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ABSTRACT

The current Eurocode 3 rules for buckling of welded I-section members are based on the
assumption of hot-rolled flanges. However, flame-cut flanges are widely used in practise and
induce significantly different residual stress distributions, affecting the lateral-torsional buckling
resistance. Experimental tests and finite element analyses considering residual stress distributions
clearly highlighted the beneficial effect of flame-cut flanges compared with hot-rolled flanges on
the lateral-torsional buckling resistance of welded [-beams. To complete these preliminary results,
a large number of non-linear finite element analyses are performed considering welded beams
made of hot-rolled or flame-cut flanges. The beams are composed of steel grades S275 and S355.
Numerical results confirm the influence of the flange fabrication process on the buckling
behaviour. Eurocode 3 rules are found to be overly conservative for welded beams made of flame-
cut flanges. Consequently, proposals are made that are more suitable for estimates of the lateral-
torsional buckling resistance of welded beams made of flame-cut flanges. The code rules are also
very conservative for welded beams made of hot-rolled flanges with a medium-to-high
slenderness. A design method is thus proposed to improve the prediction accuracy of the lateral-

torsional buckling resistance of slender welded beams made of hot-rolled flanges.

The novel design method from prEurocode 3 provides acceptable values of the buckling resistance
for welded beams made of flame-cut flanges but is restricted to uniform doubly symmetric beams.

An extension of its scope to mono-symmetric uniform beams as well as tapered beams is thus
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suggested. An enhanced imperfection factor is proposed, adapted to welded beams made of flame-

cut flanges.

Keywords: Lateral-torsional buckling, Flame-cut flanges, Tapered beams, Mono-symmetric

beams.

1 INTRODUCTION

The lateral-torsional buckling resistance of a steel beam is influenced by the cross-sectional
bending resistance, the slenderness and the imperfections resulting from the fabrication process.
For welded members, the future and current Eurocode 3 Part 1-1 ([1], [2]) rules were developed
considering hot-rolled flanges for which the fabrication process does not includes thermal cuts,
hereafter referred to as “hot-rolled flanges”. However, other fabrication methods are widely used
in practise, especially flame-cut flanges. Both fabrication methods induce significantly different
residual stress distributions ([3], [4]). These differences yield substantial deviations in the lateral-
torsional buckling resistances [4]. Indeed, a clear increase in the load bearing capacity of welded
beams was observed when accounting for the flame-cuts. Complementary results are thus needed
to confirm these observations and to propose better design methods. The first objective of the
present paper is to conduct a large parametric study to evaluate the lateral-torsional buckling
resistance of welded I-section beams made of flame-cut flanges but also of hot-rolled flanges.

GMNIA-type calculations are thus performed using shell elements with the residual stress model
proposed by Lebastard et al. [4], focused on welded members made of flame-cut flanges and
based on experimental test results. These Geometrically and Materially Non-linear Analyses
account for the geometrical and material Imperfections of the member. The lateral-torsional
buckling behaviour of S275 and S355 uniform and tapered beams with a doubly or mono-
symmetric cross-section is investigated. The studied beams are subjected to end moments or a
transverse loading, uniformly distributed over the length or pointwise at mid-span. Additional
analyses are also performed considering similar welded beams but made of hot-rolled flanges,

using the residual stress model from prEurocode 3 Part 1-14 [5]. The numerical results show that
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the current rules based on the buckling curve approach are adequate for welded beams made of
hot-rolled flanges for low-to-medium slenderness with a clear safety margin for increased
slenderness. For welded beams made of flame-cut flanges, the Eurocode rules are very
conservative, whatever the slenderness. These conclusions are drawn for all of the beam types
studied. A clear influence of the bending moment distribution on the buckling resistance is also
observed.

Partial factors are computed following the requirements of Eurocode 0 Annex D [6] and the
European RFCS project SAFEBRICTILE [7]. The values associated with the buckling curves
method confirm a significant over conservatism for welded beams made of flame-cut flanges.
Two enhanced methods are proposed for this type of beams. The first design method proposed
here makes use of one more favourable buckling curve and the second method, of an imperfection
factor defined per member and inversely proportional to the slenderness. The latter proposal also
accounts for the bending moment distribution in the determination of the buckling resistance. A
similar proposal is presented for welded beams made of hot-rolled flanges.

Besides, the predictions of the novel design method for computing the buckling resistance in prEN
1993-1-1 [1] developed by Taras ([8], [9]) are in good agreement with numerical results with a
small safety margin. However, this design method is limited to uniform doubly symmetric beams.
Other recent developments based on a consistent mechanical background have yielded design
methods adapted to tapered beams. Indeed, Marques et al. [10] proposed a method for tapered
beams depending on parameters calibrated using the results of a parametric study. In addition,
Tankova et al. [11] derived a General formulation adapted to uniform and tapered beams with a
doubly symmetric cross-section. This method relies on the second derivative of the elastic critical
buckling mode shape, the hand computation of which is generally excluded. Thus, finite element
analyses must be employed.

Since the novel design method prEN 1993-1-1 [1] is applicable solely in the case of uniform
doubly symmetric beams, its extension to tapered mono-symmetric beams is sought. Analytical
developments are realized using assumptions similar to those of Taras ([8], [9]). The resulting

method is analogous to the aforementioned one, with the introduction of a new parameter
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82  accounting for the tapering and mono-symmetric design of the member. An imperfection factor

83  adapted to welded beams made of flame-cut flanges is suggested.
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2 DESIGN RULES FROM EUROCODE 3 AND

PREUROCODE 3

2.1 Introduction

The numerical results from Section 3 will be tested against the predictions of design rules for
lateral-torsional buckling proposed in the project of Eurocode 3 Part 1-1 [1]. Two methods exist
for uniform beams: the General case, presented in sub-Section 2.2, and a new verification format,
described in 2.3. For non-uniform beams, Eurocode 3 Part 1-1 [1] requires the use of the General
Method described in sub-Section 2.4. The design methods proposed in Section 4 are constructed
within the framework of these methods while an extension of the new verification format is

proposed.

2.2 General case

To assess the stability of a uniform member in bending, according to prEurocode 3 Part 1-1 [1],

the following expression has to be verified:

M yEd
M Rrd

<1.0 (1)

with:
My gq: maximum design value of the bending moment about y-y (see Figure 1),

My rq: design value of the lateral-torsional buckling resistance obtained using:

M yrk
Mbord= X 1—— )
Y M1

with:
My ri: characteristic value of the cross-section resistance against bending about y-y,
xut: reduction factor for lateral-torsional buckling,

ym1: partial factor for the resistance of members to instability.
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a) Uniform beam

N
[ R
—>
‘V
L |
—
b) Tapered beam ¢) Sectional view

Figure 1: Coordinate system and notations

To compute the reduction factor, one may use the “General case”, i.e. §6.3.2.2 of Eurocode 3 Part

1-1 [2], which is based on the buckling curve approach. These buckling curves are founded on an

extensive experimental study conducted on members in compression during the 1960s-1970s (see

[12]-[14]). These studies yielded four buckling curves for I-section members in bending

depending on the cross-section type and dimensions, the fabrication process, the steel grade and

the buckling direction. Using the General case method, the reduction factor is given by:

Y= ! <1.0
= =-=<! (3)
Prt \/¢iT ~ALT
¢LT:0.5[1+aLT(/1LT —0.2)+ziT} (4)
with:
ort: imperfection factor for lateral-torsional buckling (see Table 1),
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Buckling curve a b c d

arr 0.21 0.34 0.49 0.76

Table 1: Imperfection factors

ZLT : normalized slenderness for lateral-torsional buckling:

_ M y Rk
A = |—2— (%)
My cr

where My is the elastic critical lateral-torsional buckling bending moment.

The buckling curve selection for welded members, according to prEurocode 3 Part 1-1 [1], is
presented in Table 2. The two least favourable buckling curves are used for welded beams, but as
is common practice for steel buildings, the lateral-torsional buckling resistance of a welded beam
is computed using curve d, i.e. #/bmin > 2.0, where bmin is the minimum value between the widths

of the two flanges.

Limits Buckling curve
h/bmin < 2.0 c
h/bwin > 2.0 d

Table 2: Buckling curve selection for welded members
A distinct design method from EN 1993 1-1 [2] makes use of a coefficient fto increase the lateral-
torsional buckling resistance accounting for the bending moment distribution. This design method
is not maintained in prEN 1993-1-1[1], but the French National Annex to EN 1993 1-1 [15] allows
for an increase in the reduction factor calculated with the General case depending on the bending

moment distribution using the coefficient f:

X
zLT,mod: fI:TSI.O (6)

— 2
f=1—0.5(1—kc)[1—2.0(2u -0.8) }31.0 (7)

where the correction factor k. is given in Table 3 for usual load cases.
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Moment distribution ke fM

. 1.0 10
M [Hﬁ 1 2
~1<y <1 1.33-0.33y 1.25-0.1y ~0.15y

0.94 1.05

0.86 110

Table 3: Factors kc and fm

2.3 New verification format
As an alternative to the General case, prEN 1993-1-1 [1] proposes a new design method to

compute the reduction factor yr. Based on consistent analytical developments realized by Taras
([8], [9]), this “new verification format” is proposed for the use of uniform doubly symmetric

beams resting on fork supports at both ends:

Sm
. ¢LT+\/¢iT_fMAiT ( )
i)Y =
=05 1+fM{{%J arr(4s —0.2)+ziT] 9)

where the factor f\ depends on the bending moment distribution and is given in Table 3 for simple
bending moment diagrams.

Different values of the imperfection factor art are defined in prEN 1993-1-1 [1] for welded beams
depending on the flange thickness (see Table 4). In common practice for steel buildings, the flange
thickness of welded members is less than or equal to 40 mm; the first line of Table 4 therefore

generally applies.

Limits aLT

tr <40 mm 0.21 Wely <0.64
Wel,z

tr> 40 mm 0.25 Wely <0.76
Wel,z

Table 4: Buckling curve selection for welded members
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2.4 General Method

According to Eurocode 3 Part 1-1 [2], the stability verification of a non-uniform member in
bending can be performed using the General Method which requires the following criterion to be

verified:

ZLTaUIt’kZI.O (10)
V™M1

where the minimum amplifier of the design loads reaching the characteristic resistance of the most

critical cross-section of the beam, auik, is obtained using:

M y,Rk

y,Ed

(x) (11)

a ult,k(x) =

The reduction factor yrr is computed for the normalized slenderness given by:

Ay =[S (12)
O cr,op

where oOcrop 18 the minimum amplifier of the design loads to trigger the elastic lateral-torsional
buckling of the beam.

The predictions of both the General case and the new verification format will be compared against
GMNIA results obtained for uniform beams using the numerical model described in the next
Section. For tapered beams, the numerical results will be compared against predictions of the

General Method used along with the General case.
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3 FINITE ELEMENT ANALYSES

3.1 Presentation of the finite elements model
The numerical model is developed using the ANSYS v.2020 software package by means of four-

noded shell finite elements (SHELL 181). The multilinear material law depicted in Figure 2 is
considered with an elastic regime characterized by a Young’s modulus of £ =210 000 MPa and

a Poisson’s ratio of v=0.3.

Figure 2: Material law

Residual stress models for welded members made of hot-rolled flanges (see Figure 3a)) or made
of flame-cut flanges (see Figure 3b)) are implemented. The model employed for welded beams
with hot-rolled flanges corresponds to that prescribed by prEurocode 3 Part 1-14 [5] based on the
ECCS model [16]. The model for flame-cut flanges proposed by Lebastard et al. [4] depends on

the following parameters:

GC:_fy(o.zs—o.oosﬁjs-o.l4fy (13)
It
h
Criip = fy(0.70 —0.35?) >0.03f, (14)
biso :b(o.1+o.036%j (15)
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Furthermore, geometrical imperfections are introduced as recommended by Annex C of Eurocode
3 Part 1-5 [17] and prEurocode 3 Part 1-14 [5]. A global imperfection is enforced using the
buckling mode shape resulting from a Linear Bifurcation Analysis (LBA), as presented in Figure
4a) and suggested by Couto et al. [18]. Local imperfections are also introduced using sine waves

having similar half-periods in all plates, as recommended by Gérard et al. [19] and illustrated in

Figure 4b).
Sk
: 0.075b > Kp
b/20 HSG
: >< O usG
s e 0.1256 H o,
| | | O-c | h o
I-O.25fy _ " fy ¥ : tHSG l\l/
I A
A 0
0.125h | | %07 h s
-0.25£; o.
I A\ 1 \\l [ — ]
a) Hot-rolled flanges b) Flame-cut flanges

Figure 3: Residual stresses in welded members

The amplitude of the global imperfection is set to L/1000, with L being the distance between the
beam ends, as recommended by Boissonnade et al. [20] and Couto et al. [18]. The amplitudes of
the local imperfections are £,/200 in the web and 5/200 in the flanges. These amplitudes are
recommended by Eurocode 3 Part 1-5 [17] and prEurocode 3 Part 1-14 [5]. Both types of
geometrical imperfections are integrated simultaneously, the magnitudes of the local

imperfections are then reduced to 70% of their original values as prescribed by Eurocode 3 ([5],

[17]).
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a) Global imperfection

b) Local imperfections

Figure 4: Shape of geometrical imperfections

Fork support conditions are implemented at both ends by fully preventing vertical and lateral
displacements as well as twist rotation. Longitudinal displacement is constrained at one end to
prevent rigid body motion. The numerical model was previously validated by comparison against
experimental tests [4]. To that end, experimental results of the tests campaigns presented by
Lebastard et al. [4], Tankova [21], Schaper et al. [22] and Ji et al. [23] for welded members with

flame-cut flanges were employed.

3.2 Scope of the study

Using the numerical model previously described and validated against experimental results, an
extensive parametric study is conducted. A total of 1129 GMNIA-type computations are
performed for welded beams. The vast majority of the beams studied had flame-cut flanges.
Linear bending moment distributions are investigated with a ratio between end moments y of -1;
-0.5; 0; 0.5 or 1 as well as with transverse loadings. Beams are studied subjected to a mid-span
pointwise transverse force or a load uniformly distributed over the length, applied either at the
cross-section shear centre or at the centroid of the compressive or tensile flange. Normalized

slenderness for lateral-torsional buckling is up to 3. The following cross-section types are studied:
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>

Uniform and doubly symmetric;
Uniform and mono-symmetric;
Web-tapered and doubly symmetric, or

Web-tapered and mono-symmetric.

The dimensions of the uniform and tapered beams studied here are presented in Table 5 and Table

6, respectively, based on the cross-section dimensions shown in Figure 5. The parametric study

focussed on steel grades of S355 and S275. A single flange is inclined in tapered beams. For

mono-

bending moment and

symmetric beams, the subscript “c” is assigned to the compressive flange under positive

[IP:H)
t

to the tensile flange.

In addition, 154 GMNIA computations are performed on uniform doubly symmetric welded

beams made of hot-rolled flanges. The dimensions are presented in Table 5; analogous beams are

also studied but with flame-cut flanges.

Linear bending moment distribution

Doubly symmetric beams Mono-symmetric beams Transverse loading
hwxbxthtf hwxbc(bt)xthtf,c(tf,t)
1000x350(200)x8x25(25) r
1000%200x8x%25
900x250(250)x6x30(18) r
1000%300x8x%25 800%200x10x15
800x350(200)x6x20(20)_t
900%x250%x6%18 500x150x15%20
800%200(200)x6x25(15)
800%200x6x20* 500%150(100)x10x20(10) r
600x300(200)x6x25(16) t
600x200x6x16* 400x160x8x14
600x250(250)x5%20(15)
450%230x5%x12%* 250%200%x12x14
450x230(230)x5x24(12) r
300x170x5x12*

300x170(170)x5%20(12)

-

*: Uniform doubly symmetric beams studied with hot-rolled flanges.

_1: Mono-symmetric beams also studied with the largest flange in tension.

Table 5: Uniform welded beams studied (mm)

The dimensions are chosen in line with common practice for steel buildings. Indeed, the beams

depths range between 250 and 1000 mm with thickness of 5 to 10 mm. The flange widths vary

between 100 and 350 mm, most of them are Class 1 or 2 under uniform compression. Mono-

symmetric beams are characterized by ratios between the flange widths of up to 1.75 and ratios
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between the flange thickness of up to 2. The majority of mono-symmetric beams are studied with
the largest flange in compression under a positive bending moment, corresponding to common
practice. However, some beams are analysed with the largest flange in tension. All the studied
beams subjected to a transverse loading are uniform, with either a doubly or a mono-symmetric

cross-section.

Doubly symmetric beams Mono-symmetric beams

hw,max(hw,min)xbxthtf hw,max(hw,min)xbc(bt)xthtf,c(tf,t)
1000(500)*200x8%25
1000(350)%350(200)x8%25(25) r
900(300)x250x10%25
800(400)x200(200)x6x25(15) r
800(400)x200%x6x20
600(400)x300(200)x6x25(16)
750(450)%230%x6x20
634(230)%230(230)x5%24(12)
600(400)%200%6x16

_1: Mono-symmetric beams also studied with the largest flange in tension.

Table 6: Tapered welded beams studied (mm)

bC
<7 l
A 4 fe
h, h,, h, h
>l N
L, ¢
PEN I
T, ] Ry
b b‘ fC

a) Doubly symmetric cross-section b) Mono-symmetric cross-section

Figure 5: Cross-sectional dimensions
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3.3 Results of the parametric study
3.3.1 Introduction
The numerical results obtained from this parametric study are confronted to the buckling curves
of EN 1993-1-1 [2] for lateral-torsional buckling. In addition, the safety and accuracy of the
Eurocode design rules for welded members in bending are assessed by computing partial factors
according to the prescriptions of Annex D of EN 1990 [6] and the recommendations of the RFCS
European project SAFEBRICTILE [7]. The prescriptions of Annex D remain similar in prEN
1990 [24]. The statistical data used for the input variables correspond to those provided in
Annex E from prEN 1993-1-1 [1]. A unique value of 1.0 is the target for the partial factor, in
agreement with common practice. Partial factors associated with the European rules are computed
first and will then be used to define satisfactory safety levels. The results are presented for various
subsets, as recommended in [7], but also for the full set of results. The latter cannot be used to

evaluate the safety level but may indicate a lack of accuracy or a variable sensitivity of the method.

3.3.2  Uniform beams under end moments

Numerical analyses are carried out for two sets of bending moments for uniform beams:

o M, 18a: elastic critical bending moment;

o M, uomnia: ultimate bending moment.
These values are used along with the characteristic cross-section resistance against bending about
the major axis Myrx following the prescriptions of EN 1993-1-1 [2] and EN 1993-1-5 [17] to

calculate the normalized slenderness:
_ M Rk
Air = |—2— (16)
M y,cr,LBA

M yult, GMNIA

ALT,GMNIA = - 17
Moyre (17)

and the reduction factor:
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The numerical reduction factors obtained are plotted against the normalized slenderness in Figure

6 for uniform doubly symmetric beams with buckling curves a to d. It is worth recalling that the

General case ([1], [2]) commonly requires the use of buckling curve d for welded beams.

1,2 1,2
ALT ALT
< GMNIA _FC 1l < GMNIA _FC 1l
1,0 —_—— 1,0 é%— -
\ O GMNIA_HR fl Q” \ OGMNIA_HR fl
0,8 \ 0,8
\Euler’s
0,6 \Cur"e 0,6
a N\
0,4 b : 0,4
¢ ¥
0,2 d \ 0,2
ZLT
0,0 0,0
0,0 0,5 1,0 1,5 2,0 2,5 0,0 0,5 1,0 1,5 2,0
a)w=1 b) w=0.5
1,2 1,2
ALT ALT
€ o ©GMNIA_FC fl @8 ° ©GMNIA_FCfl
1,0 @0&- - 1,0 L Ay —
o& OGMNIA_HR fl & ©OGMNIA_HR fl
& %00\
0,8 0,8
0,6 0,6
0.4 0,4
0,2 0,2
0,0 0,0
0,0 0,5 1,0 1,5 2,0 2.5 0,0 0,5 1,0 1,5 2,0
c)w=0 d) w=-0.5
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12

ALT

©GMNIA_FC fl

©GMNIA_HR fl

0,8

0,6

0,4

0,2

0,0

0,0 0,5 1,0 1,5 2,0 2,5

e) w=-1

Figure 6: Numerical results for uniform doubly symmetric beams

Figure 6 shows that the numerical results for welded beams made of flame-cut flanges are always
above buckling curve ¢. The lowest results are obtained for a uniform bending moment diagram
and are found between curves a and ¢ in the low-to-intermediate slenderness range (up to
approximately 1). For increased slenderness, the numerical results are closer to Euler’s curve. For
the other moment distributions, all numerical results considering the flame-cuts lie above buckling
curve a, except for a few cases in Figure 6e) corresponding to y = -1. In this case, internal shear
forces are significant in the low-to-medium slenderness range, which reduces the ultimate bending
moment. The resulting buckling mode may feature web buckling owing to shear.

Besides, a clear impact of the flange fabrication process is observed. Ultimate bending moments
for welded beams made of hot-rolled flanges are lower than those accounting for flame-cut
flanges. This effect is diminished as w decreases and the slenderness increases. In the least
favourable case, i.c. the constant moment diagram, the numerical results for welded beams with
hot-rolled flanges lie between buckling curves ¢ and d in the low slenderness range while moving
closer to Euler’s curve as the slenderness increases.

The numerical results obtained for uniform mono-symmetric beams are shown in Figure 7. The

results obtained for a constant bending moment are presented in Figure 7a) while Figure 7b)
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shows those for a linear bending moment distribution. For a constant bending moment
distribution, two types of loading are applied, depending on the sign of:

I, —1,

__ “fc

l//f _Ifc +[ft (18)

where Ir. and I are the second moments of area about the z-axis of the compressive and tensile
flanges, respectively.

In common practice yr> 0, i.e. the larger flange is in compression (under a positive moment). For
a linear moment distribution, the larger flange is thus in compression at the cross-section end
subjected to the greatest magnitude of the bending moment diagram.

Figure 7a) shows scattered results when the largest flange is compressed while the scatter is
reduced if the smallest flange is in compression. The latter case yields the lowest results. Whatever
the compressive flange type, the reduction factors lie above buckling curve ¢ and tend towards
Euler’s curve as the slenderness increases. For the linear bending moment diagram, the results

are above buckling curve a, showing a very limited influence of imperfections on the buckling

resistance.
1,2 1,2 S =
At ©GMNIA_FC fl_yf>0 by -
<><><> _FCfl y y X XGMNIA_FC fl_y=0.5
1.0 P — — | OGMNIA_FC fl_yf<0 1.0 _’*‘S%_‘ XGMNIA_FC fl_y=0
= X
)ﬁ\ OGMNIA _FC fl y=-0.5
0,8 0,8
0,6 0,6
0.4 0,4
0,2 0,2
0,0 0,0
0,0 0,5 1,0 1,5 2,0 2,5 0,0 0,5 1,0 1,5 2,0
a) Constant bending moment b) Linear bending moment distribution

Figure 7: Numerical results for uniform mono-symmetric beams
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For uniform doubly and mono-symmetric beams, Figure 6 and Figure 7 highlight that the use of
buckling curve d, as prescribed by the General case from Eurocode 3 and prEurocode 3 Part 1-1
([1], [2]) in most cases, is overly conservative for welded beams made of flame-cut flanges. Both

figures also show an influence of the bending moment distribution on the buckling resistance.

3.3.2.1 Assessment of the General case from EN 1993-1-1 [2]

e Welded beams made of hot-rolled flanges
The partial factors associated with the design methods for welded members in bending are
determined for:

e The low slenderness range: At <0.8;
e The intermediate slenderness range: 0.8< A, <1.5;

e The high slenderness range: 1.5< A, .

The partial factors associated with the General case are given in Table 7 for uniform doubly
symmetric welded beams made of hot-rolled flanges. The partial factor is close to unity in the low
slenderness range, being equal to 1.03. In the intermediate and high slenderness ranges, partial
factors are clearly less than 1.0: the current design method is very conservative for these

slenderness ranges. An enhanced design method is thus proposed in sub-Section 4.1.2.

Slenderness range n M1
Arr 0.8 52 1.028
0.8<Air <1.5 72 0.904
1.5<Art 30 0.866
All ranges 154 1.046

Table 7: Partial factors of the General case for beams with hot-rolled flanges
e Welded beams made of flame-cut flanges

The partial factors associated with the General case for uniform welded beams made of flame-
cut flanges are presented in Table 8. Very low values are obtained for medium and high
slenderness (between 0.81 and 0.85), which characterize a significant over-conservatism of this

design method for both cross-section types.
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Doubly symmetric Mono-symmetric
Slenderness range
n M1 n M1
AT <0.8 107 1.003 62 1.108
0.8<Ar <1.5 180 0.807 77 0.821
1.5< At 100 0.809 57 0.848
All ranges 387 0.982 196 1.001

Table 8: Partial factors of the General case for beams with flame-cut flanges

For the low slenderness range, a value close to unity is found for doubly symmetric beams while
1.11 is obtained for mono-symmetric beams despite the absence of unsafe result. This discrepancy
is due to the very scattered results (see Figure 7) with some extremely safe results. The quantile
plot associated with the General case for mono-symmetric beams with a low slenderness is
displayed in Figure 8a). The applied procedure relies on the assumption of a (log-) normal
distribution of the results. Quantile plots should therefore exhibit individual results very close to
the regression line of the values studied. However, Figure 8a) shows that the regression line lies
away from the smallest ratio r./r; due to overly conservative results.

A “tail approximation” is therefore performed, which consists in neglecting the most conservative
results. The distribution of the remaining significant results should then be in line with a normal
distribution, as described in the SAFEBRICTILE project [7]. Consequently, it is decided to
remove all specimens for which re/r is greater than 1.20, yielding the quantile plot of Figure 8b).

Using the tail approximation reduces the partial factor from 1.11 to 1.02 which is acceptable.
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Std. Dev
3.0

Regression line

2,0

1,0

0,0

rJ/r,

0,8

-1,0

a) Before tail approximation

2,5
2,0
1,5
1,0

0,5

Std. Dev

r/r,

0,9 1,0 1,1 1,2

b) After tail approximation

Figure 8: Quantile plot of the General case — uniform mono-symmetric beams (low

slenderness)

The previous results obtained using the General case are not well suited for welded beams made

of flame-cut flanges. This design method is excessively conservative for most members used in

practice. In addition, the precision of this method strongly depends on the slenderness of the beam.

Improved reduction factors, adapted to welded beams made of flame-cut flanges are therefore

proposed in sub-Section 4.1.1.

3.3.2.2 Assessment of the new verification format from prEN 1993-1-1 [1]

e Welded beams made of hot-rolled flanges

In addition to the General case, the safety assessment of the new verification format of

prEurocode 3 Part 1-1 [1] is investigated. The corresponding values of ymi are given in Table 9

for uniform doubly symmetric beams with hot-rolled flanges.
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Slenderness range n M1
Arr 0.8 52 0.975
0.8<Arr <1.5 72 1.021
1.5<Art 30 0.989
All ranges 154 1.080

Table 9: Partial factors of the new verification format for beams with hot-rolled flanges
Within the three slenderness ranges, the ymi-values are very close to unity. The values are between
0.98 and 1.02. This design method is well suited for welded uniform doubly symmetric I-section

beams made of hot-rolled flanges.
e Welded beams made of flame-cut flanges

The partial factors associated with the new verification format are presented in Table 10 for
welded beams with flame-cut flanges. For all ranges of slenderness, the partial factors are between
0.95 and 0.99, showing a good accuracy of the design method. Slightly more favourable

imperfection factors are proposed in Section 4.2.2.

Cross-section type Slenderness range n M1
AT <0.8 107 0.947
0.8<ALr <1.5 180 0.987
Doubly symmetric _
1.5<Arr 100 0.991
All ranges 387 1.044

Table 10: Partial factors of the new verification format for beams with flame-cut flanges
This design method is applicable in the case of uniform and doubly symmetric beams only. The
extension of its scope to cover tapered and/or mono-symmetric beams is therefore addressed in

sub-Section 4.2.1.

3.3.3  Uniform beams under transverse loading

The numerical reduction factors (see Eq. (17)) obtained for uniform doubly and mono-symmetric
beams under a transverse loading are presented in Figure 9. The results lie between buckling
curves ¢ and b in the least favourable cases for uniform loading, and between curves b and a for
a pointwise force. The lowest values are found for low-to-intermediate slenderness. Again, the

numerical results move closer to Euler’s curve as the slenderness increases. Besides, Figure 9
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illustrates the effect of the bending moment distribution on the results. Indeed, the reduction

factors obtained for a pointwise mid-span force are somewhat greater than those obtained for a

uniformly distributed loading, especially for low and intermediate slenderness.

1,2

1,0

0,8

0,6

0,4

0,2

0,0

3.3.

1,2
AT O Shear Centre iny O Shear Centre
<,
—90— - < Compressive Flange 1,0 —90 0—00 > - & Compressive Flange
. <
OTensile Flange O Tensile Flange
0,8
0,6
0,4
0,2
0,0
0,0 0,5 1,0 1,5 2,0 2,5 0,0 0,5 1,0 1,5 2,0 2,5
a) Uniformly distributed loading b) Pointwise mid-span force
Figure 9: Numerical results for uniform beams under transverse loading
3.1 Assessment of the General case from EN 1993-1-1 [2]

The partial factors associated with the General case are computed for the set of welded beams

studied with flame-cut flanges under transverse loading. The results are presented in Table 11

with modified slenderness range, the boundary between low and medium slenderness being set to

1 to better suit the study cases. Since the partial factors are significantly lower than unity, ranging

between 0.76 and 0.89, this design method is found to be exceedingly conservative.

Slenderness range n M1
Arr <1 40 0.898
<At <1.5 55 0.772
1.5<Art 73 0.757
All ranges 168 0.867

Table 11: Partial factors of the General case for beams with flame-cut flanges under

transverse loading
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3.3.3.2 Assessment of the new verification format from prEN 1993-1-1 [1]

The partial factors associated with the new verification format are determined for the welded
beams with flame-cut flanges under transverse loading that present a doubly symmetric cross-
section. Indeed, mono-symmetric cross-sections are not within the scope of this design method.
The results, presented in Table 12, are close to unity, being between 0.96 and 1.03. This design

method is well suited for the studied beams.

Slenderness range n ™1
Arr <1 30 1.034
l<Air<1.5 35 1.029
1.5< it 33 0.956
All ranges 98 1.078

Table 12: Partial factors of the new verification format for beams with flame-cut flanges

under transverse loading

3.3.4 Tapered beams

In the case of non-uniform beams, the following two sets of load amplifiers result from the
numerical analyses:

e aqipa: elastic critical load amplifier for lateral-torsional buckling;

®  aopGMnia: Ultimate load amplifier.
The minimum value of ok, evaluated analytically using Eq. (11), at several cross-sections along

the member is used with ocr.rsa and aop.Gvnia to compute:

Qult,k

ALt = (19)
Qcr,LBA
_ Qop,GMNIA
X LT,GMNIA = — (20)
Qult,k

The numerical results are presented in Figure 10 for doubly symmetric tapered beams. The
compressive and tensile flanges are inclined for types 4 and B, respectively. Similar results are

obtained for both types of beams that lie above buckling curve b. In the case of a constant or
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triangular moment distribution, all numerical results are above curve a. Again, the results are

closer to Euler’s curve as the slenderness increases.

1,2

>

1,0

0,8

0,6

0,4

0,2

0,0

Figure 10: Numerical results for tapered doubly symmetric beams
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Figure 11 presents the numerical results obtained for tapered mono-symmetric beams, where only

the compressive flange is inclined. All results lie above buckling curve a and move closer to

Euler’s curve as the slenderness increases. For the constant bending moment, the results are

slightly greater when > 0 than when ;< 0.
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Figure 11: Numerical results for tapered mono-symmetric beams
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Both Figure 10 and Figure 11 show that the use of buckling curve d as generally prescribed by
the European code is exceedingly conservative for welded beams made of flame-cut flanges,
similar to the case of uniform beams. The partial factors associated with Eurocode 3 rules for
welded beams are then computed.

o Assessment of the General Method of EN 1993-1-1 [2]
The stability of non-uniform members can be assessed according to EN 1993-1-1 [2] using the
General Method (see §2.4), which requires computation of reduction factor yrr. Since the new
verification format does not apply to non-uniform beams, the reduction factor is computed using
the General case.
The partial factors for tapered welded beams made of flame-cut flanges associated with the
General Method are computed for the low, intermediate and high slenderness ranges. The
transition between the intermediate and high slenderness ranges for tapered mono-symmetric
beams is set to 1.25 instead of 1.5 owing to the limited number of results for members with a
normalized slenderness greater than 1.5.
The resulting partial factors are very low for the intermediate and high slenderness ranges for both
cross-section types, with values between 0.73 and 0.85. A safety margin is also noted for the low
slenderness range. The ymi values characterize an excessively conservative design method. This
method is not appropriate for welded beams made of flame-cut flanges. Reduction factors adapted
to the flame-cuts are proposed in Section 4. Since the scope of the new verification format of
prEurocode 3 Part 1-1 [1] is restricted to uniform beams with a doubly symmetric cross-section,
its extension to tapered and/or mono-symmetric beams, which are commonly used, is also

proposed in Section 4.

Doubly symmetric Mono-symmetric
Slenderness range n M1 Slenderness range n M1
AT <0.8 26 0.977 At 0.8 38 0.911
0.8<Arr <1.5 42 0.790 0.8<Arr <1.25 28 0.728
1.5<Art 61 0.850 1.25< A1 29 0.825
All ranges 129 0.913 All ranges 95 0.850

Table 13: Partial factors of the General Method for tapered beams
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3.4 Summary

A numerical parametric study was carried out as depicted in sub-Section 3.2 based on the finite
shell elements model presented in sub-Section 3.1. The parametric study comprised 1129 cases

of welded beams varying in:
e Flange type: hot-rolled or flame-cut;
e  Cross-section shape: doubly or mono-symmetric;
e  Member shape: uniform or tapered;

e Loading conditions: end moments or transverse loading, applied pointwise at mid-span

or uniformly distributed.

The numerical results highlighted the decreasing effect of the member imperfections on the
ultimate bending moment as the slenderness increases. A visible impact of the bending moment
distribution on the bending moment resistance was also noted. Besides, numerical results were
employed to compute the i -factors associated with Eurocode 3 and prEurocode 3 Part 1-1 ([1],
[2]) rules for welded beams following the requirements of EN 1990 Annex D [6] and the

recommendations of the RFCS European project SAFEBRICTILE [7].

For welded beams with flame-cut flanges, the partial factors associated with the General case
were significantly lower than unity, in particular in the medium and high slenderness ranges,
characterizing an exceedingly conservative design method. The partial factors related to the new
verification format were closer to 1, but this design method applies to uniform doubly symmetric
beams only. In the case of welded beams with hot-rolled flanges, partial factors associated with
the General case were clearly lower than unity for slender members while the values
characterizing the new verification format proved to be satisfactory. The shortcomings of the
current design rules will be addressed by proposing enhanced design methods for welded beams

in the upcoming Section 4
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4 DESIGN METHODS

4.1 Adaptation of the General case

4.1.1 Welded beams made of flame-cut flanges

4.1.1.1 Uniform beams

Two proposals are adapted from the current and revised General case from Eurocode 3 and
prEurocode 3 Part 1-1 ([1], [2]) for welded beams made of flame-cut flanges. The first proposal
consists in computing the design value of the lateral-torsional buckling resistance Mprd using
expressions (2) — (4) but with the imperfection factor corresponding to buckling curve ¢ for
welded beams made of flame-cut flanges in steel buildings, i.e.:
apr =049 (21)

Proposition I is similar to that of Thiébaud [27] for welded bridge girders with flame-cut flanges
but no partial factors were computed. The formalism of the General case is kept for ease of use
through the adoption of one more favourable buckling curve (in general), similar to the
propositions of Tankova et al. [28] for high strength steel (HSS).

A second proposition consists in computing My rg Using an alternative expression:

M yrx
MbRA= X Tomod (22)
M1

where the reduction factor is obtained using Eq. (6) and (7).

Expression (22) is inspired from the prescriptions of the Special case design method from EN
1993-1-1 [2] (see §6.3.2.3 of the code). This method is not maintained in prEurocode 3 Part 1-1
[1], being replaced with the new verification format. Factor f was introduced owing to the
influence of the bending moment distribution on the numerical results (see Figure 6 and Figure
7). The reduction factor yrr is obtained using expressions (3) and (4) with the following

imperfection factor, adapted to welded beams made of flame-cut flanges:
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0.23
arr === [ Wwith 021 ;<049 (23)
ALt bmin

Proposition Il makes use of an imperfection factor depending on the cross-section depth-to-width
ratio and on the normalized slenderness. Upper and lower limit values of the imperfection factors
are introduced, corresponding to curves a and ¢, respectively. The lower bound corresponds to
Proposition I imperfection factor and the upper bound to the most favourable buckling curve for
members in bending.

An imperfection factor depending on both the slenderness and cross-section dimensions was
introduced due to the distribution of the numerical results. Indeed, the results are closer to Euler’s
curve as the slenderness increases, which characterizes a diminishing influence of the
imperfections. Making use of the depth-to-width ratio yields a buckling curve per member and is
motivated by the scatter of the numerical results for low and intermediate slenderness. This ratio
is also employed in other existing design methods, such as the French National Annex to Eurocode

3 Part 1-1 [15] that proposes using the following imperfection factor for welded beams:
b,
aLT=0-5—0.25h—ALTZO (24)
t

Besides, Taras [8] initially introduced imperfection factors depending on the square root of the
depth-to-width ratio. In the final proposal this ratio was replaced with the elastic cross-section
moduli Weiy/ Wei,, but both ratios are almost proportional.

The numerical reduction factors are compared against analytical results obtained using
Propositions I and II in Figure 12 and Figure 13 for beams subjected to end moments with a
doubly or mono-symmetric cross-section, respectively.

For doubly symmetric beams, Proposition I provides exclusively safe-sided results. The deviation
is small in the low slenderness range, i.e. high reduction factors, ranging from 5% to 10 %. The
deviations on the safe side increase for slender members, i.e. between 15% and 25%
approximately. Proposition Il yields more accurate estimates of the reduction factors. The vast

majority of specimens lie on the safe side with a deviation less than 15%. The few unsafe results
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The results are more scattered for mono-symmetric beams, with Figure 13 exhibiting only safe-

sided results for both Propositions I and II. The scatter is more important for Proposition I, which

also provides higher deviations from the numerical results than Proposition I1.

Figure 14 displays the results for doubly and mono-symmetric beams under transverse loading.

All the results lie on the safe side with a mean deviation from the numerical results greater than

25% for Proposition I and less than 15% for Proposition II. Again, the scatter is more visible for

Proposition I than for Proposition I1.
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Figure 14: Numerical and analytical reduction factors for uniform beams under

transverse loading

The partial factors associated with both Propositions are presented in Table 14 for uniform beams
under a linear bending moment distribution with a doubly symmetric or mono-symmetric cross-
section. Table 15 presents the yui-values for uniform beams under transverse loading.

For doubly symmetric beams, the ym values are acceptable for all slenderness ranges of each
method. The partial factors associated with Proposition II are closer to unity than those for
Proposition I for intermediate and high slenderness. The difference is small in the low slenderness

range.
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Design method

Slenderness range

Doubly symmetric

Mono-symmetric

n M1 n M1
AT <0.8 107 0.999 62 Li11
Proposition I: 0.8<Ar <1.5 180 0.914 77 0.923
a7 =049 1.5< At 100 0.913 57 0.933
All ranges 387 1.016 196 1.033
AT <0.8 107 0.954 62 1.036
Proposition IT: 0.8< A <1.5 180 1.018 77 0.959
021<qyy =%'—L2T3 %S 0.49 1.5< At 100 1.021 57 1.031
All ranges 387 1.025 196 1.014

Table 14: Partial factors of Propositions I and II for uniform beams subjected to end

moments

The partial factors associated with Proposition Il for mono-symmetric beams are satisfactory for

each slenderness range. The values are close to 1, ranging between 0.96 and 1.04. Using

Proposition I provides more conservative results for medium and high slenderness but appears to

be not acceptable in the low slenderness range. Indeed, a value of 1.11 is obtained owing to

scattered results.

. D
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Figure 15: Quantile plot for Proposition I — uniform mono-symmetric beams with low

slenderness subjected to end moments
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513  The corresponding quantile plot is presented in Figure 15a), which shows that the results do not
514  have a normal distribution. A tail approximation is then executed, removing the contributions for
515  which r./ri > 1.1. The resulting quantile plot is presented in Figure 15b). Introducing the tail

516  approximation reduces the partial factor to 1.02, which is acceptable.

Design method Slenderness range n M1
Aur <1 30 0.977
Proposition I: <A1 <1.5 35 0.930
arr=049 1.5< At 33 0.863
All ranges 98 0.967
Aur <1 30 0.976
Proposition I 1<Zir <1.5 35 1.015
0~21Sau=%—fj %S0-49 1.5< ALt 33 0.971
All ranges 98 1.006
517 Table 15: Partial factors of Propositions I and II for uniform beams under transverse
518 loading

519  The partial factors for beams under transverse loading are also satisfactory for both Propositions
520 for all slenderness ranges. The values for Proposition I are low in the intermediate and high
521  slenderness ranges, being 0.93 and 0.86, respectively, while for Proposition 11 the results are close
522 to unity in all ranges, i.e. between 0.97 and 1.01. Both Propositions I and I provide satisfactory

523  values of partial factors for uniform welded beams made of flame-cut flanges.

524 4.1.1.2 Tapered beams

525  The design value of the lateral-torsional buckling resistance of a tapered welded beam made of
526  flame-cut flanges can be determined using both proposals (see §4.1.1) with the following specific

527  adaptations:

528 e The Ay/b ratio accounted for in Proposition II and the characteristic resistance My rk are
529 determined at the cross-section x, where aucx is minimal, which is the critical cross-
530 section.
531 e A term accounting for the tapering of the beam is inserted in the expression of the
532 imperfection factor of Proposition II that becomes:
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0.23+0.10y

ht

aLr = =
Art

min

with 0.21< g, <0.49

(25)

The ratio w between end moments in the expression of k. for a linear bending moment
distribution (see Table 3) is replaced with the ratio y, between bending moment

utilizations at both ends:

My,&/ WM yEd
My,Rk(xzo) . My,Rk(x:L)

'//My,Ed ’ My,Ed
Myri(x=L) M yri(x=0)

Wy, =min (26)
A similar approach was used by Marques et al. [10] for the adaptation of the interaction
formulae to tapered members. The Cmi coefficients were indeed expressed as a function

of . instead of y.

The numerical and analytical reduction factors of tapered doubly symmetric beams are compared

in Figure 16 for both Propositions. Figure 17 presents the results for tapered mono-symmetric

beams.
1,2 7 1,2 7
XLT,prop_I 10% Uns afe / / XLT,prop_II / /
’ ’
1,0 4 / 1,0 4 o /
/ /
o /N
/ .‘ / P
0,8 e 0,8 4 )
/8 AV
’ ’ ’
s/ o® .0‘ ® ’ )
0,6 e X 0,6 !
’ 4 ’
7 7
/ ‘ L /
0,4 / 0,4 /
, 4 15% . Y,
P Safe 4
0,2 p. 0,2
® GMNIA_FC flanges ©®GMNIA_FC flanges
XGMNIA XGMNIA
0,0 0,0
0,0 0,2 0,4 0,6 0,8 1,0 1,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2
a) Proposition | b) Proposition 11
Figure 16: Numerical and analytical reduction factors for tapered doubly symmetric
beams
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In the case of doubly symmetric beams, all results are on the safe side for both proposals.

Proposition I provides more scattered results than Proposition II and a larger average deviation

from the reference numerical results. While the average deviation is greater than 15% for

Proposition I, it ranges between 5% and 10% for Proposition I1.
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a) Proposition 1
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b) Proposition 11
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Figure 17: Numerical and analytical reduction factors for tapered mono-symmetric beams

All of the results also lie on the safe side for mono-symmetric beams. Results obtained with

Proposition Il are scattered in the low slenderness range. The scatter is more pronounced for

Proposition I, in particular for low and intermediate slenderness. For both types of cross-sections,

Proposition Il produces more accurate predictions of the lateral-torsional buckling resistance than

Proposition I.

The partial factors associated with both Propositions I and II are presented in Table 16 for doubly

and mono-symmetric beams. The values for doubly symmetric beams are very close to unity for

Proposition II. Lower values, between 0.92 and 1, are obtained for Proposition I. The partial

factors for tapered mono-symmetric beams are lower than those for doubly symmetric beams.

The values range between 0.93 and 0.99 for Proposition Il while greater deviations from unity

are observed for Proposition I. Indeed, in the medium slenderness range, a partial factor of 0.85

is encountered, corresponding to a somewhat conservative design method.
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Doubly symmetric

Mono-symmetric

Design method Slenderness Slenderness
M1 M1
range range
At 0.8 26 1.003 At <0.8 38 0.940
Proposition I: 0.8< ZLT <1.5 42 0.921 0.8< ZLT <1.25 28 0.848
arr=049 1.5< Aur 61  0.945 1.25< At 29 0.925
All ranges 129  0.975 All ranges 95 0911
At 0.8 26 1.003 Ar <0.8 38 0.970
Proposition II: - _
23+0.10y |k _ _
0~213am=1—\E30-49 1.5< At 61 1.038 1.25< it 29 0.993
LT
All ranges 129 1.015 All ranges 95 0.972
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Table 16: Partial factors of both Propositions for tapered beams
Similar to the case of uniform beams, the two proposals are characterized by appropriate values
of partial factors for tapered welded beams made of flame-cut flanges. For both types of beams
and both types of cross-sections, Proposition Il produces more accurate estimates of the buckling

resistance than Proposition I.

4.1.2 Welded beams made of hot-rolled flanges

A single proposal is made for uniform doubly symmetric welded beams with hot-rolled flanges
that consists in computing My ra using expression (22) i.e. making use of the factor f. The
reduction factor yrr is computed with expressions (3) and (4) with the following imperfection

factor:

_030 |p .
apr==—,|~ with 0.21<4,;<0.76 (27)
Aur Vb

This proposal is very close to Proposition Il presented for welded beams with flame-cut flanges.
Similar to the case of welded beams with flame-cut flanges, the previous imperfection factor (27)
was used because of the discrepancy of the numerical results. Differences between expressions

(23) and (27) regard:

e The multiplying coefficient of the imperfection factor that is 0.23 for flame-cut flanges

and 0.30 for hot-rolled flanges, and
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e The lower bound of arr that corresponds to buckling curve ¢ and d for flame-cut and hot-

rolled flanges, respectively.

The numerical and analytical reduction factors are compared in Figure 18. The vast majority of
the analytical results are on the safe side with a deviation from the numerical results of less than
15%. The proposal for uniform doubly symmetric welded beams made of hot-rolled flanges

provides accurate estimates of the numerical results.

1,2 7
XLT,prop 7 ’
/
1,0 Vs /
/7 /7
10% Unsafe ’
0,8 4
y ’.
Vs
/ 7 e

0.6 , Y 15%

/ Safe

/
/
0,4 /
/
/
y
0,2 4
7 | ®GMNIA HR flanges
XGMNIA

0,0

00 02 04 06 0,8 1,0 12

Figure 18: Numerical and analytical reduction factors for uniform doubly symmetric

beams

The partial factors associated with this proposal for uniform doubly symmetric welded beams
made of hot-rolled flanges are given in Table 17. The values are close to unity for the three
slenderness ranges with a maximal value of 1.03. The proposal is associated with appropriate

values of partial factors for uniform doubly symmetric welded beams made of hot-rolled flanges.

Slenderness range n M1
Arr 0.8 52 0.951
0.8<Arr <1.5 72 0.997
1.5<Art 30 1.032
All ranges 154 0.997

Table 17: Partial factors of the proposal for beams with hot-rolled flanges
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Lateral-torsional buckling of uniform and tapered welded I-section beams

4.2 Adaptation of the new verification format

4.2.1 Analytical developments

The consistent derivation of the new verification format of prEurocode 3 Part 1-1 [1] was
presented by Taras (see [8], [9]) for uniform doubly symmetric beams. However, an extension of
the scope of this method is certainly needed and particularly for tapered and/or mono-symmetric
beams, which are commonly used in practice. A tapered mono-symmetric beam subjected to a
constant bending moment distribution is first investigated, as depicted in Figure 19. The linear
bending moment distribution is considered next.

The design method is based on the expression of the first yield criterion:

M 1
Moykd ()4 2228 0 BEa (g (28)
M y Rk M 2Rk Brk

with:

M, kq": maximum design value of the second order bending moment about z-z,

M, rk: characteristic value of the cross-section resistance against bending about z-z,

Brq": maximum design value of the second order bimoment,

Bri: characteristic value of the cross-section resistance to bimoment.
The distributions of the internal stresses of the flanges owing to the first order in-plane bending
moment My, second order out-of-plane bending moment M, and bimoment B are presented in
Figure 20. For mono-symmetric beams, the first yield may be encountered at the most compressed
end of the compressive flange (case depicted in Figure 20). Failure can alternatively be due to the

superposition of tensile stresses owing to M, and B in the tensile flange.

My.Ed
z
—
X
x=0 x=L
hs:hs,max hs: s, min

Figure 19: Configuration for extending the scope of the new verification format
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612  To deal with these two possible failure modes, the verification format of expression (28) is

613  simplified as follows:

M yEd
— (x) + max eMz(X) + max gp(x)=1.0 (29)
My,Rk
614  with:
1T q
z,E
emz(X) = (x) (30)
z,Rk
Bl
ep(x) =4 (x) (31)
Brk
Compression
O-My,cf O-Mz,cf O-R,nf P
| I
e—— e—— e—— .
o Compression
Mz.tf
Oytyat Ot Tension
1" order M 2rld order M 2rld order B
y z
615
616 Figure 20: Stresses in beam flanges

617  The elastic cross-sectional resistances against out-of-plane bending moment M, and bimoment B

618 are:
MRk = szy (32)
Iw(x)
Bri(x) = mfy (33)

619  where in the general case of a mono-symmetric beam:
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_ I,
Wz_max(b'b )/2 (34)

t>"c

max (bt z(x); b, ch(x))
2

(35)

a)max(x) =

where zy and zg. are the distance between the cross-section shear centre and the centroid of the

tensile and compressive flanges, respectively (see Figure 21) and are obtained using:

1 z,fc

z(x) = i h(x) (36)
_Iz,ft
zg(X) = 7 h(x) (37)

z
Besides, the distance between both flanges centroids at each location, A(x), varies linearly

according to:
H(x) = g maxh(¥) (38)

with:

hs max 1S the distance between the flange centroids at the highest cross-section (see Figure 19).

- X

hx)=1—-y—

(%) '
y= 1- hs,min
hs,max

The effects of both bending moments and the bimoment are all treated separately using the safe-
sided assumption that failure occurs when they all reach their maximal values.
To determine the acting second order out-of-plane bending moment and bimoment, it is assumed

that:

fi:f_():_My,cr (39)
001‘ 60 Ncr’z

where the indexes “cr” and “0” refer to the elastic critical mode shape and to the initial

imperfections, respectively. Besides, N is the elastic critical out-of-plane flexural buckling load.
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The use of expression (39) implies that the initial imperfections are analogous to the critical mode
shapes with different amplitudes. The shape functions for the twist rotation and lateral

displacement are indeed assumed homothetic to half a sine wave:

_ . (7x

v(x) =V, sin (7) (40)
- . (7nx

B(x) =60 sin (TJ 41

1
1
|
. . 1
Compressive flange centroid !

AX

1
Zg ' €
1
( Cross-section

shear centre

SN2

YR

Tensile flange centroid

Figure 21: Initial imperfections

The following amplification relationships are used:

v(x) = 1 vo(x) (42)
Qcr —
0(x) = 0o(x) (43)
Qcr— 1
with:
My,cr
o= 44
a M yre (44)

In addition, the second order out-of-plane bending moment M, and bimoment B are:

d2
MUpy(x)=—EI, Ef(x) (45)
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d*6 2 do
Big(x)=—EI, (x)[ (x)+ md—( )—( )J (46)

where the bimoment expression accounts for the flanges inclination, as derived by Kitipornchai
et al. ([25], [26]) for doubly and mono-symmetric tapered beams.

Inserting expressions (39) — (43) and (38) into (45) and (46) yields:

2
ZEd(x) ET, My’cr;&)(”j s1n(ﬂ]
T L L

Ncr,z M}’»C _ (47)
My,Ed
2
B (x) = [ﬁj Iw(x) MyEd Go[sin[ﬂj+ 2y COS(EH
My,cr

Using expressions (32) —(35) along with (47) and (48), the maximal values of the utilization ratios

em for the out-of-plane bending moment and ¢g for the bimoment are:

1 —
max gy, (x) = My 0o
Waly_MyEd (49)
M y,Cr

Nez @ M yEd

max £p(x) = £(¥p) = 0og(xy)
My,cr szy 1- MyaEd (50)
My,cr
with:
— max (b1, ;b 1,
D= hs,max ( fc ft) (51)
I, max (b;;b, )
and:
- . (X} 2y Xy 7T
g(xg) = h(xy)sin| —— |+——cos| — (52)
L T L

The bimoment utilization ratio reaches its peak value at the location xo obtained when:
o)
%8 (x)=0 (53)
ox

1.€.:
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Z(xo)cos(%j —%sin(%} =0 (54)

The exact values of xo/L are determined using the previous expression and the corresponding
values of g(xo) are obtained using Eq. (52). The results are presented in Figure 22a) as a function

of y. The predictions of the following approximate expression are also presented:
(=049 (y-1)+1 (55)

The maximum difference between exact and approximated values is less than 2%.

x,/L
X z
1’00 g( 0) 0’5
Exact

0,98

—— Approximation 0,4
0,96

0,94 0.3
0,92

0,2
0,90

Exact

0,1

0,88
— Approximation
Yy K
0,86 0.0
0,0 0,2 0.4 0,6 0.8 1,0 0 10 20 30 0
a) Parameter related to the bimoment b) Location of the maximal initial
utilization ratio displacement of the compressive flange

Figure 22: Approximations employed for the design method

Expression (29) is consequently rewritten as:

My + ! My.Ed 0|1+
My,Rk(x) szy 1— M)’>Ed
My,cr

Ma_)fm} ~1.0

y,cr

(56)

The remaining unknown corresponding to the initial torsional twist amplitude can be expressed
as a function of the imperfection amplitude ep measured in the compressive flange (see Figure

21), as assumed by Taras ([8], [9]):
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M y,cr

ep =0 + zg(x,)00 = ( + ZfC(XZ)JEO (57)

cr,z

where x; is the location of the cross-section where the initial out-of-plane displacement of the
compressive flange reaches its maximal value.
It should be noted that the following simplifying assumption is introduced in the right-hand side

of expression (57):

sin(xzﬂjzl (58)

This simplification makes use of the peak value of the sine function and therefore increases the
right-hand side of equation (57), providing greater values of ey than the “actual” ey values.
Introducing this simplification in (57) can then not provide underestimated values of ¢ i.e. unsafe
results. Besides, expression (58) is appropriate when x; is close to mid-span, otherwise results
obtained using equation (57) might be overly conservative.

To determine the value of x,, one may express the initial displacement of the compressive flange

on along the beam:

op(x)= (A;Cyrczr + ch(x)jsm(%j% (59)
One obtains x, when:
“nx)=0 (60)
ox
Le.:
ﬂK=x2”+tan(sz”} (61)
with:
K = ll:M + 1}
V| Netzd 2 ths,max

The actual value of x; is plotted with respect to the parameter K in Figure 22b). The predictions

of the following approximation are added for comparison:
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0.146
Xz _g5-——2 (62)
L K

Very close results are obtained using expressions (60) and (62), and x, barely diverges from mid-
span in most cases. This is in line with the previous approximation of Eq. (58).

Inserting expression (62) into (38) results in:

h(x,) =1-0.5y + 21467 (63)
K
Finally, expression (56) is rewritten as:
I+ =2 0f (7)
My,Ed " 1 My,Ed e My,cr -1.0 (64)
Myre(X)  Wofy  MyEd = Myer Lznty
+ hs,max (XZ)
My,cr Ncr,z I
which can be expressed as:
W (x
My,Ed 1+ € A()C) Y( )fy Ncr,z é: -1.0 (65)

My,Rk(x) 1— Myrd W, A(X)fy M y.cr
M y.cr

where the parameter £ accounts for the tapering and mono-symmetric design of the member and

is given by:

M or )

5 cr,z (66)

Y Ton—
S hsmax 2 h(x,)
Ncr,z I

In the particular case of a doubly symmetric beam, ¢ is reduced to:

%y,cr 4 hs,;nax f(]’)
5 _ cr,z

My,cr + hs,max Z(xz)
N cr,z

(67)

In the more specific case of a uniform and doubly symmetric beam, ¢ in reduced to unity and
expression (65) can be found in the derivation of the new verification format by Taras ([8], [9]).

The following dimensionless parameters are introduced:
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T = [ o) (68)
y,cr
0= [Nl (69)
N cr,z
M y,Ed
Hip(x)=———— 70
LT M) (70)
and inserted into expression (65), yielding:
©  (Zn@)
xr(x X
210+ —— ( LT j n(x)é=1.0 (71)
1=yt A1 Az(x)
where the generalized imperfection # stands for:
A
n(x) =e ) (72)

Expression (71) is similar to that obtained by Taras ([8], [9]) in the particular case of a uniform
doubly symmetric beam, & being equal to unity in such case. A vast parametric study was

conducted leading to the following proposition for the generalized imperfection:
n=air(4.-02) (73)

where the imperfection factor ar is given in Table 4 for welded beams. A coefficient f\r was also
introduced to account for the bending moment distribution (see Table 3).

For the sake of simplicity, it is proposed to retain expression (73) for the generalized imperfection
in the case of tapered mono-symmetric beams. The following expression of fu, adapted to non-

uniform beams, is proposed in the case of a linear bending moment distribution:
fue =1.25-0.1y, 015y, (74)

where the ratio . between the end moment utilizations is given by:

My,ly WM yEd
My,Rk(xzo) ) My,Rk(sz)

=min ; 75
4 € V/M y’y M v.Ed ( )
Myr(x=1) M yri(x=0)
The beam stability must be verified at the cross-section x.
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An adaptation of the new verification format from prEurocode 3 Part 1-1 [1] was derived to extend
its scope to tapered mono-symmetric beams. For such members, the design method requires that

the following be verified:

My,Ed(xa) <1.0
M b,Rd(xa) o (76)
with:
_ MY,Rk(xa)
Mora(%e)= 2 p(x)——— (77)
7M1
st
Zir(%a) ——=<10 (78)
¢LT \/¢LT fM,aﬂiT(xa)
A (v) Y
X - _
brr(x) =051+ fy, {%] arr (%) (A (%) 02) €+ 71 1(x,) (79)

The imperfection factors arr for welded beams are given in Table 4 in the case of uniform beams.
For tapered members, the same expressions could be used where both cross-section elastic moduli

are computed at x = x,.

4.2.2  Propositions for welded beams made of flame-cut flanges

The design value of the lateral-torsional buckling resistance of tapered mono-symmetric beams
can be obtained using expressions (77) — (79). The following imperfection factor is proposed for

welded beams made of flame-cut flanges with # < 40 mm:

arr(x,) =021 Wy () <0.49+0.15y (80)
Wel,z

To keep the formalism of the imperfection factors from prEurocode 3 [1], a simple adaptation is
introduced in this Proposition III. Indeed, Eq. (80) is similar to that of Table 4 for # < 40 mm
except for the upper limit. A value of 0.64 is currently prescribed but a smaller value is proposed,
ranging between 0.49 and 0.64 depending on the tapering of the member. For uniform beams, the
boundary is set to 0.49. The results of Proposition III are tested against the numerical results in

Figure 23 and Figure 24 for uniform beams subjected to a linear bending moment distribution or
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a transverse loading, respectively. Figure 25 displays the results for tapered beams. For uniform

beams, the analytical results are close to the numerical ones and a low scatter is observed. A few

results are non-conservative for doubly symmetric beams under end moments when = -1. The

predictions for mono-symmetric beams are all safe-sided.

Most results obtained for beams under transverse loading are on the safe side with a deviation

from the numerical results of less than 15%. The maximal deviation on the unsafe side is 4% and

corresponds to cases with significant shear, i.e. the cross-section resistance to bending should be

reduced owing to shear effects, according to both versions of Eurocode 3 Part-1-1 ([1], [2]). All

results lie on the safe side for tapered doubly symmetric beams also with a low scatter. The scatter

is slightly more significant in the case of tapered mono-symmetric beams where more

conservative results are obtained.

1,2

)

1,0

0,8

0,6

0,4

0,2

0,0

7 1,2
y /
LT.pr_prop 10% Unsafe 7
/
/
L’ > 1,0
P, it
o 7
/ 0,8
/
Y ,\
/
, 0,6
/
4 15%
/ Safe 0.4
/
%
4 0,2
/2
®GMNIA_FC flanges
XGMNIA
0,0
0,0 0,2 0,4 0,6 0,8 1,0 1,2

a) Doubly symmetric

bl

/
XLT,pr ~_prop 7/
/
/
P
/
/ @
/
/ L)
/
/
WL
A
/
/
/
/
/,
/
/
® GMNIA_FC flanges
XGMNIA
0,0 0,2 0,4 0,6 0,8 1,0 1,2

b) Mono-symmetric

Figure 23: Numerical and Proposition 111 reduction factors for uniform beams under

linear bending moment distribution

Accepted manuscript

48/59



Lateral-torsional buckling of uniform and tapered welded I-section beams
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731 Figure 24: Numerical and Proposition 111 reduction factors for uniform beams under
732 transverse loading
733  The partial factors for Proposition Il are presented in Table 18 and Table 19 for uniform beams
734 under end moments and transverse loading, respectively. All the partial factors are close to unity,
735  with values ranging between 0.96 and 1.05.
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736 Figure 25: Numerical and Proposition 111 reduction factors for tapered beams
49/59

Accepted manuscript



Lateral-torsional buckling of uniform and tapered welded I-section beams

737  Values slightly greater than 1.050 are obtained for low slenderness in the case of uniform mono-
738  symmetric beams and for medium slenderness in the case of uniform doubly symmetric beams.
739  Tail approximations are performed, yielding partial factors of 1.02 and 1.01 for doubly symmetric
740  beams in the intermediate slenderness range and mono-symmetric beams in the low slenderness

741  range, respectively.

Doubly symmetric Mono-symmetric
Slenderness range
n M1 n M1
AT <0.8 107 0.965 62 1.052
08<Ar<1.5 180 1.052 77 0.977
1.5< ALt 100 1.036 57 1.030
All ranges 387 1.078 196 1.042
742 Table 18: Partial factors of Proposition III for uniform beams subjected to end moments
Slenderness range n M1
At <1 40 1.037
1<Air <1.5 55 1.011
1.5< Ay 73 0.963
All ranges 168 1.052
743 Table 19: Partial factors of Proposition 111 for uniform beams under transverse loading

744  The partial factors for Proposition Il for tapered beams are presented in Table 20. Again, the

745  values are close to unity and range between 0.96 and 1.04.

™M1
Cross-section type Slenderness range n Proposition  Proposition II1
I with g(xo) =1
ALr <0.8 26 1.039 1.039
0.8<Arr <1.5 42 0.974 0.965
Doubly symmetric _
1.5< ALt 61 1.040 1.036
All ranges 129 1.059 1.053
ALr <0.8 38 0.956 0.955
0.8<Arr <1.25 28 0.959 0.950
Mono-symmetric _
1.25< A1t 29 1.013 1.009
All ranges 95 0.971 0.968

746 Table 20: Partial factors for tapered beams
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Table 20 also shows the ymi values obtained with the simplifying assumption that g(xo),
approximated by Eq. (55), is equal to its maximal value, i.e. 1. This safe-sided simplification was
motivated by the small changes in the g(xo) values that range between 0.88 and 1(see Figure 22a)).
In addition, this simplification is not associated with a transition zone between uniform and
tapered beams. The partial factors obtained assuming g(xo) = 1 are slightly smaller than or equal
to those obtained for Proposition 111, i.e. making use of Eq. (55). The maximal deviation is less
than 0.01.

The partial factors are all satisfactory in regard to Proposition III for tapered and uniform beams

with either a doubly or a mono-symmetric cross-section.

4.3 Summary of the proposals

Design methods dedicated to welded beams made of hot-rolled or flame-cut flanges are proposed
based on the results of an extensive parametric study which included S275 and S355 uniform and
tapered beams with a doubly or mono-symmetric cross-section. Beams were studied under a linear
bending moment distribution or subjected to a transverse loading. The latter was applied
pointwise at mid-span or uniformly distributed, at the cross-section shear centre or at the centroid
of the compression or tension flange. Besides, the dimensions of the members are in line with

common practice for steel buildings.

The three proposed methods to compute the reduction factor for lateral-torsional buckling yit of
uniform or web-tapered welded beams with flame-cut flanges with doubly or mono-symmetric
cross-sections are summarized in Table 21. Propositions I and II are based on Eurocode 3 Part 1-
1 ([1], [2]) buckling curve approach, with different values for the imperfection factor. Besides,
Proposition I makes use of factor f accounting for the bending moment distribution while
Proposition I yields reduction factors which do not depend on the bending moment distribution.

Proposition 111 is based on the prEurocode 3 Part 1-1 [1] new verification method.

Table 21 also presents the method or for computing yir for uniform doubly symmetric welded
beams with hot-rolled flanges. The partial factors associated with all the proposals are

characterized by satisfactory safety levels.
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Welded beams with flame-cut flanges
Welded beams with hot-rolled flanges

Proposition 1 Proposition I1 Proposition 111
ar 0.49 o.zlsw\/zso.@ 021 |7y <0494+ 0.155 021< 230 At 76
ALt b Wel,z At Vb
_ 2 ) _
ir 0.5[1 +app(Ar —02)+ ZH 0.5/1+ fM[( ZLT J arr(7s _0,2)§+sz} 0.5[1 +ayp(2r —02)+ ziT]
1 1 1
s — <1.0 /2f —<1.0 {M —<1.0 /2f —<1.0
Prrt\Pir— ALt PrrtNPLr ALt SrrtyPir—SmaLr PrrtNPLr ALt
774 Table 21: Proposals for lateral-torsional buckling of welded beams
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4.4 Comparison with experimental tests

The three Propositions for welded beams made of flame-cut flanges developed in the present
paper are finally compared against test results. The experimental data from Lebastard et al. [4],
Tankova [21], Schaper et al. [22] and Ji et al. [23] for welded beams made of flame-cut flanges
are considered. The analytical results are normalized to the experimental results in Table 22 for
Propositions I, Il and I11. The values obtained using the General case from the current and future

EN 1993-1-1 ([2], [1]) are also presented for comparison.

Reference Specimen Fecs/Fexp Frropt/Fixp  Feroptt/ Fixp  Frropt/ Fexp
U-DS 0.603 0.691 0.789 0.935
Lebastard et U-MS 0.553 0.627 0.715 0.852
al. [4] T-DS 0.595 0.686 0.780 0.852
T-MS 0.618 0.707 0.807 0.898
Tankova Bl 0.642 0.732 0.836 0.969
[21] B2 0.578 0.660 0.753 0.786
Pos. 1 0.705 0.705 0.839 0.751
Pos. 11y 0.636 0.636 0.733 0.664
Pos. 3-1 0.722 0.811 0.938 0.812
Schaper et Pos. 3-11, 0.594 0.664 0.762 0.671
al. [22] Pos. 3-2 0.738 0.738 0.855 0.770
Pos. 4-1 0.773 0.773 0.872 0.779
Pos. 5 0.654 0.756 0.893 1.018
Pos. 14 0.639 0.725 0.847 0.816
Jietal. [23]  G6-430-32-1-f 0.629 0.629 0.750 0.669

Table 22: Analytical and Experimental ultimate loads
Ratios between the current rules and experimental values are between 0.55 and 0.77 with few
results greater than 0.65. Proposition I produces increased values for the analytical results except
for stocky members. The ratios range between 0.63 and 0.81. Making use of Proposition II
provides greater analytical resistance, with ratios between 0.72 and 0.94. These values are close
to those obtained using Proposition 111, which range between 0.66 and 0.97, except for Pos. 5

from Schaper et al. [22], for which a ratio of 1.02 is found.
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It is worth recalling that the experimental set up of Schaper et al. [22] included a load jack applied
upwards at mid-span. However, to control the buckling direction, the load was applied with a
small eccentricity with respect to the web, thus enforcing an additional torsional moment. This
effect is not accounted for in the analytical computations of Table 22 and explains the non-
conservative result obtained for the mono-symmetric beam Pos. 5 with Proposition IIl. The
greatest value of Bed/Brk is obtained for this beam and is equal to 0.15, reducing the bending
moment capacity. The values of Bra/Brk are lower for the remaining tests performed by Schaper

et al. [22], i.e. up to 0.07.

While the maximal deviation from the experimental result is nearly 50% when using the Eurocode
3 design method, it is reduced to 28% and 34% when using Propositions Il and I1I, respectively.
Besides, only two and three results obtained with Propositions II and Ill, respectively, show a
deviation from experimental results of greater than 25%. The largest deviations are observed for
specimens Pos. 1fy, Pos. 3-1f, and G6-430-32-1-f. The numerical ultimate loads showed the
largest deviations on the safe side — 6% to 9% — from the experimental failure loads for these
beams [4]. The actual geometrical imperfections and residual stresses were slightly more

favourable than those introduced in the numerical model.

Proposition I does not account for the bending moment distribution and is associated with a single
buckling curve for all beams. This design method is consequently less accurate than the two others

and yields more conservative results with a maximal deviation of 37%.
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5 CONCLUSIONS

Using a numerical model validated against experimental tests, a parametric study was conducted
focusing on the lateral-torsional buckling behaviour of welded beams. The parametric study
included S275 and S355 uniform and tapered beams, with a doubly or mono-symmetric cross-
section. The maximum cross-section depth varied between 250 and 1000 mm while the flanges
widths ranged between 100 and 350 mm. For mono-symmetric beams, the ratios between the
thickness of both flanges and/or their widths was up to 2. The beams were analysed under a linear
bending moment or under a transverse loading. The latter was uniformly distributed over the
length or applied pointwise at mid-span, at the level of the cross-section shear centre or the
centroid of the compressive or tensile flange. Most of the studied specimens were made of flame-
cut flanges and completed with specimens made of hot-rolled flanges. Uniform and tapered
members with a doubly or mono-symmetric cross-section were studied. The comparison between
the numerical and analytical results highlighted that the use of buckling curve d, commonly
prescribed in the General case from Eurocode 3 and prEurocode 3 Part 1-1 ([1], [2]), is
excessively conservative for welded beams made of flame-cut flanges. The corresponding partial
factors being significantly lower than unity confirm these observations. This design method is
also very conservative for welded beams with hot-rolled flanges having a medium-to-high
slenderness. The new verification format of prEN 1993-1-1 [1] provides more accurate predictions
of the buckling resistance for beams with hot-rolled or flame-cut flanges with a safety margin,
but only applies to uniform doubly symmetric beams.

Therefore, adaptations of the General case were proposed for welded beams made of flame-cut
flanges for steel buildings. First, a simple proposal consists in using buckling curve ¢. A second
proposal introduces an imperfection factor inversely proportional to the slenderness and
depending on the cross-section depth-to-width ratio as well as on the tapering of the member. This
imperfection factor comes with upper and lower bounds corresponding to buckling curves a and
¢, respectively. This second proposal also includes a factor explicitly accounting for the bending

moment distribution when computing the lateral-torsional buckling resistance owing to a visible
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influence on the numerical results. The second proposal yields more accurate lateral-torsional
buckling resistances than the first proposal. Partial factors were computed for both proposals and
were satisfactory for all of the beam types studied. The second proposal is also adapted to the case
of uniform doubly symmetric welded beams with hot-rolled flanges. The expression for the
imperfection factor is slightly modified with a lower bound corresponding to buckling curve d.
Since the scope of the new verification format is restricted to uniform doubly symmetric beams,
an extension of this design method to tapered mono-symmetric beams was investigated. The
mechanical bases and assumptions employed to develop this design method ([8], [9]) were
considered in the analytical derivations of the present paper. The resulting method is similar to
that from prEurocode 3 [1] with a few adjustments. A new term is introduced accounting for the
tapering and mono-symmetric design of the beam. An imperfection factor adapted to welded
beams with # <40 mm and made of flame-cut flanges is also proposed. The corresponding partial
factors are again adequate for tapered and uniform beams with a doubly or mono-symmetric cross-
section. A clear safety margin from experimental results extracted from the literature ([4], [21],
[22] and [23]) is obtained for the three proposals for welded I-section beams made of flame-cut
flanges.

Uniform and tapered beams with a doubly or mono-symmetric cross-section were investigated
with flame-cut flanges while the studied welded beams with hot-rolled flanges were only uniform
and doubly symmetric. The parametric study of welded beams made of hot-rolled flanges should
be extended to cover a wider scope. Distinct design methods could then be obtained for uniform
or tapered welded beams made of hot-rolled or flame-cut flanges with a doubly or mono-
symmetric cross-section. Plasma-cut flanges commonly used in practice should also be

investigated.
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