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ABSTRACT

In this paper, the behaviour of slender axially loaded square and circular CFT columns
exposed to fire is modelled using the finite element analysis package ABAQUS. A realistic
sequentially coupled nonlinear thermal-stress analysis is conducted for a series of columns
available in the literature. By means of this model, a comparison between fire resistance
simulations results and experimental tests found in literature is made. Similarly, simulations
results are compared to the Eurocode 4 simplified calculation model predictions. Comparisons
show that whereas Eurocode 4 predictions are very conservative for both circular and square
section CFT columns, the results obtained from the developed numerical model are much

more realistic.
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1. INTRODUCTION

Concrete filled tubular (CFT) columns are composite members that consist of a steel
tube filled with concrete. Filling hollow steel columns with concrete is an interesting way to
improve not only the bearing capacity of the columns but also their fire resistance [1]. Surface
temperature of a hollow structural section without external protection increases quickly
during the development of a fire. On the contrary, whether the steel tube is filled with
concrete, while the steel section loses gradually its resistance and rigidity, the load is
transferred to the concrete core, that heats up more slowly, thus increasing the fire resistance
of the column.

In addition to its structural function, the steel tube acts as a radiation shield to the
concrete core, what, combined with a steam layer in the steel-concrete boundary, leads to a
lower temperature rise in the concrete core when compared to exposed reinforced concrete
structures [1].

As a consequence of the different thermal conductivities of steel and concrete, the
temperature distribution in the cross-section of a CFT column is not uniform during a fire.
This fact generates a behaviour characterized by noticeable heating transients and high
temperature differentials across the cross-section. Due to these differentials, CFT columns can
reach high fire resistance times without external fire protection [1]. However, it is necessary
to resort to numerical models in order to predict accurately these temperature profiles along
the fire exposure time [2] [3].

In this work, the finite element analysis package ABAQUS [4] was employed to model
the behaviour of slender axially loaded circular and square CFT columns exposed to fire.
With this software, a sequentially coupled nonlinear thermal-stress analysis was conducted.

The results of the simulations were compared with a series of fire resistance tests available in
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the literature [5] [6] [7], as well as with the predictions of the Eurocode 4 [8] simplified

calculation model.

2. DEVELOPMENT OF THE NUMERICAL MODEL

2.1. Finite element mesh of the model

A three-dimensional numerical model was developed in ABAQUS [4], with variable
parameters such as the length of the column (L), the external size or diameter (D), the
thickness of the steel tube (t), the presence of reinforcement and the thermal and mechanical
material properties. It consisted of two or three parts: the concrete core, the steel tube and,
according to the case, the reinforcement. Due to symmetry on the geometry and boundary
conditions, only a quarter of the column was modelled.

The model was meshed with three-dimensional eight-node solid elements, for both the
concrete core and the steel tube. In the case of reinforcing bars, two-node elements were used.
The mesh density was controlled to have a maximum element size of 2 cm, what, by means of
a prior sensitivity analysis, was proved to be sufficient to predict with enough accuracy the
thermal and mechanical behaviour of the CFT columns under fire. The finite element mesh

for one of the CFT columns studied can be found in Fig. 1.

2.2. Material properties

The numerical model took into account the temperature dependent thermal and
mechanical properties of the materials. For modelling mechanical behaviour of concrete, Lie’s
model [9] was employed, provided that it proved to be the one that best predicted the
behaviour of the concrete infill in CFT columns, as said by Hong & Varma [3]. The
mechanical model implemented in ABAQUS employed the hyperbolic Drucker-Prager yield

surface. The thermal properties for concrete at elevated temperatures were extracted from EN
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1992-1-2 [10]. For steel, the temperature dependent thermal and mechanical properties
recommended in EN 1993-1-2 [11]jError! No se encuentra el origen de la referencia. were
adopted. The isotropic multiaxial plasticity model with the Von Mises yield surface was
employed.

The constant values of the thermal expansion coefficient for concrete (o) and steel (o)
recommended by Hong and Varma [3] were employed: s = 12 x 10°°C™?, o = 6 x 10 °CL,
With regard to the moisture content of the concrete infill, it is necessary to take into account
that the lower the moisture content, the less the heat spent in evaporating the water and thus
the more the heat dedicated to increase the column temperature. Therefore, columns with low
moisture contents have an earlier failure than those with a great percentage of moisture, since
they get much higher temperatures. In this research, the moisture content of the concrete infill

was not modelled, what lies on the safe side.

2.3. Thermal analysis

For conducting the thermal analysis, the standard 1SO-834 [12] fire curve was applied
to the exposed surface of the CFT column model as a thermal load through the convection and
radiation heat transfer mechanisms. The thermal contact in the steel-concrete boundary was
modelled by employing the “gap conductance” and “gap radiation” options. The thermal
resistance at the boundary between the steel tube and the concrete core was modelled by
employing a constant value of 200 W/m?2K for the gap conductance.

For the governing parameters of the heat transfer problem, the values recommended in
EN 1991-1-2 [13] were adopted.

e Coefficient of convective heat transfer at the exposed surface: h=25 W/m?K.
e Configuration factor for radiation at the exposed surface: ®=1.

e Stephan-Boltzmann constant: 6=5.67 x 10 ® W/ m?K?*,
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e Emissivity of the exposed surface: €=0.7.
e Emissivity of the fire: e=1.
e Initial temperature: To=20 °C
The three-dimensional eight-node heat transfer solid element with nodal temperature
degree of freedom DC3D8 was used to mesh the thermal model. The reinforcing bars for the
reinforced specimens were modelled using two-node heat transfer links DC1D2.
The nodal temperature-time curves resulting from the nonlinear heat transfer analysis

were subsequently applied to the mechanical model as a thermal load.

2.4. Mechanical analysis

After the thermal analysis, a nonlinear stress analysis was carried out using also
ABAQUS taking into account the nodal temperature-time curves previously calculated. The
three-dimensional eight-node solid element C3D8RT was used to mesh the concrete core and
the steel tube. These elements were thermally coupled bricks, with reduced integration and
hourglass control. For modelling the longitudinal steel bars for the reinforced specimens, two-
node T3D2 truss elements with both nodes tied to their corresponding concrete nodes were
used.

In order to model the mechanical interaction between the steel tube and concrete infill
contacting surfaces the next models were used. A “hard point” contact formulation was
employed for the normal behaviour, which allows any pressure value when the surfaces are in
contact and transmits no pressure when the surfaces do not contact. The tangent behaviour

made use of the Coulomb friction model with a constant friction coefficient of 0.3.
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3. VALIDATION OF THE NUMERICAL MODEL

The three-dimensional numerical model was validated by comparing the simulations
with experimental fire resistance tests [5] [6] [7] and with the EC4 simplified calculation

model [8].

3.1. Specimens tested

a) Circular columns

The numerical model was employed to predict the standard fire behaviour of a series of
circular section CFT column specimens listed in Table 1. These specimens were tested at the
NRCC, and their results published by Lie & Caron [5]. All the specimens tested were circular,
filled with siliceous aggregate concrete and subjected to concentric compression load. Their
total length was 3810 mm, although only the central 3048 mm were directly exposed to fire.

Because of the loading conditions, all the tests were assumed as fix-ended.

b) Square columns

Following the process explained above, the fire behaviour of eight square section CFT
columns was studied by means of the numerical model developed. The characteristics of these
specimens are shown in Table 2. Four of these columns were tested at the NRCC, and their
results published by Lie & Chabot [6], and the rest of the specimens were tested by Grandjean
et al. [7]iError! No se encuentra el origen de la referencia. at CIDECT. In this series, all
the columns tested were square, filled with reinforced concrete and subjected to concentric
compression load. Only 3400 mm of the 3600 mm of their total length were directly exposed
to fire. As in the previous series of circular columns, the ending conditions of all the columns

were assumed as fixed.
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3.2. Comparison with experimental results

For each simulation, the axial displacement at the top of the column versus the fire
exposure time was registered, comparing this curve with the one obtained in the fire
resistance test [5] [6] [7] . Fig. 2 and Fig. 3 show an example of the comparison between both
curves for a circular and a square specimen respectively.

From these curves, the fire resistance rating (FRR) was obtained for each one of the
specimens under study. The failure criteria from EN 1363-1 [14] were adopted. This standard

establishes that the failure time is given by the most restrictive from the following two limits:

= Maximum axial displacement: C = 1gomm

=  Maximum axial displacement velocity: dc = sh mm/min
dt 1000

By applying these criteria, the values in Table 3 and Table 4 were obtained.

In case of circular section CFT, as it can be seen in Fig. 4, most of the values obtained
lie in the region of the 15% error, apart from two values, corresponding to columns no. 1 and
2, which have the smallest diameters.

On the other hand, for square section CFT columns, the fire resistance rating (FRR)
values are shown in Fig. 5 and again it can be seen that most of them are placed in the +15%
region. There are only two values that lie outside these boundaries and they correspond to
specimens no. 11 and 12, which have one of the biggest size of the series studied and are
filled with concrete with a grade near 50 MPa (48.1 and 47 MPa respectively), what
corresponds to high strength concrete.

The maximum axial displacement (dmax) Was also obtained for each column studied.
Table 3 and Table 4 show the calculated and measured values, which are plotted in Fig. 6 and

Fig. 7.
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With regard to circular section CFT columns, it can be seen again that most of the cases
lie in the region of the 15% error, apart from specimens no. 3 and 8, corresponding to those
with a higher loading level, over the 20% of the maximum load bearing capacity of the
column at room temperature.

However, for square section CFT columns most of the cases are placed out of the £15%
region, mainly in the safe side of the graph. Specimens no. 10 and 11 are those which lie more
separately from the 15% error region, corresponding again with columns of big dimensions
and filled with concrete of slightly higher grade than the rest. This fact shows that the
numerical model is not able to predict with enough accuracy the maximum axial displacement

produced in square section columns filled with reinforced concrete.

3.3. Comparison with Eurocode 4 simplified calculation model

In this section, the numerical model is compared with the predictions of the EC4
simplified calculation model [8], obtaining the results shown in Table 5 and Table 6. For both
kinds of sections, circular and square, it can be seen in Fig. 8 and Fig. 9 that the proposed
numerical model gives a better prediction of the fire resistance rating, showing a very accurate
trend.

On the other hand, the EC4 simplified model turns out to be excessively conservative,
as shown in the figure. We must note that the EC4 simplified model doesn’t take into account
the thermal expansion of the materials, nor the air gap at the steel-concrete boundary, what
lies on the safe side and gives a very conservative prediction. If we apply these simplifications
to our numerical model, smaller values of the fire resistance ratings are obtained, very similar
to those predicted by EC4, as shown in Table 5 and Table 6. As it can be seen in Fig. 10 and

Fig. 11, our predicted values reproduce quite well the results of EC4.
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Regarding to circular section CFT columns, values obtained applying the
simplifications above to our numerical model reproduce with high accuracy the results of
EC4, except for those tests with fire resistance ratings around 120 minutes, where our
numerical model provides more accurate results, what produces a more close to reality trend.

In the case of square section specimens, the results of fire resistance time obtained by
applying these simplifications to our numerical model are not as good as the ones
corresponding to circular section columns. However, the values predicted by our model
provide a more realistic behaviour than those obtained by applying the EC4 simplified

calculation model.

4. SUMMARY AND CONCLUSIONS

A three-dimensional numerical model for axially loaded slender circular and square
section CFT columns under fire was presented. By means of this model, the behaviour under
standard fire conditions of sixteen column specimens previously tested by the NRCC research
group [5] [6] and CIDECT [7]iError! No se encuentra el origen de la referencia.,
respectively, was predicted.

For circular section CFT columns, the proposed numerical model showed better
behaviour for columns with low slenderness and loading levels under 20%. Despite these two
aspects, the model shows an accurate response when contrasted with the fire tests.

For square section CFT columns with reinforcement, the numerical model developed
also provided more accurate values for specimens with low slenderness and filled with
concrete of grades lower than 40 MPa.

This study also proved that the predictions of EC4 simplified calculation model [8] can
be reproduced with the proposed numerical model by eliminating the thermal expansion of

the materials, which lies on the safe side. Nevertheless, if the real behaviour of CFT columns
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under fire wants to be predicted, this aspect must be taken into account, extending the failure
time. The expansion of the steel tube produces an opposed axial strain in the early stages of
heating, as well as an opening of the gap in the steel-concrete interface, which delays the
heating of the concrete core and thus increases the fire resistance rating.

The proposed numerical model proved to give better predictions than the EC4
simplified model, which turned out to be excessively conservative for both circular and square

section specimens.
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STEEL TUBE

Fig. 1. Three-dimensional finite element model for CFT columns..
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Table 1. List of circular section CFT columns analyzed from the NRCC research report [5]

sgg(':‘ijr':e”n D (mm) | t(mm) | /rsz) fa (N/mm?) (k'\,‘\l) 1 =N/ Npird (an?ff)
1 141 | 65 | 40193 2862 | 131 |  8.90% 57
2 168 | 48 | 346.98 2862 | 218 | 1537% 56
3 219 | 48 | 32206 2434 | 492 | 26.19% 80
4 219 | 48 | 32206 2434 | 384 | 20.44% 102
5 219 | 82 | 367.43 2434 | 525 | 18.88% 82
6 273 | 56 | 412.79 2634 | 574 | 17.08% 112
7 273 | 56 | 412.79 2634 | 525 | 15.63% 133
8 273 | 56 | 412.79 2634 | 1000 | 29.76% 70
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Table 2. List of square section CFT columns analyzed from the NRCC research report [6]
and the CIDECT [7].

si):gclzlijrz]enn (mDm) (mtm) Reinforcement (N/rfrimz) (N/rfﬁmZ) (N/I;ka) (kl\ll\l) B =N/Npird (an?rFf) ORIGIN
9 |2032] 6.35 4016 350 | 400 | 378 | 500 | 13.26% 150 | NRCC
10 |2032] 635 4016 350 | 400 47 | 930 | 2467% 105 | NRCC
11| 254 | 635 | 49195 350 | 400 | 481 | 1440 | 26.28% 113 | NRCC
12 | 254 | 635 | 49195 350 | 400 47 | 2200 | 40.15% 70 | NRCC
13 | 140 | 36 408 388 | 388 | 41258 | 410 | 26.06% 46 | CIDECT
14 | 160 | 36 | 4910+498 | 380 | 380 | 3528 | 540 | 28.62% 61 | CIDECT
15 | 225 | 36 | 4p10+4912 | 355 | 355 | 35066 | 1550 | 49.28% 60 | CIDECT
16 | 260 | 63 | 4144914 | 370 | 370 | 3234 | 1500 | 32.91% 109 | CIDECT
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Table 3. Predicted and measured FRR and maximum axial displacement (dmax). Circular
section specimens.

Column FRR (mln) 5 _ FRRMt Omax (mm) 5 5 = 5max,test
specimen Test Simulation FRR FRR s Test Simulation e Ormax NS
1 57 72 0.79 24.09 24.35 0.99
2 56 75 0.75 20.48 19.25 1.06
3 80 74 1.08 18.13 12.36 1.47
4 102 97 1.05 18.77 16.23 1.16
5 82 68 1.21 20.36 19.30 1.05
6 112 126 0.89 16.40 17.71 0.93
7 133 137 0.97 19.67 18.61 1.06
8 70 70 1.00 5,51 10.35 0.53

Average 0.97 Average 1.03
Standard deviation 0.15 Standard deviation 0.26
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Table 4. Predicted and measured FRR and maximum axial displacement (Smax). Square
section specimens.

Column FRR (min) ‘.JEFRR _ FRRtest Omax (mm) 5max _ 5maxvt95t
specimen | Test Simulation FRRys Test Simulation Omax.Ns
9 150 136 1.10 19.08 15.65 1.22

10 105 95 1.11 14.98 7.92 1.89
11 113 167 0.68 12.82 4.23 3.03
12 70 148 0.47 2.97 3.18 0.93
13 46 40 1.15 7.8 4.8 1.63
14 61 46 1.33 5.7 4.43 1.29
15 60 75 0.80 No data 2.29 No data
16 109 136 0.80 9.5 6.41 1.48
Average 0.93 Average 1.64
Standard deviation 0.27 Standard deviation 0.69
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Table 5. Comparison of the numerical model and EC4 predictions with the tests. Circular

section specimens.

. _ FRR
Column FRR (mln) §FRR - FRRcaIc
specimen Test | Simulation Slmulathn EC4 | Simulation Slmulathn EC4
(no expansion) (no expansion)
1 57 72 49 49 0.79 1.16 1.16
2 56 75 46 46 0.75 1.22 1.22
3 80 74 52 49 1.08 1.54 1.63
4 102 97 63 61 1.05 1.62 1.67
5 82 68 52 51 1.21 1.58 1.61
6 112 126 118 91 0.89 0.95 1.23
7 133 137 126 96 0.97 1.06 1.39
8 70 70 58 56 1.00 1.21 1.25
Average 0.97 1.29 1.39
Standard deviation 0.15 0.25 0.21
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Table 6. Comparison of the numerical model and EC4 predictions with the tests. Square

section specimens.

. _ FRR

Column FRR (min) e = FRR .
specimen Test Simulation Slmulatlt?n EC4 Simulation Slmulatu?n EC4

(no expansion) (no expansion)

9 150 136 128 70 1.10 1.17 2.14
10 105 95 94 41 1.11 1.12 2.56
11 113 167 138 66 0.68 0.82 1.71
12 70 148 95 37 0.47 0.74 1.89
13 46 40 38 27 1.15 1.21 1.70
14 61 46 42 29 1.33 1.45 2.10
15 60 75 66 26 0.80 0.91 2.31
16 109 136 131 44 0.80 0.83 2.48
Average 0.93 1.03 211
Standard deviation 0.29 0.25 0.33

29




Espinos A, lbafiez C, Romero ML, Hospitaler A. Comparison of a three-dimensional numerical model for fire resistance of
axially loaded concrete filled steel tubular columns with Eurocode 4. Journal of Structural Fire Engineering 2011; 2(2):67-79.
doi: 10.1260/2040-2317.2.2.67

LIST OF FIGURE CAPTIONS

Fig. 1. Three-dimensional finite element model for CFT columns..
Fig. 2.  Comparison between calculated and measured axial displacement, for test no. 4.
Fig. 3. Comparison between calculated and measured axial displacement, for test no. 9.

Fig. 4. Comparison of the fire resistance ratings, calculated VS test results. Circular
section specimens.

Fig. 5. Comparison of the fire resistance ratings, calculated VS test results. Square
section specimens.

Fig. 6. Comparison of the maximum axial displacement, calculated VS test results.
Circular section specimens.

Fig. 7. Comparison of the maximum axial displacement, calculated VS test results.
Square section specimens.

Fig. 8. Comparison of FRR, proposed numerical model VS EC4 model. Circular section
specimens.

Fig. 9. Comparison of FRR, proposed numerical model VS EC4 model. Square section
specimens.

Fig. 10. Comparison of FRR, proposed model (without expansion) VS EC4 model.
Circular section specimens.

Fig. 11.  Comparison of FRR, proposed model (without expansion) VS EC4 model. Square
section specimens.

30



Espinos A, lbafiez C, Romero ML, Hospitaler A. Comparison of a three-dimensional numerical model for fire resistance of
axially loaded concrete filled steel tubular columns with Eurocode 4. Journal of Structural Fire Engineering 2011; 2(2):67-79.
doi: 10.1260/2040-2317.2.2.67

LIST OF TABLE CAPTIONS

Table 1.  List of circular section CFT columns analyzed from the NRCC research report [5]

Table 2. List of square section CFT columns analyzed from the NRCC research report [6]
and the CIDECT [7].

Table 3.  Predicted and measured FRR and maximum axial displacement (8max). Circular
section specimens.

Table 4. Predicted and measured FRR and maximum axial displacement (Omax). Square
section specimens.

Table 5.  Comparison of the numerical model and EC4 predictions with the tests. Circular
section specimens.

Table 6. Comparison of the numerical model and EC4 predictions with the tests. Square
section specimens.

31



