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connection. The new type of connection includes drilled flange connection with parallel rows of holes. In

ABSTRACT: Since unreinforced welded connections were brittle and prematurely fractured in the
connections of the beam-to-column penetration welds in the 1994 Northridge earthquake, the researchers
proposed radius-cut flange reduction connections to improve the seismic behavior of rigid connections.

order to improve the performance of these drilled flange connections, in this study, beam flange drilling  Keywords:

arrangements were used with an inclined arrangement of holes with different hole diameters. The study .11 Flan ge Connection (DFC)

showed that in the inclined arrangement of a hole, the amount of plastic rotation is 0.059 radians, which L
. . . . . . . with inclined arrangement of holes
is 7.3% more than the plastic rotation of the same radius-cut flange reduction connection. Also, in the

best connection sample with the most suitable oblique drilling arrangement, the equivalent plastic ~CYclic Behavior

Equivalent Plastic Strain Index

(EPEQI)

strain index in the center and corner of the complete joint penetration weld line decreased to 92.3% and
87.7%, respectively, compared to conventional radius-cut flange reduction connections. Mises index
in this connection in the center and corner of the complete joint penetration weld line decreased o pressure Index (PI), Mises Index
45.5% and 39.9% compared to radius-cut flange reduction connections, respectively. This indicates (MI)

better performance and less sensitivity of this type of connection to the problems of the complete joint

penetration weld line of the beam-to-column connection compared with conventional radius-cut flange

reduction connections and these drilled flange connections with the parallel arrangement.

1- Introduction

Steel buildings with rigid connections were severely
damaged in the 1994 Northridge ecarthquake. Many
researchers identified these damages caused the brittle
weld behavior of steel moment frame connections due to
multiaxial stresses in the near area of the beam-to-column
connection [1, 2]. Han et al. [3] investigated the cyclic
behavior of a direct beam-to-column connection with bolt
connection. Yang and Popov [4] used the circular holes in
the beam flange to reduce the stress in the beam-to-column
connection by reducing the cross-section of the beam flange.
Farrokhi et al. [5] tested rigid connections 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. Vetr [6, 7] et al. tested
the seismic performance of drilled beam flange connection
with regular two parallel rows under cyclic load. Lee et
al. [8] investigated the seismic behavior of reduced cross-
section connections by four full-scale laboratory samples
and proposed four different drilling beam flange patterns.
Atashzaban et al. [9] investigated damage parameters such
as equivalent plastic strain, triaxiality index, and rupture
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index in the numerical FEM for direct beam-to-column
connection with two parallel rows circular hole in beam
flange. Rahnavard et al. [10] studied the nonlinear behavior
of the drilling beam flange connections with numerical
analysis of eight finite element models with two-row
arrangement of holes in beam flange connections. Ahmady
Jazani [11] showed that the drilling beam flange connection
with different holes diameters could absorb more energy
compared to the connection with similar holes diameter.
Shadman Heidari et al. [12] presented new drilled flange
connections with combined arrangements of holes and
notches. They studied two experimental specimens and 24
numerical models. Among the studied arrangements (i.c.,
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 connections, remarkable reductions of damage indexes
were observed in connection. In this research, to improve the
seismic performance of reduced beam section connections
used hole drilling in two parallel rows. The cyclic behavior
of the connection improved by preventing local buckling
and premature failure in the distance between the holes
and the proper arrangement of the beam flange holes. For
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Fig. 1. Determination of the location of holes and their diameters

this purpose, beam flange drilling arrangements were used
with an inclined arrangement of holes with different hole
diameters. The plastic strains are distributed extensively in
the beam flange with an inclined arrangement of holes and
prevent the concentration of stress and premature failure of
the areas between the holes.

2- Methodology

In this study, the seismic behavior and damage index
was studied for parallel and inclined arrangement of holes
in beam flange connections. The plastic strain distribution
in the beam flange can be changed appropriately by
changing the beam flange drilling arrangement. In drilling
patterns used two parallel and inclined drilling rows in the
longitudinal direction of beam flanges with diameters of 20,
25, 30, 40, 45, 50, and 55 mm which are 18%, 23%, 27%,
36%, 41%, 45%, and 50% decrease in cross-sectional of the
beam flange respectively. The distance of the nearest hole
to column face (a) and the length of the reduced section (b)
were met the following provisions per the American national
standard of AISC358-16 [13]:

0.5h, <a<0.75h, (1)

0.65d,<b<0.854d, @

The important damage indexes for evaluating the
performance of moment resisting frame connections
including equivalent plastic strain index (EPEQI), Pressure
index (PI), and Mises index (MI) have been proposed by EL-
Tawil et al. [14].
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3- Results and Discussion

The amount of cross-sectional plastic rotation in the
proposed connection DFC7 sample is equal to 0.059 radians,
which is 7.3% higher than the conventional RBS connection
plastic rotation. The maximum resistance increase of 22.2%
occurred in the connection of the DFC7 sample compared
to the equivalent RBS connection. The maximum and
minimum stiffness values are calculated for WUF and RBS
samples, respectively. Also, the highest and lowest values
of ductility coefficient are obtained for RBS and DFC3
samples, respectively. In the connection of the DFC7 sample
decreased, the equivalent plastic strain index occurred in
the center and the corner of the complete joint penetration
weld line compared to other connections. The highest and
lowest values of the equivalent plastic strain index around
the hole occurred in DFC8 and DFC1 samples, respectively.
The proposed connection of the DFC7 sample has the highest
value of 0.43 for the Pressure index in the corner of the weld
line of the beam-to-column connection, which indicates
the proper ductility of this connection compared to other
proposed DFC connections. In the connection of the DFC7
sample, the largest decrease in the Mises index occurred in
the center and the corner of the complete joint penetration
weld line compared to other connections. Also, the Mises
index decreased in the center of the weld line 45.5% and in
the corner weld line 39.9% conventional RBS connection.

4. Conclusions

A significant reduction in equivalent plastic strain
occurred in the center and corner of the complete joint
penetration weld line of the beam-to-column connection
in the DFC connections compared to the RBS connection.
The proposed connection DFC7 sample with the inclined
arrangement of holes in beam flange from a small diameter to
a large diameter above the face column occurred a significant
reduction of the equivalent plastic strain index on the weld
line; also appropriate distribution of plastic strains happened
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between the beam flange holes due to the creation of diagonal
paths between the holes compared to other connections.
Increasing the values of Pressure index in the complete joint
penetration weld line of the beam-to-column connection
indicated the increase of local ductility of the weld line in
the DFC7connection compared to the conventional RBS
connection. Also in the DFC7 sample connection significantly
reduced Mises index on the center and corner of the complete
joint penetration weld line of the beam-to-column connection.
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Fig. 1. Laboratory example of WUF connection, WUF connection modeling in finite element software and
critical points
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Table 1. Geometric specification of beam, column and steel plates
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Fig. 3. Comparison of cyclic behavior of experimental and analytical samples of WUF connection
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Fig. 4. Examining rupture WUF connection

lidly +[+F olgd 3 MEubslogl 5 low sWae Jsles Stadly (555,5 aj55 B Kb

5. Equivalent plastic strain in numerical and experimental models of WUF connection in the story drift
angle of 0.04 radians
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Fig. 6. Determination of the location of holes and their diameters
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Table 3. Diameter of the holes and reduction percentage of flange cross-sectional area in pro-
posed drilling patterns
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Table 4. Location of the holes in proposed drilling patterns
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Fig.7. Moment-rotation responses of the DFC samples besides WUF and RBS connections
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Fig. 8. Percentage increase in resistance of DFC connections compared to RBS connection
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Fig. 9. Plastic rotation of analytical models
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Table 5. Initial stiffness values and ductility ratio of numerical models
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Fig. 10. Distribution of the EPEQI of numerical models on CJP groove welds in the story drift angle 0.04 radians
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Fig. 11. Distribution of the EPEQI of numerical models in critical points of A and B of CJP groove welds in the
story drift angle 0.04 radians
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Fig. 12. Distribution of the EPEQ in proposed flange drilling patterns in plastic hinge zones in the story drift angle 0.04
radians
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Table6. Maximum EPEQI around the hole of numerical models zones in the story drift angle 0.04 radians

Fygm Bl bl Secdly (i )5 s s piSTas

Sl digas

\Y/ay

DFC1

VO/VA

DFC2

VIO

DFC3

ARFIA

DFC4

\INId

DFC5

YAIYA

DFCe

VA/YY
Y.IvE

DFC7
DFCS8

ARVAA

DFC9

\Y/Of

DFC10

YAV

DFC11

Ya/-vy

DFC12

Sl eloj ) 3,Skee U yialy] o & Camas DFCtiges Jlasl 55 o
2 b pedyiaS whaw 3 Setdly (bl )S @je eddSy dene )
Blo 5 silse ) E g s 93 dilisee (latal)] o )3 ASle
Slbl )3 3 pete g a1y Sl la 23,8 DFCY wiges il
ol 4l pealio e 5 03,8 bl by Juols as g g yow

g ST e Kbl S5 sl 5l 5 Jas
6 pohalen ol 2 dpolina loly +1F g > Ll sladiges
Kbl 55 sl Sl e (a3 (33,5 o it
oy ¢, DFCY g DFCA (ladiges > g 4 glygw Slibl Joleo
o]

Obdly o/ ¥ el o IS5 S )3 (el gl Joe sl Lid a3 s
5 e s g 555 88 Sl 5 3, el
ol oged VW JSCs amd b3l o Jleas] g 03,8 slool 55 | S
1S jgilan Am3 e i |y gy dyge (sladiges el oybid asls
Wged slp hgr bd 350 )3 jlid (jadls Jade (3568 9 oo oaalie
Eoito slgSl (glys Lid yasls polde Lials sl o —+/5Y ol WUF
o pindSd ialS Sy DFC 15 J osd (5f5ehgm L

¥V0

GosSI ey ol Sy 5,5 Lasls me VY JSS

odnlin &S jslailen .l odd 03l i 5 Jb (8 F e (olpinin
il g 20VY ) 58 15 b gatie LialS a5 oladiges )3 g
305 ol 03 Pl gt g 31 o5 b & 35 b | 55
S 039 3L Gyt g 4 SedP aghgw SLbI > Sadly )8
Db b gy S )8 S 5ed Gl g (0295 (SOb el
48 kb 1 6 Eg Gl et D90 st 4y Ll (sg
Seodly Juade Joreo > Sty ()5 @iy el gt g jl ok a3
cew Lials 5l eslasl 035 o ystw 4 Jlasl oads clbilas anb g
S g & 55 Jb )¢ o 5 JL 200 b 20VY I sty alako
Slgs o dguis alade Spuody S doyd A 3l eSS 15 dlade Caoglds
cely 5 15y 2y Setdly Joe o > Setdly S5 i
@ 8 Jlail (398 hor b3 g9 p St (55 pSedy SRl
g Lialyl 5l eolatal b g VY s Jlages wlal 33,5 g5
b e 1y Polee Sy (55,8 (adls olg e DFCY &40
b b adss )3 9 2o AV U g 4 5 Jlail (398 s>
ele ol jzals RBS Jglate cVlasl & coms 3o )3 AVIY b (63985



FYY B YRR amio AF) Jlo ) o)lad OF 693

S el s (qwdiee @ s

0.80
0.60 oo WOE
- —RBS
= 0.40 DFC1
= —DFC2
é 0.20 . DbFC3
> 0.00 — DFC4
5 —— DFC5
%-0.20 DFC6
[
= 040 ~ DFC7
—— DFC$8
-0.60 —— DFC9
——DFC10
-0.80 ——DFC11
-11 -9 -7 -5 -3 -1 1 3 5 7 9 11 DFC12
Point AT Distance form web beam axis(cm) T Point A

OLdly o[+ A g KU gui 0 CIP 63585 (iga bd g9y Jlowd s Jwo jLid adls )Y JSG

Fig. 13. Pressure index of the groove welds in numerical models in the story drift angle is 0.04 radians
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Fig. 14. Pressure index of the critical points of A and B of groove welds in numerical models in the
storydrift angle 0.04 radians
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Fig.15. Mises index of the groove welds in numerical models models in the storydrift angle is 0.04 radians
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Fig. 16. Mises index of the critical points of A and B of groove welds in numerical models zones in the story drift
angle 0.04 radians
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