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Abstract:

Steel structures are considered the most common structures in the world. In these structures, joints play an
essential role in evaluating performance and seismic behavior. Therefore, achieving optimal design criteria that
have the ability to use the maximum capacity of connections, has always been considered. In this research,
numerical studies have been performed to evaluate the seismic performance of bolted beam-to-column joints
with endplates and also the effect of stiffeners on the seismic performance of connections. In this regard, by
considering 3 main parameters (column stiffener, endplate stiffener, and bolt diameter), 8 models of beam-to-
column bolted connections have been created in Abaqus finite element software. In order to validate the
numerical model, the outputs were compared with the results of the experimental model, which indicated an
error of less than 4% for the numerical model. The results of this study show that the use of beam and column
stiffeners without increasing the bolt resistance has a negative effect on the seismic performance of the joint, but
with the application of both stiffeners and increasing the bolt resistance, the seismic performance of the joint
increases up to 2 times. The results also show that increasing the thickness of the endplate stiffener reduces the
seismic performance of the joint.
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I.  Introduction

Steel structures are one of the most widely used structures in the world, which due to the distinctive
features of this structure, the demand for its use is increasing day by day[1-4]. In these structures, joints are
considered as one of the key parts in the performance and efficiency of the structure. Today, most of the joints
created in steel structures are semi-rigid connections due to the optimal and characteristic performance against
seismic loading [5,6].

One of the most common types of semi-rigid joints is the beam-to-column bolted connection. In
general, the performance of bolted connections can have a direct effect on parameters such as the stiffness,
stability, deformation capacity, bearing capacity, and seismic performance of structures [7].

Therefore, the study and evaluation of the seismic performance of bolted connections are considered as
one of the main parameters in the analysis of steel structures.

This issue has become more and more considered by designers and engineers with the occurrence of
large earthquakes such as (Norwich 1994 in the United States and Kobe 1995 in Japan) and improper seismic
behavior of structures.

Due to the poor performance of traditional bolted joints under seismic loads, various numerical and
experimental studies to achieve the optimal and ideal design of this type of joints began and continue to this day
[8-10].

One of the types of bolted joints is the connection of the beam to the column with the endplate. In this
connection usually, the endplate is bolted to the column by several rows of bolts, and the beam is connected to
the endplate by welding.

This connection has improved the behavior of the structure in these conditions due to its semi-rigid
performance against seismic loads and is widely used in steel structures.
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To date, various numerical and analytical studies have been performed on the semi-rigid performance
of joints as well as their seismic performance [11], the evolution of which can be classified as follows:

Most of the studies on the performance of bolted connections to date, in all three numerical, analytical,
and experimental approaches have been focused on predicting and investigating the moment-rotation behavior
and consequently evaluating the rigidity of bolted joints.

In the numerical studies approach, we can refer to the research of Krishnamurthy et al.,[12-14] who for
the first time presented the numerical modeling procedure using the finite element method (FEM) in three-
dimensional space to evaluate the behavior of bolted connections.

Ismail et al. [15] In a numerical study, a stiffened single-sided connection was subjected to parametric
studies focusing on the geometry of its components. The results of this study showed that the presence of
hardener in the end plate increases the flexural strength of the connection as well as its rotation.

Shi et al. [16,17] performed an experimental study on the performance of bolted connections with
endplates, with or without stiffeners. In their studies, the focus was on parametric evaluation and assessment of
connection performance under variables such as endplate thickness, endplate and column web stiffeners as well
as bolt diameter.

Abidelah et al. [18,19] Extensive experimental and numerical studies were performed to investigate the
stiffening effect on the performance of beam-to-column joints.

Merad et al. [20] Parametric studies were performed to evaluate the performance of bolted beam-to-
column joints, in which parameters such as flange and endplate stiffness and pre-stressing of bolts in a tension
zone were evaluated.

Researchers have conducted various numerical and experimental studies to evaluate the seismic
performance of joints. In this regard, Zhang et al. [21] by conducting studies on a beam-to-column joint with T-
shaped cast-steel energy-dissipating members examined the performance of the joint under cyclic loading. it
should be noted that these members easily It has the ability to be repaired and replaced.

Zhang et al. [21] succeeded in designing a pre-stressed self-centering beam-to-column joint based on
their researches using numerical and experimental methods. In this research, experiments performed on this
connection in the form of cyclic loading showed that this connection can be adjusted after the earthquake and
has the ability to withstand aftershocks.

In this paper, a finite element numerical model based on Abaqus software has been developed to
evaluate the performance of the beam-to-column bolted connection and investigate the effect of stiffeners on the
seismic behavior of the joint.

In order to match the numerical model with the nature of performing beam-to-column bolted
connections, all details including nonlinear material and geometric behavior, bolt pre-stressing force, contact
between model parts have been defined and implemented. Also, in order to evaluate the accuracy and validation
of the model, the outputs of the numerical model have been compared with the results of the experimental
research of Shi et al. [16].

I1.  Specification of studied joints

In this research, 8 numerical models have been defined and studied to investigate the effect of stiffeners
on the seismic performance of beam-to-column bolt connections. Dimensions and geometric characteristics of
all models, as well as the details of the beam-to-column connection design, have been selected based on the
experimental research of Shi et al. [16].

The defined models represent the bolt connection of the beam to the column with the endplate where
the endplate is bolted to the flange column with 4 rows of bolts, also the beam is connected to the column by
welding.

The main purpose of this study is to evaluate the effect of stiffeners on the seismic performance of
beam-to-column bolt joints. Accordingly, the variable parameters in the definition of the considered models are:
Endplate stiffener, column stiffener, endplate thickness and bolts specifications.

Based on the considered parameters, 8 scenarios have been defined for conducting parametric studies
and evaluating the seismic behavior of joints under the influence of stiffeners. Table 1 shows the specifications
of 8 modeling scenarios.
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Table 1: Research Modeling Scenarios

Bolt diameter Column Endplate Endplate
(mm) stiffeners stiffeners thickness

scenarios

thickness thickness

20 mm 24 mm Yes NO No Sl 16mm

20 mm 25 mm

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

According to Table 1, the main variables of the study included bolt diameter in two cases of 20 mm and 24 mm.
Also, in order to evaluate the effect of stiffeners, two general conditions of presence and absence of column and
endplate stiffeners have been examined. The four general cases of the created models that indicate the presence
and absence of stiffeners are described in Fig.1.

Bolted connection without stiffeners

Modell (M1)
‘With no Stiffeners

Bolted connection with Stiffeners in the

Column Stiffeners column web only Model2 (M2)

Bolted connection with Stiffeners in

Endplate Stiffeners the extended part of the endplate
Model3, 5 (M3, M5)
Column Stiffeners
Bolted connection with Stiffeners in the column
web and in the extended part of the endplate
Model 4, 6, 7, 8 (M4, M6, M7, M8)
Endplate Stiffeners

Fig. 1. Configurations of the modeled specimens.
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To evaluate the effect of the thickness of the stiffeners, two conditions with a thickness of 8 mm and 16
mm were considered for the endplate. The last parameter is the thickness of the endplate which is examined in
two cases of the endplate thickness of 20 mm and 25 mm. In all models, the geometric specifications of the
beam and column are considered the same, in Fig. 2, the dimensions of profiles of the beams and columns of the
models are shown.
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Fig. 2. Dimensions of profiles used in the models connections

In bolted connections, dimensions and geometric details have been one of the most important and
influential parameters in the connection performance. Fig. 3 shows the geometric details of the connection and
the endplate of the models.

W te
« v
oo+ ]+
pl2
+ |+
p23 hyp
+ |+
p34
+ [+
v
« -
bp
e B W e ex pl2 p23 p34 bp hp
(mm) 108 46 50 112 176 112 200 500

Fig. 3. Geometrical details of the models

I11.  Numerical Modeling Details
In this research, in order to implement numerical studies, 8 models are introduced in Abaqus finite element
software and the details of the finite element numerical model are as follows.
3-1 Selection of elements and meshing
One of the main steps in numerical modeling in Abaqus software is to define the element type and mesh size. In
this study, in order to investigate the seismic behavior of the semi-rigid bolted connection, the C3D8R element
has been selected for all components of the joints (including columns, beams, plates, and bolts).
The C3D8R element has 8 nodes as well as 3 degrees of freedom for each node, which has the ability to easily
operate and behave different parts of the connection.

3-2 Material properties

To define the material properties of different parts of the joint, the nonlinear model of material behavior is used.
To define the elastic and plastic performance of the material, the vonMises yield criterion is used with isotropic
hardening. Fig. 4 shows the material stress-strain curve of the various connection parts (Profiles, plates and
bolts), which is based on the results of laboratory tests.
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fig. 4. Stress-strain curves (Profiles, plates and bolts), [23]
Also, The elastic limit fy, the ultimate strength fu, Young's modulus E of the different components of
the joint, as well as the bolt pre-stressing, are obtained from the experimental tests, previously carried out by Shi
et al.[16]. Mechanical characteristics of the materials are shown in Table 4.

Table 2. Mechanical characteristics of the materials

veteria | BRI | gl modduee | Fosen | Presresing
(N/mm2) (N/mm2)
Steel 391 559 190,707 0.3
Bolt M20 995 1160 206,000 0.3 185
Bolt M24 975 1188 206,000 0.3 251
3-3 Defining contacts & connections in the numerical model

The principal step of modeling beam-to-column joints is the definition of contacts & connections between
different parts of the joint. In order to achieve efficient results from the created numerical model, the contacts
between different parts must be correctly identified and defined from a numerical point of view in Abaqus
software.

In the created models, the main contacts & connection between different parts of the connection can be
categorized as follows:

1- Connection between the endplate and the beam

In the defined models, the connection between the beam and the endplate is welding, so in Abaqus software,
using the Tie constraint, we tied the column connection surface to the endplate connection surface and limit all
their degrees of freedom to each other. This feature correctly models the welding connection between the two
parts.

2- Connection between stiffeners and column, stiffeners and beam, stiffeners and endplate
Due to the connection of the beam to the column and considering the welded connection between the stiffeners
and different parts of the model, the Tie constraint has been used to define these connections.

3- Contact between nut and column flange, between bolt head and endplate, between bolt shank and hole
The contacts between the mentioned parts are of frictional contact type, which is defined by using surface-to-
surface contact and considering the coefficient of friction equal to 0.44 in Abaqus software.

Fig. 5 shows all the connections and contacts in the numerical models created, along with the description.
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onnection between stiffener & endplate
(Tie consiraint )

Connection hetween stiffener & beam
(Tie constraint )
Contact between stiffener & column

Connection between heam & endplate
(surface-to-surface contact)

(Tie constraint )

Contact between endplate & column
(surface-to-surface contact)

Contact Between bolt head and endplate

I

S

’ Contact between bolt shank and hole

Fig. 5. Connection & contact parts in models

3-4 Boundary conditions and loading
The boundary conditions used in the numerical models of this research are shown in Figure 6.
In this research, the main purpose is to investigate and evaluate the performance of beam-to-column bolted

connections under seismic loads. The applied load is modeled according to the ATC-SAC guideline (Figure 7)
and by applying this cyclic displacement at the free end of the beam.

1000
Fixing Ux
Fixing Uy | * Imposed displacement Uy based
Fixing Uz . on ATC-SAC guideline (Figure 7)
¥ * Fixing Ux
1000

prestressing in bolts

et

Fig. 6. Boundary conditions and loading in numerical models
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Fig. 7. Displacement Amplitude based on ATC-SAC guideline

IV.  Results
In this section, the results of numerical modeling and parametric studies performed according to research
scenarios (Table 1) are presented. Also, the results of comparisons between the performance of the numerical
model and the experimental model based on shi. et al. [16].
The results presented in this section can be categorized as follows:

1. Numerical model validation and evaluation of Moment-Rotation curve
2. Investigation of seismic performance of joints in 8 models based on the von Mises stress
3. Investigation of hysteresis curve of joints in 8 research models
4, Evaluation of stress and strain in the main part of joints including (endplate and bolts) in each of the
models
5. Investigating the amount of energy dissipation in 8 models
4-1 Model validation and evaluation of Moment-Rotation curve

To validate the created numerical model, the moment-rotation curve of the M2 model with the
experimental test results performed by shi. et al. [16] has been compared (Figure 8). Also, for more
accurate evaluation, two statistical tests, RMSE and MSE, were applied between the results of the

numerical model (M2) and the experimental test, the output of which are shown in Table 4.

Table 4. Numerical model error statistical test

RMSE MSE Average error %

39.37 6.28 3.37%

M- Theta [Model: M2]

0 10 20 30 40 50 60 70 80 920
Rotation (mrad)

—&— Numerical Model ~ —@— Experimental Model

Fig. 8. Comparison of the experimental and numerical moment-rotation curves
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Figure 7 shows a comparison between the results of the numerical model (for the M2 model) and the laboratory
test.

Also in Table 4, the percentage of modeling error and the values of two statistical tests RMSE and MSE are
presented. The results show the high accuracy of the numerical model and the average error of the moment-
rotation curve is less than 4%.

4-2 Investigation of seismic performance of joints based on the von Mises stress

In this research, in order to evaluate the seismic performance of beam-to-column bolted joints, various
numerical models have been created and subjected to cyclic loading. One of the effective parameters in the
investigating of seismic behavior of joints is the amount of stresses created in different parts of the connection
under seismic loading. Accordingly, Figure 8 shows the von Mises stresses in 8 numerical models and in the last
step of cyclic loading.
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Fig. 9. von Mises stresses in 8 numerical models and in the last step of cyclic loading
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Figure 9 shows the von Mises stresses in 8 models of beam-to-column connections. According to the
results, it is clear that in M1 model due to the lack of column & endplate stiffener and in M3 and M5 models
due to the lack of column stiffeners, the most deformations were created in the column. Also, based on the
comparison between the amount of stresses created, it becomes clear that in the models with stiffeners the
amount of stresses created in different parts of the connection had larger values, which indicates an increase in
the connection stiffness parameter.

Comparing the M3 and M5 models, which have the same modeling details and only the endplate
stiffeners thickness is different, it is clear that changing the column stiffeners thickness has little effect on the
stress values but changes the stress patterns created in different parts of the connection. In the M5 model, which
had thicker stiffeners (16mm), the stress values in the stiffeners were lower than the M3 model.

Comparing the M4 model with the M6 model, which both had an endplate and column stiffeners and
the only difference is the thickness of the endplate stiffeners, it is clear that the model with thicker stiffeners
experienced greater stresses and consequently had more stiffness.

Comparing between the models with column stiffener and the models without it, shows that in the
models with column stiffener, the concentration of stress in the column was in the area between the two column
stiffeners.

Comparing the M7 and M8 models with the M4 and M6 models, which have variable bolts parameters,
it is clear that increasing the bolt diameter causes larger stresses, which increases the joint stiffness, as well as
the displacement of the endplate in Models with bigger diameter bolts were less than models with smaller
diameter bolts.

4-3 Investigation of hysteresis curve of joints

In the study of seismic performance of the structure, the concept of displacement of structural
components for a certain amount of force was one of the most basic criteria for seismic behavior. The hysteresis
curve is presented as one of the main performance outputs of numerical models in Figure 10.

In the investigation of seismic performance of joints, the hysteresis curve indicates the amount of
displacement based on the applied forces. In cyclic loadings, this curve helps to assess the seismic behavior of
the connection, so that besides showing the amount of displacement based on changes in the applied load in the
load cycles, it also examines the amount of bearing capacity and energy dissipation.

According to the description, the higher the stretch of the hysteresis curve (the area enclosed between
the curves), the higher the energy dissipation and the better the connection performance against seismic loading.
According to the results (Figure 10), it is clear that the M7 model has the best seismic performance among 8
models based on cyclic loading, also according to the results, the M6 model has the weakest performance. As a
general conclusion, it can be mentioned that the application of stiffeners increases the connection difficulty and
thus reduces the bearing capacity. It should be noted that by increasing the diameter of the bolt and the use of
column and endplate stiffeners, we have witnessed the optimal and proper connection performance against
seismic loading. Another important point is the effect of the thickness of the endplate stiffeners, which has
reduced the proper seismic performance.
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Fig. 10. Hysteretic curves
4-4 Evaluation of stress and strain in the main part of joints including (endplate and bolts)

In joints under seismic loading, stress, and strain in different parts of the connections have been of
special importance due to the use of maximum connection capacity. In beam-to-column connection, endplates
and bholts are considered as the main elements of the connection. Therefore, the amount of stress and strain
created in the numerical models has been investigated and the values of these parameters for the endplates and
the bolts are examined.

Figure 11 shows the amount of stress and plastic deformation (strain) introduced in Abaqus software
with PEEQ parameter, for the endplates in models M1 to M4 and also in Figure 12 for models M5 to M8.
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The amount of stress and plastic deformation in the bolts is shown in Figures 13 (for models M1 to M4) and

Figure 14 (for models M5 to M8).
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Fig. 11. Stress and plastic deformation on the endplate of M1 to M4 models
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Fig. 12. Stress and plastic deformation on the endplate of M5 to M8 models
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Fig. 13. Stress and plastic deformation on the bolts of M1 to M4 models
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Fig. 14. Stress and plastic deformation on the bolts of M5 to M8 models

4-5 Investigating the amount of energy dissipation in 8 models

One of the main criteria in evaluating the seismic behavior of the connection is the amount of kinetic energy
dissipation.

Energy dissipation in the structure takes place in the form of elastic and plastic deformations. It is clear that the
higher the energy dissipation of connection, the better performance under the seismic loading.

Figure 15 shows the amount of energy dissipation for the 8 models of connections under cyclic loading.
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Fig. 15. The amount of energy dissipated by the model joints

According to the results of energy dissipation in the connections of 8 numerical models (Figure 15) and
also the explanations provided in the previous section, it is clear that the M7 model has the best seismic
performance against cyclic loading and the M6 model has the weakest seismic behavior.

Based on the obtained results, it is clear that the use of stiffeners in beam-to-column joints with
endplates without increasing the bolt resistance (increasing the diameter) does not increase the efficiency and
improve the seismic behavior of the joints.

It is also found that increasing the thickness of the endplate stiffeners does not improve the seismic
performance of the joint and only changes the patterns of plastic deformation and stress propagation. Also,
increasing the joint stiffness reduces the bearing capacity against seismic loads.

V.  Conclusions

In this research, the seismic performance of beam-to-column bolted ~ connections with  endplates
under seismic loading has been evaluated. The effect of using stiffeners on the seismic behavior of these
jointshasalso  been studied.

In this regard, parametric studies have been performed by considering the variables of  bolts
diameter, column stiffener, endplate stiffener, and also the effect of endplate stiffener thickness.

To conduct studies, 8 models of beam-to-column bolted connections with endplate have been
defined and numerically modeled in Abaqus finite element  software. The general results of this research can
be classified as follows:

. In this research, studies have been done using numerical modeling and finite element software. In order
to check the validity of the modeling, the results of numerical modeling of M2 model have been compared with
the results of its laboratory test. The results showed that the error of the numerical model was less than 4%
compared to the experimental test.

. Comparing the results of numerical modeling, it was found that the use of column stiffener reduces the
elastic and plastic deformations of the column. Also, in these conditions, the stress concentration is located in
the area between the two column stiffeners.

. Based on the results of stress and strain contours in different parts of numerical models, it was found
that the use of stiffener increases the joint stiffness and increases its rigidity. It was also observed that the use of
thicker endplate stiffener did not cause significant changes in the stress created in the joint, but caused a change
in the stress propagation pattern and plastic deformation.

o Examining the hysteresis curve of 8 modeled connections, it was found that the M7 model had better
seismic performance than other connections, and the M6 model had the weakest seismic behavior against cyclic
loading.

o As mentioned, one of the main criteria in the assessment of seismic performance of joints was the
amount of energy dissipation of the joint. Considering the energy dissipation of 8 connections (Figure 14), it
was found that M8 connection had the best seismic behavior against cyclic loading.
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o Based on the results and evaluating the effect of the parameters (end plate stiffener, column stiffener,
screw diameter) it was observed that the use of column and endplate stiffeners increases the joint stiffness and
rigidity of connection, that is inappropriate for seismic performance of joints. Increasing the bolts resistance
(increasing the diameter) with the use of stiffeners has a significant effect on the seismic performance of the
joint, so it doubles the amount of energy dissipation (comparing the seismic behavior of the M7 model with the
M1 model). Also, increasing the thickness of endplate stiffeners has a negative effect on seismic behavior.
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