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A B S T R A C T

In recent years, numerous research works have been reported on the flexural response of aluminium alloy
tubular cross-sections. However, studies on monosymmetric cross-sections and particularly channel (C-)
sections are limited, albeit their increased usage in structural applications. This paper aims to address this
knowledge gap providing an improved understanding about the minor axis bending behaviour of C-sections
through an experimental and numerical investigation. In total 14 specimens made from 6082-T6 heat-treated
aluminium alloy were subjected to four-point bending. Tensile coupon tests were also performed to determine
the mechanical properties of the examined aluminium alloy. The obtained experimental results are analysed
and discussed. A series of geometrically and materially nonlinear analyses were also carried out to study the
flexural performance of C-sections in two aluminium alloys and two bending orientations over a range of
cross-sectional aspect ratios and slendernesses. The experimental and numerical results are utilised to assess
the European design standards. The applicability of the Continuous Strength Method and the Direct Strength
Method is also evaluated. An alternative design method based on the plastic effective width concept is proposed
for slender C-sections subjected to minor axis bending. This method accounts for the inelastic reserve capacity
which is in accordance with the experimental and numerical observations.
1. Introduction

Nowadays, aluminium alloys are increasingly employed as struc-
tural material in the construction industry. For example, aluminium
alloys were used to support the glazing system of the Sage Gateshead
building in Gateshead, United Kingdom and to form the modular
façade elements of the Casablanca Finance City Tower in Casablanca,
Morocco. 6000 series aluminium alloys, known as structural alloys, are
a great structural material choice, as they are able to satisfy strength
requirements without increasing structure’s self-weight. The fact that
they reflect the ultraviolet radiation and are resistant against corrosion
provides a longer service life and reduces the maintenance cost of the
structure. These characteristics together with their high recyclability
demonstrate their strong potential as a structural material.

Over the last 20 years, several experimental and numerical investi-
gations have been reported on the flexural response of aluminium alloy
cross-sections considering various geometrical shapes [1]. Opheim [2]
performed four-point bending tests on square hollow sections (SHSs)
and found that the flexural strength is highly dependent on the parame-
ters involved in the material stress–strain relationship. Moen et al. [3,4]
conducted tests and finite element (FE) studies on SHSs, unwelded
and welded I-sections concluding the beneficial influence of material
strain hardening on the rotational capacity. Their reported test data
were utilised by De Matties et al. [5] to propose new cross-section
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classification limits for EN 1999-1-1 [6] accounting for material strain
hardening. The significance of the material stain hardening on the
cross-sectional response was also pointed out a few years later in a
series of research studies carried out by Su et al. [7–10]. On the basis of
experimental evidence, Zhu and Young [11] suggested modified design
formulae of the current Direct Strength Method (DSM). Furthermore,
Kim and Peköz [12] tested doubly symmetric I-sections and proposed
a new design formula for the stress at ultimate limit state. Castaldo
et al. [13] and Piluso et al. [14] suggested multivariate non-linear
equations to determine the flexural resistance and rotational capacity
of rectangular hollow section (RHS), I- and H-section beams. Moreover,
a series of reported studies on circular hollow sections (CHSs) with and
without perforations subjected to bending are available in [15–17].

It is obvious from the aforementioned literature that past research
has mainly focused on the flexural performance of aluminium alloy
tubular and doubly-symmetric open cross-sections, while research stud-
ies on monosymmetric aluminium alloy cross-sections and particularly
channel (C-) sections are rather limited, despite their applicability
in structures. C-sections as open sections are easy to connect during
the assemblage and are often employed as rafters on light-duty roofs,
studs in framed buildings, girts and pillars in curtain wall systems.
Zhu et al. [18] tested plain and lipped C-sections under four-point
bending and the obtained data were utilised to modify the current
DSM improving its suitability for aluminium alloy flexural members.
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Received 19 September 2021; Received in revised form 14 February 2022; Accepte
Available online 11 March 2022
0263-8231/© 2022 Elsevier Ltd. All rights reserved.
d 20 February 2022

https://doi.org/10.1016/j.tws.2022.109098
http://www.elsevier.com/locate/tws
http://www.elsevier.com/locate/tws
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2022.109098&domain=pdf
mailto:E.Georgantzia@2019.ljmu.ac.uk
https://doi.org/10.1016/j.tws.2022.109098


E. Georgantzia, M. Gkantou, G.S. Kamaris et al. Thin-Walled Structures 174 (2022) 109098
Fig. 1. Adopted notation for C-sections.
Table 1
Mean measured dimensions of the C-section beam specimens.

Specimen orientation D (mm) B (mm) 𝑡𝑤 (mm) 𝑡𝑓 (mm) L (mm) 𝜔0(mm)

50.8 × 50.8 × 6.35 − n compression in web 50.92 50.84 6.34 6.29 1000.20 0.18 (𝑡𝑓 ∕34)
50.8 × 50.8 × 6.35 − u compression in flange tips 51.07 50.78 6.36 6.27 1000.20 0.18 (𝑡𝑓 ∕35)
50.8 × 50.8 × 4.76 − n compression in web 50.89 50.56 4.73 4.77 1000.80 0.30 (𝑡𝑓 ∕16)
50.8 × 50.8 × 4.76 − u compression in flange tips 50.88 50.62 4.73 4.77 1000.90 0.32 (𝑡𝑓 ∕15)
76.2 × 76.2 × 6.35 − n compression in web 76.28 76.26 6.33 6.24 1000.80 0.32 (𝑡𝑓 ∕20)
76.2 × 76.2 × 6.35 − u compression in flange tips 76.44 76.28 6.27 6.27 1000.80 0.27 (𝑡𝑓 ∕23)
50.8 × 38.1 × 6.35 − n compression in web 50.89 38.13 6.34 6.36 1001.00 0.35 (𝑡𝑓 ∕18)
50.8 × 38.1 × 6.35 − u compression in flange tips 50.88 38.03 6.33 6.28 1001.00 0.35 (𝑡𝑓 ∕18)
50.8 × 38.1 × 3.18 − n compression in web 50.81 37.95 3.15 3.11 1000.50 0.22 (𝑡𝑓 ∕14)
50.8 × 38.1 × 3.18 − u compression in flange tips 50.77 37.95 3.13 3.15 1000.80 0.23 (𝑡𝑓 ∕14)
50.8 × 25.4 × 3.18 − n compression in web 50.68 25.43 3.11 3.11 1001.00 0.24 (𝑡𝑓 ∕13)
50.8 × 25.4 × 3.18 − u compression in flange tips 50.71 25.31 3.21 3.17 1001.00 0.21 (𝑡𝑓 ∕15)
38.1 × 38.1 × 4.76 − n compression in web 37.97 37.97 4.64 4.64 1000.90 0.22 (𝑡𝑓 ∕21)
38.1 × 38.1 × 4.76 − u compression in flange tips 37.98 37.93 4.71 4.60 1001.00 0.16 (𝑡𝑓 ∕29)
Pham et al. [19] investigated the global buckling response of simply-
supported cold-rolled aluminium alloy C-section beams and developed
new design formulae for the prediction of their global and distortional
buckling capacity.

Aluminium alloys exhibit a rounded stress–strain behaviour and the
influence of the nonlinear material response on the flexural capacity
of monosymmetric cross-sections is not yet clarified. To address this
knowledge gap, a comprehensive experimental programme was carried
out to investigate the flexural performance of aluminium alloy C-
sections and the obtained results are discussed in Section 2. In parallel,
an extensive numerical parametric study was conducted to generate
flexural performance data over a broad range of key parameters, as
discussed in Section 3. The experimental and FE results are utilised in
Section 4 to assess the European design standards [6]. The applicability
of the Continuous Strength Method (CSM) [20] and the Direct Strength
Method (DSM) [21] is also evaluated. An alternative design method
based on the plastic effective width concept is proposed for slender
C-sections subjected to minor axis bending. Conclusions are finally
summarised in Section 5.

2. Experimental programme

The experimental investigation was performed in Light Structures
and Materials Laboratory of the School of Civil Engineering and Built
Environment at Liverpool John Moores University. A series of four-
point bending tests was conducted to examine the flexural response of
aluminium alloy C-section beams.

2.1. Test specimens and geometric imperfection measurements

A total of 7 C-sections with various geometrical dimensions were
considered in the present study. The geometrical dimensions of the
investigated cross-sections were selected so that to cover a wide variety
of plate slendernesses ranging from 1.92-8.4 (see Table 3). These values
enabled to examine the minor axis bending behaviour of C-sections
2

across the four cross-sectional Classes (Classes 1–4) specified in EN
1999−1−1 [6]. Each cross-section was tested in both the ‘‘n’’, i.e., max-
imum compressive stresses in web/maximum tensile stresses in flange
tips (see Fig. 1(a)), and the ‘‘u’’, i.e., maximum compressive stresses in
flange tips/maximum tensile stresses in web (see Fig. 1(b)), bending
orientations. Prior to testing, the dimensions of the beam specimens
were measured carefully and are set out in Table 1, where D is the outer
web depth, B is the outer flange width, 𝑡𝑤 is the web thickness, 𝑡𝑓 is
the flange thickness and L is the total specimen’s length. The adopted
notation is also shown in Fig. 1, where the elastic (ENA) and plastic
(PNA) neutral axes are also depicted. The specimens’ designation was
defined according to the nominal geometric dimensions (D – B – (𝑡𝑤+
𝑡𝑓 )/2) followed by the letter ‘‘u’’ or ‘‘n’ which signifies the bending
orientation.

The geometric imperfections owing to the manufacturing process of
thin-walled structural members may significantly affect their strength,
precipitating the occurrence of local buckling. Since the present study
deals with minor axis bending and the flanges are under stress gradient,
lateral–torsional buckling is precluded and thereby only the local geo-
metric imperfections were measured. Aiming to obtain a representative
geometric imperfection pattern, each specimen was secured to a flat
surface table and a ball probe attached onto the scribing jaw was mov-
ing along a line inscribed over the full specimen length. Measurements
were taken using a Mitutoyo linear height gauge at 20 mm intervals.
For each measuring point, the maximum deviation from a datum plane
was assumed as local imperfection amplitude. The maximum measured
local imperfection amplitude 𝜔0 for each beam specimen is taken as the
maximum value of the measured local imperfection amplitudes of both
flanges and web and is listed in Table 1.

2.2. Aluminium 6082-T6: tensile coupon tests

Material tensile tests were also performed on flat coupons to deter-
mine the mechanical properties of the 6082-T6 heat-treated aluminium
alloy. For each examined cross-section, flat coupons were extracted and
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Table 2
Material properties obtained from tensile coupon tests.

Specimen E (MPa) 𝜎0.1 (MPa) 𝜎0.2 (MPa) 𝜎𝑢 (MPa) 𝜀𝑢 (%) 𝜀𝑓 (%) n 𝜎𝑢∕𝜎0.2
50.8 × 50.8 × 6.35 66729 275 282 324 7.5 13.5 27.6 1.15
50.8 × 50.8 × 4.76 69302 284 292 332 9.1 12.9 25.0 1.14
76.2 × 76.2 × 6.35 70885 280 286 317 8.8 16.2 32.7 1.11
50.8 × 38.1 × 6.35 67009 290 298 334 7.5 12.7 25.5 1.12
50.8 × 38.1 × 3.18 67500 280 287 316 8.2 13.2 28.1 1.10
50.8 × 25.4 × 3.18 66408 276 282 295 6.3 11.4 32.2 1.05
38.1 × 38.1 × 4.76 68744 290 297 309 6.5 13.0 29.1 1.04
Fig. 2. Experimental stress–strain curves.

machined in line with the geometric requirements described in EN ISO
6892-1 [22]. The geometry for all coupons is shown in Fig. 3(a). The
coupons were subjected to tensile loading in a 50 kN Tinius Olsen
machine with a displacement rate of 0.2 mm/min. An extensometer
was mounted onto the central necked part of the coupon to record
the longitudinal strains during testing. The average measured material
properties, including the initial modulus of elasticity E, the 0.1% proof
stress 𝜎0.1, the 0.2% proof stress 𝜎0.2, the ultimate tensile stress 𝜎𝑢, the
train corresponding to ultimate tensile stress 𝜀𝑢, the strain at fracture
𝑓 and the strain hardening exponent n [23,24] are summarised in

Table 2.
Fig. 2 shows the experimental stress–strain (𝜎 − 𝜀) curves, showing

a rounded nonlinear stress–strain behaviour with continuous strain
hardening. The strain hardening ratio 𝜎𝑢∕𝜎0.2 for each examined cross-
section is also listed in Table 2, reaching up to 115%. The curves do not
exhibit a distinct yield point and thus the onset of yielding is considered
at 0.2% strain. Figs. 3(a) and 3(b) depict typical coupon specimens
during and after tensile testing, respectively. Note that the obtained
test data were utilised in the subsequent numerical study in Section 3.

2.3. Four-point bending tests

A series of 14 tests was performed aiming to investigate the minor
axis flexural response of aluminium alloy C-sections. Figs. 4 and 5
illustrate a schematic diagram and a photograph of the four-point
test setup, respectively. The specimens are simply-supported beams
and thus steel rollers were used to form their boundary conditions
allowing the rotation around the minor axis and displacement along
the longitudinal axis of the specimens. The specimens had a clear span
equal to 900 mm and a 50 mm overhang from both sides. The span-
to-height ratio was over 10 [25,26] to ensure that the cross-sectional
flexural capacity will be attained without any shear effects. In line
with past studies [26], underpinning bolts were inserted between the
flanges and G-clamps were located onto the outer faces of the flanges at
the loading points and supports, to prevent web crippling occurrence.
3

The four-point bending tests were performed using a Mayes servo-
controlled hydraulic testing machine with 600 kN maximum capacity.
The load of the machine was applied at a cross-head displacement rate
of 0.8 mm/min and introduced as two loads at third points in the
specimens through a steel beam (Fig. 4). 100 mm × 70 mm × 10 mm
steel plates were, also, welded to the steel rollers to spread uniformly
the applied load.

In order to determine the specimens’ curvature at the constant
moment area, three linear variable displacement transducers (LVDTs)
were located at the mid-span and the two loading points to capture the
vertical deflections. The position of the neutral axis (NA) during testing
was monitored through three linear electrical resistance strain gauges
attached at the mid-span. Particularly, two strain gauges were affixed
at both flanges at 10 mm from the tip and the third one at the middle of
the web, as shown in Fig. 4. The applied loading was measured using
the load cell of the machine. The applied loading, vertical deflection
and strain values were recorded through a data acquisition equipment
with sampling frequency of 10 Hz.

Table 3 reports the key test results, including the ultimate exper-
imental bending moment 𝑀𝑢,𝐸𝑥𝑝 and the calculated elastic 𝑀𝑒𝑙 and
plastic 𝑀𝑝𝑙 cross-sectional bending moment resistances. To facilitate
the comparison, the moment–curvature responses derived from tests
are plotted in a non-dimensional format, as shown in Fig. 6; the
moment in the mid-span is normalised by the plastic moment resis-
tance 𝑀𝑝𝑙, which is taken by multiplying the 0.2% proof (yield) stress
acquired from the tensile coupon tests by the plastic section modulus
about the minor axis (also shown in Fig. 1). The curvature 𝜅 in the
constant moment area of the beam, i.e. between the loading points,
can be determined by Eq. (1) assuming that the deformed shape of the
central span (of length 𝐿2) represents a segment of a circular arc (of
radius r) [27].

𝜅 = 1
𝑟
=

8(𝛿𝑀 − 𝛿𝐿)
4(𝛿𝑀 − 𝛿𝐿)2 + 𝐿2

2
(1)

where 𝛿𝑀 is the reading taken from the LVDT placed at the mid-span
whilst 𝛿𝐿 is the average reading taken from the LVDTs placed at the
two loading points. The curvature 𝜅 at the constant moment area is
normalised by 𝜅𝑝𝑙 which is the elastic component of the curvature
corresponding to 𝑀𝑝𝑙, as expressed in Eq. (2).

𝜅𝑝𝑙 =
𝑀𝑝𝑙

𝐸𝐼
(2)

where E is the modulus of elasticity determined from the tensile coupon
tests (Table 2) and I is the second moment of area of the cross-
section about the minor axis. The experimentally obtained normalised
curvature 𝜅𝑢,𝐸𝑥𝑝∕𝜅𝑝𝑙 for each tested beam is also listed in Table 3.

Table 3 also provides the cross-sections’ Class according to EN
1999−1−1 [6] and the corresponding slenderness ratios 𝛽𝑤∕𝜀 and 𝛽𝑓∕𝜀
for internal web in compression and outstand flange in bending, respec-
tively. In the slenderness ratios expressions, 𝛽𝑤=d/t𝑤 and 𝛽𝑓=0.7b/t𝑓 ,
are the slenderness parameters (d is the compressed flat web width and
b is the flat flange width) and 𝜀 =

√

250∕𝜎0.2 is the material coefficient.
It is noteworthy that he difference in response of the specimen

50.8×50.8×6.35 (Fig. 6(a)) under the two different bending orientations
can be attributed to the fact that it is classified as Class 2 in ‘‘n’’ bending
orientation and as Class 3 in ‘‘u’’ orientation, hence reaching larger
normalised moment in the first case.
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Table 3
Summary of key results obtained from the four-point bending tests.

Specimen Internal web
in compression

Outstand flange
in bending

𝑀𝑒𝑙
(kNm)

𝑀𝑝𝑙
(kNm)

𝑀𝑝𝑙 /M 𝑒𝑙 𝑀𝑢,𝐸𝑥𝑝
(kNm)

𝑀𝑢,𝐸𝑥𝑝∕𝑀𝑒𝑙 𝑀𝑢,𝐸𝑥𝑝∕𝑀𝑝𝑙 𝜅𝑢,𝐸𝑥𝑝/𝜅𝑝𝑙 Failure
mode

𝛽𝑤∕𝜀 Class 𝛽𝑓 ∕𝜀 Class

50.8 × 50.8 × 6.35 − n 2.11 1 4.3 2 2.03 3.49 1.73 5.56 2.74 1.59 13.30 yielding
50.8 × 50.8 × 6.35 − u -a -a 5.2 3 2.02 3.49 1.73 3.91 1.93 1.12 8.39 local

buckling
50.8 × 50.8 × 4.76 − n 3.26 1 6.3 4 1.58 2.76 1.74 3.36 2.12 1.22 7.80 yielding
50.8 × 50.8 × 4.76 − u -a -a 7.3 4 1.50 2.64 1.75 2.90 1.93 1.10 4.30 local

buckling
76.2 × 76.2 × 6.35 − n 2.38 1 4.6 3 4.48 7.86 1.76 10.30 2.30 1.31 24.00 yielding
76.2 × 76.2 × 6.35 − u -a -a 8.4 4 4.20 7.45 1.77 8.19 1.95 1.10 5.60 local

buckling
50.8 × 38.1 × 6.35 − n 1.92 1 2.8 1 1.23 2.18 1.78 2.83 2.10 1.30 11.40 yielding
50.8 × 38.1 × 6.35 − u -a -a 3.8 2 1.21 2.16 1.78 2.75 2.19 1.17 7.15 local

buckling
50.8 × 38.1 × 3.18 − n 5.28 1 7.2 4 0.58 1.05 1.81 1.35 2.31 1.28 6.41 yielding
50.8 × 38.1 × 3.18 − u -a -a 8.3 4 0.55 1.00 1.81 1.12 2.03 1.12 2.79 local

buckling
50.8 × 25.4 × 3.18 − n 4.65 1 4.5 3 0.28 0.51 1.80 0.59 2.11 1.17 7.60 yielding
50.8 × 25.4 × 3.18 − u -a -a 5.2 3 0.28 0.51 1.80 0.56 1.98 1.10 5.66 local

buckling
38.1 × 38.1 × 4.76 − n 2.23 1 4.6 3 0.87 1.51 1.73 1.69 1.93 1.12 7.15 yielding
38.1 × 38.1 × 4.76 − u -a -a 5.5 3 0.88 1.51 1.73 1.63 1.86 1.08 5.50 local

buckling

aInternal web is tension in the ‘‘u’’ bending orientation.
Fig. 3. Tensile coupon specimens.
Material yielding (Fig. 7(a)) and local buckling (Fig. 7(b)) were
the governing failure modes for beam specimens under ‘‘n’’ and ‘‘u’’
bending orientation, respectively. All failed specimens are displayed in
4

Fig. 8. Specimens’ labelling is, also, depicted followed by the resulting
failure mode denoted by letters ‘‘Y’’ or ‘‘LB’’ for material yielding and
local buckling, respectively. As can be seen from Fig. 6, most specimens
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Fig. 4. Schematic illustration of the four-point bending test setup.
Fig. 5. Typical four-point bending test setup.

ent in the ‘‘u’’ orientation failed in lower curvature values compared
o their counterparts bent in the ‘‘n’’ orientation. This observation
emonstrates the fact that a C-section is more susceptible to local
uckling when the maximum compressive stresses are induced in the
lange tips, i.e., ‘‘u’’ orientation, rather than in the web, i.e., ‘‘n’’ orien-
ation. The same was also concluded in similar past studies conducted
n stainless and high strength steel C-sections [25,28]. Moreover, the
uite steep softening branch of the curves of the 50.8×50.8×4.76-u,
6.2×76.2×6.35-u and 50.8×38.1×3.18-u specimens indicates a brittle
ost-ultimate behaviour, i.e., low capability for inelastic deformations
ith significant loss of strength. This was anticipated since these beam

pecimens comprised slender sections.

. Numerical study

A parallel numerical study was carried out in the commercial soft-
are package ABAQUS [29] to extend the pool of flexural perfor-
ance data for aluminium alloy C-sections. This section discusses the
odelling assumptions, the model validation and the parametric study.
5

3.1. Modelling methodology and assumptions

The four-node shell element with reduced integration rule (S4R) and
three translational and three rotational degrees of freedom was adopted
to discretise the developed FE models. Its mathematical formula consid-
ers arbitrarily large rotations and finite membrane strains and thereby
is suitable for materially and geometrically nonlinear analyses. The S4R
shell element was also employed in similar past studies [18,19,28,30–
36] capturing accurately the flexural response of C-sections. Aiming to
minimise the computational time without compromising the accuracy
of the results, a mesh convergence study was conducted resulting in a
uniform mesh with a size equal to 5 mm × 5 mm. Despite the symmetry
in loading, boundary conditions and geometry with respect to the plane
of bending, the length and the cross-section of the examined beam
specimens were modelled assigning their full geometrical dimensions
to also consider possible antisymmetric local buckling modes [37]. The
support and loading conditions were defined by restraining suitable
degrees of freedom according to the experimental setup, as shown in
Fig. 9. To consider the stiffening effect provided by the underpinning
bolts and the G- clamps, distributing coupling constraints were assigned
to ensure that the cross-sections at the respective locations remained
undeformed during the analysis.

An elastic–plastic material model with a von Mises yield crite-
rion and isotropic hardening rule was employed to simulate the me-
chanical response of the investigated aluminium alloy. Following the
ABAQUS [29] requirement for material modelling, the engineering
(nominal) stress 𝜎𝑛𝑜𝑚 and strain 𝜀𝑛𝑜𝑚 values obtained from the tensile
coupon tests were converted to true stress 𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑛𝑜𝑚(1+𝜀𝑛𝑜𝑚) and true
plastic strain 𝜀𝑝𝑙𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑛𝑜𝑚) −

𝜎𝑛𝑜𝑚
𝐸 values.

Initial geometric imperfections should be incorporated into the FE
models [7,36,38,39]. For each modelled beam specimen, a linear eigen-
value buckling analysis was carried out and the lowest elastic buckling
mode shape in accordance with the experimentally obtained failure
mode was superposed into a following geometrically and materially
nonlinear analysis. An amplitude equal to the average measured local
imperfection amplitude was adopted. Regarding the nonlinear analysis,
the modified Riks solution method was employed to trace the full
moment–curvature response of the developed FE models.

The residual stresses resulting from the heat-treatment process of
the aluminium alloys [40–42], are expected to have insignificant in-
fluence on the ultimate resistance of extruded aluminium alloy cross-
sections and were not explicitly included in the numerical modelling
herein [43,44].

3.2. Validation of the FE models

Aiming to verify the accuracy level of the developed FE mod-
els, the numerically obtained moment–curvature responses, ultimate
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Fig. 6. Normalised moment versus curvature responses obtained from the four-point bending tests.
ending moment capacities (𝑀𝑢,𝐹𝐸) and failure modes were com-
ared with the corresponding experimental ones. The 𝑀𝑢,𝐸𝑥𝑝∕𝑀𝑢,𝐹𝐸
atios are reported in Table 4, achieving a mean value and corre-
ponding coefficient of variation (COV) of 1.01 and 0.04, respectively,
6

thereby suggesting accurate and consistent numerical predictions. Typ-
ical moment–curvature responses are depicted in Fig. 10, showing that
the developed FE models can capture well the experimental initial
stiffness, ultimate bending moment capacity and inelastic response.
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Fig. 7. Typical failure modes obtained from four-point bending tests.
Fig. 8. Failure modes obtained from four-point bending tests.
Numerical failure modes also accurately capture the experimental ones,
as shown in Fig. 11. Thus, it can be concluded that the developed FE
models can successfully predict the flexural performance of aluminium
alloy C-sections.

3.3. Parametric study

3.3.1. Outline
Having validated the developed FE models against the experimental

results, a series of parametric studies was conducted to investigate the
influence of key parameters on the flexural performance of C-sections.
The examined parameters are summarised in Table 5. Three different
aspect ratios D/B were considered, namely 1.0, 1.5 and 2.0, keeping the
outer web depth D fixed to 100 mm. A total of twelve cross-sectional
thicknesses (𝑡𝑤=t𝑓 ) were examined, extending the experimental data
to a broad range of plate slendernesses. Particularly, the slenderness
ratio 𝛽𝑤∕𝜀 ranges from 3.44 to 51.34, whilst the slenderness ratio 𝛽𝑓∕𝜀
ranges from 1.20 to 24.21. Moreover, the cross-sectional slenderness
7

𝜆𝑐𝑠 =
√

𝜎0.2∕𝜎𝑐𝑟 ranges from 0.10 to 2.14. Aiming to extend the study
to an additional structural aluminium alloy, two types of heat-treated
aluminium alloys were investigated, namely 6082-T6 and 6063-T5,
representing a typical high and normal strength heat-treated aluminium
alloy, respectively. The average material properties obtained from the
tensile coupon tests of this study were adopted for 6082-T6, whilst for
6063-T5 the material properties reported in [10] were adopted. The
material properties of both examined aluminium alloys are summarised
in Table 6. All specimens had a clear span 𝐿 = 900 mm and were
subjected to four-point bending with two equal loads at third points
considering both the ‘‘u’’ and ‘‘n’’ orientation. Initial local geometric
imperfections were accounted for through the lowest buckling mode
shape with an amplitude equal to the average measured local imperfec-
tion amplitude. A total of 140 numerical analyses were executed and

the obtained results are discussed in the following subsections.
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Fig. 9. Modelled geometry of a typical beam specimen and the corresponding applied boundary conditions.
Fig. 10. Comparison between typical FE and experimental normalised moment–curvature curves.
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3.3.2. Influence of cross-sectional aspect ratio, slenderness and aluminium
alloy type

For all examined FE models, the exhibited moment–curvature re-
sponse, the ultimate bending moment capacity and the failure mode
were recorded. All C-sections under ‘‘u’’ bending orientation failed due
to local buckling initiated in the compressed part of the flanges. For
C-sections under ‘‘n’’ bending orientation, material yielding was the
governing failure mode. To evaluate the generated results, the FE ulti-
mate bending moments 𝑀𝑢,𝐹𝐸 were normalised by the corresponding
plastic bending moment resistances 𝑀𝑝𝑙 and were plotted against the
lenderness parameter 𝛽𝑤∕𝜀 and 𝛽𝑓∕𝜀 for the ‘‘n’’ and ‘‘u’’ bending
rientation, respectively.
 c

8

Fig. 12 depicts the results for the ‘‘n’’ bending orientation separately
or the three different aspect ratios under consideration. It is evident
hat the 6063-T5 C-sections exhibit higher normalised bending moment
apacities throughout the considered 𝛽𝑤∕𝜀 range, with the 𝑀𝑝𝑙 being
xceeded by up to 30% compared to their 6082-T6 counterparts. This is
elated to the more favourable strain hardening properties of 6063-T5,
.e., lower strain hardening exponent n, which results in higher tangent
tiffnesses in the inelastic range enabling for higher normalised bending
oment capacities. Moreover, from Fig. 12 it can be concluded that

he aspect ratio does not significantly influence the bending moment
apacity as the governing failure mode was material yielding.
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Fig. 11. Comparison between typical FE and experimental failure modes.
Table 4
Comparison between the FE and experimental bending
moment capacities.

Specimen 𝑀𝑢,𝐸𝑥𝑝∕𝑀𝑢,𝐹𝐸

50.8 × 50.8 × 6.35 − n 0.95
50.8 × 50.8 × 6.35 − u 1.03
50.8 × 50.8 × 4.76 − n 1.00
50.8 × 50.8 × 4.76 − u 1.01
76.2 × 76.2 × 6.35 − n 0.98
76.2 × 76.2 × 6.35 − u 0.97
50.8 × 38.1 × 6.35 − n 1.02
50.8 × 38.1 × 6.35 − u 0.93
50.8 × 38.1 × 3.18 − n 1.05
50.8 × 38.1 × 3.18 − u 1.07
50.8 × 25.4 × 3.18 − n 1.06
50.8 × 25.4 × 3.18 − u 0.98
38.1 × 38.1 × 4.76 − n 1.05
38.1 × 38.1 × 4.76 − u 1.01

mean 1.01
COV 0.04

Table 5
List of key parameters considered in parametric studies.

Total FE analyses: 140

2 aluminium alloys ∙ 6082-T6
∙ 6063-T5

3 aspect ratios D/B (D×B) (mm × mm): ∙ 1.0 (100 × 100)
∙ 1.5 (100 × 66.7)
∙ 2.0 (100 × 50)

12 plate thicknesses 𝑡𝑤=t𝑓 (mm)
Resulting slenderness

∙ 2, 3, 4, 5, 6, 7, 8, 9, 10, 12,
14, 16
∙ Resulting slenderness
𝛽𝑤∕𝜀: 3.44-51.34
𝛽𝑓 ∕𝜀: 1.20-24.21
𝜆cs: 0.10-2.14
9

Table 6
Material properties for 6082-T6 and 6063-T5 [10] aluminium alloys considered in
parametric studies.

E (MPa) 𝜎0.2 (MPa) 𝜎𝑢 (MPa) n 𝜀𝑢 (%) 𝜀𝑓 (%)

6082-T6 70885 286 317 32.7 8.8 16.2
6063-T5 69000 164 211 10.0 7.3 13.7

Similarly, Fig. 13 shows the results for the ‘‘u’’ bending orienta-
tion. It can be seen that the stocky 6063-T5 C-sections exhibit higher
normalised bending moment capacities, with the 𝑀𝑝𝑙 being exceeded
by up to 60% compared to their 6082-T6 counterparts. Again, this is
related to the more favourable strain hardening properties of 6063-
T5. For more slender C-sections, the influence of the aluminium alloy
type on the normalised flexural behaviour is minimal, as failure is
triggered by local buckling before the attainment of the yield strength.
Moreover, the normalised bending moment capacity of slender sections
significantly improves with decreasing aspect ratios. This is attributed
to the beneficial influence of the plate element interaction on the local
buckling response of the compression flange of sections with lower
aspect ratios (i.e., shorter webs provide greater resistance to local
buckling of the flanges).

4. Assessment of international design codes and design methods

In this section the ultimate bending moment capacities obtained
from the experiments and parametric studies are utilised to evaluate
the applicability and accuracy of the design rules specified in Eurocode
9 (EC9) [6]. Three design approaches are also assessed; the CSM [20],
the DSM [21] and the plastic effective width method [45]. It is noted
that throughout the comparisons all partial safety factors were set equal
to unity.
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Fig. 12. Normalised bending moment capacity 𝑀𝑢,𝐹𝐸∕𝑀𝑝𝑙 of C-sections under ‘‘n’’ bending orientation.
Fig. 13. Normalised bending moment capacity 𝑀𝑢,𝐹𝐸∕𝑀𝑝𝑙 of C-sections under ‘‘u’’ bending orientation.
4.1. EC9

4.1.1. General
EC9 [6] estimates the ultimate bending moment resistance of a

cross-section considering the material yield strength and the suscepti-
bility of each constituent plate element to local buckling. Particularly,
EC9 [6] classifies the cross-sections in four different classes based on
slenderness limits and thus identifies to what extent the cross-sectional
flexural resistance is limited by the local buckling resistance. Class
1 or ductile cross-sections are able to develop their plastic moment
resistance with sufficient rotational capacity. Class 2 or compact cross-
sections are able to develop their plastic moment resistance, whilst their
rotational capacity is limited by local buckling. Class 3 or semi-compact
10
cross-sections are able to develop their elastic moment resistance, al-
though local buckling is liable to prevent reaching their plastic moment
resistance. In Class 4 or slender cross-sections, significant local buckling
phenomena govern the ultimate behaviour leading to failure prior to
the attainment of the proof (yield) strength.

4.1.2. Class 2 and Class 3 slenderness limits for outstand elements under
stress gradient

The values of experimental and FE bending moment resistance, 𝑀𝑢,
of ‘‘u’’ bending orientation are utilised to assess the EC9 Class 2 and
Class 3 slenderness limits for outstands elements under stress gradient.
To do so, the 𝑀𝑢 values were normalised by the corresponding 𝑀𝑝𝑙 and
𝑀𝑒𝑙 and were plotted against the slenderness parameter 𝛽𝑓∕𝜀 of the

flange in Figs. 14 and 15, respectively. Fig. 14 will be used for the EC9
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Fig. 14. Assessment of Class 2 slenderness limits for outstand elements under stress gradient.
Fig. 15. Assessment of Class 3 slenderness limits for outstand elements under stress gradient.
Class 2 slenderness limits evaluation, whereas Fig. 15 will be used to
assess the EC9 Class 3 ones. The Class 2 slenderness limit of 𝛽𝑓∕𝜀=4.5
for material Class A and Class B and the Class 3 slenderness limit of
𝛽𝑓∕𝜀=6 for material Class A and 𝛽𝑓∕𝜀=5 for material Class B are also
included in these Figures. For the limits to be accurate, the normalised
11
moments should be above unity on the left side of the limit and below
unity on the right side. As can be seen from both figures, the current
slenderness limits are safe but conservative as cross-sections with values
of 𝛽𝑓∕𝜀 ranging from the EC9 limits to 7 and to 12 could reach their
plastic and elastic bending moment resistance, respectively. Therefore,
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Fig. 16. Assessment of Class 2 slenderness limits for internal elements in compression.
Fig. 17. Assessment of Class 3 slenderness limits for internal elements in compression.
both slenderness limit values could be relaxed leading to more accurate
and thereby economical classification results.

4.1.3. Class 2 and Class 3 slenderness limits for internal elements in
compression

The obtained data from ‘‘n’’ bending orientation are used to assess
the applicability of the EC9 Class 2 and Class 3 slenderness limits
for internal elements in compression. The experimental and FE 𝑀𝑢
values are normalised by the corresponding 𝑀 and 𝑀 and plotted
𝑝𝑙 𝑒𝑙

12
against the slenderness parameter 𝛽𝑤∕𝜀 of the web in Figs. 16 and
17, respectively. As can be observed from Fig. 16, the current Class
2 slenderness limits appear accurate, whilst Class 3 limits assessed in
Fig. 17 are safe but excessively conservative as all the data points are
above and far from the unity threshold line.

4.1.4. Strength predictions
According to Section 6.2.5 specified in EC9 [6], the ultimate bend-

ing moment resistance 𝑀 of C-sections subjected to minor-axis
𝑝𝑟𝑒𝑑,𝐸𝐶9
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bending is calculated as follows:

𝑀𝑝𝑟𝑒𝑑,𝐸𝐶9 = 𝑎0𝑊𝑒𝑙𝜎0.2, 𝛼0 =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑊𝑝𝑙∕Wel for Class 1

𝑊𝑝𝑙∕Wel for Class 2

1.0 for Class 3

𝑊𝑒𝑓𝑓∕𝑊𝑒𝑙 for Class 4

(3)

where 𝛼0 is the shape factor, 𝑊𝑝𝑙 and 𝑊𝑒𝑙 are the plastic and elastic
ection moduli of the gross cross-section, respectively, and 𝑊𝑒𝑓𝑓 is the
ffective elastic section modulus of the cross-section calculated using a
educed thickness to consider local buckling effect.

Fig. 18 presents the predicted-to-ultimate 𝑀𝑝𝑟𝑒𝑑,𝐸𝐶9∕𝑀𝑢 moment
atios for both bending orientations plotted against the slenderness
arameter 𝛽𝑓∕𝜀 of the flange. The 𝑀𝑝𝑟𝑒𝑑,𝐸𝐶9/𝑀𝑢 ratios are shown
eparately for the stocky (Classes 1-3) and slender (Class 4) cross-
ections. Fig. 18(a) shows that EC9 [6] provides safe and quite ac-
urate design strength predictions for 6082-T6 stocky cross-sections,
.e., 𝑀𝑝𝑟𝑒𝑑,𝐸𝐶9∕𝑀𝑢 values close to unity. For the 6063-T5 counterparts,
he design strength predictions appear more conservative, since lower
𝑝𝑟𝑒𝑑,𝐸𝐶9∕𝑀𝑢 values are provided, particularly for stockier sections.

his is related to the fact that EC9 [6] does not consider the mate-
ial strain hardening behaviour which is more pronounced for 6063-
5. Conversely, for both 6082-T6 and 6063-T5 slender cross-sections,
C9 [6] underestimates their bending moment capacity, i.e., 𝑀𝑝𝑟𝑒𝑑,𝐸𝐶9∕
𝑢 values are much lower than unity. This is related to the overly

onservative Class 3 slenderness limit as shown in Fig. 17 that leads to
uite underestimated and uneconomical design strength predictions for
lender cross-sections. For cross-sections examined with flange tips in
ompression, i.e., ‘‘u’’ bending orientation, EC9 [6] generally provides
uite conservative design strength predictions for both stocky and
lender cross-sections as shown in Fig. 18(b). However, for 6082-T6
tocky cross-sections, the predicted bending moment capacities are
ore accurate than the corresponding ones for 6063-T5 stocky cross-

ections owing again to the lack of consideration of the material strain
ardening properties.

.2. Continuous strength method

The CSM is a deformation-based design approach that rationally
ccounts for the beneficial influence of material strain hardening which
llows for stresses higher than the nominal yield strength. The CSM was
riginally devised for stainless steel and carbon steel cross-sections [46–
1], but was also extended to cover aluminium alloy doubly-symmetric
ross-sections [52,53]. Recently, the CSM was modified to be applicable
n monosymmetric and asymmetric stainless steel cross-sections [20].
he present study assesses the applicability of the design equations pro-
osed by [20] to aluminium alloy C -sections. In non-doubly symmetric
ross-sections, the developed stresses at the outer fibres are not equal.
he maximum attainable strain in the outer compressive fibre 𝜀𝐶𝑆𝑀,𝑐 is
btained from an experimentally derived base curve according to cross-
ectional slenderness 𝜆cs (Eqs. (4)–(6)) The corresponding maximum

attainable strain in the outer tensile fibre 𝜀𝐶𝑆𝑀,𝑡 is obtained assuming
a linearly varying strain distribution through the cross-sectional depth
(Eq. (7). Therefore, the maximum attainable strain of the cross-section
𝜀𝐶𝑆𝑀 is taken as the maximum absolute value of 𝜀𝐶𝑆𝑀,𝑐 and 𝜀𝐶𝑆𝑀,𝑡.
𝜀𝐶𝑆𝑀,𝑐

𝜀0.2
= 0.25

𝜆
3.6
𝑐𝑠

≤ min(15,
0.5𝜀𝑢
𝜀0.2

) for 𝜆𝑐𝑠 ≤ 0.68

𝜀𝐶𝑆𝑀,𝑐

𝜀0.2
=
⎛

⎜

⎜

⎝

1 − 0.222

𝜆
1.05
𝑐𝑠

⎞

⎟

⎟

⎠

1

𝜆
1.05
𝑐𝑠

for 𝜆𝑐𝑠 > 0.68
(4)

here 𝜀𝑢 is the strain at the ultimate tensile stress and 𝜆𝑐𝑠 is the cross-
sectional slenderness, given from the Eqs. (5) and (6), respectively.

𝜀𝑢 = 0.13(1 −
𝜎𝑢 ) + 0.059 (5)

𝜎0.2
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𝜆𝑐𝑠 =
√

𝜎0.2∕𝜎𝑐𝑟 (6)

where 𝜎𝑐𝑟 is the elastic critical buckling stress of the cross-section
considering the element interaction. It can be estimated using ei-
ther proposed analytical formulae [54] or numerical tools, such as
CUFSM [55]. Herein, the analytical formulae available in [54] were
utilised to calculate the 𝜎𝑐𝑟. The equation for the calculation of 𝜀𝐶𝑆𝑀,𝑡
is the following:
𝜀𝐶𝑆𝑀,𝑡

𝜀0.2
=
𝜀𝐶𝑆𝑀,𝑐

𝜀0.2

(

𝐵 − 𝑦𝑐
)

𝑦𝑐
(7)

where B is the cross-sectional width and 𝑦𝑐 is the distance from the
outer compressive fibre to the neutral axis of the cross-section.

The maximum attainable strain 𝜀𝐶𝑆𝑀 of the cross-section is given
s follows:
𝜀𝐶𝑆𝑀
𝜀0.2

= max
( 𝜀𝐶𝑆𝑀,𝑐

𝜀0.2
,
𝜀𝐶𝑆𝑀,𝑡

𝜀0.2

)

(8)

The CSM adopts a bilinear strain hardening material model with a
strain hardening modulus, 𝐸𝑠ℎ equal to:

𝐸𝑠ℎ =
𝜎𝑢 − 𝜎0.2

0.5𝜀𝑢 − 𝜀0.2
(9)

Based on the maximum attainable strain 𝜀𝐶𝑆𝑀 and the adopted ma-
terial model, the cross-sectional ultimate moment capacity 𝑀𝑝𝑟𝑒𝑑,𝐶𝑆𝑀
is calculated using the following Equation:

𝑀𝑝𝑟𝑒𝑑,𝐶𝑆𝑀 =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝜀𝐶𝑆𝑀
𝜀0.2

𝑊𝑒𝑙𝜎0.2 for
𝜀𝐶𝑆𝑀
𝜀0.2

< 1.0

𝑊𝑝𝑙𝜎0.2

[

1 +
𝐸𝑠ℎ
𝐸

𝑊𝑒𝑙

𝑊𝑝𝑙

(

𝜀𝐶𝑆𝑀
𝜀0.2

− 1
)

−
(

1 −
𝑊𝑒𝑙

𝑊𝑝𝑙

)

∕
(

𝜀𝐶𝑆𝑀
𝜀0.2

)𝛼]

for
𝜀𝐶𝑆𝑀
𝜀0.2

≥ 1.0

(10)

where a is a CSM bending coefficient depending on the cross-sectional
shape, the axis of bending and the cross-sectional aspect ratio (D/B).

erein, for C-sections bent about the minor axis, 𝛼 is equal to 1.0 for
/B>2 and 1.5 for D/B≤2 [20].

The obtained experimental and FE results were utilised to evaluate
the applicability of the CSM for monosymmetric aluminium alloys
cross-sections. Fig. 19 depicts the predicted-to-ultimate 𝑀𝑝𝑟𝑒𝑑,𝐶𝑆𝑀/𝑀𝑢
moment ratios for both bending orientations plotted against the cross-
sectional slenderness 𝜆cs. The 𝑀𝑝𝑟𝑒𝑑,𝐶𝑆𝑀/𝑀𝑢 ratios are shown sepa-
rately for the stocky (𝜆cs ≤ 0.68) and slender (𝜆cs > 0.68) cross-
sections. As was expected, the CSM design strength predictions are
quite improved compared to the corresponding EC9 ones for the stocky
cross-sections under the ‘‘n’’ bending orientation, as they are able to
take into account the strain hardening effect. Higher design accuracy
is also observed for the cross-sections under the ‘‘u’’ bending orientation
and particularly for the slender cross-sections.

4.3. Direct strength method

The DSM is codified in Section F3.2.1 of [21] as an alternative and
simplified design method compared to the traditional effective width
method. The DSM was originally proposed for cold-formed carbon steel
members subjected to local or distortional buckling [56,57]. The design
formulae account for the beneficial exploitation of the plate element
interaction of the considered cross-sections. The cross-sectional flexural
strength 𝑀𝑝𝑟𝑒𝑑,𝐷𝑆𝑀 is given by Eq. (11) and is equal to the mini-
mum between the local buckling strength 𝑀𝑛𝑙 and the lateral–torsional
buckling strength 𝑀𝑛𝑒:
𝑀𝑝𝑟𝑒𝑑,𝐷𝑆𝑀 = min(𝑀𝑛𝑙 ,𝑀𝑛𝑒),

𝑀𝑛𝑙 =

⎧

⎪

⎨

⎪

𝑀𝑛𝑒 for 𝜆𝑐𝑠 ≤ 0.776
[

1 − 0.15
(

𝑀𝑐𝑟𝑙
𝑀

)0.4
]

(

𝑀𝑐𝑟𝑙
𝑀

)0.4
𝑀𝑛𝑒 for 𝜆𝑐𝑠 > 0.776

(11)
⎩

𝑛𝑒 𝑛𝑒
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Fig. 18. Assessment of EN 1999 − 1 − 1 design strength predictions.
here 𝑀𝑐𝑟𝑙 is the critical elastic local buckling moment. For C-sections
nder minor-axis bending, lateral–torsional buckling is excluded and
hus 𝑀𝑛𝑒 is the yield strength.

Fig. 20 presents the predicted-to-ultimate 𝑀𝑝𝑟𝑒𝑑,𝐷𝑆𝑀/𝑀𝑢 moment
atios for both bending orientations plotted against the cross-sectional
lenderness 𝜆cs. The 𝑀𝑝𝑟𝑒𝑑,𝐷𝑆𝑀/𝑀𝑢 ratios are shown separately for

the stocky (𝜆cs ≤ 0.776) and slender (𝜆cs > 0.776) cross-sections.
Fig. 20(a) suggests that the DSM is overly conservative, consistently
underestimating the flexural strength of both stocky and slender cross-
sections with web in compression, i.e., ‘‘n’’ bending orientation. On the
other hand, the DSM design strength predictions for cross-sections with
14
flange tips in compression, i.e., ‘‘u’’ bending orientation, appear to be
more accurate for increasing 𝜆cs, although more scattered (Fig. 20(b)).
Moreover, this method assumes that the cross-section exhibits linear
stress distribution throughout at failure, which is incorrect as discussed
in the following section.

4.4. Plastic effective width method

4.4.1. General
Past studies [30,58,59] on steel slender I-sections subjected to minor

axis bending, i.e., having the flange outstands under stress gradi-
ent, demonstrated that slender cross-sections often exhibit inelastic



E. Georgantzia, M. Gkantou, G.S. Kamaris et al. Thin-Walled Structures 174 (2022) 109098
Fig. 19. Assessment of CSM design strength predictions.
response. Particularly, with the onset of local buckling at the com-
pressive flange, the neutral axis shifts towards the cross-sectional part
which is initially in tension and usually reaches yielding. Yielding
in tension and stress redistribution result in significant post-buckling
reserve allowing the cross-section to endure higher loading into the
inelastic regime. Moreover, it was found [60] that the strain at the
ultimate state can be many times higher than the yield strain. There-
fore, the adopted principle of linear elastic stress distribution with
the maximum stress at yield capacity is fundamentally incorrect and
leads to overly conservative design strength predictions [61]. Bambach
15
et al. [45] considered these observations to derive a general method,
known as plastic effective width method, for strength prediction of
slender cross-sections with flange outstands under any stress gradient.
This method allows for inelastic strain distribution at the ultimate
state assuming that certain parts of the cross-section remain effec-
tive, i.e., effective widths, in resisting loading. The proposed plastic
effective width formulae and inelastic reserve capacity allowance were
validated against test data producing realistic strength predictions for
slender cold-formed and hot-rolled I- and C-sections under minor axis
bending [61,62].
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Fig. 20. Assessment of DSM design strength predictions.
The present study investigates whether these observations are also
pplicable in case of aluminium alloy slender C-sections. On this di-
ection, the stress distribution profiles of the flanges, as obtained from
he parametric studies where the full profile could be captured, are
valuated. Figs. 21 and 22 display the in-plane longitudinal stress
istribution over the flange at the mid-span of the beam for the slen-
erest examined cross-sections under ‘‘u’’ and ‘‘n’’ bending orientation,
espectively. Particularly, these figures provide the stress distribution
n the elastic range when the bending moment of the section is 0.5𝑀𝑢
nd at failure when 𝑀𝑢 is reached. Note that the in-plane stresses are
ormalised by the corresponding yield stress. Both figures denote that
he relative slender C-sections exhibit inelastic reserve capacity which
16
allows for loading higher than the yield strength without failing within
the elastic range. This observation is in line with findings for steel
C-sections in [30].

4.4.2. Strength predictions – ‘‘u’’ bending orientation
The plastic effective width method suggests that a slender C-section

in minor axis bending and under the ‘‘u’’ bending orientation can be
designed using a maximum compression strain of 𝐶𝑦 times the yield
strain 𝜀𝑦, where 𝐶𝑦 is given by Eq. (12). Eq. (13) expresses the effective
width 𝑏𝑒 of the cross-section which resists loading upon local buckling
occurrence and is defined at distance 𝑒 from the flange tip (Eq. (14)).
𝑐𝑐2
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Fig. 21. Longitudinal stress distribution over the flange at mid-span of the slenderest 6082-T6 and 6063-T5 C-sections under ‘‘u’’ bending configuration.
𝑒

𝑥

𝑏

𝐾

𝑏

ollowing, the distance 𝑥𝑝 from the neutral axis of the effective cross-
ection to the extreme tensile fibre is calculated by Eq. (15). Upon
alculation of the parameters defined in Eqs. (16)–(23) and assuming an
lastic-perfectly plastic stress distribution, the design flexural strength
𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 can be calculated summing the moments derived from

the force resultants of the stress blocks of the effective cross-section.
The detailed procedure is given in [45], whilst the involved symbols
are explained schematically in Fig. 23.

𝐶𝑦 = 3.67 − 1.98
𝑏𝑓
𝑡𝑓

√

𝜎0.2
E
, 1 ≤ 𝐶𝑦 ≤ 3 (12)

= 0.4(1 + 𝜓)𝜆
−0.75

𝐵 ≤ 𝑏 (13)
𝑒 𝑐𝑠 𝑐

17
𝑐𝑐2 = 0.55(1 + 𝜓)𝐵 − 𝑏𝑒 (14)

𝑝 =
2𝑏𝑒𝑡𝑓

(

𝐵 − 𝑏𝑒∕2 − 𝑒𝑐𝑐2
)

+ 2𝑏𝑡𝑡𝑓 𝑏𝑡∕2 +
(

𝐷 − 2𝑡𝑓
)

𝑡𝑤𝑡𝑤∕2

2𝑏𝑒𝑡𝑓 + 2𝑏𝑡𝑡𝑓 +
(

𝐷 − 2𝑡𝑓
)

𝑡𝑤
(15)

𝑡 =
𝐵2𝑡𝑓 +

(

𝐷 − 2𝑡𝑓
)

𝑡𝑤2∕2

2𝐵𝑡𝑓 +
(

𝐷 − 2𝑡𝑓
)

𝑡𝑤
(16)

=
𝐶𝑦𝜀0.2

𝐵 − 𝑥𝑝 − 𝑒𝑐𝑐2
(17)

𝑔 =
𝜀0.2
𝐾

(18)
𝑏𝑐 = 𝐵 − 𝑥𝑝 (19)
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𝑏

Fig. 22. Longitudinal stress distribution over the flange at mid-span of the slenderest 6082-T6 and 6063-T5 C-sections under ‘‘n’’ bending configuration.
𝑝 = 𝑥𝑝 − 0.5𝑡𝑤 − 𝑏𝑔 (20)

𝜎𝑤 =
(

𝑥𝑝 − 0.5𝑡𝑤
)

𝐾𝐸 (21)

𝑐 = 𝑏𝑡 − 𝑏𝑔 − 𝑏𝑝 (22)

𝜎 = 𝑐𝐾 𝐸 (23)
𝑐 ( )

18
Eqs. (24a) and (24b) are proposed considering the cases of the
web being either in elastic or plastic stress state, respectively. If 𝑏𝑔 ≥
𝑥𝑝 − 0.5𝑡𝑤 the web is under elastic stress state and the design flexural
strength 𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 is given by Eq. (24a):

𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 = 2𝜎0.2𝑡𝑓 𝑏𝑒
(

𝐵 − 𝑒𝑐𝑐2 − 𝑏𝑒∕2 − 𝑥𝑝
)

+ 2
3
𝜎𝑐 𝑡𝑓 𝑐

2

+ 2𝜎 𝑡 𝑥2 + 𝜎 𝑡
(

𝐷 − 2𝑡
) (

𝑥 − 0.5𝑡
)

(24a)

3 𝑤 𝑓 𝑝 𝑤 𝑤 𝑓 𝑝 𝑤
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Fig. 23. Plastic Effective Width Method - Strain and stress distribution profiles of the outstand flanges of a C-section under ‘‘u’’ bending orientation.
Fig. 24. Assessment of Plastic Effective Width Method design strength predictions for Class 4 C-sections under ‘‘u’’ bending orientation.
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If 𝑏𝑔 < 𝑥𝑝−0.5𝑡𝑤 the web is under plastic stress state and the design
lexural strength, 𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤, is given by Eq. (24b):

𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 = 2𝜎0.2𝑡𝑓 𝑏𝑒
(

𝐵 − 𝑒𝑐𝑐2 − 𝑏𝑒∕2 − 𝑥𝑝
)

+ 2
3
𝜎𝑐 𝑡𝑓 𝑐

2

+ 2
3
𝜎0.2𝑡𝑓 𝑏

2
𝑔 + 2𝜎0.2𝑡𝑓 𝑏𝑝

(

𝑏𝑔 + 𝑏𝑝∕2
)

+ 𝜎0.2𝑡𝑤
(

𝐷 − 2𝑡𝑓
) (

𝑥𝑝 − 0.5𝑡𝑤
)

(24b)

To evaluate the applicability of the plastic effective width method
on C-sections with tip flanges in compression, the predicted-to-ultimate
𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤/𝑀𝑢 moment ratios are plotted against the slenderness
parameter 𝛽𝑓∕𝜀 of the flange in Fig. 24. It can be concluded that
the design method proposed by [45] provides more accurate strength
predictions throughout the considered slenderness range compared to
the design codes and methods assessed in Sections 4.1–4.3, but in many
cases conservative.

To improve the accuracy and consistency of the plastic effective
width method for C-sections, two design equations are proposed to
replace Equations (12) and (13) considering the obtained experimental
and FE results. The new design proposed equation for the strain coeffi-
cient 𝐶𝑦 was found using the stress and strain distribution profiles of the
C-sections obtained from the parametric studies. As shown in Fig. 23,
19
𝐶𝑦 is the ratio of the strain at the ultimate state at distance 𝑒𝑐𝑐2 from
the flange tip over the yield strain 𝜀0.2. Therefore, the strain coefficient
𝐶𝑦,𝐹𝐸 was calculated for all the examined C-sections using the corre-
sponding FE in-plane longitudinal strain at the reference location 𝑒𝑐𝑐2.
According to Fig. 25, the calculated 𝐶𝑦,𝐹𝐸 values were found to have
an exponential relationship with respect to 𝑏𝑓

𝑡𝑓

√

𝜎0.2
𝐸 which is already

used for the calculation of the strain coefficient 𝐶𝑦 in Eq. (12). For
his reason, regression analysis was conducted for the data of Fig. 25
o obtain Eq. (25) for the calculation of 𝐶𝑦. Aiming to improve the
esign accuracy and consistency, Eq. (13) for the effective width 𝑏𝑒 was
ecalibrated to Eq. (26) on the basis of the 𝑀𝑝𝑟𝑒𝑑,𝑝𝑙𝑒−𝑒𝑓𝑓−𝑤∕𝑀𝑢 values

obtained from the experimental and FE results of this work.

𝐶𝑦 = 1.95

(

𝑏𝑓
𝑡𝑓

√

𝜎0.2
𝐸

)−0.65

, 1 ≤ 𝐶𝑦 ≤ 3 (25)

𝑒 = 2.5(
𝑏𝑓
𝑡𝑓

)−0.8𝐵 ≤ 𝑏𝑐 (26)

The 𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤/𝑀𝑢 ratios according to the proposed design
equations are also plotted in Fig. 24. It can be observed that the use
of the plastic effective width method in conjunction with the proposed
design equations has significantly improved its accuracy and provides
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Fig. 25. Strain coefficient 𝐶𝑦,𝐹𝐸 derived from FE results.
a higher degree of consistency for the bending moment capacities of
C-sections with tip flanges in compression.

To further assess the proposed design formulae for the plastic effec-
tive width method for C-sections with tip flanges in compression (‘‘u’’
bending orientation), the stress distribution profiles exported from the
FE analyses were compared with the corresponding ones resulted from
theoretical calculations. Typical examples of this comparison for both
examined aluminium alloys are depicted in Fig. 26 showing a quite
good agreement between the numerically and theoretically predicted
(using Eqs. (14)–(26)) stress distribution profiles.

4.4.3. Strength predictions - ‘‘n’’ bending orientation
In case of a slender C-section in minor axis bending and under

‘‘n’’ orientation, the maximum compression strain during design can be
taken 3 times the yield strain 𝜀𝑦 (𝐶𝑦 = 3) [45]. For this bending config-
uration, it was found that for all practical B/t ratios, the compressive
strains at the web-flange junction and the tensile strains at the flange
tip do not result in lateral displacements in the compressed zone [62].
Thereby, there are no ineffective parts of the cross-section and thus
it is assumed that under this strain gradient, the cross-section is fully
effective [62]. Similarly to the design procedure of C-sections under
the ‘‘u’’ bending orientation and in line with Fig. 27, Eqs. (27)–(31)
are used to calculate the basic parameters. The design flexural strength
𝑀𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 is determined employing Equation (32).

𝐾 =
𝐶𝑦𝜀0.2
𝑥𝑝

(27)

𝑏𝑔 =
𝜀0.2
𝐾

(28)

𝑝𝑐 = 𝑥𝑝 − 𝑏𝑔 (29)

𝑡 = 𝐵 − 𝑥𝑝 (30)

𝑝𝑡 = 𝑏𝑡 − 𝑏𝑔 (31)

𝑝𝑟𝑒𝑑,𝑝𝑙−𝑒𝑓𝑓−𝑤 = 4
3
𝜎0.2𝑡𝑓 𝑏

2
𝑔 + 2𝜎0.2𝑡𝑓 𝑏𝑝𝑡

(

𝑏𝑔 + 0.5𝑏𝑝𝑡
)

+ 2𝜎 𝑡 𝑏
(

𝑏 + 0.5𝑏
)

0.2 𝑓 𝑝𝑐 𝑔 𝑝𝑐

20
+ 𝜎0.2𝑡𝑤
(

𝐷 − 2𝑡𝑓
) (

𝑥𝑝 − 0.5𝑡𝑤
)

(32)

The applicability of the plastic effective width method on C-sections
under ‘‘n’’ bending orientation is assessed in Fig. 28, where the
predicted-to-ultimate 𝑀𝑝𝑟𝑒𝑑,𝑝𝑙𝑒−𝑒𝑓𝑓−𝑤/𝑀𝑢 moment ratios are plotted
against the slenderness parameter 𝛽𝑓∕𝜀 of the flange. This figure
indicates that the design method proposed by [45] generally pro-
vides accurate strength predictions for Class 4 6082-T6 and 6063-T5
C-sections under ‘‘n’’ bending orientation.

To further assess the design formulae of the plastic effective width
method proposed by [45] for C-sections with web in compression
(‘‘n’’ bending orientation), the stress distribution profiles exported from
the FE analyses were compared with the corresponding ones resulted
from theoretical calculations. Typical examples of this comparison
for both examined aluminium alloys are depicted in Fig. 29 showing
a quite good agreement between the numerically and theoretically
predicted [45] stress distribution profiles.

4.5. Comparison of design codes and methods

This section quantifies the design accuracy and consistency pro-
vided by the codes and methods previously discussed in Sections 4.1–
4.4. For this purpose, the 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratios are summarised in Tables 7
and 8 for the ‘‘n’’ and ‘‘u’’ bending orientation, respectively. The results
are also presented separately for stocky and slender cross-sections,
where applicable.

Regarding ‘‘n’’ bending orientation, EC9 is conservative for stocky
C-sections exhibiting average 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.79, whilst for slender
C-sections the level of conservatism significantly increases to average
𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.40. The lack of accuracy is more pronounced
for the DSM which consistently underestimates the ultimate bending
moment capacities by 53%. Conversely, ultimate bending moment
capacities derived from CSM appear to be quite improved for stocky
C-sections with average 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.85. However, the average
𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio decreases to 0.67 for slender C-sections, showing a
significant underestimation of the ultimate bending moment capacities.
The plastic effective width method was found to provide accurate and
relatively consistent design strength predictions for slender C-sections
resulting in average to a 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.98 and a corresponding
COV value of 0.09.
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Fig. 26. Comparison between FE and calculated stress distribution for typical 6082-T6 and 6063-T5 C-sections under ‘‘u’’ bending orientation.
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Direct comparisons based on the results listed in Table 8 denote that
C9 underestimates by 36% the ultimate bending moment capacities of
-sections under ‘‘u’’ bending orientation. Furthermore, CSM was found
o provide the most accurate design strength predictions for stocky C-
ections exhibiting an average 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.83. On the other
and, the obtained results denote that DSM largely underestimate the
ltimate bending moment capacities for stocky C-sections, although it
21
ffers quite accurate design strength predictions for slender C-sections.
mproved accuracy and consistency are achieved by the plastic effective
idth method which results in average to a 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio of 0.81
nd a corresponding COV of 0.13. It was also shown that the proposed
esign equations are capable of more accurately capturing the plastic
tress distribution of the buckled flanges of slender sections increasing
he average 𝑀𝑝𝑟𝑒𝑑/𝑀𝑢 ratio to 0.90. Higher design consistency is also
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Fig. 27. Plastic Effective Width Method-Strain and stress distribution profiles of the outstand flanges of a C-section under ‘‘n’’ bending orientation.
Fig. 28. Assessment of Plastic Effective Width Method design strength predictions for Class 4 C-sections under ‘‘n’’ bending orientation.
chieved since the corresponding COV is further improved to 0.07
hich is the lowest value amongst those ones resulted from the codes
nd the other methods.

. Conclusions

The present research study experimentally and numerically inves-
igated the flexural response of C-sections about the minor axis. The
ollowing conclusions can be drawn from this research study:

• All beam specimens under ‘‘u’’ bending orientation failed due to
local buckling initiated in the compressed part of the flanges. For
beam specimens under ‘‘n’’ bending orientation, material yielding
was the governing failure mode.

• Assessment of EC9 Class 2 and Class 3 slenderness limits for
outstand elements under stress gradient denoted that both values
could be relaxed. The same conclusion was drawn for Class 3
22
slenderness limit for internal elements in compression which was
found excessively conservative.

• Regarding C-sections under ‘‘n’’ bending orientation, EC9 pro-
vides conservative design strength predictions for stocky cross-
sections and the level of conservatism further increases for slender
cross-sections. Evaluation of the DSM revealed that it consis-
tently underestimates the ultimate bending moment capacities by
53%. Conversely, CSM appears to offer quite improved results
for stocky cross-sections, although it is overly conservative for
slender cross-sections.

• Regarding C-sections under ‘‘u’’ bending orientation, EC9 un-
derestimates by 36% the ultimate bending moment capacities.
CSM was found to provide the most accurate design strength
predictions for stocky cross-sections. DSM is rather conservative
for stocky cross-sections, although it offers quite accurate design
strength predictions for slender cross-sections.
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Fig. 29. Comparison between FE and calculated stress distribution for typical 6082-T6 and 6063-T5 C-sections under ‘‘n’’ bending orientation.
• The applicability of the plastic effective width method to alu-
minium alloy C-sections was evaluated, leading to quite accu-
rate and consistent design strength predictions. Modified design
23
equations were proposed for ‘‘u’’ bending orientation which fur-
ther improved the accuracy and consistency of the original design
formulae by 11% and 50%, respectively. Overall, it is
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Table 7
Assessment of design strength predictions for C-sections under ‘‘n’’ bending orientation.

𝑀𝑝𝑟𝑒𝑑/M 𝑢

6082-T6 (Exp) 6082-T6 (FE) 6063-T5 (FE) All

No Exp mean COV No FE mean COV No FE mean COV No (Exp + FE) mean COV

Stocky cross-sections

EC9 (Classes 1-3) 4 0.75 0.19 20 0.82 0.18 22 0.77 0.13 46 0.79 0.17
CSM (𝜆𝑐𝑠≤0.68) 6 0.84 0.08 21 0.89 0.10 21 0.83 0.11 48 0.85 0.11
DSM (𝜆𝑐𝑠≤0.776) 6 0.48 0.07 23 0.52 0.06 27 0.46 0.05 56 0.49 0.08

Slender cross-sections

EC9 (Class 4) 3 0.46 0.05 15 0.40 0.27 13 0.37 0.21 31 0.40 0.24
CSM (𝜆𝑐𝑠>0.68) 1 0.74 0.00 14 0.68 0.15 14 0.64 0.13 29 0.67 0.14
DSM (𝜆cs>0.776) 1 0.41 0.00 12 0.42 0.20 8 0.40 0.15 21 0.41 0.18
Plastic effective width [45] (Class 4) 3 0.86 0.04 15 1.03 0.06 13 0.93 0.09 31 0.98 0.09

All cross-sections

EC9 (All) 7 0.63 0.28 35 0.64 0.39 35 0.62 0.34 77 0.63 0.36
CSM (All) 7 0.83 0.09 35 0.81 0.17 35 0.78 0.15 77 0.80 0.16
DSM (All) 7 0.47 0.09 35 0.49 0.15 35 0.44 0.10 77 0.47 0.13
Table 8
Assessment of design strength predictions for C-sections under ‘‘u’’ bending orientation.

𝑀𝑝𝑟𝑒𝑑/M 𝑢

6082-T6 (Exp) 6082-T6 (FE) 6063-T5 (FE) All

No Exp mean COV No FE mean COV No FE mean COV No (Exp + FE) mean COV

Stocky cross-sections

EC9 (Classes 1-3) 4 0.58 0.23 17 0.71 0.21 18 0.73 0.12 39 0.71 0.19
CSM (𝜆𝑐𝑠 ≤0.68) 7 0.77 0.15 22 0.86 0.11 26 0.83 0.07 55 0.83 0.10
DSM (𝜆𝑐𝑠 ≤0.776) 7 0.52 0.08 26 0.52 0.14 29 0.48 0.20 62 0.50 0.17

Slender cross-sections

EC9 (Class 4) 3 0.50 0.02 18 0.62 0.18 17 0.56 0.16 38 0.59 0.18
CSM (𝜆𝑐𝑠>0.68) – – – 13 0.77 0.14 9 0.75 0.14 22 0.76 0.14
DSM (𝜆𝑐𝑠>0.776) – – – 9 0.89 0.16 6 0.87 0.15 15 0.88 0.16
Plastic effective width [45] (Class 4) 3 0.69 0.03 18 0.78 0.12 17 0.88 0.10 38 0.81 0.13
Proposed design method (Class 4) 3 0.88 0.06 18 0.91 0.06 17 0.89 0.07 38 0.90 0.07

All cross-sections

EC9 (All) 7 0.55 0.20 35 0.67 0.21 35 0.65 0.19 77 0.64 0.19
CSM (All) 7 0.77 0.15 35 0.83 0.13 35 0.81 0.10 77 0.81 0.12
DSM (All) 7 0.52 0.08 35 0.61 0.31 35 0.55 0.33 77 0.58 0.31
recommended that the plastic effective width method can be
employed for the design of slender aluminium alloy C-sections
subjected to minor axis bending.
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