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A B S T R A C T

The reduced Beam Section (RBS) connection was proposed after the 1994 Northridge earthquake. By creating a
plastic hinge outside the connection area, this connection minimizes the damage inflicted upon the panel zone.
But, after the occurrence of a medium-intensity earthquake, the entire beam would have to be replaced due to
the concentration of damage in the reduced area, which is practically impossible. This study aims to experi-
mentally investigate the use of the reduced section in a replaceable fuse. Thus, four rigid connections including
an Ordinary end-plate Bolted Connection (OBC), an ordinary RBS connection (RBS), a fuse including an RBS
connection (RBSeF), and a Reduced Depth Section (RDS-F) connection incorporating a fuse were evaluated. The
static cyclic load was applied and the moment-drift hysteresis diagram was plotted. The properties of the column
and the panel zone were selected so that damage would be sustained by the beam and the performance of the
four connections could be compared. Even though all of the samples satisfied the drift criteria of the rigid
connection in the special moment resisting frame, the amount of rotation in the panel zone of the OBC sample
was 2 to 3 times greater than the other three samples. Therefore, using different types of RBS connections
reduces the damage inflicted upon the column and the panel zone. The results show that in addition to having
very good ductilities and the ability to be replaced after earthquakes, the RBS-F and RDS-F samples can be
suitable replacements for the ordinary RBS connections.

1. Introduction

In accordance with the recommendation of different design codes,
using intermediate and special moment resisting frames in regions with
high seismic risk is of utmost importance. In the 1994 Northridge
earthquake, considerable damage was inflicted on the beam-column
connection area of moment resisting frames. Up until that time, it was
believed that rigid connections with complete penetrating groove weld
can withstand high levels of plastic deformation. However, the devel-
oped cracks and the brittle failures in the connections revealed that the
actual ductility in these connections might be lower than the prediction
design codes put forth.

To improve the performance of rigid connections in special moment
resisting frames subjected to strong seismic excitation, two solutions
were suggested: strengthening the connection or weakening the beam
in the vicinity of the connection. The second approach, which is known
as the RBS connection, causes plastic hinge to take form outside the
connection, while at the same time reducing the force and moment
existing within the connection. The RBS was one of the prequalified

connections that were approved by the AISC [1] after the 1994
Northridge earthquake. Another prequalified rigid connection is the
end-plate bolted connection with stiffener. Simultaneous use of end-
plates and the RBS can improve the performance of the connection. In
this connection, in addition to the fact that the weld connecting the
beam to the end-plates was carried out in the factory, the use of the
reduced cross-section has expelled damage concentration out of the
connection. The only problem with this connection is that damage
concentration occurs within the reduced area and after average or
strong earthquakes, the entire beam would need to be replaced which is
almost impossible.

Tremblay et al. investigated the performance of steel structures
during the Northridge and Kobe earthquakes [2,3]. The brittle failure
and the damage inflicted upon the connections in moment resisting
frames showed that the design criteria in practice prior to the 1994
Northridge earthquake did not guarantee the formation of plastic hinge
in the beam. They suggested that the pre-Northridge connections, even
if they had sustained a small degree of damage, should be closely re-
evaluated after the earthquake. Numerous numerical and experimental
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studies were carried out on RBS connections subjected to seismic loads
to form a good understanding of their behavior. Among those studies,
the work carried out by Zhang and Ricles [4] can be mentioned,
wherein the authors experimentally evaluated RBS beam-deep column
connections. By investigating six samples, they showed that deep col-
umns laterally anchored by ceiling slabs can increase the strength of the
RBS connection. Wilkinson et al. [5] evaluated a type of RBS connection
by decreasing the height of the beam's web. The model they re-
commended had a decreased web height that resembled a wedge. This
sample had a somewhat suitable performance, although in the hyster-
esis diagram, the pinching effect was quite evident. Han et al. [6] put
forth new design equations for determining the bending strength of a
bolted web RBS connections. They showed that compared to the criteria
given by FEMA 350, these design equations have good accuracy and
guarantee the formation of the plastic hinge in the reduced zone. He-
dayat and Celikag [7] conducted a numerical study on Post-Northridge
connections with web openings. The assessments showed that in addi-
tion to transferring the location of the plastic hinge away from the
connection, controlling the reduced area of the web with different
geometrical shapes can increase the ductility and improve the seismic
performance of the moment resisting frame.

Pachoumis et al. [8] performed experimental and numerical eva-
luations on beams with reduced sections subjected to cyclic loads. Two
identical experimental samples were constructed, with the only differ-
ence being in the depth of the reduced area. The results showed that the
sample with a larger depth reduction had a more suitable behavior.
Mirghaderi et al. [9], performed some tests to investigate the seismic
behavior of RBS connections with accordion webs. Using the obtained
experimental and numerical results, they showed that using the ac-
cordion web in the beam causes no noticeable strength reduction in the
structure and increases ductility in the hysteresis loops. Design and
seismic performance of steel moment resisting frames incorporating
replaceable fuses was studied and evaluated by Shen et al. [10]. The
results indicate that steel moment resisting frames with replaceable
links possess a suitable ductility, with the added coup that the link can
be replaced after earthquake. Mashaly et al. [11] assessed the behavior
of the four-screw extended end-plate connection subjected to lateral
load. The connection reached a rotation of 0.05 Rad which signifies the
ductile behavior of the connection. The researchers also showed that
the extended end-plate brings about a higher energy dissipation.

Chi et al. [12] conducted research on the seismic behavior of con-
crete-filled square tubular column connections with reduced beam
section subjected to cyclic loading. The results showed that the location
where the plastic hinge formed was driven towards the reduced region
of the beam and this type of connection possesses adequate ductility
and a suitable ability for energy dissipation. Using ANSYS, a numerical
study was carried out by Maleki and Tabbakhha [13] on the beam with
slotted–Web–reduced–flange rigid moment connection. The proposed
model had a better performance compared to other samples. Ghasse-
mieh and Kiani [14] seismically evaluated frames with reduced beam
sections by taking into account the flexibility of the connection. Nu-
merical analyses of a structure under the influence of far field and near
field earthquakes revealed that without considering the flexibility of
beam–column connections, the result of the analysis might not be re-
liable.

The influence of gravity loads on the seismic design of RBS con-
nections was investigated by Montuori [15]. In this study, to ensure the
formation of the plastic hinge in the reduced area, a new relationship
was proposed to assess the correlation between gravity load, the RBS
area, and the level of section reduction. In an experimental and nu-
merical study, Sofias et al. [16] investigated the RBS-end plate rigid
connection subjected to cyclic load. They showed that the flexural
beam-column connection in the location of the end-plate remains in the
elastic state and no damage is inflicted upon the end-plate and the
components of the connection, and that damage is concentrated in the
reduced section area. Swati and Gaurang [17], in an experimental and

numerical study, investigated beams with/without reduced sections. By
calibrating the ANSYS software based on the experimental and nu-
merical results, it was shown that the RBS sample displays a suitable
performance.

Abdollahzadeh et al. [18] determined the hysteresis behavior of
end-plate bolted beam – column rigid connections using mechanical
models and Artificial Neural Networks. It was concluded that the me-
chanical model does not incorporate all the aspects of the hysteresis
response and is not adequately accurate compared to the model con-
structed based on Artificial Neural Networks. Roudsari et al. [19] car-
ried out numerical studies on the behavior of RBS connections in mo-
ment resisting frames with different types of stiffeners. It was
demonstrated that the existence of web stiffeners in IPE beams with
reduced sections considerably improves the seismic behavior of these
types of connections in moment resisting frames. The static and dy-
namic behaviors of steel connections with bolted end-plates were ex-
perimentally studied by Grimsmo et al. [20]. In both quasi-static and
dynamic tests, the failure modes included the failure of the screws along
with the plastic deformation of the end-plate.

Using ABAQUS, Rahnavard et al. [21] performed a numerical study
on eight connections with different geometries to reduce the area of the
flange. Except for the reference sample which produced a high stress in
the connection, the other samples had good performances until the drift
of 0.06. An innovative technique was introduced by Morrison et al. [22]
to augment the seismic performance of connections in moment resisting
frames. To undermine the strength of the flange, a thermal operation
method was used and the experimental samples were compared with
the numerical models. The results revealed that the dimensions of the
heated area are suitable provided that they conform to the ones pro-
posed by design codes for RBS connections. Oh et al. [23] evaluated the
seismic performance of column-tree moment resisting connections with
reduced beam section. By investigating three experimental samples, it
was concluded that the details of the RBS can influence the perfor-
mance of the connection.

The mutual bending–shear effect in short steel beam connections
with reduced sections was assessed and analyzed by Crisan and Dubina
[24]. Two beam samples with different lengths were experimentally
and numerically studied to demonstrate the plastic deformation me-
chanism of short beams in steel moment resisting frames. The results
revealed that the plastic deformations increase as the width to length
ratio of the beam increases. In an experimental and numerical study,
Tahamouli Roudsari et al. [25] probed the behavior of reduced IPE
section with diagonal web stiffeners. By adding diagonal stiffeners to
the reduced area, the authors were able to postpone web buckling and
significantly increase the ductility of the connection. Investigating
multiple experimental and numerical models in that study showed that
using diagonal stiffeners stabilizes the hysteresis diagram and also de-
lays its degradation.

Erfani and Akrami [26] studied connections with Reduced Web
Sections (RWS). Based on damage indices and by creating elongated
circular openings with different dimensions and locations inside the
beam's web, they evaluated the failure criteria and energy dissipation.
The results showed that with appropriately-sized holes, the RWS con-
nection can significantly improve the seismic behavior of moment re-
sisting frames. Morshedi et al. [27] introduced and evaluated connec-
tions with Double Reduced Beam Sections (DRBS). The results showed
that the hysteresis behavior of this connection is very suitable and
compared to the RBS connection, the deformation capacity of DRBS

Table 1
Dimensions of the column and the beam.

Flange (mm) Web (mm)

Beam 180×15 150×8
Column 240×20 200×10
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connection has increased by 40%. In addition to decreasing stress in the
connection, the new detail causes the energy absorption to increase by
50 to 75%.

An experimental and numerical investigation on connections with
reduced IPE beam sections incorporating Box-Stiffeners was carried out
by Roudsari et al. [28]. Given that reducing the width of the beam's
flange in the RBS section potentially increases the probability of lateral
torsional buckling, the idea of a Box-Stiffener was proposed to over-
come this deficiency. The results revealed that the stiffener con-
siderably increases the ductility of the connection without altering its
strength. Montuori and Sagarese [29] made use of steel RBS fuses to
increase the ductility of timber structures. They recommended a set of
criteria for guaranteeing the creation of the plastic hinge inside the
fuse. Ultimately, a design chart was provided which could be used for
similar connections.

By creating a plastic hinge outside the connection area, RBS sections
minimize the damage inflicted on the panel zone. However, after an

Fig. 1. (a) The OBC sample (b) The RBS sample.

Fig. 2. Details of arched cuts in the beam [1].

Fig. 3. (a) The RBS-F sample (b) The RDS-F sample.
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average or strong earthquake, the entire beam would have to be re-
placed due to the concentration of damage in the reduced area, which is
almost impossible. The main objective of this experimental study is to
investigate the new concept of using the reduced section in a replace-
able fuse. To that end, four full-scale experimental samples were con-
structed and tested. The equivalent European wide flange IPB24 and
IPB18 sections were chosen for the column and the beam and the cyclic
quasi-static load was applied to the samples until 9% of drift. The first
sample was an Ordinary end-plate Bolted Connection with stiffener
(OBC) and the second sample was an RBS with end-plate bolted con-
nection and stiffener (RBS).

Under loading, both samples satisfied the special ductility criteria.
But, due to the fact that after average or strong earthquakes, damage
gets concentrated in the beam and replacing it after the earthquake is

either impossible or extremely difficult, a short replaceable fuse was
used at the end of the beam in the third and the fourth samples. The
third sample incorporated a fuse with the length 35.5 cm and a beam
with a reduced flange section (RBSeF). Since the ratio of the flange's
width to the beam's height is in direct correlation with the strength of
the beam against lateral- torsional buckling, cutting the flange in RBS
sections causes different types of buckling to happen faster. To

Fig. 4. (a) The OBC sample, (b) The RBS sample, (c) The RBS-F sample, (d) The RDS-F sample.

Table 2
Tensile tests results of the sample.

Plate thickness
(mm)

Elasticity
modulus (GPa)

Yield stress
(MPa)

Ultimate stress
(MPa)

Failure
strain

25 193.5 329.0 417.7 20.4
20 197.2 355.1 411.9 25.8
15 195.6 350.2 451.0 18.8
10 189.2 268.8 430.1 26.2
8 191.7 240.1 372.1 29.8
Screw 211.1 821.6 1046.6 13.0

Fig. 5. Stress-strain diagram of all the plates.
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overcome this problem, in the fourth sample, only the depth of the
beam was decreased and the other dimensions remained unchanged.
So, the fourth sample also incorporated a 35.5 cm fuse and a beam with
reduced depth section (RDS-F).

According to the experimental results, the hysteresis, the backbone,
and the equivalent bilinear diagrams of all the samples were drawn and
the ductility, energy dissipation, and low cycle fatigue of all the samples
were evaluated and compared. The results indicate that the RBS–F and
RDS–F samples had better performances compared to the other two
connections and both can be used as replaceable fuses in steel moment
resisting frames. It is worth mentioning that among the two, the RDS–F
sample has a better performance.

2. Test plan

The tests were performed in the structural research lab of the
Islamic Azad University of Kermanshah. Four full-scale samples with
equivalent IPB sections made of ST37 steel plates were used in the
study. For the beam – column bolted end-plate connections, grade 10.9
screws with the diameter of 24 mm were used in accordance with the
ISO standard [30].

2.1. Sample specifications and test setup

In all of the four samples, the lengths of the column and the beam
(from the centerline of the column to the point where the load is ap-
plied) were considered to be 2000 and 1445mm, respectively. The
behavior of the connection is obviously a function of the specifications
of the beam, the column, and the panel zone. Since the aim of this study
is to assess failure in the beam, the dimensions of the column section

and the properties of the panel zone had to be selected so that the
overall behavior of the connection would not be affected [31].Thus, to
strengthen the panel zone, continuity and doubler plates were used and
the section modulus of the column was considered to be two times
greater than that of the beam so as to ensure the formation of plastic
hinge in the beam. After choosing the beam and column sections based
on the strong column-weak beam theory, the details of the connections
were designed based on the AISC/ANSI 358–16 standard [1]. This de-
sign code is widely employed by researchers to design connections
[32,33].The dimensions of the beam and the column, which were
seismically compact sections, are given in Table 1.

As it can be seen in Fig. 1, the first sample is an ordinary rigid
connection with bolted end-plate and stiffener (OBC). Also, the second
sample is a beam with reduced section incorporating bolted end-plate
and stiffener (RBS). The dimensions of the reduced area of the flange
were selected based on the AISC [1] code, Eq. (1), and Fig. 2. In the
third and fourth samples, the reduced section was used in a short re-
placeable connector which acted as a fuse so as to make the formation
of plastic hinge in the component possible (Fig. 3). The end-plate, in
conjunction with the screws, furnished the connection of the fuse to the
beam and the column. Similar to sample 2, the ordinary reduced flange
section was used in sample 3 (RBSeF). In conventional RBS connec-
tions, due to the decrease in the flange width to beam height ratio, the
possibility of lateral – torsional buckling in the beam increases. In
sample four, by changing the geometry of the reduced section, this ratio
was increased in order to decrease the possibility of buckling in the
beam (Fig. 3). Thus, without changing the dimensions of the beam's
flange, the depth of the beam in the fuse was decreased and the fuse
with a reduced depth was built (RDS-F).

The height change was carried out so that the beam could have a
crescent-like shape which prevents stress concentration. Furthermore,
in sample four, the flange in the crescent -like part of the fuse was built
using cold rolling which brought about a significant amount of residual
stress. In samples three and four, a seating component was placed on
the column which acted as a connection between the beam and the
column to not only make the probable replacement of the fuse possible,
but also to ensure that the column sustains no damage. To prevent the
end-plate from separating and also for the reduced section to perform
better, a sufficient number of stiffeners were employed in the connec-
tion of the beam to the end-plate in all of the samples.

≤ ≤

≤ ≤

≤ ≤

0.5b a 0.75b
0.65d b 0.85d
0.1b c 0.25b

f f

f f (1)

To connect the beam/fuses to the end-plate, complete penetrating
groove weld was used and for the other items such as connecting the
flange to the beam's web, the stiffeners to the beam, the doubler and
continuity plates to the column, fillet welding was used. For the
weldings, the SMAW process was made use of and the quality of the
weldings was controlled using nondestructive testing. To clamp the
columns to the strong chassis on the floor of the lab, two supports with
the dimensions of 400× 400×500mm were used. The connection
between the support and the chassis was supplied by the end-plates and
screws. In the layout of the tests, the column is a horizontal element,
connected to the supports through a bolted end-plate connection via
eight grade 10.9 screws of diameter 24mm. Also, as a vertical com-
ponent, the beam is connected to the column through a bolted end-plate
connection by eight grade 10.9 screws with the same grade and dia-
meter. All of the bolted end-plate connections are frictional and were
constructed in accordance with the ISO standard [30] and the screws
were completely pre-stressed.

Fig. 4 depicts the test setup for all of the four samples. A hydraulic
actuator with the minimum capacity of 1000 KN and the displacement
capacity of 300mm in compression and tension was used. To apply the
quasi-static cyclic load, one end of the actuator was pinned to the top of
the beam and the other end was rigidly fixed to the reaction frame.

Fig. 6. Loading protocol.

Fig. 7. Moment-drift diagram of the OBC sample.
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From the top of the end-plate, the elevation of the point the actuator
was connected to the beam in the first and second samples was
1300mm and in the third and the fourth samples, due to the presence of
the seating, the elevation was elected to be 1150mm. For the lateral
bracing of the beam, a suitable structure was constructed using the
profile IPE160.

To measure the displacement of the end and middle parts of the
beam, the rotation of the panel zone, and the separation of the end
plate, Linear Potentiometer Transducers (LPTs) with a precision be-
tween 0.01 and 0.04mm were used. Two LPTs with the course length of
450mm for the end and middle points of the beam, two LPTs with the
course length of 50mm for the panel zone, and to measure the se-
paration of the end plate, two LPTs with the course length of 25mm
were used. In addition, 3 to 5 Strain Gauges (SG) were used in each
sample. The installation location of the SGs and the LPTs in the samples
are illustrated in Fig. 4. A 32-channel data logger was employed to

record the data. To ensure the authenticity of the designed test setup, a
series of preliminary Finite Element analyses were performed. These
were then used to determine locations of the strain gauges. Also, the
results of these analyses revealed that the stroke of the LPTs and the
capacity of the load cell were suitable.

2.2. Material properties

For all of the plates used in the beam, the column, the end plates,
the stiffeners, and also the screws, tensile tests were carried out in ac-
cordance with the ASTM A370 standard [34]. The modulus of elasticity,
yield stress, ultimate stress, and failure strain of the materials were
obtained. The results are presented in Table 2 and the stress–strain
diagrams of all the plates have been drawn and are shown in Fig. 5.

Fig. 8. (a) Initial crack in the welding, (b) initial buckling in the flange of the beam, (c) buckling intensification in the flange of the beam, (d) abrasion of the internal
threads of the nut, (e) failure of the connection.
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2.3. Loading protocol

For the cyclic loading, the protocol provided in FEMA-350 [35],
which is widely used for steel beam-column connections, was employed
[11,15,18,20,23,27]; meaning that the drift ratios of 0.00375, 0.005,
and 0.0075 were each applied to the beam in six cycles. Then, the drift
ratios of 0.01, 0.015, and 0.02 were each applied to the beam in four,
two, and two cycles, respectively. Afterwards, in each stage of the two-
cycle loadings, 0.01 rad was added and the loading continued to the
point of failure in the beam/connection. The loading protocol is illu-
strated in Fig. 6. The drift values were multiplied by the height of the
beam and were applied to the top of it, i.e. 1325mm from the column's
face, as displacements.

3. Test results

All samples were subjected to cyclic loading and their hysteresis
moment – drift ratio diagrams were obtained. All four samples satisfied
the requirements dictated by AISC [1] regarding special moment re-
sisting frames. The experimental observations including buckling in the
flange, buckling in the web, and the type of failure in each of the
samples are thoroughly discussed in the following.

3.1. The OBC sample

The hysteresis moment–drift diagram of the OBC sample is depicted
in Fig. 7. At a drift of 0.045, the first crack took form in the welding of
the connection, between the stiffener and the beam's flange (Fig. 8-a).

At 0.054 of drift, the flange of the beam went through local buckling,
which can be seen in Fig. 8-b. As it can be seen in Fig. 8–c, at 0.07 of
drift, buckling intensifies in the flanges, whereupon the moment–drift
diagram starts to experience a slight degradation. The maximum mo-
ment in the connection was reached at 220.94 KN-m. Buckling in the
beam's web started at a drift lower than 0.08 and continued until the
end of loading.

Loading discontinued at 10% of drift, with the nuts separating from
the screws (Fig. 8-e and -d). To prevent this, two nuts were used for
each screw in the next tests. In any case, the hysteresis diagram is
suitable and no pinching effect can be seen. A minor degradation
started in the diagram at 7% of drift which was due to buckling in-
tensification in the flange and buckling starting in the web. Until 0.07
of drift, minor cracks initiating in the welding of the stiffeners and the
initial buckling of the flange had no effect on the hysteresis diagram.
The horizontal slippage that took place at 10% of drift can be attributed
to the abrasion and slippage of the internal threads of nut. As it can be
seen in Fig. 8, the transition zone in the stiffener on the right side of the
OBC sample was not implemented due to a fabrication error. A recent
study shows that employing a slope of 45 degrees in rib stiffeners can
increase the probability of failure and cracking in weldings [36]. The
cracking of the welding at 4.5% of drift highlights the importance of the
angle of the stiffeners and the transition zone. However, this minor
crack did not significantly expand throughout loading and exerted no
influence on the hysteresis diagram of the connection.

Fig. 9. Moment–drift diagram of the RBS sample.

Fig. 10. (a) Crack initiation, (b) failure in the flange and the web of the beam.

Fig. 11. Moment – drift diagram of the RBS-F sample.
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3.2. The RBS sample

The moment–drift diagram of the RBS sample is illustrated in Fig. 9.
As a result of the good performance of the connection, nothing no-
ticeable happened to the components of the connection and the beam
prior to the drift of 0.08. At 0.08 of drift, the flange went through local
buckling in the reduced area and some cracks were observed at the
location where the web and the flange meet and also in the middle of
the crescent-like area (Fig. 10-a). At a drift of 0.09, the crack in the
beam's flange expanded and spread through the web of the beam,
thereby causing considerable degradation in the moment–drift diagram
and collapse of the connection (Fig. 10–b). The maximum moment in
the connection was recorded as 190.54 KN-m, at 0.08 of drift. The
performance of the connection is good and no meaningful strength
degradation can be seen until the last step of cyclic testing. The act of
weakening the beam by reducing its cross section protected the con-
nection from failure and caused damage to be concentrated in the re-
duced area. Perhaps the only flaw of the connection is that the beam
cannot be replaced after a medium-intensity or strong earthquake.

3.3. The RBS-F sample

Fig. 11 displays the moment–drift diagram of the RBS–F sample.
Similar exactly to the RBS sample, no significant damage was inflicted
on the components of the connection and the beam until 0.07 of drift
and the diagram followed an ascending trend. In the second cycle of the
0.07 drift, a slight strength degradation was seen in the diagram which
was the result of crack initiation and local buckling in the beam's flange
in the reduced area (Fig. 12-a). In the second cycle of the 0.08 drift,

with the rapid expansion of the crack and the occurrence of tearing in
the flange and a portion of the web, the moment–drift diagram ex-
perienced a drastic strength degradation and the connection failed
(Fig. 12-b). The maximum moment borne by the connection was equal
to 185.16 KN–m, recorded at 0.07 of drift.

From the standpoints of failure type and hysteresis diagram, the
performance of the connection was very similar to the RBS sample. The
seismic characteristics of the samples will be discussed and compared in
the next section, but the advantage of this sample over the RBS sample
can be seen in its ability to be replaced.

3.4. The RDS-F sample

As it can be seen in Fig. 13, the moment–drift diagram of the RDS–F
sample is very symmetrical and the model has managed to bear a higher
drift compared to the other samples. Before the drift of 0.08, no failure
occurred in the components of the connection and the beam. In the
second cycle of the 0.08 drift, in the location where the web was con-
nected to the flange in the reduced depth section, a crack initiated in
the welding and the diagram experienced a nominal strength de-
gradation (Fig. 14-a). As loading continued, at 0.09 of drift and across
from the previous crack, the welding connecting the web to the flange
cracked and in the second cycle of the same drift, tearing commenced in
the web and spread throughout its width (Fig. 14-b). Fig. 14-c shows
the crack in the center of the arch of the flange in the first cycle of the
0.10 drift. With loading continuing in the 0.11 drift, the flange in the
middle of the arch was completely severed and the connection col-
lapsed (Fig. 14-d). The maximum moment in the connection was re-
corded at 104.02 KN–m, at the 0.08 drift.

Not only is the connection replaceable after an earthquake, the ro-
tational capacity of the connection is also higher compared to the other
samples. Although the RDS-F sample seemed to have a very good per-
formance in terms of stability in the hysteresis diagram, it encountered
difficulty in terms of strength. The main reason for this could be found
in the connection geometry. Fig. 15 shows the free body diagram of the
RDS-F sample. It is clear that the pair of force acting on the flange
increased the shear force in the section. Therefore, shear stress in the
web was much higher than that of RBS and RBS-F specimens. Fig. 14-b
confirms this and shows that the failure of the RDS-F specimen in the
laboratory began from the web. A quantitative assessment regarding
the bending strength of the RDS-F sample is given at the end of Section
4.1.

4. Discussion and assessment

In this section, the backbone diagram was drawn for all the samples,
based upon which the effective stiffness, ductility, yield strength, and

Fig. 12. (a) Buckling and crack initiation in the flange, (b) Failure in the flange and the web of the beam.

Fig. 13. Moment-drift diagram of the RDS–F sample.
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ultimate strength of all the samples were calculated. Also, energy dis-
sipation, strain in the connections, rotation of the panel zone, and low
cycle fatigue in the samples were evaluated and compared. By taking
into account all the above parameters, a comprehensive comparison can
be drawn and the best performance can be selected.

4.1. The backbone and the bilinear diagrams of the samples

In all the four experimental samples, the envelope of the hysteresis
moment-drift diagram with the higher strength degradation was the
zone for which the backbone diagram was drawn and based on the
criteria presented in FEMA–440 [37], the equivalent bilinear diagram
was obtained and fitted to the backbone diagram. Only the ascending
portion of the hysteresis diagram was used to obtain the backbone
diagram and the decreasing segment was overlooked. As it can be ob-
served from Fig. 16, the equivalent bilinear diagram has to be drawn so

that the area underneath would be equal to that of the backbone dia-
gram (the concept of equivalent energy) [37]. By drawing the equiva-
lent bilinear diagram, the yield moment (My), yield drift (θy), ultimate
moment (Mu), and ultimate drift (θu) were determined and the effec-
tive stiffness (Ke) and ductility (μ) can be calculated as follows:

=μ θ /θu y (2)

=K M /θe y y (3)

Ductility is one of the important parameters in designing a structure
which shows the ability of the structure in sustaining deformations that
are predominantly in the plastic phase, without any significant strength
degradation. The seismic properties of all the four samples are pre-
sented in Table 3. From the ductility standpoint, the RBS, RBS-F and
RDS-F samples are in better conditions compared to the OBC sample.
Also, not only does the RDS-F sample have a higher ductility compared
to the RBS sample, it is also much more suitable because of its ability be
replaced.

The ultimate strengths of the RBS and RBS–F samples are more or
less in the same range. Although the plastic section moduli of these two
samples in the weakest section are almost equal, the ultimate strength
of the RDS–F sample is much lower than the RBS–F sample. It seems
that the reasons behind the reduction in the ultimate strength of the
RDS sample are its unique geometry and the diagonal tensile and
compressive forces present in the flanges.

For a more accurate assessment, the commercial Finite Element
package ABAQUS was used. No damage was seen in the column and the
panel zones of the experimental samples. The aim of this section is to
investigate the effects of height reduction on the ultimate strength of
the RDS sample. So, only one beam with the length of 1150mm was
modeled using the S4R element, i.e. the four-node reduced integration
shell element (Fig. 17). This element has six degrees of freedom per
node and can take into account material nonlinearity and large

Fig. 14. (a) Crack initiation between the web and the flange, (b) crack in the web, (c) crack initiation in the flange, (d) failure in the flange and the web of the beam.

Fig. 15. Free body diagram of the RDS-F sample.
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deformations. The dimensions of the beam's cross-section and its ma-
terial properties were selected based on Tables 1 and 2, respectively.
One end of the beam was considered to be fixed and the other end was
pushed over with a displacement equal to 9% of drift. Eight different
analyses for the different values of R (R= 0, 5, 10, …, 30, 35mm) were
carried out and the corresponding Mu values were obtained.

Fig. 18 shows the diagram of ultimate bending capacity reduction of
the RDS samples with respect to height decrease. In other words, the
vertical axis of Fig. 18 represents the ratio of the ultimate moment
capacities of the RDS to that of the unreduced section. For the RDS-F
sample with R=25mm and a strength reduction ratio of 0.47, the
ultimate strength was obtained as 0.47 ∗ 220.94= 103.84 KN which is

Fig. 16. The backbone and the bilinear diagrams of the samples.

Table 3
The seismic properties of the four samples based on their equivalent bilinear
diagrams.

specimen θy % θu% My (KN-m) Mu (KN-m) Ke (MN-m) μ

OBC 1.17 7 182.70 220.94 15.66 5.98
RBS 1.10 8 138.90 190.54 12.63 7.27
RBS-F 0.98 7 148.73 185.16 15.12 7.14
RDS-F 1.02 8 90.63 104.02 8.91 7.84

Fig. 17. Numerical model of the RDS sample for a) R= 0mm and b) R=30mm.
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completely concordant with the experimental results. The interesting
thing is that because of the special geometry of the RDS-F sample, it
stabilizes the hysteresis diagram, delays buckling, and increases ducti-
lity. But, strength degradation in the beam of this sample is quite higher
compared to the RBS sample. Thus, special attention must be paid to its
strength degradation when the RDS is being used.

The effective stiffness of the RDS–F sample is lower than the rest of
the samples which can be ascribed to the decrease in the ultimate
strength. As the results in Table 3 show, the effective stiffness of the
RBS–F sample is somewhat higher than the RBS sample. Therefore,
using the fuse would increase the rigidity of the beam and subsequently
the lateral stiffness of the frame. This stiffness increase has a positive
effect in the overall performance of the frame.

4.2. Strain gauge outputs and rotation in the panel zone

In Fig. 19, the maximum absolute strain in the samples in each cycle
throughout loading are shown. In all of the samples, strain in SG2 and
SG3, which were placed respectively on the flange of the beam and in
the panel zone, recorded the highest and the lowest values, respec-
tively. Table 4 compares the maximum strains in strain gauges 1, 2, and

Fig. 18. Ultimate bending capacity reduction against height decrease diagram
of the RDS sample.

Fig. 19. Strain change diagram in the strain gauges.

Table 4
Comparing the maximum absolute values of strain in the samples.

SG1 SG2 SG3

OBC 0.00370 0.01166 0.00035
RBS 0.00064 0.00459 0.00022
RBS-F 0.00109 0.01407 0.00027
RDS-F 0.00070 0.006638 0.00021

Fig. 20. Comparing the rotation of the panel zone in the samples.
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3 for all the four samples. Strain in SG1 in the OBC sample is 3 to 6
times higher than the other samples. Also, strain in SG3 in the OBC
sample is 30 to 70% higher compared to the other samples. These re-
sults show the capability of the RBS or the RDS samples in protecting
and expelling damage from the end-plate and the panel zone.

The rotation of the panel zone can be calculated based on the results
from LPT3 and LPT4. Fig. 20 shows the maximum absolute rotation of
the panel zone throughout loading in the samples. The highest rotation
is related to the OBC sample followed by the RBS sample. Further, the
lowest rotation is related to the RBS-F and RDS-F samples. So, these two
replaceable samples also provide the highest protection for the panel
zone.

4.3. Energy dissipation

Energy dissipation is one of the important seismic characteristics of
any connection under cyclic load and is calculated based on the area
under the moment–rotation diagram in each cycle. Fig. 21 shows the
cumulative energy dissipation of the samples. It is clear that the OBC
sample has the highest energy dissipation. One of the reasons behind
that is the higher ultimate strength in this connection. The ratio of the
maximum cumulative energy dissipation to the Mu of the four samples

Fig. 21. Cumulative energy dissipation diagram in the samples.

Table 5
The maximum cumulative energy dissipation to Mu ratio of the four samples.

OBC RBS RBS-F RDS-F

2.01 1.95 1.88 2.58

Fig. 22. The normalized energy dissipation diagram.

Fig. 23. Low cycle fatigue effect throughout loading.

Fig. 24. Finite Element model of the RBS sample.
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are given in Table 5. The highest ratio corresponds to the RDS–F
sample. For the other samples, however, the results are in the same
range.

Fig. 22 demonstrates the normalized energy dissipation diagram of
the samples throughout loading. To normalize the diagrams, the energy
dissipation in all of the cycles of each sample was obtained and the
entire values were divided by the maximum cyclic energy dissipation of
each sample. The increase of energy dissipation of the RBS-F and RBS
samples continued until the drift of 0.09. For the RDS-F sample, energy
dissipation is significant even at a drift of 0.1. From this view point,
these three samples have performed desirably.

4.4. Assessing the low cycle fatigue in the samples

Fig. 23 shows the low cycle fatigue effect in each of the four samples
throughout loading. It is evident that the strength degradation in the

samples due to repetitive loading is very small and the results of all the
four samples are suitable. It has to be mentioned that the most stable
diagram and the lowest degradation belong to the RDS– F sample.

5. Evaluating the effect of moment to shear ratio (M/V) in the
experimental samples

In the tested samples, beams with limited lengths were used. The
bending to shear capacity ratio of the beam is a function of the beam's
length. If the aim is to evaluate the bending capacity of the beam and
the manner in which plastic hinge forms, the length of the beam has to
be considered long enough so that only a small percentage of the beam's
capacity gets allocated to the shear force. In this section, after verifying
experimental results of the RBS sample via Finite Element modeling, the
effect of the beam's length on its bending to shear (M/V) capacity ratio
will be investigated so that the authenticity of the experimental results
can be ensured.

5.1. Finite element modeling and verification

In this section, based on the material properties obtained through
tensile testing (Table 2 and Fig. 5), the numerical model of the RBS
sample was constructed in ABAQUS. The numerical analysis was car-
ried out with the geometrical and material nonlinearities having been
considered. The C3D8R element, an 8-node reduced integration solid
element was used in the modeling procedure. The support and loading
conditions in the numerical models were considered identical to the
experimental sample. The Finite Element model of the RBS sample is
shown in Fig. 24. In the locations where surfaces made contact (such as
the surfaces between the end plates and the column, the bolt heads and
the end plates, the body of the bolt and the inner surface of the hole,
and the nut and the columns flange), “Hard Contact” and “Friction”
were respectively used along the vertical and horizontal directions
[38–41]. Given that until the last step of cyclic loading in the RBS
sample no substantial failure took place in the weldings, they were not
considered in the numerical model. In other words, the connection of
the rib stiffener to the beam and the end plate was modeled using the
“Tie” constraint. The Von Mises yield criterion, in conjunction with the
“Combined Plastic Hardening Model”, were used for the yielding of the
material. A displacement-control load was applied to the sample and
the static general/standard analysis in ABAQUS was employed in the FE
analyses.

In the numerical models, the screws were pre-stressed in the first
step. Then, in the second step, lateral cyclic loading was applied to the
end of the beam, exactly in accordance with the experimental sample. A
comparison between the numerical and experimental results is given in
Fig. 25. There is a very good agreement between the numerical and
experimental results which can be used to assess the effect of the beam's
length on its (M/V) capacity ratio. The minor discrepancy between the
results of the numerical and experimental models could stem from the
residual stress in the weldings or the geometric imperfection that were
not accounted for in the numerical model.

5.2. Investigating the M/V ratio

To investigate the M/V ratio, 10 numerical models of the RBS
sample were constructed. In these models, the sole varying parameter is
the length of the beam, varying between 500mm to 3000mm. The
location upon which the lateral load was applied was the same as in the
experiment, but uniform loading (Push-over) was employed. From the
analysis of each of the numerical models, the values of maximum shear
(V) and moment (M) were calculated. Table 6 and Fig. 26 show the
values of maximum shear and moment for the 10 numerical models.

The results show that beams with the length of 1100mm or higher
reach up to>99% percent of their bending capacities. Therefore, it is
justifiable to use beams of length 1300mm in the experimental

Fig. 25. Comparison between the numerical and experimental hysteresis dia-
grams of the RBS sample.

Table 6
Maximum values of shear and moment obtained from the 10 Finite Element
analyses with respect to the beam's length.

L(mm) V(KN) M(KN-m) V
Vmax

M
Mmax

500 219.4 109.7 1.00 0.57
700 216.3 151.4 0.99 0.79
900 196.8 177.1 0.90 0.92
1100 172.7 190.0 0.79 0.99
1300 147.1 191.2 0.67 1.00
1500 127.5 191.3 0.58 1.00
1700 112.5 191.2 0.51 1.00
1900 100.8 191.5 0.46 1.00
2100 91.2 191.5 0.42 1.00
3000 63.9 191.6 0.29 1.00

Vmax=219.4 Mmax= 191.6

Fig. 26. M/V capacity ratio in the RBS sample.
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samples. In addition, according to the AISC-358-16 standard, the ratio
of the beam's free span to its depth in RBS connections in special mo-
ment resisting frame should not be<7. In the deformation of a mo-
ment resisting frame subjected to lateral loading, moment is almost
nonexistent in the mid-span of the beam. Therefore, for experimental
studies, many researchers separate the beam from the zero-moment
location. In other words, if the length of the beam in the experimental
sample is equal to L, the actual length of the beam in an actual frame
would be 2 L. Thereupon, the length to depth ratio of the beam of the
RBS sample in this study was considered to be 2×1300/180= 14.4,
which is far larger than 7.

6. Conclusion

In RBS connections, due to damage concentration in the reduced
area, the entire beam needs to be replaced after an average or strong
earthquake, which in practice is not possible. In this paper, based on
experimental tests, the possibility of using the reduced section in a
replaceable fuse was probed. To that end, four full-scale specimens
including an ordinary bolted end-plate rigid connection (OBC), a re-
duced beam section and bolted end-plate (RBS), a sample with fuse and
reduced flange section (RBSeF), and one with fuse and reduced depth
section (RDS-F) were constructed. Cyclic quasi-static load was applied
until the drift of 9% and the following results were acquired:

- Compared to the OBC sample, the performances of the three samples
with reduced sections in many instances were much better. For in-
stance, damage initiation in the OBC sample took place at 0.045 of
drift, whereas in the other samples, damage started at the drift of
0.07. In the OBC sample, the maximum strain was 3 to 6 times in the
end plate and 1.3 to 1.7 times in the panel zone higher than the
other samples. Therefore, the samples with a reduced section pro-
vide a better protection for the panel zone and the column.

- One of the major advantages of the RBS–F and RDS–F samples over
the other two samples is their replaceability. In addition to that,
these two samples had a significant amount of ductility and a lower
rotation in the panel zone, which complement their positive per-
formances.

- In most aspects, the performance of the RDS–F sample was better
than the RBS–F sample, among which higher ductility, higher en-
ergy dissipation with respect to ultimate strength of the section, and
weaker effects of low cycle fatigue can be named.

The main problem with the RDS-F sample is the high reduction in
the bending strength of the beam. Although using the rolled RDS sec-
tion reduces residual stress and improves performance, it does not in-
crease the ultimate strength of the section. One suitable solution is to
use steels with higher yield stress in the RDS fuse zone. It has to be
noted that in most cases, steels with higher yield stresses cause ductility
to decrease, which would render their use in the reduced section irra-
tional. Therefore, it is necessary to use steels with higher yield stress
and high ductility. In this case, using the RDS-F sample would be the
best choice and it is highly recommended for it to be used in areas with
high relative seismic risk. Otherwise, the RBS-F sample is a good re-
placement for the RDS-F sample. If the fuse-incorporated moment re-
sisting frame is designed correctly, the first area prone to sustaining any
damage would be the fuse itself. In this case, the replaceability of the
fuses would make the rehabilitation process of structures very con-
venient. But, fuse replacement is possible only if the columns and the
entire structure have not sustained any kind of severe damage. Also, it
has to be mentioned that the fuse can only be replaced at small drifts
(about 0.01) and after that, due to the increased probability of twisting,
the replacement would be difficult. Therefore, more research needs to
be carried out regarding the replacement possibility of RBS and RDS
fuses after the occurrence of an earthquake. The results of the Finite
Element analyses of M/V capacity ratio of the RBS sample showed that

the beam's length in the experimental sample is suitable and the sample
has reached its maximum bending capacity.

The recent study was done on a wide–flange beam, with a specific
level of cross-section reduction, without taking into account the vertical
load. To expand the scope of the present study, further research could
be done on assessing the effects of different levels of section reduction
and also including the influence of vertical load. Also, change in the
specifications of the column, the panel zone, and the doubler/con-
tinuity plates can drastically influence the behavior of the connection.
Although in this research the dimensions were selected so as to con-
centrate the entirety of the damage on the reduced zone of the beam,
additional investigations have to be carried out regarding the use of
RBS–F and RDS–F in partially restrained moment connections.
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