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1. Introduction 
 

Concentric braced frames are one of the most common 

lateral resistance, structural system in steel structures. The 

wide use of this system is due to its relatively simple design 

and construction process. In addition, concentric braces are 

economically efficient in comparison with the other existing 

systems. Anyway, severe damages to braced structures in 

past earthquakes such as Mexico (1985), Loma Prieta 

(1989), Northridge (1994), Kobe (1995) challenged 

structural engineers on the seismic performance of the 

traditional concentric braced systems. It is evident that 

buckling of braces in compression is the main cause of 

undesirable behavior of traditional bracing systems. 

Therefore, extensive research works have been performed 

during past two decades to develop braces with more 

favorable and appropriate elasto-plastic performance. One 

of the outcomes of these attempts is Buckling Restrained 

Brace (BRB). A BRB is a steel brace which is prevented 

from buckling in compression by means of an external 

mechanism (Mohammadhassani et al. 2012, 

Mohammadhassani et al. 2013, Mohammadhassani et al. 
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2014). The most prevalent method to prevent from 

compression buckling is to place the steel brace as core 

inside a steel casing and filling the casing with a mortar or 

concrete. This system can yield in both tension and 

compression and therefore its energy dissipation capacity 

increases significantly. Using BRB instead of traditional 

braces in steel structures improves seismic behavior of 

structures, Furthermore, it leads to a more efficient analysis 

and design process, because nonlinear dynamic analysis can 

be based on a more reliable and realistic modeling of 

braces. 

A lot of researchers have done studies in terms of 

improvement of the building component performances in 

order to introduce solutions to have more resistance 

structures as well as reducing the probable damage under 

any kind of disasters such as earthquake, strong winds and 

flood (Azimi et al. 2015, Azimi et al. 2015, Alhajri et al. 

2016, Bazzaz et al. et al. 2016, Ma et al. 2016, Ma et al. 

2016). Considerable advances in the field of computer 

science have led to the development of various nonlinear 

analysis methods to simulate the structural performance, in 

recent years. Among them, incremental nonlinear dynamic 

analysis or IDA is a parametric technique which has been 

proposed to study seismic behavior of structures. Today, the 

nonlinear response of a structure subjected to a suite of 

ground motions is predictable by a relatively new approach 

so called Incremental Dynamic Analysis (IDA) 

(Vamvatsikos and Cornell 2002) in that response history 
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analyses of a given structure is calculated through a 

systematic manner which will be discussed later. This 

method is widely used for seismic evaluation of nonlinear 

response of structures subjected to suite of severe strong 

motion (Niknam et al. 2007, Jalali et al. 2012, Farahi and 

Mofid 2013, Azimi et al. 2015) 

In this paper, seismic response of buckling restrained 

braced frames and special concentric braced structures is 

evaluated for various performance levels using IDA. 

 

 
2. Incremental nonlinear dynamic analysis (IDA) 

 

Incremental nonlinear dynamic analysis (IDA) is an 

effective method for seismic analysis of structures in which 

a structure is subjected to one or many ground motions, that 

are scaled equivalently, and is reanalyzed for increasing 

intensities until collapse. This method is introduced by 

Bertero in 1977 (Popov and Pister 1980). Since the 

introduction, IDA method was utilized for various 

applications by many researchers (Nassar and Krawinkler 

1991, Bazzaz et al. 2015, Bazzurro and Cornell 1994, Luco 

and Cornell 1998, Mehanny and Deierlein 1999, Luco and 

Cornell 2000, Yun et al. 2002, Hakim et al. 2011, 

Mohammadhassani et al. 2012). By applying IDA, different 

intensity measures (IM) such as peak ground acceleration 

(PGA) or modal spectral acceleration can be selected. The 

structure is analyzed consecutively for the increasing IM. 

Based on the analysis purposes, one of the structural 

responses such as maximum floor accelerations or 

maximum inter-story displacement is selected as damage 

measure (DM). The structure is analyzed for increasing IM 

and the maximum DM is recorded until the structure fails. 

An IDA curve is resulted by plotting recorded DMs versus 

corresponding IMs. Finally, seismic behavior of structures 

is evaluated by the definition of various limit states and 

combining IDA curves and probabilistic analysis diagrams. 

 

 
3. Appropriate selection of IM and DM 

 
Intensity and density measures should be selected based 

on the general behavior structure and its type of service. 
Nowadays, peak ground acceleration, PGA, and the first 
mode spectral acceleration, Sa (T1,5%) are widely used as 
IM. Between these IMs, the later leads to lower dispersal of 
IDA data sets and is preferred more than PGA.  

Like IM, selection of DM depends on the target of 

analysis. For example, maximum roof accelerations are 

appropriate criteria for judgment about damage level of 

nonstructural components. On the other hand, maximum 

inter-story displacement (drift), θmax (Maximum relative 

displacement of all stories from full time history analyses) 

is a suitable criterion for the global dynamic instability and 

higher performance levels. Therefore, in this study Sa 

(T1,5%) and θmax are selected as IM and DM. 

 
 
4. Structural models 
 

To study the seismic behavior of buckling restrained  

 

Fig. 1 Plan of the designed structures 

 

Table 1 Uniform live and dead load 

Load Type Story Intensity (kg/m2) 

Dead 
Roof 540 

Other Stories 650 

Live 
Roof 150 

Other Stories 200 

 

Table 2 Seismic parameters of BRBF and SCBF 

Parameter BRBF Values SCBF Values 

Seismic design category D D 

R 8 6 

Ωo 2.5 2.0 

Cd 5.0 5.0 

*R: Response modification factor. 

*Ωo: Over strength factor. 

*Cd: Deflection amplification factor. 

 

 

braced frames (BRBFs) for various performance levels and 

comparing their responses with special concentric braced 

frames (SCBFs), three steel structures with 3, 5 and 10 

stories have been designed in accordance to AISC360-05 

LRFD requirements. Plan of the designed structures is 

shown in Fig. 1. 

These structures whose plan is depicted in Fig. 1, 

consist of three 5 meters’ spans in both directions and 3.2 

meters as height of stories. As it can be seen from Fig. 1, 

braces are placed in central spans in both directions. 

Chevron bracing arrangement is selected for this study. 

Table 1 lists applied uniform dead and live loads intensities. 

In the 3 and 5 story buildings, ST37 steel is used. Based 

on the German standard (DIN), minimum yield stress of 

ST37 is equal to 2400 kg/cm
2
. In designed structures, IPE 

and HE profiles are used for beams and columns, 

respectively. For the high-rise building (10 stories 

structure), ST52 steel with Fy=3600 kg/cm
2
 is utilized. The 

beams are IPE profiles and columns are made of box 

sections.  

For the special braces HSS profiles are used and BRBs 

are Unbounded Brace TM-Model: JIS-G3136-SN400B 

manufactures by Nippon steel company in Japan which 

according to the Japan standard its minimum yield stress is 

equal to Fy=2672 kg/cm
2
 (López and Sabelli 2004). 

Moreover, information regarding the modelling of the 

cyclic behavior of braces has to be provided in SIE (2001). 
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The structures are loaded in accordance with ASCE/SEI 

7-10 and ANSI/AISC 360-5 (AISC 2005, AISC 2005). The 

structures are assumed to be located in Panorama City, 

California at geographical coordinates 34.228 and 118.434. 

The site soil is type D and earthquake hazard is very high. 

According to ASCE/SEI 7-10, shear wave velocity in Soils 

of Type D is 180≤Vs≤360. Therefore, this type of soil is 

equivalent to Type III in Iran provisions for the design of 

earthquake resistant buildings (2800 code). Seismic 

parameters of BRBF and SCBF according to ASCE/SCI 7-

10 are listed in Table 2. 

 

 
5. OpenSees modeling 
 

An equivalent column model is applied to model 

gravitational force resistant frames. The equivalent column 

is connected to the braced span in a way that lateral 

displacement in both is equal. Due to the existence of the 

brace connection plates, beam to column connections are 

modeled as rigid in the analytical model (Uriz 2005). For 

beams and columns, “nonlinear beam-column” element and 

steel02 material is used and the sections are discretized to 

fibers.  

These fibers are elasto-plastic and hardening behavior is 

also considered. Therefore, it is possible to reflect 

distributed plasticity in the model. The equivalent beam is 

modeled by “elastic column” elements and “Truss” 

elements are used for BRBs.  

The low-cycle fatigue phenomenon is also considered 

by utilizing Fatigue Material model. In this model, when 

damage index of a fiber reach to one, the fiber stress 

becomes zero and it is removed (Mazzoni et al. 2006). One 

of the most important failure modes of braced structures is 

column buckling which can occur either in-plane or out-of- 

 

 

Fig. 2 The modeled BRBFs in OpenSees 

 

Table 4 First mode period times (T1) 

 10 Story 5 Story 3 Story 

First Mode Period for BRBF 1.526 s 0.697 s 0.451 s 

First Mode Period for SCBF 0.728 s 0.413 s 0.313 s 

 

 

plane. All cases provided in this study modeled in-plane, 

and also column buckling not seen out-of-plane. For 

modeling the buckling column in plane, used equivalent 

column and Euler buckling limit load have been defined to 

this column.  

During structure analysis, upon passing existence load 

from Euler buckling limit, this column will fail. Fig. 2 

demonstrate the modeled structures in OpenSees program 

and first mode period time shows in Table 4. 

 

 
6. Ground motion records 
 

To perform IDA analysis in this study, 28 far-fault  

Table 3 Cross sections for all members of Models 

BRB FRAME 

10 Story Structure 5 Story Structure 3 Story Structure 

St. Columns Beams Brace St. Columns Beams Brace St. Columns Beams Brace 

1,2 HE 650 IPE 330 L5×5 1 HE 300 IPE 300 L5×4 1 HE 200 IPE 300 L5×3 

3 HE 400 IPE 330 L5×5 2 HE 260 IPE 300 L5×4 2 HE 200 IPE 300 L5×3 

4,5,6 HE 400 IPE 330 L5×4 3 HE 260 IPE 300 L5×3 3 HE 120 IPE 270 L3×3 

7,8 HE 220 IPE 330 L4×4 4 HE 140 IPE 300 L5×3     

9 HE 120 IPE 330 L3×3 5 HE 140 IPE 270 L3×3     

10 HE 120 IPE 270 L3×3         

SCBF FRAME 

10 Story Structure 5 Story Structure 3 Story Structure 

St. Columns Beams Brace St. Columns Beams Brace St. Columns Beams Brace 

1,2 BOX 400×400×35 IPE 450 HSS 6×6×0.5 1 HE 400 IPE 330 2UNP 180 1 HE 200 IPE 300 2UNP 140 

3,4 BOX 400×400×25 IPE 450 HSS 6×6×0.5 2 HE 280 IPE 330 2UNP 180 2 HE 200 IPE 300 2UNP 120 

5 BOX 400×400×25 IPE 360 HSS 6×6×0.5 3 HE 260 IPE 300 2UNP 160 3 HE 120 IPE 270 2UNP 100 

6 BOX 300×300×20 IPE 360 HSS 6×6×0.5 4 HE 140 IPE 300 2UNP 160     

7 BOX 300×300×20 IPE 360 HSS 5×5×0.5 5 HE 140 IPE 270 2UNP 100     

8 BOX 300×300×20 IPE 330 HSS 5×5×0.5         

9 BOX 260×260×16 IPE 330 HSS 5×5×0.375         

10 BOX 260×260×16 IPE 270 HSS 5×5×0.375         
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Fig. 3 IDA curves for BRBF-3 story structure 

 

 

ground motion records on type D soil (ASCE/SEI 7-10) are 

selected. These motions and their characteristics are listed 

in Table 5. 

 

 

7. Results and discussions 
 

7.1 IDA curves and limit states 
 

The braces deformations and the first mode spectral 

acceleration Sa (T1, 5%) are selected as DM and IM for the 

 

 

Fig. 4 IDA curves for BRBF-5 story structure 

 

 

IDA analysis. IDA analysis are performed on the three 

structures for both systems (i.e., BRBF and SCBF) and the 

obtained IDA curves are presented in Figs. 3, 4, 5, 6, 7 and 8. 

The previous figures, demonstrate IDA curves for all the 

28 records and therefore considerable dispersion exist for 

multiple ground motions. To reach compact responses and 

evaluate general behavior of the structures, three statistical 

curves corresponding to 16%, 50% and 84% are extracted 

from the presented IDA curves and depicted in Figs. 9, 10, 

11, 12, 13 and 14. 

According to FEMA 350, the immediate occupancy  

Table 5 Selected accelerograms for IDA analysis 

No. Event Station No. Station Name Soil* R*(km) M* PGA (g) 

1 Imperial Valley-06,1979 939 El Centro Array #12 D 27.94 6.53 0.138 

2 Livermore-01,1980 57987 San Ramon - Eastman Kodak D ---- 5.80 0.107 

3 Loma Prieta,1989 57385 Gilroy Array #4 D 23.81 6.93 0.304 

4 Loma Prieta,1989 9669 Palo Alto - SLAC Lab D 30.62 6.93 0.228 

5 Morgan Hill,1984 57455 Gilroy Array #7 D 22.06 6.39 0.144 

6 N. Palm Springs,1986 5676 North Palm Springs D --- 6.06 0.590 

7 Northridge-01,1994 96634 LA - Fletcher Dr D 25.66 6.69 0.207 

8 San Fernando,1971,1971 54363 LA - Hollywood Stor FF D 22.77 6.61 0.210 

9 Superstition Hills-02,1987 99369 Westmorland Fire Sta D 23.03 6.54 0.210 

10 Whittier Narrows-01,1987 96678 Compton - Castlegate St D 28.32 5.99 0.331 

11 Parkfield,1966 9695 Cholame - Shandon Array #8 D 22.90 6.19 0.264 

12 Morgan Hill,1984 47386 Gilroy Array #2 D 23.68 6.19 0.187 

13 Westmorland,1981 5666 Brawley Airport D 25.28 5.90 0.157 

14 Landers,1992 55674 Yermo Fire Station D 23.62 7.28 0.223 

15 Northridge-01,1994 96694 Bell Gardens - Jaboneria D 41.27 6.69 0.079 

16 Northridge-01,1994 96699 Arcadia - Arcadia Av D 39.41 6.69 0.095 

17 Coyote Lake,1979 57999 Halls Valley D 33.69 5.74 0.042 

18 Cape Mendocino,1992 89956 Petrolia D --- 7.01 0.624 

19 Borrego Mtn,1968 997 El Centro Array #9 D 45.12 6.63 0.088 

20 Landers,1992 95655 Palm Springs Airport D 36.15 7.28 0.093 

21 Landers,1992 95656 Indio - Coachella Canal D 54.25 7.28 0.106 

22 Whittier Narrows-01,1987 96663 Northridge - 17645 Saticoy St D 38.04 5.99 0.144 

23 N. Palm Springs,1986 95339 Hemet Fire Station D 34.48 6.06 0.128 

24 N. Palm Springs,1986 95565 San Jacinto - Valley Cemetary D 30.07 6.06 0.057 

25 Big Bear-01,1992 53545 San Bernardino - E & Hospitality D --- 6.46 0.090 

26 Coalinga-01,1983 36557 Parkfield - Cholame 5W D 47.88 6.36 0.136 

27 Coalinga-01,1983 36556 Parkfield - Cholame 8W D 50.98 6.36 0.093 

28 El Alamo,1956 997 El Centro Array #9 D --- 6.80 0.046 
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Fig. 5 IDA curves for BRBF-10 story structure 

 

 

Fig. 6 IDA curves for SCBF-3 story structure 

 

 

Fig. 7 IDA curves for SCBF-5 story structure 

 

 

Fig. 8 IDA curves for SCBF-3 story structure 
 

 

Fig. 9 Compact IDA curves for BRBF-3 story structure 

 

 

Fig. 10 Compact IDA curves for BRBF-5 story structure 

 

 

Fig. 11 Compact IDA curves for BRBF-10 story structure 

 

 

Fig. 12 Compact IDA curves for SCBF-3 story structure 
 

535



 

M. Khorami, M. Khorami, M. Alvansazyazdi, M. Shariati, Y. Zandi, A. Jalali and M.M. Tahir 

 

 

Fig. 13 Compact IDA curves for SCBF-5 story structure 

 

 

Fig. 14 Compact IDA curves for SCBF-10 story structure 

 

Table 6 Acceptance criteria for braces 

 IO LS CP 

Brace in Compression 0.25∆c 5∆c 7∆c 

Brace in Tension 0.25∆c 7∆c 9∆c 

 

Table 7 Sa (T1, 5%) and Δmax of the 3 story structures at 

different performance levels 

 BRBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.424 2.32 2.65 0.323 2.067 2.584 

50% 0.354 1.58 2.08 0.323 2.067 2.584 

84% 0.330 1.19 1.38 0.323 2.067 2.584 

 SCBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.034 0.825 1.140 0.0164 0.262 0.394 

50% 0.034 0.760 0.940 0.0164 0.262 0.394 

84% 0.034 0.720 0.865 0.0164 0.262 0.394 

 

 

(IO), life safety (LS) and collapse prevention (CP) 

performance levels are selected to define limit states. For 

the BRBs acceptance criteria in tension and for the SCBs 

acceptance criteria in compression are used. Acceptance 

criteria for brace in compression and tension present in 

following Table 6. The following Tables 7, 8, 9 present 

maximum deformation of braces according to acceptance  

Table 8 Sa (T1, 5%) and Δmax of the 5 story structures at 

different performance levels 

 BRBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.328 2.030 2.800 0.323 2.067 2.584 

50% 0.285 1.220 1.504 0.323 2.067 2.584 

84% 0.250 0.989 1.170 0.323 2.067 2.584 

 SCBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.033 0.672 0.930 0.0164 0.262 0.394 

50% 0.033 0.633 0.856 0.0164 0.262 0.394 

84% 0.033 0.607 0.744 0.0164 0.262 0.394 

 

Table 9 Sa (T1, 5%) and Δmax of the 10 story structures at 

different performance levels 

 BRBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.136 1.123 1.220 0.323 2.067 2.584 

50% 0.099 0.740 0.930 0.323 2.067 2.584 

84% 0.057 0.681 0.780 0.323 2.067 2.584 

 SCBF Structure 

 Sa (T1,5%) g Δmax (in) 

 IO LS CP IO LS CP 

16% 0.365 0.561 0.770 0.0236 0.377 0.566 

50% 0.365 0.540 0.690 0.0236 0.377 0.566 

84% 0.365 0.510 0.640 0.0236 0.377 0.566 

 

 

Fig. 15 Fragility curves at CP level for BRBF system 

 

 

criteria from Table 6 and the first mode spectral acceleration 

for the structures at the evaluated performance levels. It 

must be noted that Sa (T1, 5%) corresponding to CP level is 

the maximum seismic capacity of the structures. 

 

7.2 Evaluation of CP level exceedance probability 
 

The probability of being or exceeding a damage level is 

modeled with a cumulative distribution Eq. (1) or 

cumulative lognormal distribution. Such a distribution is 

expressed in Eq. (2) (Stergiou and Kiremidjian 2008). 
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Fig. 16 Fragility curves at CP level for SCBF system 

 

 

 / i

xi x
P CP x 



 
  

 

 (1) 

 
ln ln

/ i
iP CP

x x
x



 

  
 

 (2) 

Where; 

P, is the probability of a performance level (hear 

collapse prevention performance level or CP), 

xi, is one the earthquake parameters such as spectral 

acceleration (Sa),  

x , is the average relative displacement at desired 

spectral acceleration, 

β, is the standard deviation and, 

ϕ, is the log-normal distribution function.  

To plot these functions only mean and standard 

deviation are needed (Council 2000). The fragility curves 

for the CP level are depicted in Figs. 15 and 16. It is evident 

that the exceedance probability for the CP level in SCBF 

system is higher than BRBF. In other words, BRBF is a 

more reliable earthquake resisting system. 

 

 

8. Conclusions 
 

In this paper, seismic behavior of three BRBF and SCBF 

structure with 3, 5 and 10 stories were evaluated using IDA 

analysis. To perform IDA analysis in this study, 28 far-fault 

ground motion records on type D soil (ASCE/SEI 7-10) are 

selected. Fragility curves developed in this study from the 

obtained results and the median curve.  

The following conclusions based on the analyzed 

structures, and it is obvious that for a general conclusion, 

more analysis are needed. According to the IDA curves 

which are obtained for both the BRBF and the SCBF 

structures, the SCBF experienced nonlinear behavior sooner 

than the BRBF structure. In addition, the buckling 

restrained braces undergoes larger displacements in the 

elastic domain. 

The obtained fragility curves show that the 3 and 5 story 

structures experiences CP level at relatively equal Sa, while 

for the IO performance level, there are more differences 

between these values. It is also evident that for the high-rise 

structures (the five and ten-story buildings in this study), the 

probability of exceeding the CP performance level is higher 

than this probability in low-rise structures (the three-story 

buildings in this study). 
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