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ABSTRACT

It is the purpose of this paper to evaluate the accuracy and safety of the currently
prescribed design rules in Eurocode 3: Part 1.2 for the evaluation of the resistance of duplex
stainless steel columns and beam-columns. This evaluation is carried out by performing
numerical simulations on Classl and Class 2 stainless steel H-columns. These numerical
simulations are performed using the program SAFIR.

Eurocode 3 states that stainless steel structural members, subjected to high
temperatures, must be designed with the same formulae used for carbon steel members.
However, as these two materials have different constitutive laws, it should be expected that,
different formulae for the calculation of member stability should be used for fire design.

It is considered buckling in the two main cross-section axis, and, in the case of the
beam-columns, different bending moment diagrams.

Parametric studies of the behaviour of the duplex EN 1.4462 stainless steel grade
(austenitic-ferritic in Eurocode 3) columns and beam-columns subjected to fire are presented.
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1. INTRODUTION

The stainless steels can be subdivided in five basic groups, according to their
metallurgical structure: the austenitic, ferritic, martensitic, duplex austenitic-ferritic and
precipitation-hardening groups . The austenitic stainless steels give good combination of
corrosion resistance, forming and fabrication properties. The duplex stainless steels have high
strength and wear resistance with very good resistance to stress corrosion cracking. The most
commonly used grades, for structural applications, are the austenitics 1.4301 (widely known
as 304) and 1.4401 (widely known as 316). However increasing interest in duplex steels has
been recently noticed due to its low cost. The high final cost of the austenitic stainless steel is
due to the price of nickel. Typically they contain 8.0-13.0% of nickel whereas duplex stainless
steels contain a lower nickel level. The stainless steel 1.4462 studied in this work contains 4-
5%.

The use of stainless steel is increasing however it is still necessary to develop the
knowledge of its structural behaviour. Stainless steels are known by their non-linear stress-
strain relationships with a low proportional stress and an extensive hardening phase. There is
not a well defined yield strength, being usually considered for design at room temperature the
0.2% proof strength, fy=£0 2proot.

The EN 1993-1-4 “Supplementary rules for stainless steels gives design rules for
stainless steel structural elements at room temperature, and only makes mention to its fire
resistance by referring to the fire part of the Eurocode 3, EN 1993-1-2 B In a fire situation
higher strains than at room temperature are acceptable, so Part 1.2 of Eurocode 3 suggests the
use of the stress at 2% total strain as the yield stress at elevated temperature 0, fyo=f>0, for
Class 1, 2 and 3 cross-sections and fy 6=fo2proof,6, for Class 4. Comparison of the reduction of
strength and elastic stiffness of structural carbon steel and stainless steel at elevated
temperature for several grades of stainless steels (as defined in EN 1993-1-2 B3y is shown in
figure 1, where ky¢=f,o/fy and kge¢=Eo/E, being f,o and f; the yield strength at elevated
temperature and at room temperature respectively, and Ey and E the modulus of elasticity at
elevated temperature and at room temperature.

The stainless steel mechanical and thermal properties at high temperatures, used in this
paper, can be found in Part 1.2 of Eurocode 3 "*!. For the evaluation of the yield strength
reduction factor, the Eurocode states that the following equation should be used:

= Ire = [fo.zp,a +kog.0 (fu,e —fo2p.6 )]L

Sy fy
where fj2p.6 is the proof strength at 0.2% plastic strain, at temperature 0, ka9 is the correction
factor for determination of the yield strength fy¢ and f,¢ is the ultimate tensile strength, at
temperature 0.

Despite both carbon and stainless steel exhibiting different constitutive laws, whereby
stainless steel presents a pronounced non-linear behaviour even for low stress values, the
stainless steel design rules are based on those developed for carbon steel. In a previous paper
4)"a new proposal for the flexural buckling of austenitic grades stainless steel columns was
made. In the present paper a similar study is made for the duplex stainless steel grade 1.4462
(the only austenitic-ferritic stainless steel presented in Part 1.2 of the Eurocode 3).

The reduction of the yield strength and the reduction of the modulus of elasticity (see
figure 1) are used in the determination of the non-dimensional slenderness at high
temperatures, as it will be shown later in this work.
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Fig. 1 — Mechanical properties at high temperatures.

The program SAFIR ! a geometrical and material non linear finite element code,
which has been adapted according to the material properties defined in EN 1993-1-4 21 and
EN 1993-1-2 BJ, to model the behaviour of stainless steel structures [6J, has been used in the
numerical simulations. This program, widely used by several researchers, has been validated
against analytical solutions, experimental tests and numerical results from other programs, and
has been used in several studies that lead to proposals for safety evaluation of structural
elements, already adopted in Eurocode 3.

The objective of the study presented in this paper is to evaluate the accuracy of the
flexural buckling design procedures for columns and of the interaction between the axial
compression and bending in beam-columns, prescribed in Eurocode 3, for welded I cross-
sections in stainless steel grade 1.4462, at high temperatures. This study concluded that the
Eurocode 3 formulae need to be improved and new proposals are made.

The equivalent welded HEB 200 cross-section of the Austenitic-ferritic stainless steel
grade 1.4462 was used in the numerical simulations. It was studied the possibility of buckling
around the weak axis (zz) and around the strong axis (yy).

For the columns the temperatures chosen were 400, 500, 600 and 700 °C, deemed to
cover the majority of practical situations, for the beam-columns it was chosen 600°C. A
uniform temperature distribution in the cross-section was used so that comparison between the
numerical results and the Eurocode could be made. In the numerical simulations, a sinusoidal
lateral geometric imperfection was considered '*!. The adopted residual stresses follows the
typical pattern for carbon steel welded sections 14781 considered constant across the thickness
of the web and flanges.

2. FLEXURAL BUCKLING OF STAINLESS STEEL COLUMNS IN CASE OF FIRE
2.1 Formulae from Eurocode 3

For stainless steel structural elements subjected to high temperatures, Part 1.4 of
Eurocode 3, refers that the same formulation prescribed for carbon steel elements should be
used, following EN 1993-1-2 [3], where the flexural buckling resistance for class 1, 2 and 3
sections, is given by

1
Ny fisra =X Akyofy—— (2)
V. fi
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where )y is given by

1
X5= — 3)
g+ 0" — A6’
with
oz, + 2]
¢9=51+aﬂg+/’lg (4)

In this expression, the imperfection factor & depends on the steel grade and is
determined with
o =0.65¢ (5)
where £ is given in part 1.1 of Eurocode 3 [9] as

£=,[235/f, 6)

The imperfection factor is then given by

a=0.65,/235/ f, @)

The normalized slenderness for buckling at high temperatures is given by

k 0.5
do=A |22 8)
ko

As it can be observed, in figure 2, the curve resulting from the Eurocode 3 is not on the
safe side, when the buckling of an HEB200 profile is compared with the numerical values.

N/Nfi,gRd Colunmn HEB200 - zz

1.2 1.4 1.6 1.8  _ 2

Fig. 2 — Flexural buckling at high temperatures for the stainless steel grade 1.4462 (Duplex)
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2.2 Proposals for the austenitic-ferritic grade (Duplex)

To improve the accuracy of the design curve from Eurocode 3, bringing it down, a new

reduction factor ) is proposed according to 4
5= 1 ©)
fi = =
b + 0" —VA0"
with
1 T .72
¢9 25[14'“2,9"1'7]/9 ] (10)

where the factor y should take the value 1.5.
A new imperfection factor o as function of a severity factor f3, is used, based on
equation (5)
a = fe (11)

and using € given in part 1.4 of the Eurocode 3

e= |25 _E (12)
£, 210000

The imperfection factor can be written in function of the temperature as

k
05=,8 235 E E.0 (13)
£y 210000 k, 4

The proposal for the value of the factor £ to be used with equation (13) is #=0.8.
This proposal is shown in figure 3.
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Fig. 3 — Proposed buckling curves for the duplex.
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Although it is more accurate, to avoid the use of an imperfection factor depending on
the temperature, it is proposed to use equation (11) with & defined by equation (6) and
B =1.0. This proposal is called “New proposal” and is shown in figure 4.
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Fig. 4 — Proposed buckling curves for the duplex.

3. DUPLEX BEAM-COLUMN DESIGN IN CASE OF FIRE

In this section a study of the fire resistance of duplex stainless steel beam-columns is
made. It is shown an evaluation of the performance of the interaction curves obtained with
part 1.2 of Eurocode 3 101 this study concluded that these interaction curves don’t provide a
good approximation to the numerical results obtained with SAFIR. Therefore it was necessary
to find other curves that could fit better these numerical results.

The proposal made in section 2 of this paper for the fire resistance of duplex stainless
steel columns will be taken into account and the letters “NP” will be added to the legend of
the charts when it is used.

3.1 Eurocode 3 proposals for fire situation

The Eurocode 3 states that the safety evaluation should be made with the same
expressions used in carbon steel elements, which are
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VM. fi Ym . fi
where, i = yorz, and
K, =1 il 3 (15)
zi,ﬁAky,ﬁ —
Ym . fi
with, according to [10],
tyo =2y, —3 ye +044f, , +0.29 <08 with Z,.200c <1.1 (16)
and
oo =28y, 30226 +0.718, , —0.29<038 (17)

The equivalent uniform moment factor 3y, , and Sy, . is determined according to the
expression (18), in function of the bending diagram shape.

By =1.8-0.7y; (18)

The curves obtained with these formulae are denoted “EN 1993-1-2” in figure 5, being

the curve “EN 1993-1-2 NP” obtained together with the proposal for columns presented in
section 2..

N+My buckling around the y-y-axis N+Mz  buckling around the z-z-axis
L=4000mm; Ay =0.329 L=2000mm; A, =0.545
NN Rd 600°C * SAFR NN, Rd 600°C . sAFR
08 \ \ —8— EN1993-1-2 08 w w —5— EN1996-1-2
| | i | |
! ! T Eviesane ! ! — EN19831-2NP
b I I I I I I I
[ ] | | | L | | | |
06§ ~R-——F-— e e 061+ N - 24—~ e T
® | | | | | |
I I I I I I I
I I I | I I I
[ | | | | |
| | | | | | |
0.4 I I I 0.4 I I I I
e ! | | U} | |
I I I I § I I
| | | | ) | |
| e | | | |
I I I I I
02t ----- IREEEE PN 024 ----- IREEEE R N
I I I I I I
I I I I I I
I I I I I I I
| | | | | | |
I I I I I I I
0 ‘ : 0 ‘ ' '
0 02 04 06 8 1 0 02 04 06 08 1
MM, Rd MM, Rd

Fig. 5 — Beam-column interaction curves for y=1.

From figure 5 it can be concluded that the interaction curves, obtained with the new
proposal for columns presented in section 2, are too conservative.

3.2 Proposal for the design of duplex beam-column in case of fire

Based in the same procedure adopted by Talamona [11]

used with equations (14) and (15) are proposed

, new factors [, and U, to be
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py = 1278y, —2.68)2y.0 +0.445, , +0.13<038 (19)
p, = (178, —2.66)2.6 +0.645,, . —0.01<0.8 (20)

Figure 6 shows the evolution of g as a function of the slenderness ¢ for the strong
and weak axis..

In this figure, “Average” corresponds to the average of the numerical results obtained
with SAFIR, and the curve “New proposal” corresponds to the use of equations (19) and (20).
These equations were developed to be a good approximation of the points “Average”.

0 0.5 1 1.5 2

Strong axis y=-1 Weak axis y=-1

Fig. 6 — w4 as a function of the slenderness Ao.
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The interaction curve given by (14) and (15) can be written in the following schematic
way if bending is only around one axis (weak or strong).

Where
N* — Nﬁ,Ed f and M* — Mi,_fi],fd (9)
Ii,ﬂAk\*,B 2.6 Wpl,i i
© Vug Vv s

Figure 7 shows the shape of the interaction curves for different values of the
coefficient . It is concave for positive values of = (meaning that higher resistance is
available) and turns convex with negative values of (meaning that lower resistance is
available). The short linear branch near the N* axis comes from the limitation of k, =1— uN *

to the value of 3 in equation (15).

Fig. 7 — Interaction curves.

Figure 8 compares the interactions curves obtained with the Eurocode 3 and with the
proposal made in this paper, for only one length of the beam-column for each buckling
direction.

From this figure it can be concluded that the new proposal for duplex beam-columns
presents good approximation to the numerical results, being safer then the Eurocode 3.

For bi-triangular bending moment distribution (¥ = —1) the curves denoted “EN 1993-

1-2” and EN 1993-1-2 NP” are coincident.
4. CONCLUSIONS

In this paper new proposals, for the flexural buckling resistance of stainless steel
columns and for beam-columns under fire loading were proposed. A new imperfection factor
that takes into account the influence of the steel grade, and the variation of the yield strength
with the temperature, has been proposed being in good agreement with the numerical results
obtained with the program SAFIR.
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Fig. 8 — New proposal for the interaction curves.
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It should be pointed out that as the parametric study shown in this paper contemplates
only few cases, more studies considering other cross sections should be made to check the
accuracy of the presented proposals.
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