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Abstract: Recently, with the improvement of materials and innovation, numerous new materials discover their applications in
structural designing to manage the infrastructure deteriorating. One example of these materials is smart material that needs a deep
attention, from study to application. Shape Memory Alloys (SMAs) are increasingly becoming a topic of research in the area of ‘smart
materials’. SMAs are novel functional materials, which can exhibit large strains under loading—unloading process without residual
deformation. They have the ability to remember a predetermined shape even after severe deformation. Under various temperatures, the
two phases of shape memory alloy, Austenite and Martensite, the smart material shows two uncommon properties not quite the same as
other metallic materials. One is shape memory, and the other is superelasticity. Both of these two properties can suit different
applications in structural engineering, for example, prestress bars, self-restoration, and two-way actuators, and so on. The aim of this
article is to investigate the using smart materials in enhancing the seismic behavior of structures by focusing on the literature review,
basic information collection, and basic mechanical properties of smart materials. This article first presents an overview of the
characteristics of SMAs associated with the temperature-induced and stress-induced reversible hysteretic phase transformation between
austenite and martensite. The recent experimental studies and numerical simulations, which have been led to demonstrate the powerful
role played by SMAs, are also presented in this article. Currently, research efforts have been extended to using SMAs as sensors,
actuators, passive energy dissipaters and dampers for shape control and vibration control of civil structures. This article then presents
a review of applications of the SMAs materials for controls of different structures. This article shows a broad survey of seismic uses of
SMAs. Initial, an essential portrayal of two special effects of SMAs, shape memory and superelastic effect, is given. Next, the material
models genius presented to catch the reaction of SMAs in seismic applications are quickly presented. Finally, utilizations of SMAs to
structures and extensions to improve seismic behavior are completely assessed.
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hinges were formed in beams instead of columns, the
structure would perform much better. The performance-
based design can be identified by these parameters [3]. The
known performance-based design approach is called the
direct displacement based design (DDBD) method. DDBD

1. Introduction

The smart materials refer to the materials that have unique
properties that can be utilized in structural elements to
enhance the behavior of the structure. A large number of

innovative systems and devices have been developed to
either reduce the earthquake forces acting on a structure or
to absorb a part of the seismic energy [1]. All the time,
various earthquakes occur all over the world, affecting a
huge number of lives. Structures are affected severely, urban
communities lose their capacity to work as extensions and
significant structures, for example, medical clinics, are
demolished; costing the city billions of dollars in harm.
Presently, seismic design takes into consideration structures
to encounter plastic deformation to dissipate the large
energy. Though, numerous structures may even now be
seriously harmed, destroyed, and should be wrecked.
Advancement of seismic designing methods is always
showing signs of change, and it will never dispense with the
repercussions of earthquake occasion. However, it is
conceivable to limit the harm so next to zero harm is done on
the primary structural members.

Recently, seismic design approaches have transformed from
a strength-based to deal with a behavior-based structure. As
far as seismic design, safety and breakdown counteractive
action was the main need. Park and Paulay understood that a
structure would perform better if the quality was conveyed
all through the structure instead of designing dependent on
the base shear [2]. Moreover, it was realized that if plastic

allows for a structure to experience a stable and reliable
hysteresis response with high levels of energy dissipation,
whilst having a lower stiffness. It has been found that
damage of a structure is better correlated to the
displacements rather than the forces it experiences, hence
why engineers have moved away from a strength-based
approach [4, 5]. The structures should little affected after
earthquake shock, this is more important factor has to be
taken into consideration. This could be happened in
structures which can be re-center itself after earthquake. To
overcome this deficiency, there have been intensive research
efforts in the field of structural engineering over the past
decades to employ smart materials technologies in seismic
response control of structures. A particularly appealing and
interesting class of smart materials is known as shape
memory alloys (SMAs). SMAs have the ability to regain
their original shape after being deformed well beyond 6—
8% strain [6]. Oudah [7] found that utilizing SMAs in plastic
hinge regions of structures may lead to re-centering of the
structure joints. As a results, to eliminate members damages.
Nowadays, SMAs have been widely investigated for their
possible application in civil engineering structures. This
article presents an in-depth review on recent development
for applications of smart materials in enhancing the seismic
behavior of structures. SMA, NiTi has been presented as an
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example of these smart materials. SMAs applications in
seismic engineering along with an overview of essential
mechanical characteristics and modeling techniques of
SMASs is presented.

2. Smart Materials and Smart Structures

Smart Materials are materials that respond to changes in
their environment and then undergo a material property
change. These property changes can be leveraged to create
an actuator or a sensor from the materials without any
additional control or electronics required. A smart structure
is a system containing multifunctional parts that can perform
sensing, control, and actuation; it is a primitive analogue of a
biological body. Smart materials are used to construct
these smart structures, which can perform both sensing and
actuation functions.

2.1 Types of smart materials

Piezoelectrics: Piezoelectric materials convert electrical
energy to mechanical energy, and vice versa. They offer a
wide range of utility and can be used as actuators (provide a
voltage to create motion), sensors, such as many
accelerometers, and energy harvesters since the charge
generated from motion can be harvested and stored.
Common applications for piezo materials are BBQ igniters
and actuators for inkjet printer heads.

Shape Memory Alloys: The most commonly available Shape
Memory Alloy is Nitinol, which was originally developed by
the Naval Ordinance Laboratory. SMA’s have the ability to
change phase as a function of temperature, and in that
process generate a force or motion. They are capable of
relatively high energy but move slowly. Typically
applications include morphing structures, thermal triggers,
and some high strain energy absorbing applications.
Advanced materials still under development include
magnetically activated shape memory alloys.

Magnetostrictive: Similar to piezoelectric materials that
respond to changes in electrical fields, this class of materials
responds to changes in magnetic fields and can perform as
an actuator, or sensor if deformed. While they can work
well, they exhibit a large hysteresis which must be
compensated when using the material in sensor applications.

Shape Memory Polymers: Shape Memory Polymers (SMP)
are similar to Shape Memory Alloys except the obvious fact
they are made from a polymer matrix. They possess much
greater recoverable strains than the alloys, but typically
under lower forces. Morphing structures has been the area of
greatest use to date for SMP’s.

Hydrogels: Hydrogels can be tailored to absorb and hold
water, or other liquids, under certain environmental
conditions. Hydrogels have been around for a long time,
specifically in disposable diapers. A key feature however is
the gels can be tailored chemically to respond to different
stimuli.

Electroactive Polymers: There are many forms of
electroactive polymers and many are still being refined.
They have great potential as the flexibility of how they can
be used provide advantages over some of the metals and
ceramics mentioned above. Most typically applications
include energy harvesting and sensing (see Stretchsense
development kit) however some researchers are looking at
high voltage, low current actuators.

Bi-Component Fibers: Adaptive thermal insulation can
enable smart clothing that can change its thermal properties
based on the environment.

3. Shape Memory Alloy (SMA)

A SMA is a developing material with unique properties
appropriate for enhancing the performance of structures in
seismic regions. To understand how SMA can be utilized to
limit damages of structures when a structure affected by
earthquake, it is important to know all information about
SMA.

3.1 SMA History

Shape memory effect in different alloys has been reported
since the mid 1930s, prompting various business items in the
mechanical and aerospace ventures. Ni-Ti is the most
commonly utilized SMA. In 1965, shape memory alloys
(Nitinol) as a smart material derived from Nickel and
Titanium were first patented by Buehler and Wiley [8] in
Naval Ordnance Laboratory. Since then, tremendous effort
has been infused to the utilization and study of this smart
material.

In recent years, the properties of SMAs have attracted the
attention of many researches for application to smart
structural systems. Although SMAs have been known for
decades, they have not been used in structures until rather
recently.

3.2 SMA Properties

SMAs are found in two main phases: the high temperature
phase, which is called austenite, and the low temperature
phase, which is called martensite. SMAs could be
transformed from austenite to martensite either by reducing
the temperature or by applying a mechanical stress. On the
other hand, martensite transforms into austenite by either
increasing the alloy’s temperature or removing the applied
stress. SMAs have four transformation temperatures: (a) the
austenite start temperature (TAs), where the austenite starts
to develop in the alloy; (b) the austenite finish temperature
(TAS), where the development of austenite in the alloy is
100% complete; (c) the martensite start temperature (TMSs),
where the development of martensite starts; and (d) the
martensite finish temperature (TMf), where the development
of martensite is 100% complete.

There are three groups of shape memory effects [9]. All of
them have one common speciality, namely at least one shape
(macroscopic state) of the material is recoverable. In the
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case of one-way effect the material gets a permanent
deformation by applying mechanical load in a relative cool
temperature (T < TAf). However, this deformation can
disappear by heating above TAf and it remains unchanged
during the cooling to the start temperature, Fig. 1.a.

When the start temperature is above TAf, mechanical load
can cause deformation, but it disappears during unload. It
seems like an elastic behavior, but the deformation can be
unusually great. This effect is the PE, which does not
concern only shape memory properties, Fig. 1.b.

The third effect is the two-way effect that requires only
thermal load to change between two stable shapes. One of
the shapes is stable above Tas and the other one is stable
below a different temperature Ty < Tas This effect can be
produced only after a special treatment, Fig. 1.c.
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Figure 1: Shape memory phenomena: one-way effect (),
pseudoelasticity (PE) (b), and two-way effect (c) [10]
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Behind these effects, there is a crystallographic
transformation, namely the martensitic phase transition. As it
can be seen from the phenomena, the phase transitions can
be induced by mechanical and thermal load. Figure 2 shows
the effects in a stress-strain-temperature space. The forward
(austenite to martensite, A—M) and backward (martensite to
austenite, M—A) transitions and their temperatures are also
illustrated.

Nitinol shape memory alloy (NiTi SMA) characteristics can
be shown comparing to steel, as shown in Table 1

Table 1: Comparison of NiTi and steel properties

Property NiTi Steel
Recoverable elongation 8% 0.2%
Young’s modulus 1.4-2.8E4 MPa | 2.07E5 MPa
Yield strength 70-140 MPa 248-517 MPa
Ultimate strength 2000 MPa 448-827 MPa
Elongation at failure 5-10% 20%
Corrosion performance Excellent Fair
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Figure 3 Temperature and deformation relationship of SMA
microstructure for shape memory effect and superelasticity
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Figure 4: Stress-strain relationship for shape memory effect
in SMAs
(c)
Figure 2: Shape memory phenomena in stress-strain-
temperature space: one-way effect (a), pseudoelasticity (PE)
(b), and two-way effect (c) [10]
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Figure 5: Stress-strain relationship for superelastic SMAs

Today, a wide range of SMA compositions has been
developed and investigated to improve the characteristics of
SMAs and the performance of structures in various
engineering applications. The NiTi alloys have been the
most commonly used and commercially available SMAs due
to their superior thermo-mechanical properties, reliability,
biocompatibility, and excellent strain recovery. In order to
reduce the cost of SMA materials, researchers have
developed different compositions of SMAs. The three major
types of SMA systems that have been most explored over the
last two decades are NiTi, copper (Cu), and iron (Fe) SMAs.

Table 2: Comparative advantages of three shape memory
alloy compositions

Property NiTi SMA | CuSMA | Fe SMA
Modulus of Elasticity Moderate Low High
Shape memory effect High Moderate| Low
Maximum recoverable strain 8% 5% <5%
Production cost High Low Low

Fabrication Low Good  |Moderate
Workability Moderate Low Good
Processing Demanding | Easy Easy

4. Using SMA in Enhancing Seismic Behavior
of Structures

SAM has been researched in wide range to be used in
seismic control. SMAs shape memory effect have been
investigated for vibration control techniques [11,12]. SMAs
are considered in many structural applications where exhibit
the superelastic effect. The SMAs properties enable them to
be used in structural applications. These properties like re-
centering ability, energy dissipating capacity, SMAs
superelastic and the ability to undergo large deformations, in
addition to good fatigue resistance, and excellent corrosion
resistance. The limitations of existing technologies for
passive protection devices can be summarized as follows:
1) Problems related to ageing and durability (e.g., rubber
components).
2) Difficulty in maintenance (those based on fluid
viscosity)
3) Installation complexity or replacement and geometry
restoration after strong events (those based on steel
yielding or lead extrusion)

4) Variable performances depending on temperature
(polymer based devices)

Properties, which enable SMA for civil

application are:

1) Repeated absorption of large amounts of strain energy
under loading without permanent deformation

2) Possibility to obtain a wide range of cyclic behaviour
from supplemental and fully recentering to highly
dissipating by simply varying the characteristics of
SMA components.

3) Strain range of 2 to 10%

4) Extraordinary fatigue resistance under large strain
cycles.

5) Their greater durability and reliability in the long run.

engineering

4.1 SMA as beam-column connection

There are several studies that investigated the use of SMAs
as beam-column connection elements, Fig. 6. Ocel et al. [13]
experimentally evaluated the performance of partially
restrained steel beam-column connections using martensitic
SMA:s. Four large diameter NiTi bars were used to connect
the beam flange to the column flange and serve as the
primary moment transfer mechanism. Two SMA-based full-
scale connections were tested under static and dynamic
cyclic loading. The SMA bars were heated above the
transformation temperature to initiate shape memory effect
after the initial test. It was observed that the SMA
connections were able to recover 76% of the beam tip
displacement.

Ma et al. [14] studied a self-centering beam-column
connection using superelastic SMAs. The connection
consists of an extended end-plate, long beam SMA bolts,
continuity plates, beam flange ribs, and web stiffeners. The
steel I-beam and column were connected by the extended
end-plate and eight long beam superelastic NiTi bolts. The
SMA connection was modeled in the finite element program
ANSYS and numerical simulations were performed to
predict the behavior of the connection. The connection was
found to have good energy dissipating characteristics and
ability to recover 94% of its total deformation. No local
buckling of the connecting beam, typically observed in
traditional connections, occurred during the whole loading
history, Fig. 7.

Youssef et al. [15] explored the feasibility of using
superelastic SMAs as reinforcement in beam-column joints
of RC structures. They tested two large-scale beam-column
joint specimens. One specimen was reinforced with regular
steel rebars, while the other was reinforced with NiTi
longitudinal rebars in conjunction with steel rebars. The
results demonstrated that SMA reinforced beam-column
joints had lower energy dissipation capacity and lower bond
strength to concrete compared to those of steel joints; yet,
they recovered most of its post-yield deformation whereas
steel joint experienced large residual drifts. This indicates
that an SMA joint can remain functional even after a strong
earthquake. The same researchers also developed a
numerical model that can simulate the behavior of SMA-RC
beam-column joints in another study [16].
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DesRoches et al. [17] also studied the seismic performance
of steel frames with beam-column connections that
incorporate SMA bars. They considered a superelastic SMA
connection with re-centering capability and a martensitic
SMA connection with energy dissipation capacity.
Numerical models of both connections were developed in a
finite element analysis and validated using full scale
experimental test results. Then, the models were
implemented to carry out nonlinear time history analyses of
three and nine story moment-resisting frames. SMA
connections were found to be most effective in controlling
structural response under high levels of seismic intensity. In
a companion paper, the researchers carried out a
probabilistic seismic demand analysis to assess statistically
the efficacy of utilizing SMA connections in steel moment-
resisting frames [18].

Speicher et al. [19] created a simple ductile re-centering
system so they tested a steel beam-column connection with
steel tendons and NiTi tendons embedded at the connection
point. They found that the NiTi SMA tendons were able to
recover 85% of their strain when cycled to 5% drift; whereas
the steel tendons lost their re-centering abilities at a 1.5%
drift. The SMA system proved to be very effective as the
connection was able to reach a 5% drift with little residual
deformations. SMA connections are not only for beam-
column joints but they have been applied to shear walls.
Wang and Zhu [20], placed SMA bars at the base and at the
top of the wall, where the plastic hinge would typically
develop. When the wall was subjected to the loading, it was
able to reach a peak drift of 2.5% and a maximum strain of
3.3% in the SMA bar with almost zero residual deformation.
In 2010, Roh and Reinhorn [21] studied the hysteretic
behaviour of rocking segmental bridge piers reinforced with
SMA bars. A rocking column is a type of double hinged
column where it is only connected through compression at
the contact surfaces, it has been shown to reduce the
maximum acceleration and thus the associated forces of the
earthquake. Twelve unbonded Nickel Titanium (NiTi) SMA
bars were placed around the square precast concrete column
and anchored to the footing of the column to prevent
premature failure. The SMA bars removed the plastic hinge
that would form when the column rocked. A bonded post-
tensioned (PT) cable was placed down the center of the
segmental pieces to hold the segments together as well as it
provided additional re-centering abilities. By providing the
SMA, they found that not only was complete damage to the
column avoided, but the self-centering ability allowed for the
structure to undergo subsequent shocks. Oudah [22] studied
the seismic performance of single-slotted and double slotted
self-centering concrete beam-column connections that were
strengthened using PE NiTi SMA bars. By doing so, he
suggested that it would relocate the location of the plastic
hinge away from the face of the column. At the connections,
he placed the SMA bars to re-center the structure as well as
to dissipate some of the seismic energy. He found that using
PE SMA bars significantly improved the seismic response of
the proposed system by achieving a self-centering behaviour
and thus minimizing permanent damage done on the
structure. However, he found that the use of SMA bars led to
a reduction in the damping capabilities. Another drawback of

the system is providing proper anchorage for the SMA bar so
that failure does not occur before the full capacity of the
material is met.
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Figure 6: Innovative Steel Beam-Column Connection Using
Shape Memory Alloys Tendons
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Figure 7: The SMA connection diagram
4.2 SMA as base connectors

The anchor bolts are used for column bases in steel
structures. Column base and anchor bolts behavior have a
strong effect on the overall behavior of the steel frames,
hence improvement of the anchor bolts behavior in the
column base connections is most important, and so a more
attention should be paid to the proper modeling and the right
construction. Mohamed Omar et al. [23] presented a
numerical parametric study of the steel tower cable-stayed
bridge which has been conducted to investigate the
efficiency of the shape memory alloy anchor bolts in order to
enhance the seismic behavior of cable stayed bridge. The
proposed anchorage system of the bridge tower was
presented with a numerical modeling of the new shape
memory alloy. It is found that the shape memory alloy is
more effectively reduced maximum displacement at the
tower top and it provides a large elastic deformation range in
comparison with ordinary steel anchor bolts. Also, SMA
anchor bolts have the ability to return to its original shape
after cyclic loadings and therefore their resisting
performance remains the same to prevent plastic deformation
and damage in the structural columns. SMA anchors are very
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effective in dissipating energy and reducing the total input
energy of the whole towers under severe seismic ground
motion. Using of the SMA anchor bolts is more effectively
in controlling the reaction force at the base tower and
stresses, Fig. 8.
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Figure 8: Schematic of SMA bar anchorage for a column
4.3 SMA as dampers

Large number of researchers studied the SMA as damper
devices to control the vibration of buildings [24-30].
Dampers are the most commonly used devices in seismic
control of structures. The structures include viscous fluid
dampers, viscoelastic solid dampers, friction dampers and
metallic dampers. These devices are utilized to reduce
damages of structures by reducing the inelastic energy
demand on the system. The problem in these devices that
they give a large amount of deformation of structure
elements though enhancing the seismic behavior under
strong events resulting in the need for repair or replacement.
Ozbulut and Silwal [31], examined the performance of
Superelasic-Friction Bearing Isolator (S-FBI) composed of
flat steel sliding bearing and superelastic SMA cables. A
three-story building was modeled and asset using numerical
methods. They determined that when the structure was
subjected to seismic loading the control fixed-base model
experienced a higher drift and larger floor accelerations
when compared to the S-FBI system. In particular, the
interstory drift decreased from 3.2% to 1.5% and the peak
story acceleration was reduced by 64% relative to the fixed-
base model. Similarly, Qian et al. [32], combined SMA
wires and friction devices to create a damper that was more
efficient in dissipating the energy and recentering the system.
The research findings showed the success of the developed
SMA friction damper with enhanced structural performance
compared to the system without the device, Fig 9.

Han et al. [33] developed an SMA damper that can
simultaneously work in tension, compression, and torsion.
The damper utilizes superelastic NiTi wires that are
subjected to tensile strains for all loading cases. To the
verify effectiveness of the damper for tensile, compressive,
and torsional motion, analytical and experimental studies
were carried out on three reduced scale dampers. Ma and

Cho [34] proposed an SMA-based damper consisting of pre-
tensioned superelastic SMA wires which provide energy
dissipation capacity and two pre-compressed springs which
supply restoring force. Numerical studies were conducted to
validate the expected behavior of the device. The results
revealed that a 1 m long damper can attain an equivalent
damping ratio of 12% with a displacement stroke of 30 mm
and full re-centering capability. Van de Lindt and Potts [35]
proposed an SMA-based device for mitigating seismic
response of wood frame structures. The device consists of an
inner tube and an outer tube. Two studs are connected to the
inner tube and one stud is connected to the outer tube. The
SMA wires were installed between these studs and pre-
strained.

Li et al. [36] designed two types of SMA-based devices
where SMA wires are always subjected to elongation and
investigated the performance of the devices by performing
shake table tests on a five-story steel frame. Zhang and Zhu
[37] investigated an SMA-based device, termed reusable
hysteretic damper (RHD). The device comprises two blocks
that slide past each other and superelastic NiTi wires
attached to the sliding blocks. The hysteretic behavior of the
damper can be tuned by adjusting the inclination angle of the
wires, the pre-tension level, and the friction coefficient of the
sliding surface. In another study, Zhu and Zhang [38] studied
the performance of a similar device based on the same
concept as the RHD. In this configuration, the energy
dissipation capacity of the device was enhanced by adjusting
the normal force at the contact surface of sliding blocks with
applied bolts, Fig. 10.

Yang et al. [39] proposed a hybrid device which combines
re-centering SMA wires with energy absorbing steel struts.
The device also utilizes two high strength steel tubes to
guide the movement of SMA wires and struts, Fig. 11.
Speicher et al. [40] designed a tension/compression device
for seismic retrofit of buildings. The device makes use of
NiTi helical springs or NiTi Belleville washers in
compression. The results of cyclic loading tests suggested
that helical springs have good re-centering and damping
characteristics while Belleville washers can be used for
energy dissipation purposes in an SMA device.

Li et al. [41] directed a hypothetical report on the vibration
moderation of a consolidated link SMA damper framework.
It was discovered that a SMA damper is prepared to do at
the same time stifling the link vibration dominated by the
initial couple of modes, yet it was noticed that the
presentation of the SMA damper significantly relies upon
different plan qualities of the damper. In another
investigation, Liu et al. [42] completed test examinations on
the consolidated remain link model-SMA damper framework
to check the numerical investigation.

Zuo and Li [43] built up a SMA damper utilizing
superelastic SMA wires and numerically and experiment
count examined the viability of the damper on the vibration
moderation of a link exposed to free and constrained
vibrations. A scaled model link stayed scaffold was
considered as exploratory test stage. The outcomes
demonstrated that SMA dampers can both lessen the
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Figure 11: (a) SMA wires inside a hybrid device with clevis
pins for chevron bracing; (b) SMA wires inside a hybrid
device with clevis pins for diagonal bracing

4.4 SMA as bracing

One of the most popular systems used to enhance the lateral
seismic response of frames is the bracing systems. From
experimental and numerical studies on SMA as bracing
systems, it is found that using the SMA in bracing system
can enhance the seismic response by recentering the system
as well as dissipating some of the energy, Figs. 12, 13 and
14. Qiu and Zhu [44], investigated the seismic performance
of a six-story concentrically braced SMA frame through a
numerical analysis. Results showed that the system can
successfully mitigate the high-mode effect which results in a

it to a seismically deficient squat RC shear wall. They found
that the energy dissipation was substantially increased by the
SMA braces and the wall was able to recover over 50% of
the imposed lateral displacements

Several studies have considered the use of SMAs as diagonal
braces in frame structures [46-49]. Some researchers
conducted theoretical studies in order to demonstrate the
efficacy of SMA bracing systems. Auricchio et al. [50]
investigated the effectiveness of using large diameter NiTi
bars as a bracing system for steel structures and compared
the SMA braces with buckling-restrained steel braces. The
outcome of numerical studies showed that SMA bracing
systems can satisfactorily limit the interstory drifts in steel
buildings and significantly reduce the residual drifts. Zhu
and Zhang [51] compared the performance of an SMA-
braced frame system that employs the RHD described above
and buckling-restrained brace frames. They carried out non-
linear time history analyses of three- and six-story frame
buildings and found that the SMA-braced frame can
effectively reduce the story drifts while eliminating the
residual drift problem. Torra et al. [52] studied the feasibility
of using SMA dampers for seismic protection of light
buildings, such as single- or double-floor family houses.
Numerical analyses on a structure with installed diagonal
SMA bracing system made of either NiTi or CuAIBe SMAs
were performed.

1 | L

Beam

Steel cables

Column

S\{perelm(lt SMA cables

Figure 12: Schematic of the SMA braces for a frame
structure

Beam

—

A
SMA

Rigid or BR. Segment

Figure'13: Bracing system with SMA connection in two

uniform distribution of peak inter-story drift ratios, as well as cases
the frames exhibit limited structural and permanent damage
even after a very strong earthquake. SMA bracing system
have also been applied to concrete frames as a retrofit.
Cortes-Puentes and Palermo [45], developed a bracing
system composed of tension-only PE NiTi SMA and applied
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Figure 14: SC-BRB components

4.5 SMA in Masonry walls

SMAs have just been utilized effectively to improve the
seismic exhibition of authentic structures. SMA is commonly
used to continually apply stress, isolate a structure from
loading, or re-center the structure after loading. The
restoration of the Basilica of San Francesco in Assisi, Italy
after it was severely damaged in an earthquake in 1997 is the
world’s first application of SMA to improve earthquake
resistance. The superelastic of SMA was utilized along the
side in both directions to the rooftop. The gravity loads were
released from the wall by developing new concrete truss.
The tympana of the both directions dividers were then along
the side associated with the support utilizing shape memory
devices [53-55].

The seismic intervention of the bell tower of the Church of
San Giorgio in Trignano, Italy is another ISTECH
restoration project using SMA to improve seismic
performance completed in 1999 [56]. The system was
prestressed such that the SMA reached the stress plateau.
The goal for the system was to limit the total applied force
from the rods to 80 kN. For more information of the SMA
seismic improvement project refer to [57]. The incentive for
using SMA was to support the structure and improve the
structure’s response in future seismic events and
consequently the system was proven successful later, in
2000, when the tower experienced another earthquake with a
similar magnitude and epicenter yet displayed no damage.

4.6 SMA as retrofitting devices

Some researchers carried out using the SMA as devices to
protect the valuable historic buildings. Casciati and
Hamdaoui [58] studied the performance of the historic
masonry structures retrofitted by pre-stressed SMA wires
through experimental and numerical approaches. El-Attar et
al. [59] examined the application of SMA wire dampers in
rehabilitation of two historic minarets. They conducted
experimental tests on a scaled model of a minaret to evaluate
the contribution of SMA dampers to the structural damping.
El-Borgi et al. [60] carried out monotonic and quasi-static
cycling tests on a cantilever masonry wall, representing a
part of historical monuments. The wall was retrofitted with
an array of SMA wires. One of the few actual
implementation of an SMA device is also in the field of
rehabilitation of historic structures. A bell tower in Italy was

retrofitted using SMA-based dampers that consist of 60 NiTi
superelastic wires with a diameter of 1 mm and length of 300
mm [61].

4.7 SMA as Bridge Restrainers

Multiple frame bridges subjected to strong earthquakes can
experience large relative hinge displacements that lead to
unseating of their superstructure. Several researchers
proposed using SMAs as unseating prevention devices to
overcome some of the limitations of traditional devices such
as steel cable restrainers, steel rods, and shock transmission
units, Figs. 15 and 16. Andrawes and DesRoches [62]
evaluated the effectiveness of SMA restrainers in preventing
the unseating of a typical multiple frame reinforced box
girder bridge. SMA restrainers, designed as a tension only
device, were represented with the 12.7 mm diameter
superelastic NiTi rods. The performance of the SMA
restrainers was compared with that of traditional steel cable
restrainers. The results of non- linear dynamic analyses
showed that SMA restrainers provides significant reduction
in relative hinge openings compared to steel restrainers
without increasing the ductility demand on the bridge
frames. The effect of ambient temperature on the
performance of SMA restrainers was assessed in another
study by the same researchers [63]. Andrawes and
DesRoches [64] also carried out a sensitivity study to
compare the effectiveness of SMA restrainers with other
retrofit devices including steel restrainer cables, metallic
dampers, and viscoelastic dampers.

A few experimental studies were conducted to examine the
feasibility of SMA restrainers. Johnson et al. [65] performed
shake table tests to determine the effects of SMA restrainers
on seismic response of multiple frame concrete bridges and
to compare the performance of SMA restrainers to that of
steel restrainers. The test specimen which simulates an in-
span hinge.

SMA ‘[ﬁ_
[ ] ffprm ’

Abutment

Figure 15: Schematic of the setup of SMA restrainer for a
simple-supported bridge
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Figure 16: Experimental test setup and SMA restrainer
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Figure 17: A bridge structure modeled with sliding bearings
and SMA device

4.8 SMA reinforcement

The large displacement in concrete structures during
earthquakes can cause the structural failure. This leads to
permanent deformations and severe damage in the structure.
SMAs have been considered as an alternative to traditional
steel reinforcement in concrete columns in order to reduce
permanent displacements and damage in concrete buildings.
Saiidi and Wang [66] tested concrete column specimens with
SMA longitudinal reinforcement in the plastic hinge zone on
a shake table to determine the effectiveness of SMA bars.
The test results showed that SMA reinforced columns were
capable of recovering nearly all the post-yield deformations.
Mohamed Omar. [67] studied the seismic response of
concrete frames using SMA bars. For comparison purposes,
he tested a frame with conventional concrete and steel
reinforcement and a column with conventional concrete and
SMA bars.

Roh and Reinhorn [68] proposed the use of SMA bars to
improve hysteretic performance of the precast segmental
bridge piers and insure self-centering capacity to the post-
tensioned (PT) column system. They developed a new
analytical model for SMA bars and numerically examined
the performance of the PT segmental columns with
superelastic SMA bars.

4.9 SMA as isolation devices

Isolation of structures using SMA is currently part of a lot of
researchers’ interest. Wilde et al. [69] proposed a base
isolation system that is composed of a laminated rubber
bearings and SMA device for protecting elevated highway
bridges from the hazard of earthquakes. They compared the
performance of the proposed isolation system with a
laminated rubber bearing that has a lead core. Choi et al.
[70] developed a new isolation system for seismic protection
of bridges using elastomeric bearings and SMA wires.
Analytical studies on a multi-span steel bridge illustrated that
the combination of an SMA-rubber bearing effectively
decreases relative displacement between deck and pier when
compared with a conventional lead-rubber bearing. Dolce et
al. [71] studied the performance of three different sliding-
type isolation systems that employ rubber, steel, or SMAs as
auxiliary device. They proposed two design procedures, the
displacement and force approaches, to design isolation
systems.

Ozbulut and Hurlebaus [72] studied the performance of a
superelastic-friction base isolator (S-FBI) that combines a
flat sliding bearing and a superelastic SMA device. In the
proposed isolation system, the steel-Teflon sliding bearing
filters out the earthquake forces by providing frictional
sliding interfaces and the SMA device provides a re-
centering mechanism and absorbs seismic energy through
hysteresis of SMA elements. They identified the optimum
design parameters of the S-FBI system for seismic protection
of bridges against near-field earthquakes, Fig. 17. Ozbulut
and Hurlebaus [73] also explored the effect of temperature
changes on the performance of the S-FBI system and found
out that changes in the ambient temperature have a modest
effect on the performance of bridge structures isolated by S-
FBI system. It was noted that the change in the forces
generated in the sliding bearings and the SMA.

4.10 Experimental tests on building structures with SMA

Some researchers carried out experimental tests on building
structures with SMA. Bartera and Giacchetti [74]
experimentally studied the response of a single-story
reinforced concrete (RC) frame that had been upgraded by
different types of bracing systems. They used a high
damping rubber pad and an SMA device as supplemental
energy dissipation devices in series with steel braces. Free
vibration and forced vibration tests were carried out to
evaluate dynamic response of braced frames. Both
dissipating bracing systems suppress vibration of the frame
by adding a significant amount of damping. Dolce et al. [75]
performed shake table tests on reduced-scale RC frames with
and without special braces. In particular, they considered
energy dissipating steel braces and re-centering SMA braces
as passive control braces. They found that both bracing
systems can significantly ameliorate the response of the RC
frames subjected to seismic excitations.

Boroschek et al. [76] explored the use of SMA braces that
consist of CuAlBe wires in steel frame buildings. Shake
table tests were conducted on a three-story steel frame
upgraded with SMA braces. The results indicated a
substantial reduction in the peak relative displacements and
peak accelerations of the frame. Devices counterbalance
each other as the temperature varies. In another study,
Ozbulut and Hurlebaus [77] compared the performance of
the S-FBI system with the most commonly used seismic
isolators, including lead-rubber bearings and friction
pendulum systems.

As an alternative to conventional rubber isolators, Ozbulut
and Hurlebaus [78] evaluated the performance of a smart
rubber bearing system with SMAs. In particular, they
explored the effectiveness of SMA/ rubber-based isolation
systems in mitigating the response of the bridge structures
subjected to near field earthquakes by performing a
sensitivity analysis.

Ozbulut and Roschke [79] also examined the potential use of
SMA as bracing elements in tall structures. They carried out
a multiple-objective  numerical  optimization  that
simultaneously minimizes displacements and accelerations
of the structure in order to optimize SMA bracing elements
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within the structure. After design of an optimal SMA
damping system was complete, full-scale experimental shake
table tests were conducted on a large-scale steel frame that
was equipped with the optimal SMA devices.

Andrawes et al. [80] investigated the feasibility of using
spirals made of SMAs for seismic retrofitting of RC bridge
columns. They conducted uniaxial compression tests on
concrete cylinders confined with 12-loop NiTi martensitic
wires with a diameter of 3 mm. Using the experimental
results, they developed an analytical model to represent the
behavior of RC columns retrofitted with SMA spirals. The
performance of the SMA retrofitted column was compared
with that of carbon fiber-reinforced polymer (CFRP)
retrofitted column. The analytical results showed that RC
columns retrofitted with SMA spirals outperformed CFRP
retrofitted column in terms of enhancing the strength and
effective stiffness and reducing the residual deformations,

Fig. 20.
Supportin
/ Steel Plate 3

b

Rubber

Steel Plate

(a) SMA Wire /(1)

Figure 18: Configuration of the isolation system
supplemented with SMA

Supporting

steel plate

Rubber
Steel plate

SMA wire
Steel Hook

(b)
Figure 19: (a) SMA supplement elastomeric rubber bearing
(SMARB) and (b) Installation of SMARB at the base
isolated building frame

Opening of web shear crack

Closing of both flexural and shear cracks
Figure 22: Reinforcement details of SMA-reinforced beams

5. Conclusions

Nowadays, during earthquakes, infrastructures sustain a
large amount of damage. This leads to extra repair costs of
structures. In engineering design, the trend now is moving
from the strength-based design approach to a performance-
based approach to enhance the behavior of structures during
earthquakes.  The performance-based approach, direct
displacement-based design (DDBD) is being used more than
the traditional strength-based design approach due to there
being a reliable hysteresis, large energy dissipation and low
stiffness. Therefore, the new materials and new techniques
are in need to enhance the seismic behavior of structures.
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SMAs as a smart materials have some unique properties
which make them appealing for different applications in
engineering field. These properties include large energy
dissipation capacity and excellent re-centering ability. In
civil engineering, there have been extensive researches on
the use of SMAs in civil structures for the control of seismic
responses.

The aim of this report is to present a review of the smart
materials and techniques capable of enhance the behavior of
structures at seismic events.

The unique mechanical and thermal properties of shape
memory alloy are explained such as its behaviour during
changes in temperature and stress. The mechanical
properties of NiTi SMAs and their dependence on various
variables such as temperature and loading rate are briefly
presented. According to the fundamental information on
mechanical properties and modeling techniques of SMAs, a
variety of seismic applications of SMAs are presented. In
particular, the applications of SMAs in civil structures as
energy dissipation device, bracing system, beam-column
connector, and isolation device are presented.

The shape memory effect is characterized by temperature
changes of SMA in a zero-stress state. That is, its ability to
be deformed below a certain temperature (Mf), have the
deformations remain until it is reheated, then assumes its
original shape upon heating once the temperature increases
above Af. This feature makes SMA suitable in civil
engineering  applications such as  post-tensioning,
strengthening, and active confinement. The other important
phenomenon discussed is pseudoelasticity. This phenomenon
sees austenitic SMA above temperatures Af follow a linear
loading curve until it reaches a stress plateau. If it is
continued to be loaded, it reaches another linear loading
curve. At any point, if it is unloaded, it follows another
unloading curve, transitions back to austenite and recovers
almost all deformations. Civil engineering applications of
this feature include; load-isolating, re-centering and
dampening which are all relevant in minimizing damage to
structures after an earthquake.

Traditional new construction and repair techniques are
discussed and compared to innovated techniques.
Traditionally, new construction involves using passive or
active systems to dissipate seismic energy. For seismic
repairs, fiber reinforced polymers are being used to
strengthen and repair damaged structures after being
exposed to an earthquake. These traditional methods do save
material from being damaged or replaced, but are expensive
and inefficient. This leads researchers to explore the
possibility of using SMA to improve the performance of
structures in seismic areas due to its re-centering ability and
the ability to dissipate energy.

With the increasing demands for high performance of
structural systems, the unique capabilities of SMAs can be
exploited in the design, construction, and retrofit of civil
infrastructure systems for the vibration control of structures.
Although the analytical and experimental studies have

proven that the structures with SMA devices improve the
seismic response, further research is needed to evolve design
guidelines for the SMA-based seismic protection systems.

Even though successful applications of SMAs demonstrated
a significant potential for the development of these materials
in structural engineering, several technological draw- backs
actually limit their wider implementation. From the SMA
material side, SMAs are very sensitive to compositional
variations: small changes to the constituents of an alloy may
significantly modify the mechanical properties of the
material, requiring quality control to ensure suitable
properties. In addition, due to the thermomechanical
sensitivity of the material, SMA properties are dependent on
the ambient and in-service temperatures.

Another impediment to actual implementation has been cited
as the high cost of SMA material over the past years. It
should be noted that the current applications of SMAs are
mostly in the biomedical and aerospace industries, which
requires considerably small quantities of material compared
to the amounts needed in a civil engineering application. The
cost of the alloy will be largely lowered once a large amount
of material is consumed with the actual implementation of
SMAs in civil structures. In addition, several researchers
have investigated the ferrous SMAs such as FeMnSi, FeNiC,
and FeNiCoTi due to their lower cost as an alternative to
NiTi and Cu alloys.

In conclusion, SMA as a smart material, its application to
seismic structures is still being researched. Its unique
qualities, compared to classic metals, make it an ideal
candidate for direct displacement-based design due to the
low modulus of elasticity and large strain capabilities. If the
structures can undergo larger displacements and dissipate
larger amounts of energy, there will no doubt be a huge
reduction in structural damage caused by earthquakes. Less
structural damage results in less repair costs, structures,
which can be vital to the functioning of a city, remain
operational but most important of all, there is a potential to
save lives that would otherwise be lost when a structure
collapses.

Even though the price of SMA s still considerably higher
than that of other construction materials, there has been a
significant decrease in the price of NiTi over the last decade.
Many efforts have been made in the use of SMAs in
structural engineering involving material scientists, the civil
engineering community, and manufacturers; for this reason,
it is expected that significant achievements can be reached in
the near future, overcoming the aforementioned obstacles.
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