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ARTICLE

A Eurocode-compliant design approach for cold-formed

steel sections

A Eurocode-compliant design approach was developed for the
design of thin-walled cold-formed steel sections which com-
bines the AISI S100-16-Direct Strength Method (DSM) with the
design provisions of EN 1993-1-3. The new design approach
transfers the cross-sectional resistance determined acc. to
DSM based on numerical elastic buckling analyses on the
gross cross-section into the global member verification acc. to
EN 1993-1-3. Additional factors were introduced to optimize the
new approach, e.g., to account for the effects of the nonlinear
stress distribution in cross-sections subject to local and/or dis-
tortional buckling. Within the framework of the German re-
search project FOSTA P1328/IGF 19964, an extensive series of
tests on differently shaped, perforated, and unperforated cold-
formed sections in compression and bending were conducted
which serve to analyze the buckling phenomena and the load-
bearing capacity and to validate the new design approach. In
addition, a numerical model was developed, calibrated to the
tests, and used for further parametric analyses on the load-
bearing capacity of cold-formed sections.

Keywords cold-formed steel sections; stability; EN 1993-1-3; Direct Strength
Method (DSM)

1 Introduction

Thin-walled, cold-formed steel sections are used in a
wide range of areas from industrial steel structures to
special applications like viticulture. The variety of cross-
sectional shapes with or without corrugations, folds,
grooves, and stiffeners is large. However, the great ad-
vantages of individual design and demand-oriented pro-
filing of cold-formed sections are offset by great difficul-
ties in the realistic theoretical assessment of resistance
and serviceability.

In Europe, the design of cold-formed members and sheet-
ing is standardized in EN 1993-1-3:2010 [1] whose basic
design provisions were mainly developed for C- and
Z-shaped steel sections. For deviation, free cross-sectional
shapes, design acc. to EN 1993-1-3 is questionable or only
possible to limited extent; for continuously perforated
sections, theoretical design acc. to EN 1993-1-3 is even
impossible. Furthermore, design provisions of EN 1993-1-
3 are complicated. This is first of all due to the complex,
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also coupled instability modes of cold-formed profiles.
However, this is also due to the normative design specifi-
cation and the prescribed use of the method of effective
widths [1]. All in all, a design acc. to EN 1993-1-3 is evalu-
ated as time-consuming, error-prone, and usually pro-
vides conservative predictions.

This article presents the research results from the Ger-
man research project FOSTA P1328/IGF 19964 |[2],
which led to development and validation of a combined
AISI S100-16 DSM/EN 1993-1-3 design approach. With
this new design approach, the complicated method of ef-
fective widths is omitted, as the cross-sectional resistance
is determined by means for user-friendly Direct Strength
Method (DSM) acc. to the American standardization
AISI [3]. The subsequent design for cross-sections in
global or coupled instabilities fallows EN 1993-1-3, but
with the inclusion of new adjustment factors, which cap-
ture, e.g., the unfavorable influence from the nonlinear
stress distribution of cold-formed cross-sections in local
and distortional buckling.

In-depth considerations and scientific investigations on
the transfer of the American AISI DSM design provisions
for the determination of the cross-sectional resistance
into the European design approach EN 1993-1-3 had al-
ready been presented and intensively discussed in the
ECCS Technical Working Group TWG 7.5 chaired by
and with contributions of the co-author B. Brune [4-9].
However, the initial research had outlined that unaccep-
table, nonconservative predictions of the load-bearing ca-
pacities for cold-formed sections were obtained with the
first, simplified proposals [4-8]. Extensive research was
deemed necessary to validate a safe, new design approach
based on theoretical analyses, tests, and numerical simu-
lations for a wide range of cold-formed steel sections in
various lengths. This led to the research project FOSTA
P1328/IGF 19964 [2] initiated by the authors in 2018.

The authors regret that due to the complexity of the re-
search subject and the limited scope of this article, only a
summary of the most important results of the research
project FOSTA P1328/IGF 19964 [2] can be presented.
Therefore, the focus of this article is on the basic deriva-
tions and presentation of the new combined design ap-
proach, a validation can unfortunately only be done here
exemplarily on the basis of selected component tests and
numerical simulations. Of course, however, extensive
theoretical, experimental, and numerical analyses were
conducted in the course of the research project FOSTA
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P1328/IGF 19964 [2]. A large number of various perfo-
rated and nonperforated C-, Q-, Z- as well as free shaped
cross-sections in different length were investigated to ana-
lyze the buckling behavior on a parameter basis and to
determine the load-bearing capacity of the sections. For
further data and details of the tests conducted, the nu-
merical simulations, the buckling analyses, and the indi-
vidual components of the combined design approach,
reference can therefore only be made to the research re-
port [2] within the scope of this article. For verification
and ease for the reader, explicit reference from [2] includ-
ing relevant page numbers, figures, and tables is inserted
in the following article at the appropriate places. This ar-
ticle is an extended version of [10], which was part of the
conference SDSS in Portugal 2022.

2 Elastic-critical buckling modes of cold-formed
sections in compression

The load-bearing behavior of thin-walled cold-formed
steel sections in compression is influenced by local, dis-
tortional, and global buckling modes, such as flexural,
torsional, and torsional-flexural buckling, and interactive
local-distortional-global buckling modes. Exemplarily, the
isolated buckling modes of a C-shaped cold-formed sec-
tion in compression are shown in Fig. 1. The signature
curve presents the elastic critical buckling loads as a func-
tion of the half-wavelength.

Local buckling will occur if individual thin-walled, plane
cross-sectional elements are characterized by a large
width-to-thickness ratio. However, a pure local buckling
mode can usually not be observed in open, thin-walled
cross-sections (just in case of short member length).

Distortional buckling may occur in cold-formed sections
with edge or intermediate stiffeners such as lips or beads.
These stiffeners serve to stiffen the plane thin-walled
cross-sectional elements against local buckling, but they
are themselves subject to compressive stresses and there-
fore, in turn, susceptible to buckling. Distortional buck-
ling can usually be recognized by a “closing” or “opening”
of open, edge-stiffened cross-sections.

C) Global buckling:

flexural buckling
torsional buckling
flexural torsional buckling

»
>

b) Distortional buckling

elastic-critical buckling stress

a) Local buckling

a)

Half-wavelength

Fig.1  Elastic-critical buckling modes of thin-walled cold-formed steel sec-
tions in compression acc. to EN 1993-1-3 [1]

In the case of global buckling, the cross-section retains its
cross-sectional shape and the member in compression
may be subject to flexural, torsional, or flexural-torsional
buckling. For beams in bending, lateral-torsional buck-
ling becomes relevant.

In practical applications of cold-formed sections, pure
buckling modes do not usually occur; rather, local, distor-
tional, and global buckling modes interact. Combined
local(-distortional)-global or distortional-global buckling
modes are usually observed. However, when analyzing
tests and numerical simulations of cold-formed steel com-
ponents in compression and bending, it is difficult to
clearly separate the pure, isolated buckling modes and to
capture the different effects from local-(distortional)-
global buckling modes on the overall buckling behavior
of the cold-formed members (see [2: p. 66-71, 103-104
and clause 5, Tab. 5-3, 5-4]).

3 Standards and design approaches
31 EN1993-1-3[1]

The European standard approach of EN 1993-1-3 for the
design of cold-formed members and sheeting is based on
the method of effective widths. For each thin-walled cold-
formed cross-section, reduced effective cross-sections
shall be determined as a function of loading, capturing
the possible unfavorable local and distortional buckling
effects on the cross-sectional resistance for that specific
type of loading. For cold-formed steel sections, the effec-
tive cross-sections are to be determined separately for the
basic load cases (A) axial compressive force and (B) bend-
ing moments. Fig. 2 shows an overview of the design ap-
proach acc. to EN 1993-1-3, 5.5.

According to EN 1993-1-3, the effective widths of the
thin-walled plane elements of a cold-formed cross-section
accounting for local buckling effects are first determined
using the effective width method acc. to EN 1993-1-5 [11].
In the second design step, distortional buckling is consid-
ered according to EN 1993-1-3, 5.5.3, which leads to a
further reduction of area/thickness of the effective cross-
section for the relevant edge or intermediate stiffeners in
compression. In summary, the design steps 1 and 2 acc. to
EN 1993-1-3 (accounting for local and distortional buck-
ling effects) result in an effective cross-section with a re-
duced cross-sectional resistance, which serves as the base
cross-section for the final design step, i.e., the subsequent
global buckling verification of the structural members
acc. to EN 1993-1-3, clause 6.2.

In the case of typically open, simply symmetric, cold-
formed cross-sections under compressive stress, the center
of gravity of the effective cross-section does not usually co-
incide with the center of gravity of the gross cross-section.
Provided that the compressive force still acts axially at the
center of gravity of the gross cross-section as planned, the
effective cross-section with its changed center of gravity
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Fig.2 Flow chart of the design for a C-shaped section in compression acc. to EN 1993-1-3 (notation adjusted for better comparability)

position is now stressed by an eccentric compressive force,
so that an additional bending moment AM = N - ey arises at
the effective cross-section. According to EN 1993-1-3,
6.1.3(3), this effect has to be considered by an N-M interac-
tion check both in determining the cross-sectional resis-
tance and in the global stability verification of the member.
In this case, an additional effective cross-section loaded by
bending stresses has therefore to be determined acc. to
EN 1993-1-3, design steps 1 and 2 (Fig. 2, right column).

32 DSM according to AISI S100-16 [3]

According to the DSM of AISI S100-16 [3], clause E-G,
the cross-sectional and member resistance is always deter-
mined on the basis of the gross cross-section, considering
all relevant local, distortional, global, or interactive buck-
ling modes. The numerical elastic-critical buckling analy-
sis on the total cross-section is to be conducted first using
the freely available finite strip software CUFSM [12], with
which the pure buckling modes can be approximately
isolated and the phenomenological buckling behavior
can be analyzed. However, with finite strip methods
(FSM), only cross-sections that remain unchanged along
the member length can be modelled in principle which
basically limits the use of CUFSM to unperforated sec-
tions. Alternatively, finite element (FE) software can be
used to determine elastic-critical buckling loads.

In agreement with EN 1993-1-3, the buckling resistance
of cold-formed members has to be determined separately
for the basic load cases (A) axial compressive force and
(B) bending moments. In Fig. 3, the flow chart of an AISI
DSM design for members in compression is illustrated.
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Fig.3  Flow chart of the design for cold-formed members acc. to
AISI S100-16 DSM [3] (notation adjusted for better comparability)

In contrast to EN 1993-1-3, the first design step acc. to
AISI DSM is to determine the global buckling resistance
of cold-formed members considering flexural, torsional
and torsional-flexural buckling for members in compres-
sion or lateral-torsional buckling for members in bending.
In the second step, the reduced member resistance due to
global buckling effects is then introduced into the design
for global-local buckling interaction (step 2); here, the re-
duced global buckling resistance is also accounted for by
a modified formulation of the relative slenderness for
local buckling (see Fig. 3, first column).

Separately, the distortional buckling resistance of the
cold-formed cross-section has to be determined in step 3,
but without considering interactive distortional-global
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buckling. Although the global-distortional interaction of
cold-formed cross-sections was clearly observed in tests
and numerical simulations [2, 4-8], this effect is ignored
in the AISI DSM design approach, this - after consulta-
tion with the DSM developers - to avoid too conservative
predictions [13]. Finally, the governing design resistance
of cold-formed members in compression or bending acc.
to AISI DSM results from the minimum value of the pure
distortional buckling resistance (step 3) and the interac-
tive global-local buckling resistance (step 2).

3.3  Comparison of the DSM acc. to AISI S100-16, clause
E-G, and EN 1993-1-3

Sections 3.1 and 3.2 show that the European and the
American design provisions differ fundamentally. This
concerns both the general design procedure and the
relevant cross-section for the design. A simple compari-
son of the flow charts in Figs. 2, 3 already shows the
significantly greater effort required for the design acc. to
EN 1993-1-3.

While an AISI DSM design is always based on the gross
cross-section, EN 1993-1-3 requires the determination of
an effective cross-section. The effective cross-section re-
presents both the loss of cross-sectional resistance and
the changing nonlinear stress distribution observed in ex-
perimental, theoretical, and numerical analyses in cross-
sections prone to local or distortional buckling. Accord-
ing to EN 1993-1-3, the latter is covered by the shift of the
center of gravity from the gross to the effective cross-sec-
tion. As the AISI DSM design only refers to the gross
cross-sections, this phenomenon is not covered in princi-
ple. With the revision of the AISI S100-16 in 2016, the
design of cold-formed, perforated profiles also became
possible (see clause 8). In contrast, the design of per-
forated members acc. to EN 1993-1-3 has not been sulffi-
ciently researched of validated yet.

Compression

4 First, simplified draft of a combined DSM/EN 1993-1-3
design approach

41 General design procedure

The main objective of the new combined design proposal
is to facilitate the design, to completely dispense with the
method of effective widths acc. to EN 1993-1-3, and to
focus on the gross cross-section when calculating the
cross-sectional resistance of cold-formed profiles. There-
fore, in a first simple approach, the design provisions of
DSM acc. to AISI S100-16 for the consideration of local
and distortional buckling are initially introduced without
additions into the design provisions acc. to EN 1993-1-3.
This simplified approach is shown in Fig. 4.

First, the design resistance Ny for local buckling is de-
termined acc. to AISI DSM, clause E3.2, based on the
gross cross-section (see Eq. (1)). Here, the relative slen-
derness for local buckling 4, is to be calculated as a func-
tion of the plastic axial force Np of the gross cross-section
and the elastic-critical buckling load N of the overall
cross-section taken from a numerical elastic-critical buck-
ling analysis, e.g., using CUFSM.

. Nl
N, with 4, = |- <0.776
P Ncrl
0.4 N 0.4
1 1
Ny, =1[1-0 15[ N J {Z\jff ] N, (1)
pl pl
with 4, = Mo 0776
Ncr,l .

Then, in a similar procedure, the design resistance Ngy g
is to be predicted acc. to AISI DSM, clause E4, account-
ing for distortional buckling, Eq. (2).
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Fig.4  Flow chart of the design acc. to the simplified, first draft of the combined DSM/EN 1993-1-3 design approach [2]
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However, the next step of the first combined design ap-
proach already contains a first adjustment of the AISI
DSM design procedure. As an interaction of both local-
global and distortional-global buckling interaction of
cold-formed sections has been observed in research work
[2, 4-8, 14] and should be accounted for in the new ap-
proach, the smaller of the previously determined design
buckling resistances N and N4 for local and distor-
tional buckling was adopted in the subsequent global
buckling design. This is in accordance with the principles
of EN 1993-1-3, but deviating from AISI DSM, which
ignores interactive distortional-global buckling.

An interaction of local and distortional buckling, which is
provided for in EN 1993-1-3, is omitted acc. to AISI DSM
and the new design approach. Here, the research [2, 4-8,
13] has shown that the interactive local-distortional
buckling tends to occur with small, and thus not with
practice-relevant component lengths.

To link the design approaches of the AISI DSM and EN
1993-1-3, a so-called Q-factor is introduced, which relates
the reduced cross-sectional design resistance for local or
distorting buckling of members in compression to the
plastic axial force Ny (see Eq. (3)). This Q-factor includes
the previously determined cross-sectional resistance of
cold-formed sections acc. to AISI DSM and is in principle
approximately comparable to the reduced cross-sectional
resistance acc. to EN 1993-1-3, which, however, is ex-
pressed by the reduced effective area A.g of a section in
compression (or effective section modulus W for a
member in bending).

Z

Rk,1
QA,l = N,
Q, = min N P (3)
Q _ Rk,d
A,d N

pl

The global buckling verification acc. to EN 1993-1-1 [15]
can now be conducted, but using the simple reformula-
tions of Eq. (4) for the global slenderness A, of members
in compression. It is shown that the reduced cross-sec-
tional resistance due to local and distortional buckling
acc. to EN 1993-1-3, originally expressed via the numera-
tor A - fy, can be replaced by the cross-sectional resist-
ance acc. to AISI DSM, expressed as a function of the
Q-factor (see also [16]).
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Based on the global slenderness acc. to Eq. (4), the reduc-
tion factor y for flexural, torsional, or torsional-flexural
buckling is to be determined acc. to EN 1993-1-3, clause
6.2, using the European buckling curves for cold-formed
sections as defined in EN 1993-1-3, Tab. 6.3.

The final design axial force Ny gk of a cold-formed mem-
ber in uniform compression can be determined acc. to Eq.
(5) considering the relevant local-distortional buckling
effects on the cross-sectional resistance via the Q-factor
(acc. to DSM) and the reduction factor y for global buck-
ling (acc. to EN 1993-1-3).

Nb,Rk:Z'QA'Nplzx'Aeff'fyk ()

For cold-formed members in bending, the first draft of the
combined design approach follows the same principles.
After the determination of the cross-sectional resistance,
which captures the local and distortional buckling effects
based on AISI DSM, a new factor Qy, similar to Eq. (3), is
introduced to determine the global slenderness, similar to
Eq. (4), and the associated reduction factor y;t acc. to EN
1993-1-3, which considers the lateral-torsional buckling
effects on the member resistance. Finally, the bending
moment resistance accounting for coupled instabilities
can be calculated using Eq. (6).

Mb,Rk =2XLr 'Qw 'Mel (6)

42  Summary

In contrast to EN 1993-1-3, which considers an overall
interaction of local, distortional, and the governing global
buckling, and also in contrast to the DSM, which only
covers a local-global buckling interaction, the first draft of
the combined design approach considers an interaction
of global buckling with the relevant local or distortional
buckling mode. In particular, distortional buckling inter-
action has been shown to be relevant in several research-
es [2, 4-8]. However, local-distortional interactive buck-
ling is ignored following the DSM provisions and re-
search of Schafer [13].

The combined design approach is based on the gross
cross-section throughout; a possible nonlinear stress dis-
tribution in the cross-section due to local or distortional
buckling is not covered acc. to DSM and is therefore not
included in the first draft of the combined design ap-
proach. In contrast, effective cross-sections are deter-
mined acc. to EN 1993-1-3, which, in principle, considers
the modified, nonlinear buckling stresses represented by
the shifts in the center of gravity from the gross to the ef-
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fective cross-section. This effect has been shown to have a
significant influence on the load-bearing capacity of open,
simply symmetrical cross-sections [4-6, 17, 18]. It had to
be specified and verified in detail as part of the extensive
research program in [2].

5 Validation of the first draft for cold-formed members
in compression

51 Experimental analyses

In the research project [2], a total of 79 column compres-
sion test on C- and Q-shaped cross-sections with or with-
out perforations were conducted, documented in [2:
clause 5, Tab. 5-1-5-5, and Annex B|. Compression tests
on short- and medium-length columns acc. to EN 1993-1-
3, Annex A.3.2 and EN 15512, Annex A.2 [19] are per-
formed to determine the cross-sectional resistance cover-
ing local buckling (at short length) and distortional buck-
ling (at medium length). The test lengths were determined
acc. to the standard specifications. The member length of
short column tests is defined as the triple plate width [1:
A.3.2.1. (2)]. For medium-length columns, this included a
prior numerical buckling analysis of the cross-section,
e.g., using FS software, to determine the test length focus-
ing on approximately pure distortional buckling [1:
A.3.2.1. (4)]. Column tests for members with different
great lengths used in typical applications are used to in-
vestigate the effects of global, interactive local-global or
distortional-global effects on the buckling resistance of
cold-formed members. All tests serve to observe the phe-
nomenological buckling behavior, to identify the path of
buckling modes at different lengths, to capture approxi-
mately pure as well as interactive buckling modes, and fi-
nally, to determine the load-bearing capacity.

Furthermore, the tests on short- and medium-length tests
serve to determine the optimum location of the axial load
application by varying the load application on the axis of
symmetry until the maximum cross-sectional resistance is
achieved. This allows the effect of the nonlinear stress

Center of gravity of
test specimen

distribution triggered by the local and distortional buck-
ling effects to be captured.

Prior to all compression tests, the test specimens were
precisely measured and both the imperfections on the
cross-section and over the column length were document-
ed. A summary of the test specimen including all relevant
data (section geometry, material, imperfection, etc.) can
be taken from [2: clause 5, Tab. 5-2, and Annex B].

In addition, in preliminary studies tensile tests acc. to EN
ISO 6892-1 [20] were conducted on comparable cold-
formed cross-sections. The tests were conducted on test
specimens taken from both the coil before cold forming
and from sections from the cold-formed areas, to analyze
the influence of strain hardening. Stress-strain diagrams
were prepared, via which the relevant material parame-
ters yield strength f,, tensile strength f,, and Young’s
modulus E were determined [2: clause 4 and Annex A].

The test setup used for compression tests is exemplarily
illustrated in Fig. 5 for medium-length column test on an
Q-shaped rack upright. The uprights were welded to
thick-walled base and cap plates on both sides at their
end. Axial spherical plain bearings serve to realize a sim-
ple support. The load was applied via the welded cap
plates, which were bolted to a connecting plate using slot-
ted holes to shift the location of the applied axial load
(see Fig. 5a).

As an example, but representative of most compression
tests conducted in [2], Fig. 6 shows the failure patterns
of a C-shaped cross-section A 288 30 of thickness
t=3mm (material: S390GD+Z, fy =396 N/mm?) in
compression tests with different lengths (columns lengths
between end plates 320/850/1550/1850 mm; correspond-
ing system length between axial spherical plain bearings:
365/895/1595/1895 mm) after testing and unloading. As
expected, pure local buckling was the predominant buck-
ling mode for short columns. At medium length, distor-
tional buckling dominated. Members at long length were
prone to flexural-torsional buckling dominates or interac-
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o o
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strain
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slotted holes to shift the
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Fig.5 Test setup of the compression tests: a) construction sketch with realization of the load application; b) Q-shaped cross-section E_288_20 in the test setup
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A_288_30
23 23

1 =

L = 850 mm

L = 1550 mm

L = 1850 mm

Fig.6 C-shaped cross-section A_288_30 in all examined lengths after unloading (see [2: clause 5, Fig. 5-15])
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Fig.7 Load capacity depending on load application point for A_344_20 in the length L=420 mm and L= 1100 mm

tive distortional-global buckling, the latter more especial-
ly for medium (L = 1550 mm) than for long column
lengths (L = 1850 mm). The tests conducted in [2] proved
that for common member lengths of cold-formed cross-
sections, an interaction of distortional buckling and flex-
ural-torsional buckling occurs and should therefore not
be ignored in a design procedure (see [2: clause 5,
Tab. 5-3-5-5]).

The compression tests on stub and medium-lengths
columns, conducted acc. to the test specifications in
EN 15512, Annex A2.1/A2.2, with variation of the load
application point of the axial force on the symmetry axis,
confirmed the shift of the internal compressive force re-
sultants in cross-sections prone to local and distortional
buckling. As an example, Fig. 7 shows the cross-sectional
resistance of a C-shaped section A_344_20 with thickness
¢ =2 mm and a small specimen lengths of 420 mm (mate-
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rial: S390GD+Z, fys=396 N/mm?), where local buck-
ling dominated in the test and the maximum cross-sec-
tional resistance was reached when the axial load was
applied at a distance of 8 mm from the center of gravity of
the gross cross-section. With an increasing, medium
member length of 1100 mm and dominating distortional
buckling effects, the maximum cross-sectional capacity
was achieved at a distance of only 2 mm. The effect of the
shift of the internal compressive force resultants in cross-
sections prone to local and distortional buckling was
found to be essential.

52  Validation of the first, simplified draft of the
combined design approach based on tests

The first, simplified draft of the combined design ap-
proach acc. to clause 4 was validated based on the exten-
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sive results of the test series [2: clause 5.2, Tab. 5-6, 5-7].
It was compared to the design predictions acc. to EN
1993-1-3 and AISI DSM as well. As an example, signifi-
cant test results compared to different design approaches
for selected C- and Q-shaped cold-formed sections at dif-
ferent member lengths are summarized in Fig. 8. To re-
cord the special boundary conditions in the tests accu-
rately and to obtain realistic design results, at this point
the FE software ANSYS (2020 R2) [21] was used to calcu-
late the elastic-critical buckling loads, which were equally
introduced into the respective design approaches. In later
comparative calculations, the FS software CUFSM (5.04)
[12] was used (see [2: p. 100-103]).

For better comparability of the different design provi-
sions, partial safety factors were ignored and a uniform
Young’s modulus of 210.000 N/mm? was applied. As
global imperfections of the tested members measured be-
fore testing were quite low (see [2: clause 5, Tab. 5-2]),
European buckling curve a was assumed for a compara-
tive global buckling prediction acc. to both EN 1993-1-3
and the first draft of the combined design approach. This
assumption was also confirmed by comparing the test re-
sults of the long members, where almost pure global flex-
ural torsional buckling was observed in tests, with the
buckling design acc. to EN 1993-1-3 based on the Euro-
pean buckling curves (EBC) in [2: clause 5.2, Fig. 5-35].
However, the adjustment of the EBC classification was
used exclusively to recalculate the test results (to consider
component tests under ideal laboratory conditions). A
general change of the classification of cold-formed steel
sections in the EBC is not intended.

Fig. 8 shows that the predictions for short columns in
compression acc. to both AISI DSM and the first draft of
the new combined design approach can overestimate the
cross-sectional resistance from tests, i.e., when local (-dis-
tortional) buckling is the governing buckling mode. In-
depth analyses in [2: clause 5.2, e.g., Fig. 5-36] revealed
that the simplified DSM design approach, which neglects
the shift of the compressive force resultants, typical of
small- and medium-length symmetrical sections prone to
local and distortional buckling, is the main cause for the
nonconservative design predictions. It became clear that
this first simplified draft of the combined design ap-
proach, based on the local and distortional buckling de-
sign acc. to AISI DSM, is not satisfactory and needs to be
revised. This conclusion confirms the assumptions after
the initial investigations of ECCS TWG?7.5 [4-8]. How-

A_344_20 A_344_20

A_288 30

ever, with increasing member length and dominant global
buckling, both design approaches become significantly
more conservative compared to the test results; here, the
influences from the relevant distortional or, in particular,
local buckling modes and thus the non-unfavorable effect
of the nonlinear stress distributions across the cross-sec-
tion are significantly lower.

In contrast, the design provisions of EN 1993-1-3, which
cover all possible local-distortional-global buckling effects
and use the rather conservative European buckling curves
for the global buckling design, give the lowest load-bear-
ing capacities for all tested cross-sections, irrespective of
the member length, and appear clearly too conservative
compared to the tests, despite the high design effort.

In addition, the column tests showed that interactive
global-distortional buckling occurs in almost all medium
and large length C- and Q-shaped profiles investigated
(see [2: clause 5, Tab. 5-3-5-5]). This significant effect is
ignored in the pure AISI DSM design, but has already
been included in the first simplified combined design ap-
proach acc. to clause 4, Fig. 4, based on research [4-8]. As
a comparison of the AISI-DSM results with the predic-
tions acc. to the initial combined design approach from
clause 4 shows, higher load capacities are often predicted
acc. to AISI DSM (however, this general statement has to
be specified in detail for individual cases, considering the
different normative global buckling curves).

For further information and all relevant data on the de-
sign predictions compared to the tests conducted for vali-
dation, reference is made here to [2: clause 5.2, Tab. 5-6,
5-7]. The results presented in the clauses 5.1/5.2 of this
article only serve as an exemplary, but representative
presentation and confirmation of the procedure.

53  FE model and numerical analyses

Numerical models were developed using the FE software
ANSYS (2020 R2) [21] for in-depth analysis of the load-
bearing capacity and buckling behavior of the tested col-
umn sections. For an accurate calibration of the numeri-
cal model based on the test results, cross-sectional and
global member imperfections as well as material proper-
ties of the specimens measured before the tests were im-
plemented in the FE model (see [2: clause 8, Fig. 8-3-8-5]).
The effect of strain hardening in the cold-formed areas of

E_266_20

A_288_30 E_266_20
20 20 100

- 23 23 12° 12°

+— e +F 4

8 t=3.0 el ¢ y

| 20

‘ 105 %0
} ¥ £ P —
AISI-DMS
420 1100 2000 3000 1850 600 1200 450

a) Specimen length (mm) c Specimen length (mm) bined design approach

Fig.8 Comparison of the design acc. to EN 1993-1-3, AISI DSM and the combined approach with the test results for test specimen: a) A_344_20 (S390GD+2);

b) A_288_30 (S390GD+2Z); c) E_266_20 (S350GD+Z) [2: Fig. 5-31]
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the profiles [22-30], which was investigated by tensile
tests (see [2: clause 4 and Annex Al), is considered by di-
viding the cross-sections into strain-hardened and plane,
unworked areas. In the plane areas, the measured mate-
rial parameters were applied and in the corner areas, the
material parameters were calculated acc. to EN 1993-1-3,
3.2.2. In [2: clause 4, Fig. 4-9], it was shown that this for-
mula could capture the hardening in a good approxima-
tion. As a representative example, Fig. 9 shows the nu-
merical FE model of an Q-shaped cross-section including
the detailed implemented material specifications and re-
flecting the support conditions in the tests. The test speci-
mens, including base and cap plates, were modelled with
ANSYS shell elements no. 181. As in the column com-
pression tests, the axial load was applied via the thick-
walled end plates. The member was vertically and later-
ally supported in the center of the column base. The
symmetry axis of the cap plates was fixed in the z-direc-
tion; a displacement in the y-direction was blocked at the
location of the load application. This modelling generates
simple support conditions. For a more detailed descrip-
tion of the numerical model, the reader is referred to
[2: clause 8, p. 163-169].

Numerical simulations and parameter studies had been
conducted to calibrate the numerical models. Further-
more, in-depth analyses of the load-bearing and buckling
behavior of cold-formed sections were conducted and
compared to the test results. It can be summarized that

the FE simulations conducted generally showed very
good agreement with the results observed in tests in terms
of load-bearing capacity, deformations, and phenomeno-
logical buckling behavior. This statement is confirmed
exemplarily by Fig. 10 in which the measured deforma-
tions of an Q-shaped cross-section E_266_20_P (material:
S350GD+Z) in compression acc. to tests are illustrated
and compared to FE simulations. In the course of the re-
search project [2], numerical simulations were conducted
for all cold-formed sections and columns that were inves-
tigated experimentally (see [2: clause 8, Tab. 8-2, 8-3]). In
this way, the validation of the developed FE model could
be comprehensively confirmed.

54  Numerical parameter studies for general validation
and optimization of the combined design approach

Based on the calibrated FE model, numerical parameter
studies were conducted which served for a targeted vali-
dation and optimization of the combined design ap-
proach for cold-formed C- and Q-shaped sections. If the
FE analyses focused on the tested sections, e.g., consider-
ing additional member lengths, the initial calibrated nu-
merical models was used including geometric imperfec-
tions and material properties as measured to obtain real-
istic predictions compared to tests. For general parametric
studies with focus on cold-formed cross-sections in vari-
ous dimensions, material, and member lengths, which

[] unhardened

I Work-hardened

19' 23* 10
9’ 13

Fig.9  Numerical model for an Q-shaped cold-formed cross-section including an approach of material hardening (ANSYS 2020 R2)
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Fig. 10 Results of tests and simulations for an Q-shaped cross-section E_266_20_P in compression (see [2: clause 8, Fig. 8-6])
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were not tested in [2], the calibrated numerical model was
also used, but nominal material parameters and Young’s
modulus of E = 200.000 N/mm? were applied. Strain
hardening in the cold-formed corner areas was consid-
ered, using the simplified average yield strength acc. to
EN 1993-1-3 in the area of the rounded corner. In addi-
tion, equivalent geometric imperfections were implement-
ed in accordance with the EN 1993-1-5, with reference to
the National Annex of EN 1993-1-1 [31], i.e., buckling
shapes according to a previous elastic-critical buckling
analysis with wy=a/200 for local buckling of plane ele-
ments and a sinusoidal shape with L/350 for global buck-
ling. As EN 1993-1-5 does not contain an imperfection
approach for distortional buckling, Walker’s equations
[32, 33] for distortional buckling were used. According to
EN 1993-1-5, the imperfections of the different modes
were superimposed in such a way that only the governing
imperfection was set at 100% and the others at 70% (see
[2: clause 8.3, p. 186-188]). According to prEN 1993-1-14
[34], residual stresses were not applied for cold-formed
sections. Detailed information on the general modelling
can be taken from [2: clause 8].

In a first parametric study on thin-walled, simply sym-
metrical, open cross-sections with small and medium
lengths in compression, the effect of the changing, nonlin-
ear compressive stresses due to local and distortional
buckling was analyzed as a result of the findings de-
scribed in clause 3.1 and 5.2 (see [2: clause 8.3, p. 182-
185]). Both tests acc. to clause 5.1 and FE parametric
simulations generally prove that the maximum cross-sec-
tional resistance is typically achieved when the axial load
is applied eccentrically to center of gravity of the gross
cross-section. It is also shown that the optimum location
of the load application changes with different member
lengths [2: clause 8.3, Fig. 8-20, 8-22]. Fig. 11 (left) shows
the optimum load position of the tested Q-shaped section
E_266_20 (material: S350GD+Z) in axial compression
with lengths of 400 to 1600 mm, related to the center of
gravity of the gross cross-section, at which the largest
cross-sectional resistance was achieved in the FE simula-
tions. The largest eccentricity of the internal axial force
was numerically recorded at a member length of 600 mm.
This value corresponds to the half-wavelength for elastic
distortional buckling which is the relevant buckling mode
acc. to FS analyses in this case. However, local-distor-
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tional buckling effects decrease with increasing member
lengths where global buckling effects become dominant.
FE simulations ([2: clause 8, p. 182-185]) and Fig. 11
(left) confirm that the maximum buckling resistance is
then obtained when the axial load is applied approxi-
mately at the center of gravity of the gross cross-section.
This conclusion is consistent with the outcomes of the
tests (see Fig. 8).

Fig. 11 (right) shows the results of a comprehensive, gen-
eral FE parametric study for C- and Q-shaped sections in
compression compared to the design predictions acc. to
the first draft of the combined design approach acc. to
clause 4. The design buckling resistances compared with
the ultimate capacities acc. to FE simulations are record-
ed as a function of the factor Q5/y. According to clause 4,
Eq. (3), Qa has been defined as the reduction factor for
the cross-sectional resistance accounting for local-distor-
tional buckling. y is known as the reduction factor for
global buckling acc. to EN 1993-1-3. Fig. 11 (right) shows
that a lot of nonconservative predictions acc. to the com-
bined design approach occur for ratios Q4/y < 1.0, i.e., for
thin-walled cold-formed sections where local-distortional
buckling dominates. On the other hand, the new com-
bined design provision was confirmed when global buck-
ling dominates and the shift of the center of gravity due to
nonlinear stresses is negligibly small.

In summary, with the help of the parametric FE simula-
tions for a wide variety of cold-formed steel cross-sec-
tions, the initial theoretical analyses (Sections 1 and 4)
and from the experimental investigations (Section 5.2)
could be generally confirmed now. However, to exclude
any nonconservative design predictions, the simplified
combined design approach was further improved based
on the scientific findings on the decisive cause, which was
found to be the neglect of the nonlinear stress effect in
cross-sections prone to local-distortional buckling.

6 Experimental and numerical analyses for cold-
formed members in bending

In the course of the research project P1328/IGF 19964
[2], four-point bending tests on C-, Z-, and Q-shaped cold-
formed sections with and without perforations are con-

. T a4 |
) ? ' E 266 [ ©

06 A 288 ||

0 0.5 1 15 2 25 3

Qalx

Load reduction mainly due to
global stability

Left: Results of the numerical simulations for an Q-shaped section E_266_20 (material: S350GD+Z) in compression [2: clause 8, Fig. 8-20]; right: compari-
son of numerical simulations with the predictions acc. to the first draft of the new combined design approach for C- and Q-shaped cross-sections as a
function of value @y/y see clause 4 [2: clause 8, Fig. 8-35])
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ducted acc. to EN 1993-1-3, Annex A, and EN 15512,
A.2.5, to also investigate the design buckling resistance
in major-axis bending. As all tested sections are mono-
symmetrical or asymmetrical sections, a “doubled” test
setup was realized in accordance with EN 15512, A.2.9,
which allows the application of a vertical load approxi-
mately without torsional loading for the tested beams
(Fig. 12).

The tests were conducted at different lengths and the
ultimate loads obtained were compared with predictions
acc. to EN 1993-1-3, DSM and the draft of the new com-
bined design approach from clause 4.1. As an example,
the results are shown in Fig. 13 for two different C-sec-
tions A 288 with thickness 3.0 mm and A 344 with
thickness 2.0 mm (each material: S390GD+Z). In addi-
tion, a numerical model using ANSYS (2020 R2) acc. to
clause 5.3 was developed, calibrated on the bending tests,
and used for further numerical parameter studies, which
confirm the fundamental outcomes of the experimental
investigations.

Fig. 13 is intended here only as an exemplary, but repre-
sentative example of the analyses in [2]. In summary, it
can be stated that the general conclusions of the investi-
gations on cold-formed components in compression and
bending are very similar: both the DSM and the com-
bined design approach give nonconservative results for
cold-formed sections at short and medium length when
local or distortional buckling becomes dominant. For fur-
ther data and analyses on scientific investigations on
members in bending, see [2: clause 6]. More result (com-

parison of the design approaches with tests) can be found
in [2: clause 6.2, Fig. 6-35-6-37, Tab. 6-5]. An adaptation
of the first draft of the combined design approach for
cold-formed section in bending (clause 4) was also re-
quired.

1 Final improvement of the combined AISI DSM/
EN 1993-1-3 design approach

11 Derivation of an improved, final combined design
approach

According to the outcomes of the experimental and nu-
merical investigation described in clause 5, the lack of
consideration of the nonlinear stress distribution due to
local and distortional instabilities has turned out to be the
crucial source of error for the first draft of the combined
design approach, especially for cold-formed sections at
small and medium member length. This effect decreases
significantly with increasing member length and becomes
nearly negligible for long members. To account for this
effect, the first draft of the new combined design ap-
proach was extended by reduction factors y.n for mem-
bers in axial compression and y.y for members in bend-
ing (see Eq. (7), (8)). These newly introduced factors re-
duce the design buckling resistance acc. to the scientific
investigations in [2] whenever local and distortional
buckling of cold-formed cross-sections (represented by
the Q-factor acc. to Eq. (2)) become dominant compared
with global buckling effects (represented by y and y;r acc.
to EN 1993-1-3).
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Fig. 12 Test setup of the four-point bending tests acc. to EN 15512 and detail of the load application for C-shaped sections
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Fig. 13 Comparison of the design acc. to the combined design approach, EN 1993-1-3 and AISI DSM with the test results for C-shaped cold-formed cross-sec-

tions in bending (see [2: Fig. 6-35])
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Xen =max[1- x+Q,;0.85]<1.0 (7

Xem = 1= X1 +Q, <1.0 (8)

This results in the new Eq. (9) and (10) for predicting the
design resistances for cold-formed members in compres-
sion and bending prone to coupled local-distortional-
global instabilities as follows:

Ny =2 Qa Ny Zen €)

Mb,Rk =2XLT 'QW 'Mel “XeM (10)

7.2  Final validation of the improved combined design
approach

The improved final combined AISI DSM/EN 1993-1-3
design approach acc. to clause 7.1 was finally validated

for all previously investigated cold-formed cross-sections
and members based on both the test results of clause
5.1/6 and the numerical simulations (see Clause 5.2/6).

As a representative example for the evaluation, Fig. 14a-c
shows a comparison of the predictions acc. to the first
draft of the combined design approach (clause 4) with the
final improved combined design approach (clause 7.1) for
C- and Q-shaped cross-sections in compression, addition-
ally contrasted with test results from [2: clause 9.3]. As it
will be common in the practical application later, the
elastic-critical buckling loads are calculated with CUFSM
(Version 5.04) instead of ANSYS (for further information
of the assumptions made, see [2: clause 5, p. 100-102]).
Fig. 14 illustrates that the design buckling resistances of
compressed members in coupled instabilities can be
slightly reduced by the new factor y.y in a targeted man-
ner; nonconservative predictions for small- and medium-
length columns can now be avoided. Especially the exam-
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Fig. 14 Comparison of the predictions acc. to the combined design approach and acc. to the draft to the test ultimate load: a) A_344_20 (material: S390GD+Z) in
compression; b) A_288_30 (material: S390GD+Z) in compression; c) E_266_20 (material: S350GD+Z) in compression; d) C-sections
(material: S390GD+Z) in bending (see [2: clause 9])
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Fig. 15 Extract from the results of compression and bending tests of cold-formed sections from [2: clause 9, Tab. 6-5], compared to the predictions acc. to the
improved final combined AISI DSM/EN 1993-1-3 design approach (see clause 7.1)
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Fig. 16 Comparison of the predictions acc. to the final improved combined design approach to the results of numerical parameter study for C- and Q-shaped

sections in compression (see [3: clause 9.3.2])

ple Fig. 14d of the C-shaped section A_344 20 in bending
shows the importance of the new reduction factor yem.
Due to the thin-walled nature of this cross-section and the
thus prevailing local-distortional buckling effects, the ap-
plication of y.\ introduced to account for the nonlinear
buckling stresses observed in tests, and the corresponding
reduction of the design buckling resistance is essential to
obtain reliable predictions acc. to the final improved com-
bined design approach. By definition and in agreement
with the investigations of clause 5 to 6, the design of long
members susceptible to dominant global buckling is not
affected by this amendment.

Fig. 15 gives important information on the specimen and
tests presented in this article which are used for valida-
tion. In addition, the test results are presented compared
to the predictions acc. to the final improved combined
AISI DSM/EN 1993-1-3 design approach of clause 7.1.
Further test data (material, imperfections, etc.) can be
found in [2: clause 9, Tab. 9-2, and Annex B, C].

Finally, as already demonstrated in Section 5.4, the predic-
tions acc. to the improved final combined design approach
were again generally compared with the results of the
basic, extensive FE-based parametric studies applied for
determining the load-bearing capacity and buckling behav-
ior of a wide variety of cold-formed steel cross-sections and

1100

Specimen length (mm)

member lengths. The evaluation, exemplified by Fig. 16 for
C- and Q-shaped cross-sections subjected to axial compres-
sion, now also proves in general that with the improved
final combined design approach and by introducing the
new factor y.n, @ nonconservative design can be avoided.
Nevertheless, some slightly nonconservative predictions in
the range of Qa/y = 1.0 were still obtained.

However, as the simulations were generally rather con-
servative compared to the test results, the improved final
combined design approach is evaluated as convincing
and acceptable. For in-depth evaluation of tests, test data,
and numerical parameter studies for cold-formed sections
in bending, see [2: clause 6, 8.2.2, 8.3, 9].

8 Applicability of the combined design approach to
members with perforations

The final improved combined AISI DSM/EN 1993-1-3
design approach is also applicable for the design of perfo-
rated sections, as new design provisions for DSM were
introduced with AISI S100-16 in 2016. On the one hand,
the DSM generally allows for determining the elastic-crit-
ical buckling loads for cross-sections with perforations. In
addition, the AISI DSM approach, clause E3.2.2, E4.2,
F3.2.2, and F4.2, can be used to predict the final cross-

E_266_20_P
127 12°

A

] P
128 |
90

[ Perforations

W Test result

Prediction acc. to the
1300 final design approach
(clause 7.1)

Fig. 17 Perforated cold-formed profiles: a) Q2-shaped test specimen; b) comparison of the predictions acc. to the combined design approach to the test results
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sectional resistance of perforated cross-sections prone to
local and distortional buckling.

For the calculation in [2], the Finite-Strip-Software
CUFSM (5.04) [12] should be used. However, as the influ-
ence of the perforations on the elastic-critical buckling
loads cannot be neglected [35], the proposal of Casafont
et al. [36] is taken up in [2]. This proposal proved that the
perforated areas are simplified modelled by equivalent
thicknesses so that conventional FSM can be used to esti-
mate and analyze the buckling behavior of cross-sections
with perforations. The program CUFSM is under continu-
ous development, with research being done on the imple-
mentation of perforation [37].

The improved final combined design approach of clause
7.1 was adapted acc. to the new provisions of AISI
S100-16 and accordingly extended for perforated cross-
sections [2: clause 9.2]. Fig. 17 shows an example of the
test results of a perforated Q-shaped section E_266 20 P
in compression at different lengths compared to the pre-
dictions acc. to the new design approach. Satisfactory
predictions can be achieved here as well, so that this sim-
ple extension of the design approach can be recommend-
ed for practical application. For further tests and test data
on perforated profiles (including measured imperfections,
material properties) as well as corresponding predictions
acc. to the extended final combined design approach, see
[2: clause 5, Tab. 5-2, 5-4, 5-5, clause 9, p. 219-227].

9 Summary and conclusion

A design approach for cold-formed steel sections in cou-
pled instabilities is presented, which was developed in the
course of the research project FOSTA P1328/1IGF 19964.
It combines the advantages of the Direct Strength Method,
taken from AISI S100-16, with the design provisions of EN
1993-1-3. With the help of AISI DSM, which usually uses
elastic buckling analyses based on finite strip methods, the
cross-sectional resistance of cold-formed profiles prone to
local and distortional buckling is predicted. The compli-
cated, time-consuming determination of effective cross-sec-
tions acc. to EN 1993-1-3 is omitted. The global buckling
design considering flexural, torsional, torsional-flexural or
lateral-torsional buckling is conducted acc. to the Europe-
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