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Abstract 
The Tisova fire test part 2: heat transfer analysis 

This report is the second of two reports into the Tisova fire test. It compares the 
results of three different groups’ attempts to model the temperature response of 
the structure in Tisova which was subject to a large scale travelling fire test. 
Generally it is observed that the different approaches have relatively close results, 
although one shows systematically hotter temperatures closer to the heated 
surface than the others; and differences between all three increase further from 
the heated surface. 

A comparison between the average calculated results and the experimental 
results is also shown for illustration. While an absolute comparison is not 
attempted because of experimental errors present the results do show the 
possible need for further data to support the heat transfer analysis required to 
carry out structural design for travelling fires. 
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1 Introduction 
Structural fire design has taken a huge step forward in the past two decades. 
Enabled by the results of large scale testing and the lessons learned from the 
analyses of, for example, the Cardington tests [1] amongst others, fire engineers 
now employ sophisticated analysis tools in order to evaluate the structural 
response of a building to fire. This has led to significant cost savings, as well as 
the contribution of a building structure to the performance based design of a 
building for life safety in the event of fire.  

The Cardington tests were designed to represent a typical type of construction 
which was used in the UK in the 1990’s – a braced composite steel framed 
building [2]. The beams were designed as simply supported, acting in composite 
with a 130 mm concrete slab. Connection details were one of either of two types 
(beam to beam connections were comprised of fin-plates and beam to column 
connections were comprised of flexible end plates) and no other connection type 
was studied. Subsequent work included the modelling of these tests in order to 
further understand the underlying mechanisms which governed their behaviour 
in fire. 

Based on the analysis of these and a few other tests researchers identified some of 
the fundamental mechanisms which govern the response of structures to fire and 
the fire engineering industry now confidently applies complex tools to determine 
the impact of fires on structures.  

Calculations or simulations are often used as a more cost effective evaluation of 
elements and structures compared with testing. For building elements and 
structures the Eurocodes are the basis for design. For certification of certain 
building products calculations have the same credibility as testing. However while 
for testing there are requirements on accreditation of the test laboratory as well 
as follow up inspections, this is not the case for calculations. In other words, 
when evaluating building products for certification based on testing there is a 
formal control system that must be followed. This type of control does not exist 
when doing the same job based on calculations. Therefore it is important that the 
calculation methods and software used are robust and reliable, and that the 
results from calculations are both conservative and importantly consistent. 

1.1 Round robins in fire science 
A round robin study is a study conducted by a group of experts commencing from 
a common starting point, for example a collection of data, who proceed to predict 
independently the response of a system; or performing and comparing actual 
experiments. The purpose behind round robin studies is to evaluate the scatter of 
results across a discipline or between different laboratories.  

Over the past decade there has been some renewed interest in round robin 
studies in fire science and modelling in particular. In fire dynamics, the round 
robin studies of the Dalmarnock tests which were coordinated by the University 
of Edinburgh [3] highlighted the considerable dependency of modelling results 
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on the underlying assumptions and approach taken. Further, while the tools 
which were used have been successfully validated against existing test results 
their use in prediction is extremely dependent upon the way that the model is set 
up.  

In structural fire engineering, a small round robin study was undertaken to 
predict the temperature exposure of a single steel beam exposed to a pool fire. 
This was also coordinated by the University of Edinburgh [4]. The principal 
conclusion from this study was that design tools for estimating temperatures of 
elements of structure in pool fires are very conservative and that they are very 
dependent on the scenario. 

In the report from the Dalmarnock tests, the lack of historical round robins was 
highlighted. It is stated that relatively few examples exist, for example one 
unpublished round robin conducted by the CIB and one carried out by Emmons 
[5]. Emmons’s work highlighted the discrepancy between different fire testing 
laboratories throughout the world – something which the European Group of 
Laboratories for Fire testing (EGOLF) has made significant movements to 
address.  

Round robin studies in fire engineering serve to highlight issues within the 
discipline, however very few of them are undertaken. They pool the collective 
knowledge of experts in the field and help to focus directions for future research. 
A need for more round robins within the field was one of the conclusions of the 
recent international R&D roadmap for fire resistance of structures compiled by 
NIST [6]. 

1.2 Overview 
This report is the second of two reports which summarise the results of the Tisova 
fire test project. The two parts are summarised as follows:  

• The first report [7] summarises a large scale fire test which was conducted 
on a 4 storey building in the Czech Republic in January 2015. A short 
overview of the building is given, describing briefly the history of the 
building and the structure. The description of the structure is based on 
available drawings and site visits and inspections made prior to the test 
being carried out. The test setup is then described in considerable detail, 
including the instrumentation and the fuel load.  Finally in this part of the 
report the test is described, including a short timeline of the test and an 
overview of the records made from the instrumentation. 

• In this second report a short and reduced scale round robin is described, 
and is undertaken by the projects partners. This comprises two stages -  a 
benchmarking round robin comprising a 1-d heat transfer study of 
concrete exposed to a standard fire: and then a round robin of the 
temperatures through the depth of the structure under the fire exposure 
in the test. The round robin is compared in this report with the 
experimental results. 
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The original intention with this study was to have a wider number of participants 
carrying out their analysis blind. However participants for this study were not 
forthcoming. This may be due to other recent or ongoing modelling round robins, 
e.g.[8]. Despite this, the three institutions (RISE, Luleå Technical Univeristy and  
the University of Edinburgh) leading these tests undertook the round robin 
exercise with a view to demonstrating the ability of existing tools for studying the 
transfer of heat through concrete in a real fire test inside of a real building. 
Persons undertaking the analyses did not refer to the test results (measured 
temperatures in the structure) prior to the analysis. Therefore to all intents and 
purposes the institutions did the analysis blind, i.e. without reference to the 
experimental results and there was no attempt after the modelling was completed 
to revise the results. The results are compared with one another to illustrate the 
differences in modelling approach, and the mean results are compared with the 
experimental results for illustrative purposes. It should be acknowledged that 
experimental errors associated with the type of test which was undertaken should 
be acknowledged when comparing numerical results with experimental results. 
For this reason no absolute values are critically compared, however the overall 
trends are discussed. 
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2 Round robin presentation 

2.1 Overview 
The round robin brief as prepared is included in Appendix A. This was the 
problem followed by the institutions who participated in the work presented in 
this report.  

The study comprised two main stages, an initial stage where a benchmark case 
was run to compare the variation in the results of a well known problem.; and 
then the analysis of details of structural elements from the Tisova test. These two 
stages and the results of the analyses are discussed in the sections below. 

2.2 Benchmark problem 
In the benchmark study, the problem studied was the heat transfer analysis of a 
1-d concrete specimen of thickness 200 mm. The slab was to be studied exposed 
on the bottom surface to 60 minutes of an ISO-834 standard fire. For the 
conductivity, Eurocode upper limit was used. The specific heat was to follow the 
calcareous concrete curve as given in the Eurocode; assuming a moisture content 
of 1.5 %. Density was fixed to 2300 kg/m3. 

The geometry and the position of the requested reporting points from the 
calibration test are shown in Figure 2-1. In this instance results were reported at 
temperatures calculated at a distance of 10, 20, 40, 60, 80, and 120 mm from the 
exposed surface as well as at the exposed and unexposed surface of the slab. 

 

Figure 2-1 calibration problem geometry and measurement position (all measurements in 
mm) 

The results of the benchmark problem analysis from the three institutions is 
shown in Figure 2-2. Results from Luleå Technical University are shown as dash-
dot lines, from RISE as dotted lines, and from the University of Edinburgh (UoE) 
as dashed lines (this presentation of results is consistent throughout the rest of 
this report). The left hand part of the figure shows all three results, whereas the 
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right hand part shows the average of, and in the form of the error bars the 
standard deviation between, the analyses. The analysis by LTU was conducted 
with an initial temperature of 0 °C, whereas from RISE and UoE the initial 
temperature was assumed to be 20 °C.  This explains the differences in 
temperature at the early stages of the analysis and the smaller differences later in 
the analysis.  

 

Figure 2-2 calibration modelling results (dash-dot lines show results from LTU, dotted lines 
show results from RISE and dashed lines show results from the University of Edinburgh). 
Left: all results; right; average results and standard deviations 

Differences between the three results are minimal, in particular at the later stages 
of the fire close to the exposed surface for the reasons discussed above. The 
variation in results further from the exposed surface remain wider, however this 
is most likely also attributable to the slightly different initial conditions in the 
analyses.  

RISE and UoE chose to do the heat transfer analyses using the abaqus finite 
element software, whereas LTU used the finite element software TASEF for the 
analysis. In all three cases, emissivity of concrete was assumed to be 0.7 and the 
convective heat transfer coefficient was assumed to be 25 W/m2K. In all three 
cases the gas and radiation temperatures for the analysis were assumed to follow 
the ISO 834 temperature time curve. 

A short report detailing the analysis from all three institutions in included in 
Appendices D, E and F. 
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2.3 Tisova test analysis 
A heat transfer analysis was carried out on different parts of the structure which 
were instrumented in the fire test. Elements of interest were Slabs S1, S2, S3, S4, 
and S6; as well as Beam B1; as shown in Figure 2-3. For reference, the round 
robin problem description and the accompanying drawings are given in Appendix 
A 

 

 

Figure 2-3 slab and beam numbering 

The overall dimensions of these elements is summarised in Table 2-1 and Table 
2-2. More details are given in part 1 of this report [1]. In all slabs temperatures 
were reported at two locations.  

Table 2-1 summary of slab dimensions 

Slab Construction 
Thickness 
(mm) 

Slab length x 
(mm) 

Slab width y 
(mm) 

1 Composite 135 7650 3100 

2 Composite 135 7650 3100 

3 Composite 135 4500 4700 

4 Composite 135 4500 4700 

6 
Reinforced 
concrete 

190 2900 4900 
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Table 2-2 Summary of structural elements of interest 

Composite slabs 

The composite slabs S1 and S2 are 5.85 m x 3.4 m (b × h) 
while composite slabs S3 and S4 are 5.25 m x 5.35 m (b x h).  
All composite slabs are a maximum of 165mm deep and 
comprise a trapezoidal steel decking profile of thickness 
1mm and a 150 x 150 x 6 mm (x-spacing × y-spacing × bar 
diameter) rebar mesh embedded into the concrete at a 
depth of 60 mm, 10 mm above the top of the trapezoidal 
steel deck. The slabs had a steel section equivalent to an IPE 
200 section running orthogonally to the troughs. At 
intervals of 1400 mm. 

 

The cross section of the composite slab, illustrating the 
dimensions of the trapezoidal deck and including the IPE 
200 section is shown adjacent. There is no screed above the 
composite slab. 
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Reinforced concrete slabs 

The concrete slab S6 is 2.95 m × 4.95 m × 120 mm deep 
with 50 mm centre to centre 150 mm2 ribbed rebar with a 
cover of approximately 10 mm. The concrete slab also has a 
70 mm concrete screed with a 150 mm × 150 mm ×12.5 mm 
(x-spacing × y-spacing × bar diameter) anticracking mesh 
35 mm from the top surface. Dimensions of the slab cross 
section are shown in the adjacent figure. 
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Concrete T beam 

The concrete T - beam has dimensions of 400 mm × 600 
mm total depth (b × h) with an unknown amount of 
reinforcement. As with the reinforced concrete slabs there 
was a 70 mm screed on top of the T-beam with a 150 mm × 
150 mm × 4 mm (x-spacing × y-spacing × bar diameter) 
anticracking mesh 35 mm from the top surface. The flanges 
are of the same construction as slab S6. The T-beam is 
shown adjacent. 
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Based on cores taken prior to the fire test the concrete material properties were 
measured using a transient plane source to obtain thermal conductivity and specific 
heat.  

The conductivity of the concrete in the building was determined based on TPS 
measurements of the cores of the elements taken from the building. The TPS 
measurements were made up to 300 °C. The thermal conductivity of the concretes is 
shown in Figure 2-4, which also shows the upper and lower limits of thermal 
conductivity from Eurocode 2 for reference.  

A close fit is shown between the thermal conductivity of the concrete used in the 
composite slab and the upper limit of thermal conductivity from the Eurocode; whereas 
the reinforced concrete slab and columns in the building have a conductivity 
approximately half way between the upper and lower limits. The dashed lines in Figure 
2-4 indicate an extrapolation of the measured values using a similar function as the 
Eurocode function. 

The general form of the relationship between conductivity and temperature is given in 
equation (2.1); and the coefficients for the different concretes are given in Table 2-3 for 
the concretes in the test and the Eurocode upper and lower limits. 

 

Figure 2-4 thermal conductivity of the concrete 

𝜆𝜆 = �𝑎𝑎 − 𝑏𝑏 �
𝑇𝑇

100
� + 𝑐𝑐 �

𝑇𝑇
100

�
2
� 1000�  (2.1) 

Table 2-3 coefficient for determining the thermal conductivity of the concrete 

 a b c 

Eurocode 
Lower limit 1.36 0.136 0.0057 

Upper limit 2.00 0.245 0.0107 

Test 

Concrete slab 2.07 0.255 0.0113 

Composite slab and concrete 
column 

1.70 0.195 0.0085 
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Specific heat of the concrete was measured using the TPS heat capacity module. This 
was found to be the same as the specific heat of dry concrete given in the Eurocode for 
both types of concrete in the test.  

𝑐𝑐𝑝𝑝(𝜃𝜃) = 900 (J/kgK) 20°𝐶𝐶 ≤ 𝜃𝜃 ≤ 100°𝐶𝐶 (2.2) 

𝑐𝑐𝑝𝑝(𝜃𝜃) = 900 + (𝜃𝜃 − 100) (J/kgK) 100°𝐶𝐶 < 𝜃𝜃 ≤ 200°𝐶𝐶  

𝑐𝑐𝑝𝑝(𝜃𝜃) = 1000 + (𝜃𝜃 − 200)/2  
(J/kgK) 200°𝐶𝐶 < 𝜃𝜃 ≤ 400°𝐶𝐶  

𝑐𝑐𝑝𝑝(𝜃𝜃) = 1100 (J/kgK) 400°𝐶𝐶 < 𝜃𝜃 ≤ 1200°𝐶𝐶  

The moisture content of the concretes, determined through drying of a specimen at 105 
°C for 24 hours was determined to be 1.15 % by weight. 

2.3.1 Slabs S1 and S3 

The geometry and the requested temperature measurements from the composite slabs 
in the calculations is shown in Figure 2-5. Temperatures are reported at the surface of 
the steel deck; at both the lowest part of the trough and at the top of the peak; as well as 
at 15 and 35 mm from the exposed surface at the lowest part of the trough; and at 30 
and 50 mm from the exposed surface of the upper part of the trough.  

 

Figure 2-5 Composite slab round robin result requested output (all measurements in mm) 

The different solutions all followed largely the same procedure as for the benchmarking 
problem. A discussion of these follows in section 2.3.6. 

the benchmark, i.e. dash-dot lines show results from LTU, dotted lines show results 
from RISE and dashed lins show results from the University of Edinburgh. The left 
hand figures show all results from the three institutions for each of the requested 
points, and the right hand side shows the average result and the standard deviation in 
the form of error bars. 
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Figure 2-6 modelled temperature response in Slab 1 location 17 (dash-dot lines show results from 
LTU, dotted lines show results from RISE and dashed lins show results from the University of 
Edinburgh) 

 

Figure 2-7 modelled temperature response in Slab 1 location 20 (dash-dot lines show results from 
LTU, dotted lines show results from RISE and dashed lins show results from the University of 
Edinburgh) 

The calculated temperature profiles in Slab S1 are shown in Figure 2-6 and Figure 2-7 
for the two locations. These figures should be interpreted the same way as per As can be 
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seen, temperatures reported by LTU are generally higher than surface temperatures 
reported by RISE or UoE. Peak temperatures also occur slightly later. Despite this there 
is a fgenerally good agreement near to the surface of the slabs, however further from 
the surface the variation in responses increases, as evidenced by the wider error bars at 
the slabs top surface and 50 mm from the heated surface above the peak of the slab 
deck. 

The reported temperatures in slab 3 are shown in Figure 2-8 and Figure 2-9. Again, 
these show a similar trend to the reported temperatures from Slab 1. Results from LTU 
are systematically marginally higher than results from UoE or RISE; and the 
temperatures further from the heated surface show very large differences, especially 
during later stages of heating and subsequent cooling. 

 

Figure 2-8 modelled temperature response in Slab 3 location 3 (dash-dot lines show results from 
LTU, dotted lines show results from RISE and dashed lins show results from the University of 
Edinburgh) 
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Figure 2-9 modelled temperature response in Slab 3 location 9 (dash-dot lines show results from 
LTU, dotted lines show results from RISE and dashed lins show results from the University of 
Edinburgh) 

2.3.2 Slabs S2 and S4 

Only UoE and RISE reported results for slabs S2 and S4. The results are shown in the 
same format as for Slabs S1 and S3 in Figure 2-10 to Figure 2-13. The result for RISE 
near the surface of Slab S2 at location 22 is significantly higher than the result for UoE. 
However at all other locations in the S2 and S4 the results have very good agreement 
close to the surface. Further from the surface the variation in the results is larger, 
similar to the results from S1 and S3. 
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Figure 2-10 modelled temperature response in Slab 2 location 22 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 

 

Figure 2-11 modelled temperature response in Slab 2 location 23 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 
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Figure 2-12 modelled temperature response in Slab 4 location 14 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 

 

Figure 2-13 modelled temperature response in Slab 4 location 15 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 
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2.3.3 Slab S6 

The position of the temperatures reported in the cross section of slab S6 is shown in 
Figure 2-14. Temperatures are reported at the top and bottom of the slab; as well as 
through the cross section at depths of 20, 40, 60 and 80 mm from the slabs soffit. As 
with the composite slabs, the temperatures in Slab 6 are reported from two separate 
locations. 

 

Figure 2-14 slab S6 round robin result requested output (all measurements in mm) 

 

The reported temperatures are shown in Figure 2-15 and Figure 2-16. 

 

Figure 2-15 modelled temperature response in Slab  6 location 3 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 
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Figure 2-16 modelled temperature response in Slab  6 locaiton 4 (dotted lines show results from 
RISE and dashed lins show results from the University of Edinburgh) 

In this instance, temperatures reported by UoE are systematically higher than 
temperatures reported by RISE. The variations are generally also very high even 
towards the exposed surface. Note that the temperatures observed in this slab were 
very low compared with temperatures observed in the composite slabs. 

 

2.3.4 Beam B1 

The position of the reported temperatures in the cross section of beam B1 is shown in 
Figure 2-17. Temperatures are reported at the four corners, C1 to C4; as well as at the 
middle of the sides, M1 to M3; and at depths of 20, 40, 60 and 80 mm from the bottom 
of the beam in the middle of the cross section.  

 

Figure 2-17 beam B1 round robin result requested output (all measurements in mm) 
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Calculated results are shown in Figure 2-18. These show generally a very similar trend 
to other calculated results. However there seems to be better agreement as to the 
temepratures on the unexposed face of the beam than in the other cases. It’s not clear 
why this may be. 

 

Figure 2-18 modelled temperature response in Beam 1 (dash-dot lines show results from LTU, 
dotted lines show results from RISE and dashed lins show results from the University of 
Edinburgh) 

2.3.5 Qualitative damage assessments 

Authors from UoE and RISE attempted to do a qualitative assessment of the resulting 
damage from the fire.  They generally expect the damage to be of minor significance to 
the reinforced concrete elements, however more significant damage is expected of the 
composite elements. This includes, e.g. debonding of the metal profile from the 
concrete and subsequent possible loss of composite action. Some remedial action is 
expected to be required to retrurn the composite slab to its original capacity. 

2.3.6 Discussion 

The preceding sections illustrate  the approach of three different groups to assess the 
temperature evolution of a real building exposed to a real travelling fire. It is shown 
that there is some variation in the approach taken, although whether this is attributable 
to the assumptions taken, the heat transfer software used for the analysis or to the 
individuals involved is not discussed. Certainly it can be seen that for the most part the 
results from the groups using Abaqus are closer to one another than they are to the 
group using TASEF. However this difference is marginal. It is likely that the results 
could be made to better fit to one another if the analyses were revisited. 
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One likely reason for the different response is of course the different initial conditions, 
however while these may account for differences early in the analysis it is likely that the 
influence of these initial conditions would be reduced at later times in the analysis.  
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3 Comparison with experimental 

results 
A comparison between the experimental results and the average temperatures reported 
in the previous section is made in this section. It should be noted however that the 
experimental results are most likely subject to a potentially significant error as a result 
of the means of placement, described in [1]. Future work will involve trying to 
determine the scope of this experimental error. This will better inform any comparison 
between the experimental results and the reported or any future modelling. 

3.1 Slabs S1 and S2 
A comparison between the average reported temperatures and the experimental results 
is shown in Figure 3-1 to Figure 3-4. The calculated results shown are the average of all 
three sets reported in the previous chapter. Figure 3-1 does not show a result for the 
measured temperature 50 mm from the underside in the peak of the deck; and Figure 
3-2 does not show a measured result for 30 mm from the underside of the peak of the 
trough. This is a result of damaged thermocouple wires making these results unusable. 

It can be seen in these figures that the calculated temperatures are generally higher 
than the measured temperatures. This is with the exception of in the base of the trough 
in Slab 3 at location 9 (Figure 3-3) where the finite element results under predict the 
measured temperatures. Generally in all of these figures the measured temperatures 
peak earlier than in the calculated temperatures, implying a lower conductivity in the 
calculated results, despite the use of the material data measured from the building. 

 

Figure 3-1 comparison between modelled and measured temperatures Slab 1 location 17 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results). 
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Figure 3-2 comparison between modelled and measured temperatures Slab 1 location 20 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 

 

Figure 3-3 comparison between modelled and measured temperatures Slab 3 location 9 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 
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Figure 3-4 comparison between modelled and measured temperatures Slab 3 location 12 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 

3.2 Slabs S2 and S4 
Conversely to the case of Slabs S1 and S3 the measured temperatures in Slabs S2 and 
S4 are generally higher than the claculated temperatures, Figure 3-5 to Figure 3-8. The 
maximum temperature is also observed far later in these simulations than in the 
experiements. Note that these results are based on only analyses from UoE and RISE. 
Note the damaged thermocouple 15 mm from the exposed surface of the trough in Slab 
2 location 23, Figure 3-6 

 

Figure 3-5 comparison between modelled and measured temperatures Slab 2 location 22 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 
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Figure 3-6 comparison between modelled and measured temperatures Slab 2 location 23 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 

 

Figure 3-7 comparison between modelled and measured temperatures Slab 4 location 14 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 
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Figure 3-8 comparison between modelled and measured temperatures Slab  4 location 15 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 

3.3 Beam B1 
A comparison between the measured and the calcualted results for the beam B1 shows a 
similar trend to slabs S1 and S3 – i.e. the average calculated temperatures are higher 
than the measured temperatures. This is shown in Figure 3-9.  

 

Figure 3-9 comparison between modelled and measured temperatures T-beam (T denotes a 
thermocouple measurement, C denotes the averaged calculation results) 

3.4 Slab S6 
Finally, results from Slab S6 are compared in Figure 3-10 and Figure 3-11. Average 
calculated temperatures are again generally higher than the measured temperatures, 
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although the peaks in temperature measured after 350 minutes in both locations are 
notable. 

 

Figure 3-10 comparison between modelled and measured temperatures Slab  6 location 3 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 

 

Figure 3-11 comparison between modelled and measured temperatures Slab  6 location 4 (T 
denotes a thermocouple measurement, C denotes the averaged calculation results) 
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4 Summary and conclusions 
This report has summarised and compared the results of three different groups 
attempts to model the temperature of the concrete structure measured in the Tisova 
fire test. The work was performed as part of a planned round robin, however for a 
variety of reasons a suitable number of participants was not found. The work therefore 
serves as an illustration of the differences between approaches taken to model the 
temperature observed in the structure. 

Generally a good agreement is seen between the different groups, although one of the 
groups reported systematically higher temperatures than the other two. A short 
discussion about this is presented in this report, however no definitive reason is offered 
for this. It should be noted that it is likely that had the groups attempted to do so the 
results could have been modified and made to match very well to one another.  

Comparison between the measured and the predicted temperatures is presented for 
illustrative purposes. Here there seems to be larger differences than the differences 
between the individual modelling results. These differences are often apparently larger 
further from the heated surface of the elements, as well as in the regions exposed to far 
field heating only, i.e. slabs S6 and S4 in the early part of the fire. This suggests that the 
interpretation or use of these models for studying the response of concrete elements to 
non-standard and slow heating fires requires more research and study. It is possible 
that an alternative set of material properties may be needed, or that more consideration 
of aspects of the boundary condition – specifically the convective heat transfer 
coefficient - appropriate for slow heating rates would be beneficial and future work 
should revisit this. 

The illustrative comparison between the experimental and the numerical results would 
be greatly improved by an analysis of the experimental errors arising from the 
restrictions on site during the setup of the Tisova test. This assessment is the subject of 
ongoing work by the partners in this project. The results of these tests and the 
associated modelling will therefore be revisited in future publications. 
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6 Appendix A: round robin 

instructions 
 

The following pages contain a reproduction of the instructions to the round robin as 
sent to all participants. 
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7 Appendix B: Round robin output 

template 
 

The following pages contain a reproduction of the output template document sent to all 
participants. 
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8 Appendix C: Report of work by the 

University of Edinburgh 
 

The following pages contain a reproduction of the modelling report from the University 
of Edinburgh. 
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1 MODEL AND ENTRY DATA 

Heat transfer analyses of the slabs and the beam specified in the brief were conducted with 
the finite element modelling software Abaqus CAE/2016. Two-dimensional models of 
representative sections were analysed to obtain the temperature distributions during heating 
at the requested locations. 

Indicative plots of the modelled cross-sections are shown in Figure 1. The cross-sections were 
discretised in a structured mesh of 4-node linear heat transfer quadrilateral elements 
(DC2D4) with a specified element size of 5×5 mm for Slabs S1-S4, Slab S6, and the 
calibration slab model, whereas for Beam B1 the element size was 10×10 mm. 

Radiation and convection phenomena were modelled on the exposed and unexposed faces of 
the beam and slabs in Abaqus by specifying surface radiation and surface film condition 
interactions, respectively. The emissivity of concrete was taken as 0.7 and the convection 
factor as 25 W/m2K. At the exposed face, the ambient/sink temperature was defined as an 
amplitude following the measured time-temperature histories of the respective plate 
thermometers and thermocouples. The specific entry data considered at each location are 
shown in Table 1. The ambient/sink temperature at the unexposed face during heating and 
the temperature within the sections at the initial step were set to 0oC (except for the 
calibration slab subjected to the ISO 834 curve, for which these were taken as 20oC). 

The effects of steel reinforcement and decking were considered negligible, whereas the 
concrete screed was included in the models of Slab S6 and Beam B1; in this case a tie 
constraint was specified at the screed/concrete interface for simplicity. Thermal and physical 
properties of the concretes and screed were taken as specified in the brief. 

 

Table 1: Entry data considered at each location. 

Structural Element Location Entry data 

Slab 1 
17 Average of PT7, PT8, PT16 
20 Average of PT5, PT9, PT10 

Slab 2 
22 Average of PT14, PT15, PT17 
23 Average of PT12, PT13 

Slab 3 
9 PT28 
12 PT21 

Slab 4 
14 PT31 
15 PT22 

Slab 6 
3 TC85 
4 TC65 

Beam 1  Average of PT10, PT11, PT12 
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(a) 

 
(b) 

 
 

Figure 1: Finite element mesh used for (a) composite slabs S1-S4 and (b) Beam B1, with temperature contours plotted at 
indicative time steps; temperature measurement (thermocouple) locations highlighted in red. 

Screed 

RC slab 
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2 TEMPERATURE EVOLUTION RESULTS AND DISCUSSION 

This second part of the document presents the results also provided in the Excel file 
(4_output.xlsx).  

 MODEL CALIBRATION 

Temperatures at 0, 10, 20, 40, 80 and 120 mm from the exposed surface, and at the 
unexposed surface over 60 minutes of heating. 

 

Figure 2: Temperature evolution in the concrete slab used for model calibration. 

 

 SLAB 1 TEMPERATURE EVOLUTIONS 

Temperatures at the positions specified in Figure 10 of the Round Robin Brief during the 420 
min heating, at locations 17 and 20. 

 

  
 

Figure 3: Temperature evolution in Slab 1 [Orange – Location 17, Blue – Location 20]. 
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 SLAB 3 TEMPERATURE EVOLUTIONS 

Temperatures at the positions specified in Figure 10 of the Round Robin Brief during the 420 
min heating, at locations 9 and 12. 

 

  
 

Figure 4: Temperature evolution in Slab 3 [Orange – Location 9, Blue – Location 12]. 

 BEAM 1 TEMPERATURE EVOLUTION 

Temperatures at the positions specified in Figure 11 of the Round Robin Brief during the 420 
min heating, at locations 9 and 12. 

 

 
Figure 5: Temperature evolution in Beam 1. 

 

 SLAB 2 TEMPERATURE EVOLUTIONS 

Temperatures at the positions specified in Figure 10 of the Round Robin Brief during the 420 
min heating, at locations 22 and 23. 
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Figure 6: Temperature evolution in Slab 2 [Orange – Location 22, Blue – Location 23]. 

 

 SLAB 4 TEMPERATURE EVOLUTIONS 

Temperatures at the positions specified in Figure 10 of the Round Robin Brief during the 420 
min heating, at locations 14 and 15. 

  
 

Figure 7: Temperature evolution in Slab 4 [Orange – Location 14, Blue – Location 15]. 

 

 SLAB 6 TEMPERATURE EVOLUTIONS 

Temperatures at 0, 20, 40, 60, 80 mm from the exposed surface and the unexposed surface 
temperature during the 420 min heating, at locations 3 and 4. 
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Figure 8: Temperature evolution in Slab 6 [Orange – Location 3, Blue – Location 4]. 
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3 DAMAGE ASSESSMENTS 

For each of the elements assessed pleased provide a qualitative assessment of the response 
and damage caused by the fire. [OPTIONAL - For each of the elements assessed pleased 
provide a quantitative assessment of the scale of material damage caused by the fire.] 

 

Element   
Slab 1 Qualitative 

assessment 
ds2 
 
Possible loss of bond between steel deck and concrete due to 
differential thermal expansion, and tensile cracking of the 
concrete in the troughs (assumed deck is acting as tensile 
reinforcement since there is no mention of tensile rebar in the 
troughs). Extensive cracking of the slab (e.g. due to membrane 
tension) is unlikely, given the relatively low temperatures 
developed and the fact that the slab was (probably) unloaded. 

[Quantitative 
assessment] 

 

[Slab 2] Qualitative 
assessment 

 

[Quantitative 
assessment] 

 

Slab 3 Qualitative 
assessment 

ds1 
 
damage primarily cosmetic in nature 

Quantitative 
assessment 

 

[Slab 4] Qualitative 
assessment 

 

[Quantitative 
assessment] 

 

[Slab 6] Qualitative 
assessment 

ds0; 
redecoration if required; tensile reinforcement and compressive 
zone of concrete unaffected 

[Quantitative 
assessment] 

 

Beam 1 Qualitative 
assessment 

ds0; 
redecoration if required; tensile reinforcement and compressive 
zone of concrete unaffected 

Quantitative 
assessment 
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9 Appendix D: Report of work by 

RISE 
 

The following pages contain a reproduction of the modelling report from RISE. 
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This document is a template to present the parameters and results of the model(s) 
used in predicting the thermal profiles within the slabs and beam from 
compartment temperature data.  

The goal is not to produce an extensive detailed report but just to communicate the basic 
information required to compare the model results to one another and with the experimental 
results. 

Documents 3_output.docx and 4_output.xlsx are due on the 31/11/2016 and should be sent to 
d.rush@ed.ac.uk or david.lange@sp.se in the .docx and .xlsx formats. 

Any additional results or information out with the requested that the authors feel pertinent is very 
welcome and will be taken into account. 

1 MODEL AND ENTRY DATA 

 MODEL 

The heat transfer analyses was carried out using the ABAQUS finite element solver, version 
6.14-3. All analyses were solved in a heat transfer step with no time or other scaling applied. 
Geometry was 2-dimensional, and the meshes were constructed of 4-noded heat transfer 
elements of type DC2D4. Although the benchmark was a 1-d problem, the same 2-d 
approach was taken for this problem as well. 

 MESH 

The mesh was comprised of: 

• In the case of the benchmark, 80 elements arranged in two columns of 40. The 
elements had a length in the vertical axis of 5 mm. 

• In the case of the composite slab the mesh had a total of 415 elements, with a typical 
size of 5 mm. The steel part of the slab was included as a single row of elements, with 
nodes shared with the concrete part. 

• The reinforced concrete slab had 190 elements, with a size of 10 mm. 

• The T-beam had 812 elements, with a typical size of 20 mm. 

 BOUNDARY CONDITIONS 

For all models the boundary conditions were applied as surface radiation and surface film 
conditions to the heated and the unheated surfaced. Symmetry / continuity of the 
construction was accounted for where applicable and these surfaces were left adiabatic in the 
models. 

Convective heat transfer coefficient on the hot side was assumed to be 25 W/m2K. Convective 
heat transfer on the unheated side was assumed to be 4 W/m2K. Gas and radiation 

mailto:d.rush@ed.ac.uk
mailto:david.lange@sp.se
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temperatures for these conditions on the heated side were assumed to be the same and were 
taken from the nearest provided plate thermometer data as described in table 1. 

Table 1 – plate thermometers used to define boundary conditions at the different measurement 
locations 

Element Temperature 
measurement station 

Plate thermometer temperature used 
for gas and radiation temperature 

Slab 1 17 PT8 
 20 PT9 
Slab 3 9 PT28 
 12 PT21 
Slab 2 23 PT12 (due to damage to PT13) 
 22 PT14 
Slab 4 14 PT31 
 15 PT22 
Slab 6 3 Average of PT43 and PT54 
 4 Average of PT43 and PT35 
Beam 1 West side PT10 
 Bottom PT11 
 East side PT12 

 

Gas and radiation temperatures on the unheated face of the elements were assumed to be 
ambient, defined by the initial temperature of the relevant plate thermometers.  

Initial temperature of the elements was assumed to be ambient, defined by the initial 
temperature of the relevant plate thermometers.  

 ENTRY DATA 

Material data not provided in the brief was taken from the relevant eurocodes (steel and 
concrete). 

2 TEMPERATURE EVOLUTION RESULTS AND DISCUSSION 

This second part of the document presents the results also provided in the Excel file 
(4_output.xlsx).  

 MODEL CALIBRATION 

Temperatures at 0, 10, 20, 40, 80 and 120 mm from the exposed surface, and at the 
unexposed surface over 60 minutes of heating. 
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 SLAB 1 TEMPERATURE EVOLUTIONS 

Temperatures at 0 (peak and trough), 20, 40, 60, 80 mm from the exposed trough surface 
and the unexposed surface temperature during the 420 min heating, at each of the two 
locations. 

 

  
 

Figure 1 :Red – Location 17, Blue – Location 20 

 SLAB 3 TEMPERATURE EVOLUTIONS 

Temperatures at 0 (peak and trough), 20, 40, 60, 80 mm from the exposed trough surface 
and the unexposed surface temperature during the 420 min heating, at each of the four 
locations. 
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Figure 2 : Red – Location 9, Blue – Location 12 

 BEAM 1 TEMPERATURE EVOLUTION 

 
Figure 3 : Beam temperature evolution 

 

 [SLAB 2 TEMPERATURE EVOLUTIONS] 

Temperatures at 0 (peak and trough), 20, 40, 60, 80 mm from the exposed trough surface 
and the unexposed surface temperature during the 420 min heating, at each of the four 
locations. 
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Figure 4 : Red – Location 22, Blue – Location 23 

 

 [SLAB 4 TEMPERATURE EVOLUTIONS] 

Temperatures at 0 (peak and trough), 20, 40, 60, 80 mm from the exposed trough surface 
and the unexposed surface temperature during the 420 min heating, at each of the four 
locations. 

  
 

Figure 5 : Red – Location 14, Blue – Location 15 

 

 [SLAB 6 TEMPERATURE EVOLUTIONS] 

Temperatures at 0, 20, 40, 60, 80 mm from the exposed surface and the unexposed surface 
temperature during the 420 min heating 
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Figure 6 : Red – Location 3, Blue – Location 4 

 DISCUSSION 

Authors carrying out the simulation are encouraged to provide analysis, interpretation, and 
comments on the output of the model. 
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3 DAMAGE ASSESSMENTS 

 METHOD OF ASSESSMENT(S) 

The method of assessment is based on Table 2 provided in the round robin brief. 

 RESULTS 

Element   
Slab 1 Qualitative 

assessment 
ds2 - A small amount of damage has been experienced by the element to the 
effect that some small scale remedial action is required to enhance the element's 
remaining ability to perform its structural function(s)  
 

Slab 2 Qualitative 
assessment 

ds2 - A small amount of damage has been experienced by the element to the 
effect that some small scale remedial action is required to enhance the element's 
remaining ability to perform its structural function(s)  
 

Slab 3 Qualitative 
assessment 

ds2 - A small amount of damage has been experienced by the element to the 
effect that some small scale remedial action is required to enhance the element's 
remaining ability to perform its structural function(s)  
 

Slab 4 Qualitative 
assessment 

ds1 - Damage primarily cosmetic in nature, which does not impact on the design 
or repair of the structural fabric of the concrete building  
 

Slab 6 Qualitative 
assessment 

ds1 - Damage primarily cosmetic in nature, which does not impact on the design 
or repair of the structural fabric of the concrete building  
 

Beam 1 Qualitative 
assessment 

ds2 - A small amount of damage has been experienced by the element to the 
effect that some small scale remedial action is required to enhance the element's 
remaining ability to perform its structural function(s)  
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10 Appendix E: Report of work by 

Luleå Technical University  
 

The following pages contain a reproduction of the modelling report from Luleå 
Technical University. 
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This document presents the parameters and results of models used in predicting the 
thermal profiles within slabs and beam from compartment temperature data.  

1 MODEL AND ENTRY DATA 

 MODEL 

All the FE-analysis in this report was done by using a software called TASEF (Temperature 
Analysis of Structures Exposed to Fire) (Wickström, 1979; Sterner and Wickström, 1990). The 
FE code used for calculations is capable of solving one- and two-dimensional, axisymmetric 
heat transfer problems.  

TASEF employs a forward difference solving technique which makes it particularly suitable for 
problems where latent heat due to e.g. evaporation of water must be considered. It requires in 
most cases very short computing times, in particular for problems with a large number of nodes.  

 

1.1.1 MATERIAL PROPERTIES 

The following material propertis has been used in the analysis. 

1.1.1.1 THERMAL CONDUCTIVITY   

For modelling purposes, the conductivities of the concrete in the composite slab and the 
reinforced concrete construction were calculated using equation 1 and the coefficients given in 
Table 1 for the relevant structural components. The screed on top of the reinforced concrete 
construction has the same conductivity as the composite slabs. 

     
2

/1000
100 100
T Ta b cλ

    = − +         
    (1) 

Table 1 

  a b c  

Eurocode Lower limit 1.36 0.136 0.0057  

Upper limit 2 2.45 0.0107 Calibration 
test 

Test Concrete slab 2.07 2.55 0.0113  

Composite slab and concrete 
column 

1.7 0.195 0.0085 Slab S1, 
S3, Beam 

B1 
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1.1.1.2 Specific heat 

Specific heat of the concrete was assumed to be the same as the specific heat of dry concrete 
given in the Eurocode for both types of concrete, see Eq (2).  

    (2) 

The moisture content of the concretes was assumed to be: 

- 1.5 % for all calibration analysis 

- 1.15 % for Slabs S1, S3 and Beam B1.  

The moisture content was taken into account by using specific volumetric enthalpy instead of 
specific heat as described by Wickström (Wickström, 1979, 2016). The specific volumetric 
enthalpy is a given input material data for TASEF (Wickström 1979) and can be calculated as: 

( ) ( ) ( )
o

T

ii
T

e T T c T dT lρ= +∑∫       (3) 

where oT is the reference temperature, [ºC], ( )Tρ  is density, [kg/m3] and ( )c T  is specific heat 

capacity, [J/kgK], ii
l∑  is latent heats required for the vaporization of moisture (free water) 

when the temperature rise passes the boiling point (100 ºC ), [Ws/m3].  
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 MESH 

The mesh distribution: 

- For calibration analysis, see Figure 1 

- for the Slab 1 and Slab 3 can be seen in Figure 2  

- for Beam 1 analysis, see Figure 3.  

 BOUNDARY CONDITIONS  

1.3.1 CALIBRATION ANALYSIS 

For the calibration analysis, the 200 mm concrete slab was exposed to the standard ISO 834 
fire. The emissivity of the concrete was assumed to be 0.8, heat transfer coefficient due to 
convection on exposed and un-exposed surfaces was assumed equal to 25 W/m2K  and 4 
W/m2K, respectively. The ambient temperature as well as the initial temperature in all 
simulations were assumed equal to 0 °C. One-dimensional analysis was used, see Figure 1.  

 

 

 
Figure 1. Cell distribution for the 1-dim FEM analysis. Calibration analysis of the concrete slab. 

 

ISO 834

Ambient boundary conditions
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1.3.2 SLAB 1 AND SLAB 3 

A simplified analysis was used to predict temperature distribution in the composite slab. Here 
symmetry along the y-axis was assumed, see Figure 2. 

Values of plate thermometer measurement were used as input to finite element simulations. 
For the input data, the following PT measurements were used as input parameters: 

- Slab S1: location 17 and 20, measurements from PT 8 and PT20, respectively. 
- Slab 3: location 9 and 12, measurements from PT28 and PT21, respectively. 

The governing equation used for the heat transfer analysis is:  

 

 �̇�𝑞𝑡𝑡𝑡𝑡𝑡𝑡′′ = 𝜀𝜀𝑠𝑠𝜎𝜎(𝑇𝑇𝑃𝑃𝑃𝑃4 − 𝑇𝑇𝑠𝑠4) + ℎ𝑐𝑐(𝑇𝑇𝑃𝑃𝑃𝑃 − 𝑇𝑇𝑠𝑠)   (4) 

 

where the emissivity, 𝜀𝜀𝑠𝑠 , of the steel and concrete is set to 0.8 and the convective heat transfer 
coefficient, hc, varies as: 25 W/m2K on exposed to the fire surfaces, 4 W/m2K on unexposed to 
the fire surfaces (ambient boundary conditions).  

Due to the profiled edge of the concrete slab, the incident radiation effect on the low open 
profile of the concrete slab can be reduced. This is due to the heat transfer by radiation will be 
partly shadowed. Not the whole surface of the concrete slab is equally exposed to the incident 
radiation from the surrounding fire.  

Therefore, the shadow effect has been taken into consideration for the heat transfer analysis 
of Slab 1 and Slab 3. This was done in a similar way as earlier described how the shadow effect 
can be taken into account in determining the temperature distributions in a steel beam exposed 
to fire (Wickström, 2001; Virdi and Wickström, 2013; Sandström and Wickström, 2015; 
Andersson, 2018).  

To model the shadow effect, an artificial surface is introduced, see Figure 2. The artificial surface 
creates a closed space, void. The temperature on the artificial surface, inside the void, is 
prescribed by an input fire temperature curve, measured during the experiments. Within the 
void, the heat transferred due to convection (the surrounding temperature inside the void is 
assumed to have the same temperature as the input fire temperature curve, heat transfer 
coefficient is assumed as 1 W/m2K) and radiation inside the closed spaces from artificial surface 
and between the inner surfaces.  

The below profile of composite slab is simplified due to the limitation of the software used for 
the heat transfer analysis, see Figure 2. The cell distribution is shown in Figure 2.  
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Figure 2. The cell distribution for the 2-D FEM analysis of the composite slab. 

 
1.3.3 BEAM 1 

Values from plate thermometer measurement were used as input to finite element simulations. 
For the input, data from PT measurements were used as input parameters, see Figure 3. 

The same governing equation for the heat transfer analysis, see Eq.(4), is used for prescribing 
boundary conditions. The emissivity, 𝜀𝜀𝑠𝑠 , of the concrete and screed is set to 0.8 and the 
convective heat transfer coefficient, hc, varies as: 25 W/m2K on exposed to the fire surfaces, 4 
W/m2K on unexposed to the fire surfaces (ambient boundary conditions).  

The shadow effect is not taken into consideration in the  Beam B1 analysis due to positioning 
of the plate thermometer (parallel (P11) and perpendicular (P10, P12) to the floor). It can also 
be seen that the temperature measured by PT 12 is slightly lower than the temperature 
measured by PT10, see Figure 4. 
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Figure 3. The cell distribution for the 2-D FEM analysis of the composite Beam. 

 

 

Figure 4. PT measurements for the Beam B1 analysis 
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 ENTRY DATA 

Convective heat transfer coefficients are used in simulations, according to recommendation of 
EN 1991-1-2: 

- On exposed to fire surface, hc  is assumed equal to 25 W/m2K 

- On un-exposed to fire surface, hc  is assumed equal to 4 W/m2K 

Emissivity of the steel and concrete is assumed equal to 0.8. 

Intial and ambient temperatures on un-exposed side are assumed to be 0 °C. 

Material properties is summarized above in the chapter Material properties. 

  

2 TEMPERATURE EVOLUTION RESULTS AND DISCUSSION 

This second part of the document presents the results also provided in the Excel file 
(4_output_LTU.xlsx).  

 MODEL CALIBRATION 

The calibration analysis:  
The following calculations were done: temperature distribution within a concrete slab of 
thickness 200 mm, exposed on the bottom surface to 60 minutes of an ISO-834 standard fire. 
For the conductivity, the Eurocode upper limit was used, see Figure 5. The specific heat of 
concrete is given in the Eurocode. The moisture content of the concrete was assumed to be 1.5 
%. For the density, a value of 2300 kg/m3 was used. 

 
Temperatures at 0, 10, 20, 40, 80 and 120 mm from the exposed surface, and at the unexposed 
surface over 60 minutes of heating, see Figure 5. 

 

Figure 5. Results of the temperature distribution for the model calibration 
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 SLAB 1 TEMPERATURE EVOLUTIONS 

Temperatures at 0 (peak and trough), 20, 40, 60, 80 mm from the exposed trough surface and 
the unexposed surface temperature during the 420 min heating, at two locations, see Figure 
6. 

 

  

 
Figure 6 : Temperature distribution. Slab1. Red/left – Location [17], Blue/right – Location [20]. 

 SLAB 3 TEMPERATURE EVOLUTIONS 

The following temperature were calculated for the Slab 3: at the surface of the steel deck; at 
both the lowest part of the trough and at the top of the peak; as well as at 15 and 35 mm from 
the exposed surface at the lowest part of the trough; and at 30 and 50 mm from the exposed 
surface of the upper part of the trough, see Figure 7.  

. 

 
 

 
Figure 7 : Temperature distribution. Slab 3. Red/left – Location [9], Blue/right – Location [12]. 



 

  

 

Page 10 of 11 

 

 BEAM 1 TEMPERATURE EVOLUTION 

Temperatures at the four corners, C1 to C4; as well as at the middle of the sides, M1 to M3; 
and at depths of 20, 40, 60 and 80 mm from the bottom of the beam in the middle of the cross 
section, see Figure 8. 

 

 
Figure 8 : Temperature distribution. Beam 1. 

 

 DISCUSSION 

Using PT measurements as a boundary condition for the thermal exposure of the structure is 
good enough.  

 SLAB  

The selected postitions of the PT were closest to the location of the measuremens.  

The highest surface temperature predicted with FE modeling does not exceed 550 °C on 
exposed side during experiments and 200 °C on un-exposed side after 420 minutes of 
calculation.  

 BEAM 1 

The temperatures achieved during 420 minutes of experiment do not exceed 450 °C on the 
surface and 300 °C at 10 mm inside the beam, see Figure 8. The lowest temperature in the two 
dimensional analysis conducted in this work was achieved on the top of the beam Top2, see 
Figure 9. For the total temperature distribution along the beam, a three-dimensional analysis 
is recommended. 
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Figure 9. Temperature at the top of the beam. Positions Top 1-3. 

A shadow effect analysis could be introduced for better prediction of the temperature in the 
structure.  
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