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Abstract.  Two new formulae for the design of beam-columns at room temperature have been proposed
into Eurocode 3, prEN 1993-1-1 (2002), and are the result of great efforts made by two working groups that
followed different approaches, a French-Belgian team and an Austrian-German one. Under fire conditions the
prEN 1993-1-2 (structural fire design) presents formulae, for the design of beam-columns based on the
prENV 1993-1-1 (1992). In order to study the possibility of having, in part 1-1 and part 1-2 of the Eurocode 3,
the same approach, a numerical research was made using the finite element program SAFIR, developed at the
University of Liege for the study of structures subjected to fire.
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1. Introduction

Steel beam-columns under bending and axial compression are checked for safety in fire conditions
using interaction formulae that combine their separate resistances in axial compression or in bending. Ii
the context of Eurocode 3, and under fire loading, the current draft of Part 1.2 of EC3 (prEN 1993-1-2,
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2002) adopts the interaction formulae that appear in the European pre-standard for normal design, EN\
1993-1-1 (1992), simply replacing the effective yield strength and the Young Modulus by their values
at elevated temperature as well as the fagtord the imperfection factar. As will be shown in detall

later (see Eqs. (14) and (15)), this formulae is denoted here “prEN 1993-1-2".

Simultaneously, the project team involved in the conversion phase from ENV to EN of Part 1.1 has
recently revised these interaction formulae at room temperature (prEN 1993-1-1, 2002). The reason:
for this change were the complexity and lack of a physical rationale behind the interaction formulae of
ENV 1993-1-1 (1992). Two alternative proposals were adopted that specifically implement the concepts of
amplification factor and equivalent uniform bending moment. The proposal made by the French-
Belgian team (Villetteet al 2000, Boissonnadet al 2002) is referred in prEN 1993-1-1 (Greiner
2001) as “Method 1", and the Austrian-German group as “Method 2.

Under fire conditions and for the cases where the failure mode is in the plane of loading, axially and
eccentrically loaded columns were studied by Franssea (1995, 1996, 1998), who proposed a
procedure for the design of columns under fire loading, later adopted by EC3 (EUROCODE 3, 2002).
Analogously, Vila Reaét al (1999, 2001, 2003) studied the problem of lateral torsional buckling of
beams under fire loading, and equally proposed a design expression also adopted by ECS3
(EUROCODE 3, 2002). These two proposals are thus part of the “prEN 1993-1-2” formulae, but it is also
possible to take them into account and introduce them in the “Method 1” and “Method 2” formulae.

It is the objective of the present paper to propose a consistent safety check for the stability of beam-
columns under fire loading, by adapting the newly proposed interaction equations for cold design to fire
design. More specifically, using the specialised finite element code SAFIR (Franssen 2003), results of
second-order analysis, including imperfections, for a range of lengths, levels of axial force and loading
cases, are compared with the codified interaction formulae from Part 1.2 of EC3 (EUROCODE 3,
2002) (here denoted “prEN 1993-1-2") and the proposed adaptation to fire loading of EC3, Methods 1
and Method 2, henceforth denoted “Method 1, fi” and “Method 2, fi". Finally, the safety of these
proposals is discussed and established.

2. Numerical model
2.1 Basic hypothesis

The program SAFIR (Franssen 2003) was chosen to carry out the numerical simulations. This is a
finite element code for geometrical and material non-linear analysis, specially developed at the
University of Liege for studying structures subjected to fire.

Uniform temperature in the cross-section has been used so that comparison between the numeric:
results and the eurocodes could be made. In this paper the temperature used was 600 °C, which safe
represents the majority of practical situations.

The study takes in to account the possibility of lateral-torsional buckling or full restraint. In the beam-
columns without lateral torsional-bucking, the simulation was made with a 2D beam finite element,
whereas to consider lateral torsional-buckling, a three-dimensional (3D) beam element was selected
The element is based on the following formulations and hypotheses:

- Displacement type element in a total co-rotational description;

- Prismatic element;

- The displacement of the nodal line is described by the displacements of the three nodes of the
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element, two nodes at each end supporting seven degrees of freedom (for the 3D beam), thre
translations, three rotations and the warping amplitude, plus one node at the mid-length supporting
one degree of freedom, namely the non-linear part of the longitudinal displacement;

- The Bernoulli hypothesis is considered, i.e., in bending, plane sections remain plane and
perpendicular to the longitudinal axis and no shear deformation is considered,;

- No local buckling is taken into account, which is the reason why only Class 1 and Class 2 sections
(Greiner 2001) can be analysed,;

- The strains are small (von Karman hypothesis), i.e.

5ax <1 1)

whereu is the longitudinal displacement ards the longitudinal co-ordinate;
- The angles between the deformed longitudinal axis and the undeformed but translated longitudinal
axis are small, i.e.,

sin ¢ O¢ and cosp (11

where¢ is the angle between the arc and the chord of the translated beam finite element;

- The longitudinal integrations are numerically calculated using Gauss’ method;

- The cross-section is discretised by means of triangular or quadrilateral fibres. At every longitudinal
point of integration, all variables, such as temperature, strain, stress, etc., are uniform in each fibre;

- The tangent stiffness matrix is evaluated at each iteration of the convergence process (pure Newton
Raphson method);

- Residual stresses are considered by means of initial and constant strains (Franssen 1989);

- The material behaviour in case of strain unloading is elastic, with the elastic modulus equal to the
Young's modulus at the origin of the stress-strain curve. In the same cross-section, some fibres tha
have yielded may therefore exhibit a decreased tangent modulus because they are still on the
loading branch, whereas, at the same time, some other fibres behave elastically. The plastic strain i
presumed not to be affected by a change in temperature (Franssen 1990);

- The elastic torsional stiffness at 20°C that is calculated by the code has been adapted in an iterativ
process in order to reflect the decrease of material stiffness at the critical temperature (Souza ant
Franssen 2002).

2.2. Case study

A simply supported beam-column with spaand fork supports was chosen to explore the validity of
the beam-column safety verifications, loaded with end-moments in the major axis and axial compression, a
shown in Fig. 1. Regarding the bending moment variation along the member length, three values, (-1, 0
1), of they ratio (see Fig. 1) have been investigated. An IPE 220 steel section of grade S235 was used
with a uniform temperature distribution in the cross section.

A lateral geometric imperfection given by the following expression was considered:

V(¥ = ossin T2 @

This initial imperfection was imposed in the x0z plane for the case of full restraint against lateral
torsional-bucking, while for members with lateral torsional-buckling the imperfection was considered
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Fig. 1 Simply supported beam with bending and  Fig. 2 Residual stresses: C - compression; T - tension
axial compression

in the x0y plane. In the later case an initial rotation was also introduced with a vaiueE00 rad.

Finally, the adopted residual stresses are constant across the thickness of the web and flanges.
triangular distribution as shown in Fig. 2, with a maximum value of 0.3x235 MPa, for the S235 steel
has been used (ECCS 1984).

3. Interaction formulae for the stability of beam-columns
3.1. Generalities

In most practical applications, the stability of beam-columns is checked by applying interaction
formulae based on the modelling of simply-supported single span members with end fork conditions
and with or without intermediate lateral restraints, which are subjected to end-moments and transverse
loads, to individual single span members regarded as cut out of the system (Villette 2000).

In the following, the various proposals at room and high temperatures are described in detail, for
bending about the major axis and axial force.

3.2. Interaction formulae at room and high temperatures based on ENV 1993-1-1/prEN
1993-1-2 proposals

At room temperature, elements with cross-sectional classes 1 and 2 subjected to bending and axi
compression must satisfy the following conditions (EUROCODE 3, 1992):

NSdf + KVMv,de

minA_y W, -+

X Ym1 PLY v

Nsq + KMy sq
f

l,
YV

<1 (3a)

: <1 (3b)
X ZAW%“ XerW,
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where
K, = 1—ﬁNL]§" but K,<1.5 (4a)
Ty
XVAVMl
K., = 1—“L'\:fd but K, < 1.0 (4b)
_y
and XZAyMl
_ W, — W,
Hy = Ay(2By.,—4) + [—9'—\/1{/————9—'4’} but p,<0.9 (5a)
el,y
pr = 0.151,8,,-0.15 buty,<0.9 (5b)
with
X = L (62)
o+ @~ [A°
1
Xt = — (6b)
ar+Jlaq]" —[Ar]
where
0= %[1+ a(A-0.2) + (1) for 1>0.2 (7a)
A = %[1+ @ (Ar=0.2) + (Ar)?] for 1>0.4 (7b)

in this case, for IPE 220 section:
a, =021 a,=0.34 (8)
and
Bv,y = 1.8—- 0.7 ©)]
qu fire loading, according to the new version of Part 1-2 of Eurocode 3 (2002), Egs. (3) are modified
to give:
Nri Ed + KyMy, fi,Efd

f
Xumin, iAKy, g Wyﬂ Woi,yKye VMYE

<1 (10a)

Nfi,Ed + KLTMy, fi, Ed

f : <1 (10b)
Xz, fiAky,em XLT,finLyky'sm
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where
N,
K, = 1-“V—f'E“fy but K, <3 (11a)
Xy,fiAky,Gm
Ko=1o—HrNies e <10 11b
L= 1- £ butKirsil (11b)
Xz, fiAky,Gm
and
Yy, = (1.2By ,—3)Ay6 +0.448,, ,—0.29 but ©<0.8 (12a)
Hr = 0.151, 4By, 1 —0.15 butpu<0.9 (12b)
with
Xi = 1 (13a)
fi — -
@+ I @]° = [A]’
1
Xitsi = — - (13b)
Dot A/[W_T,e] —[AL1.6]
where
@ = 301+ ao + (Ao)] (142)
1 = = 2
Bt = 5[1"' aAite+ (ALte) | (14b)
and
a = 0.65/235fy (15)
with

Ao = A, (e 5, =7, [Kue (16a)
kE,9 kE,G
3 = (ke
ALTVQ - /\LT . (l6b)
Ke o

The following values of axial and bending resistance are also defined:

f f
Nii g rda = Aky, em My i g rd = Wpl,yky, eVMﬁ (17)

In order to compare results, the maximum value of the design moment is divided by the plastic
moment resistance at temperatéresolving Egs. (10) foMy, 5 e and dividing byMy, 5 ¢ rq from Eq.
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(17), gives:
M, i ed 1 Nfi g 0
—— < - . 18a
My, i, 6,rd %L— KN, g D%l Xmin, iMii, 6, ra U (162)
Xy, iMsi, 6,rd
M, N
Y. fi.Ed XLt _ fi, Ed 18b
Msi 6, ra %L— IJLTNﬂ Ed %l Xz 1iMsi, g RalJ (18b)
Xz, fIMfI, H,RdD

Eq. (10) to (18) are the “EC3, New version” formulae.
3.3. Interaction formulae at room temperature based on prEN 1993-1-1 proposal
In the current draft of prEN 1993-1-1 (EUROCODE 3, 2003) the proposed checks for the stability of

a beam-column, in the case of strong axis bending (classes 1 and 2), are given by the following interactiol
formulae:

NEd +k My,Ed+AMy,Ed

Ny M, o <1 (19a)
YV Ao Y1
and
NNEde + kaMy' = TVIAMV* =<1 (19b)
Xzo XLT_ﬂk
Ym1 Ym1
where:

Ngx = Af, and My g, =W, , f

pLy'ly (20)

and for class 1 and class 2 sectiah¥), gqiS equal to zerds,, andk,, are the interaction factors.
Following the same strategy as before, solvingMpeq from Egs. (19) and dividing byl rq from
Eq. (20), gives the ratio of applied moment versus resisting moment for a given level of axial force:

M XLT _ Ned [ (21a)
y Rk k XyNRk

N
y XLT _ Nea g 21
y Rk %l XZNRkEI ( b)

3.3.1. Determination of the interaction factors using Method 1

The procedure for the determination of the interaction factors for “method 1” is reported in Annex A
of part 1.1 of EC3 and was developed by a French-Belgian team (\&tedte2000) by combining
theoretical rules and numerical calibration to account for all the differences between the real model anc
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the theoretical one. Without attempting at explaining the background of this proposal (EUROCODE 3,
1992), the interaction factors are expressed by the following relations:

kyy = CmyCmLT_lJl\yl_Ci kzy = CmyCmLT+CiO-6JV—7y (22)
1— —Ed ™y 1 —Ed 2y W,
Ncr,y Ncr,y i
where:
1 D .
By= — L and = —EE 23)
1— Ed 1— Ed
yI\Icr,y ZN(:r z
with
w, = Wove15  and W, = Wor g5 (24)
ely el z

The coefficientsc,, andc,, were obtained by means of numerical calibrations and are given by the
following expressions:

1.6 1.6 2 5 W,
= 1+ (w,— 1)[%—— G2 Amo— czmyAfn?Epp,J 2 (25)
ply
Cpy = 1+ (W, — 1)[@ 14—>é—cnp.} > 0. 6J: (26)
Wy Woly
where
Cry = Cmy,0+ (1_Cmy O)_A/ia& (27)
1+ faLT
and
CoLt = Ciw At (28)
J _ Neary _ Neag
Ncr z Ncr T 0 (29)
Cmyo = 0.79+ 0.2+ 0.36(y—0. 33) N
with:
|
a;=1--20 (30)
y
and
M
=N EdW————A (31)
finally: Bd "ely
PE| PEI PE|
Ncr,y = TY, NCI’,Z = |2 d and Ncr T~ ll GIT 2 - (321 a, b! C)
y z 0 T
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and
io = ic+is+ys+2z, where y;=2=0 (33)

3.3.2. Determination of the interaction factors using Method 2

“Method 2" is described in Annex B of part 1.1 of EC3 (EUROCODE 3, 2002) and results from an
Austrian-German proposal that attempted to simplify the verification of the stability of beam-columns, all
interaction factors being obtained by means of numerical calibration. These factors are not clearly
understandable from a physical point of view, but this simple formulation reduces the possibility of mistakes.

According to this approach, the interaction factors are expressed by the following relations

a ad D D
O Ed O Neg U
Kyy = CylL + (/\ -0.2 O<cp, EII. +0.8——[ (34)
0 X kD X Nri(]
O Yy D yVlv|1D
and
IERL: :
K, = - 0.1, Neg 0> O 0.1 Neg 0
O (CmLT_0'25)X Neig O (c mLT_0'25)X Nri(J
0 2yl O “YanrH
for A,<0.4: (35)
E ~ D
0.14, Ngg O
02 0.6+ A,
O (CmLT 0. 25))( NRkI]
O ZVlv|1D
with
Cmy = Cpur = 0.6+ 0.4p>0.4 (36)

3.4. Proposed interaction formulae at high temperature: “Method 1, fi” and “Method 2, fi”

With the objective of providing a consistent safety format for the evaluation of the stability of beam-
columns under fire loading, Eqgs. (19) were adopted as the basis for the proposed expressions. Naturall;
because of the effect of high temperatures, the following modifications had to be introduced, in line
with the procedure adopted in (EUROCODE 3, 2002) for compressed columns or beams in bending:

- reduction factors,s andkgy for yield stress and Young’s modulus, at temperafugiven by

f,e =K, of, and Eg=kgoE (37, a, b)

- reduction factorsy; for flexural bucking around yy and zz axis, aqg  for lateral-torsional
buckling, respectively, calculated according to (14) and (15).
Leading to the following interaction formulae:
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Nri. £ ‘K ﬁMy, fi,ed ¥ AMy fi gq <1 (38a)
f.. vy My, i

Y Yo i LTA Y g

N i M i + AM i
fffE.de-'- - v, fi, Ed = f-t{L’EdS 1 (38Db)
i, Rk L

2 iy XLT, i Vi i

4. Comparative analysis of the various interaction formulae
4.1. Parametric study

To assess the suitability of Eqgs. (38) as the basis of a revised and compatible fire part of EC3, &
parametric study was performed that compared the various interaction formulae at high temperatures
Egs. (10) and (38) with numerical results. To this purpose, for each selected beam-column length anc
bending moment ratia), the interaction Eqgs. (10) and (38) were plotted for increasing ratios of
N/ Ns, ¢ ra together with the results of the numerical simulations for a uniform temperature of 600°C.

The parametric study covers three alternative bending cases, illustrated in Fig. 3. and the following
two situations: no LTB and LTB allowed.

For no LTB, the scope of the parametric study covers 3 bending loading cases and 6 non-dimensione
flexural slendernessl, .

Figs. 4 to 6 present the corresponding results, for uniform temperature of 600°C. It is noted that for
the proposed interaction Egs. (38), both methods were applied for the interaction factors.

Analogously, for LTB allowed, the parametric study comprises ten different lengths and the same
bending ratios, shown in Figs. 7 to 9.

5. Conclusions

For the beam-columns without lateral-torsional buckling and with equal end moments, the three
methods are very similar and are not in the safe side. Nevertheless the best results are the ones given
prEN 1993-1-2. Foy ratio of O, only the curve from prEN 1993-1-2 is in the safe side. \Wrexjuals
-1, prEN 1993-1-2 presents better results uﬁyjtq =0.58; from this slenderness onwards the curve:s
obtained with the Method 1 and Method 2 adapted to fire behave better.

When lateral-torsional buckling is considered dnequals 1, for lengths between 1000 and 2000 mm,
“Method 1, fi” is not in the safe side but “Method 2, fi” and the “prEN 1993-1-2" are. For other lengths,
the results are very satisfactory. goratio of 0 and -1 “Method 1, fi” is the best method to approximate
the numerical results, all three methods being on the safe side.

Although the results from the prEN 1993-1-2 are a little bit better than the ones obtained with the two
methods from prEN 1993-1-1 modified to take in to account the temperature (“Method 1, fi” and
“Method 2, fi"), we suggest the use of these two methods. Doing that leads to the same philosophy a:
the one always presented in the Eurocode 3, i.e., to use the same formulae in both Part 1-1 and Part 1
of the Eurocode.
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Given that codes of practice should present a strong consistency between related checks, it i
recommended that the proposed interaction formulae at high temperatures, “Method 1, fi” and “Method
2, fi”, are adopted, resulting in a consistent and logical safety format for the stability of beam-columns
both at room and high temperatures.
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Fig. 3 Studied bending diagrams
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Fig. 5 Interaction diagrams for combined moment and axial load at 600 °C, without lateral-torsional buckling
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Fig. 6 Interaction diagrams for combined moment and axial load at 600 °C, without lateral-torsional buckling

for y=-1
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Notation
A : Area of the cross-section
E : Young’'s modulus

fy - Yield strength
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K : Stiffness of the spring

Ky : Axial stiffness of the beam

Kvwo . Axial stiffness of the beam at room temperature

kyeky  : Interaction factors that can be determined according to the two methods
Ko : Reduction factor for the yield strength at temperafiire

Ke o : Reduction factor for the slope of the linear elastic range at tempefiature

Msapr  : Resistant moment in the fire design situation given by SAFIR
My s rde : Design bending moment abouéixis for the fire design situation
My sara : Design moment resistance abguxis of a Class 1 or 2 cross-section with a uniform temperéfure

Nsi, Ed : Design axial force for the fire design situation

Nigea : Design axial force resistance with a uniform temperaiire

Wei,y . Elastic section modulus inaxis

Wi,y : Plastic section modulus inaxis

Greek

a : Imperfection factor and thermal elongation coefficient of steel

B, L : Equivalent uniform moment factor corresponding to lateral-torsional buckling
B,y : Equivalent uniform moment factor for tlyeaxis

AMy, eds . Moments due to the shift of the centroidal axis, which are equal to zero in case of classes 1, 2 and 3
Wio . Partial safety factor (usuallg, = 1.0)

Wa, i : Partial safety factor for the fire situation (usuatlys = 1.0)

AT : Non-dimensional slenderness for lateral-torsional bucking at room temperature

Ay : Non-dimensional slenderness of thaxis for flexural buckling at room temperature

Az : Non-dimensional slenderness of thaxis for flexural buckling at room temperature

ALte : Non-dimensional slenderness for lateral-torsional buckling at tempeégture

Avo : Non-dimensional slenderness of thaxis for flexural buckling at temperatufe

Az6 : Non-dimensional slenderness of thaxis for flexural buckling at temperatuig

XLT,fi : Reduction factor for lateral-torsional buckling in the fire design situation

Xmin, f : Minimum reduction factor of thg andz axis for flexural buckling in the fire design situation
Xy, 6 : Reduction factor of thg axis for flexural buckling in the fire design situation

Xz fi : Reduction factor of the axis for flexural buckling in the fire design situation
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