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Abstract

Aluminium alloys have high strength-to-weight ratios and great durability; thus, they have been
extensively used in structural applications. Channel sections have a smooth and aesthetically
pleasing line shape, good integrity, and are easy to connect. An experimental program using 28
specimens and a numerical study that generated 100 results were conducted on aluminium alloy
columns of plain and lipped channel sections. The nominal length of columns ranged from 300 mm
to 3000 mm. The generated 128 results were evaluated with respect to the existing design
specifications from America, Australia/New Zealand, Europe and China. Furthermore, the direct
strength method (DSM) and the continuous strength method (CSM) were also used to predict results
for comparison. The results showed that the design specifications produced conservative
compression strengths of aluminium alloy columns of both plain and lipped channel sections. The
CSM provided more accurate and consistent design strengths. In addition, the reliability levels of the
four international design codes, DSM and CSM for channel sections of aluminium alloy columns
were also evaluated.
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1. Introduction

Aluminium alloys have advantageous characteristics (e.g., a high strength-to-weight ratio and great
corrosion resistance) and that has led to its wide use in engineering applications. Moreover, the
aluminium alloy members can be extruded economically into various sections with different
geometries. Among the different possible sections, channel sections have been increasingly applied
in construction projects due to their smooth and aesthetically pleasing line shape, good integrity, and
are easy to connect. Research of aluminium alloy components has mainly been concentrated on
square, rectangular, and circular hollow sections. There have been limited studies on aluminium alloy
plain and lipped channel sections, especially for the long columns failed by flexural-torsional
buckling.

The axial load capacity of aluminium alloys has been investigated in the past decades. The
compressive capacity of aluminium alloys with varying cross-section geometries have been studied
by using both experimental and numerical investigations. These studied section shapes include



square and rectangular hollow sections [1], circular hollow sections [2], channels [3], and angles [4].
Currently, the compression capacity of aluminium alloy columns can be determined according to
several design standards, such as the Aluminium Design Manual (AA) [5], the Australia and New
Zealand Standards (AS/NZS) [6], Eurocode 9 (EC9) [7] and the Chinese Code for Design of
Aluminium Structures (CN) [8]. The compression capacity can also be assessed by the direct
strength method (DSM) and the continuous strength method (CSM). Schafer and Pekdz [9] firstly
proposed the DSM approach for cold-formed steel structural members and included in the North
American Specification [10], considering the influences of the global buckling, the coupling effect of
the global buckling and local buckling, and the coupling effect of the distortional buckling and
component yielding. Later, Zhu and Young [11,12] modified the DSM for designing aluminium alloy
columns of square and rectangular hollow sections (SHS/RHS). In 2015, the DSM has been included
in the Aluminium Design Manual (AA) [5] to cover the local buckling design for aluminium alloy
columns. Recently, Su et al. [13,14] proposed the continuous strength method (CSM), which is a
deformation-based design method for the prediction of aluminium alloy compression capacity. The
CSM approach provides an opportunity to systematically consider the positive effect of strain
hardening for stocky sections.

This paper studies the compressive behaviour of aluminium alloy columns on plain and lipped
channel sections. In this study, 28 aluminium alloy columns were tested, including 14 members with
a plain channel section and 14 members with a lipped channel section. A numerical model was then
built, and its modelling results were compared with the experimental results. Upon validation,
numerical simulations were carried out for 100 cases as a parametric study. The design codes from
America, Europe, Australia/New Zealand, and China for aluminium alloy structures as well as the
DSM and CSM approaches were used to predict design strengths for comparison with the testing
results and numerical results. Finally, the design methods were assessed by reliability analysis.

2. Experimental programme

2.1. Specimens

The experimental program was carried out in the Structural Laboratory of The University of Hong
Kong [15]. In this program, a total of 28 aluminium alloy columns, including 14 of plain channel
sections and 14 of lipped channel sections, were prepared for testing. The heat-treated aluminium
alloys 6061-T6 and 6063-T5 were extruded to fabricate these 28 specimens. The section length
varied between 300 to 3000 mm. The material properties of aluminium alloys were measured by
tensile coupon tests. Table 1 and Table 2 present the cross-sectional dimensions and material
properties of plain and lipped channel test specimens, respectively. The tested material stress - strain
curves of aluminium alloys T5 and T6 are shown in Fig. 1.

The specimens were labelled according to “section shape - strength - nominal length — (repeated
testing or not)”. For instance, using the specimen "P-T5-L1350#" as an example, the “P” represents
that it is a plain channel section; if “P” is replaced with “L” here, then the lipped channel section
would be represented. “T5” represents the normal strength aluminium alloy 6063-T5; if “T5” is
replaced with “T6”, then the high strength aluminium alloy 6061-T6 would be represented. The
“L1350” is the specimen’s nominal length (mm). If a symbol “#” follows the nominal length, the
specimen is a repeated test for the given condition.



2.2. Compression tests

A servo-controlled hydraulic testing machine was used to apply compressive axial force to the
specimen. Fig. 2 presents the compression test configuration for long columns. In the test setup, both
ends of aluminium alloy are fixed. A rigid bearing plate was bolted to the end supports to restrain the
axis rotations (minor and major), twist rotations and warping. Hence, the rigid bearing was
considered to be a fixed-ended bearing, and a special bearing was used at the lower end support. The
details of tests can be found in our previous studies [15].

End plates are commonly welded to both ends of column specimens to apply compressive force.
However, heat-treated aluminium alloys suffer loss of strength in a localized region when welding is
involved, and this is well known as heat-affected zone (HAZ) softening. Although the HAZ is
limited to a small region — 1 inch (25.4 mm) to either side of the centre of a weld according to the
AA (2015) — it reduces the column strength significantly. Therefore, the column specimens in this
test program were connected with the end plates using bolt connections through the angle plates and
stiffen plates which were placed along the outside and inside perimeters of the cross section, as
shown in Fig 3. Hence, the HAZ softening was avoided throughout the column tests.

Initially, the top end plate of the specimen was bolted to the rigid bearing plate. The load was
then applied at the upper end through the rigid bearing plate. The ram of the actuator was moved
slowly until the special bearing was in full contact with the bottom end plate of the specimen, having
a small initial load of approximately 1 kN. This procedure would eliminate any possible gaps
between the special bearing and the bottom end plate of the column, since the special bearing was
free to rotate in any direction. The bottom end plate of the specimen was then bolted to the special
bearing, and the bearing was prevented from twisting or rotating by using horizontal and vertical
bolts, respectively. Hence, the special bearing became a fixed-ended bearing and the column
specimens were considered as fixed-ended columns.

Three displacement transducers were used to measure the axial shortening of the specimens.
Displacement control was used to drive the hydraulic actuator at a constant speed of 0.1 mm/min.
The use of displacement control allowed the tests to be continued into the post-ultimate range. A data
acquisition system was used to record the applied load and readings from the three displacement
transducers at regular intervals during the tests.

2.3 Measured Overall Geometric Imperfections

Initial overall geometric imperfections were measured on all specimens prior to testing, except for
the short specimens of 300 mm in length. The overall geometric imperfection measurements
comprised the flexural imperfections about the minor y-axes of the plain and lipped channel section
specimens. After the specimen was properly positioned in the test rig, an axial force of
approximately 1 kN was applied to hold the specimen in place. A theodolite was then used to obtain
readings at the mid-length and near both ends of the specimens. The geometric imperfections were
measured near the plate junction of the plain and lipped channel specimens. The measured overall
geometric imperfections at mid-length about the y-axis (8,) normalized with respect to the specimen
length (L) are shown in Table 3. The maximum measured overall geometric imperfections at the
mid-lengths were 1/1138, 1/917, 1/1069 and 1/1217 of the specimen length for Series P-T5, P-T6,
L-TS and L-T6, respectively.



2.4 Results

Tables 4 and 5 present the ultimate loads (P, ) and corresponding failure modes as measured from

the experimental testing. It is shown that the failure modes varied with the length of the column. The
failure modes included local buckling, the interaction of local and flexural buckling, and a
combination of local, flexural, and flexural-torsional buckling. Please be noted that typo is identified
in [15] regarding to the reported failure modes. The corrected failure modes are presented in Tables 4
and 5 herein.

For columns with the plain channel section, short columns (lengths of 300 mm and 800 mm)
failed by local buckling. The medium columns (lengths of 1350 mm and 1900 mm) failed by local
and flexural buckling. Long columns (lengths of 2450 mm and 3000 mm) failed by a combination of
local buckling, flexural buckling and flexural-torsional buckling.

For columns with the lipped channel section, specimens failed by local buckling for short
columns of specimen lengths 300 mm and 800 mm. The medium columns of specimen lengths 1350
mm and 1900 mm failed by both local and flexural-torsional buckling. Different from the plain
channel sections, the long columns (lengths of 2450 mm and 3000 mm) of lipped channel section
failed by flexural buckling only.

3. Numerical Analyses

The finite element (FE) program ABAQUS [16] was used for numerical simulation in this study. A
parametric study was then carried out to examine the effects of key geometry parameters on the
compressive strength of the normal-strength and high-strength aluminium alloy columns with plain
and lipped channel sections. The studied parameters included effective length, width-to-thickness
ratio, and slenderness ratio. The numerical results from the parametric study in this section are used
in the following section to evaluate the predictions based on the existing design methods.

3.1. FE model validation

The FE model employed the S4R general-purpose shell elements with the experimentally measured
material properties. The element sizes in the FE models of plain and lipped channel sections were
10x10 mm? and 5%5 mm?, respectively. The measured dimensions and initial geometric
imperfections of the specimens were used in the FE models. The fixed-ended boundary condition
was simulated by restraining all the degrees of freedom in all directions except that in the axial
direction at one column end. The non-linearity of aluminium alloys was considered in the FE
simulation by using the plasticity model in ABAQUS [16].

The ultimate compression capacities of 28 columns in plain and lipped channel sections
obtained from FE and tests were compared to validate the model [15]. Results showed that the
differences between the FE model prediction and the test results were small. The mean value of the

ratios of the numerical over experimental results (PFE / PEXp) was 0.95, and the corresponding

coefficient of variation (COV) was 0.101. The FE models accurately predicted the failure modes of
the channel section columns (see Fig. 4), and the load-deformation curves were well predicted as
well, as shown in Fig. 5. Therefore, the FE model is valid and can be used for the following
parametric study.



3.2. Parametric study

The effective lengths considered in parametric study include 500, 1200, 2000, 2700, and 3500 mm.
The cross-section considered in parametric study covered the width of flat elements ranging from
60 mm to 200 mm and the thickness of 2 mm and 3 mm. The plate width-to-thickness ratio b/t
varied from 20 to 120, and the slenderness ratio varied from 50 to 200. The parametric study used
the material model of high-strength aluminium alloys and normal-strength aluminium alloys using
the experimentally determined properties, as given in Tables 1 and 2. The initial geometric
imperfection was taken as the mean value measured from specimens where the local geometric
imperfection was 16% of the thickness of the component, and the global geometric imperfection
was taken as 1/2000 of the component length.

4. Design Method Comparisons

The design strengths of aluminium alloy columns were predicted using the international design
standards, and then compared with experimental and simulation results. These standards include
Aluminium Design Manual (AA) [5], Australia/New Zealand Standards (AS/NZS) [6], Eurocode 9
(EC9) [7], and Chinese Code for Design of Aluminium Structures (CN) [8]. In addition, two design
approaches - DSM [5, 10] and CSM [13, 14] were also considered. All dimensions and material
properties used in the predictions were obtained from measurement and material property tests. In all
calculations, safety factors were set to unity.

4.1. Aluminium Design Manual

The column strength prediction of the AA specification ( P,, ;) uses the lowest of the available
strengths for the limit states of member buckling (P,,), local buckling (P,,), and the interaction

between member buckling and local buckling ( P,.;). This is determined as shown in Eq. (1):

PAA-l = mm(Pncl' |:)nc2’ Pnc3) (1)
Member buckling strength (P¢1) 1s given by (Chapter E.2):

P = TeA 2)

For the yielding condition (4 < 4,): f =1 3)

For the inelastic buckling condition (4 <A< 4): f =(B,—D,1)(0.85+0.15 CC:C —4 ) %

For the elastic buckling condition (42 4,): f, =0.857°E / A2 (5)

The local buckling strength (Py.2) is as follows (Chapter E.3.1):
n n
PnczzzfciA-l_fy(Ag _zAi) 6
i1 = (6)



The strength of interaction between member buckling and local buckling (P,c3) is calculated from
(Chapter E.4):

2
0.857°E 203
Pnc3 = |:Ti| fe AJ (7)
where:
A, = gross cross-sectional area
A= area of element i

B,, C., D,= buckling constant intercept for flexural compression in flat elements as given in
Table B 4.2 [5]

fc= stress corresponding to the uniform compressive strength

f,;= local buckling stress of element i

fe= elastic buckling stress can be obtained from Table B.5.1 [5]

4 = the greatest column slenderness

L=(B, - f,)/D,, slenderness at the intersection of equations for yielding (Eq. 3) and inelastic
buckling (Eq. 4)

4,=C,, slenderness at the intersection of equations for inelastic buckling and elastic buckling

4.2. Aluminium Design Manual (Direct Strength Method )

The direct strength method (DSM) for aluminium alloy column design is included in the Chapter
E.3.2 of the latest version of American Aluminium Design Manual [5]. However, it can only predict
cross-section resistance considering local buckling. Therefore, in this study, the design strength of
DSM in AA (P44-2) 1s only calculated and compared with experimental results of short columns. The
DSM design strength is determined as follows:

P, =f.A
For the yielding condition ( A,, < 4;): f, = f, (8)
For the inelastic buckling condition (4, < 4, < 4, ): fo= Bp - Dp/qu )
For the elastic buckling condition (4 > A, ): f, =(2.27,/B E)/ 4, (10)

where /4, is the slenderness at the intersection of the equations for yielding and inelastic buckling
given by: 2, =(B, - f,)/ D,, /4 is the slenderness at the intersection of the equations for inelastic
buckling and elastic buckling given by: 4, =0.35B,/D_, A, is the equivalent slenderness for

alternate determination of compressive strength for flexural or axial compression given by:

A =T\EI T, |

4.3. Australian/New Zealand Standards

The design rules in the AS/NZS standards [6] are essentially the same as those in the AA code [5]



as shown previously in Section 4.1.

4.4. Eurocode 9

According to the EC9 [7], under the axial compression loading, structure members could fail by
flexural, torsional or flexural torsional and local squashing. Effective cross-section method is used to

calculate the compression section capacity. The design rule strength in EC9 ( P-4 ) is determined as

follows:

Peco = min(Pc,Rd’Pb,Rd) (11)

The design resistance for uniform compression (P rq):
Pore = AT, (12)

where A, is the effective area of cross section that can be obtained by employing a local buckling

reduction factor p, to factor down the component thickness according to:
1.0 B< B,
p=1 9 20 (13)
Ble) (Ble)  p>p

where z=b/tis the width-to-thickness ratio, ¢= /2507 f, is the slenderness coefficient, and f,=

5¢1S the slenderness limit of Class 3 sections.

The design buckling resistance of a compression member (P rs) without welding is given by:
Rore = ZAT, (14)

where 4 is the reduction factor related to the relevant buckling mode given by:

1
-7
¢=o.5(1+a<71-20>+712) (16)

For the flexural buckling condition:

A=(KLIiz) AT, 1 AE (17)

For the torsional or torsional-flexural buckling condition:
A= AT TP, (18)

where
b = flat width of flange
i = gyration’s radius about its relevant axis
k = 0.85, buckling length factor for members

P,, = elastic critical load for torsional buckling, allowing for interaction with flexural buckling if
necessary



a = imperfection factor can be obtained from Table 6.6 [7] for flexural and Table 6.7 [7] for
torsional or torsional-flexural buckling.

7 = relative slenderness

7,= limit of the horizontal plateau in the buckling curves, which can be gained from Table 6.6 of
EC9 [7] for flexural and Table 6.7 of EC9 [7] for torsional or torsional-flexural buckling.

4.5. Chinese Code for Design of Aluminium Structures

The design strength from the Chinese Code [8] (P, ) are based on the effective thickness
method that considers the local buckling and asymmetry of the cross section.
Py = @Af, (19)

where ¢ is the stability coefficient for non-welded compression members, given by @ =7},
where 7, is the section correction coefficient considering local buckling, given by 7, =A /A |

17, 1s the sectional asymmetric coefficient, and  is the stability coefficient for the column.

For normal strength aluminium alloys:

—2

nas :1_2'4‘//2_/1— (20)

(L4 2L+ 2)?

For high strength aluminium alloys:
—2

nas :1_3'21//2% (21)
1+ 1)1+ 1)

where =, — Vi) H, JuandY,, are the distance from the outer edge of the section to the centroid,

and the slenderness is 7 - 4 [7fy .

T E
The section correction coefficient is calculated by Eq. (22):
1 —2 —2 ) — 1/2
o=(—=){A+n+2 )—[(1+;7+,1 )47 } <10
21
(22)

- A /f : : o .
where the slenderness A =— Ey and »1is the coefficient considering initial eccentricity and
Vid

initial bending as given by:

For the normal strength aluminium alloy:
17 =0.2(A—0.15) (23)

For the high strength aluminium alloy:



17 =0.35(1—0.1) (24)

4.6. North American Standard (Direct Strength Method)

The direct strength method (DSM) approach for steel structural members has been included in
the North America specification for cold-formed steel structures (NAS) [10] (Pnas). It covers both
short column and long column design with considering the influences of the global buckling, the
coupling effect of the global buckling and local buckling, and the coupling effect of the distortional
buckling and component yielding. The DSM design strength is determined as follows:

Pus =min(P,.,P,,Py) (25)

ne? ' nl? " nd

Flexural, torsional, or flexural-torsional buckling load (Pxe) is given from:

685%)P A <15
- (0.685 )2y ¢ (26)
(0.877/A7)P, A4 >1.5
Local buckling load (Pu1) is determined by:
Pre 2, <0.776
0.4 0.4
P, = 27
"S1p, = 1-0a8) T | || Fe ] p (&0
P. P. A, >0.776
Distortional buckling load (Pnq) is calculated according to:
Py
iy o 4, <0.561
P. = ’ ) 28
" Py =[1-0.25 Foa Faa | p (28)
P, P, ’ 2,>0561
where
P, =f,A

Fra — critical value of elastic distortional column buckling load

P = minimal value of the critical elastic column buckling load for flexural, torsional, or
torsional-flexural buckling

Port - critical value of elastic local column buckling load

A = Py IP,, , cross-section slenderness for the flexural, torsional, or flexural-torsional
buckling

Ay = Py /P, , cross-section slenderness for the distortional buckling

A, =[P, /P, ,cross-section slenderness for the local buckling

4.7. Continuous strength method

As a deformation-based design method, the CSM employs a continuous base curve representing



the cross-section deformation capacity and slenderness. It also takes into account the impact of strain
hardening by using a bi-linear material model in the calculation of section resistances [14]. However,
the current CSM approach can only predict the aluminium alloy cross-section resistance, it has not
covered the long column compression design. Thus, in this study, the CSM is only used to predict the
compression resistance of columns failed by local buckling. The CSM design procedure is shown
below:

4, <0.
4, >0.68 (29)

PCSM = gcsm Afy

where Tp is the cross-section slenderness given by /1_p= [f, /o, andO is the elastic buckling

stress, which can be numerically obtained using programmes such as CUFSM [17].

The CSM limiting stress is determined from:
fl:sm = fy + Esh (gcsm - gy) (30)

The strain hardening modulus is calculated according to:

Esh:(fu—fy)/(O.Sau—gy) (31)

The deformation capacity of cross sections is as follows:

0.25 . 0.5¢,, —
A &y P

csm o _ p

0.222

1
Y — % l-—)

p p

A, >0.68 (32)

where g,=0.13(1— f,/f,)+0.059, which is the strain at ultimate tensile stress; e,=f,IE, which is the

yield strain.

4.8. Result comparisons

The nominal design strengths calculated by the seven design methods in Sections 4.1 - 4.7 were used
in comparison with the ultimate strengths (P,) experimentally and numerically obtained in this study.
The testing specimen’s material properties and geometry dimensions were used as inputs in the six
design methods to determine the design strengths. Tables 4 and 5 present the comparisons of test
strengths with the calculated design strengths. The comparison of the results from the experiments

and simulations with the predictions from the six design methods are shown in Fig. 6 and
summarized in Tables 6-7.

For the plain channel section columns, it is shown that the Chinese standard (CN) is highly
conservative (the mean value of P,/P., = 1.63 and the COV = 0.196). The prediction of Eurocode 9
is less conservative but shares a similar scatter level as the Chinese standard (the mean value of
P /Py = 1.32 and the COV = 0.188). The American Design Manual and the Australia/New

Zealand Standards are identical and have a less conservative value than EC9 (mean value equals to
1.20 with COV being 0.145). The existing design specifications generally provide conservative
design strengths. The predictions calculated by the DSM specified in AA are rather conservative



(mean value of P,/P,,,= 1.42), but the DSM specified in NAS are much more accurate (mean

value of P,/P,s = 1.01). The load ratios for the CSM (P, /P, ) have mean values of 1.01 and COV

of 0.072, which is the most accurate and consistent, though it is limited as it only predicts the
compression capacity of short columns.

For the lipped channel section columns with data given in Table 6, the prediction accuracy and
scatter level of the AA (P,/P,,), AS/NZS (P,/Py,s) and CN (P, /P, ) standards are similar. The
design strength calculated by EC9 for lipped channel section columns is slightly less conservative
(the mean value of P,/P..;=1.41 and the COV = 0.206), and had a little less scatter than the AA,
AS/NZS, and CN results. The experimental and numerical loads over predictions for the DSM
specified in AA (P,/P,,,) and NAS (P, /P, ) have mean values of 1.30 and 1.09, and the

corresponding COV are 0.222 and 0.175. Similar to plain channel section, the DSM approach
codified in NAS seems to be more accurate for the aluminium alloy column design. The CSM
approach provide more accurate assessments than other design methods with less scatter in their

results (mean value of P, / P, = 1.10 and COV = 0.129).

5. Reliability Analysis

The reliability index is an important parameter for the assessment of the reliability level of a design
method. The structure design method is reliable if the reliability index ( ) is not less than 2.50. The

design load combinations used in the reliability analysis are specified as 1.2D+1.6L for AA,
1.25D+1.5L for AS/NZS, 1.35D+1.5L for EC9, 1.2D+1.4L for CN, where D is the dead load and L
represents the live load. The resistance factors of the AA, AS/NZS, EC9, and CN are specified as
0.85, 0.85, 0.91, and 0.83, respectively. Here, for the DSM and CSM approaches, the load
combination was taken as 1.2D+1.6L, and the resistance factor was 0.85, using AA as a basis.

The determined reliability indexes /3 of the different design rules are shown in Tables 6 and 7

for plain and lipped channel sections, respectively. For the plain channel section columns, the
reliability indexes gof the AA, AS/NZS, EC9, CN, DSM in AA code and CSM were greater than

2.50, which are deemed to be reliable for aluminium alloy columns of plain sections. However, the
reliability index zof the DSM in NAS was found to be 2.18, lower than the target value of 2.50. Thus,

the DSM approach in NAS failed to pass the reliability analysis; the main reason is related to the
scatter of predicted results. For the lipped channel section columns, the reliability indexes zof the

four specifications and the CSM approach were greater than the target value of 2.50. The reliability
index zof the DSM approaches codified in both AA and NAS were found to be 2.41 and 2.20,

respectively. Again, the DSM is deemed to be unsafe for the design of lipped channel section
columns. Modifications to the DSM approach are suggested to achieve reliable predictions in the
future.

6. Conclusions

The aluminium alloy columns with plain and lipped channel sections were experimentally and
numerically studied. In the experimental program, a total of 28 aluminium alloy columns with plain
and lipped channel sections were tested. A FE model was developed and verified by experimental
data. Upon validation, the FE model was applied to generate 100 numerical results. For short
columns, the failure mode was local buckling. As the length of specimens increases, the failure



modes changed. The medium columns generally failed by local and flexural buckling for plain
channels, and local and flexural-torsional buckling for lipped channels, while the long columns failed
by a combination of local buckling, flexural buckling and flexural-torsional buckling for plain
channels, but flexural-torsional buckling only for lipped channels in this study. Afterwards, the
results of the experiments and simulations were compared to those predicted by design methods. It
was shown that the design strengths obtained by the international design specifications are rather
conservative and scattered. Generally, the DSM approaches codified in aluminium alloy and
cold-formed steel codes had more accurate strength predictions. The CSM yielded the most accurate
and consistent predictions for the stub columns that failed by local buckling. Reliability analysis
showed that the design methods in specifications and the CSM approach are safe and reliable for
aluminium alloy channel columns. The DSM approach in AA was shown to be unreliable for lipped
channel section columns, whereas the DSM approaches in NAS was found to fail the reliability
analysis for both plain and lipped channel section columns.
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Notations

A gross cross-sectional area

A effective sectional area

A area of element ;

b flat width

B section width

B, buckling constant intercept for member buckling

B, buckling constant intercept for uniform compression in flat elements
C, buckling constant intersection for member buckling

D, buckling constant slope for member buckling

D, buckling constant slope for uniform compression in flat elements
E Young’s modulus

E, strain hardening modules

om CSM limiting stress

—_—  —hn

! material ultimate stress

f, material yield strength (i.e., the static 0.2% proof stress)
fc stress corresponding to the uniform compressive strength
fci local buckling stress of element i

fe elastic buckling stress



T

section height
radius of gyration

k buckling length factor

L length of column

P, design strengths from AA

P..,  design strengths from DSM in AA

Pinzs  design strengths from AS/NZS

P, rq design buckling resistance of the compression member (EC9)

Pey design strengths from CN

P, elastic critical load for torsional buckling (EC9)

P critical elastic distortional column buckling load (DSM)

P minimum of the critical elastic column buckling load in flexural, torsional, or
torsional-flexural buckling (DSM)

P, critical elastic local column buckling load (DSM)

P. nq design resistance to normal forces of the cross-section for uniform compression (EC9)

P«  design strengths from CSM

Pus  design strengths from DSM in NAS

Py,  design strengths from EC9

P, cxperimental ultimate strengths

Py member buckling strength (AA)

P.,  local buckling strength (AA)

P interaction between member buckling and local buckling (AA)

P, nominal axial strength for flexural, torsional, or torsional-flexural buckling (DSM)

P, nominal axial strength for local buckling (DSM)

P, nominal axial strength for distortional buckling (DSM)

P experimental or numerical ultimate column strengths

t thickness of the section

a imperfection factor

Y width-to-thickness ratio

Bs limit for slenderness parameter

£ slenderness coefficient

Eeem CSM limiting strain

&y elongation (tensile strain) at fracture

é strain at ultimate tensile stress

€y yield strain
7 coefficient considering initial imperfection
Nas asymmetric coefficient of the cross section

1, correction coefficient for local buckling



) column slenderness

Ao slenderness coefficient considering different aluminium alloys

A slenderness at the inter section of equations for yielding and inelastic buckling

4, slenderness at the inter section of equations for inelastic buckling and elastic buckling

A slenderness at the intersection of the equations for yielding and inelastic buckling

/14 slenderness at the intersection of the equations for inelastic buckling and elastic buckling

lc cross-section slenderness for the flexural, torsional, or torsional-flexural buckling

/Id cross-section slenderness for the distortional buckling

leq equivalent slenderness for alternate determination of compressive strength for flexural or

axial compression

A| cross-section slenderness for the local buckling

ip cross-section slenderness

P, reduction factor for local buckling

Oy elastic buckling stress

@ stability coefficient

@ stability coefficient for non-welded compressive members

z local buckling coefficient
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Fig. 2. Test configuration and failure modes for long columns
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(b) Specimen P-T6-L1350 (failure mode: local and flexural buckling)
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(d) Specimen P-T6-1.2450 (failure mode: local, flexural and flexural-torsional buckling)

Fig. 4. Deformed shapes of specimens
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Table 1. The fabricated specimens and their material properties for plain channel sections [15]

Specimens H B t L E i F. e
(mm) (mm) (mm) (mm) (GPa) (MPa) (MPa) (%)
P-T5-L300 86.8 50.0 1.93 299.9 67 181 201 6.9
P-T5-L800 86.8 49.9 1.93 800.1 67 181 201 6.9
P-T5-L1350 86.8 499 1.92 1350.1 67 181 201 6.9
P-T5-L1350# 86.8 50.0 1.93 1349.4 67 181 201 6.9
P-T5-L1900 86.8 50.0 1.93 1899.9 67 181 201 6.9
P-T5-L2450 86.7 50.0 1.93 2449.7 67 181 201 6.9
P-T5-L3000 86.9 50.0 1.93 3000.3 67 181 201 6.9
P-T6-L300 86.8 50.0 1.94 299.8 65 227 253 6.3
P-T6-L800 86.8 49.9 1.95 799.5 65 227 253 6.3
P-T6-L1350 86.8 49.9 1.95 1349.9 65 227 253 6.3
P-T6-L1900 86.8 50.0 1.95 1900.1 65 227 253 6.3
P-T6-L1900# 86.7 50.0 1.93 1899.9 65 227 253 6.3
P-T6-L2450 86.8 50.0 1.94 2449.8 65 227 253 6.3
P-T6-L3000 86.8 50.0 1.94 3000.1 65 227 253 6.3

Note: H, B, t, B| , L, E, fy s fu , f are the cross-section depth, cross-section width, cross-section thickness, stiffener

length, column length, Young’s modulus, 0.2% yield stress, material ultimate stress, and tensile strain at fracture,

respectively.



Table 2. The fabricated specimens and their material properties for lipped channel sections [15]

. H B t B, L E f, f, &

Specimens

(mm) (mm) (mm) (mm) (mm) (GPa) (MPa) (MPa) (%)
L-T5-L300 80.1 40.0 1.56 15.0 300.2 63 175 186 7.2
L-T5-L800 80.1 40.0 1.56 14.9 800.0 63 175 186 7.2
L-T5-L1350 80.1 40.0 1.56 14.9 1349.7 63 175 186 7.2
L-T5-L1350# 80.1 39.9 1.56 15.0 1349.6 63 175 186 7.2
L-T5-L1900 80.1 40.1 1.56 15.0 1899.7 63 175 186 7.2
L-T5-L2450 80.1 40.0 1.56 15.0 2450.2 63 175 186 7.2
L-T5-L3000 80.1 40.0 1.56 14.9 2999.8 63 175 186 7.2
L-T6-L.300 80.0 40.0 1.56 15.0 299.9 62 239 250 7.4
L-T6-L800 80.0 40.1 1.57 15.0 800.2 62 239 250 7.4
L-T6-L1350 80.0 40.0 1.56 14.9 1350.1 62 239 250 7.4
L-T6-L1900 80.1 40.1 1.55 15.1 1899.9 62 239 250 7.4
L-T6-L1900# 80.1 40.1 1.57 151 1899.8 62 239 250 74
L-T6-L2450 80.1 40.1 1.56 15.0 2450.1 62 239 250 7.4
L-T6-L3000 80.1 40.0 1.56 15.0 2999.9 62 239 250 7.4

Note: H, B, t, B| , L, E, fy s fu , f are the cross-section depth, cross-section width, cross-section thickness, stiffener

length, column length, Young’s modulus, 0.2% yield stress, material ultimate stress, and tensile strain at fracture,

respectively.



Table 3. Measured overall geometric imperfections at mid-length

Specimens dy/L  Specimens dy/L Specimens dy/L Specimens dy/L
P-T5-300 P-T6-300 - L-T5-300 - L-T6-300 -

P-T5-800 1/2109  P-T6-800 1/1533 L-T5-800 1/1325 L-T6-800 1/1551
P-T5-1350 1/1347  P-T6-1350 1/1656 L-T5-1350 1/1650 L-T6-1350 1/1818
P-T5-1350#  1/1576  P-T6-1900 1/1265 L-T5-1350# 1/1236 L-T6-1900 1/1240
P-T5-1900 1/1845  P-T6-1900# 1/1945 L-T5-1900 1/1517 L-T6-1900# 1/1600
P-T5-2450 1/1762  P-T6-2450 1/1649 L-T5-2450 1/1069 L-T6-2450 1/1808
P-T5-3000 1/1138  P-T6-3000 1/917 L-T5-3000 1/1333 L-T6-3000 1/1217




Table 4. The comparison between test strengths [15] and design strengths for plain channel sections

. PExp Exp PExp PExp I:)Exp PExp PExp I:)Exp PExp
Specimens (kN) failure P_(P— P P P P P
modes AA-1 \ T AS/NZS AA-2 EC9 CN NAS CSM
P-T5-L300 416 L 1.08 (L+F) 1.65 140 (F) 1.80(F) 1.06 (L) 1.08
P-T5-L800 374 L 1.08 (L+F) 1.49 139(F) 180(F) 1.13(L) 0.97
P-T5-L1350 335 L+F 1.17 (L+F) - 1.47 (F) 186 (F) 1.16 (L+F) -
P-T5-L1350# 31.9 L+F 1.11 (L+F) - 1.40 (F) 1.76 (F) 1.22 (L+F) -
P-T5-L1900 26.5 L+F 1.16 (L+F) - 150 (F) 1.68(F) 1.29 (L+F) -
P-T5-L2450 23.1 L+F+FT 1.20 (F) - 1.79(F) 170 (F) 1.23 (L+F) -
P-T5-L3000 16.2 L+F+FT 0.96 (F) - 1.70 (F) 138 (F) 1.41(L+P -
P-T6-L300 45.4 L 1.11 (L+F) 1.61 1.22 (F) 1.63 (F) 1.10 (L) 0.94
P-T6-L800 41.3 L 1.13 (L+F) 1.45 125(F) 158(F) 1.16(L) 0.85
P-T6-L1350 344 L+F 1.21 (L+F) - 129(F) 1.46(F) 1.25(L+F) -
P-T6-L1900 27.0 L+F 1.19 (L+F) - 1.39 (F) 1.27 (F) 1.34 (L+P) -
P-T6-L1900# 25.9 L+F 1.16 (L+F) - 1.35(F) 1.23(F) 1.39 (L+F) -
P-T6-L2450 23.2 L+F+FT 1.22 (F) - 1.72(F) 1.24(F) 1.23(L+F) -
P-T6-L3000 18.6 L+F+FT 1.13 (F) - 1.92(F)  1.14(F) 1.18(L+F) -
Mean, - - 1.14 - 1.49 1.54 1.23 -
Ccov, - - 0.061 - 0.145 0.161 0.085 -

Note: ‘L’ represents local buckling; ‘F’ represents flexural buckling; ‘FT’ represents flexural-torsional buckling



Table 5. The comparison between test strengths [15] and design strengths for lipped channel sections

. P EXP PExp PExp F)Exp PE><p I:)Exp I:JExp I:)Exp
Specimens Exp Failure o |p P P P P P
(kN) mode AL\ ASINS AA-2 EC9 CN NAS CsM
L-T5-L300 422 L 1.35 (L+F) 1.38 144 (F) 156 (F) 1.22(L) 1.40
L-T5-L800 394 L 1.40 (L+F) 1.30 148 (F) 1.66(F) 1.26 (L) 131
L-T5-L1350 35.3 L+FT 1.48 (L+F) - 154 (F) 1.73(F) 1.34(L+F) -
L-T5-L1350# 321 L+FT 1.34 (L+F) - 140 (F) 156(F) 1.21(L+F) -
L-T5-L1900 26.0 L+FT 1.37 (L+F) - 143 (F) 149(F) 1.24(L+F) -
L-T5-L2450 16.9 FT 1.05 (L+F) - 124 (F) 1.18(F) 0.95(L+F) -
L-T5-L3000 12.8 FT 0.91 (L+F) - 127 (F) 111(F) 0.82(L+F) -
L-T6-L300 50.4 L 1.47 (L+PF) 1.40 1.27(F) 1.56 (F) 1.33 (L) 1.22
L-T6-L800 48.8 L 1.59 (L+F) 1.35 138 (F) 1.64(F) 1.44 (L) 1.18
L-T6-L1350 429 L+FT 1.80 (L+F) - 149 (F) 1.62(F) 1.62(L+F) -
L-T6-L1900 27.1 L+FT 1.44 (L+F) - 1.29(F) 117(F) 1.30(L+F) -
L-T6-L1900# 27.0 L+FT 1.42 (L+F) - 128 (F) 1.16(F) 1.28(L+F) -
L-T6-L2450 17.4 FT 1.09 (L+F) - 118 (F) 0.92(F) 0.98 (L+F) -
L-T6-L3000 13.2 FT 1.10 (L+P - 125(F) 0.91(F 0.85(L+F) -
Mean, - - 1.34 - 1.35 1.38 1.20 -
cov, - - 0.175 - 0.082 0.208 0.188 -

Note: ‘L’ represents local buckling; ‘F’ represents flexural buckling; ‘FT’ represents flexural-torsional buckling



Table 6. The comparison between ultimate strengths and design strengths for plain channel section columns (14 tests data

& 50 FE data)
P P P P P P
Tests: 14 & FEA: 50 - > > > — > -
PAA—l PAA—Z PAS/NZS PECQ PCN PNAS PCSM
Mean 1.20 1.42 1.20 1.32 1.63 1.01 1.01
cov 0.145 0.093 0.145 0.188 0.196 0.137 0.072
Resistance factor 0.85 0.85 0.85 0.91 0.83 0.85 0.85
Reliability index 2.73 3.81 2.74 2.54 3.34 2.18 2.61




Table 7. The comparison between ultimate strengths and design strengths for lipped channel section columns (14 tests
data & 50 FE data)

P P P P P P P
Tests: 14 & FEA: 50 - > > > — > -
PAA—l PAA—Z PAS/NZS PECQ PCN PNAS PCSM
Mean, 1.59 1.30 1.59 141 1.61 1.09 1.10
cov, 0.278 0.222 0.278 0.206 0.252 0.175 0.129
Resistance factor, 0.85 0.85 0.85 0.91 0.83 0.85 0.85

Reliability index, 2.54 241 2.56 2.61 2.82 2.20 2.58




