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1. Introduction

Abstract. Double-web angle connection is one of the most rudimentary connections
in simple structural systems such as braced frame system. It is essentially presumed in
conventional designs that double-web angle connection behaves as a hinge connection.
However, in braced frames, due to existence of braces in some bays, in specified locations
where gusset plates of brace are placed with beam-to-column connection in one joint, this
assumption may not be accurate. This is due to the restraining of the beam from rotation
by gusset plates that are placed either on the top and bottom of the beam or only on
one side. In such cases, the simple beam-to-column connection may be transformed into a
semi-hinge or fixed connection. In this paper, double-web angle connection is investigated
in the mentioned locations by using the FEM method along with calculating moment
rotation behavior of connection and, subsequently, type and rigidity of the connection.
Furthermore, an analytical model is proposed to predict the characteristics of the double-
web angle connection in the view of the relevant case.

(© 2017 Sharif University of Technology. All rights reserved.

these structures had considerable potential for resisting
earthquake loading [1].

Connections and their behavior are contributing
factors in designing a steel structure. Generally, before
the analysis and the design of a structure, the behavior
and type of the connection should be specified.
Beam-to-column connections are classified into
three types: fixed (rigid), semi-rigid (semi-hinge),
and flexible (simple). In the past, using flexible and
semi-rigid connections in seismic zones was rarely
recommended by design codes. In 1991, Nader and
Astaneh showed that flexible and semi-rigid connec-
tions behaved well in most of laboratory tests and
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The braced frames, in which gusset plates are
placed either on the top and bottom of the beam or only
on one side of the beam, may prevent the beam from
rotation in beam-to-column connections. Basically,
they transform the connection from hinge connection to
semi-hinge or even fixed connection. This event should
be considered in the analysis and design of a structure,
since it impresses both analysis and design.

In this paper, double-web angle connection is
examined regarding places and the effect of existence
of gusset plate on the moment-rotation behavior of the
beam-to-column connection being studied. A paramet-
ric analysis is done using FEM method in order to
investigate the influence of effective parameters on the
behavior of the connection. Furthermore, an analytical
model is proposed to predict the initial stiffness and
the ultimate moment of connection, and its results are
compared with FEM as well as experimental results.
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2. Previous research

There are numerous research studies performed on
double-web angle connection and gusset plates as well
as their behavior. However, the research conducted
on the effect of gusset plates on double-web angle
connection behavior is very limited. The first research
on the behavior of double-web angle connection was
completed in 1917 by Wilson and Moore [2] and it
was continued in 1936 by Rathbun [3]. They used
riveted connections in their research. Although the
behavior of riveted connections is similar to that of non-
high-strength bolts, their results were not beneficial for
new designs. McMullin and Astaneh performed 7 full-
scale tests on double-web angle connection in 1988.
Some of their conclusions were as the following: 1)
Fracturing of the weld at the top of the connection is by
far the most common mode of failure; 2) Double-web
angle connections are superior to shear tabs, because
they have low rotational stiffness; therefore, they
transfer less moment into the column; and 3) Overall
performance of double-web angle connections is quite
acceptable; they resist high shears, allow rotation of
the beam end, and, moreover, pass negligible moment
to the column [4]. Abolmaali et al. performed some
tests to investigate the cyclic behavior of double-web
angle connections in 2003. They concluded that in
the case of angles bolted to both beam and column,
connections could pass 2 to 16 percent of the plastic
moment of beam to column. Also, they showed that if
angles were connected to beam web through weld and
to column flange through bolt, the connection would
pass 5 to 45 percent of the plastic moment of beam
to column [5]. The research on gusset plates has been
started in about one hundred years ago. However, one
of the first documented experiments on gusset plates
subjected to cyclic loading was performed by Astaneh-
Asl et al. [6-11]. Their research consisted of 17 full-
scale double-angle bracing members with end gusset
plates subjected to cyclic loading. Their research
indicated that the cyclic behavior of gusset plates in
braced frames strongly depended on the direction of
buckling of the bracing member. In the case that the
bracing member buckles in the plane of the braced
frame, three plastic hinges form in the member, one at
mid-length and two others at each end of the member
just outside the gusset plate. However, in the case
that the bracing member buckles out of the plane of
the braced frame, one plastic hinge still forms at mid-
length of the member, but two other hinges form inside
the gusset plate. Formation of plastic hinges in the
gusset plate shows that the gusset plate should be
designed such that it can resist the relatively large
rotation demands of the plastic hinge [6-11]. Lehman
et al. in 2008 performed a study on improvement
of seismic performance of gusset plate connections.

Their study focused on the gusset plate clearance;
the size and type of weld used to connect the gusset
plate to the framing elements; and the impact of the
gusset plate stiffness, thickness, and geometry. They
proposed an elliptical clearance requirement instead
of the 2t linear clearance distance proposed earlier to
improve both the constructability and performance of
the connections [12].

The first research pertaining to the effect of gusset
plates on double-web angle connection behavior was
completed in 1988 by Gross and Cheok [13]. They
tested braced frames under monotonic loading. How-
ever, their research mostly focused on the performance
of braced frame; it was ultimately concluded that
gusset plates increased rigidity and stiffness of the
beam-to-column connection [13]. The most evident
research regarding the topic in question has been done
in 2012 by Stoakes. He completed eight experimental
tests in full scale in order to probe flexural stiffness,
strength, and ductility, which are the main criteria
of AISC code in classification of steel beam-to-column
connections [14].

3. Modeling

The type of connection considered in this research
pertains to a double-web angle connection where one
or two gusset plates are attached to beam and column
through welds or a combination of bolts and welds,
on top and bottom of the beam. The overall view
of the created models in FEM software are shown in
Figure 1(a) and (b).

3.1. Materials

Materials such as steel parts, bolts, and welds are
modeled using the nonlinear behavior of each one
accordingly. For steel parts, they comprise the beam,
column, angles, and gusset plates along with St-37 steel
used according to DIN standard. For this type of steel,
a tri-linear stress-strain curve is considered. As regards
the type of welds, E60 electrode with bi-linear stress-

(a) (b)

Figure 1. Overall view of the created models in FEM
software: (a) Fully welded connections, and (b) bolted and
welded connections.
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Table 1. Characteristics of used materials.

oy ou Ey €p €u E
Material (yield (ultimate  (yield (plastic  (ultimate (elasticity v
stress) stress) strain) strain) strain) modulus)
Steel [15] 240 MPa 370 MPa 0.001142 0.01257 0.1371 2.1 x10° MPa 0.3
Bolt [15] 640 MPa 800 MPa 0.00305 0.00914 0.0244 2.1 x 10° MPa 0.3
Weld [16] 336 MPa 420 MPa 0.0016 — 0.22 2.1 x10° MPa 0.3

strain curve is considered. Additionally, as for bolts,
high-strength bolts of type A325 (according to ASTM)
or 8.8 (according to DIN) with tri-linear stress-strain
curve are considered. The characteristics of the used
materials are presented in Table 1.

3.2. Parametric study
In order to investigate the influence of effective parame-
ters on moment-rotation behavior of double-web angle
connection in the considered locations, a parametric
study is performed. The considered parameters com-
prise beam section, thickness of gusset plate, dimen-
sions of gusset plate, column section, the clip distance
at the end of gusset plate, and the existence of one
or two gusset plates on the edges of the beam. All of
the parameters are introduced in nomenclature and in
Figure 2(a) and (b).

In this paper, 53 models are provided to perform
a parametric study. At the same time, 40 models out
of 53 are related to fully welded connections, where
no bolts are applied in them, and are named “M1”
to “M40”. Overall specifications of these models are
shown in Figure 2(a). Furthermore, the characteristics
of these models are described in Table 2. The “M1”
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Table 2. Characteristics of models “M2” to “M20”.

Changed parameter

Value of the

Model in comparison changed parameter in
with model “M1” the present model
M2 IPE220
M3 IPE200
M4 Beam IPE270
M5 section IPE300
M6 IPE400
M7 6 mm
M8 Gusset plate 8 mm
M9 thickness 12 mm
M10 15 mm
MI11 Gusset plate 300 > 300mm
M12 mseb b 400 x 400 mm
M13 dimensions 600 x 600 mm
M14 Column HEB160
M15 ] HEB240
M16 section HEB300
gﬁ; Clip distance 28 mm
mm
M19 at the end 100 mm
M20 of gusset plate 150 mm
owzh~
2e
i
Re 4 EH Gusset plate Dw2
e 5” ] 1.5 m
€ E g e [é Beam %[
) B3 RIfLa Mo ©
- 3
£
Gusset plate M&—
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Figure 2. (a) Overall specifications of “M1” to “M40” models (fully welded connections). (b) Overall specifications of
“MWB1” to “MWB13” models (bolted and welded connections).
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Table 3. Characteristics of models “MWB3” to
“MWBT”.
Changed parameter

. . Value of the
in comparison

Model . changed parameter in
with model
the present model
“MWBZ”

MWB3 Beam IPE200
MWB4 section IPE300
MWB5 300 x 300 mm

. Gusset plate
MWB6 di L 400 x 400 mm
MWB7 HEHSIOnS 600 x 600 mm

model is considered as the base model and other models
are created based on this model in the view of changing
a parameter. For “M1” model, “HEB200” is applied to
section of column, “IPE240” to beam section, gusset
plates with 500 x 500 x 10 mm dimensions that are
welded to beam, and column with an 8 mm fillet weld.
Moreover, “L80 x 80 x 8 as web angles with a length
of 150 mm is welded to beam and column with a
6 mm fillet weld. It is distinctively distinguished that
models “M21”to “M40” are the same models as “M1”
to “M20,” respectively, with the only difference of one
gusset plate, which exists on the bottom of the beam,
being removed (one gusset plate on top of the beam
still remains). Also, in all 53 models, the gap distance
between the beam and the column is considered to be
20 mm.

Also, 13 out of the 53 models are related to
the connections where the bolts and welds applied to
them are synchronous, and are named “MWB1” to
“MWBL13”. Overall specifications of these models (in-
cluding position and spacing of bolts, etc.) are shown
in Figure 2(b) and characteristics of these models are
furthermore elaborated in Table 3. The “MWB1”
model is precisely same as the “testl” model, which
was considered by Stoakes [17] in his experimental
tests. The “MWB2” model is considered as the base
model for this case and other models (“MWB3” to
“MWBL13”) are formed based on this model, but by
changing a parameter. For the “MWB2” model, the
same sections as those in model “M1” are applied
with the only difference being that angles and gusset
plates are connected to the column through bolts in two
columns. Regarding the angles, two rows of bolts and
four rows for gusset plates with 20 mm of diameter for
each bolt are used. As mentioned earlier, it is evident
that models “MWBS8” to “MWB13” are same as the
models “MWB2” to “MWBT7”, respectively. However,
the only difference is that one gusset plate, which exists
on the bottom of the beam, is removed (one gusset
plate on top of the beam still remains).

3.3. Loading
Two loading conditions are considered in this research,

namely, monotonic and cyclic. All models are analyzed
using monotonic loading, except for three models,
which are subjected to cyclic loading using SAC loading
protocol [17]. Monotonic loading is applied to a rigid
plate at the end of the beam in the form of pressure in
order to avoid stress concentration, while cyclic loading
is applied in the form of displacement loading at the
end of the beam.

3.4. Meshing and analysis options

In this research, two continuum solid element types are
used. The first one is a three-dimensional element with
eight nodes and one integration point; the other one
is a three-dimensional ten-node tetrahedron element
with four integration points. In the base model,
there are a total number of 18,017 elements, 32,639
nodes, 63,464 Gauss integration points, and 134,685
degrees of freedom. For important and susceptible
areas such as web angles and welds, a fine mesh is used;
while for other parts such as beam, gusset plate, and
column, a coarse mesh in comparison with other parts
is used. “Full Newton” technique is chosen as solution
technique and “Direct method” is chosen as equation
solver. Both material and geometrical nonlinearities
are considered in the model. Large strain tensors are
used in FEM models.

3.5. Shear locking and spurious zero energy
mode

Shear locking phenomenon is an undesirable numerical
effect of the inclusion of transverse shear strain effects
in finite element schemes [18]. As Nascimbene men-
tioned, “Shear locking appears in a numerical formu-
lation which is not able to represent a state of zero
shear in the thin limit, independent of the mesh size.
As the thickness becomes extremely thin, the shear
strain energy predicted by the finite element model
can be magnified unreasonably.” [18]. Also, shear
locking appears in elements with large aspect ratios. In
these elements, they tend to stiffen and lose accuracy
as their aspect ratio increases. One of the solutions
to alleviate numerical locking is reduced integration
approach [18]. In this investigation, for tetrahedron
elements, the average aspect ratio of elements is 2.87
and the worst aspect ratio is 8.80, which makes these
elements unlikely for shear locking.

The strain energy of an element is equal to
U=1d"kd =1 [,. c'DedV. If U is equal to zero
for a mode d, which is different from a rigid body
mode, then d is known as a spurious zero energy
mode or hourglass mode. The mentioned mode is not
desirable and this phenomenon does not appear in the
full integration elements used in this research. Hour-
glassing could be a problem with first-order, reduced-
integration elements. However, hour-glassing could be
minimized by distributing point loads and boundary
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conditions over a number of adjacent nodes. In FEM
models, which are used in this paper, in addition to
using a fine mesh, loads are also applied in a distributed
manner using a rigid plate as described in Section 3.3.
Therefore, appearing spurious zero energy mode or
hourglass mode is unlikely in the existing FEM model.

4. Analytical model

In this paper, an analytical model is proposed to
predict the performance of deliberated connection with
some equations. Analytical model is provided using
component method. In this method, connection is
divided into some components and it is presumed that
each component behaves as a linear spring. Thereafter,
all springs are connected to each other as series or
parallel springs and initial stiffness of the overall
connection is calculated. In addition, the ultimate mo-
ment, which can be carried by connection, is calculated
in this paper using the formation of plastic hinges.

4.1. Evaluation of the wnitial stiffness
Components that may be effective in evaluating initial
stiffness are web angles, gusset plate, and column.
First, the center of rotation of connection should be
specified. In the case that two gusset plates exist on top
and bottom of the beam, according to FEM models, the
center of rotation is in the range of 0.4dpeam 10 0.6dpeam
above the bottom of the lower flange of beam. There-
fore, the center of rotation, in this case, is considered by
the average value of 0.5dpeam above the bottom of the
lower flange of beam. In the case that only one gusset
plate exists on top of beam, according to FEM models
and the research of Stoakes [14], the center of rotation is
above the top of the upper flange of beam. Through the
analysis of all models, it is observed that the center of
rotation position is a function of beam depth and gusset
plate dimensions. Therefore, the distance of center of
rotation from the top of gusset plate is evaluated as
follows (lengths are in the unit of mm):

(—O.OOO?Sdbem2 +63.08dpeam +0.00056( Lyj, X Ly,

—45.81y/L,, % Lgv>.

4.1.1. Web angle stiffness
The stiffness of a web angle is calculated by assuming
that the angle acts as a cantilever beam and a concen-
trated load is applied to the end of the beam [14]. This
is calculated in Eq. (1):

P 1

ki=—=——— (1)
i . L3 L

Ai gErt oA
The length of cantilever beam, L, is considered as the
width of leg of angle minus the back welded width

(here, back welded width is considered equal to 2 cm)
for welded connections. Also, parameters I and A, are
calculated by assuming a rectangular section with a
height equal to angle thickness and a width equal to
dy, in which dy is the differential element along the
length of angle L,. Finally, the stiffness of connection
due to web angles is calculated in Eq. (2):

Ly
z 2
I/\/angles =2 L kly
-3
& 1
—_ ? 2
=2/ L5 r_ Y

2 3E(dy.g) +

_ 5GEtL?
"~ 120GL3 + 36LEt?’

The presence of multiplier 2 is due to the existence of
two angles on the edges of web of the beam.

In the case where only one gusset plate is consid-
ered on top of the beam, the process guideline followed
is exactly such as aubovei with exceptions only in the

integral intervals. The [£+] should be changed to:

{Lgl, - (—o.ooomdbm2 + 63.08beam
+0.00056(Lgs X Lgy) — 45.81y/Lgp, ¥ Lgv>

+

dbearn + La
2 )

and [—%] should be changed to:

{LQU - (—0.00078dbeam2 + 63.08beam
+0.00056( Ly X Lgy) — 45.81y/Lyp, X Lgv>

dbean‘l - La:|
4 heam T T |

2

4.1.2. Gusset plate and column stiffness

Stiffness of gusset plate and column stiffness are cal-
culated through application of Silva et al. [19] rec-
ommendation. It is noted that the deformation of
weld could be neglected; in other words, the stiffness
of weld can be considered infinite. Therefore, gusset
plate and column are considered where they perform
together. The analytical model for gusset plate and
column for a case that there are two gusset plates on
top and bottom of the main beam is considered as a
beam that is illustrated in Figure 3. Furthermore, the
considered section of the beam along its length is non-
prismatic. The bottom of beam length is the center of
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Gusset plate Column

%

_®

QF::

L gusset

Gusset plate Column

2

¢ 9
®

dpeam

7T

Column

f

Figure 3. Analytical model for gusset plate and column
stiffness in the case where two gusset plates exist.

rotation of connection as opposed to the top of beam
length being the end of gusset plate. In addition, based
on the slight participated role of a segment of gusset
plate in connection behavior, this segment in particular
is not considered in calculating stiffness. Therefore,
the height of gusset plate at the topmost part of the
contemplated beam is considered to be 35 percent of
the real height. At the same time, the right flange
segment of the column (the flange that is not connected
to the gusset plate) does not contribute to connection
behavior and it is not considered in calculating the
stiffness.

Through the assumption of linear stress distribu-
tion along the considered beam length and applying
a concentrated load to the center of gravity of stress
distribution (in two thirds of the gusset plate length
plus half of the main beam height), rotational stiffness
of connection due to gusset plate and column can be
calculated. Moreover, by analyzing this beam through
operating a computer program based on the dimensions
of connection, Eq. (3) is proposed for calculating the
stiffness of connection due to gusset plate and column:

! (3)

[{gusset+column =% I 3 .
07l T 3TcAL

In Eq. (3), the parameters L, Ig, and A.g are defined
in Egs. (4) to (8) (all units are in mm):

dbeam
2

d eam b c h/’LUC
Lg=1-20m /e  [_we (5)
960 "V 200V 185

Aet = O.G(Lgh~tg + hwc~th)7 (6)

L=Lg, + + e, (4)

B3 twe  Lpt A

I= wi? g1h2 - + bfc'tfc(z - hwc)2
huse \*
hwc~twc -
et (2= 557)
L 2

+ Ly t, (;h + Pge — z> 7 (7)

z =

. L,
0.5.12, ¢ buebre-t e e+ Lonty. (huett e+ 242)
Rwe-twe + bfc.tfc—FLgh.tg (8)

The stiffness of the connection for a case where there is
only one gusset plate on top of the beam due to gusset
plate and column is basically calculated using Eq. (9).
Hence, the applied parameters in Eq. (9) are computed
using Eq. (10) and Egs. (5) to (8):

%’ (9)

I{gusset-l—coluuln = I
Elett + LG Actt

L = Ly, + dbeam + 2e. (10)

4.1.8. Total stiffness of connection

The total stiffness of the connection is calculated by
summing Kgusset+column alld Kingles in & case where
two gusset plates do exist in connection. On the other
hand, for a case in which only one gusset plate exists in
connection, the stiffness is calculated by summing up
the related Kgusset+column Plus the related Kangies-

4.2. Evaluation of the ultimate moment of
connection and the moment-rotation
curve derived from the analytical model

In order to evaluate the ultimate moment that can

be carried by the connection, various criteria can be

considered. In the case that there are two gusset
plates on top and bottom of the beam, four criteria
are considered. The first criterion is shear yielding of
the gusset plate section. According to code AISC360-

10, the capacity of shear yielding in an element of

connection is derived by Eq. (11). In Eq. (11), the

parameter A, pertains to the gross shear area [20].

According to this criterion, the ultimate moment that

can be carried by the connection is calculated by

multiplying Eq. (11) by the arm of this force from the
center of rotation, which is equal to half of beam depth:

R, =0.6F,A,,, (11)

d eam
M1 =2.0.6F,Ly.t,) b2‘ =0.6F, Ly ty.dyeam- (12)

The second criterion involves column web local yield-
ing due to both compressive and tensile forces being
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exerted to column through gusset plate. According
to AISC360-10, the capacity of column in this case is
derived from Eq. (13) [20]. Additionally, the ultimate
moment that can be supported by connection according
to this criterion can be derived from Eq. (14). Eq. (14)
is calculated by multiplying Eq. (13) by the force arm,
presuming linear force distribution from the center of
rotation:

R, =Fyt,.5k+1,), (13)

4 d eam
My = ngtvwc~(5tfc + Lgv)- ( b2 + Lg”) ’ (14)

The third criterion is based on formation of plastic
hinges. According to the generated models, locations of
plastic hinges in connection are in the corner of gusset
plate. A model is generated accordingly and is shown
in Figure 4. The force P; is derived based on linear
stress distribution as well as by equalizing internal
work and external work during a unit virtual rotation.
Furthermore, the calculation of P; is described through
Eqgs. (15) to (17). The plastic moment of the gusset
plate section is derived from Eq. (18). Finally, the
ultimate moment that can be supported by connection
is due to this criterion being derived from Eq. (19).
The calculated moment is reached essentially through
gusset plate and shall be summed up with the moment
that can be supported by angles, but the angle portion
is negligible. Therefore, only the moments that can be
supported by gusset plates are considered:

2 d eam d eam
WE:Pi[(b +Lgv+e>— b ]9, (15)

3 2 2
Wi = M, (6 + 20 + ), (16)
iM
We:Wi_)PiZQ 1 r 2 (]‘7)
§Lgv - 6dbeam + g@
(0.35L 4 )2 4(0.35L 41, )?
t!] 2
M, = ZF, = i F,, (18)

Plastic hinge <

2 dbeam
Mug 2P1 |:3 (2 + L'Ug + 6>:|

2ty [(0.35Lgy)? + (0.35Lgy )]

2 1 2
§Lgv - 6d beam T §€

d eam
<b2 +Lgy + e) F,. (19)

The fourth criterion is based on the plastic moment
capacity of the beam. This moment is derived from
Eq. (20):

Mu4 = FyZb (20)

Finally, the ultimate moment that can be supported by
connection is the minimum value that is obtained from
the described criteria.

4.3. Calculating the moment-rotation curve
using the initial stiffness and the ultimate
moment of connection

In order to calculate moment-rotation curve through

application of initial stiffness and ultimate moment of

connection, the studies by Mohammadi and Mofid [21],

Lee and Moon [22], and Stelmack et al. [23] are used.

Regarding moment-rotation curve, bilinear curve is

applied.

The parameter K; is the initial stiffness of the
connection and K, is the secant or plastic stiffness of
the connection. There is no acceptable generic way to
compute plastic stiffness through analytical method at
the present time [21]. Generally, the plastic stiffness is
defined as a ratio of initial stiffness through an empiri-
cal method. According to studies by Mohammadi and
Mofid [21], Lee and Moon [22], and Stelmack et al. [23],
the ratio of plastic stiffness to initial stiffness ranges
from 0.02 to 0.20. In addition, by surveying these
studies, it is understood that if rigidity of a connection
increases, the ratio of plastic stiffness to initial stiffness
will also be increased. Therefore, for the considered

—P;

Gusset plate
Plastic hinge

N
[::| Beam >

Column

& |

Figure 4. Plastic hinges location and analytical model for the case where two gusset plates exist in top and bottom of the

beam.
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models, due to their high rigidity, the plastic ratio is
taken equal to 0.05 to 0.15 times the initial stiffness.
Moreover, the parameter M, is called the intercept
moment, which is considered equal to 0.75 times the
ultimate moment M, according to the recommendation
of Mohammadi and Mofid [21].

5. Results

5.1. Finite element model results with
monotonic loading

Ultimately, the results from all 53 models are presented

in this section. These results are shown as classified

by the changed parameters. Figure 5 is related to

models “M1” to “M6” and the effect of beam section

is examined in it. In Figures 6 to 9, the effect of

300
M6
250
- 200
g
Z 150
et —— IPE200
= 100 M4 —— IPE220
— IPE240
——IPE270
50 IPE300
—a— [PE400

0
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

0 (Rad)

gusset plate thickness, gusset plate dimensions, column
section, and the clip distance at the end of gusset plate
are explored, respectively. Figures 10 to 14 are also
related to models “M21” to “M40”.

From the preceding results that are illustrated in
Figures 5 to 10, the following obtained consequences
can be understood. First, by increasing the beam
depth, initial stiffness, ultimate moment, and ultimate
rotation of connection increase; however, the rigidity
of connection will be decreased. Also, by increasing
the gusset plate thickness or increasing column section
size, initial stiffness and rigidity of connection will
be increased and ultimate rotation will be decreased.
On the other hand, there is no significant change in
the ultimate moment of connection. Additionally, the
other changed parameter is gusset plate dimensions.

Dimensionless

C ti
Model Beam section parameter on.nec 1.on
KsL classification
ET
M3 IPE 200 69.99 Rigid
M2 IPE 220 56.40 Rigid
M1 IPE 240 41.87 Rigid
M4 IPE 270 27.27 Rigid
M5 IPE 300 22.53 Rigid
M6 IPE 400 10.13 Semi-rigid

Figure 5. Effect of beam section (with two gusset plates).

100
M10 M9 M1 g7
90 y
Gusset plate Dimensionless .
80 . Connection
Model thickness parameter, . .
70 ( KsL classification
. mm) T
£ 60 M7 6.00 35.45 Rigid
E 50 M8 8.00 38.02 Rigid
e 40 M1 10.00 41.87 Rigid
2 M9 12.00 43.46 Rigid
30 —— Gusset thk.=6 M10 15.00 44.83 Rigid
—— Gusset thk.=8
20 —— Gusset thk.=10
1 —o— Gusset thk.=12
0 —4— Gusset thk.=15
0
0 0.0005 0.0010 0.0015 0.0020 0.0025
0 (Rad)
Figure 6. Effect of gusset plate thickness (with two gusset plates).
120
M13
100
M1 - -
Gusset plate Dimensionless .
= 80 M11 . . Connection
<} Model dimensions parameter, . .
=z KoL classification
= 60 (cm) EI
- M11 30 x 30 17.54 Semi-rigid
= 40 PR —— M12 40 x 40 26.13 Rigid
—— Gusset PL 40 x 40 M1 50 x 50 41.87 Rigid
20 —e— Gusset Pl. 50 x50 M13 60 X 60 67.79 Rigid
Gusset Pl. 60 x60
04
0 0.001 0.002 0.003 0.004 0.005
0 (Rad)

Figure 7. Effect of gusset plate dimensions (with two gusset plates).
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M16 M15 M1 M4
Di ionl
—_ 80 R Column mension’ess Connection
= Model ) parameter, . .
g 60 section KoL classification
ET
< Ml4  HBELG0 35.66 Rigid
5 40 M1 HBE200 41.87 Rigid
-#- HEB160 . it
20 et 3%5200 M15 HBE240 62.58 Rigid
—o— HEB240
HEB300 M16 HBE300 88.53 Rigid
O'
0 0.0005 0.0010 0.0015 0.0020 0.0025
0 (Rad)
Figure 8. Effect of column section (with two gusset plates).
100 i
19 s M20
Clip distance Dimensionless .
Connection
Model at the end of parameter, . .
—~ K.L classification
g gusset plate, e (cm) “Br
Z M1 0 41.87 Rigid
~ M17 2.5 36.74 Rigid
= M18 5 30.49 Rigid
== e=fem M19 10 26.53 Rigid
—— e=5 cm M20 15 26.47 Rigid
—— e=10 cm
e=15 cm
0.0005 0.0015 0.0025 0.0035 0.0045
0 (Rad)
Figure 9. Effect of clip distance at the end of gusset plate (with two gusset plates).
180
i Di ionl
160 M26 Beam imensionless Connection
140 Model . parameter, . .
T 120 section KoL classification
EI
‘ M25
% 100 M24 M23  IPE200 26.20 Rigid
g 80 — M21 TPE200 M22  IPE220 18.49 Semi-rigid
60 —— IPE220 M21 IPE240 12.27 Semi-rigid
M23 —— IPE240 o
40 —— [PE270 M24 IPE270 7.70 Semi-rigid
20 oo IPEsee M25  TPE300 5.59 Semi-rigid
0 M26 IPE400 2.17 Semi-rigid
0 0.010 0.020 0.030 0.040
0 (Rad)
Figure 10. Effect of beam section (with one gusset plate).
90
30 M21, M28, M29, M30
M27 Gusset plate Dimensionless N
70 . Connection
Model thickness parameter, . .
’g 60 (mm) KoL classification
B ET
z 50 M27 6 10.29 Semi-rigid
< 40 M28 8 10.92 Semi-rigid
= 30 M21 10 12.27 Semi-rigid
20 —#—Gusset thk.=6 mm  ——Gusset thk.=8 mm M29 12 12.61 Semi-rigid
—— Gusset thk.=10 mm Gusset thk.=12 mm M Semi-rigid
10 —a— Gusset thk.=15 mm 30 15 13 emi-righ
0
0.005 0.010 0.015 0.020 0.025 0.030
0 (Rad)

Figure 11. Effect of gusset plate thickness (with one gusset plate).

By increasing gusset plate dimensions, the initial
stiffness, ultimate moment, and rigidity of connection
will be increased while ultimate rotation of connection
will be decreased. The other parameter is the clip
distance at the end of gusset plate whose increase
will lead to decrease in initial stiffness and rigidity

of connection. However, it results in increase in the

ultimate rotation and makes no significant change in
the ultimate moment of connection.

Comparing models “M21” to “M40” with models
“M1” to “M20” evidently shows that the results pre-
sented above are still stable. However, by removing
the bottom gusset plate from bottom of the beam,
initial stiffness, ultimate moment, and rigidity of con-
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2721

Gusset plate Dimensionless

C ti
Model dimensions parameter, on.nec 14':)n
K.L classification
(cm) ET
M31 30 x 30 5.88 Semi-rigid
M32 40 x 40 8.68 Semi-rigid
M21 50 x 50 12.27 Semi-rigid
M33 60 x 60 16.41 Semi-rigid

120

100
T 80
i 60
=40

20 —e—Gusset 30x30 —e—Gusset 50x50

f ——Gusset 40x 40 —+— Gusset 60X 60

Od 0.005 0.010 0.015 0.020 0.025 0.030
6 (Rad)

Figure 12. Effect of gusset plate dimensions (with one gusset plate).

M36 M35 M21
S0 \[34
Dimensionless .
_ Column Connection
g Model . parameter, A .
” section KoL classification
2 ET
g M34 HEB160 9.76 Semi-rigid
~— HEB160 M21  HEB200 12.27 Semi-rigid
—— . -
o HEB200 M35  HEB240 17.46 Semi-rigid
HEB300 M36 HEB300 20.49 Rigid
0 0.005 0.010 0.015 0.020 0.025 0.030
0 (Rad)
Figure 13. Effect of column section (with one gusset plate).
90 v
<0 121 M37 M38 p3g M40
Clip distance Dimensionless
70 Model at the end of & Connection
g 60 gusset plate, e para;{n:;a €% classification
Z 50 (cm) B
40 M21 0 12.27 Semi-rigid
= — M37 2.5 10.58 Semi-igid
s M38 5 9.67 Semi-rigid
20 e f? cm M39 10 8.93 Semi-rigid
10 smic e M40 15 7.48 Semi-rigid
0
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
6 (Rad)
Figure 14. Effect of clip distance at the end of gusset plate (with one gusset plate).
140
MWB4
120
Dimensionless .
__100 Model Beam arameter Connection
g MWB2 section KoL classification
- 80 BT
= 60 MWB2 IPE240 9.79 Semi-rigid
= MWBS3 — 1 MWB3 IPE200 17.43 Semi-rigid
40 —— IPE240 MWB4 IPE300 5.55 Semi-rigid
20 —e— IPE200
—*— IPE300
0
0 0.002 0.004 0.006 0.008 0.010 0.012
9 (Rad)

Figure 15. Effect of beam section on bolted connections (with two gusset plates).

nection decrease, while ultimate rotation of connection
increases. Moreover, connection transforms from rigid
to semi-rigid.

The results for models “MWB2” to “MWB13”
are shown in Figures 15 to 18 and the results of
model “MWB1” regarding monotonic loading and

cyclic loading are shown in Figures 19 and 20, respec-
tively.

Comparison of bolted models with welded models
indicates that the bolted connections have lower initial
stiffness, ultimate moment, and rigidity, but higher
ultimate rotation in the same conditions.
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120
100 MWB?7 - .
MWB2 Gusset plate Dimensionless C £
= 80 MWB6 Model dimensions parameter on.nec l?n
=) MWB5 K.L classification
: cm) £
iz, ( Er
2 60 MWB2 50 X 50 9.79 Semi-rigid
S 40 MWB5 30 x 30 4.1 Semi-rigid
MWB6 40 x 40 5.73 Semi-rigid
20 —e—Gusset 30x30 Gusset 5050 MWBT7 60 x 60 17.36 Semi-rigid
——Gusset 40x40 —a— Gusset 60x60
0
0 0.004 0.008 0.012 0.016 0.020
¢ (Rad)
Figure 16. Effect of gusset plate dimensions on bolted connections (with two gusset plates).
100
MWB10]
80 . P
Dimensionless .
’E‘ Model Beam ——— Connection
Z 60 xMWBS section x.r classification
v EI
g 40 MWBS8 IPE240 2.14 Semi-rigid
20 MWB9 _._%1;%200 MWB9 IPE200 2.95 Semi-rigid
—e 240 i
TeE300 MWB10 IPE300 1.13 Simple
0 L
0.005 0.015 0.025 0.035 0.045
9 (Rad)
Figure 17. Effect of beam section on bolted connections (with one gusset plate).
0 MWB13 MWE
60 MWES \rwe
- MWBI1 Gusset plate Dimensionless .
. . Connection
50 Model dimensions parameter, . .
g KoL classification
= 40 (cm) “Er
Z MWB8 50 x 50 2.14 Semi-rigid
g 30 MWB11 30 x 30 1.52 Simple
20 MWB12 40 x 40 1.66 Simple
10 —e—Ciusset 30x30 —a— Gusset 50x 50 MWB13 60 x 60 2.95 Semi-rigid
——Gusset 40x40 Gusset 60x60
0
0 0.010 0.020 0.030 0.040
0 (Rad)
Figure 18. Effect of gusset plate dimensions on bolted connections (with one gusset plate).
160 300
140 250
. 120 200
g 100 150
Z
= 80 ~ 100
=
= 60 5
z 50
40 4 &£
/ Fahnestock and stoakes 0
20 | mmeae Presented F.E.M. = _50
0 -100
0.000 0.005 0.010 0.015 0.020 0.025
Rad) -150
Stoakes
. : « » -200  _peMo
Figure 19. Moment-rotation curve of model “MWB1”. 250 .M.
-0.04 -0.02 0.00 0.02 0.04
0 (Rad)

In Figure 19, moment-rotation curve of the model
“MWBL1” is illustrated for two cases; the first one is
the presented FEM model and the other one is the
Fahnestock and Stoakes [24] model.

5.2. Finite element model results with cyclic

loading
The models “M1,” “M21,” and “MWB1” are analyzed

Figure 20. Moment-rotation curve of model “MWB1” vs.
experimental results.

according to the cyclic loading with SAC loading
protocol [17]. The “MWB1” results are confirmed
by the experimental test that has been conducted by
Stoakes [14] as it is shown in Figure 20. The results of
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“M1” and “M21” models are shown in Figures 21 and
22, respectively.

As shown in Figure 20, the outcome of FEM isin a
good conformity with experimental results. Moreover,
as shown in Figures 21 and 22, the monotonic loading
moment-rotation curve is approximately placed on
push of cyclic loading moment-rotation curve.

5.3. Comparison of FEM results with
analytical model results

The initial stiffness and ultimate moment of con-

nections in models “M1” to “M40”, FEM models,

and analytical models are compared with each other

in Table 4. Evidently, the average percentage of

error and absolute average percentage of error in the

Table 4. Comparison of initial stiffness and ultimate moment for FEM models and analytical models.

The percentage The percentage

. . M., M, K; K;
Model of errf)r " of errf)r " (analytical) (FEM) (analytical) (FEM) Ko/ K
calculating the calculating the 4 4 (%)
. .. . (KN.m) (KN.m) (KN.mx10%) (KN.mx10%)
ultimate moment initial stiffness
M1 —4.1 2.6 88 91.6 6.99 6.81 20
M2 —6.1 1.4 68.5 2.7 6.62 6.53 20
M3 -7 74 53 56.7 6.21 5.75 20
M4 -3 6.9 116 119.5 7.55 7.03 18
M5 2.8 —14.9 151 146.8 8.06 9.26 15
M6 —5.4 —6.7 262.6 276.7 9.57 10.21 7
M7 —2.5 —15.9 88 90.2 4.98 5.77 20
M8 —3.5 —1.8 88 91.1 6.04 6.15 20
M9 —4.4 3.8 88 91.9 741 7.13 20
M10 —4.8 12.8 88 92.2 8.39 7.32 20
Mi11 11.6 11.7 88 7.8 3.26 2.88 10
M12 5.9 12.9 88 82.8 4.95 4.31 15
M13 —14.4 —18.4 88 100.7 9.38 11.11 20
M14 —4.1 —14.8 88 91.6 5.06 5.81 20
M15 —4.2 —10.5 88 91.7 9.16 10.12 20
M16 —4.1 —14.3 88 91.6 12.63 14.44 20
M17 —4.2 5.5 88 91.7 6.33 5.98 15
M18 —4.1 12.8 88 91.6 5.69 4.96 15
M19 —4 5.8 88 91.5 4.5 4.24 15
M20 —4 —16.8 88 91.5 3.46 4.04 15
M21 —1.2 1.80 80 81.4 2.05 2.01 5
M22 —34 —0.78 68 70.7 1.95 1.97 7
M23 —14.3 —3.04 53 60.6 1.85 1.91 20
M24 —-1.5 5.60 93 94.8 2.18 2.06 5
M25 5.1 6.53 119 113 2.31 2.16 5
M26 14.0 11.64 184 158.4 2.68 2.37 5
M27 —22.7 —15.22 62 76.5 1.47 1.69 5
M28 —11.8 —0.74 71 79.8 1.78 1.79 5
M29 7.2 9.87 88 81.7 2.30 2.07 5
M30 6.9 19.52 88 82 2.65 2.13 5
M31 27.1 —10.52 66 47.8 0.87 0.96 5
M32 7.2 —0.57 59 63.6 1.41 1.42 5
M33 —8.9 2.08 88 95.9 2.75 2.69 5
M34 —-04 —12.93 80 80.7 1.42 1.6 5
M35 —-14 —1.90 80 81.5 2.81 2.86 5
M36 —-1.6 19.17 80 81.7 4.16 3.36 5
M37 —1.2 10.68 80 81.4 1.94 1.73 5
M38 —1.1 12.89 80 81.3 1.84 1.6 5
M39 —1.0 12.93 80 81.2 1.68 1.46 5
M40 —-0.7 19.44 80 81 1.53 1.23 5
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M (kN.m)

—— Cyeclic loading
- - - Monotonic loading

0 (Rad)

Figure 21. Moment-rotation curve of model “M1” for
monotonic and cyclic loading.

—— Cyclic loading
= = = Monotonic loading

M (kN.m)

0 (Rad)

Figure 22. Moment-rotation curve of model “M21” for
monotonic and cyclic loading.

calculation of initial stiffness are equal to 1.40% and
9.39%, respectively. Moreover, the average percentage
of error and absolute average percentage of error in the
calculation of ultimate moment are equal to —2.04% and
6.07%, respectively. Apparently, as it is observed in the
comparison of models and two methods, it is discerned
that the average error between the two methods is
less than 10% for both initial stiffness and ultimate
moment, and the errors are in the acceptable range.

6. Conclusion

According to the results in the previous sections, the
following consequences can be discerned:

e By adding gusset plate to double-web angle con-
nection, the connection does not have a hinge
(simple) behavior and performs as a semi-rigid or
rigid connection. Predominantly, in fully welded
connections, the rigidity of connection is higher than
that of bolted connections;

e The most essential parameters regarding the connec-
tion are beam depth, gusset plate dimensions, and
existence of gusset plate on both or one side of the
beam;

e Increasing beam depth will increase the initial stiff-
ness, ultimate moment, and ultimate rotation of
connection; nonetheless, it reduces the rigidity of
connection;

e Increasing gusset plate dimensions will increase

rigidity, initial stiffness, and ultimate moment of
connection; nonetheless, it reduces ultimate rotation
of the connection,;

e Removing the gusset plate from one side of the
beam along with reducing the number of gusset
plates around the beam will significantly reduce
the initial stiffness, ultimate moment, and rigidity
of connection; nonetheless, it increases ultimate
rotation of the connection.

Nomenclature

E Elasticity modulus of steel

G Shear modulus of steel

E, Yield stress of steel

F, Ultimate stress of steel

dpeam Beam height

Zy, Plastic section modulus of beam
L, Web angle length

t Web angle thickness

Ay Area of bolt

Ly, Vertical length of gusset plate (in case

of clipping the end of gusset plate),
this parameter shall be considered as
vertical length of welded gusset plate,
as shown in Figure 2

Ly Horizontal length of gusset plate (in
case of clipping the end of gusset plate),
this parameter shall be considered
as horizontal length of welded gusset
plate, as shown in Figure 2

e The clipping distance at the end of
gusset plate, as shown in Figure 2

iy Gusset plate thickness

bye Column flange width

e Column flange thickness

hwe Column web height

twe Column web thickness
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