bridge will be zero at these
three damage states as there is no unseating in an actual situation. Also, the probabilities
of observing a collapse damage state for the four bridges are very low (<2.5%). Hence, the
loss induced by the unseating will be negligible. In this regard, the effects of unseating on
the long-term loss of the bridges will not be considered in the following sections.
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Fig.9 Fragility curves of unseating of bridge spans for a the unretrofitted bridge and the bridge retrofitted
with b CFRP cables, c steel cables, and d SMA cables
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5 Long-term loss assessment of the isolated MSSS bridge

In order to evaluate the long-term performance of the isolated MSSS, the annual loss of the
bridge at a particular seismic scenario can be calculated using Eq. 13. Considering a given
seismic event, the failure probability of the bridge at each damage state can be quantified
according to the fragility curves of the bridge systems. Then, the costs of all considered conse-
quences, i.e., the direct and indirect costs, can be calculated using Eqs. 14—16. The parameters
used in these equations are presented in Table 11. The expected repair and indirect losses of
the bridges with different types of restrainers under the investigated five hazard events are
illustrated in Fig. 10a, b. As can be seen, the seismic losses increase with the increase of
the seismic intensity. The bridge without restrainers would result in a larger repair and indi-
rect loss. After using restrainers to retrofit the bridge, the seismic loss could be significantly
reduced. Among three considered restrainers, elastic restrainers (CFRP and steel cables) cause
almost the same seismic loss, and SMA cables can make the bridge experience less seismic
loss. In the case of Event 1 and 2, both the retrofitted and unretrofitted bridges experience low
seismic losses (both direct and indirect). For the design event considered in CHBDC (CSA
S6-14 2014) (Event 4), compared to the unretrofitted bridge, the direct losses of the bridge ret-
rofitted with CFRP, steel, and SMA restrainers decrease by 52.1%, 49.6%, and 76.6%, respec-
tively. The CFRP, steel, and SMA restrainers cause about 61.1%, 58.6%, and 83.6% reduction
in the indirect losses, respectively. Another finding is that the indirect loss is much larger than
the direct repair loss with the increase of seismic intensity. For instance, the indirect losses of

Table 11 Parameters associated with consequences

Parameters Notation Value References
Average daily traffic ADT 19,750 Dong and Frangopol (2015)
Average daily traffic on the damage link to ADTE/ADT 0.12 Deco and Frangopol (2011)
average daily traffic

Daily truck traffic ratio T, 13% FHWA (2015)
Link length (km) [ 6 FHWA (2015)
Detour additional distance (km) D, 2 FHWA (2015)
Vehicle occupancies for cars Ocar 1.5 Stein et al. (1999)

Dong and Frangopol (2016)
Vehicle occupancies for trucks Ouck 1.05 Stein et al. (1999)

Dong and Frangopol (2016)
Wage for car drivers ($/h) Caw 11.91 Stein et al. (1999)

Dong and Frangopol (2016)
Compensation for truck drivers ($/h) caTC 29.87 Stein et al. (1999)

Dong and Frangopol (2016)
Operating costs for cars ($/km) CRuncar 0.4 Stein et al. (1999)

Dong and Frangopol (2016)
Operating costs for trucks ($/km) CRuntruck 0.57 Stein et al. (1999)

Dong and Frangopol (2016)
Rebuilding costs ($/m?) Crep 2306 Mander (1999)
Detour speed (km/h) S 50 Dong and Frangopol (2016)
Link speed (km/h) So 80 Dong and Frangopol (2016)
Time value of a cargo ($/h) Cooods 4 Deco and Frangopol (2011)
Monetary discount rate T 0.035 Zheng et al. (2018)
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the unretrofitted bridge and the bridges with CFRP, steel, and SMA restrainers increase by
407%, 311%, 316%, and 256%, respectively, compared to the direct losses. In this regard, the
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indirect loss should be considered in performance-based engineering. Without considering the
contribution of indirect loss, one could underestimate the seismic loss of the bridge system.

In order to quantitatively evaluate the life-cycle performance of bridge systems with or
without restrainers, the expected total loss under a given time interval is calculated using
Eq. 18. It is assumed that the time interval and the monetary discount rate are 75 years and
2%, respectively. Here, the time interval is chosen according to the design service life of a
bridge (i.e. 75 years) specified in the CHBDC (CSA S6-14 2014) and AASHTO (2012). Fol-
lowing the work of Zheng and Dong (2018), the monetary discount usually ranges from 2 to
7%. The lower and higher discount rates are usually used by the public sector and private sec-
tor, respectively. In this regard, the lower discount rate is considered in the lifetime failure cost
assessment.

The expected long-term losses of the bridges under the five events are illustrated in
Fig. 10c. As can be observed, the long-term losses of both the retrofitted and unretrofitted
bridges under Event 3 are larger than four other events. This is because both the occurrence
probability and the hazard intensity of the hazard event have contributions to the expected
long-term loss. Thus, the 975-year return period event (Event 3) chosen as the design event
(DE) could be reasonable for the unretrofitted bridge considering its long-term seismic loss as
evident in other design codes (Caltrans BDA 2013; AASHTO LRFD 2012; Chinese Guide-
lines for Seismic Design of Highway Bridges JTG/T BO2-01-2008; European 8 2005). Hence,
the design event specified in CHBDC (CSA S6-14 2014) may underestimate the long-term
seismic losses of the bridge for more frequently occurring earthquakes having lower return
periods over its service life.

Compared to elastic restrainers, SMA restrainers are more economically benefit under
strong seismic events with a low probability of occurrence. In the case of Event 3 with a 975-
year return period, compared to the unretrofitted bridge, using CFRP, steel, and SMA restrain-
ers can reduce the long-term seismic losses by 58.4%, 55.6%, and 80.1%, respectively. For the
design event (Event 4), expected long-term loss of the bridge retrofitted with SMA restrainers
is about 6036 USD, which is approximate 17.6% of that of the unretrofitted bridge. Here, it
should be mentioned that although the seismic intensity of Event 4 is larger than the Event
3, the expected long-term loss of the former one is lower than that of the latter one. The rea-
son is that the probability of occurrence of Event 3 is higher than that of Event 4 during the
investigated time interval (see Figs. 10, 11). The relationship between the return period of the
seismic event and expected long-term loss is illustrated in Fig. 11. As indicated, the bridge
with SMA restrainers would result in the smallest long-term loss, given the return period of
the seismic event is larger than 225 years (Event 1).

As mentioned earlier, a wide range of parameters has certain impacts on the long-term loss
assessment. Here, the effects of two main parameters, i.e. the investigated time interval (z;,,)
and monetary discount rate (7) on the total expected long-term loss are evaluated. As observed
in Fig. 12, the expected loss increases as the time interval increases, while the expected loss
presents a decease trending with the increase of monetary discount rate. As t;,, or 7 increase,
the slope of each curve decreases. Hence, in order to make the long-term loss more accu-
rate and improve the level of prediction, the relevant factors should be carefully determined
according to more accurate information.
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6 Conclusions

The fragility and long-term performance of a typical multi-span simply-supported (MSSS)
bridge retrofitted with optimized SMA restrainer were analytically evaluated and compared
with the unretrofitted bridge and the bridges with elastic restrainers (i.e. steel and CFRP
cable). A newly proposed design procedure was used to properly design the restrainers for
the bridge. The optimized configuration of the restrainers was identified using a fractional
factorial design method. Two critical vulnerable components (bridge pier and isolation
bearing) were considered to develop the fragility curves of the bridge system. Then, life-
cycle loss under five investigated hazard events was estimated considering the direct (repair
cost) and indirect (running cost and monetary time lost) loss. This study is expected to pro-
vide directions to the decision-makers through life-cycle cost analysis towards the applica-
tion of costly SMA restrainers in the seismic design process. The following conclusions
can be drawn.
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1. Restrainers increase the lateral stiffness of the bridge, and as a result, cause a lower
deformation of bearings, but a higher seismic force demand in the bridge pier. When the
considered bridge was retrofitted with elastic restrainers, i.e. CFRP and steel cables, the
bridge components (bridge pier and isolation bearing) and the system reached almost
the same level of vulnerability at four limit states.

2. Implementing superelastic SMA restrainers instead of elastic restrainers made the bear-
ing less fragile; however, it caused the pier more fragile at low PGA values while
reducing the damage probabilities at high PGA values. It could be attributed to the
higher stiffness that increased the vulnerability at low PGAs whereas, increased energy
dissipation capacity of SMA restrainer could reduce the vulnerability at high PGAs.

3. The use of restrainers in retrofitting the bridge could noticeably decrease the damage
probability of the bridge system. Elastic restrainers like steel and CFRP cables with no
energy dissipation capacity had almost the same contributions to the vulnerability of
the system. Due to superior energy dissipation capacity, superelastic SMA restrainers
could significantly reduce the failure probability of the bridge. The damage probabili-
ties of the bridge with elastic restrainers lay in between those of the bridges with SMA
restrainers and the unretrofitted bridge. Under DE and MCE, the probabilities of the
bridge retrofitted with SMA restrainers experiencing the collapse damage are only 0.4%
and 0.7%, respectively.

4. Since the largest expected long-term loss occurred in the 975-year return period event
for the bridge without restrainers or with restrainers, the event with a 5% probability of
exceedance in 50 years is reasonably chosen as the design event (DE) as recommended
in several design codes. The design event specified in CHBDC (CSA S6-14 2014) (the
2475-year return period event) may underestimate the long-term seismic losses of the
highway bridges considering its low probability of occurrence during its service life
compared to the 975-year return period event.

5. After implementing the restrainers, the seismic loss of the bridge system could be
reduced remarkably. The SMA restrainers would result in a larger benefit for the bridges
located in seismic regions compared to the elastic restrainers. For example, the expected
long-term loss of the bridge retrofitted with SMA restrainers under DE is approximate
17.6% of that with respect to the unretrofitted bridge.

The life cycle performance assessment of a structure is a very complex process. Gener-
ally, it can be quantified in terms of social, environmental, and economic metrics. In
addition, since the long-term performance assessment is based on the fragility func-
tions, a wide range of factors, such as type and geometry of the bridge, IMs, earth-
quake (far-field and near-fault), location, soil-structure interaction (SSI), should be con-
sidered to capture uncertainties and minimize errors. In this study, some assumptions
were made to simplify the problem and the design of the restrainer. Hence, in order to
improve the accuracy of the fragility and the level of prediction in the long- term per-
formance, a further comprehensive study should be conducted to better understand the
contributions of restrainers of a bridge system in the long run. The fragility functions
and long-term performance assessment for the bridge system can be used for evaluating
the potential seismic losses and aiding pre-event decision making according to proper
retrofit strategies. Moreover, it can also be useful to help decision-makers make plans
for post-earthquake.
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