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BEHAVIOUR OF AXIALLY COMPRESSED ANGLES AND BUILT-UP STEEL
MEMBERS AT ELEVATED TEMPERATURE

Luca Possidente !, Nicola Tondini 2, Jean-Marc Battini 3

ABSTRACT

Angles and built-up steel sections are widely employed in structures as members in bracing systems or in
truss structures and are mainly designed to withstand axial loads. Torsional and flexural-torsional buckling
might affect angles and built-up members subjected to compressive stresses. Great interest has been shown
by researchers relative to the instability of steel elements in fire, but there is a lack of studies on the buckling
behaviour of angles and built-up steel members in compression and this topic is not explicitly treated in the
current version of Eurocode EN 1993-1-2. In order to provide new insights, a comprehensive numerical
investigation of the behaviour of concentrically compressed angles, tee and cruciform steel members at
elevated temperature was performed. A parametric study was carried out on Class 1 to 3 profiles with three
different steel grades, namely S235, S275, S355, subjected to uniform temperature distribution. More than
41000 geometrically and materially nonlinear imperfect analyses (GMNIA) were performed on columns
with different length and temperature by means of 3D beam and shell elements. Results showed that the
buckling curve given in EN 1993-1-2 provides unconservative predictions for a range of slenderness of
practical interest. To better predict the behaviour of the investigated steel members, an improved buckling
curve was proposed, which allows for safer predictions, as also confirmed by statistical investigation.

Keywords: Steel structures; Flexural-torsional buckling; Torsional buckling; Fire; finite element
modelling; Buckling curve

1 INTRODUCTION

Steel angular, cruciform and tee sections are frequently employed in bracing systems or in truss structures,
in which they are mainly axially loaded. Thus, when subjected to compressive actions their resistance can
be affected by instability phenomena. Local effects are negligible for compact sections and global buckling
modes govern the behaviour of the steel elements. Unless flexural buckling is prevented by lateral restraints,
in typical hot-rolled or welded I or H profiles that are axially compressed, torsional effects are rare.
However, for angles, tee and cruciform steel sections, torsional or flexural-torsional buckling can be
relevant, in particular, in a low slenderness range. Hereafter angles, tee and cruciform sections are referred
to as L, T and X sections respectively. Prescriptions for the design of compressed steel members at both
ambient and elevated temperature are given in EN 1993-1-1 [1] and EN 1993-1-2 [2], respectively. The
resistance is reduced according to the slenderness of the element and buckling curves are provided. These
curves were based on experimental and numerical results for H- and I-profiles and later, were calibrated
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and extended to other profiles, such as L profiles. In EN 1993-1-2 [2] flexural buckling is considered
according to the model presented by Franssen et al. [3]. Then, researchers investigated the effects of other
instability phenomena on the resistance of steel elements at elevated temperature such as lateral-torsional
buckling [4]-[6] and its interaction with local instabilities [7]-[11]. However, axially compressed steel
members in fire may be also prone to torsional and flexural-torsional buckling. Such buckling phenomena
have been particularly studied for cold-formed steel profiles at both ambient and elevated temperatures
[12]-[16]. Indeed, owing to the shape and the small thickness, an interaction of local, distortional and global
buckling influences the resistance of L, T and X thin-walled members at ambient temperature, as shown by
Dinis et al. [17]. Further considerations on X sections were provided in [18]-[20]. The work presented in
this paper aims at providing indications about the torsional and flexural-torsional buckling of compressed
L, T and X steel profiles, obtained by coupling L sections or by cutting H or I hot rolled profiles. Dedicated
buckling curves were proposed based on the results of a numerical investigation. Statistical investigation
was employed to compare the proposed model and the one prescribed in EN 1993-1-2 [2].

2 EUROCODE PROVISIONS

The resistance of steel members should be reduced to account for the effect of temperature. According to
EN 1993-1-2 [2], for compressed elements with a uniform temperature 6, and Class 1, Class 2 or Class 3
cross-sections, the resistance is determined as follows:

_ Xrilkyofy

Npfitra = =———— (1)
YMm fi

where y) f; is the safety factor for the fire design situation, A is the area of the cross-section, k,, ¢ is the
retention factor for the yield strength of steel at temperature 8, and f,, is the yield strength. x; is the flexural
buckling coefficient in the fire design situation, and is obtained according to the following equation:

1

Xri=—— @
¢9+«/<P92—Iez

with

-2
Yo = %[1 + Necza-2+ Ao ] (3)

The generalised imperfection factor ngq5 1, is defined as

Necai—2 = @ Ag 4)
the imperfection factor a depends on the yield strength f;, expressed in MPa
235

While the non-dimensional slenderness 1, at the temperature 6,, is given by:

_ [k 1%
To= 1 [L (6)
kgeo
ky ¢ and kg g are the reduction factors for the yield strength and Young’s modulus at steel temperature 6,
A is the non-dimensional slenderness at ambient temperature. Further explanations about the design
procedure and the definition of A are not provided in the code for steel structures in fire situation. Instead,
the definition of the non-dimensional slenderness at ambient temperature can be found in EN 1993-1-1 [1],
which prescribes that for Class 1, 2 and 3 cross-sections at ambient temperature A is determined as follows
A= /Tcr = [ (7)
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674



N,, is the lowest elastic critical load at ambient temperature. Hence, the slenderness 2 is associated with
the lowest relevant buckling mode, that in some cases might be torsional or flexural-torsional. However, in
EN 1993-1-2 [2] x; is defined as the smaller between the flexural buckling coefficients y,, r; and x, ¢;, and
thus, flexural-torsional buckling is not considered. The two different approaches might be in contrast and
lead to confusion. Indeed, following the philosophy of EN 1993-1-2 [2], N, should be defined as the lowest
pure flexural mode (N, p = min(Ncr,y,Ncr,Z)) but, in order to account for torsional effects, the value of
N, associated to the lowest relevant buckling mode should be employed as in prescribed EN 1993-1-1 [1].

3 PARAMETRIC ANALYSIS

The behaviour of concentrically compressed members subjected to fire that may be sensitive to torsional
or flexural-torsional buckling was investigated, performing a large number of Finite Element Analysis
(FEA). Results in terms of resistance were compared with the EN 1993-1-2 provisions, and the accuracy
and safety of the predictions were discussed. The analysed members consisted of L, T or X cross-sections,
defined by coupling L sections back-to-back in case of T and X sections or by cutting in two halves H or |
hot rolled steel profiles for additional T sections. In the case of coupled sections, it was assumed that, if the
spacing of the connections is short enough, closely built-up members can be checked for buckling as single
integral members [1]. Meaningful predictions of the behaviour of coupled members were obtained with this
assumption in several papers [17]-[20]. Nevertheless, connecting plates or battens could be considered in
more refined numerical models. 3D beam and shell elements were used in more than 41000 geometrically
and materially imperfect nonlinear analyses (GMNIA). The length and the temperature of the columns were
varied. Columns subjected to five different uniform temperatures were studied: 400°C, 500°C, 600°C,
700°C, 800°C. The temperature range 400°C-800°C is the most relevant temperature range for columns
subjected to uniform temperature. This was proved for columns that buckle flexurally [3] and preliminary
analyses showed that it holds true for the cross-sections studied in this work. For each temperature about
8200 columns were analysed with a length-to-width ratio higher than 3, in order to limit the analyses to
columns of practical interest. 45 different equal leg L profiles of commercial dimensions were studied. 68
T section and 45 X sections were obtained by coupling 2 and 4 L sections respectively. 129 T sections were
obtained by dividing into two halves hot rolled H- or I-sections. The different section types are summarised
in Table 1. Classes in fire situation were defined according to EN 1993-1-2 [2] and the steel grade of each
column was selected so that only cross-sections of Class 1, Class 2 or Class 3 were investigated.

Table 1. Investigated sections - «S235; #S275; +S355

Section type (Flange depth x web nesgh x flage thiskness  webthickress n )
L, T and X section A5X45X7X7 #+ 150x150%x20x20 o +
(1,2o0r4equallegL) [50x50x9x9 #+ 150x150x18x18 ot
60x60x10x10 #+ 160x160x17x17 .
65x65x11x11 + 180x180x19x19 .
65x65x10x10 #+ 200x200x28x28 #+
| | 70x70x9x9 #+ 200x200x26x26 o#+
90x90x16x16 o+ 250x250x34x34 #+
{‘ 100x100x16x16 oft+ 250%x250x33x33 #+
- 100x100x15x15 oft+ 250%x250x32x33 +
110x110x12x12 . 250x250x27x27 .
—— 120x120x15x15 o#  300x300x33x33 .
120x120x13x13 . 300x300x32x32 .
il 140x140x16x16 oft
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T sections 65x100x9x9 . 90x130x12x12 .
(2 unequal leg L) 65x100x10x10 o#  90x130x14x14 of+
' 65x100x12x12 o#t+ 90x140x12x12 .
70x110x10x10 o#  90x140x14x14 o
70x110x12x12 o#+ 100x150x14x14 o
80x120x12x12 o#  100x200x16x16 .
From half From half
120x54,5x4,2x5,5 HE 120 AA «#+ 248x135x18x32 HE 240 M #+
120x57x5x8 HE 120 A «#+ 280x140x10,5x18 HE 280 B «#H
64x60x4,4x6,3 IPE 120 #+ 268x145x18x32,5 HE 260 M #+H
120x60x6,5x11 HE 120 B «#+ 300x150x11x19 HE 300 B «#H
140x64x4,3x6 HE 140 AA #+ 288x155x18,5x33 HE 280 M «#H
140x66,5x5,5x8,5 HE 140 A +#+ 300x160x11,5x20,5HE 320B #+
126x70x12,5x21 HE 120 M «#+ 310x170x21x39 HE 300 M #+
140x70x7x12 HE 140 B «#+ 300x170x12x21,5 HE 340B #+
160x74x4,5x7 HE 160 AA + 309x179,5x21x40 HE 320 M «#H
160x76x6x9 HE 160 A #+ 300x180x12,5x22,5HE 360B #+
T sections 146x80x13x22 HE 140 M «#+ 309x188,5x21x40 HE 340 M «#H
(halfHor ) 160x80x8x13 HE 160 B #+ 308x197,5x21x40 HE 360 M e+
| 180x85,5x6x9,5 HE 180 A  #+ 300x200x13,5x24 HE400B  +
166x90x14x23 HE 160 M «#+ 307x216x21x40  HE 400 M «#H
180x90x8,5x14 HE 180 B  «#+ 307x239x21x40 HE 450 M «#H
200x95x6,5x10 HE 200A  #+ 306x262x21x40  HE 500 M «#H
186x100x14,5x24 HE 180M «#+ 306x286x21x40 HES550M #+
200x100x9x15 HE 200B  «#+ 305x310x21x 40 HE600M  #+
220x105x7x11 HE 220A  #+ 310x316x25,5x46 HE600x337 «#H
206x110x15x25 HE 200M  «#+ 315x324x30x54  HE600x399 «#+H
220x110x9,5x16  HE 220B  «#+ 309x340x25x46  HEG650x343 #+
240x115x7,5x12  HE 240A  #+ 314x348x29,5x54 HEG50x407 «#+
226x120x15,5%x26 HE 220M  «#+ 308x364x25x46  HE700x352 +
240x120x10x17 HE 240B  «#+ 313x372x29,5x54 HE700x418 #+
260x125x7,5x12,5 HE 260A + 313x421x30x54  HE800x444 +
260x130x10x17,5 HE260B «#+

3.1 Finite element modelling

Linear eigenvalue analyses were performed to determine the shape of the initial geometric imperfection to
be introduced in each analysis. These imperfections were scaled so that the maximum nodal displacement
along the column equalled 1/1000 of the length. The elasto-plastic behaviour of steel was modelled based
on the Von Mises yield function and on the uniaxial stress-strain relationship given in EN 1993-1-2 [2].
Residual stresses were neglected since it was found that their effect on the resistance of steel member in
fire is not significant [3], [7], [15], [24], [25]. Three steel grades were selected, i.e. namely S235, S275,
S355. The Young’s modulus value at ambient temperature was set to 210 GPa and the Poisson ratio was
equal to 0.3. The monosymmetric sections (L and T sections) were investigated by means of the 3D beam
finite elements developed in [22], whereas for the X section the shell element proposed in [23] was
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employed. Indeed, shell elements were used as the introduction of imperfections associated to a pure
torsional buckling would not be possible in beam elements-based analyses. However, beam elements were
preferred for the monosymmetric cross-sections since they enable faster analyses and an easier definition
of the boundary conditions, allowing for the investigation of simply supported columns, with the rotational
degree of freedom along the longitudinal axis blocked. Instead, columns with clamped end conditions were
analysed when shell elements were used. In detail, the lateral displacements were blocked only at the
centroids of the two clamped ends, to allow for thermal expansion. The axial displacement was fixed on
one end and free conditions were imposed at the opposite one, which was loaded. The axial load was applied
to the centroid and master-slave constraints allowed for a uniform axial displacement of all the other nodes
of the loaded end. Preliminary convergence analyses showed that 30 elements were sufficient for accurate
solutions regarding beam models, while in the shell-based simulation it was necessary to vary the mesh
with the length of the column. A minimum of 6 elements in each dimension of the section were always
used.

3.2 Validation of the numerical models

The ability of beam and shell models to capture flexural-torsional buckling was validated numerically, since
no experimental tests were available in literature. The behaviour of a compressed T section consisting of
two 150x150x20x20 L sections (see Table 1) at elevated temperature was studied by means of both the
shell and beam elements. Both ends of the column were clamped, except for the axial displacement that
was free on the loaded side. In order to study a column that exhibits flexural-torsional behaviour, the length
of the column was set to L=1.67 m. This was confirmed by a linear buckling analysis at ambient
temperature, which identified flexural-torsional buckling as the lowest buckling mode for both the shell
and the beam models (see Figure 1a). In terms of the associated buckling loads, a difference of only 3.2%
was registered between the analyses (N¢, pgap=12150 kKN and N, g1, =12550 kN). Then, the column was
studied under a uniform and constant temperature of 600°C and an increasing compressive load N. The
buckling mode shapes obtained in the previous linear buckling analyses were scaled and introduced as
initial geometric imperfection in the numerical models. Figure 1b shows the load-displacement path of the
loaded node. The load N is expressed with respect to the yield load Ny;.;q = Ak, 6000 fy- The results are
in excellent agreement with the outcomes of the same analysis performed with a shell model developed in
SAFIR [37]. An almost identical load level with a maximum difference of 3.7% was achieved.

loaded node axial displacement

15t mode. N, sueLL = 12550 kN

Z
Z oal

03l SHELL SAF

—e—BEAM COR
0.z ¢ —o SHELL COR
0.1
. | ‘ ‘ | ‘
-0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0
uX
b)

Figure 1. Validation test. Lowest buckling mode of the shell analysis; b) Load vs axial displacement of the loaded node

3.3 Description and discussion of the numerical results

The numerical outcomes of the parametric analysis are illustrated in Figure 2, where the numerical failure
load N is expressed with respect to the yielding load at elevated temperature Ny, = Ak, o f,, in order to

compare the numerical outcomes with the buckling coefficient y; from EN 1993-1-2 [2]. Since it was
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found that a better representation of the results is obtained with buckling curves expressed with respect to
the pure flexural buckling slenderness, A in Eq. (6) was defined as follows

7= /Tcr,F _ \/ Afy =\/ Afy (8)

Ner min(Ncr,y'Ncr,z)

Where A, r instead of A, was used. Analogously, Taras and Greiner [21] and Popovic et al. [14] observed
that when the torsional or flexural-torsional mode is the relevant lowest buckling mode, the length of a
column | may not be well represented by the non-dimensional slenderness A,.. Figure 2 shows that the
actual design buckling curve well represents the numerical results and provides safe predictions only for
very slender columns (1, > 1.5). For all the sections and steel grades the buckling coefficient XFi
(=N/Ny;c1q) is overestimated for a medium slenderness range, in particular in the range 0.4 < lg < 1.2,
in which the load-bearing capacity obtained with the EN 1993-1-2 buckling curves attain values
significantly higher than the ones from the numerical simulation. Over-conservative predictions might be
obtained for very stocky columns. Results for stocky columns with T sections obtained from dividing into
two halves a H or | section are more spread, and the actual buckling curve is both conservative and non-
conservative. However, since it seems difficult to obtain very accurate predictions in this case, a buckling
curve on the safe side should be preferred. Summarising, for a large slenderness range of practical interest
the buckling curve from EN 1993-1-2 provides inaccurate and non-conservative results. It would be
beneficial to provide a different formulation for buckling curves, to improve the accuracy and safety of the
predictions.
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Figure 2. Buckling curves for S235, S275 and S355 steel grade. a) L, b) T and c) X made of coupled equal leg L sections, d) T
obtained from unequal leg L sections and d) T obtained from half H or | section

It should be noted that in almost all the analyses of the X sections buckling occurred in its pure flexural
form. Moreover, few very stocky columns attained failure loads higher than the yielding load (N > Ny;.4)
and the associated results are not shown in Figure 2, as they would imply buckling coefficients y;; > 1,
while xs; should never exceed the value of 1. Failure loads exceeding the yielding load in shell analyses
were also found in several works about the fire behaviour of steel elements subjected to lateral-torsional
buckling and of cold-formed steel beams with open cross-sections [8]-[10], [16].

T sections obtained from hot-rolled H or | profiles need a separate discussion since, as evident from Figure
2, numerical results are more spread compared with the ones of the other sections. This is mainly due to the
fact that these sections have very different geometric dimension, especially when it comes to the depth-to-
thickness ratio of the flanges and of the web. Moreover, in some cases the strong axis of the section is
directed along the web, but in the others, it has the same orientation of the flanges. This is not the case for
T sections obtained by coupling L profiles. Indeed, coupling equal leg profiles the strong axis is always
directed along the web, while for T sections obtained by coupling unequal leg profiles the strong axis is
directed along the flange. A further difference consists in the fact that in sections obtained from H- or I-
profiles, the web thickness is smaller than the flange thickness, while for the other T sections, the web
thickness is always two times the flange thickness.

4 NEW BUCKLING CURVE PROPOSAL

Buckling curves that allow for a better representation of the results of numerical simulation were defined,
based on the curves provided in EN 1993-1-2 [2]. In detail, to improve the buckling curve formulation it
was decided to modify the generalised imperfection factor n by embracing the same philosophy of the
buckling curves as defined in EN 1993-1- [1] and in EN 1993-1-2 [2]. The generalised imperfection factors
for the different curves are summarised in Table 2.
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Table 2. Generalised imperfection factors. EN 1993-1-1 [1], EN 1993-1-2 [2] and proposal

Neczai-1 MEC3.1-2 TproP
- _ a (- Z%)

a(A—A4 al — A — =

G-1) | oy (201
The new generalised imperfection factor npgop introduces a plateau up to slenderness A = A,, while the
shape of the curve depends on the parameters y and a. The imperfection factor a is defined according to
Eq. (5) and thus, the parameters 3, y and A4 allow for the complete description of the buckling curve. Since
a plateau was introduced, Eq. (2) should be replaced by
Xri=1 Ao < Ao

1

Xfi ==
¢9+\/<P92—19

The values of 8, y and 1, were calibrated to propose curves on the safe side. The selected values are given
in Table 3. The obtained buckling curves are compared with numerical results and the EN 1993-1-2
buckling curve in Figure 2. Predictions from the proposal are safer and the introduction of a plateau (1,)
together with the change of the shape of the curve (8 and y), allow for a better representation of the
numerical outcomes.

Ao > Ao (9)

Table 3. Selected values for the parameters of the proposed buckling curve

L T T T X
(2equal leg L) |(2 unequal legL) |(halfHorl) |((4equalleglL)
p11.00 1.25 1.10 1.50 0.85
¥ 0.50 0.80 0.50 0.50 0.35
10/0.15 0.22 0.20 0.18 0.20

In order to provide safe predictions, an additional check on the generalised imperfection factor was
performed. For this purpose, the data relative to the envelope of the minimum values of the numerical
results Nega/Nyierq in Figure 2 were selected. An equivalent numerical generalised imperfection factor
Nrpa Was obtained from these data and compared with nge3 41—, and nprep. Since the actual and the
proposed buckling curves all derive from the equations in the following form

Xfi
Xfitn 1_)(/2192 =1 (10)

the imperfection factor np5, was obtained by substituting the reduction factor at elevated temperature y;
with the one obtained from the data relative to the envelope of the minimum values of the numerical results

1

- 1) (1 - Xfi,FEA/THZ) (11)

In Figure 3 the generalised imperfection factors over the slenderness are compared for L sections with a
steel grade of 235 MPa. Generalised factors n higher than nz5, entail safe results for the design curves.
Since the generalised imperfection factor ng.3 ;_, is proportional to the slenderness 44 it does not represent
well the non-linear behaviour exhibited by ngz4. Conversely, the npzop factor is in good agreement with
the ngg, for slenderness lower than 1. Better agreement could be found for higher slenderness by
introducing further terms in the expression of npgep, but this would introduce an unnecessary complexity
in the model. In fact, the higher the slenderness, the lesser the difference between the generalised

NrEA = (

Xfi,FEA
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imperfection factor n and npg, affects the buckling coefficient ;. This is confirmed in Figure 2, in which
for slenderness higher than 2, the actual and the proposed buckling curve are almost superimposed, though
their generalised imperfection values are significantly different in Figure 3. Similar considerations can be
drawn for all the section types and steel grades.

Imperfection factor L S235

1.2+
."A.-‘.' ©
1 00 ©
D o 00
& o0
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9]
(o]
= o
0.6 (o)
e}
o}
0.4 r .
02 ¥ e EN 1993-1-2
Proposal
ok . . , , . .
0 0.5 1 1.5 2 25 3

Figure 3. Generalised imperfection factors: evolution with the relative slenderness at elevated temperature for L sections and
steel S235

4.1 Statistical analysis

The degree of safety of the buckling curves was assessed by comparison with the results from numerical
simulation. For each non-dimensional slenderness 1, employed in the numerical analyses, the predictions
from the buckling curves were plotted against the numerical failure load Ngz, (Figure 4). The loads were
normalised by means of the yield load N,,.4. In Figure 7, the safe-unsafe limit is identified by the first
quadrant bisector line (N = Ngg,). The EN 1993-1-2 design buckling attains values significantly higher
than the ones from the numerical simulation (>10%). Conversely, the proposed buckling curve is safer, and
results are better distributed along the bisector line direction, especially for sections made of single or
coupled L sections. The results of a statistical investigation are also presented in Figure 4, in which the
safe-unsafe limit is drawn at N/Nggz, =1 and data are shown assuming a normal distribution. Lower
standard deviations and higher frequency were obtained for the proposal. The proposal provides a
probability of safe predictions higher than 96% for sections made of single or coupled L sections, and higher
than 94% for the T sections obtained from half H or | section. These probabilities of non-exceedance of the
safe-unsafe limit are significantly higher compared to the ones from the EN 1993-1-2 design curve.
Introducing a safety margin of 5% the probabilities of non-exceedance raise to more than 98%.
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Figure 4. Numerical results vs predictions and statistical investigation. a) L, b) T and ¢) X made of coupled equal leg L
sections, d) T obtained from unequal leg L sections and e) T obtained from half H or | section

5 CONCLUSIONS

A parametric analysis consisting of more than 41000 analysis was carried out to investigate the behaviour
of axially compressed steel elements prone to torsional and flexural-torsional buckling at elevated
temperature. It was found that flexural and flexural-torsional buckling may affect the resistance to
compression of L, T and X sections in fire situation in the low slenderness range. Compared with numerical
outcomes, the actual provisions of EN 1993-1-2 lead to both conservative and unconservative predictions.
In detail, for a large range of medium slenderness, i.e. 0.4 < 14 < 1.2, the load-bearing capacity is
significantly overestimated by the EN 1993-1-2 buckling curve. In order to obtain safer and more reliable
predictions, a new buckling curve was proposed. The latter differs from the formulation provided in EN
1993-1-1 and EN 1993-1-2 only in the definition of the generalised imperfection factor npgop, Which is
determined by three parameters, namely S, y and A,. The values assumed by these parameters were given
for each investigated cross-section shape. The proposal was shown to be safer and more accurate. A
statistical investigation was performed as well, and assuming a normal distribution, probabilities of safe
predictions higher than 94% were reached. For T sections obtained from half an H or I section, the proposal
was less accurate, but still safer and more reliable than the EN 1993-1-2 curve. It was found that a better
representation of the results was obtained with buckling curves expressed with respect to the pure flexural
buckling slenderness because the length of a column | may not be well represented by the non-dimensional
the torsional or flexural-torsional slenderness. In future research, more refined finite element models could
be employed to account for the influence of connecting plates or battens in elements made of coupled L
sections. Moreover, experimental investigation would be beneficial.
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