
  

1 

 

Buckling resistance of equal-leg hot-rolled angles: an improved 1 

imperfection factor 2 

Loris Saufnaya,*, Marios-Zois Bezasa,b, Jean-François Demonceaua 3 

(a) Steel and Composite Construction, UEE Research Unit, Liège University, Belgium; 4 

loris.saufnay@uliege.be, Marios-Zois.Bezas@uliege.be, jfdemonceau@uliege.be  5 

(b) Dept. of Civil Engineering, University of West Attica, Athens, Greece; mzbezas@uniwa.gr  6 

 7 

*Corresponding author: Université de Liège, UEE Research Unit, Quartier Polytech 1, Allée de la 8 

Découverte 9 B52/3, Liège 4000, Belgium 9 

Abstract 10 

In recent years, the construction of increasingly taller and more efficient structures, especially in the 11 

field of towers and masts, has required the development of high-performance steel profiles that can 12 

withstand new loads. In response to this growing demand, high-strength hot-rolled angles up to S460 13 

have been introduced to the steel market. However, despite the existence of evidence demonstrating 14 

that the detrimental influence of geometrical and material imperfections decreases with increasing 15 

yield strength, the same buckling curve is frequently recommended for different steel grades. For 16 

instance, in the forthcoming design specifications for hot-rolled sections in the next generation of 17 

Eurocodes, only the S460 grade benefits from a higher buckling curve while the same buckling curve 18 

is recommended for grades up to S420. In a first step, this paper illustrates the beneficial effect of the 19 

yield strength on the stability of steel angles subjected to pure compression and highlights the 20 

limitations of the current stepwise evolution of the imperfection factor in the design rules, based on 21 

a review of existing buckling tests and a series of numerical simulations on hot-rolled equal-leg angle 22 

members. In a second step, a new modified imperfection factor evolving with the steel grade is 23 

proposed and validated, in order to better reflect the beneficial effect of the yield strength on buckling 24 

resistance, for both existing and future emerging steel grades.  25 
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1 Introduction 28 

Angle sections are extensively used in structural engineering applications such as buildings, bridges, 29 

lattice towers and masts. The ease of fabrication, transport and on-site assembly using bolted 30 

connections makes them an attractive solution for practitioners. However, equal-leg angle sections 31 

exhibit several specific features that distinguish them from doubly symmetric profiles. They are 32 

monosymmetric sections with very low torsional and warping stiffness, and their bending resistance 33 

around the weak axis is significantly smaller than around the strong axis. In addition, their plastic 34 

resistance is substantially greater than the elastic one, and their legs may be prone to local buckling.  35 

Although angle sections are already available in the steel market in a wide range of dimensions and 36 

steel grades, up to S460, the steel market is continuously the emergence of new, ever-stronger steel 37 

[1]. This is driven by improvements in the operational capabilities of the steelmaking process, which 38 

have enabled the production of much heavier and thicker sections with enhanced material properties. 39 

These materials offer high strength-to-weight ratios and enable optimisation of structural designs, 40 

potentially leading to significant weight, cost and carbon savings, as widely reported in the literature 41 

[2] [3] [4] [5] [6] [7] [8] [9] [10]. However, appropriate design rules accounting for higher yield 42 

strengths are required to fully exploit these advantages [2].  43 

A large number of experimental and numerical studies have investigated the buckling behaviour of 44 

angle members composed of both mild and high-strength steels. These include tests on large and mid-45 

size angles, analyses of load eccentricity effects, and investigations of interaction between global and 46 

local buckling modes [11] [12] [13] [14] [15] [16] [17] [18]. Complementary analytical studies have 47 

also addressed the inelastic response and the accuracy of existing design rules [19] [20] [21]. More 48 

recently, numerical parametric studies have highlighted the influence of parameters such as load 49 

eccentricity, residual stresses and imperfection modelling on the buckling resistance of angle 50 

members [22] [23] [24]. Furthermore, several studies have shown that the dominant failure mode of 51 
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pin-ended equal-leg members is weak-axis flexural buckling, sometimes combined with local effects  52 

[11] [16] [21] [25] [26] [27] [28] [29]. 53 

Although design rules for angle sections are provided in several parts of Eurocode 3, i.e. EN1993-1-54 

1:2005 [30], EN1993-1-1:2022 [31], EN1993-3-1 [32], prEN 1993-3 [33] and EN 1993-1-5 [34], 55 

inconsistencies remain between the different provisions, as highlighted in [35]. In particular, the 56 

RFCS-funded project ANGELHY [36] has led to a comprehensive reassessment of the design of hot-57 

rolled equal-leg angles, resulting in a consistent and validated set of rules for pin-ended members  58 

[29] [37]. Additional studies have proposed further improvements for different boundary conditions 59 

[38] [39] [40] [41].  60 

Nevertheless, while the validity of current recommendations has been demonstrated for S460 grade, 61 

the assessment of the existing rules for intermediate grades remains limited. Ensuring continuity 62 

between grades and introducing yield strength-dependent design rules could lead to significant 63 

material, cost and carbon savings. In this context, the present study investigates the flexural buckling 64 

of hot-rolled equal-leg angles under concentric loading, with the aim of deriving a modified 65 

imperfection factor as a function of the yield strength, applicable to both existing and future emerging 66 

steel grades.  67 

2 Research background  68 

2.1 Current design recommendations  69 

The European design standard EN1993-1-1 [30] [31] provides the Ayrton-Perry formulation for the 70 

resistance of a member subjected to pure compression, as expressed in Eq. (1).  71 

𝑁b,Rd =
𝜒 ⋅  𝛽 ⋅ 𝐴 ⋅ 𝑓y

𝛾M1
≥ 𝑁Ed (1) 

where:  72 
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𝜒 =
1

𝜙 + √𝜙2 − 𝜆̅2
 (2) 

𝜙 = 0.5 ⋅ [1 + 𝛼 ⋅ (𝜆̅ − 0.2) + 𝜆̅2] (3) 

𝜆̅ = √
𝛽 ⋅ 𝐴 ⋅ 𝑓y

𝑁cr
 (4) 

𝑁b,Rd is the design buckling resistance, 𝑁Ed is the design compression load, 𝜒 is the reduction factor 73 

to account for the relevant global buckling mode, 𝛽 is the reduction factor to account for local 74 

buckling, 𝐴 is the cross-sectional area, 𝑓y is the material yield strength, 𝛾M1 is the partial safety 75 

coefficient, 𝜆̅ is the relative slenderness, 𝑁cr the Euler’s load and 𝛼 is the imperfection factor.  76 

The latter parameter accounts for the effect of the initial geometrical and material imperfections on 77 

the member stability and leads to the definition of the appropriate European buckling curves. These 78 

buckling curves have been established on the basis of more than 1000 experimental tests in the 1960s 79 

and are designated by the following letters a0, a, b, c, d [42] [43] [44] [45] [46].  Regarding hot-rolled 80 

steel angles, the recommendation for the S460 grade changes between the two versions EN1993-1-81 

1:2005 [30] and EN1993-1-1:2022 [31] as illustrated in Table 1. 82 

Table 1. Selection of buckling curve for the flexural buckling of hot-rolled equal-leg angles according to the two 83 
versions of EN1993-1-1 84 

Cross-section Limits 
Buckling 

about 

axis 

EN1993-1-1:2005 EN1993-1-1:2022 

S235-

S420 
S460 

S235-

S420 

S460 up to 

S700 

inclusive 

L
-s

ec
ti

o
n
s 

 

Rolled 

sections 
any b b b a 

 85 
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Indeed, in accordance with the recommendations set out in the EC3 selection table for other hot-rolled 86 

sections, the same buckling curve is proposed for grades from S235 to S420 while, for grades S460 87 

and above, a different buckling curve is recommended for hot-rolled angles. This can be attributed to 88 

the fact that the detrimental influence of initial imperfections on the buckling resistance decreases as 89 

the yield strength increases. As exposed by Meng et al. [47], when considering an imperfect column 90 

with an out-of-straightness of L/1000 and without residual stresses, the imperfection parameter can 91 

be expressed as a function of the material yield strength (see Eq. (4)).  92 

𝜂 =
𝑒0 ⋅ 𝐴

𝑊el
=

𝐿

1000
⋅

𝐴

𝑊el
= 𝜆̅ ⋅ 𝜋 ⋅ √

𝐸 ⋅ 𝐼

𝐴 ⋅ 𝑓y
⋅

𝐴

1000 ⋅ 𝑊el
= (

𝜋

1000
 ⋅

√𝐸𝐼𝐴

𝑊el
)  ⋅

𝜆̅

√𝑓y

 (4) 

where 𝜂 is the generalized initial imperfection factor, 𝑒0 is the maximum value of the initial 93 

imperfection at mid-height, 𝐴 is the cross-sectional area, 𝑊el is the elastic bending modulus, 𝐿 is the 94 

member length, 𝜆̅ is the relative slenderness, 𝐸 is the Young’s modulus, and 𝐼 is the moment of inertia.  95 

The relation in Eq. (4) can be written 𝜂 = 𝑓 (1/√𝑓y) which demonstrates the relationship between 96 

the imperfection parameter and the yield strength in the idealised case without residual stresses. 97 

However, as the yield strength increases, the relative importance of residual stresses is also reduced 98 

as the amplitude of the residual stresses is not affected by the yield stress, in particular for hot-rolled 99 

sections (see Section 0). This second beneficial impact on the member stability is difficult to be 100 

evaluated as it highly depends on the residual stress distribution and thus on the cross-section 101 

typology. The following subsections aim at providing evidence of the benefit in developing a new 102 

modified imperfection factor for hot-rolled steel angles. A state-of-the-art overview of the existing 103 

modified imperfection factors for other cross-sectional shapes is presented as the basis for the 104 

developments set out in this publication. Indeed, according to the design recommendations for the 105 

intermediate steel grades (S275 to S420), the buckling curve “b” initially specified for S235 must be 106 

considered up to S420, but a progressively decreasing imperfection factor value could be suggested 107 
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so as to recognise the fact that the detrimental effect of the residual stresses on the actual buckling 108 

load reduces when the yield stress increases. 109 

2.2 Existing data 110 

A review of existing GMNIA simulations and experimental investigations on the column buckling 111 

capacity is presented in Fig.  1. 112 

 113 

Fig.  1. Comparison between experimental test results and column buckling resistances according to EN1993-1-1 114 

Before 2000, the reference tests on hot-rolled equal-leg angles were carried out by Kitipornchai et al. 115 

[27], Al-Sayed et al. [48] and Adluri et al. [49]. They studied the inelastic behaviour of angles made 116 

of mild steels and a buckling curve for steel angles was derived based on those tests [50]. Ban et al. 117 

[12] tested six different cross-section sizes L125x125x8, L140x140x10, L140x140x12, 118 

L160x160x10, L180x180x12 and L200x200x14 made of 420MPa steel to evaluate the suitability of 119 

the existing design curves for this particular high-strength grade. They affirm that the overall buckling 120 
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strength of S420 columns significantly exceeds the buckling curve resistance prescribed in Eurocode 121 

because the detrimental impact of initial imperfections is reduced. Cao et al. [51] confirm that the 122 

Eurocode buckling curve is too conservative for Q420, a conclusion supported by the results of 90 123 

buckling tests on 30 large and high-strength angle sections with widths of 220 mm and 250 mm and 124 

various thicknesses between 20 mm and 30 mm. Qu et al. [52] tested 48 pin-ended columns made of 125 

Q460, they evaluated that the prediction of the compressive load-bearing capacity of high-strength 126 

steel angle sections is relatively accurate.  As can be seen in Fig.  1, the numerical simulations as well 127 

as the buckling tests for the S420 grade are closely aligned with the buckling curve that has been 128 

prescribed for the S460. Finally, the 96 Q345 tests from the research of Chen et al. [25] on similar 129 

angle sections demonstrate analogous results for this regular grade. Bezas et al [11] [29] confirm this 130 

trend through experimental and numerical evidence on large-section angles made of S420 and S460 131 

grades. Consequently, this comparison demonstrates the optimisation potential of developing a 132 

buckling curve selection that is a continuous function of the yield strength instead of having a 133 

stepwise evolution of the imperfection factor as currently recommended in design guidelines.  134 

2.3 Existing modified imperfection factors  135 

In previous years, a number of modified imperfection factors that continuously account for the 136 

material strength were proposed. Maquoi [53] was the first author to propose a modified imperfection 137 

factor 𝛼∗, as expressed in Eq. (5):  138 

𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

𝑛

 (5) 

With 𝛼 the coefficient recommended for the S235 steel grade. He proposed an exponent 𝑛 = 0.8 to 139 

keep the gap of one buckling curve between the curve recommended for S235 and the one for the 140 

former high-strength steel grade, S430. Indeed, for instance, if a curve “b” is recommended for S235 141 

(𝛼 = 0.34) and a curve “a” (𝛼 = 0.21) for S430, the modified imperfection factor with the exponent 142 
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𝑛 = 0.8, i.e. 𝛼∗ = 0.34 ⋅ (
235

430
)

0.8

= 0.21, respects the gap of one buckling curve between the two 143 

reference grades. As an alternative, Johansson [54] proposed to consider an exponent 𝑛 = 1.0. In the 144 

framework of the European project RUOSTE [55], Somodi et al. [56] [57] proposed the same 145 

expression but with an exponent 𝑛 = 0.5 for cold-formed hollow sections and 𝑛 = 0.6 for welded I-146 

sections. Subsequently, Saufnay et al. [2] [58] proposed to consider an exponent 𝑛 = 0.7 for hot-147 

rolled I- or H-sections as well as for hot-rolled hollow sections. For all types of hot-rolled sections, 148 

the forthcoming version EN1993-1-1:2022 [31] suggests a gap of one buckling curve between grades 149 

below S460 and grades equal or higher than S460. Therefore, they proposed an exponent 𝑛 = 0.7 150 

that fits with the current design recommendation for the high-strength steel grade S460 (𝛼∗ = 0.34 ⋅151 

(
235

460
)

0.7

= 0.21).  152 

As an alternative to the above-mentioned formulation, in the framework of the European project 153 

STROBE [59], a reduction in the length of the plastic plateau to 0.1 and a modified imperfection 154 

factor function of the “𝜀 = √235 𝑓y⁄ ” coefficient for hot-rolled and cold-formed hollow sections [47] 155 

as well as for welded I-sections [60] have been proposed.  156 

Finally, the last proposal that can be found in the literature consists of applying this “𝜀” coefficient 157 

to the relative slenderness, thereby rendering the length of the plastic plateau a function of the yield 158 

strength. This approach has been proposed by Jönsson et al. [61] for hot-rolled I- and H-shaped 159 

sections and by Fang et al. [62] for cold-formed hollow sections. All existing modified imperfection 160 

factors are summarised in Table 2.  161 

 162 

 163 

 164 

 165 

 166 
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Table 2. Existing modified imperfection factors in the literature.  167 

Cross-section 

typology 

Imperfection 

parameter 

Imperfection  

factor 

Author, year 

(Project) 

Rolled I- or H-sections 

𝛼∗ ⋅ (𝜆̅ − 0.2) 𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.8

 Maquoi, 1982 

𝛼∗ ⋅ (𝜆̅ − 0.2) 𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

1.0

 Johansson, 2005 

𝛼∗ ⋅ (𝜆̅ ⋅ 𝜀  − 0.2) 𝛼∗ = 𝛼 
Jönsson et al., 

2016 

𝛼∗ ⋅ (𝜆̅ − 0.2) 𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.7

 
Saufnay et al., 

2024 

Welded I-sections 

𝛼∗ ⋅ (𝜆̅ − 0.2)  𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.6

 

Somodi et al., 

2017 

(RUOSTE) 

𝛼∗ ⋅ (𝜆̅ − 0.1) 

𝛼∗ = 0.45 ⋅ (
235

𝑓y,flange
)

0.5

 

𝑓𝑜𝑟 𝑦 − 𝑦 Yun et al., 2023 

(STROBE) 
𝛼∗ = 0.55 ⋅ (

235

𝑓y,flange
)

0.5

 

for z − 𝑧 

Hollow 

sections 

Hot-

finished 

𝛼∗ ⋅ (𝜆̅ − 0.1) 𝛼∗ = 0.24 ⋅ (
235

𝑓y
)

0.5

 Meng et al., 2020 

𝛼∗ ⋅ (𝜆̅ − 0.2)   𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.7

 
Saufnay et al., 

2024 

Cold-

formed 

𝛼∗ ⋅ (𝜆 ̅ − 0.2) 𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.5

 

Somodi et al., 

2017 

(RUOSTE) 

𝛼∗ ⋅ (𝜆̅ ⋅ 𝜀  − 0.2) 𝛼∗ = 𝛼 Fang et al., 2018 

𝛼∗ ⋅ (𝜆̅ − 0.1) 𝛼∗ = 0.56 ⋅ (
235

𝑓y
)

0.5

 Meng et al, 2020 

 168 

As can be clearly seen in Table 2, the extant literature does not address the subject of hot-rolled equal-169 

leg angles yet. The objective of the present paper is therefore to derive an expression of the modified 170 

imperfection factor for this profile typology.  171 
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3 Methodology 172 

3.1 Research scope 173 

This paper focuses on the flexural buckling behaviour of pin-ended members consisting of hot-rolled 174 

equal-leg angles made of mild or high-strength steel grades (up to S460), as well as possible future 175 

emerging steel grades (from S500 to S690) as a prospective study, when subjected to concentric axial 176 

loading.  177 

The studied profiles were selected to cover both compact and slender cross-sections; their geometrical 178 

properties are listed in Table 3. Moreover, the criteria used to classify these profiles for steel grades 179 

S460 and S690 are the ones proposed by the ANGELHY project [37], where the inconsistencies 180 

between the existing classification rules given in EN1993-1-1:2022 [31] have been erased; thus, 181 

equal-leg angles are classified as class 3 when c/t ≤ 14ε. It should be mentioned that both L70x70x5 182 

and L250x250x20 are classified as class 4 sections as far as they are made of a steel grade equal or 183 

higher than S420.  184 

Table 3. Specifications of the cross-sections selected in the present paper. 185 

Cross-section 

designation 

h (mm) t (mm) r (mm) A (mm²) Class in 

S460 

Class in 

S690 

Type of 

FE 

L70x70x5 70 5 9 684 4 4 Solid 

L70x70x7 70 7 9 940 3 3 Beam 

L150x150x18 150 18 18 5100 3 3 Beam 

L250x250x20 250 20 18 9600 4 4 Solid 

3.2 Description of the numerical model 186 

 Two different finite elements (see Table 3) were used in the geometrical and non-linear analyses 187 

with imperfections (GMNIA) to simulate the selected cross-sections. Initially, the FineLg software 188 

[63] with beam finite elements has been used to model sections that are not prone to local buckling. 189 

However, in order to extend the range of this study and simulate sections on which such phenomena 190 
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could occur, the Abaqus software [64] with solid finite elements has been used, as such finite elements 191 

are not available in FineLg. The FineLg software has already been used in many studies [58] [65] 192 

[66] [67], including some dealing with the buckling behaviour of angle profiles [11] [29] [68] while 193 

Abaqus is the most commonly used software to simulate the flexural buckling of members [29] [47] 194 

[56] [60] [69].  195 

For the beam finite element models, 10 beam elements were assessed as suitable for evaluating the 196 

buckling resistance of a member subjected to pure compression, the same assumption was validated 197 

in [58]. The GMNIA analyses were solved by the arc-length method in order to capture the decreasing 198 

slope after the occurrence of instability phenomena. The loading is applied through an imposed load 199 

at the gravity centre in the end-section of the angle member.   200 

For the solid finite element models, the three-dimensional solid 8-node hexahedral element with 201 

incompatible modes (C3D8I) from the Abaqus element library was selected to simulate the member, 202 

including the curved parts of the cross-section. Three solid elements over the thickness of the section 203 

have been used; the accuracy of this mesh density has been validated in [70] . Furthermore, in order 204 

to distribute uniformly the external applied load, but also to avoid any local failure at the point of 205 

application of the load, end plates at the extremities of the samples have been considered indirectly 206 

through a specific constraint.  207 

To model a buckling curve, 13 simply supported elements corresponding to 13 relative slendernesses 208 

were selected from 𝜆̅ = 0.2 to 𝜆̅ = 2.6 for both compact and slender sections. The buckling lengths 209 

𝐿cr associated with those relative slendernesses are computed as expressed in Eq. (6).  210 

𝜆̅ = √
𝛽 ⋅ 𝐴 ⋅ 𝑓y

𝑁cr
 → 𝐿 = 𝐿cr =

𝑖 ⋅ 𝜋 ⋅ 𝜆̅

√
𝛽⋅𝑓y

𝐸

 (6) 
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The Euler’s load 𝑁cr is analytically computed considering the geometrical properties of the selected 211 

gross cross-sections. In the buckling procedure, the 𝛽 coefficient reduces the plastic resistance to 212 

account for the risk of local buckling. Obviously, this coefficient is equal to 1.0 for class 3 profiles, 213 

while, for class 4 profiles, this coefficient was numerically computed using a rather short member 214 

with relative slenderness of about 0.15, for which global buckling phenomena are not relevant. This 215 

approach aims to eliminate the conservatism of the existing design recommendations of EN1993-1-216 

1 for class 4 sections sensitive to local buckling [37]. 217 

For each relative slenderness, the reduction factor 𝜒FEM obtained by numerical simulations is 218 

evaluated as expressed in Eq. (7) in such a way to draw the numerical buckling curve.  219 

𝜒FEM =
𝑁u

𝛽FEM ⋅ 𝐴 ⋅ 𝑓y
 (7) 

with 𝑁u the peak axial load obtained through GMNIA simulations, 𝛽FEM = 𝑁FEM,CS/𝐴 · 𝑓y the 220 

reduction factor for local buckling obtained numerically where 𝑁FEM,CS is the ultimate axial load 221 

obtained through GMNIA simulations of the short members, 𝐴 the cross-sectional area, and 𝑓y the 222 

material strength.  223 

The yield strengths 𝑓y considered in the numerical models are the nominal values provided in Table 224 

5.1 of EN1993-1-1:2022 [31]. However, the latter specifications for the nominal yield strength only 225 

consider a reduction of the yield strength for thicknesses above 40 mm, while the corresponding 226 

product standards prescribe a reduction from 16 mm. Therefore, it has been decided to perform some 227 

numerical simulations considering the yield strength reduction prescribed in products standards, in 228 

order to ensure that similar conclusions could also apply to steels complying with the relevant product 229 

standards, i.e., EN10025-2 [71] and EN10025-4 [72] for hot-rolled steel angles. The results related 230 

to these yield strengths are indicated with the index EN10025 hereafter.  231 
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In each numerical model, a linear elastic – perfectly plastic material model with a nominal plateau 232 

slope for numerical stability has been chosen, similarly to what was already done in previous research 233 

works [2] [11] [29] [58] [73] [74]. The material law is illustrated in Fig.  2.  234 

 235 

Fig.  2. Material law for numerical simulations 236 

3.3 Geometrical and material imperfections  237 

According to the modelling recommendations from prEN1993-1-14:2025 [75], an initial bow 238 

imperfection with a magnitude equal to L/1000 with a deformation shape similar to the first pure 239 

weak-axis flexural buckling mode (see Fig.  3a) has been implemented in the numerical models. The 240 

selection of the initial geometrical imperfection shape is justified by the outcomes of the ANGELHY 241 

project [36], where it has been demonstrated that the dominant failure mode of a pinned compressed 242 

equal-leg angle member is weak axis flexural buckling. In fact, it has been observed experimentally 243 

[11] that, even if in some cases the member twists at the first steps of loading, it finally buckles in a 244 

weak axis flexural buckling. This failure mode can be characterised as flexural-torsional mode and is 245 

also often observed in short to intermediate slenderness members [36]. However, it has been 246 

demonstrated and validated numerically that the ultimate resistance of these members exhibiting a 247 

flexural-torsional mode (obtained also through a linear buckling analyses) should be calculated based 248 

on the pure weak-axis flexural mode [29]. In fact, as it is demonstrated in [21] [29], considering 249 

flexural-torsional imperfections for these short-to-intermediate slenderness members leads to higher 250 
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resistances than adopting pure weak axis flexural imperfections. Similar observations regarding the 251 

dominant flexural failure mode have been independently made by other researchers [25] [26] [27] 252 

[28]. Furthermore, a comparison study has been performed by Gomes et al. [76] where different 253 

design approaches for equal-leg angles are examined including ANGELHY design rules, existing 254 

Eurocode provisions as well as Behzadi-Sofiani design approach. Through this study, it has been 255 

further validated that the use of flexural modes (ANGELHY proposal) leads to safe and less 256 

conservative results than considering flexural torsional buckling modes (Behzadi-Sofiani approach). 257 

All these references justify the selection of the imperfections to be considered in the numerical study. 258 

Since the load is applied concentrically, the member always buckles toward the side of the imposed 259 

minor-axis imperfection, meaning that the sign of this imperfection does not affect the predicted 260 

resistance.  261 

  262 

  
(a) Geometrical imperfection (b) Residual stresses (𝒇𝐲

∗ = 𝟐𝟑𝟓 𝐌𝐏𝐚) 

Fig.  3. Geometrical and material imperfections.  263 

Researchers in Europe and USA carried out a series of residual stress measurements in the 1960s and 264 

70s aiming at deriving an analytical model of residual stresses distribution for hot-rolled equal-leg 265 

angles, which has been adopted later in various international codes and design recommendations such 266 

as the ECCS [77] for Europe. It consists of a bi-linear model function of the material yield strength 𝑓y 267 
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times the parameters 𝛽1, 𝛽2 and 𝛽3, that are defined as the residual stress factors and obtained by 268 

dividing the residual stress by the yield strength [78]. The magnitudes of those factors are often 269 

discussed in the literature based on experimental measurements [23] [24] [77] [78] [79] [80] when 270 

evaluating the bearing capacity of steel angle members under compression, as the measurements 271 

generally present large scatter. Sometimes, even the shape of the residual stress pattern is discussed 272 

to have a better agreement with the experimental measurements, for instance a trilinear model instead 273 

of a bilinear one [24].  274 

The assumption adopted in the present study is consistent with recent findings reported for 275 

conventional hot-rolled structural sections. Several investigations have shown that residual stress 276 

distributions are primarily governed by cross-sectional geometry and cooling conditions rather than 277 

by the material yield strength itself [81] [82] . Although these studies were conducted on hot-rolled 278 

I- and H-sections, the underlying mechanisms responsible for residual stress formation are identical 279 

for hot-rolled angle sections, since residual stresses mainly originate from non-uniform cooling 280 

during the rolling process. The stability of members in compression made of large hot-rolled angles 281 

has been investigated by L. Zhang et al. [23] and P. Moze et al. [24] in 2014 for which a series of 282 

residual stress measurements were carried out on S275, S355 and S420 specimens through the 283 

sectioning method. It was shown that, similarly to other hot-rolled sections, the residual stress pattern 284 

of hot-rolled angles is unaffected by the material yield strength. The adopted residual stress pattern 285 

corresponds to peak residual stresses of 70.5 MPa (0.3𝑓y
∗ , 𝑓y

∗ = 235 MPa), irrespective of the steel 286 

grade – see Fig.  3b. Consequently, in the absence of any experimental evidence indicating a different 287 

behavior for hot-rolled angles, it is reasonable to assume that the relative influence of residual stresses 288 

decreases with increasing yield strength, while their absolute magnitude remains largely unaffected 289 

by the steel grade. 290 
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To extend this observation to high-strength steel grades, some authors [78] [79] conducted residual 291 

stress measurements on S420 steel grade. It was observed that their magnitude is lower than that 292 

prescribed by a model function of the material strength, the magnitudes were approximately equal to 293 

the ones of mild steel grades meaning that they are unrelated to the steel grade. Indeed, Ban et al. [79] 294 

proposed residual stress factors of 0.15𝑓y for Q420, which are lower in magnitude than 0.3𝑓y
∗. More 295 

recently, some researchers [18] [83] investigated the residual stress distributions of angle profiles 296 

made of S460 steel. They clearly highlighted the fact that the measured stresses are lower in 297 

magnitude than 0.3𝑓y
∗. This literature review serves to corroborate the assumption that the residual 298 

stress distributions are independent of the yield strength, which was expected, as they result from the 299 

cooling process that is similar irrespective of the steel grade. All these reference residual stress 300 

measurements are gathered in Fig.  4 as well as the classically prescribed distribution to highlight the 301 

suitability of the pattern with peaks of 0.3𝑓y
∗ to model the residual stresses regardless of the yield 302 

strength considered.  303 

 304 
Fig.  4. Residual stress measurements in the literature for various steel grades  305 
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Fig.  4 illustrates the large scatter of residual stress measurements for 3 different steel grades: S355, 306 

S420 and S460. It however appears that, the compression residual stresses at the leg tips are always 307 

lower in magnitude than those given by the recommended pattern scaled for 235 MPa, meaning that 308 

the same distribution can be conservatively considered whatever the steel grade under concern, as 309 

these stresses have the greatest influence on flexural buckling resistance. Consequently, the residual 310 

stress pattern shown in Fig.  3b, scaled by 235 MPa, is adopted in the parametric study for all 311 

considered steel grades. It is also assumed to be appropriate for non-existing grades (grades above 312 

S460) in a prospective context.  313 

The adopted pattern is directly implemented in FineLg, where it is available as a built-in residual 314 

stress distribution and is therefore used without modification in the finite element analyses. In 315 

Abaqus, however, residual stresses are introduced indirectly through an equivalent geometric 316 

imperfection, accounting simultaneously for both geometrical and material imperfections.   317 

4 Numerical validation  318 

Farhoud et al. [21] already performed numerical investigations by means of the software Abaqus with 319 

solid elements, considering both material and geometrical non-linearities. The model used in their 320 

parametric study has been validated based on the experimental tests of Spiliopoulos et al. on 321 

L70x70x7 made of S235 steel [13]. They concluded on the adequacy of the software to properly 322 

reproduce the experimental tests using measured initial geometrical bow imperfections, residual 323 

stresses as those described in section 3.3 and an elastoplastic material law coming from coupon tests. 324 

Therefore, the use of solid finite elements as well as the assumptions made in section 3 are relevant 325 

in the framework of this publication. Finally, it has been observed that a flexural initial imperfection 326 

gives a safer resistance up to 7% compared to a torsional-flexural imperfection, even though the first 327 

elastic buckling mode is a local or a torsional-flexural one. Therefore, it confirms the adequacy of the 328 

adoption of a flexural buckling mode as geometrical initial imperfection for the parametric study.  329 
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In the framework of the ANGELHY project [36], experimental buckling tests were performed to 330 

evaluate the resistance of S460 steel angles. In particular, in this framework, Bezas et al. [11] 331 

conducted experimental tests on L150x150x18 and L200x200x16 profiles made of S420 and S460 332 

steel grades. Within this study, they also successfully reproduced the observed structural behaviour 333 

by using the FineLg software with beam finite elements, considering again both material and 334 

geometrical non-linearities. This demonstrates that the latter software is also adequate for simulating 335 

the flexural buckling of high-strength steel angle profiles, validating also the considerations made in 336 

section 3 regarding the initial geometrical imperfections, the residual stresses, and the material law. 337 

The comparison values and charts are reported in Table 4 and Fig.  5 for concentrically loaded angles 338 

made of S420 and S460 steel grades. These results are coming from a previous research of Bezas et 339 

al. [11] in which the failure modes and deformation patterns are discussed in more details.  340 

For the validation studies reported in Table 4 and Fig.  5, the measured material properties and 341 

geometrical imperfections reported in Bezas et al. [11] were adopted in the numerical models.  342 

Table 4. Comparison between buckling tests, numerical results using both FE models and Eurocode predictions.  343 

Specimen Profile 
Measured 

𝒇𝐲 (MPa) 
Length 

(mm) 

𝑵𝐮, 𝐭𝐞𝐬𝐭 

(kN) 

GMNIA-

FineLg 

(kN) 

GMNIA-

Abaqus 

(kN) 

EC3 

(kN) 

SP11 

L150x150x18 

417,2 2500 1010,6 1028,6 987,8 894,8 

SP13 
425,8 

3000 723,2 739,3 740,2 698,5 

SP15 3500 563,9 575,8 568,8 542,7 

SP21 

L200x200x16 487,6 

3000 1661,5 1690,6 1608,4 1337,2 

SP23 3500 1228,0 1267,4 1255,2 1088,6 

SP25 4000 1048,1 1082,2 1018,4 984,1 
 344 
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(a) L150x150x18 - S420 (b) L200x200x16 - S460 

Fig.  5. Numerical validation of buckling tests using both numerical models.  345 

 346 

The validation results were further quantified by comparing the ratios 𝑁u, test/𝑁u, FEM. The mean 347 

values are 0.98 and 1.01 for FineLg and Abaqus, respectively, while the corresponding coefficients 348 

of variation (COV) are 0.64% and 2.58%. These results confirm the excellent agreement between the 349 

experimental tests and both finite element models. 350 

Consequently, based on the literature review and the comparison reported in Table 4 and Fig.  5, it 351 

appears that both the nonlinear Abaqus software with solid elements and the FineLg software with 352 

beam elements are suitable to perfectly reproduce the buckling behaviour of concentrically loaded 353 

steel angles made of regular and high-strength steel grades.  354 

5 Numerical results  355 

5.1 Assessment of the design rules for reference grades  356 

As reported in Table 1, EN1993-1-1:2022 [31] specifies a gap of one buckling curve between mild 357 

steel grades (up to S420) and high-strength steel grades (from S460), whereas the same buckling 358 
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curve is specified for both in the current EN1993-1-1:2005 [30]. Consequently, the first step of the 359 

parametric study consisted of validating the design rules for the reference grades, i.e., S235 and S460. 360 

Comparisons between the Eurocode design rules and the numerical simulations are reported in Fig.  361 

6, (a) for sections non-affected by local buckling and (b) for sections prone to local buckling.  362 

  
(a) Class 1 to 3 sections  (b) Class 4 sections  

Fig.  6. Assessment of the existing rules for reference grades 363 

Fig.  6 shows that the gap of one buckling curve between the two reference grades is reliable, 364 

confirming that the detrimental influence of initial imperfections is significantly reduced when 365 

moving from a S235 grade to a S460 grade. 366 

The statistical evaluation reported in Fig.  6 indicates a good correspondence between numerical 367 

simulations and design rules. A buckling curve is assumed to be suitable when the mean value, noted 368 

𝑥̅ is above 1.0, this limit corresponds to the partial safety coefficient for stability design calculations 369 

(𝛾M1 = 1.0). To complete the statistical evaluation, the standard deviation 𝑠, the coefficient of 370 

variation 𝐶𝑂𝑉 and the maximum and minimum values are also provided.  371 

It can be seen in Fig.  6a that the numerical data for a relative slenderness 𝜆̅ = 0.2 are below the 372 

plastic plateau. This feature has already been observed in many studies and led to some modified 373 

imperfection factors with a different length for the plastic plateau [47] [60], which is even sometimes 374 
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different depending on the steel grade [61] [62]. However, this limit has been fixed in the past based 375 

on a statistical evaluation of the wide experimental campaign, including angles. In addition, according 376 

to the numerical simulations for slender sections in Fig.  6b, reduction factors higher than 1.0 are 377 

obtained when the section is prone to local buckling. Indeed, through the linear buckling analysis, 378 

only local buckling modes are obtained for the first buckling modes for relative slenderness smaller 379 

or equal to 0.2. Therefore, it has been assumed that the length of the plateau may be conserved up to 380 

𝜆̅ = 0.2 in the framework of this research.   381 

In addition, the numerical results are seen to be unaffected by the geometrical properties, similarly to 382 

other research on angles [26]. But it should be reminded that, in the present study, the 𝛽 coefficient 383 

to predict the effective cross-section has been computed numerically. Using the effective cross-384 

section properties computed according to the recommendations of EN1993-1-5:2005 [34]  would 385 

result in slightly different buckling resistances depending on the geometrical properties as it has been 386 

demonstrated that, the slender the section legs are, the more conservative the local buckling resistance 387 

predictions [35] [37]. In addition, the numerical simulations conducted considering the nominal yield 388 

strength from product standards are slightly below the values obtained by considering the yield 389 

strength from design standard. Indeed, for the S235 steel grade for instance, the design rule EN1993-390 

1-1:2022 [31] recommends the use of a yield strength of 235 MPa for thicknesses up to 40 mm while 391 

the associated EN10025-2 & -4 [71] [72] recommend a reduction to 225 MPa from 16mm. The profile 392 

L150x150x18 is concerned by this particular feature as reported in Fig 4a. Nevertheless, according 393 

to the statistical evaluations made in Fig.  6, there is a good agreement between the recommended 394 

curves in EN1993-1-1:2022 [31] and the numerical simulations, meaning that it is appropriate to 395 

conserve these design recommendations for those grades in an eventual improvement proposal of the 396 

existing design rules.  397 
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5.2 Assessment of the existing rules for intermediate grades 398 

The previous subsection illustrates how the impact of initial imperfections is reduced when moving 399 

from the S235 grade to the S460 grade. However, intermediate grades such as S355 and S420 are 400 

gathered in the same category as the S235 grade (see Table 1) while it is likely that the detrimental 401 

impact of initial imperfections is reduced for these grades too. The same applies to the S500 grade, 402 

which has the same prescribed buckling curve as the S460 grade. The comparison between numerical 403 

simulations and the currently prescribed buckling curves for intermediate grades is shown in Fig.  7 404 

– (a) for classes 1-3 cross-sections and (b) for class 4 cross-sections. Although L250x250x20 was 405 

classified as class 4 for a steel grade of S420 (see §3.1), when considering a reduction of the yield 406 

stress that the product norm EN10025 implies for profiles thicker than 16 mm, this profile is 407 

transferred to class 3, and thus, it is not reported in Fig.  7(b). 408 

  

(a) Class 1 to 3 sections  (b) Class 4 sections  

Fig.  7. Assessment of the existing rules for intermediate grades 409 

The current design recommendations for the flexural buckling of intermediate grades are too 410 

conservative. Indeed, as it can be observed in Fig.  7, the buckling resistance of intermediate grades 411 

are clearly underestimated when considering curve b. It confirms the observations made from 412 
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experimental evidence in Section 2, highlighting the usefulness of having a modified imperfection 413 

factor that accounts for the reduction of the detrimental influence of the initial imperfections with the 414 

steel grade on the buckling resistance.  415 

5.3 Proposal for a new modified imperfection factor 416 

Based on the literature review presented in Section 2.3 and the numerical conclusions in Section 5.1 417 

and 5.2, the objective is to derive a modified imperfection factor that respects the gap of one buckling 418 

curve between the reference grades, i.e. S235 and S460, and continuously accounts for the beneficial 419 

impact of the yield strength.  The modified imperfection factor which has already been proposed for 420 

hot-rolled H-shaped and hollow sections [2] [58] is reported in Eq. (8)).  421 

𝛼∗ = 𝛼 ⋅ (
235

𝑓y
)

0.7

 (8) 

This proposal offers the advantage of conserving the current buckling curves for S235 and S460 as 422 

they were evaluated as suitable in Section 5.1. Indeed, for S235, 𝛼∗ = 0.34 ⋅ (
235

235
)

0.7

= 0.34 423 

corresponding to a buckling curve “b” while for S460, 𝛼∗ = 0.34 ⋅ (
235

460
)

0.7

= 0.21 corresponding to 424 

buckling curve “a” as currently prescribed (see Table 1). The proposal therefore respects the gap of 425 

one buckling curve between the two reference grades. Consequently, an extensive parametric study 426 

covering grades from S235 up to S690 was carried out by means of the FineLg software for Class 1 427 

to 3 cross-sections and grades from S420 (for the reasons explained in §3.1) to S690 by means of the 428 

Abaqus software for Class 4 cross-sections and comprised approximately 500 numerical simulations. 429 

The present proposal is valid for steel grades ranging from S235 to S690, corresponding both to the 430 

scope of numerical investigation and to the steel grades currently covered by EN 1993-1-1:2022 [26]. 431 

It should nevertheless be noted that experimental evidence supporting the adopted residual stress 432 

assumptions is currently limited to steel grades up to S460. No residual stress measurements or 433 
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structural test data are available for higher-strength hot-rolled angle sections, as such products are not 434 

currently manufactured as standard hot-rolled angles. 435 

For each numerically produced buckling curve, an imperfection factor 𝛼 has been calculated to fit 436 

with the numerical curve. The imperfection factor 𝛼 obtained is evaluated as appropriate when the 437 

mean value is above 1.0 while limiting the maximum overestimation of the load-bearing capacity to 438 

2%. Those numerically obtained imperfection factors, the current recommendations of the two 439 

versions of EN1993-1-1 [30] [31] as well as the proposed modified imperfection factor are 440 

represented in Fig.  8.  441 

 442 
Fig.  8. Proposal for a new modified imperfection factor 443 

Fig.  8 confirms the reliability of the proposal expressed in Eq. (8) for hot-rolled equal-leg angles. In 444 

order to illustrate the benefit of this proposal, comparisons between the numerical simulations and 445 

the new buckling curves obtained through the modified imperfection factor for S355, S420, S500 and 446 

S690 are represented in Fig.  9. The statistical evaluation is performed based on the current EN1993-447 
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1-1:2022 recommendations [31] (noted as 𝛼 in the tables) and on the modified imperfection factor 448 

(noted as 𝛼∗ in the tables). 449 

  
(a) S355 grade (b) S420 grade 

  

(c) S500 grade (d) S690 grade 

Fig.  9. Buckling curves resulting from the modified imperfection factor for S420 and S690 grades 450 

Fig.  9 illustrates that the modified imperfection factor is particularly beneficial for intermediate 451 

grades as well as for future emerging grades. It can be seen that class 4 profiles exhibit slightly higher 452 

resistances at the low slenderness range, due to the rotation of the member at the first steps of loading, 453 

that initially tends to buckle in a flexural-torsional mode, while at the end flexural buckling governs. 454 

This behaviour has been detailed in [11] [16] [70].  455 
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6 Reliability analysis & resulting gains 456 

The reliability analysis of the flexural buckling design recommendations of EN1993-1-1:2022 [31] 457 

and the proposed modified imperfection factor is performed according to the standard procedure set 458 

out in EN1990:2023 [84]. This standard establishes the principles and requirements for the safety 459 

assessment of structures and provides guidelines for structural reliability. In particular, Annex D of 460 

EN1990:2023 [84] provides a procedure for evaluating the reliability of a design rule modification 461 

based on testing and / or finite element simulations. The first step of this procedure consists of 462 

comparing the experimental / numerical values with the analytically computed ones. This comparison 463 

is reported in Fig.  10a when considering the predictions from EN1993-1-1:2022 [31] and in Fig.  10b 464 

for the improved resistance predictions of the new proposal.  465 

  
(a) EN1993-1-1:2022  (b) New proposal 

Fig.  10. Comparison between experimental tests / GMNIA simulations with predicted buckling resistances in 466 

accordance with (a) EN1993-1-1:2022, (b) the new modified imperfection factor 467 

It should be noted that Fig.  10 has been plotted by distinguishing reference grades, i.e., S235 and 468 

S460, and intermediate grades, as the resistance predictions of the latter have been evaluated as too 469 

conservative with the current design recommendations. So, as expected, the new proposal is not 470 

affecting the scatter of data for reference grades, while the scatter is reduced for intermediate grades 471 
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as the new proposal improves the resistance predictions for those grades. Indeed, the data of Fig.  10b 472 

lie closer to the line with an angle of 𝜋/4 than in Fig.  10a, meaning that the modified imperfection 473 

factor is more accurate when predicting the resistance of hot-rolled equal-leg angles.  474 

The procedure detailed in Annex D of EN1990-2023 [84] is then followed to assess the required 475 

partial factor 𝛾M
∗  so as to confirm the adequacy of the new proposal. The simplified procedure “P2” 476 

proposed by Tankova et al. [85] is adopted in the present paper to simplify the global procedure. It 477 

was proved that the simplified procedures are always safe-sided, compared to a strict application of 478 

Annex D procedure [85].  In this simplified approach, the variability of the yield stress (𝑉fy), the 479 

variability of the cross-sectional area (𝑉A), as well as the variability of the Young’s modulus (𝑉E) are 480 

accounted for to evaluate the variability of the basic variables (𝑉rt
2 = ∑𝑉x

2). Residual stresses and 481 

geometrical imperfections could have also been considered as random variables, but they are usually 482 

only considered implicitly in the resistance model due to the complexity of accounting their 483 

variability [85]. Annex E of the forthcoming EN1993-1-1:2022 [31] provides the material 484 

overstrength, i.e., the ratio between the mean value and the nominal value of the yield strength) with 485 

the corresponding COV for each steel grade. For instance, the material overstrength is 1.2 for a S355 486 

grade and the coefficient of variation is 5.0%. The reference values proposed in Annex E were 487 

considered to account for the variability of the yield stress (𝑉𝑓y
) within the present study. The Annex 488 

E [31] also provides the COV of the Young’s modulus (𝑉E), which is 3%. The COV of the cross-489 

sectional area is computed based on the COV of geometric parameters proposed in Annex E; so, the 490 

COV is 3.3% for L150x150x18 and has been assumed as a constant value for all other cross-section 491 

geometries. The results of the reliability analysis, including the number of elements in the sample 492 

“n”, the slope of the resistance function “b”, the coefficient of variation of the errors 𝑉δ and the 493 

recommended partial factor 𝛾M1
∗ , are gathered in Table 5 for the current design recommendations of 494 
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EN1993-1-1:2022 [31] as well as for the new modified imperfection factor presented in this paper 495 

(see Eq. (8)).  496 

Table 5. Reliability analysis of the current design recommendations and the new proposal according to the 497 
procedure set out in Annex D of EN1990-2023. 498 

Design 

approach 
Data  n b 𝑽𝛅 𝜸𝐌𝟏

∗  

EN1993-1-

1:2022 

GMNIA 554 1.03 3.2% 1.02 

Tests 118 1.12 10% 1.08 

New proposal 
GMNIA 554 1.01 2.0% 1.01 

Tests 118 1.08 8.4% 1.07 
 499 

The recommended partial factors reported in Table 5 for the new proposal are slightly greater than 500 

1.0 but smaller than those obtained for the current design recommendations in [31]. The coefficients 501 

of variation of the errors are smaller with the new proposal which demonstrates the reliability of this 502 

proposal compared to the existing design rules. In addition, as a reminder, the procedure “P2” used 503 

in the present reliability analysis leads to conservative 𝛾M1
∗  values due to the consideration of a “too 504 

large” value of 𝑉rt. Therefore, the value of 𝛾M1 could reasonably be conserved in case of incorporating 505 

the proposal in the future Eurocode 3.  506 

The resistance gains resulting from the use of the modified imperfection factor instead of the current 507 

imperfection factor of EN1993-1-1:2022 [31] is represented in Fig.  11 for each steel grade as a 508 

function of the relative slenderness.  509 
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 510 
Fig.  11. Impact of the proposal on the buckling resistance capacity 511 

As can be seen in Fig.  11, the most significant benefits are observed at a relative slenderness of 𝜆̅ =512 

1.0, where initial imperfections exert the greatest influence on buckling resistance. The new proposal 513 

is particularly advantageous for intermediate steel grades such as S355 and S420 grades, which are 514 

the most underestimated grades despite S355 is seen as the standard steel grade in contemporary 515 

design. Saufnay et al. [10] already demonstrate that this modified imperfection factor increases the 516 

benefit in using high-strength steels to larger slenderness ratios for hot-rolled sections. In the context 517 

of the “build clever” strategy within the hierarchy to net-zero [86] [87], the implementation of 518 

appropriate design rules is essential not only to enable designers to exploit material performance 519 

efficiently and achieve weight savings, but also to embed sustainability at the core of the design 520 

process. By optimizing structural efficiency and minimizing resource use, designers contribute to 521 

reducing embodied carbon and environmental impact, aligning engineering decisions with broader 522 

sustainability goals like achieving net-zero by 2050. 523 
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7 Conclusions 524 

This paper addresses the necessity of implementing appropriate design rules, in particular to improve 525 

the prediction of the flexural buckling resistance for hot-rolled equal-leg angles subjected to 526 

concentric loading. Through the performed developments, it has been demonstrated that the resistance 527 

for conventional grades S355 and S420 is underestimated in current design recommendations for the 528 

reasons summarised below. Based on this observation, a modified imperfection factor has been 529 

derived through a wide numerical campaign, offering the potential for significant weight savings for 530 

conventional grades as well as for those which could emerge as a prospective study. The main 531 

outcomes of this paper can be summarised as listed here below:  532 

• The higher the yield stress, the less the detrimental impact of initial imperfections  533 

• The forthcoming recommendations for reference grades (S235 and S460) in EN1993-1-534 

1:2022 [31] fit well with numerical simulation predictions 535 

• The buckling resistances for intermediate grades between S235 and S460 as well as future 536 

emerging grades (above S460) are clearly underestimated 537 

• The scope of the modified imperfection factor proposed by Saufnay et al. [2] [58], initially 538 

developed for hot-rolled H-shaped and hollow sections, has been extended to include hot-539 

rolled angle sections 540 

The proposal of modification for the existing flexural buckling procedure is summarised in Fig.  12.   541 

As future work, a full statistical approach based on a Monte Carlo analysis should be carried out to 542 

assess the reliability of this new modified imperfection factor with a unitary partial safety coefficient 543 

𝛾M1 = 1.0. The proposed modified imperfection factor has been validated for steel grades up to S690, 544 

corresponding to the grades currently covered by EN 1993-1-1:2022 [31]. However, experimental 545 

validation of the underlying residual stress assumptions is presently available only up to S460. For 546 
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higher steel grades, no residual stress measurements or structural test results are available for hot-547 

rolled angle sections, since such products are not yet manufactured as standard hot-rolled sections. 548 

Consequently, the results obtained beyond S460 should be regarded as prospective. Additional 549 

investigations would be required to confirm the applicability of the proposed formulation to future 550 

high-strength angle sections, particularly in the context of the future development of EN 1993-1-12, 551 

which is expected to extend the design provisions for structural steels up to S960. 552 

The reliability of the proposal should be evaluated for unequal leg as well as welded angles to 553 

generalise the proposal to all steel angle profiles. In addition, Table 2 illustrates that there are different 554 

formulations in the literature for this modified imperfection factor; it would be of great interest to 555 

generalize and choose one single form for all types of elements to propose an amendment of the 556 

design rules.  557 

 558 

Fig.  12. Modification proposal for the future version of EN1993-1-1 559 

  560 
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