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Abstract

Previous studies on stainless steel tubular section beam-columns have revealed shortcomings
in established codified design methods. These shortcomings stem principally from inaccurate
predictions of the bending and column buckling end points of the design interaction curves,
where the bending moment end points are tied to the elastic or plastic moment capacities
without considering strain hardening, while the column buckling end points are often over-
predicted. Inaccuracies also arise due to the adopted interaction factors, which do not fully
capture the structural response of the stainless steel members under combined loading. These
observations prompted the present research, which is aimed at developing more efficient
design rules for stainless steel tubular section beam-columns. In the presented design
proposals, the deformation-based continuous strength method (CSM), allowing for strain
hardening, was used to determine the bending moment capacities (i.e. the bending end points),
while the column buckling strengths (i.e. the column end points) were calculated according to
recently proposed buckling curves. Based on these more accurate end points, new interaction
factors were derived following a comprehensive numerical simulation programme. The

accuracy of the new proposals was assessed through comparisons against over 3000



experimental and numerical results. Compared to the current design standards, the new
proposal yields a higher level of accuracy and consistency in the prediction of stainless steel
square and rectangular hollow section (SHS and RHS) beam-column strengths. Use of the
proposed interaction factors but with the Eurocode bending moment capacities and revised
column buckling strengths as the end points was also assessed and shown to result in more
accurate and less scattered strength predictions than the current Eurocode provisions. The
reliability of the proposals has been confirmed by means of statistical analyses according to
EN 1990, demonstrating its suitability for incorporation into future revisions of international

design codes for stainless steel structures.

1. Introduction

Stainless steel is gaining increasing use as a construction material, rather than simply a
decorative material, in a range of engineering applications, owing principally to its favourable
mechanical properties, good ductility and excellent resistance against corrosion and fire.
Given the high initial material cost of stainless steel, structural design efficiency is of primary
concern. For the design of stainless steel tubular section members, although a number of
design standards exist, the provisions were generally developed in line with the
corresponding carbon steel design guidelines, without considering the distinctive nonlinear
stress—strain characteristics of the material. This has been shown to yield inaccurate strength
predictions for some types of stainless steel tubular section structural components, including
stub columns [1-8], columns [1,5-7,9—11], beams [5,7-9,12—14] and beam-column elements
[9,15-20], which has prompted research aimed at investigating the structural behaviour of
these components and developing more refined design approaches. For example, advanced

treatments for local buckling in stainless steel sections, including the continuous strength



method (CSM) [21-26] and the direct strength method (DSM) [27,28], have been developed
and shown to provide more accurate predictions of stainless steel cross-section resistances
under compression, bending and combined loading. Revised column buckling curves for a
wide range of stainless steel open and closed profiles have been proposed by Afshan et al.
[29], based on a large number of experimental and numerical data, and shown to offer a better
and more consistent representation of the true structural response of stainless steel columns
than current codified provisions. The aims of the present paper are to study the global
instability of stainless steel beam-columns and to develop more efficient design rules. Beam-
columns are structural members which combine the beam function of transmitting transverse
forces or moments with the compression (or tension) member function of transmitting axial
forces [30]. Their failure modes involve combined bending (generally in-plane for closed
sections and out-of-plane for open sections) and column buckling. Current design codes,
including the European code EN 1993-1-4 [31], American specification SEI/ASCE-8 [32]
and Australian/New Zealand standard AS/NZS 4673 [33], as well as other recent proposals
[34], employ interaction curves for the design of beam-column structural members, with the
shape of the interaction curve defined by interaction factors, and the end points taken as the
member strengths under the individual loading conditions. However, comparisons between
these established design methods and experimental and numerical results [9,15,16,19] have
generally indicated significant disparities, as well as scatter, in the prediction of beam-column

capacities.

The present paper focuses on the design of stainless steel square and rectangular hollow
section beam-columns, though a wider study by the authors also includes other cross-section
profiles, such as circular hollow sections and I-sections. The paper begins with a brief review

and comparative analysis of current beam-column design methods, of which the strengths and



limitations are highlighted. The methodologies for overcoming the identified shortcomings
and for deriving new beam-column design proposals are then presented. The design proposals,
with revised interaction factors, are underpinned by a comprehensive numerical simulation
programme, involving geometrically and materially nonlinear analyses of imperfect structural
elements (GMNIA). Finally, the accuracy and reliability of the proposals are assessed against

over 3000 experimental and numerical results.

2. Current design methods for stainless steel beam-columns

2.1 Codified beam-column design methods

Current codified expressions for the design of stainless steel beam-columns under axial load
plus uniaxial bending [31-33] follow the same basic format, as given by Eq. (1), in which Ng,
is the applied axial load, Mg, is the maximum applied first order bending moment about the
axis of buckling, N,gs is the column member buckling resistances, Mg, is the member
bending resistance, taken in the absence of lateral torsional buckling, as is the case herein, as
that of the cross-section M, gy, and k is the interaction factor. There are, however, differences
in the determination of the column buckling and bending moment resistances, which act as
the end points of the design interaction curve, and in the interaction factors k£, which define
the shape of the design interaction curve. For the calculation of bending resistance, the
European code allows use of the full plastic M, rq4, elastic M.;rs and reduced elastic Moy ra
moment capacities for Class 1 or 2, Class 3 and Class 4 cross-sections, respectively, while the
American specification [32] and Australian/New Zealand standard [33] employ the inelastic
reserve capacity provisions to determine the cross-section bending moment resistances. None

of these methods accounts for the pronounced strain hardening exhibited by stainless steels



though, and thus all lead to unduly conservative predictions, particularly for stocky cross-
sections. With regards to column buckling strength, the provisions of both the European code
[31] and the American specification [32] were found to yield generally unsafe predictions,
while the explicit method employed in the Australian/New Zealand standard [33] resulted in
safe but slightly conservative column buckling strengths [7,19]. The interaction factors used

in EN 1993-14 [31], SEI/ASCE-8 [32] and AS/NZS 4673 [33] (kEC3, kASCE and kAS/st,
respectively) are shown in Egs (2) and (3), where 1= Ao,, /N, is the member non-

dimensional slenderness, in which 4 is the cross-section area, gy is the 0.2% proof stress and
N, 1s the elastic buckling load. Following comparisons with test and finite element (FE)
results, it was concluded by Zhao et al. [19] that the EN 1993-1-4 and SEI/ASCE-8 design
formulae generally lead to unsafe predictions for beam-columns with large axial compressive
forces, but result in unduly conservative capacity predictions where bending effects are
dominant. The Australian/New Zealand standard AS/NZS 4673 was also found to yield
improved, but still rather scattered strength predictions, though with a reduced number of

predictions on the unsafe side [19].
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2.2 Greiner and Kettler’s method

Greiner and Kettler [34] developed new interaction factors for stainless steel beam-columns

of Class 1 and 2 cross-sections, based on the general format of the beam-column design



formula (i.e. Eq. (1)) and the EN 1993-1-4 column buckling and bending end points. Values
for the interaction factors were firstly back-calculated for a series of the numerical GMNIA
results, by means of Eq. (4), and then represented by the simplified expression of Eq. (5).
However, while the derivation procedure was sound, since the end points of the proposed
interaction formula were still tied to the Eurocode column buckling and bending moment
resistances, the developed interaction factors not only represented the interaction effects, but
also compensated for the difference of the actual and predicted values of the end points, as
acknowledged by Greiner and Kettler [34] and highlighted by Zhao et al. [19]. The beam-
column strength predictions from the proposals of Greiner and Kettler [34] range from
generally unsafe to unduly conservative, as the applied loading varies from pure compression
to pure bending. This is similar to the predictions from the European code and American

specification, though with reduced scatter [19].
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3. Methodology for overcoming shortcomings in codified beam-column formulae

Shortcomings in existing stainless steel beam-column design provisions include (i) inaccurate
predictions of the end points of the interaction curves, where the bending moment end points
suffer from being determined without considering strain hardening, while the column
buckling end points are often over-predicted, and (ii) interaction factors that include a
significant degree of compensation for the inaccurate end points and thus do not fully capture

the structural response of stainless steel members under combined loading. Improved beam-



column design rules are therefore sought firstly through the adoption of more accurate end
points and secondly through the development of revised interaction curves, anchored to these

new end points.

The continuous strength method (CSM) is a deformation-based design approach, allowing for
strain hardening in the determination of cross-section compression and bending moment
capacities [21-25]. The main characteristics of the CSM lie in the employment of a ‘base
curve’ to determine the maximum attainable strain &, for a given cross-section under the
applied loading conditions, and the adoption of an elastic, linear hardening material model to

enable design stresses greater than the 0.2% proof stress oy > to be achieved. The base curve is

defined by Eq. (6), where ¢, is the yield strain equal to 0¢./E, /Tp is the cross-section

slenderness, calculated as /o, /o, , in which o, is the elastic buckling stress of the cross-

section under the applied loading conditions [35]. The CSM elastic, linear hardening material
model, which features four material parameters (C;, C>, C3 and C,), is illustrated in Fig. 1,
with the strain hardening slope E;, determined from Eq. (7). The CSM material model
parameter C; is employed in Eq. (6) to prevent over-predictions of strength from the linear
hardening material model, with a value of 0.1 for austenitic and duplex stainless steels and
0.4 for ferritic stainless steel. The CSM material parameter C; is used in Eq. (7) to define the
strain hardening slope Es;, and is equal to 0.16 for austenitic and duplex stainless steels and
0.45 for ferritic stainless steel when ¢,/¢, is less than 0.45; when ¢,/¢, 1s greater than or equal
to 0.45, the strain hardening slope E,, is assumed to be zero. The parameter &,=C;3(1—
00.2/0,)+Cy 1s the predicted strain corresponding to the material ultimate strength, where Cs is
equal to 1.0 for austenitic and duplex stainless steels and 0.6 for ferritic stainless steel; Cy is
equal to zero for all stainless steels. Note that Eq. (6) applies for cross-section slenderness

values less than or equal to 0.68. The recently amended EN 1993-1-4 Class 3—4 slenderness



limit of ¢/te=37 for internal compression elements corresponds to cross-section slenderness

A, =0.65[24], where c is the flat width of the compressive element in the cross-section and

E= \/(235/ 0'0_2)(E / 210000) is a parameter related to material properties. Thus, the CSM

applies for all non-slender (Class 1, 2 and 3) cross-sections, which are the focus of the present

study.
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Based on the assumption of a linearly-varying through-depth strain distribution and the bi-
linear CSM material model, the CSM bending resistance for SHS and RHS M, rs may be
determined from Eq. (8), where W, and W), are the elastic and plastic section moduli,
respectively, and yuo is a partial safety factor equal to 1.1 for stainless steel. Eq. (8) was
found to yield substantially more accurate predictions compared to the codified elastic or
plastic moment capacities [21-25]. Thus, the use of the CSM bending moment resistance as
the end point in the numerical derivation of new interaction factors would substantially
reduce the compensation effect. In addition, the CSM leads to consistent capacity predictions
across the local slenderness range [21-25], which brings the possibility of deriving a single

set of interaction factors for all non-slender cross-sections.
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Considering that current codified methods often over-predict the buckling resistance of
stainless steel columns, Afshan et al. [29] derived revised buckling curves for a wide range of

open and closed cross-section profiles by calibration against a comprehensive database of



stainless steel test and FE results. For the design of SHS and RHS columns, the revised

buckling curves adopt the same imperfection factor a=0.49, as used in EN 1993-1-4 [31], but

with shorter plateau lengths A,, which are equal to 0.3 for austenitic and duplex stainless

steels and 0.2 for ferritic stainless steel, compared to the current codified plateau length of 0.4,
as shown in Fig. 2. The proposed buckling curves were found to offer safe and accurate
column buckling strength predictions [29], in contrast to the often over-predicted strengths

determined according to the current codified provisions.

Thus, improved beam-column design rules may be sought through the use of the CSM
bending moment capacity and the revised column buckling strength prediction as the end
points and the subsequent development of new interaction factors. The proposed beam-

column design formula is given in Eq. (9).
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where N, gq 1s determined according to the revised buckling curves described above [29] and
kesm 1s the proposed interaction factor, for which the derivation procedure follows that
employed for carbon steel beam-columns [36,37], and may be summarised as follows:

(1) The cross-section sizes and material grades to be modelled were first selected. Two typical
cross-sections, RHS 200x100x10 and RHS 200x100x%8, which have been widely used in
previous numerical studies of carbon steel and stainless steel beam-columns [34,36,37], are
chosen in the present numerical simulations, and all three common families of stainless steel
— austenitic, duplex and ferritic are considered.

(i1) For each modelled cross-section, the CSM bending moment resistances M., gz about both

major and minor axes were calculated.



(i11) For each buckling axis of the modelled cross-sections, 15 beam-column lengths were

selected to cover a wide spectrum of member slenderness 2 between 0.2 and 3.0, and the
corresponding column buckling strengths Njrs were determined according to the new
buckling curves [29].

(iv) Beam-column FE models with the member lengths chosen in Step (iii) were developed,
and subjected to a range of ratios of applied axial load-to-bending moment, from which the

FE failure loads Ng; and Mg, were determined.

(v) Values for the interaction factors k., for each member slenderness A and axial
compressive load level n=Ngi/ N rs were then calculated according to Eq. (10), which is a re-

arrangement of Eq. (9).
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(vi) The calculated interaction factors k., were plotted against the member slenderness for

each load level n, and simplified formulae were fitted to the assembled data.

Development of the numerical models is outlined in Section 4, while derivation of the

interaction factors, following the above procedure, is carried out in Section 5.
4. Numerical modelling

The present numerical modelling programme was performed using the nonlinear finite
element analysis package ABAQUS [38]. Numerical simulations were carried out on single
span pin-ended stainless steel RHS beam-columns, accounting for initial geometric
imperfections and residual stresses, with the member slenderness ranging between 0.2 and

3.0. A detailed description of the development of the beam-column FE models and their



validation against experimental results were presented by the authors in previous studies
[18,19,26] of stainless steel structural elements under combined axial load and bending

moment, so only the key relevant aspects of the modelling are reported herein.

The four-noded doubly curved shell element with reduced integration and finite membrane
strain, S4R [38], which has been used successfully in previous studies [18,19,26] concerning
the modelling of stainless steel SHS and RHS beam-column structural members, was adopted
throughout the present numerical simulations. An element size equal to the cross-section
thickness was used in the flat parts of the modelled cross-sections, while a finer mesh of four
elements was employed to discretise the curved corner regions. Since ABAQUS [38] requires
the material properties to be inputted in the form of true stress and log plastic strain, the
measured engineering stress—strain curves from tensile coupon tests, represented by the

compound two-stage Ramberg—Osgood model [39-43], were converted into true stress-strain

curves, according to Eq, (11) and Eq, (12), where o, is the true tress, &’ is the log plastic

true

strain, o, is the engineering stress and ¢, is the engineering strain. The adopted material

m m

properties for the present numerical simulations were taken from previous tests on stainless
steel SHS and RHS beam-columns [15,17,19]. Table 1 summarises the employed material
properties for each stainless steel grade, where E is the Young’s modulus, gy is the 0.2%
proof stress, ;o is the 1.0% proof stress, g, is the ultimate tensile strength, and n, n 9,10 and
n’o2, are the strain hardening exponents used in the two—stage Ramberg—Osgood (R—O)

material model [39—43].

O-true = O-nom (1 + gnom ) (1 1)

g :ln(1+5,wm)—% (12)



Cold-formed stainless steel structural members are generally produced by cold-rolling flat
metal sheets into circular tubes, welding them closed and then subsequently deforming them
into the required profiles by means of dies. The cold-forming process induces plastic
deformations, which result in the development of strength enhancements and through-
thickness bending residual stresses in the structural sections, while the welding process
introduces membrane residual stresses. In the present study, residual stresses were not
explicitly incorporated into the beam-column FE models, due to the inherent presence of the
more dominant through-thickness residual stresses in the measured material properties
[1,44,45] and the negligible influence of the membrane residual stresses on cold-formed
stainless steel tubular profiles [1,44,45]. With regards to strength enhancements, the different
levels of strength enhancement arising in the flat and corner regions of cold-rolled hollow
sections was reflected by utilising the material stress—strain properties obtained from coupons
extracted from these respective regions of tested cross-sections. In addition, it has been both
experimentally [46] and numerically [47] verified that the high corner strength enhancements
are not only restricted to the curved portions of the sections, but also extend into the adjacent
flat parts beyond the corners by a distance approximately equal to two times the cross-section
thickness. This finding has been adopted in the present numerical study by assigning corner
material properties to both of the aforementioned regions, while the remainder of the FE

models were assigned the flat material properties.

Symmetry was exploited by modelling only half the cross-section and member length of
beam-columns and then applying suitable symmetry boundary conditions, which enabled
significant savings in computational time. The end section boundary conditions were applied
by coupling all the nodes of the end section to an eccentric reference point, allowing only

longitudinal translation and rotation about the axis of buckling. An axial load was applied to



the beam-column models through the eccentric reference point, resulting in the application of

both axial compressive load and bending moment to the beam-columns.

The initial global geometric imperfection distribution along the member length was assumed
to be sinusoidal, with the maximum imperfection amplitude equal to /1000 at mid-height, in
accordance with previous numerical studies of stainless steel and carbon steel SHS and RHS
beam-columns [19,34,36,37]. Since global member failure of beam-columns with non-
slender sections was the focus of the present study, initial local geometric imperfections were
considered to have negligible influence on the structural behaviour, and were thus not
included in the FE models. Upon incorporation of the initial global geometric imperfections
into the numerical models, geometrically and materially nonlinear analyses were conducted,
using the modified Riks method [38], to determine the failure loads of the members, which

were then employed to calculate the interaction factors according to Eq. (10).

5. Derivation of interaction factors

In this section, the numerically derived interaction factors are presented and discussed, before

being transformed into simplified formulae. For each stainless steel grade, four sets of curves

corresponding to different cross-section slendernesses /Tp , defining the relationship between

the interaction factor k., and member slenderness A for varying axial compressive load
levels n=Ng4/Nprqa, were derived. Eight compressive load levels were considered ranging
from 0.2 to 0.8 in increments of 0.1. Table 2 reports the cross-section slendernesses of the
two modelled sections in bending about both the major and minor axes, together with the
geometric dimensions, where B and H are the section width and depth, respectively, ¢ is the

thickness and r; is the internal corner radius.



For each stainless steel grade, it was generally found that the derived four sets of k., data
points corresponding to different cross-section slendernesses show a relatively low level of
scatter. Typical derived k., factors for n=0.3 are illustrated in Figs 3(a)-3(c) for austenitic,
duplex and ferritic stainless steels, respectively. The rather low level of scatter results mainly
from the use of the CSM bending moment capacities M, rs as the bending reference value in
the calculation of k... As highlighted in Section 3, the continuous strength method (CSM)

leads to not only accurate but also consistent bending moment capacity predictions over its

application range of cross-section slenderness /Tp less than 0.68. Thus, the calculated

interaction factors based on M, rs contain a much lower level of compensation for

erroneous end points and scatter, compared to those based on M, zs or M, rs in previous

studies [34].

The design formulae for k., were developed based on the upper set of the FE derived
interaction factors (represented for clarity as curves passing through the data points), as
shown in Figs 4(a)—4(c) for austenitic, duplex and ferritic stainless steels, respectively. The
relationships between the interaction factors and member slenderness generally exhibit a
steeper slope in the low slenderness range but a relatively steady slope in the high slenderness
range. Thus, the design formulae for k., is assumed to be of the traditional bi-linear form, as
used for carbon steel beam-column interaction factors [36,37] and given by Eq. (13), where
D and D, are the coefficients, which define the linear relationship between k., and A in the

low member slenderness range, while D; is a limit value, beyond which the interaction factor

kesm remains constant (i.e. there is a zero slope to the proposed k., curve for A > D;).

ko =1+ D, (1 =D, )n<1+D,(D; =D, )n (13)



The values of D; and D, for each axial compressive load level (e.g. n=0.3) were determined
following a regression fit of Eq. (13) to the corresponding numerically derived results over
the member slenderness range from 0.2 to 1.2, while the final D; and D, coefficients were
taken as the average calculated values for all the considered load levels (i.e. 0.2<r<0.8).
Then, the limit value of D3 was determined based on the fit of Eq. (13) to the FE derived
results corresponding to low axial compressive load levels (i.e. #<0.4). Table 3 reports the
values of D;, D, and D; for each stainless steel grade, while the comparisons between the FE
derived and proposed curves of the interaction factors are shown in Figs 5(a)-5(c). The
comparisons indicate that there are relatively large differences between the proposed and FE
derived k., curves for high axial compressive load levels in the high member slenderness
range. However, these deviations only have a minor effect on the beam-column design
capacity, since the member resistance is dominated by column buckling for beam-columns of
high slenderness at high axial load levels, while the bending term kM. rs has rather little
influence; this observation was also made by Greiner and Kettler [34] and Greiner and Linder

[36].

Figs 6(a)—6(c) depict the proposed beam-column design interaction curves corresponding to a
range of member slendernesses for austenitic, duplex and ferritic stainless steels, respectively,
indicating an increasingly concave trend as the member slenderness increases, which is
consistent with the increasingly significant second order effects as member slenderness grows.
The proposed beam-column design formulae for each stainless steel grade reduce to the same
cross-section design expression when member slenderness tends to zero, as shown in Eq. (14),
which offers a good representation of the CSM interaction curve (Eq. (15)) for cross-section
resistance under combined loading, previously proposed by the authors [18,26], and is more

accurate than the EN 1993-1-4 cross-section interaction curve (Eq. (16)); this is also shown in



Fig. 7, where Mg rs and Mg .m rq are respectively the reduced plastic moment capacity and
reduced CSM bending resistance due to the existence of the axial force Ngg, a,, is the ratio of
the web area to gross cross-section area, N,;ri=A00.2/ymo 1s the yield load, and N ra 1s the
CSM compression resistance.
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6. Comparisons with test and FE results

The accuracy of the proposed design approaches was assessed through comparisons against a
large number of test and FE results. The experimental data were collected from the literature
and included tests on austenitic [9], duplex [15,16] and ferritic [19] stainless steel SHS and
RHS beam-columns, while the numerical data were generated through parametric studies. In
the parametric studies, the outer width of the modelled cross-sections was set equal to 100
mm while the outer depths ranged from 100 mm to 200 mm, leading to cross-section aspect
ratios between 1.0 and 2.0. The internal corner radii were set equal to the cross-section

thickness, which varied from 3.5 mm to 11 mm, resulting in a range of cross-section

slenderness Zp between 0.20 and 0.62. The lengths of the beam-columns models were varied

to cover a wide spectrum of member slenderness A between 0.2 and 3.0, and the initial
loading eccentricities ranged from I mm to 1250 mm, enabling a broad range of loading

combinations (i.e. ratios of axial load to bending moment) to be considered. In total, 3090



parametric study results were generated, including 1190 for austenitic stainless steel, 900 for

duplex stainless steel and 1000 for ferritic stainless steel.

The accuracy of the proposed design approach, as well as that of existing design methods was
evaluated through comparisons of the test and FE beam-column strengths with the unfactored
(i.e. all partial factors set to unity) predicted strengths, based on the measured or modelled
geometries and weighted average (by area) material properties to allow for the higher
strengths in the corners. The comparisons are presented in terms of the failure load ratio,
Nu/Nyprea [18,19,48-50], of which the definition is illustrated in Fig. 8, where N, is the test or
FE failure load corresponding to the distance on the N—M interaction curve from the origin to
the test data point, and N, ..q 1s the predicted axial load corresponding to the distance from
the origin to the intersection with the design interaction curve, assuming proportional loading.
Tables 4(a)—4(c) report the ratios of test and FE beam-column failure loads to predicted
failure loads for the austenitic, duplex and ferritic stainless steel beam-columns, respectively.
Note that ratios greater than unity indicate that the test (or FE) data points lie on the safe side

(i.e. outside) of the design interaction curve.

The experimental and numerical results are compared with the strength predictions from each
method in Figs 9-11 for the austenitic, duplex and ferritic stainless steel grades, respectively,
where the test (or FE) to predicted failure load ratio N,/N,,r.q is plotted against the angle
parameter 6, which is defined by Eq. (17) and illustrated in Fig. 12, where Ny and My, are the
predicted member strengths under pure compression and pure bending, respectively (i.e.
column buckling strength and cross-section bending moment capacity). Note that 6=0°

corresponds to pure bending while #=90° represents pure compression.

0=tan"'[(Ny, /N, )/ (M, /M,)] (17)



For each stainless steel grade, comparisons between the EN 1993-1-4 [31] and SEI/ASCE-8
[32] design methods and the test and FE beam-column strengths generally reveal scattered
results with a transition from slightly unsafe predictions of column buckling loads to unduly
conservative bending moment resistances, as the applied loading varies from pure
compression to pure bending (i.e. as # moves from 90° to 0°). The Australian/New Zealand
standard AS/NZS 4673 [33] results in reduced scatter in the strength predictions, compared to
the European code and American specification, but with some predictions still on the unsafe
side. The proposed approach yields the highest degree of accuracy and consistency in the
prediction of beam-column strengths for all loading combinations (i.e. 0" _. __."). As
reported in Tables 4(a)—4(c), the mean ratios of the test and FE failure loads to predicted
failure loads determined from the proposed beam-column design method N,/N,,, are equal to
1.07, 1.06 and 1.06 with coefficients of the variation (COV) of 0.04, 0.03 and 0.02 for the
austenitic, duplex and ferritic stainless steel beam-columns, respectively, indicating that the
proposed approach results in precise and consistent predictions, and a scatter of generally
about one half to one third that of existing codified methods. Comparisons were also made
based on test data only, as shown in Figs 13(a)-13(c) for the austenitic, duplex and ferritic
stainless steel beam-columns, respectively, and the mean ratios of test to predicted capacities

Ny tesi/ Nuprea are reported in Tables 5(a)-5(c).

Use of the proposed interaction factors, but with EC3 bending moment capacities and revised
column buckling strengths [29] as the end points of the interaction curve, was also assessed.
The mean test and FE to predicted failure load ratios N,/N, gc3 rev., @s reported in Table 4(a)—
4(c), are 1.15, 1.16 and 1.09 for the austenitic, duplex and ferritic stainless steel beam-

columns, respectively, which are lower than those resulting from the current European code



and thus indicate improved accuracy, and the corresponding COVs are 0.05, 0.04 and 0.04,
showing that the scatter is generally half that of EN 1993-1-4, as also observed in Table 5(a)—
5(c). In addition, this revised EC3 approach yields safe beam-column strength predictions for
all the loading combinations, as shown in Figs 14(a)-14(c), where the ratio of test (or FE)

failure load to predicted failure load N,/N, ec3 rev. 1s plotted against the angle parameter 6.

7. Reliability analysis

In this section, the reliability of the proposed beam-column design approach and the revised
EC3 treatment is assessed through statistical analyses, according to the provisions of EN
1990 [51]. A summary of the key calculated statistical parameters for the two proposals is
reported in Table 6, where k;, is the design (ultimate limit state) fractile factor, b is the
average ratio of test (or FE) to design model resistance based on a least squares fit to all data,
Vs is the COV of the tests and FE simulations relative to the resistance model, V, is the
combined COV incorporating both model and basic variable uncertainties, and y,n is the
partial safety factor for member resistance. In the analyses, the over-strength ratios for
material yield strength were taken as 1.3, 1.1 and 1.2, with COVs of equal to 0.060, 0.030
and 0.045, for the austenitic, duplex and ferritic stainless steels, respectively, while the COV
of geometric properties was taken as 0.050 for all the stainless steel grades, as recommended
by Afshan et al. [52]. As can be seen from Tables 6(a) and 6(b), the partial factors for both
the proposed beam-column design method and the revised EC3 treatment are less than the
currently adopted value of 1.1 in EN 1993-1-4 [31], and thus demonstrate that the beam-

column proposals satisfy the reliability requirements of EN 1990 [51].



8. Conclusions

Current design provisions for stainless steel beam-columns, as set out in the European code
EN 1993-1-4 [31], American specification SEI/ASCE-8 [32] and Australian/New Zealand
standard AS/NZS 4673 [33] have been shown in previous studies to have some shortcomings.
In particular, the design interaction curves were generally developed based on inaccurate end
points (i.e. conservative elastic or plastic bending moment capacities in bending and often
over-predicted column buckling strengths in compression). This, in turn, led to the derivation
of interaction factors that partially accounted for interaction effects and partially compensated
for inaccurate end points. To overcome these shortcomings, new beam-column interaction
factors have been developed in this study, based on more accurate end points (i.e. the CSM
bending moment capacities [24] and revised column buckling strengths [29]). The derived
interaction factors apply to all the non-slender SHS and RHS, according to EN 1993-1-4
slenderness limits [31]. The accuracy of the proposed beam-column design rules has been
assessed through comparisons against over 3000 test and FE data. The comparisons revealed
that the proposals provide more accurate and consistent predictions of stainless steel beam-
column strengths than current codified design approaches. Use of the proposed interaction
factors but with the EC3 bending moment capacities and revised column buckling strengths
[29] as the end points was also considered, and found to offer more accurate and less
scattered strength predictions than the current European code. The reliability of the proposals
was demonstrated by means of statistical analyses according to the provisions of EN 1990
[51]. It is therefore recommended that the proposed approach for stainless steel SHS and
RHS beam-columns be considered for incorporation into future revisions of stainless steel

structural design standards.
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Table 1 Summary of key measured material properties from the tensile flat and corner coupons employed
in the FE models.

(a) Flat material properties.

Material grade E 002 010 oy R-O coefficient
(GPa)  (MPa) (MPa) (MPa) 7 noaro Mo
Austenitic 196 335 384 608 5.9 2.6 3.5
Duplex 198 635 694 756 6.0 3.2 4.2
Ferritic 199 470 485 488 7.3 7.6 10.9

(b) Corner material properties.

Material grade E 002 01,0 oy R-O coefficient
(GPa) (MPa) (MPa) (MPa) n 102,10 1’02,
Austenitic 201 559 622 725 4.8 3.9 4.1
Duplex 207 833 1053 1079 5.0 4.5 6.1
Ferritic 200 579 648 4.0 - 7.3

Table 2 Geometric properties and cross-section slenderness of the modelled cross-sections.

Cross-section Bending axis B H t 7 Cross-section slenderness A »
(mm) (mm) (mm) (mm) Austenitic  Duplex Ferritic

RHS 200x100x8 MI 100 200 8 8 0.50 0.62 0.53

MA 100 200 8 8 0.26 0.32 0.28

RHS 200x100x10 MI 100 200 10 10 0.39 0.50 0.42

MA 100 200 10 10 0.21 0.26 0.22

Note: MA and MI indicate bending about the major and minor axes, respectively.

Table 3 Proposed coefficients for interaction curves (Eq. (13)) for different material grades.

Grade D, D, D;
Austenitic 2.0 0.30 1.3
Duplex 1.5 0.40 1.4

Ferritic 1.3 0.45 1.6




Table 4 Comparison of stainless steel SHS and RHS beam-column test and FE results with predicted strengths.

(a) Austenitic stainless steel.

No. of tests: 6

Nu/Nu Nll/Nll NM/NM NM/NM Nll/Nll rev.
No. of FE simulations: 1190 EG ASCE ASINZS o EG
Mean 1.16 1.02 1.12 1.07 1.15
Cov 0.08 0.08 0.07 0.04 0.05
(b) Duplex stainless steel.
No. of tests: 13 NN, NN, NN, NN, NN,
NO. Of FE Simulations: 900 w uwEC3 w u, ASCE w' 1Ny, AS/NZS u LV uy, P w u, EC3,rev.
Mean 1.22 1.05 1.09 1.06 1.16
Cov 0.07 0.06 0.05 0.03 0.04
(c) Ferritic stainless steel.
No. of tests: 10 NJN, NJN, NN, NJN, NJN,
NO. Of FE Simulationsz 1000 w LNu, EC3 w4V u, ASCE u LN u, AS/NZS wtVy P w LV u, EC3,rev.
Mean 1.15 1.01 1.06 1.06 1.09
Cov 0.07 0.05 0.04 0.02 0.04




Table 5 Comparison of stainless steel SHS and RHS beam-column test results with predicted strengths.

(a) Austenitic stainless steel.

NO' Of tests: 6 Nu, test/Nu,EC3 Nu, test/Nu,ASCE Nu, test/Nu,AS/NZS Nu, test/Nu,P Nu, leSl/Nu,ECl rev.
Mean 1.18 1.11 1.17 1.12 1.19
Ccov 0.12 0.13 0.09 0.05 0.06
(b) Duplex stainless steel.
NO- Of tests: 1 5 Nu, test/Nu, EC3 Nu, test/Nu,ASCE Nu, test/Nu,AS/NZS Nu, test/Nu,P Nu, test/Nu,EC3,rev.
Mean 1.19 1.02 1.07 1.08 1.17
Ccov 0.07 0.05 0.05 0.03 0.04
(c) Ferritic stainless steel.
NO- Of tests: 1 O Nu, test/Nu,EC3 M4, test/Nu,ASCE Nu, text/Nu,AS/NZS Nu, test/Nu,P Nu, test/Nu,EC3, rev.
Mean 1.13 1.03 1.11 1.06 1.10
cov 0.10 0.06 0.04 0.04 0.07
Table 6 Reliability analysis results calculated according to EN 1990.
(a) Proposed design method
Grade No. of tests and FE simulations kan b Vs V. Y
Austenitic 1196 3.098 1.058 0.036 0.086 0.95
Duplex 915 3.101 1.055 0.027 0.064 1.05
Ferritic 1010 3.100 1.055 0.022 0.071 0.98
(b) Revised EC3 design approach
Grade No. of tests and FE simulations kan b Vs V. Vil
Austenitic 1196 3.098 1.121 0.053 0.095 0.92
Duplex 915 3.101 1.131 0.041 0.071 1.00
Ferritic 1010 3.100 1.074 0.036 0.076 0.98




