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ABSTRACT

Available online at: http://www.iiees.ac.ir/jsee

Steel moment frame connection with Reduced Beam Section (RBS) is one of several
pre-qualified connections which have been proposed in FEMA 350 for use in
moment resisting frame structures. Previous studies on behavior of RBS connections
are limited to connections with rolled sections and design requirements have been
developed for such sections. Large size rolled sections are not readily available in
developing countries like Iran and steel frame structures are usually built using
plate girders. In such structures the slenderness ratios of web and flanges could
greatly influence the seismic performance of the RBS connection. In this paper the
effect of slenderness ratios of web and flanges on the behavior of RBS connections is
studied by nonlinear finite element analyses. The analyses simulate inelastic local
buckling of the girder as ductility and energy dissipating capacity of the connection
are directly influenced by such inelastic behavior. Twelve RBS connections with
various web and flange slenderness ratios are analyzed to evaluate the effect of
slenderness ratios on ductility of the connection. The results indicate that FEMA-
350 requirements for maximum slenderness ratios of web and compression flange
are too conservative. Connections in which the slenderness ratios of girder web and
flanges exceeded the allowable limits by up to 30 percent have shown proper ductile
behavior in the analyses.
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1. Introduction

The Northridge earthquake of January 17, 1994
is a significant event regarding the design of moment
resisting steel frames and their connections. Follow-
ing that earthquake and the widespread damages
to steel moment frame connections, a number of
pre-qualified connections have been proposed in
FEMA 350 [1] for use in moment resisting frame
structures. One such connection which have been
studied extensively both experimentally and analyti-
cally is a connection with Reduced Beam Section
(RBS). RBS connection which was first introduced
by Plumier in 1990 [2], has been widely researched
after the Northridge earthquake [3-13]. In this
connection, section of the beam at a distance from
face of column is reduced so that plastic hinge is

Technical Note

formed in the reduced section at moments lower
than those which induce the full inelastic demand on
the connection. Figure (1) shows the most common
reduced section geometries which include straight
cut section, tapered cut section and radius cut
section. Straight cut RBS connections have not
shown proper performance in past tests. Stress
concentration at the corner of the cut causes early
fracture of the reduced section. Tapered cut RBS
is theoretically rational because flange width along
the length of reduced section varies with moment
diagram and yielding along the length of reduced
section is relatively uniform. However, inconsistent
behavior including fractures at the corners has been
observed in the previous tests. Radius cut RBS
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Figure 1. Different types of RBS.

connections with smooth transition from reduced
section to full section are more commonly used in
design. Performance of this type of connection in
various tests has been very good. Test results indi-
cate that radius cut RBS connections can attain
significant plastic rotation capacity (more than 0.03
radian) without  premature failure [14].

Previous studies on behavior of RBS connections
are limited to connections with rolled sections and
design requirements have been developed for such
sections. Large size rolled sections are not readily
available in developing countries like Iran and steel
frame structures are usually built using plate girders.
In such structures, the slenderness ratios of web
and flanges could greatly influence the seismic
performance of the RBS connection. In this paper,
the effect slenderness ratios of web and flanges
on the behavior of RBS connections is studied by
nonlinear finite element analyses. The scope is
limited to radius cut RBS connection.

2. Design Requirements

FEMA 350 guideline recommends the following
formulas to define the length, b, the location, a, and
depth, c, of flange reduction.
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Where fb  and bd  are flange width and beam
height, respectively. Depth of flange reduction, c,
should be determined within the allowable range,

so that with formation of plastic hinge in the reduced
section, moment at face of column is less than plastic
moment capacity of full section.

In order to prevent premature local buckling of
reduced section, the slenderness ratios of web and
flanges is limited based on the following equations:
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The maximum slenderness ratio of flange fb( /
)2 ft  is consistent with the seismic criteria in AISC

specification [15].  However, it is recommended that
this ratio be determined based on the flange width

)( fb  measured at the ends of the center 2/3 of the
reduced section of beam as shown in Figure (2).

Figure 2. Geometric parameters of RBS connection.

The maximum allowable web slenderness ratio
is less than the seismic requirement in AISC specifi-
cation )./250( yF  The allowable web slenderness
ratio is based on statistical study of 55 full-scale
tests [16] with web slenderness ratios less than

)./418( yF  Lack of test results beyond this limit is
believed to be one of the reasons for specifying this
limit for web slenderness ratio. The other reason
may be that almost all the rolled sections in United-
States satisfy this limit.

3. Analytical Study

Behavior of radius cut RBS connection is inves-
tigated by finite element analysis method using
ANSYS software. Geometric nonlinearity due to
local buckling and nonlinear material behavior are
included in the analytical model. The main objective
of this study is to evaluate the effect of web and
flange slenderness on connection's behavior.
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3.1. Finite Element Model

Figure (3) shows the analytical model of RBS
connection which has the same dimensions as the
specimen which was tested by Pantelides et al [6].
This model that simulates the connection of beam
to an external column of a building consists of half
of beam (3.65 m long) and two half columns in
upper and lower stories (total length = 4.92m). Web
and flanges of beam and column are modeled using
nonlinear shell elements (shell 181). This element
which has 4 nodes with 6 degrees of freedom on
each node is suitable for nonlinear analysis with
large displacements. The ends of columns are
restrained against translations but they are free to
rotate (hinged boundary condition). Loading are
applied by assigning vertical displacement at the
end of beam. Steel material was modeled bi-linearly
with elastic modulus of 200000MPa, plastic modulus
of 200MPa and yield strength of 355MPa. Plasticity
theory with bi-linear kinematic hardening is used to

Figure 4. Dimensions of the radius cut.

model the material behavior. Strain hardening of steel
material is not included in the analytical model.

In all analytical samples, the column’s sections is
W14x283 with following dimensions in SI unit:

Column web: 5.3cm x 40.9cm

Column flanges: 3.3cm x 42.4cm

Flange width and web height of girders are
26.6cm and 77cm respectively, and web and flange
thicknesses are variable. Figure (4) displays the
location and dimensions of the radius cut in the
flanges.

Table 1. Girder dimensions and slenderness ratios.

Figure 3. Finite element model of the RBS connection.

3.2. Effect of Slenderness Ratios on Connection
Behavior

In order to evaluate the effect of slenderness
ratios of girder web and flanges on behavior of RBS
connections, 12 sections with different slenderness
ratios are analyzed. According to FEMA350, the
dimensions and slenderness ratios of web and
flanges and maximum limit are listed in Table (1).
In sections no. 1, 4 and 7, web and flange slender-
ness ratios are within FEMA 350 allowable limit. In
sections no. 2, 3, 5, 6, 8 and 9, the flange slenderness
ratios are within the allowable limit but web slender-
ness ratios exceed the allowable limit. In section

FEMA350 Max Section 
No. 

Web 
Height 
(cm) 

Web 
Thickness 

(cm) 

Flange 
Width 
(cm) 

Flange 
Thickness 

(cm) 

Web 
Slenderness 

Flange 
Slenderness Web 

Slenderness 
Flange 

Slenderness 
Section Type 

1 77 1.57 26.6 2.54 49 3.68 58.38 7.27 Allowed 
2 77 1 26.6 2.5 77 3.74 58.38 7.27 Not Allowed 
3 77 0.5 26.6 2.5 154 3.74 58.38 7.27 Not Allowed 
4 77 1.5 26.6 2 51.3 4.67 58.38 7.27 Allowed 
5 77 1 26.6 2 77 4.67 58.38 7.27 Not Allowed 
6 77 0.5 26.6 2 154 4.67 58.38 7.27 Not Allowed 
7 77 1.5 26.6 1.5 51.3 6.23 58.38 7.27 Allowed 
8 77 1 26.6 1.5 77 6.23 58.38 7.27 Not Allowed 
9 77 0.5 26.6 1.5 154 6.23 58.38 7.27 Not Allowed 

10 77 1.5 26.6 1 51.3 9.34 58.38 7.27 Not Allowed 
11 77 1 26.6 1 77 9.34 58.38 7.27 Not Allowed 
12 77 0.5 26.6 1 154 9.34 58.38 7.27 Not Allowed 
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no. 10, the web slenderness ratio is within the limit
but flange slenderness ratio exceeds the limit. Finally,
in sections no. 11 and 12, both web and flange slen-
derness ratios are more than the allowable limits.

Behaviors of connections are investigated under
monotonic loading condition where displacement at
end of the girder is increased until formation of
plastic hinge or local buckling of the reduced section.
Results of these analyses are displayed as moment
rotation curves in Figure (5a)-(5d). In these curves,
moment at face of column is normalized with respect
to plastic moment capacity of the full section and
rotation is normalized with respect to rotation at
first yield. This figure indicates that maximum
moment capacities of sections with very large web
slenderness ratio (154) are well below the plastic
moment capacity. These sections failed due to local
buckling of the reduced section. This figure also
shows that all sections with web slenderness ratio
of 51.3 and 77 have good ductility. The limiting web
slenderness ratio based on FEMA 350 is 58.4 which
is significantly less than 77. Considering the ductile
behavior of sections with web slenderness ratio of
77 (32% more than allowable limit), it seems that
FEMA 350 limitation on web slenderness is too con-
servative. Figure (5d) indicates that the behavior of
sections no. 10 and 11, in which the flange slender-
ness ratio is 9.37 (28% more than allowable limit),
is also very ductile. Therefore, based on the results
of these analyses, the FEMA 350 limitation on flange
slenderness is also very conservative.

Figure (5) also indicates that rotational ductility
of sections with web slenderness ratio of 51.3

wt( =1.5cm) and 77 wt( =1.0cm) are larger than 6,
but there are noticeable difference between their
moment capacities. The normalized moment (moment
at face of column divided by plastic moment of
full section) is always higher for the less slender or
thicker web. This is because for a given web height,
web contribution to the moment capacity of the
reduced section increases with web thickness. As a
result, the moment at face of column increases with
decreasing web slenderness ratio. Such increase is
not appropriate when moment at face of column
exceed the plastic moment capacity of the full
section (M/Mp>1). For such cases (e.g. sections 4,
7, 10 and 11), deeper cuts would be required to
further reduce the moment capacity of the reduced
section. Figure 5. Moment rotation curves.

Figure (6) displays the distribution of equivalent
plastic strain in sections no. 4, 11 and 9. In section
no. 4, where ratios of web and flange slenderness
are within allowable limit, plastic hinge is formed in
the reduced section. In section no. 11, plastic hinge is
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Figure 6. Distribution of equivalent plastic strain.

also formed in the reduced section. In this section,
flange slenderness ratio (9.34) and web slenderness
ratio (77) are 28% and 32% more than allowable
limit, respectively. In section no. 9, where the web
slenderness ratio (154) is considerably larger than
the allowable limit, premature local buckling occurred
before formation of plastic hinge in the reduced
section.

4. Conclusion

The behavior of radius cut RBS connections is
studied using nonlinear finite element analysis
method. The objective of this study is to evaluate the
effect of beam web and flange slenderness ratio on
the behavior of RBS connections. Results of this study
indicate that FEMA350 limitation on slenderness
ratios of web and flanges are very conservative.
Connections in which the slenderness ratios of
beam web and flanges exceeded the allowable limits
by about 30 percent have shown proper ductile
behavior in the analyses. However, it is necessary to
conduct experimental study on sections with high
slenderness ratios to verify the analytical results.
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