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This numerical study focuses on the behavior of flush, end-plate, moment connections subjected to combined bending
moment and axial force. Beams within frames are subjected to lateral loads (e.g. earthquake and wind) in the form of
axial forces and bending moments. Thus, both must be considered in seismic design. In pitched-roof portal frames,
sway frames or frames with incomplete floors, the level of axial forces in such joints may be significant. To partially
fulfill this dual requirement, two distinctive flush, end-plate, moment connections were investigated: one to exhibit
thick, connection-plate behavior and the other to exhibit thin, connection-plate behavior. The magnitude of the
imposed axial force changes the failure mode. When subjected to reversed cyclic loading, distinctive behaviors
between the two end-plate connection types were observed. During cyclic loading, in the axial compressive force
phase, there was an increase in the ultimate bending moment, yielding bending moment, initial stiffness, and
dissipated energy. Reductions occurred in all of these elements during the tensile axial force phase. As expected, the
thin end-plate had notably higher ductility than the thick end-plate connection. In both connections, the maximum

moment capacity under compressive axial force nearly equaled 30% of the beam'’s section yield stress.

Notation

Fypeam  beam yield stress

M., bolts’ moment without the prying force (kNm)

My, plastic moment of end-plate (kNm)

M, _rg ultimate moment capacity of connection from
finite-element modelling (kNm)

P axial stress applied to beam section

R ultimate moment ratio of connection with axial load

to without axial load
¢ joint rotation

1. Introduction

Flexural connections with a flush end-plate are composed
of a connecting plate welded to the end of a beam that is then
bolted to a column or second beam segment by using several
rows of high-strength bolts. End-plate moment connections can
be categorised as flush end-plate or extended end-plate. In the
flush group, the end-plate height does not exceed the edges of
the beam flanges, and all connecting bolts appear in the area
between the two beam flanges (Figure 1). This type of connec-
tion is commonly used in frames with short beams subjected to
standard gravitational loads and only small lateral loads. The
flush end-plate connection can be configured with or without a
stiffener. In the stiffened arrangement, the stiffeners are welded
to the beam’s web, and the end-plates are placed between or
outside the connecting bolt rows. Figures 1 and 2 show four
different configurations of the flush end-plate connection that
are normally used as beam-to-column connectors.

The second type is composed of an end-plate whose height
extends beyond the beam flanges and has at least one row of
bolts in the extended part of the end-plate. This extended end-
plate can be used with or without stiffeners, which is connected
by a weld to the outside of the beam flange and the end-plate.
The stiffeners are aligned with the beam’s web to stiffen the
extended part of the end-plate and to reduce the end-plate’s
required thickness. Figure 3 shows two extended, end-plate
moment connections. These types are normally used in heavier
steel frames.

When the connections are subjected to gravitational loading
or wind-type lateral loading, they are often designed to trans-
fer only the tensile force of the beam flange, which may
necessitate the application of additional bolt rows around the
tensile flange of the beam. In seismic loading, however, the
connecting end-plates are designed for the tensile forces of
both flanges of the beam. In this case, the connection must be
designed so that a plastic hinge can form in the beam at a
proper distance from the column face. This conforms to
the ‘strong column/weak beam’ design criterion (ANSI/AISC
341-05 (ANSI/AISC, 2005a)).

2. Background

Considerable studies have been undertaken on the behaviour of
bolted connections. These can be classified as experimental,
analytical or numerical, but more commonly are a combi-
nation of these. Early experimental work was done by
Bose et al. (1997) using both full-scale experiments and
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(a)
(b)

Figure 1. Unstiffened flush end-plate moment connection:
(a) two bolts; (b) four bolts

finite-element modelling to investigate unstiffened, flush end-
plate connections with two and four bolts. Soon after, Boorse
(1999) investigated the inelastic rotation capability of flush
end-plate moment connections. The inelastic rotation of fully
restrained connections in a steel moment frame during an
earthquake is used to dissipate the energy added to the struc-
tural system by seismic loading. The inelastic rotation of the
connections was calculated and conclusions were drawn, as to
the compliance of these connections with American Institute
of Steel Construction (AISC) specifications. Afterwards, an
experimental study by Broderick and Thomson (2002) involved
eight beam-to-column, sub-assemblage, flush end-plate speci-
mens tested under static and dynamic loads. The connection
components were selected to ensure a range of failure modes,
including both end-plate failure and bolt yielding. The results
indicated the appropriateness of this joint type for seismic
loading.

The analytical work in this area has focused on the develop-
ment of more precise design calculations. For example, Mofid
et al. (2005) calculated the ultimate and yield bending moment

(a)
(b)

Figure 2. Flush end-plate moment connection with stiffener:
(a) four bolts with stiffener between the bolts; (b) four bolts with
stiffener outside the bolts

of end-plate moment connections by partitioning the connec-
tion’s parts into several springs and comparing and validating
them experimentally. The authors demonstrated that, among
column-web failure modes (e.g. shear yielding, buckling and
crippling), shear yielding controlled the connection design. In
another study, Lemonis and Gantes (2009) investigated mech-
anical modelling of the non-linear response of beam-to-
column connections using a component method methodology,
which was validated experimentally and numerically in terms
of stiffness, strength and rotational capacity. The results proved
the suitability of the approach and how it can be modified for
various beam-to-column joints.

In the same year, Abolmaali ez al. (2005) introduced several
types of finite-element models to consider bi-linear material
behaviour, while ignoring the deformation of the column’s web
and flanges. Specifically, they introduced the ‘three-parameter
power’ model for predicting the bending moment against
rotation (M-6) curve using the Ramberg-Osgood equation
(Ramberg and Osgood, 1943). A test matrix of 34 test cases
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(b)

Figure 3. Extended end-plate moment connection:
(a) unstiffened; (b) stiffened

was developed by varying the flush end-plate’s geometric vari-
ables within its practical range. The FEM model was used
to analyse the 34 test cases for M-6 data, which were curve
fitted to the Ramberg-Osgood and the ‘three-parameter
power’ model equations to obtain defining parameters. Using
regression equations, both models were shown to predict the
M-6 plots closely, with the more accurate model being the
‘three-parameter power’ model. Subsequently, Sumner (2003)
studied the influence of a concrete slab and the composite
action between the slab and steel girders; in which the presence
of slab effects would decrease the separation between the end-
plate and the column flange, under monotonic loading. This
low rotation resulted from transferring large tensile loads from
the slab to the columns, instead of transferring the loads from
the bolts and end-plate to the column flange. Furthermore,
Shi et al. (2007) did some experimental tests on composite
joint specimens with flush end-plate connections subjected to
cyclic loads. They found that the composite joints with flush

end-plate connections have good moment resistance and
rotational capacity under cyclic loading; the presence of the
column web stiffener could increase the moment capacity and
the initial rotational stiffness of the connection. Additionally,
failures of composite joints were observed to be concentrated
in the joint zone.

More recently, Ghassemieh ez al. (2014a) studied the influence
of the axial force on the flexural behaviour of the extended,
end-plate connection and concluded that the axial forces
can alter the failure mode of the connection and, thus, control
ultimate moment capacity. Previously, highly innovative
work by Shi et al. (2008) on the modelling of pre-tensioning
forces on an eight-bolt connection under cyclic loading
showed new insights in three areas: the pressure distribution
caused by pre-tensioning; the friction between the end-plate
and the column flange; and the principal stress flow in the
connection. Subsequent numerical work by Ghassemieh et al.
(2014b) on the behaviour of the extended end-plate moment
connection subjected to cyclic loading concluded that the end-
plate thickness should be chosen so that its ultimate moment
capacity is greater than the plastic moment of the beam. If the
connection is designed using Fema 350 (Fema, 2000), the
plastic hinge is likely to be at a distance of half the beam
depth from the end-plate. Recently, numerical work by
Zeinoddini-Meimand et al. (2014) concluded that end-plate
thickness and bolt diameter were effective parameters in char-
acterising the behaviour of flush end-plate connections. If they
are appropriately chosen, plastic hinge formation in the con-
necting beam may be pre-designated. Usually, the beam-to-
column joints are subjected to bending moments, and shear
and axial forces.

While the axial force is normally ignored, in some structures,
the presence of the axial forces in the joints affects directly the
structural behaviour. In moment frame or sway frame struc-
tures when subjected to significant horizontal loading (seismic
or extreme wind), one can expect to have the axial forces devel-
oping in the connections. Similarly, in the following circum-
stances one can expect to have the axial forces in the
connections: frames with non-rigid diaphragms; frames with
incomplete floors; irregular frames under gravity or horizontal
loading; frames during the construction stage; and pitched-
roof portal frames (Da Lomba Nunes et al., 2007). Nonethe-
less, despite widespread research on end-plate connections, few
studies have explicitly considered the effect of axial loading.
De Lima et al. (2004) did an experimental study on extended
end-plate connections to try to apply the component method
philosophy to the combined action of bending moment and
axial force. Their results revealed that the presence of an axial
force on the beam significantly modifies the joint response. In
parallel work, Da Silva et al. (2004) conducted experimental
and numerical work to investigate the combined action of a
bending moment and axial force. To date, this combined
loading case has not been considered for flush end-plate
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Figure 4. Geometrical dimensions of connection (units in mm) with flush end-plate designed by Shi et al. (2008)

connections with respect to their failure modes, which is the
topic of the research presented herein.

3. Numerical modelling

This study utilises finite-element modelling to indicate the
influence of the axial loading on the behaviour of the flush
end-plate moment connections for thin and thick end-plate
connections. Specifically considered were large deformations,
material non-linearities and accurate contact between parts.
The connections were loaded monotonically and cyclically in a
combination of axial loading and bending to evaluate the ulti-
mate bending moment, yielding bending moment, initial stiff-
ness and energy dissipation capacity.

To verify the adequacy of the numerical approach, a previously
published laboratory experiment was modelled. This was in the
form of an unstiffened, flush, end-plate moment connection
(SC1) (as per Shi et al. (2008), as shown in Figure 4). Tables 1
and 2 present the geometrical specifications of the SCl
specimen.

The top and bottom of the column segment were constrained
utilising the hinge supports in the model connection. The verti-
cal displacement was applied at the tip of the beam segment at
a distance of 1200 mm from the face of the column flange.
Finite-element analysis of the connection was conducted using
Abaqus (Abaqus, 2003). All the model components, including
beam segment, column, connecting plate and bolts, were mod-
elled using eight-noded, three-dimensional elements (C3D8).
In the C3D8 element, each node has three transitional degrees
of freedom. After the convergence of the numerical model, the

Table 1. Geometrical dimensions of the beam and column in the
connection (Shi et al., 2008)

Web Flange Flange
Depth: thickness: width: thickness:
SC1 mm mm mm mm
Beam 300 8 200 12
Column 300 8 250 12

final mesh contained 54 363 degrees of freedom with 11 260
elements (Figure 5).

All material properties were based on those reported by Shi
et al. (2008). The steel for the beam, column and end-plate
was assumed to have a yield stress of 391 MPa, an elasticity
modulus of 190 GPa and a Poisson ratio of 0-3 and to exhibit
bilinear (i.e. elastic—perfectly plastic) behaviour. Material prop-
erties of the high-strength bolts are summarised in Table 3.
The friction coefficient between the connecting end-plate and
column was assumed to be 0-44 and 0-3 for other surfaces.
Negative thermal loading was used in Abaqus (Abaqus, 2003)
to induce a pre-stress force in the connecting bolts and resulted
in a uniform, pre-tension stress in the bolt shanks. The pre-stress
force value was set at 680 MPa, equal to 0-55 of bolt ultimate
stress, according to JGJ 82-91 (Ministry of Housing and Urban-
Rural Development of the People’s Republic of China, 1991).

The model of the experimental sample was then subjected to
monotonic load and cyclic loading based on the displacement
control method according to JGJ 101-96 (Ministry of Housing
and Urban-Rural Development of the People’s Republic
of China, 1996). By comparing the results of the numerical
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Table 2. End-plate and bolt dimensions (Shi et al., 2008)
Type of connection End-plate thickness: mm
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Figure 5. Typical finite-element mesh

Table 3. Tri-linear material behaviour for high-strength bolts

Stress: MPa 0 990 1160 1160
Strain: % 0 0-483 13-6 15

analysis and the experiment, the current finite-element model
was deemed sufficiently realistic for further extrapolation
(Figure 6), as described in the subsequent section.

4. Numerical specimens

Using the ANSI/AISC 358-05 (ANSI/AISC, 2005b) standard,
which follows the AISC design guide series 16 (Murray and
Shoemaker, 2002), two flush end-plate moment connections
were designed so that one specimen was expected to have thick
end-plate moment connection behaviour (EP1) and the other
thin end-plate moment connection behaviour (EP2), as shown
in Figure 7. The connection detailing and geometry matched
those tested by Shi et al. (2008), except for the end-plate

Bolt diameter: mm

Number of bolts Column stiffener: mm

276 x 121 x 12

20 6

e \/JONOtOoNicC
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o
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Figure 6. Validation of the proposed numerical model:

(a) moment plotted against rotation curve for the sample tested
by Shi et al. (2008); (b) moment plotted against rotation curve of
the finite-element model

thickness, bolt sizing and bolt locations. Tables 4 and 5 sum-
marise the geometrical dimensions of the components of these
two connections.

4.1  Flexural capacity of EP1 and EP2 connections

When an end-plate is thick, the prying force is excluded from
the calculations, because the end-plate deformation is low and
can, therefore, be considered as negligible. Hence, the bolt
failure mode is expected to be of the fracture mechanism type,
and the end-plate is expected to remain entirely elastic until
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Figure 7. Flush end-plate connection dimensions (units in mm): (a) EP1 thick specimen; (b) EP2 thin specimen

failure. Table 6 gives the ultimate moment capacity of the con-
nections. In the table, M, gg is the ultimate moment capacity
of the connection obtained from the finite-element model; M,
is the nominal moment capacity of the connection according
to AISC design guide series 16 (Murray and Shoemaker, 2002)
based on the tensile bolt fracture, without considering the
prying force; and M, is the nominal moment capacity of the
connection based on end-plate yielding, as calculated from
AISC design guide series 16 (Murray and Shoemaker, 2002).

Since the EP1 end-plate was thick, the value of plastic bending
moment of the end-plate was (as expected) higher than the
value of the ultimate bending moment of the bolts without
the prying force (Table 6). For this EP2 model, the flexural
capacity of the connection was calculated (Table 6), and no
significant difference was seen between the plastic moment of
the end-plate (M =253-16 kNm) and the moment produced
by the bolts without the prying force (M, =246-44 kNm).

The results obtained from the EP2 finite-element analysis
showed that the ultimate strength of the connection (M gg)

Table 4. Beam and column section properties of the connection

Web Flange Flange
Depth: thickness: width: thickness:
mm mm mm mm
Beam 300 8 200 12
Column 300 12 250 18

Table 5. Geometrical properties of the flush end-plate connections
Connection type End-plate thicknes: mm

EP1
EP2

30
19

Bolt diameter: mm

16
19

was smaller than both the ultimate bending moment of the
bolt without the prying force and the ultimate plastic moment
of the end-plate. This was due to the presence of the prying
force, which formed a moment in the opposite direction of the
applied moment and, therefore, reduced the bending capacity
of the connection (My.pg < Mnyp).

5. Behaviour of the thick, flush end-plate
connections with axial loading

In this section, the effects of axial load on the behaviour of the
EP1 thick, flush end-plate connection were investigated.
Parameters such as flexural capacity, failure mode, initial stiff-
ness of connection, plastic strain and stress of the bolts were
examined in detail. Loading was conducted in three main
areas: (a) formation of pre-tension in the bolts; (b) application
of axial force, which was increased linearly from zero to a per-
centage of the yield force of the beam section; and (¢) appli-
cation of flexural loading to the connection (i.e. after
application of axial force was completed).

To better understand the behaviour of these connections under
the influence of the axial force and the bending moment simul-
taneously, the interaction diagram of the axial force plotted
against the bending moment of the connection is drawn in
Figure 8. The interaction diagram was constructed for the EP1
model by varying the axial force from the maximum compres-
sive force (equal to almost 100% of the beam yield strength)
up to the maximum tensile force (equal to about 38% of the
beam yield strength). Figure 8 illustrates the variation of the

Number of bolts Column stiffener: mm

264 x 119x 12
264 x 119x 12
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Table 6. Ultimate moment connections

My.re: Mp: Mop: My, My
Connection kNm kNm kNm My e My g
EP1 199 65823 17277 33 0-868
EP2 2115 25316 246:44 1197 1-165

axial force with respect to the moment capacity of the connec-
tion. The moment ratio (R) was calculated by dividing the ulti-
mate moment obtained from the analysis with inclusion of the
axial force by the ultimate moment of the connection without
the axial force. In this figure, P is the axial stress applied to the
beam section, and Fy.peam 1S the yield stress of the beam section.

Three main zones were observed in the interaction diagram.
In zone 1, the connection failure was controlled by the tensile
capacity of the bolts. Based on the interaction curve, the
moment ratio increased with diminishing axial tensile force.
Consequently, the connection
increased. Thus for point 1 in this zone, corresponding to
P/Fypeam equal to 0-38, there was no bending moment
capacity. In fact at this point, the ultimate tensile capacity (P)

flexural capacity of the

was obtained from the tensile capacity of the bolts where part
of it was lessened by the presence of the pre-stress force in the
bolts. In zone 2, the bending capacity of the connection
increased with more axial force. This increase continued up to
P/Fy peam =—0-3 (point 2). The connection failure was con-
trolled by the bolts in this zone. In zone 3, unlike zone 2,
bending capacity of the connection was reduced with an
increase in the axial compressive force. This was due to buck-
ling of the beam flanges and gives rise to the conclusion that
the failure mode of the connection changed from that of a bolt
failure to buckling of the beam’s compressive flange. The axial
force increased in this zone, until the bending capacity of the

Point 2: maximum €————
moment capacity

Pressure P/Fy tension: %

0 0-2 04 0-6 0-8 1-0 1-2 14
R

Figure 8. Axial force ratio plotted against bending moment
interaction ratio for EP1 (the positive sign indicates tensile axial
force, and negative sign depicts compressive axial force)

connection was lost completely. This occurred when the stress
in the beam section approached its yield stress.

5.1  Stresses and plastic strains in the bolts

The stress in the top row bolts of the EP1 models is shown in
Figure 9. The initial flat portions can be ascribed to the pre-ten-
sioning approximate to tensile axial stress of 10% Fy peam (se€
specimen EP1+10). The pre-tensioning effects dissipated with
additional tensile axial loading. In most cases, the maximum
stress in the top row of bolts was 1160 MPa, which represented
failure of the connection. However, when the compressive axial
stress exceeded 30% Fy.peam, the failure was in compressive-
flange buckling (zone 3). As the axial force increased, the buck-
ling of the compressive flange occurred at a lower bending
moment, and the bolt stress value did not increase. Figure 10
illustrates the Von-Mises stress in the middle bolts with respect
to the applied moments. As the behaviour of the connection is
the thick end-plate type, the behaviours of the bolts located in
the first and the second row were nearly identical.

Plastic strain levels in the bolts of the connection under axial
force can be indicative of the effects of axial force on bolt plas-
ticity. According to Figure 11, plastic strain behaviour of the
first row of bolts indicates that these bolts exhibited plastic be-
haviour faster under axial tension stress of 30% Fy_peam, com-
pared to the other loading cases. Additionally, maximum
plastic strain was reduced severely at the end of loading under
compressive axial stresses higher than 30% £y peam.

5.2  Connection stiffness

Figure 12 shows the bending moment plotted against rotation
for different samples of EP1 connections under various axial
loadings. Maximum rotation values were checked under the
compressive stress of 15% Fy peam. At the axial tensile stresses
equal to 30% Fypeam» 20% Fypeam and 10% Fypeam, the
rotation values were approximately equal to EP1 (i.e. numerical
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|
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=
g so0q 7
@ = —a— £P1430
% s00d | EP110
= —— EP1
S 4001 —e— EP1-10
— EP1-25
200 EP1-40
- — EP1-50
0 ; . ; . : ‘
0 50 100 150 200 250 300

Moment: kNm

Figure 9. Von-Mises stress plotted against bending moment in
the upper bolts of EP1 connection
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Figure 10. Von-Mises stress plotted against bending moment in
the middle bolts of EP1 connection
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Figure 11. Plastic strain plotted against bending moment in the
upper bolts of EP1 connection

specimen without axial force). When the compressive axial
stress exceeded 30% Fy.pecam, the connection rotation reduced
significantly. This decline indicated that the connection failure
changed from bolt rupturing to compressive flange buckling.
According to Figure 12, the initial stiffness of the connection
decreased with the application of greater axial tensile force and
increased with greater compressive axial force (as would be
expected); the minimum and maximum initial stiffness of the
connections were observed within the EP1+30 and EP1-50
cases, respectively. The sample EP1+30 was less stiff than the
others since its axial tensile force effectively removed the pre-
tensioning effect of the bolts entirely and, thus, caused a
decrease of the connection stiffness.

6. Behaviour of the thin, flush end-plate
connections including the axial loading

In this section the effects of the axial load on behaviour of the

EP2 (thin, flush end-plate moment) connection were investi-

gated. The bending moment plotted against axial force inter-

action diagram of Figure 13 was divided into three zones. In

Rotation: mrad

Figure 12. Moment plotted against rotation curve of EP1
connection with different axial forces

c Point 1 Zone 2
kel 0
c
]
w> =201 Point 2: maximum
S 404 moment capacity
2
£ -60-
o
_80 -
-100 +
=120 T T T T T T 1
0 0-2 0-4 0-6 0-8 1-0 1-2 14

Figure 13. Axial force ratio plotted against bending moment
ratio (EP2)

zone 1, the bending moment of the connection increased when
tensile axial force decreased. The failure of the tensile bolts
and the formation of a plastic hinge on the end-plate was the
dominant failure mode occurring around the tensile flange of
the beam and adjacent to the first row bolts. At the beginning
of this zone (point 1), the connection bending moment dissi-
pated, because of the applied tension axial force, and the con-
nection failed due to the yielding of the bolts. In zone 2, the
bending moment of the connection increased with more com-
pressive axial force. At the end of this zone, the moment of the
connection reached its maximum value under axial stress of
—30% Fypeam at point 2. Similar to zone 1, the connection
failed due to the failure of the bolts and the end-plate yielded
near the tensile flange and around the first row of the bolts. In
zone 3, the moment of connection reduced when the compres-
sive axial force increased. This denoted the change in failure
mode from bolt rupture mode to compressive beam flange
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buckling. The end point of zone 3 shows that the moment
resistance of the connection decreased under axial compressive
stress to —100% Fy_peam-

6.1 Stresses and plastic strains in the bolts

Figure 14 shows the stress changes in the first row bolts
plotted against the moment in the connection during loading.
The stress of the first row of bolts reached a maximum value
of 1160 MPa at the end of the loading, except when with com-
pressive axial stresses exceeded 30% Fy_pcam Where the first row
bolts did not fracture, and the failure mode was local buckling
of the beam flange. This change in failure mode prevented the
bolts from reaching their ultimate strength.

Figure 15 shows the change in the stress value of the second
row bolts plotted against the moment connection. According
to this figure, the stress did not reach its ultimate value as
the end-plate was thin, and the plastic hinge formed on the
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Figure 14. Von-Mises stress plotted against bending moment in
the upper bolts of EP2 connection

end-plate near the first row of bolts. Furthermore, the plate did
not remain flat, which caused the strain in the second row bolts
to diverge in behaviour from the first row bolts’ strain. The
plastic strain was assessed in the bolts to detect the effects of
axial force on bolt plasticity. According to Figure 16, the ulti-
mate plastic strain of the first row bolts was noticeably reduced
under compressive axial stresses higher than 30% Fy_peam.

6.2  Connection stiffness

According to Figure 17, the stiffness of the connection
increased with decreasing tensile axial forces and/or increasing
compressive axial forces; also as illustrated in Figure 17, the
bolt stress plotted against moment diagram, the horizontal
part of the curve dropped with an increase in the tensile
axial force.

7. Studying the cyclic behaviour of
connections with the axial load

In this section, the behaviour of the above two numerical

model connections (i.e. ‘EPl-cyclic’ and ‘EP2-cyclic’) were
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Figure 16. Plastic strain plotted against bending moment in the
upper bolts of EP2 connection
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Figure 15. Von-Mises stress plotted against bending moment in
the middle bolts of EP2 connection
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Figure 17. Moment plotted against rotation in EP2 connection
with different axial forces
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investigated under reversed cyclic loading in accordance with
the SAC loading protocol (SAC representing a joint venture
between the Sturctural Engineering Association of California,
the Applied Technology Council and the California
Universities for Research into Earthquake Engineering (SAC
Joint Venture, 1997)) along with a constant axial load. The
moment plotted against rotation curves for several samples
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subjected to axial force ranging from 15% of the tensile
capacity of the beam to 20% of the compressive capacity of the
beam are provided in Figure 18.

From the curves presented in Figures 18(a)-18(1), as expected,
the value of the ultimate bending moment, yielding bending
moment and the initial stiffness all increased with higher levels
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Figure 18. Moment plotted against rotation hysteresis curves for different sample model connections: (a) EP1-cyclic+15;
(b) EP2-cyclic+15; (c) EP1-cyclic+10; (d) EP2-cyclic+10; (e) EP1-cyclic; (f) EP2-cyclic; (g) EP1-cyclic—10; (h) EP2-cyclic—10; (i) EP1-cyclic—15;
(j) EP2-cyclic=15; (k) EP1-cyclic—20; (I) EP2-cyclic—20 (continued on next page)
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o

of the compressive axial load and reduced when tensile axial

load was applied. Similarly, the energy dissipation of the

sample connections increased in the presence of the compres-

sive axial load and diminished in the presence of the tensile

axial force. Also as expected, the connection with the thin
end-plate (EP2) showed higher ductility than that of the thick
end-plate (EP1) owing to the changes in the thickness of
the end-plate and the bolt diameter.

8. Conclusions

In this study, the flexural behaviour of a flush end-plate
moment connection subjected to a combined axial force and

bending moment was investigated using a non-linear, finite-

element method of analysis. The behaviour of such connections

subjected to different loading conditions, such as monotonic

and cyclic loading, was examined. From the findings of this

study, the following conclusions were drawn.
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m The general shape of the interaction curve was independent
of the connections’ dimensions.

m The maximum moment capacity was seen on the
compressive axial force equal to nearly 30% of the beam
section yield stress (Figures 8 and 13).

m The thin end-plate connection had higher ductility than
the thick end-plate connection owing to the thickness of
the end-plate and the diameter of connecting bolts, which
caused the bolts, end-plate and beam to contribute to the
connection ductility (Figures 12 and 17).

m The values of ultimate bending moment, yielding moment,
initial stiffness and energy dissipation of connection
increased with higher levels of compressive axial load and
decreased under tensile axial loads.
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