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1. ABSTRACT

The local buckling capacity of fire exposed thin-walled steel cross sections is affected by
the reduction in strength and stiffness due to elevated temperatures and the amplitude of
the initial local imperfections. A usual method to estimate this capacity is the simulation of
isolated plates (web: four sides simply supported plate, flange: three sides simply
supported plate) that are subjected to in-plane compression until instability is observed.
Several researchers have proposed design methods to calculate the capacity of these steel
members at elevated temperatures based on isolated plate analysis, but they used different
methodologies. This variability in hypotheses happens because there is no clear provision
defining the numerical modeling procedure for fire design of steel plates in the codes
(European or US). The paper proposes a methodology for finite element simulation of thin
plates at elevated temperatures and its governing factors (amplitude of initial local
imperfections, number of half-wave geometry of local imperfections, plate geometry (sides
ratio a/b)).

2. INTRODUCTION

The use of slender steel sections, i.e. sections made of thin steel plates, has increased in
recent years because they provide excellent strength to weight ratio; this trend has also


mailto:c.maraveas@maraveas.gr

been favored by the development of higher steel grades. Yet, a major issue with slender
sections is local buckling that may occur in zones subjected to compression: in the flange
under compression for elements in bending and in the web for elements in compression. In
very deep sections, shear can also trigger local buckling in the web if it is too slender.
Furthermore, past fire accidents have demonstrated local buckling failures in structural
members with slender cross sections, like in WTC 5 [1] and Broadgate fire [2].

To take local instabilities into account, several design methods have been proposed by
researchers based on finite element analyses of isolated plates [3], [4], [5], [6] or analytical
methods [7]. As the current codes do not include a specific method for the calculation of
the capacity of such structural members at elevated temperatures, the ambient temperature
methods of EN 1993-1-5 [8] and AISC [9] can be used in conjunction with elevated
temperature material models from EN 1993-1-2 [10] or AISC [9] respectively. A
comparison of the plate capacity predicted by different proposed models, whether based on
design codes or numerical analyses, is showed in Figure 1. The horizontal axis on the plot
is the elevated temperature plate slenderness and the vertical axis is the strength reduction
due to local buckling. Although these models give similar trends, the discrepancy in
quantitative results is significant with a ratio in the order of 2 between the extremes. Table
1 shows the governing parameters (i.e. assumptions) used in the models based on
numerical analyses. The parameters a, b and t are the length, width and thickness of the
plate, respectively. It can be seen that different authors assumed different values for these
parameters, which naturally lead to different results. The results are affected by the
amplitude of the initial local imperfections [11], by the geometry of the local imperfections
(number of half-waves) and by the dimensions of the plate (ratio a/b) [12]. Previous studies
of the authors [11], [12] have discussed the effect of these parameters. The paper presents a
methodology for the numerical modelling/simulation of steel plates at elevated
temperatures.

Table 1. Governing analysis parameters used in the numerical simulations by different

authors.
Reference a/b Eumber of Amplitude of imperfections
alf-waves
(5] flange: 2 1 flange: b/50 =0.020 b
web: 1 web: b/200 = 0.005 b
3] 4 flange: 1, flange: 80% b/50 =0.016 b
web: 4 web: 80% b/100 = 0.008 b
[6] 5 flange: 3, flange: 0.156 t
web: 5 web: 0.100 t

3. EFFECT OF AMPLITUDE OF LOCAL IMPERFECTIONS

Working in the European framework, one option is to use the equivalent geometric
imperfections with amplitude defined as min(a/200, b/200) for flange and web plates,
where a and b are the dimensions of the panel or the subpanel. Another option is to base
the geometric imperfection on the manufacturing tolerance, and to also include in the
analysis residual stresses for the structural imperfection. In the latter case, high geometric
imperfections can be obtained for slender plates. Besides, the question of residual stresses
has to be addressed.

At ambient temperatures, these two methods from EN 1993-1-5 [8] are giving very
different results in terms of imperfection amplitude. The method combining imperfections
as a function of manufacturing tolerance and residual stresses is unfavorable comparing



with the equivalent imperfections method. Indeed, the amplitude of imperfections
calculated by the first method (80% of tolerance) is always higher than the amplitude
calculated according to the equivalent method. Furthermore, the residual stresses are
reducing further the strength of the plate, when they are combined with the unfavorable
large imperfections. At elevated temperature, however, the effect of residual stresses has
been shown to be very limited [13], so that the difference between the two methods
becomes a bit less significant.
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Fig. 1. Comparison of proposed design and code methods for capacity of slender plates at
500 °C, (a) for stiffened plates (web) and (b) for unstiffened plates (flange).

Previous sensitivity study of the authors [11] showed that the effect of the amplitude of
local imperfections becomes less significant when this amplitude exceeds a b/100 limit,
which can be derived from manufacturing tolerances. Also, the difference in results
obtained following the two approaches of EN1993-1-5 is — generally — less than 10%.
without considering the effect of the residual stresses. Typical analysis results are
presented in Figure 2. Furthermore, the effect of the imperfection amplitude at elevated
temperature is less significant than at ambient temperatures. [11] is proposed to adopt the
equivalent local imperfection amplitude per EN 1993-1-5, 2006 (which here corresponds
to: min(a/200, b/200)) and to use it for studies at elevated temperature. This definition of
the amplitude has the merit of being simple, of incorporating implicitly the residual
stresses, and being consistent with the approach of ambient temperature.
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Fig. 2. Critical load vs local imperfection amplitude for four sides simply supported plates
with (a) Ap¢=1.0 and (b) 2,9 =2.0 at 20 °C and 550 °C.

3. EFFECT OF GEOMETRY OF LOCAL IMPERFECTIONS (NUMBER OF HALF
WAVES)

3.1 Theory of perfect & imperfect plates

For long rectangular plates, the critical stress is given by the equation [14]:

o=k * E/ 12 (1-v*)(b/t)? (1)

Where o, is the critical stress, k is the plate buckling coefficient, E and v are the modulus
of elasticity and the Poison ratio of the elastic material, b is the width of the plate and t is
the plate thickness.

The plate buckling coefficient k depends on the applied boundary conditions. When the
plate is short in the direction of the compressive stress, there exists an influence in the
critical buckling stress due to the fact that the buckled half-waves which take integer
values are forced into a finite length plate (Figure 3a). Therefore for short plates, the plate
buckling coefficient is also a function of the size of the plate (ratio a/b) and the number of
half-waves m (Figure 3b).

As with all steel structures, plate panels contain residual stresses from manufacture and
subsequent welding into plate assemblies, and are not perfectly flat (they have
imperfections). The previous discussions about plate panel behaviour all relate to an ideal,
perfect plate. As shown in Figure 4 these imperfections affect the behaviour of actual
plates.
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Figure 3. (a) Different buckling modes (m is the number of half-waves) for different a/b
ratios of 4 sides simply supported plates and (b) buckling reduction factor for plates in
compression as function of the shape of the plate a/b, the boundary conditions and the
number of half-waves m [14].
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Figure 4. Relationship between plate slenderness and strength in compression.

3.2 Results from parametric analysis

A detailed parametric analysis performed in [12]. Detailed information regarding the
numerical modelling is presented in the same paper. The effect of the plate shape (a/b sides
ratio) and of the number of half-waves of imperfections m has been studied for four sides
simply supported and three sides simply supported plates. The studied values of these
parameters were | <a/b<6and 1 < m<5.

It has been found that the four side simply supported plate, which simulates web, can be
simulated accurately and with minimised computational time witha/b=m = 1.

The situation with the three sides simply supported plate, which simulates flange, is
complicated. Although the shape of the plate must be long (a / b > 5), the number of half-



waves of imperfections cannot defined with a single value. In Fig. 5, comparison of results
for different m values are presented. It is clear, the results of the analysis with m=4 are
unfavourable (and so safe) for A, 9> 1.25 (approximately) and similarly the results for m=1
are safe for A, g < 1.25. Comparing Figure 5 with Figure 4, the reasons of this unexpected
behaviour can be estimated. The plate with one half-wave is giving unfavorable results at
the slenderness range where the imperfections are affecting with a major way the plate
capacity. At the other side, the plate with m=4 has unfavorable shape of imperfections, so
it buckles under higher force than the plate with m=1. For A,p > 1.25, where the
imperfections do not affect severally the slender plates, post-buckling behaviours are
present. When m=4, the effect of post-buckling affect the plate capacity with a minor way.
At the opposite, when m=1, the post-buckling effects increase the plate capacity that much
that the configuration is giving unsafe results. The limit of slenderness is not always 1.25
as in Fig. 5, as it depends of the definition of slenderness, the temperature and the steel
grade.
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Figure 5. Analysis results for plate (S235, 500 °C, a/b=>5) with different shape of
imperfections (number of half waves m).

4. CONCLUSIONS

The proposed analysis parameters for the numerical simulation of isolated thin-walled steel
plates at elevated temperatures are:

- The amplitude of local imperfections is proposed to considered as the equivalent
geometric imperfections are defined in EN 1993-1-5, eg min(a/200, b/200) for
flange and web plates, where a and b are the dimensions of the panel or the
subpanel.

- For four sides simply supported isolated plates (web simulation), m=a/b=11is
recommended, where m is the number of half-waves of imperfections and a/b is the
side ratio.

- For three sides simply supported isolated plates (flange simulation), the shape of
the recommended plate should have a / b > 5. As the shape of imperfections, in
terms of half-waves, affects the results with a complex way, the minimum critical
stress can be obtained from a pair of analysis with m = 1 and m = 4, where m is the
number of half-waves of imperfections.
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AEIITOTOIXA METAAAIKA AOMIKA XTOIXEIA XE YYHAEX
OEPMOKPAXIEX ME TOIIKO AYT'IEMO: APIOGMHTIKH ITPOXQMOIQXH
MEMONOMENQN ITAAKQN
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IHEPIAHYH

H avtoyn oe tomkd Avyiopd 1@V AETTOTOLY®OV UETOAAMKOV OOTOU®V VIO TNV EMIOPOOT
QOTIIG, emnpedleTol amd TV AMOUEI®OT TNG OVTOYXNG Kol TNG aKOUYioG TOL VAKOV o€
vynAég Beppokpacieg kot to péEyedog tv TomKkdV ateAeldv. Mio cuvnOng pébodog yia tov
TPOGOIOPIGUO TNG OVTOYXNG OTNG €lval M TPOCOUOIMGT HEHOVOUEVOV TAOK®OV, Ol OTTOIES
Bpiokoviar oe OAiyn evidg emimedov péypt TV EULPEVIOT AVYIGHOV. Ald@opol epeuvnTég
&xovv mpoteivel HeBOOOVE GYESIAGHOV Y10 TETOWN UETOAAKG SOk oTotyElo 6€ VYNAEG
Oepuoxpaocies Pacilopevol oe aVOADGES UELOVOUEVOV TAOK®V, OAAL YPNOLUOTOLOVV
StpopeTikég pebodoroyieg. AvTtég ol O1POPOTOGELS EKTIUATOL OTL OPEIAOVTAL GE N
EexdBopeg 00Myieg Yo TNV TPOGOUOIMOT TOV UETOAMK®OV TAOK®OV GE QT amd TOLG
kavoviopoVe. H epyacio mpoteiver pio pebodoroyia yio TV Tpocopoimon e TETEPAGUEVOL
oTOLElD TOV AETTOTOLY MV TAOK®OV GE VYNAES OeplOKPOGIEC KOl TOV TOUPAUETPMOV TOL

emmpedlovv ta anoteAéopata (LEYeBog Kot yempUeTpia ATEAEIDV KO YEOUETPIO TAAKOG).
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