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Experimental study of the behavior of beam-column connections
with expanded beam flanges
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Abstract. This paper describes an experimental study of steel beam-column connections with or without expanded beam
flanges with different geometries. The objectives of this study are to elucidate the cyclic behavior of these connections, identify
the location of the plastic hinge zone, and provide useful test data for future numerical simulations. Five connection specimens
are designed and tested under cyclic load. The test setup consists of a beam and a column connected together by a connection
with or without expanded beam flanges. A constant axial force is applied to the column and a time varying point load is applied
to the free end of the beam, inducing shear and moment in the connection. Because the only effect to be studied in the present
work is the expanded beam flange, the sizes of the beam and column as well as the magnitude of the axial force in the column
are kept constant. However, the length, width and shape of the expanded beam flanges are varied. The responses of these
connections in terms of their hysteretic behavior, failure modes, stiffness degradation and strain variations are experimentally
obtained and discussed. The test results show that while the influence of the expanded beam flanges on hysteretic behavior,
stiffness degradation and energy dissipation capacity of the connection is relatively minor, the size of the expanded beam flanges
does affect the location of the plastic hinge zone and strain variations in these beam-column joints. Furthermore, in terms of
ductility, moment and rotational capacities, all five connections behave well. No weld fracture or premature failure occurs before

319

the formation of a plastic hinge in the beam.
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1. Introduction

Moment frames derive their lateral load resisting
capacity from the flexural and shear strengths of the
framing members as well as from the rigidity and integrity
of the beam-column connections. If the moment and shear
demands at the connections are too high and if the
connections are not properly designed, connection failure
will occur. During the Northridge and Kobe earthquakes,
numerous welded beam-column connections of steel
moment frames experienced brittle fracture (White and
Chen 1998, Miller 1998, Saher et al. 2017, Popov et al.
1998). To avoid similar connection failure occurring in
future earthquakes, a number of innovative designs have
been proposed. They can generally be classified as those
that involve weakening the beam or strengthening the
connection. Examples of the first group include reduced
beam section (Wang er al. 2009, Pachoumis et al. 2009,
2010, Swati and Vesmawal 2014) as recommended by
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Fig. 1 A beam-column connection with expanded beam
flanges

FEMA-350 (2000) and beam with perforated flanges
(Rahnavard et al. 2015) or perforated web (Tsavdaridis et
al. 2014, Tsavdaridis and Papadopoulos 2016). Examples of
the second group include connections with steel fiber
reinforced cementitious composites slabs (Cui et al. 2013),
and connections with expanded beam flanges as shown in
Fig. 1 (Wang et al. 2010, Zhang et al. 2011, Yang and Chen
2017) as recommended by the Chinese code (Ministry
2015).

Although the main purpose of beam-column
connections with reduced beam section and connections
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with expanded beam flanges is to relocate the plastic hinge
away from the beam end so that plasticity occurs in the
beam before cracking occurs in the welds. These
connections also have different design intentions. The
design intention for reduced beam section is to weaken the
flanges or the web of the beams according to the seismic
moment gradient so the section resistance moment gradient
of the weakened region is more or less equal to the seismic
moment demand gradient. The design intention for
connections with expanded beam flanges (which is
recommended by the Chinese code) is to provide a
reinforced section in the beam according to the seismic
moment gradient so the section resistance moment gradient
of the reinforced area is greater than the seismic moment
demand gradient. In either case, connection failure is
avoided by ensuring that the moment resistance of the
beam-column connection exceeds or at least equal to that of
the demand.

Over the years, numerous studies on the effect reduced
beam section has on steel beam-column connections have
been carried out by Wang et al. (2009), Pachoumis et al.
(2009, 2010), Sophianopoulos and Deri (2011), Han et al.
(2012), Swati and Vesmawal (2014), and Oh et al. (2015).
In comparison, relatively few studies on steel beam-column
connections with expanded beam flanges have been
performed (Lu et al. 2017, Wang et al. 2010, Zhang et al.
2011, Yang and Chen 2017, Chen and Lin 2013). In
addition, these studies were primarily focused on the
performance of the connections themselves without
considering the effects different beam flange shapes and
sizes may have on the cyclic behavior, plastic hinge
location and failure modes of the connections. As a result,
the main focus of the present study is to investigate the
influence of flange shapes and sizes on the hysteretic
behavior, moment and rotation capacities, plastic hinge
location and failure modes of expanded beam flange
connections.

To this end, five full-scale connection specimens were
designed and fabricated. They were assembled and tested
under cyclic loads in the structural laboratory of Nanjing
Tech University. Of the five specimens, four have expanded
beam flanges with different arc shapes, lengths and widths.
They are used to study the influence these parameters may
have on the behavior of the connection. The fifth is a
control specimen without expanded beam flange to which
the others can be compared.

In the following sections, detailed descriptions of the
connection specimens, test setup, and test results will be
provided. Based on these test results, the hysteretic
behavior, moment capacity, ductility, plastic hinge location,
energy dissipation capability, stiffness degradation, failure
modes, and strain distributions on the flanges will be
discussed.

2. Experimental program

2.1 Test specimens

To investigate the influence of flange geometry and size
on the behavior of connections with expanded beam
flanges, five beam-column connection specimens were

Table 1 Test specimens

Expanded flange parameters

Specimen

1, (mm) I, (mm) ¢ (mm) Arc shape
S-1 100 100 40 Concave
S-2 200 200 50 Concave
S-3 100 100 40 Convex
S-4 200 200 50 Convex
S-5 N/A N/A N/A N/A
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Fig. 2 Connections with expanded beam flanges

designed with the following variables: (1) with or without
the presence of expanded flanges at beam end, (2) the
expanded beam flanges take the shape of a convex or
concave arc, and (3) different lengths and widths for the
expanded beam flanges. These specimens were designated
as S-1to S-5 in Table 1. Both Specimens S-1 and S-2 have
a concave arc (Fig. 2(a)) in the transition zone of the
expanded beam flanges, but the flanges are of different
sizes. The same set of flange sizes is used for Specimens S-
3 and S-4, except that the flanges have a convex arc (Fig.
2(b)) in the transition zone. Specimen S-5 does not have
expanded beam flanges and will serve as a control
specimen. The effect of expanded beam flange sizes on
connection behavior can be obtained by comparing the
performance of Specimens S-1 with S-2, and that of S-3
with S-4. The effect of expanded beam flange shape on
connection behavior can be obtained by comparing the
performance of Specimens S-1 with S3, and that of S-2 with
S-4. The effect of the presence of expanded beam flanges
on connection behavior can be obtained by comparing the
performance of Specimens S-1 to S-4 with Specimen S-5
(i.e., the control specimen).

All specimens were fabricated using Q235 steel with a
nominal yield stress of 235 MPa. Coupon tests were
conducted at Yangzhou University to determine the actual
yield stress of the material. The results of six coupon tests
showed that average yield stress was 287 MPa.

2.2 Test setup

As shown in Fig. 3, the subassembly used for the



Experimental study of the behavior of beam-column connections with expanded beam flanges 321

connection tests consists of a cantilever beam welded to the
flange of a column at mid-height using fillet welds. The
electrode used was E4303 with a nominal weld strength of
421 MPa. The lengths of the beam and column are 1600
mm and 1800 mm, respectively. To allow for a direct
comparison, the same beam and the same column sections
were used for all five connection tests. The beam is
HN400x200x8x12 and the column is HW350x350x12x12.
In selecting the beam and column, the concept of “weak
beam-strong column” (AISC 2018) was used in that plastic
hinge was expected to form in the beam. The beam and
column section dimensions and the calculated yield and
plastic moments are given in Table 2. The specimens were
fabricated by a local steel fabricator and all tests were
performed in accordance with the Chinese code JGJ101/T-
2015 (Ministry 2015). In the actual test, the entire test
assembly was turned 90 degrees so the column was in a
horizontal position and the beam was in a vertical position.
A constant axial force was first applied to the column. A
cyclic load was then applied to the free end of the beam at a
distance of 1400 mm from the column face. A more detailed
discussion of the load protocol will be given in Section 2.4.

To prevent local web yielding and web crippling, web
stiffeners were provided in the panel zone of the column
and at the free end of the cantilever beam as shown in Fig.
3. Furthermore, to prevent out-of-plane displacement,
lateral braces were provided to the beam.

2.3 Test apparatus

The test apparatus, which was used for all five tests,
consists of: (1) A 500 kN hydraulic jack to apply an axial
force to the column, (2) a 500 kN two-way hydraulic
actuator to apply cyclic load to the beam, (3) a reaction wall
to support the two-way hydraulic actuator, and (4) a strong
floor to support the entire test assembly. As shown in Fig. 3,
the instrumentation consists of: (1) two linear variable
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S
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displacement transducers (LVDT) to determine the relative
deformation of panel zone, (2) two LVDT to monitor the
column displacement, (3) two LVDT to monitor the beam
displacement, and (4) a load cell installed at one end of the
column to measure the column axial force. In addition,
strain gauges were placed on the beam flanges and on the
expanded zone of the beam to determine strain changes as
well as to monitor yielding in the expanded zone as shown
in Fig. 4. The distances 1, b, s, I4, Is, Ig are set as follows:
For Specimens S-1 and S-3, they are 30 mm, 35 mm, 35
mm, 33 mm, 33 mm, 34 mm, respectively; and for
Specimens S-2, S-4 and S-5, they are 60 mm, 70 mm, 70
mm, 66 mm, 66 mm, 67 mm, respectively. All loads,
displacements and strains were recorded in a data
acquisition system at a rate of 50 channels per second. All
recorded data were stored in a computer for subsequent
analyses.

2.4 Loading protocol

The loading protocol used for all five tests is as follows:
A load equal to 500 kN was first applied to the column by a
hydraulic jack. This load corresponds to about 20% of the
yield load calculated based on the measured steel yield
stress of 287 MPa. In the event that the strains recorded at
all the measurement points on the column flanges were
different, the load point was adjusted until the column was
under uniform compression. This compressive axial force in
the column was held constant for the entire duration of the
test to simulate the actual loading conditions of a typical
frame. In accordance with JGJ101-96 (Ministry 2015), a
horizontal load which would induce a stress in the beam
flanges equal to 30% of the material’s yield strength was
applied to the free end of the beam, and then fully unloaded
to ensure that all the test equipment and instrumentations
were performing properly and functioning as intended.

Fig. 3 Test setup

Table 2 Beam and column dimensions and calculated yield and plastic moments

Member Depth Width  Flange thickness  Web thickness Yield moment  Plastic moment
(mm) (mm) (mm) (mm) (KN-m) (KN-m)
Beam 400 200 12 8 290 396
Column 350 350 12 12 287 392
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Fig. 4 Arrangement of measurement points
(all dimensions in mm)

A cyclic predetermined load sequence with gradually
increasing displacement amplitudes as shown in Fig. 5 was
then applied to the beam using the 500 kN two-way
hydraulic actuator. The cyclic load history consists of six
cycles of +0.375%, +0.5%, and +0.75% rad story drifts,
followed by four cycles of £1% rad story drift and then with
two cycles of +1.5%, 2%, £3%, +4%, and 5% rad story
drifts. Note that AISC (2018) defines special moment frame
and intermediate moment frame systems as systems capable
of providing an interstory drift of at least 4% and 2% rad,
respectively. The displacement control load sequence
continued to increase as multiples of the yield displacement,
with three cycles at every displacement level until the
specimen failed, or the load capacity fell to 85% of the
maximum, or the maximum load capacity of the loading
device was reached (FEMA-350 2000). The sign
convention used is that a load applied in the leftward
direction (i.e., when the arm of the hydraulic jack shown in
Fig. 2 is extending) is considered positive.

3. Results and discussions

3.1 Test results

The test results for the maximum moment M,
maximum drift angle 6,..., ductility x, coefficient of energy

dissipation #,., and failure modes of the five specimens are
summarized in Table 3. The maximum moment is the

Table 3 Summary of test results
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Fig. 6 Park’s method to determine A, and A,

largest moment attained by the connection before it fails. It
is obtained by multiplying the applied load by the distance
measured from the point of application of the load to where
the beam connects with the column. The maximum drift
angle is calculated by dividing the maximum beam end
deflection by the distance measured from the point of
application of the load to the centerline of the column. The
ductility is the ratio A,/A,, where A, and A, are determined
using the Park’s method (Park 1989) as illustrated in the
load-deflection diagram in Fig. 6. The coefficient of energy
dissipation (Wang et al. 2015, Guo et al. 2006) is defined as

h — SABCD (1)
‘ SOAE + SOCF

where, with reference to Fig. 7, Syzcp is the area enclosed
by the last hysteretic loop before the specimen fails, and
Soar and Socr are the areas of triangle OAE and triangle

Specimen M, (KN-m) 8, (rad) u he Failure modes
S-1 395 0.0497 346 1973 Beam flange buckling / Plastic hinge formation
S-2 448 0.0498 3.22  2.055 Beam flange buckling / Plastic hinge formation
S-3 420 0.0500 353 2130 Beam flange buckling / Plastic hinge formation
S-4 455 0.0499 345 2.293 Beam flange buckling / Plastic hinge formation
S-5 434 0.0480 319 2174 Beam flange buckling / Plastic hinge formation
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Fig. 7 Calculation of energy dissipation coefficient

OCEF, respectively.

From Table 3, it can be seen that except for Specimens
S-1 and S-3, all other specimens with expanded beam
flanges have a higher moment capacity than Specimen S-5
(the control specimen), but all attained moments are equal
to or larger than the nominal plastic moment capacity of the
beam (which is equal to 396 kN-m). When compared to
Specimen S-1, Specimen S-3 have slightly higher M,
Graxs 1 and h, values. The same can be said when one
compares Specimen S-4 to Specimen S-2. This indicates
that an expanded beam flange with a convex arc behaves
slightly better than that with a concave arc. However, from
a design perspective, this increase is not significant enough
to be of much consequence.

All five specimens exhibit a ductility exceeding 3 and a
coefficient of energy dissipation close to or larger than 2.
These values are considered adequate for ordinary moment

Z o0 2 400
o A, 300

frame systems (ANSI/AISC 360-16); and since the
assembly can withstand a drift angle of at least 4% radian
without failure, the connections can potentially be used for
intermediate and special moment frame systems as well
(FEMA 350 2000, FEMA 351 2000). For all five
specimens, the tests were terminated when plastic hinge
formed in the beam. However, the location of plastic hinge
zone is different for the specimens. This will be discussed in
more detail in a later section.

3.2 Hysteretic behavior

The load-deflection hysteretic curves obtained for the
five specimens are presented in Fig. 8. From these figures,
it is observed that:

e The hysteretic loops for all five specimens are
plump. No cracks were observed at the welds of all
the specimens during the entire test protocol. The
test results indicate that all the connection specimens
have good ductility and energy dissipation
capability.

e Upon comparison with the control specimen (S-5),
the specimens with expanded beam flanges (S-1 to
S-4) exhibit a slight pinching effect at load cycles
that correspond to high drift angles (Fig. 5). This is
due to an earlier initiation of local flange buckling
given that the width-thickness ratio of the expanded
beam flanges are higher for Specimens S-1 to S-4.

e \When compared with Specimen S-1, the hysteretic
loop of Specimen S-2 shows that it has a higher load
capacity and an increased energy dissipation
capability. The same observation applies to

- 40 @ 80 100 100 80 —60/~4
£ ()

60 80 100
A (nun)

(d)
Fig. 8 Hysteretic curves of test specimens: (a) S-1; (b) S-2; (c) S-3; (d) S-4; (e) S-5
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Fig. 9 Specimens S-1, S-2, S-3, S-4 and S-5 at = 5% rad

Specimen S-4 when compared to Specimen S-3.
These results are expected since the expanded beam
flanges of Specimens S-2 and S-4 are larger than
those of Specimens S-1 and S-3, respectively.

3.3 Experimental observations

When the drift angle € was between 0.375% and 1%
rad, all members of the test assembly deformed elastically.
When @ reached 2% rad, the beam flanges of all specimens
began to experience local buckling. When measured from
the beam end, this flange buckling occurred at a distance of
150 mm, 450 mm, 150 mm, 450 mm, and 70 mm for
Specimens S-1 to S-5, respectively. When & approached 3%
rad, the zone between 100 mm to 350 mm for Specimen

S-1, between 400 mm to 550 mm for Specimen S-2,
between 100 mm to 350 mm for Specimen S-3, between
400 mm to 550 mm for Specimen S-4, and between 50 mm
to 200 mm for Specimen S-5 began to experience inelastic
deformation and signified the zone where a plastic hinge
would form. When @& reached 4% rad, out-of-plane
deformation was observed for the beam web for all
specimens, but the deformation was rather small for
Specimen S-5. The maximum load for all five specimens
was reached when @ was approximately equal to 5% rad
(Fig. 9). From this point on, the load started to decrease
when a plastic hinge was formed in the beam.

Although the hysteretic loops of Specimen S-5 do not
exhibit any pinching effect at all load levels during the test,
the location of the plastic hinge zone for this specimen is
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Fig. 10 Variation of stiffness with drift

quite close to the beam end, which is considered
undesirable. In comparison, the plastic hinge zone for all
specimens with expanded beam flanges is further away
from the beam end, with Specimen S-2 or S-4 being the
farthest.

3.4 Stiffness degradation coefficient

With reference to Fig. 10, when the drift angle is in the
range of 0.375% to 1% rad (which corresponds to a drift A
of approximately 6 mm to 16 mm), the stiffness g of all
specimens does not vary significantly, indicating that the
deformation is elastic.

Herein, gis defined as

el

>
B=- (2)
>

where P;and A; are the peak load and peak displacement in
the i-th load cycle, respectively.

When 6 is between 0.375% and 1% rad, the stiffness of
the five specimens shows no degradation. Degradation of
stiffness occurs rather rapidly when @ exceeds 1% rad (i.e.,
when A exceeds ~16 mm). As A increases, the degradation
rate decreases. For a given A, S appears to be the highest for
Specimen S-1 and lowest for Specimen S-3, with the others
in between and being quite comparable to one another.

3.5 Longitudinal strain variations along beam
flange

Figs. 11(a)-(e) show how the measured longitudinal
strain & varies along the beam flange zone for the five
specimens. In the figures, D is the distance measured from
the face of the column. For a given D, longitudinal strains
are plotted for eight displacement values (A = 7, 10.5, 14.0,
21.0, 28.0, 42.0, 56.0, 70.0 mm). From the figures, it can be
seen that € generally increases as A increases. However, the
increase is not linear. The increase in ¢ is quite small for
small A, but it becomes more prominent when A gets larger,
signifying that the connection is behaving nonlinearly. Also,
when A is small (< 14 mm), the variation of ¢ with D is
relatively small. However, large changes in & occurs when A
gets larger (> 21 mm). Since the yield strain was calculated
to be around 1400x10°, any strain that exceeds this value
means yielding of the flange has occurred. Once yielding
has occurred, the variation of ¢ with D does not follow a
specific pattern. This is because in addition to the complex
geometries of the expanded flanges used in the present
study (Fig. 2), the effect of residual stresses and plastic
hinge formation start to play a role in affecting the strain
distributions.

When one compares the strains for the specimens, it can
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be seen that for a given A, ¢ for Specimen S-1 in the range 0
< D <200 mm are generally higher than those of Specimen
S-2, and ¢ for Specimen S-3 in the range 0 < D < 200 mm
are generally higher than those of Specimen S-4, with
Specimen S-5 somewhere in between. The higher strain can
be attributed to the shorter length of the expanded beam
flanges for Specimen S-1 and S-3. Moreover, for the same
range of D, ¢ for Specimen S-1 are generally lower than
those of Specimen S-3, and ¢ for Specimen S-2 are
generally lower than those of Specimen S-4. This means for
the same expanded beam flange length, the shape (concave
vs. convex) of the beam flange in the transition zone can
have an effect on strain distribution.

4. Conclusions

In this paper, an experimental study of five full scale
moment resisting connections is presented. Of the five test
specimens, four have expanded beam flanges and the one
without expanded beam flanges was used as a control. The
parameters to be investigated were the length, width and
shape of the expanded beam flanges. For a given length and
width, two specimens: one with a concave arc and another
with a convex arc in the transition zone of the beam flanges
were fabricated, tested and compared. The connections were
tested in a subassembly consisted of a beam with the
connection at one end welded to the mid-height of a
column. A constant axial force was applied to the column,
while a cyclic point load was applied to the free end of the
beam. The performance of the connections in terms of their
hysteretic behavior, moment capacity, ductility, energy
dissipation capability, stiffness degradation, failure modes,
and strain distributions on the flanges was discussed. From
these tests, the following observations can be made:

e The hysteretic curves for all five specimens are
relatively stable, the curves of S-1, S-2, S-3 and S-4
exhibit slight pinching, and the moment capacities of
S-2 and S-4 are higher than those of the other three
specimens.

e All connections are able to develop the nominal
plastic moment capacity of the beam without weld
fracture.

e Although all connections failed by formation of
plastic hinge in the beam after local buckling of the
beam flanges was observed, the location of the
plastic hinge zone is different. For Specimens S-2
and S-4, the zone of plastic deformation is further
away from beam end.

e From the measured longitudinal strains ¢ along the
beam flanges for specimens with the same expanded
beam flange length, the geometry of the beam flange
in the transition zone can have an effect on the strain
distributions.

e Although the connections with larger expanded
beam flanges have higher moment capacities and
coefficients of energy dissipation, and smaller flange
strains, they are not considered to be of significance
for purpose of design.

e \When compared to connections with concave arc in
the beam flanges, connections with convex arc have
slightly higher moment and rotation capacities,
ductility and coefficients of energy dissipation.
However, the increase is quite small and can
therefore be ignored.

The major advantage of using connections with
expanded beam flanges is to move the location of plastic
hinge away from the column face. For Specimen S-5 (the
control specimen without the expanded beam flanges), the
plastic hinge zone is 50 mm - 200 mm from the column
face. For Specimen S-1 and S-3 (the specimens with the
shorter and narrower expanded beam flanges), the plastic
hinge zone is 100 mm - 350 mm from the column face, and
for Specimen S-2 and S-4 (the specimens with the longer
and wider expanded beam flanges), the plastic hinge zone is
400 mm - 550 mm from the column face.
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