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Abstract

Both experimental and numerical methods were employed to investigate the behavior of steel reinforced concrete (SRC) columns
subjected to fire. Twelve specimens were tested at ambient and elevated temperatures. A procedure was developed to predict the
temperature distribution and ultimate strength of the SRC columns subjected to fire by following certain assumptions. In the procedure,
a combined method of finite element and finite-difference was adopted to analyze the temperature distribution, and the responses of the
SRC columns under loads were predicted by the procedure both at ambient temperature and elevated temperatures. To illustrate the
problem and verify the accuracy of the predictions, we present a few comparisons between the test data and calculated results. At the end
of the paper, equations for the ultimate strength of the SRC columns subjected to fire were obtained by a regression analysis.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A steel reinforced concrete (SRC) member is a structural
combination of three kinds of materials: steel section, steel
reinforcement and concrete. Due to their outstanding load
bearing capacities, SRC members are widely used in high-
rise buildings.

It is known that the failure of structural members in fire
is mainly caused by the failure of their inner steel
components. Compared with normal reinforced concrete
(NRCQC), the SRC members have less fire resistance for their
higher steel ratio. This paper is aimed at raising the
nationwide awareness of the fire resistance of SRC
columns:

1) to describe the experiments of the SRC columns in
different conditions;

2) to predict the temperature distribution of a SRC column
subjected to fire;

3) to find a numerical method to predict the responses of a
SRC column subjected to fire;
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4) to verify the accuracy of the calculation and derive
equations to describe the ultimate strength of a SRC
column subjected to fire.

2. Experimental programs
2.1. Specimen preparation

In this paper, the word “‘column” or ‘“‘specimen’ means
SRC column.

Twelve columns were constructed for experiment, six of
which were tested at ambient temperature and the rest were
at elevated temperatures. Fig. 1 shows the dimensions of
the cross-section and locations of thermocouples (to make
the figure clearer, stirrups are not shown).

2.1.1. Material properties

Strips of the steel sections and steel reinforcement were
tested in tension according to the Chinese standard
GB2975 [1]. The average yield strength (f;,) of the steel
section was found to be 280.5 MPa and the modulus of
elasticity (E,) was about 206,000 MPa. The average yield
stress of steel reinforcement (f,) was 351.4 MPa and the
modulus of elasticity (E;) was about 210,000 MPa.
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Nomenclature

A, concrete cross-sectional area
Aj steel cross-sectional area

B cross-sectional width

C specific heat

H cross-section height

€o value of eccentricity

[K] temperature stiffness matrix

L length of the SRC column

M moment

N axial force

N ultimate strength at given time
Neo ultimate strength at ambient temperature
N ultimate strength with A =7

N»gy ultimate strength with initial eccentricity
[V] temperature-change matrix
{P} column vector

qec heat flow density

qr radiation heat transfer

T temperature

t fire duration time

B thermal conductivity

€ stain

&, surface emissivity

0] curvature

Ne eccentric ratio

A slenderness ratio

0 density of material

a Stefan-Boltzman constant
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Fig. 1. Location of the thermocouples (numbered 1-5) in the cross-
section.

The concrete mix was designed for a compressive cubic
strength (f.,,) at 28 days of 39.9 MPa, and the average value
of the elastic modulus (E,), which was about 33,000 MPa,
was measured in accordance with the Chinese standard
GBJ81-85 [2]. The mix proportions of cement: fine
aggregate: coarse aggregate is equal to 1:1.09:2.95, while
the value of water: cement ratio is 0.43. In all the concrete
mixes, the fine aggregate used was silica-based sand, and
the coarse aggregate was calcareous stone (Table 1).

2.1.2. Specimens

More details of the specimens are shown in Figs. 1, 3 and
4. As to the columns tested at ambient temperature, the
loads were applied in increments of 1.5kN/s, until the
columns failed. The load (300 kN) applied to the columns
in fire was kept constant, while the temperature was
increased according to Eq. (2) (see Fig. 2).

2.1.3. Fire exposure and test apparatus
Five displacement transducers were used to measure the
transverse deformation in the test region (shown in Fig. 3).

Stain gauges, which were installed at the surface of steel
section and reinforcement, were applied to determine the
longitudinal strain of specimens.

The temperatures were measured by five calibrated
thermocouples fixed inside the cross-section of the speci-
mens. The locations of the thermocouples are shown in
Fig. 1.

The principle of the loading regime is to apply
temperature increments under constant load. Two
300kN hydraulic jacks controlled by a DCZ-1 electronic
scale provided a constant load of 300kN. In the process
of experiment, a DH3815 static strain collection
system recorded, every Smin, the strain and transverse
deformation of specimens, while a multi-point recorder
was recording the changes of temperature automati-
cally. Fig. 2 shows the increasing temperature of the
furnace.

The specimens were tested in a furnace of the Fire-
Resistance Laboratory, Tongji University, China. The
ambient temperature at the beginning of the test was about
20 °C. Two sides (near No. 1 and No. 3 thermocouples) of
the columns were exposed to the naked flame, and the
other two were heated by hot gas.

The ISO-834 standard fire curve can be expressed
as [3]:

T, = 345 log(81 + 1) + T, (1)

in which ¢ denotes the time (min); 7, is the furnace
temperature (°C) at time ¢, and 7, is the ambient
temperature (°C).

Temperature curves of the furnace were recorded
according to the Chinese standard GB9978-88 [4]. The
heating curve was kept as close as possible to the ISO-834
standard fire curve. However, the ideal condition could
not be reached due to certain limitations in the experi-
mental setup. Fig. 2 presents both the standard curve
and the actual one, which is the average of all six
specimens. The actual curve can be expressed by a
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Table 1
Summary of specimen information
Specimen number Section size B x H x L (mm) Reinforcement (mm) Stirrup (mm) Steel section Eccentricity of load (mm)
SRC1.4-0 200 x 200 x 1400 4010 D6.5@100 110 0
SRC1.4-40 4010 D6.5@100 110 40
SRC1.4-80 4010 D6.5@100 110 80
SRC1.4-0 200 x 200 x 1800 4910 D6.5@ 100 110 0
SRC1.4-40 4010 D6.5@100 110 40
SRC1.4-80 4910 D6.5@100 I10 80
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Parts of the test data are shown in Figs. 5-10 and
Figs. 12-19 along with the calculated results.
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Fig. 5. Temperature versus time curve.

3. Analysis of the temperature distribution

To predict the responses of a SRC column subjected to
fire, a procedure called prediction of temperature distribu-
tion and damage (PTDD) of SRC columns was developed.
The coefficients concerned with the calculation of tem-
perature distribution are as follows:
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3.1. The coefficients for the heat transfer

Based on the assumption that the temperatures of a
column are uniform along the longitudinal axis, the
temperature distribution in the cross-section of a SRC
column are regarded as a 2D transient problem. The
thermal properties of steel and concrete, such as specific
heat and thermal conductivity, which vary with tempera-
ture, are defined as follows:

C, =900 + 80(T/120) — 4(T/120)*>, 20°C<T<1200°C,

(€)

C,=425+773 x 107'T - 1.69 x 1073 T?>

+222x107°73, 20°C<T<600°C, 4)

C, = 666+ 13002/(738 — T), 600°C<T<735°C,  (5)
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C, = 545+ 17820/(T — 731), 735°C<T<900°C,  (6)

Cy; =650, 900°C<T<1200°C, (7)

in which T is the temperature of a specimen; C,. is the
specific heat of concrete and C, is the specific heat of steel,
both expressed in J/kg °C [5,6].

The values of thermal conductivity are defined as
follows:

B.(T) = 1.6 — 0.16(T/120) + 0.008(T/120)2, (8)
B, =54 —333 x 10727, 20°C<T<800°C .
B, =273, T>800°C ’ ©)

in which f. is the thermal conductivity of concrete and f is
the thermal conductivity of steel, both expressed in
W/(mK) [5,6].

For simplification, several assumptions were made in this
study:

1. Since densities of concrete and steel are believed to have
little influence on temperature distribution, they are
viewed as constants, even though they vary with
temperature in many cases.

2. The effect of spalling of concrete is ignored.

3. There is no inner heat source involved for the SRC
column.

3.2. Boundary conditions of the SRC columns subjected to

fire

Generally a SRC column has two kinds of heat transfer
boundary condition when subjected to fire. The first one is
the heat flux at the bounding surface, which can be
regarded as a simple superposition of convection heat
transfer and radiation heat transfer [7].

q4=9q.+q, =0Ty —Ts)+ du,
x [(Ty +273)" — (T +273)"., (10)

in which ¢. and ¢, are the convection and radiation heat
fluxes at the surface of the SRC column, both expressed in
W/m?; o, is a convection heat transfer coefficient (W/m>K);
T, and T, are the temperatures of the furnace and the
surface of column respectively; the configuration factor
¢ = 1.0 and ¢ is the Stefan—Boltzman constant, the value
of which is 5.67 x 107°W/(m’K?*); ¢ is the surface
emissivity of the column. To the surfaces of the column,
which are exposed to a naked flame, the value of ¢, is 0.5,
and the value of the other two sides is 0.35.

The second boundary condition is the heat transfer
between two kinds of solid materials: concrete and the
inner steel section. Besides thermal convection, there are
contacting thermal resistances between the interfaces.
According to the test data, the temperatures of the inner
steel section were seldom higher than 400°C. In other
words, the influence of contacting thermal resistance turns
out to be less. As a result, it makes some sense to ignore

such effect in the numerical analysis. In addition, we have
no reliable materials in this field at present.

3.3. Finite element analysis of the cross-section temperature

The differential equation of thermal convection can be
listed as follows [8]:

oT 4 (T T .
6t_pC(6x2+@y2)’ (b
in which x and y are the coordinates, expressed in mm; Cis
the specific heat; p is the density of material.

As to Eq. (11), there is no explicit solution. In this paper,
it was solved by a combined method of finite-difference and
finite element. The slice of the cross-section (including the
steel section) was discretized by triangular eclements
(Fig. 4). A two-level time discretization method—Galerkin
mode was used to approximate the partial derivative 07/0¢.
In every time step, the former results of temperature
distribution act as initial conditions, and the thermal
properties of material can be regarded as constants in one
element corresponding to the known temperature at the
current time iteration. The equation used to calculate 7 can
be listed as follows:

T =a, + ayx + azy, (12)

in which x and y are the coordinates; in one time step, 7' is
a function of x and y, a;, a,, a3 are undetermined
coefficients.

The basic equation of transient temperature distribution
can be listed as follows [15]:

3
(2[1<] + X;““) (T}, = QP — (Pli-a)

3
+ (E [N] — [K]) {T}i-ar, (13)

in which [K] is a temperature stiffness matrix; [N] is a
unsteady temperature-change matrix; {P} is a known
column vector after the variation of the differential
equation.

In Fig. 5 a comparison is shown between the actual
temperature curve of the inner furnace and the regression
one (Eq. (2)). It also shows five predicted curves
corresponding to the locations of five thermocouples.
Figs. 6-10 show the details of comparisons between the
thermocouples data and those obtained by numerical
calculation. Thermocouples 1 and 2 were fixed near the
surface of column, therefore they were subjected to much
steeper temperature gradient than the others, and the
impact of hot air made an additional effect when cracks
appeared at the surface of the column. The predictions
have generally good agreements with the test data, while
small deviations were observed in Figs. 5-10.
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4. Nonlinear analysis of the SRC column’s ultimate strength

The objectives of the nonlinear analysis are as follows:

1) to obtain the ultimate strength of a SRC column at
ambient temperature numerically.

2) to find out the relation between the ultimate strength
reduction and various factors at elevated temperatures.

4.1. Assumptions for nonlinear analysis

To carry out the investigation, five assumptions were
adopted in developing the procedure:

1) After the formation of cracks, the elevated temperatures
have no additional influence on the stress distribution of
the SRC column. Actually, by the time the cracks
appear, hot air will inevitably have an impact on the
inner parts of the column through cracks and cause
variation of stress to some degree. It is difficult to
predict precisely the appearance of cracks by the
numerical method. Therefore the authors have to
neglect the influence of temperature distribution on
stress in the analysis.

2) there is no load-bond slip between the steel (including
steel section and reinforcement) and concrete.

3) plane sections before bending remain plane after
bending.

4) simplified assumption of creep and stress [14]. At
elevated temperatures creep and stress are coupled,
which makes the simulation difficult. When simulating
the regime of heating under constant load, it was
assumed creep could be deduced directly through the
values of stress, which was the result from the previous
time step, if the time-steps were small enough. Also in
simulating the process of loading under constant
temperature, it was assumed creep could be deduced
directly by the values of stress, which were also the
results of the former load, if the increment of load was
small enough.

5) The curvature formula-Eq. (14), given by Lie [9,10], was
adopted to simulate the deflection of a SRC column
under loads at elevated temperatures. The deflection of
an eccentric column interacts with the secondary
moment. It will be rather complicated to consider the
secondary moment with actual deflection curve. To
simplify the problem, the deflection curve of a column
was assumed and Eq. (14) was adopted in the
simulation:

kL)*1

in which fis the value of deflection (mm); L is the clear
height of the SRC column (mm); k is a factor concerned
with the value of L; 1/6 is the curvature at the mid-height
(mm™h).
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Fig. 12. Comparison of predicted and measured strain of SRCI1.4-0
(concrete).

Based on the temperature distribution and stress-strain
relation by Lie [9], the strain equations of the cross-section
can be deduced as follows (Figs. 11-12):

65 = €0 + QX + &eijs (15)
& = 80— OX[ + ecijs (16)
SYC,, =¢& + (pxg/ + &uij — Egrijs (17)
gsTl] =& — (PXXT,']' + Estij = Esrijs (18)

in which sccij, 83,;-]-, 85]-, FST,, are the strains of concrete or steel
in the compressive or tensile region; &, is the comprehen-
sive strain of free thermal expansion and creep; &g, &7 are
the strains of thermal expansion and thermal creep of steel,
respectively. x$;, x7;, x§, x[; are the distance from the
gravity centers of element to the center line; g, is the strain
of the element in the center of cross-section; ¢ is the
curvature of cross-section.

It is assumed in this paper that the ultimate strength of
the whole SRC column, under loads and fire, is determined

by the critical section. In other words, the SRC column
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loses its load bearing capacity when the critical section
fails. Thus, the analysis concentrates on calculating the
ultimate strength and deformation of the critical section.
With the same subdivision in Fig. 4, the strain of the
element can be obtained by the method of iteration.

m n
N =35 (4G0G + Aol + 4505 + ALal).  (19)

cij” cij cij~ cij Ssij 7 sij
=1 j=1
m n
_ c _C. C T _T.T
M =3 (AGoGxG + Aol T,
=1 j=1
c _C.C T _T.T
+ AG0GxG + AlolxT), (20)

in which A(,C[j, ACTU, ASCU, ASTU are the areas of concrete or steel
elements subjected to compression or tension; agj, acTij, ascij,
o-STij are the stresses of concrete or steel elements subjected
to compression or tension.

4.2. Verification of the procedure

4.2.1. Verification at ambient temperature

In the process of numerical calculation, all the condi-
tions, including section dimensions, material properties,
locations and shapes of the steel section and reinforcement
etc, were kept the same as those of the specimens (Fig. 11).

As shown in Figs. 12-15, all the predicted results
subjected to axial or eccentric loads are in good agreement
with the test data before the appearance of the first crack.
With the increase in strain, the predicted results become
generally greater than the experimental data, but are in an
acceptable range. It shows that the finite element models
and calculating method adopted are rational and the
procedure is capable of predicting the response of a SRC
column at ambient temperature.

4.2.2. Verification at elevated temperatures

The authors, when verifying the accuracy of the
procedure, adopted the actual temperature—time curve
(Eq. (2)) in the numerical calculation.

With the increase in temperatures, the collection and
measure of experimental data became more difficult. Even
with careful thermal insulation, the strain gauges installed
on the reinforcement were damaged after 40 min. Under
the protection of concrete, most of the strain gauges
installed on the surface of the steel section remained
functional throughout the process of tests.

In Figs. 16-19, the results are in excellent agreement with
the test data in the first 60min. The magnitude of
deviations increases after that but is always in an
acceptable range.

4.2.3. The analysis of deviations between predicted results
and test data

1) With the increase in duration time and temperature,
differences accumulated in the calculations of tempera-
ture distributions and caused greater deviations.
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Fig. 13. Comparison of predicted and measured compressive strain of
SRC1.8-80 (steel section).
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2) The complicated ingredients of concrete make it nearly
impossible to simulate the actual conditions without any
deviation. What is more, this difficulty increases at
elevated temperatures;

3) Any slipping, which occurred at the interface of concrete
and steel section was neglected. From the investigation
of slipping between reinforcement and concrete [11], we
knew that the value of increased slipping increased with
the temperature. Thus, it is certain that higher
temperature will cause greater slipping between the steel
section and concrete, which will further increase the
deviations.

4) Earlier on the formation of the cracks, hot air brought a
sudden temperature rise in the inner part of the SRC
column. When the cracks reached the surface of the steel
section, significant temperature gradients were observed
due to the high thermal conductivity of steel. At present
giving a precise prediction of the cracks (appearance
time and place, etc.) is still an unachievable goal in our
investigation.

In the author’s opinion, the second and fourth points are
the main causes of the deviations.

4.3. Regression equations of the ultimate strength subjected
to the standard fire

Two kinds of loading regimes can be considered by the
procedure. Heating under constant load represents the real
condition better, while the loading under a constant
temperature is proved in investigations [11-13] to lead to
a lower value of ultimate strength than the former one. To
get comparatively safer equations, the latter loading regime
was adopted in deriving the equations of the ultimate
strength.

The ultimate strength of a given SRC columns, at
ambient temperature, is concerned with diverse factors,
such as the initial eccentricity and the adverse effects of
long-period loads etc. In the Chinese Code [17], an
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enhancement coefficient of eccentricity, which was derived
by mass experimental data, is adopted to summarize the
influence of these factors. Although it is difficult, in a finite
element procedure, to simulate all these factors by
numerical method, the predictions of the ultimate strength,
of which the slenderness ratios are less than 15, were tested
to be acceptable. Thus, the equations at elevated tempera-
tures were established by regressing the reduction of the
ultimate strength at ambient temperature.

To obtain the reduction caused by elevated tempera-
tures, the data calculated by the procedure were used to
derive the ultimate strength equations of the SRC columns
by regression.

4.3.1. Equations for the SRC columns subjected to axial
load and standard fire

The equation of the ultimate strength under axial load is
expressed as follows:

No=(0—-=4x10"%> 42 x 10777)N. (21)

The equation of corresponding strain of the ultimate
strength:

e =(14+2x 1072t — 1 +4.86
x 10707 = 2.57 x 1073 *)e,,, (22)

in which ¢ is the duration time; N, is the ultimate strength
of the SRC column subjected to the ISO-834 standard fire
at time ¢, expressed in kN; N, is the ultimate strength of a
SRC column at ambient temperature, expressed in kN; &,
and &, are the strains corresponding to N, and N,,;

4.3.2. Equations for the SRC columns subjected to eccentric
load and standard fire

Considering the effect of different slenderness ratios, we
write the regression equation in two parts to take this into
account:

When 5<4<10

No=(0—-4x102r=28x 1072+ 8 x 107 8°)N,,,

(23)
while if 10<A<15
Ne=(0—=26x10"2r—326 x 107 + 1.37
x 107" )N, (24)

in which ¢ is the duration time; N, is the ultimate strength
with the same slenderness ratio and eccentricity as N, in
the ISO-834 standard fire at time f#; N, is the ultimate
strength of a SRC column at ambient temperature;

4.3.3. The influence of slenderness ratio and eccentricity on
the SRC columns in standard fire

There are various factors affecting the ultimate strength
of a SRC column subjected to fire. Through analysis,

slenderness ratio and eccentricity have been shown to have
significant effects.

1) The regression relation between slenderness ratio and
ultimate strength

Because of thermal expansion and the variations of
material properties, the deformation of a SRC column,
under the same load, is significantly greater than that at
ambient temperature, especially with a large slenderness
ratio.

Knowing that the effect of slenderness ratio has a very
different effect during the first 90min, we write the
regression equation in two parts:

When <90 min

N = (0.0011373 —0.0332% + 0.294 + 0.2)N 7, (25)

while for 90 <7< 180 min
N = (1 =0.00022° 4+ 0.00422% — 0.084) + 1.45) N7, (26)

in which N, is the ultimate strength of a SRC column at
the same duration time as N,.7; A is a slenderness ratio no
more than 15; N, is the ultimate strength of a SRC column
with 2 = 7 at given time.

2) The regression relation between eccentric ratio and
ultimate strength.

Because the numerical analysis could not simulate the
inevitable geometrical imperfections directly, an additional
initial eccentricity of 20 mm, according to the Chinese Code
[16], was adopted to substitute for the imperfections.

While <90 min

N = (=5.2577 4 7.46n% — 4.331, + 1.36)N»y. (27)
For 90 <#< 180 min
No = (—6.3157 +8.22% — 4.29, + 1.35) N, (28)

in which N, is the ultimate strength of a SRC column at
the same time as Nyg; 7, is the eccentric ratio, 1, = ey/H;
N is the ultimate strength of a SRC column with the
eccentricity set to 20 mm at the given time.

5. Conclusions

The PTDD procedure was developed to predict the
temperature distribution and responses of a SRC column
subjected to fire and loads. In this procedure, a structural
member was divided into elements, and time was dis-
cretized into steps. The temperature distribution was
calculated by a combined method of finite-difference and
finite element. The predictions of ultimate strength at
elevated temperatures were obtained by an iterative
calculation. The complex features of structural behavior
at elevated temperatures, such as thermal expansion, creep
and material properties changing with temperatures were
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considered in the model. Conclusions derived from the
study include the following:

1) by comparing the predictions and the test data, the
predicted results of temperature distribution calculated
by the finite element method was found to be
satisfactory.

2) compared with the test data, the calculated results of the
response of the columns subjected to fire, such as the
strain and deflection, obtained by the procedure showed
satisfactory agreement both at ambient temperature and
elevated temperatures.

3) there is no simple relationship for the fire-resistance
analysis of the SRC columns. Shape and dimension of
cross-section, appearance of cracks, slenderness ratio
and eccentricity etc, all couple with the temperature
regime and affect the fire resistance of the SRC column.
The equations obtained by regression analysis are valid
only for the conditions described in the paper. Further
investigations are necessary to extend the work to more
general conditions.
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