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ABSTRACT: This study evaluates the seismic performance of irregular reinforced concrete (RC)
structures equipped with buckling-restrained braces (BRBs) under successive earthquakes involved
foreshock-main shock and main shock-aftershock. Seismic sequence phenomenon refers to the
occurrence of multiple shocks in a short time interval, whose cumulative effects can significantly change
the structural response compared to a single shock. In this regards, three RC frames with 3, 6, and 9
stories were designed based on the Iranian Code 2800. Nonlinear dynamic analyses were performed in
OpenSees after verification of the studied frames based on reference model. Comparison of the response
of frames under single and successive shocks indicate that BRBs improve lateral force distribution,
increased ductility in the upper stories (up to 32%), and reduced beam and column cross-section
dimensions. Also, residual displacements and inelastic strains have been increased about 47% in frames
with fewer BRBs. Moreover, increased damage has been observed up to two times. Generally, the results
indicate that buckling braces are a reliable option for improving the seismic performance of irregular
reinforced concrete structures under successive earthquakes due to providing high energy absorption

Review History:

Received: Dec. 31, 2024
Revised: Dec. 19, 2025
Accepted: Jan. 17,2026
Available Online: Jan. 30, 2026

Keywords:

Buckling Restrained Brace
Reinforced Concrete Structures
Seismic Sequence Phenomenon
Irregularity

Nonlinear Dynamic Analysis

capacity and stable hysteresis behavior.

1- Introduction

Successive earthquakes with short time intervals can
significantly affect the seismic performance of structures. In
these scenarios include foreshock-mainshock or mainshock-
aftershock, first shocks usually have medium to high
intensity and next shocks occur with approximately similar
intensity. This succession can increase material fatigue,
decrease effective strength and disrupt the safe eviction.
Furthermore, structural irregularity (in plan or height)
can lead to diminish the seismic performance of buildings
because of torsion and stress concentration in earthquake.
Recently, buckling restrained braces (BRBs) have been
known as one of the most efficient methodology in energy
dissipation systems in new and existing structures. These
braces can absorb considerable energy and improve the
seismic response of irregular structures through symmetric
behavior in pressure and tension [1-4]. This paper tries to
evaluate the seismic performance of buckling-restrained
braces in irregular reinforced concrete buildings under
successive earthquakes. In this regards, key parameters
such as ductility, residual drift and damage index have been
investigated for regular/irregular RC frames under single
and consecutive shocks.
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2- Research Methodology

Despite the high potential of successive shocks in
increasing the structural/monstructural damages, single
earthquake has been considered as “Design earthquake”
by seismic design cods. This theory becomes more critical
when buildings have irregularity in plan or height. Therefore,
three irregular RC buildings with BRB and 3, 6 and 9 story
have been designed based on Standard 2800 with medium
importance, official and commercial landuse in very high
seismicity zone. Figure (1) shows plan and the schematic view
of 6-story model. Section properties of the studied models are
reported in Table (1). Period of models are 0.336, 0.56 and
0.843 (s). In the following, one frame has been implemented
in Opensees. For this purpose, Force-Based Beam-Column
element have been used for modeling of beams and columns.
Also, BRBs are modeled using Truss Element. Nonlinear
behavior of concrete has been considered by Concrete0]
material (with zero tension strength). Moreover, Steel02
based on Menegotto-Pinto and Isotropic Strain Hardening
formulations has been used for yielding behavior of steel in
braces and bars. It should be noted that modeling procedure
of the studied frames in Opensees is verified based on [5-
6] with comparing period and pushover curve (Figure 2). In
order to examine the seismic response of the studied models,

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

1619


https://dx.doi.org/10.22060/ceej.2026.23788.8216
https://orcid.org/0000-0003-1384-1792

M. Fardkakaei and E. Rajabi, Amirkabir J. Civil. Eng., 57(9) (2025) 1619-1642, DOI: 10.22060/ceej.2026.23788.8216

A B C D
6 (m) ; 6 (m) 6 (m) 6 (m)
1
e
-
2 L L L - -
g
-+
3 .
E
-+
4 |= 5k
— Story 6
Story §
Story 4
6@3m
= Story 3
Story 2
Story 1
a2
- B & & & P
) 4@6.0m )

Fig. 1. Plan and the schematic view of 6-story model.

critical successive shocks are selected based on [7].

3- Results and Discussion

After gravity loads, nonlinear dynamic analysis has been
performed for all RC frames. Then, key parameters such as
ductility, residual drifts, drift ratio and damage index have been
evaluated caused by single and successive shocks. Seismic
sequence phenomenon increases drift ratio for all frames based
on Figure (3) so that average of the increased response is 34,
25 and 24% for 3, 6 and 9 story models. Moreover, successive
shocks lead to more residual drifts than single scenarios
according to Figure (4). Maximum increased residual drifts
because of successive shocks are 30, 22 and 28%.

For ductility, effect of the successive shocks is ascendant
for all frames and average of the increased responses is 24,
20 and 51%. Park-Ang damage index [8] is also calculated
for the studied models and reported in Figure (5). Maximum
increase is observed for 6-story frame approximately more
than double value.

4- Conclusions

This paper reveals that single shocks cannot be suitable
representative of successive scenarios especially for irregular
structures. However, decreasing the damage index in taller
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Table 1. Section properties of the studied models.

Story

Model No Column Beam BRB
3 B35x45-2T16- PL12x100
3-story 12 C35x35-8T18 3T16 TTPL20x100
6 PL10x100
5 C40x40-12T16 B3SO0 La0x75
6-story 4 PL20x150
3 B40x50-3T18- PL20x150
12 C30x50-16T18 4T16 PL20x100
9 PL10x100
8 BAOSOSTIO praoxizs
9 7 C60x60-16T18 PL20x175
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Fig. 2. Pushover curve of the reference and studied

model.

18 14 16

16 135 14
S %
2 = 12
k)
Z 12
e 125 1
P
£
H
4 12
b3 & 08
P
2 115
3 06 0.6
=
£ 11
S 04 > 0.4

05
92 I ! 0z
0 1
1 2345678 9Men 123 45 6 Men 0 9 - S e
. N . Mean
Story No. Story No. Story No. *

Fig. 3. Ratio of drift (successive/single) for 3-story
(Right), 6-story (Middle) and 9-story (Left).

models is demonstrative of improvement of distribution of
lateral forces and more effective participation of braces in
energy absorption. Hence, it can be said that optimum design
of BRBs has notable effects on residual drifts, increased
ductility, and damage concentration prevention in special
stories in irregular structures. Therefore, BRBs are proposed
to control the instability and improve the progressive damages
pattern.
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Fig. 1. Plan and schematic view of the studied models.

0Py Cod b alb 0 ojls dgrge YL Glee Jlicanl oad (iluae ool loj g 4l VA L il g Jae gl ploj i Sinle:

ol 0130 gl ey S duslie Ca @3 pe e lgisds +fF Y 5 S ol olojdMis] g agl +/VAY ply onds (gilwodly Jse

‘_;59/::])1.) L ‘_;1>].) dhulﬁ 2 g)b )g)lg (oania Lg)af)l)ﬁ LRV u9l.°) Jw)l;un
28l sl sap g (ool (B slayl 5l (855 wrew )3 05l
oo e (5 OB @ pe Jio ,Sibled dwgy (St lages (§) JS 015 (silwodly @ pe Juo ygl sde (oxie duglio VY Y

J-\" 5> J-V’ )9‘0"9" - AMLM ..\wl;uo ubuwlof .\»)Le(o & Sliss L: uLo.oL» duw c[\/\] YY) JL» 2 u‘)ls“*‘“ 9 Bai adlas P

ol 023555 (V) US55 Jod b 3llas b oad (gjlwosly <l dib iy o b (0) JSb @llae VY V0 Clib

1ve



VEEY VSV doxio VF ¥ Jlo & 0yl DY 095 ¢pusS ol () pos i 4yl

Gl yd odliwl 3 90 dlao s S59.) Joua

Table 1. Material properties in modeling.

a1y Sl SR llas
YYo- EVSUWLI | I PR
Yo ©olad Cuaglie
AR EVOUWov | I PRV B
Si40 03, )9Sl.o)|
Y¥- ok s
.- sl
MPa Yeooos Andw N Jj"\'“ S400 03, )53LA)T
€. Lus s
P Sl s
YYo s i
Sass «35!95
OYVe-YE. el i
AARERE EVSUWIV | I PR
e 3y90 s e 5y ghatle Slasuin ¥ Jgas
Table 2. Section properties of the studied models.
o Al olods O ghaie 75 gt b GleS ain)lee alaite
pow Al BRB-plate12x100
aib 4 C35x35-8T18 B35x45-2T16-3T16
pgo U gl anl BRB-plate20x100
s diudo BRB-plate10x100
oy Al C40x40-12T16 B35x50-3T16-3T18 BRB-plate20x75
did ol oolez aib BRB-plate20x150
pom ainb BRB-plate20x150
C50x50-16T18 B40x50-3T18-4T16
peo b Jol ails BRB-plate20x100
o anb BRB-plate10x100
i ai b B40x50-3T16-4T14 BRB-plate20x125
pbn adl C60x60-16T18 BRB-plate20x175
aal &
e Al BRB-plate20x175
oy U pler 4l B40x45-3T16-3T16 BRB-plate20x200
poe B Jgl il C40x40-12T18 BRB-plate20x175

yivo



Period (s)

VEFY 5 VSN oo VFF Jlo @ oyl @V (S puel e piee 4 S

- XN \
¥ 1
] 1] 1
1 b 1
' ' 14
1 B '
. N '
\ L ’

=]
v
o
=
"
-
Lanl
b
bl
=4
=
-y

'l: 3=<6.0=180m 3
S5-Storv

93

JIV]Y+YY Jlo 5 Bai g Chen asdlhe , o3liw!s g0 Juo .Y JS5

Fig. 2. The used model in Chen and Bai’s study [17].

N
T

_.
b
T

08F o - jA—

0.6

5
3

04 ,__.....J; ______________________________________________________________

0.3 04 0.5
DIV g0 Jso 295 (o ¥ S

Fig. 3. Period of the reference model [17]

i



VEEY VSV doxio VF ¥ Jlo & 0yl DY 095 ¢pusS ol () pos i 4yl

hquake Engineering Simulation

eering Research Center
Bit

of the University of California

Reserved

won . berkeley. edu/OpenSees/copyright htal)

1= B.7934183587164963

axdllao oyl 43 o3l 3590 (wig, 3l 03lw! L Opensees ;5 gjlwodly 2o w0 Juao gl o .F IS

Fig. 4. Period of the implemented reference model in Opensees .

gt 9250 sloj)) jl ik

b (Sl ey Cond —) ¥
390 S Jde S Glib (il (e, cuns (A) JSS
I > cawl oads ol Gisles Jlgie g 0000 sladlil; o dlllas
SOl (gl eld)) a4 cons dib (b ey op b daow,
Oizmen b sdalie YA« L Livermore dJj); cos dil A 55
ol el 3yt 4y lste b )3 ol uSile lie il e
35 & Ll ) Cusl 039 2oy /Y 9 W VA Gy 4 dilo 4 5 5 ¥
Jls Livermore dj; cos olib o sl oK puss diuiu 4ib &
Ld b )l 590 gults dibe jlade iol 38l e peiomed Wb sdnli YAA-
SN Cyp adab 8 & loB gl o 4 Jlgie s 0500
plod )3 (o S0 0 iy (1Sleo (1) U )3 cCanwl 0399 Juoyd + /0
20,5 oo odalidio ol 0adb 00 isled gults (1SSho ol jed 4 B Clib
b Cedd .JJ]oay »3e ojlw L, » b uo‘.oi’ 2 u.”y;o L;L(MJ)'J)'
Gilo aib A 55 X Lol (gl (sloj)) I onay (85 s o L IS
YO XY Olab o (S0 1085 Connd (o]0 .S0lke a5 4 V) S

Cwl odg Aoy YY¥ 9

iy

Sy gt 30 (5105 Slage i Y

P30 s ype SOB (s d (Salind Jiloo adlllas (p) 5>
ety (Som ladll Sl jshaie cpl 4 cusd oad Pl ] 158
ool o5 0lital [VA] VoY+ Jlo 33 cspmol 5y 5 oy Loy o
Syl gy & (EPA) 350 Ol aniin jelly ol 2 boys8)
25l PEER ol | cionl o5 oty [Y+] Y+ Jlo o U
ooboly gl slaej)) (el caalsl > xlond (B35 (V) Jos 52
o3l il B9y b gillas o (slaoj )l g (p ooz Lialieg) YA+ 5l
Cawl o ploal [VV] YA Jls o o) 4

S5 ok oSKpalin Julos 31 ool gl —F
sbsilee loj) 3 Slee b5l Hshaie 4 gyt adlae
in sl oo pmn 53 pliial doli slaglezila 3 bles
el 045 plol ()3 3590 S Je &S (gl (ad oo (Sealnd Sl
33 sl slageslin b sglss ) e Un Jde o ol 55 41 Y
25 2o 4 ol adl > 8,5 )13 I8 (IS o o e
Capd b (o5l (0 23 G 10lod gl ;000 L 5 Pl

oyt sladals 5 Cylud adli (b SE Wl obals



VEFY 5 VSN oo VFF Jlo @ oyl @V (S puel e piee 4 S

: 3@6.0m
o
-
£
-ri :
o
% |
=
g é
<
bl
| :_Ga . ;
©) @ ©) @
(a) Plane layout for all structures (b) 5-Story
DAY T J o o], Kon g Bai axlae 45 oLl 3,90 Joo .0 JSG
Fig. 5. The used model in Bai et al [18].
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Fig. 6. Pushover curve of the studied model by Bai et al [18].
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Table 3. Seismic scenarios based on [19].
a3y el ol PGA (g) EPA(g) &5y PVINPINE oylets
0.2382 0.2451 1986
)
CDMG 54428 Zack Brothers Ranch 0.4246 0.4854 1986 Chalfant Valley3
0.1539 0.0993 1983
. . y
CDMG 46617 Coalinga-14th & Elm (Old CHP) 05813 03513 1983 Coalinga
USC 37 USC McGee Creek Inn 0.2178 0.1722 1980 Mammoth4 Y

0.3689 0.2726 1980

0.328 0.2726 1980
CDMG 54214 Long Valley Dam (Upr L Abut) 0.62 92 0 4; 27 lg 20 Mammoth5

CDMG 54214 Long Valley Dam (Upr L Abut) ggz;g gg;; 1328 Mammoth6

0.1105 0.088 1986

CDMG 54171 Bishop - LADWP South St 02058 02197 1986

Chalfant Valley9

0.086 0.1066 1980 .
CDMG 57187 San Ramon - Eastman Kodak 02119 0.1917 1980 Livermore

0.2818 0.2387 1980
CDMG 54301 Mammoth Lakes H. S. 0.4143 0.4091 1980 Mammoth1

. 0.1669 0.1563 1980
CDMG 54099 Convict Creek 0.4156 02618 1980 Mammoth7

. 0.1669 0.1563 1980
CDMG 54099 Convict Creek 03169 0.1563 1980 Mammoth9

. 0.2172 0.2041 1980
CDMG 54099 Convict Creek 0.4156 02618 1980 Mammoth10

. 0.2172 0.2041 1980
CDMG 54099 Convict Creek 0.3169 02207 1980 Mammoth12

. 0.1234 0.0912 1980
CDMG 54099 Convict Creek 03169 02207 1980 Mammoth15

CDMG 54214 Long Valley Dam (Upr L Abut) g;;g; g;g;g iggg Mammoth17

0.3403 0.2635 1980
CDMG 54214 Long Valley Dam (Upr L Abut) 0.6293 0.4287 1980 Mammoth20

CDMG 54214 Long Valley Dam (Upr L Abut) 0.1369 0.0884 1980 Mammoth22
0.3289 0.2726 1980
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Fig. 8. Drift ratio for the studied models (a) 3-story, (b) 6-story and (c) 9-story.
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Fig. 10. Ratio of drift under successive shocks to single shock for the studied models (a) 3-story,
(b) 6-story and (c) 9-story.
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Fig. 11. Residual drift ratio for the studied models (a) 3-story, (b) 6-story and (c¢) 9-story.
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Fig. 12. Residual drift of roof for the studied models (a) 3-story, (b) 6-story and (c) 9-story.
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Fig. 13. Ductility for the studied models (a) 3-story, (b) 6-story and (c) 9-story.
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Table 4. Damage index for 3-story frame.

G g HESE sleddeche p1Pols sl i e
(%) (&2ye ) Jsl s p3o o5 9 Jsles)
1 3.51 0.0035 0.2593 0.2593 1.80E+00
\ 2 3.51 0.0035 1.03E-01 0.1854 1.80E+00
3 3.51 0.0035 7.22E-02 1.66E-01 2.31E+00
4 3.51 0.0035 1.62E-01 3.12E-01 1.93E+00
Y 1 3.51 0.004 4.79E-01 5.77E-01 1.20E+00
2 3.51 0.004 6.16E-01 6.06E-01 9.83E-01
v 1 3.51 0.0035 6.54E-01 7.03E-01 1.08E+00
2 3.51 0.0035 7.61E-01 7.28E-01 9.56E-01
Abb £ Ol gl Olb > O s adll polie O Jous
Table 5. Damage index for 6-story frame.
slass ; A5 V7 Ol asls aile
sl (Ao lae Jsb s el >te 8y Jlgte
o) (e o) los Jsl o3, p3o 05 5 Jol o))

1 3.51 0.0035 3.56E-01 3.30E-01 9.27E-01
\ 2 3.51 0.0035 2.42E-01 2.62E-01 1.09E+00
3 3.51 0.0035 2.53E-01 2.57E-01 1.02E+00
4 3.51 0.0035 3.26E-01 3.65E-01 1.12E+00
1 3.51 0.0035 4.13E-01 4.03E-01 9.77E-01
Y 2 3.51 0.0035 3.00E-01 3.48E-01 1.16E+00
3 3.51 0.0035 3.74E-01 3.82E-01 1.02E+00
4 3.51 0.0035 3.71E-01 3.93E-01 1.06E+00
1 3.51 0.0035 4.82E-02 5.85E-02 1.21E+00
v 2 3.51 0.0035 4.74E-02 5.52E-02 1.16E+00
3 3.51 0.0035 6.18E-02 8.63E-02 1.40E+00
4 3.51 0.0035 6.76E-02 1.01E-01 1.49E+00
- 1 3.51 0.004 1.43E-01 3.05E-01 2.13E+00
2 3.51 0.004 1.38E-01 2.38E-01 1.73E+00
5 1 3.51 0.0035 8.74E-01 9.07E-01 1.04E+00
2 3.51 0.0035 1.04E+00 1.02E+00 9.87E-01
¢ 1 3.51 0.0035 6.20E-01 8.33E-01 1.34E+00
2 3.51 0.0035 5.67E-01 8.24E-01 1.45E+00
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Table 6. Damage index for 9-story frame.

Gb lanlge s Jsk 2yl phaie s ;17 Ojles a3l aile i ¢ i o
(e)aslge (&30 750) Jsl o3, p9> o5 5 Jsl o5
1 3.51 0.0035 1.56E-01 2.74E-01 1.75E+00
\ 2 3.51 0.0035 5.15E-02 2.29E-01 4.45E+00
3 3.51 0.0035 7.74E-02 1.54E-01 1.99E+00
4 3.51 0.0035 6.28E-02 3.94E-01 6.27E+00
1 3.51 0.0035 1.97E-01 2.74E-01 1.39E+00
v 2 3.51 0.0035 6.01E-02 2.57E-01 4 28E+00
3 3.51 0.0035 1.32E-01 2.40E-01 1.82E+00
4 3.51 0.0035 5.60E-02 2.02E-01 3.61E+00
1 3.51 0.0035 8.96E-02 1.22E-01 1.36E+00
v 2 3.51 0.0035 5.23E-02 1.32E-01 2.52E+00
3 3.51 0.0035 9.96E-02 2.00E-01 2.01E+00
4 3.51 0.0035 4.81E-02 9.36E-02 1.95E+00
1 3.51 0.004 3.50E-02 5.12E-02 1.47E+00
- 2 3.51 0.004 3.72E-02 5.98E-02 1.61E+00
3 3.51 0.004 4.76E-02 1.37E-01 2.88E+00
4 3.51 0.004 3.91E-02 8.49E-02 2.17E+00
A 1 3.51 0.004 3.43E-02 4.60E-02 1.34E+00
2 3.51 0.004 3.72E-02 4.85E-02 1.30E+00
¢ 1 3.51 0.0035 4.08E-02 9.62E-02 2.36E+00
2 3.51 0.0035 3.77E-02 1.17E-01 3.10E+00
v 1 3.51 0.0035 4.22E-02 7.42E-02 1.76 E+00
2 3.51 0.0035 4.13E-02 5.72E-02 1.38E+00
A 1 3.51 0.0025 7.88E-02 1.17E-01 1.49E+00
2 3.51 0.0025 9.46E-02 1.75E-01 1.85E+00
q 1 3.51 0.001 3.02E-01 3.60E-01 1.19E+00
2 3.51 0.001 3.21E-01 4.73E-01 1.47E+00
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Fig. 14. Distribution of the average of damage index for the studied models (a) 3-story, (b)
6-story and (c) 9-story.
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Fig. 15. Damage index for the studied models (a) 3-story, (b) 6-story and (c) 9-story.

I



2.5

ary

et
&)

Wb Yo

b s

0 I I I

SR IE

3 p Oy50 L8

Dydin & Jaio gojyd 5l LU Oyl (ad W Cund NP S

Fig. 16. Ratio of damage index caused by successive shocks to single shock.
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Fig. 17. BRBs ID in the studied models (a) 3-story, (b) 6-story and (c) 9-story.
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Fig. 18. Hysteresis loops for BRB with ID=S5 in 3-storyframe under MammothS5 earthquake (1980).
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Fig. 19. Hysteresis loops for BRB with ID=5 in 6-storyframe under Mammoth17 earthquake (1980).
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Fig. 20. Hysteresis loops for BRB with ID=1 in 9-storyframe under Livermore earthquake (1980).
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