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Abstract

Designing steel structures with Concentric Braced Frame (CBF) lateral systems
has been common in recent decades. This type of bracing has a quite unstable
and complicated behavior in relatively intense earthquakes. This study tries to
improve the seismic behavior of steel frames with CBF braces equipped with
Shape Memory Alloy (SMA) and Buckling Restrained Braces (BRBs). In this
manner, a multi-story building with inverted V chevron bracing was consid-
ered. Nonlinear time-history analyses have been performed using OpenSEES
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software. The dynamic responses of frames with SMA and BRB braces were
compared. The results showed that the SMA and BRB braces provide energy
dissipation in the nonlinear zone and can reduce maximum interstory drift.
The comparison of those bracing systems revealed that implementing SMA
in braces also led to a reduction in permanent displacement of the structures
due to the elasticity property of the SMA bracing system. The energy dissipa-
tion of structures with the BRB system was higher than that of structures with
the SMA bracing system.

Keywords: buckling restrained brace, shape memory alloy, nonlinear analy-
sis, time-history analysis, interstory displacement

Introduction

The design methodology of earthquake-resistant buildings has under-
gone many changes in recent years. Although these methods resulted
in improved behavior of structures in past years, typical structural sys-
tems end up with high demand or internal forces in structural elements
resulting from ground motion for high-rise structures. The collapse of
many structures designed by conventional methods, the capability of
employing robust analytical models, and significant improvement in
computer performance are considerable factors in changing the de-
sign philosophy of structures during the preceding decade.! Recently,
it has been shown that designing structures with fully elastic behav-
ior in intense earthquakes is not an economical approach. As a result,
such methods as the passive control of structures against earthquakes
are used in their design; hence, the forces applied to the members of
the structures are decreased to keep them from significant damage.
In this context, structural control methods are categorized into active,
passive and semi-active control (hybrid control). Passive control meth-
ods are generally categorized into two groups: energy dissipater and
base isolation systems. All energy dissipaters that are used today have
problems such as short useful lifetimes, fatigue, installation problems
and the need for replacement after an earthquake and modification of
the geometry of the structure after an earthquake.? Shape Memory Al-
loys (SMAs) are one type of smart material without many of these is-
sues or limitations. They have been recently used for the passive con-
trol of structures as well as Buckling Restrained Braces (BRBs), which
can dissipate energy extensively.> BRBs are used to try to improve the
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seismic behavior of Concentric Braced Frames (CBFs) and also chev-
ron braced frames, both of which exhibited a wide range of damage in
the 1994 Northridge earthquake.*In this system, a bracing member is
placed in a sleeve, which prevents buckling of the member. Therefore,
the behavior of braces in compression is identical to that in tension
(without buckling), which provides better ductility and energy dissi-
pation compared with conventional bracing systems. It is worthwhile
mentioning that passive control systems are often employed to retro-
fit existing structures with respect to new passive control systems.®
For instance, Reference [6] has developed dissipative steel exoskele-
tons for reinforced concrete structures to improve the seismic perfor-
mance of these structures and reduce the seismic demand during an
earthquake. In addition, hysteretically damped braces have shown en-
hanced seismic behavior even in asymmetric structures.”

The seismic behavior of steel structures with BRBs has been the fo-
cus of experimental studies in the past, and it has become the subject
of analytic studies in recent years. Wakabayashi studied a reinforced
concrete panel segregated by a steel layer. The experiment showed that
the segregation process on the surface of the brace was significant in a
panel bracing system. The bracing has resistance only to lateral force;
however, a reinforced concrete panel only prevented the buckling of
bracing.? Fundamental work on determining the response modifica-
tion factor of BRB frames by Reference [9] has demonstrated that the
BRB frames have high response modification factors; therefore, ductile
performance is expected during strong ground shaking. Pushover stud-
ies and nonlinear dynamic analyses were performed to evaluate BRBs
proposed for the seismic rehabilitation of four-story steel frames and
unreinforced masonry walls damaged in the Kobe earthquake. The re-
sults of the test showed that the hysteresis behavior was stable and
symmetric, and the seismic response was good. Three- and six-story
buildings with BRBs under the influence of ground motions at differ-
ent seismicity levels were analyzed in Reference [10]. In this research,
the response modification factor of the BRBs was stated to be within
the range 6-8, and it was suggested to use the BRB system for high-rise
structures (9- to 20-story structures).!? It was shown that an X-bracing
system increased the stiffness of structures by studying concrete struc-
tures with BRBs; additionally, BRB systems not only improved stiffness
but also provided the structure with appropriate ductility as well.!* They
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also showed that, as displacement exceeded the target zone and reached
the safety zone, members had good seismic behavior. Additionally, their
studies on the over-strength of these systems showed that BRBs had a
high over-strength, which resulted in better performance of these sys-
tems in the nonlinear zone.!!

Another structural seismic control system deploys SMAs, known as
smart materials, which have advantages and unique properties com-
pared with conventional energy dissipater systems. These include: they
do not need to be replaced after an earthquake; they have high resis-
tance to corrosion and fatigue; they remain elastic after being exposed
to heat, they dissipate energy to a high degree, and they tolerate strain
up to about 10% without leaving permanent strain. Furthermore, based
on experimental and numerical studies of the application of SMAs on
dampers and isolators, it was shown that using shape memory alloy im-
proved the performance of bridges and buildings under earthquake load-
ing.13SMAs are mounted in steel bracing in the form of wires, and their
physical and geometrical properties include a module of elasticity, sec-
tion area, and lengths of wires are chosen to idealize the expected be-
havior of bracing. Moreover, the steel section of braces is chosen so that
only nonlinear deformation occurs, and energy dissipation only occurs
in the damper zone, in order that the steel zone does not undergo plas-
tic deformation.

In recent years, these alloys have been used to improve the perfor-
mance level of structures in earthquakes. The use of seismic SMA-made
dampers was studied thoroughly by Reference [16]. They examined the
effect of frequency and loading history on the energy absorption of SMA-
made cables. Additionally, they provided a one-dimensional model for
modeling the semi-elastic behavior of such materials.!® Reference [17]
carried out experimental tests on a four-story building with an SMA
bracing system using a shaking table. They concluded that the struc-
tural behavior is significantly improved by setting up the level of the ini-
tial tension of dampers to the natural frequency of the structure. It was
also revealed that SMA-made cables might markedly reduce the defor-
mation and acceleration of the structural response.*®In Japan, a small-
scale test was performed on a model bridge and it was concluded that
SMA had better behavior in the martensite phase than in the austen-
ite (super-elastic) phase.!® Further, there is a series of papers entitled
“MANSIDE” that consists of the most comprehensive studies of the SMA
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bracing system on structures under dynamic loads. Reference [20] in-
vestigated diverse samples of various dimension under different load-
ings and measured their energy absorption and permanent strain under
semi-static and dynamic loads at various frequencies. They concluded
the following: (1) low or high loading frequency affects the behavior of
SMAs; (2) as the number of loading cycles increases, energy dissipa-
tion decreases, and stiffness increases; (3) the damping of SMAs is low
in the austenite phase, which helps the structure return to its original
state; and (4) to obtain stable behavior of SMAs, they must be exposed to
several loading cycles.?? Furthermore, the analyses compare structures
with traditional materials to structures with SMA materials as the ret-
rofitting schemes in bracing systems. The results demonstrated that the
SMAs acted like dampers, dissipated energy and lowered the imposed
demand from seismic loads.?!

One of the research efforts on employing SMAs in structures consisted
of two laboratory studies on steel connections. 22 The authors tested
beam-to-column connections made by SMAs and concluded that these
connections had a stable hysteresis curve.?2 More recent studies of the
use of SMAs in steel connections?*?*showed acceptable interstory drifts
as well as the control of residual deformations using SMA fuse bolts. A
self-centering buckling- restrained brace was modeled (SC-BRB) by Ref.
[25] that could dissipate energy as well self-center. This mechanism has
a configuration that includes tubes compressed by floating anchorage
plates connected to pre-tensioned superelastic NiTi shape memory al-
loy rods. They investigated the cyclic behavior and performance of a
self-centering buckling-restrained brace as an experimental solution
that provided an energy dissipation capability owing to having a typ-
ical BRB component that enabled additional energy dissipation. They
concluded that the overall self-centering BRB behavior was robust and
showed that, by fracture of the BRB core, the brace could still carry the
load to a significant degree.? It was shown that decreasing the perma-
nent deformation of a structure can cause the structure to undergo very
small damage, and utilizing SMA in steel connections helps to reach this
pivotal goal.?® As the use of SMAs is increasing in various structures, new
research has focused on applying SMA-based damping devices in a ca-
ble-stayed bridge and evaluating their function regarding temperature
changes.?” The response of a bridge under earthquake excitation was
markedly reduced.?®
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In the present research, the seismic behavior of two types of bracing
system, BRB and SMA, is studied and compared. Nonlinear static anal-
ysis is employed to investigate the seismic performance and ductility
of the structure regarding the ultimate load and corresponding deflec-
tion capability of the structures. In addition, this study aims to bring
up comprehensive comparative analyses between two proposed brac-
ing systems in terms of the residual permanent displacement and in-
terstory drift for structures with both BRB and SMA through nonlinear
time-history analysis.

Design Methodology
Designing a Prototype Building— Properties and Assumptions

As shown in Fig. 1, the building considered in this research was 15 m in
both length and width. The length of all spans was assumed to be 5 m.
The bracing system was placed in the middle span in both directions.
The stories were 3 m high. The axis-to-axis distance between columns
was also 5 m. Three different structures in terms of height were mod-
eled: 4-, 8- and 14-story structures so as to cover both low-rise and tall
buildings. Braces were located in the middle span from the first story to
the last story in the form of chevrons. For gravitational loading, the Ira-
nian National Building Code-Part 6 was used,?° which is based mostly

/N N
/\ .
/\ 3m
/\ "
A A A
(A) B

Fig. 1 Configuration of model structures: (A) side view; (B) brace location
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on ASCE 7.3°The dead load due to the ceiling and interior partition was
600 kg/m? for the stories and roof. The type of building was taken as res-
idential; therefore, the live load was considered as 200 kg/m?. Lateral
loading was based on the 2800-V3 Iranian Code,3! which mainly follows
the seismic loading section of ASCE 7.3° The structural analysis method-
ology used in this article for lateral and seismic loads was the equiva-
lent static method.

The site location considered for the design was Tehran, Iran, and most
parts of this city have soil of the Type Il soil category. The importance fac-
tor was taken to be one, owing to the type of building (residential). Also,
the response modification factor of the structure was considered to be six,
based on the 2800-V3 Iranian Code.?* The analytical periods of the first
mode were 0.31, 0.51 and 1.02 s for 4-, 8- and 14- story structures, re-
spectively. The steel design of the building used the Load and Resistance
Factor Design (LRFD) approach based on Iranian National Building Code-
Part 10,2 which is based on AISC 201632 and modeled by SAP2000® soft-
ware.3* Tables 1-3 show the outcome of designing the sections for these
structures under gravitational and lateral (seismic) loads.

Table 1 Sections in a four-story building (modeled frame)—unit for column sections,
millimeters

Column in Column in Column in Column in BRB cross
D1 axis D2 axis D3 axis D4 axis section, 4, (cm?)
Box 100x100x8 Box 160x160x16 Box 160x160x16 Box 100x100x8 44

Box 100x100x8 Box 160x160x10 Box 160x160x10 Box 100x100x8 44

Box 100x100x8 Box 100x100x10 Box 100x100x10 Box 100x100x8 35.84

Box 100x100x8 Box 100x100x8 Box 100x100x8 Box 100x100x8 35.84

Table 2 Sections in an eight-story building (modeled frame)—unit for column sec-

tions, millimeters

Story Column in Column in Column in Column in BRB cross
D1 axis D2 axis D3 axis D4 axis section, 4, (cm?)

Ist  Box120x120x10 Box300x300x35 Box300x300x35  Box 120x120x10 112

2nd Box120x120x10 Box300x300x35 Box300x300x35  Box 120x120x10 112

3rd  Box100x100x10 Box240x240x28 Box 240x240x28  Box 100x100x10 112

4th Box 100x100x8  Box 240x240x28  Box 240x240x28 Box 100x100x8 79.36

5th Box 100x100x8  Box 180x180x16  Box 180x180x16 Box 100x100x8 79.36

6th Box 100x100x8  Box 180x180x16  Box 180x180x16 Box 100x100x8 79.36

7th Box 100x100x8  Box 120x120x10  Box 120x120x10 Box 100x100x8 52
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Table 3 Sections in a 14-story building (modeled frame)—unit for column sections,

millimeters
Story Column in Column in Column in Column in BRB cross
D1 axis D2 axis D3 axis D4 axis section, 4, (cm?)
1st Box 120x120x20  Box 500x500x50  Box 500x500x50  Box 120x120x20 128
2nd Box 120x120x20  Box 500x500x50  Box 500x500x50  Box 120x120x20 128
3rd Box 120x120x16  Box 450x450x40 Box 450x450x40 Box 120x120x16 128
4th Box 120x120x16  Box 450x450x40 Box 450x450x40 Box 120x120x16 128
5th Box 120x120x16  Box 400x400x30  Box 400x400x30  Box 120x120x16 112
6th Box 120x120x16  Box 400x400x30  Box 400x400x30  Box 120x120x16 112
7th Box 120x120x16  Box 340x340x25  Box 340x340x25  Box 120x120x16 112
8th Box 100x100x10  Box 340x340x25  Box 340x340x25  Box 100x100x10 96
9th Box 100x100x10  Box 300x300x16  Box300x300x16  Box 100x100x10 96
10th Box 100x100x10 Box300x300x16  Box 300x300x16  Box 100x100x10 96
11th Box 100x100x10 Box 160x160x20  Box 160x160x20  Box 100x100x10 66.56
12th  Box 100x100x10 Box 120x120x20 Box 120x120%20 Box 100x100x10 66.56
13th  Box 100x100x10 Box 120x120x20 Box 120x120%20 Box 100x100x10 44
14th  Box 100x100x10 Box 100x100x10  Box 100x100x10  Box 100x100x10 36

BRB Design and Specifications

These braces have a ductile steel core that reaches the yield limit un-
der both strain and compressive stress. The core is placed inside a hol-
low steel casting to prevent buckling under pressure, and then the cast
is filled with mortar or concrete. To design the BRB members, the in-
ternal axial forces for each brace were determined as the output from
analyzing the structures. The BRB components included parts such as
a yielding core, an unrestrained non-yielding segment and a transition
zone (see Fig. 2). In this study, the BRB design methodology proposed

unrestrained
. e ) transition zone
non-yielding segment yielding core
o oW a -/ ) 6 &6 00
S & & & . & e &60c0

Fo5L,F0SL, 4 L, — 0S5 F05L, T

L I,
A Lag L

Fig. 2 Schematic of a BRB12
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by Reference [12] was used to obtain the cross-sectional areas of these
elements. The equivalent cross-sectional area 4, should be computed,
and is given by the following equation:

AC i
A = '
@ LA LA L,
L,A L, A L, (D
A = VEd,i
ol 2f,cos6 (2)

where L _is the length of the yielding core, 0.5L,is the length of the tran-
sition zone, 0.5L;is the length of the unrestrained non-yielding segment
and L is the length of the whole brace. In addition, Aq ;s the cross-sec-
tional area of the yielding core of the ith story (where i refers to the
number of the story) and can be calculated using Eq. (2), 4;is the unre-
strained non-yielding segment and A, is the transition zone. The last col-
umns in Tables 1-3 indicate the cross-sectional areas for BRB members
in each story. As expected, the cross-sectional area of the BRBs is lower
in higher stories due to less demanding internal forces.

Shape Memory Alloy Design

To compare the seismic performance of SMAs and BRBs, SMA braces were
designed to have the same yield strength, F, and the identical axial stiff-
ness, K, as BRBs. For this reason, the structures with SMA-type bracing
had the same natural frequency as the structures employing the BRB sys-
tem. Both the steel elements and the SMA elements had the same yield
force. To this end, the following stages were proposed by Reference [15]:

F 2400 x ASteeI

AsMa =Y
o4 4140
= 0.58 x ASteel (3)

ESMA 5 ASMA

008 X LSteeI
_ 275790 x 0.58ASe!

- 286 xASteelx LSteeI

= 0.08 x Lsteel (4)

] SMA =
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where A" denotes the equivalent cross-sectional area of SMA bracing,
Al is the equivalent cross-sectional area of BRB bracing, L5%¢is the
length of the BRB, L"4is the length of an SMA brace and 0#is the stress
of phase conversion from austenite to martensite.

Therefore, the length of the SMA part is 0.08 of the brace length, and
the cross section of the SMA part is 0.58 of the equivalent brace cross-
sectional area. Table 4 shows the mechanical properties considered for
SMA material in calculations and numerical simulation.

Table 4 Mechanical properties considered for memory material

Quantity Value (MPa)
Steel elasticity module (E,,,,) 200,000
SMA elasticity module (Ej,,,) 27,579
Stress at start of austenite-to-martensite phase conversion (%5, ) 414
Stress at the end of austenite-to-martensite phase conversion (045,) 550
Stress at start of martensite-to-austenite phase conversion (0%, ) 390
Stress at the end of martensite-to-austenite phase conversion (0%,.) 200
Equivalent strain of length of stress smoothening () 3.5%

Numerical Modeling for Nonlinear Analyses

To carry out the nonlinear analyses, the prototype building was modeled
in OpenSEES.* This software has a full archive of various linear and non-
linear behaviors, including the definition of materials, steel or concrete
elements, and the definition of varied elements for modeling. Besides
the elements that are available in the archive, users can arbitrarily de-
termine some materials and elements for their modeling. In this section,
the types of element and also the material properties utilized in compo-
nent modeling in OpenSEES are explained. In this context, to model the
beams and columns, nonlinear beam-column elements with fiber sec-
tions were used. The inelastic material properties were selected in ac-
cordance with Steel02 as shown in Fig. 3a. The P-A effects were con-
sidered, and 5% was assigned for the damping ratio. All beam-column
connections were pinned joints. For considering the buckling of columns,
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Fig. 3 Behavioral model of materials: (a) beam, column and BRBs (Steel02);14 (b) su-
perelastic bracing (SMA)*

the primary angular rotation was taken as 0.01% of the column length
(equal to 0.3 mm herein).

Meanwhile, the braces in the companion with SMA parts were mod-
eled using the same element type as the beams and columns, and the
material properties were selected similar to those of the beams and
columns as well. Furthermore, the strain-hardening slope was 2%. The
SMA bracing system included both rigid and memory alloy parts. Since
the length of the SMA members in a brace was shorter than the over-
all length of the brace, the rigid part was used. By doing so, the overall
deformation in a brace resulting from the deformation of the memory
members was guaranteed. In this research, the SMA members were as-
sumed to be a combination of several super elastic rods that tolerate a
compression load without undergoing buckling.

For purpose of verifying the materials used, the response of the nu-
merical analysis was compared with the experimental results given in
two articles from the literature. Figure 4 shows a stress-strain com-
parison between the numerical analysis and experimental results from
the literature. Further information can be gleaned by referring to the
literature.3>36

Since the beam-column connections were pinned joints, this has
been considered in the modeling of frames. To this end, separate nodes
were defined at the ends of all beams and columns. Then, the two nodes
with the same coordinates were connected and constrained only at the
transition degrees of freedom using the equalDOF command. Moreover,
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----- Experimental
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Fig. 4 Stress-strain diagram of OpenSEES and experimental results

column bases were pinned joints, and the floors of stories were consid-
ered in a rigid form. The mass of the stories was defined as a lumped
mass at one point. Figure 2b shows the SMA model parameters used in
modeling schematically.

Lumped plasticity was used for modeling plastic deformations in the
system, and the stiffness-based Rayleigh model was used for damping
in the structure, following the recommendations of Reference [37]. In
this model, columns and beams have an elastic element in the middle of
them, and the ends include two nonlinear rotational springs. The behav-
ior of the backbone curve for this moment is based on a modification of
that used by Ibarra and Krawinkler.38

Numerical Results

In this section, the results of nonlinear static and time-history dynamic
analyses are investigated. Analyses are performed for different static and
dynamic analyses in linear and nonlinear states. These analyses provide
an estimation of the lateral capacity of structures or available engineer-
ing demand parameters (e.g. interstory drift) during ground motion re-
cords applied to the structures.
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Nonlinear Static Analysis Study

All structures under constant gravitational and increasing lateral load
with inverse triangular load patterns were subjected to a displacement
slightly more than their target displacement, and nonlinear static analy-
sis was carried out. It was assumed that the fundamental mode of vibra-
tion of the structure was the dominant model in an earthquake; there-
fore, the definition of the inverse triangular loading pattern was based
on this assumption. Figure 5 presents capacity curves obtained from
nonlinear static analyses of 4-, 8- and 14-story structures having BRBF
and SMAF bracing.

From Fig. 5¢, it is observed that, as the number of stories increases,
the primary stiffness of the structure decreases. Furthermore, the pri-
mary and ultimate yield strength of the structure increases. By com-
paring them with SMA and BRB braces, it can be concluded that en-
ergy dissipation, strain hardening, and primary and ultimate strength
of structures with BRB are higher compared with structures using an
SMA bracing system. Additionally, it seems that the energy dissipation

300
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5 20 -~ g 0 / ——— 4 Story- BRBF
2 /[ /e 4 Story- SMABF £ 200 /
2 150 = — - i
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Fig. 5 Diagram of base shear-roof displacement of the highest story: (a) structures
with SMABF bracing; (b) structures with BRBF bracing; (c) structures with SMABF
and BRBF bracing
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capability of a four-story structure with SMA bracing is higher compared
with that of a BRB bracing structure. Thus, due to the relatively high
strain hardening of structures with BRB bracing and the low ductility of
BRB bracing, the energy produced by the earthquake is not dissipated
by the building. Consequently, large forces are applied to the columns,
which make the columns undergo buckling and leads to the collapse of
the structure. However, as the number of stories increases, this problem
is reduced in structures with BRB bracing.

It is worthwhile mentioning that the elasticity property of SMA brac-
ing, the capability of replacement, and their low permanent displace-
ment should not be neglected. In the following, the seismic behavior of
these structures under nonlinear dynamic analysis is evaluated.

Nonlinear Time-history Analysis

Owing to differences in the intensity, duration and frequency content
of various earthquakes, their effects differ in the dynamic response of
structures. Additionally, the frequency content has a more substantial ef-
fect; therefore, if the dominant earthquake frequency matches the natu-
ral frequency of the structure, it will cause the highest damaging effect.
Hence, earthquake or ground motion records must be chosen such that
they cover a wide range of frequencies.

Moreover, according to 2800 Iranian earthquake standards,3! at least
three records must be used. Hence, three earthquakes with different
frequency content and Type II soil (equal to ‘D’ category of ASCE 7-10
code??) were chosen in this research, as shown in Table 5.

Table 5 Ground motion data

Earthquake Year PGA (g) Duration (s)
El Centro 1940 0.348 53.74
Kobe 1995 0.599 48

Tabas 1978 0.934 35
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The scaling approach is based on the 2800 standard as follows.

e All records are scaled to their maximum acceleration. In other
words, their maximum acceleration reached the gravity
acceleration.

e The response spectrum of each record is obtained by considering
5% damping.

e The obtained response spectra are scaled between 0.2 and 1.5 T,
where T is the fundamental period of the structure.

e The achieved scale factor should be multiplied by records that
have been scaled in the first step and then used in dynamic
analysis.

To present the results of nonlinear dynamic analysis, five parame-
ters, i.e. the highest interstory displacement during the analysis, the ax-
ial force curve, the first story displacement, the story-displacement-to-
story-height ratio, and the maximum permanent roof displacement of
the structure, are considered.

Figures 6 and 7 display the time history and relative displacement of
4-, 8- and 14-story frames for nonlinear time-history analysis. The max-
imum roof displacement and the permanent displacements are evident
in these figures. Although beam and column sections are identical for
both the BRB system and SMA system, the behavior of BRB and SMA af-
ter passing the elastic level have significant differences.

As shown in Fig. 8, the maximum displacement is higher in all SMA-
BFs compared with BRBFs. When structural bracing enters the nonlinear
zone, the behavior of the two structures compared to each other dem-
onstrates significant changes. In this manner, the SMAB system has less
permanent displacement owing to its super-elastic behavior in compari-
son with a BRB system. However, SMAB systems have a higher frequency
response and experience a higher maximum relative displacement dur-
ing an earthquake as compared with BRB systems, which is explained by
numerous changes in the stiffness and strength of bracing and multiline
behavior of these materials subject to the seismic cyclic load.

Figures 9-11 illustrate the behavior of the first story for the BRB and
SMA systems. As shown, the BRB system is able to dissipate energy more
than the SMA system, but the SMA system has better behavior and con-
trol over the members in terms of plastic displacements because of its
restoration behavior as well as dissipating energy.
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Fig. 6 Time history of roof displacement: (a) a four-story frame subjected to the Kobe
earthquake; (b) an eight-story frame subjected to the Kobe earthquake; (c) a 14-story

frame subjected to the Kobe earthquake
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Fig. 7 Relative displacement history: (a) the first story of a four-story frame subjected
to the Kobe earthquake; (b) the first story of an eight-story frame subjected to the Kobe
earthquake; (c) the first story of a 14-story frame subjected to the Kobe earthquake
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Centro earthquake: (a) SMA; (b) BRB
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Fig. 10 Axial force-displacement curve of the first story of an eight-story frame in the
Kobe earthquake: (a) SMA; (b) BRB
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The axial force-displacement curve of the first story shows very much
the general behavior of bracing systems. For structures with an SMA
bracing system, the diagram is flag-shaped, and it is observed that de-
formation is higher in the SMA brace compared with the BRB brace. Fur-
thermore, the SMA brace had fewer permanent deformations because
of its elastic behavior. It is evident from diagrams related to BRB brac-
ing that it maintains its primary slope and only experiences permanent
strain after entering the nonlinear zone when the direction of loading
changes. That is, it is high in intense earthquakes and causes the dia-
gram to become fat, which indicates high seismic energy absorption.
Moreover, in structures with more stories, it is evident that SMA braces
enter the nonlinear zone earlier than BRB bracing; therefore, the force
applied to the main structural elements is reduced, and a more ductile
behavior is shown compared with BRBs in SMABFs.

Figure 12 depicts the maximum relative interstory displacement for
SMA structures, which is higher than the corresponding values for BRB
structures in most cases. Further, the reason behind the large differ-
ences between the relative displacement of a couple of models is re-
lated to the transferring of huge amount of force from brace to beam or
column. This means that it is caused by the full conversion of the mar-
tensite phase (the re-stiffening stage: the stage following the smoothing
of loading in a super-elastic diagram) and loss of elasticity by an SMA
brace in this phase. Subsequently, big displacements and large relative
displacements in the story occurred.

Referring to Fig. 13 in relation to permanent displacement of the roof
of the highest story in different structures, the role of an SMA bracing
system in reducing permanent displacement becomes clearer. The main
feature of an SMA bracing system is its unique elasticity property. These
results show the benefit of SMA-based bracing systems over other sys-
tems, even over BRBs. By implementing SMA in bracing systems to re-
duce or approximately exclude permanent displacement, it must be en-
sured that re-stiffening of these materials results in transferring a large
force to other structural members. Transferring large forces from brace
to beam or column, owing to full conversion of the martensite phase, re-
sults in the transfer of yield force to other structural members. In such
cases, one can reduce the stress level of the phase conversion limit by
changing the length and cross-sectional area of the SMAs. As a result, no
permanent displacement occurs in the structure.
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Fig. 12 Story-displacement-to-story-height ratio when subjected to the El Centro earth-
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Conclusions

[t can be concluded from the nonlinear static analysis of frames that,
as the number of stories increases, the initial stiffness of the struc-
ture decreases. In addition, the initial and ultimate yield strength of
the structure increases. The comparison of SMA bracing structures
with BRB bracing revealed the energy dissipation and primary and
ultimate yield strength of structures with BRB higher than those of
SMA bracing structures. Given the maximum values of relative inter-
story displacement, it is observed that SMABF drift values are higher
than those of BRBs. Moreover, owing to the high ductility of these ma-
terials, one must be careful about structural drift, which should not
exceed allowable drift.

The axial force-displacement curve for the first story shows very
much the general behavior of a bracing system. For structures with SMA
bracing systems, the diagram is flag-shaped. The SMA braces also have
much less permanent strain owing to their elastic behavior. Addition-
ally, both systems have more stable hysteresis curves compared with
the hysteresis curves of conventional bracing systems. Diagrams of the
maximum relative displacement of stories with respect to story height
show the structure’s response for different stories of the structure. In
most cases, the maximum relative interstory displacement is higher for
structures with SMA bracing compared with corresponding values for
structures with BRB bracing.

Comparison of the permanent roof displacement for the frames is an-
other important study conducted in this research. From results of the
roof displacement time history of the highest stories of structures with
different stories and bracing systems, the role of SMA braces in the re-
duction of vibration of the structure becomes evident. In most cases, the
comparison between different bracing systems shows that the use of
SMA bracing results in the reduction of permanent displacement in the
structure due to the unique elasticity property of SMA bracing systems.

[t is not recommended to use SMA bracing systems in a location
where the likelihood of high-intensity earthquakes is low because these
materials are expensive. In addition, their behavior in weak earthquakes
is very similar to that of BRBs, and the use of BRBs is preferred in these
conditions. In places where there is a high likelihood of intense earth-
quakes, the use of SMABF has priority over using BRBF because almost
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the whole seismic energy is dissipated in the first mode of vibration. Ow-
ing to the high ductility of structures with an SMA bracing system, the
drift of stories may exceed the permissible drift, which must be consid-
ered in the design of the structure.

Disclosure No potential conflict of interest was reported by the authors.

Data Availability The raw/processed data required to reproduce these findings can-
not be shared at this time as the data also forms part of an ongoing study.
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