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Abstract

This report details a round robin study of the calculated response of structures in fire. In
this instance, the study is based on a fire test which was conducted on two steel beams in
a horizontal fire resistance furnace at SP’s fire resistance laboratory in Sweden. The two
specimens in the test were identical having come from the same cast flow. The tests were
conducted according to EN 1365-3 and the steel beams had a total length 5.4 m, spanning
5.2 m.

The calculations were conducted by round robin participants both ‘a priori’ and ‘a
posteriori’ to the test itself. In the first instance a prediction of the response was made
without knowledge of the measured temperatures of the steel beam and with only the
grade of steel and details of the test setup. In the second instance the participants were
also given the measured elastic limit of the steel, which differed significantly from the
elastic limit implied by the grade, as well as measured temperatures from the steel beam
and the plate thermometers from the furnace and asked to refine their model.

Statistical analysis of the round robin results are presented to illustrate the variation which
arises in the results of calculations The results of the round robin study serve to illustrate
the fire research and testing community’s capability for modelling this simple case as
well as the uncertainty in the calculation results.

In the a-priori study there is a wide spread both in predicted temperatures and the
predicted deflection history of the beam. When the participants were provided with the
measured temperatures to use in their models there was a slightly smaller spread in the
predicted deflection histories. However there was still a significant spread. Both a-priori
and a posteriori deflection histories were generally on the conservative side, however the
source of this conservativeness is not immediately apparent and certainly in the a-priori
results the majority of the conservativeness may arise as a result of the steel being of
higher grade than specified. Other sources of conservativeness may be from the models or
from the modellers themselves. This requires further investigation.

Not all of the participants used the same failure criteria when reporting the failure time,
and the authors of this report corrected the failure times to allow for a comparison
between the submissions to the study. If modelling is to continue to be used in the future
for design and / or certification then some kind of consensus as to failure criteria may be
beneficial.
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1 Introduction

1.1 Background

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 analysis 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.

1.2 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 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].

1.3 Overview

This report details a two stage round robin study on calculations which has been
performed along with a benchmarking test on the same object for study. The scope of the
reported round robin is to determine the reproducibility of calculations on a fire exposed,
unprotected, simply supported steel beam.

The test which the round robin study is based upon was carried out as part of an
experimental round robin carried out by EGOLF on an unprotected simply supported
steel beam [7]. This is one of the most simple fire resistance tests on load bearing
elements. This round robin will give a good estimation of the load bearing capacity of this
element type, and thus a comparison between the calculated load bearing capacity can be
compared with the “true” behaviour.

This report details first an a-priori modelling stage, to which 18 different submissions
were received. For this stage of the round robin the participants were only given a
description of the test setup and the specimen. We then describe the results of the test
which was to serve as the benchmark for the round robin before describing the a-
posteriori round robin results, where the participants were given additional information
made available from the tests in order to refine their calculation results.



2 Selection of participants

An invitation (Appendix A) to this round robin was sent out to numerous institutes,
laboratories, universities, consultants and other possible participants. There was no cost
for the participants more than their own time to perform the calculations and send the
results to SP Fire Research.

The participants comprised universities, research institutes, testing laboratories and
consultancies. They represent a cross section of the fire engineering community who are
involved in research, certification, and consultancy and may be considered to be among
experts in the field. Of 22 invited, in total 12 participants agreed to contribute to the
study, with some of them submitting more than one solution to the problem using
different calculation tools. These additional solutions are treated as further participants in
the overview of the data. In total 19 submissions were made to the first stage. One of the
participants, however, contributed with only the thermal analysis to the first stage.

One of the participants declined to contribute to the second stage, however one of the
participants contributed with an additional submission, meaning that in total we received
at least one submission from 10 different groups and in total 18 different submissions to
the second stage.

The submissions were all assigned an identification number known only to the authors
and their identities have been kept secret from one another. This information will not be
published.



3 Stage 1 round robin

3.1 Information provided to the participants
All of the participants were provided with the same initial information (Appendix B).

The test object was an HEB 300 steel beam, grade S355. In the test which was performed
the beam had a total length of 5400 mm, and a span of 5200 mm between the supports.
Loading is applied at two points, 1400 mm from either support. At both the supports and
the points of loading application web stiffeners were welded to the steel beam. The
stiffeners had a thickness of 15 mm.

The configuration of the beam is shown in Figure 1.

The applied loads, P, created a uniform bending moment of 140 kNm between the
loading points.

% 7

1400 mm 1400 mm

5200 mm

5400 mm

Figure 1. Geometry of the test specimen

During the testing the deflection was measured at mid span, as well as 700 mm from
either of the supports, and the temperature of the beam at 11 locations: in the middle of
each of the flanges and in the middle of the web at the mid-span of the beam; and in the
middle of one each of the top and bottom flanges and the web at 1200 mm from the
supports.

The beam was unprotected and exposed to fire in a horizontal fire resistance furnace on 3
sides (bottom and the two sides — the top was not exposed to fire and continuity of the top
of the furnace was ensured by covering the top of the beam with light weight concrete
blocks). The test was carried out in accordance with EN 1365-3 [8] and the fire was an
EN 1363-1 (1SO 834) standard fire [9].

3.2 Information requested from the participants

Prior to the fire test being carried out, all participants were asked to carry out an a-priori
prediction of the response of the steel beam using any software tool or calculation
technique which they deemed to be applicable. The participants were asked to report the
following:

1. A short description of the modelling approach taken, including the following:
a. details of any assumptions which were made in the preparation of the
model



b. details of the material model used in the calculation
c. ashort description of the approach taken for modelling the thermal
exposure from the furnace to the steel beam

2. A summary of the temperature in the steel beam (participants were free to choose
how they conduct the heat transfer analysis)
The deflection history of the beam during the standard fire exposure
A declaration of the failure time of the beam during standard fire exposure
A description of the failure criteria which they used in determining the failure
time

g w

3.3 Modelling approach

All of the participants followed slightly different approaches to calculate the information
requested in stage 1 of the round robin. The differences ranged from differences in the
software used to the assumptions made when carrying out the analysis and the different
means of carrying out the heat transfer analysis.

Beginning with the heat transfer analysis, 5 of the 19 solutions presented for the heat
transfer analysis assumed lumped capacitance for the temperature distribution. This was
either calculated using the method presented in EN 1993-1-2 [10] or using special
software packages. These included Abaqus, Ansys, Sofistik, OpenSEES, SAFIR,
Infograph and TASEF. 4 of the submissions accounted for the shadow effect, and 3
accounted for the heat absorbed by the light weight concrete when determining the
temperatures of the beam. Regardless of the assumptions with regards to the temperature
distribution, all of the different approaches relied on an uncoupled temperature
displacement analysis. In all cases the coefficient of convective heat transfer; as well as
the emissivity of the steel was taken from the Eurocode.

The approach used for the structural analysis either relied on the simplified methods
presented in EN 1993-1-2 or finite element (FE) software packages. FE solvers used
included Abaqus, Ansys, Sofistik, OpenSEES, SAFIR and Infograph (Note that one of
the participants did not contribute to the mechanical analysis so the number of solutions
presented for this stage was 18). Even comparing the solutions which relied on finite
element analysis, different approaches were taken when developing the solutions,
including using beam elements, shell elements and solid elements. Some of the solutions
relied on symmetry, including quarter symmetry in one case. The solutions which used
beam elements necessarily ignored the stiffeners.

All of the submissions relied on the material properties which are given in EN 1993-1-2.

3.4 Steel temperatures

Since not all of the participants reported steel temperatures at the points where the
temperature was measured, it is hard to compare the results. Some participants reported
the temperature at the centre of the web as well as the middle of the flanges, whereas
others reported the temperature at the top, centre, and bottom of the web. In order to
compare the temperatures provided, these have been grouped according to where they
were reported and numbered 1 to 5 according to their location; see Figure 2. Others still
reported a temperature which was calculated using an assumption of lumped capacitance,
with the whole section temperature being number 6 in the reporting of the results.

Figure 2 also indicates the locations where the measurement of temperature were taken
from the beam section during the test, with series 1a and 1b, and 3a and 3b, indicating
measurements taken for the opposite side of the upper and lower flanges respectively.
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la 1b
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Figure 2. Points at which temperatures are reported

The results are truncated after 60 minutes, meaning that there is no comparison between
results after this time although some did include data after this time.

All of the participants used material properties described in EN 1993-1-2 [10] and heat
transfer coefficients and thermal boundaries described in EN 1991-1-2 [11] when
determining the temperature of the steel beam. The different assumptions which were
made and the different approaches taken nevertheless resulted in a significant difference
in the calculated temperatures.

Figure 3 shows the temperatures reported for point 1, at the middle of one of the top
flanges of the beam. The series in the figure are numbered according to submission and
location in the section; i.e. 4,1 is from submission 4 and is the temperature reported at
point 1. Figures 4, 5, 6 and 7 show the temperatures at points 2, 3, 4 and 5 respectively.
Figure 3 shows only results from submissions 4, 5, 11, 12, 14 and 20 since those are the
submissions which reported the temperatures at point 1. Results from the same
submissions are also reported below for points 2 and 3 in Figures 4 and 5, and the results
from the remaining submissions are shown for points 4, 5 and for lumped capacitance in
Figures 6, 7 and 8.

1200

1000

/ —

800 7
Z 51
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/ / —111
400 —121
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200
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Time (min)

Temp (°C)

0

Figure 3. Reported temperatures at point 1

The largest variation in the reported temperatures occurs at points 1 and 4, which are at
the top of the beam. The reason for this is that the different participants accounted for the
insulation provided by the concrete on top of the steel beam in different ways. Some
assumed an adiabatic boundary, whereas others made assumptions with regards to the
thermal properties of the light weight concrete which was used to seal the top of the
furnace.
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Figure 4. Reported temperatures at point 2
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Figure 5. Reported temperatures at point 3
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Figure 6. Reported temperatures at point 4
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Figure 7. Reported temperatures at point 5

Figure 8 shows the reported temperatures by the participants where lumped capacitance
was assumed. It should be noted that participant 3 reported two different temperatures,
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3,6a and 3,6b, where the latter result was obtained assuming that the temperature at the
ends of the beams tested was 20% lower than the temperature in the middle of the span.
The temperature of the beam in the mechanical analysis (discussed later) was then varied
linearly between these two temperatures. Participant 10 carried out two thermal
calculations accounting for the shadow effect in different ways; and participant 13 in fact
reported only the maximum and the minimum temperature in the beam. The results of
participant 13 are included in this figure for comparison with the lumped capacitance
calculations since it is not clear from the supplied description where the maximum or
minimum temperatures occurred.

1200.00

1000.00
== —is
800.00 -
g Zz— =
E 600.00 . —3,6b
2 / ——10,6a
400.00 -
——10,6b
200.00 - ——13,6a
/ 13,6b
0.00 : T . . . )
0 10 20 30 40 50 60
Time (min)

Figure 8. Reported temperatures assuming lumped capacitance

3.5 Deflection history

In most of the submissions (15 out of 19) to the round robin study at this stage the time-
deflection response was reported. This, and its first derivative, is typically used as the
failure criteria in the evaluation of the analyses by the participants. The complete
collection of mid span time-deflection histories is presented in Figure 9. One of the
participants withdrew one of their submissions (number 13) from the data set after the
first stage was completed as a result of finding an error in their model. There is however a
corresponding submission in the second stage.

N 15 20 25 30 35 40
-50 - — Ny
—1
N N\

S\ —
A\ -
A\ RN —
L) ;
\ \l e

-400

o] T T T T T T T 1

Deflection (mm)

-450

-500

Time (min)

Figure 9. Calculated midspan deflection histories.
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It can be seen that there is a huge span within the time-deflection responses reported, with
the analyses reaching a mid-span deflection, e.g., of 100 mm at between 15 and 28
minutes, and a mid-span deflection of 300 mm at between 21 and 37 minutes. This
represents a difference in time of 13 and 16 minutes respectively when comparing the
deflection responses. This difference is surprising since the models used have all been
validated a posteriori in comparison with experimental results in the past. The spread is
not easily accounted for by comparing any one of the differences in the modelling
approach; although clearly the difference in the steel temperatures will have some
influence on this.

3.6 Failure time and failure criteria

The failure times and failure criteria from the calculations are reported in Table 1, which
shows both the reported time to failure and the corrected time to failure. The declared
failure times from all of the submissions are based on either a rate of deflection or a
deflection criteria, varying by participant. The table indicates the time when both criteria
are exceeded where both are given, with the limiting criteria stated in bold. All failure
times presented in the table are given as full minutes where the element still fulfilled the
requirements.

In order to better compare the results from the different participants, the results were
‘corrected’ according to the failure criteria described in EN 13501-2 [12].

These criteria are:

Failure of loadbearing capacity shall be deemed to have occurred when both of the
following criteria have been exceeded:

a) deflection D = L%400 d (mm) and

b) rate of deflection dD/dt = L%9000 d (mm/min)
where L is the clear span of the test specimen in mm and d is the distance from the
extreme fiber of the cold design compression zone to the extreme fiber of the cold
design tension zone of the structural section, in mm.

The corrected failure times are also reported in Table 1 taking the result as the full minute
before which the criteria was reached. Again, the failure time using both criteria
described is shown and the limiting criteria is indicated in bold.
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Table 1. Time to failure in stage 1 for the two failure criteria. The bold numbers in
the column “Reported time to failure” indicates the failure time given in the
participants report. The corrected time to failure is based on the criteria of EN

13501-2
Calculation Reported time to failure Corrected time to failure
Deflection Rate of deflection Deflection Rate of deflection

1 217 <21 217 -

2 25 19 24 18
3 31 21 31 21
4 21 16 21 16
5 21 16 21 16
6 22 27 27 21
7 24 <24 24 19
8 21 <21 21 14
9 22 <22 22 17
10 197 - 207 16
11 28 23 28 23
12 28 23 28 23
14 26 21 26 21
15 22 10 22 10
16 34 26 34 26
17 38 - 38 -

18 29 - 297" -

* Calculation made only to a total deflection of 178 mm, and used L/20 as failure criterion as opposed to the
rate of deflection criteria given in EN 13501-2 [12]

™ Calculation made only to a total deflection of 150 mm which was used as failure
Simple calculation methods in accordance with Eurocode 3, no displacement history is reported and so no
rate of deflection is given

One participant also proposed an alternative failure criterion — not represented in the table
— of lateral deflection of the end of the beam. i.e. the failure criteria proposed was when
the rate of lateral displacement changed sign and the net-expansion of the beam was
overcome by the retraction at the free end caused by increasing curvature from both the
applied load and the thermal curvature. This participant was responsible for two
submissions, and the failure times for these submissions based on this criteria were both
20 minutes.

It is clear from the table that there is a significant variation in both reported and corrected
failure times. The use of the simple calculation methods in the Eurocodes results (perhaps
counterintuitively) in a longer time to failure than when the advanced calculation methods
are used. The mean time to failure in the reported results is 22.7 minutes, and the standard
deviation is 6 minutes. The coefficient of variance is 25 %. Neglecting the results based
on the simple calculation methods gives a smaller variation: this results in a mean time to
failure of 21.3 minutes, a standard deviation of 3.8 minutes, and a coefficient of variance
of 18 %.

Figure 10 shows the frequency and the cumulative percentage of the different reported
failure times from each submission.
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Figure 10. a) frequency and b) cumulative percentage of the reported failure times

Considering the corrected results gives a mean time to failure of 25.7 minutes, a standard
deviation of 5 minutes and a coefficient of variation of 20 %. Again, neglecting the

results which relied on the simple calculation methods in the Eurocode as opposed to FE
analysis these result in a mean time to failure of 24.7 minutes, a standard deviation of 4.2
minutes and a coefficient of variation of 17 %.

Figure 11 shows the frequency of the results and the cumulative percentage respectively
from the corrected results from round 1. These are overlaid with the uncorrected results.
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Figure 11. a) frequency and b) cumulative percentage of the corrected failure times,
including a comparison with the reported failure times

The bias and thus the trueness of each calculation are here expressed as a z-score, which
is defined as:

Where y; is the result from the actual calculation, m is the mean value of all results and s
is the standard deviation for all results. The z-score indicates how many standard
deviations away from the mean result each of the data points is; and can be used to
identify likely outliers.

The z-score for each calculation based on the corrected failure criteria is presented in

Figure 12. The interpretation of the z-score is based on the following criteria:

e |z;| < 2:the trueness performance of the calculation is satisfactory

e 2 < |z < 3 :warning signal, the trueness performance of the calculation is
guestionable

e 3 < |z] :action signal, the trueness performance of the calculation is unsatisfactory
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Only one of the results has an unsatisfactory trueness. This calculation is based on one of
the simple methods.

3.0
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Z-score
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MERERRRERER;

-1.5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Calculation number

Figure 12. Z-score for each calculation.

Table 2 summarises the mean and standard deviation from the corrected and uncorrected
failure times, including and not including the simple calculation results.

Table 2. Summary of the mean, standard deviation, and coefficient of variance of
the failure times

Uncorrected failure times Corrected failure times
Including Mean value 22.7 | minutes Mean value 25.7 | minutes
simple Std dev 5.7 | minutes Std dev 5.2 | minutes
methods

CoV 249 | % CoV 20.1 | %
Omitting Mean value 21.3 | minutes Mean value 24.7 | minutes
simple Std dev 3.8 | minutes Std dev 4.2 | minutes
methods

CoV 181 | % CoV 170 | %
3.7 Stage 1 round robin summary and conclusions

Eleven different participants have performed calculations to try to predict the result for
the same experiment. A total of 18 calculations have been performed. There were no two
submissions which used the same calculation approach and different assumptions or
approaches were taken with regards to the thermal exposure and the mechanical
modelling.

Approaches taken included using the simple calculation models in the Eurocode and
advanced calculation models using material properties and boundary conditions taken
from the Eurocode. The simple calculation methods when used gave a longer fire
resistance than the advanced calculation methods, although it would be expected that the
simple methods should be more conservative. The z-score of the failure times from the
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simple calculation methods was also amongst the highest from the total set. Omitting
these results from the data set reduces the spread in the results slightly.

Nevertheless, there is quite considerable scatter in the results with a coefficient of
variation of 17 % when the results were corrected and the simple calculation results
omitted.
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4 Fire test results

4.1 Test setup

As described in the previous section, the test was carried out in accordance with EN1363-
1, the test object was an HEB 300 steel beam of total length 5400 mm, spanning 5200
mm, as shown earlier in Figure 1. The beam had web stiffeners located 1400 mm from
both of the supports and at the supports. The beam was simply supported. Load was
applied via hydraulic cylinders positioned above the stiffeners. The total applied load
resulted in a moment of 140 kNm between the points of load application.

In preparing the specimen, thermocouples were peened to the steel at the locations 1, 2, 3,
4 and 5 shown in Figure 2 at the midspan of the beam. In addition to this, thermocouples
were peened to the surface of the beam 700 mm from the supports at locations 1, 3 and 4.

Furnace temperature was measured using 20 plate thermometers. The specimen
positioned in the furnace is shown in Figure 13. The top of the specimen is covered with
light weight concrete blocks with dimensions 150 mm x 200 mm x 580 mm and a density
of 535 kg/m®. On either side of the concrete blocks the furnace was sealed with reinforced
concrete slabs. To prevent interaction between the lightweight concrete and the concrete
slabs a layer of insulation material was attached to the adjacent side of the light weight
concrete.

Figure 13. photo of the test setup

4.2 Measured temperatures

The average plate thermometer measurement from the fire test is shown in Figure 14.
Also shown in Figure 13 is the 1SO 834 fire curve.
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Time (min)

Figure 14. Furnace temperatures during the test
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The temperatures recorded from the measurement locations shown in Figure 2 during the
test are shown in Figure 15. Series marked without an asterisk are taken from the midspan
of the steel beam, the series denoted 1a and 1b, and 3a and 3b, come from the opposite
sides of the upper and lower flanges respectively. The series marked with the asterisk are
from the stations at the north end of the furnace. The series marked with two asterisks are
from the south end of the furnace.
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Figure 15. Measured steel temperatures during the test

4.3 Measured deflections

Measurement of deflection at the midspan and at 700 mm from the north and the south
supports of the beam was measured using a linear displacement transducer throughout the
test. The total deflection history is shown in Figure 16. The test was continued until the
specimen reached both failure criteria in EN13501-2: criteria for both deflection and rate
of deflection. Rate of deflection criteria was exceeded after 26 minutes; deflection criteria
was reached after 31 minutes. The results for deflection measured 700 mm from the north
and south supports coincide with one another and the results from the measurement at the
north are hidden below those from the south in the figure.

Immediately upon both failure criteria being reached the test was stopped and the
specimen was removed from the furnace. The final deflected shape of the specimen can
be seen in Figure 17.
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Figure 16. Measured deflection during the test
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Figue 17. Photo of the specimenfer the test

4.4 Comparison with stage 1 results

A comparison of the temperatures predicted during stage 1 of the round robin with the
measured temperatures from stations 1, 2 and 3 in the test are shown in Figures 18, 19
and 20. Measured results at stations 1 and 3 are based on the average temperatures
measured at these points at the midspan. These show remarkably good between the
different analyses and the temperatures measured in the experiments, with the exception
of the temperatures at location 1, where there is a wider spread associated with the
approach which different participants used to account for the lightweight concrete cover
on the top of the beam.

The measured deflections and the calculated deflections are compared in Figure 21. The

calculated deflections are in most cases larger than the measured deflections at any given
time, suggesting that the calculated results from the stage 1 round robin are conservative
in comparison with the test.
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Figure 18. Comparison of the a-priori predicted temperatures at point 1 with the
measured temperatures. The 0,1 graph corresponds to the experimental data.
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Figure 19. Comparison of the a-priori predicted temperatures at point 2 with the
measured temperatures. The 0,2 graph corresponds to the experimental data.
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Figure 20. Comparison of the a-priori predicted temperatures at point 3 with the
measured temperatures. The 0,3 graph corresponds to the experimental data.
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5 Stage 2 round robin

5.1 Additional information provided to the
participants

In the instructions for the second stage of the study the participants were furnished with
additional information (Appendix C) which would allow them to improve their estimation
of the fire resistance of the steel beam. This information included the tensile strength of
the steel; as well as the measured temperatures from the furnace plate thermometers and
the measured temperatures at the midspan of the steel beam during the test.

By means of tensile testing of the steel, the elastic limit was determined to be 447.5 MPa,
based on 6 samples tested according to ISO 6892-1[12]. The standard deviation was
below 2 %. This is notably higher than the elastic limit implied by the steel gradeof 355
MPa.

The temperatures which were provided were extended with estimated temperature values
since the test was terminated when the beam failed, and by only giving the measured
temperatures we would be informing the participants of the actual failure time. Therefore
the temperatures from the failure time to the end of the table are estimated values.

Average plate thermometer temperature measurements are provided in Table 3. Measured
temperatures in the steel at the different measuring locations shown in Figure 2 are
provided in Table 4.
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Table 3. Average plate thermometer measurements provided to the participants

. ISO 834 Furnace plate . ISO 834 Furnace plate
Time Temperature | thermometer Time Temperature | thermometer
(min) time curve | measurements (min) time curve | measurements

0 20 22 31 846 853
1 349 252 32 851 860
2 444 511 33 856 867
3 502 516 34 860 871
4 544 544 35 864 874
5 576 575 36 869 878
6 603 595 37 873 882
7 625 613 38 877 885
8 645 629 39 881 888
9 662 644 40 884 893

10 678 671 41 888 897

11 692 702 42 892 899

12 705 720 43 895 900

13 717 718 44 899 902

14 728 717 45 902 903

15 738 721

16 748 741

17 757 753

18 765 771

19 773 782

20 781 788

21 788 794

22 795 803

23 802 810

24 808 817

25 814 825

26 820 830

27 826 833

28 831 838

29 836 844

30 841 848
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Table 4. Steel temperatures from the mid span provided to the participants

5 |58 |8 5. | |ecl5._l5.l5 |5.8
22| E5|ES|E~|ES|E8| |EEIEVES|EV|E8|ES
EE| 2 a | J a o R e e N e N
0 19 19 19 19 19 31 650 | 637 | 787 | 778 | 774
1 38 34 37 30 32 32 664 | 652 | 798 | 774 | 786
2 63 56 95 86 75 33 677 | 670 | 808 | 798 | 795
3 71 | 69 | 141 | 125 | 111 34 | 689 | 683 | 814 | 805 | 803
4 85 83 177 | 149 | 141 35 701 | 695 | 819 | 811 | 809
5 104 99 215 | 181 | 173 36 711 | 705 | 825 | 817 | 816
6 123 115 | 254 | 216 | 206 37 721 | 717 | 828 | 822 | 820
7 141 132 | 289 | 251 | 239 38 730 | 727 | 831 | 826 | 825
8 160 | 148 | 324 | 286 | 273 39 | 738 | 736 | 835 | 830 | 829
9 179 166 | 357 | 322 | 306 40 745 | 744 | 838 | 833 | 833
10 201 | 189 | 395 | 359 | 343 41 | 751 | 751 | 839 | 835 | 835
11 226 | 212 | 434 | 399 | 381 42 756 | 757 | 840 | 837 | 838
12 251 | 237 | 473 | 438 | 421 43 761 | 763 | 841 | 839 | 839
13 274 | 260 | 505 | 473 | 457 44 766 | 767 | 842 | 840 | 841
14 297 | 283 | 531 | 503 | 487 45 770 | 771 | 842 | 841 | 841
15 320 | 307 | 554 | 529 | 515

16 344 | 333 | 578 | 554 | 542

17 368 | 357 | 599 | 578 | 567

18 391 | 383 | 622 | 601 | 592 o

19 415 | 407 | 642 | 624 | 615 Upper flange — s .

20 440 | 429 | 659 | 645 | 636

21 462 | 451 | 674 | 662 | 653 et 1,

22 485 | 475 | 689 | 679 | 671

23 506 | 495 | 701 | 693 | 686 . N

24 526 | 517 | 714 | 706 | 700 towertanee = :

25 548 | 536 | 725 | 720 | 712

26 565 | 554 | 734 | 729 | 724

27 585 | 572 | 742 | 738 | 733

28 601 | 590 | 752 | 746 | 742

29 619 | 606 | 764 | 758 | 751

30 634 | 622 | 775 | 769 | 763

5.2 Information requested from the participants

For the second stage, the participants were asked to repeat their analyses accounting for
the new information which was provided to them and to provide the following
information:

1. A description of any changes which were made to the model between the initial
modelling stage and this stage
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2. A description of if and how the measured temperatures were accounted for in the

model

The revised deflection history of the beam during the standard fire exposure

4. A declaration of the revised failure time of the beam during standard fire
exposure

w

5.3 Participation in stage 2

Participation in stage 2 compared with that in stage 1 changed slightly, with one
submission (number 1) not being repeated and an additional submission (19) made using
a slightly different modelling approach. The numbering of the submissions is kept the
same between the first and the second stage in order to allow comparison between the
stages.

54 Changes to the heat transfer modelling

Participants responsible for submissions 2, 3, 6, 8, 11, 12, 13 and 14 applied the measured
temperatures to the relevant parts of the beams, with no smoothing of the temperatures at
the transitions between web and flange (i.e. three temperature histories were applied, one
to the upper flange; one to the web; and one to the bottom flange). In submission 2 the
temperatures were applied across the entire length of the beam, whereas in submission 3
the measured temperatures were applied at the midpsan and the temperature (in °C) was
decreased linearly to 80% of the midspan temperature at the ends of the beam. In both
submissions 2 and 3 the average of the reported temperature was applied to the stiffeners.
Submission 6 applied the temperature of the web to the stiffeners.

The participant responsible for submission 7 changed the convective heat transfer
coefficient from 25 kW/m?K in stage 1 to 35 kW/m?K. They also changed the surface
emissivity of the steel to 0.6 from 0.7. The measured furnace temperatures (plate
thermometer measurements) were then used as the radiation temperature and the gas
temperature in the heat transfer calculation. The use of the measured furnace temperatures
in this way was also the case for submission 9.

Submission 10 did not account for the additional information provided regarding the
temperatures.

For submission 15, the participant adjusted the convective heat transfer coefficient and
the surface emissivity of the steel in order to make the temperatures in the simulation
better fit the measured temperatures. In this case they used a convective heat transfer
coefficient of 12 kw/m?K on the upper flange and 15 kW/m?K everywhere else; the
emissivity was changed to 0.5 throughout.

Submission 16 used the reported temperature data to recalculate the emissivity of the
element, using the following equation:

c ABq test
iy, o0 0n) 0.20<e,<0.99
= .20<g.<0.
Em Pero(07-6) =Em=

where &y, is the emissivity of the member, c, is the specific heat of the member, kq, is a
correction factor for the shadow effect, A,/V is the section factor for the section, 46, s IS
the change in temperature of the element in the test, At is the time increment, o, is the
convective heat transfer coefficient, 6, is the gas temperature in K, 8, is the steel
temperature in K, @ is a view factor, & is a flame emissivity, 6, is a radiation temperature.
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Submission 16 also used the reported furnace temperature (plate thermometer
temperature) as the radiation and gas temperature for the heat transfer calculation.

Participants responsible for submissions 4, 5 and 19 applied the measured temperatures to
the steel directly. The top flange temperature was the average of the measured
temperature at both stations in the upper flange and the bottom flange temperature the
average of both stations on the bottom flange.

55 Changes to the mechanical modelling

Participants responsible for submissions 2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15 and 19
adjusted the temperature dependent stress-strain curve to reflect the measured value of the
elastic limit which was reported to the participants.

The participant responsible for submission16 did not adjust the stress-strain curve to
reflect the measured value of yield strength of the steel reported.

5.6 Deflection history

The deflection histories reported in stage 2 are shown in Figure 20. As said, the
submission number was kept the same in this stage as in the 1% stage; so that the numbers
are comparable with the first stage bearing in mind the changes detailed above to the
models taking into account the additional information supplied. In Figure 20 series O
represents the test results.
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Figure 20. Deflection histories reported following the stage 2 analyses

Comparing the spread in times to reach 100 mm deflection in Figure 20 which is between
18 — 32 minutes, with the time to reach 100 mm in the first stage, figure 9, which is
between 15 — 28 minutes the spread in the two stages is actually comparable.
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5.7 Failure time and failure criteria

As with the first stage of the round robin, the participants were asked to report the failure
times of the their different models. The different participants relied on different failure
criteria. The scatter of the different results are shown in figure 21.
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Figure 21. a) frequency and b) cumulative percentage of the reported failure times
in the second stage

The reported failure times are summarised in Table 5. Again, this includes corrected
failure times based on the failure criteria in EN 13501-2. The failure time for the limiting
criteria reported is again indicated in bold, with the failure time based on the other criteria
also included where this was provided. The limiting criteria in the corrected results is also
indicated in bold.
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Table 5. Time to failure in stage 2 for the two failure criteria. The bold numbers in
the column “Reported time to failure” indicates the failure time given in the
participants report. The corrected time to failure is based on the criteria of EN
13501-2

Calculation Reported time to failure Corrected time to failure
Deflection Rate of deflection Deflection Rate of deflection

0 (test) - - 31 26
1 - - - -
2 31 29 31 29
3 32 31 32 32
4 26 - 28 23
5 27 - 28 21
6 29 21 30 22
7 26 26 25 20
8 26 - 24 18
9 27 - 25 16
10 26 - 25 17
11 22 - 29 22
12 22 - 29 22
13 22 - 28 21
14 28 - 29 21
15 28 - 28 22
16 33 27 33 28
17 40 - 40 -
18 33 - 33 -
19 26 - 28 21

The frequency and cumulative frequency of the corrected failure times in stage 2 is
shown in figure 22 along with the uncorrected data for comparison. Generally there is a
trend for the corrected failure times to be slightly longer than the uncorrected.
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Figure 22. a) frequency and b) cumulative percentage of the corrected failure times
in the second stage round robin including the uncorrected times for comparison

A comparison of the frequency and the cumulative frequency of the corrected failure
times in stage 1 and stage 2 is shown in figure 23. There is a narrower spread in failure
times in stage 2 in comparison with those in stage 1.
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Figure 23. a) frequency and b) cumulative percentage of the corrected failure times
in both stages of the round robin

As with stage 1, the z-score is once more calculated for the corrected failure times in
stage 2, see figure 24. Generally the z-score of the submissions is satisfactory, however as
with stage 1, the simple calculation method used in submission 17 in stage 2 results in the
worst z-score.
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Figure 24. z-score of the calculations in stage 2.

A summary of the mean failure time and the standard deviation of failure time in stage 2
is shown in Table 5. This summary includes the failure time reported as well as the
corrected failure time. As with stage 1, the values are also reported including and
omitting the simple calculation methods.

Table 5 Summary of the mean, standard deviation, and coefficient of variance from
the corrected and uncorrected failure times in stage 2, including and not including
the simple calculation results from.

Uncorrected failure times Corrected failure times
Including Mean value 27.0 | minutes Mean value 29.2 | minutes
simple Std dev 4.5 | minutes Std dev 3.8 | minutes
methods

CoV 16.7 | % CoV 13.0 | %
Omitting Mean value 25.9 | minutes Mean value 28.3 | minutes
simple Std dev 2.8 | minutes Std dev 2.6 | minutes
methods

CoV 110 | % CoV 9.1 | %
5.8 Stage 2 round robin summary and conclusions

A comparison between the second stage round robin results and the first stage round
robin results suggests that the additional information which was given to the participants
reduced the variation between the different solutions to the problem posed. Nevertheless
there remains a standard deviation between the different solutions which is between 16.7
% of the mean result using the uncorrected failure times and including the simple
methods, and 9.1 % of the mean result once the failure times are corrected and omitting
the solutions which relied on the simple methods, suggesting a relatively high variation
arising from either the methods used or the assumptions or approach taken by the
different users.
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6 Summary and conclusions

This report described the results of a round robin study carried out to evaluate the scatter
in predictions of the response of a steel beam loaded in 4 point bending under standard
fire exposure. The round robin was based on calculations rather than actual testing,
although it was designed to mimic a round robin as it would be carried out as part of the
certification process which fire testing laboratories in Europe have to go through. The
example used in this case is one of the simplest examples of a fire resistance calculation
which could be undertaken, with a single element and well defined mechanical and
thermal boundary conditions.

The participants were provided with information about the testing method and the
standard which would be followed and were requested to provide details about the
response taken in performing the calculation as well as to declare the failure time of the
beam. The participants were allowed to make any assumptions, follow any methods and
to adhere to any standards which they deemed to be appropriate. In the majority of cases,
the participants employed numerical codes, basing the thermal exposure on EN 1991-1-2
and the material behaviour on EN 1993-1-2. Different numerical codes were used and
different assumptions were made with regards to the approach which was taken. Some
participants did use simpler or hand calculation methods. Some participants provided
more than one submission to the round robin using either variants on an analysis method
or using different analysis methods. These multiple submissions from the same partner
were treated as different submissions to the round robin.

Two separate stages were carried out in the study. The first stage was an a-priori round
robin and the second stage was an a posteriori round robin where the participants were
given additional information about the measured temperatures in the furnace and the
actual yield strength of the steel.

The failure criterion used by the participants was different. According to the European
classification standard EN 13501-2 the failure of a fire exposed beam element occurs
when both the criteria on limiting deflection and limiting rate of deflection has been
reached. Some participants used the time when the first of the two criteria has been
reached. Some participants used other criteria such as a limiting deflection of L/20 or
L/30. Some participants proposed an alternative failure criterion.

In the a-priori round robin, using the different declared failure times based on these
different criteria the coefficient of variation in failure times was around 25 %. Omitting
the simple calculation methods from the set of results this reduced to 18 %. Once the
failure criterion were corrected so that they follow the criteria in EN 13501-2 there was a
small reduction in the variation in failure times to 20 % and 17 % respectively including
and omitting the simple calculation methods.

In the a-posteriori round robin the coefficient of variation was around 17 % including the
simple calculation methods and 11 % omitting the simple calculation methods. Correcting
the failure times in this case reduced the variation to 13 % and 9 % respectively.

In the first stage round robin the scatter in the deflection histories is quite large. This was
reduced partially in the second stage by providing the participants with the measured
temperatures from the steel beam and the plate thermometers in the furnace. However
there remained a quite large scatter in the second stage. The measured yield strength of
the steel was larger than the steel grade suggested and there was a corresponding increase
in the predicted fire resistance time when this was taken into account. Nevertheless this
made no contribution to the scatter in the results since all participants relied on the
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information which was given to them at all stages and the biggest impact this information
would have had would have been to increase the mean of the corrected failure times.

A comparison of the temperatures reported in the first stage is very difficult since not all
of the participants reported steel temperatures at the points where the temperature were
measured or even at equivalent points on the steel section. Better control over the results
which are reported is a necessary requirement for future round robins in order to ensure
that the most possible information can be gained from them.

Considering the impact of using the measured temperatures in the furnace, this made a
noticeable difference to the scatter in the deflection histories and the failure times. The
second stage failure times are less varied, especially when corrected for consistent failure
criteria. The temperatures reported in the first stage by the different participants were
quite variable, however the use of the measured temperatures by the participants (in
various ways) removed this variation. Any variation in the furnace temperatures from the
standard fire or inhomogeneity in the furnace temperatures would not have affected the
spread in the calculations since the participants were given average furnace temperatures
only and only one set of the recorded steel temperature measurements.

Comparing the second stage round robin results with the actual test, it is clear that the
average response is conservative. However, at this stage of analysis there is no
conservativeness resulting from the strength of the steel in these models or in the thermal
exposure, meaning that the conservativeness is inherent in the models themselves or the
different approaches made in developing them. Given that the use of FE modelling as an
advanced method in the Eurocode has supposedly been validated based on the results of
testing it is unclear why this conservativeness would be present.

There are two issues highlighted by the results of the study, the first relating to the spread
in the calculated deflection histories and the calculated times to failure; the second
relating to the failure criteria used by the participants.

This type of modelling is routinely used in structural fire design. Being a relatively simple
example of the calculation of the fire resistance of an element of structure the authors did
not anticipate such a large scatter. Yet the scatter in results suggests that the relative
performance of the design tools or of the designers has some inherent variation which
should perhaps be taken account of in design, such as the interpretation of the results, or
the selection of different solvers and solver dependent parameters. Not all of the
calculations were conservative either a-priori or a-posteriori, although the majority were.
The conservativeness of the a-priori calculations in comparison with the test response is
largely a result of the higher yield strength than the grade of steel suggests. The source of
the remaining conservativeness inherent in the calculation methods is unclear: whether
this is a factor arising from the user or the methods employed or a combination of the two
requires further investigation.

A lack of consistency in failure criteria used by the participants also highlights a potential
issue when calculations are relied upon for certification or design purposes. As mentioned
earlier, there are controls implemented to ensure that fire testing laboratories follow the
same procedure when determining the fire resistance of different structural elements.
There is however no common consensus or approach to determining the point or time of
failure in equivalent calculations.

In summary, the results of the study highlight the fire research and testing community’s
capability for modelling this simple case as well as the uncertainty in the calculation
results. The variation in response was larger than expected, as was the variation in failure
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times. The results were conservative, however it is not clear where this conservativeness
arises from.
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Appendix A: invitation to the round robin
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Summary and Ohjectve

The obyjective of the project is to evalate the capability of different commercial groups
inchading testing laboratories, consoltmeiss and umiversities in modelling what is supposedly a
simmple test specimen in 3 furmacs test. The round robin study will highlight sither: the firs
research and testing commmwnity's capability m this area, or that further development i=
Tequired

Two fire tests will be conducted on stes] beams at 5P"s fire resistance labaratory m Swedsn an
identical test specimens which ars to come from the same cast flow from stee] fandries. The
tests will be condocted according to EW 1365-3 and will comprise a loaded, unprofected stes]
beam with web stiffeners of total length 54 m. spenning 5m. which will be exposedtoa
standard fire on the horizontal fomace Additional tokens fom the same cast flow have been
Tetamed for material testing. The tests are scheduled for wesk 44 of 2014, begirming the 27 of
Cctober

Project timeline
The proposed project follows the peneral methodology which is outlined below:
1. Iowitation fior expressions of infarest

Participants from fire resistance labomtoriss, unhersities and consoltmeies will be imited
to atternpdt to model the response of the steal beam

Expressions of intarest are sought by the and of Seprembar 2014

[
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e the round robin group has been aszambled, the participants will be acked w pradict a
priomi”, i.e. before the test, aspects of thermal response and strochural behaiour inchuding,
e . temparghmes and mid-span deflections. The exact defails of the requested eutpat will
be determined and distribated to the participants in the first week of October.
Resuits are reguesied by the 27 of October.

3. Dismitution of thenmal fald measorements from the tests

Besults of the empemiures meanmed on the stesl will be distributed to projed particpants
and they will be asked o repeat their medslling using the measured femperanms data.

A zecond rovmd of medelling will then be umdertaken using the measured data fom the
thermal fisld Again the renles will be collacted and evaloated.

Resuits are requested by the 3 of November.
Sumpary of recults and eporting
e all results have been recetved, reporting will take the form inifially of an 5P work

repart. This is an open access un pesr- reviewed publication which is available on the 5P
websits freely for domwmload. Futire presentation of the results af a suitable conference will
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alzo be camied out. Participants will be allocated a mmber duming the process wiich will
remain knesn enly te them and o the project team af 5P, In all discuszion of the results
Expected output

The test specimen that is propesed fior the round robin iz almost as smple a case of strochmal
respanse to fire as could be emvizionsd. The umprotected steel beam will be sinply supparted
and loaded in four point bending. No additdonal resramt or insalaton will be provided. Web
stiffeners will help to reduce the potential for lateral torsional buckling or ather global stabilicy
problems during the test. Given the simplicity of this case it shonld be r=latively
strighiforward to model the responss of the element in fire, using either finite element
analysis ar simples caloulation methods. The test therefore provides a peod benchmark for both
of these methods.

The analyzis using the fimite slement method conductd by mmuliiple research proups and
potentially using different finite element codes will provide vahuable information as to the
wariability in the results of such analyzes and the “user facter”; Le. the variston in the results of
the analyses which arises as a remult of assumptions made by and approaches taken by different

USETS.

The results of the project will give an indication as to the potential sxtbility in te fahrs for
replacing or supplementmg test results with fintte element analysis or the results of ofher
caloulation mathads. If there is zood agreement between the reslts from the differsnt
laborataries this has potential furure ivmact for, & 2. extendsd application of test remles i "a
prion’ modelling is foumd to have a pood apresment with the remulis of the individnal fire tests.
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Appendix B: information provided to the
participants in the first stage
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Eound robin caleulation of loaded steel beam expozed to fire: Stage 1

Dear participant,

Thank you for agresing to participate in eur roand robin of the caloolation of the response of a
loaded sies] beam exposed to fire. Enclosed with this letter, you will find details of the
dafferent stapes of the round robin as well a5 a detatled schednle of the amalyses and fesfing,

With the testmg scheduled for the end of Oiciober, tme is shen for completing the first
analyses, However we hope that the time available is enough, since the required time for
calculation should be relatively short — of the order of andy a few bours.

In addition to the first and final stapes which we proposed in our letter of invitation, several of
the imvitess came back with proposals for addifional indermediate stages. We hawve therefore
inchaded these as optional stazes in the round robin. We can't expect anyone to camy ouf these
stages, bat if you do intend to plaase let us know and we will pass you the raquired information
a5 an inbermediary step.

If youw hawe amy questions regarding the problem stated or the mformation provided please do
comtact us.

Cmce again thank yow, we are very gratefil for vour willingness to participate in this exercise!
Yioars smeersly,

SP Technical Research Institute of Sweden
Fire Besearch - Fire Besistance

Danid Lange Lars Bostram
david [aneednsp.se lars bostrimgisp s
+45 10 516 58451 +i6 10 516 5508
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The test ohject

The test object is an HER 300 steel beam, zrade 5355 In the test which we will be performing
the bearn has a total length of 5200 mm, and a span of 5200 mm beteeen the ]
Loadmg is applied at two points, 1200 mm fom either saupport. At both the auppaorts and the
points of loading application web stiffeners will be welded to the sieel beam The stiffeners
will have a thickness of 15 mm

The configoration of the beam is shown in Figure 1.

L

140 i i 1400 rmim |

P [

2 2[HF mm

S30HF mm

Figare 1 - geometry of the test specimen

The appli=d koads, P, are to cr=ate a bending moment of 140kNm which is uniform betwesn
the loading points.

Dharing the testing we will measure dsflaction at mid span and the temperatare of the beam at 5
locations: in the middle of each of the flanges and in the paddle of the web. All temperature
measurements will be made at mid-span

Fire exposure

The beam will be unprotected and will be exposad to fire in a borizontal fomace oo 3 sides
(bottom and the two sides — the top will not be exposed o fire). The test will be camied out in
accordance with EN 13631 and the fire exponme will be an 150 £34 standand fire

First stage round robin

Prior to the fire test being carried out, we would ask all participants fo camy out an a-prion
prediction of the responss of the steel beam  Please wse amy software toeol or caloulation
teckmique which you deem o be applicable Fequired cufput fom the participants at this stags
iz the followmg:

1. A short description of the modalling approach taken, inchiding the following:
2 defails of any assovptons which have been made in the prepamtion of the

el
b. details of the material mode] which yow used in the caloulation
. ashort description of the approach which vou took to modelling the thermal
expasare fTom the fumace to the steel beam
1. A summary of the temperanms in the ses] beam (participants are Tee to chooss how
they condoct the heat wansfer analysis)
3. The deflaction history of the beam during the sandard fire exposure
4. A declaration of the faibore tme of the beam during standard fire exposare

2F Teohnloal Recsaroh Inchtute of Ewesdan
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5. A description of the failure criteria which you have used in determining the failare
e
Please prowvide all written results in a weord fils. Plexse provade the daflection history and the
temperature history of the beam in abular format in either an excel fle ar TSV format to ad
in anakhysing the results of the round robin

‘W hops to have completed this frst stage in the round robin on or around the date of the test.
Please therefore refurn your responses before the end of October (the test is schedulad for
the 28* of October).

Second stage round robin
Following conmletion of the test, we will distibute information about ambisnt material testing
wiich is to be camiad out oo the stes] of the beams as well as the meazured emparahare fiald in
the steel heans We will ask project participants to repaat their analysis using this new
information.
W will ask you to retum the following resules from this modelling stage:
1. A description of any other chanees which vou have made to the mods] batween the
1. A descoption of how you applied the measured tempemanires fo the mods]
3. The deflsction history of the beam during the standard fire exposre
4. A declamation of the faihore time of the beam during standard fire exposure
Cmce e, we request wiithen results m a word file and the deflection history of the beam in
tabular format in either an excel file ar CSV formar.

‘We would ask that this stage in the round robin is conpleted and results retumed by the end of
November.

Optional intermediate staze
For amy inferested parties, the following infermediate stage round robin bas been propesed.

Parties will be asked to use these measurements as input to the heat transfer analysis and to
repeat the analysis in stage 1.

2P Teohnioal Racsaroh Inctute of &wedan
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Appendix C: information provided to the
participants in the second stage
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Eound robin caleulation of loaded steel beam exposzed to fire: Stage 2

Dear participant.

Thank you for your contribution o the firsts staze of our round robin of the caloulation of the
response of 3 loaded stee] heam exposed o fire. We've received quite a few submissions from
the first stage, but not quite everything yet. Sadly, I can’t share the results with you jost vet
Tmat. in amy case, Ican say that they are not what we expectsd!

Al testing i now completed, and enclossd with this ketter you will find details required to
undertaks the secomd stage of the roumd robin. Hopefully it shouldn't take very long to make
the changss!

Ifyou hawe amy questions regarding the problem stated or the mformation provided please do
Comfact us.

Cmce again thank yow, we are very gratefnl for vour willingness to participate in this exercise!
Yioars smeersly,

SF Technical Eesearch Institate of Sweden
Fire Besearch - Fire Besistance

David Lange Lars Bostrom
favid ’ Jars bostémE
+446 10 316 5861 +46 10 516 5608
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The tezt ohject

The test object was an HEB 304 steel beam with a stated grads of 5355, In the fest which we
performed the beam bad a total length of 3200 mm, and a span of 5200 mm between the
supparts. Loading was applisd at two pomnts, 1400 mm from sither sopport. At both the
supparts and the points of loading application web stiffeners were weldad to the stesl beam
The stiffeners had a thickness of 15 mm

The configoration of the beam i shown in Figure 1.

E:

1400 i 1400 mim

52 mm

2 mm

Figare 1 - peomefry of the test specimen

The applisd koads, P, created a bending moment of 140kNm uniform between the loading
poimts.

Dharing the testing we measared deflection af nod span and the temperature of the bearn at 5
locations: in the middle of each of the flanges and in the pdddle of the web. All fempematre
IeAsITEments Were mage at mid-span (altheuzh some duplicates were mads between the
loading pedints and the supports).

Fire exposure

The beam was umprotecisd and exposed fo e in a borizontal fimacs oo 3 sides (beftom and
the two sides — the top was nof expossd to firs). The test was carmisd out in accordance with
EN 1343-1 and the fire exponme was an 50 334 standard five. In tables 1, balow, we have
inchadad the plate thermometer measurements,

First stage round robin

The first stags round robin is complete. Fesalts will be distribated to the parmers ooce we have
received submissions from the second stage.

Second ztage round robin
Following conpletion of the tensile testng of the steel, we can advise that the slastic limt was
4475 MPa. This is notahty higher than the slastic linit implied by the stesl zrade.

Prowided below, at the end of thess insmactions, are details of the temperanme messurement
from the steel section. Tenperatures were measured on the upper and lower flanges on both
sides, and in the middls of the web, as shown in Figare 2. The mmhers comespond with the
data provided in Table 1 at the end of these instroctions.

3P Teohnrloal Recearch Incttubs of Ewesdan
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Figare 1 — temperature measarement posiions on the steel secton

Nte: Table I has bean errended with estimated emperarure valuwes tincg tha fest was
ferminriod when the boam firiled, and By cnly ghving the meastred fempanaires B
fabie would sl the acmual finilure time. Thergiare the temperanres from the firiiure ome
T the and g the table oo esimared valies.

‘We now would like fo ask you to repeat your analysis using this new information and to rehum
the following results from this modslling stage

1. A description of amy other changes which you have mads fo the model between the
imifial meadelling stape and this stage
1. A description of if and bow yoo accoumizd for the measured temperatores in your
sl
3. The revised deflection history of the beam during the standard fire exponme
4. A declaration of the revised fafhure time of the beam during standard fire exposune
Omoe mors, we request written results i a ward fils and the deflertion bistory of the beam in
tabrolar format in either an excel fle or C5V fomat.

W would azk that this stage in the round robin is conmleted and resolts renmmed as soon as
pozsible so that we can complete our repart and distribute the results of the round robin to the
partcipants.
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Tahle 1 — average furnace plate thermometer measurements
Time IS0 834 Furnace plate Time S0 EM Furmace plate
(min) Temperature | thermometer (min) Temperature | thermometer
time urve | measurements time corve | measnrements
] 20 1 3l 244 253
1 340 2512 32 851 250
1 444 511 33 356 247
E] 502 514 14 250 in
4 44 544 35 254 274
5 578 575 36 ] g
& &03 595 37 L] 282
7 G215 413 I8 i 285
2 545 420 iz 2zl pE]
9 G52 44 40 ie4 293
10 G78 71 41 328 297
11 592 2 42 i aae
12 705 70 43 P 200
13 717 718 44 pie a0
14 T8 717 45 [l 203
15 738 Til
14 T48 741
17 757 753
18 T65 771
14 73 782
0 72l 73R
al Ti8 704
. 785 B03
3 02 B10
14 208 817
35 214 B35
b 0 B30
a7 815 B33
18 831 R38
14 235 B4
30 gl B8
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Table ? — measured and estimated sheel temperatures
- = ) - Wi - ) wy " L
= = = = = L] -E = = = = =
wz| B £ | 85| 2| & S| 2| 2| 2| 2| 2
EE| F |d| 2|2 | 2 Tl Al A | 2| 2| 2
0 19 19 19 19 19 Ell §30 | 637 | TE? | TR | T4
1 k1] 34 37 30 33 32 G64 | 632 | TOR | 774 | TRE
3 i3 58 o5 B6 75 33 §77 | 670 | 208 | 703 | 7O5
3 7 d9 [ 141 | 125 | 111 kL G809 | G683 | B14 | 205 | BO3
4 B35 B3 [ 177 | 149 | 141 35 Wl | 685 | 519 | B11 | B0
5 1 a0 [ 215 | 181 | 173 36 711 | 705 | 825 | 817 | Bl&
[ 123 | 115 | 254 | 216 | 204 37 721 | 717 | E28 | EX2 | 32D
T 141 132 | 280 | 251 | 239 kS 730 | 727 | 831 | B26 | 825
] 160 | 148 | 324 | 2B6 | 273 EL 738 | 736 | B35 | B30 | 3¢
o 179 | 166 | 357 | 322 | 304 a0 745 | 744 | 538 | B33 | 833
10 00 | 189 | 395 | 350 | 343 4] 751 | 751 | 839 | B35 | 833
11 J36 | 212 | 434 | 300 ] 381 41 756 | TST | 840 | 837 | 838
1 150 | 237 | 473 | 438 | 421 43 61 | Té3 | 241 | B30 | B30
13 174 | 260 | 505 | 47 457 4 7 ThT 3| B40 [ 341
14 107 | 283 [ 531 | 303 | 487 45 7 771 1] B4 | B4l
15 330 | 307 | 534 | 520 | 515
16 44 | 333 | 5TH | 554 | 842
17 368 | 357 | 309 | 57 567
1% 381 | 383 | 622 | &1 | 582
19 415 | 407 | 642 | 624 | 615
20 440 | 420 | 659 | 645 | 434 3
a1 467 | 451 | 674 2 | 653
12 485 | 475 | 689 | 679 | 471
13 6 | 405 | Ol | &93 | S84
4 505 | 517 [ T4 | TG | 7
15 8 | 536 | TR | 720 | 712
26 565 | 554 [ T34 | 729 | 724
a7 385 | 572 | ™42 | 738 | 733
8 GO0 | 500 [ TR | 744 | 742
10 G619 | &6 | 7 758 | 751
a0 634 | 823 [ 75 | TE9 | Té3
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