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SUMMARY
Results from experimental and theoretical studies indicate that fire resistance, in the practical
region, can be obtained for hollow structural steel columns filled with three types of concretefilling: plain concrete, bar-reinforced concrete and steel fibre-reinforced concrete. Case studies
illustrating the use of concrete-filling, as a means of providing fire protection, to hollow steel
columns are presented for the Museum of Flight in Seattle, Washington, and a school building
in

Hamilton, Ontario.

struction. Recent studies, which were supported by the North American steel industry, resulted in practical solutions for obtaining
the required fire resistance for HSS columns, without any external protection, through

INTRODUCTION
Steel hollow structural section (HSS) colvery efficient structurally in resisting compression loads and are widely
used in the construction of framed structures in industrial buildings. By filling
these sections with concrete, the load-bearing
capacity of such columns can be increased
substantially. In addition, a higher fire
resistance can be obtained without using
external fire protection for the steel, thus
increasing the usable space in the building. Further, the steel sections dispense
with the need for formwork and can be
prefabricated, thus enabling their erection in all types of weather. Properly designed concrete-filled hollow steel columns
can also lead, in an economic way, to the
realization of architectural and structural
design with visible steel without any restrictions on fire safety.
umns are

concrete-filling.
Both

(FC), on the fire resistance of
HSS columns. The results of these studies
are being used to develop simple design
equations for calculating the fire resistance of concrete-filled HSS columns. The
calculation procedures were used to provide data on the necessary fire protection
measures for the concrete-filled HSS columns used in the Museum of Flight building in Seattle, Washington, and a school
building in Hamilton, Ontario.

a

Crown

and theoretical stud-

concrete

number of years, the National Fire
Laboratory (NFL), Institute for Research
in Construction, National Research Council of Canada, has been engaged in studies
aimed at developirig innovative methods
that can be used by the construction industry for cost efficient and fire safe conFor

experimental

ies, using numerical techniques, were carried out at the NFL to investigate the
influence of three types of concrete-filling ; namely, plain concrete (PC), bar-reinforced concrete (RC), and fibre-reinforced

EXPERIMENTAL PROGRAM
Fifty eight

concrete-filled HSS columns
tested to failure by exposing the columns
to fire. The columns had circular and square
cross-sections and were filled with one of
three types of concrete. No external firewere
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proofing

was

the top opening, and vibrators
used to consolidate the concrete. Thermocouples, with a thickness of 0.91 mm,
were installed at the mid-height of the
column to measure the temperature at
different locations in the cross section

through

provided for the steel.

were

All columns were 3810 mm long. The outside diameter of the circular columns varied from 141 mm to 406 mm, while the
width of the square columns varied from
152 mm to 305 mm. The wall thicknesses
varied from 4.8 mm to 12.7 mm. The test
variables were column sectional dimensions, wall thickness, load intensity, end

conditions,

concrete

The tests were carried out by exposing the
concrete-filled columns to heat in a furnace especially built for testing loaded
columns.’ The test furnace was designed
to produce conditions such as temperature, structural loads and heat transfer,
to which a member might be exposed during a fire. It consists of a steel framework
with the furnace chamber inside it. The
furnace facility includes a hydraulic loading system with a capacity of 1,000 t.

strength, aggregate

and reinforcement type. Figure 1 shows
elevation and cross-sectional details for
the columns.

Most of the HSS columns

subjected to
during testing.

were

constant concentric loads

The applied load on the columns varied
from about 60 to 140% of the factored
compressive resistance of the concrete core
and about 10 to 45% of the factored compressive resistance of the composite column, calculated according to the specifications of Canadian Standard CSA/CAN3-

516.1M89.22

During

the test, the column

under

load,

a

to

heating

was

exposed,

controlled in such

a way that the average temperature in the
furnace followed, as closely as possible,
the ASTM E 119-883 standard temperature-time curve. The furnace, concrete and
steel temperatures as well as the axial
deformations and rotations were recorded

1. Evaluation and Cross Section of Concrete-Filled
HSS Columns.

Figure

until failure of the column.

,

The average 28-day cylinder strength of
the concrete varied from 24 to 49 MPa,
while the corresponding strength on the
test day, which was at least four months
after construction, varied from 24 to 59
MPa. For the RC-filling, the reinforcing
bars were tied together to form a steel
cage, which was placed inside the HSS
column. For FC-filling, steel fibres, 1.77
percent by mass, were mixed with the concrete.
The concrete

was

poured

RESULTS

AND

DISCUSSION

Full results of the fire tests on HSS columns, filled with PC, RC and FC, can be
found in other papers4~5, and 6. The results
and discussion in this paper concentrate
on the relative performance of the three
types of concrete-filled HSS columns.
Results from the fire tests indicate that
the fire resistance of PC-filled HSS columns is about one to two hours, as com-

into the column
-90-

As expected, the columns expand in the
initial stages and then contract leading to
failure. The deformation in these column
results from several factors such as load,
thermal expansion and creep. While the
effect of load and thermal expansion is
significant in the early stages, the effect
of creep becomes pronounced in the later

to about 15 minutes for unprotected
steel columns. For RC-filled and FC-filled
columns, fire resistances as high as three
hours were obtained.

pared

The failure of the columns varied from
compression to buckling depending on the
size of the column and the type of filling.
The majority of the PC-filled columns failed
by buckling, which was significant in columns with sectional dimensions less than
203 mm. Generally, the failure of PC-filled
columns was by sudden contraction, while
RC-filled and FC-filled columns failed by
gradual contraction.

stages.
It can be seen from Figure 2 that the deformation behavior of the FC-filled steel
column is similar, during the later stages
of the test, to that of the RC-filled steel
column. The initial higher deformations
in the fibre-reinforced concrete-filled column might be due to higher thermal expansion of fibre-reinforced concrete.

The behavior of concrete-filled HSS columns under fire conditions is illustrated
in Figure 2, which shows the variation of
the axial deformation with time for the
three types of concrete-filling. The plain
and fibre-reinforced concrete-filled steel
columns had similar dimensions and loading conditions. The bar-reinforced concretefilled steel column had a smaller diam-

eter, and was subjected to

a

slightly higher

load than the other columns. Though the
dimensions for the RC-filled column were
not exactly identical to the PC and FCfilled columns, the results can be used to
illustrate the comparative fire resistance
capacities of the three types of concrete

filling.

3. Temperature at Various
Function of Exposure Time.

Figure

Depths of Column

as a

The temperature-time curves for the external surface and for various depths in
the concrete are plotted in Figure 3 for
HSS columns filled with PC, RC and FC.
The measured average temperature in the
furnace followed the standard temperature-time curve, as shown in Figure 4 (c).
For all three columns, the temperatures
inside the columns rise rapidly to about
100 °C, and then the rate of increase of
temperature decreases. This temperature
behavior is caused by thermally-induced
migration of moisture toward the centre of
the column’. The influence of moisture
migration is the highest at the centre of
the column.

Figure 2. Axial Deformation
Exposure Time.

in HSS Column

as a

Function of

The failure of the PC-filled column
-91-

oc-

and
core

300 °C, respectively. This

variation in
at the failure of the colbe attributed to differences in

temperature

umns can

mechanical properties of the three types
of concrete in the columns.
For the PC-filled column, the reduction
in compressive strength of the concrete
with temperature, together with excessive
cracking in the concrete core, contributed
to early failure. In the RC-filled HSS column, the presence of rebars not only decreased the propagation of cracks and sudden
loss of strength, but also contributed to
the load-carrying capacity of the concrete
core. In the FC-filled column, the steel
fibres prevented early cracking and also
contributed to the compressive strength
of the concrete at elevated temperatures.
Results from the experimental studied66
indicate that the compressive strength of
fibre-reinforced concrete increases with temperature up to about 400 °C.

EFFECT OF CONCRETE-FILLING
ON FIRE RESISTANCE
Results from the tests show that filling
the column with plain concrete, without
any steel reinforcement, offers the most
economical arrangement from the point of
view of fire resistance. However, in some
cases, especially when the dimensions of
the columns are large (323 mm or more),
PC-filled steel columns fail at relatively
low loads when exposed to fire. These failures can be attributed to early cracking
initiated by strength loss in the steel casing at elevated temperatures7 and excessive local stresses in the concrete due to
the reduction in compressive strength of
the concrete at elevated temperatures.

In the bar-reinforced concrete-filled HSS
column, the presence of rebars not only
decreases the propagation of cracks and
sudden loss of strength, but also contributes to the load carrying capacity of the
concrete core.88 The fire resistances of
these columns were improved significantly.
However, there is the additional cost of
steel and installation of the rebars in the

Figure 4. Effect of Concrete-filling on Calculated Fire
Resistance of HSS Columns.

curred when the temperature at the centre
of the concrete core was approximately
100 °C. The corresponding temperatures
at the centre of the concrete core for RCand FC-filled columns were about 400 °C
-92-

column.
The use

of fibre-reinforced

The computer programs were used to carry
out detailed parametric studiesll to generate data on the fire resistance of concrete-filled HSS columns. The results of
the parametric studies indicated that the
fire resistance of a concrete-filled steel
column is primarily a function of its size,
slenderness ratio, the concrete strength,
the load intensity, type of aggregate and
type of concrete filling.

concrete-

filling in HSS columns prevented early
cracking and resulted in fire resistance
values which are comparable to those of
RC-filled HSS column.9 The load-carrying
capacity of the column is also increased to
a certain degree. This can be attributed to
the fact that the compressive strength of
fibre-reinforced concrete increases with
temperaturel° up to about 400 °C. The
additional cost in the case of FC-filled
columns, over the cost of concrete, is the
cost of the steel fibres.

DESIGN

FOR

FIRE RESISTANCE

it is possible to use the mathematical models for the design of columns,
the calculation procedure is elaborate and
requires considerable skill and effort. A
method more suitable for general application and incorporation into codes is the
use of design formulas in line with conven-

Although

COMPUTER MODELS
The main objectives of the experimental
studies were to generate fire resistance
data for immediate use by the construction industry, and to provide information
for the development of general methods
for calculating the fire resistance of concrete-filled steel columns.

tional

design procedures.

Design equations for calculating the fire
resistance of concrete-filled HSS columns
are being developed using the data generated from the parametric and laboratory
studies. As an illustration, the following
equation was developed to calculate the
fire resistance of a PC-filled HSS column
subjected to axial loading. 12

Mathematical models were developed for
the fire behavior of PC-, RCand FC-filled steel columns.7,8,9 The steps,
associated with the development of the
models, involved the calculation of the fire
temperatures and the temperatures, deformations and strength of the concretesteel composite assembly. The models were
programmed for computer processing. The
validity of the computer programs has been
established by comparing the results from
the models to test data. The models can
take into account the influence of the various
parameters that determine the fire performance of concrete-filled HSS columns.

predicting

where:
R
fire resistance in minutes;
=

f’ = specified 28-day

concrete

strength

in

MPa;
K
L

4 shows, comparatively, the fire
resistances of three HSS columns filled
with PC, RC and FC, obtained from the

Figure

D
C

computer models. The three columns sizes
investigated were 324 and 355 mm diameter for circular columns and 203 mm for
square columns. The steel wall thickness
for all three columns was 6.4 mm. The fire
resistance of HSS columns increases with
cross-sectional size and depends on the

=

=

=

=

fl =

effective length factor;
unsupported length of the column
inmm;

outside diameter of the column in mm;
applied load in kN; and
a constant to account for the type of
aggregate and the cross-sectional shape
of the HSS column.

For circular columns, the value of fl is
equal to 0.07 for siliceous and 0.08 for

type of the concrete-filling.
-93-

carbonate aggregate concrete, while for
columns with square cross-section, the
corresponding value of fl is 0.06 and 0.07
for siliceous and carbonate aggregate con-

cretes, respectively.
In the equation on the previous page, the
fire resistance is expressed in terms of
structural design parameters. This offers
a convenient way to integrate the fire resistance design with the structural design. Using this type of equation, a designer can arrive at a desired fire resistance value by varying different structural
parameters, such as length, load and concrete strength. These equations also lead
to an optimum design that is not only
economical, but is also based on rational
design principles. The fire resistance equations
evolving from these studies are being incorporated into the National Building Code
of Canada.l3

Figure 5.

Elevation of the Museum of

Flight.

CASE STUDIES
The computer programs described above
were used to calculate the fire resistance
of HSS columns used in actual buildings.
One example is the Museum of Flight located at the

King County Airport
attle, Washington.

in Se-

The Museum of Flight is the largest air
and space museum on the west coast of
the USA and is home to one of the most
extensive aircraft collections in the world.
The 13,300 m2 museum is dominated by a
six-storey-high &dquo;Great Gallery,&dquo; constructed
as part of a three-part extension, and is
composed of a main steel-and-glass exhibit hall, a library, a 268-seat auditorium, and office and conference space
(Figure 5). The irregularly shaped building
is 148 m long, 76 m wide, and 23 m high.

Figure

6.

Display of Aircraft in

the Museum of

Flight.

from the ceiling (Figure 6). This required
that the main gallery be enclosed in glass
behind a three-dimensional steel frame.
Further, the frame members had to be
thin so as not to distract from the exhibits,
and not to generate any visual noise. The
structural engineers recommended the use
of tubular steel columns for the frame, due
to their efficient load-carrying function.
However, such steel columns were required

The architectural concept adopted for the
building was shaped by the need to naturally light the exhibits and visibility needs;
the ability to see exhibits from outside
(from the street and from the air), as well
as to see the sky from inside to provide a
natural background for aircraft suspended
94

a minimum fire resistance rating
of 60 min. The above architectural considerations lead to the adoption of concretefilling, to provide the necessary fire protection, instead of traditional sprayed-on
fire-proofing. Further, in order to minimize the sectional dimensions and obtain
higher fire resistance, concrete-filling was
reinforced with four steel bars.

to have

The

success

depended

on

The design calculations were submitted
by the architect to the county officials,
and the necessary approval was obtained
only after the submission of fire test data,
from tests carried out at the NFL, which
conformed to the specifications of UBC 431.15 This approach of providing fire protection through RC-filling was instrumental
in making the HSS columns thin, and in
the words of the Bazjanac and Winklemannl4
&dquo;it (HSS columns) does not distract from
exhibits and does not generate any visual
noise.&dquo;&dquo;

of the architectural concept
resolving several critical is-

related to energy performance 14 and
performance. No specific provisions
relating to fire resistance of concrete-filled
hollow steel columns were available in the
Uniform Building Code 43-1.15 The King
County officials, therefore, insisted that
calculations be carried out and test data
submitted on the fire resistance of concrete-filled HSS columns.
sues

fire

The computer programs were also used to
conduct necessary fire resistance calculations for concrete filled HSS columns for
other buildings. Figure 8 shows a typical

two-storey school building in Hamilton,
Ontario. The

designers

were

interested in

Fire resistance calculations for concretefilled HSS columns were carried out at the
National Fire Lab using the analytical techniques for various parameters such as loads,
column lengths, and thickness. The calculations indicated that the RC-filled HSS
columns could provide a fire resistance
rating of 60 min or higher under full design loads. Figure 7 shows a typical cross
section of RC-filled hollow steel column
used in the construction of the Museum of

Flight.
Figure 8.

Elevation of the School

Building

in Hamilton.

a 1-hour fire resistance for the
columns at both storey levels. Both circular and square columns were proposed in
the design of this school building.

obtaining

The computer programs were used to provide a 1-hour fire resistance rating for
both circular and square HSS columns filled
with PC and RC of different concrete

strengths. The designers adopted RC-filled
HSS columns for the ground level, in order
to carry higher loads, and PC-filled HSS
columns for the first storey level. A typical
elevation of a column in this school building is shown in Figure 9.

Figure 7. Typical Cross-section of Concrete-filled HSS
Column in the Museum of Flight.
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the HSS columns used in the Museum
Flight. We also express special thanks
to Stephen Parazader, S.P. Design Inc.,
for information and photographs on the
Hamilton school building.
on
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REFERENCES
1.

Lie, T.T., "New Facility to Determine
Fire Resistance of Columns," Canadian
Journal of Civil Engineering, Vol. 7,
No. 3, 1980, pp. 551-558.

2. Canadian Standards Association. "Limit

States

Design of Steel Structures." CAN/
CSA-S16.1M89, Toronto, Canada, 1989.
3. American

Society for Testing and Ma"Standard
Methods of Fire Tests
terials,
on Building Construction and Materials," ASTM E119, 1988, Philadelphia,
PA,

4.

Figure

9. Elevation of Concrete-filled Steel Column Used in

Hamilton School

Lie, T.T. and Chabot, M. "Experimental
Studies on the Fire Resistance of Hollow Steel Columns Filled with Plain
Concrete," IRC Internal Report No. 611,
National Research Council of Canada,
Institute for Research in Construction,

.

Building.

Ottawa, Ontario,

SUMMARY
5.

Concrete-filling offers an attractive practical solution for providing fire protection
to hollow structural steel columns without
any external

1990.

protection. Results from the

and numerical studies indiresistance, in the practical
can
be
obtained for HSS columns
region,
through three types of concrete-filling. Fire
protection of hollow steel columns, through
concrete-filling, has increased the architectural beauty of the Museum of Flight
and has provided an efficient design option for a school building.

experimental

cate that fire

1992.

Chabot, M. and Lie, T.T., "Experimental Studies on the Fire Resistance of
Hollow Steel Columns Filled with BarReinforced Concrete," IRC Internal Report No. 628, National Research Council of Canada, Institute for Research in
Construction, Ottawa, Ontario,

6.

1992.

Kodur, V.K.R. and Lie, T.T., "Experimental Studies on the Fire Resistance
of Circular Hollow Steel Columns Filled
with Steel-Fibre-Reinforced Concrete,"
IRC Internal Report No. 691, National
Research Council of Canada, Institute
for Research in Construction, Ottawa,

ACKNOWLEDGMENTS

Ontario, 1995.

The authors express their gratitude to Ibsen
Nelsen, Architect, and Hollis M. Palmer,
Director of Marketing and Public Relations, Museum of Flight, for providing information, photographs and other details

7.

Lie, T.T. and Chabot, M., "A Method

to

Predict the Fire Resistance of Circular
Concrete-filled Hollow Steel Columns,"
Journal of Fire Protection Engineering,
Vol. 2, No. 4,1990, pp. 111-126.
96

8.

Lie, T.T., "Fire Resistance of Circular
Steel Columns Filled with Bar-Reinforced Concrete,"
ASCE Journal o f Structural Engineering, Vol. 120, No.5, May

1994,
9.

pp. 1489-1509.

Kodur, V.K.R.

and Lie, T.T., "Fire Resistance of Hollow Steel Columns Filled
with Steel-Fibre Reinforced Concrete,"
Proceedings of Second University-Industry Workshop on Fibre Reinforced
Concrete and Other Composites, Toronto,

Ontario,

1995.

10.

Lie, T.T. and Kodur, V.K.R., "Mechanical
Properties of Fibre-Reinforced Concrete
at Elevated Temperatures," IRC Internal Report No. 687, National Research Council of Canada, Institute
for Research in Construction, Ottawa,
Ontario, 1995.

11.

Lie, T.T., Irwin, R.J., and Chabot, M.,
"Factors Affecting the Fire Resistance
of Circular Hollow Steel Columns Filled
with Plain Concrete," IRC Internal Report
No. 612, National Research Council of
Canada, Institute for Research in
Construction, Ottawa, Ontario, 1991.

12.

Lie, T.T. and Stringer, D.C., "Calculation of Fire Resistance of Steel Hollow
Structural Steel Columns Filled with
Plain Concrete," Canadian Journal of
Civil Engineering, Vol. 21, No. 3, 1994,
pp. 382-385.

13.

Supplement to the
National Building Code of Canada,"
National Building Code of Canada, National Research Council of Canada, Ottawa,
Canada, 1995 (in press).

14.

Bazjanac, V. and Winklemann, F., "Daylighting Design for the Pacific Museum
of Flight: Energy Impacts," Energy and

"Chapter

2 of the

Buildings,

Vol. 13, No. 3, 1989, pp.

187-199.
15. "Uniform Building Code," Standard
No. 43-1, International Conference of

Building Officials, Whittier, California, USA, 1982.
97

