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ABSTRACT

The effect of element interaction and material medrity on the ultimate capacity of
stainless steel plated cross-sections is investigat this paper. The focus of the research
lies in cross-sections failing by local bucklingember instabilities, distortional buckling
and interactions thereof with local buckling aret remnsidered. The cross-sections
investigated include rectangular hollow section$i®R | sections and parallel flange
channels (PFC). Based on previous finite elemerstigations of structural stainless steel
stub columns, parametric studies were conducted thed ultimate capacity of the
aforementioned cross-sections with a range of atésiendernesses and aspect ratios has
been obtained. Various design methods, includiegefifiective width approach, the direct
strength method (DSM) and the continuous strengtthad (CSM) were assessed on the
basis of the numerical results. Element interactias been shown to be significant for
slender cross-sections, whilst the behaviour otkstocross-sections is more strongly
influenced by the material strain-hardening chamstics. A modification to the
continuous strength method has been proposed tov dibr the effect of element
interaction, which leads to more reliable ultimegégacity predictions.

1. INTRODUCTION

The treatment of local buckling within the framewaf EN 1993-1-4 [1], the European
structural design rules for stainless steel, drdsavily from the respective design
guidance for carbon steel EN 1993-1-1 [2] and feHlothe familiar cross-section
classification approach. The constituent plate el&sof a cross-section are placed into
discrete behavioural classes by comparing theithwid thickness ratio with codified



slenderness limits, which depend on the elememtisdary conditions, the applied stress
gradient and the manufacturing process (whethed-fmvmed or welded). The cross-

section itself is classified according to its metnder constituent element. Since the
constituent plate elements are treated in isolatiom effect of element interaction on both
the elastic buckling and ultimate response is ragte Boundary conditions at element
junctions are assumed to be simply-supported4em rotational stiffness), as reflected in
the plate buckling coefficients; lspecified in EN 1993-1-5 [3]. However, the embeatide
conservatism is not uniform for all cross-sectidng, varies, depending on how close the
actual boundary conditions are to the assumed ones.

Ignoring element interaction is a simplifying asstimn common to both carbon steel and
stainless steel. A further simplifying assumptioriehh has greater significance for
stainless steel is that of a bilinear (elastic,feuly-plastic) material response, which
ensures consistency between carbon steel andesmisteel design specifications. The
deviation of stainless steel’s stress-strain respdrom that of carbon steel is depicted in
Fig. 1. Despite the absence of a well-defined ymoht, an equivalent yield stress, termed
the 0.2% proof stress, ,, is employed and an elastic, perfectly-plasticenal response is
assumed for stainless steel as for carbon steetelili neglecting the actual material
behaviour and pronounced strain-hardening. Thismagson is of little significance for
very slender elements, the failure of which is goee by stiffness, but severely
compromises accuracy and design efficiency in thge cof stocky stainless steel plated
elements, failure of which is mainly governed bytenial response.
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Fig. 1: Indicative stainless steel and carbon steel stress-strain behaviour

With the increasing usage of high strength stasndsel grades, which effectively leads to
more slender cross-sections, together with the mglal material cost associated with
stainlesssteel,reassessinthe validity of the aforementione@ssumptionsandeliminating
any associated conservatism is warranted. Advadesign methods that allow for element
interaction, actual material response or both, twhiave been previously employed or
proposed for carbon steel and/or stainless steepoaents, are discussed hereatfter.

2. DESIGN METHODSFOR THE TREATMENT OF LOCAL BUCKLING

The method of cross-section classification couphth the effective width approach,
which was originally derived for carbon steel [4,ahd later adapted to stainless steel [6]
is employed in most stainless steel design spatidics for the treatment of local buckling.
The width of any constituent plate element thatlassified as Class 4 (slender) is reduced
to an effective width (which is a function of thement slenderness) to account for loss of



effectiveness due to local buckling. Although cqitoally simple, application of the

effective width method is often cumbersome, sinaeirig established the effective width
of the individual elements, calculation of the pedpes of the effective cross-section is
then required. Moreover, it may have to be appiiethtively, when a shift of a cross-
section’s neutral axis and a corresponding modiboaof the applied stress distribution is
caused by the loss of effectiveness of some patteaross-section.

The cumbersome nature of the effective width metten applied to slender cold-
formed steel cross-sections of complex geometndscancerns about its ability to account
for all possible failure modes including interactibuckling, led to the development of the
Direct Strength Method (DSM) by Schafer and Pekdjz & review of which is given by
Schafer [8]. The DSM is based on determining thenggth of a structural component as an
explicit function of its gross cross-sectional pdges, elastic critical buckling stresses for
all relevant instability modes (i.e. global buckjjnlocal buckling and distortional
buckling) and yield strength. To this end, a linesyenvalue buckling analysis of the full
cross-section by means of the constrained finiip stethod is utilised [9] and the relevant
critical stresses are obtained. In the present rptpe software CUFSM [9] has been
utilised. The DSM has been calibrated on the baisisumerous test data on cold-formed
carbon steel components and has been adopted hotfle American [10] and Australian
[11] specifications for cold-formed steel design aas alternative design method to the
effective width approach. It should be noted the DSM assumes a bilinear elastic-
perfectly plastic material response and is theeefogst suited to the treatment of slender
cross-sections and components, the failure of wisichainly governed by elastic buckling
and post-buckling and remains largely unaffectedtigin-hardening.

To account for the pronounced effect of strain-bandg on the capacity of stainless steel
cross-sections, the Continuous Strength Method (C88% proposed for the treatment of
local buckling of stainless steel cross-sectior®s [13]. The basis of the method lies in an
experimentally derived ‘base’ curve, calibratediagiaall available stub column test data,
which relates a cross-section’s slenderness, dehgteto its deformation capacity,
denotede . The cross-section slendernegsis assumed to equal the slenderness of the
most slender constituent plate element, determawbrding to EN 1993-1-4 [1]. The
deformation capacitg, g is the maximum attainable strain for a given crgsgion in
compression or the outer fibre strain of an assuhmedr strain distribution of a cross-
section in bending. The deformation capacity i$izgtil in conjunction with an accurate
material law, which in the case of stainless sieel compound Ramberg-Osgood model
[14], to obtain the corresponding stress. Additional features of the method include an
explicit equation to account for corner strengthaements [15]. The method explicitly
accounts for strain-hardening and does not imposeeeessary limitations on the
maximum attainable stress. However, it does nobwuc for the effect of element
interaction on the local buckling capacity of tlmess-section.

3.NUMERICAL MODELLING

The accuracy of the previously described desigrhott is assessed hereafter on the basis
of an extensive numerical study conducted on samsteel stub columns by means of the
general purpose finite element (FE) programme ABAQI16]. The FE models were
developed following the guidelines given in [17],28hich were shown to give accurate



capacity predictions. The cross-sections considaerdin include RHS (with SHS as a
special case), PFC and | sections with the focusgben local buckling alone. All cross-
sections had an outer flange width of 100 mm, whhe web height and cross-section
thickness were varied to obtain a wide range ddllstendernesses and aspect ratios. For
all RHS and PFC sections the internal root radirenessumed to be equal to the cross-
section thickness. A uniform section thickness assumed for RHS and PFC, whereas
two flange-to-web thickness ratios were considdoedhe | sections. Each stub column
length was fixed to three times the largest cressien dimension. A total of 65 geometric
configurations were considered, a summary of widdiven in Table 1.

Outer  Ratio of web to Web to No. of
Flange ,
Cross flange flange outer . flange geometric
; : ; . thickness X . .
section width dimensions thickness  configurations
: (mm) . ;
(mm) (aspect ratio) ratio considered
RHS 100 1,2,3 8,6,5,4,3 1 15
| sections 100 1,15,2 8,6,5,4,3 1,0.6 30
PFC 100 1,2,3,4 8,6,5,4,3 1 20

Table 1: Geometric configurations modelled in the parametric studies

The models were discretized with the reduced iattemn 4-noded doubly curved general-
purpose shell element S4R with finite membraneirsraAll degrees of freedom were
fixed at the stub columns’ ends except for theivartdisplacement at the loaded edge.
Kinematic coupling was employed to impose unifornd-shortening at the loaded edge. A
linear eigenvalue buckling analysis was initiallpnducted to extract the lowest buckling
mode shape for each cross-section; this was thereaftroduced as the geometric
imperfection pattern in the subsequently perforngedmetrically and materially non-
linear analyses. Typical lowest elastic bucklingd@shapes and failure modes for the
different cross-section types are depicted in EAg.The amplitude of the geometric
imperfection was given by a modification to the Baw and Walker [19] model, proposed
in [17]. The compound Ramberg-Osgood model initidig Mirambell and Real [14], as
modified in [12] was incorporated in the FE modielshe true stress—logarithmic plastic
strain format. Two sets of material properties wayesidered in the parametric studies for
each modelled cross-section, resembling a typigateaitic stainless steel and a typical
duplex stainless steel. The adopted material ptiesewere taken form an extensive
statistical analysis on mill certificate data cadriout by Groth and Johansson [20] and are
given in Table 2. A detailed account of the nunadrgtudies is given in [21].

Fig. 2: Typical Iowst buckling mode shapes and failure modes for the modelled stub columns

Material E (N/mrﬁ) Go.2 (N/mn‘?) 61_0/60_2 n 210
Austenitic 200000 306.1 1.20 56 27
Duplex 200000 592.0 115 50 34

Table 2: Material properties employed in the parametric studies




4. RESULTSAND DISCUSSION

An overview of the accuracy attained by each methaiven in Table 3, where the mean
value and coefficient of variation of the predictaxpacities normalized by the FE ultimate
load are given for each type of cross-section aah @lesign method considered in the
present study. As expected, the design methodsallmoting for stresses greater than the
co2 result in excessively conservative design rest&tarfor stocky cross-sections and a
corresponding dependence of the predictions on dtoss-sectional slenderness, as
depicted in Figs. 3 and 4. Moreover it can be olekithat the DSM displays superior
consistency in the low to medium slenderness ranggared to the CSM.

. EN 1993-1-4 DSM CsSM Modified CSM
Cross-section
MEAN COV | MEAN COV | MEAN COV | Mean COV
RHS 0.86 0.09 0.84 0.09 1.00 0.08 0.96 0.08
| sections 0.86 0.07 0.84 0.07 0.94 0.f12 0.97 0.08
PFC 0.86 0.08 0.88 0.08 1.02 0.11  0.99 0.04
All 0.86 0.08 0.85 0.08 0.98 0.14 097 0.07

Table 3: Comparison between design method predictions of compression resistance and FE results
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The definition of the cross-sectional slenderngstilized in the DSM is adopted herein as
a modification to the CSM; hence the critical bureglstress of the whole cross-section,
derived by means of CUFSM [9], is incorporated itih@ definition of cross-section
slenderness. The cross-section slenderness isattegratilized to obtain the normalized
deformation capacity g/ep, and finally the stress at failure g via the compound
Ramberg-Osgood constitutive law. The modified CSMation Eq. (1), as derived on the
basis of the FE results, reads:
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Fig. 5: Comparison between FE and Fig. 6: Critical buckling curve, original CSM design
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The predictions of the modified CSM are displayedether with those of the original
CSM in Fig. 5 and Table 3, where a significant «otun in scatter is observed. An upper

slenderness limit ofu=1.8 and an upper limit af g/eg=15 on the exploitation of strain-
hardening, is proposed herein. The new CSM cury@atted together with the original
CSM curve and the elastic critical buckling curmd-ig. 6.

5. CONCLUSIONS

Various design methods for the treatment of localkbng in stainless steel cross-sections
have been outlined in the present paper and takitive merits and drawbacks have been
highlighted. The cross-section classification cedplith effective width approach treats
plate elements individually and assumes a bilinekastic perfectly-plastic material
constitutive law. More advanced methods includedinect strength method (DSM) and
the continuous strength method (CSM). Based on »dansive parametric study on
stainless steel stub columns, all methods have dsssssed and the value of incorporating
both element interaction and material nonlineantithin one design method was
highlighted. A modification to the CSM, by redefgi the considered slenderness to
include element interaction, has been described.ndified CSM combines the merits of
both the original CSM and the DSM and has been shtiwoffer accurate capacity
predictions.
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IIEPIAHYH

H mapovoa epyacio mpaypatedetor v emppon g aAAAeTidpacng TV TAUKOA®PIO®V
OV GLVOTOTEAOVV 10, SITOUN KOl TNG KPATLVGTG TOV LAKOD OTN PEPOLGO. TKOVOTNTO
dwtopdv avoleidmtov yaivPa. H epyacio emkevipdvetol e S0TOUEG TOV OLGTOYOVV GE
TOTIKO ADYIOUO, EVD GAAEG LOPPEG AVYIGHOD KOOMG Kol OAANAETIOPACELS OVTMOV UE TOV
TOTKO AVYIGHO Oev peretdvral. Ot peletnbesiceg dwutopés meprhapfdavoov opbBoymvicég
Kkotodokovg (RHS),dtotopég U kot drotopég dumhov tav. Bdost Tov amoteAeo Ty (oG
EKTETAUEVNG TOPOUETPIKNG UEAETNG LE TeEmepAGUEVE otoyeia, alohoyohvtor dPopES
pUéEBOSOL OVTIUETOTIONG TOL TOTKOD AVYIoUOD, cupumepthopufavouévng g Hebodov tov
evepyov TAdTovg Tov viobeteitor amd tov Evpokddika EN 1993-1-4 g pebodov apeong
avtoyne (Direct Strength Methodkotr g peboddov ovveyove avioync (Continuous
Strength Method)H mapapetpikn pelém avadevdel tn onuacio e aAANAETIOpaoNg
TOV TAAKOA®PId®Y GTOV TOTIKO AVYIGUS SOTOR®V HEYAANG AvynpotnTog Kabdg Kot Tnv
EMPPON NG KPATLVONG OTN QEPOVCO TKOVOTNTU STOUAV KPS AVYNPOTNTUS. XTOL
maiow g epyaciog mpoteivetol pio tpomomoinom g Hebddov cuveyovs avioyng, LEC®
g omoiag Aappdavetat vrdyn 1 aAnienidpacn TV TAAKOA®PIO®V Kot 1 omoio 00MYel 6€
axpiéotepeg TPOPAEYELS TNG PEPOVGOS KAVOTNTAG STOUMV avoleidmTov ydAvPa.



