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Abstract

In the Northridge and Kobe earthquakes, brittle failure of the welded beam-to-column connections was observed in steel structures.
So, bolted connections were considered as an alternative to these kinds of connections. Extended end-plate beam-to-column con-
nection is one of the most commonly used connections in steel structure. In this article, the behavior of the sloped extended end-
plate beam-to-column connections is studied. Finite element method was used to investigate the behavior of the connection by
ABAQUS software. The main aim of the study was to investigate the cyclic behavior of the four beam-to-column connections with
beam angles of 0, 10, 15, and 20 degrees with respect to horizon. Also, the behavior of the mentioned connections was compared
with extended end-plate connections with perpendicular angle. Results showed that the ductility and moment-resisting capacity of

the sloped extended end-plate beam-to-column connections decrease by increasing beam angle, but rotational and moment-resisting

capacities of the models satisfy the limitation of the design codes such as 0.04 drift limit for bearing capacity before failure.
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1 Introduction
Moment Resisting Frame (MRF) is one of the most use-
ful systems in steel structures against earthquake loads
in which connections play the main role in bearing lateral
loads [1]. Therefore, it is essential to apply connections
which are beneficial in both financial and performance
aspects against seismic loads. Due to the occurrence of the
Northridge and Kobe earthquakes and failure of the con-
nections, researchers decided to adopt some new consid-
erations [2]. Investigations showed that the brittle failure
of beam-to-column welded connection is the main reason
for steel structures damage [3, 4]. Comparing bolted and
welded connections shows that bolted connections are bet-
ter and more ductile than welded ones which provide high
energy dissipation capacity [5]. Therefore, to improve steel
structures ductility, researchers suggested bolted connec-
tions like the prequalified connections in AISC 358 [6].
Determining column and beam cross-sections needs
considering the behavior of the connection. Connections
are classified as hinged, semi-rigid, and rigid based on their
stiffness [7]. In hinged connections, there is no restriction
on the rotation of the connection, and no moment transfers

between the connection. Also, the rigidity of the connection
is negligible resulting in large rotation of the connection.
However, semi-rigid connections experience not only shear
force but also moment. Therefore, the rotation of the connec-
tion is less than hinged connections. In a frame with semi-
rigid connections, moments at the middle and two ends of
the beam are close to each other leading to the moment bal-
ance and optimized cross-sections of the elements. Using the
strong column-weak beam concept is one of the advantages
of the semi-rigid connections [8]. Using this concept results
in smaller beam cross-section and lateral displacement of
the frame than hinged connections [9]. On the other hand,
Due to the high rigidity of the rigid connections, in these
types of connections moments are transferred between ele-
ments. Also, the angles between the elements are fixed both
before and after applying force. Rigid connections can be
welded and bolted, so common pre-qualified connections
are incorporated in AISC 358 [6] such as RBS (Reduced
Beam Section) [10], BUEEP (Bolted Unstiffened Extended
End-Plate) [11], BSEEP (Bolted Stiffened Extended End-
Plate) [12], and WFP (Welded Flange Plate) [13].
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Krishnamurthy [14] recommended an economical and
safe design procedure for end-plate connections for beam-
to-column connections and investigated head plate thick-
ness effect on these connections. Ghassemieh et al. [15]
proposed a design procedure for the stiffened extended
end-plate connection containing two rows of bolt on
each side of tension part. Adey et al. [16] carried out an
experimental study on 15 extended end-plate connections
under cyclic load to obtain significant design parameters.
The results indicated the potential of the extended end-
plate connections to be used in seismic regions. Sumner
and Murray [17] studied the design and the behavior of the
end-plate beam-to-column connection under cyclic loads
by testing six specimens. The results showed that extended
end-plate connections are able to satisfy the requirements.

Diaz et al. [18] have studied a 3D model of the end-plate
beam-to-column connection in ANSYS software. It was con-
cluded that material hardening and plates interaction param-
eters have the most important effects on the connection
behavior. Dessouki et al. [19] developed a 3D finite element
model to assess the non-linear behavior of the extended end-
plate connections using four bolts and multiple row extended
end plates. They evaluated the effect of various parameters
such as end-plate thickness, bolt pitch, beam depth, bolts
diameter, end-plate stiffener and bolts gage by doing para-
metric study. Yang et al. [20] conducted a 3D nonlinear
finite element analysis on five rigid connection samples to
evaluate energy dissipation capacity, connection ductility,
and applicability according to South Korean codes.

di Sarno et al. [21] conducted a numerical study on the
case studies in Amatrice, Central Italy, which were moment
resisting frame buildings and suggested possible improve-
ments. Cyclic performance of post-Northridge welded con-
nections was assessed by Yilmaz and Bekiroglu [22] in
ANSYS software. Reduced Beam Section (RBS), Welded
Unreinforced Flange — Welded Web (WUF-W), and Welded
Flange Plate (WFP) connections were evaluated, and it
was concluded that high stiffness and high safety belong
to WFP and RBS connections, respectively. Llanes-Tizoc
et al. [23] numerically investigated the reliability of 3D
steel buildings under seismic load by obtaining fragil-
ity curves and median values of the maximum drifts.
The Results showed an improvement in the structural reli-
ability and important effect of the stiffness and energy dis-
sipation on the mentioned outputs.

Design standards provide some prequalified connections
for intermediate and special moment resisting frames con-
necting orthogonally the beam to the column. Recently,
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some researchers studied about sloped beam-to-column con-
nections concept. For example, Mashayekh and Uang [24]
conducted an experiment on three full-scale RBS sloped
connections with the slope angle of 25° to study the effect
of the sloping on the connection behavior. Hong [25] car-
ried out a numerical study on RBS beam sloped connec-
tion to study the slope effect on the behavior of the build-
ing. Results showed that increasing slope angle cause stress
concentration and should be less than 10° in order to be
compatible with the prequalified connection details.
Literature review shows that characteristics of extended
end-plate beam-to-column sloped connections need more
investigations. So, in the present study, the performance
of the four-bolted end-plate beam to column steel con-
nection is investigated by considering various angles.
Model assessment under four beam angles of 0, 10, 15,
and 20 degrees relative to horizon is conducted. Finite
element analyses have been done under cyclic loading in
ABAQUS [26] software, and moment-rotation hysteresis,
failure mechanisms, and bolts behavior are investigated.

2 Numerical study

The numerical model of extended end-plate connections
is discussed in this section. The types and geometry of
the specimens, software, modeling method, considered
assumptions, and AISC limits are all explained. 3D finite
element analysis of extended end-plate connections is con-
ducted to evaluate the cyclic behavior of four specimens
with various declinations.

2.1 Model characteristics

The details of the studied model taken from Shi et al. [27]
are shown in Fig. 1 and Fig. 2 and Table 1. Eight bolts of
the A572 type with the diameter of 20 mm are used in
this investigation. Material properties of the bolt and steel
including Young modulus, yield stress, and ultimate stress
are provided in Table 2. Declination values of the beam are
considered to be 0, 10, 15, and 20 to evaluate the behav-
ior of extended end-plate connections. According to Fig. 1,
column and beam lengths are 2300 and 1200 mm, respec-
tively. Continuity plates, and stiffeners are used due to the
force transferring process between beam and column, and
tension concentration at the end of the beam (Fig. 3).

2.2 Analysis method

The behavior of the model is investigated in Abaqus [26]
as a finite element analysis software. Model assessment is
conducted by considering nonlinearity effects of materials.
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Fig. 1 The details of the perpendicular beam-to-column connection [27]
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Fig. 2 The details of the connection parts [27]

Bolts were pre-tensioned and the time step of the analysis
was assumed to be 0.01. Elements are connected by a com-
plete penetration weld which is elastic and it is assumed
that no failure will occur in the weld until ultimate state.
It is necessary to define the interaction between the parts
which are in contact with each other. For example, sections
are directly connected to each other by the tie method.

gi_'i

Table 1 Details of the model

Length Width- Height- ~ Thickness (mm)
Element
(mm) flange (mm) web (mm) Flange  Web
Beam 1200 200 300 12 8
Column 2300 250 300 12 8
End-plate 500 200 - 10 -
Stiffener* 100 100 - 10 -

* The details of the stiffener plates are just for Cl1, and they will be
changed by the changing of the connection angle

Table 2 Bolts and steel sections characteristics

Details ST37 Sections AS572 Bolts
Young modulus (GPa) 210 210
Yield Stress (MPa) 240 350
Ultimate Stress (MPa) 360 450

But, for some surfaces, surface-to-surface contact was uti-
lized with related contact property. The friction coefficient
for tangential contact was considered to be 0.44, and hard
contact was considered for normal contact. Boundary con-
ditions were applied to pretend penetration effect between
connection parts. This mechanism is considered for all
adjacent sliding surfaces whereas other surfaces are tied.

Elements are meshed in the connection zone according
to the structure volume and required accuracy. Due to the
flat parts of the connection, hexagonal elements with eight
nodes were used to model parts of the beam, column, stiff-
ener plates, and bolts. The average dimensions of meshes
in large parts such as a beam and column, and small parts
such as bolts were 20 and 10 mm, respectively. Therefore,
it is possible to assign nonlinearity of materials and large
stresses and strains. It is worth mentioning that meshes at
connection zone are compacted.

Fig. 3 Four connection types with various angles



Fig. 4 and Table 3 show details of the load pattern used
in this study which is cyclic by considering benchmark
load pattern of the codes. The load pattern contains the
step including from 0.0375 radian peak deformation to
0.06 radian with various number of cycles. Rotation of
the beam in beam-to-column connection zone (6 = A/L)
was calculated based on the displacement of the end of
the beam corresponding (A) to the length of the beam (L).
Applied load and boundary conditions are shown in Fig. 1.
As shown in Fig. 1, supports are restrained as fixed and
beam rotation is considered to be up to 0.06. In order to
make the boundary condition clear, Fig. 5 seems to be use-
ful. According to AISC, extended end-plate beam-to-col-
umn connections in SMFs and IMFs should bear at least
0.04 and 0.02 radian rotation, respectively, under cyclic
loading before reaching to their failure points.

2.3 Verification

In order to verify the finite element model in Abaqus [26],
after modeling, the results were compared with the exper-
imental model mentioned by Shi et al. [28]. Among the
sections used by Shi et al. [28], SC5 is used for verifying
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Fig. 4 FEMA loading time history
Table 3 FEMA cyclic loading characteristics
Load step Peak deformation (rad) Number of cycles
1 0.00375 6
2 0.0050 6
3 0.0075 6
4 0.010 4
5 0.015 2
6 0.020 2
7 0.030 2
8 0.040 2
9 0.05 2
10 0.06 2
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Fig. 5 Applied boundary condition in numerical study

the model. By applying a determined displacement which
equals to 55 mm at the end of the beam, moment-rotation
curve was obtained. In order to find appropriate mesh by
considering not only accuracy but also efficient time, mesh
sensitivity analysis was conducted on the model with the
element size of 15, 20, 25, and 30 mm incorporated in
Fig. 6. Based on the results, mesh with the size of 20 mm
was utilized for the rest of the study to consider both accu-
racy and running time. By comparing the result of the
FEA and experiment, almost 5% error can be seen in elas-
tic part of moment rotation curve. It should be noted that
this negligible error can be due to the experimental errors
at the beginning of the loading, modeling errors in the FE
software, or the value of Young modulus. Fig. 7 and Fig. 8
show the failure mode of the specimen in experimental
and FE analysis seeming to be similar.
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Fig. 6 Experimental and numerical moment-rotation comparison
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(b)

Fig. 7 a) Experimental specimen [28], b) Numerical specimen

Fig. 8 Experimental [28] and numerical comparison of end-plate interaction with the column

3 Results

The behavior of the four specimens of the extended end-
plate beam-to-column connections under cyclic loading is
expressed in this section. Due to the AISC seismic lim-
its in special moment frames with high ductility, beams
moment value under the 0.04 rad rotation in the connec-
tion should be higher than 80% of plastic moment capac-
ity of the beam. Moreover, the connection should not yield
before reaching to 0.04 rad. Also, mentioned limitations
are applicable to connections in intermediate moment
frames with a beam rotation limit of 0.02 rad. Moment-
rotation hysteresis curve, failure mechanism, and bolts
behavior as the important components indicating the
behavior of the structure will be represented as follows:

3.1 Moment-rotation hysteresis

Before studying the hysteresis behavior, the effect of the
slope under monotonic loading on the connection behavior
was studied. As it is clear in Fig. 9, by increasing the slope,

the plastic and ultimate moment and rotation decreases.
Moreover, the area under the curve indicating absorbed
energy declines by increasing the slope. Therefore, increase
in the slope results in decrease in the ductility.
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Fig. 9 Moment-rotation curve under monotonic load for various slopes



Moment rotation hysteresis loops corresponding to
story drift for investigated specimens are depicted in
Fig. 10. According to Fig. 10, values of the maximum
moment occurred in the connections are 282.6,272.7, 265,
and 263 kN.m for specimen C1, C2, C3, and C4, respec-
tively. The corresponding rotation which are 0.0423,
0.04, 0.04, and 0.045 rad with respect to the moments are
provided in Fig. 10. Therefore, it can be concluded that
connections satisfy the 0.04 rad rotation limitation, and
results indicated that moment bearing capacity decreases
when the beam angle increases as it is shown in Table 4.
According to Table 4, although the beam angle in the spec-
imen C4 is twice the C2, moment capacity is just reduced
by 3.5% with respect to C2. As shown in Fig. 11, all the
specimens can bear 0.04 drift before failure.

It can be observed that by increasing the beam angle,
the slope of the curve decrease, and the area below the
diagram decreases. Decrease in the area under the curve
claims that the ductility of the structure decreases by
angle increasing. Energy dissipation capacity has a direct
relation with the area under moment-rotation hysteresis.
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Table 4 Maximum moment comparison of numerical specimens
Cl C2 C3 Cc4
Beam angle 0 10° 15° 20°
Moment bearing capacity (kN.m) 282.6  272.7 265 263

Moment bearing capacity

reduction with respect to C1 (%) 33 6.2 67
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Fig. 11 Cyclic moment-rotation comparison of four sloped

beam-to-column connection
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Fig. 10 Moment-rotation hysteresis of column surface for the specimens
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The area under the moment-rotation hysteresis curve of
the specimens C2, C3, and C4 are 8, 17, and 22 percent
lower than Cl1, respectively. Generally, the reduction in
the energy dissipation capacity is because of the stress
concentration in sloped connections.

3.2 Failure mechanism

Failure mechanisms of the modeled beam-to-column con-
nections are shown in Fig. 12. According to Fig. 12, by
increasing the slope, the possibility of the failure in the
stiffness decreases and the end part of the beam bears much
stress. It is also observed that in failure regions, the yield-
ing stress of the steel exceeds 24 MPa at the end of loading
for all the specimens. In specimen C1 based on Fig. 12,
connection failure started from stiffeners and continued

—
-

—
o

to end-plates and column flange. The failure mechanism
in specimen C2 is similar to C1 but the internal force of
stiffeners is 3% lower than Cl. Internal force of the stiff-
ener and column flange in specimen C3 is decreased by
6.5% with respect to C1 because of the decrease in moment
as shown in Fig. 12. In specimen C4 the internal force of
the stiffener is 2% lower than CI1 but the upper part of the
beam experiences a stress concentration increase which is
similar to C3 as indicated in Fig. 12.

As depicted in Fig. 13, the stress of stiffeners is 360 Mpa.
It should be noted that by increasing the slope, stiffener
location experiences maximum stress changing from bot-
tom stiffener to the upper one. Moreover, by increasing the
slope, the stiffener changes from right-angled condition to
oblique angles resulting in non-uniform stress distribution
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Fig. 12 Failure mechanisms of the specimens
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Fig. 13 Failure mechanisms of the stiffeners



in the stiffener causing extra stress concentration in the
beam flange. Also, due to increasing stress distribution in
the upper stiffener and decreasing in the lower one, the
amount of stress concentration increases and decreases in
the upper and lower beam flange, respectively.

3.3 Behavior of the bolts

In this part, the behavior of the bolts in specimens is illus-
trated. Fig. 14 shows that the bolts' stress remains constant
by increasing the slope, but in specimen Cl and C2, one
of the bolts of the upper row is critical while critical bolts
of specimen C3 and C4 are in bottom row exactly oppo-
site of the stiffener plates. Bolts' type is A572 with yield
and ultimate stresses of 350 and 450 MPa, respectively.
Critical states of the bolts considering maximum stress are
depicted in Fig. 14. Bolts' results provided in Fig. 14 shows
that despite constant value of the maximum stress, stress
distribution is different for all the test states. Also, none of
the bolts reached to their ultimate state.

4 Conclusions

In this article, the effect of the connection angle in the
extended end-plate beam-to-column connections was inves-
tigated under cyclic loadings. The evaluation contains four
beam-to-column connection specimens which were investi-
gated under various slope angles. Moment-rotation hyster-
esis, failure mechanism, and behavior of the bolts were the
main focus of the present study to investigate the behavior of
the sloped extended end-plate beam-to-column connections.
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Sloped connections were able to bear 0.04 rad rotation
before failure as mentioned in the design guides. The rota-
tion value for the sloped connections were 0.0423, 0.04,
0.04, and 0.045 rad, respectively. Increasing the value of
the slope caused the maximum moment bearing capacity
to decrease to the value of 19.6 kN.m. Therefore, the maxi-
mum moment bearing capacity decreased about 0.98 kN.m
for each increment in the degree. Due to slope increasing,
the ductility of the structure decreased 8%, 17%, and 22%
for the specimens C2, C3, and C4 in comparison with spec-
imen Cl1, respectively, because of the area reduction under
the moment-rotation curve. Due to the increase of the value
of the connection slope, the moment-rotation diagram slope
was decreased showing bearing capacity degradation of the
connection. Any variation in extended end-plate beam-to-
column connection angle under cyclic loading did not lead
to a considerable increase of the stress of the bolt, but the
maximum stress position of the bolt changed from the upper
row to the lower one by increasing the slope. Failure pro-
cess of the connection in specimens with low slope started
in stiffeners and stresses decreased by increasing the slope.

In general, based on the results, sloped extended end-
plate connections are able to be used in steel structures,
but due to the stress concentration, slopes more than 10°
are note suggested to be used. Also, slopes do not have an
effect on the bolt behavior. Moreover, it can be suggested
that by increasing the slope, the thickness of the stiffeners
needs to be increased to behave well.
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Fig. 14 Maximum stress of bolts
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