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ABSTRACT
This paper describes sixteen fire tests conducted on slender circular hollow section

columns filled with normal and high strength concrete, subjected to concentric axial loads.
The test parameters were the nominal strength of concrete (30 and 80 MPa), the infilling type
(plain concrete, reinforced concrete and steel fiber reinforced concrete) and the axial load
level (20% and 40%). The columns were tested under fixed-pinned boundary conditions and
the relative slenderness at room temperature was higher than 0.5 in all of the cases. A
numerical model was validated against the tests, in order to extend the results and understand
the failure mode of such columns. It is the aim of this paper to study the influence in a fire
situation of the use of high strength concrete, as opposed to normal strength concrete. The
results have shown that for slender columns subjected to high temperatures, the behavior of
high strength concrete was different than for stub columns, spalling not being observed in the
experiments. Furthermore, the addition of steel fibers was not found very advantageous in
slender columns, since no increment in terms of fire resistance was obtained for the columns
which used this type of reinforcement. However, the addition of reinforcing bars seems to be
the solution in some cases, where the use of external fire protection wants to be avoided in the
design of HSS structures, since the reinforcing bars allow the tube to resist a higher axial load.
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1 INTRODUCTION

Concrete filled tubular (CFT) columns combine the action of steel and concrete when

carrying compression loads and moments showing an ideal structural performance. While the

steel tube confines the concrete core enhancing its compressive strength, the concrete core

2


mailto:mromero@mes.upv.es

Romero ML, Moliner V, Espinos A, Ibanez C, Hospitaler A. Fire behavior of axially loaded slender high strength concrete-
filled tubular columns. J Constr Steel Res. 2011;67:1953-65. doi: 10.1016/j.jcsr.2011.06.012

prevents the steel section from experiencing local buckling. Due to that, the use of CFT
columns has increased, becoming very popular in last years.

Furthermore, the fire resistance of CFT columns is higher than that of hollow steel
tubular columns, external protection being not needed in most cases. When the steel tube is
filled with concrete, while the steel section gradually loses its strength and stiffness the load is
transferred to the concrete core, which due to its lower thermal conductivity heats up more
slowly. During a fire, the steel tube acts as a radiation shield to the concrete core and a steam
layer in the steel-concrete boundary appears. Both effects lead to a lower temperature rise in
the cross-section as compared to empty steel tubes and exposed reinforced concrete structures
[1] . Wang and Kodur [2] recommended the use of such typology of columns in order to avoid
the use of external fire protection when designing steel structures.

The use of high strength concrete (HSC) as infilling in CFT columns is very popular
amongst designers and has recently become a good alternative to normal strength concrete
(NSC). At room temperature, high strength CFT columns show higher load-bearing capacity
than those filled with traditional NSC. The benefits of using HSC are higher for non-slender
columns or for columns with low D/t ratio, but, in general, the use of HSC filled tubular
columns is highly interesting due to the enhancement of ductility as compared to that of
common high strength reinforced concrete columns. Results from Portolés et al. [3] ,[4] show
the utility of the concrete contribution ratio for different values of slenderness, concrete
strength or confinement index.

At elevated temperatures, although it is known that HSC behaves in a different way
that NSC, its performance is not completely defined. Lu et al [5] , Ding and Wang [6] and
Espinos et al. [7] developed numerical models and established that the behavior of axially

loaded CFT columns under fire can be divided into different stages.
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In previous work [7] , the authors of this paper presented the evolution of the column
axial displacement along time through four stages. Due to its higher thermal conductivity and
its direct exposure to fire, the steel tube heats up more rapidly and consequently expands
faster than the concrete core. This difference in the axial displacement rate and the appearance
of a gap at the steel-concrete interface lead to the subsequent loss of contact of the concrete
core with the loading plate. Because of this fact, the axial load ratio of the steel tube gradually
increases, up to a point where the whole applied load is sustained by the steel tube alone
(stage 1), Figure 1. This situation remains until the steel tube reaches its critical temperature
and the local yielding of the steel section occurs (stage 2). At this point, the steel tube starts to
shorten, allowing the loading plate to contact back the concrete core. As the column shortens,
the load sustained by the steel tube is progressively transferred to the concrete core (stage 3)
and, as a consequence, the axial force ratio undergoes an inversion. In this stage, the concrete
core is the element of the column showing more resistance, since the steel tube has lost its
load-bearing capacity in the previous stages. As the temperature advances through the inner
section, the concrete core mechanical properties are progressively degraded, and after a
significant period of time the concrete core completely loses its strength and stiffness, leading
to the ultimate failure (stage 4).

According to Kodur and Latour [8] and Ali et al [9] , when high strength concrete
filled columns are exposed to fire, one of the most important factors affecting their behavior is
spalling, , as it leads to a explosive deterioration of the material due to the development of
internal pore pressures.

Schaumann et al [10] detected spalling when performing a series of fire tests on high
strength CFT columns filled with different types of concrete, and stated that its effects could
be minorated by means of using steel bars or steel fiber reinforcement. Contrarily, Lu et al [5]

, after testing a series of stub columns filled with high strength self-consolidating concrete,
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concluded that the fire behavior of these columns was found to be the same as that for normal
strength CFT columns.

Thus, the possibility of this phenomenon to appear during a fire makes it necessary to
evaluate the convenience of using HSC as infilling in hollow steel section columns, as their
fire resistance could be affected.

While the fire behavior of normal strength CFT columns has been deeply investigated
for years and numerous test programs have been carried out for both slender and non-slender
columns (Lie and Chabot [11] , Chabot and Lie[12] , Lie[13] , Kordina and Klingsch [14] ,
Park et al [15] [16] , Chung et al [17] and Han et al [18] ), no extensive experimental
programs specifically designed for slender high strength CFT columns can be found in the
literature. Only Hass et al. [20] , and Han et al. [21] have performed some tests combing HSC
and slender concrete-filled columns.

Kodur et al [8] performed a series of fire tests on circular and square CFT columns of
reduced slenderness filled with high strength concrete. The tested specimens were either
unreinforced or reinforced with bars or steel fibres. In turn, Lu et al [5] carried out an
experimental program consisting of 6 stub columns filled with self-consolidating HSC of
grades ranging from 90 to 99 MPa. Nevertheless, the results from these authors do not
provide enough information to evaluate the influence of the main factors affecting the fire
behavior of high strength CFT columns.

In this paper, results from an experimental program for slender axially loaded CFT
columns subjected to fire is presented. The infilling of these columns was of three different
types: plain concrete, reinforced concrete and steel fiber reinforced concrete. The concrete
strength was a parameter in this research, using concrete mixes of 30 MPa (NSC) and 80 MPa
(HSC). By means of the results from the experimental program, the numerical model

proposed by the authors in previous work [7] was validated. With the help of this model, a
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deeper study on the failure mechanism of such columns was performed, while a new
parameter was proposed (the fire concrete contribution ratio, FCCR) which helps to quantify
the importance of the use of concrete infilling in hollow steel section columns exposed to fire
and allows to evaluate the interest of using high strength concrete compared with normal

strength concrete.

2 EXPERIMENTAL PROGRAM

In this experimental program, sixteen fire tests were carried out on normal and high strength
concrete-filled tubular columns. The aim of the program was to investigate the effects of three
main parameters on the fire behavior of these columns: concrete strength (fc), type of concrete
infilling (plain, reinforced and steel fiber reinforced) and the load level (). According to the
common practice in construction, test values of these parameters were selected. All the tested
columns were 3180 mm long and had a diameter of 159 mm. Only a D/t ratio value was used,
with a steel tube wall thickness of 6 mm. Those values were chosen in order to obtain slender
columns, avoiding local buckling. With regard to the concrete nominal strength, two values
were used: 30 and 80 MPa. In all the tests, the load was axially applied and its value was
calculated as a percentage of the corresponding ultimate load at room temperature, which was
obtained by means of a validated numerical model developed by Lacuesta et al. [22] . Again,
according to the common load levels found in practice, values of 20% and 40% were adopted,
although in some cases the 60% was also adopted. In Table 1, data of the tested columns can
be found.

All of the tests were performed in the testing facilities of AIDICO (Instituto Tecnoldgico de la
Construccion) in Valencia, Spain. The tests specimens can be identified as follows:
NXXX-T-L-FF-EE-AA (i.e. C159-6-3-30-0-20), where N stands for the type of concrete
(C=plain concrete, RC=reinforced concrete and FC=fiber reinforced concrete), XXX is the
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nominal diameter of the column in mm, T represents the steel tube wall thickness in mm, L
the nominal length of the column in meters, FF the nominal concrete strength in MPa, EE the
load eccentricity and AA the axial load level. In this paper, all the tests were conducted under
axial compression and thus EE=0 for all the cases. Nevertheless, this label will be maintained
in this work, since the authors are currently performing more tests in a new experimental

campaign subjected to eccentric loads.

2.1. Steel

Cold formed circular steel hollow sections were used in the experimental program. The
steel grade was S275JR, nevertheless the real yield strength (fy) of the empty tubes was
obtained by performing the corresponding coupon tests, Table 1. The mean value of the steel

modulus of elasticity Es was 210 GPa according to European standards.

2.2.- Concrete

As mentioned above, the experimental program involved concrete mixtures of normal (30
MPa) and high strength concrete (80 MPa) both for plain and steel fiber reinforced concretes,
the type of aggregates being calcareous in all cases.

In order to determine the compressive strength of concrete, sets of concrete cylinders were
also prepared and cured in standard conditions during 28 days. All cylinder samples were
tested on the same day that the column was tested. The cylinder compressive strength of
concrete in all the tested specimens can be found in Table 1.

In order to measure the humidity of concrete, cubic specimens (150x150x150 mm) were
also prepared. After 28 days, the weight of each sample was measured before and after drying

them in a small oven at 150°C and the moisture level was obtained accordingly.
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2.3.- Specimens

The length of the columns was 3180 mm, although only 3000 mm were exposed to fire
inside the furnace. Two ventilation holes of 15 mm diameter were drilled and located at 100
mm from each column end, as proposed by Lie and Chabot [11] . All the columns had a

relative slenderness at room temperature higher than 0.5, Table 1.

The relative slenderness of a composite column 4 is defined in Eurocode 4 Part 1-1 as:

N | z°El 1)

cr

Z:JNN Af +AT,

L2
where El = Esls+ 0.6Ecm.Ic ; Is and I are the second moment of inertia of the steel tube and the
concrete core respectively; Es is the modulus of elasticity of steel; and Ecm is the secant
modulus of elasticity of concrete.

In order to facilitate the pouring of fresh concrete, a 300x300x15 mm steel plate was
welded to the bottom of each empty steel tube.

In order to register the temperature evolution during the fire test, a set of five
thermocouples were positioned in the mid-length section following Fig. 2a. While
thermocouple number 1 was welded to the steel tube surface, the other 4 thermocouples were
embedded in the concrete core. Thermocouple number 2 was placed at 1/6 of the section
width, number 3 at 1/3, number 4 at the center of the section and number 5 was positioned at
Y4 of the section width.

Concrete was poured with the column placed in vertical position and afterwards shaken
with a needle vibrator. Once the casting was finished, the specimens were covered with a wet
cloth and a plastic film during 1 week. Later on, a second steel plate was welded to the top

end of the column.
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The tests of the bar reinforced specimens (RC) followed the arrangement of Fig 2.b, where
four longitudinal reinforcing bars of 12mm diameter were added and 6 mm stirrups located
every 30 cm along the column length. The geometrical reinforcement ratio was close to 2.5%.

The tests of the steel fiber reinforced specimens (FC) had the same concrete mix than the

PC filled, but with an addition of 40 Kg/m3 high strength Dramix 40/60 steel fibers.

2.4.- Test set up and procedure

The tests were carried out in a 5x3 m furnace equipped with a hydraulic jack of 1000 kN
maximum capacity, Figure 2.c. There were 16 gas burners in the furnace chamber, arranged in
two horizontal rows containing 8 burners each, located at mid-height of the chamber. The
columns were placed vertically inside the furnace, fixed (F) at the bottom end and pinned (P)
at the top end, Figure 2.e.

In order to investigate the effect of the applied load over the steel-concrete interface
thermal resistance and thus over the cross-sectional temperature distribution, an unloaded stub
column of 1m length was also located inside the furnace chamber and the temperatures
registered by means of one thermocouple welded to the steel surface and a second
thermocouple placed in the concrete outer layer, Figure 2.d. In the first tests, five
thermocouples had been introduced in both unloaded and loaded columns, but as the interest
was to study the thermal resistance at the steel-concrete interface, thermocouples T3 to T5
were removed from the stub columns.

Once the load was applied, it was kept constant and the burners were then activated, Figure
2.f, following an 1SO-834 fire curve [19] with unrestrained column elongation. The
temperature inside the furnace was automatically controlled by 5 thermocouples and pressure
sensors located inside the furnace chamber. The axial elongation of the columns was
measured by LVDTs located outside the furnace.

9
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An additional pinned-pinned slender column (case 2) was tested in order to measure the
influence of the slenderness of the column by changing its boundary conditions. Furthermore,
an empty column (case 1) was initially tested in order to obtain a magnitude of the fire

resistance of the hollow steel tube.

3 TESTS RESULTS

3.1. Axial elongation versus time.

Figure 3 presents the axial elongation (y-axis) versus time (x-axis) curve registered during
the fire test, and the corresponding Table 1 presents the resulting FRR (fire resistance rating),
obtained according to EN 1363-1. In general, it can be seen that for slender columns only a
short fire resistance period can be obtained, particularly in those cases subjected to high axial
load levels (u=0.4 or u=0.6), where the FRR was lower than 30 min. Nevertheless, those
cases with a small axial load level (u=0.2) presented FRR values over 30 min.

As expected, from Figure 3a it can be inferred that for both normal and high strength
concrete, the higher the axial load level is, the lower the fire resistance results.

From Figure 3a and Table 1, the FRR of the cases filled with plain concrete can be
compared. It can be observed that the fire resistance was lower for the HSC specimens,
although it is important to clarify that this cases were subjected to a higher axial load in terms
of absolute values, for a same relative axial load level. Furthermore, it can be observed in
Figure 3.a that the case with fc = 80 MPa and p = 0.4 had a different behaviour, where stage 3
from Figure 1 (contribution of the concrete core) did not appear completely. In these cases the
failure was due to the overall buckling of the steel tube when trying to transfer the load to the
concrete core. In such situation, the presence of concrete in comparison with an empty hollow
section only affects the temperature distribution and not the mechanical resistance during the

fire tests. No sudden deterioration of the material was observed in the HSC specimens, what
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suggests that spalling is not present in slender CFT columns. The existence of spalling is very
difficult to demonstrate or neglect in concrete-filled columns, in fact some specimens were
cut and the steel tube wall removed so as to observe the concrete infill, Figure 2.g, noticing no
evidence of any kind of spalling.

In general, the same conclusions can be obtained from Figure 3b and ¢ for the cases of bar-
reinforced concrete (RC) and steel fiber reinforced concrete (FC).

For the cases filled with bar-reinforced concrete, the FRR was slightly higher than that of
the cases filled with plain concrete, finding particularly surprising that case with 80 MPa
concrete strength and p = 0.2 (65 min). Furthermore, the bar-reinforced columns were
subjected to a higher axial load than the plain concrete filled columns: a 15% increase for
NSC and a 5% increase for HSC.

However, the cases filled with steel fiber reinforced concrete (FC) combined with
normal strength concrete (NSC) did not see their FRR improved: see cases 3 and 4 versus 13
and 14. In these columns, the same axial load was applied to the plain concrete and steel fiber
concrete filled specimens.

Up to now, the authors have not found a unique explanation to this phenomenon. In some
cases, a difference can be found in the evolution of temperatures from the thermocouples (not
shown in this paper for simplicity), where the FC cases presented higher temperatures in the
concrete, but for other tests it cannot be fully demonstrated.

Nevertheless, for the steel fiber reinforced HSC specimens, the FRR was only improved in
the case with higher axial load level and thus higher influence of the second order effects
(case 7 versus 16), which can be due to the brittle nature of such concrete, the addition of
fibers being more useful here to increase the tensile strength.

While Kodur and Latour [8] reported that steel fibers can be used to increase the fire

resistance of high strength concrete filled steel columns, the test results given in this paper do
11



Romero ML, Moliner V, Espinos A, Ibanez C, Hospitaler A. Fire behavior of axially loaded slender high strength concrete-
filled tubular columns. J Constr Steel Res. 2011;67:1953-65. doi: 10.1016/j.jcsr.2011.06.012

not support this statement. The main difference between both experimental campaigns is that
the columns presented here had a high slenderness, over 0.5. In these cases the steel fibers do
not contribute to the fire resistance of the column since the failure is mainly due to the hollow
steel column premature buckling.

This behaviour can be compared in Figure 4a, where the effect of the type of infilling for
the HSC specimens with u = 0.4 is compared. It is worth noting that the FRR values are very
small (between 0 and 25 min) in these three cases, what prevents the authors to achieve a
solid conclusion this time.

It is also interesting to compare the pinned-pinned (P-P) case with the fixed-pinned (F-P)
case with u = 0.4 in order to reach an initial conclusion about the influence of the slenderness,
Figure 4b. It is clear that for the pinned-pinned case, stage 3 does not appear and the steel tube
fails before transferring the load to the concrete core, while in the fixed-pinned case this load
transfer occurs. The main explanation to this fact is that if second order effects produced by
the curvature in the steel tube are very large, they cannot be transferred to a fragile material as
unreinforced concrete and thus the presence of concrete does not result effective in very
slender hollow section columns.

3.2.- Temperature.

As it was mentioned in the previous section, an additional unloaded stub column of the
same cross-sectional geometry and materials was introduced in the furnace chamber close to
the slender column, Figure 2.d, in order to compare the difference in the cross-sectional
temperature distribution, Figure 2.a.

Figure 5 presents a comparison of temperatures T1 and T2 between the slender column and
the stub column, while the rest of the temperatures (T3 to T5) are not included in the graph

for simplicity.
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It can be concluded that there is not a big difference between the thermocouples inside the
concrete (T2 to T5) while there is a big difference between the thermocouples that are in the
surface of the steel (T1). After a deep analysis of this behavior the only explanation found is
that there was a big influence of the location of the thermocouples relative to the burners over
the measurements and thus thermocouple T1 in the slender column was not measuring exactly
the temperature of the steel because the flame was affecting this measurement. This issue was
confirmed in complementary experiments carried out in the laboratory by placing a new T1
thermocouple in the steel surface of the slender column now at L/4 from the bottom end
instead of in the mid-length of the column. In this case, the T1 ong measurement was found to
be similar to the T1sw» measurement.

This leads the authors to the conclusion that the existence of load and second order effects
does not affect significantly the thermal resistance at the steel-concrete interface and thus has
not a big influence in the temperature distribution across the section. This allows, when
carrying out numerical simulations, to first perform a pure heat transfer analysis to obtain the
cross-sectional temperature field without accounting for the effects of the load and afterwards
to apply the resulting temperature distribution to the mechanical model; that is, to perform a
so-called sequentially-coupled thermal-stress analysis instead of a fully-coupled analysis,

neglecting the possible effect of the displacements over the temperature evolution.

4 COMPARISON WITH EUROCODE 4

In this section, the experimental tests are used to study and discuss the EC4 simple calculation
model provisions [24] . This standard provides a simple method for calculating the fire
resistance of CFT columns subjected to concentric axial loads. The current field of application

of EC4 simple calculation model is C20/25-C50/60, so only columns with concrete cylinder
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strength under 50 MPa can be calculated, nevertheless the application of the method for HSC
will be intended here in order to check its validity in this range of concrete strengths.
Recently, Aribert et al. [22] have highlighted several shortcomings of EN 1994-1-2 [24]
Annex H, which at present is under revision. While a new specific simplified model for
concrete filled columns in fire is developed, it seems that following the general principles of
Clause 4.3.5.1 is more appropriate. However, as the values of the reduction coefficients to
account for the effect of thermal stresses are not given in EN 1994-1-2[24] for concrete filled
columns, some assumptions must be adopted for their treatment. In the absence of predefined
values, a common approach in practice is to take them as equal to unity. More details on the
discussion of the method can be found in [25] .
a) Temperature field
It is known that the EC4 simple calculation model requires the cross-sectional temperature
field to be previously known and applied as a first step for obtaining the fire resistance of
unprotected concrete filled hollow section columns in axial compression. Therefore, the
calculated axial buckling load in fire will be influenced by the level of accuracy of the thermal
distribution employed by the designer. In this paper the measured temperature field in the five
thermocouples is used.
b) Buckling resistance in Fire

The pinned-fixed specimens from the tests were compared with the predictions of the EC4
simple calculation model. The buckling resistance of the columns at the time of test failure
was obtained, and summarized in Table 2. It was found that in general the EC4 simple
calculation model produced unsafe results when using flexural stiffness reduction coefficients
equal to unity, but any reliable trend can be achieved without performing a parametric study,

which is not the object of this paper.
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As can be seen in Table 2, the mean value was 0.85 for NSC and 0.89 for HSC
respectively, the standard deviation being 0.20 and 0.17, which demonstrates that the code
does not produce accurate results for slender columns.

In general, it can be concluded that for centrally loaded columns, values of the relative
slenderness at ambient temperature greater than 0.5 lead to unsafe results in the predictions of
Clause 4.3.5.1 in EC4 unless a set of flexural stiffness reduction coefficients lower than unity
are given. This fact was already confirmed by Aribert et al. [22] and Espinos et al [7] [25] ,
who found that EC4 simple calculation model leads to buckling load values which result
unsafe for high column slenderness.

c) Critical Temperature.

The method of the critical temperature is defined in the Eurocode 3 and Eurocode 4 (for
composite beams) [24] for a given load level as the temperature at which failure is expected to
occur in a structural steel element for an uniform temperature distribution.

Lu et al. [5] stated that the limiting temperature achieved in the steel for CFT stub
columns was independent of the type of concrete used and the failure modes of the columns.

However, if the temperature in the steel tube is measured at the time that the column fails
in the fire test, an experimental value of the critical temperature (Tcr) can be obtained, which
is presented in Table 4. This temperature is also compared with the value obtained by means

of the method from the Eurocode 3 (EC3), which depends on the axial load ratio (u):

1
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Three values were obtained with this method of the critical temperature corresponding to: the
nominal axial load ratio (nom), the real axial load ratio (with the measured values of fy and

fc) and the axial load ratio of the steel tube alone (hollow). This last value was obtained
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because in some cases the failure is produced previously to load transfer between the steel
tube and the concrete core.

From Table 3 it can be inferred that the statement from Lu et al [5] is not fulfilled in
slender columns, where in most cases the critical temperature reached is higher than the
corresponding for a hollow steel tube, which is due to the contribution of concrete in stage 3
to sustain the load while delaying the heating up of the steel tube.

There are some special cases (higher axial load ratio and/or high strength concrete) where the
critical temperature reached in the test is even lower than the one obtained for the steel tube

alone according to EC3. A parametric study is required to achieve solid conclusions.

5 NUMERICAL MODEL

Previous research on the modeling of the behaviour of concrete filled circular hollow section
columns at room temperature and exposed to fire has been carried out by the authors [7] ,
where an advanced thermo-mechanical numerical model was developed and validated by
comparing its results with a series of fire tests available in the literature [11] - [12] , [14] . By
means of the finite element analysis package ABAQUS [27] , a three-dimensional numerical
model for simulating the fire behaviour of CFCHS columns under axial compression was
developed. An extensive sensitivity analysis was carried out, in order to investigate the main
aspects of the model, which served as a basis for future work on the numerical simulation of
CFT columns at elevated temperatures. Nevertheless, the validity of this model was limited to
normal strength concrete.

From this basis, the second aim of the present paper is to validate the existing model with
these experiments carried out by the authors, in order to extend its usage to a wider range of

columns including those filled with HSC, so as to be able to understand the failure mode of
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such columns and evaluate their effectiveness in a fire situation when compared with normal
strength concrete.
5.1.- Validation.

For each of the columns listed in Table 1, the axial displacement at the top of the column
versus the fire exposure time was registered during the simulation, comparing this curve with
the one obtained in the fire test. This figures have not been presented here for simplicity.

From the axial displacement versus time curves, the fire resistance rating was obtained for
each one of the specimens under study. The values of the error are summarized for NSC and
HSC in Table 2, presenting accurate results in terms of the mean value for both concrete
types, although with more scarce results for HSC. As it can be seen, for NSC most of the
values calculated lie in the region of the 15% error, which does not occur in some of the HSC
results.

It can be noticed that there was more agreement with the test results in those columns
subjected to lower load levels, whereas those columns subjected to higher loads and thus
higher second order effects (u=0.6) produced more error, which may be attributed to the

higher contribution of concrete and its more complex failure mechanisms.

High strength concrete

The series of columns filled with high strength concrete must be studied with special care,
since they are more likely to experience spalling when subjected to elevated temperatures.
The values of their measured and computed fire resistance ratings are summarized in Table 2.
Contrarily to what it was expected, the spalling did not appear and the comparison with the
numerical simulations presented a similar trend than that for normal strength concretes.

Anyway the standard deviation is higher and the particular results for u = 0.4 suggests that a
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different failure mechanism is likely to be occurring at those column tests with higher

concrete strength fillings.

6 FAILURE MECHANISM

Once the numerical model was validated, case 3 from Table 1 (normal strength plain concrete
with p = 0.2) and case 10 (u = 0.6 with reinforced concrete) were studied in depth in order to
understand their failure mechanism. The upper part (a) of figures 6 and 7 show the axial
displacement-time curve together with the axial force ratio versus time curves for both the
steel tube and concrete core.

The lower part (b) of figures 6 and 7 shows the distribution of normalized stresses in the steel
tube and different points within the concrete core, together with the maximum stress that steel
and concrete can reach, which varies along the fire exposure time.

In these graphs:

- “Smises” is the equivalent stress at a point of the steel tube according to Von Mises
criterion

- “S33_concrete” is the normal stress at a point of the concrete core in the longitudinal
direction of the column, see Figure 12b.

- “fy” is the yield strength of steel at room temperature

- “fc” is the compressive strength of concrete at room temperature

- “fyT” is the yield strength of steel at elevated temperature, from Eurocode 4-1-2.

- “fcT” is the compressive strength of concrete at elevated temperature, from Eurocode
4-1-2.

- “fccT” is the compressive strength of concrete at elevated temperature accounting for
the confinement effect, produced by the lateral pressure of the steel tube due to the ovalization
of the section.
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- Fs (failure of steel) is the point where the failure of the steel tube occurs

- Fc (failure of concrete) is the point where the failure of the concrete core occurs
During the first minutes of heating, the steel tube heats up more rapidly and expands faster
than concrete core, since it is directly exposed to fire and has a higher thermal conductivity.
Because of this faster axial elongation of the steel tube and the occurrence of slip at the steel-
concrete interface, the concrete core loses contact with the loading device, thus progressively
increasing the axial load ratio of steel (A) until the whole applied load is sustained by the steel
tube (B). The steel tube remains fully loaded during a significant period of time until the
critical temperature of steel is reached. At this point, the local yielding of the steel tube occurs
and it starts to shorten, allowing the loading device to contact the concrete core again. From
Figure 6b it can be seen that this point corresponds in time with the intersection between the
misses stress at the steel tube (Smisses/fy) and the yield strength of steel at elevated
temperature (fyT/fy), both normalized with the yield strength of steel at room temperature,
point “Fs”.

As the column shortens, the steel tube progressively transfers the load to the concrete core
©).

It is worthwhile noting that the total failure will occur when the first point of the concrete
will fail too.

It is important to observe the longitudinal stress (S33) of three points inside the concrete,
where “1” is the closest to the steel, and thus the most compressed and heated. Points “2” and
“3” are under tensile stresses due to thermal effects.

The cross-sectional temperature gradient within the concrete core gives rise to a field of
self-balanced thermal stresses, which are compressive in the outer layers of concrete and
tensile in the central part of the concrete. The stresses in the central layers of the concrete core

remain positive and increasing with temperature until the applied load is transferred from the
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steel tube to the concrete core, when the stresses in that central part of the concrete undergo
an inversion, changing from tension to compression.

At the point “Fs” in Figure 6b, the compression stress at concrete point 1 increases, due to
the inversion in the distribution of load between the steel tube and the concrete core, at the
same time that its resistance is continuously being degraded due to the temperature, fcT.

The compressive strength of concrete at elevated temperature (fcT) given by Eurocode 4
has to be increased in order to take into account the confinement effects. An ovalization of the
section was observed, producing a lateral pressure (S22) in the concrete core. So, the
appropriate curve against which to compare is the “confined” compressive strength of
concrete at elevated temperature (fccT1/fc), which can be estimated through the following
expression:

feer = for + 4.1X fiat (3)
updating the equation from Richart to high temperatures. The lateral pressure (fia) is
obtained from the numerical model.

It can be noticed in point “Fc” from Figure 6b that the failure of the entire column appears
when the curve “fccT1/fc” intersects with curve “S33_concrete_1/fc”, point where both the
steel and the outer layers of concrete are at the maximum capacity that their temperature
allows.

However, especial mention should be made to the case with the higher axial load applied for
normal strength concrete (N=687 kN), which is presented in Figure 7.

This case behaves in a different manner, because the hollow steel tube is loaded near its
maximum capacity at room temperature and cannot sustain the load alone when the
temperature is increased, needing the contribution of the concrete core all along the fire
history. In this column, the redistribution of stresses between the steel and the concrete at

elevated temperature is self-balanced producing that the failure occurs at the same time in the
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concrete and the steel, and the points “Fc” (failure of concrete) and “Fs” (failure of steel)
appear at the same time. This aggregated behavior is positive because the hollow steel column
does not work alone in any instant of the fire.

Furthermore, in this case the concrete has the additional contribution of the reinforcing bars,
which do not produce a significant advantage here, due to the null or reduced eccentricity
(only second order) and because of the fact that their location is very close of the center of
gravity of the section, given the small diameter of the column.

In summary, it seems that it is important to secure a smaller ratio between the applied axial
load and the hollow steel tube capacity to allow for the transference of load between the steel
tube and concrete core and thus taking advantage of the contribution of concrete in the
increment of the fire resistance time. Nevertheless, a parametric study will be necessary to be

able to draw more sound conclusions.

7 FIRE CONCRETE CONTRIBUTION RATIO (FCCR)

A second objective of this paper was to establish the importance of filling with concrete
the hollow steel section columns exposed to fire and also to study the interest of using high
strength concrete compared to normal strength concrete. To do so, the fire concrete
contribution ratio (FCCR) is defined as the ratio between the fire resistance rating of the
concrete-filled section (FRRconcrete-filled) and that of the hollow steel member (FRRhoiiow), both
subjected to the same axial load:

FRR .
FCCR — concrete- filled (4)
FRR

hollow
The numerator can be obtained both experimentally or numerically, but the denominator
can only obtained numerically, so to be consistent it was decided to obtain both of them

numerically once the FEA model was validated.
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Table 4 presents the fire concrete contribution ratio (FCCR) obtained for the series of
tested columns, which represents the gain which could be obtained in the fire resistance
period by using concrete-filled columns rather than unfilled hollow steel columns. From this
table it can be inferred that the fire resistance of a hollow steel section column can be
increased at least two or three times, depending on the load level and the type of concrete
infilling.

The cases filled with HSC present a higher FCCR than the cases of NSC. Although it
seemed that increasing the strength of the concrete was not of great interest because a limited
FRR was obtained, a comparison with the hollow section means that using HSC is still of
interest (for the limited cases analyzed) since it allows to increase the axial load sustained by
the column and obtain a moderate FRR.

The cases of steel fiber reinforced concrete in the tested slender columns were not of a
great utility compared with those filled with plain concrete, resulting in some cases
unfavorable due to the reduction in the humidity. However, using reinforcing bars seems to be
the most effective solution in some cases to avoid the need of external fire protection when
designing HSS structures. In some cases, introducing bar-reinforced concrete allows the
column to resist a higher axial load, which was not almost attainable by the steel tube alone,

see cases RC159-6-3-80-0-40 and RC159-6-3-30-0-60 in Table 4.

8 CONCLUSIONS

In this paper, a series of 16 fire tests on concrete-filled tubular slender columns filled with
different types of concrete was presented. The experiments focused on normal and high
strength concrete, slender columns and different types of concrete reinforcement (reinforcing
bars and steel fibres). A realistic three-dimensional numerical model for predicting the fire

response of axially loaded CFT columns was validated against this series of fire tests. It was
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proved that a sequentially-coupled thermo-mechanical analysis instead of a fully-coupled
thermo-mechanical analysis can be performed numerically without producing large errors.
The numerical model showed good agreement with the tests for the normal strength concrete
filled specimens both quantitative, producing acceptable results in fire resistance rating, and
qualitative, capturing the overall axial displacement response along time. By means of the
validated numerical model, a deeper study of the failure mechanism of the columns was
performed.

From the results of this study, it can be concluded that in slender HSS columns filled with
HSC, the spalling does not appear, probably due to the reduced length of the fire tests and the
reduced size of the section, which does not generate high enough pore pressures inside the
concrete as to produce such phenomenon.

The utilization of reinforcing bars was found more useful for HSC than for NSC, because
maintaining the same FRR the axial load applied can be increased.

If second order effects produced by the curvature in the steel tube are very large, they cannot
be transferred to a fragile material as unreinforced concrete and thus the existence of concrete
results of no utility in very slender elements.

This study evidences some limitations in the EC4 simple calculation model when predicting
the axial buckling load of slender concrete filled hollow steel sections at elevated
temperatures, for both NSC and HSC, and suggests that the model should be revised in the
future on the bases of these findings.

A higher fire concrete contribution ratio was observed in the cases of HSC compared with
NSC, what means that although lower values of FRR were expected for HSC given its higher
probability of experiencing spalling, it is still of interest compared to using an empty hollow

section, since it allows to increase the axial load level obtaining a moderate FRR.
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Nevertheless, the addition of steel fibers was not found of great utility compared with the

results of plain concrete filled columns, resulting in some cases unfavorable.
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Table 1. Test properties and results

N°  Name D t m fc fy Axial B.C  Test
mm mm % MPa MPa A Load FRR

(kN) min

1 C159-6-3-0-0-20-P-P 159 6 40 - 337.8 0.75 206  P-P 13

2 C159-6-3-30-0-40-P-P 159 6 40 301 3378 0.88 338 P-P 18

3 C159-6-3-30-0-20 159 6 20 35.75 3378 0.61 198 F-P 42
4 C159-6-3-30-0-40 159 6 40 2855 3378 0.62 396 F-P 25
5 C159-6-3-30-0-60 159 6 60 3405 3378 0.61 594 F-P 14
6 C159-6-3-80-0-20 159 6 20 7114 3414 073 335 F-P 38
7 C159-6-3-80-0-40 159 6 40 69 3414 073 670 F-P 11

8 RC159-6-3-30-0-20 159 6 20 239 3378 0.66 229 F-P 43

9 RC159-6-3-30-0-40 159 6 40 30 337.8 0.65 458 F-P 30

10 RC159-6-3-30-0-60 159 6 60 337 3378 0.65 687 F-P 13

11  RC159-6-3-80-0-20 159 6 20 69.03 3378 0.75 343 F-P 65

12  RC159-6-3-80-0-40 159 6 40 77 337.8 075 720 F-P 19

13  FC159-6-3-30-0-20 159 6 20 283 3378 0.62 198 F-P 37

14  FC159-6-3-30-0-40 159 6 40 26.7 3344 062 396 F-P 22

15  FC159-6-3-80-0-20 159 6 20 93.62 3378 0.70 335 F-P 36

16  FC159-6-3-80-0-40 159 6 40 90.16 3344 071 670 F-P 16

where C stands for plain concrete, RC for reinforced concrete and FC for steel fiber
reinforced concrete; and p is the axial load level. P-P=pinned-pinned and F-P = fixed-pinned

end conditions
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Table 2. Comparison of tests, Euro Code 4 and Numerical model.

NORMAL STRENGTH CONCRETE

Axial Force FRR
(KN) (min)
Column specimen TEST EC4-1-2 TEST/EC4 TEST NUM TEST/NUM

C159-6-3-30-0-20 198 250,4 0,79 25 20 1,25
C159-6-3-30-0-40 396 482,5 0,82 42 37 1,14
C159-6-3-30-0-60 594 706,5 0,84 14 16 0,88
RC159-6-3-30-0-20 229 3444 0,66 43 38 1,13
RC159-6-3-30-0-40 458 382,7 1,20 30 24 1,25
RC159-6-3-30-0-60 687 1129, 0,61 13 17 0,76
FC159-6-3-30-0-20 198 263,4 0,75 36 31 1,16
FC159-6-3-30-0-40 396 355,2 1,11 22 19 1,16
MEAN 0,85 1,09
STD. DEV. 0,20 0,16

HIGH STRENGTH CONCRETE

Axial Force FRR
(kN) (min)
Column specimen TEST EC4-1-2 TEST/EC4 TEST NUM TEST/NUM

C159-6-3-80-0-20 335 348,1 0,96 37 31 1,19
C159-6-3-80-0-40 670 1104,8 0,61 11 18 0,61
RC159-6-3-80-0-20 343 339,6 1,01 64 35 1,83
RC159-6-3-80-0-40 720 711 1,01 18 20 0,90
FC159-6-3-80-0-20 335 435,7 0,77 35 40 0,88
FC159-6-3-80-0-40 670 668,1 1,00 15 22 0,68
MEAN 0,89 1,02
STD. DEV. 0,17 0,45
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Table 3. Critical Temperature

n Tcr test (°C) Tcr code (°C)

nom real hollow CFT hollow nom real
C159-6-3-30-0-20 0,2 0,14 0,22 850 716,0 728,7 785,2
C159-6-3-30-0-40 0,4 0,29 0,44 654 6105 623,6 670,1
C159-6-3-30-0-60 0,6 0,42 0,65 583 543,7 558,5 616,5
C159-6-3-80-0-20 0,2 0,18 0,37 756 636,3 728,7 743,3
C159-6-3-80-0-40 0,4 0,37 0,74 424 520,5 623,6 636,8
RC159-6-3-30-0-20 0,2 0,16 0,25 768 694,1 728,7 759,9
RC159-6-3-30-0-40 0,4 0,31 0,50 726 587,5 623,6 664,5
RC159-6-3-30-0-60 0,6 0,44 0,75 444 515,2 558,5 607,9
RC159-6-3-80-0-20 0,2 0,18 0,38 913 632,7 728,7 748,7
RC159-6-3-80-0-40 0,4 0,35 0,79 496 504,7 623,6 6425
FC159-6-3-30-0-20 0,2 0,15 0,22 751 716,0 728,7 7742
FC159-6-3-30-0-40 0,4 0,30 0,44 707 6105 623,6 665,3
FC159-6-3-80-0-20 0,2 0,16 0,37 763 636,3 728,7 757.,8
FC159-6-3-80-0-40 0,4 0,34 0,74 481 520,5 623,6 649,8
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Table 4. Fire Concrete Contribution Ratio (FCCR)

NAME Load level CFT (TEST) HOLLOW FCCR
C159-6-3-30-0-40-P-P 0,4 18 9 2,00
C159-6-3-30-0-20 0,2 42 14 3,00
C159-6-3-30-0-40 0,4 25 10 2,50
C159-6-3-30-0-60 0,6 14 5 2,80
C159-6-3-80-0-20 0,2 38 11 3,45
C159-6-3-80-0-40 0,4 11 3 3,67
RC159-6-3-30-0-20 0,2 43 13 3,31
RC159-6-3-30-0-40 0,4 30 9 3,33
RC159-6-3-30-0-60 0,6 13 4 3,25
RC159-6-3-80-0-20 0,2 65 11 5,91
RC159-6-3-80-0-40 0,4 19 4 4,75
FC159-6-3-30-0-20 0,2 36 14 2,57
FC159-6-3-30-0-40 0,4 22 10 2,20
FC159-6-3-80-0-20 0,2 36 11 3,27
FC159-6-3-80-0-40 0,4 16 3 5,33
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