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SUMMARY
Experimental and theoretical studies have been carried out at the National Research
Council of Canada to develop methods to predict the fire resistance of concrete filled
hollow steel columns. A mathematical model that calculates temperatures, deformations
and strength of columns in fire, and their fire resistance, is described in this paper. A
comparison of results calculated using this model with the results of tests conducted on
circular steel columns filled with non-reinforced concrete is discussed.

INTRODUCTION

CALCULATION PROCEDURE

Hollow structural steel sections are the most
efficient of all structural sections in resisting
compression loads. By filling these sections with
concrete, the load-carrying capacity of such
columns can be increased substantially. In addition, a high fire resistance can be obtained without the necessity of additional surface fire protection for the steel. The elimination of such
surface protection in turn increases usable
space in the building. Furthermore, the steel
sections dispense with the need for formwork.

The calculation of the fire resistance of the
column is carried out in various steps. It
involves the calculation of the temperatures of
the fire to which the column is exposed, the
temperatures in the column and its deformations and strength during the exposure to fire.

Research to determine the fire resistance of concrete filled hollow steel columns has been carried out in several laboratories in the worldl.15
For a number of years, the National Research
Council of Canada (NRCC) has also been
engaged in research to calculate the fire resistance of hollow steel columns with concrete filling. Both theoretical and experimental studies
were carried out16.18. With the support of the
North American steel industry, these studies
have been expanded substantially.
Most of the studies at the NRCC have been carried out on columns with circular cross-section.
These studies complement the studies carried
out by other laboratories, which were dominantly on columns with square cross-section. In this
paper, the fire resistance studies on circular
hollow steel columns filled with siliceous aggregate concrete will be discussed.

A procedure to calculate the fire resistance of
circular hollow steel columns with concrete filling has been described in Reference 16. In the

present paper, this procedure has been refined
to enable faster and more precise execution of
the calculations. A flow chart of the calculation
procedure is shown in Figure 1.

TEMPERATURES OF COLUMNS
DURING FIRE EXPOSURE
The column temperatures are calculated by a
finite difference methodl9. This method has
been previously applied to the calculation of
temperatures of various building components
exposed to fire2o,21. Because the methods oaf
deriving the heat transfer equations and of calculating the temperatures is described in detail
in those studies, it will not be discussed here;
only the equations for the calculation of the
column temperatures will be given.

Division of Cross-section into
The cross-sectional
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area

Layers

of the column is subdi-

is the time in hours and is the fire
temperature in °C at time ’r= j zl7.
where

T

The temperature rise in the layer can be derived
by creating a heat balance for each layer. In the
following, all calculations will be carried out for a
unit length of the column. For the layer at the
surface of the column, the temperature at time z
~j + 1)dz is given by the expression:
=

Equations for Inside the Steel
For the layers in the steel, except for the surface
layer and the layer at the boundary of the steel
and concrete, the temperature at time r = (j +

Table 1. Flow chart of calculation procedure.

vided into

1)4r is given by:

number of concentric layers. There
are M~ layers in the steel and (M2 - M~ + I) layers
in the concrete. As illustrated in Figure 2, along
any radius, a point Pm representing the temperature of a layer (m), is located at a distance of (m l)L1C;s from the fire-steel boundary when the point
is in the steel, and at a distance of (m-Mi)4§
from the concrete-steel boundary, when the point
is in the concrete. The outer layer of the steel,
which is exposed to fire, has a thickness of 1/2L1C;s’
The layer of steel at the boundary between steel
and concrete is also 1/2L1C;s thick. The thickness of
all other layers in the steel is L1C;s. The thickness
of the layer of concrete at the boundary between
steel and concrete, and that at the centre of the
column is 1/2L1C;c’ The thickness of the other
layers in the concrete is equal to A4c.
a

Equations for the

Fire-Steel

Equations for the Steel Boundary
For the layer at the boundary of the steel and
the concrete, the temperature at time z = (j +
1)dz is given by:

Boundary

It is assumed that the entire surface of the
column is exposed to the heat of a fire whose
temperature course follows that of the standard
fire described in ASTM-E11922 or CAN4-S10123.
This temperature course can be approximately
described by the following expression20:
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Equations for Inside the Concrete
For the

layers

in the concrete, except for the

layer at the centre of the column and the layer
at the boundary of the concrete and steel, the
temperature at time r = (j + 1)dz is given by:

For the concrete layers inside the column,
except for the layer at the boundary between
the steel and concrete and the centre layer, the
initial volume of moisture is given by:

as for the boundary concrete layer, it
be derived that, per unit length of the
column, the volume dVm , evaporated in time
.1-r from these layers, is:

Similarly,
can

Equations for the Centre of the Concrete
For the centre layer, the temperature at time
_ (j + 1)dz is given by:

r

For the concrete centre
of moisture is:

Effect of Moisture

layer,

the initial volume

The effect of moisture in the concrete

on the
column temperatures is taken into account by
assuming that, in each layer, the moisture
starts to evaporate when the temperature
reaches 100°C. In the period of evaporation, all
the heat supplied to a layer is used for evaporation until the layer is dry.

heat balance equation, it can be derived
that, per unit length of the column, the volume
L1Vk2 evaporated in time 4r from the centre
layer, is: .
From

a

For the concrete layer at the boundary between
steel and concrete, the initial volume of moisture is given by:

Stability Criteria
From

heat balance equation, it can be derived
length of the column, the volume
vk1 evaporated in the time .1! from the concrete
layer at the boundary steel-concrete, is:

that,

a

per unit

In order to ensure that any error existing in the
solution at some time will not be amplified in subsequent calculations, a stability criterion has to
be satisfied. For a selected value of .1;, this limits
the maximum time step .1-r. Following the method
described in Reference 19, it can be derived that,
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STRENGTH OF COLUMNS DURING
FIRE EXPOSURE

for the fire-exposed columns, the criterion of stability is given by the smallest of the following
three criteria of stability:

Division of Cross-section into Annular
Elements
at

boundary fire-steel

at

boundarv steel-concrete

To calculate the deformations and stresses in
the column and its strength, the cross-sectional
area of the column is subdivided into a number
of annular elements. In Figure 3, the arrangement of the elements is shown in a quarter section of the column. The arrangement of the elements in the three other quarter sections is

at the centre

In these equations (pscs)min and (PcCc)min are the
minimum values of the heat capacity of the
steel and concrete, (kS)max and (k~)max the maximum values of the thermal conductivity of steel
and concrete and hmax the maximum value of
the coefficient of heat transfer to be expected
during the exposure to fire. For exposure to the
standard fire, the maximum value of the coefficient of heat transfer hmax is approximately 675

Figure 2. Arrangement of layers in section of concrete
filled hollow steel column.

W/m2 °C (Reference 16).

Procedure for Calculation of Column

Temperatures
With the aid of Equations 1 - 15, and the relevant material properties given in the Appendix,
the temperature distribution in the column and
on its surface can be calculated for any time, z =
(j + 1)dz, if the temperature distribution at the
time jdr is known. Starting from an initial temperature of 20°C, the temperature history of the
column can be calculated by repeated application of Equations 1 - 15.

Figure 3. Arrangement of elements in
concrete filled hollow steel column.
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quarter section of

identical to this. In the radial direction, the subdivision is the same as that shown in Figure 2,
where the cross-section is divided into concentric layers. In the tangential direction, each
quarter section layer is divided into N elements.

given curvature, and thus for any given
deflection at midheight, the axial strain is varied
For any

The temperature representative of that of an
element is assumed to be equal to the temperature at its centre. It is obtained by taking the
average of the temperatures at the tangential
boundaries of each element, previously calculated with the aid of Equations 1 - 15.

until the internal moment at the mid-section is in
equilibrium with the applied moment, i .e.,

Thus for

In this way, a load-deflection curve can be calculated for any specific time during the exposure
to fire. From these curves the strength of the
column, i.e., the maximum load that the column
can carry, can be determined for each time. In
the calculation of column strength, the following
assumptions were further made:

element
temperature is:
an

Pm,n,
’

the representative

where the subscripts, annular and layer, refer to
the annular elements shown in Figure 3 and the
element layers shown in Figure 2, respectively.

The properties of the steel and concrete are
those described in the Appendix.
2. Concrete has no tensile strength.
3. Plane sections remain plane.
4. There is no slip between steel and concrete.
5. There is no composite action between the
steel and concrete.
6. The reduction in column length before exposure to fire (consisting of free shrinkage of the
concrete, creep, and shortening of the column
due to load) is negligible. This reduction can
be eliminated by selecting the length of the
1.

it is assumed that the stresses and
deformations at the centre of an element are
representative of those of the whole element.

Similarly,

Assumptions in the Calculation of
Strength During Fire
During exposure to fire, the strength of the
column decreases with the duration of exposure.
The strength of the column can be calculated by
a method based on a load deflection or stability

analysis24.
In this method, the columns are idealized as
pin-ended columns of effective length KL
(Figure 4). The load on the column is intended
to be concentric. Due to imperfections of the
columns and the loading device, some eccentricity exists. The loading system and the test
columns were made with high precision.
Therefore, in the calculations, a very small arbitrary load eccentricity of 0.2 mm, reflecting a
nearly concentric load, has been selected for the
initial eccentricity.

The curvature of the column is assumed to vary
from pin-ends to midheight according to a
straight line relation, as illustrated in Figure 4.
For such a relation, the deflection at midheight
Y, in terms of the curvature X of the column at
this height, can be given by:

Figure
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4. Load-deflection

analysis.

shortened column as initial length from
which the changes during exposure to fire are

The stresses in the elements are calculated using
the same stress-strain relations for concrete,
given by Equations 29 - 31 in the Appendix.

determined.
Based

Procedure for the Calculation of

strains and stresses of the elements are not
symmetrical with respect to the y-axis, the calculations were performed for both the network
shown and an identical network at the left of
the y-axis. The load that the column can carry
and the moments in the section were obtained
by adding the loads carried by each element and
the moments contributed by them.

With the aid of Equations 19 - 22, Equations 23
25 and Equations 29 - 31, the stresses at midsection in the steel and concrete elements can
be calculated for any value of the axial strain e
and curvature llp. From these stresses, the load
that each element carries and its contribution to
the internal moment at mid-section can be
derived. By adding the loads and moments, the
load that the column carries and the total internal moment at mid-section can be calculated.

on these assumptions, the column
strength during exposure to fire was calculated.
In the calculations, the network of annular elements shown in Figure 3 was used. Because the

Equations for the Steel
The strain in an element of the steel can be
given as the sum of the thermal expansion of
the steel (~S)T, the axial strain of the column e
and the strain due to bending of the column
xi p, where xs is the horizontal distance of the
steel element to the vertical plane through the
y-axis of the column section and p is the radius
of curvature. For the steel to the right of the yaxis (Figure 3), the strain (6-s)R is given by:

Column

Strength

-

The fire resistance of the column is derived by
calculating the strength of the column as a function of time of fire exposure. This strength
reduces gradually with time. At a certain point,
the strength becomes so low that it is no longer
sufficient to support the load. At this point, the
column becomes unstable and is assumed to
have failed. The time to reach this failure point
is the fire resistance of the column.

TEST SPECIMENS
For the steel elements to the left of the y-axis,
the strain (E S)L is given by:

The stresses in the steel are calculated using
the same stress-strain relations for steel, given
in Reference 16. These relations are given by
Equations 23 - 25 in the Appendix.

Equations for the Concrete
The strain in the concrete for the elements to
the right of the y-axis can be given by:

and for the elements to the left of the y-axis

by:

test specimens consisting of cylindrical
hollow steel columns filled with siliceous aggregate concrete were constructed for the purpose
of verifying the validity of the mathematical
model described in this paper. The test specimens are described in detail in Reference 17
and are illustrated in Figure 5.

Thirty

All columns were 3810 mm long from end plate
to end plate. The columns had an outside diameter ranging from 141 mm to 406 mm. The wall
thickness of the columns varied from 4.8 mm to
12.7 mm.

The plate thickness and dimensions varied with
the cross-section size. The thicknesses were 19, 25
and 38 mm and the plate dimensions were 356 x
356 mm and 508 x 610 mm. They are given for
each column section size in Reference 17.
The steel columns
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were

fabricated

by cutting

the steel to appropriate lengths. Steel end
plates were then welded at the column extremities. Accurate centering and perpendicularity of
the end plates were given special attention.
Before welding the end plates, a hole with a
diameter approximately 26 mm smaller than
the inner diameter of the hollow steel section
was cut in each plate. The smaller diameter of
the holes created, after welding, a lip of 13 mm,
as shown in Figure 5.
Four small holes were also drilled in the steel
wall to provide vent holes for water vapour produced during the experiment. Two of the holes
were located opposite one another at 1448 mm
above midheight of the column. The other two
were also located opposite to one another at
1448 mm below midheight of the column
(Figure 5).

The steel of the columns was manufactured
according to CSA Standard CAN3-G40.20M7725, Class H (hot formed or cold formed,
stress relieved) and had a specified yield
strength of 350 MPa.
The concrete was poured in the column through
the top opening. Its composition, per cubic
metre of concrete mix, was as follows:

test furnace was designed to produce the conditions to which a member might be subjected

during a fire. It consists of a steel framework
supported by four steel columns, with the furchamber inside the framework. The characteristics and instrumentation of the furnace,
which has a loading capacity of 1000 t, are
described in detail in a previous paper26.
nace

TEST CONDITIONS
PROCEDURE

AND

The columns were installed in the furnace by
bolting the end plates to a loading head at the
top and a hydraulic jack at the bottom. Rotation
of the end plates was prevented. The conditions
of the columns were fixed-fixed in all tests. For
each column, the length that was exposed to fire
was approximately 3000 mm. At high temperature, the stiffness of the unheated column ends,
which is great in comparison with that of the
heated portion of the column, contributes to a
reduction in the column effective length. In previous tests27, it was found that for columns
tested fixed at the ends, an effective length of
2000 mm represents experimental behaviour.
The columns were tested under loads that
varied from about 60 to 140% of the factored

The average 28-day concrete cylinder strength
was approximately 25 MPa. The average cylinder strength at time of testing was approximately 30 MPa.

Chromel-alumel thermocouples with a thickness
of 0.91 mm were installed at midheight of the
column for measuring temperatures of the steel
and concrete at different locations in the crosssection. The locations of the thermocouples are
described in detail in Reference 17.
’

TEST APPARATUS

These tests were carried out by exposing the
columns to heat in a column test furnace. The

Figure
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5. Elevation and cross section of test specimens.

compressive resistance of the

concrete section

temperatures measured in the concrete, rela-

and about 10 to 45% of the factored compressive
resistance of the composite column, according to
the CAN3-S16.1-M84 Standard28. The effective
length used in the calculation of the factored
resistances was that recommended in CAN3S 16.1-M84 for columns with both ends fixed,
i.e., 0.65 times the column unsupported length.

to the steel, are on the average
somewhat lower than the calculated temperatures. The differences reduce, however, with
increasing temperatures and duration of fire

tively close

exposure.

deeper in the concrete, there is initially rapid rise in the measured temperatures, followed by a period of nearly constant
For locations
a

The columns were exposed to heating controlled
in such a way that the average temperature in
the furnace closely followed the ASTM-E11922
or the CAN4-510123 standard temperature-time
curve.

The columns were considered to have failed and
the tests terminated when the load, which was
applied with a hydraulic jack, could no longer be
maintained. The hydraulic jack has a maximum
speed of 76 mm/min.

RESULTS

AND

DISCUSSION

In the following, the results obtained for five
column sections, representative of the range of
sections tested, will be discussed. Information
on the column dimensions, fire resistances and
test loads are given in Table 1.

Using the mathematical model described

in this
the
deformations
and fire
paper,
temperatures,
resistances of the five columns were calculated.
The results are shown in Figures 6 - 15.

In

Figures 6 - 10, calculated temperatures are
compared with those measured in the steel and
at various

depths in the concrete for the five
columns under consideration. In general, there
is reasonably good agreement between calculated and measured steel temperatures. The

temperatures in the earlier stages of the fire
exposure. This temperature behaviour may be
the result of thermally induced migration of
moisture towards the centre of the column.
Although the model takes into account evaporation of the moisture, it does not take into
account the migration of the moisture towards
the centre. That migration appears to account
for the deviation between calculated and measured temperatures at the earlier stages of fire
exposure. At a later stage, however, which is the
important stage from the point of view of predicting the fire resistance of the columns, there
is good agreement between calculated and mea-

sured temperatures.
In Figures 11-15, the calculated and measured
axial deformations during the exposure to fire
are shown for the five columns. In general,
there is reasonably good agreement in the trend
of deformations between calculated and measured results. There are some differences, however, in the actual values of the calculated and
measured deformations. These differences are
caused by several factors, namely, load, thermal
expansion, bending and creep, which cannot be
completely taken into account in the calculations. There is also uncertainty in load sharing
between the steel and concrete. In particular in
the case of Column No. 1 (Figure 11), this is
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Figure 6. Calculated and measured temperatures in
steel and at various depths in the concrete (column
diameter=141.3 mm, wall thickness=6.55 mm).

Figure 9. Calculated and measured temperatures in
steel and at various depths in the concrete (column
diameter=273.1 mm, wall thickness=5.56 mm).

Figure 7. Calculated and measured temperatures in
steel and at various depths in the concrete (column
diameter=168.3 mm, wall thickness=4.78 mm).

Figure 10. Calculated and measured temperatures in
steel and at various depths in the concrete (column
diameter=355.6 mm, wall thickness=12.7 mm).

Figure 8.

Figure 11. Calculated and measured column axial
mations (column diameter=141.3 mm, wall thick-

Calculated and measured temperatures in
steel and at various depths in the concrete (column
diameter=219.1 mm, wall thickness=4.78 mm).

ness=6.55 mm).

probably the main cause for the difference
between calculated and measured axial deformations at approximately 40 minutes.
In all cases, the calculated deformations

near

defor-

the

smaller than the measured
deformations. It is likely that the main cause of
the difference is creep of the steel and concrete,
which becomes more pronounced at higher temperatures. A part of the creep, however, is implic-

point of failure
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are

itly taken into account in describing the mechanical properties of the materials used.
In Table 1, the calculated and measured fire
resistances, i.e., failure times of the columns,
are given. In general, measured fire resistances
are higher than calculated fire resistances. The
differences vary from about 10 to 20% of the
measured fire resistances. One reason for the
difference is the definition of the failure point.

At present, there are no generally accepted failure criteria for columns. In the calculations, the
failure point has been defined as the point at
which the column can no longer support the
applied load. At this point, the column is
assumed to fail instantaneously. In tests, failure
generally does not occur instantaneously. At an
advanced stage of the test, the column starts to
contract axially at a rate that increases with
time. Both the contraction and rate of contraction can reach very high values.

A current failure criterion, based on the
contraction and the rate of contraction, is that
proposed in the ISO 834 Standard29. According
to this Standard, a column is considered to have
failed if the column has contracted axially by
0.01 L mm and the rate of contraction has
reached 0.003 L mm/min, where L is the length
of the column. For the columns under consideration these criteria correspond to a maximum
contraction of 38 mm and a rate of contraction
of 11.4 mm/min. In the tests by the National
Research Council of Canada (NRCC), the
columns were considered to have failed when
the load, applied by a hydraulic jack that has a
maximum speed of 76 mm/min, could no longer
be maintained. Because both the ISO and the
NRCC criteria for the rate of contraction are
high, there is virtually no difference in the time
between reaching the ISO rate of contraction or
the NRCC rate of contraction, as can be seen in
Figures 11 - 15.
11
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Figure 12. Calculated and measured column axial deformations (column diameter=168.3 mm, wall thickness=4.78 mm).

Figure 14. Calculated and measured column axial deformations (column diameter=273.1 mm, wall thickness=5.56 mm).

Figure 13.

Figure

Calculated and measured column axial deformations (column diameter=219. 1 mm, wall thick-

ness=4.78 mm).

15. Calculated and measured column axial deformations (column diameter=355.6 mm, wall thickness=12.7 mm).
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Since there are no specific failure criteria for
columns in North American test standards and
ISO Standards are widely used in the world, it is
proposed to adopt these criteria in this study. It
implies that, for concrete filled columns, calculated fire resistances should be increased by an
amount to correct for the difference in failure criteria between the model and the ISO Standard.
As shown in Reference 17, more columns were
tested than those considered in the present
study. Some of the columns were tested at a relatively high load, namely well over 1009( of the
factored compressive resistance of the concrete
section, according to the CAN3-S16.1M84
Standard28. In some of these tests, especially
when the diameter of the column was large (323
mm and more), the column failed considerably
earlier than expected and the behaviour of the
column could not be predicted. A possible reason
for the early failure of these columns is that,
due to transfer of the load from the steel to the
concrete during the exposure to fire, the concrete is subjected to local excessive stresses.

1.

The mathematical model employed in this
study is capable of predicting the fire resistance of concentrically loaded circular concrete filled steel columns with an accuracy
that is adequate for practical purposes.

2.

To avoid premature failure of the column,
an upper limit for the load has to be set. A
conservatively estimated value for columns
filled with plain concrete is 80% of the factored compressive resistance of the concrete
section of the composite column as defined
in CAN3-Slf.l-M84. Further studies are
needed to more precisely establish this
limit.

3.

The model can be used for the evaluation of
the fire resistance of circular concrete filled
hollow steel columns for any value of the
significant parameters, such as load,
column section dimensions, column length
and concrete strength, without the necessity
of testing. The results produced by the
model are expected to be conservative
because of the use of a conservative failure
criterion in the model in comparison with
those in current test standards, and conservative heat transfer coefficients. Further

Until further studies have been carried out and
other existing results have been analyzed, it is
recommended to restrict, for non-reinforced concrete filling, the use of the model to loads not
greater than 80% of the factored compressive
resistance of the concrete section which, as indicated by the test resultsl7, appears to be a conservative limit.

studies, using mainly existing data, are
to enable more precise evaluation of

needed

the fire resistance of the columns
tion of the significant parameters.
4.

With steel fibre

bar reinforcement in the concrete, however, much higher loads can be
applied without the occurrence of unexpected
early failure2-9,12,13,15. Tests on reinforced concrete columnS30 have shown that the failure
time or fire resistance of the columns remains
predictable, even when the applied load is
approximately 1.5 times the maximum factored
axial load resistance of the column calculated
according to the CAN3-A23.3-M84~ Standard
or the ACI Standard 318-8332.
or

CONCLUSIONS
Based on the results of this
conclusions can be drawn:

study, the following
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as a

func-

The model can also be used for the calculation of the fire resistance of circular steel
columns filled with concretes other than
those investigated in this study; for example, carbonate aggregate or lightweight concretes, if the relevant material properties
are known.

NOMENCLATURE
A
c

z

of elementt
specific heat [J/kg °C]
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