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Highlights

= The results of more than 4 000 non-linear shell F.E. computations are presented, detailed
and analysed,;

= Prior to the numerical parametric studies, the numerical models were validated against
test data on full-scale specimens, as detailed in the companion paper;

= Various parameters such as the base cross-section profile, the bending moment
distribution, the size and position of the openings, the steel grade and member slenderness
have been studied,

= Besides, a dedicated design model is presented. Systematic comparisons with the results
of software ACB+, which is by far the most highly used tool in design practice, are
described;

= A significantly improved performance of the proposed design approach in terms of

accuracy, consistency and reliability is demonstrated.
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Abstract

The present paper investigates the lateral torsional buckling resistance of cellular steel beams
numerically. Such beams are quite sensitive to lateral instability owing to a substantial increase in
depth of the cross-section with respect to the base profile. While a companion paper [1] was
dedicated to (i) characterising experimentally the behaviour of cellular and Angelina beams and
to (ii) validating dedicated non-linear shell F.E. models, this paper details the results of extensive
numerical studies. Several key parameters in the structural response are investigated, such as the
base cross-section profile, bending moment distribution, size and position of the openings, steel

grade and member slenderness.

The results have further been used to assess an original design proposal for the lateral torsional
buckling resistance of such girders. The improved design rules are shown to provide accurate yet
safe ultimate load predictions. Also, in comparison with existing and available design rules, the
proposal is seen to allow for substantially higher design loads — still safe-sided —, potentially

leading to significant material savings.
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1. Introduction

This paper is dedicated to the Lateral Torsional Buckling (L.T.B.) of cellular steel beams. Such
beams are usually characterized by (i) a high height-to-width h /b ratio as well as by (ii) long
spans, so that characterizing their response to L.T.B. is of prime importance for an appropriate
design. In particular, it was shown in a companion paper [1] that corresponding failure modes
may span from inelastic to elastic L.T.B., such as in usual steel beams. Accordingly, many
“classical” parameters have an influence: unbraced length, bending moment distribution,
conditions of lateral bracing, etc.; in addition, the effects of the regularly-spaced circular

openings is to be characterized.

As proven very effective to resist bending actions, cellular girders have received specific
attention in the recent decades. Several authors focused on the determination of the critical
moment in cellular and castellated beams [2]-[4], on distortion [5] or on mode interactions [6],
flexural buckling [7]-[9], beam-column behaviour [10]-[12], web post local buckling [13], [14],
resistance under fire [15], on the influence of residual stresses [16]-[18], etc. Closer to the topic
of the present paper, investigations by Panedpojaman et al. [19] report important shear-moment
interactions affecting the section resistance of cellular beams, in addition to studying the
influence of Virendeel effects. Recent years have also seen efforts towards the use of artificial
neural network or related numerical techniques [20]-[23] to provide flexural buckling or L.T.B.

resistance estimates.

Nevertheless, to this date, no L.T.B. design procedure has been widely recognized nor accepted
as the most effective, accurate and safe approach. Although the above-referenced research papers
have brought significant insights on the behaviour and response of cellular beams, major design

standards still provide very different design provisions, if any (e.g., [24]). In this respect, the
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present paper investigates numerically the L.T.B. behaviour and structural response of such
beams and suggests new design recommendations. First, the paper details how validated shell
F.E. models ([1]) have been extended and adapted to lateral torsional buckling reference
situations, namely with respect to “ideal” fork support conditions. Modelling details such as
initial geometrical imperfections are also discussed (see Section 2). Then, Section 3 details all the
considered parameters in an extensive parametric study leading to some 4 000 non-linear F.E.
results. Key factors such as the base cross-section profile, the bending moment distribution, the
size and position of the openings, the steel grade and member slenderness have been considered.
These reference results have served assessing the merits of a new design proposal presented in
Section 4, where the proposal is in particular compared to current state-of-the-art design

recommendations.

2. F.E. modelling
2.1 Material — Support condition and loading

The developed F.E. models being shown to be adequate [1], adapted numerical models have been
derived, on the basis of the validated ones and are described hereafter. Similar modelling features
were adopted, and all mapped meshes used herein were shown beforehand to be adequate,
namely regarding mesh density, aspect ratios and distortion. As a particular point, advanced
characteristics for the web-flange areas have been adopted here as well, namely the use of (i)
extra beam elements so as to match nearly exactly the cross-section geometrical properties and of

(i) truss elements to ensure that the web-flange areas remain free from local buckling.

Modifications to the boundary conditions so as to fulfil so-called “fork support conditions” have

also been implemented; accordingly, the torsional twist was prevented and warping left free at the
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end-sections. In this respect, the following two main modifications were brought to the end

sections:

0] As vertical stiffeners were no more considered, additional support conditions were
used in order to prevent local buckling; this was made effective in fixing the
corresponding out-of-plane displacements of the concerned nodes in both flanges and
web (cf. Fig. 1a);

(i) Simultaneously, linear kinematic constraints were adopted to ensure that the end
sections, modelled by means of shell elements, behave as in a beam-like F.E.
modelling. This was primarily intended at keeping the obtained shell models’ results
“compatible” with code recommendations, which for the most part bear a beam theory
background. With respect to the longitudinal displacements of the end-sections nodes
(x-axis, see Fig. 1a), constraints relationships have been defined between these nodes
so that the end sections to exhibit a maximum of 4 global cross-sectional displacement
modes (see Fig. 1b), namely (i) (global) axial displacement, (ii) rotation about major-
axis with plane-sections-remain-plane assumption, (iii) equivalent minor-axis rotation
and (iv) warping displacements in the flanges — more details relative to this particular

numerical modelling can be found in [25].
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Fig. 1. a) Support conditions and application of loading — b) End section global deformation modes.

For sake of symmetry, the four nodes at the flanges’ tips have been chosen as the “x-free” ones,
and all other nodes are consequently the “X-constrained™” ones. Doing so allows for a satisfactory
treatment of the global behaviour of the end sections, given the levels of displacements and
rotations reached within the present study. It also avoids the use of additional rigid elements
superposed along the flanges and webs of the end-sections ([26]), which aim at preventing local
instabilities and tempering stress concentrations but may cause numerical issues. This modelling
technique has been shown to be very effective ([25], [27], [28]), and was validated and adopted in

many F.E. studies.

The application of any external loading at the member’s ends (i.e., major and minor-axis bending
moments and/or axial forces) is straightforward and has been implemented by means of suitable
sets of nodal forces at the flanges’ tips (see Fig. 1a). As a further feature of the adopted kinematic
relationships, this way of introducing end moments and forces can be shown to avoid any
unintended stress concentrations. It should also be recalled here that special attention was paid to
the numerical modelling of the web-flange junction in order to ensure the required cross-sectional

properties with respect to the original cross-section [1].
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Typical elastic-perfectly plastic with strain hardening constitutive laws have been adopted
(Fig. 2), and use of nominal values of the yield stress has been made in the parametric numerical
studies. The maximum admissible strain &yax adopted in all simulations was set at 10%. Table 1

gives further data relative to the constitutive model used in the numerical simulations.
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Fig. 2. Stress-strain relationship used in F.E. parametric studies.

Table 1. Characteristics of the material models used in numerical studies.

fy fu &y ESH Emax ESH

[Nmm’] [Nfmm?]  [%]  [%] [%] [N/mm?]

S235 235 360 0.112 4.096 10 4200
S460 460 550  0.219 4.333 10 4200

As a specific point of geometrical modelling, decision was made to use plain panels at the beams’
extremities having a fixed length equal to 0.5 s, as shown in Fig. 3. The intention was to avoid the
possible local failure modes at the end of the members, which lay out of the scope of the present

study.
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Fig. 3. Plain web panel of length 0.5 s as end segment of cellular beam.
2.2 Initial imperfections

Initial geometrical imperfections have been accounted for by means of adequate modifications of
node coordinates. A combination of both global and local imperfections has been introduced, as

follows:

= Global imperfections have been considered as the combination of a lateral sinusoidal
imperfection with amplitude L /500 and of an initial torsional twist with maximum
amplitude at mid-span equal to L /(2000 H) where L is the total length of the member —
see also Figs. 4a and 4b, as well as [29]. These amplitude values are known to be a little
high compared to measurements but have been adopted to include the influence of
residual stresses in an indirect way;

= Local imperfections allowing the potential development of local instabilities on the
member’s behaviour have been defined as square half-wave patterns in both directions of
the flanges and of the webs, with an amplitude of a /400, where a designates the flat
width of the flange or of the web — the latter amplitude is based on recommendations from
[24] and [30]. Specifically for webs, sinusoidal “S-shape” distributions have been adopted

(see Fig. 4c): this pattern is inherent to the fabrication process (welding at mid-height of
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the web) and is typically observed for cellular beams—it also remains the most

unfavourable imperfection shape of the web with respect to a potential shear buckling

failure at the end sections.

©

Fig. 4. Standard geometrical imperfections patterns — a) Amplitudes for global imperfections — b) Member global
imperfection (magnified) — c) Local “plate” and “S-shape” imperfections in flanges and web (magnified).
It is to be noted that the definition of the local imperfections in the web was kept fully
independent from that of the flanges. Also, it shall be mentioned that local imperfections have
been defined so as to leave the web-to flange region free from local imperfections; this area is

indeed assumed to remain rigid during loading, even in cases where local buckling develops (see

details on the modelling of the web-flange area in [1]).



Journal Pre-proof

No residual stresses have been included in the numerical simulations since their actual
distribution is relatively difficult to predict in a systematic way, owing to the industrial
manufacturing process ([16], [17]). Their detrimental influence is assumed as being indirectly
accounted for through higher amplitudes in the geometrical imperfections and their combination,

as explained before.

3. Numerical parametric studies
3.1 Parameters considered

The developed F.E. models have been extensively used within parametric studies collecting
reference results for the assessment of an appropriate design proposal. The various parameters
accounted for in these parametric studies have been chosen so as to represent closely the whole
set of potential practical applications. Further, production, erection and service constraints have
been taken into account in the selection of the parameters’ values. Accordingly, the following set
of parameters has been considered in the numerical studies with typical fork conditions and

elastic-perfectly plastic constitutive laws:

» 6 base profiles geometries (“parent sections”) have been considered, from small to large,
either closer to column shapes (HEs) or to beam shapes (IPEs): IPE 300, IPE 400,
IPE 600, HEA 400, HEB 800 and HEM 1000;

= 4 values of parameter s, characterizing the relative size of the openings: s=1.12 ay,
s=1.25ay, s=1.50ap, s=1.75 ap (see Fig. 6). Small values of s are usually relative to
large openings with respect to the height of the final girder and find applications for light,
roof beams with little material in the web posts between consecutive holes, while larger
values of s indicate stockier beams, frequently used as floor beams;

= 2 steel grades: S235 and S460;

~-10 -
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= 8 different values of the member length L leading to regular L.T.B. relative slenderness
values At in typical y.r— At plots. L values were chosen so as to collect results for
rather short beams (A.r = 0.3) and for quite long ones (At > 2.0). All beam lengths have
however been chosen so as to remain realistic for practical applications;

= 5 bending moment distributions through 5 different load cases (LCs, Fig.5): constant
bending moment (w = 1.0, where y designates the end-moments ratio (-1 < <1) — load
case 1 LC1), linear distributions (v =0-LC2 and y = 0.5 — LC5), concentrated load at
mid-span (applied on top flange — LC3) and uniformly distributed transverse load (applied

on top flange — LC4).

Load case 1 (LC 1)

<> C:@c Load case 2 (LC 2) o

ZRRRR.

uJMJLMJLLMM,LMMJ,LLMLLLMJJ,LMM,LLM -

(=10 (v=0)
(top flange) (top flange)
A S 1111 T2 1R 1121101101
A Load case 3 (LC 3) @ Load case 4 (LC 4) W

=TI RISIE=" I

M 0.5M

— Load case 5 (LC 5)

HHHHHHUUHUUMUMMMiuuuuuuM

(y=0.50)

T

Fig. 5. Load cases considered in the parametric study.

L.B.A. (Linear Buckling Analysis) and G.M.N.l.A. (Geometrically and Materially Non-linear
Analysis with Imperfections) numerical simulations have been performed for all cases. L.B.A.
calculations aim at obtaining accurate estimates of the critical bending moment M. while

G.M.N.LLA. analyses provide ultimate capacities, i.e., account for yield extent, local and global

-11 -
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buckling effects, imperfections and all interactions. The results of nearly 4 000 F.E. shell non-
linear simulations are analysed in the following; these reference results have been further used for

the assessment of the proposed design rules, as detailed in Section 4.

Fig. 6. Definition of s and a, parameters.

Fig. 7 provides an overall view of all collected numerical results, in classical yrt— At axes,
where A.7 is the relative L.T.B. slenderness (see Eq. (2) for definition) and y.t is a so-called
“buckling reduction factor” (Eq. (3)) that is such that y 1< 1.0 values indicate a detrimental
influence of L.T.B. on the maximum carrying capacity. As an example, a y 1 =0.70 value
indicates that only 70% on the section’s resistance in bending shall be accounted for, owing to
L.T.B. causing a 30% reduction in resistance, i.e., the beam may only reach 70% of the section’s
carrying capacity. y.t therefore represents a direct measure of the girder’s resistance as affected
by L.T.B. Fig. 7 also shows that although the resistance to L.T.B. appears to remain only slightly
affected by the steel grade, the relatively large scatter observed indicates that many parameters
have an important influence on the girders’ responses and shall be studied in detail. In this
respect, various trends are identified and presented in Figs. 8 to 10, in order to isolate key and
leading parameters on the L.T.B. resistance that shall be paid due account in any design

approach.

~-12 —
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ZLT[-]
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Fig. 7. Overall plot of all numerical results.

3.2 Analysis of results and trends

All results in Figs. 8 to 10 are presented in .7~ At axes; they also report y = 1.0 lines that
represent a “resistance limit” of the girders (i.e., full section capacity is reached in the absence of
L.T.B.), as well as “stability limit” curves — Euler hyperbola—that are relative to a perfect
member buckling behaviour (i.e., no yield limit nor imperfections). These two ideal responses
represent upper bounds of the real members’ resistance to L.T.B. y 1> 1.0 results may however
be observed, mostly as a consequence of strain hardening effects; the latter influence is however
limited. Also, it may be noticed in these figures that some results for high A_r values (long
beams) are reported to lie above the so-called “Euler curve”: this may be explained by the fact
that (i) for such long members, the observed levels of curvature are such that some assumptions
on which the classical linear buckling “Euler” theory relies may no longer be fulfilled (e.g., small
rotations) and (ii) because the corresponding profiles may partially mobilize minor-axis
resistance, some cross-sections being significantly twisted about their longitudinal axis. This

latter influence is well-known and usually observed for HE-type sections since their relative

~-13 -
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minor-axis resistance are greater than that of deeper IPE-type sections. In this respect, Figs. 8a
and 8b also draw y .t = Wy, / Wy horizontal limits which represent the y 1 value reached when

minor-axis plastic resistance is attained, for the sections concerned.

3.2.1 Influence of bending moment distribution

Figs. 8a and 8b first present a series of results on IPE 600 and HEB 800 parent sections, under
various load cases and for two different steel grades. Intention is here to investigate in which
extent the parent section general dimensions influence the resistarnce to major-axis bending. For a
given parent section, Figs. 8a and 8b show that relatively similar trends are observed, except at
low and intermediate At slenderness where more sensitivity to the load case is visible —
imperfections and interactions with yielding indeed have more influence here. Similar
observations for standard hot-rolled wide flange profiles are usually observed, and appropriate
design rules have been proposed (e.g:, [24]), as a function of the bending moment distribution.
Also, Fig. 8a and 8b show little influence of the yield limit on the response to L.T.B. since very

similar trends and values are observed when comparing these two figures.

12 ; ; : : 12 : : : :
_—Resistance limit (plasticy | 9230 ! ! ! 1 5460
10 Qe — — 1.0 o e — —
a [
'ﬂ Stability | | —e— IPE600_LC1
081 NN 0 08 1 NN T —a— IPE600_LC2 ||
— —o— IPE600_LC3 — | —o— IPE600_LC3
= 06l e —8— HEBS0O_LC1 || 7 gl NN —8— HEBS0O_LC1 ||
< —a— HEB800_LC2 < \ —a— HEB800_LC2
—o— HEB800_LC3 —o— HEB800_LC3
0.4 -~ 0.4
0.2 {Woia/Woiy (HEBBOD) GG |~ 0.2 {Woia/Wpiy (HEBBOD) G |~ Soj =
0.0 0.0
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
}“LT['] /?’LT[_]

Fig. 8. Influence of bending moment distribution (girders with IPE 600 and HEB 800 base profiles, s = 1.50 ag) —
a) S235 — b) S460.

— 14—
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3.2.2 Influence of cross-section geometry

Yet, Fig. 8a and 8b display a rather different behaviour for IPE base profiles compared to HEB
base profiles, whatever the load case or steel grade considered. Although some standards (e.g.,
Eurocode 3 [24]) may distinguish L.T.B. responses of sections having height-to-width h / b ratios
lower than 2.0 (usually HES) from h /b > 2.0 ones (IPEs), values reported in Table 2 indicate that
this parameter is not responsible for the differences observed here for cellular beams: h / b ratios
are quite close for both parent and final sections. Also, the relative importance of minor vs.

major-axis resistance and stiffness remain similar, as indicated by Wy, , / Wpiy and |, / 1, ratios.

Table 2. Geometrical and mechanical characteristics of profiles with IPE 600 and HEB 800 parent sections.

hparent /b hACB /b s / tw VVpl,z / Wpl,y |y/ |z |y/ It
[-] [ I [-] o O

IPE 600 2.73 391 158 0.13 27.2 558

HEB 800 2.67 3.83 189 0.15 241 373

Parent section

One may however notice relative stronger flanges in the case of the HEB 800 parent section, and
this has consequences mainly on torsional characteristics (Saint Venant’s torsional inertia I;), as
shown by quite different I, /I ratios. For long members, the Saint Venant’s torsional stiffness
G I bears most of the resistance to torsion, which leads to HE sections resisting better to torsional
twist and thus recording less torsional twist at peak. Consequently, long HEB 800 parent sections
girders experience relatively higher in-plane, major axis curvature than their IPE 600
counterparts, so that the former are more prone to lying above the Euler curve, as previously

detailed. Such a different behaviour is again visible in many of the following results.

—-15-—
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3.2.3 Influence of relative size of openings

Figs. 9a and 9b investigate the influence of parameter s that characterizes the amount of material
present between consecutive holes (see Fig. 6 for examples of extreme practical values
s=1.12 ap and s = 1.75 ap). As can be seen, for a given parent section and load case, changes in s
do not alter the observed L.T.B. resistance trends, although affecting the values of A, and the
associated y r reduction factors. Therefore, as soon as the presence of holes is accounted for
through adequate .t and y. 1 pairs, parameter s can conveniently be omitted from the definition
of the L.T.B. resistance curve. Also, as a comparison between Fig. 9a and 9b shows, the influence
of s on the response to different load arrangements remains negligible, provided correctly
accounted for in the L.T.B. curve — yet observe that design curves shall be different for =1
than for =0 cases. Fig. 10a and 10b further evidence identical trends and conclusions for an
IPE 800 base section, confirming the independence of the resistance curve to parameter s for

other section shapes.

12 1.2

M i ! 0
G I I I
A loadcase2 (LC2) oo

JLULUMMMJ#ULMLuiLuT

I (y=0) I

,,,,,,,,, 1.0 4

i
I
[
i
|
08—~ —_ !
_ _ f —=— IPE600_LC2_s1.12
T —=— IPE600_LC1_s1.12 o F —a— IPE600_LC2_s1.25
5 —a— IPE600_LC1_s1.25 || K 061 Tt T —o— IPE600_LC2_s1.5 ||
R —e— IPE600_LC1_s1.5 R | |
—&— IPE600_LC1_s1.75 || 04l A RN
F F i
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Fig. 9. Influence of the relative size of web openings (factor s), IPE 600, S235 — a) Constant bending
moment — b) Triangular bending moment.
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Fig. 10. Influence of the relative size of web openings (parameter s), HEB 800, S235 — a) Constant bending
moment — b) Triangular bending moment.

4. Proposal for new design rules
4.1 Improved design rules

As briefly recalled in the introduction (see also [1] Tor a deeper literature review), state-of-the-art
design rules against L.T.B. failure found in main design standards usually assume the resistance
of the cellular girder to be that of the Tee in compression. In particular, highly-used design
software ACB+, hereafter referred to as “ACB+" ([31]), is based on such an approach; since
ACB-+ is by far the most highly used tool in design practice, it will be kept as a reference in the
following. ACB+ design procedure basically consists in assuming that the girder’s resistance to
lateral buckling can be calculated as the lateral buckling resistance of the “Tee” in compression
of the weakest cross-section (section A-A in Fig.11). This Tee is considered as acted by
compressive forces only, and is therefore verified against lateral buckling, with a buckling length
set equal to the length between points of lateral support. The corresponding design check then
reads as in Eq. (1).

My,Ed
Mb,Rd

<10 with M, g =N, g -d (1)

Tees

-17 —
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In Eq. (1), Ngqg refers to the axial compression force in the upper “Tee”, Nprg to the lateral
buckling resistance of the Tee and dres to the distance between respective centroids of the Tees.
Even if the actual bending moment distribution on the member may possibly be considered by
means of a variable level of axial compression in the Tee along the unrestrained length, this
design proposal can be shown to lead to very conservative estimates of the lateral torsional

buckling resistance, mainly because:

= The stabilising effect of the tension flange is fully neglected:;

= The torsional stiffness of the cross-section is also disregarded,;

= Considering the Tee of the weakest cross-section neglects the material in-between
consecutive holes; this, in many cases, may have an important influence, as will be shown

in the following (e.g., in the case of typical “floor” beams where s is large).

Tee
« A Neg
Compression™ C%/
- O CN N NI N N N N het
NN NN NN \ f
TR « A TR TenIsEi(:)n_‘h
Section A-A

Fig. 11. Tension and compressions Tees in a cross-section at the middle of a hole.

In order to improve this situation, several design models have been built and tested, and the best
compromise between consistency, simplicity and accuracy has been achieved through a very
similar approach to that of the actual rules of Eurocode 3 ([24]) for the lateral torsional buckling
of standard profiles. The procedure however makes use of the weakest cross-section properties
and adopts buckling curve “c” for IPE sections and curve “d” for HE sections. The proposed

design approach then consists in the following steps:

-18 —
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1. Determine the section properties of the weakest cross-section (i.e., at the centre of an
opening): Myrk, I, I, lp,—all usual section properties, and Mygrc represents the
characteristic cross-section resistance to major-axis bending;

2. Calculate the elastic critical bending moment M, on the basis of these properties through
classical expressions found in textbooks or in Eurocode 3 [24] for example;

3. Evaluate the relative slenderness to lateral torsional buckling A, 1:

My @

cr

ZLT =

4. Determine the reduction factor due to lateral torsional buckling At with the use of

Eurocode 3 buckling curve “c” for IPE sections and curve “d” for HE sections, (see

([24]):

B 1
LT = —
¢LT +\/¢LT2 —Au

5. Last, evaluate the lateral torsional buckling resistance My rgq as:

X <1 where ¢ = 0.5[1+ a5 (ELT —0.2)+ELT2j| (3)

M Rk
- (4)

M1

Mb,Rd =X

where yy refers to the usual partial safety factor to be applied to the resistance of members
subjected to instabilities. As suggested by Eurocode 3 [24] for regular 1-beams, substitution of
it by yirmoed factor to better account for potential beneficial effects for non-constant bending
moment distributions was also considered. Analytical predictions as based on y 1t mes have been

considered in the following comparisons with numerical reference results.
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It may easily be realized that relying on the weakest cross-section has a limited influence on the
resistance to bending since the part of the ignored web barely changes the mechanical properties
and response of the girder. However, the consideration of the cross-section as a whole (i.e.,
including the flange in tension) combined with a more correct warping stiffness can be shown to
have a significant, positive impact on the obtained results. Also, the previously-identified trends
(e.g., dependencies on load case, section shape and dimensions) can be seen to be all addressed

within the proposed approach.

4.2 Validation of proposal against F.E. reference results
4.2.1 Influence of critical bending moment M,

Accuracy and consistency of the present design proposal has first been tested with respect to
L.B.A. results, i.e., comparing reference, F.E.-obtained critical bending moment M, e values to
their predicted Mcrproposar COUNterparts. Tables 3 and 4 propose example sets of the obtained
results, which, in general, have demonstrated an excellent level of agreement between the

numerical and analytical results:

Table 3. Accuracy of proposal for L.B.A. calculations (base profile: IPE 600).

Tot. nb Of %r,FE / Mcr,proposal [—]

F.E. results [ Min. Max. Mean St. dev.
Load case 1 32 0.99 1.06 1.03 0.02
Load case 2 31 0.99 1.07 1.04 0.02
Load case 3 24 094 1.09 1.05 0.04

Load case 4 23 0.90 1.08 1.02 0.05
Load case 5 26 0.90 1.08 1.04 0.04
s=1.12 ag 30 0.92 1.07 1.02 0.03
s=1.25a 33 090 108 1.04 0.03
s=15ag 34 0.92 1.08 1.03 0.04
s=1.75ap 35 094 109 1.05 0.03
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Table 4. Accuracy of proposal for L.B.A. calculations (all base profiles).

Tot. nb Of ]Wcr,FE / Mcr,proposal [—]
F.E. results | Min. Max. Mean St. dev.
Load case 1 32 0.93 1.03 1.00 0.02
Load case 2 27 096 1.04 1.01 0.02
HEB 800 Load case 3 23 097 1.06 1.03 0.02
Load case 4 22 0.91 1.04 0.99 0.03
Load case 5 25 094 1.05 1.02 0.03

Load case 1 30 092 1.02 1.00 0.02
Load case 2 30 092 1.03 1.00 0.02
HEA 400 Load case 3 27 097 1.05 1.03 0.01

Load case 4 23 094 1.03 1.00 0.02
Load case 5 27 091 104 1.02 0.02
Load case 1 32 0.95 1.04 1.00 0.02
Load case 2 29 0.93 1.04 1.01 0.02
HEM 1000 Load case 3 26 093 106 1.03 0.03
Load case 4 24 092 1.05 1.01 0.03
Load case 5 27 095 1.06 1.03 0.02
Load case 1 28 093 1.05 1.01 0.02
Load case 2 29 093 1.06 1.02 0.03

IPE 300 Load case 3 27 091 1.07 1.04 0.04
Load case 4 22 0.92 1.07 1.01 0.04
Load case 5 27 0.94 1.07 1.03 0.03
Load case 1 32 091 105 101 0.03
Load case 2 31 094 105 1.02 0.02
IPE 400 Load case 3 27 092 107 103 0.04
Load case 4 24 093 106 1.01 0.04
Load case 5 28 091 107 103 0.04
Load case 1 32 099 106 1.03 0.02
Load case 2 31 099 107 104 0.02
IPE 600 Load case 3 24 094 109 1.05 0.04
Load case 4 23 0.90 108 1.02 0.05

Load case 5 26 090 1.08 1.04 0.04

Considering the whole set of results, an average difference of 2% to 3% between both sources has
been found, as well as very low standard deviations. This clearly indicates that the choice of the
weakest cross-section is appropriate. Also, as the tables show, no load case sensitivity nor
influence of the relative size of the openings could be evidenced. Too, no obvious influence of

the base profile cross-section geometry can be shown, as Table 4 results show: Mcr proposal Values
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remain very close to the reference M e Ones whatever the base cross-section, and very low

standard deviations values reflect reliable, consistent estimates.

4.2.2 Resistance under constant bending moment (“reference case”)

Referring now to ultimate load calculations (G.M.N.I.A. results), the proposed analytical model
can also be shown to provide accurate predictions; Figs. 12 to 17 plot representative examples of
results evidencing the improved accuracy, in comparison with reference “ACB+” results. The
data are classically presented in terms of A.r— yi1 plots (left), but also in terms of relative
xurre | yitanaytical ratios with respect to the number of openings in the girder (right), which is

another parameter closely linked to the length of the girder.
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Fig. 12. Results for base profile IPE 600, constant bending moment, s = 1.5 a,, S460, curve c.
In the particular case of an IPE 600 base section, Fig. 12a proposes a first comparison between
ACB+ design recommendations and the proposed L.T.B. resistance model. Overall, the proposed
design model is clearly seen to provide much closer solutions to the F.E. reference ones,
especially for high A_r values. Indeed, for long beams, even if at first sight the ACB+ prediction
may seem acceptable, it turns out to be quite severely underestimating the actual carrying

capacity: for beams having 14 and more openings, which in the particular case considered here
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leads to approximately 12 m elements’, resistance predictions according to the proposed model
remain about 15% on the safe side in average, while ACB+ results are seen to become very
conservative, underestimating the real failure load by more than a factor 2. This latter observation
is of particular relevance in practical situations involving composite cellular beams, since such
high A_r values are usually met during the erection phase, owing to few — if any — intermediate
points of lateral bracing. Given the associated low gt values, the resistance to L.T.B. is of prime

importance, and often leads the design — thus the need for improved design rules.

Figs. 13 to 17 report similar observations for other steel grades, relative sizes of the openings,
load cases or parent sections, both qualitatively and quantitatively — in all cases, the ACB+ model
for beams with more than 16 openings is systematically seen to provide results underestimating
the reference F.E. resistance more than a factor 2.0, unlike the proposed approach that offers

much better resistance predictions.

250 U : ; R
@ [ C | | [ i 4) [
[ 2 [
2.05 _*,,,ﬁ%,,,’i@"" Loa‘dcasele(FlL lw= |
-,—| i (T g
— I ] (y=1.0) ] |
%) I I I I I
£2004 [
- —&— Proposal K] ; ; [ ;
e 1 + ©
N 06 ACB+ 5 175 b I — —
R N ; ; o |
1 =~ —— Proposa
04 t 150 1 E— R —o— ACB+
- [ [
1 T U N I I
0.2 1.25 N <ot S R A S |
[ [ [ [
@ R
0.0 ; T i i 1.00 | | | I I I
0.0 0.5 1.0 15 2.0 25 3.0 0 4 8 12 16 20 24 28
2,70 Number of holes [-]

Fig. 13. Results for base profile IPE 600, constant bending moment, s = 1.12 a,, S235, curve c.

! It is quite common to meet practical cellular beams spanning above 12 m, and up to 20 m.
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Fig. 14. Results for base profile HEB 800, constant bending moment, s = 1.75 ag, S235, curve d.
Fig. 13, again relative to girders involving an IPE 600 parent section, proposes very close results

and observations to Fig. 12 ones, however for a different steel grade and for comparatively larger
openings (s = 1.12 ao, meaning that thin posts between holes were considered — see also Fig. 6).
Consequently, it can be concluded that the suggested model correctly accounts for these
parameters through the suggested modifications of the A.r factor and provides satisfactory
resistance estimates. Careful and details analysis of all collected F.E. results can also be shown to
provide identical results and therefore yield similar conclusions —as another example, Fig. 14
shows results obtained for an HEB 800 parent section, with s = 1.75 ay, i.e., much stronger webs
between holes. The change in cross-section parent section in Fig. 14a and Fig. 14b is indeed seen

to leave the good resistance predictions of the proposed design procedure unaffected.

4.2.3 Design under variable bending moment

Fig. 15a and Fig. 15b propose a first series of results with a different load case (LC2, triangular
bending moment), which allows to investigate the ability of the proposed approach to account for
another key parameter of L.T.B. Here again, results are seen to be very satisfactory, providing

significantly more accurate resistance predictions than the ACB+ approach.
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Fig. 16. Results for base profile IPE 600, concentrated load at mid-span, s = 1.75 a,, S235, curve c.

Fig. 16 however shows less accurate results for the proposed approach in the case of a point load

case, mostly owing to non-constant bending moment distributions. Resistance predictions tends

to be more conservative, however still safe-sided and much more accurate than those of the

ACB+ model. Especially, the change ins = 1.12 a, in Fig. 13 to s = 1.75 ag considered in Figs. 15

and 16 could be shown not to be responsible for the less accurate predictions, as Table 5 further

shows. A detailed analysis of all results collected revealed that resorting to (i) other parent

sections or to (ii) other load cases with non-constant bending moment distributions provide

slightly better results than those of Fig. 16 — see example of Fig. 17 —, yet less good as for the
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reference constant bending moment LC1 load case (see also Table 5). Yield extent along the
longitudinal axis of the beam can be evidenced to lie at the basis of y 1> 1.0 values in Fig. 17a,
for At values up to At~ 0.8. For higher A_r values, the proposed approach is seen to lead to
quite safe resistance estimates, which are nonetheless much less conservative than ACB+ ones,
which can reach up to 300% over-safety — meaning that the resistance according to ACB+ can be

tripled to reach the actual one.
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Fig. 17. Results for base profile IPE 300, triangular bending moment, s = 1.75 ag, S235, curve c.
As a further illustration of the observed tendencies, Table 5 proposes statistical results of the

comparison between numerical, “ACB+" and “proposal” results in terms of yi1re / 717 proposal and
xurre | yitace+ ratios, for the particular case of an IPE 600 base profile of steel grade S460. For
each of these ratios, a value higher than 1.0 indicates a safe analytical estimate of the L.T.B.
resistance while ratios < 1.0 denote unsafe predictions. As can be seen, the resistance estimates
are significantly improved by the new proposal, and the mean and standard deviation values also
indicate a high level of consistency. This is further illustrated for other parent sections in the
histograms of Fig. 18a and Fig. 18b, where (i) the F.E.-to-proposal ratio is more frequently closer

to unity than the equivalent F.E.-to-ACB+ ratio (especially in Fig. 18a) and (ii) more consistent
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predictions are provided by the proposed approach, as revealed by tighter distributions —a
“perfect histogram” shall show a very narrow distribution slightly higher than 1.0. The
comparison in these histograms clearly demonstrates the improved accuracy features of the
proposed new rules, as well as a reduced scatter in the results. A detailed analysis of all available
results in the parametric F.E. study confirms the observed trends, whatever the set of parameters.
The proposed design rules are then seen to be much more accurate and consistent than the actual
ACB+ ones, potentially leading to significant material savings for situations where lateral

torsional buckling governs the design.

Table 5. Comparison between F.E., ACB+ and proposal results (base profile IPE 600, S460).

Tot. FE ot rel proposal it Fe ! T ace+
results | Min. Max. Mean St dev. | Min. Max. Mean St. dev.
Load case 1 40 1.05 122 1.13 005 | 105 191 1.32 0.22
Load case 2 40 1.06 1.71 1.28 0.20 | 105 217 1.69 0.31
Load case 3 40 092 1.77  1.30 024 | 100 174 1.43 0.22
Load case 4 40 1.05 1.68 1.29 0.21 | 090 198 1.30 0.38
Load case 5 40 099 181 1.38 025 | 088 178 1.33 0.34
s=1.12a 45 1.05 1.81 1.30 022 (088 191 1.37 0.39
s=1.25a 45 1.03 176 1.27 020 (089 190 1.39 0.30
s=15ag 45 092 174 1.23 0.18 (091 191 1.35 0.32
s=175a 45 106 181 1.30 0.19 (098 217 155 0.33
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Fig. 18. Frequency distribution of yi1.re / yi1 anaiyiic ratio —a) HEM1000, S235, constant bending moment distribution
all relative sizes of openings s — b) IPE 300, S235, constant bending moment distribution, all relative sizes of
openings s.
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5. Conclusions

In this paper and a companion one [1], the lateral torsional buckling resistance of so-called
“cellular” steel beams has been investigated, through both experimental, numerical and analytical
(design) aspects. Since such girders usually meet their economical relevance for long spans, their
resistance to L.T.B. is of prime importance and often leads the design. After showing an excellent
agreement with the experimental results [1], the developed F.E. models have been further used in
extensive parametric studies. In total, some 4 000 F.E. “reference” results have been gathered,
accounting for the various influences of cross-sectional shape, bending moment distribution,
relative size of the openings, and yield stress; they have further served as a database of reference

results for assessing the merits of different design approaches.

The present paper also detailed a proposal for specific, improved design rules, which, in
comparison with all the available F.E. results, was shown (i) to substantially improve the global
accuracy of the design procedure —thus allowing for significant material savings —and (ii) to
provide safe yet reasonably accurate estimates of the lateral torsional buckling resistance of such
girders. Finally, comparisons with resistance predictions obtained from software ACB+ [31],
which stands as the most highly used tool in design practice, demonstrated a significantly
improved performance of the proposed design approach in terms of accuracy, consistency and

reliability.
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