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Abstract

The determination of the bearing capacity of a member under compression, presenting an initial out-of-
straightness and residual stresses resulting from the production process, is a stability problem governed by the
geometry of the member and the mechanical properties of its constitutive material. Amongst these, the yield
strength plays a key role. Indeed, it has a direct impact on the spread of yielding in the member but, also, the
detrimental effect of geometrical and material imperfections decreases as the yield strength increases. The effect of
these initial imperfections is considered by an imperfection factor a in the desigh recommendations provided in
EN1993-1-1. However, the current and new upcoming versions of this norm give a stepwise evolution of this
imperfection as a function of yield strength by only distinguishing grades lower than S460 from the ones equal/
higher than S460. The present paper aims to briefly summarize the existing studies on this topic, to assess the
recommendations of current and new upcoming versions of EN1993—1-1 and the models reported in the literature
and, finally, to suggest a modified imperfection factor for hot-rolled sections (H-shape and I-shape) for already
existing grades (up to S500) but also for grades up to S690, which do not exist yet for this section typology in the
European steel market, to evaluate the structural benefit of developing them.

Introduction

Optimizing structures by reducing the amount of used raw materials will become more significant in the upcoming
years as societies strive to optimize their use of natural resources and make it more sustainable. The steel industry is
in constant evolution by promoting and developing new production technologies and materials [1]. Amongst the new
materials, high-strength steels represent the highest strength-to-weight ratio of existing steels, thus providing the
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same strength with less material weight which leads to material, cost and carbon footprint savings depending on their
corresponding relative price and carbon footprint [2, 3]. Therefore, high-strength steels appear as an adequate reply
to the current considerations, i.e., building with less material in a more efficient way.

In the past years, a series of RFCS European projects have already been conducted on high-strength steels
[4,5,6,7,8,9,10,11] in which the structural behavior of high-strength steel members is discussed and some design rules
for high-strength steels have been derived. However, most research focuses on welded I-beams and cold-formed
hollow sections as yield strengths are already available at least up to 690 MPa for such sections. Indeed, for hot-rolled
steel sections, only steel grades up to S500 can be found on the European steel market and 80 ksi (550 MPa) in the
US steel market.

One of the well-known drawbacks of high-strength steels is the flexural buckling which limits the benefits of using
them [3,12,13,14]. The flexural buckling resistance depends on two main parameters: the geometrical imperfection
and the residual stresses which are accounted for through an imperfection factor defining the well-known European
buckling curves. Although the geometrical imperfection is not affected by the yield strength, the detrimental effect
of the residual stress distributions is reduced when the yield strength is increased. This beneficial effect of the yield
strength on the bucking capacity is already accounted for in Eurocode recommendations by providing various buckling
curves, i.e., different imperfection factors, but in a stepwise manner, respectively for grades lower than S460 and
grades equal/higher than $460 [15]. An extension of these rules for grades from S460 up to S700 is recommended in
Part 1-12 of Eurocode 3 [16] and the new upcoming version FprEN1993-1-1:2022 [17] is currently doing the same
grade distinction. The lack of continuity of the imperfection factor as a function of yield strength is detrimental for
steel grades between S235 and S460 and higher than S460; indeed, the imperfection factors as proposed in the codes
have been calibrated for members with S235 and S460 steel grades which means that, for the other steel grades, the
predictions obtained considering these coefficients are on the safe side. Having appropriate design criteria is seen as
a necessity to optimize steel structures in the future and to realize material savings.

To achieve this objective, two main solutions can be contemplated: either proposing a set of buckling curves for each
grade characterized by their own imperfection parameter or keeping the five existing buckling curves recommended
in the Eurocodes and making them applicable for all steel grades through a modified imperfection factor defined as
a function of the yield strength.

Therefore, the present paper aims to study the positive impact of the yield strength on the flexural buckling
resistance of hot-rolled H-shape profiles and to propose a new formula for the imperfection factor reflecting a
continuous evolution of this factor according to the yield strength. This paper also covers grades higher than S500
in a prospective study to determine the potential benefit of developing such yield strengths for hot-rolled sections.
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Literature review

BACKGROUND OF THE EUROPEAN BUCKLING CURVES

Given that the presented investigations relate to European design recommendations for flexural buckling, the focus
of the literature review is made on previous European works. According to the design recommendations of Eurocode
3 [15], the resistance of an element subjected to compression is checked using Eq. 1:
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where Nprqis the design buckling resistance, Nesthe design value of the compression force, y the reduction factor to
account for the risk of flexural buckling, 8 the reduction factor to account for the risk of local plate buckling, A the

cross-sectional area, f, the yield strength and yu: the partial safety coefficient for stability problems.

Both geometrical imperfections and residual stresses negatively affect the behavior of compressed columns. A
correct description of the column buckling phenomenon therefore requires considering these geometrical and
material imperfections. The European buckling curves x = f(1_) were introduced for this purpose as a practical design
tool. These curves provide characteristic resistance values based on more than 1000 experimental tests performed
under the auspices of the European Convention for Constructional Steelwork (ECCS) in various European countries
in the ’60 s [18] and on a theoretical study on which the curves are based [19]. These experimental and numerical
campaigns led to a proposition of buckling curves for which the safety has been assessed by Monte-Carlo simulations
[20]. Finally, Maquoi and Rondal derived the current Ayrton-Perry format of the buckling curves [21], which is still
used nowadays for designs. This formulation is expressed here below.
1
‘= [ 2 =2
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withp = 0.5+ (1 +9+7)

(2)
andn = a* (1—0.2)

with n the imperfection parameter, a the imperfection factor and A the relative slenderness.

A half-sinusoidal out-of-straightness of L/1000 as well as residual stresses according to the section typology are
accounted for through an imperfection parameter a. This amplification value of L/1000 was already proposed in
1894 [22] and was confirmed by several measurements during the wide experimental campaign in the ‘60 s. This
parameter « can take different values according to EN1993-1-1 [15] as listed in Table 1.

The buckling curve selection depends on the cross-section shape, the buckling axis, the cross-section height-to-width
h/b ratio, the flange thickness trand the production process that influences the residual stress pattern, and therefore
the buckling resistance of the member.
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MODIFIED IMPERFECTION FACTORS FROM THE LITERATURE

The buckling curves were originally established based on a fictitious material characterized by an elastic limit f,= 255
MPa. Indeed, the experimental campaign was realized in the ‘60 s using mild steels with low thickness (below 40 mm)
while only a few tests were performed on higher steel grades, equivalent to current S275 and S355. It was concluded
at that time that the yield strength had little influence on the dimensionless buckling curves, which justifies that they
were established for a fixed value of 255 MPa [19].

In opposition to this statement, it was later shown that residual stress distributions do not evolve proportionally with
the yield strength, leading to an increase in buckling resistances for higher grades as the local yielding is delayed. For
hot-rolled cross-sections, the residual stresses depend effectively on the geometrical cross-section properties and the
cooling rate during the production process and are definitively not proportional to the yield strength [23] as confirmed
by experimental investigations [24]. In fact, the residual stress-to-yield strength ratio decreases when the yield
strength increases. It could therefore have been decided to define the imperfection factor as a function of the yield
strength to consider the beneficial effect of an increasing yield strength on the member buckling resistance. In 1976,
the ECCS recommendations [25] allowed a jump of one buckling curve when the yield stress reaches 430 MPa. Maquoi
established a yield strength-dependent expression of the imperfection factor [26] based on these recommendations,
respecting the “jump” between mild and high-strength grades.

0.8
. 235
o — 0 * -
f,

The value of 255 MPa could have been adopted instead of 235 MPa for the sake of consistency with the value on

which the buckling curves are based [27]. However, in 1982 [26], Maquoi decided to consider S235 as the reference,
together with an exponent of 0.8 to respect the jump of one buckling curve preconized in the ECCS
recommendations. In this manner, if o = 0.34 for S235 which corresponds to curve “b”, o-= 0.21 for S430 which
corresponds to buckling curve “a”. Similarly, if a =0.21 for $235, a*=0.13 for S430 which corresponds to buckling

curve “ag”. However, when a = 0.49 for S235 which corresponds to curve “c”, as= 0.30 for S430 which does not
correspond to buckling curve “b”. This feature was not discussed at that time and considering that this proposal was
based on a limited number of experimental tests, it was therefore not implemented in design standards. The
research campaign for S460 subsequently led to a beneficial adaptation of the buckling curve selection for this
specific grade. So nowadays, only S460 benefits from the reduced influence of the residual stresses for higher yield
strength. Indeed, the curves initially established for a yield stress of 255 MPa were considered applicable without
modifications for grades up to S420 while grade S460 got preferential treatment; this is still the case in both Eurocode
versions [15,17]. In some cases, the buckling curve ao is even recommended for S460 whereas this curve was
originally established for sections without any residual stresses [19] the subscript 0 means “zero residual stresses” -
which demonstrates the inconsistency of the currently proposed discrete buckling curves [27]. Intermediary grades
between S235 and S460 may deserve higher buckling curves than the ones currently preconized, what will be
demonstrated in the present paper.

TABLE 1

Buckling curve specification according to EN1993-1-1 [15].
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Buckling curve letter ao a b [ d
Imperfection factor 0.13 0.21 0.34 0.49 0.76

Indeed, for several years, given the number of experimental and numerical investigations about the structural
behavior of members made of high-strength steels [28,29,30,31,32,33,34,35,36], some authors [26,29,37,38,39]
have proposed new expressions of the imperfection parameter 5 (see Eq. 2) in which the influence of the yield
strength is explicitly accounted for. The proposed equations for the imperfection parameter are listed by section
typologies in Table 2.

According to Table 2, there exist different approaches for considering the influence of the yield strength in the

imperfection factor:

» The first approach consists in proposing a modified imperfection (), factor, noted a-in the following form: a+- a «
25, - this approach has been the most promoted one in the literature for decades. Indeed, Maquoi already
proposed this format in 1982 [26] and it was later recommended in an IABSE report in a generalized form [40]. In
2005, the exponent n = 1 was seen as more suitable for grades up to S400 while Maquoi was recommending an
exponent n = 0.8 [26]. The main advantages of this form for the modified imperfection factor are; (i) to keep the
same historical buckling curves for S235 and (ii) to avoid proposing different specific imperfection factor values
for each steel grade. The exponent could be different depending on the section typology as illustrated in Table 2.
The second approach consists of applying a coefficient e \/% on the relative slenderness as proposed by Jonsson
and Stan " [37] in 2016 for hot-rolled sections subjected to strong-axis flexural buckling. This approach consists of
considering this parameter ¢, which is well-known in the steel construction sector for accounting the vyield
strength. But, in this form, it implies that the higher the yield strength, the longer the yielding plateau. The validity
of this approach for weak axis flexural buckling has not been investigated.

The third approach consists of forgetting all current buckling curves and proposing a modified imperfection factor

as a function of «. In the publication for hollow sections from Meng and Gardner [29], they also proposed to reduce
the length of the yielding plateau to a relative slenderness of 0.1, instead of 0.2.

The various approaches do not respect the current recommendations of Eurocode 3, as the first one was established
to fit with 430 MPa instead of 460 MPa, the second modifies the length of the yielding plateau and the third one
does not respect the historical buckling curve discretization. So, this paper presents investigations performed on the
buckling resistance of members made of hot-rolled sections with the objective of proposing a consolidated model
to account for the beneficial impact of high-yield strength.

Research objectives and adopted methodology

This paper aims to evaluate the effect of the yield strength on the buckling resistance of columns under compression
as well as to propose a new imperfection factor expression to continuously account for the yield strength. The
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pursued methodology consists of calculating buckling resistances based on geometrically and materially non-linear
analyses with imperfections (GMNIA). These analyses are performed by using the Finelg finite element software
developed by the Greisch office and the University of Liege [41]. This software has been used and validated through
many studies conducted in the past to model instability phenomena [42,43,44,45,46]. The numerical investigations
focus on hot-rolled sections in existing grades ranging between S235 and S500, but also in possible future emerging
higher grades (up to S690), therefore in the framework of a prospective study. In addition, the scope of this study is
limited to H-shape cross-sections which possess low-thickness flanges as these profiles are the most represented ones
in product catalogues (tr< 40 mm and t;< 100 mm for height-to-width ratios above and below 1.2 respectively). The
yield strength f, of steel grades is considered equal to the recommended values in FprEN1993-1-1 [17] for grades up
to S700 depending on the thickness domain, i.e., tr< 40 mm or 40 mm < t:< 80 mm [17]. The HISTAR® trademark
steels of ArcelorMittal offer improved yield strengths up to higher flange thickness, for instance, the nominal yield
strength is conserved up to 100 mm for HISTAR® 460 [47]. However, according to product standards EN10025-2 [48]
and EN10025-4 [49], even for flange thicknesses below 40 mm, a small decrease in the yield strength is contemplated;
the effect of this eventual reduction is also addressed in this paper by considering the yield strength associated with
the maximum flange thickness as prescribed in the above-mentioned product standards (see Fig. 1).

Higher thicknesses have been already investigated in a previous study in which the negative effect of the associated
yield strength reduction was observed [50]. However, only a few sections exist with thicknesses higher than 100 mm
for h/b> 1.2 (already studied in [50]) while no one exists for h/b< 1.2 in product catalogues [50,51].

Flexural buckling about both buckling axes is studied and, to simulate a buckling curve, 13 simply supported columns
are modelled corresponding to 13 various reduced slendernesses along the buckling curve; each specimen length is
obtained using the Eurocode relative slenderness depending on the classification (Eq. 4):
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Fig. 1. Evolution of the yield strength depending on the flange thickness.
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Based on failure loads obtained by numerical simulations, the corresponding reduction factor can be derived as:

N, u FEM

LIy —

Where N, remis the ultimate load obtained by numerical simulations and Ay is the area of the cross-section used in
finite element simulations. The correspondence between Eurocode and numerical buckling curves is evaluated by
calculating the mean value (%), the standard deviation (COV) and the minimum and maximum values of the ratios ()
between numerical and analytical reduction factors ¥z . A buckling curve is assumed to be suitable when the mean
value is above 1.0, this limit corresponds to the partial safety coefficient for stability design calculations (ym: = 1.0).
The statistical evaluation and the figures presenting the results of the study have been realized by means of the
MATLAB software [52]. Although the numerical simulations are mainly performed by using beam finite elements,
when no local instabilities are expected, some shell finite element simulations are also performed to generalize the
conclusions for Class 4 cross-sections. A summary of the wide numerical campaign consisting of more than 1500
columns, including geometrical properties of the selected cross-sections and the type of finite elements used
depending on the EC3 cross-section classification is reported in Table 3. It is worth noting that more profiles are
considered for height-to-width ratios below 1.2 to cover the wider spectrum of thicknesses (up to 100 mm). Additional
numerical simulations for HEM500 and HD400x818 profiles were realized considering the yield stress reduction
according to product standards EN10025-2 and EN10025-4 [48,49].

Table 3
Geometrical properties and type of finite elements for each selected cross-section.
Limits Designation h [mm] b [mm] tw [mm] ty [mm] r [mm] Class in 5460 Class in S690 Type of FE
b= 1.2 HEB400 400 300 13.5 24 27 2 3 Beam
/e < 40 mm HEMS500 E_|24 306 21 40 27 1 2 Beam
- HEB600 600 300 15.5 30 27 4 4 Shell
HEA240 230 240 7.5 12 21 3 3 Beam
h/b < 1.2 HD4-0072_62 387 398 21.1 33.3 15 1 1 Beam
/ tf_'il 100 mm HD400x 634 474 424 47.6 77.1 15 1 1 Beam
- HD400x818 514 437 60.5 97.0 15 1 1 Beam
HEA300 290 300 8.5 14 27 3 4 Shell

Numerical simulations using beam finite elements

DESCRIPTION OF THE NUMERICAL MODEL

Buckling curves are simulated using geometrically and materially non-linear analyses with imperfections (GMNIA).
The numerical simulations are realized by imposed load at the top of the modelled column. The non-linear analysis is
solved using the arc-length method in order to catch the decreasing load branch after reaching the peak load. The
Nurem is considered as equal to the peak load, which corresponds to the maximum load on the load-displacement
curve. 10 beam elements have been chosen to model a column based on a mesh sensitivity study. Before the non-
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linear analysis, a linear bifurcation analysis (LBA) is performed to get the first instability mode shape. This mode shape
is introduced as a geometrical imperfection and amplified by L/1000 as buckling curves were derived based on this
value and as commonly recommended in many studies [20,50,51,53,54]. Regarding the residual stress patterns, the
preconized distributions for hot-rolled sections from

ECCS [50,51,53] are implemented in the model, with peak stresses of
0.3 * 235 =70.5 MPa for sections with h/b>1.2 and

0.5 * 235 =117.5 MPa for sections with h/b< 1.2. These residual stress distributions are supposed to be constant over
the thickness, and the f, *indicated in Fig. 2 is 235 MPa. This ECCS residual stress model is commonly used for wide
flange hot-rolled sections regardless the yield strength as it has been confirmed that the yield strength is not
influencing the residual stress distribution within a hot-rolled cross-section [25,37,55,56,57]. Thus, this model has
been considered for each numerical model as recommended in new standard prEN1993-1-14 [58]. The assumed
material model is linear elastic — perfectly plastic material model without strain hardening. A nominal plateau slope
of E/10000 has been applied for numerical stability reasons. The impact of strain hardening for relative slenderness
higher than 0.2 is neglectable as failure mode is a flexural buckling instability mode; this was already assumed in
another research [50,54]. The assumptions behind the numerical models are summarized in Fig. 2.

Material law

Support conditions &
Initial bow imperfection

Residual stress pattern
0.3f;/0.5f;

. X lﬁ‘ 036;/056;

| geoiscr W4 f; =235 MPa

Fig. 2. Description of model assumptions for beam finite element modelling.

VALIDATION

To validate the accuracy of the developed numerical model, a comparison between numerical and experimental data
has been carried out. The validation was performed on the experimental tests carried out at the Fritz Engineering
Laboratory in 1972 [59]. This campaign was an extension of the ECCS program [18] targeting heavy shape cross-
sections (thickness greater than 30 mm) which are covered in this study. The test program consists of buckling tests
of pinned end HEM340

(h/b>1.2) and W12x161 (h/b < 1.2) columns for two different slenderness ratios (L/i;= 50 and L/i,= 95) and provides
additional measurements (coupon tests, residual stress distribution, out-of-straightness). It has been decided to
simulate numerically one test of both slenderness for the two sections to ensure the accuracy of the numerical model
to simulate buckling curves; the results are represented in Fig. 3. The linear elastic material law has been used to
reproduce these experimental tests to show its relevance for such simulations.

8
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As shown in Fig. 3, the numerical model provides satisfactory predictions. It should be noticed that, for tests B-1-B-
2-1 and B-1-GB-1-1, the numerical response is highly dependent on the residual stress pattern as the relative
slenderness for these columns is close to 1.0. It is important to mention that residual stress measurements are not
provided for tests B-1-B-2—1 and B-1-GB-1-1, thus the same residual stress patterns as for tests B-1-B-2—4 and B-1-
GB-1-5 have been introduced leading to the observed difference in terms of peak loads. In addition, as reported in
Fig. 3, other numerical simulations have been performed by considering predefined imperfections, i.e., the ECCS
residual stress model and a geometrical imperfection of L/1000 to illustrate the correspondence between numerical

simulations and Eurocode predictions.
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Fig. 3. Validation of the numerical model based on experimental results.
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This validation was conducted on the existing buckling tests for mild steels, as no buckling test results on hot-rolled
double-T members in high-strength steels are available in the literature. However, another study has already
demonstrated the reliability of this finite element software to simulate the flexural buckling of hot-rolled high-
strength angles members [45]. As the aforementioned research focuses on a different cross-sectional shape of hot-
rolled sections, investigations were carried out on the residual stress pattern of similar shapes in increased yield
strengths, as this has been identified as a key parameter affecting the resistance to flexural buckling. Although the
forthcoming prEN1993-1-14 [58] recommends the use of the ECCS residual stress model scaled by 235 MPa
regardless of the yield strength, a validation was carried out based on recent residual stress measurements performed
on similar hot-rolled wide flange shapes of different grades [55,60,61, 62,63], as shown in Fig. 4.

Fig. 4 confirms that there is no residual stresses increase with the yield strength. All residual stress measurements
provide residual stress levels at flange tips that are lower than those predicted by the residual stress model. For the
sake of a prospective study, this is assumed to be the case for grades above the practical range. Consequently, the
residual stress model is conservative, and the finite element model is deemed appropriate for the numerical
simulation of hot-rolled sections in mild and high-strength steel grades.

ASSESSMENT OF CURRENT RECOMMENDATIONS FOR $235 AND S460 GRADES

The buckling curve recommendations from the current and the new upcoming versions of EN1993-1-1 [15,17] are
reported in Table 4.

As can be seen in Table 4, the current buckling curves for the weak axis were a bit optimistic and recent researches
have demonstrated that they were not appropriate [51,64,65]; one lower buckling curve was seen as more suitable
and the modification has been introduced in the new upcoming version FprEN1993-1-1 [17]. Therefore, the situation
of 1976 in which one higher buckling curve was recommended for the high-strength steel grade once again applies
for each geometrical limit and buckling axis. Before going further in the present study, numerical simulations of the
two grades already covered in standards, i.e. $235 and S460, have been performed for the sake of confirmation of
the above-mentioned recent research. The results are represented in Fig. 5.

According to Fig. 5, a reasonable fit is obtained by comparing results from the GMNIA FinelLg analyses and the selected
buckling curves from Eurocode, especially for height-to-width ratios above 1.2 given the mean values x are close to
1.0 (as defined in the methodology). In contrast, for height-to-width ratios below 1.2, the simulated buckling
resistances are about 5 % higher on average than the prescribed Eurocode curves. It means that, even for S235 and
S460, there is a small margin of improvement.

The reduction factor accounting for flexural buckling highly depends on the residual stress distributions, the
geometrical imperfections, and the yield strength whereas the cross-section geometries have a negligible impact for
a same geometrical limit / table row defined in Table 8.3 of FprEN1993-1-1:2022 [17]. This observation justifies the
methodology to consider only a limited number of profiles for the different geometrical limits / table rows studied.
Eventually, the reduction factor is only slightly affected by geometric tolerances, given the importance of the effect
of initial imperfections, thus the inferences remain valid.
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Table 4
Eurocode selection of buckling curves for flexural buckling according to [15,17].
EN1993-1-1:2005 FprEN1993-1-1:2022
- Buckling g
Limits 2bout axis 52355275 . 82355275 ”ﬁi:
5355-5420 5355-5420 5700
h/b = 1.2 vy a ag a ag
S
< 40 mm zz b ag b a
h/b = 1.2 vy b a b a
/e
<100 mm zz e a e b

Numerical simulations for relative slenderness of 0.2 present a reduction factor y < 1.0, meaning that, for this boundary
limit between stocky and slender columns, flexural buckling appears earlier than the yielding of the cross-section.
This observation is in line with other research works pointing out a lower reduction factor for this boundary
slenderness [29,37]. Indeed, whatever the constitutive law, the consideration of the strain hardening has no impact
for 4> 0.2 [37], These authors react to this feature by proposing a continuous imperfection factor which shifts the
yielding plateau: Meng & Gardner [29] propose to reduce the yielding plateau from relative slenderness of 0.2 to 0.1
whereas Jonsson ” & Stan [37] even suggest a yielding plateau length which is a function of the yield strength, by
applying the & factor on the relative slenderness (see Table 2). In the framework of this research, following the
mathematical model prescribed in prEN1993-1-14 [58], some simulations with a trilinear material law to account for
strain hardening have been realized and the same peak loads were observed as shown in Fig. 6 for first slendernesses
and selected profiles with height-to-width ratios above 1.2, confirming the observations expressed in the literature.

Fig. 6 testifies that the strain-hardening does not influence the results and the buckling load associated to relative
slenderness of 0.2 is slightly lower than the member plastic resistance. Nonetheless, it is worth noting that the value
of 0.2 has been prescribed based on experimental column tests which are likely to present lower imperfections than
the ones conservatively used in numerical simulations. In addition, the yield strength is at least the nominal value and
thus, it makes sense that this value results from statistical analyses of experimental tests instead of numerical
simulations. For the sake of continuity with existing recommendations, it has been decided to keep the length of the
plateau as it is suggested in Eurocode 3.
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Fig. 4. Validation of the residual stress model used in the numerical simulations.
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As explained in the literature, the modified Maquoi imperfection factor [26] fits with the jump of one buckling curve
recommended at the time for 430 MPa (in previous ECCS recommendations [25]). The current version of EN1993—1-1
[15] sometimes offers a jump of two curves for S460, but it has been corrected in the last version FprEN1993-1-1 [17].
Indeed, a difference of one buckling curve between S235 and S460 is again prescribed in FprEN1993-1-1 [17],
regardless of the h/b ratio and the buckling axis (Table 4). Consequently, given a jump of one buckling curve has been
validated through numerical investigations and with the idea of conserving the length of the yielding plateau as it is,
the approach of Maquoi [26] is adopted for establishing a new up-to-date imperfection factor.

CONSIDERATIONS FOR INTERMEDIATE GRADES (S355 AND S420)

As explained in the literature review and according to recent investigations [37,51], grades between S235 and S460
are probably the disadvantaged grades given the current Eurocode recommendations as the curve calibrated for S235
steel grade is imposed to the latter. These grades have been analyzed by representing the preconized buckling curve
and the one just above to see whether a higher curve could be assigned to these grades (see Fig. 7). The statistical
evaluation is made on this higher buckling curve i.e., curve agin Fig. 7a, curve ain Fig. 7b and Fig. 7c and curve b in Fig.
7d.
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Fig. 7. Evaluation of the possibility of reducing one buckling curve for 5355 and 5420.
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As demonstrated in Fig. 7, the results confirm the expectations that the buckling resistances of S355 and S420 are
underestimated leading to over-designs for those grades. This observation is even more pronounced for height-to-
width ratios below 1.2 as they encounter higher relative residual stress distributions. Whatever the height-to-width
ratio, one higher buckling curve could have been prescribed for S355 and S420. However, the mean ratio x is equal to
or just below 1.0 for S355 in case of a height-to-width ratio beyond 1.2. The safety aspects should be discussed in the
case of a higher curve selection. However, by defining a continuous imperfection factor, the increase could be less
than one buckling curve, respecting in this case the statistical evaluation, as it will be demonstrated later on.

ESTABLISHMENT OF A CONTINUOUS EXPRESSION FOR THE IMPERFECTION FACTOR

Based on the research works presented in the previous subsections, it may be concluded that grades S235 and S460
are correctly characterized. The idea in this paper is therefore to propose a continuous imperfection factor, but strictly
respecting the current recommendations for these two steel grades. It has been decided to consider the approach
proposed by Maquoi [26], in which the exponent n is fixed equal to 0.7, to respect the current imperfection factors for
$235 and S460 (Eqg. 6). Indeed, by using this exponent, if «=0.21, ar=0.21 for S235 and a*= 0.13 for S460. Similarly, if a
=0.34, a*=0.34 for S235 and a*=0.21 for S460. These imperfection factors for $235 and S460 are in line with the current
recommendations of Eurocode. However, if a=0.49, o= 0.49 for $235 and o= 0.31 for S460 which does not correspond
to buckling curve “b”. This difference was already stated for the Maquoi imperfection factor [26] and, it has been
considered acceptable given the margin of improvement observed in Fig. 5d. So:

0.7
o == (2E5) (6)

The study consists in evaluating for which o« the buckling curve fits with the GMNIA results (corresponding to a mean

value ¥ of 1.0 as defined in the methodology) considering a continuous vector of a €0.1 : 0.001 : 0.49]. Fig. 8 illustrates
the evolution of the calculated imperfection factor as a function of the yield strength and the proposed modified
imperfection factor (Eq. 6) for the sake of comparison. In addition, results considering the minimum yield strengths
prescribed in EN10025—-2 and EN10025—4 [48,49] for profiles of Table 3 for which the thickness of the constitutive
parts implies a yield stress reduction (see the strength reduction in Fig. 1) are also reported to evaluate the impact of
this reduction on the results. For other cross-sections, the yield strength prescribed in Table 5.1 of FprEN1993-1-1 [17]
is considered.
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The consideration of sections with higher thicknesses according to EN10025-2 [48] and EN10025-4 [49] leads to higher
imperfection coefficients which however remain below the corresponding modified imperfection factors of the
proposal. Fig. 8 demonstrates the negligible impact of the yield strength up to flange thicknesses of 40 mm; this is in
line with the recommendations of FprEN1993—1-1 [17] consisting of keeping the nominal yield strengths up to 40 mm.
The proposal with an exponent of 0.7 gives a good correlation with numerical simulations.

This proposition offers a double advantage: (i) it provides a common buckling curve expression whatever the cross-
section dimensions and the bucking axis, and (ii) it permits to conserve the historical Eurocode curves (ag, a, b, ¢, and
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d) for S235.

Numerical simulations using shell finite elements

Considering high-strength steels for hot-rolled sections implies that some sections from producer catalogues fall into
the class 4 cross-section category, meaning that they are susceptible to an earlier failure due to local plate buckling.
So, some additional numerical simulations using shell finite elements have been realized to justify whether the

modified imperfection factor is also valid for Class 4 cross-sections.
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Geometrically and materially nonlinear analyses with imperfections (GMNIA) have been performed using the Finelg
software [41]. The classical residual stress pattern as described in Fig. 9 is implemented, and two geometric
imperfections are introduced based on a prior linear bifurcation analysis (LBA) performed on each member: a first
geometric imperfection affine to the first flexural buckling mode shape and a second geometric imperfection affine to
the first local buckling mode shape (see Fig. 9). The flexural buckling mode shape is amplified by L/1000 while the local
buckling mode shape is amplified by ¢/200 as recommended in current EN1993-1-5 [66], in future upcoming
recommendations for numerical modelling prEN1993-1-14 [58] and by other researchers [29]. Whilst some design
recommendations preconize to reduce the amplitude of accompanying imperfections, no reduction has been applied
in the present study for the sake of conservatism.

The investigations focus on two profiles, i.e., HEB600 and HEA300 in S460 and S690 subjected to flexural buckling
about the weak axis; these profiles are Class 4 for yield strengths higher than 460 MPa due to the slenderness of their
webs. The shell modelling implies an overlapping of the web over the flanges to have a mesh continuity and it has been
chosen to neglect the fillets. A comparison of geometrical properties shows a difference of less than 0.1 % in terms of
weak-axis moment of inertia; this difference is, therefore, negligible for weak-axis buckling. However, neglecting the
fillets leads to a non-negligible reduction in the cross-sectional area, particularly for the lighter section (HEA300).
Consequently, the reduced area used in simulations, noted Agzn, has been considered for determining the specimen
lengths (Eq. 4). A mesh sensitivity study has been realized and the mesh represented in Fig. 9 appears to be suitable to
correctly model the instability phenomena (aspect ratios close to 1). Eventually, support conditions have been applied
through kinematic coupling constraints at column ends, represented by dashed lines on the cross-section mesh in Fig.
9. The numerical modelling assumptions are summarized in Fig. 9.

The numerical campaign covers 52 columns which have been modelled for 2 grades (S460 and S690) and 13
slendernesses for each profile. The comparison with the modified imperfection factor curve is represented in Fig. 10
with a statistical evaluation.
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Fig. 9. Description of model assumptions for shell finite element modelling.

According to Fig. 10, it appears that similar results are observed between shell and beam finite element modelling,

small differences are nonetheless observed in the intermediary slenderness range (2 € (0.5 1.5) This can be justified
by the superposition of the local plate imperfection in addition to the one associated with flexural buckling which may,
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in some cases, increase or decrease the amplification factor of L/1000. However, the difference between both finite
element simulations is seen as negligible. The statistical evaluation testifies of a good correlation between the shell
model and the modified buckling curve proposal meaning that this proposition is also valid for class 4 cross-sections.

In addition, Fig. 10b also demonstrates that, even if the proposal does not perfectly respect a “jump” of one buckling
curve in the case where a = 0.49 for S235, there is a good correlation between this imperfection factor proposal and

the numerical results for S460, i.e., for - 0.31.

Confrontation with other existing expressions from literature and
benefit in terms of column buckling loads

Comparisons based on the mean value of the ratios of the buckling reduction factors from the proposal and other

e . . . . X X of £z ALmw .!Fz'“ ﬂﬂd,!”'“
modified imperfection factors proposed in the literature, i.e., the average values Xzos " Aeemn | Xtdaquo Hiamszon Qe

reported in Fig. 11.

Current and future upcoming versions of Eurocode recommendations provide valid design recommendations for S235
and S460 but completely neglect the beneficial impact of yield strength for intermediary grades and future emerging
grades (yield strengths higher than 460 MPa).

Whilst Jonsson ™ & Stan [37] focused on hot-rolled sections vulnerable to strong axis buckling only, the application of
this modified factor for weak axis has also been evaluated. However, even for strong axis buckling, the mean value x
is sometimes below the unity. The partial safety coefficient yaxi1 = 1.0 should in this case be revised to be on the safe
side. Additionally, the mean value x is always below unity for grades beyond S460 for weak axis buckling. According to
Fig. 11, this criterion seems to be fully applicable up to 420 MPa but, beyond this grade, it is more questionable,
especially for weak axis buckling.

Regarding the modified imperfection factor of Maquoi [26], the results are good, especially for grades below S460. In
addition, this factor was calibrated in such a way that the curves adjust themselves on the classical imperfection factors
from Table 1 for 235 MPa and 430 MPa; the proposal of this paper is just an adjustment of this factor for 460 MPa
instead of the 430 MPa. Indeed, as can be seen in Fig. 11, the proposal of Maquoi [26] does not respect the current
recommendations for S460 which were evaluated as suitable in this paper.

The adaptation of this factor with an exponent of 0.7 gives quite interesting results, with mean values x which do not
exceed 5 % for height-to-width ratios below or equal to 1.2 while the mean values x are lower than 1.02 for height-to-
width ratios beyond 1.2. This proposal could therefore enable each grade of the range covered by new up-coming
standards to benefit from the beneficial effect of yield strength linked to the decreasing relative importance of the
residual stresses, assuming the production process for these new steels will result in similar residual stress levels. In
addition, this proposal respects the jump of one buckling curve between S235 and S460, except in the case where a -
0.49, a*=0.49 for S235 but o+ = 0.31 for S460. However, even with a*-0.31 for S460, the mean value x remains above 1.0
with a reasonable COV coefficient as can be seen in Fig. 11d.

Finally, the benefits in terms of member buckling loads resulting from the use of the proposed modified imperfection
factor instead of new upcoming Eurocode recommendations are represented in Fig. 12.
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Fig. 12. Resulting gains from the use of the modified imperfection factor instead of new upcoming Eurocode recommendations [17].

Fig. 12 reports significant resistance increases especially for already existing grades S355 and S420 for which the
flexural buckling resistances are currently underestimated in Eurocode. The peak increase corresponds to a non-
dimensional slenderness of 1.0, for which the residual stresses distribution highly affects the results. The resistance
gain is ranging from 1 to 12 % but, even a small increase in the buckling resistance may lead to a gain of one profile,
and thus to a non-negligible reduction of the structure weight. Moreover, this modification contributes to the
improvement of existing design rules, avoiding a non- physically justified stepwise evaluation of the buckling resistance
when yield stress increases, and consequently, it contributes to the global objective of reducing the use of materials
in future steel structures.
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Conclusions

This paper proposes an adaptation of the design rules provided in Eurocode 3 for a member under pure compression
prone to flexural buckling through the use of a modified and continuous expression of the so-called imperfection
factor.

A review of the literature reveals that different authors have already suggested the use of a continuous expression of
the imperfection factor. However, at present, the current and forthcoming version of Eurocode 3 still proposes a
stepwise evolution of the imperfection factor by regrouping steel grades, which does not make physical sense.

This article presents the results of numerous numerical simulations aimed at providing the buckling resistance of hot-
rolled columns for various existing or not yet existing grades as a prospective study. These simulations allowed to
derive a continuous expression of the imperfection factor accounting for the decrease of the influence of the residual
stresses on the flexural buckling resistance when the yield strength increases. The proposed modification is
summarized in Fig. 13.

This factor is a slight modification of an existing modified imperfection factor proposed by Maquoi in 1982 [26],
respecting the present normative recommendations made for S235 and S460 steel grades, which can be considered
appropriate. This factor presents the second advantage to be applicable for all section dimensions covered in this
paper. The classical buckling curves recommended in Table 1 are conserved for grade $235, while the yield strength is
accounted for by a modified imperfection factor. All grades beyond S235 would thus be freed from any undue
penalization caused by a non-continuity of design recommendations in terms of imperfection factors.

0.7
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Fig. 13. Summary of the modification proposal.

Although this article initially focused on high-strength steels, it was demonstrated that several existing grades were
also disadvantaged by current rules. It is particularly the case for steel grade S355 for which the flexural buckling
resistance is currently underestimated. In the context of growing issues in terms of resource scarcity, it becomes crucial
to adapt the design rules to optimize the material usage in the building sector.

This proposal is the result of a theoretical study; Monte-Carlo simulations may be carried out to take into account the
variability of geometrical and material properties. Experimental column tests would also make it possible to carry out
a statistical study and set the associated partial safety coefficient ya1 according to annex D of EN 1990, especially tests
on grades equal to or higher than 500 MPa which could appear in the upcoming years to validate the proposed trend.
Finally, existing modified imperfection factors for hollow sections or welded I-beams should be analyzed to investigate
the possibility of having the same expression for the imperfection factor whatever the section typology.
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