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FA THE ISTANCE OF CIR: AR HOLL.OW
TEEL COL FILLED WITH BAR-REINFORCED CONCRETE

ABSTRACT

Experimental and theoretical studies have been carried out to predict the fire
resistance of hollow steel sections filled with various concretes. This report deals with
circular steel columns filled with bar-reinforced concrete. Using a computer program, the
influence of the various study variables on the fire resistance of these columns, namely,
column section size, steel wall thickness, load, effective length of the column, percentage
steel reinforcement, concrete cover thickness to reinforcing steel, concrete strength and
type of aggregate, were investigated. The results are described and the influence of the
various study variables is discussed.




FACT AFFECTING THE FIRE RESISTANCE OF CIR R HOLLOW
TEEL COL FILLED WITH BAR-RE RCED RETE

1 INTRODUCTION

For a number of years, the National Research Counci! of Canada (NRC) has
carried out research on the fire resistance of concrete-filled steel columns. Both
experimental and theoretical studies to develop methods for the prediction of the fire
resistance of these columns were conducted.

Mathematical models were developed for the calculation of the fire resistance of
hollow structural steel sections (HSS) filled with concrete. Columns of various steel sizes
and shapes filled with various concretes were studied and a large number of tests for the
validation of the models were carried out.

At present, the research has reached a stage at which sufficient data, suitable for
release, have been produced. This report contains the data showing the influence of the
important factors on the fire resistance of circular steel columns filled with bar-reinforced
concrete. The data, generated by a mathematical model [1] programmed for computer
processing, will enable the assessment of the fire resistance of the columns as a function of
the variables that determine it.

The model was developed at the National Fire Laboratory of the Institute for
Research in Construction, NRC, with the support of the Canadian Steel Construction
Council and the American Iron and Steel Institute.

2 STUDY VARIABLES

The study variabies that were considered in this report are given below.
2.1  Outside Diameter of the Steel Section

All diameters, listed in the CISC Handbook of Steel Construction [2], that were
equal to or greater than 168.3 mm were considered. The diameter of 168.3 was regarded
as the minimum diameter of a column still suitable for concrete filling. The selected
diameters, in total six, are shown in Table 1.

2.2 Thickness of the Steel Wall

To assess the effect of the steel wall thickness on the fire resistance of the
columns, the extreme values of wall thicknesses for each diameter equal to or greater than
168.3 mm (listed in the Handbook of Steel Construction) were selected for further study.
The selected wall thicknesses are given in Table 1.



23 Load

The influence of the load on the fire resistance of the column is evaluated by
calculating the strength of the column,; i.e., the maximum load that the column can
support, as a function of time during the exposure to fire. Because, by definition, the fire
tesistance of the column is equal to the time during which the column can support a
specific load, the fire resistance can be determined for any load using the strength versus
time relations. In this study, the strength of the column was calculated for every 10
minutes during the exposure to fire.

24  Effective Length

To study the influence of the effective length of the column on its fire resistance,
calculations of the strength of the column, during the exposure to fire, were made for the
column effective lengths of 2.5, 3.0 and 4.5 m.

2.5  Percentage Steel Reinforcement

To study the influence of the quantity of reinforcing steel, three steel percentages
were selected for each steel section considered in this study. These percentages were
obtained by dividing the areas of the cross sections of all reinforcing bars by the area of
the cross section of the concrete core, which includes the area of the steel bar cross
sections. The sizes of the steel bars considered were 11.3 mm, 16.0 mm, 19.5 mm and
25.2 mm. The sizes of the bars and the number of bars, with 2 minimum of four bars,
were selected in such a way that the three steel percentages examined in this study
approach as closely as possible to 1.5%, 3.0% and 6.0% respectively. The actual steel
percentages examined are given in Table 1.

2.6 Concrete Cover to Steel

The influence of the concrete cover on the fire resistance of the column was
studied for two concrete cover thicknesses, namely, 20 mm and 50 mm. The cover
thickness is defined as the shortest distance between the surface of the bar reinforcement
and the inner surface of the tubular steel.

2.7  Concrete Strength

The influence of the strength of the concrete filling on the fire resistance of the
column was studied for concrete compressive strengths of 20, 35 and 55 MPa.

2.8 Typeof Aggregate

Two concrete types, made with different aggregates, were considered in this study,
namely, siliceous and carbonate. The influence of the type of aggregate was evaluated by
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using, in the mathematical model, the relevant material properties of the two typés of
concretes. These properties are given in Reference 3 and in the Appendix.

3 CALCULATION METHOD

The calculation of the fire resistance of the columns was carried out according to
the method described in Reference 1. In this method, the calculation of fire resistance is
performed in three steps:

1. Calculation of the fire temperature.

2. Calculation of the temperatures in the column.

3 Calculation of the strength of the column during exposure to fire, including an
analysis of stress and strain distribution.

A flow chart of the calculation procedure is shown in Figure 1.
3.1 Fire Temperature

It is assumed that the entire surface area of the column is exposed to the heat of a
fire, whose temperature course follows that of the standard fire described in ASTM E119
[4} or CAN4-S101 [5]. This temperature course can be approximately described by the
following expression:

T, =20+750[1- Exp(-3.79553J7)| +170.4147

where 7 is the time in hours and T; is the fire temperature in OC at the time 1.

3.2  Temperatures of Column During Fire Exposure

The column temperatures are calculated by a finite difference method. Because the
finite difference heat transfer equations for the column are given in detail in Reference 1,
only a description of the method will be given in this report.

In this method, the cross-sectional area of the column is subdivided into a number
of concentric layers in both the steel and concrete. The temperature rise in a layer can be
derived by creating a heat balance for each layer. By solving the heat balance equation for
each layer, the temperature history of the column can be calcnlated, using the temperature
dependent thermal properties of the concretes and steel of which the column is composed.
These properties are given in Reference 3 and in the Appendix.

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.




3.3  Strength of Column During Fire Exposure

In order to calculate the strains and stresses in the column and its strength, the
cross-sectional area of the column is divided into a number of annular elements. The
temperatures, stresses and strains at the center of each element are representative of those
of the entire element.

The strain in an element of steel can be given as the sum of the thermal expansion
of the steel, the axial strain of the column due to compression and the strain due to
bending of the column. A similar calculation is performed for the concrete elements.

To simplify the strength calculations, the following assumptions are made:

1. The curvature of the column varies from pin-ends to midheight according to a
straight line relation.

2. Concrete has no tensile strength.

3. There is no slip between steel and concrete.

4. There is no composite action between the steel and concrete.

With these assumptions, and the aid of the stress-strain relations given in the
Appendix, the stresses at mid-section in the steel and concrete can be calculated for any
value of axial strain and curvature. 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 internal moment at mid-
section can be calculated.

The strength of the column, during exposure to fire, can be determined by
successive iterations of the axial strain and curvature until the internal moment at mid-
section is in equilibrium with the applied moment.

The fire resistance of the column is derived by calculating the strength of the
column as a function of the time of exposure to fire. 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.

4 RESULTS AND DISCUSSION

Using the mathematical model, described in Reference 1, and the material
properties, given in the Appendix, the strength of the columns during exposure to fire was
calculated for the values of the study variables mentioned in Section 2. The results are
given in Tables 1-36.



The influence of the various study variables can be assessed by comparing the fire
resistances calculated for the various conditions studied, with that of a reference column.
For this purpose, a column with an intermediate diameter of 273 mm, a steel wall
thickness of 6.4 mm, and effective length of 2.5 m, a steel percentage of approximately
1.5%, concrete cover of 20 mm, and siliceous concrete filling with a strength of 35 MPa
was selected as a reference column. Two reference loads were selected for the fire
resistance comparisons, namely 1400 kN which corresponds to a fire resistance of the
reference column of approximately 60 min and 400 kN which corresponds to a fire
resistance of 120 min for the same column.

The influence of the various study variables is shown in Figures 2-10 and will be
discussed below.

4.1 Qutside Diameter of the Steel Section

In Figure 2, the fire resistance of the columns is shown as a function of the steel
outside diameter for the two selected reference loads of 400 kN and 1400 kN. The curves
in this figure and the tabulated values in Table 2 for siliceous aggregate concrete filling
and in Table 20 for carbonate aggregate concrete filling, indicate that the column outside
diameter, which is a measure for the column section size, has a very great influence on the
fire resistance of the column. The curves in Figure 2 roughly show that the fire resistance
increases more than quadratically with the column outside diameter.

4.2 Thickness of the Steel Wall

The influence of the thickness of the steel wall on the fire resistance of the columns
is shown in Figures 3 and 4 for the two selected loads of 400 kN and 1400 kN. It can be
seen that for the smaller column diameters, the fire resistance tends to increase and for the
larger sizes, to decrease with increasing wall thickness. The influence of the wall thickness
is small, however, in comparison with that of the column section diameter. For practical
purposes, it seems warranted to neglect the influence of thickness of the steel wall on the
fire resistance of the column.

43 Load

In Figure 5, the fire resistance of the columns is shown as a function of the load for
the reference column, the smallest column and the largest column considered in this study.
For fire resistances above 45 minutes, which lie in the practical region, the fire resistance
of the columns increases steeply with decreasing load. The influence of load on fire
resistance is relatively higher for the larger columns. For the column with an outside
diameter of 406 mm, for example, a reduction in load of about 35% from 3000 kN to
2000 kN increases the fire resistance of the column by approximately one half from two
hours to three hours. For the reference column, which has a diameter of 273 mm, the load
has to be reduced by about 80% to increase the fire resistance by one half from 2 hours to
3 hours.



4.4  Effective Length

In Figure 6, the fire resistance of the columns is shown as a function of the
effective length of the column for the two selected reference loads of 400 kN and 1400 kN
and three strengths of the concrete filling, namely, 20 MPa, 35 MPa and 55 MPa. The
curves show that, in the range of effective lengths of 2.5-4.5 m, the fire resistance is
approximately inversely proportional to the effective length.

The influence of the effective length is somewhat greater for low loads than for
high loads. The influence of the compressive strength, however, is relatively greater for
the higher loads. It can be seen in Figure 6 that, for low loads and higher values of the
effective length, the influence of the compressive strength on the fire resistance of the
column becomes very small.

4.5  Percentage Steel Reinforcement

The influence of the percentage of steel reinforcement on the fire resistance of the
column is shown in Figure 7 for various column outside diameters. It can be seen that the
influence of the steel percentage is small. In the practical region, namely, for fire
resistances of 45 minutes or greater, the influence of the steel percentage is relatively
greatest for the column with a diameter of 219 mm. For this column the fire resistance
increases by somewhat less that 20% if the steel percentage is increased from 1.5% to
6.0%. For all other diameters, the relative influence of the steel percentage is considerably
less.

Therefore, a fire resistance, calculated for the standard steel percentage, namely,
for 1.5% will conservatively represent the fire resistances of similar columns, but with a
higher percentage of steel reinforcement.

4.6 Concrete Cover

In Figure 8, the influence of the concrete cover on the fire resistance of the column
is shown for various effective lengths of the column. For the columns with effective
lengths of 2.5 and 3.0 m, the influence of the cover thickness is insignificant. For the
columns with an effective length of 4.5 m, however, the influence of the concrete cover
thickness is more pronounced. The difference in fire resistance between a cover thickness
of 20 mm and that of 50 mm is about 50%. The greater influence of the cover thickness
for the longer columns is likely due to the greater importance of the steel in resisting
bending for the longer columns. The thicker the cover thickness, the slower the
temperature rise of the steel and therefore the slower the loss of the strength of the
reinforcing steel.



4.7  Concrete Strength

The influence of the concrete strength on the fire resistance of the column is shown
in Figure 9 for the two selected reference loads of 400 kN and 1400 kN. The curves show
a moderate influence of the concrete strength on the fire resistance of the column.

The influence of the compressive strength is greater for the higher loads than for
the lower loads. For the lower loads, the fire resistance of the column increases by
approximately 40% if the concrete strength is roughly tripled and for the higher load by
about 100%.

4.8 Type of Aggregate

In Figure 10, the fire resistance of the reference column is shown as a function of
the load, for a siliceous aggregate and for a carbonate aggregate concrete filling with 1.5%
reinforcing steel. The curves in Figure 10 show that the fire resistance of the column filled
with carbonate aggregate concrete is higher than that of the column filled with siliceous
aggregate concrete. In the practical region, namely, for fire resistances above 45 minutes,
the difference in fire resistance between carbonate aggregate and siliceous aggregate
concrete filling varies from approximately 10% to 30%. The influence of the type of
aggregate on the loads to which the column can be subjected to obtain a specific fire
resistance, however, is much greater. To obtain a fire resistance of 120 minutes, for
example, the load that can be applied on the reference column was 75% greater for
carbonate aggregate concrete filling than for siliceous aggregate filling.
The difference in fire resistance tends to increase with lower loads or higher fire
resistances. This tendency is also shown by the tabulated values in Tables 1-36 for other
column section sizes, steel wall thicknesses, column effective lengths, steel percentage,
cover thickness and concrete strengths.

Summary

In summary, it was found that of the various variables studied, the column section
size and the load on the column have the greatest influence on the fire resistance of the
column. The effective length of the column, concrete strength, type of aggregate and, for
the longer columns, the concrete cover to steel have a moderate influence on the fire
resistance of the column.

The influence of the percentage of steel reinforcement is small. The influence of
the concrete cover to the steel for the shorter columns as well as that of the thickness of
the steel wall is insignificant.
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NOMENCLATURE
NOTATIONS
c specific heat [1/kgOC]
f stress [MPa]
f' cylinder strength of concrete at temperature T [MPa]
f'co cylinder strength of concrete at room temperature [MPa]
fy strength of steel at temperature T [MPa]
k thermal conductivity [W/m°C]
K Effective length factor
L unsupported length of the column [m]
T temperature [°C]
Greek Letters
o coefficient of thermal expansion [1/°C]
e emissivity, strain [m/m]
A heat of vaporization [J/kg]
P density [kglm3]
pc  thermal capacity [J/m3°C]
T time [h] _
(4] concentration of moisture in concrete by volume
Subscripts
at room temperature
of concrete
of fire
maximum

gmrcg-hno

pertaining to proportional stress-strain relation
of steel
of water
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A-1
APPENDIX
MATERIAL PROPERTIES AND SPECIFICS OF COLUMNS
The values of the material properties used in this study are given in Reference 3 and are

the same as those used in Reference 1 for the calculation of the fire resistance of concrete
filled steel columns.

STEEL PROPERTIES
Stress-strain relations
for es<&
£(T,0.001)
fom——t 7
0.001
for &> 6
gy = £(1,0.001) + (T, (&s- ep +0.001)) - £(T, 0.001)
0.001
where
£ =4 %107 f0
(T, &) =(50~0.04T)[1~ Exp((-30+0. 03T)e:)|x6.9
Thermal capacity

for 0 T<650°C
pscs = (0.004T +3.3) x10°
for 725<T<800°C
pscs = (-0.068T +38.30) x 10°
for 725<T<800°C
pscs = (-0.086T +73.35) x 10°
for T >800°C

pscs = 4.55% 10°




Thermal conductivity
for 0<T<900°C

ks = (-0.022T +48)

for T>900°C
ks=28.20
Coefficient of thermal expansion
for T<1000°C
s = (0.004T +12) x1076
for T=1000°C
os=16x10°
CONCRETE PROPERTIES

Stress-strain relations

for &< emnx
Emax - Ec 2
ﬂ—ﬂ%—( )]
Emax
for £c> Emmx
2
£, fc[l—(&_am):l
3emam
where
Emex = 0.0025+(6.0T +0.04T2) x 10
if T<450°C
f,=1fy
if T=2450°C

c

. . T-20
f=f2011-2353 -.—"——
[ ( 1000 )]




Thermal capacity

Siliceous Aggregate Concrete
for 0ST<200°C

pece = (0.005T + 1.7) x10°

for 200°C < T £400°C
pece = 2.7x10°

for 400°C<T<500°C

pece ={0.013T-2.5) x10°
for 500°C < T < 600°C

pece = (-0.013T +10.5) x10°
for T > 600°C

pece =2.7x10°

Carbonate Aggregate Concrete
for 0<T<400°C

pece =2.566x10°
for 400°C<T<410°C
pece =(0.1765T - 68.034) x 10°
for 410°C<T<445°C
pece = (-0.05043T +25.00671) x 10°
for 445°C < T <500°C

Poce = 2.566X 10°




for 500°C < T <635°C
pece = (0.01603T - 5.44881) x 10°

for 635°C<T<715°C

pece = (0.016635T-100.90225) x 10°
for 715°C<T<785°C

pece = (-0.22103T +176.07343) x 10°
for T > 785°C

pece = 2.566 x 105

Thermal conductivity
iliceous A ate Con
for 0T <800°C

K- = (~0.00085T +1.9)

for T>800°C
ke=1.22
Carhonate Aggregate Concrete
for 0T <293°C
k:=1.355

for T>293°C
ks=-0.00124T +1.7162

Coefficient of thermal expansion

ot = (0.008T +6) x 10°




A-5

WATER PROPERTIES
Thermal capacity
pucw = 4.2 x10°
Heat of vaporization
Aw=2.3x10°

SPECIFICS OF COLUMN AND FIRE

= emissivity of fire: 0.75
= emissivity of steel: 0.8
= concentration of moisture in concrete by volume: 0.10
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