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ARTICLE INFO ABSTRACT

Keywords: New developments in building construction have been observed to attain sustainable design criteria and the
Cellular beams efficient use of raw materials, as steel is an example. This led to an increase in recent research on the optimi-
II;F_FB zation of geometric configurations of web-opening steel sections to meet cost-effectiveness in structural design.
e . Improvement of the design method for perforated unrestrained steel beams to assess their behaviour under
Numerical modelling . . s o L . . . .
Imperfections lateral torsional buckling (LTB) is still an ongoing issue for scientists and designers alike. In this article, cellular

beams bound to instability were studied analytically by Eurocode and numerically by the finite element method
to investigate their behaviour at ambient and elevated temperatures due to fire. The analysis encompasses the
effect of the coupling and the endplates' thickness on the cellular beams' collapse strength considering the initial
geometric imperfections and material nonlinearities. A parametric study including changing temperature, cross-
section geometry, and web aperture configurations was done for beams subjected to uniform bending and
distributed load. The analyses depicted the following failure modes: LTB and LTB+ plastification of the two T-
section (P-2 T) for end moment load and yielding of top tee section's flange (B-1 T), P-2 T, web post-buckling
(WPB), Vierendeel mechanism (VM) and LTB for a distributed load. Combined failure modes such as LTB +
WPB, LTB + VM and LTB + VM + WPB have also been observed. Buckling curves for cellular beams were
assessed by comparing FE reduction factors with those of the buckling curve recommended by Eurocode 3 for
equivalent solid steel beams. A new proposed formula for the plateau length of the LTB curves was obtained,
based on the mean squared error method (MSE) between the numerical results and Eurocode formulae. The
comparison between the numerical and the simplified design method predicted results shows that the proposed
formulae have reduced the discrepancy and improved the LTB curve to better assess the cellular beams
behaviour.

Residual stresses

1. Introduction

Cellular steel beams bring sustainable and innovative alternative
solutions for modern building construction to achieve longer spans and
open spaces with additional advantages for service integration through
the beam's depth. This type of beam is primarily produced by thermally
cutting parent European hot-rolled sections and reassembling them in
two shifted parts to fabricate beams with evenly spaced smooth round
web openings.

Research studies on the behaviour of unrestrained open-web steel
beams at ambient temperature or under fire have been stimulated by the
demand of the construction industry for innovative cellular beams.

* Corresponding author.

However, with the presence of openings as the cross-section height in-
creases, the beams are prone to a variety of failure modes and instability
at ambient temperature [1]. Several research works studied the effect of
such modes with particular emphasis on web-buckling for castellated
[2] and for cellular beams [3-6] which was proved to be significant at
posts between closely spaced web apertures. The other instability mode,
the Vierendeel mechanism, was investigated by authors [3] on cellular
steel beams and an empirical shear moment interaction curve was
provided.

The LTB problem in cellular steel beams, explained by the com-
pressed tee being insufficiently supported laterally, have been reported
in a significant number of experiment [4,7]. There are two distinct
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groups of design guidelines, for LTB, the one based on the 1 T approach
is considered very conservative [7,8] and the one based on the 2 T
approach which has been adopted in the current proposals [9,10]. In the
latter, the choice of the buckling curve is different from one proposal to
another. Nseir et al. [7], Boissonnade et al. [11] and later prEN 1993-1-
13 [12] recommended to use the buckling curve ‘c’ of the EC3 part 1-1
[13]. The studies of Panedpojaman et al. [10] for cellular beams rec-
ommended the use of the general case curves of EC3. In a recent
research, Ferreira et al. [14] emphasized that possible updates on EC3
formulation would lead to LTB resistance of cellular steel beams without
any correction as a function of shear stress for different load configu-
rations. More recently, researchers have used intelligence methods, such
as artificial neural networks (ANN) [15,16] and least square support
vector machines LSSVM optimized by metaheuristic algorithms [17] to
solve problems involving the prediction of LTB resistance of steel
cellular beams.

Steel beam members require a base level of resistance against fire
[18] to prevent precocious failure when unprotected and if this is not
met the sections for solid or cellular beams may be protected. Baily [19]
was the first to conduct a fire test on unloaded solid and cellular beam
samples with a primal concern of comparing the temperature elevation
and distribution between protected and unprotected sections. Mesquita
et al. [20] carried out experimental and numerical research to study the
critical temperature of laterally unrestrained solid steel I-beams under
fire conditions. Based on the experimental study findings of Nadjai et al.
[21], Vassart et al. [22] proposed an analytical calculation method to
determine the WPB strength of cellular beams during fires. Ellobody
et al. [23] found out that the use of castellated steel beams in composite
frames led to less vertical mid-span deflection than frames without
them, as well as improved span-to-maximum deflection ratios. The
experimental results of Mesquita et al. [24] and Lamri et al. [25] on
unloaded solid and cellular beams in fire conditions with and without
intumescent fire protection indicated intumescent coating efficiency
when applied to solid beams as well as cellular beams, Wang et al. [26]
indicated that the degree of protection of the hole edge has a significant
impact on the temperature distribution in the web post, which subse-
quently influences the buckling behaviour of the web post, thereafter,
Nadjai et al. [27] came to confirm that the intumescent coating is the
most efficient fire prevention material for the steel cellular beams.

Regarding unprotected cellular beam members, a new normative
appendix, Annex F, on Beams with Large Web Openings, is included in
the updated first draft of prEN 1993-1-2 [28], in which the section
factors for the cellular beam's different failure modes in fire was the focal
point. Nevertheless, for the LTB mechanical response under fire, no
provision was made considering geometric imperfections effects, resid-
ual stresses, material, and geometric nonlinearities. Furthermore, only a
few research has been done on this subject [22,29]. Recent in-
vestigations are yet to reach a full understanding of the LTB resistance
and failure modes with the factors mentioned above [30-33]. Kada et al.
[34] presented a numerical study on the flexure of beams with hexag-
onal and circular web apertures under fire conditions for several uni-
form load levels. Silva et al. [31] investigated the LTB behaviour of solid
and cellular steel beams by relating temperature to various geometric
parameters, and proving that short beams with a small tee height fall
due to the Vierendeel mechanism (VM), while higher tee height fails due
to web-post buckling (WPB). Correa de Faria et al. [33] caried out a FE
analysis and an extensive parametric study to formulate a procedure for
evaluating the LTB resistance of cellular steel beams, as well as address
the issue of the elastic critical moment for cellular beams under non-
uniform bending. It has been demonstrated that numerical and analyt-
ical results on the elastic critical moment vary significantly (up to 10%
under uniform bending, 25% under non-uniform bending) for cellular
beams with non-dimensional slenderness below 2.0 at room tempera-
ture and 3.0 in fire situations. Benyettou et al. [32] addressed numeri-
cally the LTB failure mode of beams having closely spaced large
openings and the influence of parameters such as length, height of the
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cross-section, opening diameter and the effect of residual imperfections
on their fire resistance.

Given these points, there is a need for more research on LTB resis-
tance of cellular steel beams and especially when failure modes and their
interaction are to be considered and when the adequate LTB curve is
chosen. In this paper, numerical models are developed to predict the LTB
behaviour of unrestrained cellular steel beams and their effective solid
beams at increasing elevated temperatures due to fire. Through these
numerical models, it is sought to fill the gaps that previous works
overlooked concerning the determination of the appropriate LTB elastic
critical moment, the depicted interacting failure modes such as WPB;
VM and yielding of the Tee section, the influence of buckling curve
choice and of geometric parameters on the LTB buckling strength of such
beams. The simulations carried out with the finite element software
ANSYS APDL [35], included the initial geometrical imperfections, re-
sidual stresses, and geometric and material nonlinearities. To evaluate
the fire resistance of a cellular beam, it was necessary to analyse and
compare the obtained numerical results with the analytical design
methods available in standards and literature. To do so, the LTB curve of
the effective solid beam has been chosen for the calculation of LTB
resistance of the cellular beam and confronted with the results got when
using the LTB curve “c” recommended by [12]. Furthermore, a para-
metric study was conducted to identify the influence of variation of
cross-section dimensions, opening geometric characteristics, steel beam
length and non-dimensional slenderness on the CB's fire resistance and
failure loads considering the instabilities, and consequently on the stress
distribution along the beam span. The numerical predictions of the
failure modes and the related load-carrying capacity were compared to
the calculation methods from [12,13,18,36].

2. The influence of imperfections for solid and cellular beams

Imperfections to be considered are of two kinds geometric and re-
sidual stresses which are linked to the prescribed straightness tolerances
of the beam and induced stresses and both are included in the design by
EC3-1-1 [13].

The presence of imperfections in cellular beams significantly impacts
their structural performance reducing the load-carrying capacity
[15,37]. According to Martins et al. [38] and Rossi et al. [39],
geometrical imperfections, such as initial curvature, in beams, alters the
traditional buckling problem and transforms it into a load-displacement
problem, which stands in opposition to the problem of bifurcation of the
equilibrium. Thus, the consideration of geometric imperfections in nu-
merical analysis is essential for obtaining accurate results, which is
indispensable when predicting the behaviour of steel structures. Teix-
eira et al. [40] concluded in their study that geometric imperfection
shape has a marked effect on the outcomes of the simulation, both
qualitatively in terms of altering failure modes and quantitatively by
increasing the overall resistance due to web bending. Boissonade et al.
[41] suggested that using eigenmodes as the initial imperfect shape is
appropriate, provided that the initial amplitude is carefully scaled (e.g. L
/1000).

Measurements of residual stresses are a major issue and research
works done [42] aimed to better quantify these stresses for different
types of components and subsequently include them in improved design
rules and advanced numerical models. Nseir et al. [7] highlighted the
complexity of the state of residual stresses in cellular beams and pro-
posed a solution to account for their effects by adopting the amplitude L/
500. The numerical study by [9] proposed a residual stress pattern for
cellular I-beams and concluded that the residual stress modification
affects the LTB buckling resistance. The suggestion of the use of the EC3
buckling curve ¢ for non-dimensional slenderness for LTB At < 1.25
and buckling curve b for At > 1.25 overestimate the LTB resistance
because the real distribution of residual stresses on cellular steel beams
cross section lowers the buckling resistance. Abambres and Quach [43]
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presented a review of available analytical approaches on residual
stresses and clearly emphasized that these are often required as input for
numerical analyses.

Recent numerical investigation on residual stresses conducted by
Silva et al. [31] suggested new models that account for the cutting and
welding phases of the plates used in the manufacture of steel cellular
beams. It was concluded that with considering or not the residual
stresses on the web, the beam's resistant capacity remains the same, and
even their ways of collapse remain the same.

The present work adopts residual stress patterns, Fig. 1, from Silva
et al. [31] and were used as incoming data in the following parts which
relate to the studies of the lateral torsional buckling.

3. Design rules for the resistance of cellular beams

Research works seek to provide current codes with adequate for-
mulations for the ultimate resistance of cellular beams, and improved
analytical models have been developed to establish design rules espe-
cially for the Eurocode [10,33,36,44].

This part addresses solid and cellular beams resistance at ambient
and elevated temperature for flexural, LTB for gross and net section. The
net section corresponds to the 2 T cross-section at the opening's location
in a cellular beam, and the gross section is the I-cross section's overall
area, excluding any holes within the cross section (see Fig. 2).

The geometric dimensions of the above shown beam are overall
breadth (b); flange thickness (tp); web thickness (t,); web opening
diameter (ap); final height (H); web depth of solid web section (h,, = H —
2 * t); web depth of one Tee-section (hyr = hy/2 — ao/2); spacing be-
tween the web openings (S); web post width (Sp).

Design according to [12,13] is conducted when considering the final
height H for the solid/cellular cross sections with the same class 1 or 2 as
the original parent section. The 2 T approach is adopted to study cellular
beams, with cross-sectional characteristics computed at web's opening
center, using the Eurocode's buckling curves for the equivalent rolled I-
section.

3.1. Design resistance at ambient temperature

The plastic bending design resistance (My|,ra) for solid cross-section
is based on the formulation available in EC3-1-1 clause 6.2.5 [13]. The
flexural bending design resistance for a cellular beam cross-section is
expressed as [36]:

Mpigazr = Woar fy/Vio = 2 ArZofy [¥ar0 €Y

Zo = (Ar(ho+1) /24 Aur(hur/2+ a0/2) ) | (A + Aur) @
where: wy, o7 is the plastic section modulus of the two Tee sections; f, is
the yield strength at 20 [33]; Z. is the distance between the local
centroid of one Tee section's area and the global one; yy is partial factor
for resistance of cross-sections whatever the class is equal to 1; At is the
area of one Tee section, AT = As + Ayr; Aris the area of the flange of one
Tee; Ay is the area of the web of one Tee section.
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The lateral torsional buckling resistance (Mp. rq) of a laterally un-
restricted beam is calculated using the Eq. (3) for solid and cellular
members [12,13].

3

Myra = Y 17Wpy =——
M1
where: wy. y is the plastic section modulus of the gross and the 2 T
sections respectively; yy is a partial safety factor equal to 1; yrr is the
reduction factor for lateral-torsional buckling which can be calculated
according to the “general case” of EC3, and given by Eq. (4).

1
Xir = —_2
@ + 1/ D — Ay

With @7 = 0.5[1 + oAy — 0.2) + XET], art the imperfection fac-
tor related the appropriate buckling curve, and A.r is the appropriate
non-dimensional slenderness given by Eq. (5).

buty,; < 1.0 @

)

M, is the elastic critical moment calculated as the maximum value of
bending moment supported by a beam free from any type of imperfec-
tions [45]. M, for the net section is calculated taking into account the
torsion constant (I;), and the warping constant (Iy) according to [10].

3.2. Design resistance at elevated temperatures

The simplified rule for the design resistance in a fire situation is
determined from the one of the normal situation [13] taking into
consideration steel's mechanical characteristics at high temperatures
[18]. The flexural design resistance of the gross and net sections (Mg, ¢,
Rd&; Msi. 0. Rd. 21), at a specific elevated temperature 6 is obtained by
multiplying the above mentioned resistances at 20 °C (Mp). rd; Mp1. rd.
2t1), by the reduction factor for the yield strength of steel at temperature
6, reached at time t, ky. o, and replacing ywo, Ym1 by v, fi, in which yyy, g is
the partial factor for the relevant material property for the fire situation.
The elastic critical moment M, ¢ of the gross and net cross-sections at a
specific elevated temperature 0 is obtained by multiplying the above-
mentioned resistance M, at 20 °C by the reduction factor for the slope
of the linear elastic range at the steel temperature 0, reached at time t, kg,
0-

The lateral torsional buckling resistance, My, . t. rd Of gross section
and My, g, ¢, rd. 2T Of net section, is computed as for normal conditions
considering the reduction factor in the fire situation, yrr. ¢ [18]. Simi-
larly, yit. i is determined based on formulations at ambient, where:

Drrpcom = 0.5 [1+ Airp.com + (ZLT_H,L»,,,")Z] ©
e \/23_5/]? @)
Auro.com = ur [kyo.com [ Keo.con] o3 ®
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Fig. 1. Residual stress distribution models, a) for solid beam, b-c) for cellular beam.
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Fig. 2. Geometric properties of cellular steel beams.

kg, ¢. com is the reduction factor for the slope of the linear elastic range at
the maximum steel temperature in the compression flange 0, com
reached at time t.

New design formulations for a and yrr. 5, Eqs. (9) and (10), to
consider the bending moment distribution, the type of cross section, and
steel grade are introduced to improve the design efficiency [46].

a=p\/235/f, ©

_Xirg
XLT fimod =

< 1.0withf =1-0,5(1 —k.) (10$)

where: § is the severity factor that is equal to 0.75 for h/b > 2, for rolled
I-section with steel grade S355, y1T. fi. mod is @ modified reduction factor,
k. is a correction factor equals to 0.91 for parabolic moment distribution
and equals to 1.0 for constant moment distribution.

4. Definition of the parametric analysis and case studies

The parametric study, of the hot-rolled profile, IPE450, with class 1
and 2 cross-sections, is the focus of the research for simply supported
solid and cellular steel beams subjected to LTB following the assump-
tions below.

4.1. Assumptions

The following assumptions according to the EC3-1-13 [12], the SCI
reference [36], and the ArcelorMittal catalogue [47] are made,
regarding the properties of the beam model in the numerical
simulations:

o Cellular beams with I profile, which are symmetric about the weak
axis, with hy, > tf + 30 mm, the ratio of the depth of top and bottom
Tees 0.5 < hyrp / hut < 3, [36];

e Regular circular openings are the main configuration of openings
that are used, openings placed centrally in the depth of the section
hytp / hyr, = 1, with web-post width; ap/12 or 50 mm < sy < 0.75 ag
[471,

e Large web openings in which 1.25 ay < H < 1.75 ag [47],

e Closely spaced circular openings: edge to edge spacing so < ap and
the minimum end-post width s, is 0.5 so [12], se > 0.5 ag [36],

e The LTB for cellular beams is mainly affected by residual stresses
applied along the cross-section.

4.2. Geometric parameters of studied cases

Studied related cases, SB, and CB, are considered with respect to, the
beam span L, the cross-section depth H, and the load type for both solid
and cellular beams, and to opening diameter ay, spacing S for the latter,
see Table 1. Two different load cases were applied to the beams: end
moments (M) uniform distributed (D). Geometrical parameters for

Table 1
Geometric and loading data for solid and cellular steel beam cases.
Beam Parent Loading H ag S L (m)
steel type
profile
1.3
}11.4 2,3,4,5,6,
M 8,10, 12,
h 14
1.5
Solid SB IPE450 h - -
1.3
h
D 1.4 3,4,5,6,8,
h 10,12, 14
1.5
h
1.3 0.8
];.4 ];.0 1.1a0 2,3,4,5,6,
M b b l.4a, 8,10,12,
15 1o 172 14
h h
Cellular CB IPE450 13 08 1.5,2,3,4,
h h 5,6, 8, 10,
1.0 1.1a0 12,14
D 1.4 h 1.4a¢
h 12 1.7a0 3,4,5,6,8,
1.5 10, 12, 14
h h

cellular beams were varied proportionally to the parent section height,
h, and to the opening diameter, ay, see Table 1. Different opening sizes
and spacing were selected to include geometries at the lowest, inter-
mediate, and high limits of ap/h and S/ay within the recommended
range of assumptions.

For LT buckling analysis, designations are given for the cellular beam
models according to their geometric properties. The first symbol on the
label indicates the section, and the second and third symbols represent
the opening ratio (ap/h) and spacing ratio (S/ag), respectively. Thus, for
example the label CB-0.8-1.1 refers to the cellular beam of a cross-
section IPE450 with ap/h = 0.8 and S/ap = 1.1.

The geometry and position of the web aperture influence the in-
elastic buckling load [15]. It is worth noting that the number of openings
is odd for all the studied cases, so that one cell is always located at the
beam's mid-span submitting the 2 T-section to the highest bending
moment. Applied uniformly distributed temperatures are, room tem-
perature 6 = 20 °C, and two high temperatures, 6 = 500 °C and 700 °C
chosen for a fire situation. The steel grade S355 (fy = 355 (MPa)) was
used for all beams with a typical value of elasticity modulus of 210
(GPa), and Poisson's ratio of 0.3.
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5. Numerical model, boundary conditions, and imperfections
5.1. Finite element model description and boundary conditions

A total of 1548 FE beam models make the set of numerical simula-
tions performed, using the ANSYS software package [35], to study the
LTB resistance of laterally unrestrained beams, with and without web
openings. The 3D four-node shell element type SHELL181, with full
integration, was used, without considering the fillet radius between the
web and the flanges. Mesh sensitivity analyses were carried out for el-
ements sizes equal to 30 mm, 20 mm, and 15 mm, using both the elastic
buckling moment and ultimate collapse moment for comparison, see
Table 2. The numerical results are compared with the elastic critical
moment and the LTB moment resistance given by Eurocode, as defined
in Section 3. From these simulations, an element size of 20 mm, see
Fig. 3, for all simulations was chosen, considering the required accuracy
and acceptable computation times.

Beam end conditions, designed to create “fork” type supports, are
modelled by restraining the two ends by, the vertical displacements (Uy)
on the bottom flange, the lateral, out-of-plane, displacements (Uy) along
the web, the rotation along Z (ROTZ) on the bottom flange and the web,
Fig. 3. All nodes at mid-span are axially restrained (U,) and the rotation
(ROTX) of nodes of beam ends sections are coupled to the chosen master
node at the web centre defining a rigid region (CE), where the given
master node's rotation is the same for all nodes. End plates, with one
time the flange thickness, are added to the beam to avoid web local
crippling and section plastification. These plates should be capable of
transmitting vertical shear and enabling beam end rotations without
producing large moments [48]. For cases involving short and high sec-
tion cellular beams, where the first buckling mode is local buckling or a
mix of local and distortional buckling rather than lateral torsional
buckling, Coupling (CP) degree of freedom, set for the ROTZ, was
applied during the Eigen buckling analyses along the all beam span
studied with distance of S/2 and H/2 for cellular and solid beams,
respectively, to account for the web strengthening against local buckling
thereby promoting the LTB collapse mode. Applied loads on the model
are pure bending moments, M, achieved by a couple of forces in the form
of uniform loading applied at the top and bottom flanges of the beam
end sections or the mechanically distributed load, D, applied on the
node's top flange centreline.

5.2. Mechanical model and imperfections

Both material and geometric nonlinearities are considered, as well as
imperfections such as residual stresses and initial geometrical out-of-
straightness. The stress-strain relationship defined by the Eurocode 3
Part 1-2 [18] is used for the simulations. Geometric imperfections are
considered with an amplitude value of L / 1000 by [9,41] for solid and
cellular steel beams respectively, where L is the beam span. At room and
elevated temperature conditions, residual stresses for solid and cellular
beams were modelled as an initial stress state condition, as presented in
Fig. 4. All studies were carried out using the Newton-Raphson solution
process.

Table 2
Mesh sensitivity analysis, cases with H/h = 1.3 h, a0/h = 0.8,S/a0 = 1.1, L = 5.
m.

Analysis type Mgcs (KN. Element Mg (KN. Mg /
m) size m) Mgcs

Elastic buckling analysis ~ 453.855 15 mm 457.103 1.007
20 mm 458.043 1.009

30 mm 460.116 1.014

Nonlinear analysis 320.635 15 mm 355.288 1.108
(NLGMA) 20 mm 355.599 1.109
30 mm 356.785 1.113
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5.3. Numerical model validation

The numerical model described in the previous sections was
employed to the experimental tests of cellular steel beams of Sonck et al.
[8,9] following the same procedure as Faria et al. [33]. Two experi-
mental tests done with cellular beams subjected to four-point bending
were simulated and the load-displacement curve were compared.
Table 3 shows the specimen's geometric details, with fy r and f;, .y being
the yield strengths of the flange (top and bottom flanges) and the web,
respectively. E is the elastic modulus, L and L¢ are, respectively, the total
beam length and the distance between loads. The tests were done at
room temperature.

Fig. 5 presents load versus vertical displacement from the numerical
results (FE), at the loading points and mid span, in comparison with the
experimental results (EXP), measured at the loadings points. For the
3.15 (m) length beam, the numerical collapse load was 23.56 (kN) and
the experimental value is 22.34 (kN) [8]. In the case of the 3.99 (m)
beam length, the numerical collapse load obtained was 24.50 (kN) and
the experimental maximum load was 23.62 (kN). The overall load and
displacement curves agree satisfactorily well with the experimental
behaviour, and the numerical model failure mode was LTB as the one
obtained experimentally. The difference between experimental and
numerical results are 5.5% and 3.7% for the CS2_L3 and CS2_L4 speci-
mens, respectively. Considering the simplified residual stress pattern
used in the model and its influence in the failure load [8,9] and as the
real geometric imperfections were not modelled but a global imperfec-
tion, with maximum amplitude of L/1000, the numerical results are
acceptable, and the model considered suitable for further analysis.

6. Simulations for LTB elastic critical moment, and effect of
coupling and end plates

Analytical and numerical simulation results are presented for the
LTB resistance of cellular beams, with two thorough investigations. The
first is for the LTB elastic critical moment at ambient and elevated
temperature, and the second is for the effect of coupling, as well as the
end plates' thickness on the collapse resistance at ambient.

6.1. LTB elastic critical moment

The LTB elastic critical moments, under ambient and elevated tem-
peratures for solid (SB) and cellular beams (CB) subjected to end
moment or distributed loads, are determined by linear buckling analyses
carried out using the FE software ANSYS [35]. The FE critical LTB mo-
ments (M FE) were compared with analytical critical moments
(Mcr,EC3) using the I and 2 T approach for solid and cellular beams,
respectively. The differences in this comparison as a percent error versus
the numerical non-dimensional slenderness are plotted in Fig. 6. The
numerical non-dimensional slenderness to LTB at normal XLT,FE and at
elevated temperature A 1oz Were determined by following the same
approach of the analytical method, Egs. (5) and (8) in Section 3, but
considering the corresponding plastic moment resistances and elastic
critical moments. The FE in-plane bending resistance was calculated
using the numerical beam models that have been subjected to end
moment loads.

From the extensive simulations performed at room temperature and
in a fire situation, the global LTB mode was identified as the first
buckling mode, for both loading types, for over 80% of cases.

Fig. 6 (a) shows that for end moment loading case, and at target
temperatures of 20, 500, and 700 °C, the percentage differences between
the two sets of results vary from —1.99% to 1.04% for the case of SB, and
from —6.1% to 6.5% for the case of CB. Fig. 6 (b) shows that for the
distributed loading case, the differences were <2.5% for SB cases, and
were divided into two groups depending on whether the ;1 is greater or
<1.5 for CB cases. For 0.5 < Ay < 1.5 corresponding to a span of 3 m,
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Fig. 3. Mesh configuration of FEM and boundary conditions for IPE base profile cellular steel beams (L = 3 m, H/h = 1.4, ap/h = 1.2, and S/ap = 1.4).
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Fig. 4. Residual stress distributions of rolled sections, S355: (a) solid beam; H
= 1.3 h, (b) cellular beam; H = 1.3 h, ap = 0.8 h.

the LTB buckling mode was observed to be associated with web distor-
tion, which has induced a larger discrepancy between numerical and
analytical elastic critical moments. Discrepancies for 5.6% of cases vary
from —10% to —35%. For At > 1.5 corresponding to spans of 4 m and
over, the lowest and largest relative errors were 0.03% and 9%,
respectively. As beam length increases the effect of web distortion
decreases.

The analytical and the FE results were in excellent agreement, and
owing to the small discrepancies, the numerical model was considered
validated for computations of LTB elastic critical moment M.

6.2. Effects of coupling and end plates' thickness on the collapse resistance
of cellular beams

The coupling procedure, CP, was used in all the studied solid and
cellular beam models' Eigen buckling analyses, as is alluded to in Section
5. In this part, the effects of the end plates and the coupling on the LTB

Table 3
Geometric details of test specimens.
Specimen H b tw te ap So n L L¢ fye fyb,f fyw E
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (MPA) (MPA) (MPA) (MPa)
CS2_ L3 220 83.1 5.5 7.3 142.8 67.2 15 3150 210 342 341 329 205
CS2_ L4 220 83.1 5.5 7.3 142.8 67.2 19 3990 1890 348 351 339 205
30 30

Cs2 L3

Load [kN]

—EXP
- - FE_VD_Mid
- --FE_VD_Load

VD [mm]

(a) Case CS2 L3

Load [kN]

—EXP
i i - - FE_VD-Mid
0 : - ---FE VD-Load

0 5 10 15 20

VD [mm]

(b) Case CS2 L4

Fig. 5. Comparison between numerical and experimental tests. Load versus vertical displacement.
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ASB_M_6=700°C
8%
6%
4%
2%
0%
4.50

2%

-4%

1- Mcr.EC3 / Mcr.FE [%]

-6%

M/ Mg com

(a) End moment loading M

1- M,,.EC3 / M,,.FE [%]
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X CB_D_6=20°C OCB_D_6=500°C ACB_D 6=700°C
XSB D 6=20°C OSB D 6=500°C ASB_D_6=700°C
20%
10%
0%
0.0 0.5
-10%

-20%

-30%

-40%

}'LT/ }'LT.G,com

(b) Uniformly distributed load D

Fig. 6. Analytical and numerical LTB elastic critical moments percental differences for solid and cellular beams at 8 = 20 °C and 6 = 500, 700 °C.

capacity and the related failure mode at ambient temperature is
demonstrated for the non-linear FE model.

Four models are considered, each with a specific configuration was
analysed for various conditions: Model 1: refers to the model without
endplates (W/O.EP) and without coupling (W/0.CP), Model 2: without
endplates (W/O.EP) and with coupling (W/CP), Model 3: with endplates
of 2*tf thickness (W/EP.2*tf) and with coupling (W/CP) and Model 4:
with endplates of 1*tf thickness (W/EP.1tf) and without coupling (W/O.
CP). Table 4 lists all the analyses done, and corresponding results, where
the collapse moment Mcoy. is compared with the EC3 results [13], M,
rd,2r- The investigated cellular beams of various span lengths, which
subjected to uniformly distributed load, had a beam height to parent
section height ratio of 1.3, an ap/h ratio of 0.8, and an S/ag ratio of 1.1.

A comparison of the results of models 1 and 4 showed that the
presence of EP resulted in an average 5.2% increase in collapse load
resistance when compared to EC3 calculations. In the absence of end
plates, results indicated deformation at the beam ends (plastic yielding
PY) for spans of 5 m and less. After a comparison of Models 1 and 2, it
was observed that the incorporation of numerical coupling in a
nonlinear analysis impacts the performance of web posts. Interestingly,
it was seen that the uncoupled Model 1 experienced failure due to WPB,
whereas the coupled Model 2 resulted in plastification of the web post.
Analysing model 3 for long-span beams where LTB is prevailed, a
thickness of 2*t; of EP has resulted in adverse effect on the moment
resistance, with an increased gap of 42% between EC3 and FE results.
Nevertheless, the adoption of a thickness of 1*t; has resulted in

improved moment resistance of 10% -19% between EC3 and FE results.

Finally, the four models analysed revealed that numerical CP had a
significant effect on the web's behaviour, regardless of whether there
were plates at the ends of the beam or not. In this study, the FE model
employed for the nonlinear analysis included end plates with a thickness
of 1*t, and nodes along the beam span were not coupled. This is with the
aim to implicitly trigger instability at the web post, and hence, letting
the expected failure mode WPB happen.

7. Analysis for global LT buckling and interacting failure modes

The analysis for global LTB and interacting failure modes deal with a
parametric study for the studied models, including the design curves,
changing temperature, loading type, cross-section ratio H/h, opening
ratio ap/h, spacing ratio S/ajp, and beam span as listed in the above,
Section 4. Values for H/h of 1.3, 1.4, 1.5 making three different cellular
beam cross-sections, which analysed at ambient and elevated tempera-
tures, and results for numerical resistance curves plotted with red, blue,
and green colour, respectively. The analytical results are presented by
dashed and continuous lines and the numerical results are plotted as
single points with marks.

7.1. Buckling curves and normalized moment resistance

For uniform steel members in bending, the Eurocode 3 part 1-1 [13]
identified two approaches to determine the ultimate LTB strength; the

Table 4
Effect of coupling, thickness, and existence of end plates, on the CB's collapse mode.
L (m) 3 4 5 6 8 10 12 14
Mb,Rd,2 T, EC3 (kN.m) 463.79 345.43 260.83 204.96 141.21 107.8 87.74 74.44
Mecou, W/O.EP 250.63 224.87 244.26 211.33 150.8 123.37 97.96 84.36
Model 1 W/0O.CP (kN.m)
Diff (1) (%) —85.10% —53.60% —6.80% 3.00% 6.40% 12.60% 10.40% 11.80%
Collapse mode WPB+ PY WPB+ PY WPB+ LTB + WPB LTB LTB LTB LTB
Mcor. W/O.EP W/CP (kN.m) 338.52 255.04 276.76 227.41 157.59 121.58 97.2 90.63
Model 2 Diff (1) (%) —37.00% —35.44% 5.76% 9.87% 10.40% 11.34% 9.73% 17.86%
Collapse mode WPF+ PY P-2T 4 WPF P-2T + WPF LTB+ LTB LTB LTB LTB
Mcor. W/EP,2t; W/CP (kN.m) 380.69 254.84 288.81 317.44 258.06 189.13 147.16 120.9
Model 3 Diff (1) (%) —21.80% —35.50% 9.70% 35.40% 45.30% 43.00% 40.40% 38.40%
Collapse mode WPF P-2 T 4+ WPF P-2 T + WPF P-2 T + WPF LTB+ LTB LTB LTB
Mcorw
Model 4 W/EP.1tg W/0O.CP (kN.m) 272.74 236.97 258.39 222.6 158.15 123.92 102.16 92.27
Diff © (%) —70.00% —45.80% —0.90% 7.90% 10.70% 13.00% 14.10% 19.30%
Collapse mode WPB P-2T + WPB P-2T + WPB LTB+ LTB LTB LTB LTB

DiffyM (%) =

Mcoire — Mpra 2T EC3,

*100
Mcoiire
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“general case” in clause 6.3.2.2 and the “specific case” for rolled sections
in clause 6.3.2.3. Depending on the cross-section, both methods are
based on the concept of buckling curves and the appropriate member
slenderness, but the curves to be used vary depending on whether the
case is general or specific. In addition, the plateau length for the
maximum non-dimensional slenderness A o is limited to 0.2 for the
general case, and 0.4 for the specific case. For slenderness values of 0.2
or 0.4, the reduction factor yir is equal to 1. Supplementary provisions
from Eurocode part 1-13 [12] extend the application of EN 1993-1-1
and EN 1993-1-5 to the design of cellular beams made from rolled and
welded steel sections and recommends the buckling curve c.

The assumptions made above in Section 4.1 aimed to derive the
adequate LTB curve, and the Eurocode recommendation of using
buckling curve c for cellular beams requires further investigations to
include a large spectrum of beam slenderness. Hence, there is also a need
to clarify the lower limit of slenderness against LTB at normal temper-
ature and therefore improve the buckling curve's tendency towards the
safe or conservative state.

This study comprises analytical and numerical analyses for solid and
cellular steel beams at ambient and elevated temperatures including, the
in-plan plastic moment resistances, Mpjrd, MpL,rd,2T, MpLfi,0,Rd> MpLfi,6,
Rrd,2T, and the LTB moment resistances, My, rd, Mb. rd, 21> Mb. fi. t. Rd> Mb. fi.
t. Rd. 21- Numerical analysis is carried out for different cellular beams,
where collapse moment resistance M, failure modes, and stress distri-
butions in the deformed state at the collapse time/load represent the
produced results. Collapse and plastic moment resistances are used to
compare analytical and numerical results. Depicted failure modes and
stress distributions lead to establishing the limits of the geometric pa-
rameters such as ay, s, and L that do not favour the predominance of the
LTB behaviour.

Results are plotted for normalized FE collapse moment resistance
over the in-plane bending moment resistance, M/Mp| rq 0r M/Mjp| rd, 2T,
M/Mp,fi,0,Rd OF M/Mpyfi0,rd,2T, for solid or cellular steel beams, against
non-dimensional slenderness, and comparison is made with analytical
curves. At ambient temperature, the flexural buckling curve b [13] is
adopted for solid beams, the buckling curve b for equivalent I-sections,
and the buckling curve c for cellular beams [12,13]. At elevated tem-
peratures, the LTB resistance curves provided by ENV 1993-1-2 [18]
and by Vila Real [46] are considered in addition to solid beams for
cellular beams due to the lack of a dedicated explicit curve. The FE
reduction factor for LTB of cellular beams is deduced from normalized
collapse moment resistances, which are obtained out of the regression of
the numerical resistance curves.

T T T T T T
—Mnde curve b

S My ra

curve c

Y Red H=1.3h
\ Blue H=1.4h .
\ Green H=1.5h

\ + M, oy Solid
; CB-1.3-0.8-1.1
CB-1.3-0.8-1.4 |7
CB-1.3-0.8-1.7
CB-1.3-1.0-1.1
CB-1.3-1.0-1.4
CB-1.3-1.0-1.7
CB-1.3-1.2-1.1
CB-1.3-1.2-1.4
CB-1.3-1.2-1.7

081

1

M/MpI,Rd’MpI,Rd,ZT

VO rd A0 % DO

021

XL’I'
(a) End moment
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7.2. LTB behaviour and failure modes at ambient temperature

The numerical normalized moment resistances and analytical buck-
ling curves for LTB are compared in Fig. 7 for each investigated beam
geometry exposed to either an end bending moment M, Fig. 7 (a), or a
uniformly distributed load D, Fig. 7 (b).

For applied uniform end moment, the LTB failure mode was revealed
in most of the simulated cases with short and lengthy span solid and
cellular beams, Fig. 7 (a). Results for FE reduction factors fit closely with
the LTB buckling curve b either for the solid or cellular beams.

For CBs, with the same cross-section height, where O,
55 < At < 3.0, the design LTB resistance was conservative by about
11% on average compared with FE resistance. However, for non-
dimensional slenderness, At < 0.55, small discrepancy between FE
and design LTB resistance can be observed. This is because the LTB in
combination with the 2 T-section failure (LTB + P-2 T) was identified as
the dominant failure mode.

For applied uniformly distributed load, the LTB failure mode was
revealed in all simulated solid beam cases, with the design LTB resis-
tance being conservative by about 9% on average compared with FE
resistance, Fig. 7 (b). On the contrary for cellular beams, failure modes
occur depending on the type of geometry parameters. The collapse
analysis identified the following failure modes: LTB failure; 2 T-section
failure (P-2 T); yielding/bending of the top tee section's flange B-1 T,
web or web post-buckling (WB or WPB); and Vierendeel mechanism VM.
These failure modes are classified as either collapse by plastic yielding
(B-1 T, P-2 T, VM) or collapse by instability (WB/ WPB, LTB). These
results are reported in Table 5 and the non-linear analysis behaviour at
the ultimate converged step is represented in Fig. 8. Additionally, the
mid-span vertical displacement curves are plotted in Fig. 9, in function
of the maximum applied moment normalized to the 2 T plastic moment.

LTB mode was particularly common in beam models with moderate
and large non-dimensional slenderness, where the top flange's upper
edge receives the most compressive stress, Fig. 8 (a). It depends on S/ag
ratios, whatever values for H/h and ap/h parameters. Exception is made
forS/ag=1.7,ap/h = 1.2, when H/h = 1.3, 1.4, for beams in the interval
1.07 < At < 1.35, the collapse was due to VM, causing reduced resis-
tance moment in comparison to the design curve b. For models with
moderate slenderness where the LTB was the main cause of failure, there
were also signs of other failure modes labelled LTB+, see Table 5,
appearing in the form of stresses that were distributed around the hole or
in the web post's centre, see Fig. 8 (b). The parameter ratio S/ag, which

T T T T T T
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Fig. 7. Comparison between numerical normalized collapse moments and LTB analytical reduction factors versus non-dimensional slenderness at 6 = 20 °C.
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Table 5
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Summary of the failure modes related to the investigated cases at ambient temperature.

Case 1 (0 = L (m) MT.FE Failure Case 2 L(m) e Failure mode Case 3 L(m)  ree Failure mode
20°QC) mode
1.5 0.41 V + WB 35 0.99-1.74 WPB 35 1.03-1.51 WPB
CB1.3.0.81.1 275 (;.ngo.mz \L/\?;li ?31-1.4-0.8- 6 1.70 LTB+ fli—l.S-O‘S- 6 1.75 LTB+
814 5.04.-2.91 LTB 8-14  212-3.02 LTB 8-14  220-3.16 LTB
1.5 0.43 V + WB 3 0.94 WPB 3 0.95 WPB
2,3 0.63, 0.91 WPB CB-1.4-0.8- 4 1.21 WPB -+ LTB CB-1.5-0.8- 4 1.24 WPB + LTB
CB-1.3-0.8-1.4 4 1.18 WPB +LTB 1.4 1.4
614 149288 LTB 514  1.47-3.02 LTB 514  1.51-3.15 LTB
1.5 0.51 V + WB 3 1.00 LTB+ 3 1.01 WPB
2 . B B-1.4-0.8- B-1.5-0.8- 1.21 LTB
CB-1.3-0.8-1.7 0.53 Wi CB-1.4-0.8 CB-1.5-0.8 4 +
3-4 0.96-1.19 LTB+ 1.7 4-14  1.22-3.01 LTB 1.7 514 146.3.04 LTB
5-14 1.43-2.87 LTB B U
1.5 0.39 V + WB 3-5 0.90-1.42 WPB 3-5 0.93-1.47 WPB
CB-1.3-1.0-1.1 é’ 545 (54150 WPB ?1'1'4'1'0' 6 1.65 WPB+ fli'l's'l'o' 6 1.71 WPB + LTB
8-14 1.97-2.80 LTB 814  2.06-2.95 LTB 814  213-3.08 LTB
15,2 0.38, 0.51 V + WB 3 0.96 WPB 3 1.00 WPB
LTB + WPB + LTB + WPB +
cB131014 0.92-1.13 VM -+ WPB 52-1.4-1.0- 4 1.17 iy ?1-1.5-1.0- 4 1.20 iy
5 1.37 VM + LTB ’ ’
614 158.2.77 LTB 514  1.42-2.92 LTB 514  1.45-3.05 LTB
15,2 0.41, 0.50 V + WB 3 0.92 WPB 3 0.93 WPB
3 0.89 VM 4 1.20 LTB + VM 4 1.24 LTB+
CB-1.3-1.0-1.7 4 1.15 LTB + VM ?7'1'4'1'0' ?37'1'5'1'0'
5 1.37 LTB+ ’ 514  1.42-291 LTB : 514  1.46-3.05 LTB
6-14 1.58-2.77 LTB
15,2 0.37, 0.49 B-1T 34 0.93-1.12 WPB 36 0.99-1.64 WPB
CB13.1211 3 0.88 VM CB-1.4-1.2- 56 1.35-1.57 WPB +P-2T CB-1.5-1.2-
e 4,5,6 1.07-1.50 WPB 1.1 814 195281 LTB 1.1 8-14  2.04-2.96 LTB
8-14 1.85-2.64 LTB - R
15,2 0.46, 0.48 B-1T 3 0.87 VM 3 0.90 VM + WPB
LTB + WPB +
1ot 3,4,56  0.83-1.49 VM cpials 1.13 VM+ Bls1a. 4P 118140
e 1.4 5 1.35 VM + LTB 1.4
8 1.84-2.61 LTB 6 1.57 LTB+ 6-14  1.63-2.94 LTB
8-14 1.95-2.79 LTB
15,2 0.44, 0.54 B-1T 3 0.97 LTB + WPB 3 1.04 LTB + WB
LTB + WPB +
a1 3 0.91 LTB +WPB o000, 45 1.12-1.35 VM Bilsie 4P 116140
e 4,5 1.07,1.29 VM 1.7 1.7
6 1.48 VM+ LTB 6-14 1.56-2.76  LTB 6-14  1.62-2.92 LTB
8-14 1.83-2.59 LTB

represents the width of the web post, had a significant effect on the
beam's collapse strength. Large values of S/ay were found to increase the
maximum collapse resistance and allow the local and/or interacted
failure modes to fully develop into the LTB failure mode.

WPB was detected for short spans with narrow web posts of S/ay =
1.1, see Table 5 and was also presented for cases with ratios of S/ag = 1.4
and 1.7. Fig. 8 (c) shows that for S/ap = 1.1, all web posts have reached a
maximum von Mises stress distribution and only part of the web of the 2
T section near the supports. Whereas, for S/ap = 1.4 and 1.7, Fig. 8 (d),
only the web posts closest to the supports were at maximum yield stress
and all the web of the 2 T section of the opening at the centre line.

As mentioned on Table 5, WPB + P-2 T was related to cases with H/h
= 1.4, ap/h = 1.2, and S/ap = 1.1, see Fig. 8 (e).

For relatively short-length beams with H/h = 1.3, 1.4, VM was found
to be dominant with relatively large tee depths ap/h = 1.2, and S/ap =
1.1, 1.4, and 1.7, see Fig. 8 (f).

Interaction mode VM+ LTB has been revealed in cases with H/h =
1.3,1.4,2p/h=1.0,1.2,and S/ap = 1.4, 1.7, see Fig. 8 (g). The VM mode
was bound to take place when the cross-section height decreased, and
when H/h increases, the mode changed to VM + LTB or LTB.

VM+ WPB was observed for short beam models with H/h = 1.3, ag/h
=1.0,and S/ag=1.4 or H/h = 1.5, ap/h = 1.2, and S/ag = 1.4, see Fig. 8
(h). This confirms the finding of the work by Panedpojaman et al. [5],
showing that the Vierendeel mechanism may interact with buckling
failure.

LTB + WPB was observed for a 4 m beam span with H/h = 1.3, 1.4,
1.5, ap/h = 0.8, and S/ag = 1.4, see Fig. 8 (i). Also observed for H/h =
1.5, ap/h = 1.0 and S = 1.1ay, for beam span of 6 m.

LTB + WPB + VM was observed for H/h = 1.3, 1.4, 1.5, ag/h = 1.0,
and S/ap = 1.4, and for H/h = 1.5, ap/h = 1.2, and S/ag = 1.4, 1.7, see
Table 5 and Fig. 8 (j).

For cellular beams of a single opening with slenderness <0.83, short
spans of 1.5 and 2 m with H/h = 1.3 were studied considering the
previous parameters ag/h and S/ag, and the obtained results are red
marked points scattered within the margin 0.37 < At < 0.63, Fig. 7 (b),
and Table 5. For A r < 0.55, S/ag = 1.1, 1.4, 1.7, interaction between
shear (V) and web buckling (WB) took place for ap/h = 0.8, 1.0, Fig. 8
(k), and bending of the top tee section, B-1 T for ap/h = 1.2, Fig. 8 (1.

Fig. 8 (i) shows that when shear strength is much higher, failure
occurs in compression near the supports before web buckling. Fig. 8 (j)
shows that von Mises stresses were higher at the flanges of the top tee
section rather than at the web which is due to the transfer of axial forces
and bending moments through the opening.

Fig. 10 (a) shows the change in the numerical collapse moment
resistance Mcoliapse With beams' length subjected to a uniformly distrib-
uted load, for web hole sizes ag/h = 1.2, S/ag = 1.4, and H/h = 1.3 h,
1.4, 1.5. Fig. 10 (b) shows Von Mises stress distribution at failure for H/
h=1.3withL = 3,5, 8 m, labelled A, B, C, respectively, and H/h = 1.5
with L =3, 5, 8 m, labelled D, E, F, respectively. The different changes in
the Mcoliapse are slenderness related that are, points A and D, B and E, C
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Fig. 8. Finite element results, cellular beam deformation and collapse mechanism at failure load.
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(b)

Fig. 10. (a) Collapse moment resistance against cellular beam lengths at 6 = 20 °C with H/h = 1.3, 1.4, and 1.5; ap/h = 1.2; S/ay = 1.4. (b) Corresponding Von

misses stress at failure for cellular beams with L of 3, 5, and 8 m.

and F for low, intermediate, and high slenderness, respectively.

It was observed that beams with low or intermediate At had expe-
rienced VM for A and B, LTB for C and F, or VM + WPB for D. The LTB
failure mode occurred at high A;r, and the higher the ratio H/h, the
higher the collapse moment resistance, Fig. 10 (b). Point B, which cor-
responded to VM, had a significantly lower collapse moment than point
E (LTB+), resulting in a reduced beam's ultimate load, Fig. 10 (a).

The final observations are:

- For higher values of S/ay, the reduction factor y values approach the
LTB curve, and for lower values of ap/h ratio, the LTB resistance
increases.

- The cases with a WPB failure mode give, on average, a 59% differ-
ence between the numeric and analytic normalized resistances (M/
My, Rd> Mpy, R, 21) for short cellular beams. This variation decreases
to 25% for the cases of VM failure modes.

- Independently of the ap/h ratio, it was noted that for S/ag = 1.1, 50%
of all cases were on the safe side, for S/ag = 1.4, 69% of all cases
appeared to be safe, and with S/ag = 1.7 >81% of all cases were safe.

7.3. LTB behaviour and failure modes under fire condition

Fig. 11 presents numerical and analytical results for solid and
cellular steel beams against the non-dimensional slenderness ALt o com for
both load conditions, end moment Fig. 11 (a, ¢) and distributed load
Fig. 11 (b, d), for uniformly elevated temperatures 500 and 700 °C.

For applied end moment loading, the Eurocode LTB resistance curves
can satisfactorily represent all FE results, as shown in Fig. 11 (a, c), at
500 °C and 700 °C, and this is also the case for solid beams subjected to
distributed load.

For cellular beams with uniformly distributed loading, numerical
resistance curves showed different behaviour for small and intermediate
values of slenderness for temperatures, 500 °C and 700 °C (see Fig. 11
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(b, d)). Table 6, and Table 7 shows the typical range of slenderness
associated with each failure mechanism for each beam subjected to
temperatures of 500 °C and 700 °C, respectively.

Similarly, to the analysis at 6 = 20 °C, the LTB failure mode was
observed for intermediate and long-span beams as a function of S/ao;
with the range of A1 com being dependent on the applied temperature.

WPB occurred for closely spaced openings with a ratio of S/ag = 1.1
for H/h =1.3, 1.4, 1.5, and ap/h = 0.8, 1.0, 1.2. It also occurred for S/ag
= 1.4, 1.7, with ap/h = 0.8, 1.0, see Table 6 and Table 7.

VM was detected for opening diameter ratio of ap/h = 1.2. It
occurred at 500 °C, for H/h = 1.3, 1.4 and it also occurred at 700 °C, for
H/h =1.3.

The combined failure mode LTB + WPB was observed for H/h = 1.3,
1.4, 1.5, ap/h = 0.8, 1.0, 1.2, and S/ap = 1.1, 1.4, 1.7, at 500 °C and
700 °C. Combined mode, LTB + VM, was observed for ag/h = 1.2, at
500 °C for H/h = 1.3, 1.4 with S/ap = 1.4, 1.7, respectively, and at
700 °C for H/h = 1.3 with S/ag = 1.4, 1.7. The last combined failure
modes observed were, LTB+, LTB + WPB + VM and WPB + VM, at both
temperatures 500 °C and 700 °C, see Tables 6 and 7.

Fig. 12 (a) depicts the change in the numerical collapse moment
resistance Mg ¢, collapseWith the variation of height ratio H/h = 1.3, 1.4,
1.5, at 500 °C, by setting the ratios ap/h and S/ag to values of 1.2 and
1.4, respectively. It was observed that a sharp fall of the collapse
moment resistance for lengths between 4 and 8 m, also, it was observed
that beams with low or intermediate At had experienced VM for A, LTB
+ VM for B, or VM + WPB for D. The LTB failure mode becomes the
dominant failure and occurs at intermediate and high A.r, for E, C, F,
Fig. 12 (b). Similarly, to the observation made for ambient, the higher
the ratio H/h, the higher the collapse moment resistance at elevated
temperature. For the beam with L. = 5 m labelled B, at the temperature of
500 °C, the LTB + VM failure mode took place instead of VM at 20 °C.

The average difference between numerical and analytical results for
CB cases involving LTB failure modes or combinations of LTB with other
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Fig. 11. Comparison between numerical and analytical reduction factors for LTB against non-dimensional slenderness (a-b) at 6 = 500 °C, (c-d) at 6 = 700 °C.

local modes approached 10% and 13% at 500 °C and 700 °C,
respectively.

8. Development of a new plateau length of the LTB curves for
cellular beams

The parametric study and the analysis presented in Section 7.2, for
cellular beams subjected to a uniformly distributed load at ambient
temperature have revealed that there are significant disparities between
numerical and actual LTB design curves provided by EC3-1-1 §§ 6.3.2.2
[13]. These disparities were found to fall within the “non-conservative”
side of the (A, M/Mp,rd,MpLrd,2T) Plane, pointing to local failure
modes and resulting in numerical moment resistances lower than those
of code values. These were observed more frequently for “beams with
small or intermediate slenderness”, but disparities were small for those
with high slenderness, which sets the points closer to the buckling curve
“b”. Numerical results showed also that when using EC3 curves, the
actual critical behaviour of a particular section is not adequately rep-
resented because most of the properties of the cellular beam sections are
based solely on the depth-to-width ratio h/b, particularly in beam cases
with ratios S/ag indicating narrow web posts or ratios ag/h indicating
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large openings.

When confronting the numerical LTB resistance curves with the
Eurocode buckling curve, it becomes clear that there is a need to in-
crease the consistency of the latter. This is only possible by setting a new
plateau length of the LTB curves based on cellular beam geometric pa-
rameters. Lower values of the numerically normalized moment resis-
tance giving rise to local failure and couple modes were disregarded, and
the study focuses on the LTB failure mode only.

This proposal considers the statistical method of mean squared error
(MSE), to predict a new plateau length of the LTB curves for simply
supported cellular beams under uniformly distributed load. The input
data required for the model are the key parameters of the cellular beam
cross-section (H/h, ag/h, and S/ag) and the beam slenderness.

A new equation was worked out based on the MATLAB Curve Fitting
App using the Poly21 surface-fitting model. A numerical database for
beam parameters together with non-dimensional slenderness, Table 8, is
used and the FE results chosen are within the limits of 0 to 10% above
the buckling curve. It is important to point out that, an improvement of
data within the limit in the range of 0 to 10 were adopted, considering

two new cases, ag/h = 1.0, S/ag = 1.1, and ag/h = 1.2, S/ag = 1.4, for L
=7m



S.B. Oribi et al. Journal of Constructional Steel Research 207 (2023) 107969

Table 6
Summary of the failure modes related to the investigated cases at 6 = 500 °C.
Case1(0=500°C) L(m) Aurore Failure mode Case 2 L(m)  Mrore Failure Case 3 L(m)  Mrore Failure
mode mode
35 1.09-1.62 WPB 3-4 1.13-1.38  WPB 3-4 1.18-1.41 WPB
6 1.88 LTB+ CB-1.4-0.8- 5 1.67 LTB + WPB  CB-1.5-0.8- 5 1.71 LTB + WPB
CB-1.3-0.8-1.1 1.1 1.1 6 2.00 LTB+
8-14  2.33-3.33 LTB 6-14  1.94-3.45 LTB 814 251.360 LTB
3 1.04 WPB 3 1.07 WPB 3 1.09 WPB
CB-1.3.0.8.1.4 g 122 Eﬁ : WPB (1311-1.4—0.8— 4 1.38 LTB + WPB (1311-1.5-0.8— 4 1.41 LTB + WPB
614 188328 LTB 5-14  1.67-3.44 LTB 5-14  1.72-359 LTB
081 3 1.1 LTB + WPB CB1.4-0.8- 34 1.14-1.39  LTB+ CB1.5.0.8- 2 i.iz Eg ++ WPB
4-14  1.35-3.29 LTB 1.7 5-14  1.68-3.43 LTB 1.7 514 172358 LTB
35 1.00-1.56 WPB 35 1.03-1.62 WPB 35 1.06-1.67 WPB
CB-1.3-1.0-1.1 6 1.81 LTB + WPB (1331'1'4'1‘0' 6 1.89 LTB+ (1:]?1'5'1'0' 6 1.95 LTB+
8-14 224318 LTB ’ 8-14  2.35-3.37 LTB : 8-14  2.44-352 LTB
3-4 1.05-1.29  LTBWPB+VM 3 1.1 WPB 3 1.15 WPB
CB1.3.1.01.4 5 1.56 LTB+ CB-1.4-1.0- 4 1.34 LTB + WPB  CB-1.5-1.0- 4 1.37 LTB + WPB
T 614 180316 LTB 1.4 5 1.62 LTB+ 1.4 5 1.67 LTB+
a R 6-14  1.88-3.34 LTB 6-14 1.94-3.49 LTB
3 1.01 LTB + WPB + VM 3 1.06 WPB 3 1.07 WPB
CB-1.3-1.0-1.7 4 1.31 LTB+ $B7'1'4"1‘0' 4 1.37 LTB+ ?37'1'5'1‘0' 414 141.349 LTB
514  1.56-3.14 LTB ) 514  1.62-3.33 LTB : B e
35 0.91-1.35 WPB + VM 35 1.02-1.49  WPB 35 1.11-1.58 WPB
CB-1.3-1.2-1.1 6 1.57 WPB+ (1:]31'1'4'1‘2' 6 1.73 LTB + WPB ?i'l's'l'z' 6 1.85 LTB + WPB
814 1.93-275 LTB ) 8-14 215-3.09 LTB : 8-14 2.31-3.34 LTB
3 0.87 VM 3 0.95 VM 3 1.01 WPB + VM
CB1.3.1.2.1.4 46175 1.2571‘34 Eﬁ: VM ?1-1.4-1‘2- 4 1.24 LTB+ flz-l.s-lz— 4 1.33 LTB+
814 192273 LTB 5-14  1.48-3.06 LTB 5-14 1.58-3.32 LTB
3 0.94 LTB 3 1.06 LTB 3-4 1.17-1.31  LTB+
CB13.12.1.7 4-5 1.11-1.34  VM/VM+ CB-1.4-1.2- 4 1.23 LTB + VM CB-1.5-1.2-
e 6 1.55 LTB+ 1.7 5 1.47 LTB+ 1.7 5-14 1.58-3.30 LTB
814 1.91-270 LTB 6-14  1.71-3.03 LTB
Table 7
Summary of the failure modes related to the investigated cases at 6 = 700 °C.
Case 1 (6=700°C) L (m) ALT,0,FE Failure mode Case 2 L (m) ALT,0,FE Failure Case 3 L (m) ALT,0,FE Failure
mode mode
3-5 1.28-1.90  WPB 3-4 1.33-1.62 WPB 3-4 1.37-1.66  WPB
CB-1.3-0.8-1.1 614  291.390 LB ?31'1'4'0'8' 5 1.96 LTB + WPB ?i'l's'o's' 5 2.01 LTB + WPB
a e : 6-14  2.28-4.04 LTB : 6-14 235422 LTB
3 1.22 LTB + WPB 3 1.25 WPB 3 1.28 WPB
CB-1.3-0.8-1.4 4 1.58 LTB+ f]i—l.4-0.8- 4 1.62 LTB+ ?1'1'5'0'8" 4 1.66 LTB + WPB
5-14  1.90-3.85 LTB : 514  1.96-4.03 LTB ’ 5-14  2.01-421 LTB
CB1.3.0.817 3-4 1.29-1.59  LTB+ CB-1.4-0.8- 3 1.34 LTB + WPB  CB-1.5-0.8- 3 1.39 LTB + WPB
e 5-14  1.91-3.84 LTB 1.7 4-14  1.63-4.02 LTB 1.7 4-14  1.67-420 LTB
3-4 1.17-1.51  WPB 3-4 1.21-1.57 WPB 3-4 1.24-1.61 WPB
5 1.82 LTB + WPB CB-1.4-1.0- 5 1.91 LTB + WPB  CB-1.5-1.0- 5 1.96 LTB + WPB
CB-1.3-1.0-1.1 1.1 6 2.22 LTB+ 1.1
6-14  212-3.72 LTB 814 275395 1TB 6-14  2.29-413 LTB
3 1.22 LTB + WPB 3 1.29 LTB + WPB 3 1.34 WPB
CB-1.3-1.0-1.4 4 1.51 LTB+ ?1'1'4'1‘0' 414 157391 LTB fﬁ'l's'l'o' 4 1.61 LTB+
5-14  1.82-3.69 LTB ) B R ’ 514  1.96-4.10 LTB
CB1.3.1.017 3 1.18 LTB + WPB CB-1.4-1.0- 3 1.24 LTB + WPB  CB-1.5-1.0- 3 1.25 LTB + WPB
T 4-14  1.54-3.68 LTB 1.7 4-14  1.60-3.90 LTB 1.7 4-14  1.65-4.09 LTB
3 1.24 WPB + VM 3 1.19 WPB + VM 3-4 1.30-1.54 WPB
4 1.29 M 4 1.44 WPB 5 1.85 LTB + WPB
CB-1.3-1.2-1.1 5 1.55 LTB + WPB + VM (1:]31'1'4'1'2' 5 1.73 LTB + WPB ?i'l‘s'l'z'
: 6 2.02 LTB+ ’ 6-14 2.16-391 LTB
6-14  1.80-3.17 LTB+ 814 250360 LTB
3 1.0 VM 3 1.11 WPB + VM 3 1.18 WPB + VM
CB1.3.1.2.1.4 4 1.30 LTB + VM CB-1.4-1.2- CB-1.5-1.2-
5 1.55 LTB+ 1.4 5-14  1.45-3.57 LTB 1.4 4-14  1.55-3.89 LTB
6 1.79-3.15  LTB
3 1.09 LTB
4 1.28 LTB + VM CB-1.4-1.2- CB-1.5-1.2-
CB-1.3-1.2-1.7 5 154 o 17 3-14  1.24-353 LTB 17 3-14 1.36-3.85 LTB
6-14  1.78-3.11 LTB
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Fig. 12. (a) LTB moment resistance versus cellular beam length at 6 = 500 °C with H/h = 1.3, 1.4, and 1.5; a0/h = 1.2; S/a0 = 1.4. (b) Corresponding Von misses

stress at failure for cellular beams with L of 3, 5, 8 m from left to right.

Table 8

Performance ratio between FE and predicted results for H/h = 1.3.
Model no. H/h S/ap ap/h MT,FE APy Ratio (FE/PV)
1 1.3 1.1 0.8 1.65 1.61 1.02
2 1.3 1.1 1.0 1.79 1.74 1.03
3 1.3 1.1 1.2 1.85 1.86 1.00
4 1.3 1.4 0.8 1.18 1.25 0.94
5 1.3 1.4 1.0 1.37 1.45 0.94
6 1.3 1.4 1.2 1.67 1.65 1.01
7 1.3 1.7 0.8 0.96 0.88 1.08
8 1.3 1.7 1.0 1.15 1.17 0.99
9 1.3 1.7 1.2 1.48 1.45 1.02

A suitable equation that best fits the FE results is suggested to be used
for predicting the slenderness limit for the LTB design of cellular beams.
It can be expressed based on the ratios ap/h and S/ag by the following
function:

Turo = 3.64 — 0.86*(ag/h) — 2.28%(S/ag) + 1.33*(ap/h)*(S/ay) an

To check the validity and dependability of the suggested equation, its
outcomes for the non-dimensional slenderness of the cellular beams
were compared to the numerical database. The comparison were made
in terms of the goodness-of-fit statistics for the polynomial fit (R%) and
the performance ratio (Aprpe / Aur,pv), Where Ay e is the numerical
value of non-dimensional slenderness, and XLT,pV is the value of the non-
dimensional slenderness predicted from the fitting equation. Smith's
research results [49] showed that a satisfactory state can be reached
when the R? is >0.8 and the differences between the experienced and
predicted values are smallest. We determined that, the coefficient of
determination (R?) of the surface was relatively close to 1.0 (0.9706),
showing that the proposed equation was convenient. Furthermore,
Table 8 shows the ratio of the FE results to the suggested equation
(Mrre/Arpy), which had an average ratio of 1.01. A detailed analysis of
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the results reveals that for >89% of the data, the difference between the
parametric numerical results Az and the values predicted A rpy by the
model equation was +6. Consequently, all numerical results have been
covered by the suggested equation.

The suggested modification to the EC3 buckling curve closely follows
the actual European LTB design rules “general case”, except for the use
of the maximum value of A 1. A further notable change was that the
value of the modified reduction factor, ¥11mod, becomes a variable that
depends on XLT,O rather than the constant value 1.

Fig. 13 depicts the comparison of LTB analytical results predicted by
Eurocode 3, My, g, and overall predicted LTB moment resistances of the
proposed equation for My rqpy, With the actual FE collapse moment
resistance, Mg rd- Prediction error limits of £10% is plotted with red
symbols representing EC3 analytical results, and blue symbols repre-
senting theoretically predicted results.

Most of data points were within the conservative zone and the
formulation was proved to meet the desired conditions and being able to
better estimate the slenderness limit against the LTB design of the
perforated beams compared to numerical results. On the other hand, for
values Mcoll, Ra/Mpl, Rd, FE < Mp, rd, No/Mp, Rq, 21, 0dd points that tend
towards the non-conservative zone are cases where the slenderness was
less than the slenderness limit at which the LTB must be calculated. An
example problem is considered in Appendix A, where this method is
compared with the current Eurocode 3 design methodology.

9. Conclusion

The work presents a set of parametric studies to investigate the in-
fluence of cross-section height, opening size, web-post width, and non-
dimensional slenderness on the LTB behaviour of cellular beams. A
uniform bending and a distributed load were analysed at ambient and
elevated temperatures, considering a nonlinear analysis with geometric
and material imperfections. From the analysis results, the predominant
failure modes and collapse moment resistance could be obtained for the
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Fig. 13. Comparisons of numerical results, analytical results predicted by the Eurocode 3 (in red colour), and theoretical results predicted by the proposed equation
(in blue colour). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

studied cellular beams. The parametric numerical results have enabled
to establish a fit equation to predict the plateau length of the LTB curves
for cellular beams.

The following main conclusions can be set:

- The use of the numerical coupling during the elastic and buckling
simulations, cancels the cross-section local buckling, and it allows to
capture the LTB mode without being superimposed or combined with
other buckling modes.

- For the case of uniform bending the predominant failure modes were

LTB and LTB + P-2 T. However, for uniform distributed load, the

failure modes vary with geometric parameters and generically with

the CBs slenderness, noticing failure due to LTB, 2 T-section (P-2 T),

bending of the Top tee section (B-1 T), web or web post-buckling (WB

or WPB), and Vierendeel mechanism VM.

The VM mechanism can occur when the perforated steel beam along

the span has relatively large openings (ap/h = 1.0, 1.2). A WPB

failure mode may occur if the cellular beams have narrow web posts.

For all web-post widths analysed with A;r < 0.55 and ap/h = 0.8, 1.0,

the interaction of shear and web buckling V + WB may occur. For ag/

h = 1.2, the failure due to bending of top tees section B-1 T is verified.

Over the whole slenderness range of CBs subjected to distributed

load, neither of the two LTB design curves, b, and c, provides accu-

rate estimates of the cellular beam design resistance. Additional
failure modes must be considered for short beams, which give design
resistances smaller than both LTB design curves. For intermediate

and high non-dimensional slenderness, the curve b from Eurocode 3

“general case” clause 6.3.2.2, using an equivalent solid beam, gives

better predictions.

- At elevated temperatures, similar behaviour is obtained. Neverthe-

less, due to the loss of stiffness caused by increased temperature, the

LTB becomes the dominant failure mechanism even for beams with

smaller slenderness.

On average the difference between numerical and the simplified

design results for CB cases involving LTB failure modes or combi-

nations of LTB with other modes, which includes intermediate and
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high non-dimensional slenderness, approaches 13% at 6 = 20 °C,
10% at & = 500 °C, and approaches 13%. at 6 = 700 °C.

- The proposed model for the new plateau length of the LTB curves for
cellular beams allows a better prediction of the CBs behaviour
against LTB. It considers the key geometric parameters of the
perforated cross-section: H/h, ap/h, and S/ay. Nonetheless, addi-
tional verifications should be developed for other CBs with different
height ratios.

In particular, the failure modes of web-post buckling and the Vier-
endeel collapse mechanism were not deeply addressed in this study, but
further work is needed to define the CBs geometric dimensions and the
slenderness threshold that changes the failure mechanisms allowing for
a safe design against LTB.
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beam geometric parameters and the design results for comparison.
Table A1

ap/S S/ag L (m)
1.3 1.0

3

MTEC3 My ra,ec3 (KN.m) Mcon.re (KN.m)
1.7 0.876 440.04

Mo (Eq. (11))
355.22

My, ra,np (KN.m)
1.165

323.61

1.24

M,rd,Ec3 / Mcoll.FE

Appendix A. Comparison of Eurocode and proposed method for LTB resistance of a cellular beam under distributed load

Journal of Constructional Steel Research 207 (2023) 107969
To compare the EC3 general method to the proposed method, the normalized design LTB resistance and numerical collapse resistance, M/Mp| rd,2T
for a cellular beam model under distributed load were plotted against the non-dimensional slenderness, ~Art, Fig. A14. Table A1 shows the cellular
Cellular beam design verification.
H/h

Mp,rd,Np / Mcoll.FE
0.91

1T

Table A1, shows that the EC3 general method overpredicts the LTB design moment in 1.24 times the FE moment resistance value. Applying Eq.

(11), to determine the slenderness limit, this value is corrected to 0.91 giving a safe estimation of the LTB design resistance. This case is plotted in
Fig. A14, where the FE result and the new plateau are represented together with the Eurocode design curves for comparison.

\ Py
i ——M, g CUrve b "GC
\ " "
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Fig. A14. Comparison between the proposed and the EC3 methods for a cellular beam with H/h = 1.3, a0/h = 1.0, S/a0 = 1.7.
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