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A B S T R A C T

One of the most essential components of structural design for civil engineers is to build a system that is resistant
to environmental conditions such as harsh chemical environments, and catastrophic disasters like earthquakes
and hurricanes. Under these circumstances and disturbances, conventional building materials such as steel
and concrete may demonstrate inadequate performance in the form of corrosion, deterioration, oxidizing, etc.
Shape Memory Alloys (SMAs) are novel metals with distinct features and desirable potential to overcome
the inadequacies of existing construction materials and enable the structure to tolerate disturbances more
efficiently. Shape Memory Effect (SME) and Pseudoelasticity (PE) have been the most attractive characteristics
that scientists have focused on among the various features that SMAs exhibit. The SME enables the material
to retain its original shape after severe deformation, whereas the PE behaviour of SMAs provides a wide
range of deformation while mitigating a substantial amount of susceptible stresses. These behaviours are
the consequence of the phase transformation between austenite and martensite. Many investigations on the
modelling and application of SMAs in structural systems to endure applied dynamic loadings in the form of
active, passive, and hybrid vibration control systems have been undertaken. The focus of this paper is to
present an overview of the SMA-based applications and most frequently employed constitutive modelling, as
well as their limits in structural vibration control and seismic isolation devices.
1. Introduction

1.1. Shape memory alloys and structures: a brief review

The purpose of using smart materials for earthquake resistant design
is to build a structural system that provides improved mechanical
performance while requiring minimal extra mass, energy consumption,
or construction expense. In other terms, a smart seismic control system
is a technology that reduces or dissipates the destructive effects of
earthquake actions on a structure [1]. Smart materials frequently offer
innovative features and can be employed to improve mechanical and
seismic response performance in structural systems [2].

Shape Memory Alloys (SMAs) are a metallic category of smart mate-
rials that may revert to their original undeformed shape after substan-
tial deformations by unloading and/or heating owing to phase trans-
formations between austenite and martensite. Heating (shape memory
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effect (SME)) or stress reduction (pseudoelasticity (PE)) triggers this
reverse phase transformation from martensite to austenite.

Ölander made the first discovery of the SME in 1932, and Ver-
non coined the term ‘‘shape memory’’ in 1941 [3]. In 1961 Buehler
and Wiley [4] observed a series of alloys (Nickel and Titanium) that
displayed the shape-memory phenomena while working at the US
Naval Ordinance Laboratory in 1961. Because of the combination of
various terms, this alloy was called NiTiNOL (Nickel–Titanium and the
discovery at Naval Ordinance Lab). These discoveries have sparked a
great deal of interest and study into both the properties and the possibly
unique applicability in structures.

Due to the numerous advantageous characteristics exhibited by
SMAs, such as hysteretic behaviour, excellent re-centring capability,
large damping capacity, ability to undergo large deformations, etc, they
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Fig. 1. Number of SMA-related publications between 2000 and 2020; (a) general
applications of SMAs; (b) SMA applications in bridge and building engineering.

have been one of the most desirable scientific topics among researchers
in recent years for use in civil structures.

SMAs may be utilized in retrofitting and strengthening existing
structures, as well as in structural and seismic design [5]. SMAs (par-
ticularly Ni–Ti) have been used in the design of civil constructions in
structural systems such as beam–column connections, special braces,
reinforcing or pre-stressing bar, dissipation dampers, and base isolation
systems [6,7].

1.2. Current trends and perspectives

Considerable investigation and development attempts in the field
of SMAs have been undertaken in the previous two decades, owing to
advancements in materials sciences, laboratory instruments, the use of
advanced computational techniques, and a variety of other enhance-
ments. These remarkable developments in research and technology
resulted in a better knowledge of phase transformation, simplicity of
production and implementation, and the discovery of low-cost alloys
with shape-memory behaviour.

The large and escalating number of papers in SMA-related research
in recent years attests to this tremendous rise (Fig. 1a). Furthermore,
by reviewing these publications on the use of SMAs in buildings and
bridge structures, it is clear that there is tremendous progress in these
two sectors of study as well (Fig. 1b).

For many years, the comparatively expensive cost of manufacturing
and processing SMAs in buildings was one of the material’s limits
(particularly for Ni–Ti SMA). However, the recent development of low-
cost SMAs made mostly of iron (Fe-based SMAs) and copper (Cu-based
SMAs) allows SMAs to be used in a greater range of large-scale con-
structions [8,9]. As a result, the development of low-cost SMAs (based
on Fe and Cu) is another important factor in the rising contribution
of SMA application in structural engineering [10]. The development of
novel materials, in particular, has attracted a lot of attention in recent
years due to the growing availability of low-cost equipment, as well as
2

recent advancements in sophisticated manufacturing procedures.
1.3. Critical appraisal of the state-of-the-art and contribution of the present
work

Despite the fact that SMAs have been widely implemented in civil
engineering structures and that research interest in this area is increas-
ing, there are still a few scientific and practical gaps that must be
addressed. Many researchers have attempted to answer these inadequa-
cies, and there have been numerous breakthroughs and innovations in
this scientific discipline. As a result, it would be extremely beneficial
to compile all of these advancements, as well as the current limita-
tions, into a state-of-the-art review paper to provide a comprehensive
overview of this topic to scholars investigating the application and
modelling of SMAs in vibration response control of civil engineering
structures. Several informative and valuable review articles on the vi-
bration control application and modelling of SMAs have been published
during the last two decades. Some of these review studies are briefly
presented in this section.

Saadat et al. [11] provided an overview concerning with: (i) Ni–Ti
properties (SME, PE and other thermodynamic properties), (ii) mod-
elling (e.g. models by Tanaka [12,13], Niezgódka and Sprekels [14],
Müller and Xu [15], Lexcellent and Tobushi [16] and etc.), and (iii)
applications for structural vibration control and seismic isolation based
on the mechanism used (active, passive and hybrid vibration control).

Desroches and Smith [17] evaluated the different attributes of SMAs
(fatigue, strain rate and temperature effect) and their application for
seismic design and retrofitting of structures (e.g. wired-based devices,
seismic rehabilitation of buildings, and bridge structures).

Wilson and Wesolowsky [18] addressed materials science charac-
teristics, numerical modelling, and thermomechanical behaviour of
SMAs pertinent to earthquake design, as well as an examination of
the existing development of SMA-based vibration control devices and
their application in buildings and bridges. We consider that this study
covered a wide variety of topics, with an emphasis on both practical
implementation and numerical modelling.

Qian et al. [19] carried out a review on SMA-based structural vi-
bration control in civil engineering. They provided fundamental details
concerning the thermodynamic behaviour of SMAs, as well as con-
stitutive models developed by Graesser and Cozzarelli [20,21], and
Wilde, Gardoni and Fujino [22]. The researchers next examined the
existing seismic applications of SMAs for buildings, taking into account
passive, active, and hybrid vibration control mechanisms.

Ozbulut et al. [23] presented an extensive review of seismic appli-
cations of SMAs in different types of structures. They reviewed the
fundamental features of SMAs, constitutive models, and their use in the
seismic design of civil engineering structures. This study, we consider,
is one of the most useful review articles on the seismic response control
of civil engineering structures using SMAs.

Zareie et al. [24] presented an extensive analysis of current break-
throughs in SMA implementations in civil infrastructures. They pro-
ceeded by providing a short overview of the SME and PE characteristics
of SMAs, as well as recent developments in building and bridge struc-
tures. The significance of this review article may be the classification
according to the type of structure (concrete, steel, and timber), as well
as the type of system (isolation, bracing, stiffeners and etc.).

Billah et al. [25] evaluated current SMA-based bridge engineering
uses, as well as classified the properties of SMAs relevant for the bridge
engineering sector, and indicated topics of potential improvement and
prospects. The benefit of this work is that it categorizes the application
of SMAs in bridge engineering based on the SMA material composition,
used properties (SME, PE, energy dissipation and damping) and type of
element (bar, wire, tube, etc.). This paper is particularly beneficial for
researchers working on the use of SMAs in bridge structures.

We believe that all of the previously stated review articles provide
a wide variety of information in this scientific field that will help
scholars gain a better understanding of the application of SMAs in civil

engineering structures. However, in this paper we attempted to address
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the limitations and perspectives of the current state-of-the-art on the
topic of vibration control of civil engineering structures using SMA.
It was tried to provide a complete review of different aspects of this
subject by reviewing the most important properties of SMAs, different
types of SMAs and their advantages and shortcomings, categorizing
different constitutive models and introducing a few of them comprehen-
sively, and application of SMAs in seismic and vibration control of the
different type of civil engineering structures, etc. The following aspects
differentiate this research from other review articles:

• evaluating the most current developments, innovations, limits and
constraints, and prospects of the use of various types of SMAs in
civil engineering constructions (building, bridges, etc.);

• a review of the thermodynamic, physical, SME and PE behaviour,
and other properties of several types of SMAs, as well as their
effectiveness in vibration control devices in civil engineering
structures;

• the important qualities of SMAs for vibration control applications
(damping, fatigue, strain rate, and so forth) and how to enhance
them (additional alloying component, annealing, etc.);

• categorizing and describing the most often used constitutive mod-
els proposed of SMAs for dynamic and seismic design;

• presenting a review of the literature on the use of SMAs in seismic
and vibration control systems used in various types of struc-
tures (buildings, bridges, etc.) constructed with various materials
(concrete, steel and masonry);

• using numerous illustrations of SMA properties, constitutive mod-
els, and their application in civil engineering structures to present
readers with a clearer vision and comprehension;

• summarizing and assessing the vibration control systems in terms
of the SMA deformation mechanisms (SME or PE), cost, con-
structability, energy dissipation, and effectiveness.

1.4. Article overview

Section 2 explores further the SME and PE behaviour of SMAs in
terms of phase transformations and the influence of the thermomechan-
ical stimuli on them. In addition, three types of the most prevalent
compositions of Ni–Ti, Cu-based, and Fe-based SMAs are described, and
their physical and mechanical characteristics are compared.

When considering dynamic loadings in structural design, several
characteristics of the material utilized in the structure are critical.
Section 3 presents some of these elements as well as the fundamental
features of SMAs that are believed to be critical in the design of seismic
response control devices.

Vibration response control systems, in general, adopt passive, ac-
tive, or semi-active approaches. Section 4 describes the basics of these
structural seismic response control systems to assist readers to grasp
the information in the following sections.

Many computational methods have been introduced to computa-
tionally model the SMA’s dynamic behaviour. Section 5 goes through
three of the most frequently applied SMA dynamic computational
models in a one-dimensional domain.

Many studies have been conducted to determine the advantages
and disadvantages of adopting SMA-based vibration control systems in
structural components. Section 6 delves deeply into these applications
concerning three different approaches of passive, active and semi-active
control.

Section 7 highlights the various uses of SMA-based structural con-
trol systems, as well as the existing scientific and practical gaps based
on the literature, and the prospects of employing SMAs in vibration
device systems.

Section 8 briefly concludes the results of the reviewed studies
by providing the current scientific and practical gaps and the future
possible research areas.
3

Fig. 2. Crystal orientations in different temperature states of SMAs [26].

2. Fundamental inherent characteristics of shape memory alloys

SMAs, like many other alloys, possess polymorphism, which indi-
cates that they can exist in more than one crystal structure form with
the same chemical composition, as illustrated in Fig. 2. The austenite
stronger structure (parental phase), is stable at higher temperature and
lower stress states. Martensite has a reduced amount of order in its
crystal structure, which makes it more stable at lower temperatures and
high-stress states.

Fig. 3 depicts the peculiar shape-memory characteristics of SMAs
that emerge from reversible martensitic phase transitions. As seen
in Fig. 3a, there is some residual strain in the materials after the
loading and unloading procedure. When the material is heated above
𝐴𝑠, the twinned martensite begins to transfer to the austenite phase
until it reaches 𝐴𝑓 , at which point only austenite remains. Afterwards,
the austenite is completely converts to twinned martensite by cool-
ing the material from 𝑀𝑠 to 𝑀𝑓 . These four temperature points are
determined by the material composition, manufacturing method, and
applied stresses of the SMA. SMAs exposed to temperatures over a
specific point of 𝑀𝑑 irreversibly distort like any other conventional
metal, and stress-induced deformation can occur beyond this point.

The curve in Fig. 3b indicates hysteresis, and the region encom-
passed by the hysteresis loop corresponds to dissipated energy and
therefore to the damping capacity of SMA. According to Duval et al.
[27], the residual strain is determined by the temperature at the
unloading process. For SMA structural elements both the modelling and
the simulation of boundary-value problems are complex and difficult,
due to the perceived dissipative character of the deformation process
under reversible transformations in the mixture of phases that results
in the flag-shaped hysteresis [15,28–31].

SME and PE may be divided into three categories of shape memory
characteristics:

• one-way SME that retains a distorted shape after an external force
is removed and reverts to its initial state when heated;

• SME with two-way (reversible) memory that remembers its for-
mation at both high and low temperatures. However, it is not
widely commercialized due to its poorer recovery compared to
the one-way SME for the same material [32] and its proclivity
to rapidly degenerating the strain, especially at high tempera-
tures [33];

• pseudoelasticity: With no thermal stimulation, the SMA recovers
to its original shape when subjected to mechanical loading at
temperatures ranging from 𝐴𝑓 to 𝑀𝑑 .

Binary (Ni–Ti) and ternary (Ni–Ti–X, where X is an additional
alloying agent) nitinol alloys outperformed other SMAs owing to su-
perior characteristics such as shape recovery, pseudoelastic strain, and
recovery stress. As a result, it finds usage in a variety of applica-
tions, including retrofitting and reinforcing materials, seismic control
devices, and self-sensing and -repair elements. However, the substantial
manufacture and installation costs of nitinol alloys, as well as their
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Fig. 3. Stress–strain–temperature curves for: (a) SME; (b) PE.
extreme temperature sensitivity, have been a detriment to their broader
spectrum of use in buildings. Accordingly, there has been a significant
effort to develop novel SMAs or modify existing ones to be more
cost-effective, such as Cu- and Fe-based SMA.

Sato et al. [8] reported shape memory behaviour in the Fe–30Mn–
1Si alloy in 1982. One of the reasons that Fe-based SMAs are intriguing
is because the majority share in the composition is iron (Fe, from Latin:
Ferrum), which is a cheap and readily available element [10]. Fe-based
SMAs can be classified into two categories;

• Fe–Pt, Fe–Pd, and Fe–Ni–Co: with low thermal hysteresis and
almost similar martensitic phase transition behaviour to NiTi-
NOL, however, Fe–Pt or Fe–Pd alloys are not reported to exhibit
pseudoelasticity at room temperature;

• Fe–Ni–C and Fe–Mn–Si: with higher thermal hysteresis, while
4

exhibiting SME.
Among these Fe-based SMAs, Fe–Mn–Si alloys have attracted atten-
tion because of their low cost, excellent workability, good weldability,
and other remarkable properties.

Binary Cu-based SMAs (from Latin: Cuprum) containing Zn, Al, and
Sn, with or without the ternary alloying agent, are desired to owe to
their good shape recovery, simplicity of manufacture, and excellent
thermal and electrical conductivity. In addition to SME and pseudoe-
lasticity, Cu-based SMAs exhibit Temperature Memory Effect (TME),
which is shown after an incomplete reverse martensitic transition [9].

Several engineering properties of Ni–Ti, Fe–Mn–Si and Cu–Al–Ni
SMAs are compared to stainless steel in Table 1. The quantities in
Table 1 for the specified attributes are based on the findings of several
studies in order to present a wide range of information. Furthermore,
the range of Ni–Ti quantities provided is governed by the crystal
phase (martensite or austenite) and other factors (hardened or fully
annealed).
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Table 1
Comparison of physical and mechanical characteristics of Ni–Ti, Fe–Mn–Si and Cu–Al–Ni SMAs to stainless steel.

Property Ni–Ti Fe–Mn–Si Cu–Al–Ni Stainless steel
Density (kg/m3) 6450–6500 [34] 7200–7500 [35] 7100 [36] 7850 [37]
Poisson’s ratio 0.33 [38] 0.359 [39] 0.3 [40] 0.265-0.3 [41,42]
Young’s modulus (GPa) 28–83 [43] 160–200 [39] 30-85 [44] 190–120 [37,45]
Specific heat capacity (J/kg ◦C) 450–620 [46] 540 [47] 500 [48] 420–510 [49]
Thermal conductivity (w/m ◦C) 8.6–18 [50] 8.4 [47] 30-43 [51] 8.9–16.2 [49]
Ultimate tensile strength (MPa) 895–1900 [52] 680–1200 [53] 1000 [54] 480-1450 [42]
Yield stress (MPa) 70–690 [55,56] 475 [57] 950 [58] 170-850 [59,60]
Yield strain (%) 5–10 [61] 2.5–13 [62] 4-6 [63,64] 0.2-1.6 [65]
Ultimate strain (%) 5–50 [66] 12.4–20 [53] 10-30 [67] 1-40 [65]
Corrosion resistance Very good [68] Good [69,70] Fair [71,72] Fair [73]
Cost High [74] Low [35] Low [75] Low
SME High [76] Moderate Low [77,78] –
Workability Moderate [79,80] Low [81] Good [82] Good [37]
Fabrication Low [83] Good [84] Moderate [85] Good [37]
Processing Demanding [79,86] Easy [39] Easy [87] Easy [37]
3
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Materials used in structural vibration control systems and devices
ust have specified features and characteristics. These attributes should

e consistent with the nature of these systems, which are designed
o withstand dynamic and heavy loading conditions. Section 3 thor-
ughly discusses some of the key aspects and characteristics of SMAs,
s well as how they might be enhanced. However, the following
bservations may be drawn from the data in Table 1:

• since structural elements are frequently susceptible to humidity,
severe chemical or environmental conditions, and pollutants, they
must be corrosion resistant or insulated. Because Ni–Ti has supe-
rior corrosion resistance as compared to other SMAs and stainless
steel, it has a wide range of uses in biological and medical appli-
cations (however, because nickel is a highly poisonous substance,
additional alloying material is being added to the composition
to improve corrosion and avoid physiological harm). Other Cu-
based and Fe-based SMAs have good corrosion resistance, but
many studies are conducted to improve this attribute, such as the
impact of alloying components, annealing, employing epoxy, etc.

• another key issue is the mechanical qualities of the materials em-
ployed in such structures and systems. In comparison to stainless
steel, the reported SMAs exhibit excellent mechanical properties,
including high yield and ultimate strain, as well as much greater
ultimate tensile strength and yield stress. It allows them to endure
extreme-loading situations (they might also dissipate energy and
return to their original form with the help of their SME and PE
behaviour).

• other essential consideration is the cost and simplicity of manu-
facture, as well as the material’s machinability and processability.
Among the SMAs presented, Ni–Ti has comparatively high manu-
facturing and processing costs with restricted workability (due to
its high sensitivity to temperature), but Fe–Mn–Si is an affordable
SMA with acceptable workability, making it a more viable SMA
for usage in civil engineering constructions.

• in seismic occurrences, the lower weight of the material used
reduces the seismic force imposed on the structure. The density
of the three proposed SMAs is lower than that of stainless steel,
implying that a lower quantity of material may be employed in
the structural control system. However, because steel and con-
crete comprise the majority of the materials used in conventional
structures, this factor may not play a significant role in the seismic
response control of structures.

. Basic properties of shape memory alloys

In addition to their shape memory characteristics, SMAs have ex-
eptional material properties that distinguish them from other conven-
ional construction materials. High damping capacity, excellent fatigue
esistance, great re-centring ability, etc. are some of the unique char-
cteristics of SMAs that make them viable for the design of structural
ibration control systems. Some of these properties are thoroughly
iscussed in this section.
5

.1. Damping

Damping is the process of converting mechanical (kinetic and strain)
nergies to thermal energy in order to reduce or constrain structural
otions or vibrations. This is a measure of a material’s efficiency

n dispersing a huge quantity of produced external energy through
eformations or vibratory response in order to maintain the stability
nd integrity of a structure [88,89]. Damping is required to lessen
he negative impact of ground motions on civil engineering structures,
hich would otherwise result in the total collapse of such systems [90].

The damping capacity of SMA, which refers to its ability to absorb
the vibration energy due to a dynamic response under applied load,
determines its potential applications for passive structural control. SMA
damping is based on two mechanisms: martensite variations reorien-
tation (SME) and stress-induced martensitic transition of the austenite
phase (pseudoelasticity) [91]. Metallic alloys exhibiting the martensitic
phase transition have been proven in studies to have a desired damping
capacity [92].

Friction is a key mechanism in the damping process, and it can man-
ifest as external friction at the interface of two interacting structural
components (at the macro-scale level) or as internal friction within the
damping material (at micro-scale level). SMAs have a large damping
capacity due to the relatively high internal friction that occurs during
the martensitic transition. Lie et al. [93] noted that the martensite
damping capability of strained Ni–Ti SMAs varies with annealing tem-
perature and duration. Martensite damping diminishes with a growing
number of repetitions under tension–compression cyclical stress, and it
continues to equilibrium with more repetition.

Several studies have explored the pre-stressing SMA wires to im-
prove their damping ability. According to several research studies,
SMA wires must be pre-tensioned to half of the ultimate strain and
cycled about the pre-strained value for producing effective energy
dissipation [94–96]. On the other hand, increasing the pre-tensioning
may reduce the level of energy dissipation. As a result, in an opti-
mum design, pre-tensioning should be restricted to less than half of
the ultimate strain. Dolce and Cardone [97] recommended that the
austenite wires should be pre-tensioned to increase energy dissipation.
They also examined the damping properties of Ni–Ti bars under torsion
in martensite and austenite phases and discovered that the damping
capacity of the martensite bar is rather larger than the damping ca-
pacity of the austenite bar. It is also worth noting that the mechanical
characteristics of a martensite bar are unaffected by loading frequency,
but the austenite bar is highly reliant on frequency. This allows both
martensite and austenite Ni–Ti bars to perform at a high frequency.

Many variables and conditions influence the material behaviour of
SMAs, such as temperature state, loading rate, strain amplitude, num-
ber of cycles, and geometry of the shape memory components, making
it difficult to derive a general formula for damping capacity values.
However, the following formula has been reported in the literature [98]
for the Specific Damping Capacity (SDC).
SDC (%) = 𝛥𝑤∕𝑤 (1)
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where 𝛥𝑤 is the dissipated energy and 𝑤 is the applied energy. For
example, the SDC values of Ni–Ti, Cu–Zn–Al and Cu–Al–Ni SMAs are
15%–20%, 30%–85% and 10%–20% respectively [99]. The exact SDC
value of these SMAs depends on the frequency and the amplitude.

Equivalent Viscous Damping (EVD) may also be used to assess
the energy dissipation performance of specimens in a seismic control
mechanism. It is a dimensionless measurement of energy dissipation
that is based only on the form of the hysteretic curve, as described
below [100]:

EVD (%) =
𝑊𝐷

4𝜋𝑊𝐸
(2)

where 𝑊𝐸 is the stored energy in a linear system experiencing a com-
parable maximum displacement and load like those used to calculate
𝑊𝐷, and it correlates with the triangle area of the load–displacement
curve of the linear system.

Alaneme et al. [101] investigated the dynamic characteristics, par-
ticularly the damping characteristics, of untreated Cu–32Zn–10Sn and
Ni-modified Cu–32Zn–10Sn SMAs. The damping capabilities of the 0.4
wt% Ni adjusted CuZnSn alloy for the range of test temperatures were
substantially greater than the ranges observed for the untreated and 0.2
wt % Ni adjusted CuZnSn alloys. According to the findings, the optimal
compromise of physical and damping characteristics was obtained by
micro-alloying CuZnSn alloy with an equivalent of 0.4 wt% Ni.

Ivanić et al. [102] evaluated the influence of various thermal
processing mechanisms on the microstructure, damping capabilities,
and physical characteristics of CuAlNi SMA. Based on their dynamic-
mechanical study, they discovered that specimens following solution
annealing and tempering had a better damping capacity.

3.2. Fatigue

Considering that seismic loads have inherent sinusoidal loading
nature, the cyclic behaviour and fatigue resistance of SMAs under
repeated loading circumstances is essential to whether they are to be
employed in seismic applications.

Fatigue is the weakening of the periodic characteristics of SMAs,
which is classified into structural and functional fatigue [103,104]. The
concentration of microstructural malformations and the development
and propagation of fractures until the material splits is referred to
as structural fatigue. The progressive deterioration of either SME or
damping capability caused by microstructural changes is referred to
as functional fatigue. Aside from corrosion, fatigue is another element
to consider when aiming for a long life cycle. Temperature, alloy
composition, loading type, microstructure, and surface quality are all
factors that impact SMA fatigue resistance.

Cyclic loadings cause progressive increases in residual stresses due
to microstructural slippage during the stress-induced martensite transi-
tion during subsequent cycles. They also cause a decrease in martensite
forward stress levels [105,106]. This is followed by a decrease in the
stress required to induce reverse transformations, which is less than
that required for forwarding phase transformations. As a result, the
SMA’s hysteresis and energy dissipation are reduced (approximately
40% decrease) [107–111].

DesRoches et al. [112] subjected a Ni–Ti SMA wire and bar (1.8
and 25.4 mm diameter) to cyclical loadings. They both demonstrated
outstanding pseudoelastic behaviour (see Fig. 4). However, the SMA
wire outperformed the SMA bars in terms of strength and damping.
Section size has no effect on re-centring capabilities based on residual
stresses. Cyclic strain amplitudes larger than 6% resulted in a loss of
damping and re-centring capacity.

Janke et al. [99] outlined several requirements for improving fa-
tigue resistance. First, they found out that the high mechanical strength
of austenite and martensite improves the SMAs’ fatigue characteristics.
Alloys having relatively soft austenite, such as typical Fe-based SMAs,
6

exhibit significant fatigue [104]. Second, a high melting temperature
inhibits diffusion processes from causing microstructural changes. Fi-
nally, because of the large number of loading cycles, the stresses
utilized must be minimal. SMA fatigue characteristics might be en-
hanced by increasing the quantity of cold-working, annealing at lower
temperatures, cycling at lower stresses and quicker rates [113]. The
fatigue impact can also be reduced by thermomechanical training of the
SMA specimen with pre-cycle loadings between (𝑀𝑓 ) and (𝑀𝑑) [114].

Throughout tension–compression loops, Wang and Zhu [115] inves-
tigated the cyclic behaviour of pseudoelastic SMA bars with buckling-
restrained components. The SMA bars displayed satisfactory and stable
flag-shaped hysteretic loops with minimal strength loss during cyclic
tension–compression loadings. Moreover, the SMA bars displayed an
exceptional self-centring capacity that is practically independent of
strain rate.

Shi et al. [116] examined the impact of atmospheric temperature on
SMA cable mechanical sensitivity and pseudoelastic fatigue behaviour.
The SMA cable anchorage system and test setup details are shown in
Fig. 5. They observed that the fatigue life of the SMA cable degrades
with rising room temperature, and that the SMA cable fully terminated
at the 699th iteration when the temperature range hit 60 ◦C.

3.3. Strain rate effects

The strain rate has a significant impact on the mechanical behaviour
of SMAs. SMA transfers thermal energy as heat during forward phase
transitions, whereas it absorbs energy through unloading [23]. During
loading with high strain rates, SMA may not transfer thermal energy
to the surroundings in a limited amount of time. As a result, the
temperature of the material rises, altering the geometry of the hystere-
sis loops and transformation stresses [117]. Because the SMA utilized
in structural response applications would be subjected to dynamic
loadings, it is necessary to examine the effect of strain rate on the SMA
prior to deployment.

Several studies have been conducted to examine the influence of
loading strain rates on the behaviour and mechanical characteristics
of SMAs. According to Liu and Van Humbeeck [93], the damping
capability of the Ni–Ti SMA increased as the strain rate increased.
Other experiments, however, have found that increasing the loading
rate leads to a reduction in hysteresis and energy dissipation of the
SMAs [97,118]. It was also discovered that increasing strain rates
increases both forward and reverse transformation stresses [112]. To-
bushi et al. [119] found that higher strain rates lowered the reverse
transformation stress while increasing the forward transformation stress
resulted in more energy dissipation. Soul et al. [120] discovered that
for frequencies less than 0.05 Hz, the dissipated energy increases
considerably, whereas for frequencies more than 0.053 Hz, it drops
dramatically.

3.4. Temperature effects

Since shape memory transformations are a thermoelastic process
that is affected by temperature as well as mechanical loads, the temper-
ature is an essential variable that affects the shape memory behaviour
of SMAs. The mechanical characteristics of SMAs are temperature
dependent, which precludes many possible seismic applications and
may restrict their performance in locations with wide temperature
variations.

It has been observed that increasing the temperature causes a rise in
transformation stress, therefore a lower stress magnitude is necessary to
initiate the transformation. In other words, SME can be observed in an
SMA at low temperatures, but a pseudoelasticity effect can be observed
in the same SMA at high temperatures [17]. As indicated in Table 2, the
composition of the alloy’s components can influence the transition tem-
peratures. However, in the pseudoelastic region, temperature change

has little effect on initial stiffness and residual strain [23].
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Fig. 4. Stress–strain curves of Ni–Ti subjected to quasi-static cyclic loading [112]: (a) 1.8 mm diameter Ni–Ti wire; (b) 25.4 mm diameter Ni–Ti bar.
Fig. 5. (a) SMA cable anchorage system; (b) SMA cable specimens; and (c) test setup [116].
Table 2
Ni–Ti alloy compositions and transformation temperatures [121].

Composition (%) Transformation temperatures (◦C)
Ni Ti 𝑀𝑓 𝑀𝑠 𝐴𝑠 𝐴𝑓

49.1 50.9 −115.8 −30.7 1.9 44.6
49.5 50.5 −77.8 −18.5 9.0 53.0
50.0 50.0 −28.0 37.5 48.2 77.8

3.5. Re-centring

The capacity of a material to regain its initial geometry at multi-
ple points during excitation prevents the structure from accumulating
inelastic deformations [122]. Conventional civil engineering structures
use a linear-elastic supplementary moment frame as a preserving force
to decrease residual drifts in buckling restricted structures without full
re-centring [123]. When external forces are eliminated, self-centring
materials may reduce residual drifts through a nonlinear elastic sta-
bilizing force [124]. According to Skinner et al. [125], contemporary
design standards regard re-centring capacity to be a basic requirement
for seismic isolation systems. Following factors exhibit insufficient
re-centring capability [126]:

• significant residual displacements after an earthquake;
• displacement accumulation caused by the following earthquakes;
• increased maximum and residual displacements in seismic events

with directivity effects.

Austenite SMAs possess the re-centring ability, but their dissipation
capacity is relatively poor (particularly at higher loadings), and their
behaviour may be described as nearly elastic. The re-centring capacity
is independent of the element dimensions and unaffected by the strain
rate of the loading [17]. The magnitude of the residual displacement in
a nonlinear system can be greatly impacted by the form of the hysteresis
loop [127]. The residual displacement averaged more than 40% of the
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peak displacements in several elastoplastic systems, with significant
dispersion [128].

3.6. Corrosion and ageing

The corrosion resistance of Ni–Ti alloys is superior to most of
SMAs due to the existence of a passive film that acts as a protective
layer [129]. Nickel leakage can be minimized by changing Ni–Ti com-
positions (by partial substitution of Ti with Cu, Ag, Nb, Zr, Mo, and Ta)
and improving its corrosion resistance [130,131].

In H2SO4 solutions, Fe–Mn–Si–Cr–I SMA with 8.8–12.80 wt% Cr ex-
hibits comparable or superior corrosion resistance than stainless steel,
although containing less Cr, since iron-based SMAs contain a colossal
quantity of Si [132,133]. They are also impervious to intergranular
erosion due to their high silicon concentration. The corrosion behaviour
and mechanism of Fe–Mn–Si SMAs in Na–Cl solution, on the other
hand, are not fully understood. The addition of Cu or La, as well as
a very small amount of Ce, appears to increase corrosion resistance in
Na–Cl solutions [134,135]. Some characteristics and procedures that
can have a considerable impact on the corrosion resistance of these
SMAs are listed below [136]:

• corrosion protection is reduced by increasing Mn and lowering Cr
in the mixtures;

• additional Ni, N, and V in the mixtures improves the corrosion
protection;

• although training diminishes corrosion protection, cold rolling
reduces corrosion stability of the alloys, resulting in increased
corrosion current and further recovery, whereas heating decreases
corrosion resistance.

Cu-based SMAs have relatively low corrosion resistance; never-
theless, studies have shown that there are various approaches to in-
crease the corrosion resistance of Cu-based SMAs, including additional
compositions such as Al and Br, as well as polymer coating [137].
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𝜎

Fig. 6. Schematic concept of different vibration control concepts; (a) passive system;
(b) semi-active system; (c) active system.

The ageing method can have an impact on the alloy’s transition
temperatures, thermal hysteresis, and mechanical characteristics [138].
The ageing of Cu-based alloys in the martensite or coexistence phase
causes martensite stabilization, which raises the transformation tem-
perature due to consecutive martensitic transition and precipitate pro-
duction [139,140]. Ageing also has a substantial impact on the in-
ternal friction characteristics of Cu-based alloys, reducing damping
capacity [140].

3.7. Grain size effects

The pseudoelastic behaviour of SMAs is significantly influenced by
grain size, shape, and crystallographic orientation. Cu-based SMAs have
higher grain sizes than Ni–Ti alloys. On the one hand, elastic stress
concentrations in Ni–Ti SMAs are easily relieved by plastic deformation
on grain boundaries. As a result, grain size and orientation have only
a little impact on the mechanical behaviour of Ni–Ti SMAs, and high
grain size is not necessary to achieve pseudoelastic behaviour [141].
Due to stress concentrations on grain boundaries, larger grains produce
intergranular brittle fractures in Cu-basis SMAs.

In Fe-based SMAs, bigger grain size alloys exhibit superior shape
memory effect behaviour since grain refinement reduces the suppress-
ing of plastic deformation [142].

4. Basics of seismic response control

Structural control systems are used to decrease structural move-
ments caused by a variety of dynamic loadings such as winds and
earthquakes. Several vibration control devices have been implemented
to enhance structural seismic response. These systems were primarily
designed based on the structural materials’ energy dissipation and
absorption capabilities. As illustrated in Fig. 6, there are three primary
seismic vibration control systems: passive, active and semi-active vibra-
tion control. In this figure, 𝑚𝑁 signifies the neutralizer mass, 𝑌𝑚 reflects
the mechanical mobility of the vibrating host structure, and 𝐹𝐴 defines
the internal actuation force.

In an Active Vibration Control (AVC), actuators that apply forces
on object structures are controlled by an external power source. As a
result, the massive quantity of electricity required for seismic control
limits its application. Active mass dampers, hybrid mass dampers, and
tendon controls are examples of AVC-based devices [143,144].

There is no need for an external power source in the Passive
Vibration Control (PVC) device, and the impact forces are generated in
response to structural movement. Viscoelastic solid and fluid dampers,
friction dampers, and tunable mass dampers are examples of PVC-
based devices [145,146]. The system, on the other hand, has difficulty
adapting to changes in the structure. Semi-active control systems uti-
lize a lot less energy than AVC-based devices to manage structural
characteristics.

Semi-Active Vibration Control (SAVC) devices, which combine the
best qualities of both passive and active control systems, are considered
to be sufficient among these systems. As a result, they demonstrate
8

a superior system capable of controlling the dynamic reaction of
civil engineering structures [147]. SAVC-based devices include electro-
rheological dampers, hydraulic dampers, variable orifice dampers,
smart tuned mass dampers, and variable friction dampers.

5. Shape memory alloy modelling for seismic applications

So far, numerous researchers have focused on the martensitic phase
change and presented constitutive models to characterize the extremely
complicated behaviour of shape-memory materials. These models were
created at either the microscopic or macroscopic levels. At the micro-
scopic level, continuum mechanics use a slight quantity of material
to create a relationship between deformation, strain, and stress at
specified locations. Macroscopic level models, on the other hand, are
intended to describe the SMA responses through a phenomenological
approach. Some of these models are heavily reliant on thermodynamic
principles, whilst others are constructed by fitting material parameters
with experimental data. Herein, a brief breakdown of the existing
models is provided:

• phenomenological macroscopic constitutive models on the basis
of stress, strain, and temperature, with postulated phase change
kinematics supplied by simple mathematical expressions pro-
posed by Tanaka [13], Liang and Rogers [148], Brinson [149],
Boyd and Lagoudas [150,151], Li et al. [152], Tobushi et al. [153]
and Sun and Rajpakse [154].

• Devonshire’s hypothesis-based one-dimensional polynomial com-
putational models with an expected polynomial-free energy po-
tential, permitting PE and SME characterization, presented by
Falk et al. [155,156].

• free energy and dissipation potential thermodynamic models de-
veloped by Patoor et al. [157], Sun and Hwang [158,159], Huang
and Brinson [160], and Boyd and Lagoudas [161].

• plastic flow models based on solid-state physics dislocation theo-
ries proposed by Graesser and Cozzarelli [20,21], which was later
improved by Wilde et al. [162], Zhang and Zhu [163], and Ren
et al. [164].

In the following sections, we focus on discussions of three of the
most frequently utilized one-dimensional SMA material models for
seismic design purposes.

5.1. Graesser and Cozzarelli’s model

One of the initial fundamental numerical models for the hysteretic
stress–strain behaviour of SMAs was developed by Graesser and Coz-
zarelli [20,21]. The concept is an extended form of Wen [165] and
Ozdemir’s [166] strain rate-independent material hysteresis hypothe-
ses. The initial Ozdemir model is rate-dependent, however, Graesser
and Cozzarelli established that the stress–strain correlations are rate-
independent. The formula is as follows:

̇ = 𝐸
[

�̇� − |�̇�|
(

𝜎 − 𝛽
𝑌

)𝑛]

(3)

where 𝜎 is one-dimensional current stress, 𝐸 is the austenite phase’s
elastic modulus (Initial elastic modulus), 𝑌 is the yield stress at (𝑀𝑠),
and 𝑛 is a constant controlling the sharpness of the transition from
elastic state to phase transformation; �̇� and �̇� are the time derivatives
of stress and strain, respectively. 𝛽 is one-dimensional back stress, and
it is calculated as follows:

𝛽 = 𝐸𝛼
{

𝜀𝑖𝑛 + 𝑓𝑇 |𝜀|
𝑐𝑒𝑟𝑓 (𝑎𝜀) [𝑢(−𝜀�̇�)]

}

(4)

where 𝑓𝑇 , 𝑎, and 𝑐 are material constants that determine the type
and magnitude of hysteresis, the amount of elastic recovery during
unloading, and the slope of the unloading stress plateau, respectively.
When 𝑓 =0, the model is completely martensitic, but when 𝑓 >0, the
𝑇 𝑇
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Fig. 7. Schematic stress–strain curves of SMAs (model parameters: 𝜀 = 0.016 sin(𝑡), 𝑌 = 210 MPa, 𝐸 = 28, 500 MPa, 𝛼 = 0.0197, 𝑛 = 3, 𝑎 = 2, 500, 𝑐 = 0.001, 𝑓𝑇 = 0.0): (a) twinning
ysteresis (𝑇 < 𝑀𝑓 ); (b) pseudoelasticity (𝑇 > 𝐴𝑓 ) [20,21].
𝜎

𝜎

odel displays pseudoelasticity behaviour. 𝛼 is a constant that governs
he slope of the stress–strain curve in the inelastic range, and it is
enoted as:

=
𝐸𝑌

𝐸 − 𝐸𝑌
(5)

where 𝐸𝑌 in the inelastic range is the slope of the stress curve (after
yielding).

𝜀𝑖𝑛 is the inelastic strain, given by:

𝜀𝑖𝑛 = 𝜀 − 𝜎
𝐸

(6)

The error function is defined as:

𝑟𝑓 (𝑥) = 2
√

𝜋 ∫

𝜋

0
𝑒−𝑡

2
𝑑𝑡 (7)

Eq. (7) is a straightforward expression to model the return of the
− 𝜀 curve during unloading so that with an appropriate selection of
𝑇 , 𝑎 and 𝑐 the inelastic stress is fully recovered at 𝛼=0.

The unit step function is defined as:

(𝑥) =

{

+1 𝑥 ≥ 0
0 𝑥 < 0

(8)

where equation (8) will activate the last term in Eq. (4) just during
unloading.

The simplicity of Graesser and Cozzarelli’s model allows to encom-
pass both the pseudoelastic effect and the martensitic hysteresis with
its sub-loops due to discontinuous transformation cycles. However, this
model does not account for post-transformation martensitic hardening
at large stresses, which is essential in seismic applications. As a result,
to overcome the aforementioned restriction, this model requires further
improvements.

The material constants 𝐸, 𝑌 , and 𝛼 are chosen for the sake of model
demonstration to be 200,000 MPa, 210 MPa, and 0.0197, respectively.
Furthermore, the over-stress power is set to 𝑛 = 3, and the starting
constant 𝑓𝑇 is set to zero. A strain-controlled test with a sinusoidal
yclic loading condition ranges from −0.016 to 0.016. The results are
epicted in Fig. 7.

.2. Wilde, Gardoni and Fujino’s model

Wilde et al. [162] improved the Graesser and Cozzarelli model by
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imulating a uniform transition between the elastic and pseudoelastic
plateaus to reflect the potential of characterizing material behaviour
following phase transformation martensitic hardening. This impact is
included in the model in the second line of Eq. (3), which is given by:

̇ =𝐸 ⋅
[

�̇� − |�̇�| ⋅
(

𝛼 − 𝛽
𝑌

)𝑛]

⋅ 𝑢1(𝜀) + 𝐸𝑚 ⋅ �̇� ⋅ 𝑢𝐼𝐼 (𝜀)+

(3 ⋅ 𝑎1 ⋅ �̇� ⋅ 𝜀2 + 2 ⋅ 𝑎2 ⋅ 𝑠𝑔𝑛(𝜀) ⋅ �̇� ⋅ 𝜀 + 𝑎3 ⋅ �̇�)𝑢𝐼𝐼𝐼 (𝜀)
(9)

where the unit step functions are defined as:

𝑢𝐼 (𝜀) = (1 − 𝑢𝐼𝐼 (𝜀) − 𝑢𝐼𝐼𝐼 (𝜀)) (10)

𝑢𝐼𝐼 (𝜀) =
[

1 |𝜀| ≥ 𝜀𝑚
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

]

(11)

𝑢𝐼𝐼𝐼 (𝜀) =
[

1 𝜀.�̇� > 0 𝑎𝑛𝑑 𝜀1 < |𝜀| < 𝜀𝑚
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

]

(12)

where 𝜀1 represents the strain at (𝑀𝑠) and 𝜀𝑚 represents the strain
at (𝑀𝑓 ). The second term, which involves 𝐸𝑚, simulates the elastic
behaviour of martensite and is non-zero only when 𝜀>𝜀𝑚. The last term
governs the transition from slope 𝐸𝑌 to slope 𝐸𝑚 and is non-zero only
when the total strain (𝜀) is inside the (𝜀1, 𝜀𝑚) transition zone during
loading. The smoothness of the transition is controlled by the constants
𝑎1, 𝑎2, and 𝑎3. Although the model can characterize the hysteresis loops
at a particular strain rate and temperature with exact numerical values
of the constants, the model is still rate–temperature independent. The
adjustment of gradient at strain 𝜀2 determines the smoothness of the
transformation (Fig. 8).

5.3. Tanaka’s model

In static tensile testing, an SMA wire may expel internal heat
created during the loading phase while absorbing heat from its sur-
roundings during the unloading phase. While isothermal circumstances
may be used for static testing, as the strain rate increases, the sys-
tem behaviour becomes more adiabatic [167]. As a result, a dynamic
model must incorporate the mechanical and kinetic principles that
determine the material’s martensitic fraction. Tanaka’s model [13]
is a temperature-dependent phenomenological model that takes into
account crystallographic structural changes via an internal state shift,
the martensite percentage, 𝜉, which characterizes the range of the
transformation. The model may be analytically written as follows:

̇ = 𝐸�̇� + 𝛩�̇� +𝛺�̇� with 𝐸 = 𝐸𝐴 + (𝐸𝑀 − 𝐸𝐴)𝜉 (13)

and 𝛩 = 𝛩𝐴 + (𝛩𝑀 − 𝛩𝐴)𝜉
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Fig. 8. Schematic stress–strain relations of the extended hysteretic model of SMA [162].
Fig. 9. Schematic stress–strain curves of SMAs (model parameters: 𝐸 = 7000 MPa, 𝛺 = −700, and 𝛩 = −700): (a) transformation lines; (b) stress–strain hysteresis during cyclic
isothermal loading [13].
where 𝜎 denotes normal stress, 𝑇 temperature, 𝜀 strain, 𝛺 phase trans-
formation tensor, 𝐸 elastic modulus, and 𝛩 thermoelasticity modulus.
Pure austenitic and martensitic phases are denoted by the subscripts 𝐴
and 𝑀 , respectively.

The stress–strain hysteresis in a SMA at𝑇 = 30 ◦𝐶 under cyclic load-
ing between 0 and 120 MPa, which encloses the martensitic/reverse
transformation regions, is depicted in Fig. 9.

6. Shape memory alloys seismic applications for civil engineering
structures

SMAs have been used in many different applications in buildings
such as base isolation, bracing, cables and etc. thanks to their excellent
properties. In this part, we attempted to trace the historical devel-
opment while also introducing the most recent advances and novel
structural response control methods in SMA seismic applications.

6.1. SMA-based passive vibration control

The pseudoelastic behaviour of SMAs is employed in the PVC sys-
tem. It uses damping and re-centring features to decrease the responses
and deformations of a structure subjected to extreme loading con-
ditions. SMA-based PVC applications can be divided into two major
groups: base isolation and energy dissipating devices.
10
SMA-based isolators positioned between a superstructure and sub-
structure in a base isolation system are developed for an uncoupled
system that limits the transfer of seismic input energy from the ground
movement to the superstructure. On the other hand, SMA components
included a system for energy dissipation that absorb vibrational en-
ergy based on the hysteretic stress–strain relationship. SMA-based PVC
devices offer a higher damping capability in the martensite phase but
external heating is required in their activation procedures. Pseudoelas-
tic SMAs, on the other hand, have a smaller damping capacity but can
re-centre the structure with low residual stress.

6.1.1. Base isolation devices
The original objective of seismic isolation dampers is to limit the

influence of induced seismic forces on the structure throughout an
earthquake. As a result of the decrease of earthquake excitation and
deformations in the structure, the structure’s integrity is preserved [22].

The structures with SMA-based isolation devices generally consist
of three components; super-structure, sub-structure and the isolator. In
buildings, they are mainly installed between the foundation and first
suspended level [168]. Experimental studies have shown that SMAs are
feasible and suitable candidates for isolation devices based on their
excellent properties such as high damping capacity and re-centring
capability as mentioned before [27,169]. Especially when an ideal
isolator is expected to exhibit variable stiffness according to the base
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5).
Fig. 10. (a) Proposed model; (b) peak interstorey drift ratio of the superstructure under
three different earthquake motions [170].

excitation, in these cases SMAs simply excel because of their intrinsic
damping mechanism provided by phase transformation [168].

Liu et al. [170] investigated the seismic behaviour of a pseudoelas-
tic SMA spring in multi-storey steel frame isolators (Fig. 10a). Their
findings showed that the SMA spring has effective self-centring and
damping capabilities, with an equivalent damping ratio of more than
2%. In comparison to regular elastic springs, their SMA spring al-
lowed exceptional control of the superstructure’s peak and residual
deformations.

Fig. 10b shows that, for all studied seismic activities, the peak inter-
storey drift proportions tend to concentrate at the first storey, but
the deformation concentration degree is greatly decreased by utilizing
SMA springs. SMA springs outperform conventional springs in terms of
deformation control over the entire building height.

Wang et al. [171] proposed a novel pseudoelastic SMA self-centring
seismic base isolator in U-shaped dampers (SMA-UDs). They inves-
tigated two different designs, which incorporate the SMA-UDs into
a conventional laminated rubber bearing with a lead core or with
steel-UDs. Their findings have shown that the proposed base isolation
system exhibits superior self-centring, adequate energy dissipation, sta-
ble and satisfactory flag-shaped hysteresis loops, a significant reduction
in residual deformation under cyclic loading and ease of inspection and
repair after a severe earthquake.

The effective damping ratios of the self-reentering base isolators
(SMA-LRBs and SMA-SRBs) rose somewhat with incremental displace-
ment, but the values progressively stabilized between 14.2% and 18.1%
for high displacement amplitudes. This property verified the beneficial
effect of the lead core or steel-UDs in improving the energy dissipation
of the SC base isolators.

Dezfuli and Alam [172] developed the novel SMA-based Lead Rub-
ber Bearing (LRB) by laying ferrous SMA wires across the LRB in an
asymmetrical double crossing arrangement (Fig. 11a). When compared
to typical LRBs, the proposed SMA-LRB exhibited a significantly lower
shear strain demand (up to 46% lower) and greater energy absorption
(up to 31% higher). Furthermore, the pseudoelastic impact of Fe-based
SMA (above 13% strain) increases LRB re-centring performance by
lowering residual displacement by approximately to 33% [173]. Pre-
straining SMA wires, which is required in the method of installing
wires on elastomeric vibration dampeners, may increase SMA-LRB
performance by improving its recentring characteristic. For example,
3% pre-strained SMA wires might minimize residual deformation of
SMA-LRB by 19%.
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Table 3
Based on the experimental results, a comparison of steel-based and SMA-based bracing
systems is made [177].

Properties Type of bracing frame
Steel-based SMA-based

In-plane frequency (Hz) 35 35
Out-of-plane frequency (Hz) 39 46.8
Damping ratio (%) 1.3 1.0
Theoretical stiffness (kN/mm) 9.5 17.6
Experimental stiffness (kN/mm) 2.05 15.4

Dezfuli et al. [174] suggested a novel modelling approach of SMA-
wire based rubber bearings in another work, and the dynamic per-
formance of a three-span continuous concrete-girder highway bridge
structure was evaluated under near- and far-fault motions (Fig. 11b).
The results reveal that SMA wires may sufficiently minimize shear
strain demand in LRBs and restrict deck movement by enhancing the
effective stiffness of the elastomeric isolator. As a consequence, the
likelihood of bearing failure and unseating on the deck may be sig-
nificantly reduced. Furthermore, owing to SMA-LRBs’ increased energy
absorption capabilities, such innovative bearings may greatly enhance
the seismic behaviour of bridges in terms of base shear.

Habieb et al. [176] investigated hybrid seismic base isolation of a
historical masonry church by Unbonded Fibre Reinforced Elastomeric
Isolators (UFREI) and SMA wires as shown in Fig. 12. It was ob-
served that the utilization of SMA wires with a particular pre-strain
considerably improve the energy dissipation capacity of the base isola-
tion system and reduces the horizontal displacements of the masonry
church. The suggested configuration with a 2% pre-strain SMA wire
model displays the biggest decline of the church’s diagonal deformation
and significantly decreases damage (from demolition to mild damage
level) in the case of strong seismic events due to its high energy
absorption capacity.

6.1.2. Energy dissipation devices
Varughese and El-Hacha [177] investigated two steel lateral resis-

tance frames, one with steel yielding fuse and the other with Nitinol
yielding fuse (Fig. 13). The analysis indicates that the stiffness of
the stiffeners has no effect on the natural frequency of the structural
system, but that the system’s connection to the rigid floor alters the
natural behaviour. Furthermore, both frames have the same natural
frequency in-plane ( Table 3). This suggests that the anchorage at
the columns, rather than the stiffness of the constrained elements,
dominates the stiffness of the system.

Kamgar et al. [178] inserted SMA fibres in two directions in a
steel shear wall (SSW) (Fig. 14). The findings demonstrated that the
buckling load increases and that the SME behaviour regulates the total
out-of-plane displacement of the SSW and nonstructural deterioration.

Wang et al. [179] employed SMA bolts in two distinct column-
foundation connections, one with and one without pre-tensioning (Fig. 1
The results showed remarkable hysteresis, as well as good self-centring
and high energy dissipation. Another advantage of this method is
that the bolts can continue to function efficiently even after severe
earthquakes without needing to be replaced.

Fig. 16 demonstrates the pseudoelastic SMA-based retrofitting de-
vice proposed by Cardone et al. [180] to improve the mechanical prop-
erties of steel joints in heritage structures. Testing results revealed that
the presented mechanism was viable in reducing temperature-induced
stress differences 80%–90%.

Other researchers investigated the improvement of the self-centring
ability of the structures throughout the application of SMAs. Wang
et al. [100] discussed the mechanical performance of a novel self-
centring damper equipped with a group of kernel elements (SMA
ring springs). The results indicated that the system demonstrated an-
ticipated mechanical behaviour with a satisfactory stable flag-shaped
hysteretic response without any fracture. Additionally, the damper
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Fig. 11. SMA wire-based lead rubber bearing: (a) smart rubber bearing with straight and crossing SMA wires; (b) wire-based SMA-LRB isolator for a multi-span bridge (dimensions
are in mm) [172,174,175].
Fig. 12. The schematic of the proposed system and SMA strand in the isolation system of masonry constructions; (a) schematic of the installation; (b) configuration of the
hook [176].
Fig. 13. (a) Bracing frame with SMA-based yielding fuse; (b) bracing frame with
steel-based yielding fuse [177].
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Fig. 14. The steel frame retrofitted with steel shear walls and SMA fibres strips [178].
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Fig. 15. Schematic of steel column and foundation connection with SMA bolts; (a) configuration; (b) cross sections [179].
Fig. 16. Schematic of the proposed SMA-based system [180].

specimen exhibited excellently self-centring capability with no residual
displacement and good energy dissipation capacity with an EVD up to
18.5%.

Dong et al. [181] analysed the seismic responses of the steel frame
with self-centring energy dissipation braced on the shape memory alloy
cables (SMA-SCEB). The numerical results demonstrated that the self-
centring energy dissipation brace can considerably reduce the residual
drift ratio of the structure with lower peak acceleration.

Wang and Zhu [182] also investigated the application of SMA
bars in the self-centring reinforced concrete wall. The model displayed
excellent self-centring and satisfactory energy dissipation capacity with
almost no residual deformation after loading cycles with a peak drift of
2.5%.

SMAs also can be used to enhance the performance of bracing
frames. Mirzai and Attarnejad [183] proposed a Re-centring Damping
Device (RDD) including an Eccentrically Braced Frame (EBF) equipped
with SMA that performs as a rapid repair fuse. Their results illustrated
that the proposed RDD could reduce the maximum inter-storey drift
ratio and the residual drift by 57% and 86.99%, respectively.

As demonstrated in Fig. 17, Mahmoudi et al. [184] examined the
structural property of different frames equipped with SMA bars X-knee-
braced frames (X-KBFs). The results demonstrated that the SMA-KBFs,
significantly reduces the permanent roof displacements, resulting in a
considerable increase in the re-centring capacity of the structures.

The near-surfaced-mounted (NSM) technique is another innovative
method that can address issues such as growing fractures and crack
breadth caused by yielding loads and lowering deflection in RC beams
at mid-span. This approach was used by reinforcing the structure using
FRP. According to the research, the RC beam reinforced by the pre-
stressed Fe-SMA NSM method has a very modest enhancement in
ultimate loads. In contrast to the RC beams strengthened by the pre-
stressed FRP NSM technology, the pre-stressed Fe-SMA NSM approach
does not reduce the ductility of the retrofitted RC beams by applying a
pre-stressing force to the concrete [185].
13
Abbas et al. [186] investigated the application of the NSM technique
for RC bridge columns by using five different types of NSM-SMA bars
with FRP layers as illustrated in Fig. 18.

It was discovered that columns rehabilitated using NSM-FeNCATB
could sustain more deformations than other repaired columns, resulting
in the greatest deformed flexibility among other columns. This is due
to the FeNCATB alloy having the highest strain threshold and post-
yield stiffness of any alloy. They also found that repaired columns
using NSM-FeMnSi bars and FRP coverings absorbed more energy than
other rehabilitated columns. It was also revealed that the more self-
centeredness, the lower the damping ratio produced. This is owing to
the pseudoelastic structure of the NSM-SMA bars.

Ke et al. [187] designed a performance-spectra-based approach for
evaluating the earthquake resistance of commercial steel frames using
SMAs with the connection detail shown in Fig. 19, while taking into ac-
count multi-performance characteristics and hysteresis transformation.
They noted that the nonlinear response characteristics of a steel frame
with SMAs are susceptible to vibrant and hysteretic properties when
various yielding stages are considered, and considerable customization
may be accomplished by modifying model properties.

Chen et al. [188] studied the use of a SMA-based damper (Fig. 20)
in the dynamic response of a wind-loaded tower-line. They discovered
that as damper stiffness was increased, the maximum responses steadily
decreased. The ideal self-centring values for maximum dislocation,
velocity, and acceleration in in-plane vibration are 1.0, 2.0, and 1.0,
respectively, and for out-of-plane vibration are 1.0, 1.0, and 0.8, re-
spectively. Furthermore, it was shown that the impact of operating
temperatures on maximum damper displacement is substantially lower
than the impact of damper stiffness.

6.2. SMA-based active vibration control

The active control technique makes use of SMAs’ shape memory
behaviour, due to their temperature-induced transition, they can be
used as actuators in active or shape control systems. When heated, they
may generate enormous forces by recovering their original undeformed
configuration. For instance, controlling the pseudoelastic stress–strain
curve of thin SMA wires by resistance heating and forced convection
cooling for temperature control [189]. Another group of concepts
includes additional SMAs besides typical damper elements based on
their ability to bring on forces and adaptive stiffness [99].

Rogers [190] performed several experimental studies on the dy-
namic behaviour and control of structural vibration by SMAs as a
distributed (integrated) strain sensor and a transient vibration actuator.
It is noted that an SMA composite structure might be a suitable material
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Fig. 17. X-KBFs equipped with SMA-based bars [184].
Fig. 18. Schematic of the proposed NSM-SMA retrofitting methods; (a) circular
cross-section column; (b) rectangular cross-section column [186].

Fig. 19. SMA connector: (a) setup and (b) a sample measurement in a three-storey
system [187].
14
Fig. 20. Schematics of the proposed SMA-based damping system [188].

providing uniform dynamic response over a large temperature range
or give some other favourable dynamic response as a function of
temperature.

Chen and Levy [191] proposed a mathematical model of active
vibration control of a flexible beam cover with SMA layers. It was
noted that modifying the elasticity modulus and temperature of the
SMA element affects the natural frequency of the beam. Also for active
vibration control, the response amplitude and vibration time depend
on many factors such as the ratio of austenite to martensite elasticity
modulus.

Shahin et al. [192] studied the application of two SMA wire tendons
for vibration control which were attached in a criss-cross way in the
one-mass one-bay model of frame. The authors reported that, under
adequate control schemes, both the passive and active implementation
of the SMA tendons would effectively reduce the relative displacement
of the top floor mass and the base of the frame structure, with a greater
effectiveness of the latter. Williams et al. [193] developed an adaptive
tuned vibration absorber in the form of a mass-ended cantilever SMA
spring with its stiffness tuned via resistance heating, which can be
effectively use in passive vibration control applications. Further mass
was performed as an adjustable damping system with a variable natural
frequency. A set of multiple springs that were heated gradually were
used to maintain a more inconsiderate or gradual variation in stiffness.
This mechanism of multiple springs with adaptive stiffness can apply
to the design of adaptive tuned mass dampers for civil engineering
structures [99].

As one of the initial experiments related to SMA-based AVC devices,
Baz et al. [194] conducted a numerical study to demonstrate the
possibility of using Ni–Ti actuators as an AVC-based device in a flexible
beam (see Fig. 21). The finite element method was used (Eq. (14)) to
divide the flexible beam into 𝑛 elements. Consider an element that has
a Ni–Ti actuator attached to it as shown in Fig. 21.

The element’s length is 𝐿𝑖 and located between nodes 𝑖 and 𝑗. The
external forces and moments acting on nodes 𝑖 and 𝑗 referred as 𝑉𝑖, 𝑀𝑖,
𝑉𝑗 and 𝑀𝑗 , respectively. Based on the Bernoulli–Euler beam’s theory,
these forces are related to the linear and angular deflections of the
element 𝑦𝑖 and 𝜃𝑖, and 𝑦𝑗 and 𝜃𝑗 .
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Fig. 21. Schematic of the active control system of a cantilever beam by SMA bars as
actuators [194].

Fig. 22. Schematic of the experimental configuration [195].

where 𝐸𝑖𝐼𝑖 = 𝐸𝑎𝐼𝑎 + 𝐸𝑏𝐼𝑏 is the flexural rigidity of the beam-actuator
system, 𝐸𝑎,𝑏 is Young’s modulus of the actuator and beam respectively,
𝐼𝑎,𝑏 is the moment of inertia of actuator and beam, respectively and
𝑀𝑁 is the control moment generated by the Ni–Ti actuator.

The results revealed that after submitting the system with two
triggered Ni–Ti bars to a load, the displacement begins to settle after
8 s, but in the uncontrolled system, there were somewhat unstable
deformations even after 20 s. Furthermore, it has been claimed that
efficient vibration control demands the use of two Ni–Ti actuators for
each degree of freedom to be regulated. Finally, it is proposed that
increasing the actuators’ input power leads to effective damping of
structural vibrations.

Vishal et al. [195] investigated the use of Ni–Ti wires as actuators
for active vibration suppression in a piezoceramic laminated flexible
cantilever beam with low natural frequency and closely spaced modes
as seen in Fig. 22.

Vibration control was carried out experimentally at the beam’s
initial modal resonance frequency, where the magnitude of vibration
is greatest. The actuation force was controlled using Matlab/Simulink
and a data collecting system using the pulse width modulation method.

The testing results demonstrated a surprisingly high vibration sup-
pression of about 95% and the ability to suppress vibrations of ex-
tremely high amplitude. The controller provided fully dissipated vi-
bration energy in 5s as opposed to 60s that the system takes without
control. Even when subjected to extremely huge abrupt shocks, the
system remains stable.
15
Fig. 23. Experimental configuration [196].

Suzuki and Kagawa [196] developed a control system that utilizes
SMA actuators as tendons. SMA in a tendon mechanism is regulated in a
push–pull way using H-infinity theory and accounting for actuator per-
formance unpredictability (Fig. 23). Using this technique, the cantilever
beam’s four vibrational modes (three bendings and one torsional) may
be damped at the same time.

They inserted SMAs diagonally in a beam–SMA structure to regulate
the bending and torsional vibrational modes of a flexible beam, then
measured and theoretically modelled the characteristics of an actuator
comprising of an SMA and a spring. Table 4 shows the natural fre-
quencies and modes of the cantilever computed using the finite element
technique.

The SMA is energized by a voltage forcing it to contract and exert
a phase-transformation force on the load cell. The proposed active
controller systems significantly damped both bending and torsional
vibrational modes.

Nakshatharan et al. [197] examined the application of Ni–Ti wires
in an active vibration suppression of a piezoceramic laminated flexi-
ble cantilever beam, characterized by the low natural frequency with
closely spaced modes. The test comprised of a beam with integrated
sensor and actuators, electronics for sensor and actuators and, hard-
ware and software for control processes. The controller device does not
need a system model or any tuning parameters. The experimental result
demonstrated a significant high vibration suppression of around 95%,
with the ability to suppress a very high magnitude of vibration. Stable
performance is achieved after around 9s and it can be robust even for
an extreme sudden disturbance.

Alambeigi et al. [198] investigated the free and forced vibration
behaviour of a sandwich beam with functionally graded porous core
and composite face layers embedded with SMA. It was observed that
increasing the sandwich beam temperature leads to an increasing in
the structural stiffness and entering the austenite phase due to the
SMA’s temperature properties. Also, it was resulted that an increasing
porosity coefficient leads to lower stiffness and mass and higher natural
frequency.

6.3. SMA-based semi-active vibration control

The semi-active control technique makes use of the temperature-
dependent increment in elasticity modulus. The elasticity modulus of
SMAs in the austenite state is three times that of the martensite state.
When heated, incorporated SMA components stiffen the superstructure,
allowing the natural frequency of the structures to be actively adjusted.

Heinonen et al. [199] developed a semi-active device to reduce
structural vibrations by altering the stiffness of the device that connects
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Table 4
Calculated modes of x-translational degree of freedom at displacement sensor and electromagnet, rotational
degree of freedom at cantilever end, and the natural frequencies, and assumed damping ratios of cantilever
[196].

Variables 1st bending 2nd bending 1st torsional 3rd bending
Displacement sensor (kg−0.5) −1.67 −0.666 0 1.36
Electromagnet (kg−0.5) −0.0193 −0.198 0 −0.468
y-axis (kg−0.5m−1) −4.7 24.6 0 −31.9
z-axis (kg−0.5m−1) 0 0 −51.6 0
Frequency (Hz) 1.1 11.3 13.2 30.3
Damping ratio 0.002 0.002 0.002 0.002
t
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Fig. 24. Configuration of SMA-MRF-based structural control system [202,203].

the structure to the base. The functioning mode of the system was
controlled by the SMA string temperature. Heating activated the stiff
mode, on the other hand, cooling activated the soft mode. Both static
and dynamic loading tests demonstrated that the control of boundary
conditions can be applied to adjust the stiffness. The average stiffness
ratio of each test set reached generally from 3.4 to 4.1, and the
maximum stiffness ratio was 5.0.

Cismasiu and Santos [200] proposed a semi-active vibration control
device based on SMA austenitic wires. The system controls the feedback
measurements, as a result, it adjusts the strain in the SMA wires to
improve its dynamical behaviour. The accumulated strain in the wires
is a result of just the structural motions, without external energy input
into the system. The system represented excellent dissipating energy
capacity while keeping the SMA wires inside the recoverable range to
minimize the rheological effects related to cumulative creep.

Mishra et al. [201] developed the convectional linear Tuned Mass
Damper (TMD) by replacing the linear spring and viscous damper with
an SMA spring. The system has shown excellent controlling behaviour
and simultaneously reduction in the displacement of the system itself
with eliminating almost all residual displacement.

Zareie and Zabihollah [202,203] established a semi-active control
element based on the combination of Magneto-Rheological Fluid (MRF)
and pseudoelasticity effect of SMA to dissipate a considerable amount
of energy in marine structures (Fig. 24). They studied earthquakes
occurring near the coast that were selected as examples of typical
non-deterministic stimulation applied to the structure. These three
earthquakes were Christchurch (NZ), Darfield (NZ) and Parkfield (USA)
with 𝑀𝑊 values of 6.2, 7 and 6, respectively.

The SMA-MRF element is shown to minimize the maximum dis-
placement of the first storey for all earthquakes. Triggering the SMA-
MRF system, on the other hand, decreases the maximum displacement
of the first storey of the structure for the simulated ground motions
during the earthquakes in Christchurch, Parkfield, and Darfield to the
values of 36, 24, and 13 mm, respectively. This equates to a decrease
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of 45.4%, 54.7%, and 71.7 per cent for the three earthquakes, respec-
tively. Also, it has shown that the system can reduce the drift ratio, and
by activating the control system below 0.8 Hz and deactivated above
1.7 Hz, the frequency response of the structure shifted into the safe
zone for a wide range of loading frequencies.

A numerical study by Kecik [204] presented the application of
Magneto-Rheological (MR) and SMA in a Pendulum Tuned Mass (PTM)
absorber system with semi-active suspension. The main structure’s
vibration is suppressed by the pendulum motion, while the magnet
oscillation generates a current in the harvester’s coil. This system is
surrounded by a magnetic field that is constant as illustrated in Fig. 25.

The SMA spring analysis indicated that increasing the temperature
leads to a significant modification of the resonance curve shape. The
application of SMA spring provided the possibility of unstable region
control and an increase in energy recovery.

Huang and Chang [205] analysed the performance of a pre-stressed
SMA applied to a timber floor system for semi-actively control of the
tuned mass damper (Fig. 26). It was demonstrated that changing the
temperature of an SMA can efficiently re-tune the structural natural
frequency and reduce the vibration up to 26% at a wide range of
frequencies.

Zuo et al. [206] considered using SMA strands to replace the spring
and damper elements in the conventional TMD system to develop an
SMA-based TMD to regulate the earthquake effects of turbine towers
(Fig. 27). Their findings revealed that the mean maximum strokes of the
SMA-based TMD at the top of the tower under the specified movements
is 0.13 m, whereas the linear TMD is 0.77 m. Because of the limited area
in the nacelle and tower, this benefit makes SMA-based TMDs more
practicable for tower vibration reduction.

As illustrated in Fig. 28, Zhang et al. [207] proposed a unique form
of hybrid self-centring brace that incorporates tension-only pseudoelas-
tic Ni–Ti strands and embedded viscoelastic dampers. Maximum inter-
storey drift measurements revealed that the SMA-viscoelastic hybrid
bracing system had 35% lower values than the self-centring system.
Furthermore, the SMA-viscoelastic hybrid bracing prototype demon-
strated effective self-centring and energy-dissipation performance, de-
spite the presence of residual strain owing to production imperfection.

7. Summary of practical examples of SMA-based structural vibra-
tion control devices

Section 6 contains a review of the most current investigations and
heir findings. Fig. 29 depicts a schematic classification of various
pplications depending on the technique and system employed. The
MA-based devices are divided into three categories: passive (based
n the pseudoelasticity property of SMAs), active (based on the shape
emory effect property of SMAs), and semi-active vibration control.
he type of device and system is then presented in each category based
n the accessible literature.

The majority of SMA applications in vibration control devices for
ivil engineering structures are based on the pseudoelasticity property,
ecause of its simplicity of implementation in comparison to the shape
emory effect (SME) feature. As a result, the variety of applications of

he SME characteristic of SMAs as vibration control devices is limited.
s a result, the SME characteristic might be employed more effectively
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Fig. 25. (a) The vibration damper; (b) the maglev harvester model [204].

Fig. 26. Configuration of the SMA-based tuned mass damper [205].

Fig. 27. Numerical simulations of the structure with SMA-based and linear TMDs and design development of SMA-based TMDs [206].
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Fig. 28. Schematics of (a) SMA-viscoelastic hybrid braces, as well as its (b) self-centring system and (c) energy-dissipation system [207].
Fig. 29. Structural vibration control of SMA-based devices based on the used mechanism.
as an actuator in different types of vibration control systems and
devices (e.g. TMD, MRF, viscoelastic damper, etc.).

Table 5 summarizes the different applications of SMA-based struc-
tural control systems reviewed in Section 6. The table divides the
application of SMAs in vibration control of civil engineering structures
based on the type, device and used mechanism. Additionally, in the last
column, five features are assigned to each system, which are listed as
following:

• (A) mechanism: based on shape-memory effect (A1); based on
pseudoelasticity (A2)

• (B) cost: economical (B1); fair (B2); expensive (B3)
• (C) constructibility: easy (C1); moderate (C2); complicated (C3)
• (D) dissipation of energy: high (D1); moderate (D2); low (D3)
• (E) effectiveness: effective (E1); moderate (E2); limited (E3)
18
The first group of features (A1 and A2) is given to each system based
on the exhibited SMA mechanism (SME or PE).

The second group of features (B1, B2, and B3) is related to the
system’s manufacturing and implementation expenditures, such as (i)
the SMA material utilized (e.g., the cost of Ni–Ti is considerably higher
than Cu- and Fe-based SMAs); (ii) the quantity of required material;
and (iii) cost of installation (for example, the installation of a base
isolator on a historical building is significantly costlier than retrofitting
a concrete beam).

The next series of features (C1, C2, and C3) is based on the system’s
simplicity and constructability. For example, if the system may be used
immediately without the requirement for additional mass, energy, or
an activating system, it might be termed a simple system to build. A
system that required a substantial amount of energy or mass, on the
other hand, is deemed a difficult system to build.
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Table 5
Summary of SMA-based structural control devices.

No Device Structure Mechanism Description Features

1 SMA spring Base isolation Passive SMA spring installed at the isolation level of a multi-storey steel
frame [170]

A2, B3, C3, D2, E2

2 SMA-UDs Base isolation Passive SMA-UDs integrated into a LRB with a lead core and with steel U
shaped damper [171]

A2, B1, C2, D2, E2

3 SMA-LRB Base isolation Passive Wrapped Fe-based SMA wires around the LRB in a symmetric
double cross configuration [208]

A2, B1, C3, D1, E1

4 SMA-UFREI Base isolation Passive Integrated SMA wires with unbonded fibre reinforced elastomeric
isolator as isolation system for historical masonry church [176]

A2, B1, C2, D1, E1

5 SMA wire Braced frames Passive Pseudoelastic SMA fuse used in steel-braced frame [177] A2, B3, C1, D2, E2
6 SMA cable Anchorage Passive SMA cables installed into two different anchorage systems [209] A2, B3, C2, D2, E2
7 SMA fibre Steel shear wall Passive SMA fibres added to different parts of the steel shear wall [178] A2, B3, C3, D2, E3
8 SMA bolt Steel Column Passive Post-tensioned SMA bolts installed directly on both sides of the

column’s base plate [179]
A2, B3, C1, D2, E2

9 SMA wire Tie-rods Passive Pre-tensioned SMA wires joint with two circular steel plates [180] A2, B2, C2, D1, E1
10 SMA cable Braced frames Passive SMA cables combined with friction energy dissipation system [181] A2, B2, C2, D2, E2
11 SMA bar RC wall Passive In two-sided boundary zones, SMA bars are utilized as longitudinal

reinforcement [182]
A2, B3, C1, D2, E2

12 SMA-EBF Braced frames Passive LRB equipped with SMA bars, stiffeners and steel plates [183] A2, B3, C3, D2, E3
13 SMA-X-KBFs Braced frames Passive SMA bars utilized in the adjacent of steel beam–column connection

[184]
A2, B3, C3, D2, E3

14 SMA-NSM RC beam Passive RC beam retrofitted by Fe-SMA strips with NSM technique [185] A2, B1, C1, D2, E1
15 SMA-NSM RC column Passive RC bridge columns retrofitted with SMA-NSM technique [186] A2, B1, C2, D2, E2
16 SMA damper Wires Passive Wind-loaded tower line reinforced with SMA damper [188] A2, B3, C3, D2, E3
17 SMA bolt Steel connection Passive A performance-spectra-based approach for evaluating the earthquake

resistance of Steel frames reinforces with SMA bolts [187]
A2, B3, C1, D2, E2

18 SMA wire Beam Active Active vibration suppression of a flexible contriver beam by SMA
actuators [195]

A1, B3, C2, D2, E2

19 SMA tendon Beam Active Different series of obliquely connections of SMA tendons were used
as actuators [196]

A1, B3, C3, D2, E3

20 SMA wire Laminated beam Active SMA wires are utilized as actuators in a piezoceramic laminated
flexible cantilever beam for active vibration control [197]

A1, B2, C2, -, E2

21 SMA wire Sandwich beam Active SMA-embedded sandwich beam with functionally graded porous
core and composite face layers [198]

–

22 SMA spiral RC columns Active heat-activated prestressing SMA spirals combined with other
confinements [210]

A1, B3, C1, D2, E2

23 SMA string Ring Semi-Active Adjusting the boundary condition with a SMA actuator to regulate
the stiffness of a frame spring [199]

A1, B2, C2, D1, E2

24 SMA-TMD SMA springs Semi-Active Replacing the linear spring and viscous damper with a SMA-based
spring [201]

A2, B3, C3, D2, E3

25 SMA-MRF Marine platform Semi-Active Dissipate energy based on magnetorheological fluid (MRF) and
pseudoelasticity properties of the system [202,211]

A2, B1, C2, D1, E1

26 PTM-SMA-MR SMA springs Semi-Active Absorber device on the semi-active suspension [204] A1, B2, C3, D2, E2
27 SMA-TMD Timber-based Semi-Active Reducing the structural response through cooling and heating the

SMA [205]
A2, B3, C1, D1, E2

28 SMA-viscoelastic Anchorage Semi-Active incorporating tension-only pseudoelastic Ni–Ti strands and
embedded viscoelastic dampers [207]

A2, B3, C2, D2, E2

29 SMA-TMD Wires Semi-Active SMA spring instead of steel one in conventional TMD system [206] A2, B1, C2, D1, E1
The fourth set of features (D1, D2, and D3) is depending on the
ystem’s energy dissipation capabilities. Because the damping of dif-
erent systems can be hardly compared directly (different types of
sed construction material, structural system, loading circumstances,
tc.), the damping ratio in the systems with SMA was compared to the
onventional system.

The last set of features (E1, E2, and E3) is based on the system’s
ffectiveness in vibration control of civil engineering structures. To
ssess the system’s efficiency, a variety of criteria, in addition to those
entioned above, are evaluated: hysteresis and energy dissipation;
eak drift; residual strain; and damping capability are considered.

It is noted that all of the investigations discussed in the preceding
ections are significant and beneficial to this area of expertise. These
ive features are provided to compare the various vibration control
ystems. The future researchers may benefit from the presented com-
arison of different systems in determining the type of system and SMA
aterial, recommended mechanism, and so on in order to efficiently
19

se the SMA-based vibration control device.
As the above table demonstrated, much less research has been con-
ducted on utilizing the two-way shape memory effect of SMAs due to
their limitations mentioned in Section 2. The majority of the discussed
SMA-based devices, on the other hand, were based on the pseudoelastic
characteristic of SMAs. SMA passive structural control devices were
primarily utilized in base isolators, bracing systems, couplings and
connectors, reinforcement, and such applications. Active and semi-
active structural control devices were developed primarily using the
thermomechanical characteristics of SMA or in conjunction with other
materials such as piezoelectric.

8. Concluding remarks

This study provided a current state-of-the-art review on the use of
shape memory alloys in seismic response control systems. This novel
material has numerous distinct characteristics that open up new av-
enues for the design and use of seismic devices for building and infras-
tructure systems. There has been tremendous progress in the numerical
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modelling and practical use of SMAs in vibration response control of
civil engineering structures. However, there are a few drawbacks that
might be addressed.

In general, the findings of this study and the existing limits of the
use of SMAs in structural vibration control may be stated as follows:

• Ni–Ti alloys have so far demonstrated to have the most appeal-
ing features for civil engineering applications, such as high re-
centring ability, superior fatigue resistance, high tensile strength,
high recoverable elongation, and several other advantages. How-
ever, because of the high production costs, as well as the delicate
manufacturing process, its vast range of structural applications is
limited. On the other hand, Fe-based SMAs have received a lot of
attention since they exhibit quite similar behaviour to Ni–Ti but at
a considerably lower production cost (8 to 12 times lower [99]),
which is why they are referred to as low-cost SMAs.

• several Fe-based SMAs (e.g. Fe–Mn–Si–Cr) may be limited in their
practical applications due to the transition temperature range
they exhibited. They have an 𝑀𝑠 near 0 ◦C and are conse-
quently thermodynamically stable at room temperatures in civil
engineering structures. Thus their tendency to form renewed
martensite (when cooled or loaded), is a significant constraint for
applications requiring constant stress or variable temperatures.

• SMA is highly vulnerable to integrational deviations (i.e. minor
variations in the components of an accompanying grade alloy
may completely change the mechanical features of the material).
Additionally, SMA characteristics are temperature dependent due
to the material’s thermomechanical sensitiveness. Therefore it
would be beneficial if the SMA could be integrated with com-
mon construction materials and other vibration control technolo-
gies for broader application in civil engineering constructions for
long-lasting and robust structures.

• while SMA actuators have been effectively used to stabilize civil
engineering structures, they have a distinct drawback: the be-
haviour of the SMA devices is mostly dependent on the character-
istic of controllers used and how heat is provided and eliminated
[212–215]. Sreekumar et al. [213] proposed numerous solutions
to this challenge (e.g. using nonlinear controllers, using a fuzzy
controller or neuro-fuzzy controller and controlling with resis-
tance or force feedback). A further approach to resolving this
issue is to employ pseudoelastic SMA, thanks to its shape-recovery
capacity without the necessity of an additional heat supply [216].
Such characteristics involve (i) repetitive re-centring ability and
loading peak that constrain force transmission to other elements
of the structure at medium strain levels; (ii) supplemental damp-
ing due to flag-shaped hysteresis; (iii) stiffening at large strain
levels due to stress-induced martensite configuration; (iv) and
great low- and high-cycle fatigue properties. Because of this dis-
tinct behaviour, it is widely assumed that SMAs may be utilized
to regulate the reaction of a building during seismic occurrences
[214].

• despite tremendous progress in numerical simulations of SMAs
over the last few decades, there are still a few issues that may
be addressed: (i) many established constitutive models on SMA-
based vibration control devices are restricted to a simple one-
dimensional model; (ii) material constitutive models for SMAs
possessing SE and SME properties should be more accurate with
appropriate capacity to estimate their exact reactions, as well as
the implementation of these constitutive models into design and
computational analysis software for accurate assessment of SMA-
based vibration control devices; (iii) there is a lack of accurate
and current design standards for civil engineering structures de-
signed and built with SMA-based devices, as well as inclusion into
design regulations.
20
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