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Abstract

The numerical and experimental determination of the buckling design moment of steel | beams
is influenced by the type of support and load restrain during the mechanical and thermal load. As a
result of beam temperature rise the axial movement will be allowed and the type of load and support
restrain will be compared from fully to unrestrained state.

For this study a simple supported beam is bent about its axis of greatest flexural rigidity.
Taking into account the geometric and material imperfections, the beam may twist before it reaches
its strength limit state. This flexural stability limit state is most commonly referred to as fateral torsional
buckling of a beam. The twisting of the beam occurs when the compression flange becomes unstable
as a result of being subjected to flexural induced axial stresses.

The design rules in Eurocode 3 related to design of steel structures in fire conditions presents
their expressions as a function of the type of support and load. A particular attention will be paid to the
type of experimental support and to the numerical finite element model used. The aim of this work is
to investigate the value of the effective buckling length of steel | beam under the mentioned
conditions. A relation between the beam buckling resistance and the lateral bending stiffness will be
presented.

1- Introduction

In this work a special attention will be paid to the type of support and load system in the
numerical and experimental validation of a new proposal for the design buckling moment resistance in
case of fire [5,8]. The effective buckling length depends on the type and model of boundary conditions
as it will be shown. The results of experimental and numerical tests will be presented.

2- Experimental tests

The experimental setup used in the beam design moment resistance is presented in figure
1a). Two end forks supports were used to prevent rotation and lateral movement as it can be seen in
figure 1b). A reaction frame with two hydraulic jacks and a special heating system has been used to
simulate the thermo-mechanical behaviour.
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Due to lateral bending constraint during load application, the effective buckling beam length
will be shorter than the real length between supports, given by the expression 1, where / represents
the effective buckling length and L the distance between the two supports.

= v 1
k 7 (1)

The effective length factor £ will vary from 0.5 representing total restrain to lateral rotation and
the value 1.0 representing the capability of free rotation along the vertical axis at support, shown in
figure 1.

The results of the experimental investigation carried out using hot rolled IPE 100 at elevated
temperatures helps to understand the influence of the supports restrain in buckling resistance [2].

The new proposal for the beam design buckling has been supported by 120 experimental tests
at room temperature and at elevated temperature for several length specimens from 0.5 to 6.5 meter
length. The residual stresses and the material characterization have been determined for a sample of
the original profiles. The geometrical imperfections have been measured for each tested element.

3- Numerical procedure

A set of numerical tests was performed with a non-linear geometrical and material program
SAFIR, developed at the University of Liége specially to analyse structures in fire conditions. This
programme uses a three dimensional uniaxial finite element with 3 nodes and 15 degrees of freedom
[1]. The beams were tested to failure with two different degrees of vertical rotational restrain stiffness.
The fibre model (plane 2D elements) is used to describe the geometric cross section, the residual
stress state and the material characterization. The non-linear material behaviour is based on the
Eurocode 3 material properties. The large displacement theory is also used.

4- Lateral torsional buckling

The theoretical background in lateral torsional buckling [3] for determining the critical elastic
moment resistance A/, will be assumed for the case of a simply supported beam at its ends, with

both lateral deflection and rotation completely restrained but with no restrain to warping. Also will be
considered the case where the beam is free from any initial imperfections and from residual stresses

leading to the expression 2.
M, =aMLEIf>< L[k +(kL)2xi (2)
kL) NI \k 7 2El

Where E represents the elastic modulus, L the buckling length, /_ the second moment of area from
cross section about the major axis, 7, represents the warping constant, 7 , the torsion constant of the

x

cross section, G the elastic shear modulus, «,, represents the coefficient for constant moment
distribution and %, refers to end warping. Unless special provision for warping fixity is made, this
parameter should be taken as 1.0 [4]. The expression 2 should be arranged in the case where the
moment distribution is not constant over the entire beam length [3].

The design buckling resistance moment of a laterally unrestrained beam with a class1 or 2
cross section type, in case of fire is given by [4]:

Xrr.fi o1
—= wp[,_vk_v,ﬁ,camfy - (3)
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where y,. . represents the reduction coefficient, w,, the plastic modulus, &

M b, fi,t,Rd =

v.0.com the reduction

factor for the yield strength £, , ¥,, 5 represents the safety partial factor and the value 1.2 is empirical
and accounts for several factors.
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Fig. 2 — Case study. Simply supported beam with two forks separated by the beam length L and the
effective buckling beam length.

The two point loads increases from zero to the beam collapse load as it can be seen in figure 3,
regarding three different geometrical imperfections.
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a) Vertical mid span displacement. b) Lateral mid span displacement.

Fig.3 — Numerical results from a 5.5 [m] beam length at 400 [°C].

Vertical and lateral displacement has been evaluated at mid span beam length and plotted against the
incremental two point load. If there is some kind of restraint due to the process of the load application,
the buckling load of the beam is higher than the buckling load corresponding to a lateral unrestrained
beam.

The relation between the critical load and the boundary conditions lateral restrain stiffness will

be presented by figure 4.
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Fig.4 a) - Relation between R, and M. Fig. 4 b) — Different effective buckling lengths.

Where "M" represents the ratio between the buckling design load for beams with unrestrained lateral
supports and the buckling design load for the case of full restrained lateral supports. “R.”, represents
the ratio between the beam stiffness and the support stiffness it self.



As it can be seen in figure 4 a), as "R.” increases (the beam length becomes shorter) the
difference between the buckling design load will also increases.

The result of the numerical simulation is in accordance to the experimental test procedure,
considering the effective length factor equal to 0.5. As it can be seen in figure 4b) the majority of the
experimental collapse load is bellow the critical elastic moment (Euler) only for £ =0.5.

For each experimental and numerical test, the collapse load corresponding to the buckling
design load has been registered and compared to the plastic moment calculated at the same beam
tested temperature. The figure 5 represents the results of the experimental and numerical tests,
considering full lateral restrain at supports, i.e. k=05.
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Fig.5 — Design buckling moment. Experimental and numerical results.

The results presented in figure 5 shows that for a certain range of the non dimensional
slenderness the Eurocode 3 design buckling curve is unsafe and the horizontal plateaux should
vanish for the threshold value of 0.4, in accordance to the new design buckling proposal [5,8].

6- Conclusions

Taking in to account the type of load and support, the results prove that the design buckling
resistance according the Eurocode 3 may lead to unsafe results, being the new proposal from Vila
Real et al. safer than the actual reference [4]. The experimental procedure to validate the new simple
formula was based on a system with full-constrained lateral rotation. It was also shown that the
buckling length depends on the boundary conditions type.
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Abstract

The numerical and experimental determination of the buckling design moment of steel | beams
is influenced by the type of support and load restrain during the mechanical and thermal load. As a
result of beam temperature rise the axial movement will be allowed and the type of load and support
restrain will be compared from fully to unrestrained state.

For this study a simple supported beam is bent about its axis of greatest flexural rigidity.
Taking into account the geometric and material imperfections, the beam may twist before it reaches
its strength limit state. This flexural stability limit state is most commonly referred to as fateral torsional
buckling of a beam. The twisting of the beam accurs when the compression flange becomes unstable
as a result of being subjected to flexural induced axial stresses.

The design rules in Eurocode 3 related to design of steel structures in fire conditions presents
their expressions as a function of the type of support and load. A particular attention will be paid to the
type of experimental support and o the numerical finite element model used. The aim of this work is
to investigate the value of the effective buckling length of steel | beam under the mentioned
conditions. A relation between the beam buckling resistance and the lateral bending stiffness will be
presented.

1- Introduction

In this work a special attention will be paid to the type of support and load system in the
numerical and experimental validation of a new proposal for the design buckling moment resistance in
case of fire [5,8]. The effective buckling length depends cn the type and model of boundary conditions
as it will be shown. The results of experimental and numerical tests will be presented.

2- Experimental tests

The experimental setup used in the beam design moment resistance is presented in figure
1a). Two end forks supports were used to prevent rotation and lateral movement as it can be seen in
figure 1b). A reaction frame with two hydraulic jacks and a special heating system has been used to
simulate the thermo-mechanical behaviour.
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Due to lateral bending constraint during load application, the effective bucklin
will be shorter than the real length between supports, g

the effective buckling length and [ the distance between the two supports.
/ o

g beam length
iven by the expression 1, where | TEpreseng
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The effective length factor £ will vary from 0.5 representing total restrain to lateral rotation and ;
the value 1.0 iepresenting the capability of free ratation along the vertical axis at SUPPOR. = Sy ip :
figure 1.

The results of the experimental investigation carried out using hot rolfed IPE 100 & /ateq
temperatures helps to understand the influence of the supports restrain in buckling resistance

ment Th
rec
3- Numerieal procedure

A set of numerical tests was performed with a non-linear geometrical and material program
SAFIR, developed at the University of Liege specially to analyse structures in fire conditior:  This
programme uses a three dimensicnal uniaxial finite element with 3 nodes and 15 degrees of
[1]. The beams were tested to failure with two different degrees of vertical rotational restrain s: i
The fibre modal (plane 2D elements) is used to describe the geometric cross section, the r=_. .z -
stress state and the material characterization. The non-linear material behaviour is based on the
Eurocode 3 material properties. The large displacement theory is also used.

om

| 4- Lateral torsional buckiing

‘ The theoretical background in lateral torsionat buckling [3] for determining the critical elastic
moment resistance As, will be assumed for the case of a simply supported beam at its ends. with

both lateral deflection and rotation completely restrained but with no restrain to warping. Also will se

cansidered the case where the beam s free from any initial imperfections and from residual str=- 5 lvi
leading to the expression 2. o
7t i g ) be:
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Where E represents the elastic modutlus, £ the buckling length, [, the second moment of area from
cross section about the major axis, /, represents the warping constant, {, the torsion constant of the 8
cross section, G the elastic shear modulus, @, represents the coefficient for constant moment 9
distribution and k, refers to end warping. Unless special provision for warping fixity is made, this G
parameter should be taken as 1.0 [4]. The expression 2 should be arranged in the case where th- =

moement distribution is not constant over the entire beam length [3].

The design buckling resistance moment of a laterally unrestrained beam with a class1 o @
‘ cross section type, in case of fire is given by [4]:

XLz p 1

A'fb.ﬁ,r.Rd = i .)I wpi,yky,ﬁ,:amfy__'_ (3)
" Ta,
where y,. . represents the reduction coefficient, Wy, the plastic modulus, K, 5 the reduction
factor for the yield strength Jj » V.5 Tepresents the safety partial factor and the value 1.2 is empirical \;W
; uj
and accounts for several factors, the
5- Case study
A set of numerical results s presented, representative from the experimental set-up used in In.
full scale tests, retating the buckling load with the beam cross section mid span movement. The load s
case is presented in figure 2. Two point incremental load and a constant uniform distributed load, due an:
to the weight of the ceramic mat and the insulation material was alsc considered.
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Fig. 2 — Case study. Simply supported beam with two forks separated by the beam length L and the
effective buckling beam length.

The two point loads increases from zero to the beam collapse load as it can be seen in figure 3,
regarding three different gecmetrical imperfections.
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Fig.3 — Numerical results from a 5.5 [m] beam tength at 400 °Cl.

Vertical and lateral displacement has been evaluated at mid span beam length and plotted against the
incremental two point load. If there is same kind of restraint due to the process of the load application,
the buckling load of the beam is higher than the buckling load corresponding to a lateral unrestrained
heam.

The relfation between the critical load and the boundary conditions lateral restrain stiffnass wil
be presented by figure 4.
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Fig.4 a) - Relation between R_ and M. Fig. 4 b) - Different effective buckling lengths.

Where “M" represents the ratio between the buckling design load for beams with unrestrained lateral
Supporis and the buckling design load for the case of full restrained lateral supports. “R,", rapresents
the ratio between the beam stiffness and the support stiffness it self,

ke El /L
e “)
£l /L,
In expression 4, k,, represents the reduction factor for the elastic modulus £ due to thermal heating

and J, represents the second moment of area from the cross section about the minor axis.
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As it can be seen in figure 4 a), as *R,” increases (the beam length becomes shorter) the
difference between the buckling design load will also increases.

The result of the numerical simulation is in accordance to the experimental test procedure,
corsidering the effective length factor equal to 0.5. As it can be seen in figure 4b) the majority of tha
experimental collapse load is bellow the critical elastic moment {Euler) only for & =0.5.

Far each experimental and numerical test, the collapse load corresponding to the buckling
design load has been registered and compared to the plastic moment calculated at the same beam

tested temperature. The figure 5 represents the results of the experimental and numerical tests,
considering full lateral restrain at supports, i.e. k=0.5.
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Fig.5 — Design buckling moment. Experimental and numerical results.

The results presented in figure 5 shows that for a certain range of the non dimensional
slenderness the Eurocode 3 design buckling curve is unsafe and the horizontal plateaux should
vanish for the threshold value of 0.4, in accordance ta the new design buckling proposal [5,8].

6- Conclusions

Taking in to account the type of load and suppor, the results prove that the design buckling
resistance according the Eurocode 3 may lead to unsafe resufts, being the new proposal from Vila
Real et al. safer than the actual reference [4]. The experimental procedure to validate the new simple
formula was based on a system with full-constrained lateral rotation. It was also shown that the
buckling length depends on the boundary conditions type.
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