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Abstract

This work aims to improve the knowledge about the behaviour of ferritic stainless steel hollow section
columns.

In this work, three fire tests performed at the University of Liege have been used to calibrate finite
element models. The three columns have been modelled in SAFIR, a software which is able to solve
mechanical and thermal problems using finite elements. In order to obtain a reliable finite element
model, several parameters have been studied. The parameters which had the most significant influence
on the results were kept, and the others were neglected.

After validating the models against the tests results, those finite element models have been used to
generate numerical results. Then, the results have been compared to the bearing capacity calculated
at elevated temperatures with the current design standards and other new predictive models.

Finally, the ability of the model proposed by the European code to safely predict the strength
of columns at temperature below 600°C has been concluded, as well as the well-adapted shape of
the buckling curve proposed by Lopes for temperatures above 600°C. The influence of the enhanced
material properties on the bearing capacity of columns has also been highlighted.
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Notation

In this paper, several parameters will be used. A description of those parameters is given in the
beginning of this document and FIGURE illustrates some of them.
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Figure 0.1: Geometrical properties of the cross-section

b is the width of the cross-section;

h is the height of the cross-section;

L is the length of the column;

t is the thickness of the sheet metal;

Ej is the Young modulus at the origin point;

fy.fiat 18 the 0.2% proof strength in the flat;

® fy corner is the 0.2% proof strength in the corner region;

fu is the ultimate strength;

r; is the internal radius of the corner;

re is the external radius of the corner;

A is the global imperfection;

¢ is the local imperfection;

NG is the number of integration points in each finite element;

6
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e NL is the number of elements across the length of the column;
e Nb is the number of elements across the width of the cross-section;

e Nh is the number of elements across the height of the cross-section;

Nec is the number of elements across each corner of the cross-section;

Nyzial is the load applied axially to the tested element.

e R — O is the abbreviation of the Ramberg-Osgood model recommended by the European code
EN 1993-1-2 in order to model the stainless steel material behavior.



Chapter 1

State of the art

In the field of construction, the choice to use a material rather than another is almost always based on
the financial aspect. However, in some cases, it is interesting to use a more efficient material in order
to obtain a structure which has a better resistance to the external environment and which is lighter.
Thus it can be interesting to use stainless steel rather than carbon steel in order to reduce the weight
of a structure and to improve its corrosion resistance even if stainless steel is more expensive than
carbon steel, due to the alloying elements and the low volume of production. Stainless steels are also
characterized by a better retention of strength and stiffness at elevated temperature, in comparison to
carbon steel. Moreover, the retention of stiffness is better than that of strength, making the stainless
steel elements less prone to buckling at elevated temperature. There are several grades of stainless
steel and the most common is the austenitic stainless steel which has the best combination of elevated
temperature properties, corrosion resistance and strength. The disadvantage of the austenitic grade
is its high nickel content leading to highly variable prices. The advantage of the ferritic grade, which
will be studied in this work, is its low nickel content which results in a more cost-stable and economic
material compared to austenitic stainless steel. The chemical composition of the ferritic grade 1.4003
is given in TABLE[I.]]

C S Mn P S
mazx. mazx. mazx. mazx. mazx.
0.030 1.00 1.50 0.040 0.015
m];]x. Cr Mo Ni Others
0.030 10.5 to 12.5 - 0.30 to 1.00 -

Table 1.1: Chemical composition of stainless steel 1.4003 grade - [% by mass]

1.1 Material behavior

The stress — strain curve of stainless steel does not exhibit a sharply defined yield point as that of
carbon steel. Thus the 0.2% proof stress (i.e. the stress corresponding to a plastic strain of 0.2%) is
used to define the limit between the elastic and the plastic domains. Stainless steels have also a greater
ductility and a higher ratio of ultimate-to-yield stress.

1.1.1 Material properties at high temperature

The assessment of the fire resistance of stainless steel structures depends on the ability to predict
the material behavior at elevated temperature. The thermal and mechanical parameters to assess the
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structural performance in fire are the following, but they do not have the same significance on the fire
resistance of the structure.

e Ability to retain the strength and stiffness at elevated temperature
e Unit mass

e Thermal expansion

e Thermal conductivity

e Specific heat

e Emissivity

e Heat transfer coefficient

The thermal and mechanical properties of stainless steel differ from those of carbon steel due to the
alloys content of the material. The European code EN 1993-1-2 recommends to use the physical
properties presented hereafter for the stainless steel material.

Unit mass of stainless steel is considered to be independent of the steel temperature. The value
pa = 7850 kg/m? is recommended by the code.

Thermal expansion is characterized by EQUATION
SL=(16 +4.79 x 10730, — 1.243 x 107562) x (6, —20)107° [] (1.1)
where :
e [ is the length at 20°C;
e Al is the temperature induced expansion;

e 0, is the steel temperature [*C].
Thermal conductivity is determined by EQUATION
Ao = 14.6 +1.27 x 10720, [W/mK] (1.2)
Specific heat can be determined with EQUATION [1.3

Ca =450 + 0.8 x 0, —2.91 x 107402 +1.34 x 107703 [J/kgK] (1.3)

In the thermal numerical model, the values of the emissivity and the heat transfer coefficient used
are those recommended by the European codes EN 1993-1-2 and EN 10088-1. They are presented in
TaBLE 12

e[-]] a [z

[ 04 [ 25 |

Table 1.2: Thermal material properties
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The temperature development in structural stainless steel sections exposed to fire has been studied
by Gardner (Gardner and Ng [2006]). The two main parameters in order to determine the temperature
development in structural member are the convective heat transfer coefficient and the emissivity.
Gardner has proposed new values for the emissivity and heat transfer coefficient of structural stainless
steel members exposed to fire. Values of 0.2 (in place of 0.4) for the emissivity and of 357 (in
place of 25%—1() for the heat transfer coefficient are proposed. This new set of value results in average
enhancements of 10% of the fire resistance.

However, this study has been performed for austenitic stainless steel. Due to the difference between
the chemical composition of austenic and ferritic grades, these values can not be considered for ferritic
stainless steel material. Therefore, the thermal material properties recommended in the European
code will be used in this work.

1.1.2 Strength and stiffness reduction factors at elevated temperature

Reductions factors are used to define the material mechanical properties at elevated temperature from
the material properties at ambient temperature.

o The stiffness reduction factor (kg ¢) is defined as the elevated temperature initial tangent modulus
(Ey) normalised by the initial tangent modulus at room temperature (E).

e The ultimate strength reduction factor k, gy is defined as the elevated temperature ultimate
strength (f, ¢) normalised by the room temperature ultimate strength (f,).

o kyog = ! #* is the reduction factor for the yield strength of steel at the steel temperature ,

reached at time ¢ . The strength at the steel temperature 6, for Class 1-3 cross-sections is given
by fy.6 = fo.2p.6 + ka%.0 (fu,0 — fo.2p,e). For Class 4 cross-sections, it is given by fy 9 = fo.2p,0-

The values recommended by the European code EN 1993-1-2 are presented in TABLE[1.3] The stiffness
and strength reduction factors are plotted in FIGURE which illustrates that the stainless steel
material loses almost all its strength for temperature above 800°C. This scheme shows also that the
strength properties decreases faster than the stiffness properties, as mentioned at the beginning of this
chapter.

Steel temperature | kg g = %;9 ko.op = f"f?T” ky, = f}‘—ue kag.0 ‘ kget,o = EE—;"
20 1.00 1.00 1.00 0.37 0.055
100 0.96 1.00 0.94 0.37 0.030
200 0.92 1.00 0.88 0.37 0.030
300 0.88 0.98 0.86 0.37 0.030
400 0.84 0.91 0.83 0.42 0.030
500 0.80 0.80 0.81 0.40 0.030
600 0.76 0.45 0.42 0.45 0.030
700 0.71 0.19 0.21 0.46 0.030
800 0.63 0.13 0.12 0.47 0.030
900 0.45 0.10 0.11 0.47 0.030
1000 0.20 0.07 0.09 0.47 0.030
1100 0.10 0.035 0.045 0.47 0.030
1200 0.00 0.00 0.00 0.47 0.030

Table 1.3: Strength and stiffness reduction factors at elevated temperature - EC1993-1-2 - Annex C
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Figure 1.1: Strength and stiffness reduction factors at elevated temperature - EC1993-1-2 - Annex C

Gardner (Gardner et al. [2010]) and Manninen (Manninen and Saynajakangas| [2013|) have per-
formed studies and proposed values of elevated temperature reduction factors for the grade 1.4003 of
ferritic stainless steel. These proposed values are compared to those provided by the code EN 1993-1-2.

Gardner used all the isothermal and anisothermal tests results available for several stainless steel
grades and proposed a new set of elevated temperature reduction factors for each grade. The elevated
temperature reduction factors proposed by Gardner for the 1.4003 grade stainless steel are represented
in FIGURE It shows that the reduction factors proposed by Gardner are the same than those
recommended by the European code.

Manninen has performed several isothermal tests. Two tests were performed at each tempera-
ture. He obtained somewhat different values of elevated temperature reduction factors than those
recommended in the European code (see FIGURE [1.3). This mismatch can be explained by the fact
that Manninen used only 2 tests to determine those reduction factors, whereas Gardner used all the
available results to determine them.
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Figure 1.3: Strength reduction factors at elevated temperature - |Manninen and Saynajakangas| ﬂ2013[|

For the stiffness reduction factors, common reduction factors are used for all the grades, in oppo-
sition to the number of grades used to define the strength reduction factors. Two proposals have been
done (see FIGURE in order to determine the stiffness reduction factor at elevated temperature.

The model proposed by Chen and Young (Chen and Young

2006]) is very safe, while that proposed by

Ala-Outinen and Oksanen (Ala-Outinen and Oksanen|[1997

) is quite close to the curve recommended

by the European code EN 1993-1-2. However, due to the uncertainties and scatter of the test data, it
is recommended to maintain the use of current codified values.
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Figure 1.4: Stiffness reduction factors at elevated temperature - |Gardner et al.|[2010]

In the current work, the elevated temperature reduction factors recommended by the European
code EN 1993-1-2 are used.

1.1.3 Behaviour laws
Ramberg-Osgood model

This law is determined by three main parameters (see EQUATION : the Young modulus Ey which
determines the slope of the curve at the origin, the 0.2% proof stress fo.o which sets the second point
thought which the curve passes and the exponent n which determines the degree of non-linearity of
the curve.

This model fits well the o — € behaviour up to the 0.2% proof stress fy.2. Beyond that level, this
model over-predicts the stresses. This model has then been modified by Rasmussen (Rasmussen|[2003])
and Gardner (Gardner and Ashraf| [2006]) in order to fit as well as possible the real stainless steel o —e
behaviour. Those improvements are presented in the following sections.

o o \"
e=—+40.002 | — Yo 14
Eq (fo.z) (14)

where :

e FEj is the Young modulus;

fo.2 is the 0.2% proof stress;

1n(20)
In(

e N =

is a factor of non-linearity;

fo.
fo.(n)

o is the stress;

€ is the total strain.
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Material modeling at room temperature - Eurocode 1993-1-4 - Annex C

Rasmussen (Rasmussen| [2003|) proposed a modified compound Ramberg-Osgood model, which con-
tains 2 stages. This model depends on five main parameters : the Young modulus Ey which determines
the slope of the curve at the origin, the 0.2% proof stress fy.o which sets the second point thought
which the curve passes, the ultimate strength which determines the third point thought which passes
the curve and the exponents n and m which determine the degree of non-linearity respectively of the
first stage and the second stage of the curve.

This model is used in the European code EN 1993-1-4 - Annex C. Thus, for stainless steel at
ambient temperature, the stress-strain curve with strain hardening can be modelled using EQUATION
1)

£ 40002 (52)" for o < foo

f —f —fo2 \"
0.002 4 foz 4 o-foz 4 o (ﬁ—ﬁi) for fos <0 < fu

€= (1.5)

where :
e FEj is the Young modulus;

o Fyo= % is the tangent modulus corresponding to a plastic strain of 0.2%;

140.002 n (f%

fo.2 is the 0.2% proof stress;

fu is the ultimate strength;
° 5u:1—% but < A!

In(20)

o n=
In(

is a factor of non-linearity for the first stage;

ffo.bl )
e m=1+35 f]?—f is a factor of non-linearity for the second stage;
Material modeling at room temperature - Modified compound Ramberg-Osgood

proposed by Gardner and Ashraf

A modified compound Ramberg-Osgood expression has been proposed by Gardner and Ashraf (Gardner
and Ashraf| [2006]). This model proposes to use the 1% proof stress fio and the corresponding strain
€10 in place of the ultimate stress f, and the corresponding strain €,. This model is presented
hereafter :

& +0002 () for o < foo

’
— _ _ M0.2,1.0
€102 + anOf + <€t1,0 — 0.2 — UI'QEU_ZO'z) (ffof()f;Q) for fo2 <o < fu

(1.6)

where :
e fp.o is the 0.2% proof stress at ambient temperature;
e f1.0 is the stress corresponding to a plastic strain of 1.0% at ambient temperature;

e FEj is the Young modulus at ambient temperature;

L A is minimum value of elongation after fracture, according to EN 10088-4.
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o Fyy=—Lo s the tangent modulus corresponding to a plastic strain of 0.2% at ambient
140.002 7 (72 )
temperature;
® c40.2 is the total strain corresponding to a plastic strain of 0.2% at ambient temperature;
e ¢4 is the total strain corresponding to a plastic strain of 1.0% at ambient temperature;

e 1 is a factor of non-linearity for the first stage of the curve;

® ng 5.1 is a factor of non-linearity for the second stage of the curve;

Specific values are proposed for n, ng 5 ; o and ? 2 for different stainless steel grades. For the ferritic
stainless steel 1.4003 grade, the values proposed by Ashraf are presented in TABLE [[.4]

’ Grade ‘ n ‘ n02.1.0 ‘ % ‘
[ 14003 [ 73] 33 [1.14]

Table 1.4: Compound Ramberg-Osgood’s parameters - |[Ashraf et al.|[2006]

Afshan et al. (Afshan et al.|[2013b]) proposed a new set of values to model the material law of the
ferritic stainless steel 1.4003 grade. The proposed values are provided in TABLE

’ Grade ‘ n ‘ n6.2,u ‘ n6.2,1.0 ‘ % ‘
Tensile 8.4 2.9 — 1.107
1.4003 Compressive | 6.1 — 3.0 1.107

Table 1.5: Compound Ramberg-Osgood’s parameters - |Afshan et al. [2013b]

Material modeling at elevated temperature - Eurocode 1993-1-2 - Annex C

F1GURE [I.5] shows the material law proposed by EC1993-1-2 for stainless steel material at elevated
temperature. For this model, a number of interdependent coefficients (a, b, ¢?, d*> ande) have to be
determined. This model depends on five reductions factors in order to take the elevated temperature
into account. The model is based on the following four parameters which define three points of the
curve (the origin, the point corresponding to the 0.2% plastic strain and that associated to the ultimate
strain) and the slope at the origin of the curve.

o f, = fo.2 is the 0.2% proof stress at ambient temperature;
e f, is the ultimate strength at ambient temperature;
e Fj is the Young modulus at ambient temperature;

e ¢, is the total ultimate strain.
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Figure 1.5: Material behavior of stainless steel at elevated temperature - EC1993-1-2-Annex C

Comparison of the models

In this section, the models presented in the previous sections will be compared. The parameters
presented in TABLE [I.6 are used in order to compare the behaviour laws.

FIGURE [L.6 illustrates that the models are quite different. The simple Ramberg-Osgood model
overrates the strength for plastic deformations higher than 0.2%. The models proposed by the European
code at ambient temperature and at elevated temperature pass through the same key points which
correspond to the 0.2% plastic strain and the ultimate strain, but between those points, there are
small deviations. The modified compound Ramberg-Osgood model proposed by Gardner is closer to
the horizontal than the others models, whatever the set of value used.
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fy [M Pa] 280
fu[M Pal) 450
fo.o1 [MPa] | 185.7525
FEo [M Pad] 220000

eu[—] 0.2
”6.2,1.0 [—] 3.3
% 1.14

Table 1.6: Parameters used for the comparison
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Figure 1.6: Comparison of the models

1.1.4 Strength enhancements in cold-formed structural sections

The rectangular and square hollow section studied in this report are cold-formed. Therefore, plastic
strains are induced during both the coiling and the uncoiling of the sheet material and the cross-section
forming processes, due to the cold working. Those plastic strains contribute to the overall strength
enhancement of the flat faces. For corners of cold-rolled sections, the magnitude of the plastic strains
induced during the formation of the corner is much larger than those induced during the previous steps.

A power law model has been proposed (Rossi et al|[2013]). This model provides the strength
enhancement of material due to the cold forming of the section.

According to this article, “with the assumption of a linearly varying strain distribution through the
material thickness and a bending neutral azis that coincides with the material’s mid thickness, the
trough thickness averaged plastic strain is given as half of the maximum surface strain. Hence, the
through thickness averaged plastic strains for the flat faces € ¢ 4, and corner regions €. q. to be used in
the new predictive model are” :
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t t
w=|—2 2 1.7
o {Rcoiling] * |:Rf} ( )

} (18)

oform
o

€erav = 0.5 [
where :
o Ry = @ is the radius of the circular hollow section prior to forming (see FIGURE ;
e R.=r; + % is the mean radius of the corners (see FIGURE ;
® Reoiling = 450mm is the coiling radius?.

Finally, the EQUATIONS and which are proposed to determine the enhancement of the 0.2%
proof stress of cold formed structural sections for flats and corner regions are presented here below.

00.2,f,pred = 0.85 [p (Ef,av + 5t,av>q] but < Ou,mill (19)
0—0.2,c,pred = 085 [p (Ec,av + st,av)q] bUt S O'u,mill (110)
where :
€t,0.2

In ( Zo2.miu
Tu,mill

1= ln (Q,oa)
Eu

(1.12)

Circular hollow
section prior to 7
forming. 7%

Ry

Square hollow
section after
forming.

Figure 1.7: Cold-rolling fabrication of tubular box sections - |Rossi et al.|[2013]

It is important to notice that, according to Gardner (Gardner, 2012), “if the strength enhancements
associated with section forming are utilised in design, then the 0.2% proof strength reduction factors
for 800°C' and above should be reduced by 20% in relation to those used for sheet material (i.e. koo for
cold-formed material = 0.8 X ko.2,9 for sheet material)”.

2 Average coil radius recommended 1 [2013])
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1.2 Finite element modelling of ferritic stainless steel cross-section
columns

Several studies have been performed on the finite element modelling of structural ferritic stainless
steel cross-section in order to predict the fire resistance of those columns. In this section, the main
properties of each developed numerical model are summarized.

Uppfeldt’s article (Uppfeldt et al. [2008]) goes over the finite element modeling of columns made
of stainless steel grade EN 1.4301 Class 4 square hollow sections. This research has been performed in
order to investigate the effect of local buckling. Therefore short columns were used (slenderness smaller
than 0.2) in order to avoid global flexural buckling. The finite element model was validated against 6
tests. Finite elements used are four-node elements with six degree of freedom per node. Based on the
results obtained form the mesh sensitivity study, an element size of b/6 was chosen, where b is the side
width. This mesh corresponds to an element size of 25mm. In order to take into account the strength
enhancement of the material due to the amount of cold-working, the FORMULA [I.13] due to Ashraf
(Ashraf| [2006]), is used to predict the yield strength increase of cold-formed corner regions. This
material property is extended up to 2t beyond the curved portions of the cross-section, as illustrated
in FIGURE After performing a sensitivity analysis in order to evaluate the influence of geometrical
imperfections on the bearing capacity of the column, only the measured local imperfections were used
to model the columns, and the global imperfections were ignored. Similarly the residual stresses were
not used to model the columns, due to the little influence on the bearing capacity of the columns.

1.881 UO,Q,virgin sheet (1 13)

.\ 0.194
(%)

J00.2,corner =

Ashraf (Ashraf et al.| [2006]) has performed a finite element modeling of structural stainless steel
cross-section and has compared the numerical results to 136 stub columns obtained from 8 different
testing programmes. Those tests involve 4 different grades and 6 different cross-sections (Angles,
Channels, Lipped channels, I sections, SHS and RHS). The modified Ramberg-Osgood model proposed
by Gardner and Ashraf, which is described in SECTION was used. The parameters n, 141
and % used were obtained from coupon test results and have been provided in TABLE he
modelling of corner material is the same than in Uppfeldt’s article and is given by EQUATION It
was extended up to 2¢ beyond the corner for roll-formed sections. However, the parameters n, ng 5 1 g
and 742 were not known for corner material, and the values used were the same than those used
for flat material. At both ends of the columns, all degrees of freedom were fixed except the vertical
displacement at the loaded end. After a comparison which has shown that there was no significant
difference between the results obtained with the two different shells, it has been chosen to use 9-nodes
finite element, because it requires less time to converge to a solution. The column’s initial geometrical
imperfections is modelled using a deformed shape obtained from elastic buckling analysis. The first
eigenmode is used with an amplitude given by EQUATION [I.14] Bending residual stresses are ignored
if the material properties used in the finite element model are taken from the coupons cut from the
finished cross-section. Thermal residual stresses are ignored too because it has a insignificant effect on
the bearing load of the column.

wo = 0.023 (00'2> t (1.14)

UCT

where :
e wy is the amplitude of the initial local geometrical imperfection;
e 0(.2 is the 0.2% proof stress;

e 0., is the elastic critical buckling stress;
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e ¢ is the thickness of the plate.

2t

1 .
Corner region
« - — T

Figure 1.8: Corner regions - Uppfeldt, 2008

Afshan, Gardner and Baddoo write a paper talking about the buckling response of ferritic stainless
steel columns at elevated temperatures (Afshan et al|[2013a]). The numerical model developped is
validated against nine austenitic and three ferritic® stainless steel column tests. The studied cross-
sections are rectangular and square hollow sections. Four-nodes doubly curved shell element were used
for the structural model, while D4S elements were used for the thermal model. Measured geometrical
properties were used. The modified compound Ramberg-Osgood material model defined in SECTION
was used to predict the stress-strain response continuously. A uniform strength enhancement,
due to the section cold-working, was introduced in corner regions, with an extension of 2t beyond the
corner radius. This corner material properties had been measured and those measured values were
used. For temperatures of 800°C' and above, the k, reduction factor was reduced by 20%. The analysis
procedure was made of three steps. The first step did consist in a linear elastic buckling analysis to
determine the buckling mode shapes to use. The second step was the heat transfer analysis to obtain
the temperature development in the columns and finally the third step made of a mechanical loading to
the top of the column which was maintained constant and a thermal loading according to the ISO-834
heating curve. Imperfection shapes used were those of the lowest global and local buckling modes
obtained though the linear elastic eigenvalue buckling analysis. Measured amplitudes were used for
global imperfections and the amplitude given by EQuATION [1.14] was used for local imperfections.

All tests were performed on columns with a free ends, in order to let the structural members free
to expand against the applied load.

In that paper, failure temperatures have been obtained, but nothing is said about the failure mode
shape obtained numerically. Conversely, in the present work, the actual test conditions will be modelled
in order to represent the real behaviour of the column during the fire test.

1.3 Design rules

In the following sections, the design rules recommended by the European code will be presented for
both ambient and elevated temperatures. Then, new predictive models will be presented.

1.3.1 Design rules at ambient temperature - EC 1993-1-4

According to EC1993-1-4, the design buckling resistance of a compression member with a Class 1, 2
or 3 cross section at ambient temperature is determined from :

3The same than that used to calibrate the finite element model in this work.



CHAPTER 1. STATE OF THE ART 22

XAfy

No,ra = (1.15)
YM,0
where :
x is the reduction factor for flexural buckling :
! (1.16)
X=—F —7— .
P+ V=N
with
1 Yy Y2
@:5[1+a(A—A0)+A] (1.17)
The non-dimensional slenderness ) is given by :
< A
A= N—fy (1.18)

where :
e « is an imperfection factor

e N, is the elastic critical force for the relevant buckling mode based on the gross cross sectional
properties

e )¢ is the limiting slenderness

For hollow sections submitted to flexural buckling, the values of a and Ao are those shown in TABLE

i
Lo [ o]

0.49 | 0.40
Table 1.7: Values of o and A for flexural buckling

The reduction factor in order to determine the effective widths in Class 4 cross-sections is given in
EN1993-1-4 as follows, for cold formed internal elements :

0.772  0.125
=T <1 (1.19)
» A

where 5\p is the element slenderness defined as :

3

=1t (1.20)
Ade

where :

e t is the thickness

e k, is the buckling factor corresponding to the stress ration ¢ and boundary conditions from
TABLE 4.1 or TABLE 4.2 in EN1993-1-5.

b is the flat element width for webs of RHS (h — 2t can conservatively be taken)

235 B
f, 210000

0.5
¢ is the material factor : € = [ ] at ambient temperature
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1.3.2 Design rules at elevated temperature - EC 1993-1-2

According to EC1993-1-2, the design buckling resistance at time ¢ of a compression member with a
Class 1, 2 or 3 cross section with a uniform temperature 6, is determined from :

Xri Akyo fy

Ny rit,Rd = (1.21)
M, fi
where :
e Xy is the reduction factor for flexural buckling in the fire design situation;
o kyo = f;’e is the reduction factor for the yield strength of steel at the steel temperature 6,
Yy

reached at time ¢ . The strength at the steel temperature 6, for Class 1-3 cross-sections is given
by fy.6 = fo.2p,6 + koo, (fu,0 — fo.2p,6). For Class 4 cross-sections, it is given by f, 9 = fo.2p.6-

1
Xfi = ——F——= (1.22)
o+ /5 — A}
with
1 3 32
g0 =1 [1+aks +X] (1.23)
where :

a=0.65, /238 (1.24)
fy

The non-dimensional slenderness Ay for the temperature 6,, is given by :

- Tk 0.5
Mo = A [”} (1.25)
kg.o

According to the informative Annex E of EN1993-1-2, the resistance of compression members with
a Class 4 cross-section should be verified with the equations given in this section, considering the
effective section area (A.sr) instead of the gross cross-section (A) and with f, 9 = fo.2p6-

The reduction factor used in order to determine the effective widths in Class 4 cross-sections at
elevated temperature is determined using the formulas provided by the European code EN 1993-1-5.

For internal compression elements, the reduction factor p is determined using FORMULA [1.26]

_ Ap — 0.055 (3 + 1)

2 <1 (1.26)

p

where ), is determined with the same formula than at ambient temperature (FORMULA [1.20)).
In order to take into account the influences due to increasing temperature, the material factor at
elevated temperature is calculated with FORMULA where f, is the yield strength at 20°C, .

0.5
e =10.85 [235]

7 (1.27)



CHAPTER 1. STATE OF THE ART 24

1.3.3 New predictive models

Stainless steel structures present a relationship between strength and stiffness which is favorable, and
it makes stainless steel less prone to buckling in fire. It is due to the fact that reduction factor of
the strength decreases faster than that of stiffness with increasing temperature. Therefore, several
proposals have been made in order to take this favorable effect into account.

Modification of the material factor expression

FORMULA [1.27]is used in the European code EN 1993-1-2 to determine the material factor ¢ at elevated
temperature. This material factor is used to determine the cross-section classification and the effective
cross-section of Class 4 cross-section. The general expression of this material factor for carbon steel

at elevated temperature is that presented in FORMULA [1.28] FIGURE [1.9] illustrates the evolution of
0.5

Ese in regard with the temperature. When the value of this ratio is less than unity, it

Ey0
means that the reduction factor associated to the Young modulus decreases faster than the reduction

the ratio (

0.5
factor associated to the strength. Therefore, if the ratio (I;E;’> is less than unity, it means that the

element has a greater susceptibility to buckling. Hence, the 0.85 factor used in EN1993-1-2 is justified

0.5
for carbon steel, but it is not for stainless steel because the ratio (?f:) increases continuously with
"

the temperature for stainless steel. Therefore, as written in Gardner’s article, for stainless steel, “the
cross-section classification based on room temperature design remains acceptable for fire design”.

=[Gl a9

Considering the difference between carbon steel and stainless steel, several proposals have been
made in order to take this into account. The proposal are presented in the following sections, in which
only the modified parameters and formulas are mentioned.

1.5

1.4 4

134 Stainless steel

1.2 4
1.1+

1) N N oo e —— T AN——

(kE,elkv.e)U'S

0.9 -
0.8 N/

07 Carbon steel

0.6

0 200 400 600 800 1000 1200
Temperature (°C)

0.5
Figure 1.9: Variation of the modification factor (’ZE—Q’) with temperature
Y,

Design rules at elevated temperature proposed by Euro Inox (Euro-Inox| [2002])

The first proposal is made by Euro Inox and consists in changing the way to calculate the material
factor. ForMULA [I.29] is proposed in order to determine the cross-section classification of stainless
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steel material at room temperature. The rest of the design rules was not modified in this proposal.

(1.29)

235 B ]%°
| £, 210000

Design rules at elevated temperature proposed by CTICM/CSM (CTICM/CSM][2005])
CTICM/CMS has proposed a number of modifications to the EN 1993-1-2 approach :

e Firstly, it proposes to determine the cross-section classification at room temperature, according
to ForMULA [L291

e Secondly, it is proposed to use the room temperature buckling curves from EN 1993-1-4, given
in FORMULA where « is the imperfection factor and \q is the limiting slenderness. The
values of these parameters are that presented in TABLE [1.§

1 _ _ _
o =5 [L+a (A —2o) + 2] (1.30)

(o [ %]

Table 1.8: Values of a and g for flexural buckling - CTICM/CSM

e Finally, it is proposed that for all classes of cross-section, the strength reduction factor is based
upon the elevated temperature 0.2% proof strength.

The full proposed design model is given in Annex.

Design rules at elevated temperature proposed by Ng and Gardner (Ng and Gardner
[2007))

Due to the better retention of stiffness than strength of stainless steel, it would be interesting to take
into account this ratio between the stiffness reduction factor and the strength reduction factor at
elevated temperature. Thus, Ng and Gardner proposed to determine the cross-section classification
of stainless steel elements at elevated temperature, with FORMULA [1.31]'. Tt means that the true
variation of stiffness and strength at elevated temperature is used in cross-section classification and in
the determination of the effective cross-section properties.

The modifications proposed by Ng and Gardner are presented hereafter :

e Firstly, Ng and Gardner proposes to determine the cross-section classification at elevated tem-
perature according to FORMULA [1.31

e Secondly, they propose to adopt the general form of the room temperature buckling curves, given
by FOrRMULA [1.30, with the parameters given in TABLE [1.9

o [ %]

Table 1.9: Values of o and g for flexural buckling - Ng and Gardner

4In order to never over-predict the resistance of an element, it is recommended that cross-section that are Class 4 at
room temperature cannot be promoted beyond Class 3 at elevated temperature.
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e Finally, they propose to use the strength reduction factor based on the 2% strain limit (k2,)
for Class 1 and 2 cross-section and the 0.2% plastic strain limit (ko.2p ) for Class 3 and 4
cross-sections in order to determine the fire resistance of cross-section and members.

235 E  kgg]™®

~ |, 210000 &,

€9 (1.31)

where
o ky o= kg for Class 1 and 2 cross section at room temperature;
o ky o= koope for Class 3 and 4 cross section at room temperature;

The full proposed design model is given in Annex.

Design rules at elevated temperature proposed by Uppfeldt et al. (Uppfeldt et al.
[2008]))

Uppfeldt has proposed a new design rule which takes into account the temperature-dependent rela-
tionship between strength and stiffness for the local buckling as well as for global buckling. He has
performed a research which has been done for cold rolled box columns and the material studied was
the grade 1.4301 of stainless steel. The proposal made by Uppfeldt to improve the design model for
Class 4 cross-sections is presented in the following. It is a design model for elevated temperature which
is also valid for ambient temperature.

¢ Firstly and similarly to the previous design model, the basic form of the buckling curves (EQUATIONS
and|1.33)), the imperfection factor (ov = 0.49 for hollow sections) and the limiting slenderness
(Ao = 0.4) given in the European norms EN 1993-1-4 are used.

1
Xfi = ———F——— (1.32)
o + /93 — Ao
1 _ _ _
vo == [1+a (Ao —rop) + A2 (1.33)

2

e Secondly and still similarly to the previous design model, both the local and the global slenderness
depend on the temperature. The difference with the previous model is that in this one, the
limiting slenderness is also suggested to be temperature dependent (and therefore strength-
stiffness ratio dependent) according to EQUATION

_ B k 0.5
20,0 = Ao {k‘”} (1.34)
E.0

e Thirdly, the strength reduction factor used are the same than in the previous design model : k3 g
for Class 1 and 2 cross-section and kg 2 ¢ for Class 3 and 4 cross-section.

e Finally, Uppfeldt proposes also to determine the cross-section classification at elevated temper-
ature according to FORMULA [1.31

The full proposed design model is given in Annex.
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Design rules at elevated temperature proposed by Lopes, Vila Real et al. (Lopes et al.
[2012])

Lopes and the others performed a research on HE cross-section columns, and several stainless steel
grades were studied, including the 1.4003 ferritic grade. The modifications of the design model recom-
mended by the European code EN 1993-1-2 are presented hereafter.

e Firstly, Lopes modified the expression of xf; by introducing a f factor, which depends on the
axis considered (see TABLE [1.10). The new expression in given by FORMULA [1.35

1

Xfi = =
P+ /95— BN

e Secondly, the expression of ¢y is also modified, according to EQUATION where the imper-
fection factor o considers the different behaviors at high temperature of the different stainless
steel grades and is given by FORMULA [I.37] « is described by Lopes as a function of the material
factor () and the severity factor (n) which depends on the stainless steel grade. TABLES [1.10)
and give the values of coefficients 3 and 7.

(1.35)

1 _ _
w0 =3 [14+aXs+ B A7) (1.36)

25 E kg

299 1.37
fy 210000 \/ k4 (1.37)

a=ne=n

e Lopes proposes also to determine the cross-section classification at elevated temperature accord-
ing to FORMULA [1.38

£=0.85 (2;;’ 215)00> (1.38)
| | B ]

Strong axis | 1.0
Weak axis | 1.5

Table 1.10: Coefficient for determining the reduction factor

[ ] 1.4301, 1.4401, 1.4404, 1.4571, 1.4003 [ 1.4462 |
[ ] 1.3 | 09 |

Table 1.11: Severity factor for the flexural buckling of stainless steel members in case of fire

To conclude this section, the TABLE [1.12| summarizes the limits of the proposed models. For example,
it can be seen that the model proposed by Ng and Gardner and that proposed by Uppfeldt have been
calibrated on austenitic stainless steel columns. It can also be seen that the model proposed by Lopes
et al. has been proposed for welded I-section columns. The last row of the table gives the type of data
used to calibrate the model.
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Author Geometry Class Grade Test/FEM
Slenderness Cross-section

Ng and Gardner | 0.4 <A <12 | RHSand CHS | 1 =14 1.4301 FEM

Uppfeldt et al. A<0.1 SHS 4 1.4301 FEM
HE200A

Lopes et al. Variable HE280B 1 — 2 | Several (including 1.4003) FEM
HE200B

Table 1.12: Summary of the new predictive models




Chapter 2

Experimental investigation on ferritic
stainless steel columns in fire

A series of tests has been performed in the vertical wall furnace at the Fire Testing Laboratory of the
University of Liege in the framework of the RFCS project named Structural Applications of Ferritic
Stainless Steels (SAFSS, RFSR-CT-2010-00026). This furnace is certified to the ISO 17025 standard by
the Belgian accreditation body BELAC. Three fire tests on square (SHS) and rectangular (RHS) hollow
section columns were carried under constant compressive load and subject to the standard ISO fire
curve (given in the European code EN 1991-1-2). Identical columns were tested at room temperature
in order to fully identify the effects of fire loading. Material coupons extracted from members were
used to establish the mechanical properties at room temperature. Note that this description of the fire
tests is partially inspired from [Tondini et al.| [2013].

2.1 Specimen geometry

Two SHS 80 x 80 x 3 mm having nominal lengths of 3000 mm and 2500 mm and a RHS 120 x 80 x 3 mm
having a nominal length of 2500 mm were tested. Due to the fact that small variations in the geometry
may highly influence the response of thin-walled members, the actual dimensions of the specimens were
measured before each test and they are reported in TABLE [2.1

29
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Figure 2.1: Notations for the cross-section dimensions
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y \ C1 \ C2 \ C3 |
Section [mm)] 80 x80x3 | 80x80x3 | 120 x 80 x 3

Nominal length [mm] 3000 2500 2500
tav measared [MT) 2.87 2.82 2.97
Bieasured [T 79.6 79.2 794
Hpeasured [mm)] 79.2 79.8 119.5
Alem?] 851 8.38 11.19
Massivity factor [m 1] 360 365 345

Table 2.1: Cross-section dimensions

2.2 Material behaviour at room temperature

The 1.4003 ferritic stainless steel grade was employed. The specimens were supplied by the steelwork
company Stalatube and the mill certificates, that present virgin material properties according to EN
10088-2, are provided for both sections (see TABLE. Tensile tests at room temperature on material
coupons cut from the members were also carried out by the steelwork company Aperam in order to
establish the true values of the mechanical properties. Coupons were extracted from all the faces
except that including welding. The average results of tensile coupon tests are provided in TABLE [2.3
However, the values given in TABLE [2.3]are the conventional properties. Those stresses do not take into
account the reduction of the cross-section area during the test. Thus, it under-estimates the stresses
into the tested material. The true stresses and strains are determined using FORMULAS [2.1] and 2:2]
The measured o,y — €1, curves for both RHS and SHS are illustrated in FIGURE and FIGURE |2.3

Otrue = Onom (1 + 6norn) (21)
el =In(1+ enom) — Ttrue (2.2)

E
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| Section [mm] [ 80 x 80 x 3 [ 120 x 80 x 3 |
0.2 [MPd] 336.0 329.0
o0 [MPa] 360.5 350.0
out [MPa] 1845 168.0
Eqit [0] 42.5 37

Table 2.2: Mill certificate data (from Stalatube)

| Section [mm] | 80 x 80 x 3 [ 120 x 80 x 3 |

J1.0 M Pa 485.8 462.8
out |[MPa 505.4 490.1

Eutr %] 25.6 24.2
Eo [M Pd] 193 194

Table 2.3: Average tensile coupon tests results (from Aperam)

It is known that plastic deformation due to the manufacturing at ambient temperature results in
an increase of the yield stress and a reduction of ductility. Hence, values obtained in TABLE [2.4] are
in accord with the expected trend. Face named 180° has undergone more plastic deformations than
faces 90° and 270°. Hence, that face has a higher yield stress and a smaller ductility. The face which
contains the weld has undergone less plastic deformations than faces 90° and 270°.

Section [mm)] 80 x 80 x 3 120 x 80 x 3
Face 90° 180° 270° 90° 180° 270°
00.2 [MPa 439.6 | 496.2 | 4402 | 411.8 | 498.2 | 4084
o1.0[MPa 466.8 | 524.5 | 466.8 | 434.7 | 538.6 | 4335
owi [MPa] | 5884 | 577.5 | 590.5 | 562.8 | 552.2 | 559.0
Eult /0] 24.2 19.2 25.5 26.1 13.8 25.3
Eo[MPa] | 207646 | 198089 | 173496 | 168971 | 182585 | 230930

Table 2.4: True material properties
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2.3 Column tests at room temperature

Tests at ambient temperature have been performed on the same column specimens than those tested at
elevated temperature. The boundary conditions were the same than for the fire test (i.e. full restrained
rotation at both supports). The loading was displacement-controlled and the transverse displacements
in two perpendicular directions were measured.

The three columns failed in the same way, by combination of local buckling and global flexural
buckling. Initially, elastic buckling did occur with a mode shape relative to fixed boundary conditions.

Then, plastic hinging appeared at midspan and at both column ends.

The recorded displacements have shown that the rectangular hollow section column failed about the
weak axis and conversely, the square hollow section columns failed with a combined flexural buckling
about the two axes.

The column tests results at ambient temperature are presented in TABLE [2.5]

32
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] | SHS 3000mm [ SHS 2500mm | RHS 2500mm |
Length [mm] 2062.5 24735 2475.0
Maximum out-of-straightness amplitude [mm] < L/3000 < L/2500 < L/2500
Boundary conditions Fixed Fixed Fixed
Ultimate axial capacity [kN] 314.7 343.6 417.9

Table 2.5: Column tests results at ambient temperature

2.4 Column tests in fire

The fire resistance is characterized by the time elapsed between the beginning and the end of heating,
or until failure. A column has reached the failure point when there is a rapid rate of increase of vertical
and lateral deflection. According to EN1363-1, it is said that a column reached the failure point when
both the following criteria have been exceeded :

e vertical contraction of C = {5 [mm]

e rate of vertical contraction of 4¢ = _3h_ mm
dt 1000 man

where h is the initial column height in mm.

The test set-up and the loading protocol are available in Annex (SECTION [6.2.1) and are derived
from [Tondini et al.|[2013].

2.4.1 Test results - RHS (2500mm) column

F1GURE [2.4]illustrates the failure mode of the third column. As expected, it failed about its weak axis.
The failure mode is also characterised by the formation of two plastic hinges and occurs 711s after the
beginning of the heating loading.

Time [s] 711
Mean temperature ["C] 712.2
Number of plastic hinge [—] 2

Table 2.6: RHS 2500mm - Failure characteristics
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Figure 2.4: Column C3 - Failure mode

A thermal gradient has been observed during the test. This gradient was mainly vertical but also
horizontal. The temperature has been recorded at each pyrometers' and through a linear interpolation,
the vertical temperature distribution in the furnace can be determined. For example, at time ¢ = 711s,
the temperature distribution at both sides of the column in the furnace is the one presented in FIGURE
Both horizontal and vertical thermal gradient are obvious on this graph where it can be seen that
the temperature variation between two zones can reach 30°C' and more. Let’s note that the side of the
furnace near the burners is called the front side, and the side of the furnace near the closing device is
called the back side.

In order to introduce this thermal gradient into the numerical model, this temperature distribution
is discretized into two times five zones of 500mm length, as illustrated in FIGURE which is a
lateral view and which illustrates the ten zones distribution, with five zones in the front side and five
zones in the back side of the column. The temperature of each zone is defined as the mean of the linear
temperature distribution in this zone. This is done for both the front and the back side of the column,
because there is also a horizontal thermal gradient. In the front side of the column, there are two
altitudes where there are several pyrometers (pyrometers 6,9 and 11 near the bottom and pyrometers
2,3 and 12 near the top of the column, see FIGURES [6.1] and [6.5b]in Annex). The temperature at those
points is taken as the mean of the temperature recorded by the three pyrometers.

The temperature distribution in the ten zones at time ¢t = 711s is plotted in FIGURE [2.7 and can
be compared to the linear interpolation made between the temperatures recorded by the pyrometers.

! Pyrometers were located at a distance of 100mm from the steel surface.
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Figure 2.6: Ten zones
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Figure 2.7: Temperature distribution at failure time (¢ = 711s) - Temperature discrezation

FiGuRres 2.8 and 2.9|show the temperature — time curves for the ten zones, and the curve that was
followed during the tests (i.e. the ISO 834 heating curve, recommended in EN 1991-1-2). It can be
seen in FIGURE 37| that the temperature in all the back zones is higher than the ISO 834 heating curve.
In the front zones (see FIGURE , the temperature in zone 10 is smaller than the temperature of the
ISO 834 heating curve, but the temperature in the others front zones is rather close to the temperature
of this ISO 834 heating curve. This analysis illustrates also the horizontal thermal gradient between
the front and the back zones.

Given the previous comments, in can be said that the applied temperature during the test was not
exactly the same than that of the ISO 834 heating curve. However, the percentage of deviation of the
temperature from the required temperature stays below the tolerance limit, as shown in FIGURE [2.10

This thermal analysis of the fire tests has highlighted the presence of both vertical and horizontal
thermal gradients. In several zones, the temperature at a time ¢ is higher than that of the ISO 834
heating curve at the same time.

Therefore, after this thermal analysis, it can be concluded that the fire conditions were more severe
than if the ISO 834 heating curve had been exactly followed in each zone.
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2.4.2 Test results - SHS (3000mm) column

FiGuRE [2.11] illustrates the failure mode of the 3000mm height square hollow section column. The
failure mode is characterized by the formation of two plastic hinges and occurs 729s after the beginning
of the heating loading. The failure mode is quite close to the one observed during the fire test on the
rectangular hollow section column.

Time [s] 729
Mean temperature [ C] 715.6
Number of plastic hinge [—] 2

Table 2.7: SHS 3000mm column - Failure characteristics
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Figure 2.11: SHS 3000mm column - Failure mode

Similarly to the test on the rectangular hollow section column, a thermal gradient has been detected
by the pyrometer’s records during the test. FIGURE illustrates the temperature distribution in
the furnace at time ¢ = 729s, based on a linear interpolation between the temperatures recorded by
the pyrometers. A difference of +£40°C is observed in the back zone, between the temperature of the
pyrometer located at a height of nearly 500mm and the one located at a height of nearly 2100mm.
There is also a horizontal thermal gradient of £20°C at a height of £2100mm between the back and
the front zones.

Then, in order to introduce this vertical and horizontal thermal gradients in the finite element
model, the column is discretized into two times six zones of 500mm. The temperature of each zone is
calculated as the mean of the linear interpolation distribution of the temperature. This temperature
discretization is illustrated in FIGURE at time t = 729s.

The temperature evolution of the twelve zones is illustrated in FIGURES and Those
graphs illustrate that in the back zones, the temperature of almost all the zones is higher than that
of the ISO 834 heating curve, whereas in the front zones, the temperature of almost all the zones is
smaller than that of the ISO 834 heating curve.

F1GURE [2.16] shows the deviation of all the zones in comparison to the temperature of the ISO 834
heating curve. It shows that the test respected the normative tolerance on the temperature evolution.
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2.4.3 Test results - SHS (2500mm) column

FIGURE illustrates the failure mode of the 2500mm height square hollow section column. The
failure mode is the same than for the two previous tests and it occurs 720s after the beginning of the
heating loading.

Time [s] 720
Mean temperature ["C] 714.19
Number of plastic hinge [—] 2

Table 2.8: SHS 2500mm column - Failure characteristics
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Figure 2.17: SHS 2500mm column - Failure mode

Similarly to the two previous tests, a thermal gradient is observed (see FIGURE , and the
same methodology than for the previous tests is followed. Thus, the column is discretized into two
times five zones of 500mm, and the temperature of each zone is calculated as the mean of the linear
temperature distribution, which is based on the recorded temperature. The temperature discretization
at time ¢ = 720s is illustrated in FIGURE

The temperature evolution across time of each zone is determined and illustrated in FIGURES [2.20
and for both the back and the front side zones. The same conclusion than for the previous tests
can be done. The temperature of almost all the back zones is higher than that of the ISO 834 heating
curve, and conversely, the temperature of almost all the front zones is smaller than that of the ISO
834 heating curve.

F1GURE [2.22] illustrates the deviation of the temperature of each zone in comparison to that of
the ISO 834 heating curve. The same trends is observed, the temperature of the back zones (uneven
zones) is almost always higher than that of the front zones (even zones). This graph shows also that
the normative tolerance was respected during the test.
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Figure 2.20: Temperature evolution in the back side of the furnace
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Figure 2.21: Temperature evolution in the front side of the furnace
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Figure 2.22: Deviation of temperature from the temperature of the ISO 834 curve

2.4.4 Conclusion

This thermal analysis of the fire tests has permit to bring out the existence of both a horizontal and a
vertical thermal gradient. The temperature differences between the bottom and the top of the furnace
can reach 40°C, which is not negligible. In several zones, the temperature at a time ¢ was higher than
that of the ISO 834 heating curve at the same time, resulting in a more penalizing test.

It can yet be said that the thermal gradient has an influence on the failure mode. Indeed, without
thermal gradient, the failure mode would be symmetrical as that observed during the tests at room
temperature, but the failure mode observed during the fire test was non-symmetrical.

Finally, the mean failure temperature of each test, calculated as the mean of the temperature of
all the zones at failure time, is presented in TABLE [2.9

| RHS 2500mm_| SHS 3000mm | SHS 2500mm |
[ T1224°C [ 7156°C [ T1419°C |

Table 2.9: Mean failure temperatures



Chapter 3

Numerical model of hollow section columns in
fire

In this chapter, a finite element model is developed in order to predict the fire resistance of both
rectangular and square hollow section columns. The numerical model is calibrated on the three tests
described in the previous chapter.

3.1 Geometry and boundary conditions

The finite element model will be implemented into the software SAFIR. SAFIR has been developed
in the University of Liege (Franssen|[2011]) and is able to perform both thermal and mechanical
calculation. In the following subsections, the finite element type, the kind of mesh and the boundary
conditions used will be presented.

3.1.1 Finite element used in the model

Shell elements are used in the developed numerical model in order to be able to represent the behaviour
of the thin-walled structure. Shell elements used for the structural model contain four nodes and each
node contains six degrees of freedom.

3.1.2 Discretization of the column

For the discretization of the column, two models are studied. In the first model, the cross-section is
idealized with straight corners, while in the second one, curved corners are modelled.

Straight corners

The first model consists in a hollow section with straight corners, as shown in FIGURE |3.1

Curved corners

The previous model is then improved in order to better represent the cross-section. Corners are made of
several straight lines, as shown in FIGURES and A comparison will be made between the cross-
sections made of two or three elements per corner in order to study the influence of the discretization
of this region.

47
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Figure 3.1: Rectangular and square hollow section with straight corners
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Figure 3.2: Rectangular and square hollow section with curved corners (two elements per corner)
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Figure 3.3: Rectangular and square hollow section with curved corners (three elements per corner)

Influence of the discretization in the corner region on the value of the area and the
inertia of the cross section

Analytically, the area of the cross-section is given by EQUATION [3.1] and inertia about the weak axis
can be determined with FORMULA

2
Aanalytical = (7T X (Rewt

— R} ))+ (2 xtx (h+b)) — (8 X Regy X t) (3.1)



CHAPTER 3. NUMERICAL MODEL OF HOLLOW SECTION COLUMNS IN FIRE 49

Lot =2 x (I + Iz + I3) (3.2)
where :
(H—2r) x 3 H t\’
L= 19 + [((H —2r,) x t) x 5 5 (3.3)
t x (B —2r.)* (B—2r.)\°
L= ——"" 4 |((B=2r) xt)x [ ——= (3.4)
12 2
b G 7 a5 gy XY 35
= X — X — 1~ X _ e N .
BT 4 2 (re =i ( re) + 5 x (rf +12) (3:3)

The area of the cross-section and the inertia about the weak axis are also determined for the
three idealized cross-sections presented in FIGURES and Results are compared in order to
determine which model should be used in the numerical calibration. TABLE [B.1] shows that the model
with straight corners over predict the area and the inertia about the weak axis of the cross-section,
whereas the model with curved corner is closer to the real properties of the cross-section for both RHS
and SHS. This analysis shows also that the difference between the idealized cross-section made of two
or three elements per corner is small. Therefore, it can be said that the discretization made of two
element per corner will provide good results. This does not stand for the real tested element, however
it will be seen that it gives good predictions of the failure mode and of the temperature at which failure
occurs.

Section type Corner type - Number of element A I error (A) | error (I)
[ [ [rm”] [mm] (%] (%]
RHS_analytical / 1140.82 | 1230874.38
SHS_analytical / 900.82 874954.4 / /
RHS 0 1164 1268806 +2.03 +3.08
RHS 2 1138.63 | 1229249.2 -0.19 -0.13
RHS 3 1139.89 | 1231474.5 -0.08 +0.05
SHS 0 924 913066 +2.57 +4.36
SHS 2 898.63 873509.2 -0.24 -0.17
SHS 3 899.89 875734.5 -0.10 +0.09

Table 3.1: Influence of the discretization on the value of the cross section and of inertia

3.1.3 Boundary conditions

The specimen were full-restrained at both ends, but the axial displacement was allowed at the loaded
end, in order to permit the thermal dilatation and the contraction due to axial loading. A scheme of
the system is shown in FIGURE

FiGUre 4] illustrates the boundary conditions implemented into SAFIR in order to model the
boundary conditions described here above. A 100mm thick plate is used at the top of the column
in order to transmit the punctual vertical load to the column without introducing local buckling due
to the punctual loading. Blue arrows illustrate blocked rotational degrees of freedom and red arrows
illustrate blocked translational degrees of freedom. At the top of the column, all the rotational degrees
of freedom are blocked and the horizontal displacements of the center of the top plate are blocked in
order to prevent the movement of the entire end section. However the horizontal displacements of the
other node of the end plate are free, in order to allow the thermal dilatation of the end plate. The
horizontal displacement of the center of each side are blocked by symmetry of the thermal dilatation.
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Figure 3.5: Boundary conditions - Numerical model

3.2 Material modelling

3.2.1 Mechanical properties

First of all, the law implemented into SAFIR is the one recommended in the European code EN 1993-
1-2 and is presented in SECTION To use this curve, elevated temperature material properties are
needed.

Those elevated temperature material properties are determined from the room temperature material
properties. The reduction factors recommended by the European code EN 1993-1-2 for the grade 1.4003
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of stainless steel are used (see TABLE . Then, the material properties at ambient temperature are
needed to be able to model the material behavior (i.e. to be able to predict the o — ¢ curve).

The measured room temperature material properties are used in the numerical model. However,
two methods will be presented.

The first one consists in directly using the measured room temperature material properties. In this
first method, there is a certain deviation between the theoretical representation of the o — & curve in
SAFIR and the measured o — € curve.

The second method consists in fitting the measured behaviour law in order to obtain a numerical
behaviour law as close to the measured one as possible. Those two methods are presented in the
following subsections.

Note that during the finite element model calibration, the strength enhancement in the corner
regions is not introduced. However, the measured properties used in the finite element model contain
the strength enhancement of the flats. In order to introduce the strength enhancement in the corner
regions during the parametric study, it is worth pointing that the section descretization contains
elements with a length of 2¢ (where ¢ is the thickness of the plate) at both side of each corner, as
shown in FIGURE

)

Figure 3.6: Strength enhancement in corner regions

Method 1 : Measured material properties

Tensile tests at ambient temperature have been performed, and material properties have been obtained.
However, tensile tests give conventional values while the parameters needed to use the law proposed in
EN 1993-1-2 are the rational stresses and strains. Therefore, ForMULAS [2.1] and [2:2] have to be used
in order to get the rational stresses and strains from the conventional ones.

F1GURE [3.7]illustrates the comparison between the stress-strain curve obtained during the test and
those predicted using the material behavior law proposed in EN 1993-1-2, for the measured material
parameters presented in TABLE [3.2] The predictive law in close enough to the measured one, but the
stresses are a little overrated in the second stage of the curve (i.e. for deformation higher than the
total deformation corresponding to a plastic deformation of 0.2%).

fo2p [MPa] | 411.77
fu[MPa] | 562.8
Eo [MPa] | 220000

€y [—] 0.2

Table 3.2: Measured material parameters - RHS
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Figure 3.7: Comparison between the law proposed in EN 1993-1-2 using the measured properties and
the stress-strain curve obtained during the test

Method 2 : Fitted law

The aim of this method is to obtain a material law as close as possible to the measured stress-strain
curve. However, the modelled law must keep a physical meaning. Indeed, during the numerical
simulation at elevated temperature, the parameters will be multiplied by reduction factors which have
been defined for specific material properties. Therefore, the measured material parameters of TABLE
3.2 are all fixed, excepted the ultimate strength f, which will vary so as to minimize the difference
between the measured and the predicted curves for strains smaller than ¢ = 0.15. The choice of the
value 0.15 as limit is based on the assumption that the strains in shell elements are not higher than
this value. Naturally, this assumption has been checked a posteriori.

Parameters used are presented in TABLE [3.3] and FIGURE [3.8 shows that the predictive and mea-
sured laws are closer when the fitted parameters are used instead of the measured one.

f0.2p [MPCL] 411.77
fu[MPa] | 533.92
Eo [MPa] | 220000

ey [—] 0.2

Table 3.3: Fitted material properties - RHS
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Figure 3.8: Comparison between the law proposed in EN 1993-1-2 (fitted on the measured law) and
the stress-strain curve obtained during the test

3.2.2 Thermal properties

The thermal properties introduced into the finite element model are presented in TABLE [T.2] As
explained in SECTION[I.I.T] these values are recommended by the European code EN 10088-1 and EN
1993-1-2.

3.3 [Initial geometrical imperfections

In order to represent the real behaviour of the column, initial geometrical imperfections must be
modelled.

Usually, equivalent geometrical imperfections are used in order to take into account both the
geometrical and the structural imperfections. However, the effect of residual stresses will be studied
in this work. Hence, only the geometrical imperfections are introduced.

According to EN 1993-1-5 - Annex C, the imperfection to use in a numerical model is 80% of the
fabrication tolerances.

3.3.1 Global imperfection

For structural hollow section columns, EN 1090-2 recommends to consider a deviation tolerance of
A = =L as shown in FIGURE Thus, by considering a global imperfection equal to 80% of the

7507
geometrical tolerance, an imperfection of 0.8 x % = g?fﬂ is introduced into the numerical model.
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Figure 3.9: Global imperfection tolerance - EN 1090-2

3.3.2 Local imperfection

The local fabrication tolerances used are that provided by the steel supplier and they are based on the
EN 10219-2. The local fabrication tolerances are given in TABLE Therefore, the amplitude of the
introduced local imperfections is equal to 80% of those fabrication tolerances. The FORMULAS and
give the expression of those local imperfection. The shape of those initial local imperfections is a
sine wave whose half wavelength is equal to the width of the walls of the cross-section, as illustrated
in FIGURE FIGURE gives the initial local imperfection distribution in the cross-section.

’ Side length [mm] \ Tolerance
H,B < 100mm +1% with a minimum of +0.5mm
100mm < H, B < 200mm +0.8%
H, B > 200mm 10.6%

Table 3.4: Tolerances for square and rectangular hollow sections - EN10219-2

;= 0.8 x 0.008 x b (3.6)

5y = 0.8 x 0.008 x h (3.7)
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Figure 3.10: Local imperfections - shape

3.4 Residual stresses

Residual stresses are present in cold-rolled sections due to their forming process. It starts with the
uncoiling and the leveling of the sheet material, and then, the cold rolling through a series of shaped
rollers is performed, in order to produce square or rectangular hollow sections.

Gardner and Cruise’s model (Gardner and Cruise| [2009])

Gardner and Cruise have made a proposal in order to introduce residual stresses into numerical model
for stainless steel elements. This model does only consider the longitudinal residual stresses divided
into bending and membrane residual stresses.

Concerning membrane residual stresses, no particular distribution emerges. Hence, mean and
characteristics values of the absolute normalized membrane residual stresses are used as representative
magnitudes. The characteristics values of membrane residual stresses are presented in TABLE [3.5

Gardner noticed a tendency of tension at the outer surface of the section for the normalized bending
residual stresses. He found characteristic values for the flat and corner regions (see TABLE and

FI1GURE |3.11)).

’ Flat \ Corner ‘
’ 0.37 x 0.2 ‘ 0.24 x J0.2 ‘

Table 3.5: Membrane residual stresses - characteristic values

’ Flat \ Corner ‘
[ 0.63 % 002 | 0.37 X 0022 |

Table 3.6: Bending residual stresses - characteristic values



CHAPTER 3. NUMERICAL MODEL OF HOLLOW SECTION COLUMNS IN FIRE 56

0.37,, (with tensile bending

| =1 residual stresses at the outer
/ \ surface of the section)

0.630,, (with tensile bending
residual stresses at the outer
surface of the section)

o &

- -

Bending residual stresses

Figure 3.11: Membrane residual stresses distribution - Gardner’s proposal

Residual stresses effects(Jandera et al.| [2008])

Jandera has studied the effect of residual stresses on the bearing capacity of columns. He noticed that
residual stresses may have a positive effect for non dimensional slendernesses A up to 1.4. It is due to the
fact that, above approximately 0.12% strains, the tangent modulus of the residual stresses containing
curve is higher than that of the stress free curve. This tangent modulus has a significant importance
on the column buckling resistance. Therefore, if this tangent modulus increases, the buckling load
increases too. For high column slenderness (A > 1.5), strains at failure are lower, and the residual
stresses may have a negative effect on the buckling load. However, the structural behaviour of columns
of high slenderness is less sensitive to the presence of residual stresses. Therefore, significant variation
in bearing capacity would not be expected.

Residual stresses model

Only the longitudinal residual stresses are taken into account presently. They are distributed over 3
zones as depicted in FIGURE [3.12| and such that their distribution is self-balanced.

The transverse bending residual stresses are taken into account in the measured material properties,
due to the fact that corner coupons are outspread before the tensile test. Thus the effect of those
transverse bending residual stresses appears in the enhanced proof strength measured during the
tensile test. Therefore, only the longitudinal bending residual stresses are introduced.

Concerning the membrane residual stresses, the transverse residual stresses are negligible compared
to the longitudinal ones. Thus, the longitudinal membrane residual stresses are the second residual
stresses introduced into the finite element model.

Thus, the residual stresses distribution introduced in the finite element model in shown in FIG-
URE The amplitudes of those residual stresses are presented in TABLE , they are based on
Gardner’s measurements.

’ \ Bending residual stresses \ Membrane residual stresses ‘

Central portions of the plate +0.63 0¢.2 +0.370¢.2
End portions of the plate +0.63 0¢.2 —0.24 092
Corner regions +0.370¢.2 —0.24 09

Table 3.7: Residual stresses

LSigne “+” for tensile stresses and signe “” for compressive stresses.
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Figure 3.12: Residual stresses distribution on the rectangular cross-section

3.5 Temperature development in the cross-section

First of all, FIGURE illustrates the time lag between the temperature development in the stainless
steel material and in the furnace. Therefore it can be seen that it is not correct to apply the ISO 834
heating curve directly to the material and a thermal analysis is required to determine the temperature
in the stainless steel material in function of the temperature of the gases.
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Figure 3.13: Temperature evolution in the furnace and in the stainless steel material

1D thermal analysis

The temperature in the furnace was recorded by several pyrometers. Then, the column was discretised
into 10 (see FIGURE or 12 zones (according to the column’s height) and a temperature distri-
bution has been determined from the recorded temperature and the position of the corresponding
pyrometers (see SECTION [2.4)).

Thus the temperature evolution of each zone determined in SECTION from the temperatures
recorded by the pyrometers is applied to the surface of a shell element and the temperature evolution
of this shell element over time is calculated. This calculation is performed 10 times (or 12 times,
depending on the column’s height) in order to determine the temperature evolution of the material
in each zone. Then, those determined temperature evolutions are applied to the shell elements in the
structural analysis.

The distribution in the cross-section of the temperatures applied to the shell elements in the me-
chanical model is illustrated in FIGURE [3.15| for the 1D thermal analysis. The cross-section is divided
into two zones : the front side and the back side of the column, corresponding to the front side and
the back side of the furnace.
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Figure 3.14: Temperature distribution - ten zones model
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Figure 3.15: Temperature distribution in the cross-section

2D thermal analysis

The 1D thermal analysis described here above takes into account the effect of the temperature of the
gases in the furnace on the temperature evolution in the material. However, this model does not take
into account the thermal conductivity across the cross-section and the thermal radiation between the
faces. Therefore, a numerical 2D thermal analysis has been performed in order to study the effects of
those phenomenons.

Temperature evolutions determined in SECTION [2.4] are applied to outer walls as illustrated in
FIGURES and Thus the temperatures of the front side zones of the furnace are applied on
a half of the outer outline and the temperatures of the back side zones of the furnace are applied on
the other half of the outer outline. FIGURES and [3.17D]illustrate the horizontal thermal gradient
between the front and the back of the furnace obtained with the 2D thermal analysis, respectively for
rectangular and square hollow section.
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In order to show the importance of this 2D thermal analysis, the temperature evolution in the
material for zones 9 and 10 of the rectangular hollow section column, according to both 1D and 2D
thermal analysis, is plotted in FIGURE It can be seen that the temperatures obtained through
the 2D thermal analysis are higher than that obtained through the 1D thermal analysis.

FIGURE shows that the difference of temperature in both type of analysis around the failure
time (= 700s) for both the front and the back side of the furnace, can not be neglected (= 30°C). The
consequences of this second thermal analysis is that, in the previous thermal model, the temperature
of the stainless steel column was underestimated.

The distribution in the cross-section of the temperatures applied to the shell elements in the me-
chanical model is illustrated in F1GURE [3.19]for this 2D thermal analysis. There are three zones : the
back zone which is the hottest one, the front zone which is the coldest and between that zones, the
intermediate zone.
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Figure 3.16: RHS - 2D thermal analysis
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Figure 3.17: SHS - 2D thermal analysis
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Figure 3.19: Temperature distribution in the cross-section - 2D thermal analysis

3.6 Loading conditions

During the tests, the specimens were concentrically loaded at thirty percents of their buckling resistance
at ambient temperature calculated according to the European code EN 1993-1-4 considering f, =
350M Pa. Therefore, this load was applied from the beginning and maintained constant during the
test, as illustrated in FIGURE[3:20] The values of this vertical load are presented in TABLE [3.§] for each

tested column.
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Figure 3.20: Loading conditions

| RHS 2500 mm | SHS 2500mm | RHS 3000 mm |

[ 100kN | T8kKN |  T72kN

Table 3.8: Vertical loading

800

900
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3.7 Numerical results

Two types of numerical analysis are performed for each model. A heat transfer analysis is initially
performed to obtain the temperature development in the columns. Then, those results are incorporated
into the geometrically and materially non-linear structural analysis. Those two analyses have been
presented in the previous sections.

The results of the numerical analyses are presented in the following subsections.

3.7.1 RHS 2500mm

The finite element model of the rectangular hollow section column with a height of 2.5m is compared
to the tests results of this column. In the following models, the measured material properties, obtained
through tensile tests at ambient temperature on coupons cut from the tested columns, are applied for
the entire cross-section. In fact, the strength enhancement in the corner region is higher than that in
the flats. However, it is not taken into account in the finite element models used to model the tested
columns.

Model 1 : basic model

This first model is made of straight corner, the geometrical and material properties used are the
measured ones and the temperature distribution is uniform and follows the ISO 834 heating curve. It is
an inelastic analysis including material nonlinear model using the predictive material law recommended
by the European code EN 1993-1-2 and the initial global geometrical imperfection is modelled. The
values of the parameters of this first model are presented in TABLE [3.9

“Cornertype”, “Material law”, “Thermal gradient”, “ Endinsulation” and “0resiqual’ are the pa-
rameters which will be studied in the next finite element models in order to study their influence. A
description of those parameters is given hereafter.

e Cornertype : Gives the type of corner used in the model. It can be straight or curved.

e Materiallaw : Gives the kind of material law used. It is always the Ramberg-Osgood model
recommended by the European code EN 1993-1-2, but the material properties used can be the
measured or the fitted ones.

e Thermal gradient : Gives the number of zones if a thermal gradient is modelled.
e FEndinsulation : Use to know if the thermal insulation at both column ends is taken into account.
® O esidual - Use to know if the residual stresses are used in the finite element model.

FIGURE [3.21] where the amplified deformation is represented, illustrates the symmetrical failure mode
of this first model. At the failure, the temperature of the gases is 735.25°C'.
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b h L T Te t EO fy,flat fy,corner fu
79.4 | 119.5 | 2500 - — 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | 0residual

-] [-] -] [-] [-]
Straight R — O (measured) - — -
FEtype NG NL Nb Nh Ne Nozial A 0

-] -] [-] [-] [-] -] [kN] | [mm] [mm]

15" degree 4 125 4 6 0 —100 | 0.8 =L5 —

Table 3.9: RHS 2500mm- model 1

it

(a) Iso (b) Front

Figure 3.21: RHS 2500mm - model 1 : failure mode

Model 2 : influence of local imperfections

This second model has the same properties than the previous one, but local imperfections are added
according to the rules described in SECTION [3.3:2] The values of the parameters used in this second
model are given in Annex (TABLE [6.2)).
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F1curke [3:22]illustrates the failure mode of this second model. It is the same than that presented in
FI1GURE [3.21] but local waves develop due to the introduction of initial local imperfections. By intro-
ducing initial local imperfections, the failure temperature also decreases from 735.25°C' to 729.7°C .
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Figure 3.22: RHS 2500mm - model 2 : failure mode

Model 3 : influence of curved corners

Introducing curved corners in the finite element model has two main effects. It gives a model which
is closer to the real geometrical properties (cross-section area and inertia) and it reduces the effect of
local buckling in the flats. When the curved corner cross-section is compared to the straight corner
cross-section, the two differences mentioned above have opposite effects. The reduction of the cross-
section and the inertia about the weak axis reduces the bearing capacity of the column. Conversely,
the introduction of the curved corner in the cross-section reduces the slenderness of the flats and thus
have a beneficial effect on the column’s bearing capacity.

The curved corner model is made of three elements per corner. The values of the parameters are
presented in the TABLE (3.10).

The failure mode obtained is the same than that obtained in model 2 and is presented in FIGURE
(13.24). There is a small deviation in the failure temperature, which decreases from 729.7°C' for the
second model to 728.5°C' for this model.

Then, the same simulation has been done with two elements per corner, and it is shown that there
is no difference when using two or three elements to model the corner. It is useful to notice that using
two elements to model the corner allows to use less shell elements and reduces the computation time.
Indeed, if three elements are used to model the corner, the width of those elements is smaller than if



CHAPTER 3. NUMERICAL MODEL OF HOLLOW SECTION COLUMNS IN FIRE 66

two elements were used. Therefore, in order to respect a maximum value of the aspect ratio (equal
to 3), the number of elements across the column’s length will be higher in the model which contains
three elements per corner than in that with two elements per corner.

Hence curved corners will be used in the next models, and they will be modelled with only two
elements, in order to reduce the number of elements in the finite element model.

b h L T Te t EO fy,flat f ,corner fu
79.4 | 119.5 | 2500 3.86 6.86 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | Oresidual

(-] [-] -] (-] =
Curved R — O (measured) - - -
FE type NG NL Nb Nh Ne Nozial A 0

(-] -] [-] =1 | = (] [kN] | [mm] [mm]

300 3 0.8 x 0.008 x b
st _ L
1% degree 4 200 4 6 9 100 | 0.8 =5 0.8 x 0.01 X I

Table 3.10: RHS 2500mm - model 3

(a) Iso
Figure 3.23: RHS 2500mm - model 3 : failure mode

(b) Front
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Model 4 : influence of thermal gradient

The parameters used in this model are the same than in the third model. Curved corners are modelled
(with two elements per corner), both local and global imperfections are used and the geometrical and
material properties used are the measured ones. However, this model takes into account the vertical
and horizontal thermal gradient in the furnace. This thermal gradient is introduced by dividing the
column into 10 zones, as described in SECTION [3.5] and the temperature evolutions used are those
determined through the 1D thermal analysis. The values of the parameters used in this fourth model
are given in Annex (TABLE|[6.3).

F1GURE 324 illustrates the failure mode obtained with this fourth model. This failure mode is very
close to that obtained during the tests, as shown in FIGURE [3.:25] This failure mode is made of two
main hinges located in the upper zone of the column and near the mid-height of the column.

(a) Iso (b) Front

Figure 3.24: RHS 2500mm - model 4 : failure mode
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Figure 3.25: RHS 2500mm - test in fire - failure mode

The mean temperature in the furnace is 722.1°C when it fails out, which is rather close to the mean
temperature at which the column reached the failure during the test, 712.2°C. The thermal gradient
is seen to have a major influence both on the failure mode and the temperature of failure.

Model 5 : influence of the material law

This fifth model is the same than the previous one, but the material properties used are different.
In the fourth model, the material properties used are the measured ones (fo.2, and f,,) while in this
model, f, is determined so as to minimize the difference between the measured o — ¢ curve and the
o — € curve obtained with the modified Ramberg-Osgood model recommended in EN 1993-1-2, as
discussed in SECTION The value of f,, used in this model is equal to 533.92 M Pa and the other
parameters are the same than those used in model 4 (see TABLE [6.4)).

The failure mode obtained is the same than in all the other models using thermal gradient (see
FIGURE [3.24)). Introducing the fitted parameters does not influence a lot the results, because the
mean failure temperature decreases from 722.9°C' with the measured properties (model 4) to 722.5°C
with the fitted properties. Thus, introducing fitted material properties seems not to have a significant
influence. Therefore, we will keep using the measured material properties in the next models.
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(a) Iso (b) Front

Figure 3.26: RHS 2500mm - model 5 : failure mode

Model 6 : influence of the thermal insulation at both ends

During the test, a thermal insulation was used at both ends of the column. Thus, a thermal insulation
is introduced at both ends of the column in the sixth finite element model. In this case, in order to
study the influence of such a brutal thermal gradient, a constant temperature of 20°C' is imposed at
both ends. In fact, the temperature at both ends is higher than 20°C, but the aim of this model is to
demonstrate that even if we consider an extreme insulation, the effect on the failure temperature is
almost negligible. The values of the parameters used in this sixth model are given in Annex (TABLE
53).

The failure temperature obtained with this model increases from 722.9°C without insulation to
724.4°C with insulation. It can also be noticed that the axial thermal displacement is reduced in the
model with thermal insulation at both ends, due to the reduction of the heated length of the column.

As mentioned above, this model is an extreme situation because, in fact, the temperature at both
ends is higher than 20°C during the test. Hence the real influence of this insulation at both ends
is smaller than that observed with this idealized model. Given the weak influence of the thermal
insulation at both ends, the next models will be performed without thermal insulation at the column
ends.

Ficure B.27d illustrates the modelled thermal insulation at the column end. It results in a discon-
tinuity of the horizontal thermal dilatation of the column.



CHAPTER 3. NUMERICAL MODEL OF HOLLOW SECTION COLUMNS IN FIRE 70

e

b

(a) Iso (b) Front (¢) Zoom - top end

Figure 3.27: RHS 2500mm - model 6 : failure mode

Model 7 : influence of the residual stresses

This model has the same properties than the model four, but residual stresses are introduced into
the numerical model. The residual stresses distribution has been discussed in section B.4] and this
distribution is used in this model. The values of the parameters used in this model seven are given in
Annex (TABLE [6.6).

The failure mode obtained is the same than without residual stresses. The failure temperature
(722.5°C) is a little higher than that obtained with the fourth model (722.1°C)) . Therefore it can be
said that introducing residual stresses does not have a significant influence. Consequently, the residual
stresses will not be used in the next finite element models.
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Figure 3.28: RHS 2500mm - model 7 : failure mode

Model 8 : influence of a 2D thermal analysis
A last model is performed with the same properties than the fourth model in order to study the
influence of the 2D thermal analysis, described in SECTION The values of the parameters used in

this last model are given in Annex (TABLE [6.7).
The failure mode obtained is the same than in the models with thermal gradient. However, the

mean failure temperature in the furnace decreases to 705.3°C, which is closer to the temperature

reached during the test (712.2°C).
Therefore, it can be said that a better representation of the temperature distribution in the cross-

section leads to relatively significantly different results, closer to the tests results.
FIGURE illustrates the failure mode which is made of a combination of local buckling and

global flexural buckling around the weak axis.
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Figure 3.29: RHS 2500mm - model 8 : failure mode

Conclusion
From this analysis, in can be concluded that :
The thermal gradient has a significant influence in the numerical model both on the failure mode

shape and time/temperature at failure.

Taking into account the temperature distribution in the cross-section (2D thermal analysis) has
also a quite important influence especially on the temperature at failure.

The ratio between the mean failure temperature reached with the numerical model eight and
this mean temperature when the failure did occur during the test is very close to the unity.

Trailure,model __ T705.3 __
Trailure, test 7122 T 099

Strength enhancement in corners and the column ends insulation were not taken into account
and may have a beneficial effect which would lead to a better result.

3.7.2 SHS 3000mm

The same work than that performed for the rectangular hollow section column has been performed for
the square hollow section column. The results of the intermediate steps are provided in Annex and
the influence of the parameters is summarized in TABLE [3.11] Finally, the model which contains the

main parameters is presented.
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] Parameters \ Mean failure 7° \ Failure mode \ Significant influence? ‘
Global imperfection 739.8°C symmetrical -

Local imperfection 737.4°C symmetrical not negligible

Curved corners 735.8°C symmetrical not negligible
Thermal gradient (1D) 733.4°C similar to that of the test yes
Material law (fitted) 733.3°C similar to that of the test no
Thermal insulation at both ends 733.9°C similar to that of the test no
Residual stresses 733.6°C similar to that of the test no
2D thermal analysis 713.0°C similar to that of the test yes

Table 3.11: SHS 3000mm - Influence of the parameters

In this final model, curved corners are modelled (with two elements per corner), both local and
global imperfections are used and the geometrical and material properties used are the measured
ones. The temperature evolutions, determined through the 2D thermal analysis, is introduced in the
structural model. The parameters of this model eight are available in TABLE [3.12

F1GURE [3.30] shows also that the failure mode shape obtained numerically is close to that observed
during the fire test (see FIGURE . The failure mode consists in a combination of local buckling and
global flexural buckling mainly about the x-axis, due to the horizontal thermal gradient. The hinges
are located near the top of the column, due to the non negligible difference of temperature between
the top and the bottom of the column.

The mean gases temperature when failure occurs is equal to 713.0°C. This mean failure temperature
is close to the mean failure temperature recorded during the test (i.e. 715.6°C).

b h L T Te t Eqy fy,flat f ,corner fu
79.6 79.2 | 3000 4 6.87 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | Oresidual

(] [-] (] -] -]
Curved R — O (measured) 18 zones / /
FE type NG NL Nb Nh Nc Nazial A 1)

(] L= (] [kN] | [mm] [mm]

0.8 x 0.008 x b
st _ L
1% degree 4 240 4 4 2 72 0.8 =55 0.8 x 0.01 x h

Table 3.12: SHS 3000mm - Finite element model
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(a) Iso |

Figure 3.30: SHS 3000mm - Finite element model : failure mode

Conclusion
The same conclusions as those from the previous analysis can be drawn :

e The thermal gradient has a significant effect on both the mean failure temperature and the failure
mode shape.

e The use the 2D thermal analysis led up to a reliable finite element model able to predict the fire
resistance of the tested column (Failure temperature).

e The ratio between the mean failure temperature obtained with the finite element model using
the 2D thermal analysis and that obtained during the test is very close to the unity :

Tfailure,model __713.0 _
Tfaiture,test  715.6 0.996

e The low underestimation of the failure temperature can be explained by the fact that the strength
enhancement in corners was not taken into account, but also by the column ends insulation which
has been neglected.

3.7.3 SHS 2500mm

For this last column, only the final finite element model is presented. The parameters used are pre-
sented in TABLE[3.13] It is the model made of curved corners with two elements per corner, where the
local and global initial geometrical imperfections are taken into account. The material and geometrical
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properties are the measured ones, and the temperature distribution is based on the 2D thermal analysis.

Similarly to the two previous columns, the failure mode shape obtained numerically (see FIGURE
is close to that observed during the fire test (see FIGURE[2.17)). Moreover, the mean temperature
in the furnace obtained numerically at failure (712.2°C) is close to that recorded at the end of the
fire test (714.2°C). The ratio between the mean failure temperature obtained with the finite element
model and the mean temperature recorded during the test is, similarly to the two previous tests, close
to the unity :

Tfailure,model _ 712.2
Tfailure,test 714.2

= 0.997

The conclusion of the numerical modelling of this third column is that the use of the parameters
highlighted in the two previous numerical modelling leads directly to a good numerical prediction of
the column behaviour during the fire test.

b h L T Te t Eqy fy,flat f ,corner fu
2500 4 220000
Corner type Material law Thermal gradient Endisolation | Oresidual
(] (] (] ] (-]
curved R—O(EN1993 — 1 —2) 15 zones / /
FFEtype NG NL Nb Nh Nc Nazial A 1)
] =1 | =] (] -] (] [kN] | [mm] [mam]
0.8 x 0.008 x b
st _ L
15" degree 4 150 4 4 2 78 0.8 =5 0.8 % 0.0l x h

Table 3.13: SHS 2500mm - Finite element model
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Figure 3.31: SHS 2500mm - Finite element model : failure mode

3.7.4 Conclusions
To conclude this finite element calibration section, it is important to remember the main parameters

and their relative influence on the results.

Parameters like the residual stresses, the column ends insulation or the use of fitted material
properties do not have an significant influence on the results and will be neglected.

Conversely, the measured material and geometrical properties were used, and the curved corners
were modelled. Indeed, the influence on the results of the measured and geometrical properties is
important. However, the use of curved corners does not have a significant influence, but this choice
was based on the fact that when curved corners are used, the cross-section behaviour is closer to the
real one. Indeed, the area and the inertia are almost equal to the actual ones when curved corners are
modelled, and the buckling lengths of the flats are also closer to the actual ones.

Finally, the most important parameters in order to obtain a good prediction of the fire resistance of
the tested columns are the temperature distribution and the vertical and horizontal thermal gradients.
This section has also shown the importance of the 2D thermal analysis in comparison to the simple
1D thermal analysis, and thus the importance of the thermal conductivity across the cross-section and

the thermal radiation of the internal faces of the box.
Moreover, the low underestimation of the mean failure temperature can be explained by the fact

that the strength enhancement of corner regions has not be taken into account in the numerical model.
Further, it has also be shown that the insulation of both ends has a beneficial effect on the mean failure

temperature.



Chapter 4

Buckling curve - parametric analysis

The first part of this work consisted in modelling the fire test. Therefore, the loading conditions used
during the tests were implemented into the numerical model. Hence, a load was applied at the bottom
of the column and was maintained constant during the test while the temperature was increasing until
it fails out.

In the second part of this work, several numerical simulations will be performed in order to obtain
a number of points in the graph Failureload— Length of the column. The aim of this part of the work
is to compare the results obtained numerically to those obtained when using EN 1993-1-2 - Annex C
or other proposals made to predict the failure load. However, in order to obtain the failure loads for
different temperatures, the type of numerical simulation has to change. Indeed, the temperature has
to be constant while the load increases until failure occurs.

4.1 Comparison of both types of simulation

The numerical calibration has shown that the finite element model was able to predict the fire behaviour
of the tested columns when the applied load remains constant and the temperature increases. Thus,
the aim of the first step of the parametric analysis is to show that both types of loading condition lead
to the same results and that the results obtained numerically are reliable.

4.1.1 Constant load and varying temperature

The first type of simulation is that developed in order to calibrate the numerical model on the tests
(see CHAPTER [3). The evolution of load and temperature across time is shown in FIGURE 4.1

77
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Figure 4.1: First type of simulation : Constant load and varying temperature

4.1.2 Varying load and constant temperature

78

In the second type of simulation, the goal is to obtain a failure load for several column slenderness
number of temperature. The evolution of load and temperature with time is shown in

and a certain
Ficure .2
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Figure 4.2: Second type of simulation : Varying load and constant temperature
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4.1.3 Conclusion

The second type of simulation was performed with a constant temperature of 600°C' and the failure
occurs for a vertical load equal to 172.1kN. Then the second type of simulation was performed using
a constant vertical load equal to that obtained with the previous simulation (i.e. 172.1kN) and failure
occurs for a temperature equal to 600°C. Moreover both type of simulations lead to the same failure
mode. Thus it can be said that both models are equivalent and that the parametric analysis can be
achieved using the second type of simulation.

4.2 Finite element model for the parametric analysis

4.2.1 Boundary conditions

In the numerical model, columns are free in rotation about the weak axis at both ends. The vertical
displacement at the loaded end is free in order to permit the thermal elongation and the contraction due
to the vertical compressive load while this vertical displacement is blocked at the other end. Horizontal
displacement are also free at both ends, in order to permit the thermal dilatation of the end plates.
The boundary conditions of this model are illustrated in FIGURE [£.3]

Lo

Figure 4.3: Boundary conditions

Ficure [£4] shows the boundary condition used into the software SAFIR to model the boundary
conditions presented in FIGURE [£.3] Blue arrows illustrate the blocked rotational degrees of freedom
and red arrows illustrate the blocked translational degrees of freedom. Thus only the rotation about
the weak axis is allowed and all the translational displacements are allowed, except the horizontal
displacement of the center of the top plate which is blocked. Moreover, horizontal displacement of the
center of each side were blocked by symmetry of the thermal dilatation.
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Similarly to the calibration part, a 100mm thick plate is used at both ends of the column. The
plate at the top of the column is used to transmit the punctual vertical load to the column without
introducing local buckling due to the punctual loading, and the plate at the bottom is used to permit
the rotation movement of the column about the weak axis.

Figure 4.4: Boundary conditions - Numerical model

4.2.2 Geometrical properties

Nominal geometrical properties are used in the parametric analysis and curved corners are also taken
into account in the numerical model.

The dimensions of the studied cross-sections are presented in TABLE [.1] with their cross-section
classification at ambient temperature.

] Name | b [ h | t] Class at ambient temperature |
120 x 80 x 3 80 | 120 | 3 4
80 x 80 x 3 80 80 | 3 2
80 x 80 x 6 80 80 | 6 1
150 x 150 x 3 | 150 | 150 | 3 4

Table 4.1: Studied cross-sections - Parametric analysis

4.2.3 DMaterial properties

During the calibration part of the work, measured material properties were used in the numerical model
and it is known that these material properties take the material strength enhancement into account.
Thus, during this parametric study, the results obtained while using nominal material properties will
be compared to those obtained using enhanced material properties for the rectangular cross-section.
Rossi (Rossi et al|[2013]) has proposed a model to predict the strength enhancement properties of
flats and corners regions from the nominal properties. The nominal material properties used are those
recommended by the European code EN 10088-4 and are presented in TABLE The enhanced
material properties are given in TABLE for the rectangular 120 x 80 x 3 cross-section.
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fy,flat fy,corner fu
M Pa M Pa M Pa

| Nominal properties | 280 [ 280 | 450 |

Material properties

Table 4.2: Material properties(EN 10088-4)

fy,flat fy,corner fu
M Pa M Pa M Pa

’ Enhanced properties \ 308.36 \ 375.38 \ 450 ‘

Material properties

Table 4.3: Enhanced material properties : 120 x 80 x 3

4.2.4 Initial geometrical imperfections

Usually, in numerical models, equivalent geometrical imperfections are used. These equivalent imper-
fections take into account both the geometrical and the material imperfections. However, the values
proposed in the European code have been determined for carbon steel columns and they may not well
be adapted for stainless steel.

Presently, the following global and local geometrical imperfections were introduced in the model.

Global initial geometrical imperfection

The same global geometrical imperfection than that used during the calibration chapter is used. It
is a global geometrical imperfection equal to 80 percents of the geometrical tolerances (i.e. /750 for
hollow section columns (EN 1090-2)). Thus, this amplitude is equal to L/937.5.

Local initial geometrical imperfection

The local imperfections used are equal to 80 percents of the geometrical tolerance as well. The
straightness tolerance of hollow section is equal to 1 percent of the width of the flats, as recommended
in EN 1090-2.

4.2.5 Temperature distribution and evolution

In the parametric analysis, the ISO 834 heating curve is directly applied to the entire column, without
performing any thermal analysis. Hence, in this idealized model, there is no thermal gradient between
the bottom and the top or between the front and the back of the furnace. Thus the results obtained
with those numerical models can directly be compared to results obtained with EN 1993-1-2.

4.2.6 Cross-section classification

The cross-section used have been presented in TABLE [4.1] Their cross-section classification is given
for the different formula of ¢ described in SEcTION [1.3:3] TABLE [£4] gives the values of the material
factor, TABLE provides the cross-section slenderness according to the expression of the material
factor used, and finally TABLE gives the cross-section classification according to the expression of
the material factor used. The limit of each Class is remembered in TABLE

In is interesting to remember that, in order to not over-predict the resistance of an element, it is
recommended that cross-section that are Class 4 at room temperature cannot be promoted beyond
Class 3 at elevated temperature (Ng and Gardner| [2007]). Therefore, cross-sections 120 x 80 x 3 and
150 x 150 x 3 remains Class 3 cross-sections at 800°C', even if the ratio ¢/t ig smaller than the limit of

e
the Class 1 (i.e. CT/t = 25.7).
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The TABLE highlights the differences between the cross-section classification, especially for the
80 x 80 x 3 cross-section which can be a Class 4 cross-section according to the cross-section classification
recommended by the European code EN 1993-1-2. The cross-section can also be a Class 2 according to
the cross-section classification at room-temperature and with the cross-section classification at elevated
temperature, this section can either be Class 1, 2 or 3, depending on the temperature.

- 0.85 "&w 0.5 "& E “0‘5 0.85 "& & “0‘5 "& = kE,G-‘O.S
. fy fy 210000 : fy 210000 fy 210000 Ky 0

Y Temperature | ¥V Temperature YV Temperature 200°C | 500°C | 800°C

V Cross — section 0.7787 0.9377 0.797 0.8994 | 0.9377 | 2.0642

Table 4.4: Material factors : e

235]°"7 235 B |07 235 B |07 235 B kpe]"
€ 0.85 {fyw [fy 210000} 0.85 [T 210000} {fy 210000 kjﬂ
VYV Temperature | ¥YTemperature VTemperature 200°C' | 500°C' | 800°C
80 x 80 x 3 31.68 26.31 30.94 27.43 | 26.31 | 11.95
120 x 80 x 3 48.80 40.53 47.68 42.25 40.53 18.41
80 x 80 x 6 14.55 12.09 14.22 12.60 | 12.09 5.49
150 x 150 x 3 61.64 51.19 60.22 53.37 51.19 23.25
Table 4.5: Cross-section classification : ‘T/t
05 05 05 05
€ 0.85 {%w [% 215)00} 0.85 [% 215)00} {% 21(%00 Il?fﬂ
VY Temperature | ¥Temperature V Temperature 200°C | 500°C | 800°C
80 x 80 x 3 4 2 4 3 2 1
120 x 80 x 3 4 4 4 4 4 3
80 x 80 x 6 1 1 1 1 1 1
150 x 150 x 3 4 4 4 4 4 3

Table 4.6: Cross-section classification

| £ ]

£
Class 1 | < 25.7
Class 2 | < 26.7
Class 3 | < 30.7

Table 4.7: Cross-section classification : limit values of the ratio %/t

4.2.7 Tests results

During the parametric analysis, four kind of cross-sections will be studied, for nine column’s length'
ranging between 100mm and 6000mm and at three temperatures (200°C, 500°C' and 800°C).

In addition to the study of these cross-sections at 200°C, 500°C' and 800°C, a cross-section will be
studied at 600°C' and 700°C.

IThe vertical discretization used is 10 elements/100mm.
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It is worth noting that during the parametric analysis, the results obtained for temperatures above
700°C' did not seem to have reached the failure mode. Therefore, it is difficult to determine if the
real failure of the column is about to occur in the few seconds which follow the end of the calculation,
or if a numerical divergence leads to the end of the computation well before the actual failure of the
column. Therefore, these results will be treated with caution in the next paragraphs.

120 x 80 x 3 Cross-section

FIGURES and [.7] provide a comparison between the numerical results and the predictive bear-
ing capacity at elevated temperature determined with the proposed models described in SECTION

For temperatures equal to 200°C and 500°C, the models recommended by the European code EN
1993-1-2 and by Lopes (Lopes et al.|[2012]) are safe. The model proposed by Euro Inox (Euro-Inox
[2002]) is also always safe, except for L < 1000mm. The model proposed by Ng and Gardner (Ng and
[2007]) fits well the numerical results for column lengths longer than 2000mm, but the predic-
tions are unsafe for columns shorter than 2000mm. The other models overestimate the fire resistance
of the numerical results, resulting in a unsafe bearing capacity prediction.

For temperature equal to 800°C, the numerical result corresponding to the column of 3000mm is
out of the general trend of the other results (certainly due to convergence problems). The FIGURE
M7 shows that all the models seem unsafe for member lengths longer than 1000mm. However the
convergence of the numerical models is still under question and therefore, those results will not be
taken into consideration herein.

It can nevertheless be observed that the model proposed by Lopes has the same trend that the
numerical results.
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Figure 4.5: 120x80x3 : Numerical results versus theoretical predictions for 200°C
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Figure 4.6: 120x80x3 : Numerical results versus theoretical predictions for 500°C
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Figure 4.7: 120x80x3 : Numerical results versus theoretical predictions for 800°C

80 x 80 x 3 Cross-section

A comparison between the numerical results and the predictive bearing capacity at elevated temper-
ature determined with the proposed models can be made using F1GUREs [£.9] [£.10] and [£.1] for the
square hollow section 80 x 80 x 3.

Similar observations than that made for the rectangular cross-section columns can be made for this
column.

At 200°C and 500°C, The models proposed by the European code EN 1993-1-2 and by Lopes are
safe.
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The model proposed by Euro Inox, which was safe for the 120 x 80 x 3 cross-section column at 200°C
and 500°C), is unsafe at the same temperature for the square hollow section when considering columns
shorter than 3000mm. It is due to the fact that Euro Inox performs the cross-section classification
at ambient temperature. According to that cross-section classification, the studied cross-section is
Class 2 in the model proposed by Euro Inox. Hence, it is supposed that local buckling will not
occur and that the cross-section is fully efficient. However, FIGURE [4.8 which illustrates the failure
mode of the studied square hollow section column, shows that local buckling occurs. Therefore, the
local buckling reduces the bearing capacity of the column, and the numerical fire resistance is smaller
than that predicted by Euro Inox. Conversely, the cross-section classification performed in the model
recommended by the European code and in that proposed by Lopes lead to a Class 4 cross-section.
Thus, the effective cross-section is determined and the predictive bearing capacity remains safe.

(a) ISO (b) FRONT

Figure 4.8: 80 x 80 x 3 cross-section at 500°C for L = 500mm : Failure mode

At 800°C, once again, the curve proposed by Lopes seems to have a well-adapted trend, but nothing
can be concluded due to convergence problems. However, let’s note that the result which corresponds
to a column length of 2000mm does not follows the general trend of the other results and that it is
certain that it is due to a convergence problem.
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Figure 4.9: 80x80x3 : Numerical results versus theoretical predictions for 200°C
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Figure 4.10: 80x80x3 : Numerical results versus theoretical predictions for 500°C
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Figure 4.11: 80x80x3 : Numerical results versus theoretical predictions for 800°C

150 x 150 x 3 Cross section

This cross-section has a significant slenderness (%/t = 51.2) in comparison to the previous studied

cross-sections. The comparisons between the predictive models and the numerical results for the three
temperatures are given in FIGURES .13 [£.14] and [£.15]

On these graphs, it can be seen that, at 200°C, 500°C'" and 800°C, the bearing capacity of the
column is almost constant for column length until nearly 2000mm. It is explained by the fact that the
column fails out only by local buckling, as shown in FIGURE [f.12] Therefore, the column length have
almost no influence. However, the two first point, corresponding to L = 100mm and L = 250mm,
have a higher failure load. It can be explained by the stain hardening of the material. It would result
in a stress higher than the yield strength in the cross-section, which leads to a higher resistance of the
cross-section.
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(a) L = 100mm (b) L = 250mm (c) L =500mm
Figure 4.12: 150 x 150 x 3 - Failure modes

At 200°C and 500°C, the model recommended by the European code is safe for columns longer
than 2000mm and the model proposed by Lopes is safe for columns longer than 1000mm. The model
proposed by Euro Inox is only safe for columns longer than 5000mm. The other models are all unsafe.

At 800°C, as mentioned here before, the bearing capacity of short columns in almost constant
until lengths of 1000mm. Those four finite element models, corresponding to column lengths ranging
between 100mm and 1000mm, did converge. Thus, that points can be taken into account. For longer
columns, once again, the values obtained numerically are lower than that predicted with most of the
models, but nothing can be concluded. Note than for columns shorter than 4000mm, the model
proposed by Lopes is safe.
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Figure 4.13: 150x150x3 : Numerical results versus theoretical predictions for 200°C
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Figure 4.14: 150x150x3 : Numerical results versus theoretical predictions for 500°C
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Figure 4.15: 150x150x3 : Numerical results versus theoretical predictions for 800°C

80 x 80 x 6 Cross-section

This cross-section is different from the three previous ones in that it is a Class 1 cross-section, whatever
the formula used to determine the material parameter €.

The European code and Euro Inox are unsafe for column’s lengths shorter than 1000mm at 200°C
and shorter than 2000mm at 500°C. For longer columns, those models are safe. The model proposed
by Lopes is always safe, except for very short columns (shorter than 100mm) at 200°C. It can also be
noticed that the model proposed by CTICM fits well the numerical results.

At 800°C, similarly to the three previous cross-sections, the curve proposed by Lopes seems to be
well adapted in order to model the behaviour of ferritic columns at temperature above 500°C. However,
it can yet be noticed that the numerical results corresponding to column lengths equal to 2000mm
and 3000mm are out of the general trend of the other results. Therefore, the convergence problem is
certain for these results.
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Figure 4.16: 80x80x6 : Numerical results versus theoretical predictions for 200°C
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Figure 4.17: 80x80x6 : Numerical results versus theoretical predictions for 500°C
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Figure 4.18: 80x80x6 : Numerical results versus theoretical predictions for 800°C

4.2.8 Buckling curves

In this section, the buckling curves proposed by Lopes and the European code 1993-1-2 are compared
to the numerical results. The ratio between the failure load at elevated temperature (Np) and the
maximum load which can be supported by the cross-section (Ngq,¢) will be plotted versus the member
slenderness at elevated temperature (\g).

120 x 80 x 3 Cross-section

Firstly, it can be observed on FIGURE that, at 200°C' and 500°C', the buckling curve proposed
by the European code EN 1993-1-2 is very close to the numerical results for high column slenderness
and for low column slenderness, and that this curve is more conservative for intermediate column
slenderness.

It can also be observed that for temperatures above 600°C, the model recommended by the Euro-
pean code is no more safe. It is due to the temperature dependence of the ratio kfifg of the ferritic
1.4003 grade, which is depicted in FIGURE When temperature increases, this ratio increases, and
therefore, the elevated temperature slenderness of the column decreases. Thus, due to the reduction
of the slenderness, it is supposed that the ratio between the failure load and the load which can be
supported by the effective cross-section increases, as modelled by the buckling curve recommended by
the European code. However, the observed behaviour of the finite element models in this case is quite
different. When temperature increases, the ratio between the failure load and the load which can be
supported by the effective cross-section does not increases as much as supposed by the European code.
This behaviour leads to an overrating of the bearing capacity of the column by EN 1993-1-2. The
phenomenon described here above can be observed in FIGURE Indeed, the model recommended
by the European code 1993-1-2 predicts the bearing capacity of the columns longer than 3000mm at
200°C and 500°C' in a safely way, and becomes unsafe for the same column’s lengths at 600°C. This
has also been observed by Lopes (Lopes et al.| [2012]).
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FIGURE illustrates the model proposed by Lopes. As mentioned previously, the model pro-
posed by Lopes seems to be the best in order to model the column’s behaviour at temperature above
500°C. Once again, it cannot be concluded if this model is unsafe at 800°C, due to the convergence
problems. Nevertheless, it can yet been said that the model proposed by Lopes is safe for temperature
until 700°C. It can also be said that the shape of the buckling curve seems well adapted.

From FIGURE it can also be observed that the model proposed by Lopes is too safe at
temperature below 500°C.
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Figure 4.20: Comparison : EC1993-1-2 - Numerical results [120 x 80 x 3]

80 x 80 x 3 Cross-section

FIGURE shows again that the model proposed by the European code is safe for temperatures
until 500°C. For temperatures above 800°C, this model does not seem well-adapted, due to the large
overrating of the bearing capacity. However, nothing can be concluded due to the potential conver-
gence problems.

F1cure [.21b| shows that the model proposed by Lopes is too conservative for temperatures below
500°C. For temperature above 500°C, the model proposed by Lopes has the same trend that the
numerical results, but once again, nothing can be concluded.



CHAPTER 4. BUCKLING CURVE - PARAMETRIC ANALYSIS

1.20

1.00 -

o
)
o

NB/(Aeff fv kO.Zp,B)
o
X

=
'S
o

0.20

0.00

1.20

1.00 -

0.80

0.60

Ne/(Aeff fv kO.Zp,G)

0.40

0.20

0.00

Figure 4.21: Comparison : EC1993-1-2 - Numerical results [80 x 80 x 3]
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95

As mentioned previously, this cross-section has a high slenderness. FIGURE [£:22a]shows that the model
recommended by the European code 1993-1-2 is unsafe for short column slenderness (A\g < 0.2). It
could be explained by the formulas used in order to calculate the effective cross-section. Those formulas
are maybe not well adapted for such cross-section slenderness.



CHAPTER 4. BUCKLING CURVE - PARAMETRIC ANALYSIS 96

1.20 — -EC1993-1-2 (200°C)
------ EC1993-1-2 (500°C)
i ] m FEM 200°C
i a FEM500°C
a ~_
Qa ‘a ~—a
0.80 A
= T—.lE
& S~ %a
£ m—2
> 0.60 N
& iy
< \4-‘\.
= ™
Z0.40
3
0.20
0.00
0 0.2 0.4 0.6 0.8 1

A
(a) EN 1993-1-2

Figure 4.22: Comparison : Buckling curve - Numerical results [150 x 150 x 3]

80 x 80 x 6 Cross-section

FIGURE shows that the model recommended by the European code is unsafe for short column
slenderness and FIGURE illustrates that the model proposed by Lopes is safe, at least for tem-
peratures below 500°C.

Once again, nothing can be concluded about the validity of the model proposed by Lopes at
temperatures above 500°C, due to the potential convergence problems. Nevertheless, the trend of the
buckling curve proposed by Lopes has the same shape than the obtained numerical results.
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Figure 4.23: Comparison : EC1993-1-2 - Numerical results [80 x 80 x 6]

4.2.9 Enhanced material properties

In this section, the strength enhancement is introduced into the finite element model for both corners
and flats, for the rectangular 120 x 80 x 3 cross-section. Then, the effect of that strength enhancement
will be studied. Note that the numerical results obtained by using the enhanced material properties
are compared to the results provided by the predictive models using the nominal properties.

120 x 80 x 3 Cross-section

FIGURE illustrates the effect of the strength enhancement. It can be seen that the more the
global flexural buckling influences the failure mode, the less the strength enhancement influences the
column’s bearing capacity. Indeed, for columns with high slenderness, introducing the enhanced ma-
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terial properties does not have any influence, while for low slenderness, the effect is not negligible.

FIGURE shows that when the material strength enhancement is taken into account, the pre-
dictive model proposed by Lopes is well adapted for temperature above 500°C'. Indeed, the numerical
results at 800°C are well fitted by the model proposed by Lopes. Hence, despite of the convergence
problems, it can be affirmed that the model proposed by Lopes is safe, when the material strength
enhancement is taken into account in the numerical model, for the rectangular hollow section.
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Figure 4.24: Comparison : EC1993-1-2 - Numerical results (with enhanced strength) [120 x 80 x 3]

4.2.10 Comparison of the models

In this section, the validity of the models will be discussed. A numerical comparison of the six studied
predictive models is provided in TABLEs [4.8] to [£.12] From this numerical analysis, the following
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conclusions can be drawn.

e The model proposed by Ng and Gardner and that proposed by Uppfeldt were always unsafe. In
most of the studied cases, those models predict in a safely way the bearing capacity for very
short columns and for very long columns, but the prediction for intermediate column lengths
is always unsafe. It could be explained by the fact that those models have been calibrated on
austenitic stainless steel grade columns. However, when the model proposed by Ng and Gardner
is compared to the numerical results obtained with the enhanced material properties, this model
is safe and provides predictive bearing capacities very close to the numerical results, as shown in

Ficure 25
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Figure 4.25: Comparison : Ng and Gardner - Uppfeldt - Numerical results (with enhanced strength)
[120 x 80 x 3]

e In most of the studied cases, the predictive results provided by CTICM /CSM at 200°C and 500°C
are very close to the numerical results, excepted for the 150 x 150 x 3 cross-section. However, the
predictions almost always slightly overestimate the bearing capacity. Moreover, the predictions
of the bearing capacity of the Class 1 cross-section are very good. Similarly to the others models,
this model is always unsafe at temperatures above 500°C.

e The model proposed by Euro Inox is very close to that recommended by the European code. The
only difference is the method used to perform the cross-section classification. For the rectangular
cross-section, the predictive results provided by Euro Inox are close to the numerical results,
similarly to the European code EN 1993-1-2. However, to predict the bearing capacity of the
80 x 80 x 3 cross-section, the predictive results provided by Euro Inox are unsafe, while those
provided by the European code remains save. It can be explained by the way to determine the
cross-section classification. The cross-section classification used by Euro Inox leads to a Class 2
cross-section, while that used by the European code leads to a Class 4 cross-section.

e The model proposed by Lopes provides almost always too conservative results at temperature
below 500°C'. However, for temperature above 500°C', this model seems to have a well-adapted
trend. Due to the convergence problems, nothing can be concluded about the precision of this
model. However, it can yet be said that this model can safely predict the resistance of rectangular
hollow section columns at 800°C, if the enhanced material properties are taken into account.
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e Finally, the model recommended by the European code 1993-1-2 is almost always safe for tem-
peratures below 600°C', and seems to be unsafe for temperatures above 600°C. This model seems
to be the most consistent. Indeed, for temperature below 600°C’, this model provides almost
always safe predictions of the bearing capacity of the column.

It must be kept in mind that most of the comparisons made here above are made for numerical results
obtained using the nominal material properties. As shown for the model proposed by Ng and Gardner,
if the enhanced material properties are taken into account in the numerical model, models which
were unsafe when they were compared to numerical results obtained with the nominal properties,
can become safe when they are compared to numerical results obtained with the enhanced material
properties.
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EC1993-12 LOPES UPPFELDT Euro INOX Ng - Gardner CTICM/CSM
Length FEM 200°C
FEM FEM FEM FEM FEM FEM
[mm] [kM] -1 -1 -1 -1 -1 -1
100 290.13 0.99 0.08 107 106 107 108
250 29167 0.96 0.92 1.06 102 106 108
500 274.03 0.97 0.89 113 103 113 114
1000 258.15 0.93 0.78 1.20 0.98 109 112
2000 200.84 0.88 0.64 119 0.92 103 107
3000 148.48 0.90 0.59 114 0.93 101 106
4000 102.28 0.92 0.59 1.09 0.94 1.00 104
5000 72.14 0.94 0.60 106 0.96 1.00 103
6000 53.15 0.95 0.60 1.05 0.96 1.00 103
MEAN 0.94 0.73 111 0.98 104 107
cov 0.04 0.22 0.05 0.05 0.04 0.04
EC1993-12 LOPES UPPEELDT Euro INOX Ng - Gardner CTICM/CSM
Length FEM 500°C
FEM FEM FEM FEM FEM FEM
[mm] [kM] [ - -1 -1 |8 1
100 235.42 0.98 0.97 107 104 107 107
250 236.28 0.95 0.91 1.06 101 106 106
500 222.00 0.96 0.88 113 102 113 113
1000 209.17 0.92 0.78 1.20 0.98 110 111
2000 170.99 0.89 0.64 1.20 0.93 105 108
3000 123.22 0.90 0.59 115 0.93 103 107
4000 86.32 0.92 0.58 110 0.94 101 105
5000 6185 0.94 0.58 107 0.95 1.00 1.03
6000 4381 0.99 0.62 110 1.00 105 107
MEAN 0.94 0.73 112 0.98 106 107
cov 0.04 0.22 0.05 0.04 0.04 0.03
EC1993-12 LOPES UPPFELDT Euro INOX Ng - Gardner CTICM/CSM
Length FEM 600°C
FEM FEM FEM FEM FEM FEM
[mm] [kMN] [ [ [ [ [ [
100 . : - i - i -
250 - i
500 - = - = = - S
1000 122.16 0.93 0.76 118 0.99 113 112
2000 10127 0.95 0.66 124 1.00 115 115
3000 77.25 101 0.62 130 105 130 122
4000 58.05 1.05 0.61 130 108 1.20 124
5000 4305 109 0.62 119 112 122 135
6000 - - - - - - -
MEAN 101 0.65 126 105 118 1.20
cov 0.07 0.10 0.04 0.05 0.03 0.05
EC1993-12 LOPES UPPEELDT Euro INOX Ng - Gardner CTICM/CSM
Length FEM 700°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 S 1 1 1 1
100 - > : >
250 - -
500 - -
1000 E : - - : - :
2000 36.75 124 0.81 152 131 150 149
3000 27.15 1.49 0.84 184 157 180 181
4000 2235 158 0.81 195 165 189 192
5000 17.55 172 0.83 2.09 179 202 207
6000 14,01 182 0.86 217 188 2.09 214
MEAN 157 0.83 192 164 186 189
cov 0.14 0.03 0.13 0.13 0.12 0.14
EC1993-12 LOPES UPPFELDT Euro INOX Ng - Gardner CTICM/CSM
Length FEM 800°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 4103 0.92 0.90 101 0.98 101 0.99
250 4147 0.90 0.84 1.00 0.96 1.00 0.08
500 39.41 0.93 0.81 1.05 0.99 105 103
1000 3237 1.08 0.84 128 115 128 126
2000 2073 1.54 0.99 187 164 187 186
3000 1221 237 132 2.89 251 2.87 288
4000 1127 2.30 114 2.81 241 276 279
5000 830 2.74 127 3.33 286 3.35 3.32
6000 6.69 2.95 131 3.54 3.06 3.44 3.53
MEAN 175 105 2.09 184 2.06 207
cov 0.48 0.20 0.51 0.47 0.50 0.51

I:I Potential convergence problem

Table 4.8: 120 x 80 x 3
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: Potential convergence problem

EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 200°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 248 85 0.99 0.97 101 114 101 101
250 22845 1.04 0.99 110 120 110 110
500 229.36 0.98 0.89 110 113 110 110
1000 215.82 0.93 0.77 117 105 105 106
2000 165.60 0.90 0.64 117 0.99 102 1.05
3000 112.49 0.92 0.60 112 0.97 100 1.04
4000 75.67 0.93 0.59 107 0.97 1.00 105
5000 52.64 0.95 0.60 106 0.98 1.00 103
6000 38.29 0.97 0.61 105 0.99 101 103
MEAN 0.96 0.74 1.09 105 103 105
cov 0.05 0.25 0.05 0.08 0.04 0.03
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 500°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 203.97 0.97 0.95 0.99 121 0.99 0.99
250 185.42 1.03 0.98 109 128 109 109
500 186.00 0.98 0.88 1.08 121 108 108
1000 17433 0.93 0.77 116 1135 105 1.06
2000 13493 0.91 0.64 117 105 105 106
3000 93.65 0.92 0.59 113 101 101 105
4000 63.69 0.94 0.59 109 1.00 101 104
5000 45.28 0.95 0.59 105 0.99 100 102
6000 30.68 104 0.65 113 108 108 111
MEAN 0.96 0.74 110 111 104 106
cov 0.05 0.22 0.05 0.10 0.04 0.03
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM B0O"C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 34.95 0.93 0.90 115 114 115 0.94
250 3231 0.99 0.91 135 121 135 101
500 3229 0.97 0.83 135 118 135 102
1000 26.49 112 0.85 152 137 152 1.24
2000 13.05 .07 128 282 248 2185 234
3000 11.35 214 1.14 292 253 297 246
4000 7.35 21.88 138 3.86 3.32 3.99 3.34
5000 573 3.19 143 4.14 3.59 438 3.69
6000 5.03 3.09 135 3.88 341 4.20 3.55
MEAN 193 112 253 2325 262 218
cov 0.50 0.22 0.50 0.46 0.52 0.53

Table 4.9: 80 x 80 x 3
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EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 200°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 500.00 1.06 1.04 109 1.06 109 0.94
250 494 86 1.05 0.98 110 103 110 0.95
500 458.91 1.05 0.95 118 105 118 103
1000 417.63 1.00 0.83 130 1.00 115 101
2000 306.23 0.96 0.68 125 0.96 114 1.02
3000 201.03 0.95 0.63 114 0.95 113 102
4000 132.60 0.96 0.62 108 0.96 113 101
5000 9147 0.97 0.62 1.06 0.97 1.14 101
6000 66.30 0.98 0.63 104 0.98 114 101
MEAN 0.99 0.77 114 0.99 113 1.00
cov 0.04 0.23 0.08 0.04 0.03 0.03
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 500°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 -1
100 465.83 0.99 0.97 1.02 0.99 1.02 0.81
250 438.77 1.01 0.96 107 101 107 0.86
500 381.26 1.09 0.99 1.24 109 124 0.99
1000 336.55 1.08 0.89 1.40 108 126 101
2000 24569 1.02 0.72 133 102 135 103
3000 167.66 0.99 0.65 119 0.99 124 1035
4000 11257 0.98 0.63 110 0.98 1323 102
5000 78.46 0.98 0.63 107 0.98 1323 101
6000 57.28 0.98 0.63 105 0.98 124 101
MEAN 1.01 0.79 116 101 120 0.97
cov 0.04 0.21 0.12 0.04 0.07 0.08
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 800°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1
100 7339 1.01 0.98 102 101 102 0.85
250 67.80 1.08 0.99 111 108 111 0.90
500 62.85 113 0.97 120 115 120 0.97
1000 56.10 1.20 0.90 134 120 134 109
2000 2457 243 1.4% 277 243 2.80 2.30
3000 16.89 3.07 164 3.55 3.07 3.62 3.01
4000 17.85 247 1.20 286 247 297 245
5000 13.05 181 130 3.23 181 344 190
6000 10.50 2.87 131 3.25 2187 3.55 3.00
MEAN 201 120 2.26 201 2.34 195
cov 0.44 0.22 0.47 0.44 0.48 0.50

: Potential convergence problem

Table 4.10: 80 x 80 x 6
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: Potential convergence problem
Table 4.11: 150 x 150 x 3

EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM,/CSM
Length FEM 200°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 -1
100 376.92 0.94 0.95 106 107 106 109
250 32951 1.06 1.06 i 121 121 124
500 306.00 112 1.08 130 127 1.30 134
1000 306.01 1.06 0.99 130 120 1.30 134
2000 296.05 0.99 0.85 134 111 122 127
3000 275.15 0.95 0.75 134 105 147 122
4000 24476 0.93 0.68 130 102 113 119
5000 210.24 0.93 0.64 126 100 110 116
6000 S : - - - - -
MEAN 1.00 0.88 126 112 119 123
cov 0.07 0.19 0.07 0.09 0.08 0.07
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
Length FEM 500°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 -1
100 306.27 0.93 0.94 107 106 107 107
250 267.93 1.05 1.04 122 119 122 122
500 248.95 110 107 132 135 132 1352
1000 24521 1.05 0.97 131 119 131 151
2000 241.34 0.98 0.83 136 110 124 1325
3000 22492 0.94 0.74 135 105 119 121
4000 201.29 0.93 0.68 131 102 115 118
S000 174.29 0.93 0.64 127 1.00 112 116
6000 - 3 5 z 2 = e
MEAN 0.99 0.86 128 111 120 122
cov 0.07 0.19 0.07 0.08 0.07 0.07
EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM,/CSM
Length FEM 800°C
FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 -1
100 53.98 0.86 0.86 117 0.98 117 0.99
250 48.34 0.96 0.94 131 109 131 110
500 45.16 1.01 0.96 140 115 140 118
1000 45.65 0.98 0.87 139 111 139 117
2000 40.80 1.05 0.82 155 119 155 150
3000 3272 125 0.89 186 142 187 160
4000 26.70 147 0.95 218 165 218 188
5000 20.70 181 109 267 203 2166 231
6000 - - - - - -
MEAN 117 0.92 169 133 169 144
cov 0.27 0.09 0.30 0.27 0.30 0.32
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: Potential convergence problem

i i FEM 200°C EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM

i (ENHANCED) FEM FEM FEM FEM FEM FEM
[mm] [kN] -1 -1 -1 -1 -1 1

100 331.57 0.87 0.86 0.93 0.93 0.93 0.95
250 333.75 0.84 0.81 0.93 0.89 0.93 0.94
500 313.75 0.85 0.78 0.99 0.90 0.99 100
1000 295.15 0.81 0.69 105 0.86 0.96 0.98
2000 236.28 0.78 0.57 105 0.82 0.91 0.95
3000 16193 0.82 0.54 104 0.85 0.93 0.97
4000 108.77 0.86 0.55 102 0.88 0.94 0.98
5000 75.57 0.90 0.57 102 0.91 0.96 0.99
6000 54.98 0.92 0.58 101 0.93 0.97 0.99
MEAN 0.85 0.66 1.00 0.89 0.95 0.97
cov 0.05 0.19 0.05 0.04 0.02 0.02

1 2 FEM 800°C EC 1993-1-2 LOPES UPPFELDT Euro INOX Mg - Gardner CTICM/CSM
ki (ENHANCED) FEM FEM FEM FEM FEM FEM

[mm] [kN] -1 -1 -1 -1 -1 -1

100 4643 0.82 0.80 0.89 0.87 0.89 0.88
250 47.01 0.79 0.74 0.88 0.85 0.88 0.87
500 4497 0.81 0.71 0.92 0.87 0.92 0.91
1000 4209 0.83 0.65 0.99 0.88 0.99 0.97
2000 27.45 147 0.75 141 124 141 140
3000 1B.87 1.54 0.85 187 162 186 186
4000 15.03 172 0.86 210 181 207 209
5000 1209 188 0.87 229 197 2323 2.28
G000 5.24 214 0.95 2156 222 248 256
MEAN 1.30 0.80 155 137 153 153
cov 0.41 0.12 0.43 0.40 0.42 0.44

Table 4.12: 120 x 80 x 3 - Numerical modal with enhanced material properties
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Chapter 5

Conclusions

The aim of the work was to do a finite element model of the three columns tested in the vertical wall
furnace at the Fire Testing Laboratory of the University of Liege. Then, after validating the numerical
models against the fire test results, the objective was to perform a parametric analysis in order to
compare the proposed design models.

The numerical model of the hollow section columns in fire has been performed by introducing a
new parameter at each step. The influence of each parameter was discussed, and it has been decided
to take some parameters into account, and to neglect the others.

The residual stresses, the column ends insulation or the use of fitted material properties have been
studied, and it has been shown that they do not have a significant influence on the results and therefore,
they have been neglected. Conversely, the measured material and geometrical properties were used,
and the curved corners were modelled. Finally, it has been shown that the most important parameters
in order to obtain a good prediction of the fire resistance of the tested columns are the temperature
distribution and the vertical and horizontal thermal gradients. It has also been shown that the thermal
conductivity across the cross-section and the thermal radiation of the internal faces of the box has to
be taken into account.

Finally, the finite element models obtained were able to predict with a good precision both the
failure mode shape and the mean temperature at failure.

After validating the numerical model, the parametric analysis has been performed. Four kind of
cross-section have been studied, for nine column’s length ranged between 100mm and 6000mm and
at three temperatures (200°C, 500°C and 800°C'). Intermediate temperatures (600°C' and 700°C') have
been studied for the rectangular cross-section. The material and geometrical properties used were
the nominal ones, both global and local initial geometrical imperfections have been modelled, and the
residual stresses have been neglected.

The numerical results have been compared to six predictive models. The comparisons of the nu-
merical results and the predictive models have been given in the TABLE ranged between and

Thus, from the first part of this work, it can be said that the behaviour of the tested columns
was well modelled by the finite element models. The measured material properties were used in the
numerical model, and therefore, due to the fact that the measured material properties contain the
enhanced material properties, it means that those enhanced material properties have to be taken into
account in the finite element model in order to get a finite element model able to represent the real
behaviour of the column

. In the second part of this work, it has also been shown that the enhanced material properties
have a significant influence on the bearing capacity of the columns (see FIGURES and .

Therefore, to conclude, it can be said that the numerical results obtained with the nominal prop-
erties leads to failure loads lower than those which would be obtained if real fire tests were performed.
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Indeed, it is known that all the cold-rolled cross-sections have undergone plastic deformations which
leads to the enhancement of their material properties. Therefore, the enhanced material properties
have to be taken into account in the numerical models, due to their influence on the bearing capacity
of the columns.

When the numerical results (calculated with the nominal material properties) are compared to
the predictive models, it has been shown that most of the models are unsafe, except those proposed
by Lopes and the European code 1993-1-2. However, when the enhanced material properties are
introduced into the finite element model, the numerical results obtained increase and models which
were unsafe can become safe (as demonstrated for the model proposed by Ng and Gardner).

Consequently, the enhanced material properties have to be taken into account in order to stand for
the actual element behaviour and to be allow to use more effective design rules.
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Annexes

6.1 Design rules

CTISM/CSM
The full proposed design model is given hereafter :

Xti Akyo fy

6.1
M, fi ( )

Ny, fit,Rd =

where x; is still the reduction factor for flexural buckling in the fire design situation and £, ¢ the
reduction factor for the yield strength of steel at the steel temperature 6, reached at time ¢.

1

Xfi = ———F—— (6.2)
—2
o+ /w5 — Aa
with
1 o _
0y = 3 [1 +a ()\9 - /\0) + )\3] (6.3)
where :
B k107
N = A | 2f (6.4)
ke

In order to determine the cross-section classification and the effective area of Class 4 cross-sections,
the same formulas than that recommended by 1993-1-2-Annex E are used. However, the material
factor is calculated at ambient temperature, according to the following formula.

235 B 1%° 65)
~ | £, 210000 '
Design rules at elevated temperature proposed by Ng and Gardner
The full proposed design model is given hereafter :
Xri Akyo f
Ny, fit,ra = ~L—22=0 (6.6)
M, fi

where x ¢; is still the reduction factor for flexural buckling in the fire design situation and &, g the
reduction factor for the yield strength of steel at the steel temperature 6, reached at time ¢.
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1

Xfi = —————— (6.7)
<2
o+ 1\ v5 — N
with
1 3 3 32
where :
B _ k 0.5
Mo =\ |22 (6.9)
kg0

In order to determine the cross-section classification and the effective area of Class 4 cross-sections,
the same formulas than that recommended by 1993-1-2-Annex E are used. However, the material factor
at elevated temperature in calculated with the following formula which depends on the strength-stiffness
ratio.

for 705
cg=¢ [ E’e] (6.10)
ky.0

where :

e ¢ is the material factor at ambient temperature

¢ kg g is the reduction factor for Young’s modulus

o ky g = koo for Class 1 and 2 cross section at room temperature;

o ky o= ko.ope for Class 3 and 4 cross section at room temperature;

Design rules at elevated temperature proposed by Uppfeldt et al.
The full proposed design model is given hereafter :

Xri Akyo fy

(6.11)
M. fi

Ny fit,rd =

where x; is still the reduction factor for flexural buckling in the fire design situation and &, ¢ the
reduction factor for the yield strength of steel at the steel temperature 6, reached at time ¢.

1
Xpi = ————— (6.12)
0o + /92— g
with
1 3 3 12
SDG = 5 [1 —|— 0] ()\9 - )\079) + )\9} (613)
where :
B Tk 0.5
Xo =\ |22 (6.14)
kg

foo - o |2 ]”
0,0 = A0 (6.15)
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In order to determine the cross-section classification and the effective area of Class 4 cross-sections,
the same formulas than that recommended by 1993-1-2-Annex E are used. However, the material factor
at elevated temperature in calculated with the following formula which depends on the strength-stiffness
ratio.

fo 05
gg=¢ [ E’e] (6.16)
ky.0

where :

e ¢ is the material factor at ambient temperature

¢ kg g is the reduction factor for Young’s modulus

o kyg = koo for Class 1 and 2 cross section at room temperature;

o ky o= ko.ope for Class 3 and 4 cross section at room temperature;

Design rules at elevated temperature proposed by Lopes, Vila Real et al.
The full proposed design model is given hereafter :

Xri Akyo fy

(6.17)
M, fi

Ny fit,rd =

where x ; is still the reduction factor for flexural buckling in the fire design situation and &, ¢ the
reduction factor for the yield strength of steel at the steel temperature 6, reached at time ¢.

1

Xfi = — (618)
Po + /5 — BAG
with
1 i 32
o =75 [1+aX+ 5873 (6.19)
and
236 E kg
= —_— 6.20
“ 77\/ , 210000 \/ %y (6.20)
The non-dimensional slenderness Ay for the temperature 6,, is still given by :
B Tk 0.5
Ao = A [W} (6.21)
kg.o

TABLES and give the values of coefficients 5 and 7.

In order to determine the cross-section classification and the effective area of Class 4 cross-sections,
the same formulas than that recommended by 1993-1-2-Annex E are used. However, the material
factor at elevated temperature in calculated with the following formula.

2 E 1°°
5 ] (6.22)

=085 |2 _—
c [ f, 210000
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6.2 Experimental investigation on ferritic stainless steel columns in fire

This is a summary of the report written by Tondini et al., which describes the experiments on the
three ferritic columns studied in this work (Tondini et al.|[2013]).

6.2.1 Column tests in fire
Test set-up and loading protocol

The columns were tested in the vertical wall furnace at the Fire Testing Laboratory of the University
of Liege, which is certified to the ISO 17025 standard by the Belgian accreditation body BELAC. The
furnace is provided with a system capable of imposing vertical loads to the specimens. The bottom
horizontal beam (HEB 400) can move up along slide guides attached to the columns of the reaction
frame, as shown in FIGURE ﬂ These guides basically allow only the translational displacement (up
and down). Slight rotation about the horizontal transverse axis of the beam may however occur owing
to connection slacks. In fact, for the three tests, a small adjustment was observed at the beginning
of the static loading then both displacement transducers (Depl. 1 and Depl. 2 on the FIGURE [6.1))
provided the same measure, indicating that the lower support did not rotate. The load was transmitted
to the column through the lower beam, this one being pushed up by means of two jacks, as depicted
in FIGURE [6.2]

[
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: "
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S o —— - I — T = — (== . -
\I

Figure 6.1: Frontal and lateral views of the vertical furnace with the pyrometers
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|

Figure 6.2: Lower HEB 400 beam with left and right jacks

The specimens were welded to 20mm thick end plates (see FIGURE made of stainless steel
grade EN 1.4307 and holes for four bolts were allowed for to ensure a full degree of fixity at both
column ends. The welding wire was made of EN 1.4430 stainless steel grade and the depth of the
welded lips was 5.0 mm thick. Then, the plates were bolted to concrete blocks (see FIGURE ,
which were covered with a fine grain temperature resistant plaster to guarantee an optimal contact
with the plate, as shown in FIGURE [6.3¢] The purpose of these rigid concrete blocks was to yield
a buckling length of the tested columns that is shorter than the distance between the beam of the
loading frame.

(a) Bottom end plate with holes (b) Supporting con- (c¢) Column top end with plate mounted
for bolts crete block with wait- on the concrete block
ing steel bars

Figure 6.3: Column ends

The supports made of concrete were then covered with ceramic fibre (see FIGURE . The dis-
tribution of the temperature, as well as oxygen content and pressure, in the furnace was measured
by using pyrometers located at 11 points around the column: 7 coming into the furnace through the
closing device and 4 located behind the column coming into the furnace through the brick wall where
burners are located, as shown in FIGURE [6.5] They were located at a distance of 100 mm from the
steel surface and no thermocouples were installed on the specimens.
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Figure 6.4: Column top end covered with ceramic fibre

et I .".'-'.-

(a) 4 pyrometers located at the (b) 7 pyrometers located at the
back side of the column front side of the column through

the furnace closing device

Figure 6.5: Pyrometers

The load protocol followed the EN1363-1 provisions, which entail to maintain the load constant
at least during 15 minutes, time after which the ISO 834 heating curve is applied, with the load
being maintained constant until failure. In detail, the tests began by applying the static loading at
ambient temperature until 30% of the design buckling resistance N, rq calculated at room temperature
according to EN1993-1-4 and on the basis of a yield strength equal to 3500/ Pa and of a buckling curve
c. The actual lengths of the columns and the applied loads are reported in TABLE [6.1
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| [ Cl [ C2 | C3 |

Length [mm) 3000.0 | 2499.5 | 2500.0
Heated length [mm] | 2950 | 2449.5 | 2450

Np.r2a [mm)] 239 | 260 | 336
Applied load [kN] 72 78 100

Table 6.1: Actual lengths and applied loads

6.3 Numerical model of tubular columns in fire

6.3.1 FEMs results

RHS 2500mm
b h L T Te t EO fy,flat f ,corner fu
[mm] [mm} [mm] [mm] [mm] [mm] [mJXﬂ ] ['"L]’I\IZ’LQ ] mjv\:ﬁ ] [mJ?\:LQ }
79.4 | 119.5 | 2500 / / 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | Oresidual
(-] = (-] (-] (-]
Straight R — O (measured) / / /
FEtype NG NL Nb Nh Nc Nozial A 0
(-] [-] (-] (-] (-] (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1% degree 4 125 4 6 0 100 | 0.8 =5 0.8 x 0.01 x h
Table 6.2: RHS 2500mm - model 2
b h L T Te t Eqy fy,flat f ,corner fu
79.4 | 119.5 | 2500 | 3.86 6.83 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | Oresidual
(-] [-] (] (] -]
Curved R — O (measured) 10 zones / /
FE type NG NL Nb Nh Nc Nozial A 1)
(] L= (] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1%* degree 4 200 4 6 2 100 | 0.8 =% 08 % 0.01 x h

Table 6.3: RHS 2500mm - model 4
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b h L T Te t EO fy,flat fu,corner fu
N N N N
[mm] [nlm} [mm] [mm] [mm] [mm] [mmz ] [mm2 ] mm? ] [mm2 }
79.4 | 119.5 | 2500 | 3.86 6.83 2.97 | 220000 | 411.77 411.77 533.92
Corner type Material law Thermal gradient Endinsulation | 0residual
-] [-] -] (-] -]
Curved R — O (fitted) 10 zones / /
FEtype NG NL Nb Nh Nc Nyzial A 0
-] L= (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1% degree 4 200 4 6 2 100 | 0.8 =5 0.8 x 0.01 X I
Table 6.4: RHS 2500mm - model 5
b h L T Te t EO fy,flat fy,corner fu
79.4 | 119.5 | 2500 | 3.86 6.83 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | 0residual
= [-] = (-] -]
Curved R — O (measured) 10 zones Tena =20°C /
FE type NG NL Nb Nh Nc Nyzial A 0
(-] L (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1% degree 4 200 4 6 2 100 | 0.8 =5 0.8 x 0.01 X I
Table 6.5: RHS 2500mm - model 6
b h L T Te t Ey fy,flat f ,corner fu
79.4 | 119.5 | 2500 | 3.86 6.83 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | Oresidual
(-] [-] = (] -]
Curved R — O (measured) 10 zones / yes
FE type NG NL Nb Nh Nc Nozial A 1)
(-] L= (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1%* degree 4 200 4 4 2 100 | 0.8 =% 08 % 0.01 x h

Table 6.6: RHS 2500mm - model 7
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b h L T Te t EO fy,flat fy,corner fu
[mm] [nlm} [mm] [mm] [mm] [mm] [m]':[nz ] [mz:vfﬂ ] m]’:[nz ] [mjrvnz }
79.4 | 119.5 | 2500 | 3.86 6.83 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | 0residual
-] [-] -] [-] [-]
Curved R — O (measured) 15 zones / /
FEtype NG NL Nb Nh Ne Nozial A 0
-] -] [-] [-] [-] -] [kN] | [mm] [mm
0.8 x 0.008 x b
st _ L
1% degree 4 200 4 6 2 100 | 0.8 =5 0.8 x 0.01 X I
Table 6.7: RHS 2500mm - model 8
SHS 3000mm

Model 1 : basic model

This first model is made of straight corners and contains an initial global geometrical imperfection but
local imperfections are not modelled. The material and geometrical properties used are the measured
ones and all the parameters of this first model are presented in TABLE To model the global
imperfection, the expressions presented in SECTION are used.

FIGURE illustrates the symmetrical failure mode of this first model. The temperature of the
gases when failure occurs is 739.8°C'.

b h L T Te t Eqy fy7flat f ,corner fu
79.6 79.2 | 3000 / / 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | Oresidual

(] [-] (] (] -]
Straight R — O (measured) / / /
FFEtype NG NL Nb Nh Nc Nazial A 1)

-] -] (-] -] [-] -] [kN] | [mm] [mm
15 degree 4 150 4 4 0 -72 | 0.8 /

Table 6.8: SHS 3000mm - model 1
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(a) Iso (b) Front

Figure 6.6: SHS 3000mm - model 1 : failure mode

Model 2 : influence of local imperfections

Initial local geometrical imperfections are added to model 1 to get model 2. The local imperfection
expression used are that presented in SECTION The values of the parameters used in this second
model are available in TABLE

Ficure [6.7 illustrates the failure mode of this second model. It is the same than that obtained
with the first model, but local waves develop due to the introduction of initial local imperfections. The
gases temperature at failure is 737.4°C.

For those columns made of square hollow section, the cross-section slenderness is smaller than that of
the rectangular hollow section modelled in the previous section. Therefore the mean failure temperature
of the square hollow section column is less influenced by the introduction of the local imperfections than
the rectangular hollow section column. Indeed, when local geometrical imperfections were introduced
in the column with rectangular hollow section, the mean failure temperature was reduced of an amount
of 5.5°C whereas the failure temperature is reduced of 2.4°C' for the square hollow section. It can be
explained by the fact that, concerning the square hollow section, the effective area is closer to the
nominal area than for rectangular hollow section.
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b h L T Te t EO fy,flat fy,cm’ner fu
79.6 79.2 | 3000 / / 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | 0residual

-] [-] (-] = -]
Straight R — O (measured) / / /
FEtype NG NL Nb Nh Nc Nyzial A 1)

-] L= (-] [kN] | [mm] [mm]

0.8 x 0.008 x b
st _ L
1% degree 4 150 4 4 0 72 0.8 =%5 0.8 x 0.01 X I

Table 6.9: SHS 3000mm - model 2

(a) Isg (b) Front

Figure 6.7: SHS 3000mm - model 2 : failure mode

Model 3 : influence of curved corners

This third model introduces the curved corners. Using curved corners make the numerical model closer
to the real cross-section properties, as discussed previously. The same comparison has been led for
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the RHS colunm and it has shown that using two or three elements to model a corner gives the same
results. Therefore this model will be made of two elements per corner. The values of the parameters
of this third model are presented in TABLE [6.10

There is a small deviation of failure temperature between the previous model and this one. Indeed,
the gases temperature at failure decreases from 737.4°C' in the second model to 735.8°C' in this third
model.

b h L T Te t EO fy,flat f ,corner fu
79.6 | 79.2 | 3000 4 6.87 | 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | Oresidual

= - -] = =
Curved R — O (measured) / / /
FEtype NG NL Nb Nh Nc Nagial A 0
-] O G N O o B O -] [EN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
19" degree 4 240 4 4 2 72 0.8 =5 0.8 % 0.01 X h

Table 6.10: SHS 3000mm - model 3
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(a) Iso
Figure 6.8: SHS 3000mm - model 3 : failure mode

Model 4 : influence of thermal gradient

The parameters used in this model are the same than in the third model. However, this model takes
into account the vertical and horizontal thermal gradients in the furnace. The temperature evolution
of the zones assigned to the shell elements are based on the 1D thermal analysis. The thermal gradient
is introduced by dividing the column into 12 zones, as described in SECTION The values of the
parameters used in this fourth model are given in TABLE [6.11]

FI1GURE [6.9] illustrates the failure mode obtained with this fourth model. This failure mode is very
close to that obtained during the test and which is illustrated in FIGURE This failure mode is
made of two main hinges located in the upper zone of the column and near the mid-height of the
column. The mean temperature when failure occurs is 733.4°C.
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b h L T Te t EO fy,flat fy,corner fu
79.6 79.2 | 3000 4 6.87 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | 0residual
-] [-] -] = -]
Curved R — O (measured) 12 zones / /
FEtype NG NL Nb Nh Ne Nazial A 0
-] L= (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1%* degree 4 240 4 4 2 2 | 0.8 0.8 x 0.01 X I

Table 6.11: SHS 3000mm - model 4

(a) Iso ’

Figure 6.9: SHS 3000mm - model 4 : failure mode

Model 5 : influence of the material law

This model is the same than the previous one, but the material properties used are different. Measured
material properties were used in model four (fy.2, and f,) while in this fifth model, f, is determined



CHAPTER 6. ANNEXES 122

so as to minimize the difference between the measured o — ¢ curve and the o — e curve obtained with
the modified Ramberg-Osgood model recommended in EN 1993-1-2, as discussed in SECTION The
value of f, and and the values of the other parameters are available in TABLE [6.12

The failure mode obtained is the same than that obtained in all the others models using the thermal
gradient. The failure temperature decreases from 733.4°C' with the measured properties to 733.3°C
with the fitted properties.

b h L T Te t EO fy,flat fy,corner fu
79.6 79.2 | 3000 4 6.87 2.87 | 220000 | 411.77 411.77 556.67
Corner type Material law Thermal gradient Endinsulation | 0residual

-] [-] -] = -]
Curved R — O (fitted) 12 zones / /
FEtype NG NL Nb Nh Nc Nyzial A 1)

-] L= (-] [kN] | [mm] [mm

0.8 x 0.008 x b
st _ L
1%* degree 4 240 4 4 2 2 | 0.8 0.8 x 0.01 X I

Table 6.12: SHS 3000mm - model 5

Model 6 : influence of the thermal insulation at both ends

This model is the same than the model four, but a thermal insulation is introduced at both ends of
the column in order to have a model as close to the tested column as possible. A temperature equal
to 20°C' is imposed at both ends in order to study what happens in this extreme configuration. The
values of the parameters used in this sixth model are provided in TABLE [6.13

The failure temperature increases from 733.4°C without insulation to 733.9°C with insulation. The
thermal axial displacement is reduced in the numerical model with thermal insulation at both ends,
due to the reduction of the heated length of the column.

For the same reasons than those mentioned for the rectangular hollow section, the thermal insulation
at both column’s ends is not defined as a relevant parameter.

b h L T Te t Eqy fy,flat f ,corner fu
79.6 79.2 | 3000 4 6.87 2.87 | 220000 | 411.77 441.4 588.4
Corner type Material law Thermal gradient Endinsulation | Oresidual

(-] [-] (-] -] -]
Curved R — O (measured) 12 zones Tena = 20°C /
FE type NG NL Nb Nh Nc Nozial A 1)

(] L= ] (] [kN] | [mm] [mm

0.8 x 0.008 x b
st _ L
15 degree 4 240 4 4 2 72 0.8 =5 08 % 0.0l x h

Table 6.13: SHS 3000mm - model 6
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R

IS e
(¢) Zoom - top end

(a) Iso
Figure 6.10: SHS 3000mm - model 7 : failure mode

Model 7 : influence of residual stresses

This model has the same properties than the model four, but residual stresses are introduced into the
numerical model.

The failure mode obtained is the same than those obtained with all the models where thermal
gradient were taken into account. The mean failure temperature is equal to 733.7°C, which is very
close to that obtained in the fourth model (733.4°C). Therefore, residual stresses will not be taken
into account in the following finite element models.
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b h L T Te t EO fy,flat fu,corner fu
[mm] [nlm} [mm] [mm] [mm] [mm] [m]':[nz ] [mz:vfﬂ ] m]’:[nz ] [mjr\;,z }
79.4 | 119.5 | 2500 4 6.87 2.97 | 220000 | 411.77 411.77 562.8
Corner type Material law Thermal gradient Endinsulation | 0residual
-] [-] -] (-] -]
Curved R — O (measured) 12 zones / yes
FEtype NG NL Nb Nh Nc Nyzial A 0
-] L= (-] [kN] | [mm] [mm]
0.8 x 0.008 x b
st _ L
1%* degree 4 240 4 4 2 2 | 0.8 0.8 x 0.01 X I

Table 6.14: SHS 3000mm - model 7
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