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Abstract

This paper presents analytical and experimental studies on the cyclic behavior of beam-to-column moment connections used in steel colul
tree moment-resisting frames. The column-tree system is joining the column-trees and link beams in the field while the column-trees are fabric:
in the shop by welding stub beams to the colunime Proposed ductile column-tree connections hawedstinctively improvel connection details
which are no weld access hole detail and a widened flange of the stub beam. Nonlinear finite element analysis demonstrated the effectivene
the improved connection details which significantly reduce the st@sseatration and plastic strain demands at the beam flange groove weld.
Cyclic testing of three full-scale specimens was conducted to verify the proposed connection details. All the specimens successfully develo
dudile behavior with no brittle fracture by forming the plastic hinging of the beam away from the beam—column interface. The widened flang
and no weld access hole details are effective in reducing the potential of brittle fracture.

(© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction and reinforced connection®&{§ that enable the required
performance to be developed under cyclic loading.
A column-tree system is one of the constructional schemes

Moment-resisting frames are frequently used in regionsised for the moment-resisting frame. The column-tree is
of high seismic risk to resist seismic force. The momentfabricated by welding stub beams to the column in the shop.
connections of the moment-resisting frame are designed tonlike the pre-Northridge connection case, the critical welding
connect the beam flange to the column using a complete joirdgf the beam-to-column joint is performed in the shop, which
penetration (CJP) groove weld in the field. A typical beam-can provide a better quality control. The stub beam is generally
to-column connection detail of a moment connection prior600 to 1000 mm long. A mid-portion of the beam is then
to the 1994 Northridge earthquake is shownkig. L Many  spliced to the stub beam to form the moment-resisting frame
connections, however, failed in a brittle manner during theafter the shop fabricated cohn-trees are erected in the
Northridge earthquake. Brittle fractures occurred at the beanfield. Fig. 2 illustrates the column-tree construction. There
to-column joint, resulting from several factors such as stresare various options for the splice joining the link beam to
concentration in weld access hole regions, initiating crack dughe colmn-tree 9]. Fig. 3 shows twobeam splice options
to back-up bars at the beam battdlanges, weld defects, and frequently used: one is fieldelted connectin; the dher is
material déiciencies [1,2]. To prevent the premature failure Web-bolted flange-welded connection. The use of the field-
of the joint, various improved details have been proposed ifpolted splice connection can speed the erection and reduce
the dtermath of the Northridge earthquake. Post-Northridgethe field erection costs. Nevertheless, the use of the field-

connections include reduced beam section connecti®rg [ Wwelded splice connection can eliminate possible slippage of
the bolted splice connection during major earthquakes. On the

other hand, the splice connection can be designed to provide
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Fig. 1. Typical pre-Northidge moment connection.
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Fig. 2. Column-tree construction.

course, it is inevitable that the column-trees cost more for
transportation and malling; however, the use of the column-
tree frame can reduce the cost in the field.

The column-tree construction has been widely used in
Jgpan, and the column-tree systems are frequently in the shop-
welded, field-bolteddrm. However, a number of column-tree
connections were damaged during the 1995 Kobe earthquake
[11]. Brittle fracture was observed in the shop welding
connections although the shop-welded connection was believed
to have better quality than field-welded connection. To achieve
the desired performance of thelamn-tree construction, this
study analytically and experimentally investigates the cyclic
behavior of the column-tree connection by improving the
connection details. Nonlineafinite element analysis was
performed to study the effects of the design parameters on
the inelastic blavior. A full-scale experiment was further
conducted to clarify the cyclic performance of the proposed
connection details for column-tree construction.

2. Widened flange column-tree connection

As indicated inFig. 1, weld access holes (WAH) in the
beam web are necessary for performing the CJP groove weld
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Table 1_ __ X R =200 370
Properties of subassemblages 100,100, 800 |
I T T I
Finite Specimen Max. width Length of Length of
element designation  of widened widened stubbeam Fig. 6. Column-tree moment connection models: (a) W10-L1A; (b) W10-L2A,
model flange (mm)  flange (mm) (mm) (c) WO8-L1A.
W10-L1A W10-L1 550 200 1000
W10-L2A W10-L2 550 400 1000 800 . . i —
WO08-L1A wo8-L1 440 200 1000 : : s
uw - (unwidened)  — - ! ! a_;_;;.::r-':"’"
600,,,,,,,,,:/, ’{;,,;:"":, T
joining the beam flange to thelumn flange. The presence of Z . | |
the WAHSs, however, creates concentrations of the stresses and 3 o ! I
. . . « . ¢ y I | I
highest fracture potential in the joint that has been addressed i 400 - woa e
. . . . - I I
in the literature 1213. The localized stress concentration = . I — - — WI0-L2A
e e . . . | |
initiates cracking in the WAH regions and consequently leads to g 7 | —-—= WIO-L1A
. I I
fracture of the beam flange, as observed in the beam-to-column W0 - Af o boTT Wos-LIA -
connections after the earthquak&l[l] or in the leboratory ! ! L
[13,14]. Having the advantage of fabrication in the shop, the ! ! !
proposed column-tree connection was designed without WAH : i i i ;
to preventhe possible fracturing of the beam flange caused by 0 I 2 3 4
the WAH Story drift angle (% rad)

The improved scheme of the post-Northridge connectionsig 7. geam tip load versus story driftgle relations for analytical models.
with either the reduced beam section connections or the
reinforced connections, is forcing the plastic hinging of provided by a flat triangular stiffener on both sides of the beam
the beam away from the column face. The reduced bearflange, a piece of the beam flange plate with a curved transition
section connection fulfills this requirement by trimming theis used to provide sooth force transfemce. Nonlinear finite
beam flange, whereas the reinforced connection does it bglement analyses and experime were carried out to clarify
strengthening the beam section near the column. A widenethe seismic performance ofdtwidered flange connection.
flange connection is proposed in this study, obtained by
enlarging the beam flange in the beam-to-column joint3. Numerical investigation
Fig. 4 shows the configuration of the proposed column-tree
connection. The beam stub is built up using the widened flang&.1. Finite element modeling
and the web plates. The widened beam flange is intended
to reinforce the beam-to-column joint and form the plastic Using nonlinear finite element analysis, the analytical study
hinge away from the column face. Rather than stiffening beingvas conducted for various configurations of the widened
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Fig. 8. Distributions of principal stress vecsaand ontours at the beam—column interface at 0.5% rad story drift angle: (a) W10-L1A; (b) UW.

flange connection. A previously validated modeling using amodeled as presented ifable 1 The ®nnection vith the
general purpose nonlinear finite element progrdf was  unwidened flange was designated as “UW”, which represents
employed to model the subassemblage of the connecti@n [ an unreinforced connection. To clarify the effect of the
The subassemblage represents an exterior beam-to-columraximum width of the enlarged beam flange on the connection
connection, isolated from a moment frame at the inflectiorbehavior, two maximum widths were adopted. The ratios of the
points of the column and the beam. The subassemblage consistsiximum widened flange width to the column width are set
of an H-shaped H58& 300 x 12 x 20 (dimensions in mm for to 1.0(for W10-L1A and W10-L2A) and 0.8 (for W08-L1A).
depth, width, web thickness, and flange thickness, respectivelyjo ensure plastic hinge formation away from the column face,
beam, 3030 mm long and a box column of 56850x 27 x 27  the length of the enlarged beam flange was designed as either
with 3000 mm span lengtlkig. 5shows the thee-dimensional 200 mm or 400 mm, which are represented in the labeling of
finite element modeling. Lineaglastic and strain hardening the connection with L1 and L2, respectiveBig. 6 shows the
behavior was assumed for ASTM A572 Grade 50 steel used fatetails for these three widened flange connections.
the column and the beam. More details related to the element
and material modeling can be found in the literaturg.[ 3.2. Discussion of the analysis results

The box column has a great capacity to resist biaxial
bending. Therefore, box columns are commonly used in some Beam tip load versus story firiangle curves for all the
high seismic risk regions such as Taiwan and Japan. Howeveatumerical models are shown Fig. 7. The sbry drift angle
as revealed by previous studiesthe beam—column interface, is computed as the ratio of éhbeam tip displacement to the
high stress concentration occurs at both tips of the beardistance between the beam tipdathe colunn centeline. All
flanges, which initiates cracking from the beam flange tih[ models demonstrated elastic behavior before 1% rad story drift
The widened flange is proposed for use for box columns tangle which is usual for typical moment frames. Due to the
eliminate this inherent deficiency. reinforcement of the widened flange, the models with a widened

On the basis of the concepf the widened flange flange displayed slightly higher elastic stiffness and inelastic
connection, two major design parameters were studied: th&trength than the unwidened flange model UW.
maximum width and the length of the enlarged beam A story dift angle of 0.5% rad was chosen to elucidate the
flange. Four different configurations of the connections wergesponse of the subassemblages in the elastic range because
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A (@) W in terms of the PEEQ index ich has been used by other
ol —_— — WOBLIA researcherslp,17]. The abbreviation PEEQ stands for “plastic
----- WIO-LIA equivalent strain”, which represents the local plastic strain
demand. The PEEQ index is defined as the ratio of PEEQ to the
o yield strain. Certainly, a higher PEEQ index indicates a higher
U= /

demand for plastic strain. A story drift angle of 4% rad was
used to compare the connection behaviors under highly strained
states because a special moment-resisting frame is assumed to
be capable of sustaining a story drift angle of at least 4% rad
[18].

Fig. 9 plots the distributions of the PEEQ indices along the
beam flange groove weld at 4% rad story drift angle. For model
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'\ .,f"}‘ / @ UW, peak PEEQ indices were abysed at the extreme edges

. ™ i " + of the beam flange groove weld. When the widened flange was

. -_.._Z*I_'- =" o me used, the maximum PEEQ index decreased by 51.4% for WO08-
~300 - 150 0 150 300 L1A (reduced from 32.5 to 15.8) and 89.2% for W10-L1A

Distance from beam flange centerline (mm) (reduced from 32.5 to 3.5), compared to that of UW. It is clear

A ® that a wider flange at the beam-column interface results in a

uw lower PEEQ inde. The narrower widened flange of W08-L1A
WI0-L2A

40 represents a more critical condition because the stress and strain

demands along the beam flange groove weld were increased.
Fig. 9b) shows the wtributions of the PEEQ indices for
subassembiges with different lengths of the widened flange.
Increasing the length of the widened flange from 200 mm
(W10-L1A) to 400 mm (W10-L2A) has an insignificant effect
on the local plastic strain demand.

To elucidcate the plastification and plastic hinge formation
for the widened flange connection, the distributions of the
plastic equivalent strain at various loading steps are shown, to
demonstrate the spread of the yielding zokig. 10 displays
the piogressive contours of the plastic equivalent strainat1, 1.5

’ and 4% rad story drift angles. The highest plastic equivalent
1 strain didnot occur in the beam flange groove weld. Notably,
-300 - 150 0 150 300 . . . .
Piistancie.from besm flangecetartine (mu) extensive yielding took place in the beam flange beyond the
widened flange. On the basis of the spread of the yielding zone

Fig. 9. Distributions of PEEQ indicedlong the beam flange groove weld at4% shown n the fgures, indeed, the plastic hinge formed away
rad story drift angle: (a) effects of wathed flange width; (b) effects of widened from the beam—column interface. In brief, the distributions of
flange length. the plastic equivalent straiexhibit that the widened flange
connection can develop extensive inelastic behavior in the beam
Lction away from the column face.
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numerous moment connections damaged in premature fractu
with very limiting plastic behavior during the earthquake.
To evaluate the potential brittle fracture, the principal stress, Experimental investigation
is presented for comparisoretause the cragkg generally

developed at the location of greatest principal stré3§.8 41 Teqg specimens

shows theprincipal stress vectors and stress contours of models

W10-L1A and UW, at 0.5% rad story drift angle, at the beam  An experiment was carried out to clarify the cyclic behavior
flange groove weld which is the most critical location for the of the column-tree connections with a widened flange. Three
moment connection. The size of the stress vector also indicat¢§||_sca|e Specimens were designed to represent an exterior
the magnitude of the stress. Trardest value of the principal peam-to-column subassemblage under the seismic loading
stress normalized by the yiektrength of the beam material condition. The specimens had the same size and geometry as
was up to 1.9 for UWwhereas its value was merely 1.14 for the subassemhjes used in the finite element analysis. The
W10-L1A. The stress in UW was maximum at the edges of thepecimen designation is presentedrble 1
beam flange, while the maximum stress in W10-L1A occurred Both the beanmand column are all ASTM A572 Grade 50
at the centerline of the beam flange. steel. The shpe of the widened flange was fabricated by a
The connection behavior in the inelastic range can bdlame cutting process and was then ground with a hand grinder.
examined through the plastic strain. To evaluate the local plasti€ig. 11 depicts the welding details for the specimens without
strain demand, the response of the subassemblages is presentieel weld access hole detail. The short stub of the beam was
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Fig. 11. Welding details for specimens. practice can be field bolted, hénghe splice was fully welded
to prevent any influence of splice slippage on the behavior of
Actuator the widened flangeonnection. The extra cost for the widened
flange is comparatively minorpmpared to that of the overall
T column-tree construction.
© Ol
- . Iﬁatcral
T ricing 4.2. Test set-up and procedure
Strong wall [ ]
Beu i i i 33
ST AT ESE0 '_I'he §chemat|c diagram of the_t(_ast set-up is showridn12,
g which simulates the boundargueditions of the subassemblage.
g As shown inFig. 13, the loadhg sequence specified in the AISC
. seismic proisions [L8] was fdlowed for the cyclic testing. The
P | sequence began with six successtycks at the story drift
S| o~ Stub beam angles of 0.375%, 0.5% and 0.75% rad. Afterward, four cycles
d of 1% rad and two cycles of over 1.5% rad were followed until
. . sl failure occurred. To conduct the cyclic testing, a predetermined
= ] cyclic displacement history was applied at the beam tip by a
lﬁ“ﬂ M hydraulic actuator.
| Strong floor ]
N - 4.3, Discusson of th |
| 3000 : .3. Discussion of the test results
Fig. 12. Schematic diagram of the test set-up. All three specimens behaved very similarly, although

different details of the widesd flange were used. As evidenced
built up to form the widenedlange stub beam. The beam by the flakng of the whitewash, yielding of the specimens
flanges were double bevel groove welded to the column flangeaccurred initially at the edges of the curved part of the widened
A large ske of the bevel groove weld was used inside the bearflange as observed in the finite element analysis. During the
flange to allow the defective weldment to be easily gougedtycles of 3% rad story drift angle, a great amount of the
from outside the beam flange. The remaining bevel groove weldhitewash conspicuously flaked and expanded into the beam
was onsequently completed from outside the beam flangeflange and the nearby beam web. Local buckling of the beam
Although the splice of the link beam to the column-tree inflanges was noticed in the cycles with 4% rad story drift angle.
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Beam
widened flange

Fig. 15. Minor cracking on the wideddlange of specimen W10-L1 at 5% rad
story drit angle.

behaved elastically throughout the testing, the plastic rotation
of the subassemblage was contributed merely from the inelastic
deformation of the beam. The formation of the plastic hinge
in the beam section was the only source credited to the
pladic rotation. As demonstrated ifig. 16, the hysteetic
loops show stable and reliable cyclic behavior. The gradual
strength deterioration as observed in the hysteretic loops was
caused by the local buckling of the beam flange and the
L web. All the specimens can devplodiable inelasic behavior
‘“"ﬂjf‘ 2} 4 T with maximum story drift angds greater than 5% rad, which

! e represent the maximum total plastic rotations ranging from 4%
Fig. 14. Yielding and local buckling at 4% rad story drift angle: (a) W10-L2; to 4'9%. rad. Envelope Curve_S_Of the beam tip Ioad—d|spla(?ement
(b) WO8-L1. hysterdic curves are shown iRig. 17. Identical global behavior

wasobtained for the specimens. In fact, the width and length of

Fig. 14 shows theyielding and local buckling of specimens the widened flange have very little effect on the global behavior
W10-L2 and WO08-L1. In the cycles of 5% rad story drift 5f the subassemblage.
angle, excessive buckling of the beam section caused gradual Table 2shows the m&mum test moments and calculated

d_ete_rloratlon in the strength. F(_)r all Fhe Specimens, the plas'['filastic flexural strengths of the specimens at the locations of
hinging of the beam formed_rellabl){ N thg beam_ section aWa}e column face and pd&ic hinge. The plastic hinge location is

from the column face, assuring sufficient inelastic deformatlor}jefined as at the far end of the curved part of the widened flange
of the connection. At the end of the tests, no signs of fracturinqrom the column face. The ratios of the maximum test moment
were observed except that minor cracking was noticed at thFo the calculated plastic flexural strength at the column face,

edge of the widened flange of specimen W10-L1 during thq\llj,tesr/ij, range from 0.77 to 0.98. These ratios indicate that

0 . .
sec((:) n((:jligyt;:dlia?/figr/gfr?hdesstﬁLyaggznigg e:if' Sggé\’r':;?' ;\?éluategqe connection reserved flexuisttength at the beam—column
Y 9 9 y oint. However, the ratiosVj tesy/ Mp; for specimen WO08-L1

through the hysteretic loops of load versus displacement dS S o
well as the hysteretic loops of normalized moment versus tota re 0.97 .and 0.98 which imply that this widened flange barely

plagtic rotation. The test momentas calculated from the beam provides the required flexural strength because of the use of the

tip load multiplying the overall beam length. The test momen rrﬁlle_r Wi(:th tha_m for other SpECians' A_I(;hou_ghlthe hglobalf
was furthemormalized by the plastic flexural strength of the Pehavior of specimen W08-L1 was almost identical to those o

beam section, using the material strengths measured from tifiNer specimens, the local strength demand at the column face
coupon tests. It should be noted that the ratio of the test momefit mMuch hgher for W08-L1 as can be seen from the greater
to the plastic flexural strength indicates the level of the beanf@i0S Mj.tesyMpj than for other specimens. Moreover, the
section tha has teen stressed. The total plastic rotation foratios of the maximum test maent to the calculated plastic
the subassemige was determined by subtracting the elasticlexural strength at the plastic hing®lpn tesy/ Mp, range from
rotation from the story drift angle. 1.17 to 1.24. Large inelastic deformation with strain-hardening

Fig. 16 presents the hysteretic loops of the beam tip loadPehavior was expected at the plastic hinge location because
versus beam tip displacement as well as the hysteretic loogéese ratios are well beyond unity. Plastic hinging of the beam
of the normalized moment vars tdal plastic rotation for ~away from the column face is also evidenced from these
all three specimens. Because the column and the panel zogémparisons.
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Fig. 16. Beam tip load versus beam tip displacement curves and normalized moment versus total plastic rotation curves for specimens: (a) W10-L2; (b) W
(c) WO8-L1.

5. Conclusions revealed by the finite elemeranalyss, the widened flange
connection associated with no weld access hole detail can
A preliminary investigation of the cyclic behavior of the diminish the potential for brittle fracture caused by the peak
widened flange connection proposed for the steel column-trggastic strain demand in the weld access hole region as
moment-resisting frames has been presented in this study. Aiding in a pre-Norridge connection. Further, extensive
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Table 2
Flexural strength summary
Specimen Maximum test moment &lculated plastic flexural strength Ratio of test moment to calculated strength
designation
At column face At plastic hinge At column faceMyp; At plastic hingeMp At column fau:eM,\J,l"—?St At plastic hingeMR,lL'pteSt
Mj test(kN m) MphtestkNm) (kN m) (kN m) 8
W10-L1 +2147 +2005 2712 1652 0.79 121
—2091 —1953 0.77 1.18
W10-L2 +2263 +1964 2712 1652 0.83 1.19
—2223 —1929 0.82 1.17
WO08-L1 42188 +2043 2246 1652 0.97 1.24
—2193 —2049 0.98 1.24
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