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Shape memory alloys (SMAs) are some of the new materials that have attracted the attention of many engineers due to their
unique behavior.�emost important advantage of these materials is their superelastic behavior, which allows the alloy to return to
its original shape after a large deformation. In superelastic behavior, the shape memory alloy can also dissipate a signi�cant
amount of energy while returning to its original shape. In this research, the superelastic alloy made of nitinol has been used to
improve the performance of knee dampers. For this purpose, a frame equipped with a knee damper was selected as the reference
model and was modelled in Abaqus numerical software and validated with an experimental model. After ensuring the correct
behavior of the numerical model, the SMA damper was installed perpendicular to the knee damper, between the knee damper and
the beam to column connection. In this paper, two parameters of the SMA damper cross section area and SMA length were
investigated. Based on the observed results, increasing the length of SMA increases the system resistance. As the cross section area
of the SMA damper increases, the e�ect of the SMA length on the resistance of the system increases. On the other hand, increasing
the cross section area of the SMA signi�cantly increases the recentering of the system. Due to the signi�cant recentering that the
SMA damper creates in the structure, the amount of energy dissipation of the system is reduced compared to the reference model.
�e amount of dissipated energy depends on the length and cross section area of the SMA damper. �us, the longer the SMA, the
greater the energy dissipation, and the lower the SMA cross section area, the lower the system energy dissipation.

1. Introduction

Due to the inevitability of earthquakes and their impacts, it is
necessary to �nd an appropriate solution to control this
natural phenomenon [1, 2]. A conservative approach to the
design of civil engineering structures is very important in
that uncertainty in structural properties and loads are cal-
culated using safety factors [3, 4]. In general, the main task of
a structure is to withstand the loads and transfer them to the
foundation of the structure. �e energy applied to the
structure must be transferred to the ground or dissipated
through a suitable mechanism. For this reason, it is nec-
essary to apply di�erent methods in the improvement of
buildings according to the existing conditions [5–7]. Pre-
venting structural collapse and saving lives is the most
important criterion for the structural design of earthquake-

resistant buildings. Severe structural damage, as well as
widespread destruction of building performance after a
major earthquake, can have an impact on the intensity of
community welfare and resilience [8, 9]. Some buildings are
left in an unusable state due to the inelastic behavior shown
at excessive load levels. Repairing a severely damaged
building is often economically impossible [10]. �erefore, it
is useful to develop statically elastic structural systems with
the capability of “self-centering” (i.e. returning to the initial
geometric position after an earthquake) [11]. With this
approach, the risk of structural failure can be reduced.

Some of the recent technological developments in the
�eld of seismic-resistant steel structures are presented by
Fang et al. that cover various aspects, such as emerging smart
materials, novel members, and the innovative design of
structural systems [12]. Engineers have introduced many
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solutions to improve the behavior of a structure, but among
these solutions, dampers are in a special place. Energy
dissipation in a structure is usually achieved in the range of
its nonlinear behavior, and the behavior of a damper is based
on this phenomenon. Among the dampers, there is a knee
damper that dissipates energy by plastic deformation
[13, 14]. &is element is attached to a brace, and this brace
remains elastic during loading. Major nonlinear deforma-
tions and damage to the structure are concentrated in the
knee [15]. &erefore, improving the behavior of this damper
is very important. Compared to viscoelastic materials and
metals with low yield strength, SMA dampers have ad-
vantages, such as fatigue-resistance ability, high damping
capacity, high recoverable deformation, and stable behaviors
[16, 17].

Shape memory alloys (SMAs) are one type of smart
material with several special properties. In addition to the
high driving force and intelligence, these materials have the
properties of superelasticity and shape memory effect
[18, 19]. &ese materials can eliminate large deformations
and are resistant to corrosion and fatigue [20]. Due to these
advantages, SMA materials are considered as a new material
for structural engineering applications [21, 22]. To date,
SMA materials have been widely used in the construction
industry as bolts and structural shapes in steel buildings
[23, 24] and SMA bars in reinforced concrete buildings
[25, 26]. &ese materials are also implemented in SMA-
based recentering dampers in bridges [27, 28]. Recently, a
case study has been presented that demonstrates the ap-
plication of SMA cable-restrained high-damping rubber
(SMA-HDR) bearings in the Datianba #2 highway bridge, a
real project that employs the proposed bearings for the first
time in the world [29]. In addition to the above, SMA
materials have been used in nonbuckling braces [30–32] and
base isolators [33, 34].

SMA bracing system has been used in buildings to
improve seismic performance. Self-centering brace systems
have been developed for friction forces and energy dissi-
pation using shape memory alloys (SMAs) [35]. &e prac-
tical advantage of SMA is in its performance in creating
resistance against structural systems under severe earth-
quakes [36]. Various studies have investigated the perfor-
mance of SMA-based members and braced steel frames
numerically and experimentally [37, 38]. Also, many studies
have been conducted in the field of improving the nonlinear
behavior of structures. Andrawes and DesRoches studied the
potential application of a superelastic material in multispan
reinforced concrete bridges and indicated the capability of
SMA as a restrainer for bridges [39]. &ey also studied
temperature effects on the performance of SMA restrainers
[40]. Hui et al. presented a preliminary study on the eval-
uation of an innovative energy dissipation system with shape
memory alloys (SMAs) for structural seismic protection
[41]. Oliveira et al. evaluated the nonlinear dynamics be-
havior of one degree of freedom SMA oscillator indicating
dynamical jumps as well as pseudoelastic behavior [42].
Mirzai and Attarnejad proposed a new superelastic damper
and used the proposed damper in the EBF frame. &ey used
time history analysis to investigate the SMA performance on

the structure [43–46]. Aryan and Ghassemieh utilized this
material in a multispan bridge and proposed an innovative
superelastic system for retrofitting. &ey also suggested a
new bridge design method that can simultaneously mitigate
the effects of vertical and horizontal seismic excitations
[47–49]. Abbass et al. used a new approach to rehabilitate the
previously designed bridge. &ey divided the bridge into the
three zones and utilized near-surface mounted SMA in a
zone in which plastic deformation was more likely [50].
Farmani and Ghassemieh showed that SMA materials could
be used as bolts and tendons in steel connections. In their
numerical studies, the rate of permanent deformations
decreased after unloading and fell almost to zero [51, 52].

Ghassemieh et al. evaluated the effectiveness of these
materials on concrete shear walls. &eir studies consisted of
several solid and coupled shear walls to show that SMA
could reduce the damage to the concrete in the walls, es-
pecially in the coupling beams [53–55]. Sadeghi and Hesami
presented a finite-element analysis in which SMA was used
as dowel bars on the jointed concrete pavements and used
the fatigue-resistance property of SMA [56]. Alam et al.
assessed the seismic fragility of a multispan continuous
highway bridge using rubber bearings and SMA restrainer
[57, 58]. Dezfuli and Alam used superelastic SMA wires in
the bridge base isolation system to improve the seismic
behavior of the structure. &ey showed that SMAs can
considerably improve the seismic performance of piers by
reducing the base shear [59, 60].

&e knee bracing system has been investigated as a new
structural system by researchers. Hsu et al. experimentally
evaluated the performance of the knee-braced system by
using cyclic loading [61]. Mofid and Khosravi conducted
several types of research on the nonlinear behavior of the
KBF system to predict approximately that behavior [62, 63].
Aniello and Landolfo studied the influence of using different
knee bracings to improve the structural response of a frame
through nonlinear dynamic analysis [64].

In this study, the effect of shape memory alloys on
improving knee damper behavior is investigated. For this
purpose, an experimental knee system is modelled and
validated in Abaqus finite-element software, and SMA is
placed in it with different lengths. &e proposed systems are
subjected to cyclic loading, and their behavior is compared
with each other.

2. Shape Memory Alloys (SMAs)

Shapememory alloys are intelligent and innovative materials
that, due to their unique behaviors, have found many and
varied applications in various scientific, industrial, and even
engineering fields in recent decades. &e most important
and obvious feature of these materials is recentering, which
is due to the change of atomic phase in these alloys. &is
behavior causes the alloy to be able to withstand many
deformations and return to its original shape, depending on
the temperature conditions [20].

&e SMAs have two atomic structures called austenite
and martensite. &e austenite state is stable at high tem-
peratures and low stresses, while themartensite state is stable
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at low temperatures and high stresses. By applying thermal
and mechanical loads, these two phases can be converted to
each other. In general, these structures require four char-
acteristic temperatures to convert to each other. According
to Figure 1, the characteristic temperatures are As, Af, Ms,
and Mf, which are the austenite start-up temperature, the
austenite-end temperature, the martensite start-up tem-
perature, and the martensitic end-temperature, respectively.

Superelastic behavior governs SMA as the temperature
of alloy at zero stress is more than Af. &us, in the above-
mentioned scenario, the atomic structure of SMA would be
austenite, and it would be responsible for triggering the
superelastic behavior. Figure 2 indicates the stress-strain
curve of this behavior, corresponding to no permanent
deformation remains in the alloy. &is phenomenon occurs
due to the atomic structure of austenite because this
structure always tends to return to its original form. &e
atomic structure is constantly changing during the loading
and unloading process. &ese changes are due to the in-
stability of atomic structures at different temperatures and
stresses. At the phase of superelastic behavioral, since the
austenite atomic structure is not stable at high stresses, after
imposing some more stress, the structure of alloy will be
unstable and must become a stable structure at high stresses.
&erefore, the atomic structure of austenite is converted to
martensite at high stress, and during this conversion the
stiffness decreases (point 1). After the transformation is
completed, the entire alloy has a martensitic structure and
the stiffness of the alloy increases (point 2). During the
unloading, the amount of stress in SMA diminishes and due
to the fact that the martensite atomic structure is not stable
at low stresses, the SMA needs to alter the atomic structure
of itself (point 3). At this moment, the alloy atomic structure
alters its states to austenite (point 4). Hence, no permanent
deformation is observed in the superelastic behavior mar-
tensite, and the amount of its dissipated energy is lower than
that in any other behavioral states.

3. Knee Dampers

In recent decades, many control systems have been tested to
reduce the vibrations of structures due to dynamic forces.
One of the effective methods in reducing the seismic re-
sponse of the structure is the use of energy absorption
systems. &ese systems perform special nonlinear behavior,
which absorbs a large amount of energy entering the
structure, as a result of which the amount of energy received
by other structural members is reduced and thus a lower
force will be generated in them.

Moment-resisting frames (MRF) and concentrically
braced frames (CBF) are examples of traditional control
systems to reduce the vibrations of structures. In the MRF
system, lateral stiffness is limited to control deflections and
in the CBF system, is stiff and their ductility is limited
because of the buckling of the diagonal brace. &e high
ductility of MRF systems, which enables energy dissipation
at a good level, and the significant stiffness of CBF systems,
which limit drifts, are the main advantages of these systems
[65]. On the other hand, the eccentrically braced frame

(EBF) system was proposed by Roeder et al. to overcome the
deficiencies of CBF and MRF [66]. In the EBF system, the
brace member provides the stiffness of the frame and
ductility is provided by connections with shear or flexural
hinges. &ese components are formed on the end or middle
of gravity loads bearing girders in the known configurations
of the EBF system leading to uneconomically large sections
for beam elements. However, researchers have been inter-
ested in the seismic performance of EBF and performed so
many beneficial studies on this subject matter [67–69].

To address the problems of conventional bracing sys-
tems, Aristizabal-Ochoa introduced a new system called
Disposable Knee Bracing Frame (DKBF) [70]. In this system,
instead of connecting to the junction of the beam and the
column, the end of the brace is connected to the knee el-
ement and the rigidity of the structure is provided by the
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Figure 1: Change of martensite volume fraction with temperature.
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Figure 2: Stress-strain diagram of superelastic SMA [55].
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diagonal brace and its ductility and energy dissipation are
provided by the knee element. In this system, buckling in the
brace reduces energy dissipation potential. For this purpose,
the brace is designed in such a way that it does not buckle.
Hence, Balendra et al. introduced a system called the knee
brace frame. In the new system provided by them, the di-
agonal brace does not buckle and, on the other hand,
provides lateral stiffness to the frame. &e knee element
provides flexibility and energy dissipation by bending yield
[15]. During large drifts, the knee element yields first, and
the bracing behavior remains linear. Shear and flexural
yielding mode and nonlinear behavior of the knee bracing
under lateral loading were proposed by Mofid and Khosravi
[62]. &eir research showed that if the knee anchor and the
inclined brace were parallel to the diagonal of the frame and
the diagonal brace passed through the beam-column in-
tersection, the structure could have maximum earthquake
resistance. According to the studies, it is clear that knee
bracing is effective in reducing parameters, such as the
distribution of peak horizontal deflections, story shear,
column bending moments, and beam ductility at a certain
level of earthquake [65].

4. Studied Model

Balendra and his colleagues performed various full-scale
tests on the knee brace frame system. &e tests include
different modes of bending and shear yielding in the knee
brace. &e tests also include the type of connection of the
diagonal brace to the knee member and the type of knee
sections used in the frame. &ey tested the knee model with
flexural behavior under quasidynamic loading to investigate
the nonlinear response of the frame [15]. Figure 3 shows the
model tested by Balendra et al.

&ey selected the beam and column sections so that they
remained almost elastic within the load range.&e dimensions
of the bracings were also chosen so that they not only
remained elastic during loading but also did not buckle.
Stiffeners with a thickness of 20mm are installed at the
connection of the beam to the column to prevent the buckling
of the columnweb. At the joint of the knee to the beam and the
column, stiffeners with similar thickness were used. &ese
stiffeners are welded to beams and columns. Also, for easy
knee replacement, 15mmplates were used to connect the knee
to the beam and column. In Table 1, the sections used in the
mentioned system are presented. All elements of the structure
are made of steel with a yield stress of 350MPa, except for the
knee part, where the steel used has a yield stress of 417MPa.
&e elastic modulus and Poisson’s ratio of the steel members
are 190GPa and 0.3, respectively. In Balendra et al.’s research,
earthquake forces were simulated by a sinusoidal base exci-
tation load. &e excitation frequency was 20 rad/s. &e initial
amplitude of the excitation was 2.25m/s2, and this amount is
increased by 0.79m/s2 after every five cycles.

5. Numerical Modelling

&e FEM is a numerical method and solution for the
physical problems, described with the differential equations.

Because of Abaqus software ability to deal with a wide
variety of static, quasidynamic, and dynamic analyses as well
as its capability to take into account the nonlinear behavior
due to large deformations, this software is used in simulating
the studied system. Solid and shell elements have been used
in modelling the components of the system, which are of the
eight-node and four-node types, respectively. All compo-
nents of the structure except the knee are modelled with shell
elements. &e knee link is modelled to accurately study the
stresses, strains, and plastic behavior of solid elements,
which are more accurate in calculations than the shell
elements.

In this paper, the stress-strain behavior of steel materials
is assumed to be bilinear, which includes the elastic zone and
the postyield zone, and due to the loading cycles of the
system, the kinematic behavior has been applied. Defining
the interaction between all the components in contact with
each other is one of the important points in modelling. To
define the interaction between the components of the
studied frame (considering that in modelling this system, a
combination of solid and shell elements is used and on the
other hand solid elements only have translational degrees of
freedom and shell elements have degrees of rotational
freedom additionally). All components of the frame, except
the knee, are merged and the interaction at the knee contact
with the beam, column, and brace is of the tie type, in which
the relative motion of the element nodes is restricted in three
transmission directions. In the studied frame, the dimen-
sions of the mesh are considered to be about 50mm in the
areas far from the frame connected to the knee in which
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Figure 3: KBF system made by Balendra et al.

Table 1: Properties of sections used in the knee system.

Element type Section (mm)
Beam WF 125×125× 23.8
Column WF 100×100×17.2
Brace C-channels 100× 50× 5
Knee damper SHS 60× 60× 4.5
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significant stress and plastic behavior are not formed. In the
areas close to the knee connections, the mesh size decreases
to about 20mm; knee link mesh is considered from 6 to
10mm.&e details of the mesh are shown in Figure 4. As the
dimensions of the meshes become larger in places where
their behavior is linear, the dimensions of the stiffness matrix
become smaller [71].

In order to apply the boundary conditions, the bottom of
the columns is considered fixed and a cyclic load is applied to
the top of the structure. Figure 5 shows the loading protocol
and the results of the numerical and experimental models.
By comparing the FEM results with the experimental results,
it is shown that the FEM model can accurately predict the
experimental results. To validate the accuracy of the model,
the amount of energy dissipation in the experiment and
FEM model is presented in Figure 6 for the last four cycles.
&e difference between these models is about 3% to 10%.
Hence, the proposed FEMmodel has a relatively goodmatch
to the experimental. Figure 7 also shows the von Mises stress
tensor, according to which most of the plastic deformation
occurs in the knee.

6. SMA Modelling

In order to model SMA behavior superelastically, the default
option defined in Abaqus has been used.&is default models
the superelastic behavior and is suitable for alloys, such as
nitinol. In this model, the structures of austenite and
martensite are considered isotropic. &e stiffness and

Poisson’s ratio of the alloy is calculated based on the amount
of strain applied to the alloy and the rate at which atomic
structures are converted to each other.

E � EA + ξ EM − EA( , (1)

υ � υA + ξ υM − υA( . (2)

In (1) and (2), ξ stands for themartensite fraction, EA and
EM, respectively, represent austenite and martensite Young’s
modulus. Moreover, ]A and ]M indicate the austenite and
martensite Poisson’s ratio, respectively. After certain stress,
austenite is entirely transformed into martensite. In these

Figure 4: Numerical model meshing.
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S, Mises
SNEG, (fraction = –1.0)
(Avg: 75%)

+8.367e–03
+5.101e+07
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+6.121e+08

Figure 7: Von Mises stress contour in the numerical model.

Table 2: Superelastic SMA physical and mechanical properties [72].

Diameter (mm) Length (mm) A s (°C) E A (GPa) σ Ms (MPa) σ Mf (MPa) σ As (MPa) σ Af (MPa) Temperature (°C)
1.8 152 −26 40 538 573 104 69 21
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Figure 8: Validation of numerical wire model made of shape memory alloy.
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Figure 9: Location of SMA damper in the knee system.
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relations, ξ is between 0 and 1. If the structure of the alloy is
completely austenite, it is equal to zero, and if the structure
of the alloy is completely martensite, the value is 1.

In this study, nitinol wires have been employed in order
to inspect the impact of superelastic damping on the be-
havior of knee dampers. A 15 cm long wire with diameter of
1.8mm is subjected to cyclic loading. &e nitinol alloy
mechanical properties are given in Table 2. A two-node truss
element is employed to simulate the SMA wire. Figure 8
shows the modelled wire and its cyclic response.

In this paper, in order to investigate the effect of SMA on
the KBF system, the location of the SMA wire perpendicular
to the knee is considered. According to Figure 9, the SMA
wire is placed between the knee damper and the beam to
column connection point. &e most deformation occurs at
this location, and since the SMA damper needs to be
relocated to dissipate energy, this location was considered
the SMA embedding location. &e greater the deformation
applied to the SMA, the greater its effect on the behavior of
the structure. Because the SMA damper is considered a wire
and these wires buckle under compressive stress, com-
pression is not defined in the modelling of SMA behavior. To
create this behavior in the modelling, in the property’s
module, in the definition of the elastic characteristics, the
term “no compression” was ticked. By activating this ex-
pression, the stiffness of SMA becomes zero in the com-
pressive range, and by this process, the buckling behavior of
SMA wire is simulated. In order to consider the effect of
SMA in cyclic loading in both positive and negative di-
rections, two KBF systems were used as shown in Figure 9. In
this system, if the SMA wire is buckled on one side, it will be
stretched in the other direction and the buckling is
compensated.

In this study, the length and number of SMA wires
(stiffness) are investigated as two main parameters. In
models equipped with SMA, the knee dimensions are
smaller than the main model (model without SMA). &ese
dimensions are chosen so that the stiffness of the numerical
models is approximately equal to each other. Table 3
presents the properties of the studied numerical models.
In name, the KBF model is without SMA and the number
after it is the length of the SMA wires in centimetres.

Numbers 1 to 4 express the contribution of SMA to the
stiffness of the model. &us, number 1 indicates the lowest
number of SMA wires and number 4 indicates the highest
number of SMA wires.

Since the large deformation is not significantly applied to
the structure in the loading presented in the Balendra model,
the ATC-24 loading protocol according to Figure 10 was
used to investigate the nonlinear behavior of numerical
models, which was developed in the US to evaluate the
seismic performance of steel structures elements [73].

&is protocol includes 7 drifts; the first five drifts are
repeated three times and the last two drifts are repeated two
times. Usually, in large drifts with fewer repetitions, sig-
nificant damage is done to the structure [74]. Figures 11–13
show the hysteresis diagrams for models equipped with ten,
fifteen, and twenty cm SMA dampers. According to these
figures, two parameters of cross-sectional dimension and the
length of the SMA have a considerable impact on param-
eters, such as yield strength, permanent deformation, energy
dissipation, and so on. In this study, the mentioned pa-
rameters are investigated separately and the effect of SMA in
each of the models in comparison with the KBF model is
presented. Accordingly, superelastic dampers have caused
recentering in the structure, but the degree of the recentering
varies depending on the length and stiffness of the SMA. In

Table 3: Properties of the studied numerical models.

Knee section dimension (mm)
Number of SMA wires Length of SMA wire (mm)

Width Height &ickness
KBF 60 60 4.5 — —
KBF-10-1 55 55 4 2× 20 D1.8mm 100
KBF-10-2 55 55 3.5 2× 26 D1.8mm 100
KBF-10-3 50 50 3 2× 40 D1.8mm 100
KBF-10-4 50 50 2.5 2× 44 D1.8mm 100
KBF-15-1 55 55 4 2× 30 D1.8mm 150
KBF-15-2 55 55 3.5 2× 40 D1.8mm 150
KBF-15-3 50 50 3 2× 60 D1.8mm 150
KBF-15-4 50 50 2.5 2× 66 D1.8mm 150
KBF-20-1 55 55 4 2× 39 D1.8mm 200
KBF-20-2 55 55 3.5 2× 52 D1.8mm 200
KBF-20-3 50 50 3 2× 78 D1.8mm 200
KBF-20-4 50 50 2.5 2× 86 D1.8mm 200
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Figure 10: ATC-24 loading protocol.
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none of the models, the permanent deformation is equal to
zero and complete recentering has not occurred in the
models. Complete recentering occurs in a structure equip-
ped with SMA when all nonlinear deformation of the
structure occurs in the SMA and the rest of the structural
components are in the linear range. However, in the studied
structures, a significant part of the nonlinear deformation
occurred in the knee and therefore the recentering in the
system is not complete.

7. Permanent Deformation

&e ability of a structure for recentering depends on the
degree of its permanent deformation. &us, the less per-
manent deformation of the system is, the closer the hys-
teresis curve is to the flag. &e maximum drift applied to the

studied structure is around 1.2%, and at the maximum drift.
In the maximum drift, the SMA strain is around 2.0%.
&erefore, the SMA can use its maximum recentering ca-
pacity to return to the original shape. In the studied nu-
merical models, the amount of permanent deformation is
different and depends on the stiffness and length values of
SMA. According to the hysteresis diagrams, it can be seen
that the rate of recentering in the models in which the length
of SMA is 10 cm is higher than that in the other models.
Figure 14 shows the amount of permanent deformation for
the studied structures where the negative and positive
numbers indicate the permanent deformation in the neg-
ative and positive directions of loading, respectively.
According to this figure, as the SMA stiffness increases, the
rate of permanent deformation decreases. On the other
hand, permanent deformation is directly related to SMA
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length, so with the increases of the SMA length, the permanent
deformation decreases. Accordingly, the KBF-10-4model shows
the least permanent deformation. According to Figure 14, with
increasing stiffness in all models, the permanent deformation
diminishes. However, the reduction value is not the same in
different models. In models equipped with 20cm SMA, it is
observed that increasing stiffness has little effect on reducing
permanent deformation. However, in models with SMA length
of 10 cm, the increase in stiffness has a significant effect on
permanent deformation. &erefore, the shorter the length of
SMA, the higher the influence of stiffness on reducing per-
manent deformation.

8. Strength and Displacement

Strength and yield displacement are one of the most im-
portant parameters that have a great impact on the be-
havior of the structure. &ese two parameters also depend

on the length and stiffness of the SMA. &e dimensions of
the knee and the cross section of the SMA are chosen so
that the stiffness is almost equal in all models, and on the
other hand, the stiffness of the SMA and knee wires are
almost parallel. As the length of SMA increases, so does the
value of yield displacement. &erefore, because the SMA
and knee wires are parallel, as the length of the SMA in-
creases, the rate of the yield displacement of the system
(knee next to the SMA) increases. On the other hand,
because the stiffness of the models is equal to each other,
the strength of the structure also increases with increasing
the yield displacement. &erefore, in the models in which
the SMA length is considered to be 20 cm, more lateral
strength is observed. Figure 15 shows the yield deformation
and lateral strength for numerical models. According to
this figure, models equipped with 10 cm SMAs have the
least yield displacement and strength, and in 20 cm SMA
models, these figures are higher than other models.
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Figure 12: Hysterics diagrams of numerical models equipped with the SMA damper with a length of 150mm.
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Increasing the SMA’s share of stiffness can increase the
yield strength and displacement to some extent. However,
in models equipped with a 20 cm long SMAs, this increase
is more noticeable. &erefore, in the KBF-20-4 model, the
highest strength and displacement of yield are observed.
Although the effect of increasing stiffness on permanent
deformation was very tangible in models equipped with
10 cm SMA, in these models, increasing stiffness has little
effect on the yield strength of the model. However, in
models equipped with a 20 cm long SMA, although the
effect of increasing SMA stiffness has a small impact on the
amount of permanent deformation, it has a significant
effect on the yield strength.

9. Energy Dissipation

Regarding the type of damper, dissipation of energy happens
through deformation and velocity. In viscous dampers, the

dissipation of energy relies on velocity value, but in the
conventional dampers, the dissipated energy relies on
nonlinear deformation. &e proposed dampers herein
are of the latter, so those need nonlinear deformations in
order to have energy dissipation. Since Figures 11–13
show the hysteresis diagrams of these dampers according
to nonlinear displacement, the amount of energy dissi-
pation can be found by calculating the area within each
load cycle. Figure 16 shows the energy dissipation for
load cycles. In the initial cycles, the behavior of the
structure is almost linear, so the value of the dissipated
energy in small cycles is negligible. &erefore, cycle No.
10 is presented in Figure 16. &e amount of energy
dissipation is directly related to lateral strength and
permanent deformation. &erefore, in models where
more permanent deformation and more strength are
observed, there is more dissipated energy. According to
the hysteresis diagrams, SMA dampers reduce the
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Figure 13: Hysterics curves of numerical models equipped with the SMA damper with a length of 200mm.
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permanent deformation of the structure, and as a result, this
reduces the energy dissipation capacity in the structure. On the
other hand, in some models (systems equipped with 20 cm
SMAs), the strength increases, and this increased the energy
dissipation in the structure. &erefore, SMA dampers, on the
one hand, reduce energy dissipation due to permanent defor-
mation and, on the other hand, increase energy dissipation by
increasing strength. As shown in Figure 16, the effect of

recentering is greater than the increase in strength, because in all
models the energy dissipation is less than the KBF reference
model. But the energy dissipation levels in all models are dif-
ferent from the reference model. In models equipped with a
20 cm long SMAs, due to high strength and low recentering, the
amount of energy dissipation is close to the reference model
(KBF). &erefore, due to the increase in the length of the SMA
damper, the amount of energy dissipation increases. Because
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Figure 14: &e amount of permanent deformation during the cyclic loading.
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increasing the SMA length has increased the lateral strength of
the system. For example, the energy dissipation for KBF-20-1,
KBF-15-1, and KBF-10-1 models, the energy dissipation in the
nineteenth cycle is 17860, 17640, and 15540 joules, respectively.
Increasing the SMAdamper stiffness has an inverse influence on
the energy dissipation because with increasing the stiffness of the
SMAdamper, the degree of recentering increases and the energy
dissipation decreases. For example, the energy dissipation in the
nineteenth cycle for KBF-20-1, KBF-20-2, KBF-20-3, and KBF-
20-4 is 17860, 16929, 15609, and 15112 joules, respectively.

10. Conclusion

&is article aimed to study the impact of using SMAs on the
improvement of knee damper behavior. For this purpose, a

laboratory model was selected and validated under nu-
merical modelling. Twelve models were subjected to cyclic
loading and the effect of two parameters, namely, SMA
damper length and stiffness on permanent deformation,
yield strength, and energy dissipation, was investigated.
Based on the numerical investigation, the following con-
clusions can be drawn:

(i) In the studied numerical models, the amount of
permanent deformation is different and depends on
the length and stiffness of SMA. According to the
hysteresis diagrams, it can be seen that the rate of
recentering in models with SMA length of 10 cm is
higher than that in the other models. On the other
hand, permanent deformation is directly related to
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Figure 15: Yielding base shear and yielding displacement during the cyclic loading.
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SMA length, so as the length of SMA increases, so
does the rate of permanent deformation. Accord-
ingly, in models equipped with SMAwith a length of
10 cm, the least permanent deformation is observed.
In models equipped with a 20 cm long SMA, it is
observed that increasing stiffness has little effect on
reducing permanent deformation.

(ii) Strength and yield displacement are important
parameters that have a great impact on the be-
havior of the structure. &ese two parameters
also depend on the length and stiffness of the
SMA. According to the results, in models where
the length of SMA is considered 20 cm, more
lateral strength is observed and in models
equipped with 10 cm, SMAs have the minimum
yield displacement and strength. Increasing the
SMA’s share of stiffness can significantly increase
yield strength and displacement. However, in
models equipped with a 20 cm long SMAs, this
increase is more noticeable. However, in models
equipped with 10 cm long SMA, the effect of
increasing stiffness on permanent deformation
was very tangible, but in these models, increasing
stiffness has little effect on the yield strength of
the model. &erefore, SMA length is directly
related to increasing structural strength.

(iii) &e amount of energy dissipation is directly related
to lateral strength and permanent deformation.
According to the hysteresis diagrams, SMA
dampers reduce the permanent deformation of the
structure and this reduces the capacity of energy
dissipation in the structure. But on the other hand,
in somemodels, SMA dampers increase the strength
and, as a result, increase the energy dissipation
capacity in the structure. &erefore, SMA dampers,
on the one hand, reduce energy dissipation capacity
due to permanent deformation and, on the other
hand, increase energy dissipation capacity due to
increasing strength.

(iv) According to the results, the effect of recentering is
greater than the increase of strength, because in all
models the capacity of energy dissipation is less than
the reference model. In models equipped with 20 cm
SMAs, due to high strength and low recentering, the
energy dissipation value is higher than that in the
other models. &erefore, due to the increase in the
length of the SMA damper, the amount of energy
dissipation capacity increases. Increasing the stiff-
ness of the SMA damper has an inverse effect on the
energy dissipation capacity because with increasing
the stiffness of the SMA damper, the degree of
recentering increases and the energy dissipation
capacity decreases.
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