Seismic Protection for Multiple Span Continuous Steel Bridges using
Shape Memory Alloy-Restrainer-Dampers
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ABSTRACT

This paper introduces a shape memory adlloy-restrainer-damper(SMA-RD) to protect multiple span continuous steel bridges from seismic loads.
The type of bridges has only one fixed bearing condition on a pier and expansion bearings are located on the other piers and abutments. Due
to this state and a big mass of the deck, these bridges are usually very vulnerable to column’s damage on which fixed bearings are located and
large deformation of abutments in passive action. Two fypes of SMA-RDs are developed. and their effect is inspected for protecting the bridges
through seismic analyses. Conventional steel restrainer cables are also used to reduce the seismic vulnerability of the bridge and the results are
compared fo those of the SMA-RDs.

Key words : seismic protection, bridges, shape memory alloy, restrainers

1. Introduction caps or decks and abutments. At normal state a lock-up

Multiple span continuous(MSC) steel bridges shown in
Fig. 1 are very common in the central and southeastern of
the United States. A lot of them built before 1990 does not
have appropriate seismic resistance since they were
constructed against low seismic loads. Therefore, a seismic
retrofit is required to increase their resistance capacity
against expected earthquakes. General retrofit measures
are elastomeric bearings, lead-rubber bearings, restrainer
cables, or lock-up devices that are activated to lock an
expansion condition during an earthquake. An enough
height should be secured to replace steel bearings by
elastomeric bearings or lead-rubber bearings. General
rocker steel bearings shown in Fig. 2 can give enough
height for elastomeric or lead-rubber bearings. However,
low types of steel bearings are too small to propose the
height for the isolation bearings. Alternatives for the cases
can be used such as restrainer cables and lock-up devices.
Restrainer cables are established between decks and pier
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device can move without any resistance and thus can
absorb thermal expansion of decks. However, during an
earthquake, it restricts any movement and acts like a fixed
bearing. Due to this fact, the lock-up device can be placed
only between decks and pier caps. The locked device can
transfer seismic loads from decks to piers like a fixed steel
bearing. Considering the continuous bridge in Fig. 1
retrofitted by lock-up devices, both columns have a fixed
condition during an earthquake. However, Choi’s study”
showed that the bridge having a fixed condition on both
columns are still vulnerable to the expected ground motions
in the area. Therefore, it can be assumed that the lock-up
devices are not adequate to protect the multiple span
continuous steel bridges from seismic loads.

Bridge restrainers are intended to limit the relative
movements at expansion joints and prevent the loss of
supports. Restrainers can be in the form of plates, rods, or
cables. The most common type of restrainers in the United
States is the steel restrainer cable. Restrainer cables were
first employed in the United States by California Department
of Transportation{Caltrans) following the 1971 San Fernando
Farthquake.” The 1971 San Fernando earthquake in California
resulted in numerous highway bridges collapses because
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Fig. 1 Shape of a typical multiple span continuous steel bridge
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Fig. 2 General shape of steel rocker bearings(fixed and expansion type)

of excessive longitudinal movements at expansion joints
and supports. Since then, Caltrans initiated a retrofit program
consisting of using restrainer cables at internal hinges of
bridges with short seat widths. Approximately 1400 bridges
were retrofitted under the Caltrans Phase I retrofit program.”
The performance of restrainer cables was tested in the
past earthquakes such as the 1989 Loma Prieta Earthquake
and the 1994 Northridge Earthquake in California. They
mostly performed adequately, but some bridges were
damaged or collapsed.@'(s) Several states in the central and
southeastern of the United States including Tennessee,
Hlinois, and Missouri have recently begun using restrainer
cables. Indiana and South Carolina plan to incorporate
restrainers in the design of bridges in the near future.®
Thus, this study intends to use restrainer steel cables for
the MSC steel bridge as a retrofit measure.

Shape memory alloy(SMA) bars or wires can be used
for restrainers or dampers to increase the seismic resistance
of bridges. Dolce et al? developed a seismic damper
using pre-strain SMA wires. DesRoches and Delemont®
used SMA bars to reduce the relative displacement in a

multiple span simply supported bridge and compared the
results to those of restrainer steel cables. Wilde et al.”
developed a model of SMA behavior and used the model
of SMA bars for the analysis to restrict transverse dis-
placement of a bridge.

This study will propose two types of SMA-restrainer-
dampers(SMA-RD) to reduce the seismic vulnerability of
the bridge. Through seismic analyses for a MSC steel
bridge shown in Fig. 1, the effect of the two SMA-RDs
will be examined and the bridge responses with SMA-RDs
will be compared to those of as-built bridge and the
bridge retrofitted by restrainer steel cables.

2. Characteristics of shape memory alloy

Shape memory is able to recover a deformed shape to
the original, even after rather large deformations. Once
deformed at low temperature, the materials maintain the
deformed shape until heated, while they return to the
original shape. This unique “shape memory” characteristics
is a result of a martensite phase transformation that can
be temperature induced or stress-induced.

The SMA has two phases of martensite and austenite
that depends on temperature variation. Fig. 3 shows the
phase transformation due to temperature variation. When
the alloy is deformed below M, it retains the deformation
until heated. The shape recovery starts at As and is completed
at A

Normally on cooling, the martensite starts to form at M;
under no stress. However, in the same material, martensite
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Electrical Resistance

Temnperature

Where Ms @ martensite start temperature
M @ martensite finish temperature
As © start of reverse transformation of martensite
A ¢ finish of reverse transformation of martensite

Fig. 3 The shape memory effect is described with reference to a plot
of electrical resistance vs. temperature from which charac~
teristics transformation temperatures Ms, My, As and As are
determined(Duerig et al., 1990).

can begin above M; if a stress is applied, and the martensite
so-formed is termed stress-induced martensite(SIM). This
phase is temperature independent; that is another type of
shape memory known as superelasticity. Above M; the
stress required to produce SIM increases with increasing
temperature. The difficulty to produce SIM increases
continuously with increasing temperature until My; that is
the highest temperature at which it is possible to have
martensite.

In general, the alloy of Nickel and Titanium named
Nitinol is used widely for engineering aspects although
several alloys such as Copper alloy show the effect of
shape memory.® Nitinol shape memory alloys possess several
desirable properties as a restrainer-damper in bridges as
shown in Fig. 4 where shows a three dimensional relation-
ship of stress-strain-temperature. Fig. 5 shows the behavior
of a SMA wire used in this study.

s00t Batow M,
o 200
5199 ==
o 0o ofl -
= 200 7 & Groin ¢
- -
& 300F > Y =
2 8 ookt L
& 200 @ (% ¢
S b 2 4 irgin «
100 ot
A3
e
00 2 4 Stroin ¢, %

Fig. 4 Three-dmnesional stress-strain-temperature diagram showing
the deformation and shape memory behavior of a Nitinol
deformed below M;, above Ar and above Mg."”
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Fig. 5 Hysteresis of a SMA wire used for SMA-RDs®

3. Shape memory alloy-restrainer-damper(SMA-RD)

Restrainer cables installed in a bridge use only the
capacity of abutments in pulling action. However, their
ultimate capacity in pulling is generally smaller than that
in pushing as illustrated in Fig. 6 that shows the behavior
of the abutment in the example bridge in pulling and
pushing action. The ultimate force in pushing is 15830kN
that is 5.24 times of the ultimate force in pulling, 3023kN.
Therefore, it may give more benefit to use the pushing
capacity or the both capacities in pushing and pulling
than the utilization of the pulling capacity only.

A restrainer-damper using shape memory alloy wires
proposed in this paper can use both capacities of an abutment
in pulling and pushing. The SMA wires used in this study
are prestrained to remove the first elastic range in Fig. 5
which can be obtained by stressing the wires to about 1%
strain. The basic shape of the device is suggested in Fig. 7.
SMA wires wrap the main and the sliding frames. The main
frames are attached under a bridge girder and the sliding
one is pushed by a pushing bracket attached to the piston
that is connected to pier cap beams or abutments. At
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Fig. 6 Analytical behavior of an abutment in the example bridge
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Fig. 7 Shape of a restrainer-damper using shape memory alloy wires

Fig. 8 Shape of a SMA-RD activated

the same time, the SMA wires are strained. A gap can be
located between the sliding frame and the pushing bracket
to absorb thermal expansion of decks. Fig. 8 shows the
shape of a SMA-RD activated in left direction and the
device can be also activated in the opposite direction. When
one of the two pushing brackets is removed, the SMA-RD
is activated only in one-way direction, pushing or pulling.
This study will introduce two types of SMA-RDs: 1) one
is activated in pushing and pulling action; and 2) the
other is activated only in pushing direction.

4. Analytical model of a MSC steel bridge

A three-span continuous steel bridge as shown in Fig. 1
is modeled for this study. The bridge has an array of
fixed steel bearings on the first pier (P1) and expansion
steel bearings on the other locations(Al, A2, and P2). The
bridges consist of several components such as columns,
abutments, steel bearings, foundations, and superstructures;
some of them, particularly columns and bearings, exhibit
highly nonlinear behavior. Therefore, two-dimensional non-
linear analytical model of the bridge in longitudinal direction
is developed using DRAIN-2DX nonlinear analysis program."”
The superstructure is usually expected to remain linear
under longitudinal earthquake motions so that it is modeled
using a linear element. In the bridge model, abutments
are modeled with multiple line plastic behavior. Columns
consist of 22 fiber elements for unconfined and confined
concrete and reinforcements. The pile foundations are
modeled with linear springs for horizontal and rotational

2)

direction. Mander’s test results" are used for modeling

the fixed and expansion bearings. The gap of 76mm at
abutments, which is from the design drawings, is modeled
with trilinear elastic element to simulate the pounding
between deck and abutment.”

For calculating the yield curvature of the colunms, UCFyber,
which uses Mander’s model for unconfined and confined
concrete™, models the column’s section as shown in Fig. 9(a)
using thousands of fiber elements for unconfined and confined
concrete and reinforcements. The effective yield curvature
is estimated as 3.28¢-3 1/m, as shown in Fig. 9(b), which
will be used to calculate the curvature ductility of columns.

5. Responses of the as-built and retrofitted bridge
by restrainer cables

At first, the responses of the as-built bridge are estimated
and then the results of the restrainer cables are proposed.
Comparing these results, the effect of the cables will be
assessed to increase the seismic resistance of the bridge.
For these analyses, El Centro ground motion, whose original
PGA is 0.34g, is used with scaling from weak to strong
such as 0.2, 04, 0.6, and 0.8g PGA.

Restrainer cables are installed between the deck and
abutments or piers where expansion bearings are located.
Fig. 10 shows the shape of a restrainer cable generally
used in California of the United States. The analytical
model of a restrainer cable is shown in Fig. 11; 1) the
elastic stiffness is 6.42kN/mm, 2) the hardening ratio is
0.05, 3) the yield force is 174kN, and 4) the slack is 6.35mm
which is generally introduced to avoid any fatigue problem
by the thermal expansion at expansion joints. A cable is
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Fig. 9 Fiber element model and its moment-curvature relationship for a column

1" Diameter x 7" Large Stud

3/4" Cable Restrainer

158" 51/8" |

I

=

Anchor Nut

T 11/4"

15/8"

Fig. 10 Shape of a restrainer cable used in California of United States
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Fig. 11 Analytical model of a restrainer cable

installed for each girder and the total is 8 cables.

The concerned responses of the two bridges are proposed
in Table 1: where 1) the ductility is curvature ductility; 2)
the pier drift ratio is the per cent of the top displacement
of a column to the column’s length; 3) the opening is the
relative displacement between the deck and abutments; 4)
for the abutment deformation, (+) stands for active defor-
mation and (-) does passive deformation.

For the as-built bridge seismic demands concentrate on
the column with fixed bearings, however, restrainer cables
distribute the demands to both columns. For the moderate
ground motion of 04g PGA the maximum ductility decreases

by 9.8% with the cables and the maximum opening also
decreases by 14.2%. However, the active deformations of
abutments increase by about 7 times since the cables transfer
large forces to them in active action. The cables prevent

- the pounding between the deck and the abutments and

reduce the passive deformation of the abutments.

For strong ground motions of 0.6g and 0.8g PGA large
passive deformations of the abutments are developed
since the poundings occur due to the yield of the cables.
The active deformations of the abutments increase a little
comparing that for 0.4g PGA. When the ground motion
intensity reaches 0.8g, the responses even with the cables
are not desirable; the ductility reaches over 4.0, the opening
is beyond 120mm, and the passive deformation gets to
45mm.

The results in Table 1 indicate that the cables improve
the seismic responses of a MSC bridge slightly but are not
effective to obtain a desirable result. The reason is that the
cables are not strong enough to restrict the deck displacement.
If more cables are used, the opening could be restricted.
However, the active deformation of abutments due to
large pulling forces of the cables could increase. Basically,
a restrainer cable can not transfer larger force to an than
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Table 1 Responses of as—built and retrofitted bridge by restrainer cables

PGA | Column ductility | Pier drift ratio(mm)lFBD(mm) EBD(mm) Opening(mm) Abutment deformation(mm)
pt | w2 |t | a2 [ 1 | ebt | e2 | @8 | opt | op2 | apt+ | abi- | abp+ | api-
As-built bridge
0.2 0.71 0.32 045 0.20 0.29 33 20.0 326 323 253 047 0.19 0.44 022
04 2.55 0.49 1.17 0.31 0.84 824 61.0 771 82.4 704 0.83 034 0.77 486
0.6 3.20 0.62 127 0.38 1.83 89.6 69.9 88.4 596 884 0.88 9.04 0.90 10.0
08 467 0.88 1.92 052 1253 142.8 124.3 136.2 142.8 136.2 1.27 535 1.24 61.3
0.6 320 0.62 1.27 0.38 1.83 89.6 69.9 884 596 884 0.88 904 0.90 10.0
08 467 0.88 192 0.52 12.53 142.8 124.3 136.2 142.8 136.2 127 535 1.24 61.3
Retrofitted bridge by restrainer cables

02 0.79 056 0.49 0.35 0.31 306 12.3 358 306 258 494 0.21 404 024
04 230 1.56 1.08 0.85 080 707 179 76.3 70.7 51.1 6.08 0.30 578 0.91
06 3.01 237 1.35 1.14 5.39 9.2 246 85.1 R2 85.1 6.43 109 6.34 164
08 403 3.77 167 1.56 10.1 1071 315 1205 107.1 1205 6.68 447 6.92 327

« FBD : Fixed Bearing Deformation

= EBD : Expansion Bearing Deformation

abutment its ultimate strength in active action. Therefore, the bridge.

the utilization of both capacity of an abutment in active
and passive action could improve the seismic responses of
the bridge more effectively.

6. Responses with shape memory alloy-restrainer-
dampers

Two types of shape memory alloy-restrainer-dampers
(SMA-RD) for abutments are introduced in this study.
Type I is activated in active and passive action. In the
case the ultimate capacity in active action is critical factor
to design a SMA-RD since the capacity in active action is
less than that in passive action. Type II functions only in
passive action and, therefore, the critical factor is the
capacity in passive action.

There are two parameters to design a SMA-RD. The
first one is the yield force of a SMA wire that depends on
the SMA property and the cross section area of a wire.
The other one is the strain of a SIM hardening that relies
on the length of a wire. As DesRoches® mentioned, the
property can be useful to restraint openings.

In this study considering these two parameters, a para-
metric study for each SMA-RD will be conducted to
understand how the bridge responses are affected by the
variation of the parameters. The same El Centro ground
motion scaled to 0.8g PGA is used for the parametric studies.
In these parametric studies slacks of SMA-RDs are not
included; the purpose of this parametric study is to
determine which parameter is the most effective to protect

Based on the results of the above parametric study, the
most desirable design will be chosen. Then, the responses
with the SMA-RD will be compared to those of the restrainer
cables. For comparing, both cases of with and without the
slack (6.35mm) of the SMA-RD will be analyzed.

6.1 SMA-RD for columns

A SMA-RD is designed for columns where expansion
bearings are located. The SMA-RDs for columns have the
same yield strength as that of lead-rubber bearings used
in Choi’s study.” Therefore, the yield strength of the
device is 80kN. The length is 2.0m and thus the SIM
hardening occurs after 122mm deformation. Fig. 12 shows
an example for the hysteretic curves of the device. This
device is activated in two ways such as Type I above.
This SMA-RD for columns will be used for both parameter
studies.

Foree (ki)

80 ¢
i L//
40

-10 ] 10 20 30 4
Deformation [mm}

-20

Fig. 12 Hysteretic curves of a SMA-RD for columns
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6.2 Parametric study for Type | SMA-RD

The first parametric study considers that the yield forces
of the SMA wire are equal to 1/4, 1/2, 3/4, and 4/4 of
the ultimate capacity(3025kN) of an abutment in active
action. The strain values of the SIM hardening are assumed
to be 50, 64, 76, and 89mm. The gap size at the abutments
is 76mm, thus the strain values are at first smaller than
the gap and getting larger. There are four yield forces for
a case of the strain of a SIM hardening,

The results of the parametric study are proposed in
Table 2. The SIM hardening distance does not have a
serious effect on the responses. However, the yield strength
of the wire affects the responses significantly. The column
ductilities and the openings decrease with increasing the
yield strength. In abutments the active deformations increase
but the passive deformations decrease with increasing the
strength. When the yield strength of the SMA-RD is equal
to the pulling ultimate capacity of the abutments, the
passive abutment deformation is very small; which means
a pounding does not occur.

In general, the responses with Type I SMA-RD for the
08g PGA are improved comparing with those for the
restrainer cables. However, Type 1 produces a problem on
the abutments for all cases. The ultimate deformations are

25mm and 35mm for active and passive action, respectively.
The maximum active and passive deformations exceed the
ultimate ones. In conclusion, the Type I SMA-RD is not
adequate to obtain the satisfactory seismic resistance of
the example bridge.

6.3 Parametric study for Type || SMA-RD

In this parametric study, the yield strengths of the wire
are equal to 1/8, 1/4, 2/4, and 3/4 of the passive capacity
of an abutment(15830kN) that is 524 times of that in
active action. The results are proposed in Table 3. As
expected, the active deformations of the abutments decrease
sharply since only expansion bearings pull the abutments.
The SIM hardening distance is not so influential. Viewing
the maximum passive deformation of the abutments, the last
one, which has the 3/4 strength of an abutment passive
capacity, is satisfactory and the others get over or almost
reach the ultimate passive abutment deformation (35mm).
The three unsatisfactory cases do not have enough strength
thus
deformation become large due to pounding between the
deck and the abutments. When the SMA wires have strong
enough to prevent the pounding, all responses are improved

to restrict deck movement and the passive

significantly. In the case the maximum ductility( =1.11) is

Table 2 Results of a parametric study for Type | SMA-RD with 0.8g PGA ground motion

Type | Column ductility |Pier drift ratiolmm) FBD(mm) EBD(mm) Opening(mm) Abutment deformation(mm)
wt | w2 | at [ a2 | ot | eot | ep2 | ebd | opt | op2 | abt+ | abi- | aper | abt-
SIM hardening occurs at the deformation of 50mm
14 385 355 1.73 1.48 895 921 31.3 | 106.1 92.1 106.1 14.3 492 24.3 24.8
2/4 433 333 1.85 1.54 7.1 785 29.2 779 69.2 71.0 285 555 66.0 16.2
34 345 283 1.61 1.36 478 780 20 63.4 518 56.6 17.9 374 61.5 6.3
44 220 209 1.07 1.03 1.10 62.1 56 66.3 15.1 121 60.9 8.0 58.4 9.0
SIM hardening occurs at the deformation of 64mm
1/4 3.68 3.56 1.68 1.48 908 976 303 | 1088 976 | 1088 9.8 459 18.0 256
2/4 428 335 1.83 1.51 7.7 787 309 824 78.3 824 217 548 544 18.7
3/4 347 2.79 1.61 1.35 555 782 239 684 55.0 68.4 16.3 384 50.5 49
4/4 226 209 1.09 1.03 1.12 65.4 59 69.6 15.8 124 61.9 6.0 58.8 7.0
SIM hardening occurs at the deformation of 76mm
1/4 3.61 355 1.66 1.47 880 | 1024 301 ’ 128 ’ 1024 | 1128 7.1 44.0 124 277
2/4 423 338 1.82 1.49 7.96 85.8 315 939 85.8 93.9 154 54.3 424 20.0
3/4 349 275 1.62 1.35 596 785 24.6 80.2 56.0 80.2 164 39.1 395 43
4/4 2.28 2.11 1.09 1.03 1.17 66.0 59 71.6 16.0 124 62.1 56 58.8 57
| SIM hardening occurs at the deformation of 89mm
1/4 357 353 1.64 145 8.73 104.8 30.6 1170 | 1048 | 1170 59 429 75 28.8
2/4 422 3.30 1.82 1.49 837 93.0 316 1054 93.0 1054 8.7 545 309 204
34 349 275 1.82 1.35 6.12 786 24.8 92.0 56.0 9.0 164 394 279 43
444 2.28 2.1 1.09 1.03 1.17 66.0 59 716 16.0 124 62.1 56 58.8 5.7
HgH M1z (8 H3BE) 20042 SRR TBEE =27 83
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Table 3 Results of a parametric study for Type | SMA-RD with 0.89 PGA ground motion

Type | Column ductifity |Pier drift ratio(mm) FBD(mm) EBD(mm) Opening(mm) Abutment deformation(mm)
B wt | w2 | dit | d2 | ot | ent | ev2 | ep3 | opt | op2 | abt+ | abi- | a2+ | ani-
SIM hardening occurs at the deformation of 50 mm
1/8 3.69 373 1.65 1.53 9 1121 327 1257 | 11241 1257 1.1 441 12 312
1/4 433 3.25 1.85 1.50 9.51 1018 | 366 1406 | 101.8 | 1406 1.0 585 1.3 21.0
2/4 3.02 265 1.47 1.32 3.58 77.1 156 108.8 77.1 108.8 0.8 34.0 1.1 135
3/4 1.1 1.05 062 0.60 38 457 35 38.7 457 387 06 141 05 142
SIM hardening occurs at the deformation of 64 mm
1/8 362 371 1.60 1.50 883 1115 | 317 1218 | 1115 | 1218 1.0 406 1.1 310
1/4 414 332 1.81 1.46 8.78 1084 | 337 1347 | 1084 | 1347 1.0 538 12 27.2
2/4 320 2.66 1.53 1.33 574 776 208 114.1 77.2 114.1 0.8 327 1.1 10.0
3/4 1.1 1.05 0.62 0.60 338 457 35 38.7 457 38.7 0.6 14.1 05 14.2
SIM hardening occurs at the deformation of 76 mm
1/8 361 369 1.59 1.49 8.80 112.1 320 1212 | 1121 1212 1.1 396 1.1 316
1/4 414 332 1.81 1.46 8.78 1084 | 337 1347 | 1084 | 1347 1.0 538 12 27.2
2/4 320 266 1.53 1.33 574 77.6 208 114.1 772 114.1 0.8 327 1.1 100
3/4 1.11 1.05 0.62 0.60 333 457 35 38.7 457 38.7 0.6 14.1 05 14.2
SIM hardening occurs at the deformation of 83 mm
1/8 361 369 1.59 1.49 8.80 121 320 1212 | 1121 1212 1.1 39.6 1.1 31.6
1/4 414 332 1.81 1.46 8.78 1084 | 337 1347 | 1084 | 1347 1.0 538 12 272
2/4 320 2.66 1.53 1.33 574 776 208 114.1 772 114.1 0.8 327 1.1 10.0
3/4 1.1 1.05 0.62 0.60 3.38 457 35 38.7 457 387 0.6 141 05 14.2

about a quarter of that with the restrainer cables and the
maximum opening(45.7mm) is just 38% of the counter
value for the cables. The maximum passive deformation of
the abutments is 14.1mm that is less than the first yield
deformation(14.6mm) shown in Fig. 6, thus the abutments
remain in elastic range.

Three quarters of the passive abutment capacity is 8340kN,
and thus 1042.5kN is required for each girder. From Fig, 5,
the estimated wire’s area is 1969mm” and 4 wires having
the diameter of 18mm are needed.

6.4 Comparing results of restrainer cables and SMA-RDs

From the parametric studies the best SMA-RD is chosen
for the analyses with weak and strong ground motions;
the best one is the Type II with the yield force of 3/4 the
ultimate capacity of the abutment. Here, the SMA-RD
with a slack of 6.35mm as well as without the slack, both
are considered. The results of the three devices are
illustrated in Fig. 13; where 1) the ductility of P1 column,
2) the opening on Al abutment, and 3) the active and
passive deformation of Al abutment are proposed.

The ductility with the restrainer cables reaches 2.3 by the
0.4g PGA ground motion, thus the columns are damaged
with moderate ground motions. However, the SMA-RD

bridges have the ductility of 1.1 and 2.1 without and with
the slack, respectively, by the 0.8g PGA ground motion.
Therefore, the demand on the column decrease sharply by
the SMA-RDs.

The ductility with the restrainer cables increase abruptly
at the PGA of 04g since the cables are yielded; this can
be recognized by observing that the opening also increase
enormously at the 0.4g PGA and the active deformation of
the abutment is almost same after the 0.4g PGA.

The passive abutment deformations with the restrainer
cables are very small for 0.2g and 0.4g PGA. However, the
values become large for 0.6g and 0.8g PGA due to pounding
at the abutments since the cables yield. On the contrary,
the SMA-RDs, at first, produce large passive abutment
deformations relatively for 0.2g and 0.4g PGA, but limit
the passive deformation within 14.7mm even for the strongest
ground motion of 0.8g PGA. The SMA-RDs restraint the deck
movement effectively and improve all responses comparing
to those for the restrainer cables.

7. Conclusions

This study showed that the as-built MSC bridge is
vulnerable to seismic loads, and the restrainer cables con-
ventionally used in California of the United States did not
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Fig. 13 Comparing results of the bridge retrofitted by restrainer cables or SMA-RDs

improve the vulnerability. Even for a moderate ground
motion of 0.4g PGA, the bridge with the cables was
damaged on the column.

Therefore, this study proposed a new device using
shape memory ally wires to restrict deck movements and
protect bridge’s components from seismic loads. The device
unlike a restrainer cable can use the capacity of abutments
in pulling and pushing direction{two-way) or pushing(one-
way) only. This study proposed two types of the device
that were investigated the performance through two parametric
studies. The parametric studies indicated that the two-way
device working in pulling and pushing direction is not
effective to improve the seismic resistance of the bridge,
but the one-way device working in pushing direction can
be effective with strong shape memory alloy wires.

When the device was installed in the bridge, it was safe
from the 0.6g PGA ground motion and the results for the
0.8g PGA is satisfactory although the column ductility
reaches 2.1. Consequently, the proposed shape memory
alloy-restrainer-damper can be an alternative to protect
multiple span continuous steel bridges in the central and
southeastern of United States.
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