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With the aim of effectively reducing the structural damage caused by earthquake events, bracing systems equipped with ret-
rofitting damper devices, which take advantage of the energy dissipation and impact absorption, have been widely used in practical
construction sites.,ese bracing dampers, however, have been recognized as expendable supplies for easily replacing the damaged
ones after a strong earthquake because they are commonly designed to undergo concentrated force and deformation for the
purpose of protecting the main structural members such as the columns and beams. In this paper, the use of new superelastic
shape memory alloy (SMA) dampers that can partially recover their original configuration is proposed to decrease the repair cost.
In addition, the conventional steel dampers used for improving the energy dissipation arising due to metallic yielding are
additionally integrated into the bracing member.,e behaviors of such bracing systems with the damper devices were reproduced
in experimental tests with the cyclic loading history, and then their strength capacity and recentering capability were estimated
based on the experiment results. Finally, additional experimental tests were performed by imposing cyclic loading histories with
different loading speeds on the superelastic SMA and steel plate damper specimens.

1. Introduction

,e bracing members capable of active control against seismic
loads in an effort to reduce earthquake damage have been
widely utilized in construction sites. ,e typical seismic iso-
lators, which are used to mitigate the acceleration transmitted
from the ground, are placed in low- to midrise buildings
because they are commonly installed to withstand the load of
the entire structure [1–3]. On the other hand, damper devices,
which attenuate the vibration caused by energy dissipation, are
integrated with the bracing member in the structure and have
been widely used in low- to high-rise frame buildings without
height limits [4–6]. In the case of a severe earthquake event,

structural damage to the main members (e.g., beams and
columns) directly supporting the self-weight of the frame
building may cause the collapse of the entire structure.
,erefore, for the purpose of protecting such main members,
the damper devices installed on the bracing member are
designed to concentrate the displacement and load and have
been used as consumable products that can be easily replaced
when damaged [7–9]. Although the conventional bracing
damper system has an excellent ability not only to absorb the
external impact but also to diminish the structural vibration, it
has the disadvantage of requiring additional maintenance due
to the residual deformation caused by the lack of recentering
capability [10–14]. Accordingly, this paper proposes new
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bracing damper systems that can e�ectively reduce the residual
displacement by installing seismic retro�t devices to enhance
the recentering capability of the bracing member.

�e superelastic shape memory alloys (SMAs) maintain
their austenite properties even at room temperature and can
be restored to their original shape only after the removal of
stress, even if no heat treatment is applied [15–17]. �e most
widely used among them is the Nitinol material fabricated by
mixing titanium and nickel, and which exhibits �ag-shaped
hysteresis behavior that nearly recovers the original con-
�guration even if the applied strain is 6–8%, depending on
the composite ratio between the two materials [15, 18, 19].
Recently, owing to this unique material property, the
superelastic SMAs began to be utilized as the retro�tting
systems, such as bracing dampers and displacement control
devices, with the aim of mitigating earthquake damage.
Once superelastic SMA dampers are integrated in the
bracing member, the force and deformation are likely to
concentrate on these dampers, thereby playing an important
role in dramatically reducing the residual deformation in the
frame structure [20–22]. For this reason, new bracing
damper systems fabricated with superelastic SMA plates are
introduced, and additional damper models in combination

with steel plate dampers are also proposed to improve the
energy dissipation as well as the load resistance capacity.

In this study, prototypes were constructed for these
bracing dampers, and then experimental tests were con-
ducted with a constant loading speed to reproduce their
behavior. Basically, bracing damper systems are constructed
by connecting two hollow box members with superelastic
SMA plates. �e other bracing damper systems are also
constructed by adding steel plates connecting two box
members in combination with superelastic SMA plates. �e
strength and residual displacement were intended to be
observed through the experimental tests while the number
of steel plates was constantly increased. Furthermore, the
changes in the degrees of sti�ness and residual displacement
were measured by applying load histories with di�erent
loading speeds to the steel and superelastic SMA plate
specimens. It was shown that the behavior of the bracing
damper system subjected to an earthquake load could be
predicted through these experimental specimen tests. As
a result, the experimental specimen tests indicated that the
bracing damper system proposed in this study is superior to
the conventional steel damper in terms of strength capacity
and recentering capability.

Beam

C
ol

um
n

Detailed drawings

Passive damper SMA or
steel plate
damper

Brac
e

S
st
d

Figure 1: Schematic drawing for the bracing damper systems.
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Figure 2: Response mechanism. (a) SMA behavior. (b) Steel behavior. (c) Total behavior.
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2. Design Philosophy and Experimental Models

�e bracing members are generally installed in the perimeter
moment-resisting frame, which results in a skeleton in the
building, and provide extra rigidity for the frame structure
so that it could e�ectively resist the lateral loads caused
by typhoons and earthquakes [10, 22–26]. �ese bracing
members are mainly connected to the gusset plates situated
between the end of the column and the center of the beam, in
the form of a pin joint in which the bending moment is
released by bolts. �us, they are considered subjected to only
uniaxial member force such as tension and compression.
Figure 1 shows the concentrically inverted V-braced frame
structure with a pair of bracing members in one span. �e
superelastic SMA or conventional steel plate dampers are
installed at the center of the bracing member, as shown in
the �gure.�e inverted V-shaped bracing members generate
an axial force mainly for the load acting on the side to
withstand, and a pair of bracing members alternate between
tension and compression. As each of the plate dampers
connects two separate hollow box-type bracing members,
when systematic compression is applied, the bracing damper
systems are not subjected to axial force. At this time, only
bearing pressure occurs at the contact face between the two
box-type bracing members. In the bracing member sub-
jected to tension, however, tensile force is generated in the
bracing damper systems, and a relatively large amount of
displacement occurs. �erefore, the displacement is con-
centrated on the bracing damper installed on the inverted
V-shaped bracing member subjected to tension, and then
a considerable amount of recentering force may be gener-
ated when the applied load is removed. Applying this design
principle, this study investigated the cyclic behavior of the
bracing damper system under tension only, not including
bearing compression.

Figure 2 shows the expected behavior of the bracing
damper system when tension is applied. In the case where
a steel plate damper is used, the total behavior of the bracing
damper system is displayed in parallel with the behavior of the
superelastic SMA plate damper.�e superelastic SMA exhibits
recentering behavior upon unloading and can partially restore
its original con�guration. During the unloading, superelastic
SMA plate dampers provide recentering force to the bracing

member and thus reduce the occurrence of a signi�cant
amount of residual deformation compared with the general
steel plate dampers. In the total behavior of the bracing
damper system, the steel plate dampers play a role mainly
in enhancing the strength and energy dissipation capacity.
In this study, the number of superelastic SMA dampers was
�xed while the number of steel plate dampers was increased
to observe the changes in the strength performance and
recentering capability in the total behavior.

3. Material Properties

Figures 3 and 4 show the stress and strain curves of the
superelastic SMA plate and the steel plate, respectively,
obtained in accordance with the American Society for
Testing and Materials (ASTM) guidelines so as to con�rm
the material property [27, 28]. In this study, SS400 steel,
a common carbon steel, was used for steel. Loads were
applied to the 0.02 and 0.07 radian target strains and were
deformed until fracture occurred. �e loading speed was
a static load of 0.033mm/sec for both the specimens.

�e superelastic SMA that was used in this study was
a metal alloy of nickel and titanium (also known as Nitinol),
in which the two constituent elements were presented with
roughly equal atomic percentages. �e compositions of all
the SMA material samples were nearly identical, with an
average of 55% nickel by weight and 45% titanium. �e
austenite start temperature (As) ranged from about −15 to
−10°C. In this study, the material tests, which could obtain
the stress and strain curves of the superelastic SMAs, were
conducted under room temperature (25°C). �e initial slope
of the superelastic SMA plate, which indicates the elastic
modulus, is more sluggish than that of the conventional steel
plate, and it can be seen in Figure 3 that the 0.02 radian strain
was restored to its original shape upon unloading. Both
martensite phase transformation and strain hardening begin
to occur at the 450MPa stress, similar to the yield point of
ordinary metals. Approximately 620MPa stress can be
generated at the 0.07 radian strain, and austenite phase
transformation occurs at the time of removal of the load.
Finally, this SMA plate produces only 0.015 radian residual
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Figure 3: Stress and strain curves for superelastic shape memory
alloys (0.033mm/sec loading speed).
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Figure 4: Stress and strain curves for general carbon steel
(0.033mm/sec loading speed).
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strain upon unloading, and thus, a strain recovery phe-
nomenon is observed. �e residual strain of the superelastic
SMA plate is gradually augmented with the increase in the
loading strain. �e ultimate stress of 960MPa takes place
due to strain hardening, and sudden fracture occurs at
around 0.175 radian strain. �e steel plate shows the typical
isotropic hardening behavior, in which the initial slope is the
same as the unloading slope, resulting in nearly zero strain
recovery and considerable residual strain during unloading.
After yielding, the maximum stress of about 320MPa is
observed at the near 0.25 radian strain, and thereafter, the

stress is decreased until fracture occurs at the 0.35 radian
strain. Accordingly, it is possible to secure energy dissipation
capacity through ductility and metallic yielding in the be-
havior of the carbon steel material.

4. Experimental Test Setup

For the purpose of reproducing the behavior of the bracing
damper systems proposed herein, experimental models were
designed by setting the number of steel plates as a design
parameter, and structural tests were carried out using
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Figure 5: Experimental test setup.
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a hydraulic actuator. Figure 5 presents the test setup for the
bracing damper models in the hydraulic actuator for the load
test. �e presented hydraulic actuators are capable of im-
posing tensile and compressive loads up to 1000 kN and can
be cyclically loaded with displacement control up to 100mm
of the maximum stroke. In addition, the frequency of the
load speed possibly ranges from 0 to 20Hz. As shown in the
�gure, superelastic shape memory alloy plate dampers were
installed on one side and steel plate dampers were installed
symmetrically on the other side. �e plate dampers were
placed in the center of the box member, and washers were
�xed with 25mm-diameter bolts. �e box members were
assembled with a 5mm clearance distance, as shown in
Figure 6. �e bracing dampers are deformed by tensile force
mainly because bearing pressure is generated in the box
member subjected to compression.

Figure 7 shows the speci�cations of the superelastic SMA
and steel plate dampers. �ese plate dampers were con-
structed with variable sections along the longitudinal di-
rection to prevent the occurrence of fracture in the net
section area where there is a cross-sectional loss due to the
bolt hole.�e superelastic SMA and steel plate dampers were
designed to have 3 and 1mm thicknesses, respectively. As

presented in Table 1, each model gradually increased the
number of steel plate dampers to �x the number of
superelastic shape memory alloy plate dampers and to
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Figure 7: Sample SMA and steel plates. (a) SMA plate. (b) Steel plate.

Table 1: Bracing model cases for the experimental tests.

Test name
SS400 (1mm) SMA (3mm) Loading speed

Loading curve
Temperature

Left Right Left Right mm/sec mm/min °C R (%)
SMA-BR-1 0 0 1 1 0.033 1.98 Triangular wave

25.9 49.5
SMA-BR-2 1 1 1 1 0.033 1.98 Triangular wave
SMA-BR-3 2 2 1 1 0.033 1.98 Triangular wave

26.0 28.0
SMA-BR-4 3 3 1 1 0.033 1.98 Triangular wave
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Figure 9: Pictures for experimental results after testing. (a) SMA-BR-1. (b) SMA-BR-2. (c) SMA-BR-3. (d) SMA-BR-4.
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observe the changes in the energy dissipation and strength
capacity. For example, the SMA-BR-1 model was designed
without steel plate dampers while the SMA-BR-1 model was
designed to use six steel plate dampers, three for each side.
Displacement-controlled cyclic loads were imposed on the
specimens at a rate of 0.033mm/sec, in the form of a tri-
angular wave. �e detailed load hysteresis curve is presented
in Figure 8. As the number of cycles increased, the amplitude
of the displacement load was gradually augmented. Finally,
the last cycle of the displacement load was applied up to
7.5mm. �e measurement points were selected at the
speci�c displacements (i.e., 1, 3, 5, and 7mm), and then the
load displacement curves were measured for each load cycle.
In the next section, the results obtained from the experi-
mental tests will be discussed.

5. Experimental Test Results

Steel and superelastic SMA plate dampers were installed
at the center of the box-type bracing members, and then
experimental tests were conducted by applying the
displacement-controlled load history presented in Figure 8.
�e geometry of the bracing member and the fracture of the
plate dampers after the completion of the experimental

tests are shown in Figure 9. In the �gures on the right,
specimen numbers 1 and 3 indicate superelastic SMA plate
dampers, while specimen numbers 2 and 4 represent the
steel plate dampers. Steel possesses superior ductility com-
pared to superelastic SMA in that it allows ultimate strain up
to 25% without the occurrence of necking. �erefore, in an
extreme state, the breakdown of the presented bracing system
takes place due to a fracture of the superelastic SMA plate
dampers. Due to the thickness of the steel plate dampers, local
buckling tends to occur when compressive loads are applied
to the bracing member.

Figure 10 shows the force and displacement curves for
each of the experimental models, which were obtained from
the cyclic loading tests. It can be observed in the �gure that
the postyield strength gradually increased along with the
number of used steel plates. �e SMA-BR-1 model without
steel plate dampers had a load of only about 85 kN at the
7mm displacement, while the SMA-BR-4 model had a load
of as much as 120 kN at the same displacement. All the four
models clearly exhibited a sudden drop in strength due to the
fractures on the superelastic SMA damper after the appli-
cation of a 6mm displacement load. In the force and dis-
placement curves of the steel plate dampers, the initial slope
represented by the sti�ness is the same as the unloading
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Figure 10: Force and displacement curves. (a) SMA-BR-1. (b) SMA-BR-2. (c) SMA-BR-3. (d) SMA-BR-4.
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slope, and thus restored displacement upon unloading is
hardly displayed. �is means that a considerable amount of
residual displacement may be generated during a cyclic

loading test. In the case of the proposed damper system,
however, the residual displacements are remarkably reduced
owing to the recentering e�ect attributed to the superelastic
SMA plate dampers. In the unloading path of the SMA-BR-4
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Figure 11: Force and displacement curves during loading cycles: S1 (1mm) (a), S2 (3mm) (b), S3 (5mm) (c), and S4 (7mm) (d) loading cycles.
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model during the last loading cycle, the unloading slope is
a�ected by the behavior of the steel plate damper until the
unloading force is reduced to approximately 82 kN, which
is close to the ultimate strength of the SMA-BR-1 model.
�ereafter, this unloading slope can be a�ected by the be-
havior of the superelastic SMA dampers, thereby showing
a restored displacement and a recentering mechanism
(Figure 10(d)).

�e force and displacement curves per loading cycle
were measured based on the displacement measurement
points presented in Figure 8 (i.e., S1, S2, S3, and S4), with the
intention of evaluating the strength capacity as well as the
residual displacement for each model (Figure 11). �e force
and displacement curves at the measurement point of 7mm
failed to be measured due to the fracture occurrence at the
maximum displacement of about 6mm. All the four models
exhibited elastic or very slight plasticity in the 1mm dis-
placement loading cycle (Δcycle), and it was con�rmed that
these four models could be restored to their original con-
�guration without residual displacement (Δres) after the
removal of the displacement load. It was observed that as the
number of used steel plate dampers increased, not only
the energy dissipation capacity represented by the areas of
the force and displacement curves but also the strength
capacity increased. In the initial stage of unloading, dis-
placement recovery hardly occurs because the force is

reduced with a steep slope. When the strength capacity
decreases to the force provided by the steel plate damper,
slope changes immediately occur upon unloading behavior.
It is possible to observe gentle slope changes in the unloading
path, arising due to the e�ect of using superelastic SMA plate
dampers, and also to �nd recentering behavior in the force
and displacement curves. It was con�rmed that the proposed
bracing damper could considerably reduce the residual
deformation compared with the case of using only steel plate
dampers. It was also observed that the degrees of residual
deformation generated in the four models under the same
displacement load cycle were almost the same even if the
numbers of steel dampers that were used were di�erent.

To clearly observe both the postyield strength and the re-
sidual deformation as the number of displacement-controlled
loading cycles increases, Figures 12 and 13 show the
corresponding loading forces and residual displacements, re-
spectively. As shown in the said �gures, the postyield strength
increases along with the number of used steel plate dampers, as
expected, but the occurrence of residual deformation showed
that the four models were almost constant in the same dis-
placement loading cycle. �e amount of residual deformation
occurs gently, with a yield of less than 0.5mm until the dis-
placement load of 3mm, and thereafter, residual deformation
occurs up to about 3mm with the slope of the straight line, up
to a 7mm displacement load. Based on the analysis of the

100 mm 60 mm

R7.5 mm

275 mm

25 mm

40
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Loading speed
SMA-1 (0.033 mm/sec), SMA-2 (0.165 mm/sec)
SMA-2 (0.330 mm/sec), SMA-4 (1.650 mm/sec)
SMA-5 (3.300 mm/sec)

Figure 14: Specimens for the ASTM standard material tests.

Figure 15: Material test setup.
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experimental results, the in�uence of each plate damper on the
behavior of the bracing member was examined.

6. Additional Material Test Results

In the case of the bracing dampers presented in Section 5,
the force and displacement curves were reproduced by

applying pseudostatic cyclic displacement loads with
a �xed loading speed.�ereafter, both the recentering force
and the energy dissipation capacity were evaluated by
analyzing these resulting curves. Besides, additional ma-
terial tests were carried out to predict the behavior of the
proposed bracing dampers with respect to energy dissi-
pation and recentering when considering the dynamic
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Figure 16: Force and displacement curves for SMA materials subjected to di�erent loading speeds. (a) SMA-1 (0.033mm/sec). (b) SMA-2
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e�ect with di�erent loading speeds. Figure 14 shows the
standard sizes of the steel and superelastic SMA material
specimens manufactured according to the ASTM (American
Standard Testing Method) regulations [27, 28], and Figure 15
shows the material specimen installed in the UTM (Universal
Testing Machine) used for the dynamic loading tests at dif-
ferent loading speeds. �e thickness of the material specimen
was designed to be the same as that of the plate damper, and
the steel and superelastic shape memory alloy plates were
fabricated to have 1 and 3mm thicknesses, respectively. �e
e�ective width at the center of the specimen, however, was
slightly larger than that of the plate damper that was used for
the brace member, and displacement-controlled loading tests
were performed. To consider the e�ect of dynamic loading on
the same material specimen, the experiment was carried out
using the loading speed as a variable. Experimental material
tests were performed on �ve specimens with 0.033, 0.165,
0.330, 1.650, and 3.300mm/sec loading speeds.

For the SMA-1 and Steel-1 models, material tests were
performed by setting the load speed to 0.033mm/sec, which
is the same as that with the plate damper models installed on
the bracing member. On the other hand, the material tests of
the SMA-5 and Steel-5 models were carried out with a 100-
time faster loading speed (3.300mm/sec) compared with the
basic SMA-1 and Steel-1 models. Based on the results of the
material tests, the postyield strength, energy dissipation
capacity, and recentering capability of each specimen were
evaluated when the dynamic e�ects were considered. Figure
16 shows the force and displacement curves for the
superelastic SMA material specimens subjected to di�erent
loading speeds. �e SMA-1 model under a 0.033mm/sec
loading speed showed an about 50 kN force at a 7mm
displacement, while the SMA-5model under a 3.300mm/sec
loading speed showed as much as a 60 kN force at the same
displacement. As the test results of the SMA-5 model have
conditions similar to those of the bracing damper subjected
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Figure 17: Force and displacement curves during loading cycles: S1 (1mm) (a), S2 (3mm) (b), S3 (5mm) (c), and S4 (7mm) (d) loading
cycles.
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to the earthquake load, an increase in the resistance force
can be expected when an earthquake occurs, compared with
the case where the static load is imposed. Due to the rapid
loading speed, however, the SMA-5 model showed a sudden
break at a displacement of approximately 7mm. On the
other hand, the SMA-1 model showed that it could with-
stand up to 8.5mm displacement without failure as it has
almost the same loading state as the static load.

To clearly observe the residual displacement (Δres) and
energy dissipation capacity for each displacement loading
cycle (Δcycle) in the same way as in the experiment on the
bracing damper, Figure 17 shows the force and displacement
hysteresis behavior of the SMA-1 to SMA-5 models per
displacement loading cycle. As the loading speed increased,
the ultimate strength capacity also increased, but the energy
dissipation capacity characterized by the area of the hys-
teresis curve did not show any discrepancy between the
SMA-1 and SMA-2 models. In addition, the residual dis-
placement that occurred when the loading speed increased at
the same displacement loading cycle was gradually increased
as well. �e postyield strength and residual displacement in
all the displacement loading cycles can be seen in Figures 18
and 19, respectively. As shown in Figure 18, the material
models subjected to cyclic loads with a faster loading speed
had relatively larger postyield strength under the same
displacement loading cycles. For residual displacement, the
SMA-2 model exhibited the least occurrence of residual
displacement under the same displacement loading cycle,
but the four other models produced almost the same residual
displacement (Figure 19). �e force and displacement
hysteresis curves for the steel material specimens under
di�erent loading speeds are presented in Figure 20. �e
postyield strength and residual displacement in all the
displacement loading cycles can be seen in Figures 21 and 22,
respectively. Unlike the material specimens with superelastic
SMAs, each steel specimen exhibited almost the same force
and displacement curves irrespective of the loading speed.

�erefore, it can be concluded that the loading speed has
little in�uence on the occurrence of residual displacement
and energy dissipation capacity in the bracing damper
proposed herein, but it has a great in�uence on the change in
the strength capacity of the superelastic SMA damper.

7. Conclusions

In this study, new damper systems that can be utilized as
a bracing device by using superelastic shape memory alloy
are proposed. A bracing damper made of a superelastic
shape memory alloy (SMA) plate plays a role in reducing the
occurrence of residual displacement by providing recen-
tering to the bracing system. An additional steel plate
damper was installed on the bracing device to improve the
resistance strength and energy dissipation capacity. �e
superelastic SMA used in this study showed �ag-shaped
behavior when quasi-static cyclic loads were imposed by
controlling the displacement at room temperature, so that
the energy dissipation capacity attributed to the stress
plateau, and the recentering force attributed to the phase
change process upon unloading, could be observed. Owing
to the inherent characteristics of this superelastic SMA, the
bracing damper system proposed in this study improved not
only the strength capacity but also the recentering compared
with the conventional steel dampers. If superelastic SMA
and steel plate dampers are used in combination with
a bracing member, the amount of residual displacement
generated will be the same as that of a bracing member
provided with only a superelastic shape memory alloy plate
damper, but it was con�rmed through the test result ob-
tained in this study that the strength performance and
energy dissipation capacity simultaneously increased. To
determine the e�ect of the dynamic load such as an
earthquake, displacement-controlled cyclic loads were ap-
plied to the material specimen of the superelastic SMA with
various loading speeds. As a result, the same level of residual
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displacement occurred at all the superelastic SMA specimens
regardless of the loading speed. On the other hand, as the
applied loading speed increased, the resistance strength
proportionally increased after yielding. For the steel speci-
mens, their force and displacement curves were almost the

same regardless of the loading speeds. Based on the results of
this study, it can be concluded that the bracing damper
system proposed herein can be used more e�ectively with
respect to the resistance strength under a seismic load with
a fast loading speed rather than a slow static load. In this
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study, di�erent loading speeds were imposed on only ma-
terial models as a matter of cost, and the material test results
were compared. For the future study, more experimental
tests must be conducted on bracing models with various
loading speeds to very accurately predict their strength and
recentering capacity.
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