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ABSTRACT: Although Buckling-Restrained Braces (BRBs) can dissipate a large amount of the
seismic input energy. However, they need to be repaired or replaced due to large permanent deformation
after a severe earthquake. To overcome this issue, the use of Shape Memory Alloys (SMAs) in the braces
has recently received attention. These alloys are able to return to their original state after loading. The
present study aims to analyze the fragility curves and to investigate the sideway collapse of the BRB
frames equipped with SMA during near-field earthquakes in comparison with those given for the case
without SMA. For the purposes, two 5 and 15-story BRB and BRB-SMA frames subjected to 7-pair of  Keywords:
near-fault earthquake records are studied. Nonlinear Incremental Dynamic Analyses (IDAs) are carried
out using OpenSees software. On average, the simulation results showed that the collapse capacity and
collapse duration of the BRB-SMA frames are about 30% and 35% more than those given for the BRB
frames, respectively. For instance, a collapse probability of 38% for the 5-story BRB-SMA frame and
a collapse probability of 60% for the BRB frame is given for 3g spectral acceleration. Furthermore, at
the performance level of 50% for the 15-story frame, the collapse duration of the BRB-SMA frame is
obtained 25.6 seconds, while it is given about 10 seconds for the BRB frame. In addition, the use of a
memory alloy for spectral accelerations of 1 to 4 g resulted in a reduction of 50% to reach the collapse
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1- Introduction

Today, frames with buckling restrained brace (BRB)
are considered as a lateral load-resistant system. Due to
the lack of buckling in the compression, their hysteresis
curve is stable, but these braces also have disadvantages.
These disadvantages include permanent deformation of the
structure after loading, as well as the cost of replacing these
members after failure and leakage of the steel core of these
braces. To fix these defects, shape memory alloy (SMA) is
used. Its two important properties are the shape memory
effect and their super-elastic properties. Shape memory
alloys are a type of intelligent material that have significant
potential for controlling the responses of structures with
BRB [1-4]. Nowadays, it is important to study the sidesway
collapse of structures and the development of fragility curves
to evaluate the seismic behavior of structures. Researchers
have presented some research in the ficld of steel moment
frame structures [5-7], but limited research has been done on
structures equipped with bracing systems. Considering that
the implementation of steel structures with various bracing
systems is common in our country, the study and compare
the probability of their behavior by considering appropriate
earthquakes can give a new perspective on the behavior of
these systems. Therefore, in this study, considering 5 and
15-story steel structures with BRB system, expect a more
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accurate assessment of the role of using shape memory
alloy in the collapse potential of structures under 7 pairs of
near fault earthquakes. In addition, investigating the role
of shape memory alloys in the collapse capacity of steel
frames, probabilistic evaluation and comparison of frame
behavior with the development of fragility curves at different
performance levels of FEMA P695 [8] has been performed.
Also, by examining the collapse duration of structures in both
cases with and without shape memory alloy, the effectiveness
of shape memory alloys in improving the collapse duration
and seismic system resilience can be studied.

2- Methodology

The step-by-step research method is presented as follows:

1- Design of regular steel frames with BRB with and
without shape memory alloy.

2- Preparing nonlinear models of the studied frames and
selecting 7 pairs of near fault earthquakes based on FEMA
P695 instruction.

3- Performing incremental nonlinear dynamic analyses
of the studied frames under selected earthquakes.

4- Estimation of sidesway collapse capacity and collapse
duration of steel frames with BRB with and without shape
memory alloy.

5- Development of seismic fragility curves at the collapse
performance level.
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Fig. 1. The summarized results of incremental dynamic
analysis of 5 and 15-story frames with BRB in two
modes with and without SMA

3- Results and Discussion

In this study, in order to evaluate the performance of steel
frames with BRBs equipped with shape memory alloys,
nonlinear incremental dynamic analysis (IDA) has been
used under 7 pairs of near fault earthquakes. The outputs
of this analysis include IDA and fragility curves. Fragility
curves can be summarized for 16, 50 and 84% probability
levels in terms of the probability distribution of the normal
log, which is also presented in the PEER report [9]. In this
study, based on code 361 [10], drift values of 0.7, 2.5 and 5%
have been considered as performance levels of immediate
occupancy (I10), life safety (LS) and collapse prevention
(CP). Nonlinear incremental dynamic analysis is applied
to each record with spectral acceleration steps of 0.1 g.
The collapse capacity of each frame is the largest spectral
acceleration that the frame has withstood.

In this study, IDA curves were summarized at three
levels of 16%, 50% and 84%. As shown in Figure 1, the
summarized curves of the IDA analyses correspond to both
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Fig. 2. Comparison of the collapse duration of the stud-
ied frames due to near fault earthquakes

frame modes. It is clear that the sidesway collapse capacity of
the BRB-SMA frame is higher than other frames. According
to this figure, as an example, in a 5-story frame, the level of
84% of the BRB frame corresponds well with the level of
50% of the BRB-SMA frame with the level of 16% of the
BRB-SMA frame.

According to Figure 2, a comparison of the collapse
duration of the considered frames under the effects of
the studied earthquakes is presented. It is known that the
collapse duration is maximum under the second component
of the Irpinia earthquake and minimum during the first
component of the Cape Mendocino earthquake. The
reason for this difference is due to the nature of near fault
earthquakes. It is also observed that the collapse duration
of the BRB-SMA frame is longer than the time required for
the BRB frame collapse for most earthquakes. The BRB
frame provides the minimum time required for sidesway
collapse. As shown in Figure 3, the BRB-SMA frame has
shown a longer collapse duration than other frames. In a
15-story frame, for example, at the level of 16% of the input
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Fig. 3. The collapse capacity of the studied frames
under 7 pairs of earthquakes

records, the collapse duration of the BRB-SMA frame is 17
seconds and that of the BRB frame is 5 seconds. Also, at
the level of 50% of the input records, the collapse duration
of the BRB-SMA frame is 25.6 seconds and the BRB frame
is 10 seconds, and at the level of 84% of the input records,
the collapse duration of the BRB-SMA and BRB frame are
32 and 18 seconds, respectively.

4- Conclusions

In this study, the role of shape memory alloy was
investigated in increasing the duration of collapse and
sidesway collapse capacity of BRB frames under near fault
earthquakes. The following results can be mentioned below:

1. Based on the results of incremental dynamic analysis, a
frame with BRB-SMA showed the highest collapse capacity
and a frame with BRB indicated the lowest collapse capacity.
Also, the rate of spectral acceleration has enhanced by
increasing the height of the specimens with shape memory
alloy.

2. Based on fragility curves, performance levels of
immediate occupancy (10), life safety (LS) and collapse
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prevention (CP) of frames were compared. The results
showed that the use of shape memory alloy in the BRB has
significantly increased the collapse capacity of mid-rise and
high-rise structures. For example, at the 84% probability
level, the collapse capacity of a 15-story frame with the BRB-
SMA increased in comparison with 16% probability level of
BRB frame.

3. The sidesway collapse duration in BRB frames with
shape memory alloy has increased compared to the state
without it. Also, the results related to the collapse duration
showed that at high spectral accelerations, the sidesway
collapse duration of the frames decreased
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Fig. 1. The similar plan of 5 and 15-story structures 3 dimensionally in this research
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Fig.3. The schematic elevation of buckling restrained brace equipped with shape memory alloy

A & Ol s alyb ablis ) Jsis

Table 1. Designed sections of S5-story frame

BRB-SMA ‘sl)b ULQ BRB ,_sbb uLs ) Cy g
ghio gl sl g ghloghe s sbaies i o ylod
BRB a4 SMA BRB 4w s Gs by grailes &)L gbailes
9 s
(mm?) (mm?) (mm?) ’
Yoty ran AAARYAS IPE 270  IPE 550 BOX 25%25%*2 BOX 30*30%*3 Yo)aid
YaAN EYI0 VOYA/Y IPE 270  IPE 550 20§200§1 5 BOX 20%20*%1.5 fgY aib
) BOX o .
\OFIY YAVIA VeYYIY IPE 270  IPE 360 20%20*1.5 BOX 20*20*1.5 O aib
b 10 Gl oud olb ablie .Y Joua
Table 2. Designed sections of 15-story frame
BRB-SMA (¢l,ls o BRB l,ls i o g
ghioghe  ahioghe  Ehbghe Ly cbabes a0 yles
BRB wiwa SMA BRB ai.a . s buwg sladilas LS slaaileo
9 &)
(mm?) (mm?) (mm?)
BOX
AAVIY YEARIY FOAD/D *5()% aib
/ i IPE 360  IPE 600 30%30%2.5 BOX 50*50%1 Y 9V g ad,
AJAIF ARRINAL FAYS/E IPE360 IPE600 BOX 30*30*2 BOX 40%40%3 % 40 9¥f aib
AOY/Y YEVEIY YEEYA IPE 330  IPE 500 BOX 23*23%*2 BOX 25*25%*2 AoV aidb
BOX BOX .
FAF/0 YAYEY YAYY/A
: ’ : IPE330IPE430 yy49%1 5 25%25%1.5 d b
BOX BOX .
AT VATFO/F YYFYIY Ve ainb
IPE300 IPE400 5 1ao141 5 25%25%1.5 '
BOX BOX .
YA/ \YAF/A yvar/ aib
IPE270IPE360 5 1ao1x1 5 23%23%1.5 s
BOX BOX .
Yayn aAl/A \YOR/Y aib
/ / IPE 250  IPE 330 20%20%1.5 22%92%] 5 AARCRLSEEY
BOX .
VYOI FYFIF ASEA #) D 10 91F ainb
IPE 230  IPE 300 20%20%1.5 BOX 22%*22%*] 91F ad,

V¥Y



[YO] Gudos ol 53 5k 3590 S35 Jgua

Table 3. The studied earthquakes in this research [25]
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Fig. 4. Details of buckling restrained brace equipped with shape memory alloy 1) buckling restrained
brace 2) SMA rods 3) sheaths [32]
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Fig.5. Experimental specifications of steel moment frame of Sabouri and Sajadi [35]
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Fig. 7. The hysteresis curve comparison of numerical and experimental models

4 S Gyg oMb o)l el bt bl ged > a2y JB 5SS 5 4B S g0 [Y] ATCAE Gillas s 2 ()30

) il e s 91 SosS e &l oo W B, (IS o jp5 e 3 i 3ilae Aiged 103 e oLy (IS0 o
019 U 0l e pl5 e alesl 0loj )3 diged (Sud xSl 9 088 50 0 S 93 by b el B)S E (235 5 28 (gloyd
A5 e i il g yiaihe dw ply @i g Conn ISV S 50l oad cud e i g )L dlie 5 008 0y digel S)b
o ¥V ilp (Sl (s plmle polie & S Billae b aB)S 3l oad ooy il gld 2 ()1l CoS Kged gy (S

ol 0as )} (IS ol S 6l Ly 5 A8 03l al38l oy 4 )b IS gl 0)9> S

Vs



PBuislosl g (63us (5 Aiged (5] 4y (5,155 ,L Coxi addlhn 5,90 (5 ol )b slad wuoyd iF Joua

Table 4. Error percentage of studied parameters under cyclic loading of numerical and laboratory samples
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Table 5. The mechanical properties of SMA based on the presented behavioral curve

(B) s s 55 Gilwllé s (K2) ol sow (K1) adgl oew sl g5
o (N/m?) (N/m?) (N/m?)
Sloaksls LT
N YEANADSY - YeAFVYAAY ZYfyivaye. ..

Jsb (sl 15 o (elbalyo sl 005 03l lomis 5530 (5o J o
o e Seto¥] Slell &y &y 35 S5 Joalails 5UT claalis
A JS 5 55 0a o3y S 4 IS5 Joalsils ST (el ¥ (yizpa
G5 oyl )3 odlaul 3yg0 (IS5 laalable SUIT 1) ol o o3l LS
il oo Slowy (35S g 3 )k 9 SHSL 31,30 Jgie illas
e sl S5y )97 S8 s Sbyldges Sligyen
1 s s OpenSees,lble 55 oni (iload Jdo g alKiisloj]
2 Aylee cpl GilwJdo b 2gd o odalive a5 jobo lon .l 0 &)
ol o &y (6 Jte o i) 3 g B s 55 ke e

Cwl

S5 jhalasls ST 4 jaome LS dlee (xw Cons -V ¥
OpenS- Jljdle 3 1> (gilotund g silore (hwcons jdato
W oo b ObslS” a)lee Jold aliulofl Jso ) ces
S 55 IS jlaabasls SLIT 4y jeome GBS (g )le it [NV ]
SWI gabo 5 SbLS atle (s3lode (sl sl 00l Caogs A
Ol ol o odlawl Jas e et i slagladl I IS laladls
b il e 00pS (glipmiodly sty 32 9 2bml> Sjgo 4 bl
sl O el 53,3 GAP (slaglol 1 i 3,90 33 le S

Y¥A



VOA B VYV dio ¥+ Jlo o o)l @F 0593 S yual lyos cwdiges & il

A S AR S R S - 1000 - 5-
2
=~ 800
@
<
=
—

7
7,

Experimental Model

: — — — Numerical Model
1 ! 1 )
=-1000U

P lojT g (6308 (& g (wud  piad (SO%0 dung o A S

Fig. 9. The hysteresis curve comparison of numerical and experimental models
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Fig. 10. Results of incremental dynamic analysis of 5-story frames with BRB in two modes with

and without SMA
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