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Column Curves for Stainless Steel
Lipped—Channel Sections

Jelena Dobrié, Ph.D."; and Barbara Rossi, Ph.D.?

Abstract: The strength of thin-walled stainless steel columns has been investigated extensively over the last few years. The present paper
presents the results of an extensive computational study of the buckling strength of lipped—channel section columns made of austenitic,
duplex, and ferritic grades. The numerically computed strengths together with the available experimental data collected in the literature
are compared to the current European and Australian/New Zealand standard (AS/NZS) codified predictions over the whole slenderness
range. Minor and major axis buckling as well as flexural-torsional buckling are considered. A reliability assessment in the sense of both
standards is then performed. The safety factor ,, and resistance factor ¢, are computed per family of stainless steel. In conclusion, we advise
the use of different European buckling column curves rather than the one currently adopted in the code and to make a distinction between the
families of stainless steel. Besides, seeing the very good agreement found against the AS/NZS guidance, we propose that the factor 7,
currently being a linear expression in the European standard, be replaced by the AS/NZS expression with the proposed parameters for each

stainless steel family. DOI: 10.1061/(ASCE)ST.1943-541X.0002708. © 2020 American Society of Civil Engineers.

Introduction to the Design of Stainless Steel
Thin-Walled Section Columns

Stainless steel is a steel alloy that contains more than 10.5% of
chromium. The chromium content in mass ranges from 10.5% to
30%. Depending on the chemical composition, four families of
stainless steel exist: martensitic, ferritic, austenitic, and austeno-
ferritic (duplex). Their physical, chemical, and mechanical proper-
ties vary with the family, but each of them is characterized by the
ability of forming a self-repairing protective oxide film providing
corrosion resistance. The higher the chromium content, the more
the corrosion and oxidation resistance is increased. Stainless steel
is perceived as a highly decorative material, which is durable and
easily maintained as well as very expensive. In the construction
domain, austenitic grades were mainly used as cladding (inside or
outside) thanks to their aesthetic expression. But other grades, such
as duplex ones, are increasingly used in structures, as load-carrying
element, thanks to the recognition of their mechanical properties
combined with corrosion resistance. Fig. 1 depicts the stress-strain
behavior of the families of stainless steel used in the construction
domain. Typical stress-strain curves follow a nonlinear path with
gradual yielding and a large strain hardening domain. Duplex
types, presenting a microstructure made of austenite and ferrite,
share the properties of both families and are mechanically stronger
than either ferritic or austenitic types.

A substantial volume of research has been carried out over the
last decades demonstrating that the response of thin-walled sections
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is strongly affected by local instability. Applicable design codes
like the Australian/New Zealand standard (AS/NZS) 4673:2001
(AS/NZS 2001) and the European standard EN 1993-1-4 (CEN
2015) in conjunction with EN 1993-1-3 (CEN 2004) usually re-
quire the design strength to be calculated according to the effective
width approach for Class 4 sections in which the cross-section
capacity is based on local plate instability. In this approach, the
walls are assumed to lose part of their efficiency because of local
buckling. This is accounted for by a reduction of their width ac-
cording to the wall element plate buckling coefficient (varying with
the support conditions of the wall and the loading conditions) and
on the basis of plate buckling strength curves.

The European design rules for the calculation of the cross-
section capacity of thin-walled stainless steel sections are very
similar to those for carbon steel but prescribe more conservative
plate buckling strength curves to allow for stainless steel material
nonlinearity. The reduction factor p to compute the effective cross-
section properties may be calculated as follows:

* Internal compression elements (cold formed or welded)

0.079

0772
A

A

but <1.0 (1)
P

* OQutstand compression elements (cold formed or welded)

i_0.188
NR

p= but <1.0 (2)

where 5\!, = element slenderness defined as
< b/t
P28, 4ev/k,

where 7 = relevant thickness; k, = buckling factor corresponding

to the stress ratio 1); b = relevant flat element width; and e =

material factor equal to & = [(235/ f,)(E/210,000)]° for stain-

less steel.

The plate strength equations of the Australian/New Zealand
standard are identical with those of the ASCE standard and similar
to those provided in the cold-formed carbon steel codes, with the

(3)
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Fig. 1. Typical stress-strain curves for austenitic, ferritic, and duplex/lean duplex stainless steel compared to S355 and S690 carbon steel.

plate buckling curve for uniformly compressed elements being

Winter’s equation.

The effects of distortional buckling should be allowed for
lipped—channel cross-sections. In the present study, the procedure
suggested in EN 1993-1-3 Clause 5.5.1(5) (CEN 2004) was used
when necessary.

The current version of the European design rules does not allow
the enhanced corner properties to be utilized through the average
cross-section yield strength unless the section is fully effective.
However, for stainless steel sections, the work-hardening associ-
ated with cold forming operations during fabrication generally
greatly increases the cross—sectional resistance. A method was de-
veloped and recently published in the 4th edition of the Design
Manual for Structural Stainless Steel (Afshan et al. 2017) to ac-
count for the beneficial effects of work hardening. The method is
based on Rossi et al. (2013) in which lipped—channel cross-sections
were also included, which is especially important to take that into
account for columns in the low slenderness range.

To obtain the member buckling resistance, two general ap-
proaches can be considered:

* The tangent stiffness method. In order to account for the non-
linear stress-strain curve of stainless steel, the specifications
replace the initial elastic modulus by the tangent modulus E,
corresponding to the buckling stress. Adopted in the American
and Australian/New Zealand codes, the tangent stiffness method
is based on the Euler formula and is an iterative method.

e The Perry-Robertson method. The European code proposes a
noniterative method in which different curves based on the
Perry-Robertson buckling curve are provided for various cross-
sections, accounting for differences in terms of the initial geo-
metric imperfection and manufacturing process (cold-formed or
welded for stainless steel members). The current version of the
European code does not account for differences in mechanical
properties between different alloys.

To obtain the flexural buckling (FB) resistance of a stainless
steel column, Egs. (4) and (5) are provided in the Eurocode

Nypra = XAfy/vsn  forClass 1, 2, and 3 cross-sections  (4)

Npra = XActefy/ Y1 for Class 4 cross-sections (5)

where y = reduction factor for the relevant buckling mode; A =
gross cross-sectional area; and Ay = effective cross-sectional area.

© ASCE

The reduction factor to account for flexural buckling is provided
by Eq. (6)

X:#<1.0 (6)

where

& =0,5(14+a(X—X) +\?) (7)

\/f’ for Class 1, 2, and 3 cross-sections

(8)

/Af)
| efff)

where o = imperfection factor; N, = elastic critical force for the
relevant buckling mode based on the gross cross sectional proper-
ties; )\ = limiting nondimensional slenderness; L., = buckling
length in the buckling plane considered; and i = radius of gyration
about the relevant axis, determined using the properties of the gross
cross-section.

Slightly altered formulas apply to torsional and flexural-
torsional buckling and can be found in EN 1993-1-3 (CEN 2004).

The parameters o and )\, currently depend only on the buck-
ling mode and type of member (cold-formed open sections, hol-
low sections, and welded open sections). Table 1 provides the
values currently used in Eurocode for all types of members and
buckling modes. Nevertheless, the experimental research over the
last 10 years has shown that the EN 1993-1-4 buckling curves for
cold formed hollow sections are optimistic and that there is a differ-
ence in buckling behavior among the stainless steel family as, for
example, between ferritic stainless steel cold formed rectangular
hollow section columns compared to austenitic and duplex stainless
steels.

The present paper gives evidence that the same conclusion can
be drawn for cold formed lipped-channels and that the parameters o
and )\, currently adopted in EN 1993-1-4, which are respectively
equal to 0.49 and 0.4, should be revised. The updated buckling
curves (Table 2) have already been published in the 4th edition of

fVT“

for Class 4 cross-sections  (9)
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Table 1. Imperfection factor o and limiting slenderness ),

Type of buckling Type of member e} o

Flexural Cold formed open sections 0.49 0.40

Flexural Hollow sections (welded 0.49 0.40
and seamless)

Flexural Welded open sections 0.49 0.20
(major axis)

Flexural Welded open sections 0.76 0.20
(minor axis)

Torsional and All members 0.34 0.20

flexural-torsional

Source: Data from CEN (2015).

Table 2. Updated values of the imperfection factor o and limiting
slenderness )\

Austenitic
and

duplex Ferritic

Axis of ~ ~
buckling «@ Ao « Ao

Any 076 02 0.76 02

Type of member

Cold formed angles and channels

Cold formed lipped-channels Any 049 02 049 02
Cold formed RHS Any 049 03 049 02
Cold formed CHS/EHS Any 049 02 049 02
Hot finished RHS Any 049 02 034 02
Hot finished CHS/EHS Any 049 02 034 02

Welded or hot-rolled open
sections

Major 049 02 049 02
Minor 0.76 0.2 0.76 0.2

Note: RHS = rectangular hollow section; CHS = circular hollow section;
and EHS = elliptical hollow section.
Source: Data from Afshan et al. (2017).

the Design Manual for Structural Stainless Steel (Afshan et al.
2017), and it is expected that the next revision to EN 1993-1-4 will
give these new flexural buckling curves.

Local buckling of slender monosymmetric cross-section causes
a shift of the centroid of the effective cross-section, which conse-
quently introduces a secondary bending moment. Therefore, an
initially centrically compressed column becomes a beam-column.
The effective width approach for local-overall interaction account
for effective section properties in the calculation of the beam-
column buckling stress. For a stainless steel column with Class 4
cross-sections, Eqs. (10)—(12) from Clause 5.5 of EN 1993-1-4 take
into account interaction effects between a compressive axial load
and uniaxial bending moment induced by the shift of the effective
centroid

NEgg +k( NEegeny )
(Np.ra) "\ Wetty Sy /Y

< 1.0to prevent premature buckling about the major axis ~ (10)

NEgg Ar (NEdeNy>
=t kpy
(Np.ra)

< 1.0 to prevent premature buckling about the major axis for

members subject to lateral-torsional buckling (11)

Ny +k< Negen: >
(N ra) \Wege o f v/ a1

< 1.0 to prevent premature buckling about the major axis ~ (12)

© ASCE

For axial compression and biaxial moments, all beam-column
members with a slender cross-section should satisfy

Ny (
-+ k,
(Np.ra) ’

NEgqeny NEgqen:

Tk <—
Weff.yfy/’YMl) : Weff,zfy/ryMl

) <10 (13)

N
NiEd”JrkLT( EdeNy)+kZ(M)$].o (14)
(Np.ra) My ra Wesr o fy/Yan

where N, = applied design value of the axial compression load;
eyy and ey, = shifts of the centroidal axes when the cross-section
is subject to the uniform compression; (N, ra) = smallest value of
the design buckling load N, g, for the following four buckling
modes: flexural buckling about the y-axis N, g, ,, flexural buckling
about the z-axis, torsional buckling, and torsional-flexural buck-
ling; (Njgq) = smallest value of Ny, for the following three
buckling modes: flexural buckling about the z-axis, torsional buck-
ling, and torsional-flexural buckling; and M, p, = design lateral-
torsional buckling resistance. The interaction factors k,, k_, and
k;r can be calculated as follows:

: N N
ky = 1.04+2(A, —0.5) 24 but 12<k, <12+25L

b,Rd,y b.Rd,y
(15)
- N N
ke =1.0+2(, —0-5)(1\,—5")” but 12<k, <1242 Ed),
b,Rd b.Rd
(16)

For cold-formed cross-sections, according to EN 1993-1-3
(CEN 2004), an alternative interaction formula [Eq. (18)] may

be used
N 0.8 M 0.8
( E") +(—E") <10 (18)
Ny ra My, ra

where M, includes the effects of shifts of neutral axis, if relevant.
The flexural buckling resistance of a stainless steel column ac-
cording to AS/NZS 4673:2001 (AS/NZS 2001) is

Nce - ¢L‘A€f}’l (19)
where
¢ =0,9 (20)
_ Iy
A 2
¢ =0,5(14n4+X) (22)
n=a (A=Xx)"=X) (23)

where the values of o, 3, 5\5, and 5\1 shall be as given in Table 3.
Note that the parameters included in Eq. (23) do not bear the
same significations as the ones in Eq. (7). The parameter 7 in the
Australian code should be compared to (A — ) in the European
one, where )\, is the limiting nondimensional slenderness. In the
subsequent sections of this paper, the parameters provided in
Table 3 will be denoted with the superscript * as in a* and /_\?‘).
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'!'able 3. Imperfection factors and the limiting slenderness a*, 3, 5\6, and
A; depending on grade

Types
Buckling factors Austenitic Ferritic EN 1.4003 Duplex
o 1.59 0.94 1.16
B 0.28 0.15 0.13
Ao 0.55 0.56 0.65
Al 0.20 0.27 0.42

Source: Data from AS/NZS 4673:2001 (AS/NZS 2001).

These generic equations can be found in Rasmussen and Rondal
(1997, 2000). The Australian specification employs Clause 3.5
with interaction expressions, as given by Egs. (24) and (25), in
which N*, M}, and M} are the design axial compressive load and
design bending moments about the y- and z-axis of the effective
section, respectively; N, is the nominal buckling capacity of the
centrically compressed member; M, and M, are the nominal
bending member capacity about the y- and z-axis, respectively;
N, is the nominal cross-section capacity of the centrically com-
pressed member; «,, and c,, are the amplification factors equal
to (1 —N*/N,); C,,, and C,,, are the equivalent uniform moment
factors, which are equal to unity for members with a constant first
order bending moment along their length and for members whose
ends are unrestrained; and ¢, and ¢, are the strength reduction
factors for compression and bending, respectively

N CmyMy szMZ < 1.0 (24)
¢L'Nc ¢beyan)7 ¢bezanZ
N* M M;
+—2+—2-<10 (25)
¢CNS ¢bey ¢bez

Reference Experimental and Numerical Results

In the present study, the experimental and numerically computed
ultimate loads published by different authors in the literature were
collected and analyzed.

In Kuwamura (2003), lipped—channel cross-sections made of
the stainless steel grades EN 1.4301 and EN 1.4003 were tested.
In total, 4 channel and 11 lipped—channel sections were tested.
Dobric et al. (2017) performed four repeated tests on plain channel
sections made of the grade EN1.4301. In the studies by Lecce
(2006) and Lecce and Rasmussen (2004, 2006), a total of 19 tests
were performed, including 11 simple lipped—channel columns and
8 lipped—channel columns with intermediate stiffeners made of
EN1.4301, EN1.4016, and EN1.4003. Additionally, Becque et al.
(2008) performed a total of 36 and 24 tests on lipped—channel col-
umns and I-section columns, respectively. The I-section columns
consisted of two back-to-back plain channels interconnected by
screws. In the study by Becque and Rasmussen (2009a, b), 29
lipped—channel columns made of EN1.4003, EN1.4301, and EN
1.4016 were tested. In studies by Schepens (2008) and Rossi
et al. (2010), 21 lipped—channel columns made of EN1.4003
were considered. In the previously cited references, several FE
models were also calibrated against tests, and parametric studies
were conducted. Those experiments along the numerical values of
the ultimate loads for the flexural buckling of channel section col-
umns are included in the present study. The theoretical buckling
loads were also recalculated based on the recommendations of
EN 1993-1-3 and EN 1993-1-4, as mentioned in the introduction.
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Numerical Study

Calibration of the Finite-Element Model

A detailed finite-element analysis (FEA) was carried out to simulate
the experiments of Rossi et al. (2010) and Lecce and Rasmussen
(2004, 2006) and to identify the key factors affecting the buckling
response. A quasi-static analysis was carried out with the Abaqus
software package (version 6.12), employing its explicit dynamic
solver because it was already successfully used for simulations of
column buckling tests (Dobric et al. 2018). Two types of numerical
analyses were performed for each FE model: an eigenvalue linear
bifurcation analysis and a geometrically and materially nonlinear
buckling analysis.

In order to model the experiment of Rossi et al. (2010), the
measured geometry was modeled using S4R shell elements with
reduced integration and finite membrane strain. A square element
with a size of 2 mm (approximately equal to 1.5 times the cross-
section thickness) was used to discretize the flat and corner parts of
the modeled cross-section. To model the supporting conditions of
the specimens during the tests, the end plates of the testing machine
were modeled as two-dimensional (2D) rigid bodies. Four solid el-
ements were introduced to simulate the guiding plates placed along
the outside and inside cross-section perimeters during the experi-
ment. Contact conditions between the guiding plates and the end-
plates of the testing machine were defined through tie constraints
on the joining surfaces. The surface-to-surface general contact was
selected to take into account the interactions between the surfaces
of the end cross-sections and the guiding plates. Two reference
points were set at the centroid of the top and bottom bearing plates.
Loading until failure was applied as displacement was controlled.
Typical geometry of the boundary conditions and the mesh of the
model of these tests are shown in Fig. 2(a).

In Rossi et al. (2010), the base material is the ferritic stainless
steel alloy EN1.4003. The analytical stress-strain curves for the
flat and corner parts of the press-braked section were defined by
employing a modified Ramberg-Osgood material model according
to Arrayago et al. (2015). A strength enhancement due to work
hardening in the corner parts of the cross-section was considered
according to the predictive model of Rossi et al. (2013). The ana-
Iytical stress-strain curves were transformed to the true stress-
strain curves to be inputted in the Abaqus stress-strain plasticity
model (Fig. 3). Plasticity with isotropic hardening was used with
a modulus of elasticity, £ = 200,000 N/ mm?, and Poisson’s ratio,
v=0.3.

Geometric imperfections were considered by incorporating the
shapes of the eigenmode displacements obtained via a linear bifur-
cation analysis. The geometric imperfections were assigned to the
FE models as linear combinations of wave sine functions, which
reflect the linear bifurcation analysis mode-shapes. Four shape dis-
tributions of geometric imperfections were considered: a sine wave
(bow) imperfection in the plane perpendicular to the minor princi-
pal axis, a twist imperfection, a local imperfection, and a distor-
tional geometric imperfection. The imperfection amplitudes were
the measured ones. The residual stresses induced by the cold work-
ing process were not included in the FE models, considering their
insignificant effect on the overall behavior of the compressed mem-
bers (Rasmussen and Hancock 1993; Gardner and Nethercot 2004).

Ten FE models with different lengths were modeled. In sum, the
average numerical-to-experimental ultimate load is 1.01 with a co-
efficient of variation of 1.81% (Table 4). The numerical failure
modes correspond to the experimental ones. They consist of a
combination of distortional buckling and minor axis flexural buck-
ling for short columns or flexural-torsional buckling for longer
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Fig. 3. Stress-strain curves for the flats and corners used in the FE models by Lecce and Rasmussen (2004) and Rossi et al. (2010).

Table 4. Comparison between the failure loads in experiments by Rossi et al. (2010) and FEA

Lengths of specimens

Repeated tests

in FE models (mm) 1 (kN) 2 (kN) 3 (kN) Nb.mexp,mean (kN) Nb.u,FEA (kN) Nb.uFEA/Nb,u,exp,mean
400 80.9 80.3 80.6 80.6 80.0 0.99
700 80.7 81.1 78.8 80.2 80.4 1.00
900 80.8 80.1 76.9 79.3 80.1 1.01
1,200 78.0 78.5 77.4 78.0 77.8 1.00
1,400 76.4 76.9 75.5 76.3 76.8 1.01
1,800 72.7 70.7 72.3 71.9 72.3 1.01
2,200 67.5 69.6 69.0 68.7 68.6 1.00
2,600 65.1 61.9 59.7 62.2 62.0 1.00
3,000 49.0 49.0 48.9 49.0 50.4 1.03
3,200 42.8 49.6 49.0 47.1 48.3 1.02
Mean — — — — — 1.01
CoV* (%) — — — — — 1.81

%CoV means coefficient of variation.
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Fig. 4. Load versus end shortening recorded during some of the experiments by Rossi et al. (2010) compared to the FEA results.

columns. Good agreement was obtained between the experimental
transversal cross-sectional displacements and the numerical ones.
Fig. 4 provides a comparison of the load versus vertical displace-
ment response recorded during the tests against the computed ones.
To model the experiments of Lecce and Rasmussen (2004), the
same concepts were used with some exceptions: (1) the element
size was 3 mm (equal to 1.5 times the cross-section thickness);
and (2) the end plates of the testing machine were also modeled
as 2D rigid bodies with contact conditions between the column
end cross-sections and the end plates defined via the tie constraints
at the joining surfaces, but there was no additional plate preventing
warping of the end cross-sections. The FE model representing the
column buckling test (Lecce and Rasmussen 2004) is shown in
Fig. 2(b). The same procedure was used to model the corner and
flat material characteristics, but the stainless steel alloy was the
austenitic grade EN1.4301. The analytical stress-strain curves
for the flat and corner parts of the press-braked section were de-
fined by employing a modified Ramberg—Osgood material model,
according to Arrayago et al. (2015). The key material properties
were obtained through tensile flat and corner coupon tests by Lecce
and Rasmussen (2004) and were used in the present FE model.
The geometric imperfections causing inward flange movement
or outward flange movement were assigned to the FE models with
measured amplitude provided in Lecce and Rasmussen (2004).
Those amplitudes were measured at the flange-lip junction and
in the center of the web and introduced likewise in the model.
Four experiments were modeled. As for the previous experimental

Table 5. Comparison between the failure loads in experiments by Lecce
and Rasmussen (2004) and FEA

FE models with specimen

designations as in Lecce Npwexp Ny . FEA

and Rasmussen (2004) (kN) (kN) Npurea/Npuexp
304D1a/304D1b 101.5 100.8 0.99
304D2a/304D2b 104.0 103.7 1.00
304DS1a 132.0 132.8 1.01
304Ds1b 134.0 135.7 1.01
Mean — — 1.00

CoV (%) — — 0.95

© ASCE

program, the average numerical-to-experimental ultimate load is
1.00 with a coefficient of variation of 0.95% (Table 5).

Fig. 5 compares the FE load-end shortening curves with the cor-
responding experimental curves. Good agreement is achieved in
terms of overall shape, initial stiffness, deformation capacity, and ul-
timate resistance. The numerical failure modes show inward or out-
ward distortional buckling and correspond to the experimental ones.

Sensitivity Study to the Imperfection

A sensitivity study of the numerical results to several combina-
tions of imperfection modes and amplitudes was carried out on
lipped—channel section columns. The imperfection sensitivity study
includes an impact assessment of the distributions and magnitudes
of four different imperfections: flexural (bow), local, distortional
(as in Fig. 6), and twist (torsional) deviations were considered.

The magnitude of the imperfection, based on the eigenmode
analysis, was successively chosen equal to w = £t for a leading
distortional imperfection, in agreement with Schafer and Pekoz
(1998); £d/100 and then £d/200 for a leading local imperfection,
in accordance with the cross-section tolerance given in EN 1090-2
(CEN 2008); and +d/50 for a leading twist imperfection, based
on Annex C of EN 1993-1-5 (CEN 2006). Following Clause
C.5.(5) of EN 1993-1-5, one of the cross-section imperfections
was taken as the leading imperfection, and the others were taken
as the accompanying imperfections whose amplitudes were re-
duced by a factor 0.7.

First, all the mentioned cases were combined with the measured
global imperfection, i.e., a sine wave geometric imperfection in
the plane perpendicular to the minor principal axis with the mea-
sured amplitude. Then the same FE models were completed with
a flexural imperfection with a magnitude of £6 = L/1000. In total,
460 models were analyzed. The results of the study were com-
pared against the experimental results of Rossi et al. (2010). Based
on these comparisons, it was found that the pattern using a leading
local imperfection with an amplitude of d/100 in the low slender-
ness domain, a distortional imperfection of ¢ in the intermediate
slenderness domain, and a twist imperfection of d/50 in the high
slenderness domain leads to the best agreement with the experimen-
tal results. Depending on the slenderness domain, the accompany-
ing three imperfections included in the pattern are reduced by 0.7.
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¥

Fig. 6. Typical local and (outward) distortional buckling shape of a
lipped-channel obtained from a finite strip elastic buckling analysis.

In the following parametric study, this pattern will be used together
with a flexural imperfection with a magnitude of 6 = L/1000.

Parametric Study

Studied Grades and Stress-Strain Behavior

To conduct a reliable statistical analysis, at least 60 FE models
for each stainless steel family were carried out. Three grades
were included, namely EN1.4301, EN1.4162, and EN1.4003.

The stress-strain behavior of the studied grades was modeled
through the so-called Ramberg-Osgood material model, according
to Arrayago et al. (2015). Strength enhancement due to work hard-
ening in the corner regions of the cross-section was considered ac-
cording to the predictive model of Rossi et al. (2013). Key material
properties are based on Rossi et al. (2010) tests (EN1.4003),
Dobri¢ et al. (2017) tests or Lecce and Rasmussen’s (2004) tests
(EN1.4301), and Saliba and Gardner’s (2013) tests (EN1.4162).
Columns made of cold-rolled austenitic stainless steel strips [using
the material model of Dobrié¢ et al.’s (2017) tests] have different
structural responses than columns made of hot-rolled austenitic
stainless steel strips [using the material model available from Lecce
and Rasmussen (2004)]; therefore, both material models were
included, so in total four material models were included. Tables 6
and 7 provide the material parameters included in the FE models for
the flats and corners of the studied cross-sections.

Studied Geometries

The FE parametric study includes 13 different lipped—channel
cross-section dimensions satisfying the conditions provided in
Table 5.1 of EN 1993-1-3. Pinned-end columns were studied,
addressing their flexural buckling capacity about the minor and
major principal axis and flexural-torsional buckling capacity. The
cross-section geometries cover the whole range of cross-section
classes, with wall thicknesses ranging from 1.5 to 6 mm, as pro-
vided in Table 8, with the used dimensional code for the cross-
section geometry, as provided in Fig. 7. The whole range of column
slenderness is covered up to A = 2.5.

Table 6. Key material properties of flat cross-section parts adopted in the FE models

Strain hardening

parameters
Stainless steel grade/source fy (N/mm?) fu (N/mm?) eu (%) n m
EN 1.4003/Rossi et al. (2010) 337 614 29 13.5 2.0
EN 1.4162/Rossi et al. (2013) 569 753 25 12.0 3.0
EN 1.4301/Lecce and Rasmussen (2004) 251 703 57 5.0 2.2
EN 1.4301/Dobri¢ et al. (2017) 307 634 53 6.3 2.2
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Table 7. Key material properties of corner cross-section parts adopted in the FE models

Strain hardening

parameters

Stainless steel grade/source fy (N/mm?) f. (N/mm?) ey (%) n m
EN 1.4003, Rossi et al. (2010) 525 624 10 13.5 34
EN 1.4162, Rossi et al. (2013) 712 813 14 12.0 34
EN 1.4301, Lecce and Rasmussen (2004) 570 784 16 5.0 3.0
EN 1.4301, Dobri¢ et al. (2017) 458 680 37 4.9 2.5
Table 8. Lipped—channel—cross-section geometries and lengths included in the present study (millimeters)

Section Length d b c t T
LC100 x50 x 12 x 1.5 300-3,200 100.0 50.0 12.0 1.5 2.3
LC 120 x 60 x 25 x 6 250-2,000 120.0 60.0 25.0 6.0 12.0
LC100 x40 x 16 x4 300-1,800 100.0 40.0 16.0 4.0 8.0
LC100 x40 x 15x2 300-1,800 100.0 40.0 15.0 2.0 4.0
LC 150 x 82 x 30 x 4 300-3,000 150.0 82.0 30.0 4.0 8.0
LC 140 x 60 x 25 x 4 300-3,200 140.0 60.0 25.0 4.0 8.0
LC 140 x 60 x 25 x 2 300-2,800 140.0 60.0 25.0 2.0 4.0
LC200 x 80 x 35 x 4 600-3,000 200.0 80.0 35.0 4.0 8.0
LC 160 x 90 x 25 x 4 480-3,100 160.0 90.0 25.0 4.0 8.0
LC180 x 80 x 35 x4 600-2,500 180.0 80.0 35.0 4.0 8.0
LC 180 x 80 x 35 x 2 600-2,800 180.0 80.0 35.0 2.0 8.0
LC 180 x50 x 30 x 4 600-2,500 180.0 50.0 30.0 4.0 8.0
LC 180 x 50 x 30 x 2 600-2,500 180.0 50.0 30.0 2.0 8.0

Fig. 7. Designations of cross-section geometry.

A shell element S4R with a size equal to 1.57, where ¢ is the
cross-section thickness, was applied to discretize the whole column
cross-section in the FE parametric study. The same size of shell
elements was used along the length of the FE models. The end sec-
tion boundary conditions of the FE models replicate pin-ended con-
ditions about the principal axes of the cross-sections, perpen-
dicular to the buckling planes. The reference points are set at
the centroids of the column’s end cross-sections and kinematically
constrained with the cross-section points (node surfaces, see Fig. 8)
at each column end. Displacement control was used to apply the
compressive load to the reference point in the loading zone. The
geometry, mesh, and boundary conditions of one typical model

© ASCE

are presented in Fig. 8. An eigenvalue linear bifurcation analysis
was employed to obtain the initial imperfection mode shapes and
permit a realistic incremental nonlinear FE analysis. A superposi-
tion of the initial imperfection shapes, as described in the previous
imperfection sensitivity study, was assigned to the models, care-
fully considering the governing cross-section buckling shapes of
channel and lipped—channel columns, respectively. A geometrically
and materially nonlinear analysis was performed to obtain the ul-
timate loads and failure modes using the dynamic explicit solver in
the Abaqus software package (version 6.12).

To be able to assess the behavior of columns failing by flexural
buckling about the major principal axis (which is not a dominant
failure mode for lipped—channel columns), lateral restraints were
added along the column length in the FE model to force this mode
to occur. It is worth noting that no such restraints were added to
study minor axis or flexural-torsional buckling.

Comparison with the European Buckling Curves

In total, around 900 data points are included in this study, of which
about 700 are characterized by a column slenderness A higher than
0.2. All the FE models were carefully analyzed to identify the fail-
ure modes. Either flexural-torsional buckling or flexural buckling
about the minor axis occurred and, in the following comparison, the
appropriate failure mode was chosen to evaluate the corresponding
theoretical failure load. Major axis flexural buckling was obtained
using appropriate boundary conditions along the column length and
did not necessitate further identification. For slender cross-sections,
the geometrical properties of the effective cross-sections were ob-
tained based on the design approach from EN 1993-1-3, consider-
ing the reduction factors provided in Egs. (1) and (2) of the Design
Manual for Structural Stainless Steel (Afshan et al. 2017).
Different combinations of the imperfection factor «, being either
0.49 or 0.76 (buckling curve ¢ and d in EN 1993-1-1), with the

J. Struct. Eng.

T7:2

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

405

406
407
408
409
410
411
412
413
414
415
416
417
418
419
420



F8:1

Fo:1
F9:2

421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

Fig. 8. Geometry and boundary conditions of one typical FE model.
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Fig. 9. Comparison of the numerically computed data with the European buckling curves for the flexural buckling of lipped—channel section
columns—minor and major axis buckling as well as flexural-torsional buckling.

limiting nondimensional slenderness )\, being 0.2, were considered
to predict the flexural buckling loads. It is worth recalling that o =
0.49 and Xy = 0.2 are the values proposed in Design Manual for
Structural Stainless Steel (Afshan et al. 2017) for lipped-channels.
Note that this modification also affects the flexural-torsional buck-
ling load. When the slenderness is smaller than 0.2, the highest
effect of work hardening takes place, and the buckling effects may
be ignored for these points. The buckling Curve b (o« = 0.34 and
Mo =0.2) was used to predict the flexural-torsional buckling
loads. Fig. 9 compares the theoretical resistance values r,; using
the present resistance function, based on the measured material
and geometric properties, with the experimental resistance values
r.; from each test i or FE model.

For flexural buckling and flexural-torsional buckling of lipped—
channel section columns, the limiting nondimensional slenderness
appears to be close to 0.2 while the global imperfection factor for
the slenderness higher than about 0.6 is closer to 0.49 as indicated
in Design Manual for Structural Stainless Steel (Afshan et al.
2017).

The scatter of the data is higher for the flexural-torsional buck-
ling mode [although based on a fewer amount of data points
(Table 9)] than for the flexural mode and shows, for the slenderness

© ASCE

Table 9. Average and standard deviation of the design-to-numerically
computed buckling resistance (an average value lower than 1.0 shall
indicate safe predictions)

No. of data

Standard ~ points with
Buckling type/a and X, Average  deviation X> X
Minor axis buckling/0.49 and 0.2 1.08 0.14 239
Minor axis buckling/0.76 and 0.2 1.01 0.13 239
Major axis buckling/0.49 and 0.2 0.93 0.11 119
Flexural-torsional buckling/0.34 0.98 0.19 50
and 0.2
Minor axis buckling according to 0.91 0.11 239

AS/NZS standard

above 1.0, a higher level of conservativeness of the codified
predictions.

The AS/NZS standard, which considers the difference in the
stress-strain diagram of each stainless steel family via the values of
a*, B, 5\5, and 5\1, as provided in Table 3, provides slightly better
predictions as well as lower scatter. However, as seen in Fig. 10, the
data seems to suggest a lower plateau length A, for duplex grades.
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Fig. 10. Comparison of the numerically computed data with the AS/NZS buckling curves for flexural buckling of lipped—channel section

columns—minor axis buckling.

In Fig. 10, for slenderness values lower than the plateau length,
it was decided to use the formulation proposed in Rossi and
Rasmussen (2013) in which strain-hardening effects are accounted
for. Therefore, instead of using the classical horizontal yield limit
proposed in conventional approaches, a compression level equal to
fu (the tensile strength) is assumed to be attained as the slenderness
approaches zero. Thus, the maximum reduction factor x equals
fulfy, which improves the comparison between the design and
numerical strengths.

To evaluate the influence of the shift of the centroid when con-
sidering the effective cross-section, the data points related to slen-
der cross-sections (Class 4) were selected and reassessed based
on the EN 1993-1-4 interaction formulae. The direction of the pre-
dicted shift in lipped—channel section leads to a secondary minor

axis bending moment M ,..q = N, req€n, With no secondary ma-
jor axis bending moment. Yield occurs in the cross-section web or
lips, depending on the sign of the shift ey,—i.e., toward the lips or
the web—which depends on the cross-section geometry (flange-
to-web ratio and section wall slenderness). Table 10 compares the
numerically predicted ultimate loads N, to the Eurocode 3 and AS/
NZS design predictions N, .4 shifr» cOnsidering the shift of the
centroid, which were obtained using Egs. (12) and (24), respec-
tively. In addition, Fig. 11 presents the ratio of the numerical-to-
predicted capacity versus the column slenderness )., considering
all different buckling curves.

In general, the EN 1993-1-4 interaction in Eq. (12) in conjunc-
tion with the suitable buckling curve provides a lower prediction
accuracy with higher data scatter but with conservative and safe

Table 10. Comparison of the compression plus uniaxial bending numerical results with the predicted ones (an average value lower than 1.0 shall indicate safe

predictions)
Stainless Number of Standard
Code steel grade Dataset Buckling factors data points Average deviation
EN 1993-1-4, Eq. (12) Austenitic Minor axis FB and minor a =049 E‘O =02 80 1.104 0.13
axis bending a=0.76 )y =0.2 80 1.001 0.12
Duplex a =049 )y =02 40 0.924 0.11
a=0.76 )y =0.2 40 0.825 0.11
Ferritic a =049 ) =02 42 0.974 0.09
a=0.76 \y =02 42 0.871 0.09
All grades Flexural-torsional a=034 2 =02 50 0.748 0.18
buckling and minor axis
bending
* All grades Major axis FB and minor a =049 E‘O =02 63 0.835 0.16
axis bending a=0.76 \) =0.2 63 0.811 0.16
Austenitic Minor axis FB and minor o =1.59 /:\(*) =055 80 0.828 0.07
Duplex axis bending at =116 \j =042 40 0.921 0.11
Ferritic o =0.94 \j =0.56 42 0.979 0.09
AS/NZS 4673:2001, Eq. (24) Austenitic Minor axis FB and minor a* =1.59 /:\(*) =0.55 80 0.830 0.07
Duplex axis bending at =116 \j =042 40 0.910 0.11
Ferritic o =0.94 \j =0.56 42 0.972 0.10
Note: *New recommendation.
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Fig. 11. Comparison of the minor axis FB plus minor axis bending moment numerical capacity with the EN 1993-1-4 predictions considering

different buckling curves.

results for stainless steel lipped-channels. Considering minor axis
flexural buckling and minor axis bending interaction, an acceptable
agreement is achieved between the numerically obtained and the
Eurocode 3 predicted capacities for duplex and ferritic stainless
steel lipped—channel columns (Table 10). However, the comparison
between the numerical data and the codified ones for both buckling
curves ¢ and d in conjunction with a limiting slenderness of 0.2
reveals considerably unsafe predictions in the low and, partially,
in the intermediate slenderness range for the austenitic grade
(Fig. 11), even though the mean resistance ratios are 1.104 and
1.001, with standard deviations of 0.13 and 0.12.

Both buckling curves ¢ and d seem suitable in conjunction with
the interaction formula for major axis flexural buckling and secon-
dary minor axis bending moment for all stainless steel grades.

But the assessment of the interaction between the axial force and
minor axis bending moment in the case of flexural-torsional buck-
ling shows a significantly higher scatter in conjunctions with higher
level of conservativeness.

Again, in comparison with Eurocode 3, the AS/NZS design
procedure represented by Eq. (24) provides better predictions of
the axial load and minor axis bending moment interaction with a
lower scatter.

Most importantly, based on the previous reassessment of the
Class 4 section, we can conclude that the influence of the centroidal

© ASCE

11

shift is overall rather low. It can be clearly seen from Fig. 12 in
which the ratio of the design column capacity N, preq. shire consid-
ering the shift of the effective centroid (minor axis FB plus minor
axis bending moment)-to-the-design column capacity N, preq (mi-
nor axis FB) against the column slenderness . is depicted. For the
austenitic grades, the mean value of IDEM N, preq shift/ Ny prea Tatio
is 0.970, and the CoV is 0.025; for the duplex grade, it is 0.924 and
0.042 respectively, while for the ferritic grade, the mean value is
0.974, and the CoV is 0.017.

Reliability Assessment

Safety Factor y,,

The following reliability analysis was made for lipped—channel sec-
tion columns failing by minor or major axis flexural buckling or
flexural-torsional buckling. However, the methodology proposed
in Afshan et al. (2015), which is in agreement with the one in
EN 1990 Annex D (CEN 2002), is presently used with some mod-
ifications in the approach to determine the parameters ¢ and d for
each specific test. Indeed, as opposed to what is proposed in Afshan
et al. (2015), the parameter d is calculated using Eq. (26)
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where N, ;1 and N, g,, are obtained by considering a slight in-
crease of the cross-sectional area A only.

In addition to this modification, the formula for the parameter
V,, is taken according to equation D16b of EN 1990:2002 Annex D
instead of Eq. (23) of Afshan et al. (2015) where V, is mentioned
instead of V2.

In Afshan et al. (2015), the proposed coefficients of variation for
f» based on statistical data on material and geometric parameters
from stainless steel producers for austenitic, ferritic, and duplex
grades are 0.06, 0.045, and 0.03, respectively. The coefficient of
variation of the geometric properties is considered equal to 0.05,
and this value was utilized for stainless steel in the development
of the AISC stainless steel design guide (AISC 2013).

In the present analysis, the total test population was divided into
appropriate subsets depending on the considered group of data,
respectively, for flexural (minor or major) or flexural-torsional
buckling, on the cross-section class (if Class 4) and stainless steel
family. Clause D.8.2.2.5 of EN 1990 Annex D was then used. It
allows the use of the total number of tests in the original series
for determining the fractile factor to avoid large safety factors due
to a low amount of data points in each subset, even though the num-
ber of data points presently remained high for each subset.

The results of this analysis are presented in Table 11, where 7 is
the total number of data points (tests or FE results); b is the average

(26)

experimental (or FE)-to-model resistance ratio based on a least
squares fit of the slope of the r,; versus r;; plot for each set of data
[Eq. (27)]; the coefficient of variation V4 of the error term §; =
r.i/br,; is used as a measure of the variabilities of the predictions
obtained from the resistance function; the coefficient of variation
V. accounts for the effect of the variability of the basic variables,
including material and geometric properties; and vy, is the partial
safety factor for the resistance against buckling. Note that the
analyses carried out in this paper follow the recommendations
of Afshan et al. (2015). However, to calculate the safety factors,
the procedure proposed in the Annex D in conjunction with the
formula (6.6¢) is used in which the safety factor is directly obtained
from the characteristic value of the member resistance r;;. Afshan
et al. (2015) propose to use the overstrength factors in the evalu-
ation of the safety factor, the effect of which will be discussed in the
last section of this paper

(27)

n
h— Teil'ti
= E ;)
i=1 ti

Considering all data points together, without a distinction of
the stainless steel family, leads to safety factors higher than 1.10
regardless of the chosen buckling curve and even when Class 4
cross-sections are excluded from the analysis. It is probably due to
two factors: (1) the simplified design procedure provided in EN
1993-1-3, Clause 5.5.3, and combined with (2) inappropriate buck-
ling curves; however, there is presently no clear evidence of that.

Table 11. Results of the reliability assessment for EN 1993-1-4—design-to-numerically computed buckling resistances according to EN 1993-1-4

(CEN 2015)
B Standard n number of data points

Buckling type/a and A Average deviation with A > )\ b Vs Vi

Minor axis buckling/0.49 and 0.2 1.08 0.14 239 — — —
* Without class 4 1.01 0.12 77 0.9695 0.1215 1.143
* Duplex—all classes 1.04 0.13 56 0.9331 0.1278 1.142
* Ferritic—all classes 1.02 0.13 58 0.9426 0.1255 1.144

Minor axis buckling/0.76 and 0.2 1.01 0.13 239 — — —
¢ Austenitic HR—all classes 1.06 0.11 79 0.9185 0.1074 1.133
 Austenitic CR—all classes 1.04 0.13 75 0.9316 0.1218 1.145

Major axis buckling/0.49 and 0.2 0.93 0.11 119 — — —
* Without class 4 0.95 0.11 56 0.9992 0.1261 1.158

Flexural-torsional buckling/0.34 and 0.2 0.98 0.19 50 0.9098 0.2034 1.244

Note: HR = hot-rolled strip; and CR = cold-rolled strip.
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However, Table 11 reveals that the safety factors remain accept-
able as long as the cross-section is not of Class 4, in which case it
leads to very unsatisfactory and/or unconservative results. Note that
only 77 cross-sections are of a different class than Class 4.

For minor axis buckling, buckling curve ¢ (o = 0.49) leads to
the lowest safety factors for ferritic and duplex grades (including
Class 4 cross-sections) but are still higher than 1.10 (Table 11).
Note that the fact that buckling curve ¢ seems more adequate to
predict the behavior of ferritic stainless steel is not in agreement
with the current proposal in the Design Manual for Structural
Stainless Steel (Afshan et al. 2017). However, the introduction
of the overstrength factors in combination with an evaluation of
the safety factors as the ratio of the nominal resistance r,; to the
design resistance r,; reveals an even higher safety factor (than the
ones presented in Table 11), finally excluding the use of buckling
curve c.

For austenitic grades, the comparison between the normalized
FE buckling loads and the codified ones reveals an unsafe predic-
tion in the low and partially intermediate slenderness range but
conservative prediction in the high slenderness range (for a slender-
ness higher than about 1.20). However, buckling curve d, be it for
Class 4 or not, provides unsatisfactory results leading to high safety
factors, be it with or without the inclusion of the overstrength
factor.

For major axis buckling, buckling curve ¢ again leads to the
lowest safety factors as long as Class 4 cross-sections are excluded,
leaving only 56 relevant data points. The safety factor is nonethe-
less still higher than 1.10 (be it with or without the inclusion of the
overstrength factor) (Table 11).

For the flexural-torsional buckling mode, due to a higher scatter
of the data, the safety factor increases. However, the number of data
points is low, and the flexural-torsional buckling mode found in the
FE investigations was, most of the time, coupled with other buck-
ling modes.

In addition, the existing design model does not always give an
accurate prediction of the failure mode, especially for columns with
slender cross-sections: the obtained FE failure mode was generally
flexural-buckling about the minor axis while the code would pre-
dict a flexural-torsional buckling mode.

To conclude, it seems that regardless of the considered buck-
ling mode or class, the parameters a and )\, currently adopted in
EN 1993-1-4, which are respectively equal to 0.49 and 0.4, should
be revised.

Resistance Factor ¢

The resistance factors to be used in conjunction with the AS/NZS
rules have been calculated using the statistics shown in Tables 1
and 2, and the LRFD framework, e.g., see Section F.1.1 of the
North American Specification AISI-S100 (AISI 2016). Consider-
ing the dead and live load combination, the resistance factors are
determined

¢ = Co(MmFum)e_ﬂo\/W (28)
where Cy = 1.52, for LRFD is the calibration coefficient; M,, =
1.1 and F,, = 1.0 are the mean values of the random material
(M) and fabrication (F) factors for concentrically loaded compres-
sion members, respectively; V,; = 0.1 and Vy = 0.05 are the
CoVs of these factors; 3, = 2.5 is the target reliability index for
LRFED for structural members; P,, and Vp are the mean and CoV
of the professional factor (P), shown as the test-to-design strength
ratio; Vo = 0.21 is the CoV of the load effect; and Cp is the cor-
rection factor calculated
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Table 12. Results of the reliability assessment for AS/NZS 4673:2001

Group P, Vp n R
All data 1.11 0.12 239 0.96
¢ Austenitic HR 1.18 0.07 65 1.06
e Austenitic CR 1.24 0.08 60 1.11
 Duplex 1.03 0.09 53 0.91
* Ferritic 1.00 0.06 61 0.90
1 m

(1 + —) —— forn>4
Cp= njm-— (29)

5.7 forn=73

where m = n-1 is the degrees of freedom; and n = number of tests.

The resistance factors ¢, are included in Table 12 and indicate
that the reliability is sensitive to how the test-to-design strength data
are grouped. Taking into account all available test data, the resis-
tance factor is always higher than 0.9, which is the current value of
¢, for a column design based on the explicit calculation of N,, as
per AS/NZS 4673:2001 (AS/NZS 2001). It is in essence due to the
particular shape of the buckling curve, which is able to tackle quite
well the behavior in the low and medium slenderness range as well
as the dependency to the family of stainless steel, as can be seen
in Fig. 10.

It can also be concluded from Fig. 10 that for slenderness
values lower than the plateau length, the formulation proposed in
Rossi and Rasmussen (2013) in which strain-hardening effects are
considered through the use of a maximum compression level equal
to f, provides good predictions.

Conclusion

In conclusion, for minor axis buckling of lipped—channel section
columns, we recommend the use of different column curves per
family of stainless steel as well as the revision of the current param-
eters v and )\, currently adopted in EN 1993-1-4, which are respec-
tively equal to 0.49 and 0.4.

Seeing the very good agreement found against the AS/NZS
guidance, we shall conclude by proposing that the factor 7, cur-
rently being the linear expression given in Eq. (30) in the European
guidance Eq. (7), shall be replaced by Eq. (23) with the values of
o, B, 5\0*, and 5\1 from Table 3

n=a(i- %) (30)

In this case, the safety factors -, as per EN 1990:2002
Annex D, based on the characteristic resistance ry; are 1.147,
1.112, or 1.091, respectively, for austenitic, duplex, and ferritic
grades. We should mention that the introduction of overstrength
factors in combination with the use of the nominal resistance r,,;
in place of the characteristic resistance leads to a slightly higher
safety factor for the duplex family (lower than 1.10 for the austen-
itic and ferritic families), which indicates that further study is
needed to either confirm an overstrength factor of 1.1 and/or the
values of the parameters o, 3, \o*, and ) in Table 3 for the duplex
family. It is also worth noting that, for duplex, the reliability assess-
ment is based on 53 points, 30 of which have a slenderness higher
than 1.0, and so the overstrength factor has little effect.

It is also important to mention that the use of the recommended
factor 1 given in Eq. (23) in conjunction with the European guid-
ance also provides considerably precise and reliable predictions of
the column strength when the shift of the centroid of the effective
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cross-section is taken into account, as can be seen in Table 10 (lines
labeled with o).
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