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ABSTRACT

Results of heat transfer numerical simulations, using SAFIR program, for the composite floor
beam of the first Cardington fire test in the eight-story steel-framed building are presented. For
steel beam temperature predictions, the 2D mesh model was simplified by neglecting the
presence of the steel deck and averaging the concrete slab thickness. This model was sufficient to
yield a satisfactory match of predicted and measured temperatures in the steel beam. The predictions
show that the unprotected bottom flange and web temperatures follow closely the temperature of
the fire gas environment.

For temperature predictions in the ribbed concrete slab, a more detailed 2D model was
generated with certain nodes to match the experimental measurement locations. Large number
of SAFIR simulations was conducted to investigate the sensitivity of the output to various heat
transfer parameters. The results confirm to the trends observed in earlier studies that used
different software. The numerical predictions were compared with the experimental data, and
the predicted temperatures in the concrete always exceeded temperatures measured in the test.
Possible reasons for this over-conservativeness of predictions are briefly discussed.
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INTRODUCTION

Building code requirements for structural fire protection have traditionally based on the
prescription of fire resistance ratings achieved in standard tests (ASTM E119). While being
somewhat convenient to the regulatory process, such an approach is grossly simplified because
standard test ratings do not reflect the actual time that a real structural member would endure in
a real fire. Columns, beams and floors tested in specific idealized standard test conditions
behave differently when forming a part of a building frame in a realistic fire scenario.

Multi-story steel framed buildings have a good fire performance record in North America and
all around the world. On the other hand, there have been numerous incidents of steel framed
buildings surviving severe uncontrolled long-duration fires with compete burnout of contents on
several floors (Dexter and Lu 2000). This superior performance has been attributed in part to the
fact that typical natural fire characteristics and actual gravity load intensities are often less
severe than in standard tests. It has also been well recognized that continuity and redundancy of
steel frames provide multiple alternative load paths in the heated structure to maintain its
stability (Gewain and Troup 2001). Such redundant behavior is especially notable in steel
framed buildings with composite reinforced concrete floor slabs. Recent six large-scale fire tests
conducted in Cardington, UK, in a steel framed building with completely unprotected steel
beams and steel floor units clearly demonstrated that composite steel concrete floors can survive
complete burnout of office occupancy contents without any sprayed fire proofing (Behaviour
1999). No collapse occurred in any of the tests despite relatively large deflections of beams and
floor slabs.

Following these tests numerous research initiatives in many parts of the world are underway to
analyze the extensive amount of generated experimental data. These studies has already brought
a better understanding of the observed phenomena that will lead to more rational fire resistance
design practices (Wang and Kodur 2000). Under one such initiative a numerical analysis was
carried out as part of a "collaborative steel fellowship project" between the National Research
Council Canada and the Canadian Steel Construction Council. Results of heat transfer numerical
simulations of the composite floor beam of the first Cardington fire test on an eight-story steel-
framed building are presented in this paper.

SAFIR PROGRAM

SAFIR is a special-purpose finite element program (Franssen et al, 2000) for thermal and
structural analysis of building elements and frames exposed to fire. Recently added pre- and
post-processors make the program more efficient and user-friendly. SAFIR accommodates
several element types and material models for various idealizations and calculation procedures.
The thermal analysis generates the temperature field in construction elements. The eventual
presence of insulating materials, moisture content and temperature-dependent thermal properties
can be considered in the analysis. Standard or user-defined natural fire exposure can be
specified. The temperature field from the thermal analysis is then used as input for the structural
analysis stage, where the mechanical behavior of the heated structure is simulated. Thermal
strains and large displacements are considered in the structural analysis. Various stress-strain
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relationships, implicitly accounting for thermal creep, are built into the program. SAFIR is a
useful research tool to investigate the behavior of heated structures and conduct relevant
parametric studies. The program has been validated and used in several case studies carried out
in the past (Nwosu and Kodur 1998).

THE FIRST CARDINGTON TEST

An analytical study is currently underway at NRC to process the experimental data from
Cardington tests and conduct retrospective numerical simulations of these tests using SAFIR
program. The overall approach taken is to use several modeling techniques and compare the
predicted temperatures, deflections and strains with measured values. Outcome of sensitivity to
various input parameters and material models is also studied in the process. At this stage the
study is focusing on the thermal and structural simulations of the first Cardington test. This
“Retrained Beam” test was carried out by heating an 8%3 m portion of a composite steel
concrete floor along the supporting steel beam spanning 9 meters (Kirby 1998). Although the
steel beam and the surrounding steel deck were left completely unprotected, being exposed to
furnace temperatures approaching 900°C, the floor maintained its stability and integrity for the
duration of the test and beyond. The mid-span deflection of the beam reached the maximum of
232 mm during the test and recovered to 113 mm once the beam cooled back to ambient
temperature.

Numerous locations in the test setup were instrumented with thermocouples to obtain an
accurate record of temperatures in the furnace, steel beam and the concrete slab. The records
indicate insignificant scatter in the measured furnace and steel beam temperatures. Figure 2
illustrates the average temperature histories in the furnace, top flange (TF) and bottom flange
(BF) of the beam.

The thermocouple measurement points across the thickness of the ribbed concrete slab are
shown in Figure 4. Temperatures measurements in the concrete slab were conducted at 4
sections, as shown in Figure 5. However, only records from sections B1 and B2 were used for
the purposes of this study — Figures 6 and 7 illustrate the relevant average temperature histories
for thermocouple points through the depth of the flute and the rib, respectively. It should be
noted that the scatter of individual temperature histories for comparable measurement points
was more pronounced in the flute than in the rib. Therefore, it was judged that rib temperature
histories from Figure 7 were the most suitable for comparison with numerical simulations.

NUMERICAL SIMULATIONS

For steel beam temperature predictions, the 2D mesh model was simplified by neglecting the
presence of the steel deck and by averaging the concrete slab thickness to 100 mm, as shown in
Figure 1. This model was sufficiently accurate to yield a satisfactory match of predicted and
measured temperatures in the steel beam, as shown in Figure 2. As it could be expected,
unprotected bottom flange and web temperatures closely follow the temperature of the fire gas
environment. The top flange temperature is somewhat lower (by about 100°C) due to the
“cooling” effect of the concrete slab. The simulated temperature histories in Figure 2 were
generated with EC3 thermal steel properties, EC2 normal weight concrete thermal properties,
effective emissivity coefficient of 0.8 and the convection coefficient of 25 W/m°K for fire-
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exposed surfaces. For the unexposed side of the concrete slab in this simulation, the emissivity
coefficient was 0.6 and the convection coefficient was 5 W/m’K. Other simulations with
different values of thermal parameters and properties indicated that the temperature output for
exposed steel beam was not very sensitive to moderate deviations from the common values
above.

For temperature predictions in the ribbed concrete slab, the 2D model shown in Figure 3 was
generated. Certain mesh nodes (comparative nodes) match the points of temperature
measurements in the ribbed slab (Figure 4). Again, large number of simulations was conducted
to investigate the sensitivity of the temperature output to thermal parameters and concrete
thermal properties. Figure 8 illustrates the typical isotherm zones in the output of SAFIR
simulations. In all simulations the experimental temperatures at the bottom of the slab were
significantly lower than those generated by heat transfer simulation.

As an example, Figures 9 illustrates the output for slab rib temperatures based on the common
thermal parameters and properties listed above and 4 % moisture content in the concrete. This
simulation over-estimates the temperatures at all comparative nodes. Where the moisture
content is increased to 12 %, as shown in Figure 10, good agreement of predicted and measured
temperatures is observed only at the unexposed top surface of the slab. However, for other
comparative nodes close to the fire, the predicted temperatures still exceed measured
temperatures.

As another example, Figure 11 illustrates the output of simulations using concrete properties
suggested by Lamont et al (2001) for lightweight concrete — density 1850 kg/m3, thermal
conductivity 0.7 W/m K, specific heat 700 J/kg K, moisture content 5%. In this simulation, as
suggested by Lamont et al, the effective emissivity coefficients of 0.7 and 0.6 were used for the
fire-exposed and ambient sides, respectively; the convection coefficients were of 15 W/m’K for
fire-exposed surfaces and 10 W/m’K on the unexposed side. Again, except for the unexposed
surface point, all predicted temperatures exceed the measured temperatures.

DISCUSSION

The probable reasons to explain higher predicted temperatures are:

* The steel deck separates from the concrete slab creating a cavity that slows heat transfer.
Spalling concrete particles could further fill this cavity forming an effective insulating layer.

* The model assumes uniform moisture content throughout the concrete slab. It is likely that
the moisture content s higher at the bottom of the slab, because the steel deck essentially
seals the concrete surface slowing the drying process.

More trivial probable causes for low experimental temperatures could also be inaccurate
position of the thermocouples and thicker than specified concrete slab.

SUMMARY AND CONCLUSIONS

The paper demonstrates the application of SAFIR computer program to temperature field
modeling of composite steel/concrete floors exposed to fire.
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Exposed steel beam temperatures are predicted very accurately, and these predictions are not
very sensitive to the choice of thermal heat transfer parameters or material thermal properties.
The use of common heat transfer parameters and EC2 thermal properties for concrete results in
conservative predictions of temperatures in the slab. Traditional heat transfer simulations cannot
explain the very low concrete temperatures at the bottom of the slab in this test. Possible high
moisture content at the bottom of the slab or other phenomena could have been responsible for
the slow development of temperatures in the slab.
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Figure 1. The simplified mesh model for temperature predictions in the steel beam.
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Figure 2. Comparison of predicted and measured temperatures in the steel beam.
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Figure 3. The mesh model for the ribbed concrete slab on fluted steel deck.
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Figure 4. Temperature measurement points in the slab (locations B1 & B2)
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Figure 5. Temperature measurement locations B1 & B2
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Figure 6. Temperatures measured in the fluted part of the slab (average B1 & B2)
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Figure 7. Temperatures measured in the slab rib (average B1 & B2)
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Figure 8. Typical isotherm zone output of SAFIR simulations
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Figure 9. Temperature predictions in the slab rib compared to measured temperatures
(EC2 normal weight concrete properties, 4 % moisture content)
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Figure 10. Temperature predictions in the slab rib compared to measured temperatures
(EC2 normal weight concrete properties, 12 % moisture content)
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Figure 11. Temperature predictions in the slab rib compared to measured temperatures,
light weight concrete properties and heat transfer parameters suggested by Lamont et al (2001)
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