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In this paper the buckling behaviour of thin-walled members with cross-sections with curved parts is
investigated. Due to the curved parts, shell-like buckling is a potential mode of failure. The objective of the
research is to understand whether shell-like buckling behaviour might be governing in practical cold-formed
steel members. For this aim, numerical studies have been carried out, involving linear buckling analysis as well
as nonlinear shell finite element analysis with imperfections, by considering a large number of various cross-

sections. Standardized capacity prediction has also been completed, based on elastic critical loads by using the
direct strength method, and the results have been compared to that of shell finite element analyses. Based on the
results it is concluded that shell-like behaviour might be critical in certain cases, but only in case of unusual
cross-section geometries. It was also found that the simple direct strength capacity prediction can reasonably be

used in most of the cases.

1. Introduction

As linear cold-formed steel profiles have become everyday solutions
in many applications (e.g., purlins, rafters), several research activities
started with aiming to develop more efficient cross-sections. These
research and/or innovation activities led to more refined cross-section
shapes, e.g. with multiple longitudinal stiffeners. Lately, attempts for a
more formal mathematical optimization have been reported by various
research groups, see e.g. [1-10]. Though these research activities are
different in many aspects (e.g., different objective functions are used,
different optimization techniques are used, different topologies are
considered, etc.), still they share a few important common features.
First, practically all of them use the Direct Strength Method (DSM) [11]
for capacity prediction, which, at least formally, can be applied to
virtually any cross-section geometries, even if its safe applicability has
been proved for only certain (so-called pre-qualified) cross-sections.
Another common feature is that the found optimal cross-section shapes
tend to consist of curved parts rather than flat parts, at least if no special
constraints are used to avoid the formation of curved parts. Though
from a different root (namely: trying to improve seismic capacity of
thin-walled sections for moment resisting frames) and without formal
mathematical optimization, researches in [12,13] also concluded that
cold-formed lipped channel sections with curved flanges are superior to
the classic flat-flange C sections.

Obviously, the highly curved cross-section shapes might be imprac-
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tical. That is why many of the above-mentioned research groups
provided optimal shapes also with considering some production and/
or construction constraints, preventing or only partially allowing the
formation of curved parts in the optimized cross-section. Based on all
these results, it is reasonable to assume that some combination of flat
and curved parts might be feasible and advantageous, e.g., by assuming
some classical cross-section, but with unusually large corner radii.
The problem is, however, that the behaviour of thin-walled
members with curved cross-section parts is not yet investigated in a
comprehensive manner, therefore it is questionable whether the
reported optimal cross-sections are properly analysed by considering
all possible failure modes. Two potential problems might be mentioned.
First, it is questionable whether DSM can properly be used to predict
the design capacity of cross-sections with curved parts. Second, since
curved cross-section parts mean cylindrical surfaces, shell-like beha-
viour is theoretically possible, but shell-like behaviour is certainly not
considered by DSM (and in fact by any current design procedure for
cold-formed steel members). This second question might be especially
important. Though plate-like and shell-like buckling are geometrically
similar, both being associated with small buckling waves, they might
have significantly different post-buckling behaviour: plate-like buckling
has typically considerable post-buckling reserve (i.e., the load-bearing
capacity might be considerably above the critical load), in case of shell-
like behaviour, however, the capacity is typically much smaller than the
critical load. Therefore, if shell-like behaviour is physically possible but
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not considered by the design procedure, the design might be highly
unsafe and the so-optimized cross-sections might not be optimal.

Since according to the knowledge of the authors this problem has
not yet been addressed, a small research program has been completed
to get a basic understanding (i) whether cross-sections with curved
parts can be analysed by DSM, and (ii) whether shell-like failure of cold-
formed steel members is a failure mode to be considered. Based on the
results we might also have basic knowledge whether cold-formed steel
members with curved parts can be beneficial to use, compared to
typical quasi-sharp cornered cross-sections. Some preliminary results of
this research program have been reported in [14,15], while in this
paper the whole research program is briefly summarized.

First the numerical studies are presented, completed by shell finite
element analysis. Both column and beam members are investigated,
considering two cross-section topologies, but a large number of curved
and non-curved cross-sections, by systematically changing the corner
radii in a wide range. Linear buckling analysis (Section 3), as well as
geometrically nonlinear analysis (Section 4) and geometrically and
materially nonlinear analysis with imperfections are presented (Section
5). The results are evaluated in the light of some current design
procedure, namely Eurocode 3 [16-18] and the direct strength method
of the North American Specification (NAS) for cold formed steel
structural members [19] (Section 6). Finally, based on the completed
calculations and comparisons conclusions are drawn.

2. Overview of the completed research
2.1. Overview

The objective of the research is to check whether shell-like buckling
can or cannot be governing in case of thin-walled cold-formed steel
column and beam members. In other words, we want to check whether
the presence of curved parts in the cross-section geometry deteriorates
the post-buckling reserve of the buckling (i.e., buckling characterized
by small waves). The aim is not to investigate specific products, but to
analyse the phenomena. Therefore, only simple cross-section geome-
tries are selected. One single cross-section topology is chosen for pure
compression, and another one for pure bending. The topology for
compression is a doubly-symmetrical hollow section shape, (with a
maximum dimension of 100 mm,) while the topology for bending is a C-
like singly-symmetrical open cross-section shape (with 100 mm width
and 130 mm height). It is to note that this slightly unusual lipped-
channel geometry is selected in order to eliminate distortional buckling
and to be able to investigate cross-sections with very large corner radii.
Also, in most of the cases this geometry prevents the plate buckling of
the lip, though this phenomenon is not totally excluded. Since the
emphasis is on the curved parts, within the given topology, the corners
are rounded with variable corner radius, the radius varying in between
zero (i.e., sharp corners) and the physically possible maximum (i.e.,
50 mm). In case of the hollow section, therefore, the increasing radius
transforms the shape from a square hollow section (SHS) to a circular
hollow section (CHS), as shown in Fig. 1. The figure shows the
considered C-like shapes with the changing corner radius, too.

Since the aim here is to analyse buckling with short buckling waves,
only short members are considered, with a length equal to 200 or
300 mm, i.e., the length is roughly twice as much as the maximum
cross-section dimension. The selection of short member length auto-
matically eliminates the global buckling phenomena. The distortional
buckling is not fully eliminated, still, the short member length and the
selected cross-section shapes reduce its significance. In case of hollow
sections distortional buckling mode theoretically exists, however, the
associated critical load is much larger than those belong to local-plate
buckling, hence, it is reasonable to assume that the effect of distortional
buckling for the considered column problems is negligible. In case of a
C-like cross-section distortional buckling is typically important, how-
ever, in our cases the flange lips are relatively large, and if such a cross-

Thin-Walled Structures 115 (2017) 264-276

section is subject to bending, the lips are lightly compressed, hence it is
reasonable to assume that distortional buckling and/or lip buckling has
minor role.

The final goal of the numerical studies is to estimate the load-
bearing capacity of the members with (and without) significant curved
parts and then to make a comparison to existing design procedures. In
the lack of real experiments, the load bearing estimation is carried out
by finite element analysis, using shell finite elements, considering
material and geometric nonlinearity with imperfections (i.e. GMNI
analysis). Equivalent geometric imperfections are used, taken as
properly scaled buckling shapes.

The major steps of the research work are as follows:

® parametric model definition,

® linear buckling analysis for a large number of cases, by system-
atically changing the model parameters in wide range of the
parameters,

® development of a method to numerically and automatically char-
acterize the buckling modes,

® imperfection sensitivity analyses by using elastic material and
geometric nonlinear analysis with geometric imperfections (i.e.,
GNI analysis),

® load bearing capacity estimation with geometrically and materially
nonlinear analysis (i.e., GMNI analysis),

® evaluation of the GMNI capacity prediction in the light of direct
strength method (DSM) and the Eurocode 3 design procedure.

Based on the results some qualitative and (approximate) quantita-
tive conclusions can be drawn.

2.2. Parametric FE model

For the parametric studies a parametric finite element model was
built in Ansys [20]. The geometry of the analysed cross-section
topologies is illustrated in Fig. 1. Eight-node quadratic shell elements
have been used, with six degrees of freedom at each node. This element
is called SHELL281 in Ansys terminology. A relatively fine mesh is used,
the total degrees of freedom being approx. 34,000-47,000 in case of the
SHS-like sections and 51,000-98,000 in the C-like sections. The size of
the equation system was a key factor since thousands of cases have been
investigated, therefore, a balance had to be kept in between accuracy
and running time. It is to mention that some other finite element types
have been tested, too, but it was concluded that there is no significant
difference in the results if appropriate mesh density is chosen.

A globally and locally hinged support was defined for both end
sections. Warping is practically restrained. One may think of this
support arrangement as if thick plates were welded to the end cross-
sections, and the plate is supported in one point by a hinge (i.e. by
restraining translations and twisting rotation around the longitudinal
axis of the member, while allowing the rotations around the other
axes). Practically, a master node is defined at each end to which each
end cross-section node is linked by rigid constraint equations. It is to
note that some slightly different support arrangements were also
considered, but it was concluded that it had no any significant influence
on the local behaviour.

3. Linear buckling analysis
3.1. Results

Linear buckling analyses are performed for both cross-section
topologies, with varying corner radius and thickness. More specifically,
the thickness varied from 0.4 mm to 1.0 mm by 0.1 mm steps and from
1.0 mm to 3.0 mm by 0.2 mm steps, while the corner radius varied from
zero to the physically possible maximum 50 mm by 5mm steps.
Altogether 685 cases are analysed, and in each case the first 200-300
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Fig. 1. Cross-sections.
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Fig. 2. First buckling modes of SHS sections with various r/t ratios.

critical loads and corresponding buckled shapes are calculated. (Note,
in certain cases much more modes are calculated, up to 2-3000 modes.)
Since the results are strongly dependent on the r/t ratio of the cross-
section, various r/t ratios are considered for illustration, from r/t=2
(r=5mm, t=2.5mm) up to r/t=80 (r=40 mm, t=0.5 mm). Some of
the buckling modes are shown in Figs. 2-5.

In general, if the deformations are concentrated to the flat parts of
the member (while the curved parts are subject to much smaller
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deformations), the buckled shape is most likely “plate-like” buckling.
On the other hand, if significant deformations appear at the curved
parts, the buckled shape is most likely “shell-like” buckling. If
deformations are important in both the flat and curved parts, the mode
is considered as “mixed”.

By the visual inspection of the buckling modes it can be concluded
that:
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Fig. 3. First buckling modes of C sections with various r/t ratios.

in case of smaller corner radius the first few hundred buckling
modes can be classified as (classic) plate-like modes,

in case of larger corner radius the first buckling modes are plate-like,
but shell-like modes appear among the higher modes,

the larger the corner radius, the sooner the shell-like buckling
appears,

axisymmetric shell-type (see Fig. 4, #158) modes appear, too,
however, axisymmetric modes are found only as very high modes
and/or in case of very large corner radius,

the increasing tendency of the critical loads are dependent on the
cross-section shape: the larger the corner radius, the slower the
increasing of the critical loads (e.g., in case of a hollow section with
t=1.0 mm, the ratio of the 200th to the 1st critical load is 16.8 if
r=>5 mm, while the same ratio is 4.3 if the radius is 40 mm),
distortional buckling of the beam sections (i.e., buckling with
opening-closing of the C-section) is efficiently excluded,

plate buckling of the lip of the lipped channel sections show up;
mostly it is associated with the simultaneous buckling of the flange
(see e.g., the first two cases of Fig. 3), but in some cases the buckling
waves in the lip are the dominant ones (see e.g. mode #159 in
Fig. 5).

3.2. Spectral analysis of buckling shapes

Buckled shapes are intended to be used as geometric imperfections
in nonlinear analyses for a large number of cases. It is known that the
various buckling modes have very different post-critical behaviour. It is
expected, therefore, that the member will show significantly different
imperfection sensitivity depending on the nature of the imperfection,

i.e., depending on the nature of the buckling mode which is used as
geometric imperfection. Since we have many different cross-section
shapes, and hundreds of buckling modes for each case, it is highly
beneficial to be able to numerically characterize the buckled shapes,
which numerical characterization might later be connected to the
imperfection sensitivity (or: post-critical behaviour).

Here a simple and automatic characterization is proposed and used,
which can be summarized as follows:

® longitudinal straight lines are defined at some characteristic points
of the member,

® the displacements along the lines are collected,

® the displacement function along each line is approximated by
trigonometric series,

® the coefficients of interpolation functions are normalized.

Since in most of the cases only a few coefficients have non-zero
values, the few non-zero coefficients show the characteristic buckling
lengths, as well as highlight those parts of the member where the
deformations are dominant.

To illustrate the spectral analysis of the buckling shapes, a hollow
section with r=40 mm and t=1 mm is considered here, with the 3
buckling modes shown in Fig. 2 and Fig. 4. The straight lines are
defined as shown in Fig. 6, namely: two in the flat part of the cross-
section (f1,f2), and two in the curved part (cl,c2). Fig. 7 shows the
normalized coefficients (i.e., the participation of the given wave-length)
for the 4 lines.

It can be observed that
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Fig. 4. Sample buckling modes of SHS sections with significant waves in the curved parts.

® mode #1 is clearly plate-like buckling, since waves of significant
amplitude occur in the flat parts (f1,f2), with characteristic wave-
lengths of 33 mm and 25 mm, while the curved parts practically
remain undeformed,

mode #158 is clearly shell-like buckling, since waves of significant
amplitude occur in the curved parts (cl,c2), with characteristic
wave-lengths of 12.5 mm and 11 mm, while the flat parts practically
remain flat,

mode #110 shows both plate-like and shell-like characteristics,
since there are waves of significant amplitude in both the flat (f1,f2)
curved (cl,c2) parts, the characteristic wavelengths being 67 mm
and 40 mm (though with some contribution from shorther wave-
lengths, too).

It can be concluded, therefore, that the here-introduced spectral
analysis of the buckled shapes makes it possible to formally categorize
the buckling modes, i.e., to define whether the given buckling mode is
plate-like, shell-like or mixed. This categorization does not require
visual inspection, hence, it is automatic (for the given cross-section
topologies). By the application of this spectral analysis it is straightfor-
ward to select a buckling mode of the desired type as geometric
imperfection in nonlinear analyses.

4. Elastic analyses of imperfection sensitivity

In order to learn the sensitivity of the members to various geometric
imperfections, through which the post-critical behaviour can also be
explored, various buckling modes are used as geometric imperfections
in nonlinear analyses. Both elastic and materially nonlinear analyses
have been performed. First the elastic analyses are discussed.

In the frame of the elastic nonlinear analyses the imperfection
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sensitivity of both hollow and C sections are studied. Various corner
radii have been considered. In order to reduce the number of cases, one
single thickness is assumed (t=1.0 mm), and for each radius only three
imperfection shapes are applied, namely a plate-like, a mixed, and a
shell-like. These imperfect shapes are selected from the linear buckling
shapes, by using the spectral analysis as discussed above. The buckled
shapes are scaled so that the maximum out-of-plate displacement would
be equal to 0.05, 0.1, 0.15, 0.2, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, and
4.0 mm, respectively. This means that a very wide range of imperfec-
tion amplitudes has been considered.

The geometric non-linear elastic analyses (i.e., GNI) load-displace-
ment curves are established. The analyses have been controlled by the
prescribed axial displacements, while the load has been calculated as
reaction force at the supports. The maximum point of the load-
displacement curve (if exists and found during the analysis) can be
considered as the elastic load-bearing capacity of the member. As
known, the elastic capacity can be quite different from the elastic
critical load, the difference being dependent on the nature of buckling:
in case of plate-like buckling significant post-buckling reserve might
exist, (i.e. the capacity can be larger than the critical load), while in
case of shell buckling the capacity is typically much smaller than the
critical load. However, the actual capacity is also dependent on the
initial magnitude of the imperfection. Some samples of load-displace-
ment curves are presented in Fig. 8.

By having the load-displacement curves for the various cases, the
relationship in between the imperfection shape (i.e. buckling mode),
imperfection magnitude and elastic capacity can (theoretically) be
established. Though the analyses can technically be fully automated,
the detailed evaluation of the results highlights the difficulties and
limits of this type of finite element calculation. In many cases a sudden
change of the deformed configuration occurs as the load is increasing. If
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Fig. 5. Sample buckling modes of C sections with significant waves in the curved parts.
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Fig. 6. Positions of longitudinal lines for spectral analysis of buckling shapes.

this snap occurs, the calculated capacity (though technically correct)
does not belong to the original imperfection, therefore, the calculated
capacity cannot be used to characterize the member sensitivity to the
initially considered imperfection shape. It is also observed that this snap
phenomenon is typical if the initial imperfection magnitude is small,
and becomes rarer as the imperfection magnitude increases. In Fig. 9
this phenomenon is illustrated, where load-displacement curve is
plotted for a hollow section with r=0mm and t=1mm, by using
buckling mode #10 as imperfection but with a very small initial
magnitude (0.005 mm). Some typical deformed shapes are also pre-
sented, belonging to various points of the curve, as marked.

As a consequence of this snapping phenomenon, automatic evalua-
tion of the results is questionable, since it is practically impossible to
properly assign the elastic capacities and initial imperfections. In the
lack of a reliable automatic evaluation process the imperfection
sensitivity is established only for a few characteristic cases, by manually
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checking the non-linear behaviour during the whole load incremental
process. In Fig. 10 the imperfection sensitivity is illustrated for a hollow
section with r=40 mm and t=1 mm. It can be observed that (i) plate-
like imperfection (e.g., mode #1) leads to elastic capacities larger than
the critical load, (ii) if considerable shell-like deformation exists in the
imperfection (e.g., mode #110 and #158), the elastic capacity is much
smaller than the critical load, (iii) the larger the amplitude of the initial
imperfection is, the smaller the elastic capacity is, and (iv) the elastic
capacity is not too sensitive to the magnitude of the geometric
imperfection.

5. Capacity prediction by GMNI analyses
5.1. Results

To estimate the load-bearing capacity of the members, geometri-
cally and materially nonlinear analyses are carried out. (Note, since the
members are short, and global and distortional behaviour are practi-
cally excluded, the calculated load-bearing capacity characterizes the
local behaviour only.) Since it is known that different imperfection
patterns lead to different nominal capacities, parametric study is
performed here by considering a large number of possible imperfection
patterns. In all the cases, the imperfection pattern is assumed to be in
the shape of a linear buckling mode.

The parametric study has been intended to be comprehensive, at
least for the selected two cross-section topologies. The varying para-
meters are the following: the thickness, the corner radius, the imperfec-
tion pattern, the imperfection amplitude, and the yield strength of the
material. It is realized, however, that a comprehensive parametric study
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Fig. 7. Wave-length content (%) of buckling shapes of SHS with r=40 mm, t=1.0 mm.
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Fig. 8. Load-displacement curves from GNI analyses for SHS section, r=30 mm, t=1.0 mm, with plate-like imperfection shape (left) and shell-like imperfection shape (right).
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Fig. 10. Calculated imperfection sensitivity of SHS (r=40 mm, t=1.0 mm).

would require unrealistic computation time, therefore, the parameters
are carefully selected, as follows.

Based on some preliminary calculations it was concluded that the
yield strength does not affect the tendencies (though the numerical
values are obviously affected), thus, it was decided to use one single
yield strength value, namely 350 MPa, which is a frequently used basic
yield strength for cold-formed steel members.

For the other parameters: we have considered both cross-section
topologies, three thickness values: 0.5, 1.0, and 2.5 mm, and (in most of
the cases) five corner radius values: 5, 15, 25, 30, and 40 mm.

The number of imperfection patterns may almost be infinite. To
have a realistic amount of imperfection patterns, we have selected the
first 50-200 linear buckling modes for all the considered cases, plus we
have selected the shell-like and mixed modes (by applying the above-
described spectral analysis procedure) from the first (maximum) few
thousand buckling modes. This selection of imperfection patterns is
based on the observation that the first buckling modes are mostly (or
exclusively) plate-like modes and the first dozens of plate-like modes
will most probably contain the most unfavourable plate-like imperfec-
tion pattern, therefore, it is enough to select only the shell-like patterns
from the higher modes. Thus, this selection of imperfection patterns
ensures that all the potentially most unfavourable patterns will be
considered, while the number of considered imperfection patterns
remains practically manageable.

As far as imperfection magnitude is concerned, it is known that the
general tendency is: the larger the imperfection magnitude is, the
smaller the calculated capacity is. However, in many cases the influence
of the imperfection magnitude on the calculated capacity is not too
significant, at least in the practically important range of possible
imperfections. Therefore, our aim was to select a limited number of
imperfection magnitudes. In case of plate-like buckling behaviour (of
sharp-cornered members), the Eurocode for steel plated elements [16]
gives guidance for the determination of the magnitude of the initial
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equivalent imperfections. In case of shell-like buckling behaviour, at
least in case of compressed cylindrical shells, guidance is given in the
Eurocode for steel shells [21]. In this latter design standard the value of
the imperfection magnitude is greatly dependent on the wall thickness.
Finally we have selected one single imperfection magnitude for each
considered thickness, as follows: 0.5, 0.7, and 1.5 mm for the thickness
of 0.5, 1.0, and 2.5 mm respectively. These values can be regarded as
upper limits that are proposed or allowed by the referenced design
codes. It is to note, although these values are technically correct,
sometimes they seem to be slightly unrealistic, since the half-wave-
length of higher buckling modes is normally between 5 and 20 mm (for
the considered cases). Still, it is believed that the performed analyses
and the results correctly show the behaviour and the tendencies. As far
as the actual load-bearing capacities are concerned, the here-presented
values can be regarded as realistic estimations (most probably: slightly
conservative estimations).

In the GMNI analysis load-displacement curves are established. The
analyses have been controlled by the prescribed axial displacements,
while the load has been calculated as reaction force at the supports. The
nominal capacity is the maximum point of the load-displacement curve.
In order to be able to compare the various cross-sections, we have used
a normalized version of the capacity, i.e., the maximum normal force or
maximum bending moment divided by the cross-sectional area.
Samples are shown in Fig. 11.

Calculated normalized capacities are given in Tables 1, 2. Four
capacity values are given for all the considered cases, as follows. The
value earmarked as “first mode” means the calculated capacity if the
first linear buckling mode is used as geometric imperfection. The value
of “min of first 10” and “min of first 50” means the minimal capacity of
the capacities calculated with the first 10 or 50 buckling modes,
respectively. Finally, “min of all” is the minimal capacity value among
all the considered geometric imperfections (including very high
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Table 1
GMNI-estimated capacities for SHS-like sections.

t r r/t  Capacity Capacity Capacity Capacity
first mode  min of first 10 min of first 50  min of all
mm mm N/mm2 N/mm2 N/mm2 N/mm2
0.5 5 10 88 83 (10) 83 (10) 79 (1998)
0.5 15 30 151 139 (7) 139 (7) 122 (1106)
0.5 30 60 212 204 (2) 195 (20) 142 (272)
0.5 40 80 273 257 (7) 254 (13) 182 (218)
1.0 5 5 147 147 (1) 142 (19) 142 (19)
1.0 15 15 212 190 (8) 190 (8) 190 (8)
1.0 30 30 253 253 (1) 253 (1) 247 (352)
1.0 40 40 294 292 (8) 292 (8) 243 (155)
2.5 5 2 242 242 (1) 242 (1) 242 (1)
2.5 15 6 257 257 (1) 257 (1) 257 (1)
2.5 30 12 298 297 (7) 294 (46) 254 (139)
2.5 40 16 313 308 (9) 304 (48) 276 (74)
Table 2
GMNI-estimated capacities for C-like sections.
t r r/t  Capacity Capacity Capacity Capacity
first mode min of first 10  min of first 50  min of all
mm mm Nrnm/mm2 Nmm/mm? Nmm/mm? Nmm/mm?
05 5 10 5093 4511 (8) 4511 (8) 4511 (8)
05 15 30 7165 6815 (2) 6535 (22) 6309 (904)
0.5 30 60 9824 8946 (5) 8795 (38) 6779 (325)
0.5 40 80 11,354 10,156 (6) 9361 (29) 8121 (196)
1.0 5 5 8154 8154 (1) 8092 (27) 8092 (27)
1.0 15 15 9032 9032 (1) 8815 (31) 8365 (585)
1.0 30 30 12,005 11,972 (9) 11,972 (9) 10,971 (186)
1.0 40 40 12,950 12,950 (1) 12,838 (42) 11,640 (90)
25 5 2 13,420 13,417 (2) 13,417 (2) 13,417 (2)
25 15 6 13,210 13,210 (1) 13,210 (1) 13,210 (1)
25 30 12 14,419 14,370 (5) 14,370 (5) 14,170 (102)
25 40 16 15,147 13,894 (9) 13,644 (31) 13,526 (52)

modes). The number in the bracket indicates the mode number to
which the actual (minimal) capacity is associated. Since the first 50
linear buckling modes are always plate-like modes, the value of “min of
first 50” can be regarded as an estimation of the capacity that belongs to
plate-like behaviour. On the other hand, the value “min of all” can be
regarded as an estimation of the capacity (considering any mode as
imperfection).

Based on the results of Tables 1, 2, the following observations may
be mentioned.

Taking the first linear buckling mode as geometric imperfection
does not always lead to minimal capacity, even if only plate-like
behaviour is considered, and even if small corner radii are con-
sidered.

The difference between the values “min of first 10” and “min of first
50” is always small. It means that the capacity prediction based on
the first few (say, first 10) buckling modes gives a realistic
estimation for the plat-like behaviour of the member. This is
especially true for smaller r/t ratios, but approximately true for
any of the analysed cases.

The capacity degrading effect of shell-like buckling exists, but only
for small thickness and/or large corner radius. It seems that if the r/t
ratio is smaller than 20, shell-like behaviour is never governing, but
if the r/t ratio is larger than approx. 20-30, shell-like behaviour
could become critical. Obviously, this threshold value of r/t ratio is
much larger than the ones of current practical cold-formed profiles,
but the optimized cross-sections might have such curved parts.
The calculated capacity increases with the corner radius even in the
case of most unfavourable imperfection patterns and even if shell-
like behaviour is considered. Hence, our results, in general, justify
the findings of previous researches which suggested that curved
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cross-sections could be beneficial. Note, however, that in this study
only plate-like and shell-like buckling behaviour are considered,
while global and distortional buckling are excluded, therefore the
observed beneficial effect of the larger corner radii is validated only
for the local buckling behaviour.

6. Evaluation of the results in the light of design codes
6.1. Sections with small corner radius

Sections with the smallest analysed corner radius, i.e., r=5 mm, are
discussed first. These sections are not principally different from
practical sections, therefore current design codes can be applied for
capacity prediction, at least approximately. Two methods are applied
here: effective width method as included in Eurocode 3 [16-18], and
direct strength method as included in [19].

It is to note that square hollow sections are covered by Part 1-1 of
Eurocode 3 [18], while the lipped channel sections by Part 1-3 of
Eurocode 3 [17]. However, in both cases the effective widths due to
local-plate buckling are determined by Part 1-5 of Eurocode 3 [16]. It is
also to note that in [17] there are two kinds of geometrical limits for the
applicability of the rules: one is width-to-thickness ratio values as
summarized in Table 5.1, the other is the limit of corner radius as
defined in Clause 5.1(6). The width-to-thickness ratios are fully
satisfied in case of t=1.0 and t=2.5mm thickness, but not fully
satisfied in case of t=0.5 mm thickness. The maximum radii according
to Clause 5.1(6) are 12 mm, 24 mm and 60 mm, for t=0.5 mm, 1.0 mm
and 2.5 mm, respectively. Since we have applied Eurocode calculations
only for r=5 mm radius, the criterion for the maximum corner radius is
satisfied (but it would be violated by many other considered sections
with large corner radius). Since most of the applicability criteria are
satisfied for most of the analysed cross-sections, the here presented
Eurocode capacity values can be considered as realistic design capacity
values.

In the Eurocode calculation the partial factors are assumed to be
equal to 1.0, and the nominal thickness is assumed to be equal to the
design thickness. In case if bending iteration is performed to find a
consistent effective cross-section and stress distribution. The rounded
corners are considered by using notional plate widths. The resistance
for compressed members (i.e. SHS section) is calculated as the product
of effective area and the basic yield strength. The resistance for the
members in bending (i.e. C sections) is calculated as the product of
effective section modulus and the yield strength. In case of SHS only
local buckling is considered, while in case of C sections two capacity
values are calculated, one without considering distortional buckling,
and one with considering distortional buckling.

In case of DSM the local buckling capacity is predicted (without
considering safety factors). The critical stress to local plate buckling is
determined by finite strip calculation, using CUFSM [22].

The GMNI calculations are based on initial geometric imperfections.
The imperfection amplitude is defined in a simplified and conservative
way. It can be suspected that GMNI somewhat underestimates the real
capacity, this underestimation is probably larger for the thicker
thicknesses. Moreover, the effect of conservative selection of imperfec-
tion amplitude is certainly smaller for the bending capacity (i.e., C
sections), since in case of bending the half of the section is in tension
which is hardly affected by the imperfections. So, it is reasonable to
assume that the axial capacity of the 2.5-mm-thick SHS is under-
estimated by the GMNI analysis, while the other GMNI capacities can be
considered as good estimations of the real capacities.

The results are summarized in Fig. 12, where the calculated
capacities are plotted as a function of the buckling mode number (used
as initial equivalent geometric imperfection).

In case of thin sections in compression a considerable difference is
found in between EC3 and DSM. Compared to GMNI, DSM seems to
overestimate the capacity, while EC3 seems to slightly underestimate
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Fig. 12. Comparison of capacities for sections with small radius.

the capacity. In case of thicker sections, or in case of bending, the
difference between EC3 and DSM capacity prediction is much smaller.

In case of members in bending, the section geometry has been
selected so that distortional buckling would have no significant effect.
Still, the EC3 design procedure finds important effect of distortional
buckling in case of t=0.5 mm and t=1.0 mm. Compared to the results
of DSM and GMNI, it can be assumed that for the actual (unusual) cross-
section geometries the applied EC3 procedure overestimates the
importance of distortional buckling. It is to observe, that in case of
members in bending DSM and GMNI predict extremely similar capa-
cities.

6.2. Sections with large corner radius

Unlike Eurocode design procedure (with effective widths), the DSM
procedure can technically be applied to any cross-section if the elastic
critical values are known. Since in our study global buckling is certainly
excluded, while distortional buckling is mostly eliminated by the
selection of cross-section type or cross-section and member dimensions,

it is enough to determine the elastic critical load for the local-plate
buckling. For the DSM capacity prediction the local critical load is
calculated by finite strip analysis using CUFSM [22]. For sections with
large corner radius various local buckling modes exist. The local critical
stress is taken as the first minimum point of the signature curve. It is
found that in case of large corner radius this local critical stress is
relatively sensitive to the applied discretization, therefore a relatively
fine cross-section discretization is used. (It is to note that the local
critical stress calculated by CUFSM as described above show good
coincidence with the lowest critical stress calculated by the FEM model,
discussed in Section 2.2 of this paper. The coincidence is especially
good for large corner radii.)

The results are summarized in Fig. 13 and Fig. 14 for the hollow and
the C-shaped sections, respectively, for two values of large corner
radius (namely: 30 and 40 mm). Cases with various thicknesses are
presented, thus, the presented results cover a wide range of r/t ratios.

The DSM prediction, in general, is reasonable for the plate-like
behaviour, even if the here presented cross-section geometries are
mostly out of the domain of pre-qualified sections. In case of SHS in
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Fig. 13. Capacity prediction for SHS sections with large corner radius.

compression, the DSM prediction seems to be slightly unconservative if
compared to GMNI prediction. In case of C sections in bending DSM
seems to be either appropriate or slightly conservative (with the
exception of the largest r/t ratio). The conservatism of DSM (compared
to GMNI) in the case of the t=2.5 mm thickness is most surely comes
from the fact that in these cases the section is able to take more loads
beyond its elastic capacity due to the partial plastic distribution of
stresses, which extra capacity is not acknowledged by DSM but
naturally included in GMNI.

If the r/t ratio is large enough, there is a potential for the member to
fail well below its plate-like capacity. Clearly, this behaviour is not
included in the current DSM prediction.

It is to emphasize that real test results would be necessary to draw
more definite conclusions on the capacity of sections with large corner
radii.

7. Summary and conclusions

In this paper the buckling behaviour of thin-walled members with
cylindrical curved parts is analysed. The objective was to investigate
whether cross-sections with large curved parts may behave significantly
different compared to regular sections. The focus is on the local
buckling behaviour. For this reason parametric studies have been
carried out on a shell finite element model with two cross-section
topologies, on a double-symmetric hollow section and on a C-like
section. The corner radius was systematically increasing from zero to
the physically possible maximum. The effect of some other parameters
(thickness, geometric imperfection magnitude, imperfection shape,
yield strength) has also been examined. The research included linear
buckling analysis, as well as elastic and inelastic nonlinear analysis with
imperfections. Properly scaled buckling shapes from the linear buckling
analysis have been used as equivalent geometric imperfections. The
capacities from the materially and geometrically nonlinear analysis
analyses were compared to the results calculated by two widely used
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Fig. 14. Capacity prediction for C sections with large corner radius.

design standards: Eurocode 3 and the Direct Strength Method of the
North American Specification for cold-formed steel structural members.

The results of the investigations show that cross-sections with large
curved parts can be analysed by the Direct Strength Method, and the
prediction leads to realistic estimation of the actual local capacity of the
member even if the current formulae are used. More research, including
real experiments, would be necessary to determine the accuracy of the
prediction. It is also shown that the capacities in case of shell-like
imperfection shapes might be significantly lower than those In case of
plate-like imperfection patterns, which means that shell-like failure of
cold-formed steel members can be critical if the corner radius is
sufficiently large. More research would be necessary to exactly define
when shell-like failure is a potential risk, but the available results
suggest that this risk exists if the radius-to-thickness ratio is larger than
20-+30. Anyway, it can clearly be concluded that shell-like failure
should be handled in an unconstrained shape optimization process for
cold-formed steel members. Finally, it is also clear from the results that
large curved parts in cold-formed steel members are beneficial to use, at
least from local capacity point of view.
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