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Abstract: Aluminium alloys exhibit a non-linear stress—strain material response with significant strain-
hardening effects. Whereas the latter shall be considered in the design of aluminium elements, they
are largely ignored in most design codes, such as Eurocode 9 and the Canadian Standards. Preliminary
studies on typical aluminium I-shapes indeed indicated that as much as 40% extra resistance could
be reached through more accurate and appropriate design recommendations. Accordingly, an
original design approach based on the Overall Interaction Concept (O.1.C.) is developed to better
account for the actual behaviour of aluminium structural shapes. In this respect, non-linear finite
element models are developed within ABAQUS and further validated against experimental data.
Subsequently, comprehensive parametric studies are performed to collect numerical reference results,
and comparisons are performed with resistance predictions from well-known design standards. The
performance of the newly developed O.1.C.-based design approach is shown to significantly improve
accuracy, safety, consistency, and reliability levels.

Keywords: Overall Interaction Concept; aluminium alloy; I-section shapes; local buckling

1. Introduction

Using aluminium elements in structural engineering applications is increasingly rec-
ognized for its compelling and remarkable properties [1-3]. Aluminium offers distinct
advantages, such as a great strength-to-weight ratio, excellent corrosion resistance (par-
ticularly in extreme humidity and industrial conditions), total recyclability, and ease of
fabrication, including the ability to produce complex cross-sections using both traditional
techniques (welding) and original techniques (extrusion). In addition, despite a higher
initial construction cost than with steel structures, aluminium offers long-term economic
advantage thanks to its low maintenance requirements throughout its service life. The
durability of the Arvida Bridge in Quebec, Canada, built in 1950 with aluminium, which has
endured minimal maintenance [4], is a case in point. To fully realize the advantages of alu-
minium as a structural material in civil engineering, it is essential to establish appropriate
and economically viable modern design rules.

Regarding material behaviour, it is noteworthy that aluminium alloys demonstrate
a non-linear stress—strain response characterized by significant strain-hardening effects.
This property allows aluminium to attain strength values above its yield strength. Conse-
quently, accounting for these effects becomes crucial in the design of aluminium structures.
However, many existing design codes, including the Canadian Standards [5], Eurocode
9 [6] and the American Standards [7], ignore the significance of strain hardening. As a
result, the absence of strain hardening consideration sometimes leads to quite conserva-
tive resistance predictions and prevents the realization of aluminium’s full potential as a
structural material.

Therefore, another design approach is needed to obtain more accurate resistance pre-
dictions for aluminium while retaining the simplicity of application. The method proposed
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in this study is based on the Overall Interaction Concept (O.1.C.), initially developed in 2012
for steel structures [8-18] but extended to include steel in fire [19], stainless steel [20,21]
and aluminium structures. The O.L.C. considers the interaction between resistance and
instability of the cross-section or member, considering factors such as a real stress—strain
relationship, I-shaped form by extrusion or welding processes, and compact and slender ge-
ometries.

This study aims to accurately predict the resistance of extruded and welded aluminium
I-section shapes using the “Overall Interaction Concept”. For this purpose, comprehensive
non-linear shell models are presented, and their validity is verified by a detailed comparison
with experimental tests conducted by Yuan [22]. Subsequently, a thorough parametric study
is conducted, including variations in section shapes, alloys, and load configurations. Next,
the O.1.C.-based approach proposed for extruded and welded I-section shapes is elaborated,
followed by a comprehensive assessment of its performance compared to the numerical
reference results and the current design provisions of Eurocode 9, and the Aluminium
Design Manual.

2. Finite Element Models of Aluminium I-Section Shapes
2.1. General Features

Non-linear finite element models were developed using the Abaqus software for
numerical simulations of extruded and welded I-sections. In this study, S4R shell elements
were employed, which are three-dimensional quadrilateral elements featuring four nodes
and reduced integration. The modeling approach for welded I-sections involved using
shell elements across the entire cross-section. However, a combination of shell, spring, and
beam elements was used at the flange/web junction for extruded I-sections. Coderre’s
work [23] provides more information regarding the modeling applied to the junction area
for extruded sections.

The stress—strain relationships were modeled using the well-known “Ramberg-Osgood
equation” [24], as illustrated in Equation (1), to ensure an accurate representation of
the material response of aluminium. This material model was consistently employed in
all calculations, considering alloys 6061-T6, 6063-T6, and 6082-T6, as shown in Figure 1
considering alloys 6061-T6 (n = 55), 6063-T6 (n = 19.5), and 6082-T6 (n = 20.7), as shown in
Figure 1. For more information on the definition of the Ramberg—Osgood coefficient “n”,
see [23].
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Figure 1. Stress—strain relationships for different aluminium alloys.

To account for initial local geometrical imperfections, the numerical models were
modified by adjusting the coordinates of the nodes. These imperfections were represented
by sinusoidal distributions, as illustrated in Figure 2. Within each plate, three half-waves
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were taken into consideration, where the half-wavelength was defined as the average
between the flat “local buckling length” of the flange (45) and the web (a,). The amplitude
of the imperfections assigned to each plate was set to 1/200th of either af or ay,. Further
details can be found in Coderre’s work [23].
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Figure 2. Initial local geometrical imperfections for I-section shapes.

In the models related to extruded sections, material imperfections were not taken into
consideration, as residual stresses in extruded aluminium products, regardless of their
shape or heat treatment, are generally of low magnitude and have a negligible effect on the
load-bearing capacity [3]. However, for welded profiles, the numerical models accounted
for the distribution of residual stresses, as illustrated in Figure 3. Additionally, the finite
element models incorporated adjustments to the node coordinates to accurately represent
the reductions in mechanical properties within the heat-affected zone (HAZ). For more
comprehensive details and specific information, please refer to Coderre’s report [23].
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Figure 3. Residual stress distribution for welded sections.

The support conditions, known as ideal fork conditions, were implemented at both
ends of the section. These conditions allow for axial displacement, strong axis rotation,
weak axis rotation, and warping within the model. Further, Bernoulli’s hypothesis stating
that “plane sections remain plane and normal to the axis of the beam” is respected in the
model. To guarantee that beam theory assumptions are effectively fulfilled, kinematic
linear constraints are applied to all nodes at both ends.

2.2. Validation

Prior to conducting numerical parametric studies, the validation of the E.E. models
was conducted by comparing the numerical results with experimental tests performed by
Yuan et al. [22] on 15 stub columns fabricated from extrusions. All measured material and
geometrical data were meticulously implemented in the numerical models to ensure accu-
racy. Furthermore, the numerical simulations aimed to faithfully recreate the experimental
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setup, including the support conditions. The fixed support conditions at both ends of the
stub columns were generated using spherical bearing plates. These boundary conditions
are defined in the model: to simulate fixed ends, warping is restrained at both ends of
the specimens.

For each of the 15 stub column tests, the peak loads obtained from the numerical
simulations were compared with the experimental test results. The analysis revealed an
average absolute difference of 2.2%, with a standard deviation of 0.08%, a maximum of 17%
and a minimum of 2%, which is remarkably accurate and consistent, hence the validation
of the models. Figure 4 shows a comparison of stress—strain curves and deformed shapes
between some of the experimental and numerical results, illustrating the good agreement
achieved between the two sets of data.
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Figure 4. Comparing experimental results with corresponding E.E. results: (a) load—displacement
curves; (b) deformed shapes.

2.3. Numerical Parametric Studies

The validated FE. models were used in numerical parametric studies. In this re-
spect, a total of 30 extruded and 29 welded aluminium I-sections were considered in this
study, covering a wide range of slenderness, from plastic to slender. Furthermore, three
different heat-treated aluminium alloys were used (6061-T6: Fy=240N /mm?, 6082-T6:
Fy =260 N/mm? and 6063-Té: Fy =170 N/ mmz). Multiple load cases, such as axial com-
pression N, major-axis bending My, minor-axis M, and a series of combined loading
situations were also taken into account. Figure 5 represents the proposed three-dimensional
loading space (or 3D resistance surface) in which various combinations of N, My and M,
have been generated using different values of angles 0 and ¢ (between 0° and 90°). The
variables 1, m,, and m; represent the ratio between applied load and the respective plastic
capacity; cf. Equations (2)-(4). For more details regarding combined load cases, the thesis
of Coderre should be referred to [23].

n=N/Ny ()

my = My/M,, 3)

m; = M;/ M, 4)

tan® = my, / (n.cos¢p) = m/ (n.sing) (5)

tang = m;/my (6)
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Figure 5. Three-dimensional loading space.

This surface is such that any load combination leading to a point below this surface
indicates that the design under the considered forces is safe-sided, while a point lying on
this surface means that maximum resistance is just reached—obviously, loading points
outside/above this surface denote that the capacity is exceeded and that the loading shall
be reduced. A spherical system of coordinates proves appropriate in this context, and use
of angles 8 and ¢, as defined in Equations (5) and (6), is useful and efficient.

3. Design Proposal Based on the Overall Interaction Concept (O.I.C.)
3.1. General

The basis of the O.I.C. relies on the interaction of two fundamental phenomena,
namely ‘resistance’ and ‘instability’, as shown in Figure 6. This design methodology offers
straightforward, precise, and yet simplified guidelines to accurately predict the behavior
and load capacity of sections or members. A key aspect of the O.L.C. approach is that
cross-section classification (which often introduces discontinuities in resistance predictions)
and use of the effective width method (which remains tedious to use in practice) is no
longer necessary.

Reduction factor

Compact section

X / Short member

A (r > 1.0 : strain hardening)
\

Real behaviour
Slender section

/ Long member

Relative

> 7 ——
z slenderness

Figure 6. O.1.C.-based dimensionless buckling curves.

The novel approach is based on a generalized relative slenderness which is defined in
Equation (7), where R, and Ry, respectively, represent the local critical and plastic load
multipliers. These factors are the factors by which the initial loading shall be multiplied to
reach the local critical and plastic states, respectively.

_ R,
A== 7
RCT ( )

The O.I.C. design approach consists of the following key steps:
Step 1: Calculation of Rpl, a load ratio to reach the plastic resistance limit;

Step 2: Calculation of chr, a load ratio to reach the critical instability limit;
Step 3: Calculation of A, the generalized relative slenderness;
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Step 4: x = f°(A), obtaining the interaction curve and reduction factor;
Step 5: Ryeas = X-Rp;, obtaining the real resistance value of the section.

3.2. Identification of Governing Parameter in the x = f(A) Equation

The selection of an appropriate buckling curve plays a critical role in the proposed
approach. To achieve this, comprehensive analyses were conducted to determine the
parameters that govern different resistance responses in structural elements. Through these
analyses, a geometric parameter denoted as y was identified. This parameter takes into
account various geometrical properties, such as web and flange slenderness, and the ratio
of plate thicknesses. The formulation of v is presented in Equation (8) for extruded sections
and in Equation (9) for welded sections.

ANEAWEE :
ye=(—) | = | [ 2| for extruded sections (8)
to) \& )\
08
W = <h> (L) [t for welded sections )
tw tf tf

3.3. O.I.C. Design Proposals

Tables 1-3 present the proposed buckling curves for extruded and welded sections
in pure compression, pure major axis bending and pure minor axis bending, respectively.
In these tables, A; and x; denote the local relative slenderness and the local reduction
factor, respectively. The subscripts N, M, or M indicate the respective loading cases.
The parameter 0 is related to the instability limit and considers post-buckling resistance
reserves, and &y, accounts for local imperfections [25].

Table 1. O.I.C. design proposals for aluminium sections under pure compression.

Extruded Welded
For XL,N < &0 =06 : For XL,N < /\0 =05:
Alloy 6063-T6 XLN = —0.6 AN +1.36 No design recommendations
Alloy 6061-T6 XN = —03 AN +1.18 XN = —03 AN +1.15
Alloy 6082-T6 XL,N = —0.8 )\L,N +1.48 XL,N = —0.8 )\L,N +1.40
For AL,N > A =06 : For /\L,N >Ap=05":
(PL =0.5- <1 +up- (XL,N - Ao) + XL,Né) ¢L =0.5- (1 + D‘L'(XL,N - )\0) +XL,N§>
Ayrton—Perry format B = B
4 Y ALN GL+\/ P2 —ALN°® ALN G+ pr2—Apn®
ar = 0.01+0.3-vg ap = 0.26 — 0.032-yw
6=04 6=09—-0.15vw

Table 2. O.I.C. design proposals for aluminium sections under major axis bending.

Extruded Welded
For XL,N < /\0 =06 : For XL,N < /\0 =05:
Alloy 6063-T6 xLmy = —05 AL My +1.30 No design recommendations
Alloy 6061-T6 XLMy = -0.3 )‘L,My +1.18 XLMy = —-0.3 AL,My +1.15
Alloy 6082-T6 XL,My = 70.7 AL,My =+ 1.42 XL,My = 705 )‘L,My +4 125
For Apny > Ap =06 : For Appmy > Ao =05 :

Ayrton-Perry format

4)L = 0.5 (1 +ar- (XL,My — )\0) + XL,My§> 4)L =0.5- (1 +ar- (XL,My — )\0) +XL,My5)
B

_ _ B
XL My = — - XLMy = —
v P/ o2 —ALmy° Y PLt/Pr2—Army®

Q= 0.15 Q= 0.4
6=15 6=25
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Table 3. O.I.C. design proposals for aluminium sections under minor axis bending.

Extruded Welded

Alloy 6063-T6
Alloy 6061-T6
Alloy 6082-T6

Ayrton-Perry format

For AL Ny < Ag=0.6 :
XLmz = —0.5Ap pz + 1.30
XLmz = —0.4 XL,MZ +1.24
XLmz = —0.6 XL,MZ +1.36

For AL N > Ao =0.6 :

For ANy <Ag=05:
No design recommendations
XLmz = —0.3 XL,MZ +1.18
XLmz = —0.6 XL,MZ +1.36
For Appz > Ag =05 :

¢ = 0.5 <1 +ar-(Army — Ao) JFXL,My(S)

_ B
LMy — p—
LMy P/ P2 —Army’

xr =0.15
6=1.0

No design recommendations since no such
cases were considered.

Equation (10) presents the O.I.C. proposal for combined load cases, incorporating g
factors that allow adjustments to the proposed resistance surface (see Figure 5) at both the
overall level (g1 influencing the general shape of the 3D surface) and a more localized level
through factors g, to g4, enabling specific modifications to the surface where a particular
internal force is predominant. For instance, g, modifies the shape of the resistance surface
when axial compression is dominant. The g factors have been optimized to provide
a balance between accuracy, simplicity, and safety, and their recommended values are
summarized in Table 4.

1
. q . . 7"
XL,combined = [(XL,N.coqu())m + ()(L,My.sm%G.cosq‘*cp) et ()(L,Mz.szn%().sm%(p)”“] n (10)

Table 4. O.1.C. design factors for combined load cases.

q Factors 1 92 q3 qa q5 96
Extruded cross-sections 9 0.19 1.2 0.13 3.5 8
Welded cross-sections 5 0.80 1.3 0.6 2.2 3

3.4. Accuracy of O.1.C. Design Proposals

The accuracy of the O.I.C. proposals is overall evaluated through the analysis of
Figure 7a,b, which depict the frequencies of the ratio between x; o jcand Xxi rg. across
various accuracy intervals. A value of 1.0 signifies that the O.I.C. proposal predicts exactly
the same resistance as the numerical FE. one. A value less than 1.0 indicates that the
O.L.C. prediction is conservative, while a value greater than 1.0 refers to unconservative
results. From the observations, it is evident that the frequency of the ratio X1, 01c/XL F.E-
equal to 1 is the highest. Therefore, it can be concluded that the proposed design approach
consistently delivers excellent, precise, and safe results, exhibiting a narrow standard
deviation, indicating a high level of consistency.

To assess the performance of the proposed approach, a comparison was also made
against current design methods such as the European Standards [6] and the American
Standards [7]. Figure 8 presents the comparison between the O.1.C.-based proposal and the
current design standards for sections under combined load cases. The analysis reveals that
a maximum number of results are in the range [0.95 to 1]. Hence, it can be concluded that
the performance of O.1.C. design proposals is excellent.
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4. Conclusions

This research paper proposed an alternative method for predicting the resistance
of aluminum I-sections under simple and combined load cases, using O.I.C. Nonlinear
finite element models were developed using ABAQUS software, then validated against
15 experimental test results. Subsequently, a comprehensive database comprising over
2300 numerical simulations was generated to evaluate the accuracy of the proposed design
approach. The performance of the O.I.C. design proposals was also compared with that
of current aluminum design standards. Comparisons were made with European and
American standards. In all cases, the O.1.C. achieves far greater precision, economy, safety,
and consistency than current design methods.
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