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SUMMARY

Methods are currently available for the design of concrete floors and beams to resist collapse
when exposed to fire. However, such methods are based on results and temperatures obtained
from standard fire resistance tests. There is a need to develop appropriate thermal fire design
data reflecting temperature distributions within concrete floors and beams when exposed to non-
standard or "real" fires.

This paper presents results obtained by using finite element numerical methods giving estimated
temperatures within concrete elements as a function of concrete depth (cover), fire load density
and compartment opening factor. An indication of how this data may be used in conjunction with
current design methods is also given.

INTRODUCTION
Methods 1,2,3 previously developed for the
structural design of reinforced and pre-
stressed concrete floors require knowledge
of the likely internal temperatures reached
within the concrete element in order to

calculate its load bearing capacity. The
basic philosophy is one which applies con-
ventional design theory, but uses reduced
strengths for concrete and steel at elevated
temperatures.

There is currently ample information
available on the temperature distributions
within concrete elements exposed to stan-
dard fire resistance tests, but if the per-
formance is to be assessed for non-stan-
dard or &dquo;real&dquo; fires then the corresponding
temperature distributions for these design
fire scenarios are also required. This pa-
per sets out to present this data in a form
useful for fire protection engineers.

FIRE SEVERITY OF REAL FIRES
The time-temperature histories of post-
flashover fires have been presented by several
researchers 1-7. In general, these methods
use conservation of energy principles to

solve for the fire gas temperature in a

compartment. While energy balance meth-
ods are more scientific and to be preferred
for calculating post-flashover compartment
temperatures, for simplicity in this study,
it was decided to use a simpler analytical
expression. The expression is given by Lie8,9
and is an approximation of time-tempera-
ture curves developed using the energy
balance described by Kawagoel. Lie&dquo; sug-
gests &dquo;the use of these curves as basic

exposure curves for fire-resistive design
will reasonably assure that building com-
ponents will not be exposed to tempera-
tures higher than those represented by
the curves during the life of the building.&dquo;
The expression follows.
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Where 
’

T - the fire temperature (°C)
t = time (hr)
F = opening factor (ml/2)
C = a constant taking into account the

influence of the properties of the
boundary materials on the tem-
perature.

= 0 for heavy materials (p >_ 1600 kg/m3)
= 1 for light materials (p < 1600 kg/m3)

The above expression is only valid for

This means that after a certain time, the
temperature remains constant at the peak
value until all the fire load has been con-

sumed, and the fire starts to decay.

Similarly the above expression is only
valid for 

0.01 <F< 0.15. If F>0.15 then F=0.15.

The expression is dependent on the open-
ing factor, F, which is determined from the
openings in the fire compartment of inter-
est as follows.

Where

Aw = area of openings in the
enclosure (m2)

A, = area of internal enclosure
boundary surfaces including
openings and floor (m2)

H - height of openings (m)

The duration of the heating period of the
fire can be expressed as:

Where
D = fire duration in hr

R = rate of burning of wood =

330£dQ(kg /hr) from Reference 4
Q = fire load per unit area of enclosure

boundary surfaces including open-
ings and floor (kg/m2)

Alternatively the duration of heating can
be given in terms of fire load per unit floor
area which is more commonly used for

specifying fire loads in buildings.

Where

l~,7f= fire load (wood equivalent) per unit
floor area (kg/m2)

Af = floor area of the enclosure (m2)

The gas temperature during the decay phase
may be represented by the following ex-
pression also from Lie8,9.

Where T d = temperature at time D, when
decay commences (°C).

While this straight-line representation is
not a very realistic decay function, it will
be adequate given it is not critical to the
peak temperatures reached in exposed
structural members. 

The time-temperature curves used in this
study are given in Figures 1, 2, and 3.

They have been generated using Lie’s ex-
pression and therefore assume certain prop-
erties and dimensions of the compartment.

These can be found in Reference 8 and are
summarized in Table 1. The assumed fire
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Table 1: Enclosure Parameters Assumed

Figure 1. Time Temperature Curve of the Fire for Different Opening Factors (Fire Load of 37 kg/mz Wood Equivalent).

Figure 2 . Time Temperature Curve of the Fire for Different Opening Factors (Fire Load of 74 kg/m2 Wood Equivalent).
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Figure 3 . Time Temperature Curve of the Fire for Different Opening Factors (Fire Load of 111 kg/m2 Wood Equivalent).

loads per unit floor area are 37, 74 and
111 (kg/M2) (wood equivalent) and the opening
factors used range from 0.01 to 0.15.

NUMERICAL MODELING OF
THERMAL RESPONSE
A commercially available general purpose
finite element computer program was used
to investigate the likely response of con-
crete slabs and beams to the time-tem-

perature curves generated by Lie’s ex-

pression. The program used was NISAIo
which is capable of taking the following
factors into account:

. time dependent fire/furnace gas
temperatures

. material properties which are
time- and/or temperature-dependent
0 1, 2, or 3 dimensional analysis
0 emissivity and convective heat

transfer coefficients which may
vary with temperature

9 phase changes e.g. evaporation of
moisture

0 automatic finite element meshing
routines

The theoretical basis of NISA will not be
discussed here. The program was used in
a previous studyll to assess how useful it

was for analyzing fire-resisting performance
of buildings and to assess the accuracy of
results obtained from the program by com-
parison with data recorded in standard
fire resistance tests. The study concluded
that NISA could be used for reasonably
accurate analytical studies of the thermal
response of building components exposed
to fire, and for this reason was used in this
study.

COMPARISON WITH STANDARD ’

FIRE RESISTANCE TESTING

Figure 4 compares the predicted results
using the NISA programl with measured
temperatures at nominated depths within
a vertical 175 mm thick alluvial quartz
concrete slab. The fire exposure followed
the ISO 834 time-temperature curve. Ex-
perimental data were obtained from an
earlier study 12 into the fire resistance of
New Zealand concretes which identified
alluvial quartz as the least insulating concrete
type currently used in New Zealand. For
the comparison shown, as the depth in-

creases the agreement reduces. Part of the
reason for this is the effect of moisture in
the concrete. While NISA can account for
the evaporation of water, it does not model
mass transport of water as it is driven

through the slab.
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Figure 4 . Comparison Between Measured and Predicted Temperatures in Concrete Slab Using NISA.

At temperatures of importance in fire

, 
engineering (above 400°C, say) the re-

sults achieved for concrete at its in-ser-
vice moisture content will generally be
conservative. The temperatures predicted
by the NISA program will therefore tend
to overestimate the actual temperatures
reached within the concrete members.

PREDICTED TEMPERATURE
RESPONSE TO REAL FIRES
The NISA program was used to estimate
the peak temperature distribution at

nominated depths within a 175 mm thick
alluvial quartz concrete slab and within
beam sections 100, 200 and 300 mm wide
exposed to fire from beneath on three sides.
The peak temperature at particular depths
within a concrete slab will not vary greatly
with overall slab thickness, provided the
points of interest are not located close to
the unexposed surface, at which point
convective heat losses become important.
Therefore, it is considered valid to use
internal temperature data from a 175 mm
thick concrete slab for slabs of other thick-

nesses, provided the depth of interest is
not greater than about 150 mm.

Input to the NISA program included the
following assumptions: initial temperature
of 20°C, moisture content of the concrete

3% by mass, concrete density 2300 kg/m3,
concrete emissivity 0.9, and convective heat
transfer coefficients of 7 and 10 W/m2K for
non fire-exposed and fire-exposed faces
respectively. Thermal properties of the

concrete were assumed to vary with tem-

perature in accordance with Table 2. Thermal
conductivity and specific heat data for a
quartz aggregate were taken from Lie and
Williams-Leir 13 . The analysis was treated
as a one-dimensional problem for slabs
and two-dimensional for beams.

Figure 5 shows an example of how the

temperature changes at different depths
in the concrete slab for a fire load density
of 37 kg/m2 and opening factor of 0.08. The
peak temperature reached at the depths of
interest can be determined from this and
similar graphs, and this information has
been used to create Figures 6, 7 and 8
which show the predicted peak tempera-
ture reached at various depths in a quartz
aggregate concrete slab with 3% moisture
content exposed to the &dquo;real&dquo; time-tem-

perature curves discussed earlier.

Similarly, NISA was used to predict peak
temperature distributions in beams rang-
ing from 100 mm to 300 mm wide and
exposed to fire from the underside (on three
sides). The results of this analysis are

presented in Table 3. The temperatures
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Table 2: Thermal Propertles of Concrete

correspond to those predicted on the beam
vertical center line with cover measured
from the bottom face as shown in Figure 9.

Figures 6, 7 and 8 show the expected de-
crease in temperature with increase in

distance from the fire-exposed face. They
also show, for a given fire load density,
that at distances close to the fire-exposed
face, the peak fire gas temperatures have
a dominant influence on the peak tem-
perature at that point, while at distances
far from the fire-exposed face the fire duration
has the dominant influence.

Figure 5. Temperatures Reached At Different Depths From
The Exposed Face For Fire Load of 37 kg/M2 Wood Equiva-
lent and Opening Factor = 0.08

APPLICATION OF THERMAL .&dquo;
RESPONSE DATA
The design data presented in Figures 6, 7
and 8 for concrete slabs and in Table 3 for
beams may be used with fire design meth-
ods 1.2,3 to assess the structural stability of
floor slabs and beams. The methods com-

pare the maximum applied moments within
the floor or beam with the available mo-
ment capacity. The available moment ca-
pacity is determined taking into account
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Table 3: Temperature Distributions in
Concrete Beams (All temperatures In Degrees
Celsius)

the temperature at the position of the steel
reinforcement and its strength at that

temperature. If the available moment ca-
pacity is in excess of the maximum applied
moment, then it is expected that struc-
tural stability will have been maintained
during and following the fire.

A user-friendly computer program has
been written in Microsoft@ Visual Basi C Tlll

by the author to run under Microsoft@
Windows 3.1TM following the design method
described in Reference 3, and incorporat-
ing the additional design data presented
in Figures 6, 7 and 8 and Table 3 such that
the designer is able to select standard or
non standard design fire scenarios.

Example-Design of Reinforced Con-
crete Floor

Problem

A simply-supported dense concrete floor
slab spanning 5.5 m is required as an upper
floor in a low-rise industrial building. The
floor is 100 mm deep carrying a uniform
dead load of 2.3 kN/m and uniform live
load of 2.5 kN/m. Steel reinforcing bars,
16 mm diameter, are positioned 30 mm
from the underside of the slab at 200 mm
centres. The yield strength of the steel

bars, F , is 380 MPa and the

compressivestrength of the concrete, f ’~ is
30 MPa. A live load reduction factor of 0.4
is to be applied. A design fire load of 74 kg/
m2 (wood equivalent) and an opening fac-
tor of 0.15 will be used.

Solution

The effective cover to reinforcement is 30
mm and from Figure 7 the peak tempera-
ture expected at this distance from the
exposed face within the concrete slab is
446°C.
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Figure 6 . Peak Temperatures Reached In Concrete Slab (Fire Load 37 kg/m2).

Figure 7 . Peak Temperatures Reached In Concrete Slab (Fire Load 74 kg/m2).

Figure 8 . Peak Temperatures Reached In Concrete Slab (Fire Load 111 kg/mz).
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The reduced strength of the reinforcing
steel’5 may be given by:

where Fy(T) = yield strength of steel at

temperature T.

Substituting 446°C for T in the expression
gives a strength reduction factor of 0.57.
Multiplying by the original yield strength
of 380 MPa gives 221 MPa as the elevated
temperature yield strength of the rein-

forcing steel. The centroidal axis of the
steel is 30 mm above the tension (bottom)
face. The effective depth of the slab is the
distance between the centroidal axis of
the steel and the compressive (top) face of
the slab and in this case is 70 mm.

The strength of dense concrete can be given
by 16:

where f ’, (T) = compressive strength of the
concrete at temperature T.

Since the concrete in compression (above
the neutral axis) is not directly exposed to
fire, the nominal temperature of the con-
crete can be assumed to be less than 350°C
and therefore no reduction in compressive
strength need be made.

Available Moment Capacity
The available moment capacity per meter
width, M. is calculated as follows using
steel area, As = 1005 mm2 (5 steel reinforc-
ing bars per meter width); reduced effec-
tive depth of slab, do = 70 mm; width of
slab, bo = 1000 mm; elevated temperature
yield strength of steel, Fye = 221 MPa (as
calculated above); and elevated tempera-
ture compressive strength of concrete, f~e
= 30 MPa:

Applied Moment
The applied moment per meter width M.,
for a simply-supported slab with a uni-
formly applied distributed load zv, and span
l, is calculated as follows:

Since the applied moment is less than
the available moment capacity, structural
stability has been maintained for the du-
ration of the design fire specified. In ad-

Figure 9. Measurement of Beam Cover.

dition, the maximum temperature likely
to be reached on the top surface of the slab
can be conservatively estimated at 90°C
from Figure 7 using a depth of 100 mm.
The estimate is very conservative since no

account is made of convective heat losses
from the top surface of the slab.
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The calculation is repeated for other open-
ing factors and a summary of the results
given in Table 4. It compares the available
moment capacity of the slab for a range of
design fire scenarios and shows that for
fire compartments with favorable ventila-
tion conditions, the impact of the fire on

Table 4: Results of Analysis of Concrete
Slab Floor

the structure may be reduced. In this case
the design is unsatisfactory when the opening
factor ranges between 0.02 and 0.08. For

comparison, Table 4 also includes expo-
sure to a standard ISO 834 time-tempera-
ture curve for a period of 60 and 90 min-
utes. The designer has a range of options
available to ensure stability is achieved,
including changing the location and amount
of steel reinforcement, changing the thickness
of the slab, introducing moment continu-
ity over the supports (if possible), etc.

CONCLUSION
Thermal fire design data for concrete floor
slabs and beams has been generated from
finite element analysis. The data is for use
with fire engineering design methods for
determining the structural stability of con-
crete floors during fire exposure. A com-
puter program is available to make the

design method and thermal fire design data
easily used by fire protection engineers.
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NOMENCLATURE

A~ = Floor area of enclosure (m2)

A, = Area of steel reinforcement (mm2)

At = Area of internal boundary surfaces
(m z)

Aw = Area of openings in enclosure (m2)

be = Width of slab in the compression
zone at elevated temperature (mm)

C = Constant

do = Effective depth of slab at elevated
temperature (mm)

D = Fire duration (hr)

fj = Compressive strength of concrete
at ambient temperature (MPa)

¡;e = Compressive strength of concrete
at elevated temperature (MPa)

F = Opening factor (mii2)

Fy = Yield strength of steel reinforce-
ment at ambient temperature (MPa)

Fye = Yield strength of steel reinforce-
ment at elevated temperature (MPa)

H = Height of opening (m)

1 = Span of beam or slab (m)

M a = Applied bending moment (kNm)

Me - Available moment capacity (kNm)

Q = Fire load per unit area of enclosure

bounding surfaces (kg/m2)

Q~ = Fire load per unit floor area (kg/
m 2)

R = Rate of burning (kg/hr)

T = Temperature (°C)

T d = Temperature at time D (°C)

t = Time (hr)

cv = Load intensity ) kN/m)

p = Mass density (kg/m3)


