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In this study, the parameters of concave expanded flanges of beam-column connections of steel frames are optimized based on the
effects of different sizes of concave expanded flanges on the fracture performance. Firstly, two beam-column connection models
with concave expanded flanges are built and analyzed under cyclic loads, which have the same conditions as the specimens during
the previous test. Secondly, the validity of the numerical simulation models is verified through analyzing the hysteretic behaviors
of the connections with concave expanded flanges, such as the plastic hinge position, the hysteresis curves, the skeleton curves, the
stiffness degradation, the ductility coefficient, and the energy dissipation capacity. ,irdly, in order to comprehensively evaluate
the fracture status of metal materials, the relevant fracture evaluation index (the stress triaxiality ratio (Rσ), plastic equivalent
strain index (PI), and cracking index (RI)) are introduced. Afterwards, eighteen numerical simulation models with differences in
the length la of the reinforced section, the length lb of the transition section, and the width c of the reinforced section were
analyzed. Finally, the parameters of the concave expanded flanges of the beam-column connections are optimized based on the
results of the three fracture evaluation index.

1. Introduction

,e welded steel beam-column moment-resisting connec-
tions of steel frames caused widespread damage during the
Northridge earthquake in the United States in 1994 and the
Kobe earthquake in Japan in 1995, which shows that the
design of conventional beam-column connections welded in
steel frames has difficulty in meeting the requirements of the
standards [1, 2]. In the past design concept, the plastic hinge
can be ensured in the beam of the steel beam-column
connections based on the ductility of the material under a
strong earthquake. And the earthquake energy is dissipated
through the formation and rotational of the plastic zone in
order to guarantee the integrity of the structure. However,
the design idea of “strong column weak beam, strong joint
weak component” [3] was not realized in these two earth-
quakes. In order to avoid the brittle fracture of steel beam-

column connections, the most effective way is currently to
move the plastic hinge away from the beam end by rein-
forcing or reducing the beam section (RBS) [4].

As for beam-column connections with reduced beam
section, numerous studies on themechanical performance of
dog-bone connections have been carried out through test
and numerical simulation by Pachoumis et al. [5],
Pachoumis et al. [6], Swati and Gaurang [7], Oh et al. [8],
Wang et al. [9], Soliman et al. [10], Zhang et al. [11], and Nia
and Moradi [12]. ,e preselected reducing region on the
beam can quickly enter the plastic state in order to achieve
moving out plastic hinge. However, the studies on beam-
column connections with reinforced beam flanges are rel-
atively less (Lu et al. [13], Wang et al. [14], Yang and Chen
[15], Wang et al. [16], Tian et al. [17], and Ma et al. [18]),
which was adopted by the Chinese code [19]. In addition,
most of them were focused on the mechanical performance
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of the connections themselves without considering the ef-
fects of different sizes of reinforced beam flange on the
fracture properties of the connections.

In previous research work, the beam-column connec-
tions with concave expanded flanges have better mechanical
performance than that of the connections with convex ex-
panded flanges by analyzing the experimental hysteretic
behaviors of five full-scale steel beam-column connection
specimens (four had expanded beam flanges with different
arc shapes, lengths, and widths and the fifth was a control
specimen without expanded beam flange) under cyclic
loading. Based on the results, two numerical simulation
models of the beam-column connections with concave ex-
panded flanges are established and analyzed, wherein the
conditions are the same as those used in the test. Afterwards,
the validity of the numerical models is verified through
comparing the hysteretic behaviors obtained from the test
and numerical simulation. According to the fracture index,
the parameters of the concave expanded flange (the length of
the line (la), the length of the arc (lb), and the width (c)) of the
connections are optimized by analyzing the stress triaxiality
ratio (Rσ) [20], plastic equivalent strain index (PI) [21],and
cracking index (RI) [22].

2. Numerical Modeling

In previous research work [18, 23], the mechanical per-
formance of the beam-column connections with expanded
flanges of concave arc has more advantages than that of the
connections with expanded flanges of convex arc by ana-
lyzing the hysteretic behavior, so the beam-column con-
nections with expanded flanges of the concave arc are the
study object in this paper. Afterwards, the connections are
simulated in ABAQUS [24, 25], whose validity will be
verified by comparing with the hysteretic behaviors of the
test and numerical simulation, so wherein the conditions are
the same as those used in the test. Furthermore, the veri-
fication of these models lays a foundation for the later
fracture index analysis.

2.1. Design of the Connections with the Concave Expanded
Flanges. In order to verify the validity of the finite element
models of beam-column connections by comparing hys-
teretic behavior between the test and numerical simulation,
two connection specimens with a concave arc in the ex-
panded flanges (WF-1A, WF-1B) are designed, which have
different lengths of the reinforced section and the transition
section of the expanded flanges. And the dimensions of the
connections are the same as that in the test, the details of the
specimens are shown in Figure 1, and the model parameters
are shown in Table 1.

2.2.Material Properties. ,e constitutive relation diagram of
steel Q235B and weld E4315, which adopt threefold line
models, is shown in Figure 2. ,e material parameters of
steel and weld are obtained through material testing [17, 23]:
fy � 287.3N/mm2, εy � 0.14%, EQ235� 2.06×105N/mm, fu �

393.1N/mm2, εu � 11.7%, fst � 348.11N/mm2, εst � 18.47%,

and v � 0.3; fy � 330N/mm2, εy � 0.16%, EE4315� 2.05
× 105N/mm, fu � 420N/mm2, εu � 22%, and v � 0.3, re-
spectively. In the numerical simulation model, the geometric
nonlinearity, the material nonlinearity, and the Bauschinger
effect [24] are taken into consideration, but the effects of the
welding defects and welding residual stresses in the beam-
column connections are not considered because of a
shortage of test data.

2.3. Mesh and Boundary Conditions. According to the
characteristics of the beam-column connections with con-
cave expanded flanges, the eight-node hexahedral linear
reduction integral unit (C3D8R) is suitable for meshing
these two numerical simulation models of the connections
because of the advantages of computation time and dis-
tortion resistance [26]. Based on the sensitivity optimization
analysis [27], in the finite element models, the different
positions of the specimen should be meshed separately, the
mesh size of the upper part of the beam is 24, and the mesh
size of the expanded beam end and the weld is 12. ,e mesh
size of both ends of the column is 50, and themesh size of the
middle part of the column is 25; meanwhile, the mesh size of
the web stiffener of size is 25. Hereafter, the meshed beam-
column connection is shown in Figure 1(b). About boundary
conditions of the numerical simulation models, the dis-
placements in theX, Y, and Z directions are imposed on both
ends of the column, and the boundary conditions of the
model are shown in Figure 3. As for the loading section at the
end of the beam, the Y-displacement is imposed at the center
of the section, whose all nodes in this section are coupled in
the Y-direction.,e loading conditions are the same as those
used in the experiment.

3. Hysteretic Behavior

3.1. PlasticHingePosition. Figure 4 presents a comparison of
the deformation of two connection specimens with concave
expanded flanges between the test and numerical simulation
under 250mm. ,e plastic hinge position of the numerical
simulation models is basically consistent with that of the test
results.,e beam flange of the beamwith the 100mm-length
of the reinforced section, which is in the range of
100mm–350mm from the beam end, has a large plastic
buckling deformation, and the beam web also has a slight
buckling, but the buckling range of the numerical model is
less than that of the experimental results because of the
existence of stress concentration of weld. Furthermore, the
buckling range of the beam flange of the beam with the
200mm length of the reinforced section is 350–400mm
from the beam end, which indicates that increasing the
length of the expansion is beneficial for moving the plastic
hinge away from the beam end. Meanwhile, the buckling
range of the numerical model is also less than that of the
experimental results.

3.2. Hysteresis Curve. A comparison of the 2 hysteresis
curves of the connection specimens with concave ex-
panded flanges between the test and numerical simulation
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is shown in Figure 5. ,e shapes of the hysteresis curves
from the finite element calculation and the test are ba-
sically the same, which exhibit spindle shapes. And the
values in the FE results are slightly larger than those in the
test because of the existence of material defects and
manufacturing errors. Meanwhile, rheostriction is ob-
served in the middle of the test curves. ,e ultimate values
for the WF-1B are larger than those of the WF-1A, and the
energy dissipations are faster than those of the WF-1A,
which indicates that increasing the length of the expan-
sion is beneficial to improving the ultimate bearing

capacity of the connections with concave expanded
flanges, but it is not conducive to the overall energy
dissipation.

3.3. Skeleton Curve and Stiffness Degradation Curve.
From the skeleton curves of the connection specimens
with concave expanded flanges between the test and
numerical simulation, which is in Figure 6, in general,
the values of the finite element models are larger than
those of the test, which is consistent with the hysteretic

Table 1: Specimen parameters.

Specimens Expansion Length of line (la) (mm) Length of arc (lb) (mm) Width (c) (mm)
WF-1A Concave-arc 100 100 40
WF-1B Concave-arc 200 200 50

σ

σu

σst
σy

εy εu εst εO

(a)

σ

σu

σy

εy εu εO

E

Est

(b)

Figure 2: Material constitutive model. (a) Q235B steel. (b) E4315 weld.
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Figure 1: Details of specimens. (a) WF-1. (b) Finite element model.
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curves. Meanwhile, the deformation of the WF-1A is less
than that of the WF-1B. Furthermore, the skeleton curves
of each specimen before the yield are linear; it will be-
come nonlinear after the yield, and the curves decline
slowly after reaching the ultimate load. As for the ulti-
mate load, the experimental ultimate load of the WF-1A
is 312.86 kN and the numerical ultimate load of the WF-
1A is 335.45 kN. Meanwhile, the experimental ultimate
load of the WF-1B is 337.71 kN, and the numerical ul-
timate load of the WF-1B is 354.37 kN. From the above
data, the value of the WF-1 is obviously less than that of
the WF-2, which indicates that the increase of the length
of the expansion of the beam-column connection can
increase the bearing capacity of the connection. Mean-
while, the value of the numerical simulation is higher
than that of the test because the materials in the nu-
merical model are ideal.

,e 2 stiffness degradation curves from the test and
numerical simulation are shown in Figure 7. ,e trend of
the stiffness degradation coefficients β of each model is
basically similar, and the error of the stiffness degradation
coefficients β is small, which shows that the change of the
length of the expanded flange has little effect on the β
value.

3.4. Ductility Coefficient and Energy Dissipation Coefficient.
,e ductility coefficient μ and energy dissipation coefficient Eh
for the 2 models with concave expanded flanges are shown in
Table 2. In terms of μ, the ductility coefficients of the WF-1A
are higher than those of the WF-1B, which indicates that the
ductility decreases with the increase of the length of the ex-
pansion of the connection. Meanwhile, the energy dissipation
coefficients Eh of the WF-1A are also higher than those of the
WF-1B, which shows that the energy dissipation slightly de-
creases with the increase of the length of the expansion.

From the above analysis about hysteretic behavior of the
test and numerical simulation, the method of establishing
the numerical models is reasonable because the trend of the
numerical simulation is basically the same as that of the test,
and the error between the two results can be accepted, so the
method can be used to optimize the parameters of the ex-
pansion next. Meanwhile, the optimal range of the expan-
sion can be obtained by comparing the fracture performance
because the weld plays an important role in the mechanical
performance of the beam-column connections.

3.5. Optimization of the Connections with Concave Expanded
Flanges. If the beam-column connections with concave
expanded flanges are to avoid fracture resistance under
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Figure 4: Position of plastic hinge. (a) WF-1A and (b) WF-1B.
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Figure 3: Boundary conditions of the finite element model.
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earthquake loads, it is also necessary to study brittle
fractures of the connections. In order to evaluate the effect
of different parameters of the expansion on the fracture
performance, three groups of numerical simulation
models (WF-A, WF-B, and WF-C) are established in
ABAQUS, which are different in the length la of the
reinforced section, the length lb of the transition section,
and the width c of the reinforced section.,e basic criteria
for the optimal design can be found in [28]. Path 1 for the
weld is chosen, as shown in Figure 8.

In damage mechanics, the relevant fracture evaluation
indexes are introduced to comprehensively evaluate the
fracture status of metal materials [29]. Ghobadi et al. [30]
adopted the stress triaxiality ratio (Rσ), equivalent plastic
strain index (PI), and cracking index (RI) to predict the
possibility of material cracking. ,is method does not need
to set the cracking point in advance on the base material
and can be obtained directly through finite element analysis
without tedious calculations. ,e following three evalua-
tion indicators are described in detail.

3.6. Fracture Evaluation Indexes

3.6.1. Stress Triaxiality Ratio Rσ. ,e macroscopic fracture
failure of materials is mainly determined by the combination
of stress states at each point and in each direction. Zhu [31]
from Xi’an University of Technology confirmed that the
stress triaxiality ratio can effectively describe the relationship
between the triaxial tension and plastic deformation at a
point, and the value of this parameter is equal to the ratio
between the hydrostatic pressure and equivalent pressure.
,e specific calculation is as follows:

Rσ �
σm

σe

,

σm �
σ1 + σ2 + σ3( 

3
,

σe �
1
�
2

√

�����������������������������

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ1 − σ3( 
2



,

(1)

where m
σ is the hydrostatic pressure and e

ε is the equivalent
stress.

,e stress triaxiality ratio has an important influence on
the shape of the holes in microcosmic materials and de-
termines the generation and development of cracks. ,e
larger the Rσ value is, the larger the volumetric deformation
is, the greater the stress concentration is, the more elastic
strain energy released is, and the easier cracking occurs. ,e
literature [32] notes that, under these conditions, the pos-
sibility of brittle cracking of the material increases signifi-
cantly, and the material is basically in the state of brittle
fracture. ,e negative value represents a compressive stress
field, where ductile cracking tends to occur.

3.6.2. Equivalent Plastic Strain Index PI. ,ematerial on the
surface of the plastic development directly determines the
internal development state of microcracks, and the equiv-
alent plastic strain index and the crack development status
are positively correlated. EI-Tawil [33] proposed the
equivalent plastic strain index, which is equal to the ratio
between the equivalent plastic strain and the yield strain, as
shown in the following equations:
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Figure 5: Hysteretic curves. (a) WF-1A. (b) WF-1B.
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, (3)

where y
ε is the yield strain at the calculation point, εpleq is the

equivalent plastic strain, and εpl1 , ε
pl
2 , and εpl3 shape the main

strain at the current point.
,e PI value can directly reflect the ductility and fracture

tendency of the material. ,e larger the PI value, the greater
the plastic deformation at the point, and the greater the
possibility of ductile cracking of the material.

3.6.3. Cracking Index RI. When the stress triaxiality ratio
at a certain point is high, the microcracks at that point
will develop rapidly and accumulate until forming
macroscopic cracks. ,e process from microcrack ac-
cumulation to local crack generation is the ductile
cracking process of the metal material. Hancock and
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Figure 6: Skeleton curves. (a) WF-1A. (b) WF-1B.
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Table 2: Ductility coefficient μ and energy dissipation coefficient
Eh.

Parameter Test/FE WF-1A WF-1B

μ Test 3.46 3.22
FE 4.87 3.50

Eh
Test 3.10 2.82
FE 3.26 2.95
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Figure 8: Path 1.
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Mackenzie [34] proposed using the stress triaxiality ratio
Rσ and the equivalent plastic strain index PI to define the
cracking index RI when studying the brittle fracture of
metal materials. ,e cracking index is equal to the ratio
between the average stress and the equivalent stress. ,e
calculation formula is as follows:

RI �
εpleq/εy

e
− 1.5σm( )/σe

� PI · e
1.5Rσ . (4)

,e cracking index can accurately describe the risk index
of fracture at a certain point. ,e higher the RI value, the
greater the possibility of cracking, and the larger the joint
damage.

3.6.4. Finite Element Analysis Model. Based on the results of
the above test and numerical simulation, the parameters of
the expansion of the WF are consistent with those of the
above numerical models. In order to investigate the effect of
different sizes of concave expanded flanges on the fracture
performance of the connections, the range of the parameters
of the expansion of WF is selected: the length of the rein-
forced section la � (0.50–1.00) bf, the length of the transition
section lb � (0.25–0.50) hb, the width of the reinforced sec-
tion c� (0.125–0.25) bf, where hb is the height of the section
of the beam and bf is the width of the beam. ,e numerical
models are divided into three group models (WF-A, WF-B,
andWF-C) in accordance with the three indexes of la, lb, and
c. Every index of the expansion of each group of models had
six different parameters, which are shown in Table 3.

3.6.5. Influence of la. In order to study the effect of la on the
fracture behavior of beam-column connections with con-
cave expanded flanges, six numerical simulation models of
WF-A are designed and analyzed, whose elastic-plastic

fracture indexes derived from ABAQUS are shown in
Figure 9.

All Rσ curves of WF-A have an “M” fluctuation along the
length of the weld, the trend is stable, and the values are
between 0.6 and 1.0. PI and RI both show a “W” fluctuation
along the length of the weld, which means that there is a
greater possibility of cracking at both ends of the weld than
in themiddle of the weld. RI slightly decreases as la increases;
RI is the highest in WF-A1. Considering the economic
factors, such asmaterial consumption, it is suggested that the
length of the line (la) should be 0.60–0.80 times the width of
the beam.

3.6.6. Influence of lb. Similar to the analysis of la, 6 numerical
simulation models are analyzed for the influence of the
length lb of the transition section. ,e results of Rσ, PI, and
RI are shown in Figure 10.

All Rσ curves of WF-B have an “M” fluctuation along the
length of the weld, during which there is a slight decrease
of± 80mm. Compared to WF-A, the values are increased by
0.6–1.2. ,e overall trends in Figures 10(b) and 10(c) show
that PI and RI are similar. As lb increases, RI decreases first
and then increases. ,e minimum value of RI is found in
WF-B3, which indicates that lb is too large to reduce the
possibility of deformation and brittle fracture of the weld.
,erefore, it is suggested that the length of the arc (lb) should
be 0.30–0.35 times the height of the beam.

3.6.7. Influence of c. Similar to the analysis of la and lb, 6
numerical models are analyzed for the analysis of c, whose
parameters vary for WF-C. Rσ, PI, and RI are presented in
Figure 11.

Figure 11(a) shows that the Rσ curves of WF-C have an
“M” fluctuation along the length of the weld. Compared
with WF-A and WF-B, the difference between the WF-C

Table 3: Size of WF-A.

Specimens la (mm) la/bf lb (mm) lb/hf c (mm) c/bf

WF-A

WF-A1 100 0.50 100 0.25 50 0.25
WF-A2 120 0.60 100 0.25 50 0.25
WF-A3 140 0.70 100 0.25 50 0.25
WF-A4 160 0.80 100 0.25 50 0.25
WF-A5 180 0.90 100 0.25 50 0.25
WF-A6 200 1.00 100 0.25 50 0.25

WF-B

WF-B1 100 0.50 100 0.25 50 0.25
WF-B2 100 0.50 120 0.30 50 0.25
WF-B3 100 0.50 140 0.35 50 0.25
WF-B4 100 0.50 160 0.40 50 0.25
WF-B5 100 0.50 180 0.45 50 0.25
WF-B6 100 0.50 200 0.50 50 0.25

WF-C

WF-C1 100 0.50 100 0.25 25 0.125
WF-C2 100 0.50 100 0.25 30 0.15
WF-C3 100 0.50 100 0.25 35 0.175
WF-C4 100 0.50 100 0.25 40 0.20
WF-C5 100 0.50 100 0.25 45 0.225
WF-C6 100 0.50 100 0.25 50 0.25
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Figure 9: WF-A. (a) Triaxiality ratio. (b) Equivalent plastic strain index. (c) Cracking index.
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Figure 11: WF-C. (a) Triaxiality ratio. (b) Equivalent plastic strain index. (c) Cracking index.
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connections is larger, and the values gradually decrease
with increasing c. PI and RI both show a “W” shape along
the length of the weld but tend to flatten when c reaches
40mm. As c increases, RI exhibits a significant downward
trend in the early stage, and the RI values of WF-C5 and
WF-C6 are nearly the same. Considering the economic
factors, such as material consumption, it is suggested that
the width (c) should be 0.20–0.25 times the width of the
beam.

4. Conclusions

According to the comparison of the experimental results and
the finite element analysis, the following conclusions are
drawn:

(1) ,e different lengths of the expansion of the beam-
column connections can effectively move the plastic
hinge away from the beam end. ,e larger the length
and width of the expansion are, the higher the ul-
timate bearing capacity of the steel structure; how-
ever, the ductility of the material cannot be fully
developed. When the length and width of the ex-
pansion are smaller, the energy dissipation capacity
is stronger.

(2) According to the direction of the stress triaxiality
ratio (Rσ), plastic equivalent strain index (PI) and
cracking index (RI) corresponding to la, lb, and c of
the connections with concave arcs, it can be con-
cluded that the ends of the weld are more likely to
crack than the middle of the weld. Compared with
WF-A andWF-B,WF-C has a larger difference in the
index values. ,e width of the connections with the
concave arcs has the greatest impact on the occur-
rence of brittle fracture.

(3) From the comprehensive analysis of the stress
triaxiality ratio (Rσ), plastic equivalent strain
index (PI), and cracking index (RI), the optimal
range of parameters for the expansion of the
connections with concave arcs is given as follows:
la � (0.6–0.8) bf; lb � (0.30–0.35) hb, and
c � (0.20–0.25) bf.
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