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1. ABSTRACT

The present work examines structural strength &ailisy issues for steel tubular beam-
columns made of high-strength steel. The tubulambeolumn elements are widely used
in a variety of structures such as buildings, dibre templates, masts, towers and cranes.
The research focuses on the analysis of such merfdreoetter understanding the benefits
of using high strength steel in tubular structures.

Extensive numerical work has been conducted on Gigl strength steel beam-columns
of two cross sections and various values of menrdmgth. First, considering initial out-of-
straightness imperfection, structural member stglslrves are calculated. Subsequently,
an extensive beam-column analysis takes placerdachction diagrams are provided as a
result. The numerical results are compared withptieglictions of the current Eurocode 3
provisions.

2. INTRODUCTION

The structural behavior of tubular beam-column membunder combined loading

conditions has been extensively investigated thmotlge past. The present extensive
numerical parametric study is a part of a largeaesh effort with the scope of revising the
current slenderness limits for CHS member clasgifim and examining the buckling

behavior of high strength steel tubular elementdeuraxial compression and combined
loading conditions. More specifically, the strueuresponse of high strength steel
(0y=590MPa) imperfect tubular beam columns of varitersgths and cross sections is
investigated under axial compression and combirmedliihg. Extensive finite element

analysis has been conducted in order to develoglingccurves and interaction diagrams
of compression and bending which are compared tvércurrent design provisions of EN-

1993. For the comparison between FEA results amddean provisions, the safety factors
included in the EN 1993 equations are not consilere



There exist limited information for cross sectimisstrength steel over 460 MPa and the
current work will contribute at the enhancementtlod current guidelines for stability
curves, interaction diagrams and classificationt$irfor high strength steel CHS members

3.NUMERICAL SIMULATIONS OF BEAM-COLUMNS

General-purpose finite element program ABAQUS isplyed to simulate the
performance of high-strength steel tubular beamwook of various lengths and diameter-
to-thickness ratios (D/t) under combined loadingndibons. The geometrical
characteristics of the tubes reported in the ptepaper are shown ifable 1 The
monotonic analysis considers nonlinear geometry aadd flow (von-Mises) large strain
plasticity model, with isotropic hardening. The wldr column is modeled with four-node
reduced-integration shell elements (S4R) availablaBAQUS. The finite element mesh
used has been optimized, so that the numerical hmdecurate and time-effective

Outer Thickness D, /t Yield stress Class
Tube dI;arz:ﬁtn(?; t (mm) o,(MPa)  (EN-1993-1-1)
o]
A 355 12 29.58 590 Class 3
B 193.7 10 19.37 590 Class 1

Table 1. Geometric-mechanical properties of theetonindels

The numerical models consist of simply-supportedet@elements. A stress-free initial
crookedness on the longitudinal axis with amplitedeal to w=L/300 at the mid span of
the element, is implemented in the models’ geoméirythe case of axial loading, axial
compressive load is applied at the element’s endsitas gradually increased so that the
non linear equilibrium path of load vs. displacemisntraced and the maximum buckling
load is identifiedIn the case of monotonic bending, bending momemspplied at both
ends of the members until a maximum moment is exhckRor the application of either
compression or bending, Riks’ algorithm was usedufgh force and moment control.

In the case of combined loading conditions, eadbe tis initially subjected to axial
compression up to 0.25, 0.5, 0.75 of the maximuad Iderived from the analysis under
pure axial compression for the specific model dbsdrabove. Subsequently, keeping the
axial load constant, bending loading is gradualpplieed at the end sections until the
maximum bending capacity is reached, using Rikgd@dhm.

4. NUMERICAL RESULTS
4.1. Stability curves
Previous numerical and experimental research [2a8] been conducted to investigate the

stability and buckling strength of beam-columngdmms of their slenderness, which is a
function of the length and the material yield sdretescribed ieq. (1).

ar | E



where K is the effective length factor, affectedthg boundary conditions applied on the
model, r is the radius of gyration of the tubulewss section, E is the Young’s Modulus
and K is the yield stress. For simply supported memb&rs,

The present parametric numerical analysis aimgwetldping stability curves, i.e. buckling
strength vs member slenderness. The geometricatkasdics of the tubular cross sections
under consideration are presented able 1and the member length L ranges from 0.5 to
10m. The material uniaxial stress-strain curveslusehe present analysis are depicted in
Fig. 1, representing a theoretical bilinear elastic-pdastirve of a high-strength steel grade
T590 with yield stress equal 8§=590 MPa and hardening modulus equal to E/500.
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Fig. 1 Plasticity model prediction for the uniaxialaterial stress-strain curve

Each model is subjected to axial compression uatilire, in terms of ultimate axial
strength, due to local or global buckling. The defed geometry and the buckle
development of the models with cross section “A8 ahown inFig. 2, for a relatively
short (2m long) and a 5m-long beam-column, corredpmy to a member slenderne&$ (
of 0.275 and 0.688, respectively.

(a) (b)
Fig. 2 Failure mode of the “A” type numerical mode) 2m and (b) 5m long under axial compression

The corresponding non-linear load-displacement patbsshown irFig. 3. It is observed

that, in short membersi£0.07-0.3), local buckling occurs progressively ehplastic

deformation is accumulated at the most criticaloegf the tube wall. The post buckling
branch appears to be rather smooth, while the merdbes not deviate from the
longitudinal axis until the tube wall has been essteely deformed. For intermediate and
large values of member slenderness, global (Eype)tbuckling occurs, and the member
is suddenly deflected laterally from the initiatastjht position. As a result, an abrupt
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transition from the pre-buckling to the post-bucgliregion is observed on the load-
displacement curve and the post-buckling part besonmstable.
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The maximum buckling load for each finite elemauular model is identified and the
predicted buckling strength for various values @nmiber slenderness is depicted-ig. 4.
The stability curves obtained numerically are coragawith the provisions of EN-1993
[1]. It should be noted that the cross sectionseumdnsideration, are classified as class 3
and class 1 referring to “A” and “B”, respectiveigcording to EN-1993-1-1[1] using a
stress valuey,=590 MPa.
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Fig. 4 Stability curves for cross sections (a) “anhd (b) “B”

Despite the fact that EN 1993-1-1[1] indicates thatve “@" is the most suitable for high-
strength steel tubes, froRig. 4, it can be observed that this overestimates tlengtin of
the beam-columns. This indicates that a revisiobuzkling provisions in EN 1993-1-1 for
the case of high-strength steel CHS members isssacg It should be kept in mind that the
imperfection “L/300” suggested by the European mmiowns for the application of ga
curve, and imposed in the finite element model'ongetry, actually represents an
“equivalent imperfection value” so that the effettresidual stresses on the tube wall are
taken into account indirectly.



4.2. Interaction diagrams

Interaction diagrams are developed for 3m, 5m andldhg beam-columns under
combined loading conditions. The initial out-ofrasghtness imperfection gyvadopted for
this analysis is equal to L/300. The geometrical araterial properties are similar to the
ones described previously.

The interaction diagrams, of axial compression bedding, for 3 and 8m of member
length for the “A” cross section, (correspondingriember slenderness equal to 0.417 and
1.11) are shown ifrig. 5. The axial and bending values are normalized withvalues

N, =D, ts, andM,=Dlts,, representing the fully-plastic compressive andhdireg

strength of the cross section respectively. Thalteshow that the bending capacity is not
affected by the value of member slenderness kigpends strongly on the material yield
stress and cross sectional geometry. On the othad, buckling strength is significantly
reduced by the increase of member length whileajl@Buler-type) buckling governs the
overall member behavior.
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Fig. 5 Interaction Diagrams for4” cross section of L=3m£0.417) and L=8m,4=1.11) in comparison

The interaction diagrams shown kg 5 are compared with the curves proposed by EN-
1993-1-1 using a nominal yield stresg =590 MPa as shown ifrig.6. Two main
observations can be noted from this comparisonst,FIEN-1993-1-1 provisions
significantly penalize the bending capacity of tidbular member so that the bending
strength is underestimated by approximately 20%. rBlason behind this difference is that
the CHS member is classified as class 3 but thee felement results indicate that it is
capable of undergoing significant inelastic defaiorain terms of rotational capacity
without lost of strength. Therefore the EN-1993-Pfedictions appear to be rather
conservative. The second observation is that thel#)8-1-1 applied limit for buckling
strength is by 15% higher than the correspondingifedictions especially for the 8m long
tubular member, also indicated by the stabilityvesrillustrated previously ifig. 4 for
member slenderness equal to 1.11.
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The interaction diagram of a 5m-long tubular fintlement model of cross section “B”,
(corresponding to member slenderness equal to i&.3)ompared with EN-1993-1-1
provisions as shown iRig. 7. The comparison shows that the Eurocode 3 preditior
the ultimate bending moment correlate well with fimte element results. On the other
hand, the buckling strength is overestimated byr@pmately 10%, also noted in the
development of stability curves.
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5. CONCLUSIONS

The above observations indicate that new provisionfigh-strength steel CHS members
are necessary. In particular, the use @f Grve appears to be questionable; therefore, it
may be necessary to introduce an enhanced statddgign curve for high strength steel
members. Moreover, the conservativeness of the poml@sions with respect to the FEA
results for the bending capacity, raises a sigaificconcern on the accuracy of the current
classification limits adopted by the EN-1993-1-1fdf high-strength steel CHS members.
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ITEPIAHYH

H mapovoa epyacio eetdlet TV SOUIKT 0vTOYN Kot TV EVGTADEI COAMVOTOV LEADY 0
xéAvBo VYNANG AvToXNG MOV LTOKEWTAL GE GUVOVAGUEVED KATUTOVNOT a0 KOAUWYN Kot
atovikn dvvaun. Ta ev Aoym uéAN £YOVV OMUOVTIKEG EQUPUOYEG O KTNPWKA £pya,
Boldooleg TAaTEOppeg meTperaion, mupyovs kot yepavovs. H mapovoa épevva eotidlet
GTNV OVIOYN TOVLG UE OTOYO TNV KOALTEPN KOTAVONGT TNG GLUTEPLPOPAS TOVS KOl TNV
EMONUAVOT] TOAVAOV TAEOVEKTNUATOV 1| UEWOVEKTNUATOV GTNV Xpnon yoivpa vyning
aVTOYNG.

H épevva gival avolvtikh/opOuntikny pe Ty ovamtuén TPOGOUOIOUATOV TEXEPACUEVOV
otoyelov Yo T coAnvotd péAn oto mpodypoupe ABAQUS. XpnoyomomOnkav dvo
Bootkég STOUEG KOl SAPOPES TYES TOL UNKOLG YO TO COANVOTO HELOC. ApYIKAG,
YPNOUYLOTOLDVTOS OTEAELD TG LOPPNG amOKAMONG amd TV evbvuypapptio, vroloyioTnKav ot
KOUTOAEG ALYIoHOD TV 000 STOU®V. TNV GULVEYXEW, YPNOILOTOLOVTAG To  ido
TPOCOUOIDUOTA, VTOAOYIGTNKE 1 aAAnAemidopaon petald e afovikng OMTTIKAG SOVVOUNG
KO TNG POTNG KALWYNG KoL TO, OTOTEAEGILOTA TTOPOVGLAGTIKAY O KATAAANAC dlorypaUUOTO
aAnAenidpaong. Télog ta apOuntikd amotedéopata cvykpibnkav pe TG AvTiGTOLES
dwtaeig tov Evpoxkddwa 3 (EN 1993-1-1).



