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A B S T R A C T

The capability of reduced beam sections (RBS) to improve the seismic behavior of rigid connec-
tions leads to their notable application in steel moment-resisting frames. However, they may en-
counter shortcomings such as local buckling and lateral-torsional buckling. To resolve such prob-
lems, the idea of utilizing perforated beam flanges instead of cut-out flanges as reduced beam sec-
tions was presented. These type of connections can reduce the potential for local and lateral-
torsional buckling of conventional RBS connections and improve their seismic performance.
Achieving such advantages requires special care to geometrical specifications and drilling pat-
terns (DPs). Appropriate arrangement of holes reduces the stress concentration around the beam
flange-to-column Complete Joint Penetration (CJP) groove weld and, consequently, prevents the
groove weld and inter-hole area from tearing and fracturing in early cycles of loading. The pre-
sent study investigated the hysteretic performance of the drilled flange connections (DFCs) of
various drilling arrangements through an experimental program.

It should be noted that the box-shaped columns were considered in this study to target the 3D
moment resisting frames (MRFs) that all their axes participate in the lateral force-resisting sys-
tem. The most appropriate drilling patterns were selected using remarkable numbers of numeri-
cal analyses. Four laboratory specimens with different drilling arrangements of top and bottom
flanges were fabricated based on preliminary numerical analyses. The laboratory specimens were
subjected to cyclic loading. To evaluate the specimens' seismic performance, moment-rotation
hysteresis curves were compared, and the stress distribution at the connection CJP groove welds.
The results of the experimental tests revealed that those DFCs with combined DP with notches
and holes (DFC1), radial DP (DFC2), semi radial DP with notches (DFC3), and semi radial DP
(DFC4) could increase the rotational capacity of the DFCs up to 50% of the required rotation of
the special moment-resisting connections. Moreover, semi radial DP (DFC4) may increase the
connection's rotational capacity up to 75% of the special moment-resisting connections. Also,
Based on the analytical results, conventional RBS connections may increase the 0.04 radians,
needed rotational capacity up to 37.5% for a pre-qualified moment-resisting connection. It was
also shown that no lateral-torsional buckling and smaller degradation in stiffness and strength
took place in plastic hinge zones at the relative deformation of 0.04 radians. The plastic strain at
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the center of the CJP groove weld line in the beam longitudinal direction was more significant
than those corners of the groove weld line in the same direction. In all specimens, the minimum
plastic strain of the CJP groove weld took place in central parts of the weld in the transverse di-
rection. In DFC1, DFC2, DFC3, and DFC4 specimens, the contribution of panel zone rotation in
the overall plastic rotation of the connection is negligible.

1. Introduction
Welded unreinforced flange (WUF) connections in moment-resisting steel frames' connections suffered a considerable failure dur-

ing the Northridge earthquake of 1994 in the USA. Such improper performances were attributed to groove welds' inappropriate be-
havior by several researchers [1–3]. Following the Northridge event, widespread researches were performed to recognize and resolve
the problems associated with rigid connections in moment-resisting frames. Some of these researches were presented in SAC reports
[4,5]. Those researches were aimed to investigate the reasons for the failure of rigid connections, their failure modes, and the location
of damaged zones [6]. Whittaker et al. [7] conducted experimental studies on pre-Northridge connections. They showed that the av-
erage plastic rotation of beams in those connections was less than 0.005 radians. After determining the weaknesses of pre-Northridge
connections, several studies were conducted to improve their seismic behavior. Getting the inelastic regions away from the critical
parts of the connection was one of the proposed techniques. Such a technique led to proposing RBS connections. Kulkarni and Ves-
mawalab [8] compared the behavior of WUF and RBS beam-to-column connections using numerical analysis and experimental tech-
niques. They revealed that the groove weld fracture in the beam bottom flange-to-column junction leads to the improper behavior of
the WUF connection. They also showed that the plastic rotation of the beam in the WUF connection was about 0.02 radians. Engel-
hardt et al. [9–11] demonstrated that the idea of utilizing RBS connections is a reliable solution for preventing the connection from
brittle failure on beam-to-column groove weld. They studied the cyclic behavior of welded flange connections with bolted angles.
Their studies on eight full-scale specimens revealed that the connections fractured near the connection groove welds. They also
showed that reducing the beam strength at a certain distance from the beam-to-column junction leads to transferring the plastic hinge
to the weakened zone. Uang et al. [12] conducted experiments on steel RBS connections with welded haunch. They studied six full-
scale specimens and showed that fracture happened at the bottom flange's groove weld. They also showed that the plastic rotation of
the connections was less than 0.01 radians. Chen and Chao [13] tested four RBS connections with reinforced concrete (RC) slabs.
They examined the effect of composite beam-slab behavior on the performance of the RBS connection. Their studies revealed that the
plastic strains distributed in bottom flanges were greater than those in the upper ones. They also demonstrated that the RC slab could
increase the RBS connection plastic deformation to 0.045 radians. Jones et al. [14] performed tests on eight full-scale RBS connection
specimens with composite slabs. In seven specimens, their inter-story drift angle reached 0.04 radians before exceeding the strength
degradation of 80%. They revealed that RBS connections increase energy dissipation without a reduction in connection strength.
Roeder [15] demonstrated that since these connections can reach peak plastic rotation of 0.02 radians, they are not suitable from the
seismic performance point of view. It should be noted that his conclusions were based on direct cuts on RBS connections. Lee et al.
[16] tested eight full-scale RBS connections with bolted and welded shear tabs. They utilized medium-to high-strength panel zones.
Based on their studies' results, welded specimens showed the appropriate plastic rotation of 0.04 radians while the bolted ones suf-
fered from brittle failures. In the later specimens, the minimum inter-story drift angle of 0.01 radians was observed in connection
panel zones. Chou and Wu [17] proposed a new RBS configuration using reduced flange plates. They fabricated their test specimens
based on the results of numerical studies. The results of their numerical and experimental studies can tolerate the plastic rotation of
0.04 radians without considerable strength degradation. The proposed RBS connection was suffered from fracture and local buckling
of beam flange. The analytical and experimental studies of Pachoumis et al. [18] on RBS connections emphasized the need for reeval-
uating the required geometrical specifications of RBS connections. Iannone et al. [19] evaluated the endplate RBS connections and
showed that the tested connection could tolerate the plastic rotation of 0.06 radians. Moslehi Tabar and Deylami [20,21] investigated
the effect of RBS connections on the column panel zone's ductility and showed the appropriate hysteretic behavior of high-strength
panel zones. Their numerical analysis revealed that excessive shear deformation of panel zone and brittle fracture might occur in the
connections associated with weak panel zones. They demonstrated that improvement in the seismic behavior of RBS connections is
related to the web local buckling and presented new details for postponing the web local buckling. Their proposed connection made
about 40% enhancement in the plastic rotation capacity of RBS connections. Kim et al. [22] investigated the seismic behavior of
sloped RBS connections with radius cuts. Their experiments showed that the top beam flange-to-column junction's groove weld expe-
rienced brittle failure in the plastic rotation of 0.04 radians.

Yang and Popov [23] proposed drilling circular holes in the beam flange to reduce the beam section. They evaluated the different
drilling configurations by performing laboratory tests on eight specimens. Based on their study results, perforated beam flanges can
prevent the beam from local and lateral-torsional buckling. Still, the stress concentration around holes may cause a premature rup-
ture in such areas. It should be noted, the strain reduction due to perforation was restricted between 2% and 8% of the stiffness of the
unperforated section. The results of their studies showed that the plastic rotation capacity of perforated connections was 0.048 radi-
ans. Thus, they can meet the required specifications of special steel moment-resisting frames. Farrokhi et al. [24] tested rigid connec-
tions with drilled cover plates. They used 30 analytical models as well as three experimental specimens. They considered I shaped
built-up columns in analytical models. The section reduction was made by drilling a single row of holes in the flange axis's orthogonal
direction. The circular hole diameters were considered to be within the ranges of 6 mm–30 mm and 8 mm–36 mm for top and bottom
cover plates. The hole diameters and their spacing were restricted to 0.8 and 1.25 of the cover plate thickness. The experiments
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showed that the drilled cover plate prevents the connection from the beam flange-to-column groove weld's failure. The rotational
ductility capacity of such connections was calculated to equal eight. Vetr et al. [25,26] conducted laboratory tests to evaluate the seis-
mic performance of two DFC specimens. The beam flanges were directly welded to columns. Two parallel rows of holes with incre-
mental diameters were drilled on beam flanges. The specimens were subjected to cyclic loads. The I-shaped sections were used for
columns in both specimens. One of the specimens had a weak panel zone, and the other had a strong one. The test results showed that
the rotational capacity of the tested DFCs was 0.05 radians. Local buckling and the fracture of the flange were observed in the inter-
hole area. It should be noted that the panel zones were rotated about 0.0057 radians without any failure at the column face. Lee et al.
[27] investigated the seismic behavior of bolted end plate DFCs based on experimental studies on four full-scale specimens. They ex-
amined four different drilling patterns. Two and four rows of holes of the particular diameters were considered in test specimens. The
results revealed that the examined connections were tolerated by the plastic rotations of about 0.04 radians. The beam flange among
the holes buckled and ruptured at its ultimate limit state. Atashzaban et al. [28] evaluated the equivalent plastic strain, the triaxial in-
dex, and the rupture index of beam flange-to-column junction groove weld in six WUF, one regular RBS, and four DFC connections.
Their numerical study showed that one could reduce the rupture index by providing an appropriate drilling arrangement in DFCs.
Also, the equivalent plastic strain could reduce about 40% of WUF and conventional RBS connections. They also showed that utilizing
strong panel zones can reduce stress concentration in connection groove weld and, consequently, better performance of DFCs. Ah-
mady [29] evaluated the effect of design parameters such as the hole spacing, the hole diameter, the number of drilling rows, and the
span length-to-beam height ratio of DFCs on their seismic performances. To this end, they used numerical analysis validated by the
experimental studies presented by Vetr et al. [25,26]. The results of his study revealed that DFCs could reduce the equivalent plastic
strain and the rupture index in the CJP welds by about 100% and 154%, respectively. Tahamouli Roudsari et al. [30] investigated the
seismic performance of DFCs. They considered two rows of holes besides vertical and diagonal stiffeners installed in the plastic hinge
zone. Based on numerical analyses on 15 models and experiments on three specimens, they showed that the mentioned stiffeners
could increase the energy dissipation capacity without a noticeable change in ultimate strength. Peyman Shadman Heidari et al. [31]
presented new drilled flange connections with combined arrangements of holes and notches. They studied two experimental speci-
mens and 24 numerical models. Among the studied arrangements (i.e., WUF, RBS, DFCs with inclined, parallel, and combined
notches and holes drilling patterns), CDFC with combined notches and holes drilling patterns performed better than the other connec-
tions, remarkable reductions in damage indexes were observed in connection.

In this study, to overcome the shortcomings of DFCs and improve their cyclic behavior, connections with new DPs were proposed.
DFCs with different arrangements of perforation and varying hole diameters were investigated. Such perforating arrangements post-
pone the rupture and local buckling of beam flange in the reduced section and improve the connection's energy dissipation and rota-
tional capacity. The appropriate drilling arrangements were selected based on the design provisions of RBS connections as well as
with different drilling arrangements on the beam flange and finite element (FE) analyses. Various finite element models were pre-
pared to create a proper distribution of plastic strains in the reduced cross-section of the beam flange. In these models starting from
investigating linear and uniform drilling arrangements [31], new arrangements with combined holes and notches, radial and semi-
radial, were proposed. Four full-scale experimental samples were prepared based on the results of numerical analyses and subjected
to cyclic loading. The fabricated specimens were of box type column and drilled flange connection with direct beam flange-to-column
welded junctions. Each specimen can be considered as a representative of an appropriate type of connection from the drilling arrange-
ment point of view. The selected drilling patterns were combined DP with notches and holes (DFC1), radial DP (DFC2), semi radial DP
with notches (DFC3), and semi radial DP (DFC4) drilling arrangement. Following the application of the loading protocol, the plastic
strain distribution around the beam flange-to-column groove weld, the plastic strain in the perforated zone, the deformations of the
panel zone, and failure modes were assessed. Finally, the rotational capacity and the energy dissipation of the connections were com-
pared according to the parameters mentioned above.

2. Experimental investigation of DFC with direct beam-to-column connection
2.1. Experimental specimen details

The geometrical specifications of the connection elements (e.g. beam, column, connecting elements, and plates) were calculated
based on the hydraulic actuator's capacity, which is 500 kN. It should be noted that structural elements were designed according to
ANSI/AISC360-16 [32] and ANSI/AISC341-16 [33]. In order to calculate the distance between the first hole from the column face,
ANSI/AISC 358-16 [34] provisions were considered. By increasing the distance from the column flange, the hole diameters were in-
creased linearly. The Vpz/Vy (Vpz = Shear force at panel zone and Vy = the shear yield force of panel zone) was set to 0.7 according
to FEMA355D [35] and FEMA360 [36]. Based on the force capacity of the hydraulic jack, the required flexural strength, and required
shear strength for the design of the beam were considered 226.1 kN.m and 147.1 KN, respectively. Also, the required axial, shear and
flexural strength for the column were equaled 147.1 KN, 36.6 KN, and 113.1 kN.m, respectively. The shear strength of connection
was provided by utilizing the shear tab welded to the column flange consisting of a double plate. Besides, continuity plates were con-
sidered in panel zones. The detail of DFCs is illustrated in Fig. 1. Table 1 presents the geometrical specifications of connection ele-
ments.

To evaluate the behavior of the DFCs, numerical studies were conducted using multi-purpose ANSYS R16 finite element software.
Considering the laboratory's limiting conditions, the results of numerical analyses were evaluated, and the most appropriate DFCs
were selected. It should be noted that moving away from the column face, the amount of moment in the beam due to seismic loads de-
creases. Therefore, to maintain a uniform and widespread distribution of plastic strain in the plastic hinge length, reducing the beam
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Fig. 1. The fabrication detail of DFC, a) side view, b) front view (Dimensions are in millimeters).

Table 1
Geometrical specification of beam and column and the utilized plates.

Beam flange
thickness tbf (mm)

Beam web thickness
tbw (mm)

Column flange
thicknesstcf (mm)

Column web
thickness tcw (mm)

Shear plate
thickness tst (mm)

Continuity plate
thickness tcp (mm)

End plate thickness
tep (mm)

15 10 15 15 10 15 30
Dimensions are in millimeters.

flange should be increased by increasing the distance from the column face in the flange reduction area. So in the most appropriate
DFCs, the drilled hole diameters had a linear increment by getting away from the column face.

Four arrangements of drilling were selected: The combined DP with notches and holes (DFC1), radial DP (DFC2), semi radial DP
with notches (DFC3), and semi radial DP (DFC4) drilling arrangement. To assess these drilling patterns in DFCs, four different speci-
mens were fabricated (See Fig. 2). The DP of beam flanges was created in two rows along the flange with five transverse rows. In gen-
eral the hole diameters were 24 mm, 28 mm, 30 mm, 32 mm, 34 mm, 40 mm, 45 mm, 50 mm and 55 mm which provided 22%,
25%, 27%, 29%, 31%, 36%, 41%, 45% and 50% reduction in the flange cross-sectional area respectively. It is worth mentioning that
the drilling patterns were selected to allow widespread inelastic behavior in drilled areas. Hence, the flange reduction was applied in
five transversal rows with a linear increment. According to ANSI/AISC358-16 [34] the distance of the first hole from the column
flange “a", the plastic hinge length “b", and “c" the depth of cut at center of the reduced beam section with radius cut for the conven-
tional RBS were calculated to satisfy the following limitations:

(1)

(2)

(3)

Fig. 2. The drilling details of beam flange in suggested connections, a) DFC1, b) DFC2, c) DFC3, and d) DFC4 (Dimensions are in millimeters).
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Where bbf and db are beam flange width and depth, respectively, in the first specimen were used a combination of interior and ex-
terior circular holes. Such a configuration produces a sawtooth-shaped section. According to Equation (3), the minimum and maxi-
mum reduction of the cross-sectional area of the beam flange with radius cut is 20% and 50%, respectively. The hole diameters of
45 mm, 50 mm, and 55 mm were used to perforate the beam flange edges, making 20%, 23%, and 25% reductions in the flange cross-
sectional area, respectively. The internal holes were 30 mm and 40 mm in diameter and made 27% and 36% reduction in the flange's
cross-sectional area. The distance of the first hole from the column face was 132.5 mm, and the spacing of drilling rows was 40 mm
(See Fig. 2a). The second specimen consists of holes with diameters of 24 mm, 28 mm, 30 mm, 32 mm, and 34 mm such holes were
made 22%, 25%, 27%, 29%, and 31% reductions flange cross-sectional area, respectively. The distance of the first hole from the col-
umn face was 122 mm, and the spacing of drilling rows was 45 mm (See Fig. 2b). The drilling pattern of the third specimen was a
combined notch and semicircular arrangement. The edge drilled holes' diameter was 50 mm, making 23% reductions in the flange
cross-sectional area. While the internal holes were 28 mm, 30 mm, 32 mm, and 34 mm in diameter, which made 25%, 27%, 29%,
and 31% reduction in the cross-sectional area of beam flange, respectively. The distance of the first hole from the column face was
124 mm, and the spacing of drilling rows was 40 mm and 50 mm (See Fig. 2c). In the fourth specimen, the semicircular drilling pat-
tern was used. The drilled holes were 24 mm, 28 mm, 30 mm, 32 mm, and 34 mm in diameter, which made 22%, 25%, 27%, 29%,
and 31% reduction in the cross-sectional area of the flange, respectively. The distance of the first hole from the column face was
122 mm, and the spacing of drilling rows was 35 mm, 50 mm, and 45 mm (See Fig. 2d).

The different arrangements of drilling in the beam flange can be imagined according to the dimensions of the reduced area of the
beam flange and the distance of the first hole from the face of the column, based on AISC358-16 [34] steel regulations. The position of
the holes and the diameter of the holes in the reduced area of the beam flange must be properly selected, to be able to use the maxi-
mum energy absorption capacity of the reduced area of the beam flange in the plastic rotations up to 0.04 radians. The selection of
these points for drilling should be such that the strain concentration between the holes is avoided. The concentration of these strains
in the limited area can cause premature rupture of the beam flange and failure of this area in small deformations. The research by
Peyman Shadman Heidari et al. [31] showed that improper selection of the location of the holes could lead to a decrease in seismic
performance and increase equivalent plastic strain and rupture index and cause concentration of stress in the weld line of the beam-
column connection. Therefore, the location and diameter of the holes in the beam flange are effective in the seismic performance of
the drilled flange connections. The parameters “a" and “b" are the distance of reduced area from the face of the column and the length
of the reduced section that considered codes recommended values. The main focus of this study was the appropriate pattern of
drilling in the reduced area and the distance recommended by RBS design codes. In this study, the values of “a" and “b" are considered
constant for the experimental specimens according to AISC code 358-16 [34]. Therefore, the seismic behavior of the DFCs connection
can be investigated with various drilling arrangements of the beam flange in the plastic hinge length. It is also possible to compare the
seismic behavior of these types of proposed connections.

2.2. Drilling method
Drilling is a process for making a hole in a metal surface used to make a connection. Drilling can be done in different sizes, with

the best quality and the shortest time. There are two methods for creating holes in steel plates with different thicknesses, punching,
and drilling. In the punching technique, holes have made by a machine that produces the required shear force for cutting with the
help of hydraulic pressure. A punching system increases the speed of perforation, but in terms of quality, punched holes are at a lower
level than holes created with rotary drilling. The method of drilling a hole with a column drill is to remove or dig out the metal sur-
face with a drill and pressure. In the column drilling method, the quality of work is excellent. A magnetic drilling machine is a drilling
tool in metal with magnetic bases that can drill holes in one step and with great speed and comfort. Its magnetic base makes the de-
vice stick to the metal surface and can make drilling easy in any environment. Round drills and spiral drills are tools usually installed
on magnetic drilling machines and are used for drilling. The appearance of drills has been very simple in the past, but with the pas-
sage of time and the advent of new technologies in the production of drills, the shape of drills has changed, so that today different
types of drills are produced in different sizes and shapes. Hot cutting is another common method of cutting plates. In the hot cutting
method, a high thickness iron sheet can be cut at high speed. Reduced yield strength, residual stress, and brittleness in a part of the
plate can be considered disadvantages of hot cutting.

In this study, the column drill and the round drill method have been used for drilling the beam flanges. The magnetic drilling ma-
chines (with round or spiral drill bits) can be a better candidate to create DFC connections due to the extensive advances in industrial
tools and suitable equipment in the drilling steel sheets. It is possible to have a suitable speed and accuracy using rotary drilling com-
parable to the usual lateral cut of beam flange to reduce the beam flange cross-section. Also, it is possible to create a suitable accuracy
in reducing the beam flange by drilling, according to the proposed patterns, to achieve the desired behavior. Since the magnetic
drilling machine can be attached to steel parts in any situation, it makes it possible to use for drilling steel sheets in any position (such
as overhead) and height. Therefore, it is possible to drill the beam flanges at any position and height by connecting magnetic drilling
machines to the top or bottom beam flange. Furthermore, due to the upper beam flange location under the roof slab, it is possible to
drill the beam flange from under the roof with a magnetic drilling machine to retrofit the connections of steel moment-resisting
frames. This method is done by creating minimum thermal problems and residual stresses. Therefore, it is easy and accurate with bet-
ter safety. Also, in many cases, The steel frame and steel parts are made in the factory. Then a magnetic drilling machine or punching
machine can be used to perforate these parts adequately.

The arrangement and pattern of drilling in beam flange have an essential and effective role in preventing the concentration of
plastic strains between the holes and preventing premature rupture of these parts. Therefore, the proper performance of this type of
connection can be expected by selecting the most suitable beam flange drilling pattern by the operating conditions. Furthermore, it is
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possible to retrofit and protect the CJP groove welds of the beam flange to column connection from premature rupture with lower
cost due to the modern tools available for drilling the beam flange.

2.3. Test setup
Four full-scale test specimens were fabricated and subjected to quasi-static loading protocols. It is worth mentioning that the same

box-shaped columns were considered for all specimens. The tests were performed in the Structural Engineering laboratory of the In-
ternational Institute of Earthquake Engineering and Seismology (IIEES). Figs. 3 and 4 illustrate the test setup and the specifications of
specimens, respectively.

Considering the capacity and dimensions of the reaction frame, the column height and the beam length were set to 3090 mm and
2112 mm, respectively. Furthermore, the distance of the loading point on the beam was 1537 mm from the column face.

Pinned connections were considered as column supports. Furthermore, lateral supports were utilized to prevent the beam from to-
tal lateral-torsional buckling. Fig. 5 indicates a view of a test specimen, a hydraulic actuator, and column supports.

2.4. Material properties
The steel plates of the ST-37 type were used to fabricate beams, columns, and plates. To accurately measure the mechanical prop-

erties of steel elements, tensile tests were conducted on steel samples according to ASTM-A370-14 [37]. For every full-scale specimen,
a coupon was prepared for 10 mm and 15 mm plates. Figs. 6 and 7 present a view of test coupons and their stress-strain curves, re-
spectively. In shear tabs, column endplates, and web-to-flange junctions in columns and beams, fillet welds were used. The sub-
merged-arc welding technique was used to mount the steel elements of beams and columns. Based on the AWS A5.17 standard, a
4 mm magnesium electrode of type EM12 was used along with F7AZ (KJF-510) flux. Fully penetrated groove welds were used for

Fig. 3. A general view of test setup and drilling patterns for a) DFC1, b) DFC2, c) DFC3, and d) DFC4.
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Fig. 4. A view and general dimensions of specimens (units in mm).

Fig. 5. A view of a specimen DFC1 in reaction frame (units in mm).

Fig. 6. Tensile test samples.

Fig. 7. The stress-strain curve of test coupon with a thickness of 10 mm and 15 mm.

beam flange-to-column junctions and mounting continuity plates. The gas metal arc welding (GMAW) technique was used to connect
beam flanges to columns.

Furthermore, column caps, shear connections, and continuity plates were mounted by the GMAW technique. For the welding, CO2
gas was used as a weld protector, and 1.2 mm ER70S-6 electrodes were used according to AWS A5.18. The mechanical specifications
of steel elements and electrodes are tabulated in Table 2.

To calculate the beam's nominal flexural strength (Mp) with I shape cross-sectional according to the results, Equation (4) was used.
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Table 2
Engineering mechanical properties of utilized materials.

Specimen Coupon test Beam web Column web Beam web Column web Weld (EM12,4 mm) Weld (ER70S-6,1.2 mm)

Fy (Mpa) Fu (Mpa) Fy (Mpa) Fu (Mpa) εy (%) εu (%) εy (%) εu (%) Fy (Mpa) Fu (Mpa) Fy (Mpa) Fu (Mpa)

DFC1 C1-t15 - - 244.2 402.8 - - 0.39 10.6 411.9 505 421.7 573.7
C1-t10 282 403.3 - - 0.66 10.9 - -

DFC2 C2-t15 - - 253.8 406.3 - - 0.45 11.9
C2-t10 281.2 399.8 - - 0.53 10.9 - -

DFC3 C3-t15 - - 248.2 401.7 - - 0.35 10.3
C3-t10 276.1 395.8 - - 0.62 10.6 - -

DFC4 C4-t15 - - 246.5 403.7 - - 0.37 11
C4-t10 275.2 402.2 - - 0.51 11.2 - -

Unit: N and mm.

(4)

In this equation , and are the flange width, the flange thickness, the web thickness, and the web depth of the beam, re-
spectively. Also, and are specified minimum flange yield stress and specified minimum web yield stress of the beam, respec-
tively. Therefore, according to Equation (4) and Tables 1 and 2, the beam's nominal flexural strength values for the proposed connec-
tions DFC1, DFC2, DFC3, and DFC4 will equal 281.0 289.9, 283.7, and 282.0 kN.m, respectively.

2.5. Test procedure and cyclic loading
Hysteresis curves are required to evaluate the seismic behavior of moment resisting connections and investigate their ductility,

strength, and stiffness. Hence, in this study, cyclic loading was considered. A 500 kN hydraulic actuator with the ultimate stroke of
±150 mm was used to apply cyclic loads on test specimens. According to ANSI/AISC341-16 [33] cyclic loading protocol, the cyclic
loads were applied to the beam outset. Fig. 8 illustrates the loading protocol in which the vertical axis is the relative deformation of
the beam outset, and the horizontal axis denotes the loading steps. Accordingly, three stages were considered. Each stage had six con-
stant loading steps. The drift angles of the first three steps were 0.00375, 0.005, and 0.0075 radians which are equivalent to 6.38 mm,
8.51 mm, and 12.77 mm vertical displacements of the beam outset, respectively. The loading steps, as mentioned earlier, were con-
sidered to assess the potential for brittle failure in elastic behavior cycles. The drift angles of the fourth and fifth steps were 0.01 and
0.015 radians, equivalent to 17.02 mm and 25.53 mm in deformation of the beam outset, respectively. The increment of 1% was con-
sidered in the next loading steps. It should be noted that the maximum drift angle was set to 0.07 radians (equivalent to 119.14 mm
vertical displacement of beam end) because of the limitation in the stroke of the actuator.

2.6. Strain and deformation measurement and instrumentation of the specimens
Uniaxial FLA-5-11, biaxial FCA-6 strain gauges, and triaxial FRA-6 rosettes were used to measure inelastic strains. Linear variable

differential transformers (LVDTs) were used to measure the deformation of panel zones and beam end displacements as well as the
probable displacements of supports and local buckling in the plastic hinge zone. In the examined specimens, the corner and middle
parts of the beam-to-column groove weld, the inter-hole area of the plastic hinge zone, the central parts of the beam flange, the corner
and central areas of panel zones, and the column flange surfaces above the beam junction were the critical areas of the connection. In
order to evaluate the variation in inelastic strain in the middle and corners of the welding lines, the inter-hole areas of plastic hinge
zones, and the corner of panel zones, FCA-6 biaxial strain gauges were utilized. Uniaxial strain gauges were used for measuring the
strains in the middle of the beam flange. FRA-6 rosettes were used to measure the inelastic strains at the center of panel zones. The
arrangements of strain gauges are presented in Figs. 9 and 10.

Fig. 8. The considered loading protocol according to ANSI/AISC341-16 [33].
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Fig. 9. The arrangement of FLA-5-11 and FCA-6 strain gauges on beam-to-column connection groove weld and beam flange of a) DFC1, b) DFC2, c) DFC3, and d) DFC4.

Fig. 10. The arrangement of FLA-5-11, FCA-6, and FRA-6 strain gauges on a) panel zone b) column flange (units in mm).

LVDTs were utilized to measure the shear deformation of the panel zones, deformation of the plastic hinge due to local buckling,
and the probable displacements of supports. Hence, as illustrated in Fig. 11, LVDTs were placed at the locations mentioned earlier.

The rotation of the panel zone can be calculated using the following Eq.:

(5)

where and are the horizontal and vertical dimensions of the panel zone. Also, and are the values of the diagonal deforma-
tions measured by the LVDTs.

Fig. 11. The arrangement of LVDTs and parameters of panel zone.
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3. Experimental results
3.1. The hysteretic behavior of DFC specimens

According to ANSI/AISC341-16 [33], the steel special moment-resisting connections should tolerate the plastic rotation of 0.04
radians. Furthermore, the flexural strength of the connection at the mentioned rotation should not be less than 80% of the beam's
plastic bending moment. The hysteresis curves of the examined DFCs are presented in Figs. 12–15. The tests results showed that
DFC1, DFC2, and DFC3 could tolerate the plastic rotation of 0.06 radians, and the plastic rotation in DFC4 reached 0.07 radians. The
hysteretic behavior of DFC1, DFC2, and DFC3 showed that their bending capacity is greater than 80% of the plastic bending moment
of the unreduced beam. Moreover, these connections can increase the drift angles to 1.5 times that of the special moment resisting
frames with conventional connections. On the other hand, DFC4 can increase the drift angles to 1.75 times that of the special moment
resisting frames with ANSI/AISC358-16 [34] provided connections.

The first specimen's hysteretic behavior revealed that the measured moment corresponding to the connection plastic rotation of
0.04 radians is 364.8 kN.m, which is 1.3 times the plastic bending moment of the unreduced beam. Furthermore, flange local buck-
ling occurred at the inter-story drift angle of 0.06 radians. The bending moment corresponding to such a plastic rotation was
363.8 kN.m. The strength degradation corresponding to the plastic rotation of 0.06 radians was 0.3% of that corresponding to the
plastic rotation of 0.04 radians. It is worth mentioning that the ultimate beam strength degradation was 7.7% (See Fig. 12-a). Fig. 12
b indicates the plastic hinge's deformed shape in the drilled area at the inter-story drift angle of 0.04 radians without any evidence of
local buckling.

Fig. 12. a) The hysteresis curve of DFC1, b) the deformed shape of DFC1 at the inter-story drift angle of 0.04 radians.

Fig. 13. a) The hysteresis curve of DFC2, b) the deformed shape of DFC2 at the inter-story drift angle of 0.04 radians.

Fig. 14. a) The hysteresis curve of DFC3, b) the deformed shape of DFC3 at the inter-story drift angle of 0.04 radians.
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Fig. 15. a) The hysteresis curve of DFC4, b) the deformed shape of DFC4 at the inter-story drift angle of 0.04 radians.

As indicated in Fig. 13-a, in the second specimen, the measured moment corresponding to the connection plastic rotation of 0.04
radians was 404.0 kN.m, which is 1.39 times the plastic bending moment of the unreduced beam. The flange local buckling took
place at the inter-story drift angle of 0.06 radians. The bending moment corresponding to such plastic rotation was 365.8 kN.m,
greater than 80% of the plastic bending moment. The strength degradation corresponding to such plastic rotation was 9.5% of the
plastic rotation of 0.04 radians. It is worth mentioning that the ultimate beam strength degradation was 13.7%. The deformed shape
of the plastic hinge in the drilled area at the plastic rotation of 0.04 radians is indicated in Fig. 13-b without any evidence of local
buckling in the plastic hinge length.

Fig. 14-a indicates the hysteresis curves of the third specimen. As indicated in Fig. 14-a, the measured moment corresponding to
the connection plastic rotation of 0.04 radians was 388.3 kN.m, which is 1.37 times the plastic bending moment of the unreduced
beam. Furthermore, local flange buckling occurred at the inter-story drift angle of 0.06 radians. The bending moment corresponding
to such plastic rotation was 322.6 kN.m, greater than 80% of the unreduced beam's plastic bending moment. The strength degrada-
tion corresponding to the plastic rotation of 0.06 radians was 16.9% of that corresponding to the plastic rotation of 0.04 radians. It is
worth mentioning that the ultimate beam strength degradation was 21.5%. The deformed shape of the plastic hinge in the drilled area
at the plastic rotation of 0.04 radians is indicated in Fig. 14-b without any evidence of local buckling in the plastic hinge length. The
flange local buckling occurred at the inter-story drift angle of 0.06 radians.

The moment-rotation hysteresis curve of the fourth element is indicated in Fig. 15-a. The measured moment corresponding to the
connection plastic rotation of 0.04 radians was 409.9 kN.m, which is 1.45 times the plastic bending moment of the unreduced beam.
Furthermore, the local flange buckling was observed at the inter-story drift angle of 0.07 radians. The bending moment corresponding
to such plastic rotation was 329.5 kN.m, greater than 80% of the plastic bending moment of the unreduced beam. The strength degra-
dation corresponding to the plastic rotation of 0.07 radians was 19.6% of that corresponding to the plastic rotation of 0.04 radians. It
is worth mentioning that the ultimate beam strength degradation was 19.6%. The deformed shape of the plastic hinge in the drilled
area at the inter-story drift angle of 0.04 radians is indicated in Fig. 15-b without any evidence of local buckling in the plastic hinge
length.

The moment-rotation backbone curves of the tested specimens are indicated in Figs. 16 and 17. As indicated in Figs. 16 and 17, al-
most all the specimens have the same strengths. The maximum strengths were considered in DFC2, while the minimum strength
degradation occurred in DFC1. The maximum drift angle capacity was observed in DFC4.

Furthermore, in all the suggested connections perforated beam flange, the bending moment corresponding to the plastic rotation
of 0.04 was greater than 80% of the unreduced section's plastic bending moment. Thus, all the specimens met the seismic regulations
of ANSI/AISC341-16 [33] for special moment-resisting connections. Moreover, the performances of the examined specimens were
better than drilled connections with parallel drilling patterns presented by Vetr et al. [25,26].

The maximum plastic rotation of all DFC specimens was greater than 0.06 radians, which is satisfactory compared to traditional
WUF and RBS connections' rotational capacity. Table 3 presents the maximum drift angle capacity, θpmax, the plastic bending moment
of the beam section, MP, the bending moment corresponding to the plastic rotation of 0.04 radians, M0.04, the ultimate flexural
strength of the beam, Mumax, the minimum plastic bending moment of beam following the local buckling of the flange, Mumin and the
maximum strength degradation of the beam. As tabulated in Table 3, the minimum and the maximum strength degradation were ob-
served in DFC1 and DFC3.

Table 4 presented the yield rotation, θy, the yield bending moment of the beam, My, the initial stiffness, Kinitial, and the energy
dissipation, ED, in experimental specimens. As tabulated in Table 4, the maximum and minimum initial stiffness were observed in
DFC3 and DFC2, respectively. Furthermore, the maximum energy dissipation belongs to DFC4. Table 5 summarizes the experi-
mental specimens' drift angle capacities and failure modes.

The arrangement and pattern of the drilling beam flange have an important and effective role in preventing the concentration of
plastic strains between the holes and preventing premature rupture of these parts. The premature cracks in the CJP groove welds and
rupture in the distance between the holes in the reduced area are the critical failure modes in DFCs connections. These critical crack
patterns and ruptures could yield uncontrollable failures. The change of the location and arrangement of the holes pattern signifi-
cantly affects the deformation capacity and the place of rupture in the flange and web of the beam section, So the improper location,
arrangement, and diameter of holes in the beam flange will adversely affect the seismic performance and the deformation capacity of
the DFCs. Moreover, the stress concentration in the CJP groove welds and between the holes due to improper drilling patterns will
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Fig. 16. a) The backbone curves of the hysteresis curves of DFC1, DFC2, DFC3, and DFC4.

Fig. 17. The comparison of the backbone curves of the hysteresis curves of DFC1, DFC2, DFC3, and DFC4.

Table 3
The summary of experimental data corresponding to bending capacity.

Specimen θpmax (radian) Mp (KN.m) 0.8Mp (KN.m) M0.04 (KN.m) Mumax (KN.m) Mumin (KN.m) Maximum strength degradation of beam (%)

DFC1 0.06 281.0 224.8 364.8 394.2 363.8 7.7
DFC2 0.06 289.9 231.9 404.0 423.6 365.8 13.7
DFC3 0.06 283.7 227.0 388.3 410.9 322.6 21.5
DFC4 0.07 282.0 225.6 409.9 409.9 329.5 19.6

Unit: KN and mm.

lead to premature rupture at the plastic hinge zone or the CJP groove welds. To avoid these problems, adequate and careful material
removal should be achieved.

Using the proposed drilling pattern (DFC4), the rupture between the holes occurred in higher cycles and larger deformations com-
pared to other patterns(DFC1, DFC2, and DFC3). The rotational capacity of the DFC4 increased by up to 25% compared to other pro-
posed drilled flange connections. Also, in the DFC4, no rupture in the flange and web of the beam section occurred at the plastic hinge
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Table 4
The initial stiffness and dissipated energy of specimens.

Specimen θy (radian) My (KN.m) Initial Stiffness Kinitial (KN/m) Absorbed Energy ED (KN.m)

DFC1 0.00812 210.8 25964 315.2
DFC2 0.00756 213.8 28277 347.2
DFC3 0.00852 238.3 27968 364.0
DFC4 0.00936 251.0 26820 422.3

Unit: KN and mm.

Table 5
Summary of drift angle capacities and failure modes.

Specimen Drift angle capacity (radian) Controlling failure mode

Total Plastic

DFC1 0.06 0.05188 Rupture of beam flange around drilled areas with 252 mm distance to the column face
DFC2 0.06 0.05244 Rupture of beam flange around drilled areas with 212 mm distance to the column face
DFC3 0.06 0.05148 Rupture of beam flange around drilled areas with 173 mm distance to the column face
DFC4 0.07 0.06064 Without rupture in beam flange

zones compared to other proposed connections at the inter-story drift angle up to 0.07 radians. In DFC1, DFC2, and DFC3, connec-
tions rupture occurred in the flange and web of the beam section at the inter-story drift angle of 0.06 radians (See Table 5). Therefore,
the change of the location and arrangement of the hole in the beam flanges significantly affects the deformation capacity and the
place of rupture in the flange and web of the beam section and could protect the CJP groove welds of the beam flange to column con-
nection from premature rupture.

3.2. Evaluation of the strain of the beam-to-flange connection groove weld
In DFC specimens, the strain gauges were placed on the center and the corners of the beam-to-column groove welds, and the strain

values were measured during the cyclic loading. Fig. 18 indicates the strain values of the center and corners of the groove weld in
terms of rotation. In all specimens, the strains in the longitudinal direction of the beam (X-direction) were more significant than that
of the groove weld line Y-direction. In the X-direction, the measured strain of central areas was more significant than corner strains.
While, in the Y-direction, the corner strains were more significant than those measured in the central parts of the groove weld line. A
minimum strain in all specimens was in the Y-direction at the central parts of the groove weld line.

The peak value of the X component of strain in the center of the weld line was 3708 μm/m, which was measured in.
DFC3. The X component's minimum measured value in the center of the weld line belonged to DFC2 and was equal to 1893 μm/m.

The maximum and minimum Y strain components in the weld center were 912 μm/m and 450 μm/m belonging to DFC2 and DFC1. In
the groove weld corner areas, the maximum X component of the strain equal to 2690 μm/m was measured in DFC4. The minimum
strain was measured in DFC3 equal to 1320 μm/m. The maximum and minimum measured Y strain components in the weld corner
were 1300 μm/m and 700 μm/m belonging to DFC2 and DFC3, respectively. The values of groove weld strains at the inter-story drift
angle of 0.06 rad are tabulated in Table 6.

Fig. 18. The strain-rotation curves of the central parts and the corners of groove welds of different DFCs.
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Table 6
Groove weld strains at the inter-story drift angle of 0.06 radian (μm/m).

Specimen Weld line center Weld line corner

X component Y component X component Y component

DFC1 2532 450 1720 1025
DFC2 1893 912 1406 1300
DFC3 3708 600 1320 700
DFC4 2928 710 2690 830

It was shown that the strain values depend on the drilling pattern, their location, and their geometrical specifications. DFC2 and
DFC3 drilling patterns are appropriate to reduce the strain values of the center of the CJP weld lines in the X and Y directions, respec-
tively. On the other hand, by utilizing the DFC3 perforating arrangement, one can reduce the strain values in the corner of the weld
line in both directions.

3.3. Evaluation of the flange strains in the plastic hinge zone
In a perforation pattern, larger critical path lengths and extended effective areas can be achieved in the drilled zones. The more ex-

tensive critical paths can provide a wider plasticized area on the protected area of the flange. Thus, better energy absorption, appro-
priate plastic strain distribution, and reduced plastic strain of connection groove welds can be achieved. Diagonal paths between
holes can delay the local buckling of the drilled zone. Consequently, the extreme flange axial capacity and the maximum potential for
plastic hinge ductility can be achieved in such connections. Incremental drilling diameter from the column face leads to the uniform
distribution of plastic strain and can increase the connection ductility. To better understand the behavior of selected DFCs, numerical
analyses were carried out using ANSYS R16 finite element software [38]. The solid185 element was used in the analytical models. In
all numerical models, the mesh size on the CJP groove weld lines was considered equal to 18 × 18 mm (Elkady and Lignos [39]). An
RBS connection was designed and modeled to compare the behavior of the proposed perforated beam flange connection with a con-
ventional RBS connection. In this connection, the values of the horizontal distance from the face of column flange to start of RBS cut
“a", length of RBS cut “b", and depth of cut at the center of reduced beam section “c" were considered 110, 210 and 33 mm, respec-
tively. The maximum amount of cross-section reduction was considered 30%. The minimum plastic section modulus of the beam sec-
tion is 840.6 cm3 in the plastic hinge. The bending capacity of the proposed drilled flange connections with conventional RBS connec-
tion has an error of less than 2.4% considering the constant value of material strength, so it will be comparable. Fig. 19 illustrates the
distribution of the total strain of beam at the inter-story drift angle of 0.06 radians in proposed DFCs and 0.055 radians (failure rota-
tion) in the RBS connection. As can be seen, using the proposed drilling pattern in beam flange, the plastic strains formed at the plas-
tic hinge zone, and the rupture of the CJP groove welds was prevented for plastic rotations up to 0.06 radians.

To have reliable responses from numerical models, the results of the analytical samples must be in good agreement with the re-
sults of the experimental specimens. To validate the FE models, the results of numerical and experimental studies were compared
(Fig. 20). As indicated in Fig. 20, there is an acceptable agreement between the results of numerical and experimental studies.

As a result, the strength of DFC connections with appropriate arrangements of holes is increased in comparison with the conven-
tional RBS connection. As shown in Fig. 21, the value of plastic rotation in the combined samples DFC1, DFC2, and DFC3 is 0.06 radi-
ans, which is 9.1% higher than the RBS connection. The value of plastic rotation in the sample DFC4 is 0.07 radians, which is 27.3%
higher than the RBS connection. DFCs also reduce the potential for local and lateral-torsional buckling of conventional RBS connec-
tions. According to the analytical results, The first lateral-torsional buckling in the beam flange for the proposed DFCs and conven-
tional RBS connection occurred at 0.055 and 0.045 radians, respectively. The maximum moment capacity of samples demonstrated in
Fig. 21, the maximum moment capacity of the analytical samples DFC1, DFC2, DFC3, DFC4, and RBS is 394.2 kN.m, 396.2 kN.m,
380.5 kN.m, 397.2 kN.m, 348.7 kN.m respectively, which is 13.0%, 13.6%, 9.1%, and 13.9% higher than the RBS sample. Using the
proposed DFCs connections could increase the effective cross-section area and the length of critical paths between the holes in the

Fig. 19. Distribution of the strain in the plastic hinge zone of samples in the inter-story drift angle of 0.06 radians for DFCs and 0.055 radians for RBS a) DFC1, b) DFC2,
c) DFC3, d) DFC4 and e) RBS.
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Fig. 20. Comparison of hysteretic behavior of analytical and experimental specimensa) DFC1, b) DFC2, c) DFC3, and d) DFC4.

Fig. 21. Moment-rotation responses of the DFC samples besides RBS connectiona) DFC1, b) DFC2, c) DFC3, d) DFC4 and e) RBS.

flange. As a result, this grown plastic area in the beam flange increases energy dissipation and reduces the plastic strain in the groove
welds.

Also, four drilling arrangements were selected to study the drilled flange connections in the frame with I-shape columns. The pro-
posed perforated arrangement was combined DP with notches and holes (DFC1-IC), radial DP (DFC2-IC), semi radial DP with notches
(DFC3-IC), and semi radial DP (DFC4-IC) drilling arrangement. Also, a reduced beam section with radius cut connection (RBS-IC) was
modeled to compare the behavior of the proposed perforated beam flange connection with a conventional RBS connection. In this
connection, the values of the parameters “a", “b", and “c" were considered 110, 210, and 33 mm, respectively. The maximum amount
of cross-section reduction was considered 30%. The minimum plastic section modulus of the beam is 840.6 cm3 in the reduced part.
The location and diameter of the holes on the beam flange were selected, similar to the specimens with the box column. In all models,
the column's height was 3090 mm, the depth of the column and beam was 300 mm, the width of the column flange was 300 mm, and
the width of the beam flange was 220 mm. The thickness of the column flange and beam flange was 15 mm. The thickness of the col-
umn web was 30 mm, and the thickness of the beam web was 10 mm. Fig. 22 shows the distribution of the plastic strain of the beam
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Fig. 22. Distribution of the plastic strain in the plastic hinge zone of samples in the inter-story drift angle of 0.06 radians for DFCs and 0.049 radians for RBS-ICa) DFC1-
IC, b) DFC2-IC, c) DFC3-IC, d) DFC4-IC and e) RBS-IC.

at the inter-story drift angle of 0.06 radians in the proposed DFCs with the I-section columns and 0.049 radians (failure rotation) in
RBS-IC connection. Due to the proper arrangements of holes and distribution of plastic strain in the plastic hinge of the beam, these
connections with I-section columns are also capable of preventing the rupture of the CJP groove welds until the plastic rotation is up
to 0.06 radians.

The maximum moment capacity of the analytical samples DFC1-IC, DFC2-IC, DFC3-IC, DFC4-IC, and RBS-IC is 375.3 kN.m,
395.1 kN.m, 363.8 kN.m, 382.4 kN.m, 342.2 kN.m respectively (See Fig. 23), which is 9.7%, 15.5%, 6.3%, and 11.7% higher than
the RBS-IC sample. The value of plastic rotation in the samples DFC1-IC, DFC2-IC, and DFC3-IC is 0.06 radians, and the value of plas-
tic rotation in the sample DFC4-IC is 0.07 radians. The value of plastic rotation in the sample RBS-IC is 0.049 radians.

The use of the proposed drilling arrangements of beam flange in the beam-to-column connections with the I-section column will
also meet the requirements for the special moment-resisting frames.

3.4. Failure modes
The possibility of local buckling in the beam flange at a distance between the holes in the reduced area is minimized with adjusted

holes spacing. Thus, the flange section is more resistant to local buckling compared to conventional RBS connections (See Fig. 19). In
addition, the more stable behavior of the plastic hinge zone leads to acceptable performance in the maximum plastic rotation of
0.06 rad.

No out-of-plane buckling happened in DFC1 before 0.04 rad rotation. The first evidence of such a local buckling with 2.5 cm in
length was observed along the plastic hinge at the inter-story drift angle of 0.06 rad. The rupture was initiated from the edge of the in-
ternal holes and was expanded to the beam web. The distance of the fractured section from the nearest column flange was 25.2 cm. In
DFC2, the beam flange local buckling did not occur before the plastic rotation of 0.04 rad. At the inter-story drift angle of 0.06 radi-
ans, the out-of-plane buckling of the flange was observed in the 3.7 cm of plastic hinge. The flange rupture was initiated from the side
holes' external edge and partially penetrated the column web. The distance of the ruptured section from the nearest column flange
was 21.2 cm. In DFC3, the beam flange local buckling did not happen prior to the plastic rotation of 0.04 rad. The first evidence of the

Fig. 23. Moment-rotation responses of the DFC samples with I-section column a) DFC1-IC, b) DFC2-IC, c) DFC3-IC, d) DFC4-IC and e) RBS-IC.
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local buckling in DFC3 was observed at the inter-story drift angle of 0.06 rad. The measure of beam flange local buckling in the plastic
hinge length was 1.8 cm. The rupture was initiated from the side of the internal hole and was partially expanded to the beam web.
The distance of the ruptured section to the nearest column face was 17.3 cm. The beam flange local buckling of DFC4 was initiated at
the inter-story drift angle of 0.045 rad. The measure of beam flange local buckling in the plastic hinge length was 1.3 cm. At the inter-
story drift angle of 0.05 rad, the length of the buckled portion of the plastic hinge reached 1.9 cm. At the inter-story drift angle of
0.06 rad, the local lateral buckling of the beam flange increased to 3.1 cm in the plastic hinge range. At the inter-story drift angle of
0.07 rad, the length of the buckled portion increased to 4.2 cm without any rupture. Fig. 24 presents the failure modes of all speci-
mens.

3.5. Behavior of panel zone
Fig. 25 indicates the shear strain of panel zones in the proposed DFCs. Because of the little rotation of panel zones, they behaved

linearly, and thus the majority of energy dissipations took place in plastic hinges. In other words, in this type of connection, the
panel zone does not play a notable role in the nonlinear behavior of the steel frame. The shear rotation of panel zones was 0.0014,
0.0021, 0.0022 and 0.0011 radians were measured in DFC1, DFC2, DFC3, and DFC4 respectively. Such results seem to indicate that
the proposed DFCs were capable of transferring the inelastic portions to ductile areas of beams and prevent the column and panel
zone and welds from failure.

4. Behavior of DFCs with various beam depths
The various parameters such as height and width of beams and columns, length of the beams and columns, the thickness of the

plate in the construction of the beams and columns, strength of the materials, dimensions of the protected zone in the beam flange,
and distance from the start of the reduce section of beam flange from the column face are effective on the flexural strength, ductility
and cyclic behavior of beam-to-column connections. Also, due to the practical conditions and need for beams with different heights
and lengths, it was necessary to investigate the behavior of a sample pattern (e.g., semi-radial) in various beam depths. Finite element
modeling is used to investigate the effect of beam depth on the seismic behavior of DFC connections. For this purpose, analytical sam-
ples SRDFC1, SRDFC2, and SRDFC3 were designed and modeled. Geometric characteristics of experimental specimens used by Engel-
hardt [40] Chen and Chao [41] were considered to model SRDFC2 and SRDFC3 samples. According to ANSI/AISC358-16 [34], in RBS
connections, in special moment resistance frames (SMRF), the beam's clear span-to-depth ratio is limited to 7 or greater. Also, in
SMRF, the beams and columns should have seismic compact sections. In the SRDFC1 model, the column's height was 3090 mm, the
depth of the beam was 300 mm, and the width of the beam flange was 220 mm. In SRDFC2 and SRDFC3, the column heights were
considered 3600 mm, the length of the beams was considered 600 mm and 900 mm, respectively, and the width of the beam flange
was 300 mm. Tables 7 and 8 show the dimensions of geometric characteristics of the beams and columns.

According to the beam cross-section geometry of specimen SRDFC1, the nearest hole's distance to column face “a" and the length
of the reduced section “b" were 110 and 210 mm, respectively. In the analytical sample SRDFC2, the values “a" and “b" were 150 and
420 mm, respectively. In the analytical sample SRDFC3, the values “a" and “b" were 150 and 630 mm, respectively. The length values
of “a" and “b" are presented in Fig. 26.

Fig. 24. Failure modes of a) DFC1, b) DFC2, c) DFC3, and d) DFC4.
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Fig. 25. The moment-shear strain curves for DFCs.

Table 7
Geometric properties of models.

Samples Width of beam flange
bbf (mm)

Depth of beam db
(mm)

Width of columns flange
bcf (mm)

Width of column web
bcw (mm)

Column height Hc
(mm)

The dimension of end plate
(mm)

SRDFC1 220 300 300 300 3090 350
SRDFC2 300 600 400 400 3600 450
SRDFC3 300 900 500 500 3600 550

Dimensions are in millimeters.

Table 8
Thickness of the members in selected models.

Samples Thickness of beam
flange tbf (mm)

Thickness of beam
web tbw (mm)

Thickness of column
flange tcf (mm)

Thickness of
column web tcw
(mm)

Thickness of
shear tab tst (mm)

Thickness of
continuity plate tcp
(mm)

Thickness of end
plate tep (mm)

SRDFC1 15 10 15 15 10 15 30
SRDFC2 20 15 25 25 15 20 30
SRDFC3 25 15 30 30 15 25 30

Dimensions are in millimeters.

In the semi radial DP of the beam flange, the analytical sample of SRDFC1 (semi radial drilled flange connection), the beam
flanges were reduced in five rows (See Fig. 27), with the reductions equal to 22%, 25%, 27%, 29%, and 31. In the SRDFC2 and SRD-
FC3 analytical samples, the beam flanges were reduced in five rows (See Fig. 27), with the reductions equal to 20%, 25%, 30%, 35%,
and 40% (See Tables 9 and 10).

Also, three RBS connections, RBS1, RBS2, and RBS3, were modeled for comparison with the proposed DFCs. For this purpose, RBS
analytical samples were designed and modeled in the way that the same size RBS and DFC samples have almost similar flexural
strength. In RBS1, RBS2, and RBS3 samples, the horizontal distance from the face of the column flange to the start of the radius cut,
“a" are 110, 150, and 150 mm, respectively. The length of radius-cut, “b" for RBS1, RBS2, and RBS3 are 210, 420, and 630 mm, re-
spectively. The cut length at the center of the reduced beam section, “c" for RBS1, RBS2, and RBS3, was considered 30.8, 49.5, and
51 mm, respectively. The equivalent plastic section modulus for the beam in the proposed connections SRDFC1 to SRDFC3 are
861 cm3, 3520 cm3, and 7094 cm3, respectively. The value of the plastic section modulus for samples RBS1, RBS2, and RBS3 are
859.7 cm3, 3507.6 cm3, and 7040.8 cm3, respectively, in the reduced area based on the maximum cross-section reduction equal to
28%, 33%, 34%, respectively. The difference between the bending capacity of the proposed DFC samples, SRDFC1, SRDFC2, and
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Fig. 26. Schematic holes locations in the beam flange of numerical models.

Fig. 27. Fabricating details for a) SRDFC1, b) SRDFC2, and c) SRDFC3.

Table 9
Diameter of the holes in drilling patterns of numerical models.

Analytical Samples Pattern Row 1 Diameter Row 2 Diameter Row 3 Diameter Row 4 Diameter Row 5 Diameter

SRDFC1 24 (22%) 28 (25%) 30 (27%) 32 (29%) 34 (31%)
SRDFC2 Semi Radial DP 30 (20%) 38 (25%) 45 (30%) 52 (35%) 60 (40%)
SRDFC3 30 (20%) 38 (25%) 45 (30%) 52 (35%) 60 (40%)

The diameter of the hole is in millimeters.

Table 10
Location of the holes in drilling patterns of numerical models.

Analytical Samples X1 X2 X2 X2 X5 Y1 Y2 Y2 Y2 Y5

SRDFC1 122 157 207 257 303 142 70 70 70 142
SRDFC2 165 248 338 428 533 194 96 96 96 194
SRDFC3 165 300 443 586 744 194 96 96 96 194

Dimensions are in millimeters.
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SRDFC3 with RBS samples RBS1, RBS2, and RBS3 is less than 0.15%, 0.35%, 0.75%, respectively. The critical locations on the CJP
groove weld lines of the connections were the corner (point A) and the center (point B) of weld lines (See Fig. 28).

4.1. The cyclic behavior of analytical samples
According to the study of the analytical samples' cyclic behavior, it is observed that the SRDFC1, SRDFC2, and SRDFC3 can trans-

mit plastic rotation 0.07, 0.07, and 0.06 radians, respectively. Also, the ratio of the maximum bending capacity of the beam to 80% of
the beam's nominal flexural strength in SRDFC1, SRDFC2, and SRDFC3 samples was 1.82, 1.60, and 1.59, respectively. Also, the
beam's highest strength degradation occurred in the SRDFC3 model (See Table 11). The RBS1, RBS2, and RBS3 samples can transmit
plastic rotation 0.053, 0.051, and 0.048 radians, respectively. The ratio of the maximum bending capacity of the beam to 80% of the
beam's nominal flexural strength in RBS1, RBS2, and RBS3 samples was 1.58, 1.37, and 1.34, respectively. Figs. 29 and 30 illustrate
the hysteresis behavior curves of the analytical samples. It could be considered that the beam depth did not significantly affect the ro-

Fig. 28. FE models of a) SRDFC1, b) SRDFC2, c) SRDFC3, d) RBS1, e) RBS2 and f) RBS3.

Table 11
Summary of the analytical results corresponding to bending capacity.

Samples θpmax
(radian)

θy
(radian)

My
(KN.m)

Mp
(KN.m)

0.8Mp
(KN.m)

M0.04
(KN.m)

Mumax
(KN.m)

Mumin
(KN.m)

Initial Stiffness
Kinitial (KN/m)

Absorbed
Energy ED
(KN.m)

Maximum strength
degradation of beam
(%)

Mumax/0.8Mp

SRDFC1 0.07 0.00936 251.0 282.0 225.6 409.9 409.9 329.5 26820 422.3 19.6 1.82
SRDFC2 0.07 0.00833 703.9 1181.5 945.2 1383.6 1508.2 1261.1 84499 1251.4 16.4 1.60
SRDFC3 0.06 0.00883 1587.6 2363.3 1890.6 2786.9 2998.7 2269.1 179795 2133.1 24.3 1.59
RBS1 0.053 0.00931 244.7 282.0 225.6 332.7 356.5 349.5 26284 235.1 2.0 1.58
RBS2 0.051 0.00852 989.8 1181.5 945.2 1207.9 1298.3 1100.2 116174 743.5 15.3 1.37
RBS3 0.048 0.00881 1549.1 2363.3 1890.6 2526.2 2526.2 1841.3 175834 944.3 27.1 1.34

Unit: KN and m.
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Fig. 29. Experimental and numerical Moment-rotation responses of DFC4 specimen.

Fig. 30. Moment-rotation responses of a) SRDFC1, b) SRDFC2, c) SRDFC3, d) RBS1, e) RBS2 and f) RBS3.

tational capacity of DFCs. DFCs with the semi radial drilled pattern provide a drift angle capacity of more than 0.06 radians in all sam-
ples with different beam depths.

4.2. Distribution of damage indexes in analytical samples
For assessing the performance of analytical specimens, three important damage indexes were used. Equivalent plastic strain

(EPEQ), triaxiality index (TI), and rupture index (RI) have been considered. These parameters were proposed by EL-Tawil et al. [42].
The damage indexes were used to investigate the potential for failure and rupture in the CJP groove welds and steel elements of con-
nections. The equivalent plastic strain (EPEQ) defined as follows:

(6)

where and are components of plastic strain. The EPEQI index is used to quantify the local ductility and defined as follows:

(7)

The triaxiality index is the fraction of hydrostatic to Von-Mises stress and can be calculated using the following equation:

(8)

where is the hydrostatic stress, and is the Von Mises stress.
This parameter is used to describe weld and steel ductile failure mode. When −1.5 < TI < −0.75 the failure strain reduces. If tri-

axiality ratios get smaller than −1.5, brittle failure may happen. When the TI has positive values, the failure strain in metallic material
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reduces. The rupture index is considered as the analytical criteria for the potential of failure in metallic materials. It can be calculated
as follow:

(9)

The EPEQ parameter distribution in analytical samples corresponding to 0.04 radians and 0.07 radians (ultimate rotation) was pre-
sented in Fig. 31. Also, the distribution of EPEQ parameters in the CJP groove welds was presented in Fig. 32. According to Figs. 31
and 32, increasing the beam depth increases the equivalent plastic strain on the center and corner in the CJP groove welds of the
beam flange to column connection. Increasing the beam's depth caused critical EPEQ values to be shifted from reduced area to the
CJP groove welds. Fig. 33 shows the triaxiality ratio and the rupture index of specimens in the CJP groove welds. The triaxiality ratio
increases with the increasing depth of the beam. Also, the rupture index on the center and corner of the CJP groove weld line of the
beam-to-column connection decreases with the increasing depth of the beam (See Fig. 33). The results show that these DPs could
overcome issues in DFCs such as stress concentration and tearing in the reduced flange and groove welds, even in connections with
more considerable beam depth. However, by increasing beam depth, the condition of the CJP groove welds is getting worse.

5. Design recommendations for suggested DPs
For detailing suggested DPs in this study, the following limits should be considered. Based on the design regulations for special

moment resisting frames, the beam's plastic moment at the inter-story drift angle of 0.04 radians should be more than 80% of the
beam section's nominal flexural strength (Mp). For this purpose, slenderness ratios of the beam section are proposed as follows:

(10)

(11)

(12)

In these relationships, , , , and are the length of the cantilever beam, the depth of the beam section, the width of the
beam flange, the thickness of the beam flange, and the thickness of the beam web, respectively.

To achieve the ratio of the resisting moment to the nominal flexural strength greater than 1.3 for the reduced section, the percent-
age reduction (P.R) of the section should be in the range of 18%–50%. The P.R of the section can be calculated using the following
equation:

(13)

In the above equation, “x" is the distance from the center of the drilled holes to the face of the column, “a" is the distance from the face
of the column to the edge of the nearest holes, and “b" is the length of the reduced section.

The holes' appropriate distance, location, and diameters should be followed to minimize the strain concentration between the
drilled holes and prevent the rupture in a beam flange. Fig. 34 shows the configuration and distance of the holes in the proposed DPs.
The appropriate locations, distances, and diameters of the holes in the beam flange can be calculated using the equations presented in
Table 12.

The following proposed equations can be used to determine the probable maximum moment at the plastic hinge and the distance
from the face of the column to the plastic hinge for drilled flange connections the parameters related to the position and diameter of
the holes and beam cross-section. Fig. 35 shows the parameters of the position and hole diameters in the proposed DPs.

The plastic section modulus of beam flange ( ), plastic section modulus of beam web ( ), and the plastic section modulus
about the x-axis of the gross section of the beam at the location of the plastic hinge ( ) can be calculated, respectively, using the fol-
lowing equations:

(14)

(15)

(16)

where , , and are the depth of the beam section, the width of the beam flange, the thickness of the beam flange, and the
thickness of the beam web, respectively. Also, the plastic section modulus about the x-axis of the gross section of the beam drilled
flange at the location of the plastic hinge ( ) calculated as follows:

(17)
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Fig. 31. Distribution of the EPEQ in semi radial drilling patterns in plastic hinge zones (The inter-story drift angle is 0.04 radians and ultimate rotation).
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Fig. 32. Distribution of the EPEQ of analytical models in the CJP groove weld lines The inter-story drift angle is 0.04 radians).

Fig. 33. Distribution of the rupture index and the triaxiality ratio of analytical models in the CJP groove weld lines (The inter-story drift angle is 0.04 radians).

Fig. 34. Location of the beam flange holes in different configurations of DPs.

Table 12
Suggested limitations for the location, distances, and diameters of the holes in DFCs.

Drilled Pattern

combined with notches and holes radial semi radial with notches and semi radial
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Fig. 35. Parameters of the position and hole diameters.

where is diameter of the hole. Using the following proposed equations obtained the equivalent plastic section modulus for the
beam with drilled flange ( ), the probable maximum moment at the plastic hinge ( ) and the distance from the face of
the column to the plastic hinge ( ) for drilled flange connections.

(18)

(19)

(20)

where , , , , and are the distance of the hole from the face of the column, the plastic section modulus for drilled flange
at the location of the holes, factor to account for peak connection strength, the ratio of expected yield stress to specified minimum
yield stress, and yield stress for beam, respectively. Table 13 presents the proposed equivalent plastic section modulus for the beam
with drilled flange, the probable maximum moment at the plastic hinge, the distance from the face of the column to plastic hinge
from the proposed equation, the distance from the face of the column to plastic hinge from the experimental specimen, the bending
moment corresponding to the plastic rotation of 0.04 radians, the ultimate flexural strength of the beam, the minimum plastic bend-
ing moment of beam following the local buckling of the flange, and the maximum and minimum error between the proposed moment
at the plastic hinge and experimental data corresponding to bending capacity. The critical point for achieving proper performance in
drilled flange connections is that the plastic strain distribution must be widespread and uniformly in the plastic hinge zone. The maxi-
mum moment of the beam occurs in the beam-column connection under lateral load in moment-resisting frames. The amount of the
beam moment decreases by moving away from the column face. To have a uniform and widespread plastic strain distribution in the
reduced section, the diameter of the holes should be bigger at points of the beam where the bending moments are less. Therefore, the
diameter of the holes increases by moving away from the column face.

Where is the distance from the face of the column to the plastic hinge in the experimental specimens. As can be seen, the
minimum and maximum error between the results of the bending capacity from proposed relationships and experimental is −0.7%
and 19.53%.

In addition, it is possible to determine the diameter of the holes, the distance of the holes from the column face and each other, the
probable maximum moment at the plastic hinge, and the distance from the place of the plastic hinge to the column face by presenting
the proposed design relationships. The seismic behavior of these proposed connections has been investigated by using the proposed
design relationships and numerical modeling of samples with different heights and spans. The proper seismic performance, reduction
of equivalent plastic strain, rupture index, and prevention of stress concentration in the CJP groove welds of the beam flange to col-
umn connection can be achieved by providing the proposed design solutions.

To design the proposed drilled flange connections, first, the values of “a" and “b" can be calculated according to AISC code 358-16
[34] and relations 1 to 3. Then, to achieve the ratio of the resisting moment to the nominal flexural strength greater than 1.3 for the

Table 13
The summary of the proposed equations and experimental data corresponding to bending capacity.

Specimen Zequ(DFC) (cm3) Mpr(DFC) (KN.m) Sh(DFC) (mm) Sh(exp) (mm) M0.04 (KN.m) Mumax (KN.m) Mumin (KN.m) e0.04 (%) emax (%) emin (%)

DFC1 868 381.7 210 252 364.8 394.2 363.8 4.63 −3.17 4.92
DFC2 861 393.3 210 212 404.0 423.6 365.8 −2.65 −7.15 7.52
DFC3 863 385.6 213 173 388.3 410.9 322.6 −0.70 −6.16 19.53
DFC4 861 381.9 207 210 409.9 409.9 329.5 −6.83 −6.83 15.90

Unit: KN and mm.
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reduced section, the amount of the percentage reduction of the beam flange can be considered in the range of 18%–50%, and equa-
tion (13) can be used. The percentage reduction of the beam flange can be calculated based on the distance of the hole from the col-
umn face. The diameter of the hole can be calculated based on the percentage reduction of the beam flange. Then, the relations of
Table 12 can be used to minimize the stress concentration in the distance between the holes and the appropriate distance between the
holes can be controlled according to the relations in Table 12. The equivalent plastic section modulus for the beam with drilled flange
can be obtained by using the relation 14 to 18 after determining the diameter of the holes and their location and controlling their dis-
tances. Equation (19) is used to determine the probable maximum moment at the plastic hinge. It is also possible to calculate the dis-
tance from the face of the column to the plastic hinge by using equation (20). It is possible to have a uniform and widespread distribu-
tion of plastic strains in the plastic hinge zone by observing the arrangements and location of the holes.

6. Concluding remarks
Experimental investigations were conducted to improve the ductile behavior of DFCs. Four specimens with different radial drilling

arrangements were fabricated and subjected to cyclic loading. The results are valid for welded I-beam connected to box-shaped and I-
shaped columns, both made from low-yield steel. The results of this study revealed that:
1. By providing appropriate DPs on the beam flange in the plastic hinge zone and developing an eccentricity between the holes,

the effective cross-sectional area of the beam flange among the holes can be increased. It was shown that DFC1, DFC2, and
DFC3 were capable of tolerating a similar story drift angle of 0.06 radians, and DFC4 could tolerate story drift angle of 0.07
radians. Also, all experimental specimens with different patterns of drilled beam flange can tolerate story drift angle without
considerable stiffness and strength degradations. The suggested drilled beam flange connections could meet the requirements of
the special moment-resisting connections.

2. Among the examined specimens, the most significant rotational capacity belongs to DFC4. In DFC1, DFC2, and DFC3
specimens, the drift angle capacity of connections increased 50% of the minimum required rotation of the special moment-
resisting connections and DFCs with simple parallel drilling patterns. However, in the DFC4 specimen, the semi-radial
perforating pattern led to a more significant increase in rotational capacity and more stable cyclic behavior. Its ultimate
rotational capacity was almost 75% more than the minimum required rotation of the special moment-resisting connections.

3. By selecting the appropriate perforating arrangement and considering the suitable drilling diameters, the local buckling in the
plastic hinge zone in rotations less than 0.04 radians can be prevented. No evidence of local buckling and no considerable
degradation in the strength and stiffness were observed in examined specimens at the inter-story drift angles of 0.04 radians or
less.

4. In every tested specimen, the strains in the interior parts of beam-to-column groove welds in the beam longitudinal direction in
the center parts of the weld were greater than those in the corner parts of the weld in the same direction. Moreover, in all
specimens, the least strain occurred in the weld's central parts in the groove weld line direction. No observable fracture happened
in the groove welds, and they behaved elastically during the tests.

5. The rotations of the panel zones of DFC1, DFC2, and DFC3 corresponding to the plastic rotation of 0.06 rad were 2.33%, 3.5%,
and 3.67% of the total plastic rotation. The panel zone of DFC4 experienced a plastic rotation of 1.57% of the ultimate total
plastic rotation. Such a behavior showed that the panel zones behaved elastically, and thus the plastic behavior was concentrated
in the reduced areas of beams.

6. The beam depth increase does not significantly affect the maximum plastic rotation. The greater beam depth increases the
equivalent plastic strain on the center and corner in the CJP groove weld line of the beam-to-column connection. The triaxiality
ratio increases with the increasing depth of the beam. Also, the rupture index on the center and corner of the CJP groove welds
decreases with the beam's increasing depth.
The proposed drilling arrangements, especially semicircular ones, can be considered connections with appropriate cyclic perfor-

mance besides well-known RBS and RWS connections. The benefits of these connections could be achieved, provided that appropriate
tools were present, with acceptable quality and accuracy, for material removal and fabrication based on the proposed drilling pat-
terns. It should be noted that the effect of influencing factors such as floor RC slabs was neglected in this study. Hence, it is suggested
to avoid connecting any element (whether welded or bolted) in the protected zone of connections.
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