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This study proposes a performance-based seismic design (PBSD) method for steel braced frames with
novel self-centering (SC) braces that utilize shape memory alloys (SMA) as a kernel component.
Superelastic SMA cables can completely recover deformation upon unloading, dissipate energy without
residual deformation, and provide SC capability to the frames. The presented PBSD method is essentially
a modified version of the performance-based plastic design with extra consideration of some special fea-
tures of SMA-based braced frames (SMABFs). Four six-story concentrically braced frames with SMA-
based braces (SMABs) are designed as examples to illustrate the efficacy of the proposed design method.
In particular, the variability in the hysteretic parameters of SMAs, such as the phase-transformation stiff-
ness ratio and the energy dissipation factor, is considered in the PBSD method. Accordingly, four SMABFs
are designed with different combinations of these hysteretic parameters. The seismic performance of the
designed frames is examined at various seismic intensity levels. Results of nonlinear time-history anal-
yses indicate that the four SMABFs can successfully achieve the prescribed performance objectives at
three seismic hazard levels. The comparisons among the designed frames reveal that the SMABs with
greater hysteretic parameters result in a more economical design in terms of the consumption of steel
and SMA materials.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Appropriately designed seismic-resisting structures are
expected to respond satisfactorily to earthquakes without collaps-
ing. However, they may still suffer from excessive permanent
deformation, which may eventually lead to their demolition. For
example, dozens of damaged reinforced concrete (RC) buildings
were demolished because of large permanent inter-story drifts
after the Michoacan earthquake in 1985 [1]. Recent investigations
suggest that a residual inter-story drift ratio that exceeds 0.5%
makes rebuilding a new structure more favorable than retrofitting
or repairing a damaged structure [2]. Given that both the peak and
residual deformation demands of structures are accentuated in
modern earthquake engineering, various types of self-centering
(SC) structural components and systems have been developed
and studied in the past decades [3–13]. A popular means to imple-
ment SC structural systems is to combine a post-tensioned (PT)
mechanism with energy dissipaters [3–12]. For example, Ricles
et al. [4] proposed an innovative SC connection, in which PT
strands ran through the frame width parallel with beams and were
anchored at column flanges; bolted angles that connected beams
and columns were used to dissipate energy. The test results
showed that such SC connections demonstrated good energy dissi-
pation capacity and experienced no residual deformation after a
couple of inelastic cycles. Christopoulos et al. [7] developed an SC
brace using PT aramid fibers, which underwent large axial defor-
mation without structural damage and provided stable energy dis-
sipation capacity.

Shape memory alloys (SMAs) comprise a class of metal alloys
with appealing superelasticity and good energy dissipation [14–
18]. After a number of preloading cycles (known as training treat-
ment), SMAs can produces ideal flag-shape (FS) hysteresis without
residual deformation [19]. Therefore, superelastic SMAs have
gained increasing attention in the field of SC structural systems
[20–37]. Dolce et al. [23] investigated the seismic performance of
a scaled RC frame with SMA braces through shaking table tests,
which showed that SMA braces greatly reduce the residual defor-
mation of the RC frame. More studies can be found on SC steel
frames with SMA-based braces (SMABs). For example, McCormick
et al. [24] revealed the superiority of SMABs over conventional
steel braces in limiting peak and residual inter-story drifts. Zhu
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and Zhang [25] developed SMABs that were used in a multistory
braced frame, which successfully diminished post-earthquake
residual deformation. In particular, the hysteretic behavior of
SMABs can be adjusted by tuning their friction level and wire incli-
nation [26]. Compared with a buckling-restrained braced frame
(BRBF), the proposed SC braced frames can achieve a similar peak
deformation demand but a considerably smaller residual inter-
story drift.

In contrast to extensive investigations on SC building structures,
the corresponding seismic design methods of such structures have
been rarely studied [38–41]. Recently, Kim and Christopoulos [38]
proposed and validated a design procedure for PT SC moment-
resisting frames (MRFs), in which the prescribed performance tar-
gets were set similarly to those of welded steel MRFs. Eatherton
et al. [41] developed a design method for an SC rocking frame by
focusing on controlling several performance limit states; single
and dual frames were designed using their method, but seismic
performance was not examined.

However, a rational design methodology for steel braced frames
with SC SMABs has never been reported in literature. To fill in this
knowledge gap, the current study proposes an ad hoc
performance-based seismic design (PBSD) method for SC steel
braced frames with SMABs. The performance-based plastic design
method [42], which was previously developed for traditional steel
moment and braced frames, is extended to the design of emerging
seismic-resisting SMA-based braced frames (SMABFs), in which SC
braces employed SMA cables that possess stable and repeatable
cyclic properties after proper preloading (or training) treatment.
At a constant temperature, a multistory SC steel frame with novel
SMABs is designed as an example in consideration of the pre-
scribed seismic performance targets. Different SMA cables may
exhibit various transformation stiffness ratio and energy dissipa-
tion capacities depending on material properties, and the effect
of such variability on seismic response has been noted [27]. There-
fore, a generalized FS hysteresis, in which the variability in these
two factors is particularly considered, is adopted in the proposed
PBSD method, which offers the necessary flexibility to apply the
PBSD method to steel frames with different types of SMABs. More-
over, the effect of potential high modes in seismic response of
SMABFs is also considered during the design process. A systematic
numerical assessment validates that steel SMABFs designed via the
proposed method can achieve the prescribed seismic performance
satisfactorily. Although this study is intended for multistory frames
with SMABs, the proposed design framework can be further
extended to other SC structures with FS hysteresis.
2. SMAB

Various configurations of SMABs have been developed, and they
typically exhibit FS hysteretic behavior. Fig. 1(a) shows a represen-
tative configuration of the SMAB fabricated and tested by the
authors at a room temperature in a laboratory. The brace is
designed to be installed in a 1/4-scale two-story frame. The brace
consists of two parts: (1) the core part, which is an SMA-based
damper with an SC and energy-dissipation function, and (2) the
extension parts, which are two steel tubes that extend the brace
to a desired length. The mechanism of the SMA-based damper is
shown in Fig. 1(b). This damper is composed of two steel blocks
that slide against each other, two steel rods, and two bundles of
Nitinol cables with the austenite finish temperature Af = �10 �C.
Axial displacement moves the steel rods in the slots of the steel
blocks and stretches the SMA cables regardless of the damper
being under tension or compression. Fig. 1(c) shows the cyclic test-
ing result of the SMAB that has been properly trained before the
formal test. The hysteretic behavior is associated with moderate
energy dissipation and zero residual deformation upon unloading
and can be idealized as a simple stabilized FS hysteresis, as shown
in Fig. 1(c). Such FS idealization of the cyclic behavior of SMAs was
commonly adopted in the previous studies [27–29]. A typical FS
stress–strain relationship can be characterized by four parameters,
namely, the initial modulus of elasticity ESMA, ‘‘yield” stress ry,
‘‘post-yield” stiffness ratio a, and energy dissipation factor b. Nota-
bly, the Nitinol cables do not really yield in the cyclic test. In this
case, ‘‘yield” refers to the yield-like stress plateau induced by the
phase transformation of Nitinol. The parameters that correspond
to Fig. 1(c) are a = 0.16, b = 0.5, ry = 465 MPa, and ESMA = 46.5 GPa,
where ry and ESMA are calculated based on the cross-sectional area
and length of the Nitinol cables, respectively.

The Nitinol cables used in the tested brace may be replaced by a
variety of other SMA cables with significantly different cyclic prop-
erties. The variability in FS hysteresis, particularly in two essential
parameters (post-yield stiffness ratio a and energy dissipation fac-
tor b) should be considered in a design method if it is intended for
different types of SMABs. Moreover, the deformation capacity of
SMA cables also differs significantly. For example, the superelastic
strain reaches up to 8% for Nitinol cables [14], 12% for Cu-Al-Mn
SMA [20], 13.5% for FeNCATB SMA [43], and mono-crystalline Cu-
Al-Be cables may exhibit superelastic strain of over 19% [18]. In
addition, SMA-based damper is able to possess a very large supere-
lastic capacity with a proper configuration [22]. Therefore, the pro-
posed design in the current study assumes that SMAs’ deformation
does not exceed superelastic strain. Thus, the hardening behavior
that may occur after the completion of superelastic phase transfor-
mation strain is not considered in this study. The adopted general-
ized FS hysteresis enables the extension of the proposed method to
the design of other types of SC braced frames. It is noteworthy that
the occurrence of hardening behavior and residual deformation at
extremely large strain values may affect the seismic behavior of
structures with SMA devices. Hardening behavior is generally ben-
eficial to limiting structural displacement but tends to transfer a
significant amount of force to adjacent structural members con-
nected to braces. This phenomenon should be considered in design
cases where SMA would likely deform under extremely large strain
values. In addition, the FS hysteresis of SMAs is sensitive to ambi-
ent temperature, and the decreasing temperature that leads to a
lower stress ry is often unfavorable in seismic response control.
It should be noted that some types of SMAs are not suitable to
low temperature applications [18]. Thus, SMABs are assumed to
be applied in an indoor environment with stable room temperature
and the effect of significant temperature variation is not consid-
ered in this study.
3. SC Single-Degree-of-Freedom (SDOF) system

The seismic behavior of structures is often dominated by struc-
tural fundamental modes. Nonlinear SDOF systems with FS hys-
teresis are systematically investigated under three suites of
ground motions in this section.
3.1. Ground motions

Somerville et al. [44] developed three suites of ground motions
that were generated for Los Angeles with exceedance probability of
50%, 10%, and 2% in 50 years. Each suite contains 20 records desig-
nated as LA01-LA20 (for design basis earthquakes, DBE), LA21-
LA40 (for maximum considered earthquakes, MCE) and LA41-
LA60 (for frequently occurred earthquakes, FOE). The 20 records
were derived from ten historical records with frequency domain
adjusted and amplitude scaled. The 20 earthquake records were
modified from soil type SB–SC to soil type SD. The 20 ground
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motions corresponding to DBE hazard level are used in the seismic
analyses of SDOF systems, with the aim to develop the design
framework. The seismic performance of the multistory frames is
assessed by subjecting them to all three seismic hazard levels.
Fig. 2 shows the 5%-damped elastic response spectra of the ground
motions with an exceedance probability of 10% in 50 years. The
geometric mean response spectrum of the 20 ground motions sat-
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Fig. 2. Acceleration spectra of ground motion records.
isfactorily matches the design basis earthquake (DBE) spectrum,
although great variability exists among the records.

3.2. l-R-T Relationship

The seismic analyses of SC SDOF systems with varying FS hys-
teresis (as illustrated in Fig. 3) are presented in this section under
the selected 20 DBE-level ground motions. The SDOF systems with
varying elastic periods T and ductility ratios l are analyzed, where
the elastic periods T range from 0.1 s to 3.0 s at an interval of 0.1 s,
and the ductility ratios l are equal to 2, 4, 6, and 8. The ductility
ratio, l, is defined as the ratio of the peak deformation to the
‘‘yield” deformation (i.e., the deformation when the forward phase
transformation stars). In particular, the hysteresis parameters a
ranging from 0.0 to 0.20 and b ranging from 0.1 to 0.9 are consid-
gk
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Fig. 3. Inelastic SC SDOF systems with FS hysteresis.
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ered in the analyses. In real applications, these two parameters
often exhibit large variability, because they are not only affected
by SMA material properties, but also affected by the design of
SMA-based devices. A similar range of a and b was also considered
in a prior study [27]. Nonlinear constant-l analyses of SC SDOF
systems are performed, in which a constant ductility demand is
initially prescribed and the corresponding strength reduction fac-
tor R, which is the ratio of the base shear of elastic SDOF to the
yield force of the SC SDOF system, is subsequently searched by iter-
atively changing the yield point of SC SDOF systems. Such
constant-l analyses are performed for each ground motion. Conse-
quently, for a specific l value, the geometric mean of 20 different R
values corresponding to 20 ground motions is computed. Then, the
l-R-T relationship of SDOF systems with FS hysteresis is con-
structed. Fig. 4 shows the l-R-T relationships of four FS models
with different a and b combinations, namely, (a = 0.04, b = 0.5),
(a = 0.04, b = 0.9), (a = 0.16, b = 0.5), and (a = 0.16, b = 0.9). The
third is to reproduce the cyclic behavior of the damper shown in
Fig. 1. Compared with the first one, the second and third combina-
tions represent cases with enhanced b and a levels, respectively,
and the fourth combination represents the simultaneous increase
of a and b. Large a and b values are generally beneficial to SC SDOF
systems because they allow using large strength-reduction factors
R. Therefore, the variability in hysteretic parameters a and b should
be appropriately considered in designing SC structures. The follow-
ing formula proposed by Seo [45] is adopted in this study to simu-
late the l-R-T relationships shown in Fig. 4:

R ¼ lexpða=TbÞ; ð1Þ
(a) α = 0.04, β = 0.5

(c) α = 0.16, β = 0.5                       
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Fig. 4. l-R-T relationships of SC SDOF (Dots: n
where a and b are the coefficients that depend on the aforemen-
tioned hysteretic parameters. Parameter a is usually negative. This
empirical relationship is selected among various options because
of the following reasons. (1) The formula has a clear physical impli-
cation: when T ! 0, R ! 1, and when T ! 1, R ! l. (2) The influ-
ence of hysteretic parameters a and b can be conveniently
incorporated into this formula. (3) The relationship is expressed
using a relatively simple single formula. Through regression analy-
ses based on Fig. 4, the following two coefficients are suggested:

a ¼ �0:38þ 0:51aþ 0:16b; ð2aÞ
b ¼ 0:31� 0:05aþ 0:18b: ð2bÞ

The regression l-R-T relationship can be obtained by substituting
Eq. (2) into Eq. (1). Subsequently, the coefficient of determination
R2 is equal to 0.97 for Eq. (1), which indicates good fitness effect
of this regression formula.

Fig. 4 compares the results of the numerical simulations and
regression functions. Each curve in the figure represents a
constant-l curve. The adopted empirical formula agrees with the
numerical simulation results well in all the cases shown in Fig. 4.

Given the estimated initial period T and the ductility target l of
the SDOF system, the required strength reduction factor R can be
determined according to Eq. (1), and the design base shear vy of
the SDOF system is calculated as follows:

vy ¼ w � Sa
R � g ; ð3Þ
(b) α = 0.04, β = 0.9

(d) α = 0.16, β = 0.9
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where w is the weight of the SDOF system, g is the gravity acceler-
ation, and Sa is the spectral acceleration that corresponds to the nat-
ural period of the SDOF system.

3.3. Modified energy equivalent condition

Based on the energy balance concept [42,46], Lee et al. [47] pro-
posed a modified energy equivalent equation as follows:

ee þ ep ¼ cei; ð4Þ
where ei is the peak strain energy of an elastic SDOF system; ee and
ep represent the peak elastic and plastic strain energy, respectively,
of a corresponding inelastic SDOF system with the same initial per-
iod T; and c is a modification factor that depends on inelastic behav-
ior. Lee et al. [47] proposed a simple estimation of c based on the
ductility demand for elasto-plastic behavior. However, the seismic
analyses of the SC SDOF systems reveal that the modification factor
is not only dependent on ductility demand l and natural period T,
but is also affected by hysteretic parameters a and b. Thus, a new
estimation of factor c is derived for the SC SDOF system in this
study.

For two SDOF systems (one elastic and one inelastic) with the
same initial stiffness ke, Fig. 6 illustrates the energy equivalence
concept in the form of peak base shear vs. peak displacement
curves, in which vy and dy refer to the yield force and the corre-
sponding yield displacement, respectively, of the inelastic SDOF
system. ve and de are the peak resisting force and displacement,
respectively, of the corresponding elastic SDOF system. du ¼ l � dy
represents the peak displacement of the inelastic SDOF system.
Finally, a denotes the post-yield stiffness ratio. In the two SDOF
systems, the three energy terms in Eq. (4) can be computed as
follows:

ee ¼ 1
2
vydy; ð5Þ

ep ¼ 1
2
vydyðl� 1Þ½2þ aðl� 1Þ�; ð6Þ

ei ¼ 1
2
vede ¼ 1

2
vydyR

2: ð7Þ

Substituting Eqs. (5) to (7) into Eq. (4) provides the estimation of
the energy modification factor c as follows:

c ¼ aðl� 1Þ2 þ 2ðl� 1Þ þ 1
R2 ¼ aðl� 1Þ2 þ 2ðl� 1Þ þ 1

l2 exp½a=Tb � : ð8Þ

where the coefficients a and b are defined in Eq. (2). If the l-R-T
relationship developed in the last subsection for the SC SDOF sys-
tem is substituted, then the energy modification factor can be
expressed as a function c(l,T,a,b) that considers the effects of the
ductility demand l, natural period T, and hysteretic parameters a
and b of SC SDOF systems.

4. PBSD approach for SMABF

The emerging PBSD method is a probabilistic design framework
that aims to realize the prescribed seismic performance of struc-
tures. Performance assessment is treated as a discrete Markov pro-
cess that is described in a probabilistic form as follows [48]:

kðDVÞ ¼
ZZZ

GhDV jDMidGhDMjEDPidGhEDPjIMidkðIMÞ; ð9Þ

where IM is the intensity measure that is commonly represented by
the 5%-damped spectral acceleration at the fundamental period, i.e.
Sa(T1, 5%); EDP denotes engineering demand parameters such as
peak inter-story drift ratios and floor accelerations; DM is a damage
measure that refers to the damage extent of both structural and
non-structural components; and DV is the decision variable that
includes building cost, dollar losses, downtime, and casualty risks,
among others. Given that DM is closely related to EDP, DM may
be directly represented by EDP.

In this study, the performance-based plastic design method
[42], which is one of the well-known PBSD methods, is modified
for SMA-based SC structural systems. This PBSD method has been
successfully applied in the design of various structural systems.
However, this study is the first attempt to extend this method to
the design of seismic-resisting SC frames with SMABs.

4.1. Performance-based plastic design method

The performance-based plastic design procedure was firstly
proposed by Leelataviwat et al. [42]. It was originated from the
energy equivalence concept through an investigation of an elastic
and perfectly plastic structural system [46]. Since then, the
performance-based plastic design method has been successfully
applied to the seismic designs of steel moment frames [47], con-
centrically braced frames [49], eccentrically braced frames [50],
truss moment frames [51], buckling-restrained braced frames
[52], and buckling-restrained knee-braced truss moment frames
[53]. The key concept in the performance-based plastic design
remains to be the modified energy equivalent condition [47].
When applied to multi-story frames, the modified energy equiva-
lent condition is expressed as follows:

Ee þ Ep ¼ cEi; ð10Þ
where Ee and Ep denote the peak elastic and plastic strain energy,
respectively, of an inelastic multi-degree-of-freedom (MDOF) struc-
ture; Ei is the peak elastic strain energy of a corresponding elastic
MDOF structure with the same elastic periods; and c indicates the
energy modification factor.

When a structure behaves elastically, the peak strain energy can
be approximated by the seismic input energy as follows [46]:

Ei ¼ 1
2
W
g
S2v ¼ 1

2
W
g

SaT
2p

� �2

; ð11Þ

whereW is the total building weight; T is the fundamental period of
the structural system; and Sv and Sa are the pseudo-velocity and
pseudo-acceleration spectra, respectively. The total building weight
W, instead of the first modal weight, is used in Eq. (11) to account
for multiple vibration modes. The estimation shown in Eq. (11) is
based on the assumption that the pseudo-velocity spectra for differ-
ent vibration modes are nearly constant and can be represented by
the spectral value corresponding to the fundamental period Sv(T).

In an inelastic structure, Akiyama [54] approximated elastic
vibrational energy by reducing the MDOF structure into an SDOF
system with a weight W:

Ee ¼ 1
2
W
g

Vyg
W

T
2p

� �2

¼ WT2g
2p2

Vy

W

� �2

; ð12Þ

which implies that the relationship between the yielding base shear
Vy and the corresponding pseudo-acceleration Ay is

Vy ¼ W
g
Ay; ð13Þ

The preceding equation is accurate for an SDOF system; how-
ever, it only functions as an approximation that may slightly
underestimate pseudo-acceleration for an MDOF structure [55].
The plastic energy Ep of an inelastic multistory frame can be com-
puted based on the lateral seismic force and plastic floor displace-
ment of each floor. Compared with [47], the computation of Ep in
this study particularly considers the favorable effect of the ‘‘post-
yield” stiffness ratio a in a form similar to that of Eq. (6), as follows:
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Ep ¼ 1
2

Xn
i¼1

Fihihp

 !
½2þ aðl� 1Þ�; ð14Þ

where n is the number of floors, hi is the height of the ith floor from
the base, Fi is the lateral seismic force on the ith floor, and hp is the
plastic roof drift ratio. The variables can be expressed respectively
as

Fi ¼ Ci � Vy; ð15Þ
hp ¼ ðl� 1Þhy; ð16Þ

where Ci is the lateral force coefficient on the ith floor, and hy is the
roof drift ratio that corresponds to the yield base shear force.

If the energy modification factor c derived for the SC SDOF sys-
tem is used for MDOF structures, the design base shear can be
determined by solving Eq. (10) after substituting Eqs. (8), (11),
(12), and (14), as follows:

Vy=W ¼ �kþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 4cS2a

q� ��
2; ð17Þ

k ¼ 1þ aðl� 1Þ
2

� �
8p2

T2g

 ! Xn
i¼1

Cihi

 !
hp: ð18Þ

Eq. (17) determines the design base shear of a multistory steel
frame. If a single-story steel frame is of interest, the design base
shear can be determined by a simpler formula, that is, Eq. (3). Nota-
bly, knowledge on the structural fundamental period T, which is
often unknown at the beginning of a design, is required in deter-
mining design base shear. In practice, the structural fundamental
period T can be initially evaluated according to empirical relations
in ASCE 7-10 [56] or according to elastic or inelastic displacement
spectrum using direct displacement-based method [39]. Iteratively
adjusting T may be necessary after the initial design. Moreover,
some parts of the derivation are based on the simplified SDOF
assumption. Thus, Eq. (17) only offers a reasonable approximation
of the design base shear of an inelastic structure.

Eq. (17) also enables the consideration of different lateral force
distributions, which is discussed in the following subsection. Given
that Eqs. (8) and (14) are used, determining design base shear
appropriately accounts for the effects of hysteretic parameters a
and b, which is essential in designing SMABFs. Fig. 5 plots the min-
imum normalized design base shear Vy/W as a function of a and b
by assuming T = 1.2 s and l = 5. The selected T and l are consistent
with the design example of the six-story braced frame presented in
Section 5. A large a or b corresponds to small design base shear
forces. When b = 0.5, increasing a from 0 to 0.2 reduces the nor-
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malized design base shear from 0.216 to 0.174, which corresponds
to a decrease of approximately 20%. When a = 0, increasing b from
0.1 to 0.9 reduces the normalized design base shear from 0.246 to
0.188, which corresponds to a decrease of approximately 24%.
Thus, increasing a or b has comparable benefits in reducing design
base shear. Reduction reaches up to 39% when a and b are simul-
taneously increased from 0 to 0.2 and from 0.1 to 0.9, respectively.

4.2. Lateral force pattern

The nonlinear dynamic analyses in a previous study [57] show
that the seismic behavior of SC steel braced frames may exhibit a
noticeable high-mode effect. Consequently, the high-mode effect
tends to result in the concentration of the maximum inter-story
drift ratio in the upper stories. To mitigate the high-mode effect
in seismic response of SMABFs, a modified lateral force pattern
proposed by Chao et al. [58] is used in this study instead of the con-
ventional pattern defined in ASCE 7-10 [56]. The modified lateral
force pattern is defined as

Ci ¼ ðpi � piþ1Þ
wnhnPn
j¼1wjhj

 !qT�0:2

; ð19Þ

pi ¼
Pn

j¼iwjhj

wnhn

 !qT�0:2

; ð20Þ

where wj and hj are the floor weight and floor height of the jth floor,
respectively; and q affects the lateral force distribution along the
building height and may vary with different structural systems.
The lateral force distribution factors are normalized to obtainPn

i¼1Ci ¼ 1.
Fig. 7 shows a direct comparison between the ASCE-compliant

force pattern and the modified lateral force patterns with q equal
to 0.50 and 0.75, respectively, for the six-story frame described
in the next section. Compared with ASCE 7-10 [56], the force pat-
terns adopted in this study allocate greater forces on top of a build-
ing. The seismic force acting on the roof is increased by
approximately 67% and 23% when q is equal to 0.50 and 0.75,
respectively. Such a large force on the top strengthens brace design
in the upper stories. As suggested in a previous study [58], a q
value equal to 0.75 is adopted to consider the high mode-
induced concentration of the maximum inter-story drift in the
top stories.

4.3. Design of SMABs

The design shear force in each story can be determined with the
lateral force distribution along the building height, and thus, the
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bracing elements that resist the lateral forces can be designed
accordingly. The design of SMABs depends on bracing configura-
tions. If an inverted V-bracing configuration is utilized, then the
cross-section area Ai and length li of the SMA cables in one brace
in the ith story are given respectively by

Ai ¼
Pn

j¼iCjVy

2 cos hi � ry
; ð21Þ

li ¼ ESMAhyðhi � hi�1Þ cos hi
ry

; h0 ¼ 0; ð22Þ

where ESMA and ry are the elastic modulus and ‘‘yield” stress of the
SMA cables, respectively; and hi is the inclination angle of the brace
in the ith story. Notably the ‘‘yield” stress ry of SMAs is sensitive to
temperature, and ry corresponding to the lowest temperature
should be used in Eq. (21) if SMABs are used in an environment with
temperature variation. However, some types of SMAs are not suit-
able for such applications with great temperature fluctuation (par-
ticularly at cold temperature). Therefore, the design examples
presented in this study only consider the application of SMABs in
an indoor environment with relatively stable room temperature.

4.4. Design of frame members

The beam and column members of SMABFs can be designed in a
manner similar to that of BRBFs according to the AISC provisions
[59]. To avoid potential overloading, the adjusted brace strength
should be used in the frame member design as follows:

P ¼ /xRyFy; ð23Þ
where Fy is the yield strength of braces; the overstrength factor Ry,
resistant factor /, and strain hardening adjustment factor x are set
as 1.1, 0.9, and 1.5, respectively. The strain hardening adjustment
factor x accounts for the increased brace force induced by the non-
trivial post-yield stiffness ratio a. However, some superelastic SMAs
(e.g., Nitinol) may experience highly apparent strain hardening after
the completion of stress-induced phase transformation; a higher x
factor should be set if such strain hardening behavior is expected to
occur. The SMA cables in the configuration shown in Fig. 1 are
stretched when the brace is subjected to either tension or compres-
sion. Consequently, the compressive and tensile strengths of the
brace remain nearly the same, and thus, compression strength
adjustment is unnecessary. If the beam-to-column connections
are designed as hinge connections, then bending moments in the
frame members are minimized, and frame columns and beams
can be designed to mainly carry axial loads.
4.5. Step-by-step design procedure

The flowchart of the proposed design method for a multistory
SMABF is provided in Fig. 8. The design procedure is outlined as
follows.

1. Specify the design parameters of the SMABF, such as the
total number of stories n, story height hi, number of braced
bays, and tributary weight wi in each floor level.

2. Characterize the ‘‘post-yield” stiffness ratio a and energy
dissipation factor b of the selected SMA materials.

3. Specify the performance objectives, and determine the cor-
responding controlled EDP, such as the peak inter-story drift
ratio hu and ductility demand l.

4. Estimate the fundamental period T of the braced frame
according to some empirical formula (e.g., ASCE 7-10 [56])
or according to elastic or inelastic displacement spectrum
using direct displacement-based method [39]. The iterative
adjustment of T may be necessary until the selected T con-
verges to the final design value.

5. Calculate the yield inter-story drift ratio by hy ¼ hu=l, and
the inelastic inter-story drift ratio by hp ¼ hu � hy.

6. Determine the lateral force pattern Ci according to Eq. (19),
which considers a high-mode effect.

7. Determine the strength reduction factor R of the SDOF sys-
tem by substituting T, l, a, and b into Eq. (1).

8. Determine k by substituting hp, l, a, and Ci into Eq. (18), and
determine c subsequently according to Eq. (8).

9. Determine the design base shear Vy by substituting k, c, Sa,
and W into Eq. (17).

10. Determine the lateral force Fi on each floor according to Eq.
(15).

11. Design the SMABs, including the determination of cross-
section area and length of the SMA cables according to Eqs.
(21) and (22), respectively.

12. Design column and beam members based on the adjusted
brace strength.

13. Check the fundamental period T of the frame, and adjust the
design if the actual T is far from the initial assumption in
Step 4.

14. Evaluate structural seismic performance, and adjust the
design if the seismic performance fails to satisfy the perfor-
mance objectives. For example, the design base shear Vy and
the lateral force pattern Ci can be modified.

5. Design example of SMABF

5.1. Building model

A six-story braced frame that has been used in a number of pre-
vious studies (e.g., [26,52,60] is adopted in this study. Fig. 10 shows
the plan and elevation layouts of the prototype structure. The steel
frame has a chevron-braced configuration. The bay width is 9.14 m,
and the story height is 5.49 m for the first story and 3.96 m for the
other stories. Six braced bays are used in one direction to resist lat-
eral seismic force. The seismic tributary mass for the one-bay
braced frame is 1/6 of the total floor mass. ASTM A992 steel is used
for the beam and column members. The original braced frame
(denoted as 6vb2) was designed by Sabelli et al. [60] according
to NEHRP [61]. The frame was expected to be located in downtown
Los Angeles. Additional structural details can be found in [60]. The
original design employed a response modification factor of 8 and
an occupancy importance factor of 1.

This six-story frame, including the braces, beams, and columns,
is redesigned as several SMABFs using the PBSD method presented



Structural parameters
wi, hi

Performance objectives

Sa, Sd u

Estimate T

Lateral force
coefficient Ci

Determine y, p

Selection of SMA
E, y, ,

Determine R

Determine
Determine

Determine Vy

Cable area, A,
and length, l

Frame columns
and beams

Does
performance meet

objectives

Yes

Done

NoRevise
design

Lateral force distribution, Fi

Performance evaluation

Fig. 8. Design flowchart of SMABF.

74 C.-X. Qiu, S. Zhu / Engineering Structures 130 (2017) 67–82
in the last section. All the SMABFs are assumed to be located in an
indoor environment with relatively stable room temperature. Thus
the impact of ambient temperature change need not be considered.
Moreover, all beam-to-column connections in the original design
are modified as hinge connections in this study because the latter
can eliminate connection moment and accommodate large rotation
without damage [62]. Fig. 10(b) shows a close-up view of the beam-
to-column connection suggested by Fahnestock et al. [62].

5.2. Seismic performance targets

The modern PBSD should properly consider structural and non-
structural damages. Given the excellent superelasticity of SMAs
and the hinge design of beam-to-column connections, the designed
SMABFs are expected to bear a large lateral deformation without
significant damage. Among many damage measure indices, the
peak inter-story drift ratio is often regarded as the most straight-
forward option. However, the limits of inter-story drift ratios that
correspond to damage levels vary among different design specifi-
cations. For example, ASCE 41-06 [63] presents a wide range of
inter-story drift ratios from 1% to 2% for various non-structural
components at the DBE hazard level. The Vision 2000 report [64]
defines three performance targets that correspond to three seismic
hazard levels in consideration of structural and non-structural
damages (i.e., 0.5%, 1.5%, and 2.5% at the FOE, DBE, and MCE hazard
levels, respectively). The report [64] recommends the post-
earthquake residual inter-story drift ratios to be negligible, 0.5%,
and 2.5% at the FOE, DBE, and MCE levels, respectively. Thus, this
study adopts the similar peak inter-story drift targets of 0.5% and
2.5% for the FOE and DBE levels, respectively. However, the inter-
story drift limit proposed in the literature for the MCE hazard level
becomes too conservative for the proposed SMABF with hinge con-
nection design. The hinge connection design shown in Fig. 10(b)
enables to withstand an inter-story drift ratio of 4.8% with only
minor yielding [62]. Therefore, an inter-story drift ratio of 4.0% is
selected as the design target at the MCE hazard level.

The target demands of brace ductility needs to consider defor-
mation capacity of SMA materials. For example, the superelastic
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strain of Nitinol is up to 8%; whereas monocrystalline Cu-Al-Be
exhibits a considerably greater deformation capacity. In the pre-
sent study, the ductility demands of SMABs are set as 1.7, 5.0,
and 12.0 at the FOE, DBE, and MCE seismic hazard levels, respec-
tively. The inter-story drift ratio undergoes the same ductility as
SMABs. According to these ductility demands, the yield inter-
story drift ratio is estimated to be hy = 0.3%.

Seismic damage in different types of non-structural compo-
nents can be deformation- or acceleration-sensitive. In addition
to the peak and residual inter-story drift ratios, floor accelerations
should also be assessed. However, the acceleration limits for differ-
ent non-structural components vary significantly [63]. In this
study, the limits for peak floor accelerations are assumed as 0.5,
1.0, and 1.5 g at the FOE, DBE, and MCE levels, respectively.

Fig. 9 summarizes the performance targets at three seismic haz-
ard levels. It should be noted that the current performance targets
are set as sample illustrations. Designers or stakeholders can
decide different performance targets if desired.

5.3. Building design

The presented PBSD method does not obtain the design base
shear by directly using the response modification factor but implic-
itly considers the l-R-T relationship when computing the energy
modification factor of input energy. Moreover, the ASCE 7-10
[56] code uses the equivalent lateral force design method; whereas
the PBSD method is based on a prescribed displacement or defor-
mation targets, which will reduce iteration loops. In this study, dif-
ferent SC structures designed with various design base shears are
expected to achieve the same performance objectives as long as
the design base shears are determined from the Vy/W-a-b surface.

The original six-story frame is redesigned as six-story SMABFs
using the design procedure presented in Section 4.3 and outlined
in Fig. 8. Performance targets are specified at three hazard levels.
The braced frames can be designed according to the performance
targets at any level or even three levels simultaneously as long
as the corresponding seismic spectrum is used. In this case study,
the SMABFs are initially designed according to the performance
targets (including peak inter-story drift ratio and ductility
demand) at the DBE level. The seismic performance of the designed
frames is then assessed at the FOE and MCE levels.

Given that the developed PBSD approach enables the consider-
ation of the variability in hysteretic parameters a and b of SMABs,
four frames with different combinations of a and b parameters are
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designed to examine the efficacy of the developed PBSD approach.
The four frames are denoted as S1 to S4 (Table 1) and designed to
satisfy the same performance targets. Structure S3 employs SMABs
with smaller values for hysteretic parameters a and b. Compared
with S3, Structures S1 and S4 correspond to enhanced a and b
parameters, respectively. Structure S2 employs braces with simul-
taneously enhanced a and b parameters. Among them, the param-
eters in Structure S1 are consistent with the brace testing results
shown in Fig. 1.

Table 1 summarizes the building information of the four
designed frames, including the initial design information, the
design base shear, the fundamental period, and the information
of SMABs and frame members. Table 1 enables direct examination
of the influences of the hysteretic parameters on the final design of
steel braced frames. As shown in Fig. 5, the variation in hysteretic
parameters a and b leads to the distinct change in design base
shear. Among the four cases, S3 and S2 are associated with the
highest and lowest design base shears, respectively, whereas S1
and S4 exhibit an intermediate design base shear. Consequently,
the final designs of S3 and S2 consume the most and least amount
of steel, respectively. S1 and S4 use similar amounts of steel. More-
over, design base shear determines the lateral force distribution
along the building height, and the lateral forces subsequently
determine the cross-section areas of the SMA cables in the braces.
However, the length of the SMA cables in the braces is determined
by the yielding inter-story drift ratio hy. Thus, all four frames use
the same cable lengths: 1.05 m in the first story and 0.90 m in
the other stories. Compared with S3, Structures S1 and S4 reduce
the material consumption of steel and SMA by approximately 4%
and 13%, respectively. Structure S2 reduces steel and SMA con-
sumption by 15% and 25%, respectively. These results indicate that
using SMABs with greater a and b values in the design is favorable
and cost-effective.

The fundamental period of the six-story frames is initially esti-
mated according to the displacement target. According to the
displacement-based design method [39], the target roof displace-
ment of the frame is transformed to the target displacement of
an equivalent SDOF, and then structural fundamental period can
be estimated from elastic or inelastic displacement spectrum.
The initial estimation of the fundamental period is approximately
1.20 s, which is only slightly shorter than those of the final
designs of the frames ranging 1.22 s to 1.39 s. Therefore, no itera-
tive adjustment of the fundamental period is performed in the
design.
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Table 1
Building design information.

Structures S1 S2 S3 S4

a 0.16 0.16 0.04 0.04
b 0.5 0.9 0.5 0.9
Vy/W 0.140 0.120 0.161 0.139
T (s) 1.29 1.39 1.22 1.29

Sectional area of SMA cable in a brace (mm2) 6th story 743.7 637.1 848.6 734.7
5th story 1166.4 999.3 1330.9 1152.2
4th story 1472.4 1261.5 1680.2 1454.6
3rd story 1693.6 1451.0 1932.6 1673.1
2nd story 1843.4 1579.3 2103.5 1821.1
1st story 2276.3 1950.2 2597.5 2248.7

Length of SMA cable (m) Other stories 0.90 0.90 0.90 0.90
1st story 1.05 1.05 1.05 1.05

Volume of SMA (cm3) 17,229 14,760 19,660 17,020

Column sections 4th–6th story W14 � 53 W14 � 48 W14 � 53 W14 � 53
1st–3rd story W14 � 132 W14 � 120 W14 � 132 W14 � 132

Beam sections 4th–6th story W14 � 30 W14 � 26 W14 � 34 W14 � 30
1st–3rd story W14 � 38 W14 � 30 W14 � 43 W14 � 38

Steel weight (ton) 9.9 8.8 10.3 9.9

76 C.-X. Qiu, S. Zhu / Engineering Structures 130 (2017) 67–82
5.4. Seismic performance assessment

To evaluate the seismic performance of the designed frames,
their numerical models are built using the computer program
OpenSees [65]. Only one braced bay is modeled in each case, as
shown in Fig. 10(c). The beams and columns are modeled with
force-based beam–column elements. Previous studies [66] have
demonstrated the advantages of force-based beam–column ele-
ments over displacement-based elements. The columns are contin-
uous and fixed at their bases. The beam-to-column connections in
the braced bay are modeled as hinged connections. ASTM A992
steel is used for the beam and column elements. No strength or
stiffness deterioration due to local buckling or low cycle fatigue
is assumed to the beam and column elements. Each brace is mod-
eled as an element whose cross section at each integration point is
an assembly of uniaxial fibers. SMA cables are modeled using the
SelfCentering material. It is assumed that SMA cables are properly
treated through cyclic training before their formal use and thus
do not exhibit residual deformation upon unloading.
5 @ 9.14 m

5
@

9.
14

m

(a) (b)

Fig. 10. Prototype 6-story frame building with SMAB: (a) plan layout; (b)
The effective seismic mass for a one-bay braced frame is 1/6 of
the total floor mass. The tributary floor mass is acting on one lean-
ing column, as shown in Fig. 10(c). The leaning column is assumed
to have the same displacement as the braced bay at each floor
level. Although the leaning column has a large cross section, the
leaning columns in the two adjacent stories are connected by a
hinge. Consequently, the leaning column does not contribute any
lateral stiffness or strength to the entire structure. The gravity load
is borne by the leaning column, whereas lateral seismic forces are
resisted by the braced frame. The leaning column also accounts for
the P-D effect during the dynamic simulation. Apart from vertical
gravity loads, the one-bay braced frame is also subjected to hori-
zontal seismic ground motions at the base. Only the in-plane seis-
mic vibration of the frame is studied, whereas torsional response
around a vertical axis is not considered.

Nonlinear time-history analyses are conducted to assess the
seismic performance of the four designed SMABFs at three seismic
intensity levels. The three suites of ground motions described in
Section 3.1 are also employed in the dynamic simulations. The
5.
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(c)

brace-to-frame and beam-to-column connections; (c) elevation view.
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durations of dynamic simulations are sufficiently long, and thus,
free vibration decays and structural residual deformation can be
accurately measured. The evaluated performance indices include
the peak inter-story drift ratio, residual inter-story drift ratio, peak
floor acceleration, and peak ductility demand of the SMABs, where
the inter-story drift ratio is defined as the ratio of the relative dis-
placement between two adjacent floors to the corresponding story
height. The ductility demand is defined as the ratio of peak dis-
placement to ‘‘yield” displacement. The geometric mean values of
the responses under 20 ground motions are calculated to represent
the average response.

Fig. 11 presents the results of the peak inter-story drift ratios
and brace ductility demands of Frame S1 under FOE, DBE, and
MCE seismic ground motions. Apparent record-to-record devia-
tions exist among the results, and thus only the geometric mean
of the 20 values is plotted. Since the frame is directly designed
according to the DBE spectrum and the corresponding performance
             (a) Story drift demand at FOE              
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Fig. 11. Seismic performance of Stru
targets, the seismic performance at the DBE level is first examined.
Fig. 11(c–d) show that the designed frame can satisfy the perfor-
mance targets in terms of peak inter-story drift ratios and peak
ductility at the DBE hazard level. The maximum inter-story drift
demand at the DBE level occurs in the top story and is equal to
1.48%. The minimum response occurs in the first story, mainly
because of the contribution of the fixed column bases. In general,
the geometric mean inter-story drift ratios are distributed uni-
formly along the building height. Similar observations can be made
for the brace ductility demand. Since the SMABs are major seismic-
resisting components, the brace ductility demands are essentially
the same as the ductility demand of inter-story drift. Compared
with the performance targets, the brace design is slightly conserva-
tive in terms of ductility demand, because the designed structure
yields a bit later than expected due to the influence of fixed column
bases. Another similar SMABF is also designed using the vertical
distribution pattern of seismic forces defined in ASCE 7 code (as
               (b) Brace ductility at FOE 

                (d) Brace ductility at DBE 
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shown in Fig. 7). The geometric mean responses of the frame
designed with the code-compliant lateral force pattern are also
shown in Fig. 11. The deformation concentration in the upper
two stories demonstrates a noticeable high-mode effect. As a
result, the seismic performance of the counterpart frame consider-
ably exceeds the design targets. This comparison clearly illustrates
the benefit of the modified lateral force pattern presented in Sec-
tion 4.2 in the PBSD procedure.

Fig. 11(a–b) and (e–f) show the peak inter-story drift ratios and
brace ductility demands of Structure S1 under the FOE- and MCE-
level ground motions, respectively. At the MCE level, the designed
Frame S1 well satisfies the collapse prevention targets. The peak
demand of interstory drift ratio and brace ductility is approxi-
mately 3.7% and 11.3, respectively, both of which are noticeably
less than the targets. This implies sufficient safety margin in the
SMABF. It is also worth noting the performance of the code-
             (a) Story drift demand at FOE               

             (c) Story drift demand at DBE               

             (e) Story drift demand at MCE              

0 1 2 3 4
0

1

2

3

4

5

6

Peak Interstory Drift Ratio (%)

F
lo

or

target

S1
S2
S3
S4

0 1 2 3 4
0

1

2

3

4

5

6

Peak Interstory Drift Ratio (%)

Fl
oo

r

0 2 4 6 8
0

1

2

3

4

5

6

Peak Interstory Drift Ratio (%)

Fl
oo

r

Fig. 12. Seismic performances of the four designed fram
based frame, in which the interstory drift ratio in the top story vio-
lates the deformation limit, which may lead to severe damage or
collapse in this story. Considering the brace ductility demand is
12, Cu-Al-Mn [20], FeNCATB [43], and mono-crystalline Cu-Al-Be
[18] are possible candidates to be used in the SMAB. The first story
still presents the minimum geometric mean response, whereas the
other stories exhibit quite uniform response. At the FOE level, the
designed Structure S1 slightly exceeds the performance targets in
terms of inter-story drift ratios, because it is directly designed at
the DBE level, that is, the design base shear is determined based
on the DBE spectrum. In this example, the performance targets at
the FOE level are more critical than those at the other levels. Thus,
this result clearly indicates that the design of seismic-resisting
structures may not always be governed by the performance targets
under significant earthquakes. If a significant exceedance of the
performance targets is observed, then the structural design should
                    (b) Brace ductility at FOE 

                     (d) Brace ductility at DBE 
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Fig. 13. Peak floor acceleration along the building height at three seismic hazard levels.
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be adjusted or the structure should be redesigned according to the
most stringent performance targets (i.e., the FOE-level perfor-
mance targets in this case). However, no further adjustment to
the design is made in this study given that the inter-story drift
ratios slightly exceed the targets by less than 0.3% and brace duc-
tility demand still reasonably satisfies the performance targets. The
ductility demands in some FOE-level cases are approximately a
unit, which implies that those braces are fully elastic. Fig. 12 com-
pares the seismic performance of the four designed frames (S1–S4)
in terms of peak inter-story drift ratios and peak ductility
demands. The performance targets at the three seismic hazard
levels are also illustrated in the figure. All four frames are designed
to satisfy the same performance targets despite the different
design base shears used in each frame. In general, all the structures
perform similarly and satisfy design targets, except for slight
exceedances of the prescribed targets at the FOE level. This result
validates the efficacy of the proposed PBSD method, which can
design the SMABFs by considering different hysteretic parameters
to achieve the same seismic performance.

Fig. 13 examines peak floor acceleration demand at the FOE,
DBE, and MCE levels. Floor acceleration demands are satisfactorily
controlled and are less than the performance targets in all four
structures at the three seismic hazard levels. The distribution of
peak floor accelerations is fairly uniform along the building height.
In general, the four design frames exhibit similar seismic perfor-
mances with regard to peak acceleration demands. Structure S2
gives the best control performance at the three seismic levels
because its braces are designed with enhanced a and b values.

Fig. 14 shows the residual inter-story drift ratios of the four
designed frames after FOE, DBE, and MCE earthquakes. The residual
inter-story drift ratios are nearly zero at the FOE and DBE levels,
and remain very small even at the MCE level. The residual inter-
story drift ratio tends to concentrate in the first story because of
the yielding of the fixed column bases. No plastic hinge is formed
in the beam and column sections except for the fixed column
bases. The residual deformation in the upper stories is attributed
to the unrecovered plastic rotation at the column bases. The geo-
metric mean residual inter-story drift ratio is less than 0.03% at
the MCE level, which is considerably less than the peak inter-
story drift ratios. The inelastic deformation is nearly completely
recovered because of the excellent SC capacity of SMABs.

Fig. 15 plots the most critical points in terms of the P–M inter-
actions at the column bases, where the horizontal and vertical axes
represent the normalized bending moment and axial load, respec-
tively. Since the bending moment dominates the deformation,
these critical points occur when the bending moments reach their
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Fig. 15. The most critical P-M interactions at the column bases at three seismic hazard levels.
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Fig. 16. Stress-strain of the outermost fiber at column base section of Structural S1
under ground motion LA28.
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peak values. All points are assembled in the first quadrant for easy
comparison. The four frames (S1-S4) have no plastic hinge under
all ground motions at the FOE level and most ground motions at
the DBE levels. As ground motion intensity increases, plastic hinges
form in several cases at the DBE level and more so at the MCE level.
A similar trend is observed in all four structures. Although the
formed plastic hinges produce inelastic deformation demand,
residual deformation remains minimal because of the SC capability
of SMABs. This can be illustrated by the stress–strain curve of the
outermost fiber at the column base section shown in Fig. 16, which
corresponds to the selected seismic response of Structure S1 under
the ground motion record LA 28.
6. Conclusions

This study investigates the seismic design of SC steel frames
with SMABs. The novel seismic-resisting bracing elements using
superelastic SMAs exhibit favorable SC and energy-dissipation
capabilities. Based on the performance-based plastic design, this
study develops a PBSD approach for SMABFs with the following
particular modifications: (1) the l-R-T relationship of SDOF sys-
tems with FS models is determined through regression analysis
and used in PBSD; (2) two important hysteretic parameters,
namely, the ‘‘post-yield” stiffness ratio and the energy dissipation
factor, are explicitly considered in PBSD to account for the great
variability in these two hysteretic parameters; and (3) a modified
lateral force pattern is used in PBSD to mitigate the noticeable
high-mode effect that was highlighted in previous seismic analyses
of SMABFs. To validate the developed PBSD approach, four exam-
ples of six-story seismic-resisting SMABFs are designed with differ-
ent combinations of ‘‘post-yield” stiffness ratio (a) and hysteresis
width (b). The four frames are initially designed according to the
prescribed performance targets at the DBE level, whereas the seis-
mic performances of the designed frames at three seismic hazard
levels (i.e., FOE, DBE, and MCE) are assessed through nonlinear
time-history analyses after the design process.

The results of the nonlinear time-history analyses successfully
validate the developed PBSD approach for SMABFs. Some notable
observations are as follows:

1. despite their different designs, the four SMABFs associated with
different hysteretic parameters can satisfactorily achieve the
same performance targets prescribed in advance

2. the final designs of the four SMABFs reveal that greater a and/or
b parameters of braces are favorable in terms of cost-
effectiveness;
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3. the modified lateral force pattern adopted in PBSD can success-
fully mitigate the high-mode effect in seismic responses; as a
result, the designed SMABFs exhibit uniform height-wise distri-
bution of peak inter-story drift ratios, even if the frames exhibit
inelastic behavior during severe earthquakes; and

4. the properly designed SMABFs exhibit limited structural dam-
age and permanent deformation even after very strong earth-
quakes, which clearly demonstrates the superior seismic
performance of this emerging type of SC seismic-resisting struc-
tural systems.

SMABs are assumed to be applied in an indoor environment
with relatively stable room temperature. Identifying SMA materi-
als that are suitable for outdoor applications with great tempera-
ture variation and subsequently developing a corresponding
design approach to take into account the temperature impact
needs to be conducted in future studies.
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