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Abstract: The design of steel beam-column end-plate bolted
connections is becoming increasingly popular owing to its
simplicity of production. This requires knowledge of the full
nonlinear resisting moment-rotation (M—®) behavior of the
joint. To investigate the impact of various geometrical fac-
tors on the overall behavior of the connection, this work
provides a three-dimensional finite element model (FEM)
utilizing ABAQUS software. The suggested model accounts
for the pretension force on the bolts, material and geome-
trical deviations from linearity, and the proximity of sur-
faces that are adjacent. The numerical model’s ability to
simulate and process both the total and specific behavior
of varieties of end-plate steel riveted connections is con-
firmed by calibrating the finite element findings with
experimentally disclosed outcomes, which are reviewed
in this study. The ultimate behavior was then investigated
through a parametric study using the verified FEM with
variations in the bolt pretension load, yield strength of
the sections, and yield stress of the bolt considering the
M-® curve. The results of the parametric study showed
that as the bolt pretension load and yield stress of the
column, beam, and plate materials increased, so did
the connection’s moment ability. The yield tension of
the bolts, however, had only a minor effect on the con-
nection’s moment capacity.
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1 Introduction

Several research studies have been published related to
the finite element analysis (FEA) of steel connections to
simulate and investigate the behavior of such connections.
The rationale behind this is that it is believed to have advan-
tages over fully experimental testing and maintaining good
connection actions in terms of time and cost savings. Some
of these numerical models were given in previous studies
[1-5]. All the aforementioned researchers modeled and
simulated the behavior of steel end-plate connections via
FEA to study and analyze the behavior of these connections
using various FEA software packages such as ABAQUS and
ANSYS. In addition, the numerical results were compared
and validated using experimental results.

Numerous studies have adopted analytical and experi-
mental research on end-plate steel connections to develop
a reliable approach for predicting the rotational attitude of
the connection under monotonic and cyclic stresses. To
calculate the initial rotational stiffness of semi-rigid joints,
Dabaon [6] proposed a fundamental method based on Euro
Code 3 [7]. In a review study, Dabaon [8] defined the
grouping of beam-to-column junctions. The researcher
conducted the composite joint study after the addition of
everything. A novel exponential model was created by
Mohamadi-Shoore and Mofid [9] to estimate the regular
M-curves of bolted end-plate connections.

Shi et al. [10] introduced a recent theoretical approach
to evaluate the moment-rotation (M-®) relation for rein-
forced and lengthened beam-column end-plate connections.
The end-plate connection is split into many components,
which include the end-plate, panel area, bolt, or column
flange, based on a particular understanding of the rota-
tion of the end-plate connection. The analysis encompasses
the whole loading—deformation operation of each segment,
hence allowing for the acquisition of the loading—deforma-
tion procedure for every connection by the superimposition
of the behavior of every segment. Five joint tests were
conducted to verify the proposed analytical approach. It
was concluded that this analytical approach can precisely
determine the M-® curve, initial rotational stiffness, and
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rotational behavior of end-plate connections in comparison
with the test data. Additionally, it has the ability to examine
any benefit to the rotational deformation of the joint,
including twisting deformation of the end-plate and column
flange, bolt extension, and shear deformation of the panel
Zone.

The experimental findings of eight segments of steel-
bolted connections beam-to-heam and beam-to-column with
flush or extended end-plates were given by Abidelah et al. [11].
Fifty percent of the connections have end-plates that have
been reinforced with stiffeners in the extended sections. The
study used a column with low resistance to investigate the
interplay of failure mechanisms in both the compression
and tension zones. The analysis focused on evaluating the
global M—® curves and the concurrent development of tension
forces in the bolts. The primary metrics that were observed
were failure mechanisms, stiffness, resistance development,
and rotation capacity. A comprehensive analysis was per-
formed to compare the experimental and analytical findings
obtained from the component method of Eurocode 3. The
objective was to assess the precision of the analytical metho-
dology, particularly in relation to the connections involving
stiffeners in the extended section of the end-plates.

Using the fixable program ABAQUS, Ismail et al. [12]
presented a three-dimensional FEM to examine the impact
of different geometrical factors on the attitude and beha-
vior of the connection. The recommended model considers
material and geometrical nonlinearities, pretension force
in the bolts, contact between adjacent surfaces, and initial
flaws. The experimental calibration and analysis of the
finite element results demonstrated that the numerical
system was capable of simulating the general and specific
attitudes of several types of bolted end-plate steel connec-
tions. The parametric analysis also analyzed the final beha-
vior and attitude with adjustments to the bolt diameter,
end-plate thickness, column stiffener length, and rib stif-
fener angle. The findings were examined and put to the test
with regard to the mechanisms of failure, the evolution of
the resistance, the starting stiffness, and the capacity for
rotation.

The results of four full-scale beam-to-column decon-
structable composite joint connectors with high-strength
steel S690 flush end-plates (FEPs) were presented and dis-
cussed by Ataei et al. [13]. They investigated the structural
behavior and attitude of the new model in conjunction
with the application of post-inducted friction-grip bolted
shear connectors for progressing deconstructable compo-
site floors. The test results showed that the composite
beam-to-column joints can bring forth the required ducti-
lity and strength in accordance with Eurocode 3 and Euro-
code 4 specifications. Additionally, the model can be easily
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shared as a proof of theory at the conclusion of the frame-
work’s service life.

In order to investigate the impact of minor-axis end-
plate joints on the behavior of major-axis end-plate joints,
as well as the interaction between two minor-axis end-
plate joints, Costa et al. [14] conducted a study on the joint
behavior of five different steel beam-to-column end-plate
joint configurations. Due to the presence of diverse three-
dimensional stress conditions inside the unstiffened web of
the column, the sub-frames, including one to three beams,
were occupied, therefore engaging in mechanical interac-
tions with two or three main and minor axis joints. The
assessment of the interactions was conducted by analyzing
the M-® connections of the joints, connections, and column
structure. The research revealed that the impact of minor-
axis joints on the stiffness of major-axis joints in the column
web under investigation was low. Additionally, the presence
of two minor-axis joints resulted in a mutually reinforcing
relationship, leading to increased strength and stiffness.

The study performed by Elflah et al. [15] included the
implementation of comprehensive experiments on beam-
to-column joints made of stainless steel. These junctions
were then exposed to static monotonic loads. The assessed
joint configurations included an attachment with one flush
and one extended end-plate; two connections with top and
seated cleats; and two connections with top, seated, and web
cleats for single-sided beam-to-column couplings. Stainless steel
Grade EN 14301 was used for all the connected and attached
parts, including bolts, angle cleats, and end-plates. The entire
M-® characteristics for every test were documented, and the
experimentally determined stiffness and moment resistance for
every joint were compared to the codified provisions of EN1993-
1-8. The connections showed exceptional ductility and could
withstand loads that were much higher than those predicted
by the design requirements for joints made of carbon steel.

Gao et al. [16] studied the structural behavior of beam-
to-column joints with double-extended end-plate connec-
tions both experimentally and numerically. Two stainless
steel grades and a joint made of carbon steel grade Q345B
were considered. The M-® curves were recorded, demon-
strating the excellent ductility of the stainless steel joints.
The ABAQUS software package was used to create advanced
finite element models (FEMs, which were then tested
against the test results. The initial rotational stiffness,
plastic moment resistance, and rotation capability of the
tested joints are used to determine the accuracy of the
design code predictions. The current design requirements
result in excessively conservative strength predictions for
stainless steel joints, according to the findings, as they do
not account for the substantial strain hardening and duc-
tility of the material.



DE GRUYTER

Saha et al. [17] performed a numerical analysis of a
semi-rigid joint made of stainless steel subjected to mono-
tonic loading. The study involved a top seat with a double-
web angle beam-column connection. The constructed FEM
was initially validated with experimental data using the
ABAQUS/CAE FEA program. Subsequently, 13 models were
developed to examine the effects of various geometric para-
meters on the M—® properties of the joint. In this study, the
effects of the bolt number, bolt pretension loads, top and seat
angle thicknesses, and web angle thickness were investigated.
The ultimate moment capacity and initial stiffness were
observed to improve when the top-seat angle and web angle
thickness increased. However, the rotation slowed at the very
end. The moment capacity was enhanced by adding more
bolts to the junction between the beam flanges and the top-
seat angles. However, the bolt pretension load had little to no
effect on the M-® behavior of the joint. Future studies of a
similar type can make use of the approach used in this study.

A combined experimental and numerical investigation
of stainless-steel end-plate connectors was presented by
Song et al. [18], with a focus on their final behavior and
rotational capacity. Six connection specimens composed of
austenitic and lean duplex stainless steels were examined
during the experimental phase under monotonic loading. The
tests were specifically designed to examine how the connec-
tions behave when subjected to substantial deformations on
the verge of failure. It was found that the fractures of the
stainless-steel bolts and end-plates were closely related to the
rotation capacity. A sophisticated FEM suitable for fracture
simulation was created during the numerical phase. Material
tests for stainless-steel bolts and plates were used to calibrate
the constitutive and fracture models that were implemented.
The created FEM exhibited a good level of accuracy in fore-
casting the behavior of the tested connections on the verge of
failure. Finally, in order to assess the moment resistance and
rotational capacity of the stainless-steel end-plate connectors,
physical testing and computational analyses were performed.

The aim of this research is to conduct some recent FEA
using the ABAQUS software to validate the accuracy and
reliability of the FEA by correlating the M-® curves from
FEA and experimental results.

2 Application

2.1 Analysis model

A published experimental work for a model of end-plate
bolted connections between beam and column has been
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selected [19]. For this model, a 3D FEA has been carried
out using ABAQUUS software. A connection is to be made
between the FEM and the experimental results leading to a
conclusion about the accuracy and reliability of the FEM.

2.2 Test arrangement

Ostrander [19] performed large-scale testing of beam-to-
column FEP connections linked to a column flange to better
understand the behavior of the connection. Four of the
first group of specimens were simulated (similar column
and beam sections and without column stiffeners). The
steel sections of the columns, beams, and plates are listed
in Table 1.

Figure 1 presents an assembled test specimen, which is
obtained from Chen [20] Handbook. The dimensions shown
were common to all the specimens tested in this program.

Furthermore, the material properties of the columns,
beams, plates, and bolts used in this study are listed in
Tables 2 and 3.

2.3 Experimental test results

The experimental test results for each of the tested speci-
mens are presented in Figure 2 by plotting the M- curve.
The connection rotation was determined using the differ-
ence between the connection rotation and the rotation of
the beam.

The M-® curves have revealed that the studied rela-
tionships started out linear and then turned out to be non-

Table 1: Test specimens detailing [20]

Test specimen 1 3 4 9
Column W8 x28 W8 x28 W8x28 W8x28
Beam W10 x 21 W10 x 21 W10 x 21 W10 x 21
Plate thickness (inch) Y 3/8 1/4 3/4
Major ¢t 0.500 0.500 0.500 0.500
parameters (inch) cc 0.500 0.500 0.500 0.500

tp  0.500 0.375 0.250 0.750

pt 2.500 2.500 2.500 2.500

gt 3.500 3.500 3.500 3.500

li  5.000 5.000 5.000 5.000

gc 3.500 3.500 3.500 3.500

pc 2.500 2.500 2.500 2.500

FEP connections
All bolted without column stiffener

Connection type
ode
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Figure 1: Assembled specimen for J. R. Ostrander experiment model [20].

Table 2: Material properties of columns, beams, and plates [20]

Yield strength,
1 (ksi)

Ultimate strength,
1, (ksi)

Modulus of elasticity,
E (ksi)

45.4 70.3 30,000

linear. The connections formed a stiff initial response, fol-
lowed by significantly reduced stiffness in the second
applied phase of choice. The inelastic deformation of the
attachment components initiated the second step, as per
the presented figures.

3 FEM

FEM is majorly considered an asset in computational
mechanics in which it provides unmatched applicability
and high accuracy in solving diverse challenges and pro-
blems in regards to engineering applications [21-29]. FEM
plays its rule as an indispensable procedure that captures
complicated interactions between assemblies, boundary
conditions, and nonlinearities of the components in the con-
text of analyzing the M-® behavior of end-plate bolted steel
connections. Traditional analytical methods frequently rely

Table 3: Material properties of bolts [20]
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Figure 2: M-® for adopted test specimens (Ostrander, [19]).

on simplifications that may not adequately represent real-
world conditions, hence introducing potential errors or
uncertainties. In contrast to that, FEM permits a more
detailed and nuanced analysis that resulted in drawings
that closely resemble actual behavior. Consequently,
employing FEMs in the analysis of these steel connec-
tions would not only improve the reliability of the
results, but also substantially contribute to the optimiza-
tion and safety of structural system design.

ABAQUS software was used for FEM and analysis of
the experimental methodology. The accuracy and relia-
bility of the FEM depend on the construction of a suitable
mesh arrangement. Mesh discretization must strike a bal-
ance between the need for a fine mesh for an accurate
stress distribution and the need for a fair analysis period.
Using a fine mesh in high-stress areas and a coarser mesh
in the rest of the region was the preferred choice. Figure 3
shows a model of the proposed experimental specimens.

The columns, beams, plates, and bolts were modeled
using 3D deformable solid shapes. The materials of the
model were simulated using nonlinear material properties,
and the categories and forms of the generated sections
were solid and homogeneous, respectively.

Frictional and welded contacts are considered as inter-
actions. Frictional contact is characterized by establishing
interaction: surface-to-surface contact (general) for bolts-
to-holes and plate-to-column contact, whereas welded con-
tact is defined by the constraint tie for plate-to-beam
welding.

Fasteners

Yield strength, fy (ksi)

Ultimate strength, f, (ksi) Modulus of elasticity, E (ksi)

A325 (3/4 inch dia.); Standard holes - 13/16 inch 92

120 30,000
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(d)

Figure 3: FEM of test specimen: (a) assembled model, (b) meshing of column, (c) meshing of plate, (d) meshing of beam, (e) meshing of bolt, and

(f) meshed model.

An 8-node linear brick was adopted for meshing, and
the geometric order was linear. Table 4 lists the number of
elements.

Nonlinear effects (Nlgeom) were turned on in the
phase module to account for the nonlinear effects of mas-
sive displacements. The following equation was used to
measure the bolt pretension load:

Ty = 0.7 x Minimum tensile strength x Area of bolt. m

The minimum tensile strength of the bolts was 92,000 psi,
and the diameter of the bolt was 3/4 inch.

7(3/4)>
4

Ty, = 0.7 x 92,000 x = 28,4511b = 30,0001b.

Table 4: Meshing detailing of the model

Part Number of elements
Plate 2,436
Beam 656
Column 1,194
Bolt 600

3.1 FEA results

Figure 4 shows the results of the FEA of the proposed
experimental model.

Two sets of findings were discussed in this report. The
data were divided into two categories: experimental test
results and results from the FEA. The main purpose of the
comparison was to ensure that the FEMs were reliable and
trustworthy. As previously stated, FEMs were used to pre-
dict the deformation of the relationship. A more precise
and figure-based validation is required to ensure the accu-
racy of FEMs. Figures 5 and 6 demonstrate how the FEM
deformation and yield lines (stress concentration) are com-
pared to the experimentally tested deformation.

3.2 Moment resistance

Figures 7-10 show the M-® curves of the ABAQUS FEM
results. The findings of the M—® curve FEA were compared
with the results of experimental experiments. The M—®
curves produced by the FEA and experimental M-curves
were quite similar.
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(b)

Figure 4: FEM results: (a) results of analysis of the column, (b) results of analysis of the plate, (c) results of analysis of the beam, (d) results of analysis

of the bolts, and (e) results of analysis of the assembled model.

The FEA findings were also compared with the experi-
mental results for the moment resistance of the connec-
tion, as shown in Table 5. The analysis of the results
revealed that the ratio was in the range of 0.86 to 0.88,
indicating fair agreement. These findings indicate a high
level of consensus.

Figure 5: Deformation of connection for test specimen and FEM.

4 Parametric study

To investigate the effect of various parameters on the rela-
tionship, a parametric analysis based on the test specimen
(Test 1) proposed by Ostrander [19] was carried out. Because
the effects of the column, beam, and plate thickness were

i
]
—
—
=
—
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Figure 6: Yield lines for test specimen and FEM.

studied by the aforementioned author, the influence of
material properties and bolt rigidity was used in this study.
The parameters considered were the bolt pretension load;
yield stress of the bolts; and yield stress of the column,
beam, and plate.

4.1 Bolt pretension load (Th)

The effect of adjusting the bolt pretension load on the M—-®
curve is shown in Figure 8. The moment capacity of the
connection increased as the bolt pretension load increased.

600
S 500
5400
=)
s 300
o / Experimental
§ 200 / — — —FEA
S 100
=

0
0 20 40 60
Rotation (radians), ® x 1/1000
(a)

300
5 250
£200
)
s 150
£ 100 .7 Experimental
2 7 - — =FEA
S 50 [’
=

0
0 10 20 30 40
Rotation (radians), ® x 1/1000

(©)
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Table 5: Comparison of experimental and finite element ultimate
moment resistance

Test Ultimate moment, M, Ratio

specimen (kip-in) of My apaqus/Mu,Exp.
My Exp. My, ABaqus

1 538 461 0.86

3 486 a1 0.87

4 264 233 0.88

9 600 523 0.87

The actions of the bolt pretension loads of 12, 20, and 30 kip
are identical, with the exception of 40 kip. Figure 9(d) shows
that for a bolt pretension load of 40 kip, the deformation of
the connection increases, and the overall stiffness of the
connection is also affected owing to the increased rigidity
of the bolt in comparison with the connection materials.

4.2 Yield strength of column, beam, and
plate

As shown in Figure 10, the increase in the yield stress of the
column, beam, and plate materials leads to an increase in
the moment capacity of the connection.

600
S 500
£ 400
=3
s 300
= 4 Experimental
g 200 / - — —FEA
S 100
=

0
0 20 40 60
Rotation (radians), ® x 1/1000
(b)

700
S 600
R=
4500
¥ 400
= 300 :
= / Experimenta
2 200 1, - - —FEA
EO 100 |y

0
0 20 40 60 80
Rotation (radians), @ x 1/1000

(d)

Figure 7: M-® curves: (a) M- for Test 1, (b) M-® for Test 3, (c) M-® for Test 4, and (d) M-® for Test 9.
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Figure 8: M-® curve for Test 1 with different bolt pretension loads.

(a) (b) (b) (d)

Figure 9: Deformation of connection for Test 1 with various bolt pretension loads (Tb): (a) deformation for Th =12 kip, (b) deformation for Tb = 20 kip,
(c) deformation for Th = 30 kip, and (d) deformation for Tb = 40 kip.

700
600
é 500
£ 400
)
£ 300
é 500 / FEA - Fy = 36 ksi
— — =FEA -Fy=45.4ksi
100 — - =FEA - Fy = 60 ksi
0
0 10 20 30 40 50 60

Rotation (radians) x 1/1000

Figure 10: M-® curve for Test 1 with different yield stresses of column, beam, and plate.



DE GRUYTER

600

500

400

300

Moment (Kip-inch)

0 10 20

Three-dimensional analysis of steel beam-column bolted connections

FEA - Fy = 52 ksi
— = —=FEA - Fy = 65 ksi
— - =FEA - Fy = 92 ksi
......... FEA - Fy = 130 ksi
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Figure 11: M-® curve for Test 1 with different yield stresses of bolts.

4.3 Yield stress of the bolts

The yield stress of the bolts had no considerable influence
on the behavior of the connection, as shown in the M-®
curve in Figure 11.

5 Conclusions

To analyze end-plate steel connections subjected to mono-

tonic loads with a variety of types and features, as well as

to investigate the effects of various parameters on the con-
nection behavior, this study offers a three-dimensional

FEM. The results of the study are summarized as follows:

1. Comparisons between the experimental and current
FEM findings show that the current numerical model
can mimic and forecast the behavior of bolted end-
plates with a fair amount of precision. The M-® curves
were included in the comparisons.

2. The parametric study’s findings show a strong increase in
the connection’s moment ability with the bolt pretension
load and yield stress of the column, beam, and plate mate-
rials. The bolts’ yield tension, on the other hand, has only a
minor impact on the connection’s moment capacity.

3. The study relied on a reduced number of tests, with one
section for columns and beams, and a joint type. To fully
evaluate the three-dimensional nature of the steel beha-
vior of joints from beam to column, additional tests and
thorough parametric analysis utilizing the nonlinear
FEM are necessary for future studies.
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