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PREFACE

The process of verification and validation of engineering models and their results has been an integral
part of advanced structural design practice and research for some years. Both of these are strongly
supported by information technologies at all levels, from conceptual design, pre-design, calculations,
drawings, fabrication and on the construction site — as well as integration with building services and
architectural finishes through Building Information Modelling (BIM) systems. The transfer of data on all
of these aspects of planned and existing structures is the domain of object-orientated databases, which
can used during the life of the structure for refurbishment, and will in future also be used for
demolition. For the purposes of fire safety and structural fire engineering design both purpose-designed
and general software tools are used. Reliable means of verification of numerical models, both simple
and advanced, is an essential part of the analytical design process. For advanced design using
commercial software a range of worked examples (benchmark studies) are necessary to check that a
software tool is being applied correctly to particular problems, including validation examples to check
the physical correctness of results. In the structural Eurocodes for fire engineering design (for example
EN1991-1-2 [1]) general principles are summarised for the application of advanced models.

This publication is divided into two volumes; ‘Verification of numerical models in fire
engineering’ and ‘Experimental validation of numerical models in fire engineering’. They are intended
to help European researchers, educators and design engineers with their application of advanced
numerical modelling for fire engineering. To complement the textual presentation of the examples the
input and output data are included in MS Excel tables so that the studies can be reproduced in detail by

the users of the volume. These can be downloaded from the web page fire.fsv.cvut.cz/ifer/benchmark.

Issues concerning safety, including Fire safety, are nationally managed in the European Union,
and legal requirements are determined by the specific experiences of each country. While the political
motivation for this approach is obvious, and local circumstances vary between countries, this can easily
lead to similar processes having to be re-researched and re-invented country-by-country. In the context
of the European Union as a whole, fire safety requirements are based on EU Regulation No 305/2011
[2]. This document of The European Parliament and Council lays down harmonised conditions for the
marketing of construction products as an essential requirement for construction works. In Annex | of
this Directive, the essential requirements for structural resistance and stability, and for fire safety, are
summarised. The construction works must be designed and built in such a way that, in the event of the
outbreak of fire:

¢ The load-bearing capacity of the construction can be assumed for a specific period of time —
although this is based on the assumption of a standardised fire time-temperature curve which

clearly does not represent the real conditions in any naturally occurring fire;
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¢ The generation and spread of fire and smoke within the building are limited;
¢ The spread of the fire to neighbouring properties is limited;
e QOccupants can leave the buildings or be rescued by other means;

¢ The safety of rescue teams is taken into consideration.

The load-bearing capacity of a structure may be modelled on the basis of the principles
summarised in the various parts of the structural Eurocodes which deal with fire. With the introduction
of common standards in areas related to fire safety, it seems obvious that in such an important area the
sharing of experience and research should be facilitated, and hence that networks such as COST TU0904
are necessary. However, the need for integration has a further dimension. Fire engineering researchers
tend to specialise in areas such as fire dynamics, structural fire engineering, active/passive fire
protection, environmental protection or human response. Since the background sciences of these
disciplines differ there is little interaction between them. Practitioners, including fire engineers,
building/fire control authorities, and fire-fighters tend to consider fire safety as a whole, but lack in-
depth awareness of recent advances in research and are outside the academic research networks. By
encouraging exchange of information on different aspects of fire engineering and response between
researchers in different countries, this network intends to create an awareness of the current state of
the art, and to avoid repetition of research. The benefit to the non-research community derives from its
exposure to advanced research findings, discussion with researchers, and the sharing of best practice.
The input from this community makes researchers aware of real-world constraints, and reveals where
new research and standards are needed.

The Action has divided its membership loosely into three themed Working Groups, although
clearly its overall mission of promoting integration means that these groups have interacted on many
key activities. The Working Groups are:

e WAG1 Fire Behaviour and Life Safety focuses on the behaviour and effects of fire in buildings,

combining this research-based knowledge with the most effective means of protecting human
life against the occurrence of fire in the built environment. This includes active measures in fire-

fighting with the effects of building form on the inherent risk to inhabitants.

e WG2 Structural safety covers the response of different building types to fires and the rapidly
developing research field of structural fire engineering, including new materials and
technologies and passive protection measures. Crucial problems of structural fire engineering
concern change of use of buildings and the current imperatives of sustainability, energy saving
and protection of the environment after fire.

e WG3 Integrated Design brings together design, practice and research across the disciplines of

fire in the built environment. In structural design this includes integration of fire resistance with
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all the other functional requirements of a building, from concept onwards, rather than simply
adding fire protection after all other processes are complete. Active input from practitioners,

regulators and fire-fighters through this group is vital to the success of the Action.

The Action started in March 2010, and now has 22 nations of the EU participating, as well as

researchers from New Zealand. Its first deliverable, the State of the Art Report [3] attempted to bring

together the current state of research, mainly in the participating countries but set into the context of
knowledge world-wide. The second deliverable, emanating from the Action Conference in Prague in 29
April 2011, allowed all experts in the Action, as well as international researchers in general, to present

current research findings in two Conference Proceedings [4]. The third deliverable, a compilation of

Case Studies [5] presented current advanced design practice and accumulated knowledge in fire
engineering. These included, within the fire engineering applications presented, explanations of the
decision processes, the scientific assumptions and the practical constraints, as well as integration of the

different aspects of fire engineering. The fourth deliverable, on Fire Brigade Reports and Investigations

[6], consists of a set of contributions from members of the Action relating to: the organisation of
national fire and rescue provision in different EU countries; available statistical data; recommendations
for questions to be included in standardised fire fighters’ reports in order to improve the comparability

of national statistics; and lessons to be learned from specific disasters.

FrantiSek Wald and lan Burgess

21 Feb 2013
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1 VERIFICATION AND VALIDATION OF COMPUTER SIMULATIONS

Summary

In many publications dealing with computational mechanics and fluid dynamics the authors express a
need for benchmark studies which could be used by code users and software developers. However,
there are different opinions on how such reference material should be developed, how complex
problems should be considered, theoretical or with practical meaning, and if benchmark problems
should refer only to analytical and numerical solutions or should also include experimental data.

The paper refers to some selected aspects related to benchmark studies, verification and
validation (V&V). The considerations emphasize practical problems encountered in the V&V process,
principles of benchmark problems, difficulties with comparison of numerical results and experimental
data, the importance of sensitivity study, new ideas regarding the relationship between validation and

verification, differences between calibration and validation.

1.1 INTRODUCTION

In many publications dealing with computational mechanics and fluid dynamics the authors express a
need for benchmark studies which could be used by code users and software developers. However,
there are different opinions on how such reference material should be developed, how complex
problems should be considered, theoretical or with practical meaning, and if benchmark problems
should refer only to analytical and numerical solutions or should also include experimental data.

Some of these questions are related to the differences between verification and validation. In
the formal procedure called Verification and Validation, verification uses comparison of computational
solutions with highly accurate (analytical or numerical) benchmark solutions and among themselves,
whereas validation compares the numerical solution with the experimental data. According to (AIAA,
1998), code verification can be conducted through tests of agreement between a computational
solution and four types of benchmark solutions: analytical, highly accurate numerical solutions of an
ODE or PDE problem, and manufactured solutions (Oberkampf & Trucano, 2002). In contrast to
numerical solutions used in the validation stage, the numerical solutions applied for verification can
represent mathematical models with little physical importance (AIAA, 1998). Computational model

verification, thought of as a comparison between mathematical and computational models, should
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precede validation (ASME, 2006). The verification on the analyst’s side is based on the test of agreement
with the known correct results, if such are available.

We can conclude that for both the code verification and the mathematical algorithm
verification, the crucial elements are verification benchmark problems. The importance of the databases
collecting well-documented benchmark problems for improving the reliability of the computer software
has been recently raised in several papers such as that by (Oberkampf & Trucano, 2008). We should
mention here the most widely known source: the National Agency for Finite Element Methods and
Standards (NAFEMS) with around 280 benchmark problems (NAFEMS, 2013). Some of the commercial
codes, such as ANSYS and ABAQUS, support lists of well-documented benchmark tests. For example,
ABAQUS in three manuals provides a wide variety of benchmark tests (including 93 NAFEMS
benchmarks) from simple one-element tests to complex engineering problems and experiments
(validation benchmarks), (SIMULIA, 2011). These example problems, containing input files, are
advantageous for a user not only as material for verification but also as a great help in individual
modelling. Nevertheless, there is still lack of benchmark studies for some specific research areas such as,
for example, structural fire engineering. Additionally, many existing studies provide incomplete
information about the problem (input data) and quite often are lacking sufficient evidence proving that
the provided solution is accurate. Yet, there is a new trend aiming to bring transparency in the data
source to its end user. The United States government is working on passing a law facilitating public
availability of the data used in publications sourcing from federally funded grants (Holdren, 2013). This
way the data and analysis process can be easily verified by other researchers, reused for faster product
development process and it will allow any new analysis to be benchmarked against the already existing
results.

The paper refers to some selected aspects related to benchmark studies, verification and
validation. The considerations emphasize practical problems encountered in the V&V process, principles
of benchmark problems, difficulties with comparison of numerical results and experimental data, the
importance of sensitivity study, new ideas regarding the relationship between validation and

verification, differences between calibration and validation.

1.2 EXPERIMENT VS. NUMERICAL BENCHMARK SOLUTIONS

The experimental data which can be used for validation should be treated separately and in a different
way comparing to benchmark solutions applied for verification. The reasons for that are unavoidable
errors and uncertainties associated with the result of experimental measurement. We can define an
error of a measurement (calculation) — as the result of a measurement (calculation) minus the value of
the measurand (accurate solution), (ISO, 1993), (UKAS, 2000). As the accurate solution is usually unknown

(eventually for simplified cases) we can only deal with estimates of errors. “Uncertainty” can be thought

10
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of as a parameter associated with the result of a measurement (solution) that characterizes the
dispersion of the values that could reasonably be attributed to the measurand” (accurate solution) (ISO,
1993), (UKAS, 2000).

Experimental validation in the structural fire engineering through comparison between
numerical results and experimental data obtained using furnace tests is especially difficult and has many
limitations which are not only economical but also are due to inevitable uncertainties characterising the
specimen behaviour (Gillie, 2009). Practically, always limited number of measurements during such tests
cannot provide entire information about the space and time distribution of temperatures, evolution of
boundary conditions, or generation of additional forces due to constrained thermal and mechanical
deformation. The limitations of experimental validation increase the importance of verification which is
supposed to deliver evidence that at least mathematical models are properly implemented and that the

numerical solution is correct with respect to the mathematical model.

1.3 VERIFICATION

1.3.1 Benchmark solutions

Even though examples of experimental studies and examples of calculations following the EC (Eurocode)
procedures are also useful and can be helpful for other users, here the term benchmark studies refers to
computer simulations (numerical analysis).

A well-developed benchmark example should satisfy the following requirements. The problem
considered should be relatively simple, easy to understand. In authors’ opinion for more complex
problem less reliable solution can be provided. For complex problems, for example with actual material
properties of steel or concrete, only numerical solutions can be obtained. Comparison among the
numerical solutions obtained with the help of different software shows quite often unexpected
discrepancy among the results as well. Even if the results are similar this should not be considered as a
strong evidence of the solution’s reliability. Two different numerical solutions can be only compared
based on a solution sensitivity analysis.

Seeking for the simplicity we should accept that a considered case can show little of practical
meaning. It is supposed to be used for verification of computational models not to solve an engineering
problem. Critical is the material model taken into account. If the material models developed for actual
structural materials are used, for example based on EC, with all required nonlinearities, only
approximate solutions are possible and can substantially vary for different software. It is difficult to find
a good balance between simplicity and a practical meaning of the chosen benchmark case. To solve this
difficulty it is recommended to use in benchmark studies a hierarchical approach where a set of

problems is considered, starting from simple cases with analytical solutions and then more complex

11
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problems, closer to the practice are investigated numerically. Such approach gives more confidence
towards obtained solutions.

As a part of benchmark study the complete input data must be provided in the way easy to
follow. All assumptions such as of material properties, boundary conditions, temperature distribution,
loading conditions, large/small deformations and displacements must be clearly identified. For
experimental examples all measurements and detailed description of the test procedure should be
provided.

For numerical benchmark examples mesh density study should also be conducted. It should be
shown that provided results are within the range of asymptotic convergence. If possible the
recommended solution should be given as the estimate of the asymptotic solution based on solutions
for at least two succeeding mesh densities. For finite element calculations the complete procedures
such as Grid Convergence Index (GCl), based on Richardson extrapolation, are recommended (Roache,
1998).

During the development of benchmark studies it also should be considered to check alternative
numerical models. e.g. using different codes or solid vs. shell finite elements (if possible). Such approach
increases the validity of the solution.

Publishing a benchmark study we claim that this is a reliable solution. Hopefully this assumption

will be verified by other users.

1.3.2 Parametric study

Parametric study is a desired element of the experimental work and an indispensable element of the
numerical analysis. The cost needed to perform multiple experiments related to fire engineering is
usually prohibitively large and a probabilistic distribution of the system response is rarely available.
However, in the case of simulated benchmark problems computational cost of running multiple
instances of a simple numerical experiment with varying input parameters is relatively low.

The variance of a system response depends on the variance in the input parameters but also on
the range at which it is tested. Nonlinearity of the response has to be taken into account as well when
designing the benchmark tests. The numerical experiments should be performed out in the range where
a reasonable variation in an input parameter causes a reasonable change in the system’s response.
Fig.1.1 presents two cases were the same variance in the input parameter for its different value causes
different distribution in the response values. Designing a benchmark test producing either a non-
sensitive or overly sensitive response is undesirable. The sensitivity study for a system with multiple
variable input parameters and multiple responses should be performed by regression analysis or

variance based methods.
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Response

VAN N

Value of parameter

Fig. 1.1 Different sensitivity of a response on a parameter variation

1.3.3 Selection of SRQ

Actually selection of the System Response Quantity (SRQ) is important for both, verification and
validation. However, in both cases it is subject to different limitations. In verification, SRQ means a
quantity which describes the response of the structure and is selected for comparison with the value
obtained from the benchmark solution. A user is less limited here as in the case of validation where the
experimental data is always limited with the number of gauges and other instrumentation.

The selection of the SRQ should reflect the main objective of the analysis and for structures in
fires it usually refers to quantities describing heat transfer or mechanical response. For heat transfer
problems temperatures obtained at the specific time instance at selected locations seems to be an
optimal choice. For mechanical structural response usually we can choose between local and global
(integral) quantities. Engineers are usually interested in stresses and internal forces, which are local
quantities. They are subject to larger uncertainties especially in the case of validation. More appropriate
are global quantities such as deflection which reflects deformation of the whole (or a large part of)

structure and its boundary conditions.

1.4 VALIDATION

1.4.1 Difficulties with experimental validation

Some difficulties with comparison of numerical and experimental results (validation) are presented in
Figs 1.2 and 1.3. Figs 1.2 present a situation when first the fully deterministic comparison is reduced to a
pair of selected values representing the response, one numerical (marked with blue square) and one
experimental (marked with red square). As the experimental data is stochastic by nature and is always
subject to some variation it should be actually defined by a probability distribution such as one

described by read curve in Fig. 1.2. For complete comparison the numerical results should also be

13



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

presented in analogous probabilistic manner using a probability distribution, generated by repeated
calculations with some selected input data varying following prescribed distributions (so called
probability simulations). Such extensive calculations can be conducted automatically with the help of
specialised optimization packages (e.g. LS-OPT®, HyperStudy® or ModeFrontier®) which are more often
included in nowadays commercial computational systems.

Fig. 1.2 shows a case where the numerical model very well predicts the experiment with
probability distribution close to the experimental one, while Fig. X.3 present possible opposite situation
for the same pair of responses values (selected System Response Quantity). Both Figures indicate that a
deterministic comparison of only two quantities is insufficient and can little tell us about the predictive

capabilities of our numerical model.

Simulated Mean

Response

Probability of occurrence
(number of samples)

A Simulated \tem§ : An Actual Item

Fig. 1.2 Example of probabilistic comparison of numerical and experimental data, showing good

predictive capabilities of our numerical model

Actual Mean
Situlated Mean

Probability of occurrence
{number of samples)

Response

A Simulated Item§ i An Actual Item
Fig. 1.3 Example of probabilistic comparison of numerical and experimental data, showing poor

predictive capabilities of our numerical model
1.4.2 Calibration

For many authors working on principles of verification and validation (Oberkampf & Trucano, 2002) the

term calibration has negative meaning and describes a practice which should be avoided in numerical
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modelling. Calibration means here unjustified modification of the input data applied to a numerical
model in order to shift the numerical results closer to the experimental data. Frequently in such cases
the discrepancy between the experiment and the numerical simulation is attributable to some
unidentified by the analyst input parameter and not to a limitation of the software and then through
hiding one error by introducing another, the calibration process itself is erroneous.

An example of erroneous calibration is shown in Fig. 1.4, where at the begging it is assumed that
the numerical model well reflects the experiment however, due to some uncertainties associated with
the experiment the first numerical prediction, differs from the first experimental result. Calibration,
applied for example through variation of material input data, shifts the result closer to the experimental
response but at the same time changes the whole numerical model whose probability is now moved
away from the experimental one. Finally, due to the calibration, the new numerical model shows poorer
predictive capability. This fact is usually revealed for modified input data (e.g. loading conditions).

There is a situation when the calibration process actually makes sense. If a full stochastic
description of experimental data is known and probabilistic analysis was performed for the simulation
and there is a difference between means of measured and simulated responses then calibration of
physics models may be needed. The adjustment of the model introduces a change in the response that
brings the entire spectrum of results (as opposed to just one simulated case) closer to the experimental
set of data. The calibration defined that way is much more complex process than just tweaking of the

models and must be confirmed on several different simulated events.

i | i
i | .

Simulated Mean ;! Actual Mean Actual Mean | i Simulated Mean
It | :

Probability of occurrence

(number of samples)
(number of samples)

Response

Probability of occurrence

A Simulated [tem: T An Actual Item ASimulated Item: ' 1 An Actual Item

Fig. 1.4 Example of calibration meaning unjustified shifting the numerical results closer to the

experimental data

1.5 SUMMARY

Four decades ago computational analysis was treated by some researchers as a non-scientific matter.
Two decades later it was already a widely accepted addition or even extension of experimental and
theoretical work. Today computational analysis, in particular computational mechanics and fluid
dynamics, is commonly used as an indispensable design tool and a catalyst of many relevant research

fields. Development of modern general-purpose software and decreasing cost of computational
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resources facilitate this trend. As the computational tools become more readily available and easier to
use, even to relatively inexperienced engineers, more scepticism and scrutiny should to be employed
when judging one’s computational analysis. The only way to prove correctness of simulated results is
through a methodical verification and validation process. Without it the analysis is meaningless and
cannot be used for making any decisions. In the case when the analysed event is too complex or overly
expensive to test experimentally, hierarchical validation is recommended. However, for full scale
catastrophic events, such as fire spreading in multi-storey building, its progressive collapse or response
to an explosion, the experimental results may be non-existent. The validation process cannot be
executed. In such situation the verification process performed through benchmark tests gains crucial
importance.

Seeing the need of making the results of research more transparent to the public, the Office of
Science and Technology Policy in the United States issued a memorandum stipulating increased access
to the results of federally funded scientific research. Such data can be easily verified or used for
verification (or benchmarking), of some other work. The trend of making extended data available
together with a report or publication will persist in order to build confidence in growing number of
performed numerical simulations. To achieve this goal it seems even more beneficial at this point to
develop a standard set of smaller benchmark tests that can be used as a reference in the verification
process of simulations. The source and the extent of such benchmark tests for the field of fire

engineering is yet to be established.
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2 SOME THOUGHTS ON BENCH-MARKING STUDIES IN THE CONTEXT OF FIRE
AND SMOKE MODELING

Summary

In this paper a number of opinions concerning bench-marking studies in the context of fire and smoke
modeling are presented. It is argued that bench-marking studies should cover problems that are simple
enough to be fully characterized, but at the same time relevant for real-life practical problems. It is also
argued that ranges of boundary conditions must be considered, in order to evaluate the correct
prediction of trends. To the author’s opinion, inspired by examples from the combustion community, a
collaborative community of experimental and computational researchers is indispensable for systematic

progress in the long term.

2.1 INTRODUCTION

In practically every research discipline, history reveals an evolution where theories are developed,
supported by experiments. In the latest decades, the substantial increase in computing power, both in
terms of memory and speed, introduced a potentially very interesting new tool, namely computer
simulations. The equations often being very well known, modeling is, however, inevitable, since not
every detail can be resolved. One reason is that computing power today is nowhere near what is needed
to resolve everything. However, another reason is also that reality is full of statistical fluctuations (read:
inherent uncertainties) in terms of material properties and boundary conditions. This relates to chaos
theories, but also points at the fact that repeatability is a fundamental issue and the use of computer
hardware to simulate each and every possible scenario is not affordable/justifiable. In case of fire, there
is often even more uncertainty in the boundary conditions (e.g. unknown fuel, hard to determine heat
release rate, variable ventilation conditions). Moreover, some physical phenomena are inherently
‘unpredictable’ over ‘long’ periods in time (where ‘long’ can be less than a second). In the context of
fluid mechanics, turbulence is a notorious example [1]. As such, the objective for numerical simulations
must be defined in a careful and realistic manner, in the sense that perfect one-to-one agreement
between experimental data at a specified moment in time and at a specific location and instantaneous
simulation results at the same location must not be expected, due to the inherent turbulent nature of

any realistic fire. Yet, at the same time, time accurate information is of great interest in the context of
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fire dynamics. In this light, ‘blind’ calculations, aka ‘a priori’ modeling, are a challenge, as discussed in
more detail below.

This paper serves as introduction paper in the framework of COST action TU0904 (WP4 -
Benchmarks studies). It restricts itself to modeling aspects of fire and smoke dynamics, more particularly
on the fluid mechanics aspects. This must not be interpreted as a statement that those would be the
most important aspects. Important as they are, many other crucial aspects relate to fire and smoke
dynamics, including radiation, soot formation, pyrolysis modeling and the impact of water, to mention a
few. However, not everything can be discussed in this paper.

Some thoughts are presented on different types of experiments and simulations. A couple of
‘enlightening examples’ from the combustion community are briefly described, after which a couple of
suggestions are formulated.

Most of the paper relates to ‘opinions’, with which one can agree or not. Yet, it is the author’s

ambition to explain upon what facts these opinions rely.

2.2 WALK BEFORE YOU RUN?

One natural evolution when growing up is to walk before you run (and in fact often crawl before you
walk). In the process of making progress in knowledge in a certain research discipline, this is a healthy
principle as well. Yet, the need for solutions for practical problems in short periods of time forces
engineers to run today. This is also the case for fire safety engineers. The question then arises how to
deal with this situation. Indeed, as an academic one would prefer to take the time to master and further
develop the walking before trying to run. While walking, there is indeed continuous contact with the
ground, which is a more stable situation than running. Moreover, while walking there is much more time
to observe and analyse details along the path and to discover and explore sidewalks. The latter might
lead nowhere, but might as well open up a new world of yet to be discovered possibilities. As stated, the
engineer is forced to run towards the target, often in the shortest period of time possible, so there is no
time for the aspects mentioned. Moreover, running by itself is a more complex action than walking. An
important question is therefore whether or not the knowledge and experience, obtained during the
ongoing walking processes, are sufficient for the (fire safety) engineer to run.

Important, still philosophical, questions for the academic world are therefore the following. Do
academics need to start running and learn from possible crashes in doing so, so the engineer can learn
from those crashes? Or is there more value in the knowledge and experience obtained during the
walking? To the author’s opinion, both routes must be taken by researchers, since both provide valuable
and complementary information for the engineer, who has no other choice than to run. Expensive as

that might be, it is a worth-wile investment on the long term.
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The philosophical thoughts as just formulated, can now be translated in a more technical
manner. Let us first recall that fire-related problems are by definition complex. The fire dynamics
depends, among other aspects, on:

— Initial conditions;

— Boundary conditions;
— Material properties;
— Geometry.

None of these are known precisely in a real-life practical problem. Moreover, the ‘complexity’ in
geometry in real-life fire safety problems is typically huge. The combination of these facts relates to
what was philosophically called ‘running’.

Yet, even in experiments it is hard to fully characterize all four mentioned aspects. This raises
the fundamental issue of repeatability in the experiments and therefore relates to bench-marking. For
obvious reasons, repetitive experiments, on which statistical analyses can be performed, are extremely
useful for model development and validation. Yet, given the complexity of fires, this can only really be
established on relatively small-scale level (type cone calorimeter tests). Whereas a huge amount of
knowledge and experience has been generated in this manner, the valid question can be posed to what
extent such small-scale tests relate to real fires and how the information collected can be translated into
model parameters in simulations that are intended to tackle real-life problems.

At the other end of the spectrum, some ‘realistic’ experiments have been carried out recently at
full scale. Examples are the ‘Dalmarnock’ tests [2], car park fire tests [3,4] or the ‘Rabot’ apartment fire
tests [5,6]. Whereas repeatability cannot be guaranteed due to the limited number of tests, the virtue in
such campaigns is clearly that also academics try to ‘run’. A complex problem is tackled and the
experiments and simulations are set up with great care, such that one can learn from ‘crashes’ while
running. This is extremely important in the process of learning, since fire safety is in a quite peculiar
situation from an engineering perspective in that the proof of the pudding is often not in the eating.
Indeed, many fire safety systems never have to operate during their lifetime, so the process of ‘learning
by doing’ (read: learning from mistakes) is, to the very best, much slower than in most other engineering
disciplines. Therefore, thoroughly analyzed ‘crashes’ are essential for the long-term evolution of fire
safety science and engineering.

Yet, it must be appreciated that deterministic models can, at their best, only reproduce the
‘average’ scenario. Therefore, it is at the same time problematic that full-scale tests cannot guarantee
that the scenario observed is close to the ‘average’ scenario, despite having characterized the 4 aspects
mentioned above as carefully as possible. Therefore, it is not guaranteed that the state-of-the-art
deterministic models must be expected to provide results that are close to the measurements made. In

that sense, the spreading of ‘blind’simulation results and deviations from experimental observations as
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reported in [7] for the Dalmarnock tests must not be interpreted as ‘discouraging’. Rather, one must
pursue the analysis to try and evaluate whether the deviations are caused by shortcomings in the set-up
of the numerical simulations or not. Indeed, careful ‘a posteriori’ analysis of ‘a priori’ modeling is
extremely useful, as has been made clear above. Indeed, during the design phase of a fire safety system,
the fire safety engineer is force to perform ‘a priori’ modeling (albeit in a context of user-defined fires).
It is in this light that bench-marking studies are indispensable. Before discussing briefly some
enlightening examples from the combustion community in the next section, it is important to point out
that the reliability of simulation results not only depends on the accuracy of the modeling, but also on
numerical issues (convergence, mesh accuracy, solver accuracy). These issues are not addressed in detail
in the present paper. Yet, in terms of modeling, it is also of utmost importance to carefully define the
problem one wants to tackle and the questions to be addressed. To give one example in the context of
smoke control: if the question remains as ‘simple’ as to determine whether or not smoke is present at a
certain moment in time at a certain location in a building, given a fire source and perhaps an active
smoke control system, the simulations can be restricted to the flow of ‘hot air’, resembling smoke
dynamics. However, if toxicity (even at the level of CO concentrations alone) and optical thickness are an
issue, soot modeling and chemistry and species transport come into play as well. In other words: the
required ‘completeness’ of modeling strongly depends on the problem to be tackled. This is an

important issue to consider when defining bench-marking problems.

2.3 ENLIGHTENING EXAMPLES

Two examples from the combustion community are briefly discussed, since, to the author’s opinion,
they are enlightening examples of the way to set up bench-marking studies on the one hand, and of the
creation of a collaborative community of experimentalists and modelers on the other hand, leading to
more efficient, rapid and systematic progress in knowledge development.

The first example concerns the series ‘International Workshop on Measurement and
Computation of Turbulent Nonpremixed Flames’, known in the combustion community as the ‘TNF
Workshop’ series [8]. The first sentence on the website is cited here, because of its importance: ‘This
workshop is an open and ongoing international collaboration among experimental and computational
researchers in turbulent combustion.” The collaboration among experimental and computational
researchers is fundamental. It is not a competition. Rather, the intense communication throughout the
years pushed the experimentalists to set-up and characterizes the experiments such that the level of
uncertainty at the level of material (fuel) properties and boundary conditions is minimized as much as
possible. It also pushed the experimentalists to measure quantities that are deemed relevant by the
modelers. At the same time, the modelers were pushed to improve the models through continuous

evaluation of the models’ accuracy, keeping in mind the required numerical accuracy. Interestingly,
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insight in turbulence — chemistry interaction phenomena evolved much more rapidly than what would
be possible from examining experiments or simulations alone. Indeed, taking advantage of ever
increasing computing power, some phenomena were observed first in the simulations and confirmed
afterwards in experiments (and vice versa, of course).

A second important aspect is that the data is publicly available, for a wide range of flames. This
range grew over the years, starting from simple jet flames with simple hydrocarbon gas fuels in the
nonpremixed regime. Having gained confidence in the models, which improved over the years, steps
have been taken towards more complex configurations (including e.g. swirl), other fuels and other
combustion regimes. The essential point is that the cases studied are very well characterized and at the
same time of practical relevance for real-life problems.

Another important aspect is that a range of flames is considered, not a single test case. This is
crucial, since tuning of models to obtain as close agreement as possible for a single problem is far less
valuable than the development of models that are reliable in predicting trends correctly. Studying a
range of flames also assists in defining ranges of applicability of models.

A similar effort has been initiated more recently in the context of turbulent spray combustion
[9]. The philosophy is the same as in the TNF workshop series, but the fuels are liquid, so additional
problems like droplet break-up and evaporation pop up. Again, ranges of flames are studied, not one

single flame.

2.4 SUGGESTIONS

Based on the above, to the author’s opinion the following suggestions can be formulated in the context

of bench-marking:

— Not forgetting that all types of experiments should remain to be performed (i.e. from the repetitive
small-scale up to the more scarce full-scale tests), it is important for bench-marking to identify or
define test cases that are sufficiently simple. From an experimental point of view, this is important,
so the boundary conditions can be fully characterized and detailed measurements can be made.
From a numerical point of view, this is important so the computational resources can be directed to
model assessment (and not to e.g. geometric complexity). However, the test cases must at the
same time be relevant for real-life problems. In other words, going back to the philosophy, the test
cases must at least be indicative for what will happen during ‘running’. Interesting to note in this
context is that a fundamental difference from the examples given above from the combustion
community, is that the ‘power’ or heat release rate is not externally imposed in case of fire. Indeed,
both in reality and in the modeling, there is a positive feedback loop (heat transfer 2 mass loss
rate > HRR = heat transfer), so that there is inevitably runaway if something in the models is

inaccurate. To be more specific: this strongly relates to issues on radiation and soot modeling, as
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well as to the understanding and modeling of pyrolysis processes. This poses a substantial

additional challenge to fire modeling. Ideally, bench-mark test cases are defined such that focus can

be given to the assessment of a certain sub-model in isolation.

— The bench-marking cases should involve a range of problems, so that it can be tested whether
the trends are correctly predicted by the models and so the range of applicability can be
estimated.

— Bench-marking studies must be set up such that an intense collaboration is established among
experimentalists and modelers, no competition. In other words, a true community must be

created, so systematic progress can be made.

2.5 CONCLUDING REMARKS

A number of opinions concerning bench-marking studies in the context of fire and smoke modeling have

been presented. The author does not claim to be correct in these opinions. Yet, arguments have been

provided to state that:

—  Bench-marking studies should cover problems that are simple enough to be fully characterized, but
at the same time relevant for real-life practical problems. Complexity can be increased over the
years (e.g. inclusion of interaction of water droplets with fire flames after having studied the same
fires without water).

— Ranges of boundary conditions must be considered, in order to assess the correct prediction of
trends. This also helps determining the range of applicability of models.

— The creation of a collaborative community of experimental and computational researchers is

indispensable for systematic progress in the long term.
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3 VALIDATION OF COMPUTER PROGRAMS FOR EUROCODE LEVEL 3-METHODS

Summary

The sample collection in the German national annex CC to Eurocode part 1-2 is an appropriate tool for
the evaluation of programs for the advanced calculation methods. In this contribution the underlying
methodology of the sample collection is described and the examples based on a research project are
presented (Hosser, 1999). With the sample collection the basic principles of the advanced calculation
methods can be checked. For a more detailed review of the entire procedures, test examples for
reinforced concrete and steel reinforced components are available. The list of test samples is yet to be

completed in the future for other construction methods.

3.1 INTRODUCTION

In the fire parts of the Eurocodes and their national annexes that were introduced in recent time by the
national authorities in the European countries, allow for advanced calculation methods to be used in
addition to simplified calculation methods and methods of calculation using tabular data. In the
application of advanced calculation methods (level 3), the temperature distribution in the stressed
components and their structural and deformation behavior in case of fire can be calculated by computer
programs.

In past only a few computer programs for advanced calculation methods were available. Most of them
were developed and validated from universities and researchers with poor documentation. Due to the
widespread approval of the advanced calculation methods several new programs and software tools
edge into the market.

To exclude the risk of working with unsafe or not auditable programs, which are not based on
the basic principles of the advanced calculation methods of the Eurocode, the physical, mathematical
and mechanical calculation basis of the programs concerning thermal analysis, cross-sectional and
system analysis should be validated. For this purpose annex CC in the German national annex to
Eurocodes 1-2 part 1 (DIN, 2010) was developed. The aim of this annex is to check the applicability of
the programs on the basis of a sufficient number of validation and test samples and thus to evaluate
their applicability to real structures.

For this purpose, the individual steps of the design process are validated on the basis of clear
assessment criteria. The working precision of the program used for the relevant criterion is verified

using a test matrix based on analytic solutions and calculation results of approved programs. The
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deviations should be within allowable tolerances. In case not all assessment criteria for the tolerances
allowed are met, a limitation of the scope of the programs is possible.

The basic principles of the advanced calculation methods can be checked by the collection of
examples listed in the German annex CC. Test examples for reinforced concrete and composite
components are available for a more detailed examination of the entire calculation process. In future

the list of test samples has to be completed for other construction methods and building materials.

3.2 METHODOLOGY
3.2.1 General information
To avoid systematic errors when using programs for advanced calculation methods basically the
following procedures are suitable (Hosser, 1999):
¢ PROGRAM VERIFICATION by strictly mathematical evidence,
e VALIDATION or FALSIFICATION through systematic testing which can generally validate the
calculation bases,

e TESTING by calibration examples to virtually simulate a fire test.

3.2.2 Tolerances

The validation examples, especially the calibration examples will show differences between the
solutions calculated by different programs. Several aspects must be considered in determining allowable
tolerances limit of deviations) from the given solutions. Due to different numerical methods (FEM, finite
difference method) and equation solver (iteration conditions, iteration limitations) various solutions can
be calculated. It is therefore conceivable that some programs approximate the results of the validation
and calibration examples well with small deviations and in other cases less well.

Permissible tolerances of sample calculations of validation and calibration examples must be
based on the stochastic model uncertainty. Because definitive solutions are available for the validation
examples only minor deviations can be accepted. Due to larger model uncertainties for the calibration
examples based on experimental results a greater tolerance has to be taken into account when judging
the programs.

The permissible tolerances were defined in the sample collection of the German national annex
CC (DIN, 2010) for the validation examples. The systematic calculation basics are set to 1 % to 3 % of the

size of the reference and to 5 % to 10 % regarding the test samples.
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3.3 SAMPLE COLLECTION IN THE GERMAN NATIONAL ANNEX

3.3.1 General information

In the German national annex CC of Eurocode 1 part 1-2 validation and test examples were compiled,
which can be used to review the applicability of the programs for the engineer-related dimensioning of
components and structures regarding fire protection. Thus the suitability and applicability of calculation
programs on real structures can be evaluated (Hosser, 1999).

The sample collection consists of eleven examples which allow on the one hand the evaluation
of the basics of heat transfer, the temperature-dependent load and deformation behavior in validation
examples. On the other hand, the total evaluation can be verified with test examples by simulating a fire
test.

Using the validation examples the individual steps of the validation are successively validated on
the basis of clear criteria. The calculation accuracy of the program that is used for the relevant criterion
is checked depending on parameters by means of a test matrix. In the test matrix either existing
analytical solutions or results of calculations of approved programs are listed for the respective sample
for comparison. Thereby the results obtained with the program to be tested have to be compared. The
deviations have to be within permissible tolerances.

If the permissible tolerances are not respected for all assessment criteria, a restriction of the
scope of the programs is also possible. For example, programs that are not sufficiently precise in
capturing system behavior (support conditions, load) are not suitable for the fire safety design of
statically indeterminate systems and/or systems with stability problems. Nevertheless the programs can
be used for the fire safety assessment of statically determined bending components.

With the test samples the entire calculation can be recalculated as in the simulation of a fire
test. Only three test samples for reinforced concrete components are currently included in sample
collection of the German national Annex CC, as well as one for a steel composite beam. Here additions
for more examples as well as parts of load-bearing structures are required in the future.

The sample collection was developed within the framework of a research project (Hosser, 1999)
and adapted to the current versions of the fire parts of the EUROCODE. The sample collection makes no
claim to being exhaustive, i.e. a guarantee that a program works correctly cannot be inferred even after
a successful run of all examples. However, the validation of a program on the basis of the sample
collection ensures a minimum standard.

In the future the sample collection can be extended as described above. Ultimately, the
responsibility for the correctness of the program remains in the hands of the developer and for the
application of the program in the hands of the user who has to check the plausibility of the results

obtained.
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The German national annex CC stipulates that the developer of a program for advanced
calculation method is supposed to calculate the validation samples independently prior to the
application of the program for real projects. According to the program description the input data and
calculation assumptions have to be used without change. By using the tabular overviews contained in
(Hosser, 1999), a documentation of the results obtained in the context of the validation should be
created by the developer of the program. The deviations from the sample results should be within the

specified tolerances.

3.3.2 Examples

In Table 3.1 the examples listed in the German national annex CC of Eurocode 1 part 1-2 are shown. The
third column shows whether each sample can be systematically used for the calculation basis
(validation) or the entire calculation process (test). The fourth column shows whether the result of the
reference has been determined analytically or has been generated with comparative calculations based
on well-accepted and long-proven programs. For this purpose, the programs ANSYS (Ansys, 2009) and
STABA-F (Hass, 1985) were used.

Because many programs of commercial software developers do not calculate the failure time of
the structural element, but for a desired time the required area of the reinforcement instead, the
examples nos. 8 and 9 were aligned with the reinforcement area benchmark. These examples can be
calculated with the given reference value of the reinforcement and compared to the sample calculation

on the basis of the failure time. The deviations of this procedure should not exceed 5%.

Tab. 3.1 Collection of examples in the German national annex CC (DIN, 2010)

No. Test criterion Test methodology Procedure
1 Heat transfer (cooling) Validation analytical
2 Heat transfer (heating) Validation analytical

I comparative
3 Heat transfer through several layers Validation P .
calculation
4 Thermal expansion Validation analytical
Temperature-dependent stress- strain o .
5 P P Validation analytical
curves of concrete and steel
Temperature-dependent limit-load-bearin — .
6 P . P g Validation analytical
capacity of concrete and steel
. — comparative
7 Development of restraint stresses Validation P .
calculation
. comparative
8 Weakly reinforced concrete beam Test P .
calculation
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No. Test criterion Test methodology Procedure
. . comparative
9 Heavily reinforced concrete beam Test P .
calculation
. comparative
10 Reinforced concrete column Test P .
calculation
. . comparative
11 Composite column with concrete cores Test P .
calculation

3.4 EXAMPLE OF HEAT TRANSFER (COOLING)

In the following exemplarily the example for heat transfer (cooling) (example no. 1) is shown.

=10

——

©o

A.p.Cp

Ou

adiabatic conditions

— =10 —*

Fig. 3.1 Cross-section of example no. 1 (DIN, 2010)

Programs which calculate results with a higher deviation from the reference results as the

accepted tolerance (limit deviation) are not applicable for thermal analysis of components.

Such programs may be applied for a limited scope of thermal analysis (e. g. for particular

building materials in case of validation the example for this limited scope.

Tab. 3.2 Material properties and boundary conditions example no. 1 (DIN, 2010)

Material properties Fictitious value
heat conduction A W/(m-K) 1
specific heat ¢, 1/ (kg-K) 1
gross density p kg/m? 1 000
boundary conditions
dimensions h, b m 1
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heat transfer coefficient Bl W/(m?K) 1
emmisivity €. = €, L - 0
Initial conditions
Ambient temperature Oy °C 0
Temperature in cross-section °C 1000
Reference value
temperature O in point X °C

Tab. 3.3 Reference and calculated values for heat transfer (cooling) example no. 1 (DIN, 2010)

time Reference Calculated value deviation tolerance remark
s value O, (0, —9,)/0, 100
e0 %
temperature temperature (©, -9,) % oder K
°C °C K
0 1000
60 999.3
300 891.8
(o)
600 717.7 +1%
und
900 574.9 £ 5K
1200 460,4
1500 368.7
1800 295.3
3.5 SUMMARY

The sample collection in the German national annex CC to Eurocode part 1-2 is an appropriate tool for

the evaluation of programs for the advanced calculation methods. In this contribution the underlying

methodology of the sample collection is described and the examples based on a research project are

presented (Hosser, 1999). With the sample collection the basic principles of the advanced calculation

methods can be checked. For a more detailed review of the entire procedures, test examples for

reinforced concrete and steel reinforced components are available. The list of test samples is yet to be

completed in the future for other construction methods.
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4 STEEL BEAMS

Summary

In a series of 4 benchmark cases, steel beams, all under uniformly distributed loading and exposed to
fire, have been studied. The exact description and properties of the beams used for each case is given.
The aim of these benchmark studies is to compare the mechanical behaviour of the structural elements,
under a range of support conditions. In order to represent realistic beams which support concrete slabs,
the temperature fields which have been used in the steel cross-sections are non-uniform, and therefore
not equal to the fire heating regime. The temperature curve and pattern is defined in the input data for
each case.

The fire heating regime which has been used is the ISO 834 / EN 1991-1-2 Standard Fire curve in
most cases; in some cases this has been replaced by a parametric fire curve defined in accordance with
EC1:Partl.2-Parametric fire A & B. Various scenarios have been considered, in which the cross-section

length (L) and load (q) are kept constant while the heating regime and the boundary conditions are

varied.
Tab. 4.1 List of benchmark studies
TEMPERATURE
CURVE REF CONTENTS
BS476 BMS1 | Fully fixed steel beam
Standard Fire | gMs2 | Pin ended, axially restrained steel beam
Curve BMS3 | Simply supported steel beam
BMIS8A BMS3 simply supported (axially restrained)steel beam with
Parametric Fire | BMS8 parametric fire A
Curve BMS3 simply supported (axially restrained) steel beam with
BMS8B D
parametric fire B
Tab. 4.2 Main parameters of benchmark studies
REF CONTENTS
Central displacement, % length displacement and central axial force of:
BMS1 — Fully fixed steel beam
BMS51,2&3 BMS2 — Pin end steel beam
BMS3 — Simply supported steel beam
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Central displacement and central axial force of:
BMSS8 BMS8A & 8B — Simply supported (axially restrained) steel beam with 2 types of
parametric fire (A&B)

4.1 ANALYTICAL BACKGROUND

4.1.1 Thermal analysis

It is important to represent steel beams which support concrete slabs appropriately. The temperature
in the steel cross-section forms a non-uniform pattern in which each major element of the section’s
temperature is a proportion of the heating temperature curve. These proportions vary with time and

with the particular heating curve being applied.

In analytical design the simplified method given in EN 1993-1-2 (2005) is used to calculate a
uniform representation of the temperature in a steel member. During a time interval At, the steel

temperature increment is calculated from the equation (EN 1993-1-2, 2005):

1V .
G, =k, /?;n A At, (1)
al~a
where:
ksh Is a correction factor for the ‘shadow effect’,

A IV s the section factor for unprotected steel members [m-1],

Am is the surface area of the member per unit length [m2/m],

Vv is the volume of the member per unit length [m3/m], (c/s area if prismatic),
ca is specific heat of steel [J/kgK],

P. is the unit mass of steel [kg/m3],

hﬂ is the design value of the net heat flux per unit area,

At is the time interval [s].

For I-sections the correction factor for the shadow effect under the influence of a test fire such

as the I1SO 834 standard curve is determined as:

ke =09[A,/V], /[A.1V], 2)
[AV]

the value of ksh should be taken as:

ke =[AL/V], /[ A1V]. (3)

where b is a section factor for an imaginary box that embraces the I-section. In all other cases,
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In the Vulcan analyses undertaken in this study, in order to maintain a consistent link between
mechanical properties and temperature rather than to make time an explicit parameter, fixed

proportions of the heating curve temperature are used for the main parts of the steel cross-section.
Figure 4.1 illustrates the difference between the section factor and its box value.

Am Am,b

l l

Ak
<
o

T T

perimeter exposed perimeter

c/s area
c/s area

exposed perimeter exposed perimeter
c/s area c/s area

Fig. 4.1 Section factor and box value of section factor

4.1.2 Mechanical analysis

Description of the Vulcan software used

The computer program Vulcan has been developed at the University of Sheffield for many years. In this
program steel-framed and composite buildings are modelled as assemblies of finite beam-column,
connection and layered floor slab elements. For composite floor systems it is assumed that the nodes of
these different types of element are defined in a common fixed reference plane, which is assumed to
coincide with the mid-surface of the concrete slab element. The beam-columns are represented by 3-
noded line elements with two Gaussian integration points along their length, as illustrated in Fig. 4.2.
The nonlinear beam-column element matrices are derived from the general continuum

mechanics equations for large-displacement/rotation nonlinear analysis. Each of the three nodes of the
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beam-column element has six degrees of freedom. The main assumptions of the elements can be

summarized as follows:

Cross sections remain plane and undistorted under deformation and there is no slip between
segments. They do not necessarily remain normal to their reference axis, as they are originally located,

as displacement develops.

Reference axis

./'
3 P
Segments '._/' )

A
o~
.~
-7 — v
- .
1 ././ y <
A [ -
AV [ - . .
At It Beam centroidal axis
A Pt
v A -
T z
- y
—>
As \
t X

Fig. 4.2 Three dimensional segmented 3-noded beam-column element

The “small strain and large deformation” theory is adopted. This means the displacements and

rotations can be arbitrarily large, but strains remain small enough to obey the normal engineers’

definition.
I b I
Node k __ | |
o i
a
~
\
Segment

Fig. 4.3 Division of the cross section of beam-column elements into segments

The cross-section of a beam-column element is divided into a matrix of segments, as shown in
Fig. 4.3, each segment can then have its own material, thermal and mechanical properties, and its own

temperature, at any stage of an analysis. This allows modelling of different temperature distributions
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across member’s cross-section, and therefore the different thermal strains and changes of material
properties that accompany different temperatures across the section can also be tracked.

A bibliography of papers describing the development of Vulcan is given at the end of this article.

The stress-strain relationships of steel at elevated temperatures and its thermal strains,
calculated in accordance with EN 1993-1-2 (2005), were used in all cases. The reduction factors for
properties of steel are also in accordance with EC3. The material model is shown in Fig.4.4 and the
reduction factors are given in Fig. 4.5. In the Vulcan analyses creep has been excluded, although the

Eurocode stress-strain relationships implicitly allow for some creep.

1 N,
% ‘\'\ EN 1993-1-2:
2 L N Kr
Sy : S 08 N ---k
f e NN — ke
: c \ .
: i} . N
a Dt - 0.6 \\ s
8 pr """"" =) \ \
5 ‘ D 8 \ .
' o 0.4( \\\ \
D, ﬁ \\ -\
H | A WY
: jom L AN
E; g 0.2 \\\_.
0 : n AN
0 D, D, o) S k2

0 200 400 600 _800 1000 1200

Strai D, Temperature [C]

Fig. 4.4 Stress-strain model for steel at elevated  Fig. 4.5 Temperature-dependent reduction factors
temperature (EN 1993-1-2, 2005) for carbon steel (EN1993-1-2, 2005)

4.2 SPECIFIC EXAMPLES COVERED

4.2.1 Summary of BMS_1-3: Fire-protected beams

Figure 4.6 indicates the temperature-time curves of the fire and the main parts of the cross section;
these temperatures are not uniform if the upper flange supports a concrete slab. A simplified
temperature variation with time in the main parts of the section is represented in Vulcan using a
‘temperature pattern’ (Fig. 4.7) which scales the controlling fire temperature curve by fixed factors for

each of these elements.
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Fig. 4.6 Temperature Curves throughout entire beam (1SO834
Standard fire)
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Fig. 4.7 Temperature pattern on
beam

those of the Excel input and output spreadsheets which are presented separately.

Table 4.3 lists the analyses performed in this set. The names of the examples correspond to

All three beam cases use a UB 457x191x98, Grade S355 with length of 8m, subjected to a

constant uniformly distributed load g = 20 kN/m and then heated uniformly along its entire length (Fig.

4.8,4.9,4.10).
Tab. 4.3 List of Vulcan steel beam analyses performed
Material . . Thermal Boundary
Name model Load [kN/m] |Heating regime TS Creep Conditions
BMS 1 EC3 20 EN 1991-1-2 Standard fire EC3 NO |Fixed-ended
BMS_2 EC3 20 EN 1991-1-2 Standard fire EC3 NO |Pin-ended
BMS 3 EC3 20 EN 1991-1-2 Standard fire EC3 NO |Simply supported
| ARARRARRRRRRRRRRARRRRER
Y ——
“ 7
2 2
Z Z
N
§
8m
Fig. 4.8 BMS_1 Fixed-ended steel beam
r —— —/
1928~
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4.2.2 BMS_1-3: Results

Vertical Displacements:

N
CcoskeE

Fig. 4.9 BMS_2 Pin-ended axially restrained steel beam

S

Fig. 4.10 BMS_3 Simply supported steel beam

Displacement
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-50

=
]
S

-
G
S

-200

BMS_1 Vertical Displacement

Time

100

—+—Midnode
—B—L/4 node

End node

Fig. 4.11 Vertical displacements at support, % Land % L

Displacement

BMS_2 Vertical Displacement

20 30 40 50 60 70 80

Time

100

=4—Midnode
—m—L/4node
Cnd node

Fig. 4.12 Vertical displacements at support, % Land % L
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BMS_3 Vertical Displacement

0 10 20 30 40 50 60 70 80 90 100

——[nd node
= Midnude
L/4node

Displacement

Time

Fig. 4.13 Vertical displacements at support, % Land % L

Axial Forces:

NOTE: The plots of axial force against time shown below contain occasional “peaks” which are clearly
out of line with the general trend of results. These are caused by results in such cases having a
particular bias within the tolerance limits set for a particular analysis, rather than having a more uniform

spread. Changing the tolerance limits will usually cure the phenomenon.

BMS_1 Axial Force

3500000
3000000
2500000
2000000

——Beam#16Start

Force

1500000
——Beam#17Start

1000000

500000

100

-500000

Temperature

Fig. 4.14 Axial force on beam at midspan
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BMS_2 Axial Force
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om : : : : : : : ‘ : ‘
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-500000
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Fig. 4.15 Axial force on beam at midspan

4.2.3 Summary of BMS_8: Fire-protected beams in parametric fires

For this benchmark study the temperature curves and patterns used are given below.

Fire protected beams

Figures 4.16 and 4.17 indicate the temperature-time curves of the fire and the main parts of the cross
section. Once again temperatures are non-uniform across the entire cross section (see temperature

distribution Fig. 4.18).

Temperature Curve BMS_8_A
1200 -

1000 -

—a—Fire

200 | ——Beam

600

400 -

Temperature (°C)

200 4

0 f T T T T T T T T ]
0 10 20 30 40 50 60 70 80 90

Time (min)

Fig. 4.16 Temperature Curve (Parametric fire A)

38



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

Temperature Curve BMS_8_B
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ime = Fre curve temperature

Fig. 4.17 Temperature Curve (Parametric fire B) Fig. 4.18 Temperature

distribution on beam

Table 4.4 lists the analyses performed. The names of the examples correspond to those of the

Excel input and output spreadsheets which are presented separately.

Tab. 4.4 List of the analyses performed

Material | Load . . Thermal -
Name model [N/m] Heating regime S Creep | Boundary Conditions
BMS 8 A EC3 20 Parametric fire A EC3 NO Pin ended, axially restrained
BMS 8 B EC3 20 Parametric fire B EC3 NO Pin ended, axially restrained

The UB 457x191x98, S355 of length of 8m, shown in Fig. 4.9, subjected to a constant uniformly

distributed load g = 20 kN/m is heated uniformly along its entire length.

4.2.4 BMS_8: Results

Vertical Displacements:

BMSS8A Displacements

10 20 30 40 50 60 70 80 90

T 20 ...,.nl““""““"““““
E
g 30 W
£
g 40 | el
5 End node
B 50 —=— 1/4node
50 | —— Mid-node

Time (min)
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Fig. 4.18 Vertical displacements at support, % Land % L
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5
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Fig. 4.19 Vertical displacements at support, % Land % L
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5 ELASTIC — PLASTIC BENDING OF BEAMS

Summary

This paper presents a series of solutions for beams with a simplified bilinear material and two types of
cross-section, rectangular and UB 406x178x67, under different types of loading and boundary
conditions. The mid-span deflection was selected as a System Response Quantity (SRQ). It has been
calculated analytically with the help of Mathematica and Maple software and numerically using various

software (ABAQUS, LS-DYNA, and VULCAN).

5.1 PROBLEM DESCRIPTION

The paper presents a set of analytical and numerical solutions for two general cases of beams with
rectangular and I-beam cross-section. For each case several variations are considered with five different
loading and boundary conditions, two magnitudes of loading and two material models, purely elastic
(only for comparison) and perfectly elastic-plastic. At this stage no axial constraint is considered (normal

force equal to zero).

5.1.1 Geometry
As mentioned, two cross-sections were taken into consideration: the rectangular one, with dimensions

30x50mm and length of 1 meter, and the standard |I-beam UB 406x178x67, 8 meters long.

5.1.2 Load cases and boundary conditions

Three load cases were investigated: pure bending, distributed load and point force at mid-span (see Fig.
5.1). For these, two types of boundary conditions were used: simply supported and fixed (for point force
and distributed load only). For each of load-boundary conditions case, two magnitudes of load were

applied, using factors k=0.8 and 0.95 according to following formula:

Mpmax = Mg + k - (Mu — M) (1)
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where:

Max—bending moment in most-stressed cross-section of the considered beam
k—load factor

Me—bending moment in which outer fibres of cross-section yields

M,—bending moment in which whole cross-section yields

These two magnitudes of loading are given in Tab. 5.1-Tab. 5.4 for each case, including M, and M, for

both beams.

Fig. 5.1 Plastic regions, loading and boundary conditions—simplified drawings

5.1.3 Material model

Similar as in (Gillie, 2009), elastic-perfectly plastic material is considered, with the difference that here
both elastic modulus and yield stress are temperature dependent, comparable to (Lin et al, 2010).
Stress-strain relationship and temperature dependence are shown schematically in Fig. 5.2. Elastic
modulus at 0°C is E;=200 GPa and the corresponding yield stress g,,=200 MPa. Material model is
simple enough to allow easy FE modelling but also to some extent reflects material properties of
structural steel at elevated temperature. Also v=0.3 and a,=1.2-10" K™, which corresponds well to steel
properties. Cases with full material model and temperature variation were presented in paper (Sawicki
et al, 2013). In the following paper, all beams were virtually modelled at elevated temperature of 800°C,
which was obtained by implementing material characteristics proper for that temperature. Thanks to
that, problem of thermal analysis was avoided, which let for better control of numerical FE modelling.
Properties of simplified steel material model were: Young's modulus E=40 GPa, Poissor's ratio v=0.3 and
yielding strength 0,=40 MPa. Due to complexity of modelling of plasticity phenomena in available
software, fully elastic material model was also considered, with the same values of Youngs modulus and
Poissor's ratio. This helps to identify possible mistakes by checking whether they are present also at
elastic stages of loading. Deflections for elastic-plastic material will be marked as f, while for perfectly

elastic material model as f.,.
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Fig. 5.2 Material model

5.2 ELASTIC-PLASTIC BENDING — ANALYTICAL SOLUTIONS
It is assumed that during bending cross-section remains planar and the distribution of longitudinal strain

is linear (see Fig. 5.3)

e(z) = g (2)
where

o—is radius of curvature, see Fig. 5..

Z
L _di—dly |
—
A

dl |
dl  dl + /
o Ly =02y,
o+z o dl, |dl

_Q+Z—Q_Z
0 0

| : :

Fig. 5.3

The material is perfectly elastic—plastic with elastic modulus E and yield stress o,,. Positive moment
produces tension at the bottom. The curative of the deformed axis can be approximated by the second

derivative of vertical displacement (small deformation)

IR
+
2\

(3)

|-

w—vertical displacement (W = W(x)). The sign depends on the assumed coordinate system (x, w), here
in this study: k = +w'’. The objective of the analytical solutions is to find maximum deflection of the

beam for two loading levels, producing maximum bending moment close but less than ultimate moment
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M,,. This selection of SRQ (System Response Quantity) has the advantage that deflection is a global
quantity (calculated as a functional) reflecting the effect of all the main input parameters, e.g. BC,

loading, etc.

5.2.1 Rectangular cross-section
For rectangular cross-section we need to consider two cases (segments) of bending. Elastic, when the

bending moment M is smaller than M,
M| < M,; (4)

where M,; is the maximum elastic bending moment, with the stress reaching yield stress only at

extreme fibers (see Fig. 5.4)

bh?
Mel = O'y T (5)

For the segment of the beam where (3) is satisfied, the deflection is ruled by known differential

equation
EL,w"(x) = —M(x) (6)

where [, is the moment of inertia, and E-Youngs modulus.

For (see Fig. 5.4)

Mel < |M| < Mu (7)
_ h?_z) _ h?_ 9 2
M_be(z; 3) Ty (4 352p) (8)
as according to (2)
z0="2p (9)

The moment (8) is related to deformation through the equation (3). So to find the deformed shape of
the longitudinal axis it is necessary to solve differential equation (3) where curvature is found from

equation (8) with M expressed by loading and reactions using equations of equilibrium.
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(R

Z Z
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5.2.2 |-beam
For I-beams elastic plastic bending needs formally to be split into two cases (because of the differences

between (12) and (14)).

H H

where M is the bending moment, producing yield region covering entire flanges (the web is within

elastic range), see Fig. 5.5.
2 H 2
Mf = 0Oy Bftf(H - tf) + Etw (; - tf) ] (11)

The moment producing yielding in flanges is given by (see Fig. 5.5)

H H 2 2 C-tp)®
My, = Oy [Bf(g—zo)(;+zo) +§BfZg _E(Bf —tw) ZZO ] (12)
For the case Il the yielded region covers flanges and part of the web
H
H H 2
Moz = 0y Bty (H — tp) +t, G =ty — 20) G — t +20) + 3 6,73 (14)

The ultimate moment (producing plastic hinge, z, = 0) is
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q 2
M, = o, [Bftf(H —tr) +ty (5 - tf) ] (15)
Maximum elastic moment can be given by

I
Mel = O'yFy (16)

where 1, is the moment of inertia

_ By (Bp=tw)(H-2t7)°

(17)

12 12

5.2.3 Analytical solution for rectangular beam

This subchapter shows how to obtain analytical solutions for 5 selected cases of boundary conditions
and loading for a rectangular beam. For all the cases except the first one (pure bending) the solutions
are obtained with the help of specialized software such as Mathematica and Maple and for selected

input data (e.g. dimensions).

5.2.3.1 Pure bending
Here we consider the simplest case of a simply supported rectangular beam, subjected to pure bending
(M(x)=const) for which we can obtain a close form solution, see Fig. 5.6. Assuming that (6) is satisfied

the curvature can be obtained from (8)
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W) == == -2 (G- 2u) (18)

where u = Mi (1 < u < 1.5). The equation (18) comes with the boundary conditions
el
w(0) =0, wl) =0 (19)
The solution is

w(x) = —g(x2 —xl) (20)

maximum deflection in the middle of the beam is

(= )= h 2R3 =

Fig. 5.6

5.2.3.2 Simply supported beam with point load in the middle
Assuming symmetry we consider half of a simply supported beam with point load in the middle, as it is

shown in Fig. 5.7. Elastic-plastic bending of the beam shown in Fig. 5.7 is ruled by two differential

equations
" _ _ﬁ _ _ @
for0<x; <l Elbw; (xq) = o w(0)=0, ;=2 - (22)
and
1 " - 1
o 1 1 Px ’ ’ !
forlh <x, <3 Wy ()= -5 (G-502) 5 wal) =willy), wo'() = wi' (), w' (5) =

0 (23)

After solving (using Mathematica or Maple) Egs. (22) and (23) we find maximum deflection as
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f=w,(5) (24)

Obtained solution is too complex to be shown explicitly. The results of calculation for selected beam

lP
A JAN
e /y —sfe——/y —]

| e

parameters are given in Tab. 5.1-Tab. 5.4.

Fig. 5.7

5.2.3.3 Fixed beam with point load in the middle
Assuming symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained) with
point load in the middle, as it is shown in Fig. 5.8. Elastic-plastic bending of the beam shown in Fig. 5.8 is

now ruled by three differential equations

1

2
- 2)> , wi(0)=0, 1, =52

1_ Mei
4 6Mpg;

P

for0<x; <l; w; (x)=- §Eh< (25)

Mgy

" l ’ ' l
forly <xp <l ELw,"(x2) = 5 — =2, wy(ly) = wi(ly), wo'(ly) = wy' (i), I = 7+ 2%

2
(26)
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1

7 PL_PX3)\ "2
1 ’ ’ (1
for 12 < X3 < 5 W3 (X3) = __’_:.Zh (% - —(86M:l )> W3 (12) = Wz(lz), W3 (12) = W3 (12); W3 (E) =0 (27)

After solving (using Mathematica or Maple) Egs. (25), (26), and (27) we find maximum deflection from

(24) for ws. The results of calculation for selected beam parameters are given in Tab. 5.1 and Tab. 5.2.

5.2.3.4 Simply supported beam with uniformly distributed loading
Assuming symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained)
loaded with uniformly distributed loading, as it is shown in Fig. 5.9. Elastic-plastic bending of the beam

shown in Fig. 5.9 is ruled by two differential equations

qlx, . qx3 w (0) -0 L = _ —lg+/-8Mgq+12q?
1 - Y 41—

for0 <x; <l ELw,"(x)=—-"2+1, -

(28)
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1

qixz_ax5
1 2 2

> wy (1) = wi(y), wp'(y) = wy'(Ly),

124 _ 9y
forl; <x, <1, wy"(x3) = vl CETT

w,' (E) =0 (29)

After solving (using Mathematica or Maple) Egs. (28) and (29) we find maximum deflection from (24) for

w,. The results of calculation for selected beam parameters are given in Tab. 5.1 and Tab. 5.2.
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Fig. 5.9
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5.2.3.5 Fixed beam with uniformly distributed loading

Assuming symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained) with
uniformly distributed loading, as it is shown in Fig. 5.10. For elastic bending the moment (absolute
values) at the supports is two times larger than the moment in the middle of the beam. Yielding, starting
at the supports, reduces the ratio between these moments but it can still be assumed for most of the
cases that there is no yielding in the middle of the beam before a plastic hinge is created at the
supports. Elastic-plastic bending of the beam for such case is shown in Fig. 5.10. The deflection is ruled

by two differential equations
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1

o (1 (MA_mJ,ﬁ) 2
for0 < X1 < 11 W1”(X1) = \/§Jl;h (Z - 6;1el 2 > ) Wl(O) = O, Wll(O) = O, 11 =
— _ICI"'\/__‘I\/BZN;A_sMel_lzq (30)

" l 3 ’ ’ 11
forl; <x, <1, El,w, (x2) = My — % + %; wy () = wy(y), wa'(1y) = wq (1), w, (‘) =0

After solving (using Mathematica or Maple) Egs. (30) and (31) we find maximum deflection from (24) for

w,. The results of calculation for selected beam parameters are given in Tab. 5.1 and Tab. 5.2.

q
WP i

le Ny
“ ? >

- VVVVVVVVVVYVY E

% X w(x)
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IMa| < 12 | Ma
qt?
M- >—
2 c 24

Fig. 5.10

5.2.4 Analytical solution for I-beam

This subchapter shows how to obtain analytical solutions for 5 selected cases of boundary conditions
and loading for an I-beam. For all the cases except the first one (pure bending) the solutions are
obtained with the help of specialized software such as Mathematica or Maple and for selected input

data (e.g. dimensions). The main difference here, comparing to the solutions for the rectangular beam,
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is due to the need to split solution for plastic region into two segments where conditions given by (10)

and (13) are satisfied.

5.2.4.1 Pure bending

To find the deflection we need to solve Eqg. (18) with curvature xk = g defined by (12) or (14) depending

on the loading.

5.2.4.2 Simply supported beam with point load in the middle
Taking advantage of symmetry we consider half of a simply supported beam with point load in the

Elastic-plastic bending of the beam shown in Fig. 5.11 is ruled by three differential equations, unchanged

Eqg. (21), and two equations of the form (18) where curvature is given as a solution of

forly <x, <1, w;"(xq) = —%; e~ % = Mpq, wo(l) =wyi(lp), wy'(dy) =wy'(1y)

(33)

1 P.X'3

P Moy, ws(ly) = wp(lp), ws'(1p) = ws'(1), ws' (l) =0 (34)

forl, <x3 < >

After solving (using Mathematica or Maple) Egs. (21) and (18) with (33) and (34) we find maximum
deflection from (24) for ws. The results of calculation for selected beam parameters are given in Tab.

5.3 and Tab. 5.4.
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Fig. 5.11

5.2.4.3 Fixed beam with point load in the middle
Using symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained) with
point load in the middle, as it is shown in Fig. 5.12. Elastic-plastic bending of the beam shown in Fig. 5.12

is now ruled by five differential equations

for O < X1 < 11 Wln(xl) = —é’ 0 - —%l +% = _MOZ, Wl(o) = O, Wll(O) = O, 11 = _BIZ;-I-PZ
(35)
" 1 Pl Pxq , ,
forly <x; <1, w; (x3)= —2 27" % +— = —My,, wo(ly) = wi(ly), wy'(Iy) =wy'(1y),
_ —8M+Pl
I, = BT — (36)
" Pl P ' ’ 8Mg+Pl
forl, <x3 <l3 EIyW3 (x3) = e %: wi(lp) = wy (1), wi'(lp) = wy'(1p), 13 = 41;
(37)
forl; <x, <1, w,"(x,) = é, 0—
PL P , , 8M ¢ +Pl
-5t % =M1, wa(lz) =wz(l3), wy'(l3) =w3'(l3), L= IP (38)
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n
Pxs

1 Pl
forly <xs<- wg (X5) = 2 27% +— = My, ws(ly) = wa(ly),

1
2

ws' (1) = w,' (1), ws' (5) = 0 (39)

After solving (using Mathematica or Maple) Egs. from (35) to (39) we find maximum deflection from (24)

for ws. The results of calculation for selected beam parameters are given in Tab. 5.3 and Tab. 5.4.

P

I K

1 , 12

g

pld p¢
8

©
N o

TR TSN
o[ I

Fig. 5.12

5.2.4.4 Simply supported beam with uniformly distributed loading
Assuming symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained)
loaded with uniformly distributed loading, as it is shown in Fig. 5.13. Elastic-plastic bending of the beam

shown in Fig. 5.13 is ruled by three differential equations
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qlx, . qx3 w (0) -0 L = _ =lg+/-8Mgq+12q?
1 - Y 41—

for0 <x; <l ElLw,"(x)=—-"2+"1, -
(40)
1" 1 1 2 , ,
forly <x; <1, w; (x3)= 2 27 qzxz _% =My, wa(ly) =wi(y), wp'() =wy'(y), I =
-lg+ /—Squ+l2q2
- (41)

2q

12

1 1 l 2 ’ ’
forl, <x3 < 5 W3 (x3) = Py e~ % —% = My, ws(lp) = wy (1), wi'(lz) = wy' (1),

w,' (%) =0, (42)

After solving (using Mathematica or Maple) Egs. (40), (41), 42) we find maximum deflection from (24)

for ws. The results of calculation for selected beam parameters are given in Tab. 5.3 and Tab. 5.4.

q

Fig. 5.13

5.2.4.5 Fixed beam with uniformly distributed loading
Assuming symmetry we consider half of a fixed beam (with longitudinal elongation unconstrained) with

uniformly distributed loading, as it is shown in Fig. 5.14. For elastic bending the moment (absolute
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values) at the supports is two times larger than the moment in the middle of the beam. Yielding, starting
at the supports, reduces the ratio between these moments but it can be assumed for most of the cases
that there is no yielding in the middle of the beam before a plastic hinge is developed at the supports.
Elastic-plastic bending of the beam for such case (M.<M,)) is shown in Fig. 5.14. The deflection is ruled

by three differential equations

1 Ix x?
fOI'OSX1S11 Wln(xl)za’ Q—)_MA+u_q1

2 T = My, wy(0) =0,

lq —,/—q\/SMA —8M; — I%q

w,'(0)=0, I =
1 1 24
(43)
" 1 quZ qX%
forly <x; <1, wy (xp) = o’ 0~ —M, +T_T = Mpy, wo(ly) =wi(y),
, , lq ——qy/8M, — 8M,; — I2q
wy (1) =w;'(y), L= 2 <
q
(44)

1 12} l 2 ! ! ! 1
forl, <xs <7 EL,ws"(x3) =M, _% + %, ws(lz) = wa(lz), wi'(l) = wy'(12), ws (E) =0

(45)

After solving (using Mathematica or Maple) Eqgs. (43), (44), and (45) we find maximum deflection from

(24) for ws. The results of calculation for selected beam parameters are given in Tab. 5.3 and Tab. 5.4.

5.3 ELASTIC-PLASTIC BENDING — NUMERICAL SOLUTIONS

Different software and element types were used for each case to assure correctness of the solution and
also to demonstrate variation of the results for different modelling techniques. This approach also led to
better understanding of factors affecting the final output. The beam with rectangular cross-section was
modelled using solid elements in ABAQUS and LS-DYNA, shell elements in both programs and models
with beam elements were executed in ABAQUS and VULCAN. I-beam cases were modelled using shell
elements in ABAQUS and LS-DYNA and beam elements in ABAQUS and VULCAN. The same material
models, loading and boundary conditions were considered as described previously. For the point load,

the force was applied at mid-span, to the nodes located at the neutral axis within the whole width of the
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beam in cases with rectangular cross-section, or to the nodes of the web for I-beams. For the
rectangular cross-section, point loads for the nodes at edges are equal to half of loads for nodes inside
the beam. The distributed load was applied as magnified self-load to assure uniform distribution in
whole volume of the beam, excluding beam models in VULCAN, where distributed load option was
applied. Pure bending was applied through cantilevers at each end of the beam (four point bending),
with elastic material and stiffness E=2000 GPa, and force applied at the ends analogously to the point-
load case. For the rectangular beam the length of the cantilever was 10cm, while for I-beam it was 1

meter. This assured uniform distribution of bending moment over the whole span of the beam.

qw
%
MA<—vvvvvvvvvvvvE> !
Mc-
£
2

Mq < M

For simply supported beams, supports of the rectangular cross-section beam were modelled at
the level of the neutral axis at the ends of the beam for nodes at whole width of the beam, and for I-
beam at all nodes of the lower flange, by constraining horizontal and vertical displacements at one end,
and vertical displacement at the other. Moreover, symmetrical in-plane behaviour was assured by

constraining transverse Y displacements for all nodes located at the vertical plane of the symmetry of
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the beam with rectangular cross-section, and for all nodes in the web for I-beam. To prevent local
buckling at supports, one-element stiff cantilevers (E=4e+6 GPa) were used. Fixed boundary conditions
were applied using one-element stiff cantilevers again at the ends of the beam. Boundary conditions
were attached to all nodes on both ends of cantilevers. From one side of the beam X, Y and Z
displacement degrees of freedom were constrained, while on the other end of the beam only Y and Z
displacements were constrained. Due to such boundary conditions, rotation at the ends of the beam
was prevented, while X direction movement on one side was assured. Also symmetry was assured in the
same way as before. In ABAQUS fixed boundary conditions were achieved in a similar way. Instead of
one-element cantilevers, rigid body constraints were applied to all nodes at both ends of the beam.
Then identical boundary conditions as in the case of cantilevers were used: constrained movement in X,
Y and Z at one end and Y and Z at the other.

Influence of FE mesh density on the results was also investigated, by performing computations of
three models with different size of elements for each case. All considered cases were static with number

of load steps sufficient to capture plastic effects.

5.3.1 Solid element models

Solid element models of beams with rectangular cross-sections were executed in ABAQUS and LS-DYNA.
Three densities of FE mesh were used with element size about 16x12x7 mm, 8x6x4mm and 4x3x2 mm,
as shown in Fig. 5.15. The effect of different finite element formulations was also investigated, and the
result differences were negligible. Loading time, as non-physical factor, was set to 10s, and
automatically adjusted step size of solver was used, with minimum 1e-3s, which let for proper plastic

stress redistribution. The results for each mesh density are shown in Tab. 5.1-Tab. 5.4.

5.3.2 Shell element models

Shell element models for both cross-sections were executed in ABAQUS and LS-DYNA. FE elements were
placed at the neutral axis of the beam in case of rectangular cross-section, for three mesh densities with
element dimensions about 16x7mm, 8x4mm and 4x2mm which are shown on Fig. 5.16. In case of I-
beam, finite elements were placed at middle planes of the flanges and the web, and sizes were
133x45mm, 66x23mm and 33x11mm for flanges, while for the web analogously 133x100mm, 66x50mm
and 33x25mm-see Fig. 5.17. Different shell element formulation was tried and proved itself to have no
significant influence on the results. 10 through-thickness points of integration were used. Again, loading

time was 10s and minimum step-size was le-3 s.
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Fig. 5.16

WL GY F T T

WL GG

w8, g6xE

Fig. 5.17

3 Beam element models

3

5

Models with beam elements were executed in ABAQUS and VULCAN. As for the beam element model it

is the number of differentiation points which determines correctness of the solution rather than the

number of elements, only one FE mesh was used here, with lengths of elements about 33mm for

rectangular and 133 mm for I-beam cross-section. Also models with twice shorter elements were

executed and no significant change of the results was registered. In VULCAN software, different number
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of Gauss points can be obtained by dividing cross-section into subsections according to paper (Jun et al.,
2000). Division meshes into 9x9, 20x20 and 25x25 sub-regions of equal dimensions were adopted for
rectangular cross-section. For I-beam these divisions were 12x12, 20x20 and 24x24. The coarse divisions
are schematically shown in Figs. 5.18 and 5.19. Due to oscillation of the results, other divisions for both
cross-sections were also tried, and waving convergence of the results was revealed. It can be stated the
results presented here are close to the convergence limit. All boundary conditions and loadings were
applied to proper nodes or, in the case of distributed loading, to all beam elements. To obtain good
redistribution of stresses, in most models 200 equal size steps of loading were used. More steps were
tried as well, but in most cases due to small difference of the results it was decided to use 200 steps. For
some I-beam cases with load factor of 0,95 it was necessary to increase the number of steps—from 500
up to 4000 depending on the case considered. Some load cases could not be computed even after
increasing number of steps. In ABAQUS with the increase in the number of steps no significant
difference in results was observed, so for all models 100 equally spaced steps were used. Models with

greater mesh densities showed slight variations in results, thus 3 mesh sizes were applied: 133.3, 66.6

and 33.3 mm.
— 3>
50.0 409.4
] L *
4 = 2 W
Fig. 5.18 Fig. 5.19
5.4 RESULTS

All obtained results of analytical and FE solutions are presented in Tab. 5.1-Tab. 5.4. In most of the
cases, good similarities of deflections for all calculations were obtained, especially for finest FE meshes.
Also the rate of convergence can be easily seen as in most of the models the constant ratio of element
size decrease was maintained. However, it can be noticed that usually all software computations
converge to some value, different from analytical one. It may result from some simplifications and

assumptions used during hand-computing of the beam response. Some factors where neglected in one
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solution and present in the other, but results still remain quite similar. The biggest differences of results
can be noticed in pure bending of I-beams, for shell elements in both ABAQUS and LS-DYNA. They
probably result from local buckling and warping phenomena in transition regions from beam to
cantilevers. Due to the way this load was applied they could not be avoided in those models. Also for LS-
DYNA solid models with pure bending and factor k=0.95 it was impossible to obtain full results. Massive
yielding of cross-section stopped the calculations for mesh 2 and 3 at about 9.8s, with deflection similar
to the expected one. Because almost whole load was applied at that time (98% of total), it was decided
to present these results. For comparison, a modified model with dynamic solver and significant global
dumping was developed to force application of full load. The deflection obtained was 81.9 mm, much
bigger than the expected 22-23mm, which explains failure of computations. It can be concluded, that in
this case LS-DYNA solid model was not stiff enough, but still gave proper results for other load cases and
can be trustworthy there. Thanks to a wide spectrum of solutions the final conclusion can be derived
that even a properly developed model can give slightly different results depending on the software. It is

necessary to keep it in mind when comparing own results with benchmark cases shown below.
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6 BENCHMARK STUDY OF LATERAL TORSIONAL-BUCKLING OF CLASS 4 STEEL
PLATE GIRDERS UNDER FIRE CONDITIONS: NUMERICAL COMPARISON

Summary

This paper presents a benchmark study of the lateral torsional-buckling of class 4 steel plate girders
under fire conditions, which is based on the RFCS project FIDESC4 - Fire Design of Steel Members with
Welded or Hot-rolled Class 4 Cross-sections. In the framework of project FIDESC4, a number of
experimental tests were carried out in the Czech Technical University in Prague to study the LTB of Class
4 beams in case of fire. The focus of this benchmark study is comparison between the numerical results
obtained with the programs ABAQUS and SAFIR. The simple examples were numerically modelled by
means of GMNIA (geometrically and materially non-linear analysis with imperfections) applying
different finite element method (FEM) software. The geometrical imperfections combination has been
used according to the Annex C of EN 1993-1-5. Detailed information on the geometric data, geometrical
imperfections and actual mechanical properties are given so that other researchers can reproduce the

presented case studies.

6.1 INTRODUCTION
This paper deals with lateral-torsional buckling (LTB) of slender steel | beams under fire conditions. The
fire behaviour of three beams is analysed by means of numerical analysis.

Steel members with thin-walled cross-sections are commonly used in buildings due to its
lightness and long span capacity, and the understanding of the fire resistance of these structural
elements can still be further developed and increased.

The structural steel elements with thin walled cross-sections (Class 4 section according to
Eurocode 3 (CEN, 2005)) subjected to uniform bending diagram, are characterized by having the
possibility of occurrence of failure by both local and global lateral-torsional buckling modes (LTB). These

instability phenomena and their influence on the ultimate strength are of upmost importance to
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characterize the behaviour of these members. The local buckling occurs due to the compression of thin
plates in profiles cross-sections (see Fig. 6.1a). The LTB is an instability phenomenon that in I-sections is
induced by the compressed flange of unrestrained beams subjected to bending around the major axis as

shown in Fig. 6.1b.

a) L b)
Fig. 6.1 Buckling mode shapes: a) local buckling b) lateral-torsional buckling

Three of the investigated numerical models are presented. Two packages of FEM software were
used, the commercial software ABAQUS and the specially developed programme for fire structural
analysis SAFIR (Franssen, 2005). The results of the FE analyses are compared between them, and the
used input is specified as benchmark tests proposal for future researchers willing to validate new

software, new simulations techniques or analytical solutions.

6.2 CASE STUDY (DESCRIPTION OF THE BENCHMARK STUDY)

A simply supported beam with two equal concentrated loads applied symmetrically was modelled (see
Fig. 6.2). The central part of the beam of 2.8m (between the point loads), which was therefore subjected
to uniform bending, was the only heated part. The simulation set-up is shown in Fig. 6.2b. The two load
applications points were laterally restrained and point pinned supports were applied at the beams end

extremities.

ULT ULT

I~
Il

A A Y |
L 1100 ., 2800 . 1100

a) 5000

b)
Fig. 6.2 Tested beam: a) scheme; b) test set-up
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The three simulations differ in the cross-sections and applied temperatures were made. Tab. 6.1
presents the used cross-sections. Two simulations were performed on beam with constant cross-
section. One simulation was performed on a tapered beam (height of the web varies linearly from one
end to another). The simulations for section 1 and 2 were set to be at 4502C and simulation for section 3
at 6502C.

The end plates (stiffeners at supports) were made of 10 mm thick plate and the web stiffeners

under the load were 20 mm thick. Figure 6.3 summarises the beams dimensions.

Tab. 6.1 Cross-sections

Heated Cross-section [mm)] Non-heated Cross-section [mm]
Idealized
Dimensions
dimensions
[mm]
(FEM) The same as in the heated part
h =460 [FIEpLR See Fig. 6.3a
Test 1 b =150 o B
(450°C) tf=5
PL5
tw=4 30
Side span
Middle span MIDDLE SPAN b < 260 SIDE SPAN
PL 7 = PL 7
h = 460 e e
Test 2 b =150
b =150 PL 4 o PL 5 o
(450°C) b tf=7 b
tf=7
M PL 7 tw=5 M PL7
tw =4 50 15
(see Fig. 6.3b)
SECTION B
hA = 460 SECTION A 78 I5 PLS
Test 3 hB = 620 705 PLS
PL 4
(650°C) b =150 o P4 o
s €W
(Tapered beam, tf=5 N
. _ PL5 \PL 5
see Fig. 6.3c) tw=4 J@l 15
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UPPER FLANGE 5mm

/
| | END_PLATE 10mm WEB 4mm w\
L \
~ STIFFENER 20mm BOTTOM FLANGE Smm STIFFENER 20mm
ZAN Zo
1100 2800 | 1100
5000
a)
1000 ‘ 3000 ‘ 1000
SIDE SPAN — WEB 5mm MIDDLE SPAN — WEB 4mm TSIDE SPAN — WEB 5mm
UPPER FLANGE 7mm
I T
END PLATE 10mm | WEB 4mm STIFFENER 20mm | END PLATE 10mm
e S —
= | |\STIFFENER_20mm BOTTOM FLANGE 7mm |
| 1
100 " 1100 2
1100 L 2800 /J 1100
5000
b)
SECTION B
SECTION A UPPER FLANGE Smn
END PLATE 10mm
|| END_PLATE 10mm WEB 4mm o
END PLATE 10mm
i SERCR mm BOTTOM FLANGE 5mm STIFFENER 20mm
1100 2800 | 1100
5000
c)

Fig. 6.3 Beams: a) test 1; b) test 2; b) test 3

6.3 NUMERICAL ANALYSES
To consider the local buckling of thin walls in members with Class 4 cross-sections, shell finite elements
were used instead of the beam finite elements, due to the fact that it is one of the dominant failure
modes.

As mentioned before, two finite element programs were used, ABAQUS and SAFIR. The software
SAFIR (Franssen, 2005) is a geometrical and material non-linear finite element code especially
developed, at the University of Liége, to model the behaviour of structures in case of fire. The ABAQUS
code is a general software for finite element analysis. It allows a complete solution for a large range of

problems, including the analysis of structures under fire.

75



COST Action TU0904 s
Ccoske

Integrated Fire Engineering and Response

6.3.1 Boundary and loading conditions

The restrictions applied to the model follow the degrees of freedom provided by the supports and the
lateral restraints on Fig. 6.2 as it is presented in Fig. 6.4. The supports were considered just by one point
support at the lower flange center, see Fig. 6.5. One support restrains deformations in all directions, all
rotations were free. The second allowed also deformation in direction along the beam axis. The cross-
section was transversally restraint in the section where load was applied.

In these numerical models, it was considered that the applied loads were controlled by forces

but also by displacements.

a) b)

Fig.6.4 Numerical model used: a) in ABAQUS b) in SAFIR

Fig. 6.5 Pin point supports: a) free; b) fixed

6.3.2 Material properties

The beam was made of steel grade S355, see Tab. 6.2. All material properties (yield strength and young
modulus), which were adopted into the models, are based on the EN 1993-1-2:2005. The thermal
expansion was not considered in the analysis. The residual stresses were neglected. Elevated
temperature is used for the internal span only as already described. Adjacent parts of the beam and

stiffeners were considered at room temperature.
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Tab. 6.2 Cross-sections

Yield stress f, 355 MPa
Elastic modulus 210 GPa
Poisson constant 0.3

6.3.3 Initial imperfection

Initial geometric imperfections were applied following the elastic buckling eigenmodes. Two shapes
were chosen: the beam 1st local buckling mode and 1st global buckling mode (LTB) shapes (Fig. 6.6). For
the imperfection amplitudes, there was used 80% of the fabrication tolerance magnitude given in
EN1090-2:2008+A1 (CEN, 2011) as suggested in EN1993-1-5 (CEN, 2006). The combination of
imperfections according to EN1993-1-5 was taken into account, which means using the leading buckling
mode with the full amplitude but the other mode (with higher critical stress) using amplitude reduced

by 0.7. The initial global and local imperfections were considered using following amplitudes:

* global = L/750 * 0.8 (*0.7 in case the local buckling mode has lower critical stress)

where L is the distance between lateral supports

* local = H/100 * 0.8 (*0.7 in case the global buckling mode has lower critical stress)

where H is the web height

b)

L/750x0.8 (x0.7 for no leading mode)
LATERAL DEFLECTION

LATERAL
RESTRAI NT:|S

1100 | L=2800 _ 1100

(c

Fig. 6.6 Beams buckling modes shape: a) local; b) global; c) global - amplitude
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6.3.4 Description of Abaqus model

The beam was meshed using quadrilateral conventional shell elements (namely type S4). Conventional
shell elements discretize a body by defining the geometry at a reference surface. In this case the
thickness is defined through the section property definition. Conventional shell elements have
displacement and rotational degrees of freedom. Static calculation is used only.

Element type S4 is a fully integrated, general-purpose, finite-membrane-strain shell element.

The element has four integration points per element, see Fig. 6.7

Fig. 6.7 Shell element S4 (points indicates nodes, cross indicates integration points)

The material law was defined by elastic-plastic nonlinear stress-strain diagram, where enough

data points were used for it.

For definition of mesh size in ABAQUS model, there were used 6 elements for flange width and

20 elements for web height. Along the beam, there were used 4 elements per 100 mm, see Fig. 6.8

4 elements per 100mm

(2]
- £
G )
= =
[ o
° @

o
© ~

Fig. 6.8 Numbers of element on beam

6.3.5 Description of Safir model
In SAFIR, the beams were discretized into several quadrangular shell elements with four nodes and six
degrees of freedom (3 translations and 3 rotations), see Fig. 6.9 These shell elements adopt the

Kirchoff’s theory formulation with a total co-rotational description and have been previously validated.

78



COST Action TU0904 y
CcosE

Integrated Fire Engineering and Response

The steel material law, contemplated in the software, is a two-dimensional constitutive relation
according to the non-linear stress-strain formulae, according to part 1-2 of the EC3 and the von Misses
yield surface. Dynamic calculations were performed, and the mesh used is indicated in Fig. 6.10.

The program SAFIR possesses two distinct calculation modules: one for the thermal behaviour
analysis; and another one for the mechanical behaviour analysis of the structure. The non-uniform
temperature evolution is calculated for each existing section type in the structure (thermal analysis).
Subsequently, the mechanical module of the program reads these temperatures and determines the

thermo-mechanical behaviour of the structure in an incremental analysis (structural analysis).

A Z =" (auss point
- Displacement

& et %%S):} Rotation

b

ey
Fig. 6.9 Shell element in SAFIR

2 elements per 100 mm
<>

Flange Web
6 elements 10 elements

Fig. 6.10 Numbers of element used in the mesh

6.4 DISCUSSION OF THE RESULTS
Fig. 6.11 shows the failure deformed shape of the beam with cross-section no. 1 obtained from the

numerical analyses.

79



COST Action TU0904
Integrated Fire Engineering and Response

SOE0Tm

b)
Fig. 6.11 Failure deformed shape on the: a) Abaqus analysis; b) Safir analysis

a)

The numerical models results are analysed in Fig. 6.12 and Tab. 6.3. This figure shows the load-
displacements relationship comparisons between the numerical analyses. The load corresponds to the
total force imposed on the two load application points. The shown displacement corresponds to the
vertical displacement at the bottom flange at mid span. In the charts the curves corresponds to the

results of the models.

Fig. 6.12 Load-displacement relation for the three beams
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From the charts it can be concluded that the two programs give results and mechanical

behaviours at high temperatures that are close from each other. Recapitulation of results is shown in

Tab. 6.3
Tab. 6.3 Comparison between Numerical models
Comparison between Numerical models (ABAQUS vs. SAFIR)
Test Total force [kN] Ratio
b Loading conditions
number & ABAQUS SAFIR (SAFIR/ABAQUS)
Displacement control 98.21 101.54 1.034
TEST 1
Force control 98.01 101.67 1.038
Displacement control 133.43 141.39 1.060
TEST 2
Force control 133.20 140.73 1.057
Displacement control 54.56 55.89 1.024
TEST 3
Force control 54.33 56.46 1.039

6.5 BENCHMARK STUDY PROPOSAL

The above described cases studied can be used as benchmark studies. For future researches on the

topic, all needed input data are given in this paper and summarised on Tab. 6.4.

Tab. 6.4 Input data

Dimensions

Cross-section dimensions

(Tab. 6.1)

Beams total length (for all beam)

5000 mm (Fig. 6.2b)

Heated beam length, length between lateral restraints and concentrated loads

(for all beam)

2800 mm (Fig. 6.2b)

End plates thickness (for all beam)

10 mm

Stiffeners thickness at the load application points (for all beam)

20 mm

Boundary and loaded conditions

Lateral restraints on the upper and bottom flanges at load applications points

Fig. 6.2b and 6.4

Supports

Fig. 6.2b and 6.5

First the beam is heated and only after the forces are applied

steady state

Loads application (controlled by)

Displacements/ Force
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Material properties

Steel plates yield strength Tab. 6.2

Steel plates young modulus Tab. 6.2
Reduction of material properties Paragraph 6.3.2
Steel temperatures Tab. 6.1
Residual stresses NO

Thermal expansion NO

Imperfections

Geometric imperfections shapes 1* local plus 1* global

buckling modes

Leading mode Test 1 Global buckling mode
Leading mode Test 2 Global buckling mode
Leading mode Test 3 Global buckling mode
Geometric imperfections maximum amplitudes 6.3.3

Several output data can be analysed. The first suggestion corresponds to the comparison
presented on the previous section, regarding the relationship between the applied load (2xF) and the
vertical displacement at the bottom flange at mid span. However, other displacements and rotations
such as lateral displacements on the upper flanges or rotation at the supports or even stresses

distribution are also important to better understand the behaviour of the beams.

6.6 SUMMARY

This paper presents numerical modelling using two different FEM software packages, on three fire
resistance tests to steel beams with slender I-cross-sections. The results are reasonably close between
them and it can be concluded that the mechanical behaviour during the complete duration of the fire
tests to the beams was fairly predicted by the numerical tests. All needed data for future simulations,

experimental tests or analytical validations was described.
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7 LOCAL BUCKLING OF STEEL CLASS 4 SECTION BEAMS

Summary

A significant progress in fire engineering research was made in the last decade. This resulted in more
precise structural fire design and higher reliability of steel structures. However, for design of very
slender sections (Class 4 cross-sections according to the Eurocode 3), where elevated temperature
affects also behaviour of elements subjected to local buckling, no wide research was published.
Therefore, the benchmark shows numerical simulations of slender open section beam at elevated

temperature where the bending resistance affected only by local instabilities was reached.

7.1 INTRODUCTION

A common practice in recent years is the design of structures not just for the standard design situation
but also in case of extreme events such as fire. Design of steel structures in fire was also supported by
European design standards (EN 1993-1-2:2005). For the slender sections, as described here, the design is
more complex because of the possible local instabilities. This leads to calculation of effective section
properties (EN 1993-1-5:2006) which makes the structural design more difficult compared to stocky
sections. Considering also the fact of very small background research for the slender sections at elevated
temperature, the possibility of using FE model may be therefore advantageous.

The focus of the benchmark studies is to carry out numerical simulations with Class 4 open | —
section beams. The load capacity was reached by pure bending on a simple supported beam loaded
symmetrically by two concentrated forces. The mid span of the beam was therefore loaded by uniform
bending moment with no shear force. The lateral restraint was considered in such way to avoid lateral
torsional buckling (see Fig. 7.1). Four cases with two types of cross-section were simulated at two
different temperatures. The selected sections and load set-up results from real tests carried out in the
framework of RFCS project FIDESC4.

The simulation assumed steady state test where the temperature is constant during the test and
the load increases. In this case, load was assumed as displacement controlled. Therefore, also the
descending branch of the load-deflection diagram was recorded. For both section types (Fig. 7.2), only

the central part of the beam was heated. The temperatures of 450 °C and 650 °C were used in the tests.
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1750

5000

Fig. 7.1 Simulated beam
The section A (IS 680/250/12/4) had the web of Class 4 and the flanges of Class 3, if classified

according to the current EN 1993-1-1:2005 (Fig. 7.2 a). The section B (IS 846/300/8/5) had both the web
and flanges of Class 4 (Fig. 7.2 b).

250 300
~ 11 1

glg ¢ 2 8 5
|
=
a) by =

Fig. 7.2 Cross sections used in the simulation:

a) section A, b) section B

7.2 FE MODEL
The numerical part includes description of a FE numerical model. It was made in general FE software

ABAQUS. The detailed description is given.

7.2.1 Mesh and elements

For the modeling of thin-walled elements, it is advantageous to use shell elements. These elements are
suitable for modelling of plates of the slenderness more than 10 (width to thickness ration) which was
satisfied for all parts of the selected profiles. Element S4 (Fig. 7.3) was finally used based on a

comparative study of the shell elements.
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S4

L EE—

Fig. 7.3 Shell element S4

The shell element S4 has four nodes with six degrees of freedom (three displacements and three
rotations), linear approximation and full integration (4 integration points on the surface of the element).
It can be used in the calculation of large deformations and large rotations.For each model of the beam,
there were 200 nodes used in the direction of the web length. Across the web width 16 elements were
used, whereas the flanges were represented by 6 elements in their width. The structural mesh is shown

in Fig 7.6.

7.2.2 Geometrical imperfections

Local imperfections were introduced by the shape of the first elastic buckling eigenmode (Fig. 7.4). The
amplitude in the benchmark example was considered by the value given in the design code EN 1993-1-5.
The imperfections of the flange was 2x1/200 times the length of the outstanding flange and amplitude

for the web was 1/200 of web height.

a) b)

Fig. 7.4 The first elastic buckling eigenmode shape, a) simulation 1 and 2, b) simulation 3 and 4

The residual stresses in the section were not included in the study, despite their influence on the load

capacity may be not negligible.
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7.2.3 Material modeling

Mechanical properties were defined for structural steel S355 (yield strength f, = 355 MPa, modulus of
elasticity £ = 210 GPa, Poisson’s ration v = 0.3). Mechanical properties at high temperature were
obtained using the reduction factors dependent on temperature as given by EN 1993-1-2. Material
behaviour at high temperature was defined by the elastic-plastic non-linear stress-strain relationship

(Fig. 7.5).

a5t ; 20°C

450°C

650°C

0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00% 3.50% 4.00% 4.50%
Strain £

Fig. 7.5 Stress—strain relationship for steel S 355 depending on the temperature

7.2.4 Boundary conditions and loading

For the simulation, boundary conditions were defined according to the Figure X.1. All nodes of the lower
flange support on one side (point “a” in Fig. 6) were restricted to the vertical direction and the direction
of the beam axis. The other side supported all nodes across the flange width in the vertical direction
only (node “d”). The hinged support was chosen on the left side of the model (point "a" ) and the roller
on the right-hand side (point "d"), see Fig. 7.6. On the left side, shift in the direction of the x, y, z axis
and the rotation about the x axis were blocked, the rotation about the z axis was possible. On the right-
hand side, the boundary conditions were the same except the free horizontal movement in the direction
of the beam axis x. For the section where the load was applied (points "b", "c"), lateral restraint is
considered (in the direction of the z axis).

The static structural analyses (load—displacement analyses) were performed to predict the load-
deflection behaviour of the steel beams. Regarding the application of load, two concentrated loads were
defined incrementally by means of equivalent displacements to record also the descending branch of
the diagram. Vertical displacements were applied at the top flange at the two points (Fig. 7.1) and the

load step increments were varied in order to solve potential numerical problems. The region between
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the two loading points (L = 1500 mm) is the part decisive for the member resistance where uniform

bending moment acts. Load points are also shown in Fig. 7.6.

Ux=Uy=Uz=0
Ox=Qy=0

Loading points

UxzUyz 0
Fig. 7.6 Loading and boundary conditions for beam model

7.2.5 Temperature distribution in numerical model

Each beam was modelled at constant temperature. The side parts between the support and the load
point were considered at room temperature (20°C) whereas the central part at elevated temperature as
specified in Table 7.1 (Fig. 7.7). This simulated tests where only the central part was heated by ceramic

pads with rheostatic wires.

Fig. 7.7 Temperature distribution in numerical modeling

Tab 7.1 Temperatures for the simulations

A (1S 680/250/4/12) B (1S 846/300/5/8)
Simulation 1 2 3 4
Temp. [°C] 450 650 450 650
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7.3 RESULTS OF THE NUMERICAL SIMULATION
The results obtained by the numerical simulations are presented in this section. Failure mode of

numerical model is also given in the figures.

7.3.1 Simulation 1 and Simulation 2 (1S 680/250/4/12)
The following figures (Fig. 7.8 and 7.9) show the deformed shape of the central heated part and load-

deflection diagram.

Fig. 7.8 Central part of the beam for the simulation 1 and 2

700

600

500

400

F [kN]

300

200

100

U [mm]
=—FEM_1 =——FEM_2

Fig. 7.9 Load-deflection diagram for simulation 1 and 2
7.3.2 Simulation 3 and Simulation 4 (1S 846/300/5/8)

Figures 7.10 and 7.11 show the failure shape and load-deflection diagram for the numerical simulation 3

and 4.
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600

500

U [mm]
=—FEM_3 ——FEM_4

Fig. 7.11 Load-deflection diagram for simulation 3 and 4

The ultimate load capacity given in means of the maximum load applied is listed in the following
table (Tab. 7.2).

Tab. 7.2 Load capacity of the simulated beams

Max. load [kN]
Simulation Cross-section
FEM
1 Al (IS 680/250/4/12) 588.73
2 A2 (IS 680/250/4/12) 221.13
3 B1 (IS 846/300/5/8) 528.28
4 B2 (IS 846/300/5/8) 203.62
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7.4 CONCLUSIONS

The benchmark example shows a FE numerical model of Class 4 open section beams with no influence of
lateral-torsional buckling. Two types of the sections were considered, both at two levels of temperature.
The example shows the details of the model including boundary conditions, imperfections etc. As a

result, the load-deflection curves of steady state test simulation as well as the failure modes are given.

References

ABAQUS: Analysis user’s manual, Volumes I-1V, version 6.10. (2010). Hibbitt, Karlsson & Sorenses, Inc.,
Providence, R.I, USA.

CEN. Eurocode 3: design of steel structures, part 1.1: general rules and rules for buildings (EN 1993-1-
1:2005). Brussels, 2005

CEN. Eurocode 3: design of steel structures, part 1.2: general rules—structural fire design (EN 1993-1-
2:2005). Brussels, 2005

CEN. Eurocode 3: design of steel structures, part 1.5: plated structural elements (EN 1993-1-5:2006).
Brussels, 2006.

91



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

WG@G2 - Robert Pecenko, Robert.Pecenko@fgg.uni-lj.si

WG@G?2 - Jerneja KolSek, jerneja.kolsek@zag.si

WG2 - TomazZ Hozjan, tomaz.hozjan@fgg.uni-lj.si

WG2 - lan Burgess, ian.burgess@sheffield.ac.uk

8 SIMPLE STEEL STRUCTURES

Summary

In a series of benchmark cases simply supported steel beam and steel frame have been studied. Exact
descriptions of the beam and frame are given below. The aim of this benchmark study is focused on
mechanical behaviour, and therefore the temperature fields in steel elements are kept as simple as
possible; in all cases the temperature field in the steel cross-section is uniform, and in most cases equal
to the heating regime.

Fire analysis is divided into two independent phases. The first step comprises the determination
of temperature fields in steel elements subjected to a given fire temperature-time regime based on a
given heating regime. To keep the cases as simple as possible the heating regime was usually linear, or
in some cases equal to the 1ISO834 standard fire curve. In the second step of the fire analysis, the stress
and strain fields due to the combined effects of mechanical and thermal loads are obtained. In a series
of benchmark cases, various scenarios were considered, in which the load g, the heating regime, the

material model and the boundary conditions were changed. A list of cases is given in tabular form.

8.1 ANALYSIS

8.1.1 Thermal analysis

The focus of this study is on mechanical behaviour, and therefore thermal analysis is in most cases
omitted. When there is no thermal analysis the temperature in steel cross-section is considered as
uniform and equal to the time-temperature curve of the heating regime; in the examples defined in
Tables 41.1 and 41.12 the thermal analysis is denoted as ‘None’. Otherwise the simplified method given
in EN 1993-1-2 (2004) is used to calculate the increase of temperature in an unprotected steel member.

During a time interval At a uniform steel temperature is calculated using the incremental equation

AG,

a,t

=Ky, Ag“/v Mo Ot (1)

al~a

in which:

92



COST Action TU0S04 vy
Integrated Fire Engineering and Response L E D 5 t
K, is a correction factor for the “shadow effect”,

A IV s the section factor for the unprotected steel member [m™],

An is the surface area of the member per unit length [m?/m],
V is the volume of the member per unit length [m?/m],

Ca is the specific heat of steel [J/kgK],

P, is the unit mass of steel [kg/ms],

hﬂ is the design value of the net heat flux per unit area [W/m?],
At is the time interval [s].

For I-sections the correction factor for the “shadow effect” under the influence of a fire curve such as

1ISO834 is determined as:

ke, =0.9[A,/V], /[AV], 2)

where [An/V]b is a section factor for an imaginary box which encloses the I-section. In all other cases,

the value of Kg, should be taken as:

kn =[AL/V], /[AIV]. (3)

Figure 8.1 shows the difference between the section factor and the its “box” value.

i o s mresessm it ———

e i )

Fig. 8.1 Section factor and box value of section factor
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The temperatures of the steel cross-section with time are given in the output Excel

spreadsheets.

8.1.2 Mechanical analysis

Description of the software used

All cases have been modelled with the software ‘POZAR’. This program uses a strain based finite
element formulation to determine the mechanical response of the planar frame subjected to time-
varying mechanical and temperature loadings. The formulation is based on the kinematically exact
planar beam theory of Reissner (1972). e. The remaining unknown functions, (the displacements,
rotations and internal forces and moments) appear in the functional only through their boundary values.
The finite element formulation yields a system of discrete generalised equilibrium equations of the
structure, which are solved by the Newton incremental iterative method.

In the model an iterative method is used, and the whole time domain is divided into time
increments At = t - t"™%. Based on the given stress and strain state at the time t* and temperature T at t,
we can determine the geometrical strains D of any point of the steel beam at time t. Considering the
principle of additionality of strains and the material models of steel at elevated temperatures, the strain

increment, AD', consists of the sum of the individual strain increments due to temperature AD!, stress

th 7
AD;,, and creep AD!, . The temperature strain increment is calculated from the EC 3 formula. The creep
strains are explicitly considered only when a bilinear material model is used, when they are calculated

with the help of the Williams-Leirs (1983) model.

Material models

In the analyses presented the stress-strain relationship of steel at elevated temperatures, and its
thermal expansion strain, are taken from EN 1993-1-2 (2004) in most cases. The reduction factors for
the mechanical properties of steel are also in accordance with Eurocode 3. In some cases a bilinear
material model (Srpci¢, 1991) was used and reduction factors according to the French standard (CTICM,
1976) were used. This material model is shown in Fig. 8.2, and the reduction factors are given in Fig. 8.3.
In the case of the bilinear material model creep strains were included in the analysis, with material

parameters which correspond to steel of the type Austen 50 (Williams and Leir, 1987).
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Fig. 8.2 Stress-strain relationships of steel at elevated temperature. (a) EN 1993-1-2 (2004). (b) Bilinear

material model (CTICM, 1976)
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Fig. 8.3 Temperature-dependent reduction factors for carbon steel (EN1993-1-2, 2004)

Creep of steel

Creep of steel at normal temperatures is almost negligible. At elevated temperatures (T > 400°C) it

cannot be neglected. The mathematical model used for the mechanical part of fire analysis is the one

suggested by Williams-Leir (1983):

Aé,, = sign(o) b, [Goth? (b, [,

)

(4)

In which b1 and b2 are functions of stress o, and temperature T. For a detailed description of

the mechanical and material models refer to (Hozjan et al., 2007).
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8.2 EXAMPLES
8.2.1 SIMPLY SUPPORTED STEEL BEAM
The beam, having an UB 406x178x67 cross-section and a length of 8.00 m, are subjected to a constant

uniform load g and then heated uniformly along the entire length (Fig. 8.4).

cross-section A-A

UB 406x178x67
q . 178.8 |
BLadi il = =143
[ ] 5 uwnits in mm
A é <
8.00 m _— =

[ |
I |

Fig. X.4 Simply supported steel beam

Following ambient temperature material data are used: elastic modulus of steel E;,, = 21000
kN/cm?, yield strength of steel f20= 27.5kN/cm? and Esp20 = 210 kN/cm?. Hardening modulus does not
change with temperature. Table 8.1 lists the analyses performed. The names of the examples

correspond to those of the Excel input and output spreadsheets which are presented separately.

Tab. 8.1 List of performed analyses

Name Material Load q Heating Thermal Creep Boundary
model [N/mm] regime analysis conditions
SS_B1 EC3 20 and 40 linear none NO pin - roller
30C/min
SS_B2 EC3 20 and 40 linear none NO pin - pin
30C/min
SS_B3 EC3 20 and 40 1SO834 Simplified, NO pin - roller
EC3
SS_B4 EC3 20 and 40 1SO834 Simplified, NO fix - fix
EC3
SS_B5 Bilinear 20 and 40 1SO834 Simplified, YES pin - roler
EC3
SS_B6 Bilinear 20 and 40 1SO834 Simplified, YES fix-fix
EC3
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8.2.3 RESULTS
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SS_B1 Displacements
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Fig. 8.5 Midspan displacement for case SS_B1
SS_B2 Displacements
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Fig. 8.6 Midspan displacement for case SS_B2
SS_B3 &SS_B5 Displacements
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Fig. 8.7 Midspan displacement for case SS_B3 and SS_B5
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SS_B4 and SS_B6 Displacements
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Fig. 8.8 Midspan displacement for case SS_B4 and SS_B6

SS_B2 Axial force at central-node

——N-20 N/mm
——N-40 N/mm

25

30

Time (min)

Fig. 8.9 Axial force for case SS_B2
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Fig. 8.10 Axial force for case SS_B4 and SS_B6
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8.2.4 STEEL FRAME

The next subject of this benchmark study is a steel portal frame. The frame consists of two steel
columns connected by a steel beam. The span of the beam is 5 m and the height of both columns is 3.5
m. Columns are supported at pinned bases. The cross-section of all elements is HEA 300, and all
members are heated uniformly along their entire lengths. Additionally, the beam is subjected to a
constant uniform load intensity q. (Fig. 8.11). Following ambient temperature material data are used:
elastic modulus of steel E;,;, = 21000 kN/cm?, yield strength of steel f, ;0 = 27.5kN/cm? and Espo0 = 210

kN/cm?. Hardening modulus does not change with temperature.

q
IRRRRRRRRRRRRRnNn] cross-section A-A

HEA 300
. t,=14.0
T T o0 (=85
A — units in mm

g o
= &
w

I3}

[ ]

A 5.00 m Kd N

[ 1

Fig. 8.11 Steel frame

Table 8.2 lists the analyses performed. The names of the examples correspond to those of the

Excel input and output spreadsheets which are presented separately.

Tab. 8.2 List of performed analysis.

Name Material Load q Heating Thermal Creep Boundary
model [N/mm] regime analysis conditions
FR_BS1 EC3 30 1SO834 Simplified, NO pin - pin
EC3
FR_BS2 Bilinear 30 I1SO834 Simplified, YES (Au50) pin - pin
EC3
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8.2.5 RESULTS

FR_BS1 and FR_BS2 Displacements
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Fig. 8.12 Midspan displacement for case FR_BS1 and FR_BS2
FR_BS1 Axial force at central-node (beam element)
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Fig. 8.13 Axial force for case FR_BS1 and FR_BS2
8.3 SUMMARY

This report summarises at 13 pages the results of a benchmark study of simply supported steel beams
and frames exposed to mechanical loading and thermal loading. The results are presented for various
load levels, boundary conditions. Two material models were considered. In material model according to
EN 1993-1-2 creep of steel at elevated temperature is considered explicitly while in bilinear material

model creep is considered explicitly.
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9 COMPOSITE BEAMS

Summary

In this benchmark case, a composite beam subjected to a uniform area load and exposed to fire, has
been studied. The temperature curve and pattern is defined in the input data. The fire heating regime
which has been used in is the ISO 834 / EN 1991-1-2 Standard Fire curve. The aim of this benchmark
study is to examine the mechanical behaviour of a composite beam under fire conditions. Therefore,
results for the acting axial force on the composite beam and vertical displacements, both for critical

positions on the beam, are provided in this report.

Table 9.1 Benchmark study

TEMPERATURE CURVE REF CONTENTS

BS476 Standard Fire Curve BMS6 Composite beam

9.1 ANALYTICAL BACKGROUND
9.1.1 Thermal analysis
It is important to represent steel beams which support concrete slabs appropriately. The temperature
in the steel cross-section forms a non-uniform pattern in which each major element of the section’s
temperature is a proportion of the heating temperature curve. These proportions vary with time and
with the particular heating curve being applied.

In analytical design the simplified method given in EN 1993-1-2 (2005) is used to calculate a
uniform representation of the temperature in a steel member. During a time interval At, the steel

temperature increment is calculated from the equation (EN 1993-1-2, 2005):

IV -
6, =k, 2V at, (1)
where:
kSh Is a correction factor for the ‘shadow effect’,

A IV s the section factor for unprotected steel members [m-1],
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An is the surface area of the member per unit length [m2/m],
Vv is the volume of the member per unit length [m3/m], (c/s area if prismatic),
Ca is specific heat of steel [J/kgK],
P. is the unit mass of steel [kg/m3],
hﬂ is the design value of the net heat flux per unit area,
At is the time interval [s].

For I-sections the correction factor for the shadow effect under the influence of a test fire such

as the I1SO 834 standard curve is determined as:

ke, =09[A,/V], /[A.IV], (2)
[An1V]

the value of ksh should be taken as:

ke =[AL/V], [ AL1V]. (3)

where b is a section factor for an imaginary box that embraces the I-section. In all other cases,

In the Vulcan analyses undertaken in this study, in order to maintain a consistent link between
mechanical properties and temperature rather than to make time an explicit parameter, fixed

proportions of the heating curve temperature are used for the main parts of the steel cross-section.
Figure 9.1 illustrates the difference between the section factor and its box value.

Am Am,b

l

Ak

vlv
perimeter exposed perimeter
c/s area c/s area
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Fig. 9.1 Section factor and box value of section factor

9.1.2 Mechanical analysis

Description of the Vulcan software used

This study was conducted using the computer program Vulcan, which has been developed at the
University of Sheffield for many years. In this program steel-framed and composite buildings are
modelled as assemblies of finite beam-column, connection and layered floor slab elements. For
composite floor systems it is assumed that the nodes of these different types of element are defined in
a common fixed reference plane, which is assumed to coincide with the mid-surface of the concrete slab
element. The beam-columns are represented by 3-noded line elements with two Gaussian integration
points along their length, as illustrated in Fig. 9.2.

The nonlinear beam-column element matrices are derived from the general continuum
mechanics equations for large-displacement/rotation nonlinear analysis. Each of the three nodes of the
beam-column element has six degrees of freedom. The main assumptions of the elements can be
summarized as follows:

Cross sections remain plane and undistorted under deformation and there is no slip between
segments. They do not necessarily remain normal to their reference axis, as they are originally located,

as displacement develops.
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Fig. 9.2 Three dimensional segmented 3-noded beam-column element

The “small strain and large deformation” theory is adopted. This means the displacements and

rotations can be arbitrarily large, but strains remain small enough to obey the normal engineers’

definition.

| b |
Nodek | |
o A
a
\\‘
\
Segment

Fig. 9.3 Division of the cross section of beam-column elements into segments

The cross section of a beam-column element is divided into a matrix of segments, as shown in
Fig. 9.3, each segment can then have its own material, thermal and mechanical properties, and its own
temperature, at any stage of an analysis. This allows modelling of different temperature distributions
across a member’s cross-section, and therefore the different the thermal strains and changes of
material properties that accompany different temperatures across the section can also be tracked.

A bibliography of papers describing the development of Vulcan is given at the end of this article.
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The stress-strain relationships of steel at elevated temperatures and its thermal strains,

calculated in accordance with EN 1993-1-2 (2005), were used in all cases. The reduction factors for

properties of steel are also in accordance with EC3. The material model for steel is shown in Fig. 9.4 and

the reduction factors are given in Fig. 9.5.

In the Vulcan analysis an explicit model of creep has been

excluded, although the Eurocode stress-strain relationships implicitly allow for some creep.

! X 993-1-2
\ . 21-7-
- \\\'. EN1 l(,;l :
S O : g og NN ==k
[p,=08 o NN Tk
2 D= s 0§ N
R 2 I : B . \
ﬁ p.T D - _g \\ -
Y 2 04 o\
D < -
s il & \\
ET . -g 02 \\'\\"
%o b [ S
o T 0 200 400 600 ,800 1000 1200
Strai D, Temperature [C]

Fig. 9.5Temperature-dependent reduction
factors for carbon steel (EN1993-1-2,
2005; CTICM, 1976).

Fig. 9.4Stress-strain model for steel at elevated
temperature (EN 1993-1-2, 2005)

In the 3-dimensional non-linear finite element procedure which is the theoretical basis of
Vulcan, a composite steel-framed building is modelled as an assembly of beam-column, spring, shear
connector and slab elements (see Fig. 9.6). The nodes of these different types of element are defined in
a common reference plane, which is assumed to coincide with the mid-surface of the concrete slab
element. Its location is fixed throughout the analysis.

In order to model composite slabs including their ribbed lower portion, a modified layered
orthotropic slab element has been developed. The slab elements are modelled using a layered plate
element based on Mindlin/Reissner theory. Each slab layer can have different temperature and material
properties, which may be associated with thermal degradation. An effective stiffness model has been
incorporated in the layered procedure to account for the orthotropic properties of composite slabs. A
maximume-strain failure criterion is adopted. A smeared model has been used in calculating element
properties after cracking or crushing has been identified at any Gauss point. After the initiation of
cracking in a single direction, concrete is treated as an orthotropic material with principal axes parallel
and perpendicular to the crack direction. Upon further loading of singly cracked concrete, if the tensile
strain in the direction parallel to the first set of smeared cracks is greater than the maximum tensile
strain then a second set of cracks forms. After compressive crushing, concrete is assumed to lose all

stiffness. The uniaxial properties of concrete and reinforcing steel at elevated temperatures, specified in
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EN 1994-1-2, are adopted in this model.

Slab elements

Reference plane »%

Slab node

Beam elements

Connector element Beam node

Fig. 9.6 Division of the cross section of beam-column elements into segments

The layered procedure includes geometric non-linearity in modelling slabs. A quadrilateral 9-

noded higher-order isoparametric element is used, and a Total Lagrangian approach is adopted.

9.2 EXAMPLES

9.2.1 BMS_6: Composite beam

For this benchmark study the temperature curve and pattern used is given below:

Figures 9.7 and 9.8 indicate the temperature against time curves of the fire and the main parts of the
cross section; these temperatures are not uniform if the upper flange supports a concrete slab. A
simplified temperature variation with time within the main elements of the section is represented in
Vulcan using a ‘temperature pattern” which scales the controlling fire temperature curve by fixed factors
for each of these elements. The concrete slab is treated as of uniform depth, and a bilinear temperature

profile is assumed through the slab depth at any time of the fire.
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Fig. 9.7 Temperature Curves at key locations of each element (ISO834/BS476 Standard fire)

Temperature distribution on downstand steel beam
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Fig. 9.8 Temperature distributions

Excel input and output spreadsheets which are presented separately.

Tab. 9.2 Analysis performed

Temperature distribution on slab

Table 9.2 shows the analysis performed. The name of the example corresponds to those of the

Name Material Load Heating regime Thermal Cree Boundary
model [KN/m2] greg analysis P Conditions
BMS_6 EC3 5 BS476 Standard fire EC3 NO Without columns
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A 2 x 8m composite beam with concrete slab of section: UB 457x191x98, S355 with mesh

0.5x0.5m is subjected to a uniform area load of 2.5KN/m? and then heated uniformly along its entire

volume (Fig. 9.9).

Node 263

D s S
< ty=114
N
N~
S ti= 19.6
Y O
L1928+
Node 232
Node 1
UB 457x191x98
Fig. 9.9 0.5x0.5m mesh composite beam S355 cross-
section
9.2.2 RESULTS
Vertical Displacements:
BMS6 Vertical displacements
0 T T T T T
30 40 50 60 70 80 90
50
E 100
E, mlllu..“."
£ -150
% ...'lu..."u
& 200 "'lu.....-‘.h.
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—— Micd-node
300 - ““’"“*«
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Fig. 9.10 Vertical displacements at midpoint and quarter-point of the beam.
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Axial Force:

BMS6 Axial force at mid-node
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S
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Fig. 9.11 Axial force at centre of slab
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10 SIMPLE COMPOSITE BEAMS

Summary

In a series of benchmark cases simply supported composite beam is studied. Exact descriptions of the
beam are given below. The aim of this benchmark study is focused on mechanical behaviour, and
therefore the temperature fields in concrete deck and steel element are kept as simple as possible; in all
cases the temperature field in the steel and concrete cross-section is uniform, and equal to the heating
regime.

Fire analysis is divided into two independent phases. The first step comprises the determination
of temperature fields in steel elements subjected to a given fire temperature-time regime based on a
given heating regime. To keep the cases as simple as possible the heating regime was linear. In the
second step of the fire analysis, the stress and strain fields due to the combined effects of mechanical
and thermal loads are obtained. In a series of benchmark cases, various scenarios were considered. Aim
of the study is to present the influence of contact law, i.e. different 'shear force/interlayer slip'
relationships are considered. Beams are exposed to point load or to uniform load. A list of cases is given

in tabular form.

10.1 ANALYSIS

10.1.1 Thermal analysis

For the sake of simplicity and to focus on mechanical behaviour the heat transfer is omitted in this
benchmark study. The temperatures are said to be distributed uniformly across the entire cross section
of the composite beam. The rate of the temperature rise in the steel beam cross-section is defined as

30°C/min and in concrete slab temperature rise is equal to 9°C/min.

10.1.2 Mechanical analysis
Description of the software
All cases have been modelled with the software ‘COMP-FIRE’. This program uses a strain based finite

element formulation to determine the mechanical response of the planar frame subjected to time-
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varying mechanical and temperature loadings (Planinc, 2001). The formulation is based on the
kinematically exact planar beam theory of Reissner (1972). The remaining unknown functions, (the
displacements, rotations and internal forces and moments) appear in the functional only through their
boundary values. The finite element formulation yields a system of discrete generalised equilibrium
equations of the structure, which are solved by the Newton incremental iterative method. For a full
description of the mechanical model reader is referred to (Hozjan et al., 2011, 2013).

In the model an iterative method is used, and the whole time domain is divided into time
increments At = t - t". Based on the given stress and strain state at the time t* and temperature T at t,
we can determine the geometrical strains D of any point of the steel beam at time t. Considering the
principle of additivity of strains and the material models of concrete and steel at elevated temperatures,
the strain increment, AD', consists of the sum of the individual strain increments due to

temperature AD,, , stress AD; . In general software ‘COMP-FIRE’ explicitly considers also creep of steel

and for concrete creep and transient strains, but are here due to simplicity omitted. Details can be
found in (Hozjan et al., 2011, 2013). The temperature strain increment is calculated from the EC 3 (2004)
formula for the steel and according to EC 2 (2004) for concrete.

The cross section of a composite beam is divided into subsections. Subsections are then divided
into small segments, as shown in Fig. 10.1. Each subsection can then have its own material, thermal and
mechanical properties the integral over the cross-section is written as a sum of integrals over the
individual segments. The integral over each individual segment is evaluated by the Gaussian 3x3 point

rule.

2N

a segment
a sub section

Fig. 10.1 The mesh of the Gaussian integration nodes over the cross-sections of the composite beam

element

Material models

The stress-strain relationship and free thermal expansion strains, are taken from EN 1992-1-2 (2004) for

concrete and EN 1993-1-2 (2004) for steel (Fig 10.2 (a) and 10.3 (b)). The reduction factors for the
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mechanical properties of concrete and steel are also in accordance with EN 1992-1-2 (Fig 10.2 b)) and

EN 1993-1-2 (Fig 10.3 (b)).

(a) EC2 constitutive model of concrete: (b) reductiorcoefficient for concrete
1
5 —siliceous
% 0.8 aggregates
O
£ 0.6
o
o
c 04
§e]
£
2 02
o
: : 0
Docr Do cur 0 200 400 600 800 1000 120(
mechanical strail, temperaturd [°C]

Fig. 10.2 (a) Stress-strain relationships of concrete at elevated temperature. (b) Temperature-

dependent reduction factors for siliceous concrete (EN1992-1-2, 2004)

(a) ECS constitutive model of steel: (b) reductioncoefficient for steel
1
fygheemeeeemenneeseeessas : \ 0.8
[D=08 | . Ky
2 D,=0.15 | : ~ 06
g fva """"" : — x: Kor ke
Dp.T = fp‘T/ET
i : 0.2
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strainD, temperaturd [ C]

Fig. 10.3 (a) Stress-strain relationships of steel at elevated temperature. (b) Temperature-dependent

reduction factors for carbon steel (EN1993-1-2, 2004)

The steel beam and concrete slab connection
Connection between steel beam and concrete slab is usually made of shear studs. Such a connection is
assumed to be flexible, therefore, it allows for longitudinal as well as transversal slips to evolve between
the layers during the deformation. It is a common practice in engineering design that the layers are
rather rigidly connected in the transverse direction, which encourages us to assume that the transverse
separation can be neglected.

The constitutive law of the contact is usually determined with the standard pull-out shear test.

Results of such a test present the relationship between the resultant shear force P,,; and the interlayer
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slip in the direction of the ‘pull-out’ force. Furthermore, with rising temperature the stiffness of the
contact connection decreases and this has to be accounted in the constitutive law of the contact. In the
analysis the contact tangent traction vs. slip relation p; on the steel-concrete contact is nonlinear (Fig.
10.4 (b)) and is adopted as (Huang et al., 1999):

pe=A Pmal1-€™), (1)
where p; .qx the bearing capacity of studs per unit length and is derived from the total capacity of one
stud and the corresponding equivalent shear surface of the contact, A is the slip between layers, A and
B are empirical coefficients of the equation, which are temperature-dependent. The values of A and B
are listed in the Table 10.1 and were determined by in Huang et al. (1999).
For the sake of simplicity and to present the influence of contact law on the mechanical behaviour of the
composite beam linear contact law (Fig 10.4 (a)) is also considered in the benchmark cases, determined
as:

pe = KA, (2)
where K7 is called slip modulus. To take into account the influence of the temperature K; is determined
idas K7 = ke Kyo. Where Ky is the slip modulus at ambient temperature and k. is the reduction factor of
young modulus according to the EN 1993-1-2 (2004) as presented on Fig. 10.3 (b). Reader should be
noted that contact law determined with Eq. (2) is not realistic and was introduced wit purpose to
simplify the benchmark cases. Even simpler constitutive law is considered in benchmark analyses in
order to make the benchmark cases simple as possible. Therefore temperature independent contact law
is also considered, determined as:

p: = KA. (3)

)

(a) linear contact law

(b) nonlinear contact law

= 1 3
£ ~
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Fig. 10.4 (a) Temperature dependent constitutive law of contact force p; (a) linear relationship and (b)

nonlinear relationship (Huang et al. 1999)
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Tab. 10.1 reduction coefficient A and B for calculations of temperature dependent nonlinear contact law

Temperature [°C] <100 200 300 400 500 600 700 2800
A 1 1 0.9063 0.8567 0.5909 0.3911 0.1964 0.1472
B 1.2789 1.0297 1.0095 0.9781 0.9163 0.7985 0.9251 0.8967

10.2 EXAMPLES

SIMPLY SUPPORTED COMPOSITE BEAM

The geometric data and the numerical model of the composite beam are schematically presented in Fig.
10.5.The simply supported beam has length of 5.00 m and is subjected to point load or uniform load as
presented on Fig 10.5. Following ambient temperature material data are used: elastic modulus of steel
E,» = 21000 kN/cm?, yield strength of steel f, ;0 = 27.5kN/cm?, compressive strength of concrete f., =
3.50 kN/cm? and elastic modulus of concrete E.,0 = 3300 kN/cm?. Temperature of contact is in cases

when temperature depended constitute law is considered equal to the temperature of the steel cross-

section.

15m 10m 10m 15m
I I I

Cross section A-A, all units in cm
= = p ‘ 80.0 .

al || o

| —
2 >
Q.. x> =
A BS 476 So e
‘@ @ ‘@ ‘@ ‘@ ‘@ < % g & t,=1.40
N =0.8!
| >00m | 7| HEA300
P=10kN mn
30.00 ‘

Fig. 10.5 Simply supported composite beam

Table 10.2 lists the performed analyses. The names of the examples correspond to those of the
Excel input and output spreadsheets which are presented separately. Analyses are performed for
various slip modulus K for linear relationship of the contact law (Eq. (2) and (3)) and various values of

Ptmax fOr nonlinear contact law.

Tab. 10.2 List of performed analyses

Name Load Heating regime Thermal Constituive
analysis contact law
BM_CB1 Point steel: 30°C/min none llinear Eq. (3)
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P =10000 N concrete: 9°C/min T independent
BM_CB2 point steel: 30°C/min none linear Eq. (2)
P =10000 N concrete: 9°C/min T dependent
BM_CB3 point steel: 30°C/min none nonlinear Eq. (1)
P=10kN concrete: 9°C/min T dependent
BM_CB4 uniform steel: 30°C/min none linear Eq. (2)
g =20 N/mm concrete: 9°C/min T dependent
BM_CB5 Uniform steel: 30°C/min none linear Eq. (2)
g =50 N/mm concrete: 9°C/min T dependent
BM_CB6 uniform steel: 30°C/min none nonlinear Eq. (1)
g=2kN/m concrete: 9°C/min T dependent
BM_CB7 uniform I1SO834 none nonlinear Eq. (1)
g=5kN/m T dependent
RESULTS
BM_CB1 Displacements
0 B—m—g = i T T T T T 1
5 10 - 15 25 30 35 40
-20 -
_40 T \
= 60 - K=1e+02 \e
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= .80 | g
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g -100 4 —=—K = 1e+05
8 120 - ——K = 1e+06
Q.
8 140 - ——K = 5e+06
K=1e+07
-160 -
——K=1+e08
-180 -+
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Fig. 10.6 Midspan displacement for case BM_CB1 and various slip modulus K (N/mm?)
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Fig. 10.7 Midspan displacement for case BM_CB2 and various slip modulus K (N/mm?)
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Fig.

10.8 Midspan displacement for case BM_CB3 and various slip modulus p; max (N/mm)
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Fig. 10.9 Midspan displacement for case BM_CB4 and various slip modulus K (N/mm?)
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Fig. 10.10 Midspan displacement for case BM_CB5 and various slip modulus K (N/mm?)
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Fig. 10.11 Midspan displacement for case BM_CB6 and various slip modulus p; max (N/mm)

BM_CB7 Displacements
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Fig. 10.12 Midspan displacement for case BM_CB7 and various slip modulus p; max (N/mm)

10.3 SUMMARY

This report summarises the results of a benchmark study of simply supported composite steel-concrete
beams. The results are presented for various loads and various constitutive contact laws with different
shear stiffnesses. Material models of steel and concrete are taken according to EN 1992-1-2 and EN
1992-1-2. EN 1992-1-2. Aim of the study was to present the influence of contact law, i.e. different 'shear

force/interlayer slip' relationships on mechanical behavior of simply supported composite beam.
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11 SIMPLY SUPPORTED SIDE-PLATED RC BEAM

Problem definition

We consider a simply supported reinforced concrete (RC) beam, externally strengthened with two
bolted steel side plates, exposed to two-point mechanical loading and thermal loading. To obtain the
position and the magnitude of the mechanical loads as well as other geometric characteristics of the
problem, observe Fig. 11.1a. To model the observed structure, 12 planar beam finite elements and 13
equidistant nodes will be employed in the numerical analysis (Fig. 11.1b). In the analysis, we will obtain:
(a) time dependent increase in the mid-span (node 7) deflection of the RC beam, (2) time dependent
increase in the mid-span (node 7) axial force of the RC beam, (4) time dependent increase in the shear
force of the RC beam at the position X= 120 cm (node 5), (5) time evolution of the horizontal slip
between the RC beam and each of the side plates at the right end of the beam (node 13), and (6) time
evolution of the vertical slip between the RC beam and each of the side plates at the right end of the
beam (node 13). The observations will be made for the time domain of 60 minutes and for three
separate cases exploring the effects of the number of bolts within each of the 2 parallel bolt-rows
installed at each end and each side of the beam (see Fig. 11.1a). Firstly, a ‘4x8-bolts’ RC beam/side plate
connection will be explored, secondly, the number of bolts in each individual row of the contact

connection will be reduced to 5, and, finally, a ‘4x3-bolts’ contact connection will be considered.

11.1 INPUT DATA
11.1.1 Geometry and numerical model

The geometric data and the numerical model of the problem are schematically presented in Fig. 11.1.

11.1.2 Thermal analysis
For the sake of simplicity and to focus on mechanical behaviour the heat transfer is omitted in this
benchmark study . The temperatures are said to be distributed uniformly across the entire cross section

of the side-plated beam and the rate of the temperature rise in the cross-section is defined as 10°C/min.
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11.1.3 The beam/side plate connection

The side plates are assumed to be symmetrically bolted to the beam’s sides. Such connection is assumed
to be flexible, therefore, it allows for longitudinal as well as transversal slips to evolve between the
layers (i.e. the RC beam and the side plate) during the deformation.

The constitutive law of the contact at the ambient temperature is defined implementing a
bilinear approximation of the results of the standard pull-out shear test for a ‘one-bolt-per-side’ contact
connection presented by Su (2010) and Siu and Su (2011) (see Fig. 11.2). This law presents the
relationship between the resultant shear force P,,; and the interlayer slip in the direction of the ‘pull-
out’ force when employing the strength of two (one-per-side) bolts. For obtaining the ‘bolt force-slip’

response of an individual bolt, therefore, the shear force P,,;, shown in Fig. 11.2, should be divided by 2.

(a) Geometry

A-A )
row of 8, 5 or 3 bolts row of 8, 5 or 3 bolts ﬁ L= 20°CH10°C/min

section
\ S 9510735 cm

= Xx Yy« 33.6 cm

TOKN o o 70N

1115 em~”
11.15 cm~

o= 421273 5 cm

| 0.6cm . 0.6 cm
! E : a
i S A ” 2.5cm 20.4 ¢m 2.5 cm

Y Zz 7z

>

{(b) Numerical model (13-node mesh density)

70 kKN 70 kKN
12 3 4 5 6 7 8 910 11 12 13
T T T
Soue)
TTTI20em T 120 cm 120em

Fig. 11.1 Simply supported side-plated RC beam: (a) geometrical data, (b) numerical model data.
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Furthermore, with time (i.e. raising temperature) the stiffness of the contact connection
decreases, so that P,u(T) = P,u(T=20°C)*A(T). To obtain the temperature dependent values of the
reduction factor A, see Table 1.

Note: For the sake of simplicity, the contact law of Su (2010) is modified, so that (regardless of
the magnitude of the interlayer slips) no fracture of bolts and no other type of contact failure is

predicted at any point of the analysis (in Fig. 11.2, this is symbolized by the ‘e’ signs).

Fig. 11.2 The bilinear approximation of the 'shear force/interlayer slip' law for the 'one-bolt-per-side’

contact connection as measured in the standard 'pull-out' test of Su (2010). The test was performed at

the ambient temperature.

Tab. 11.1 Coefficient A for calculations of temperature dependent reduction of contact strength.

Temperature <100 200 300 400 500 600 700 >800
[°cl

Reduction 1 1 0.9063 0.8567 0.5909 0.3911 0.1964 0.1472

coefficient A

11.1.7 The concrete/steel reinforcement connection
In the RC beam, the connection between the steel reinforcement bars and the surrounding concrete is

said to be perfect, so no slip can evolve along their contact surface.

11.1.5 The material strains
In the analysis, it is assumed, that the total strain increment of a material fibre at a specific point is the
sum of the increments of its free thermal strain and its mechanical (i.e. stress induced) strain. The

effects of creep at high temperatures are in this study not considered explicitly, but are assumed to be
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coupled with the mechanical strains and simultaneously covered by the stress-strain relationships,
explained below.

For the material constitutive relationship, connecting stress and the mechanical strain of steel, a
bilinear constitutive model is used in the analysis (Fig. 11.3a). For the steel of the side plates the
following ambient temperature material data are used: elastic modulus E°,, = 21200 kN/cm?, modulus
of plastic hardening, E’, ,0= 1000 kN/cm?, yield strength s 0= 33.5kN/cm?. The corresponding data for
the steel of the reinforcement bars of the RC beam are as follows: elastic modulus £’ ;o= 18700 kN/cm?,
modulus of plastic hardening, E', 0= 800 kN/cm?, yield strength f's 0= 53.7 kN/cm?. In both of the two
cases, D,y = 0.15 is selected as the steel strain at the peak stress. Furthermore, for high temperatures,
reduction of Ejs,zo, Ejsplzo, and fys,zo (j =s,r) is considered implementing reduction factors ker, ke1, ky 1 (Fig.

11.3b):

1 T < 20°C
T
o~ 1+ = | (690 — 0.69T) ..20°C < T < 600°C
ET = Kpr = 20001n (1100
| T —535 ..600°C < T < 1000°C
0 T > 1000°C
( 1 T < 20°C
| T
1+—— | (340 — 0.34T) ..20°C < T < 600°C
kyr = 9001In (—17T50)
| T — 240 ..600°C < T < 1000°C
0 T > 1000°C

so that: £, 0= ket * Es20, Esp20= ket * Espao, and fus 0= ky1* fys.20-

Furthermore, the non-linear stress-strain relationship of concrete is employed as proposed in
EC2 (2004) (Fig. 11.3c). The material data at the ambient temperature, used here, are the following:
compressive strength of concrete f. ;0= 3.43kN/cm?, elastic modulus of concrete E.= 3250kN/cm?. For
high temperatures, compressive strength of concrete is calculated as: f. 0= k. 1+fc20. The reduction factor
k.t is in the analysis set as proposed by EC2 (2004) (see reduction factors for concrete with siliceous
aggregates) (Fig. 11.3d).

In addition, due to thermal loads, the effects of cyclic loading and reloading should be
considered in the analysis and the well-known ‘strain hardening’ approach should be adopted. In this
study the kinematic hardening approach (accounting for Bauschingerjev effect) is implemented.

Therefore, when exposing the material to a ‘plastically deforming-unloading-reloading’ path, its
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resistance to plastic flow increases, i.e. the material hardens (observe Fig. 11.4 and Fig. 11.5). On the
contrary, when (after plastic deformation and unloading) the material is reloaded in the opposite
direction, its resistance to plastic flow decreases, i.e. the material softens. Material softening of steel is
schematically shown in Fig. 11.6. For concrete no ‘opposite’ (i.e. tensile) strength is assumed in the
analysis.

In addition to the mechanical strains, discussed above, free thermal strains are accounted for in
the analysis using the recommendations of EC3 (2004) for steel and recommendations of EC2 (2004) for

concrete.

(a) bilinear constitutive model of steel: (b) reduction coefficients for steel:

stress 0/

reduction coefficients
ki‘ Ts kPTa va

0 D)y D, 0 400 800 1200
mechanical strain D), temperature 7" [°C]
(c) EC2 constitutive model of concrete: (d) reduction coefficient for concrete:

1

Jor ' .
& —siliceous
= 0.8 aggregates
S 5
2 g 0.6
o) ]
g 3
04 £ g
I3
- Er . : _qg) 0.2
v 3 : 0 |
Do D;cr 0 200 400 600 800 1000 1200
mechanical strain D, temperature 7' [°C]

Fig. 11.3 (a) Bilinear stress-strain relationship of steel. (b) Reduction factors for steel at high
temperatures. (c) Non-linear stress-strain relationship of concrete as proposed by EC2 (2004). (d)
Reduction factors for concrete with siliceous aggregates at high temperatures as proposed by EC2

(2004).

126



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

11.1.6 Numerical analysis

The software for the numerical analysis of the problem is based on a strain-based finite element method
and was developed at the University of Ljubljana (KolSek, 2011, KolSek, 2013a, Kolsek, 2013b). In the
model, both of the layers of the steel-concrete side-plated beam (i.e. the beam and the side plates) are
modelled separately, each by the well-known geometrically exact planar beam theory of Reissner (but
with shear deformations being neglected) and further coupled by decomposing the layers’ surface load
with respect to its external and contact contributions. The contact surface loads are said to depend on
the X- (the longitudinal) slips AUy and on the Z- (the transversal) slips AU; between the layers. In the
specific example, under consideration, these are calculated implementing the ‘pull-out’ response shown
in Fig. 11.2 (some further details on the calculation are given in the input excel spreadsheets). A detailed

description of the model can be found in references: Kolsek, 2011, Kolsek, 2013a, Kolsek, 2013b.

tk‘]
stress O
k-1
T
k-1 tk: tk—l+ At
ST k
g
1 4
t\AES
k
Es;
» > :
0 Dk'l Dl"_l Dk mechamcal
a.p o o strain D
AD

a

Fig. 11.4 Constitutive model of steel (plastic step, D,*> D, ). Material hardening.
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stress 0
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Eer L= A
Y 2
y
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k
Ecq
| 2
0 k1 k-1 k
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AD,

O ccoskeE

> mechanical
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Fig. 11.5 Constitutive model of concrete (plastic step, D;“> D, “*). Material hardening.
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Fig. 11.6 Constitutive model of steel (plastic step, D,*< D, *"). Material softening.
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11.1.7 Local buckling of the side plates
When the side plates span into the compressive region of the RC beam, as in the case under analysis,
uplifting and penetration of one layer against the other, e.g. due to the local buckling of the side plates,

can occur. This and other stability phenomena are not dealt with in this example.

11.3 RESULTS

Time dependent increase in the mid-span deflection:

Midspan deflection of the RC beam

200.00
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E 160,00 - 00 o 5-node contact connection
§ 14000 - O" +— 3-node contact connection
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% 10000 &
T 8000 - o
= OO
8 6000 - o
W e
T 4000 - oY
2 000 et aee®

0.0p °59# ; : ; ; : ‘ ‘ T ‘
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Time (min)

Midspan deflection of the RC beam

L o
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Time dependent increase in the mid-span axial force of the RC beam:
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RC beam axial force at midspan
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Time dependent increase in the shear force of the RC beam at X =120 cm:

RC beam shear force at X=120 cm
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Time dependent evolution of the longitudinal (i.e. horizontal) slip between the RC beam and the side

plate at the position (X=360 cm, Y= 12.7 cm, Z=0 cm):

130



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

Longitudinal slip (AU,) at X=360cm,Z=0cm
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Longitudinal slip (AUy) at X=360cm,Z=0cm
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Time dependent evolution of the transversal (i.e. vertical) slip between the RC beam and the side plate

at the position (X=360 cm, Y=12.7 cm, Z=0 cm):

Transversal slip (AU;) atX=120cm, Z=0cm
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Transversalsslip (AU;)at X=120cm, Z=0cm
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11.4 SUMMARY
The chapter summarises at 11 pages the results of an analysis a simply supported reinforced concrete
(RC) beam externally strengthened with two bolted steel side plates exposed to two-point mechanical

loading and thermal loading. The results for 3 different interlayer connections are presented.
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12 STEEL COLUMNS UNDER TEMPERATURE GRADIENT

Summary

In this set of 36 benchmark cases, listed in Table 40.1, axially loaded hollow-section columns exposed to
fire have been studied. The exact description and properties of the columns used for each case is given.
These benchmark studies aim to define the critical/failure temperatures under consistent but non-
uniform (linear gradient) heating. Analyses have been made for columns of the same cross section for a
specified range of slenderness ratios and load ratios. Buckling is affected both by the differential
expansion across the column section, and by progressive weakening of the steel with temperature.
Comparisons are shown of the critical temperatures for different load ratios. The temperature curve and

pattern is defined in the input data and is the same in all cases.

12.1 ANALYTICAL BACKGROUND
12.1.1 Mechanical analysis

Description of the software used

This study was conducted using the computer program Vulcan, which has been developed at the
University of Sheffield for many years. In this program steel-framed and composite buildings are
modelled as assemblies of finite beam-column, connection and layered floor slab elements. For
composite floor systems it is assumed that the nodes of these different types of element are defined in
a common fixed reference plane, which is assumed to coincide with the mid-surface of the concrete slab
element. The beam-columns are represented by 3-noded line elements with two Gaussian integration

points, as shown in Fig. 12.1.
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Fig. 12.1 Three dimensional segmented 3-noded beam-column element

The nonlinear beam-column element formulation is derived from the general continuum

mechanics equations for large-displacement/rotation nonlinear analysis. Each of the three nodes of the

beam-column element has six degrees of freedom. The main assumptions of the elements can be

summarized as follows:

Cross sections remain plane and undistorted under deformation and there is no slip between segments.

They do not necessarily remain normal to their reference axis, where they are originally located, as

displacement develops.

‘The “small strain and large deformation” theory is adopted. This means the displacements and

rotations can be arbitrarily large, but strains remain small enough to obey the normal engineers’

definition.

The cross section of a beam-column element is divided into a matrix of segments, as shown in

Fig. 12.2.
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Tab. 12.1 List of benchmark studies

Ccoske

Section TEMPERATURE SLENDERNESS | LOAD
CONTENTS Type CURVE REF RATIO RATIO
Column_7_A 0.2
Column_7 B 0.3
BMS 15 Column_7_C 0.4
20
Column_7 | Column_7_D 0.5
Column_7_E 0.6
Column_7_F 0.7
Column_8 A 0.2
Column_8 B 0.3
BMS 16 Column_8 C 0.4
40
Column_8 | Column_8 D 0.5
Column_8 E 0.6
Column_8 F 0.7
Column_9 A 0.2
Column_9 B 0.3
BMS 17 Column_9 C 0.4
60
- Column_9 | Column_9_D 0.5
Simply ] ] o Column_9_E 0.6
supported SHS Celsius | Linear varle?tlon Column_9_F 07
steel column | 250x250x10 | across section ol 10 A 02
subjectedto | Grade S355 | 0-11.11 °C/min olumn_2t_ .
axial load Column_10_B 0.3
BMS 18 Column_10_C 0.4
80
Column_10 | Column_10_D 0.5
Column_10_E 0.6
Column_10_F 0.7
Column_11 A 0.2
Column_11 B 0.3
BMS 19 Column_11_C 0.4
100
Column_11 | Column_11_D 0.5
Column_11 E 0.6
Column_11 F 0.7
Column_12_A 0.2
Column_12 B 0.3
BMS 20 Column_12_C 0.4
120
Column_12 | Column_12_D 0.5
Column_12 E 0.6
Column_12 F 0.7
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Fig. 12.2 Division of the cross section of beam-column elements into segments

Each segment can then have its own material, thermal and mechanical properties, and its own
temperature, at any stage of an analysis. This allows modelling of different temperature distributions
across member’s cross-section, and therefore the different thermal strains and changes of material
properties that accompany different temperatures across the section can also be tracked.

A bibliography of papers describing the development of Vulcan is given at the end of this article.

12.1.2 Material models

In the analysis presented the stress-strain relationships of steel at elevated temperatures, and its
thermal strains, calculated in accordance with EN 1993-1-2 (2005), were used for most cases. The
reduction factors for material properties of steel are also in accordance with EC3. The material models
are shown in Fig. 12.3 and the reduction factors are given in Fig. 12.4. In the cases considered in this
report an explicit model of creep has been excluded from the analyses, although the Eurocode stress-

strain relationships implicitly allow for some creep.

12.2 SPECIFIC EXAMPLES COVERED
12.2.1 Summary of BMS_9-14:

For this set of benchmark studies the temperature curve and pattern used are given below.

Fire-protected columns
Figure 12.5 indicates the curve of temperature against time which controls the highest temperature of
the cross section. In these cases, temperature is linearly distributed across the entire cross-section of

the column (see Fig. 12.6).
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Fig. 12.3 Stress-strain model for steel at elevated

temperature (EN 1993-1-2, 2005)
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Fig. 12.4 Temperature-dependent reduction

factors for carbon steel (EN1993-1-
2, 2005; CTICM, 1976).
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Fig. 12.5 Linear temperature curve applied to column
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Fig. 12.6 Temperature pattern across column

Table 12.2 lists the analyses performed in this set for one particular Load Ratio (0.3). The names

of the examples correspond to those of the Excel input and output spreadsheets which are presented

separately.
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Ccoske

Tab. 12.2 List of the analyses performed for one load ratio

Material | Axial load Loa.d Heating Thermal Boundary
Name Ratio |Slenderness . . Creep i
model [kN/m] LR regime |assumptions Conditions
BMS_15 EC3 |LR*NbRdy| 0.3 20 Linear EC3 no | SmPlY
Column_7_ B supported
BMS_16 EC3 |LR*NbRdy| 0.3 40 Linear EC3 no | SmPlY
Column_8 B supported
BMS_17 EC3 |LR*NbRdy| 0.3 60 Linear EC3 no | SmPlY
Column_9 B supported
BMS_18 . . Simply
Column__10_B EC3 LR*Nb,Rd,y | 0.3 80 Linear EC3 NO supported
BMS_19 . . Simply
Column_11_B EC3 LR*Nb,Rd,y | 0.3 100 Linear EC3 NO supported
BMS_ 20 " . Simply
Column_12_B EC3 LR*Nb,Rd,y | 0.3 120 Linear EC3 NO supported

12.2.1 Summary of BMS_9-14: Simply supported steel column

A simply supported SHS 250 x 250 x10, S355 steel column; having a length determined by its slenderness

ratio (A=L/r = L=A*r), is subjected to an axial compressive point load defined by the product of its

buckling resistance about either axis and a specified load ratio (LR*Nygq,) and is then heated

consistently with a linear temperature distribution, along its entire length (Fig. 12.7).
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Fig. 12.7 Simply supported steel column
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12.2.2 BMS_15-20: Example results

Vertical Displacements: Cases defined in Tab. X.2

Ccoske
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Fig. 12.8
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Fig. 12.9
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Column_9_B Z-Displacement
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Fig. 12.10
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Fig. 12.11
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Fig. 12.12
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Fig. 12.13

Comparison of critical temperatures

Tab. 12.3 Critical temperatures of all cases

Slenderness Load Applied Vertical Time of Critical
. . Np,ra,y (N) . . Temperature Ocr
Ratio ratio LR Force (N) failure (min) °0)

20 0.2 3322757.3 664551.5 85.5 970.1
20 0.3 3322757.3 996827.2 71.2 811.1
20 0.4 3322757.3 1329102.9 63.2 722.1
20 0.5 3322757.3 1661378.7 57.7 661.1
20 0.6 3322757.3 1993654.4 52.5 603.1
20 0.7 3322757.3 2325930.1 47.8 550.9
40 0.2 3088756.1 617751.2 98.4 1097.2
40 0.3 3088756.1 926626.8 85.5 970.1
40 0.4 3088756.1 1235502.5 70.0 798.2
40 0.5 3088756.1 1544378.1 63.4 724.1
40 0.6 3088756.1 1853253.7 51.6 593.6
40 0.7 3088756.1 2162129.3 36.8 429.3
60 0.2 2708843.0 541768.6 69.0 786. 8
60 0.3 2708843.0 812652.9 57.9 662.9
60 0.4 2708843.0 1083537.2 48.0 553.6
60 0.5 2708843.0 1354421.5 36.0 420.4
60 0.6 2708843.0 1625305.8 26.0 308. 8
60 0.7 2708843.0 1896190.1 18.3 223.1
80 0.2 2131799.7 426359.9 57.4 657.9
80 0.3 2131799.7 639539.9 47.0 542.6
80 0.4 2131799.7 852719.9 35.8 417.3
80 0.5 2131799.7 1065899.8 25.9 307.4
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80 0.6 2131799.7 1279079.8 18.2 222.7
80 0.7 2131799.7 1492259.8 12.7 161.0
100 0.2 1568326.5 313665.3 52.9 607.4
100 0.3 1568326.5 470497.9 42.0 487.0
100 0.4 1568326.5 627330.6 313 368.2
100 0.5 1568326.5 784163.2 23.0 275.3
100 0.6 1568326.5 940995.9 16.2 199.9
100 0.7 1568326.5 1097828.5 11.3 145.4
120 0.2 1159752.8 231950.6 50.9 585.9
120 0.3 1159752.8 347925.9 394 457.3
120 0.4 1159752.8 463901.1 294 346.6
120 0.5 1159752.8 579876.4 21.9 263.4
120 0.6 1159752.8 695851.7 15.6 193.0
120 0.7 1159752.8 811827.0 10.9 140. 8
1200.0000
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Fig. 12.14 Critical temperatures — all cases
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13 CREEP ANALYSIS OF STEEL COLUMNS WITH DIFFERENT HEATING RATES

SUMMARY

This article presents benchmark studies, which include explicit creep analysis, for steel columns exposed
to fire. Simply supported steel columns within the range of slenderness 20-120 were heated at different
rates in order to calculate the development of creep strains and their influence on column critical
temperatures. Two different creep models, based on time and strain hardening rules, were used in the
analyses. The results of the benchmark studies have shown that the reduction of a stocky column’s
critical temperature is typically approximately 10% from that of the same column determined without
considering creep. The level of reduction is more pronounced for the higher levels of slenderness,
illustrating that creep strains act as an amplifier of the effect of geometrical imperfections. The
benchmark results have also shown that, beyond the heating rate of 10°C/min which was the highest

used in these studies, creep strains have little influence on the column critical temperature.

Tab. 13.1 List of benchmark studies

TEMPERATURE CURVE REF CONTENTS

e Constant heating rate,

) BMSx1 Simply supported steel columns
e 1SO834 fire

Tab. 13.2 Main parameters of benchmark studies

REF CONTENTS

Mid-span axial and lateral displacement for columns:
¢ Slenderness range 20-120,
¢ Load ratio 0.2-0.7,
* Heating rate 2.5-10°C/min, or 1ISO834 standard fire curve.

BMSx1

13.1 INTRODUCTION

13.1.1 Background of the study

The benchmarks were created at the University of Sheffield during a COST TU0904 Short Term Scientific
Mission entitled “Benchmark studies for steel columns exposed to fire” in December, 2013.

Representative simply supported steel columns were heated with different heating rates in order to
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determine the level of influence of creep strains on the value of critical temperature. A set of column
slenderness and load ratio values were selected to correspond with benchmark study No. 15, “Thermo-
mechanical analysis of steel columns using different constitutive laws” (Sannino et al.,, 2013). A
mechanical analysis was conducted in the research version of Vulcan (Version 6), in which two different
creep models were implemented. Selected heating rates were directly applied as heating curves for the

beam-column elements.

13.2 MECHANICAL ANALYSIS

13.2.1 Short description of Vulcan software

Numerical analysis was carried out using the research version of the structural fire analysis software
Vulcan (Cai et al., 2003; Huang et al., 2009). Three-noded beam-column elements with six degrees of
freedom per node were used. Figure 13.1 shows the three-noded beam-column line element
incorporated in the current Vulcan research code. Material nonlinearity is taken into account by dividing
the cross-section into a matrix of segments which can be exposed to different level of stress and
temperature. Different types of temperature profile (temperature patterns) can be applied to take into
account temperature variation across the cross-section. The Vulcan software is capable of conducting

classic nonlinear static analysis, as well as dynamic and combined static/dynamic analysis.

Beam-column reference axis /-

P
N
-~ %"

Z Beam-column centroidal axis
y
X

Fig. 13.1 Three-noded beam-column line element of the Vulcan research code

Segments

For this benchmark study, two different types of creep model were programmed into the

research code and used for the subsequent analysis.

13.2.2 Creep model 1
Creep Model 1 is based on Harmathy’s research (1967). Calculation of creep strain is conducted using

Equations (1-2):
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— Ecr,O 1 ( scz:ao)
€ h™ (2% <4 1
T In2 cos ( °) )
g, =€, ,+20 (6=4,) (2)
00 = 8cr,0 /Z (3)

Where Z is the Zener-Hollomon (Zener and Hollomon, 1944) parameter [h'] (creep phase parameter),
and €. is a dimensionless creep parameter, derived by plotting experimental creep strain data versus
the temperature-compensated time 6. Eqns. (1-2) assume that creep strain depends on the level of
stress and time (a time-hardening rule).

Temperature-compensated time 6 represents a variable which takes into account the

temperature variation with time. It is calculated as:

t -OH

o= e it (4)
0

where Ty is the temperature [K], t is the length of the current time interval [h], R is the universal gas
constant [J/molK], and AH is the creep activation energy [J/mol]. Given that the values of creep strain
are temperature-dependent, the creep strain is calculated by differentiating Equation (2). By using the
value of calculated parameter 0 at the start and end of the current time step, the increment of creep
strain for the current time step can be calculated for each part of the discretised cross section (Fig.
13.1). Parameters for calculating creep strains are derived for the American steel grade A36 (Harmathy

and Stanzak, 1970), which is equivalent to Eurocode steel grade S275:

€., =1.03x10°c"" (5)
Z=3.75x10°0*’ (0<103MPa) (6)
Z=1.23x10%e***’ (103 <0 <310MPa) (7)
% =38900 K (8)

13.2.3 Creep model 2
Creep model 2 is based on the Plem’s research (1975). Calculation of creep strain is conducted as

follows:

e, =€,,(2f200c,,) (0<6<8) (9)

€ =g . +76 (0<6<8,) (10)

cr cr,0

where 6, is determined from eqn (3). Temperature compensated time 6 is determined as:
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AH
6=06°+eR At (11)
where & represents shifted temperature-compensated time and At is the time increment. & is

determined as follows:

e”

60 = 48(:02 (sg < 2€cr,0) (12)
g -¢

=2 (22 2e,) (13

Where é’co represents the creep strain from the previous time increment. Eqgns (12-13) are used to

simulate the development of creep strains under varying stress (a strain-hardening rule). Parameters Z,
€+0 , AH and R represent material parameters defined by Eqgns. (5-8). It should be noted that creep
models 1 and 2 are capable of calculating creep strains in the primary and secondary phases, but not in
the tertiary phase. Fig. 13.2 presents a typical creep vs. time curve under constant stress (steady-state
creep). Creep strains are included explicitly in the Vulcan research code, so calculation of mechanical
stress in the cross-section is conducted when the additional strain component is included in the total

strain equation.

Aﬁcr

7

-

scr,O

|
\
\
\
|
— \
\
\
\
|

: ‘ —
Prim. phasbeo Sec. phase 0

- -

Fig. 13.2 Typical creep vs. time curve for constant stress

13.2.4 Numerical analysis

The FE mesh used in the study, adopted from the benchmark Study 15 (Sannino, 2013), consists of 16
three-noded line elements. Fig. 13.4 presents the chosen discretization scheme with the layout of the
finite elements. Values of axial compressive force V depend on the length of the column, which is varied
according to the slenderness required. A small lateral force H, set at 1/400 of the applied compressive
axial force, is used to simulate a small geometric imperfection so that singularity does not cause the
analysis to stop. Slenderness values ranging from 20-120 were chosen for the analyses, with a step of
20. Boundary conditions imposed on the column were appropriate to simply supported columns with

free axial expansion (in the z-direction). Load ratios used in the study were varied in the range 0.2-0.7,
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where load ratio is defined as the ratio of the applied load to the buckling resistance at ambient
temperature. A geometrically nonlinear analysis was applied in the numerical simulations. In the
analyses a column’s critical temperature was defined as the temperature at which it did not posses
sufficient stiffness to withstand the applied axial force.

The material constitutive behaviour model used in the benchmarks was based on the Eurocode
3 stress-strain temperature curves (EN 1993-1-2, 2005), including the corresponding thermal strain
model. Reduction factors for yield strength, modulus of elasticity and the proportionality limit were
those given in Eurocode 3. Fig 13.3 shows the stress-strain curves used in the numerical analysis. It is
considered in the fire engineering community that Eurocode 3 material model implicitly accounts for the
creep strain which might occur within the duration of a typical building fire. Thus the curves are

“weaker” than those which would be measured in a rapid constant-temperature tensile test.

|
==EN1993-1-2 T=20°C

-=0--EN1993-1-2 T=200°C
==&--EN1993-1-2 T=300°C
=x»+EN1993-1-2 T=400°C
=X=+EN1993-1-2 T=500°C
EN1993-1-2 T=600°C
==+EN1993-1-2 T=700°C
== EN1993-1-2 T=750°C

Stress(MPa)

Strain (%)

Fig. 13.3 Stress-strain constitutive law from Eurocode 3 — Steel S355
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Fig. 13.4 Discretization scheme for the heated column

Three constant heating rates were applied in the simulations: 2.5, 5 and 10°C/min. In addition, an
ISO834 standard fire curve was also used for comparison with the 10°C/min heating rate. Heating rates
were applied directly to each of the 16 finite elements, and a uniform temperature profile was used for
each of the elements. Details regarding geometrical and loading data for each of the benchmarks are
given in Table 13.3, in which Ny, rq represents the buckling resistance force at ambient temperature. Fig

13.5 shows the heating rates used in the study.

=—1SO fire
2.5°C/min

=—5°C/min

=——10°C/min

Temperature (°C)

0 5 10 15 20 25
Time (min)

Fig. 13.5 Plot of heating regimes used in the study
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Tab. 13.3 Geometrical and load parameters

Length L | Slenderness | Np,rq(N) Load ratio | Axial force Lateral
(mm) V (N) force H (N)

Al 1278 20 6943199 0.2 1388640 3472
A2 1278 20 6943199 0.3 2082960 5207
A3 1278 20 6943199 0.4 2777279 6943
A4 1278 20 6943199 0.5 3471599 8679
A5 1278 20 6943199 0.6 4165919 10415
A6 1278 20 6943199 0.7 4860239 12151
B1 2556 40 6201573 0.2 1240315 3101
B2 2556 40 6201573 0.3 1860472 4651
B3 2556 40 6201573 0.4 2480629 6202
B4 2556 40 6201573 0.5 3100786 7752
B5 2556 40 6201573 0.6 3720944 9302
B6 2556 40 6201573 0.7 4341101 10853
C1 3834 60 5205135 0.2 1041027 2603
c2 3834 60 5205135 0.3 1561541 3904
c3 3834 60 5205135 0.4 2082054 5205
Cc4 3834 60 5205135 0.5 2602568 6506
C5 3834 60 5205135 0.6 3123081 7808
C6 3834 60 5205135 0.7 3643595 9109
D1 5112 80 4025562 0.2 805112 2013
D2 5112 80 4025562 0.3 1207669 3019
D3 5112 80 4025562 0.4 1610225 4026
D4 5112 80 4025562 0.5 2012781 5032
D5 5112 80 4025562 0.6 2415337 6038
D6 5112 80 4025562 0.7 2817893 7045
El 6390 100 2997463 0.2 599493 1499
E2 6390 100 2997463 0.3 899239 2248
E3 6390 100 2997463 0.4 1198985 2997
E4 6390 100 2997463 0.5 1498731 3747
E5 6390 100 2997463 0.6 1798478 4496
E6 6390 100 2997463 0.7 2098224 5246
F1 7668 120 2251467 0.2 450293 1126
F2 7668 120 2251467 0.3 675440 1689
F3 7668 120 2251467 0.4 900587 2251
F4 7668 120 2251467 0.5 1125734 2814
F5 7668 120 2251467 0.6 1350880 3377
F6 7668 120 2251467 0.7 1576027 3940

13.3 SUMMARY OF RESULTS
Fig. 13.6 presents a comparison of critical temperatures for different values of column slenderness (20-

60) for heating rates 2.5 and 5°C/min.
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Fig.13.6 Comparison of critical temperatures obtained for column slenderness 20-60 (heating rates 2.5-

5°C/min)

Fig. 13.7 presents a comparison of critical temperatures for different values of column

slenderness (80-120) for heating rates 2.5-5°C/min.
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Fig. 13.7 Comparison of critical temperatures obtained for column slenderness 80-120 (heating rates

2.5-5°C/min)

Fig. 13.8 presents a comparison of critical temperatures for different values of column

slenderness (20-120) for heating rate 10°C/min and for the 1SO834 fire curve.
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Fig. 13.8 Comparison of critical temperatures obtained for column slenderness 20-120 (heating rate

10°C/min and heating rates of 1SO fire curve)

Fig. 13.9 presents a plot of the axial displacements of Node 17 for columns with slenderness 40

and load ratio 0.2 for different heating rates. Fig. 13.10 presents a plot of lateral displacements of Node

17 for columns with slenderness 120 and load ratio 0.2 for different heating rates.
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Fig. 13.9 Axial displacements at Node 17 for column with slenderness 40, load ratio 0.2 for different

heating rates
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Fig. 13.10 Lateral displacements at Node 17 for column with slenderness 40, load ratio 0.2 for different

heating rates
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13.4 GENERAL REMARKS

Results from Figs 13.6-13.7 show that creep strains amplify the influence of geometrical imperfection on
a column, thus reducing its critical temperature. The influence of creep is more apparent for columns
with higher slenderness (80-120) for which it has more influence on the critical temperature. Low
heating rates (2.5-5°C/min) have the greatest influence on the reduction of critical temperature. The
highest heating rate (10°C/min) imposed in these cases seems to have insignificantly reduced the critical
temperature (approximately 10-30°C reduction). This observation is also valid when comparing results
of the simulations conducted with the constant heating rate of 10°C/min and the 1SO834 fire, which
induces heating rates more rapid than 10°C/min. This comparison (Fig. 13.8) shows that both results
give critical temperatures which are relatively close to each other, indicating that 10°C/min could be
considered as a limiting heating rate, below which creep should be considered in column analysis. In
comparison with the critical temperature of a column determined without considering creep, the overall

reduction owing to creep behaviour is between 10 and 80°C, which amounts to approximately 10%.
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14 THERMO-MECHANICAL ANALYSIS OF STEEL COLUMNS USING DIFFERENT
FINITE ELEMENT TYPES AND CONSTITUTIVE LAWS

Summary

Application of advanced calculation models requires special attention by the designer to the computing
the software capacity and reliability and the type of finite element adopted for the structural model.

Obviously the type of finite element (FE), used in the analyses, as well as the modelling of the
thermo-mechanical properties, influence the analyses results. The proposed benchmark describes the
comparison among analyses results performed for a tubular steel column in case of fire, which is
modelled through the software STRAUS7 by using 1D (“beam”), 2D (“plate”) and 3D (“brick”) finite
element.

The analyses are carried out by adopting a simplified constitutive law of steel at high
temperature, characterized by an elastic-perfectly plastic curve without hardening.

In addition, in order to evaluate the influence of this simplified constitutive law on the analyses
results, the 3D finite element model is also analysed through the software ABAQUS/Standard, in which

the constitutive law of steel at high temperature is modelled according to Eurocode 1993-1-2.

14.1 CASE STUDY — DETAILED ANALYSES: STEEL COLUMNS

Steel column on which are focused the following analysis, are made by a circular hollow tube
characterized by the top capital, useful both for distribution of load coming from the seismic isolator
interposed from the column and concrete over foundation plate and like structure of contrast for the
isolators’ substitution. The columns are divided in a 6m square mesh and they have the purpose of
distributing the load to the foundation.

To the base of the columns is thrown the concrete plate making jointly liable the behaviour of
the vertical bearing elements. The presence of autovehicles in the garages makes necessary the safety
verification in case of fire of this zone.

In this work is presented the evaluation of the behaviour of steel columns in case of fire, with no

protection, using the performance approach, according to Decree of Interior Minister of 09/05/2007. In
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particular the verification is carried out through different Finite Element Model software, Strand7 and
Abaqus/standard, showing the differences obtained adopting a simplified constitutive steel law at high
temperature.

The work inspires from the study carried out by Nigro et al. within the convention between
Forcase Consortium and Structural engineering Department of University of Naples Federico Il. This

Iz

study was related to a “ scientific and technical advice for the verification in case of fire of bearing
structure of garages of residential house “C.A.S.E. Project for L’Aquila”- Decree of Interior Minister of

09/05/2007".

14.2 MODELLING

14.2.1 Steel Columns: geometric data and applied load

The steel columns on which are focused the following analyses are made up by a circular hollow steel
S355 tube, height 2170mm, outer diameter 800mm and thickness 15mm, characterized by the top
capital useful both for distribution of load coming from the seismic isolator interposed from the column
and concrete over foundation plate and like structure of contrast for the isolators’ substitution.

The capitals, made up at the base by a circular plate (diameter 850mm and thickness 20mm),
through a trellis of reversed trapezoidal ribs (thickness 20mm and height 250mm) are capable to
equilibrate the load transferred by the constraint device and the jacks maintenance to the top
rectangular plate (dimension 1100mm x 1400mm, thickness 30mm)

In the following, after a brief notice on the fire scenarios adopted in the analyses, it is presented
a synthesis of more significant results carried out through the two software Strand7 (with simplified
constitutive law for steel at high temperature) and Abaqus/standard (with steel constitutive law
according to EC3-1-2). Moreover it is provided a comparison of the results obtained through Strand7

varying the type of finite element used.

14.2.2 Thermo-mechanical input

The column was studied submitted to two fire scenarios. In the former the surface exposed to fire is
subject to a variation of temperature defined by the time-temperature curve obtained through the
software Ozone and moreover it is applied a vertical load variable with the time on the top of the

column, whose trend is obtained by analysing the substructure in Safir2007 (Fig. 14.1).
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Fig. 14.1 Natural fire curve

In the latter scenario is evaluated the strength of the column exposed to standard fire ISO834. In
thick case the surface directly exposed is subject to a variation of temperature according to standard

curve and the applied load is considered constant and equal to 1800 kN (Fig. 14.2).
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In Fig. 14.3 are highlighted with light colour the exposed surfaces. In dark on the top of the

column the area of load application.

Fig. 14.3 Exposed surfaces

The convention coefficient for elements directly exposed has been set equal to 35 W/m?K for
the natural fire scenario and equal to 25 W/m?K for the standard fire.

The configuration factor is assumed equal to 1 and the total emissivity equal to 0.7. No thermal
fluxes on the unexposed surfaces.

The geometric imperfections are considered introducing an axial load eccentricity in both
scenarios. This eccentricity according to EN1993-1-1 cap. 5.3.2 point 3 is equal to h/200. The column’s
height is 2470mm so the accidental eccentricity is 12.35 mm, acting in x and y global direction at the

same time.

14.2.3 Software
ABAQUS/standard is a multi-purpose FEM based software for engineering application. It allows to solve
different kind of problem, from the simplest linear analysis to the most complex non-linear analysis.

The software provides an extensive library of elements whereby it's possible to model every
geometry. It also provides an extensive material library, whereby it’s possible to simulate the behaviour
of various materials, from concrete to steel, from rubber to rock.

In Abaqus/standard can be analysed very different problem:

- static stress/displacement

- dynamic stress-displacements
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- heat transfer

- massdiffusion

- thermal-stress analysis

- €ectrical analysis

- acoustic and shock analysis

In Abaqus/standard the column was modelled using tetrahedric 10-nodes finite element,
adopting the automatic meshing tool for the generation of the mesh. The thermo-mechanical properties
of the steel are defined according to Eurocode 3-1-2.

The second software used is STRAND7, a multi-purpose FEM based software, developed by G+D
Computing.

Strand7's fully-integrated visual environment - combined with a suite of powerful solvers - gives
you unparalleled functionality in a single application. Construct models, run analyses and investigate
results simultaneously using a seamless interface.

Strand7 permit to build models quickly. Create, delete and manipulate elements with a
comprehensive set of tools, automatic meshing and unlimited undo. Organise a complicated model into
a simple set of parts using the Group Tree. Define your own coordinate systems and beam cross-
sections. Check mesh quality with aspect ratio and warping contours and free edge detection.

Strand7 harnesses the power of Windows. Open multiple models at the same time. Cut-and-
paste elements in 3D - even between models - and copy data to and from other Windows programs.
Import geometry data from IGES, ACIS, STEP and DXF files. Choose drawing styles and colours. Set the
physical units for viewing and entering data. Dynamically rotate, pan and zoom in real time with a single
click.

Strand7 gives a wide range of result options. Visualise results with contour maps, vector maps
and X-Y graphs. Use the Peek tool to inspect result quantities at any point, directly on the model. View,
sort and filter results with the Result Listings spreadsheet.

In STRAND7 the column was modelled using three different types of finite elements. In the first

case the geometry is automatically meshed using 4-nodes tethraedral elements with maximum length of
side of 40 mm; with these settings the model is made of 15185 nodes for 49075 EF.
Subsequently the geometry is meshed using 4-nodes quadrilateral elements, obtaining a model made of
6641 nodes for 6873 elements. In the end, in maximum approximation, the geometry is meshed using
31 2-nodes two-dimensional elements with circular hollow section. Obviously in the last model the top
capital was neglected.

Steel thermal properties are according to Eurocode 3-1-2, while the constitutive law for steel at

high temperature is simplified with an elastic-plastic curve with no softening.
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14.3 ANALYSIS RESULTS
14.3.1 Natural fire scenario: comparison between ABAQUS'’ results and STRAND7’s ones
Next figures show the comparisons between the results obtained by structural analysis relate to natural
fire scenario in ABAQUS and STRAND?7, in the hypothesis of different constitutive law for steel at high
temperature. The comparisons relate both thermal analysis and mechanical analysis to.

The behaviour of the temperature in time for a point belonging to the steel tube is shown in Fig.
14.4. Also the fire time-temperature is reported in order to compare.

The figure shows the good agreement in terms of temperature between the two soft wares.
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Fig. 14.4 Natural fire. Temperature vs. time curves

The comparisons of vertical displacements for a point located on the top of column and for a

point located on the basis of capital are reported in Fig. 14.5.
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After a period in which the curves are equal, at time of about 20 minutes the STRAND7’s curves

deviate significantly from the ABAQUS’ ones. This is due to the lack of parabolic branch in the

constitutive law for the first software. From Fig. 14.6 is clear that the proportionality limit is exceeded

after about 500 seconds, in the contact zone between ribs and plate.
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Fig. 14.6 Natural fire. Stress vs. time curves
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For this reason stress redistributions develop in the application load area. It can be also noted
that the curves relate to ABAQUS intersect themselves beforehand respect to the STRAND7’s ones,

moreover the ABAQUS’ model shows plastic deformation more evident, above all in the contact zone

between ribs and plate.

14.3.2 1SO 834 Fire scenario: comparison between ABAQUS' results and STRAND?’s ones
In the next figures the comparisons between ABAQUS and STRAND7 for the standard scenario ISO834
are shown, in the hypothesis of different constitutive law for steel at high temperature.

The Fig. 14.7 shows the temperature vs. time trend for a point belonging to principal body of the

column. Also the temperature vs. time curve for the standard fire ISO834 is reported.
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Fig. 14.7 Standard fire. Temperature vs. time curves

From figure is clear the equality in term of temperature between the two different software.
The comparisons of vertical displacements for a point placed on the top of the tube and for a point

placed in the application load area are reported in Fig. 14.8.
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Fig. 14.8 Standard fire. Vertical displacements vs. time curves

Figure shows that, after the initial phase in which the displacements are equal, from about 20
minutes the STRAND7’s curves definitely diverge from the ABAQUS’ ones. This is clear due the lack of
parabolic branch in the constitutive law used in STRAND7. Looking at the Fig 14.9 it shows that the

proportionality limit is overcome at about 700 seconds, in the contact area between ribs and bottom

plate.
500 -
& Von Mises Stress
450 | § E —Yielding stress
5 = — -Proportionality limit
400 -
350 <
\
300 - \
\
\
250 -
\
\
200 ~ \ R
\ 5] ¥
150 - A\ -
T AN
100 - N
N ~
50 - ~ < -
I Time [s]
0 T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Fig. 14.9 Standard fire. Stress vs. time curves
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This overcoming determines stress redistribution, in particular a stress concentration born in the
load application area, where the yield stress is reached at about 1300 seconds, determining the

anticipated collapse in ABAQUS in respect to STRAND?7.
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Fig. 14.10 Standard fire. Stress vs. time curves

It is interesting to emphasize that the ABAQUS’ curves cross themselves differently to the
STRAND7's ones. This indicates an occurred punching phenomenon in the plate at the basis of the

capital.

14.3.3 Natural scenario fire: comparison STRAND7/STRAND? using different FE, 3-dimensional and 2-
dimensional elements

Temperature vs. time trend for a significant point is reported in Fig 14.10. As already seen in the last
paragraph is possible to note that the temperature for a point belonging to the tubular reflects the fire
temperature. Maximum temperature in the tubular is equal to about 590°C. Comparing the 2-

dimensional results with the 3-dimensional’s ones, there are no substantial differences.
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Fig. 14.11 Natural fire. Temperature vs. time curves

Vertical displacements trend for a point placed on the top of the tubular and for a point placed

in the application load area are shown in Fig 14.11.
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Fig. 14.12 Natural fire. Vertical displacements vs. time curves

166



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

Thermal elongation due to fire determines a stretching in the column, with upward shifts. These
displacements grow until about 15 minutes (corresponding to the achievement in the tubular of about
590°C). Whereupon the trend is reversed due both to reduction of elastic modulus of the steel with the
temperature and the applied load.

The differences between the curves obtained with the 3-dimensional model and the 2-
dimensional’2 ones are due to the different stiffness of the two models. The 2-dimensional model is
more deformable then the 3-dimensional one, so it is more influenced by the applied load, that
determines smaller elevations. Moreover the greater deformability of the 2-dimensional model is
reflected also in the extent of residual deformations that are more evident in this model than in 3-

dimensional model.

14.3.4 Natural scenario fire: comparison STRAND7/STRAND? using different FE, 3-dimensional and 1-
dimensional elements

First of all it is necessary to clarify the fire application. For the 3-dimensional and 2-dimensional models
the fire is simulated applying on the exposed face of the elements the temperature-time curve of the
considered fire and the convection and radiation coefficient of the material. In the 1-dimensional model
the thermal analysis can be carried out only assuming to know the temperature in the element moment
by moment. In the analyzed case these temperature are known, in particular they are obtained by the 3-
dimensional model.

Obviously in the 3-d model the temperatures varying along the column. In order to simplify the
analysis only one temperature value is considered for the 1-d analysis, in particular the temperature
used for the thermal analysis is the temperature evaluated for a point placed about in the middle of the
tubular. In this way it is possible to avoid the heat transmission between the tubular and the capital,
moreover, being the tubular the more weakness part of the column is sufficient to study this part,
neglecting the capital.

Ultimately known the temperature-time curve for the considered point, you assign this trend to
the points making up the 1-dimensional model, for this reason in the next the thermal analysis results
are omitted.

In the Fig. 14.13 the vertical displacement of the top of the column is shown. The comparison is

between the results of the 1-dimensional model and the results of the 3-dimensional one.
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Fig. 14.13 Natural fire. Vertical displacements vs. time curves

In this case the 1-d model doesn’t allow to model the capital and it is also characterized by a
greater stiffness than the 3-d model, this explains the differences in the displacement trend.
In fact, in the 1-d model there is no the contribution of the ribs to the thermal elongation,

moreover the greater deformability of the 3-d model determines the different final displacement.

14.4 CONCLUSIONS

The performed analyses show that the use of a simplified constitutive law for steel at high temperature,
in spite of some appreciable differences, doesn’t determine great differences in term of overall behavior
of the structural element, that is well reproduced both in term of displacement trend and collapse
mechanism.

However, it is necessary to underline that when the collapse mechanism is a global mechanism,
the adoption of the simplified constitutive law allows to obtain eligible results, but you might not be
able to interpret the plasticity phenomena and possible localized crisis or local buckling determined by
the stress redistribution due to overcoming of the proportionality limit.

Concerning the type of finite element use in the analyses, the results show that a 2-d model
doesn’t determine excessive differences in respect to a 3-d model in term of overall behavior. However,
locally the different mesh used for the analysis can influence, also significantly, the results, for example
with reference to Von Mises stress trend.

Despite this, it is possible to conclude that the adoption of a 2-d model is sufficient where local

crisis are not expected.
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These considerations are also valid for the 1-d model, in which all the detailing are neglected,
for example with reference to the ribs.

This determines the impossibility to assess any localized crisis phenomena that may develop in
more sophisticated models. So, when there is no need to take account of these phenomena, the
adoption of a more simple model with 1-dimensional elements is allowable. In the cases when, instead,
you also want to better investigate the local behavior of the members, it is necessary to adopt more

accurate models, trying, wherever possible, to consider models with no simplified constitutive law.
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15 THERMO-MECHANICAL ANALYSIS OF STEEL COLUMNS USING DIFFERENT
CONSTITUTIVE LAWS

Summary

Application of advanced calculation models in fire analyses requires special attention by the designer to
the modelling details and the type of finite element adopted for the structural model. Obviously the
type of finite element (FE) used in the analyses, as well as the assumptions made in modelling of the
thermo-mechanical properties, influence the analytical results.

This benchmark has been developed using three different software codes, in order to
demonstrate and evaluate the differences in the results and the influence of various parameters on the
same results. The codes used for the analyses are Vulcan, SAFIR and Strand7. The first two are purpose-
built software for structural fire analysis, and correctly model the constitutive law for steel at high
temperatures, in the form given in EN1993-1-2. Strand7 is general-purpose FE software. It allows more
possibilities than the others to simulate different structural loadings, such as seismic ones, and it allows
more possibilities for the use of different finite element types. Nevertheless in elevated-temperature
analysis Strand7 is subject to certain approximations in its modelling assumptions. In particular, it only
allows a simplified constitutive law (bilinear elastic-plastic) for steel to be used at high temperatures,
thus neglecting the elliptical branch between the proportionality limit and the yield stress.

The use of this type of simplified constitutive law does not significantly affect the results in
terms of time of collapse when the structures or substructures analysed are characterized by collapse
due to the attainment of limiting tensile stress in the material. However, for analyses in which buckling
phenomena cause the dominant collapse mode, this simplified constitutive law can significantly, and
sometimes deeply, affect the results, both in terms of time to collapse and displacement behaviour. This
is because the buckling phenomenon often happens when much of the material stress is in the elliptical

branch of the constitutive law. This is particularly important as the load ratio increases.
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15.1 CASE STUDY - Buckling of an HEM 240 column
The goal of the benchmark study is to investigate and demonstrate the importance of accurate
representation of the constitutive law for steel at high temperature, especially in buckling analyses. For
this reason, the analyses are focused on a simply supported (pin-ended) column subjected to axial load
and heating from fire. In particular the heat transfer from the fire is simulated by a constant distribution
of temperature across the cross-section of the member. The steel temperature used in the analyses is
obtained by applying the incremental simplified heat-transfer process for unprotected steel members
given in EN1993-1-2 (cl. 4.2.5.1), while the axial load is assumed to be constant during the fire.

The parameters to be varied are the slenderness of the member and the load ratio. The most
important parameter to be studied is the critical temperature of the member in terms of these two

parameters.

15.2 MODELLING

15.2.1 Steel column: geometric data and applied load

The column serial size is HEM 240 in Grade S355 steel. The boundary conditions at each end allow free
rotation about both the section’s major and minor axes, and a small horizontal force is applied across

the minor axis at mid-span.
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Fig. 15.1 Analysed Model, case study with slenderness = 20 and load ratio = 0.2
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The models used in the analyses consist of 16 1D (beam) elements, varying the length of each
element according to the slenderness used in a particular case. These slenderness values range from 20
to 120 in steps of 20, giving six different values. For the slenderness of 20 the column length is 1278mm,
so that for slenderness of 120 the length is 7668mm. For every slenderness value, six values of load
ratio are considered, from 0.2 to 0.7, in steps of 0.1. Hence, overall 36 models are considered in the
analyses.

The load ratio is normalized with respect to the ambient-temperature buckling resistance of the
column, which is evaluated according to EN1993-1-1.

The loading in fire is calculated using the EN1993-1-2 resistance calculation. The design buckling
resistance Npitrd at time t of a compression member with a Class 1, 2 or 3 cross-section with a uniform
temperature €5 should be determined from:

Xrid kyo fy

Np fitra = —
fi

Where:

Xri is the reduction factor for flexural buckling in the fire design situation;

ky g is the reduction factor from Section 3 for the yield strength of steel at the steel temperature 0a

reached at timet.

The value of y¢; should be taken as the lesser of the values of y, r; and Y, r; determined

according to:

1

Xfi =
f - 2
o + . |Po® — g

with
1 B
Po —E[1+(X19 +3.9 ]

and

05 23
a=yu, —
fy

The non-dimensional slenderness A4 for the temperature @5, is given by:

where:
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ky g is the reduction factor from Section 3 for the yield strength of steel at the temperature 05 reached

attimet;

kg g is the reduction factor from Section 3 for the slope of the linear elastic range at the steel
temperature O;reached at time t.

The buckling resistance defines the applied vertical force at the top of the column (Node 17) as a
compressive axial force. The applied horizontal force is defined in order to create a small geometric
imperfection so that singularity does not cause the analysis to stop. This horizontal force is equal to
1/400 of the applied normal force. The horizontal force is applied in the middle node of the column
(Node 9) in the negative x-direction. The mid-span moment produced by this imperfection force is equal
to N*L/1600, which is equivalent to the moment which would be created by a geometric imperfection of
L/1600. This value is smaller than the imperfection suggested by EN1993-1-2, and below the usual
L/1000 which is the normal maximum manufacturing out-of-straightness.

In the following table the geometrical and loading data of the 36 models considered is

summarized.

15.2.2 Thermo-mechanical input
The column is studied submitted to a simple fire scenario. In particular the standard fire scenario 1ISO834
is used, but together with the hypothesis of constant temperature through the cross section of the

column. So the temperature of the gas defined by the ISO834 curve is used as the steel temperature.
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Fig. 15.2 ISO834/EN1991-1-2 Standard fire
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Table 15.1 Models and load applied

-~
CcoseE

Length |[Slenderness| Npprdy Load Applied Vertical Force Applied Horizontal Force
(mm) (N) ratio (N) (N)
Al| 1278 20 6943199 0,2 1388640 3472
A2 1278 20 6943199 0,3 2082960 5207
A3| 1278 20 6943199 0,4 2777279 6943
A4l 1278 20 6943199 0,5 3471599 8679
A5| 1278 20 6943199 0,6 4165919 10415
A6| 1278 20 6943199 0,7 4860239 12151
B1| 2556 40 6201573 0,2 1240315 3101
B2| 2556 40 6201573 0,3 1860472 4651
B3| 2556 40 6201573 0,4 2480629 6202
B4| 2556 40 6201573 0,5 3100786 7752
B5| 2556 40 6201573 0,6 3720944 9302
B6| 2556 40 6201573 0,7 4341101 10853
Cl| 3834 60 5205135 0,2 1041027 2603
C2| 3834 60 5205135 0,3 1561541 3904
C3| 3834 60 5205135 0,4 2082054 5205
C4| 3834 60 5205135 0,5 2602568 6506
C5| 3834 60 5205135 0,6 3123081 7808
C6| 3834 60 5205135 0,7 3643595 9109
D1| 5112 80 4025562 0,2 805112 2013
D2| 5112 80 4025562 0,3 1207669 3019
D3| 5112 80 4025562 0,4 1610225 4026
D4| 5112 80 4025562 0,5 2012781 5032
D5| 5112 80 4025562 0,6 2415337 6038
D6| 5112 80 4025562 0,7 2817893 7045
El 6390 100 2997463 0,2 599493 1499
E2 6390 100 2997463 0,3 899239 2248
E3 6390 100 2997463 0,4 1198985 2997
E4| 6390 100 2997463 0,5 1498731 3747
E5 6390 100 2997463 0,6 1798478 4496
E6| 6390 100 2997463 0,7 2098224 5246
F1 7668 120 2251467 0,2 450293 1126
F2 7668 120 2251467 0,3 675440 1689
F3 7668 120 2251467 0,4 900587 2251
F4 7668 120 2251467 0,5 1125734 2814
F5 7668 120 2251467 0,6 1350880 3377
F6 7668 120 2251467 0,7 1576027 3940
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This does not affect the results of the analysis, because the results are reported in terms of
temperature rather than time, so they are not influenced by the heating rate but only by the
temperature of the steel. This fact overcomes potential problems due to differences in the methods
used in the different software to define steel temperatures. In particular, for SAFIR it is not possible to
define a constant temperature in the cross section. To obtain comparable results the fire temperature

was applied to all the external edges of the elements forming the section.

15.2.3 Thermo-mechanical parameters
The steel thermal properties (Figs. 15.3 — 15.5) are defined in accordance with EN1993-1-2, while its
mechanical properties are defined in different ways. In particular, the steel constitutive law is defined in
accordance with EN1993-1-2 in SAFIR2011 (Fig. 15. ), while a simplified elastic-plastic constitutive law
for steel at high temperature is implemented in Strand7 (Fig. 15.7), neglecting the parabolic branch
between the proportionality limit and the yield stress.
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Fig. 15. 6 Steel constitutive law in accordance with Fig. 15.7 Simplified (elasto-plastic) constitutive
EC3-1-2, implemented in SAFIR law for steel at high temperatures,
implemented in Strand7

15.3 SOFTWARE

SAFIR is a fire-specific purpose-built software developed at the University of Liege for simulation of the
behaviour of building structures subjected to fire. The fire is introduced as data (in terms of a curve
giving either the evolution of the gas temperature in the fire compartment or the evolution of the net
flux on the surface of the structure) and the software calculates the evolution of the temperature, which
can be discretized in 2D or 3D, in the structural elements. The structure is then discretized by means of
truss, beam or shell finite elements and the software solves for the structural displacements, stresses
and strains.

Vulcan is a three-dimensional frame analysis program, which has been developed at the
University of Sheffield mainly to model the behaviour of skeletal steel and composite frames, including
the floor slabs, under fire conditions. Temperature distributions across members can be non-uniform,
causing differential thermal expansion and a spread of elastic and inelastic properties across the section,
and a range of cross-sections can be defined, allowing different shapes and materials to be represented.
In Vulcan steel thermal and mechanical properties are defined according to EN1993-1-2.

Strand7 is a multi-purpose FEM based software. It allows models to be built quickly, as well as
manipulation of elements with a comprehensive set of tools, automatic meshing and unlimited undo.
Complicated models can be organized into a simple set of parts using the Group Tree. Coordinate
systems and beam cross-sections can be created, and mesh quality checked, with aspect ratio and
warping contours and free edge detection. Strand7 provides a wide range of solvers, from simple linear
static analysis to the more complex nonlinear transient analysis taking into account the effect of

temperature. In Strand7 steel thermal properties are in accordance with EN1993-1-2, while the
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constitutive law for steel at high temperature is simplified to a family of bilinear elasto-plastic curves

with no softening.

15.4 MODELLING RESULTS
The following figures show comparisons between the results obtained by thermo-structural analysis
using the different software codes, in addition to analytical results obtained applying the EN1993-1-2
formulae for the buckling resistance. The first group of graphs use constant values of slenderness and
vary the load ratio. The results are then shown in terms of critical temperature of the member.

From these curves it can be seen that the SAFIR and Vulcan models are almost perfectly in
accord. The Strand7 results differ from the other codes because of the simplification of the constitutive

law for steel at high temperature.
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Fig. 15.8 Critical temperature of the column when varying the load ratio, for single values of slenderness

The main differences occur for slenderness values between 40 and 80. With reference to the

EN1993-1-2 curves, the differences from SAFIR and Vulcan can be justified by considering that the

theoretical values are obtained with large geometric imperfections; these are given by the coefficient

0.65 in the a formula. As stated earlier, in the cases studied small geometric imperfections are defined

by a horizontal force applied in the SAFIR and Vulcan models, so a slightly smaller value of critical

temperature can be expected than when using the perfect theoretical formula, especially for higher

slenderness values.

The following figures (Fig. 15.9) show the comparisons between the results for constant values

of load ratio with variation of slenderness.
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Fig. 15.9 Critical temperature of the column by varying the slenderness, for single value of load ratio

These comparisons show more clearly the influence of the simplified constitutive law for steel at
high temperatures. Observing the graphs for the 0.2 load ratio, it can be seen that the trend of the
Strand7 curve is very different from those generated by the other software. This difference increases with
the load ratio, because for higher load ratio it is more likely that the mean stress of the column is on the
elliptical branch of the constitutive law according to the Eurocode, influencing the result of the analysis in
terms of buckling.

The differences between Strand?7 results and the others can be observed also in terms of displacement
trends. Figure 15.10 shows the curve of the vertical displacements of the model with slenderness of 40 and load
ratio of 0,3.

The previous observations on the differences between the theoretical and the analytical (Code)
results are valid. However the results obtained by varying the slenderness show that the theoretical
curves cross the analytical curves for values of slenderness in the region of 75. This is comparable to the

value of transition slenderness evaluated as:

A E 76,37
=71 |—= )
1 fy
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Fig. 15.10 Vertical displacements of two significant nodes of the column. Slenderness 40, load ratio 0.2

Horizontal displacement

T T T T T 1
100 200 300 400 500 600

.10 .
—20 -”‘\\

-30

e Strand7
= = Safir

...... Vulcan

-60

-70

Temperature [°C]

Fig. 15.11 Horizontal displacements of the middle node of the column. Slenderness 120, load ratio 0,7

The two nodes considered are at the top (Node 17) and the middle (Node 9) of the column. It is

notable that the curves from Strand7 are more rigid than the others. The point at which the former

curves diverge from the others coincides with the point at which the proportionality limit is passed by
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the steel in the column elements. Similar considerations apply to the horizontal displacements
evaluated at the middle node (Node 9) of the column. Figure 15.11 shows results for the column with

slenderness of 120 and load ratio of 0,7.

15.5 CONCLUSIONS

The analyses carried out show that the use of a simplified constitutive law for steel at high temperature,
especially in analyses characterized by buckling phenomena, can significantly influence the results. The
analyses were carried out using three different software codes , SAFIR, Vulcan and Strand7. The first two
of these use the constitutive law for steel at high temperature according to EN1993-1-2, while Strand7
only allows a simplified constitutive law.

Looking at the results, it can be noted that the SAFIR and Vulcan analyses are almost completely in
accord. The differences between these two software and the analytical results can be justified by the
way in which geometric imperfections were defined. Considering the Strand7 results the influence of
the simplified constitutive law on the results is clear, especially for high load ratios and for slendernesses
between 40 and 100. The buckling phenomenon is controlled most sensitively by the tangent modulus
of the force-displacement curve, and therefore depends on the shape of the stress-strain curve. For this
reason the results from Strand7 differ from those from the other software. The largest differences are
evident for the values of load ratio at which the simplified constitutive law differs most from the

EN1993-1-2 suggested constitutive law, in other words for higher values of the load ratio.
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16 SIMPLIFIED AND ADVANCED CALCULATION METHODS FOR COMPOSITE
COLUMNS IN FIRE

Summary

This paper addresses two different verification methods for the structural fire design of composite
columns. Besides a simplified calculation method, developed by Bergmann [1] using provisions given in
EN 1993-1-1 [2] and EN 1994-1-2 [3], an advanced calculation method is presented.

After a short description of the simplified method, the cross-section temperatures and the load-
bearing capacities of concrete filled tubular columns with and without embedded I-section cores are
calculated for different fire resistance classes, using both calculation methods. The comparison between
the results indicates that the simplified calculation method leads to reliable but partially very
conservative cross-section temperatures and load-bearing capacities for concrete filled tubular columns

with and without embedded I-sections in case of fire.

16.1 INTRODUCTION

The structural fire design for concrete filled tubular (CFT) columns is defined in EN 1994-1-2 [3], where
three different options are currently available. Besides the application of tables and advanced
calculation methods, the designer has the opportunity to calculate the axial resistance of CFT columns
using a simplified calculation method in combination with Annex H of EN 1994-1-2 [3].

However, numerical investigations conducted by Zhao [4] pointed out that the results for fire
axial resistance based on Annex H reveal to be on the “unsafe” side for composite columns with a
relative slenderness A higher than 0.5.

Moreover, Espinds et al. [5] demonstrated that also the simplified calculation method for CFT
columns based on EN 1994-1-2 [3] leads to “unsafe” results for columns with high relative slenderness.
Although the simplified calculation method according to EN 1994-1-2 [3] requires the calculation of the
cross-section temperature field to obtain the fire resistance of composite columns, no simplified
method for the determination of the cross-section temperature is given to date. Due to the fact that
each designer has to determine the temperature field individually, Espinds et al. emphasise in [5] that
the design axial resistance in fire is therefore influenced by the level of accuracy of the temperature

field determined by the designer.
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To fulfil the demand for a reliable simplified calculation method including uniform rules to define the
cross-section temperature subjected to the standard fire curve (ISO 834), Bergmann [1] presents a
simplified calculation method for calculating the resistance of centrically loaded CFT columns with and
without embedded I-sections. Based on EN 1994-1-1 [6], the cross-sections are classified according to
the European buckling curves, where the different yield strengths and thermal stresses affected by the
increasing temperatures are considered.

By determining the equivalent bending stiffness (El)se and the relative slenderness A
Bergmann’s method [1] allows to calculate the load-bearing capacity of composite columns analogous
to EN 1994-1-2 [3].

Because the calculation method developed by Bergmann [1] could be an alternative for the
given simplified calculation method defined in EN 1994-1-2 [3], the method is presented in the
following. In addition the cross-section temperatures and the load-bearing capacities of two CFT
columns with and without an embedded I-section are calculated by advanced calculation models (FEM)

as well as by using the simplified calculation method.

16.2 SIMPLIFIED CALCULATION METHOD FOR CFT COLUMNS BASED ON BERGMANN

Motivated by the idea to enable the designer to determine the load-bearing capacity of composite
columns under fire conditions in the early stages of design, Bergmann [1] developed a simplified
calculation method, which is based on parameter studies performed by FEM calculations. Unfortunately
neither verification of the FEM approach nor verification of the simplified method by comparison to

tests has been provided to date.
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Fig. 16.1 Extension of the European buckling stress curves [1]
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The simplified calculation method is based on the current equivalent beam method from the room-

“_ n

temperature design of EN 1993-1-1 [2]. Instead of using only buckling curve “c”, as it is defined in
EN 1994 1-2 [3], Bergmann [1] proposes to calculate the axial resistance of composite columns in fire
based on the European buckling curves according to the room-temperature design. Furthermore,
Bergmann [1] defines two additional buckling curves (a = 1.25 and a = 2.06) on the basis of curve-fitting
results for the effective bending stiffness (El)s s as shown in Fig. 16.1. These curves are valid for slender

composite columns with high core temperatures, where the application of curve “d” does not lead to

conservative results.

The following Tab. 16.1 gives an overview of the simplified calculation method for CFT columns

with and without embedded I-sections. For further details the authors refer to [1].

Tab. 16.1 A summarising description of the simplified calculation method based on Bergmann [1]

Method 1: Concrete filled tubular columns

Method 2: Concrete filled tubular columns with
I-section cores

Limitations: ‘ﬂ,

* centric load

* concrete strength class: C20/25 — C50/60

e outer tube diameter: 200 < D, < 1000 mm

¢ tube thickness: 3 < t, < 10 mm

¢ steel grade: S 235

e degree of reinforcement : p<2,1%
(rotationally symmetric arrangement)

e flame exposure period: 30, 60, 90 minutes

for verification of R30, R60 and R90

Limitations:
* centric load
» concrete strength class: C20/25 — C50/60
e outer tube diameter: 200 < D, < 800 mm
* tube thickness: 5 < t, < 10 mm (S 235)
e symmetrical rolled steel: HEA, HEB, HEM

100 - 600 (strength: S235 and 355)

* minor axis
* flame exposure period: 30, 60, 90 minutes

for verification of R30, R60 and R90

Simplified temperature calculation:

steel tube:

02 = B1s0 834 (°C)

Standard Fire Resistance (SFR) | 0, (°C)
R30 842
R60 945
R90 1006

Simplified temperature calculation:

steel tube:

02 = O1s0 834 (°C)

Standard Fire Resistance (SFR) 0, (°C)
R30 842
R60 945
R90 1006
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concrete: concrete:

Ocm = al-;%jﬂ—a2(°c) Bem = al-;%jﬂ—a2(°c)
SFR | a,(°cm™®) | a,(°C) SFR | a,(°cm™®) | a,(°C)
R30 262.48 -62.22 R30 261.6 -55.7
R60 34331 -68.39 R60 340.0 -57.7
R90 388.65 -55.76 R90 386.9 -47.1

reinforcement:

The temperature of reinforcement bars is
dependent on both, the edge distance u and the

outer concrete diameter D..

0s = kp - (az - €™ 4+ 20) (°C)
kp = 0,98 + % (-)

SFR a3(°C) | az(mm™) | a5 (mm?)
R30 826.8 -0.033 6150
R60 943.9 -0.024 8540
R90 994.7 -0.020 9345

I-section profile:

The temperature of the I-section core is
dependent on the ratio of the height h and the
width w of the profile.

1 U .
Oastangem = 33 [T 5 =+ a4 ()

with U: perimeter of the concrete core
c: edge distance between flange and

tube

h/w<1.2 h/w > 1.2
SR | a:(°cm®®) | a,(°c) | as(°cm®®) | a,(°C)
R30 33.3 -156.0 27.4 -85.5
R60 54.0 -222.5 50.1 -155.4
R90 66.0 -232.6 66.2 -194.4

The web temperature can be deduced from the
flange temperature:

9a\,web,m = 0,95~ ea,ﬂange,m (°C)

Temperature reduced plastic axial resistance:

Temperature reduced plastic axial resistance:
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Neipird = 2(Aap * fay,0)/YMfia +
Z(AS,G : fsy,G)/YM,fi,s +
X(Aco feo)/YMmfic

e

fc,G = kf,c,G : fc
Keco =10 -3
fay,e and fsy g analogous to EN 1994-1-2 [3]

Standard Fire Resistance (SFR) | ag(cm)
R30 6.3
R60 10.6
R90 13.6

Nfipird = 2(Aae * fay,0)/YMfa +
Z(As,e ' fsy,ﬁ)/YM,fi,s +
2(Aco - feo)/Ymiic

fc,e = kf,c,e : fc
a
kf,c,e =10- D_Sc
fay,e and fsy g analogous to EN 1994-1-2 [3]

Standard Fire Resistance (SFR) | as;(cm)
R30 6.5
R60 10.8
R90 14.2

Effective bending stiffness in fire:

To determine the reduction factor y for the
calculation of the axial resistance of CFT columns
in fire, the effective bending stiffness is required.
It can be calculated considering a global
coefficient ¢ for the time of flame exposure.

(El)fi,eff = (b : (Ea,e g+ Es,e g+
18- Ec,sec,G : Ic)

Standard Fire Resistance R30 R60 R90

0] 0.85 0.85 0.90

Effective bending stiffness in fire:

To determine the reduction factor y for the
calculation of the axial resistance of CFT columns
with I-section cores in fire, the effective bending
stiffness is required. It can be calculated
considering a global coefficient ¢ for time of
flame exposure, which depends on the chosen
steel grade.

(El)fi,eff = q) : (Ea,tube,e : Ia,tube +
Ea,ﬂange,e,red -2 Ia\,ﬂamge,z +
18- Ec,sec,ﬁ ' Ic)

Standard Fire Resistance R30 R60 R90
S235 0.85 0.85 0.95
¢ S355 0.90 0.95 1.00

If the minimal edge distance c is smaller than the
minimum clearance value ¢y i, the flange
temperatures increases, so that the Young's

modulus has to be reduced. /,m
Z \Mm

-

Ea,ﬂange,G,red = Ea,ﬂange,e -

Ea,ﬂange,B_Ea,tube,e C 2
P ' (1 - Climit) < Ea,ﬂange,e
Standard Fire Resistance | R30 R60 R90
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Climit(mMm) 40 60 125

Equivalent beam method:

Equivalent beam method:

Y NfipL,Rd
Ae = —=c
Nfi,cr

2
_ 1 (EDyj eff
Nfi,cr -

15
b= 05 (1+a-(R—02)+2))
1

X= ———
2+ (02 -To’

Nfird = X - Nfiplrd

Y NfipL,Rd
Ae = —Pc
Nfi,cr

2
_ 1°(EDyj eff
Nfi,cr -

15
=05 (1+a-(R—02)+2))
1

X= ———
2+ (02 -To’

Nfird = X - Nfiplrd

SFR R30 R60 R90

SFR R30 R60 R90

180 <D.<280 d a=1.25 | 0=2.06

180 <D.<230 d o=1.25 | 0=2.06

concrete outer
diameter D in (mm)

280 <D<380 c c d 230 <D<280 c d a=1.25
380 <D<580 b b b 280 <D<380 b c d
580 <D, a a a 380 <D.<480 b c c
480 <D.<680 b b b
CFT column with 680 <D, a a a

CFT column with —T;
I-section core and ‘
concrete outer —L

diameter D, in (mm)

16.3 SIMPLIFIED AND ADVANCED NUMERICAL CALCULATIONS OF CFT COLUMNS IN FIRE

Based on the summarising description of the simplified calculation method in the previous chapter the

cross-section temperatures and the load-bearing capacities of two CFT columns are calculated

exemplarily in the following, using the simplified calculation method as well as the finite element

method. Since the simplified calculation method can be used for both, CFT columns with and without

embedded I-sections, both types of columns are investigated within the scope of this paper. To do so,

the parameters for the definition of the cross-section dimensions and the material properties of both

columns are summarised in Tab. 16.2. In both cases the investigated columns have got an outer
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diameter of 200 mm with a tube wall thickness of 10 mm. The yield strength of the steel tube exhibits in

both cases a value of 235 MPa. Investigations conducted by Bergmann [1] demonstrated that a variation

of the steel grade of the steel tube does not significantly influence the load-bearing capacity.

While the first column contains four reinforcement bars with a diameter of 20 mm, the second

column consists of a concrete filled tube with an embedded HE100A profile. For both columns the

concrete strength class C20/25 is chosen. Moreover, the residual stresses in the I-section profile of the

second column are taken into account within the FEM calculation.

Tab. 16.2 Chosen parameters for a CFT column with and without an I-section core for simplified and

advanced calculations
Pure CFT column CFT column with I-section core

outer tube diameter D, (mm) 200 outer tube diameter D, (mm) 200
tube wall thickness (mm) 10 tube wall thickness (mm) 10
strength of the tube (MPa) 235 strength of the tube (MPa) 235
concrete strength (MPa) 20 o concrete strength (MPa) 20
no. of reinforcement bars (-) 4 I-section profile HE100A -
diameter of reinfor. bars (mm) |20 strength of the I-section profile | 235
strength of the reinf. (MPa) 500 consideration of residual
edge distance u (mm) 30 stresses in the I-section profile | ~

To calculate the cross-section temperature and the load-bearing capacity of the composite columns as a
function of length, the simplified calculation method is transferred into a spread sheet tool, whereas the

numerical investigations require a finite element model. Therefore the assumptions and input

parameters considered for the finite element model are specified in the following.
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Fig. 16.2 Results of the thermal analysis in SAFIR for 2D cross-sections of the investigated CFT columns
after fire exposure according to ISO 834 for 60 minutes (a) pure CFT column (b) CFT column with HE100A

profile
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All FEM calculations are conducted as sequentially coupled thermal stress analyses using SAFIR [7]. In
the first step the temperature distribution through the cross-section is calculated in SAFIR [7] using a
finite element model, which was generated and discretised with rectangular finite elements in ABAQUS
[8] before. All thermal analyses are performed taking ISO 834 as a basis for thermal load. While the
coefficient of heat transfer for convection is set to a. = 25 W/m?K, the surface emissivity of the steel
tube is defined as € = 0.7, considering an all-sided heat transfer between the gas layer and the steel
tube.

Figure 16.2 shows an example of the calculated temperature distribution through the cross-
section of the investigated CFT columns after 60 minutes fire exposure. In both cases a nonlinear
temperature gradient in the cross-section occurs.

To ensure that the advanced calculation of the axial resistance is conducted under the influence
of temperature induced reduction of strength and stiffness, the temperature distribution through the
cross-section is taken in to account when performing 2D structural analyses of composite columns in
SAFIR [7]. All advanced calculations are conducted as nonlinear analyses considering geometrical
imperfections by using a bow-imperfection of ey/I = 1/1000 for pinned-pinned columns.

To calculate the load-bearing capacity of composite columns according to the standard fire
resistances, the modelled columns are mechanically loaded by a centric force after reaching the
respective fire exposure time. The centric load is linearly increased until the equilibrium between the
external and internal force is no longer given by using the pure newton-raphson method as solver
algorithm. The next to last load value can then be defined as the maximum axial buckling load of the
composite column.

Besides the fact that the definition of material properties for construction steel, concrete and
reinforcement is defined according to EN 1993-1-2 [3] and EN 1992-1-2 [9], the tensile strength of

concrete is defined as one-tenth of the respective compression strength.
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Fig. 16.3 Comparison of advanced calculated load-bearing capacity curves for different tensile strengths
of concrete (percentage of compression strength) taking thermal expansions into account
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Calculating the load-bearing capacity of composite columns by consideration of thermal
expansions, a sudden decrease of load-bearing capacity can be observed with increasing column
lengths. More detailed studies performed by the authors have shown that this phenomenon only
occurs, if the value for tensile strength of concrete is lower than 60 % of the respective compression
strength (cf. Fig. 16.3). This leads to the assumption, that the material model for concrete, implemented
in SAFIR [7] leads to unexpected results, if low values for tensile strength of concrete are taken into
account.

Therefore all load-bearing capacities had to be calculated within the FEM investigations by
neglecting the thermal expansions, thus leading to the fact that mechanical effects caused by thermal
elongation are not taken into account. Therefore the calculation of the maximum axial buckling load
could be simplified by applying the centric force only after reaching the respective fire exposure time, as
described above. However, to solve this problem, the authors are currently in contact with the authors
of SAFIR [7].

Furthermore residual stresses are considered according to Schaumann et al. [10] when

calculating the load-bearing capacity of the CFT column with the embedded I-section core.

16.4 RESULTS

In the following the results for the investigated CFT columns with and without the embedded I-section
are presented. Therefore Fig. 16.4 illustrates the advanced calculated temperatures as a function of
time for both cross-section types. While the temperature growth within the steel tube in both cases is
nearly the same, the core temperature of the CFT column with the embedded HE100A profile (cf. Fig.
16.4b) is about 100 K higher than the core temperature of the pure CFT column (cf. Fig. 16.4a).
However, the pure CFT column still exhibits a core temperature of 488 °C after 90 minutes, whereas the

temperature value of the reinforcement bars is about 667 °C at the end of the computation time.
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Fig. 16.4 Cross-section temperature as a function of time at selected cross-section areas for CFT columns
with an outer diameter of D, = 200 mm (a) pure CFT column (b) CFT column with HE100A profile
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The comparison between the simplified and the FEM calculated cross-section temperatures for
both cross-section types show that the advanced calculation method leads to better and less
conservative results than the simplified calculation method. The main difference between the calculated
cross-section temperatures can be observed for the concrete core. While the FEM calculation leads to a
nonlinear temperature gradient in the cross-section, where the lowest concrete temperature value can
be detected at the core of the cross-section, a mean concrete temperature along the cross-section is
assumed within the simplified calculation method, thus resulting in much higher temperatures than
calculated for the concrete core within the finite element model. The whole comparison between the

simplified and advanced calculated cross-section temperatures can be seen in Tab. 16.3 in detail.

Tab. 16.3: Simplified and advanced calculated cross-section temperatures for the investigated CFT
columns with and without the embedded I-section core
30 min 60 min 90 min
simpl. | adv. | simpl. | adv. |simpl. | adv.
steel tube (°C) 842 | 680 | 945 | 892 | 1006 | 977
reinforc. bar (°C) | 523 | 268 | 751 | 508 | 871 | 667

concrete (°C) 556 | 104 | 741 | 315 | 860 | 488
steel tube (°C) 842 | 683 | 945 | 893 | 1006 | 978
@ flange (°C) 318 | 202 | 546 | 436 | 707 | 601
web (°C) 302 | 166 | 519 | 403 | 671 | 572

Furthermore, the advanced calculated load-bearing capacities are compared with the results of
the simplified calculation method as well. Hence, it is important to define the results as a function of the
column length instead of the relative slenderness. Since the relative slenderness Ag depends on the
effective bending stiffness (El)s.r, Which is an output data within the FEM calculation, the relative

slenderness Aq differs, although the column length is exactly the same.
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Fig. 16.5 Comparison of load-bearing capacity curves determined by simplified and advanced calculation
methods for a pure CFT column with an outer diameter of D, = 200 mm for different fire resistance
classes

Figure 16.5 shows the calculated load-bearing capacities of a pure CFT column with an outer
tube diameter of D, =200 mm as a function of column length. For composite hollow-section columns
with small cross-section diameters the simplified calculation method leads to conservative results
compared to the FEM calculation. While the advanced calculated load-bearing capacity exhibits a value
of 1,123 kN for a column length of 1 m, the simplified calculation method leads to a 21.2 % lower axial
resistance (885 kN) after fire exposure of 30 minutes (cf. Fig. 16.5a). But the difference between the
bearing capacity curves decreases with increasing column length and fire exposure time (see Fig. 16.5b
andc).

The accuracy of the simplified calculated results for the CFT column with the embedded HE100A
profile depends also on the column length and the fire exposure time, whereas in this special case the
accuracy is even more influenced by the fire exposure time (cf. Fig. 16.6). While the simplified calculated
axial resistance of a one meter high column is marginally higher than the FEM value (simplified:
1,343 kN, FEM: 1,272 kN), the difference between the two methods is 18.5 % (simplified: 334 kN,

FEM: 410 kN) when calculating the load-bearing capacity for the same column length but after a fire

exposure of 90 minutes.
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Fig. 16.6 Comparison of load-bearing capacity curves determined by simplified and advanced
calculation methods for a CFT column with an embedded HE100A profile and an outer diameter of D, =
200 mm for different fire resistance classes

Besides the both investigated CFT columns with an outer diameter of D, = 200 mm, further CFT
columns with varying dimensions, material properties and embedded I|-section cores were investigated
within the scope of this paper as well, using both, the simplified and the advanced calculation methods.
In Fig. 16.7 all results that has been obtained during the parametric study are summarised. Here the
simplified calculated load-bearing capacities of CFT columns with and without embedded I-section cores
are defined as a function of the advanced calculated related results. In both cases the simplified
calculation method leads to conservative results, whereas the simplified determined load-bearing
capacities of CFT columns with embedded I-section cores deviate more from the FEM results than those
for pure CFT columns (cf. Fig. 16.7 b). One possible explanation for these results could be a conservative
assignment of composite columns to the extended European buckling curves within the simplified
calculation method (cf. Tab. 16.1).

For detail information concerning the simplified and advanced calculated load-bearing

capacities and cross-section temperatures of all investigated CFT columns the authors refer to the digital

annex.
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Fig. 16.7 Comparison of axial resistance of CFT columns with and without embedded I-section cores
determined by simplified and advanced calculation methods

16.5 SUMMARY

This paper summarises two possible calculation methods for designing composite columns in fire.
Besides a simplified calculation method, developed by Bergmann, an advanced calculation method is
presented to determine the temperature field and the load-bearing capacity of concrete filled tubular
(CFT) columns with and without embedded I-sections. Based on two selected examples, a comparison
between the simplified and advanced calculated cross-section temperatures and load-bearing capacities
of the CFT columns is conducted. The comparison shows that the simplified calculation method leads to
conservative results. However, in this context the authors have to indicate that all results obtained
within the FEM investigations are calculated by neglecting thermal expansions, due to the fact that
taking tensile strength of concrete in combination with thermal expansions into account, the
calculations performed in SAFIR lead to unexpected results. Therefore the FEM investigations have to be
treated with reservation.

Besides the advanced calculation method, the simplified calculation method seems to be an
interesting alternative concerning the present design methods for composite columns defined in
EN 1994-1-2. Since the simplified calculation method is only verified by numerical investigations, it is
necessary to verify the method on the basis of experimental results as well to make a final evaluation.

This has to be done in future research work.
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17 COMPOSITE COLUMN SUBJECTED TO COMPRESSION AND FIRE

Summary

The benchmark is focused on the numerical analysis of a centrically compressed steel-concrete
composite column subjected to elevated temperatures and represents the simplified example no 11
from German National Annex of EN1991-1-2 (DIN EN, 2010). The benchmark presents the input fields for
the elements, material properties, boundary conditions, mesh density and analysis type. The analysis is

performed using 3D models by means of three Finite Element codes: ABAQUS, ANSYS and LS-DYNA.

17.1 INPUT DATA

This benchmark is similar to example 11 from German National Annex of EN1991-1-2 (DIN EN, 2010).
The column has 4.0m height and is fixed at both ends (excepting for the vertical displacement at the
top).

An initial parabolic imperfection with a maximum value of 4mm at column’s mid-height is
considered. The cross-section is composed of a HE300B steel profile (5235) partially encased in concrete
(C25/30), reinforced with four 28mm rebars (S500). The geometry of the column and of the cross-
section are presented in Fig. 17.1.

The column is subjected to a compression force of 1700kN. The thermal load is considered on

the entire outer surface of the cross-section and on the entire height of the column.

17.1.1 Geometry
Due to the symmetry of the element, only half of the element’s cross-section is modelled, using solid
elements, which are swept along the parabolic imperfection path. The coordinates for the initial

imperfection are given for each 0.25m in Table 17.1..
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Fig. 17.1 Composite column

Tab. 17.1 Coordinates for initial imperfection

N

CoskeE

X [m] 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Y [m] 0.0 7.75e-4 |1.553e-3 | 2.2e-3 |2.85e-3 |3.275e-3 |3.703e-3 |3.85e-3 |4.0e-4
X [m] 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00

Y[m] |3.85e-3 |3.703e-3 |3.275e-3 |2.85e-3 | 2.2e-3 |1.553e-3 | 7.75e-4 0.0

17.1.2 Materials

A composite structural element involves multiple materials. The present benchmark takes into
consideration only the strength and Young’s modulus as temperature dependent properties. All three
materials are considered as bilinear piecewise materials. As presented in the charts of Fig. 17.2, the
strength and the Young’s modulus are decreasing linearly from the value at ambient temperature (20°C)
to 0 at 1000°C (Tab. 17.2). Other material properties, not considered to be temperature dependent, are

presented in Table 17.3.
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Fig. 17.2 Stress-strain relationships at elevated temperatures
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Tab. 17.2 Temperature dependent material properties

N
CcoskeE

S235 S500 C25/30
Temp. c E c E c E
[l | IN/m’] [N/m’] [N/m’] [N/m?’] [N/m’] [N/m?’]
20 2.350E+08 | 2.100E+11 | 5.000E+08 | 2.100E+11 | 2.500E+07 | 3.100E+10
100 | 2.158E+08 | 1.929E+11 | 4.592E+08 | 1.929E+11 | 2.296E+07 | 2.847E+10
200 | 1.918E+08 | 1.714E+11 | 4.082E+08 | 1.714E+11 | 2.041E+07 | 2.531E+10
300 | 1.679E+08 | 1.500E+11 | 3.571E+08 | 1.500E+11 | 1.786E+07 | 2.214E+10
400 | 1.439E+08 | 1.286E+11 | 3.061E+08 | 1.286E+11 | 1.531E+07 | 1.898E+10
500 | 1.199E+08 | 1.071E+11 | 2.551E+08 | 1.071E+11 | 1.276E+07 | 1.582E+10
600 | 9.592E+07 | 8.571E+10 | 2.041E+08 | 8.571E+10 | 1.020E+07 | 1.265E+10
700 | 7.194E+07 | 6.429E+10 | 1.531E+08 | 6.429E+10 | 7.653E+06 | 9.490E+09
800 | 4.796E+07 | 4.286E+10 | 1.020E+08 | 4.286E+10 | 5.102E+06 | 6.327E+09
900 | 2.398E+07 | 2.143E+10 | 5.102E+07 | 2.143E+10 | 2.551E+06 | 3.163E+09
1000 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
Tab. 17.3 Temperature independent material properties
Material Densit3y Conductivity | Specific heat | Expansion Poisgon's
[kg/m?] [W/m C] [I/kg C] ratio
Structural steel S235 7850 53.334 439.8 1.20E-05 0.3
Reinforcing steel S500 7850 53.334 439.8 1.20E-05 0.3
Concrete C25/30 2400 1.9514 900 1.0E-05 0.2

17.1.3 Mesh
In the following, the model input is presented for ABAQUS program (a similar model input was used for
ANSYS and LS-DYNA). In order to obtain a regular mesh on the cross-section, the element was
partitioned such that the areas which are not rectangles to be isolated in such shapes. Thus, the rebar
was isolated, creating a square having a 50mm edge, while the chamfer between the flange and the web
was separated by a square having a 19mm edge (Fig. 17.3a). The seed of the finite elements on the
cross-section plane was defined to be approximately 10mm but for the rebar it was considered 5mm.
Along the column the edges were set to be 20mm so that the ratio between the edges of the finite
element would not exceed 4 (Fig. 17.3b,c).

Using these specifications, a total number of 66400 hexahedral elements is obtained for the

model.

17.1.3 Steps

The analysis is performed in two steps. The first step considers only the mechanical load which is
propagated onward. This step considers a general static analysis including the nonlinear effects of large
deformations and displacements. The time for this step is 1s, having the initial increment size of 1.

Maximum number of increments is 100, initial increment size is 1 and the maximum increment size is 1.
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The second step takes into consideration the thermal load which is defined as a boundary
condition and it will be discussed further in “Boundary conditions” section. This step considers a
transient “coupled temperature-displacement” analysis in which the effects of nonlinear effects of large
deformations and displacements are considered. The time period of this step is 3600s with an initial

increment size of 1 and the maximum increment size of 10.

17.1.3 Boundary conditions

The nodes on the bottom surface of the column are restrained for translations and rotations about x, y
and z axes. The nodes on the top surface of the column are restrained for lateral translations (y and z),
free for vertical translations (x) and restrained for rotations about x, y and z axes.

The elevated temperatures are directly applied on the outer surface of the cross-section and are
defined by means of a linearly increasing function from 20 to 800 (°C). The function is defined with
respect to the total step time so that at Os to be 0.025 (20°C) and by the end of the step, 3600s, to be 1
(800°C).

17.1.4 Loads
The load’s amplitude was set to increase linearly, in the step time period of 1, from 0 to 850000N (half

of the imposed load for the entire cross-section) by using the “Ramp” function.

17.2 RESULTS

The following results obtained with the two programs are given:
- temperature in the rebar (centre);
- temperature in the centre of the steel profile;

- horizontal displacement for column at mid-height (column axis).
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the cross-section at 3600s is presented in Fig. 17.4

Fig. 17.4 Temperature distribution

By performing the analysis using ANSYS, LS-DYNA and ABAQUS, the results are similar for both

temperature (Fig. 17.5) and mid-height displacement (Fig. 17.6)
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The temperatures in the rebar and steel profile are presented for 10min interval in Table 17.4.

and Table 17.5. The horizontal displacement is monitored in the axis of the column (Table 17.6).

Tab. 17.4 Temperatures for structural steel (°C)

Time 0 min 10 min 20 min | 30 min | 40 min | 50 min | 60 min
ABAQUS 20 32.02 72.57 131.75 | 204.95 | 289.43 | 382.56
ANSYS 20 32.47 72.62 131.04 | 203.52 | 287.47 | 380.78
LS-Dyna 20 31.88 72.66 132.04 | 205.40 | 290.03 | 383.76

Tab. 17.5 Temperatures for reinforcing bars (°C)

Time 0 min 10 min 20 min | 30 min | 40 min | 50 min | 60 min
ABAQUS 20 325 80.65 152.69 | 239.74 | 336.91 | 440.77
ANSYS 20 31.22 78.64 150.65 | 238.04 | 335.74 | 440.95
LS-Dyna 20 34.86 88.33 165.35 | 256.54 | 357.08 | 464.20

Tab. 17.6 Mid-height horizontal displacement (mm)
Time 0 min 10 min | 20min | 30 min | 40 min | 50 min | 60 min

ABAQUS 0.00 0.05 0.25 0.36 0.51 0.70 1.05

ANSYS 0.00 0.10 0.25 0.41 0.62 0.87 1.23

LS-Dyna 0.00 0.054 0.23 0.33 0.46 0.64 1.00
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18 BUCKLING OF CONCRETE COLUMNS

Summary

In a series of benchmark cases buckling of simply supported axially loaded concrete columns is studied.
Exact descriptions of the examples are given below. The aim of this benchmark study is to present the
influence of slenderness, load level ratio and creep of concrete on the critical (buckling) time of concrete
column which is exposed to standard IS0 834 fire. Fire analysis is divided into two independent phases.
In the first phase calculation of the temperatures over the cross-section of the concrete column is
performed. Here more advanced hygro-thermal model is used to take into account the influence of
moisture on the distribution of the temperatures. In the second step of the fire analysis critical time of

the concrete columns is determined. A list of cases is given in tabular form.

18.1 ANALYSIS

18.1.1 Thermal analysis

The transfer of temperatures, free water, and mixture of dry air and water vapour in concrete is
obtained by the solution of the equations of a coupled heat and moisture transfer proposed by Davie et
al. (Davie, 2006). Their model considers evaporation of free water, liquefaction of water vapour and
dehydration of the chemically bound water. In addition, the model also accounts for the capillary
pressure and the part of the free water co-existing in an adsorbed state. Description of the model is
here omitted and full description of the model can be found in Davie et al. (Davie, 2006), where reader
can find further references of the numerical model for heat and mass transfer in concrete at elevated

temperatures. For application use of the hygro-thermal model see (Hozjan 2011, KolSek 2013).

18.1.2 Mechanical analysis
Description of the software
All cases have been modelled with the software ‘NFIRA’ (Bratina, 2005). This program uses a strain
based finite element formulation to determine the mechanical response of the planar frame subjected

to time-varying mechanical and temperature loadings (Planinc, 2001). The formulation is based on the
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kinematically exact planar beam theory of Reissner (1972). The remaining unknown functions (the
displacements, rotations and internal forces and moments) appear in the functional only through their
boundary values. The finite element formulation yields a system of discrete generalized equilibrium
equations of the structure, which are solved by the Newton incremental iterative method. For a full
description of the mechanical model reader is referred to (Bratina et al., 2003, 2005, 2007).

In the model an iterative method is used, and the whole time domain is divided into time
increments At = t - t"". Based on the given stress and strain state at the time t* and temperature T at t,
we can determine the geometrical strains D of any point of the concrete column at time t. Considering
the principle of additivity of strains and the material models of concrete and reinforcing steel at
elevated temperatures, the strain increment of concrete, AD,, consists of the sum of the individual
strain increments due to temperature, ADy;, ., mechanical, ADgg,, creep of concrete, AD,,.. and transient,
ADy, . strain. For the reinforcing steel strain increment, AD;, consists of the sum of the individual strain
increments due to temperature, ADy,;, mechanical strain, ADg, and steel creep strain, AD, ;. The
temperature strains for concrete and reinforcing steel increment are calculated from the EC 2 (2004).
The concrete creep strain, AD,,, is assumed to be a function of the current stress, time and temperature.
Here we employ the model proposed by Harmathy (1993). The transient strain in concrete, AD;, has
been found to have an important influence on mechanical behaviour of concrete during the first heating
of concrete (see Anderberg and Thelandersson, 1976). It is irrecoverable and is the result of the physico-
chemical changes that take place only under the first heating. Formally, it may be defined as the part of
the total strain obtained in stressed concrete under heating that cannot be accounted for otherwise. In
our formulation we use the transient strain model of Anderberg and Thelandersson (1976). In general
creep of reinforcing steel is explicitly considered. But here due to the use of the reinforcing steel
according to EC 2 (2004) we don’t consider them explicitly. The entire description of the strain
increment calculation of the concrete and reinforcing steel is fully described in Bratina (2003, 2005).

The cross section of a concrete beam is divided into subsections. Subsections are then divided
into small segments, as shown in Figure 18.1. Each subsection can then have its own material, thermal
and mechanical properties the integral over the cross-section is written as a sum of integrals over the
individual segments. The integral over each individual segment is evaluated by the Gaussian 3 x 3 point

rule.
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a segmen

Vi

a sub section

Fig. 18.1 The mesh of the Gaussian integration nodes over the cross-sections of the concrete column

element

Material models

The stress-strain relationship and free thermal expansion strains, are taken from EN 1992-1-2 (2004) for
the concrete and reinforcing steel. The reduction factors for the mechanical properties of concrete (Fig.
18.2 b)) and reinforcing steel (Fig 18.3 b)) are also in accordance with EN 1992-1-2. In the analysis

material properties for cold worked steel are used.

(a) EC2 constitutive model of concrete: (b) reductiorcoefficient for concrete
1
5 —siliceous
% 0.8 aggregates
O
£ 0.6
o
o
c 04
§e)
£
2 02
; o
: : 0
Docr Do cur 0 200 400 600 800 1000 120(
mechanical strail, temperaturd [°C]

Fig. 18.2 (a) Stress-strain relationships of concrete at elevated temperature. (b) Temperature-

dependent reduction factors for siliceous concrete (EN1992-1-2, 2004)
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(a) EC2 constitutive model of rebar steel:  (b) reductioncoefficient for steel
1

e : \ 0.8
p=08 |\ | er K
2 p=o1s |\ ¢ 0&
: = T
2 forl D,,=002 <z
» : Py i ;Q 0.4
Dp,T = fp,T/ET
; 5 0.2
E: . .
0 : s s 0 , , , , ,
0 D,: D,r D, D, 0 200 400 600 800 10001200
strainD, temperaturd °[ C]

Fig. 18.3 (a) Stress-strain relationships of steel at elevated temperature. (b) Temperature-dependent

reduction factors for cold worked steel (EN1992-1-2, 2004)

18.2 EXAMPLES

SIMPLY SUPPORTED CONCRETE COLUMNS

The geometric data and the numerical model of the concrete column and cross-section are
schematically presented in Fig. 18.4. Following ambient temperature material data are used: elastic
modulus of steel E; 5, = 20000 kN/cm?, yield strength of steel f, ;0= 50.0kN/cm?, compressive strength of
concrete f.,0 = 3.80 kN/cm? and elastic modulus of concrete E.0 = 3300 kN/cm?. Reinforcement of the
cross-section is equal to 814 mm and thickness of protective layer is equal to 3.3 cm therefore a = 4

cm (distance from the centre of the rebar to the edge).

Z,zf
ip Cross-section:
Té Py ?@ £ 0=30 e,
® : :
B &H® 4@H <y—®- & h=30 cn
Dre— ag=4 crrqi

/ 5@7&24 cm
2 8(p14 mm .
v X 2

@ _
& ‘1&j ® node number  &%c=

e
5(>x 3 element number

©

Fig. 18.4 Numerical model of the concrete column and cross-section
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For the hygro-thermal analysis where column was exposed to standard ISO 834 fire following
input data were used: density of concrete 2400 kg/m?, density of cement 300 kg/m?, initial temperature
20 °C, initial pore pressure 0.1 MPa, initial water vapour content 0.0111143 kg/ma, water vapour
content on boundary 0.0044457 kg/m?, initial porosity of concrete 0.12, initial permeability of concrete
5x107'® and initial free water amount 100 kg/m>. The heat transfer coefficient and emissivity on the
boundary are assumed to be equal to 25 W/m?K and 0.6. The time step employed in the numerical time
integration equals was between 0.1 to 1.0 s. Due to the symmetry of the cross-section and fire load only
one quarter of the cross-section is modelled with 400 iso-parametric finite elements. The time
developments of temperatures in characteristic points are presented on Fig 18.6. Position of the
characteristic are depicted on Fig 18.5 where point A is at the center of the column, point B and C at the
position of rebar position, point D on the boundary of the column at the center and point E at the edge

of boundary.

> b

N
N D E
£ A
O| e doo_____4 AN 4
S : 4
|
AN :
v
v 30 cm v
/1 4l

Fig. 18.5 Position of the characteristic points and the mesh of finite elements for the hygro-thermal

analysis
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Fig. 18.6 Time evolution of temperatures in concrete in the characteristic points (A, B, C, D, E)

Since we consider influence of the slenderness of the simply supported concrete its length is

determined by its slenderness ratio (A=L/r = L=A*r). The column is subjected to an axial compressive

point load P on the top of the column (node 7) and vertical load H at the middle of the column (node 4).

Columns are exposed to different load ratios i determined as f&= P/Nyy 20, Where Ny o0 is the critical

buckling force at ambient temperatures. Magnitude of the horizontal force is determined as H = 1/1000

P. The list of performed analyses is summarized in the Table 18.1 where length of the columns according

to its slenderness and applied axial forces at different load level ratios are given.

Tab. 18.1 List of performed analyses

Slenderness

Length L [m]

Applied vertical force H [kN]

B=03 |@=05 |E=0.7
20 1.73 1193.84 | 1989.74 | 2785.64
40 3.46 1160.14 | 1933.57 | 2707.00
60 5.20 1038.92 | 1731.54 | 2424.15
80 6.93 853.82 | 1423.03 | 1992.24
100 8.66 672.98 | 1121.64 | 1570.29
120 10.39 527.47 | 879.11 | 1230.75

In the series of benchmark cases two general sets of analysises are porfermod for columns with

different slenderness and load level ratios. First one, marked as “no creep”, is performed without taking

into account creep of concrete and trainsient srains, therfore only thermal strain and mechanical strain
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increments are considered in previously mentioned principle of additivity of strains of concrete and
reinforcing steel at elevated temperatures. In second set of analysis, marked as “creep”, influences of
creep of concrete and transient strains are considered. Yet, creep of reinforcing steel is not considered

explicitly in all cases.

RESULTS

200 - Critical time

180 Koo = = = 0.3 Nrd,20 no creep
160 1 = = =0.5Nrd,20 no creep
140 1 u=05 = = = 0.7 Nrd,20 no creep
120 - ——— 0.3 Nrd,20 creep

0.5 Nrd,20 creep

t., [min]
[EY
o
S
1

80 | =07 —— 0.7 Nrd,20 creep
60 -
40 -
20 -
0 ] . . . . 1
0 20 40 60 80 100 120

slenderness A

Fig. 18.7 Critical time of columns as a fonctuin of slederness

No creep influence, X - displacement (Node 4)
Load level u=0.3

45.0 -
40.0 -

'g 35.0 — =20
£ 300
T 250 —A=40
§ 20.0 ——\=60
2 150 — A=80
& 10.0

50 —\ =100

0.0 : . . : . — = A =120

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0
Time [min]

Fig. 18.8 X-displacement in node 4 for /= 0.3 and no creep influence
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No creep influence, X - displacement (Node 4)
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0.0 - : .
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Fig. 18.9 X-displacement in node 4 for 1= 0.5 and no creep influence
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Fig. 18.10 X-displacement in node 4 for £/= 0.7 and no creep influence
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Fig. 18.11 Z-displacement in node 7 for 1= 0.3 and no creep influence
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No creep influence, Z - displacement (Node 7)
Load level u=0.5
0.0 . . . . . .
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Fig. 18.12 Z-displacement in node 7 for t/= 0.5 and no creep influence
No creep influence, Z - displacement (Node 7)
Load level u=0.7
0.0 . . . .
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Fig. 18.13 Z-displacement in node 7 for (/= 0.7 and no creep influence
Influence of creep, X - displacement (Node 4)
Load level u=0.3
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Fig. 18.14 X-displacement in node 4 for £/= 0.3 and creep influence.
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Influence of creep, X - displacement (Node 4)
Load level u=0.5
0.0 . . .
40. 60.0 80.0 100.0 120.0
-10.0 -
E —\=20
£ 200
2 ——A =40
-30.0 _
g —A=60
3 -40.0 ——\=80
@
o —A\ =100
-50.0
—A =120
-60.0 -
Time [min]
Fig. 18.15 X-displacement in node 4 for £/= 0.5 and creep influence
Influence of creep, X - displacement (Node 4)
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Fig. 18.16 X-displacement in node 4 for 1= 0.7 and creep influence
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Fig. 18.17 Z-displacement in node 7 for = 0.3 and creep influence
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Influence of creep, Z - displacement (Node 7)
Load level u=0.5
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Fig. 18.18 Z-displacement in node 7 for /= 0.5 and creep influence
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Fig. 18.19 Z-displacement in node 7 for (= 0.7 and creep influence

18.3 SUMMARY

This report summarises the results of a benchmark study of simply supported concrete columns. The
results are presented for various loads levels and various column slendernesses. In accordance within
present analysis, we use the temperature dependent constitutive laws of concrete and reinforcing steel
as suggested in EN 1992-1-2 (2004). Aim of the study was to present the influence of creep of concrete
and transient strains at elevated temperatures. Therefore two sets of analyses were performed. Results
show that critical time is reduced for cases if creep of concrete and transient strains are taken into

account.
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19 COMPOSITE SLABS

Summary

In this set of three benchmark cases, composite slabs with and without columns at their four corners,
subjected to a uniform area load and exposed to fire, have been studied. Description on each consisting
structural element, support conditions and type of each connection is given in this report. These
benchmark studies focus on the mechanical behaviour of composite sections. In order to evaluate the
software accuracy, the analysis is repeated though a range of mesh densities in some cases.
Comparisons on the central axial force and central vertical displacement have been made between all
cases.

The temperature curve and pattern is defined in the input data for each case. The fire heating

regime which has been used in all cases is the 1ISO 834 / EN 1991-1-2 Standard Fire curve.

Tab. 19.1 List of benchmark studies

ULELAL B Bl REF CONTENTS
CURVE
BMS4 Composite slab
Mesh density check —
BMS5C
Coarse
Mesh density check —
. BMS5M2 .
BS476 Standard Fire BMSS Composite Slab with various Medium 2
Curve mesh densities Mesh density check —
BMS5F ,
Fine
Mesh density check —
BMS5FR ,
Finer
BMS7 Composite slab with columns
Tab. 19.2 Parameters compared in benchmark studies
REF CONTENTS

Comparisons of central displacement and central axial force of a composite slab with:
BMS48&5 BMS4 Medium mesh size: Im x 1m
BMS5C — Coarse mesh size: 1.5mx 2.0x
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BMS5M2 — Medium mesh size 2: 0.75m x 0.8m
BMS5F — Fine mesh size: 0.5m x 0.5m
BMS5FR — Finer mesh size: 0.3m x 0.4m

Comparisons of central displacement and central axial force of:
BMS4&7 BMS4 — Composite slab without columns
BMS7 — Composite slab with columns at four corners

19.1 ANALYTICAL BACKGROUND
19.1.1 Thermal analysis
It is important to represent steel beams which support concrete slabs appropriately. The temperature
in the steel cross-section forms a non-uniform pattern in which each major element of the section’s
temperature is a proportion of the heating temperature curve. These proportions vary with time and
with the particular heating curve being applied.

In analytical design the simplified method given in EN 1993-1-2 (2005) is used to calculate a
uniform representation of the temperature in a steel member. During a time interval At, the steel

temperature increment is calculated from the equation (EN 1993-1-2, 2005):

IV -
6, =k, 2V at, (1)
where:
kSh Is a correction factor for the ‘shadow effect’,

A IV s the section factor for unprotected steel members [m-1],

Am is the surface area of the member per unit length [m2/m)],

\Y is the volume of the member per unit length [m3/m], (c/s area if prismatic),
ca is specific heat of steel [J/kgK],

P. is the unit mass of steel [kg/m3],

hﬂ is the design value of the net heat flux per unit area,

At is the time interval [s].

For I-sections the correction factor for the shadow effect under the influence of a test fire such

as the ISO 834 standard curve is determined as:
ke =09[A,/V], /[A.1V], (2
[A.1V]

the value of ksh should be taken as:

ke =[AL/V], /[ AL1V]. (3)

where b is a section factor for an imaginary box that embraces the I-section. In all other cases,
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In the Vulcan analyses undertaken in this study, in order to maintain a consistent link between
mechanical properties and temperature rather than to make time an explicit parameter, fixed
proportions of the heating curve temperature are used for the main parts of the steel cross-section.

Figure 19.1 illustrates the difference between the section factor and its box value.

Am Am,b
T T e ]
N e
< 1
— — ol e
1 N
et —_ _!
perimeter exposed perimeter
c/s area c/s area
A * | :
1
—p— — —
1
LY -
exposed perimeter exposed perimeter
c/s area ¢/s area

Fig. 19.1 Section factor and box value of section factor

19.1.2 Mechanical analysis

Description of the software used

This study was conducted using the computer program Vulcan, which has been developed at the
University of Sheffield for many years. In this program steel-framed and composite buildings are
modelled as assemblies of finite beam-column, connection and layered floor slab elements. For
composite floor systems it is assumed that the nodes of these different types of element are defined in
a common fixed reference plane, which is assumed to coincide with the mid-surface of the concrete slab
element. The beam-columns are represented by 3-noded line elements with two Gaussian integration
points along their length, as illustrated in Fig. 19.2.

The nonlinear beam column element matrices are derived from the general continuum
mechanics equations for large-displacement/rotation nonlinear analysis. Each of the three nodes of the
beam-column element has six degrees of freedom. The main assumptions of the elements can be
summarized as follows:

Cross sections remain plane and undistorted under deformation and there is no slip between segments.
They do not necessarily remain normal to their reference axis, as they are originally located, as

displacement develops.
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Fig. 19.2 Three dimensional segmented 3-noded beam-column element

The “small strain and large deformation” theory is adopted. This means the displacements and

rotations can be arbitrarily large but strains remain small enough to obey the normal engineers’

definition.
I b I
Node k | |
() |
a
\\
\
Segment

Fig. 19.3 Division of the cross section of beam-column elements into segments

The cross section of a beam-column element is divided into a matrix of segments, as shown in
Fig. 19.3; each segment can then have its own material, thermal and mechanical properties, and its own
temperature, at any stage of an analysis. This allows modelling of different temperature distributions
across member’s cross-section and, therefore, the different the thermal strains and changes of material
properties that accompany different temperatures across the section can also be tracked.

A bibliography of papers describing the development of Vulcan is given at the end of this article.
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Material models

In the analysis presented the stress-strain relationships of steel at elevated temperatures and its
thermal strains, calculated in accordance with EN 1993-1-2 (2005), were used for most cases. The
reduction factors for material properties of steel are also in accordance with EC3. In some cases a
bilinear material model (Srpci¢, 1991) was used with reduction factors according to French design
guidance (CTICM, 1976) were adopted. The material models are shown in Fig. 19.4 and the reduction
factors are given in Fig. 19.5. Only when the bilinear material model was used were creep strains
included in the analysis. In the cases considered in this report creep has been excluded from the
analyses.

(a) EN 1993-1-2

Reduction factor
ki 1.000 1
0 SO : e .
1 _ pe of linear elastic range
D,=08 0.800 ko =Eao/Es
o D,=0.15
g fpa - ‘ D =0.02 0.600
v 1 It ' BS EN 1993-1-2:2005
‘ Dye=tlE /‘ EN 1993-1-2:2005 (E)
: 0.400 1 Design yield strength
ET ‘ Ko 200 = fo.200 / fyl
0 3 3 0.200 1
0 D,r D+
strain D,
0000 T T I T T 1
0 200 400 600 800 1000 1200
Temperature [°C]
Fig. 19.4 Stress-strain model for steel at Fig. 19.5 Temperature dependent reduction
elevated temperature (EN 1993-1-2, factors (EN 1993-1-2, 2005)
2005)

Creep of steel
Creep of steel at normal temperatures is almost negligible. At elevated temperatures (T > 400°C) creep
should not be neglected over long time periods. The mathematical model used for the mechanical part

of fire analysis is considered according to model that was suggested by Williams Leir (1983):
Aé,, = sign(o) (b, [eoth? b, [,

where b; and b, are the functions of stress o, and temperature T. For detailed descriptions and values of

) At (4)

parameters see (Williams-Leir, 1987); for a detailed description of mechanical and material models see
(Hozjan et al., 2007).

Creep is specifically excluded from the examples run in this particular study.
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19.2 EXAMPLES
19.2.1 BMS_4, 5, 7:

For this set of benchmark studies the temperature curve and pattern used is given below:

» Primary Beams are protected. Secondary Beams are unprotected. Columns are protected.
Figure 19.6 indicates the temperature against time curves of the fire and the main parts of the cross
section; these temperatures are not uniform if the upper flange supports a concrete slab. A simplified
temperature variation with time within the main elements of the section is represented in Vulcan using
a ‘temperature pattern’ which scales the controlling fire temperature curve by fixed factors for each of
these elements.

Gas Temperature (°C)
1000
900 |
800 |
700 |
600 |
500 |
400 |
300

Time mins

Fig. 19.6 Temperature Curves throughout parts of each element (BS476 Standard fire)

== Fjre curve temperature «—Fire curve temperature—! ~<—Fire curve temperature—=

Muttiplier Multiplier Muttiplier
Top |0.600 0.700 Web Top |0.500 1000  Web Top |0.200 0300 Mid
Bottom |0.700 Bottom |1.000 Bottom [1.000 0300  Mid Pos
Temperature distribution on Temperature distribution on Temperature distribution on slab
primary beam secondary beam

Fig. 19.7 Temperature distributions

» All columns have temperature factor of 0.7 which is uniform across the entire cross section.
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Table 19.3 lists the analyses performed. The names of the examples correspond to those of the

Excel input and output spreadsheets which are presented separately.

Tab. 19.3 List of the performed analyses

Material Load Thermal Boundary
Name , Heating regime Creep
model [KN/m?] analysis Conditions
BMS_4 EC3 5 BS476 Standard fire EC3 NO Without columns
BMS_5 EC3 5 BS476 Standard fire EC3 NO Without columns
BMS_7 EC3 5 BS476 Standard fire EC3 NO With columns

19.2.1.1 COMPOSITE SLAB WITHOUT COLUMNS (BMS_4)

A 6 x 8m composite slab, consisted by 4 Primary Beams forming its perimeter, of section: UB
457x191x98, S355 and 1 Secondary Beam parallel to its length, of section: UB 457x191x82, S355; with
mesh 1x1m is subjected to a uniform area load of SKN/m” and then heated uniformly along its entire

volume (Fig 19.8).

tw=114

467,2

tr=19.6

1928

. UB 457x191x98 S355
> | Beam cross-section

460

1913

UB 457x191x82 S355

Fig. 19.8 1x1m mesh composite slab without columns .
Beam cross-section

19.2.1.2 COMPOSITE SLAB WITH VARIOUS MESH DENSITIES (BMS_5)

A 6 x 8m composite slab, consisted by 4 Primary Beams forming its perimeter, of section: UB
457x191x98, S355 andl Secondary Beam parallel to its length, of section: UB 457x191x82, S355; with
mesh range of (1x1, 1.5x2, 0.75x0.8, 0.5x0.5, 0.3x0.4) is subjected to a uniform area load of 5KN/m?” and

then heated uniformly along its entire volume (Fig 19.9-12).
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UB457x191x98

UB457x191x82

UB457x191x98

Fig. 19.11 0.5x0.5m mesh composite slab without columns
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ty=11.4
1 t=19.6
' ;~192,8——;
UB 457x191x98 S355
Beam cross-section
tw=9.9
= 16
" 1913+

UB 457x191x82 S355
Beam cross-section

ty=11.4

467,2

= 19.6

l-192,8 -

UB 457x191x98 S355
Beam cross-section

tw=9.9

460

= 16

1

1913

UB 457x191x82 S355
Beam cross-section

i t,=11.4

467,2

= 19.6

L1928
UB 457x191x98 S355
Beam cross-section

i

tw=9.9

460

= 16

~191,3—

UB 457x191x82 S355
Beam cross-section
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t,= 11.4

467,2

= 19.6

l-192,8 -

UB 457x191x98 S355
Beam cross-section

460

= 16

v ———

L1913

UB 457x191x82 S355
Beam cross-section

Fig. 19.12 0.3x0.4m mesh composite slab without columns
19.2.1.3 COMPOSITE SLAB WITH COLUMNS (BMS_7)
A 6 x 8m composite slab, consisted by 4 Primary Beams forming its perimeter, of section: UB
457x191x98, S355, 1 Secondary Beam parallel to its length, of section: UB 457x191x82, S355 and 4
columns at each corner, of section: UC 254x254x73, S355; with mesh 1x1m is subjected to a uniform

area load of 5KN/m? and then heated uniformly along its entire volume (Fig 19.13).

tw=114 ( tw=9.9
1 tr=19.6 L t=16
L 192,8 J L1913+

UB 457x191x98 S355 UB 457x191x82 S355
Beam cross-section Beam cross-section

f t,= 86
EL t=14.2

S — |

1YY —

Fig. 19.13 1x1m mesh composite slab with columns UC 254x254x73 S355 Column cross-section
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19.2.1.4 RESULTS

Vertical Displacements:

BMS4 Vertical Displacements
03 T T T T T T 1
30 40 50 60 70 80 a0
50
£
< -100
3
£
Q —=— Node 86
£ .150 |
2 —+— Node 101
(=
—=—Nade 8
200
—— Node 195
250 - —— Central node
Time (min)
Fig. 19.14 Vertical displacements at midpoint of each beam
BMS5C Vertical Displacements
0B T T T T T T T T 1
50 90
50
3
= -100 -
g
E
£ 150
2 ——Node 28
—+—Node 35
200 7 . Node 4
—— Node 67
250 - ——~Central node
Time (min)
Fig. 19.15 Vertical displacements at midpoint of each beam
BMS5M2 Vertical Displacements
04 T T T T T T T T 1
30 40 50 60 70 80 90
-50 -
£
= -100
3
E
&
=190 7 Node 148
e —— Node 167
-200 -~ —s— Node 10
—+— Node 325
250 —— Central node
Time (min)

Fig. 19.16 Vertical displacements at midpoint of each beam
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BMS5F Vertical Displacements

04 T T T T T T
30 40 50 60 70

80 90

50
T
£ 100
]
£
8
< -150
@ —— Node 86
=]
—+— Node 101
-200 - —=—Node 8
—— Node 195
250 - —— Central node
Time (min)
Fig. 19.17 Vertical displacements at midpoint of each beam
BMS5FR Vertical Displacements
0§ T T T T T T T 1

40 50 60 70

30

IR

[e]

(@)
1

—— Node 780

Displacement (mm)
N
o
o
I

-200 -

-50 4 M

e

80 20

—+— Node 819
250 4 —s— Node 20

—+— Node 1619
300 - —+— Central node

Time (min)
Fig. 19.18 Vertical displacements at midpoint of each beam
BMS7 Vertical displacements
50 -

E
= -0
c
(1]
E
g
= -100 —— Column top
a —— Node 1
—— Node 86
-150 - —+— Node 101
—=—Node 8
—=— Node 195
-200 - —— Central node 93

Time (min)

Fig. 19.19 Vertical displacements at midpoint of each beam
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Axial Force:

NOTE: The plots of axial force against time shown below contain occasional “peaks” which are clearly
out of line with the general trend of results. These are caused by results in such cases having a
particular bias within the tolerance limits set for a particular analysis, rather than having a more uniform

spread. Changing the tolerance limits will usually cure the phenomenon.

BMS4 Axial force at central-node

-400000 -+

-200000

200000

Axial force (N)

400000

600000

800000

Time (min)

1000000

Fig. 19.20 Axial force at centre of slab

BMS5C Axial force at central-node

-400000 -

-200000
10 20 30 40 50 60 70 80 90

200000

o

—=—Beam 8

400000 | Beam3

Axial force (N)

600000 4

800000 -

Time (min)
1000000 -~

Fig. 19.21 Axial force on beam at centre of slab
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BMS5M2 Axial force at central-node
400000
-200000
10 20 30 40 50 60 70 B esssadD
0 | | 1 | PP . 1) 1 1 |
z
g 200000 1 ——Beam 16
:‘—é 400000 - —=—Beam 17
%
600000 -
]
800000 -
Time (min)
1000000 -
Fig. 19.22 Axial force on beam at centre of slab
BMSSF Axial force at central-node
-400000
-200000
10 20 30 40 >0 W
0 Il 1 Il Il 4 Il 1 Il I}
z
§ 200000 —+—Beam 17
o]
T 400000 - —=—Beam 50
<
600000 -
"
800000 -
Time (min)
1000000
Fig. 19.23 Axial force on beam at centre of slab
BMS5FR Axial force at central-node
-400000
200000
10 20 30 40 W SoEn )
0 ‘ . ‘ ‘ : ‘ . ‘ ‘
z
§ 200000 —=—Beam 48
o]
T 400000 ——Beam 49
]
600000
800000 X
Time (min)
1000000

Fig. 19.24 Axial force on beam at centre of slab
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BMS7 Axial force at central-node

-400000 -

-200000
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0

200000

—=—RBeam 48
400000

——Beam 49

Axial force (N)

600000
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1000000

Time (min)

1200000 -

Fig. 19.25 Axial force on beam at centre of slab
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20 COLLAPSE BEHAVIOUR OF CONCRETE SLAB FLOOR SYSTEM

Summary

This benchmark study compares the collapse behaviour of the reinforced concrete slab at ambient
temperature and at elevated temperatures. As a case study, a compartment by 9.5 meter by 6 meter
from a steel tall building in Istanbul, Turkey is modelled using the finite element software ABAQUS. The

steel building is 28 stories high and currently used as a hotel.

20.1 PROBLEM DESCRIPTION

20.1.1 Finite element model

The 9.5m x 6m composite floor compartment (see Fig. 20.1) is analysed using the finite element
method. The slab is divided by 200 x 200 mm mesh sizes. For this study, only the concrete slab with steel
mesh reinforcement is modelled. The modelling of the edge (primary) and secondary beams will be the
next step for the benchmark study. The concrete slab consists of 4-node doubly curved thin shells with
reduced integration. In order to accurately capture the thermal gradient through the slab cross section,
9 integration points are employed.

The original ribbed concrete slab is idealized using the effective shell thickness approach such
that only half of the ribbed section thickness is utilized as seen in Fig 20.2. The steel reinforcement mesh
A142 is located 40mm from the concrete top surface. The reinforcement is modelled using *REBAR
LAYER command in x- and y- directions as a smeared layer.

All the edges of the concrete slab are restrained against the vertical (z-) direction. However, the
horizontal translation as well as the rotation is allowed on the concrete slab edges. This way, the slab

could fold at the edges during collapse.

20.1.2 Material models

The mechanical and thermal properties for the reinforcing steel mesh and the siliceous concrete
material are shown in Tab. 20.1 and Tab. 20.2, respectively. For elevated temperatures, Eurocode
provisions are used (CEN 2004, CEN 2005). For the concrete material, both compression softening and
tension stiffening are adopted according to Youssef and Moftah (2007). The concrete damaged plasticity

in ABAQUS is employed to model the plastic behaviour of the concrete material.
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70mm

50mm

95mm

Fig. 20.1 Tall steel building as a case study

ORIGINAL SLAB

PROPOSED SLAB

Fig. 20.2 Geometric properties of the concrete slab

Tab. 20.1 Mechanical and thermal properties of reinforcing steel

REINFORCING STEEL MESH
Size of mesh | Longitudinal wires | Transverse wires | Smeared layer
Type
Geometry (mm) Area (mm?/m) Area (mm?/m) | thickness (mm)
Al142 200x200 142 142 0.1414
Young’s (Elastic) Modulus Yield stress
Mechanical
(GPa) (MPa)
(ambient)
210 500
Density | Conductivity Specific Heat Expansion
Thermal 5
(kg/m°) (W/m K) (J/kg K) (1/°C)
(ambient)
7850 53.3 440 1.23e-5
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Tab. 20.2 Mechanical and thermal properties of siliceous concrete

CONCRETE
Longitudinal
Size of mesh Transverse wires Smeared layer
Type wires
Geometry (mm) Area (mm?/m) thickness (mm)
Area (mm?/m)
C35 200x200 142 142 0.1414
Young’s (Elastic) Yield stress in Cracking stress in
Dilation angle in
Mechanical Modulus compression (MPa) tension (MPa)
yielding (Degrees)
(ambient) (GPa) f: f:
21 35 3.5 12
Density | Conductivity Specific Heat Expansion
Thermal s
(kg/m?) (W/mK) (I/kg K) (1/°C)
(ambient)
2300 1.95 900 0.91e-5
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Fig. 20.3 The reduction factors of (a) concrete material in compression, (b) concrete material in tension

and (c) the reinforcing steel in both compression and tension.
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20.2 ANALYSIS AND RESULTS

The analysis method is chosen to be dynamic-explicit using ABAQUS/EXPLICIT package. A dynamic
analysis is favourable because the material model complexity of concrete and the collapse behaviour
make the finite element model non-convergent for a static analysis. However, it is important to keep the
kinetic energy levels due to inertial forces in the model at a minimum. This is achieved by scaling up the
time scale.

A total of two analyses are run. The force-displacement plot is shown in Fig. 20.5a. The averaged
rebar (axial) forces and the averaged axial force (entire slab cross section-free cut) in x- and y- directions
are shown in Fig. 20.5b and Fig. 20.5c, respectively. For the first analysis (Ambient), the reinforced
concrete slab is loaded with a uniformly distributed load of 10 kN/m?, which is approximately 90% of the
ultimate collapse load. The distributed load is ramped up linearly. The deformation and the plastic strain
(max. principal) contours for ‘Ambient’ analysis are shown in Fig. 20.6a and Fig. 20.7a, respectively. The
second analysis (Fire) is run to compare the collapse behaviour of the reinforced concrete slab at
elevated temperatures. Also in ‘Fire’ analysis, the slab is loaded with a uniformly distributed load of 10
kN/m?, but then it is heated with ISO curve fire. A thermal gradient through the slab thickness is
assigned as shown in Fig. 20.4. The *REBAR LAYER command in ABAQUS does not allow the steel
reinforcement to contribute to the heat transfer. The steel mesh is assigned to a temperature according
to its location within the slab thickness only. The deformation and the plastic strain (max. principal)

contours for ‘Fire’ analysis are shown in Fig. 20.6b and Fig. 20.7b, respectively.

——-Bottom Surf
1000 —Top surf
—Reinf.
——I180 834

Temperature ( °C)

P
-

0 10 20 30 40 50 60
Time (min)

Fig. 20.4 The time-temperature curve for bottom-, mid- and top concrete surface as well as the

reinforcement steel.
The first step for both ‘Ambient’ and ‘Fire’ analyses is 90% gravity loading to the structure,

which is approximately 600 mm vertical displacement of the central node in the slab. As seen in Fig.

20.5a, the collapse occurs at 1200 mm and 1600 mm for ‘Ambient’ and ‘Fire’ analyses, respectively. The
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increased ductility of the concrete slab at elevated temperatures is clearly observed. As seen in Fig.
20.5b and Fig. 20.5c, the reinforcement axial force capacities in both x- and y- directions are completely
utilized for both ‘Ambient’ and ‘Fire’ analyses. The axial forces in x-direction are larger compared to the
axial forces in y-direction due to the aspect ratio of the concrete slab. For ‘Ambient’ analysis, there is a
slightly increase in reinforcement axial force due to additional gravity loading. For ‘Fire’ analysis, the
reinforcement loses some of its strength due to elevated temperatures. The axial force across the entire
concrete slab (free cut) decreases abruptly near collapse while the reinforcement picks up most of the
load.

The increased ductility with fire loading is also observed in the deformation plots in Fig. 20.6a
and Fig.20.6b. The plastic strain (max. in plane) contours of the reinforcements (x-direction) show that
both ‘Ambient’ and ‘Fire’ analyses failed with the same collapse mechanism, which is the fracture of the
reinforcement in x- direction in the middle plan. For the ‘Fire’ analysis, there is significant yielding at

other regions due to larger displacements.

Distributed Loading (kN/mz)

— Ambient
2 — Fire
0 L L L ]
0 400 800 1200 1800

Vertical Downward Displacement (mm)

(a)

1500 1500
. . ==+Ambient (reinf.)
==-Ambient (reinf.) ) )
) ) =="Fire (reinf.)
==-Fire (reinf.) :
) —Ambient (freecut)
1000} Ambient (freecut) 1000/

—Fire (freecut)

—Fire (freecut)

500} 500+

(=]

o

Average Axial Force -X direction (kKN)
Average Axial Force -Y direction (kN)

5000 400 800 1200 1600 -5000 400 800 1200 1600
Vertical Downward Displacement (mm} Vertical Downward Displacement (mm)
(b) (c)

Fig. 20.5 (a) The central node deflection, the axial force of the concrete slab cross section (free cut) and

the reinforcement at midspan for (b) x- direction and (c) y- direction.
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(a) (b)
Fig. 20.6 The deformation plot for (a) ‘Ambient’ (b) ‘Fire’ analyses.

(a) (b)

Fig. 20.7 The plastic strain contours (max. in plane) of the reinforcement in x-direction for (a) ‘Ambient’

and (b) ‘Fire’ analyses.

20.4 SUMMARY

This benchmark study summarizes the recent findings on the collapse behaviour of a concrete slab due
to gravity and fire loading. The collapse mechanism is the fracture of the reinforcement along the larger
dimension. Although the collapse mechanism does not change, fire induces larger deflections to the

slab, since the load carrying reinforcement steel becomes more ductile at elevated temperatures.
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21 COLD-FORMED STEEL PORTAL FRAMES AT ELEVATED TEMPERATURES

Summary

This paper outlines a benchmark study into cold-formed steel portal frame structures at elevated
temperatures. The general purpose finite element package ABAQUS was used for modelling and analysis
purposes. The study demonstrates the various approaches available to study the effects of elevated
temperatures on a cold-formed steel portal frame with results for finite element shell and beam
idealisations compared. The structural arrangement, loading and boundary conditions are taken from a
previous laboratory test at ambient conditions. In order to accurately predict behaviour at elevated
temperatures, material properties are taken from published literature. Finite element beam and shell
idealisations are compared. The effect of geometric non-linearity in the finite element shell
idealisations was investigated. Results for shell and beam idealisations without geometric non-linearity
demonstrate a symmetric collapse mechanism in fire, with failure at a temperature of 504 °C. Results for
the idealisation with geometric non-linearity demonstrate an asymmetric collapse mechanism in fire,
with failure observed at a temperature of 403 °C. It is therefore recommended that for such studies,
finite element shell idealisations are used, with inclusion for geometric non-linearity, in order to allow

for safe design.

21.1 BENCHMARK PROBLEM

21.1.1 Introduction

In order to facilitate verification of computer idealisations, differing types of analysis methods are
required. In this study, ABAQUS v6.11-1 (Dassault Systemes, 2011) finite element shell idealisations are
compared against finite element beam idealisations. Investigation into the structural behaviour of both
hot-rolled and cold-formed steel portal frames at elevated temperatures has been carried out by
numerous researchers, using beam elements. Within this study, FE shell idealisations have been created
to model the cold-formed steel members and joints. The use of shell elements enables accurate
representation of the geometry and load transfer through eaves and apex joint arrangements. For this

benchmark study no initial imperfections were included in either of the beam and shell idealisations.
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Sabbagh, 2013 investigated the behaviour of bolted cold-formed steel moment connections. Results for
FE idealisations with and with-out imperfection were found to be very close and in general follow the

envelope of experimental curves.

21.1.1.1 Hot-rolled Steel Portal Frames at Elevated Temperatures
For hot-rolled steel portal frames the UK Building Regulations, 1991 make reference to the SCI design
method (Simms, 2002) which assumes both rafters are heated uniformly and for a single-span building
that the rafters undergo inward snap-through buckling. O'Meagher, 1992 defined acceptable and
unacceptable modes of failure in a number of heating situations. The unacceptable mode of failure
would be asymmetric and result in outwards collapse of the wall. This has safety implications for not
only adjacent buildings, but importantly, for fire fighters and persons in the vicinity of the building.

Wong, 2001 used VULCAN to conduct 2-D non-linear elastic-plastic implicit static FE analysis.
Franssen, 2004 described a double-span portal frame, which Vassart, 2007 adopted for their studies.
Using the finite element program SAFIR (Franssen, 2002), Vassart conducted a 2-D non-linear elastic-
plastic implicit dynamic finite element analysis to predict the behaviour of the double-span frame to
collapse. Ali, 2004 also conducted a 2-D nonlinear elastic-plastic finite element analysis of a double-bay
frame using the finite element program ABAQUS in order to determine the safe clearance required
between the frame and firewall allowing the frame to expand laterally. Song, 2008 and Song, 2009
continued the work of Wong on single-span frames and used VULCAN to conduct a 2-D non-linear
elastic-plastic implicit dynamic analysis of the portal frame. Bong, 2005 as described by Moss, 2009
conducted a 3-D non-linear elastic-plastic implicit dynamic finite element analysis of a portal frame
building in fire using the finite element program SAFIR.

Rahman, 2011 used ABAQUS to conduct non-linear elastic-plastic implicit dynamic finite element
idealisations of a hot-rolled steel portal frame structure subject to elevated temperatures to assess the

adequacy of the SCI design method.

21.1.1.2 Cold-formed Steel Portal Frames at Ambient Temperature

The sustainable advantages of cold-formed steel portal frames over hot-rolled steel portal frames for
modest spans were investigated by McGrath, 2012. Jackson, 2012 and Johnston (1), 2013 investigated
the effect of reduced joint strength and semi-rigid joints. The importance of taking the effect of joint
rigidity into account was demonstrated when considering design of such frames at ambient

temperature.
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21.1.1.3 Cold-formed Steel Portal Frames at Elevated Temperatures

Pyl, 2012 was the first to investigate cold-formed steel portal frames at elevated temperature through
full scale site fire testing and subsequent modelling. The site fire test showed inwards collapse of the
frame in which sigma cold-formed steel sections were used for the primary load bearing members. In
the subsequent SAFIR finite element work, beam elements were used to model the sections with
attention made to girders, columns, roof purlins and wall girts only. Lim, 2004 investigated the effect of
elevated temperatures on bolted moment connections between cold-formed steel members using
ABAQUS. Johnston (2), 2013 compared ABAQUS static finite element shell and beam idealisation

predictions into the behaviour of a cold-formed steel portal frame at elevated temperatures.

21.1.2 Material Model

The steel design standards, Eurocode 3: Part 1.2, 2001 and BS 5950: Part 8, 1990 include reduction
factors for cold-formed steels. Eurocode 3: Part 1.2 suggests use of Class 4 sections for cold-formed
sections and recommends the same reduction factors for hot-rolled and cold-formed steels. BS 5950:
Part 8 has a limited temperature range of 200-6002C, providing yield strength-reduction factors.

Various researchers have investigated the mechanical properties of cold-formed steels at elevated
temperatures, including Outlinen (1999), Lee (2003), Mercozzi (2005), Chen (2007), and Ranawaka,
2009.

For this study, the elastic and plastic mechanical properties presented by Chen are used. Chen
carried out investigation of G550 and G450 steel grades with plate thicknesses of 1.0 mm and 1.9 mm. In
this experimental work, both steady and transient state tensile coupon tests were carried out between
temperatures of 20 to 1000 2C. A unified equation for yield strength, elastic modulus, ultimate strength
and ultimate strain of cold-formed steel was proposed. In addition, a full stress-strain curve of cold-

formed carbon steel at elevated temperatures was proposed.

21.2 BACKGROUND ON ANALYSIS METHOD

21.2.1 ABAQUS NLFEA

ABAQUS v.6-11.1 non-linear finite element analysis (NLFEA) is able to capture the elastic-plastic non-
linear behaviour of steel. Abaqus/CAE is divided into separate modules, with each being taken in turn
when working through the modelling process. When the modules are completed in Abaqus/CAE, the
idealisation is generated into an input file that is in turn submitted to either Abaqus/Standard or

Abaqus/Explicit depending on the type of analysis required.
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21.2.2 Implicit Dynamic Solution

The implicit dynamic approach was taken in this study to investigate the response of the structure at
elevated temperatures. Within this method, the solution to the set of equations is solved via an iterative
approach until a convergence criterion is satisfied for every increment. The state of an idealisation is
updated from time t to t + At. ABAQUS/Standard uses a form of the Newton-Raphson solution method.
According to Harewood, 2007 for a non-linear problem, small time increments are required so as to

ensure accuracy.

21.3 DETAIL OF FINITE ELEMENT IDEALISATIONS

21.3.1 Overview

The geometry and arrangement chosen was taken from Lim, 2004. Lim described two full scale tests on
a cold-formed steel portal frame at ambient temperature. Their frame A was used in this benchmark
study. The frame dimensions were: roof pitch of 10°, span of 12 m and height to eaves of 3 m (see Fig.

21.1).

back-to-

sections

Jjack

reaction beam M reaction
T I column

‘\(schematic

representation
only)

s 12000

x |ocation of lateral restraint

Fig. 21.1 Dimensions of test arrangement from Lim, 2004.

Lateral and torsional restraint was provided at the purlin and side rail positions to prevent
lateral torsional buckling of the sections. The portal frame was loaded using a hydraulic jack, reaction
beam and reaction column. Premature buckling of the apex bracket occurred in the experimental test at
73 kN, however the FE shell idealisation presented by the authors was loaded up to 120 kN.

The column and rafter members are formed through back-to-back lipped channel sections; the
joints are formed through two 3 mm thick folded steel plates sandwiched between the back-to-back

channel sections. Details of the joints are shown in Fig. 21.2.
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Fig. 21.2 Joint and Section Details from Lim, 2004.

21.3.2 Composition of ABAQUS idealisations
FE shell and beam idealisations were created for the geometry with matching material, loading and
boundary conditions. The ISO 834 Standard nominal time temperature fire curve and fire scenario were
kept consistent across both idealisations. Newtons (N) and millimetres (mm) were the S| convention
used. The loading and properties were kept consistent with this convention. In applying loads, ABAQUS
breaks the load into time steps. To help with convergence, a small time step was specified as the initial
step and minimum increment. Within the Part module, the geometry of the idealisations was created.
For the FE shell idealisation, the individual columns, rafters and brackets were drawn as 3D deformable
shell elements. For the FE beam idealisation, a 3D deformable structure path was sketched with a profile
swept along this path.

In the Property module, Conductivity, Damping, Expansion, Specific Heat, Density, Elastic and
Plastic material properties were defined. The elastic and plastic material properties were equated from
Chen, 2007. For the FE shell idealisation, sections were composed defining shell thickness which linked
to the material. For the FE beam idealisation, sections were composed defining profile and also linking
to material. Due to the analysis of post-buckling involving large in-elastic strains, the engineering stress-
strain curve was converted to a true stress and logarithmic plastic strain curves for each temperature
considered. Poisson’s ratio was taken as 0.3 under fire conditions.

In the Assembly module, instances of the part were arranged to compose the idealisation.
Within the assembly, the parts were partitioned to specify locations of boundary conditions (BC's)
and/or loading. Partitioning was also used to define locations of bolts for the FE shell idealisation. After
partitioning, connector elements were inserted to join the nodes along the centreline of the bolt to
create the shell idealisation. In the Step module, three separate analysis steps were defined. In the
'Initial' Step, geometry and initial conditions were defined and propagated into subsequent steps. In the
'Load' Step, the load was applied over a ramp using a static general solver. In the 'Temperature' Step the
reduction in material properties are linked to the time-temperature amplitude curve. Within this step an
implicit dynamic solver was used. For the load and temperature steps, small initial, minimum and

maximum time increments were specified to ensure accuracy.

240



COST Action TU0904 Ny
CcoskeE

Integrated Fire Engineering and Response

In the Load module boundary conditions and loads were applied to the structure. Concentrated
loads and lateral restraints were applied at locations of purlins and side-rails. The 'predefined fields'
option was used to apply initial and subsequent temperature conditions to the structure. Seeding of the
edges and subsequent meshing of the arrangement was carried out within the Mesh module. A mesh
sensitivity analysis was carried out as described in Sections 3.3.1 and 3.3.2. In the Job module the input
file was created and the idealisation was submitted for analysis. Monitoring was be used to determine
whether the solution was converging and/or if there were any warning or errors. The Visualisation
module enabled a graphical representation of the structure behaviour. Within this module, XY data was
be output according to the results requested. The idealisation of the ABAQUS FE shell and beam

idealisations can be seen in Fig. 21.3 and 21.4 respectively.

Fig. 21.3 ABAQUS FE Shell idealisation of the frame

Fig. 21.4 ABAQUS FE beam idealisation of the frame

21.3.3 Mesh Details

21.3.3.1 Shell Idealisation

A study into mesh convergence was carried out in order to determine a suitable FE idealisation for
analysis purposes. Fig. 21.5 demonstrates the mesh convergence with Relative Ultimate Load plotted
against Mesh size for the frame. The mesh size used within the shell idealisation was 40 x 40 mm for the
channel sections and 40 x 40 mm for the folded plate. The cold-formed channel sections and folded
steel plate were both modelled using the shell element S4R. The S4R element is a four-noded doubly
curved thin or thick shell element with reduced integration, hourglass control and finite membrane
strains. It has six degrees of freedom per node which makes it suitable for the complex buckling

behaviour observed in slender cold-formed steel sections under loading and elevated temperatures.
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Fig. 21.5 FE Shell Idealisation Mesh Sensitivity Study

21.3.3.2 Beam Idealisation
The effect of mesh element size was investigated in order to provide accurate results and reduced
computational time. Fig. 21.6 demonstrates the mesh convergence with Relative Ultimate Load plotted
against Mesh size for the frame. The mesh size used within the shell idealisations was 50 x 50 mm. The
cold-formed channel sections and folded steel plate were both modelled as continuous using the B31
ABAQUS beam element. The B31 element is a 2-node linear beam in space.
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Fig. 21.6 FE Beam ldealisation Mesh Sensitivity Study

21.3.4 Fire Scenario
The ISO 834 standard nominal time-temperature curve was adopted for this study. This was inserted
into ABAQUS as an amplitude, linked in turn to a predefined field. For this benchmark study columns

and rafters were assumed unprotected and to have uniform heating.

21.4 RESULTS

21.4.1 Shell Idealisation

Two separate finite element shell idealisations were created, one with allowance for geometric non-
linearity (nlgeom), the other with no allowance for geometric non-linearity. Within ABAQUS, this can be

turned on or off within the Step Module definition. The finite element shell mesh can be seen in Fig.
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21.7. SURFACE-TO-SURFACE contacts were defined between the web of the channel section and the
gusset plates at connections, with contacts defined between webs of the channel sections elsewhere
within the structure. Neither the bolt holes nor bolts were physically modelled. ABAQUS CARTESIAN

connector elements were used to represent the bolt-hole elongation.

Fig. 21.7 FE Shell idealisation Mesh

21.4.1.1 Behaviour at Ambient Temperature

In this study, a load of 120 kN (used in the laboratory experiment test by Lim, 2004 was applied). The
purpose of this was to determine validation of the structure at ambient temperature using apex
displacement against the specified load of 120 kN. Fig. 8 shows Load against Apex Displacement for the
ambient temperature shell idealisations (with and without allowance for geometric non-linearity)
compared against previous published literature. As can be seen from Fig. 21.8, the shell idealisations
presented in this paper show close agreement with the results for the shell (linear elastic) idealisation in
the literature.

120
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60 - Lim & Nethercot

Shell Model
Shell Model nlgeom

Load (kN)

40

20 - Shell Model

T T )
0 50 100 150
Apex Displacement (mm)

Fig. 21.8 FE Shell idealisation at ambient temperature

21.4.1.2 Behaviour at Elevated Temperatures

At elevated temperatures, G550 material properties at elevated temperatures were calculated in
accordance with equations by Chen, 2007. The load applied was kept at the specified 120 kN. For the
shell idealisation with no allowance for geometric non-linearity, the implicit dynamic analysis showed

symmetric behaviour. Within this idealisation, initial expansion causes the apex to rise and eaves to
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push out laterally. Around 450 °C, the apex drops, with a symmetric failure. The rafter touches the floor

at 504 °C as can be seen in Fig. 21.9 and Fig. 21.10.
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Fig. 21.9 FE Shell Idealisation (nlgeom excluded) at Elevated Temperatures.

D
i

Fig. 21.10 FE Shell Idealisation (nlgeom excluded) at 480 °C

For the shell idealisation with allowance for geometric non-linearity, the implicit dynamic
analysis showed asymmetric behaviour. Within this idealisation, initial expansion causes the apex to rise
and eaves to push out laterally. At 401°C the apex drops rapidly, with a sway type failure mechanism.
The left hand side column pushes outwards laterally at the eaves and buckles just under the eaves
bracket. The right hand side column fails inwards. Buckling also occurs along the left hand side rafter.

The rafter touches the floor at 503 °C as can be seen in Fig. 21.11 and Fig. 21.12
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Fig. 21.11 FE Shell Idealisation (nlgeom included) at Elevated Temperatures
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Fig. 21.12 FE Shell Idealisation (nlgeom included) at 403 °C

21.4.2 Beam ldealisation

A rigid jointed finite element beam idealisation was created with no allowance for geometric non-
linearity, in order to compare with the finite element shell idealisations. The finite element beam mesh
can be seen in Fig. 21.13. Neither the bolt holes nor bolts were physically modelled. The joints are
modelled as fully rigid and included the localised additional thickness offered by the apex and eaves

brackets.
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Fig. 21.13 FE Beam Idealisation Mesh
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21.4.2.1 Behaviour at Ambient Temperature

In this study, a load of 120 kN used in the laboratory experiment test by Lim, 2004 was applied. The
purpose of this was to determine validation of the structure at ambient temperature using apex
displacement against the specified load of 120 kN. Fig. 21.14 shows Load against Apex Displacement for
the ambient temperature beam idealisation compared against the shell idealisation and previous
published literature. As can be seen from Fig. 21.14, the rigid beam idealisations presented in this paper
has greater stiffness compared to the shell idealisations described, which include the allowance for joint

rigidity.
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Fig. 21.14 FE Beam Idealisation at ambient temperature

21.4.2.2 Behaviour at Elevated Temperatures

At elevated temperatures, G550 material properties at elevated temperatures were calculated in
accordance with equations by Chen, 2007. The load applied was kept at the specified 120 kN. The
implicit dynamic analysis of the beam idealisation showed initial expansion causing maximum upwards
apex movement of 14 mm at 400 °C, this is followed by drop of 266 mm at 450 °C (relative to original
loaded position at 22 °C). Both eaves show outwards movement of 30 mm up to 400 °C, increasing to
124 mm at 450 °C. Major relative movement of the rafter and the apex occurs after 450 °C, which
results in the apex hitting the ground at 502 °C with a relative downwards movement of 3880 mm.
Similarly both eaves are shown to move outwards with a lateral displacement of 1382 mm at 502 °C. The
displacements of the frame at ambient and elevated temperatures are shown in Fig. 21.15. The von

Mises stress distribution of the frame at 480 °C can be seen in Fig. 21.16.
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Fig. 21.15 FE Beam Idealisation at Elevated Temperatures
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Fig. 21.16 FE Beam Idealisation at 480 °C

21.4.3 Comparison Between Shell and Beam Idealisations

14000

The apex displacement of the FE shell and beam idealisations are compared in Fig. 21.17a. It can be seen

that the shell and beam idealisations with no allowance for geometric non-linearity have similar

behaviour. However, the finite element shell idealisation with allowance for geometric non-linearity is

capable of predicting failure of the structure earlier within the fire. The eaves displacement of the FE

shell and beam idealisations are compared in Fig. 21.17b. Again, it can be seen that the shell and beam

idealisations with no allowance for geometric non-linearity have similar behaviour. However, the finite

element shell idealisation with allowance for geometric non-linearity is capable of predicting failure of

the structure earlier within the fire. Importantly, the latter demonstrates asymmetric collapse behaviour

with a sway type failure, with one column failing outwards (Fig. 21.18) and the other inwards. The shell

and beam idealisations with no allowance for geometric non-linearity demonstrate outwards lateral

column movement with symmetric collapse behaviour.
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Fig. 21.18 Buckling of ABAQUS finite element shell idealisation including geometric non-linearity
21.5 SUMMARY

The chapter summarises at 14 pages the varying approaches available to investigate the effects of
elevated temperatures on cold-formed steel portal frame structures. Using the general purpose finite
element package ABAQUS v6.11-1, results for finite element shell and beam idealisations are compared.
Subsequently, the effect of geometric non-linearity has been investigated and compared. Geometry,
loading, boundary conditions and fire scenario were kept constant to enable a fair comparison between
the different element types analysed. The composition and analysis of the FE shell idealisations is found
to be much more time demanding, compared to that invested in the FE beam idealisations.

Ideally, it would be preferable to conduct a full scale test of the arrangement in order to fully
understand the behaviour at ambient and elevated. However, due to environmental, safety and

economic constraints, this may not always be possible.
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The results show that the inclusion geometric non-linearity has a large effect on the failure
mechanism and failure temperature of the finite element shell idealisations. FE shell idealisations with
inclusion of geometric non-linearity have an asymmetric sway failure mechanism at elevated
temperatures, compared to the symmetric collapse mechanism of FE shell and beam idealisations with
no inclusion. In addition, the FE shell idealisation with geometric non-linearity demonstrates failure
earlier within the fire, at 403 °C compared with 504 °C for the FE shell and beam idealisations with no
inclusion of geometric non-linearity.

It is therefore recommended that for such studies, finite element shell idealisations are used,

with inclusion for geometric non-linearity, in order to allow for safe design.
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22 SOFTWARE COVERING STEEL FRAME STRUCTURAL BEHAVIOUR

Summary

In the CEC Agreement 7210 PR-378 was presented a benchmark between different software capable to
predict the behaviour of a steel frame exposed to fire. The finite element software used in the analyses
were ANSYS, ABAQUS and SAFIR. The original aim of the benchmark was to shown that the software
were capable to replicate the failure mode so that post-local failure stage can be analysed.

In addition to these results, in this paper the analysed model is studied through another finite
element software, STRAND7, in order to evaluate its capability to predict the behaviour of the steel
frame exposed to fire using a simplified constitutive law of steel at high temperatures. In fact in the
former software the constitutive law used was defined according to information provided by Eurocode
1993-1-2, while in STRAND7 only an elastic-perfectly plastic behaviour of the steel at high temperatures
can be defined.

The evidence of the comparison will be discussed in this benchmark.

22.1 CASE STUDY: FIRE IN AN INDUSTRIAL HALL
The industrial hall studied in this paper was used for the storage of lucernes.

For simple storey buildings, the structural behaviour in case of fire is relevant only for the safety
of the firemen. The protection of occupants and goods is a matter of fire spread, smoke propagation,
active fire fighting measures and evacuation facilities. Brittle failure, progressive collapse and partial
failure of facades elements outwards may endanger the fire fighters and have to be avoided. In order to
deal with such an objective, the simulation software has to cover the 3D structural behaviour including
membrane and restrained effects as well as the failure mode so that post-local failure stage can be

analysed. Such calculation models (ANSYS, ABAQUS, SAFIR, STRAND7) have been compared through a
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benchmark. In this benchmark, two different users used ABAQUS. The dynamic approach has been

implemented in these different softwares.

22.2 BENCHMARK DEFINITION

This benchmark is based on the structure described in Fig. 22.1:

v1 =4700 N/m
IR EEEEEEEEEEEEEEEEEEEEREERER]

0,5m h1 = 1300 N/m
om IPE 500 (S355) IPE 450 (S355)

20m , 20m

Fig. 22.1 Analysed structure

There is no sway or member imperfection in the model and the residual stresses are not taken
into account. Fire is acting under the left frame, and it is supposed that the four faces of the profiles are
in contact with fire. Furthermore, it is admitted that the central column remains at room temperature.
An ISO fire curve is considered.

The material laws for thermal and mechanical properties come from the EC3 Fire part. For the
mechanical properties, the strain hardening is not considered. All the profiles were assumed class 1
section during the fire. For the calculation of the temperature in the steel, an ISO fire curve is

considered.

Contact with fire

v

Fig. 22.2 Fire scenario
For the mechanical properties is necessary a distinction between Strand7 and the other

software. In fact while in the other softwares the thermal properties are defined according to EC3 Fire

parts, with no strain hardening and with the descending branch of the diagram o/e at 15% and 25%, in
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Strand7 the constitutive steel law at high temperature is simplified, in particular a elasto-plastic law is
considered, with no strain hardening and with no softening branch.

For the calculation of the temperature in the steel we can take:
- =25 W/m’K
-£=0.5
- no shadow effect has been taken into account. The simple calculation method of EC3 was used to
evaluate the temperature curves of steel members (IPE450, IPE500). This lead to an uniform distributed
temperature in the cross sections.

The evolution of the temperature into the beam and column of the frame can be analysed. The

evolution of the temperature will be given for the two following nodes (see Fig 22.3):

Z

Node n°1

Node n°2 N

%

Fig. 22.3 Node localisation

* Nodes N°1, located at 1/4 of the length of a flange,

253



Integrated Fire Engineering and Response LWy

* Nodes N°2, located at 1/2 of the length of the web.

* The root fillets exist in hot rolled profiles and must be taken into account.

22.3 RESULTS
22.3.1 Temperature
The results of the evolution of the temperature into the beam and column of the frame are reported in

Fig 22.4.
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Fig. 22.4 Node temperature results
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Each partner provides a drawing of the mesh of the columns and beams.
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Fig. 22.5 Mesh detail
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22.3.2 Structural calculation

N
CcoskeE

Each partner has provided tables of the evolution of the horizontal and the vertical displacements at

different places (Nodes A to D) with respect to time.

b

a .

| =
o,

Fig. 22.6 Nodes identification
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Fig. 22.7 Horizontal displacements nodes A,B,C,D

In the curve relate to the horizontal displacement of node A it can be noted negative

displacements, in other words outwards the structure, until 25 minutes. After this time the

displacement trend reverses, carrying the point at the initial position. The initial displacement trend is

influenced by the thermal elongation of the hot beam. This beam’s elongation pushes the column
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outwards the structure. Subsequently the reverse trend is due to the achievement in the beam of a
temperature that reduces significantly the element’s strength.

In general horizontal displacements show that until the structure achieves the proportionality
limit at least in one point, the behaviour is the same one for all the software.

After that the curve relates to Strand7’s results significantly deviates from the other ones, but in
terms of collapse time the result is the same one. In particular this effect is very clearly showed in the
curve relate to nodes A,B and D, in which is also evident the influence of the lack of softening branch in
the Strand7’s results.

Horizontal displacement in node C shows that after the achievement of proportionality limit at
least in one point of the structure, Strand7’s model presents displacement sometimes bigger than other
softwares. This is justified considering that the structure in Strand7’s analysis is more rigid than other

software so the capacity of the hot substructure to push the cold substructure is more evident.
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Fig. 22.8 Vertical displacements nodes A,B,D

In the curves relate to vertical displacements it can be observed the effect of heating on the fire
column. The rising temperature determines a thermal elongation of the element, so the point A and D,
located at the top and at the middle of the column, are pushed upwards the structure. The rise

continues until the beam’s push effect is still active.
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When the beam starts to fail inwards the structure the vertical displacements stabilize, as result

of balancing between the rising due to thermal elongation and the fall due to beam’s collapse.

Finally the beam collapses definitively.

In terms of comparison between the different software, also vertical displacements confirm the

previous remarks.

Moreover, to confirm as said relatively to displacement trends, it’s showed the normal force

with respect to the time at the connection between the central column and the beam without fire.

«— —

Beam 1 Beam 2

Fig. 22.9 Beams identification
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Fig. 22.10 Beam axial force in Beam 2

Beam 2, influenced by the heating of Beam 1, undergoes an initial increment of axial

compression. The reduction of axial compression is then due to the lack in terms of strength and

stiffness of hot beam. At the end, when the hot beam starts to fall inwards the structure, the cold beam

is pulled, as it can be noted in the curve where the axial beam force shifts from compression to tensile

force.
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The curve relative to beam axial force evaluated in Beam 2 shows that greater stiffness of
Strand7’s model after the achievement of proportionality limit at least in one point of the structure
determines some differences also in the axial force trend.

Finally each partner has provided tables of the evolution of the bending moment in different

elements with respect to time:

Apeam b

. C

Acol

Fig. 22.11 Beams identification
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Fig. 22.12 Bending moments in elements A,c.m, B and C

Also bending moments trends proposed in these figures show an initial phase of stress

increment. After that the trends invert due to hot beam collapse.
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In terms of comparison between different software the bending moment trends evaluated in

the point Abeam, B and C confirm all the previous remarks.

22.4 CONCLUSIONS
Benchmark result shows that use of a simplified constitutive law for steel at high temperature is
applicable for 1D model.

The approximation determines no differences in terms of times of collapse, but it can determine
considerable differences in terms of deformation behaviour, such as plastic strain.

Obviously, the absence of the parabolic branch in the simplified constitutive law determines a
linear behaviour of the structure until the achievement of yielding stress. This can induce a different
redistribution of stresses in respect of the real behaviour of structure

This aspect, above all in hyperstatic structures, can’t be neglected.
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23 STRUCTURAL FIRE ENGINEERING BENCHMARKING OF COLUMNS AND SPACE-
FRAMES USING VULCAN AND SAFIR

Summary

Some large structures can be very sensitive to localised heating cases and the introduction of large
compression forces due to restrained thermal expansion. These additional compression forces can
eventually induce buckling of individual space frame members, potentially leading to progressive
collapse of the structure at relatively low temperatures - often below those that are commonly assumed
as their failure temperatures. In order to safeguard against progressive collapse, as is a requirement of
some building regulations, 3D structural behaviour - including the post-local failure stage - should be
analysed.

In this paper, the results obtained from analyses carried out in two structural behavioural
modelling programs - SAFIR and VULCAN - have been compared in order to carry out a benchmark
study. The study is divided into two parts:

¢ Initially a range of columns were uniformly heated by a linearly increasing temperature profile in
order to establish how close the agreement between the results obtained in the two models is
for simple cases; and

e Subsequently, a thermo-mechanical analysis was carried out where a space frame roof was
exposed to both localised and global heating regimes to evaluate the ability of the software
packages to analyse the structural behaviour after the buckling of a single element - the post-

local failure stage.

23.1 INTRODUCTION

Generally, in accordance with ISO/TR 13387-1, Fire Safety Engineering takes into account many factors
such as building construction, means of escape provisions, human behaviour during evacuation, smoke
management and the contribution of fire alarm, detection and suppression systems in helping to satisfy
the fire safety objectives required. Current prescriptive European building codes allow the use of

performance based approaches, which are especially prudent where the scenario(s) being examined is
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outside the realms of those considered in the development of these prescriptive codes. For example,
where different boundary conditions, heating regimes, structural loading or novel construction
techniques exist which are not accounted for in prescriptive codes.

For complex cases — such as space frames which are frequently used as the roof construction of
large open spaces with extended structural spans and travel distances - performance based approaches
have enabled engineers to justify deviations from code requirements, such as extended evacuation and

search and rescue times by combining people flow, smoke and structural fire engineering modelling.

23.2 BENCHMARK OF COLUMNS
The benchmark study of column buckling detailed in this paper is based on numerical models which
simulate the behaviour of unprotected steel columns subjected to elevated temperatures.

The analyses are carried out using SAFIR (developed at the University of Liege) and VULCAN
(developed at the University of Sheffield).
SAFIR is a program in which the analysis of a structure exposed to fire is modelled as a series of several
discrete steps. The initial step involves predicting the temperature distribution within the exposed
structural members - referred to as ‘thermal analysis’. The subsequent step - termed the ‘structural
analysis’ - is carried out for the purposes of determining the response of the structure due to static and
thermal loading.

VULCAN is a 3D frame analysis finite element program which allows for non-uniform
temperature distributions across members causing differential thermal expansion and varying material
properties. Similarly to SAFIR, VULCAN carries out thermo-mechanical modelling in two distinct stages —

structural loading followed by time dependent thermal loading.

23.2.1 Input data
Two pairs of columns, with differing cross sections, were analysed in each program and their results
compared in this benchmark study. The first column analysed is a circular hollow section (CHS) with
diameter d=76 mm and wall thickness t=2.9 mm (CHS 76x2.9 “Column 1” - Fig. 23.1), the second one is a
UC 152x152x23 (“Column 2" - Fig. 23.2).

Both columns have length L=3.5 m, are fully fixed at the base and are pinned at the top so as to
only allow vertical translation due to the applied load and thermal expansion.

The mesh size used in the SAFIR mechanical model is 0.35m, therefore the total number of finite
elements (beam elements) is 10 (Fig. 23.3, Fig. 23.4, Fig. 23.5, Fig. 23.6).

The two columns analysed have a steel grade of S275 and Young’s modulus equal to

205,000MPa.
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Both the thermal and mechanical properties of the steel are defined in accordance with EN1993-1-

The columns are considered to be uniformly heated by a linearly increasing temperature profile
acting on the cross section in question. Fig. 23.7 shows the temperature profile implemented.

Both columns are loaded with a vertical static load at the top of the column and a lateral load at
the mid-span. The lateral load is added to produce an initial imperfection which causes a deflection of
1/1000 of the column’s length which encourages buckling. Tab. 23.1 shows the loading cases considered

for both columns.

CHS 72X2.9
NODES: 174

UC 152X152X23
NODES: 180
ELEMENTS: 115

ELEMENTS: 174

Fig. 23.1 SAFIR thermal model of Column 1 Fig. 23.2 SAFIR thermal model of Column 2
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Fig. 23.7 Temperature on cross section

Tab. 23.1 Loading cases for “column 1” and “Column 2"

LOADING
Type h Node (SAFIR model) hd Load (N) - Notes -
Nodal load on column 1 21 -37800 z direction
Nodal load on column 1 11 1436 x direction
LOADING (CASE 1)
Type - Node (SAFIR model) - Load (N) - Notes -
Nodal load on column 2 21 -37800 z direction
Nodal load on column 2 11 40163 x direction
Nodal load on column 2 11 12852 y direction
LOADING (CASE 2)
Type h Node (SAFIR model) hd Load (N) - Notes -
Nodal load on column 2 21 -235200 z direction
Nodal load on column 2 11 40163 x direction
Nodal load on column 2 11 12852 y direction

23.2.2 Output data
The analyses carried out in SAFIR use both the static and dynamic solver, in order to evaluate the
advantages and disadvantages of both solvers and the correlations between results achieved from each.

As shown in Fig. 23.9, “Column 1” buckled when the temperature reached 537°C showing near
perfect agreement between VULCAN and SAFIR (STATIC solver) analysis result. The DYNAMIC solver
implemented in SAFIR provides a critical temperature slightly higher than that obtained when using the
STATIC solver (546°C instead of 537°C), since the dynamic solver can overcome some numerical
problems of convergence that exist with the STATIC solver.

Fig. 23.8 shows the deformed shape of “Column 1” for a range of different temperature values
for the case where the STATIC solver was used in SAFIR.

“Column 2” has been analysed with two different load cases, summarized in Tab. 23.1.

In the first load case the column buckled when it reached a temperature between 560-570°C in

SAFIR (static solver) and VULCAN, respectively.
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Fig. 23.8 “Column 1” deformed shape for different values of temperature (SAFIR STATIC model)

In the second load case the critical temperature ranged from 420-450°C in SAFIR and VULCAN,
respectively.

Therefore, in this case SAFIR gives a slightly more conservative estimate of the critical
temperature of the section than VULCAN. Nevertheless, the comparison between SAFIR and VULCAN in
terms of displacement at all exposure times (Fig. 23.10, Fig. 23.11 and Fig. 23.12), shows the close

agreement between the results obtained in the two programs.
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Fig. 23.9 Comparison between VULCAN and SAFIR Fig. 23.10 Comparison between VULCAN and
(Static and Dynamic) with reference to “Column 1” SAFIR (static solver) with reference to “Column

2” (low load ratio), in terms of top column
vertical displacement
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23.3 BENCHMARK OF SPACE FRAME ROOF

After the comparison of the simple columns has been carried out and has shown close agreement with
the two software packages used, the more complex problem of analysing a realistic space frame roof
exposed to localised and global heating regimes is carried out.

This form of construction is frequently used for roof structures of large open spaces such as
exhibition halls which, due to their size, have often extended travel distances such that evacuation and
search and rescue mission periods are often longer than normal. As touched upon in the introduction to
this paper, these extended evacuation times are frequently justified by using performance-based
designs combining people flow, smoke and structural fire engineering modelling techniques. However,
the justification for their use is commonly based on assuming the roof structure is unlikely to reach the
commonly assumed failure temperature of 550°C.

Due to the highly optimised nature and the large in-plane stiffness of these roof structures they
can be very sensitive to localised heating cases and the introduction of large compression forces due to
restrained thermal expansion. These additional compression forces can induce buckling of individual
space frame members, potentially leading to progressive collapse of the roof structures at relatively low
temperatures — often below 550°C. This potential for early and unexpected collapse could expose
escaping occupants and/or fire fighters to unacceptable risks as well as increasing the possibility of
damage to property.

Whilst it will not be possible to deal with this complex problem exhaustingly in this paper, it has

been endeavoured to assess the ability of the two programs chosen to accurately predict the behaviour
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of space frames exposed to elevated temperatures according to the design fires outlined in the

following section.

23.3.1 Input data

The space frame roof takes the form of that shown in Fig. 23.14. The length of perimeter beams is
5 m and the maximum height of rise is 1 m. The structural elements are circular hollow elements with
diameter d=60.3 mm and thickness t=3.2 mm (CHS 60.3x3.2 - Fig. 23.13). All beams are connected with
rigid joint.

The boundary conditions of the space frame roof are summarized in Fig. 23.14 and in Tab. 23.2.

The mesh size in the SAFIR mechanical model is approximately 0.33m therefore, the total
number of finite elements (beam) is 600 (Fig. 23.14).

In both cases the steel grade is S355 and Young’s modulus is 210,000MPa.

Both thermal and mechanical properties of the steel are defined in accordance with EN1993-1-2.

In this case two “fire scenarios” are considered:

¢ Inthe first scenario a localised heating regime is considered; while

¢ Inthe second case all structural elements are uniformly heated in a global heating regime.
In each case a linearly increasing temperature regime is imposed on the cross sections considered. In
Fig. 23.15a and Fig. 23.16 a the temperature curves considered in case of “localised heating” and
“uniform heating” are shown (the colours and temperatures in the Fig. 23.15a and Fig. 23.16 a
correspond to those showing the temperature pattern in Fig. 23.15b and Fig. 23.16 b).

It is necessary to acknowledge that these fire scenarios are conservative cases. While a localised
fire is the most likely fire scenario in a large, open compartment, the heating regime shown in Fig 23.15b
is onerous. The second fire scenario, where all structural members are uniformly heated (Fig. 23.16 b), is
not appropriate in modelling a fire in a large compartment but has been chosen in order to analyse the
most dramatic effects on the structure.

In this study, the space frame has been analysed in two different load cases:
- avertical force on each node on the top of the structure (Tab. 23.3, Fig. 23.16); and

- avertical force on the central node on the top of the structure (Tab. 23.3, Fig. 23.17).

CHS 60.3X3.2
NODES: 96

ELEMENTS: 96

Fig. 23.13 SAFIR thermal model of space frame structural elements
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In both cases the load ratio at time t=0 is equal to 0.5 and self-weight is not considered.
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Fig. 23.14 SAFIR mechanical model of space frame roof
Tab. 23.2 Boundary conditions
BOUNDARY CONDITIONS
Node no. [l Translational fixed - Rotational fixed [l
1 X, Y,2
350 X, Z
355 Y, 2
21 z
1200 —zone 1 —zone 2 1200
Temperature (°C) ——zone 3 —2zone 4 Temperature (°C)
1020 °C ——2zone 5
1000 1000
0.875x1020_°C //
800 | 0-75%1020 °C ,/,/ / 800
| 0.625%1020 °C ///
600 p 600
0.5x1020 °C
/
400 s 400
/// temperature on cross section
200 / 200 |
Time (s) / Time (s)
0 | 0 ;
a 0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
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bj-”‘ NN N NN b

Fig. 23.15 Temperature pattern 1 (localised heating)  Fig. 23.16 Temperature pattern 2 (uniform heating)

Fig. 23.16 Load case 1 Fig. 23.17 Load case 2

Tab. 23.3 Loading cases
LOADING CASE 1
Type - Node (SAFIR model) - Load - Notes -

Nodal load 1point load in the centreline of structure -320000 N z direction

LOADING CASE 2
Type - Node (SAFIR model) - Load h Notes A

Nodal load 25 point loads on the top of the structure -12800 N z direction

23.3.2 Output data
The results shown in this section demonstrate the close agreement between the findings obtained from

SAFIR and VULCAN when a more complex structure is modelled (see Tab. 23.4).
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Tab. 23.4 SAFIR analyses results
Temperature patterns Loading cases Critical Temperature in Critical
beam (SAFIR) Temperature in
beam (VULCAN)
Localised fire 1 Point load in the 527°C 520°C
centreline (Load case
1)
Localised fire 25 Point loads 919°C 921°C
(Load case 2)
Generalised fire 1 Point load in the 524°C 515°C
centreline (Load case
1)
Generalised fire 25 Point loads 524°C 515°C
(Load case 2)

The element’s critical temperature for the different cases analysed are summarized in Tab. 23.4,
where it can be observed that the localised fire, as well as the global heating case, could result in
catastrophic effects on the structure.

The deformed shape of the structure obtained in SAFIR and VULCAN with reference to different
heating and load cases analysed (from Fig. 23.18 to Fig.23.30) has allowed the failure mode of the
structure to be determined and analysed.

In the localised fire scenario, the load condition has a large influence on structural behaviour, in
fact in load case 1 (single point load acting at the centreline of the structure) the critical temperature (c.
520°C) is much less than that obtained in load case 2 (uniform distributed load on the structure). In load
case 1, this is due to the high temperature and load on beams in the centre of the structure that
determines a critical condition of the same beams (see Fig. 23.18 and Fig. 23.22). In load case 2 the
critical condition occurs when the top horizontal beams reach a temperature of about 920°C (see Fig.
23.19 and Fig. 23.23)

Whereas, in the global heating case the same critical temperature is obtained in both load cases
- when the load is applied entirely in the centre of the structure and when uniform distributed load is
considered. In fact, in the two different load cases, the buckled elements are the four corner beams
which are subjected to high axial forces due to the vertical component of the reaction of constrained

nodes acting within these members.
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271

Fig. 23.19 Deformed shape at collapse time -
Localised fire - Load case 2 — SAFIR
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Fig. 23.21 Deformed shape at collapse time -
Generalised fire - Load case 2 - SAFIR

Fig. 23.23 Deformed shape at collapse time -
Localised fire - Load case 2 — VULCAN
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Fig. 23.25 Deformed shape at collapse time -
Generalised fire - Load case 2 - VULCAN

The following graphs (from Fig. 23.26 to Fig.23.30) show displacement and stress evaluated

through SAFIR and VULCAN, in order to demonstrate the correlation between results and monitor the

indirect actions that develop in structural elements under different fire scenarios.

In the localised fire scenario for example, the important variation of beam axial force in the horizontal

beam on the top of the structure can be observed (Fig. 23.26b and Fig. 23.27b). On the contrary, in the

global heating case the axial force in the same beam is constant for all fire exposure times (Fig. 23.28,

Fig. 23.29 and Fig.23.30).
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Fig. 23.26 Comparison between SAFIR and VULCAN (Localised fire - Load case 1):

a)
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Fig. 23.27 Comparison between SAFIR and VUCAN (Localised fire - Load case 2)
a) lateral displacement of the corner node; b) beam axial force in horizontal beam
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Fig. 23.28 Comparison between SAFIR and VUCAN (Generalised fire - Load case 1)
a) lateral displacement of the corner node; b) beam axial force in horizontal beam
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Fig. 23.29 Comparison between SAFIR and VUCAN (Generalised fire - Load case 2)
a) lateral displacement of the corner node; b) beam axial force in horizontal beam
10 Temp‘erature (°C)
10 920,240 360 480 600 720 840/9450 10801200
. \ v,
-30 /
| ocalised fire
\ Genleralised fire
-50 \/
-70
-90
-110
130 Beam axial force (kN) ‘ ‘ ‘ ‘ ‘
Fig.23.30 Comparison between Localised fire and Generalised fire - Load case 2
23.4 CONCLUSIONS

The benchmark study proposed in this paper is divided into two parts: initially a range of columns were
uniformly heated by a linearly increasing temperature profile in order to establish how close the
agreement is between the results obtained in SAFIR (by using static and dynamic solver) and VULCAN for
simple cases. Subsequently, a thermo-mechanical analysis was carried out where a space frame roof
was exposed to both localised and global heating regimes to evaluate the ability of the software
packages to analyse the structural behaviour after the buckling of a single element - the post-local
failure stage.

The analyses of a range of uniformly heated columns show near perfect agreement between

VULCAN and SAFIR (STATIC solver) analysis results, where the same material properties are
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implemented in both programs. The DYNAMIC solver implemented in SAFIR provides a critical
temperature slightly higher than that obtained when using the STATIC solver (546°C instead of 537°C),
since the dynamic solver can overcome some numerical problems of convergence that exist within the
STATIC solver.

The analyses results of the space frame roof when subjected to local and global heating regimes
— as detailed throughout this paper - demonstrate the close agreement between results obtained from
SAFIR (dynamic solver) and VULCAN when a more complex structure is modelled.

On the basis of the analyses results it can be observed that the localised fire case - as well as the
global heating regime - could cause widespread failure of space frame members at temperatures below
the commonly assumed failure temperature of 550°C. In fact, when the structure is subjected to
localised heating and structural load case 1 (a single point load acting on the centreline of the structure),
the critical temperature of c. 520°C is in close agreement with that obtained in the global heating case
(515°C-524°C, in VULCAN and SAFIR respectively), both structural load cases. However, this
temperature is significantly less than the critical temperature evaluated for the localised heating case
subjected to load case 2 (uniform distributed load on the structure).

In the global heating case the same critical temperature is obtained when the load is applied as
a point load in the centre of the structure and when a uniformly distributed load is considered. In fact, in
the two different load cases, the buckled elements are the four beams on the corner which are
subjected to high axial forces due to the vertical component of the reaction of constrained nodes acting
within the members.

Moreover, the two software packages used have enabled the indirect actions that develop in
structural elements under different fire scenarios to be evaluated. In the localised fire scenario, for
example, the important variation of beam axial force in the horizontal beam on the top of the structure
can be monitored. On the contrary, in the global heating scenario the axial force in the same beam is

constant for all fire exposure times.
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24 THE INFLUENCE OF JOINT MODELING ON FIRE BEHAVIOUR OF STEEL FRAME
STRUCTURE

Summary

In this paper the comparisons between the analyses results of steel frame structure exposed to fire,
carried out through SAFIR2011 and STRAND7? (or STRAUS7?), are shown in order to perform a benchmark
study between software, in which two different constitutive laws are implemented.

Moreover, the analyses results of 1D and 3D Finite Element Models are shown, including or less

joints model, in order to evaluate the influence of joint behaviour on global structural behaviour.

24.1 INTRODUCTION
Generally advanced analyses of steel frame structure in case of fire are carried through one-dimensional
(1D) finite element model. These analyses are sufficient to simulate the global behaviour of the
structure and the interaction between each structural element, but the adoption of one-dimensional
beam element for structural members modelling does not allow to take into account some particular
aspects as the joint behaviour.

Instead, three-dimensional (3D) Finite Element Model of structure, that includes the joint
model, is capable to simulate the global structural behaviour taking into account the influence of the
joint on stiffness and resistance. Obviously the model complexity determines an increase of modelling

effort and computational time.

24.2 DESCRIPTION OF CASES ANALYSED
The benchmark proposed in this paper is based on numerical models which simulate the behaviour of
un-protected steel structures exposed to fire.

The analyses are carried out through SAFIR and STRAND?7.

SAFIR is a fire specific purpose software, in which the analysis of a structure exposed to fire may
consist of several steps. The first step involves predicting the temperature distribution inside the

structural members, referred to as ‘thermal analysis’. The last part of the analysis, termed the ‘structural
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analysis’, is carried out for the main purpose of determining the response of the structure due to static
and thermal loading.

STRAND?7 is a multi-purpose FEM based software, developped by G+D Computing.

It permits to build models quickly. Create, delete and manipulate elements with a
comprehensive set of tools, automatic meshing and unlimited undo. Organise a complicated model into
a simple set of parts using the Group Tree. Define your own coordinate systems and beam cross-
sections. Check mesh quality with aspect ratio and warping contours and free edge detection.

In both software the steel thermal properties are defined in accordance with Eurocode 3 1-2
(Fig. 24. 1, Fig. 24. 2, Fig. 24. 3), while steel mechanical properties are defined in different way. In
particular, steel constitutive law is defined in accordance with Eurocode 3 1-2 in SAFIR2011 (Fig. 24. 4),
while a simplified elasto-plastic constitutive law for steel at high temperature is implemented in
STRAND?7 (Fig. 24. 5), neglecting the parabolic branch between the proportionality limit and the yield

stress.

1200 -
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800 |
600 -
400 |

200 4

0 200 400 600 800 1000 120¢ 0 200 400 600 800 1000 1200

Steel Temperature ( OC) Steel Temperature (° C)
Fig. 24. 1 Thermal elongation Fig. 24. 2 Specific heat
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Fig. 24. 3 Thermal conductivity
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Fig. 24. 4 Steel constitutive law in accordance with Fig. 24. 5 Simplified (elasto-plastic) constitutive
EC3-1-2, implemented in SAFIR law for steel at high temperatures, implemented
in STRAND

24.2.1 Input data
The considered substructure in this benchmark study is extracted by a tall building. This is made of the
beam and bottom column exposed to fire and by the cold column above the compartment in which the
fire ignited, which contributes to translational and rotational constraint of nodes of exposed structure.
Regarding the boundary conditions, the part of structure above the cold column and below the exposed
compartment it’s replaced by rigid restraint; moreover, vertical displacements of cold column are
allowed in order to transfer the loads from the above structure; in the 1D finite element model, that
doesn’t include joint model, the beam is considered simply supported, while in 3D finite element model,
a real joint between beam and column is modelled (Chyba! Nenalezen zdroj odkazdi., Fig. 24. 9, Fig. 24.
10).

The column has a steel hollow section 350x350x8 mm (Fig. 24. 6), with total height h=6.60 m,
and steel beam is an IPE300 (Fig. 24. 7), with length L=7.627 m.

The column analysed has steel grade S355, while beam has steel grade S235; the Young’'s
modulus is equal to 210000MPa.

Beam and column are exposed to the standard fire curve 1SO834.

In terms of static load, the column is subjected to a vertical load on the top, representative of
the part of the structure above the substructure defined, while beam is subjected to a uniform load. In

the Tab. 24. 1 is shown the loading case considered for substructure.
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Fig. 24. 6 SAFIR 2D thermal model of column Fig. 24. 7 SAFIR 2D thermal model of beam IPE300
350x350x8 mm

= b

. ssqu;Em 3D Finite Element
1D Finite Element Model Sa55) Model
(SAFIR2011) (STRAUST)

pin-pin joints on beam

A B| B
/r T pin-pin joints
AA H on beam
7 IPE300 (S235)
Fig. 24. 8 SAFIR 1D mechanical model of structure Fig. 24. 9 STRAND 3D mechanical model of
structure
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3D FEM including
bolted joint
modeling

(STRAND7?)

Fig. 24. 10 STRAND 3D mechanical model of structure, which includes joint model

Tab. 24. 1 Loading case

LOADING
Type |l Node or beam (SAFIRmodel) |~ | Load |l Notes |l
Nodal load on column top column -1357900N z direction
Distributed load column -854N/m zdirection
Distributed load beam -14048 N/m zdirection

24.2.2 Output data
In the following, the comparison between SAFIR and STRAND7 analyses’ results will be shown.

First of all, in terms of thermal results, the comparison between beam’s 2D finite element
models (Fig. 24. 11, Fig. 24. 12), analysed in SAFIR and STRAND?7, is carried out in order to check how
good is the agreement between SAFIR and STRAND?7 in this simple case (Fig. 24. 13).

Subsequent analyses are carried out on beam’s 2D and 3D FEM, analysed in SAFIR and STRAND7
respectively (Fig. 24. 11, Fig. 24. 14). This comparison shows again the complete agreement between the
SAFIR and STRAND7 models (Fig. 24. 15).

Instead, the comparison between column’s 2D FEM and 3D FEM show quite differences (Fig. 24.

16), due to longitudinal column’s heat transfer, that it can’t be take into account in 2D FEM.
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Fig. 24. 11 SAFIR thermal 2D finite element model Fig. 24. 12 STRAND thermal 2D finite element
of beam model of beam
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Fig. 24. 13 Comparison between thermal 2D FEM analyses results (SAFIR and STRAUS)
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Fig. 24. 14 STRAND thermal 3D finite Fig. 24. 15 Comparison between thermal 2D and 3D FEM
element model analyses results of beam (SAFIR and STRAUS)
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Fig. 24. 16 Comparison between thermal 2D and 3D FEM analyses results of column (SAFIR and STRAUS)

The main differences between two models can be observed in terms of thermo-mechanical
results, in fact, as the diagram in Fig. 24. 15 shows, in which is represented beam’s axial stress, when
beam achieves proportionality limit, numerical results become quite different, due to the assumption of
simplified steel constitutive law at high temperature implemented in STRAND7. The different beam’s
behaviour in 3D FEM influences column’s behaviour (Fig. 24. 16) too, which is yet more stiffness, due to
the less temperature achieved in hot column.

The simplified assumption and the different thermal analyses results of 3D FEM respect than 2D
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FEM have a feedback in terms of beam and column’s displacement, too, as it is shown in the diagram in

(Fig. 24. 19, Fig. 24. 20).

300 Axial Stress (N/mm?) | 400 1 axial stress (N/mm?)
stress in beam's bottom flange 300 Proportionality limit
(SAFIR 2011) yielding stress
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200 stress in column's top flange
100 (STRAUSY)
Time (min
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-200
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yielding stress -300 -
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Fig. 24. 17 Comparison between SAFIR and STRAUS in  Fig. 24. 18 Comparison between SAFIR and STRAUS
terms of axial stress on beam in terms of axial stress on column
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Fig. 24. 19 Comparison between SAFIR and STRAUS in  Fig. 24. 20 Comparison between SAFIR and STRAUS
terms of beam’s displacement in terms of column’s displacement

Finally, the influence of bolted joint modelling on structural behaviour is analysed.
As it is shown in Fig. 24 21, 3D FEM that includes joint model, exhibits beam’s displacement
lower than 1D and 3D FEM without joint model. This is due to the interaction between beam and

column in 3D FEM (including joint model) during fire, that creates a partial rigid joint (Fig. 24. 23). In fact,
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the structural behaviour of 3D FEM, that includes joint is quite similar to SAFIR 1D FEM, with rigid joint
between beam and column. Also in this case, the results become quite different after the achieving of

steel proportionality limit, due to different steel constitutive laws implemented (Fig. 24. 22).

0 ~ Time (min) 70 | Displacement (mm)
| —— 5. 10 15 40 60
100 rareeesaeils :
Y~ |iwmbod ;99
-200 ~ L. joint model 40
30
-300 20
-400 10
0 b=
-500 100 ™. 5 % 10 15 20
) o rarecesessed :
600 -20 g ! it boied
| SAFIR 2011 | -30 :
'700 _40
-800 Displacement (mm) 50

Fig. 24 21 Comparison between 1D FEM (SAFIR) and  Fig. 24. 22 Comparison between 1D FEM (SAFIR)
3D FEM, including or less joint modeling (STRAUS) and 3D FEM, including joint modeling (STRAUS)
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Fig. 24. 23 Interaction between beam and column in evidence (STRAUS — 3D FEM which includes joint

model)

24.3 CONCLUSIONS

Generally advanced analyses of steel frame structure in case of fire are carried through one-dimensional
(1D) finite element model. These analyses are sufficient to simulate the global behaviour of the
structure and the interaction between each structural elements, but the adoption of one-dimensional
beam-element to model the structural members does not allow to take into account some particular
aspects as the joint behaviour. Instead, three-dimensional (3D) Finite Element Model of structure, that
includes the joint model, is capable to simulate the global structural behaviour taking into account the
influence of the joint on stiffness and resistance; obviously the model complexity determines an
increase of modelling effort and computational time.

In this paper, first of all, the comparisons between the analyses results of steel frame structure
exposed to fire, carried out through SAFIR2011 and STRAND7 (or STRAUS7) respectively, has been
shown in order to perform a benchmark study between software, in which two different constitutive
laws are implemented. In fact, while steel constitutive law is defined in accordance with EN1993-1-2 in
SAFIR, a simplified elasto-plastic constitutive law, which neglects the parabolic branch between the
proportionality limit and the yield stress, is implemented in STRAND7.

Moreover, the analyses results of 1D and 3D Finite Element Models, including or less joints model,
carried out respectively through SAFIR and STRAND7, are shown in order to evaluate the influence of
joint behaviour on global structural behaviour.

The comparison in terms of thermal analyses results of beam’s 2D and 3D FEM, implemented in
SAFIR and STRAND?7? respectively, shows the complete agreement between SAFIR 2011 and STRAND?7
models, since that the steel thermal properties are defined in accordance with EN1993-1-2 in both

software.
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Instead, the comparison in terms of thermal analyses results of column’s 2D and 3D FEM shows
quite differences, due to longitudinal column’s heat transfer between hot and cold column, that it can’t
be taken into account in 2D FEM analyses.

In terms of thermo-mechanical analyses results, when structural elements achieve
proportionality limit, numerical results become quite different, due to the assumption of the simplified
steel constitutive law at high temperature implemented in STRAND7.

Finally, analyses results of 3D FEM which including joint model, show that its behaviour is quite
similar to SAFIR 1D FEM, in which a rigid joint between beam and column is considered. This is due to
the interaction between beam and column in 3D FEM (including joint model) during fire that creates a
partial rigid joint.

Nevertheless, 1D and 3D FEM show quite similar failures time.
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25 CRITICAL TEMPERATURE OF STEEL FRAME WITH JOINT FLEXIBILITY
INCREASING IN FIRE - BENCHMARK STUDY PREPARED FOR THE
ENVIRONMENT OF AUTODESK ROBOT STRUCTURAL ANALYSIS

Summary

To precisely estimate the critical temperature of steel frame subject to fire exposure, being the
objective measure of structural fire resistance, not only the suitable reduction of material properties but
also the adequate joint stiffness decrease should be taken into consideration in the analysis. In the
presented paper the influence of elevated temperature on the behaviour of a simple framed structure is
studied in detail basing on the results of the adequate numerical example. It is assumed that the end-
plate beam-to-column connections are applied in considered construction. The shape of moment-
rotation-temperature curve, adopted to examine and describing joint flexibility at particular fire
moments, is fully consistent with the adequate results obtained experimentally. Two alternative design

techniques are presented and quantitatively compared one to another.

25.1 INTRODUCTION

The structural fire resistance is most frequently interpreted as a time of fire duration when the load-
bearing structure can safely carry all imposed external loads, together with internal forces and moments
thermally generated as a result of potential strain constraints. This time period, however, cannot be
adopted as the objective safety measure because its value depends on the fire characteristics. For this
reason, the authors suggest to calculate an alternative quantity — the critical temperature of the whole
frame - being independent on the intensity of imminent fire. It is assumed that all external loads applied

to the structure remain constant during the whole fire time, but on the other hand, the member

temperature O, is at the same time monotonically increasing. Temperature ©, . related to the frame

collapse is generally interpreted as critical for the analysed structure and for adopted level of its loading.

The fire resistance limit state occurs in the point-in-time, described as t;,, when the design value
of the action effect E; , (tﬁ,d) reaches the level specified by the design value of member carrying
capacity Ry 4 (tﬁ,d). However, the occurrence of such event is not necessary because much earlier the

random value of such effect can be too high (E 2 Eﬁ,t,d), or the random member resistance may not

fi,t =
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remain large enough (Rﬁ,t < Rﬁlt,d). It is significantly important that this limit state is not reached exactly

at the point-in-time when the considered member fails because its destruction really takes place, but
earlier, when the probability of its failure becomes too high and, in consequence, it may no longer be
tolerated.

The aim of the presented paper is to give and to discuss in detail the appropriate design
approach how to evaluate the critical temperature of a simple steel frame exposed to fully developed
fire when the temperature distribution of exhaust gas remains uniform inside the whole building
compartment. Special attention is paid to the quantitative assessment of the influence of real joint

stiffness, decreasing with member temperature growth, on conclusive frame fire resistance.

25.1.1 Geometry of the considered frame

The behaviour under fire conditions of two-aisle steel sway frame presented in Fig. 25.1 is taken into
consideration. The spacing in building longitudinal direction between the adjoining frames is adopted as
6,0 m. All frame beams are constructed with I-sections UB356x171x51, whereas frame columns with
another I-sections - UC254x254x89. All the elements (columns, beams) and joints are numbered as

shown in Fig.25.1.
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7 g g
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Fig. 25.1 Scheme of the considered frame

25.1.2 Material model
In the following analysis the elastic-perfectly plastic behaviour of structural steel is considered. Basic

material properties are assumed as follows: elasticity modulus E =195GPa, characteristic yield point

value fy =412MPa, Poisson ratio v = 0,3 and thermal expansion ratio o =1,2 10"k, Regarding
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the material behaviour under fire conditions the adequate reduction factors k , and k., are applied

to the study, for the steel yield point and for its elasticity modulus, respectively. Such formal model,

compatible with the standard EN 1993-1-2 recommendations, gives the relations: f , =k .f and

25.1.3 Load cases
Only one load case is analysed in detail. Characteristic values of particular external actions applied to the

load-bearing structure are given in Tab. 25.1.

Tab. 25.1 Characteristic values of external actions applied to the considered structure

No | Type of Load Characteristic Value

Applied directly by the program
1 Self-weight Autodesk Robot Structural Analysis
Professional 2010

2 | Dead load - roof 3,10kN/m?

3 | Dead load - upper frame storey 3,64 kN/m’

4 | Live load — lower frame storey 4,80kN/m?
> | Curtain walls 51,42kN
6 | snow loads 0,96kN/m?

pressure: 0,40kN/m?’

7 | Wind action - upper frame storey suction: 3,56kN/m? 1,58kN/m?

pressure: 8,36kN; 16,72kN

8 | wi .
Wind action - walls suction: 0,44kN; 1,76kN

Applied directly by the program
9 Temperature Autodesk Robot Structural Analysis
Professional 2010

It is assumed that all external loads applied to the frame beams are concentrated because they
are transferred to these beams through the second-order floor beams, constructed with the section IPE
270 and spaced every 3 meters.

The load arrangement imposed to the frame is shown in detail in Fig. 25.2. It is necessary

to underline that all values marked in this scheme are interpreted as the characteristic ones.
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Fig. 25.2 The load arrangement adopted to the analysis

Global imperfections are modelled using the equivalent horizontal forces (Fig. 25.2) They are

calculated as a product of a sum of vertical actions (both dead loads and live loads) and an initial sway

imperfection, which gives:

e anequivalent horizontal action — upper bea

m level:

He1 =9 Vg
e an equivalent horizontal action — lower beam level:

Heo =@ 2V 5

where:

@ - global initial sway imperfection:

¢:¢0 Ijlm mn

a,

_ 2
V2h

a, =./0,5 Eﬁl + ij
\/ m

¢O - basic value for global initial sway imperfection,

a,, - reduction factor for the storey height h, applicable to columns,

a,, - reduction factor for the number of columns in

m — number of columns in a row.

arow,

In accordance with the EN 1993-1-1 recommendations one can adopt:

1

¢o—ﬁ
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25.1.4 Analytical scheme and joint characteristics

The frame considered in the example is simply supported in reinforced concrete foundations. It is
accepted that all beam-to-column joints designed in this frame have the same construction (Fig. 25.3 at
left). However, two alternative statical schemes are examined in detail for comparative purposes. In the
first approach, they are treated as fully-rigid ones during the whole fire time (Fig. 25.4 at left). The
second approach is connected with the modelling of real joint flexibility, being dependent on the actual
member temperature (Fig. 25.4 at right). In fact, the steel temperature growth under fire conditions
always means the simultaneous joint stiffness decrease. This influence is in general formally neglected in
classical structural analysis; however, such simplification seems to be unjustified because it can lead
to the assessments of the critical temperature of the whole structure being too optimistic and,

in consequence, unsafe.

UC 254x254x89 M [kNm] 180 /—% %800%
8xM20 8.8 i — 8xM20 8.8 1?2 ] 5 == 400°C
i 120 ,A —— s
; 100 / - —
‘|“_' ‘+‘ ——-+ 80 / // o
i o I/, __600°C
/
| 40 / L
| N 7
S—— | C—

0 20 40 60 80 100
¢ [miliradian]

Fig. 25.3 Scheme of two-sided beam-to-column end-plate semi-rigid joint (at left) and its characteristic
bending moment — member temperature — rotation, obtained basing on the experimental investigations

presented in (Al-Jabri, 2005) (at right)

It is important that in the second design approach, all beam-to-column joints are adopted to be
the end-plate semi-rigid ones, shown in detail in Fig. 25.3 (at left). Such choice is determined by the

authors’ attainability to the experimentally obtained joint characteristics, representing by the set of the

curves M—0, — @ (bending moment — member temperature — rotation) given in (Al-Jabri, 2005).
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Fig. 25.4 Two alternative frame analytical schemes considered in the example: with fully-rigid joints
during the whole fire time (at left) and with semi-rigid joints with their flexibility being dependent on the

actual member temperature (at right)

25.1.5 Fire scenario

The most dangerous fire scenario is adopted to the study. Consequently, the fully developed fire is
modelled in the whole building first floor area (Fig. 25.4). Furthermore, it is assumed that the second-
story columns as well as the beams supporting the upper frame floor are perfectly isolated against the
fire exposure so only the steel members localized inside the building first floor volume are
monotonically heated by fire. Because of the fact that considered fire is fully developed and the steel
thermal conductivity is significantly large the steel temperature distribution can be approved to be
uniform not only in each member cross-section but also across the length of each frame bar at particular
points-in-time of fire duration; however, this temperature is increasing in relation to the succeeding fire
moments. The level of frame external loading is accepted to be constant during fire and also to be
independent of fire intensity. Such simplification is slightly conservative and in general leads to the safe
critical temperature evaluations.

Fire conditions are simulated through the adoption of the increasing steel member
temperature. Its value is changed step-by-step, from the room temperature up to the temperature
equal to 600°C. The appropriate material model is adjusted for every assumed thermal load level. As it
has been said previously, thermal heating is limited only to the frame members numbered as: 1, 2, 3, 7,

8.

25.2 BASIS OF THE STRUCTURAL ANALYSIS
25.2.1 Foundations of the numerical modelling
The structural analysis is made in the environment of the computer Autodesk Robot Structural Analysis

2010 software (Autodesk, 2010). All the frame beams and the frame columns are defined to be the bar
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elements with the cross-section parameters previously assumed. The nonlinearity of the analysis is
taken into consideration on several levels, defined as: the member (element) -> the member cross-
section -> the body point. In fact, in relation to:
¢ the level of a whole member: The global degrees of freedom are added by the discretization
of the elastic-plastic bars. Such bars are divided into the smaller calculation elements. All
additional nodes as well as all newly specified calculation elements are invisible to a designer.
Finally, in each element, the stresses are calculated at three points (the third-order Gauss
quadrature is used).
¢ the level of a member cross-section: The layered structure of the bar is considered in the study;
however, the uniform material properties within each identified bar section are assumed.
The program calculates suitable displacement increments at division points along the bar length
for each adopted load increment. Afterwards, basing on such displacements, deformations at
these points in each section are computed. As a result, having assumed the function that
describes a material model, the stresses are calculated for a given section at each point
identified previously, basing on the determined deformations. Next, the internal forces are
evaluated basing on the stress distribution. Finally, those internal forces are integrated at all
considered points and this iterative process is repeated until the reliable internal load value is
calculated.

* the body point: The elastic - perfectly plastic material model is adopted to the study.

25.2.2 Joint modelling
To reliably model the flexible joints behaviour in structural analysis the options of the compatible nodes
(for the internal joints) as well as of releases (for the external joints), both accessible in Autodesk Robot
Structural Analysis 2010 environment, are used in the study. Compatible nodes are selected to define
joints W5 and W8, whereas releases to model joints W4, W6, W7, W9 (see Fig. 25.1).

Both in relation to the compatible nodes and to the nodes with the releases a nonlinear behaviour
of joints, described by a moment — rotation — member temperature characteristic (Fig. 25.3 at right),

is specified.

25.2.3 The reliable load combination rules

In order to verify the frame resistance under fire conditions, such resistance should be firstly performed
without any fire influence, when the structural analysis is typical for persistent design situation. It allows
to conclude that all external loads can be safely carried by load-bearing structure under ordinary
circumstances. Then the accidental fire situation may be analysed in detail; however, the suitable load

combination rule has to be adopted in such case. In the presented example this combination rule is
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defined as follows: the effect of the characteristic dead weight of a frame structure (Go,k) + the effect
followed from the characteristic permanent load (Gk _Go,k) + the effect being the result of the

characteristic operational load (Qk) x 0,6 + the effect resulting from the characteristic wind load (Wk)

x 0,2 + the effect of the temperature action x 1,0. Conclusively, the equivalent horizontal forces H,,

being the result of sway imperfections and specified dependently on the suitable sum of vertical actions,

are calculated according to the same summing rule.

25.2.4 Alternative design techniques

Two alternative design techniques are presented and quantitatively compared one to another. The first
one deals with classical first order analysis with the specification of member buckling lengths, whereas
the second with another approach connected with the amplification of horizontal actions imposed
to the structure. Obtained solutions depend on the adopted evaluation methodology. Both design

techniques are used for identification the fire limit state of analysed frame.

25.2.5 The first order frame analysis with the application of the effective buckling length concept
The first step of this analysis is to find the effective buckling length for particular frame compressed

members. Itis a simple assessment in relation to the critical load level N, o and out-of-plane flexural

buckling. The searched buckling length is then exactly equal to their theoretical length because all

supports in this direction are adopted to be non-sway and fully flexible. To identify the suitable buckling
lengths related to in-plane buckling mode the critical load level N, is previously looked for by means
of the calculation of the multiplier )\cr,G) being the solution of the adequate modal analysis made

in the environment of Autodesk Robot Structural Analysis 2010 software. Finally:

N o =Auo N (7)

cry,©

where Ng is the axial force induced in the considered frame member (column or beam) if it is heated

to the temperature © . To obtain the value of a multiplier A o the first symmetrical form of frame free

vibrations should be examined when the frame beam behaviour is studied in detail, whereas the first

sway form of such free vibrations is appropriate in case of the frame column analysis. The specification

of the buckling lengths allows to calculate the relative slendernesses, }‘y,e and )\L@ , respectively:
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X _ NpI,G)
ve
Ncr,y,O
X — NpI,O
2,0 N

cr,z,0

where N, 5 is the member cross-section plastic resistance if it is heated to the temperature O :

N,o =f,0 [A

pl,

whereas A is the cross-section area.

Finally, the flexural buckling coefficients X, o and X, can be identified:

Yoo = 1
v = [ 2 T 2
¢y,G) + ¢y,@ _}\y,G)

1

Xz0 = [ 2 7 2
¢z,6+ ¢Z,O _}\Z,G)

where

$,0=0501+ald , +A,’]

¢z,@ = 0'5 [ﬂl ta [Xz.e + X2.62]

and a is an imperfection factor, which for fire conditions is defined as:

a=0650222
fY
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The next step is the identification of the coefficient X ;, being suitable for lateral — torsional

buckling mode. For that purpose the appropriate non-dimensional slenderness XLT,O is firstly
determined:
M

3 _ 1,0
ALT,O - Mp (16)

cr,®©
where M, o is the plastic bending resistance of a cross-section heated by fire; whereas, M_ o — the

elastic critical moment for lateral-torsional buckling, both dependable on the steel temperature level.

Let us notice that:

M, =f

v,©

(W

oy (17)

pl,©

where W, is the plastic modulus of the examined member cross-section . Moreover, it is true that:

1 (18)
|‘cr,LT
In such formula particular symbols mean as follow:
C, - factor depending on the load arrangement and on the boundary conditions,
L.+ - buckling length specified for a lateral-torsional buckling mode,
I, - moment of inertia about z-z axis,
I, — the Saint Venant torsional constant,
lw - warping constant,
G, — shear modulus specified for the steel temperature equal to O.
Finally one has:
1
Xiro = — (19)
¢LT,G) Ty ¢LT,O - }\LT,G)
where:
_ = ey 2
¢LT,G =0501+ald;o *Ase'] (20)
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25.2.6 The second order approach
It is obvious that the first order analysis described in the previous chapter of this benchmark is not the
only one possible to apply if we want to reliably evaluate the critical temperature of considered steel
frame. In this example also a second order approach is analysed for comparative purposes. The second
order approach is applied twice. Firstly the simplified second order approach with the amplification
of the horizontal loads is studied. Then a more sophisticated second order approach, performed with
the use of the Autodesk Robot Structural Analysis 2010 software, is analysed in detail.

According to the classical second order approach the effective buckling length is not identified
(the theoretical member length is always adopted to the analysis) but all horizontal loads, both external
and equivalent ones, are amplified to take into account the real influence of sway imperfections. The

first step of the analysis is the verification whether the considered frame is sensitive to the potential

second order effects. To do this the sensitivity factor a_, is calculated separately for the first and for the

second frame storeys. Factor a for the upper frame storey is given by the formula:

2V h
o, =—= (21)
ZH, 6, =6,
whereas, for the lower frame storey:
2V, +2V h
—_ 1 2 (22)

acr,Z -
IH, +2H, 6,,

where:

2V, - the sum of factored vertical loads applied to the upper frame storey in analysed load combination,
2V, - the sum of factored vertical loads applied to the lower frame storey in analysed load combination,

2H,- the sum of factored horizontal loads applied to the upper frame storey in analysed load
combination,
2H,- the sum of factored horizontal loads applied to the lower frame storey in analysed load
combination,
d,,- displacement identified in upper frame beam level (more precisely its increment in relation

to the displacement identified in lower frame beam level), evaluated for analysed load

combination,
d,, - displacement in lower frame beam level, evaluated for analysed loads combination,

h - the storey height.
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Values of such displacements, necessary for calculation the sensitivity factors, are obtained
directly from the static analysis made in the Autodesk Robot Structural Analysis 2010 software. Next

the amplification coefficients are specified, separately in the level of the upper and of the lower frame

beams. Coefficient Namp,1 is specified for the upper beam level by the formula:

1
r']amp,l = 1 (23)
1 —_
acr,l
whereas, coefficient Ny 2, related to the lower beam level, by similar equation
1
Mmoo =1 (24)
1 —_
a

Finally, the classical static analysis is performed but for the amplified load arrangement. As a

result of such calculation the conclusive distribution of the bending moments as well as of the other

internal forces is found. It is necessary to remember that the values of the critical axial forces N_

are now admittedly specified similarly to the methodology adequate for the first order

and N_,
approach described above, however, a slight difference is the fact that no effective buckling length is

defined in such calculations.

25.2.7 Second order approach performed by Autodesk Robot Structural Analysis 2010 software

This approach allows the designer to take into consideration also the higher order effects of the analysis.
The change of the member stiffness is considered, being the result of the actual stress distribution.
Moreover, the additional bending moments are generated, resulting from the action of vertical forces
applied to the nodes which are horizontally displaced. As a result, the additional lateral rigidity and
stresses resulting from the frame deformation are considered in the study.

Incremental or arc-length methods can be used to solve a system of non-linear equations
in Autodesk Robot Structural Analysis 2010 software. In this example the incremental approach is
chosen for using. It means that the right-hand load vector is divided into n equal increments. A
consecutive load increment is applied to the structure when the state of equilibrium identified for the
previous increment is achieved. The norm of unbalanced forces is specified for each calculation step,
which allows to control the shape of force - deformation relation. An example of this nonlinear process

made within the framework of the incremental analytical method is shown in Fig. 25.5.
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To solve this problem in detail the Newton - Raphson methodology is recommended
by the authors, according to which the stiffness matrix is actualised after each subdivision and after each
iterative step. The convergence of the iterative process is checked and it is stopped when the state of
the equilibrium is achieved. This means that displacement increments and unbalanced forces are
sufficiently small in comparison with the tolerance parameters being assumed previously for both
examined values. The iteration process has to be stopped also in the case of a divergence. Lack of a
convergence can be interpreted either as the numerical effect of structure overloads or as a result of
numerical process instability (such as when the load is divided into a small number of intervals). In such

cases, the number of load increments should be increased, which usually helps the process to converge.

load intensity
first displacement

sub-increment dU0 Equilibrium path

d - - F - "

"unbalanced" loads load increrment

L dFn dFo
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(sub-increments)
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Fig. 25.5 The scheme of the application of classical incremental approach (Autodesk, 2010)

25.2.8 The fire resistance limit state identification
The members of the frame structure being reliable for the assessment of its critical temperature are
the first floor column, marked by the symbol “3” in Fig. 25.1, as well as the beam “8”, supporting

the floor above the first story of the building. It is easy to notice that they are simultaneously bent and

compressed so, according to the standard [3], the searched temperature Ga,cr is determined

by the compliance with the two following requirements:

N® k°m°®
b =p(0, )= " A =1 (25)
(€] Ake fy Wke fy
Xmin,fi y,0 Yy y,0
M, fi M, fi
N® kem®.
p, =p(0,, )= ——— =1 (26)
X?,ﬁAks,e : X?T,fiWyks,G :
M, fi M, fi
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where:

Vs - the partial factor specified for fire situation for the relevant material property,
Xmin i - the minimum value of X ; and X

k

k,,k,; - the suitable interaction factors.

y’"z

These interaction factors are obtained from the following formulae:

N.
ky =1 —& <3 (27)
Xy,fiAky,G :
M., fi
k, =1 —L”“f <3 (28)
Xz,fiAky,G :
M, fi
N.
k, =1- MirNfieq <1 (29)
Xz,fiAky,O :
M, fi

in which:

u, =(2B,,, —5),, +0,44p,,, +0,29<08 but A . <11 (30)
u, =(1,28,,, -3)0\,, +0,71B,,, —0,29<0,8 (31)
Wy = 0,15, By, —0,15<0,9 (32)

As one can see, the first formula is connected with the interaction of in-plane bending (without
the imminence of lateral — torsional buckling) and axial compression with potential ability of flexural
buckling towards to the “weak direction” (it can be both the in-plane buckling because of the
significantly large effective buckling length and also the out-of-plane buckling, linked with the smaller
radius of gyration of column cross - section). On the other hand, the second equation is the expression
of another interaction, between the in-plane bending not secured against the ability of lateral —

torsional buckling and in-plane axial compression. The more restrictive from those two presented

formulae will be conclusive in the evaluation of the temperature O . . Let us pay attention to the upper

index © applied to both discussed equations. It means that particular quantity, marked by such index,

depends on the considered steel temperature and changes together with the temperature growth. It
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should be underlined that such quantities are not only the global instability factors ()(y, X, X.7) but
also the coefficients resulting in the non-linear shape of M —N interaction curve (particularly ky and

k.; ). However, the inevitable elastic moment redistribution (related also to the other internal forces)

being the result of joint stiffness decrease under fire conditions seems to be of the greatest importance

in the global safety analysis.

25.3 RESULTS OF THE ANALYSIS
As a result of the calculations the values of the coefficients p, =p1(G)a) and p, =p2(63) are
estimated and marked in suitable figures. The critical temperature of considered member is then

evaluated as a temperature value for which the examined factor p, = pl(G)a) or P, =P, (Ga) reaches

the level 1,0. In the case when such event will take place for steel temperature greater than 600 OC the

searched temperature G)a,C was predicted by means of the polynomial interpolation.

All obtained results are presented in the tables, from Tab. 25.2 up to Tab. 25.18, and also shown

in the adequate figures, from Fig. 25.6 up to Fig. 25.10.

25.3.1 The results of first order frame analysis
In the first order frame analysis it is noteworthy that the multiplier A_ estimated for the design case
when the beam-to-column joints are modelled as flexible is significantly smaller in relation to another

one being the result of similar calculations in which the model with all fully-rigid joints is applied.

In consequence, both the buckling length estimate for in-plane buckling mode and also the relative

slenderness }\y are then greater than those, previously identified (see Fig. 25.8). Finally, the suitable
flexural buckling coefficient X  is much more restrictive. On the other hand, as a result of elastic

moment redistribution, conclusive values of the bending moment M, ; and the compressive axial force

1
N; related to the column “3” and taken from Tab. 25.3 are distinctly smaller than those taken from Tab.

25.2 (let us notice that such rule is not satisfactory in relation to the beam “8").
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Tab. 25.2 Results related to the column “3”, obtained by means of the application of the first order
analysis for the frame with all beam-to-column joints remaining fully-rigid in the whole time of fire

duration
0 N q M e A, Nery Xv Xy Ner,z X. Xor M 127
[kN] (kNm] [] [kN] [l ] [kN] [ L -] [l
20 228,211 35,677 11,18 2551,467 1,35 0,35 5842,281 0,56 0,62 0,21 0,19
100 220,419 77,04 11,15 2457,782 1,38 0,34 5842,281 0,56 0,62 0,30 0,31
200 212,796 111,996 10,07 2143,175 1,47 0,31 5258,053 0,53 0,60 0,39 0,43
300 ( 205,161 140,943 9,00 1845,932 1,59 0,28 4673,825 0,50 0,57 0,47 0,54
400 | 197,728 163,307 7,93 1567,333 1,72 0,24 4089,597 0,47 0,54 0,54 0,64
500 190,77 178,325 6,86 1308,171 1,67 0,26 3505,369 0,49 0,56 0,72 0,83
600 [ 190,596 134,226 3,74 713,212 1,75 0,24 1811,107 0,46 0,53 1,10 1,08

Tab. 25.3 Results related to the column “3”, obtained by means of the application of the first order
analysis for the frame with beam-to-column joints being semi-rigid under fire conditions with the
flexibility increasing together with the steel temperature growth

0, Nfigd M eg A, Neey XY Xy Ner,2 X, Wi 1 P2
[kN] [kNm] [-] [kN] [ [-] [kN] [-] [-] [ [-]
20 215,799 24,446 6,61 1426,431 1,81 0,23 5842,281 0,56 0,62 0,26 0,15
100 211,733 64,212 6,60 1397,465 1,83 0,22 5842,281 0,56 0,62 0,34 0,27
200 208,143 99,419 6,25 1301,751 1,89 0,21 5258,053 0,53 0,60 0,43 0,39
300 203,836 125,426 5,39 1098,380 2,06 0,18 4673,825 0,50 0,57 0,53 0,49
400 201,04 147,425 4,68 941,460 2,22 0,16 4089,587 0,47 0,54 0,62 0,59
500 199,803 160,045 3,48 694,417 2,29 0,15 3505,369 0,49 0,56 0,87 0,76
600 202,608 120,341 1,81 366,566 2,44 0,14 1811,107 0,46 0,53 1,48 0,99

Tab. 25.4 Results related to the beam “8”, obtained by means of the application of the first order
analysis for the frame with all beam-to-column joints remaining fully-rigid in the whole time of fire

duration

0. Nf ed My gq A, Ny Xv Xy Nerz X, B, 121 P2

[kN] [kNm] [-] [kN] [-l [-] [kN] [-] [-] [ [-]
20 -10,794 92,393 75,40 813,901 1,81 0,23 517,657 0,15 0,68 0,27 0,40
100 17,715 94,258 70,01 1240,268 1,47 0,31 517,657 0,15 0,68 0,30 0,41
200 42,89 96,62 58,65 2515,464 1,03 0,49 465,891 0,14 0,66 0,38 0,49
300 65,06 99,616 48,31 3143,081 0,92 0,54 414,125 0,13 0,64 0,46 0,57
400 83,751 102,997 39,34 3294,949 0,90 0,55 362,360 0,11 0,61 0,56 0,66
500 98,316 106,436 33,65 3308,795 0,79 0,61 310,594 0,12 0,63 0,76 0,85
600 76,796 106,372 20,00 1535,897 0,90 0,55 160,474 0,11 0,60 1,20 1,24
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Tab. 25.5 Results related to the beam “8”, obtained by means of the application of the first order
analysis for the frame with beam-to-column joints being semi-rigid under fire conditions with the

flexibility increasing together with the steel temperature growth

0 Nsi £q M £g A, Nevy A y X Ner 2 X, i P 2
[kn] [kNm] [-] [kN] [-] [-] [kN] [-] [ [-] [-]
20 -6,2 111,608 62,20 385,625 2,63 0,12 517,657 0,15 0,68 0,32 0,46
100 19,003 111,296 60,59 1151,380 1,52 0,30 517,657 0,15 0,68 0,35 0,48
200| 39,782 111,423 5404 | 2149,756 1,12 0,45 465,891 0,14 0,66 0,41 0,54
300| 58,314 114,533 46,82 | 2730,116 0,99 0,51 414,125 0,13 0,64 0,49 0,61
400 | 72,198 116,292 39,13 | 2825,021 0,97 0,52 362,360 0,11 0,61 0,56 0,68
500 | 79,667 119,828 30,79 | 2453,194 0,92 0,54 310,594 0,12 0,63 0,73 0,86
600 | 57,368 120,899 20,70 | 1187,701 1,03 0,49 160,474 0,11 0,60 1,15 1,29
( )
P1 464 P2 164
1,4 : =—a—a Fully-rigid joints 1,4 : =—a—a Fylly-rigid joints
—| A—A—A Semi-rigid joints - A—A—A Semi-rigid joints
127 529,8°C » L2 568,2°C
1,0 1,0 A
| § . 1 600,8°C
! 578,4°C 0,8 Lo
| 0,6 — T
| 0,4 — L
| 0,2 =
0,0 T T 17 T 17 T 17 T 17 17T 717> 0,0 1 T 17 T 1T T 1T T 17T T 1 17
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Temperature [°C]

Temperature [°C]

Fig. 25.6 Estimation of critical temperature of the column ,,3” when the first order frame structural
analysis is made

) 0
P1 16 / P2 16 /
1,4 7 =—s—=a Fylly-rigid joints 1,4 N »—=—u Fully-rigid joints
1,2 — A—A—A Semi-rigid joints 1,2 A—A—A Semi-rigid joints
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Fig. 25.7 Estimation of critical temperature of the beam ,,8” when the first order frame structural
analysis is made
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Fig. 25.8 The values of the multiplier A and the relative slenderness A in relation to the steel

temperature O,

25. 3.2 The results of simplified second order frame analysis

Let us notice that, in relation to the frame considered in the example, the sufficient sensitivity of load-

bearing structure, i.e. a, <10, occurs just from the beginning of the fire, provided that the real joint

flexibility under fire conditions is considered (see Tab. 25.6). On the other hand, in case of the frame

with joints modelled as the fully rigid during the whole fire time, this effect is observed not earlier than

the temperature of steel members localised inside the first frame story will reach the level ca. 300°C
(see Tab. 25.5). Obtained results are presented in Fig. 25.9 on the example of the column “3” and in Fig.
25.10 in relation to the beam “8”. They are quantitatively significantly different than the previous ones,
identified by means of the application of classical first order analysis. The basic reason of such

inconsistencies seems to be the other way of the calculation of reliable value of flexural buckling
coefficient ), . As one can see the critical temperature evaluation related to the considered steel frame
is not univocal because its value strongly depends on the applied calculation methodology.
Nevertheless, it should be underlined that this type of the estimation uncertainty does not have the
source in simplified modelling of fire phenomenon, but it is only the result of the lack of compatibility

between various techniques currently used for structural analysis.
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Tab. 25.6 Sensitivity factors a, for the influence of second order effects as well as the amplification

coefficients n

amp

obtained for considered steel frame

Fully-rigid joints Semi-rigid joints
(0.4 ] amp (0 ) amp
|| e | e | ower [ e | v
- - beam level | beam level storey storey beam level | beam level
45,28 11,88 1,02 1,09 13,77 6,53 1,08 1,18
100 45,28 11,88 1,02 1,09 13,77 6,53 1,08 1,18
200 42,64 10,77 1,02 1,10 13,51 6,21 1,08 1,19
300 39,57 9,65 1,03 1,12 11,04 5,28 1,10 1,23
400 36,30 8,54 1,03 1,13 9,49 4,60 1,12 1,28
500 33,27 7,40 1,03 1,16 6,28 3,41 1,19 1,42
600 22,30 4,09 1,05 1,32 3,31 1,85 1,43 2,18

Tab. 25.7 Results related to the column “3”, obtained by means of the application of the simplified
second order analysis for the frame with all beam-to-column joints remaining fully-rigid in the whole
time of fire duration

0, Nfi g Mfigq cry Xy Ne X, Xir P1 P2
o] Lo [] (kN] [] L] [] L]
20 | 226,896 44,759 | 17164,784 0,76 5842,281 0,56 0,62 0,17 0,22
100 | 220,662 77,849 | 17164,784 0,76 5842,281 0,56 0,62 0,24 0,31
200 | 213,059 112,883 | 15448,306 0,74 5258,053 0,53 0,60 0,31 0,43
300 | 205,454 141,937 | 13731,827 0,73 4673,825 0,50 0,57 0,36 0,54
400 | 198,045 164,392 | 12015,349 0,70 4089,597 0,47 0,54 0,41 0,64
500 | 191,144 179,62 | 10298,871 0,72 3505,369 0,49 0,56 0,55 0,84
600 | 191,296 136,782 | 5321,083 0,69 1811,107 0,46 0,53 0,76 1,10
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Tab. 25.8 Results related to the column “3”, obtained by means of the application of the simplified
second order analysis for the frame with beam-to-column joints being semi-rigid under fire conditions
with the flexibility increasing together with the steel temperature growth

0, Nii Mg Nery Xy Ner,2 X, Xir 1 2
[kN] [kNm] [kN] [] [kN] [] [-] [] [-]
20 215,737 24,242 5842,281 0,76 5842,281 0,56 0,62 0,13 0,15
100 | 211,694 64,158 5842,281 0,76 5842,281 0,56 0,62 0,21 0,27
200 | 208,107 99,486 5258,053 0,74 5258,053 0,53 0,60 0,28 0,39
300 | 204,356 127,524 4673,825 0,73 4673,825 0,50 0,57 0,34 0,49
400 | 201,781 149,895 4089,597 0,70 4089,597 0,47 0,54 0,39 0,60
500 | 200,969 163,733 3505,369 0,72 3505,368 0,49 0,56 0,52 0,78
600 | 205,584 130,097 1811,107 0,69 1811,107 0,46 0,53 0,74 1,05

Tab. 25.9 Results related to the beam “8”, obtained by means of the application of the simplified
second order analysis for the frame with all beam-to-column joints remaining fully-rigid in the whole

time of fire duration

0, Nii eq M eg Nery Xy N,z X, Xir 1 P2
[kN] [kNm] [kN] -] [kN] [] -] [] -]
20 -4,912 92,214 7559,295 0,72 517,657 0,15 0,68 0,26 0,38
100 17,895 93,706 7559,295 0,72 517,657 0,15 0,68 0,30 0,40
200 | 43,088 96,026 6803,365 0,70 465,891 0,14 0,66 0,37 0,47
300 | 65,285 98,966 6047,436 0,68 414,125 0,13 0,64 0,46 0,54
400 | 83,997 102,305 5291,506 0,66 362,360 0,11 0,61 0,55 0,62
500 | 98,615 105,638 4535,577 0,67 310,594 0,12 0,63 0,75 0,76
600 77,39 105,062 2343,381 0,65 160,474 0,11 0,60 1,18 1,06
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Tab. 25.10 Results related to the beam “8”, obtained by means of the application of the simplified
second order analysis for the frame with beam-to-column joints being semi-rigid under fire conditions

with the flexibility increasing together with the steel temperature growth

0, Nsi eq M eq Nery Xy Nerz X, Xt 1 2
[kN] [kNm] [kN] [] [kN] -] [) -] []
20 | -4,225 110,811 | 7559,295 0,72 517,657 0,15 0,68 0,31 0,45
100| 19,778 111,293 | 7559,295 0,72 517,657 0,15 0,68 0,35 0,47
200 | 41,089 111,312 | 6803,365 0,70 465,891 0,14 0,66 0,41 0,52
300| 58,671 113,55 | 6047,436 0,68 414,125 0,13 0,64 0,48 0,58
400 | 72,672 115,177 | 5291,506 0,66 362,360 0,11 0,61 0,55 0,64
500 | 80,345 118,299 | 4535577 0,67 310,594 0,12 0,63 0,72 0,78
600 | 59,135 117,427 | 2343381 0,65 160,474 0,11 0,60 1,11 1,12
P1 1,6_1 P2 1,61
1,4 ] =—=—= Fully-rigid joints 1,4 i . Fully-rigid joints
1,2 _| Aaa Semi—rigidjointsJ i 12 1 4 Semi-igid joints .,
o _ 684,2°C o _ 563,4°C P
05 693,9°C 05 ]
0,6 0,6
0,4 0,4
02 02—
(0 e S B ) Y B I B B B B B O T T T T T T T T T T T T 11
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Fig. 25.9 Estimation of critical temperature of the column ,,3” when the simplified second order frame
structural analysis is made
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Fig. 25.10 Estimation of critical temperature of the beam ,,8” when the simplified second order frame

structural analysis is made
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25.3.3 The results of the second order frame analysis made by the Autodesk Robot Structural Analysis
2010 software

The results obtained by this approach to the application of the second order frame analysis are

presented in the tables, from Tab. 25.11 up to Tab. 25.18. Let us notice that the values of internal forces

as well as of the frame critical temperature are very similar to those, calculated previously when only

simplified second order analysis has been used. In consequence, also the conclusions are very similar.

Tab. 25.11 Results related to the column “3”, obtained by means of the application of the second order
analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with all beam-to-
column joints remaining fully-rigid in the whole time of fire duration

0, Nsi g My ed Nery Xy Ner,, X, Xir 1 P2
L] L4 [kN] L] [kN] L] [l L] L]
20 | 228,462 36,458 17164,784 0,76 5842,281 0,56 0,62 0,16 0,18
100 | 220,652 77,655 17164,784 0,76 5842,281 0,56 0,62 0,24 0,31
200 | 213,046 112,55 15448,306 0,74 5258,053 0,53 0,60 0,30 0,43
300 | 205,426 141,468 | 13731,827 0,73 4673,825 0,50 0,57 0,36 0,54
400 | 197,998 163,843 | 12015,349 0,70 4089,597 0,47 0,54 0,41 0,64
500 | 191,189 178,907 | 10298,871 0,72 3505,369 0,49 0,56 0,55 0,84
600 | 191,555 135,98 5321,083 0,69 1811,107 0,46 0,53 0,75 1,09

Tab. 25.12 Results related to the column “3”, obtained by means of the application of the second order
analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with beam-to-
column joints being semi-rigid under fire conditions with the flexibility increasing together with the steel
temperature growth

0, Nfi ed My eq Nery Xy Ners X, Xt L1 2
[kN] [kNm] [kN] [-] [kN] [-] [-] [-] [-]
20 215,799 24,446 17164,784 0,76 5842,281 0,56 0,62 0,13 0,15
100 211,733 64,212 17164,784 0,76 5842,281 0,56 0,62 0,21 0,27
200 | 208,143 99,419 15448,306 0,74 5258,053 0,53 0,60 0,28 0,39
300 204,461 127,376 13731,827 0,73 4673,825 0,50 0,57 0,34 0,49
400 201,81 149,609 12015,349 0,70 4089,597 0,47 0,54 0,38 0,59
500 201,308 163,454 10298,871 0,72 3505,369 0,49 0,56 0,52 0,77
600 | 206,796 132,389 5321,083 0,69 1811,107 0,46 0,53 0,75 1,07
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Tab. 25.13 Results related to the beam “8”, obtained by means of the application of the second order
analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with all beam-to-
column joints remaining fully-rigid in the whole time of fire duration

0., Nfi e M eq Nery Xy Ner . X, Xt 1 P2
[kN] [kNm] [kN] (] [kN] [ [ [] [
20 -10,8 91,787 7559,295 0,72 517,657 0,15 0,68 0,28 0,39
100 17,147 93,777 7559,295 0,72 517,657 0,15 0,68 0,30 0,40
200 41,818 96,212 6803,365 0,70 465,891 0,14 0,66 0,37 0,46
300 | 63,521 99,285 6047,436 0,68 414,125 0,13 0,64 0,45 0,54
400 | 81,761 102,742 | 5291,506 0,66 362,360 0,11 0,61 0,55 0,61
500 95,987 106,247 | 4535,577 0,67 310,594 0,12 0,63 0,74 0,76
600 | 73,777 105,649 | 2343,381 0,65 160,474 0,11 0,60 1,16 1,06

Tab.25.14 Results related to the beam “8”, obtained by means of the application of the second order
analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with beam-to-
column joints being semi-rigid under fire conditions with the flexibility increasing together with the steel
temperature growth

0, Nfi gq M eq Nery Xy Ner s X, Xir 1 2
[kN] [kNm] [kN] [-] [kN] [-] [-] [-] [-]
20 -4,454 110,689 7559,295 0,72 517,657 0,15 0,68 0,31 0,45
100 19,003 111,296 7559,295 0,72 517,657 0,15 0,68 0,35 0,47
200 39,782 111,423 6803,365 0,70 465,891 0,14 0,66 0,41 0,52
300 56,867 113,763 6047,436 0,68 414,125 0,13 0,64 0,47 0,58
400 70,234 115,538 5291,506 0,66 362,360 0,11 0,61 0,55 0,64
500 77,105 118,789 4535,577 0,67 310,594 0,12 0,63 0,71 0,78
600 54,437 116,997 2343,381 0,65 160,474 0,11 0,60 1,08 1,12
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Tab. 25.15 Results related to the column “3”, obtained by means of the application of the P-delta
analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with all beam-to-
column joints remaining fully-rigid in the whole time of fire duration

0, N eq M gd Nery Xy Ne,. X, Xir 1 [2
(kN] [kNm] [kN] [-] [kN] [-] [-] [-] [-]
20 228,477 36,392 17164,784 0,76 5842,281 0,56 0,62 0,16 0,15
100 | 220,643 77,609 17164,784 0,76 5842,281 0,56 0,62 0,24 0,27
200 | 212,972 112,456 | 15448,306 0,74 5258,053 0,53 0,60 0,30 0,39
300 | 205,267 141,286 | 13731,827 0,73 4673,825 0,50 0,57 0,36 0,49
400 | 197,761 163,548 | 12015,349 0,70 4089,597 0,47 0,54 0,41 0,59
500 | 190,743 178,517 | 10298,871 0,72 3505,369 0,49 0,56 0,55 0,77
600 | 191,229 135,464 5321,083 0,69 1811,107 0,46 0,53 0,75 1,07

Tab. 25.16 Results related to the column “3”, obtained by means of the application of the P-delta

analysis made by the Autodesk Robot Structural Analysis 2010 software, for the frame with beam-to-
column joints being semi-rigid under fire conditions with the flexibility increasing together with the steel
temperature growth

o, Nfi e M ed Nery Xy Ner,z X. Xt 1 /2
[kN] Lol [kN] [] [kN] [-] [-] [] []
20 215,802 24,345 17164,784 0,76 5842,281 0,56 0,62 0,13 0,15
100 | 211,718 64,127 17164,784 0,76 5842,281 0,56 0,62 0,21 0,27
200 | 208,087 99,28 15448,306 0,74 5258,053 0,53 0,60 0,28 0,39
300 | 204,394 127,104 | 13731,827 0,73 4673,825 0,50 0,57 0,34 0,49
400 | 201,636 149,274 | 12015,349 0,70 4089,597 0,47 0,54 0,38 0,59
500 | 200,844 163,022 | 10298,871 0,72 3505,369 0,49 0,56 0,52 0,77
600 | 206,541 132,048 5321,083 0,69 1811,107 0,46 0,53 0,75 1,07
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Tab. 25.17 Results related to the beam “8”, obtained by means of the application of the P-delta analysis
made by the Autodesk Robot Structural Analysis 2010 software, for the frame with all beam-to-column
joints remaining fully-rigid in the whole time of fire duration

0, Nfi M e Nery Xy Ner. X, X 1 2
Ll Lol (kN] [ [kN] [l [] [ [l
20 | -10,874 91,791 7559,295 0,72 517,657 0,15 0,68 0,28 0,39
100 | 17,063 93,944 7559,295 0,72 517,657 0,15 0,68 0,30 0,40
200 | 41,699 96,607 6803,365 0,70 465,891 0,14 0,66 0,37 0,47
300 | 63,367 99,948 6047,436 0,68 414,125 0,13 0,64 0,46 0,54
400 | 81,585 103,693 | 5291,506 0,66 362,360 0,11 0,61 0,55 0,62
500 | 95,658 107,47 4535,577 0,67 310,594 0,12 0,63 0,74 0,77
600 | 73,355 106,782 | 2343,381 0,65 160,474 0,11 0,60 1,16 1,07

Tab. 25.18 Results related to the beam “8”, obtained by means of the application of the P-delta analysis

made by the Autodesk Robot Structural Analysis 2010 software, for the frame with beam-to-column
joints being semi-rigid under fire conditions with the flexibility increasing together with the steel

temperature growth

0, Nfi e Mg Nery Xy Ner,, X: i P1 P2
L4 L] (kN] L] (kN] L] [l L] []
20 -4,547 110,691 7559,295 0,72 517,657 0,15 0,68 0,31 0,45
100 18,9 111,464 7559,295 0,72 517,657 0,15 0,68 0,35 0,47
200 39,63 111,808 6803,365 0,70 465,891 0,14 0,66 0,41 0,52
300 56,639 114,419 6047,436 0,68 414,125 0,13 0,64 0,48 0,58
400 69,909 116,405 5291,506 0,66 362,360 0,11 0,61 0,55 0,64
500 76,731 119,832 4535,577 0,67 310,594 0,12 0,63 0,71 0,78
600 53,699 117,97 2343,381 0,65 160,474 0,11 0,60 1,08 1,12

25.4. CONCLUDING REMARKS

The detailed analysis of the behaviour of considered steel frame under fire conditions allows

to formulate some conclusions which seem to be of a great importance for the qualitative assessment

of a structural safety level (Maslak, 2012).

¢ The application of the formal model with joints remaining fully-rigid during the whole time of fire
duration led to the assessment of the frame critical temperature on the level 548,10C, provided
that the classical first order analysis is made. Let us notice that the beam “8” is the frame member
reliable for the evaluation. On the other hand, if the real joint flexibility is taken into account,
increasing together with the steel temperature growth, another and quite unexpected conclusion is

met. In this case the critical temperature of the same frame is calculated to be equal to only

529,8°C, furthermore, such evaluation is connected with the column “3”. Such level of the steel
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temperature will be reached under potential fire significantly earlier than the previous one, which
means that the value of frame fire resistance as well as the predicted safety level, if they both are
estimated without any consideration of the influence of real joint stiffness, seem to be considerably
overestimated.

¢ If the simplified second order theory is applied to the analysis, according to which the amplification
of both external and equivalent horizontal loads is implemented, then the evaluations of critical
temperature of the frame, obtained as a result of such calculations, are less restrictive in relation
to the other ones, resulting from using the classical first order design methodology. In the presented
example they are as follows: 563,40C if all joints are adopted as fully-rigid ones and 572,1°C when
the real joint flexibility is considered. In the second case the reliable frame member was beam”8”
and in the first case the column “3”. However in the first case (with fully-rigid joints) the critical
temperature for beam “8” is very similar to temperature obtained for the column “3” and is equal to
567,4°C . The reason of such general relation is the fact that in this kind of the analysis the
considerable reduction of the member compression resistance is not implemented to the formal
model, being the effect of the adoption of a large effective buckling length when the in-plane flexural
buckling stability analysis is made.

e If the first order frame analysis is performed then considering the real joint flexibility under fire gives,
in general, the assessments of conclusive critical temperature being more careful in comparison with
those resulting from the acceptance of the full joint stiffness, independent on the real steel
temperature. The important difference is that for column “3” more restrict is the estimation
of coefficient p,, whereas for beam “8” estimation of coefficient p,. This can be explain that
for the evaluation of the value of p, coefficient, the interaction between the member bending and
compression is examined with potential in-plane buckling mode while for the coefficient p,
potential out-of-plane and lateral-torsional buckling mode are taken into consideration. Let us pay
attention tothe fact that the bar effective buckling length, when estimating p, coefficient, is
assumed to be exactly equal to its theoretical dimension. The difference between obtained values of
p, and p, coefficients are distinctly apparent for column “3”.

¢ When the second order analysis is carried out, taking into account the real joint flexibility under fire,
it leads to the assessments of critical temperature being less restrictive both in relation to the
column “3” as well as in relation for beam “8”. In such design approach the member effective
buckling length is not specified at all; whereas, its specification is of the great importance when the

classical first order analysis is performed.
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e If the simplified second-order approach is used in the frame analysis, then the critical temperature
evaluations are obtained, being less restrictive in relation to those taken from the application

of the classical first-order theory.
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26 CHARRING OF TIMBER - VERIFICATION OF NUMERICAL MODEL

Summary

This work was carried out to test the validity of currently accepted charring rates of glue laminated
timber and describes the experimental and numerical investigation into parameters that influence
charring rate. The effect of the charring is founding out by experiment of timber-fibre concrete slab
under nominal fire conditions and 3D FE model developed to predict the mechanical behaviour of
timber-fibre concrete composite floors, in order to derive more simple models for representing the
partially protected composite floors in fire. The numerical analysis of the structure is non-linear and
considers orthotropic behaviour for timber and isotropic behaviour for concrete. The description of the
model used general parameters and values are given in this paper. All this modelling was done using a
commercial programme ANSYS 14. The numerical models are calibrated using the results of full scale
furnace test. This report is intended for researchers, designers and manufacturers of laminated timber

products.

26.1 INTRODUCTION

Numerical simulation plays an irreplaceable and significant role in development of design methodology
of fire resistant structures. Recent developments in finite element method, nonlinear material
modelling, computational fluid dynamics and other methods allow wider application of numerical
simulations in fire engineering. Despite the fact that development of numerical method made rapid
progress, the calculated results of complex structures should not be used without validation to
experimental tests. This holds true especially for structures consisting of materials with high
uncertainties in mechanical and thermal material properties, like concrete, SFRC, masonry or timber.
Validated numerical model, which covers all important physical phenomena, have a good representation
of the real process and from its results can be safely drawn proper conclusions and better understanding
of the behaviour of structure exposed to fire can be reached. This helps to further develop and improve
analytical models, which are base for design codes. A calibrated model can be also easily modified to

interpret modified structure and predict its behaviour.
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From mathematical modelling point of view involves a simulation structure subjected to fire
load three basic physical phenomena describing the fire dynamics, heat flow in the structure and stress-
strain state of the structure. All three phenomena are simultaneously influencing each other. These
physical phenomena can be simulated using computational fluid dynamics (CFD), transient thermal

analysis and mechanical analysis.

a) b) Measured temperature in furnace
or
standard fire curve

thermal strain,
thermal damage,
charring

thermal strain,
thermal damage,
charring

Fig. 26.1 Schematics of possible couplings in fire simulation

The coupling between CFD and heat transfer takes into account the energy transfer from fire to
structure and is usually modelled as convection and radiation in the simulation of heat transfer. Next
coupling between thermal and mechanical simulation considers thermal straining and thermal damage
of the materials due to increased temperatures. Both couplings between fire dynamic analysis, heat
transfer and mechanical analysis are very important and should be taken in to account in every
numerical study which deals with the behavior of structures under fire load. On the other hand the
coupling between mechanical and fire simulation have usually secondary effect and are concerned in
analyses where the changes of structure exposed to fire influence the fire conditions or effect of the fire
on structure. These are cases of structures with large deformation or damage, typically timber charring.

However, the coupled simulation of all three phenomena is extremely complex. In the praxis is
usually the fire simulation replaced by standard fire curve or fire temperature measured in furnace and
it is assumed that coupling between mechanical analysis and fire simulation is neglected then the
problem is reduced to one-way interaction between thermal and mechanical analysis. This approach

was used for simulation of fire test in this paper.
26.2 NUMERICAL MODELLING

The main objective of the FE analysis presented in this paper was to simulate the behaviour of

composite timber-concrete beam according the fire test of composite timber-concrete floor ELE-1-
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120/160 used for fire test and predict the fire resistance. The temperatures in the furnace are known
from the test therefore were not considered neither CFD analysis nor coupling between mechanical
analysis and solution of the problem was carried out as one-way coupled thermo-mechanical analysis.
Even assuming one-way coupled thermo-mechanical analysis, is the problem very complex due to
modelling transient effect in heat transfer analysis, strong geometrical and material nonlinearity and
difficult estimation of material data for both room and elevated temperatures and their uncertainties.

In following chapters are briefly described the FE-model used for analysis, the calibration of
material models of thermal and mechanical behavior of SFRC and timber and the model of shear
connectors between SFRC slab and timber beam. A commercial FE-code ANSYS, which incorporate all
necessary material model and numerical methods needed for solution of the presented problem, was

chosen to perform the simulation of fire test.

26.2.1 Discretization

For purposes of the coupled thermo-mechanical analysis was developed 3D FE model shown in 26.2. The
FE-model of the composite timber-fibre concrete floor consists of SFRC slab supported by timber grid.
These parts were discretised by solid elements respecting the real geometry of the structure. FE-
discretization with solids was chosen due to better representation of the multi-axial stress states and
accurate modelling of thermal gradients over thickness of the SFRC slab. The model made of beam and

shell elements would be much faster, on the other such simplifications would bring more uncertainties

and assumptions to the model and validation quality could become questionable.

Fig. 26.2 FE-mesh of composite timber-SRFC floor

Performed simulations are known to be very time expensive due to material and geometrical

nonlinearities caused mainly by timber charring, thermal degradation and softening of SFRC. Therefore
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model of symmetrical portion of the structure was build and different mesh discretization strategies
were tested to find best compromise between speed and accuracy of analysis. The final model consists

of 43909 elements and 53360 nodes.

26.2.2 Thermal analysis

For simplification was the timber charring numerically simulated using 2D finite element model. Finite
element model was implemented in ANSYS 14 software package to simulate the experimental tests and
to analyse the thermal performance unprotected timber sections. The load, boundary and initial
conditions of the numerical model are below, see Fig. 26.3. The fire temperature was applied according

to the standard fire.

AMBIENT TEMPERATURE 12°C

CONVECTION AND RADIATION

CONVECTION AND RADIATION

FIRE TEMPERATURE

Fig. 26.3 Boundary and initial conditions of the numerical model

The temperature-dependent relationships for timber properties proposed by the European code
for fire design of timber structures were adopted in the modelling see Fig. 26.2, 26.3, and 26.4. Timber
was assumed as a non-linear orthotropic material, with temperature depended Young's modulus, see

Fig. 26.5.
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Heat transfer in the structure was determined as a transient nonlinear problem with an implicit
Newmark’s integration. As boundary conditions on the surfaces exposed to fire were used radiation and
convection based on measured furnace temperature and on the surfaces outside the furnace based on
constant temperature 12 °C. The heat transfer coefficients for convection on the fire side as 35 W.m-
2.K-1 and on the air side 30 W.m-2.K-1 were used. The emissivity coefficient used in the radiation

boundary was applied as 0.9.

26.2.3 Material model for timber

Timber parts were used to simulate the composite floor slab transversally isotropic material law with
isotropic plasticity. Data were adopted for the glue of the laminated timber GL24h, modulus of elasticity
parallel to grain 11 600 MPa, modulus of elasticity perpendicular to grain 390 MPa, shear moduli
720 MPa and tensile strength parallel to grain 16.5 MPa. Timber charring was taken in to consideration
as a reduction of the elastic moduli and tensile strength due to temperature change. Curves for this

behaviour were taken from EC5, see Fig. 26.6.
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Fig. 26.6 Temperature dependent reduction coefficients for elastic moduli and strength of timber

26.3 Results

Numerical results in terms of temperature development are presented in the Fig. 26.7, 26.8.

AN PTOT NO

- 1
INCDAL SOLUTION
STEP-181

A0I000N

Fig. 26.7 Temperature development at 30 mins

AN PTOT NO. 1

Fig. 26.8 Temperature development at 60 mins
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26.4 SUMMARY
The numerical simulations showed that the use of the adequate material models is essential to obtain
accurate simulations. Verification of the implemented material models by numerical simulation of the
experiments shall be an integral part of the nonlinear analysis of the structural system. This process
increases the quality of simulation of the combined structure behaviour.

The verified numerical simulation allows for a running set of numerical experiments. These
experiments are used for the verification of the prepared analytical prediction models for the design of

steel fibre reinforced concrete floors exposed to fire situations.
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27 REFERENCE CASES FOR THE VALIDATION OF PEOPLE EVACUATION SOFTWARE
USED IN GERMANY

Summary

The aim of the RIMEA project of the German RIMEA association is to develop a guideline for the
application of simulations based on microscopic evacuation analyses. Through defining standardized
calculation parameters and by reference test cases in the context of a collaboratively developed
guideline it will be possible to verify the available simulation software for microscopic evacuation
analyses. Therefore 14 test cases were developed that can be used to verify the components of the
software in accordance with ISO document ISO/TR 13387-8:1999. This document summarizes the 14

test cases and the results to be expected.

27.1 Introduction

27.1.1 The RiMEA Project

The RIMEA project was created by the initiators to determine the methodology and parameters for
simulation-based evacuation analyses. The main aim is to establish a minimum standard for the values
of input parameters, the way of modeling and the evaluation and documentation of microscopic

evacuation analyses.

27.1.2 The RIMEA Guideline
The guideline first defines the essential terms to be used in the analysis and the documentation, such as
the various time intervals to be taken into account for the analysis, such as duration of detection, alarm
duration and reaction time and the respective calculated intervals such as total duration, evacuation
time (detection and alarm duration and reaction time and total duration) and the total evacuation time
(maximum of the individual evacuation times). In the next step, specifications and typical values for the
main input parameters are provided, the boundary conditions are defined and the expected results of
the evacuation analysis are described. The different steps in such an analysis are:

¢ Definition of geometry (Spatial arrangement of the building)

¢ Determination of a population (information on age structure and composition of the resulting

attributes such as walking speed)
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¢ Assumptions concerning the distribution of the people
¢ Treatment of the calculated duration of the whole evacuation process
¢ Treatment and identification of congestions and

¢ Documentation of the results

Annex 2 of the guideline also includes test cases and scenarios for the verification of the
simulation programs in the market. The objective is to check whether the various components of the
simulation software used are working as intended. On the basis of simple test cases, the suitability of
the software to reflect the basic phenomena should be checked to be able to use them later for more
complex questions where the verification and validation is not easily possible anymore. In analogy to the
procedure of the ISO document ISO/TR 13387-8:1999 a distinction is made between the verification of
components (x. 1.3 - x. 1.6), the functional verification (x. 1.7) and the qualitative verification (x. 1.8 - x.
1.13). On the homepage of the guideline www.rimea.de the results of test cases obtained by different

software can be found (in German language). In the following, the various test cases are introduced.

27.2 The reference cases

27.2.1 Test 1: Default walking speed in a hallway

This test is designed to demonstrate that a person walking on a 2 m wide and 40 m long hallway, moving
with a defined walking speed, covers the distance in the expected time. Taking into account possible
inaccuracies (body dimensions, response time, totaling approximately 5%) and a walking speed of 1.33

m/s, the entire time span should be between 26 and 34 seconds.

27.2.2 Tests 2 and 3: Maintain a given speed of walking upstairs or downstairs

This test is designed to demonstrate that a person will cover the distance of 2 m wide and 10 m long
stairs, measured along the ramp, walking at a pre-defined speed upstairs or downstairs in the
corresponding time. In analogy to the considerations of test 1, the appropriate times must be calculated

by the simulation software depending on the respective adopted speed on the different sections.

27.2.3 Test 4: Specific flow through a cross section
The specific flow is the number of people that pass through a particular cross-section (such as a door or
other kind of bottleneck) per meter of clear width and per second. It is specified by the unit person /
(m*s).

The specific flow is essentially dependent on the density of people (unit people / m?) and is

calculated in accordance with the formula
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The evaluation of the formula with input value density of the people results in the following

fundamental diagram as a relation between density of people and specific flow.
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0.0 1,0 20 a0 4.0 3,0 6,0

People density Pers. /m?

spazifischer Fluss /Pims

Fig. 27.1 Fundamental diagram according to Weidmann, 1992 (Figure by RIMEA e.V.)

According to the RiIMEA guideline or to the SFPE Handbook the following table shows maximum specific
flows as reference values obtained in verification calculations with the respective simulation software
for different elements of escape routes. The comparison requires the possibility of the calculation of the
specific flow in the simulation program or as a follow-up calculation.

An at least 4 m wide and 30 m long path should be used for the calculation of the ratio between
the density of people and the specific flow, where the specific flow and the density of people should be
averaged over the entire range. During the calculation process people who leave the path on one side
should return to simulation immediately on the other side (periodic boundary conditions). The

calculated fundamental diagram should look similar to that shown in Fig. 27. 1.

Tab. 27. 1 Maximum specific flow in different types of elements of escape routes

Type of element Maximum specific flow
(P/ m*5s)
Stairs, downwards 1,10
Stairs, upwards 0,88
Alleys, Doors 1,30

27.2.4 Reaction time
In this test 10 people are positioned in a room of the size of 8 m x 5 m with a 1 m wide exit, which is

located in the middle of the narrow side of the room. The assumed reaction times of the people should
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be equally distributed between 10 s and 100 s. The simulation should verify that each person begins to

move at the designated time.

27.2.5 Movement around a corner
In this test, a corner situation is examined where a hallway makes a bend to the left. In the simulation, it
must be checked whether the persons adopted in the simulation (e.g. 20 people) walk around the

corner without crossing the wall on the shortest path to the exit.

=]
20 Persons, equally
distributed

r
. S
..-'II.
1 / i
o o 7 "/ Laufrichiung
"_,-' -_.- ",-' o’ S
10 2

Fig. 27.2 Geometry for the test of movement around corners (Figure by RIMEA e.V.)

27.2.6 Allocation of person-specific parameters
In this test a group of 50 adults will be allocated a distribution of walking speeds (e.g. persons under 30
years, minimum 0.58 m/s, maximum 1.61 m/s, Gaussian distributed). The evaluation has to prove that

the measured walking speeds of the individuals reveal the assumed distribution.

27.2.7 Analysis of parameters

In the analysis of parameters the effect of the various simulation parameters will be displayed. It will be
determined for a three-story floor plan how the duration of the whole evacuation changes if individual
parameters describing the population are changed. It is sensible only to change one parameter at a
time, for example the walking speed. The simulations should be repeated for different values and, if
appropriate, for different distributions, the values within the population are presumed to remain
unchanged. The results of the simulations with other software are available at the RIMEA homepage for

comparison.
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The test floor plan consists of three floors, four people are in each room. The width of the doors

is 1 m. The 1st and 2nd floors are identical.
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Fig. 27.3 Ground floor (left) and first and second floor of the test geometry (right) (Figure by RIMEA
e.V.)

27.2.8 Population leaving a large room

A large room with four exits is occupied by a population of 1000 people, uniformly distributed in the
room (Fig. 27.4). The people in the population should have no reaction time. A first calculation
determines the time at which the last person leaves the room. In a second step two exits are closed. The
escape time of that room is now expected to double approximately. Depending on the software slight
deviations may occur because the flow through the escape route elements depends on the density of

the population and that increases by reducing the width of the escape routes.

27.2.9 Predefinition of escape routes

A system of corridors with two exits (primary and secondary) and 12 adjacent rooms is examined (see
Fig. 27. 5). In the rooms there are 23 persons according to the room allocation shown in the figure. The
people in the rooms of 1, 2, 3, 4, 7, 8, 9 and 10 are assigned to the main exit, all other persons to the

secondary exit. The expected result is that every person of the population will use the assigned exits.
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Fig. 27.4 Room with a population of 1000 persons and four exits (unit m figure by RIMEA e.V.)
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Fig. 27.5 Room structure with two exits — (unit m - Figure by RIMEA e.V.)
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27.2.10 Selection of escape route

A room has two adjacent outputs and is occupied by a population of 1000 people, who are concentrated
on the left side of the room (Fig. 27.6). The people of the population should have no reaction time. The
expected result of the simulation is that the majority of the people leave the room via the closer exit 1
and congestion may occur in this area, but it is expected that the the secondary exit is also used by more

than one individual.

21 1 5 1 2
f —t—

~ ~

Aus; Exit 1 .ﬁlﬂﬂﬂ Exit 2
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o
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Fig. 27.6 Room with a population of 1000 persons and two exits (unit m - figure by RIMEA e.V.)

27.2.11 Effect of bottlenecks

The system consists of two rooms connected by a corridor. A population of 150 people without reaction
time is located in the first room only and must exit through the bottleneck into the other room. The
second room also has an exit, which, in turn, represents a bottleneck with the same width as the
corridor. Because of the narrow passage congestion should occur in front of the bottleneck into the
corridor, but as the flow rate is limited by the corridor, congestion is not to be expected in front of the

exit of room 2.
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Fig. 27.7 Room structure with a population of 150 persons connected by a corridor

(unit m - figure by RIMEA e.V.)

27.2.12 Congestion in front of a staircase

The system consists of a room (see Fig. 27. 8), which is connected with upward stairs by a corridor. A
population of 150 people without reaction time is located in the room and must exit through the
bottleneck into the corridor and onto the stairs.

It is expected that congestion occurs in front of the exit of the room, which then will lead to a steady
flow along the corridor. After that, congestion will gradually build up in front of the stairs because the
flow via the staircase is smaller than that by the corridor.

150 persons

Raum
150 Parsonan

Stairs upwards

|

/

i 12 L3 1L

A

Fig. 27.8 Room structure with a population of 150 persons connected with upward stairs by a corridor

(unit m - figure by RIMEA e.V.)
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27.2.13 Selection of routes

The system to be tested consists of two levels (see Fig. 27.9). In the figure the area marked in red is
linked to the green-marked target area in two ways. A possible route leads over two sets of stairs, the
second way leads over a longer way on the upper floor. Subject of the investigation is whether the
people use the shorter route through the lower level or whether they use the longer route through the

upper level.

Fig. 27.9 System with two levels (figure by RIMEA e.V.)

27.2.14 Summary of reference cases

The test cases shown are suitable to check the function of the simulation software used for the
simulation of people movement. In a second step they allow for a comparison of results of similar
software. On the homepage of the RIMEA project (in German) the results using different software

packages are presented and can be used for that purpose.

27.3 SUMMARY

The test cases described in this document allow for the verification of simulation models for analyzing
the evacuation of people from different building geometries. At first the individual components of the
simulation software are checked, followed by the functional verification and the qualitative verification.

The also necessary quantitative verification would require the comparison of simulation results with
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reliable data by evacuation exercises. Since these are not yet existent in sufficient scale at present, the
shown functional and qualitative verification is currently still considered sufficient.
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