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Abstract: This paper investigates the ultimate resistance of aluminum circular hollow sections (C.H.S.)
under simple load cases as affected by local buckling and material strain hardening. Following the
development of advanced non-linear shell finite element models and their validation against existing
test data, extensive non-linear numerical analyses were carried out, varying several key parameters
such as alloy types, load case (compression or pure bending) and various section dimensions. The
numerical results are used as references to analyze the structural performance of aluminum C.H.S.,
and to assess the accuracy of design equations based on the Overall Interaction Concept (O.1.C.).
The O.I.C.-based proposal is shown to yield more accurate, consistent, and continuous resistance
predictions than Eurocode 9 recommendations.

Keywords: aluminum; circular hollow sections; local buckling

1. Introduction

The increasing adoption of aluminum alloys as a principal structural material in con-
struction has gained significant attention owing to its multitude of advantages. These
advantages encompass a remarkable strength-to-weight ratio, exceptional durability, resis-
tance to corrosion, and recyclability [1,2]. Nevertheless, despite its numerous merits, the
relatively lower Young’s modulus of aluminum alloys often adversely impacts the buckling
behavior and ultimate resistance of structural elements made from aluminum. In response
to this concern, many researchers have conducted relevant experimental and numerical
analyses [3—6]. In particular, for Circular Hollow Section (C.H.S.) members, which are
the focus of this study, Zhu and Young [7] conducted bending and beam-column tests on
6061-T6 aluminum alloy fabricated C.H.S. The test results were compared to Eurocode
9[8,9], to the Aluminum Design Manual (A.D.M.) [10], and to the Australian/New Zealand
Standards [11], which were found to be generally conservative. Additionally, they also
performed an extensive numerical analysis [12], comparing the results with predictions
from the Direct Strength Method (D.S.M.). The analysis demonstrated that the D.S.M.
predictions were also conservative for the aluminum C.H.S. columns. Rong et al. [13] tested
16 7A04-T6 extruded CHS aluminum alloy columns under eccentric load. Comparing
experimental and numerical results with Eurocode 9 [8,9] predictions, the latter code was
found to be conservative for specimens with larger eccentricity but overestimated strength
for specimens with smaller eccentricity ratios and longer member lengths. More research
on the global stability of aluminum alloy CHS can be found in [4,5,14-16].

However, the local stability of aluminum C.H.S. has received relatively less attention.
To address this gap, a recent study by the authors of this study [17] conducted a test
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program to investigate the ultimate capacities and failure modes of extruded 6061-T6
C.H.S. aluminum alloy columns under axial compression and eccentric compression. In the
current paper, an extensive numerical parametric study has been carried out on the C.H.S
sections under axial and eccentric compressions upon validating their finite element models
through the experimental observations in [17]. The parametric study considered a wide
range of parameters, including various alloy types, section slenderness, and two simple
load cases (compression or pure bending). The numerical results are used as references
to analyze the structural performance of aluminum C.H.S. and assess the accuracy of
original design equations based on the Overall Interaction Concept (O.1.C.). The proposed
O.1.C.-based approach demonstrates more accurate, consistent, and continuous resistance
predictions compared to existing standards such as Eurocode 9.

2. Numerical Models
2.1. Features of F.E. Models and Validation

Advanced numerical models were developed and validated against a series of ex-
perimental results as described in [17] on C.H.S. stub columns and short beam columns,
ensuring the suitability of the adopted numerical approach. All numerical results in
this paper were obtained using non-linear finite element (F.E.) analyses performed with
the ABAQUS software [18]. Geometrically and materially nonlinear analyses with im-
perfections (G.M.N.I.A.) were conducted using the “Riks method” [18] to simulate the
cross-sectional behavior of the CHS under diverse loading scenarios. The general-purpose
54R shell element was utilized, as it has been proven to deliver excellent performance
for aluminum C.H.S. [5,12,19]. A finite element mesh size of 0.1v/Dt [20] was employed
for modeling the extruded C.H.S., where D represents the outer diameter and ¢ denotes
the thickness.

The measured dimensions, strain-stress relationships, and geometric imperfections
were incorporated into the ABAQUS models. Note that the residual stresses in extruded
aluminum sections may be disregarded [2]. Therefore, only the influence of initial geomet-
ric imperfections was taken into account. A rigid body boundary condition corresponding
to a thick end plate was adopted in the numerical models. At one end, the compression
load was applied at a reference point, which was coupled to the end section through
rigid body conditions, while the longitudinal displacement Uy of the opposite reference
point was prevented, as shown in Figure 1a. For the short beam-columns results reported
in [17], all members were loaded concentrically through cylindrical roller supports, which
allowed bending rotation around y-y axis but restrained torsional twist in the end sections.
The distance between each roller end and end-section (ex) was 135.4 mm. Note that in
the subsequent parametric studies conducted on the specimens subjected to pure bend-
ing, a nodal force M was applied at reference points (see Figure 1b) to create a constant
bending moment.
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Figure 1. Boundary conditions in numerical models. (a) C.H.S. under axial compression or eccentric
compression load. (b) C.H.S. under pure bending moment M.

The numerical results were compared to their corresponding experimental data, and
the findings are summarized in Table 1. This table presents the measured values of Young’s
modulus E and 0.2% proof stress 0y » for these extruded 6061-T6 C.H.S., along with other
parameters such as the magnitude of local geometrical imperfection wyeasured, the loading
eccentricity ez, the maximum loads recorded during testing Ny xp. and, in the FE. simula-
tions, Ny gE.. The ratio of Ny g /Ny exp. is utilized as an indicator of the performance of
the numerical models, as indicated in Table 1. If this ratio is less than 1.0, the numerical
resistance prediction is conservative compared to the experimental reference result, and
vice versa. Good results are presented for the numerical models, with a mean value equal
to 1.05. This indicates that the numerical predictions are within a 3% margin of their corre-
sponding experimental values. Note that in the cases of CHS 6x3/16-e50-BC1 and CHS
6x3/16-€70-BC2, the experimental results were unexpectedly lower than their numerical
counterparts. This discrepancy can be attributed to the detachment of the specimen on the
tension side from the end plate during the tests, indicating that the boundary condition did
not provide sufficient support. As a result, these two cases will be excluded from future
analysis. Furthermore, the coefficient of variation (C.O.V.) is as low as 0.05, demonstrating
the remarkable ability of the EE. models to accurately capture and predict the behavior and
resistance of the sections.

Table 1. Section geometries and test results for C.H.S. short columns.

. E o D t L w e N N, Nuge/N
Cross-Section (MPal  [MPal [mml [mml (mml [l Omml  ONT DN R
CHS 6x3/16-SC1 234 152.18 485  399.43 0.641 0 576.65  549.08 0.95
CHS 6x3/16-5C2 152.05 4.84 399.01 0.970 0 540.38  550.21 1.02
CHS 6x3/16-e20-BC1 152.06 4.85 399.64 1.217 1032 443.09  448.36 1.01
CHS 6x3/16-e20-BC2 69.045 152.12 4.86 399.75 0.978 14.27 42523  426.56 1.00
CHS 6x3/16-e50-BC1! ’ 15211 482 44879 0444 5928 23260 27651 1.19
CHS 6x3/16-e50-BC2 152.08  4.87  399.74 0.761 556.59  259.88  280.23 1.08
CHS 6x3/16-e70-BC1 152.10 4.88 398.88 0.873 9440  202.34 20543 1.02
CHS 6x3/16-e70-BC2! 152.15 4.89 399.45 0.926 92.40 182.88  208.41 1.14
CHS 8x1/8-SC1 276 20267 324 59867  0.860 0 481.68  522.78 1.09
CHS 8x1/8-5C2 202.56 3.26 598.82 1.182 0 489.05  520.01 1.06
CHS 8x1/8-e30-BC1 20290 319  598.34 0.771 2750 36448  384.30 1.05
CHS 8x1/8-e30-BC2 65,519 20296 320 59870 1321 2912 37552  380.85 1.01
CHS 8x1/8-e40-BC1 ! 202.90 3.25 598.37 0.821 4345 32539  329.03 1.01
CHS 8x1/8-e40-BC2 202.96 3.20 598.82 1.026 4260 31445  320.03 1.02
CHS 8x1/8-e55-BC1 202.54 3.45 598.95 0.877 59.72  270.18  281.02 1.04
CHS 8x1/8-e55-BC2 202.54 3.45 599.00 0.960 56.03  281.76  296.05 1.05

Mean 1.05
C.O.V. 0.05
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As a specific example, Figures 2 and 3 illustrate the comparison of test and numerical
results for CHS 6x3/16 specimens. Figure 2 highlights the numerical model’s capability to
accurately capture not only the peak load but also the complete load-displacement response,
encompassing several aspects such as (i) initial stiffness, (ii) peak load, and (iii) post-peak
behavior. Figure 3 further compares failure shapes within the post-buckling range and
shows similar patterns between the tested specimens and the FE. simulations. Conse-
quently, the FE. models have consistently demonstrated their reliability and adequacy,
justifying an extensive use for the subsequent parametric studies.
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Figure 2. Load-end shortening curves for CHS 6x3/16 specimens. (a) Stub columns tests. (b) Short
beam-column tests.

@) (b)

Figure 3. Typical failure modes for CHS 6x3/16 specimens. (a) CHS 6x3/16-SC2. (b) CHS 6x3/16-
€20-BCl1.

2.2. Parametric Studies

The validated F.E. models were used to conduct a series of parametric studies on the
local buckling behavior of C.H.S. under axial compression N or pure bending moment
M. The length of each numerical specimen was set to 3 x D, which is long enough for
the effects of supports to remain negligible but short enough for the influence of member
(global) buckling to be disregarded. Nodal forces, i.e., N or M, were applied at reference
points (see Figure 1a,b) to create a compression load or a (constant) bending moment.

Furthermore, the lowest eigenmode shapes obtained from a linear bifurcation analysis
(L.B.A.) were taken as initial local imperfection patterns and subsequently incorporated into
G.M.N.LA. analyses. In addition, to make sure the middle section of the “short element”
remains the weakest one, odd numbers of half-waves have been chosen (see Figure 4).
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Figure 4. Typical elastic buckling modes (corresponding to lowest eigenvalues). (a) Under axial
compression. (b) Under eccentric compression or pure bending.

Geometrical imperfections play a critical role in the local buckling behavior of C.H.S.
and accurate characterization and consideration of geometrical imperfections are essential
for the design of C.H.S. components. Therefore, a sub-study investigating the sensitivity of
the numerical models to the magnitude of initial local imperfections wy was conducted.
Figure 5 displays the comparison between test and numerical results with various wy.
Four sets of imperfection magnitude were investigated, including the measured value
Wineasured 1171, 0.1 ¢ [21], 0.01y/Dt [22], and D/200. As expected, when the specimens
were more slender such as the CHS 8x1/8, it exhibited a greater sensitivity to varia-
tions in imperfection magnitude [23]. In comparison, the numerical results obtained with
wo = D/200 are seen to be closer to the ones obtained with w( = Weasureq- This imper-
fection magnitude provides greater accuracy and a higher level of safety. Therefore, it is
advisable to consider D/200 as a reasonable value for local imperfection magnitudes in
further parametric studies.

1.3
] : : | | | | o) = Opeasure o, =0.1¢
1.2 S S — o, = 0.01 (D)*® T—Jw,=D/200
0 B e N B e KM e
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& GG ARSI AN IR AR R R o

Figure 5. Comparison of test vs. E.E. results with various local imperfections” magnitudes.

A total of 126 simulations of G.M.N.LLA. have been performed for the C.H.S. un-
der N or M. Moreover, 21 different geometries were selected, which include 17 geome-
tries available in usual aluminum catalogues and four “invented cross sections” ob-
tained with a decrease in the thickness t to extend the application range of the cur-
rent study. The selected section geometries spanned from plastic (Class 1) to slender
(Class 4) sections, defined in accordance with the slenderness limits provided in Eurocode
9 [8,9]. The D/t ratio of C.H.S. varied between 10.11 and 160.00, with D spanning from
19.05 to 177.80. For each section shape, three alloy types were considered, which in-
clude 6063-T6 with g, = 170 MPa, 6081-T6 with o0y, = 240 MPa, and 6082-T6 with
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002 = 260 MPa. The modified Ramberg-Osgood equation [24,25] was adopted to ade-
quately represent the stress—strain relationships of these three aluminum alloys, as shown
in Figure 6 [26].

350

300 1 -

250 1 =
200 - - =

150 - -

o [N/mm?]

| I | | [
100 i T —— 6082-T6
50 ,‘L, | —— 6061-T6
i 6063-T6
0+ ; ;
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

g[-]

Figure 6. Stress—strain relationships for the various alloys considered [26].

3. Proposed Design Rules

Based on the F.E. results collected along the parametric studies, new design proposals
for the C.H.S. under simple load cases were formulated, following the Overall Interaction
Concept (O.1.C.) framework [27-32]. The O.1.C. framework is based on the well-established
interaction between resistance and instability, and it effectively incorporates the effects of
imperfections and their interactions with material yielding and buckling through Ap — xr
buckling curves. The framework was developed with the aim of enhancing current design
practice, improving accuracy, simplifying procedures, ensuring consistency, and providing
a framework for computer-assisted resistance predictions.

The application steps of the O.1.C. are illustrated in Figure 7, highlighting three key
load ratios: the plastic load ratio Ry, the local elastic critical load ratio Re; 1, and the ultimate
resistance load ratio Ry, 1 . These ratios refer to the factors by which the initial loading needs
to be multiplied to reach their respective limit cases. Note that two such ratios, R,; and Rer 1,
can be calculated using approximate formulae suggested in current provisions [8,10] or by
specific programs. In the present study, the HLS software [33] was adopted to determine
Rp1 and Ry, for the full cross-section. After computing the cross-section slenderness AL
via Rpj and R 1., a local buckling reduction factor yx1, is determined using a local buckling
curve, which leads to the calculation of the ultimate load ratio Ry, 1. More information on
the mechanical background of the O.I.C. can be found in [27].

|| Cross-sectional local behaviour (L) ||

by advanced tools (or by formulae)

______ _'_/_‘;\_/f‘_“____ ‘ Design check:

AN R, = X R (Burocode 3 format)

N
S

v
R, =¢- x. - R,21.0 (AISC format)

Figure 7. O.1.C. design flow chart for cross-section resistance.

The general Ap — xp format of O.I.C. was developed based on the well-known
Ayrton—Perry approach [34,35] as defined by Equations (1) and (2), where A characterizes
the length of a x1, = 1.0 plateau, a1, considers the influence of imperfections, and § accounts
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for any post-buckling effects. Factor 8 captures possible strain hardening effects which
may lead to a carrying capacity of the section slightly higher than the plastic resistance. All
these factors were calibrated according to reference numerical results.

XL = E____ M
Where ¢y = 0.5- (1+0¢L' (AL = Ao) +X‘z',3>, 2)

Figure 8a,b present the numerical results obtained for C.H.S. sections under axial
compression N and pure bending moment M, respectively, involving three different alloy
types, i.e., 6063-T6, 6081-T6, and 6082-T6. Both figures present the influence of aluminum
alloys on the cross-section resistance in the A; — x. format of the O.1.C. framework. The
horizontal axes represent the local slenderness of the section Ar, while vertical axes refer to
the local buckling reduction coefficient xp .

0.8F----t----7--- Pe@a---r----F----
2
e e e X N 0.6 ‘ : ‘ ‘ i ‘
" ® 6063-T6 < ® 6063-T6 | | |
Noal o 606116 L Lo 04l © 6061-T6 R L L
®  6082-T6 1 1 1 ®  6082-T6 1 1 ‘
— O.LC. design proposal | | | — O.LC. design proposal | | |
0.2 T T T T T t 0.2 t t t t t t
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
e[l A -]
(a) (b)

Figure 8. Influence of different alloy types and O.I.C. local buckling curves. (a) C.H.S. under N.
(b) C.H.S. under M.

For stocky sections with Ay lower than A, a clear tendency is observed. The sections
made of 6082-T6 and 6063-T6 alloys exhibit higher nominal resistance x1, compared to the
sections made of 6061-T6. This difference can be attributed to the former two alloys bene-
fiting more from strain-hardening effects when subjected to large strain levels. However,
the results presented in Figure 8 indicate a relatively low influence of the alloy type on
the overall outcome, confirming that the effect of material grade is adequately considered
within the O.I.C. format. Therefore, based on these findings, it is accurate and economical
to propose a single, safe-sided design curve for each load case. The proposed O.1.C. pa-
rameters for local buckling curves are summarized in Table 2 and relevant local buckling
curves are illustrated in Figure 8.

Table 2. O.I.C. design procedure and factors for C.H.S. local buckling curves.

Load Case Ao Xy é B
N 0.35 0.32 0.40 1.0
M 0.25 1.45 1.45 1.0

Table 3 presents a comparison between F.E. results and analytical predictions for C.H.S.
resistance capacity, including Eurocode 9 and the proposed O.1.C.-based design approach,
applied to C.H.S. cross-sections under axial compression N or pure bending moment M.
The ratio x1.GRref./ X1L+GEE represents the resistance predicted by two reference design
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proposals in relation to the numerical results. If the ratio x1.G Rref./XL+GEE is less than
unity, it indicates that the predicted resistance is conservative. Conversely, if the ratio
is greater than unity, it suggests that the design prediction is unconservative. Table 3
provides various statistical data regarding the X1.GRref,/X1+GEE. It includes the mean
value, C.O.V,, maximum value, minimum value, as well as the percentages of resistance
predictions that are lower than 15% (conservative) on the safe side and higher than 5% and
10% (unconservative) on the unsafe side.

Table 3. Statistical results of x1.G ref.; X1.+GEE ratio for C.H.S under N or M.

Load Cases  Proposals Mean C.0.V. Max. Min. <0.85 [%] >1.05 [%] >1.10 [%]
All OlcC. 0.939 0.051 1.060 0.827 1.6 0.8 0.0
Eurocode 9 0.917 0.087 1.172 0.746 19.8 4.0 1.6
N O.IC. 0.945 0.040 1.005 0.865 0.0 0.0 0.0
Eurocode 9 0.904 0.081 1.032 0.774 23.8 0.0 0.0
M OlC. 0.932 0.059 1.060 0.827 3.2 1.6 0.0
Eurocode 9 0.930 0.091 1.172 0.746 15.9 7.9 32

It is observed that the O.1.C. proposal performs better than the Eurocode 9 predictions
for both compression and bending load cases. For all the cases studied in this paper,
the mean values of the x1.G01.c./XL+GFE ratio remain around 0.94 with a C.O.V. value
as low as 0.05. In addition, over 91% of the predictions fall on the safe side, ensuring
a reliable design approach. Furthermore, no O.I.C. prediction exceeds 1.06, indicating
the reliability of the method without compromising safety. Considering these outcomes,
the O.I.C. approach proves to be an excellent design proposal, providing more accurate,
consistent, and safe resistance estimates compared to Eurocode 9. Its superior performance
makes it a highly recommended choice for design applications.

4. Conclusions

This paper presented numerical investigations on circular hollow sections (C.H.S.)
subjected to axial compression N or to pure bending moment M. The numerical models were
validated against experimental results, confirming their ability to be substituted for physical
tests. Parametric studies were then conducted to explore the local buckling behavior of
C.H.S. with consideration of various alloy types and section geometries. Since geometrical
imperfections play a critical role in the local buckling behavior of C.H.S., a sensitivity
analysis was carried out to determine a reasonable local imperfections magnitude. It is
recommended to adopt D /200 for further parametric studies. The results obtained from
parametric studies were eventually used to validate an original design approach based
on the Overall Interaction Concept (O.1.C.). The study revealed that sections made of
6082-T6 and 6063-T6 alloys exhibited higher nominal resistance compared to those made
of 6061-T6, attributed to strain hardening effects. However, since the influence of alloy
types on the overall outcome was relatively low, it was deemed accurate and economical
to propose a single, safe-sided O.1.C.-based design curve for each load case. The O.I.C.
proposal outperformed Eurocode 9 predictions for compression and pure bending load
cases, indicating its superiority in terms of accuracy and reliability. Based on these findings,
the O.I.C. approach is highly recommended for an improved, more economical design
solution in aluminum C.H.S. applications.
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