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Abstract Steel restrainer cables for multiple-frame
bridges in California in the United States showed the
effectiveness to prevent the unseating at the inter-
nal hinges during the past several earthquakes. Af-
ter that, the steel restrainer cables are being tried
to apply for multiple-span-simply-supported (MSSS)
bridges in the central and the southeastern regions
in the United States. In addition, shape memory al-
loy (SMA) bars in tension are being studied for the
same application. In multiple-frame bridges, the de-
veloped seismic forces are transferred to piers through
the restrainers; however, in MSSS bridges, the seismic
forces are transferred to abutments by the restrainers.
Therefore, the abutment’s behavior should be inves-
tigated as well. This study assesses the seismic per-
formance of the three types of restrainers—steel re-
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strainer cables, SMA bars in tension, and SMA bars in
bending for MSSS bridges—due to moderate to strong
ground motions using a deterministic seismic analysis.
Also, a fragility analysis is conduced to assess the seis-
mic resistance for the overall bridge system. For these
analyses, the bending test of an SMA bar is conducted
and its analytical model is determined. Then, nonlin-
ear time history analyses are conducted to assess the
seismic responses of the as-built and the retrofitted
bridges. The deterministic analysis illustrates how the
restrainers influence the components of the bridge.
However, it could not explain the effects on the whole
bridge system. The fragility analysis shows the effects
of the three restrainers on the overall bridge system.
The fragility analysis indicates that the SMA bars in
bending are the most effective ones.

Keywords Shape memory alloy · Restrainer ·
Unseating · MSSS bridges · Abutments

1 Introduction

The 1971 San Fernando earthquake resulted in the col-
lapse of a larger number of bridges due to the unseat-
ing at hinge supports [1]. After that, California De-
partment of Transportation (Caltrans) introduced steel
restrainer cables (SRC) to protect bridges from the un-
seating [2], and the steel restrainer cables showed ade-
quate performance during the 1989 Loma Prieta and
the 1994 Northridge earthquakes. Based on a good
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Fig. 1 General view of a
multiple-frame bridge and
steel restrainer cable

Fig. 2 Multiple-span-
simple-supported bridge
and installation of steel
restrainer cables

performance of the steel restrainer cables in Califor-
nia, several studies made efforts to apply the steel
restrainer cables for multiple-span-simply-supported
(MSSS) bridges in Mid-America region, which in-
cludes several states in the southeastern and central
United States. The typical type of bridges in California
is the multiple-frame bridge in Fig. 1 which also shows
the connection of the steel restrainer cables at inter-
nal hinges of the bridge. In the bridges, the developed
seismic forces of the adjacent decks are transferred to
piers through the cables. The cable-connection in the
MSSS bridges, which are a typical type in the central
and southeastern area, is in place at deck to abutment
or deck to cap beam, as shown in Fig. 2. The developed
forces in the bridges are transferred to the abutments
via the cables. Therefore, in the MSSS bridges with
the restrainers, differently from the multiple-frame
bridges, the responses of bridge components including
abutments should be investigated.

Shape memory alloy was introduced as a more ef-
fective restrainer for bridges than the steel restrainer

cables. DesRoches and Delemont [3] conducted sev-
eral tensile tests of superelastic SMA bars and wires
and used the SMA bars in tension as restrainers for an
MSSS bridge. They compared the results of the SMA
bars in tension and the SRC and indicated the effec-
tiveness of the SMA bars in tension to reduce the hinge
opening. However, they did not check the influence on
the abutments due to the restrainers during a ground
motion shaking. The employment of the restrainers
should guarantee that all the components of the bridge
are not damaged seriously, and then, the practical ap-
plicability of the restrainers can be ensured.

There were a large number of studies on the seismic
applications of SMA bars or wires in tension, com-
pression, or both. However, the studies related to the
application of SMAs in bending are rare for struc-
tures. Dolce et al. [4] used martensite and austen-
ite SMA wires to develop a seismic damper having
the self-centering capability and proved the effective-
ness of the device through experimentations. Wilde
et al. [5] used SMA bars placed with elastomeric
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bearings for highway bridges. The system was vali-
dated analytically to reduce the relative deck displace-
ment. DesRoches et al. [6] conducted the tensile tests
of SMA bars and provided the mechanical behavior
of the superelastic SMA bars. DesRoches and Dele-
mont [3] and Andrawes and DesRoches [7] tested
SMA tensile bar restrainers for MSSS and multiple-
frame bridges, respectively. They addressed the effec-
tiveness of the SMA tensile bars to restrain the rel-
ative deck displacements and their causes. However,
Wilde indicated that SMA bars or plates are exposed
to a buckling problem when they are used in com-
pression. Also, SMA wires basically do not resist any
compression. Therefore, it is difficult to use directional
SMA bars properties under tension and compression.
However, the bending of SMA bars may be used ef-
fectively as dampers or restrainers in both directions
of pushing and pulling. Ocel et al. [8] used SMA
bars subjected to bending to dissipate energy from
the connection of beam and column in a steel frame.
The bending application of SMAs for the bridge was
Adachi’s study [9]. He and his colleagues conducted
the shaking-table tests of a reduced-scale bridge deck
with SMA plates as an energy dissipater. Although
Adachi used the bending behavior of SMA plates, he
just provided the mechanical bending behavior of the
plates indirectly. Choi et al. [10] recently provided the
pure bending behavior of a superelastic SMA bar and
showed its applicability for a seismic restrainer.

Recently, the fatigue of SMAs has become an im-
portant issue [11] since fatigue loading decreases the
transformation stress and the energy dissipation ca-
pacity [12]. Bending rotation fatigue (BRF) is gener-
ally used as a standard test for the structural fatigue of
shape memory alloy wires [13]. Wagner et al. [14] in-
dicated that increasing rotational speed in a BRF test
resulted in shorter rupture lives of NiTi shape memory
wires while the wire was exposed to air. This was due
to the increment of the SMAs’ temperature according
to the high speed loading. This result matched with
that of Miyazaki et al.’s study [15]; they maintained
that the high temperature of NiTi shape memory wires
shortened their fatigue life.

In this study, three types of restrainers were investi-
gated to assess their seismic performance for an MSSS
bridge: the steel restrainer cables (SRC), the SMA bars
in tension (SMA-T), and the SMA bars in bending
(SMA-B). This study conducted several bending tests
of an SMA bar and developed its analytical model as
a restrainer.

2 Current methods for hinge opening problem

Unseating at internal hinges occurs when relative dis-
placement between decks or deck and abutment ex-
ceeds the seat-width. The unseating in a bridge re-
sults in a total collapse and produces serious economic
damages directly and indirectly. For a multiple-frame
bridge in Fig. 1, the heights of columns for each frame
are different in general and, thus, so are the funda-
mental periods of frames. An out-of-phase motion be-
tween frames due to the fundamental periods’ differ-
ence may produce unseating. However, for the MSSS
bridge in Fig. 2, the heights of columns are generally
equal but the masses of decks are different. Thus, an
out-of-motion between decks is possible. Also, during
in-phase motion, the deck fixed to an abutment whose
displacement is relatively very small may be unseated
from the adjacent pier cap.

Several devices have been studied and applied for
practical uses to prevent unseating, such as steel re-
strainer cables, seat extenders, viscous dampers, and
metallic dampers. Padgett et al. addressed strong and
weak points of several devices currently examined
[16]. In addition, they showed the effectiveness of
SMA bars in tension to restrain hinge openings for
multiple-span bridges. Andrawes and DesRoches [7]
conducted a similar study for multiple-frame bridges.
The restrainer to prevent unseating can be categorized
within two types: active in tension-only and active
in both directions (pulling and pushing). Devices in
tension-only are activated only with occurring open-
ing. However, devices activated in both directions re-
sist relative displacement with opening and closing.
Steel restrainer cables and SMA bars in tension are
typical devices in tension-only. Steel restrainer cables
were being tried to apply for multiple-span bridges in
Mid-America region (central and southeastern) after
the success in California in the United States. Ana-
lytical and experimental studies have been conducted
about the cables. SMA tensile bars were examined
analytically for the effectiveness to limit openings at
hinges and compared for the performance to other de-
vices. Metallic and viscous dampers are the devices
activated in both directions. Devices activated in both
directions have a benefit to use the capacity of abut-
ments in passive (pushing) direction in multiple-span
bridges shown in Fig. 2. However, Padgget et al. [16]
pointed out the drawbacks of these two devices. They
maintained that metallic dampers whose behavior is
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Fig. 3 Shape memory alloy superelastic bar tested

bilinear do not show adequate re-centering capac-
ity, and that viscous dampers may transfer excessive
forces to other parts of a bridge due to their velocity-
dependant nature. Seat extenders are not categorized
in the above two types since they do not transfer any
force but provide additional seat-width that prevents
unseating. They neither improve the relative displace-
ment at hinges nor prevent the damage of other com-
ponents.

3 Bending test of shape memory alloy bar

In the first phase of the study, an SMA bar was tested
in bending. The 280 mm long and 25.4 mm in di-
ameter Ni-44Ti (wt.%) SMA bar in Fig. 3 was used.
The transformation temperatures of the specimen were
measured by DSC (differential scanning calorimetry)
shown in Fig. 4; As and Af were −19.1 and 9.8°C,
and Ms and Mf were −16.3 and −44.6°C, respec-
tively. Thus, the specimen remains in austenitic state at
room temperature above 9.8°C. Also, differently from
the Kaounide’s study [12], the specimen showed ap-
parent superelastic behavior at room temperature and
did not decrease the transformation stress during first
several loading cycles [6].

To induce single curvature bending in the SMA bar,
the top of the bar has to be fixed and a force at the
bottom has to be applied perpendicular to the bar, as
shown in Fig. 5. Also, the boundary condition at the
bottom allows translational and rotational movement.
For this purpose, a ball and a cylinder were specially
manufactured, as shown in Fig. 6. Figure 5 shows the
test setup, where the cylinder transferred a lateral force
from the actuator to the ball which rotated freely inside
the cylinder to allow the single curvature bending of
the SMA bar. Also, Fig. 6 shows the jointed shape of
a ball and the SMA bar and the deformed shape of
the SMA bar. In the test setup, the ball did not touch
the bottom of the cylinder and, thus, any compressive
force did not apply on the SMA bar.

Fig. 4 DSC curve for the NiTi SMA specimen

Fig. 5 Test setup for the single curvature bending of the SMA
bar

The bending tests were performed under displace-
ment control. The maximum displacements were var-
ied from ±10 mm to ±40 mm with the increase
of ±5 mm. The loading frequency was 0.025 Hz
for quasi-static tests. For each displacement ampli-
tude, three loading cycles were applied. The force–
displacement curves of the SMA bar in bending are
shown in Fig. 7. The loading paths almost did not vary
with increasing maximum displacement, but the un-
loading paths became flat with large displacements.
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Fig. 6 Test setup for single
bending; (a) a ball and a
cylinder, (b) a ball bolted to
the SMA bar and the
cylinder welded at the
bottom, (c) the shape of a
single bending of the SMA
bar

Fig. 7 Force–displacement curve from bending test of
SMA bar

The average loading and the unloading stiffness were
respectively 0.223 and 0.212 kN/mm.

4 Description and analytical modeling
of the MSSS bridge

The bridge considered in this study consisted of three
spans simply supported on multi-column bents, as
shown in Fig. 8. Each span had 11 steel girders sup-
ported by steel bearings at the ends and each bent
had four columns. The steel bearings were high-type
rocker bearings for fixed and expansion conditions.
The lengths of the side and the middle spans were
12.2 m and 24.4 m, respectively. The gaps between
deck and abutment and between decks were 38.1 mm
and 25.4 mm, respectively.

The bridge consisted of several components such
as columns, abutments, steel bearings, foundations,
superstructure, and pounding elements, exhibiting
highly nonlinear behavior except for superstructure
and foundations during an earthquake. Therefore, a
two-dimensional nonlinear analytical model of the
bridge in longitudinal direction was developed using
DRAIN-2DX nonlinear analysis program [17]. The
superstructure is usually expected to remain linear un-
der longitudinal earthquake motions so that it could be
modeled using a linear element. In the bridge model,
the columns consisted of fiber elements for unconfined
and confined concrete, and reinforcements. For each
fiber, a stress–strain relationship describes the nonlin-
ear behavior of each material. The steel bearings were
modeled following the Mander’s test [18]. The pile
foundations were modeled with linear springs for hor-
izontal and rotational directions considering the piles’
capacity [19]. The impact element was used for pound-
ing between the decks and between the deck and the
abutment. The trilinear gap element in compression-
only described the pounding break-out when the gap
was closing.

The nonlinear abutment behavior in this study re-
flected the design recommendations from Caltrans and
the experimental tests of abutments [2, 20]. As men-
tioned above, the characteristics of the abutments have
a significant meaning since restrainers transfer large
forces on them. The behaviors of the abutments for
active and passive actions are shown in Fig. 9. The ac-
tive action is according to the pulling action toward the
deck and the passive action is according to the push-
ing action backward to the soil. The first yield in the
active action occurred at 7.62 mm of 1619 kN and the
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Fig. 8 General view of multi-span-simply-supported bridge with steel girders

Fig. 9 Nonlinear behavior of the abutments
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ultimate strength was 2311 kN at 25.4 mm. In passive
action, the first yield was developed at 14.63 mm of
9788 kN and the ultimate strength was 17450 kN at
146.3 mm. The initial stiffness was respectively 212
and 669 kN/mm for active and passive actions. The
initial stiffness and the ultimate strength in the passive
action were 3 and 7.5 times larger than those in the
active action.

5 Analytical models and installation of restrainers

Based on the results of the experimental tests, an an-
alytical model of the SMA bar in single bending was
developed using a bilinear element. The initial and the
post-yield stiffness were 2.16 and 0.216 kN/mm and
the yield force was 0.5 kN. The analytical model is
shown in Fig. 10 and it is compared to the experi-
mental results. The analytical model accorded approx-
imately with the experimental results but had almost
the same loading stiffness as the experimental results.

The analytical model of the SMA in tension was
based on the experimental tests, as shown in Fig. 11.
The yield strength in loading path was 410 MPa
at 1.5% strain and unloading yield strength was
138 MPa. Seven-percent strain hardening was applied
up to 5% strain and 45% strain hardening was applied
for a strain over 5%. The SMA bar in tension retained
its residual deformation whose amount depends on the
maximum strain. However, in the analytical model,
the residual deformation was considered zero since the
residual deformation was less than 1% with 5% strain
deformation.

Fig. 10 Analytical model of the SMA bar in a single bending
compared with experimental results

The assessed steel restrainer cables had the length
of 1.52 m and the diameter of 19.1 mm, which had the
yield strength of 174 kN at 30.5 mm. The cables were
modeled as bilinear springs that resisted only to ten-
sion. The initial stiffness of the cables was 5.7 kN/mm
and 5% hardening was assumed for the after-yield
stiffness.

The SMA tensile bar evaluated was 0.61 m long
to have the same tensile deformation of 30.5 mm at
5% strain and the diameter of the bar was the same as
19.1 mm of the steel restrainer cables. The initial stiff-
ness of the SMA tensile bar was 12.83 kN/mm and
the effective stiffness of the bar was 4.48 kN/mm up
to 5% strain. Combining 20 SMA bending bars to-
gether, they had the effective stiffness of 4.6 kN/mm
at 30.5 mm displacement. The properties of three re-
strainers are compared in Fig. 12. The steel restrainer

Fig. 11 Analytical model of SMA bar in tension

Fig. 12 Comparison of the three restrainers’ behavior
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Fig. 13 Available seat-width and installation of the three restrainers

cable was linear up to 30.5 mm and the SMA bend-
ing bars were almost linear since the yield strength is
very small. However, the tensile SMA bars had bilin-
ear approach up to 30.5 mm and the stiffness harden-
ing beyond that. The three restrainers had the slack of
6.35 mm.

Figure 13 shows the available seat-width of the
rocker steel bearings and the installations of the three
restrainers. Figure 13(a) shows the movement at the
location of expansion bearings. The opening at the
location is larger than the available seat-width and,
therefore, an unseating occurs. Restrainers can be in-
stalled to reduce these openings and prevent the un-
seating. The installation of the SRCs was placed be-
tween deck and cap beam or between deck and abut-
ment at expansion bearing locations. The SMA ten-
sile bars were located at the same places. The two re-
strainers were placed parallel to the deck and activated

only in tension. However, the SMA bending bars were
placed perpendicular to the deck and activated in both
of backward and forward directions.

6 Deterministic analysis and results

For a nonlinear time history analysis of bridges, ten
recorded ground motions shown in Table 1 were used
and the nonlinear analysis using them includes var-
ious seismic effects. The recorded ground motions,
unfortunately, influence the variation in the seismic
response of the analysis. In this study, a technique
was introduced to manipulate the ten recorded ground
motions so that they have the same acceleration re-
sponse spectrum with expectation to reduce the devia-
tion among the responses. The manipulated ten ground
motions were scaled from 0.3 to 0.8 g with an increase
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Table 1 List of recorded
ground motions Number Earthquake Magnitude PGA (g) Station

1 Northridge, 1994, US 6.7 0.617 Beverly Hills

2 San Fernando, 1971, US 6.6 0.324 Castaic-Old Ridge Route

3 Loma Prieta, 1989, US 6.9 0.450 UCSC Link Observatory

4 Mamoth Lakes, 1980, US 6.3 0.430 Long Valley Dam

5 Kobe, 1995, Japan 6.9 0.509 Nishi-Akashi

6 Loma Prieta, 1989, US 6.9 0.329 SF International Airport

7 Chalfant Valley, 1986, US 6.2 0.248 Bishop LADWP-South St.

8 Duzce, 1999, Turkey 7.1 0.535 Duzce

9 Loma Prieta, 1989, US 6.9 0.638 WAHO

10 Inerial Valley, 1979, US 6.5 0.309 Cucapah

of 0.1 g for the nonlinear time history analysis. The
mean and standard deviation of the response data were
calculated and the values of mean and one standard de-
viation for each restrainer were compared to evaluate
their seismic performance.

Tsai [21] suggested a method to adjust the re-
sponse spectrum of an acceleration time history in fre-
quency domain using filters and harmonic functions.
The method appeared to be a limitation to improve the
convergence of the response spectrum. Kaul [22] pro-
posed a technique to adjust the response spectrum in
time domain, and the convergence of the spectrum was
improved drastically. Lilhanand and Tseng [23] ex-
tended the Kaul’s method to develop a multi-damping
design spectra compatible time history to match multi-
damping design spectra. However, the technique did
not converge frequently and generated some prob-
lems when more than two damping values were tried.
Recently, Choi and Lee [24] proposed a procedure
to solve the above problems related to the conver-
gence with multi-damping values. This study adopted
the method to manipulate the ten time histories and,
therefore, they had the same acceleration response
spectrum. AASHTO seismic design spectrum [25],
which was calculated from the following formulation,
was used as the target spectrum in the manipulating
process:

Cs = 1.2AS

T 2/3
≤ 2.5A (1)

where, Cs is the elastic seismic response coefficient, A
the acceleration coefficient, S the site coefficient, and
T the period of vibration.

In generating the design spectrum, the Soil Pro-
file Type II (S = 1.2) was used for the site coefficient

since AASHTO recommended it where the soil prop-
erties were not known in sufficient detail to determine
the soil profile type. The acceleration coefficient, A,
is controlled for a specific PGA. Finally, the period,
T , can be determined from the condition that Cs is
equal to 2.5A in (1) and, therefore, the period becomes
0.437 seconds.

Figure 14(a) shows the response spectra of the ten
ground motions scaled to 1.0 g PGA and their average
spectrum which is compared to the target spectrum. As
shown in Fig. 14(a), the target spectrum is amplified
compared to the average one after the period of 0.3
seconds and the maximal pseudo-acceleration of the
target spectrum is 2.542 g which is a little less than the
maximum of 2.6347 g for the average spectrum. Fig-
ure 14, (b) and (c), compares the spectra and the time
histories of the original and the manipulated ground
motions of Northridge earthquake, 1994.

An SRC, an SMA-T bar, or one set of 20 SMA-
B bars was installed for each girder at the location of
expansion bearings. The effective stiffness of the re-
strainers was respectively 62.7, 49.3, and 50.6 kN/mm
for SRC, SMA-T, and SMA-B. Also, the initial stiff-
ness of the SMA-T restrainer was 141.1 kN/mm.
The suite of the ten manipulated ground motions was
scaled from 0.3 to 0.8 g to respectively represent the
moderate and strong earthquakes; the PGA of 0.3, 0.4,
and 0.5 g represents the moderate ground shakes and
that of 0.6, 0.7, and 0.8 g the strong ones. The interest-
ing responses are column drift ratio, opening at expan-
sion bearings, and the abutment deformations in active
and passive actions; these are influenced largely by the
restrainers installed. The mean and one standard devi-
ation of the ten responses for each PGA level are plot-
ted in Fig. 15.
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Fig. 14 Manipulation of
acceleration time history

The three restrainers reduced the drift ratios of the
columns as shown in Fig. 15, (a) and (b); the drift ratio
describes the top displacement of the pier divided by
the pier length. In the column ‘Col1’, the three types
of restrainers showed almost the same and satisfactory
response. The reduction rates, for the SMA-B type,
were 32.6 and 11.0% for 0.3 and 0.8 g, respectively.
Thus, the effect of the restrainers for the ‘Col1’ was
reduced by increasing the PGA of the ground motions.

For ‘Col2’, on the contrary, the restrainers showed bet-
ter results against strong ground motions. The reduc-
tion rates, for the SMA-T type, were 12.0 and 32.8%
for 0.3 and 0.8 g, respectively. The SMA-T and the
SRC produced almost the same drift ratios for ‘Col2’.
However, the SMA-B showed better results than the
other two types for the moderate ground motions of
0.3, 0.4, and 0.5 g PGA but worse results for the strong
ground motions of 0.6, 0.7, and 0.8 g PGA.
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Fig. 14 (Continued)

Fig. 15 Envelope of the interesting responses; Dr: drift ratio, Op: opening, Ab-a: abutment displacement in active action, Ab-p:
abutment displacement in passive action
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Fig. 15 (Continued)

In Fig. 8, the maximum opening was generally
developed at ‘Op1’ or ‘Op3’. ‘Op2’ is much lesser
than the other two since the two piers moved in
phase motion. Thus, ‘Op2’ will not be discussed. The
SMA-T was the most effective among the three types
and reduced the maximum opening from 78.75 and
92.13 mm to 31.68 and 38.85 mm at ‘Op1’ and ‘Op3’,
respectively, with 0.8 g PGA. Although the worst ef-
fective type was the SMA-B, it reduces the maximum
opening to 46.65 mm and 57.80 mm at ‘Op1’ and
‘Op3’, respectively, with 0.8 g PGA; which was a sat-
isfactory result. The result of the SRC was similar to
that of the SMA-T. Therefore, the three types of re-
strainers were effective in preventing the unseating in
the MSSS bridges.

For the abutments, the three restrainers increased
abutment active deformation largely, especially on

‘Ab2’, having expansion bearings on it. The dot lines
on the graphs represent the first yield (7.4 mm) and the
ultimate deformation (25.4 mm), respectively. With
employing the restrainers, the abutment active defor-
mations were beyond the first yield point and reached
the ultimate deformation at ‘Ab1’ due to the strong
ground shakes. Among the three, the worst restrainer
was the SMA-T which generated the active defor-
mation over the first yield even with the 0.3 g PGA
ground motion. The SRC and the SMA-T restrain-
ers reached the ultimate deformation (25.4 mm) even
at the 0.6 g PGA, which means the two types can-
not be used without a reinforcement on the abutment
for strong ground shakes. However, the SMA-B con-
trolled the active deformations under the first yield
point with the moderate ground shakes of 0.3 and
0.4 g at ‘Ab1’ and generated the 25.8 mm active de-
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formation just at the 0.8 g. For ‘Ab2’, it also protected
the abutment from the first yield damage. Although
the SMA-T restrainer reduced the opening most effec-
tively, it transferred large force to the abutments in ac-
tive action and generated large deformation on them.

The passive deformation of abutments in bridges is
generally governed by the pounding from decks. Thus,
for ‘Ab1’, the restrainers did not reduce the pounding
forces and produced almost the same responses as the
as-built bridge. For ‘Ab2’, they showed the effective-
ness to reduce the passive deformation. Especially, the
SMA-B reduced the passive deformation from 4.56
and 7.58 mm to 1.45 and 3.42 mm against 0.4 and
0.5 g, respectively, and the reduction rates were 68.2
and 54.9%. The SMA-B was so much activated in
closing that it resisted the deck’s closing movement
to ‘Ab2’. The action of the SMA-B, different from the
other two, was beneficial to reduce the passive defor-
mation against the moderate ground shakes.

The restrainers installed at each girder reduced drift
ratios moderately and openings effectively. However,
the restrainers increased the active abutment deforma-
tion and produced the first yield even with the moder-
ate ground motions of 0.3, 0.4 and 0.5 g, except for the
SMA-B restrainer. For the passive action of the abut-
ment, only the SMA-B restrainer was effective moder-
ately to control the pounding on the abutments. On the
whole, the SMA-T restrainer was the most effective
to reduce openings but the worst on the active defor-
mation of abutments. The SMA-B was very good at
the active deformation of abutments even with strong
ground motions. However, the SMA-B was the worst
to reduce openings.

From the deterministic analysis, it is understood
how the three restrainers influenced each component.
However, it cannot be determined which restrainer is
the most effective for the whole bridge system.

7 Fragility analysis and results

A fragility analysis can assess the performance of each
bridge component probabilistically and combine the
assessment of each component for a whole bridge sys-
tem. Therefore, the employment of a fragility analysis
can overcome the weakness of the above deterministic
analysis. A fragility curve represents the probability
of reaching or exceeding a damage state as a function
of ground motion intensity parameter, such as peak

ground acceleration. The probability of failure (Pf ),
which means that the demand on the structure exceeds
the structural capacity, can be described by (2):

pf = P

[
Sd

Sc

≥ 1

]
(2)

where Pf is the probability of exceeding a specific
damage state, Sd is the structural demand and Sc the
structural capacity.

In general, the probability is described as lognor-
mal distribution because it has shown to be a good fit
in the past [26]. In this case, the structural capacity and
seismic demand are also described by a lognormal dis-
tribution. Thus, the fragility curve can be represented
by a lognormal cumulative distribution function as fol-
lows:

Pf = �

[
ln(Sd/Sc)

β

]
(3)

where β is logarithmic standard deviation known as
the dispersion, and �[.] is the standard normal distri-
bution function.

The fragility curves for each component are calcu-
lated using probabilistic seismic demand models based
on (3). Table 2 illustrates the damage states for the
components used in (3). The definition of the damage
states for column drift ratios are based on Duta’s study
[27]. The definitions of damage states for other three
components are from Choi’s study [19]. The fragility
curves for the whole bridge system can be obtained
from (4):

P(Fsys) = 1 −
m∏

i=1

[
1 − P(Fi)

]
(4)

where, P(Fsys) is the probability of failure for the
overall bridge system and P(Fi) the probability of
failure for each component.

This study followed the same procedure as Choi’s
study [19] to obtain the fragility curves of bridge com-
ponents and the bridge system; to save the space, the
authors will not repeat it here.

The four components considered in this analysis
had several subcomponents (columns 1 and 2, abut-
ments 1 and 2, etc.). Thus, the most vulnerable sub-
component was used to represent the fragility of the
component. For example, ‘Col1’ was the most vul-
nerable one for the columns and ‘Ab1’ in active and
passive action was the most vulnerable one for the
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Table 2 Definition of damage states for bridge components

Damage No Damage Slight Moderate Extensive Complete

State Damage Damage Damage Damage

Columns dr ≤ 0.5 0.5 < dr ≤ 0.7 0.7 < dr ≤ 1.5 1.5 < dr ≤ 2.5 2.5 ≤ dr

(dr, %)

Openings δ ≤ 50 50 < δ ≤ 100 100 < δ ≤ 150 150 < δ ≤ 255 255 ≤ δ

(δ, mm)

Abutments in Active Action δ ≤ 4 4 < δ ≤ 8 8 < δ ≤ 25 25 < δ ≤ 50 50 ≤ δ

(δ, mm)

Abutments in Passive Action δ ≤ 7 7 < δ ≤ 15 15 < δ ≤ 37 37 < δ ≤ 146 146 ≤ δ

(δ, mm)

abutments. In the fragility curves, the median value
is the PGA corresponding to 50% of the probability
of exceeding a damage-state. In this section, the au-
thor wanted to use the median values of the fragility
curves as the indicator of the seismic resistance of the
components: the component showing a larger median
value for a specific damage-state has more seismic re-
sistance against the damage-state.

The median values of the slight and the moderate
damage states were estimated and shown in Fig. 16.
Figure 16(a) for the slight damage state indicates that
the median values of column drift ratio, opening, and
abutment passive deformation increased by the re-
strainers compared to those of the as-built bridge.
Among the three restrainers, the SMA-B enlarged the
seismic resistance of the three components most effec-
tively; the increments of the SMA-B for the column,
the opening, and the abutment passive deformation
were 55.2, 140.7, and 49.0%, respectively. The median
value of the slight damage state for the abutment active
deformation of the as-built bridge was 0.355 g. The
median values of the SRC, the SMA-T, and the SMA-
B restrainers were 0.210, 0.188, and 0.22 g, respec-
tively. Thus, the three restrainers increased the seismic
vulnerability of the abutment in active action. How-
ever, the SMA-B restrainer increased the vulnerabil-
ity by 37.5%, which was less than 40.8% of the SRC
and 47.0% of the SMA-T restrainer. For the moderate
damage state from Fig. 16(b), the overall trend was
similar to that of the slight damage state. Therefore, it
can be said based on the review of the fragility curves
of the components that the SMA-B restrainer was the
most effective to increase the seismic resistance of the
column, the opening, and the abutment passive defor-

Fig. 16 Comparison of median values for the four bridge types

mation. Also, although the three restrainers decreased
the seismic resistance of the abutment in active action,
the SMA-B restrainer showed the smallest decrement.
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Fig. 17 Fragility curves for the as-built and the three retrofitted bridges

Figure 17 shows the bridge-system fragility curves
for the as-built and the three types of retrofitted
bridges. As in the fragility curves of the components,
the median values of the combined fragility curves
indicate the seismic resistance of the whole bridge
system. Figure 18 shows the median values of the
four damage states for the as-built and the retrofitted
bridges.

The median values for the as-built bridge are 0.218,
0.310, 0.483 and 0.705 g for all the damage-states.
The SMA-B restrainer decreased a little the median
value by 3.7% for the slight damage state. However,
the SMA-B restrainer showed a larger median value by
12.3% for the moderate damage state than that of the
as-built bridge. Also, the median values of the SMA-
B restrainer for the extensive and complete damage
states were larger by 48.9% and 70.2%, respectively,
comparing to those of the as-built bridge. Therefore,

Fig. 18 Median values of all damage states for the four types
of bridges
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the SMA-B restrainer effectively increased the seismic
resistance of the bridge for the serious damage states
which were related to moderate or strong ground shak-
ings. Also, it can be stated certainly that the SMA-B
restrainer showed the effectiveness to reduce the seis-
mic vulnerability of the MSSS bridge.

For the SRC restrainer, the median values for slight
and moderate damage states were less than those of
the as-built bridge. The restrainer increased the seis-
mic vulnerability of the bridge for extensive and com-
plete damage states by 4.6 and 9.9%. The SMA-T re-
strainer produced smaller median values for the first
three damage states than those of the as-built bridge.
It increased the seismic resistance only for complete
damage state. The two types of restrainers, SRC and
SMA-T, sacrificed the abutment to reduce the column
drift ratio and the opening. Since the abutments were
more vulnerable in active action than in passive action,
the SRC and the SMA-T restrainers, which transferred
the developed seismic force only to the abutments in
active action, did not improve effectively the seismic
resistance of the overall bridge system. Conversely, the
SMA-B restrainer delivered the seismic force both in
active and passive actions of the abutment, thus reduc-
ing the damage probability on the abutment in active
action.

8 Conclusions

The three types of restrainers, such as SMA bars in
tension and bending and steel restrainer cables, were
assessed for the seismic performance of the multi-
span-simply-supported (MSSS) bridge. From the de-
terministic analysis, all the restrainers reduced the col-
umn drift ratios and the openings at the expansion
bearing locations effectively. However, they produced
the yield of abutments in active action. The SMA bars
in tension were the most effective to control the open-
ings but the worst on the active deformation of abut-
ments since they had large initial stiffness compared
to the other two restrainers and the hardening beyond
the deformation of 30.2 mm.

The abutment with fixed bearings was more vul-
nerable than the abutment with the expansion bear-
ings when the restrainers were installed on it. Only
the restrainer of the SMA bending bars retained the
abutment with fixed bearings below the first yield de-
formation against moderate ground shakes of 0.3, 0.4,

and 0.5 g. Also, the SMA bending bars prevented the
pounding on the abutment ‘Ab2’ against the moderate
ground motions although the other two restrainers per-
mitted the pounding at the moderate ground motions.
The deterministic analysis indicated that the steel re-
strainer cables and the SMA bars in tension were more
effective to reduce the openings than the SMA bars in
bending. However, the two restrainers sacrificed the
abutment in active action more than the SMA bars in
bending. The deterministic analysis showed how each
restrainer acted on the components of the bridge but
could not estimate the restrainers’ effect on the whole
bridge system.

The fragility analysis showed the influence of the
restrainers on the bridge system using the combination
of the fragility curves of the components. The fragility
analysis maintained that the SMA bars in bending
were the most effective in increasing the seismic resis-
tance of the bridge. The other two restrainers cannot be
estimated as effective restrainers. They decreased the
seismic resistance for the slight and the moderate dam-
age states and just increased it slightly for the exten-
sive and the complete damage states. This result inter-
preted that the steel restrainer cables and the SMA bars
in tension should be used with caution for the MSSS
bridges.

Considering all the above results, the restrainer of
the SMA bending bars was the most appropriate for
the MSSS bridges to control openings without the
damage on abutments in active action against moder-
ate ground motions. Also, as Dicleli [28] mentioned,
the SMA bending bars in seismically isolated bridges
can provide supplemental elastic stiffness and reduce
displacements in isolation-devices.
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