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The Drilled Flange connection is a reduced cross-section beam connection
that has been suggested by creating holes in the beam flange instead of a
flange cut. In these connections, for quantifying the damage of a component,
the damage index can be used as a factor for parametric comparison of
results from software modeling. This index includes pressure index, von
Mises index, Equivalent Plastic Strain, triaxial strain, and rupture. In this
article, the Mises and Equivalent Plastic Strain damage indices have been
used in order to quantify the seismic behavior of the DF connection. To better
explain the concept of these indices, it can be said whenever the von Mises
stress is higher than the yield stress, failure will occur and the equivalent
plastic strain will be greater than zero in the area that has been plasticized.
According to these concepts, in the twenty four DF connections that have
been modeled in ABAQUS software based on proposed patterns and
parameters in FEMA, numerical analysis of damage to these connections
considering the effect of hole distance from the edge of the beam flange
was investigated, and the optimized model for transferring the maximum
stress and plastic strain from the edge of the column has been determined.
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1. Introduction

The extensive damages and failures in welded
unreinforced flange (WUF) connections in steel
moment resisting frames (MRF) during the
Northridge (1994) and Kobe (1995) earthquakes
highlighted the weakness of the seismic perform-
ance of these connections. Even though special
steel moment resisting frames were mainly used in
seismic areas in the United States before the 1994
earthquake in Northridge, after that the general
approach to the connection of these frames has
changed. Various studies were conducted to find the
best method for  improving the seismic behavior of
steel connections. After the Northridge earthquake,
two general concepts were proposed to achieve
high deformation and reliable performance of
these connections:
- Increasing the strength of connections by using

stiffeners and properly welding to prevent the
connection failure.

- Weakening of the beam section at a distance
away from the column means that a plastic
hinge without any failure in the column is
formed in the reduced section.
Increasing the strength of connections was

developed by using stiffener plates, continuity
plates, etc. Reduced beam section connections
were also considered as promising options for
weakening connections in steel moment frames.
One of the methods for weakening the beam
section and removing the stresses and plastic strains
from the edge of the column as well as the beam to
column connections are drilling holes on the beam
flanges. Drilled flange connections are made by
drilling a series of holes on the top and the bottom
of the beam flange to create a weak region for
transferring non-linear deformations, A.I.O.S.

Construction (2010) (Figure 1).
The drilled flange connections were proposed

in 1996 for the first time by Popov et al. in order to
eliminate the effect of heat due to flame cut of the
beam section, reduce production costs in com-
parison with RBS connections that were made with
radius cut, and improve the existing buildings. In a
report presented by Anderson and Duan (1998)
and Anderson (1997), a connection with reduced
section by using holes on the beam flange was
examined that did not reach a suitable rotation for
applying in special moment resisting frames with
considering a fuse in beam and a strong panel
zone, fragility in the connection happened again
from the welding area. Farrokhi et al. (2009)
proposed a connection with a reduced section to
move the stress concentration from the beam to the
column connection area. His study showed that
the DF connections can improve the WUF and RBS
ductility capacity. Asgaran et al. (2024) investigated
the seismic behavior of drilled flange connection in
a similar study. They modeled several patterns of
beam-column connection and showed that when
the distance of the hole from the top flange of the
beam increases, the values of stress and plastic strain
decrease. In another study by Atashzaban et al.
(2015), to show the optimum efficiency of DF
connections, compared their maximum equivalent
plastic strain, triaxial stress ratio, and rupture
index with DF connections with WUF and RBS
connections.

The results of this comparison showed that
DF connections can be a suitable replacement for
WUF and RBS connections in seismic areas,
due to their favorable performance compared to
RBS connections.

In this study, the seismic behavior of connection

Figure 1. Types of RBS connections.
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with changing the distance of holes from the edge of
the flange by making four statues that are created
by changing the distance from the edge of the
column and changing the length of the reduced
area has been investigated. In each state, six models
created in ABAQUS software based on proposed
patterns and parameters in FEMA. With parametric
comparison on maximum stresses and equivalent
plastic strains, we will find an optimum arrangement
for connection. For this purpose, we use the Mises
and equivalent plastic strain damage indices in
order to parametric comparison on the results of
analysis of the models.

2. Mises and Equivalent Plastic Strain Damage
Indices

According to plasticity theory, when the section
of an element becomes completely plastic due to the
bending moment, any attempt to increase the
moment could create a plastic hinge in the section.
In this plastic hinge, large rotations can occur in
steel moment resisting frames without any sig-
nificant change. In severe motion of earth, plastic
hinges are intended to form at the end of the beam
in steel moment resisting frames. In fact, the
plastic hinges are formed away from the edge of
the column when the connection is reinforced. In
such cases, stress in the connection is reduced.
Subsequently, when the stresses are removed from
the beam to column connections, large rotations
happen in plastic hinges. The reduced sections
allow the strength of connection to exceed the
strength of the beam without the need of
reinforcing them. As stresses move away from
the beam to column connection, yielding occurs
in the reduced section and brittle failure potential in
connection is decreased.

In order to the parametric comparison between
the obtaining results from models analysis, damage
indices are used. Damage indices include pressure
index (PI), Mises index (MI), equivalent plastic strain
index (PEEQI), triaxial strain index (TI) and rupture
index (RI) that have been proposed by El-Tawil et al.
(1998). The mentioned indices are obtained from
Equations (1) to (5).

n

y

PI σ
=

σ                                                              (1)

v

y

MI σ
=

σ                                                          (2)

y

PEEQPEEQI =
ε                                                  (3)

m

v

TI σ
=

σ                                                                (4)

exp( 1.5 )m

y

PEEQRI =
σ

−
σ

                                            (5)

where mσ  and yσ , are hydrostatic and yielding
stresses, PEEQ is equivalent plastic strain, yε  and

vσ , are yielding strain and Mises stresses.
In this research, in order to quantify the seismic

behavior of DF connection, two damage indices of
Mises and equivalent plastic strain are used.

2.1. Mises Damage Index (MI)

In relation to von Mises stress definition, it can
be said that failure happenes when the obtained
von Mises stress is larger than yielding stress
(Figure 2).

2.2. Equivalent Plastic Strain Damage Index
(PEEQ)

Equivalent plastic strain (PEEQ) is a scalar
parameter that is introduced as one of the damage
indices. This parameter is used for distinguishing
the structure's plasticity. In an area that has been
plasticized, the quantity of PEEQ is larger than
zero. The difference between this parameter and
plastic strain (PE) is that the plastic strain is a
symmetric tensor with six independent components.
There are three normal strain components and

Figure 2. Von Mises and Tresca yielding criteria in two-
dimensional modal.
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three shear strain components, unlike the equivalent
plastic strain that is a numerical parameter.

3. Model Validation

In order to ensure the results obtained from
finite element analysis in ABAQUS, verification
should be done by using existing information
from experimental activities. For this purpose, in this
article, the experimental study of Vetr et al. (2012)
that has been used in relation to DF connections and
the results obtained from the experimental and
numerical study have been evaluated and compared.

In this test, a reduced beam section to column
connection that has a double plate in 8 mm thickness
in the panel zone was applied. The H220 section is
used for the column, and the IPE270 is used for the
beam. In order to reduce the beam section, three
couples of holes with diameter in 19, 25 and 30 mm
were drilled in each top and bottom beam flange.
The setup detail of the experimental model is
shown in Figure (3).

The material of the beam is ST37 and for the
column's material, steel SM400 was applied. In
order to apply stress and strain specifications, the
Japanese Industrial Standard (JIS) that is about hot
rolled steel, has been used for steel type SM400
(Japanese Industrial Standard, 1995). The specifica-
tions of materials are shown in Table (1).

The loading record has been chosen from the pro-
posed standard pattern by ATC24 code and applied
according to Table (2) (ATC, 1992).

The result of the test done by Vetr et al. (2012)
showed that in 17.5 mm displacement, the plastic
hinge was completely formed in reduced beam

flanges area, and in 30 to 35 mm displacement, the
plastic hinge is transferred to the beam web. It was
also shown that in 40 mm displacement, deformation
occurs in the beam, and in 45 mm displacement, the
plastic hinge is fully extended to the beam web.

In Figure (4), the formation of plastic hinges in
the flange and web of the beam can be identified

Figure 3. Specified details for reduced section.

Table 1. The specifications of materials.

Table 2. Connection loading record.
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Figure 4. Formation of plastic hinges in experimental and numerical samples.

in both experimental and numerical samples.
In order to compare the result of experimental

and numerical samples, the seismic response push
curves of models were shown in Figure (5). The
hysteresis curves of steel connection is obtained
by connecting the maximum points of lateral
resistances to each other.

Figure 5. The seismic response push curves of numerical
and experimental models.

Figure 6. Proposed connection details for reduced area.

4. Introducing the Models

The specified details for reduced area in this
article are considered based on FEMA-350 code
(Federal Emergency Management Agency, 2000b)
and Figure (6).

Equations (6) and (7) have been used to
determine the values of a and b. Parameter a is
the distance of column edge and b is the length of
reduced area.

(0.5 to 0.75) fa   b=                                             (6)

(0.65 to 0.85) bb   d=                                            (7)

Four states are considered for a and b values,
according to the maximum and minimum of a and
b. In The first state a = 100 mm and b = 220 mm, the
second state a = 70 mm and b = 180 mm, the third
state a = 70 mm and b = 220 mm and the last one
a = 100 mm and b = 180 mm. Six models were
created for each state. In the first model of each
state, the distance between the center of each
hole from the flange edge is 17.5 mm and in the
other following state is 22.5 mm, 27.5 mm, 32.5 mm,
37.5 mm and 42.5 mm, respectively. The number
of considered holes on each flange are 10 and the
diameter of all holes are 25 mm. The geometry of
the model is the same as the model in the validation
article, a cantilever beam to column connection
with the same specifications of beam and column
and using the same codes. Yielding and ultimate
stresses for the beam are 241 and 515 MPa and for
the columns are 290 and 590 MPa, respectively.
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Also, for modeling ABAQUS CAE ver. 6.14 has
been used. Modeling has been done as a solid in
3D space. The type of chosen element is C3D8R
(eight-node brick element with reduced integra-
tion). The loading was applied with reciprocating
motion on the top flange and at a distance of 1 m
from column edge. As previously mentioned the
loading record has been chosen from the proposed
standard pattern by ATC24 code, as shown in
Figure (7). All specimens have loaded to 0.05
radians. According to AISC regulations, American
Institute of Steel Construction, Inc. (AISC, 2002;
2010) loading up to 0.04 radians is sufficient.

5. Parametric Comparison of Mises and PEEQ
Indices for Models

According to the mentioned model in each
state, six models have been studied. For the first
state of samples to the last one, S1~S6, S7~S12,
S13~S18, S19~S24 have been modeled res-

Figure 7. Loading Protocols.

pectively. To control the Mises damage index,
models have been studied based on the maximum
stress at distance 0 to 50 mm from column edge. For
all the four mentioned states, the maximum
stress from the edge column has been shown in
Table (3).

As it can be seen in the models of all states,
the maximum stress value on the column edge is
reduced with the distance of hole from the flange
beam, so the lowest stress has happened in the
last model of each state. Among the last model of
the four states, the maximum stress of the S12
model has a value lower than the yield stress, which
is 241 MPa and this issue shows that no failure
has occurred on the column edge based on Mise's
damage index. Therefore, it can be concluded that
the optimum model in order to move the maximum
stresses from the column edge is the S12 model
among S6, S12, S18 and S24 models. In Figure (8),
the von Mises stress distribution contour of
models S6, S12, S18 and S24 has been shown.

In order to control the equivalent plastic strain,
the plastic strain values on the column edge shown
in Table (4), was calculated from the ABAQUS
software data in the four proposed states. In all
models, except S14 and S15 from the third state,
the equivalent plastic strain on the column edge has
been reduced, which shows the plastic strain
transfers to another part of the beam that is called
the reduced area. The plastic strain in the column
edge has decreased the most in the second state
among the other states. As can be seen in Table (4),

Table 3. The maximum stress at distance 0 to 50 mm from the column edge.
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Figure 8. Von Mises stress distribution contour of models S6, S12, S18 and S24.

Table 4. The equivalent plastic strain on the column edge for the first state to forth state.

the value of PEEQ has reached from 0.7 in model
S7  to 0.48 in model S12, which shows that the
second state models have performed better in
transferring the equivalent plastic strain.

The equivalent plastic strain distribution contour
of models S6, S12, S18 and S24 has been shown in
Figure (9).

As can be seen in Table (5), the reduction
percentage of equivalent plastic strain was obtained
for the first model of each state to the last one. In
Figure (10), the equivalent plastic strain diagrams
have been drawn for optimum models of each state.

6. Examining the Obtained Result by Using the
Basic Relations

In order to achieve a simultaneous plastic hinge,
the reduce section in the beam flange must reach a
specific percentage of the plastic moment of the beam.
This can be obtained using Equation (8).

31 2

1 2 3

... i

i

M MM M
Z Z Z Z

= = = =                                 (8)

In Equation (8), Mi is a reduced moment
for designing holes in the considered section for
creating fuse in the beam that is obtained through
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Figure 9. Von Mises stress distribution contour of models S6, S12, S18 and S24.

Table 5. The reduced percentage of equivalent plastic strain on the column edge.

Figure 10. Equivalent plastic strain from the column edge for models S6, S12, S18 and S24.
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Equations (9) and (10), Figure (11). Zi is the basis
of the beam's plastic cross-section in the reduced
region, which is obtained through Equation (11).

2

2

i
i pr

L L
M M L

 −
 = α
 
 

                                         (9)

pr pr y b yM C R Z F=                                               (10)

2 ( )i b i f b fZ Z D b d b= − −                                      (11)

In Equation (9), α is the coefficient of transfer
for the plastic hinge with a recommended value of
0.85 to 0.9. Considering the applied momentum in
the non-reduced section in the face of the column
(Equation 10), and the basis of the beam's section
in the reduced region, and the slope of the seismic
moment applied to the beam, the holes can be
designed based on Equation (12).

21
2

2 ( )

i
b

i
f b f

L L
Z L

D
b d b

  −
  − α
  

  =
−

                                     (12)

Figure 11. Reduced section profile seismic moment.

In the above equations, L is the beam's span
length, and Li is the considered section's distance
for drilling and reduced section from the column's
face, Di is the hole diameter in the considered
location for reduced section, and db is the beam
height, while bf is the beam flange width (Vetr et al.,
2012).

In this study, the above parameters can be seen
in Table (6).

By checking the values in the table, it can be
seen that Equation (8) has been established with a
good approximation in most cases.

7. Conclusion

- By increasing the hole distance from the edge of
the flange, the values of maximum stresses and
plastic strains, which have been studied in Mises
and equivalent strain damage indices, have been
reduced and transferred to the area that was
intentionally created for forming the plastic hinge.

- Given that the amount of yield stress at zero
plastic strain is 241 Mpa, yielding of the beam
will occur when the stress exceeds this value. As
can be seen in Table (3), the maximum stress at a
distance of 0 to 50 mm from the column edge of
all samples except S12 exceeds 241 Mpa,
which states that in all the mentioned samples,
the beam yielding has occured on the edge of
the column.  Also, considering that the maximum
ultimate stress is 515 Mpa, if the maximum stress
exceeds this value, failure will occur. None of
the samples have such conditions and failure
does not occur in them. The yield and ultimate
stress values for the beam are shown in Table (1).

Table 6. The equivalent plastic strain on the column edge for the first state to forth state.
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- The reduction percentage of equivalent plastic
strain on the column edge for the first model
compared to the last one in the second state has
the maximum value among other states, which
shows the optimum model for transferring
equivalent plastic strain for model S12.

- Model S12 from the second state (a = 70 mm
and b = 180 mm) has the best performance in
transferring the maximum stresses from the
column edge.
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