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Résume

Cette these de master étudie le comportement au flambement des corniéres a ailes inégales soumises a une
compression centrée. En raison de l'interaction entre les modes de flambement par flexion et par flexion-
torsion, la réponse mécanique de ces éléments présente une complexité particuliére qui n'est pas toujours
correctement représentée par les régles de dimensionnement actuelles de I'EN 1993-1-1. Par ailleurs, le
développement des aciers a haute limite d'élasticité souléve des interrogations quant a I'adéquation de
régles de calcul principalement calibrées pour les nuances d'acier de référence.

Dans un premier temps, un modéle par éléments finis intégrant les non-linéarités géométriques, les non-
linéarités matérielles et les imperfections initiales est développé et validé a partir de résultats expérimentaux
disponibles dans la littérature. Ce modéle est ensuite utilisé pour réaliser une vaste étude paramétrique
couvrant différentes géométries de sections, élancements et nuances d’acier comprises entre S235 et S690.
Les résultats numériques obtenus servent a évaluer les performances des regles actuelles de I'EN 1993-1-1
ainsi que celles de formulations améliorées proposées dans la littérature.

Les analyses mettent en évidence que les dispositions actuelles de I'EN 1993-1-1 ne représentent
pas pleinement I'influence des interactions modales. Un conservatisme important est observé pour les
colonnes gouvernées par le flambement par flexion-torsion, tandis que des prédictions non sécuritaires
apparaissent dans la zone de transition entre les différents modes d'instabilité. La sévérité de ces écarts
dépend fortement du rapport géométrique (h/b), identifié comme un paramétre clé dans le développement
des interactions modales.

L'influence de la nuance d’acier sur la résistance normalisée au flambement est ensuite étudiée. Sur
la base des résultats numériques, une nouvelle formulation du facteur d'imperfection dépendant de la
limite d'élasticité est proposée et combinée a des corrections tenant compte des interactions modales.
La formulation obtenue améliore significativement la précision et la cohérence des prédictions tout en
réduisant l'incertitude associée au modeéle.

Enfin, une analyse de fiabilité est réalisée conformément a la procédure de I'EN 1990 sur une base de
données comprenant 1188 simulations GMNIA pour chaque configuration d'imperfection. Les résultats
montrent que la formulation proposée conserve un niveau de fiabilité comparable a celui des dispositions
actuelles de I'EN 1993-1-1 tout en permettant des prédictions plus précises et moins conservatrices.

Dans I'ensemble, ce travail met en évidence les complexités mécaniques liées aux interactions modales
dans les corniéres a ailes inégales, identifie certaines limites des régles actuelles de I'EN 1993-1-1 et
propose un cadre physiquement cohérent pour le développement futur de régles de dimensionnement
mieux adaptées aux corniéres a ailes inégales en acier a haute limite d’élasticité.



Summary

The buckling behaviour of unequal-leg angle members subjected to axial compression is investigated in
this master's thesis. Owing to the interaction between flexural and torsional—flexural buckling modes,
the mechanical response of these members is particularly complex and may not be fully represented by
the current EN 1993-1-1 design provisions. Furthermore, the increasing use of high-strength steels raises
questions regarding the applicability of design rules that were primarily calibrated for conventional steel
grades.

A geometrically and materially nonlinear finite element model with imperfections (GMNIA) is first
developed and validated against available experimental results. An extensive parametric study is then
conducted on hot-rolled unequal-leg angle members covering a wide range of cross-sectional geometries,
member slenderness values and steel grades from S235 to S690. The generated numerical results are em-
ployed to evaluate the resistance predictions of EN 1993-1-1 as well as existing improved design approaches
proposed in the literature.

The analyses reveal that the current EN 1993-1-1 provisions do not fully capture the influence of modal
interactions. Significant conservatism is observed for members governed by torsional—flexural buckling,
while unsafe predictions develop in the transition region between instability modes. The severity of these
discrepancies is shown to depend strongly on the cross-sectional aspect ratio h/b, which is identified as a
key parameter governing the development of modal interactions.

The beneficial effect of increasing steel grade on the normalised buckling resistance is subsequently
investigated. Based on the numerical results, a modified steel-grade-dependent imperfection factor for-
mulation is proposed and combined with existing modal interaction corrections. The resulting design
approach significantly improves the accuracy and consistency of the resistance predictions while reducing
the associated model uncertainty.

Finally, a reliability assessment is performed in accordance with the procedure of EN 1990 using a
database comprising 1188 GMNIA simulations for each imperfection configuration. The results indicate
that the proposed formulation maintains a reliability level comparable to that of the current EN 1993-1-1
provisions while providing more accurate and less conservative resistance predictions.

Overall, this work highlights the mechanical complexities associated with modal interactions in unequal-
leg angle members, identifies limitations of the current EN 1993-1-1 provisions and proposes a physically
motivated framework for future improvements of buckling design rules for high-strength steel unequal-leg
angle members.
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Chapter 1

Introduction

1.1 Context and motivation

Steel structures play a major role in modern civil engineering due to their high strength-to-weight ratio,
ease of fabrication and adaptability to a wide range of structural applications. They are widely used in
buildings, bridges, industrial facilities, transmission towers and offshore structures, where efficient struc-
tural solutions are often required to satisfy both economic and performance criteria.

In recent decades, increasing attention has been devoted to the development of more sustainable
and resource-efficient construction practices. In this context, high-strength steels have attracted growing
interest since they offer the possibility of reducing member sizes and structural self-weight while maintaining
the required load-carrying capacity. Such reductions may lead to significant material savings, improved
transportation and erection efficiency, as well as a decrease in the environmental impact associated with
steel production.

The benefits of high-strength steels can, however, only be fully exploited if reliable and accurate
design provisions are available. Unlike conventional structural steels, the behaviour of high-strength steel
members is often governed by stability phenomena rather than by material yielding. Consequently, the
accurate prediction of buckling resistance becomes a key aspect of structural design.

Within the European design framework, the buckling resistance of steel compression members is com-
monly evaluated using the provisions of EN 1993-1-1. These design rules are based on the Perry—Robertson
approach and account for the influence of geometric imperfections, residual stresses and material non-
linearities through the use of buckling curves and associated imperfection factors. Although these pro-
visions have proven to be efficient for a wide range of structural members, their applicability to more
complex structural forms and to high-strength steel grades remains an active area of research.

Among the structural members commonly used in engineering practice, unequal-leg angle sections
exhibit particularly complex buckling behaviour. Their monosymmetric geometry may lead to significant
interactions between flexural and torsional—flexural instability modes, making the prediction of their buck-
ling resistance more challenging than for doubly symmetric sections. Furthermore, several recent studies
have suggested that the conservatism associated with the current buckling curves tends to increase as the
steel grade increases, raising questions regarding the suitability of the existing design rules for high-strength
steel unequal-leg angle members.

The present work is motivated by these observations and focuses on two key aspects influencing the
buckling behaviour of unequal-leg angle members: the influence of modal interactions and the influence
of steel grade. Through numerical investigations and reliability assessments, the objective is to evaluate
the limitations of the current design provisions and to develop improved design recommendations capable
of providing a more accurate representation of the buckling resistance of high-strength steel unequal-leg
angle members.



INTRODUCTION 1.1. CONTEXT AND MOTIVATION

1.1.1 Specificities of unequal angle sections

Unequal-leg angle sections are widely used in engineering structures such as lattice towers, transmission
towers, truss systems and bracing members. Their popularity stems from their simple geometry, ease
of fabrication and efficient connection detailing. In addition, their relatively low weight and favourable
strength-to-weight ratio make them attractive structural solutions for compression and tension members.

Unlike doubly symmetric sections, unequal-leg angle members exhibit a monosymmetric geometry. As
a result, the centroid, shear centre and principal axes do not coincide, leading to a more complex structural
response. In particular, axial compression may induce coupled flexural and torsional deformations, which
significantly influence the stability behaviour of the member.

The buckling behaviour of unequal-leg angle members is therefore more complex than that of con-
ventional |-sections or hollow sections. While pure flexural buckling may govern the response for some
geometries, torsional—flexural buckling can become critical for others. Furthermore, the transition between
these instability modes is often characterised by significant modal interactions, making the prediction of
the buckling resistance particularly challenging.

Previous research has shown that the severity of these interactions is strongly influenced by the cross-
sectional geometry, especially the aspect ratio h/b. Members with relatively low h/b ratios generally
exhibit stronger interactions between instability modes, whereas members with larger h/b ratios tend to
behave in a manner closer to the assumptions underlying conventional buckling formulations.

The cross-sectional aspect ratio h/b is therefore generally regarded as a key parameter governing the
development of modal interactions and the resulting buckling behaviour of unequal-leg angle members.

These specific characteristics make unequal-leg angle members an interesting but challenging structural
form for design purposes. Consequently, the adequacy of existing design provisions for such members
deserves further investigation.

1.1.2 Structural advantages of high-strength steels

The continuous demand for lighter, more efficient and more sustainable structures has stimulated the
increasing use of high-strength steels in civil engineering applications. According to EN 1993-1-1:2022,
structural steels with a yield strength greater than or equal to 460 MPa are generally classified as high-
strength steels (HSS). Steel grades such as S460, S500, S550 and S690 are now commonly employed in
bridges, transmission towers, industrial structures and offshore facilities, where high load-carrying capaci-
ties are required.

The primary advantage of high-strength steels lies in their increased vyield strength compared with
conventional structural steels. Their superior strength-to-weight ratio enables substantial reductions in
member size and structural self-weight while maintaining the required load-carrying capacity. Such reduc-
tions may provide significant economic benefits through decreased fabrication, transportation and erection
costs. Furthermore, reducing the quantity of steel required for a structure contributes to lowering the
associated environmental impact through a reduction in the demand for raw materials and associated
carbon emissions.

The use of high-strength steels may also improve the structural efficiency of compression members
by enabling larger load-carrying capacities without increasing the overall dimensions of the structure.
This aspect is particularly attractive for truss structures, transmission towers and other weight-sensitive
applications where compression members represent a substantial proportion of the total steel consumption.

Despite these advantages, the efficient use of high-strength steels requires design provisions capable
of accurately representing their structural behaviour. While the fundamental material behaviour remains
similar to that of conventional steels, several studies have shown that the conservatism associated with
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current buckling design rules tends to increase with increasing yield strength. As a consequence, part
of the potential benefits offered by high-strength steels may be lost when existing design provisions are
directly applied without considering the influence of steel grade.

These observations highlight the need for a better understanding of the buckling behaviour of high-
strength steel members and motivate the present investigation on unequal-leg angle sections.

1.2 Research objectives and scope of the thesis

The observations presented in the previous sections highlight the need for a better understanding of the
buckling behaviour of unequal-leg angle members, particularly when high-strength steels are considered.
Although the current EN 1993-1-1 provisions provide a practical design framework, questions remain re-
garding their ability to accurately represent the influence of modal interactions and steel grade on the
buckling resistance of such members.

The main objective of the present thesis is therefore to investigate the flexural buckling behaviour of
hot-rolled unequal-leg angle members over a wide range of steel grades, ranging from S235 to S690, and
to assess the adequacy of the current Eurocode design provisions.

To achieve this objective, a geometrically and materially non-linear finite element modelling strategy
is developed and validated against available experimental results. The validated numerical models are
then used to perform an extensive parametric study covering different cross-sectional geometries, member
slenderness values and steel grades.

Particular attention is devoted to the influence of the initial imperfection shape, the cross-sectional
aspect ratio h/b, the interaction between flexural and torsional—flexural buckling modes, and the influence
of steel grade on the member resistance. The applicability of recently proposed design improvements is
subsequently assessed and further developments are investigated to better account for the behaviour of
high-strength steel unequal-leg angle members.

Finally, the reliability of the proposed design recommendations is evaluated according to the procedures
of EN 1990 in order to assess their suitability for practical design applications.

1.3 Thesis outline

The remainder of this thesis is organised as follows.

Chapter 2 — State of the Art presents the theoretical background relevant to the present study.
The current EN 1993-1-1 design provisions for the buckling of compression members are first reviewed,
followed by a discussion of the buckling behaviour of unequal-leg angle members and the improved design
approaches proposed in the literature.

Chapter 3 — Numerical Model Description and Assumptions describes the numerical modelling
strategy adopted in this work. The finite element formulation, material modelling assumptions, residual
stresses, boundary conditions and geometric imperfections are presented together with the scope of the
numerical investigations.

Chapter 4 — Numerical Model Validation examines the influence of the modelling assumptions on
the numerical predictions and validates the adopted finite element model against available experimental
results. The suitability of the retained modelling strategy for the subsequent parametric study is then
assessed
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Chapter 5 — Parametric Study presents an extensive numerical investigation of hot-rolled unequal-leg
angle members. The influence of cross-sectional geometry, member slenderness and imperfection shape
on the buckling behaviour is analysed. The numerical results are compared with the current EN 1993-1-1
provisions and with existing improved design proposals.

Chapter 6 — Proposal of an Improved Imperfection Factor investigates the influence of steel grade
on the imperfection sensitivity and buckling behaviour of unequal-leg angle members. A modified steel-
grade-dependent imperfection factor formulation is developed and combined with existing modal interaction
corrections. The performance and reliability of the resulting design approach are subsequently evaluated.

Chapter 7 — Conclusions and Perspectives summarises the main findings of the study, presents the
proposed design recommendations and identifies potential directions for future research.



Chapter 2

State of the Art

2.1 Design Rules According to EN 1993-1-1

The design of compression members in European standards is governed by the provisions of EN 1993-1-1.
In European standards, the design formula for members under pure compression is based on the
Ayrton—Perry formulation:
X-B-A-f,

> Ned (2.1)
M1

Np rd =

In this expression, the product of the cross-sectional area and the yield strength represents the com-
pression resistance of the gross section, i.e. without accounting for global instability or local buckling
effects. This resistance therefore increases proportionally with both the cross-sectional area and the vyield
strength.

However, beyond the cross-sectional area, the geometry of the section also plays a significant role. If
part of the section is too slender, local buckling may occur. This effect is taken into account by reducing
the effective cross-sectional area. The ratio between the effective area and the gross area is represented
by the parameter 3, defined as:

Aeff =B - A (2.2)

To assess whether a section is too slender, Eurocode introduces the concept of cross-section clas-
sification. Four classes are defined: Class 1 (plastic), Class 2 (compact), Class 3 (semi-compact), and
Class 4 (slender). The class of a cross-section is governed by its most critical plate element.

As shown in Figure 2.1, the classification of angle sections is based on the ratio between the leg length
and the thickness. It also depends on the parameter € = |/235/f,, which implies that higher steel grades
lead to more restrictive classification limits.

Regarding compression resistance, no distinction is made between Classes 1 to 3. Only Class 4 sections
require a reduction of the gross area. Therefore:

A=A = p=1 for Classes 1-3
Asr=08-A [B<1 for Class 4

For Class 4 sections, the effective area, and thus the value of B, depends on the width-to-thickness
ratio of the legs. As this ratio increases, the element becomes more slender, leading to a greater reduction
of the effective area. Consequently, the compression resistance of Class 4 sections is governed more by
local buckling than by the yield strength. This indicates that local buckling effects become more significant
for slender sections.
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Table 7.4 — Maximum width-to-thickness ratios for compression parts of outstand flanges
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Table 7.5 — Maximum width-to-thickness ratios for compression parts of angles and circular

and elliptical hollow sections
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flanges” (see sheet 2 of 3]
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Figure 2.1: Cross-section classification limits for angle sections according to EN 1993-1-1:2022 [1]
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As mentioned previously, a second effect must be considered, namely global instability. This effect
is accounted for through the reduction factor x, which represents the influence of global buckling. The
following expression is given in the design standards:

1

¢=05-(1L+n+X) where n=0a-(A-0.2) (2.4)
In this formulation, A denotes the relative slenderness. This parameter characterises the susceptibility

of the member to instability phenomena. It provides an indication of the extent to which the resistance is
governed by buckling as opposed to yielding

(2.3)

with:

The relative slenderness is defined as:

: . — = 2.5
Resistance to elastic buckling Ncr (2.5)

5\_\/ Characteristic resistance Ny Rk

For low values of A, the resistance is governed by yielding, whereas for high values of X, it is governed
by elastic buckling. A lower limit of A = 0.2 is introduced, below which instability effects are assumed to
have no influence on the resistance.

Ny ri corresponds to the characteristic cross-sectional resistance and is defined, as mentioned previ-
ously, as 8- A-f,.

N, represents the elastic critical buckling load. In most cases, and for commonly used structural
sections (such as IPE or HE profiles), this corresponds to the Euler critical load, i.e.:

w2 E-

NCF = L%r

(2.6)

which is associated with a flexural buckling mode.

However, for unequal-leg angle sections, the critical load is generally associated with a combined
flexural-torsional buckling mode, denoted as N, 7. This aspect will be discussed in more detail in Sub-
section 2.1.1.

In Eq. (2.4), the parameter 7 is introduced to account for the detrimental effects of geometric im-
perfections and residual stresses through the imperfection factor a. The imperfection factor o therefore
implicitly accounts for both geometric imperfections and residual stresses in the design formulation.

In order to develop a practical design approach based on buckling curves of the form x = f(X), five
buckling curves are defined in the design standards. These curves have been calibrated on the basis of
numerous experimental results and theoretical studies, covering a wide range of cross-sections.

A semi-sinusoidal out-of-plane imperfection with an amplitude of L /1000, together with residual stress
distributions specific to each type of cross-section, is represented through the parameter a. The values
that this parameter can take are given in Table 2.1.

Buckling curve ag a b C d
Imperfection factor a | 0.13 | 0.21 | 0.34 | 0.49 | 0.76

Table 2.1: Buckling curves according to EN 1993-1-1:2022 [1]

For unequal-leg angle sections, the selection of the buckling curve depends on both the manufacturing
process and the steel grade. In the present study, only hot-rolled sections are considered.

According to the design provisions 2.2, buckling curve b is adopted for steel grades lower than S460,
corresponding to an imperfection factor a = 0.34, while buckling curve a is adopted for steel grade equal
or greater than S460, corresponding to a = 0.21.
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Buckling curve
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Figure 2.2: Selection of buckling curve for flexural buckling according to EN 1993-1-1:2022 [1]

2.1.1 Critical Loads

As mentioned in the introduction, despite their simple geometry, unequal-leg angle sections exhibit complex
mechanical behaviour. This complexity arises from two main factors. First, the point of load application
rarely coincides with the centroid of the cross-section, which inevitably induces bending. Second, the shear
centre does not coincide with the centroid, meaning that bending is inherently coupled with torsion.

As a result, the buckling behaviour may involve both local and global deformation modes, including
torsion, minor-axis flexure, and major-axis flexure, as illustrated in Figure 2.3. Minor-axis flexure is char-
acterised by a lateral displacement of the corner in the direction of the major axis, while major-axis flexure
corresponds to a displacement in the direction of the minor axis. Torsional deformation is characterised
by a rotation of the entire cross-section about the shear centre, which is located near the intersection of
the two legs.

Due to the non-coincidence of the shear centre and the centroid, bending and torsion are inherently
coupled, leading to a combined torsional—flexural buckling mode.

Figure 2.3: lIsolated elastic (a) local, (b) torsional, (c) major-axis flexural and (d) minor-axis flexural
buckling modes for unequal-leg angle section members subjected to axial compression [2]



CHAPTER 2 2.1. DESIGN RULES ACCORDING TO EN 1993-1-1

This coupling between deformation modes plays a key role in determining the critical buckling load of
unequal-leg angle members.

The critical loads associated with flexural buckling about the major and minor axes are given by the
classical Euler expressions:

T2E| m2E|
Neru = [2 3 Nery = [2 . (2.7)
cr,u cr,v

where E is the Young's modulus of steel, /, and [, are the second moments of area about the major
and minor principal axes, respectively, and L., and L., are the corresponding buckling lengths. For
pinned—pinned boundary conditions, these are equal to the member length.

The critical load for torsional buckling of open sections is given by [3]:

1 m2E|
Ncr,T: ) GJ+ L2 - (2'8)
Io cr,T
where:
g = /'3 +u2 4+ vZ  : polar radius of gyration about the shear centre
oyt
Iy = )
ug, Vo . distances between the shear centre and the centroid along the u and v axes
G : shear modulus of steel
h+ b)t3 _ .
J= (+3) : Saint-Venant torsional constant
(h® + b33 .
ly = ————— : warping constant
36
Lerr=08w-L . torsional buckling length
Bw . buckling length factor for torsional buckling (see Figure 2.4)

The expressions used for the torsional constant J and the warping constant /, are derived from
thin-walled theory, which assumes that the wall thickness is small compared to the other cross-sectional
dimensions [7,8]. Under this assumption, simplified analytical expressions can be obtained for open sec-
tions [9]. However, for thicker sections, these formulations become less accurate and more advanced
analytical or numerical methods, such as finite element analysis, are required [8].

The equation governing the elastic critical load accounting for the interaction between flexural and
torsional buckling modes is provided in [3] and reads:

(Neru — Ner)(Nery — Nep)(Ner 1 — Ncr)/g
- aszozNgr(Ncr,u — Ner) — aywugNgr(Ncr,v — Ngr) =0 (2.9)

where o, and a;,, are coefficients that depend on the combination of bending and torsional boundary
conditions (see Figure 2.4).
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TBCs = Torsional Boundary Conditions I-X,

FBCs = Flexural (Buckling length factor Bw)
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Figure 2.4: Values of ay,, and a,, for different combinations of bending and torsional boundary conditions
according to [3]

Deformation of member Torsion boundary
end condition

' —#J Rotation restrained,

warping free

u _E Rotation restrained,
warping restrained

- — Rotation free,
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Symbol in Table 4.1

e

Rotation free,

l
i

warping restrained

Figure 2.5: Torsional boundary conditions corresponding to Figure 2.4, according to [3]

The smallest root of Eq. (2.9) defines the governing elastic critical load.

For unequal-leg angle sections, the critical mode generally involves a combination of torsion, minor-
axis flexure, and major-axis flexure, and is therefore referred to as torsional—flexural buckling, denoted as

Ncr,TF-
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It is generally observed that the torsional—flexural (TF) buckling mode governs over a wide range of
member slenderness. In other words, N¢, 7¢ is the minimum among N, 7¢, Ner7, Nery, and Nep .

For short members, torsional effects dominate and N, £ approaches N, 1. For slender members,
minor-axis flexural buckling becomes predominant and N., ¢ approaches N, ,. For members of interme-
diate slenderness, a gradual transition occurs between torsion-dominated and flexure-dominated behaviour.

The solution of this equation may be inconvenient for practical design purposes. Therefore, a simplified
expression can be obtained by dividing Eq. (2.9) by (N¢,y — Ner), assuming that N, remains sufficiently
smaller than N¢, . This leads to:

. Nery — N
(Nery — Nep)(Ner 7 — Nep)ig — ozuVENZ, — aywugl\/g,M =0 (2.10)
(Ncr,u - Ncr)

Since Ngy is generally significantly larger than N¢,, and N, for typical geometries of unequal-leg
angle sections, the contribution of the third term becomes negligible [2]. This results in the following
simplified expression:

(Nery — Nep)(Ner T — Nep)id — czw VN2, = 0 (2.11)

An approximate value of the torsional—flexural elastic critical load can therefore be obtained as the
smallest root of the following quadratic equation:

V2
Ncr,T + Ncr,v - \/(Ncr,T + Ncr,v)2 —4 <1 - azw%) Ncr,vNcr,T

NerTE = V2
2(1-azud)
0

Dai et al. [2] assessed this approximation against the exact solution and reported that it slightly
overestimates the elastic critical load, while maintaining an acceptable level of accuracy. The discrepancy
is typically below 5% for practical h/b ratios, although the method remains marginally unconservative.

In the present study, the exact solution is adopted to avoid this slight unconservative bias. However,
the simplified formulation remains suitable for practical design purposes due to its acceptable accuracy.

(2.12)

2.2 Literature review

2.2.1 Experimental and Numerical Studies on Unequal-Leg Angle Sections

The first research studies and experimental investigations on unequal-leg angle sections date back to
the 1980s. These studies considered various structural members (columns, beams, and beam-columns),
different materials (such as aluminium and steel), and a range of boundary conditions (simply supported
or fixed).

Among the early contributions, Liao [10], Wu [11], and Zhang et al. [12, 13] conducted experimental
investigations on extruded aluminium unequal-leg angles subjected to concentric compression.

Laracuente et al. [14, 15] and Sippel and Blum [16] conducted a total of 18 tests on fixed-ended
hot-rolled austenitic stainless steel unequal-leg angle sections under compression.

Guo et al. [17] conducted experiments on fixed-ended cold-formed steel equal- and unequal-leg angle
section members under axial compression.

Kitipornchai and Lee [5] carried out tests on both equal-leg and unequal-leg steel angle columns. They
showed that all specimens failed in the inelastic range, with buckling modes involving a combination of
minor-axis flexure and torsion.

Liu et al. [6] also conducted experimental investigations on unequal-leg steel angle sections subjected to
both concentric and eccentric loading, in order to study their beam-column behaviour. A total of 26 spec-
imens were tested. The results highlight the significant influence of load eccentricity on both the ultimate
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load-carrying capacity and the post-buckling behaviour. In addition to ultimate loads, load—displacement
curves for different specimens were also reported.

Dinis et al. [18] also performed experimental studies on steel angle columns with lengths ranging from
short to intermediate. Based on these results, a more detailed investigation of buckling, post-buckling
behaviour, and ultimate resistance was conducted. It was highlighted that, except for very short and very
slender members, buckling generally involves a combination of torsion, major- and minor-axis flexure, and
local deformations. Torsion tends to dominate for shorter members, while minor-axis flexure governs for
more slender members, with a gradual transition between these behaviours. Major-axis flexure and local
deformations were found to have a relatively minor influence.

It was also shown that the cross-sectional asymmetry plays a significant role in this transition. A higher
degree of asymmetry (i.e. a larger h/b ratio) leads to a smoother transition between buckling modes,
whereas lower asymmetry results in a more abrupt change.

Based on these experimental findings, several researchers have demonstrated that current design rules
exhibit excessive conservatism for certain slenderness ranges [19]. Modifications have therefore been
proposed to reduce this conservatism. In some cases, the torsional buckling curve has been shown to
be more appropriate than the flexural buckling curve currently used in design standards [20]. Plots of
resistance as a function of reduced slenderness have highlighted that different reduction factors may be
obtained for the same slenderness value.

It has also been observed that existing design rules may lead to inaccurate, and in some cases unsafe,
[21]. This has been attributed to the lack of consideration of interactions between buckling modes.

Dai et al. [2] proposed modifications to the existing design rules in order to improve the accuracy and
consistency of the predictions, while reducing both the excessive conservatism and the potentially unsafe
results identified in previous studies.

To achieve this, a numerical database comprising approximately 1200 finite element simulations was
generated. A wide range of cross-sections was considered in order to cover a broad range of geometric
ratios, in particular the h/b ratio, which had previously been identified by Dinis et al. [18] as a key parameter
influencing the buckling behaviour.

All numerical simulations were performed considering steel grade S355. The numerical models were
validated against experimental results available in the literature.

Their findings confirmed the observations reported in previous studies. An excessive level of con-
servatism was observed for low slenderness values, corresponding to torsion-dominated buckling, while
potentially unsafe predictions were identified for intermediate slenderness values, associated with the tran-
sition between buckling modes and the interaction between torsion and flexural behaviour.

These observations clearly indicate that current design approaches do not adequately capture the
transition between torsion-dominated and flexure-dominated buckling regimes, leading to inconsistent pre-
dictions depending on the slenderness range. This limitation is primarily attributed to the use of simplified
buckling curves, which are not specifically calibrated for asymmetric sections exhibiting strong mode in-
teraction. This highlights the need for improved design formulations capable of accurately capturing the
interaction between torsional and flexural buckling modes.

2.2.2 High-Strength Steel Members and Modified Buckling Curves

Several researchers have also investigated the economic and structural benefits of high-strength steels
(HSS) as emerging construction materials. Early studies on high-strength steels mainly focused on the
structural behaviour of welded sections fabricated from high-strength steel plates. These investigations
examined residual stresses, global imperfections, and buckling behaviour.

Research on HSS with yield strengths exceeding 690 MPa was initiated in the 1960s by Nishino et
al. [22], who demonstrated that the ratio between the yield strength and the residual stresses, rather than
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the absolute magnitude of the residual stresses, governs the buckling behaviour. Similar observations were
later reported in subsequent studies by Nishino et al. [23].

It was also shown that residual stresses are independent of the yield strength. Consequently, HSS
columns were found to exhibit improved buckling performance compared to conventional steel columns,
particularly when comparing the numerically obtained buckling reduction factors, x.

Although residual stresses are recognised as an important parameter influencing the buckling behaviour
of steel angle sections, relatively limited research has been specifically devoted to unequal-leg angle sec-
tions. Most available investigations concern equal-leg angle sections [24, 25], while studies dedicated to
unequal-leg angles remain scarce [2].

In the absence of a widely established residual stress model for unequal-leg angle sections, the residual
stress distribution commonly adopted for equal-leg angle sections is also considered in the present study.
This assumption is consistent with existing design recommendations and recent numerical investigations,
where similar residual stress patterns are employed for both equal-leg and unequal-leg angle sections [2,26].

Residual stresses in hot-rolled angle sections are commonly represented through simplified bilinear
distributions defined as a fraction of the yield strength. Although the exact magnitude and distribution
of residual stresses remain subjects of discussion in the literature, several experimental investigations on
S355 angle sections have reported residual stress amplitudes ranging approximately between 0.2f, and
0.23f, [24,27].

Experimental measurements performed on higher-strength steel grades, including S420 and S460 sec-
tions, have shown that residual stresses do not increase proportionally with the yield strength [25, 28, 29].
Instead, the measured stress magnitudes remain close to those observed in conventional steel grades,
resulting in lower relative residual stress levels for high-strength steels.

These observations support the use of residual stress models based on a reference value proportional to
f, = 235 MPa, such as the distribution adopted by Dai et al. [2], for both conventional and high-strength
steel grades.

These studies therefore support the assumption that residual stresses are largely independent of the
yield strength. Consequently, high-strength steel members generally exhibit improved structural perfor-
mance compared to conventional steel grades, due to the lower relative influence of residual stresses on
the buckling behaviour.

Furthermore, starting from the Ayrton—Perry formulation on which the buckling curves are based, the
imperfection parameter 1 can be shown to decrease with increasing yield strength, i.e. o< 1/f,.

This relationship was highlighted by Meng et al. [30] by considering a simply supported column subjected
to concentric compression, with an initial geometric imperfection of amplitude ey = L/1000 and without
residual stresses. Under these assumptions, the following expression can be obtained:

oA L A o [E ([« [ET\ X (2.13)
"= W, T 1000 We A-f, \1000V A ) 7% '

Equation (2.13) therefore highlights the reduction of the imperfection parameter n with increasing
yield strength under idealised conditions, i.e. in the absence of residual stresses.

However, as discussed previously, experimental investigations have shown that residual stress mag-
nitudes are only weakly dependent on the yield strength. Consequently, the relative influence of both
geometric imperfections and residual stresses on the buckling behaviour decreases as the yield strength
increases. This suggests that high-strength steel members may exhibit lower imperfection sensitivity and
improved buckling performance compared to conventional steel members.

In the current design standards, the same buckling curve is adopted for steel grades up to S460, while
a reduction of one buckling curve is applied for higher-strength steel grades (see Figure 2.2).
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However, as discussed previously, the imperfection parameter 1 can theoretically be shown to decrease
with increasing yield strength. This suggests that the influence of imperfections on the buckling response
becomes less significant for high-strength steel members.

Consequently, the use of a fixed imperfection factor for broad ranges of steel grades may not fully
reflect the actual behaviour of high-strength steel members. This observation highlights the potential
interest of developing a generalised imperfection factor expressed as a function of the yield strength.

Several researchers have proposed different approaches over the years to explicitly account for the
influence of the yield strength f, in the formulation of the imperfection parameter n. Saufnay et al. [31]
identified three general approaches commonly reported in the literature.

1. The first approach consists of introducing a modified imperfection factor, denoted o*, expressed as:

n
o = a (235> (2.14)
fy

This approach has been the most widely adopted in the literature over the last decades. Its main
advantages are: (i) the preservation of the historical buckling curve for S235 steel grades, and (ii)
the possibility of using a unified formulation for different steel grades. The exponent n may vary
depending on the cross-section type.

2. The second approach consists of modifying the relative slenderness through the factor

. 235
VA

This approach was proposed by Jonsson and Stan [32] for hot-rolled sections subjected to major-axis
flexural buckling. The use of € implies that the yielding plateau becomes longer as the yield strength
increases. The imperfection parameter is then expressed as:

n=a-(ex—0.2) (2.15)

However, this approach still requires further validation for minor-axis flexural buckling.

3. The third approach consists of abandoning the existing buckling curves and proposing a fully modified
imperfection formulation expressed as a function of €. For hollow sections, Meng et al. [30] proposed
modified imperfection formulations together with a reduction of the yielding plateau limit from a
relative slenderness of 0.2 to 0.1.

All existing modified imperfection factors reported in the literature are summarised in Table 2.2. It can be
observed that unequal-leg angle sections have not yet been specifically investigated within these proposed
approaches.
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Table 2.2: Existing modified imperfection factors reported in the literature

Cross-section typologie Imperfection parameter Imperfection factor Author, year
a*(X—0.2) at = a(%)o-8 Magquoi, 1982 [33]
a*(XA—0.2) af = (%)1-O Johansson, 2005 [34]
Rolled I- or H-sections a*(A-€—0.2) ot =a Jonsson et al., 2016 [32]
a*(X —0.2) o =a(Z" Saufnay et al., 2024 [35]
. a*(X—0.2) o = a(222)06 Somodi et al., 2017 [36]
Welded |-sections 235 s
ot =0.45 <f > for y—y
o (X —0.1) yg';gge o Yun et al., 2023 [37]
a* =0.55 < > for z—z
G/,flange
*(A—0.1 * = 0.24(22)05 M t al., 2020 [30
Hot-finished o’ (A= 0.1) “ C2) cng e 130]
a*(A—0.2) a* = oz(%)o'7 Saufnay et al., 2024 [35]
Hollow section a*(A—0.2) af = a(%2)0° Somodi et al., 2018 [36]
Cold-formed a*(h-€—0.2) ot =a Fang et al., 2018 [38]
a*(X—0.1) at = 0.56(%)0-5 Meng et al., 2020 [30]

Identified Limitations and Research Objectives

The literature review has highlighted that the buckling behaviour of unequal-leg angle sections is governed
by complex interactions between torsional and flexural instability modes, which are not fully captured by
current design provisions. Existing buckling curves were mainly calibrated on conventional steel grades
and symmetric cross-sections, leading to excessive conservatism for low slenderness values and potentially
unsafe predictions in the transition region between buckling modes.

The review has also shown that residual stresses appear to be only weakly dependent on the yield
strength, while the relative influence of imperfections decreases as the yield strength increases. Conse-
quently, the direct application of current imperfection factors and buckling curves to high-strength steel
members may not accurately represent their actual structural behaviour.

Although several modified imperfection formulations have been proposed in the literature for different
cross-section typologies, no specific investigations have yet been conducted for unequal-leg angle sections.
This highlights the need for improved design approaches capable of accounting for both the interaction
between torsional and flexural buckling modes and the influence of high-strength steels on imperfection
sensitivity.

The present work therefore aims to investigate the buckling behaviour of unequal-leg angle sections

made of high-strength steel and to assess the suitability of existing design approaches, with the objective
of proposing improved imperfection formulations and more accurate buckling design recommendations.
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Chapter 3

Numerical Model Description and
Assumptions

The present work is part of the broader research framework initiated in the doctoral thesis of Loris
Saufnay [35] and the master's thesis of Louis Duchéne [39], both focusing on the structural behaviour
and design of high-strength steel members. More specifically, the objective of this study is to investigate
the buckling behaviour of hot-rolled unequal-leg angle sections and to contribute to the development
of improved buckling design formulations for high-strength steels, addressing the limitations identified in
Section 2.2.2.

Similarly to these previous studies, the numerical models developed in the present work are implemented
using the finite element software FineLG. This software was jointly developed by the University of Liége and
the Greisch engineering office and has been extensively used for the numerical investigation of instability
phenomena in steel structures.

FineL G has already been validated in numerous previous studies involving geometrically and materially
nonlinear analyses of steel members subjected to instability phenomena, which justifies its selection for
the present work.

3.1 Scope

This thesis focuses on the buckling behaviour of pin-ended hot-rolled unequal-leg angle section members
subjected to axial compression. In order to investigate the influence of the material strength over a broad
range of applications, steel grades ranging from conventional mild steels up to high-strength steels are
considered, covering yield strengths from 5235 to S690.

Within the scope of the present study, only Class 1 to Class 3 cross-sections are considered. Class 4
sections are intentionally excluded in order to avoid local buckling phenomena and the associated reduction
of the effective cross-sectional area. This assumption also enables the use of beam element models,
avoiding the need for more computationally demanding shell or plate finite element models.

It should be noted that the cross-section classification adopted in this study is based on the rules
proposed within the ANGHELY project, which are presented in a later section.

3.2 General Modelling Assumptions

The numerical model used to represent the behaviour of unequal-leg angle members is based on beam
finite elements. Following a mesh sensitivity analysis, a discretisation consisting of 10 finite elements along
the member length was found to provide sufficient accuracy while maintaining a reasonable computational
cost.
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CHAPTER 3 3.3. MATERIAL LAW

The ultimate resistance is determined through geometrically and materially nonlinear analyses with
imperfections (GMNIA). The nonlinear analysis is performed using the arc-length method, allowing the
post-buckling response and the descending branch after instability to be accurately captured.

The beam elements include seven degrees of freedom per node, namely three translations, three ro-
tations, and one warping degree of freedom. The inclusion of warping is essential since unequal-leg angle
sections may exhibit coupled torsional—flexural buckling behaviour. This effect becomes particularly sig-
nificant when torsional deformations govern the structural response. The beam formulation is based on
Vlasov thin-walled beam theory, allowing the coupling between flexure, torsion, and warping to be captured.

The loading configuration consists of a concentric axial compressive load applied through the centroid
of the cross-section, i.e. without load eccentricity. The member is assumed to be pin-ended with torsional
restraint and free warping at both ends. Lateral translations are prevented at the supports, while axial
displacement is allowed at one end. The adopted boundary conditions therefore correspond to pinned
supports with restrained torsion and free warping.

3.3 Material Law

An elastic—perfectly plastic material model, as recommended in Eurocode 3 Part 1-14 [4], is adopted for
all numerical simulations. The Young's modulus is taken equal to £ = 210 GPa, while the yield strength
is denoted by f,.

Strain hardening is neglected in the present study. However, a small tangent stiffness equal to £,/10000
is introduced in the plastic range in order to improve numerical convergence and ensure the stability of
the nonlinear solution procedure.

-

o
E /10000
fy ..........

k4

Figure 3.1: linear elastic — perfectly plastic material model with a nominal plateau [4]

3.4 Geometrical and Material Imperfections

Two types of initial geometric imperfections are considered in the present study.

The first imperfection corresponds to a pure minor-axis flexural deformation, denoted by F, . A semi-
sinusoidal imperfection shape is adopted, with a maximum amplitude equal to L/1000 at mid-height (see
Figure 3.2 (a)). This imperfection is introduced using the first eigenmode obtained from a linear buckling
analysis (LBA).

The second imperfection consists of a combined torsional—flexural imperfection shape, denoted by
F,F,T. In this case, semi-sinusoidal flexural imperfections are introduced simultaneously about both the
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CHAPTER 3 3.4. GEOMETRICAL AND MATERIAL IMPERFECTIONS

major and minor axes, each with a maximum amplitude equal to L/1000 at mid-height. These flexural
imperfections are combined with a torsional imperfection obtained by imposing a rotation along the member
length, leading to a maximum twist angle equal to arctan(L/1000) at mid-height (see Figure 3.2).

The combined shape is obtained through the linear superposition of the individual flexural and torsional
components.

The flexural imperfections about the major and minor axes, together with the torsional imperfection,
are introduced using positive amplitudes.

The linear buckling analyses used to generate the eigenmodes are performed on geometrically perfect
members without material nonlinearities. The flexural eigenmodes obtained from the linear buckling
analyses are subsequently normalised and scaled to the prescribed amplitudes before being combined with
the torsional imperfection.
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Figure 3.2: Initial geometric imperfection shapes: (a) major-axis flexural, (b) minor-axis flexural and (c)
torsional according to [2]

18



CHAPTER 3 3.4. GEOMETRICAL AND MATERIAL IMPERFECTIONS

Material imperfections, more specifically residual stresses, are represented using a bilinear residual
stress distribution with a peak value equal to 0.37, where 7 = 235 MPa, leading to a maximum residual
stress of approximately 70 MPa (see Figure 3.3). This residual stress pattern is commonly adopted for
hot-rolled angle sections and is recommended in several international design recommendations, including
EN 1993-1-14:2025 [4].

As discussed in the literature review, experimental investigations have shown that residual stress mag-
nitudes are only weakly dependent on the steel grade. Furthermore, the adopted residual stress distribution
has been shown to provide conservative predictions for high-strength steel members. Consequently, the
same residual stress model is applied for all considered steel grades, including grades up to S690.

It should also be noted that only limited experimental investigations on residual stress distributions in
unequal-leg angle sections are currently available in the literature. Consequently, the residual stress dis-
tribution commonly adopted for equal-leg angle sections is also considered for unequal-leg angle sections
in the present study. A similar assumption was adopted by Dai et al. [2] in their numerical investigations.

The validation of the residual stress distribution is however beyond the scope of the present work,
mainly due to limited experimental data currently available for unequal-leg angle sections.

10 MPa<— — Compression
u + Tension
+ 70 MPa
70 MPa
— +
70 MPa / \l
70 MPa 70 MPa

Figure 3.3: Residual stress distribution according to [2]
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Chapter 4

Numerical Model Validation

The objective of this chapter is to validate the assumptions and modelling choices adopted for the numerical
model presented in the previous chapter. The validation process includes comparisons between numerical
predictions and available experimental results, together with several sensitivity analyses aimed at assessing
the influence of the main modelling parameters.

Particular attention is devoted to the influence of the mesh density, material modelling assumptions
and geometrical imperfections. The relevance of the adopted modelling strategy is evaluated through
comparisons of ultimate resistances, buckling responses, and load—displacement curves.

4.1 Description of the Selected Experimental Tests

The experimental results used for the validation of the numerical model are taken from the investigations
conducted by Kitipornchai and Lee [5] and Liu et al. [6].

The experimental campaign conducted by Kitipornchai and Lee [5] consisted of six hot-rolled unequal-
leg angle section members with different cross-sectional dimensions and member lengths. The specimens
were tested under concentric axial compression using pin-ended boundary conditions with restrained tor-
sion. No specific information was provided regarding the warping boundary conditions. However, free
warping was assumed in the present study, considering the practical difficulty of fully restraining warping
in experimental setups.

The compressive load was applied incrementally, with the magnitude and loading rate adjusted depend-
ing on the proximity to failure and the development of buckling deformations. The selected cross-sections
were characterised by relatively large width-to-thickness ratios in order to promote torsional—flexural buck-
ling behaviour.

In addition, tensile coupon tests were carried out in order to determine the material properties of the
tested specimens, including the yield strength and Young's modulus. An average Young's modulus equal
to 2.14 x 10° MPa was reported and is therefore adopted in the corresponding numerical simulations.

The specimen dimensions, member lengths, yield strengths, relative slenderness values, and experimen-
tally obtained ultimate loads are summarised in Table 4.1. The experimental results showed failure modes
characterised by coupled torsional—flexural buckling behaviour, which makes this experimental campaign
particularly suitable for the validation of the present numerical model.
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CHAPTER 4 4.1. DESCRIPTION OF THE SELECTED EXPERIMENTAL TESTS

Section [mm]  Effective length [mm] £, [MPa] X [-] Ultimate load [kN]

64 x 51 x 5 700 295 0.75 141
64 x 51 x 5 900 295 0.97 135
76 x b1 x 5 800 312 0.86 143
76 x 51 x 5 1000 312 1.08 123
102 x 76 x 6.5 1200 296 0.86 277
102 x 76 x 6.5 1500 296 1.07 190

Table 4.1: Geometrical properties, relative slenderness values and experimental ultimate loads of the
specimens tested by Kitipornchai and Lee [5]

The experimental campaign conducted by Liu et al. [6] comprised a total of 26 specimens with identical
cross-sectional dimensions, namely L76x51x6.4 unequal-leg angle sections. The investigated parameters
included both the member length and the load eccentricity.

Within the scope of the present study, only the concentrically loaded specimens are considered. Conse-
quently, five tests are directly relevant for the validation of the numerical model. The selected specimens
correspond to two different member slenderness levels, denoted as 12C and 18C. The 12C series was
tested three times (12C-a, 12C-b and 12C-c), while the 18C series was tested twice (18C-a and 18C-b).
The corresponding geometrical and mechanical properties are summarised in Table 4.2.

Similarly to the experimental campaign conducted by Kitipornchai and Lee [5], the specimens were
tested under pin-ended boundary conditions with restrained torsion. No information was provided regarding
the warping boundary conditions. Consequently, free warping was again assumed in the present numerical
simulations, considering the practical difficulty of fully restraining warping in experimental setups.

During the tests, the compressive load was applied at a constant loading rate equal to 6 kN/min until
failure, while both the applied load and the corresponding deformations were recorded at 1 s intervals.

Material coupon tests were also carried out in order to determine the mechanical properties of the spec-
imens. The average yield strength and Young's modulus were reported as 356 MPa and 2.03 x 10°> MPa,
respectively. These values were therefore adopted in the corresponding numerical simulations.

In contrast with the experimental campaign of Kitipornchai and Lee [5], the initial geometric imper-
fections of the specimens were also measured. The measured out-of-straightness was characterised by an
average amplitude equal to approximately L/1607. Furthermore, the measured initial imperfections sys-
tematically exhibited a concave deformation towards the centroid of the cross-section, which is consistent
with the F, imperfection shape considered in the present study.

Unlike the previous experimental campaign, all five concentrically loaded specimens failed through a
minor-axis flexural buckling mode.

A particular interest of this experimental campaign lies in the availability of experimental P—A curves,
especially for specimen 12C-c. These results provide valuable information for the validation of the post-
buckling response predicted by the numerical model.
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CHAPTER 4 4.2. VERIFICATION OF THE ELASTIC BUCKLING BEHAVIOUR

Specimen  Section [mm]  Effective length [mm] £, [MPa] X [] Ultimate load [kN]

12C-a 76x51x6.4 1237 356 1.5 103.6
12C-b 76x51x6.4 1237 356 1.5 98.4
12C-c 76x51x6.4 1237 356 1.5 106.5
18C-a 76x51x6.4 1845 356 2.2 46.8
18C-b 76x51x6.4 1845 356 2.2 50.5

Table 4.2: Geometrical properties, relative slenderness values and experimental ultimate loads of the
concentrically loaded specimens tested by Liu et al. [6]

The selected experimental campaigns provide complementary validation data covering both torsional—
flexural and pure flexural buckling behaviours, as well as ultimate loads and post-buckling responses. These
experimental results are used in the following sections to assess the influence of the modelling assumptions
and to validate the numerical model developed in the present study.

4.2 \Verification of the Elastic Buckling Behaviour

Before analysing the nonlinear response, the elastic buckling behaviour of the numerical model is verified
in order to ensure that the implemented beam formulation correctly reproduces the expected elastic insta-
bility behaviour. This comparison is not intended to provide an independent validation of the model, since
both the analytical expressions and the numerical beam formulation are based on Vlasov thin-walled beam
theory. Rather, it is used as a consistency check to assess whether the adopted numerical formulation,
boundary conditions and warping assumptions correctly reproduce the expected elastic torsional—flexural
buckling behaviour.

For this verification study, the hot-rolled unequal-leg angle section L100x65x12 is considered. The
analyses are performed for steel grade S235 and for member lengths ranging from 100 mm to 3350 mm
in order to investigate the evolution of the elastic critical loads over a wide slenderness range.

The selected member lengths cover both short members, for which torsional effects are dominant, and
slender members, for which the structural response progressively becomes governed by flexural buckling.

The elastic critical loads obtained numerically from linear buckling analyses are compared with the
analytical torsional—flexural critical load N, ¢ introduced previously. The comparison is carried out for
two different warping boundary conditions, namely free warping and restrained warping.

The results obtained for free warping conditions are shown in Figure 4.1. The numerical critical
loads are in very good agreement with the analytical predictions based on Vlasov theory. This agreement
confirms the consistency between the analytical formulation and the numerical beam model when the
same warping assumptions are adopted. The figure also shows that, for long members, the torsional—
flexural critical load progressively approaches the minor-axis flexural critical load N, ,, indicating that the
governing instability mode becomes predominantly flexural as the member slenderness increases.
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CHAPTER 4 4.2. VERIFICATION OF THE ELASTIC BUCKLING BEHAVIOUR

12000 = Analytical N, 1r
H Numerical N¢ 7 (Vlassov WF)
— Nerr
— Ny
————— Beam theory limit (Lg = 10h)

10000

8000

6000

4000

Critical Load Ncr [kN]

2000

0 500 1000 1500 2000 2500 3000 3500
Length [mm]

Figure 4.1: Comparison between analytical and numerical elastic critical loads for the L100x65x 12 section
considering Vlasov theory with free warping conditions

The corresponding analytical-to-numerical ratios are presented in Figure 4.2. For member lengths larger
than the beam theory limit L4 = 10h, the ratio remains close to unity, confirming that the numerical model
accurately reproduces the analytical elastic buckling response in the range where beam theory assumptions
are considered valid. Larger discrepancies are observed for shorter members, for which the assumptions
of classical beam theory become less representative.
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Figure 4.2: Analytical-to-numerical critical load ratio for the L100x65x12 section considering Vlasov
theory with free warping conditions

The same comparison is then performed by restraining warping at the member ends. The results
are shown in Figure 4.3. A significant influence of the warping boundary conditions is observed, espe-
cially for short members. When warping is restrained, the numerical critical load increases markedly for
small member lengths due to the additional torsional stiffness provided by the restraint against warping
deformation.
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CHAPTER 4 4.2. VERIFICATION OF THE ELASTIC BUCKLING BEHAVIOUR
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Figure 4.3: Comparison between analytical and numerical elastic critical loads for the L100x65x 12 section
considering Vlasov theory with restrained warping conditions

This behaviour is also highlighted in Figure 4.4, where large discrepancies are observed for short
members. These differences are mainly attributed to the strong influence of warping restraint in the
short-length range, where torsional effects are dominant. As the member length increases, the influence
of the warping boundary conditions progressively decreases and the numerical results converge towards
the analytical predictions. Beyond the beam theory limit Ly, = 10h, the ratio becomes close to unity,
indicating that the numerical and analytical formulations provide consistent results for sufficiently slender
members.
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Figure 4.4: Analytical-to-numerical critical load ratio for the L100x65x12 section considering Vlasov
theory with restrained warping conditions

These results confirm that the adopted beam finite element formulation is able to reproduce the
expected elastic torsional—flexural buckling behaviour when the corresponding warping assumptions are
consistently defined. They also highlight the important influence of warping boundary conditions on the
elastic critical load, particularly for short members where torsional effects govern the response.

However, this verification should be interpreted with caution. Since both the analytical expressions
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CHAPTER 4 4.3. MESH SENSITIVITY ANALYSIS

and the numerical formulation are based on Vlasov beam theory, the comparison mainly represents a the-
oretical consistency check rather than an independent validation of the numerical model. Nevertheless,
it confirms that the implementation of the beam formulation, the adopted boundary conditions and the
calculation of the elastic critical loads are coherent with the analytical framework used in the present study.

Furthermore, as discussed previously in Section 2.1.1, the combined torsional—flexural critical load
systematically corresponds to the minimum value among the considered elastic critical loads. This indicates
that the investigated members are predominantly governed by coupled torsional—flexural instability rather
than by pure flexural or pure torsional buckling modes over the considered slenderness range.

It may also be observed that, for short members, the combined torsional—flexural critical load remains
close to the pure torsional critical load N¢, 7, indicating a dominant influence of torsional effects. As the
member length increases, the combined critical load progressively converges towards the minor-axis flexural
critical load N, . A transition zone can therefore be identified between these two regimes, highlighting
the gradual evolution from torsion-dominated behaviour to predominantly flexural instability for slender
members.

Based on these observations, the numerical model with Vlasov beam elements and free warping bound-
ary conditions is retained for the subsequent nonlinear analyses, consistently with the assumptions adopted
for the experimental validation tests.

4.3 Mesh Sensitivity Analysis

Since the numerical model is based on the finite element method, the accuracy of the results depends in
particular on the mesh discretisation adopted for the member. It is therefore necessary to determine a
mesh density capable of accurately capturing both the structural behaviour and the ultimate resistance.

However, the computational cost should remain reasonable and should not be unnecessarily increased.
An appropriate balance between accuracy and computational efficiency must therefore be achieved. Par-
ticular attention is given to the influence of the mesh density on both the predicted ultimate resistance
and the post-buckling response.

For this purpose, the L100x65x12 unequal-leg angle section was analysed using three different mesh
densities consisting of 5, 10 and 20 beam finite elements along the member length. The mesh consisting
of 20 elements was considered sufficiently refined to serve as a reference solution for the comparison.

For all analyses, a steel grade S235 was considered together with a member length of approximately
1270 mm, corresponding to a relative slenderness close to A = 1.0. This slenderness level is gener-
ally associated with significant post-buckling effects and is therefore particularly relevant for the present
investigation.

The combined geometric imperfection shape F, F,T was adopted for this study, since it is expected to
be the most sensitive to the mesh density due to the presence of torsional deformations.

The obtained ultimate loads and the relative are summarised in Table 4.3. The relative errors are
calculated with respect to the solution obtained using 20 elements.
The corresponding mechanical responses and P—A curves are presented in Figure 4.5.

Number of Elements 5 10 20

Ultimate load [kN]  329.61 276.15 276.17
Relative Error [%] 19.35  0.01 -

Table 4.3: Influence of the mesh discretisation on the predicted ultimate load
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Figure 4.5: Comparison of the numerical P—A responses obtained using different mesh discretisations

The results related to the predicted ultimate loads show that a mesh consisting of 5 elements is not
sufficient to accurately capture the structural response. In particular, the obtained ultimate resistance is
significantly overestimated, leading to unsafe predictions.

In contrast, the mesh consisting of 10 elements provides an ultimate load almost identical to that
obtained using 20 elements, with a negligible relative error.

A similar conclusion can be drawn from the comparison of the numerical P—A curves. The model using
5 elements does not correctly reproduce either the peak resistance or the post-buckling response. On the
contrary, the response obtained using 10 elements is almost identical to that obtained using 20 elements
over the entire equilibrium path.

Consequently, a discretisation consisting of 10 beam finite elements is considered sufficient to accu-
rately capture both the ultimate resistance and the post-buckling behaviour, while maintaining a reasonable
computational cost.

It should also be noted that a similar discretisation strategy was adopted in the numerical investigations
conducted by Dai et al. [2], Saufnay [35], and Duchéne [39].

4.4 Material Law Sensitivity

Another parameter of interest concerns the adopted material constitutive law. According to EN 1993-1-
14:2025 [4], hot-rolled steels up to grade S460, as well as steels above S460 satisfying specific carbon
content requirements, may be assumed to exhibit a well-defined yield point.

The standard also specifies several material models that may be adopted in materially nonlinear finite
element analyses, depending on the required accuracy and strain range:

1. linear elastic—perfectly plastic material model without strain hardening,

2. linear elastic—perfectly plastic material model with a nominal tangent stiffness for numerical stability,
3. linear elastic—linear hardening plastic material model,

4. linear elastic—nonlinear hardening material model based on experimental coupon-test stress—strain

curves.
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CHAPTER 4 4.4. MATERIAL LAW SENSITIVITY

In the present study, no experimental stress—strain curves obtained from coupon tests were available.
Consequently, two simplified material models are investigated and compared.

The first model corresponds to a linear elastic—perfectly plastic material law with a nominal tangent
stiffness equal to £/10000 introduced in the plastic range in order to improve numerical stability (see
Figure 3.1).

The second model corresponds to a trilinear elastic—plastic material law including strain hardening, as
illustrated in Figure 4.6. The parameters of this model are determined according to the recommendations
of EN 1993-1-14:2025 [4].

> Q

JE‘ I———

0 Ee2

Figure 4.6: Trilinear material model including strain hardening

The adopted parameters are defined according to EN 1993-1-14:2025 [4]. The detailed calculation
procedure and the determination of the different parameters are provided in Appendix 7.1.The resulting
values are summarised in Table 4.4.

Parameter Meaning Value
Oe Yield stress 235 MPa
€e Strain at beginning of hardening 0.015
Et Strain hardening modulus 1616.17 MPa

Table 4.4: Parameters of the adopted trilinear material model according to EN 1993-1-14:2025

The comparison between these two constitutive laws allows the influence of strain hardening on the
predicted ultimate resistance and post-buckling response to be evaluated. The obtained results are pre-
sented through the numerical P—A curves shown in Figure 4.7. The comparison is performed for the same
member geometry, boundary conditions and imperfection configuration adopted in the mesh sensitivity
analysis.
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Figure 4.7: Comparison of the numerical P—A responses obtained using the elastic—perfectly plastic and
trilinear material models

The comparison between the two constitutive laws shows that the influence of strain hardening on both
the ultimate resistance and the post-buckling response remains very limited for the considered member.
This limited influence can be explained by the fact that, for members with relative slenderness values
greater than 0.2, the structural response is primarily governed by global instability rather than by the
development of large plastic strains.

Only negligible differences are observed between the two numerical responses, both in terms of ulti-
mate resistance and post-buckling behaviour, indicating that the elastic—perfectly plastic material model
is sufficient to accurately capture the structural behaviour within the scope of the present study.

Consequently, the elastic—perfectly plastic material law is retained for the remainder of the numerical
investigations, due to its simplicity, robustness and reduced computational cost. Similar conclusions were
also reported by Saufnay [35].

4.5 Influence of the geometrical imperfections

Initial geometric imperfections constitute one of the most influential parameters governing the buckling
behaviour of steel members. In practice, perfectly straight members do not exist due to manufacturing
tolerances, residual deformations induced during fabrication, transport, or assembly processes. Conse-
quently, real structural members always exhibit initial out-of-straightness and geometric deviations from
the ideal configuration.

The presence of these imperfections significantly affects the structural response under compression.
Indeed, geometric imperfections introduce additional bending moments from the early stages of loading,
leading to a reduction of the ultimate resistance and an increase in the sensitivity to instability phenom-
ena. Their influence becomes particularly important for slender members and for cross-sections exhibiting
coupled instability modes, such as unequal-leg angle sections subjected to torsional—flexural buckling.

Furthermore, the shape and orientation of the initial imperfections may strongly influence both the
governing buckling mode and the post-buckling response. In the case of unequal-leg angle sections,
different combinations of flexural and torsional imperfections may lead to significantly different structural
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responses due to the interaction between minor-axis flexure, major-axis flexure, and torsion.

It is therefore essential to assess the influence of the adopted imperfection shapes on the numerical
predictions in order to identify the most representative and mechanically relevant imperfection configura-
tions for the subsequent parametric investigations.

In accordance with the guidance provided in EN 1993-1-14:2025 [4], geometric imperfections consid-
ered in nonlinear analyses should be both realistic and representative of the most unfavourable instability
mode expected for the structural member. The standard further specifies that, when the governing imper-
fection shape is not clearly identifiable, several imperfection forms and combinations should be investigated
in order to determine the most detrimental realistic configuration.

In the particular case of unequal-leg angle sections, only limited information is currently available in
the literature regarding the most representative imperfection configurations. Furthermore, the available
experimental investigations exhibit different governing instability modes. The experimental campaign con-
ducted by Kitipornchai and Lee [5] showed coupled torsional—flexural buckling behaviour, whereas the
concentrically loaded specimens tested by Liu et al. [6] failed predominantly through minor-axis flexural
buckling.

4.5.1 Definition of the investigated imperfection configurations

Consequently, several geometric imperfection configurations are investigated in the present study in order
to evaluate their influence on the predicted structural response and to identify the most representative
imperfection configuration for the subsequent numerical investigations.

The investigated imperfections are based on the individual flexural and torsional imperfection shapes
previously introduced in Section 3.4. The considered imperfections are:

e f,: minor-axis flexural imperfection,
e [, major-axis flexural imperfection,
e T torsional imperfection.

The flexural imperfections are introduced using semi-sinusoidal deformation shapes with a maximum
amplitude equal to L/1000 at mid-height, while the torsional imperfection is introduced through a twist
angle reaching a maximum value equal to arctan(L/1000) at mid-height.

Combined imperfections are generated through the linear superposition of the individual imperfection
components. Different sign combinations are also investigated in order to account for the possible relative
orientations between flexural and torsional deformations.

A positive sign corresponds to the reference orientation adopted for each imperfection component and
illustrated in Figure 4.8.
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(a) Positive minor-axis flexural imper-  (b) Positive major-axis flexural imper- (c) Positive torsional imperfection
fection +F, fection +F, +T

Figure 4.8: Positive geometric imperfection components considered in the study

For the minor-axis flexural imperfection F,, a positive sign corresponds to a deformation in which the
concave side of the member bends towards the centroid of the cross-section. This imperfection orientation
is consistent with the measured initial out-of-straightness reported by Liu et al. [6].

For the major-axis flexural imperfection F,, a positive sign corresponds to a deformation towards the
positive direction of the major principal axis defined by the local coordinate system of the member.

For the torsional imperfection T, a positive sign corresponds to a twist rotation following the positive
rotational direction of the local beam coordinate system.

Conversely, a negative sign corresponds to the same imperfection shape applied in the opposite direc-
tion.

The investigated imperfection combinations are summarised below:

o fy,
o F,+ T,
o F,—T,

o +F, +F,+T,
o +F, +F,—T,
o F,+F,+T,
o +F, —F,+T,
o +F, —F,—T,
o —F,+F,—T,
o —fF, —F,+T.

4.5.2 Comparison with Kitipornchai and Lee experimental results

The influence of the different imperfection configurations is evaluated through comparisons between the
numerical ultimate loads and the experimental resistances reported by Kitipornchai and Lee [5]. The
obtained ratios Ppym/Pexp are summarised in Table 4.5.
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Imperfection  64x51x5  76x51x5 102x76x6.5 Mean COV [%]
Length [mm] 700 900 800 1000 1200 1500

Pure flexural and flexural—torsional imperfections

F. 0.89 0.78 092 085 0.83 099 0.88 8.3
F,+T 090 080 093 0.8 0.84 1.00 0.89 7.9
F,—T 090 080 094 087 084 1.00 0.89 8.2
Combined flexural—torsional imperfections
+F, +F,+T7T 085 074 088 081 078 0.92 0.83 7.9
+F +F,—T 095 090 1.05 096 095 1.15 0.995 9.0
—-F +F,+T7 088 081 091 085 0.82 1.01 0.88 8.4
+F —F,+T 095 088 1.00 093 091 1.11 0.96 8.5
+F —-F,—T 086 074 088 081 0.78 092 0.83 8.0
—F+F—-T 082 070 080 074 073 086 0.77 8.0
—-F —-F,+T7 082 069 080 073 072 083 0.77 7.6

Table 4.5: Influence of the investigated geometric imperfection configurations on the numerical-to-
experimental resistance ratios

The obtained results clearly show that the predicted resistance is strongly influenced by the adopted
imperfection configuration. Significant differences are observed depending not only on the considered
imperfection components, but also on their relative signs.

The investigated imperfection configurations lead to average numerical-to-experimental resistance ra-
tios ranging from approximately 0.77 to 1.00.

The isolated minor-axis flexural imperfection F, already provides satisfactory predictions, with an av-
erage numerical-to-experimental resistance ratio of approximately 0.88. Including a torsional component
(F,£T) modifies this value by less than 2%, indicating that the structural response remains predominantly
governed by minor-axis flexural buckling. This behaviour is mechanically consistent, as the torsional imper-
fection mainly induces a rotation of the cross-section rather than an additional global lateral displacement,
thus exerting only a limited influence on the second-order effects associated with flexural instability.

In contrast, the combined F,F,T configurations exhibit a significantly larger scatter depending on
the adopted sign combination. The average resistance ratios vary from approximately 0.77 for the most
conservative configurations up to 0.995 for the +F, + F, — T configuration, corresponding to a variation
of about 22% between the extreme cases.

A more pronounced influence of the torsional imperfection is however observed when it is combined
simultaneously with both major- and minor-axis flexural imperfections (F,F,T configurations). In this
case, significantly larger variations are obtained depending on the adopted sign combinations.

This behaviour may be explained by the stronger coupling between flexural and torsional deformations
when both flexural imperfection components are introduced. The addition of the major-axis flexural im-
perfection appears to promote a deformation pattern that is more compatible with the torsional—flexural
buckling mode observed experimentally for unequal-leg angle sections. Consequently, the torsional imper-
fection becomes more influential on the global structural response. This increased sensitivity may also be
attributed to the inherent monosymmetry of unequal-leg angle sections, for which the centroid and shear
centre do not coincide, naturally promoting a stronger coupling between flexure about the principal axes
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and torsion.

In this configuration, the member no longer deforms predominantly in a single flexural plane. The
simultaneous presence of major-axis flexure, minor-axis flexure and torsion promotes a three-dimensional
instability mode that is closer to the experimentally observed torsional—flexural buckling behaviour.

A possible additional explanation for this increased sensitivity may also be related to the development
of torsional stresses when a fully coupled torsional—flexural instability mode is activated. As discussed
by Beyer et al. [40], torsional deformations may generate significant Saint-Venant shear stresses, which
contribute to the von Mises stresses and therefore reduce the axial resistance of the member.

Furthermore, the results indicate that the relative orientation of the flexural and torsional imperfec-
tions plays a major role in the predicted resistance. Depending on the selected sign combination, the
torsional rotation may either amplify or partially counteract the flexural deformations associated with the
governing instability mode. This explains the significant differences observed between some imperfection
configurations.

It should however be noted that this interpretation remains mainly qualitative and is based on me-
chanical observations drawn from the present numerical results. To the author’'s knowledge, only limited
studies are currently available in the literature regarding the specific influence of combined imperfection
signs on the torsional—flexural buckling behaviour of unequal-leg angle sections.

Among all investigated configurations, the imperfection combination denoted +F, + F, — T provides
the closest agreement with the experimental results, with an average resistance ratio equal to 0.995 and a
coefficient of variation equal to 9.0%. This configuration therefore appears to be the most representative
of the experimentally observed behaviour.

It should however be noted that the actual geometric imperfections of the tested specimens were
not reported in the experimental campaign conducted by Kitipornchai and Lee [5]. Consequently, the
adopted imperfection amplitudes may differ from the real imperfections present in the tested members. In
particular, the actual imperfection amplitudes could have been smaller than the adopted value of L/1000,
which may partly explain the generally conservative character of the numerical predictions.

Conversely, several sign combinations involving negative minor-axis imperfections lead to significantly
lower resistance predictions, with average resistance ratios as low as approximately 0.77. These results
confirm the high sensitivity of unequal-leg angle sections to the orientation of the initial geometric imper-
fections.

The obtained observations therefore indicate that not only the imperfection amplitude, but also the
relative orientation and interaction between flexural and torsional imperfections, have a major influence
on the prediction.

4.5.3 Comparison with Liu et al. experimental results

In order to complement the previous observations, additional comparisons are performed using the exper-
imental results reported by Liu et al. [6].

Three imperfection configurations are retained for this purpose. The isolated minor-axis flexural imper-
fection F, is considered in order to remain consistent with the experimentally observed minor-axis flexural
buckling behaviour reported by Liu et al. [6]. The combined imperfection configuration +F, + F, + T is
investigated due to its consistency with the torsional—flexural buckling behaviour observed by Kitipornchai
and Lee [5], as well as with the numerical modelling assumptions adopted by Dai et al. [2]. Finally, the
imperfection configuration +F, + F, — T is also considered since it provided the closest agreement with
the experimental results obtained from the experimental campaign of Kitipornchai and Lee [5].

In addition to the standard imperfection amplitude equal to L/1000, an additional numerical analysis
is also performed using an imperfection amplitude equal to L /1607, corresponding to the average geo-
metric imperfection amplitude measured experimentally by Liu et al. [6]. This additional analysis allows

32



CHAPTER 4 4.5. INFLUENCE OF THE GEOMETRICAL IMPERFECTIONS

the influence of the imperfection amplitude on the predicted structural response to be further assessed.

The numerical and experimental P—A responses obtained for specimen 12C-c are compared in Fig-
ure 4.9, while the corresponding numerical-to-experimental ultimate load ratios are summarised in Ta-
ble 4.6.

120

-==12C-c (SL)
12C-c (LL)
Fv

—L/1607

Load [kN]

——+Fv+Fu+T

—+Fv+Fu-T

5 10 15 20 25 30 35
Mid-span lateral displacement [mm]

Figure 4.9: Comparison between experimental and numerical P—A responses for specimen 12C-c

Imperfection 12C 18C Mean COV [%]

F 0.97 1.00 0.98 1.9
+F +F,+T 094 098 0.96 3.0
+F +F,—-T 107 107 1.07 0.5

Table 4.6: Comparison between numerical and experimental ultimate load ratios Ppym/Pexp Obtained for
the concentrically loaded specimens tested by Liu et al. [6]

The obtained results show that the isolated minor-axis flexural imperfection F, provides the most
accurate predictions for the specimens tested by Liu et al. [6], with an average numerical-to-experimental
resistance ratio equal to 0.98 and a limited coefficient of variation equal to 1.9%.

This observation is consistent with the experimentally observed failure mode, which was predominantly
governed by minor-axis flexural buckling. In contrast with the experimental campaign conducted by Kiti-
pornchai and Lee [5], no significant torsional—flexural coupling was reported for the concentrically loaded
specimens investigated by Liu et al. [6].

The imperfection configuration +F, + F, + T also provides satisfactory predictions, although slightly
more conservative results are obtained. Conversely, the imperfection configuration +F, + F, — T, which
previously provided the closest agreement with the experimental results obtained by Kitipornchai and
Lee [5], systematically overestimates the resistance of the Liu specimens.

Consequently, although this imperfection configuration appears mechanically realistic for members gov-
erned by torsional—flexural buckling, it may lead to non-conservative predictions for members predominantly
governed by minor-axis flexural buckling. According to EN 1993-1-14:2025 [4], the adopted geometric
imperfections should not only remain realistic, but should also represent sufficiently detrimental config-
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urations for the investigated instability mode. From this point of view, the imperfection configuration
+F, + F, — T does not appear to be the most appropriate choice for general numerical investigations on
unequal-leg angle members.

These observations further confirm that the most representative geometric imperfection configuration
strongly depends on the governing instability mode of the member. While coupled flexural—torsional imper-
fections appear necessary to reproduce the torsional—flexural buckling behaviour observed by Kitipornchai
and Lee [5], simpler minor-axis flexural imperfections remain sufficient for members governed primarily by
flexural buckling.

The comparison of the complete P—A responses shown in Figure 4.9 also highlights the influence of the
imperfection amplitude on the predicted structural behaviour. Reducing the imperfection amplitude from
L /1000 to the experimentally measured average value equal to L/1607 increases the predicted stiffness,
ultimate resistance and post-buckling deformation capacity.

From a quantitative point of view, the predicted ultimate resistance increases from 99.75 kN for the
L /1000 imperfection amplitude to 103.71 kN for the experimentally measured imperfection amplitude
equal to L/1607, corresponding to an increase of approximately 4.0%. This result confirms the strong
sensitivity of slender unequal-leg angle members to the adopted imperfection amplitude.

Furthermore, the numerical responses remain globally located between the experimental curves denoted
SL and LL, which correspond respectively to the lateral displacements measured at mid-height on the
short-leg and long-leg sides of the angle section.

It should be noted that the numerical results correspond to the lateral displacement of the centroid at
mid-span, whereas the experimental measurements reported by Liu et al. [6] were obtained at the tips of
the angle legs. Consequently, the numerical displacements are expected to lie between the experimental SL
and LL responses due to the additional displacements induced by the torsional rotation of the cross-section.

Overall, the obtained results confirm the high sensitivity of unequal-leg angle members to both the
shape and amplitude of the adopted geometric imperfections. They also demonstrate that the selection of
an appropriate imperfection configuration requires careful consideration of the governing instability mode
observed experimentally.

4.5.4 Selection of the retained imperfection configurations

Based on the two considered experimental campaigns, no unique geometric imperfection configuration
can be identified as universally representative for unequal-leg angle members. As previously discussed,
the most appropriate imperfection shape strongly depends on the governing instability mode, which may
correspond either to coupled torsional—flexural buckling or to predominantly minor-axis flexural buckling
depending on the considered member geometry and slenderness.

Furthermore, due to the limited number of available experimental investigations and the lack of dedi-
cated studies focusing specifically on the influence of combined geometric imperfection configurations, it
remains difficult to draw more general conclusions at this stage.

For the remainder of the present study, two imperfection configurations are therefore retained, namely
F, and +F,+ F,+T. This choice is also consistent with the recommendations of EN 1993-1-14:2025 [4],
which specifies that realistic and potentially detrimental imperfection configurations should be considered
in nonlinear analyses.

The imperfection configuration +F, + F, — T provided satisfactory results for the experimental cam-
paign conducted by Kitipornchai and Lee [5], for which torsional—flexural buckling behaviour was exper-
imentally observed. However, this configuration tends to overestimate the resistance of the specimens
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tested by Liu et al. [6], which predominantly failed through minor-axis flexural buckling, and may therefore
lead to non-conservative predictions when applied to such members.

From a mechanical point of view, the configuration +F, + F, 4+ T is expected to be more detrimental
than the isolated minor-axis flexural imperfection F,,, due to the simultaneous presence of major-axis flexure
and torsion. The major-axis flexural component increases the additional eccentricities and associated
second-order effects, while the torsional component may significantly influence the structural response
when coupled torsional—flexural instability modes develop.

Nevertheless, the isolated minor-axis flexural imperfection F, provides consistently safe predictions for
both considered experimental campaigns. It is therefore retained in the subsequent analyses to provide
a conservative assessment of the structural resistance. The configuration +F, + F, + T is included in
parallel as a more detrimental case, representing the influence of combined imperfection modes.

These two configurations are thus considered to represent the limiting imperfection scenarios for
unequal-leg angle members, respectively governed by pure flexural and by coupled torsional—flexural buck-
ling. Accordingly, the subsequent parametric analyses are performed using both imperfection patterns to
ensure a robust evaluation of structural sensitivity to geometrical imperfections.

4.6 Discussion and Conclusion

The validation study presented in this chapter allowed the main modelling assumptions adopted in the
numerical model to be assessed and fixed for the subsequent parametric investigations.

The elastic buckling verification confirmed the consistency of the Vlasov beam formulation with the
analytical torsional—flexural buckling expressions. The mesh sensitivity analysis showed that 10 beam el-
ements are sufficient to accurately capture both the ultimate resistance and the post-buckling response.
The material law sensitivity analysis indicated that strain hardening has only a limited influence on the re-
sults. Finally, the investigation of geometric imperfections highlighted the strong sensitivity of unequal-leg
angle members to both the shape and orientation of the imposed imperfections.

Based on these observations, the following modelling assumptions are retained for the subsequent
parametric study:

e beam finite element formulation based on Vlasov thin-walled beam theory;
e free warping boundary conditions at both member ends;

e mesh discretisation using 10 beam finite elements along the member length;

elastic—perfectly plastic material law with a nominal tangent stiffness equal to £/10000;

residual stress distribution with a peak value equal to O.3fy*, with fy* = 235 MPa;
e two geometric imperfection configurations: F, and +F, + F, + T.

The final validation of the retained modelling assumptions is performed by comparing the numerical
ultimate resistances with the experimental results reported by Kitipornchai and Lee [5] and Liu et al. [6].
The corresponding numerical-to-experimental resistance ratios are summarised in Table 4.7.
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Experimental campaign Imperfection Mean COV [%] Comment
Kitipornchai and Lee [5] Fy 0.88 8.3 Conservative
Kitipornchai and Lee [5] +F,+F,+T 0.83 7.9 More conservative
Liu et al. [6] Fy 0.98 1.9 Good agreement
Liu et al. [6] +F +F,+T 0.96 3.0 Conservative

Table 4.7: Summary of the numerical-to-experimental resistance ratios obtained using the retained im-
perfection configurations

Overall, the retained numerical model provides satisfactory and generally conservative predictions of
the experimental ultimate resistances, while also capturing the main instability behaviours observed ex-
perimentally. The model is therefore considered suitable for the subsequent parametric study devoted
to the assessment of existing design rules and the development of improved buckling formulations for
high-strength unequal-leg angle section members.
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Chapter 5

Parametric Study

Building on the modelling assumptions and validation results established in the previous chapter, this
chapter presents a parametric study aimed at analysing the buckling behaviour of hot-rolled unequal-leg
angle members over a wide range of geometrical and mechanical parameters. The scope of the study is
first defined before comparing the numerical results with EN 1993-1-1 and with existing improved design
proposals.

5.1 Scope

In order to perform the parametric study, a sufficiently large and representative set of unequal-leg an-
gle sections was selected. The objective was to ensure a broad coverage of geometrical configurations
while maintaining a sufficiently large database for statistically meaningful comparisons with existing design
provisions and improved design proposals.

Particular attention was devoted to ensuring that the selected cross-sections cover the main parame-
ters expected to influence the global buckling response.

The parametric study is divided into two complementary parts. The first part focuses on the com-
parison between the numerical results and the current EN 1993-1-1 buckling design provisions, while the
second part aims at assessing and developing improved buckling design proposals for unequal-leg angle
sections.

The first selection criterion was the leg ratio h/b, which constitutes one of the most influential
geometrical parameters governing the buckling behaviour of unequal-leg angle sections, as highlighted by
Dinis et al. [18] and Dai et al. [2]. Consequently, several cross-sections with different h/b ratios were
considered in order to investigate their influence on the structural response and buckling resistance.

The investigated h/b ratios range from 1.05 to 2.00, thus covering a broad range of geometrical
monosymmetry levels. In total, 17 different cross-sections were selected for the parametric study.

The second selection criterion concerned the cross-section classification. Only cross-sections satisfying
at least the Class 3 requirements were retained in order to avoid local buckling effects and to remain
consistent with the beam finite element modelling approach adopted in the present study.

Steel grades ranging from S235 to S690 are considered, thus covering both conventional structural
steels and high-strength steels and enabling the assessment of potential strength-dependent effects on the
global buckling behaviour. As the steel grade increases, the classification criterion becomes progressively
more restrictive due to the reduction of the parameter e.
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It should be noted that the cross-section classification was not performed directly using the classifi-
cation limits provided in EN 1993-1-1 (see Figure 2.1). Instead, the following classification criterion was

adopted:
235
<1l4e =14, —
fy

This criterion originates from ongoing research work conducted within the framework of the ANGHELY
project. Although the related study was still ongoing at the time of writing, the preliminary results ob-
tained have shown encouraging agreement regarding the applicability of this classification criterion for
unequal-leg angle sections.

~| 0

Based on these selection and classification criteria, the numerical database was generated as follows.

In order to generate a complete buckling curve for a given cross-section and steel grade, 13 member
slenderness levels are considered, ranging from A = 0.2 to A = 2.6, thus covering the transition from
stocky to slender members.

The corresponding member lengths are determined from the following expression:

A= | PAY
NerTE

where N¢, 7 depends on the member length through the elastic critical loads N¢, 7, Nery and Nep oy,
according to the formulations presented in Section 2.1.1.

In the present study, the selected cross-sections remain at least Class 3 for the considered steel grade.
Consequently, the reduction factor B, corresponding to the ratio between the effective and gross cross-
sectional areas, is equal to unity.

For the comparative study against the current EN 1993-1-1 design provisions, steel grade S235 is
adopted. All 17 selected unequal-leg angle sections satisfy at least the Class 3 requirements for this steel
grade, leading to a total of 221 GMNIA simulations.

As the steel grade increases, the number of cross-sections satisfying the minimum Class 3 require-
ments progressively decreases. Nevertheless, even for the highest considered steel grades, 7 different
cross-sections remain eligible for the parametric investigations. This number is considered sufficient to
maintain a representative and statistically meaningful numerical database for the assessment of the buck-
ling behaviour and the development of improved design proposals.

Parameter Range
h/b ratio 1.05-2.00
Steel grades S5235-5690

Reduced slenderness range 0.2-2.6

Number of sections 17
Number of GMNIA simulations 221 (S235)
Imperfection configurations F,, F F, T
FE model GMNIA beam model

Table 5.1: Main parameters defining the scope of the parametric study
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5.2 Comparison with predictions of EN 1993-1-1

As mentioned previously, the objective of this section is to compare the numerical results obtained from
the validated finite element model with the predictions of the current EN 1993-1-1 design rules. The
design resistance predictions are determined using the formulation presented in Section 2.1.

As a first step, steel grade S235 is considered in order to assess the accuracy of the current design
approach without the additional influence of high-strength steel effects. For S235 unequal-leg angle
sections, buckling curve b is adopted according to EN 1993-1-1, corresponding to an imperfection factor
equal to o = 0.34.

5.2.1 Global comparison with the EN 1993-1-1 buckling curve

The comparison between the numerical reduction factors obtained from the GMNIA simulations and the
predictions of EN 1993-1-1 is presented in Figure 5.1. The results are shown separately for the two
retained imperfection configurations, namely the combined flexural-torsional imperfection F,F,T and the
isolated minor-axis flexural imperfection F,.
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Figure 5.1: Comparison between the numerical reduction factors and the EN 1993-1-1 buckling curve b
for 5235 unequal-leg angle members

According to the current EN 1993-1-1 formulation [1], unequal-leg angle members presenting the same
reduced slenderness A1£ should theoretically exhibit the same reduction factor x.

However, the numerical results reveal a significant dispersion of the reduction factors for identical
values of A\7g, particularly in the low and intermediate slenderness range where torsional—flexural effects
remain significant.

A clear difference can additionally be observed between the two investigated imperfection configura-
tions. For the isolated flexural imperfection configuration F,,, almost all numerical points remain above
the EN 1993-1-1 buckling curve, leading to globally conservative predictions.

Conversely, for the combined flexural-torsional imperfection configuration F,F,T, several numerical
points are located below the EN 1993-1-1 buckling curve, particularly in the intermediate slenderness
range. Similar observations were also reported by Dai et al. [2]. These results indicate that the current
design formulation may become slightly non-conservative when significant torsional—flexural interactions
develop.

This apparent non-conservative character should however be interpreted with caution. Since the
EN 1993-1-1 buckling curves were primarily calibrated using flexural imperfection patterns consistent with
the F, configuration, the points falling below the design curve for the F,F,T imperfection may partly
reflect the increased severity of this imperfection pattern rather than a fundamental inadequacy of the
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design formulation. Its physical representativeness therefore depends on the actual imperfection shapes
governing the behaviour of real members.

For the F, F,T configuration, the ratio Xn,um/Xen ranges from approximately 0.96 to 1.16 across the
full parametric database, highlighting both the non-conservative predictions for specific geometries and
the significant conservatism for others.

5.2.2 Influence of the imperfection configuration

In order to better understand the origin of the observed differences between the two imperfection config-
urations, the underlying instability mechanisms are examined in more detail in the following discussion.

Dai et al. [2] showed that the reduction factors of unequal-leg angle members are strongly influenced
by the relative contribution of torsional and flexural instability modes. In particular, the observed scatter
is closely related to the ratio N¢,7F/Ncr,y, which governs the transition between torsion-dominated and
predominantly flexural behaviour.

For short and intermediate members, the combined torsional—flexural critical load N, £ remains
close to the torsional critical load N, 7. In this range, the structural response remains strongly influ-
enced by torsional effects, leading to larger scatter and increased sensitivity to the adopted imperfection
configuration.

In the F, F,T configuration, the simultaneous presence of minor-axis flexure, major-axis flexure and
torsion appears to activate stronger three-dimensional modal interactions than in the isolated F, configu-
ration. These interactions are believed to trigger the unstable post-buckling behaviour observed for certain
members within the transition region.

Conversely, as the member slenderness increases, the combined critical load progressively converges
towards the minor-axis flexural critical load N, ,. The structural response therefore gradually becomes
governed by classical minor-axis flexural buckling and the numerical reduction factors progressively con-
verge towards the EN 1993-1-1 buckling curve.

It may additionally be observed that, when torsional effects become dominant, several numerical results
tend to approach the plate buckling curve provided in EN 1993-1-5 [41]. Such behaviour suggests a more
favourable post-buckling response than that associated with classical flexural buckling, which is consistent
with the observations reported by Dai et al. [2].

These observations suggest that the reduced slenderness A7£ alone may not be sufficient to fully
characterise the buckling behaviour of unequal-leg angle members. The cross-sectional geometry, the rel-
ative importance of torsional effects and the adopted imperfection configuration all appear to significantly
influence the resulting reduction factors and post-buckling behaviour.

5.2.3 Influence of low h/b ratios

In order to further investigate the origin of the observed scatter and the non-conservative predictions,
the influence of the cross-sectional geometry is examined in more detail through the leg ratio h/b, which
constitutes one of the main parameters governing the torsional—flexural behaviour of unequal-leg angle
members.

A first comparison is performed for members presenting relatively low h/b ratios, corresponding to

cross-sections that are closer to equal-leg angles. The corresponding numerical reduction factors are
presented in Figure 5.2 for both investigated imperfection configurations.
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EN 1993-1-1 EN 199311
«  L105x100x10 - GMNIA * « L105x100x10 - GMNIA
o L55x50x5 - GMNIA o L55x50x5 - GMNIA
o L75x65x6 - GMNIA . © L75x65x6 - GMNIA

°
o

°
B3
°
®

°
>
°
>

Reduction factor x
Reduction factor x

°
4
°
kS

0.0 [ 10 15 20 25 0.0 05 10 15 20 25
Reduced slenderness Az Reduced slenderness Az

(a) F,F,T imperfection configuration (b) F, imperfection configuration

Figure 5.2: Influence of low h/b ratios on the numerical reduction factors

The influence of the adopted imperfection configuration remains particularly marked for these cross-
sections. For the combined imperfection configuration F,F,T, several numerical points are located below
the EN 1993-1-1 buckling curve, confirming the potentially non-conservative character of the current
design formulation for members exhibiting strong torsional—flexural interactions.

It may additionally be observed that the non-conservative behaviour becomes progressively more pro-
nounced as the h/b ratio decreases. For a given reduced slenderness, the L105x100x 10 section consis-
tently exhibits lower reduction factors than the two other considered sections. This observation suggests
that cross-sections closer to equal-leg angles are more sensitive to torsional—flexural interactions and to
the associated unstable post-buckling behaviour.

In order to better quantify the accuracy of the EN 1993-1-1 predictions, the ratio between the numerical
reduction factors and the design reduction factors predicted by EN 1993-1-1 is additionally presented in
Figure 5.3.
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Figure 5.3: Ratio between numerical reduction factors and EN 1993-1-1 predictions for members presenting
low h/b ratios

For the combined imperfection configuration F,F,T, the ratio xn,um/Xen clearly falls below unity
within the transition slenderness range, confirming the non-conservative character of the EN 1993-1-1
predictions for these members.

The most pronounced non-conservative predictions are systematically obtained for the L105x100x 10
section, which presents the lowest h/b ratio among the considered cross-sections, with a minimum value
of Xnum/XEen reaching approximately 0.96.

For the L55x50x5 and L75x65x%x6 sections, the minimum ratios remain closer to unity, indicating a
less pronounced non-conservative behaviour.

QOutside the transition region, the EN 1993-1-1 predictions remain globally conservative, with typical
values of Xnum/XEen slightly above unity.
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Although limited non-conservative predictions are observed within the transition region, the EN 1993-
1-1 formulation remains globally conservative for a large proportion of the investigated members.

In addition to the observed non-conservative predictions, a significant degree of conservatism may also
develop for certain members. For the L75x65x6 section, values of X,um/Xen up to approximately 1.16
are obtained, corresponding to a conservatism of about 16%.

This pronounced conservatism additionally suggests that the current EN 1993-1-1 formulation does not
fully capture the favourable post-buckling reserve that may develop for certain unequal-leg angle members
subjected to torsional—flexural buckling.

Such behaviour is consistent with the tendency of several numerical results to approach the plate
buckling curve from EN 1993-1-5, which is characterised by a more favourable post-critical response than
the classical flexural buckling curves of EN 1993-1-1.

The simultaneous presence of both non-conservative and highly conservative predictions further con-
firms that the current EN 1993-1-1 formulation is unable to consistently reproduce the actual post-buckling
behaviour of unequal-leg angle members over the full range of geometrical configurations.

The minimum values of X,um/XEn occur close to the transition slenderness values X, defined by
Dai et al. [2], corresponding to Ne,7£/Nery > 0.9. This strongly supports the interpretation that the
non-conservative predictions are associated with modal interactions occurring during the transition from
torsion-dominated to predominantly flexural behaviour.

Beyond this transition region, the ratio Xnum/Xen pProgressively converges towards unity, indicating
that the EN 1993-1-1 predictions become increasingly accurate once the structural response becomes
governed by classical minor-axis flexural buckling.

In contrast, for the isolated flexural imperfection configuration F,, the ratio X ,um/Xen remains globally
equal to or larger than unity for all considered members. Although a certain scatter remains visible in the
transition region, the numerical results remain globally conservative and the non-conservative behaviour
observed for the combined imperfection configuration F,F, T practically disappears.

5.2.4 Influence of large h/b ratios

A similar comparison is subsequently performed for members presenting larger h/b ratios, corresponding
to more geometrically monosymmetric unequal-leg angle sections. The corresponding numerical reduction
factors are presented in Figure 5.4 for both investigated imperfection configurations.
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Figure 5.4: Influence of large h/b ratios on the numerical reduction factors

Compared to members with lower h/b ratios, the results obtained for larger h/b ratios show a smoother
transition between instability modes and a reduced sensitivity to the adopted imperfection configuration.
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For the combined flexural—torsional imperfection configuration F,F, T, a certain scatter of the numer-
ical reduction factors can still be observed in the low and intermediate slenderness range. However, the
non-conservative behaviour previously observed for low h/b ratios becomes significantly less pronounced
and most numerical points remain close to or above the EN 1993-1-1 buckling curve.

For the isolated flexural imperfection configuration F,, a similar scatter can also be observed within
the same slenderness range. Nevertheless, no non-conservative numerical points are obtained and the pre-
dictions remain globally slightly more conservative than those associated with the combined imperfection
configuration F, F,T.

These observations are consistent with the mechanical interpretation proposed by Dai et al. [2]. As
the h/b ratio increases, the transition between torsion-dominated and flexure-dominated instability modes
progressively becomes smoother, resulting in a more stable post-buckling behaviour and reduced modal
interaction effects. This trend is further illustrated in Appendix 7.2.1, where the evolution of the initial
post-buckling stiffness ratio k,p/kin and the average post-buckling stiffness ratio evaluated over the first
5% of the post-buckling path k50, /kin is reported for different h/b ratios.

It may additionally be observed that the convergence towards the EN 1993-1-1 buckling curve again
occurs around the transition slenderness Xj;,, defined by the condition N¢,7F/Ner, > 0.9. Beyond this

limit, the influence of torsional effects becomes limited and the reduction factors become significantly less
sensitive to both the imperfection configuration and the cross-sectional geometry.

5.2.5 General observations and implications

Overall, the comparison between low and high h/b ratios confirms the key role of cross-sectional geometry
in the development of torsional—flexural interactions. The most pronounced non-conservative predictions
occur for low h/b ratios, where unstable modal interactions remain significant within the transition region.

For both investigated imperfection configurations, this influence is reflected by a significant vertical
scatter of the numerical reduction factors, which is not explicitly captured by the current EN 1993-1-1
formulation. However, for the combined imperfection configuration F,F, T, additional non-conservative
predictions are observed. These results further confirm the important influence of torsional—flexural modal
interactions, which are not explicitly represented within the current EN 1993-1-1 formulation.

Since the EN 1993-1-1 buckling curves were primarily calibrated on the basis of classical flexural buck-
ling behaviour and conventional flexural imperfection patterns, the current formulation appears unable
to fully capture the influence of coupled torsional—flexural imperfection modes and the associated modal
interactions observed for unequal-leg angle members.

The present results therefore suggest that improvements to the current design approach may be
required. In particular, it was shown that the vertical scatter of the numerical reduction factors is strongly
related to the ratio N, 7£/Ncr,,, indicating that the relative contribution of torsional and flexural instability
modes should be explicitly considered in the formulation of improved reduction factors.

Furthermore, the observed non-conservative behaviour associated with modal interactions was shown
to be strongly influenced by the cross-sectional geometry, and more specifically by the h/b ratio. Conse-
quently, an additional parameter accounting for this geometrical influence may also be required in order
to accurately reproduce the buckling behaviour of unequal-leg angle members.

These observations therefore establish the mechanical justification for seeking improved design propos-

als that explicitly account for the torsional—flexural interaction ratio N¢,7F/Ncr, and the cross-sectional
geometry of unequal-leg angle members.
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5.3 Comparison with existing improved proposals

The limitations of the current EN 1993-1-1 formulation identified in the previous section have also been
highlighted by several researchers. In order to overcome these limitations, a number of improved design
approaches have been proposed in the literature. Among them, Dai et al. [2] introduced two additional pa-
rameters intended to account for the influence of torsional—flexural modal interactions and cross-sectional
geometry on the reduction factors of unequal-leg angle members. For clarity purposes, the complete
formulation proposed by Dai et al. [2] is reproduced in Appendix 7.3.

In their proposal, two distinct behavioural domains are considered depending on the dominant instability
mode. The first corresponds to members for which torsional—flexural buckling remains dominant, while the
second corresponds to members governed predominantly by minor-axis flexural buckling. For each domain,
an additional correction parameter is introduced in order to improve the prediction of the reduction factors.

The proposed formulation therefore attempts to separately account for: (i) the vertical scatter of
the reduction factors observed in the torsional—flexural dominant domain, and (ii) the unstable modal
interaction effects developing within the transition region towards predominantly flexural buckling.

Behavioural domain Correction Main parameter Objective
Torsional—flexural dominant XTF = XF + Ar(XT — XF) Ar Capture vertical scatter
Predominantly flexural dominant  Modified Perry formulation 6] Account for modal interaction effects

Table 5.2: Simplified overview of the improved proposal introduced by Dai et al. [2]

5.3.1 Correction of the torsional-flexural dominant domain: parameter Ar

The parameter Af is introduced to capture the vertical scatter observed between the upper and lower
bounds of the numerical reduction factors for members subjected to torsional—flexural buckling. It repre-
sents the relative contribution of torsional and flexural instability effects through the ratio N¢,7£/Nerv
and allows a progressive interpolation between the flexural buckling curve xg and the plate-type buckling
curve x7. Consequently, Ar aims to reproduce the gradual transition between torsion-dominated and
predominantly flexural behaviour.

The flexural bound xg corresponds to a modified flexural buckling curve proposed by Dai et al. [2],
while the upper bound x 7 is based on the plate buckling curve from EN 1993-1-5. The latter was shown
by Dai et al. [2] to provide a good approximation of the favourable post-buckling response observed for
members dominated by torsional effects.

The conceptual role of the parameter Ag within the proposed design formulation is illustrated in
Figure 5.5. The proposed torsional-flexural reduction factor x7F is obtained through an interpolation
between the lower flexural bound xgF and the upper torsional bound x7, allowing the vertical scatter
observed in the numerical results to be represented.
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Figure 5.5: lllustration of the role of the parameter Ag in the proposed design formulation, adapted from
Dai et al. [2]

Based on the numerical observations obtained by Dai et al. [2], the following expression was proposed
as a lower-bound approximation of the observed trend:

Ncr TF 2
Ar=(1— ———
F ( 0.9Ncr.,
The ability of this approximation to reproduce the behaviour observed in the present numerical study
will subsequently be assessed using the results obtained from the validated finite element model.

5.3.2 Correction of the flexural dominant domain: parameter 3

The parameter 3 is introduced in the modified Perry formulation in order to account for the influence of
interactive buckling phenomena observed in the transition region between torsional—flexural and minor-axis
flexural buckling. This parameter depends both on the interaction ratio N¢,7£/Ncry and on the cross-
sectional geometry through the leg ratio h/b.

Its role is to increase the imperfection sensitivity of members exhibiting strong modal interactions,
particularly for low h/b ratios corresponding to sections close to equal-leg angles. This increase in im-
perfection sensitivity is introduced through a modification of the Perry imperfection parameter 7, thereby
directly amplifying the reduction effect associated with interactive buckling phenomena:

n=a-B-(ArF—02)0
The parameter B is defined as:
N h
B=75- (1—&"”) : <6—5b> +1  with 10<B<175
cr,v

Consequently, the value of 3 increases when the torsional contribution becomes more significant and
when the cross-section approaches an equal-leg geometry. The proposed formulation therefore aims to
increase the reduction of the buckling resistance within the transition region where strong torsional—flexural
modal interactions are expected to develop.
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Unlike the parameter Ag, which is directly related to the observed transition between torsional and flex-
ural behaviour, the mechanical interpretation of 3 remains less explicit and appears to rely more strongly
on numerical calibration.

It should additionally be noted that the formulation proposed by Dai et al. [2] was calibrated primarily
using numerical results obtained for S355 steel members. Consequently, part of the observed improvement
may result from compensations between the proposed correction parameters and the increased conser-
vatism associated with the corresponding EN 1993-1-1 buckling curve.

In particular, the absence of pronounced non-conservative predictions in their study does not necessarily
imply that the interactive buckling phenomena are fully captured by the parameter 3, since part of these
effects may already be compensated by the adopted imperfection factor a.

The validity and applicability of the proposed parameters for the present S235 numerical database
must therefore also be carefully assessed in the following sections.

5.3.3 Assessment of the parameter Ar

As previously discussed, the parameter Ag was introduced by Dai et al. [2] in order to reproduce the verti-
cal scatter observed in the reduction factors of unequal-leg angle members subjected to torsional—flexural
buckling. The proposed formulation aims to represent the gradual transition between torsion-dominated
and predominantly flexural behaviour through the interaction ratio N¢,7£/Ner,y.

In order to assess the applicability of this formulation to the present numerical database, the numerical
values of Ar obtained from the GMNIA simulations are compared with the analytical expression proposed
by Dai et al. [2]. The comparison is first performed considering the complete numerical database for both
retained imperfection configurations.

For each numerical simulation, the corresponding value of Ag is determined by rearranging the inter-
polation expression:

A XTFE - XF
G
XT — XF

where X7 corresponds to the numerical reduction factor obtained from the GMNIA simulations,
while xgF and xT are respectively determined from the analytical flexural and torsional reduction factor
expressions proposed by Dai et al. [2].

The resulting numerical values of Ar are subsequently compared with the analytical formulation pro-
posed by Dai et al. [2].

Ar
o
s
Ar
°
=
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Ner, 7#lNer,v Ner, 7e/Ner, v

(a) F,F,T imperfection configuration (b) F, imperfection configuration

Figure 5.6: Comparison between the numerical values of Ar and the formulation proposed by Dai et al. [2]
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For both imperfection configurations, the proposed formulation correctly reproduces the global evolu-
tion of Ag with increasing N¢,7£/N¢rv. The progressive reduction of the scatter towards the flexural-
dominated domain is reasonably captured, especially for low and intermediate values of the interaction
ratio. These observations support the mechanical relevance of the interpolation approach introduced
through Ar.

Nevertheless, several values of A become negative near N¢,7g/Nery = 0.9, particularly for the
F.F,T configuration. Since Af represents an interpolation parameter between xr and x7, such values
are not physically meaningful within the proposed framework.

These negative values suggest that the unstable modal interactions developing within the transition
region are not fully captured by the proposed analytical formulation. In particular, the simultaneous
presence of minor-axis flexure, major-axis flexure and torsion in the F,F,T imperfection configuration
appears to generate local deviations from the idealised interpolation behaviour assumed by the formulation.

This interpretation is further supported by the results obtained for the isolated flexural imperfection
configuration F,, for which both the number and magnitude of the negative Ag values become signifi-
cantly smaller. This reduction of the discrepancies strongly suggests that the remaining inaccuracies are
primarily associated with modal interaction effects rather than with the formulation of Af itself.

In order to further investigate this hypothesis, the validation of the Ag formulation is subsequently
examined for members presenting large h/b ratios, for which the influence of modal interactions was
previously shown to become significantly less pronounced.

Influence of large h/b ratios

The comparison between the numerical values of Ag and the proposed analytical formulation is presented
in Figure 5.7 for members presenting large h/b ratios.
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Figure 5.7: Validation of the proposed Ar formulation for members presenting large h/b ratios

For members presenting large h/b ratios, the proposed Ag formulation provides a significantly improved
representation of the observed numerical scatter. Compared to the results obtained for low h/b ratios,
only a very limited number of slightly negative Ar values remain visible and their magnitude remains small.

These observations strongly suggest that the parameter Ag correctly captures the global evolution of
the torsional—flexural scatter associated with unequal-leg angle members.
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The remaining discrepancies therefore appear to be primarily associated with the unstable modal in-
teractions developing for members presenting low h/b ratios rather than with the formulation of Af itself.
This interpretation additionally suggests that the remaining inaccuracies may instead originate from the
modified flexural formulation through the parameter 3, which directly governs the imperfection sensitivity
within the transition region.

Overall, the present results indicate that the mechanical basis of the Ag formulation remains physically
relevant for S235 steel grades, even though the original proposal was developed using numerical results
obtained for S355 steel. In particular, the proposed interaction parameter appears capable of reproduc-
ing the global evolution of the reduction factor scatter associated with the gradual transition between
torsional—flexural and predominantly flexural behaviour.

5.3.4 Assessment of the effectiveness of the parameter 5

This section assesses the effectiveness of the parameter B for capturing modal interaction effects in 5235
unequal-leg angle members.

As previously discussed, the parameter G was introduced in order to account for the additional imper-
fection sensitivity associated with interactive torsional—flexural buckling phenomena occurring within the
transition region between torsional—flexural and minor-axis flexural buckling. Since the detailed derivation
and calibration procedure of 3 are not extensively discussed by Dai et al. [2], the present assessment mainly
focuses on evaluating the capability of the proposed correction to reduce the non-conservative behaviour
observed in the numerical results.

In order to isolate the specific influence of 3, the numerical reduction factors are compared directly
with the modified flexural buckling curve xfg proposed by Dai et al., without including the additional
interpolation effect associated with the parameter Ar. This choice allows the influence of B on the
modified Perry formulation to be evaluated independently from the vertical scatter correction introduced
through Af.

The assessment is performed for members with low h/b ratios subjected to the F,F,T imperfection
configuration, since these cases exhibited the strongest modal interactions and the most pronounced non-
conservative predictions.

The prediction ratios Xnum/Xpred Obtained using both the original EN 1993-1-1 formulation and the

modified reduction factor x g are therefore compared in order to quantify the actual improvement intro-
duced by the parameter 3.
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Figure 5.8: Comparison between the prediction ratios obtained using the EN 1993-1-1 formulation and
the modified flexural buckling curve x g proposed by Dai et al. [2] for low h/b unequal-leg angle members
subjected to the F,F, T imperfection configuration

The proposed formulation generally leads to a slight improvement of the predictions within the transi-
tion region, where modal interactions are expected to be significant. In particular, the modified formulation
reduces the magnitude of the most non-conservative predictions and shifts several numerical points closer
to the perfect agreement line.

Nevertheless, the improvement remains relatively limited and several numerical points still remain below
unity, indicating that the proposed formulation does not fully eliminate the non-conservative behaviour
associated with modal interactions.

Although the proposed formulation therefore leads to a certain improvement of the predictions, the
remaining non-conservative results suggest that the correction introduced through G remains insufficient
for the present S235 numerical database.

The parameters governing the proposed expression for B appear to be mechanically consistent with
the observations obtained in the present study. In particular, the dependency on the interaction ratio
Ner7E/Necr,y and on the geometrical ratio h/b is coherent with the strong influence of these parameters
on the development of torsional—flexural modal interactions and on the associated post-buckling behaviour.

However, the physical justification of the exact mathematical form of the proposed expression remains
difficult to assess, since the detailed development and calibration procedure of the formulation are not
explicitly discussed by Dai et al. [2]. The proposed expression therefore appears to rely at least partially
on an empirical calibration of the numerical results.

This aspect is particularly important since the formulation was developed using numerical results ob-
tained for S355 steel grade members.

In order to further investigate this effect, an additional comparison between the EN 1993-1-1 pre-

dictions and the numerical results obtained for S355 members subjected to the combined imperfection
configuration F,F,T is presented in Figure 5.9.
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Figure 5.9: Comparison between the numerical reduction factors and the EN 1993-1-1 buckling curve for
S355 unequal-leg angle members subjected to the F,F,T imperfection configuration

For S355 members, the non-conservative behaviour previously identified for S235 practically disappears,
with almost all numerical points located above the EN 1993-1-1 buckling curve.

However, this absence of non-conservative predictions does not imply that torsional—flexural modal
interactions no longer occur. A significant vertical scatter of the numerical reduction factors still remains
visible within the transition region, indicating that modal interaction effects are still present.

These interaction effects appear to be partially compensated by the additional conservatism introduced
through the imperfection factor o adopted for S355 members. As discussed previously in Section 2.2.2,
this increased conservatism may compensate part of the resistance reduction induced by modal interactions
that are not explicitly accounted for in the current formulation.

This observation is particularly important for the interpretation of the parameter 3, since the formula-
tion proposed by Dai et al. [2] was calibrated using S355 numerical results. The relatively limited correction
introduced through B may therefore partly reflect the fact that the reference EN 1993-1-1 predictions
used during the calibration process were already globally more conservative.

Such behaviour could explain why the proposed correction remains relatively limited when applied to
the present S235 numerical results, for which the original EN 1993-1-1 formulation exhibits more pro-
nounced non-conservative predictions.

Overall, the present observations suggest that the parameter 3 captures part of the mechanical trends
associated with torsional— flexural modal interactions, particularly through its dependency on N¢, 7£/Ner.v
and h/b. However, the relatively limited improvement obtained for the present S235 results indicates that
the current formulation does not fully reproduce the destabilising effects associated with modal interactions
and remains strongly dependent on the calibration database used during its development.

5.3.5 Assessment of the complete proposed formulation

After assessing Ar and B separately, the predictive capability of the complete proposed formulation is
evaluated.

Since the final choice of the most representative imperfection configuration remains open, the complete
formulation proposed by Dai et al. [2] is assessed for both retained imperfection configurations.

The F,F,T configuration represents the most critical case, for which torsional—flexural modal inter-
actions are the most pronounced. As shown in the previous sections, this configuration generated both
non-conservative predictions and excessive conservatism when using the EN 1993-1-1 formulation.

Conversely, the F, configuration allows the behaviour of the proposed formulation to be examined for
a case where the EN 1993-1-1 predictions were already globally conservative, although an excessive level
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of conservatism was still observed.

The corresponding prediction ratios X,um/Xpred are presented in Figure 5.10. The profiles with the
lowest h/b ratios were selected since, as previously discussed, they are the most sensitive to torsional—
flexural modal interactions and therefore constitute the most relevant cases for assessing the proposed
correction.
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Figure 5.10: Prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the complete formulation
proposed by Dai et al. [2].

The complete proposed formulation generally leads to a significant improvement of the global predic-
tions compared to the original EN 1993-1-1 formulation.

In particular, the interpolation introduced through the parameter Ar considerably reduces the exces-
sive conservatism associated with the EN 1993-1-1 buckling curve and allows the vertical scatter of the
numerical reduction factors to be more accurately reproduced.

The most significant improvement is observed within the transition region, where the prediction ratios
become substantially closer to the perfect agreement line. For instance, for the L75x65x6 profile sub-
jected to the F,F,T imperfection configuration, the prediction ratio decreases from approximately 1.16
using the EN 1993-1-1 formulation to approximately 1.02 using the proposed formulation, corresponding
to a reduction of the prediction overestimation of approximately 14%.

However, despite the global improvement introduced by the complete formulation, several non-conservative
results still remain visible within the transition region, particularly for the F,F,T configuration. These re-
maining discrepancies indicate that the additional correction introduced through the parameter 3 remains
relatively limited for the present S235 numerical results.

For the F, imperfection configuration, the influence of modal interactions was previously shown to
remain much less pronounced. Consequently, the correction introduced through the parameter 3 becomes
almost negligible. In this case, the proposed formulation mainly reduces the excessive conservatism of the
EN 1993-1-1 predictions without introducing any significant additional conservatism, which constitutes a
positive aspect of the proposed approach.

This strong dependency on the selected imperfection configuration highlights the important influence
of modal interaction development on the effectiveness of the proposed correction.

A statistical comparison of the prediction ratios Xpum/Xpreqd Obtained using the EN 1993-1-1 formu-
lation and the complete proposed formulation is additionally presented in Table 5.3.
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Profile Formulation Mean Min Max

EN 1.001 0.957 1.079

L105x100x10 5 0 iiced 0,996 0.957 1.012
EN 1.004 00970 1.076

155505 Proposed  0.999 0.970 1.010
75656 EN 1.017 0977 1.162

Proposed 1.000 0.977 1.020

Table 5.3: Statistical comparison of the prediction ratios Xnum/Xpred obtained using EN 1993-1-1 and
the complete proposed formulation for members subjected to the F,F,T imperfection configuration.

The statistical results confirm that the proposed formulation mainly reduces the upper prediction ratios.
For the L75x65x6 section, the maximum value decreases from 1.162 with EN 1993-1-1 to 1.020 with
the proposed formulation. In contrast, the minimum ratios remain almost unchanged for all three profiles.
This indicates that the complete formulation is highly effective in reducing excessive conservatism, while
the correction of the most critical non-conservative predictions remains limited.

Overall, the proposed formulation provides a substantial improvement of the global prediction quality

compared to EN 1993-1-1, although the correction of severe modal interaction effects remains only partial
for the present S235 numerical results.

5.3.6 General conclusions on the proposed formulation

Parameter Positive aspects Limitations Applicability
A Captures vertical scatter; Slight remaining non-conservative Applicable
F . .
reduces conservatism predictions to S235
5 Accounts for modal interactions; Limited correction; Mainly relevant
physically relevant variables empirical calibration based on S355 for F, F, T
Significant global Modal interactions Strong dependence on

Complete formulation ' . _ _ '
improvement not fully corrected imperfection configuration

Table 5.4: Summary of the assessment of the improved formulation proposed by Dai et al. [2]

The present assessment showed that the improved formulation proposed by Dai et al. [2] significantly
improves the prediction quality compared to the original EN 1993-1-1 formulation for unequal-leg angle
members subjected to torsional—flexural buckling.

Among the two introduced parameters, the interpolation parameter Ag was shown to provide the
main contribution to the improved predictions. In particular, Ar efficiently captures the vertical scatter
of the numerical reduction factors and considerably reduces the excessive conservatism associated with
the EN 1993-1-1 buckling curve within the transition region. The present results further indicate that
this interpolation approach remains applicable for S235 members, despite having originally been calibrated
using S355 numerical results.

52



CHAPTER 5 5.3. COMPARISON WITH EXISTING IMPROVED PROPOSALS

Conversely, the additional correction introduced through the parameter G was shown to remain rela-
tively limited for the present S235 numerical database. Although the dependency of G on the interaction
ratio N¢,7F/Ner,y and on the geometrical ratio h/b appears mechanically consistent, the proposed for-
mulation remains strongly dependent on the selected imperfection configuration.

In particular, the correction introduced through B appears mainly relevant for the F, F, T imperfection
configuration, for which severe torsional—flexural modal interactions develop. For the isolated flexural
imperfection configuration F,, the influence of modal interactions remains much less pronounced and the
additional correction introduced through G becomes almost negligible.

Overall, the present results indicate that the interpolation approach introduced through Ag provides
a promising basis for improving the current EN 1993-1-1 design rules for unequal-leg angle members.
However, the remaining non-conservative predictions observed for the F,F,T imperfection configuration
show that an additional parameter accounting for severe modal interaction effects remains necessary.

The role assigned to 3 in the formulation proposed by Dai et al. [2] therefore appears mechanically
relevant. However, its current calibration, mainly based on S355 numerical results, seems insufficient
for the present 5235 database. Further investigations are consequently required to refine this correction
parameter, particularly through a calibration including 5235 members and combined flexural—torsional
imperfection patterns.
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Chapter 6

Proposal of an improved imperfection
factor

The improved formulation proposed in the previous chapter allows the prediction quality to be significantly
enhanced by accounting for part of the interaction effects developing between the different instability
modes observed in unequal-leg angle members.

Nevertheless, the proposed formulation still relies on the imperfection factor o prescribed by EN 1993-
1-1 (see Figure 2.2). As discussed in the state of the art, several previous studies haveshown that the
imperfection factors prescribed by EN 1993-1-1 tend to overestimate the imperfection sensitivity of high-
strength steel members, resulting in unnecessarily conservative predictions.

These observations suggest that an additional improvement of the proposed formulation may be
achieved through a modification of the imperfection factor a, particularly for steel grades higher than
the reference grades originally used during the calibration of the EN 1993-1-1 buckling curves.

The objective of the present chapter is therefore to investigate the possibility of introducing a modified
imperfection factor a 04 adapted to high-strength steel unequal-leg angle members. The analysis first
evaluates the conservatism of the proposed formulation for increasing steel grades before determining
optimal imperfection factors directly from the numerical database. The resulting evolution of a,ps with
the steel grade is subsequently compared with modified imperfection factor formulations available in the
literature.

In the present study, aopt refers to the optimal numerical values obtained from the calibration proce-
dure, while apmoq designates the resulting modified imperfection factor formulation.

In order to isolate the influence of the imperfection factor from the additional effects associated
with torsional—flexural modal interactions, only members presenting large h/b ratios are retained for the
calibration process. As shown in the previous chapter, these members exhibit a significantly more stable
behaviour and a reduced sensitivity to modal interaction effects.

Including members with low h/b ratios would artificially increase the calibrated values of apt, since
the imperfection factor would then partly compensate for the non-conservative effects induced by modal
interactions. However, these effects are not intended to be captured through «, but rather through the
additional interaction correction introduced by the parameter B or an equivalent formulation.

6.1 Influence of the steel grade on the proposed formulation

Before developing a modified imperfection factor, the applicability of the proposed formulation presented
in the previous chapter is first assessed for high-strength steel unequal-leg angle members.

The present investigation is based on three unequal-leg angle sections, namely L100x65x12, L140x90x 14
and L200x100x16.
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CHAPTER 6 6.1. INFLUENCE OF THE STEEL GRADE ON THE PROPOSED FORMULATION

For the section L140x90x 14, the classification check gives:

c 115

235
144/ == =8.17
690 ~ °

The Class 3 limit is therefore only slightly exceeded. Since the present study mainly focuses on the
global buckling behaviour of the members, the influence of local buckling is expected to remain very limited
and the section was therefore retained for the investigation of S690 steel grade members.

A similar situation is obtained for the L200x100x 16 section, for which:

compared to the Class 3 limit for S690:

c 169
- =—=10.
. 16 0.56
while the corresponding Class 3 limit for S420 becomes:
235
144/— =104
420 0.47

The exceedance again remains limited and was therefore considered not to significantly affect the
global buckling response investigated in the present study.

The comparison between the numerical reduction factors and the predictions obtained using the com-
plete proposed formulation is first presented in Figure 6.1 for the L200x100x 16 section and for several
steel grades ranging from 5235 to S420.
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Figure 6.1: Comparison between the numerical reduction factors and the proposed formulation for the
L200x100x16 section and different steel grades.

At first sight, the proposed formulation may not be expected to provide a specific improvement for
high-strength steel members, since it still relies on the imperfection factor o prescribed by EN 1993-1-1.
Nevertheless, the influence of the steel grade is partly introduced indirectly through the parameter Ar.

Indeed, for a given reduced slenderness A7, an increase in the yield strength requires a shorter member
length in order to obtain the corresponding elastic critical load. This modification of the member length
affects the relative values of N, 1F and N¢,, and therefore modifies the interaction ratio N, 7F/Nerv
used in the definition of Ar.

55



CHAPTER 6 6.1. INFLUENCE OF THE STEEL GRADE ON THE PROPOSED FORMULATION

As a result, the proposed formulation appears to partially adapt to the increase in steel grade within
the low and intermediate slenderness range, where the interpolation governed by Ar remains active.
Consequently, the increase in conservatism remains less pronounced than would be expected from the sole
use of the unchanged EN 1993-1-1 imperfection factor.

However, as the member slenderness increases and the structural response progressively becomes gov-
erned by minor-axis flexural buckling, the influence of Ar gradually vanishes. The proposed formulation
then progressively converges towards the flexural buckling curve governed by the original imperfection fac-
tor a. The beneficial influence of the steel grade is therefore no longer captured, leading to increasingly
conservative predictions for high-strength steel members.

In order to better quantify this evolution, the prediction ratios Xpum/Xpreqd Obtained using both the
EN 1993-1-1 formulation and the complete proposed formulation are presented in Figure 6.2.

1.30

---- GMNIA /EN (fy=235 MPa)
—=— GMNIA / proposed xr (fy=235 MPa)

1.25 e -+~ GMNIA /EN (fy=355 MPa)
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/ o N ---- GMNIA / EN (fy=420 MPa)
1.20 / \‘\\ —=— GMNIA / proposed xr (fy=420 MPa)

Xnum/)(pred
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0.5 1.0 1.5 2.0 2.5
Reduced slenderness A

Figure 6.2: Prediction ratios Xnum/Xpreqd Obtained using EN 1993-1-1 and the proposed formulation for
the L200x100x 16 section and different steel grades.

For all considered steel grades, the proposed formulation provides a systematic improvement of the
predictions compared to the original EN 1993-1-1 formulation. In particular, the interpolation introduced
through Afr reduces part of the excessive conservatism observed for unequal-leg angle members subjected
to torsional—flexural buckling.

Nevertheless, the predictions become increasingly conservative as the steel grade increases.

For the S420 results, prediction ratios exceeding 1.24 are obtained using the EN 1993-1-1 formulation,
while maximum values close to 1.20 still remain visible even when the proposed formulation is adopted.
These results indicate that the proposed formulation still significantly underestimates the actual resistance
of high-strength steel unequal-leg angle members.

This observation is particularly important since the influence of torsional—flexural modal interactions
remains limited for the present high h/b members. The remaining conservatism can therefore mainly be
attributed to the imperfection factor a rather than to the interaction correction itself.

These observations therefore confirm the excessive imperfection sensitivity associated with the EN 1993-
1-1 imperfection factor for high-strength steel unequal-leg angle members.

56



CHAPTER 6 6.1. INFLUENCE OF THE STEEL GRADE ON THE PROPOSED FORMULATION

A statistical comparison of the prediction ratios obtained for the L200x100x 16 section is additionally
presented in Table 6.1.

f, [MPa] Formulation Mean Std. dev. Min  Max

235 EN 1.071 0.014 1.049 1.106
235 Proposed 1.058 0.022 1.002 1.081
355 EN 1.122 0.040 1.068 1.183
355 Proposed 1.096 0.050 1.000 1.166
420 EN 1.147 0.059 1.072 1.249
420 Proposed 1.113 0.061 1.003 1.204

Table 6.1: Statistical comparison of the prediction ratios Xpum/Xpred Obtained using EN 1993-1-1 and
the proposed formulation for the L200x100x 16 section.

The statistical results confirm that the proposed formulation systematically improves the prediction
quality compared to the original EN 1993-1-1 formulation. However, the conservatism still progressively
increases with the steel grade, even when the contribution of Ag is included.

These observations therefore indicate that, although the interpolation introduced through Ag partially
compensates the increase in conservatism associated with higher steel grades, the imperfection factor a
remains excessively conservative for high-strength steel unequal-leg angle members.

The development of a modified imperfection factor a,.q therefore appears necessary in order to
further improve the prediction quality of the proposed formulation for high-strength steel grades.

6.1.1 Extension to higher steel grades

In order to further investigate the influence of the steel grade on the prediction quality of the proposed
formulation, an additional comparison is performed for steel grades ranging from S460 to S690 using the
L140x90x 14 section.

The corresponding prediction ratios Xnum/Xpred Obtained using both the original EN 1993-1-1 formu-
lation and the proposed formulation are presented in Figure 6.3.
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Figure 6.3: Prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the proposed formulation for
the L140%x90x 14 section and steel grades ranging from S460 to S690.
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CHAPTER 6 6.2. MODIFIED IMPERFECTION FACTOR

The same trends as those previously observed for S355 and S420 members remain valid for higher
steel grades.

Although the proposed formulation still improves the predictions compared to EN 1993-1-1, a marked
increase in conservatism is observed for S620 and S690 members, particularly within the flexural-dominant
range where the influence of Ar progressively vanishes.

This increase in conservatism becomes particularly pronounced for S620 and S690 members, especially
within the flexural-dominant range where the influence of A progressively vanishes and the response
becomes mainly governed by the imperfection factor a.

These results further support the need for a modified imperfection factor adapted to high-strength
steel unequal-leg angle members.

The present results therefore strongly support the development of a modified imperfection factor
formulation specifically adapted to high-strength steel unequal-leg angle members.

6.2 Modified imperfection factor

In order to develop a modified imperfection factor formulation adapted to high-strength steel unequal-leg
angle members, the first step consists in determining optimal numerical values of the imperfection factor
directly from the GMNIA results.

The objective of this calibration procedure is to identify, for each steel grade, the value of the im-
perfection factor a leading to the best agreement between the proposed formulation and the numerical
buckling resistances while limiting non-conservative predictions.

The calibration is performed separately for each considered steel grade. For a given value of the
imperfection factor a, the prediction error is evaluated over the complete investigated slenderness range

using the following expression:

§ = M -100
Nnum

where N,,m corresponds to the numerical ultimate resistance obtained from the GMNIA simulations
and Npreq corresponds to the buckling resistance predicted by the proposed formulation.

Positive values of ¢ therefore indicate conservative predictions, while negative values correspond to
non-conservative predictions.

The optimal imperfection factor a,ps Is subsequently determined by minimising the mean absolute
prediction error over the complete slenderness range. In addition, a limitation is imposed on the maximum
acceptable non-conservative deviation in order to ensure that the resulting formulation remains globally
safe.

In the present study, the calibration procedure was performed such that the predicted resistance could
not exceed the numerical resistance by more than 2%, corresponding to:

0> 2%

This approach allows an appropriate compromise to be obtained between prediction accuracy and
structural safety.

The resulting evolution of aop+ With the steel grade is subsequently analysed and compared with mod-
ified imperfection factor formulations available in the literature for other structural member types.

The calibrated values of a,pt obtained for the investigated profiles and steel grades are summarised
in Figure 6.4 for the two retained imperfection configurations.
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CHAPTER 6 6.2. MODIFIED IMPERFECTION FACTOR

SectionT Steel grade
ection fype $235 275 5355 5420 S460 S500 5550 S620 S690
| 100x65c12 opt 0.3149 | 0.2704 | 02092 | 0.1766 | 0.1656 | 0.1557 | 0.145 | 0.1316 | 0.1165
Borcan 173% | 1.27% | 1.17% | 0.00% | 0.08% | 0.14% | 0.19% | 0.17% | 0.00%
| 140x50K14 opt 0.3083 | 0.2621 | 0.2010 | 0.1774 | 0.1625 | 0.1525 | 0.1394 | 0.1275 | 0.1143
Borcan 130% | 0.77% | 0.03% | 0.15% | 0.03% | 0.12% | 0.17% | 0.29% | 0.43%
opt 0.2332 | 0.1948 | 0.1671 | 0.1226
L200x100x16
X Bomcan 0.20% | 0.17% | 0.54% | 0.18%
(a) F,F,T imperfection configuration
Section T Steel grade
ection fype 5235 | S275 | 5355 | S420 S460 | S500 S550 620 5690
| 100x65c12 Qopt 0.2653 | 0.2256 | 0.1733 | 0.1446 | 0.1378 | 0.1304 | 0.1189 | 0.1055 | 0.0946
Smean 1.34% | 0.88% | 0.16% | 0.27% | 0.05% | 0.06% | 0.10% | 0.19% | 0.25%
| 140x90c14 Qopt 0.2582 | 0.2169 | 0.1605 | 0.1371 | 0.1283 | 0.1180 | 0.1053 | 0.0932 | 0.0824
Bumean 117% | 0.70% | 0.11% | 0.18% | 0.04% | 0.07% | 0.20% | 0.14% | 0.04%
Qe 0.1967 | 0.1636 | 0.1403 | 0.0960
L200x100x16
X Smean 0.19% | 0.05% | 0.05% | 0.34%

(b) F, imperfection configuration

Figure 6.4: Optimal imperfection factors agpt calibrated from the GMNIA results of the selected unequal-
leg angle members with high h/b ratios

For both imperfection configurations, the optimal imperfection factor clearly decreases as the steel
grade increases. This trend is consistent with the observations previously reported in the literature for
high-strength steel members and confirms that the imperfection sensitivity progressively decreases as the
yield strength increases.

The decrease of ap is particularly pronounced between S235 and S420, after which the evolution
becomes progressively smoother for higher steel grades.

A systematic difference can additionally be observed between the two imperfection configurations.
The values obtained for the combined imperfection configuration F,F, T remain consistently larger than
those associated with the isolated flexural imperfection configuration F,. This behaviour is coherent
with the additional destabilising effects induced by torsional—flexural modal interactions for the F,F,T
configuration.

Nevertheless, despite these differences, both imperfection configurations exhibit a similar global evo-
lution with increasing steel grade, suggesting that the influence of the steel grade on the imperfection
sensitivity remains relatively independent of the adopted imperfection configuration.

The relatively small values of the mean prediction error d ean further indicate that the calibrated values
of aopt allow the proposed formulation to reproduce the numerical results with good accuracy over the
investigated slenderness range.

Although the global evolution of a,p remains similar for all investigated sections, certain differences
can still be observed.

In particular, the sections L100x65x12 and L140x90x14 lead to very similar calibrated values,
whereas the more monosymmetric section L200x100x 16 generally exhibits lower values of agpt.

These observations suggest that, although modal interaction effects are significantly reduced for mem-
bers presenting large h/b ratios, the cross-sectional geometry still retains a certain influence on the im-
perfection sensitivity.
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CHAPTER 6 6.2. MODIFIED IMPERFECTION FACTOR

For each steel grade, the reference optimal imperfection factor a,r was selected as the maximum
value obtained among the three investigated members presenting large h/b ratios. The resulting reference
values are summarised in Table 6.2.

This choice ensures that the resulting modified imperfection factor remains conservative for all investi-
gated cross-sections, while avoiding the excessive sensitivity that would result from selecting the maximum
value obtained at individual slenderness levels.

. Steel grade
Imperfection

$235 S275 S355 S420 $460 $500 $550 $620 $690

FuF,T 0.3149 0.2704 0.2092 0.1774 0.1656 0.1557 0.1450 0.1316 0.1165
Fy 0.2653 0.2256 0.1733 0.1446 0.1378 0.1304 0.1189 0.1055 0.0946

Table 6.2: Reference optimal imperfection factors a,.r retained for the calibration of the modified imper-
fection factor formulation.

The objective of this comparison is to evaluate whether the evolution observed for unequal-leg angle
members remains consistent with the modified imperfection factor trends previously proposed for other
structural member types.

The evolution of the reference imperfection factor oo with the steel grade is subsequently compared
with several modified imperfection factor formulations previously proposed in the literature, namely the
formulations of Johansson et al. [34], Maquoi et al. [33], Somodi et al. [36] and Saufnay [35].

These formulations generally adopt the following power-law form:

235"
Amod = O T
y

where ag corresponds to the reference imperfection factor associated with the considered EN 1993-1-1
buckling curve and n is a calibration exponent governing the evolution of the imperfection sensitivity with
increasing steel grade.

The comparison between the calibrated values obtained in the present study and the literature formu-
lations is presented in Figure 6.5.

~--- Somodi (n =0.6)
0.35 curve b Saufnay (n=0.7)
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R Maquoi (n=0.8)
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Imperfection factor a

0.10 —

0.05

300 400 500 600 700
Yield strength f, [MPa]

Figure 6.5: Comparison between the calibrated reference imperfection factors a,er and modified imper-
fection factor formulations proposed in the literature
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For both investigated imperfection configurations, the calibrated values clearly confirm the progressive
reduction of the imperfection sensitivity with increasing steel grade.

A significant deviation from the constant imperfection factors adopted in EN 1993-1-1 can be ob-
served, particularly for steel grades higher than the reference grades originally used for the calibration of
the buckling curves. While the EN 1993-1-1 formulation retains constant values associated with buckling
curves b and a, the calibrated values obtained in the present study exhibit a continuous decrease over the
complete range of investigated steel grades.

The calibrated values associated with the F,F, T imperfection configuration remain systematically
higher than those obtained for the isolated flexural imperfection configuration F,. This behaviour is
consistent with the additional destabilising effects induced by torsional—flexural modal interactions.

Nevertheless, both configurations exhibit a similar evolution that is well approximated by a power-law
formulation.

Among the investigated literature formulations, the expressions with exponents n = 0.7 and n = 0.8
provide the closest agreement with the present calibration results. Conversely, the formulation with n = 1.0
becomes non-conservative for the F,F, T configuration when the reference value ag = 0.34 corresponding
to buckling curve b is adopted.

Although the formulation with n = 1.0 provides a closer agreement with part of the F, results, a
design-oriented proposal should not only aim at minimising the distance to the calibrated values. Instead,
the selected formulation should provide a relatively uniform safety margin over the complete range of steel
grades.

From this perspective, the formulation with n = 0.7 appears to provide the most appropriate com-
promise between accuracy and conservatism. In particular, its evolution remains approximately parallel to
the calibrated values obtained for the F,F,T configuration while remaining slightly above them over the
investigated steel grade range.

The present results therefore demonstrate that the use of a steel-grade-dependent imperfection factor
formulation is necessary to accurately reproduce the observed imperfection sensitivity and to maintain a
more uniform safety level over the complete range of investigated steel grades.

Consequently, the following modified imperfection factor formulation is proposed:

235 0.7
y

6.3 Overall improvement

The previous sections separately investigated the influence of the correction parameters Ar, B and amod
introduced to improve the prediction of the buckling resistance of unequal-leg angle members.

The objective of the present section is therefore to evaluate the global performance of the complete
proposed formulation obtained by combining these three parameters within the design approach proposed
by Dai et al. [2].

In the complete formulation, the conventional EN 1993-1-1 imperfection factor o is replaced by the

modified expression:

235) 0.7

A mod — 0.34 <f
y
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The prediction quality of the resulting formulation is assessed through graphical and statistical compar-
isons of the prediction ratios X,um/Xpred for both imperfection configurations and for members presenting
low and high h/b ratios.

The representative sections L75x65x10 and L140x90x 14 were selected since they respectively rep-
resent low and high h/b members while remaining at least Class 3 up to steel grade S690.
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Figure 6.6: Comparison between the prediction ratios Xpum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the low h/b section L75x65x 10
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Figure 6.7: Comparison between the prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the high h/b section L140x90x 14

For both investigated cross-sections and imperfection configurations, the proposed formulation pro-
vides significantly better agreement with the numerical results than the original EN 1993-1-1 approach.

A first important observation concerns the influence of the modified imperfection factor o y,eq for
high-strength steel members. For both investigated sections, the excessive conservatism identified for
steel grades 5420 and S690 is significantly reduced, with prediction ratios remaining much closer to unity
over the complete slenderness range.

For the high h/b section L140x90x 14, the obtained prediction ratios remain very close to unity
for both imperfection configurations. In particular, the excessive conservatism previously observed in the
transition region is strongly reduced and the scatter between the different steel grades becomes significantly
smaller. These observations confirm that the combination of Ag and a ;04 provides an efficient correction
of both the vertical scatter associated with torsional—flexural behaviour and the excessive conservatism
induced by the conventional EN 1993-1-1 imperfection factors.

For the low h/b section L75x65x10, the complete formulation also leads to a substantial reduc-
tion of the excessive conservatism associated with high-strength steel members. Nevertheless, several
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non-conservative predictions still remain visible within the transition region, particularly for the F, F,T
imperfection configuration.

In particular, for steel grade S420, the complete proposed formulation may lead to slightly more non-
conservative predictions than the original EN 1993-1-1 formulation. However, these discrepancies should
not be directly attributed to the modified imperfection factor a,oq, Whose role is limited to reproducing
the reduced imperfection sensitivity associated with increasing steel grade.

The remaining discrepancies rather indicate that the severe torsional—flexural modal interactions de-
veloping for low h/b members are still not fully reproduced by the present interaction correction through
g.

These results nevertheless suggest that a,oq is not limited to high h/b members, since its physical role
remains independent from the modal interaction effects themselves. Its calibration may therefore also be
extended to lower h/b members, provided that an appropriate interaction correction is used simultaneously.

However, compared to the original EN 1993-1-1 predictions, the global prediction quality remains
significantly improved and the magnitude of the conservatism is substantially reduced for all investigated
steel grades.

Overall, the combined use of Ar, B and amoq provides a substantially more consistent representation
of the buckling behaviour of unequal-leg angle members over a wide range of steel grades and geometrical
configurations.

The proposed approach efficiently reduces the excessive conservatism of EN 1993-1-1 for high-strength
steel members while maintaining an overall safe prediction level in the presence of strong torsional—flexural
interactions.

In addition to the graphical comparisons, statistical indicators were also evaluated in order to quantify
the global prediction quality of the complete proposed formulation.

For each investigated configuration, the mean, minimum and maximum values of the prediction ratios
Xnum/Xpred Were calculated over the complete range of investigated slenderness values and representative
steel grades.

The statistical results obtained using the complete proposed formulation are compared with those
associated with the original EN 1993-1-1 design approach in Tables 6.3 to 6.6.

Table 6.3: Statistical comparison between EN 1993-1-1 and the proposed formulation for the low h/b
section L75x65x10 with the F, F, T imperfection configuration

f,  Formulation Mean Min Max

5935 EN 1.000 0.966 1.016
Proposed 1.000 0.966 1.016
5490 EN 1.065 1.043 1.089
Proposed 0.999 0.985 1.006
$690 EN 1.032 1.012 1.085

Proposed 0.994 0.988 1.007
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Table 6.4: Statistical comparison between EN 1993-1-1 and the proposed formulation for the low h/b
section L75x65x10 with the F, imperfection configuration

f,  Formulation Mean Min Max

5035 EN 1.029 0.985 1.052
Proposed 1.029 0.985 1.052
$420 EN 1.093 1.054 1.146
Proposed 1.024 1.005 1.049
$690 EN 1.053 1.019 1.099

Proposed 1.014 0.984 1.038

Table 6.5: Statistical comparison between EN 1993-1-1 and the proposed formulation for high h/b sections
with the F,F,T imperfection configuration

f,  Formulation Mean Min Max

5035 EN 1.046 0.996 1.106
Proposed 1.040 0.995 1.081

EN 1.117 1.066 1.249

5420 Proposed 1.038 1.001 1.107
$690 EN 1.074 1.038 1.144

Proposed 1.029 0.998 1.083

Table 6.6: Statistical comparison between EN 1993-1-1 and the proposed formulation for high h/b sections
with the F, imperfection configuration

f,  Formulation Mean Min Max

5935 EN 1.070 1.015 1.122
Proposed 1.063 1.015 1.122
5420 EN 1.137 1.068 1.278
Proposed 1.056 1.003 1.143
S690 EN 1.089 1.037 1.184

Proposed 1.044 0.999 1.116

The statistical results presented in Tables 6.3 to 6.6 globally confirm the observations previously drawn
from the graphical comparisons.

For both low and high h/b members, the proposed formulation systematically reduces the excessive
conservatism associated with the current EN 1993-1-1 design approach, particularly for high-strength steel
grades.

A significant reduction of the mean prediction ratio can notably be observed for 5420 and S690
members, for which the proposed formulation generally provides values much closer to unity. At the same
time, the scatter of the predictions is also reduced, as illustrated by the lower maximum values obtained
with the proposed formulation.

For instance, for the high h/b members subjected to the F, imperfection configuration, the mean
prediction ratio decreases from 1.137 to 1.056 for S420 steel.
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For the high h/b members, the proposed formulation provides very consistent predictions over the
complete investigated steel grade range, with mean values generally remaining close to Xnum/Xpred = 1.0
while maintaining a limited scatter.

For the low h/b section, the prediction quality is also significantly improved compared to EN 1993-
1-1, although some remaining unsafe predictions can still be observed locally due to the stronger modal
interaction effects developing in these members.

Overall, the statistical comparisons confirm that the combined use of Ag, B and amog Significantly
improves the prediction quality and allows a more uniform safety level to be maintained over the complete
range of investigated steel grades.

The present results therefore suggest that the excessive conservatism of EN 1993-1-1 for high-strength
steel unequal-leg angle members mainly originates from:

e the inability of the conventional formulation to properly reproduce the modal interaction effects
developing in unequal-leg angle members,

e and the use of imperfection factors calibrated on conventional steel grades.

The proposed formulation provides a physically consistent framework capable of addressing both effects
simultaneously through the combined use of Ag, 8 and o moq-

Although some local non-conservative predictions still remain for members presenting severe torsional—
flexural interactions, the present results suggest that interaction corrections based on parameters similar to
B provide a promising basis for further improving the prediction consistency of unequal-leg angle members.

6.4 Reliability analysis

The reliability analysis of the flexural buckling design provisions of EN 1993-1-1:2022 and of the proposed
modified formulation was carried out according to the procedure specified in EN 1990:2023 [42].

EN 1990 establishes the general principles and requirements for the verification of structural safety
and provides a statistical framework for the assessment of design formulations. More specifically, Annex D
of EN 1990:2023 provides a procedure for evaluating the reliability of a design rule based on experimental
results and/or numerical simulations.

As a first step of the reliability assessment, the predicted buckling resistances R; are compared with
the numerical resistances R obtained from the GMNIA simulations. The corresponding comparisons
are presented in Figure 6.8 for the current EN 1993-1-1:2022 design approach and in Figure 6.9 for the
proposed modified formulation.

Reference grades o ; Reference grades
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Figure 6.8: Comparison between GMNIA numerical buckling resistances and predictions obtained using
EN 1993-1-1:2022 for different steel grades
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Figure 6.9: Comparison between GMNIA numerical buckling resistances and predictions obtained using
the proposed modified formulation for different steel grades

For the current EN 1993-1-1 formulation, a significant systematic conservatism can be observed,
particularly for the intermediate and high-strength steel grades. Most of the numerical results remain
clearly above the equality line R; = Re, indicating that the buckling resistances predicted by EN 1993-1-1
are generally lower than the corresponding numerical resistances.

By contrast, the proposed modified formulation considerably reduces this systematic bias. The nu-
merical results become significantly more centred around the equality line while simultaneously exhibiting
a reduced scatter. This behaviour confirms that the proposed formulation provides a more accurate
representation of the numerical buckling resistances over the complete range of investigated steel grades.

The improvement is particularly pronounced for the intermediate steel grades, for which the excessive
conservatism observed with the current EN 1993-1-1 provisions is substantially reduced.

The procedure detailed in Annex D of EN 1990:2023 [42] was subsequently applied to evaluate the
required partial safety factor vy, and thereby assess the adequacy of the proposed design formulation.

To simplify the reliability assessment, the simplified procedure P2 proposed by Tankova et al. [43] was
adopted. This procedure has been shown to provide consistently safe-sided results when compared with a
strict application of the Annex D methodology.

The statistical evaluation was performed on a database comprising n = 1188 GMNIA simulations for
each imperfection configuration.

Within this approach, the variability of the basic variables, V;;, is determined from the variability of
the yield strength, the cross-sectional area and the Young's modulus according to:

V3=V + Vi + VE

Annex E of EN 1990:2023 provides a coefficient of variation of Ve = 3.0% for the Young's modulus.
The coefficient of variation of the cross-sectional area was evaluated from the geometric tolerances
reported in Annex E, namely Vj, = 0.9%, V, = 0.9% and V; = 2.5%. Following the procedure proposed
by Afshan et al. [44], this leads to an estimated value of V4 ~ 2.8%.

For the variability of the yield strength, the most critical value among the investigated steel grades
was adopted in order to remain conservative. The maximum value is obtained for 5235 and S275 steel
grades, resulting in V, = 5.5%.

The resulting coefficient of variation of the basic variables is therefore:

Vit = 6.86%

The slope of the resistance function b quantifies the average level of conservatism of the considered
design formulation, while the coefficient of variation of the errors V5 characterises the associated model
uncertainty. These parameters are subsequently used to evaluate the required partial safety factor vy,
according to the procedure described previously.
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The comparison allows the influence of the proposed formulation on the prediction accuracy and the
resulting safety level to be assessed. Particular attention is given to the evolution of the bias factor and
the resulting values of «yy,; relative to the reference value yy; = 1.0 adopted in EN 1993-1-1.

The statistical parameters obtained from the reliability assessment are summarised in Table 6.7.

Table 6.7: Statistical parameters and calibrated partial safety factors obtained from the reliability analysis

Formulation b Vs Y

EN (F,F,T) 1.0474 4.05% 1.2200
Proposed (F,F,T) 1.0133 1.94% 1.2286
EN (F,) 1.0763 3.97% 1.1855
Proposed (F,) 1.0415 2.39% 1.2005

The results presented in Table 6.7 confirm the improvements previously observed from the graphical
comparisons.

For both imperfection configurations, the proposed formulation significantly reduces the bias factor b,
indicating a substantial reduction of the excessive conservatism associated with the current EN 1993-1-1
provisions. A noticeable reduction of the model uncertainty Vj is also observed, demonstrating a more
accurate and more consistent prediction of the numerical buckling resistances. For the F,F,T configura-
tion, the coefficient of variation is reduced by more than 50%, decreasing from 4.05% to 1.94%.

Despite these improvements, only limited variations are observed in the calibrated partial safety factor
Yayy- The slightly larger values of «yy,; obtained for the proposed formulation should not be interpreted
as a reduction in safety. They primarily reflect the reduced conservatism of the proposed model, which is
characterised by bias factors closer to unity.

Furthermore, the reliability assessment is also strongly influenced by the variability of the basic vari-
ables, for which conservative values were adopted in the present study. In particular, the highest coefficient
of variation of the yield strength was retained and the variability of the cross-sectional area was estimated
conservatively from the geometric tolerances provided in EN 1990. As a result, the improvements achieved
in terms of prediction accuracy and model uncertainty are only partially reflected in the calibrated values

of Y-

The calculated values of yy,; for the proposed formulation remain very close to those obtained for
the current EN 1993-1-1 provisions. Considering that the current standard adopts a partial safety factor
Ym1 = 1.0 for flexural buckling design, the present results suggest that the proposed formulation does not
require a higher level of safety than the existing design rules.

Furthermore, Annex D of EN 1990 explicitly recognises that the scatter of the resistance predictions
may be reduced through the introduction of additional parameters accounting for physical effects that
were previously neglected. The parameters Ar, B and a,,0q introduced in the present study constitute
a direct application of this principle, since they explicitly account for modal interaction effects and the
influence of steel grade that are not fully represented in the current design provisions.

Consequently, the present results suggest that the adoption of yy1 = 1.0 together with the proposed
formulation may remain appropriate. The proposed formulation therefore appears capable of improving
the prediction accuracy while maintaining a reliability level comparable to that of the current design
provisions. Nevertheless, a more comprehensive reliability assessment based on experimental evidence
would be required before such a recommendation could be formally adopted.
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Chapter 7

Conclusions and perspectives

The objective of this work was to investigate the flexural buckling behaviour of hot-rolled unequal-leg angle
members over a wide range of steel grades, from S235 to S690, and to assess the suitability of the current
EN 1993-1-1 design provisions. Particular attention was devoted to the influence of modal interactions
and steel grade on the buckling response, with the aim of developing improved design recommendations
for high-strength steel members.

A finite element modelling strategy was first developed and validated against available experimental
results. The validation study confirmed the capability of the adopted GMNIA models to reproduce the
observed buckling behaviour of unequal-leg angle members. However, the analyses also highlighted the
significant influence of the assumed initial imperfection shape on the predicted resistance. Although both
the F, and F,F,T imperfection configurations provided satisfactory agreement with the experimental
database, the available test results remain insufficient to definitively identify the most representative im-
perfection pattern for practical design applications.

The subsequent parametric study demonstrated that the current EN 1993-1-1 provisions do not fully
capture the complex interaction between torsional—flexural and flexural buckling modes. The influence of
these interactions was found to strongly depend on both the adopted imperfection configuration and the
cross-sectional geometry.

For the combined imperfection configuration F,F,T, significant conservatism was observed for mem-
bers governed by torsional—flexural buckling, while unsafe predictions developed in the transition region
where strong modal interactions occur. For the isolated flexural imperfection configuration F,, the same
general trends were observed, although the unsafe predictions were considerably less pronounced.

Although the general trends observed throughout the study were found to be consistent for both
imperfection configurations, the severity of the modal interactions remained strongly dependent on the
adopted imperfection shape. The selection of a representative initial imperfection therefore remains an
open question and constitutes one of the main sources of uncertainty affecting the numerical predictions.

The analyses further highlighted the importance of the cross-sectional aspect ratio h/b. Members with
relatively low h/b ratios exhibited the strongest modal interactions and the largest deviations from the
current design predictions, whereas members with larger h/b ratios showed a behaviour more consistent
with the assumptions underlying the current EN 1993-1-1 provisions. The cross-sectional aspect ratio
h/b was therefore identified as a key parameter governing the development of modal interactions and the
resulting buckling behaviour of unequal-leg angle members.

These observations confirm that the current design approach does not fully account for the influence of
modal interactions and cross-sectional geometry on the buckling resistance of unequal-leg angle members.

The improved design approach proposed by Dai et al. was then assessed over the complete numerical
database. The introduction of the parameter Ar was shown to significantly improve the representation of
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the gradual transition between torsional—flexural and flexural buckling behaviour, particularly for members
presenting relatively large h/b ratios.

The interaction parameter 8 was found to provide a partial correction of the remaining discrepancies
associated with modal interactions. However, some unsafe predictions persisted for members exhibiting
strong modal interactions, indicating that further developments are still required.

These observations suggest that interaction-based correction parameters provide a promising frame-
work for future improvements of the current design provisions.

Despite these limitations, the combined use of Ag and B was shown to provide a more consistent rep-
resentation of the numerical buckling resistances over a wide range of geometries and slenderness values.

The influence of steel grade was subsequently investigated. The results demonstrated that the con-
servatism associated with the current EN 1993-1-1 buckling curves increases significantly with increasing
yield strength. This behaviour was shown to be primarily related to the use of constant imperfection fac-
tors calibrated on conventional steel grades. The numerical results confirmed that the relative influence
of initial imperfections decreases as the yield strength increases, leading to a progressive reduction of the
imperfection sensitivity of high-strength steel members.

Based on these observations, a modified steel-grade-dependent imperfection factor formulation based
on an exponent of n=0.7 was proposed for unequal-leg angle members. The proposed expression follows
the same general philosophy as previously published formulations while being specifically calibrated for
unequal-leg angle members.

When combined with the modal interaction corrections proposed by Dai et al., the resulting formu-
lation was shown to substantially reduce the excessive conservatism associated with high-strength steel
members while maintaining a satisfactory level of safety.

A reliability assessment was finally performed according to the procedure of EN 1990. The statistical
evaluation was performed on a database comprising 1188 GMNIA simulations for each imperfection con-
figuration, providing a robust basis for the reliability assessment. The proposed formulation was shown
to significantly reduce both the bias factor and the model uncertainty. Furthermore, the resulting values
of the calibrated partial safety factor remained very close to those obtained for the current EN 1993-1-1
provisions. These results suggest that the proposed formulation is capable of improving the prediction
accuracy without adversely affecting the reliability level associated with the current design rules.

Despite these encouraging results, several aspects deserve further investigation. Firstly, additional
experimental studies including detailed measurements of initial geometric imperfections would be valuable
to clarify the most representative imperfection shapes for unequal-leg angle members and to further
improve the numerical modelling assumptions. Secondly, although the parameter 3 significantly reduces
the unsafe predictions observed for members with low h/b ratios, some discrepancies remain in regions
characterised by strong modal interactions. The present results nevertheless indicate that interaction-based
correction factors constitute a promising framework for further developments. Finally, the applicability of
the proposed formulation to other boundary conditions, cross-sectional classes and loading situations
remains to be investigated.

Overall, the present work contributes to a better understanding of the buckling behaviour of unequal-
leg angle members by highlighting the mechanical complexities associated with modal interactions and
by identifying some limitations of the current EN 1993-1-1 provisions. The results further provide a
basis for the future development of more accurate and physically consistent design recommendations for
high-strength steel unequal-leg angle members.
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7.1 Calculation of the Trilinear Material Model Parameters
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7.2 Comparison with predictions of EN 1993-1-1

10 : EN 1993-1-1
* L75x65x10 - GMNIA
« L90X75x8 - GMNIA
- ® L90x75x10 - GMNIA
0.8 M
o .
8
E 0.6
c
°
T
3 04
S
-4
0.2
%o [ 10 15 20 25
Reduced slenderness Az
(a) F,F,T imperfection configuration
1.0 EN 1993-1-1
« L120x100x8 - GMNIA
* L120x100x10 - GMNIA
« L130x105x10 - GMNIA
0.8
> :
s
Hos
c
o
g .
8 0.4 .
= .
02
.
%% 05 10 15 20 25
Reduced slenderness Az
(c) F,F,T imperfection configuration
1.0 EN 1993-1-1
o LG5X50x3 - GMNIA
 L90x65x8 - GMNIA
: o L90x65x10 - GMNIA
08
~ s
s
E 0.6 .
c
5 .
T
304
3
&
02
o 0.0 05 1.0 15 2.0 25

Reduced slenderness Are

(e) F,F,T imperfection configuration

EN 1993-1-1

10 .
) © L75x65x10 - GMNIA
. « L30x75x8 - GMNIA
: *  L90x75x10 - GMNIA
0.8
~ s
8
Bos ¢
s .
©
3 04 .
S
o
0.2
%0 05 10 s 20 25
Reduced slenderness Ar
(b) F, imperfection configuration
10 EN 1993-1-1
« L120x100x8 - GMNIA
« L120x100x10 - GMNIA
 1130x105x10 - GMNIA
08 =
}
>
s .
gos
s .
©
'g 0.4
2
o
0.2
%% o5 o s 20 25
Reduced slenderness Arr
(d) F, imperfection configuration
10 : EN 1093-1-1
: « L65X50x8 - GMNIA
+ Lo0X65x8 - GMNIA
 L90x65x10 - GMNIA
08
>< 8
5
E 0.6 $
s .
©
3 04 .
2
&
02
0.0
0.0 0.5 1.0 1.5 2.0 25

Reduced slenderness Are

(f) F, imperfection configuration

Figure 7.1: Comparison between the numerical reduction factors and the EN 1993-1-1 buckling curve b
for selected S235 unequal-leg angle members.
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Figure 7.2: Ratio between numerical reduction factors and EN 1993-1-1 predictions for selected S235
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7.2.1

Influence of the cross-sectional aspect ratio on modal interactions
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Figure 7.3: Relationship (a) between the ratio of the initial post-buckling axial stiffness to the initial
pre-buckling axial stiffness kpp/kinin and the elastic buckling load ratio Ner7F/Ncr,v, and (b) between the
ratio of the post-buckling axial stiffness at a displacement 5% beyond the elastic critical buckling point
(0 = 1.054¢,) to the initial axial stiffness kyp 50, /kin and Ner7F/Ner,, for fixed-ended unequal-leg angle
section columns with various h/b ratios, according to [2].

7.3 Complete formulation proposed by Dai et al.

Table 6

Summary of new design proposals for predicting the ultimate

of fixed-ended unequal-leg angle section steel columns.

TF dominant (N, 3¢/ N, < 09)

F,u dominant (09 < Ng g/ Nep, < 1.0)

Equation Equation reference Equation Equation reference

; 2wl AT,
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B\ 8-,
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and approximated solution of N,y in:
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Figure 7.4: Complete design formulation proposed by Dai et al. [2]
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Figure 7.5: Prediction ratios Xnum/Xpreqs Obtained using EN 1993-1-1 and the complete formulation
proposed by Dai et al. [2] for selected S235 unequal-leg angle members.
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7.4 Overall improvement

7.4.1 Grade S275 to S420
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Figure 7.6: Comparison between the prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L55x50x5
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Figure 7.7: Comparison between the prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L75x65%x6
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Figure 7.8: Comparison between the prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L90x75x8
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Figure 7.9: Comparison between the prediction ratios Xnum/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L90x75x10
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Figure 7.10: Comparison between the prediction ratios X,um/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L65x50x8
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Figure 7.11: Comparison between the prediction ratios X,um/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L90x65x10
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7.4.2 Grade S460 to S690
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Figure 7.12: Comparison between the prediction ratios X,um/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L90x75x10
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Figure 7.13: Comparison between the prediction ratios Xn,um/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L65x50x8
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Figure 7.14: Comparison between the prediction ratios X,um/Xpred Obtained using EN 1993-1-1 and the
complete proposed formulation for the section L90x65x10
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