
Smart Structures and Systems, Vol. 28, No. 4 (2021) 469-481 
https://doi.org/10.12989/sss.2021.28.4.469 

Copyright © 2021 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 
1. Introduction 

 
Modern seismic-resistant structural systems are 

designed by the concept that the structure must be stable 
and not collapse during an earthquake. Therefore, seismic-
resistant structural systems should have sufficient ductility, 
strength, and the ability to reduce seismic energy (Massah 
and Dorvar 2014). Seismic resistant design is a method of 
resisting earthquakes due to the energy dissipation and 
ductility performance of the component members of the 
structure. However, if an earthquake exceeds the allowable 
performance of the structure, damage, such as cracks and 
plastic deformation occurs in the element member, which 
leads to an economic loss of replacing the member to 
rehabilitation the structure. In addition, the general repair 
and reinforcement method applied to solve the damage of 
the structure is uneconomical due to the additional cost 
problem. 

Therefore, researchers are conducting research on 
repairing and reinforcement methods, such as smart 
isolation devices, cable self-centering devices, and SMA 
wire devices, to secure various performances of structural 
systems (Silwal et al. 2016, Mansouri et al. 2017, Haque 
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and Alam 2017, Shi et al. 2019, Hu 2015). One of the most 
efficient methods for these various devices is to apply a 
smart material such as SMA to the damper device. The 
application of damper using SMA can improve seismic 
performance and leads to construct a structural system that 
can maintain economic efficiency. 

Among the various seismic structural systems, the 
concentrically braced frames (CBFs) enhance the strength 
of the structure and show efficient resistance to lateral 
loads. The component member dissipates the energy 
generated due to such performance but has a disadvantage 
in that plastic deformation occurs due to limited lateral 
displacement performance due to structural characteristics. 
Due to the occurrence of plastic deformation, the structure 
cannot be reused unless the member is replaced or 
reinforced. Therefore, in the past decades, researchers have 
focused on applying smart materials such as SMA to 
seismic structural systems (Dezfuli and Alam 2015, Gao et 
al. 2016, Sultana and Youssef 2016, Mirzai et al. 2018, 
Zareie et al. 2017, Sultana and Youssef 2018, Speicher et al. 
2017, Mirzai and Hu 2019, Zareie et al. 2019). To solve this 
problem, in this study, as shown in Fig. 1, the SMA damper 
is connected to the top of the inverted V-shaped bracing 
system and in the center of the beam member in CBFs. 
SMA damper reinforcement can effectively control the 
vibration and displacement of the seismic structural system 
and reduce plastic deformation. In addition, the bottom 
plate of the SMA damper device with a bolt hole is fixed to 
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Abstract.  In recent decades, researchers have developed many technologies like energy dissipating dampers to improve the 
response of structures in seismic events but still limitations persist in earthquake-resistant design. Residual drift is still a 
significant problem encountered while using dampers which results in a reduction in their performance. Many types of dampers 
have been introduced to localize the damages in a defined section of a structure to prevent structural failure and decrease the 
repairing cost. However, in general, rehabilitation of a structure using a damper is not an economical option because residual 
deformation occurs due to limitations of constituent materials of the damper. Therefore, in this paper, a shape memory alloys 
(SMAs) damper is proposed to mitigate the performance degradation problem caused by residual deformation of a structure and 
to reduce maintenance and repairing costs. The shape memory alloys can reduce residual deformation at room temperature due 
to the superelastic effect. In addition, a pretension force was applied to prevent damage by reducing the fastening force of the 
shape memory alloy bar and to improve the load performance. Finite element analysis was performed to verify the performance 
of the damper to which the pretension was applied. Furthermore, recentering performance and energy dissipation capacity of the 
damper were analyzed. The analysis results show that the proposed damper can reduce the residual strain by recentering, as well 
as improve energy dissipation and ultimate capacity. 
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Fig. 1 Superelastic SMA dampers installed at the CBFs
 
 

the flange of the beam using bolts and nuts to exclude 
construction uncertainty due to welding. 

In general, steel materials absorb shock from external 
loads such as earthquakes and have a certain level of energy 
dissipation by plasticity. However, there are disadvantages 
that require maintenance by residual deformation and 
damage. SMA has the strength to resist shear and bending 
after plastic deformation, so it has the advantage of 
reducing more displacement and damage when a strong 
external load such as an earthquake occurs in an instant. 
SMA has two important properties, the first is the Shape 
Memory Effect (SME), a unique property that recovers 
residual deformation due to external loads. The SME means 
that the material remembers the initial shape, size, and pre-
deformed shape and returns to its original shape when 
heated. Secondly, SMA has Superelastic Effect (SE), a 
special ability to support high plastic deformation to recover 
most of the residual strain. The SE means that even if 
plastic deformation occurs beyond the elastic limit of the 
material, it can be returned to its original form only by 
removing the load. This particular property of the SMAs is 
related to the forward transformation of the SMAs from 
martensite to austenite during loading, and reversed 
transformation from austenite to martensite during 
unloading when the temperature is higher than austenite 
finish temperature (DesRoches et al. 2004). Fig. 2 shows 
the stress-strain curve showing the SME and SE of SMA. 
SMA exhibits a flag-shaped hysteresis under cyclic loads. 

Recently, due to the development of manufacturing 
technology and heating methodology of SMAs, large-size 
SMAs have became commercially available (Qiu et al. 

 
 

2020). In addition, SMA has recently been used in many 
structures due to its additional shock absorption ability by 
energy dissipation, excellent corrosion resistance, and 
resistance to fatigue destruction (Hu 2014, 2015, Hu and 
Choi 2014). The SMA damper is a device that improves the 
plastic strain reduction and energy dissipation capacity by 
the frictional force generated between the superelastic SMA 
and the member into which the pre-tension is introduced. 
Recentering is an important property of SMA damper, in 
which it gains original state after the load is removed at 
room temperature even if a considerable amount of plastic 
displacement occurs beyond the elastic limit. Recentering 
performance of SMA damper makes it an ideal candidate in 
terms of cost-effectiveness by reducing maintenance and 
replacement costs. The application of pretension to the 
SMA bar, where the stress is concentrated by the seismic 
load, basically reduces the bar’s relaxation and prevents the 
separation of the joint surface of the damper part. In 
addition, it is possible to reduce the fatigue damage caused 
by the low fastening force, so that the service life can be 
prolonged. The application of pretension can achieve the 
required performance with a small number of SMA bars for 
the required performance of the SMA damper, and the 
strength and energy dissipation ability are improved 
compared to the general damper. 

In this study, cyclic behaviour of SMA damper was 
investigated using Finite Element Analysis (FEA). The 
SMA damper was designed based on the prying action 
effect to reduce damage to the member caused by load 
concentration. The theory and technical characteristics of 
the damper were figured out and the concept was 
established. To evaluate the behaviour characteristics, 3D 
finite element analysis was performed according to design 
variables such as steel, SMA material, and pretension. For 
the finite element analysis results, models according to 
design variables were compared with each other. Finally, 
the analysis results were analyzed in terms of seismic 
performance such as ultimate strength, permanent 
deformation and recentering ratio. 

 
 

2. Damper design 
 
SMA damper is a smart device that has recentering as 

well as energy dissipation characteristics. As shown in Fig. 
3, SMA damper can be divided into internal and external 

 
 

 

Beam

C
ol

um
n

Damper

 
Fig. 2 Stress and strain curve for superelastic SMAs
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parts. The internal parts of the damper consist of slider, 
bracket, end plate, and SMA rod. The slider is directly 
connected to the structure and transfers external loads to the 
damper. The bracket performs as a fastener for integral 
behaviour with boxed steel. The end plate supports the 
slider, bracket and SMA bar components. The SMA bars are 
installed by fixing it with fastening hardware, such as a nut 
to the end plate by passing through the bracket. SMA bars 
can be symmetrically adjusted according to the required 
strength and recentering force. According to the lateral 
movement of the slider due to the external load, the SMA 
bars behave simultaneously with the end plate. Therefore, 
the tension is applied in both directions about the center of 
the slider. In addition, even when the elasticity is exceeded, 
it is possible to recover to the original shape without the 
occurrence of residual deformation due to the recentering 
force of the material. The external parts are composed of 
four plates and the internal parts are covered and welded to 
complete the damper device. SMA damper is a smart device 
that has recentering as well as energy dissipation 
characteristics. As shown in Fig. 3, SMA damper can be 
divided into internal and external parts. The internal parts of 
the damper consist of slider, bracket, end plate, and SMA 
bar. The slider is directly connected to the structure and 
transfers external loads to the damper. The bracket performs 
as a fastener for integral behaviour with boxed steel. The 
end plate supports the slider, bracket and SMA bar 
components. The SMA bars are installed by fixing it with 

 
 

 
 

fastening hardware, such as a nut to the end plate by passing 
through the bracket. SMA bars can be symmetrically 
adjusted according to the required strength and recentering 
force. According to the lateral movement of the slider due 
to the external load, the SMA bars behave simultaneously 
with the end plate. Therefore, the tension is applied in both 
directions about the centre of the slider. In addition, even 
when the elasticity is exceeded, it is possible to recover to 
the original shape without the occurrence of residual 
deformation due to the recentering force of the material. 
The external parts are composed of four plates and the 
internal the internal parts are covered and welded to 
complete the damper device. 

The SMA damper is formed so that the seismic load is 
concentrated on the SMA bars, which acts as a recentering 
and energy dissipation device. As shown in Fig. 4, 
depending on the geometry of the damper, three failure 
modes due to load can occur. The SMA bars to which the 
pretension is applied resist the bending moment (M) caused 
by the tension load (ΣB) and the applied load (P). All 
failures should be confined to the SMA bars and the other 
parts of the damper must maintain elastic range. Therefore, 
mode 3 is an ideal failure mode according to the behavior of 
the SMA damper. The failure mode 1 in Fig. 4(a) shows that 
the hinge can be formed by the plastic limit on the end plate 
by bending when the SMA bar is not under tension. In this 
failure mode damper does not work properly. On the other 
hand, in failure mode 2 of Fig. 4(b), bending of end plate 

 
 

Fig. 3 3D schematic drawing for the components of SMA damper connections 

 
Fig. 4 Failure mode of SMA damper (Prying action)
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decreases, but the failure due to ultimate stress occurs 
simultaneously in SMA bars. In this case, a slight residual 
deformation occurs in the end plate and the SMA bars resist 
only part of the applied load. The occurrence of a plastic 
hinge on the end plate, as in failure modes 1 and 2, is called 
a prying action. The prying action is greatly influenced by 
the bending moment generated in the member supporting it 
by SMA bar. Therefore, it is necessary to carefully design 
the thickness of end plate and the distance between center 
line of SMA bar and slider. In general, prying action can 
minimized by increasing the member thickness or by 
reducing the distance of the location where the member 
resists the load. 

Design details of SMA damper parts are shown in Fig. 
5. Four SMA bars are manufactured with a diameter of 15 
mm and a length of 500 mm. The bracket and the end plate 
are drilled to a depth of 50 mm and 25 mm on both sides 
with the same diameter as the rods, and then joined with 
nuts. The SMA bars are designed to avoid the heat 
treatment effect since the material performance is lost due 
to the change in material properties by welding heat. The 
end plate is made of 300 mm horizontal, 130 mm vertical, 
and 50 mm thick. The slide is made of 300 mm horizontal, 
130 mm vertical, and 40 mm thick, and serves to move the 
end plate in the vertical direction. The joint plate is welded 
to the top of the slider with dimensions of 140 mm 
horizontal, 50 mm vertical, and 30 mm thick, and serves to 
transfer external loads to the slider. The bracket is installed 
installed between the end plates at both ends with a width of 

 
 

 
 

300 mm and a height of 125 mm and prevents the SMA bars 
from passing through. Slider, blankets, and end plates can 
be made of stainless steel in areas with high corrosion but 
are generally made of carbon steel. 

 
 

3. Response mechanism 
 
The behaviour of the SMA specimen with pretension 

applied is shown in Fig. 6. As described above, the 
behaviour of SMA, as shown in Fig. 6(a), the ideal SMA 
specimen has a flag-shaped behaviour with specific 
recentering force (Pୖ ୣୡ). Fig. 6(b) shows the recentering 
behaviour due to the pretension. The initial displacement of 
the SMA bar by the pretension starts dissipating energy at a 
displacement reduced by specific recentering displacement 
(∆ୖୣୡ). Moreover, when the pretension is applied, the strain 
increases. Fig. 6(c) shows the overall behaviour of SMA 
damper with pretension force. Fig. 7 indicates the direction 
of movement of the slider. The diagram is completely 
symmetrical because the damper is symmetrical in 
geometry relative to the slider to which the load of the 
structure is transferred. Since the initial tension force 
shortens the linear region, the effect of repeated loads can 
be reduced by increasing the initial strength. However, if 
the pretension is applied excessively, the energy dissipation 
effect is reduced because the area of the hysteresis curve 
becomes smaller. 

 
 
 

 
Fig. 5 Detailed sizes for all components

Fig. 6 Behaviour mechanism of pre-tensioned SMA bars
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Therefore, the application of values exceeding half the 
maximum strain should be avoided. In addition, proper 
pretension increases the bonding strength between 
members, thereby avoiding the phenomenon that the SMA 
bar becomes loose. The reaction force of the pre-tensioned 
SMA bar is shown in Fig. 6(d). Since the SMA bar is 
always in tension, the curve appears only in the positive 
direction of the force axis. 

Fig. 7 shows the damper movement when the load is 
applied. When the seismic load is transmitted through the 
structure to the slider of the SMA damper, the slider starts 
to move left and right, and the end caps move together. 
When the end plate moves left and right, the load is 
transferred to the SMA bar connected to the end cap plate, 
resulting in bidirectional tensile behavior. Therefore, the 
SMA bar of the damper is a key element that plays the role 
of recentering and energy dissipation by the material 
properties. 

 
 

4. Finite element models 
 
To understand and evaluate the damper performance, a 

nonlinear finite element analysis must be performed. To 
achieve this goal, a 3D model of the damper was simulated 
using commercially available ABAQUS program (Michael 
2013). Fig. 8 shows the 3D FE model of the damper. The 
geometry of FE model was constructed from solid elements 
and modelled with the same dimensions as in the design. To 
closely observe the stress concentration of the parts, the size 
of each element was divided as much as possible. Since the 

 
 

 
 

SMA damper is completely symmetrical, half-type 
modelling was performed using symmetrical boundary 
conditions to shorten the analysis time. In addition, fixed 
boundary conditions were used to weld the brackets to the 
side plates. The material nonlinearity was considered to 
perform an accurate analysis in the plastic range due to 
cyclic loads. An elastoplastic behaviour including isotropic 
and kinematic strain hardening has been considered for the 
steel parts of the damper. The SMA material has been 
simulated using user material (UMAT) subroutine according 
to Aurrichio’s model (Auricchio and Sacco 1997, 
Sgambitterra et al. 2014) and was added to the ABAQUS 
command prompt. This material is based on the concept of 
generalized plasticity and reflects superelasticity under 
isothermal condition (DesRoches et al. 2004, Lubliner and 
Auricchio 1996). To understand that the assembled material 
can work properly, an SMA specimen has been modelled in 
ABAQUS program and verified to DesRoches et al. 
experimental test (DesRoches et al. 2004). As can be seen 
in Fig. 9, the simulated curve has a good agreement with the 
experimental results. 

Two load time steps were considered to individually 
apply the pretension and cyclic loads. The pretension is 
extended from the first step to the second repeated load 
application step. A quasi-static cyclic loading adopted from 
Chan and Albermani’s study (Chan and Albermani 2008) 
has been imposed to the upper side of the slider. The 
pretension, a design variable, introduces load conditions 
that control displacements corresponding to 0, 97, 112 and 
119 kN. According to the pretension, the analysis model 
was presented as Case-1, Case-2, Case-3, and Case-4. In 

 
 

 
 

Fig. 7 Movement of SMA damper connections under cyclic loading 

Fig. 8 Finite element models (Parts, mesh, loading, and symmetry BC’s) 
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Fig. 9 Simulated stress and strain curve based on the 
material property of superelastic SMAs 

 
 

order to prevent the rigid body from being moved by the 
pretension, the end plate was fixed and released before the 
cyclic load application step. 

 
 

5. Analysis results 
 
In this study, FEA results were analyzed to verify the 

performance of SMA damper with increasing pretension. 
Fig. 10 compares the analysis results of the SMA damper 
according to four design variables mentioned above. 

The case-1 model without pretension applied to SMA 
bar is affected by material properties. Therefore, it shows a 
flag-shaped hysteresis curve that matches the behaviour of 
the SMA material. The Case-1 model was restored to an 
original shape after the removal of the load even if a 
considerable amount of deformation was applied, showing a 
residual displacement near zero. During the process of 
recentering to the original shape, a phase changing process 
from martensite to austenite shows a recentering Force level 
of about 90.5 kN. 

The recentering force acts as an additional load to 
restore the residual displacement due to the frictional force 

 
 

occurring at the contact surface between the members of the 
damper. As the number of load cycles increases from Case-
2 model to Case-4 model with increasing pretension, the 
residual displacement occurring tends to increase slightly. 
This is because the SMA bar provides recentering 
performance during the reverse phase displacement process 
to recover from a certain level of damage, but residual 
displacement occurs when the applied load exceeds the 
recentering force. However, it can be seen that the energy 
dissipation capacity of SMA damper increases even if the 
recentering is reduced. Therefore, as in the behaviour 
mechanism, ∆ୗ୑୅ଵ to ∆ୗ୑୅ି୫ୟ୶ a decrease in the initial 
tension, and the range of Pୗ୑୅ଵ  to Pୗ୑୅ି୫ୟ୶  shows a 
tendency to increase somewhat with resistance according to 
the increase in bonding strength. Table 1 shows the values 
of ∆ୗ୑୅ଵ  to ∆ୗ୑୅ି୫ୟ୶  and Pୗ୑୅ଵ  to Pୗ୑୅ି୫ୟ୶  at 
specific points defined in Fig. 10. In addition, the SMA acts 
to reduce the residual displacement (∆ୗ୑୅ିୖୣୱ) generated in 
the damper to less than 3% due to the recentering 
performance. 

Fig. 11 shows the behaviour of the bolt reaction force 
acting on the SMA bar affected by pretension (P୔୰ୣ). In 
case-1, the maximum force (P୔୰ୣି୫ୟ୶) is about 400kN, and 
energy dissipation begins after 2mm displacement. In Case-
2, a pretension of 97 kN was applied to the SMA bar, and 
energy dissipation occurs simultaneously with the start. 
Also, the maximum force is about 80kN larger than Case-1. 
In case-3, degradation began, and the maximum force was 
about 550 kN. In case-4, more degradation occurred and 
energy dissipation was reduced, but the maximum 
performance of the damper increased to about 600 kN. In 
addition, by comparing the specific values of Pୗ୑୅ଵ -Pୗ୑୅ି୫ୟ୶  and ∆ୗ୑୅ଵ -∆ୗ୑୅ି୫ୟ୶  in Fig. 10 and P୔୰ୣଵ -P୔୰ୣି୫ୟ୶  and ∆୔୰ୣଵ - ∆୔୰ୣି୫ୟ୶  in Fig. 11, the initial 
displacement of the SMA bar can be seen by the pretension 
as described in the behaviour mechanism. 

The relationship between the bolt reaction force of the 
SMA bar and the applied load is shown in Fig. 12. In case-1m 
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Fig. 10 FEA results for SMA damper cases
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the reaction force and load reach the ultimate load with the 
same value. At the beginning of the loading history, the 
prying action load increases by the pretension. It satisfies 
the equilibrium state (Pௌெ஺ ൌ ∑B) that matches the applied 
load and the total bolt reaction force. In addition, the Case-1 
model shows a response in which the influence of prying 
action, the load does not decrease as the displacement load 
history increases. In the case of other models, the behaviour 
starts in the state where the load is increased due to the 
increase in the pretension, and the phenomenon becomes 
gradually the same as the loading history increases. 

In addition, as shown in Fig. 13, the curve path for each 
cycle was analyzed to accurately understand the 
relationship between bolt reaction force and displacement. 
The specific cycle was selected as C1 to C4 in Fig. 14(a). 

 
 

 
 

Cycle-1 shows that the movement by the slider is resisted 
by the pretension. When the damper starts to move, the 
holding force due to the pretension is released and the first 
bouncing phenomenon occurs and the bolt reaction force 
against the applied load increases. This is because Bolt 
temporarily loses the pretension. Cycle-2 and cycle-3 are 
getting closer to the zero-flying line, whereas the bolt 
reaction force and applied load are in 1:1 ratio. In cycle-4, 
the applied load initially increases due to the effect of 
pretension. It can be seen that when the end plate and 
bracket start to be separated by the slider, it behaves almost 
like a zero-frying action. 

The maximum recentering displacement, which is the 
difference between maximum displacement and residual 
displacement in the last loading cycle acting on SMA 

 
 

 
Fig. 11 Bolt reaction forces

 
Fig. 12 Prying action (Initial force)
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damper, is required to evaluate the performance of 
recentering according to design parameters. Table 1 shows 
the specific values derived from FEA. Pୗ୑୅ଵ and ∆ୗ୑୅ଵ 
are the forces and displacements at the end of the martensite 
state, Pୗ୑୅ି୫ୟ୶  and ∆ୗ୑୅ି୫ୟ୶  are the maximum 
displacements related to the maximum force, and Pୗ୑୅ଵ 
and ∆ୗ୑୅ଵ are the forces and displacements starting with 
the austenite state, respectively ∆ௌெ஺,ோ௘௦  represents the 
residual displacement of each model. The recentering rate 
(RR), which is represented as an index for evaluating the 
recentering capability of the SMA damper, can be expressed 
as the maximum recentering displacement (∆ୗ୑୅ି୫ୟ୶ െ∆ୗ୑୅ିୖୣୱ ) normalized to the maximum displacement 
(∆ୗ୑୅ି୫ୟ୶) as shown in Eq. (1). 

 𝑅𝑅 ൌ 100ሺ∆ୗ୑୅ି୫ୟ୶ െ ∆ୗ୑୅ିୖୣୱሻ∆ୗ୑୅ି୫ୟ୶  (1)

 
The energy dissipation capacity (TE) represents the total 

amount of energy generated by the overall hysteretic 
behaviour of the damper model and is calculated as the area 
of the hysteresis curve. The SMA damper has a recentering 
rate close to 100%. In the case-1 model, the recentering rate 
was 100%, and in the case-4 model, which had the highest 
pretension, the recentering rate was 99.96%. Since results 
showed an excellent recentering rate exceeding 99% for all 
models, it can be concluded that, the SMA bar improves the 

 
 

 
 

structural performance in terms of strength and recentering 
of the proposed damper device. It can be seen that as the 
pretension increases, the recentering force decreases, and 
the residual strain increases somewhat, but the energy 
dissipation capacity increases as the area of the hysteresis 
curve increases. This means that the SMA bar does not 
cause a decrease in strength in the hysteresis curve within 
the displacement load range. It can be seen that the energy 
dissipation continues to increase as the pretension increases. 
Due to the pretension, the SMA bar increases the load 
strength and dissipates a relatively large amount of energy 
as compared to the normal SMA. Therefore, the overall 
results show that the dissipated energy and the performance 
of damper improved when the pretension is increased. 

 
 

6. Observation of field contours 
 
It is necessary to analyze the stress and strain 

distribution and the stress-strain response at a specific point 
of the SMA damper subjected to hysteretic loop, and in 
order to closely observe the results of the FEA and verify its 
validity. Fig. 14(a) shows the hysteresis curve of 
displacement loading, as the number of cycles increases, the 
amplitude of the loaded displacement gradually increases 
and finally increases to a displacement of 25 mm. The 
displacement loading history is applied by forming a profile 
in the function of inputting the amplitude in the ABAQUS 

 
Fig. 13 Investigation of prying action in each cycle

Table 1 Analysis result of the behavior of the SMA damper 

Model ID PSMA1 
(kN) 

∆SMA1 
(mm) 

PSMA2 
(kN) 

∆SMA2 
(mm) 

PSMA-max 
(kN) 

∆SMA-max 
(mm) 

∆SMA-Res 
(mm) 

RR 
(%) 

TE 
(kN-mm)

Case-1 365.27 23.94 162.89 19.69 405.05 24.96 0.00 100.00 3520 
Case-2 345.49 22.05 147.43 18.10 460.28 24.83 0.03 99.88 3590 
Case-3 334.65 20.07 123.35 16.85 514.79 24.70 0.02 99.92 4250 
Case-4 326.78 18.39 104.42 15.39 583.93 24.87 0.01 99.96 4490 
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program and is applied as a load in connection with 
boundary conditions. In addition, to examine the stress and 
strain distribution of the SMA damper, field contours were 
investigated by selecting S1 = 7, S2 = 14, S3 = 25, and S4 = 
0 per cycle as specific load steps. In Fig. 14(b), the stress-
strain response of the SMA damper was examined by 
selecting the displacement load measurement points (MP). 
MP1 represents a specific point in the middle of the SMA 
bar where tension occurs due to repeated history. MP2 
represents the SMA bar connected to the nut. MP3 
represents a point on the nut and MP4 represents a point on 
the slider. 

Fig. 15 shows the typical lateral stress and strain field 
contours in the SMA damper for each loading step. The size 
of the field contour is indicated with the legend of the color 
bar graph. Fig. 15(a) shows the field contour of stress 

 
 

 
 

according to the loading step. It shows that high stress does 
not occur in the steel part of the damper and that most of the 
stress is limited to the SMA bar. Therefore, in SMA bars 
orange and red colors appeared, stress concentration due to 
tension occurs and plastic stress contour lines are 
distributed along the bars as the displacement load 
increases. In the contour, it can be seen that the largest 
stress close to 1,000 MPa occurs at the displacement of S = 
25 mm with the largest displacement load. The SMA bar 
has a relatively weak stress distribution in the steel because 
the stress value at the stress contour is relatively high as 
compared to the yield strength occurring in the steel after 
the plastic state. In the final load step S = 0 mm, the case-1 
model without pretension is restored from the previous 
ultimate load to a stress distribution with residual stress 
close to zero. In other models with initial pre-tension, 
 
 

 

Fig. 14 Cyclic loading history with target displacements and measurement points 

 

Fig. 15 Stress and strain contour
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residual stresses exceeding the yield level are finely 
distributed in yellow color on the SMA bar. This indicates 
that the damper can be quickly restored even after a strong 
earthquake. 

Fig. 15(b) shows the field contour of the transverse 
strain according to the loading step. Similar to the stress 
distribution, the strain distribution due to high tension in the 
SMA bar, small strain distribution and plasticity pattern in 
yellow color appears partially due to compressive force and 
bending moment in other members where steel is used. In 
the final load step S = 0 mm, the case-1 model without 
pretension is restored from the load to a strain distribution 
with residual strain close to zero. Other models with 
pretensions can see the distribution of plastic patterns in 
orange and yellow colors in SMA bar with residual strain 

 
 

 
 

exceeding the yield level. Therefore, the SMA bar in the 
damper reduces residual stress and strain generated in the 
member with damper due to an increase in initial tension, 
and the generated size is negligible. Therefore, the SMA bar 
serves to stabilize the damper device and reduce residual 
strain. 

Figs. 16-19 show the stress-strain behaviour derived 
from measurement points. The SMA bar acts only on the 
tensile load, and the stress-strain curve measured at the 
MP1 creates a flag-shaped hysteresis loop identical to the 
unique material behavior in the tensile direction only. The 
stress-strain curve measured at the MP2 shows similar 
behaviour to the curve derived at the MP1 point, but it is 
constrained by the nut, resulting in low strain. Numerically, 
the maximum stress in case-1 at the MP1 and MP2 points is  

 
Fig. 16 Stress and strain measurement (Case-1)

 
Fig. 17 Stress and strain measurement (Case-2)
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about 600 kN, and the stress is stable at the MP3 and MP4 
points. Also, the maximum strains are about 6 mm/mm and 
3 mm/mm at the MP1 and MP2 points, while the strains at 
MP3 and MP4 are close to zero. In case 2, the stress and 
strain values increased in MP1 and MP2, and no stress and 
strain in MP3 and MP4. This scenario is repeated in case 3 
and case 4. Therefore, as the pretension increases, the SMA 
bar increases the ultimate load and does not return to 
original shape with repeated loads and behaves under 
increased load. Also, it can be seen that the displacement 
changing from the reverse phase displacement section to the 
elastic range also increases. This indicates that maximum 
stress and strain occur in the SMA bar. The MP 3 and 4 are 
the points where bending moment applies remains elastic 
during all cyclic loads regardless of displacement. In 

 
 

 
 
addition, the stress values of MP1 and MP2 show that the 
failure of the member is limited in MP2. 

 
 

7. Conclusions 
 
In this study, to improve the recentering and energy 

dissipation capacity for plastic deformation, a SMA damper 
is proposed, that utilizes SMA capable of recentering with 
the material itself and applies pretension. In order to 
confirm the performance of the proposed damper, a 
behavioural response was derived by performing FEA of the 
damper applying the pretension to the SMA bar. In addition, 
the analysis results were analyzed in terms of residual 
strain, recentering rate, and energy dissipation capacity, and 

 
Fig. 18 Stress and strain measurement (Case-3)

 
Fig. 19 Stress and strain measurement (Case-4)
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the following conclusions were obtained. 
 

● The design of the SMA damper determined the 
structural shape in order to realize the behavior 
principle that the load is transmitted to the shape 
memory alloy bar, which is the core of the damper 
performance. The position of the bar and the 
thickness of the plate, which did not cause a prying 
action effect, were calculated on the end plate, which 
is a member in contact with the SMA bar. In 
addition, the effectiveness of the proposed design 
was verified. 

● The SMA damper was analyzed from the viewpoints 
of residual strain, recentering rate, and energy 
dissipation capacity according to the results of finite 
element analysis according to the material (shape 
memory alloy, steel) and pretension. As a result of 
analysis, the SMA damper exhibits different 
properties depending on the material. When the 
SMA is used, the residual strain is reduced even after 
yielding depending on the material recentering 
performance. However, when steel is used, due to 
material limitations at the beginning, a considerable 
amount of residual deformation occurs after plastic 
deformation. 

● Analysis results show that the SMA damper, on 
average, showed a residual strain of less than 0.1 
mm and a recentering rate exceeding 99%. It can be 
seen that residual strain occurring in the damper can 
be minimized by SMA’s recentering effect. 
Furthermore, it shows excellent recentering rate and 
improves the structural performance in terms of 
damper strength and recentering force. 

● The increase in the pretension, a design variable, 
indicates an increase in the initial modulus of 
elasticity and increases in yield and ultimate load, 
resulting in an increase in energy dissipation. After a 
certain amount of pretension, the recentering force 
decreases and stress hardening begins, but the area 
on the envelope of the hysteresis curve increases 
while some residual strain is maintained. This shows 
that the total energy dissipation and the maximum 
performance of the damper are improved. 

● Therefore, the SMA damper proposed in this study 
should select a damper whose demanded 
performance is suitable according to the recentering 
and energy dissipation capacity. In addition, 
structural experiment studies will be required to 
verify actual performance. 
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