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ABSTRACT

This paper presents a numerical study on the behaviour of carbon steel and stainless steel I-beams subjected to lateral-torsional buckling (LTB) in case of fire. The main motivation for this work is the fact that part 1-2 of Eurocode 3 (EC3) does not take into consideration the beneficial effect, resulting from the reduction of the plastic zones connected with non-uniform bending diagrams along the beam.
Although new formulae for the LTB, that approximate better the real behaviour of steel structural elements in case of fire, have been proposed in previous works, they still do not considered the combination of end moments and transverse loads, as it is stated in part 1-1 of EC3. Therefore, in this paper numerical simulations, of steel beams with combined end moments and transverse loads, are compared with the LTB design curves of EC3, and new correction factors that improve these curves are presented.
INTRODUCTION
Part 1-1 of EC3 [1] presents two design approaches for the evaluation of the LTB of steel beams at ambient temperature: a general method and a method for hot rolled sections or equivalent welded sections. 
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Based on this last method for hot rolled sections, recent studies by the authors [2-4], using numerical simulations, fitting the methodology usually designated geometrically and materially non-linear imperfect analysis (GMNIA), on the LTB of carbon steel and stainless steel beams at elevated temperatures, have shown that the beam fire design curve from part 1-2 of EC3 [5] is over-conservative for loadings different from the uniform bending. 
The LTB curve proposed in the EN 1993-1-2 [5] only takes in consideration the loading type in the determination of the elastic critical moment, not accounting for the additional beneficial effect resulting from the reduction of the plastic zones, directly related to the fact that the bending diagrams are variable along the beam, leading to over-conservative results in beams not subjected to uniform bending diagrams. This influence is already considered in the method for hot rolled or equivalent sections at normal design [1, 6].

Following this acknowledgment, a new approach, similar to this method for normal temperature design [1], was proposed for carbon steel beams in fire situation through the introduction of a factor f affecting the reduction factor for the LTB resistance moment [2].
Part 1-4 of EC3 “Supplementary rules for stainless steels” [7] gives design rules for stainless steel structural elements at room temperature, and only mentions its fire resistance by referring to the fire part of the same Eurocode, (EN 1993-1-2). Although carbon steel and stainless steel have different constitutive laws [3], EC3 states that the structural elements made of these two materials must be checked for its fire resistance using the same formulae. This fact, led to the developing of a proposal for the LTB of stainless steel beams in case of fire, different from the carbon steel formulae. However, for the evaluation of the effect of the loading type, the same factor f, developed for carbon steel beams, revealed to be satisfactorily accurate [3, 4]. 
These proposals [2-4] did not take into account the case of combined end moments and transverse loads (as it is considered for cold design in part 1-1 of EC3). These loading types will be the main focus of this paper.

Comparisons between numerical results obtained with the program SAFIR [8] (using GMNIA), and the buckling curves from part 1-2 of EC3, for unrestrained carbon steel and stainless steel beams in case of fire, subjected to the combination of transverse loads and end moments, are presented. Finally, based on these comparisons and on a parametric study, new correction factors are proposed for these loading cases.
EC3 formulae for the LTB of steel elements
As mentioned before, the procedure adopted by part 1-2 of EC3 [5] for the safety evaluation of stainless steel beams is the same used for carbon steel beams.
Than, according to EN 1993-1-2, the LTB resistant moment for Class 1 and Class 2 cross-sections at high temperatures is given by 
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being 
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(3)

In this expression, the imperfection factor 
[image: image5.wmf]a

 depends on the steel grade and is determined by the expression:
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Finally, the LTB non-dimensional slenderness at high temperatures 
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where 
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 are reduction factors for the yield strength and for Young modulus at the steel temperature 
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Previous improvement of the Proposals for the LTB

Recent studies by the authors [2- 4], based on numerical simulations of the LTB on carbon steel and stainless steel beams at elevated temperatures, resulted on the proposals of more accurate LTB curves when compared with EC3. In addition, and as mentioned before, the consideration of the beneficial effect of non-uniform bending was also introduced. In this section those previous proposals are presented.

Carbon steel beams
On the proposal for carbon steel beams [2], the influence of the steel grade (S235 to S460), the influence of the cross-sectional slenderness and the influence of the pattern of residual stresses (hot rolled [9] and welded [10] sections) on the LTB under fire conditions is considered. 
Equation (4), which defines the imperfection factor at high temperatures 
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, was rewritten in function of a severity factor 
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being the severity factor 
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 given in table I. 

Table I. Severity factor for the LTB of carbon steel elements

	Cross-section
	limits
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	S235, S275, S355, S420
	S460

	Rolled I-section
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	0.75
	0.80

	Welded I-section
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	0.80
	0.85

	Other cross-sections
	-
	0.80
	0.85


Finally, to take into account the moment distribution between the lateral restrains of members, with Class 1 or 2 cross-sections, the reduction factor 
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where 
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 depends on the loading type.

Initially, the adequacy of part 1-1 [1] proposals for 
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 was tested. The results were better and closer to the numerical values but still remained conservative [2]. Consequently, in order to have better approximations, a new function for 
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 was proposed:
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where 
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 is a correction factor, given in table II, which was established by numerical adjustment to match as closely as possible a representative sample of finite element numerical results.
Table II. Correction factors for the LTB in case of fire

	Moment distribution
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	[image: image34.wmf]Distributed load


	0.91

	[image: image35.wmf]Concentrated load


	0. 79


Figure 1 shows the influence, on the LTB fire design curves, of the consideration of different bending moment diagrams through this factor f.
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Figure 1. Influence on the LTB design buckling curves of different bending moment diagrams.

Stainless steel beams
On the studies [3] and [4] it was proposed that the design LTB resistance moment, of a laterally unrestrained stainless steel beam with Class 1 or Class 2 in case of fire, should be improved.
In order to consider the different behaviour at high temperatures provided by the different stainless steel grades, the imperfection factor can be written in function of the temperature as:
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The values of factor 
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 to be used with this equation, are given in table III in a linear function of the ratio 
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 (h is the depth and b the width of a cross-section).
Table III. Severity factor for the LTB of stainless steel elements
	
	1.4301; 1.4401; 1.4404; 1.4571
	1.4462 and 1.4003
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To consider the loading type, expressions (7) and (8) are used, where the correction factor 
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 is given in table II, similar to the one proposed for carbon steel elements in case of fire.

New correction factors for combined end moments and transverse loads
As presented in section 3 and mentioned before, these proposals do not take into account the case of combined end moments and transverse loads (see table II).

Therefore, regarding the bending moment variation along the member length, four different loading types were chosen to be studied in this work: i) uniformly distributed load with equal end moments; ii) uniformly distributed load with only one end moment; iii) concentrated load with equal end moments; iv) concentrated load with only one end moment (see figure 2).
In the numerical simulations, the values of the applied end moments were obtained from a plastic analysis of a fixed-end beam and a propped cantilever beam with the corresponded concentrated and distributed loads, as illustrated on figure 2, where the maximum negative bending moment is equal to the maximum positive value (as in EN 1993-1-1). The loads were applied at the cross section shear centre.
	i)
	ii)
	iii)
	iv)
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Figure 2. Studied bending moment diagrams.

Table IV shows the complete set of correction factors, proposed in this work, which resulted from the parametric study presented on section 5.

Table IV. Complete set of Correction factors for fire situation
	Moment distribution
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	[image: image56.wmf]Distributed load
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Note: for others bending diagrams
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parametric study

Simply supported beams with fork supports were chosen to explore the validity of theses beam safety verifications. For the carbon steel it was studied a hot rolled IPE220 of the grade S235. For the stainless steel beams it was also used an IPE220 but in this case it was considered as a welded section of the grade 1.4301 [11, 12]. This section is of Class 1 for both materials. A uniform temperature distribution in the cross-section was used so that comparison between the numerical results and the Eurocode could be made. In this paper, the temperatures chosen were 400, 500, 600 and 700 ºC, deemed to cover the majority of practical situations. In the numerical simulations, a lateral sinusoidal geometric imperfection with a maximum value of l/1000 [13] was considered. For the hot rolled carbon steel sections, a triangular distribution for the residual stresses with a maximum value of 0.3×235MPa [9], was chosen. For the welded sections, the distribution used has the maximum value equal to the yield strength [10]. These two patterns of the residual stresses are depicted in figures 3 and 4.
The following figures present the comparisons between the numerical results obtained with the program SAFIR, the EC3 designated “EN1993-1-2” and the proposal presented in section 4 named “New proposal”, for the carbon steel beams (figure 3) and for the stainless steel beams (figure 4).
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Figure 3. Numerical results for carbon steel beams.
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Figure 4. Numerical results for stainless steel beams.

Conclusions

In this paper an improvement of the recent proposals for the LTB, by the authors, for carbon steel [2] and stainless steel [3, 4] elements, with Class 1 or 2 cross-sections, was presented. This improvement increases the approximation to the real behaviour of steel beams subjected to the combination of transverse loads and end moments in case of fire. 
The introduced improvement consists on the consideration of new correction factors, to take into account the reduction of the plastic zones, resulted from the variation of the bending moment diagrams along the beam. 
These new corrections factors should be used only when the bending moment diagrams have the maximum negative bending moment value equal to the maximum positive value, as in part 1-1 of EC3 [1].

Although the study presented here only considered one cross-section, these results and proposals are expected to be accurate and safe when other cross-sections are considered, as observed in previous studies [4].
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