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To address the limitations of existing design specifications for laterally unrestrained stainless steel I-section
beam-columns, new design rules are proposed in this study. A comprehensive parametric study was conducted
using finite element modelling to investigate the member behaviour and generate benchmark member re-
sistances, covering Class 1-3 cross-sections and considering a range of material grades, member geometries and
combined loading conditions. It was observed that the numerically derived compression-bending interaction
factor for out-of-plane buckling checks decreases with more pronounced bending moment gradients, indicating
their beneficial influence on member resistances. Thus, calibrated against the numerical results, a new formu-
lation of the interaction factor is proposed, covering combined compression and uniform or non-uniform bending
and ensuring alignment between member buckling and cross-section resistance checks. The new proposals are
shown to provide accurate and consistent member resistance predictions for all load cases, and can be applied
with the partial safety factor of 1.1 as specified in EN 1993-1-4:2025. These proposals have been included in the

new version of the European structural stainless steel design standard EN 1993-1-4:2025.

1. Introduction

Stainless steel is being increasingly utilised in structural applications
due to its favourable material properties, such as high corrosion resis-
tance and ductility [1]. To date, extensive experimental and numerical
research has been conducted into the behaviour and design of stainless
steel cross-sections [2,3] and members [4,5]. At the member level, the
buckling response of columns [6,7], beams [8-10] and beam-columns
failing in-plane [11,12] have been studied, leading to the development
of corresponding design rules. However, studies into the structural
response of laterally unrestrained stainless steel beam-columns remain
limited.

Current design rules [13,14] for laterally unrestrained stainless steel
beam-columns take account of: (1) the cross-section type, with differ-
entiation made between torsionally stiff members and torsionally flex-
ible members, (2) the mode of buckling, with different formulae
employed for in-plane (i.e. major axis) and out-of-plane (i.e. minor axis)
instability, and (3) the presence of intermediate lateral restraints, with
the calculations accounting for the segmental length between lateral

restraints. The in-plane buckling design formulation adopted in EN
1993-1-4:2025 [15] was developed in [12] for austenitic stainless steel
beam-columns and in [16] for duplex and ferritic stainless steel
beam-columns. For the out-of-plane buckling check, following the
methodology adopted in [17,18] for carbon steel I-section
beam-columns, the EN 1993-1-4 design rules for austenitic stainless
steel I-section beam-columns subjected to combined compression and
uniform bending were developed in [19]. However, the design rules
were not assessed for duplex and ferritic stainless steel members and are
unsuitable for some non-uniform bending cases, e.g. when the ratio of
bending moments applied at the two member ends ranges between —0.5
and —1. The aim of the present study is therefore to develop appropriate
design rules for the out-of-plane buckling of laterally unrestrained
stainless steel I-section beam-columns under combined compression and
major axis uniform or non-uniform bending, covering all three main
families of stainless steel — austenitic, duplex and ferritic — as well as a
full range of moment gradients. The presented study includes extensive
finite element (FE) analysis, accounting for various material grades,
member geometries and loading conditions. Based on the generated FE
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results, and employing a similar approach to that used in [17-19],
design rules for the out-of-plane buckling of stainless steel I-section
beam-columns are developed. The accuracy and safety of the new pro-
posals are assessed, with a reliability analysis performed to verify the
applicability of the new proposals in conjunction with a partial safety
factor of 1.1, as specified in EN 1993-1-4:2025 [15].

2. EN 1993-1-4 design provisions for flexural-torsional buckling

In this section, the European provisions [13,15] for the
flexural-torsional buckling design of stainless steel beam-columns pro-
vided in EN 1993-1-4:2025 are presented.

2.1. Compression
According to EN 1993-1-4:2025 [15], the design flexural buckling
resistance of columns Ny, rq is calculated as:

JNrk

M1

(€8]

Nyra =

where Ngy is the characteristic (unfactored) cross-sectional compression
resistance, calculated as the product of the yield stress f; and the full
section area A for Class 1-3 cross-sections, and as the product of f; and
the effective section area A for Class 4 cross-sections; y is the partial
safety factor for instability checks of stainless steel members, taken as
1.1; and y is the flexural buckling reduction factor, as given by:

1
= - <10 ()
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In Egs. (2) and (3), « is the imperfection factor, equal to 0.49 and
0.76 for major and minor axis flexural buckling of stainless steel I-sec-
tion members, respectively; 1, is the limiting relative slenderness, equal
to 0.2 for stainless steel I-section members; and 1 is the relative member
slenderness taken as:

1: V NR.k/Ncr (4)

where N, is the elastic flexural buckling load.

2.2. Major axis bending

According to EN 1993-1-4:2025 [15], the design lateral-torsional
buckling (LTB) resistance of stainless steel I-section beams subjected
to major axis bending My, rq is expressed through:

M,
My pa :xmy—‘“‘ (5)

M1

where Mgy is the characteristic cross-sectional major axis bending
moment resistance, calculated as the product of the yield stress fy and
the major axis section modulus Wy. For Class 1 and 2 cross-sections, Wy
is taken as the plastic section modulus Wy,,y; for Class 3 cross-sections,
Wy is taken as the elastic section modulus Wey,y; and for Class 4 cross-
sections, Wy is taken as the effective section modulus Wegy.

For the design of carbon steel doubly-symmetric I-sections, a modi-
fied formulation for the calculation of the LTB reduction factor y;t was
developed in [20] and has been included in EN 1993-1-1:2022 [13], as
given by Egs. (6)-(8),
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where fy is a factor that accounts for the influence of the shape of the
bending moment distribution [21,22], 1, is the normalised member
slenderness for minor axis flexural buckling and M, is the elastic critical
buckling bending moment. In EN 1993-1-1:2022 [13], the LTB imper-
fection factor arr is defined as a function of the major We|,y and minor
Wel, axis elastic section moduli. Taking the same format as Egs. (6)-(8)
for carbon steel design, Fortan and Rossi [9,10] derived two sets of
imperfection factor expressions arr for the LTB design of stainless steel
members — see Table 1. The ayr expressions, which are dependent on
both the cross-sectional and material properties, have been included in
EN 1993-1-4:2025 [15] and were adopted in the current study.

2.3. Combined compression and major axis bending

According to EN 1993-1-4:2025 [15], the stability of laterally un-
restrained stainless steel I-section beam-columns subjected to combined
compression and uniaxial major axis bending moment should be verified
using the same rules as in EN 1993-1-1:2022 [13] for carbon steel
design by satisfying the following expressions:

Ngqg k My gq + Neaeny <10

+ (C)]
Noyrd 0 Moyra
Ngq My gq + Nggeny
+k, <1.0 (10)
Ny, rd ¥ Moyra

Egs. (9) and (10) are used for the in-plane (major axis) and out-of-
plane (minor axis) buckling checks, respectively. Ngq and My gq are the
applied axial force and maximum major axis bending moment along the
member length, respectively, while Ny rq and Ny zrq are the design
flexural buckling resistances about the major or minor axis of the
member, respectively, as defined in Section 2.1. My, y rd is the design LTB
resistance of the member, as defined in Section 2.2, and ey is the shift in
the centroid axis for Class 4 cross-sections subjected to pure compres-
sion, which is equal to O for I-sections. For I-sections, the interaction
factors kyy developed for austenitic [12], duplex and ferritic [16]
stainless steel have been incorporated in EN 1993-1-4:2025 [15], as
presented in Table 2, where Cpy is the equivalent uniform moment
factor calculated on the basis of the ratio of end bending moments y:

Cny =0.6+0.4y >04 an

The out-of-plane stability design of stainless steel beam-columns,
requiring the definition of the interaction factor kg, is the focus of the
present study. All grades of stainless steel and varying moment gradients
are addressed.

In addition to in-plane and out-of-plane member stability checks (i.e.
Egs. (9) and (10)), the cross-section resistance of beam-columns must
also be verified. According to EN 1993-1-4:2025 [15], designers are
directed to use the carbon steel design rules in EN 1993-1-1:2022 [13]
for the cross-section resistance check of stainless steel cross-sections
under combined compression and bending. The compression-reduced
design cross-section major axis bending resistance My,y,rd for Class 1

Table 1
Imperfection factor arr for lateral-torsional buckling of stainless steel
doubly symmetric I- and H-sections [15].

Stainless steel grade arr
Austenitic 0.31y/Weiy/We, <1.10
Duplex 0.23/Wery/We, <0.76

Ferritic

0.27\/Wery /Wa, < 0.76
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Table 2
Interaction factor kyy for in-plane (major axis) buckling check of stainless steel doubly symmetric I-sections.
Austenitic Duplex Ferritic
For 1y < 1.0: For ly < 1.3: For Jy < 1.3:
Cany[1 + 2.50( - 0.35)n,] Cany[1 + 2.000y - 0.30)n,] Cany[1 + 1.60( - 0.35)n,]
For Jy > 1.0: For 1y > 1.3: For Jy > 1.3:

Cany(1 + 1.625n)

Camy(1 + 2.00n,)

Cany(1 + 1.5211)

and 2 I-sections is given by:

Mnyra = Mpl,y‘Rd% < Mp1yrd 12)
where n is equal to the ratio of the applied axial force to the plastic
compression resistance, i.e. Nga/Np|rd, and a is equal to (A-2btg)/A but
no greater than 0.5; b and t; are the flange width and thickness,
respectively.

For Class 3 and 4 I-sections, a linear interaction relationship between
cross-sectional compression Nrq and major axis bending resistance My rd
is used as given by:

Nea My 9 a3)
Nra  Myrd

The ultimate member resistances are governed by the critical result
from the in-plane and out-of-plane stability checks, along with the cross-
section resistance check. Note that the pure compression and bending
resistances used in these checks for beam-columns are determined

=
R ==
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N
=

%’%# 22T
R f:s@% assgatys

according to the cross-section classification of members under combined
compression and bending.

3. Finite element modelling
3.1. General

A finite element (FE) modelling study into the flexural-torsional
buckling behaviour of laterally unrestrained stainless steel I-section
beam-columns under moment gradients is presented in this section. The
geometrically and materially nonlinear analyses with imperfections
(GMNIA) were conducted using the FE analysis software Abaqus [23].
The four-noded general purpose shell finite element S4R, which ac-
counts for transverse shear deformations and finite membrane strains
with reduced integration and a large-strain formulation, as successfully
employed in similar previous studies [24-27], was adopted. Each web
and flange plate of the I-sections was subdivided into 16 elements, while
the number of elements along the member length was chosen to

« Secondary nodes

uy, u, coupled .
» Main nodes

."""-t'.'

N

se00000000000000000
o)

~
~

u,, ry coupled

X

0.86/150 forb/t <20
0.8p?

3000z,
0.8k, /200 for h, /1, <80
0.8%2
160001,
0.8h, /80 for h, /, >200

forb/t >20

for 80<h, /1, <200  bute,, > 0.8,

Fig. 1. Details of developed FE models.

Table 3
Adopted stainless steel material parameters for the FE models [33].

Grade Young’s modulus E (N/ Yield (0.2% proof) stress f, (N/

Ultimate stress f,, (N/

Ultimate strain Strain hardening Strain hardening

mm?) mm?) mm?) &y exponent n exponent m
A 200000 280 580 0.50 9.1 2.3
D 200000 530 770 0.30 9.3 3.6
F 200000 320 480 0.16 17.2 2.8
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For austenitic, o, = 0.8fy
For duplex and ferritic, o, = 0.6/,

0.05b
+ |«

i i O-I'S
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]

%y
0.25m

T 0.025hw

b

Fig. 2. Residual stress pattern adopted for welded stainless steel I-sections [40]
(+ve = tension; -ve = compression).

maintain an element aspect ratio close to unity. The Simpson integration
method was adopted, and five integration points were employed
through the shell element thickness.

To avoid overlapping of the web and flange plates, the top and
bottom web nodes were offset by half the flange thickness, in line with

350

300
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200

150

Load P (kN)

100

50

O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
End shortening (mm)

(a) Results in [44] validated against column tests

in [45]

120

100

Load P (kN)
A o ®
s 3 &

[N
S

0 20 40 60 80 100
Mid-height in-plane deformation (mm)

(c) Results in [19] validated against beam-
column tests in [19]
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the approach adopted in [28,29], and the plates were connected by
beam multi-point constraints. Fork-end support conditions enabling
warping deformations but preventing twist were applied at the member
ends by the application of kinematic coupling constraints. As illustrated
in Fig. 1, the displacements u, and u, of all flange nodes were coupled to
the flange centre, while the displacements uy, uy and rotation ry of all
web nodes including the web-flange junction (i.e. the flange centre)
were coupled to the web centre. In line with the approach adopted in
[30,31], these coupling constraints allow expansion in the flange and
web plates while constraining the element nodes along the flange and
web plates to remain in a straight line in the specified directions, thereby
allowing free warping at the two end cross-sections. The boundary
conditions (BC) were set with uy = u, = ry = 0 at the web centre of one
end and uy = uy = u, = ry = 0 at the web centre of the other end; this
boundary condition configuration achieved the desired fork-end con-
straints while preventing twisting at both ends. Axial compression N and
bending moments were applied simultaneously at the web centre of each
end cross-section, with a bending moment M at one end and yM at the
other end, where y represents the bending moment ratio.

3.2. Material modelling

The two-stage Ramberg-Osgood (R-O) material model [32] was
employed to represent the engineering stress-strain response of stainless
steel, as given by Egs. (14) and (15), where E is the Young’s modulus, fy
is the yield stress, taken as 0.2% proof stress, &g 2 is the total strain at the

1.1
1.0
09 /7
0.8 I
0.7 F [ 4

N

S 05 ¢
0.4 t
0.3
02 t
0.1 ---- FE
00 b v

0 10 20 30 40 50 60 70 80 90 100
Mid-span in-plane deformation (mm)

Pos.3-1

(b) Results in [29] validated against beam tests
in [46]

Fig. 3. Load-deformation curves for validation of adopted FE modelling approach.
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Table 4

Section profiles adopted for parametric study.
Grade Austenitic Duplex Ferritic
HEB 100 160 200 100 160 200 100 160 200
IPE 100 160 200 80 100 120 100 160 180
HEA 100 160 200 100 120 - 100 160 200
HEM - - - 100 - - -
Custom (hxbxtexty) 300 x 100 x 15 x 12 300 x 100 x 15 x 12 300 x 100 x 15 x 12

12 12
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Fig. 4. Derivation of the proposed interaction factor k,y prop (lines) based on the numerical values ky r (points) for austenitic stainless steel beam-columns.

yield stress fy, equal to 0.002 +fy/E, Ey is the tangent modulus at the
0.2% proof stress, as given by Eq. (16), and n and m are the strain
hardening exponents.

e =2 40002 <f> for o < f, (14)
E y

€= ¢p2 +0;ny + (é'u — €02 *fu;yfy> (}Z _J;Zy> forfy<o<f. (15)

E, B a6)

T1r 0.002nE
y

The standardised material properties provided in [33] for the three
main families of stainless steel — austenitic (A), duplex (D) and ferritic
(F) — were adopted herein, as summarised in Table 3. The engineering
stress-strain curves were transformed to true stress-plastic strain

relationships for input into Abaqus [23], with a Poisson’s ratio of v = 0.3
in the elastic range and v = 0.5 in the plastic range.

3.3. Geometric imperfections and residual stresses

Given the important influence of imperfections on member stability
[34], global and local geometric imperfections, as well as material im-
perfections (i.e. residual stresses) were incorporated into the shell FE
models. The global geometric imperfection was applied in the form of
the critical global buckling mode determined through a linear bifurca-
tion analysis (LBA) under the applied loading, with an amplitude of
1/1000 of the member length L, i.e. L/1000. As shown in Fig. 1, the local
geometric imperfections were applied to the shell FE models by adopting
a series of sinusoidal subpanel imperfections with the wavelength
defined equal to the elastic local buckling half-wavelength Ly, o, which
can be calculated using the expressions provided in [35]. The local
geometric imperfection amplitudes were taken as 80% of the
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Fig. 5. Derivation of the proposed interaction factor k;y prop (lines) based on the numerical values k,y re (points) for duplex stainless steel beam-columns.

manufacturing tolerance values provided in EN 1090-2 [36], as pre-
sented in Fig. 1, in line with the recommendations in EN 1993-1-5:2024
[37] and the new Eurocode for design by finite element analysis EN
1993-1-14:2025 [38], as well as relevant studies [31,39]. The tolerance
values considered herein for the local geometric imperfections of the
web and flange plates were taken as the smallest relevant tolerance
value that must be met. This corresponds to criterion 7 (essential
tolerance) of Table B1 for the web (i.e. the strictest tolerance of criteria
7-9 of Table B1) and criterion 2 (essential tolerance) of Table B3 for the
flange (i.e. the strictest tolerance of criteria 1-2 of Table B3 and criteria
4-5 of Table B1) provided in EN 1090-2 [36]. For the cases where the
web plates were more susceptible to local buckling than the flange
plates, i.e. when the elastic local buckling stress of the isolated web plate
with simply-supported boundary conditions o was lower than that of
the isolated flange plate o, the amplitude of the local web imperfec-
tion was taken as the eg ,, value shown in Fig. 1. Similarly, for the cases
where the flange plates were more susceptible to local buckling than the
web plate, the amplitudes of the local flange imperfections were taken as
the ep ¢ value shown in Fig. 1. The local imperfection amplitudes of the
non-critical plate elements were defined such that the web-to-flange
junctions remained at 90°. In the calculation of e and egf, hy and ty
are the web height and thickness, respectively, and b and t; are the flange
width and thickness, respectively. Residual stresses were explicitly
defined based on the stainless steel welded I-section residual stress
distribution proposed by Yuan et al. [40], as shown in Fig. 2, by intro-
ducing an initial stress condition with corresponding plastic strains [41].

3.4. Validation and parametric study

The developed FE modelling approach has been successfully utilised
in relevant studies by other researchers [30,42,43] and also employed
and validated in the present authors’ previous studies: in [44], models
were validated against the results of stainless steel column tests [45]; in
[29], models were validated against the results of carbon steel beam
tests [46]; and in [19], models were validated against the results of
stainless steel beam-column tests [19]. The developed FE modelling
approach has been found to successfully capture the buckling behaviour
and failure modes of structural steel and stainless steel members, with
numerical ultimate member resistances closely matching the experi-
mental results. Additionally, the numerical load-deformation curves
align well with those observed in the experiments, as shown in Fig. 3,
where P is the applied load and Py tes is the ultimate load obtained from
the tests. More details of the FE model validation can be found in [19,29,
44]. The previous validated FE modelling approach was therefore
employed for generating the benchmark data herein.

For the parametric study, a total of 3250 beam-columns were eval-
uated covering a range of stainless steel material grades, cross-section
geometries, member lengths and loading conditions. The stainless
steel material properties employed in the parametric studies are pro-
vided in Table 3. For each material grade, ten I-sections covering Class
1-3 were considered, as listed in Table 4, including nine standard Eu-
ropean I-section profiles with height-to-width ratios h/b ranging from
0.95 to 2 and one custom I-section with h/b = 3. Beam-columns with
seven different lengths were modelled for each considered cross-section,
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Fig. 6. Derivation of the proposed interaction factor kyy prop (lines) based on the numerical values k,y re (points) for ferritic stainless steel beam-columns.

with the member lengths L selected such that the member relative
flexural buckling slenderness values about the minor axis 1, were equal
to 0.2, 0.4, 0.8, 1.0, 1.2, 1.6 and 2.0. A range of major axis bending-to-
axial compressive load ratios M/N was defined, equivalent to applying
ten initial loading eccentricities e, = 10, 20, 50, 80, 120, 160, 240, 320,
460 and 600 mm. Additionally, three bending moment distributions
along the member length were investigated by changing the ratio of the
applied end bending moments y = 1, 0 and —1. As illustrated in Fig. 1,
the beam-columns were subjected to an axial force N, along with
bending moments M = Ne, applied at one member end and wM = yNe,
applied at the other member end. For each design case, the ultimate
axial load Ngg and maximum major axis bending moment along the
member length Mg were obtained from the results of the GMNIA.

4. Development of interaction factor ky

Based on the numerical results from the parametric study, proposals
are made in this section for determining the interaction factor k,y for
beam-columns made of various stainless steel grades under combined
compression and uniform/non-uniform bending moments. The accuracy
and safety of the proposals are evaluated, and a reliability analysis is
conducted to verify the suitability of the proposals in conjunction with
the partial safety factor yyy = 1.1, as recommended in EN
1993-1-4:2025 [15].

4.1. Calibration of interaction factors

The calibration of the interaction factor k,y is presented in this

section. This calibration was carried out against the numerically derived

interaction factors kg based on the results of the parametric study

provided in Section 3.4. In line with the format of Eq. (10) for the out-of-

plane buckling check, the following expression for the interaction be-

tween the flexural buckling resistance and LTB resistance can be

obtained:
NFE

———— + Ky rE
Nozra 2

M _ 10 a7
My, y ra

where Nz rg and My, y,rq are the minor axis flexural buckling resistance
and LTB resistance determined from Eqs. (1) and (5), respectively. Note
that the partial safety factor 1.1 was not incorporated in the determi-
nation of Ny rd and My rd, such that the characteristic resistance
values were obtained. The calculation of the LTB resistance M,y rd
aligns with the provisions in EN 1993-1-4:2025 [15] (which differ from
those in EN 1993-1-4:2006 [14]). Rearranging Eq. (17), the numeri-
cally derived interaction factor k,y g can be expressed as:

Neg ) My ra

— 18
Mo 18

kzy.FE = (1 -

The numerically derived interaction factors k,y rg for the austenitic,
duplex and ferritic stainless steel beam-columns are presented in
Figs. 4-6, respectively. The results have been grouped based on the ratio
of the applied end bending moments y, as well as the ratio of the applied
axial force to the minor axis flexural buckling resistance n, = Ngg/Ny, 5,

Ny zra

Rd-
Following the same approach as employed in [17,18] for carbon steel
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Fig. 7. Comparison of ultimate axial load predicted by the proposed design rules Ny, against shell FE results Ngg for austenitic stainless steel beam-columns,

indicating the critical design check.

design and calibrated against k,y rg, the proposed interaction factor ky,
prop for stainless steel design is:

1 7% for 7, < 0.8
kzy.prop = mOLT]6 ' (19)
.16n, -
s > 0.
1 Cor 02 for 1, > 0.8
but K,y prop < 0.6 +4, for 1, < 0.4 (20)

where the equivalent uniform moment factor for LTB Cy,r 1 is determined
from:

Crir =0.6+0.4y > 0.4 21

Note that Eq. (19) alone gives a proposed interaction factor ky prop
defined in a bi-linear format. For 1, > 0.8, kzy,prop TEMains constant,
mirroring the behaviour observed from the numerical values kgy rg,
which tend to remain approximately constant within this slenderness
range, while for 1, values decreasing from 0.8 to 0, kzy,prop increases
towards 1.0. However, this simplified bi-linear form of k,y does not fully
capture the observed behaviour, where a reduction in the numerical
interaction factor values k,y g is seen for A, < 0.4. Therefore, an addi-
tional limit is introduced, as expressed by Eq. (20), whereby the factor
kzy,prop decreases to 0.6 as 1, approaches 0. This mirrors the formulae
developed in [17,18] for carbon steel design and included in EN
1993-1-1:2022 [13], which enables the full exploitation of the convex
plastic compression-bending cross-section resistance for stocky mem-
bers with 1, < 0.4. Given the rounded stress-strain response of stainless
steel, which results in plasticity being experienced by all cross-sections
in the Class 1-3 range, a single set of formulae, Eqgs. (19) and (20), is

proposed for all non-slender cross-sections in this study. This approach is
consistent with the provisions of EN 1993-1-4:2025 [15], in which the
same formulae are used for all classes of stainless steel cross-sections, as
well as EN 1993-1-1:2022 [13] for carbon steel, where the same
formulae are applied to Class 1 and 2 cross-sections, and Class 3 (sem-
i-compact) cross-sections when the elastic-plastic moment resistance is
employed.

As shown in Figs. 4-6, the numerically derived interaction factor
values k,y re decrease for beam-columns as the bending moment distri-
bution changes from uniform (y = 1) to antisymmetric (y = —1), indi-
cating the beneficial effects of bending moment gradients on member
resistances. This is mirrored in the proposed interaction factor kzy prop
which also decreases with increasing moment gradient levels through
the equivalent uniform moment factor for LTB Cy,, as expressed in Eq.
(21), which effectively captures this beneficial effect. It should be noted
that the beneficial effect from moment gradients on member resistances
is also partially accounted for in the determination of the LTB reduction
factor yrr. Thus, the effect captured in the compression-bending inter-
action factor k,y was adjusted accordingly.

It can be seen from Figs. 4-6 that the majority of k,y rg values are
located below ky,prop, indicating that the proposed design approach
generally provides safe-sided predictions of member resistances.
Although the proposed ky, prop Shows less good agreement with kyy pg at
larger n, = Ngg/Nb 4, rd Values, it should be noted from the out-of-plane
buckling check given by Eq. (10) that the interaction factor k,y has
less influence in compression-governed cases (i.e., at higher n, values)
and becomes more significant in bending-governed cases (i.e., at lower
n, values). Therefore, greater emphasis was placed on achieving good
agreement with kg pg for smaller n, values, where k;y has a stronger
effect. A similar trend was also reported in [17] for the out-of-plane
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Fig. 8. Comparison of ultimate axial load predicted by the proposed design rules Ny, against shell FE results Ngg for duplex stainless steel beam-columns, indicating

the critical design check.

stability design of steel beam-columns, which has been incorporated
into EN 1993-1-1:2022 [13], and in [16] for the in-plane stability
design of stainless steel beam-columns, which has been included in EN
1993-1-4:2025 [15]. Note that, according to EN 1993-1-4:2025 [15],
in addition to the out-of-plane buckling check using the proposed
interaction factor ky, the verification of the in-plane member stability
and cross-section resistance, as introduced in Section 2.3, is also
required. The critical result among these three checks determines the
ultimate resistance of the beam-column.

4.2. Assessment of proposed design rules

The accuracy of the proposals is assessed against the benchmark shell
FE results in this section. Figs. 7, 8 and 9 present the ratios of the ulti-
mate axial loads obtained from the shell FE models Ngg to the pre-
dictions using the proposed design rules Ny for the austenitic, duplex
and ferritic stainless steel beam-columns, respectively. Note that
although the ratios are presented in terms of the axial component of the
loading, the combined influence of axial load and bending moment is
duly considered. The radial angle 6 [11] is employed to describe the
relationship between the applied compression and bending, as deter-
mined below and illustrated in Fig. 10:

0 = tan-t [ N/ Noara [Nozra 22)
M/Mb,y.Rd

where My, is the predicted maximum major axis bending moment
along the member length using the proposed design rules, and 6
= 0° and 90° correspond to pure bending M and pure compression N,
respectively.

As shown in Figs. 7-9, according to the proposed design rules, three
dominant failure modes are observed for laterally unrestrained stainless
steel beam-columns: cross-section failure, in-plane buckling and out-of-
plane buckling. The majority of the studied beam-columns failed due to
out-of-plane buckling, while some of the stockier members failed by
cross-section failure. Additionally, there are some beam-columns under
combined compression and uniform bending ( = 1) which exhibited in-
plane buckling failure, particularly in bending dominating cases (i.e. low
values of ). Fig. 11 (a) and (b) illustrate the compression-bending
interaction curves according to the proposed design rules for a stocky
member with 1, = 0.2 and a slender member with 1, = 1.6, respectively.
For the stocky member, the cross-section resistance generally governs,
although in-plane buckling can be more critical in bending dominating
scenarios. For the slender member, out-of-plane buckling is the domi-
nant failure mode, with in-plane buckling becoming more critical in
bending dominating cases.

Table 5 provides a summary of the mean, CoV, maximum and min-
imum values of the ratios of Ngg/Nprop for all studied members, where
Nrg/Nprop > 1 indicates safe-sided predictions. The proposed design
rules yield mean values of Ngg/Npop close to 1.0 with low CoV values,
indicating good consistency in the prediction of member resistances. The
achieved accuracy and safety levels are comparable to those reported in
previous studies [10,16] on stainless steel stability design. From Table 5
and Figs. 7-9, it can be seen that the ultimate resistances predicted using
the proposed design rules are generally accurate and safe-sided
compared against the benchmark shell FE results for the considered
laterally unrestrained stainless steel beam-columns. The predictions are
also consistent for both uniform and non-uniform bending cases.
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the critical design check.
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Fig. 10. Definition of radial angle 6 for the combined compression and major
axis bending loading condition.

4.3. Reliability analysis

The reliability analysis and required partial safety factors yy;;* for
use with the proposed design expressions are evaluated in this section.
The first order reliability method (FORM), as set out in Annex D of EN
1990:2023 [47] and further detailed in [48], was employed to perform
the reliability analysis. FORM provides an accurate and computationally
efficient estimate of reliability [49,50]. This approach has been
commonly adopted in the Eurocode background studies and in several
independent investigations on buckling-related design expressions for

10

steel and stainless steel members, such as [10,48,51,52].

Incorporating the dependency of the member resistance on the
variability of the k basic variables, the coefficient of variation Vy; was
calculated for each considered case through:

rt_l-ol,cm)z i (aﬁ;}?)“’)z

j=1

Vii® = (23)

where r;; represents the theoretical resistance determined from the
resistance model, Xy, is an array containing the mean values of the basic
variables and ¢j is the standard deviation of each basic variable j. For the
design of stainless steel beam-columns, three basic variables were
considered (i.e. k = 3): yield stress fy, Young’s modulus E and cross-
sectional area A. With this assumption, Eq. (23) was simplified [53] to:

Vi = \/(Cl,iny)2 + (CZAL'VA)Z + (C3,iVE)2 24)
where C ;, C; and C3; are the coefficients describing the dependency of
the resistance model on the variables fy, A and E for each modelled case i,
calculated following the method in [54,55]. The adopted CoV values of
the yield strength Vg are listed in Table 6 as specified in [56], while the
adopted CoV values of the cross-sectional area Vs were determined ac-
cording to [53] and the CoV values of the Young’s modulus Vg were
taken as 0.03.

The mean correction factor b for the n considered cases, as listed in
Table 6, was calculated based on the average ratio of the benchmark
numerical resistance re; to the resistance predicted using the proposed
design method with mean material properties r; for each case i, as
expressed by [57,58]:
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Table 5
Summary of mean, CoV, maximum and minimum values of the ratios of Ngg/
Noprop for all studied members.

Grade Mean CoV Max. Min.
Austenitic 1.10 0.059 1.34 0.94
Duplex 1.12 0.080 1.38 0.91
Ferritic 1.13 0.070 1.31 0.92
1 ey
b== =t (25)
n <=

Finally, the mean required partial safety factor for the different
considered cases was derived by:

n
1§

n<='Tdi

*
4731

(26)

where rq; is the design resistance determined as a function of the mean
correction factor b and the predicted resistance ry; [47], and ry; is the
resistance predicted using the proposed design method with nominal
material properties. The nominal material properties are calculated
based on the material overstrength factors MF, which represent the ratio
of mean to nominal yield strength fy, mean/fy,nom, as specified in [56] and
listed in Table 6.

The key reliability analysis results for all considered cases are re-
ported in Table 6. It can be observed that the b values are greater than 1
for all material grades, indicating that the mean predictions obtained
through the design proposals are safe-sided. According to EN
1993-1-4:2025 [15], the partial safety factor for the stability design of
stainless steel members yy; is taken as 1.1. The calculated required
partial safety factor values yy;;* are almost identical to the target value
ym1 = 1.1 for austenitic and ferritic stainless steel members, but slightly
higher than the target value yy; = 1.1 for duplex stainless steel mem-
bers. However, in line with the recommendations given in SAFE-
BRICTILE [59,60], an acceptance limit f, is defined to allow a small
exceedance of the target safety factor due to the influence of the

combined variability of the resistance model and the basic variables, as
given by:

f. =1.03+0.75(V, — 0.04) but1.03<f, <1.15 @27)

Vr in Eq. (27) is the combined coefficient of variation incorporating
the variability of the resistance model and the basic variables, as
expressed by:

Ve =/ Vi + Vis?

where Vj is the coefficient of variation of the benchmark FE results
relative to the predicted resistances. Note that the V; values vary for each
case due to the variation in Vy; thus, the V; values provided in Table 6
correspond to the mean values.

As can be seen from Table 6, for all stainless steel grades the reli-
ability requirement of yy1*/ym1 < fa is satisfied. This indicates that the
proposed design method is suitable for use in the stability design of
laterally unrestrained stainless steel beam-columns in conjunction with
the partial safety factor yy3 =1.1, as recommended in EN
1993-1-4:2025 [15].

(28)

5. Conclusions

In this study, new design rules have been developed for laterally
unrestrained stainless steel I-section beam-columns under combined
compression and uniform or non-uniform bending moments. A
comprehensive parametric study using shell FE models was conducted to
generate benchmark member resistances and investigate member
behaviour. In total, 3250 beam-columns were evaluated, considering
austenitic, duplex and ferritic stainless steel grades, as well as various
cross-section geometries (Class 1-3), member slendernesses and inter-
action levels of applied axial compression and major axis bending.
Calibrated against the benchmark FE results, interaction factors ky for
the out-of-plane buckling check in the design of stainless steel beam-
columns were proposed. The new proposals have been thoroughly
assessed and shown to provide accurate, safe and consistent member
resistance predictions. A reliability analysis of the proposed design rules

Table 6

Summary of reliability analysis for the proposed interaction factors against the benchmark shell FE results for all studied members.
Grade n b Viy MF Vs Ve rm1* /v fa
Austenitic 1136 1.097 0.11 1.25 0.059 0.10 1.105 1.004 1.076
Duplex 975 1.117 0.07 1.10 0.082 0.10 1.176 1.070 1.076
Ferritic 1139 1.131 0.07 1.15 0.072 0.09 1.102 1.002 1.070

11
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was also performed, with results indicating that the proposed design
rules can be applied with the partial safety factor yyp of 1.1, as specified
in EN 1993-1-4:2025 [15]. The proposed interaction factor formulation
kzy for stainless steel design mirrors the format included in EN
1993-1-1:2022 [13] for carbon steel design, and the proposals have
been included in the new version of the European structural stainless
steel design standard EN 1993-1-4:2025 [15]. Future research will
focus on the behaviour of laterally restrained stainless steel
beam-columns and cross-section interaction between compression and
bending.
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