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13.1 INTRODUCTION
The use of shape memory alloys (SMAs) has increasingly expanded in recent decades.
Many researchers have intensively conducted activities aimed at exploring innovative
devices and applications, making use of these smart materials. Indeed, the number of
commercial applications is growing each year, with the largest application segment of
the market represented by actuators and motors. The global market for smart materials
was approximately $19.6 ! 109 in 2010; it is estimated to approach $22 ! 109 in
2011 more than $40 ! 109 by 2016, with a compound annual growth rate of 12.8%
between 2011 and 2016.1
SMAs possess physical and mechanical features that make them successful candidates
for use in structural engineering applications. Primarily, SMAs play a key role in the development and implementation of smart materials/devices, which can be integrated into
structures to provide functions such as sensing, energy dissipation, actuation, monitoring,
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self-adapting, and healing of structures. In recent decades, intensive research efforts have
been concentrated in the ﬁeld of structural engineering, aiming at employing smart engineered systems in civil engineering applications, with particular emphasis to seismic
response control of structures. Several innovative systems and devices, mainly using
NiTi and Cu-based SMAs, have been developed to absorb a part of the seismic energy
and reduce the earthquake forces acting on a structure, for damping control, structural
retroﬁt etc. SMAs have been integrated within these devices in many possible shapes
and conﬁgurations, such as single and stranded wires, ribbons, strips, tubing, and bars.
A number of physical and mechanical features of SMAs can be considered desirable
from a structural engineering perspective. The variable stiffness in superelastic behavior
(T > Af) can be used to provide force and displacement control within the three characteristic strain regimens. At low strains (ε < 1%), the elastic modulus of the austenite phase
can be used to limit strains under service load conditions. At intermediate strains
(1% < ε < 6%; i.e., in the superelastic plateau), the reduced modulus can be used to limit
the force transmitted to the structure while it undergoes rather large displacements. At
large strains (ε > 6%), the increased modulus in the stress-induced martensite phase can
be used to control displacements under severe earthquake loadings. Upon unloading,
the lower stress path of the reverse transformation results in hysteretic energy dissipation,
which is a desirable capability when dealing with seismic control of structures. The
superelastic behavior also allows the use of austenite elements to provide full selfcentering due to the ability of SMAs to regain their original shape after being deformed
well beyond 6e8% strain. This shape recovery is the result of phase transformations that
can be induced by either a stress or a temperature change.
In addition to these key features, other excellent properties of SMAs can be exploited
in civil engineering applications, such as good fatigue and corrosion resistance, large
damping capacity, and a good versatility in terms of their many possible shapes and conﬁgurations. In the following sections, a variety of SMA applications in structural engineering is presented and divided into several sections based on the application domain.

13.2 LIST OF SYMBOLS
As Austenitic start temperature at zero stress
Af Austenitic ﬁnish temperature at zero stress
ε Uniaxial total strain
ε AS
Strain corresponding to the stress ﬁnish of the martensite transformation
f

13.3 ENERGY DISSIPATION SYSTEMS: BRACED FRAMES
Due to the dynamic characteristics of natural hazardous events, innovative concepts and
engineered systems for energy dissipation to be employed as part of structural protection
devices have been recently proposed and are currently at various stages of development.
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In particular, passive devices have gained remarkable attention in the seismic engineering
ﬁeld, providing the advantage of preventing damage to nonstructural and structural components under moderate seismic demands. Among the passive devices to be potentially
used for these objectives, braced frames are a widely used engineering solution, especially
for steel structures. These structural systems are mainly composed of steel members in the
form of wires, rods, and truss elements and are designed primarily to resist earthquake
loads, being installed diagonally (or in other speciﬁc conﬁgurations) in the frame
structures2,3 (Fig. 13.1).
The main energy-dissipating mechanism characterizing these elements is related to the
work made by members in a braced frame under tension and compression loadings.
However, recent earthquakes have highlighted some weak points in the performance
of ordinary steel-braced frames, including limited ductility and consequent low energy
dissipation capability due to brace buckling failure, asymmetric behavior in the tension
and compression of the brace member, and failure of connection elements. To overcome
these problems, buckling restrained braced frames (BRBFs) have been developed as a new
type of concentrically braced system able to provide yielding of braces both in tension and
compression. Nevertheless, their use keeps the issue of large permanent residual drift after
seismic events still unsolved, sometimes limiting the adoption of BRBF systems.
Alternative strategies have been pursued by using SMA material in bracing systems.
The two key factors for successfully using these materials in the forms of braces for framed
structures are:
• Superelasticity, which enables a return to the brace initial position (self-centering)
following an earthquake because very large strains (up to 8%) can be recovered
elastically upon the removal of load;
• Energy dissipation through hysteretic behavior: As the frame structures deform under
dynamic excitation, SMA-based braces can dissipate energy by means of stressinduced martensite transformation (in the case of superelastic SMA) or martensite
reorientation (in the case of martensite SMA). Moreover, this hysteretic energy dissipation mechanism does not exhibit signiﬁcant rate dependency effects, whereas other
common viscoelastic devices exhibit considerable rate dependency.
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Steel cables

Column

Normal
high levels
Beam
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with SMA braces

Rigid or BR,
segment

Figure 13.1 Schematic Representation of the SMA Braces for Frame Structures.2,3
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As a result of these two mechanisms, damage resulting from an earthquake event (in
terms of interstory drift and permanent displacement of the structure) could be minimized compared to ordinary solutions as well as the associated cost for repairs after the
event. The concept of residual structural deformation plays a major role in the evaluation
of structural and nonstructural damage in the performance-based seismic design and
assessment approach. For these reasons, SMA-based braced solutions have been also
investigated within this design framework.4
In recent years, numerous prototypes of SMA braces were designed, numerically
assessed, and experimentally tested. Dolce et al.5 developed NiTi SMA self-centering
bracing devices (made of SMA wires) for seismic protection of buildings. Clark et al.6
conducted analytical studies on the use of SMA devices for control of multistory steel
buildings. SMA devices, consisting of multiple loops of SMA wires, were integrated
into eccentric bracing at each level. The resulting interstory drift decreased by almost
50% for each of the three levels of input, while the ﬁrst-ﬂoor interstory drift was reduced
even further. Moreover, the energy absorbed by the frame was reduced to about 15%
compared to the frame without the devices. Han et al.7 assessed the performance of eight
damper devices made of the SMA wires and steel wires that were diagonally installed in a
two-story steel-frame structure. Experimental comparisons showed a much faster decay
of vibrations in the SMA-controlled frame than that of the uncontrolled frame. In addition, the largest displacement of the SMA controlled frame was only 15% of that of the
uncontrolled case.
Auricchio et al.8 evaluated the seismic performance of a three- and a six-story steel frame
equipped with different bracing conﬁgurations. The bracing systems consisted of traditional
BRBFs and superelastic Nitinol braces. The SMA-based bracing system was demonstrated
to be effective in reducing earthquake-induced vibrations. Asgarian and Moradi3 investigated the seismic performance of steel frames equipped with superelastic SMA braces
with different bracing conﬁgurations. Dynamic responses of frames with SMA braces
showed energy dissipation capabilities comparable to the ones with BRBFs. Moreover,
the results suggested that the SMA hysteresis that takes place during loading cycles while
undergoing large deformations was able to reduce the maximum interstory drift (up to
60%), permanent deformation in the structure (exhibiting good recentering capability),
and, consequently, the deformation demand on the column members at each ﬂoor level.
Some key design parameters for SMA-based bracing members include the maximum
force capacity, device length, residual displacement, and energy dissipating capability.
Asgarian and Moradi3 reported that even though SMA can exhibit recentering properties
for strain values in the 8e10% range, a conservative value of 6% strain should be adopted.
Motahari et al.9 proposed an optimal proportioning of the austenite and martensite phase
areas in the SMA damper-braced device, pointing out that the optimum condition can be
achieved at the threshold at which the damper exhibits re-centering capability, while its
dissipation capacity is maximized. Seelecke et al.10 investigated the effects of geometry
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variations of a superelastic SMA damper on the dynamic response of a single degree of
freedom (SDOF) model representing a building structure subjected to a seismic excitation. They reported that, by using a proper value of SMA wire diameter, optimal vibration control performance can be achieved. Andrawes and DesRoches11 assessed the effect
of variability of SMA hysteretic properties, showing that SMAs are relatively stable
in their efﬁciency, even though slightly variations in hysteretic properties can be
experienced in service conditions.
Different innovative SMA damper systems were proposed by Motahari et al.9 with the
aim of producing different initial stiffness and yielding forces compared to initial buckling
restrained braces (BRBs) systems. A damage indicator was used to compare the seismicinduced damages on a multistory frame structure. Results showed that SMA damper systems were able to noticeably reduce the structural damage while showing some limitations
in reducing nonstructural damages. Cited studies have demonstrated that the proposed
SMA bracing devices are characterized by great versatility, good energy dissipation capability, effective functioning mechanism, self-centering capability, and high stiffness for
small displacements. However, because BRBFs are characterized by a wider energy dissipation capability, hybrid devices have been proposed in bracing frame structures in order
to effectively combine energy-absorbing and re-centering characteristics, which may be
extremely useful for structures in response to a large seismic event. Zhu and Zhang12 proposed a self-centering friction damping brace that was capable of re-centering through
SMA strands and enhanced energy dissipation capability through a friction-based mechanism. Ma and Cho13 presented an innovative SMA-based damper mainly consisting of
pretensioned superelastic SMA wires and two precompressed springs (Fig. 13.2), functioning as an energy dissipation and recentering group, respectively. The pretensioned
SMA wires and roller system offered the damper an enhanced stroke and high-energy
dissipation capacity, while the precompressed springs supplied the damper with an
expected restoring force.
Miller et al.14 proposed a hybrid device consisting of a typical BRBF component,
which provided energy dissipation, and pretensioned superelastic NiTi SMA rods, which
provided self-centering and additional energy dissipation (Fig. 13.3). The experimental
program demonstrated that the developed high-performance earthquake-resistant brace
was able to provide stable hysteretic response with appreciable energy dissipation, selfcentering ability, and large maximum and cumulative deformation capacities. The study
also demonstrated that even after the BRBF core fractured due to very large maximum

Figure 13.2 Schematic Diagram of the SMA Damper Sectional View.13
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Figure 13.3 Hybrid Device Proposed by Miller et al.14

and cumulative deformation demands, the brace still had signiﬁcant load carrying ability
due to inherent redundancy with the SMA rods.
Yang et al.15 developed and evaluated the performance of a hybrid seismic device
composed of three main components: (1) a set of recentering SMA wires, (2) two
energy-absorbing struts, and (3) two high-strength steel tubes to guide the movement
of the hybrid device (Fig. 13.4(a)). The SMA wires were located within the guiding

(a)
SMA wires

(b)

Figure 13.4 (a) Hybrid device proposed by Yang et al.15 (b) Different conﬁgurations of the proposed
device.
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high-strength steel tubes and designed to limit their deformation strain within the 6%
target strain. The hybrid devices were assessed in a three-story model in two different
conﬁgurations: devices installed between a beam and braces of a building or utilized simply as a brace along a diagonal of a building (Fig. 13.4(b)). Results obtained through both
pushover and nonlinear dynamic analyses revealed that the hybrid-braced frame system
exhibits a similar energy dissipation capacity to the BRBF system, while also having
excellent recentering capabilities.

13.4 ISOLATION SMA-BASED DEVICES
During recent earthquakes, base isolation systems have proven to be effective in the mitigation of seismic response of building and bridge structures. In recent decades, the development of engineering applications in the ﬁeld of seismic isolation has been remarkably
increased, introducing innovative performing materials, technologies, and engineered
systems. The fundamental mechanism of a base isolation device consists in decoupling
the induced motion of the structure by means of a ﬂexible interface element (i.e., bearing
element) that isolates the base of the structure from the surrounding ground, allowing the
structure to slide on a speciﬁc surface. The resulting dynamic response of the isolated
structure is effectively reduced due to the shifted period from the dominant period of
the ground motions. In addition to this, base isolation systems are conceived to dissipate
the input seismic energy through force-deformation hysteresis of the isolator material
and by frictional/viscous damping mechanisms. Most common base isolation systems
are classiﬁed into two main categories: the elastomeric type (based on rubber-like
material ﬂexibility and viscous damping) and sliding type (based on friction properties).
Generally, favorable requirements for an effective performance of isolation devices
should include the following: (1) adequate energy dissipation capability to reduce seismic
demand on piers, (2) a good recentering mechanism to avoid excessive bearing deformations and instability, (3) no need for bearing replacement even after a strong earthquake
(i.e., no residual deformation on the bearing after the excitation), and (4) high durability
against cyclic loads. Several studies have been conducted over the last two decades dealing
with SMA-based isolation devices for seismic protection of building and bridge structures
due to their properties that ideally suit the desired characteristics of an isolation system.
In detail, the following SMA properties are believed to provide several advantages
with regard to seismic isolation applications:
• Self-centering capability, with also the possibility to provide a supplemental recentering force to bring back the structural system at its initial conﬁguration when the earthquake is over, even in presence of parasite nonconservative forces external to the
devices, such as friction of bearing or plastic forces of structural elements
• High stiffness for small displacements, to avoid the structure being moved by wind or
small entityeinduced motion
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• Good energy dissipation capability, to reduce accelerations and displacements caused
by an earthquake by means of both superelastic and martensite SMA elements that can
be introduced to help dissipate more energy
• Further important properties common to all types of devices based on SMA, such as
fatigue resistance,16,17 long-term reliability, high durability, no aging degradation,
substantial independence from oscillation frequency in the range of interest for
seismic applications, and rather limited sensitivity to temperature compatible with
the typical applications of civil engineering
The SMA isolation systems reported in the scientiﬁc literature include many types of
devices for which analytical, numerical, and experimental studies have been conducted in
order to characterize their seismic performance as well as the performance of the isolated
structure subjected to seismic loads.
Krumme et al.18 investigated the performance of a sliding SMA device, where the
resistance to sliding was achieved by opposing pairs of Nitinol tension elements
(Fig. 13.5(a)). The performance of this device was analytically studied in a 1970s

(a)

(b)

Figure 13.5 (a) Sliding isolation system proposed by Krumme et al.18 (b) Schematic of the SMA
isolation device for elevated highway bridges.19
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Figure 13.6 Functional Scheme of SMA Device Including Both Recentering and Dissipating Groups of
Shape Memory Alloy Wires.5

nonductile concrete frame building retroﬁt. The isolated structure exhibited noticeable
improvement in terms of interstory drifts, and column rotational demands were reduced
to acceptable levels.
A base isolation system made of superelastic SMA bars was investigated by Wilde
et al.19 in elevated highway bridges (Fig. 13.5(b)). The results of comparative simulations between the SMA isolation system and a conventional one revealed that the
SMA isolation system provided variable responses to excitation as well as a notable
damping. In particular, for small excitation levels, in contrast to the case of the conventional system, the SMA isolation system showed a negligible level of relative motion
between the pier and the deck. The overall energy comparison indicated that the damage energy of the bridge with the SMA isolation device was smaller than with the conventional one. Dolce et al.5 reported a comprehensive study on testing and application
of two full-scale isolation SMA prototype devices (Fig. 13.6), characterized by full
recentering, limited energy dissipation capabilities, and high resistance to large strain cycle fatigue. The devices were made of two separate groups of SMA wires, with the
function of recentering and dissipating energy. The effective performance of these devices was demonstrated on a small building in Italy. Good recentering behavior was
proven because, after only two oscillations, the building regained its original position
with no residual displacement.
Several tests have been also conducted by means of shake table facilities to evaluate the
effectiveness of SMA-based isolation devices on multiple scale structures. Khan and
Lagoudas20 assessed the response of an SDOF system isolated by using SMA springs under
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Figure 13.7 (a) Schematic of the SMA isolation device proposed in Ref. 22. (b) Schematic of the SMA
rubber isolation device and corresponding deformed shape reported in Ref. 26.

ground excitation simulated by a shake table. It was reported that the vibration performance of the isolated structure relied on the relative displacement of SMA springs
because small displacements did not activate the stress-induced martensitic transformation. It was also reported that the SMA springs attained the best isolation effect only
when the system vibrated at a frequency near its resonance frequency and under high
loading levels. Dolce et al.21 conducted an extensive program of shaking table tests on
reinforced concrete frames equipped with traditional isolation systems and innovative
SMA isolation devices made of a ﬂat sliding bearing and lateral Nitinol restrainer. Casciati
et al.22 and Casciati and Hamdaoui23 evaluated the performance of an innovative base
isolation device consisting of two disks, three inclined SMA bars, and one vertical cylinder with an upper enlargement sustained by three horizontal cantilevers (Fig. 13.7(a)).
The expected performance was assessed using a prototype that was tested under sinusoidal
waves of displacement of increasing frequency with different amplitudes. The results
revealed a highly dissipative capability of the SMA-based device but a not satisfactory
recentering force-displacement behavior.
Recently, hybrid SMA base isolation systems have been developed and investigated
by means of both experimental tests and numerical assessment. These systems can be
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composed of linear elastomeric bearings, friction-pendulum bearings, SMA wires, and
also magneto-rheological dampers. Shook et al.24 proposed a hybrid SMA-based superelastic semi-active base isolation system for the mitigation of seismic motions. The results
revealed that the proposed device was able to reduce base drifts by 18%, achieving a satisfactory superstructure seismic response. Other works by Liu et al.25 reported the results of
an investigation campaign on a new type of SMA wire-laminated rubber combined bearings. Choi et al.26 proposed a new concept of an SMA-based isolation system made of
SMA wires incorporated in an elastomeric bearing (Fig. 13.7(b)). The performance of
the proposed system was compared with a lead-rubber isolator by means of seismic analyses conducted on a three-span continuous steel bridge. The proposed SMA-based
bearing isolator was able to effectively limit the deck relative displacement under strong
ground motions and recover the original undeformed shape. The seismic performance of
two types of isolation bearings was assessed by Bhuiyan and Alam27 for an isolated threespan continuous highway bridge subjected to moderate to strong earthquake ground
accelerations in the longitudinal direction. The devices consisted of a high-damping rubber bearing and combined isolation bearing made of SMA wires (NieTi and
CueAleBe) and natural rubber bearing. It was found that residual displacement of the
deck was noticeably reduced after earthquakes in the case of SMA-based devices, while
pier displacements were higher than those of the rubber-based device for strong
earthquakes.
With regard to possible strategies when dealing with the design of SMA-based
isolation devices, Cardone et al.28 proposed simpliﬁed methods for the design of
base isolation of bridges equipped with strongly nonlinear isolation systems, considering
also NiTi SMA devices. Gur and Mishra29 proposed a stochastic-based design optimization strategy to simultaneously deal with two mutually conﬂicting objectivesdminimization of isolator displacement and superstructure accelerations. The
performance of the SMA-pure friction bearing was assessed in a multistoried building
frame based on the stochastic response analysis of the isolated building subjected to
random earthquake ground motion. The isolation device was made of a steel-Teﬂon
surface to dissipate the imparted seismic energy by the stick-slip motion. The superelastic SMA had the function of a restrainer and also contributed to dissipate signiﬁcant
amount of energy through phase transition-induced hysteresis of SMA (Fig. 13.8(a)).
The stochastic response behavior revealed that an optimal combination of the friction
coefﬁcient and transformation strength of SMA was able to minimize the ﬂoor
acceleration, maximizing the isolation efﬁciency with respect to a pure friction
bearing system.
Within the design strategies of SMA-based isolation devices, the in-service temperature plays a key role in the performance requirements of SMA material. Particularly, a
decrease in temperature corresponds to an increase in stress for the SMA. Moreover,
the beneﬁt of superelasticity can only be achieved at relatively high temperatures, at

379

380

Shape Memory Alloy Engineering

mn

(a)

xn

kn
m2

x2

k2
m1

SMA device

k1
mb
xg

x1
PF isolator
Xb
Base mass

(b)

Steel-Teflon
sliding bearing

m2

u2

m2

u1

SMA device

k1

c1
üg

Figure 13.8 (a) Base isolated building structure reported in Ref. 29. (b) Sliding bearings and SMA
device adopted in Ref. 31.

which the austenite phase is stable. Dolce et al.30 compared the performance of three
different sliding-type isolation systems that employed rubber, steel, or SMA as a supplementary device. They reported a high sensitivity to temperature for the SMA isolation
system, with peak displacement variations and a maximum isolator force up to 103%
and 33%, respectively, for a "30 # C temperature change as thermal excursion, assuming
20 # C as a reference temperature. Ozbulut and Hurlebaus31 investigated the seismic
performance of a sliding-type base isolation system considering environmental temperature changes by means of a neuro-fuzzy model to capture the material response at
different temperatures and loading frequencies. The isolation system consisted of a steel
Teﬂon sliding bearing that carried the vertical loads and dissipated energy as a result of its

Applications of Shape Memory Alloys in Structural Engineering

Figure 13.9 The Variation of Hysteresis Loops of SMA Device at Various Temperatures.31

frictional behavior, combined with a NiTi SMA device that provided recentering force
and additional damping (Fig. 13.8(b)). The design parameters of the SMA were determined through a multiobjective genetic algorithm optimization process. The results
demonstrated that the SMA recentering device effectively reduced the seismic response
of the case study bridge within the range of temperatures considered (0e20e40 # C).
They reported higher frictional force in the bearing system at low temperatures, resulting
in an increase in the pier drift and a reduction in deck relative displacement due to larger
energy dissipation. Conversely, the initial stiffness and yield strength of the SMA device
increased with increasing temperature (Fig. 13.9), resulting in a larger recentering force
available for high temperatures.

13.5 DAMPING DEVICES FOR BRIDGE STRUCTURES
Several studies have been conducted to investigate the possibility of using SMA materials
in damping prevention devices in multiple-span bridges, overcoming some of the limitations of steel-based conventional devices, including steel cable restrainers and steel rods.
Particularly, many civil infrastructures involve the use of structural cables, which are critical components of stay cable bridges, suspension bridges, and prestressed concrete
bridges. Due to the environmental and functional exposure during bridge service life,
these cables are prone to two main damage mechanisms:
• The corrosion phenomenon, related to an aggressive marine environment, rain and
snow conditions, etc. Even though the load-carrying cables are usually covered by
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(a)

(b)

Figure 13.10 (a) Stay cable cross-section. (b) Damage due to fretting fatigue and corrosion (Saint
Nazaire bridge, France).37

wrapping layers, corrosion may be hidden and its progression can lead to a very
serious level of damage before it is detected. Consequently, the replacement of
such cables represents an enormous additional cost to the owner.
• The fatigue phenomenon, arising from cyclic trafﬁc loads, meteorological actions
(such as wind, storms etc.). Particularly due to their large ﬂexibility, relatively
small mass, and low damping properties, cable vibrations induced by these actions
are potentially responsible for cyclic stresses (arising from friction between steel
wires themselves or between wires and the anchorage) that may lead to fatigue
damage in both cables themselves and anchorages. The frequency range of such
vibration on a real-scale bridge is around 5e20 Hz, with amplitudes of nearly
10 mm and a number of working cycles up to 5 million. After a certain number
of cycles, wires and anchoring in a cable system may be progressively damaged
via fretting, up to complete disruption and the consequent need for substitution
(Fig. 13.10).
Possible solutions to delay or limit such corrosion and fatigue damages include both
the use of corrosion-resistant materials and the reduction of cable oscillation amplitudes
by increasing the cable intrinsic damping capacity (generally less than 0.01%). Common
vibration control techniques include the following:
• Active control by applying transverse force control and axial stiffness or tension
control32
• Semi-active systems, such as tuned mass dampers using magneto-rheologic ﬂuids33
• Passive damping devices encompassing external dampers, internal dampers, and crosstied dampers
SMA-based damping devices have been used as external damping systems to obtain
better effectiveness and combine good corrosion-resistance properties. These materials
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are ideal candidates to deal with stay-cable issues due to their speciﬁc properties, particularly due to the following:
• Superelastic behavior and consequent large recoverable strain that confers a remarkable fatigue resistance.[16,17] Particularly, beyond the intrinsic characteristic temperature of the material (called Af and usually reached at ambient temperature), SMA can
follow large mechanical strain without signiﬁcant irreversible strain. This property is
related to the martensitic transformation via a crystal rearranging that gives rise to the
corresponding hysteretic behavior.
• Damping capability related to the characteristic mechanical hysteretic cycle of SMA
converting mechanical work into heat through an exothermic martensitic transformation (load) and then an endothermic reverse transformation (unload). Due to
this feature, the SMA works as a passive system that dissipates mechanical work/
energy (by the area underneath the strainestress curve) every cycle of the oscillating
system without requiring external control.
Mostly NiTi SMAs have been proposed for such damping devices,34 as studied by
several researchers. The use of SMA to damp stay cables requires a deep knowledge of
both the static and dynamic SMA properties as well as the effects of temperature changes
(summerewinter in service conditions of bridges).
The general three-dimensional equations of motion for a stay cable subjected to
external dynamic loading and controlled by a distribution of dampers in the transverse
direction have been provided by Ben Mekki and Auricchio.35 A stay cable suspended
between two supports and equipped by a NiTi SMA damper installed at a distance xc
near the support was considered, exerting a damping force fc in the y-direction
(Fig. 13.11). On this basis, the performance of a new passive control device in cablestayed bridges made with SMAs was assessed.
Torra et al.36 reported that the oscillation amplitude of stay cable might be reduced by
an appropriate SMA damper by a factor of more than 2, which would increase the useful
life of the cable. They conducted realistic tests on stay cables that were approximately
50 m long and equipped with NiTi SMA damping systems (Fig. 13.12). The effectiveness
of using SMA-trained wires with S-shaped hysteretic behavior at temperatures between
50 # C and $20 # C was also demonstrated, making these systems advantageous for their
application in bridges that work continuously in both summer and winter.
Deng et al.37 assessed the effectiveness of NiTi wires used as damping devices to
reduce the vibration amplitudes on realistic full-scale cable samples. The cable oscillation amplitudes in the cable with SMA damper were reduced to the 25% with respect to
the unequipped cable. Moreover, a drastic reduction of the oscillation amplitudes
all along the cable was achieved in less than 10 s (Fig. 13.13(a)), while the cable
without SMA damper was still vibrating after 120 s. SMA damping efﬁciency was
also demonstrated comparing the damping performance with tuned mass damper35
(Fig. 13.13(b)).
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Figure 13.11 (a) Schematic diagram of an inclined stay cable. (b) In-plane stay cable with sag attached
with one transverse SMA.35

(a)

(b)

Figure 13.12 (a) Four cables of 45 m long and (b) NiTi SMA Dampers used in the Work of Torra et al.36
Cables and NiTi SMA Dampers Used in the Work of Torra et al. with: A ¼ structural cable, B ¼ SMA
damper (1 wire of trained NiTi) and C ¼ accelerometers.
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Figure 13.13 (a) Cable vertical displacement at L/2 for a 4 kN initial input force.37 (b) Comparison
between SMA damper and tuned mass damper (TMD) to control the stay cable free vibration.35

In terms of SMA damping device optimal design, some characteristic parameters have
to be carefully taken into account to achieve proper energy-dissipation efﬁciency, such as
the position of the damping device, cross-sectional area, and the length of wires. The
inﬂuence of the position of the SMA damping device was evaluated by Deng et al.,37
showing that effective damping can be obtained when the damping device is located
near the maximum amplitude, typically near the force application point.
Energy-based methods can be used to support SMA device design. Particularly, the
SMA performs at its best if it is capable of dissipating as much as possible of the total
energy of the structure. The energy balance of the equilibrium equation governing a
cable-damping device system is deﬁned as follows (Eqn (13.1))35:
Ek ðtÞ þ Ee ðtÞ ¼ Ei ðtÞ þ Ec ðtÞ

(13.1)
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where:
Ek ðtÞ is the stay cable kinetic energy
Ee ðtÞ is the stay cable elastic energy
Ei ðtÞ is the input energy
Ec ðtÞ is the energy associated with the SMA device, deﬁned as Ec ðtÞ ¼ Eec ðtÞþ
Edc ðtÞ. It can be regarded as the sum of an elastic term, Eec ðtÞ, and of a dissipative
termEdc ðtÞ, corresponding to the area of SMA hysteresis loop. The optimal device in
free-vibration is chosen when the maximum value of the energy dissipated in the
SMA device, Edc ðtÞ, is considered. In order to maximize the value of force damper,
the cross-sectional area of the SMA device should be chosen to be as big as
possible and the length of the SMA device should be chosen to be as short as possible.
Therefore, the proper SMA device length should be determined by the following
condition:
AS
εmax
SMA ¼ εf

(13.2)

where εAS
f is the strain corresponding to the stress ﬁnish of the martensite transformation.
Therefore, the optimal length of the SMA device is35:
opt

LSMA ¼

jvmax j
εAS
f

(13.3)

Other authors suggested to take a net deformation of SMA wire under 1% to have
several more cycles, even though with less efﬁciency.37

13.6 SMA-BASED STRUCTURAL CONNECTIONS
Structural connectors or beam-to-column connections are recognized to be prone to
damage during an earthquake event. Prior to the 1990s, steel moment resisting frames,
consisting in fully restrained welded beam-to-column connections, had long been
considered as a suitable structural system against seismic loadings. Nevertheless, brittle
failures of a large number of such connections experienced during the Northbridge
earthquake in 1994 and later earthquakes pushed several research initiatives to create connections that were able to exhibit a more robust performance under seismic loads, such as
partially restrained connections. However, the conventional design strategies for seismic
resistant connections generally prompt unrecoverable postearthquake deformations,
affecting either the beams (in case of full-strength connections) or the connections (in
case of partial strength connections). To deal with this issue and reduce costly and difﬁcult
repair procedures, posttensioned high-strength bars have been considered within the
connections to provide a self-centering mechanism. Several researchers have also looked
at the potential of using SMA-based systems to control the structural response of
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Figure 13.14 (a) Steel beam-column connection using shape memory alloy tendons.38 (b) Steel
beam-column connection details reported in the work by Speicher et al.41

connections under high levels of seismic intensity, especially in case of steel structures.
Particularly, SMA connectors have been designed to provide damping properties to
the structure and effectively tolerate relatively large deformations. Moreover, superelastic
SMAs have the potential to create a simpliﬁed ductile recentering mechanism on the
connection under large drift demands due their unique ability to spontaneously recover
up to 8% strain, limiting the damage in the main structural members.

13.6.1 Connections in Steel Structures
With regard to studies on applications to steel structures, early works were conducted by
Leon et al.,38 who reported an experimental study on full-scale beam-column connections with and without the Nitinol tendon devices (Fig. 13.14(a)). The tendons were
designed to act in the shape memory mode (purely martensitic behavior) and were heated
upon the end of cycling to restore the connection to its original conﬁguration. The hysteretic loops they reordered after repeated 4% cyclic strains were nearly identical, leading
to the conclusion that the SMA connection was able to undergo repeated large deformation without strength degradation. By exploiting the same shape memory effect, Ocel
et al.39 tested a partially restrained steel beamecolumn connection using martensite
NieTi SMA tendons under quasi-static and cyclic loading. The connection consisted
of four NiTi SMA bars that connected beam ﬂanges to column ﬂange, serving as primary
moment transfer mechanism. After heating the tendons, the residual beam tip displacement was recovered up to 76% and the connection was retested showing repeatable and
stable behavior with signiﬁcant energy dissipation. Sepulveda et al.40 reported an experimental investigation on a prototype partially restrained connection using four CuAlBe
SMA bars (3 mm of diameter). The proposed conﬁguration consisted of an end-plate
connection between a rectangular hollow structural steel beam and a wide ﬂange steel

387

388

Shape Memory Alloy Engineering

column. SMA bars in the austenitic phase were used to prestress the end-plate to the
column ﬂange. The experimental results revealed that the beamecolumn connection
exhibited superelastic behavior, a moderate level of energy dissipation, and no strength
degradation after being subjected to several cycles up to 3% drift. Speicher et al.41
reported a comparative study on half-scale interior beam-column connections
(Fig. 13.14(b)), incorporating tendons made of (1) steel, (2) martensitic NiTi SMA,
and (3) superelastic NiTi SMA paralleled with aluminum to assess the feasibility of
such a connection in a moment-resisting frame. After being cycled beyond their elastic
drift levels, the connections with steel and martensitic NiTi tendons rapidly lost their
stiffness, whereas the two superelastic NiTi tendons showed excellent ductility, energy
dissipation, and recentering capabilities. The superelastic SMA-based connections were
able to recover 85% of their deformation after being cycled to 5% drift, enabling the concentration of all of the inelastic deformation into the tendons while keeping the other
members in the elastic regime (Fig. 13.15).
Desroches et al.42 assessed the seismic performance of steel moment-resisting frames
made of innovative beam-to-column connections that incorporated two types of SMA elements in the form of large diameter bars (Fig. 13.16): (1) superelastic SMA elements with
recentering capability and (2) martensitic SMA elements with high energy-dissipation

Figure 13.15 Moment versus concentrated rotation for the left beam41 incorporating tendons made
of (a) steel, (b) martensitic NiTi SMA, and (c) superelastic NiTi SMA.
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Figure 13.16 Fiber SMA Connection Model Proposed by Desroches et al.42

capability. Two steel frames (three and nine storys) were selected for demonstrating the
capabilities of SMA-enhanced connections and implemented in the OpenSees ﬁnite
element framework. The numerical simulations showed that the energy-dissipating
(martensitic) SMA connections were more effective in reducing maximum deformation
demands, while the recentering (superleastic) SMA connections were more appropriate
for controlling residual deformations in the structure. Also, Rofooei and Farhidzadeh43
investigated the seismic behavior of a set of steel structural models with different number
of stories and eccentricities incorporating a type of ﬁxed SMA connection. By considering
an existing SMA connection model in the austenite phase, the authors particularly focused
the study on the moment-rotation behavior of the connection.
Different types of SMA-based systems have been also investigated in order to
improve the seismic performance of beam-to-column connections. For example, Hu
and Leon44 proposed an innovative type of connection between steel beams and
concrete-ﬁlled tube columns, for which an analytical model was provided for design purposes. Several studies have also pointed out that bolted connections, if properly designed
and detailed, could offer improved seismic performances, providing sufﬁcient strength,
ductility, and rigidity. For this reason, a number of works have addressed the design of
SMA bolted connections. Abolmaali et al.45 studied the hysteresis behavior of steel
T-stubs with SMA bolts, ﬁnding both good recentering and energy dissipation
capabilities.
Ma et al.46 investigated an innovative connection consisting of an extended end-plate
with SMA bolts, continuity plates, beam ﬂange ribs, and web stiffeners. This innovative
design concept appears to be very promising in terms of the seismic performance of the
connection because the ductility and energy dissipation demands could be accommodated by the deformation of the SMA bolts; in this way, the plastic hinge could be formed
within the connection, while the structural members (e.g., beam, column, and endplate)
mainly stay within the elastic range. The resulting beneﬁt consists of minimizing the
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postearthquake repair work and cost on the structural members. This concept was deeply
investigated by Fang et al.,47 who presented a full-scale experimental study on the cyclic
performance of extended endplate connections, linked using both SMA and normal
high-strength bolts. The SMA connections demonstrated an excellent recentering capability (Fig. 13.17(a)) and moderate energy-dissipation capability, with an equivalent
viscous damping up to 17.5%; the conventional extended endplate connection with
high-strength bolts was shown to have good energy-dissipation capability and ductility
(Fig. 13.17(b)) but exhibited considerable permanent deformation. Moreover, in the
SMA bolted connection, all the endplates behaved in a thick plate manner and no inelastic deformation was induced in the endplates. The bolt length and diameter also affected
the connection behavior: “slender” bolts (i.e., long and small-diameter bolts) exhibited
higher ductility and better hysteretic stability/repeatability.

13.6.2 Connections in Reinforced Concrete Frames
As for steel structures, beam-to-column connection elements in reinforced concrete
(RC) structures are also highly vulnerable and considered to be a weak link in such a
structural system. For this reason, SMA materials have been investigated for reinforcement in plastic hinge regions of RC beam-column elements due to their ability to dissipate signiﬁcant amounts of energy with negligible residual deformation and rotation
during earthquakes.
Youssef et al.48 proposed the use of superelastic NiTi SMA as reinforcement in beamcolumn joints of RC members and compared the performance with steel-reinforced
joints. The test, conducted on large-scale specimens, demonstrated lower energydissipation capability and lower bond strength to concrete for the SMA reinforced
beam-column joint but a signiﬁcant capability of recovering postyielding deformation.
Alam et al.49 investigated the performance of concrete beam-column elements reinforced
with regular reinforcing steel and superelastic NiTi SMA under cyclic displacement
loading. The concrete beam-column element was reinforced with SMA rebars at the plastic hinge region of the beam, along with regular steel in the remaining portion of the joint
(Fig. 13.18(a)); single barrel screw lock couplers were used for connecting steel and SMA
rebars. Although the steel-RC beam-column joint dissipated a relatively higher amount of
energy due to its large hysteretic loops, it was reported that the SMA-reinforced joint performed better because of its capability in recovering postelastic strain. The study also
focused on an analytical approach to determine the length of the plastic hinge, crack
width, crack spacing, and bond-slip relationship for superelastic SMA RC elements.
The perspective of using SMA materials for improving the seismic performance of
RC beam-column joints has been recently extended also to hybrid solutions involving
ﬁber-reinforced polymer (FRP) materials. Nehdi et al.50 proposed an SMA-FRP hybrid
RC beam-column joint to address not only corrosion resistance, but also seismic-related
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Figure 13.17 Test results provided by Fang et al.47 (a) Detailed connection deformation during testing. (b) Typical source of deformation in
moment-rotation curves.
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Figure 13.18 (a) Reinforcement and single barrel screw-lock coupler details of SMA beam-column
connection.49 (b) Screw lock-adhesive type coupler connecting FRP with an SMA bar.50

problems in terms of the increase of ductility (Fig. 13.18(b)). The concrete joint was reinforced by means of superelastic NiTi SMA bars (placed at the plastic hinge regions of the
beam) and FRP in the other regions of the beam and column. The experimental validation of the proposed system was carried out under reversed cyclic loading. Results
showed that the reduction of the residual drift at the plastic hinge region related to
SMA superelasticity was limited due to signiﬁcant slippage of the FRP bar inside the
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couplers. A similar study was conducted in the work of Billah and Alam,51 who proposed
aa hybrid RC column conﬁguration to reduce permanent damages and enhance corrosion resistance. The column was an interior column of the ground ﬂoor of a six-story
building with the plastic hinge region reinforced with SMA or stainless steel and the
remaining regions with FRP or stainless steel rebar. The outcomes of the experimental
tests conducted under reversed cyclic loading revealed that the columns with superelastic
SMA longitudinal reinforcement were able to recover the residual displacement in the
plastic hinge zone up to 87% compared to conventional steel-reinforced columns.

13.7 BUILDINGS AND BRIDGES STRUCTURAL RETROFIT WITH SMA
Only few actual full-scale retroﬁts of existing structures have been operated through the
implementation of SMA-based systems, mainly for the rehabilitation of historic structures. Castellano et al.52 and Indirli et al.53 reported the retroﬁt of a bell tower, namely
S. Giorgio Church, located in Trignano, Italy. The bell tower, which was 18.5 m high
and built originally in 1302, was struck by a 4.8-Richter magnitude earthquake on
October 1996, resulting in signiﬁcant seismic damage. An innovative retroﬁt system
was employed to increase the ﬂexural stability of the tower. A full tower-height prestressing steel bar was installed in each of the four inside corners of the tower and anchored to
the foundation and the roof (Fig. 13.19(a)). The SMA devices were made up of 60 wires,
1 mm in diameter and 300 mm in length, and were installed at the third-ﬂoor level in
each bar. The wires were posttensioned to 20 kN into the superelastic region, guaranteeing constant compression acting on the masonry walls that prevented tensile stresses
from developing during an earthquake. This retroﬁtted historical tower did not suffer
signiﬁcant seismic damage after a similar earthquake in 2000.
Croci54 conducted similar work dealing with the damaged Basilica of St. Francesco in
Assisi, Italy, after a September 1997 earthquake. The Basilica had to be properly restored
to achieve an adequate safety level while maintaining the original (historical) concept of
the structure. To deal with this issue, a superelastic SMA-based connection device was
used for the retroﬁt of the roof structure, enabling a reduction of the seismic forces transferred to the tympanum as well as control of the displacements of the masonry walls
(Fig. 13.19(b)). Another example of full-scale retroﬁt is provided by the strengthening
approach used for the Sherith Israel Synagogue in San Francisco55 (Fig. 13.19(c)). In
this case, the challenge consisted of applying the most appropriate structural solution
consistent with the preservation of the historic value of the synagogue. A Nitinolbased tension tie system was employed to restrain the gable end walls from falling
outward (providing also a restoring force to recenter the walls) without altering either
the shear or ﬂexural stiffness of the roof diaphragms.
The use of SMA in the form of restrainer cables has been proposed in several studies as
a potential seismic retroﬁt approach for bridges. Padgett et al.56 evaluated the
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Figure 13.19 (a) San Giorgio bell tower retroﬁt using four pretensioned steel tie bars and superelastic
devices.53 (b) SMA devices in the Basilica of St. Francesco of Assisi.54 (c) Exterior of the Sherith Israel
Synagogue retroﬁtted with SMA devices.55

performance of SMA restrainers applied to a four-span (one-quarter scale) concrete
bridge by means of shake table tests. The SMA restrainers, in the form of bundled superelastic Niti wires, were connected to the deckeabutment interface. This device provided a
successful experimental performance and was proposed as an unseating prevention device. DesRoches and Delemont57 performed experimental tests on full-scale superelastic
SMA bars used as restrainers for seismic retroﬁt of multispan simply supported bridges.
Their simulation analyses, conducted on the same bridge equipped with the SMA
restrainer, showed how the device could effectively reduce the relative hinge displacement at the abutment, limiting also the response of bridge decks to near ﬁeld ground motion. Johnson et al.58 conducted a large-scale testing program to assess the effects of SMA
restrainer cables on the seismic performance of in-span hinges of a representative
multiple-frame concrete box girder bridge subjected to earthquake excitations
(Fig. 13.20). The tests were performed on a 50-ton capacity biaxial shake table.
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Figure 13.20 Schematic of the Test Setup and SMA Restrainer Cable Used in Ref. 58.

Compared to conventional steel restrainers, the results showed that SMA restrainer cables
were effective in limiting relative hinge displacements after repeated loading, exhibiting
the capability to undergo many cycles without signiﬁcant strength and stiffness degradation. Moreover, in case of larger seismic excitation, the hysteretic damping that was
observed for SMA restrainers demonstrated a good capability to contribute to energy
dissipation over the repeated loading cycles.
The lack of ﬂexural ductility is a common problem in bridge piers characterized by
relatively length-to-depth ratio due to large displacement demands of ground motion.
The technique of lateral conﬁnement of concrete consists in applying pressure on the
concrete element perpendicular to the direction of loading and is typically used to
improve the ductility and strength of RC structural elements. Both passive and active
concrete conﬁnement techniques can be employed to achieve required improved properties. With regard to active ones, SMA-based systems have been successfully proposed,
mainly due to their shape memory effect and their capability to recover their original
shape after experiencing large deformations. Shin and Andrawes59 investigated the uniaxial compression behavior of concrete conﬁned through an innovative active conﬁnement technique based on (NiTiNb) SMA spirals, used either solely or in conjunction
with glass ﬁber reinforced polymer wraps. SMA wires were ﬁrst prestrained to
approximately 6% strain and then wrapped around the concrete element in the form
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Figure 13.21 (a) Schematic illustrating the concept of using prestrained SMA hoops to apply external
conﬁning pressure on RC bridge columns.61 (b) SMA conﬁned test specimen after cyclic compressive
test.60

of a spiral; after heating, the SMA spirals were activated through the shape memory
recovery, resulting in a large conﬁning pressure on the wrapped element.
Choi et al.60 conducted experimental tests on concrete cylinders and RC columns
(0.4 m in diameter and 1.4 m in height) conﬁned with NiTiNb and NiTi wires. The
height of the jacket applied to the column was 400 mm and the pitch of the wires
was 2.0 mm. The lateral load was applied at the top of the retroﬁtted column. It was
reported that the SMA wire jackets increased the peak strength and the ductility
compared to the plain concrete cylinders without ﬂexural strength degradation
(Fig. 13.21(b)). By using this active conﬁning technique, Andrawes et al.61 presented
an experimental and analytical work focusing on the seismic retroﬁtting of RC bridge
columns using SMA spirals (Fig. 13.21(a)). The high recovery stress, related to the shape
recovery of SMAs, provided a reliable external active conﬁning pressure on RC bridge
columns, improving their ductility. Moreover, the analytical results, obtained under
displacement-controlled cyclic loading and a suite of strong earthquake records, revealed
that the SMA retroﬁtted column exhibited a maximum increase in strength that was
38% higher compared to the commonly carbon ﬁber reinforced polymer (CFRP)
wrapped columns as well as improved effective stiffness and column residual drifts.

13.8 SMAS AS REINFORCING MATERIAL IN CONCRETE STRUCTURES
The use of superelastic SMAs as reinforcing material in concrete structures is increasingly
gaining interest among the research community. Indeed, due to the peculiar mechanical
properties of SMAs compared to regular steel, the use of SMA as reinforcement may
change responses of RC structures under seismic loads and therefore reduce permanent
deformations in the structural members. Moreover, the ability to respond with stable
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Figure 13.22 The Deﬂection Control System for a Beam Proposed in Ref. 63.

hysteresis allows SMA-reinforced concrete frames to achieve similar strength and
ductility properties with respect to concrete reinforced with conventional deformed
bars. These aspects have a practical importance in the RC seismic design, especially in
case of a performance-based approach. Czerderski et al.62 used SMA wires of over
4 mm diameter to reinforce an RC beam with a span of 1.14 m. Several deformation
cycles were performed on the beam in a four-point bending conﬁguration. The experimental results proved that, by using SMA reinforcing material, it was possible to produce
an RC beam that had variable stiffness and strength due to variable applicable prestress in
the SMA wires. Deng et al.63 assessed the experimental behavior of concrete beams reinforced and actuated by means of NiTi SMA wires with the aim of exploring the potential
use of SMA as beam deﬂection control. Upon electrical heating (Fig. 13.22), the
martensite-to-austenite phase transformation took place in the prestrained SMA; the
resulting recovery strain of SMA generated a signiﬁcant prestress force in the concrete
beam, enabling adjustment of the deﬂection of the beam on an as-needed basis.
Alam et al.64 analytically investigated the effect of SMA as reinforcement in concrete
structures for three different height (three-, six-, and eight-story) RC buildings. For
each building, three different reinforcement conﬁgurations were considered: (1) steel
reinforcement only, (2) SMA rebar used in the plastic hinge region of the beams and
steel rebar in other regions, and (3) beams fully reinforced with SMA rebar and steel
rebar in other regions. Nonlinear static pushover analyses revealed that the ductility
for SMA-based cases was at least 16% less compared to steel RC frames because of
SMA’s lower modulus of elasticity; moreover, the SMA-reinforced RC frames experienced higher interstory and roof drift, requiring that the design of such frames should be
done based on the reduced stiffness and effective moment of inertia of the SMA
members.
Abdulridha et al.65 investigated the structural performance of simply supported
ﬂexure-critical concrete beams reinforced with either Nitinol SMA bars or conventional
deformed reinforcement under monotonic, cyclic, and reverse cyclic loading. Nitinol-
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reinforced RC beams exhibited a superior performance in limiting residual displacements
and crack widths in the concrete beams (recovering up to 85% of the midspan displacement). Moreover, under cyclic loading, the SMA beam dissipated energy comparable to
the conventional reinforced beam; under reverse cyclic loading, it dissipated approximately 54% of the energy dissipated by the conventional reinforced beam (Fig. 13.23(a)).
Zafar and Andrawes66 proposed a new type of SMA-based composite reinforcement
conceived to withstand high elongation while exhibiting pseudoelastic behavior. The
composite reinforcement was made of small-diameter SMA wires embedded in a thermoset resin matrix with or without additional glass ﬁbers. The proposed SMA-FRP
composite square rebars were embedded in small scale concrete T-beam and tested under
three-point bending using a cyclic displacement controlled regime until failure. It was
found that the SMA-FRP composite reinforcement was able to enhance the performance of concrete member by providing recentering and crack closing capability
(Fig. 13.23(b)).

13.9 SELF-REHABILITATION USING SMA
Other uses of SMA in structural engineering are related to self-restoration of
structural elements, mainly exploiting the shape memory effect of SMA materials.
Li et al.67 studied the relationship between recovery stress and temperature of NiTi
SMA. By heating at various intensities of electricity, simple concrete beams were tested
with the aim of evaluating the use of NiTi SMA wires as emergency repair devices.
Test results showed that NiTi SMA wires could close cracks in the concrete and effectively reduce deformation of the concrete beam under electric heating. Song and Ma2
introduced the concept of intelligent reinforced concrete related to the actuation
property of SMA wires. Stranded martensite SMA wires were used for posttensioning
reinforced concrete small-scale specimens. By monitoring the electric resistance
change of the SMA wires, the authors obtained the strain distribution inside the concrete specimens. The authors suggested that, in the presence of micro-sized cracks due
to explosions or earthquakes, by electrically heating the SMA wires, the wire strands
could be employed to rehabilitate a concrete structure by contracting and reducing the
cracks. A new two-phase repair method for RC beams strengthened with CFRP plates
in combination with SMA was proposed by Li et al.68 Particularly, RC specimens were
temporarily strengthened by SMA wires; after reaching permanent mid-span deﬂection under ﬂexural load, the SMA wires were heated by a constant electrical current
to generate a recovery force, resulting in a reduction in deformation of the specimen
and closing of cracks in the concrete (i.e., ﬁrst phase of emergency damage repair process). Then, the CFRP plate was bonded to the bottom of the specimen using epoxy
resins, completing the strengthening process called the permanent damage repair
process.
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Figure 13.23 (a) Reinforcement details of SMA-reinforced beams proposed in Ref. 65. (b) Stages of
T-beam tests performed by Ref. 66.
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13.10 CONCLUSIONS
This chapter presented a review of the different uses of SMAs in civil structures,
encompassing applications in both building and bridge structures; several SMA-based device conﬁgurations were also presented with regard to speciﬁc applications. It has been
shown how SMAs can be successfully used for sensing, energy dissipation, actuation,
monitoring, vibration control, self-adapting, and healing of structures. Particularly,
many experimental and analytical studies have demonstrated that the use of SMAs can
effectively improve the response of buildings and bridges subjected to seismic loadings.
The key features of SMAs that are exploited for these purposes are the re-centering
potential related to the superelastic behavior and energy dissipation through hysteretic
stress cycles.
Even though successful applications of SMAs demonstrated a signiﬁcant potential for
the development of these materials in structural engineering, several technological drawbacks 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 major restriction to wider implementation of SMAs in structural
engineering is the relatively high cost of SMA material as well as SMA-based device
manufacturing. A large amount of material is required due to the size of civil engineering
structures and associated loads, representing a further obstacle for wider use of SMA
in civil engineering applications. The difﬁculty of processing high-strength NieTi
materials into particular shaped forms also increases the cost of NieTi and other SMA
materials.
Even though the price of SMA is still considerably higher than that of other construction materials, there has been a signiﬁcant decrease in the price of NieTi over the last
decade. Indeed, the advancement in the process and manufacturing technologies has
led to an increase in production quantity and quality of SMAs,1 that resulted in a
more affordable cost: from more than $1000/kg during 90ies to around or less than
$100/kg in 2010, and it is expected to further decrease with the spreading of SMA
uses.64 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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