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Abstract: Reduced beam section (RBS) behaviours with
various cut-flange configurations were investigated numeri-
cally in this study. A three-dimensionalfinite elementmodel
material non-linearity was built and validated experi-
mentally, and the impacts of the cut–flange profile on
the moment-rotation behaviour and ductility response
of moment-resisting connections were investigated in a
parametric form. Five-moment connections with various
forms of decreasing beam flange were thus modelled
using ABAQUS software and compared in terms of cyclic
behaviour. RBS with circular, rectangular, trapezoidal, tri-
angular, and drilled holes cut-flange configurations were
adopted, and the finite element analysis results showed
that radius cut RBS have uniform stress contours, while a re-
entrant corner in rectangular, trapezoidal, or triangular cut-
flangeprofiles’connectionsmayresult instressconcentration,
resulting in a fracture of theflange. In addition, the numerical
testing showed that the RBS connection with a circular cut-
flange profile offers a lower rupture index than other con-
nections. Thus, the RBS created using circular cut-flange
profiles dissipates more energy than other connections.

Keywords: cyclic loading, ductility response, moment-
rotation response, reduced beam section

1 Introduction

Over recent decades, earthquakes have revealed several
vulnerabilities in various steel moment-resisting frames.

Within seismically active zones, steel frame construction
had previously increased because it was thought to be suf-
ficiently ductile for seismic loads. However, the Northridge
and Kobe earthquakes in 1994 and 1995, respectively,
revealed that brittle failures occur widely at welded
beam-to-column connectionswhere traditional fullywelded
configurations promote large strain demands at critical
points such as weld access holes [1]. Despite not causing
structural collapse, these failures have thus highlighted
fundamental gaps in the current understanding of steel
structures’behaviourswhensubjected toseismic loading [2].

As a result of the 1994 Northridge earthquake, 150
steel structures failed due to brittle failure in beam-to-
column connections. Such damage to connections was
discovered in a wide range of buildings, both old to
new and of all sizes. Initially, it was believed that these
failures were due to poor workmanship; however, research
initiated under the supplemental access control (SAC) pro-
tocol revealed a fundamental misunderstanding of the
behaviours of welded moment connections during seismic
loading. Such connections were thereby discovered to be
incapable of dissipating energy effectively without causing
significant damage to the building [3].

An extensive investigation was then undertaken by
the SAC committee, which led to the publication of FEMA
350 [4]. During high-ductility demand, the two critical
factors for failure are the tensions on the welded areas
of the flange and web, and the connections. A common
solution to this problem is to reduce ductility demands
and related concentrations of tensions in these areas, and
there have been several proposals for moment frame con-
nections [4–7] to reduce the load on beam-column joints,
many of which are sufficiently ductile in testing.

The reduced beam section (RBS) configuration is one
of these in which the portions of the beam flange closest
to the beam-to-column connection are removed. An RBS
can also be viewed as a plastic hinge that occurs away
from the joint, resulting in much of the ductility demand
on such beams arising in the plastic hinge rather than the
welded beam-to-column interface. There have been
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numerous experimental [8–10] and analytical [11–13] stu-
dies demonstrating the efficacy of this solution, and
according to experimental results [14], polyline-shaped
solutions have the lowest rotational capacity with curved
RBS.

In terms of the location and reduction rate of RBSs,
FEMA 350 [4] and FEMA 351 [15] recommend certain
design parameters based on the performances of tested
beam-column connections. The European Commission
has also presented recommended designs of such types
of connections in its EC8, Part 3 [16] in the vein of pre-
vious recommendations. Table 1 presents the proposals
for flange cut radius from FEMA 350, AISC 358-05 [17],
and EC8, Part 3.

By optimising RBS cuts, the maximum plastic strain
can be reduced to maximise the capacity for energy dis-
sipation in the connection and reduce the fracture odds
still further. Compared with the re-entrant angles seen on
tapered or constant cuts, a review of tests conducted
before 2000 [18] determined that radius cuts minimise
stress concentration. Most studies conducted to date on
cut-out optimisation have used pre-determined shapes
[19]; however, a study by Pan et al. [20] examined the
optimum shape for flanges under monotonic loads. The
consideration of cyclic loads is, however, necessary for
the seismic design.

The current paper thus presents numerical modelling
results using the finite element analysis (FEA) imple-
mented in ABAQUS [21] to validate the results for six
sub-assemblies connected by RBS moments. This has
several objectives: (1) to compare the ductility of all types
of RBS connections; (2) to determine the effect of different
types of RBS connections on the Von-Mises stress and
equivalent plastic strain (PEEQ) at integration points in
different zones; (3) to determine the effects of different
forms of reduced flange sections on energy dissipation by
the whole system; and (4) to examine exterior models for
buckling behaviours.

2 Research methodology

For this analysis, the finite element method (FEM) was
implemented in ABAQUS to obtain a more accurate and
efficient solution. A numerical study was carried out on
an exterior joint (T-shaped)model, which was considered
an assemblage for this connection study.

Six RBS connections were thus modelled and ana-
lysed using ABAQUS, with the two samples tested experi-
mentally by Pachoumis et al. [22] used to validate the
ABAQUS results. After validation, four flange-cut geo-
metry schemes were analysed: rectangular, trapezoidal,
triangular, and drilled hole.

2.1 Design of specimens

The overall test setup and specimen geometry used by
Pachoumis et al. [22] are shown in Figure 1. They inves-
tigated two specimens, designated as RBSa and RBSb,
using an HE 300B column and HE 180 A beam for each
sample. The authors used these sections with double web
plates and continuity plates to produce a strong panel
zone, equal in thickness to the beam’s flange thickness,
at each column. In this way, the plastic hinge was formed
in the weakening zone. Three-point bending coupon tests
were then used to determine the material properties of
the beams, and the following values were obtained: elas-
ticity modulus E = 209,000MPa, yield stress fy = 310 MPa,
and ultimate stress fu = 430MPa [22].

The material properties of the weld were also con-
sidered. The other four specimens in this work are con-
sidered to have the same properties for the beam and
column, with the only difference being the flange-
cut pattern. Figure 2 shows the dimensions and flange-
cut profiles for all specimens analysed in the current
study.

2.2 FEA

In this study, the non-linear FE program ABAQUS [21]
was adopted to investigate the response of RBS connec-
tions with various flange-cut patterns subjected to cyclic
loading. HE 300B was used as a column and HE 180 A as
a beam, as shown in the study by Pachoumis et al. [22].
All components of the typical RBS connections were

Table 1: Geometrical properties of RBS

FEMA350-2000 ordinary
moment frame, SMF [4]

EC8, Part 3 [16] AISC 358-05
(IMF, SMF)

a = (0.5 to 0.75)b a = 0.6 b, a = (0.5 to 0.75)b
b = (0.65 to 0.85) db b = 0.75 db b = (0.65 to 0.85) db
c ≤ 0.25b g = c :S 0.25b, O.l b,≤ c ≤ 0.25b
s = a+ b/2 s = a+ b/2 —
r = (4 c2 + b2)/8 c r = (4g 2 +b2)/8g —
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modelled using ABAQUS’s thin shell elements (S4R). Due
to the symmetry of the models, only half of each spe-
cimen was modelled to reduce run time, as shown in
Figure 3. The material properties were defined by their
bilinear elastic–plastic strain–stress relationships. The
materials used for columns, beams, continuity plates, dou-
bler plates, and stiffeners follow the curves shown in
Figure 4.

2.3 Loading conditions

From the face of the column and at a distance of 1,000mm,
cyclic variable amplitude displacement was applied at the
top of the beam. Following the AISC Seismic Provisions
(AISC 2002) [24], the cyclic displacement amplitude fol-
lowed a specific loading protocol. The loading protocol that

is shown inFigure 5 andTable 2 isused inABAQUS.Here,δy
represents the first yield deformation obtained from the
static analysis of the model.

3 Results

3.1 Test verification

In this study, theFEM of RBS connections tested by
Pachoumis et al. [22] has been used to verify the accuracy
and applicability of a non-linear FEM. The properties
and installation-tested specimens are shown in Figure 1.
Figures 6 and 7 show the comparison of hysteretic curves
of the current numerical results with the experimental
results that are presented in ref. [22] for the twoF specimens

Figure 1: Specimen installation [22].
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Figure 2: Dimensions and flange-cut profiles of all specimens tested in the present study.
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RBSaandRBSb,which indicatesagoodagreementbetween
them. Therefore, the FEMs used in this study have a low
error rate (a little over 6%).

3.2 PEEQ and Von-Mises stress distribution

As illustrated in Figures 8 and 9, it was possible to cal-
culate the PEEQ and Von Mises stress distributions for
each specimen. An inelastic strain demand index (PEEQ)
was used to measure the equivalent plastic-to-yield strain
ratio.

Comparing the RBSa with the other specimens, the
analytical results show that it has a uniform Von-Mises
stress distribution and a lower PEEQ value (0.685), indi-
cating that it has a higher degree of ductility. The PEEQ
index for specimen RBSrec was 46% higher compared to
that of RBSa, and there was 60.5% increase for specimen
RBStrap compared to RBSa, while those for RBStri and
RBSdh were 65.5 and 105.5%, respectively. RBSa thus has
a greater potential for better plastic hinge formation away
from the connection area, leading to better behaviours of
RBSa connections in comparison to other connections. In
addition, for both RBSrect (rectangular cut-flange profile)
and RBStrap (trapezoidal cut-flange profile) specimens,
the concentration of stress at the corners of the entrance
led to a fracture of the beam flange at the narrowest sec-
tion, while the specimen with drilled holes (RBSdh)
showed clearly visible PEEQ concentration zones at the
beam flanges, as shown in Figure 8.

3.3 Hysteretic curves and rupture index

A hysteretic curve for the moment-rotations resulting
from the FE analysis is shown in Figure 10 for the mid-
point of the RBS connections for the RBSrec, RBStrap,
RBStri, and REBdh specimens. The results showed no
local buckling in the beamweb or flange of all specimens,
and hence, no strength reduction was observed for any

Figure 3: Finite element mesh of the RBS connection (element S4R).

Figure 4: The elastic–plastic stress–strain model used in the pre-
sent study.

Figure 5: Loading protocol.

Table 2: Loading protocol

Load step Peak deformation, δy Number of cycles, n

1 0.375 2
2 0.50 2
3 0.75 2
4 1.00 4
5 1.50 2
6 2.00 2
7 3.00 2
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specimen except the RBStri connection, where local buck-
ling was noted in the beam flange at 0.02 rad, causing this
connection to be weakened by buckling on the web and
flange.

The numerical analysis results allowed the rupture
index (RI) to be calculated to assess the effects of various
parameters on the ductile fracture potential of models
with different cut-flange configurations. RI refers to the

Figure 6: Comparison of numerical and experimental results of RBSa.
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ratio between the PEEQ index and the ductile fracture
strain,  ϵf multiplied by the constant of material:
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where q = Von-Mises stress and p = hydrostatic pressure,
such that
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Figure 7: Comparison of numerical and experimental results of RBSb.
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and

=q S S3
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The PEEQ is thus,
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Figure 8: PEEQ distributions on the last cycle ( δ3 y)× for all specimens.
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Based on FEA, Figure 11 shows the maximum values
of RI for all tested specimens. These were developed to
assess and compare the possibility of ductile fracture in
finite element models at different places and between two
distinct models at the same location. Hancock and MacK-
enzie [23] suggested that this criterion for determining
the likelihood of a ductile fracture is accurate, and the
RBS connection (RBSa) has a lower RI than the other
specimens, as shown in Figure 11. The greater plastic
stresses that form in the connecting zone along the
column face are the source of the higher RI value in other
specimens; however, in comparison to RBStrap, RBStri,

and RBSdh, RBSrec has a lower minimum value of RI, as
shown in Figure 11.

4 Conclusions

Based on the results of modelling using ABAQUS, the
following conclusions were drawn:
1. For all connections, the maximum Von Mises stress

intensity was 310–430MPa at × δ3 y step loading.
Stress intensities in the panel zone for all connections

Figure 9: Von-Mises stress distributions on the last cycle ( δ3 y)× for all specimens.
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were between 150 and 250MPa, with no yielding in the
column.

2. The rectangular cut-flange profile offers greater ducti-
lity and energy dissipation than the trapezoidal, trian-
gular, and drilled hole profiles.

3. The RBS connection with a circular cut-flange profile
offers a lower RI than other connections.

4. Radius cut RBS have uniform stress contours. Any re-
entrant corner at the rectangular, trapezoidal, or tri-
angular cut-flange profile connection may result in

Figure 10: Cyclic moment-rotation and curves for tested specimens.
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Figure 11: Effect of cut-flange type on RI.
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stress concentrations, however, leading to fracture of
the flange.

5. The RI value was maximised in the RBS with drilled
holes (RBSdh), which is thus less ductile than other
tested connections in this study.
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