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Aluminium alloys can be employed in a wide range of structural applications offering high strength-to-weight
ratio, whilst they can easily be extruded in various shapes. Channel (C-) sections have been increasingly
employed as compression members, such as wall studs and chord members of roof trusses in framed residential
and commercial buildings. However, relevant studies on their compressive behaviour are quite limited and
thus a greater emphasis should be placed on providing a deeper understanding. Towards this direction,
this paper examines the structural performance of C-sections under axial compression. An experimental and
numerical investigation was performed on 6082-T6 heat-treated aluminium alloy C-section columns. In total,
6 fix-ended stub column tests were executed to examine the cross-sectional compressive behaviour, whilst 8
pin-ended column tests were conducted to study their minor-axis flexural buckling behaviour. The obtained
experimental results were utilised to validate the developed finite element models. Subsequently, extensive
parametric studies were carried out to generate additional performance data over a broad range of cross-
sectional aspect ratios, and cross-sectional and member slendernesses. Both the experimentally and numerically
obtained ultimate strengths are utilised to assess the accuracy of Eurocode 9 design provisions, including the
flexural buckling curve. On the basis of the experimental and numerical results, a new flexural buckling curve
is proposed improving the design accuracy. The applicability of the Direct Strength Method on the design of
aluminium alloy C-sections subjected to axial compression is also evaluated resulting in the most accurate and
consistent design strength predictions.

Stub column tests
Flexural buckling
Numerical modelling
Eurocode 9

Direct Strength Method

1. Introduction load-carrying capacity. These instability phenomena include deforma-

tions at cross-sectional level, i.e., local or distortional buckling, defor-

Aluminium is the third — behind oxygen and silicon — on the list of
the most abundant elements comprising roughly the 8% of the earth’s
crust [1]. Aluminium is a versatile metal that could offer advantages
over other structural materials by proper alloying and treatment. Partic-
ularly, 6000 series aluminium alloys, known as structural alloys, have
high strength-to-weight ratio being able to meet the strength require-
ments, whilst reducing the structure’s self-weight. Therefore, they could
be a suitable material choice for high-rise buildings, e.g., skyscrapers
and long-span structures, e.g., roof systems and bridges. Moreover,
6000 series aluminium alloys are corrosion-resistant and immune to
harmful effects of ultraviolet radiation, ensuring optimal performance
over a long lifetime. They are also well suited to the extrusion process
due to high plasticity at the extrusion temperature and thus they could
be supplied in various complex shapes. Amongst the different available
cross-sectional shapes, channel (C-) sections have been increasingly
employed as compression members, such as wall studs and chord mem-
bers of roof trusses in framed residential and commercial buildings.
A C-section column as a thin-walled member, when is subjected to
compressive loading may exhibit instability phenomena, which limit its
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mations at member level, i.e., flexural or flexural-torsional buckling, or
a combination of these buckling modes. Consequently, instability phe-
nomena should be considered when designing a thin-walled structural
member against compressive loading.

To date, several experimental and numerical studies have been
reported on the buckling response of cold-formed steel plain and lipped
C-sections under pin- and fix-ended support conditions [2-8]. More-
over, Yang and Hancock [9] performed a series of compression tests on
lipped channel columns fabricated from G550 MPa high strength steel.
The obtained results demonstrated the significant influence of the local
and distortional interactive buckling mode on the ultimate strength
of the columns. Evaluation of the effective width method [10] and
the Direct Strength Method (DSM) [11] also denoted overestimation
of the actual load-carrying capacity which owes to the fact that both
design approaches do not account for the interaction between local
and distortional buckling within the calculations. Becque and Ras-
mussen [12] carried out an extensive parametric study on the local and
global interactive buckling behaviour of stainless steel lipped channel
columns. The obtained results were utilised to assess the international
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design rules which were found to be quite conservative. In a more
recent study, Wang et al. [13] examined the cross-sectional behaviour
of press-braked S960 ultra-high strength steel C-section columns and
assessed the applicability of the existing codified design provisions.
On the basis of the experimental results, revised design formulae were
proposed enabling for safe, accurate and consistent design strength
predictions. Following, Wang et al. [14] extended the investigation on
S960 ultra-high strength steel C-sections by testing pin-ended columns
prone to flexural buckling about the minor axis. Additionally, Zhang
et al. [15] reported a series of stub column tests on press-braked S690
high strength steel C-sections. Based on the experimental results and
those obtained from a supplementary numerical study, it was found
that Eurocode’s [16] Class 3 slenderness limit for welded and hot-
rolled high strength steel outstand plate elements could be adopted
for their press-braked counterparts. Zhang et al. [17] conducted stub
column tests on press-braked stainless steel C-sections to determine
their local buckling behaviour and the cross-sectional capacities. In
a following study [18], the same researchers examined the minor-
axis flexural buckling response of press-braked stainless steel C-section
columns employing pin-ended support conditions. The obtained flex-
ural buckling strengths were compared with those derived from the
international design codes revealing that in most cases the codified
predictions are unsafe. Unlike steel C-sections, the reported research
studies on the buckling response of aluminium alloy C-sections are
rather limited [19]. Zhu et al. [20] tested 28 plain and lipped channel
columns made from 6061-T6 and 6063-T5 aluminium alloys under
fixed-end support conditions. The resulting test data were utilised to
evaluate the current design specifications as well as the Continuous
Strength Method (CSM) [21] and the DSM [22]. Relative comparisons
showed that the latter two design methods provide more accurate
and consistent design strength predictions. The reported results were
utilised in a following study by Zhu et al. [23] to investigate numer-
ically the buckling behaviour of welded C-section columns. Modified
CSM and DSM approaches considering the heat-affected zone softening
effects due to welding were also proposed.

The fixed-end and pin-ended support conditions are the two limiting
support conditions for columns of non-sway frames affecting differently
the overall behaviour of the columns [3]. According to the literature
review, there are no reported studies on the buckling behaviour of
aluminium alloy C-section columns under pin-ended support condi-
tions. To address this research gap, a comprehensive experimental
programme was carried out to investigate the structural performance
of aluminium alloy C-sections under concentric compression. On this
direction, 6 fix-ended stub column tests and 8 minor-axis pin-ended col-
umn tests were performed employing 7 different C-sections fabricated
from 6082-T6 heat-treated aluminium alloy, as presented in Section 2.
Prior to testing, the geometric dimensions and initial geometric imper-
fection amplitudes were measured and reported herein. Tensile coupon
tests were also conducted to determine the mechanical properties of the
examined aluminium alloy. In Section 3, the experimental results were
utilised to verify the developed finite element (FE) models, which were
subsequently employed in a wide parametric study to derive further
structural performance data over a broad range of cross-sectional aspect
ratios, and cross-sectional and member slendernesses. In Section 4,
the experimentally and numerically obtained ultimate strengths were
utilised to assess the accuracy of the Eurocode 9 (EC9) [24] and the
applicability of the DSM [25] on the design of aluminium alloy C-
sections subjected to concentric axial compression. The conclusions are
summarised in Section 5.

2. Experimental programme
The experimental investigation was performed in the Light Struc-

tures and Materials Laboratory of the School of Civil Engineering and
Built Environment at Liverpool John Moores University.
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Fig. 1. Adopted notation for C-sections.

2.1. Test specimens and geometric imperfection measurements

A series of fix-ended stub column tests was carried out employing
6 different cross-sections to study the cross-sectional behaviour of
channels. Particularly, the slenderness ratio fi; /e of the slenderest plate
element, i.e., outstand flange, was ranging from 5.46 to 11.94, where
Br = (B~—1,/2)/t is the slenderness parameter and € = /250/0,. B is
the outer width of the flange, 7, is the web thickness, ¢, is the flange
thickness and o, is the 0.2% proof stress. The specimens’ nominal
length was set equal to three times the maximum cross-sectional dimen-
sion enabling for pure local buckling behaviour without any coupled
instability phenomena [26]. Fig. 1 depicts the adopted notation for the
examined C-sections.

Upon establishing the cross-sectional response, 8 concentric com-
pression tests were performed to examine the minor-axis buckling
behaviour. The tests were carried out on pin-ended columns in 2
different nominal lengths L, namely 300 mm and 500 mm. These
lengths allowed to cover a broad range of member slendernesses 1 from
0.22-1.32, where 1 = \/Ao,,/N_; A is the cross-sectional area and N,
is the elastic critical buckling load of the column.

Prior to testing, the geometrical dimensions of the examined spec-
imens were measured and are listed in Tables 1 and 2 for fix-ended
stub and pin-ended columns, respectively, where D is the outer web
depth. The specimens were labelled according to the nominal geometric
dimensions of the sections followed by the specimen’s nominal length,
i.e, DX BxtL (wheret =1, =t 7 is the nominal thickness of both
web and flanges). Table 2 also reports the buckling length values (L,)
and the applied eccentricities values (e, ¢,,), which will be explained
in Section 2.4.

The initial geometric imperfections inherently present in thin-
walled structural members may significantly affect their structural be-
haviour and ultimate strength triggering buckling phenomena [20,27-
30].

Therefore, the initial local ®;, and global w, geometric imperfections
for each specimen were measured before the execution of the tests.
Each specimen was mounted onto a flat granite surface table and the
measurements were taken using a Mitutoyo linear height gauge. A ball
probe attached onto the scribing jaw was moving along the centreline
of each constituent plate element, i.e., internal web and both outstand
flanges, over the full specimen’s length. The measuring points were
defined at 10 mm intervals. For each constituent plate element, the
maximum deviation of the measuring points from a flat datum plane
was recorded and the maximum recorded value was defined as the
initial local geometric imperfection amplitude w, of the specimen [31].
Note that for the fix-ended stub columns only the w; amplitudes were
recorded, as they are sufficiently short to preclude the influence of
the w, on the structural behaviour, whilst they are sufficiently long
to incorporate a representative pattern of the w, to be present in the
examined specimen [26]. For the initial global geometric imperfections
o, related to the examined buckling axis, i.e., minor axis, the measure-
ments were recorded along two longitudinal lines of the internal web.
The deviation of the measuring point at the mid-height from a linear
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Table 1
Mean measured geometric dimensions of fix-ended stub columns.
Specimen D (mm) B (mm) ¢, (mm) ty (mm) ﬂf/g L (mm) ; (mm)
50.8 x 50.8 x 6.35-L150 50.92 50.84 6.28 6.32 7.49 152.76  0.28 (1,/23)
50.8 x 50.8 x 4.76-L150 50.89 50.56 4.62 4.75 10.42 152.67  0.30 (1,/16)
50.8 x 38.1 x 6.35-L150 50.89 38.23 6.32 6.35 5.46 152.66  0.35 (t,/18)
50.8 x 38.1 x 3.18-L150 50.81 37.75 3.13 3.13 11.94 15242  0.26 (1,/12)
50.8 x 254 x 3.18-L150 50.68 25.85 3.17 3.11 7.62 152.03  0.27 (t,/12)
38.1 x 38.1 x 4.76-L115 37.97 37.97 4.68 4.64 7.84 113.92  0.31 (¢,/15)
Table 2
Mean measured geometric dimensions of pin-ended columns.
Specimen D (mm) B (mm) ¢, (mm) ¢, (mm) L (mm) L, (mm) 7 ®, (mm) ®, (mm) e, (mm) e, =, +e; (mm)
50.8 x 50.8 x 6.35-L500 50.92 50.84 6.35 6.32 500.50 564.50 0.63 0.27 (1,/23) -0.05 (-L,/11290) —0.21 (-L,/2688) -0.26 (-L,/2171)
76.2 x 762 x 6.35-L500 76.28 76.26 6.17 6.29 500.00 564.00 0.36 0.33 (r,/19) 0.11 (L,/5127) 0.32 (L,/1763) 0.43 (L,/1312)
76.2 x 762 x 6.35-L300 76.28 76.26 6.19 6.29 300.80 364.80 0.22 0.22 (r,/29) 0.09 (L,/4053) 0.26 (L,/1403) 0.35 (L,/1042)
50.8 x 38.1 x 6.35-L500 50.89 38.13 6.30 6.35 500.00 564.00 0.90 0.20 (r,/32) 0.13 (L,/4338) 0.32 (L,/1763) 0.45 (L,/1253)
50.8 x 38.1 x 3.18-L500 50.81 37.95 3.08 3.13 500.50 564.50 0.79 0.24 (1,/13) 0.08 (L,/7056) 0.17 (L,/3321) 0.25 (L,/2258)
50.8 x 38.1 x 3.18-L300 50.81 37.95 3.08 3.13 300.00 364.00 0.48 0.18 (r,/17)  0.04 (L,/9100) 0.28 (L,/1300) 0.32 (L,/1138)
50.8 x 254 x 3.18-L500 50.68 25.43 3.14 3.11 500.00 564.00 1.32 0.22 (t,/14) 0.07 (L,/8057) 0.20 (L,/2820) 0.27 (L,/2089)
50.8 x 254 x 3.18-L300 50.68 25.43 3.15 3.11 300.30 364.30 0.79 0.26 (1,/12) 0.06 (L,/6072) 0.19 (L,/1917) 0.25 (L,/1457)
o, necked part of the coupon to measure the longitudinal strains during

(a) Positive (b) Negative

Fig. 2. Sign convention for measured initial global geometric imperfection amplitude

(Hg.

reference line connecting the corresponding measuring points at both
ends was recorded and the maximum of the two recorded values was
defined as the initial global geometric imperfection amplitude w, of the
specimen [32]. Note that the measured , was considered as positive if
the column specimen initially bows towards the web and negative if the
column specimen initially bows towards the flange tips, as displayed in
Fig. 2. The measured w, and w, amplitudes are included in Tables 1
and 2 for fix-ended stub and pin-ended columns, respectively, and will
be employed in the numerical study described in Section 3.

2.2. Aluminium 6082-Té: tensile coupon tests

The material properties of the examined 6082-T6 heat-treated alu-
minium alloy were determined through tensile coupon tests. For each
examined C-section, two flat coupons were extracted and were ma-
chined in line with the geometric requirements specified in EN ISO
6892-1 [33]. A 50 kN Tinius Olsen testing machine was used for the
execution of the tests, applying a displacement rate of 0.2 mm/min.
An extensometer, shown in Fig. 3(a), was also attached to the central

testing. All tested coupons after testing are depicted in Fig. 3(b).

The experimentally obtained engineering stress—strain (¢ —¢) curves
for each examined C-section are plotted in Fig. 4. As can be seen, the
tested coupons exhibited a rounded nonlinear stress—strain behaviour
with continuous strain hardening. In the absence of a distinct yield
point, a 0.2% offset is employed to obtain an approximate yield point.
Table 3 summarises the measured material properties, including the
initial modulus of Elasticity E, the 0.1% proof stress oy ;, the 0.2% proof
stress o,, the ultimate tensile stress o,, the strain corresponding to
ultimate tensile stress ¢, the strain at fracture € the strain hardening
exponent n given in Ramberg-Osgood material model [34,35] and the
strain hardening ratio o,/0(,. According to EC9 [24], the expected
values for E, oy,, 0,, &, £/, n and ¢, /0, are 70000 MPa, 250 MPa,
290 MPa, 8%, 13%, 32 and 1.16, respectively. Note that the experi-
mentally derived material properties for each studied cross-section will
be employed in the numerical study described in Section 3.2.

2.3. Fix-ended stub column tests

A total of 6 fix-ended stub column tests were performed to in-
vestigate the cross-sectional response of aluminium alloy C-sections.
Fig. 5 shows a schematic illustration of the test arrangement and
the corresponding employed instrumentation. The specimens were cut
roughly to length and then were milled flat at both ends to a tolerance
of +£0.02 mm to achieve uniform distribution of the applied compres-
sive loading. A Mayes servo-controlled hydraulic testing machine with
600 kN maximum capacity was used for the execution of the tests.
The end plates of the testing machine were fixed flat and parallel.
Alignment of the examined specimens was deemed necessary to ensure
that the compressive loading is applied concentrically. To do so, special
wooden cut-outs were placed at both ends to accurately locate the
specimens. Following, an initial compressive loading approximately
equal to 15% of the predicted load-carrying capacity was applied [36]
and the variation in strains taken from the affixed strain gauges at the
mid-length of the specimen was observed. In all tested specimens, the
variation between strains from the average strain was less than 5% [37]
confirming that the compressive loading was applied concentrically.
Moreover, linearity of the stress-strain curve was utilised to verify
that the initial compressive loading was below the proportional limit.
Underpinning bolts were inserted between the flanges and G-clamps
were located onto the outer faces of the flanges at both ends to prevent
any localised failure [15]. The compressive loading was applied at a
cross-head displacement rate of 0.2 mm/min.

The experimental setup for a typical fix-ended stub column test
is depicted in Fig. 6. Two linear variable displacement transducers
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(a) During testing

(b) After testing

Fig. 3. Tensile coupon specimens.

Table 3
Material properties obtained from tensile coupon tests.
Specimen E (MPa) oy, (MPa) 0y, (MPa) o, (MPa) e, (%) e, (%) n 6,/602
50.8 x 508 x 6.35 66729 275 282 324 7.5 13.5 27.6 115
50.8 x 50.8 x 4.76 69302 284 292 332 9.1 12.9 25.0 1.14
76.2 x 762 x 6.35 70885 280 286 317 8.8 16.2 32.7 1.11
50.8 x 38.1 x 6.35 67 009 290 298 334 7.5 12.7 25.5 1.12
50.8 x 38.1 x 3.18 67 500 280 287 316 8.2 13.2 28.1 1.10
50.8 x 254 x 3.18 66 408 276 282 295 6.3 11.4 32.2 1.05
38.1 x 38.1 x 4.76 68744 290 297 309 6.5 13.0 29.1 1.04
400
]
50 mE [
300 | I I |
central axis of the loading ri
= 250 gng
S \
— 200 H |
4 = G-clamp
H |——strain gauges
»n 150 -
——50.8%50.8x6.35 ------- 50.8%50.8%4.76 |
100 ----76.2x76.2x6.35 ----- 50.8x38.1x6.35 stub column specimen
——-50.8%38.1x3.18 —-— 50.8%x25.4x3.18 bolt
0T . -38.1x38.1x4.76
0 1 1 1
T
0.00 0.05 0.10 0.15 0.20 : LVDT
Strain [mm/mm]
] load cell

Fig. 4. Experimental stress—strain curves.

(LVDTs) were located between the end plates to determine the end
shortening of the fix-ended stub column. In addition, three linear
electrical resistance strain gauges were affixed longitudinally at the
mid-length of the specimen to measure the compressive strains. Par-
ticularly, the two strain gauges were affixed at both flanges at 10 mm
of the tip and the third one at the middle of the web, as shown
in Fig. 5. The applied loading was measured using the load cell of
the machine. The applied loading, end shortening and strain values
were monitored through a data acquisition equipment with sampling
frequency of 10 Hz.

Fig. 5. Schematic illustration of the fix-ended stub column test arrangement and
instrumentation.

The load-end shortening curves (F,,-§) for all tested fix-ended stub
column specimens are depicted in Fig. 7. The key tests results including
the ultimate load F, . g, and the end shortening at ultimate load 6, .,
are summarised in Table 4. All fix-ended stub column specimens failed
due to local buckling with a classic “in-out” deformation mode at the

mid-length, as displayed in Fig. 8.
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Fig. 6. Typical fix-ended stub column test setup.

300
50.8x50.8X6.35-L1SO (oo o as s

250 t —

200 t 50.8x50.8x4.76-L150

38.1x38.1x4.76-L115

50.8%38.1x3.18-L150
50.8%25.4x3.18-L150

Load, F [kN]
S &
(=] (=]

w
(==}

0 1 2 3
End shortening, J [mm]

Fig. 7. Load-end shortening curves obtained from fix-ended stub column tests.

Table 4

Summary of key results obtained from fix-ended stub column tests.

Specimen F, s bxp (kN) 84 Exp (mm)
50.8 x 50.8 X 6.35-L150 249.57 1.90

50.8 x 50.8 x 4.76-L150 199.10 1.80

50.8 x 38.1 x 6.35-L150 242.00 3.00

50.8 x 38.1 x 3.18-L150 108.07 1.05

50.8 x 254 x 3.18-L150 88.15 1.40

38.1 x 38.1 x 4.76-L115 146.65 1.45

2.4. Pin-ended column tests

Aiming to investigate the minor-axis flexural buckling, 8 C-section
columns were subjected to concentric compression under pin-ended
support conditions. Similar to fix-ended stub columns, the specimens
were roughly cut to length and then were milled flat at both ends to
ensure uniform distribution of the applied compressive loading. Fig. 9
shows a schematic illustration of the pin-ended column test arrange-
ment and the corresponding employed instrumentation. An assembly of
a pit plate with V-shaped grooves and a wedge plate with a single knife-

edge wedge were used to simulate the pin-ended support conditions
allowing rotation around the minor axis [38]. Moreover, the steel C-
sections were loosely bolted through steel plates at both edges to clamp
both specimen’s ends and prevent twisting and warping.

Fig. 10 depicts the experimental setup for a typical pin-ended col-
umn test. Four LVDTs were placed; two at the mid-length to record the
lateral deflection and two bilateral at the bottom edge to monitor the
end rotation. Moreover, three strain gauges were attached longitudi-
nally at the mid-length to measure the compressive strains. Particularly,
the two strain gauges were affixed at both flanges at 10 mm of the
tip and the third one at the middle of the web, as shown in Fig. 9.
The same Mayes servo-controlled hydraulic testing machine was used
to perform the compression tests applying loading at a cross-head
displacement rate of 0.2 mm/min. Each specimen was placed carefully
between the two pit plates and centralised in an accurate position,
i.e., aimed at applied eccentricity equal to zero, using special wooden
cut-outs. An initial compressive loading of approximately equal to 15%
of the predicted load-carrying capacity was also applied [36] to ease
the specimen’s alignment into accurate position. It worth noting that
the distance from the rotation centre of the knife-edge wedge to the
end of the specimens was equal to 32 mm. Thus, the effective column
length of each column is L, = L +64 mm, which is included in Table 2.

At initial loading stage, the readings taken from the LVDTs and
strain gauges for each specimen were utilised to calculate the combined
equivalent global imperfection and applied eccentricity e,, which is de-
fined as the sum of the measured initial global geometric imperfection
amplitude o, and the actual initial load eccentricity e, and is given as
follows [36,39]:

EI (emax —€

min)
hF, -4 W

ey, =¢eytw, =
where EI is the flexural rigidity of the cross-section about the minor
axis, €,,, is the maximum recorded compressive strain, ¢,;, is the
maximum recorded tensile or minimum recorded compressive strain,
h is the distance between the strain gauges attached on the web and
flange, F,, is the applied initial compressive load approximately equal to
15% of the predicted load-carrying capacity and 4 is the corresponding
lateral deflection at the mid-height. Note that the e, value was taken
as positive whether the knife-edge wedges are located closer to the
flange tips (resulting initial moments lead the specimen to bow towards
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Fig. 8. Failure modes obtained from fix-ended stub column tests.

wedge plate with single knife-edge
pit plate with V-shaped grooves

hannel section
= [Fed bols

[EAS

central axis of the loading rig

10mm— strain gauges
i LVDT

column specimen

effective column length, Le
column length, L

steel plate

ﬂiﬁz

Fig. 9. Schematic illustration of the pin-ended column test arrangement and
instrumentation.

the web), whilst they are negative whether the knife-edge wedges are
located closer to the web (resulting initial moments lead the specimen
to bow towards the flange tips), as shown in Fig. 11.

On the basis of similar studies [14,18,36], the F;, value was deemed
adequate to ensure that the specimen’s behaviour remains into the
elastic range providing reliable lateral deflection and strain measure-
ments. In case that the absolute value of the combined equivalent
global imperfection and applied eccentricity |e, | exceeded the value of
L,/1000, the specimen’s position was carefully re-adjusted to achieve
len] < L,/1000 [36,40]. The final overall global geometric imperfec-
tion amplitude e, for each examined column specimen is reported
in Table 2. The applied loading, end shortening and strain values
were monitored through a data acquisition equipment with sampling
frequency of 10 Hz.

The recorded load-mid-height lateral deflection curves (F-4) for all
tested columns are shown in Fig. 12. The key test results including
the ultimate load F, f,, and the mid-height lateral deflection at ul-
timate load 4, g, are listed in Table 5. The most common observed
failure mode was global buckling accompanied by local buckling on

Fig. 10. Typical pin-ended column test setup.

the compressed flanges (interaction of global and local buckling). All
tested specimens exhibited significant mid-height lateral deflection.
Two buckling orientations were observed, namely “C” orientation and
“reverse C” orientation, indicating that the specimens buckled towards
the web and flange tips, respectively. Typical obtained failures modes
for both buckling orientations are depicted in Fig. 13. Particularly,
all specimens except 50.8 x 50.8 x 6.35-L500 specimen, had positive
combined equivalent global imperfection and applied eccentricity e,
(see Table 2) and thus the additional bending moments due to second
order effects induced compressive stresses at the flange tips, resulting
in buckling towards the web (“C” orientation). Conversely, in 50.8 x
50.8 x 6.35-L500 specimen which had negative combined equivalent
global imperfection and applied eccentricity e,,, the additional bending
moments induced tensile stresses at the flange tips leading to buckling
towards the flange tips (‘“reverse C” orientation).

3. Numerical modelling study

Aiming to investigate further the compressive behaviour of alu-
minjum alloy columns, an extensive numerical study was carried out
employing the commercial FE software ABAQUS [41]. The experimen-
tal results reported in Section 2 were utilised to validate the developed
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Fig. 11. Sign convention for actual initial load eccentricity e,.
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Fig. 12. Load-mid-height lateral deflection curves obtained from pin-ended column tests.

Table 5
Summary of key results obtained from flexural buckling tests.
Specimen Orientation F, gy RN) 4, pxp (mm)
50.8 x 50.8 x 6.35-L500 “reverse C” 225.92 1.70
76.2 x 76.2 x 6.35-L500 “c” 379.63 0.20
76.2 x 762 x 6.35-L300 “c” 387.47 0.50
50.8 x 38.1 x 6.35-L500 “c” 200.43 8.50
50.8 x 38.1 x 3.18-L500 “c” 91.85 2.00
50.8 x 38.1 x 3.18-L300 “c” 102.50 0.50
50.8 x 254 x 3.18-L500 “c” 46.59 5.00
50.8 x 254 x 3.18-L300 “c” 81.12 1.50

FE models. Upon successful validation, the FE models were used to
generate additional performance data through a series of parametric
studies.

3.1. Basic modelling methodology and assumptions

Considering the thin-walled nature of C-sections and based on sim-
ilar research studies [13-18,20,23], the four-node shell element with
reduced integration rule (S4R) was adopted to discretise the developed
FE models. A mesh convergence study was conducted to determine a
mesh size that provides accurate results whilst remaining computation-
ally efficient. A uniform mesh of 3 mm x 3 mm was found to satisfy
the above requirement and thus was adopted for both the fix-ended
stub and pin-ended column FE models.

The boundary conditions were defined by restraining suitable de-
grees of freedom according to the experimental setups. Regarding the
fix-ended stub columns, all degrees of freedom were restrained at both
end cross-sections, apart from the vertical translation at the loaded end.
Similar boundary conditions were applied to pin-ended columns, with
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(b) 50.8%50.8%6.35-L500 - “reverse C”
orientation

Fig. 13. Typical failure modes obtained from pin-ended column tests.

the only difference lying in the rotational degree of freedom about the
minor axis, which was not restrained, thus allowing for modelling the
pin-ended boundary conditions. The stiffening effect provided by the
underpinning bolts and the G-clamps was also taken into consideration
assigning distributing coupling constraints at both end cross-sections to
ensure that they remain undeformed during loading. Fig. 14 displays
the modelled geometry of typical fix-ended stub column and pin-ended
column specimens along with the corresponding applied constraints
and boundary conditions.

An elastic—plastic material model with a von Mises yield criterion
and isotropic hardening rule was adopted to simulate the stress—strain
behaviour of the investigated 6082-T6 heat treated aluminium alloy.
The engineering stress-strain curves obtained from the tensile coupon
tests were input into ABAQUS [41] in the form of true stress and
logarithmic plastic strain values.

Based on the aforementioned modelling assumptions, a FE model
for each tested column specimen was generated. Subsequently, a linear
eigenvalue buckling analysis was carried out to extract the buckling
mode shapes. These were utilised as initial geometric imperfection
patterns and were incorporated into the subsequent geometrically and
materially nonlinear analysis. The modified Riks solution method was
employed for the nonlinear analysis allowing for capturing the full
load—deformation response for each modelled column specimen. The
lowest local and global buckling mode shapes were used to perturb
the geometry of the pin-ended column specimens. For the fix-ended
stub column specimens, only the lowest local buckling mode shape
was introduced as initial local geometric imperfection pattern. An
imperfection sensitivity study was also conducted for both the fix-
ended stub and pin-ended columns to determine the suitable amplitude
values to be adopted in the following parametric studies. For the
local geometric imperfection amplitudes, three different fractions of the
cross-sectional flange thickness 7, namely 7, /15 (average measured),
17/50 and t,/100, were considered [42,43]. Regarding the global geo-
metric imperfection amplitudes, three different fractions of the effective
column length L,, namely L, /1000 (average measured), L,/1500 and
L,/2000, were considered [28,42].

The residual stresses resulting from the heat-treatment process of
the aluminium alloys were not measured in the current experimental
study, because the bending residual stresses were insignificant since
no pronounced curving of the tensile coupons was observed [2,44].
Moreover, it has been reported that the residual stresses have negligible
influence on the ultimate strength of extruded aluminium alloy cross-
sections [1]. Therefore, they were not explicitly included in the FE
models developed in this study [45,46].

Table 6
Comparison between the FE and experimental ultimate loads for fix-ended stub
columns.

Fuesexo/ Fucs.re

Specimen t;/15 t;/50 t,/100
50.8 x 50.8 x 6.35-L150 0.97 0.99 1.0
50.8 x 50.8 x 4.76-L150 1.03 1.05 1.1
50.8 x 38.1 x 6.35-L150 1.05 1.08 1.1
50.8 x 38.1 x 3.18-L150 1.02 1.01 1.0
50.8 x 254 x 3.18-L150 1.05 1.10 1.1
38.1 x 38.1 x 4.76-L115 1.01 1.02 1.03
Mean 1.02 1.04 1.06
Ccov 0.03 0.04 0.03

3.2. Validation of the FE models

Aiming to assess the accuracy of the developed FE models and verify
their suitability for the conduction of parametric studies, the numerical
results were compared with those obtained from tests. Tables 6 and
7 present the ratios of the experimental F, . p,, (F,Ex,) over the
FE F, . rr (F,pg) ultimate strengths for the considered imperfection
amplitudes for the fix-ended stub and pin-ended columns, respectively.
It can be seen that the values of the initial imperfection amplitudes
slightly influence the F, . .,/F,.srr and F,gy,/F,pp Ttatios. The
most accurate and consistent prediction of the experimental response
for the fix-ended stub columns is obtained for the average measured
local imperfection amplitude #,/15 which resulted in mean value and
corresponding coefficient of variation (COV) of the F, . p\,/F, csrE
ratio of 1.02 and 0.03, respectively. For the flexural buckling column
tests, the average measured local 7,/15 and global L,/1000 imperfec-
tion amplitudes provided the best agreement between the experimental
and FE response with mean value and corresponding coefficient of
variation (COV) of the F, .,/ F, rp ratio of 1.00 and 0.03, respectively.

Typical load—deformation curves obtained from tests and FE anal-
yses are depicted in Fig. 15. It can be seen that the compressive
behaviour was accurately predicted throughout the loading history,
including the initial stiffness, ultimate load, displacement correspond-
ing to ultimate load and inelastic response exhibited during the tests.
Moreover, a good agreement was achieved between the experimental
and FE failure modes, as shown in Fig. 16. It can be concluded that the
developed FE models can accurately replicate the cross-sectional and
flexural buckling response of aluminium alloy C-sections.
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Fig. 14. Modelled geometry of typical specimens and the corresponding applied constraints and boundary conditions.
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Fig. 15. Comparison between typical FE and experimental load—deformation curves for (a) stub fix-ended columns and (b) pin-ended columns.

3.3. Parametric studies

Upon validation of the developed FE models, parametric studies
were performed for both fix-ended stub and pin-ended columns. The
generated FE models adhere to the modelling assumptions described
in Section 3.1. For the fix-ended stub columns, five different aspect
ratios, D/B, were considered keeping the outer web depth D fixed to
150 mm, whilst the outer flange width B was ranging from 150 to
50 mm. The plate thickness varied from 2.5 to 22.0 mm to encompass
a wide range of cross-sectional slenderness ratios f,/e and cross-

sectional slendernesses 4; (see Section 4.2.1). Note that the FE models
used in the parametric studies were validated against experimental
results with cross-sectional slenderness ratios fi; /e ranging from 5.46
to 11.94. Following the practice applied in similar FE studies [13,15,
201, the cross-section slenderness has been extended to a wider range
(8;/€:1.36-52.50) in the numerical parametric study. The length of the
fix-ended stub columns was set equal to 450 mm which is three times
the maximum cross-sectional dimension to ensure pure local buck-
ling behaviour without any coupled instability phenomena [26]. For
the pin-ended columns, three different cross-sections were examined,
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(a) 50.8x50.8x6.35-L150

(b) 76.2x76.2%6.35-L300

Fig. 16. Comparison between typical experimental (left) and FE (right) failure modes for (a) stub fix-ended columns and (b) pin-ended columns.

namely 100 x 100,100 x 67 and 100 x 50, with corresponding aspect
ratios D/B of 1.0, 1.5 and 2.0, respectively. Moreover, three plate thick-
nesses of 10, 13 and 16 mm were examined. The members’ length L
was ranging from 600 to 1800 mm providing a broad range of member
slendernesses 4 from 0.36-2.04 and column slenderness parameters 2,
(see Section 4.2.2) from 0.39-2.04. Tables 8 and 9 list the examined
parameters considered for the columns.

The material properties adopted in the parametric studies were
based on the averaged stress—strain curves obtained from the tensile
coupon tests of this study. The initial local geometric imperfections
were accounted for through the lowest buckling mode shape with an
amplitude of 7,/15 for the fix-ended stub and pin-ended columns,

10

respectively, whereas the global imperfection amplitude for the pin-
ended columns was taken as L,/1000. A total of 47 and 45 numerical
analyses were carried out for the fix-ended stub and pin-ended columns,
respectively. The obtained results are discussed in Section 4.

4. Assessment of Eurocode 9 and direct strength method

In this section, the accuracy of the Eurocode 9 (EC9) [24] design
provisions, including the flexural buckling curve, is assessed on the ba-
sis of the experimentally and numerically obtained ultimate strengths.
The applicability of the DSM [25] on the design of aluminium alloy
C-sections subjected to concentric compression is also evaluated. It is
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Table 7
Comparison between the FE and experimental ultimate loads for pin-ended columns
for local imperfection amplitude ,/15.

Fu,Exp/FMAFE

Specimen L,/1000 L,/1500 L,/2000
50.8 x 50.8 x 6.35-L500 0.99 1.01 1.02
76.2 x 762 x 6.35-L500 1.03 1.04 1.04
76.2 x 76.2 x 6.35-L300 1.01 1.04 1.04
50.8 x 38.1 x 6.35-L500 0.96 0.97 0.99
50.8 x 38.1 x 3.18-L500 1.02 1.05 1.07
50.8 x 38.1 x 3.18-L300 1.03 1.05 1.06
50.8 x 254 x 3.18-L500 0.99 0.99 1.00
50.8 x 254 x 3.18-L300 0.96 1.00 1.04
Mean 1.00 1.02 1.03
cov 0.03 0.03 0.03
Table 8

List of key parameters considered in parametric studies for fix-ended stub columns.
Total FE analyses: 47

+ 1.0 (150 x 150)
« 1.25 (150 x 120)
» 1.5 (150 x 100)
« 2.0 (150 x 75)

+ 3.0 (150 x 50)

5 aspect ratios D/B (D x B):

Thicknesses (tf =1,) (mm) e 2.5-22.0
Resulting slenderness ratio §,/e * fr/e 1.36-52.50
Resulting cross-sectional slendernesses 4, e 4 0.19-2.49

Table 9
List of key parameters considered in parametric studies for pin-ended columns.

Total FE analyses: 45
« 1.0 (100 x 100)

« 1.5 (100 x 67)
+ 2.0 (100 x 50)

3 aspect ratios D/B (D x B):

Thicknesses (r, =1,) (mm) « 10, 13, 16
Column lengths L (mm) « 600-1800
Resulting member slendernesses 1 . A 0.36-2.04
Resulting column slenderness parameter 4, . 7.1 0.39-2.04

noted that throughout the comparisons all partial safety factors were
set equal to unity.

4.1. Eurocode 9

4.1.1. Cross-sectional compressive resistance

EC9 [24] estimates the compressive resistance of a cross-section
considering the material yield strength and the susceptibility of each
constituent plate element to local buckling. Particularly, EC9 [24] clas-
sifies the cross-sections in four different classes based on slenderness
limits and thus identifies to what extent the cross-sectional resistance
is limited by the local buckling resistance. Classes 1, 2 and 3 or
stocky cross-sections are able to achieve their proof strength, whilst
Class 4 or slender cross-sections fail prior to the attainment of their
yield strength, owing to significant local buckling phenomena which
govern their ultimate behaviour. According to Section 6.2.4 specified in
EC9 [24], the resistance F,,4 ., pco Of C-sections subjected to uniform
compression is estimated as follows:

Ao
Fpredes,eco = Fpiri =

Ar 002

for Classes 1,2, 3

(2)
for Class 4
where A, is the effective cross-sectional area calculated by assuming
a reduced thickness for the slender plate elements through a reduction
factor p,:

Cl
(Br/¢)

G

. ®
(Br/¢)

pe =
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where the constants C; and C, were taken equal to 10 and 24, respec-
tively.

Table 10 lists the predicted-to-ultimate ratios Fy,..g . gco/ Fics to-
gether with the corresponding slenderness parameter f,/e of the
flange. The values of the ultimate resistance F, ., were provided by the
results of tests and the parametric study. It can be seen that EC9 [24]
provides safe design strength predictions but quite conservative with a
mean value of the F,,.; ., pco/F,.s ratio equal to 0.85 (much lower
than unity). The same can also be concluded from Fig. 17 which
presents the F,..; .. pco/F, s ratios plotted against the f,/e values.
This graph shows clearly that the level of conservatism of the EC9
increases for slender cross-sections, i.e., cross-sections with higher g, /e
values. This could be attributed to the fact that the additional data were
generated based on FE models which were validated against experi-
mental results with low §, /e values, whilst the imperfection amplitude
was considered the same for both stocky and slender cross-sections.
It might be possible that the influence of the geometric imperfection
amplitude to be more evident for cross-sections with higher /¢ values
and thus resulting in more conservative design strength predictions.
Additionally, the relatively low coefficient of variation (COV) of 0.11
and the apparent scattering of the data points plotted in Fig. 17 confirm
the relatively low level of design consistency provided by the EC9
[24].

4.1.2. Flexural buckling resistance

According to Section 6.3.1 specified in EC9 [24], the design flexural
buckling resistance F),. 4 gco of C-section members subjected to uniform
compression is estimated as follows:

Fpred,ECQ = )(sz,Rk G
where the reduction coefficient y is given by Eq. (5).

1
y= 5

The parameter ¢ can be estimated by Eq. (6) and the member slender-
ness A is defined in Section 2.1.
¢=o.5[1+a(§—10)+712] 6)
where a and 4 is the imperfection factor and the limit of the horizontal
plateau, respectively, corresponding to the relevant buckling curve (for
6082-T6 a is 0.2 and 4, is 0.1).

The applicability of the EC9 [24] design buckling curve is evalu-
ated by comparing the obtained ultimate strengths F, derived from
pin-ended column tests and FE models with the respective codified
predicted resistances F,,4 pco- T0 do so, the F, values were normalised
by the corresponding plastic resistince F,; i values and were plotted
against the member slenderness 4 as shown in Fig. 18. It can be
seen that both the experimental and FE data points are above the
design curve, suggesting that the design strength predictions are safe
but conservative. The predicted-to-ultimate F,,., pco/F, ratios are also
presented in Table 11 together with the corresponding member slen-
derness 7 values. The resulted mean value of 0.87 of the Fyrea,5co/ Fy
ratio denotes that EC9 [24] underestimates the actual flexural buckling
resistance of 6082-T6 aluminium alloy columns. Moreover, the corre-
sponding COV value of 0.08 together with the scattered data points
displayed in Fig. 18 suggest relatively low level of design consistency
of EC9 [24] strength predictions.

Aiming to improve the accuracy level of the current design rules
provided by EC9 [24], the obtained experimental and FE results were
utilised to propose a revised flexural buckling curve for Class A alu-
minium alloys. In particular, a revised imperfection factor « of 0.16 and
a revised limit of the horizontal plateau %, of 0.2 are proposed provid-
ing the best agreement between the EC9 [24] strength predictions and
the experimental and FE results. The proposed flexural buckling curve
is plotted in Fig. 18, whilst the proposed predicted-to-ultimate ratios
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Comparison of experimental and FE results with EC9 [24] design strengths for fix-ended stub columns.

Table 10
Predicted strength ratios for both experimental and numerical results for fix-ended stub columns.

Specimen No Eurocode 9 Direct strength method
ﬂ/ /€ Fpred,c;.u?a/Fu,m A Fpred.m.DSM/Fu.u
50.8 x 50.8 x 6.35-L150 1 7.49 0.90 0.35 1.00
50.8 x 50.8 x 4.76-L150 1 10.42 0.83 0.48 0.99
50.8 x 38.1 X 6.35-L150 1 5.46 0.89 0.32 0.89
50.8 x 38.1 x 3.18-L150 1 11.94 0.81 0.68 1.00
50.8 x 254 x 3.18-L150 1 7.62 0.90 0.58 0.95
38.1 x 38.1 x 4.76-L115 1 7.84 0.91 0.37 0.98
FE 47 1.36-52.50 0.85 0.19-2.49 0.96
Mean (all) 0.85 0.96
COV (all) 0.11 0.04

Table 11
Predicted strength ratios for both experimental and numerical results for pin-ended columns.
Specimen No Eurocode 9 Direct strength method
E Fﬂn’d.lz’(?‘)/Fu Fprw],EC&prup/Fu zu Fpr(‘d‘DSM/Fu
50.8 x 50.8 X 6.35-L500 1 0.63 0.90 0.94 0.65 0.94
76.2 x 76.2 X 6.35-L500 1 0.36 0.76 0.78 0.40 0.96
76.2 x 76.2 X 6.35-L300 1 0.22 0.77 0.79 0.24 0.98
50.8 x 38.1 x 6.35-L500 1 0.90 0.78 0.83 0.90 0.79
50.8 x 38.1 x 3.18-L500 1 0.79 0.75 0.79 0.86 0.89
50.8 x 38.1 x 3.18-L300 1 0.48 0.78 0.81 0.51 0.95
50.8 x 254 x 3.18-L500 1 1.32 0.78 0.82 1.34 0.91
50.8 x 25.4 x 3.18-L300 1 0.79 0.77 0.82 0.80 0.81
FE 45 0.36-2.04 0.88 0.93 0.39-2.04 0.93
Mean (all) 0.87 0.91 0.93
COV (all) 0.08 0.07 0.06

p

Fyred,£C9 prop/ Fy are included in Table 11. As can be seen, the achieved

mean value of the F,,..; gco yrop/ F, Tatio is 0.91 which is higher than
that of the F,,, pco/F, ratio signifying that the proposed curve offers
slightly more accurate strength predictions. The same can be drawn
from Fig. 18 where the data points are closer to the proposed buckling

curve.
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4.2. Direct strength method

4.2.1. Cross-sectional compressive resistance

The DSM is codified in Section E3.2.1 of [22] as an alternative
and simplified design method for prediction of the cross-sectional
compressive resistance of cold-formed carbon steel cross-sections. This
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Fig. 18. Comparison of experimental and FE results with EC9 [24] design strength predictions for pin-ended columns.
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Fig. 19. Comparison of experimental and FE results with DSM [22] design strengths for fix-ended stub columns.

method utilises the cross-sectional slenderness 4, and adopts a ‘strength
curve’ allowing to directly determine the cross-sectional compressive
resistance Fpgp s preq Of @ slender cross-section (4, > 0.776). In case
of a stocky cross-section (4, < 0.776), the cross-sectional compressive
resistance Fpgp s preq €quals to the yield strength Ag, of the cross-
section. The design formulae for both stocky and slender cross-sections
are given by Eq. (7):

Aoy, for 4 <0776

Fpsu espred = 1-015 Foy \**
’ Aoy,

F,

crl

0.4
Am) Aoy, for 4 > 0.776

7

13

where 4, = /F,/F,.,, F,, = Aoy, is the flexural buckling strength
defined in Section 4.2.2 and F,,, = Ao, is the critical elastic local
column buckling load where o, is the elastic critical buckling stress
of the cross-section. The stress ¢, accounts for the element interaction
and can be obtained using either proposed analytical formulae [47] or
numerical tools, such as CUFSM [48].

The predicted-to-ultimate F,,; ., psy/Fycs ratios along with the
corresponding cross-sectional slenderness 4, values are provided in
Table 10. The resulted mean value of the F,.; . psy/F, s 1atio is
0.96 and the corresponding COV is 0.04 denoting that the DSM offers
significantly more precise and consistent strength predictions compared
t0 EC9 [24] (Fyreq.c5.5c9/ Fues = 0.85 and corresponding COV = 0.11).
Moreover, in Fig. 19 the F,,..4.; psm/Fy s ratios are plotted against

S
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Fig. 20. Comparison of experimental and FE results with DSM [22] design strengths for pin-ended columns.

the cross-sectional slenderness 4, values. Again, it can be concluded
that the DSM provides higher design accuracy and consistency than
EC9 [24] as the data points are closer to unity and less scattered.

4.2.2. Flexural buckling resistance

According to Section E.2 specified in DSM [22], the flexural buck-
ling resistance F),.4 psy Of C-section members subjected to uniform
compression could be calculated as follows:

(0.658‘3)Aao_2 for A, < 1.5

(

where A, = /Aoy ,/F,,, is the column slenderness parameter and F,,,
is the least of the applicable elastic flexural buckling stresses calculated
in accordance with Sections E2.1 and E2.2 of [22].

Fig. 20 displays the F,..; psy/F, ratios plotted against column
slenderness parameter A, values suggesting that the DSM [22] pro-
vides accurate and relatively low scattered design strength predictions.
Furthermore, Table 11 provides the predicted-to-ultimate F,,.; psy/F,
ratios along with the corresponding column slenderness parameter A,
values. As can be seen the DSM [22] design rules exhibit the most ac-
curate design strength predictions with mean value of the F,,.; psy/F,
ratio of 0.93. Higher design consistency is also provided since the
corresponding COV is 0.06 which is the lowest values amongst those
resulted from EC9 [24] and the revised EC9 design rules proposed
herein.

F,

pred,DSM = F,

ne:

0.877 ®)

42

)Aao'z for A, > 1.5

5. Conclusions

The present paper reports 6 fix-ended stub columns tests and 8
pin-ended column tests on 6082-T6 heat-treated aluminium alloy C-
sections. The obtained experimental results were utilised to develop
FE models considering material and geometrical nonlinearities. A sub-
sequent numerical study was conducted generating 92 additional per-
formance data over a wide range of cross-sectional aspect ratios, and

14

cross-sectional and member slendernesses. The experimentally and nu-
merically derived ultimate strengths were used to assess the accuracy
of the Eurocode 9 design provisions. A new flexural buckling curve
is proposed based on both the experimental and numerical results
improving the design accuracy by 5%. The applicability of the DSM
for cold-formed carbon steel cross-sections was also evaluated finding
that it is suitable for the design of aluminium alloy C-sections subjected
to concentric compression. Relative comparisons between EC9 and
DSM design strengths denoted that the DSM provides more accurate
predictions, i.e., predicted-to-ultimate strength ratios of 0.96 and 0.93
for fix-ended stub and pin-ended columns, respectively.
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