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Introduction 

In Japanese steel construction, concentric braced frames 
(CBFs) are frequently used in dual systems comprising braces 
placed in a chevron arrangement and a moment-resisting 
frame. Because the code and provisions have offered little 
design guidance, engineers have employed a wide range of 
different bracing connections. A total of six large-scale 
specimens were tested at Hokkaido University to understand 
the seismic performance of steel braced frames designed and 
constructed according to the current practice [1]. This thesis 
reports a numerical study whose objective was to further the 
understanding of experimental observations and to examine 
the effect of primary design parameters beyond the range 
examined in the experimental program. 

 

Experimental Program  

The specimen configuration is shown in Figure 1. The 
specimen comprised a pair of chevron braces placed in a single 
bay, single story, moment-resisting frame (MRF), and 
represented 60%-scale of a typical building structure. Either 
round-HSS or I-section braces were placed in a V-shape 
arrangement.  

Six specimens were fabricated with identical configuration, 
but different brace section and bracing connection. Four 
specimens adopted bolted bracing connections commonly 
used in Japan, and two specimens adopted field-welded 
bracing connection following the balanced design procedure 
proposed by Roeder et al. [2] for application in North America. 
More details about the experimental procedure can be found in 
Okazaki et al. [1]. 

 

 
Figure 1. CBF configuration  

The experimental observations suggest that the CBF 
system combining chevron braces and moment resisting 
frames can safely develop large story drift exceeding 0.03 
rad without damage to the bracing connections [1]. 
However, it is noted that because of the chevron 
arrangement, the braces did not fully develop in tension, 
and therefore the bracing connections were not subject to 
severe tension demands. In some of the specimens, the 
lateral bracing system could not restrain the lower beam 
from twisting at the brace-to-beam connection, and thereby 
allowed severe lateral-torsional deformation of the lower 
beam. Very large upward deflection of the lower beam due 
to force unbalance between the tensile and compression 
braces was observed. Further understanding of the 
interaction between brace and beam behavior is needed to 
secure adequate seismic performance of the CBFs.   
 
Finite element Model 

The general-purpose finite element (FE) analysis software 
ADINA [3] was used to carry out the numerical analysis. 
Fig. 2 outlines a typical 3D model of a test specimen. The 
model comprised 4-node quadrilateral shell elements with 
6 degrees-of-freedom per node, 4 integration points in 
plane and 5 integration points across the thickness. As in  

 
Figure 2.  CBF FE Model 



the experiments, pin supports were provided at the bottom of 
the columns and out-of-plane restraints were applied at the 
beam flanges at the mid-span and at the column panel. Load 
was applied at the top of the north column quasi-statically in 
displacement control. The first buckling mode obtained by 
eigenvalue analysis was used to specify initial imperfection. 
Material nonlinearity was incorporated using the Von Mises 
yield condition and an associated flow rule. A combined 
bilinear isotropic and kinematic (Armstrong-Frederick) model 
was defined to account for work hardening. Mesh refinement 
study was conducted to determine an adequate meshing 
scheme. The finest mesh of 15×6 mm was adopted in the 
middle and at the ends of the braces. Fine meshing was also 
adopted in regions of the beam where inelastic deformation 
was expected, and in the gusset plates. Regions that were 
expected to remain elastic were modeled by either a coarse 
mesh or by beam elements.  

Figure 3 compares the numerical simulation of Specimen 6 
against experimental response, plotting the relationship 
between story shear and story-drift angle. Although the 
strength at brace buckling was somewhat larger, the simulation 
reproduced the experimental behavior quite adequately. As 
depicted in Fig. 4, the numerical simulation captured the global 
and local deformation observed in the experiment. Similarly, 
the accuracy and reliability of the FE modeling scheme was 
validated for the remaining five specimens. 

 

 
Figure 4. Spec. 6 Deformed shape: a) Experiment; b) FE Simulation. 

 
Figure 3. Hysteretic Response of Specimen 6: Experimental vs 

Numerical Response  

Parametric Study 

Experimental observation suggested that the post buckling 
response of chevron braced frames may be affected by the 
relative stiffness and strength of the beam with respect to 
the braces. It is well known that, upon buckling of the brace, 
a vertical unbalanced force will be imposed on the beam 
which will force the beam to deflect vertically [4, 5]. 
Furthermore, out-of-plane deformation of the braces 
combined with brace axial force induced twisting of the 
beam [1]. Such beam vertical deflection and twisting was 
suspected to compromise the seismic performance of the 
CBF. To address this concern, a parametric study was 
conducted to examine the effect of beam-to-brace strength 
ratio and beam bracing on the seismic performance of 
CBFs.  

Beam-to-Brace Strength Ratio 

Sixteen CBF models with varying brace section, bracing 
connection, and brace-to-beam strength ratio were 
simulated. Two beams sections, B1 (250×125×6×9) and B2 
(300×150×6.5×9) and four different round-HSS and I-
section braces were used. The plastic strength of beam B2 
was 1.4 times that of beam B1. The round-HSS and I-
section braces had a slenderness ratio ranging from 108, 
105.6, 135.3, to, 170, and from 94, 96, 142 to 145, 
respectively. The models are identified, for example, as 
B1_I2, where “B1” indicates the beam section, the letter “I” 
indicates the brace section, and the last number “2” 
indicates the second smaller cross-sectional area. The 
difference in collapse mechanism was evaluated based on 
plastic analysis. Subsequently, nonlinear static pushover 
and quasi-static cyclic analysis was conducted. The 
simulated behavior was examined against plastic analysis. 
Of particular interest was the relative magnitude of 
maximum vertical unbalanced force (V) against the vertical 
force (Vp) required to form a plastic hinge in the middle of 
the beam in the presence of Mp acting in reversed curvature 
at the two ends.  

From pushover analysis, a “strong-beam” mechanism, 
where the tensile brace achieves its yield strength, 
developed in seven of the sixteen CBFs models, whereas 
the remaining CBFs developed a “weak-beam” mechanism, 
where the tensile brace does not achieve its yield strength. 
All models with beam B1 developed a “weak-beam” 
mechanism. Naturally, in all specimens with computed 
ratio V/Vp greater than unity, inelastic vertical deflection of 
the beam precluded tensile yielding of the brace. However, 
models B1_H4 and B1_I4 developed a weak-beam 
mechanism although strong-beam mechanism was 
predicted by plastic analysis and the computed V/Vp was 
0.77 and 0.89, respectively. For these models, elastic 
deflection of the beam was large enough to limit brace 
tension to 98 and 93% of their respective yield strength. 
The mechanism of models with beam B2 comprising 
round-HSS braces was predicted by plastic analysis with 
exception of model B2_H1, where the beam yielded 
although a “strong-beam” mechanism developed and V/Vp 
= 1.4 exceeded unity. All models with beam B2 and I-
section braces developed the “strong-beam” mechanism, 
with exception of model B2_I1 where the “weak-beam” 
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mechanism developed thus limiting the tensile yielding 
strength achieved by the braces to 76.5% of the brace yield 
strength. However, models B2_I2 and B2_I3, the beam yielded 
despite a “strong-beam” mechanism developed and the ratio 
V/Vp exceeded unity for both models.  

The cyclic loading analysis results are illustrated in figure 5. 
The figure plots the ratio V/Vp and Nmax/Ny, the relative 
magnitude of the maximum brace tensile strength developed 
by the braces during simulation (Nmax) with respect to the brace 
yielding strength (Ny). The plot shows that the “weak-beam” 
mechanism developed in all the models using beam B1 with 
exception of models B1_H4 and B1_I4, where the “strong-
beam” mechanism developed and the ratio V/Vp = 0.84 and 
0.99 respectively. In model B1_H4, the south brace achieved 
the full yield strength of the brace and the north brace achieved 
98.81% of its yield strength (Nmax/Ny=98.81%). The 
mechanism predicted by cyclic analysis of CBFs with beam 
B1 matched the prediction by plastic analysis.  

Three of the models with beam B2, B2_H4, B2_I3 and 
B2_I4, developed the “strong-beam” mechanism with the 
braces yielding in tension (Nmax/Ny =100%). In model B2_I3, 
however, despite developing the “strong-beam” mechanism, 
yielding of the beam occurred, with the ratio V/Vp=1.11 
exceeding unity. The yield strength of the brace was achieved 
for the south brace only, with the north brace achieving 
94.65% of its yield strength (Nmax/Ny =94.65%). The results 
further show that the remaining CBFs models developed the 
“weak-beam” mechanism. In models B2_H2 and B2_H3 the 
beam deflected elastically with V/Vp =0.93 and 0.83 
respectively, however, enough to preclude yielding of the  

braces, with the braces reaching a maximum of 96.06 % and 
96.03% of their yield strength respectively. Thus, elastic 
beam deflection avoided the yielding of the braces with no 
plastic hinge developing at the beam midspan. Some 
discrepancies were observed comparatively to the plastic 
analysis predictions.  
The lateral resistance of the CBFs at the onset of brace 
buckling H1, predicted by the design equations was 
exceeded during both pushover and cyclic analysis. 
Similarly, the CBF ultimate strength H2 underestimates the 
lateral resistance of the CBFs during nonlinear static 
pushover, for most of the cases simulated. For quasi-static 
loading however, the post buckling strength of the braces, 
the moment frame plastic strength and the ultimate strength 
of the CBF are predicted accurately by the design 
equations. Overall, the analysis results suggest that tensile 
yielding of the braces will not develop unless a strong beam 
or weak brace is used. 
Beam Bracing Requirement 

To study the bracing requirements for the beam 
intersected brace, the lateral bracing system was modelled 
by two, identical linear springs connected to the beam 
flanges in the middle of the beam, as shown in Fig.1. The 
spring constant K was determined such that the rotational 
stiffness of the bracing system equaled a proportion of the 
stiffness, Kb, of the beam against a concentrated torque 
applied in the middle: K = 0, 0.25Kb, 1.09Kb and ∞. 
Stiffness Kb = 71.98 kN·m/rad was determined by an 
elastic analysis assuming that the beam is torsionally fixed  

 
Figure 5. CBF Cyclic response 



at the columns and loaded by a constant torque at the middle of 
the beam. The stiffness K=1.09Kb produces the same rotational 
stiffness provided by the bracing system in the test setup as 
measured during the tests. Fig. 6 compares the simulated 
response of specimen 4 and 6 with different spring constants. 
Case K = 0 allowed the beam to undergo severe inelastic torsional 
deformation, thus causing strength degradation at large story 
drifts. The other two cases K = 1.09Kb and ∞ restrained beam 
twisting effectively resulting in slight strength increase in the 
post-buckling range. Despite the difference in beam behavior, the 
difference in frame system response was small. Spring stiffness 
K had a smaller effect on specimen 6 than on Specimen 4, 
because the rotational restraint provided by the bracing 
connection in Specimen 6 was substantially smaller than in 
Specimen 4.  

Likewise, spring stiffness K had smaller effect on the response 
of Specimen 5 compared to Specimen 4 and 6. Brace deformation 
was expected to transfer smaller torsion to the beam in Specimen 
5 because the braces were arranged to buckle in plane opposed to 
out-of-plane as in Specimen 4 and 6.  

For both specimens and throughout the entire loading process, 
case K = 0 led to smaller brace buckling strength: the compressive 
and tensile strengths in case K = 0 was 80% and 86% of the 
respective strength in Cases K = 1.09Kb and ∞.  Further 
observation shows that, in Specimen 4, case K = 0 also led to 
smaller brace axial deformation because part of the deformation 
was absorbed by beam torsion. Overall, little difference was 
observed between cases K = 1.09Kb and ∞. 
 
Conclusions  

A nonlinear FE model was developed to validate the 
experimental observations from chevron CBFs tests and to 
further the understanding of experimental observations to 
determine the influence of new design parameters on the 
performance of typical Japanese CBFs beyond the range of 
examined in the tests.  

The developed FE model reproduced the experimental 
response quite adequately. 

 The seismic performance of sixteen CBFs simulated to 
investigate the effect of beam-to-brace strength ratio on the 
seismic performance of the chevron CBFs showed that CBFs 
with stronger beams developed larger lateral resistance due to an 
increase in the tensile force developed in the braces. On the other 
hand, larger slenderness ratio lead to a decrease on the maximum 
lateral resistance of the CBFs due to the reduction in the brace 
tensile strength. Thus, CBFs with strong beam and weak braces, 
despite developing large lateral resistance due to the contribution 
of the moment frame, has very small contribution of the chevron 
braces. The results show that, typical Japanese CBFs comprising 
a pair of chevron braces and moment frame will not develop the 
“strong-beam” mechanism with yielding of the tensile brace, 
unless the beam-to-brace strength ratio is large, such that the 
braces contributes to approximately 30% of the CBF ultimate 
strength. This response is however a drawback, since in the case 
where the braces develop their yield strength, due to the small 
contribution of the chevron braces, the CBF hysteretic response 
will resemble that of a moment frame with small elastic stiffness, 
thus losing the benefit of adding the pair of chevron braces.  
 

 
Parametric study on the beam bracing requirement results 

suggests that the lack of lateral bracing of the beam intersecting 
the chevron braces may not be detrimental to the performance of 
CBFs, although it may allow severe inelastic torsion of the beam 
and thereby affect the brace behavior.  
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Figure 6. Hysteretic Response: a) Specimen 4; b) Specimen 6. 
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