
 

 

 
 
FIRE DESIGN OF  
STEEL STRUCTURES 
 
 



ECCS EUROCODE DESIGN MANUALS 

 

 
 
ECCS EUROCODE DESIGN MANUALS 
 
 

ECCS EDITORIAL BOARD  
Luís Simões da Silva (ECCS) 
António Lamas (Portugal) 
Jean-Pierre Jaspart (Belgium) 
Reidar Bjorhovde (USA) 
Ulrike Kuhlmann (Germany) 

 
DESIGN OF STEEL STRUCTURES  
Luís Simões da Silva, Rui Simões and Helena Gervásio  
 
FIRE DESIGN OF STEEL STRUCTURES  
Jean-Marc Franssen and Paulo Vila Real 
  
AVAILABLE SOON 
 
DESIGN OF COLD-FORMED STEEL STRUCTURES 
Dan Dubina, Viorel Ungureanu and Rafaelle Landolfo 
 
DESIGN OF PLATED STRUCTURES 
Darko Beg, Ulrike Kuhlmann, Laurence Davaine and Benjamin Braun 
 
DESIGN OF CONNECTIONS IN STEEL AND COMPOSITE STRUCTURES  
Jean-Pierre Jaspart 
 
FATIGUE DESIGN OF STEEL AND COMPOSITE STRUCTURES  
Alain Nussbaumer, Luís Borges and Laurence Davaine 
 
     
INFORMATION AND ORDERING DETAILS 
 
For price, availability, and ordering visit our website www.steelconstruct.com. 
For more information about books and journals visit www.ernst-und-sohn.de.  
 



 

 

 
 
FIRE DESIGN OF  
STEEL STRUCTURES 
 
Eurocode 1: Actions on structures 
Part 1-2 – General actions – Actions on 
structures exposed to fire  
Eurocode 3: Design of steel structures 
Part 1-2 – General rules – Structural fire design  
 
 

Jean-Marc Franssen 
Paulo Vila Real 
 
 
 
 
 
 
 
    
 
 



 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Design of Steel Structures 
 
1st Edition, 2010 
 
Published by: 
ECCS – European Convention for Constructional Steelwork 
publications@steelconstruct.com 
www.steelconstruct.com 
 
Sales: 
Wilhelm Ernst & Sohn Verlag für Architektur und technische Wissenschaften 
GmbH & Co. KG, Berlin 
 
All rights reserved. No parts of this publication may be reproduced, stored in a 
retrieval system, or transmitted in any form or by any means, electronic, mechanical, 
photocopying, recording or otherwise, without the prior permission of the copyright 
owner. 
 
ECCS assumes no liability with respect to the use for any application of the material 
and information contained in this publication. 
 
Copyright © 2010 ECCS – European Convention for Constructional Steelwork 
 
ISBN (ECCS): 978-92-9147-099-0 
ISBN (Ernst & Sohn): 978-3-433-02974-9 
Printed in Multicomp Lda, Mem Martins, Portugal 
Photo cover credits: Francois Malan 



TABLE OF CONTENTS 

 

_____ 
v 

 
 

TABLE OF CONTENTS 
 
 

FOREWORD xiii 

PREFACE xv 

NOTATIONS xvii 

 
Chapter 1 
INTRODUCTION  1 
1.1.  Relations between different Eurocodes 1 
1.2.  Scope of EN 1993-1-2 3 
1.3.  Layout of the book 3 
 
Chapter 2 
MECHANICAL LOADING  7 
2.1.  General 7 
 2.1.1.  General rule 7 
 2.1.2.  Simplification 1 10 
 2.1.3.  Simplification 2 10 
 2.1.4.  Simplification 3 12 
2.2.  Examples 12 
2.3.  Indirect actions 14 
 
Chapter 3 
THERMAL ACTION 17 
3.1.  General 17 
3.2.  Nominal temperature-time curves 18 
3.3.  Parametric temperature-time curves 21 
3.4.  Zone models 29 



TABLE OF CONTENTS 

 

_____
vi

3.5.  CFD models 31 
3.6.  Localised fires 32 
3.7.  External members 39 
 
Chapter 4 
TEMPERATURE IN STEEL SECTIONS  45 
4.1.  Introduction 45 
4.2.  The heat conduction equation and its boundary conditions 45 
4.3.  Advanced calculation model. Finite element solution of 
the heat conduction equation 47 
 4.3.1.  Temperature field using the finite element method 48 
4.4.  Section factor 51 
4.5.  Temperature of unprotected steelwork exposed to fire 54 
4.6.  Temperature of protected steelwork exposed to fire 61 
4.7.  Internal steelwork in a void protected by heat screens 77 
4.8.  External steelwork 78 
 4.8.1.  General principles 78 
 4.8.2.  Example 80 
4.9.  View factors in the concave part of a steel profile 88 
4.10.  Temperature in steel members subjected to localised fires 91 
 4.10.1.  Unprotected steel members 91 
 4.10.2.  Protected steel members 93 
4.11.  Temperature in stainless steel members 94 
 4.11.1.  Example 97 
 
Chapter 5 
MECHANICAL ANALYSIS 99 
5.1.  Basic principles 99 
5.2.  Mechanical properties of carbon steel 104 
5.3.  Classification of cross-sections 109 
5.4.  Fire resistance of structural members 118 
 5.4.1.  General 118 



TABLE OF CONTENTS 

 

_____ 
vii 

 5.4.2.  Tension members 120 
 5.4.3.  Compression members 121 
 5.4.4.  Shear resistance  124 
 5.4.5.  Laterally restrained beams 127 
 5.4.5.1.  Uniform temperature distribution 127 
 5.4.5.2.  Non-uniform temperature distribution 128 
 5.4.5.3.  Bending and shear 131 
 5.4.6.  Laterally unrestrained beams 133 
 5.4.6.1.  The elastic critical moment for lateral-torsional  
 buckling 133 
 5.4.6.2.  Resistance to lateral-torsional buckling 137 
 5.4.7.  Members with Class 1, 2 or 3 cross-sections, 
 subjected to combined bending and axial compression 140 
 5.4.8.  Members with Class 4 cross-sections 143 
 5.4.9.  Some verifications of the fire resistance not covered by 
 EN 1993-1-2 143 
 5.4.9.1.  Shear buckling resistance for web without  
 intermediate stiffeners 147 
 5.4.9.2.  Cross section verification of a member subjected to 
 combined bending and axial force (compression or tension) 145 
 5.4.9.2.1.  Class 1 and 2 rectangular solid sections 146 
 5.4.9.2.2.  Class 1 and 2 doubly symmetrical I- and H-sections 147 
 5.4.9.3.  Bending, shear and axial force 149 
5.5.  Design in the temperature domain. Critical temperature  149 
5.6.  Design of continuous beams 160 
 5.6.1.  General 160 
 5.6.2.  Continuous beams at room temperature 161 
 5.6.3.  Continuous beams under fire conditions 164 
5.7.  Fire resistance of structural stainless steel members 166 
5.8.  Design examples 173 
 



TABLE OF CONTENTS 

 

_____
viii

Chapter 6 
ADVANCED CALCULATION MODELS 235 
6.1.  General 235 
6.2.  Thermal response model 237 
6.3.  Mechanical response model 244 
 
Chapter 7 
JOINTS 251 
7.1.  General 251 
7.2.  Strength of bolts and welds at elevated temperature 252 
7.3.  Temperature of joints in fire 254 
7.4.  Bolted connections 255 
 7.4.1.  Design fire resistance of bolts in shear 255 
 7.4.1.1.  Category A: Bearing type 255 
 7.4.1.2.  Category B (slip resistance at serviceability) and  
 Category C (slip resistance at ultimate state) 256 
 7.4.2.  Design fire resistance of bolts in tension 256 
 7.4.2.1.  Category D and E: Non-preloaded and  
 preloaded bolts 256 
7.5.  Design fire resistance of welds 256 
 7.5.1.  Butt welds 256 
 7.5.2.  Fillet welds 257 
7.6.  Design examples 257 
 
Chapter 8 
THE COMPUTER PROGRAM “ELEFIR-EN” 267 
8.1.  General 267 
8.2.  Brief description of the program 268 
 8.2.1.  Available thermal calculations 268 
 8.2.2.  Available mechanical calculations 273 
8.3.  Default constants used in the program 278 
8.4.  Design example 279 



TABLE OF CONTENTS 

 

_____ 
ix 

Chapter 9 
CASE STUDY 293 
9.1.  Description of the case study 293 
9.2.  Fire resistance under standard fire 294 
 9.2.1.  Thermal calculations 294 
 9.2.2.  Structural calculation 295 
 9.2.2.1.  Loading 295 
 9.2.2.2.  Fire resistance by the simple calculation model 300 
 9.2.2.3.  Fire resistance by the general calculation model 302 
9.3.  Fire resistance under natural fire 304 
 9.3.1.  Temperature development in the compartment 304 
 
REFERENCES  311 
 
Annex A 
THERMAL DATA FOR CARBON STEEL AND STAINLESS  
STEEL SECTIONS  319 
A.1.  Thermal properties of carbon steel 319 
 A.1.1.  Specific heat 319 
 A.1.2.  Thermal conductivity 320 
 A.1.3.  Thermal elongation 321 
A.2.  Section factor Am / V [m-1] for unprotected steel members 322 
A.3.  Section factor Ap / V [m-1] for protected steel members 324 
A.4.  Tables and nomograms for evaluating the temperature in 
unprotected steel members subjected to the standard fire curve ISO 834 325 
A.5.  Tables and nomograms for evaluating the temperature in 
protected steel members subjected to the standard fire curve ISO 834 331 
A.6.  Thermal properties of some fire protection materials 335 
A.7.  Thermal properties of stainless steel 336 
 A.7.1.  Specific heat 336 
 A.7.2.  Thermal conductivity 336 
 A.7.3.  Thermal elongation 337 



TABLE OF CONTENTS 

 

_____
x

A.8.  Tables and nomograms for evaluating the temperature in 
unprotected stainless steel members subjected to the standard fire  
curve ISO 834 339 
A.9.  Thermal properties of some fire compartment lining materials 345 
 
Annex B 
INPUT DATA FOR NATURAL FIRE MODELS 347 
B.1.  Introduction 347 
B.2.  Fire load density 347 
B.3.  Rate of heat release density 350 
B.4.  Ventilation control 354 
B.5.  Flash-over 358 
 
Annex C 
MECHANICAL PROPERTIES OF CARBON STEEL AND 
STAINLESS STEEL 359 
C.1  Mechanical properties of carbon steel 359 
 C.1.1.  Mechanical properties of carbon steel at room  
 temperature (20ºC) 359 
 C.1.2.  Stress-strain relationship for carbon steel at elevated  
 temperatures (without strain-hardening) 361 
 C.1.3.  Stress-strain relationship for carbon steel at elevated  
 temperatures (with strain-hardening) 370 
 C.1.4.  Mechanical properties to be used with Class 4 cross-section  
 and simple calculation models 372 
C.2.  Mechanical properties of stainless steel 374 
 
Annex D 
TABLES FOR SECTION CLASSIFICATION AND  
EFFECTIVE WIDTH EVALUATION 383 
 



TABLE OF CONTENTS 

 

_____ 
xi 

Annex E 
SECTION FACTORS OF EUROPEAN HOT ROLLED  
IPE AND HE PROFILES 389 
 
Annex F 
CROSS-SECTIONAL CLASSIFICATION OF EUROPEAN  
HOT ROLLED IPE AND HE PROFILES 397 
F.1.  Cross-sectional classification for pure compression and  
pure bending 398 
F.2.  Cross-sectional classification for combined compression  
and bending moment 404 
 



TABLE OF CONTENTS 

 

_____
xii

 



FOREWORD 

 

_____ 
xiii 

 
 

FOREWORD 
 
 

Designing for fire is an important and essential requirement in the design 
process of buildings and civil engineering structures. Within Europe the fire 
resistance requirements for buildings are specified in the national Building 
Regulations. All buildings must meet certain functional requirements and 
these are usually linked to the purpose and height of the building. For the 
purpose of this publication, the most important requirement is for the 
building to retain its stability for a reasonable period. This requirement has 
traditionally been linked to the required time of survival in the standard fire 
test. The most common method of designing a steel structure for the fire 
condition is to design the building for the ambient temperature loading 
condition and then to cover the steel members with proprietary fire 
protection materials to ensure that a specific temperature is not exceeded. 
Although this remains the simplest approach for the majority of regular steel 
framed buildings, one of the drawbacks with this approach is that it is often 
incorrectly assumed that there is a one to one correspondence between the 
survival time in the standard fire test and the survival time in a real fire. This 
is not the case and real fire can be more or less severe than the standard fire 
test depending on the characteristics of the fire enclosure.  
 
The fire parts of the Eurocodes set out a new way of approaching structural 
fire design. To those more familiar with the very simple prescriptive 
approach to the design of structures for fire, the new philosophy may appear 
unduly complex. However, the fire design methodology in the Eurocodes 
affords the designer much greater flexibility in his approach to the subject. 
The options available range from a simple consideration of isolated member 
behaviour subject to a standard fire to a consideration of the physical 
parameters influencing fire development coupled with an analysis of the 
entire building.  
 
The Eurocode process can be simplified in to three components consisting of 
the characterisation of the fire model, a consideration of the temperature 
distribution within the structure and an assessment of the structural response 
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to the fire. Information on thermal actions for temperature analysis is given 
in EN 1991-1-2 and the method used to calculate the temperature rise of 
structural steelwork (either protected or unprotected) is found in 
EN 1993-1-2. The design procedures to establish structural resistance are set 
out in EN 1993 but the actions (or loads) to be used for the assessment are 
taken from the relevant parts of EN 1991. 
 
This publication follows this sequence of steps. Chapter 2 explains how to 
calculate the mechanical actions (loads) in the fire situation based on the 
information given in EN 1990 and EN 1991. Chapter 3 presents the models 
that may be used to represent the thermal actions. Chapter 4 describes the 
procedures that may be used to calculate the temperature of the steelwork 
from the temperature of the compartment and Chapter 5 shows how the 
information given in EN 1993-1-2 may be used to determine the load 
bearing capacity of the steel structures. The methods used to evaluate the fire 
resistance of bolted and welded connections are described in Chapter 7. In 
all of these chapters the information given in the Eurocodes is presented in a 
practical and usable manner. Each chapter also contains a set of easy to 
follow worked examples. 
 
Chapter 8 describes a computer program called ‘Elefir-EN’ which is based 
on the simple calculation model given in the Eurocode and allows designers 
to quickly and accurately calculate the performance of steel components in 
the fire situation. Chapter 9 looks at the issues that a designer may be faced 
with when assessing the fire resistance of a complete building. This is done 
via a case study and addresses most of the concepts presented in the earlier 
chapters. Finally the annexes give basic information on the thermal and 
mechanical properties for both carbon steel and stainless steel. 
 
The concepts and fire engineering procedures given in the Eurocodes may 
seem complex to those more familiar with the prescriptive approach. This 
publication sets out the design process in a logical manner giving practical 
and helpful advice and easy to follow worked examples that will allow 
designers to exploit the benefits of this new approach to fire design. 
 
David Moore 
BCSA Director of Engineering 
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PREFACE 
 
 

When a fire breaks out in a building, except in very few cases, the structure 
has to perform in a satisfactory manner in order to meet various objectives 
such as, e.g., to limit the extension of the fire, to ensure evacuation of the 
occupant or to allow safe operations by the fire brigade. Steel structures are 
no exception to this requirement. 
Eurocode 3 proposes design methods that allow verifying whether the 
stability and resistance of a steel structure is ensured. A specific Part 1-2 of 
Eurocode 3 is dedicated to the calculation of structures subjected to fire. 
Indeed, the fact that the stress-strain relationship becomes highly non-linear 
at elevated temperatures, plus the fact that heating leads to thermal 
expansion with possible restraint forces, make the rules derived for ambient 
temperature inaccurate in the fire situation. 
After a long evolution and maturation, the Eurocodes have received the 
status of European standards. The fire part of Eurocode 3 is EN 1993-1-2. 
This makes the application of these rules mandatory in member states of the 
European Community. In many other parts of the world, these standards are 
considered as valuable pieces of information and their application may be 
rendered mandatory, either by law or by contractual imposition. 
Nevertheless, standards are not written with pedagogic objectives. Yet, for a 
designer who has not been involved in the research projects that are at the 
base of the document, some questions may arise when the rules have to be 
applied to practical cases. 
The objective of this book is to explain the rules, to give some information 
about the fundamental physics that is at the base of these rules and to show 
by examples how they have to be applied in practice. It is expected that a 
designer who reads this book will reduce the probability of doing a non 
appropriate application of the rules and, on the contrary, will be in a better 
position to make a design in a situation that has not been explicitly foreseen 
in the code. 
A design in the fire situation is based on load combinations that are different 
from those considered at room temperatures. Actions on structures from fire 
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exposure are classified as accidental actions and the load combinations for 
the fire situation are given in the Eurocode, EN 1990. The thermal 
environment created by the fire must also be defined in order to calculate the 
temperature elevation in the steel sections and different models are given in 
part 1.2 of Eurocode 1 for representing the fire. In order to encompass in one 
single document all aspects that are relevant to the fire design of steel 
structures, this book deals with the fire part of Eurocode 1 as well as that of 
Eurocode 3. 
The requirements, i.e., for example, the duration of stability or resistance 
that has to be ensured to the structure, is not treated in the Eurocodes. This 
aspect is indeed very often imposed by the legal environment, especially 
when using a prescriptive approach, or has to be treated separately by, for 
example, a risk analysis based on evacuation time. In line with the 
Eurocodes, this book does not deal with the requirement. 
A computer program, Elefir-EN, which has been developed for the fire 
design of structural members in accordance with the simple calculation 
models given in the Eurocodes, is supplied with this book. The software is 
an essential tool for structural engineers in the design office, enabling quick 
and accurate calculations to be produced, reducing design time and the 
probability of errors in the application of the equations. It can also be used 
by academics and students. 
The program has been carefully checked for reliability and do not contain 
any known errors, but the authors and the publisher assume no responsibility 
for any damage resulting from the use of this program. No warranty of any 
type is given or implied concerning the correctness or accuracy of any 
results obtained from the program. It is the responsibility of the program user 
to independently verify any analysis results. Please contact the authors if any 
errors are discovered. The program is licensed to the purchasers of this book 
who are strongly encouraged to register in its web site so that any updated 
version can be delivered. 
 
Jean-Marc Franssen 
Paulo Vila Real 
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