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1. ABSTRACT

The objective of this paper is the nonlinear dethiinite element analysis of steel moment
resisting frames with extended end-plate boltedmbmcolumn joints. Firstly, the
simulation of the joints is performed, using sturat (beam and shell) and three-
dimensional continuum (eight-node hexahedral sobBt§ments. Material as well as
geometric nonlinearities with contact between thgprapriate components of the
connections are taken into account. The momentiooté\/-p) response of characteristic
joints, subjected to static loads, is calculated emmpared with experimental results and
EC3 predictions for the validation of the corresgiog numerical models. Then,
multistory steel frames are studied, using hybinitd element models with beam-column
elements for the structural members and detail@alation of the joints assuming proper
compatibility constraints at the interface sectiofsishover analyses are performed
demonstrating the effect of joints on the overadhéwvior of the structure. Finally,
stiffening of the joints with supplementary webtpkis performed in order to examine the
influence of the panel zone deformations.

2. INTRODUCTION

Bolted beam-to-column joints with extended endgdadre used widely in steel structures.
They form moment resistant connections between stembers, but their behavior can be
either rigid or semi-rigid depending on the stifseand strength of their components. The
consideration of flexible joints corresponds to arenrealistic simulation of the frame
behavior leading to more reliable solutions. Howeuwbe large number of variables
required for the simulation of the connection getgnenakes the task of taking into
consideration the semi-rigid behavior of jointoithe frame design a complicated process.
Additionally, structural joints may exhibit nonliae behavior such as localized
elastoplastic deformations, unilateral contact aliy phenomena. The behavior of steel
joints has been the subject of both experimentdél][@nd numerical [3-6] studies by a
number of researchers.

This paper first presents a finite element studysedi-rigid joints subjected to static
loading. Stiffness, moment resistance and rotatapacity derived from the calculation of



moment-rotationl-¢) curves are compared with experimental result€bglho et al. [7]
and Eurocode 3 recommendations [2]. Then, mulyststeel frames with detailed
modeling of their joints are examined, while par&ime studies are performed
demonstrating the effect of geometric charactesstariations of joint components on the
connection behavior and consequently on the oveeajponse of the frames. The finite
element discretization of joint and frame modelspieduced automatically from their
geometric description via appropriate code that besn developed. Abaqus/Standard
software is used for the numerical analyses ofghger [1].

3. FINITEELEMENT MODELING OF STEEL JOINTS

3.1 Simulation with shell elements

Two different element types are used for modelimg ¢énd-plate bolted beam-to-column
joint (Fig. 1). Plane components of the joint (béastumn flanges and web, end-plate,
transverse web stiffeners) are modeled with the gBddrilateral shell element of
appropriate thickness, while the bolts are modelgld beam elements of circular section.
The interaction between the column flange and ttk@ate is considered through surface-
based contact simulation with element-based surésfeition, which enables contact
between independent meshes without node compatibili

3.2 Simulation with continuum elements
Three-dimensional eight-node hexahedral solid efsneare used for the detailed
simulation of the extended end-plate bolted beawwstomn joint (Fig. 1). Apart from the
finite element discretization difficulties usingréle-dimensional solid elements, there are
many complexities related to the contacts betwherdifferent components of a beam-to-
column bolted joint. Particularly, there are fivedractions that should be considered: (a)
column flange with end-plate; (b) column flange hwliolt nut; (c) end-plate with bolt
head; (d) column flange hole with bolt shank; amdend-plate hole with bolt shank. All of
them are modeled using surface-to-surface cont&tigfaces are defined through the
appropriate faces of the hexahedral solids. Moexifipally, for cases (a), (d) and (e)
small sliding contact formulation is consideredhwé softened contact relationship. The
slope of the linear pressure-overclosure curvakiert equal to f0The tangential behavior
of the interfaces is modeled through the basicaepad Coulomb friction model with a
constant coefficient equal to 0.30. For the other cases tied contaoulation is
considered, where each node on the slave surfaxdghleasame displacement with the
corresponding contact point on the master surface.

Fig. 1: Joint simulation with quadrilateral sheflife elements and 8-node hexahedral solid
finite elements respectively



3.3 Numerical results

An experimental investigation of eight staticallgpatied extended end-plate moment
connections was undertaken at the Delft Universitfechnology by Coelho et al. [T
provide insight into the behavior of this type oints up to collapse. The parameters
investigated were the end-plate thickness and gjeele. Geometric and mechanical
characteristics, boundary conditions and loadirag@dures are considered the same as in
the experiments. The finite element analysis promeds based on the incremental
Newton-Raphson technique, while material and geomebnlinearities are taken into
account via the von Mises isotropic plasticity miaaled large displacement consideration.
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Fig. 2: Numerical vs. experimental results
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Moment-rotation 1-¢) curves are presented in Fig. 2 and compared thtlexperimental
results [7] and Eurocode 3 suggestions [2]. Moredee each test, horizontal deformation
of the end-plate is observed. The first three nmodek plotted in stress scale 0-35.5
kN/cn? and the last in 0-69.0 kN/énaccording to each end-plate yield stress. Folitefin
element models are examined, one with shell elesreamd three with continuum elements.
All of them predict accurately the elastic stiffaed the joints. Bending of end-plate is the
main reason for differences between these simulsiio the elastoplastic region. For thin
end-plates, which are dominated by bending (FS4),R8e use of solid elements with
reduced integration (C3D8R) performs better. Timsugation predicts almost exactly the
main joint behavioral characteristics: stiffnegsistance and rotation capacity. The normal
brick element (C3D8) overestimates the elastic Wehaf the joint, while the enhanced
with incompatible modes (C3D8I) gives better resudut remains stiff for this type of
problems underestimating their high rotation cagyadioint modeling with shell elements
has a drawback. Bolt forces are applied locallthtonodes that connect the column flange
with the end-plate and as a result there is logatentration of stresses, especially for very
thin end-plates and/or column flanges. As the thedls of end-plate increases (FS2, FS3)
the simulations tend to coincide. Brick elementthweduced integration remain the more
flexible, while bricks with incompatible modes giaéso reliable results. Simulation with
shell elements behaves very satisfactory and carsée for such type of problems.

4. FINITEELEMENT MODELING OF STEEL FRAMES

4.1 Numerical modeling

Hybrid models have been developed with beam-colwstements for the structural
members and detailed modeling of the joints acogrdd section 3.1 with shell elements.
Proper compatibility constraints are assumed atnbges of the interfaces, while the
length of the detailed joint part (beam/columnjaken as 0.10 of the corresponding total
member length. There are also some results fronplesimmodels with beam-column
elements for the members and no specific modelinghe joints (regarded as rigid).
Nonlinear static analyses under horizontal loaéts¢pinto consideration P-delta effects
have performed. The pushover analyses distribudfoime horizontal loads is considered
triangular along the height of the structure, while base joints are fixed. Two different
frame models are examined with the connections@srs below and steel grad®35
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Fig. 3: Connections of Frame A & B respectively



4.2 FrameA

The first steel frame has four openings (4 x 7n8mpand three stories (3 x 4m = 12m) as
shown in Fig. 4. Columns have a section profile BEBand beams IPE400. Details of the
beam-to-column connections are shown in Fig. 3hEeam is assumed to have 20 times
higher weight to account for the floor mass (~ 38f), while each column carries its own
weight. The first two natural periods of the fraare 0.60 and 0.20 seconds respectively.

Fig. 4: Finite element model of Frame A
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Figs. 5, 6: Frame A — Numerical results
As can be seen from Figs. 5, 6, adding column supehtary web platecgwp with

thicknesst’\,c = 3 Xty¢) to the joints is very effective, decreasing thea deformation of
the column web panel zones and improving the ovieedilavior of the frame.



4.3 FrameB

The second frame has three openings (3 x 6m = hBh)six stories (6 X 4m = 24m) as
shown in Fig. 7. Columns have a section profile HB® and beams IPE330. Details of the
beam-to-column connections are shown in Fig. 3hEeam is assumed to have 10 times
higher weight to account for the floor mass (~ 8&f)0while each column carries its own
weight. The first two natural periods of the fraare 0.80 and 0.25 seconds respectively.
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Fig. 7: Finite element model of Frame B
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Figs. 8, 9: Frame B — Numerical results



. CONCLUSIONS

Experimental results can be reproduced accuratglgidbailed finite element models
considering material and geometric nonlinearitiesluding appropriate contacts of
bolted extended end-plate beam-to-column jointeusthtic loads.

Hybrid frame models, where the joints are modelath vghell elements and the
connecting structural elements with beam-colummmelds, assuming appropriate
kinematic constraints at the interface sections, lsa used for the nonlinear static
analysis of moment resisting frames capturing atlal phenomena that affect the
behavior of the joints at reduced computationak8m

The shear deformation of the column web panel zdreejoint is of equal importance

to the connection rotational deformation and camidate the inelastic response of a
moment frame. Hence, joint modeling is needed wistcally predict the overall

frame performance.
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IIEPIAHYH

2KOTOG VTG NG epyaciog elval N U YPORUIKY avAALGN LE AETTOUEPT] TTPOGOLLOLDLLOLTO,
TMEMEPUCUEVOV  OTOLXEIOV  UETABETOV UETOAMKOV TAOGIOV — OTOTEAOVUEVOV  OTd
KOYM®OTOOG KOUPOVG O0KOV-VTOGTUAMUATOS LE TPOEEEXOVCO UETOTIKY TAGKA. ApyLKd,
TPOYLOTOTTOIEITAL TPOGOUOimoT TV KOUP®V: @) UE em@AVEINKE oTolyeion KeEADQOVE o€
oLvOVaGHO pe paPdmtd ototyeion dokov, kat ) pe eEaedpikd-oktakopupikd TpiooldeTaTa
nemepacuéva ototyeio. Aoupdvovtar vedyn OG0 Un YPOUUMKOTNTEG VAKOD OGO Kol
YEDOUETPIKES U YPOUUKOTNTEG GUUTEPIAAUPOVOLEVOV TOV EXAPOV HETAED TOV 0POPOV
OLOTUTIKOV HEPDV TOV oLVOEGEMV. Ymoloyilovtolr kapmbriec pomng-otpoens (M-¢)
YAPOKTNPOTIKOV KOUP®V LTOPAALOUEVOV GE GTATIKA (OPTiO, KOl GLYKPIVOVIOL e
TEWPAUATIKE omoteAéopata kal tpoPfréyelg tov EC3 yo v amotiunon tov dtuedpav
aplOunTIKOV povtéhov. Akolovbsi M avdivon TOAVGOPOP®V UETOAMK®OV TAUIGI®OV L
xp1HoM LVPPOKOV apBunTikdy poviélmv. ' ta Sopkd péAN ypnoiomotovvtal pafdmTd
ototyela H0KOV-VTOGTLADUATOG, EVAD 01 KOUPOL TPOGOLOIDOVOVTOL AETTOULEPDS e Bedpnon
KOTAAANAOV  Kvnuatikov  eaptioemv  oTig  Olemedveles.  [paypotomotodbvtor  un
YPOUUIKEG OTOTIKEG avorvoelg vo oplovtio eoptia (pushover) emdeikviovtag v
EMPPON TOV KOUPOV ot cvopmepupopd tov eopéa. Téhog, egetaletal n emidpaocn ™G
I TUNONG GTOV KOPUO TOV VTOGTUAMDUATOG LEGM EVIGYLONG TOV LE TPOGHETO EAAGLLOTAL.



