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This paper mainly deals with seismic response and performance for self-centering friction damping braces (SFDBs) subjected
to several maximum- or design-leveled earthquake ground motions. The self-centering friction damping brace members consist
of core recentering components fabricated with superelastic shape memory alloy wires and energy dissipation devices achieved
through shear friction mechanism. As compared to the conventional brace members for use in the steel concentrically braced
frame structure, these self-centering friction damping brace members make the best use of their representative characteristics to
minimize residual deformations and to withstand earthquake loads without member replacement.The configuration and response
mechanism of self-centering friction damping brace systems are firstly described in this study, and then parametric investigations
are conducted through nonlinear time-history analyses performed on numerical single degree-of-freedom spring models. After
observing analysis results, adequate design methodologies that optimally account for recentering capability and energy dissipation
according to their comparative parameters are intended to be suggested in order to take advantage of energy capacity and to
minimize residual deformation simultaneously.

1. Introduction

The steel concentrically braced frames (CBFs) have been used
as lateral load-resisting and high performance structures con-
structed around the perimeter of the building. These CBFs
are considered to be significantly ductile systems capable
of permitting large inelastic deformations without strength
degradation and structural instability [1–5]. In particular,
the brace members which are easier to be replaceable in
the frame structure are designed to accommodate large
inelastic deformation with an aim to minimize the damage
of primary structural members, such as beams, columns, and
walls [6–8]. After 1994 Northridge and 1995 Kobe earthquake
events, some researches have progressively focused on the
seismic design strategy that can be allowed to fully integrate

passive damping devices representatively termed as energy
dissipation systems into the bracemember [9, 10].The viscous
fluid, electromagnetic, viscoelastic, and metallic yield, and
frictional dampers belong to such passive energy dissipation
devices [11–17]. The friction dampers exhibit stable energy
dissipation generated by simple friction mechanisms devel-
oped on the sliding shear surfaces, as compared to other types
of passive dampers [18, 19]. Their hysteretic behaviors are
stablymaintainedwith constant slip resistance during a num-
ber of cyclic loads. The slip resistance loads are conveniently
regulated by either quantifying bolt pretension or controlling
surface condition [20, 21]. Therefore, the friction dampers
have been widely used in the practical construction field for
seismic design owing to simple mechanism, easy fabrication,
and sustainable maintenance.
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The application of these damper devices to the brace
member makes a big contribution to the protection of pri-
mary structural members from severe damage. Although the
friction dampers improve seismic performance with respect
to impact absorption and energy dissipation in the entire
frame structure, a considerable amount of residual interstory
drifts is likely to occur due to permanent deformations
caused by impaired friction damping systems after strong
earthquake events. The large residual interstory drifts make
the residents feel uncomfortable and significantly increase
the cost of repair or replacement [3, 22, 23]. The self-
centering retrofit systems which can automatically recover
their original configuration have been recently attracting
considerable attention in the high seismicity area because
they play an important role to reduce permanent deformation
occurring at the entire frame structure [24, 25].

The flag-shaped hysteresis loop results in the behavior of
the typical self-centering system. Superelastic shape memory
alloy (SMA) materials that possess flag-shaped stress-strain
behavior have been utilized as self-centering systems for
the purpose of minimizing residual interstory drifts in the
whole building structure [26, 27]. As shown in Figure 1, these
superelastic SMA materials perfectly recover their original
configuration without residual strain during stress-induced
martensite transformation. The superelastic SMA wires have
been seen as damper devices incorporation installed on
the bracing member. Related experiments and simulations
have been carried out to explore the application of the
SMA-based self-centering devices in the passive vibration
control systems. For instance, Clark et al. [28] performed
a study on the steel braced frame which was installed with
the recentering devices made by the Nitinol SMA wires.
The several loops of the Nitinol SMA wires were wound
around two cylindrical fixed anchors to combine the friction
damper braces [28, 29]. Several different prototypes of the
self-centering friction damping braces (SFDBs) that were
designed, implemented, and tested can be also seen in
the references [29]. The presented test results confirm that
proposed braces contain inherent characteristics for great
versatility, simple working mechanism, recentering capabil-
ity, high stiffness at the small displacement especially, and
energy dissipation capacity. Therefore, the behavior of the
best SFDB system, which is displayed with zero residual
deformation as well as enhanced energy dissipation at the
same time, can be reproduced by properly adjusting the
ratio between recentering force and slip resistance [28, 29].
The design guidelines associated with the determination of
the ideal parametric ratio are necessary to be introduced in
order to get the utmost out of recentering capability and
energy dissipation in the SFDB system. Most of the existing
researches have only focused on the development of new pas-
sive control systems and unfortunately lack optimal design
investigation based on performance evaluation with variable
parameters.

The purpose of this study is to examine seismic per-
formance and evaluation of the SFDB systems designed
with parametric properties through observing the response
of the numerical single degree-of-freedom (SDOF) spring
models under several seismic forces. The performance-based
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Figure 1: Hysteresis loop of superelastic shapememory alloy (SMA)
materials.

optimal design methodologies for the SFDB system as one
of the representative smart self-centering devices are also
presented in this study on the basis of these numerical
analysis results. The response mechanisms made up of
both recentering behavior and slip friction are modeled
as corresponding SDOF component springs calibrated to
experimental test results and idealized by the stiffness mod-
els generally used for numerical simulation. The different
hysteresis curves are reproduced by using these component
springs modelled with various prototype scale parameters
through nonlinear time-history analyses. For the analyses,
two sets of ground motion data records (i.e., 20 basic design
earthquake (BDE) records and 20 maximum considered
earthquake (MCE) records) are selected for the nonlinear
time-history analyses. The fact that recentering capability
correlates with energy dissipation capacity in the SFDB
systemwill be verified through observing the analysis results.
Finally, in this study, the optimal ratios between prototype
design parameters are also proposed after comparative stud-
ies according to the intensity of the used ground motions
with an intension to simultaneously maximize energy dis-
sipation capacity and recentering capability in the SFDB
system.

2. Response Mechanism

The SFDB can be utilized as part of the brace system so as to
effectivelywithstand the lateral load transmitted from seismic
force. The details of the SFDBs are schematically illustrated
in Figure 2. The SFDBs are composed of two shear plates,
four shear bolts, slotted bolt holes, and superelastic SMA
stranded wires wound around the fixed anchors. The shear
plates are moveable by means of direct shear forces acting
along the longitudinal direction of the slotted bolt holes.
The shear friction mechanism which causes stable energy
dissipation has a significant influence on roughness condition
between shear faying surfaces and normal force determined
by bolt adjustment length. The superelastic SMA stranded
wires are only available to resist external excitation under
tension and principally provide recentering capability to the
SFDB system.
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Figure 2: Design and application of the self-centering friction damping brace (SFDB) system.
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Figure 3: Response mechanism of SFDB systems.

The responsemechanism of the SFDB system is presented
in Figure 3. The stress-induced phase transformation from
martensite to austenite, which is referred to as reverse
transformation upon unloading (see Figure 1), is able to
bring about recentering behavior at room temperature [30–
33]. This unique characteristic is called superelasticity or
pseudoelasticity and provides the ability to recover original
configuration without additional heat treatment for SMA
materials. Therefore, self-centering capability in the SFDB
system is mainly attributed to the hysteretic behavior of
the superelastic SMA wires as shown in Figure 3(a). As
illustrated in Figure 3(b), the rectangular hysteretic loop
indicates effective energy dissipation arising due to durable
frictional behavior. This loop is determined by slip resistance
load and slip distance. The slip resistance load is affected
by initial bolt force and surface roughness condition while
the limit of slip distance is determined by the length of
the slotted bolt holes. Stable and considerable energy dis-
sipation can be expected at the friction response because
constant slip resistance loads are kept over loading cycles.
However, energy dissipation induced by friction mechanism
is likely to generate considerable permanent deformation in

the hysteretic loop. The hysteretic behavior of the SFDB
system can be simulated by superposing flag-shaped SMA
behavior and friction effect as follows (see also Figure 3(c)):

𝐹SFDB = 𝐹SMA + 𝐹FDS. (1)

Accordingly, the combined hysteresis loops for the SFDB
systems are expected to achieve nearly self-centering behav-
ior with enhanced energy dissipation by adequately regulat-
ing the ratio between the yield strength of superelastic SMA
wires and friction forces.

3. Analytical Modeling

The analytical models made up of nonlinear component
springs were constructed to reproduce the behavior of the
SFDBs by using the OpenSEES program [34]. The modeling
attributes for single degree-of-freedom (SDOF) SFDBmodels
are presented in Figure 4.The analytical SFDBmodel consists
of two component springs corresponding to superelastic
SMA stranded wires and friction damper systems. Taking
into account how to interact with each component mech-
anism during force transfer, these component springs were
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Figure 4: Modeling attributes for SFDB component spring models.

assembled in parallel to simulate the behavior of the SFDB.
In addition, lumped mass should be connected to the end
of the assembled component springs so as to generate the
axial forces transferred from ground accelerations. The tran-
sient equilibrium algorithm based on the Newmark method
was introduced to compute the time-dependent dynamic
problem. The effective damping generated by the Rayleigh
command in the OpenSEES program was added to this
algorithm. The ground motions were directly applied to the
SDOF SFDB spring models as shown in Figure 4(a).

The cyclic force and deformation curves for individual
component springs were idealized as the multilinear stiffness
models as presented in Figure 4(b). The key parameters that
formulate the stiffness model for superelastic SMA behavior,
that is, initial stiffness (𝐾SMA), martensite phase transforma-
tion starting force (𝐹SMA,MS), austenite phase transformation
ending force (𝐹SMA,AF), strain hardening ratio (𝛼), and phase
transformation distance (Δ EL), were estimated based on the
cyclic material full-out test results [29, 30]. Therefore, this
stiffness model can be denoted as a series of the straight lines
which agree with the process of individual phase transfor-
mations. The yielding of friction damper system behavior
(𝐹FDS,𝑦) was obtained by adjusting the initial pretension
of shear bolts. The stiffness model for the friction damper
system was simulated by utilizing the isotropic hardening
uniaxial material given to the OpenSEES program. The
stiffness model used to reproduce the behavior of the supere-
lastic SMA stranded wires was simulated by the user-defined
material (UMAT) codes presented in the references [32, 35]

due to the lack of the default uniaxial material command
in the program. All of the uniaxial material properties were
assigned to component springs modeled as nonlinear zero-
length elements for the purpose of simulating the behavior of
SFDBs through dynamic time-history analyses.

As shown in Figure 5, the component spring mod-
els were calibrated to the test results obtained from the
experimental research with an aim to verify the adequacy
of modeling attributes illustrated herein. The comparative
experiments were performed by Zhu and Zhang [29] in
an effort to exam the behavior of the scaled SFDB speci-
mens cyclically tested. The hysteretic curves obtained from
experimental tests are plotted as solid lines while those
from numerical analyses are plotted as dashed lines. Each
of the hysteretic curves is displayed with various friction
force levels determined according to initial bolt preten-
sion, thereby providing different energy dissipation and
recentering capability for individual SFDB specimens. Both
resulting curves compared to each other show relatively
good agreements with respect to initial stiffness, postyielding
strength, ultimate strength, and even pinching points.There-
fore, it can be assured that the component spring models
used for numerical analyses are adequate to reproduce the
behavior of the SFDB in accordance with various design
parameters.

On the basis of calibration to the experimental results, five
SFDBmodel cases are designed with comparative parameters
illustrated in Table 1. The comparative parameters indicating
different friction forces with constant recentering capability
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Figure 5: Comparisons of experimental test results to analytical test results.
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Figure 7: Displacement versus time curves for the SFDB model (Case 1) under representative ground motions with Scale Factors (SFs).

Table 1: Parametric details for individual model cases.

Model ID Superelastic SMA wires Friction dampers
Case 1
(𝛾 = 0.33)

𝐾SMA = 0.74 kN/mm, 𝛼 = 0.135, Δ EL = 14.8mm
𝐹SMA,MS = 3.80 kN, 𝐹SMA,AF = 2.10 kN
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𝐾FDS = 0.72 kN/mm,
𝐹FDS,𝑦 = 0.70 kN

Case 2
(𝛾 = 0.67)

𝐾FDS = 0.72 kN/mm,
𝐹FDS,𝑦 = 1.40 kN

Case 3
(𝛾 = 1.00)

𝐾FDS = 0.72 kN/mm,
𝐹FDS,𝑦 = 2.10 kN

Case 4
(𝛾 = 1.33)

𝐾FDS = 0.72 kN/mm,
𝐹FDS,𝑦 = 2.80 kN

Case 5
(𝛾 = 1.67)

𝐾FDS = 0.72 kN/mm,
𝐹FDS,𝑦 = 3.50 kN

were selected to examine relationship between self-centering
effect and energy dissipation capacity. The friction force
levels ranging from 0.7 kN to 3.5 kN were uniformly divided
into five sections in order to easily check whether energy
dissipation relates to the amount of recoverable displacement.
Furthermore, all of the SFDB models were designed with the
same recentering capability by using identical SMA stranded
wires. In particular, Cases 1 and 3 analysis models were
designed with the similar friction force levels to experimental
models for the purpose of examining the behavior of the
experimental models subjected to several ground motions
with more details (see Figure 5). The key parameters of SMA
strandedwires such as𝐾SMA,𝛼,Δ EL,𝐹SMA,MS, and𝐹SMA,AF are
taken as the values of 0.74 kN/mm, 0.135, 14.8mm, 3.80 kN,

and 2.10 kN, respectively. The SFDB models can be classified
according to the force ratio defined as follows:

𝛾 =

𝐹FDS,y

𝐹SMA,AF
. (2)

This force ratio is considered to be one of most important
factors for optimal design in the SFDB system.

4. Nonlinear Dynamic Analysis

The seismic behavior and performance of the SFDB struc-
tures were investigated through nonlinear dynamic time-
history analyses performed on five component springmodels
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Figure 8: Force and displacement curves for individual SFDB models under the LA13 ground motion with 0.5 SF.

corresponding to SFDB model cases presented in Table 1.
These nonlinear dynamic analyseswere conducted by directly
applying nonlinear component spring models to LA (Los
Angeles) ground motions on the OpenSEES program. The
ground motion records presented herein were constructed
as a part of the SAC project [36]. Two different seismic
hazard levels representing (a) basic design earthquake (BDE)
commensurate with a seismic hazard level of 10% probability
of exceedance in 50 years (LA01 to LA20 in Table 2) and
(b) maximum considered earthquake (MCE) commensurate
with a seismic hazard level of 2% probability of exceedance
in 50 years (LA21 to LA40 in Table 3) were treated in this
study. The BDE response spectrum was generally considered

to be 2/3 of the MCE one [36]. Two sets of 40 ground motion
records are illustrated in Tables 2 and 3 with more detail.

Two LA ground motion datasets (LA13 and LA28) were
firstly selected as presented in Figure 6, and then nonlinear
dynamic time-history analyseswere conductedwith two scale
factors (SFs) of the used ground motions. The LA13 ground
motion has 60-second duration time with the peak ground
acceleration (PGA) value of 0.68 g and appertains to BDE
groundmotion. On the other hand, the LA28 groundmotion
has 60-second duration time with the PGA value of 1.33 g and
appertains to MCE ground motion. The values of 0.4 g (for
LA13 groundmotion) and 1.2 g (for LA28 groundmotion) are
displayed as response spectral accelerations (Sa) measured at
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Figure 9: Force and displacement curves for individual SFDB models under the LA13 ground motion with 1.0 SF.

the fundamental period of the SDOF system (𝑇).This implies
that the LA28 ground motion with relatively higher response
spectral acceleration can generate larger seismic force than
the LA13 ground motion.

Displacement versus time curves for the SFDB model
(Case 1) under two representative seismic ground motions
with the values of 0.5 and 1.0 SF are presented in Figure 7.
The amount of maximum displacement (Δmax) is propor-
tional to the increasing SFs. Meanwhile, the occurrence
time of maximum displacement is identical under the same
applied ground motion regardless of the SF. For instance,
Case 1 model under LA13 ground motion with 0.5 and
1.0 SF has about 7mm and 14mm maximum displacement,
respectively, at the time of about 9.0 seconds. Case 1

model under LA28 ground motion exhibits approximately
2.5 times larger maximum displacement than that under
LA13 ground motion owing to higher response spectral
acceleration.The excellent recentering capability enables this
model to possess almost zero residual displacement (Δ res)
in the time-history curve (see Figure 7). In addition to the
self-centering effect of the SFDB model, energy dissipation
can be observed at the simulated force and displacement
curve.

The force versus displacement curves for individual SFDB
model cases under the LA13 ground motion with 0.5 and
1.0 SF are presented in Figures 8 and 9, respectively. All
of the SFDB models subjected to a half-scaled magnitude
of the LA13 ground motion are deformed by relatively
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Table 2: Details of Los Angeles ground motions with a probability of exceedance of 10% in 50 years.

Ground motion ID EQ record Richter scale Distance (km) Duration (sec) Max PGA (g) Min PGA (g)
LA01 1940 El Centro (Imperial Valley) 6.9 10 39 0.46 −0.36

LA02 1940 El Centro (Imperial Valley) 6.9 10 39 0.68 −0.51

LA03 1979 El Centro (Imperial Valley) 6.5 4.1 39 0.39 −0.33

LA04 1979 El Centro (Imperial Valley) 6.5 4.1 39 0.34 −0.49

LA05 1979 El Centro (Imperial Valley) 6.5 1.2 39 0.30 −0.30

LA06 1979 El Centro (Imperial Valley) 6.5 1.2 39 0.24 −0.23

LA07 1992 Barstow (Landers) 7.3 36 80 0.31 −0.42

LA08 1992 Barstow (Landers) 7.3 36 80 0.43 −0.33

LA09 1992 Yermo (Landers) 7.3 25 80 0.52 −0.35

LA10 1992 Yermo (Landers) 7.3 25 80 0.34 −0.36

LA11 1989 Gilroy (Loma Prieta) 7 12 40 0.60 −0.67

LA12 1989 Gilroy (Loma Prieta) 7 12 40 0.97 −0.87

LA13 1994 Newhall (Northridge) 6.7 6.7 60 0.63 −0.68

LA14 1994 Newhall (Northridge) 6.7 6.7 60 0.54 −0.66

LA15 1994 Rinaldi RS (Northridge) 6.7 7.5 15 0.47 −0.53

LA16 1994 Rinaldi RS (Northridge) 6.7 7.5 15 0.47 −0.58

LA17 1994 Sylmar (Northridge) 6.7 6.4 60 0.39 −0.57

LA18 1994 Sylmar (Northridge) 6.7 6.4 60 0.62 −0.82

LA19 1986 North Palm Springs 6 6.7 60 0.95 −1.02

LA20 1986 North Palm Springs 6 6.7 60 0.99 −0.85

Table 3: Details of Los Angeles ground motions with a probability of exceedance of 2% in 50 years.

Ground motion ID EQ record Richter scale Distance (km) Duration (sec) Max PGA (g) Min PGA (g)
LA21 1995 Kobe 6.9 3.4 60 1.28 −0.75

LA22 1995 Kobe 6.9 3.4 60 0.92 −0.77

LA23 1989 Loma Prieta 7 3.5 25 0.42 −0.40

LA24 1989 Loma Prieta 7 3.5 25 0.47 −0.47

LA25 1994 Northridge 6.7 7.5 15 0.76 −0.87

LA26 1994 Northridge 6.7 7.5 15 0.77 −0.94

LA27 1994 Northridge 6.7 6.4 60 0.63 −0.93

LA28 1994 Northridge 6.7 6.4 60 1.02 −1.33

LA29 1974 Tabas 7.4 1.2 50 0.74 −0.81

LA30 1974 Tabas 7.4 1.2 50 0.76 −0.99

LA31 Elysian Park (simulated) 7.1 17.5 30 0.90 −1.30

LA32 Elysian Park (simulated) 7.1 17.5 30 1.19 −1.04

LA33 Elysian Park (simulated) 7.1 10.7 30 0.78 −0.78

LA34 Elysian Park (simulated) 7.1 10.7 30 0.67 −0.68

LA35 Elysian Park (simulated) 7.1 11.2 30 0.89 −0.99

LA36 Elysian Park (simulated) 7.1 11.2 30 1.10 −0.73

LA37 Palos Verdes (simulated) 7.1 1.5 60 0.71 −0.51

LA38 Palos Verdes (simulated) 7.1 1.5 60 0.78 −0.38

LA39 Palos Verdes (simulated) 7.1 1.5 60 0.34 −0.50

LA40 Palos Verdes (simulated) 7.1 1.5 60 0.38 −0.63

smaller seismic forces and thus only reach into around yield
displacement which immediately go over elastic range. For
this seismic loading condition, all SFDB models have small
recoverable displacement without clear discrepancy. As the
SF is increased to 1.0, considerable recoverable displacement
arising by recentering behavior is found at the curves.
Moreover, it can be found at the curves that each of the

SFDBmodels differs as to energy dissipation capacity defined
by envelop area. As shown in Figure 9, Case 1 model with
excellent recentering capability takes a contrary position
to Case 5 model having good energy dissipation capacity.
Although Case 1 model (𝛾 = 0.33) can almost recover
original configuration upon unloading, the amount of energy
dissipation caused by friction mechanism is least among five
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(c) Case 3model under LA28 with 0.5 SF
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(d) Case 4model under LA28 with 0.5 SF
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(e) Case 5model under LA28 with 0.5 SF

Figure 10: Force and displacement curves for individual SFDB models under the LA28 ground motion with 0.5 SF.

model cases. Contrarily, Case 5model (𝛾 = 1.67) can dissipate
twice asmuch as the energy ofCase 1model but loses all of the
recentering effect. Case 3 model (𝛾 = 1.00) shows moderate
energy dissipation as well as relatively better recentering
behavior.

The force versus displacement curves for individual SFDB
model cases under the LA28 ground motion with 0.5 and
1.0 SF are presented in Figures 10 and 11, respectively. As
we expected, all SFDB models under this ground motion
generally reproduce much larger displacement than those
under the LA13 ground motion. On average, maximum dis-
placement occurring under the LA28 groundmotion is twice
larger compared to those under the LA13 groundmotionwith
the same SF level. Clear recentering behavior is even found

at the curve of Case 1 model subjected to the LA28 ground
motion with 0.5 SF. As the SF is increased to 1.0, all SFDB
models are deformed by quite large seismic forces.Therefore,
ascending stiffness caused by the strength hardening of the
superelastic SMAwires may occur during postyield behavior.
Case 1 model possesses the largest amount of recover-
able displacement among five SFDB model cases, while it
dissipates the smallest amount of friction energy. Case 5
model exhibits the opposite result for recentering and energy
dissipation to Case 1 model. Similar to the LA13 ground
motion, Case 3model subjected to the LA28 ground motion
achieves the best efficiency with respect to the utilization
of both recentering and energy dissipation to the bracing
system.
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(a) Case 1model under LA28 with 1.0 SF
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(b) Case 2model under LA28 with 1.0 SF
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(c) Case 3model under LA28 with 1.0 SF
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(d) Case 4model under LA28 with 1.0 SF
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(e) Case 5model under LA13 with 1.0 SF

Figure 11: Force and displacement curves for individual SFDB models under the LA28 ground motion with 1.0 SF.

5. Performance Evaluation

More nonlinear dynamic time-history analyses are con-
ducted with 40 ground motion datasets in an effort to
perform statistical evaluation with respect to recentering
capability and energy dissipation capacity for all SFDB
models presented herein. The statistical investigation of
the maximum displacement for individual SFDB mod-
els subjected to 40 ground motions with two different
SFs is presented in Figure 12. The solid lines indicating
15.9th, 50.0th (or median), and 84.1th percentile ranks are
drawn at the graphs together with individual data points
obtained from all analysis results. Other statistical values for
average (AVE) and average minus-plus standard deviation

(AVE ± SD) are expressed as the dashed lines on the graphs
as well. Regardless of the SFDB model cases, statistical lines
almost maintain the constant horizontal level without fluctu-
ation at each graph.The ranges of data scatter representing the
extent of uncertainty are determined by the values of standard
deviation. The largest average and standard deviation values
are found at the SFDB models subjected to 2% in 50-year
ground motions with 1.0 SF.

The maximum brace forces (𝐹SFDB,max) for individual
SFDB models under 40 ground motions with different
SFs are given in Figure 13. As the magnitude of ground
motions increases, the maximum brace forces that occur
during earthquake events naturally increase as well. Case 5
model dissipatingmore friction energy exhibits slightly larger
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Figure 12: Maximum displacement (Δmax) for individual SFDB models under 40 ground motions with different SFs.

statistical values for the maximum brace forces as compared
to other model cases. Overall, the statistical lines steadily
ascend according to the shifting from Case 1 model to Case
5 model. The largest average and standard deviation values
are also found at the SFDB models subjected to 2% in 50-
year ground motions with 1.0 SF. The residual displacement
(Δ res) for individual SFDBmodels under 40 ground motions
with different SFs is presented in Figure 14. The distribution
of obtaining residual displacement data similarly ranges from
0 to 2mm at all graphs, irrespective of hazard levels and
SFs. This implies that the SFDB models can generate small
residual displacement even under strong seismic loading.
The statistical lines rise steadily because recentering forces
decrease shifting from left to right side model. Case 1model
possesses the smallest statistical values among five SFDB
model cases, meaning that this model can completely recover
its original configuration from strong recentering force. On
the other hand, Case 5model has the largest statistical values
due to the mitigation of the recentering effect by relatively
larger friction force.

The maximum recoverable displacement calculated by
subtracting the permanent deformation from the maximum
displacement upon unloading (e.g.,Δmax−Δ rec) is required to
examine recentering capability according to system parame-
ters (see Figure 8 for the definition of Δ rec). The recentering
ratios (RRs) that can be utilized as the percentage index to
estimate the self-centering capacity of individual SFDBmod-
els are converted from the maximum recoverable displace-
ment divided by the corresponding maximum displacement
as follows:

RR = 100 ⋅
(Δmax − Δ rec)

Δmax
. (3)

The RR for individual SFDB models under 40 ground
motions with different SFs are presented in Figure 15.
Although Case 5model temporarily shows good recentering
performance under 10% in 50-year ground motions with
0.5 SF, which are considered to be relatively weaker magni-
tude, its recentering capability rapidly deteriorates under 2%
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Figure 13: Maximum brace forces (𝐹SFDB,max) for individual SFDB models under 40 ground motions with different SFs.

in 50-year ground motions. As we expected, Case 1 model
possesses the best recentering performance characterized by
the large value of the RRs. However, a little discrepancy
between Case 1 model and Case 3 model is displayed at the
RR graph under strong ground motions.

The statistical values for individual model cases under
two set levels of ground motions are summarized in Tables
4 and 5. Under the same SF, the SFDB models subjected
to 2% in 50-year ground motions usually generate larger
statistical values for maximum displacement and brace forces
in comparison with those subjected to 10% in 50-year ground
motions. The residual displacement subjected to 1.0-scaled
groundmotions is generally larger than that subjected to 0.5-
scaled ground motions. The average (AVE) of the residual
displacement results in good statistical values to support
this argument. However, some exception was found for
the average of residual displacement, which appears to be
slightly greater for the 0.5-scaled MCE level as compared
to the 1.0-scaled MCE level (e.g., Case 4 model), because

residual displacement majorly occurs at the friction dampers
subjected to strong ground motions. Case 4 model which
was designed with relatively weaker recentering force as
compared to friction forces undergoes considerable residual
displacement even under 0.5-scaled MCE ground motions.
Contrary to Case 1model, Case 5model has statistical values
taken as the largest brace forces, largest maximum or residual
displacement, and smallest RRs as can be seen in the tables.
Overall, Case 3 model that was designed with recentering
force equal to friction force includes moderate trends for
statistical distributions. It is thus concluded that friction force
should be adjusted to recentering force in order to make the
utmost use of self-centering effect and energy dissipation at
the seismic response of the brace member.

6. Conclusions

In this study, seismic response and performance for self-
centering friction damping brace (SFDB) members are
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Table 4: Summary of statistical values for individual model cases under 10% in 50-year ground motions.

Evaluation
item Model ID SF = 0.5 SF = 1.0

15.90% 50.00% 84.10% AVE − SD AVE AVE + SD 15.90% 50.00% 84.10% AVE − SD AVE AVE + SD

Δmax (mm)

Case 1 4.61 7.25 10.08 5.50 7.53 9.56 10.14 17.03 21.80 11.82 16.57 21.32
Case 2 4.25 6.78 9.80 4.97 7.07 9.18 9.73 16.13 21.37 11.42 16.00 20.59
Case 3 4.50 6.85 9.52 4.94 7.00 9.06 9.38 15.68 21.30 10.98 15.47 19.97
Case 4 4.62 6.67 9.49 5.02 7.04 9.05 9.15 14.68 20.93 10.58 14.96 19.35
Case 5 4.66 6.60 9.62 5.02 7.05 9.09 9.03 14.32 19.94 10.39 14.64 18.90

𝐹SFDB (kN)

Case 1 3.59 4.75 5.01 3.81 4.48 5.14 4.87 5.55 6.06 4.99 5.48 5.96
Case 2 4.11 5.36 5.69 4.43 5.09 5.75 5.51 6.22 6.74 5.54 6.09 6.63
Case 3 4.87 6.05 6.35 5.11 5.74 6.37 6.16 6.87 7.41 6.20 6.74 7.28
Case 4 5.64 6.74 7.03 5.71 6.41 7.11 6.80 7.48 8.08 6.94 7.43 7.91
Case 5 5.93 7.39 7.67 6.06 6.95 7.84 7.50 8.11 8.75 7.62 8.10 8.57

Δ res (mm)

Case 1 0.02 0.09 0.30 0.02 0.15 0.32 0.03 0.20 0.54 0.01 0.25 0.49
Case 2 0.05 0.22 0.57 0.06 0.29 0.52 0.03 0.18 0.60 0.04 0.31 0.65
Case 3 0.06 0.30 0.68 0.09 0.39 0.69 0.09 0.22 0.81 0.03 0.39 0.75
Case 4 0.07 0.24 0.98 0.01 0.42 0.82 0.06 0.43 1.02 0.07 0.51 0.95
Case 5 0.12 0.33 0.83 0.11 0.41 0.71 0.11 0.68 1.31 0.19 0.71 1.24

RR (%)

Case 1 79.0 86.3 90.0 81.3 85.6 90.0 89.1 93.5 95.0 89.6 92.5 95.4
Case 2 68.3 75.6 80.9 70.2 74.9 79.7 80.0 87.8 90.8 82.2 86.5 90.9
Case 3 68.9 73.5 86.2 68.8 75.7 82.6 69.9 81.8 85.7 73.4 80.3 87.2
Case 4 71.1 79.4 92.7 71.3 80.7 90.1 55.5 58.6 71.9 54.2 61.3 68.3
Case 5 75.8 87.9 99.1 76.8 86.5 96.1 46.2 60.6 77.9 48.3 60.8 73.3

Table 5: Summary of statistical values for individual model cases under 2% in 50-year ground motions.

Evaluation
item Model ID SF = 0.5 SF = 1.0

15.90% 50.00% 84.10% AVE − SD AVE AVE + SD 15.90% 50.00% 84.10% AVE − SD AVE AVE + SD

Δmax (mm)

Case 1 7.41 13.84 22.30 7.14 15.14 23.15 14.27 32.01 44.52 15.28 30.42 45.56
Case 2 7.06 14.20 22.58 7.02 14.69 22.36 14.33 30.46 43.95 14.99 29.95 44.90
Case 3 6.92 14.19 22.83 6.88 14.39 21.90 14.45 29.17 43.58 14.80 29.57 44.34
Case 4 6.81 14.16 23.08 6.87 14.30 21.73 14.34 28.10 43.33 14.56 29.17 43.78
Case 5 6.90 14.28 23.62 6.98 14.30 21.62 14.33 27.18 43.21 14.34 28.79 43.24

𝐹SFDB (kN)

Case 1 4.31 5.37 6.28 2.75 5.62 8.48 5.26 13.31 22.49 4.64 13.39 22.15
Case 2 4.59 5.99 7.41 3.32 6.07 8.83 5.85 12.86 22.72 4.90 13.64 22.39
Case 3 5.32 6.60 8.50 3.83 6.62 9.40 6.47 12.61 23.04 5.22 13.96 22.71
Case 4 6.22 7.24 9.53 4.33 7.19 10.05 7.10 12.51 23.57 5.52 14.28 23.04
Case 5 7.16 7.92 10.48 4.80 7.76 10.72 7.74 12.54 24.17 5.84 14.60 23.37

Δ res (mm)

Case 1 0.01 0.16 0.30 −0.01 0.20 0.40 0.00 0.14 0.73 0.06 0.27 0.59
Case 2 0.03 0.26 0.64 0.03 0.35 0.67 0.01 0.32 0.64 0.01 0.40 0.82
Case 3 0.13 0.44 1.08 0.13 0.55 0.97 0.06 0.53 0.85 0.07 0.56 1.06
Case 4 0.26 0.69 1.21 0.22 0.72 1.22 0.09 0.60 1.08 0.06 0.67 1.27
Case 5 0.06 0.67 1.26 0.07 0.76 1.45 0.08 0.62 1.55 0.15 0.81 1.48

RR (%)

Case 1 90.9 93.8 96.6 90.0 93.5 97.0 95.3 96.5 97.3 94.5 96.3 98.1
Case 2 82.2 88.6 93.8 81.3 88.1 94.9 91.5 94.1 96.4 90.3 93.8 97.3
Case 3 72.3 82.4 93.5 74.6 83.4 92.3 87.1 90.9 96.4 86.0 91.2 96.3
Case 4 56.4 60.3 78.7 53.0 66.1 79.3 60.3 70.7 82.9 60.2 72.0 83.8
Case 5 42.7 60.5 85.7 45.2 63.3 81.4 40.2 54.3 70.3 39.1 56.6 74.0



Advances in Materials Science and Engineering 15

Case 2 Case 3 Case 4 Case 5Case 1
Model ID

Re
sid

ua
l d

isp
la

ce
m

en
t:
Δ

re
s

(m
m

)

0

0.5

1

1.5

2

Percentile rank (15.9%, 50.0%, and 84.1%) 
Data point

SD range (AVE − SD,AVE , and AVE + SD)

(a) 10% in 50-year ground motions with 0.5 Scale Factor

Case 2 Case 3 Case 4 Case 5Case 1
Model ID

Re
sid

ua
l d

isp
la

ce
m

en
t:
Δ

re
s

(m
m

)

0

0.5

1

1.5

2

Percentile rank (15.9%, 50.0%, and 84.1%) 
Data point

SD range (AVE − SD,AVE , and AVE + SD)

(b) 10% in 50-year ground motions with 1.0 Scale Factor

Case 2 Case 3 Case 4 Case 5Case 1
Model ID

Re
sid

ua
l d

isp
la

ce
m

en
t:
Δ

re
s

(m
m

)

0

0.5

1

1.5

2

Percentile rank (15.9%, 50.0%, and 84.1%) 
Data point

SD range (AVE − SD,AVE , and AVE + SD)

(c) 2% in 50-year ground motions with 0.5 Scale Factor

Case 2 Case 3 Case 4 Case 5Case 1
Model ID

Re
sid

ua
l d

isp
la

ce
m

en
t:
Δ

re
s

(m
m

)

0

0.5

1

1.5

2

Percentile rank (15.9%, 50.0%, and 84.1%) 
Data point

SD range (AVE − SD,AVE , and AVE + SD)

(d) 2% in 50-year ground motions with 1.0 Scale Factor

Figure 14: Residual displacement (Δ res) for individual SFDB models under 40 ground motions with different SFs.

mainly investigated through nonlinear dynamic time-history
analyses. More conclusions are as follows.

(1) The SFDB system consists of superelastic SMA
stranded wires operating as recentering devices and
bolted friction dampers used for enhanced energy
dissipation. The deformable contributions obtained
from the inelastic behavior of SMA wires and fric-
tion dampers were separately modeled with nonlin-
ear component springs. These nonlinear component
springs were calibrated experimental data so as to
verify that calibrated spring models were capable of
accurately reproducing SFDB’s behavior.

(2) The comparative study, which takes into account
different levels of recentering capability and energy
dissipation capacity, was conducted to identify opti-
mal design parameters exerting a great influence
on seismic response of the braced frame structure.

The SFDB models used for numerical analyses are
classified according to the force ratio of friction force
to recentering force.

(3) Case 1 model designed only with the largest recen-
tering forces exhibits excellent recentering behavior
and thus has the smallest average values of resid-
ual displacement. In addition, this model displays
relatively higher statistical values for the recentering
ratios (RRs) owing to larger maximum recoverable
displacement. In spite of its outstanding recentering
capability, the capacity of energy dissipation which
absorbs impact and vibration in the SFDB systemmay
deteriorate due to the absence of friction force.

(4) Case 5 model designed with relatively larger fric-
tion force as compared to recentering force can
accommodate larger brace forces rather than other
case models because of upgraded energy capacity.
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Figure 15: Recentering ratios (RR) for individual SFDB models under 40 ground motions with different SFs.

On the other hand, this model confirms the fact that
the increase of energy dissipation in the SFDB system
has a tendency to immediately decease recoverable
displacement during earthquake loading.The statisti-
cal values of relatively larger residual displacement are
distributed over the model cases with larger friction
force.

(5) Finally, recentering forces shall be slightly larger than
or at least equal to friction forces (e.g., Case 3model)
for the purpose of achieving optimal design, which
creates the decrease of permanent deformation and
the increase of energy dissipation capacity. This may
be established by adjusting initial bolt pretensionwith
an aim to simply control friction forces in the SFDB
system. This optimal design concept applied to smart
recentering systems is verified through statistical
investigation performed based on several analysis
results.
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