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Abstract 
This study investigates the Buckling Restrained Braces (BRBs) as a strengthening technique 

to improve the performance of seismically deficient three story-three bay reinforced concrete 

(RC) frames analytically. For this purpose, one reference and one strengthened frame were 

analyzed by using Opensees program capable of performing nonlinear time history analysis 

(NTHA). In the analysis the peak ground acceleration (PGA) of ground motions was within 

the three different levels from low to high seismic intensity. Such an incremental dynamic 

analysis was preferred in order to clearly observe the damage-deformation relations in the 

frames. The analysis results indicated that reference frame performed approximately 7 % 

inter-story drift ratio (IDR) which is beyond the collapse prevention limit level defined in 

Turkish Earthquake Code (TEC2007). On the other hand, the IDR of the braced frame was 

less than 3 % which was within the life safety performance level according to TEC2007. The 

damage level of the RC frame was limited because the lateral displacement demand was 

resisted with the BRBs. In addition, due to yielding of the BRBs was observed to dissipate 

energy significantly. 

 
Keywords: steel structures; steel braces; seismic retrofit; dynamic analysis 

 

1The research discussed in this paper was conducted at Akdeniz University-Structural Mechanics Laboratory. 

Funding provided by TÜBİTAK (projects no: 112M820) are greatly appreciated. 

Scientific Cooperations Journal of Civil Engineering and Architecture, Vol. 3, Issue. 1, December-2017

46



1. Introduction 

The numerical modeling is an important tool in determination of seismic performance 

of existing deficient buildings before and after strengthening. During the numerical modeling 

of these buildings, structural members should be modeled properly in order to obtain 

reasonably accurate results.  This is very important task during any experimental study in 

order to reduce the test costs. The NTHA can be performed to determine the global behavior 

of the test frames such as IDR, top displacement and base shear force etc. In addition, by 

using the seismic codes, the seismic performance of the RC frame can also be determined 

before and after strengthened with BRBs. For this purpose, two three bay-three story RC 

frames were analyzed by using Opensees platform. These frames were tested by utilizing 

pseudo dynamic (PsD) testing procedures at previous studies (Mutlu, 2012; Ozcelik, 2016).  

2. Test Frames 

The frames were ½ scaled versions of a typical frame in the prototype RC frame 

building (Figure 1a). One of them was reference (deficient) frame (Mutlu, 2012). The other 

one was braced frame retrofitted with BRBs (Ozcelik, 2016). As seen in Figure 1b the 

dimension of the RC columns was 150 mm × 200 mm with six 8 mm diameter plain 

longitudinal reinforcement. The dimension of the RC beams was 150 mm × 175 mm with 

seven 8 mm diameter plain longitudinal reinforcement. Four mm diameter plain bars were 

used for stirrups of both columns and beams. Although the modern seismic resistance design 

codes Turkish Earthquake Code (TEC2007); American Concrete Institute (ACI 318-08, 2008) 

requires stirrups to be anchored using 135 degree hooks, 90 degree hooks were used for all 

columns and beams to simulate the detailing deficiency of the old construction practice. The 

stirrup spacing of the columns and beams was 100 and 50 mm in the plastic hinge regions to 

mimic insufficient confining steel reinforcement details, respectively. The target compressive 

strength of the concrete was about 10 MPa. This low strength concrete was commonly 

observed in the existing deficient structures of the Turkish RC building stock as reported by 

the field investigations (Dogangun, 2004; Cagatay, 2005; Maziliguney et al., 2008). The yield 

strength of the 4-mm and 8-mm diameter reinforcement bars was determined as 270 and 320 

MPa by conducting uniaxial tension coupon tests, respectively. The test setup of the RC 

frames is shown in Figure 2 while more details are available elsewhere (Mutlu, 2012; Ozcelik, 

2016). The Duzce ground motion record was used for the PsD test (Figure 3). 
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Figure 1 Details of test frame 

 
 

Figure 2 Details of reference frame and braced frames 

 

 

Figure 3 Duzce ground motion  
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3. Numerical Modeling 

The NTHAs of test structures were performed by utilizing Opensees Simulation 

Platform (Mazzoni et al., 2009) to observe the ability of estimating the dynamic response of 

the tested frames. Although the general modeling approach of the reference and braced frames 

is mentioned in this chapter, comprehensive data about the reference test frame and test data 

are available elsewhere (Mutlu, 2012; Ozcelik, 2016). Figure 4 indicates the numerical 

modeling approach and material models for the RC frames. For both frames force based fiber 

frame elements were used to model beams and columns (Figure 4a and 4b).  

Figure 4 Modelling strategy of the reference and braced frames 

 

The material model used for concrete (Concrete01) follows the rules of the confined 

and unconfined concrete models proposed by (Kent and Park 1971) with plastic offset rules 

(Figure 4c) (Karsan and Jirsa, 1969). Figure 4c indicates the reinforcing steel a material 

model with post-yield buckling model (Dhakal and Maekawa, 2002) defined using the 

Uniaxial Hysteretic Material (Mazzoni, 2009). The beams at the interior span of the braced 

frame were modeled as a composite section, including 5 mm thick steel plates at the top and 

bottom of the beams (Figure 4d). Stress–strain curves of the steel plates obtained from 

uniaxial tension coupon tests were employed. Figure 4e shows the force–deformation relation 
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of the BRBs which was calibrated according to test data evaluated from a previous study 

(Ozcelik et al., 2017). The BRBs were modeled as truss members. The cross-section area of 

the BRBs were determined from the NTHAs as 300 mm2 for the 1st story, while it determined 

as 250 and 200 mm2 for the 2nd and 3rd stories, respectively. Rigid end off-set was also applied 

to the truss members to simulate the gusset plate and connection details on the NTHA. These 

connections were modeled with simple elastic frames (elasticBeamCoulmn) which had high 

rigidity with respect to the braces and the RC frame. Rigid end offset was also applied to the 

truss members to simulate the gusset plate and connection details on the NTHA. LVTDs 

placed on the base plate indicated that significant uplift was occurred during the tests. This 

uplift was considered in the analysis to simulate the stiffness of the braced frame correctly. 

The base plate uplift was taken into account by using elastic springs between BRB and 

foundation (Figure 4b). The stiffness of the elastic springs was identified by trial and error, to 

match the identified periods and mode shapes of the frame at the beginning of each ground 

motions. Nodes were constrained to act as rigid diaphragms for all stories. A Rayleigh 

damping of 5 % was used for all NTHAs. The Newmark integration was used for the NTHAs. 

Successive time history analysis was performed similar to the performed experimental 

sequence. 

4. Results of the test frames and numerical modeling 

Figure 5 indicates the results of the test frame and numerical modeling for the RC 

frames in terms of time vs. top displacements and time vs. IDRs. Errors in top displacements 

and maximum base shear force capacity for braced frame are given in Table 1. For the D1 

test, the initial stiffness of the numerical model results were observed to agree well with that 

observed in the test. The base shear force was estimated with an error less than 15 %. 

Likewise, the NTHAs was able to estimate the top displacement with an error less than 1%. 

The NTHAs of braced frame was also effective to estimate the base shear force and top 

displacement for the D2 test but the error was slightly high (still less than 15 % for both 

results). At the D3 test, the base shear force and top displacement estimations were quite well. 

In addition, a small error (less than 7%) was obtained for the base shear estimation of the 

braced frame analysis. The estimation of the top displacement of the braced frame had an 

error of less than 15 %. Drift ratios of the deficient and braced frames shown in Figure 6. The 

IDRs values indicated that the analysis results of the numerical model is closed to the test 

results. Furthermore, the maximum IDRs of the reference and the braced frames evaluated 

from the PsD test, were about 5.0 % and 1.5 % while that evaluated from the NTHAs were 
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about 7.0 % and 1.5 %, respectively. Hence, test and analysis results indicated that reference 

frame performed beyond the collapse prevention limit level defined in TEC2007. On the other 

hand, braced frame was within the life safety performance level according to TEC2007. 

Figure 5 Comparison of the analysis and test results 

 

Table 1 Error estimation of max. base shear and top displacement for braced frame 

Ground 

Motion 

Test 

Maximum 

Base Shear 

Demand 

(kN) 

Analysis 

Maximum 

Base Shear 

Demand (kN) 

Error 

(%) 

Test Maximum 

Top 

Displacement 

(mm) 

Analysis 

Maximum Top 

Displacement 

(mm) 

Error 

(%) 

D1   67.79   58.04 14.38   6.09   6.13 0.62 

D2 135.83 155.71 14.64 25.18 21.69 13.85 

D3 171.87 161.27 6.17 44.47 38.12 14.27 
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Figure 6 Interstory Drift Ratios 

 

*IO (Immediate occupancy), LS (Life safety) and CP (Collapse prevention) levels were 

defined according to TEC2007. 
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5. Conclusions 

The model of the frame with the spring was capable of simulating the test frame with a 

reasonable accuracy. Modeling the BRBs as truss members was found to be a proper 

simulation strategy. The damage level of the RC frame was limited because the lateral 

displacement demand was resisted with the BRBs. Thus, the BRB design reached its 

objectives which are yielding of the BRBs, control of the IDRs, and prevention the total 

collapse of the frame system. Furthermore, results show that numerical modeling is an 

important manner to obtain reasonably accurate results for an economical retrofit. 

Consequently, proposed modeling strategy of NTHA was successful in simulating the 

dynamic test specimens with a reasonable accuracy. 
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