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ABSTRACT: Using steel braces is regarded as one of the significant methods for retrofitting and
seismic rehabilitation of reinforced concrete frames. Thanks to its easy implementation, economic
considerations and appropriate seismic retrofitting performance against lateral forces, this system has
received more attention from researchers in comparison with other seismic resistant systems. In this type
of structural system, the connection properties are of high significance which can play a significant role in
the obtained results including ductility, resistance, stiffness, etc. The detailed behavior and performance
of this type of connection have received less attention from researchers; hence, it is regarded as an
under-researched issue that we have addressed in the present study; we made an effort to explore and
investigate this issue comprehensively. ABAQUS finite element software was applied for modeling and
numerical analysis; a total of 8 models were analyzed and investigated which were categorized into 3
different groups with respect to the steel brace connection type of the reinforced concrete frame. These
connections include steel bolts and plates, steel jacket and steel box which were modeled and discussed
under different conditions within each group. Nonlinear analysis of samples indicated that the connection
of steel bracing to the concrete frame by penetrating bolts in concrete and steel plates led to significant
enhancement of stiffness, resistance and ductility. Furthermore, these reinforcements have maximum
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energy dissipation, minimum concrete frame cracking and steel consumption reduction in joints.

1- Introduction

What is important in designing structures in areas with
high seismicity is to provide appropriate ductility and rigidity
of structures. As a case in point, the system of reinforced
concrete frame braced with steel bracing is one system type
which is resistant to lateral loads such as earthquakes. It
has sufficient stiffness to control lateral displacement so as
to prevent any structural and non-structural damage during
moderate but frequent earthquakes. Furthermore, it has
such remarkable ductility that it prevents the collapse of the
structure under severe earthquakes [1]. Research into the
reinforcement of concrete structures has gained momentum
since the early 1980s. In most cases, bracing has been
applied indirectly by means of a steel frame enclosed in a
concrete frame. This system, in addition to imposing high
costs, may cause a dynamic interaction between steel and
concrete frame with a different dynamic response; hence,
how the load is transferred among members and the issue
of stiffness distribution should be investigated meticulously
[2]. Although some research studies have been conducted on
reinforcing concrete buildings by means of steel braces, there
is no comprehensive and reliable data on how to attach steel
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braces to the frame for reinforcing them in severe earthquakes
[3]. The results indicate that, using CBF and EBF braces for
reinforcing concrete frames can enhance the yield capacity
of concrete frames by 3.2 and 2 times, respectively [4].
Retrofitting of low-height RC frames via steel X braces is
considered to be advantageous for the performance of concrete
frame columns with regard to almost every aspect. However,
reinforcement side-effects regarding medium to long frames,
particularly for columns connected to the bracing system,
are of high significance; if necessary, local reinforcement of
the columns should be carried out simultaneously [5]. The
experimental results revealed that concrete frames reinforced
with X braces perform better than other concrete frame types
in terms of strength and stiffness [6]. When an appropriate
design criterion is taken into consideration, concrete frames
reinforced with ductile X braces demonstrate desirable
structural behavior. Also, it has been observed that the balance
of shear strength distribution at height has a significant
impact on reducing floor displacement [7]. When steel braces
are added to an already reinforced concrete frame, the load
paths through which the lateral forces are transmitted change
significantly; as a result, it modifies the demand for frame
and its elements [8].
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Fig. 1. Overview of the studied concrete frame

2- Methodology

8 samples were modeled in ABAQUS software for testing
and investigating the proposed pattern of connecting steel
braces to the concrete frame. The plastic Damage Plasticity
Model (CDP Model), considered to be the most appropriate
model for simulating concrete behavior, was applied for
modeling concrete in ABAQUS software. The intended type
of connecting steel braces to concrete frame include bolts and
steel plates which are applied both externally and in the buried
manner in the form of steel jacket and steel box. Both of the
proposed connection types (either steel plates connecting
braces to the concrete frame or bolts used in the steel plates)
in the models are the results of manual calculations. Before
reporting the numerical results for the analyzed models, it
was necessary to ensure the accuracy and precision of the
applied models. Hence, to check the validity of the results,
the model tested by Hong-Gun Park & Rak Choi [9] in the
laboratory in 2011 was applied via the finite element method.
Then, the obtained results of the two methods were compared
with one another. As shown in Figure 2, it was observed that
there is a meaningful consistency and compatibility between
the results of finite element modeling and laboratory results.

3- Results and Discussion

As shown in Figure 3, we compared the envelope curves
of the samples with each other to investigate reinforcement
systems of the proposed connection types and their impact
on the performance of the concrete frame. The results of
comparisons regarding the envelope curves indicate the
remarkable impact of the proposed method on enhancing the
ductility, strength and stiffness of all samples in comparison
to the reference sample. One critical parameter of models is
energy dissipation. The amount of depreciated energy for
each sample was computed based on the area under their
curves. Figure 4 illustrates the comparison of the results in
a bar chart.
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4- Conclusion

Based on the discussion of the issues given in the previous
sections on the respective models examined in this study, the
following results are obtained:

1. The application of convergent steel X braces in
reinforced concrete frames has enhanced strength, energy
dissipation and also stiffness. Furthermore, the issue of how
steel brace is connected to the concrete frame has a significant
impact on the seismic performance of the brace frame.

2. The findings of the study reveal that Rc-I-B model,
in general, has the highest performance with respect to both
overall structural behavior and parameters such as strength,
stiffness, ductility coefficient, energy dissipation, amount
consumption of steel joints and minimum increase in the
cracking of braced concrete frame in comparison to other
models. The issues raised are the most appropriate way to
connect steel brace to concrete frame among the existing
models.
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Table 1. Specifications of members used in steel bracing
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Table 2. Details of the modeled samples
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Fig. 2. a) Concrete frame reinforcement details, b) loading process and boundary conditions
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Fig.6. a) Reinforcement details of the analytical sample, b) Cracking of experimental RC frame [15]

(b)(&) (a)(n

(DAMGEC) (5,lid (Suwi 55 ,55l5 (& dgusme slia] gy a1 0w Juo oo @B (DAMGET) (53,08 S5 ,quls (1Y IS
dguw slial gy 4 o gl S OB
Fig. 7. a) Tensile cracking contour (DAMGET) of concrete frame modelled by finite element method, b) Com-
pressive crushing contour (DAMGEC) of concrete frame modelled by finite element method
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Fig. 8. Comparison of inelastic response curves and hysteresis of experimental and analytical models
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Table 3. Comparative results of all models
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Fig. 9. a) Tensile cracking contour (DAMGET) of the reference concrete frame (Rcf), b) Compressive crushing contour
(DAMGEC) of the reference concrete frame (Rcf).
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Fig. 10. Comparison of pushover and hysteresis curves of reference concrete frame (Rcf)
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Fig. 11. a) Stress distribution contour for braces and connections of model Re-J-F-P , b) Tensile cracking contour for
Rec-J-F-P frame
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Fig. 12. a) Stress distribution contour for braces and connections of model Rc-J , b) Tensile cracking contour for Rc-J
frame

S, Mi
(Av

(b) (=) () (&

Re- Jso sy 0B (DAMGET) oinisS (53,95 S 5 5908 (& c Re-J-Le )0 Juo c¥Uail g wio,ylee (Wi @997 590l (1Y IS
J-L+0

Fig. 13. a) Stress distribution contour for braces and connections of model Re-J-L0.5 , b) Tensile cracking contour
for Re-J-L0.5 frame
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Fig. 14. Comparison of inelastic response curves of Re-J, Re-J-L0.5 Re-J-F-P models and reference concrete
frame (Rcf)
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Fig.15. a) Stress distribution contour for braces and connections of model Rc-B-F-P, b) Tensile cracking contour for
Rc-B-F-P frame
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Fig. 16. a) Stress distribution contour for braces and connections of model Rc-B-L0.5 , b) Tensile cracking contour
for Rc-B-L0.5 frame
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Fig. 17. Comparison of inelastic response curves of Re-B-L0.5, Re-B-F-P models and reference
concrete frame (Rcf)
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Fig.18. a) Stress distribution contour for braces and connections of model Re-I-B, b) Tensile cracking contour
for Re-1I-B frame
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Fig. 19. a) Stress distribution contour for braces and connections of model Rc-E-B , b) Tensile cracking contour for
Rc-E-B frame
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Fig. 20. Comparison of inelastic response curves of Re-E-B, Re-I-B models and reference
concrete frame (Rcf)

100000

80000 /'f_\

60000 #

40000 /
20000 /

-045 0.1 -0.05 0 0.05 0.1 0.15

—Rc-E-B Pushover Curve

Rc-E-B Hysteresis Curve

I
g
g

-60000
-80000

100000

Displacment(M)

Re-E-B Juo () yime 9 591 (g1 (s doxie dunlio YY) JSUS

Fig. 21. Comparison of pushover and hysteresis curves of Rc-E-B model

YYo¥



YYOA B YYYY dio VF+) Jlo & o)loud F 093 S sl (ylpos swigen 4 s

alio QB & Cd Jdo cpl S50 QB (50)05 S5 jlade ek 531
ol ) g pcwlie 3l RC-J-F-P Juo )b 5l ail o a8
Al oo Dy 1y sl QB @ Cod it

5 besly oS Re-B-L-a g Re-J-L-a sladges o Y
29,5 o2 lode plo & s (55568 Jobo sl dagygie sl WS
bld jlas icamlol g jaS ol 4 0 Slas Doty el o5
IS8y Bl x5 (551 Sl 9 b SD oy aioglie
sl S 393 (29,5 w8 slaie plo & Coni ol

Re- 3 Re-I-B (slo Jao Judoo 5l ol cond 0 golis oy p b-F
L;mecjy 9 Olrae OYlasl )1 oalatwl f&b Po LY ["‘Jbu" 0 E-B
9o B > e Dygo 4 Yeh slacdy &5 b ) (Vg
N3 e 5 551 el s S s sl e
Sloslatwl Sile 4l g8 e Oyao 4y odlatnl Clls 4 Cuns (B e

b & gl @S pbol (lagySaons § mls 4 ag L0
blod jl ay 5 Sles o cwlio lyhs RC-I-B Juo a5 cél s S
oS g el g Bpmn e 55, Szl sy S5
b Jso plo 4y Coud 0ad (gaiujlee i OB [5y55 S5 iolj8l lade
)lee JUail 0526 o picanlio o gykae ol ggeome ) g AbL (o

YYoo

LJae olod ouws &)l il g poa -0 -0
SrogyS hilod | dols mli gangen 5 (upn & e il
Lldis )8 518 duglie plie j0 o Jao oled g Cawl ol did oy 0did (840
=) Gl laylges (IS aulie 5 oy p sl Tl plate
k_i,.im LY Y J9A> D0 U 9 04ud 03)91 (A_QN—YY) nga » LbJ..\.o L?Q"‘)"
Ol «s3 5 Sl BRIl Glise 5l wel (slaulie sl yial b b Jae
B 4 S 0kl a)lee (G B (538 S 38
ol &)l ¢ Jao o 5> edlasl 5y90 Y Lail Byas dYed e g x> ye

Ll

S5 Aot —F

LSS ol 4 dagi g (S lapisy ) 0ud pole cole 4 a2yl
k5 il imgs ol )3 ok @) ela o 4y Sgdoes 1y gulis S
aol S5 JB 5

2 VB rps l)Sen Lyl 5l odlil @l oy b )
by 5 el Mozl ialial wunglio Ltaldl el caoylon B
S8 4 (6358 wlee Jlail 096 (g 53 9 Conl 0 (5 38
Ol 395 5l gai)lee S8 (sloj)) 3 )Shos 0925 ) ljw 4 U
Lol 030>

L Re-B-F-P § Re-J-F-P (cloJuo 3,Skac dumslio b -Y
o Jae ol plyr By Y58 ke L Loy oS 3 pasede ;S5
&5y Sl g Canglie yiol38l 4> (g0 3,8hee RC-B-F-P Juso



YYOA U YYYY doxio AF ) Jlo & ojlads Y 093 pusS yuol ()l o cwdins 4 i

160000

140000
120000 —Rc-J-F-P
= —Re-J
QD 100000
E ——Rc-J-L0.5
Q
< ——Re-B-F-P
[«}]
2 so0m —Rc-B-10.5
o
20000 —Rec-I-B
—Rc-E-B
20000
—Rcf
o
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Displacment(M)
(a)()
45000
40000
— 35000
§
30000
pray
2 25000
Z
2 20000
c
£ 15000
)
Y 10000
5000 .
0
o) Y
Q_‘J \f(lq QS—' \90) f(’q \9% G\g’ g 2
QS-' (;\’ < g & QSJ
& & &
(b)(<)
250

200

150

100

| I I
0

Re-J-F-P Rc-)  Rc-J-L0.5 Rc-B-F-P Rc-B-LO.5 Rec-I-B Re-E-B

Percentageincrease p

o

© @)
dus e (Z b Jio olod (e (4l 300 dmnylio (2 0iwd oyt (611 Joo (olod (£ )] puf ol (s Soxie o (WYY IS5
& o QB L s Casli (s Joo (6 KW o 81 Moy
Fig. 22. a) Comparison of inelastic response curves of all models, b) Comparison of stiffness for all models, c)
Comparison of percentage increase in ductility coefficient of improved models with reference frame

YYos



YYOA B YYYY dio VF+) Jlo & o)loud F 093 S sl (ylpos swigen 4 s

160000
140000
120000
Fran
g 100000
=
2 80000
=
L 60000
&
40000
20000 .
0
oS b
N Y((,Q o \9‘? q;(ﬂ \9?3 qg\fb (‘fvfb
QS’ QS';\ Q‘S; QS}b <
(a)()
12000
10000
8000
c
kel
= 6000
L2 -
n £
% o 4000
> X
[s1]
o 2000
=
s [l
0
%
Mo \5(52 QS;\ ‘\9{0 Q’gﬂ ,Q‘.‘J Qy\fb J"jb
QS’ Q-C Qg QS’Sb x
(b)(<)
160000
140000
120000 — Rcf
g —Rc-J-L0.5
4
= —_— ——Rc-E-B
3 o000 ——
= / —Rc-)
& 7 —Rc-B-L0.5
g 60000 / »
/ —Rc-J-F-P
40000
P —Rc-B-F-P
20000 —Rc-I-B
0
o 001 0.02 0.03 0.04 0.05 0.06 0.07 008 009 0.1
Displacment(M)
©) (@

b 9> gl Soxio o (g 0uwd oy 39 (S Jito solod (65531 a3l in0 Ao (0 ¢ L Juo colod Cuoglile oyl 5u0 dunns o (<I1.VY S
B Jao olod (£ b Fewly
Fig. 23. a) Comparison of the resistance of all models, b) Comparison of energy absorption of all models, ¢) Com-
parison of two-line non-elastic response curves of all models

Yyoy



YYOA B YYYY doxio VF ) Jlo & 0)loud OF 095 ¢S ool (ol pos susio 4y

Earthquake Engineering. Published online, 24 Feb
(2020).

[8] A Rahimi, Mahmoud R. Maheri, The effects of retrofitting
RC frames by X-bracing on the seismicperformance of

columns, Engineering Structures, 173 (2018) 813-830.

[9]Ali Kheyroddin, Reza Sepahrad, Mohammad Saljoughian,
Mohammad Ali Kafi, Experimental evaluation of RC
frames retrofitted by steel jacket, X brace and X brace
having ductile ring as a structural fuse, Journal of
Building Pathology and Rehabilitation, 4:11 (2019).

[10] Kai Qian, M.ASCE, Yun-Hao Weng and Bing Li,
Improving Behavior of Reinforced Concrete Frames
to Resist Progressive Collapse through Steel Bracings,

Journal of Structural Engineering, 145(2) (2019)

04018248.

[11] Eber Alberto Godinez-Dominguez, Arturo Tena-
Colunga, Behavior of ductile steel X-braced RC frames

in seismic zones, Earthq Eng & Eng Vib 18 (2019) 845-
869.

[12] A. Rahimi, Mahmoud R. Mabheri, The effects of
steel X-brace retrofitting of RC frames on the Seismic
performance of frames and their elements, Engineering

Structures Vol: 206 (2019), Page: 110-149.
[13] F. Rezaie, Sh. Jafari Radniya, Behavior of Reinforced

Concrete Frames Braced with a Combination of X and

knee Bracing, Concrete Research Quarterlt Journal,6(1)
(2014) 35-52.

[14] SIMULIA, ABAQUS 2019, Analysis User’s Manual,
(2019).

[15] IR. Choi, HG. Park, Cyclic loading test for reinforced
concrete frame with thin steel infill plate, Journal of

Structural Engineering, 137(6) (2011) 654—664.

&bo
[1] Y. Hodaipor, Evaluation of seismic performance
improvement of reinforced concrete buildings

strengthened with several types of steel brace(in Persian),
M.Sc. Thesis, Islamic Azad University Tabriz Branch
(2017).

[2] A. Chegoi, MA. Rahgozar, Investigating the coefficient
of behavior and seismic behavior of concrete steel
composite frames by comparative pushover analysis
method, Seismology and Earthquake Engineering
Journal(2012),15(3).

[3] H. Pahlavan , A. Naseri, A. Einollahi, Probabilistic
Seismic Vulnerability assessment of RC Frame Structures
Retrofitted with Steel Jacketing(in Persian), Amirkabir J.
Civil Eng., 51(3)(2019)585-598.

[4] A. Kheyroddin, M. Gholhaki, Gh. Pachideh, Seismic
evaluation of reinforced concrete moment frames
retrofitted with steel braces using IDA and Pushover
methods in the nearfault field(in Persian), Amirkabir J.
Civil Eng., 52(5) (2020) 1-16.

[S] M. Shamekhi Amiri, A. Naseri, A. Messgarpour
amiri, Seismic Vulnerability Assessment of Reinforced
Concrete Structures Equipped with Eccentrically Braced
Frames having vertical link(in Persian), Amirkabir J.
Civil Eng., 52(2) (2020) 1-25.

[6] Naveed Ahmad, Mostafa Masoudi, Eccentric steel brace
retrofit for seismic upgrading of deficient reinforced

concrete frames, Bulletin of Earthquake Engineering

volumel8 (2020), pages2807—2841.

[7] Amir Fateh & Farzad Hejazi, Experimental Testing
of Variable Stiffness Bracing System for Reinforced

Concrete Structure under Dynamic Load, Journal of

DOI: 10.22060/ceej.2021.19238.7129

Y. Hodaipour, A. Ferdousi, Analytical Investigation of the Effect of Steel X-Bracing Connection
Type on the Reinforced Concrete Frames, Amirkabir J. Civil Eng., 54(6) (2022) 2237-2258.

a3 gl sl o (] 4 g

YYOA



