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Abstract:

Reconnaissance of bridges damage under earthquakes has indicated that though current
design philosophy can reduce structural collapse damage, it results in a significant reduction
of functionality following earthquakes considering residual drift and numerous bridges had to
be demolished. To protect bridges against earthquakes and reduce the residual drift, Shape
Memory Alloy (SMA) is studied and incorporated in the plastic hinge region of reinforced
concrete (RC) piers to increase the resilience of bridges. The performance-based engineering
(PBE) of SMA bar reinforced RC bridges considering residual drift ratio and maximum
displacement is assessed by taking advantages of self-centering and energy dissipation
features of SMA, specifically under extensively large seismic events. Additionally, the PBE is
conducted within the lifetime of bridges considering the corresponding economic impacts.
The proposed approach is illustrated within highway bridges with and without using SMA

bars in the piers.
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1. Introduction

Highway bridges play an important role in the livelihood, welfare, safety of any community
and they could be subjected to natural hazards (e.g., earthquakes) during their service life.
Based on the post-earthquake damage data, a large number of bridges with reinforced
concrete (RC) piers encountered severe damage yet not collapse and had to be demolished
due to large unrecoverable residual drift (Kawashima et al. 1998). Considering high repair
cost associated with severely damaged bridge and increased importance of
resilience-informed engineering, the high-performance seismic resistance systems with
self-centering and energy dissipation capacity have been developed to mitigate the seismic
loss of bridges under earthquake (Choi et al. 2005; Palermo and Pampanin 2008; Zhang et al.
2009; Padgett at al. 2010; Roh and Reinhorn 2010; Ozbulut ef al. 2011; Dezfuli and Alam
2013; Fang et al. 2014; Fang et al. 2017; Wang et al. 2017; Markogiannaki et al. 2017;
Mashal and Palermo 2017; Agalianos et al. 2017; Zheng et al. 2018; Wang and Zhu 2018).
For instance, some studies have been conducted on the application of novel materials
associated with self-centering properties (e.g., shape memory alloy). SMA, as a smart
material, can recover the shape either by hearing or removal of the applied forces. By
considering flag-shaped hysteretic behavior of SMA, SMA-bar can result in an effective
self-centering mechanism. For instance, the SMA restrainers were developed to limit
displacement between the superstructure and substructure of bridges (Wilde et al. 2000;
DesRoches and Delemont 2002; DesRoches et al. 2003; Andrawes and DesRoches 2005;
Johnson et al. 2008). Additionally, an isolation system with SMA-wire or SMA-cable-based

bearing was investigated by Choi et al. (2005), Dezfuli and Alam (2016), and Zheng et al.
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(2018), among others. Though both the SMA restrainer and SMA-based bearing can prohibit
the bridge from experiencing large displacement, seismic vulnerability of the piers could be
increased for sustaining force transferring from superstructure to substructure. SMA could
also be used within the piers of bridges. The seismic vulnerability of piers reinforced with
SMA bars was investigated by some studies, such as Billah and Alam (2015a), Shrestha and
Hao (2016), among others. In addition, Saiidi and Wang (2006) designed two 1/4-scale spiral
RC piers reinforced by SMA bars in the plastic hinge region. The results of shaking table test
showed that the SMA-RC piers were able to recover nearly all the post-yield displacement.
Additionally, high performance ductile systems using traditional materials have also been
developed to provide dissipation and self-centering capability. For instance, precast elements,
assembled through post-tensioning technique as a rocking system, were developed to
guarantee an appreciable energy dissipation and desired self-centering capacity. All these
novel systems aim to increase the safety of a structure against collapse, while simultaneously
decrease the residual displacements. Shape memory alloy, as a class of metallic alloy, is
associated with unique mechanical properties, such as the shape memory effect and the
super-elasticity behavior.

The application of SMA within the bridge seismic mitigation process has been studied
previously. For instance, SMA-cable/bar restrainer was used to replace the steel restrainer and
was installed at in-span hinge or interface between the girder and abutment (Choi et al. 2005;
Dezfuli and Alam 2014; Xue and Li 2007). Most of these studies emphasized on the seismic

vulnerability of piers without considering performance of other structural critical components,



such as bearings. Choi et al. (2004) stated that both piers and bearings can suffer severe
damage under earthquakes and performance should be both considered in the seismic
vulnerability process. Fragility of a bridge based only on the vulnerable pier may lead to a
bias and cannot cover all the failure scenarios (Nielson and DesRoches 2004). To the best
knowledge of the authors, few studies have investigated seismic fragility of bridges with piers
reinforced by SMA at a system level compared with bridges equipped with other applications
of SMAs (e.g., restrainers) (Dezfuli and Alam 2016; Zheng et al. 2018). A systematic
approach to assess the seismic vulnerability of bridges with SMA bars considering seismic
performance of different structural components is needed. In this paper, the whole bridge
seismic vulnerability is assessed by considering the residual drift ratio and bearing
displacement. Fragility curves of both novel bridge with SMA-RC piers and conventional
bridge are computed and compared based on the seismic demand analysis under a large
number of nonlinear dynamic time history analyses. The residual drift ratio of SMA-RC pier
and displacement of bearing are taken as seismic demand for fragility assessment at the
bridge system level, which has not been well addressed by previous studies.

An approach to structural assessment and design under hazard effects is needed with
more emphasis on the performance rather than resistance. This has led to the recent
development of performance-based engineering (PBE). The Pacific Earthquake Engineering
Research Center (PEER) has developed performance-based seismic design and assessment
approaches considering consequences including repair loss, downtime, and facilities, among

others. PBE is rapidly becoming the benchmark approach for assessing and designing civil



infrastructures subjected to hazards. PBE provides the ability to achieve more informative
predication of structural performance considering the connection between the structural
design objectives and the client’s expected performance goals (Dong and Frangopol 2016b).
Though the principles of PBE have been developed, studies on the assessment of structural
system incorporating novel materials are scarce. In this paper, the PBE is applied to
investigate structural performance considering the adoption of novel materials (e.g., SMA).
The increase of initial cost associated with the novel structural system hampers the wide
application of SMA within the hazard mitigation process. The long-term performance of
implementing SMA within highway bridges should be assessed by considering the potential
seismic hazard, structural seismic performance, investigated time interval, monetary discount
rate, direct and indirect costs. The computational flowchart of the long-term PBE of civil
infrastructures under seismic hazard is indicated in Figure 1. In this paper, the life-cycle
engineering is incorporated with PBE for the comparative assessment of novel and
conventional bridges under seismic hazards. As the investigated SMA-RC piers are relatively
new structural system, many aspects remain unknown and yet to be explored. To aid the
application of these novel structural systems, numerical studies can be conducted firstly,
which could shed some light upon the experimental behavior. Once the simulated behavior of
such system is fully understood, the experimental study can be conducted to investigate its
performance. Experimental studies will be conducted in the future studies to verify the
benefit of the proposed novel bridges reinforced by SMA bars. To best knowledge of the

authors, the performance-informed lifetime assessment of bridges using SMA as



reinforcement has not been investigated by previous studies.
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Figure 1. Flowchart of the performance-based long-term engineering of civil infrastructures
under seismic hazard

In this paper, the system-level vulnerability and long-term performance of SMA-RC
bridge and conventional bridge are investigated and compared. The probabilities of the
structural component and system being in different damage states are assessed within a
systematic manner based on the fragility analysis. The economic indicator considering the
long-term loss of the investigated bridges under different seismic events is computed. The
proposed approach can aid the development and application of novel materials and systems
within the civil engineering. In this paper, seismic performance of bridge piers reinforced by
SMA bars is emphasized and the outcomes of the study could aid the design of bridges

reinforced with SMA bars to mitigate the seismic loss.

2. Seismic Vulnerability Analysis and Experimental Study

2.1 Analytical Seismic Vulnerability Analysis

The seismic vulnerability of bridges is assessed using fragility curves, which quantify the
probability of exceeding a certain damage state associated with critical components and
system under a given hazard intensity. Seismic fragility analysis of bridges with traditional
and novel materials has been studied by previous studies (Shinozuka et al. 2000; Padgett et al.
2007; Dong et al. 2013; Dong and Frangopol 2015; Su et al. 2018; Zheng et al. 2018).

Generally, fragility curves can be obtained using two approaches: empirical and analytical



approach. Empirical fragility curves are based on bridge damage data from the previous
earthquakes and experimental studies. In the absence of adequate empirical data and
experimental studies, analytical methods can be used to develop fragility curves. Within the
analytical approach, the structural demands and/or capacities used to evaluate failure
probability are obtained based on numerical analysis. To obtain fragility curves of different
structural components, it is necessary to specify the relevant demand and capacity models.
The probabilistic seismic demand model (PSDM) is usually used to derive the seismic
demands based on nonlinear time-history analysis. Given a suite of ground motions, the
PSDM can be developed considering the relation between the engineering demand
parameters (EDPs) (e.g., displacement, curvature ductility, drift ratio) to the ground motion

intensity measures (/Ms). The median value of EDP can be expressed as (Cornell ef al. 2002)
EDP=a-(IM)" (1)
where a and b are regression parameters derived from the analytical seismic responses. A 3D
FE model can be established using OpenSees (McKenna ef al 2004) to assess the EDP. The
standard deviation of In (EDP) under given IM can also be assessed.
Given the seismic demand and capacity, the fragility curves can be quantified. The
damage states are usually discrete and quantified by the designated thresholds of the Damage
Index (DI) to define different Limit States (LSs). If the ground motion intensity /M is

designated, the fragility curves can be calculated as
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where LS; represents the ith LS and {eppiuv is the standard deviation of the logarithmic

distribution.



For bridges, piers and bearings are the critical components that are prone to seismic
damage. Four Damage States (DSs) namely slight, moderate, extensive, and collapse were
proposed by HAZUS (2003). The four DSs in terms of different DIs (e.g., sectional ductility,
displacement ductility, residual drift ratio) can be quantified. According to the definitions
presented by Berry and Eberherd (2003), slight DS represents minor cracking or spalling
occurs at the pier and other three DSs are related to the yielding of longitudinal reinforcement
and plastic hinge deformation. Choi et al. (2004) indicated that when the sectional ductility is
larger than or equal to 1 yet smaller than 2, the RC pier only experiences slight damage (i.e.,
DS = 1). When the maximal sectional ductility is larger than or equal to 2 yet smaller than 4,
the pier would result in moderate DS (i.e., DS = 2). When the sectional ductility is larger than
or equal to 4 yet smaller than 7, the pier suffers extensive damage (i.e., DS = 3). With respect
to bearings, displacement and shear strain can be used as the DIs. More detailed information
regarding damage states and other structural components can be found in Choi ef al. (2004)

and Zheng et al. (2018).

The damage states of the pier by considering residual displacement are illustrated herein.
Based on Billah and Alam (2015), if the residual drift ratio (%) of RC pier is not larger than
0.25, the RC pier only experiences slight damage (i.e., DS = 1). When the residual drift ratio
(%) 1s larger than or equal to 0.25 yet smaller than 0.75, the pier would result in moderate DS
(i.e., DS = 2). Given the residual drift ratio (%) is larger than or equal to 0.75 yet smaller than
1.0, the pier suffers extensive damage (i.e., DS = 3). Once the residual drift ratio (%) is larger
than 1.0, the pier would collapse (i.e., DS = 4). Given the seismic demand and capacity, the
fragility curves and the probability of exceeding a certain DS can be obtained using Eq. (2).

Consequently, the probability of being in a damage state i can be computed by the difference



between the probabilities of exceedance of damage states i and i+1. Due to a critical lack of
literature and experimental data on residual damage measures, tentative values based on
experimental investigation of O’Brien et al. (2007) and Billah and Alam (2015) were selected
to illustrate the proposed methodology in this paper. Further experimental studies are needed
to verify the damage threshold values associated with different damage states.

Fragility curve of a bridge system can be developed considering the relationship among
vulnerable components and assessing structural performance as a system. Previous studies
suggest that system fragility can be determined by considering the functionality of bridges
using a joint probabilistic seismic demand model of different vulnerable components
(Shinozuka et al. 2000). Zhang and Huo (2009) proposed a composite DS to compute the
system-level seismic behavior of bridges by using weighting factors considering the
importance of different components within a bridge perceived by a decision maker. The
system-level fragility curves can also be determined by assuming the failure modes. For
instance, if a bridge is assumed to a serial system, the lower bound is the maximum
component fragility and the upper bound is a combination of the component fragilities. Then,

the bounds for a serial bridge system are
max[P(F)] < P(F,,) <1- T P(F)] 3)

where m is number of vulnerable components; P(F%) is the probability failure of the kth
component; P(Fys) is the failure probability of the bridge system; and II is the product
operator. As indicated in Eq. (3), the lower bound refers to the case associated with complete
correlation, while the upper bound assumes no correlation among the components. On the
other hand, if a bridge is assumed as a parallel system, the damage state at the system-level
will be achieved only if all the considered components reach the damage state. In reality, a

bridge is neither a serial nor a parallel system. The seismic responses of the vulnerable



components depend on the damage condition of all the components. Given the failure modes
at the system level, the upper and lower bounds of the system fragility can be determined
based on the first-order/second-order reliability theory.

2.2 Experimental Studies on Seismic Performance of SMA and SMA Reinforced Piers

Using numerical method, the seismic vulnerability of the investigated structural component
and system can be obtained analytically. It is of vital importance to verify the accuracy of the
numeral simulation results. To address this aspect, some experimental tests were conducted
on the SMA bars and SMA-bar reinforced piers (Fang et al. 2014; 2017). As depicted in
Figure 2, the numerical results match well within the experimental results for the SMA-bar.
With respect to the SMA-bar reinforced pier, Saiidi et al. (2009) have conducted
experimental study under pseudo-static test. A total of 8 longitudinal SMA bars were arranged
evenly in a circular pattern at the plastic hinge region of the pier. The rest part of the pier is
reinforced by steel with a yield stress of 472 MPa. The loading begins with one complete
cycle in the push-and-pull direction to 0.25% drift ratio. More detailed information could be
found in Saiidi ef al. (2009). The numerical analysis of the SMA piers is conducted in this
study. The associated results are compared with experimental results obtained from Saiidi et
al. (2009). The test and numerical results of shear force verse displacement of the pier at the
loading point are shown in Figure 3(a) and (b), respectively. The numerical results match well
with the test result. The strain verse stress of the SMA bar is shown in Figure 3(c). Thus, the
relevant results can verify the feasibility and accuracy of the numerical models used in this

study.
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Figure 2. Comparison results between the test and the numerical prediction of SMA bar
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Figure 3. Comparison of the numerical simulation and test results: (a) Test results
(adapted from Saiidi et al. 2009), (b) the authors’ simulation results, and (c) Strain verse
stress of the SMA bar

3. Case Study: Fragility Analysis of Bridges with SMA Bars Reinforced Piers
3.1. Bridge Description

A novel bridge with SMA bar reinforced RC piers is selected to conduct seismic vulnerability
assessment. The investigated bridge is a continuous RC bridge with two equal spans (i.e., 20
+ 20 m). The configuration of the box girder, pier, and abutment is shown in Figure 4. The
height and width of the RC two-box girder are 1.2 and 12.5 m, respectively. The clear height
of the SMA bar reinforced RC pier is 7.0 m, and the cross section of the RC pier is 0.9 m X

0.9 m. The total amount of concrete used in the bridges is 2061 m®. To gain resilient capacity
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against intensive earthquakes, the SMA bars are arranged in the plastic hinge regions of the
piers. The length of plastic hinge proposed by Paulay and Priestley (1992) is used (Saiidi and

Wang 2006; Alam et al. 2008)

L, =0.08L+0.002d, f, 4

where L is the length of the member in mm; dj is the diameter of SMA bar (mm); and f, is the
“yield strength” (i.e., phase transformation from austenite to martensite) of SMA bar in MPa.
The SMA bar with diameter of 30 mm is selected and arranged in the plastic hinge regions. In
this study, the “yield strength” of the SMA bar is higher than that of conventional bar. The
elastic modulus of the SMA bar (i.e., 58.8 GPa) is much lower than that of the conventional
bar (i.e., 200 GPa). For the given material information, the length of the plastic hinge is 540
mm based on Eq. (4). The conventional reinforcing bars are used in other regions of the piers
as the longitudinal reinforcement with diameter of 32 mm. The longitudinal reinforcement
ratios of the SMA bar and conventional reinforcing bar are 2.79% and 3.18%, respectively.
The transverse reinforcement ratio along the SMA bar reinforced RC pier is 0.25%. A total of
1030.5 m> concrete was used to build the individual bridge. The steel used for the
conventional bridge was 91.9 tons while the steel for the novel bridge was 91.4 tons. The
SMA bar of 0.41 tons was used to reinforce the pier in the plastic hinge region to improve its
resilient capacity under earthquakes. The total construction cost of the conventional and novel
bridges including bearings and abutments were 4.539 and 4.735 million CNY, respectively.
By using SMA bar in bridge pier, the construction cost increases by 4.32%. Generally, the
initial cost of the investigated novel bridges using SMA depends on many factors, such as
material cost, labor cost, fabrication cost, among others. Given more information, the cost

could be easily updated within this paper.
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Figure 4. Configuration for the continuous SMA bar reinforced RC bridge (unit: cm)

Figure 5 shows the bending moment vs. curvature responses of the steel-RC and

SMA-RC sections at the plastic hinge region using OpenSees. As indicated, before yielding

the section reinforced by SMA has lower stiffness than that of the section reinforced by steel

as the SMA bar has a smaller modulus of elasticity compared with steel bar. The bending

moment capacities of SMA-RC and steel-RC sections are 3406.7 kN-m and 3277.1 kN'm,

respectively. The aspect ratio of the SMA-RC pier is 7.8, which ensures a flexure-dominant

failure mode. The material properties of concrete, SMA, and steel bar are summarized in

Table 1.
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Figure 5. Moment and curvature relationship of steel-RC and SMA bar reinforced RC

sections

Table 1. Material properties of SMA-RC and steel-RC bridges
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Material Property Value

Compressive strength (MPa) at 28 days 30.0
Concrete -
Strain at peak stress (%) 0.2
Elastic Modulus (GPa) 58.8
Austenite-to-martensite starting stress (MPa) 460.0
SMA Austenite-to-martensite finishing stress (MPa) 523.7
Martensite-to-austenite starting stress (MPa) 366.8
Martensite-to-austenite finishing stress (MPa) 302.8
Elastic modulus (GPa) 200.0
Steel Yield stress (MPa) 330.0
Ultimate stress (MPa) 455.0
Ultimate strain (%) 9.0

3.2. Finite Element Modeling

The analytical 3D nonlinear FE models of both the conventional and novel bridges were
established using OpenSees (McKenna et al. 2004) and the nonlinear time history analyses
were conducted to develop fragility curves. The schematic FE model of the continuous RC
bridge is shown in Figure 6(a). The RC box girder is model using elastic beam-column
element. The conventional expansion bearings are placed on the top of abutments and two
conventional fixed bearings are placed on top of bent cap. The constitutive performance of
the expansion bearing is assumed as an elastic-plastic model. The yielding strength is
computed as the product of the frictional coefficient (1) and normal force (N) acting on the
bearing. The initial elastic stiffness per millimeter (k.) and frictional coefticient are 123.0
kN-mm™ and 0.2, respectively (Mander et al. 1996). The SMA-RC pier is modeled using the
displacement-based nonlinear fiber elements to account for nonlinear characteristics. The
constitutive behavior of the regular steel is modelled using a uniaxial material hysteretic
model. The yielding strain of regular steel is 0.0017 and the corresponding strength is 330.0
MPa. The ultimate strain of the regular steel is 0.09 and the corresponding strength is 455.0
MPa. The SMA bar is modeled based on the flag-shaped constitutive relationship developed
by Tremblay et al. (2008). The first “yielding strain” of the SMA rebar is 0.0078 and the

corresponding strength is 460.0 MPa. The strain and strength of SMA rebar at the final phase
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of austenite to martensite are 0.08 and 523.7 MPa, respectively. The strain and strength of
SMA rebar at starting phase transformation from martensite to austenite are 0.072 and 366.8
MPa, respectively. The strain and strength of SMA rebar at finishing phase transformation
from martensite to austenite are 0.0052 and 302.8 MPa, respectively. The uniaxial
Kent-Scott-Park concrete model (Scott et al. 1982) is used to model the unconfined and
confined concretes. The compressive strength and corresponding strain of unconfined
concrete at 28 days are 30.0 MPa and 0.002, respectively. The spalling strain of unconfined
concrete is 0.004 (Priestley et al. 1996). The compressive strength of confined concrete and
the corresponding strain at 28 days are 39.0 MPa and 0.003, respectively. The ultimate

crushing strain &, of confined concrete can be calculated as (Paulay and Priestley 1992)

&, =0004+14p f & /T (5)

yh®s
where p; is the volumetric ratio of stirrup; £, is the yielding strength of transverse steel in
MPa; &, 1s the steel strain at maximum tensile stress; and f.’ is the compressive strength of
concrete in MPa at 28 days.

The seat-type cantilever RC abutments with U-shaped wing walls are supported on the
concrete piles. The abutments are modeled using elastic beam-pier elements with constraint
stiffness considering wall- and pile-soil interactions. The initial passive stiffness of the
abutment due to the embankment material is 28.70 kN/mm/m (Caltrans 2010). The
contribution of piles is considered by using a lateral stiffness of 7.0 kN/mm/pile (Caltrans
2010). The vertical stiffness is 175.0 kN/mm/pile (Choi 2002). This results in a translational
spring constant of 56.0 kN/mm and a rotational spring constant of 6.09 kN-m/rad. A tri-linear
model of the force-displacement relationship was adopted to simulate the longitudinal

response of seat-type abutment (Maragakis et al. 1991; Caltrans 2010) as indicated in Figure
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6(c). The tri-linear model consists of three segments: (i) a zero-stiffness segment to account

for the expansion gap; (ii) a realistic stiffness segment for the embankment fill response; and

(ii1) a yielding stage segment with ultimate longitudinal force capacity Ppy. The stiffness of

abutment kup.s and the passive pressure force resisting the moment at the abutment Pp,, are
computed as (Caltrans 2010)

Kapue = Ki X W, X (:TL; (Unit: kN, m) (6)

B, = A x239x (;-]L;) (Unit: kN, m) (7

where wpy and hpy are projected width and height of the back wall associated with seat

abutment and A. = hpw X wpy. For clarity, the tri-linear model of longitudinal response

associated with seat-type abutment can be formulated by the following equations:

F =0 u-u;-g,<0
Fczkabutx(ui_uj_gp) O<ui_uj_gpspbwlkabut (8)
Fc:wa ui_uj_gp>|:)bwlkabut

where F. is the contact force; w; and y; are the displacements of pounding nodes i and j,

respectively; and g, is the gap distance.
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Figure 6. (2) Nonlinear FE model of SMA-RC bridge;(b) configuration of plastic hinge of
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3.3. Fragility Curves

In order to conduct the nonlinear time-history analysis, a suite of 25 ground motion records
were selected from the Pacific Earthquake Engineering Research Center Ground Motion
Database (PEER 2013). The selected suite of records covers a broad range of peak ground
acceleration (PGA) from 0.15 to 1.35g. The fundamental periods of the conventional bridge
and novel bridge are 0.277 s and 0.285 s, respectively. The period of the conventional bridge
is shorter than that of the novel bridge.

PSDM is adopted to establish a correlation between the EDP and the /M. Though
different IMs (e.g., PGA, peak ground velocity) can be selected, the PGA was recommended
considering its efficiency, sufficiency, and computability in describing the ground motion
(Mackie and Stojadinovic 2007; Padgett and DesRoches 2008). Herein, PG4 is chosen as the
IM. The seismic performance of the bearing and pier was investigated and median values
corresponding to their appropriate EDPs were calculated based on Eq. (1). For the RC pier in
the conventional bridge, taking maximum curvature ductility and residual drift ratio as the
EDPs, the two sets of constants a and b are determined through regression analyses. The a
and b with the conventional bridge considering the curvature ductility are 5.586 and 4.683,
respectively. With respect to the residual drift ratio, they are 0.0023 and 12.14, respectively.

Similarly, the values of a and b associated with piers of the novel bridge are 3.505 and 4.9
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considering the curvature ductility and are 0.0001 and 18.99, based on the residual drift ratio,
as indicated in Figure 7(a) and 7(b). The relevant regression parameters associated with
bearings in both conventional and novel bridges can also be obtained. With respect to the
investigated bridge, though some of the earthquake records could cause the collision between
the girder and abutment, the maximum movement of abutment is 32 mm, which is much less

than the threshold value of damage (HAZUS 1999).
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Figure 7. Relationship of logarithmic EDP against IM of the (a) residual drift ratio of
conventional bridge and (b) residual drift ratio of novel bridge

4. Performance-based Long-Term Seismic Engineering

The PEER proposed a robust method for the PBE considering performance metrics that are
relevant to decision making process of seismic risk mitigation (Ghobarah 2001; Porter 2003;
Moehle and Deierlein 2004). The PBE could be conducted within four main analysis steps:
hazard analysis, structural/nonstructural analysis, damage analysis, and loss analysis. The
outcome of each step is characterized by four variables: Intensity Measure, Engineering
Demand Parameter, Damage Measure, and Decision Variable. The process begins with
definition of a ground motion Intensity Measure, which could affect structural response. The
next step is to determine Engineering Demand Parameters, which describe structural response
in terms of displacement, accelerations, among others. Then, the Damage Measures are

identified to assess the condition of structure and its components. Finally, the calculations of
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Decision Variables are conducted by translating the damage into quantities, such as repair
costs, downtime, fatality, among others. The current design objectives aim to ensure the life
safety, reduce damage under minor and moderate earthquakes, and prevent collapse in a
major earthquake. The PBE can be used for comprehensive performance assessment and
design of civil infrastructures under seismic hazard and aid the seismic mitigation process by
considering different performance objectives in a more reliable and efficient way.

PBE of bridges under earthquakes is conducted in this section by considering different
damage states to assess the economic impacts of bridges associated with both direct and
indirect consequences, such as repair loss, human injuries, fatalities, property loss, etc. The
direct consequence is usually related with the repair loss. The social metric includes time loss,
rental loss, injuries, and fatalities, among others. Given the unit cost associated with
downtime (e.g., USD/day), the corresponding indirect loss of downtime can be computed
(Dong and Frangopol 2016b). Parameters of quantifying consequences can be formulated
based on information collected from material manufacturers, contractors, and government
agencies. The repair loss, related to structural damage, is emphasized and other types of loss
can also be incorporated within assessment process. The repair cost of a bridge can be
calculated as a function of the percentage of total construction cost, which depends on local
labor cost, availability of materials, and local construction practices. Under a given hazard
event, the loss of bridge is computed as (based on Dong et al. 2013)

| = ZDSCb ~(d+ 1010805 * Pospu 9)

where Cj is the initial cost of a bridge, which is related with the amount of the materials used
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and the unit cost of the materials; 7¢/ps is the repair cost ratio associated with a damage state
DS; Ppsiu 1s the conditional probability of being a damage state given /M; and aspps is the
ratio between indirect and direct cost of the investigated damage state. The repair cost ratios
with respect to slight, moderate, extensive, and collapse are 0.1, 0.3, 0.75, and 1.0,
respectively (Mander 1999). Loss data from insurance companies can be used to derive an
appropriate description of losses.

Quantifying the lifetime failure loss assessment can help the decision regarding the
adoption of SMA within structural design and hazard mitigation procedure. Herein, long-term
loss analysis is performed to support the hazard mitigation of using SMA within the
investigated time interval. The flowchart of long-term performance-based engineering of
structural systems using novel materials is indicated in Figure 1. The investigated earthquake
scenarios should be identified first. Then, the performance of the highway bridge with and
without using SMA is assessed based on fragility curves, which have been addressed in the
previous section. Given the probabilities of the bridges being in different damage states and
the relevant consequence, the conditionally direct and indirect loss are quantified using Eq.
(9). Subsequently, given the relevant parameters, the expected lifetime failure loss of the

bridge within the investigated time interval #;,; is (Dong and Frangopol 2016a)

4 'E(Ii)

ElLt (t,)]= -(1-e7) (10)

where fin; 1s investigated time interval; /; is the annual hazard loss; y is the monetary discount
rate; and 4; is the mean rate of the Poisson model with respect to seismic event i. The

long-term seismic loss should consider the possible earthquakes that can happen in the region.
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As the number of potential earthquakes may be extremely large, it is impractical to take the
entire scenarios into consideration. Generally, several seismic events should be chosen to
represent the seismic intensity. A hazard curve that quantifies the ground motion intensity
versus occurrence frequency can be identified based on the USGS national seismic hazard
map (USGS 2017). The points along the hazard curve refer to the seismic scenarios
associated with different frequencies and intensities (e.g., PGAs). In this paper, ten seismic
scenarios are selected and the expected long-term loss with respect to all the investigated
scenarios is computed. The ten selected events are 10 (£1), 40 (E2), 72 (E3), 125 (E4), 225
(ES), 475 (E6), 975 (ET), 1500 (E8), 2475 (E9), and 5000-year (E10) return periods seismic
intensities. The design event (i.e., DE) is regarded as the 10/50-year event associated with the
475-year return period. The maximum considered earthquake (MCE) usually refers to the
2/50-year event (2% in 50 years) and is related with the 2475-year return period. Given the

location, the PGA associated with the ten seismic events can be predicted.

5. Results and Discussion

5.1. Comparative Seismic Vulnerabilities of Conventional and SMA-RC Bridges

For conventional RC bridges, ductility of pier and bearing displacement are usually chosen as
EDPs for seismic vulnerability assessment (Shinozuka et al. 2000; Choe et al. 2004). The
novel bridge, incorporating smart material with excellent capacities of deformation recovery
and energy dissipation, can experience large deformation during earthquakes, which does not
mean that it will be damaged severely. In this regard, the residual drift ratio should be
adopted as EDP for evaluating vulnerability of novel bridges besides deformation ductility.
The fragility curves of conventional and novel bridges at the system level are indicated in this

section. The failure mode in Eq. (3) is used for the system level fragility analysis and the
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expected value with the lower and upper bounds is adopted (Dong et al. 2013; Zheng et al.
2018). Given more information, other failure modes can also be used to assess the
system-level fragility. In order to compare the fragility curves by using different EDPs, the
curvature ductility of pier and displacement of bearing are taken as the first set EDP. The
fragility curves of conventional and novel bridges corresponding to the four DSs (i.e., slight,
moderate, extensive, and collapse) are obtained. Figure 8(a) is associated with the extensive
damage state for these two bridges by using the first set EDP. It is evident that when the PGA
is less than 0.590 g at extensive DS, the exceeding probability of extensive DS of the novel

bridge is slight greater than that of the conventional bridge. The similar trend can also be

found at other DSs.
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Figure 8. Fragility curves of two bridge systems associated with four damage states
quantified by first set of EDP ((a), (c), (e), and (g)) and second set of EDP ((b), (d), (f), and

(h))

The residual drift ratio of pier and displacement of bearing are taken as the second set
EDP for fragility analysis. The relevant fragility curves of the conventional and novel bridges
with respect to the extensive damage are graphed in Figure 8(f). As indicated, when the PGA
is less than 0.83 g, the damage probability of the novel bridge is a little greater than that of
the conventional bridge. As the elastic modulus of SMA bar is smaller than that of steel bar,
the stiffness of SMA-reinforced pier is smaller than that associated with the steel-reinforced
pier. As a result, the SMA-reinforced RC pier experienced more deformation. When both
steel and SMA are within the elastic range, more damage could happen within in concrete of
SMA-RC bridge pier. This could explain the scenario that the damage probability of

SMA-RC bridge is slightly larger than that of conventional bridge under low PGA level. As
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far as the PGA exceeds 0.83 g, the exceeding probability of the novel bridge is smaller
compared with the conventional bridge. Generally, with respect to high PGA level, the pier
would result in nonlinear behavior. Considering the super-elastic property of SMA, it can
return to its original shape after the event. The re-centering capability of SMA makes the pier
less vulnerable under higher PGA level. Additionally, the difference between these two
bridges could increase with the increase of the PGA. As indicated in Figure 8(b), given PGA
= 1.0 g, the probabilities that the conventional bridge system experiencing extensive damage
is 14.6% larger than that of the novel bridge. Thus, it is can be concluded that the
effectiveness of damage mitigation of novel bridge is much better than the conventional
bridge by considering residual drift ratio as EDP at relatively high PGA values.

The two sets of EDPs are both used in PSDM for establishing fragility curve of the
bridges at four DSs. As indicated in Figure 9, it can be found that at a given DS, the
exceeding probability of the novel bridge using the first set EDP is a little smaller than that
using second set of EDP at relatively lower PGA levels. Once the PGA exceeds a threshold,
the damage probability of the novel bridge based on the first set of EDP is significantly
higher than that using the second set. As a result, for the relatively high PG4, fragility

analysis taken the curvature ductility as EDP provides a conservative result.
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Figure 9. Fragility curves of novel bridge associated with (a) slight damage and (b) moderate

24



damage states

A given ground motion input is selected to indicate the displacement responses, depicted
in Figure 10(a). As indicated, the maximum displacements of the conventional and novel
bridges are 0.25 and 0.249 m, respectively. The curvature responses in the plastic hinge are
shown in Figure 10(b), of which the absolute maximum values of conventional and novel
bridges are 0.045 and 0.044 m’!, respectively. The residual curvature of the conventional
bridge is 0.012, which is remarkably greater than that of the novel bridge (i.e., 0.0003). Thus,
though both bridge systems have a similar maximum curvature response, the residual
curvatures of two bridge systems are significantly different. Accordingly, using different
EDPs (e.g., residual displacement or curvature ductility), it can lead to different results. The
novel bridge has a good self-centering capacity, which mainly contributes to the embedded
SMA bars in the plastic hinge region. Figure 10(c) illustrates the seismic response of the
regular steel and SMA rebar at the plastic hinge region. The regular steel and SMA rebar
experiences similar maximum strain responses (i.e., -0.010 and -0.011). The regular steel
performs unrecoverable deformation while the SMA rebar can recover its original state.
Figure 10(d) indicates that when the SMA-RC and RC piers experience curvatures of 0.028
and 0.011, both piers result in the yield state. The conclusion can be drawn that the SMA-RC

pier is not only more flexible but also more resilient compared with the RC pier.
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Figure 10. Seismic responses of (a) bearing displacement, (b) sectional curvature, (¢) strain
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at plastic hinge under a given ground motion

B Slight

[ Moderate
[ 1 Extensive
1 Complete

w

N

DE: design event
MCE: maximum considered event

[
T

Repair loss given the occurrence
of earthquake (10° CNY)

Conventional Novel Bridge: Conventional Novel Bridge:
Bridge: DE (10% in 50 Bridge: MCE (2% in

DE (10% in 50 years) MCE (2% in 50 50 years)
years) years)

Figure 11. The repair loss of the conventional and novel bridges given the occurrence of the
design (DE) and maximum considered events (MCE)

5.2 Performance-Based Long-term Loss Assessment

The performance-based seismic assessment of the investigated bridges is conducted herein
based on the fragility curves and consequences associated with different damage states. As
discussed previously, ten seismic events are selected and the loss with respect to all the
investigated scenarios is computed. Hazard curve parameters for location of the investigated
bridges are based on the United States Geological Survey (USGS 2017). The PGAs with
return period of 10-, 40-, 72-, 125-, 225-, 475-, 975-, 1500-, 2475-, and 5000-year return

periods are 0.0466, 0.1739, 0.2629, 0.3652, 0.4968, 0.6994, 0.9333, 1.0896, 1.2960, and

26



1.6307 g, respectively. Given the hazard scenarios (e.g., intensity and probability of
occurrence), probabilities of the bridge being in different damage states, and the relevant
repair cost ratio of different damage state, the direct repair loss is computed using Eq. (9).
The 475- (i.e., design event, DE) and 2475-year (i.e., maximum considered event, MCE)
return periods are firstly assessed. The repair loss of both conventional and novel bridges is
shown in Figure 11. The contribution of different damage states to the total expected loss is
also indicated in this figure. As indicated, for the MCE, the complete/collapse damage state
contributes dramatically to the total loss. The damage loss associated with complete damage
states of conventional and novel bridges is approximately 96.9% and 91.4% of the total loss.
For the DE, other damage states (i.e., slight, moderate, extensive) also contribute significantly
to the total loss. For instance, for the novel bridge under the DE, the loss associated with
complete damage is 55.4% of the total expected loss. Thus, with respect to the small and
moderate seismic events, different levels of damage states should be considered within the
PBE. Without considering the contribution of other damage states could lead to an
underestimated loss. The total expected repair losses given the occurrence of the ten seismic
events are shown in Figure 12(a). As indicated, the seismic loss increases with the hazard
intensity. From the E7 to E10, the conventional bridge would result in a larger repair loss

compared with the values of the conventional bridge.
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Figure 12. (a) Repair loss of conventional and novel bridges given the occurrence of the ten
events and (b) expected long-term loss under the ten events given ¢, = 75 years and » = 0.035

Subsequently, given the occurrence model of the investigated seismic events and
conditional loss, the expected total loss within the investigated time interval is computed
using Eq. (10). This value provides a quantitative measure of the seismic performance of
bridge systems under a given investigated time interval. The expected long-term seismic
losses of the bridges under the ten events are shown in Figure 12(b). The monetary discount
rate is 3.5% and the time interval is 75 years. As indicated, with respect to both the
conventional and novel bridges, the maximum long-term loss among the ten events is £6 (i.e.,
design event, DE). Thus, it is reasonable to take the 475-year return period event as the
design event for both conventional and novel bridges. The expected long-term loss depends
on not only the occurrence probability but also the hazard intensity. Additionally, the SMA
bridge is more economically benefit under the extensively large and low probability of
occurrence seismic events. As indicated, the SMA-RC bridge is associated with a larger loss
compared with the conventional bridges from the E1 to E6. With respect to the DE, the
expected long-term loss of the novel bridge is approximately 102.9% of that of the

conventional bridge. For the MCE, expected long-term loss of the novel bridge is about
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20,322 CNY, which is approximate 85% of that of conventional bridge. Though the MCE has
a larger hazard intensity, the expected long-term loss of DE is much larger than that of the
MCE, as the DE has a relatively larger occurrence probability during the investigated time
interval. Then, given the return period of seismic event and expected long-term loss, the
relationship between these two terms is fitted by using the exponential functions. As indicated
in Figure 13, the SMA bridge would result in a smaller long-term loss, given the return period

of the seismic event is larger than approximate 540 years.
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Figure 13. Relationship between the return period of seismic events and the expected
long-term loss

The effects of investigated time interval (#;,/) and monetary discount rate (r) on the
long-term loss are also assessed. As indicated in Figure 14(a), the expected loss increases as
the time interval. As time increases, the expected loss trends to remain constant and
investigated time interval would not have a significant effect. For the lifetime failure cost
assessment, the monetary discount rate is usually between 2% to 7%. The smaller discount
rate is usually used by the public sector and the larger discount rate is used by the private
sector. Figure 14(b) shows the expected long-term loss for both the conventional and novel

bridges under different monetary discount rates and the expected long-term loss decreases
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with the increase of the monetary discount rate. Compared with the investigated time interval,

the monetary discount rate seems to have a larger effect on the expected long-term loss.
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Figure 14. Effects of (a) investigated time interval and (b) monetary discount rate on the
expected long-term loss given the DE and MCE

6. Conclusions

This study utilized performance-based engineering to conduct seismic fragility analysis and
long-term loss assessment of conventional bridge and novel bridge with SMA-RC reinforced
piers. Within the scope of this study, the PSDM was established in terms of two sets of EDP,
of which one set EDP contains curvature ductility of pier and displacement of bearing and the
other set of EDPs consists of residual drift ratio of pier and displacement of bearing. Then,
fragility curves associated with the conventional and novel bridges at system level were
obtained using nonlinear dynamic analysis. The comparative performance-based long-term
performance of these two bridges were also assessed. The results are obtained based on the
investigated specific bridge. Given more information, the proposed approach could be easily
applied to other types of bridge. The following conclusions can be drawn.

1. It was found that the SMA bar does not have a significant effect on the seismic
demand by considering the peak displacement as a seismic demand parameter. By
using SMA, the residual drift ratio can be reduced significantly, especially under
extensively large earthquake events. Thus, the residual drift should be considered in

the seismic vulnerability assessment of SMA-RC bridges.
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The residual drift ratio has a large effect on the seismic vulnerability of the bridges. If
the residual drift ratio is used in PSDM, the damage probability of the novel bridge
reduced remarkably compared with the values using the maximum displacement as
EDP. Taking the residual drift ratio as the EDP, the difference between the damage
probabilities of these two bridges increases with the PGA. The opposition trend was
found when taking the sectional ductility into consideration. Thus, for the relatively
high PGA, fragility analysis taken the curvature ductility of pier as EDPs provides a
conservative result.

With respect to relatively small and moderate seismic event, without considering the
contribution of other damage states (i.e., slight, moderate, extensive) could lead to an
underestimated seismic loss. The complete/collapse damage state contributes
dramatically to the total loss under the MCE.

Given the largest expected long-term loss occurs with the design event (DE) for both
bridge systems, it is reasonable to take the 475-year return period event as the design
event. Additionally, the expected long-term loss depends not only on the return
period (e.g., probability of occurrence) but also on the hazard intensity (e.g., value of
PGA).

By using SMA bars, the cost of the bridge increased by approximately 4%. The
benefit of using SMA bars depends on the investigated hazard intensities, monetary
discount rate, and investigated time interval. The SMA would result in a larger
benefit for the bridges located in the seismic prone area. For instance, the expected
long-term loss of using SMA under MCE is approximate 85% of that with respect to
the conventional bridge, given the investigated time interval of 75 years and a
monetary discount rate of 3.5%.

In this paper, the life-cycle engineering is incorporated with performance-based
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engineering for the comparative assessment of novel and conventional bridges under
seismic hazards. Experimental studies will be conducted in the future studies to
verify the numerical simulation results and benefit of the proposed novel bridges
reinforced by SMA bars. The proposed approach can be used within the design,
assessment, and management of highway bridges under seismic hazards to prompt
the development and application of novel materials and structural systems and

enhance both the resilience and sustainability of the community.
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