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Abstract

This research work presents a parametric numerical study on the resistance at elevated temperatures of stainless steel
members, subjected to combined bending and axial compression. Previous studies have shown the need for the
development of further studies aiming at better predicting the fire behaviour of stainless steel beam-columns. However
they have only considered beam-columns composed of stocky | sections. Hence, this paper focuses on austenitic
stainless steel (European grade 1.4301 also known as 304) beam-columns composed of square hollow sections (SHS)
and circular hollow sections (CHS), considering different cross-sections classes (1 to 4), according to Eurocode 3 (EC3)
classification.

The numerical analyses were performed using the finite element program SAFIR, with material and geometric non-
linear analysis considering imperfections. The influence of the following parameters was evaluated: bending moment
diagram shape, cross-section slenderness considering the local buckling occurrence on the thin-walled sections, and
member slenderness for the global instability due to flexural buckling.

Comparisons between the obtained numerical results and the interaction curves of Eurocode 3 are presented. The results
show that specific design approach should be developed for these stainless steel members under fire situation, taking
into account the above mentioned parameters.
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1 Introduction

There has been an increase in the use of stainless steel in construction for structural purposes The high number of
desirable characteristics that stainless steel possesses for its structural use, such as durable character, aesthetic
excellence and easy maintenance, are some of the main reasons for this increasing use. Although the initial investment
is higher when compared to carbon steel application, the stainless steel can be competitive, due to its low life cycle cost,
contributing to more sustainable construction 2, In addition, stainless steel has also a higher fire resistance than the one
of carbon steel Bl. However, it is still necessary to develop knowledge on its structural behaviour at elevated
temperatures, as existing fire design guidelines, such as in Part 1-2 of EC3 I, are still based on the formulations
developed for carbon steel members in spite of their different material behaviour.

The beam-column structural element is the most common in construction. These members are elements subject to
combined bending and axial compression. Bending can be applied by different bending moment diagrams shape and
due to the compression stresses beam-columns are susceptible to buckling phenomena occurrence.

The shape and walls slenderness of the cross-sections play also important roles on the member behaviour. Cold form
hollow sections are also often chosen for stainless steel columns. Normally, these sections exhibit specific
characteristics that directly affect the final resistance of the corresponded members, such as the corners strength
enhancement due to the fabrication process in quadrangular and rectangular section shapes [. In EC3 58] the walls
slenderness determines the cross-section classification (from Class 1 to Class 4). Elements composed of Class 4 cross
sections are more susceptible to the occurrence of local buckling failure mode in addition to the flexural buckling, when
compared to the other cross sections classes, due to the thin walls that are associated to this type of cross section.

The behaviour of stainless steel columns in case of fire has recently been given more attention. Several studies have
been performed in stainless steel columns resulting in different new proposals. Some of them were based on columns
with Class 1 and 2 (stocky) | cross-sections ["] (as the EC3 [ fire design rules for carbon steel), and others on columns
with hollow sections in case of fire 821011, However, interaction behaviour between axial compression and bending in
beam-columns at elevated temperatures has still not been completely understood. Some studies on Class 1 and 2
(stocky) | cross-sections 2 and preliminary analysis to members with Class 4 square hollow sections 31 have been
performed, concluding that further parametric studies should be developed.

The main objective of this work is to present a parametric study based on numerical analyses on stainless steel structural
elements, with square and circular hollow cross-sections, subjected to axial compression plus bending under fire
conditions, applying geometrically and materially non-linear imperfect analysis with the program SAFIR 131, The
accuracy and safety of EC3 interactions curves for structural elements subjected to bending plus axial compression in
case of fire is here analysed. An extensive campaign of parametric numerical simulations has been performed on
Class 1, 2, 3 and 4 stainless steel square and circular hollow sections at elevated temperatures, considering three
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bending moment diagram shapes corresponded to end moments (uniform, triangular and bi-triangular shapes). In this
study the stainless steel grade 1.4301 (most used stainless steel grade for structural applications) was considered.
Comparisons, between the numerical results and the EC3 rules (EN 1993-1-2 Bl) and the interaction curves
recommended in Part 1-1 of EC3 [ and in Part 1-4 of EC3 [, are made.

2 Simplified Calculation Methods for Fire Design

In this section the considered methodologies in this study, for the calculation of stainless steel beam-columns resistance
under fire situation, are presented.

For the cross-section classification, the following equation was used to determine the factor &, according to 4,

235 E ]0'5 1)

= 0.85 |2 ———
¢ [fy 210000

Where f, and E are respectively the yield strength and Young modulus in MPa.

2.1 Cross-section resistance

According to EN 1993-1-2 Bl the section resistance of a stainless steel member is calculated in the same way as for
carbon steel, changing only the mechanical properties of the material, such as yield strength and modulus of elasticity to
consider uniform elevated temperatures in the section, resulting from a fire.

The expressions used in the interaction curves when the section is subjected to bending plus axial compression for
square hollow sections and circular hollow sections are presented in Table 1.

Table 1 Formulations for cross-section resistance of structural hollow sections

Square hollow sections Circular hollow sections
M
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and 2 _ Ngg with
. Mply Rd 1 1.7
sections M _ Y Np1,ra <M Nga
N,y,Rd — A — 2bt = ply,Rd MN,y,Rd = Mpl,y,Rd 1- N < Mpl,y,Rd
(1 — 0.5min (5= ;0.5)) PLRd
N, M
Edy YEL < q
NRd My,Rd

Class3  Where:
and 4 Ngq is determined using the gross cross section area (A) for Class 3 sections and the effective section area
sections  (A.fy) for Class 4 sections;
M, rq is determined using the elastic section modulus (W,,,) for Class 3 sections and the effective section
modulus (W, ) for Class 4 sections.

In a fire situation higher strains than at room temperature are acceptable, therefore, instead of 0.2% proof strength
usually considered at normal temperature, for cross-section of classes 1, 2 and 3 at elevated temperatures the stress at
2% of total strain should be considered as the yield strength (Eq. 2).

fy,e = f2%,9 = kz%,efy (2)

However, for Class 4 cross-sections, according to Annex E of EN 1993-1-2, the proof strength at 0.2% plastic strain
should be applied (Eg. 3).

fy,@ = f0.2p,6 = k0.2p,6fy 3

The resulting interaction curves are shown in Fig. 1.
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Fig. 1 Interaction curves for: @) Class 1 and 2 cross-sections of SHS; b) Class 1 and 2 cross-sections of CHS; c)
Class 3 and 4 cross-sections of both SHS and CHS.

2.2 Interaction curves for member resistance

The EC3 interaction formulae for beam columns in case of fire [¥! were developed based on carbon steel columns with
I sections of Classes 1 and 2 7. Due to the different material behaviour of stainless steel, previous research works 12
have proposed new interaction curves for stainless steel members based on parametric studies also on stainless steel
I sections of Classes 1 and 2. Additionally, Part 1-1 of EC3 I and Part 1-4 of EC3 €] proposes different methods for
evaluating the resistance of carbon steel and stainless steel beam columns at normal temperature.

In this section the expressions for the determination of those different interaction curves are presented. The same main
design expression (4) is used in all cases, changing only the interaction factor k. As the analysed sections are square and
circular, the proposed formulae for the strong axis on the design recommendations were used (k,, or k,,, on the case of
Part 1-1 of EC3).

N¢; Mg,
fi,Ed +k fi,Ed <1 (4)
X A fy,e w fy,G
T Y g Ym,fi

As in the cross-section resistance expressions, plastic geometric properties should be considered for Class 1 and 2
sections, elastic geometric properties for Class 3 sections and effective geometric properties plus the proof strength at
0.2% for Class 4 sections.

The reduction factor for flexural buckling under fire design situation y; is given by

1 )]

Wlth Xfi < 1
bo + ,/(d’a)z - (/Te)z

P = %[1 +alg + (/Tg)z]

where the imperfection factor a depends on the steel grade and is determined according to:

_oes |22 @)
a = u. fy

The non-dimensional slenderness A, for high temperatures is given by:

8)
ke (
To=1 /E

where X is the non-dimensional slenderness at normal temperature and k, ¢ and kg o the reduction factors for the yield
strength (according to equation 2 or 3) and for the Young modulus.

Xfi =

Being
(6)

On the study presented in this paper, for better comparisons purposes, the adopted flexural buckling reduction factor
was obtained numerically from the resistance of axially compressed columns.

In order to analyse the accuracy and safety of different design approaches, different interaction factor k corresponded to
the following methodologies were considered.

e EN1993-1-2 BI;
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e EN 1993-1-4 I adapted at elevated temperatures;

e EN 1993-1-1 [5] adapted to stainless steel at elevated temperatures;

EN 1993-1-2

Part 1-2 of EC3 B, in its Annex C, states that the safety evaluation of stainless steel members at elevated temperatures
should be made following the same expressions developed for fire design of carbon steel members. The recommended
interaction factor is

N,
k=1 Ul pq <3 (9)
X A fy,@
T Y g
Where
u= 2By —5)Ag + 0.448,, + 0.29 < 0.8 with A,goc < 1.1 (10)

By, Which is in function of the bending diagram shape, is for end moments given by
By =1.8-0.7y (12)

Being y the ratio between the end moments.

EN 1993-1-4 adapted at elevated temperatures

Part 1-4 of EC3 ¥l is dedicated to the structural design of stainless steel structures at normal temperature. The proposed
interaction factor for members subjected to combined bending plus axial compression is
NEd NEd (12)

but 12<k<12+2
Np,ra b,Rd

k=1+2(2-05)
As it can be observed, this expression does not depend on the bending diagram shape, which is normally an important
parameter for the calculation of beam-columns resistance.

The proposed minimum limit to the interaction factor of 1.2 was not used in this study as it prevents the attainment of
the total bending resistance, when no axial compression is applied.

The Adaptation to fire of these expressions is made through the application of the yield strength (equations 2 and 3) and
Young modulus at elevated temperatures, proposed in Annex C of Part 1-2 of EC3 B,
EN 1993-1-1 adapted to stainless steel at elevated temperatures

The Part 1-1 of EC3 [l presents two methods for the determination of the interaction factors on carbon steel beam-
columns. In this work it is evaluated the possibility of using the expressions corresponded to one of these methods
(Method 2) on stainless steel members with hollow sections submitted to fire.

According to the Annex A of EN 1993-1-1 the interaction factor can be determined for Class 1 and 2 sections by:

- N N 13
k=cm(1+(/1—0.2) Ed)Scm<1+0.8 E“) (13)
Nb,Rd b,Rd
And for Class 3 and 4 sections by
- N N 14
k:cm<1+0.6/1 Ed)gcm(1+0.6 E"’) (14)
b,Rd b,Rd

Being for, end moments, c,, given by
cm=06+04yY > 0.4 (15)

In this work, the yield strength and Young modulus values applied on these formulae were the one proposed in Part 1-4
of EC3 % being reduced at elevated temperatures as proposed in Annex C of Part 1-2 of EC3 Bl

3 Numerical Modelling

In this section the chosen study cases and the adopted numerical model used on the parametric study are described.

3.1 Case study

In this work doubled hinged columns, of the austenitic stainless steel grade 1.4301 (also known as 304), subjected to
compression plus bending diagrams were analysed.
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The three shapes of bending diagrams shown in Fig. 2 were considered: uniform bending (y=1), triangular diagram

(1=0) and bi-triangular diagram (y=-1).
Four square hollow sections and four circular hollow sections were chosen in this study in order to cover the different

section classifications. Two sections of Class 4 were chosen, one less slender and another more slender. The same width
for the SHS (200 mm) and the same diameter for the CHS (244.5 mm) were maintained being change the thicknesses

for obtaining the different sections (Table 2).
Due to the thin walls of these profiles and to the stainless steel high thermal conductivity, the numerical tests were made

with uniform temperatures in the cross section. The temperatures chosen were: i) 350 °C, which is the critical
temperature suggested in EC3 B! for Class 4 profiles when no calculation is performed; ii) 500 °C for being a typical
critical temperature in steel structural elements subjected to instability phenomena; and iii) 600 °C for covering the

range of common critical temperatures in steel structural elements.
For each of the above mentioned cases, 4 columns lengths were chosen (1, 3, 7 and 11 metres), corresponding to

slenderness values at high temperatures (as defined in EC3 El) lower than 2.0.

Table 2 Tested cross-sections
Section classification SHS [mm] CHS [mm]
Class 1 or Class 2 sections 200x200x10 244.5x8
Class 3 sections 200x200x7 244.5x2
Class 4 sections less slender 200x200x4 244.5x1.5

Class 4 sections more slender 200x200x2 244 .5x1

3.2 Numerical model
The numerical model was developed to be applied on the finite element software SAFIR IS Numerical analyses

applying this code were recently validated against experimental fire tests in stainless steel columns I, This section
presents the adopted material model, mesh and restrictions, geometric initial imperfections, residual stresses and corner

strength enhancement (for the square hollow sections) considered in this research work.

Material model
The numerical modelling of stainless steel material law at elevated temperatures in SAFIR was made by a non-elastic

plane stress condition, based on the von Mises surface and isotropic hardening I,
Fig. 2 illustrates the applied stainless steel stress-strain relationship at elevated temperatures 1, according to Part 1-2 of
EC3 prescriptions, which are characterised by having always a non-linear behavior with an extensive hardening phase,

when compared with carbon steel material law.
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Fig. 2  Stress-strain relationship of the stainless steel at high temperatures.

Table 3 presents the reduction factors at the elevated temperatures [, for the different parameters necessary to
determine the stress-strain relationship illustrated in Fig. 2. Only the values for the three temperatures applied in this

study are shown.
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Table 3 Reduction factors for the austenitic grade 1.4301 at high temperatures

0a Keo = Eap /Ea Ko.2pe =Tfozpe /fy Kuo = fug /fu Kecto6 = Ecto /Ea €u.0
350 °C 0.86 0.62 0.725 0.02 0.4
500 °C 0.8 0.54 0.67 0.02 0.4
600 °C 0.76 0.49 0.58 0.02 0.35

Mesh and restrictions

As local buckling phenomena were likely to occur on the most slender cross-sections, shell finite elements were used.
The mesh size was chosen in order to capture all the possible failure modes.

The restrictions and loads applied are schematised in Fig. 3. The restriction to the longitudinal movement was imposed
at the mid length, being the lateral restrictions applied on the end extremities. For the application of the loads thick end
plates at 20 °C were used for avoiding local instabilities on the mesh.

b)

Fig. 3 Restrictions and load applications on the model: a) Square hollow profile; b) Circular hollow profile.

The calculation of the cross-section resistances were numerically made, by imposing lateral restrictions in all member
length on the corners of the square hollow sections and on four lines, parallel to the longitudinal axis, on the circular
hollow sections.

Geometric initial imperfections

The adopted initial imperfections follow the recommendations of Annex C of Part 1-5 of EC3 [, which proposes the
use of the shape of the buckling modes with the amplitude equal to 80% of the manufacturing geometry tolerances that
can be found in EN 1090-2:2008+A1 % and EN10219-2 %, Two instabilities modes are expected, the flexural global
buckling and the local buckling.

Therefore for the global buckling the maximum amplitude adopted was 80% of A = % for both the squares and
circular hollow profiles. For the local buckling the maximum amplitude adopted on the square hollow profiles was 80%
of A = 0.008b and on the circular hollow profiles was 80% of A = 0.008d. Figures 4 and 5 show on an amplified scale
the used imperfections.

According to Part 1-5 of EC3 a combination of the previous described imperfections should be introduced in the model.
This combination should have a main imperfection which is added to the remaining imperfection reduced to 70%. The
consideration of this combination produced very small differences when compared to simply adding the two
imperfections. Therefore, this last procedure was adopted.
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a) ' b)

Fig. 4 Initial geometric imperfections on the square hollow profiles: a) associated to global buckling; b)
associated to local buckling

a) b)

Fig. 5 Initial geometric imperfections on the square hollow profiles: a) associated to global buckling; b)
associated to local buckling.

Residual stresses

In this work, longitudinal residual stresses due to fabrication processes were only considered in square hollow profiles.
These residual stresses have low significance in the circular hollow profiles. Based on the model proposed by Gardner
and Cruise 4, for cold formed sections the adopted residual stresses follow the distribution presented on Table 4.

Table 4 Residual stresses for the square hollow sections 24

Bending residual Membrane residual
stresses stresses
Central part of the plate +0.630y, +0.370y,
External part of the plate 10.630,, —-0.240y,
Corners +0.370y, -0.240y,

Corner strength enhancement

The cold formed manufacturing process as a positive influence on corners strength of rectangular hollow sections,
which improves the cross-section resistance. Therefore on the numerical models, of the square hollow profiles, the
corners regions were considered with strength enhancement following Ashraf et al. 2 studies. The corners regions
were considered to spread from the corner for a distance of twice the plate thickness. The proportional limit strength on
these corners is given by.

1.8810y,, (16)

(ri/t)0.194

Where g, ,, is the proportional limit strength in the flat region of the plate.

00.2,c -

And the ultimate strength in the corners region given by
0,
Oye = 0.7500_2‘Cﬂ 17)
00.2,v

Where o, ,, is the ultimate strength in the flat region of the plate.
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4 Parametric Study

The behaviour of the interaction curves N-M, described in Section 2, when compared to the numerical results in
stainless steel beam-columns with hollow sections is presented. As mentioned in Section 2, these comparisons influence
the flexural buckling curve on the interaction curves was eliminated considering the numerical results of resistance to
axial compression on those interaction curves. As acknowledged in other research works 9, the results obtained with
bending moment equal to 0 (pure compression), these buckling curves need to be improved for being too conservative.
Moreover, following EC3 prescriptions, the calculation of the bending moment resistance does not consider the
stainless steel hardening, which influences the approximation of the interaction curves to the numerical results.

The interaction curves presented in the comparisons are named of:
e “EN 1993-1-2” for the prescribed design rules in Part 1-2 of EC3 Bk
e  “EN 1993-1-4 adapted” for the formulae in Part 1-4 of EC3 [l adapted at elevated temperatures;

e “EN 1993-1-1adapted” for the formulae in Part 1-1 of EC3 ! adapted to stainless steel at elevated temperatures;
The cross section resistance is considered in all the obtained curves, applying the formulation presented in Section 2.1

4.1 Comparison with interaction curves

In this section some of the graphs resulting from the comparisons between the interaction curves and the numerical
results are presented.

Beam-columns with square hollow sections

Fig. 6 presents examples of the deformed shape at failure of the beam-columns with square hollow sections of Class 2
where flexural buckling is predominant and of Class 4 where it is visible the local buckling occurrence.

a)

Fig. 6 Examples of the deformed shape at failure of the beam-columns with square hollow sections: a) Class 2
section; b) Class 4 section

For a better comparison of the influence of the different parameters it is first presented in Fig. 7 the results for beam-
columns of 3 m length with Class 2 sections subjected to uniform bending at 500 °C, and then these parameters are
varied being analysed the behaviour and approximation of the different curves to the numerical results. It can be
observed that for this case Part 1-4 of EC3 is not on safe side, whereas the other proposals provide good and safe
approximations.
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Fig. 7 Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
Class 2 sections subjected to uniform bending at 500 °C

Varying the bending diagram shape it is visible on the graphs of Fig. 8 the loading type has big influence that should be
considered by the interaction curves. As presented in Section 2 Part 1-4 of EC3 does not considers this influence being
thus too conservative.
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1.20 120
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Fig. 8 Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
Class 2 sections subjected to bending diagrams at 500 °C

When sections with high slenderness (Fig. 9) are considered the interaction curves tend to be less conservative, which
suggests that this parameter should be better considered. A more linear behaviour is observed on the numerical results.

SHS; C3; L=3m; ¥=1 SHS; C4; L=3m; W=1 SHS; C4 4 L=3m; W=1

B SAFIR 5000 B SAFIR 5002 B B EAFIR 5000
c3 ca Ca .

100 — - —EN 199312 1.00 4 — . =EN1993.12 1.0 — . —EN 199312

93-1-4adapted EN 1993-1-dadapted

. a93. 0.80
- — —EN 1993-1-1adapted — = —EN 1993-1-1adapted

M/

N/Ng s

0.40

0.00
0.00

Fig. 9 Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
cross-sections of different Classes subjected to uniform bending at 500 °C

One important parameter is also the member global slenderness. Fig. 10 presents the evolution of the interaction curves
when the member length is increasing. It can be observed that the safety degree of the interaction curves tend to
decrease for longest beam-columns. Again Part 1-4 of EC3 presents the worst approximation to the numerical results
and Part 1-2 of EC3 the best.
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a) b) c)

Fig. 10 Comparison of the interaction curves with the numerical results for beam-columns of different lengths
with Class 2 sections subjected to uniform bending at 500 °C

Beam-columns with circular hollow sections

Similar analysis to the one presented for square hollow sections was also made for circular hollow sections. Fig. 11
presents examples of the deformed shape at failure of the beam-columns with circular hollow sections of Class 1 where
flexural buckling is predominant and of Class 4 where it is visible the local buckling occurrence.

a) b)
Fig. 11 Examples of the deformed shape at failure of the beam-columns with circular hollow sections: a) Class 1
section; b) Class 4 section

Fig. 12 shows the results for beam-columns of 3 m length with Class 1 sections subjected to uniform bending at 500 °C.
All methodologies present safe results having a similar behaviour to the one observed for square hollow sections

(Fig. 7).

CHS; C1_2; L=3m; ¥W=1

1.20
€12 W SAFIR 5000C
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Fig. 12  Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
Class 1 sections subjected to uniform bending at 500 °C

As expected the loading type has a big influence in the results, as it can be seen in Fig. 13.
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CHS; C1_2; L=3m; W=0 CHS; C1_2; L=3m; W=-1

1.20 1.20

B SAFIR 5000C B SAFIR 5000C

1.00 — . —EN 199312 1.00 1 — . —EN1993-12

EN 1993-1-4adapted EN 1993-1-4adapted

0.80 080 4
= = = EN 1993-1-1adapted = = = EN 1993-1-1adapted

0.00 0.20 0.40 0.60 0.80 1.00 1.20
M/M; g

0.00 0.20 0.40 0.60 0.80 1.00 120

a) b)

Fig. 13 Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
Class 1 sections subjected to bending diagrams at 500 °C

Contrary to what was observed for square hollow sections, the cross-section slenderness seems to be well considered by
the different methodologies (Fig. 14).
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Fig. 14 Comparison of the interaction curves with the numerical results for beam-columns of 3 m length with
cross-sections of different Classes subjected to uniform bending at 500 °C

The member length is again an important parameter as shown in Fig. 15. It can be observed that Part 1-2 of EC3 is too
conservative.
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Fig. 15 Comparison of the interaction curves with the numerical results for beam-columns of different lengths
with Class 1 sections subjected to uniform bending at 500 °C
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4.2  Statistical evaluation of the different calculation methodologies

For a better evaluation of the approximations provided by the different methodologies, a brief statistical analysis is
made here. Table 5 presents the statistical results for square hollow sections and Table 6 shows the statistical evaluation
for circular Hollow sections.

Based on the evaluation criteria of Kruppa, J. 2], a given analytical formulation for fire design is considered safe if the
comparison to the numerical results provides the following analyses. These plus the standard deviation are the
calculation presented in tables 5 and 6.

e  The average of the ratio between the numerical result and the analytical result is on the safe side (lower than 1.00);
e  The percentage of the number of unsafe results is lower 20%;

e  The maximum unsafe result provides a ratio lower of 1.5.
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Table 5 Statistical results for square hollow sections

Class .1 or2 Class 3 sections Class 4 sections
sections
PY=1 P=0 =1 =1 P=0 P=-1 P=1 YP=0 P=-1 Global
Number of results 84 84 84 84 84 84 168 168 168 1008
Average 093 091 090 091 090 090 110 1.03 1.08 0.99
Standard deviation 0.03 008 0.09 0.07 009 009 010 013 021 0.15
EN1993-1-2
Unsafe results (%) 0 17 2 8 12 1 79 62 55 36
Maximum unsafe - 1.02 100 103 104 101 145 153 2.00 2.00
média 101 08 073 098 085 075 118 098 094 0.95
EN1993-1-4 desvioP 0.05 0.08 0.10 0.07r 008 012 011 012 0.14 0.17
adapted unsafe % 71 0 0 55 4 0 99 48 26 40
max unsafe 1.07 - - 1.08 1.03 - 162 140 139 1.62
média 099 096 087 096 095 086 113 1.07 1.06 1.01
EN1993-1-1 desvioP 009 009 006 0.09 010 0.07 0.12 0.16 0.20 0.16
adapted unsafe % 50 50 0 42 43 0 98 79 46 53
max unsafe 1.11  1.07 - 1.10 1.06 - 158 190 2.02 2.02
Table 6 Statistical results for circular hollow sections
Class .1 or2 Class 3 sections Class 4 sections
sections
P=1 P=0 =1 P=1 P=0 P=-1 P=1 P=0 P=-1 Global
Number of results 84 84 84 84 84 84 84 84 84 756
Average 0.88 087 088 103 105 115 0.89 0.83 0.86 0.94
Standard deviation 0.06 010 0.11 0.08 009 021 0.12 0.1 o0.06 0.15
EN1993-1-2
Unsafe results (%) 4 11 0 50 75 79 26 1 0 27
Maximum unsafe 1.02 1.02 - 142 145 200 109 1.01 - 2.00
média 096 082 072 111 099 095 090 0.83 0.86 0.91
EN1993-1-4 desvioP 0.06 010 0.13 0.10 0.07 0.09 0.3 0.11 0.06 0.14
adapted unsafe % 18 4 o 92 32 26 32 1 0 23
max unsafe 1.07 1.02 - 161 129 119 109 101 - 1.61
média 091 091 084 108 109 110 0.87 0.83 0.86 0.94
EN1993-1-1 desvioP 0.09 010 0.09 0.17 0.7 019 0.11 0.1 o0.06 0.17
adapted unsafe % 21 0 0O 5 61 64 8 1 0 23
max unsafe 1.01 - - 1.74 180 192 1.06 1.01 - 1.92
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5 Conclusions

In this paper a numerical study on the behavior of stainless steel members with square and circular hollow sections in
fire subjected to compression plus bending was presented. Comparisons between the obtained ultimate bearing loads,
with the finite element program SAFIR, and different methods for the determination of the interaction curves N-M were
performed, concluding that:

e  The design prescriptions of Part 1-2 of EC3 do not provide safe approximations for Class 4 square hollow sections
and for Class 3 circular hollow sections;

o The formulae from Part 1-4 of EC3 adapted to elevated temperatures give too conservative results when non-
uniform bending is considered;

e The interaction curves from Part 1-1 of EC3, also adapted to elevated temperatures, gives unsafe approximations
mainly for square hollow sections and also for Class 3 circular hollow sections.

Regarding the cross-section type, beam-columns with circular hollow sections provided more disperse numerical results
when compared with the square hollow sections. However, the different design methodologies are generally safer for
the members with circular hollow sections. When the cross-section classification is analysed, the different formulation
provide unsafe approximations for Class 4 square hollow sections and Class 3 circular hollow sections.

It is clear that more studies are needed to better assess the behavior of the interaction between axial compression and
bending moments in these profiles, being expected the development of new design formulae to provide safer and more
accurate approximations to the ultimate bearing capacities of square and circular hollow profiles.

References

[1]  Gardner L., “The use of stainless steel in structures”, Progress in Structural Engineering and Materials, vol 7, pp
45-55, 2005.

[2] Euro Inox and Steel Construction Institute, “Design Manual for Structural Stainless Steel”, 3rd edition, 2006.

[3] CEN European Committee for Standardisation, “EN 1993-1-2, Eurocode 3, Design of Steel Structures — Part 1—
2: General rules — Structural fire design”, Brussels, Belgium, 2005.

[4]  Ashraf M., Gardner L. and Nethercot D., “Finite element modelling of structural stainless steel cross sections”,
Thin-Walled Structures, Elsevier, 44, 1048-1062, 2006.

[5] CEN European Committee for Standardisation, “EN 1993-1-1, Eurocode 3, Design of Steel Structures — Part 1
1: General rules and rules for buildings”, Brussels, Belgium, 2005.

[6] CEN European Committee for Standardisation “EN 1993-1-4, Eurocode 3: Design of steel Structures — Part 1—
4: General rules — Supplementary Rules for Stainless steels”, Brussels, Belgium, 2006.

[71  Lopes N., Vila Real P., Simdes da Silva L., Franssen J.M., “Axially loaded stainless steel columns in case of
fire”, Journal of Structural Fire Engineering, Multi-Science Ltd, vol 1/1, 43-59, 2010.

[8] CTICM/CSM, “Stainless steel column buckling behaviour at elevated temperatures - comparison of euro inox
and cticm methods”, 2005.

[9] Ng K.T., Gardner L., “Buckling of stainless steel columns and beams in fire”, Engineering Structures, vol 29(5),
2007.

[10] Uppfeldt B., Ala Outinen T., Veljkovic M., “A design model for stainless steel box columns in fire”. Journal of
Constructional Steel Research, 64, 1294-1301, 2008.

[11] Scifo A., Fire resistance of stainless steel hollow section columns, Université de Liege, Faculté des Sciences
Appliquées, 2013.

[12] Lopes, N.; Vila Real, P.; Simdes da Silva, L.; Franssen, J.-M. ‘“Numerical analysis of stainless steel beam-
columns in case of fire”, Fire Safety Journal, Elsevier, volume 50, pp 35-50, 2012.

[13] Lopes N., Vila Real, P. M. M., “Fire resistance of stainless steel structural elements with class 4 square hollow
sections subject to combined bending and axial compression”, 8th International Conference on Structures in
Firer, SiF, Shangai, China, 2014.

[14] Franssen J-M; Vila Real P. “Fire Design of Steel Structures”, ECCS; Ernst & Sohn, a Wiley Company, 2nd
edition, 2015.

[15] Franssen J-M; Gernay T. “Modeling structures in fire with SAFIR®: theoretical background and capabilities”,
Journal of Structural Fire Engineering, 2017.

[16] CEN, European Committee for Standardisation, “EN 1993-1-5, Eurocode 3: Design of Steel Structures - Part 1-
5: Plated structural elements”, Brussels, Belgium, 2006.

Paper presented by Nuno Lopez - nuno.lopes@ua.pt
© Lopez N, Manuel M, Sousa A and Real P, University of Aveiro 14



[17]

[18]

[19]

[20]

[21]

[22]

[23]

Talamona D., Flambement de Poteaux Métalliques sous Charge Excentrée, a Haute Température (in French),
PhD Thesis University Blaise Pascal, Clermont—Ferrand, France, 1995.

Lopes N., Vila Real P., Simes da Silva L., Franssen J.M., “Numerical modelling of thin-walled stainless steel
structural elements in case of fire”, Fire Technology, 46/1 91-108. 2010.

CEN, EN 1090-2:2008+Al: Execution of steel structures and aluminium structures - part 2: Technical
requirements for steel structures, Brussels, Belgium. 2011.

CEN, EN 10219-2, Cold formed welded structural hollow sections of non-alloy and fine grain steels - Part 2:
Tolerances, dimensions and sectional properties, Brussels, Belgium. 2006.

Gardner L., Cruise R., “Modeling of residual stresses in structural stainless steel sections”, Journal of structural
engineering, vol 135(1), 42 53, 2009.

Ashraf M., Gardner L., Nethercot D., “Strength enhancement of the corner regions of stainless steel cross-
sections”, Journal of Constructional Steel Research, Elsevier, 61 pp. 37-52. 2005.

Kruppa, J. “Eurocodes — fire parts, proposal for a methodology to check the accuracy of assessment methods”.
CEN TC 250, Horizontal Group Fire, Document n® 99/130, 1999.

Paper presented by Nuno Lopez - nuno.lopes@ua.pt
© Lopez N, Manuel M, Sousa A and Real P, University of Aveiro 15



