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Shape memory alloys (SMAs) are a class of materials that have unique properties,
including Youngs modulus-temp erature relations, shape memory e ects, superelastic
e ects, and high damping characteristics. These unique properties, which have led to
numerous applications in the biomedical and aerospace industries, are currently being
evaluated for applications in the area of seismic resistant design and retrot. This paper
provides a critical review of the state-of-the-art in the use of shape memory alloys for
applications in seismic resistant design. The paper reviews the general characteristics
of shape memory alloys and highligh ts the factors a ecting their properties. A review
of current studies show that the superelastic and high-damping characteristics of SMAs
result in applications in bridges and buildings that show signi can t promise. The barriers
to the expanded use of SMAs include the high cost, lack of clear understanding of
thermo-mechanical processing, dependency of prop erties on temp erature, and dicult vy
in machining.

Keywor ds:

1. Intro duction

Shape memory alloys are a classof materials that can recover from large strains
through the application of heat (known as the shape memory e ect) or removal
of stress(known as the superelastic e ect). This results in seweral unique charac-
teristics, including Young's modulus-temperature relations, shape memory e ects,
superelastic e ects, high damping characteristics, and re-certering capabilities.

The rst obsenation of the shape memory e ect was recordedin 1932 [Chang
and Read, 1932]. Chang and Read noted the reversibility of the transformation
in AuCd through metallographic obsenations and resistivity changes.The shape
memory e ect wasseenin Cuzn and AuCd in 1938and 1951, respectively. In 1961,
Buehler and Wiley developed a seriesof alloys exhibiting the shape memory e ect
while working for the US Naval Ordinance Laboratory [Buehler and Wiley, 1961].
Thesealloys consistedof an equi-atomic composition of Nickel and Titanium (NiTi).
This alloy is commonly referredto asNitinol, an acronym for Nickel Titanium Naval
Ordnance Laboratory [Jackson et al., 1972].
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These discoveries sparked researt investigating both the characteristics of the
material as well as their potential use in practical applications. Previously, the
use of SMAs had been limited for seweral reasons.In addition to the high cost
for raw materials, the required processing,macdining, and heat treatment further
increasedthe cost. Another drawbadk wasthe lack of information about the thermo-
medhanical properties of shape memory alloys. Over the past 10to 15years,seweral
studies have provided a better understanding of the behaviour of shape memory
alloys, and illustrated their potential usein practical applications. Additionally , the
costhasdecreasedsigni cantly, and is no longer consideredprohibitiv ely expensive.
This hasled to the use of SMAs in a number of medical and commercial products.

The biomedical eld was the rst to fully exploit the unique characteristics
of SMAs. Since SMAs have excellert biocompatibilit y, their unique characteristics
could be utilised for the dewvelopmert of humerous medical tools and devices.The
needto nd lessinvasive medical proceduresresultedin seeral medical applications
of SMAs [O'Leary et al., 1990]. Included among these are medical sterts [Duerig
et al., 1997] Iters [Duerig et al.,, 1999] and dental archwires [Sadhdeva and
Miy azaki, 1990].Other elds havealsofound usesfor SMAs. The aerospaceandustry
hasadopted SMAs asa meansto cortrol the vibration of helicopter blades[Schetky,
1999] and airplane wings during ight [eSMART, 2002]. Sewral commercial
products, such aseyeglassframes[Chute and Hodgson,1990],golf clubs [PixI, 2002]
and cellular phone antennas [NDC, 2001], are made using SMAs. Advancesin
researh have led to the cortinuing increasein the number of applications using
SMAs.

SMAs are beginning to emergeas a potential material for various applications
within the eld of civil engineering. The unique properties that make SMAs
useful for commercial and biomedical applications can also be utilised in seismic
resistart design and retrot applications. SMAs have demonstrated energy
dissipation capabilities, large elastic strain capacity, hysteretic damping, excellert
high/lo w-cycle fatigue resistance,re-certering capabilities and excellert corrosion
resistance. All of these characteristics give SMAs great potential for use within
seismicresistart designand retrot applications.

While shape memory alloys have demonstrated excellert potential for use in
seismicresistart applications, there is a limited understanding about the potential
and limitations of the material. There have beenconicting experimental results
among the various studies of SMAs. Much debate has occurred over the
energy dissipation and re-certering capabilities of the material. Analytical and
experimental studies in which SMAs have been used within a structure have
reported varying degreesof success.Many of the discrepanciesare due to the
dierences in the material characteristics, which may be a result of dierent
manufacturers, sizes and compositions. Nevertheless, it can be stated that the
unigue properties make shape memory alloys extremely attractiv e as a tool for
future usewithin seismicprotection systems.This paper summarisesthe basicchar-
acteristics of shape memory alloys, highlights the factors a ecting their response
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summarisesthe current state-of-the-art in researdr on shape memory alloys as
it relates to seismic applications, and illuminates the potential, as well as the
limitations of the material for seismicapplications.

2. Shape Memory Allo ys: The Shape Memory and
Superelastic E ects

Shape memory alloys (SMAs) are a class of alloys that display seweral unique
properties, including shape memory and superelastice ects. In its low temperature
phase,SMAs exhibit the shape memory e ect (SME). Originally in its martensitic
form, the SMAs are easily deformed to seweral percernt strain. Unloading results
in a residual strain, as showvn in Fig. 1. Heating the resulting specimen above a
pre-determined temperature results in phase transformation, and a recovering of
the original shape (i.e. removal of the residual strain).

In its high temperature form, SMAs exhibit a superelastic e ect. Originally
in austenitic phase, martensite is formed upon loading beyond a certain stress
level, resulting in the stressplateau shown in Fig. 1. However, upon unloading, the
martensite becomesunstable, resulting in a transformation back to austenite, and
the recovery of the original, undeformed shape.

While Nitinol has becomethe most commonly usedtypes of SMA, due to its
relatively low cost when comparedto other typesof shape memory alloys aswell as
its superior medanical behaviour, seweral other compositions of SMAs have been
deweloped. Seweral studies have investigated the di erent typesof SMAs, partially
to de ne the characteristics of the di erent alloy, but alsoto nd the optimal alloy
for seismicapplications [Koval and Monastyrsky, 1995; Serneels,1999; Zhao, 2001].
The MANSIDE project, a multiple-y ear e ort funded by the European Union,
studied the e ect of various compositions for SMAs, including NiTi, CuZnAl,
CuAlINi, FeMn, MnCu and NiTiNb [MANSIDE, 1998]. From their study, it was
found that NiTi is the most appropriate shape memory alloy due to its excellert
superelasticity, large recoverable strains and excellert corrosionresistance.CuZnAl
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Fig. 1. (left) Idealised stress-strain curve for shape memory, and (right) superelastic e ect.



August 18,2003 11:12 WSPC/124-JEE 00129

4 R. Desroches & B. Smith

and CuAINi exhibit superior damping within a very limited range of temperature,
while FeMn and MnCu exhibit no superelasticity. NiTiNb exhibits better super-
elastic behaviour and is less dependert on temperature variations than other
alloys. However, it is approximately 50% more expensive than NiTi and had only
demonstrated superelastic properties when it is in wire form.

3. Mechanical Prop erties of Shape Memory Allo ys

The medanical properties of SMAs, as well as how they vary under dierent
conditions, needto be understood before the potential and e ectivenessof SMAs
within seismicretrot applications can be evaluated. Previous studies, focusing on
the cyclical properties, strain rate e ects, and temperature e ects are discussed
below.

3.1. Cyclic al properties

The cyclic behaviour of SMAs are critical if they are to be usedin seismicappli-
cations. Figure 2 shows a stress-straindiagram of a Nitinol SMA wire (Austenitic)
subjected to cyclical loads. Seeral obsenations could be made from the gure.
First, repeated cyclical loading leadsto gradual increasesin the residual strains.
This results from the occurrenceof microstructural slips during the stress-induced
martensitic transformation, which causesresidual strains and internal stresses.
[Xie et al., 1998; Liu et al., 1999; Sehitoglu et al., 2001]. The other obsena-
tion is that the forward transformation stress decreasesfor increasing cyclical
loading. This also occurs becauseof the microstructural slips, which inhibits the
formation of stress-inducedmartensite upon additional cycling. As a result, the
martensitic forward transformation stressis reduced. Following the samelogic, the
stressrequired to induce the reversetransformations is also reduced by repeated
cycling. However, the reduction in the reversetransformation is lessthan that in

Fig. 2. Stress-strain hysteresis of superelastic NiTi bars [Kaounides, 1995].
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the forward phasetransformation. This results in a decreasen the hysteresisand
energy dissipation of the specimen [Miyazaki et al., 1990; Tobushi et al., 1992;
Picornell et al., 1994;Kaounides, 1995; Tobushi et al., 1996;Van Humbeedk, 1999].
For earthquake applications, the number of cycles,N, that would be consideredis
in the range of 5{10. According to Fig. 2, this would result in an approximately
40% decreasen the stressplateau in later cycles,as comparedwith the rst cycle.

The degradation of the cyclical properties of the SMAs, known as fatigue, could
be improved with larger amounts of cold-working, annealingat lower temperatures,
cycling under lower stressesand cycling at faster rates [Friend and Morgan, 1999].
Training, which consistsof pre-cycling of the specimen,hasbeenshaown to decrease
the fatigue e ect [Scherngell and Kneissl, 1999].

A few studies have investigated the e ects of prestressing SMA wires before
cycling. Seweral studies have shawn that that for e cien t energy dissipation, SMA
wires must be pretensionedto half of the maximum strain and cycled around the
prestrained value [Wolons et al., 1998; Kolomytsev et al., 1998; Inaudi and Kelly,
1994; Whittak er et al., 1995]. Furthermore, increasingthe pretensioning decreases
the amount of energy dissipation obtained. Therefore, the pretension should be
limited to lessthan half of the maximum strain, in order to maintain an optimal
design.

3.2. Strain rate ee cts

Studieson strain rate e ects haveled to con icting results. In thesestudies,loading
rates were varied from essetially quasi-static (lessthan 0.01Hz) to very high rates
of loading (greater than 10 Hz). However, the rates which are most appropriate for
seismicapplications are those in which the loading rates are moderate (0.5{2 Hz).
Liu and Van Humbeedk [1997]were able to demonstratethat the damping capacity
of the superelastic NiTi increased as the strain rate increased. Studies by
Lin et al. [1993] Wolons et al. [1998], and Peidboeuf et al. [1998] found similar
results for a study of moderate strain rates. However, other researders have
found that increasedloading rates have led to reductions in hysteresisand energy
dissipation of the SMAs [DesRcaches et al., 2002; Kolomytsev et al., 1998; Dolce
and Cardone, 2001].1t is generally believed the rate e ects during cycling are due
to the heat generatedwhile going through the transformation.

The results from strain rate studies have led to conicting conclusions.Part of
this can be explained by the wide range of strain rates tested. Generally, studies
which did not vary the strain rates by a large amount shovedlittle di erencesin the
behaviour of the specimenas opposedto studieswhich varied strain rates greatly.
However, di erences were also due to the variations in material properties, testing
conditions, and samplesize.This clearly is an areawhere more researd is required.

3.3. Temperatur e e e cts

Temperature is likely the single most important factor when predicting the
behaviour of shape memory alloys. The shape memory processis a thermoelastic
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Fig. 3. Force-displacement plot of superelastic NiTi [Strnadel et al., 1995].

process,meaning, a decreasein temperature is equivalent to an increasein stress.
Therefore, as the temperature decreasesan increasein stressresults, thereby a
lower stress value is required to induce transformation, as shown in Fig. 3. A
specimentested at low tempature will exhibit the shape memory e ect, while the
same specimen tested at a high temperature may exhibit the superelastic e ect.
This can posesigni cant designissuesif the operating temperature of SMAs is not
known within a reasonablebound.

4. Wire-Based Seismic Devices Using Shape Memory Allo ys

The unique properties of SMAs have led to the dewvelopmert of sewral devices
which use SMA wire, as showvn in Fig. 4. Krumme et al. [1995] investigated a
\center-tapp ed" device.The devicewasconstructed sothat the SMA wire is always
loaded in tension, whether the deviceis subjected to tensile or compressie loads.
Advantages of this device includes large hysteretic damping, with the possibility
of a variety of force-de ection hysteretic shapes, highly reliable and speci ¢ energy
dissipation, negligible creep e ects, temperature insensitivity, excellert low-cycle
and high-cycle fatigue properties, aswell as excellert corrosion resistance.Overall,
center-tapped devices shoved potential as part of a seismic resistart system,
although full-scale deviceshave not beenvalidated.

Dolce and Marnetto [1999] developed a similar, more complex device, based
on the sameconcept as the certer-tapp ed device. This hybrid device consisted of
a bundle of NiTi wires that provided the re-cerntering capability, along with steel
elemers that provided the energy dissipation e ect. By combining both types of
elemerts, an optimal device could be achieved. Similar devices were created by
Whitak er et al. [1995]and Clark et al. [1995].
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Fig. 4. (left) Schematic of center-tapp ed device [Krumme et al., 1995], (right) schematic of similar
device by Dolce and Marnetto [1999].

Se\eral studies have analytically investigated the use of these types of devices
on the response modi cation of buildings. One such study by Higashino [1996]
investigatedthe energydissipation ability of a Nitinol damping deviceimplemented
into bracing elemens within structural frames.The damping devicetested consisted
of 210 loops of 0.447 mm Nitinol wire, pretensionedaround two cylindrical posts.
The study showvedthat the SMA dampersperformedwell, and reducedthe demands
on the structural elemers in the building. However, it should be noted that a large
cross sectional area of Nitinol would be required to meet the energy dissipation
needs. Similar studies were performed by Aiken and Kelly [1990], Sweeneyand
Hayes[1995],Brady et al. [1995],Davoodi et al. [1997], Dolce and Marnetto [1999]
and Eaton [1999]. Thesestudiesfound that the dynamic response,damping capacity
and recertering capability on a structural frame would all be greatly improved with
the addition of crossbracing with implemented SMA wire-baseddevices.

Valente et al. [1999]and Bernardini et al. [1999]also conducted studies looking
at a comparison of seweral conventional and innovative seismicprotection devices
using a 1/3 scalereinforced concretemodel frame on a shake table. The test results
showed that NiTi-based re-certering deviceswere more e ectiv e than steel bracing
in limiting the residual interstory drift, but were not as e ectiv e in limiting the
peak interstorey drift.

5. Applications of SMA in Seismic Retrot of Buildings

A study by Ohi [2001] investigated the use of SMA elemeris on steel frames.
Superelastic bracing elemeris were developed using Ternary Ni-Ti-Co SMAs, and
tested under cyclic loading to determine their characteristics. The braceswerefound
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Fig. 5. (left) Original test set up, (right) hysteresis of SMA connection [Ocel et al., 2002].

to return to their original shapes after being subjected to strains as large as 5%.
Also, the bracing provided some moderate hysteretic damping for strains greater
than 1%.

Ocel et al. [2002]investigated beam-columnconnectionsusing martensitic NiTi
SMA rods. The connectionwas designedsuch that the SMA rods (35 mm diameter,
381 mm in length) werethe primary sourceof momert resistancein the connection.
The SMA connection was tested quasi-statically and dynamically. The connection
was found to exhibit a stable and repeatable hysteresisfor cyclical loads up to 4%
storey drift (Fig. 5), which correspondsto a strain of 5% in the SMA. After the
initial test, the SMA rods were heated above the transformation temperature
to evaluate the potential for recovering the residual deformation. After heating
the rods for approximately 8 minutes at 300 degreesCelsius, the rods recovered
approximately 76% of their undeformed shape. The connection was retested, and
exhibited nearly identical behaviour to the original connection. Comparisonsof the
ervelop of the momert-rotation curve at 4% rotation shows that the dierence
betweenthe momert for initial test, and the test following the shape recovering is
lessthan 5 percert.

6. Existing Applications of Shape Memory Allo ys in
Seismic Rehabilitation

The rst known example of SMAs being applied in a structure is a rehabilitation

project undertaken by Indirli et al. [2001]. The S. Giorgio Church, located in

Trignano, Italy, was struck by a 4.8 Richter magnitude earthquake on October 15,
1996, resulting in signi cant damageto the bell tower within the church. Following
the earthquake, the tower wasrehabilitated using SMAs. Four vertical prestressing
steeltie barswith SMA deviceswere placedin the internal cornersof the bell tower
to increasethe exural resistanceof the structure, as shown in Fig. 6. The SMA
deviceswere made up of 60 wires, 1 mm in diameter and 300 mm in length. The
bars were anchored at the top and bottom of the tower. The goal wasto limit the



August 18,2003 11:12 WSPC/124-JEE 00129

Shape Memory Alloys in Seismic Resistant Design and Retrot 9

Fig. 6. Bell tower of the S. Giorgio Church: (a) Anchorages at the roof, (b) intervention scheme,
(c) anchorage at the foundation, (d) SMADs before assenbling, (e) SMADs after assenbling,
(f) intervention details, (g) bell tower after restoration [Indirli et al., 2001].

forceapplied to the masonryby post-tensioningthe SMA devices,thus guaranteeing
constart compressionacting on the masonry walls and keeping the applied force
below 20 kN. The retrot was tested by a minor m = 4:5 Richter magnitude
earthquake on June 18, 2000, with the same epicerter as the event in 1996.
After the main shock, the tower was investigated and no evidenceof damagewas
preseri. This Bell Tower retrot is one of the rst known applications of SMA
technology for seismicresistart designand retro t.

In a similar project, Croci [2001]and Castellano et al. [2001]studied the heavy
damagein the Basilica of St. Francesco,in Assissi, Italy, causedby a Septenber
1997 earthquake. The main challenge of the restoration wasto obtain an adequate
safety level, while maintaining the original concept of the structure. In order to
reduce the seismic forces transferred to the tympanum, a connection between it
and the roof was created using superelastic SMAs. The SMA device demonstrates
di erent structural properties for di erent horizontal forces.Under low horizontal
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Fig. 7. SMA devices in the Basilica of St. Francesco of Assissi [Castellano et al., 2001].

forces, the SMA is sti and allows for no signi cant displacemerts. Under high
horizontal loads, such as an earthquake, the SMA sti ness reducesto allow for
controlled displacemerts of the masonry walls. Under extremely intense horizontal
loads, the SMA sti ness increasesto prevent collapse. Figure 7 shows the SMAs
usedin the retro t.

7. Applications to Bridges

There are seweral studies which have evaluated the potential of shape memory
alloys in seismicresponse modi cation of bridges. Wilde et al. [2000] looked at a
variable baseisolation systemfor elevated highway bridges consisting of laminated
rubber bearings and SMA bars. The system was mathematically modelled and
analytically studied for earthquakeswith accelerationsof 0:2g, 0:4g and 0:6g. For the
smallestearthquake (0:20g), the systemprovided asti connectionbetweenthe pier
and the ded. For the medium earthquake (0:40g), the SMA bars provided increased
damping capabilities to the system due to the stress induced martensite
transformation of the alloy. For the largest earthquake (0:60g), the SMA bars
provided hysteretic damping and acted as a displacemen control device, due to
the hardening of the alloy after the phasetransformation is completed.

In another study using SMAs devices in bridges, Adachi and Unjoh [1999]
created an energy dissipation device out of a Nitinol SMA plate, designedto take
the load only in bending. The proof-of-conceptstudy is performed by xing oneend
of the plate to the shake table and the other other to a large mass(represering the
de). Shake table tests and numerical modelswereusedto con rm the feasibility of
such a device.The SMA damper systemreducedthe seismicresponseof the bridge,
and werefound to be more e ectiv ein the martensite form than the austenite form.
This is due to the improved damping properties when in the martensitic phase,as
comparedto the austenite phase.

DesRachesand Delemort [2001]cortin ued the examination of SMAs in bridges.
Their study preseried the results of an exploratory evaluation of the e cacy of
using shape memory alloy restrainersto reducethe seismicresponseof simple span
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bridges, as shown in Fig. 8. The study consistedof experimental evaluations of the
characteristics of SMA wires and bars, followed by analytical studiesevaluating the
e ects SMAs have on the seismicresponseof a MSSShridge. The results show that
SMA restrainers placed at the intermediate hinges can reduce the relative hinge
displacemen much more e ectiv ely than corvertional steel cable restrainers.

8. Conclusions: Adv antages, Dra wbacks and Poten tial

The unique properties of shape memory alloys makesthem an ideal candidate for
useasdevicesfor seismicresistart designand retro t. Experimental and analytical
studies of shape memory alloys show that they are an e ectiv e meansof improving
the responseof buildings and bridges subjected to seismicloading. The re-certering
potential of superelastic shape memory alloys is perhaps the most important
characteristic that can be exploited for applications in earthquake engineering
The ability to undergo cyclical strains greater than 6%, with minimal residual
strain (typically lessthan 1%), has been shonn to be useful as bracing elemerts
in buildings, and as restraining elemerts in bridges. Furthermore, the recertering
capabilities appear to be independert of the diameter of the specimen and
insensitive to the strain rate of the loading.

In the martensitic form, NiTi SMA displays an equivalent viscousdamping on
the order of 15{20% [Dolce and Cardone, 2001;Ocel et al., 2002]. The material does
not have nearly as high damping capacity in the austenitic form, which hastypical
equivalent viscousdamping ratios of approximately 4{8% [Dolce and Cardone, 2001,
DesRacheset al., 2002]. Howewer, in this form the material demonstratesrepeated
hysteretic damping, allowing it to provide damping throughout the cyclic loading
history. Researters have shown that one can optimise the performance of SMAs
by using a hybrid of both the martensitic form and the austenitic form, thereby
obtaining both re-certering and high damping.

Studies have shown that properly trained SMAs can undergo many cycles of
loading with little degradation of properties. This leadsto the potential of SMAs
to be usedin other applications, including wind and vibration cortrol.



August 18,2003 11:12 WSPC/124-JEE 00129

12 R. Desroches & B. Smith

In general,shape memory alloys can be formed aswires, rods, or plates. The ability
for forming various shapesfor SMAs providesthem with the exibilit y to be usedin
avariety of di erent typesof application. Furthermore, superelasticand martensitic
properties can be exploited in torsion and bending, aswell astension/compression.

While the aforemertioned characteristics illustrate the signi cant potential for
the dewvelopmert of a new class of seismic resistance devices based on SMAs,
there are seweral potential barriers to their implementation. SMAs are extremely
sensitive to compositional changes.Small changesto the componerts of an alloy can
signi cantly changethe medanical properties of the material, potentially leading
to undesirablecharacteristics. For SMAs to be widely used,quality control measures
would be required to ensure the proper and consistert composition and the
appropriate properties.

Additionally , SMAs canbe expensiweto use.The costhasdecreasedsigni cantly,
from approximately US$1100per kilogram in 1996to lessthan US$111per kilogram
today. The decreasein cost is due to increased demands and improvemerts in
manufacturing techniques. It is expectedthat the price will continue to decreaseas
further applications using large quartities are sough. Also, due to the hardnessof
the material, machining large bars is extremely di cult, and requires special tools
to be performed adequately Welding of shape memory alloys is often di cult. In
general,when Nitinol is weldedto another material, it createsa brittle connection
around the welding zone.Heat treatment is required to increasethe ductilit y of the
connection, however this generally eliminates the superelastic e ect of the alloy.

Oneof the primary barriers of the useof Shape Memory Alloysis the dependency
of the properties on the ambient temperature. Due to the thermo-mechanical
nature of the material, an increasein temperature is equivalert to a decreasein
stress,meaninglarger stressesare now required for the forward transformation. For
example,a10 C changein ambient temperature cana ect the transformation stress
by as much as 140 MPa. Sincethe forward and reversephasetransformations are
e ected di erently by changesto the temperature, the area of the hysteresis,and
subsequetly energy dissipation of the specimenare all a function of temperature.
Furthermore, extreme temperature conditions can completely eliminate the shape
memory or superelastic e ects within a specimen.

Researt in the use of SMAs for civil engineering applications is in its early
stagesand modest achievemeris have beenseenin only the past v e years. Many
of the above-mertioned barriers can be overcome through researd and close
collaboration between the civil engineering community, material sciertists, and
manufacturers of shape memory alloys.

References

Adachi, Y. and Unjoh, S. [1999] \Dev elopment of shape memory alloy damper for
intelligent bridge systems," Proceedings of SPIE; Smart Structures and Materials.

Aiken, I. and Kelly, J. [1990] \Earthquak e simulator testing and analytical studies of
two energy-absorbing systems for multistorey structures," University of California,
Berkeley Report, UCB/EER C-90-03.



August 18,2003 11:12 WSPC/124-JEE 00129

Shape Memory Alloys in Seismic Resistant Design and Retrot 13

Bernardini, D., Brancaleoni, F., Papacharalabous, E. and Zisiadis, A. [1999]\Shak e table
tests for reinforced concrete frames with conventional and shape memory alloy seismic
protection,” MANSIDE Project, 11169{176.

Brady, P., Sweeney S. and Hayes, J. [1995] \Adv ancing seismic structural resistance,"
ASEE Annual Conference Proceedings.

Buehler, W. and Wiley, R. [1961]\The properties of TiNi and assaiated phases," Report,
NOLTR 61-75[AD 266607],US Naval Ordnance Laboratory.

Castellano, M., Indirli, M. and Martelli, A. [2001] \Progress of application, researth
and development and design guidelines for shape memory alloy devices for cultural
heritage structures in Italy," Proceedings of SPIE; Smart Structures and Materials.

Chang, L. and Read T. [1951] Trans. AIME 191, p. 47.

Chute, D. and Hodgson, D. [1990] \Ey eglassframes and SMA | The challenge and the
product,” Engineering and Aspects of Shape Memory Alloys, pp. 420{425.

Clark, P., Aiken, I., Kelly, J., Higashino, M. and Krumme, R. [1995]\Exp erimental and
analytical studies of shape memory alloy dampers for structural control,” Proceedings
of Passive Damping, San Diego, CA, USA.

Croci, G. [2001] \Strengthening of the Basilica of St Francis of Assissi after the
September 1997 Earthquak e," Structural Engineering International .

Davoodi, H., Noori, M., Hou, Z. and Dimentberg, M. [1997] \Application of shape
memory alloys in vibration control," Proceedings of the 16th Canadian Congress
Applied Mechanics CANCAM , Quebec.

DesRaches, R., McCormick, J. and Delemont, M. [2003].\Cyclic properties of superelastic
shape memory alloys," ASCE Journal of Structural Engineering; Under Review.
DesRoches, R. and Delemont, M. [2001]\Seismic retrot of multi-span simply supported

bridges using shape memory alloy," Engineering Structures 24, pp. 325{332.

Dolce, M. and Cardone, D. [2001] \Mec hanical behaviour of shape memory alloys for
seismic applications 2. Austenite NiTi wires subjected to tension,"” International
Journal of Mechanical Scienaes 43, pp. 2657{2677.

Dolce, M. and Marnelto, R. [1999] \Seismic devices based on shape memory alloy,"
MANSIDE Project, 11105{134.

Duerig, T., Pelton, A. and Stockel, D. [1999]\An overview of nitinol medical applications,"
Materials Sciencee and Engineering A273 —275, pp. 149{160.

Duerig, T., Pelton, A. and Stockel, D. [1997] \Sup erelastic nitinol for medical device,"
Medical Plastics and Biomaterial Magazine, March.

Eaton, J. [1999]\F easibility study of using passive SMA absorbersto minimise secondary
system structural response,"” Master Thesis, Worcester Polytechnic Institute, MA.

eSMART [2002] http://www.cs.ualb erta.ca/ database/MEMS/sma mems/index2.html.

Friend, C. and Morgan, N. [1999] \F atigue/cyclic stability of shape-memory alloys,"
SMST-99: Proceedings of the First European Conference on Shape Memory and
Superelasticity, pp. 115{128.

Higashino, M. [1996] \Exp erimental and analytical studies of structural control system
using shape memory alloy," Second International Workshop on Structural Control,
Decenber 18{21, pp. 221{232.

Inaudi J. and Kelly, J. [1994] \Exp eriments on tuned mass dampers using visco-elastic,
frictional, and shape memory alloy materials,” First World Conference on Structural
Control, August 3{5, pp. 127{136

Indirli, M., Castellano, M., Clemente, P. and Martelli, A. [2001] \Demo-application of
shape memory alloy devices: The rehabilitation of the S. Giorgio Church bell-tower,"
Proceedings of SPIE; Smart Structures and Materials.

Jackson, C., Wagner, H. and Wasilewski, R. [1972]\55-Nitinol | The alloy with a memory:
Its physical metallurgy, properties, and applications,” National Aeronautics and Space
Administr ation, Report NASA-SP 5110.



August 18,2003 11:12 WSPC/124-JEE 00129

14 R. Desroches & B. Smith

Kaounides, L. [1995] \Adv anced materials | Corporate strategies for competitiv e
advantages in the 1990s," FT Management Reports, Pearson Professional Ltd.,
London.

Kolomytsev, V., Kozlov, A., SeerneelsA., Moorleghm, W. and Aslanidis, D. [1998]\E ect
of strain rate and sample size on features of non-linear deformation behaviour in
TiNi-based ribb ons and wires,” XXYIll Symposium of UIA, May 13{15.

Kovel, Y. and Monastyrsky, G. [1995] \On the nature of the variation of martensitic
transformations hysteresis and SME characteristics in Fe-Ni-based Alloys," Journal
de Physique IV ; Colloque C8 5, pp. 397{402.

Krumme, R., Hayes,J. and Sweeney S. [1995]\Structural damping with shape memory
alloys: One class of devices," Proceedings of SPIE [The International Scciety for
Optical Engineering], Smart Structures and Materials Conference, San Diego, CA,
Paper No. 2445-21.

Lin, H., Wu, S.and Yeh, M. [1993]\Damping characteristics of NiTi shape memory alloys,"
Metall. Mater. A 24, pp. 2189{2194.

Liu, Y. and Van Humbeed, J. [1997]\On the damping behaviour of NiTi shape memory
alloy," Journal de Physique Coll. IV 7, C5-519.

Liu, Y., Zeliang, X. and Van Humbeed, J. [1999] \Cyclic deformation of NiTi shape
memory alloys," Materials Science & Engineering A273 —275, pp. 673{678.

MANSIDE [1998], \Memory alloys for new structural vibrations isolating devices,"
MANSIDE Third Twelve Monthly Progress Report.

Miy azaki, S. [1990] \Thermal and stress cycling e ects and fatigue properties of Ni-Ti
alloys," Engineering Aspects of Shape Memory Alloys, pp. 394{413.

NDC, Nitinol Devices & Components [2001] < http://www.nitinol.com >, November.

Ocel, J., Leon, R., DesRoches, R., Krumme, R., Hayes, J. and Sweeney S. [2002]
\High damping steel beam-column connections using shape memory alloys,"
Proceedings from the 7th US National Conference in Earthquake Engineering, Boston,
Massadusetts.

Ohi, K. [2001]. \Pseudo-dynamic earthquake response tests and cyclic loading tests on
steel frames including pseudo-elastic elemerts,” NSF-JSPS, US-Japan Seminar on
Advancaed Stability and Seismicity Concept for Performance-tasel Design of Steel and
Composite Structures Ky oto, Japan.

O'Leary, J., Nicholson, J. and Gatturna, R. [1990] \The use of Ni-Ti in Homer
Mammalock" ," Engineering Aspects of Shape Memory Alloys, pp. 477{482.

Picornell, C., Sade, M. and Cesari, E. [1994] \Characteristics of the martensitic
transformation and the induced two-way shape memory e ect after training by
compressive pseudcelastic cycling in Cu-Zn-Al single crystals," Metall. and Mater.
Trans. 25A , pp. 687{695.

Piedboeuf, M., Gauvin, R. and Thomas, M. [1998],\Damping behaviour of shape memory
alloys: Strain amplitude, frequency and temperature e ects," Journal of Soundsand
Vibrations 214, pp. 885{901.

Pixl [2002], Pixl Golf Company, http://www.pixIgolf.com.

Sathdeva, R. and Miyazaki, S. [1990] \Sup erelastic Ni-Ti alloys in orthodontics,"
Engineering Aspects of Shage Memory Alloys, pp. 452{469.

Scherngell, H. and Kneissl, A. [1999] \In uence of the microstructure on the stability
of the intrinsic two-way shape memory e ect,” Materials Scienee and Engineering
A273 =275, pp. 400{403.

Schetky, L. [1999], \The industrials applications of shape memory alloys in North
America,"” SMST-99: Proceedings of the First European Conference on Shage Memory
and Superelastic Technologies pp. 248{255.



August 18,2003 11:12 WSPC/124-JEE 00129

Shape Memory Alloys in Seismic Resistant Design and Retrot 15

Sehitoglu, H., Anderson, R., Karaman, |., Gall, K. and Chumlyakov, Y. [2001] \Cyclic
deformation behaviour of single crystal NiTi," Materials Sciene and Engineering
A314 | pp. 67{74.

Serneels,A. [1999]\Shap e memory alloy characterization and optimization,” SMST-99:
Proceedings of the First European Conference on Shape Memory and Superelasticity,
pp. 6{23.

Strnadel, B., Ohashi, S., Ohtsuka, H., Ishihara, T. and Miyazaki, S. [1995] \Cyclic
stress-strain characteristics of Ti-Ni and Ti-Ni-Cu shape memory alloys," Materials
Science and Engineering A202 , pp. 148{156.

Sweeney S. and Hayes, J. [1995]\Shap e memory alloy dampersfor seismicrehabilitation of
existing buildings," Wind and Seismic E e cts; Proceedings of the 27th Joint Meeting.

Tobushi, H., lwanaga H., Tanaka, K., Hori, T. and Sawada, T. [1992] \Stress-strain-
temperature relationships of TiNi shape memory alloy suitable for thermomechanical
cycling," JSME Int. J. 35(3), pp. 271{277.

Tobushi, H., Yamada, S., Hachisuka, T., lkai, A. and Tanaka, K. [1996] \Thermo-
mechanical properties due to martensitic and reversible-phase transformations of
TiNi shape memory alloy subjected to cyclic loadings," Smart Material Structures
5, pp. 788{795.

Valente, C., Cardone, D., Lamunaca, B. and Penzo, F.[1999] \Shaking table tests of
structures with conventional and SMA based protection devices," MANSIDE Project,
11177{192.

Van Humbeed, J. [1999] \Non-medical applications of shape memory alloys," Materials
Sciene & Engineering A273 —275, pp. 134{148.

Whittak er, A., Krumme, R., Sweeney S. and Hayes, J. [1995] \Structural control of
buildings response using shape memory alloys,” US Army Corps of Engineers
Resarch Laloratories Technical Report 22.

Wilde, K., Gardoni, P. and Fujino, Y. [2000]\Base isolation system with shape memory
alloy device for elevated highway bridges," Engineering Structures 22, pp. 222{229.

Wolons, D., Gandhi, F. and Malovrh, B. [1998] \Exp erimental investigation of the
pseudcelastic hysteresis damping characteristics of shape memory alloy wires,"
Journal of Intelligent Material Systemsand Structures 9, pp. 116{126.

Xie, Z., Liu, Y. and Van Humbeed, J. [1998]\Microstructure of NiTi shape memory alloy
due to tension-compressioncyclic behaviour,” Acta Mater 46(6), pp. 1989{2000.
Zhao, C. [2001] \Shape memory stainless steels," Advanced Materials and Processes

pp. 33{35.



