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In order to determine the performance level of steel structures or to strengthen them,
it is necessary to determine the ultimate capacity of their connections under the
influence of extremely low cycle fatigue caused by cyclic load. On the other hand,
the ultimate capacity or failure of the connections, under unavoidable monotonic
loadings such as explosions or fires, needs to be determined in order to predict the
progressive collapse in structures utilizing intermediate and/or special moment
frames. In this study, the ultimate capacity of welded connections, subjected to
monotonic loading, is estimated using the Stress Modified-Critical Strain model
(SMCS). However, the Cyclic Void Growth Model (CVGM) is used to investigate
connection capacity under cyclic loading. These models could be used to estimate
the ultimate capacity of connections to determine the performance levels of the
structures where it is not practical or possible to test laboratory specimens. In
this paper, the ultimate capacity of connections are obtained based on the crack
initiation criterion in three types of moment connections, namely reduced beam
section (RBS), welded unreinforced flange-welded web (WUF-W), and increased
beam section (IBS) moment connections; (1) subjected to monotonic loading in the
column removal scenario by using the (SMCS) model, and (2) under cyclic loading
by using the (CVGM). This research shows that by using the ductile fracture models,
it is possible to predict the ultimate capacity and fracture mode of the welded
moment connections with great accuracy. The results of this investigation, using
fracture models, indicate that out of the three types of connections, the seismic
rotational capacity of the IBS moment connection is the largest (0.05 radians), next
is RBS (0.044 radians), and WUF-W is the last (0.04 radians) with the least
rotational capacity under cyclic loading. The results also reveal that the rotation
capacity of the connections under monotonic loading is two to three times the
capacity of the same connection under cyclic loading (IBS:0.20 radians, RBS:
0.16 radians and WUF-W :0.147 radians).
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ABSTRACT

1. Introduction

Although structures are designed for possible
incidents during their service life, recent events
such as the destruction of structures in the Northridge
earthquake of 1994 [1], the Kobe earthquake of
1995 [2], the collapse of the World Trade Center in
the United States during attacks in 2001, and the

collapse of Plasco Shopping Tower in Iran due to
fire in 2017 showed that structures may face dis-
asters more severe than their design levels over
their lifetime. These events clearly revealed the
limitations in recognizing the true behavior of steel
structures under progressive collapse [3-4].
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Often, destruction in a structure is due to the
fracture in its main members. Fracture in steel
structures during the Northridge (1994) and Kobe
(1995) earthquakes lead to researchers shifting
their attention to the fracture phenomenon in struct-
ures [5-6]. In the Kobe earthquake, more than 100
moment frames had experienced severe cracking
and/or fracture in the beam-column connections and
more than 30 buildings had suffered overall or partial
destruction [7].

Today, recognizing the causes and effects of
general and partial fracture in structures is one of the
important engineering needs. One of the parameters
that make the study of the collapse difficult is the
lack of laboratory tests on structural member
fractures, and therefore, verification of the proposed
fracture models is hard. Current fracture models in
steel structures generally use a constant critical strain
to detect member fractures [3, 4, 8].

In the steady-state critical strain method, the
onset of fracture occurs when the strain reaches a
certain value in the member; therefore, the effects
of the ductile fracture that are dependent on the
triaxial stresses are not considered in this method.
The steel material used in the building industry
usually exhibits a ductile fracture with large plastic
deformations. The observed stages during steel
fracture in buildings include the void formation, the
void growth, and the coalescence of voids [9].

Rice and Tracy [10] suggested that the growth of
voids was often in more than one direction and is
also strongly influenced by the triaxial stress values
and triaxial stress states. Hancock and Mackenzie [11]
concluded that the onset of the ductile rupture in a
material depends on the interaction of the triaxial
stresses and the plastic strains. If the triaxial stress
increases, then the critical strain decreases. This
constitutes the basis of the stress modified critical
strain model (SMCS), which is used to evaluate the
ductile fracture under monotonic loading. The
(SMCS) model is based on the assumption that the
triaxial stress does not change during strain increase
and it is only considered in the current state with
no regards to the stress history [9].

In order to evaluate the structure fractures
under cyclic load, the Cyclic Void Growth Model was
proposed by Kanvinde and Deierlein [12] in 2008.
The Cyclic Void Growth Model (CVGM) is capable

of estimating the extremely low cycle fatigue (ELCF)
process based on the simulation of void cyclic growth
accumulation and its integration with progressive
damage to materials with intermediate voids. In
fact, the (CVGM) model is an extension of the void
growth model, which aims to overcome the void
growth process by considering the triaxial state of
stresses [13-14].

Due to the lack of proper laboratory facilities, the
capacity of moment connections has been evaluated
only within the range of about 0.04 radians of
connection rotation (required by AISC Seismic
Provisions) and just a few laboratory studies have
investigated connection rotations up to the onset of
fracture and/or rupture of the connection plates.
Sadek et al. [15] used the column removal scenario
to study the ultimate capacity and the manner in which
connection fracture in reduced beam section (RBS)
connections under monotonic loading occurs. Then,
using a constant strain model, they modeled the
connection fracture with ABAQUS software [16].
Lee et al. [17] conducted experiments on RBS
connections and evaluated the fracture and ultimate
capacity of the connections under cyclic loading.

The yield and ultimate rotation capacity of RBS
and WUF-W moment connections, presented in
FEMA-350 [18], is based on experiments in most
of which the testing had been stopped when the
connections began to yield and hence, connection
fracture never actually took place.

In this research, it has been tried to determine the
ultimate connection capacity and/or connection
failure that is generally used to determine the per-
formance levels of structures. In addition, by using
the ductile fracture mechanics models based on the
crack initiation and propagation criteria, fracture
process in reduced beam section (RBS), welded
unreinforced flange-welded web (WUF-W), and
increased beam section (IBS) moment connections
are investigated; (1) under cyclic loadings (like
earthquake), and (2) progressive failure under
monotonic loading. Thus, in cases where it is not
practical or possible to carry out laboratory experi-
ments to evaluate steel moment connection ultimate
capacity and fracture, the behavior of structures can
be predicted - when it is subjected to destruction
caused by earthquake or fire - by using the ductile
fracture theories.
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2. Ductile Fracture Mechanism

Under the monotonic tensile loading, the onset of
the ductile fracture is due to the growth of micro-
voids and coalescence of voids, which in turn, is
due to the plastic strain and the triaxial stresses on
the micro-voids. The basic hypothesis is that the
ductile fracture will start when the volume of micro-
voids reaches a critical value. There are two main
differences between fracture mechanisms under
cyclic loading and monotonic loading. First, the void
growth under monotonic tensile loading will be
progressive, while under cyclic loading, the repeated
reversals of triaxial stresses would cause the voids
to expand and contract [12]. Second, due to the
cumulative damage to the voids under cyclic loading,
the critical size of the voids is smaller than that
under monotonic loading, which may cause faster
coalescence of voids and faster fracture in the
material [12].

Steel structures exposed to severe earthquakes
experience extremely low cycle fatigue, i.e. ELCF is
a failure mode in which large plastic strains are
applied to the structure in a very small number of
cycles (less than 10 to 20 cycles). ELCF is
completely different from low cycle fatigue and
high cycle fatigue that is characterized by thousands
and millions of cycles. The ELCF is an interaction
of fracture-fatigue mechanism that forms a ductile
fracture and was first suggested by Kawamora and
Yamamota [19] and further verified by Kanvinde and
Deierlein [12]. Three-dimensional images of extremely
small cracks show that the ductile fracture in steel
structures usually consists of three stages of micro-
void nucleation, growth, and coalescence [20].

3. Stress Modified Critical Strain for Monotonic
Loading

According to Rice and Tracy [10], Hancock and
Mackenzie [11], and Kanvinde and Deierlein [13],
the void growth model (VGM) was developed under
monotonic loading. For a spherical void in an infinite
continuous environment, the void growth rate under
monotonic tensile loading can be expressed by
Equation (1) [21-22]:

/ exp (1.5 )  dr r C T d p= ε                                     (1)

where r is the instantaneous radius of the spherical
cavity, C is the material constant, δ

δ
mT =
e

 is the

triaxial stress. δm  is the average stress and δe is
the effective stress (Von Mises stress). pd ε =

(2/3) p p
ij ijd dε ε  is the incremental equivalent plastic

strain. By integrating Equation (1), the total void
growth (the ratio of the void radius to the initial
radius) over a period of tensile plastic stress is
expressed in Equation (2):
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Assuming that the void growth controls the
stages of fracture, the ductile fracture begins when
the void growth rate reaches the critical level
determined by Equation (3):

0ln( / ) exp( 1.5 )0

critical critical
pmonotonic

pr r C T d
ε

= − ε∫            (3)

where, critical
pε  represents the critical plastic strain

while fracture is due to coalescence. Equation (3) is
divided by the material constant C to give monotonicη
as:
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where monotonicη  represents the void growth cap-
acity and is characterized by the stiffness of the
material determined by the critical void growth rate.

The failure criterion based on the fracture index
under monotonic loading is given by Equation (5):

0
exp(1.5 ) /

 

 

critical
p

monotonic p monotonicFI T d
ε

= ε η∫       (5)

where, monotonicFI  shows the ratio of void growth
demand to the void growth capacity. When computed
value of monotonicFI  is above unity, the start of
fracture is expected.

The Rice and Tracy's VGM model includes an
explicit term for integrating triaxial stresses and
plastic strains. However, in many realistic (material)
situations, the material deformation is so large that
the triaxial stresses can be ignored (which depends
on the geometry of the material). Even if the rate of
change of strain is very high, this may still be true. In
most cases, the triaxial stress is independent of the
plastic strain. As a result, the term inside the integral
in Equation (2) emanates from the integral and the
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VGM model is represented by Equation (6):

0
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Therefore, the critical plastic strain can be ex-
pressed as follows:
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It is clear from Equation (7) that the two terms
are related to the base coefficient of the material and
can be replaced with a material parameter called α:

0
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 α =                                          (8)

Equation (8) is the basis of the (SMCS) model
and the basis of Hancock's explanation [11], which
concluded that the initiation point of the material's
ductile rupture depends on the interaction of the
triaxial stresses and the plastic strains. If the triaxial
stress increases, the critical value of the plastic
strain decreases. This is mathematically shown in
Equation (9), which is the Equation of the (SMCS)
model.

exp( 1.5 )critical
p Tε = α −                                           (9)

4. Cyclic Void Growth Model

Equation (1) can be modified to give Equation (10)
for the reversible cyclic loading [9].

/ ( ) exp( 1.5 ) pdr r sign T  C T d= − ε                         (10)

where the term sign (T) takes into account the direc-
tion of the triaxial stresses T.

According to Equation (10), if the triaxial stress
(T) is positive, the voids will expand under the
plastic strain and if T is negative, the voids will
shrink. The values of the triaxial stress and the equi-
valent plastic strain determine whether the voids
would grow or shrink.

The integration of Equation (10) will continue in
the tensile and compressive loading intervals up to
the onset of fracture. The critical value of the
accumulated void growth by cyclic strains can be
shown as in Equation (11):
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The size of the voids will increase during positive
triaxial stresses and will decrease during negative
triaxial stresses. The first term on the right side of
Equation (11) indicates the sum of the growth of the
voids in all cycles due to the positive triaxial stresses
which requires the calculation of the integral in the
plastic strain intervals of 1ε  and 2ε  at the beginning
and the end of each tensile stage. The second term
on the right side of the equation shows the sum of
the shrinkage of the voids in all cycles due to the
negative triaxial stresses. The terms C1 and C2 are
constants that are used to indicate the difference
between the void growth rate and contraction rate.

Due to the lack of information on the void growth
rate and contraction rate, it is assumed that C1 = C2
= C [9]. Dividing Equation (11) by C, the material
constant, cyclicη  is given as:
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where cyclicη  represents the void growth capacity
under cyclic loading which is obtained by reducing
the corresponding value under the monotonic loading
as shown in Equation (13):
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λ is a coefficient that depends on the material
vulnerability and is obtained by using cyclic and

(13)
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monotonic tests of materials along with finite element
analysis [12]. And cε  is the damage variable defined
as the compressive equivalent plastic strain, deter-
mined by the sum of all plastic strains in compression
cycles under loadings. In Equation (13), an exponen-
tial decay function is used to reduce the "material
capacity under monotonic loading" in order to obtain
the "material capacity under cyclic loading".

In accordance with Equation (12), the void
growth demand; VGDcyclic, under cyclic loading is
determined by Equation (14).
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VGDcyclic will alternately increase and decrease
under cyclic loading; however, the negative volume
of the void has on meaning, so the VGDcyclic must
always be positive. Therefore, when the result of
Equation (14) drops below zero, the VGDcyclic value
must remain zero until it rises to above zero in the
tensile cycles. Similar to the tensile cyclic loading,
ELCF fracture under cyclic loading occurs when
the volume of voids (VGDcyclic demand) exceeds
the volume of void growth capacity .cyclicη  In other
words, when 1,cyclicFI ≥  fracture will follow..
The term cyclicFI  is defined by Equation (15).

cyclic
cyclic

cyclic

VGD
FI =

η                                          (15)

Therefore, the CVGM model used to predict
the ELCF fracture in materials subject to very
high-amplitude cyclic loading is based on the fact
that the void growth demand, VGDcyclic, increases
simultaneously as the void growth capacity, ,cyclicη
is reduced by the cumulative damage of the mate-
rials [22-23].

5. Research Methodology

In this research, it is tried to predict the ultimate
capacity of RBS, WUF-W and IBS moment con-
nections under cyclic and monotonic loadings using
ductile fracture theories and mathematical models.
These models may be used to predict the behavior of
structures subjected to destruction, when laboratory
testing of connections is not possible. First, the

results of experiments conducted by Sadek et al. [15]
and Sykin et al. [24], (in which they used the column
removal scenario to examine the capacity of RBS
connections under monotonic loading) is used to
verify the accuracy of the Stress Modified-Critical
Strain (SMCS) model. With regards to checking the
efficacy of Cyclic Void Growth Model (CVGM),
the connection tested by Lee et al. [17] is modeled
and evaluated. Having made sure that the ductile
fracture models, under cyclic and monotonic
loadings, perform reasonably well, five RBS, 4 WUF-
W, and 2 IBS moment connections are modeled,
using ABAQUS software [16], and their rotation
capacities under monotonic and cyclic loadings are
evaluated by sub-routines of SMCS and CVGM
fracture models in ABAQUS software.

IBS is a type of moment connection where
instead of weakening the beam section, it is made
stronger near the column and is connected to the
column by direct welding. IBS is suitable for use with
built up I-beams. In this type of connections, frame
displacement problems associated with RBS connec-
tions are resolved. Therefore, two IBS-type moment
connections are included in this research.

By using ABAQUS software and the fracture
process the rotation capacity of the three types of
connections are investigated.

6. Verification under Monotonic Loading and
Void Growth and Coalescence Theory

To ensure the correctness of results of this
paper, the simplified monotonic void growth model
(SMCS), used in the study of ductile fracture in
welded steel moment connections by Sadek et
al. [15] (which was further verified in Sykin' Ph.D.
thesis [24] at Boston University), is first modeled
in this paper by using ABAQUS software. In tests
conducted by Sadek et al. [15], the column removal
scenario was used in a frame consisting of three
columns and two beams. The parameters of the
simplified VGM model or SMCS, were calculated
according to Ph.D. thesis of Saykin et al. [24]. The
value or   for steel material A992 is 0.62. The frame's
beam and column dimensions and the material
specifications are given in Table (1). The load was
applied to the middle column of the structure in the
form of displacement, varying linearly from 0 to 860
mm, in the vertical direction.
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According to Sadek et al. [15], the failure first
occurred in the lower flange of the beam, near the
middle column, at displacement of 851 mm and was
then expanded into the web. The rotation tolerated
in the beam at the onset of failure was 0.14 radians,
Figure (1). The specimen modeled by Sadek et al.
[15] and that modeled in this paper are shown in
Figures (2) and (3), respectively. The results of
ABAQUS model of this paper shows the occurrence
of beam failure at displacement of 851 mm and
rotation of 0.14 radians see (Figure 4). The vertical
displacement of the middle column against the
horizontal displacement of the side columns, from
Sadek's research, and this research is plotted in
Figure (5). A good consistency between the two is
observed.

Table 1. RBS connection in the research conducted by Sadek
et al. [15].

Figure 1. (a and b) The failure of the RBS connection at drift of
14% and displacement of 851 mm- tested by Sadek et al. [15].

Figure 2. The frame modeled by Sadek et al. [15].

Figure 3. The frame modeled in ABAQUS, for verification
purposes.

Figure 4. The frame failure at the displacement of 851 mm and
drift of 14%.

Figure 5. Conformity of the modeling in this study with the model
reported by Sadek et al. [15] - the horizontal displacement of the
side columns against the vertical displacement of the middle
column.
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7. Verification under Cyclic Loading and Ex-
tremely Low Cycle Fatigue Theory

To ensure that the use of cyclic void growth
model (CVGM) in the study of the extremely low
cycle fatigue (ELCF), in the welded connections of
steel moment frames produces acceptable results,
the connection from Lee et al.'s paper [17] was
modeled by ABAQUS in this paper. CVGM param-
eters were obtained using UVARM subroutine and
the quantities λ and monotonicη  for the reduced
beams were selected as 1.25 and 2.5, respectively,
as suggested by Meyer et al. [25-26]. The specifi-
cations of the beam and column in the connection
are given in Table (2). The loading is applied to the
structure according to tests from Lee et al. [17],
which in turn is based on SAC loading as shown in
Figure (6).

Based on the results of Lee's paper, failure will
occur in the first drift cycle of 6%, Figure (7).
The results of finite element analyses (prepared for
verification purposes), Figure (8), and plot of
FIcyclic values, Figure (9), both show that at the end
of the first drift cycle of 6%, the FICYCLIC value
has exceeded unity; i.e., failure occurs. It is evident
in Figure (10) that in cycle 67, at the end of the first
drift cycle of 6%, the value of VGDcyclic exceeds
ηcyclic, indicating the onset of fracture.

Table 2. The specifications of the beam and column in the
RBS connection in Lee et al.'s research [17].

Figure 6. SAC loading protocol [17].
Figure 10. Failure start cycle in the verification specimen based
on intersections of curves ηcyclic and VGDcyclic.

Figure 9. Failure start cycle in the verification specimen based
on FIcyclic.

Figure 8. Failure in the verification specimen in the first drift
cycle of 6%.

Figure 7. (a) RBS connection at 6% drift and (b) fracture in
the upper flange at first cycle of 6% drift [17].
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8. Investigation of the Capacity of RBS, WUF-
W, and IBS Connections under Monotonic
Loading

The column removal scenario (of Sadek et al. [15]
which was used to verify this research) is employed
to investigate the capacity of RBS, WUF-W and IBS
connections under monotonic loading. Five RBS, 4
WUF-W, and two IBS connections are modeled in
ABAQUS software using SHELL elements. In
addition to the connection rotation capacity, the
location and onset of cracking and/or failure in the
connections are examined. In Figure (11), the RBS
connection detail modeled for loading in the column
removal scenario is depicted. Table (3) lists the
beams, columns, and RBS dimensions of the con-
nections. The focus of study in each RBS specimen
is presented in Table (4). Figure (11) shows the
parametric dimensions of the RBS connection and
Figure (12) displays a specimen of the RBS connec-
tion modeled in ABAQUS software, under the
column removal scenario.

The specifications of the four WUF-W connec-
tion specimens modeled in this study are presented
in Table (5). To consider the effects of welding
access hole on the beam web, for each specimen,
whether rolled or built-up I section, a welding access
hole is modeled, see Figure (13).

A specimen of WUF-W connection modeled
in ABAQUS software for the column removal
scenario is presented in Figure (13).

Table (6) shows the dimensions of the beams,
columns, and increased areas of two IBS connec-
tions modeled in this paper. The proposed IBS
connection modeled by ABAQUS software is
shown in Figure (14a). Figure (14b) indicates the
parametric dimensions of the IBS connections as

Table 3. Dimensions of RBS specimens.

Figure 11. RBS moment connection dimensions according to
AISC regulations, showing parameters a, b, c, r [17].

Table 4. Focus of study in each RBS specimen.

Figure 12. RBS connection modeled in ABAQUS.

Table 5. Specifications of WUF-W specimens.
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Figure 13. WUF-W connection and two specimens of access
holes in two ABAQUS models.

Table 6. Dimensions of IBS specimens.

required by AISC Regulations. The major advantage
of IBS connection is the increased connection
stiffness, which results in smaller frame deflections
as opposed to RBS moment connections. Its only
disadvantage is that it cannot be used with rolled I
beams.

To investigate the capacity of connections under
monotonic loading, they are all analytically tested
according to Sadek's scenario [15], where the middle
column is displaced downwards until failure occurs.
The parameters of the simplified VGM, and SMCS
models were obtained on the basis of the Saykin
et al. [24] and Kanvinde and Deierlein [12-14]. The
value of α or monotonicη  for ST-37 steel is selected
as 2.44, which corresponds to steel grade with
properties closest to that of ST-37.

Middle column displacements, beam lengths,
and rotation capacity of RBS connections under
monotonic loading and column removal scenario, is
listed in Table (7). Crack initiation in the middle of
RBS bottom flange at connection rotation of 0.17
radians, for specimen No. 1 is indicated in Figure (15).

In Figures (15) to (19), the location of crack
initiation and rupture in the modeled RBS connec-
tions, under the column removal scenario, are shown.
As depicted in the figures, in all five connections, the
onset of cracking occurs at the center of the reduced
area of the lower flange and propagates into the
connection web. The average rotation of the five
connections is 0.161 radians. The analytical testing
of the five RBS connections to failure under mono-
tonic loading indicates that:
1. The connection rotation capacity decreases with

increasing the depth of the beam (reduction of
connection rotation capacity of specimens 3 to 5
as compared to specimens 1 and 2).

2. By comparing specimen 2 with specimen 1, it is

Figure 14a. The IBS connection modeled in ABAQUS.

Figure 14b. IBS connection, displaying parameters a, b, c and r.

Table 7. Connection rotation capacity under the column removal
scenario in RBS connections.
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Figure 15. RBS moment connection, specimen No 1 under column removal scenario - the crack initiation location in the middle
connection.

Figure 16. The crack initiation point in the connection type 2.

Figure 17. The crack initiation point in the connection type 3.

Figure 18. The crack initiation point in the connection type 4.

Figure 19.  The crack initiation point in the connection type 5.
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found that increasing the thickness of the beam
flange within the limits of the AISC Regulations
has no effects on  the rotation capacity of the
connections.

3. The connection rotation capacity decreases with
decreasing the beam section reduction (com-
parison of specimen 5 with specimen 3).

4. Comparing specimens 3 and 5 with specimen 4
indicates that increasing the beam length-to-depth
ratio does not necessarily increase the rotation
capacity of the beam.

5. Examination of the failure location in all the
specimens shows that the crack initiation started
at the center of the reduced area (of bottom
flange due to downwards displacement of
middle column), and therefore, the protected
zone is exactly in agreement with the requirements
of AISC Specifications.
Table (8) lists the rotation of the WUF-W con-

nections, under monotonic loading and the column
removal scenario, at the onset of cracking. In

Table 8. Rotation in WUF-W connections under the column
removal scenario.

Figure (20), the modeled frame is shown for
specimen No. 1. Also, the crack initiation in the
connection, starts at the access hole at rotation of
0.154 radians.

A major disadvantage of WUF-W connections
is the weld access holes; thus, all four WUF-W
specimens (Table 5), containing access holes, are
modeled in ABACUS. The analytical testing of the
four WUF-W connections to failure under monotonic
loading reveals that:
1. By increasing the beam depth from 400 mm to

1000 mm, the connection rotation capacity is
reduced (comparison of specimens 1 and 2 with
specimens 3 and 4).

2. WUF-W connections made of built-up I-section
beams exhibit higher rotation capacity than
connections made of rolled I beams with access
holes (comparison of specimen 1 with 2 and
specimen 3 with 4).
The onset of cracking in access holes of WUF-

W specimens No. 3 and 4 (1000 mm beam depth)
are shown in Figures (21) and (22) respectively.

Table (9) lists the beam lengths and the con-
nection rotation under monotonic loading and the
column removal scenario for the IBS connections.
To investigate IBS connection rotation capacity,
two specimens, listed in Table (6), are modeled in
ABACUS. The main advantage of the IBS connec-
tion as compared to the RBS connection is that,
due to the increase in the beam section at column
connection, issues of frame displacement and reduced

Figure 20. (a) Modeled WUF-W, specimen 1, under the column removal scenario and (b) The crack initiation location in the WUF-W
connection at rotation of 0.154 radians.

Figure 21. WUF-W connection, specimen 3, under the column removal scenario - start of failure in the WUF-W connection at rotation
of 0.1271 radians at the rolled I beam access holes.
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Figure 22. (a) WUF-W connection, specimen 4, before the start of crack, (b) the starting location of the failure crack at access hole
and (c) the location of the failure crack  at the connection of beam flange to column.

beam strength associated with RBS connections are
resolved.

As presented in Table (9), the IBS connection
capacity has increased significantly compared to
the RBS and WUF-W connections considered
previously, and one of them has attained a rotation
of 0.22 radians. Figure (23) shows the stress
contours pertinent to the second IBS specimen.

It is noticed that, before commencement of
failure, both IBS connections achieve a connection
rotation of at least 0.20 radians. However, the
highest plastic strain occurs in the beams, at the   be-
ginning of the enlarged flange, which verifies the
transfer of plastic hinge, from column, to the beam.

9. Investigation of the Capacity of RBS, WUF-
W, and IBS Connections under Cyclic Loading

To investigate the capacity of the RBS, WUF-W,
and IBS moment connections under cyclic loading,

Table 9. Connection rotation of IBS connections under the col-
umn removal scenario.

Figure 23. IBS connection - specimen No. 2 - No cracking seen  up to rotation of 0.203 radians.

the crack initiation  in the connections is examined
under SAC loading (Figure 6) (which is included in
the commentary of the annex to the AISC) in order
to determine the connection capacity under extremely
low cycle fatigue [27-31]. The dimensions of RBS
connection under examination are presented in
Table (3). The subroutine UVARM is used to extract
FIcyclic. The λ and monotonicη  values of ST-37 steel
are  selected as 1 and 2.5 respectively [32-33].

The column-cantilever beam model is used to
evaluate the capacity of RBS, WUF-W, and IBS
connections under cyclic loadings. Specifications of
the columns and beams are exactly the same as
those used for modeling under the column removal
scenario [34]. The height of the free-standing
columns is the same as the side columns used in the
column removal scenario and the span of cantilevered
beams is half the beam length of the models used
for monotonic loading. Similar to monotonic loading
case; five RBS, four WUF-W, and two IBS connec-
tions (one of each is shown in Figures (24) to (26)
respectively) are modeled to investigate the connec-
tion capacities.

Table (10) shows the rotation of RBS connec-
tions modeled under cyclic loading. In Figure (27),
the modeled frame of RBS specimen No. 1 under
cyclic loading is shown. Also, the crack initiation in
the RBS connection is indicated to occur in the
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Figure 24. Cantilever model of RBS connection, specimen No. 3, mesh dimensions of 6 mm.

Figure 25. Cantilever model of WUF-W connection, specimen No. 3.

Figure 26. Cantilever model of IBS connection, specimen No. 2.

Table 10. Rotation of RBS connections subjected to cyclic loading.

Figure 27. The location of crack initiation in the RBS connection of specimen No. 1 at rotation of 0.05 radians.
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center of upper flange of the reduced beam at
rotation of 0.05 radians.

Crack initiation in connections 1, 2, and 4, under
cyclic loading, starts in the center of the reduced
upper flange and propagates into the web. The
average rotation of the first three connections is
0.05 radians. The analytical testing of the five RBS
connections to failure under cyclic loading indicates
that:
1. Increasing the beam depth, would result in a

reduction in the connection capacity (reduction of
the capacity of connections 3 and 5 compared to
specimens 1 and 2).

2. By comparing specimen 2 with specimen 1, it is
seen that increasing the thickness of the flanges,
within the limits of the AISC Regulations,
increases the rotation capacity of the connection.

3. Comparing the results of models 3 and 5 with
model 4 indicates that increasing the beam
length-to-depth ratio will cause an increase in the
beam rotation capacity.

4. In models with deep beams, such as specimens 3
and 4, shear beam behavior becomes dominant.
In other words, RBS efficiency is decreased and
yielding zone is moved into the column area.
However, the examination of specimen 1, 2, and
5 indicates that the crack initiation started at the
center of the reduced beam, exactly in agreement
with the provisions of AISC Specifications.
Thus, further research on RBS connections with
deep beams seems to be required.
Table (11) shows the rotation of the WUF-W

connections modeled under cyclic loading. In
Figure (28), the modeled frame of specimen 4
under cyclic loading is shown. Also, the crack

Table 11. Rotation in WUF-W connections modeled under cyclic loading.

Table 12. Rotation of IBS connections modeled under cyclic loading.

initiation in the connection, at rotation of 0.03
radians, is indicated to start near the weld access
hole.

The study of the WUF-W specimens under
cyclic loading shows that the most vulnerable area
in this type of connections, from viewpoint of crack
initiation and propagation, is around the welding
access holes. Also, by reviewing the results of
Table (11), it is implied that (1) the access holes in
rolled I-beams perform better than those in built-up
I sections under seismic loading (comparing the
capacity of specimens 1 and 3 with 2 and 4), and (2)
with increasing the beam depth, the rotation capacity
of the connection decreases significantly (com-
parison of specimens 1 and 2 with 3 and 4).

Table (12) lists the rotation of the IBS connec-
tions modeled under cyclic loading. In Figure (29),
the modeled frame of specimen 1 under cyclic
loading is depicted. In addition, the crack initiation in
the IBS connection is indicated at rotation of 0.06
radians, at the beginning of the increased beam

Figure 28. The crack initiation location in the WUF-W connection
of specimen 4 at rotation of 0.03 radians.
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section.
The investigation of IBS connections under

cyclic loading shows that the rotation capacity of
IBS connections is similar to that of RBS. Also, by
examining the crack initiation in the IBS connections,
it is suggested that the area in the beginning of the
increased beam section is the most likely location
for crack initiation to start in this type of connections.
The results also reveal that with increasing the beam
depth, the rotation capacity of the connection is
reduced (comparison of specimen 1 with 2).

10. Comparison of the Capacity of Steel Welded
Connections under Extremely Low Cycle
Fatigue and Progressive Failure

The ultimate capacity of RBS connections under
extremely low cycle fatigue is in the range of 0.03 to
0.06 radians. Under monotonic load and progressive
failure, the capacity of this type of connection varies
from 0.15 to 0.17 radians. The results obtained in this
study are completely consistent with other research
on the RBS connection [35-38]. Failure in most of
the specimens occurs in the center of the reduced
area. In Figure (30), the rotation capacities of the
RBS specimens under monotonic and cyclic loadings
are plotted.

The ultimate capacities of the WUF-W connec-
tions, subjected to cyclic loading, are in the range of
0.033-0.055 radians. The capacity of this type of
connection under monotonic loading is estimated in
the range of 0.138 to 0.16 radians. The failure of
the specimens under cyclic and monotonic loading is
observed to occur in the region of weld access holes.

Figure 29. Crack initiation location in the IBS connection of speci-
men 1 at rotation of 0.06 radians.

Figure 30. Comparison of the capacity of RBS specimens
subjected to monotonic and cyclic loading.

Figure 31. Comparison of the capacity of WUF-W specimens
subjected to monotonic and cyclic loadings.

Figure (31) shows the plot of rotation capacities of
the WUF-W specimens under monotonic and cyclic
loadings.

The ultimate capacities in the IBS connections
subjected to cyclic loading are in the range of 0.04 to
0.06 radians. The capacity of this type of connection
under monotonic loading is estimated at 0.2 to 0.203
radians. The start of fracture in specimens under cyclic
and monotonic loadings is seen at the beginning of
the increased section in the beams. In Figure (32),
the rotation capacities of IBS specimens under
monotonic and cyclic loadings are compared.

The rotation capacities of RBS, WUF-W, and IBS
connections are compared in Figure (33). It is
observed that under monotonic loading, the IBS
connection capacity is significantly higher than
RBS, and WUF-W, with the latter having the least
rotation capacity. The capacity of IBS and RBS
connections under cyclic loading is approximately
equal and are both greater than WUF-W.
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Figure 32. Comparison of the capacity of IBS specimens sub-
jected to monotonic and cyclic loadings.

Figure 33. Comparison of the capacity of RBS, WUF-W, and IBS
specimens subjected to monotonic and cyclic loadings.

11. Conclusions

In this research, by using fracture mechanics
models, it was tried to determine the ultimate
capacity (prior to failure) of RBS, WUF-W and IBS
moment connections under cyclic loading, such as
earthquakes, and under monotonic loadings, such as
progressive failures. As a result, in cases where
laboratory testing is not practical or possible, the
ultimate capacity of the connections may be used to
predict the behavior of structures and by use of
ductile fracture theories and computer models
failure may be predicted. In this regard, the connec-
tions were modeled using ABAQUS software, and
the ductile fracture models under monotonic and
cyclic loadings were utilized for this investigation.

This research shows that the ultimate capacity
and fracture in structural welded connections may
be predicted with high accuracy.

The results obtained on the basis of the ductile

fracture models indicate that:
v The rotation capacity of the RBS, WUF-W, and

IBS moment connections under monotonic
loading is much higher than that under cyclic
loading, and good performance of the welded
connections under monotonic loading is observed.

v An average connection rotation of 0.2 radians was
obtained for the IBS connection under monotonic
loading in two modeled specimens. An average
connection rotation of 0.16 radians was obtained
for the RBS connection under monotonic loading
in the five tested specimens. An average connec-
tion rotation of 0.1479 radians was obtained for
the WUF-W connection under monotonic loading
in the four tested specimens.

v In the RBS connections modeled under monotonic
loading, cracking starts at the center of the
reduced area of the lower flange and propagates
to the web. In IBS connections modeled under
monotonic loading, cracking starts at the
beginning of the increased area of the lower
flange and propagates to the web. Crack initia-
tion in WUF-W connection under monotonic
loading occurs around the weld access hole.

v The connection rotation capacity of RBS, WUF-
W, and IBS connections, under monotonic
loading, decreases with increasing the beam depth.
In the investigated RBS connections, increasing
the thickness of the beam flanges in the allowable
range of AISC Regulations has no significant
effect in the rotation capacity of the connection
under monotonic loading.

v An average connection rotation of 0.044 radians
was obtained for the five tested RBS connections
under cyclic loading. An average connection
rotation of 0.05 radians was obtained for the two
tested IBS connections under cyclic loading. An
average connection rotation of 0.04 radians was
obtained for the four tested WUF-W connections
under cyclic loading.

v In the welded connections modeled under cyclic
loading, the connection rotation capacity decreases
with increasing beam depth. In the RBS connec-
tions modeled under cyclic loading, increasing
the thickness of the beam flanges within the
allowable limits of the AISC Specifications
produces an increase in the rotation capacity of
the connection.
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v Under monotonic loading, the rotation capacity of
IBS is significantly higher than RBS connection,
and last is WUF-W connection having the least
capacity of them all. Under cyclic loading, IBS
and RBS connection capacities are approximately
equal and are both larger than WUF-W connec-
tion capacity.
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