
Australian Journal of Basic and Applied Sciences, 5(12): 2716-2728, 2011 
ISSN 1991-8178 

Corresponding Author: Peyman Shademan Heidari, East Tehran branch, Islamic Azad University, Engineering 
Department, Postal code:  1866113118  
Tel: +982133594950-9  Fax: +982133584011 E-mail: peymanshademan@gmail.com 

2716 

Experimental Study on the Effects of Different Concentric Bracing Configuration on 
Steel Frames Inelastic Behavior 

 
1Peyman Shademan Heidari, 2Hossein Kayhani, 3Roohollah Ahmady Jazany 

 

1Head of Engineering department, East Tehran Branch, Islamic Azad University, Tehran, Iran. 
2PhD Graduate, Department of Civil Engineering, Science and Research Branch, Islamic Azad 

University, Tehran, Iran. 
3PhD Graduate, International Institute of Earthquake Engineering and Seismology, Tehran, Iran. 

 
Abstract: Concentrically steel braced frames because of their stiffness and ability to reduce seismic 
response are among the most used lateral load bearing systems. Depending on concept, seismic design 
codes provide various response modification factors (R) for different types of lateral load bearing 
systems but configuration of these systems are often ignored in the proposed values. The conducted 
experimental study presented here aims at identifying the possible differences in concentrically braced 
frames’ nonlinear behavior due to different configuration. Six five-story three-bay braced frames with 
three different patterns and one-third scale have been built and experimentally evaluated. In first 
pattern all required bracing is concentrated in the middle bay, in second pattern first and third bays are 
braced and in the third pattern adjacent bays are braced. Results show that third pattern has more 
inelastic capacity and therefore greater R-value but other bracing schemes for most of the cases did not 
reach the proposed R values suggested in the UBC-97 or 2003. 
 
Key words: response reduction factor; concentrically braced frame; bracing configuration; elastic 

strength demand. 
 

INTRODUCTION 
 
 Steel Concentrically Braced Frames (CBFs) have been used for years in steel construction and therefore 
have been studied for seismic performance (Inoue et al, 1978, Wakabayashi et al, 1980, Lee et al. 2005). These 
studies have produced guidelines for brace element and connection design to give a desired capacity under 
seismic events. Results of these studies implemented in codes in form of defining overstrength and response 
modification factors. Because of conceptual framework used in the current guidelines, the structure is designed 
using results from elastic analysis; so a great number of these experimental studies were performed within the 
elastic range. Cyclic testing of conventional braced frames shows that these braces buckle in compression and 
yield in tension. Plastic hinges occur after the brace has buckled and the stiffness and resistance of the frame 
decreases.  
 Shaishmelashvili and Edisherashvili (1973) have conducted an experimental study on dynamic 
characteristics of large-scale models of multi-story steel frame building with different vertical bracings. They 
have tested some large-scale models of a 9-story building with 12 different bracing schemes in free and forced 
(resonance) vibration states. In the performed tests only linear behavior of the structure has been considered. 
 Suzuki et al. (Feb.1975) performed an experimental study on the elasto-plastic behavior of tensile braced 
frames to obtain the restoring force characteristics of low-rise steel structures. Alternating horizontal force was 
applied at the second floor under a constant vertical load, paying attention to the behavior of two columns 
subjected to varying axial forces. Test specimens consisted of one-story, one-bay frames with wide flange 
sections and braces of round steel bars. The relation between shear force and displacement in each column was 
investigated by numerical analysis. According to the results, the elasto-plastic behavior of the two columns is 
obviously different; one is subjected to additional tensile force and the other to additional compressive force. 
From these results, it was found that the restoring force characteristics of braced frames are stable but that the 
hysteresis loops in each column become unstable because of the additional compressive force.  
 Shademan (2005) analytically studied the effects of different X-braced steel frames and their effects on the 
structural performance using pushover analysis. It was concluded different bracing scheme can have significant 
effect on overall structural performance. 
 Broderick (2008) studied the response of concentrically braced sub-frames. They stated that in terms of 
design procedures, seismic codes of practice typically adopt the general philosophy of capacity design. In the 
case of concentrically-braced frames, capacity design normally implies the use of diagonal bracing members as 
the main dissipative elements, while providing adequate overstrength factors for other frame members and 
components to ensure compliance with the selected failure mode. Dissipative designs, such as Eurocode 8 rely 
on the capability of parts of the structure (dissipative zones) to resist earthquake actions beyond their elastic 
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range. In the case of concentrically-braced frames, Eurocode 8 assumes that only tension diagonals participate in 
the lateral resistance of earthquake-induced loading, and hence, in these structures dissipative zones are mainly 
located in the tension diagonals. This approach is different from that followed in other seismic codes. In their 
research they concluded that for harmonic shake table motion, time-history analysis produced a good, if slightly 
underestimated, prediction of the variation in lateral frame displacement throughout the test. The results also 
illustrated that the design approach adopted in European provisions whereby the lateral frame resistance is only 
based on the tension diagonals could provide a reasonable representation of the behavior within practical ranges 
of brace slenderness. However, in terms of satisfying the objectives of capacity design, it is important that 
additional checks are considered to account for possible adverse effects caused by the contribution of the braces 
in compression. 
 
2. Description of the Experimental Model: 
 The experimental research provides a basis for further research and comparison of R-values for the patterns 
studied here. Six five-story three-bay braced frames with three different bracing patterns (two identical samples 
of each pattern for more reliable results) and one-third scale of practical structures, due to laboratory space 
limitations, have been designed and experimentally evaluated by authors. Beam to column connection was 
considered as pin type using welded seat angle connection type. The required quality control was applied during 
construction phase. In first pattern all required bracing is concentrated in the middle bay, first and third bays are 
braced in the second pattern and in the third pattern two adjacent bays are braced. Figures 1 (a) to (c) show 
different bracing schemes studied. 
 

 
 
Fig. 1: (a) First bracing scheme (b) Second bracing scheme (c) Third bracing scheme. 
 
 Figures 2 (a,b and c) show test frames, the 25 Ton (245 KN) actuator and lateral support for prevention of 
out of plane buckling and Figure 3 shows the gusset plate and its connection to the beam and column using fillet 
weld. Test Frames were designed according to UBC97-LRFD approach. For columns IPE-180 sections and for 
beams except for highest level IPE-140 sections have been used. For the highest level because of application of 
lateral force IPE-180 sections were used to reduce effects of concentrated loading. 
 Columns and beams of the scaled samples were chosen stronger than those in conventional steel CBFs, to 
make sure that all bracing element would yield before any beam or column. Oversized sections of beams and 
columns could result in some additional moment resistance in beam-to-column connections if they were 
constructed using the conventional construction method. Therefore, a triangular part of each gusset plate was cut 
off to let the frames connections act as a hinged connection. Rectangular cross sections were used for bracings. 
It should be noted that tensile tests for determination of steel properties was also performed and results will be 
presented in material properties section.  
 As it was pointed out in the previous sections many researchers studied the behavior of braced frames from 
different points of views. But the effects of bracing configurations were not studies beyond elastic response as 
presented here. Computation of R can be carried out using the following method but there are some essential 
values which should be derived first. These values include: yield and ultimate displacements shown respectively 
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by y and u ; also yield force and elastic strength demand force which would be presented by yF and edF
 

notations respectively. R estimation can be carried out by defining two factors: strength demand reduction factor 

due to ductility, dR  and overstrength factor, . Figure 4 shows parameter derived for evaluation of R-values 

(Uang, 1991, Behbahani, 1996,). 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 
Fig. 2: Test frames (a) Pattern1 (b) Pattern2 (c) Pattern3. 
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Fig. 3: Gusset plate and bracing connection. 
 

 
Fig. 4: Parameters used in R-value evaluation. 
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and Then R can be computed as:

   
 .dRR

              (3)
 

 
3. Test Setup: 
 Lab facilities consist of a strong floor based on strip footings which are located at 1500 mm center to center. 
On each row of the footing a continuous base plate is provided for locating support elements.  
 Due to difference between bay width of the frame and center to center distance of strip foundations a 
transition beam was used to transfer reaction forces from frame base plates to the supports. Each support can 
bear 100 Tons in their plane. Transition beam was designed as a continuous beam, which is supported at the 
location of used support elements, for maximum reaction caused by the capacity of the actuator. Actuator was 
located at the highest level of the frames and it was restrained on a strip foundation perpendicular to the 
longitudinal foundations. Figure 5 shows schematic drawing of test configuration and placement of support 
elements, strain gauges, actuator and transition beam. 
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Fig. 5: Schematic drawing of test set up. 
 
 To prevent out of plane buckling of frames, because of application of external load, in test setup double 
transverse beams were used at top and bottom of every second floor and at the highest level. The frame is 
sandwiched between these two steel beams. Figure 6 shows the arrangement of transverse beams. Lower 
transverse beam is connected to strong floor using bolts and top transverse beam is connected to the lower one. 
Moreover; they do not restrain lateral displacement of the frames using grease to minimize possible friction.  
 

 
 
Fig. 6: Placement of buckling prevention beams. 
 
 One-way strain gauges were placed on the bracing elements and also two types of displacement transducers 
were used at story levels. First type of displacement transducer has more accuracy and sensitivity and was used 
for first and second floors because of their relatively small displacements and second type were used for upper 
stories. 
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4. Material Properties: 
 The mechanical properties were derived from coupon tests. Three coupon tests were performed for plates 
which are used as bracing and gusset plates which suggest that they are similar to ST37 steel grade and four 
coupon tests were carried out for I-sections suggesting they are similar to ST52 steel grade. Modulus of 

elasticity is 1.88e6 2
kg

cm
 for plates and 2.0e6 2

kg

cm
  for chords. Average yield stress and ultimate stress for 

chords are 3210 2
kg

cm
 and 4670 2

kg

cm
 these values for plates are 2233 2

kg

cm
 and 

3274 2
kg

cm
respectively. Welding process completed using E7011 electrodes.  

 
5. Loading of the Model: 

 Displacement controlled loading, was conducted using a 25 Tons actuator at 0.1 
sec

mm speed at the highest 

level of frames and a monotonic one-way loading was used. The actuator was supported using the strong floor in 
the perpendicular direction with respect to test frames. In order to reduce the effects of concentrated loading on 
the application point, stiffeners were used. All of instruments and load cell were attached to a data acquisition 
system and the data were read and recorded in a computer. Transducers monitored the displacement of each 
story level. Before each test the test frame was white-washed to virtually observe any yield patterns which might 
develop under imposed loading. 
 
6. Test Results And Observations: 
 In this section summary of experimental results will be presented. For the purpose of discussion of test 
results, they will be divided into three groups and in each group, results of one pattern will be presented then 
obtained results and computed R-Values for each group will be presented in the accompanying Table for that 
group. Obtained parameters are displayed in figure 7: Initial stiffness (Ki) (KN/m), Yield displacement (Δy) 
(mm), Ultimate displacement (Δu) (mm), First significant yield (Fs) (KN), ultimate strength(Fu) (KN), elastic 
strength demand force (Fed) (KN), response modification factor (R), residual strength (Fr) (KN). 
 

 
Fig. 7: Definition of parameters. 
 
a) First Pattern Results: 
 As it was mentioned in the first pattern all required bracing was concentrated at the middle bay. In 
earthquake resistant design concept, it is not very desirable to concentrate all the strength. On the contrary, it is 
more ideal to distribute resisting elements to provide more margin of safety. In two samples tested for this 
patterns, after yielding of the first story brace element, other brace elements due to increase of force started to 
yield and slope of the nonlinear part of the capacity curve became negative. No residual capacity is visible for 
this type which represents low margin of safety for this type of bracing. First significant yield observed in the 
bracing of the lower story of the first test frame at nearly 24 mm of top story displacement. For the second test it 
was about 25 mm. The test went on till the yielding of the third story brace, in both test frames and lifting of 
columns bases and finally failure of column base connection. Figure 8 shows yielding in brace elements and 
figure 9 shows the column lifting and figure 10 shows column base failure. Figure 11 and 12 show the base 
shear vs. top displacement of tested frames and figure 13 shows the strain in bracing elements vs. top 
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displacement for first test frame. Considering yielding level, it can be seen that three braces yielded during the 
experiment. Table 1 shows calculated structural properties introduced earlier. 
 
Table 1: Calculated system properties for first pattern bracing scheme. 

Test No. Ki  Δy Δu Δr Fs Fu Fed Fr R 
1 3989.6 0.0241 0.0785 0 96.07 117 313.18 0 3.25 
2 4619.4 0.0248 .0801 0 114.7 124.8 369.55 0 3.22 

Units: KN,m 

 

 
 
Fig. 8: Yielding in brace element. 
 

 
 
Fig. 9: Lifting of the column supports at the base of columns. 
 

 
 
Fig. 10: Column base connection failure. 
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Fig. 11: Base shear vs. top displacement for test 1 of first pattern. 
 

 
 
Fig. 12: Base shear vs. top displacement for test 2 of first pattern. 
 

 
 
Fig. 13: Strain in brace elements vs top displacement (first test frame). 
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b) Second Pattern: 
 In the second pattern required bracing was distributed between far bays. First of all, slope of the nonlinear 
part of capacity curve for this type is not a significant negative number which implies better stability and more 
reliable behavior; it is because of parallel resistant systems in one story. During the experiment yielding of the 
braces occurred consequently as a result of higher level of force that can be resisted by this system. 
Furthermore, existence of distributed resisting elements provides the structure with more residual capacity. In 
this pattern, despite first pattern, plastic hinges formation in braces started from top story and expanded to other 
stories. Table2 shows summary of results for this pattern. Loading continued till the yielding of braces and 
finally lifting of column bases figure 14 shows lifting at the base of column and figure 15 shows yielding in 
bracing element. In the first test frame initial yielding of bracing element occurred at about 17.5 mm and for the 
second test frame, this initiated at nearly 18 mm, figures 16, 17 show the capacity curve of tested frames. 
Differences in yielding initiation maybe originated from workmanship errors. In this bracing scheme, system 
shows significant residual capacity which implies better performance and higher margin of safety than first 
pattern. Figures 18, 19 show the bracing elements’ strain vs. top displacement for the second test frame. Table 2 
shows calculated structural properties for this bracing scheme. 
 
Table 2: Calculated system properties for second pattern bracing scheme. 

Test No. Ki  Δy Δu Δr Fs Fu Fed Fr R 
1 5345.5 0.0175 0.061 0.0329 93.74 204.04 326.1 68.85 3.47 
2 6633.8 0.0182 0.0606 .0484 120.9 166.2 402. 79.2 3.32 

Units: KN,m 

 

 
 
Fig. 14: Column base lifting. 
 

 
 
Fig. 15: Plastic hinge formation in bracing element. 
 
c) Third Pattern: 
 Final pattern studied here consisted of a frame with two adjacent braced bays. Like second pattern, plastic 
hinges formation in braces started from top story and expanded to other stories. This bracing configuration, 
unlike first pattern, reached nearly Du=80 mm without significant degradation. As second pattern, existence of 
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distributed resisting elements provides the structure with more residual capacity. Despite similarity of lateral 
resisting system properties in all the patterns studied, second and third pattern have more ultimate strength. 
Figures 20 and 21 show capacity curves for third bracing scheme test frames. Figures 22 and 23 show the strain 
in bracing elements vs. top displacement for the first test. From these figures it can be concluded that bracing of 
all of the four stories yielded in this scheme which indicates more contribution of bracing elements in lateral 
resistance of this scheme. Table 3 summarizes structural properties for third patterns studied.  
 

 
 
Fig. 16: Base shear vs. top displacement for test 1 of second pattern. 
 

 
 
Fig. 17: Base shear vs. top displacement for test 2 of second pattern. 
 
Table 3: Calculated system properties for third pattern bracing scheme. 

Test No. Ki  Δy Δu Δr Fs Fu Fed Fr R 
1 10348.7 .0145 0.0779 0.0245 145.4 192.3 806.16 58.2 5.56 
2 10161.4 0.01425 0.0757 .0624 144.8 195.47 769.2 57.1 5.31 

Units: KN,m 
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Fig. 18: Strain in brace elements vs top displacement left hand side (second test frame). 

 

 
 
Fig. 19: Strain in brace elements vs top displacement right hand side (second test frame). 
 
 

 
 
Fig. 20: Base shear vs. top displacement for test 1 of third pattern. 
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Fig. 21: Base shear vs. top displacement for test 2 of third pattern. 

 

 
 

Fig. 22: Strain in brace elements vs top displacement left hand side (first test). 
 

 
 
Fig. 23: Strain in brace elements vs top displacement right hand side (first test). 
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7. Conclusion: 
 This paper presented effects of different bracing schemes on inelastic frame behavior. Obtained results can 
be summarized as follows: 
 Regarding computed R-values, third pattern of bracing scheme provides better response modification factor. 

Minimum and maximum R- values computed in the third pattern are 5.31 and 5.56 whereas these values for 
the first pattern are 3.25 and 3.22. For the second pattern these values were computed as 3.47 and 3.32. 
Better performance of third pattern can be due to truss action of two adjacent bays which can provide more 
nonlinear capacity. 

 Initial stiffness of third pattern is greater than two other patterns because of joint action of two adjacent 
braced bays. This can be justified using structural analysis concepts. And also third pattern due to more 
contribution of bracing elements generally provides more ultimate strength. 

 There is no residual capacity in the first pattern studied. This observation backs up the general 
understanding of earthquake resistant design which recommends the distribution of resistant systems and 
avoiding their concentration. 

 Current building design codes like UBC97 and UBC2003 do not include effects of resistant system 
configuration but this parameter can be of great importance for desirable structural performance during 
earthquake. UBC97 recommends a constant value of 6.4 for Special Concentric Braced Frame (SCBF) and 
5.6 for Ordinary Concentric Braced frame (OCBF) these values are 6 for SCBF and 5 for OCBF in 
UBC2003. 

 Hinging process of bracing elements can be related to utilized pattern. In first pattern this process started 
from first story but in two other patterns hinging started from upper stories. 
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