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Abstract. The effect of element interaction and material nonlinearity on the ultimate capacity of stainless
steel plated cross-sections is investigated in this paper. The focus of the research lies in cross-sections failing
by local buckling; member instabilities, distortional buckling and interactions thereof with local buckling are
not considered. The cross-sections investigated include rectangular hollow sections (RHS), I sections and
parallel flange channels (PFC). Based on previous finite element investigations of structural stainless steel
stub columns, parametric studies were conducted and the ultimate capacity of the aforementioned cross-
sections with a range of element slendernesses and aspect ratios has been obtained. Various design methods,
including the effective width approach, the direct strength method (DSM), the continuous strength method
(CSM) and a design method based on regression analysis, which accounts for element interaction, were
assessed on the basis of the numerical results, and the relative merits and weaknesses of each design approach
have been highlighted. Element interaction has been shown to be significant for slender cross-sections, whilst the
behaviour of stocky cross-sections is more strongly influenced by the material strain-hardening characteristics. A
modification to the continuous strength method has been proposed to allow for the effect of element
interaction, which leads to more reliable ultimate capacity predictions. Comparisons with available test data
have also been made to demonstrate the enhanced accuracy of the proposed method and its suitability for the
treatment of local buckling in stainless steel cross-sections.

Keywords: classification, cross-section, element interaction, local buckling, numerical modelling,
slenderness, stainless steel, stub column

1. Introduction

Practical applications of stainless steel in construction are growing steadily (Baddoo 2008, Gardner
and Ng 2006). Most structural stainless steel components are cold-formed, comprising plated elements
of varying slenderness and are hence susceptible to local buckling when subjected to high compressive
stresses. The occurrence of local buckling limits the exploitation of the material’s full potential and is
particularly detrimental to cross-sections employing high strength stainless steel grades.

The treatment of local buckling within the framework of EN 1993-1-4 (2006), the European structural
design rules for stainless steel, draws heavily from the respective design guidance for carbon steel EN
1993-1-1 (2005) and follows the familiar cross-section classification approach. The constituent plate
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elements of a cross-section are placed into discrete behavioural classes by comparing their width to
thickness ratio with codified slenderness limits, which depend on the element’s boundary conditions,
the applied stress gradient and the manufacturing process (whether cold-formed or welded). The cross-
section itself is classified according to its most slender constituent element. Since the constituent plate
elements are treated in isolation, the effect of element interaction on both the elastic buckling and
ultimate response is neglected. Boundary conditions at element junctions are assumed to be simply-
supported (i.e., zero rotational stiffness), as reflected in the plate buckling coefficients k, specified in
EN 1993-1-5 (2006). However, the embedded conservatism is not uniform for all cross-sections, but
varies, depending on how close the actual boundary conditions are to the assumed ones. In a uniformly
compressed square hollow section, for example, the four elements offer equal restraint to one another,
effectively resulting in simply-supported boundary conditions for each element. In a uniformly compressed
rectangular hollow section, on the other hand, the two shorter faces of the section offer greater restraint
to the two longer faces; as the aspect ratio increases, the restraint afforded to the two longer faces
increases, and the boundary conditions approach fixed supports.

Ignoring element interaction is a simplifying assumption common to both carbon steel and stainless
steel. A further simplifying assumption which has greater significance for stainless steel is that of a
bilinear (elastic, perfectly-plastic) material response, which ensures consistency between carbon steel
and stainless steel design specifications. The deviation of stainless steel’s stress-strain response from
that of carbon steel is depicted in Fig. 1. Despite the absence of a well-defined yield point, an equivalent
yield stress, termed the 0.2% proof stress cy,, is employed and an elastic, perfectly-plastic material
response is assumed for stainless steel as for carbon steel, thereby neglecting the actual material
behaviour and pronounced strain-hardening. This assumption is of little significance for very slender
elements, the failure of which is governed by stiffness, but severely compromises accuracy and design
efficiency in the case of stocky stainless steel plated elements, failure of which is mainly governed by
material response.

With the increasing usage of high strength stainless steel grades, which effectively leads to more
slender cross-sections, together with the high initial material cost associated with stainless steel,
reassessment of the validity of the aforementioned assumptions and elimination of any associated
conservatism is warranted. Advanced design methods that allow for element interaction, actual material
response or both, which have been previously employed or proposed for carbon steel and/or stainless
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Fig. 1 Indicative stainless steel and carbon steel stress-strain behaviour
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steel components, are discussed in the following section. The suitability and performance of these
methods is assessed thereafter on the basis of a series of FE parametric studies on stainless steel RHS, 1
sections and PFC stub columns covering a wide range of element slendernesses and aspect ratios.

2. Design methods for the treatment of local buckling

The method of cross-section classification coupled with the effective width approach, which was
originally derived for carbon steel (Winter 1947, 1950) and later adapted to stainless steel (Johnson and
Winter 1966) is employed in most stainless steel design specifications for the treatment of local
buckling (EN 1993-1-4 2006, SEI/ASCE 8-02 2002). The width of any constituent plate element that is
classified as Class 4 (slender) is reduced to an effective width (which is a function of the element
slenderness) and to account for loss of effectiveness due to local buckling. Although conceptually
simple, application of the effective width method is often cumbersome, since having established the
effective width of the individual elements, calculation of the properties of the effective cross-section is
then required. Moreover, it may have to be applied iteratively, when a shift of a cross-section’s neutral
axis and a corresponding modification of the applied stress distribution is caused by the loss of
effectiveness of some parts of the cross-section.

As previously discussed, element interaction and material nonlinearity are not accounted for within
the classification framework. Failure to account for element interaction leads to overly conservative
design for both carbon steel and stainless steel components in cases where the slenderness of the
constituent plate elements varies significantly (e.g., RHS with large aspect ratios), whilst less conservative
results are obtained when all plate elements have similar slenderness (e.g., SHS). On the other hand, the
effect of the actual material response on ultimate cross-section capacity is more important for stainless
steel due to its pronounced strain-hardening and becomes increasingly significant with decreasing
cross-section slenderness.

The shortcomings of the codified provisions have been highlighted by many researchers and more
advanced design methods, allowing for element interaction and material strain-hardening, have been
proposed. Some of these methods, including a statistical method proposed by Kato (1989, 1990), the
Direct Strength Method (DSM) and the Continuous Strength Method (CSM), are briefly summarised in
the present paper and assessed on the basis of an extensive FE parametric study. An overview of the
methods considered, their origin and whether or not they account for material nonlinearity and element
interaction is given in Table 1.

2.1. Ultimate capacity predictions based on regression analysis

In his studies on the rotation capacity of carbon steel structures, Kato (1989, 1990) acknowledged

Table 1 Various design methods for the treatment of local buckling

Design methods Originally devised for =~ Element interaction Material response
Classification / Effective width Hot-rolled steel Not considered Bilinear
Linear regression analysis Hot-rolled I sections Yes Bilinear
Direct strength method Cold-formed steel Yes Bilinear

Continuous strength method Stainless steel Not considered Actual
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both the mutual restraint between the flanges and the web of I-sections and the strain-hardening
exhibited by carbon steel at high strains. He devised a semi-analytical method for predicting the
rotation capacity of an I-section as an explicit function of the stress at which local buckling occurs,
normalised by the yield stress. The general form of the normalised buckling strength, referred to as o,/
Jy (Kato 1989, 1990), is given by Eq. (1)

oo A4BLE (1)
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where ar and a,, are slenderness parameters for the flange and the web respectively and A, B and C are
parameters determined by multivariable linear regression analysis of stub column test data. In the
present paper, the stress at which local buckling occurs is denoted oy g, whilst the equivalent yield stress
of stainless steel is taken as the 0.2% proof stress c.

This method was shown to be quite accurate for carbon steel I section stub columns and was able to
correctly predict the ultimate capacity of stocky cross-sections above the yield load, whilst the flange-
web interaction was explicitly accounted for. Once calibrated on the basis of stub column tests, the
method can be extended to predict the ultimate moment capacity of beams. Daali and Korol (1995)
adapted the method to predict the ultimate capacity of carbon steel I section beams, whilst a similar
approach was followed by Beg and Hladnik (1996) for high strength steel I section beams.

To date this method has been applied to the prediction of the ultimate capacity of carbon steel and
high strength steel I section stub columns and beams failing by local buckling, but is, in principle,
applicable to other cross-section types and materials, provided that a sufficiently large set of stub
column test data exists for its calibration. Its accuracy, simplicity, explicit nature and its ability to
account for both element interaction and strain-hardening, render this method an attractive alternative
to cross-section classification. However its mere statistical nature and the need for calibration and
derivation of a separate design equation for each cross-section type are its main drawbacks.

2.2. The Direct Strength Method (DSM)

Increasingly sophisticated manufacturing facilities and the desire to minimise material use in cold-
formed carbon steel structures have lead to the emergence of very slender cross-sections, frequently
employing edge stiffeners and intermediate stiffeners of various geometries to delay the onset of local
buckling. The complexity of many recently developed cross-sections and their deviation from the
traditional assembly of flat plated elements renders application of the effective width method
questionable and awkward. Moreover, optimization of the properties of cold-formed steel cross-
sections may result in the triggering of numerous buckling modes (e.g., local, distortional and global) at
similar load levels, leading to interaction phenomena.

The cumbersome nature of the effective width method when applied to slender cold-formed steel
cross-sections of complex geometries and concerns about its ability to account for all possible failure
modes including interaction buckling, led to the development of the Direct Strength Method (DSM) by
Schafer and Pekoz (1998), a review of which is given by Schafer (2008). The DSM is based on
determining the strength of a structural component as an explicit function of its gross cross-sectional
properties, elastic critical buckling stresses for all relevant instability modes (i.e., global buckling, local
buckling and distortional buckling) and yield strength. To this end, a linear eigenvalue buckling
analysis of the full cross-section by means of the constrained finite strip method is utilised (Schafer and
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Adany 2006, Adany and Schafer 2008) the relevant critical stresses are obtained. In the present paper
the software CUFSM (Schafer and Adany 2006) has been utilised.

The DSM has been calibrated on the basis of numerous test data on cold-formed carbon steel
components and has been adopted in the North American (AISI 2004) and Australian (AS/NZS 4600
2005) specifications for cold-formed steel design as an alternative design method to the effective width
approach. Following its successful application to cold-formed steel, the DSM was subsequently
extended to structural stainless steel members in compression (Becque et al. 2008) and aluminium alloy
flexural members (Zhu and Young 2009).

Its versatility, capability of treating complex cross-sections, loading cases and failure modes and ease
of application, provided that a suitable software for the calculation of the critical stresses and buckling
modes is available, are the main merits of the DSM. It should be noted that the DSM assumes a bilinear
elastic-perfectly plastic material response and is therefore best suited to the treatment of slender cross-
sections and components, the failure of which is mainly governed by elastic buckling and post-buckling
and remains largely unaffected by strain-hardening. The capacity of stocky stainless steel (Becque et al.
2008) and aluminium (Zhu and Young 2009) cross-sections and members is underpredicted by the
DSM, since it does not allow for stresses greater than the yield stress o, to be achieved. Furthermore,
DSM does not apply to CHS.

2.3. The Continuous Strength Method (CSM)

The Continuous Strength Method (CSM) was initially proposed for the treatment of local buckling of
stainless steel cross-sections (Gardner and Nethercot 2004a, Ashraf e al. 2006a) subjected to
compression or/and bending. The basis of the method lies in an experimentally derived ‘base’ curve,
calibrated against all available stub column test data, which relates a cross-section’s slenderness,
denoted XP, to its deformation capacity, denoted €. g. The cross-section slenderness XP is assumed to
equal the slenderness of the most slender constituent plate element, determined according to EN 1993-
1-4 (2006) and depends on the stress distribution to which the plate element is subjected. The
deformation capacity g p is the maximum attainable strain for a given cross-section in compression or
the outer fibre strain of an assumed linear strain distribution of a cross-section in bending. The
deformation capacity is utilized in conjunction with an accurate material law, which in the case of
stainless steel is a compound Ramberg-Osgood model (Mirambell and Real 2000, Rasmussen 2003), to
obtain the corresponding stress o 5. For cross-sections in compression, the local buckling stress oy p is
multiplied by the gross cross-section area to yield the cross-section compression resistance N gg,
whereas for cross-sections in bending, the obtained stress distribution is integrated over the cross-
section to yield the ultimate moment capacity M, rq.

Additional features of the method include an explicit equation to account for corner strength
enhancements (Cruise and Gardner 2008), and member instabilities (Ashraf ez al. 2008). The CSM was
later adapted for aluminium alloys, high strength steel (Gardner and Ashraf 2006) and carbon steel
(Gardner 2008). The method is capable of accurately predicting the ultimate capacity of stocky cross-
sections, since it explicitly accounts for strain-hardening and does not impose unnecessary limitations
on the maximum attainable stress. However, the method does not account for the effect of element
interaction on the local buckling capacity of the cross-section and utilizes only the slenderness of the
most slender constituent plate element. This leads to conservative predictions of the capacity of cross-
sections consisting of plated elements of varying slenderness and optimistic predictions of the capacity
of cross-sections employing elements of similar slenderness (e.g., the capacity of RHS is marginally



78 M. Theofanous and L. Gardner

under-predicted whilst that of SHS is marginally over-predicted by Ashraf et al. (2006a)).

3. Numerical modelling

The accuracy of the described design methods is assessed in Section 4 of this paper on the basis of an
extensive numerical study conducted on stainless steel stub columns by means of the general purpose
finite element (FE) programme ABAQUS (2006). The FE models were developed following the
guidelines given by Gardner and Nethercot (2004c) and Ashraf et al. (2006b), which were shown to
give accurate capacity predictions. FE models of stainless steel SHS, RHS, PFC, lipped channel
section, I section and angle stub columns were developed and validated against 136 test data by Ashraf
et al. (2006b). The FE models were shown to marginally over-predict the capacity by 1% with a
coefficient of variation of 0.08 and were deemed acceptable for the purpose of the current study.

The cross-sections considered herein include RHS (with SHS as a special case), PFC and I sections
with the focus being on local buckling alone. All cross-sections had an outer flange width of 100 mm,
whilst the web height and cross-section thickness were varied to obtain a wide range of local
slendernesses and aspect ratios. For all RHS and PFC sections the internal root radii were assumed to
be equal to the cross-section thickness. A uniform section thickness was assumed for RHS and PFC,
whereas two flange-to-web thickness ratios were considered for the I sections. Each stub column length
was fixed to three times the largest cross-section dimension. A total of 65 geometric configurations
were considered, a summary of which is given in Table 2.

The models were discretized with the reduced integration 4-noded doubly curved general-purpose
shell element S4R with finite membrane strains (ABAQUS 2006). Symmetry was exploited to reduce
computational time and hence half the cross-sections of the I sections and PFC and a quarter of the
RHS were modelled, with suitable boundary conditions applied along the axes of symmetry. All
degrees of freedom were fixed at the stub columns’ ends except for the vertical displacement at the
loaded edge. Kinematic coupling was employed to impose uniform end-shortening at the loaded edge.

A linear eigenvalue buckling analysis was initially conducted to extract the lowest buckling mode
shape for each cross-section; this was thereafter introduced as the geometric imperfection pattern in the
subsequently performed geometrically and materially non-linear analyses. Typical lowest elastic
buckling mode shapes for the different cross-section types are depicted in Fig. 2. The amplitude of the
geometric imperfection was given by a modification to the Dawson and Walker (1972) model, proposed
by Gardner and Nethercot (2004c) and Ashraf et al. (2006b). The non-linear analyses employed the
modified Riks method (ABAQUS 2006), which enabled tracing the post-ultimate response of the
modelled stub columns. All stub columns failed by local buckling as shown in Fig. 3.

The compound Ramberg-Osgood model (Mirambell and Real 2000, Rasmussen 2003) as modified

Table 2 Geometric configurations modelled in the parametric studies

Ratio of web to flange

Cross  Outer flange . .
outer dimensions

Flange thickness Web to flange No. of geometric

section width (mm) (aspect ratio) (mm) thickness ratio configurations considered
RHS 100 1,2,3 8,6,54,3 1 15
I sections 100 1, 15,2 8,6,54,3 1, 0.6 30

PFC 100 1,2,3,4 8,6,54,3 1 20
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Fig. 2 Typical lowest elastic buckling mode shapes for stub columns
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Fig. 3 Typical stub column failure modes

by Gardner and Nethercot (2004a, 2004c) was incorporated in the FE models in the true stress-
logarithmic plastic strain format. Two sets of material properties were considered in the parametric
studies for each modelled cross-section, resembling a typical austenitic stainless steel and a typical
duplex stainless steel. For both materials, the Young’s modulus E was taken as 200000 N/mm? and
typical values for the ratio of 1% proof stress to 0.2% proof stress G,y / o, and strain-hardening exponents
n and ny,; o obtained by averaging numerous coupon test results, were adopted. The considered 0.2%
proof stresses Gy, were 306.1 N/mm? and 592 N/mm? for the austenitic and duplex material respectively,
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Table 3 Material properties employed in the parametric studies

Material E (N/mmz) Coo (N/mmz) Gio/ Coa n Ny2.1.0
Austenitic 200000 306.1 1.20 5.6 2.7
Duplex 200000 592.0 1.15 5.0 34

in accordance with the statistical analysis on mill certificate data carried out by Groth and Johansson
(1990). All adopted material properties are given in Table 3.

Given the inherent high scatter and uncertainty in the distribution and magnitude of the residual
stresses and the small effect they have been found to have on the ultimate capacity of stainless steel stub
columns (Gardner and Nethercot 2004c, Ashraf ef al. 2006b), it was decided not to explicitly incorporate
residual stresses in the models. Moreover, it was decided not to explicitly incorporate the enhanced
corner properties typically present in press-braked (PFC) and roll-formed (RHS) (Cruise and Gardner
2008) sections, since the parametric studies focus on determining the effect of element interaction on
the ultimate capacity of stub columns rather than on replicating test data. For simplicity, the design
methods outlined in the preceding section are calibrated, and their accuracy is assessed, assuming
uniform material properties throughout the whole cross-section. In this way the accuracy of each design
approach solely depends on the method’s ability to account for element interaction and actual material
response, after which, the effect of corner enhancements on ultimate capacity can be added (Gardner
and Nethercot 2004a, Ashraf ez al. 2006b, Cruise and Gardner 2008).

4. Assessment of the design methods

The ultimate capacities of the 130 modelled stub columns are utilised in this section to assess the
suitability of the various design methods for the treatment of local buckling of stainless steel cross-
sections and highlight their relative merits and drawbacks. The cross-section classification procedure
with the slenderness limits codified in EN 1993-1-4 (2006) is utilized in conjunction with effective
width equations for Class 4 internal and outstand elements, also specified therein, to predict the
ultimate capacity of the modelled stub columns. Additionally, a modified version of the classification
procedure with revised slenderness limits and effective width equations recently proposed by Gardner
and Theofanous (2008), which is based upon a statistical analysis of all available test data, is also
assessed. The revised effective width equations for outstand elements and internal elements are given
by Egs. (2) and (3) respectively.

p= 2 0188y @)
Ap X,z,
o= 0.27270.979 <1 3)
Ap Ap

where p is the reduction factor due to local buckling and A, = Jf,/o, is the plate slenderness.
The ultimate capacity predictions of the codified (EN 1993-1-4 2006) and revised (Gardner and
Theofanous 2008) effective width equations are normalized by the squash load (Acg,) and plotted
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Fig. 4 Comparison between FE and predicted compression resistances for EN 1993-1-4 and the modification
proposed by Gardner and Theofanous (2008)

against the normalized FE compressive resistances in Fig. 4. Similar trends were observed for all types
of cross-sections considered and hence no distinction is made between them in Fig. 4. Both the original
and revised effective width equations result in predictions of similar scatter, with the revised ones being
marginally less conservative. However the predicted compressive resistances are limited to Ac,, while
the observed capacities F, r can considerably exceed this value, as evidenced by the vertical distribution
of the data points in Fig. 4. This results in excessive conservatism for stocky cross-sections. The
inconsistent degree of conservatism achieved by the effective width approach is clearly illustrated in
Fig. 5, which depicts the variation of the predicted compression capacities, normalized by the respective
FE ultimate loads, with the plate slenderness of the most slender constituent plate element.

A significant reduction in scatter and more consistent ultimate capacity predictions over the full range
of slenderness may be achieved by the regression analysis approach proposed by Kato (1989, 1990), as
shown in Fig. 6. The parameters A, B and C of the design equation (Eq. (1)) have been obtained separately
for each cross-section type by calibration against the respective FE results. Both material grades
considered have been used in the multivariable regression analysis for each cross-section. The design
equations for RHS, I sections and PFC are given by Egs. (4), (5) and (6) respectively.

S02 _ ) 534210, 0.60 4)
OLB Apt Apw
S02 _ ) 50+ 240, 930 (5)
OLB p.f P,W
o2 _ (474232, 059 (6)
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Fig. 5 Accuracy of EN 1993-1-4 and its proposed modification (Gardner and Theofanous 2008) as a function
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Fig. 6 Comparison between FE and predicted compression resistances for the regression analysis approach

It should be noted that in the investigations carried out by Kato (1989, 1990), Daali and Korol (1995)
and Beg and Hladnik (1996), the squares of the flange slenderness and the web slenderness were
incorporated into the design equations. The reasoning for this stems from definition of the slenderness
as the square root of the yield stress 6, divided by the elastic critical plate buckling stress c. This is
not necessarily appropriate however for ultimate capacity, sincei,2 when post-buckling effects are
considered, normalized capacity tends towards 1/A, rather than 1/A,.In the present paper, regression
analysis has been based on the flange slenderness A, ¢ and the web slenderness A, , rather than their
squares, as this was shown to result in more consistent predictions.

The direct strength equation utilized in the present study (Eq. (7)) is the one proposed by Becque et al
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(2008) for stainless steel members, which, in the absence of member buckling, reads

Aoy, for A, <0.55
N, = 7
(22 -2 Acy, for 24,5055 2
A 22 '
1
where N is the axial resistance accounting for local buckling according to the DSM and A, = IE ,
in which o is the elastic critical local buckling stress of the cross-section. Gerl

A comparison between the normalised FE resistance and that predicted by the DSM is shown in Fig.
7. As expected the DSM suffers from the same shortcoming as the effective width approach due to the
limitation of the maximum attainable stress; stresses beyond the o, are not allowed, and hence strain-
hardening of stocky cross-sections is not accounted for, whilst similar scatter to the effective width
approach is displayed. It should be noted that the direct strength equation Eq. (7) has been calibrated by
Becque et al. (2008) against numerous test data involving local, distortional and member buckling and
is hence capable of dealing with more complex failure modes and their interactions, whereas all other
method considered focus on local buckling alone.

The CSM predictions are compared with the FE compressive resistances in Fig. 8. The normalized
local buckling strain is determined from the slenderness of the most slender constituent plate element
by means of Eq. (8)

e _ 143 ®

€ = 2.71-0.69%,

Ap

where g is the elastic strain corresponding to the o, proof stress (g9 = 6o2/E)
An overview of the accuracy attained by each method is given in Table 4, where the mean value and
coefficient of variation of the predicted capacities normalized by the FE ultimate load are given for each
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Fig. 7 Comparison between FE and predicted compression resistances for the DSM
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Table 4. Comparison between design method predictions of compression resistance and FE results

Cross- | EN 199314 Moo e and e DSM CsM
Secion fean  COV | Mean COV | Mean COV | Mean COV | Mean COV
RHS | 086  0.09 0.89 0.11 100 004 | 084 009 | 1.00 008
I sections | 0.86  0.07 0.90 0.08 100 005 | 084 007 | 094 0.1
PFC | 086  0.08 0.90 0.10 100 007 | 088 008 | 1.02 0.1
Al | 086 008 0.90 0.09 100 005 | 085 008 | 098 0.1

type of cross-section and each design method considered in the present study. As expected, all design
methods not allowing for stresses greater than the Gy, result in excessively conservative design resistances
for stocky cross-sections and a corresponding dependence of the predictions on the cross-sectional
slenderness, as depicted in Figs. 4, 5, 6, 7 and 8. On the other hand, the CSM and the regression analysis
approach offer more consistent ultimate capacity predictions over the full slenderness range, with the
regression analysis approach displaying a lower scatter compared to the CSM predictions. This can be
attributed to the element interaction effect, which is accounted for in the regression analysis approach,
but disregarded within the CSM.

The regression analysis approach, which inherently accounts for both strain-hardening and element
interaction, may be seen to provide accurate predictions of resistance and is thus a promising design
approach for stainless steel cross-sections. However, the validity of the regression analysis parameters
is limited to the slenderness range, aspect ratios, cross-section types and material grades of the data pool
utilized for the calibration of the method. Hence the derivation of separate design equations is needed
for each type of cross-section and possibly for different material grades considered, thereby limiting its
scope. It is therefore attempted to improve the existing design methods, so that both element interaction
and material nonlinearity are explicitly accounted for within a generic design framework applicable to
all cross-sections and material grades.
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5. The continuous strength method allowing for element interaction

As previously discussed, the DSM accounts for element interaction and the CSM accounts for
material nonlinearity. Hence the DSM seems the appropriate design approach for slender cross-sections,
which are least affected by material nonlinearity, whereas the CSM should be used for stocky cross-
sections, where strain-hardening is significant. However the majority of stainless steel cross-sections
used in structural applications are affected by both element interaction and material nonlinearity, and
hence a combination of the merits of both design methods is desirable.

Expanding the DSM to account for material nonlinearity by specifying direct strength equations that
are not bounded by the c,, would alleviate the embedded conservatism. However the format of the
direct strength equations incorporates only the conventional yield stress ¢, and Young’s modulus E,
since it was originally derived for carbon steel. Hence different design equations should be specified for
different material grades. On the other hand the CSM relies on relating the cross-sectional geometry to
its deformation capacity and thereafter obtaining the ultimate resistance via accurate material modeling;
hence the geometrical effects are decoupled from the effect of material nonlinearity. It is therefore
attempted to improve the CSM so that element interaction is explicitly accounted for.

To this end, the definition of the cross-sectional slenderness utilized in the DSM is adopted herein as a
modification to the CSM; hence the critical buckling stress of the whole cross-section, derived by
means of CUFSM (Schafer and Adany 2006), is incorporated into the definition of cross-section
slenderness. The cross-section slenderness is thereafter utilized to obtain the normalized deformation
capacity €./ €, and finally the stress at failure o1 via the compound Ramberg-Osgood constitutive
law. The CSM design equation (Eq. (8)) has to be modified in light of the revised slenderness
definition. The modified CSM equation Eq. (9), as derived on the basis of the FE results, reads

€

SL;?':%sw for %, <18 )
1

where A, is the local buckling slenderness of the whole cross-section, which it is proposed to be

employed in place of the slenderness of the most slender plate element A, as utilised in the original

CSM.

The predictions of the modified CSM are plotted together with those of the original CSM in Fig. 9,
where a significant reduction in scatter may be observed. The curves defined by Egs. (8) and (9) have a
minimum at A,~ 2.2 and therefore overpredict the deformation capacity & 5 and hence the failure
stress o of cross-sections beyond this slenderness value. Moreover, it has been observed in previous
studies (Gardner and Nethercot 2004a, Ashraf ef al. 2006a, Ashraf ef al. 2008) that the CSM overestimates
the ultimate capacity of very slender cross-sections. For these reasons and given that the importance of
strain-hardening vanishes at high slenderness, it is proposed that the applicability of the CSM is limited
to a maximum slenderness value. An upper slenderness limit A, = 1.8 (or A, = 1.8 when using the
most slender element) is therefore proposed herein. Cross-sections of higher slenderness should be
designed according to the effective width approach or the DSM. Additionally, adoption of an upper
limit of &5/ €y = 15 on the exploitation of strain-hardening, in accordance with the minimum ductility
requirements specified in EN 1993-1-4 (2006) and EN 1993-1-1 (2005), is also proposed. The new
CSM curve relating the cross-section slenderness to its deformation capacity is plotted together with the
original CSM curve and the elastic critical buckling curve in Fig. 10. The proposed limitations on
slenderness and deformation capacity are also depicted as cut-offs on the CSM curve.
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Fig. 10 Elastic critical buckling curve, original CSM design curve and modified CSM design curve

The accuracy of the modified CSM is assessed in Table 5. The mean values and coefficients of
variation of the predicted ultimate capacities normalized by the corresponding FE capacities are shown
for each cross-section type and for the original CSM, the modified CSM without slenderness and
deformation capacity limitations and the modified CSM with limitations. It can be seen that, while the
mean predictions are similar, significant reductions in scatter are achieved by the modified CSM
compared to the original proposal. The bounds imposed on the slenderness and deformation capacity do
not significantly affect the results, since the vast majority (118/130) of the FE data considered lie within
the specified limits.

6. Comparison with test data

In this section, the accuracy of the modified CSM, including the proposed limitations on deformation
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Table 5 Comparison of original and modified CSM predictions of compression resistance with FE results

Crosssection Original CSM CSM with element interaction in&fggtgét};éegigﬁfs
Mean Cov Mean cov Mean cov
RHS 1.00 0.08 0.96 0.08 0.96 0.08
I sections 0.94 0.11 0.96 0.09 0.97 0.08
PFC 1.02 0.11 1.00 0.04 0.99 0.04
All 0.98 0.11 0.97 0.08 0.97 0.07

Table 6 Summary of available stub column test data

Reference Section type No. of tests Material grade
Channel 11
Kuwamura (2003) I (welded) 16 1.4301 1.4318
SHS 12
ECSC (2000) I (welded) 4 1.4301 1.4462
SHS 17
Gardner and Nethercot (2004a) 1.4301
RHS 16
. ) SHS 1
Talja and Salmi (1995) 1.4301
RHS 2
Rasmussen and Hancock (1993a) SHS 2 1.4306
Liu and Young (2003) SHS 4 1.4301
Young and Liu (2003) RHS 8 1.4301
) SHS 6
Young and Lui (2006) Duplex
RHS 3
SHS 2
Young and Ellobody (2006) 1.4462
RHS 3
SHS 4
Gardner et al. (2006) 1.4318
RHS 4
SHS 6
Theofanous and Gardner (2009) 1.4162
RHS 2

capacity and slenderness, is assessed on the basis of available test data. To this end, all published test
data on stainless steel stub columns comprising I sections, RHS and PFC, summarized in Table 6, have
been gathered. These include test data published by Kuwamura (2003), ECSC (2000), Gardner and
Nethercot (2004a), Talja and Salmi (1995), Rasmussen and Hancock (1993a), Liu and Young (2003),
Young and Liu (2003), Young and Lui (2006), Young and Ellobody (2006), Gardner et al. (2006) and
Theofanous and Gardner (2009). The predictions of the other four methods considered in the present
paper are also assessed. The effect of the corner strength enhancements is accounted for via a corner
enhancement factor derived according to the proposals of Ashraf et al. (2006a), Cruise and Gardner
(2008) and Ashraf ef al. (2008), which is multiplied by the regression analysis, original CSM and
modified CSM predictions. No account for the corner enhancements was taken for the remaining
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design methods.

The mean values and coefficients of variation of the predicted ultimate capacities normalized by the
corresponding test results are shown in Table 7, whereas comparisons of the predictions with both test
and FE results are displayed in Table 8. Similarly to the comparison based on FE results (Table 5), all
methods not accounting for material strain-hardening significantly underpredict the compressive
resistance and display a relatively large scatter in the predictions, mainly due to their poor predictions of
the capacity of stocky cross-sections. As before, the regression analysis approach and the CSM (both
original and modified) offer more accurate predictions and a significant reduction in scatter, with the
modified CSM displaying the lowest coefficient of variation of 0.08.

The accuracy of the various design methods in predicting the cross-section capacity of beams tested
in 3- and 4-point bending is also assessed. All relevant published test data on stainless steel beams
(reported by Rasmussen and Hancock (1993b), Talja and Salmi (1995), ECSC (2000), Real and Mirambell
(2005), Gardner and Nethercot (2004b), Zhou and Young (2005), Gardner et al. (2006) and Theofanous
and Gardner (2010)), have been collected and are summarized in Table 9. However the tests reported by
Zhou and Young (2005) could not be utilized to assess the CSM, as insufficient data on material strain-
hardening were reported. For consistency, the tests reported by Zhou and Young (2005) were also
disregarded for the remaining design methods.

The effect of the stress gradient on the web slenderness was accounted for by means of the
appropriate buckling factor k; specified in EN 1993-1-5 (2005). For the effective width approach, the
original version of the CSM and the regression analysis method, the design equations specified for
compression were then used. For the modified CSM and the DSM the slenderness of the cross-sections
subjected to bending was obtained by performing constrained finite strip analyses with the CUFSM
software (Schafer and Adany 2006). Within the framework of the CSM (both original and modified),
the ultimate moment resistance was determined by means of numerical integration of the stress
distribution, which was derived from an assumed linearly-varying strain distribution with an extreme

Table 7 Comparison between design method predictions and stub column test results

o [ 19014 [ o R | oo [ [ el
Mean COV | Mean Cov Mean COV |Mean COV | Mean COV | Mean COV

RHS | 0.81 0.14 0.83 0.15 1.00 0.11 | 0.79 0.14 | 1.01 0.13 | 1.00 0.09

I sections| 0.90 0.10 0.94 0.11 1.09 0.09 | 093 0.10 | 1.00 0.09 | 1.02 0.06
PFC 0.85 0.11 0.90 0.12 1.03 004 | 0.88 0.11 | 1.02 0.10 | 1.05 0.05

All 0.83 0.14 0.86 0.15 1.02 0.10 | 0.82 0.15 | 1.01 0.12 | 1.01 0.08

Table 8 Comparison between design method predictions and stub column test and FE results

s [ 1914 [ G R | o | G |
Mean COV | Mean COov Mean COV | Mean COV |Mean COV | Mean COV

RHS | 0.82 0.13 0.81 0.15 .00  0.09 | 0.81 0.14 | 1.01 0.12 | 099 0.09

I sections 0.87 0.08 0.91 0.09 1.02 0.07 | 086 0.09 | 096 0.11 | 098 0.09
PFC | 0.86 0.08 0.90 0.10 1.01 0.06 | 088 0.08 | 1.02 0.10 | 1.01 0.05

All 0.84 0.11 0.88 0.13 1.01 0.08 | 084 0.12 | 1.00 0.12 | 0.99 0.08
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Table 9 Summary of available bending test data

Reference Section type No. of tests Material grade
Rasmussen and Hancock (1993b) SHS 1 1.4306
SHS 3
Talja and Salmi (1995 1.4301
alja and Salmi ( ) RES 6
1.4301
ECSC (2000) I (welded) 4 1.4462
SHS 2
Real and Mirambell (2005) RHS 2 1.4301
cald ambe 1.4306
I (welded) 2
SHS 5
h 2004 1.4301
Gardner and Nethercot (2004b) RIS 4 30
SHS 8 1.4301
Zhou and Young (2005) RHS 7 Duplex
SHS 2
Gardner et al. (2006) 1.4318
RHS 4
SHS 6
Theofanous and Gardner (2010) 1.4162
RHS 2
Table 10 Comparison between design method predictions and bending test results
” Modification (Gardner | Regression Original Modified
Cross EN 1993-1-4 1 0d Theofanous 2008) |  analysis DSM CSM CSM
section
Mean COV Mean Cov Mean COV |Mean COV |Mean COV |Mean COV
RHS 0.65 0.15 0.72 0.14 0.89 0.10 | 0.66 0.13 | 1.01 0.07 | 0.99 0.06
I sections | 0.87  0.05 0.87 0.05 1.00  0.07 | 0.74 0.06 | 0.99 0.04 | 1.00 0.04
All 0.68 0.17 0.74 0.14 089 0.12 | 0.67 0.13 | 1.00 0.06 | 0.99 0.06

value equal to g 5. To date, no specific direct strength equations for stainless steel in bending have been
proposed. Therefore the direct strength equation codified for cold-formed carbon steel in Appendix 1 of
the North American Specification (AISI 2004) and the one proposed for aluminium alloy beams by Zhu
and Young (2009) have been utilized in the present study and are given by Equations (10) and (11)
respectively. Both yield similar results as the difference between them, is relatively small.

W.1602 for A, <0.776
Mg = 0.4 0.4
! [1—0.15( M. ) J( M. ) W, G,, for A, <0.776
W.1002 W60,
W00, for A, <0.713
M., = 0.3 0.3
! [170.15( Men ) }( Men ) W, G,, for A, <0713
W60 W60,

(10)

(11)



90 M. Theofanous and L. Gardner

where M, is the elastic critical moment causing local buckling of the cross-section.

The predictions of all design methods, normalised by the respective test results, are summarized in
Table 10, from which similar conclusions to the ones mentioned for the case of compression can be
drawn. The low coefficient of variation exhibited by the modified CSM for both compression (0.08)
and bending (0.06) is due to the incorporation of both element interaction and material nonlinearity in
the design approach and demonstrates the applicability of the method for the treatment of local
buckling of stainless steel cross-sections.

7. Conclusions

Various design methods for the treatment of local buckling in stainless steel cross-sections have been
outlined in the present paper and their relative merits and drawbacks have been highlighted. Among the
methods considered, the cross-section classification coupled with effective width approach is the
simplest from a conceptual point of view, as it treats plate elements individually and assumes a bilinear
elastic perfectly-plastic material constitutive law. More advanced methods include the direct strength
method (DSM), which accounts for element interaction but not for material strain-hardening, the
continuous strength method (CSM), which accounts for the material strain-hardening but ignores
element interaction, and a method based on regression analysis, which accounts implicitly for both
element interaction and material nonlinearity.

Based on an extensive parametric study on stainless steel stub columns, all methods have been
assessed and the value of incorporating both element interaction and material nonlinearity within one
design method was highlighted. A modification to the CSM, by redefining the considered slenderness
to include element interaction, has been described. The modified CSM combines the merits of both the
original CSM and the DSM and has been shown to offer accurate capacity predictions for cross-
sections in compression, based on both FE and published test results from the literature. Furthermore
the applicability of the method to cross-sections subjected to bending has been demonstrated and the
incorporation of the method into future design guidance is proposed.
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