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Seismic Vibration Control
Using Superelastic Shape
Memory Alloys
Superelastic NiTi shape memory alloy (SMA) wires and bars are studied to determine
their damping and recentering capability for applications in the structural control of
buildings subjected to earthquake loadings. These studies improve the knowledge base in
regard to the use of SMAs in seismic design and retrofit of structures. The results show
that the damping properties of austenitic SMAs are generally low. However, the residual
strain obtained after loading to 6% strain is typically �0.75%. In general, it is shown
that large diameters bars perform as well as wire specimens used in non-civil-
engineering applications. The results of a small-scale shake table test are then presented
as a proof of concept study of a SMA cross-bracing system. These results are verified
through analytical nonlinear time history analysis. Finally, a three-story steel frame
implementing either a traditional steel buckling-allowed bracing system or a SMA brac-
ing system is analyzed analytically to determine if there is an advantage to using a SMA
bracing system. The results show that the SMA braces improve the response of the braced
frames. �DOI: 10.1115/1.2203109�

Keywords: shape memory alloys, damping, recentering, earthquake engineering, inno-
vative systems
ntroduction
Over the past few decades, increased population has led to a

igher concentration of building structures in moderate to high
eismic zones. Recent earthquakes, such as the Northridge earth-
uake in California �1994�, have exposed the vulnerability of
hese building structures to moderate and strong ground motions.
lthough these urban events have led to only minimal loss of life,

conomic losses have been unacceptably high and reached in ex-
ess of $50 �US� billion as a result of the Northridge event �1�.
uch of this loss can be associated with damage to building struc-

ures as a result of large interstory drifts, resulting in catastrophic
amage and rendering the structure unable to be occupied and
equiring extensive repairs. Past research has shown that concen-
ric bracing systems, passive energy dissipation devices, and re-
entering devices are effective in limiting interstory drifts. How-
ver, these devices have some deficiencies associated with them,
uch as permanent deformation, requiring parts of the structure or
evice to be replaced after a seismic event. The search for new
echnology has led to the consideration of shape memory alloys
SMAs� for vibration control of structures in order to limit inter-
tory and residual drifts by providing added energy dissipation
apacity and recentering capabilities to the system.

Shape memory alloys are a unique class of metallic alloys that
an undergo large deformations while returning to their original
ndeformed shape. The ability of shape memory alloys to recover
heir shape is, in part, due to the ordered crystalline structure
etween the austenite and martensite phases, which allows the
aterial to undergo a displacive �diffusionless� martensitic phase

ransformation as a result of a temperature change or an applied
tress. On a macroscopic level, the shape recovery occurs through
ne of two processes, either the shape memory effect, which re-
uires heating of the material above the austenite transformation
emperature, or the superelastic effect, which requires only the
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removal of the applied load or stress. Austenitic or superelastic
shape memory alloys recover their shape through the superelastic
effect and provide both energy dissipation through a flag-shaped
hysteretic behavior and recentering capability through the ability
to recover their undeformed shape. Several characteristics of su-
perelastic shape memory alloys make them ideal candidates for
seismic applications, such as the ability to provide hysteretic
damping, a recentering capability through shape recovery, excel-
lent low- and high-fatigue properties, strain hardening at large
strain levels, and the formation of stress plateaus, which limits the
force transfer to other members of a structure.

Recently, researchers have conducted several studies to deter-
mine the viability of using superelastic shape memory alloys for
seismic applications. Several studies have focused on the effect of
strain amplitude, loading frequency, cycling, and temperature ef-
fects on the mechanical behavior of SMAs �2–5�. Others have
looked at the effectiveness of SMAs in actual seismic applications
in both bridges and buildings. Dolce et al. �6� found that super-
elastic SMAs can provide a strong recentering capability when
applied to a two-story single-bay reinforced concrete frame as a
bracing system. Further results from the experimental testing of
large-scale reinforced concrete frames implementing SMA-based
devices can be found in Cardone et al. �7� and Dolce et al. �8�.
Analytical studies by Baratta and Corbi �9� showed that superelas-
tic braces improved the dynamic response of an elastic-perfectly
plastic frame as compared to typical slender elastic-plastic ten-
dons. The use of superelastic SMAs produced a smaller maximum
amplitude of response and decreased the residual drifts as a result
of the energy dissipation capacity and recentering capabilities of
the SMAs. Others have experimentally and analytically shown the
benefits of SMA dampers used in building frames �10,11�. Earlier
studies by Inaudi and Kelly �12� found that SMA wires can be
used in a tuned mass damper system to significantly improve the
dynamic response of the structure, particularly when the SMAs
are prestressed to the first natural frequency of the structure. The
results of these projects show promise for the use of SMAs in
seismic applications; however, very few studies have focused on
the behavior of large diameter specimens under loading rates and

strain levels that are typically experienced during an earthquake.
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ypical past studies have focused on wires and thin bars, where
arger diameter sections may be more feasible and economical for
arthquake engineering applications in structures.

In order to improve the knowledge base in terms of the use of
MAs in seismic design and retrofit applications, this paper pre-
ents the results of a study comparing the properties of large di-
meter shape memory alloys to those of small wire specimens
nder cyclic loadings and loading rates typical of a seismic event.
he results of a small-scale shake table test are then presented as
proof-of-concept study of a SMA cross-bracing system. These

esults are verified through analytical nonlinear time history
nalysis. Finally, a three-story steel frame implementing either a
raditional steel buckling-allowed bracing system or a SMA brac-
ng system is analyzed analytically and the maximum interstory
rifts and residual drifts are compared to show the advantage of
MA bracing systems in seismic vibration control as compared to

raditional steel bracing systems.

aterial Testing of Wires and Bars
The behavior of NiTi shape memory alloys, particularly with

espect to loading rates and loading levels typically caused by an
arthquake, needs to be understood before implementing them
nto seismic vibration control applications in building structures.
ince using larger diameter sections may be more economically
onvenient and easier to implement in SMA-based systems than
iTi wires, it is important to compare the behavior of larger di-

meter sections to wire specimens in order to determine how the
ize of the SMA specimen may affect the behavior. In order to
valuate the performance of the superelastic NiTi wires and bars,
everal of the mechanical properties are studied, including the
esidual strain ��R�, the forward and reverse transformation stress
�L and �UL�, the initial elastic modulus �Ei�, and the equivalent
iscous damping associated with a given cycle ��eq�. The residual
train provides a measure of the recentering capability of the SMA
nd refers to the strain at zero stress at the end of a strain cycle.
he forward transformation stress is the stress at which the mar-

ensitic phase transformation initiates. The unloading plateau
tress �or reverse transformation stress� is an estimate of the in-
ection point along the unloading curve corresponding to the re-
erse transformation from detwinned martensite back to the origi-
al austenite structure. The initial elastic modulus refers to the
lope of the stress-strain curve prior to reaching the forward trans-
ormation stress. Typical earthquake engineering applications use
quivalent viscous damping to measure the energy dissipation
rovided by a system where the equivalent viscous damping refers
o the energy dissipated per cycle divided by the product of 4�

ig. 1 Stress-strain curves for 0.254 mm „0.01 in.… diameter
oading rates
nd the strain energy for a complete cycle.

ournal of Engineering Materials and Technology
Small Wire Material Test Results. A number of 0.254 mm
�0.01 in.� diameter superelastic NiTi wires were tested to deter-
mine the cyclic properties of small diameter wires. All of the
specimens were straight annealed and had a black oxide surface.
The specimens used for testing were all cut from the same 6.1 m
�20 ft� length of wire with no additional annealing or processing
being done to the material before testing. A tensile loading proto-
col simulating strain levels and strain rates that are experienced by
structural members during an earthquake was developed consist-
ing of strain cycles of 0.5%, 1.0–5.0% by increments of 1%, six
cycles to 6%, and four cycles to 7% strain. Tests were run both
quasi-statically �0.025 Hz� and dynamically �0.5–2.0 Hz� in order
to capture any loading rate effects on those properties mentioned
previously. All testing was done using a tabletop testing apparatus
with an electromagnetic actuator. The loading protocol was imple-
mented in displacement control with the strain levels being calcu-
lated based on the specimen gage length of �38.1 mm �1.5 in.�.
All tests were run on previously untested specimen to simulate a
newly installed seismic vibration control device with strains being
measured based on the cross-head displacement and loads being
measured with a 48.9 N �11 lbf� load cell.

The stress-strain results for the 0.025 Hz quasi-static and
1.0 Hz dynamic tests can be seen in Fig. 1. The plots all show the
typical flag-shaped hysteresis associated with tensile cycling of
superelastic NiTi SMAs. The results show a degradation of the
unloading plateau with increased cycling rate and a slight increase
in the residual strain at the higher loading rates. The quasi-static
plot appears shifted to the right, suggesting possible slack in the
wire at the onset of testing or a small amount of initial slipping
during the first loading cycle. This suggests that the residual strain
for the quasi-static test presented may be higher than their true
values since strains were measured based on crosshead displace-
ment. Even with the shifted curve, the residual strain remained
below 1% when cycled to a maximum strain of 7% while the
residual strains for the 1.0 Hz test was measured at 1.05% for the
first 6% maximum strain cycle. At all loading rates, a slight deg-
radation of the loading plateau stress occurred with increased cy-
cling. This can be attributed to the formation of localized slip,
which tends to assist the forward transformation. The loss of a
clear unloading plateau with increased cycling rate can be attrib-
uted to a self-heating of the wire specimen due to the thermoelas-
tic phase transformation. The increased temperature results in an
increase and distortion of the unloading plateau during cycling.
Cycling at higher rates does not allow time for produced heat
from the exothermic/endothermic phase transformation to dissi-
pate resulting in a more pronounced effect at higher strain rates.
As a result of the increased unloading plateau and smaller increase

i shape memory alloys tested at „a… 0.025 Hz and „b… 1.0 Hz
NiT
in the loading plateau, the hysteretic area at higher strain rates

JULY 2006, Vol. 128 / 295
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ecreases leading to a decrease in the equivalent viscous damping
alues with increased cycling from �4.5% to �4.1% for the first
% strain cycle when tested quasi-statically and dynamically at
.0 Hz, respectively.

Large Diameter Bar Material Test Results. A number of
2.7 mm �0.5 in.� diameter specimens were tested to determine
he cyclic properties of larger NiTi superelastic shape memory
lloy bars in order to see how bar size might influence the me-
hanical behavior of SMAs. These bars were tested in conjunction
ith those presented in DesRoches et al. �13�. All of the speci-
ens were near equiatomic, cold drawn, and 30% cold worked

rior to annealing. A similar tensile loading protocol to that used
ith the wire specimens presented above was implemented with

he removal of the last two 6% strain cycles and the 7% strain
ycles. A hydraulic testing apparatus fitted with hydraulic wedge
rips was used to perform the tests at both a quasi-static loading
ate of 0.025 Hz and a dynamic loading rate of 1.0 Hz. The load-
ng protocol was implemented in strain control based on the feed-
ack from a 25.4 mm �1.0 in.� gage length extensometer with the
oads being measured by the internal load cell of the actuator. As
ith the small wire tests, all testing was conducted on previously
ntested specimens with gage lengths of 57 mm �2.25 in.�.

Figure 2 provides the stress-strain curves for the cyclic tensile
est performed on two of the 12.7 mm �0.5 in.� diameter NiTi
pecimens. As with the small wire specimens, both the quasi-static
nd dynamic specimens show good superelastic properties with

ig. 2 Stress-strain curves for 12.7 mm „0.5 in.… diameter NiTi
ates †13‡
Fig. 3 Cyclic properties comparison of NiTi shape memory all

96 / Vol. 128, JULY 2006
the formation of a clear flag-shaped hysteresis and only small
amounts of residual strain. The loading plateau stress has an in-
crease of �87 MPa ��12.6 ksi� with the increase in loading rate
for the first 6% strain cycle. A similar increase can be seen in the
unloading plateau stress, which, as was previously mentioned, can
be attributed to a self-heating of the specimen during dynamic
loading. The total residual strain for both large bar specimens
remained small, suggesting that large diameter bars can still be
used in recentering applications. The residual strain for the first
6% cycle did not change significantly between the quasi-static test
and the dynamic test remaining at �0.17%. Overall, the larger
diameter specimens had smaller hysteresis loops as compared to
the small wire specimens, resulting in significantly smaller damp-
ing capacity compared to the wires. The equivalent viscous damp-
ing values suggest that larger diameter superelastic NiTi SMAs
cannot provide usable damping quantities. The test results also
show a decrease of �0.4% in the equivalent viscous damping
when cycled dynamically as compared to the quasi-static test re-
sults.

Cyclic Properties of Wires and Bars. The plots in Fig. 3 pro-
vide the residual strain and equivalent viscous damping values
with respect to the maximum cyclic strain for the 0.254 mm
�0.01 in.� diameter NiTi wires and the 12.7 mm �0.5 in.� diameter
bars tested quasi-statically and dynamically at 1.0 Hz. The varia-
tion in the residual strain with respect to maximum cyclic strain
and loading rate can be seen in Fig. 3�a�. For all specimens and

pe memory alloys tested at „a… 0.025 Hz and „b… 1.0 Hz loading
sha
oys: „a… residual strain and „b… equivalent viscous damping

Transactions of the ASME
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oading rates, the residual strain increased with increased cycling
ue to the formation and accumulation of permanent localized
lip, which inhibits the reverse transformation and the shape re-
overy process. The wire specimens had larger residual strain val-
es for a given maximum cyclic strain cycle as compared to the
arger diameter bar specimens. For the quasi-static loading rates,
he maximum residual strains for the fourth 6% strain cycle were

0.84% and �0.25% for the wire specimen and the bar speci-
en, respectively. Increasing the loading rate to 1.0 Hz led to

esidual strains of �1.12% and �0.23% after the fourth 6% strain
ycle for the wire specimen and bar specimen, respectively. The
esults show a clear influence of bar size on the accumulation of
esidual strain with larger diameter specimens providing lower
esidual strain values and, thus, better recentering capabilities.
oading rate appears to have less of an effect on the residual
train values, particularly for the larger diameter specimens. This
esult suggests that NiTi SMAs may be ideal as recentering de-
ices in seismic vibration control applications.

Figure 3�b� provides the variation in the equivalent viscous
amping values with respect to maximum cyclic strain and strain
ate for the 0.254 mm �0.01 in.� diameter superelastic NiTi wires
nd 12.7 mm �0.5 in.� diameter superelastic bars. The results
learly show that the wire specimens provide much higher damp-
ng capacity as compared to the larger diameter bar specimens.
uring quasi-static cycling, the maximum equivalent viscous
amping values decreased from �5.27% for the wire specimen to
.67% for the bar specimen. A similar decreased damping capac-
ty was found for the specimens tested dynamically, suggesting a
lear influence of bar size on the damping capacity of superelastic
MAs. The maximum equivalent viscous damping values also
ecreased with increased strain rate for both size specimens. The
ecrease was �1% equivalent viscous damping for both size
pecimens when comparing the quasi-static test results and the
ynamic 1.0 Hz test results. The reduced damping with increased
train rate can be associated with an increase and distortion of the
nloading plateau stress and the decrease in the loading plateau
tress with increased strain rate resulting in a decrease in the hys-
eretic area. It is important to note that the equivalent viscous
amping values tend to be too low to be used in a purely damping
evice. Although combined with the low residual strain values,
uperelastic NiTi SMAs provide a unique combination of damp-
ng and recentering capabilities that are optimal for structural vi-
ration control.

mall Shake Table Proof-of-Concept Test
In order to initially establish the ability of superelastic SMAs to

educe the structural response and control seismic vibration of a
uilding under earthquake loadings, a reduced scale proof-of-
oncept model was developed that could be tested on a small
57 mm �18 in.� by 457 mm �18 in.� shake table. The model con-
isted of three stories with constant story heights of 295 mm
11.6 in.� and a single bay of width 254 mm �10 in.�. The floors
ere made out of two sheets of Plexiglas to create a rigid floor

ystem, and the columns used were circular, hollow brass rods. A
eight of �2.93 kg ��6.5 lb� was placed on each floor to ensure

hat the SMA braces would undergo the phase transformation dur-
ng shaking. The structure was designed so that the wire �tension-
nly� cross braces are installed in the bays parallel to the direction
f motion. The braced structure can be seen in Fig. 4. The same
.254 mm �0.01 in.� diameter SMA wires tested previously were
sed as the bracing system during this study. Both the unbraced
nd braced structures were tested on the shake table under the LA
1 SAC ground motion �14� scaled to a PGA of 1.0 g. The accel-
ration results from the accelerometers placed on the second and
hird floors showed an increase in maximum acceleration experi-
nced when the SMA braces were installed as a result of the
igher stiffness associated with the braced structure as compared

o the unbraced structure. Although the accelerations were higher

ournal of Engineering Materials and Technology
for the braced structure, the damping and recentering capability of
the wires tended to decrease the response at a faster rate than the
unbraced structure.

Since only limited results could be obtained from the small
shake table study, an analytical model of the proof-of-concept
structure was developed in OpenSEES �15�. The mechanical prop-
erties of the brass columns were obtained through laboratory test-
ing, and the properties of the SMA wires were obtained from the
cyclic tensile tests of the 0.254 mm �0.01 in.� diameter wires pre-
sented previously. Detailed information of the SMA model can be
found in the following sections of this paper. The accelerations
obtained from the accelerometer on the shake table were used as
the input ground motion for the analysis. The resulting displace-
ment time history for the roof can be seen in Fig. 5. The

Fig. 4 Proof-of-concept shake table model with 0.254 mm
„0.01 in.… diameter SMA braces

Fig. 5 Analytical displacement time history of the roof for the
proof-of-concept model undergoing the LA21 ground motion

scaled to 1.0 PGA

JULY 2006, Vol. 128 / 297
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esults show a significant decrease in the maximum roof displace-
ent from 90.3 mm �3.56 in.� for the unbraced structure to

5.1 mm �2.56 in.� for the SMA braced structure. The residual
rift of the roof was improved with the use of SMA braces from
.0 mm �0.2 in.� to 0.11 mm �0.004 in.�. The proof-of-concept
esults suggest that a SMA bracing system can be used for seismic
ibration control in structures, although a suitable structural sys-
em must be determined and comparisons must be made with
urrent earthquake mitigation techniques to determine whether
MA systems are a suitable option for supplemental energy dissi-
ation and recentering.

nalytical Study of a Concentrically Braced Steel
rame
In recent years, studies have been conducted by Sabelli �16�

nd Sabelli et al. �17� on the seismic response of concentrically
raced steel frames. The research was undertaken to address the
amage caused by recent earthquakes to concentrically braced
teel frames by better determining the seismic demand on steel
raced structures and improving design techniques. Concentri-
ally braced steel frames are important in seismic design because
f the susceptibility of steel moment resisting frames to large
ateral displacements. Sabelli �16� and Sabelli et al. �17� found
hat concentric steel bracing systems performed well, particularly
ith the use of buckling restrained braces, although few design

pproaches using buckling restrained braces exist. The use of con-
entional steel braces also can result in yielding and permanent
amage to the bracing system requiring extensive repair to the
tructure after an earthquake. The material studies and proof-of-
oncept model presented above suggests that the use of SMAs in
concentric bracing system can address these problems. The re-

entering capability and added damping associated with the flag-
haped hysteresis of large diameter superelastic SMAs provide a
nique way to reduce the seismic response of steel braced frames.

In order to compare the seismic response of a conventional steel
raced frame, in which the steel braces are allowed to buckle, to a
uperelastic SMA bracing system, the three-story cross-braced
rame presented by Sabelli �16� is considered. Only a single
raced bay is studied based on the symmetry of the structure. The
eometric properties and member sizes are given in Fig. 6 for the
onventional steel braced structure. The second structure imple-
enting the innovative SMA braces is shown in Fig. 7 where the

eam and column members are sized the same as the conventional
teel braced structure. The SMA braces consist of a rigid segment
onnected to an SMA member in order to ensure that the defor-
ation occurs in the SMA segment of the brace. This is a concep-

Fig. 6 Elevation and plan
ual representation of an SMA bracing system implementing large

98 / Vol. 128, JULY 2006
diameter bars in which the bracing system itself is configured so
that the majority of the deformation occurs in the less stiff SMA
specimen with the remainder of the bracing system made of a
significantly stiffer member so as to only undergo minimal defor-
mation and no buckling. It is acknowledged that the actual non-
SMA segment may undergo some deformation in an actual brac-
ing device, resulting in somewhat higher displacements; but for
the purpose of this conceptual study, a rigid segment is assumed.
By configuring the SMA brace in this manner, the initial stiffness
of the bracing system can be adjusted with respect to the length of
the SMA segment and cross-sectional area of SMA material used.
The properties of the SMA segment are given in Table 1. In order
to compare the effectiveness of the SMA braces to the conven-
tional steel braces, they are designed to provide the same axial
stiffness and yield strength as the conventional steel braces, result-
ing in both structures having the same initial natural period. The
performance of the two braced frames is measured based on maxi-
mum interstory drift and the residual drift associated with the top
floor. A suite of ten LA ground motions with a 10% probability of

w of the three-story frame

Fig. 7 Detail of the innovative SMA braces in the three-story
frame

Table 1 Geometric characteristics of SMA segments

Story

SMAs braces for three-story frame

Length
�mm �in.��

Area
�mm2 �in.2��

1 829.84 �32.67� 5259.46 �8.15�
2 829.84 �32.67� 3794.60 �5.88�
3 829.84 �32.67� 2407.66 �3.73�
Transactions of the ASME
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xceedance in 50 years developed for the SAC building study are
sed in the nonlinear time history analysis to evaluate the struc-
ures �14�.

The nonlinear dynamic time history analyses are carried out
sing the OpenSEES �15� platform. For the simulation, the beam
nd column elements are modeled using nonlinear elements with
ber sections. A uniaxial steel material model is applied to these
lements. Fixed connections are assumed throughout the structure
xcept at the roof level where the beam-column connection is
odeled as pinned. The braces are pinned at either end in order to

nsure that they only carry axial load. P-� effects are taken into
ccount, and a 5% Rayleigh damping is specified based on typical
alues adopted for steel structures �16,17�.

The conventional steel braces are modeled with a modified ver-
ion of the hysteretic model that takes into account buckling under
ompression. The material properties used for the steel braces are
hose specified in Sabelli �16�. The superelastic SMAs are mod-
led using a modified uniaxial constitutive model proposed by
uricchio and Sacco �18�. The formulation, developed in the

mall deformation region, assumes that the stress-strain relation-
hip can be represented by straight segments whose form is deter-
ined by the extent of the transformation experienced. Further

ssumptions that no strength degradation occurs during cycling
19� and that the austenite and martensite branches have the same
odulus of elasticity �20� are made. The model for the SMA

races is shown in Fig. 8. Details in regard to the continuous
odel and its integration techniques are given in the work by
ugazza �21�. The properties of the SMA braces are based on the
ynamic experimental tests on the 12.7 mm �0.5 in.� diameter su-
erelastic NiTi specimens presented previously. It is assumed that
he large cross section allows the SMA segment to sustain both
ension and compression. Buckling of the SMA bars is prevented
y encasing the SMA bars in a grouted tube in which the SMA
ars are unbonded to allow for shape recovery.

The results of the analytical analysis of the three-story braced
rame for the La06 ground motion are shown in Figs. 9 and 10 for
he conventional steel braced and SMA braced buildings. Figure 9
rovides the lateral displacement time history of the upper left
ode of the structure. The maximum roof displacement is de-
reased significantly with the use of the SMA bracing system
s compared to the conventional buckling-allowed bracing
ystem. The maximum lateral roof displacements are �480 mm
�18.9 in.� for the steel braced frame as compared to �99 mm
3.9 in.� for the SMA braced frame resulting in a 79% reduction in
he maximum roof displacement. In general, the large roof dis-
lacement of the steel braced frame suggests possible collapse due
o instability associated with P-� effects, but collapse of the struc-
ure is not considered as part of this analysis. The force-
isplacement curves for the bottom brace of both structures un-

Fig. 8 Force-displacement relationship for the SMA braces
ergoing the LA06 ground motion are shown in Fig. 10. The steel

ournal of Engineering Materials and Technology
brace underwent larger deformations compared to the SMA brace.
This can be attributed to the steel braces experiencing early buck-
ling, resulting in a decrease in stiffness with respect to the SMA
braces and a significant accumulation of residual strain. The SMA
braces reached the forward transformation stress in negative de-
formation, but the recentering capability of the SMA resulted in
no permanent residual deformation. The results suggest that the
braces in a SMA braced frame would not have to be replaced
given the minimal deformations ��24 mm ��0.95 in.�� experi-
enced as opposed to conventional steel braces which have yielded
and permanently deformed. The ability of the SMA bracing sys-
tem to maintain its initial stiffness, accumulate no residual strain,
and sustain both tensile and compressive loadings results in a
reduction in the response of the frame.

Given the performance of the shape memory alloy bracing sys-
tem, a third structure was analyzed that implemented one-half the
cross-sectional area and one-half the length of the initial SMA
bracing system shown in Table 1. The reduced SMA braced struc-
ture has the same natural period as the other two structures be-
cause of the reduction of both the cross-sectional area and the
length, but the braces undergo the phase transformation at one-
half the force of the original SMA structure. Plots of the maxi-
mum interstory drift and residual drift of the top floor with respect
to the ten ground motions are shown in Fig. 11. The results pro-
vide evidence that superelastic SMA braces reduce the maximum
interstory drift for concentrically braced frames compared to
buckling-allowed steel bracing systems. In all cases, the SMA
braced structure and reduced SMA braced structure have a maxi-
mum interstory drift of �1.1% and �1.25%, respectively, where
the smallest maximum interstory drift for the conventional steel
braced frame is �1.3%. On average, the original SMA braced
frame sustained maximum interstory drifts of 2.78% �reduction of
76%� less than those experienced by the conventional steel braced
frame. These results can be attributed to the recentering capability
of the superelastic SMAs, resulting in less accumulation of re-
sidual strain in the bracing members and the SMA bracing system
maintaining its initial stiffness for low strain cycles. Comparing
the original SMA braces to the reduced SMA braces, the maxi-
mum interstory drift only increased by �0.14% as a result of the
decreased SMA area. This result suggests that smaller amounts of
SMA material can be used in bracing systems, which would help
to reduce the cost of such a system.

The top floor residual drift results provide further evidence of
the effectiveness of the innovative bracing systems. The maxi-
mum residual drift sustained by the steel braced, SMA braced, and
reduced SMA braced structures are 1.19%, 0.013%, and 0.031%,
respectively. For all of the ground motions, the SMA braced and
reduced SMA braced structure underwent only small residual

Fig. 9 Displacement time history of the roof experienced in
the three-story frame excited by the LA06 record
drifts as compared to the conventional steel braced structure as a
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esult of the recentering capability. The steel braces underwent
ermanent yielding and buckling, reducing the effectiveness of the
teel braces when a number of larger displacement cycles occur.
iven the maximum roof displacements of some of the steel
raced frames, it is also suggested that larger residual strains
ould be associated with the steel braced structures if collapse or
artial collapse is considered. The residual drifts of the reduced
MA structure compared favorably to those of the original SMA
raced structure with residual drift remaining considerably low
ompared to the steel braced structure. This result further suggests
hat a reduced area of SMA can be used in seismic applications.
verall, the superelastic SMA bracing system proved to reduce

he structural vibration more effectively than the conventional
teel braces.

onclusion
This study considered the use of superelastic shape memory

lloys for seismic vibration control of typical structures. The abil-
ty of superelastic SMAs to undergo large deformation while re-
urning to their original undeformed shape by undergoing a unique
isplacive �diffusionless� martensitic phase transformation pro-
ides a means to control structural vibration through a combina-
ion of recentering capability and hysteretic damping. Both small
iameter superelastic NiTi wire and larger diameter superelastic
iTi bars showed good superelastic behavior under uniaxial ten-

ile cyclic loads equivalent to an earthquake. Under both quasi-

Fig. 10 Force-displacement relationship experienced by one
and „b… SMA brace

Fig. 11 „a… Maximum interstory drift and „b… residual drift o

with either conventional steel braces, innovative SMA braces, or

00 / Vol. 128, JULY 2006
static and dynamic loadings, both size specimens produced the
flag-shaped hysteresis associated with the superelastic effect with
only a small distortion to the unloading plateau at larger strain
levels. In general, the residual strains for the wire specimens after
several 6% strain cycles were between 70% and 80% higher than
those found for the larger diameter bar specimens. However, in all
cases, the residual strain remained below 1.2%, suggesting that
both small wires and larger diameter bars, which may be more
economical for structural vibration control, can provide recenter-
ing capabilities up to strain levels associated with seismic events.
The damping capacity was found to be higher for the wire speci-
mens by �2–3% equivalent viscous damping as compared to the
bar specimens; however, the low equivalent viscous damping val-
ues suggest that superelastic SMAs should not be used as purely
damping devices. The material test results suggest that SMA wire
or bars can provide recentering capability and some added damp-
ing capacity to a structure when implemented as vibration control
or recentering devices in structures.

The results of the materials study were used to calibrate a three-
story small scale proof-of-concept model containing superelastic
SMA braces that was run on a small-scale shaking table. The
results showed an increase in the floor accelerations with the
implementation of SMA braces as opposed to the unbraced struc-
ture. Although the accelerations increased, the rate at which the
structural vibrations damped out was faster when the SMA braces
were used. Furthermore, an analytical model of a three-story steel

the bottom braces excited by the LA06 record: „a… steel brace

e top floor exhibited by the three-story steel braced frame
of
f th

innovative SMA braces with a reduced cross-sectional area
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rame with either a conventional steel buckling-allowed cross-
racing system or a superelastic SMA cross-bracing system was
eveloped. The dynamic performance under seismic inputs of the
wo bracing configurations is evaluated. The results showed sig-
ificant decreases in the maximum interdrift values with the use of
MA braces and almost no residual displacements due to the re-
entering capability of the SMA material and the ability of the
MA braces to resist buckling. The conventional steel braces un-
erwent yielding and buckling, resulting in permanent story drifts
nd less effective seismic vibration control. The results suggest
hat a comparison of SMA braces that can sustain only tension
oadings with conventional steel braces and a comparison of
uckling-restrained steel braces to SMA tension-compression
races may provide further insight into the viability of using SMA
races, particularly in terms of reducing residual drifts. More ac-
urate models of the SMA bracing system behavior can then be
tudied as actual systems implementing large diameter sections
re constructed and tested.

The goal of this study was to illustrate the use of superelastic
MAs in seismic response control of civil engineering structures

hrough added recentering capability. The results show that the
arger diameter bars perform as well as wire specimens that are
urrently being used in non-civil-engineering applications. More
mportantly, the unique properties of SMAs appear to provide a

eans of reducing vibration response of a structure during seismic
vents, although further research is needed in order to determine
ethods to increase the damping capacity of SMAs and reduce

he degradation of some of the superelastic properties under high
train rates.
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omenclature
Ei � initial modulus of elasticity

SMA � shape memory alloy
�R � residual strain
�L � loading plateau stress

�UL � unloading plateau stress
�eq � equivalent viscous damping ratio
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