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ABSTRACT

The Continuous Strength Method (CSM) is a deformation based design approach that provides
accurate cross-section resistance predictions by making rational allowance for the interaction
between cross-section elements, the partial spread of plasticity and the beneficial effects of
strain hardening. The CSM can be used in conjunction with advanced analysis for the design
of members and frames, but, for hand calculations, member-level stability checks are currently
limited to stainless steel hollow section columns failing by flexural buckling. Extension to the
design of stainless steel members subjected to combined compression and bending moment is
presented in this paper. The analysis is based on numerical results and existing experimental
data collected from the literature on stainless steel hollow section members, including members
with stocky and slender cross-sections. Comparisons demonstrate that the adoption of the CSM
design equations in conjunction with both current and revised interaction factors considerably
improves the accuracy of beam-column capacity predictions for members with stocky cross-
sections. The analysis on beam-columns with slender sections shows that similar resistance
predictions are obtained using Eurocode 3 and the CSM. The reliability of the proposed
approach is demonstrated through statistical analyses performed in accordance with EN 1990.
KEYWORDS

beam-column; combined loading; Continuous Strength Method; flexural buckling; local

buckling; stainless steel; strain hardening
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HIGHLIGHTS

e Extension of the CSM to the stability design of stainless steel beam-columns is presented.
e Accuracy of the CSM for beam-columns is assessed against experimental and FE data.

e The CSM is more accurate than current provisions for members with stocky cross-sections.
e The CSM is consistent with current provisions for members with slender cross-sections.

e The reliability of the proposed design approach is demonstrated by statistical analyses.

1. INTRODUCTION
Corrosion resistance, high ductility and sound mechanical properties are key features that make
stainless steels well suited to use in sustainable infrastructure [1-3]. With the high initial cost
of the material relative to the more conventionally used carbon steels, appropriate design
expressions accounting for the nonlinear stress-strain response and the considerable strain
hardening shown by the different stainless steel alloys is important for efficient, economic and
sustainable design. During the last decade, the Continuous Strength Method (CSM) has been
developed as an alternative approach to the traditional provisions given in the European
standards EN 1993-1-4 [4] and EN 1993-1-1 [5], which are based on an elastic-perfectly plastic
stress-strain model. The CSM is not based on the classical discrete cross-section classification
concept; instead it is underpinned by a base curve that defines the maximum strain e, that a
cross-section can achieve prior to failure, evaluated in terms of its relative local slenderness,
and incorporates material nonlinearity and strain hardening into the design equations. Hence,
the CSM has been shown to predict the resistance of metallic cross-sections such as stainless
steel [6,7], carbon steel [8,9] and aluminium [10] profiles more accurately than current design
provisions.

The CSM has already been included in the latest edition of the European Design Manual for

Stainless Steel Structures [11] and the AISC Design Guide 27 [12], and is due to be
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incorporated into the upcoming versions of prEN 1993-1-4 [13], ASCE 8 [14] and AISC 370
[15]. However, until recently, the CSM only provided analytical design expressions for the
calculation of cross-sectional resistances under compression, bending and combined loading
conditions; the calculation of member buckling resistances was not covered, other than by
second order inelastic analysis [16-18]. Arrayago et al. [19] developed a consistent new CSM
approach for the design of stainless steel members under compression, which allows for the
influence of material nonlinearity and strain hardening. However, the approach has yet to be
applied to members subjected to combined loading.

For stainless steel cross-sections subjected to combined compression plus bending, it has
been shown that the adoption of the EN 1993-1-1 [5] interaction curves, but anchored to the
CSM, in place of the traditional Eurocode, cross-section capacity end-points, provides
improved resistance predictions [20,21]. Regarding the resistance checks for stainless steel
members under combined axial compression and bending moment, use of the CSM bending
moment resistance as the bending end-point in the design interaction equations for beam-
columns with stocky cross-sections has been proposed [22], but no modification was proposed
to the flexural buckling resistance (i.e. the compression end-point). This paper presents a design
approach for stainless steel beam-columns with hollow sections in which currently available
interaction expressions are used in conjunction with CSM resistances for both end-points.
Other research accounting for strain hardening effects in stainless steel beam-columns, but
based on the Direct Strength Method, can also be found [23].

2. DESIGN OF STAINLESS STEEL MEMBERS

2.1. DESIGN OF STAINLESS STEEL BEAMS ACCORDING TO EN 1993-1-4
Design provisions to determine the capacity of stainless steel beams in the EN 1993-1-4 [4,13]
framework are based on the cross-section classification concept. The bending moment

resistance M. rq Of stainless steel cross-sections is calculated using Eq. 1, where Mgy is the
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characteristic bending moment resistance and yy, is the partial factor for cross-section

resistance. The definition of Mgy, depends on the class of the cross-section, being Mg, = Wp,f;,

for Class 1 or 2 cross-sections, Mgy, = W,f, for Class 3 cross-sections and Mgy, = Wef,, for
Class 4 cross-sections, where f, is the 0.2% proof stress, Wy, is the plastic modulus, W, is the
elastic modulus and W, is the effective modulus.

Mg
Mcra = Yo Eq. 1
0

2.2. DESIGN OF STAINLESS STEEL COLUMNS ACCORDING TO EN 1993-1-4

The traditional design provisions for stainless steel columns given in the current version of
EN 1993-1-4 [4] are based on the Ayrton-Perry buckling formulation utilised in EN 1993-1-1
[5] for carbon steel members, where the column strength is determined by reducing the cross-
section squash load as per Eq. 2, where A is the cross-section area (or effective area for Class

4 sections), x is the reduction factor that accounts for flexural buckling effects calculated as
function of the member slenderness A = v N¢ri/Ner (inwhich N gy is the characteristic cross-

section squash load and N, is the elastic flexural buckling load of the column) and yy; is the

partial factor for member instability.

Np,ra = XAfy/Ym1 Eq. 2

The reliability of the flexural buckling curves specified in EN 1993-1-4 [4] was recently
analysed in [24] and it was concluded that, in some cases, the required partial safety factors
exceeded the currently recommended value of 1.10. Thus, lower buckling curves were
proposed for stainless steel Square and Rectangular Hollow Section (SHS and RHS) columns
with an imperfection factor agy = 0.49 and limiting slenderness values of A, = 0.3 for the
austenitic and duplex alloys, and A, = 0.2 for the ferritic alloys. These revised curves have
already been adopted in the Design Manual for Stainless Steel Structures [11] and will be

included in the next version of prEN 1993-1-4 [13].
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2.3. THE CONTINUOUS STRENGTH METHOD FOR THE DESIGN OF STAINLESS
STEEL BEAMS
The Continuous Strength Method design equations for predicting the bending moment
resistance of stainless steel beams allow for element interaction, the partial spread of plasticity
and strain hardening effects; for beams with slender cross-sections the bending capacity is
determined directly without requiring the calculation of effective section properties. The CSM
bending capacity of stainless steel beams with SHS and RHS sections M ¢y rq 1S Calculated
from Eq. 3 and Eq. 4 for stocky and slender cross-sections, respectively, where E is the Young’s
modulus, Egy, is the strain hardening slope corresponding to the bi-linear CSM material model
[6,7], €csm IS the maximum strain that the cross-section can endure prior to failure, determined

from the CSM base curve [6,7], and &, is the yield strain, €, = f, /E.

For ecsm/gy = 1

-2
M — Wplfy 14+ =3h Esh Wel €csm —1)=(1- % €csm Eq' 3
c,csm,Rd YMo E W y Wpl sy

For ecsm/gy < 1

€csm Welfy Eq. 4
t‘:y Ymo

Mc,csm,Rd =

There has been substantial work on members subjected to pure bending over the last few years,
in which the CSM design provisions shown in Eq. 3 and Eq. 4 have been found to provide
excellent resistance predictions for stainless steel beams [6,7,25-30]. Studies on RHS beams
with stocky cross-sections [6,7,25-29] showed that, on average, the predicted-to-experimental
(or numerical) moment ratios increase from 0.74, when the EN 1993-1-4 [4] design equations
are used, to 0.88 when the CSM equation (Eq. 3) is adopted [31]. Likewise, and according to
the results reported in [30,31], average ratios of bending moment resistance predictions to

corresponding test or FE values for stainless steel beams with slender cross-sections are
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improved from 0.76 to 0.82 when Eq. 4 is adopted instead of the effective width expressions
specified in EN 1993-1-4 [4].

2.4. THE CONTINUOUS STRENGTH METHOD FOR THE DESIGN OF STAINLESS STEEL

COLUMNS

A new CSM design approach for determining the flexural buckling resistance of stainless steel
hollow section columns has been recently developed [19]. This method is based on the
traditional Ayrton-Perry formulation but features enhanced CSM cross-section resistances and
a generalized imperfection parameter that is a function of cross-section slenderness. From the
basic CSM compression and bending moment resistances, N¢ csm rk @Nd M csm rk: Calculated
according to the expressions presented in [6,7,11], the flexural buckling resistance of stainless
steel members Ny, .sm rdg Can be calculated using Eq. 5 and following a procedure similar to
that prescribed in EN 1993-1-4 [4] and the Design Manual [11] by reducing the basic CSM
cross-section capacity in compression N sy re With the CSM flexural buckling reduction
factor x.sm, Which can be calculated from Eq. 6 and Eqg. 7 and from the CSM member

slenderness A.s given by Eq. 8.

_ XcsmNe,csm Rk

Nbesmrd = —————— Eq. 5
YM1
! Eqg. 6
Xesm = = g.
(I)csm + V (bgsm - }\gsm
Gesm = 0-5[1 + O(csmO_\csm - 7\0) + }_\gsm] Eq.7

}_\csm = ’Nc,csm,Rk/Ncr Eq. 8

The equivalent CSM imperfection factor o, in EQ. 7 compensates for the detrimental effect
of plasticity on member stability, which is not directly captured in the first yield Ayrton-Perry

approach, and is given in Eq. 9. In this equation, o s, is the CSM cross-section compression
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failure stress, M is the elastic bending moment capacity of the cross-section and Ny, is the

plastic axial resistance.

_ eO,csm fy Nc,csm,RkMel Eq. 9
Aesm = AEN M N q
eO,el,EN 0-c,csm c,csm,RkYpl

The asy, factor is a function of the cross-section slenderness Xp through the ratio of member

bow imperfection amplitudes e s /€g 1 en fOr the CSM and the classical formulation [4,11],
as per Eq. 10, adopting the Cs and C, parameters defined in Eqg. 11 and Eq. 12, respectively,

for stainless steel SHS and RHS members.

€0,csm _ CS - CG)—\p for Xp < 0.68 Eq 10

€0,eLEN 1 for A, > 0.68 :
Cs = 1+ 0.68Cs Eq. 11
Co = 1.2(fu/fy) Eqg. 12

The approach is based on the revised flexural buckling curves described in the previous section,
and thus the values reported in Section 2.2 for A, and agy are adopted in Eq. 7 and Eq. 9,
respectively. The method was shown to provide consistently more accurate column buckling
resistance predictions than the current EN 1993-1-4 design rules for all stainless steel families
due to consideration given to the interaction between cross-section elements and the allowance
made for the partial spread of plasticity and strain hardening [19]. In particular, column resistance
predictions in terms of predicted-to-experimental (or numerical) load ratios were found to
improve from 0.91 to 0.97 when the CSM design approach for flexural buckling developed in
[19] was adopted over the current EN 1993-1-4 design rules for RHS stainless steel columns
with stocky cross-sections, while consistent ratios of 0.84 were obtained for columns with slender

cross-sections for the two approaches.
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2.5. DESIGN OF STAINLESS STEEL MEMBERS SUBJECTED TO COMBINATIONS OF
AXIAL LOAD AND BENDING MOMENT

Resistance checks for members under combined axial compression and bending moment,

without lateral-torsional buckling, are carried out through interaction equations, such as that

given in Eqg. 13. In this equation, Ng4q and Mgq4 are the design values of the compression force

and bending moment, Ny, gq is the design flexural buckling resistance, M. rq is the design

bending moment capacity of the cross-section and k is an interaction factor. The accuracy of
the interaction equation depends on the values adopted for the flexural buckling and bending
moment resistances, which define the end-points of the interaction curve, and on the interaction
factor k.

Ngg Mgq
+k <1.0 Eqg. 13
Np rd M Rrd f

The interaction equation for laterally restrained members under compression and minor axis
bending moment according to EN 1993-1-4 [4] is given by Eq. 14, with the interaction factor
k, given in Eq. 15. The term (Np ra)min IN EQ. 14 and Eq. 15 refers to the lowest buckling
resistance value for the different buckling modes (flexural buckling about the major axis,
flexural buckling about the minor axis, torsional buckling and torsional-flexural buckling) and
enz IS the shift in neutral axis when the cross-section is subjected to uniform compression,
which is zero in the case of SHS and RHS. In addition, By, is a parameter accounting for the
cross-section class in bending (Bw,, = 1.0 for Class 1 or 2 cross-sections, By, = Wey ./ Wp1,
for Class 3 cross-sections and By, = Wesr, /Wy, for Class 4 cross-sections) and Wy, ,, We,
and W, are the minor axis plastic, elastic and effective moduli of the cross-section,

respectively. In Eq. 15, A, is the column slenderness for minor z-z axis flexural buckling.

NEq (Mz Ed T NEdeNz>
— X+ Kk, . <1.0 Eq. 14
(Nb,Rd)min BW,szl,zfy/YMl
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NEd NEd

k, =1+2(4,—0.5) but1.2 <k, <12 +2 Eqg. 15

(Np,Rd) min (Np,Rd)min

The interaction factor currently specified in EN 1993-1-4 [4] (Eg. 15) was found to be
inaccurate in recent studies [22] and a new expression for the interaction factor k, was
proposed, based on the revised buckling curves given in [24] and the CSM bending moment
resistance as end-points. This revised interaction factor is given in Eq. 16, with the D;
coefficients summarized in Table 1 for different families of stainless steel SHS and RHS beam-

columns.

N N
B <14D,(D; — D) —2
Nb Rd,z N Rd,z

k, =1+4D;(X, — D) Eq. 16

In the upcoming prEN 1993-1-4 [13] standard, these new values for the D; coefficients will be
used in conjunction with the general beam-column interaction equations provided in the
upcoming version of EN 1993-1-1, prEN 1993-1-1 [32], as recommended in [22,33]; this
brings greater consistency between carbon steel and stainless steel design. These interaction

equations are given by Eq. 17 and Eq. 18.

NEq +k My Eq + AMy Eq M, gq + AMEq <10
X Ngi / YV Myrk / Y2 MgRrk / - Eq. 17
y YM1 XLt YM1 YM1
NEq My Eq + AMy Eq M, ea + AMgq
N— + kzy M 77 M S 1-0 qu 18
X Rk/ y,Rk/ z,Rk/
z YM1 XLt YM1 YM1

In these equations, Ngq is the design value of the compression force and My gq and M, gq are
the design values of the maximum bending moments about the y-y and z-z axes along the
member, Ngy, My ri and M, gy are the characteristic values of the cross-sectional resistance to
compressive axial force and bending moments about the y-y and z-z axes, respectively, and
Ym1 IS the partial factor for the resistance of stainless steel members to instability assessed by

member checks, taken as yy; = 1.10. AM, gq and AM, g4 are the moments due to the shift of
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the centroidal axes for Class 4 sections (which are zero for SHS and RHS), x, and x, are the

major and minor axis flexural buckling reduction factors, respectively, and x;. is the buckling

reduction factor for lateral torsional buckling. The interaction factors kyy, ky,, k., and k,,

yy» °yzr

employed in Eq. 17 and Eq. 18 should be calculated using the expressions given in Table 2 and
Table 3 for SHS/RHS with instability governed by buckling about the y-y and z-z axis [13,33].
Cmy and Cp,, are the equivalent uniform moment factors, while n, and n, are calculated using

Eg. 19 and Eq. 20. Note that the ky, and k,, factors reported in Table 2 and Table 3 are the

same as those obtained by substituting the D; coefficients from Table 1 into Eq. 16.

NEgg
Ny = N Eqg. 19
Xy l\?k/YM1
Ed
N = N Eqg. 20
XZ Rk/yMl

The beam-columns analysed in the present paper are subjected to bending about the minor axis
only (i.e. My gq = 0) and failure is therefore governed by bending and buckling about the z-z
axis. In this case, the general interaction equations given in Eq. 17 and Eg. 18 can be simplified
to Eq. 21, with the interaction factor k,, given in Eqg. 22 and Table 1, which is equivalent to

that shown in Eqg. 16.

Ngg M, gq + AM, gq
+ ' Ed 1.0
Nrxk 22" M, pk = Eq. 21
Xz /YMI ’ /YM1
For A, < Dj Kzz = Cmz[1 + D1(A; — D2)n,] Eq. 22a
For A, = D, Ky, = Cyg[1 + Dy (D3 — Dy)n,] Eq. 22b

In this paper, adoption of the CSM flexural buckling and bending moment resistances as the
basis (i.e. the end-points) for the design of stainless steel beam-columns is assessed. The
analysis is based on experimental results collected from the literature and finite element
simulations developed in the current study, both of which are described in Section 3. Beam-

columns with stocky cross-sections are analysed in Section 4, while the corresponding analysis

10
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for beam-columns with slender cross-sections is presented in Section 5. The reliability of the
approach is assessed in Section 6 and the summary of proposals is provided in Section 7.
Finally, a worked example illustrating the stability design of a stainless steel beam-column
using the Continuous Strength Method is provided in Section 8.

3. EXPERIMENTAL AND NUMERICAL RESISTANCE DATA FOR STAINLESS
STEEL MEMBERS UNDER COMBINED LOADING

3.1. COLLECTED EXPERIMENTAL DATA

Experimental results reported in the literature have been collected to complement the developed
numerical results [34-40]. All tests were conducted under pin-ended conditions. Test specimens

with both fully effective (i.e. non-slender sections with Xp < 0.68) and slender cross-sections
(i.e. sections with Xp > 0.68) have been considered. The key details of the assembled

experimental data, including number of tests and ranges of cross-section slenderness and member

slenderness, are summarized in Table 4. The cross-section slenderness values were calculated
from Xp = \/fy/ 01, in which the elastic critical local buckling stress of the full cross-section
ocr,) Was estimated using CUFSM [41]. Simple analytical expressions for determining o, of

full cross-sections are also available in [42].

3.2. FINITE ELEMENT DATA

3.2.1 Validation of the numerical model

Finite Element (FE) models of stainless steel members under combined loading were
developed using the general-purpose software ABAQUS [43] and validated against the
experimental results reported in [38]. The mid-surfaces of the cross-sections were modelled
using the four-noded shell elements with reduced integration S4R [43], which have been widely
used in the modelling of cold-formed stainless steel members [21-23]. After conducting a mesh
convergence study, computational efficiency and reliability of results were ensured by adopting
a uniform mesh size of 5 mm for the flat parts of the faces of the SHS and RHS members, and

four elements for the corner regions. Local and global initial geometric imperfections were

11
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introduced into the FE models in the form of elastic buckling mode shapes obtained from prior
buckling analyses, following the procedure described in [44], with the imperfection amplitudes
measured from the test specimens, as reported in [38]. In this approach, two different buckling
analyses are performed for each specimen; in the first, an overall member buckling mode shape
was ensured by increasing the shell thickness of the modelled member, while for the second
buckling analysis, the thickness was reduced to obtain a local buckling eigenmode. Finally, the
result files from both analyses were combined into one single file and appropriate amplitudes
were assigned. The measured material properties from the test specimens, as given in [38],
were also incorporated into the FE models through nonlinear true stress vs true plastic strain
relationships, considering separately the flat and corner regions of the cross-sections [45].
Residual stresses in cold-formed specimens primarily correspond to bending residual
stresses, since membrane residual stresses are low in magnitude and have been shown to have
a negligible influence on structural response [45,46]. According to [46,47], coupons curve
longitudinally when cut from cold-formed tubes but return to their original straight shape when
they are gripped and loaded in a tensile testing machine. It is assumed that during this
straightening process the bending residual stresses are re-introduced into the coupons and
consequently, the influence of these residual stresses is implicitly included in the stress-strain
curves obtained from tensile tests. Therefore, they do not need to be explicitly incorporated
into the FE models. To replicate the pin-ended boundary conditions of the tests, the nodes at
the ends of the members were kinematically coupled and connected to two reference points, to
which the relevant boundary conditions were applied. To model combined loading conditions,
reference points were defined with appropriate eccentricities and the load was introduced as an
imposed displacement at the upper reference point. The geometrically and materially nonlinear

FE analyses were solved using the modified Riks method [43].

12
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The accuracy of the developed beam-column FE models is demonstrated in Table 5, where
the ratios of the numerical-to-experimental ultimate loads (Nure/Nuexp) and corresponding
lateral deflections (Sure/duexp) are reported, showing good agreement between the test and FE
failure loads with the mean value of Nure/Nuexp equal to 1.02 and the coefficient of variation
(COV) equal to 0.017. Comparisons were also made between the experimental and numerical
load-deformation curves and failure modes, typical examples of which are presented in Figure
1; the load-deformation histories and failure modes from the tests are seen to be accurately
replicated by the FE simulations. Overall, it may be concluded that the developed FE models
are capable of accurately predicting the behaviour of stainless steel beam-columns and are
suitable for generating parametric results.

3.2.2 Parametric study

The parametric study featured SHS and RHS austenitic, ferritic and duplex stainless steel
members with pin-ended conditions and both stocky and slender cross-sections under
combined loading. For each stainless steel family (austenitic, ferritic and duplex alloys), the
parametric study included SHS and RHS cross-sections with overall height and width
dimensions ranging between 60-180 mm and thicknesses varying between 3-6 mm. Member
lengths were chosen to give member slenderness A, Values between 0.4-2.5 and load
eccentricities e were defined such that e/B ranged between 0.1-1.5, where B is the width of the
cross-section. A total of 180 beam-columns with stocky sections and 84 with slender cross-
section were simulated for each material type. The material stress-strain response of each
stainless steel family was based on the standardized material parameters reported in [24] for the
flat and corner regions of the SHS/RHS, as summarized in Table 6, which were based on
experimentally measured properties and therefore already incorporate the effect of bending
residual stresses [46,47], and the material model defined in [48]. In Table 6, E is the Young’s

modulus, f; is the yield stress, f, is the ultimate tensile strength, &, is the corresponding ultimate

13
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strain and n and m are the strain hardening exponents. Initial global and local imperfections
were introduced following the procedure described in Section 3.2.1, with amplitudes equal to
L/1500 for the global imperfections, and amplitudes predicted using the modified Dawson and
Walker model proposed in [49] for the local imperfections. All the analyses presented in this
paper are based on the weighted average material properties of the cross-sections, based on the
areas corresponding to the flat and corner regions of the SHS/RHS [11].

4. CSM DESIGN OF STAINLESS STEEL MEMBERS WITH STOCKY CROSS-
SECTIONS UNDER COMBINED LOADING

4.1. ASSESSMENT OF EXISTING INTERACTION FACTORS

An assessment of the proposed CSM approach for the design of stainless steel SHS and RHS
beam-columns is carried out by comparing the predicted resistances for the different design
approaches described below with the experimental and numerical results introduced in Section
3. The assessment is presented separately for members with stocky and slender cross-sections
to evaluate the beneficial influence of strain hardening in member design and to assess the
accuracy of the CSM strength curve for local buckling, respectively. This section covers

members with cross-section slenderness values Xp < 0.68 (i.e. stocky cross-sections), while
the next section addresses members with cross-section slenderness values Xp > 0.68 (i.e.

slender cross-sections).

The design approach provided in the current EN 1993-1-4 [4] standard, which is denoted as
Design Approach 0 and is based on the interaction equation shown in Eq. 14, with the interaction
factor defined in Eq. 15, and the EN 1993-1-4 [4] end-points (pure flexural buckling and pure
bending moment resistances) Ny, g and M gy, has been adopted as a reference in this study (see
Figure 2). Three additional design approaches have been considered using the interaction
equation given in Eq. 21, in conjunction with the interaction factor provided in Table 3 or Eq.
22, to illustrate the importance of the adopted end-points, as shown in Figure 2: Design

Approach 1 is based on the EN 1993-1-4 [4] end-points (N, rx and M rx), Design Approach 2

14
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combines the classical flexural buckling resistance given in [4] with the CSM bending moment
resistance (Ny, rk and M. csim ri) @nd Design Approach 3 incorporates the CSM-based end-points
for both flexural buckling and bending moment resistances (Np, csm rx @Nd M csm r)- NOte that
the interaction curve corresponding to Design Approach 0 is not anchored to the bending
resistance end-point M. gk, as shown in Figure 2, owing to the lower limitation of 1.2 in the
interaction factor given in Eq. 15. An additional approach — Design Approach 4 — that uses a new
interaction factor calibrated in the next section of this paper, with the CSM-based end-points
(Np,csm,rk @Nd Mc csm ri), IS also considered. Table 7 provides a summary of the five Design
Approaches considered in the analysis of beam-columns with stocky cross-section, indicating the
flexural buckling resistance, bending moment resistance, interaction equation and interaction
factors considered in each case. For the analysis of the results, an angle parameter 6 is introduced
in Eq. 23 and Figure 3 to describe the combination of axial load and bending moment, in which
Npreda and M4 are the predicted compression and bending moment resistances, N, and M,, are
the ultimate numerical (or experimental) compression and bending moment capacities and Ny, g
and M. g represent the pure flexural buckling and pure bending moment resistances. In this paper,
the CSM end-points have been adopted for the calculation of the angle parameter 6, as shown in
Eq. 23. Note that 6 = 0° represents pure bending loading conditions, while 8 = 90° corresponds

to pure compression.

Eq. 23

0 = tan~! [Npred/Nb'csm’Rkl = tan~! IM]

Mpred/Mc,sm,Rk Mu/Mc,csm,Rk

The results for the stainless steel beam-columns with stocky cross-sections are presented
separately for values of the angle parameter 6 lower and higher than 45° in Table 8 to illustrate
loading scenarios governed by bending, with 0° < 6 < 45°, and by compression, with 45° <
6 < 90°, as well as for all loading scenarios (0° < 8 < 90°). Table 8 presents the mean values

and coefficients of variation (COV) of the predicted-to-ultimate experimental or numerical
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axial load ratios for the different design approaches and stainless steel families considered.
Since proportional loading is applied to all experimental and FE beam-columns considered in

this study, calculating the predicted-to-ultimate axial load ratios N, ..q/N,, is equivalent to the

combined compression plus bending predicted-to-ultimate capacity ratios. From the mean

values and coefficients of variation of the N..q/N,, ratios reported in Table 8 for 0° < 6 <

45°, similar conclusions can be drawn for the three stainless steel families — the most accurate
beam-column capacity predictions are obtained when both the flexural buckling and bending
moment resistances are calculated using the CSM, i.e. using Ny, csm rk @Nd M¢ csm rk @S the end-
points in Design Approach 3. The most substantial improvements are observed for the
austenitic alloys (which exhibit the most pronounced strain hardening among the three stainless
steel families considered) and a consistent level of accuracy is achieved for all three materials.

When all specimens are analysed in Table 8, improvements in the prediction of beam-
column strengths can be observed from Design Approach 1 to Design Approach 2 and from
Design Approach 2 to Design Approach 3. However, for low values of the angle parameter
(0° < 6 < 45°), improvements mainly occur from Design Approach 1 to Design Approach 2
when the end-point corresponding to the bending moment resistance is modified, since these
specimens are subjected primarily to bending (see Table 8 for 0° < 6 < 45°). According to the
results reported in Table 8, for specimens loaded under predominantly compressive loading
(with high values of the angle parameter 6, i.e. 45° < 6 < 90°), improvements are observed
when the CSM is used for both the bending moment and the flexural buckling resistance
predictions. This is because the second term accounting for bending effects in the interaction
equation (see Eqg. 14 or Eqg. 21) has a stronger impact on the final interaction check as it
incorporates the interaction factor k which typically assumes a value greater than unity. Finally,
it is worth noting that while the results reported for austenitic stainless steel for the Design

Approaches 0 and 1 are similar, improvements in the predicted capacities can be observed for
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the ferritic and duplex families when the interaction factor given in Eq. 16 or Eq. 22 is adopted.
This can be explained by the D; coefficients reported in Table 1, which lead to similar
interaction factors for Design Approaches 0 and 1 for austenitic stainless steel beam-columns
(D, = 2.0 and D, = 0.50 vs. D; = 2.0 and D, = 0.30), but rather different factors for the
remaining stainless steel families.

Figure 4 to 6 present comparisons of the predicted-to-ultimate compression ratios
corresponding to the different design approaches and stainless steel families considered. The
results are plotted against the angle parameter 6 for the austenitic, ferritic and duplex stainless
steel beam-columns with stocky cross-sections in Figure 4, Figure 5 and Figure 6, respectively.
For comparison purposes, results corresponding to the end-points i.e. pure bending (6 = 0°)
and pure compression (6 = 90°) reported in the literature [19,25-29] are also included,
although the analysis is focussed on members subjected to combined loading conditions. These
figures illustrate the improvement obtained in the prediction of the resistance of cold-formed
stainless steel hollow section beam-columns when more accurate analytical models are
considered for the calculation of the end-points defining the axial compression-bending
moment interaction diagrams: the lowest N,..q /N, ratios are observed for Design Approaches
0 and 1 for the three material families, since these approaches do not incorporate strain
hardening effects into the calculation of the end-points. It can be also observed that the results
for Design Approaches 2 and 3 are very similar for specimens under combined loading with
low 0 values (i.e. loading governed by bending moment), which indicates that improvement to
the prediction of flexural buckling resistance does not have a significant influence on the
resistance prediction of beam-columns with high bending moment-to-compression ratios.
However, for high 6 values (i.e. members loaded predominantly in compression), the

improvement introduced by the new CSM approach for stainless steel columns is considerable.

17



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

It is worth noting that Figures 4 to 6 include a few cases in which Design Approach 2

provides higher N,..q/N,, ratios than Design Approach 3, which might seem counterintuitive.

The explanation for this can be found in the definition of the interaction factors k given in Eq.
16 and EqQ. 22, and in Table 2 and Table 3, which are dependent on both the member slenderness

A (Or Acsm) and the flexural buckling resistance Ny, gy (Or Ny csm ri)- The coefficients Dy, D,

and D5 were originally calibrated for member slenderness A values calculated according to

EN 1993-1-4 [4] and the flexural buckling resistances Ny g proposed in [24]. When adopting

the new parameters — Acsy, and Ny, csm ri 0ased on CSM resistances — it is observed that in
general, the considered member slenderness has a stronger influence on the calculation of the
interaction factor k, which indicates that for the same specimen, the interaction factor would
be higher for the CSM than for the current design approach, resulting in a lower member
capacity prediction. Thus, a recalibration of the D; coefficients based on the CSM resistances
IS required, which is addressed in the following sub-section.

4.2. DEVELOPMENT OF NEW INTERACTION FACTORS

Although the adoption of the CSM design equations for stainless steel beam-columns in
conjunction with the original D;, D, and D5 coefficients [22] leads to an overall improvement
in the predicted member capacities, the accuracy of the method can be further improved by
recalibrating the D; coefficients to account for the different CSM member slendernesses and
column buckling resistances. The new interaction factor k,, s, is defined following the same

structure to that given in Eq. 22, but with modified coefficients Dy ¢sm, Dy csm @nd D3 cgm, S

per Eq. 24.
For 7\z,csm < D3,csm kzz,csm = sz[l + Dl,csm(xz,csm - DZ,csm)nz,csm] Eqg. 24a
For Xz,csm = D3,csm kzz,csm = sz[l + Dl,csm(DS,csm - DZ,csm)nz,csm] Eq' 24b
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The new D; sy, coefficients are based on the D; values originally calibrated by Zhao et al. [22],
but incorporate a correction factor y (given by Eq. 25), that depends on the cross-sectional
slenderness through the CSM cross-sectional design stress in compression o sy, Used in
column design (see section 2.4), and are defined in Eq. 26 to Eq. 28. The purpose of introducing
this correction factor y is to compensate for the increase in the interaction factor k when the
new CSM parameters Acsy, and Ny, csm ri are adopted, as highlighted in Section 4.1, and to
achieve the same flexural buckling and bending moment interaction levels as for the current
design approach. Put simply, the objective of the new D; s, coefficients is to ensure that the
k,, and k,,.sm interaction factors are as similar as possible. Note that the new Dj sy
coefficients differ to the greatest extent from the original D; coefficients for the stockiest cross-
sections (i.e. low Xp or high o s Values) and tend to the original D; values as the cross-section
slenderness tends to the limiting value of Xp = 0.68, which is the CSM slenderness limit
between fully effective and slender cross-sections. At Xp = 0.68, the D, sy, and original D;

values are equal, since f, = o csm and y = 1.0.

Y= fy/o_c,csm Eqg. 25

D1csm = YD1 Eq. 26
Dz,csm = DZ/Y Eq. 27
D3,csm = D3/Y Eq. 28

A comparison of the interaction factors (k,, gx and k,, .sm) Obtained using the original D; and
the new D; ., COefficients is presented in Figure 7. This figure depicts the ratios of the EN-to-
CSM interaction factors for the current definition of the interaction factor (Eg. 22, with empty
markers) and the revised interaction factor (Eq. 24, with solid markers) for the three stainless
steel families considered, for varying local slenderness values Xp. The reference interaction
factor k,, gn corresponds to the interaction factors given in Table 3 and Eq. 22, calculated

based on the EN 1993-1-4 [4] end-points Ny, gk and M gy, While k,, ., factors have been
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calculated using the CSM end-points Ny, csm rx @Nd M csm ri- Figure 7 clearly illustrates that
without the correction factor vy, the interaction factors calculated with the CSM end-points and
Table 3 are considerably higher than the reference interaction factors k,, gn, Which leads to
lower member capacity predictions, as highlighted in Section 4.1. On the other hand, when the
k.2 csm Interaction factors are determined with the new D; ., Coefficients and the CSM end-
points, the resulting interaction factors are very close to the reference values k,, gx.

Results corresponding to the application of the new interaction factor k,, sy, are presented
in Table 8 as Design Approach 4; the same experimental and numerical database has been
employed in the assessment as used for Design Approaches 0 to 3. From the results, it can be
seen that the adoption of the new interaction factor k,, .sm,, defined in Eq. 24, improves the
resistance predictions obtained using the Design Approach 3 and provides a more uniform level
of accuracy for all materials and loading types. Similar conclusions can be drawn from the
predicted-to-ultimate compression ratios reported in Figures 4 to 6 for austenitic, ferritic and
duplex stainless steel beam-columns.

5. CSM DESIGN OF STAINLESS STEEL MEMBERS WITH SLENDER CROSS-
SECTIONS UNDER COMBINED LOADING

5.1. ASSESSMENT OF EXISTING INTERACTION FACTORS

The assessment of the CSM approach for the design of stainless steel beam-columns with
slender cross-sections (i.e. Xp > 0.68) is presented in this section. As in the previous section,
resistance predictions corresponding to the design approaches of Eurocode 3 are calculated and
compared with equivalent results based on CSM provisions, for which five design approaches
have been defined. Note that design approaches considered in the analysis of the beam-columns
with slender cross-sections are slightly different to those defined in Section 4. Table 9 provides
a summary of the different Design Approaches investigated in this section, which are also

illustrated in Figure 8. In this section, Design Approaches A and B correspond to the general
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interaction equation given in Eq. 21, with the current interaction factor k,, as defined in Eq.
22, but while Design Approach A is based on the effective end-points calculated following the
Effective Width Method provided in EN 1993-1-4 [4] (Npegrrk and Mcegrri), Design
Approach B adopts the reduced CSM flexural buckling and bending moment resistances for
slender sections (Ny, eff csm rx @Nd Mc eff csm ri): @S defined in [19] and [30], respectively. Note
that while Design Approach A is equivalent to the Design Approach 1 investigated in Section 4,
Design Approach B can be considered equivalent to Design Approach 3. As in Section 4, a
reference design approach (Design Approach 0) has been defined for comparison purposes,
which is based on the interaction equation shown in Eq. 14 with the interaction factor defined in
Eq. 15 and the EN 1993-1-4 [4] end-points Ny, efr ric aNd M eff ri-

Ultimate loads calculated following Design Approaches A and B are compared with the
corresponding experimental and FE resistances in Table 10, where mean values and
coefficients of variation (COV) of the predicted-to-experimental (or FE) load ratios are
reported for the different loading types considered (i.e. loading scenarios dominated by
bending, with 0° < 6 < 45°, or compression, with 45° < 6 < 90°, and all loading conditions,
0° < 8 <90°). The results indicate that both design approaches yield very similar results,
although Design Approach B, based on CSM end-points, provides marginally more accurate
resistance predictions for stainless steel SHS and RHS beam-columns with slender cross-
sections. In addition, this approach is simpler to use, since no effective width calculations are
required. These results are consistent with the conclusions reported by the authors in [19] for
stainless steel SHS and RHS columns with slender cross-sections. Regarding the reference
Design Approach 0, results in Table 10 indicate that, following the observations made for beam-
columns with stocky cross-sections, member capacity predictions for Design Approaches 0 and
A are similar for austenitic stainless steel, but more conservative for the current design

approach provided in [4] (Design Approach 0) for the duplex and ferritic stainless steels. As

21



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506
507

508

for Section 4, this is because the D; coefficients reported in Table 1 for austenitic stainless steel
beam-columns result in similar interaction factors for Design Approaches 0 and A, but this is
not the case for the ferritic and duplex stainless steels.

Similar results are also shown in Figures 9 to 11, where the predicted-to-experimental (or
FE) load ratios are plotted against the angle parameter 6 for austenitic, ferritic and duplex
stainless steel beam-columns with slender cross-sections. These figures also show results
corresponding to pure bending and pure compression (i.e. the end-points), which were obtained
from previous studies by the authors [19,27-29], although the analysis is focussed on members
subjected to combined loading conditions. The accuracy observed in the predictions of the
resistance of stainless steel beam-columns with slender SHS and RHS profiles is markedly
lower than that reported for equivalent beam-columns with stocky cross-sections in Section 4.
With the aim of providing uniform accuracy levels across the full range of cross-section
slenderness, recalibration of the D; coefficients for beam-columns with slender cross-sections
is presented in the following sub-section.

5.2. DEVELOPMENT OF NEW INTERACTION FACTORS

New interaction factors for stainless steel SHS and RHS beam-columns with slender cross-
sections are derived in this section. The new interaction factors are applicable for use with both
the Eurocode 3 (see Eq. 29) and CSM (see Eg. 30) end-points, which are similar for slender

SHS and RHS profiles.

For A, < D} K;z = Cmz[1 + Di(A, — D3)n,] Eq. 29a
For A, > D} Kk}, = Cmz[1 + D; (D3 — D3)n,] Eq. 29b
For A, csm < D3 csm Kjzcsm = Cmz[1 + D} csm(Az.csm — D3csm )Nz csm] Eq. 30a
For A, csm = D3 csm Kjzcsm = Cmz[1 4 D} csm(D5.com — D3.csm )Nz, com] Eq. 30b

Following a similar procedure to that adopted for stocky cross-sections in Section 4.2, new D;

coefficients are proposed in this section to define the interaction factors for stainless steel
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beam-columns with slender cross-sections. While the modified D; ., coefficients defined for
stocky cross-sections compensated for the incorporation of strain hardening effects in the
design resistances, the recalibrated D; coefficients for slender cross-sections (D; and Djcgp,)
counteract the effect of local buckling in the calculation of the interaction factors k,, and
k., csm and lead to flexural buckling and bending moment interaction levels similar to those
exhibited by equivalent fully effective cross-sections with no strain hardening. To achieve this,
a new correction factor y*, given in Eq. 31, is defined for beam-columns with slender cross-
section, which leads to the definition of the revised D; and D; ., coefficients given by Eq. 32
to Eq. 34. Note that in order to maintain consistency in the recalibrated D; .y, coefficients
between stocky and slender sections, the definition of the y and y* factors is different for the
CSM approach. It is also important to highlight that the definition of the correction factor for
slender cross-sections y* has an equivalent meaning regardless the adopted design approach
(i.e. a cross-section effectiveness ratio), although the equations used in the calculation of these

factors are different when the Eurocode 3 or CSM design approaches are adopted, using either

the effective width equations [4] or the CSM base curve [30].

Y =+ Aeit/A OF Y= vV 0-c,csm/fy Eg. 31

D; = Y*Dl or D;,csm = y*Dl Eq 32
D; =D,/y" or D% csm = D, /Y* Eq. 33
D3 =D3/y" Or D3cem = D3/Y" Eq. 34

Assessment of the results corresponding to the interaction equation given in Eq. 21 and the new
interaction factors defined in Eqg. 29 and Eq. 30 is presented in Table 10, in which Design
Approach C is based on the effective end-points calculated following the Effective Width
Method [4] (Np eferk @nd M eferi) With the interaction factor defined in Eq. 29, while Design
Approach D corresponds to the reduced CSM resistances (Ny, eff csm rx @Nd Mc eff csmrx) [30]

and the interaction factor in Eq. 30, as defined in Table 9. The results show that the improvement
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achieved in the prediction of the beam-column capacity for the recalibrated interaction factors
k7, and k7, .sm is limited, and similar for the Eurocode 3 and CSM design approaches,
obtaining equivalent levels of accuracy for Design Approaches C and D. Similar observations
can be made from Figures 9 to 11 for the different families of stainless steel. This can be
explained by the considerable conservatism associated with the calculation of the end-points
for members with slender cross-section, as shown by the interaction diagrams presented in
Figure 12. These figures depict and compare the interaction curves corresponding to Design
Approaches C and D with the experimental and numerical member capacity database in a
normalized compression-bending interaction diagram. Note that although the specimens
included in Figure 12 have different member slendernesses and levels of axial compression,
and thus, different interaction diagrams apply, only the average interaction curves have been
plotted for simplicity. The results in Figure 12 suggest that the flexural buckling and bending
moment resistances acting as the end-points in these interaction diagrams should be revised in
order to achieve more accurate beam-column ultimate load predictions, since the recalibration
of new interaction factors is not sufficient to compensate for the underestimation of these end-
points. This has been also highlighted in other studies into the resistance of stainless steel

members with slender cross-sections [29,50,51].

6. RELIABILITY ANALYSIS

The reliability of the proposed CSM approach for the design of stainless steel SHS and RHS
beam-columns is assessed in this section through statistical analyses. The reliability of the CSM
design expressions in predicting the end points of the interaction curves has been demonstrated
in previous studies [6,7,19,25-30], which have consistently shown that the CSM equations can
be safely adopted with the vy and yy; safety factors currently recommended in EN 1993-1-

4 [4].
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The statistical analyses for the different design approaches proposed in this paper for
stainless steel members under combined loading have been carried out according to EN 1990,
Annex D [52], although the method to calculate the mean value of the correlation factor b
described in [53] has been adopted. The statistical parameters corresponding to the variation in
geometrical properties for SHS and RHS specimens were taken from [54], while the variation
in material properties for the different stainless steel families were extracted from [55]: yield
overstrength ratios of 1.20, 1.15 and 1.10 for austenitic, ferritic and duplex families,
respectively, with the corresponding coefficients of variation 0.059, 0.054 and 0.056. A
summary of the most relevant statistical parameters for the different alternative design
approaches considered in Sections 4 and 5 is presented in Table 11 and Table 12 for beam-
columns with stocky and slender cross-sections, respectively. In these tables, n corresponds to
the number of specimens, b is the mean value of the correction factor, Vy is the coefficient of
variation of the errors relative to the experimental results, V.. is the combined coefficient of
variation and finally yy is the calculated partial safety factor. Reliability analyses for the
combined databases of members with both stocky and slender cross-sections are also reported
in Table 13. According to the results reported in Table 11 to Table 13, the proposed CSM
approaches for stainless steel beam-columns can be safely applied to members with both stocky
and slender hollow sections, since the calculated yy;; values lie below the partial safety factor
Ym1 currently recommended in EN 1993-1-4 [4], equal to 1.10. It is worth noting that the yy,
values reported in Table 13 for the CSM-based approaches when the full database is considered
are slightly higher than the values calculated separately for stocky and slender cross-sections
(see Table 11 and Table 12) because results are marginally more scattered, given the fact that
greater improvements are obtained for members with stocky cross-sections when using CSM-

based end-points than for members with slender cross-sections.
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7. SUMMARY OF PROPOSALS

Based on the described analyses, the proposed CSM interaction factors k,, .s,, for stainless
steel SHS and RHS beam-columns with stocky and slender cross-sections (which correspond
to Design Approaches 4 and D), to be used in conjunction with the interaction equation given

in Eq. 21 are summarised as follows:

mz[1 + chle(Xz,csm - D, /chm)nz,csm] Eq. 30a
mz[1 + chle(D3/chm - DZ/chm)nz,csm] Eq- 30b

For )_\z,csm < D3/chm kzz,csm =C
For )_\z,csm = D3/chm kzz,csm =C

with

, ={,/fy/cc,csm for A, <0.68 Eq. 25
™ fOeesm/f, for X, >0.68 Eqg. 31

And the proposed EN 1993-1-4 [4] interaction factors k,, for stainless steel SHS and RHS
beam-columns with slender cross-sections (corresponding to Design Approach C) are

summarised as follows:

For Xz < D3/YEN kzz = sz[l + YENDl()_\Z - DZ/YEN)HZ] Eq 29a
For, = D3/Ygn Kz = Cinz[1 + YenD1(D3/Yen — D2/YEN) D] Eq. 29b
with

YEN = Aest/A Eq. 31

and with the D; coefficients given in Table 1.

8. WORKED EXAMPLE

This section provides a worked example illustrating the design of a stainless steel beam-column
using the Continuous Strength Method. Design calculations are presented for a SHS 60x60x4
austenitic stainless steel member subjected to an eccentric compressive load, with a load
eccentricity e, of 18 mm. The ends of the beam-column are pinned about the z-z axis and fixed

about the y-y axis. The geometric and material properties of one of the members simulated in
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the parametric study have been used and all factors of safety have been set to unity (i.e.
characteristic resistances are considered), to allow a direct comparison with the FE result.

Geometric and material properties

H = 60 mm A = 827 mm? E = 200 GPa
B = 60 mm I, = 351780 mm* f, = 499 MPa
t=4mm Wep, = 11726 mm? f, = 728 MPa
R =12 mm W1, = 16801 mm?3 gy = 499/200000 = 0.00250
L =925 mm ey = 18 mm gy, =1—499/728 = 0.315
Gerle = 5014 MPa Gerlp = 5565 MPa Nerz = 811.6 kN

Note that R is the external corner radius and o). and o are the elastic local buckling
stresses of the full cross-section in pure compression and pure bending, respectively, calculated
using CUFSM [41]. The remaining parameters have been already defined in the previous
sections of the paper.

Determine the CSM bending resistance M, ;s ri

- Local cross-sectional slenderness in bending: A, 1, = \/f;/0cr1p = +/499/5565 = 0.30

- CSM base curve [6,13]: 2= = 22° — 19,1 > min (15,225 - Zsm — 17 4
&y Apb gy &y
- Strain hardening slope [6,13]: Eg, = Olf:;fy = 4780.8 MPa
l6ey—¢gy

- CSM bending resistance: M¢ csmrk = 9.96 kNm [prEN 1993-1-4 [13] predicted bending
capacity is M. gk = 8.38 kKNm].

Determine the CSM compression resistance N, csm, ri

- Local cross-sectional slenderness in compression: 7_\p,c = \/fy/ccr,l,c = \/499/5014 =

0.315

- CSM base curve [6,13]: s‘;ﬂ =22% — 15.9 > min (15,225 . fom — 19 4
y

— 33.6
Ape gy gy

- CSM cross-section compression stress [6,13]: 6 csm = fy + Eghgy (Scssm - 1) =
y

635.3 MPa

27



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

- CSM cross-sectional compression resistance [6,13]: N¢ csmrk = AG¢csm = 525.4 kN
Determine the CSM flexural buckling resistance Ny, csm rk

- Cs and C, coefficients: Cg = 1.2(f,/f,) = 1.75and C5 = 1 + 0.68C, = 2.19

- CSM bow imperfection amplitude ratio: ey csm/€geen = Cs — Corp e = 1.64

- Equivalent CSM imperfection factor o, using agy = 0.49 for austenitic SHS members

[13], M) = W f, = 5.85 kNm and N, = Af, = 412.7 kN:

_ e0,csm fy Nc,csm,RkMel — 053
Uesm = QEN M N - Y
€0,eL,EN [ Oc,csm Mc,csm,RkNpl

- CSM member slenderness: Acsm = /Ne.csmri/Nerz = \/525.4/811.6 = 0.80

- Auxiliary factors ¢ gy and Xesm, Using A, = 0.3 for austenitic SHS members [13]:
besm = 0-5[1 + O(csm(i\csm - )_\0) + ngm] = 0.96

1
Xesm = = 0.68

2 —_ 22
csm + csm }\csm

- CSM flexural buckling resistance: Ny, csm Rk = XcsmNe,csmrk = 355.5 KN [prEN 1993-1-
4 [13] predicted flexural buckling capacity is N, grx = 310.7 kN].

Determine the ultimate CSM member capacity under combined load Np,¢q csm

- CSM correction factor: since Xp,c = 0.315 < 0.68, Ycsm = +/fy/0¢csm = 0.89

- CSM beam-column check about the z-z axis:

NEg My Eq + AMy gq M, gq + AMEq

yesm XLTMy, csmrk/ YM1

ZZ,cSm
Mz,csm,Rk/YMl

Nb,csm,rk/ VM1
With Kz csm = Cmz[1 + YesmD1 (Azecsm — D2/ Yesm )Nz,csm)

In this example Mygq =0, M,gq = Nggey, AM,gq =0, Cy, = 1.0 for uniform
bending, n¢sym = Ngq/Npcsmrk @nd ym; = 1.0. Recall that vy, is equal to 1.10 for

the design of stainless steel members, but is taken as 1.0 in this example to allow a

direct comparison with the FE result.
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- Setting Ngq = Npredesm and My gg = Npred,csm€y, the maximum compressive load that

the member can attain can be determined by equating the above interaction expression to

unity, hence:

N [ - N N e
pred,csm + 1+ chle()\csm . Dz/chm) pred,csml pred,csm*y —1.0

Nb,csm,Rk | Nb,csm,Rk Mz,csm,Rk

N [ N N 0.018
pred,csm pred,csm pred,csm

——+|1 .89-2(0.80 — 0. .89 =1.
355.5 + | +08 (0.80 - 0.3/0.89) 355.5 ] 9.96 0

Then Npreq,csm = 185.3 kN [FE beam-column capacity is N, gz = 211.2 kN and the

prEN 1993-1-4 [13] predicted beam-column capacity using Design Approach 1 is

Npred,EN = 1594‘ kN]

9. CONCLUSIONS

Extension of the Continuous Strength Method (CSM) to the design of stainless steel SHS and
RHS members subjected to combined compression and bending moment, utilising the
formulation proposed in [19], is proposed herein. The method incorporates the effect of strain
hardening in the prediction of the capacity of beam-columns with stocky cross-sections while
otherwise maintaining the traditional design framework, and provides a simpler and more direct
design approach for beam-columns with slender cross-sections. The accuracy of the proposed
design approach has been assessed through comparison of the predicted resistances with
experimental and numerical beam-column capacities for members with both stocky and slender
cross-sections.

The comparisons show that the adoption of accurate CSM compression and bending end-
points, in conjunction with existing interaction equations from the literature [11,22], which will
be included in the upcoming version of the European design Standard for stainless steel
structures prEN 1993-1-4 [13], provides more accurate beam-column strength predictions than
existing provisions for members with stocky cross-sections, especially for combined loading

conditions dominated by compression. The paper also presents a recalibration of the
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coefficients defining the current interaction equation to adapt it to the modified member
slenderness and flexural buckling resistance calculations based on the CSM approach, which
leads to yet more accurate predictions and provides a consistent level of accuracy across all
three families of stainless steel. The equivalent analysis for beam-columns with slender cross-
sections shows that similar resistance predictions are obtained for the EN 1993-1-4 [4] and the
CSM design approaches, although the need for more accurate resistance functions to predict
the end-points for such members is also highlighted. A reliability analysis, carried out
according to EN 1990, Annex D [52], indicates that the proposed design approaches can be
safely applied with the currently recommended partial safety factor yy; = 1.10 for the design

of stainless steel SHS and RHS beam-columns with stocky and slender cross-sections.
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Figure 1. Comparison of experimental and numerical a) load—mid-height lateral deflection
curves, and b) failure modes for typical beam-column specimens [38].
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Figure 2. Graphical illustration of the different approaches considered for the design of
stainless steel beam-columns with stocky cross-sections using different end-points.
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Figure 4. Predicted-to-ultimate resistance ratios obtained using the different design
approaches for austenitic stainless steel members with stocky cross-sections under combined
loading.
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Figure 6. Predicted-to-ultimate resistance ratios obtained using the different design
approaches for duplex stainless steel members with stocky cross-sections under combined
loading.
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Figure 10. Predicted-to-ultimate resistance ratios obtained using the different design
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Figure 11. Predicted-to-ultimate resistance ratios obtained using the different design
approaches for duplex stainless steel members with slender cross-sections under combined
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TABLES

Table 1. D,, D, and D4 coefficients for stainless steel SHS and RHS beam-columns.

Stainless steel family D, D, D3
Austenitic 2.00 0.30 1.3
Ferritic 1.30 0.45 1.6
Duplex 1.50 0.40 1.4

Table 2. Interaction factors kyy, and k,, for instability governed by buckling about the y-y
axis for rectangular hollow sections [13].

Austenitic Duplex Ferritic
For A, < 1.3: For A, < 1.4: For A, < 1.6:
Kyy = Cmy[1 + 2.00(2, — 0.30)n,] Kyy = Cmy[1 + 1.50(2; — 0.40)n, ] Kyy = Cmy[1 + 1.30(2; — 0.45)n, |
For A, = 1.3: For A, > 1.4: For A, = 1.6:
Kyy = Cmy(1 + 2.00ny) Kyy = Cmy(1 + 1.5ny) Kyy = Cmy(1 + 1.495n)

ky, =k, (for k,, see Table 3)

Table 3. Interaction factors k,, and k,, for instability governed by buckling about the z-z
axis for rectangular hollow sections [13].

Austenitic Duplex Ferritic
k,y = kyy (for ky, see Table 2)
For A, < 1.3: For A, < 1.4: For A, < 1.6:
Kzz = Cmz[1+2.00(2, —0.30)n,]  kyy = Ciz[1 + 1.50(2, — 0.40)n,|  ky, = Cpz[1 + 1.30(A, — 0.45)n,]
For A, = 1.3: For A, > 1.4: For A, > 1.6:
Kk,; = Cnp (1 + 2.00n,) k,, = Cnp (14 1.5n,) K,, = Cpn, (1 4 1.495n,)

Table 4. Assembled experimental results on stainless steel hollow section beam-columns.

Stainless  Cross-section  No. of Range of cross- Range of member
. . Reference
steel family type tests section slenderness slenderness

Stock 8 0.28-0.51 0.68-1.50 [34]
sectior)(s 9 0.28-0.43 1.94-3.23 [35]
Austenitic 1 0.64 1.28 [36]
sections 4 0.80 0.99-2.13 [35]
6 0.46-0.47 0.53 [37]
Ssegfc')‘gs 4 0.47-0.52 0.93-1.75 [38]
sections 3 0.86-0.95 0.71-1.21 [38]
Stocky 7 0.52-0.54 0.76-1.43 [39]
Dublex sections 9 0.50-0.51 0.62-1.58 [40]
P Slender 8 1.00 0.51-0.96 [39]
sections 28 1.00-1.60 0.43-1.36 [40]
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Table 5. Comparison between experimental and FE results for stainless steel beam-
columns [38].

Section Nu,FE/Nu,exp SU,FE/SU,SXP
80x80x4-1 1.02 1.08
80x80x4-2 1.02 1.04

60%x60x3 1.01 1.02
80x40x4 1.03 1.03
120x80%3 0.99 0.87
70x50%2-1 1.01 0.96
70x50%2-2 1.04 1.03
Mean 1.02 1.00
Cov 0.017 0.070

Table 6. Basic material parameters adopted in the parametric study for different stainless steel

families.

Stainless Section E fy fu £, n m
steel family ~ region [GPa] [MPa] [MPa] [mm/mm] [-] [-]
Austenitic Flat 200 460 700 0.20 7.1 2.9
Corner 200 640 830 0.20 6.4 7.1

Ferritic Flat 200 430 490 0.06 115 4.6
Corner 200 560 610 0.01 5.7 6.8

Duplex Flat 200 630 780 0.13 7.5 4.8
Corner 200 800 980 0.03 6.1 6.7

Table 7. Summary of different approaches considered for the design of stainless steel beam-
columns with stocky cross-sections.

Flexural . . .
. - Bending moment  Interaction Interaction
Design approach buckling . .

. resistance equation factor

resistance
Design Approach 0 Nb Rk M rk Eqg. 14 Eqg. 15
Design Approach 1 Nb,Rk Mec rk Eg. 21 Eq. 22
Design Approach 2 Nb,rk Me,csm,Rrk Eg. 21 Eq. 22
Design Approach 3 Nb,csm,Rk Me csm Rk Eqg. 21 Eq. 22
Design Approach 4 N, csm Rk M csm Rk Eq. 21 Eq. 24

43



Table 8. Assessment of the influence of different end-points in the prediction of the resistance
of stainless steel members with stocky cross-sections under combined loading.

Loading type Loading type Loading type
. Stainless 0°<0<45° 45° <6 <90° 0°<0<90°
Design approach steel family  Noe/No  Noeo/No  Nors/No  Nosa/No Norea/Na Norea/Ns

Mean cov Mean cov Mean cov
Design Approach 0 Austenitic 0.797 0.109 0.821 0.069 0.817 0.078
(Interaction factor: Eq. 15 Ferritic 0.808 0.065 0.802 0.081 0.803 0.077
End-points: Nprk, Mcr) Duplex 0.808 0.067 0.818 0.052 0.817 0.054
Design Approach 1 Austenitic 0.813 0.065 0.811 0.064 0.812 0.064
(Interaction factor: Eq. 22 Ferritic 0.879 0.053 0.841 0.074 0.850 0.072
End-points: Nprk, Mcr) Duplex 0.852 0.051 0.833 0.044 0.835 0.045
Design Approach 2 Austenitic 0.870 0.064 0.842 0.056 0.847 0.059
(Interaction factor: Eq. 22 Ferritic 0.892 0.043 0.850 0.074 0.860 0.071
End-points: Nprk, Mccsm,RrK) Duplex 0.877 0.044 0.848 0.043 0.851 0.044
Design Approach 3 Austenitic 0.874 0.065 0.881 0.063 0.880 0.064
(Interaction factor: Eq. 22 Ferritic 0.893 0.043 0.866 0.084 0.872 0.077
End-points: Nb,csm,rk, Mc,csm.Rk) Duplex 0.882 0.046 0.875 0.049 0.875 0.049
Design Approach 4 Austenitic 0.881 0.072 0.890 0.063 0.889 0.065
(Interaction factor: Eq. 24 Ferritic 0.898 0.043 0.868 0.085 0.874 0.078
End-points: Np.csm Rk, Me.csm,R) Duplex 0.886 0.049 0.880 0.050 0.880 0.050

Table 9. Summary of design approaches considered for the design of stainless steel beam-
columns with slender cross-sections.

Flexural

. - Bending moment  Interaction Interaction
Design approach buckling . .
. resistance equation factors
resistance

Design Approach 0 Nbeff Rk Meefr Ri Eq. 14 Eq. 15
Design Approach A Nbeff Rk Meefr Ri Eq. 21 Eq. 22
Design Approach B N eff csm Rk Me eff,csm Rk Eq. 21 Eq. 22
Design Approach C Nbeff,Rk Me et R Eq. 21 Eq. 29
Design Approach D Nbeff.csm Rk Mec eff.csm Rk Eq. 21 Eqg. 30
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Table 10. Assessment of the influence of different end-points in the prediction of the
resistance of stainless steel members with slender cross-sections under combined loading.

Loading type Loading type Loading type
. Stainless 0°<0<45° 45° <6 <90° 0°<6<90°
Design approach steel family  Npeo/Nu  Npreo/Nu  Nprea/Nu Nprea/Nu Nprea/Nu Nprea/Ny

Mean cov Mean cov Mean cov
Design Approach 0 Austenitic 0.735 0.090 0.800 0.095 0.776 0.098
(Interaction factor: Eq. 15 Ferritic 0.696 0.053 0.731 0.063 0.717 0.062
End-points: Nbeffrk, Mceffr) Duplex 0.707 0.039 0.760 0.065 0.741 0.062
Design Approach A Auste_n?tic 0.757 0.075 0.796 0.092 0.782 0.088
(Interaction factor: Eq. 22 Ferritic 0.767 0.050 0.768 0.064 0.768 0.058
End-points: Nbeffrk, MceffRr) Duplex 0.757 0.033 0.788 0.057 0.777 0.052
Design Approach B Austenitic 0.786 0.066 0.806 0.087 0.799 0.080
(|nteracti0n factor: Eq. 22 Ferritic 0.789 0.052 0.763 0.065 0.773 0.061
End-points: Npeff.csmrk, Mceff csmRk) Duplex 0.783 0.037 0.792 0.055 0.789 0.049
(|nteracti0n factor: Eq 29 Ferritic 0.777 0.050 0.775 0.064 0.771 0.064
End-points: Npeftrk, Mceffrk) Duplex 0.775 0.036 0.801 0.060 0.792 0.054
Design Approach D Austenitic 0.794 0.064 0.814 0.084 0.806 0.078
(Interaction factor: Eq. 30 Ferritic 0.801 0.053 0.772 0.064 0.784 0.062
End-points: Npeff.csmRk, Mec.eff.csm,rK) Duplex 0.804 0.043 0.807 0.058 0.806 0.053

Table 11. Summary of the reliability analysis results for different design approaches for
stainless steel members with stocky cross-sections under combined loading.

Design

Stainless steel

approach family b Vs Ve M
Design Auste_nitic 198 1.232 0.079 0.111 0.94
Approach 0 Ferritic 201 1.253 0.078 0.108 0.96
Duplex 196 1.227 0.054 0.093 0.94

Design Auste_n?tic 198 1.237 0.064 0.101 0.90
Approach 1 Ferritic 201 1.183 0.073 0.104 1.00
Duplex 196 1.200 0.045 0.088 0.94

Design Auste_nitic 198 1.184 0.058 0.097 0.93
Approach 2 Ferritic 201 1.169 0.073 0.104 1.01
Duplex 196 1.178 0.044 0.087 0.96

Design Auste_nitic 198 1.141 0.063 0.100 0.98
Approach 3 Ferritic 201 1.154 0.079 0.108 1.04
Duplex 196 1.145 0.049 0.090 1.00

Design Auste_nitic 198 1.130 0.065 0.101 0.99
Approach 4 Ferritic 201 1.151 0.080 0.109 1.05
Duplex 196 1.139 0.050 0.090 1.00
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Table 12. Summary of the reliability analysis results for different design approaches for

stainless steel members with slender cross-sections under combined loading.

Design Stainless steel
approach family b Vs Ve v
Design Auste_nitic 92 1.310 0.126 0.148 1.05
Approach 0 Ferritic 93 1.406 0.087 0.114 0.89
Duplex 120 1.358 0.083 0.112 0.93
Design Auste_nitic 92 1.295 0.112 0.136 1.02
Approach A Ferritic 93 1.310 0.077 0.107 0.92
Duplex 120 1.293 0.066 0.100 0.93
Design Auste_n?tic 92 1.265 0.100 0.127 1.00
Approach B Ferritic 93 1.301 0.080 0.109 0.95
Duplex 120 1.273 0.062 0.098 0.94
Design Auste_n?tic 92 1.284 0.108 0.133 1.02
Approach C Ferritic 93 1.296 0.076 0.106 0.93
Duplex 120 1.268 0.067 0.101 0.95
Design Austepitic 92 1.251 0.096 0.123 1.00
Approach D Ferritic 93 1.283 0.079 0.108 0.96
Duplex 120 1.246 0.066 0.100 0.97

Table 13. Summary of the reliability analysis results for different design approaches for

stainless steel members under combined loading (including stocky and slender cross-

sections).

Design Stainless steel
approach family b Vs Vi ML
Design Auste_nitic 290 1.256 0.099 0.126 1.00
Approach 0 Ferritic 294 1.286 0.093 0.119 0.98
Duplex 316 1.278 0.082 0.112 0.98
Design Auste_nitic 290 1.255 0.084 0.114 0.96
Approaches 1 & A Ferritic 294 1.211 0.085 0.112 1.01
Duplex 316 1.235 0.065 0.099 0.97
Design Auste_n?tic 290 1.179 0.089 0.118 1.02
Approaches 3 & B Ferritic 294 1.186 0.094 0.119 1.07
Duplex 316 1.194 0.075 0.106 1.03
Design Auste_n?tic 290 1.168 0.089 0.118 1.03
Approaches 4 & D Ferritic 294 1.180 0.092 0.118 1.07
Duplex 316 1.180 0.071 0.104 1.03
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