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Abstract

Various calculation methods are proposed in codes for the evaluation of fire resistance of hollow steel columns filled with concrete,
but the use of some of them may be very tedious for design engineers, and it may be interesting to have more practical tools at their
disposal. In the comparative study presented here, three methods based on different procedures are investigated. Kodur's method
is a set of formulas allowing to calculate the fire resistance or the maximum applied load. Potfire is a computer program for which
a user's manual is provided and clean instructions describe how to introduce the data. SAFIR is a non-linear computer code that can
simulate the behavior of structures under fire conditions. Comparisons are made between the results obtained by the three methods
and test results. The differences are analyzed, and the influence of some parameters is examined. From the results obtained in this

comparative study, it is possible to say in which cases each method can be used.
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1 Introduction

Concrete Filled Steel Hollow Section (CFSHS) columns
are presently used very often in high-rise buildings where
the columns have to carry heavy loads. They are appre-
ciated by engineers because they are very efficient struc-
turally and by architects as they are visually very pleasant
compared to other types of columns.

There are many advantages of using CFSHS columns.
Due to the infill the columns remain slender and can bear
higher loads without increasing the external dimensions.
The hollow section acts as formwork as well as reinforce-
ment for the concrete. In CFSHS columns when subjected
to axial compression under ambient temperature condi-
tions, lateral deformations occur at the cross-section of the
concrete core. This latter tend to extends laterally and the
SHS steel tube will prevent this expansion. The concrete
core will be laterally confined and reinforced transversely
by the presence of the steel tube especially for circular col-
umns. This reinforcement becomes more important when
the steel tube thickness increases.

However in fire situation, the confinement of the concrete
core weakens progressively with the rise of temperature.

Indeed, the SHS tube steel quickly loses its strength and
splits from the concrete core.

There is seldom any problem with respect to the joints
due to the highly developed assembly technique in struc-
tural engineering today.

Research studies on CFSHS columns commenced in
Europe in the early 70's [1]. It was soon understood that
the fire resistance of these profiles was considerably higher
compared to that of steel tubes alone or reinforced concrete
alone. Among the advantages offered by the steel tube, note
on the one hand the confinement of the reinforced concrete
core and secondly, it delays the ruin of the column follow-
ing the degradation of the mechanical characteristics of the
reinforced concrete exposed to fire. Indeed, the strength of
the reinforced concrete columns, especially in the central
columns, decreases considerably during the rise of tempera-
ture and their ruins can occur even in the post-fire phase [2].

Several research projects related to the behavior under
fire conditions were undertaken in the 70's and the 80's
[3-5]. In North America such studies started later in the
90's, and have been mainly conducted in Canada [6—8].
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Calculation methods and design tools for this type of ele-
ments are now included in codes and standards, like for
example in Eurocodes for ambient [9] as well as for fire
conditions [10—11].

The calculation methods prescribed in the codes are
often complicated, and it is preferable for design engineers
need to have practical tools for a quick and safe design. For
example the classical approach in EC4 [11] is a calculation
model given in Annex H, for which the temperature distri-
bution over the cross-section has to be calculated. One of
the difficulties of developing such practical methods is due
to the large scatter of experimental results. Therefore it is
not easy to come to safe and economically efficient models.

The large scatter of experimental results is due to the
fact that many parameters differ when performing a fire
resistance test: heating conditions, way of applying exter-
nal loads, eccentricity in case of columns, and differ mate-
rial properties from one element to another.

In this article, three methods allowing the calculation
of the fire resistance or the maximum allowable load for
a given fire resistance time are examined. The results
obtained are compared and the differences are analyzed.

Kodur has proposed formulas based on test results [6—8]
and parametric studies for which specific computer pro-
grams have been used [12-13]. POTFIRE is a design
method developed by CTICM [14], in which the buckling
load at elevated temperatures is calculated numerically.
SAFIR is a computer code developed at the University of
Liege for the simulation of structures submitted to fire [15].
The results obtained by SAFIR have been compared with
experimental results and some calibrations have been
made [16, 17]. In a rather recent research work, it has been
proved that it can also be applied to more complex elements
(steel tubes surrounding another tube or profile filled with
self-compacting concrete) [16, 17].

In this paper, comparisons are made between the results
obtained by the three methods and test results. The differ-
ences are analyzed, and the influence of some parameters
in the models is examined. Eccentric loadings and rein-
forcement ratio are the two parameters considered in this
study, while other parameters, like tube thickness, infill
and tube strength, aggregate type, etc., might also have a
significant influence.

2 Methods used for the comparative study

Three methods: Kodur's formulas, POTFIRE and SAFIR
are used for the comparison of Concrete Filled Steel Hollow
Section (CFSHS) columns with or without rebars. The

three methods have been chosen on the following bases.
Current North American procedures are based on Kodur's
formulas. In Europe POTFIRE has been proposed in order
to avoid the complicated method of EC4 [11]. SAFIR has
been developed at the University of Liege, and is used
world-wide in many universities and research centers.
The ASTM E119-88 standard temperature-time curve [18]
has been applied to establish Kodur's formulas, while for
POTFIRE and SAFIR the ISO 834 [19] has been used. The
two curves are very similar, so that the results obtained by
these two temperature-time curves can be considered as
comparable. As explained hereafter the three methods are
based on quite different procedures, and therefore the com-
parison between the various results will be informative.

2.1 Kodur's formulas

Guidelines for the simplified design of CFSHS columns
have been elaborated by the National Fire Laboratory and
the National Research Council of Canada. They are based
on a large experimental program completed by numerical
simulations.

Fifty-eight CFSHS columns were tested to failure
under fire conditions [6—8]. The columns were of circu-
lar and square cross sections and were filled with three
types of concrete; namely, plain concrete (PC), bar-rein-
forced concrete (RC) and steel fiber-reinforced concrete
(FC). No external fire protection was provided to the steel
sections. The present study deals only with plain concrete
and bar-reinforced concrete.

When testing columns, it is very important to know
the position of the load and the end conditions. Most of
the CFSHS columns tested were subjected to a concentric
load. Only three columns were tested with an eccentric
load. Most of the columns were tested with fixed end con-
ditions. Only four of them had different support conditions.

Computer models have also been developed for pre-
dicting the behavior of PC, RC and FC-filled columns in
fire [12, 13]. The models based on moment-curvature rela-
tions incorporated realistic stress-stain relationships and
the thermal properties for structural steel, concrete, and
reinforcing steel at elevated temperatures. The validity of
these computer programs has been established by compar-
ing the predictions from the models to test data. The mod-
els can account for the important parameters that influ-
ence the fire performance of CFSHS columns.

These computer programs were used to carry out
detailed parametric studies to generate a large amount of
data on the fire resistance of this type of column.



Based on the relationships between the fire resistance
and the above parameters, formulas for the fire resistance
of CFSHS columns subjected to axial loading were estab-
lished empirically (Eq. (1)): one is valid for circular and
the other one for square columns. These equations have
been rearranged in terms of a maximum load for a desired
fire resistance rating, which is most useful for designers.

The fire resistance in minutes is calculated by Eq. (1)

R=£*|(£+20)/ (L, —1000)[*D**D/C , )

where R is the fire resistance (min), C the applied axial
compressive load due to dead and live loads without load
factors (kN), L, the effective length (mm), /" the specified
28-day concrete strength (MPa), D the outside diameter or
width of the column (mm) and f,’ the correction factor to
account for the type of concrete-filling (PC, RC, and FC),
the type of aggregate used (carbonate or siliceous), the per-
centage of reinforcement, the thickness of concrete cover,
and the cross-sectional shape of the SHS column (circular
or square), values of which can be found in reference [12].

It must be pointed out that limitations exist on several
parameters including an upper limit for applied axial load
C, as shown in Eq. (2).

' 2
c<C,, = f<f—”® D’ (¢)
Rz.(LK 71000)

The C,_value should not exceed 1.0 times C ' for Steel
Hollow Section (SHS) columns filled with plain concrete,
1.7 times C ' for SHS columns filled with bar-reinforced
concrete and 1.1 times C ' for SHS columns filled with
steel-fibre reinforced concrete, where C ' is the compres-
sive resistance of the concrete core. There are also restric-
tions imposed on the other parameters [12, 13] and as a
result some cases cannot be studied. These limitations
come from the limits of the experimental study on 58 col-
umns and from the Canadian standards. The data to be
introduced are those corresponding to Egs. (1) and (2).

2.2 POTFIRE design method

POTFIRE is a design tool developed by CTICM in France
from a model originally proposed in 1992 by COMETUBE
but further developed with the collaboration of TNO in the
Netherlands.

POTFIRE allows either the evaluation of the fire resis-
tance duration of an unprotected CFSHS column under
a known design load, or the evaluation of the ultimate
load bearing resistance after a given exposure time to
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the standard ISO fire. It is also possible to take bending
moments into account. It deals with circular, square and
rectangular sections.

Three versions of POTFIRE, namely V1.2, V2.0 and
V3.0, have been used in this study. The first two are based
on the same calculation principles. They only differ in the
models used for the thermal and mechanical properties of
the materials. V1.2 refers to Annex G of ENV 1994-1-2 [10].
It must be pointed out that the material laws in this
Annex G are different from those presented in the core of
the Eurocode. V2.0 refers to Annex H of EN 1994-1-2 [11].
POTFIRE V3.0 uses the same material models as V2.0,
but the critical buckling load is calculated on the basis of
buckling curves as described in EN1994-1-2 [11], and not
according to the developments presented here after for
V1.2 and V2.0. V1.2 and V2.0 are superseded versions, but
they have been used by engineers to design buildings. It is
interesting to examine briefly the calculation principles on
which versions V1.2, V2.0 and V3.0 are based.

For the first two versions, the Guiaux-Janss method [1]
is used to define the axial buckling resistance N, for a
column with different materials characterized by non lin-
ear stress-strain curves at elevated temperatures. This
load must be equal to the sum of the internal forces N,

Jfi,Rd
existing at failure.

Ao, ) (Aa Ca0 )
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where N, is the critical or Euler buckling resistance, N ra
is the sum of the internal forces acting on the total cross
section, L, is the buckling length in the fire situation, o,
is the stress in material / at the temperature 6, E, , is the
tangent modulus of the stress-strain relationship for mate-
rial i at temperature 6 and for a stress o, , i is the sec-
ond moment of area of material component i, related to
the central axis of the composite cross section, 4, is the
cross-section area of material component i, Vi is the par-
tial safety factor in fire design for material i. (£,,.7) and
(4,.0,,) have to be calculated as a summation of all elemen-
tary components in the section having the temperature 6
after a fire duration time 7. The values of £, , and o, , used
comply with:

e =¢. =¢ =¢, 5)

s c a
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where ¢ is the axial deformation of the whole column and
¢, is the axial deformation of material component i of the
cross-section.

It is therefore assumed that the strains in both con-
crete and steel are the same, which means that no slipping
between steel and concrete occurs. In real structural ele-
ment, this assumption is not correct. However, in ambi-
ent temperature calculations according to Eurocode 4 [9],
there is no slipping between the different materials of the
CFSHS columns.

In fire situation, experience shows that with rising tem-
perature slipping can occur between the different mate-
rials particularly between steel tube SHS and concrete
core [20]. This slipping is the result of different deforma-
tion and thermal expansion of the individual components
of the composite cross-section [20].

Moreover in fire situation, simplified calculations based
on the assumption that there is a complete interaction
between the different steel and concrete materials are also
adopted by Eurocode 4 [10—11].

The design axial buckling resistance must be calculated
step-by-step and obtained when:

Nﬁ,tr = Nﬁ,Rd . 6)

All y factors are taken equal to 1 in the fire situation.

When bending moments are present, i.e. when the col-
umn is eccentrically loaded, an equivalent axial load N,
is calculated in such a way that the column will survive for
the same time in a fire when submitted to the real eccentric

load ]vﬁ,Sd

Nequ. = Nﬁ,Sd /q)s '(pb‘ . (7)

and the fictitious axial load Nequ.

In which ¢ and ¢, are empirically derived parameters to
account for the steel reinforcement ratio and the load eccen-
tricity. These are given graphically in EC4 Annex H [11].

The method used by POTFIRE V3.0 is based on the
method given in the French National Annex (FNA) of EN
1994-1-2 [11]. The calculation method is divided in two
successive steps: firstly the calculation of the temperature
field in the composite cross-section after the required fire
duration; secondly the calculation of the design buckling
load for the temperature field previously obtained, using
the design plastic resistance to axial compression of the
composite cross-section and specific bucking curves. The
temperature field is calculated using the finite differences
method with explicit scheme. The formulation is based
on a simple and regular discretization of the composite
cross-section. Calculations are carried out using the upper

limit of thermal conductivity of concrete, specified in EN
1994-1-2 [11], the value 0.7 currently recommended for the
emissivity coefficient & of the hollow steel section and
the "stress-strain" relationships at elevated temperature of
the concrete given in Annex B of EN 1994-1-2 [11]. The
design axial buckling load N, of composite columns in
fire situation is given by Eq. (8).

Njo = X (I@)'Nﬁ,kd , (®)

where N oka

pression in fire situation given by Eq. (3) and ;(*(ZO)

is the design plastic resistance to axial com-

is the reduction factor of an appropriate buckling curve
defined as function of the relative slenderness at elevated
temperature of the column, the cross-section sizes, the
percentage of reinforcement and the fire duration.

For additional information on the thermal analysis,
mechanical and thermal properties of materials and the
method of determining the reduction factor x*(zg), it
is appropriate to consult the French National Annex of
EN 1994-1-2.

The versions of POTFIRE have limitations on several
parameters such as the dimensions of the cross section,
the buckling length, the percentage of reinforcement, the
eccentricity of the axial load, the mechanical characteristics
of materials and others. For example, to POTFIRE V3.0,
they relate to the column type (square or circular), the
size of the hollow section (100 mm < width b or diame-
ter d < 610 mm), the buckling length (< 30b or 30d), the
percentage of reinforcements (< 6%), the load eccentricity
(>0.125b (or d) and <b (or d)) and for the mechanical prop-
erties of each material. The steel yield strength should be
specified in accordance with steel grades to EN 10210 [11]
or EN 10219 [11], while the class of concrete should be
specified between the limits of C20/25 and C60/75. Other
limitations can be found in POTFIRE [14]. Moreover the
three methods of POTFIRE do not allow calculating ulti-
mate loads when exceeding the fire resistance above the
level of R120. In the user's manual POTFIRE [14], clear
instructions describe how to introduce the data.

2.3 SAFIR computer program

SAFIR is a non-linear numerical code developed at the
University of Liege [15]. It is especially suited to the anal-
ysis of structures under elevated temperature conditions,
although it can also be used to analyze structures under
ambient conditions. The program, which is based on the
Finite Element Method (FEM), can be used to study the
behavior of two and three-dimensional structures. SAFIR



accommodates various elements for different idealizations,
calculation procedures and material models incorporating
stress-strain behavior. There is therefore no limit of applica-
bility when using SAFIR. The elements include 2-D SOLID,
3-D SOLID, BEAM, SHELL and TRUSS elements.

Two different material models will be used in SAFIR in
this article. The first model is based on the laws contained
in ENV 1994-1-2 [10], while the second one incorporates
those contained in EN 1994-1-2 [11].

Using the program, the analysis of structures exposed
to fire consists of two steps. The first step involves the cal-
culation of the temperature distribution inside the struc-
tural members, referred to as "thermal analysis". The sec-
ond step, named "structural analysis", is carried out in
order to determine the mechanical response of the struc-
ture due to the thermal effects, since the load is usually
assumed to remain constant during the fire.

The thermal analysis is performed while the structure
is exposed to fire. In CFSHS columns, a uniform tem-
perature has been assumed over the height of the col-
umn. This hypothesis is not consistent with the real con-
ditions observed during laboratory tests. According to
Kwasniewski et al. [21], the temperature distribution along
the columns tested is not uniform due to the heat transfer
at the partially insulated furnace openings.

Thus, thermal analysis can be reduced to a two-dimen-
sional problem of transient heating. The non-steady state 2D
temperature distribution within any cross-section is deter-
mined by solving the Fourier thermal conductivity equation.

The temperature field within a given network is estab-
lished by a finite element method in conjunction with an
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integration method for time steps. It is assumed that con-
duction is the main heat transfer mechanism in the hollow
steel section and concrete core. Convection and radiation
act essentially to transfer heat from the fire environment
to the external hollow steel section. In the classical version
of SAFIR, the thermal material models are those given in
EC4 1-2 [11], but other models can also be used. Therefore
the thermal conductivity, specific heat capacity and ther-
mal elongation are temperature dependent. The influence
of moisture (assumed as uniformly distributed in the con-
crete) is treated in a simplified way: the transient tem-
peratures in the concrete are calculated assuming that all
moisture evaporates, without any transfer, at temperatures
situated within a narrow range, with the heat of evapora-
tion giving a corresponding change in the enthalpy-tem-
perature curve. Therefore during the period of evapora-
tion, all the heat supplied to an element is used for the
moisture evaporation until the element is dry.

The discretization for plane sections of different shapes
is possible by using triangular and/or quadrilateral ele-
ments. For each element the material can be defined sep-
arately. Any material can be analyzed provided its phys-
ical properties at elevated temperatures are known. The
variation of material properties with temperature can be
considered. Fig. 1 shows an example of discretization of a
circular tube with 8 rebars.

For the structural analysis at elevated temperature, for
each calculation, the loads are applied to the structure,
described as BEAM, TRUSS and SHELL elements. The
temperature history of the structure, due to fire, is read
from the files created during the temperature analysis.

Concrete core Steel hollow

section

Triangular and/or
quadrilateral element

(b)

Fig. 1 Discretization of a circular steel hollow section 219.1x3.6 filled with concrete and containing 8 rebars of 12 mm: (a) discretization of a column

in 10 beams le with fiber model; (b) discretization of the cross section (number of nodes: 972; number of triangular elements: 1806)
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As the computation strategy is based on a step-by-step
procedure, the following information can be obtained until
failure occurs in the structure: the displacement at each
node of the structure, the axial and shear forces, and bend-
ing moments at integration points in each finite element,
the strains, stresses and tangent moduli in each mesh at
integration points of each finite element. Information on
formulations and hypotheses contained in SAFIR can be
found in [15].

3 Comparative study

Various comparisons have been made between the three
methods, and in one case with experimental results.
Although every effort has been made to explain the differ-
ences observed, in some cases there are some anomalies.

In a standard fire test, the element is submitted to a
certain mechanical load and to other standard conditions
(mainly thermal and physical). In fire engineering, two
problems must be considered: the estimation of the fire
resistance for a given structural element (verification), and
the maximum allowable load acting on the element for a
prescribed fire resistance time (design). In the compari-
sons presented here, the possibility of obtaining these two
values is examined for each method.

The properties of materials in ambient temperature
adopted in this study are: fy = 235N/mm? (yield strength
of the hollow steel section HSS), f,. = 25 N/mm* (com-
pressive strength of concrete) andfy =500 N/mm? (yield
strength of reinforcement bars).

3.1 Comparison between SAFIR, POTFIRE and
KODUR methods

In this first study three classical values of circular cross
sections have been chosen (Tables 1, 2 and 3). Compared
to what has been tested historically in furnace tests [22],
the values adopted for strengths at ambient temperature
are slightly low. The load is applied axially. Six buckling
lengths L, have been considered so that the slenderness
ratio of the columns can vary between low and high: sec-
tions 406.3 x 12.5 with L, = 2 m have a low slenderness
ratio, while sections 219.1 x 3.6 with L, = 4.5 m have a
high slenderness ratio. The four standard fire resistance
times have been chosen (Rf = 30 min, Rf = 60 min, Rf =
90 min and R =120 min). In this comparison the three
versions of POTFIRE and the two material models in
SAFIR have been used. For SAFIR, the value prescribed
in Eurocode 3 for the geometric imperfection (L /300) has
been adopted [23].

The values of axial compression forces listed in Tables
1 to 3 represent the ruin loads calculated by POTFIRE,
SAFIR and KODUR methods, for R30, R60, R90 and
R120 minutes resistances under standard fire ISO §34.

From these results, KODUR method is not always appli-
cable for example 38%, 54% and 79% with no results
respectively for the sections listed in Tables 1, 2 and 3. This
formula has several limitations [12—13]: some are due to
the fact that it cannot be applied beyond the experimental
results on which it is based, other come from rules con-
tained in Canadian standards. The limitation involved here
is related to the load applied on the column during the fire
test. It is interesting to look more in detail at the implications
of this non applicability. Two extreme cases will be exam-
ined: small slenderness ratio (¢ = 406.3 mm with L, =2 m)
and high slenderness ratio (¢ = 219.1 mm with L, = 4 m).

Considering the load ratio, this one can be calculated
in two ways: the ratio between the load applied under fire
conditions Nﬁ and the critical load under ambient con-
ditions Ncr,20°C, or the ratio between Nﬁ and the plas-

1,20°C*
second approach is used here. Since Necr,20°C is always

tic crushing load under ambient conditions N, The

smaller than or equal to N, the first ratio is always

1,20°C°
larger than the second one.

For f=406.3 mm and L, = 2 m, the plastic crushing load
1a0cc = 1714 kN.

If, for example, the values given by SAFIR EN94 are

under ambient conditions is given by Np

taken as references, the load ratios for the four values of
the fire resistance are respectively 0.592, 0.406, 0.329 and
0.260. It is possible to show [16] that Nﬁ/ a0ec CANnNot
exceed 0.7. For classical loading conditions, N ﬁ/N( P 0.5.
As N, ﬁ/NMmC is smaller, the value 0.592 is very high and
will in practice never be reached.

The three other ones are medium or even low values.
For R = 120 with L, = 2 m, Kodur's method is not appli-
cable. It must be pointed out that Kodur's studies were
mainly considered with columns in high-rise buildings,
which can explain some cases for which the formulas are
not applicable.

For ¢ = 219.1 mm and L,= 4 m, the plastic crushing load
under ambient conditions is given by N, apec = 1884 kN.
Looking at the values given by SAFIR EN94 the following
load ratios are considered: 0.154, 0.088, 0.051 and 0.026.
If reference is made to N, ..
be sensibly higher, as explained here above. In fact, for

the load ratio will of course

such a column, it is unrealistic to reach R > 30 min, even
for a small load ratio. For R = 30 min, Kodur's formula is
not applicable.
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Table 1 Comparison between the three methods for axially loaded columns for circular section 219.1x3.6 with 8012

Axial load (kN)
L Time POTFIRE SAFIR
(m) (min) V1.2 V2.0 V3.0 ENV1994 EN1994 KODUR
ENV 1994 EN 1994 EN 1994-FNA Geometric imperfection Lt/300
30' 928 884 937 866 785 N/A
60' 593 521 608 475 436 N/A
: 90" 197 266 369 255 234 N/A
120" 99 114 218 134 118 454
30' 831 874 767 696 626 N/A
60' 507 494 461 373 338 N/A
? 90" 164 252 274 204 188 359
120" 85 107 159 109 99 202
30' 738 750 604 535 481 N/A
60' 428 370 336 292 266 454
’ 90" 136 192 205 162 153 202
120" 70 84 117 85 81 114
30' 654 576 405 412 371 N/A
60" 367 276 248 228 210 291
! 90" 113 143 155 126 121 129
120" 57 63 89 64 63 73
30' 586 457 296 320 290 N/A
60' 316 214 191 180 166 202
: 90' 97 112 122 99 96 90
120" 49 50 70 49 49 50
30' 527 375 225 253 230 N/A
60' 276 173 152 144 134 148
¢ 90" 83 91 99 80 78 66
120" 42 42 56 39 38 37

N/A: KODUR Not Applicable

Let us now compare the results given by the three
versions of POTFIRE methods: V3.0 (EN 1994-FNA)
method gives lower results than V1.2 (ENV 1994) and
V2.0 (EN 1994) methods especially for the slender columns
(L, =4 m, 5 mand 6 m). These lower results seem to be
logical since the V3.0 method is based on buckling curves
principle.

The first two (V1.2 and V2.0) are based on the deter-
mination of the buckling load, but the chosen laws for
the mechanical properties of the materials are different
which leads to unclear conclusions. Version 3.0 like ver-
sion 2.0 works with the mechanical properties presented
in EN 1994-1-2 [11], but version 3.0 is based on buckling
curves and therefore should give smaller values, since
geometrical imperfections are integrated in the approach.
This is the case for most results, but not for all.

As far as SAFIR method is Concerned, the obtained
outcomes in the two versions of the material models ENV
1994-1-2 [10] and EN 1994-1-2 [11], are almost similar in
approximately 94% of all cases.

It is also interesting to compare the two more recent
versions of POTFIRE and SAFIR, both taking into
account geometrical imperfections. It can be seen that the
results given by SAFIR are lower than those given by
POTFIRE.

Comparisons can also be made from four diagrams
(Figs. 2(a) and 2(b), and Figs. 3(a) and 3(b)) in which the
above observations can be easily seen, corresponding to
the values mentioned previously for the diameter and the
two values of effective length L, =1 mand 5m. L, =1 m
seems small, but would represent the effective length if the
column was rotationally and laterally fixed at both ends.
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Table 2 Comparison between the three methods for axially loaded columns for circular section 323.9 x 4 with 8016

Axial load (kN)
L, Time POTFIRE SAFIR
(m) (min) V1.2 V2.0 V3.0 ENV1994 EN1994 KODUR
ENV 1994 EN 1994 EN 1994-FNA Geometric imperfection Lt/300
30' 2169 2208 2396 2308 2190 N/A
| 60’ 1731 1643 1928 1647 1652 N/A
90’ 1070 1169 1514 1168 1225 N/A
120’ 592 799 1176 810 875 N/A
30 2129 2208 2276 2140 2015 N/A
5 60’ 1731 1643 1770 1443 1428 N/A
90’ 1070 1169 1339 965 996 N/A
120’ 592 799 1019 648 679 1426
30 2031 2084 2126 1952 1821 N/A
5 60’ 1647 1525 1582 1231 1200 N/A
90’ 1023 1080 1151 788 794 1426
120 584 724 858 516 524 802
30' 1936 2049 1941 1747 1616 N/A
4 60’ 1546 1454 1378 1032 988 N/A
90’ 939 1005 972 645 634 913
120' 511 668 711 415 410 513
30' 1844 2046 1733 1524 1403 N/A
5 60’ 1440 1429 1180 861 811 1426
90' 850 974 815 534 514 634
120' 445 647 567 341 332 356
30' 1741 1951 1520 1289 1187 N/A
6 60’ 1325 1239 1004 724 673 1048
90’ 764 824 646 451 427 466
120’ 387 535 448 290 279 262
N/A: KODUR Not Applicable
1000 ¢ 600
E [l POTFIRE V1.2-ENV94 Kl POTFIRE V1.2-ENV94
875 POTFIRE V2.0-EN94 POTFIRE V2.0-EN94
750 POTFIRE V3.0-EN94-FNA | 450 POTFIRE V3.0-EN94-FNA —
_ SAFIR-ENV94-(Geom. Imperf. L/300) = SAFIR-ENV94-(Geom. Imperf. L/300)
é 625 SAFIR-EN94-(Geom. Imperf. L/300) = SAFIR-EN94-(Geom. Imperf. L/300)
E 500 A KODUR E 100 CODUR
E 375 é
= 250 150
125
0 0
30" 60' 90" 120' B0 i .
Fire resistance (min) ire resistance (min)
(a) (b)

Fig. 2 Comparison between the results of the different methods for the case circular 219.1 x 3.6 with 8012, p =2.56%. (a) L, = Im. (b) L, = 5Sm

6000 I ‘ 4500
BN POTFIRE V1.2-ENV94 BN POTFIRE V1.2-ENV94
5000 POTFIRE V2.0-EN94 | Bl POTFIRE V2.0-EN94
POTFIRE V3.0-EN94-FNA 3600 POTFIRE V3.0-EN94-FNA —
— SAFIR-ENV94-(Geom. Imperf. L/300) SAFIR-ENV94-(Geom. Imperf. L/300)
Z 4000 [———— SAFIR-EN94-(Geom. Imperf. L/300)  —| = SAFIR-EN94-(Geom. Imperf. L/300)
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=
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Z 2000 :é
1000 - [ | 900
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Fig. 3 Comparison between the results of the different methods for the case Circular 406.3 x 12.5 with 820, p =2.2%. (a) L, = 1 m. (b) L, = 5m
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Table 3 Comparison between the three methods for axially loaded columns for circular section 406.3 x 12.5 with 8020

Axial load (kN)
L, Time POTFIRE SAFIR
(m) (min) V1.2 V2.0 V3.0 ENV1994 EN1994 KODUR
ENV 1994 EN 1994 EN 1994-FNA Geometric imperfection Lt/300
30' 4408 4378 4497 5282 4565 N/A
60' 3035 2959 3372 3217 3131 N/A
! 90" 2134 2257 2825 2458 2540 N/A
120" 1270 1712 2338 1889 2010 N/A
30' 4365 4378 4359 5052 4354 N/A
60' 3035 2959 3221 2987 2893 N/A
: 90" 2134 2257 2639 2218 2278 N/A
120" 1270 1712 2167 1653 1759 N/A
30' 452 4331 4196 4780 4106 N/A
60" 3006 2953 3043 2734 2635 N/A
’ 90' 2134 2257 2429 1933 1976 N/A
120" 1270 1712 1975 1384 1457 N/A
30" 4121 4154 4000 4473 3828 N/A
60' 2902 2804 2837 2461 2358 N/A
! 90' 2062 2167 2199 1665 1676 N/A
120" 1247 1628 1767 1138 1169 1594
30' 3989 4013 3767 4106 3525 N/A
60' 2783 2710 2604 2180 2072 N/A
: 90’ 1963 2035 1962 1422 1409 1968
120" 1158 1505 1557 910 911 1107
30" 3868 3992 3497 3625 3173 N/A
60' 2659 2673 2356 1907 1794 N/A
o 90’ 1856 1965 1732 1188 1135 1446
120' 1065 1445 1360 736 716 813

N/A: KODUR Not Applicable

For ¢ = 219.1 with L, = 1 m the differences are not neg-
ligible and correspond to what has been discussed here
above. For L, = 5 m two values are much higher for R= 30
min [14] and one for R =60 min [14]. The other results are
close to each other.

For ¢ = 406.3 with L, = 1 m, SAFIR ENV94 gives
higher values for R =30 min, while POTFIRE V3.0 gives
higher values for the three other cases. For L, = 5 m the
differences are not negligible, but it is not easy to draw
clear conclusions in this case.

3.2 Comparison with experimental results

In order to further consider the results of the three methods,

the predictions have been compared with test results obta-

ined in various laboratories and described in detail in [3-4].
The main characteristics of the profiles are repro-

duced in Table 4. In the designation of columns (e.g.

SB-260x6.3-8010), the first letter (S) represents section

shape (square), the second letter (P, B) denotes concrete-fill-
ing type (plain and bar-reinforced concrete), the first num-
ber (260) denotes the width of the Steel Hollow Section
(SHS), the second number (6.3) denotes the thickness of the
tube and in the last term (810), numbers 8 and 10 respec-
tively denotes the number and the diameter of the rebars.

All columns are axially loaded. All sections are square
260 x 260 x 6.3 mm with reinforcement ratios of 0, 1 and
2 % approximately.

Regarding the loads applied, it is well-known that the
fire resistance is much less without rebars than when rebars
are present.

All the columns presented here have a total length
L, = 3.60 m. The Fig. 4 shows the loading device and the
calculation scheme of the tested column. At the bottom,
a plate is welded to the tube and the whole is set on the
support. At the top the load is transmitted by two jacks as
indicated, the whole being set on a plate.
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Fig. 4 (a) Loading device, (b) calculation scheme of the tested column

With this type of device the columns are not hinged and a
partial rotational restraint exists at both ends, which is rather
difficult to evaluate. In [3] some considerations have led the
author to adopt , = 0.7 L, = 2.52 m although this is recog-
nized as being somewhat uncertain. To explain the value
proposed, it must be pointed out that the partial rotational
restraint in closer to fixed conditions than to hinged ones.
However, adopting for L, a value close to 0.5 Lt would be
on the unsafe side. Therefore the value L, = 0.7 L, has been
proposed. This value has also been adopted in this study.

It can be noticed that the experimental results display
a significant scatter. For the tests without rebars the fire
resistance varies between 86 and 134 min. For 1 % rein-
forcement, the values are closer (62 and 66 min), while for
2 % they differ (89 and 109 min). Though these tests have
been performed in various laboratories, the differences can
be considered as large. For 2 % reinforcement the differ-
ence (20 min = 20 % of the fire resistance time) can be con-
sidered as sensible. This explains why it is very difficult to
propose theoretical and numerical models for the evalua-
tion of the fire resistance of columns based only on experi-
mental results and why it is important to undertake a com-
parison between experimental and theoretical predictions.

Concerning SAFIR predictions, only the most recent
version of the material model has been used, but three val-
ues of the geometrical imperfections have been consid-
ered. Though the columns are centrically loaded there is
always some geometric imperfection, in practice, and the
evaluation on the basis of the crushing load is somewhat
on the unsafe side.

On the other hand considering an imperfection L /300,
like the one recommended in EN 1994-1-2 [11], might be
too conservative. If the value adopted for the imperfec-
tion in the numerical simulations is higher than the real

one, the value calculated will be lower than the true one,
and is therefore too conservative. From observations made
during tests performed at the University of Liege on rather
similar types of profiles, it has been concluded that the
real imperfections are very small and close to L /1000 [16].
Therefore calculations with an imperfection L /1000 have
also been performed, and this should be considered as the
most appropriate assumption for the simulation.

For POTFIRE, the three versions have been used.
Versions V1.2 and V2.0 give results close to each other. For
Version V3.0 the values differ. The difference is signifi-
cant for the plain concrete case and V3.0 gives smaller val-
ues since geometrical imperfections are taken into account.
When rebars are present, the differences are small, but the
values given by V3.0 are higher, which is surprising.

Concerning Kodur's method the values are closer to
experimental results, but it can be noticed that two values
are higher than experimental results, the difference being
significant in one case (close to 15 %).

Kodur's formulas have been obtained from a calibra-
tion with 58 test results. Almost all (54 out of 58) have
been made with fixed end conditions, and it is well-known
that in this case high values of the fire resistance time are
obtained, as the influence of geometrical imperfections is
negligible. This explains why on one side results given by
Kodur may be rather close to experimental ones. On the
other side they may be unsafe when applied to columns
hinged or with partial restraints at both ends, where geo-
metrical imperfections may have a significant effect.

A few diagrams are presented in order to illustrate
these conclusions. Fig. 5 displays all the results presented
in Table 4. The test results are situated on the diagonal OA.
All results are on the safe side except the two from Kodur,
as mentioned previously and two from SAFIR.

Concerning SAFIR two values are higher than experi-
mental results, but the value with no geometric imperfec-
tion has no significance, since it has been decided to adopt
L /1000 for the geometric imperfection.

Comparing the results from SAFIR for the three val-
ues of the geometric imperfection, it can be seen that this
parameter has a significant influence.

For two values of experimental results (86 and 98 min
- plain concrete) the values given by SAFIR (L,/1000) and
Kodur are reasonably well in agreement with test results,
while all the results given by POTFIRE are with wider
safety margin.

For the other two values (133 and 134 min), all the cal-
culated values are with bigger safety margin.
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Fig. 5 Comparison between all results (Test, SAFIR, POTFIRE and KODUR)
Table 4 Comparison between the results of the three methods and test results
Fire resistance (min) with L, = 2.52 m
SAFIR EN1994 POTFIRE
. Test
Section P c Geometric imperfection V1.2 V2.0 V3.0
type (%) (kN) N KODUR
No L/300 L /1000 ];:59\4, 1?;4 1994
FNA
SP1-260x6.3 0 800 86~
SP2-260x6.3 0 800 98+
103 79 91 72" 66" 57 84
SP3-260x6.3 0 800 133+
SP4-260x6.3 0 800 134%
SB-260x6.3-8310 1 1500 62 58 42 50 45+ 45+ 48° *
SB-260x6.3-8014 2 1500 109 62 46 54 50" 50" 55* 69
SB-260x6.3-4014 1 1500 66 58 41 50 44" 45¢ 48" *
SB-260x6.3-4020 2 1500 89 62 46 55 49* 51 58" 71

*: % reinforcement < 1.5 % according to the Canadian standards 1.5 % < p <5 %; +values obtained by linear interpolation;

*values from 4 tests in various laboratories

It may be interesting to adopt another way of repre-
sentation. This has been done for two particular cases of
experimental results (plain concrete R =98 min; concrete
with rebars R =66 min) (Figs. 6 and 7).

Coming back to Fig. 5, it can be seen that, for the exam-
ples with rebars the results vary from one case to another.
For two tests (8014 and 4020), all theoretical results are
with wider safety margin, which is not the case for the two
other tests (80310 and 4014). The best estimation is given
by Kodur for two cases, but for the two other cases the cal-
culated values are on the unsafe side. It can also be seen

that the most significant values of SAFIR and POTFIRE
(SAFIR EN94- L /1000 and POTFIRE V3.0) are close to
each other.

Also, according to Kwasniewski et al. [24], the main
difference's sources between numerical and experimen-
tal results, particularly in the post-buckling phase, are due
to simplified numerical material model and complexity
of actual mechanical support conditions. Kwasniewski et
al. [21] also found that the postponed buckling observed
during tests is due to non-uniform temperature distribu-
tion along the columns tested. Their study [21-24] shows
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Fig. 6 Comparison between the results for the case SP-260x6.3. Applied
load 800kN
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Fig. 7 Comparison between the results for the case SB-260x6.3-4014.
Applied load 1500kN

that the modeling factors influence numerical results, such
as magnitude of imperfections and therefore it is not pos-
sible to better correlate numerical results with existing
experimental data.

3.3 Comparison between the results of two methods for
eccentric loads

In the two preceding comparisons the columns were axially
loaded. It has been found interesting to compare the meth-
ods for eccentric loads. For this purpose the circular sec-
tion 323.9 with 8016 has been examined using one material
model with SAFIR and two versions of POTFIRE. Three

values of the eccentricity have been chosen: 10, 20 and 50
mm. The calculations have been performed for two values
of the buckling length: L, = 1 and 4.5 m, respectively for
low and high slenderness ratios (see Tables 5 and 6).

It must be pointed out that Kodur's method is not appli-
cable to this case, since the method assumes concentric
loading.

On the other hand Versions V1.2 and V2.0 of POTFIRE
have been used since it is not possible to introduce an
eccentricity with version V3.0.

Concerning SAFIR, no geometrical imperfection has
been introduced. It is assumed that it is contained in the
external eccentricity.

The complete set of results is given in Tables 5 and 6,
R fis the fire resistance duration time of the column, Load
is the applied eccentric compression force. In Table 6, the
value of 2888 kN is the 10 mm eccentric compression load
which the column can withstand at ambient temperature.

The procedure consists of reducing this compression
Load and calculating progressively for each adopted value
the resistance time R - For example, in Table 6, 2400 kN,
1600 kN and 400 kN are the 10 mm eccentric compression
loads which can the column withstand respectively after
10, 25 and 103 minutes of heating under a standard fire.

It is also possible to analyze the results obtained from
diagrams giving the admissible load versus the fire resis-
tance duration time (Figs. 8 and 9) for the three calculation
methods.

From the results obtained for the slender column
(L, = 4.5 m), the three methods give almost the same com-
pression force values for the same heating time particu-
larly for the eccentricities 20 and 50 mm and overheat-
ing exceeding 30 minutes. For the weak slender column
(L, = 1 m), the two versions of POTFIRE give fairly sim-
ilar results whereas those of SAFIR are higher. Further
detailed discussion was given in Section 3.3.

Figs. 8(a) to 8(c) correspond to the case L, = 1 m, i.c. a
column with a small slenderness ratio. The diagrams show
that the two versions of POTFIRE give results close to
each other, while the values given by SAFIR are higher.
This is true for all values of the fire resistance time, and
for the three values of the eccentricity.

The results are not surprising. The two versions of
POTFIRE (V1.2 and V2.0) are very similar. They usually
give results with wider safety margin (Table 4 and Fig. 5).
Therefore the admissible load given by POTFIRE will be
in most cases smaller than the one given by SAFIR for the
prescribed fire resistance duration time.
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Table 5 Comparison between two methods for eccentrical loads for circular section 323.9x4 with 816 - L, = 1 m without geometrical imperfection

SAFIR EN1994 POTFIRE V2.0 — EN1994 POTFIRE V1.2 - ENV1994
Eccentricity Eccentricity Eccentricity
10mm 20mm 50mm 10mm 20mm 50mm 10mm 20mm 50mm

Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf
(kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min)

50 360 50 360 50 360 50 361 50 344 50 312 50 384 50 369 50 328
100 360 100 360 100 357 100 267 100 252 100 224 100 259 100 237 100 204
200 320 200 308 200 272 200 193 200 182 200 lo4 200 171 200 163 200 147
300 271 300 258 300 220 300 162 300 156 300 141 300 145 300 137 300 120
400 236 400 223 400 180 400 146 400 138 400 121 400 126 400 118 400 104
600 184 600 169 600 144 600 119 600 110 600 89 600 103 600 97 600 85
800 154 800 144 800 117 800 96 800 86 800 64 800 89 800 83 800 68
1000 137 1000 123 1000 93 1000 77 1000 67 1000 42 1000 77 1000 70 1000 41
1200 115 1200 104 1200 72 1200 ol 1200 50 1200 27 1200 67 1200 50 1200 24
1400 99 1400 87 1400 50 1400 47 1400 35 1400 19 1400 46 1400 31 1400 15
1600 83 1600 71 1600 33 1600 34 1600 25 1600 13 1600 30 1600 22 1600 2
1800 69 1800 53 1800 23 1800 25 1800 19 1800 6 1800 22 1800 15 1610 1
2000 52 2000 38 2000 18 2000 20 2000 15 1850 3 2000 16 2000 7 1612 0
2200 38 2200 27 2200 14 2200 16 2200 9 1855 2 2200 10 2050 3 - -
2400 28 2400 22 2400 6 2400 11 2300 6 1859 1 2300 5 2060 2 - -
2600 22 2600 18 2500 2 2600 6 2375 3 1862 0 2320 3 2070 1 - -
2800 19 2800 14 2520 1 2700 2395 1 - - 2340 1 2075 0 - -
3000 16 3000 4 2523 0 2708 1 2398 0 - - 2345 0 - - - -
3100 14 3050 3 - - 2709 0 - - - - - - - - - -
3200 10 3075 1 - - - - - - - - - - - - - -
3300 3 3089 0 - - - - - - - - - - - - - -
3326 0 - - - - - - - - - - - - - - - -

The case L, = 4.5 m is displayed in Figs. 9(a) to 9(c) and
corresponds to a high slenderness ratio. It can be seen that
the results given here by the three approaches are rather
similar, except for very small values of R, corresponding
to high loads. The same observation can be made for the
three values of the eccentricity.

The following explanation is given for these differ-
ences. SAFIR and POTFIRE do not work in the same way.
SAFIR is a numerical code that simulates the behavior of
the structural element up to failure on the basis of the prin-
ciples of structural mechanics. POTFIRE has first been
established for concentric loaded columns on the basis of
the buckling load. For eccentric loads the procedure pro-
posed is somewhat artificial.

It consists of replacing the eccentric load by a concen-
tric one affected by a coefficient of correction in which
only three parameters are considered: the eccentricity, the
slenderness and the percentage of steel. However, other
factors not taken into account may influence the effect of
eccentricity, e.g. the concrete strength, the concrete cover

to bar reinforcement. If the concrete cover increases the
bending moment capacity decreases, and in the same way
the fire resistance.

Furthermore, for the case L, = 1 m, the failure load cor-
responds to crushing of the columns even for e = 50 mm,
while for L, = 4.5 m buckling will be dominant. Therefore
the coefficient of correction in POTFIRE procedure may
have been better calibrated where buckling is dominant.
It can be observed that for L, = 4.5 m and e = 50 mm, all
results are almost identical for R > 30 min.

3.4 Influence of the percentage of steel rebars

The following analyses show how the results given by the
three methods are influenced by the percentage of steel
reinforcement.

To this aim two types of cross sections already exam-
ined in this article have been considered (Table 7). In the
designation of columns (e.g. S260x6.3-4020), the letter
(S) represents section shape (Square or Circular), the first
number (260) denotes the width (for square) or diameter
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Table 6 Comparison between two methods for eccentrical loads for circular section 323.9x4 with 8016 - L, = 4.5m without geometrical imperfection

SAFIR EN1994 POTFIRE V2.0 - EN1994 POTFIRE V1.2 - ENV199%4
Eccentricity Eccentricity Eccentricity
10mm 20mm 50mm 10mm 20mm 50mm 10mm 20mm 50mm

Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf Load Rf
(kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min) (kN) (min)

50 326 50 314 50 290 50 325 50 308 50 263 50 293 50 270 50 237
100 234 100 212 100 171 100 213 100 199 100 172 100 197 100 183 100 162
200 149 200 144 200 132 200 158 200 152 200 138 200 143 200 136 200 119
300 123 300 117 300 105 300 137 300 129 300 114 300 117 300 109 300 100
400 103 400 96 400 85 400 119 400 111 400 93 400 103 400 99 400 89
500 87 500 81 500 70 500 104 500 95 500 77 500 95 500 90 500 78
600 75 600 69 600 58 600 91 600 82 600 63 600 87 600 82 600 69
800 57 800 52 800 40 800 70 800 61 800 43 800 73 800 67 800 39
1000 45 1000 39 1000 28 1000 54 1000 45 1000 29 1000 57 1000 42 1000 23
1200 37 1200 31 1200 21 1200 41 1200 34 1200 20 1200 36 1200 26 1200 15
1400 30 1400 26 1400 15 1400 32 1400 25 1400 13 1400 25 1400 19 1400 5
1600 25 1600 21 1600 10 1600 24 1600 19 1500 8 1600 19 1600 13 1410 4
1800 21 1800 17 1800 6 1800 19 1800 13 1550 4 1800 13 1800 5 1420 2
2000 18 2000 14 2000 4 2000 14 2000 4 1580 2 2000 7 1830 2 1425 1
2200 14 2200 8 2200 2 2200 7 2040 2 1587 1 2010 6 1840 1 1430 0
2400 10 2400 4 2250 1 2300 2 2045 1 1589 0 2030 5 1842 0 - -
2600 4 2600 2 2260 1 2310 1 2047 0 - - 2040 4 - - - -
2800 1 2650 1 2270 0 2312 0 - - - - 2060 3 - - - -
2850 1 2700 0 - - - - - - - - 2070 2 - - - -
2875 1 2706 0 - - - - - - - - 2080 1 - - - -
2888 0 - - - - - - - - - - 2090 0 - - - -

(for circular) of the steel hollow section SHS, the second
number (6.3) denotes the thickness of the tube and in the
last term (4020), numbers 4 and 20 respectively denotes
the number and the diameter of the rebars.

Various amounts of the steel reinforcement have been
chosen. All these columns are assumed to be hinged
at both ends and have a total length of 3.5 m; therefore
L,=L,=3.5m. The applied load is 1500 kN for all cases.
This load is slightly smaller than the maximum allow-
able one in Kodur's method. Since the square section has
a larger slenderness ratio, a low value of fire resistance
duration should be expected.

From Table 7, concerning the influence of the percent-
age of steel rebars, the fire resistance duration obtained
by the method of KODUR are higher than those calcu-
lated by the two other methods. Also, it is surprising that
this method gives the same fire resistance duration for
the same section, with different percentage of steel rein-
forcement. The other two methods SAFIR EN1994 and
POTFIRE V2.0 give similar results and the fire resistance

durations increase with the increase of the reinforcement
ratio in the columns section. In the author's opinion, the
results obtained by these two methods are logical.

They remain the same within certain ranges of the per-
centage of reinforcement p. However, the other methods
indicate that reinforcing percentage has a significant effect
(square 260: Kodur no variation, SAFIR close to 10%,
POTFIRE close to 20 %; circular 323.9 p > 3 %: Kodur no
variation, SAFIR > 10 %, POTFIRE = 20 %).

As noted previously, Kodur's formulas give higher val-
ues than those given by the two other methods. They can
be closer to the experimental results, but they can also be
unsafe when applied to columns hinged at both ends, for
the reason already mentioned.

3.5 Comparison between two methods in the case of
very small eccentricities

This comparison aims at showing a discrepancy that can
be observed in the results given by POTFIRE for very
small eccentricities.
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Fig. 8 Comparison between two methods for the case circular section
323.9x4 with 8016 and Lb = 1 m for all values of R : (a) eccentricity
load e = 10 mm, (b) eccentricity load ¢ = 20 mm and (c) eccentricity

load e = 50 mm

For this analysis the circular column 323.9x4 with 8016
has been chosen. The column is assumed to be hinged at
both ends with a total length L, = L, = 3 m, corresponding to
amean value of the slenderness ratio. The eccentricity varies
from 0 to 5 mm and thus very small values are considered.

Regarding the influence of the eccentricity of the axial
compression load applied to the column, Table 8 summa-
rizes the results of these loads for the two methods SAFIR
EN 1994 and POTFIRE V2.0 and for the four classical val-
ues of the duration of fire resistance R30, R60, R90 and
R120 minutes.
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Fig. 9 Comparison between two methods for the case circular section
323.9x4 with 8016 and Lb=4.5m for all values ofR/: (a) eccentricity
load e = 10mm, (b) eccentricity load e = 20mm and (c) eccentricity

load e = 50mm

As afirst remark, it is surprising to note that, for a very
low eccentricity (0.1 mm), the axial compression loads cal-
culated by POTFIRE decrease very rapidly (15 % of loss)
with respect to the centered axial loads (eccentricity = 0)
and this for the four durations of fire resistance.

This finding is not observed for the SAFIR method which
gives, for very small eccentricities (0, 0.1 and 0.5 mm),
a low rate of reduction of compressive loads (1 to 2 %)
compared to the centered axial compression loads. To better
appreciate the difference between the two methods, it was
considered useful to graph the Table 8 results for two types
of fire resistance R60 and R120.
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Table 7 Influence of the percentage of reinforcement in the three methods

Fire resistance (min)

Scctontgpe remfoeementcounn - Applicdaxialload  SATRENISS
p(%) Lt(m) SO Imperfection EN1994 KODUR
Lt/ 1000
S260x6.3-4014 1 35 1500 29 32 43
S260x6.3-4020 2.1 32 39 43
C323.9x4-8014 1.6 3.5 1500 58 53 88
(C323.9x4-8016 2.1 68 62 88
(C323.9x4-8020 3.2 80 79 93
C323.9x4-8025 5.0 90 97 93
Table 8 Influence of very small eccentricities in two methods for a circular section 323.9x4 with 8316 and L, = 3 m
Axial load (kN)
f((:r(;enrit)ricity SAFIR-EN1994 without geometrical imperfection PotFire V2.0 EN1994
R30' R60' R90' R120' 30' R60' R90' R120'
0 2215 1535 1033 660 2084 1525 1080 724
0.1 2186 1518 1019 647 1772 1297 918 616
0.5 2140 1485 988 623 1761 1289 913 612
1 2113 1459 963 610 1748 1280 906 607
5 2015 1347 877 572 1649 1207 855 573
10 1921 1269 833 547 1540 1127 798 535
20 1761 1161 771 510 1363 998 706 474
50 1401 945 638 421 1058 775 548 368

Two particular cases (Rf: 60 and 120 min) are exam-
ined in Figs. 10 and 11. The maximum admissible load has
been calculated for the 4 classical values of the fire resis-
tance duration time (Rf: 30 to 120 min).

SAFIR is a numerical model which simulates the struc-
tural behavior and there is a continuous decrease of the
admissible load. On the contrary, the values given by
POTFIRE, show a relatively important drop when the
eccentricity varies from 0 to very small values.

This is due to the manner that POTFIRE determines
the fire resistance when the load is applied eccentrically
(Eq. 7). For e = 0, the admissible load is given by N, ra
and for e # 0, Eq.(7) is used. For a very small value of the
eccentricity, the jump can be explained by the variation of
the two parameters ¢  and ¢, [11]. This sensitivity should
be recognized within the POTFIRE Manual.

The results of Table 8 are presented in Figs. 10(a)
and 11(a) show histograms for all selected eccentricities
(0, 0.1... 50 mm). In order to better see the initial drop,
Figs. 10(b) and 11(b) show the same results when the
eccentricity varies from 0 to 5 mm to better show the dif-
ference between the two methods and in particular for the
two eccentricities 0 and 0.1 mm.

As already noted, the load capacities predicted by
SAFIR are higher than those given by POTFIRE in some
cases, but in other cases they are very close to each other.

4 Conclusions

Concrete-filled tubular sections are commonly used in
steel-framed construction and it is important to be able
to determine the fire resistance of these members. This
paper has provided a comparison of test results (which
show considerable variability) for such members with the
predictions of various methods of calculation - Kodur's
empirical method, POTFIRE (three versions) and SAFIR,
a finite element method.

The following conclusions are made with respect to
each of the calculation methods:

Kodur's method (empirical formulas) is the most simple
one. The values obtained are rather close to experimental
results which is not so particularly surprising, as it was
developed based on the laboratory fire tests. The fire resis-
tance depends only on a limited member of parameters. It
can provide the fire resistance duration of a given profile,
or the maximum admissible load for a given fire resistance
time. Therefore it is recommended to use this method for
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Fig. 10 Comparison SAFIR-POTFIRE for the case circular section
323.9x4 with 8016 and L, = 3m in fire duration 60min. (a) for all the
values of the eccentricity; (b) for the eccentricity varying from 0 to 5 mm

standard cases. The method has some limitations, most of
them being explicit. It is applicable only for axial loads. It
is valid only for standard fire conditions.

POTFIRE computer program is easy to apply. A user's
manual is provided and clear instructions describe how to
introduce the data. It can provide the fire resistance dura-
tion of a given profile, or the maximum load for a given
fire resistance time. The method should be used for stan-
dard cases, though in most cases it gives results with wider
safety margin. Therefore it could be recommended when
Kodur's formulas do not apply. The method has some lim-
itations. There is a discrepancy for low values of the eccen-
tricity, and this should be noted in the User's Manual. It is
valid only for standard fire conditions.

SAFIR is a non-linear computer code that can sim-
ulate the behavior of structures under various fire condi-
tions. Therefore it can give a complete description of mem-
ber behavior for varying temperature distribution and load
conditions. The program is readily used by an experienced
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Fig. 11 Comparison SAFIR-POTFIRE for the case circular section
323.9x4 with 8016 and L, = 3 m in fire duration 120 min. (a) for all the

values of the eccentricity; (b) for the eccentricity varying from 0 to 5 mm

practitioner. Therefore this code should be recommended
for sophisticated cases, e.g. a column in a frame submitted
to a natural fire, this allowing performance-based structural
fire design.

The only limitation is the following: SAFIR provides
the fire resistance duration. To get the maximum admissi-
ble load for a given fire resistance time, it is necessary to
perform several simulations at various load levels.

From this study, one may ask the following question:
Why some predictions are inaccurate? In the author opin-
ion, the differences in the results between considered cal-
culation models "POTFIRE, Kodur and SAFIR" and exper-
imental tests, are due to the fact that these methods do not
take into account some very important factors in the calcu-
lation of the fire resistance, such as for example: the mois-
ture migration, the concrete cracking, the local buckling of
the steel tube, the transient creep and load-induced thermal
strains in concrete and the formation of an air gap at the
interface between the concrete core and the steel tube.
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Also, it is difficult to model the buckling length com-
pared to reality during testing. Furthermore, the param-
eters of slenderness and modes of support are very
important in the estimation of the failure load at elevated
temperatures. Indeed, as it was observed during the exper-
imental tests carried out on columns of concrete-filled
steel tube, ruin can occur either by global buckling for
slender columns or by local buckling of the steel tube and/
or crushing of the concrete core, for short columns [22].
Moreover, it is difficult to know the real supporting con-
ditions during testing. The majority of tests (= 64%) have
been performed on the nominally fixed-fixed members,
although it is worth noting that the true fixity during test-
ing is never perfect and is usually not known [22].

The author recommends the SAFIR calculation code
which is the most universal method, guaranteeing safe and
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