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of Bolted End-Plate Steel Connections

Numerical Study on Ultimate Behaviour

Abstract

Bolted end-plate steel connections have become more popular due
to ease of fabrication. This paper presents a three dimension
Finite Element Model (FEM), using the multi-purpose software
ABAQUS, to study the effect of different geometrical parameters
on the ultimate behavior of the connection. The proposed model
takes into account material and geometrical non-linearities, initial
imperfection, contact between adjacent surfaces and the pretension
force in the bolts. The Finite Element results are calibrated with
published experimental results 'briefly reviewed in this paper'
and verified that the numerical model can simulate and analyze
the overall and detailed behavior of different types of bolted end-
plate steel connections. Using verified FEM, parametric study is
then carried out to study the ultimate behavior with variations in:
bolt diameter, end-plate thickness, length of column stiffener,
angle of rib stiffener. The results are examined with respect to the
failure modes, the evolution of the resistance, the initial stiffness,
and the rotation capacity. Finally, the ultimate behavior of the
bolted end-plate steel connection is discussed in detail, and rec-
ommendations for the design purpose are made.
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Extended end-plate connections are widely used in steel structures as moment resistance connec-
tions and as an alternative to fully welded ones that has been considered for use in steel frames.
These connections consist of end-plate welded to the end of beam and field bolted to the connecting
column as illustrated in Figure 1. The behaviors of end-plate connections significantly influence the

internal forces and overall deformations of the structures. The problem of connections flexibility
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and its effects on the behavior of steel structure has been an area of interest to engineers and scien-
tists for more than 90 years. End-plate connections are commonly classified as semi-rigid joints,
because the concept of perfect rigid or pinned is a pure theoretical point of view. These connections
should be classified in terms of relationship between the moment transmitted by the connection and
their rotation in the plane of connection. According to Euro Code 3 (2003) and most researches; it
can be classified by its rotational stiffness, strength and ductility.

Many researches were carried out analytically and experimentally on end-plate steel connections
to determine an accurate method for predicting the connection rotational behavior under the mono-
tonic and cyclic loadings. Dabaon (2010) presented a review article which described the classifica-
tion of beam-to-column joints. In addition he reported experimental work on composite joints.
Dabaon et al. (2002) presented a simple formula based on Euro Code 3 (2003) to predict the initial
rotation stiffness of the semi-rigid joints. Shi et al. (2007) presented a new theoretical model to
evaluate the M-¢ relation for stiffened and extended steel beam-column end-plate connection. In
addition five specimens were tested under monotonic loads to verify the analytical model.
Mohamadi-Shoore and Mofid (2011) developed a new exponential model to predict the standard M-
¢ curves of bolted end-plate connections. Faella et al. (1977) investigated the relations between the
parameters representing the rotational behavior of extended end- plate connections and their de-
pendence on the geometrical details by a large number of numerical analysis. Yun et al. (2007),
developed a neural network based hysteretic models for steel beam-column connections. Lemonis
and Gantes (2009) developed a component-based model for the mechanical representation of the
beam-to-column connection.

Column thicker flange

Column web || Col

- End-plate rib stiffener
stiffeners\:‘:;‘;.u !

|
AN \End-plate

Figure 1: Connection configuration.

Three-dimensional finite element models were analyzed by Bursi and Jaspart (1998), Ju et al.
(2004), Maggi et al. (2005) and Mohamadi-Shoore and Mofid (2008, 2013), to evaluate the moment-
rotation relation for bolted end-plate beam connections. Dabaon et al. (2007) proposed a three di-
mensional Finite Element model utilizing ANSYS software for analytical investigation of the effect
of loads in the minor direction on the behavior of semi-rigid joint in the major direction. Shi et al.
(1996) developed a new nominal model to evaluate the M—¢ relation for stiffened and extended steel
beam—column end-plate connections. Dessouki et al. (2013) presented a finite element model to
study the non-linear behavior of the extended end-plate moment connections. They used the pre-
sented model to conduct a parametric study on two end-plate configurations: four bolts and multi-
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ple row extended end plates. Their studied parameters are beam depth, end-plate thickness, bolts
diameter, bolts inside and outside pitch, inner bolts pitch, bolts gage, and end-plate stiffener. Dur-
ing their study, the distribution of stresses in the end plates was monitored for different configura-
tions, and yield line patterns were observed for each configuration. These yield line patterns were
analyzed and new design equations were proposed. The proposed equations were then compared to
their finite element analysis results and to the current design codes equations. Shaker and Abd
Elrahman (2014) studied two types of steel connections; flushed end plate and extended end plate
utilizing nonlinear finite element modeling techniques using ANSYS program, considering both ge-
ometric and material nonlinearities.

Based on a specific definition of rotation for the bolted end-plate connection, the end-plate con-
nection is decomposed into several components, including the panel zone, bolt, end-plate and the
column flange. Mashaly et al. (2011) conducted a parametric analysis to investigate the effect of
both material and geometric properties of four-bolt extended end-plate connections upon their be-
havior under lateral loading. Their parametric study took into account 12 parameters which were
expected to affect the behavior of studied connection. Their Finite Element results were compared
with those of experiments done by Diaz et al. (2011), Swanson et al. (2002) and Kukreti and Zhou
(2006).

Different test setups covered a large number of connections were carried out by Tsai et al.
(1995), Swanson and Leon (2000), Kim et al. (2002), Dabaon et al. (2007), Coelho and Bijlaard
(2007), Coelho et al. (2004) and Shi et al. (2010) to investigate their behavior under monotonic and
cyclic load, the influences of each parameter on connection's behavior such as rotational stiffness,
moment resistance, failure mode and ductility and develop a large data base to calibrate suitable
simplified models for the design of such type of connection.

The first objective of this paper is to develop a reliable three dimension FEM for the analysis of
bolted end-plate steel connection including bolt pretension force, initial imperfection, local buckling,
and modeling of contact between different surfaces and compare the results with those of available
published experiments. Due to a lack of sufficient information on the effect of stiffeners with differ-
ent geometrical dimensions on the connection behavior, the second objective is to use the proposed
FEM to carry out an extensive parametric study to investigate the effect of different parameters on
the behavior of bolted end-plate connection.

2 THREE DIMENSION FINITE ELEMENT MODEL

The aim of this study is to develop a 3D FE model simulating stiffened and unstiffened end-plate
connection. Modeling semi-rigid connections helps to predict the actual behavior of connections
under monotonic loading and to study the characteristic of the connections, as well as the factors
affecting their behavior.

2.1 Geometry of the connections

The general purpose finite element Software ABAQUS is used to develop a three dimension Finite
Element Model (FEM) to simulate the behavior of bolted end-plate connections under monotonic
load. In order to verify the proposed FEM, eight specimens of a cruciform end-plate steel connec-
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tion, tested experimentally by Shi et al. (2010), are selected. Details of these specimens are shown
in Table 1 and Figure 2. Beam and column dimensions of all specimens have the same dimensions
and are listed in Table 2.

End-plate Bolt

Specimen Connection . . Number of Column End-plate
thickness diameter . .
number type bolts stiffener stiffener
(mm) (mm)
SCo1 Flush 20 20 6 Yes No
SC02 Extended 20 20 8 Yes Yes
SC03 Extended 20 20 8 Yes No
SC04 Extended 20 20 8 No Yes
SC05 Extended 25 20 8 Yes Yes
SC06 Extended 20 24 8 Yes Yes
SCo7 Extended 25 24 8 Yes Yes
SC08 Extended 16 20 8 Yes Yes

Table 1: Details of investigated end-plate connections.

Section Web Flange Flange
depth thickness width thickness
Beam 300 8 200 12
Column 300 8 250 12

Table 2: Sectional dimension of beam and column (unit:mm).

Column stiffener

Specimen SC1

End-plate
rid stiffener

(Specimen SC3

Column stiffener without this)

(Specimen SC4
without this)

Full

, weld

Other specimens

Figure 2: Details of the connection (Dim. in mm), Shi et al. (2010)
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2.2 Finite Element Model

In the present FEM, all connected parts including the beam, column, plates, and bolts were modeled
using the continuum three dimensional eight nodes solid element with reduced integration technique
(C3DSR). Since this solid element has no rotational degree of freedom, the number of elements
through the thickness of each component plate plays a critical role. A set of six elements across the
end-plate thickness and four elements across the column/beam flanges was used at connecting region
to simulate precisely the rotation of the considered plate. The structural steel components such as
steel beam, steel column and bolt are modeled as an isotropic elastic—plastic material in both tension
and compression. Yield and ultimate tensile strength of the steel beam as well as Young’s modulus
(E) are obtained from the test results carried by Shi et al. (2010), and listed in Table 3. The Pois-
son’s ratio of 0.3 is assumed.

Measured Yield  Measured Tensile = Measured Elastic =~ Measured Bolt average

Material
avena Stress (MPa) Strength (MPa) Modulus (MPa)  Pretension Force (KN)
Steel (t<16mm) 391 559 190707 -
Steel
e 363 573 204228 -
(t>16mm)
Bolts (M20) 995 1160 204228 185
Bolts (M24) 975 1188 204288 251

Table 3: Material properties.

The nominal stress - nominal strain relationship is determined using Equation 1 proposed by
Gattesco (1999).

su sy

in which o and ¢ are the measured nominal stress and nominal strain values, respectively. f, , s
the yield stress. ¢, is the strain at starting of strain hardening. f is the ultimate stress. E is

the strain hardening modulus. The true stress — true strain relationship is then obtained and tabu-
lated for the use in ABAQUS (see ABAQUS manual, 2012).

Modeling the contact between the different model parts is one of the most critical processes. If
contact is improperly modeled, results of the analysis will not reflect the real behavior of the connec-
tion definitely. In the case of the contact between the end-plate and column flanges, two relevant
properties were considered: the first one is tangential behavior and normal behavior of the contact
surface interaction considering small sliding surface-to-surface contact. Tangential behavior is de-
fined with a frictional coefficient of 0.3 using penalty stiffness formulation. Normal behavior is de-
fined as “hard” contact. This property assumes that constraints related to contact can only occur,
when the surfaces are touching no sticking between the contact surfaces. The second one is hard
"Tie'" constraint which is used for connecting the bolt head/nut to the beam/column as shown in
Figure 3.
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(a) Contact between the end-plate (b) Tie constraint between the bolt
and column flange head/nut to the beam/column

Figure 3: Contacts used in end-plate connection.

Finite element analysis for such connection, using ABAQUS, requires two types of analyses. The
first type is Eigenvalue buckling analysis which is used to estimates the first buckling mode. The
second type is to perform inelastic geometrical nonlinear analysis in which the first buckling mode
obtained from the buckling analysis is factored by a magnitude of Lu/1000, where Lu is the length
between points of effective bracing, and is used as initial imperfection of the structure members to
initiate the local buckling in the component plates. In order to prevent local yielding around the
loading point, the concentrated load is simulated by a uniform pressure distributed above an elastic
rigid solid element. The arc length method (Riks) with the aid of full Newton-Raphson iteration
method is used to trace loading path till failure point is reached.

In both types of analysis, the boundary conditions of the model are prescribed according to
those existing in test setup, as shown in Figure 4. In the inelastic nonlinear analysis, the bolt
pretension force is simulated by applying compressive forces on the annular area of the bolt
head/nut. The bolt load variation is chosen to produce the standardized preloads of 185 and 251
KN for 20 and 24 mm, respectively.
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Figure 4: Boundary conditions of the connection.
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One of the most important issues in the Finite Element Analysis is the element meshing used in the
model, since the accuracy of the results largely depends on it. Different mesh sizes have been exam-
ined to determine a reasonable mesh that provides accurate results with less computational time.
The optional solution is to use a fine mesh in regions of high stress and coarser mesh in the remain-
ing regions, as shown in Figure 5.

Figure 5: Finite element mesh of bolted end-plate steel connection.

3 VALIDATION OF THE PROPOSED FINITE ELEMENT MODEL

Validation of the proposed finite element model is examined by comparing its numerical results with
those of experiments conducted by Shi et al. (2010), in terms of load-displacement characteristics,
moment-rotation characteristics, and failure modes of the connections. The force at the loading
point, shown in Figure 4, was identified and its peak value was taken as the loading capacity of each
of the connection specimens. Moment resistance of the joint is calculated as the product of the ap-
plied load times the lever arm of 1200 mm. The lever arm is defined as the distance from the load-
ing point to the column flange, as shown in Figure 4. Table 4 shows comparisons of the moment
resistance, rotation capacities, and initial stiffness of all of these connections.

The connection rotation is defined as the relative rotation of the centerlines of the top and bot-
tom flanges at the beam end (Shi et al., 2010). It usually consists of two parts: the shearing rota-
tion ¢, , contributed by the panel zone of the column, and the gap rotation ¢,,, caused by the rela-

tive deformation between the end plate and the column flange. A good correlation of M — ¢ curves

obtained from the Finite Element model to that obtained from the tests for extended end-plate con-
nection is found as shown in Figure 6. It can be seen that the experimental and Finite Element
results match better in the starting part than in the ending part. The results of the Finite Element
and those of experiment, in the nonlinear range of response, are very close for the case of extended
end-plate with rib stiffener. While minor discrepancies are found in the case of flush type connec-
tion.
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Comparisons of the failure modes occurred in the experiments with those predicted by the Finite
Element analysis for the eight specimens are shown in Figure 7, where the local deformations of the

end-plate, the column flange, and the end-plate stiffener are clearly shown.

Specimen Number Test M FEM.M Test Sj.ini /  FEM Sj.ini  Rot. capacity Rot. Cap.
[KN.m] [KN.m] [KN.m/rad] /[KN.m/rad] (rad) Test (rad) FEM.

SCo1 186.4 205.40 23544 20008 .043 .058

SC02 343.7 343.8 52276 51253 .07 .063

SCo03 308.3 290.0 49093 45503 .067 .0522

SCo4 307.9 283.2 51535 47352 .05 .085

SC05 3221 382.9 46094 46090 .043 .067

SC06 390.3 391.9 46066 46061 .108 .096

SCo7 410.8 375.0 47469 47462 073 .052

SCO08 355.4 343.2 41634 38819 101 .093

Table 4: Comparison of moment capacities and initial stiffness between FEM and tests.
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Figure 6: Comparison of moment-rotation curves for all connections.
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Figure 6 (cont.): Comparison of moment-rotation curves for two connections.

Failure point of the connection is defined as a numerical converges in the nonlinear range, as it
identifies some model instability. This nonlinear convergence depends on several variables, especial-
ly when contact elements are being used. As a matter of fact, the numerical divergence of the solu-
tion does not always indicate the actual failure point. Therefore, simple inspection procedures can
be used to identify the criterion caused failure and ultimate state of the connection. The first crite-
rion is to monitor the stress and strain states in the bolts. The second criteria is to control the
deflection of connected beam which should not exceed 20 times of the allowable value of deflection,
to emphasizes that sufficient rotation capacity exists in order to develop the plastic collapse mecha-
nism as the plastic theory of partial strength connection design recommends, so that a plastic hinge
tends to be formed in the connection. The third criterion is to observe the beam flange local buck-
ling by exhibiting the contour of plastic strain with a magnification value equal to one.
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Test FEM
(a) SCO1: Failure due to bolt fracture.

Test FEM
(b)SCO02: Failure due to bolt fracture.

Test FEM

(c) SCO03: Failure due to bolt fracture.

Figure 7: Comparison of ultimate failure modes for eight specimens.
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Test FEM
(d) SCO04: Failure due to bolt fracture and buckling of column web.

Test FEM
(e) SCO05: Failure due to bolt fracture.

Test FEM
(f) SC06: Failure due to beam flange buckling.

Figure T-continue: Comparison of ultimate failure modes for eight specimens.
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Test FEM
(g) SCOT7: Failure due to beam flange buckling.

Test FEM
(h) SCO08: Failure due to beam flange buckling and bolt fracture.

Figure 7-continue: Comparison of ultimate failure modes for eight specimens.

4 SELECTIONS OF VARIABLE PARAMETERS FOR PARAMETRIC STUDY

Connection is mainly composed of two zones. The first zone is the panel zone, in which moment-
rotation behavior doesn't depend on the connection component. The second zone is the connection,
in which moment-rotation behavior depends on the connecting elements such as endplate, bolts,
column flange, stiffeners, by EC3 (2003). To conduct the parametric study, the determination of
the range of input variables is very important. Therefore, the geometric parameters are selected and
varied within the comprehensive practical ranges of extended end-plate connections.
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Parameter Range of selected parameter
End-plate thickness tep = 16 mm tep = 20 mm tep = 25 mm

Bolt diameter dy ;. =20mm dy = 24 mm dpo = 27 mm
. . 3 1 Without
Column stiffener height g = (hy —2t;)  he= Z(ht —2t) b= E(ht —2%) L st
Rib stiff. Angle Without

— 30 =45 = 60

with end-plate v v v rib. Stiff.

Table 5: Different parameters selected for Finite Element Analysis.

hstify | u:}’ Rib stiff. angle

al g

— ’-\A. - — Bolt diameter
-

;End—plate thickness

Figure 8: Variable parameters of the connection.

Based on common practical details, Table 5 and Figure 8 show the selected parameters for Finite
Element Analysis. Figure 8 shows the variable parameters of the connection. Only one parameter
was changed at one group so as to clarify its effect. They are considered to be the most influential
factors for the considered connections. A total of 288 models are analyzed to study the behavior of
the connection. However, due to limited space, some of the results are presented here.

5 ANALYSES OF RESULTS

5.1 Effect of Bolt Diameter

Figure 9 shows the effect of different bolt diameters on the initial stiffness, the ultimate moment,
and the rotation capacity for the shown connection type with three values of end-plate thickness, 16,
20, and 25 mm. It can be noticed that increasing of both bolt diameter and thickness of end plate
increases the initial stiffness, the ultimate moment, and the rotation.
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~ I
'g 20x103 4
£ [ I
£ S *
F
7 15103 —_
! — |
] L
g Bolt diameter effect
:Ewmﬁ = —@— lep= Lomm
-4 - lp=20mm
r—— I,p= 25mm

E] )
Bolt diameter dyq (mm)

5x10%
0

Effect of bolt diameter on initial stiffness r

(a) Effect on initial stiffness.
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(c) Effect on rotation capacity.

Figure 9: Effect of bolt diameter on initial stiffness, ultimate moment, and rotation capacity.

The lowest initial stiffness, ultimate moment, and rotation capacity are found in the case when bolt
diameter of 20 mm is used. In this case, the failure is due to bolt fracture, due to yielding of the
bolt, which causes the brittle failure of the connections and causes loss of resistance in bending.
Precisely, for end-plate having moderate thickness of 20 mm, increasing the bolt diameter from 20
to 24 mm increases the initial stiffness, the ultimate moment, and the rotation capacity by about
8.7%, 14% and 63%, respectively. But increasing bolt diameter from 24 to 27 mm increases the
initial stiffness, the ultimate moment and the rotation capacity by about 5.4%, 3.5% and 3.5%, re-
spectively.

5.2 Effect of End-Plate Thickness

Figure 10 shows the effect of different end-plate thickness on the initial stiffness, the ultimate mo-
ment, and the rotation capacity for the shown connection type. Three values of end-plate thickness
are considered, 16, 20, and 25 mm. The results are sown for bolt diameter equal to, 20, 24, and 27
mm.

Generally, it can be observed that the initial stiffness significantly increases with the increase of
end-plate thickness, while it slightly increases with the increase of bolt diameter. In addition, It can
Latin American Journal of Solids and Structures 13 (2016) 1-22
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be observed that the bolt diameter and end-plate thickness have significant influence on the ulti-
mate moment and rotation capacity. This could be due to that the increase of the end-plate thick-
ness allows more tensile force in the bolts which increases the moment capacity, but the increase is
not very significant and will cause brittle failure of the bolts with low rotation capacity of the con-
nection. It is suggested that for the end-plate, it is necessary to limit the thickness of the end-plate
in order to avoid brittle failure of the bolts and to obtain ductile connections by allowing the yield-
ing to be occurred in end-plate. However, the end-plate should also have a proper thickness to
avoid the brittle failure of the end-plate itself.
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Figure 10: Effect of end-plate thickness on initial stiffness, ultimate moment, and rotation capacity.
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5.3 Effect of Column Tension Stiffener

To study the effect of column tension stiffener on behavior of the connection, four models with dif-
ferent values of column tension stiffener height, "without column stiffener, hg, =1/2(h, —2t;)

hyye = 3/ 4(hy —2t;) and hg, = (h, —2t;) ", are analyzed. The connection without column ten-

S

sion stiffness represents the flush type of end-plate connection. The moment- rotation curves are
plotted in Figure 11. It can be observed that using column stiffener increases the ultimate moment
and rotation capacity by small values within the limits of 3%. Also it can be noticed that stiffening
the column web slightly increases initial stiffness of the connection. Since the column without stiff-
ener, its flange bends easily about the intersection of column web and flange.

Presence of panel zone tension stiffeners minimizes the deformation in the panel zone of the
connection, although it has no significant effect on ultimate moment and rotation capacity. For
end-plate connections, their rotation consists of shearing deformation of the panel zone, and gab
rotation of end-plate. This result also indicates that panel zone deformation is more important
source of end-plate connection rotation for unstiffened panel zone than that for stiffened one. Only
the shearing deformation of this panel zone can cause the end-plate connection to be a semi-rigid
one.
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Figure 11: Variation of M- curve for different length of column stiffener.

5.4 Effect of Extended End-Plate and Angle of Rib Stiffener

The influence of the extended end-plate with rib stiffener on the behavior of the considered connec-
tion is studied in this section. Four models are analyzed. One model has no rib stiffener to repre-
sent the flush type of end-plate connection. Each of other three models has extended end-plate
strengthened by rib stiffener. Three values of rib stiffener angle, 30°, 45° and 60°, are considered.
The Moment-rotation curves are plotted in Figure 12 for the case of bolt diameter equal to 20 mm
and end-plate thickness of 16 mm. Compared with flush type of end-plate, the initial stiffness, ulti-
mate moment and rotation capacity of extended end-plate connection are seen to be significantly
higher and this indicates that the extended end-plate and its rib stiffener make a remarkable contri-
bution to improve the behavior of end-plate connection. Using extended end-plate, instead of flush

Latin American Journal of Solids and Structures 13 (2016) 1-22



R.E.S. Ismail et. al/ Numerical Study on Ultimate Behavior of Bolted End Plate Steel Connections 17

one, may increase the ultimate moment by 60 ~ 90 %. Precisely, increasing the rib stiffener angle
from 30° to 45° and from 45° to 60° causes an increase of the ultimate moment by about 16% and 4
%, respectively.

Deformed shapes with equivalent plastic strain contours are shown in Figure 13 for extended
end-plate connections with different angle of rib stiffener. It can be noticed that the rotation of
flush type of end-plate connection is mainly contributed by the relative deformation between the
end-plate and the column flange. On the contrary for the extended end-plate connections, its rota-
tion comes from the shearing deformation of the panel zone as illustrated in Figure 13. Also it can
be observed that the gap between the end-plate and the column flange is affected by the rib stiffener
angle. Further, increasing the rib stiffener angle decreases the gab deformation. This can be at-
tributed to that increasing of the dimension of rib stiffener increases the stiffness of the extension of
end-plate which may postpone reaching the yield and ultimate moments.
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Figure 12: Variation of M-¢ curves for different connection type.

(a) Deformed shape with equivalent plastic strain contours for the case

of dbolt = 20mm, tep = 16mm & without end-plate Stiffener.

Figure 13: Failure Modes for connections with different angles of end-plate rib stiffener.
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(b) Deformed shape with equivalent plastic strain contours for the case

of dy ;, = 20mm, ¢

e = 16mm & Vstiff =30°

(c) Deformed shape with equivalent plastic strain contours for the case

of dy,; = 20mm, tep = 16mm & Vstify =45¢°

(d) Deformed shape with equivalent plastic strain contours for the case

of dy ;= 20mm, b, = 16mm & .. =60°

€

Figure 13-continue: Failure Modes for connections with different angles of end-plate rib stiffener.

The rib stiffener has remarkable influence on the behavior of the extended end-plate connection and
the above results indicates that the stiffened connections have higher ultimate moment because the
stiffeners can change the mechanism of load transition and ameliorate the restrained condition. In
addition, the brittle failure of connection can be avoided when the rib stiffener has large angle 7. .

Figure 14 shows the effect of end-plate rib stiffener angle on initial stiffness, ultimate moment,
and rotation capacity of the connection, shown in the figure, with different values of bolt diameter.
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The results are shown for the cases of end plate thickness equal to 16 mm. Generally, it can be
observed that the ultimate moment increases with the increase of rib stiffener angle for all values of
bolt diameter. Further, the rotation capacity increases with the increase of rib stiffener angle in
case of bolt diameter equal to 20 mm, but it decreases in cases of bolt diameter greater or equal to
24 mm. Precisely, the use of extended end-plate with rib stiffener may increase the ultimate mo-
ment by 60 ~ 90% and initial stiffness by about 1157140% more than those of flush type connec-
tion. Further, increasing the rib stiffener angle from 30° to 60° increases the initial stiffness and the
ultimate moment by about 9712 % and 87 19%, respectively.
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Figure 14: Effect of end-plate stiffener angle on initial stiffness, ultimate moment, and rotation capacity.
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6 CONCLUSIONS

This study presents three-dimension finite element model, for the analysis of end-plate steel connec-
tions subjected to monotonic loading with different types and details, and to study the effect of var-
ious parameter on connection behavior. For the cases considered in the present study, the following
findings are summarized:

1. The proposed Finite Element model allows considering the actual inelastic nonlinear behavior of
end-plate steel connection. The pretension force in the bolt and the contact between the end-plate
and the column is simulated well. The eigenvalue analysis is first carried out to obtain the first
buckling mode which is used after proper scale as an initial imperfection in the nonlinear analysis.

2. The comparisons between the experimental results and those obtained by the present Finite Ele-
ment Model indicate that the present numerical model is able to simulate and predict, with relative-
ly good accuracy, the behavior of bolted end-plate. The comparisons include the moment-rotation
curve and the mode of failure.

3. For the flush type connection with column tension stiffener and having moderate end-plate
thickness, increasing the bolt diameter from 20 to 24 mm increases the ultimate moment and rota-
tion capacity by about 14% and 63%, respectively. While, increasing bolt diameter from 24 to 27
mm increases the ultimate moment and rotation capacity by about 3.5% and 3.5%, respectively.

4. For the extended end-plate with rib stiffener, the initial stiffness significantly increases with the
increase of end-plate thickness, while it slightly increases with the increase of bolt diameter. In ad-
dition, It can be observed that the bolt diameter and end-plate thickness have significant influence
on the ultimate moment and rotation capacity.

5. Presence of column tension stiffeners slightly increases the ultimate moment but decreases the
rotation capacity.

6. The use of extended end-plate with rib stiffener may increase the ultimate moment by 60 ~ 90%
and initial stiffness by about 140% more than those of flush type connection.

7. Increasing the rib stiffener angle from 30° to 60° increases the initial stiffness and the ultimate
moment by about 9712 % and 8719%, respectively.
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