




 

 
 
FATIGUE DESIGN OF STEEL 
AND COMPOSITE 
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 
 
DESIGN OF PLATED STRUCTURES 
Darko Beg, Ulrike Kuhlmann, Laurence Davaine and Benjamin Braun 
 
FATIGUE DESIGN OF STEEL AND COMPOSITE STRUCTURES  
Alain Nussbaumer, Luís Borges and Laurence Davaine 
 
 
AVAILABLE SOON 
 
DESIGN OF COLD-FORMED STEEL STRUCTURES 
Dan Dubina, Viorel Ungureanu and Raffaele Landolfo 
 
DESIGN OF COMPOSITE STRUCTURES  
Markus Feldman and Benno Hoffmeister 
 
DESIGN OF JOINTS IN STEEL AND COMPOSITE STRUCTURES  
Jean-Pierre Jaspart, Klaus Weynand and Jurgen Kuck 
 
 
 
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



 

 

 
 
FATIGUE DESIGN OF STEEL 
AND COMPOSITE  
STRUCTURES 

 
Eurocode 3: Design of Steel Structures 
Part 1-9 – Fatigue 
Eurocode 4: Design of Composite Steel and 
Concrete Structures 
 
 
 
 
 
Alain Nussbaumer 
Luis Borges 
Laurence Davaine 
 
 
 

 
 
 
 
 
 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fatigue Design of Steel and Composite Structures 
 
1st Edition, 2011 
 
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 © 2011 ECCS – European Convention for Constructional Steelwork 
 
ISBN (ECCS): 978-92-9147-101-0 
ISBN (Ernst & Sohn): 978-3-433-02981-7 
Legal dep.: - Printed in Multicomp Lda, Mem Martins, Portugal 
Photo cover credits: Alain Nussbaumer 



TABLE OF CONTENTS 

 

_____ 
i 

 
 

TABLE OF CONTENTS 
 
 

FOREWORD ix 

PREFACE xi 

ACKNOLWLEDGMENTS  xiii 

SYMBOLOGY xv 

TERMINOLOGY xix 
 
Chapter 1 
INTRODUCTION  1 
1.1  Basis of fatigue design in steel structures 1 

1.1.1  General 1 
1.1.2  Main parameters influencing fatigue life 3 
1.1.3  Expression of fatigue strength 7 
1.1.4  Variable amplitude and cycle counting 10 
1.1.5  Damage accumulation 13 

1.2.  Damage equivalent factor concept 16 
1.3.  Codes of practice 18 

1.3.1  Introduction 18 
1.3.2  Eurocodes 3 and 4 19 
1.3.3  Eurocode 9 22 
1.3.4  Execution (EN 1090-2) 24 
1.3.5  Other execution standards 30 

1.4  Description of the structures used in the worked examples 31 
1.4.1  Introduction 31 
1.4.2  Steel and concrete composite road bridge (worked example 1) 32 

 1.4.2.1  Longitudinal elevation and transverse cross section 32 
 1.4.2.2  Materials and structural steel distribution 33 
 1.4.2.3  The construction stages 35 



TABLE OF CONTENTS 

 

_____
ii

1.4.3  Chimney (worked example 2) 35 
 1.4.3.1  Introduction 35 
 1.4.3.2  General characteristics of the chimney 38 
 1.4.3.3  Dimensions of socket joint located at +11.490 m 39 
 1.4.3.4  Dimensions of ground plate joint with welded  
 stiffeners located at the bottom, at +0.350m 40 
 1.4.3.5  Dimensions of manhole located between +1.000 m  
 and +2.200 m 40 

1.4.4  Crane supporting structures (worked example 3) 41 
 1.4.4.1  Introduction 41 
 1.4.4.2  Actions to be considered 42 
 
Chapter 2 
APPLICATION RANGE AND LIMITATIONS 43 
2.1  Introduction 43 
2.2  Materials 44 
2.3  Corrosion 44 
2.4  Temperature 45 
2.5  Loading rate 47 
2.6  Limiting stress ranges 47 
 
Chapter 3 
DETERMINATION OF STRESSES AND STRESS RANGES 51 
3.1  Fatigue loads 51 
 3.1.1  Introduction 51 
 3.1.2  Road Bridges 52 
 3.1.2.1  Fatigue load model 1 (FLM1) 53 
 3.1.2.2  Fatigue load model 2 (FLM2) 53 
 3.1.2.3  Fatigue load model 3 (FLM3) 54 
 3.1.2.4  Fatigue load model 4 (FLM4) 56 
 3.1.2.5  Fatigue load model 5 (FLM5) 57 
 3.1.3  Railway bridges 58 
 3.1.4  Crane supporting structures 59 



TABLE OF CONTENTS 

 

_____ 
iii 

 3.1.5  Masts, towers and chimneys 62 
 3.1.6  Silos and tanks 71 
 3.1.7  Tensile cable structures, tension components 71 
 3.1.8  Other structures 72 
3.2  Damage equivalent factors 73 
 3.2.1  Concept 73 
 3.2.2  Critical influence line lenght 76 
 3.2.3  Road bridges 77 
 3.2.4  Railway bridges 83 
 3.2.5  Crane supporting structures 86 
 3.2.6  Towers, masts and chimneys 94 
3.3  Calculation of stresses 95 
 3.3.1  Introduction 95 
 3.3.2  Relevant nominal stresses 96 
 3.3.3  Stresses in bolted joints 98 
 3.3.4  Stresses in welds 99 
 3.3.5 Nominal stresses in steel and concrete composite 

bridges 101 
 3.3.6 Nominal stresses in tubular structures (frames and 

trusses) 103 
3.4  Modified nominal stresses and concentration factors 106 
 3.4.1  Generalities 106 
 3.4.2  Misalignements 109 
3.5  Geometric stresses (Structural stress at the hot spot ) 116 
 3.5.1  Introduction 116 
 3.5.2  Determination using FEM modelling 118 
 3.5.3  Determination using formulas 120 
3.6  Stresses in orthotropic decks 122 
3.7  Calculation of stress ranges 125 
 3.7.1  Introduction 125 
 3.7.2  Stress range in non-welded details 126 
 3.7.3  Stress range in bolted joints 128 
 3.7.4  Stress range in welds 134 



TABLE OF CONTENTS 

 

_____
iv

 3.7.5  Multiaxial stress range cases 136 
 3.7.5.1  Introduction 136 
 3.7.5.2  Possible stress range cases 137 
 3.7.5.3  Proportional and non-proportional normal stress  
 ranges 139 
 3.7.5.4  Non-proportional normal and shear stress ranges 139 
 3.7.6  Stress ranges in steel and concrete composite structures 141 
 3.7.7 Stress ranges in connection devices from steel and 

concrete composite structures 146 
3.8  Modified nominal stress ranges 150 
3.9  Geometric stress ranges 152 
 
Chapter 4 
FATIGUE STRENGTH 163 
4.1  Introduction 163 
 4.1.1  Set of fatigue strength curves  163 
 4.1.2  Modified fatigue strength curves 167 
 4.1.3  Size effects on fatigue strength 169 
 4.1.4  Mean stress influence 171 
 4.1.5  Post-weld improvements 171 
4.2  Fatigue detail tables 172 
 4.2.1  Introduction 172 
 4.2.2  Non-welded details classification (EN 1993-1-9, Table 8.1) 173 
 4.2.3  Welded plated details classification (general comments) 175 
 4.2.4  Longitudinal welds, (built-up sections, EN 1993-1-9  
 Table 8.2), including longitudinal butt welds 176 
 4.2.5  Transverse but welds (EN 1993-1-9 Table 8.3) 176 
 4.2.6  Welded attachments and stiffeners (EN 1993-1-9 Table 8.4)  
 and load-carrying welded joints (EN 1993-1-9 Table 8.5) 177 
 4.2.7  Welded tubular details classification (EN 1993-1-9  
 Tables 8.6 and 8.7) 182 
 4.2.8  Orthotropic deck details classification (EN 1993-1-9  
 Tables 8.8 and 8.9) 182 



TABLE OF CONTENTS 

 

_____ 
v 

 4.2.9  Crane girder details (EN 1993-1-9 Table 8.10) 183 
 4.2.10  Tension components details (EN 1993-1-11) 183 
 4.2.11  Geometric stress categories (EN 1993-1-9, Annex B,  
 Table B.1) 186 
 4.2.12  Particular case of web breathing, plate slenderness  
 limitations 188 
4.3  Determination of fatigue strength or life by testing 188 
 
Chapter 5 
RELIABILITY AND VERIFICATION 191 
5.1  Generalities 191 
5.2  Strategies 193 
 5.2.1  Safe life 193 
 5.2.2  Damage tolerant 194 
5.3  Partial factors 195 
 5.3.1  Introduction 195 
 5.3.2  Action effects partial factor 196 
 5.3.3  Strength partial factor 197 
5.4  Verification 200 
 5.4.1  Introduction 200 
 5.4.2  Verification using the fatigue limit 201 
 5.4.3  Verification using damage equivalent factors 209 
 5.4.4  Verification using damage accumulation method 215 
 5.4.5  Verification of tension components 217 
 5.4.6  Verification using damage accumulation in case of two or  
 more cranes 218 
 5.4.7  Verification under multiaxial stress ranges 220 
 5.4.7.1  Original interaction criteria 220 
 5.4.7.2  General interaction criteria in EN 1993 222 
 5.4.7.3  Special case of biaxial normal stresses and shear  
 stress ranges 224 
 5.4.7.4  Interaction criteria in EN 1994, welded studs 226 
 



TABLE OF CONTENTS 

 

_____
vi

Chapter 6 
BRITTLE FRACTURE 231 
6.1  Introduction 231 
6.2  Steel quality 233 
6.3  Relationship between different fracture toughness test results 235 
6.4  Fracture concept in EN 1993-1-10 240 
 6.4.1  method for toughness verification 240 
 6.4.2  method for safety verification 243 
 6.4.3  Flaw size design value 245 
 6.4.4  Design value of the action effect stresses 247 
6.5  Standardisation of choice of material: maximum allowable  
thicknesses 249 
 
REFERENCES  259 
 
Annex A 
STANDARDS FOR STEEL CONSTRUCTION 271 
 

Annex B 
FATIGUE DETAIL TABLES WITH COMMENTARY 277 
Introduction    277 
B.1.  Plain members and mechanically fastened joints (EN 1993-1-9,  
Table 8.1) 278 
B.2.  Welded built-up sections (EN 1993-1-9, Table 8.2) 281 
B.3.  Transverse butt welds (EN 1993-1-9, Table 8.3) 283 
B.4.  Attachments and stiffeners (EN 1993-1-9, Table 8.4) 286 
B.5.  Load carrying welded joints (EN 1993-1-9, Table 8.5) 288 
B.6.  Hollow sections (T≤12.5 mm) (EN 1993-1-9, Table 8.6) 291 
B.7.  Lattice girder node joints (EN 1993-1-9, Table 8.7) 293 
B.8.  Orthotropic decks – closed stringers (EN 1993-1-9, Table 8.8) 295 
B.9.  Orthotropic decks – open stringers (EN 1993-1-9, Table 8.9) 297 
B.10.  Top flange to web junction of runway beams (En 1993-1-9,  
Table 8.10) 298 



TABLE OF CONTENTS 

 

_____ 
vii 

B.11.  Detail categories for use with geometric (hot spot) stress  
method (EN 1993-1-9, Table B.1) 300 
B.12.  Tension components 302 
B.13.  Review of orthotropic decks details and structural analysis 304 
 
Annex C 
MAXIMUM PERMISSIBLE THICKNESS TABLES 309 
Introduction    309 
C.1.  Maximum permissible values of element thickness t in mm  
(EN 1993-1-10, Table 2.1) 310 
C.2.  Maximum permissible values of element thickness t in mm  
(EN 1993-1-12, Table 4) 311 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



FOREWORD 

 

_____ 
ix 

 
 

FOREWORD 

Steel structures have been built worldwide for more than 120 years. For the 
majority of this time, fatigue and fracture used to be unknown or neglected 
limit states, with the exception in some particular and “obvious” cases. 
Nevertheless, originally unexpected but still encountered fatigue and fracture 
problems and resulting growing awareness about such have that attitude 
reappraised. The consequent appearance of the first ECCS recommendations 
on fatigue design in 1985 changed radically the spirit. The document served 
as a basis for the fatigue parts in the first edition of Eurocodes 3 and 4. 
Subsequent use of the latter and new findings led to improvements resulting 
in the actual edition of the standards, the first to be part of a true all-
European set of construction design standards. 

As with any other prescriptive use of technical knowledge, the preparation of 
the fatigue parts of Eurocodes 3 and 4 was long and based on the then 
available information. Naturally, since the publication of the standards, have 
evolved not only structural materials but also joint techniques, structural 
analysis procedures and their precision, measurement techniques, etc., each 
of these revealing new, previsouly unknown hazardous situation that might 
lead to fatigue failure. The result is that even the most actual standards 
remain somewhat unclear (but not necessarily unsafe!) in certain areas and 
cover some others not sufficiently well or not at all. Similar reasoning can be 
applied for the fracture parts of Eurocode 3, too. 

Having all the above-mentioned in mind, the preparation of this manual was 
intended with the aim of filling in some of the previously revealed gaps by 
clarifying certain topics and extending or adding some others. For the 
accomplishment of that task, the manual benefited from a years-long 
experience of its authors and its proofreaders in the fields treated in it; it is a 
complete document with detailed explanations about how to deal with 
fatigue and fracture when using Eurocodes… but also offering much, much 
more. This is probably the most exhaustive present-day fatigue manual on 
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the use of Eurocodes 3 and 4, checked and approved by members of ECCS 
TC6 “Fatigue and Fracture”. 

This document outlines all the secrets of fatigue and fracture verifications in 
a logical, readable and extended (in comparison to the standards) way, 
backed by three thoroughly analysed worked examples. I am convinced that 
a manual as such cannot only help an inexperienced user in the need of some 
clarifications but can also be hailed even by the most demanding fatigue 
experts. 
 
Mladen Lukić 
CTICM, Research Manager 
ECCS TC6 Chairman 
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PREFACE 

This book addresses the specific subject of fatigue, a subject not familiar to 
many engineers, but relevant for achieving a satisfactory design of numerous 
steel and composite steel-concrete structures. Since fatigue and fracture 
cannot be separated, they are indeed two aspects of the same behaviour, this 
book also addresses the problem of brittle fracture and its avoidance 
following the rules in EN 1993-1-10. 

According to the objectives of the ECCS Eurocode Design Manuals, this 
book aims at providing design guidance on the use of the Eurocodes for 
practicing engineers. It provides a mix of “light” theoretical background, 
explanation of the code prescriptions and detailed design examples. It 
contains all the necessary information for the fatigue design of steel 
structures according to the general rules given in Eurocode 3, part 1-9 and 
the parts on fatigue linked with specific structure types. 

Fatigue design is a relatively recent code requirement. The effects of 
repetitive loading on steel structures such as bridges or towers have been 
extensively studied since the 1960s. This work, as well as lessons learned 
from the poor performance of some structures, has led to a better 
understanding of fatigue behaviour. This knowledge has been implemented 
in international recommendations, national and international specifications 
and codes since the 1970s. At European level, the ECCS recommendations 
(ECCS publication N° 43 from 1985) contained the first unified fatigue 
rules, followed then by the development of the structural Eurocodes. Today, 
fatigue design rules are present in many different Eurocode parts : EN 1991-
2, EN 1993-1-9, EN 1993-1-11, EN 1993-2, EN 1993-3, etc. as will be seen 
throughout this book. 

Chapter 1 introduces general aspects of fatigue, the main parameters 
influencing fatigue life, damage and the structures used in the worked 
examples. The design examples are chosen from typical structures that need 
to be designed against fatigue: i) a steel and concrete composite bridge 
which is also used in the ECCS design manual on EN 1993-1-5 (plate 
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buckling), ii) a steel chimney and iii) a crane supporting structure. Chapter 2 
summarizes the application range of the Eurocode and its limitations in 
fatigue design. Chapters 3 to 5 are the core of this book, explaining the 
determination of the parts involved in a fatigue verification namely: applied 
stress range, fatigue strength of details, fatigue design strategies and partial 
factors, damage equivalent factors. For each of the parts a theoretical 
background is given, followed by explanation of the code prescriptions and 
then by application to the different design examples. Finally, chapter 6 deals 
with steel selection, which in fact is the first step in the design process but is 
separated from fatigue design in the Eurocodes. In this chapter, the theory 
and application of EN 1993-1-10 regarding the selection of steel for fracture 
toughness are discussed. Note that the selection of material regarding 
through-thickness properties is not within the scope of this book. The books 
also includes annexes containing the fatigue tables from EN 1993-1-9, as 
well as detail categories given in other Eurocode parts (cables). The tables 
include the corrections and modifications from the corrigendum issued by 
CEN on April 1st, 2009 (changes are highlighted with a grey background). 
These tables also contain an additional column with supplementary 
explanations and help for the engineer to classify properly fatigue details and 
compute correctly the stress range needed for the verification. The last annex 
contains the tables from EN 1993-1-10 and EN 1993-12 giving the 
maximum permissible values of elements thickness to avoid brittle fracture. 
 
Luis Borges 
Laurence Davaine 
Alain Nussbaumer  
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SYMBOLOGY 

This list of symbols follows the Eurocodes, in particular EN 1993-1-9, and 
only the fatigue relevant symbols are given below.  

Latin letters 

A Area 
a Crack depth 
beff Relevant thickness in Wallin toughness correlation 
c Half crack length 
C Constant representing the influence of the construction detail in 

fatigue strength expression  
m Fatigue curve slope coefficient 
D, d Damage sum, damage 
G  Permanent actions effects 
kf  Stress concentration factor (i.e. geometric stress concentration 

factor, thus in this publication there is no difference with kt)   
Kmat Fracture toughness 
I inertia 
I2  inertia of the cracked composite cross section 
M Bending moment 
N, n Number of cycles, number 
Ntot Total number of cycles in a spectrum 
n0 short term modular ratio, Ea / Ecm 
ninsp Total number of inspections during services life 
nstud number of shear studs per unit length 
Pf Failure probability 
Q Load 
QE Damage equivalent fatigue load 
QE,2 Damage equivalent fatigue load related to 2 million cycles 
QK,1 Characteristic value of dominant variable load, 
QK,i Characteristic value of accompanying variable loads, 
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Qi,Qfat Characteristic fatigue load 
R Stress ratio, σmin /σmax 

S Standard deviation, characteristic value of the effects of the 
concrete shrinkage 

t Time, thickness 
t0 Reference thickness, equal to 1 mm 
T Temperature 
Tk  Characteristic value of the effects of the thermal gradient 
TKV27 Temperature at which the minimum energy is not less than 27 J in 

a CVN impact test 
TK100 Temperature at which the fracture toughness is not less than 

100 MPa.m1/2 

Tmin,d Lowest air temperature with a specified return period, see 
EN 1991-1-5 

ΔTr
 Temperature shift from radiation losses of the structural member 

ΔTσ Temperature shift for the influence of shape and dimensions of the 
member, imperfection from crack, and stress σEd 

ΔTR Temperature shift corresponding to additive safety element 
εTΔ  Temperature shift for the influence of strain rate 

ΔTεpl
 Temperature shift from from cold forming 

Greek Symbols 

γFf Partial factor for fatigue action effects 
γMf Partial factor for fatigue strength 
λ Damage equivalent factor 
λ1 Factor accounting for the span length (in relation with the length of 

the influence line) 
λ2 Factor accounting for a different traffic volume than given 
λ3 Factor accounting for a different design working life of the 

structure than given 
λ4 Factor accounting for the influence of more than one load on the 

structural member, 
λmax Maximum damage equivalent factor value, taking into account the 

fatigue limit. 
λv Damage equivalent factor for the connection 
ψ1 Combination factor for frequent loads 
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ψ2,i Combination factor for quasi-permanent loads  
σmin Minimum direct or normal stress value (with sign), expressed in 

N/mm2 
σmax Maximum direct or normal stress value (with sign), expressed in 

N/mm2 
σres  Residual stress value, expressed in N/mm2 

v2  distance from the neutral axis to the relevant fibre in a steel 
concrete beam 

ΔσC Fatigue strength under direct stress range at 2 million cycles, 
expressed in N/mm2 

ΔτC Fatigue strength under shear stress range at 2 million cycles, 
expressed in N/mm2 

ΔσD Constant amplitude fatigue limit (CAFL) under direct stress range, 
at 5 million cycles in the set of fatigue strength curves, expressed 
in N/mm2 

ΔσE,2 Equivalent direct stress range, computed at 2 million cycles, 
expressed in N/mm2 

ΔσL Cut-off limit under direct stress range, at 100 million cycles in the 
set of fatigue strength curves, expressed in N/mm2 

ΔτL Cut-off limit under shear stress range, at 100 million cycles in the 
set of fatigue strength curves, expressed in N/mm2 

ΔvL  longitudinal shear force per unit length at the steel-concrete 
interface 
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TERMINOLOGY 

Associated Eurocode Eurocode parts that describe the principles and 
application rules for the different types of structures 
with the exception of buildings (bridges, towers, 
masts, chimneys, crane supporting structures, 
tanks…). 

Classification 
method 

Fatigue verification method where fatigue resistance 
is expressed in terms of fatigue strength curves for 
standard classified details. Can refer to both the 
nominal stress method or the modified nominal 
stress method. 

Constant 
amplitude 
fatigue limit 
(CAFL) 

The limiting direct or shear stress range value below 
which no fatigue damage will occur in tests under 
constant amplitude stress conditions. Under variable 
amplitude conditions all stress ranges have to be 
below this limit for no fatigue damage to occur. 

Constructional 
detail 

A structural member or structural detail containing 
a structural discontinuity (e.g. a weld) for which the 
nominal stress method is applied. The Eurocodes 
contain classification tables, with classified 
constructional details and their corresponding detail 
categories (i.e. fatigue strength curves). 

Control  Operation occurring at every important, identified, 
step during the fabrication process and during which 
various checks are made (e.g. tolerances control, 
NDE controls of welds, of paint layer thickness, 
etc.). 

Crack  A sharp flaw or imperfection for which the crack tip 
radius is close to zero. 

Crack initiation life Crack nucleation time, micro-cracking stage. The 
portion of fatigue life consumed before a true crack 
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(in the order of magnitude of one-tenth of a 
millimeter) is produced. 

Crack propagation 
life 

Portion of fatigue life between crack initiation and 
failure (according to conventional failure criterion or 
actual member rupture). 

Cut-off limit Limit below which stress ranges of the design spectrum 
do not contribute to the calculated cumulative damage. 

Cyclic plasticity Material subjected to cyclic loading up to yield 
stress in tension and in compression during each 
cycle. Alternative term for describing oligo-cyclic 
fatigue. 

Design working life Value of duration of use, lifetime, of a structure 
fixed at the design stage, also referred to as design 
service life. 

Detail category Classification of structural members and details (i.e. 
classified structural details) according to their 
fatigue strength. The designation of every detail 
category corresponds to its fatigue strength at two 
million cycles, ΔσC.  

Direct stress Stress which tends to change the volume of the 
material. In fatigue, relevant stress in the parent 
material, acting on the detail, together with the 
shear stress. In EN 1993-1-9, the above is 
differentiated from the normal stress, which is 
defined in a weld. 

Flaw Also referred to as imperfection. An unintentional 
stress concentrator, e.g. rolling flaw, slag inclusions, 
porosity, undercut, lack of penetration, etc. Can be 
within the production/fabrication tolerances 
(imperfection) or outside them (defect). In this 
document, it is assumed that flaws are within 
tolerances. 

Generic Eurocode Eurocode parts that describe the generic principles 
for all structures and application rules for buildings 
(EN 199x-1-y). 
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Geometric stress  Also known as structural stress. Value of stress on 
the surface of a structural detail, which takes into 
account membrane stresses, bending stress 
components and all stress concentrations due to 
structural discontinuities, but ignoring any local 
notch effect due to small discontinuities such as 
weld toe geometry, flaws, cracks, etc. (see sub-
chapters 3.5 and 3.9). 

Geometric stress 
method 

Fatigue verification method where fatigue resistance 
is expressed in terms of fatigue strength curves for 
reference weld configurations applicable to 
geometric stresses. Also referred to as hot spot stress 
method. 

Hot spot  A point in the structure subjected to repeated cycling 
loading, where a fatigue crack is expected to initiate 
due to a combination of stress concentrators. The 
structural stress at the hot spot is the value of 
geometric stress at the weld toe used in fatigue 
verification. Its definition, and the related design 
fatigue curve, is not unique since different 
extrapolation methods exist. 

Imperfection See flaw. 

Inspection  Operation occurring, usually at prescribed intervals, 
on a structure in service and during which the 
structure and its members are inspected visually and 
using NDT methods to report any degradation (e.g. 
hits and bends, corrosion, cracks, etc.). 

Longitudinal In the direction of the main force in the structure or 
detail (Figure 0.1). 
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Figure 0.1 – Orientation of the attachment with respect to the main force 

 
Maintenance  Operation made on a structure in service and 

consisting in corrections and minor repairs on the 
structure (e.g. painting, cleaning, etc.). 

Mean stress The average between the minimum and maximum 
stress, i.e. (σmin + σmax)/2. 

Modified nominal 
stress 

Nominal stress increased by an appropriate stress 
concentration factor to include the effect of an 
additional structural discontinuity that has not been 
taken into account in the classification of a particular 
detail such as misalignment, hole, cope, cut-out, etc. 
(see sub-chapter 3.4 and section 3.7.7). The 
appropriate stress concentration factor is labelled kf 
or k1 (for hollow sections joints). 

Monitoring Operation occurring on a structure in service, during 
which measurements or observations are made to 
check the structure’s behavior (e.g. deflection, crack 
length, strain, etc.). 

Nominal stress Stress in a structural member near the structural 
detail, obtained using simple elastic strength of 
material theory, i.e. beam theory. Influence of shear 
lag, or effective widths of sections shall be taken into 
account. Stress concentrators and residual stresses 
effects are excluded (see section 3.3.2) 

Normal stress A stress component perpendicular to the sectional 
surface. In fatigue, relevant stress component in a 
weld, together with shear stress components. 
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S-N curve Also known as fatigue strength curve or Wöhler’s 
curve. A quantitative curve expressing fatigue 
failure as a function of stress range and number of 
stress cycles. 

Shear stress A stress component which tends to deform the 
material without changing its volume. In fatigue, 
relevant stress(es) in the parent material together 
with the direct stress or, in a weld, with the normal 
stress. 

Stress range Also known as stress difference. Algebraic 
difference between the two extremes of a particular 
stress cycle (can be a direct, normal or shear stress) 
derived from a stress history.  

Stress 
concentration 
factor 

The ratio of the concentrated stress to the nominal 
stress (see sub-chapter 3.4), used usually only for 
direct stresses. 

Structural stress Synonym for geometric stress. 

Transverse Also referred to as lateral. Direction perpendicular 
to the direction of main force in the structure or 
detail (Figure 0.1). 
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Chapter 1 

INTRODUCTION 

1.1 BASIS OF FATIGUE DESIGN IN STEEL STRUCTURES 

1.1.1 General 

Fatigue is, with corrosion and wear, one of the main causes of damage 
in metallic members. Fatigue may occur when a member is subjected to 
repeated cyclic loadings (due to action of fluctuating stress, according to the 
terminology used in the EN 1993-1-9) (TGC 10, 2006). The fatigue 
phenomenon shows itself in the form of cracks developing at particular 
locations in the structure. These cracks can appear in diverse types of 
structures such as: planes, boats, bridges, frames (of automobiles, 
locomotives or rail cars), cranes, overhead cranes, machines parts, turbines, 
reactors vessels, canal lock doors, offshore platforms, transmission towers, 
pylons, masts and chimneys. Generally speaking, structures subjected to 
repeated cyclic loadings can undergo progressive damage which shows itself 
by the propagation of cracks. This damage is called fatigue and is 
represented by a loss of resistance with time. 

Fatigue cracking rarely occurs in the base material remotely from any 
constructional detail, from machining detail, from welds or from 
connections. Even if the static resistance of the connection is superior to that 
of the assembled members, the connection or joint remains the critical place 
from the point of view of fatigue. 
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Figure 1.1 – Possible location of a fatigue crack in a road bridge (TGC 10, 2006) 

 
Figure 1.1 shows schematically the example of a steel and concrete 

composite road bridge subjected to traffic loading. Every crossing vehicle 
results in cyclic actions and thus stresses in the structure. The stresses 
induced are affected by the presence of attachments, such as those 
connecting the cross girders to the main girders. At the ends of attachments, 
particularly at the toes of the welds which connect them with the rest of the 
structure, stress concentrations occur due to the geometrical changes from 
the presence of attachments. The very same spots also show discontinuities 
resulting from the welding process. 

Numerous studies were made in the field of fatigue, starting with 
Wöhler (1860) on rail car axles some 150 years ago. These demonstrated 
that the combined effect of discontinuities and stress concentrations could be 
the origin of the formation and the propagation of a fatigue crack, even if the 
applied stresses remain significantly below the material yield stress (by 
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applied stresses, it is meant the stresses calculated with an elastic structural 
analysis considering the possible stress concentrations or residual stresses). 
A crack develops generally from discontinuities having a depth of the order 
of some tenth of millimetre. The propagation of such a crack can lead to 
failure by yielding of the net section or by brittle fracture, mainly depending 
upon material characteristics, geometry of the member, temperature and 
loading strain rate of the section. Thus, a structure subjected to repeated 
cyclic loadings has to be done by careful design and fabrication of the 
structural members as well as of the structural details, so as to avoid a 
fatigue failure. The methods of quality assurance have to guarantee that the 
number and the dimensions of the existing discontinuities stay within the 
tolerance limits. The purpose of this sub-chapter is to present an outline of 
the fatigue phenomenon, in order to provide the basic knowledge for the 
fatigue design of bolted and welded steel structures. To reach this objective, 
the sub-chapter is structured in the following way: 

 Section 1.1.2: The main factors influencing fatigue life are described. 
 Section 1.1.3: Fatigue testing and the expression of fatigue strength 

are explained. 
 Section 1.1.4: Variable amplitude and cycle counting. 
 Section 1.1.5: Concept of cumulative damage due to random stresses 

variations. 

The principles of fatigue design of steel structures are given in Eurocode 3, 
part 1-9. For aluminium structures, the principles are to be found in 
Eurocode 9, part 1-3, fatigue design of aluminium structures. The principles 
are the same, or very similar, for the different materials. All these standards 
are based on the recommendations of the European Convention for 
Constructional Steelwork (ECCS/CECM/EKS) for steel (ECCS, 1985) and 
for aluminium (ECCS, 1992). 
 

1.1.2 Main parameters influencing fatigue life 

The fatigue life of a member or of a structural detail subjected to 
repeated cyclic loadings is defined as the number of stress cycles it can stand 
before failure. 

Depending upon the member or structural detail geometry, its 
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fabrication or the material used, four main parameters can influence the 
fatigue strength (or resistance, both used in EN 1993-1-9): 

 the stress difference, or as most often called stress range, 
 the structural detail geometry, 
 the material characteristics, 
 the environment. 

Stress range 

Figure 1.2 shows the evolution of stress as a function of the time t for 
a constant amplitude loading, varying between σmin and σmax. The fatigue 
tests (see following section) have shown that the stress range Δσ (or stress 
difference by opposition to stress amplitude which is half this value) is the 
main parameter influencing the fatigue life of welded details. The stress 
range is defined by Equation (1.1) below: 

 max minσ σ σΔ = −  (1.1)

where 
σmax Maximum stress value (with sign) 
σmin Minimum stress value (with sign) 

Other parameters such as the minimum stress σmin, maximum stress 
σmax, their mean stress ( ) / 2m min maxσ σ σ= + , or their ratio R = σmin/σmax and 
the cycle frequency can usually be neglected in design, particularly in the 
case of welded structures. 

One could think, a priori, that fatigue life can be increased when part 
of the stress cycle is in compression. This is however not the case for welded 
members, because of the residual stresses (σres in tension introduced by 
welding). The behaviour of a crack is in fact influenced by the summation of 
the applied and the residual stresses (see Figure 1.2). A longer fatigue life 
can however be obtained in particular cases, by introducing compressive 
residual stresses through the application of weld improvement methods, or 
post-weld treatments, after welding (see section 4.1.5). 
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Figure 1.2 – Definition of stresses and influence of tensile residual stresses  

(TGC 10, 2006) 
 

Structural detail geometry 

The geometry of the structural detail is decisive in the location of the 
fatigue crack as well as for its propagation rate; thus it influences the detail 
fatigue life expectancy directly. The elements represented in Figure 1.1  
allow to illustrate the three categories of geometrical influences: 

 effect of the structure’s geometry, for example the type of cross 
section; 

 effect of stress concentration, due to the attachment for example; 
 effect of discontinuities in the welds. 

The effects of the structure’s geometry and of the stress concentrations 
can be favourably influenced by a good design of the structural details. A 
good design is effectively of highest importance, as sharp geometrical 
changes (due for example to the attachment) affect the stress flow. This can 
be compared to the water speed in a river, which is influenced by the width 
of the river bed or by obstacles in it. In an analogous manner, stresses at the 
weld toe of an attachment are higher than the applied stresses. This explains 
why stress concentrations are created by attachments such as gussets, bolt 
holes, welds or also simply by a section change. The influence of 
discontinuities in the welds can be avoided by using adequate methods of 
fabrication and control, in order to guarantee that these discontinuities do not 
exceed the limiting values of the corresponding quality class chosen using 

Applied stresses

With tensile residual stresses

1 cycle
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EN 1090-2 (see section 1.3.4 for detailed information). Besides, it must be 
clarified that discontinuities in the welds can be due to the welding process 
(cracks, bonding imperfections, lack of fusion or penetration, undercuts, 
porosities, etc.) as well as to notches due to the rolling process, or to 
grinding, or also to corrosion pits. According to their shape and their 
dimension, these discontinuities can drastically reduce the fatigue life 
expectancy of a welded member. The fatigue life can be further reduced if 
the poor detail is located in a stress concentration zone. 

Material characteristics 

During fatigue tests on plain metallic specimens (i.e. non-welded 
specimens) made out of steel or aluminium alloys, it has been observed that 
the chemical composition, the mechanical characteristics as well as the 
microstructure of the metal often have a significant influence on the fatigue 
life. Thus, a higher tensile strength of a metal can allow for a longer fatigue 
life under the same stress range, due essentially to an increase in the crack 
initiation phase and not to an increase in the crack propagation phase. This 
beneficial influence is not present, unfortunately, in welded members and 
structures, as their fatigue lives is mainly driven by the crack propagation 
phase. In fatigue design, the influence of the tensile strength of the material 
has usually been neglected; there are only a few exceptions to this rule 
(machined joints and post-weld treated joints in particular). As a rule of 
thumb, the fatigue resistance of constructional details in aluminium can be 
taken as 1/3 of those in steel, which is the ratio between the elasticity 
modulus of the materials. 

Environment influence 

A corrosive (air, water, acids, etc.) or humid environment can 
drastically reduce the fatigue life of metallic members because it increases 
the crack propagation rate, especially in the case of aluminium members. On 
one hand, specific corrosion protection (special painting systems, cathodic 
protection, etc.) is necessary in certain conditions, such as those found in 
offshore platforms or near chemical plants. On the other hand, in the case of 
weathering steels used in civil engineering, the superficial corrosion 
occurring in welded structures stay practically without influence on the 
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fatigue life expectancy; the small corrosion pits responsible for a possible 
fatigue crack initiation are indeed less critical than the discontinuities 
normally introduced by welding. 

The influence of temperature on fatigue crack propagation can be 
neglected, at least in the normal temperature range, but must be accounted 
for in applications such as gas turbines or airplane engines where high 
temperatures are seen. A low temperature can, however, reduce the critical 
crack size significantly, i.e. size of the crack at failure, and cause a 
premature brittle fracture of the member, but it does not affect significantly 
the material fatigue properties (Schijve, 2001).  

Finally, in the case of nuclear power stations, where stainless steels 
are used, it is known that neutron irradiation induce steel embrittlement 
(English, 2007), thus making them more prone to brittle failure (Chapter 6) 
and also reducing their fatigue strength properties. 

 

1.1.3 Expression of fatigue strength 

In order to know the fatigue strength of a given connection, it is 
necessary to carry out an experimental investigation during which test 
specimens are subjected to repeated cyclic loading, the simplest being a 
sinusoidal stress range (see Figure 1.2). The test specimen must be big 
enough in order to properly represent the structural detail and its 
surroundings as well as the corresponding residual stress field. The design of 
the experimental program must also include a sufficient amount of test 
specimens in order to properly measure the results scatter. Even under 
identical test conditions the number of cycles to failure will not be the same 
for apparently identical test specimens. This is because there are always 
small differences in the parameters which can influence the fatigue life 
(tolerances, misalignments, discontinuities, etc.). The test results on welded 
specimens are usually drawn on a graph with the number of cycles N to 
failure on the abscissa (or to a predefined size of the fatigue crack) and with 
the stress range Δσ on the ordinate (Figure 1.3). 
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Figure 1.3 – Fatigue test results of structural steel members, plotted in double 
logarithm scale, carried out under constant amplitude loading (TGC 10, 2006) 

 
The fact is that the scatter of the test results is less at high ranges and 

larger at low stress ranges, see for example Schijve (2001). By using a 
logarithmic scale for both axes, the mean value of the test results for a given 
structural detail can be expressed, in the range between 104 cycles and 

65 10⋅ to 107 cycles, by a straight line with the following expression: 

 mN C σ −= ⋅ Δ  (1.2)

where 
N number of cycles of stress range Δσ, 
C constant representing the influence of the structural detail, 
Δσ constant amplitude stress range, 
m slope coefficient of the mean test results line. 

The expression represents a straight line when using logarithmic scales: 

 ( )log log logN C m σ= − ⋅ Δ  (1.3)

The expressions (1.2) and (1.3) can also be analytically deduced using 
fracture mechanics considerations (TGC 10, 2006). 

The upper limit of the line (corresponding to high Δσ values) 
corresponds to twice the ultimate static strength of the material (reverse 
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cyclic loading). The region with number of cycles ranging between 10 and 
104 is called low-cycle fatigue (or oligo-cyclic fatigue, with large cyclic 
plastic deformations). The corresponding low-cycle fatigue strength is only 
relevant in the case of loadings such as those occurring during earthquakes, 
or possibly silos, where usually members experience only small numbers of 
stress cycles of high magnitude. 

The lower limit of the line (corresponding to low Δσ values) 
represents the constant amplitude fatigue limit (CAFL, or also endurance 
limit). This limit indicates that cyclic loading with ranges under this limit 
can be applied a very large number of times (> 108) without resulting in a 
fatigue failure. It explains the wider band scatter observed near the fatigue 
limit, which results from specimens that do not fail after a large number of 
load cycles (so-called run-out, see Figure 1.3). This value is very important 
for all members subjected to large numbers of stress cycles of small 
amplitude, such as those occurring in machinery parts or from vibration 
effects. One shall mention that investigations for mechanical engineering 
applications have shown that at very high number of cycles, over 108 cycles, 
a further decline of the fatigue resistance of steels exists (Bathias and Paris 
2005). Also, for aluminium, no real fatigue limit can be seen, but rather a 
line with a very shallow slope (with a large value of the slope coefficient m). 
It is also important to insist on the fact that a fatigue limit can only be 
established with tests under constant amplitude loadings. In order to derive a 
fatigue strength curve for design, i.e. a characteristic curve, the scatter of the 
test results must be taken into account. To this goal, a given survival 
probability limit must be set. In EN 1993-1-9, the characteristic curve is 
chosen to represent a survival probability of 95%, calculated from the mean 
value on the basis of two-sided 75% tolerance limits of the mean (e.g. a 
confidence interval equal to 75 %). The exact position of the strength curve 
also depends upon the number of the available test results. This influence 
may be accounted for using the recommendations published by the 
International Institute of Welding (IIS/IIW) (IIW, 2009). 

For a sufficiently large number of data points (in the order of 60 test 
results), this survival probability can be approximated by a straight line 
parallel to the mean line of the test results, but located on its left, at a two 
standard deviation 2s distance (see Figure 1.3). 
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1.1.4 Variable amplitude and cycle counting 

Remember that the curves used to determine the fatigue strength, or S-
N curves (e.g. Figure 1.3), were determined with tests under constant 
amplitude loadings (constant Δσ stress ranges) only. However, real loading 
data on a structural member (for example, as a result of a truck crossing a 
bridge, see Figure 1.1), consist of several different stress ranges Δσi 
(variable amplitude loading history). Therefore, it raises the question of how 
to count stress cycles and how to consider the influence of the different 
stress magnitudes on fatigue life. To illustrate the subject, Figure 1.4 gives 
an illustration of a generic variable stress history. 

 

Figure 1.4 – Illustration of generic variable amplitude stress-time history  
(ECCS, 2000) 

 

 
Figure 1.5 – Example of stress spectrum and corresponding histogram (ECCS, 2000) 
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There are various methods allowing for an analysis of the stress 
history: peak count methods, level crossing count methods, the rainflow 
count method and the reservoir count method. Among these methods, the 
last two shall preferably be used. These two methods, which give identical 
results if correctly applied, allow for a good definition of the stress ranges; 
this is of the highest importance since, as seen in 1.1.2, it is the main 
parameter influencing fatigue life (i.e. with respect to other parameters such 
as the maximum or mean stress values). As a result, any stress history can be 
translated into a stress range spectrum. The algorithm for the rainflow 
counting method can be found in any reference book on fatigue, as for 
example Schijve (2001) and IIW (2009). An example of spectrum is shown 
in Figure 1.5. The spectrum can be further reduced to a histogram, any 
convenient number of stress intervals can be chosen, but each block of stress 
cycles should be assumed, conservatively, to experience the maximum stress 
range in that block histogram. 

The rainflow counting method has found some support in considering 
cyclic plasticity. Also, some indirect information about sequences is retained 
because of the counting condition in the method, in opposition to level 
crossing or range counting methods (i.e. if a small load variation occurs 
between larger peak values, both the larger range as well as the smaller 
range will be considered in the Rainflow counting method) (Schijve, 2001). 
it is also this method that is generally suggested to give the better statistical 
reduction of a load time history defined by successive numbers of peaks and 
valleys (troughs) if compared to the level crossing and the range counting 
methods. Two main reasons for preferring rainflow counting (Schijve, 
2001): 

1) an improved handling of small intermediate ranges 
2) an improved coupling of larger maxima and lower minima compared 

to range counts 
The rainflow counting method is thus the best method, irrespective of 

the type of spectra (steep or flat, narrow-band or broad-band). The other 
counting methods give more importance to the number and the values of the 
extrema (peak count), or to the number of crossings of a given stress value 
(level crossing count). Those are not well suited for welded metallic 
structures in civil engineering, because of a lower correspondence with the 
dominating fatigue strength parameters. 
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As an example (Schumacher and Blanc, 1999), an extract of the stress 
history measured in the main girder of a road bridge is given in Figure 1.6, 
and the corresponding stress range histogram after rainflow analysis 
(corresponding to a total of 2 weeks of traffic measurements) is given in 
Figure 1.7. The passage of each truck on the bridge can be identified, with in 
addition a lot of small cycles due to the passage of light vehicles. All cycles 
below 1 N/mm2 have been suppressed from the analysis; there is still after 
the rainflow analysis a significant number of small cycles that can be 
considered not relevant for fatigue damage analysis (i.e. they are below the 
cut-off limit, see terminology, of any detail category). 

 

Figure 1.6 – Example of measured stress history on a road bridge  
(Schumacher and Blanc, 1999) 

 

Figure 1.7 – Example of stress range histogram from two weeks measurements on a 
road bridge (Schumacher and Blanc, 1999) 
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With help of assumptions on damage accumulation, as explained in 
the next section, the influence of the various stress ranges on fatigue life can 
be interpreted with respect to the constant amplitude strength curves (S-N 
curves), allowing for the calculation of the fatigue life under real, variable 
amplitude loading. 

 

1.1.5 Damage accumulation 

The assumption of a linear damage accumulation results in the 
simplest rule, the Palmgren-Miner’s rule (Palmgren, 1923)(Miner, 1945), 
more generally known as the Miner’s rule. This linear damage accumulation 
scheme assumes that, when looking at a loading with different stress ranges, 
each stress range Δσi, occurring ni times, results in a partial damage which 
can be represented by the ratio ni/Ni (the histogram being distributed among 
ntot stress range classes). Here, Ni represents the number of cycles to failure 
(fatigue life of the structural detail under study) under the stress range Δσi. 
In the case the stress range distribution function is known, the summation of 
the partial damages due to each stress range level can be replaced by an 
integral function. The failure is defined with respect to the summation of the 
partial damages and occurs when the theoretical value Dtot = 1.0 is reached, 
see equation (1.4). This is represented in a graphical way in Figure 1.8.  
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Figure 1.8 – Damage accumulation scheme 
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It should be noted that in this simple damage accumulation rule, the 
order of occurrence of the stress ranges in the history is completely ignored, 
it is thus a simplification. The use in design of equation (1.4) together with 
suitable safety factors showed itself reliable enough to be considered as the 
only rule for the fatigue design of welded members of bridges and cranes 
supporting runways. One shall however be very careful with its applicability 
to other structure types, especially those subjected to occasional overloads 
(loads significantly higher than the service loads) such as can be the case in 
mechanical engineering applications, offshore platforms or in airplanes 
(IIW, 2009), see sub-section 5.4.4 for more information. All the same, mean 
stress effect need not be considered when dealing with welded members; 
they can however be of importance when designing or verifying members of 
bolted or riveted structures subjected to repeated cyclic loadings, as they can 
result in significantly longer fatigue lives (compared to the case of every 
cycle being fully effective in terms of damage as it is the case in welded 
members). 

Stress ranges below the fatigue limit may or may not be accounted for. 
The first and conservative approach is to ignore the fatigue limit and to 
extend the straight line with the slope coefficient m. 

The second approach takes into account the fact that the stress ranges 
Δσi, lower than the fatigue limit, correspond theoretically to an infinite 
fatigue life. However, one must be careful because this observation was 
made under constant amplitude fatigue tests. Applying this rule to variable 
amplitude loadings only holds true in the case where all the stress ranges in 
the histogram are below the fatigue limit. In this particular case, and only in 
this one, fatigue life tending to infinity (> 108 cycles) can be obtained. This 
is important for given members in machinery or vehicles which must sustain 
very large numbers of cycles. Let’s now look at an histogram with some 
stress ranges, Δσi, above the constant amplitude fatigue limit ΔσD as well as 
others below (Figure 1.9). 
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Figure 1.9 – Influence of stress ranges below the constant amplitude fatigue limit, 

ΔσD, and the cut-off limit, ΔσL (TGC 10, 2006) 
 
In the case the stress ranges are higher than the fatigue limit, the 

damage accumulation can be computed using Equation (1.4). If the stress 
ranges are lower than the fatigue limit, they do not contribute to the 
propagation of the crack until the crack reaches a certain size. This is the 
reason why the part of the histogram below the fatigue limit cannot be 
completely ignored; it contributes to the accumulation of damage when the 
crack becomes large. To avoid having to calculate the crack growth rate 
using fracture mechanics for stress ranges Δσi lower than the fatigue limit a 
resistance curve is used with a slope k different from Wöhler’s slope m  
( 2 1k m= −  according to Haibach (1970) or k = m +2, both giving for m = 3 
the same value, k = 5).  

In addition, in order to take into account the fact that the smallest 
values of stress ranges Δσi do not contribute to crack propagation, a cut-off 
limit is introduced, ΔσL. In many applications, including bridges, all the 
stress ranges lower than the cut-off limit can be neglected for the damage 
accumulation calculation. The cut-off limit is often fixed at 108 cycles, 
giving ΔσL ≈ 0.55 · ΔσD in the case ND is equal to 5·106 cycles (slope k = 5). 

It is important to repeat that the part of the fatigue resistance curve 
(Figure 1.9) below the fatigue limit is the result of a simplification and does 
not directly represent a physical behaviour. This simplification was adopted 
in order to facilitate the calculation of the damage accumulation, using the 
same hypothesis as for stress ranges above the fatigue limit. 

For aluminium, the fatigue strength curves follow the same principles 
as explained above, including the values of the number of cycles, ND and NL 
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at which slope changes occur. The only exception is that different values for 
the Wöhler’s slope m were found. These values also differ for structural 
detail groups. The value of the slope up to the constant amplitude fatigue 
limit (CAFL) can take the following values: m = 3.4, 4.0, 4.3 and 7.0. As for 
steel, for stress ranges below the CAFL, a strength curve with a slope 

2k m= +  is used. 

1.2 DAMAGE EQUIVALENT FACTOR CONCEPT 

The fatigue check of a new structure subjected to a load history is 
complex and requires the knowledge of the loads the structure will be 
subjected to during its entire life. Assumption about this loading can be 
made, still leaving the engineer with the work of doing damage 
accumulation calculations. The concept of the fatigue damage equivalent 
factor was proposed to eliminate this tedious work and put the burden of it 
on the code developers. The computation of the usual cases is made once for 
all. The concept of the damage equivalent factor is described in Figure 1.10, 
where  γFf Qk is replaced by Qfat for simplicity. On the left side of the figure, 
a fatigue check using real traffic is described. On the right side, a simplified 
model is used. The damage equivalent factor λ links both calculations in 
order to have damage equivalence. 

The description of the procedure on the left side, procedure that was 
used by the code developers, is: 

3) Modelling of real traffic and displacement over the structure, 
4) Deduction of the corresponding stress history (at the detail to be 

checked), 
5) Calculation of the resulting stress range histogram Δσi, 
6) Computation of the resulting equivalent stress range Δσe (or ΔσE,2 

for the value brought back at 2 million cycles), making use of an 
accumulation rule, usually a linear one such as Miner’s rule. 

Finally, one can perform the verification by comparing ΔσE,2 with the 
detail category or, if there is more than one detail to check, the detail 
categories. Note that one can also perform the verification directly by 
performing a damage accumulation calculation and check that the total 
damage remains inferior to one (in this case, the detail category must be 



1.2 DAMAGE EQUIVALENT FACTOR CONCEPT 

 

_____ 
17 

known beforehand to perform the calculation). Detailed information on 
damage equivalent factors can be found in sub-chapter 3.2. 

 

 
Figure 1.10 – Damage equivalent factor (Hirt, 2006) 

 
This procedure is relatively complex in comparison with usual static 

calculations where simplified load models are used. It is however possible to 
simplify the fatigue check, using a load model specific for the fatigue check, 
in order to obtain a maximum stress σmax and minimum stress σmin, by 
placing this load model each time in the most unfavourable position 
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according to the influence line of the static system of the structure. But the 
resulting stress range Δσ(γFf Qk), due to the load model, does not represent 
the fatigue effect on the bridge due to real traffic loading! In order to have a 
value corresponding to the equivalent stress range ΔσE,2, the value Δσ(γFf Qk) 
must be corrected with what is called a damage equivalent factor, λ, 
computed as  

 ( )
,2= Ff E

Ff kQ
γ σλ

σ γ
Δ

Δ
 (1.5)

The calculations of the correction factor values are made once for all 
for the usual cases, and are a function of several parameters such as the real 
traffic loads (in terms of vehicle geometry, load intensities and quantity) and 
influence line length, to mention the most important ones. 

The main assumptions are the use of the “rainflow” counting method 
and a linear damage accumulation rule. Therefore, one may ignore 
phenomena such as crack retardation, influence of loading sequence, etc. 
The S-N curves must belong to a set of curves with slope changes at the 
same number of cycles, but the curves can have more than one slope. This is 
the case for the set of curves in ECCS, EN 1993-1-9, or for aluminium 
EN 1999-1-3. The simplified load model should not be too far from reality 
(average truck or train), otherwise there will be some abrupt changes in the 
damage equivalent factor values when the influence line length value 
approaches the axle spacing. The fatigue load models for different types of 
structures can be found in the various parts of Eurocode 1, see sub-chapter 
3.1 for further details. The damage equivalent factor has been further split 
into several partial damage equivalent factors, see sub-chapter 3.2. 

1.3 CODES OF PRACTICE 

1.3.1 Introduction 

In structural engineering, a great deal of research during the 1960s and 
70s focussed on the effects of repetitive loading on steel structures such as 
bridges or towers. This work, as well as the lessons learned from the poor 
performance of some structures, led to a better understanding of fatigue 
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behaviour. Still, it was a problem long overlooked in civil engineering codes, 
but considered in other industries (e.g. mechanical engineering, aeronautical 
engineering), each industry having its theory and calculation method. The 
work done in the 60s and 70s in turn led to the first fatigue design 
recommendations for steel structures and to substantial changes in provisions 
of steel structures design specifications. The first codes in Europe that 
considered fatigue were the german code (DIN 15018, 1974) and the British 
code (BS 5400-10, 1980). It was followed by the first European ECCS 
recommendations in the 80s (ECCS, 1985), which contained the first unified 
rules with a standardized set of S-N curves, which is still in use today. 
 

1.3.2 Eurocodes 3 and 4 

In Europe, the construction market and its services is regulated 
through product standards, testing codes and design codes, the whole 
forming an international standard family. The European standard family 
prepared by the European Standardization body, i.e. “Comité Européen de 
Normalisation” (CEN), includes so far 10 Eurocodes with design rules, for a 
total of 58 parts, and many hundreds of EN-standards for products and 
testing. It also contains so far around 170 European Technical Approvals 
(ETA) and European Technical Approval Guidelines (ETAG), all prepared 
by the European Organisation for Technical Approvals (EOTA). For steel 
structures, the relevant parts of the European international standard family 
are shown on Figure 1.11. 

Apart from the general rules, Eurocode 3 contains “Application rules” 
like part 2 “Steel bridges” or part 6 “Crane supporting structures” on special 
ranges of application. 
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Figure 1.11 – Standard system for steel structures (Schmackpfeffer et al, 2005) and 

composite steel and concrete structures 
 

Altogether, the Eurocode 3 “Design rules for steel structures” consists 
of 20 parts and Eurocode 4 “Composite construction” of 3 relevant parts. 
The core forms the so-called basic standard EN 1993-1 “for bases and above 
ground construction “, which consists again of 11 parts 1-1 to 1-11, to which 
another part, 1-12 for high strength steel grades (S500 to S700) was added. 

In the design standards containing the general rules, two parts are 
related to fatigue. These are part 1-10: material toughness and through-
thickness properties (material quality selection) (EN 1993-1-10:2005), and 
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part 1-9: fatigue (EN 1993-1-9:2005). 
Furthermore, the following parts of Eurocode 3 (for definitions of 

abbreviations see Table 1.1) contain sections on fatigue design of structures 
which may have to be designed against fatigue: 

 Part 1: Steel structures, general rules and rules for buildings EN 1993-
1-1) 

 Part 2: Steel bridges (EN 1993-2) 
 Part 3: Towers and masts and chimneys (EN 1993-3) 
 Part 4: Silos and tanks (EN 1993-4) 
 Part 6: Crane supporting structures (EN 1993-6).  

The same organization holds true for Eurocode 4, for steel and 
concrete composite structures. Historically, during the revision of ENV-
versions into prEN (and thereafter into final versions of EN), the CEN 
TC250 committee agreed to carry out a reorganization of the rules, including 
the rules related to fatigue, into the generic and associated Eurocodes. In 
terms of fatigue in steel and steel and concrete composite structures, it has 
been agreed that all rules for fatigue were to be compiled and summarized in 
a new Part 1-9 (in the old versions ENV, they were still in the individual 
standards) (see Table 1.1). In this new generic part EN 1993-1-9 “fatigue”, 
the rules applicable for the fatigue design of all structures with steel 
members are regrouped. This part regroups essentially the various so-called 
“chapter 9” of the former versions of the ENV 1993-1 to ENV 1993-7 parts, 
see also Sedlacek et al (2000). This reorganisation avoids repetition and, in 
particular, reduces the risk of contradictions between different Eurocode 
parts. However, not all elements of the fatigue verification are integrated in 
the new part 1-9. The action effects which are independent from the fatigue 
resistance are regulated in the EN 1991 parts. Moreover, for some structures, 
e.g. bridges, towers, masts, chimneys, etc., specific fatigue features remain 
in the appropriate application parts of EN 1993. 

The recommendations in EN 1991-2 on fatigue load models and in 
EN 1993-1-9 allow for a simplified fatigue verification using fatigue 
strength (Wöhler, 1860) curves. In addition, a detailed computation with 
application of the damage accumulation is also possible, allowing for the 
evaluation of the residual life, for example. In practice, the simplified 
verification is more user-friendly and more efficient for a daily use. 

The limit state of fatigue is characterized by crack propagation 
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followed by a final failure of the structural member. To verify this limit 
state, a verification of the failure, to avoid brittle fracture of the structural 
members, is required. The brittle failure is influenced by the material 
toughness, temperature and thickness. The topic of brittle fracture of steel 
and the proper choice of material to avoid it, is covered by Eurocode 3, Part 
1-10 (EN 1993-1-10) and is presented thoroughly in Chapter 6. 

 

1.3.3 Eurocode 9 

For aluminium structures, the design codes are only a few in 
comparison to the steel ones. Eurocode 9 addresses the design of new 
structures made out of wrought aluminium alloys and gives limited guidance 
for cast alloys. Eurocode 9 is separated into 5 parts: 

 EN 1999-1-1: general structural rules 
 EN 1999-1-2: structural fire design 
 EN 1999-1-3 : structures susceptible to fatigue 
 EN 1999-1-4 : cold-formed structural sheeting 
 and EN 1999-1-5: shell structures. 

The only part of interest in this book is EN 1999-1-3. 
 

Table 1.1 – Overview and changes in the transition from ENV to EN versions of the 
various Eurocode 3 and Eurocode 4 parts 

ENV-Version EN-Version Content 

ENV1993-1-1: 1992 EN 1993-1-1: 2005* 
General rules and rules for 
buildings 

ENV 1993-1-2: 1995 EN 1993-1-2: 2005* 
General rules - Structural 
fire design 

ENV 1993-1-3: 1996 EN 1993-1-3: 2006* 

General rules - 
Supplementary rules for 
cold-formed members and 
sheeting 

ENV 1993-1-4: 1996 EN 1993-1-4: 2006 
General rules - 
Supplementary rules for 
stainless steels 

ENV 1993-1-5: 1997 EN 1993-1-5: 2006* General rules - Plated 
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structural elements 

ENV 1993-1-1: 1992 EN 1993-1-6: 2007* 
Strength and stability of 
shell structures 

ENV 1993-1-1: 1992 EN 1993-1-7: 2007* 

Strength and stability of 
planar plated structures 
subject to out of plane 
loading 

ENV 1993-1-1: 1992 EN 1993-1-8: 2005* Design of joints 
ENV1993-1-1:1992, Chap.9 
ENV 1993-2: 1997, Chap.9 
ENV 1993-3-1: 1997 
ENV 1993-3-2: 1997 
ENV 1993-6: 1999 

EN 1993-1-9: 2005* Fatigue 

ENV 1993-1-1: 1992, 
Appendix C 
ENV 1993-2: 1997, 
Appendix C 

EN 1993-1-10: 2005* 
Material toughness and 
through-thickness properties 

ENV1993-2: 1997, 
Appendix C 

EN 1993-1-11: 2006* 
Design of structures with 
tension components 

- EN 1993-1-12: 2007* 
General - High strength 
steels 

ENV 1993-2: 1997 EN 1993-2: 2006* Steel bridges 

ENV 1993-3-1: 1997 
(prEN 1993-7-1:2003) 

EN 1993-3-1: 2006* 
Towers, masts and 
chimneys – Towers and 
masts 

ENV 1993-3-2:1997 
(prEN 1993-7-1: 2003) 

EN 1993-3-2: 2006 
Towers, masts and 
chimneys – Chimneys 

ENV 1993-4-1: 1999 EN 1993-4-1: 2007* Silos 
ENV 1993-4-2: 1999 EN 1993-4-2: 2007* Tanks 
- EN 1993-4-3: 2007* Pipelines 
ENV 1993-5: 1998 EN 1993-5: 2007* Piling 
ENV 1993-6: 1999 EN 1993-6: 2007* Crane supporting structures 

ENV 1994-1-1: 1992 EN 1994-1-1: 2004 
General rules and rules for 
buildings 

ENV 1994-1-2: 1994 EN 1994-1-2: 2005* Structural fire design 

ENV 1994-2: 1997 EN 1994-2: 2005* 
General rules and rules for 
bridges 

*corrigenda has been issued for this part. 
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1.3.4 Execution (EN 1090-2)  

The Euronorm EN 1090 fixes the requirements for the execution of 
steel and aluminium structures, in particular, structures designed according 
to any of the EN 1993 generic parts and associated Eurocodes, members in 
steel and concrete composite structures designed according to any of the EN 
1994 parts and aluminium structures designed according to EN 1999 parts. 
EN 1090 is divided in three parts, namely: 

 EN 1090-1: Execution of steel structures and aluminium structures – 
Part 1: general delivery conditions. 

 EN 1090-2: Execution of steel structures and aluminium structures – 
Part 2: Technical requirements for the national execution of steel 
structures. 

 EN 1090-3: Execution of steel structures and aluminium structures – 
Part 3: Technical requirements for aluminium structures. 

The implementation and use of EN 1090 rules is closely linked with 
the implementation of the structural Eurocodes. The withdrawal of national 
standards codes in CEN member countries and their replacement by the 
Eurocodes is now completed in most countries. 

EN 1090 specifies requirements independently from the type, shape 
and loading of the structure (e.g. buildings, bridges, plated or latticed 
elements). It includes structures subjected to fatigue or seismic actions. It 
specifies the requirements related to four different execution classes, namely 
EXC1, EXC2, EXC3 and EXC4 (from the less to the more demanding). It is 
important to note that this classification can apply to the whole structure, to 
part(s) of it or to specific joints only. Thus, the execution of a building or of 
any structure would not be, apart from a few exceptions, specified "of 
execution class 4" as a whole. The particularly severe requirements of this 
class apply only to certain members, even to only a few essential joints 
(Gourmelon, 2007). 

In order not to leave the design engineer and its client without any 
clue to answer this question and to avoid the classic, but uneconomical reflex 
of choosing the most demanding class, guidance for the choice of execution 
class was elaborated. The principles of the choice are based on three criteria: 

 Consequence classes. EN 1990: 2002 gives in its Annex B guidelines 
for the choice of consequence class for the purpose of reliability 
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differentiation. The classification criterion is the importance of the 
structure or the member under consideration, in terms of its failure 
consequences. Consequence classes for structural members are 
divided in three levels, see Table 1.2. The three reliability classes 
RC1, RC2, and RC3 with their corresponding reliability indexes as 
given in EN 1990, Annex A1, may be associated with the three 
consequence classes (Simões da Silva et al, 2010). 

 Service categories, arising from the actions to which the structure and 
its parts are likely to be exposed to during erection and use (dynamic 
loads, fatigue, seismic risk, …) and the stress levels in the structural 
members in relation to their resistance. There are two different 
possible service categories, see Table 1.3, 

 Production categories, arising from the complexity of the execution of 
the structure and its structural members (e.g. complex connections, 
high strength steels, heavy plates or particular techniques). There are 
two different possible production categories, see Table 1.4. 
 

Table 1.2 – Definition of consequence classes (adapted from EN 1990, Table B1) 
Cons
Class 

Description 
Examples of buildings and civil 
engineering works 

 
CC1 

Low consequence for loss of human 
life, and economic, social or 
environmental consequences small or 
negligible 

Agricultural buildings where 
people do not normally enter 
(e.g. storage buildings, silos less 
than 100 t capacity, greenhouses) 

CC2 

Medium consequence for loss of 
human life, economic, social or 
environmental consequences 
considerable 

Residential and office buildings, 
public buildings where 
consequences of failure are 
medium (e.g. office buildings) 

CC3 
High consequence for loss of human 
life, or economic, social or 
environmental consequences very great 

Grandstands, public buildings 
where consequences of failure 
are high (e.g. concert halls, 
discretely supported silos more 
than 1000 t capacity) 

 
The execution classes are then chosen according to the consequence 

classes, service and production categories determined for the considered 
members. They can be chosen on the basis of the indications of Table 1.5. 
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Note that in the absence of specification in the contract, execution class 2 
applies by default (Gourmelon, 2007). 

 
Table 1.3 – Suggested criteria for service categories (from EN 1090-2, Table B.1) 

Cat. Criteria 
 
 
SC1 

Structures/components designed for quasi static actions only (e.g. buildings) 
Structures and components with their connections designed for seismic 
actions in regions with low seismic activity, of low class of ductility (EN 
1998-1) 
Structures/components designed for fatigue actions from cranes (class S0)* 

SC2 

Structures/components designed for fatigue actions according to EN 1993 
(e.g. road and railway bridges, cranes (classes S1 to S9)*) 
Structures susceptible to vibrations induced by wind, crowd or rotating 
machinery 
Structures/components with their connections designed for seismic actions 
in regions with medium or high seismic activity, of medium or high classes 
of ductility (EN 1998-1) 

* For classification of fatigue actions from cranes, see EN 1991-3 and EN 13001-1 

 
Table 1.4 – Suggested criteria for production categories (from EN 1090-2, Table 

B.2) 
Cat. Criteria 
PC1 Non welded components manufactured from any steel grade products 

Welded components manufactured from steel grade products below S355 

PC2 

Welded components manufactured from steel grade products from S355 and 
above 
Components essential for structural integrity that are assembled by welding 
on construction site 
Components with hot forming manufacturing or receiving thermic treatment 
during manufacturing 
Components of Circular Hollow Sections (CHS) lattice girders requiring 
end profile cuts 
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Table 1.5 – Recommendation for the determination of the execution classes (from 
EN 1090-2, Table B.3) 

Consequence 
classes 

CC1 CC2 CC3 

Service categories SC1 SC2 SC1 SC2 SC1 SC2 
Production 
categories 

PC1 EXC1 EXC2 EXC2 EXC3 EXC3* EXC3* 
PC2 EXC2 EXC2 EXC2 EXC3 EXC3* EXC4 

* EXC4 should be applied to special structures or structures with extreme 
consequences of a structural failure as required by national provisions 
 

With emphasis on fatigue behaviour, the execution of welding is of 
particular importance. Any fault in workmanship may potentially reduce the 
fatigue strength of a detail. Good workmanship, on the contrary, will result 
in an increase in the fatigue strength, often above the characteristic S-N 
curves given in the codes. Indeed, these curves correspond to lower bound 
test results obtained from average fabrication quality details. Even though 
good workmanship cannot be quantified in the Eurocodes and used in fatigue 
verifications, S-N curves referring for most details to failure from 
undetectable flaws, it can be considered as a welcomed supplementary safety 
margin. 

The good workmanship criteria, however, on which the weld quality 
specifications in codes and standards are based, are sometimes not directly 
related to the effect and importance of the feature specified on fatigue 
strength (or any other strength criteria). Faults in workmanship proven to be 
detrimental to fatigue include the following (from most to less detrimental, 
however depending upon original fatigue strength of detail and fault level): 

 unauthorised attachments, 
 weld lack of fusion/penetration, particularly in transverse butt welds, 
 poor fit-up, assembly tolerances, eccentricity and misalignment, 
 notches, sharp edges, 
 distortion, 
 corrosion pitting, 
 weld spatter, 
 accidental arc strikes. 

Speaking again about normative execution requirement, the concern 
of the design engineer is to choose the class of imperfections tolerated with 
regards to the reference code EN ISO 5817 (ISO 5817, 2006). In the 
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Eurocode framework and EN 1090-2, the engineer will have, as for the other 
execution questions, to define the required execution class only. In EN 1090-
2, the following requirements are fixed: 

 Execution class 1 (EXC1): Quality level D 
 Execution class 2 (EXC2): Quality level C 
 Execution class 3 (EXC3): Quality level B 
 Execution class 4 (EXC4): Quality level B with additional 

requirements to account for fatigue effects. 

For structures or parts of structures which have to be designed against 
fatigue, quality level D is excluded, quality level C may be used for specific 
details and quality B is the usual choice. It should be noted that a fatigue 
detail category 90 seems to be compatible with most imperfections of quality 
level B according to ISO 5817, with however the exception of the following, 
where more stringent requirements should be set (Hobbacher et al, 2010): 

 continuous undercut  
 single pore, pore net, clustered porosity 
 slag inclusions, metallic inclusions 
 linear misalignment of circumferential welds 
 angular misalignment (which is not in ISO 5817 at this time) 
 multiple imperfections in longitudinal direction of weld. 

A project for revising ISO 5817, in particular with respect to fatigue 
criteria, is under discussion. The allowable imperfections requirements go 
along with requirements on the company quality system, welding 
coordination, etc. A summary of the main welding requirements is given in 
Table 1.6. It can be seen that there is no requirements for EXC1, which once 
again shows it is not adequate for structures under fatigue loadings. 
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Table 1.6 – Main weld requirements, extracts from EN 1090-2  
 EXC1 EXC2 EXC3 EXC4 
Qualif. of 
welding 
procedures; 
welding 
coordination 

Not 
required. 

Required, see 
EN 1090-2, 
§ 7.4 

Required, see 
EN 1090-2, 
§ 7.4 

Required, see 
EN 1090-2, 
§ 7.4 

Temporary 
attachments 

Not req. Not req. 
Use to be specified 
Cutting and chipping not 
permitted 

Tack welds Not req. Qualified welding procedure 

Butt welds Not req. 
Run on/off 
pieces if 
specified 

Run on/off pieces 
For single side welds, permanent 
backing continuous 

Execution of 
welding 

Not req. Not req. Removal of spatter 

Acceptance 
criteria 

EN ISO 
5817 Quality 
level D if 
specified 

EN ISO 5817 
Quality level 
C generally 

EN ISO 5817 
Quality level 
B 

EN ISO 5817 
Quality level B+ 

 
The additional requirements for quality B+ are given in EN 1090-2 

Table 17. In summary, this table gives additional or more severe limits for 
imperfections such as undercut (not permitted in B+), internal pores, linear 
misalignment, etc. It also gives supplementary requirements for bridge 
decks. 

Outside of the welding requirements, it is very important to meet 
every special requirement in order not to impair fatigue strength. Thus, it 
should be emphasised that all connections provided for temporary structural 
members or for fabrication purposes shall also meet the requirements of 
EN 1090. Also, regarding member identification, a suitable system shall be 
put into place in order to be able to follow each piece; note that the suitable 
marking method is function of the material. Furthermore, the marking 
methods shall be applied in a way not producing damage and only on areas 
where it does not affect the fatigue life. 

Finally, note that in addition to the rules found in EN 1090, some 
additional information and requirements regarding execution can also be 
found directly in the detail category tables of EN 1993-1-9, as well as in the 
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other EN 1993 and EN 1994 relevant parts for the different types of 
structures. For example, in Table 8.5 of EN 1993-1-9, detail 1 to 3, 
cruciform and tee joints, the following requirement is given: the 
misalignment of the load-carrying plates should not exceed 15% of the 
thickness of the intermediate plate. 

 

1.3.5 Other execution standards  

With emphasis on fatigue behaviour, the standards related to welding, 
bolting and erection are the most important ones. The complete list of 
standards in these areas, about 200 "normative References", is given in 
EN 1090. The largest group are the standards for products, for which there 
are around one hundred. Then, there are about thirty standards related to 
welding, about fifteen dealing with destructive or non-destructive testing 
applicable to the welds, as well as about twenty standards in relation with 
corrosion protection (Gourmelon, 2007). To mention only a few, of 
relevance to the subject presented in this book: 

 EN ISO 3834: 2005 (in 6 parts), Quality requirements for fusion 
welding of metallic materials. This standard defines requirements in 
the field of welding so that contracting parties or regulators do not 
have to do it themselves. A reference to a particular part of EN ISO 
3834 should be sufficient to demonstrate the capabilities of the 
manufacturer to control welding activities for the type of work being 
done. The different parts of the standards deal with the following 
items: contract and design review, subcontracting, welding personnel, 
inspection, testing and examination personnel, equipment, storage of 
parent materials, calibration, and identification/traceability. 

 EN ISO 5817: 2003 (corrected version 2005), Welding – fusion-
welded joints in steel, nickel, titanium and their alloys – quality levels 
for imperfections. This standard defines the dimensions of typical 
imperfections, which might be expected in normal fabrication. It may 
be used within a quality system for the production of factory-welded 
joints. It provides three sets of dimensional values (quality levels B, C, 
and D) from which a selection can be made for a particular 
application. This standard is directly applicable to visual testing of 
welds and does not include details of recommended methods of 
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detection or sizing by non destructive means. It does not cover 
metallurgical aspects, such as grain size or hardness. 

 EN ISO 9013: 2002, Thermal cutting – Classification of thermal cuts 
– Geometrical product specification and quality tolerances. This 
standard applies to materials and thickness ranges suitable for oxyfuel 
flame cutting, plasma cutting and laser cutting. 

 EN 12062: 1997, Non-destructive testing of welds – General rules for 
metallic materials. The purpose of this standard is quality control.  It 
gives guidance for the choice and evaluation of the results of non-
destructive testing methods based on quality requirements, material, 
weld thickness, welding process and extent of testing. This standard 
also specifies general rules and standards to be applied to the different 
types of testing (visual inspection, dye-penetrant flaw detection, eddy-
current tests, magnetic-particle flaw detection, radiographic testing, 
and ultrasonic testing), for either the methodology or the acceptance 
level for metallic materials. 

 ISO 15607: 2003: Specification and qualification of welding 
procedures for metallic materials - General rules. This standard gives 
the general rules and requirements concerning the qualification of 
welding procedures, which are further developed in EN 15611, EN 
15612, EN 15613, and EN 15614. 

1.4 DESCRIPTION OF THE STRUCTURES USED IN THE 
WORKED EXAMPLES 

1.4.1 Introduction 

In order to fulfil the objectives of the design manuals of this ECCS 
collection, three different structures were chosen to be used for the detailed 
design examples presented in this book. Before being used for fatigue 
calculations, they are introduced and briefly described in the following 
paragraphs. The first structure is a steel and concrete composite bridge 
which is also used in the ECCS design manual about EN 1993 part 1-5 (plate 
buckling) (Beg et al, 2010). The second structure considered is a chimney 
and the third one is a crane supporting structure. 
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1.4.2 Steel and concrete composite road bridge (worked example 1) 

1.4.2.1 Longitudinal elevation and transverse cross section 

This worked example is adapted from the COMBRI research project 
(COMBRI, 2007) (COMBRI+, 2008). The bridge is a symmetrical 
composite box-girder structure with five spans, 90 m + 3 x 120 m + 90 m 
(i.e. a total length between abutments equal to 540 m, see Figure 1.12). It is 
assumed to be located in Yvelines, near Paris, France. For simplification 
reasons, the horizontal alignment is assumed straight as well as the road, the 
top face of the deck is horizontal and the structural steel depth is constant 
and equal to 4000 mm. 

 
Figure 1.12 – Side view of road bridge with span distribution 

 
A four-lane traffic road crosses the bridge. Each lane is 3.50 m wide 

and the two outside ones are bordered by a 2.06 m wide safety lane. 
Normalised safety barriers are located outside the traffic lanes and in the 
centre of the road (see Figure 1.13). The cross section of the concrete slab 
and non-structural equipments is symmetrical with respect to the axis of the 
bridge. The 21.50 m wide slab has been modelled with a constant thickness 
equal to 0.325 m. The slab span between the main girders is equal to 
12.00 m and the slab cantilever is 4.75 m on both sides. 

 
Figure 1.13 – Cross section of road bridge with lane positions 
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The concrete slab is connected to an open box-section. The centre-to-
centre distance between webs in the upper part is equal to 12.00 m, and to 
6.50 m in the lower part. The upper flanges are 1500 mm wide whereas the 
lower flange is 6700 mm wide. 

1.4.2.2 Materials and structural steel distribution 

A steel grade S355 has been used. Its mechanical properties are given 
in EN 10025-3 and slightly modified by EN 1993-2 (see Table 1.7). Normal 
concrete of class C35/45 is used for the reinforced concrete slab; the 
reinforcing steel bars are class B high bond bars with a yield strength of 
500 MPa and a modulus of elasticity equal to 210000 MPa (as structural 
steel). 

 
Table 1.7 – fy and fu according to the plate thickness for steel grade S355 

t (mm) fy (MPa) fu (MPa) Quality 
t < 16 355 470 K2 
16 ≤ t < 30 345 470 N 
30 ≤ t < 40 345 470 NL 
40 ≤ t < 63 335 470 NL 
63 ≤ t < 80 325 470 NL 
80 ≤ t < 100 315 470 NL 
100  ≤ t 295 450 NL 

 
The structural steel distribution results from a design according to 

Eurocodes 1, 3 and 4, see Figure 1.15. 
The thickness variations of the upper and lower flanges are found 

towards the inside of the girder. Due to the concrete slab width, an additional 
plate welded to each upper flange (1400 mm wide and welded below the 
main one) needs to be added in the regions of intermediate supports. 

Cross frames stiffen the box-section on abutments and on intermediate 
supports, as well as every 4.0 m in the spans, see Figure 1.14. The bottom 
flange longitudinal trapezoidal stiffeners are continuous with a plate 
thickness equal to 15 mm, see Figure 1.16. The web longitudinal stiffeners 
are discontinuous; these have the same thickness throughout and are located 
at mid-depth to provide sufficient cross section shear resistance. An 
additional longitudinal steel rolled I-girder (located right in the middle of the 
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bridge cross section) spans between the transverse frames and is directly 
connected to the concrete slab. It helps for the slab concreting phases and 
resists with the composite cross section (as an additional section for the 
upper steel flanges). 

 

Figure 1.14 – Cross frame on supports 
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Figure 1.15 – Structural steel distribution (half length of the road bridge) 
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Figure 1.16 – Detailed view of longitudinal stiffener 

1.4.2.3 The construction stages 

The assumptions pertaining to the construction stages should be taken 
into account when calculating the internal moments and forces distribution 
in the bridge deck (EN1994-2, 5.4.2.4) as they have a high influence on the 
steel/concrete modular ratios. For the bridge example, the following 
construction stages have been adopted: 

 Launching of the structural steel structure 
 On-site pouring of the concrete slab segments by casting them in a 

selected order (first the in-span segments, and second the segments 
around internal supports): 
The total length of the bridge (540 m) has been broken down into 45 
identical 12-m-long concreting segments. The start of pouring the first 
slab segment is the time of origin (t = 0). The time taken to pour each 
slab segment is assessed at 3 working days. The first day is devoted to 
the concreting, the second day to its hardening and the third to move 
the mobile formwork. The slab is thus completed within 135 days. 

 The installation of non-structural equipments is assumed to be 
completed within 35 days, so that the deck is fully constructed at the 
date t = 135 + 35 = 170 days. 
 

1.4.3 Chimney (worked example 2)  

1.4.3.1 Introduction 

The following worked example is based on a real chimney verification 
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0.20
0.015
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made by Kammel (2003) and the ECCS Technical Committee 6. The 
original example was published in Stahlbaukalendar (2006) and has since 
been adapted by the authors since the original verification was carried out to 
determine the cause of observed cracks. Indeed, the existing chimney had 
fatigue problems due to vortex shedding induced vibrations. The example 
presented includes a tuned mass damper in order to solve this problem. 

Vortex shedding often occurs in cantilevered steel chimneys that are 
subjected to dynamic wind loads. At a critical wind speed, alternating 
vortices detach from the cylindrical shell over a specific correlation length 
causing a vibration of the structure transverse to the wind direction, see 
section 3.1.5 for further explanations. The cyclic loading is transferred to all 
structural members and connections. In this type of structure, the following 
structural details are usually relevant for fatigue verification: 

 Bolted flange connection between two sections, 
 Welded stiffeners at the bottom, 
 Anchor bolts at the bottom 
 Inspection manholes and/or inlet tubes details. 

The chimney dealt with in this example has a height of 55 m and an 
outside constant diameter of 1.63 m, as shown in Figure 1.17. It is a double-
walled chimney with an outer tube and inner thermal insulating layer. The 
chimney shaft is composed of 5 separate parts, bolted together using socket 
joints, see Figure 1.20. At the bottom, a reinforced ring is used and the 
chimney is held down using 28 anchor bolts, see Figure 1.18, Figure 1.19 
and Figure 1.21. Furthermore, an inspection manhole is present in the 
bottom zone, see Figure 1.19. All dimensions and other information are 
given in the next paragraphs. 
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Figure 1.17 – Side view of 

the example chimney 
 Figure 1.18 – Anchor bolts at +0.350 m (plan view) 

 
Figure 1.19 – Drawing of bottom part of chimney with manhole position, section and 

top view, ground plate with anchor bolts at +0.350 m 
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Figure 1.20 – Relevant bolted flange connection between two sections at +11.490 m 
(remark: this flange design corresponds to standard practice and does not represent 

optimum design; an improved design is possible) 

 

 
Figure 1.21 – Ground plate with anchor bolts at +0.350 m (section view) 

1.4.3.2 General characteristics of the chimney 

Height    : h = 55.0 m 
Outer diameter   : b = 1630 mm 
Slenderness ratio  : λ = h/b = 33.7 
Shell thickness from bottom up to +11.490m : s = 12 mm 
Shell thickness at top  : s’ = 6 mm 
Steel yield stress  : fy = 190 N/mm²  
(which corresponds to steel S235 operating at a max. temperature T = 
100°C) 

In the choice of material quality, since tensile stresses occur 
perpendicular to the ring surface at the joint between ring and shell (socket 
joint, see Figure 1.20), attention has to be paid to avoid lamellar tearing and 
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the designer must follow the rules given in EN 1993-1-10. 
The equivalent total mass per unit length is taken as me = 340 kg/m 

(EN 1991-1-4, Section F.4: for cantilevered structures with a varying mass 
distribution me may be approximated by the average value of m over the 
upper third of the structure). 

For damping characteristics, the logarithm decrement is taken as 
(EN 1991-1-4, Section F.5) 

0.03s a dδ δ δ δ= + + =  
This value includes damping from a tuned mass damper. For the 

structural part only, for a welded chimney without external thermal 
insulation, the value given in EN 1991-1-4 is lower, δs = 0.012. A tuned 
mass damper is a type of dynamic vibration absorber which must be 
specifically analysed, tested and tuned on the structure and periodically 
inspected (EN 1993-3-2, annex B). Examples of chimneys with vibration 
problems and their resolution are periodically published, for example 
(Kawecki et al, 2007). 

1.4.3.3 Dimensions of socket joint located at +11.490 m (see Figure 1.20) 

Bolt diameter (M30; 10.9) : DM30 = 30 mm 
Bolt cross section : As,30 = 561 mm² 
Bolt resistance  : fub = 1000 N/mm² 
Bolt preload  : Fp,Cd = 350 kN 
Total number of bolts : n = 42 
Distance of bolts and shell : a = 43 mm 

Distance between bolts : ( )2 128.4 mme b a
n

= ⋅ + ⋅ =π
 

Washer dimensions : twas = 5 mm 
     da = 56 mm 
     di = 31 mm 
Socket flange cross section : tf = 50 mm  
     w = 99 mm 
     b’ = w - a = 56 mm 
Section of the chimney (without socket): 

( )( )22 22 61000 mm
4KA b b s= ⋅ − − ⋅ =π
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Elastic section modulus : ( )44
3 32

24493 10 mm
32y

b b s
W

b
π − − ⋅

= ⋅ = ⋅  

1.4.3.4 Dimensions of ground plate joint with welded stiffeners located  at 
the bottom, at +0.350 m: 

Anchor bolt diameter (M60; 8.8) : DM60 = 60 mm 
Anchor bolt cross section : As,60 = 2362 mm² 
Anchor bolt resistance : fub = 800 N/mm² 
Total number of anchor bolts : n = 28 (same as number of 

stiffeners) 
Distance of bolts and shell : a = 135 mm 
Radius of anchor bolt circle : rs = 1900 / 2 = 950 mm 

Distance between bolts : ( )2 213.2 mme b a
n

= ⋅ + ⋅ =π
 

Longitudinal stiffener : 646 x 223 x 10 mm 
Upper ring stiffener : 250 x 25 mm 
Double-sided fillet welding between stiffener and ground plate : 
   aw = 6 mm 
If flux-cored welding is used, the effective weld throat is larger than aw , and 
this value can be used in the verifications. We will assume here that 

, 1mmw eff wa a= + . 
   Lw = 220 mm 
Ground plate dimensions : dbp = 2100 mm  
    tbp = 40 mm 

1.4.3.5 Dimensions of manhole located betweeen +1.000 m and +2.200 m: 

Height   : hmh = 1200 mm 
Width   : wmh = 600 mm 
Corner radius  : rmh = 300 mm 
Opening sides reinforcement plates : brp= 90 mm 
     trp = 10 mm 
     hrp = 1400 mm 
Section of the chimney (with manhole): 

( )( )22 2
, 2 2 55600 mm

4K mh mh rp rpA b b s w s t b= ⋅ − − ⋅ − ⋅ + ⋅ ⋅ =π
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Assumed elastic section modulus at manhole level: 
3 3

, 20000 10 mmy mhW = ⋅  
 

1.4.4 Crane supporting structures (worked example 3) 

1.4.4.1 Introduction 

Figure 1.22 presents the general geometry of the single crane 
supporting structure example. This example is adapted from one presented in 
TGC 11 (2006). The crane supporting structure is composed of a continuous 
runway beam - HEA280 in S355 steel - supported by surge girders, with 
spans between supports l = 6 m. It is assumed that the end-spans are shorter, 
thus the relevant span is an inner span. The crane span is s =14.30 m and the 
nominal hoist load is Qnom = 100 kN. 

 

 
Figure 1.22 – Crane supporting structure 
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Figure 1.23 – Cross section of the runway beam 
 
The single crane supporting structure is classified according to section 

2.12, of EN 1991-3 (the classification table can also be found in EN 13001-
1) as a function of the total number of lifting cycles and the load spectrum as 
follows: 

 Class of load spectrum: Q4 
 Class of total number of cycles: U4 

1.4.4.2 Actions to be considered 

The following characteristic values of actions are considered as 
provided by the crane supplier: 
Nominal hoist load  : Qnom = 100 kN 
Maximum load per wheel of loaded crane  : Qr,max = 73.4 kN 
Minimum load per wheel of unloaded crane : Qr,min = 18.75 kN 
Horizontal transverse load per wheel   : HT,i = 9.4 kN    
Self weight runway beam  : gk = 88.2 kg/m·10m/s2 = 
(HEA 280 + KSN 50x30, see Figure 1.23)   0.882 kN/m 
Neutral axis position of runway beam measured  
from bottom fiber (weared rail)  : zg = 149 mm 
Inertia of runway beam  
(with weared rail, thickness reduced to 20mm*, 
according to TGC11 (2006))  : Iy=155.8 · 106 mm 
* The wear considered is above the requirement prescribed in EN1993-6 section 5.6.2, where 
the following values are recommended: 

 For static considerations, 25% of the rail height; 

 For fatigue considerations, 12.5% of the rail height.

Qr,i 

HT,i
5 
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Chapter 2 

APPLICATION RANGE AND LIMITATIONS 

2.1 INTRODUCTION 

The fatigue strength curves and detail categories given in Eurocode 3 
part 1-9 are mainly based on fatigue tests carried out on bolted and welded 
carbon steels with nominal yield stress ranging from 235 to 400 N/mm2, i.e. 
mainly S235 and S355 steels. Under the condition of non-corrosive 
environmental conditions, numerous studies have shown that the rules in 
EN 1993-1-9 could be applied to other steel grades and steel types, including 
stainless steel alloys. In other words, the influence of steel grade and steel 
type can be neglected compared to the influence of detailing and weld 
imperfections. Also, the fatigue strength curves given in part 1-9 apply only 
to structures operating under normal atmospheric conditions and with 
sufficient corrosion protection and regular maintenance.  

The application field embraces also structural members from 
EN 1993-1-11 that is pre-stressing bars, ropes and cables. 

Part 1-9 is not applicable to: 

 Oligo-cyclic or low-cycle fatigue, that is when a few cycles cause 
fatigue fracture (e.g. earthquake) or, more generally, when nominal 
direct (normal) stress ranges exceed 1.5 fy or nominal shear stress 
ranges exceed 1.5 fy/√3. An additional condition, expressed in the IIW 
recommendations, refers also cases where hot-spot stress σhs exceeds 
2 fy. This can be the case for pressure vessels, tanks or silos.  

 Structures subjected to temperatures exceeding 150°C (e.g. pressure 
vessels, pipework). 

 Structures in corrosive media (gases, liquids) other than normal 
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atmospheric conditions. 
 Materials not behaving in a ductile manner, not conforming to the 

toughness requirements of EN 1993-1-10, see Chapter 6. 
 Structures in seawater environment (e.g. offshore structures). 
 Structures subjected to single impact. 
 Concrete reinforcement, steel rebars. 

2.2 MATERIALS 

Part 1-9 covers the structural steel grades and connecting devices 
listed in EN 1993-1-1, Sections 3.2 and 3.3, with extension to higher 
structural steel grades given in EN 1993-1-12, namely: 

 Structural steel grades S235 to S700, according to EN 10 025, 
EN 10 149, EN 10 210 and EN 10 219. 

 Austenitic and Duplex stainless structural steels according to 
EN 10 088. Note that although there are differences in mechanical 
behaviour between structural steel and structural stainless steel alloys, 
it has been shown that the fatigue curves and rules for ferritic steels 
can be applied to welded stainless steel alloys (excluding 
environmental considerations). 

 Structural steels with improved atmospheric corrosion resistance, 
according to EN 10 025-5. 

Part 1-9 may be used for other structural steels, provided that adequate 
and sufficient data exist to justify the application. It only applies to materials 
which conform to the toughness requirements of EN 1993-1-10, see Chapter 
6. The influence of corrosion on fatigue strength is developed in the next 
section. 

2.3 CORROSION 

Severe corrosion acts like sharp notches, considerably reducing the 
lifetime of the structure under fatigue loading. Normal steel grades must 
therefore have adequate corrosion protection such as: 

 Paint systems according to ISO 12944 (1998); 
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 Hot-dip galvanizing (with care to avoid steel embrittlment (Feldmann 
et al, 2008) (Pargeter, 2003); 

 Cathodic protection; 
 Self-protecting layers such as the one developing on weathering and 

stainless steels. 

Weathering steel grades can be left unprotected in mild corrosive 
environments such as structures exposed to rain washing and sun drying, 
free of salt, where details do not trap debris, do not stay wet for long periods 
of time, and are regularly maintained (acid rain is not considered an 
especially severe condition). The protective oxide layer that develops is 
however rougher than the surface of a normal carbon steel and thus reduces 
the fatigue strength for the higher fatigue classes. In other words, for plain 
member details in classes 160, 140 and 125 (details 1 to 5 from Table 8.1, 
EN 1993-1-9), the next lower category must be used if the detail is made 
with weathering steel, that is categories 140, 125 and 112, respectively, 
instead of the original ones. In all other cases, the details can be classified 
into standard detail categories since slight corrosion notches have less 
influence than the geometric imperfections or the welding produced notches. 

Stainless steels do not have the problem of weathering steels and all 
detail categories are the same as for corrosion protected carbon steels. 

Nevertheless, it should be emphasised that welding in addition to 
excessive corrosion notches reduce severely the fatigue strength of all types 
of steel. Special attention regarding corrosion protection should be given 
under the following circumstances: 

 steel structures in marine environments (250-500 m from the sea), or 
subjected to salt-laden fogs, 

 where run-off from de-icing salt reaches the structure and is not 
washed off by rain, 

 where there are highly corrosive chemicals or industrial fumes in the 
atmosphere. 

2.4 TEMPERATURE 

The effects of temperature on the fatigue strength of a detail should be 
checked. Generally speaking, it has been shown for structural steels and 
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aluminium alloys that there is no significant change in fatigue crack growth 
rates with low temperatures, down to service temperatures of –50°C, unless 
brittle fracture becomes the governing crack propagation mode (Schijve, 
2001). Thus, for structural steels, a proper choice of material to avoid brittle 
fracture is sufficient in most cases and the effects of low temperatures do not 
need to be further considered in fatigue design and verification. In particular 
cases of exposure to low temperatures such as structures in arctic regions 
and cold storage cells for example, specific studies should be carried out and 
high quality steels should be used. 

In this book, temperatures above 150°C are not considered as they fall 
outside of the scope of EN 1993-1-9. The onset of the influence of high 
temperatures on fatigue strength strongly depends upon the material and 
other environmental conditions. For example, the fatigue strength of a 
stainless NiCrMo steel is not affected until 400°C (Schijve, 2001), as for 
structural aluminium alloys it is already affected at 70°C (IIW, 2009). Since 
a reduction in the fatigue strength for structural steels can occur at 
temperatures exceeding 100°C, a conservative design approach is 
recommended. As a general rule, it can be said that the reduction of the 
fatigue strength is proportional to the ratio between the elastic modules at 
service and room temperature. If the elastic modulus at the service 
temperature is not known, the reduced fatigue strength, ΔσC,temp, can be 
computed using the following formula (IIW, 2009): 

 , 6 6 21.045 290 10 1.3 10C temp

C

T T− −Δ
= − ⋅ ⋅ − ⋅ ⋅

Δ
σ

σ
 (2.1)

where 
T temperature in Celsius.  

The use of such a reduced fatigue strength rule due to high 
temperature effects cannot be made systematically. In some domains such as 
pressure vessels and pipelines, some specific rules exist. EN 1993-3-2 
contains the following rule for the influence of high temperature on fatigue 
behaviour of towers and combined effects of temperature and applied 
stresses: for chimneys made of heat resistant alloy steels which are used at 
temperatures above 400°C, the addition of the temperature induced damage 
with the fatigue damage should be duly accounted for. The temperature limit 
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beyond which the material stability deteriorates should be determined, and 
fundamental understanding of the material behaviour is important. High 
temperature fatigue problems require experimental research while 
knowledge of material science is indispensable for planning research 
(Schijve, 2001). The authors thus recommend using a design by testing 
approach as explained in sub-chapter 4.3. 

2.5 LOADING RATE 

The loading frequency has, up to approximately 100 Hz, no influence 
on the fatigue behaviour of steel structures. However, under the combined 
effects of cyclic loading and corrosion, or cyclic loading and high 
temperatures, the loading frequency has a significant influence on crack 
propagation. But since these combinations are excluded from the scope of 
EN 1993-1-9, the standard does not include any information on loading 
frequencies. In cases of combined effects, the engineer is advised to use a 
design by testing approach, see sub-chapter 4.3. 

2.6 LIMITING STRESS RANGES 

According to EN 1993-1-9, the stress ranges (nominal, corrected 
nominal, or structural stress at the hot spot) under the frequent combination 
of action effects ψ1·Qk (see EN 1990), are limited to a maximal value of 1.5fy 
under direct stresses (according to the terminology used in EN 1993-1-9) and 
to 1.5fy /√3 under shear stresses. The maximal possible stress range Δσ = 2·fy 
is limited to the value 1.5fy. In design, ultimate static strength limit states 
will usually govern, so that this criteria, is of secondary importance, except 
for hybrid girders.  

The limitation of the stress range to the value 1.5·fy refers to the region 
of oligo-cyclic fatigue (up to max 50 000 load cycles, see section 1.1.3), 
where the use of the fatigue strength equation would lead to values highly 
exceeding the yield stress, or the ultimate strength. From the stress range 
limitation one can deduce also a limiting number of cycles value through the 
relationship (2.2): 
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f

⎛ ⎞Δ
≥ ⋅ ⎜ ⎟⎜ ⎟

⎝ ⎠

σ
 (2.2) 

For the detail category 160 and a steel grade S235, this relationship 
leads to N ≥ 187000 cycles. This value is superior to the 50000 cycles 
mentioned before; it represents an upper bound value for limiting number of 
cycles between short life and long life. This limitation between short life and 
long life is of importance in the domains of pressure vessels, silos and tanks; 
these structures are subjected to a small number of cycles, but of very high 
magnitude. In EN 1993-4-1 (silos) for example, for silos classified in 
consequence classes 2 and 3, e.g. large silos (see section 1.3.4) it is required 
that parts of the structure subjected to severe bending should be checked 
against fatigue and cyclic plasticity limit states using the procedures given in 
EN 1993-1-6 and EN 1993-1-7 as appropriate. Silos of small capacities 
(consequence class 1) are excluded from any fatigue or cyclic plasticity 
verifications. 

A limit on the stress range is also necessary for hybrid girders. Recall 
that hybrid girders are structural members where, usually, two different 
grades of steels are combined. Typically, one can find such girders in the 
shape of I-plate girders in bridges. Because of the higher stresses they are 
subjected to, the design calls for flanges made of a high strength steel grade, 
while for the web, because of plate stability limitations, a lower steel grade is 
used. Under static loading, as shown in Figure 2.1, the part of the web next 
to the tension flange will yield before the latter. At the static ultimate limit 
state, this early yielding of the web has no influence, as long as the web and 
the weld between the flange and the web have sufficient ductility. One can 
just mention that the resulting deflections, compared with a girder made 
entirely with the high strength steel grade, will be somewhat larger at the 
service limit state. 

Under fatigue loading, the yielding and shakedown of the self-
equilibrated stresses occurring during the first cycles in a hybrid girder will 
be similar to those occurring in a “single steel grade” girder. Since fatigue 
strength of welded members is independent of steel grade, the fatigue 
strength of a hybrid girder is identical to that of a girder made out of a single 
material. However, there is still the 1.5 times yield stress limit. 
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Since there are different yield stress values, it has been shown that the 
limit on the stress range in the web, ΔσWeb, can be set in function of the yield 
stress of the flange material, fy,Flange (and not the one from the web). For the 
web, a higher maximal stress range value is thus possible, namely: 

 ,1.5Web y FlangefσΔ ≤  (2.3)

 

 
Figure 2.1 – Hybrid girder stress-strain fatigue cycles. 
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Chapter 3 

DETERMINATION OF STRESSES AND 
STRESS RANGES 

3.1 FATIGUE LOADS 

3.1.1 Introduction 

For structures subject to fluctuating stresses, the fatigue loads are 
represented by fatigue load models and/or groups of loads and their number 
of occurrences, as given in the relevant parts of Eurocode 1 - Actions on 
Structures. Fatigue load models may differ from the load models of the 
Ultimate Limit State (ULS) and Serviceability Limit State (SLS). Depending 
upon the type of structure, a fatigue load can either be given as a moving 
load (like trucks on a bridge) or as a load range acting at a fixed location 
(wind on a mast).  

In Eurocode 1, fatigue loads are given as: 

 standardized load groups Qi and their corresponding frequencies of 
occurrence or ni, 

 a maximum or damage equivalent constant load QE and its frequency 
of occurrence or nmax, 

 a damage equivalent constant load QE,2 related to 2·106 load cycles. 

Dynamic effects are to be accounted for in the definition of the fatigue 
load models. Different cases are presented in the following paragraphs 
according to the type of structure. 

For typical fatigue-stressed structures, Table 3.1 contains the relevant 
Eurocode standards in which the fatigue loads are defined. For other 
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structures, see indications in section 3.1.8. 
 

Table 3.1 – Overview of Eurocode standards to assess the fatigue strength of 
different structures 

Structure 
Relevant fatigue
actions from 

Standard 
Related standard 
load or load 
range 

Road bridges Road vehicles EN 1993-2 EN 1991-2 
Railway bridges Trains EN 1993-2 EN 1991-2 
Crane supporting 
structures 

Cranes EN 1993-6 EN 1991-3 

Masts and towers 
of chimneys 

Wind EN 1993-3-1 EN 1991-1-4 

Silos and tanks 
Loads from filling 
and emptying 

EN 1993-4-1  
EN 1993-4-2 

EN 1991-4 

3.1.2 Road bridges 

For road bridges, the fatigue loads are defined in EN1991-2. Overall, 
five different fatigue load models denoted FLM1 to FLM5 are given. These 
models correspond, in principle, to various uses, in so far as it was decided, 
from inception, that the Eurocode should give (Calgaro et al, 2009): 

 one or more rather pessimistic loads models to quickly identify in 
which parts of the structure a problem of fatigue could appear, 

 one or more models to perform usual simple verifications, 
 one or more models to perform accurate verifications (based on 

damage accumulation calculation). 

The above, as well as the format of fatigue verification used in the 
associated Eurocodes will decide which model is more appropriate. The 
associated Eurocodes are: EN1993-2 for a steel bridge and EN1994-2 for a 
composite steel and concrete bridge. 

The models FLM1 and FLM2 are used to verify that the bridge 
lifetime is infinite regarding the fatigue phenomena. It means that no fatigue 
crack propagation could occur in any structural detail of the bridge. Such 
verification requires the definition of a constant amplitude fatigue limit 
(CAFL), which is not always the case (for instance the S-N curves for shear 
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have no CAFL). In the model FLM2, only one lorry travelling on the slow 
lane of the bridge is considered. It can be used if the effect of a second (or 
more) lorry on the bridge deck can be neglected and then FLM2 is more 
precise than FLM1. 

The models FLM3, FLM4 and FLM5 are used to verify that the bridge 
has a correct lifetime, coherent with the project assumptions, regarding the 
fatigue phenomena. The verification should be based on the S-N curves 
defined in the different Eurocodes. Each model is aimed at representing the 
whole traffic, as a single vehicle (model FLM3) in a very simple way, as a 
set of equivalent lorries (model FLM4), or as a traffic registration (model 
FLM5) in a very precise (but complex) way. If the effect of a second (or 
more) lorry on the bridge deck can be neglected, the model FLM4 is more 
precise than the model FLM3. 

3.1.2.1 Fatigue load model 1 (FLM1) 

This model derives from the principal characteristic load model for 
road bridges, called LM1 and defined in EN1991-2. LM1 is set up with a 
uniform design load (UDL) and tandem system (TS). For the traffic lane i, 
FLM1 is the superposition of 0.7 Qik (for characteristic TS) and 0.3 qik (for 
the characteristic uniform design load). FLM1 is thus close to LM1 frequent 
values and as it is defined, it is very conservative (Calgaro et al, 2009). 

In practice, this model is not called for by the generic parts or 
associated Eurocodes. This is due to the fact that the frequent SLS 
combination of actions, used for other verifications than fatigue and already 
calculated, is very similar and defined with the frequent LM1, (i.e. 
0.75 0.4ik ikQ q+ ). For instance, the criterion for oligo-cyclic fatigue defined 
in EN 1993-1-9, 8(1), is based on this frequent SLS combination. In this 
case, there is no need for specifying a number of cycles. 

3.1.2.2 Fatigue load model 2 (FLM2) 

This model is a set of frequently idealised lorries which are defined in 
EN 1991-2 (Table 4.6) and reproduced below, Table 3.2. Each lorry has a 
frequent axle load value, Qik, and should cross the bridge alone in the 
appropriate slow traffic lane. The aim is to determine a maximum stress 
range (for the set of lorries) that should be compared to the CAFL. With 
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such a verification, there is no need for specifying a number of cycles. As 
this approach requires a very reliable calibration (not yet performed), this 
model 2 is not called for by the different associated Eurocodes. 

 
Table 3.2 – Set of frequent lorries for road bridges, fatigue load model 2  

(source EN 1991-2, Table 4.6)
1 2 3 4 

LORRY SILHOUETTE 
Axle 

spacing 
(m) 

Frequent 
axle 
loads 
(kN) 

Wheel 
type 

(see Table 
4.8, EN 
1991-2) 

4.50 
90 

190 
A 
B 

4.20 
1.30 

80 
140 
140 

A 
B 
B 

 

3.20 
5.20 
1.30 
1.30 

90 
180 
120 
120 
120 

A 
B 
C 
C 
C 

 

3.40 
6.00 
1.80 

90 
190 
140 
140 

A 
B 
B 
B 

4.80 
3.60 
4.40 
1.30 

90 
180 
120 
110 
110 

A 
B 
C 
C 
C 

3.1.2.3 Fatigue load model 3 (FLM3) 

This simplified fatigue load model consists of a 4 axles single vehicle 
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with a weight of QE = 120 kN per axle (see Figure 3.1). Its use is associated 
with the concepts of the equivalent stress range at 2 millions cycles and 
damage equivalent factors (see section 3.2), so that the fatigue load model 3 
is of high practical importance for engineers. 

The model 3 crosses the bridge in the mid-line of the slow traffic lane 
defined in the project. A second 4 axles vehicle, with a reduced load of 
36 kN per axle, can follow the first one with a minimum distance equal to 
40 m. This can govern the fatigue design of a structural detail located on an 
intermediate bridge support, each adjacent span being loaded by one of the 
two lorries.  

 

 
Figure 3.1 – Fatigue load model 3 for a road bridges according to EN 1991-2 

 
Since verification can be made with respect to finite fatigue life, there 

is a need for specifying a number of cycles, which is expressed as a traffic 
category on the bridge. A traffic category should be defined by at least (EN 
1991-2): 

 the number of slow lanes, 
 the number Nobs of heavy vehicles (maximum gross vehicle weight 

more than 100 kN), observed or estimated, per year and per slow lane 
(i.e. a traffic lane used predominantly by lorries). 

Indicative values are given in EN 1991-2 and reproduced in Table 3.3, 
but the national annexes may define traffic categories and numbers of heavy 
vehicles. 
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Table 3.3 – Indicative numbers of heavy vehicles expected per year and per slow 
lane (source EN 1991-2) 

Traffic categories Nobs per year and per slow lane 

1 
Roads and motorways with 2 or more 
lanes per direction with high flow rates 
of lorries 

2.0.106 

2 
Roads and motorways with medium 
flow rates of lorries 0.5.106 

3 
Main roads with low flow rates of 
lorries 0.125.106 

4 
Local roads with low flow rates of 
lorries 0.05.106 

 
On each fast lane (i.e. a traffic lane used predominantly by cars), 

additionally, 10% of Nobs may be taken into account. 
It should be noted that there is no general relation between traffic 

categories for fatigue verifications and the ultimate strength loading classes 
and associated adjustment factors. The establishment of the FLM3 was 
performed using data from measurements of real traffic on the motorway 
Paris-Lyon at Auxerre, France (Sedlacek et al, 1984). Within this fatigue 
load model are already included effects of the flowing traffic, such as the 
pavement quality and dynamic responses of the bridges. 

3.1.2.4 Fatigue load model 4 (FLM4) 

This model is a set of five “equivalent” lorries. Each lorry is assumed 
to cross the bridge alone and represents a certain percentage of the heavy 
traffic according to the road type (long distance, medium distance, or local 
traffic), see Table 3.4. This FLM4 model also needs the definition of Nobs 
which is the total number of lorries crossing the bridge per year. It can be 
taken from the indicative percentage values given in EN 1991-2 or should be 
defined in the bridge specifications according to the road type or traffic 
measurements. Its use is associated with the verification using the damage 
accumulation method, see sections 1.1.4 and 5.4.4. 
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Table 3.4 – Set of equivalent lorries for road bridges, fatigue load model 4  
(source EN 1991-2, Table 4.7) 

VEHICLE TYPE  
(corresponding wheel type, see Table 3.2) 

TRAFFIC TYPE AND 
LORRY PERCENTAGE 

1 2 3 4 5 6 

LORRY SILHOUETTE 

Axle 

spacing 

(m) 

Frequent 

axle 

loads 

(kN) 

Long 

distance 

Medium 

distance 

Short 

distance 

 
4.50 

70 
130 

20 40 80 

 

4.20 
1.30 

70 
120 
120 

5 10 5 

 

3.20 
5.20 
1.30 
1.30 

70 
150 
90 
90 
90 

50 30 5 

 

3.40 
6.00 
1.80 

70 
140 
90 
90 

15 15 5 

 

4.80 
3.60 
4.40 
1.30 

70 
130 
90 
80 
80 

10 5 5 

3.1.2.5 Fatigue load model 5 (FLM5) 

This model is the most general one and consists of registered traffic 
data. Its use is associated with statistical tools, first to identify and count the 
stress ranges (using the reservoir or rainflow methods) and secondly to 
extrapolate the bridge fatigue life from short registered period(s) and from a 
set of assumptions regarding the future traffic evolution. 
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3.1.3 Railway bridges 

Similarly to the road bridges, the fatigue loads for railway bridges are 
defined in EN 1991-2. However, in the case of railway bridges for the 
fatigue verification using the damage equivalence concept, a special fatigue 
load model was not developed. Instead, the characteristic fatigue loads are 
obtained from the static load model 71 (or SW/0 in case of continuous beams 
or SW/2 for heavy loads), as shown in Table 3.5, but excluding the ultimate 
strength design adjustment factor. The fatigue load model has to be placed 
on each of the tracks; thus the internal forces obtained correspond to the 
maximum effects of all tracks loaded. 

The influence of the train speed, the structure rigidity, the track 
quality as well as other different influences are considered by the dynamic 
factor Φ2. This simplified procedure for the dynamic effects is not valid for 
high speed trains (> 200 km/h). In this case, a specific dynamic analysis is 
required for paying attention to the fatigue stress ranges induced by 
vibrations or resonance phenomena. 

The fatigue assessment should be carried out on the basis of the traffic 
mixes: "standard traffic", "traffic with 250 kN-axles" or “light traffic mix”, 
depending on whether the structure carries standard traffic mix, 
predominantly heavy freight traffic or light traffic (EN 1991-2). The 
derivation of the damage equivalent factors is based on exactly defined 
traffic compositions:  suburban traffic and goods traffic, which are indicated 
informatively in the EN 1991-2 Annex D with 12 different train types and 
their daily frequencies and weights. Numbers of trains or cycles are given 
but the damage equivalent factors do not refer to those as it was found not to 
be the most relevant parameter. Instead, the traffic volume is used. The 
indicative value of standard traffic is 25 million of tons per year and per 
track. 
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Table 3.5 – Load model 71 and SW/0 
Type Geometry and load diagram 

Load model 71 

 

SW/0 
 

a = 15 m ; c = 5.3 m ; qvk = 133 kN/m 

SW/2 
 

a = 25 m ; c = 7.0 m ; qvk = 150 kN/m 
 

3.1.4 Crane supporting structures 

For crane supporting structures, the fatigue loads are given in 
EN 1991-3. The crane variable loads are primarily due to the variation of the 
lifted load and the movement of the crane along the runway beam. For the 
fatigue verification, the static load model should be used as there is no 
specific fatigue load model defined. Figure 3.2 gives the load arrangements 
to obtain the relevant vertical actions to the runway beam. Cranes loading 
classification for fatigue can be made according to the recommendations 
given in EN 1991-3, Annex B - Table B1, which makes the link between the 
service classes (Si, see Table 3.6) and the hoisting classes (HCi) 

 

a) Load arrangement of the loaded crane to obtain the maximum loading on the 
runway beam.  

unlimited unlimited 
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b) Load arrangement of the loaded crane to obtain the minimum loading on the 
runway beam. 
 

Figure 3.2 – Load arrangements to obtain the relevant vertical actions on the runway 
beams (from EN 1991-3) 

 
For normal service condition of the crane the fatigue loads may be 

expressed in terms of damage equivalent fatigue load QE (that may be taken 
as constant for all crane positions to determine fatigue load effects). 
However, in the case of fatigue verifications, specific dynamic impact factor 
values ϕfat are given, which differ from the values for the bearing capacity 
limit state. The damage equivalent fatigue load QE is given in Equation (3.1). 

 ,E f at max iQ Qϕ= ⋅  (3.1)

where 
Qmax,i maximum value of the characteristic vertical wheel load i, 
φfat  damage equivalent dynamic impact factor 

Detailed information on the new European rules for crane supporting 
structures can be found in Kuhlmann et al (2003). The number of stress 
cycles can be higher than the number of crane working cycles (EN 1993-6, 
figure 9.1), as shown in Figure 3.3 for the local stresses due to wheel 
passages (see sub-section 5.4.7.3). In these cases, according to 2.12.1(4) of 
EN 1991-3, the damage equivalent fatigue load should be used in 
conjunction with this higher number as the total number of working cycles 
(Table 2.11 of EN 1991-3). 
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Figure 3.3 – Two stress cycles rising from one crane working cycle  
(source EN 1993-6) 

 

Table 3.6 – Classification of the fatigue actions from cranes into service classes 
according to EN 13001-1
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3.1.5 Masts, towers, and chimneys 

For slender buildings like masts, towers and chimneys, evidence of 
fatigue due to wind is becoming increasingly important. It is the subject of 
recent research activities, see for example Schaumann and Seidel (2001), 
Schmidt and Jakubowski (2001) and Verwiebe (2003). Niemann and Peil 
(2003) makes an overview of fatigue due to wind. The two main wind 
vibration mechanisms are, according to Niemann and Peil (2003): 

 self excited (intrinsic) vibrations, which are in the wind direction (i.e. 
along-wind vibrations) and  

 vortex-induced vibrations, which occur perpendicular to the wind 
direction (e.i. cross-wind vibrations). 
The along-wind vibrations occur because the force exerted by the 

wind varies with the wind speed and its associated turbulence. Their 
intensities depend upon the natural frequency of the structure and structure-
wind interaction. This is a broad-band process which leads to a spectrum of 
different stress ranges with a relatively small total number of cycles (in 
comparison to vortex-shedding). 

In case of two or more structures, wake interferences may occur. The 
most common vibrations a chimney downstream of other chimneys can 
experience are buffeting and galloping. Buffeting is defined as the unsteady 
loading of a structure by velocity fluctuations in the incoming flow and not 
self-induced. Buffeting vibration is the along-wind vibration produced by 
turbulence (Simiu and Scanlan, 1986). Galloping is caused by variation in 
drag and lift forces in the wake of a chimney that can lead to cross-wind 
oscillations in the downstream chimney. Single flexible structures with non-
circular cross sections or sections on which ice has formed are also prone to 
galloping as a self-induced cross-wind vibration mode. 

For assessing fatigue loading from along-wind vibrations, see 
EN 1993-3-1, section 9.2.1. The number of load cycles for gust response, Ng, 
is given in EN 1991-1-4, annex B.3. The relationship links a wind effect 
value ΔS (pressure range, force range, or displacement range) to the number 
of times it is reached or exceeded during a period of 50 years, see Equation 
(3.2). Furthermore, the relationship is normalized as a percentage of the 
characteristic wind force value Sk. 
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 ( )2
0.7 log 17.4 log 100g g

k

S N N
S
Δ = ⋅ − ⋅ +  (3.2)

where 
Sk  wind force, or its effect, due to a 50 years return period wind 

action, 
ΔS  wind force range occurring or exceeded Ng times during 

service life (50 years). 
As for vortex-shedding, this phenomenon occurs when vortices are 

shed alternately from opposite sides of the structure. This gives rise to a 
fluctuating load perpendicular to the wind direction (i.e. cross-wind 
vibrations). This is a narrow-band process which leads to a very large 
number of cycles of the same range. In EN 1993-3-2, a note is given which 
can be taken as general rule; fatigue from cross-wind vortex vibrations 
normally governs chimney design, thus the fatigue verification related to 
inline forces need normally not to be undertaken. Apart from the wind 
effects, the dynamic system performance (e.g. damping) is also of great 
importance. The vortex-induced amplitudes may be reduced by means of 
aerodynamic devices (only under special conditions, e.g. Scruton numbers 
larger than 8) or damping devices supplied to the structure (tuned mass 
dampers, etc.). 

For the case of the vortex-induced lateral vibrations, a procedure for 
the determination of the stress range spectrum is given in EN 1991-1-4, 
Appendix E. For light steel structures, the lateral vibrations usually occur 
with the same amplitude (by opposition to concrete structures), thus the load 
spectrum is narrow-banded and the load spectrum factor can be taken as a 
constant (load spectrum factor kQ = 1.0). The value of the stress range, Δσ, is 
computed from the maximum system deflection amplitude yF,max. For the 
determination of this maximum system deflection, two different procedures 
are indicated in EN 1991-1-4; they use the dynamic characteristics such as 
the Strouhal number and the Reynolds number. 

The relevant number of load cycles caused by vortex shedding, Nv, is a 
function of the frequency of occurrence of the critical wind velocity for 
vortex-induced vibration. According to EN 1991-1-4, the number of 
vibration cycles is to be determined in accordance with the relationship (3.3), 
which is based upon a Weibull type distribution for the frequency of 
occurrence of the critical wind velocities per year and under the assumption 
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of a 50 year service life. 
The number of load cycles Nv caused by vortex-induced vibration is 

given by (EN 1991-1-4, section E.1.5.2.6, expression E.10): 

 
2 2

0
0 0

2 expcrit crit
v y

v vN T n
v v

ε
⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟= ⋅ ⋅ ⋅ ⋅ ⋅ −⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 (3.3)

where 
ny  natural frequency of cross-wind mode [Hz]. Approximations 

for ny are given in EN 1991-1-4, Annex F, 
vcrit critical wind velocity in [m/s] given in EN 1991-1-4, annex 

E.1.3.1, 
v0  2 times the modal value of the Weibull probability 

distribution assumed for the wind velocity [m/s], 
T  service life in seconds, which is equal to 3.2 · 107 multiplied 

by the expected service life in years, 
ε0  bandwidth factor describing the range of wind velocities 

with vortex-induced vibrations (in the range 0.1 to 0.3. It 
may be conservatively taken as ε0 = 0.3). 

In the case of guyed masts, the fatigue performance of guys should be 
verified using the procedures given in EN 1993-1-11 for cables, see sections 
3.1.7 and 4.2.10. The example of a steel chimney subjected to wind loading 
is now presented. 

 

Example 3.1: Application to a chimney (worked example 2), computation of 
wind loads for fatigue from vortex shedding. 

In this application, only the case of vortex shedding induced vibrations and 
fatigue is checked (cross-wind vibrations). In certain cases, one should also 
check gust winds fatigue (along-wind vibrations). Wind loads on the 
chimney described in section 1.4.3 are now computed according to EN 1991-
1-4. 

From sub-section 1.4.3.2, the chimney has the following dimensions: 

55mh =  
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=1630mm

= 33.7

b
h
b

λ =
 

an equivalent total mass per unit length of 340 kg/mem =  
a structural damping logarithmic decrement of 0.012Sδ =  

and a logarithmic decrement given by 0.03=δ  

Terrain roughness 

The chimney is located in a suburban terrain, in a flat area with regular cover 
of buildings; thus it is classified as a terrain category III (EN 1991-1-4, 
annex A). 

The roughness factor, cr(z) (EN 1991-1-4, section 4.3.2), is given by: 

( ) 0

min

ln z z z

( )

r min max
r

r min

zk
c z z

c z z z

⎧ ⎛ ⎞
≤ ≤⎪ ⎜ ⎟= ⎨ ⎝ ⎠

⎪ ≤⎩

 

where 
z0 roughness length 
kr terrain factor depending on the roughness lenght z0  

The roughness length z0 is given
 
in Table 4.1 of EN 1991-1-4, section 4.3.2, 

as 0 0.3m z =  with 5mminz =  and 0,II =0.05mz  

The terrain factor, kr, is given by: 

0.07 0.07
0

0,II

0.30.19 0.19 0.266
0.05r

zk
z

⎛ ⎞ ⎛ ⎞= ⋅ = ⋅ =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠  

The chimney satisfies the criteria for checking vortex shedding at section 
where vortex shedding occurs (i.e. h/b > 6 and vcrit,1 ≤ 1.25vm, EN 1991-1-4, 
section E.1.2). 

Dynamic characteristics of the chimney (EN 1991-1-4, Annex F) 

Fundamental flexural frequency (1st mode) (EN 1991-1-4, section F.2) 
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1
1 2 2

1000 1.63 0.84 0.586 Hz
50.5

s

teff

Wb
n

Wh
⋅ ⋅= = =

ε

 

where 

heff is the effective height, taken as the total height: 50.5 meffh =   

s

t

W
W

structural to total weight ratio: 0.84s

t

W
W

=  

1ε
 
is equal to 1000 for steel chimneys 

Critical wind velocity for bending vibration mode 1 (EN 1991-1-4, section 
E.1.3.1): 

1
,1

0.5861.63 5.30 m/s
0.180crit

n
v b

St
= ⋅ = ⋅ =

 
where St is the Strouhal number for cylindrical cross sections (EN 1991-1-4, 
section E.1.3.2), St = 0.180 

Scruton number (EN 1991-1-4, section E.1.3.3) 

2 2

2 2 0.012 340 2.46
1.25 1.63

s em
Sc

b
⋅ ⋅ ⋅ ⋅= = =

⋅ ⋅
δ

ρ
 

where

 ρ is the air density (EN 1991-1-4, section E.1.3.3), ρ = 1.25 kg/m3 
( )340kg/m equivalent totalmass per unit lengthem =  

Reynolds number (EN 1991-1-4, section E.1.3.4) 

( ) ,1 5
,1 6

1.63 5.3 5.76 10
15 10

crit
crit

b v
Re v

v −

⋅ ⋅= = = ⋅
⋅

 

where v is the cinematic air viscosity (EN 1991-1-4, section E.1.3.4),
 

6 215 10 m /sv −= ⋅  

Cross-wind amplitude (EN 1991-1-4, section E.1.5.2) 

Calculation of the cross-wind amplitude yF,max using approach 1 (general 
approach). The effective correlation length for the 1st vibration mode, L1, 
(see Figure 3.4), depends on the vibration amplitude yF,max according to EN 
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1991-1-4, section E.1.5.2.3: 

, 1

, ,1

, 1

0.1 6

0.1 4.8 12

0.6

F max

F max F max

F max

y L
b b

y yL
b b b

y L
b b

⎧
< ⇒ =⎪

⎪
⎪ ≤ < 0.6 ⇒ = + ⋅⎨
⎪
⎪

≥ ⇒ =12⎪
⎩

 

                       1st mode shape 

 
Figure 3.4 – Chimney 1st mode correlation length (EN 1991-1-4) 

 
Adopting an iterative procedure, assuming for the 1st iteration: 

,max
10.1 6 9.78 mFy

L b
b

< ⇒ = ⋅ =  

The effective correlation length factor, Kw, can be approximated by (EN 
1991-1-4, section E.1.5.2.4): 

2
1 1 113 1

3w
L L L

K
b b b

⎡ ⎤⎛ ⎞= ⋅ ⋅ − + ⋅⎢ ⎥⎜ ⎟⋅ ⋅ ⋅⎝ ⎠⎢ ⎥⎣ ⎦λ λ λ
 

29.78 9.78 1 9.78    3 1 0.444
1.63 33.7 1.63 33.7 3 1.63 33.7

⎡ ⎤⎛ ⎞= ⋅ ⋅ − + ⋅ =⎢ ⎥⎜ ⎟⋅ ⋅ ⋅⎝ ⎠⎢ ⎥⎣ ⎦
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The mode shape factor, K, (EN 1991-1-4, section E.1.5.2.5 and Table E.5, 
section E.1.5.2.4 ) is given by: 

K = 0.130 

The basic value for the lateral exciting force coefficient, clat,0, (EN 1991-1-4, 
Section E.1.5.2.2) is given by Figure E.2 as a function of the Reynolds 
number. 

clat,0 = 0.200 

The lateral exciting force coefficient, clat, (EN 1991-1-4, section E.1.5.2.2), 

is given in table E.3 as a function of crit,1

m,L

v
v

. 

Since the mean wind speed in the centre of the effective correlation is given 
by (EN 1991-1-4, Section 4.3): 

, 0 1.09998 1.0 28 30.8m/sm L r bv c c v= ⋅ ⋅ = ⋅ ⋅ =
 

where 

cr is the roughness factor: 

0

49.55( ) ln 0.266ln 1.09998
0.3r r

zc z k
z

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠  

with z =49.55 m (value at the centre of the effective correlation 
length)  

c0  is the orography factor (equal to 1.0 by default: no hills, slopes, 
etc) 

bv
 
 basic wind velocity (=28 m/s) 

,00.83  0.200crit,1
lat lat

m,L

v
c c

v
≤ ⇒ = =  

Largest lateral vibration amplitude at 1crit,v  (EN 1991-1-4, Section E.1.5.2.1): 

2 2

1360 0.444 0.13 0.200 237mm
0.180 2.46

w lat
F,max

b K K cy
St Sc

⋅ ⋅ ⋅ ⋅ ⋅ ⋅= = =
⋅⋅

or 
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, 0.237 0.145 0.1
1.63

F maxy
b

= = >  

Performing a few iterations until convergence gives: 

 Iterations 

1st 2nd 3rd 4th 

,maxFy b  9.78 10.66 10.87 10.91 

L1
 0.1<  0.145 0.155 0.158 

yF,max  0.237 0.253 0.258 

z    49.55 

 
So that the final value of the effective correlation length is L1 = 10.91 m and 
the largest lateral vibration amplitude at vcrit,1: 

, 2 258mmw lat
F max

b K K cy
St Sc

⋅ ⋅ ⋅= =
⋅  

Calculation of the range of exciting forces 

The computation of the range of exciting force can be done using a detailed 
analysis of generalized forces and vibration modes. The bending moment 
range is given by 

( ) ( ) ( ) ( )2
2 πw i,y i,y F,maxF s m s n s y= ⋅ ⋅ ⋅ ⋅ Φ ⋅

 

where 
m(s)

 
 vibrating mass of the structure per unit length (kg/m) 

s location 
( )Φ i,y s  mode shape of the structure normalized to 1 at the point 

with the maximum displacement 
 i,yn  natural frequency of the structure 

However, one can use simplified methods such as EN 1991-1-4 or Petersen 
(2000). Both methods give in this case similar results. 

Range of resultant exciting force, from Petersen (2000), page 628 
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2
,1 12 125.1N

2lat crit latP v c b L⎛ ⎞Δ = ⋅ ⋅ ⋅ ⋅ ⋅ =⎜ ⎟
⎝ ⎠

ρ
 

Note: the method from EN 1991-1-4, Annex E.1.4, formula E.6 leads to a 
similar, however smaller value, ΔPlat = 118.9 N. 

Resonance amplification factor, from Petersen (2000), page 628 
π π 105

0.03
V = = =

δ  

Bending moment range at +11490 mm 

1
1 11.49 1.02 508.3 kNm

2lat
L

M V P h⎛ ⎞Δ = ⋅ Δ ⋅ − − ⋅ =⎜ ⎟
⎝ ⎠

 

In order to account for 2nd order effects, a simplified constant amplification 
factor value equal to 1.02 is used. This amplification factor can be estimated 
using EN 1993-3-2, section 5.2.3. In this example, it could be neglected.  

Bending moment range at +2200 mm (top of manhole) 

1
2 2.20 1.02 632.6 kNm

2lat
L

M V P h⎛ ⎞Δ = ⋅ Δ ⋅ − − ⋅ =⎜ ⎟
⎝ ⎠

 

Bending moment range at +1000 mm (bottom of manhole) 

1
3 1.00 1.02 648.6 kNm

2lat
L

M V P h⎛ ⎞Δ = ⋅ Δ ⋅ − − ⋅ =⎜ ⎟
⎝ ⎠  

Note: the bending moments at top and bottom of manhole reinforcements, if 
any (located at +2300 mm and +900 mm), are assumed for simplification 
identical to those at manhole. 

Bending moment range at foundation level +350 mm 

1
4 0.35 1.02 657.3 kNm

2lat
L

M V P h⎛ ⎞Δ = ⋅ Δ ⋅ − − ⋅ =⎜ ⎟
⎝ ⎠

 

Comment: The same calculation can be made for the second vibration mode. 
For a very slender chimney (h/b > 30), which is this case, the second mode is 
as important as the first mode. It is usually the governing vibration mode for 
the fatigue verification of the upper connection due to the larger vibration 
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amplitudes near the top. Furthermore, one must consider a lower damping for 
the second vibration mode. The example will however concentrate on 
verifying the lower connections, thus using the 1st mode of vibration only. 

The number of cycles resulting from vortex shedding induced vibrations is 
computed in Example 3.5. 

 

3.1.6 Silos and tanks  

In accordance with EN 1991-4, the effects of fatigue are to be 
considered for silos and tanks if, and only if, the structure under design is 
subjected to more than one load cycle per day (average value). A load cycle 
corresponds thereby to a complete filling and emptying of the silo or tank. 

In the case of bulk silos, one must consider that they are often 
equipped with special devices for emptying the silo by vibration of an 
eccentric motor. Since “bridge” formation is possible in the bulk, the 
vibration may cause the content of the silo to fall with violence. In each case, 
one has to examine whether the result of the dynamic effects may lead to a 
fatigue problem and if so, the silo should be designed accordingly. 

 

3.1.7 Tensile cable structures, tension components 

Tension components are the scope of one specific standard: part 1-11 
of Eurocode 3. This part is limited to components that are adjustable and 
replaceable, according to the component list given for fatigue strength, see 
Table 4.3. These components are generally prefabricated products delivered 
to site and installed into the structure. However, the rules may also be 
applied to tension components that are not adjustable or replaceable, e.g. air 
spun cables of suspension bridges, or for externally post-tensioned bridges. 
The issue of fatigue is comparatively of greater concern in bridges than in 
roofs. 

Action effects linked to fatigue on tension components are: 

 Preload ; needed to avoid detensionning and resulting uncontrolled 
movement and damages to the component or the structure, 
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 Wind and rain induced oscillations, 
 Live loads, 
 Corrosion. 

The fatigue strength of tension components is strongly influenced by 
the possible bending in a tension component, by corrosion actions and their 
combined effects (corrosion-fatigue), all of which occur essentially near the 
component ends. Those are used to determine what is called the exposure 
class of the component, see Table 3.7. 

 
Table 3.7 – Determination of the exposure class of tension components 

Fatigue action 
Corrosion action 

not exposed externally exposed externally 
no significant fatigue action class 1 class 2 
mainly axial fatigue action class 3 class 4 
axial and lateral fatigue actions 
(wind & rain) 

- class 5 

 
For exposure classes 3, 4 or 5, fatigue verifications should be carried 

out using the fatigue actions from EN 1991 and the appropriate category of 
structural detail, see section 4.2.10. 

Regarding fatigue actions, one specific and important case for tension 
components is vibrations. Aerodynamic forces on a cable may be caused by 
(see EN 1991-1-4): 

a) buffeting (from turbulence in the air flow), 
b) vortex shedding (from von Karman vortexes in the wake 

behind the cable), 
c) galloping (self induction), 
d) wake galloping (fluid-elastic interaction of neighbouring 

cables), 
e) interaction of wind, rain and cable. 

 

3.1.8 Other structures 

EN 1993-4-3 deals with pipelines. In pipelines, cyclic loading can be 
divided into two classes according to the limit state reached: low cycle 
fatigue (filling, emptying cycles) or high cycle fatigue (along-wind and 
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cross-wind vibrations). More information can be found in the Eurocodes and 
in the literature, as for example in Murphy and Langner (1985). 

EN 1993-5 deals with the design of steel piling. For structures 
subjected to cyclic loadings, proper design of connections between the 
structures and the piles shall be made and adequate corrosion protection 
provided. Even if the code does not state it, fatigue analyses may be 
necessary when piles are driven or vibrated into the subsoil. 

Apart from the types of structures treated in the associated Eurocodes, 
one can further mention the following other types of civil engineering works 
that have to be designed against fatigue: 

 Sign supporting and traffic sign supporting structures. For these 
structures, fatigue design can be done similarly to masts. However, 
there are four wind-loading phenomena which can lead to vibration 
and fatigue: vortex shedding, galloping, natural wind gusts and, for 
traffic sign supporting structures, truck-induced gusts. 
Recommendations have been published in particular in the USA 
(NCHRP, 2002). 

 Offshore platforms. The different aspects of fatigue have been long 
studied for these structures: action, actions effects, stress computation, 
fatigue strength, inspection, repair and strengthening, reliability. Thus, 
there are specific codes for these structures, for example API (2005), 
DNV (2010) and DNV (2010.2). 

 Piers and wharfs. As in offshore platforms and piles, there is often a 
combination of fatigue and corrosion, which reduces fatigue strength. 
However, to the authors knowledge, no codes specifically addresses 
fatigue design for this type of structure. 

In all these other types of civil engineering works, the approach to 
fatigue design and verifications are similar to the ones presented in this 
book. 

3.2 DAMAGE EQUIVALENT FACTORS 

3.2.1 Concept 

The general concept for the damage equivalent factor, λ, is explained 
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in Chapter 1.2. It allows for taking into account real traffic effects (i.e. 
fatigue damage effect) by correcting the code load model. Equation (1.5) can 
thus be rewritten as follows: 

 ( )Ff E,2 Ff kQγ σ λ σ γΔ = ⋅ Δ  (3.4)

The λ value depends on the traffic composition and volume, the 
design working life, the fatigue load and the static system. The λ value may 
also depend on the S-N curve, that is on its slope m. Consequently, in the 
Eurocodes, the general procedure splits the factor λ into 4 different partial 
factors in order to allow for more parameters to be accounted for, as given in 
Equation (3.5). 

1 2 3 4=  but maxλ λ λ λ λ λ λ⋅ ⋅ ⋅ ≤  (3.5)

where 
λ1 factor accounting for the span length (a relation which is 

function of the influence line length, see section 3.2.2), function 
of the structure type, see relevant sections. For example, for 
road and rail bridges, see section 3.2.3 and 3.2.4 respectively; 

λ2 factor accounting for the traffic volume, function of the 
structure type, see relevant sections, for example for road and 
rail bridges, see section 3.2.3 and 3.2.4 respectively; 

λ3 factor accounting for the design working life of the structure 
(e.g. the working life of 100 years for a bridge leads to λ3 =1). 
For another design working life, the following simplified 
Equation (3.6) applies: 

  
1/

3 100

m
Ldtλ ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (3.6)

  where tLd is the design working life of the structure in years and 
m is the slope of the S-N curve. 

λ4 factor accounting for the influence of more than one load on the 
structural member, function of structure type and definition of 
the fatigue load model for computing λ1. For example for road 
and rail bridges, see section 3.2.3 and 3.2.4 respectively; 
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λmax maximum damage equivalent factor value, taking into account 
the fatigue limit. Again, it is a function of the structure type, see 
relevant sections. For example, for road and rail bridges, see 
section 3.2.3 and 3.2.4 respectively. 

Note that for crane supporting structures, this general procedure is not 
followed because of the definition of the fatigue load models. In particular, 
the factor λ4 is not given, i.e. the effect of more than one load on the crane 
beam runway is defined differently, see section 3.2.5. 

In Figure 3.5, the damage equivalent factor λ1 for road and rail bridges 
is represented as a function of the span length, L. The λ1 values depend on 
the closeness of the fatigue load model to real loadings, thus a direct 
comparison between the different curves cannot be made. However, it can be 
seen that the correction is much more significant for road bridges (λ1 ≈ 2.0) 
than for railway bridges (λ1 ≈ 1.0). This means that for road bridges, the load 
model 3 deviates substantially from the real traffic volume and loads 
whereas for railway bridges, the fatigue load model 71 approach corresponds 
to the operating traffic loads. For road bridges, to achieve the damage 
equivalence, a clearly higher partial factor λ1 is necessary. Figure 3.5 also 
illustrates that for road bridges there is a need for two different curves 
depending on the position of the detail on the bridge (mid-span or support). 

 

 
Figure 3.5 – Damage equivalent partial factor λ1 for road and rail bridges as a 

function of the critical influence line length L (Nussbaumer, 2006) 
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The limiting maximum damage equivalent factor, λmax, is dictated by 
the fact that the multiplication of the individual partial factor may result in a 
value far exceeding the one obtained from a design using the fatigue limit. 
Again, there is a significant difference between road and railway bridges. 

In the case of railway bridges, the load model represents an upper 
bound value in terms of the maximum stress range it generates. Thus, the 
limiting value is bound by the CAFL value, ΔσD. Before being rounded up to 
λmax = 1.4 as in EN 1993-2, it can be expressed as (to express the fact that 
verification is carried out at 2 million cycles):  

 
1

35 1.36
2

C
max

D

σλ
σ

Δ ⎛ ⎞= = =⎜ ⎟Δ ⎝ ⎠
 (3.7)

In the case of road bridges, it cannot be expressed as a single value 
since the load model does not represent an upper bound value in terms of the 
maximum stress range it generates. Therefore, as for the damage equivalent 
factor λ1, simulations have been carried out to define proper λmax values 
(Sedlacek and Müller, 2000). In EN1993-2, it results in values for λmax 
comprised between 1.8 and 2.7, depending on the bridge span as for λ1. 
Expressions for λmax are given in Equations (3.13) to (3.15). 

 

3.2.2 Critical influence line length 

The determination of the partial damage equivalent factors requires 
the value of the so-called critical influence line length (or also length of 
critical influence area) of the cross section and internal force under 
consideration. Eurocode 3, part 2, gives the following rules for determining 
it: 

a) for bending moments: 
• for a simply supported beam, its span length; 
• for continuous beams in mid-span regions, see Figure 3.6, the span 

length Li of the span under consideration; 
• for continuous beams in support regions, see Figure 3.6, the average 

of the two spans Li and Lj adjacent to that support; 
• for cross-girders supporting stringers, or rail bearers, the sum of the 

two adjacent spans of the stringers carried by the cross-girder 
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• for a deck plate supported only by cross-girders or cross-ribs (no 
longitudinal members), the length of the influence line relevant to 
compute the deck plate deflection, ignoring any part indicating 
upward deflection. The same applies for the supporting cross-
members. In railway bridges, the stiffness of the rails in the load 
distribution is to be accounted for. 

b) for shear, for both simply supported and continuous beams: 
• for intermediate support regions, see Figure 3.6, the span under 

consideration Li; 
• for mid-span regions, see Figure 3.6, 0.4. Li. Li being the span under 

consideration. 
c) for support reactions: 

• for abutments (i.e. end supports), the span under consideration Li; 
• for intermediate supports, the sum of the two adjacent spans Li + Lj. 

d) for arch bridges: 
• for hangers, twice the length of hangers; 
• for arch, half the span of the arch. 

 

 

Figure 3.6 – Definition of mid-span and intermediate support regions 
 

3.2.3 Road bridges 

In EN 1993-2, λ1 is only defined for fatigue details subject to stresses 
due to the global bending moment in road bridges and for span lengths 
between 10 m and 80 m. It is generally accepted to extrapolate using the 
very same formulae if the span length exceeds 80 m. 

As previously shown on Figure 3.6, a distinction is also made between 
the details located in an intermediate support region (15% of the adjacent 
span lengths) and those located in a mid-span region. 
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 In a mid-span region with a span length L (in meters): 

 1
102.55 0.7

70
Lλ −= − ⋅  (3.8)

 In an intermediate support region between a span length L1 and a 
span length L2, both in meters (see Figure 3.6): 

1 2
1

102.0 0.3  for 10m 30m
20 2

L LL Lλ +−= − ⋅ ≤ = ≤  (3.9)

( )1 2
1

301.70 0.5  for 30m  80m
50 2

L LL Lλ +−= + ⋅ ≤ = ≤  (3.10)

 For the abutments, the λ1 value in the end spans applies. 

For shear studs, since the fatigue strength curve slope coefficient is 
much higher than for other details (m = 8 instead of 3 and/or 5, see section 
4.1.1), the damage equivalent factor, called λv,1, is dealt with separately. This 
is explained in EN 1994-2 (as well as in EN 1994-1-1, 6.8.6.2). The value 
for road bridges is a constant, λv,1 = 1.55. 

For the λ2 factor, the reference value (equal to 1.0) is defined for a 
traffic in which all the lorries have the same weight (Q0 = 480 kN, the same 
weight as the Fatigue Load Model no 3 from EN 1991-2) and which contains 
N0 = 0.5·106 lorries per year and per slow lane defined on the bridge deck. 
For a different traffic, the following simplified equation is proposed in EN 
1993-2: 

 
1

2
0 0

m

ml obsQ N
Q N

λ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (3.11)

where 
Qml mean weight (in kN) of the heavy load vehicles on the slow 

lane according to the formula (ΣniQi
m/Σni)1/m , 

Nobs the number of heavy vehicles which can be expected per year 
in the slow lane, 

m  S-N curve slope; 2nd slope in the case of a S-N curve with two 
slopes (largest m value). 
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The λ3 factor accounts for the design life of the structure. It is 
obtained from Equation (3.6) in section 3.2.1. 

If the bridge has more than one slow lane, the value of the λ4 factor 
has also to be computed. Since the fatigue load model FLM3 is a single 
vehicle circulating on one lane and λ1 is defined with respect to the number 
of heavy vehicles per slow lane, then λ4 accounts for the effects of heavy 
vehicles on the other lanes and its value is thus always greater than unity. EN 
1993-2 suggests the following equation for λ4: 

 

1

4
2 1 1

1

mmk
j j mj

j ml

N Q
N Q

η
λ

η=

⎡ ⎤⎛ ⎞
⎢ ⎥= + ⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

∑  (3.12)

where 
N1 , Nj number of lorries per year in slow lane 1, respectively lane j, 

see indications in Table 3.3,  
Qm1, Qmj average gross weight of the lorries in the slow lane 1 and 

lane j respectively, 
k  total number of slow lanes, 
m  S-N curve slope; 2nd slope in the case of a S-N curve with 

two slopes (largest m value), 
η1, ηj value of the influence line for the internal force that 

produces the stress range in the middle of the lane j (with 
positive sign). 

Note that the influence of the percentage of crossings or overtakings is 
not considered (i.e., neglected in the above equation). 

For the λmax factor, as for the λ1 factor, it is only defined for fatigue 
details subject to stresses due to the global bending moment in road bridges 
and for span lengths between 10 m and, strictly, 80 m. Expressions for the 
λmax factor are as follows (see Figure 3.6 for region definition): 

 In a mid-span region with a span length L (in meters): 

 
102.5 0.5 2.0

15max
Lλ −= − ≥  (3.13)

 In an intermediate support region between a span length L1 and a span 
length L2, both in meters: 
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 1 21.8 for 30m
2max

L LLλ += = ≤  (3.14)

( )1 2301.80 0.9  for 30m  80m
50 2max

L LL Lλ +−= + ⋅ ≤ = ≤  (3.15)

 For the abutments, the λmax value used for end spans applies. 

Finally, for shear studs, λv,2, λv,3, λv,4 factors should be determined 
using the relevant equations, but using a slope coefficient m = 8, or exponent 
1/8, in place of those given to allow for the relevant fatigue strength curve for 
headed studs in shear, see section 4.1.1. Regarding λmax, the conservative 
values given in Equations (3.13) to (3.15) may be used.  

 

Example 3.2: Application to steel and concrete composite road bridge, 
determination of the partial damage equivalent factors (worked example 1). 

The side spans of the road bridge studied are 90 m long and the main spans 
are 120 m long, so that the formulae (3.8) to (3.10) for the λ1 factor can still 
be used as approximations. This leads to the Table 3.7 for a structural detail 
submitted to a stress range resulting from an applied bending moment. 
 

Table 3.8 – Partial damage equivalent factor λ1 value for road bridge detail 
Section location L (m) λ1 

In end span 90 2.55 – 0.7 (L-10)/70 = 1.75 
Around P1, P4 supports (90+120)/2 = 105 1.7 + 0.5 (L-30)/50 = 2.45 
Around P2, P3 supports 120 1.7 + 0.5 (L-30)/50 = 2.60 
In central spans 120 2.55 – 0.7 (L-10)/70 = 1.45 

 
The 2λ  factor must be used since the traffic is different from the reference 
traffic (Q0 = 480 kN, N0 = 0.5·106 lorries). The resulting value is 2 1.223λ =
and its determination is detailed in Example 3.3. Note that if it is usual to 
design with different number of lorries, Nobs, it is less common to have 
information about weight distribution of the lorries, Qml from the authority. 
The 3λ  factor follows the design working life of the structure. For a bridge 
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this lifetime is generally equal to 100 years so that λ3 = 1.0. 

The bridge example is a box-girder bridge with a large highway slab on 
which two slow lanes have to be considered (one in each direction). 
Assuming that each slow lane supports the same traffic, it means 2 1m mQ Q=  
and 2 1N N= . For a box girder bridge, each slow lane has also the same 
transverse influence in a structural detail, so 2 1η η= , and finally, assuming a 
S-N curve slope m=5, one gets using Equation (3.12): 

1 55

2 22
4

1 1 1

1 1.15m

m

QN
N Q

ηλ
η

⎡ ⎤⎛ ⎞⋅
⎢ ⎥= + =⎜ ⎟⋅⎢ ⎥⎝ ⎠⎣ ⎦

 

Finally, the product of the partial damage equivalent factors must be less 
than or equal to λmax. As for the λ1 factor, the formulae given for λmax in EN 
1993-2 can be used as approximation with regards to the span lengths used 
in the example. For a detail submitted to a bending moment, this leads to 
Table 3.9. 
 

Table 3.9 – Partial damage equivalent factor λmax value for road bridge detail 
Section location L (m) λmax 

In end span 90 2.0 
Around P1, P4 supports (90+120)/2 = 105 1.8 + 0.9 (L-30)/50 = 3.15 
Around P2, P3 supports 120 1.8 + 0.9 (L-30)/50 = 3.42 
In central spans 120 2.0 

 
Finally, the damage equivalent factor λ can be computed using expression 
(3.5), repeated below: 

1 2 3 4=  but maxλ λ λ λ λ λ λ⋅ ⋅ ⋅ ≤  

Table 3.10 summarizes the results obtained for the whole bridge. In this 
example, it can be seen that λmax governs. 

Note: for a traffic with only 60.5 10⋅  lorries per year and direction, λ would 
have governed. 
 
 
 
 



3. DETERMINATION OF STRESSES AND STRESS RANGES 

 

_____
82

 
Table 3.10 – Summary of damage equivalent factor values for road bridge example 

Section location (between 0 m and 540 m) λ 
End spans C0-P1 and P4-C5 : 
- between 0 m and 0.85*L1 = 76.5 m 
- between 463.5 m and 540 m 

2.66 (≤ λmax = 2.0) thus 2.0 

Supports P1 and P4 : 
- between 76.5 m and L1+0.15*L2=108 m 
- between 432 m and 463.5 m 

3.72 (≤ λmax = 3.15) thus 
3.15 

Supports P2 and P3 : 
- between 192 m and 228 m 
- between 312 m and 348 m 

3.95 (≤ λmax = 3.42) thus 
3.42 

Central spans P1-P2, P2-P3 and P3-P4 : 
- between 108 m and 192 m 
- between 228 m and 312 m 
- between 348 m and 432 m 

2.20 (≤ λmax = 2.0) thus 2.0 

 

Example 3.3: Determination of 2λ  for a road bridge traffic case not 
explicitly given in EN 1991-1-2 

Note: This example is not necessary for the steel and concrete composite 
road bridge example. It is an additional example based on the bridge 
example to explain the possibilities of the partial damage equivalent factors 
to solve the fatigue design of a bridge for traffic cases (service life, volume) 
not explicitly given in the codes. 

As a start, one uses Equation (3.11), repeated below, assuming a S-N curve 
slope m=5: 

1
5

2
0 0

ml obsQ N
Q N

λ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 

with Q0 = 480 kN and N0 = 0.5·106 lorries per year and per slow lane. 

obsN  and mlQ  quantify the real traffic expected on the bridge. Assumptions 
and/or measurements have to be made by the designer. 

For this example, the following assumptions have been made: 
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 obsN  = 2 000 000 lorries per year and per slow lane, 
 an average gross weight of the mean lorry deduced from 

measurements using ( )1 55
m l i i iQ n Q n= ∑ ∑ and equal to 445 

kN. 

According to these assumptions: 2λ =  1.223.
The damage equivalent factor λ can now be computed using expression 
(3.5), repeated below :

1 2 3 4=  but maxλ λ λ λ λ λ λ⋅ ⋅ ⋅ ≤  

with 1λ , 3λ , 4λ  and maxλ  computed in the same way as presented in Example 

3.2. 

Final remark: the assumptions made for the traffic indications to compute 
mlQ  in this example correspond closely to those given in EN 1991-2 for 

fatigue load model 4, with a category 2 traffic ("roads and motorways with 
medium flow rates of lorries"), a long distance traffic composition and the 
lorry loads from Table 4.7 of the EN 1993-2. 
 
 

3.2.4 Railway bridges 

In the same way as for road bridges, EN 1993-2 defines the damage 
equivalent factor for steel structural details in a railway bridge with span 
length up to 100 m. For longer spans, the values at 100 m may be used. The 
difference with road bridges is that λ1 is computed with a fatigue load model 
placed on each of the tracks. Figure 3.7 illustrates the values adopted by EN 
1991-2 for the λ1 factor. These values are smaller than 1.0 because they will 
be applied to the characteristic LM71 (or SW/0) traffic loads which have 
been proposed initially for the ultimate limit strength design. 
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Figure 3.7 – λ1 factor for railway bridges 

 
As for the influence of the traffic volume, Figure 3.8 shows the 

relationship between the traffic volume per year and the λ2 factor values. It 
can be checked that the reference case, (i.e. where λ2 is equal to unity and 
thus disappears in the verification), corresponds to a traffic volume of 
25 million tons per year and per track.  

 

Figure 3.8 – λ2 factor for railway bridges 
 

For railway bridges with more than one track, since the fatigue load 
model has to be placed on each of the tracks, λ1 is defined with respect to the 
whole bridge traffic volume (same train traffic on each track). Thus, λ4 
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accounts for the effects of not having always trains at the same time on the 
bridge and its value is thus always lower than unity. In other words, the 
design of a railway bridge with two tracks, including fatigue, is done with 
the two tracks loaded simultaneously to get the maximum possible stresses 
and stress range 1 2Δσ +  (in opposition to what is usually done in the design of 
road bridges). 

The code deals only with bridges with two tracks (or more but not 
loaded at the same time). The expression for factor λ4 is the following: 

 ( ) ( )( ) 1 555
4 1 1p p a aλ ⎡ ⎤= + + + −

⎣ ⎦  (3.16)

where  
1 1 2Δσ /Δσa +=  ratio between one and two tracks loaded, 

1Δσ    stress range in the structural detail created by the 
LM71 train on the track 1,  

1 2Δσ +     stress range in the same detail created by the LM71 
train on the two considered tracks, 

p    percentage of the total traffic that meets on the 
bridge (percentage of crossings). 

The parameter a takes the transverse distribution of the two tracks on 
the bridge into account. As for the parameter p, EN 1993-2 gives the 
indication to use a crossing percentage of 12%.  

As already explained in section 3.2.1, the λmax factor for railway 
bridges is rounded up to 1.4. 

For shear studs, as for road bridges, since the fatigue strength curve 
slope coefficient is much higher than for other details (m = 8 instead of 3 
and/or 5, see section 4.1.1), the damage equivalent factor λv,1 had to be 
computed specifically and is given in EN 1994-2. The value is not a constant 
as for road bridges, it can be determined from Figure 3.9 (extract from EN 
1994-2). The λv,2, λv,3, λv,4 factors should be determined using the relevant 
expressions, but again using a slope coefficient m = 8, or exponent 1/8, 
instead of those given. Regarding λmax, it does not exist since there is no 
CAFL nor cut-off limit. 
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Figure 3.9 – λv,1 factor for shear studs in railway bridges 

 

3.2.5 Crane supporting structures 

The damage equivalent factors indicated in EN 1991-3 for crane 
supporting structures are based on standardized stress ranges with a 
Gaussian distribution of the load effects. The complete spectrum can be 
simplified in a number of levels, at least 8 like shown in Figure 3.10. 
Standardized load spectrums are most often described using the following 
relationship (Radaj et al, 2003), given here for load ranges: 

     
n

v i
i tot

max

FN N v
F

⎛ ⎞Δ= =1− ⎜ ⎟Δ⎝ ⎠
 (3.17)

where  
Ni  number of cycles exceeding load range Δ iF , 
Ntot total number of cycles in the spectrum,  

iFΔ  load range of level i, 
Δ maxF   maximum load range in the spectrum, 
n  exponent defining the exceedance rate curve shape; n = 2 

corresponds to a Gaussian distribution. 

The linear accumulation of damage is done according to Miner’s rule 
and the fatigue strength curves contained in EN 1993-1-9 with a constant 
slope of m = 3 for direct stress ranges and m = 5 for shear stress ranges. 
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Figure 3.10 – Gaussian distribution standardised as relative stress range for crane 

supporting structures (tracks) (IIW, 2009) 
 

In computing the fatigue stress spectra, the secondary moments due to 
joint rigidity and chord member continuity in members of lattice girders, 
lattice surge girders and triangulated bracing panels should be included. 

The secondary moments in triangulated structural members may be 
computed using an adequate model of the triangulated structure, which is 
modelling properly the behaviour and stiffness of the members and joints. 
Since this is a difficult task, correction factors can also be used on the 
primary stresses. In EN 1993-6, three different cases are considered, namely: 

 members of lattice girders, lattice surge girders and triangulated 
bracing panels. In this case, secondary moments due to joint rigidity 
may be considered by using k1-factors as specified in clause 4(2) of 
EN 1993-1-9 (tables 4.1 and 4.2, originally developed for hollow 
section joints, see section 3.3.6). 

 members of open cross section. In this case, the k1-factors given in 
Table 3.11 (extracted from EN 1993-6, Table 5.4) may be used. In this 
table, the distance y represents the distance between the potential 
crack position at edge and the centroid of the member. 

 members made from structural hollow sections with welded joints. In 
this case, the k1-factors given in tables 4.1 and 4.2 of EN 1993-1-9 
may be used. 
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Table 3.11 – Coefficients k1 for secondary stresses in members of open sections 
(source Table 5.4 from EN 1993-6) 

Lattice girders loaded only at nodes 
Range of L/y values L/y ≤ 20 20 ≤ L/y < 50 L/y ≥ 50 

Chord members 
End and internal members 

1.57 
1.1

0.5 0.01 L
y+

 1.1 

Secondary members* 1.35 1.35 1.35 
Lattice girders with chord members loaded between nodes 
Range of L/y values L/y < 15 L/y ≥ 15 

Loaded chord members 
0.4

0.25 0.01 L
y+

 1.0 

Unloaded chord members 
Secondary members* 

1.35 1.35 

End members 2.5 2.5 
Internal members 1.65 1.65 

L is the length of the member between nodes; 
y is the perpendicular distance, in the plane of triangulation, from the centroid 
axis of the member to its relevant edge, measured as follows: 
- compression chord: in the direction from which the loads are applied 
- tension chord: in the direction in which the loads are applied 
- other members: the larger distance. 
 * Secondary members comprise members provided to reduce the buckling lengths 
of other members or to transmit applied loads to nodes. In an analysis assuming 
hinged joints, the forces in secondary members are not affected by loads applied 
at other nodes, but in practice they are affected due to joint rigidity and the 
continuity of the chord members at joints. 

 
The damage equivalent factor λi is the correction factor to make 

allowance for the relevant standardized fatigue load spectrum and absolute 
number of load cycles in relation to 62.0 10N = ⋅  cycles. 

 ,2 ,E fat i max iQ Qϕ λ= ⋅ ⋅  (3.18)

where 
Qmax,i maximum value of the characteristic vertical wheel load i 
  λi = λ1,i · λ2,i 
λ1,i  damage equivalent factor to make allowance for the relevant 
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standardised fatigue load spectrum 
λ2,i  damage equivalent factor to translate the number of cycles at 

2 millions  

1

, ,
1,

,max

mm
i j i jm

i
j i i j

Q n
kQ

Q n
λ

⎡ ⎤⎛ ⎞Δ⎛ ⎞⎢ ⎥⎜ ⎟= = ⎜ ⎟⎜ ⎟Δ⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
∑ ∑

 (3.19)

 

1

,

2,

m

i j
jm

i

n
nv

N
λ

⎡ ⎤
⎢ ⎥= = ⎢ ⎥
⎢ ⎥⎣ ⎦

∑
 (3.20)

Alternatively, λi can be found in EN 1991-3, Table 2.12 (reproduced 
in Table 3.12 below) after classification of the crane according to the load 
spectrum and the total number of load cycles which can be made following 
EN1991-3, Table 2.11 (reproduced in Table 3.6). 

 
Table 3.12 – λi-values according to the classification of cranes (source Table 2.12 

from EN 1991-3) 
Classes S0 S1 S2 S3 S4 S5 S6 S7 S8 S9 

Normal 

stresses 
0.198 0.250 0.315 0.397 0.500 0.630 0.794 1.000 1.260 1,587 

Shear 

stresses 
0.379 0.436 0.500 0.575 0.660 0.758 0.871 1.000 1.149 1.320 

Note 1 : In determining the λi-values, standardized spectra with a Gaussian distribution of the 

load effects, the Miner rule and fatigue strength S-N lines with a slope m = 3 for normal 

stresses and m = 5 for shear stresses have been used. 

Note 2: In case the crane classification is not included in the specification documents of the 

crane indications are given in EN 1991-3, annex B. 

 
Simplified rules exist for crane supporting structures, in particular rail 

girders, supporting more than one crane and thus subjected to combined 
action effects from those cranes. These rules are similar to those for example 
for bridges, making use of the partial damage equivalent factor λ4. In the 
absence of better information, it is recommended to take a value of λ4, which 
is called λdup in this case, equal to the values λi from Table 3.12 for a loading 
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class Si as follows: 

 for 2 cranes: 2 classes below the loading class of the crane with lower 
loading class; 

 for 3 or more cranes: 3 classes below the loading class of the crane 
with the lowest loading class. 

This leads to a slightly different expression (when compared to 
expression (3.17)), that is expression (3.21) for the equivalent characteristic 
vertical load QE,2,dup due to two or more cranes occasionally acting together.  

 ,2, ,E dup fat dup max dupQ Qϕ λ= ⋅ ⋅  
(3.21)

where 
Qmax,dup maximum value of the characteristic vertical wheel loads 

from all cranes acting together, 
λdup partial damage equivalent factor for the effects of all cranes 

acting together. 

The stress ranges are deduced from the vertical loads. Verification can use 
stress ranges or the damage accumulation, see sub-chapter 5.4. 

 

Example 3.4: Application to runway beam of crane (worked example 3) 

In this example, the fatigue loads and stresses of the runway beam of the 
crane are determined. The general description, geometry and dimensions are 
given in section 1.4.4. 

The crane is classified as Q4 (class of load spectrum) and U4 (class of total 
number of cycles) – corresponding to fatigue actions class S3 according to 
Table 2.11 of EN 1991-3 (see Table 3.6) and hoisting class HC4 (see 
Recommendations in Annex B of EN 1991-3) 

Fatigue load: 

The equivalent fatigue load QE,2 is calculated using Equation (3.18). 

,2 ,E fat i max iQ Qϕ λ= ⋅ ⋅  
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where the damage equivalent factor value from Table 3.12 is λi = 0.397, 
according to the crane classification (S3). 

The damage equivalent dynamic impact factor ϕfat for normal conditions 
may be taken, if not specified by the supplier, as the maximum of the 
following two values (EN 1991-3, § 2.12.1 (7)): 

1
,1

1
2fat
ϕϕ += =1.05   

(factor accounting for the excitation of the crane structure due to lifting the 
hoist load off the ground. For overhead travelling bridge cranes ϕ1=1.1)  
0.9 < ϕ1< 1.1 - The two values 1.1 and 0.9 reflect the upper and lower values 
of the vibrational pulses. 

and 2
,2

1
2fat
ϕϕ +=   

(factor accounting for the dynamic effects of transferring the hoist load from 
the ground to the crane) 
For computing the dynamic effects of transferring the hoist load, the 
following parameters are needed: 

2 2, 2min hvϕ ϕ β= + ⋅  

vh steady hoisting speed in m/s (specified by the supplier). A steady hoisting 
speed of vh = 0.2 m/s is assumed 
ϕ2,min and β2 from EN 1991-3, Table 2.5 (reproduced in Table 3.13 below). 
 

Table 3.13 – Values of β2 and ϕ2,min (EN 1991-3, Table 2.5) 
Hoisting class of appliance β2 ϕ2,min 
HC1 0.17 1.05 
HC2 0.34 1.10 
HC3 0.51 1.15 
HC4 0.68 1.20 

 
For HC4, β2=0.68 and ϕ2,min=1.2 

2 1.2 0.68 0.2ϕ = + ⋅ =1.336  

,2
1 1.336

2fatϕ += =1.168  
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( ) ( ),1 ,2max , max 1.05,1.168fat fat fatϕ ϕ ϕ= = =1.168  

,2  and thus to fat fatϕ ϕ=1.168 =1.168  

The equivalent fatigue load is then equal to: 

,2 1.168 0.397 73.4 kΝEQ = ⋅ ⋅ = 34.4  

Stress ranges: 

In general, the difference of bending moments can be expressed as: 

( ) ( ) ( ) ( ) ( )
( )

,2
,2 ,2 ,2 ,2

,2

1 min E
E max E min E max E

max E

M Q
M Q M Q M Q M Q

M Q

⎛ ⎞
⎜ ⎟Δ = − = ⋅ −
⎜ ⎟
⎝ ⎠

 

The stress ranges can then be calculated as 
( ),2

,2
E

E
y

M Q
z

I
σ

Δ
Δ = ⋅  

with 6 4155.8 10 mmyI = ⋅  

 

 
Figure 3.11 – Critical fatigue locations to be verified 

Table 3.14 gives a summary of the computed moments and equivalent stress 
ranges at details critical points (see Figure 3.11). Stress ranges are given 
with their signs even though the signs may be omitted. 

2

3

1

4

5
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Table 3.14 – Summary of the moments and stress ranges in the runway beam 

detail 
z  

[mm] 

Support Mid-span 
ΔM  

[kNm] 
ΔσE,2 

[N/mm2] 
ΔM  

[kNm] 
ΔσE,2 

[N/mm2] 
1 -141 -37.1 33.6 45.5 -41.2 
2 -121 -37.1 28.8 45.5 -35.3 
3 -121 -37.1 28.8 - - 
4 149 -37.1 - 45.5 43.5 
5 -98 -37.1 23.3 45.5 -28.6 

(+ for tension and – for compression) 

 

If there were two cranes working together, QE,2,dup would have to be 
computed to estimate the additional effects of two or more cranes 
occasionally acting together (see expression (3.21)). As a simplification it is 
considered that the two cranes acting together have the same fabricator 
specifications. 

λdup should be taken from Table 3.12 (using 2 classes below the loading class 
of the crane), λdup = 0.250 and consequently: 

,2,E dup fat dup max,dupQ Qϕ λ= ⋅ ⋅  

,2, 1.168 0.250 2 kNE dup max,iQ Q= ⋅ ⋅ ⋅ = 42.9  

The same procedure as before is used to compute ΔM(QE,2dup) and ΔσE,2dup. 
The results are summarized in Table 3.15. 
 

Table 3.15 – Summary of the additional moments and stress ranges in the runway 
beam with cranes occasionally acting together 

detail z [mm] 
Support Mid-span 

ΔM [kNm] 
ΔσE,2dup 
[N/mm2] 

ΔM [kNm] 
ΔσE,2dup 
[N/mm2] 

1 -141 -46.7 42.3 57.3 -51.8 
2  121 -46.7 36.3 57.3 -44.5 
3 -121 -46.7 36.3 - - 
4 149 -46.7 - 57.3 54.8 
5 -98 -37.1 29.4 45.5 -36.0 

(+ for tension and – for compression) 
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3.2.6 Towers, masts and chimneys  

In the case of towers, masts and chimneys, the damage equivalent 
factor λ serves only to transform the applied stress range ΔσE associated to N 
cycles into an applied stress range ΔσE,2 associated to 2 million cycles. Thus, 
the damage equivalent factor λ is equivalent to the partial damage equivalent 
factor λ1 and may be determined as follows: 

 
1

1 62 10

mNλ ⎛ ⎞= ⎜ ⎟⋅⎝ ⎠
 (3.22)

where m is the slope of the relevant S-N curve.  
In case of a change in the design life of the structure, expression 

(3.22) can be applied without the need for another partial damage equivalent 
factor. Since wind loadings often cause a very large number of cycles over 
the service life, instead of the above, a fatigue design using the fatigue limit 
is often necessary, see section 5.4.2. In this case, if the verification is carried 
out using directly the fatigue strength expressed as ΔσD, no damage 
equivalence factor is required λ1 = λ = 1.0. 

 

Example 3.5: Computation of total number of cycles, application to 
chimney (worked example 2) 

Number of cycles during the design life 

Using expression (3.3), the design value of the number of load cycles (50 
years), Nv, is: 

2
,1

0

2
,1 8

,1 0
0

2 10  cycles
critv
vcrit

v y

v
N T n e

v
ε

⎛ ⎞⎛ ⎞⎜ ⎟−⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
⎛ ⎞

= ⋅ ⋅ ⋅ ⋅ ⋅ = 8.6 ⋅⎜ ⎟
⎝ ⎠

 

With: 
Service life 73.2 10 50 secondsT = ⋅ ⋅  
Bandwidth factor, conservative value taken as 0 0.3ε =  

Critical wind velocity 1st mode vcrit,1 = 5.304 m/s 
Velocity linked with modal value 0 0.2 30.8 6.16m/sv = ⋅ =  
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Fundamental bending frequency, 1st mode ,1 0.586Hzyn =  

Due to the large number of load cycles (> 108), the only possible verification 
to satisfy fatigue design is to do it with the fatigue limit, see section 5.4.2. In 
other words, this means that one will require stress ranges to stay sufficiently 
low to have infinite life for all the structural details of the chimney. No 
damage equivalent factor is needed in this case, i.e. λ1 = λ = 1.0. 

3.3 CALCULATION OF STRESSES 

3.3.1 Introduction 

In EN 1993-1-9 chapters, the calculation of stresses resulting from the 
action effects is separated from the calculation of stress ranges, thus the 
authors chose to respect this separation in this manual. Another advantage of 
this separation is that one method of calculating stresses may be used in 
different methods of calculation of stress ranges. Note that dynamic effects 
are usually considered within the load models (see sub-chapter 3.1) and are 
not dealt with here. Tensile stresses are considered positive and compressive 
stresses negative, but this is in general irrelevant since only the ranges of 
cyclic stress are used in fatigue (i.e. mean stresses are neglected in welded 
structures). However, the stress signs are of relevance for non-welded details 
under, nominally, fully or partly compressive loading in computing the stress 
range (see section 3.7.2). 

The procedures for determining the stresses, as well as stress ranges, 
in the fatigue analysis must agree with the test results analysis made to 
define the fatigue strength values (i.e. detail categories in the tables of 
EN 1993-1-9 given as ΔσC). Thus, even though some methods may not be 
truly correct from the point of view of the strength of material, consistency is 
more important than method accuracy. The consequence of the above is that 
the information given in this section to compute stresses applies directly only 
together to the details given in the Eurocode tables, not with fatigue 
strengths taken from other standards, recommendations or references without 
proper validation. In most situations, the location where a potential fatigue 
crack will develop is located in the parent material adjacent to some form of 
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stress concentration (e.g. hole, corner, weld). As an example, Figure 3.12 
shows on the left a detail from the tables in EN 1993-1-9 (Table 8.5, detail 6, 
end of coverplate) and on the right a fatigue crack that developed at this 
detail. But fatigue cracks can also start from heat affected zones (for 
example Table 8.1, detail 5) or in the weld material (as for example in Table 
8.2, detail 10 or Table 8.3, detail 13). 

 

 
Figure 3.12 – Example of detail (from EN 1993-1-9, Table 8.5, detail 6, end of 

coverplate) and fatigue crack that developed at this detail 
 

The relevant stress in the member must be calculated in accordance 
with the arrow, position and direction, indicated for each detail in tables 8.1 
to 8.10 of EN 1993-1-9 (which strictly speaking represents the stress range). 

Different subdivisions in the methods for computing stresses can be 
made and the next sub-chapter and sections are dedicated to those methods. 
The first subdivision in computing stresses, nominal stresses in this case, that 
can be made is between computing stresses in the parent material (treated in 
sections 3.3.2, 3.3.5 and 3.3.6) versus computing stresses in bolts (section 
3.3.3) or in welds (section 3.3.4). The second subdivision that can be made is 
between computing nominal stresses versus “modified” stresses, such as 
modified nominal stresses (sub-chapter 3.4) or geometric stresses (sub-
chapter 3.5). Finally, the third and last subdivision is between different types 
of structural systems, which can lead to some difficulties such as steel and 
concrete composite sections (section 3.3.5), tubular structures (section 3.3.6 
and 3.5.3) or orthotropic decks (sub-chapter 3.6). 

 

3.3.2 Relevant nominal stresses 

This is the first and simplest approach. Nominal stresses in parent 
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material should be calculated using elastic theory and accounting for all 
axial, bending and shearing stresses occurring under the design loading. No 
redistribution of loads or stresses, such as from plate buckling theory for 
checking static strength at ultimate limit state, including implicit allowance 
for redistribution in simplified elastic design rules, or for plastic design 
procedures, may be allowed. For each detail in tables 8.1 to 8.10 of 
EN 1993-1-9, unless indicated otherwise, the location and direction where 
the nominal stress is to be calculated is indicated by the arrow. The plane on 
which the nominal stress should be calculated is perpendicular to the arrow, 
and of course parallel to the crack that developed (see the example in Figure 
3.12). 

The detail categories in the EN 1993-1-9 tables include the effect of 
local stress concentration due to weld shape, discontinuities, imperfections, 
triaxiality, residual stresses due to welding, etc. Usually, the relevant 
nominal stresses under fatigue loading can be computed using the same 
structural system model as for the static analysis. Unless otherwise noted in 
tables 8.1 to 8.10, the stress should always be based on the net section. An 
important point is that the effect for arising stresses in the detail such as: 

 eccentricity of global structural axis (e.g. eccentricities in triangulated 
skeletal structure which introduce secondary moments),  

 imposed deformations,  
 unintentional movement,  
 effective fixity (partial joint stiffness) and 
 cracking of concrete in composite members (see section 3.3.5) 

should be calculated and taken into account when determining the nominal 
stress at the detail. The detail should conform exactly to a detail geometry 
and thus to a category as given in the tables 8.1 to 8.10. 

If there are imperfections and macro-geometric features at the detail 
that change the nominal stress distribution, the structural stress analysis 
should be refined accordingly. More precisely, the following effects have to 
be considered: 

 local eccentricity, 
 misalignment, if the value exceeds the fabrication tolerance which is 

included in the detail category, etc.,  
 stress distribution in the vicinity of concentrated loads, 
 shear lag (see Figure 3.13), restrained torsion and distortion, 
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transverse stresses and flange curvature. 

Figure 3.13 – Wide flange beam in bending with a structural detail on its flange 
 

3.3.3 Stresses in bolted joints 

There is a distinction, somewhat unclear in EN 1993-1-9, between the 
detail categories for bolts and the detail categories for bolted connections. 

In the case of detail categories for bolted connections (i.e. Table 8.1: 
details 8 to 13) one has to compute the nominal stresses (and stress ranges) 
in the elements composing the connection. A further split is made between 
preloaded and non-preloaded connections. In the case of preloaded 
connections, logically, the gross cross section area is used to compute the 
nominal stress; in the case of non-preloaded connections, the net cross 
section area shall be used to compute the nominal stress (without 
consideration for the non-uniform stress distribution across the plate). Note 
that in the case of non-preloaded bolts with normal clearance holes, since the 
connection may slip by a significant amount, one must ensure that it remains 
in bearing pressure (contact) all the time and thus no load reversals are 
permitted. Also the problem of nuts coming loose due to cyclic loading must 
be addressed. 

In the case of the detail category for bolt in tension (i.e. Table 8.1: 
detail 14), the modified nominal stress is to be used in order to account for 
the possible increase in stress range due to bending. As an example, bending 
may result from eccentricities or prying effects (see sub-chapter 3.4 on 
modified nominal stress and section 3.7.3 on stress range in bolted joints). 
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3.3.4 Stresses in welds 

One can differentiate between load carrying welded joints and the 
other welded joints such as those in welded build-up sections or transverse 
butt welds. For the latter, the relevant nominal stresses in the parent material 
or in the section at the position of the weld, e.g. for longitudinal welds, shall 
be calculated (see section 3.3.2). For the former, the calculation of the 
stresses for fatigue differs from the procedure given for the verification of 
fillet welds or partial penetration welds for ultimate limit state as given in 
EN 1993-1-8. The calculation of stresses in the weld for fatigue refers to the 
projected effective throat section as shown in Figure 3.14. Since tensile 
residual stresses are assumed to exist in all welded joints, none of the load is 
carried in bearing between parent materials (in the gap), even if the joint is 
under compressive loads. 

 

 
Figure 3.14 – Relevant stresses in fillet welds (double-sided is represented), also 

valid for partial penetration welds 
 
Depending upon the corresponding detail, the necessary nominal 

stresses are calculated as given below in expressions (3.23) to (3.25). The 
force resultants are defined so that the moments caused by Fx and Fy do not 
need to be considered (i.e. can be neglected). For clarity, the combined size 
of effective weld throats is used, which corresponds for double-sided fillet or 
partial penetration welds, as shown in Figure 3.14, to w = 2a. 

 Nominal resulting normal stress: 

2 2  with z
w II

F
w

σ σ σ σ⊥ ⊥= + =
⋅

 (3.23)

 Nominal resulting shear stress: 
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 II
y

w

F
w

τ τ= =
⋅

 (3.24)

 x
w

F
w

τ τ⊥= =
⋅

 (3.25)

In addition, wherever relevant, the stresses in the load-carrying plate 
shall also be determined. For detail 3 from Table 8.5 of EN 1993-1-9, 
subject to both normal and shear stresses, this translates into the 
relationships (3.26) to (3.28). The corresponding possible fatigue crack cases 
are represented in Figure 3.15. In the case of fillet welds, fatigue cracking 
usually occurs from the root (case A) and thus only this case must be 
verified.  

Case A: 
2

2
//2

z
w

eff

F
a

σ σ
⎛ ⎞

= +⎜ ⎟⎜ ⎟⋅⎝ ⎠
 

(3.26)

 II 2
y

w
eff

F
a

τ τ= =
⋅

 (3.27)

Case B: zF
t

σ =
⋅

 (3.28)

where 
Fy tangential force on the loaded attachment, 
Fz axial force on the loaded attachment, 

 length of the attachment, 
aeff  effective weld throat for partial penetration welds, or weld 

throat a, 
 

Figure 3.15 – Partial penetration T-butt joints or fillet welded joint (double-sided) 
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In the case of Table 8.5, detail 9, this translates into the following 
relationship (3.29), see also Figure 3.16: 

 z
II 2 2w

F
a

τ τ= =
⋅ ⋅

 (3.29)

where 
Fz total force on the connected plates composing the double-sided 

lap joint. 

Figure 3.16 – Fillet welded lap joint 
 

3.3.5 Nominal stresses in steel and concrete composite bridges 

The first step for determining the nominal stresses in a structural detail 
is to perform the elastic global cracked analysis of the composite steel and 
concrete bridge according to EN 1994-2, and to calculate the internal forces 
and moments for the basic SLS combination of the non-cyclic loads which is 
defined in EN 1992-1-1, § 6.8.3: 

 ( ) ( ),or 1 or 0 0.6k,sup k inf kG G S T+ +  (3.30)

where  
Gk  characteristic nominal value of the permanent actions effects,  
S  characteristic value of the effects of the concrete shrinkage, 
Tk  characteristic value of the effects of the thermal gradient. 

The non-structural bridge equipments (safety barriers, asphalt layer,...) 
have to be calculated by integrating an uncertainty on the characteristic value 
of the corresponding action effects. The corollary is that two values of the 
internal forces and moments, a minimum and a maximum one, have to be 

ℓ
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considered in every cross section of the composite bridge. Each bound of 
this basic envelope should be considered independently for adding the 
effects of the fatigue load model (usually FLM3 from EN 1991-2) in the 
combination of actions. 

For the second step of the calculation of the nominal stresses, the 
bridge design specifications should settle the number and the location of the 
slow traffic lanes on the bridge deck. These assumptions are then used for 
calculating the transversal distribution coefficient for each lane. The FLM3 
crossing the bridge in the slow lane induces a variation of the internal forces 
and moments in the bridge, which should be added to the maximum (resp. 
minimum) bound of the envelope for the basic SLS combination of non-
cyclic actions. Two different envelopes, named case 1 and 2 in the 
following, are then defined: 

 case 1: 

( ) ( ),min or 1 or 0 0.6 3k sup k,inf kG G S T FLM⎡ ⎤+ + +⎣ ⎦  (3.31)

 case 2: 

( ) ( )max or 1 or 0 0.6 3k,sup k,inf kG G S T FLM⎡ ⎤+ + +⎣ ⎦  (3.32)

The calculation of the nominal stresses should be performed for each 
bound of these two cases (it means that 4 different values of the internal 
forces and moments have to be considered, finally leading to 2 values for the 
stress range). The stress calculation should take the construction sequences 
into account and if one of these bending moments induces a tension in the 
concrete slab, the corresponding stress value should be calculated with the 
cracked properties of the cross section resistance. 

In this Manual and according to the Eurocode notations, for both 
previous cases, the bounds of the envelope for the bending moment are noted 
by pairs MEd,max,f and MEd,min,f. respectively. 

See section 3.7.6 for more details about the stress range calculations in 
a composite bridge, and its application to a numerical example. 
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3.3.6 Nominal stresses in tubular structures (frames and trusses) 

This section is dedicated to a special case of determining nominal 
stresses in tubular trusses, frames or lattice girders with directly welded tube 
joints. In the case of trusses, because of node stiffnesses, secondary bending 
moments exist in lattice girder joints (e.g. K- and N-joints). For static design, 
these moments are not important if the critical members or joints have 
sufficient rotation capacity. A structural truss model with pinned nodes can 
thus be used. However, for fatigue design, the peak stress (and resulting 
stress range) is the governing parameter and secondary bending moments 
influence those significantly. As a consequence, secondary bending 
moments have to be considered in fatigue design. Secondary bending 
moments are caused by various influences, such as: 

 overall bending stiffness of the joint, 
 local joint flexibility (i.e. stiffness distribution in the joint along the 

intersection perimeter), 
 eccentricities between the members at the node. 

 

Figure 3.17 – Positive eccentricity in a K-joint made of circular hollow sections 
(CIDECT, 2001) 

 
Figure 3.17 shows, as an example, a K-joint where the centre lines of 

the braces do meet below the centre line of the chord. This situation is called 
positive eccentricity and results in a secondary bending moment. Note that a 
negative eccentricity with overlapping braces is also possible. 

Regarding fatigue analyses, secondary bending always has to be 
considered – at least for the chord as most often fatigue cracks develop in it. 
This can be done using one of the four following analysis: 

1) A simplified truss model analysis (only pin joints) is made. This 
modelling is only valid for joints without or with small eccentricities 
(typically less than 2% of diameter). Then, the nominal stress ranges 
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obtained for axial loading are to be multiplied by correction factors, 
denominated k1. This results in what is actually a modified nominal 
stress (see sub-chapter 3.4). These factors account for the secondary 
bending moment effects from joint stiffness since they are not 
included in the analysis. In EN 1993-1-9, Table 4.1 (for circular 
hollow section joints) and Table 4.2 (for rectangular hollow section 
joints) contain the k1–factor values, given in function of the joint type 
(N-joints, T-joints, K-joints, or KT-joints). The k1–factor values given 
in the tables are upper bound values based on measurements in actual 
girders and tests as well as finite element calculations. With modern 
computers and powerful finite element modelling software, this 
method tends to be replaced by the other methods presented below. 
Thus, the use of this method should be limited to the lattice girder 
node joints given in EN 1993-1-9, Table 8.7 (modified stress method, 
see sub-chapter 3.4, and corresponding fatigue check). 

2) A frame analysis for triangulated trusses or lattice girders is used as 
before. In this case,  it is modelled by considering a continuous chord 
with brace members pin connected to it at distances of +e or -e from it 
(e being the distance from the chord centreline to the intersection of 
the brace member centrelines) (CIDECT, 2001)(IIW, 2000). 
Excentricity values can take values up to 25 % of the diameter 
according to static strength design rules (IIW, 2009b). The links to the 
pins are treated as being extremely stiff as indicated in Figure 3.18. 
The advantage of this model is that a sensible distribution of bending 
moments is automatically generated throughout the truss, for cases in 
which bending moments need to be taken into account in the design of 
the chords (Wardenier, 2011). This results in axial forces in the 
braces, and both axial forces and bending moments in the chord. It 
accounts for excentricity effects, but not for joint stiffness effects. 
Thus, as in method 1, the stress ranges in chord and braces caused by 
the axial loading in the braces, and those only (not the bending 
stresses) have to be multiplied by the factors given by correction 
factors k1 given in Table 4.1 and Table 4.2 of EN 1993-1-9. Modified 
nominal stresses are obtained, which usually will be multiplied by 
SCF (Stress Concentration Factors, see sub-chapter 3.4) in order to 
use a geometric stress method, see sub-chapter 3.5, and corresponding 
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fatigue check. This method has been validated by comparison between 
measurements in actual girders and finite element calculations 
(Wardenier, 2011). The authors think this method has a drawback 
since the physical meaning is lost once axial stresses are increased 
using correction factors k1 and thus “simulate” maximum secondary 
bending stress effects, also in the chord which indeed has already 
bending stresses from analysis. 

3) A rigid frame analysis is used. That is, a continuous chord with braced 
members rigidly connected to it at distances of +e or -e from it, the 
links to this node being again treated as being extremely stiff as 
indicated in Figure 3.19. The bending moments in the braces are to be 
taken at a distance D/2 from the chord member, i.e. at the points 
corresponding to the chord tube surface. The stresses deduced from 
the axial forces and bending moments do not need to be multiplied by 
correction factors. This method has also been validated by comparison 
between measurements in actual girders and finite element 
calculations (Romeijn et al, 1997) (Walbridge, 2005). It is especially 
suited for bridges with K-joints or KK-joints where the members tend 
to be stocky (low ratios γ = D/2T). Modified nominal stresses are 
obtained, which usually will be multiplied by SCF factors in order to 
use a geometric stress method fatigue check. It should however be 
mentioned that according to Wardenier (2011), this type of analysis 
may exaggerate brace member moments, while the axial force 
distribution will still be similar to that for a pin jointed analysis. 

4) Finally, joints can be modelled as three dimensional substructures 
using shell or solid finite element modelling. When, among others, 
stiffnesses and boundary conditions are correctly modelled, secondary 
bending moments can be accurately taken into account. However, 
such modelling is only appropriate for experienced analysts. In this 
case, the structural stress at the hot spot can be found directly by stress 
extrapolation (see for example Niemi et al (2006) for extrapolation 
methods). One can then use a geometric stress method fatigue check. 

The third method is seen by the authors as the most efficient and 
economical. For two- or three-dimensional Vierendeel type girders, all the 
same, rigid frame analyses are recommended. 
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Figure 3.18 – Plane frame analysis according to CIDECT (CIDECT, 2001) 

Figure 3.19 – Plane frame analyses and joint modelling assumptions (Walbridge 
2005) 

3.4 MODIFIED NOMINAL STRESSES AND CONCENTRATION 
FACTORS 

3.4.1 Generalities 

This method of determining the stress distribution corresponds to a 
refinement from the nominal stress methods presented before. With this 
method, the designer can take into account the effect of geometric stress 
concentrations which are not a characteristic of the detail category itself, 
such as for example: 
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 holes (Figure 3.20) and cut-outs, 
 re-entrant corners, 
 eccentricities or misalignments not accounted for previously. 

The resulting geometric stress concentration relevant for fatigue 
design should be determined either by special structural analysis or, where 
appropriate, by the use of predefined fatigue stress concentration factors. 

 

Figure 3.20 – Geometric stress concentration in the vicinity of a hole 
 

The following relationship is used to compute the modified nominal 
stress: 

 mod f nomkσ σ= ⋅  (3.33)

where kf is the geometric stress concentration factor (SCF). Note that in EN 
1993-1-9, the geometric stress concentration factor is directly included in the 
relationship for the stress range (see section 3.7.7). 

Handbooks with geometric stress concentration factors exist but they 
are made for mechanical engineering applications (shafts, discs, etc.), 
usually referred as kt in the specialized literature, and may not contain the 
cases needed for structural applications. The following handbooks and 
references may be used: 

 British standard (BS 7608, 1993) for openings and re-entrant corners, 
see Figure 3.21 and Figure 3.22; 

 British standard (BS 7910, 1999) for eccentricities and misalignments. 
 Det Norske Veritas (DNV, 2010) for manholes and stiffened 

openings; 

Note that the geometric stress concentration may refer to either the 
nominal stress in the gross section or the nominal stress in the net section 
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(given as σnet in Figure 3.20). 
Eccentricities and misalignment have to be accounted for through the 

use of an additional geometric stress concentration factor kf. This can be 
done either by increasing the stress range (action effects side of verification) 
using expression (3.33), which would be logical, or by reducing the fatigue 
detail category (strength side). The second method is unfortunately used in 
the Eurocodes, thus mixing factors resulting from action effects with fatigue 
strength, using expression (3.34) given below. 

 ,C red C
fk

σ σ1Δ = ⋅ Δ  (3.34)

where 
ΔσC,red Reduced fatigue detail category 
ΔσC Original fatigue detail category 

The reason given above explains why, even if the factor appears on 
the resistance side, this aspect is mentioned in this section. It is further 
explained in section 3.7.7. In fact, in other international codes, such as IIW 
recommendations (IIW, 2009), British standard (BS7608, 1993) or in the 
domain of offshore structures (DNV, 2010), the influence of possible 
eccentricities is always accounted for using expression (3.33), that is by an 
increase on the action effects side. 

 

 
Figure 3.21 – Geometric stress concentration factors at holes and unreinforced 
apertures (based on net stress at X-X) adapted from BS 7608 (BS 7608, 1993) 
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Figure 3.22 – Geometric stress concentration factors at re-entrant corners (based on 

net stress at X-X), adapted from (BS 7608, 1993) 
 

3.4.2 Misalignments 

For typical fabrication tolerances (e.g. eccentricities or angular 
misalignment), the following paragraphs give a summary of the geometric 
stress concentration factor formulas that can be used. 

An eccentricity in welded connections loaded axially results in 
additional stresses in the form of secondary bending. To summarise, three 
different cases are identified (see Figure 3.23): 

a) axial misalignment between the centroidal axes from plates of 
identical nominal thicknesses (e.g. in butt welds), 

b) axial misalignment between the centroidal axes from plates of 
different thicknesses (e.g. in bridge flanges butt welds), 

c) axial misalignment in cruciform joints (e.g. in orthotropic decks 
stringer–crossbeam–stringer connections). 
 

 

a) Axial misalignment between identical plates 
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b) Axial misalignment between plates of different thicknesses 

c) Axial misalignment in cruciform joints 

Figure 3.23 – Possible cases of axial misalignment between plates 
 
For the case a), the additional bending stresses can be computed using 

the following geometric stress concentration factor expression, taken from 
the British Standard (BS 7910, 1999): 

 
1

f
ek

t
3=1 +  (3.35)

where 
t1 plate thickness, 
e misalignment or eccentricity, see Figure 3.23a). 

In DNV (2010), the misalignment between plates e is replaced by the 
expression (e-e0), where e0 represents a misalignment equal to 0.1t, which 
corresponds to the misalignment value already accounted for in the DNV 
detail classification for transverse butt welds. The authors believe that a 
similar approach could be used for EN 1993-1-9 details. 

For the case b), the additional geometric stress concentration factor 
can be expressed as follows: 

 
1.5
1

1 21.5 1.5
1 1 2

6  with f
tek t t

t t t
=1 + ⋅ ≤

+
 (3.36)
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where 
t1 thickness of the thinner plate, 
t2 thickness of the thicker plate, 
e misalignment or eccentricity, see Figure 3.23b). 

Since in practice the value e of the misalignment between plates 
cannot be directly measured, the following equation can be used instead: 

 ( )2 1
1
2

e e t t= ′ − ⋅ −  (3.37)

where 
e’ plates misalignment in function of the difference between flat 

surfaces, see Figure 3.23b) 

As for case a), in DNV (2010) the misalignment between plates e is 
replaced by the expression (e-e0), where e0 represents a misalignment equal 
to 0.1t1 this time, t1 being the thickness of the thinner plate. 

For bridge girders, the additional stress concentration resulting from 
misalignments in transverse flange butt welds may in general be neglected as 
t2/t1 is less than or equal to 2.0. The reason is that it is a case of plates that 
are supported (by the web), which significantly reduces the misalignment 
secondary moment. The use of the geometric stress concentration factors 
presented herein would lead to a very conservative design. For other cases, a 
recent study has been completed (Lechner and Taras, 2009). 

For the case c), the additional geometric stress concentration factor 
resulting from a misalignment in cruciform joints with fillet welds can be 
expressed as follows: 

 f
ek

t h
=1+

+
 (3.38)

where 
t thickness of the attached plates, 
h fillet weld leg size, see c), usually taken as 2h a= ⋅ , 
e misalignment or eccentricity. 

Equation (3.36) can be applied to account for wall eccentricities in 
butt welds between tubes with thickness transition on the outside (Maddox, 
1997)(McDonalds and Maddox, 2003). However, an improvement of the 
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geometric stress concentration factor expression for tubes has been proposed 
by Lotsberg (2009) and is given in Equation (3.39). 

 
( )

( )1 2 1

6 1 exp
1

f

e e
k

t t t
α

β
−+ ″

=1 + ⋅
+

 
(3.39)

with 
( )1 2 1

1.82 1
1

L
D t t t βα ⋅= ⋅

⋅ +
 

  

and ( ) ( )( )2
1 1

1.0 3.01.5
log logD t D t

β = − +

 
  

where 
t1 thickness of the thinner tube, 
t2 thickness of the thicker tube, 
e misalignment or eccentricity of tube wall, see Figure 3.23 b), 
e’’ misalignment in tube axis, taken positive if in same direction as 

e, 
D thinner tube outside diameter 
L length of transition in thickness. 

The following limits have to be respected: 

  t2/ t1 ≤ 2;  
 20 ≤ D/t1 ≤ 1000 and 
 L/(t2 - t1) ≥ 4. 

For butt welds between tubes with thickness transition on the inside, 
Equation (3.40) may be used but the modified stress range and crack location 
are located on the inside face (at the weld root). 

Finally, one can also have an angular misalignment between plates as 
represented in Figure 3.24. This latter case can be accounted for using the 
following relationship (Hobbacher, 2003): 

 
2f r
Lk
t

β α=1 + ⋅  
(3.40)

where 
L unsupported length, 
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α angular misalignment in degrees, 
βr factor to account for end conditions, 
t plate thickness. 
 

Figure 3.24 – Case of angular misalignment 

 

Example 3.6: Application to chimney, fatigue verification of manhole detail 
(worked example 2) 

In this example, the fatigue verification of the manhole near the bottom of 
the chimney will be performed. The geometry and dimensions are given in 
section 1.4.3. The manhole corresponds to a cut-out in the shell; its 
dimensions and shape are given in sub-section 1.4.3.5 and Figure 1.21. The 
bending moment range at the bottom level of the manhole was calculated in 
Example 3.1 as: 3 648.6kNmMΔ =  Two cases are presented: an 
unreinforced manhole and a reinforced one (see Figure 3.25, case taken from 
DNV RP 203 (DNV, 2010), annex C2, reinforcement type D). The wind 
loads are computed in Example 3.1. 
 

 
Figure 3.25 – Reinforcement of the manhole edge and positions of computed 

modified stresses 

Loading 

Unreinforced case (accounting for reduction in section modulus due to 
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manhole): 

Using the section properties at the level of the manhole and assuming the 
wind acts in the most unfavorable direction, the stress range along the edge 
of the manhole, conservatively taken at the bottom (without geometric stress 
concentration factor) is: 

23
, , 3

,

N/mm
20000 10E mh net

y mh

M
W

σ
6Δ 648.6 ⋅10Δ = = = 32.4 

⋅
 

Note: in this case, a net section stress range is needed. 

Reinforced case: 

The stress range, computed in again at bottom of the manhole but with full 
section since it is reinforced (without geometric stress concentration factor), 
is: 

23
, 3 N/mm

24493 10E mh
y

M
W

σ
6Δ 648.6 ⋅10Δ = = = 26.5 

⋅
 
 

Regarding the influence of the manhole on fatigue, EN 1993-3-2, section 
9.1, says the following: where the geometrical stress method is used, such as 
at openings or by a particular shape of connection, geometric stress 
concentration factors may be used according to EN 1993-1-6. None of the 
Eurocodes does however give geometric stress concentration factors, thus 
literature has to be used. 

Modified stress range computation: 

Unreinforced case: 

The geometric stress concentration factors are obtained from BS 7608, also 
given in Figure 3.21. 

Geometrical parameters for the manhole:  

B
C

mh

mh

W
h

600= = = 0.5
1200

 

B
C

mh

mh

r
W

300= = = 0.5
600  
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1200 mm
600 mm
00 mm

mh

mh

mh

h
W
r

=
=

= 3
 

From Figure 3.21, kf = 1.95 
The modified stress range along the edge of the manhole is: 

2
, , , , N/mmE mh mod f E mh netkσ σΔ = ⋅ Δ =1.95 ⋅ 32.4 = 63.2  

Reinforced case: 

The geometric stress concentration factors are obtained from DNV RP-C203 
(DNV, 2010), Annex C2, reinforcement type D. 

Position 1) 

1 2.6fk =  

2
, 1, 1 , N/mmE mh mod f E mhkσ σΔ = ⋅ Δ = 2.6 ⋅ 26.5 = 68.9  

Position 2) 

2 1.65fk =  

2
, 2, 2 , N/mmE mh mod f E mhkσ σΔ = ⋅ Δ =1.65 ⋅ 26.5 = 43.7  

Position 3) bottom end of stiffener, no geometrical stress concentration 
2

, mmE E mhσ σΔ = Δ = 26.5 Ν/  

As explained in Example 3.5, due to the large number of load cycles (> 108), 
the only possible verification to satisfy fatigue design is to do it with the 
fatigue limit (see section 5.4.2). 
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3.5 GEOMETRIC STRESSES (STRUCTURAL STRESS AT THE 
HOT SPOT) 

3.5.1 Introduction  

This method of determining stresses corresponds to the more refined 
way of determining stress distribution. In this method, the so-called 
geometric stress or structural stress at the hot spot, σhs, includes all stress 
raising effects of a structural detail apart from the weld itself. The structural 
stress at the hot spot is the stress at the plate surface and the weld toe, where 
the fatigue crack is expected and where joint failure will start. It includes the 
effects of joint geometry and the type of load (global effects), but excludes 
local effects due to the weld shape, radius of the weld toe (notch effects), 
etc., see Figure 3.26. It corresponds to the membrane stress plus shell 
bending stress at the hot spot.  

 

Figure 3.26 – View of welded transverse attachments with different weld shapes, all 
having the same structural stress at the hot spot, σhs 

 
The field of application of the geometric stress approach is welded 

joints for which (Niemi et al, 2006): 

 the fluctuating principal stress acts predominantly transverse to the 
weld toe (or the ends of a discontinuous longitudinal weld), 

 the potential fatigue crack will initiate at the weld toe or end (in other 
words not from the weld root). 

Since the structural stress at the hot spot is impossible to measure or 
calculate at the weld toe, standard procedures have been developed for 
determining it. They all involve the extrapolation of stresses from a region 
adjacent to the weld toe to the weld toe itself. This concept is illustrated in 
Figure 3.27.  
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The structural stress at the hot spot can be seen as the highest 
structural stress in the region of a weld, or a potential crack location. Since it 
accounts for the stress concentrations resulting from the detailing, it allows 
for regrouping different structural geometries into a single case for fatigue 
design. Indeed, in this computation method, macro- and microscopic effects 
on fatigue are separated. Macroscopic effects, i.e. stress concentrations, are 
included in the calculated geometric stress range and the microscopic effects 
(e.g. weld shape, weld type, flaws, etc.) are built into a reduced set of 
empirical hot spot S-N curves, which are given in EN 1993-1-9, annex B. 

The boundaries of the extrapolation region, within which the stresses 
used in the determination should be measured or calculated, are defined for 
all cases in IIW (2000) and for tubular joints in CIDECT (2001). The 
extrapolation of the stress to the weld toe by using the stresses values, either 
measured or computed, in a zone adjacent to the weld is shown in Figure 
3.27. In case of FEM modeling, note that different rules have to be followed 
if the model is made out of shell or solid elements.  

The modified nominal stress and the geometric stress methods are a 
lot alike. However, in general, the purpose of the two methods is different:  

 The modified stress approach is intended for cases where a detail 
exists in the detail category tables but with an additional SCF. This 
SCF is linked with the geometry of the element, not with the geometry 
of the weld. 

 The geometric stress method is intended for welded details not listed 
in the detail category tables or for details with complicated stress 
fields in the vicinity of the weld detail where the crack starts. 

Both methods use SCF’s, which represent the ratio between the stress 
value that is governing fatigue cracking and the nominal stress value (away 
from the crack). In special cases, the product of SCF’s can be made to obtain 
the geometric stress value. These concepts are developed in the next 
sections. 
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Figure 3.27 – Illustration of concept of extrapolation of surface stresses to weld toe 
(Schumacher, 2003) 

 

3.5.2 Determination using FEM modelling 

Structural stress at hot spots are stresses which are determined in the 
structure with the assumptions of the classical engineering theories (elastic 
behaviour, linearized stress distribution over plate thickness and others). The 
notch effect is more or less suppressed, but the local stress increase 
originating from the macro shape is included. These stresses are either 
measured or calculated because of the singular point in numerical models 
and the impossibility to place gages at this point in experimental specimens. 
The structural stress at the hot spot can be obtained numerically by 
extrapolation, using finite element method models (FEM), or boundary 
element method models (BEM). Calculation is based on engineering 
formulae or finite element analysis, normally using rather coarse meshes. 
The questions to be answered are: where are the failure-critical points (‘hot 
spots’) in the structure ? and which geometric stress can best describe the 
local failure condition ? The conventional way of determining the structural 
geometric stress at the hot spot is the extrapolation of stresses on the plate 
surface to the weld toe, as already shown in Figure 3.27. The assumption on 
linearized stress distribution over plate thickness results from the basic idea 
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behind the geometric stress where the non-linear stress peak due to the weld 
is excluded and allows for the determination of the geometric stress with 
both shell element models or solid element models. Specific rules for each of 
the FEM model type are necessary and can be found in different 
recommendations, in function of the domain of application. 

Two types of structural stress at the hot spot can be distinguished 
according to their location on the plate and their orientation to the weld toe 
(Niemi et al, 2006): 

 Hot spot type a – structural stress transverse to weld toe on plate 
surface, 

 Hot spot type b – structural stress transverse to weld toe at plate edge. 

The determination of each of these two structural stresses types 
involves the extrapolation using stress values at several points in the vicinity 
of the weld toe. Figure 3.28 shows the distances at which the extrapolation 
should be done depending on the mesh size. But it is not the purpose of this 
manual to give precise guidelines for determining the geometric stress; those 
guidelines on finite element modelling of the structure, of the welds, and 
evaluation of the stresses are available in Niemi et al (2006) and DNV 
(2010). An alternative procedure in the case of models with solid elements is 
the internal linearization of the stresses over the plate thickness at the weld 
toe.  

Figure 3.28 – Types a and b of structural stress at the hot spot obtained from FEA by 
extrapolation on surface using solid elements (b) and shell elements (c) (extracted 

from (Niemi et al, 2006)) 

a

a

b

a

a) b)

c)
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A FEM model is usually an idealisation of the actual geometry of the 
structure, meaning that in reality the structure will be different due to 
fabrication tolerances and welding distortions. Thus, if the FEM analysis is 
carried out on an ideal geometry, the nominal stress found can be multiplied 
by a magnification factor to first get an estimation of the modified nominal 
stress, σmod, according to the following formula: 

 , ,mod f nom ax nom bkσ σ σ= ⋅ +  (3.41)

where  
kf geometric stress concentration factor, for example from 

misalignment, 
σnom,ax axial or membrane part of the nominal stress, 
σnom,b bending part of the nominal stress. 

The resulting modified stress is then used, instead of the nominal 
stress, in formula (3.42) to get the geometric stress value, σhs. 

Note that there exist other specific methods. The ASME’s boiler and 
pressure vessel code adopted in 2007 an alternative method for determining 
the structural stress. It is a proprietary, mesh-insensitive, structural stress 
method developed by Dong (2001). The DNV (2010) also recommends the 
use of the effective notch stress method, with the so-called ficticious notch 
radius, in particular for the FEM modelling of fatigue details with complex 
geometries or in case of a fatigue crack developing from the weld root. 

 

3.5.3 Determination using formulas  

In general, the structural stress at the hot spot is determined using the 
same concept of stress concentration factor already presented in the section 
on modified nominal stress: 

 ,hs f hs nomkσ σ= ⋅  (3.42)

where  
σhs  structural stress at the hot spot, 
kf,hs geometric stress concentration factor, to simplify also noted as 

kf, 
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σnom nominal stress value remote from the detail. 

Concentration factor values for the structural stress at the hot spot can 
be found in the literature for a large number of different details. These 
factors are obtained analytically or from parametric studies. Note that in 
many cases, the geometric stress concentration factors for the axial and 
bending loading components are given separately. 

One such set of geometric stress concentration factors formulae exists 
for the design of welded tubular joints. Its base is the most extensive study to 
date for both uni-planar and multi-planar joints, based on both experimental 
results and FEM analyses (using solid elements for the entire joint model), 
carried out by Koning et al (1992), Romeijn (1994) and Romeijn et al 
(1997). A database of geometric stress concentration factor results from this 
work was analysed and used to establish the most up-to-date design 
specifications for fatigue in tubular joints. For K-joints specifically, the hot 
spot stress concentration factor equations cover gap joints without 
eccentricity within specified validity ranges (IIW, 2000). 

In the case of complex geometries and loadings, a typical case being 
tubular joints, combination of different so-called basic load cases is 
necessary as follows: 

 1 ,1 2 ,2 3 ,3 ...hs f nom f nom f nomk k kσ σ σ σ= ⋅ + ⋅ + ⋅ +  (3.43)

where  
σhs  structural stress at the hot spot under a given load 

combination, 
kfi  geometric stress concentration factor for basic load case i, 
σnom,i nominal stress value remote from the detail for basic load case 

i (can be an axial stress or a bending stress according to the 
load case definition). 

For tubular joints, the CIDECT Fatigue Design Guide (CIDECT, 
2001) or the IIW (2000) recommendations give formulae and graphs for 
different types of joints. Each formula is valid for a specific basic load case 
and is a function of the tubular joint geometric parameters. For example, in 
the case of the balanced axial loading, the formula reads as follows: 
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0.4 1.1

, , , 0, ,12 0.5f j ax j ax j axk SCF SCFγ τ⎛ ⎞ ⎛ ⎞= = ⋅ ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (3.44)

where  
j  chord or brace, 
kf,j,ax geometric stress concentration factor (in the chord or in the 

brace) due to the basic load case balanced axial loading (ax), 
γ  geometric parameter, ratio chord radius to chord thickness, 
τ  geometric parameter, ratio brace to chord thicknesses, 
SCF0,ax reference value for the stress concentration factor (in the 

chord or in the brace) due to balanced axial loading. 

Another example, for the basic load case of chord loading (axial and 
in-plane bending), the stress concentration formula reads (CIDECT, 2001): 

 ( )
0.3

0.9
, , , 1.2 sin

0.5f j ch j chk SCF γ θ −⎛ ⎞= = ⋅ ⋅⎜ ⎟
⎝ ⎠

 (3.45)

where 
j  chord or brace, 
kf,j,ch stress concentration factor (in the chord or in the brace) due to 

the basic load case chord loading (ch), 
γ  geometric parameter, ratio chord radius to chord thickness, 
θ  angle between the chord and the braces. 

3.6 STRESSES IN ORTHOTROPIC DECKS  

Ideally, in orthotropic decks, one should compute the structural stress 
at the hot spot values at each detail. But the problem is very complex; often 
only nominal stresses are computed and only detail categories with respect to 
nominal stresses are given. Even for nominal stresses, determining them in 
orthotropic decks near details is very difficult since the load carrying system 
is composed of four different types of members interacting together, namely: 
the deck plate, the longitudinal open or closed stiffeners (referred to as 
troughs or also stringers), the crossbeams and the main girders. A short 
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description of a typical orthotropic deck system and its behaviour is needed 
in order to understand how one shall compute correctly, without a detailed 
FEM model, the stresses in such a system. A typical orthotropic steel deck 
system is shown in Figure 3.29. 

 

 
Figure 3.29 – Typical orthotropic steel deck with crossbeams and main girder 

(Leendertz, 2008)  
 

The behaviour of an orthotropic steel deck system can be summarized 
as follows (Leendertz, 2008): 

 Vertical traffic loads are applied to the wearing course of the steel 
deck and hence transferred to the steel deck plate, which is supported 
longitudinally by the stiffeners (flat stiffeners or, as shown in Figure 
3.29, trapezoidal stiffeners). The deck bends in the bridge transverse 
direction. Shear and bending stresses are thus generated in the 
transverse direction of the deck plate. 

 In the longitudinal direction, the stiffeners act together with a part of 
the deck plate and transfer the applied traffic loads to the crossbeams. 
Shear forces and bending moments are present in the stiffeners. 

 The stiffener supports (stiffener to crossbeam connections) transfer the 
applied loads to the crossbeams. Due to the deflection of the stiffeners 
between the crossbeams, the supports are subject to a rotation. This 
results in an out-of-plane displacement of the crossbeam web, the so-
called out-of-plane crossbeam behaviour. 
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 In the transverse direction, the crossbeams act together with a part of 
the deck plate acting as the upper flange and transfer the stiffener 
supports reaction forces to the main beams. The load transfer in the 
crossbeam generates shear forces and bending moments under the in-
plane crossbeam behaviour. It is important to mention that since the 
crossbeam web contains cut-outs as stiffeners are usually continuous 
through them, significant in-plane shear deformations (and stresses) 
may occur in the crossbeam. Furthermore, as mentioned before, the 
crossbeams will be deformed by the applied rotations of the stiffeners 
caused by bending under traffic loads, which causes an out-of-plane 
displacement and thus local bending and torsion in the crossbeam 
web,. 

The behaviour, load transfer and stress distribution in an orthotropic 
steel deck system is strongly affected by its type, geometric proportions and 
different details (open or closed stiffeners, stiffener and cut-outs shape, 
stiffener to crossbeam connection, etc.). In modern bridge design and 
rehabilitation, the trend seen by the authors is towards two different so-
called “optimum deck fatigue designs”. They are based on historical 
development, country construction habits and experimental as well as 
numerical validations. They can be described as follows: 

 Short spacings between crossbeams (between 2 and 3 m) thus giving 
minimum crossbeam and stiffener height. The stiffener width is 
usually equal to its height and spacing ranges between 300 and 
600 mm. This design is often used, among other countries, in the 
United States and Japan. In order to have good fatigue behaviour, this 
design requires cut-outs to be as small as possible and to add 
reinforcing plates in the stiffeners to improve the crossbeam in-plane 
behaviour and reduce in-plane shear deformations. The applied 
rotations of the stiffeners are small because of their short spans and 
their small height; thus out-of-plane crossbeam deformations are 
limited. 

 Large spacings between crossbeams, typically ranging from 3 to 5 m, 
thus giving a minimum number of crossbeams. The crossbeams are 
deeper, more stiffeners are needed than in the other optimal design 
and their height is greater. The stiffeners are higher than they are wide 
and spacing ranges between 600 and 900 mm. This design is usually 
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used in Europe (especially in Germany and the Netherlands) and 
recommendations for the dimensions and detailing are given in 
Annex C of EN 1993-2. In order to have good fatigue behaviour, this 
design requires large cut-outs as applied rotations of the stiffeners are 
large because of the long stiffener spans and their heights. The in-
plane behaviour of the crossbeam is satisfactory because of its height, 
resulting in limited in-plane shear deformations. 

Orthotropic decks contain different fatigue details and a distinction can be 
made between cracks that are caused in a load-carrying member or in a 
connection for load transfer, and cracks that are generated by imposed 
deformations. Also, depending upon the details, either a nominal or a hot 
spot stress approach is recommended in the code. In EN 1993-2, there is 
some specific information on orthotropic decks: Annex C contains 
information on behaviour and 9.4.2 contains information on analysis for 
fatigue and stress determination. Further information about fatigue strength 
of orthotropic deck details is given in section 4.2.8 and in Annex B, Table 
B.13. 

3.7 CALCULATION OF STRESS RANGES 

3.7.1 Introduction 

As in EN 1993-1-9, the authors have separated the calculation of 
stresses resulting from the action effects (see sub-chapter 3.3 to 3.6) from the 
calculation of stress ranges. In most situations, the potential fatigue crack 
will be located in parent material adjacent to some form of stress 
concentration, e.g. at a weld toe or bolt hole. Provided that the direction of 
the principal stress does not change significantly in the course of a stress 
cycle, the relevant cyclic stress for fatigue verification should then be taken 
as the maximum range through which any principal stress passes in the 
parent metal adjacent to the potential crack location. All other cases are dealt 
with in section 3.7.5. Note that in practice the through-thickness component 
of stress is rarely relevant and can be ignored. 

The basis of fatigue and the definition of stress range were given in 
chapter one, Equation (1.2). For simplified fatigue verification with damage 
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correction factors, the fatigue load model (γFfQk) is positioned in the two 
most adverse positions in order to get the maximum stress, σmax, and 
minimum stress, σmin. The stress range is then computed similarly to 
expression (1.2) and is given below as expression (3.46). 

( ) ( ) ( ),Ed Ff k Ed max Ff k Ed,min Ff kQ Q Qσ γ σ γ σ γΔ = −  (3.46)

The same applies to shear stress ranges, expression (3.47): 

( ) ( ) ( ),Ed Ff k Ed max Ff k Ed,min Ff kQ Q Qτ γ τ γ τ γΔ = −  (3.47)

It should be noted that the behaviour under load of some joints, for 
example misaligned joints or bolted ring connections, may be significantly 
non-linear, depending on the level of applied stress. Thus, since the principle 
of superposition does not apply, separate computations may be needed to get 
the minimum and the maximum stress values.  

For welded details, the presence of high tensile residual stresses result 
in a stress range always corresponding to the algebraic difference between 
stresses. This is not the case for non-welded details, for which a different 
relationship is used (see next section). Then, the stress range in bolted joints 
is dealt with in section 3.7.3. The computation of stress range in welds is 
given in section 3.7.4. The combination of stress in different directions, or 
the combination of direct and shear stresses is dealt with in section 3.7.5. 
Finally, the computation of stress ranges in steel and concrete composite 
structures is handled in section 3.7.6. 

 

3.7.2 Stress range in non-welded details 

For non-welded details, or stress-relieved welded details, with the 
important exception of bolts (dealt with in section 3.7.3), the assumption can 
be made that there is no residual or built-in stresses and thus take advantage 
of the beneficial effects that applied compressive stresses have on fatigue 
behaviour. Thus, instead of using Equation (3.46) for computing the stress 
range, another relationship is given in EN 1993-1-9. For better clarity, this 
relationship can be rewritten as follows: 
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, , , ,when 0Ed red Ed max Ed min Ed minσ σ σ σΔ = − ≥  

, ,

,

0.6  when 0

                        and 0

Ed red Ed,max Ed min Ed,min

Ed max

σ σ σ σ

σ

Δ = − ⋅ <

≥
 

( ), , when 0Ed red Ed max Ed,min Ed,maxσ σ σ σΔ = 0.6 − <  (3.48)

The stress range can thus be reduced by up to 40% in the case of a 
detail always in compression. Some authors express it as an “increase” in 
fatigue strength, which would be in this case increased by a factor 1.67. In 
the case of shear stress ranges, reduction is not possible, and the applied 
stress range Δτ(γFfQk) is always computed with equation (3.47). 

Figure 3.30 shows the result of using relationships (3.48). As can be 
seen, it reduces the part of the cycle in compression. In other words, the 
mean stress influence can be accounted for by using these relationships. 
Apart from the EN 1993-1-9 mean stress correction factor, other 
recommendations contain similar rules, namely FKM (2006) and IIW 
(2009). Figure 3.31 shows the mean stress influence expressed in function of 
the reduced mean stress (that is the value of the mean stress corrected as 
follows: σmean,red = σEd,max -ΔσEd,red/2, the reduced applied stress range, 
ΔσEd,red and the applied R-ratio. One can see that all recommendations show 
the same trend, that is the lower the residual stress level, the more the 
applied stress range is reduced. The reduction is the highest in the case of 
cycles with part or the full cycles in compression, for negative R-ratios, but 
in some cases the recommendations also reduce the stress range up to 
R = 0.5. 
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Figure 3.30 – Representation of the reduced stress range for non-welded details 

 

Figure 3.31 – Comparison between different recommendations for computing 
reduced stress ranges correction factors 

 

3.7.3 Stress ranges in bolted joints 

There are three basic load cases bolts can be subjected to: 

 bolted connection with preloaded bolts in shear, 
 bolted connection with bolts in shear, 
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 bolted connection with preloaded bolts in tension.  

In addition to these basic cases, one can also have bolted connections 
with preloaded bolts in a combination of shear and tension. One shall 
emphasize that the fatigue strength of a bolt under tension loading, in 
opposition with its static strength, is low due to the stress concentrations at 
the threads. Compared to bolts in shear, bolts in tension represent a much 
more critical case. 

Thus, in the case of bolts under cyclic loading in tension, preloading is 
a requirement; the use of non-preloaded bolts in tension must absolutely be 
avoided. This is due to the fact that a non-preloaded bolt shank and its 
threads are subject to stress ranges that are typically an order of magnitude 
greater than a preloaded one. In a preloaded connection, the bolt preloading 
acts like a static load, see Figure 3.32. In the connection, there is a state of 
self-equilibrated, built-in, forces. For the bolt shank, this has the same 
implications as tensile residual stresses and explains why one cannot benefit 
from any rule related to mean stress influence to reduce the stress range in 
the bolt (i.e. the rule for non-welded details given in the previous section). 

 

 
Figure 3.32 – Comparison between the stress ranges in a non-preloaded and a 

preloaded bolted joints 
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The initial increased stiffness of a preloaded connection comes from 
the fact that the connected plate stiffness, CP, and the bolt axial stiffness, CB, 
act together to withstand an external load or load variation ΔN. Indeed, the 
main part of it goes into decompression of the plates while only a small part 
goes into the bolts. The load variation in the bolt itself, ΔF, can be globally 
expressed in function of the stiffness ratio as follows: 

 

B

B P

C
F N p N

C C
Δ = Δ ′ ⋅ = ⋅ Δ ′

+
 (3.49)

where 
CB  axial stiffness of the bolt or bolts (based on bolt length, shank 

area, ...), 
CP  axial stiffness of the connection (plate and washers), 
ΔN’ external force range at bolted connection location, 
p  distribution factor (to compute the effective force range in the 

bolt shank). 

Since for several cases it is not possible, nor economical, to perform a 
detailed analysis of the connection behaviour to find the stiffness ratio, one 
can use as a first approximation the following value (which is conservative 
for small prying effects): 

F NΔ = 0.2 ⋅ Δ ′  (3.50)

where ΔN’ is the total external force variation at the bolted connection, 
including the compression part if any, acting on the connection or the part 
devoted to one bolt. For bolted connections in tension, a good execution 
quality is required in order to avoid the effects resulting from imperfections 
such as eccentricities or lack of good contact between uneven surfaces. 
These imperfections lead to additional tension as well as bending stresses on 
the bolts. The method given by Schaumann and Seidel (2001) allows to 
account for these effects. 

In addition, one has to pay a particular attention to the effects of 
prying forces and to account for any in the stress range computation by using 
a modified nominal stress range approach. An example with two different 
connections and the measured resulting prying forces that develop is given in 
Figure 3.33. To avoid prying forces, two criteria must be considered: good 
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quality of execution and a minimum stiffness of the connected elements. 
 

Figure 3.33 – Evolution between external load and bolt tension force for a non-
preloaded and a preloaded bolt (NCHRP, 2002) 

 
For the distribution factor, different computations methods are 

available in the specialized literature, such as Petersen (2000), VDI (2003) or 
Schaumann (2001). For a L-joint part of a bolted ring connection in tension, 
the formulas from Petersen (2000) to compute the various stiffnesses, 
resulting distribution factor and force range at the bolted connection are 
given below (see Figure 3.34 for notations) in function of the external force 
range in the shell ( shellN e s σΔ = ⋅ ⋅ Δ ): 

21
2

2

shell

sab se s
b

N
b a

σ

⎛ ⎞+⎜ ⎟−⎛ ⎞⋅ ⋅ Δ ⋅ ⋅ +⎜ ⎟⎜ ⎟ ′⎝ ⎠ ⎜ ⎟⎜ ⎟
⎝ ⎠Δ ′ =

⎛ ⎞+⎜ ⎟
⎝ ⎠

 

(3.51)
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Figure 3.34 – Geometry and notations for L-joint part of a bolted ring connection 
 

Note that the above formula accounts for prying effects. The formulas 
for bolt axial stiffness, CB, for flange stiffness, CP,f, and for washer stiffness, 
CP,was, are the following (see Figure 3.34 for notations): 

2

4
2 2B

f was

DE
C

t t

π⋅ ⋅
=

⋅ + ⋅
 (3.52)

2
2

,
2

102 4
f

P f a i
f

E tC d d
t

π ⎡ ⎤⎛ ⎞= + −⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

 (3.53)

( )2 2
, 4P was a i

was

EC d d
t

π= −  (3.54)

The resulting connection stiffness, CP, is then expressed as: 

, ,

1
1 2P

P f P was

C
C C

=
+

 (3.55)

Finally the distribution factor p can be computed as follows: 
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B

B P

C
p

C C
=

+
 (3.56)

Example 3.7: Application to chimney, computation of stress ranges in 
bolted socket joint (located at +11490 mm) (worked example 2) 

In this part of the example, the fatigue verification of the socket joint is 
performed. The geometry and dimensions are given in section 1.4.3, and 
for the socket joint in sub-section 1.4.3.3. The wind loads are computed in 
section 3.1.5 (Example 3.1). 

Loading 

Direct stress range in the shell resulting from bending: 
3

21
3

5083 10 20.8 N/mm
24.493 10shell

y

M
W

σ Δ ⋅Δ = = =
⋅

 

Note: it is interesting to compute the value of the stress due to the dead 
weight in order to compare it to the fatigue action effects from wind. The 
axial stress due to dead weight (without partial factors, and considering 

that the ratio structural to total weight, 0.84s

t

W
W

= ): 

( )9 280000 10 11500 1 0.84 4.2 N/mmGk hσ = ⋅ − ⋅ =   

It can be seen that dead weight is only about 21% of the stress range and 
thus will not influence fatigue behaviour nor the consequences of failure 
(the chimney socket joint not being always under compression). 

The full bending moment range is to be accounted for since the bolts are 
pre-tensioned. But the force range acts on the connection, not the bolt 
alone. In order to know the part of the force range that actually goes into 
the bolt, an analysis shall be carried out using information from 
specialized literature, such as Petersen (2000), VDI (2003) or Schaumann 
and Seidel (2001). The computation below is made using Petersen’s 
method. 
Force range in pretensioned bolted connection (for the most loaded bolt) 
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21
2 '

56.5 kN

2

shell

sab se s
b

N
b a

σ
⎛ ⎞+⎜ ⎟−⎛ ⎞⋅ ⋅ Δ ⋅ ⋅ +⎜ ⎟⎜ ⎟

⎝ ⎠ ⎜ ⎟
⎝ ⎠Δ ′ = =

⎛ ⎞+⎜ ⎟
⎝ ⎠

 

Bolt stiffness : CB = E · Abolt / Lbolt = 1350 kN/mm 
Flange stiffness : CP,f  = 5600 kN/mm 
Washer stiffness : CP,was = 71746 kN/mm 
Flange/washer stiffness : CP = 1 / (1/ CP,f + 2/ CP,was) = 4843 kN/mm 
Distribution factor p (force range in one bolt) : p = CB/(CB + CP) = 0.218 
This means that 78% of the load range decompresses the connected plates 
and around 22% goes into the bolt shank. 

Remark: the distribution factor is very close to the first approximation 
value of 0.2 given in section 3.7.3; prying effects are probably very 
limited in this case. When using another possible method (VDI, 2003) 
another value, lower and somewhat unconservative, is found: p = 0.150. 

Finally, with the value obtained using Petersen (2000), the force range in 
the most loaded bolt shank is:  12.3 kNF N pΔ = Δ ′ ⋅ =  

Direct stress range in the pre-tensioned bolt:
  

222.0 N/mmE
s

F
A

σ ΔΔ = =   

Number of load cycles (50 years), see section 3.2.6 and Example 3.5. 
88.60 10  cyclesN = ⋅  

Remark: Due to the large number of load cycles (> 108) the fatigue 
analysis requires infinite life for all details. 
 

3.7.4 Stress range in welds 

This section does not deal with fatigue cracks starting from the weld 
toe, which is considered outside the weld itself. One differentiates the load 
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carrying welded joints from the other welded joints such as those in welded 
built-up section or transverse butt welds. The stress ranges in welds are 
usually computed using nominal stresses (see section 3.3.4). 

For transverse butt welds (EN 1993-1-9, Table 8.3), where the fatigue 
crack might start either in the weld or from the weld toe, the stress range is 
computed in the adjacent base metal as the area of the weld shall be equal to 
or larger than the area of the attached elements.  

For the welds such as those in welded built-up section, the relevant 
nominal stress range in the parent material or in the section at the position of 
the weld, e.g. for longitudinal welds, shall be calculated. 

In load-carrying partial penetration or fillet-welded joints, where 
cracking could occur in the weld throat, one must compute separately the 
following stress ranges corresponding to the two cases shown in Figure 3.35. 
In this case, a total of three separate fatigue checks must be carried out (i.e. 
with three different detail categories). The three cases are listed below: 

 Nominal normal stress range in the weld (linked with case A), Δσw, to 
check against fatigue category 36* 

 Nominal shear stress range in the weld (linked with case A), Δτw, to 
check against fatigue category 80 (m =5) 

 Nominal direct stress range at weld toe calculated in the plate (linked 
with case B), Δσ, to check against fatigue categories for detail 1, 
Table 8.5 (which is a function of attachment thickness, t, and total 
attachment length, L) 

One shall repeat here that since tensile residual stresses are assumed to 
exist in all welded joints, none of the load is carried in bearing between 
parent materials (in the gap), even if the joint is under compressive loads. 

 

Figure 3.35 – Possible fatigue crack locations in partial penetration a T-joints, butt 
or fillet welded (double-sided) 
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Example 3.8: Application to chimney, stress range in the welded stiffener 
on the bottom ground plate (located at +350 mm) (worked example 2) 

The geometry and dimensions are given in section 1.4.3, and for the 
assembly at the bottom in section 1.4.3.4. The wind loads are computed in 
section 3.1.5 (Example 3.1). 

Loading 

Force range in the longitudinal stiffener (computed according to the 
simplified method from Petersen): 

42 49.4 kN
s

M
F

n r
Δ

Δ = ⋅ =  

Stress range in throat of weld between stiffener and ground plate (with 
σ// = 0), from expressions (3.26) and (3.27): 

Case A: 

2

2
, //2

z
E w

eff

F
a

σ σ
⎛ ⎞
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2 1 2 7 220E w
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F
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σ Δ
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w II 0
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F
a L

τ τ= = =
⋅  

Case B (expression (3.28)): 

249400 18.7 N/mm
12 220

z z

w w

F F
t L t L

σ σ Δ
= ⇒ Δ = = =

⋅ ⋅ ⋅
 

3.7.5 Multiaxial stress range cases 

3.7.5.1 Introduction 

The particular case of stress ranges in a weld, where the normal stress 
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range (based upon the direct stress ranges acting on the detail) and shear 
stress ranges are computed separately and not combined has been seen in the 
previous section. More generally, when normal and shear stresses are likely 
to cause the formation of fatigue cracks in the same detail but at distinct 
locations, as for example in lap joints, see Table 8.5, details 5 and 9, a 
separate verification for both locations should be performed. In these cases, 
no combination is needed as it is specified for example in BS7608 (1993). 
Note that in the sections related to multiaxial stresses, the generic term 
normal stress will used indifferently for both the stresses acting on a detail or 
in a weld. 

All other cases, when combination is needed, configure the general 
case of details under multiaxial stress ranges which is now dealt with. A 
single loading or multiaxial cyclic loading results in different stress 
components which can be any combination of either normal and/or shear 
stresses. The different common cases are explained below. The question of 
the fatigue verification under multiaxial stress ranges is not treated here, but 
later in section 5.4.7. Multiaxial stress problems can be dealt with both using 
a nominal stress or geometric stress approach but, in this manual, the 
emphasis will be made on nominal stress, even if some of the concepts and 
formulas are also applicable to a geometric stress approach. Furthermore, 
note that alternative methods such as Dong’s mesh-insensitive, structural 
stress method (Dong et al, 2006) are also able to deal with fatigue design 
under multiaxial stresses. 

In the subsequent explanations, reference is made to the principal 
stresses and directions of the stress tensor, not to the mean hydrostatic 
pressure and the stress deviator tensor which is also used in damage 
mechanics. 

3.7.5.2 Possible stress range cases 

The different possible cases, from the simplest to the more complex, 
are described below, adapted from FKM (2006), and also shown in Figure 
3.36, adapted from Radaj (2003): 

 Proportional stresses: they usually result from a single loading, 
varying with time, acting on the structural member. All multiaxial 
stresses are varying proportionally to that loading and proportionally 
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to each other, which is also true with regard to their ranges and their 
mean values. Further, as a consequence, the principal stress directions 
stay constant; all the same for the principal directions of the stress 
ranges. Examples of proportional stresses are the circumferential and 
the longitudinal stresses of a cylindrical vessel loaded by internal 
pressure or the bending and torsion moment stresses of a cantilevered 
mast with an asymmetric arm and, as a consequence, loaded 
eccentrically by wind loads. 

 Non-proportional, synchronous stresses (or in-phase stresses): this 
is the simplest case of non-proportional stresses since the loadings are 
in-phase (however can be in opposition, 180° shift) and only non-
proportional with regard to their mean values. Synchronous stresses 
usually result from the combined action of a constant load with a 
second, different kind of loading, varying with time. Thus, the 
resulting stress ranges are proportional, i.e. if the varying loading 
doubles then each of the multiaxial stress range components double, 
but not their mean values. As a consequence, the principal stress 
directions change (however only if one forces the first principal stress 
to be the maximum) but not the principal directions of the stress 
ranges. Note that the stress component waveforms resulting from the 
loading may also be different. Examples are a shaft with a non-
changing torsion moment together with a rotating bending loading; or 
a long, lying cylindrical vessel under pulsating internal pressure, 
where the longitudinal stress is non-proportional to the circumferential 
stress (because the bending stress from the dead load is additively 
overlaid to the pressure stresses).  

 Non-proportional, asynchronous stresses: all multiaxial stresses 
that are not synchronous are called asynchronous stresses; they can 
result from out-of-phase loadings or from loadings with different 
frequencies. 

 Non-proportional stresses: they usually result from the action of at 
least two loadings that vary non-proportionally with time in a different 
manner. They can however also result from one constant combined 
with one moving load. Thus they may result in synchronous or 
asynchronous stresses. In the most general case of non-proportional 
loading, i.e. variable amplitude stress components histories with 
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different frequencies, different spectra apply to the individual stress 
components that result from the combined loadings. As a 
consequence, both the principal stress directions and the principal 
directions of the stress ranges change with time. In addition, the time 
reference points that correspond to the minimum and maximum of a 
stress component (and thus to the maximum stress range for this 
component) may be different. 
 

 
Figure 3.36 – Differentiation between proportional and non-proportional cyclic 

loadings and further separation of the different cases (Radaj, 2003) 

3.7.5.3 Proportional and non-proportional normal stress ranges 

In this particular case, by definition, the stress components directions 
correspond to the principal directions. As a consequence, for both 
proportional and non-proportional loadings, the principal directions of the 
stress ranges stay the same. Then, both the principal normal stress (BS7608, 
1993) or the von Mises stress (EN1993-1-9, 2005) can be satisfactorily 
applied in the fatigue verifications, as stated in the Eurocode or the British 
standard (Sonsino, 2009). 

3.7.5.4 Non-proportional normal and shear stress ranges 

To illustrate the problem, the case of a single load passing on a simply 
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supported beam is used; it is shown in Figure 3.37. The beam chosen to 
compute the stresses is a HEA 280 (identical to the crane supporting beam 
from the worked example 3). The beam is assumed to have at mid-span a 
detail on the web, detail located at 1/4 of its height from the bottom flange. 
The local wheel effects, inducing locally vertical compression stresses, are 
considered not relevant here. From Figure 3.37, one can see that the 
principal stress directions change in the course of a stress cycle, in particular 
they change abruptly when the moving load passes over the studied detail 
position. The first principal stress direction then changes from 16.3° to -
16.3°. 

 

 
Stresses evolution at detail 

 
Principal stresses evolution at detail 

Figure 3.37 – Stresses at mid-span in a simply supported beam due to the passage of 
a single load 
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Is this principal stress direction change significantly affecting fatigue 
strength? Well, in most cases similar to the one presented, the principal 
direction change can be considered as not significant because the shear stress 
values are typically one order of magnitude lower than the normal stresses. 
In these cases, the authors believe that stress variations can be treated 
similarly to a case of proportional stresses. The British Standard (BS7608 
1993), says that all cases where peak and valley values of the principal 
stresses are on principal planes not more than 45° apart can be treated alike. 
Thus, the relevant stress range for fatigue verification can then be taken as 
the normal stress range in the parent metal adjacent to the potential crack 
location or, if shear stress range is considered significant, as the maximum 
range through which any principal stresses passes. 

However, in EN 1993-1-9 a slightly different method can be found, 
where the principal stress range is computed directly using the Mohr circle 
properties, which leads to Equation (3.57). This equation expresses a criteria 
based on the equivalent stress according to Tresca (maximum shear stress 
hypothesis). It can be shown to lead to a higher stress range value than the 
previous method since it accounts for the full shear stress range (the 
maximum range through which any principal stresses passes does not).  

( )2 21 4
2eqσ σ σ τΔ = Δ + Δ + Δ  (3.57)

In the example presented above, the normal stress range is equal to 
25.2 N/mm2, the maximum range through which any principal stresses 
passes is equal to 25.7 N/mm2 and the computation using Equation (3.57) 
gives Δσeq= 27.2 N/mm2, which is 6% higher than the “maximum principal” 
stress range. 

Formula (3.57), which is on the conservative side as shown above, can 
be found in EN 1993-1-9, Table 8.9, where it is used to compute the relevant 
stress range in the crossbeam web of an orthotropic deck with open stringers 
details. 

 

3.7.6 Stress ranges in steel and concrete composite structures 

For determining stress and stress ranges in steel and concrete 
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composite structure, one must perform an elastic global cracked concrete 
analysis of the composite steel and concrete member. Several effects cannot 
be neglected in the analysis for fatigue limit state verifications, namely: 

 primary and secondary effects caused by shrinkage and creep of the 
concrete flange 

 the effects of sequence of construction 
 temperature effects. 

Furthermore, for fatigue verifications, one cannot use rigid plastic 
global analysis, nor elastic bending moments redistribution in continuous 
beams. 

In buildings, the generic relevant Eurocode parts do not require 
fatigue verifications except in very specific cases. The relevant clauses are 
the following: 

 For concrete, EN 1992-1-1, clauses 6.8.1(1) and (2). Fatigue 
verifications should be carried out only for structures and structural 
components which are subjected to regular load cycles (e.g. crane-
rails, bridges exposed to high traffic loads). In these cases, the 
verification shall be performed separately for concrete and reinforcing 
steel. 

 For structural steel, EN 1993-1-1, clause 4(4). Exceptions are 
members supporting lifting appliances or rolling loads, subjected to 
repeated stress cycles from vibrating machinery, subjected to wind-
induced vibrations or to crowd-induced oscillations. 

 For steel-concrete composite structures, EN 1994-1-1, clause 6.8.1(4). 
No fatigue assessment for structural steel, reinforcement, concrete and 
shear connection is required where, for structural steel, EN 1993-1-1, 
clause 4(4) applies and, for concrete EN 1992-1-1, clause 6.8.1, does 
not apply. 

Since bridges is the main domain for which fatigue verifications in 
steel and concrete structures are applied, this section presents in a detailed 
manner the method for bridges (the method shown also being applicable to 
other types of steel and concrete composite structures). 

Consider a steel-concrete composite bridge. According to EN 1994-2, 
clause 6.8, MEd,max,f, respectively MEd,min,f, is the maximum, respectively the 
minimum, value of the bending moment coming from one of the 
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combination of actions defined in expressions (3.31) and (3.32) of this 
Manual. With consideration for the different construction phases, it can be 
expressed for example for the maximum value as: 

, , , , 3,Ed max f a Ed c Ed FLM maxM M M M= + +  (3.58)

where 
Ma,Ed design value of the bending moment from basic SLS 

combination of non-cyclic loads (see EN 1992-1-1, clause 
6.8) applied to the structural steel section before connexion 
(composite behaviour), 

Mc,Ed design value of the bending moment from basic SLS 
combination of non-cyclic loads (see EN 1992-1-1, clause 
6.8) applied to the steel-concrete section after connexion 
(composite behaviour), 

MFLM3,max maximum bending moment due to fatigue load model 
FLM3, see sub-section 3.1.2.3. 

Three different situations are then considered for the stress range 
calculation as follows: 

1) MEd,max,f and MEd,min,f cause tensile stresses in the concrete slab. 

The effect of the basic SLS combination for non-cyclic loads 
disappears from the stress range, which should be calculated using the 
mechanical properties of the composite cross section with cracked concrete 
(structural steel + reinforcement) : 

( ) 2
, , 3, 3,

2
max f min f FLM max FLM min

vM M
I

σ σ− = −  (3.59)

where 
v2  distance from the neutral axis to the relevant fibre, 
I2   inertia of the cracked concrete composite cross section, 
MFLM3 bending moment (minimum or maximum) due to fatigue 

load model FLM3, see sub-section 3.1.2.3. 

2) MEd,max,f and MEd,min,f cause compression stresses in the concrete slab. 

The effect of the basic SLS combination for non-cyclic loads also 
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disappears from the stress range, which should be calculated using the 
mechanical properties of the composite cross section with uncracked 
concrete (structural steel + concrete): 

( ) 1
, , 3, 3,

1
max f min f FLM max FLM min

vM M
I

σ σ− = −  (3.60)

where v1 is the distance from the neutral axis to the relevant fibre and I1 is 
the inertia of the uncracked concrete composite cross section, calculated 
with the short term modular ratio n0 = Ea / Ecm. 

3) MEd,max,f causes tensile stresses and MEd,min,f causes compression 
stresses in the concrete slab. 

In this situation, the composite part of the bending moment from the 
basic SLS combination for non-cyclic loads, Mc,Ed, influences the stress 
range according to the following equation: 

, ,

2 1 2 1
, 3, 3,

2 1 2 1

max f min f

c Ed FLM max FLM min
v v v vM M M
I I I I

σ σ− =

⎡ ⎤
− + −⎢ ⎥

⎣ ⎦

 (3.61)

Mc,Ed is normally split up into several action effect cases for which the 
corresponding stresses should be evaluated with the proper elastic modular 
ratio nL. In order to simplify the calculations, the short-term elastic modulus 
ratio n0 may also be used for all the action effects. 

 

Example 3.9: Application to steel and concrete composite road bridge, 
computation of stress ranges (worked example 1) 

The elastic global cracked analysis of a composite bridge is dealt with in EN 
1994-2, clause 6.8. The bending moment for the basic SLS combination of 
non cyclic loads is given below with minimum explanations; more details 
can be found in SETRA (2007).The box-girder bridge has two slow lanes 
located on the right-hand side of each direction, respecting the painted marks 
(see Figure 1.13). For bending moment computations, the construction 
phasing of the deck (concreting of the slab in segments) has been taken into 
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account. The results of the computations are given in Figure 3.38. 

 

Figure 3.38 – Design value of the bending moment for the basic SLS combination of 
non-cyclic loads 

In each cross section, two extreme values are obtained for the basic SLS 
combination Ma,Ed + Mc,Ed. Then, the FLM3 passage is added to each of these 
extreme values as follows: 

( )
( )
( )
( )

, , , , 3

, , , , 3,

, , , , 3,

, , , , 3,

min

min

max

max

Ed max f a Ed c Ed FLM ,max

Ed min f a Ed c Ed FLM min

Ed max f a Ed c Ed FLM max

Ed min f a Ed c Ed FLM min

M M M M

M M M M

M M M M

M M M M

⎧ = + +⎪
⎨

= + +⎪⎩
⎧ = + +⎪
⎨

= + +⎪⎩

 

In each cross section and for each fibre, a corresponding stress range 

, ,max f min fσ σ σΔ = −  can then be calculated for both extreme values. As an 

example Figure 3.39 illustrates the obtained stress ranges on the lower face 
of the upper flange of the box girder. Each peak value above the envelope of 
the stress range resulting from FLM3 crossing illustrates the influence of the 
basic SLS combination of non-cyclic loads, i.e. meaning that MEd,max,f  causes 
tensile stresses and MEd,min,f  causes compression stresses in the concrete slab. 
It results in high stress range values at quarter span cross sections. According 
to the method from EN 1994-2, quarter span regions become often critical 
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from the point of view of fatigue and should be carefully checked. These 
peaks may be avoided by optimisation of the construction phasing of the 
deck and by careful choice of fatigue details and their location. 
In Figure 3.39, the stress range corresponding to expression (3.31), case 1 in 
section 3.3.5, is mentioned as coming from the minimum SLS non-cyclic 
load combination of actions. The stress range corresponding to expression 
(3.31), case 2, comes from the maximum SLS non-cyclic load combination 
of actions.  
 

 
Figure 3.39 – Stress ranges for the upper face of the lower flange 

3.7.7 Stress ranges in connection devices from steel and concrete 
composite structures 

In a steel and concrete composite structure subject to fatigue loadings, 
one important issue is the fatigue verification of the connection. In this 
specific case, the stresses acting in the detail are: 

 a direct stress range in the steel beam flange, to which the stud 
connectors are welded, 

 a shear stress range in the weld of each of the stud connectors due to 
the composite action effect between the concrete slab and the steel 
beam. 
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It should be first noticed that EN 1994-2 only deals with welded studs. 
Other types of shear connector (angles, ...) have to be introduced in the 
National Annexes if necessary, see EN 1994-2, clause 1.1.3(3). 

The method for determining the direct stress range in the flange has 
been explained in the previous section. The method for determining the 
shear stress and shear stress ranges is now presented; it is made according to 
EN 1994-2, clauses 6.8.5.5 and 6.8.6.2. The shear stresses at the steel-
concrete interface are calculated using the properties of the cross section 
with uncracked concrete (in opposition to the direct stress calculations). As a 
consequence, the basis SLS combination of non-cyclic loads has no 
influence on the shear stress range, which is only induced by the FLM3 
crossing and computed, as usual, as the difference between the two extreme 
values. 

The longitudinal shear force per unit length is computed as follows: 

1

1

V Ed
L

S V
v

I
⋅

=  (3.62)

where 
VEd  design value of the longitudinal shear force computed from a 

global cracked concrete analysis 
SV1  first moment of area of the concrete slab (taking the shear lag 

effect into account by means of an effective width) with respect 
to the centroid of the uncracked composite cross section 

I1   second moment of area of the uncracked concrete composite 
cross section. 

The expression for the shear stress range is: 

, 3L FLM

stud stud

v
A n

τ
Δ

Δ =
⋅

 (3.63)

where 
ΔvL,FLM3  longitudinal shear force per unit length at the steel-concrete 

interface due to FLM3 crossing 
Astud  shear area of a connector 
nstud number of shear studs per unit length. 
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Example 3.10: Application to steel and concrete composite road bridge, 
computation of shear stress ranges (worked example 1). 

In order to focus on the fatigue verifications in shear connection, the shear 
connection density (number of connectors per unit length) is given here as a 
starting hypothesis (no detailed calculations are provided since it is out of 
the scope of this Design Manual). It has been determined according to the 
method given in EN 1994-2, clause 6.6. As a result, the following choice for 
the connection has been made: 

 stud diameter: d = 22 mm 
 stud height: h = 200 mm (to be sufficiently anchored in the 

reinforced concrete slab) 
 4 studs in a transversal row for each steel upper flange of the box-

girder  
 ultimate limit strength for the steel of the studs : fu = 450 MPa 
 the connection density is constant over a given section of the bridge 

length, the section cutting depending on the SLS and ULS shear 
flow distributions, see Figure 3.40 

 the following recommended values have been adopted for the design 
resistance of a single stud: Vγ = 1.25 (see EN 1994-2, clause 6.6.3.1) 
and ks = 0.75 (see EN 1994-2, clause 6.8.1). 

 

 
Figure 3.40 – Shear connectors row spacing (density) for one of the steel flanges 
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The shear area of a connector is equal to 
2

2380.1 mm
4stud
dA π= = . 

For a given cross section, for example one located near the mid-span P1-P2 
at x = 156 m, the detailed calculations give I1 = 2.2 m4 for half of the bridge 
cross section, with: 

0 0.3 0.3

210000 6.1625
8 35 82200022000

1010

a a

cm ck

E E
n

E f
= = = =

+ +⎛ ⎞ ⎛ ⎞⋅ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 for the short-

term modular ratio. The centroid of the un-cracked cross section is located in 
the main steel web, 675 mm below the steel concrete interface, and the width 
of the concrete slab is equal to 21.5/2 = 10.75 m (no shear lag effect at this 
location) for a slab thickness of 325 mm. 

The first moment of area is given by: 

( ) ( ) 3
1 10.75 0.325 6.1625 0.675 0.325/ 2 0.475 mVS = ⋅ ⋅ + =  

In this cross section, when FLM3 crosses the bridge, a shear force range is 
created, given by: 

( )3 , 3 , 3 97.2 120.8 218 kNFLM max FLM min FLMV V VΔ = − = − − = . 

Then, the shear flow per unit length is equal to (expression (3.62)): 

3 1
, 3

1

218 0.475 47.1 kN/m
2.2

FLM V
L FLM

V S
v

I
Δ ⋅Δ = = = . 

Finally, with a 4-studs row spacing of 580 mm between x = 132 m and x = 
168 m, the shear stress range is computed using expression (3.63) as : 

( ) ( ) ( ), 3 3 647.1 10 / 380.1 10 / 4 0.580 17.9 MPaL FLM

stud stud

v
A n

τ − −Δ
Δ = = ⋅ ⋅ =

 
 

Figure 3.41 illustrates the variation of this shear stress range along the entire 
bridge, with an indication at the cross section location x = 156 m 
corresponding to the computation detailed in this example. 
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Figure 3.41 – Shear stress ranges at the steel-concrete interface along one of the steel 

upper flange 

3.8 MODIFIED NOMINAL STRESS RANGES 

In analogy to sub-chapter 3.4, formula (3.33), the expression for the 
modified nominal stress range is in general: 

mod f nomkσ σΔ = ⋅ Δ  (3.64)

where kf is the geometric stress concentration factor to account for the local 
stress magnification in relation to detail geometry not included in the 
reference S-N curve. The values for kf are to be taken from handbooks or 
from appropriate finite elements calculations as explained in sub-chapter 3.4. 
expression (3.64) may not be appropriate for cases where the behaviour 
under load of the detail is highly non-linear. 

In EN 1993-1-9, the relationship given for computing the modified 
stress range directly includes the damage equivalent factor. Explicitly 
putting it into the expression leads to the following relationship:
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( ), ,2Ff mod E f nom Ff kk Qγ σ λ σ γ⋅ Δ = ⋅ ⋅ Δ ⋅  (3.65)

Additionally to the geometric stress concentration in a classified 
structural detail configuration and the geometric stress concentration 
accounted for using kf, other cases such as misalignment can occur. The 
resulting additional stresses reduce the fatigue strength and have to be 
accounted for. In Eurocode 3, they are included through the multiplication 
by a factor ks that reduces the fatigue strength (expression (3.66)): 

,C red s Ckσ σΔ = ⋅ Δ  (3.66)

ks reduction factor for fatigue strength to account for size effects 
and/or eccentricity. Note that 1 f sk k=  

Such a case is found in the classification tables for detail 17 of Table 
8.3 (see Figure 3.42). 

 
Δσc Constructional detail Description 

 71 

Size effect for 
t>25 mm and/or 
generalisation for 
eccentricity: 

 

17) Transverse  butt 
weld, different 
thicknesses without 
transition, 
centrelines aligned 

Figure 3.42 – Example of detail with additional geometric stress concentration due 
to misalignment, or say eccentricity 

 
This case is a good example because it is particular as two different 

influences are combined in a single factor. These different influences can be 
separated as follows: 

1. Geometric concentration factor (multiplying action effects, 
( )Ff kQσ γΔ , or as here reducing strength) for misalignment (see also sub-

chapter 3.4, expression (3.36)) 
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11.5
1

,1 1.5 1.5
1 1 2

61s
tek

t t t

−
⎛ ⎞

= +⎜ ⎟+⎝ ⎠
 (3.67)

2. Size factor (reducing strength, ΔσC), see section 4.1.3: 

0.2

,2
1

25
sk

t
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (3.68)

The way it is done in the Eurocode is not limited to the above case, 
which can be confusing since some geometric stress concentration, or stress 
increasing effects, are taken on the action side as multipliers and some others 
on the resistance side as dividers. 

In the case of welded joints of hollow sections, expression (3.65) is 
rewritten in the Eurocode as follows: 

( )*
, ,2 1 ,2Ff hs E E Ff kk Qγ σ λ σ γ⋅ Δ = ⋅ ⋅ Δ ⋅  (3.69)

where 
, ,2Ff hs Eγ σ⋅ Δ  design value of the modified nominal stress range 

1k  stress magnification factor to account for secondary 
bending, see section 3.3.6, method 1 (referring to 
Tables 4.1 and 4.2 of EN 1993-1-9) to account for 
secondary bending, see section 3.3.6  

( )*
,2E Ff kQσ γΔ ⋅  design value of the nominal stress range calculated 

with the method of analysis 1 or 2a simplified truss 
model with pinned joints as explained in section 
3.3.6.

3.9 GEOMETRIC STRESS RANGES 

The determination of the structural stress at the hot spot range follows 
directly from computing the difference between the maximum and minimum 
geometrical stress values. The methods to compute geometric stresses were 
presented in sub-chapter 3.5. In EN 1993-1-9, the relationship given for 
computing the geometric stress range directly includes the damage 
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equivalent factor. Explicitly putting it into the expression leads to the 
following relationship: 

( ), ,2Ff hs E f nom Ff kk Qγ σ λ σ γ⋅ Δ = ⋅ ⋅ Δ ⋅  (3.70)

where 
, ,2Ff hs Eγ σ⋅ Δ  design value of the structural stress at the hot spot 

range 
fk   geometric stress concentration factor 

( )nom Ff kQσ γΔ ⋅ design value of the nominal stress range calculated 

with a simplified model 

Geometric stress concentration factor values can be found in the 
literature for a large number of different details. These factors are obtained 
analytically or from parametric studies as presented in more detail in sub-
chapter 3.5. Formula (3.70) may not be appropriate for cases where the 
behaviour under load of the detail is highly non-linear. 

 

Example 3.11: Application to a welded tubular truss in an industrial 
building  

This example is not part of the worked examples introduced in chapter one. 
It deals with a case of geometric stress approach and verification. 

An intermediate floor for machinery, with a large span of 36 m, is supported 
by regulary spaced uniplanar welded tubular trusses, as shown in Figure 
3.43, reference CIDECT (2001) and Stahlbaukalender (2006). The truss is 
made out of circular hollow sections (CHS). The fatigue design values of the 
applied loading can be modelled as a constant amplitude loading acting at 
the nodes of the top chord, with values ranging from zero to the loads shown 
in Figure 3.43. 

The member sizes are: 

Top chord:  CHS 219.1 7.1⋅ ,  A0 = 4728 mm2,  W0 = 0.243·106 mm3 
Braces:  CHS 88.9 4.0⋅ ,  A1,2 = 1070 mm2, W1,2 = 0.0217·106mm3 
Bottom chord CHS 177.8 7.1⋅ ,  A0 = 3807 mm2,  W0 = 0.156·106 mm3 
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The joint eccentricities, e, are equal to zero and the static strength has been 
found satisfactory. 

The purpose of this example is to determine the fatigue life of joint 6, 
according to both the modified nominal stress and the geometric stress 
method. 
 

 
Figure 3.43 – Uniplanar girder and design load situation (constant amplitude load 

ranges) 
 

Method A: Design according to modified nominal stress method. 
The verification is separated in different steps for clarity. 
 
Step 1: Structural analysis 

A structural analysis is carried out assuming a continuous chord and pin-
ended braces. The axial forces and bending moments found in joint 6 are 
given in Figure 3.44. They can be treated as a combination of two load 
conditions shown in Figure 3.45, i.e.: 

Load condition 1: basic balanced axial loading 
Load condition 2: chord loading (axial and bending) 
 

Figure 3.44 – Internal load condition of joint 6 (axial forces and bending moments 
ranges) 

chord 2 chord 1

242 kN215 kN

0.786 kNm 0.786 kNm
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Figure 3.45 – Two basic fatigue load-cases of joint 6 
 

Step 2: Nominal stress ranges in critical members 

It can be seen from Figure 3.44 that the critical chord loading is in chord 1 
due to a larger tension force. Only brace 2 with a tensile force range will be 
checked. Note: In general, the braces which have some parts of their load 
range in tension are usually the ones responsible for fatigue failure (even if 
braces in tension and in compression will initiate fatigue cracks). The indices 
are: br for brace, ch for chord, and then ax for axial loading and ch for chord 
loading.  

For load condition 1 (basic balanced axial loading): 
317.2 10 /1070 16 MPabr,axσ = ⋅ =  

For load condition 2 (chord loading):  

( )3 6 6228.5 10 3807 0.786 10 0.156 10 60 5 55 MPach,chσ = ⋅ − ⋅ ⋅ = − =  

(Note that the chord bending moment relieves the tensile stress on the 
connecting face of the chord.). 
 
Step 3: Secondary bending moments and stress range values for design 

Since the method of analysis of the structure was method 1 or 2 (equivalent 
in this case since there are no excentricities at the joints), see section 3.3.6, 
the nominal stress ranges found in step 3 have to be multiplied by 

joint 6

17.2 cosθ  = 13.43 kN 17.2 cosθ  = 13.43 kN

17.2 kN 17.2 kN

θ

228.5 kN228.5 kN

0.786 kNm 0.786 kNm

joint 6
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magnification factors k1, to take into account the effects of the secondary 
bending moments. These factors are given in Table 4.1 of EN 1993-1-9. In 
this example, the magnification factor values k1 = 1.3 for the braces and 
k1 = 1.5 for the chord shall be used. 

For load condition 1 (basic balanced axial loading): 

1.3 16 21 MPabr,axσ = ⋅ =  

For load condition 2: (chord loading): 

1.5 55 83 MPach,chσ = ⋅ =  

Finally, the design values of the stress ranges are thus: 

21 MPabr,axσΔ =  

83 MPach,chσΔ =  

 
Step 4: Determination of Detail category 

The detail category can be determined from Table 8.7 of EN 1993-1-9 (table 
for welded tubular joints, see Annex B.7). The detail category depends upon 
the loading and geometry of the joint, and the joint has to be within the 
validity range of the table and of the corresponding detail category. 
The maximum thickness of the tubes composing the joint is t0 = 7.1 mm 
(chord); this is less than 12.5 mm and thus Table 8.7 can be used. 
Computation of the geometric parameters of the joint: 

β = d1 / d0 = 88.9/177.8 = 0.5 

2γ = d0 / t0 = 177.8/7.1 = 25 

γ = 12.5 

τ = t1 / t0 = 4/7.1 = 0.563 

θ = arc tan (2.4/3.0) = 38.7° 

e = 0 

All the requirements listed in Table 8.7 have to be checked and in this case 
they all are fulfilled. With a thickness ratio of t0 / t1 = 1.775, it results in 
using a detail category 45 (m = 5). 
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Step 5: Determination of partial resistance factor 

A partial factor on stress ranges is required for design. For this example the 
joint is assumed to be damage tolerant (more than one truss supporting the 
floor, semi-rigid truss joints, crack sites well defined and regular inspection 
possible) and with high consequences for a failure (possibilities of partial 
collapse on people and high financial losses due to shut down of unit). From 
Table 3.1 of EN 1993-1-9, the partial factor γMf = 1.15 has been taken.  
 
Step 6: Estimation of the fatigue life for joint 6 

Using the higher value of step 3 Δσch,ch = 83 N/mm2, the fatigue life can be 
determined either from Figure 6.3 of EN 1993-1-9, or more accurately, using 
the detail category 45 with a S-N curve slope m = 5 and γMf = 1.15. 

( ) ( )5
6 6

5
,

45 1.15
2 10 2 10 46600 cycles

83

m

C Mf
R m

ch ch

N
σ γ

σ
Δ

= ⋅ ⋅ = ⋅ ⋅ =
Δ

 

The fatigue life expectancy of joint 6 is about 46 000 cycles, with fatigue 
cracking and failure in the chord. 

Design according to the geometric stress method (with the help of the 
CIDECT design guide 8 (CIDECT, 2001)) 

For tubular structures, the use of the fatigue verification according to the 
classification method is often not possible because of the limited validity 
range of Table 8.7, EN 1993-1-9. This is often the case for large tubular 
structures, large spans and bridges. Furthermore, the detail categories in 
nominal stress range are generally conservative since they cannot account 
for the differences in local geometry within the joints. For these reasons and 
for comparison, the verification of the same joint is now made according to 
section 6.5 of EN 1993-1-9 and the CIDECT design guide 8. 
To simplify, to account for secondary bending in the joints, the values found 
previously for the modified nominal stress range are used herein (to avoid 
this simplification and get more precise values, the use of a model as 
explained in section 3.3.6, method of analysis 3, is also possible). Thus, in 
this example, step 1 to step 4 remain unchanged. Recall: 

- The geometric parameters of the joint: 
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β = d1 / d0 = 88.9/177.8 = 0.5 

2γ = d0 / t0 = 177.8/7.1 = 25 

γ = 12.5 

τ = t1 / t0 = 4/7.1 = 0.563 

θ = arc tan (2.4/3.0) = 38.7° 

e = 0 

The parameters are within the validity range given in Table D.3 of CIDECT 
Design Guide. 8 for hollow section joints under fatigue loading: 

0.30 ≤ β ≤ 0.60 

24.0 ≤ 2γ ≤ 60.0 

0.25 ≤ τ ≤ 1.00 

30° ≤ θ ≤ 60° 

- The modified nominal stress ranges for chord and brace: 

Δσbr,ax = 1.3 · 16 = 21 MPa 

Δσch,ch = 1.5 · 55 = 83 MPa 
 
Step 5: SCF calculation for load condition 1 (basic balanced axial loading) 

In the CIDECT Fatigue Design Guide 8, formulae and graphs for different 
types of joints are given. For this example the geometric stress concentration 
factors can be calculated as follows: 

0.4 1.1

0, 0,1.16
12 0.5ch,ax ch,ax ch,axSCF SCF SCFγ τ⎛ ⎞ ⎛ ⎞= ⋅ ⋅ = ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

Chord: 

where  for β = 0.5 and θ = 30°:  SCF0,ch,ax = 2.6 
  for β = 0.5 and θ = 45°:  SCF0,ch,ax = 2.9 
so that  for β = 0.5 and θ = 38.7°: SCF0,ch,ax = 2.77 
and 1.16 2.77 3.2ch,axSCF = ⋅ =  
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Brace: 
0.4 1.1

0, 0,1.08
12 0.5br,ax ch,ax br,axSCF SCF SCFγ τ⎛ ⎞ ⎛ ⎞= ⋅ ⋅ = ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

where for β = 0.5 and θ = 30°:  SCF0,br,ax = 1.3 
 for β = 0.5 and θ = 45°: SCF0,br,ax = 1.8 
so that for β = 0.5 and θ = 38.7°: SCF0,br,ax = 1.59 
and  1.08 1.59 1.72br,axSCF = ⋅ =  

Check minimum SCF value: 

 for θ = 30°: min SCFbr,ax = 2.64 
 for θ = 45°: min SCFbr,ax = 2.30 
so that for θ = 38.7°: min SCFbr,ax = 2.44 
so use minimum SCF value, SCFbr,ax = 2.4 
 
Step 6: SCF calculation for load condition 2 (chord loading) 

From CIDECT Design Guide 8, Table D.3: 

Chord: 

( )
0.3

0.91.2 sin 1
0.5ch,chSCF γ θ −⎛ ⎞= ⋅ ⋅ =⎜ ⎟

⎝ ⎠
 

use minimum value, SCFch,ch = 2.0 

Brace: 

SCFbr,ch = 0 
(negligible) 

 
Step 7: Values of the structural stress ranges at the hot spot for design 

For load condition 1 (basic balanced axial loading): 

3.2 21 MPa 67 MPa
2.4 21 MPa 50 MPa

hs,ch,ax ch,ax br,ax

hs,br,ax br,ax br,ax

SCF
SCF

σ σ
σ σ

Δ = ⋅ = ⋅ =
Δ = ⋅ = ⋅ =

 

For load condition 2: (chord loading): 
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2.0 83 MPa 166 MPa
0 MPa

hs,ch,ch ch,ch ch,ch

hs,br,ch br,ch ch,ch

SCF
SCF

σ σ
σ σ

Δ = ⋅ = ⋅ =
Δ = ⋅ =

 

Superposition of load conditions 1 and 2: 

67 MPa + 166 MPa 233 MPa
 50 MPa + 0 MPa 50 MPa

hs,ch

hs,br

σ
σ

Δ = =
Δ = =

 

 
Step 8: Determination of partial resistance factor 

A partial factor on stress ranges is required for design. For this example the 
joint is assumed to be damage tolerant (more than one truss supporting the 
floor, semi-rigid truss joints, crack sites well defined and regular inspection 
possible) and with high consequences for a failure (possibilities of partial 
collapse on people and high financial losses due to shut down of unit). From 
Table 3.1 of EN 1993-1-9, the partial factor γMf = 1.15 has been taken.  

1.15 233 268 MPa
 1.15 50 58 MPa

hs,ch

hs,br

σ
σ

Δ = ⋅ =
Δ = ⋅ =

 

 
Step 9: Fatigue life for joint 6 

Using the diagram given in CIDECT Fatigue Design Guide 8, page 30 
(Figure 3.3), the fatigue life can be determined. From the same publication, 
the expression for the fatigue strength can be obtained (Table 3.1 in the 
CIDECT design guide 8) and reads:  

( ) ( )( ) ( ) 61 16log 12.476 log 0.06 log log  for 5 10
3hs R R RN N N

T
σ ⎛ ⎞Δ = − + ⋅ ⋅ ≤ ⋅⎜ ⎟

⎝ ⎠
 

Where T is the tube wall thickness 
Note: for a tube wall thickness T = 16 mm, this expression corresponds to a 
fatigue strength of 114 N/mm2 at 2 million cycles. 

For fatigue cracking in the chord, that is with T = t0 = 7.1 mm and 
268MPahs,chσΔ = , the above expression leads to the following fatigue life: 

( ) ( )
( )

( )
( )

12.476 3 log 12.476 3 log 268
log 5.54

1 0.18 log 16 1 0.18 log 16 7.1
hs

RN
T
σ− ⋅ Δ − ⋅

= = =
− ⋅ − ⋅

 



3.9. GEOMETRIC STRESS RANGES 

 

_____ 
161 

Hence, the fatigue life expectancy of joint 6 is 5.5410 346000 cyclesRN = = , 
with failure in the chord. 
In comparison to the result obtained with the classification method, around 
46 000 cycles, it can be seen that effectively the use of the rules in EN 1993-
1-9 result in a more conservative estimation of the fatigue life. 
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Chapter 4 

FATIGUE STRENGTH 

4.1 INTRODUCTION 

4.1.1 Set of fatigue strength curves 

It has been seen in Chapter 1 that the statistical analysis of the test 
results on a specific structural detail allowed for the definition of one fatigue 
strength curve (Figure 1.3). Numerous fatigue tests programs on different 
details in steel have shown that the fatigue strength curves are more or less 
parallel. Fatigue strength is thus only a function of the constant C, see 
Equation (4.1), which value is specific to each structural detail. 

( )10log log logN C m σ= − ⋅ Δ  (4.1)

Since there are many different details, so is the number of the different 
strength curves, and this is unusable for design in practice. The solution is 
the classification of the different structural details in categories with a 
corresponding set of fatigue strength curves. 

Classified structural details may be described in different EN 1993 
associated Eurocodes (EN 1993-1-9, EN 1993-2, EN 1993-3-2, etc.) but they 
all refer to the same set of fatigue strength curves, as given in the generic 
part 1-9. Each detail category corresponds to one S-N curve where the 
fatigue strength Δσ is a function of the number of cycles, N, both represented 
in logarithmic scale. The set is composed of 14 S-N curves, equally spaced 
in log scale. The set has been kept the same over the last decades; it comes 
from the ECCS original work of drafting the first European 
recommendations (ECCS, 1985). The set is reproduced in Figure 4.1. The 
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spacing between curves corresponds to a difference in stress range of about 
12% (values corresponding to the detail categories were rounded off), i.e. 
1/20 of an order of magnitude on the stress range scale. 

All curves composing the set are parallel and each curve is 
characterized, by convention, by the detail category, ΔσC (value of the 
fatigue strength at 2 million cycles, expressed in N/mm2). It is also 
characterized by the constant amplitude fatigue limit (CAFL), ΔσD, at 5 
million cycles, which represents about 74% of ΔσC. The slope coefficient m 
is equal to 3 for lives shorter than 5 million cycles. For constant amplitude 
stress ranges equal to or below the CAFL, the fatigue life is infinite. 

The CAFL is fixed at 5 million cycles for all detail categories. This is 
not exactly the case in real fatigue behaviour but has advantages for damage 
sum computations. Other codes use different values. For example the AISC 
code uses values ranging from 1.8 to 22 million cycles depending upon the 
detail category (the lower the category, the higher the number of cycles for 
the CAFL) (AISC, 2005). 

Under variable amplitude loadings, the CAFL does not exist, but still 
has an influence. Thus, a change in the slope coefficient is made, the value 
m = 5 being used between 5 million and 100 million of cycles. This last 
value corresponds to the cut-off limit, ΔσL, which corresponds to about 40% 
of ΔσC. By definition, all cycles with stress ranges equal to or below ΔσL can 
be neglected when performing a damage sum. The reason for this is that the 
contribution of these stress ranges to the total damage is considered as being 
negligible. It should be emphasised that the double slope S-N curve (and the 
cut-off limit), compared to the unique slope curve, represents better the 
damaging process due to cycles below the constant amplitude fatigue limit 
(CAFL). This is in particular valid when the spectra follow a distribution 
close to Rayleigh's, which is usually the case for civil engineering structures. 
For other types of spectra such as in aeronautics, with transient load 
fluctuations during take-off/landing, this representation is not adequate. 

It should be again emphasised that the behaviour under variable 
amplitude loading is complex. A few stress cycles can influence the start of a 
fatigue crack, even though the contribution of these very same cycles to the 
damage sum is negligible (see section 5.4.2). 
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Figure 4.1 – Set of fatigue strength curves for direct (normal) stress ranges 

 
If a structural detail configuration from a type of structure can be 

found in the tables of the relevant EN 1993 associated Eurocodes, and the 
description and requirements for this detail correspond, then the fatigue 
strength can be derived from the standard fatigue resistance S-N curves 
given in EN 1993, generic part 1-9. 

Note that these fatigue curves are based on representative 
experimental investigations. They include the effects of: 

 stress concentrations due to the detail geometry (detail severity), 
 local stress concentrations due to the size and shape of weld 

imperfections within certain limits, 
 stress direction, 
 expected crack location, 
 residual stresses, 
 metallurgical conditions, 
 welding and post-welding procedures. 

Additional stress concentrations due to geometry and not included in 

ΔσC

ΔσD

ΔσL
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the classified structural details, e.g. misalignment, large cut-out in the 
vicinity of the detail, have to be accounted for by the use of a stress 
concentration factor. The stress concentration factor is usually put on the 
action effects side but not always, as explained in sub-chapter 3.4. 

There are several specific cases not following the above set of fatigue 
strength curves. A first case is the tubular lattice girder node joints (EN 
1993-1-9, Table 8.7), which is treated separately since the slope coefficient 
found to represent the fatigue behaviour is m = 5. As a consequence, there is 
no slope coefficient change at 5 million cycles in the S-N curve for these 
details. The set of S-N curves for these details is given in Figure 4.2 below. 

 

 
Figure 4.2 – Set of fatigue strength curves for tubular lattice girder node joints 

(details from Table 8.7) 
 
Another specific case is tension components, mainly cables, for which 

there is a specific set of fatigue strength curves, see sub-section 4.2.10 for 
more information. 

For shear stress ranges, the statistical analysis of the test results on 
specific structural details with fatigue cracks developing under shear have 
shown differences with those under direct or normal stress ranges. Firstly, 
the fatigue strength curves slope coefficient is higher than under direct or 
normal stress ranges, leading to a slope coefficient m = 5. Secondly, there is 
no well defined constant amplitude fatigue limit and thus the curve has no 
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CAFL. Thirdly, as for the other S-N curves, there is a cut-off limit at 100 
million cycles. There are only a few details in shear only (Table 8.1, details 
6, 7 and 15, Table 8.5, details 8, 9) so only two fatigue strength curves are 
needed to classify them as shown in Figure 4.3. However, there is a third, 
very special, S-N curve for studs in shear (detail 10, Table 8.5), with a slope 
coefficient m = 8, no CAFL and no cut-off limit, also shown in Figure 4.3. A 
cut-off limit would not change significantly the fatigue verification since the 
slope coefficient is very high, which explains why it is not specified.  

Each curve is characterized by convention, again, by the detail 
category, ΔτC (value, expressed in N/mm2, of the fatigue strength at 2 
million cycles). The curve with a unique slope coefficient, m = 5, is used up 
to 100 million cycles. This number of cycles corresponds to the cut-off limit, 
ΔτL. This means, again, by definition, that all cycles having stress ranges 
below ΔτL can be neglected when performing a damage sum for the same 
reason as before. 

 

 
Figure 4.3 – Set of fatigue strength curves for shear stress ranges 

 

4.1.2 Modified fatigue strength curves 

The fatigue resistance of a few details however do not fit well in the 
original set of fatigue strength curves. Thus, modified curves have been 
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added. An example of one of these modified fatigue strength curves, 
category 45*, is represented in Figure 4.4. The main difference is the 
location of the CAFL. The detail category is kept the same (at 2 million 
cycles), so are the slope coefficients (m = 3 and 5), but the CAFL as well as 
the slope change is located at 10 million cycles instead of 5 million. For lives 
over 10 millions cycles, as said before, the slope coefficient m changes from 
3 to 5, until 100 million cycles, where the cut-off limit is reached.  

With the rules given in EN 1993-1-9, the following two approaches 
can be chosen for such details:  

 the detail category is put in the original set of curves. It results in a 
conservative approach when doing the verification with respect to 
fatigue strength at 2 million cycles. But it will result in a non-
conservative verification if the CAFL is used. 

 the detail category is put in the upper class, since it has an asterisk, 
*
CσΔ , and the CAFL has now to be computed at 10 million cycles. 

This results in a lower CAFL value compared to the previous 
approach. The following equivalence can be written: 

( ) ( )1/ 3 *at 10 million cycles 2 10 1.12D Cσ σΔ = Δ  (4.2)

In this case, the verification using the CAFL will be correct as well as 
the verification with respect to fatigue strength at 2 million cycles (and more 
economical). 

One must be careful when using the first approach. As an example, 
one can look at an overlapped joint (detail 5, Table 8.5), which has a detail 
category 45*. This means that this detail can be conservatively classified as a 
category 45 detail. But, alternatively, it can also be classified as a category 
50, providing that its CAFL is taken as (2/10)1/3 50 = 29 N/mm2 at 10 million 
cycles. Both classification cases are drawn for comparison in Figure 4.4. The 
values of the conservative and alternative classifications given in EN 1993-
1-9 are summarised in Table 4.1. 
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Figure 4.4 – The two alternative fatigue strength curves for a particular detail 

category 45* under direct (normal) stress ranges 
 
Table 4.1 – Modified strength curves, original and alternatives values 

Original curves [N/mm2] Alternative curves [N/mm2] 
Category ΔσC ΔσD at 65 10⋅  ΔσL ΔσC ΔσD at 107 ΔσL 

36* 36 26.5 14.6 40 23.4 14.6 
45* 45 33.2 18.2 50 29.2 18.2 
56* 56 41.3 22.7 63 36.8 22.7 

4.1.3 Size effects on fatigue strength 

The influence of the size of the detail on its fatigue strength is 
recognized in different ways. Firstly, the test results used to fix the fatigue 
strengths of the details were carried out on specimens with dimensions that 
are sufficient to represent correctly the built-in welding residual stresses. 
Secondly, some details in the tables have been separated according to the 
variation of one or two geometrical dimensions; for example a longitudinal 
attachment can correspond to four different categories according to the 
attachment length (see Table 4.2). This can be called a non-proportional 
scaling effect, since only some dimensions are scaled and not the others. 
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Table 4.2 – Influence of length on the detail category for a longitudinal attachment 
(extract from Table 8.4 EN 1993-1-9) 

Detail 
category Constructional detail Description 

80 L≤5 m 

 

Longitudinal 
attachments: 
 
1) The detail 
category varies 
according to the 
length of the 
attachment L. 

71 50<L≤80mm 

63 80<L≤100mm 

56 L>100mm 

71 
L>100mm 

 
α<45° 

2) Longitudinal 
attachments to plate 
or tube. 

 
Thirdly, for cases that are close to proportional scaling, one can see 

that the size effect in fatigue is essentially influenced by the plate thickness 
in which the fatigue crack grows and therefore has often been called the 
“thickness effect”. For these cases, the reduction formula for size effects 
suggested originally by Gurney (1979) is used: 

, s CC red kσ σΔ = ⋅ Δ  (4.3)

with  

0 1.0
n

s
tk t
⎛ ⎞= <⎜ ⎟
⎝ ⎠

 (4.4)

The thickness t0 is the reference thickness above which a reduction 
due to size effect has to be considered; it is usually taken as 25 mm. The 
value of the exponent n in the formula (4.4) is function of the detail 
considered.. It can take values comprised between 0.1 and 0.4 depending 
upon the detail considered (the exponent increases proportionally to the 
stress concentration factor at the crack location) (IIW, 2009). In EN 1993-1-
9, it is equal to 0.2 for butt joints and 0.25 for bolts in tension (but in this 
case with a reference diameter of 30 mm, see section 4.1.3 for further 
information).  

The size effect reduction can be demonstrated by taking as an example 
a transverse butt weld, or splice, joining two plates of different thicknesses, 
namely 100 and 60 mm. With proper requirements, this detail can be taken 
as detail 5 from Table 8.3 of the EN 1993-1-9 (see Annex B.3), and thus 
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classified in category 90. The correct, reduced, fatigue strength due to its 
size is found by applying formula (4.4) with t = 60 mm as it is the side where 
the fatigue crack will develop, which gives (25/60)0.2  90 = 75.5 N/mm2.  

For geometric stress approach, EN 1993-1-9 does not mention the 
effect of component size. However, depending upon the extrapolation 
method and the type of joints, a geometrical size effect should be taken into 
account. For hot-spot stress type a, the multiplying factor is identical to the 
one given in formula (4.4). Indications are given in Annex B, Table B13. 
Note that the extrapolation method using fixed points is also intended to take 
into account the geometric size effect) (Niemi et al, 2006). For hot-spot 
stress type b, the plate thickness has only a small effect on fatigue strength, 
because the geometrical effect now depends mainly on the width of the plate. 

 

4.1.4 Mean stress influence 

The mean stress influence is only relevant in the cases of non-welded 
details or details on which post-weld improvements have been made. It can 
be accounted for by acting on the action effects side or on the fatigue 
strength side. For the case of non-welded details, the modification of the 
stress range is given in section 3.7.2, that is the modification is made on the 
action effects side. The case of post-weld improvement is explained in the 
next section. 

 

4.1.5 Post-weld improvements 

Where the classification in tables 8.1 to 8.10 of EN 1993-1-9 does not 
give adequate fatigue strength, the performance of weld details may be 
improved by post-welding treatments such as controlled machining, grinding 
or peening. When this is required, and when the proposed improvement 
method is not covered by EN 1993-1-9, the detail should be classified by 
testing (see sub-chapter 4.3). 

A family of post-weld improvement techniques such as needle 
peening, shot peening or UIT (ultrasonic impact treatment), introduce 
compressive residual stresses in the surface layer where the fatigue cracks 
starts. Thus, the fatigue strength of these improved details is influenced by 
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the mean stress of the applied external loads and has to be properly 
accounted for. It is outside of the scope of this book to present post-weld 
improvement methods. Thus, for further information on recommended 
procedures, quality control, fatigue strength categories, etc. the reader is 
advised to read the relevant IIW recommendations (IIW, 2009.b). Note that 
IIW proposes a modification in the definition of the stress range together 
with a change of classification of the improved detail. Thus, the mean stress 
effect is accounted for by acting on both sides of the verification 
relationship. 

The authors would emphasise here that improvement techniques 
should be thought of right at the initial design stage, especially to 
compensate for bad detailing or fabrication, but only once other possibilities 
have been unsuccessfully explored. These methods are for example very 
useful when designing structures with high strength steels. But they can also 
represent a useful option when the need for an increase in fatigue life is 
discovered, for example at a late stage of fabrication, when the structure is 
already in service, as a fatigue retrofit or strengthening option (after 
evaluation, NDT controls and under given conditions only). 

4.2 FATIGUE DETAIL TABLES 

4.2.1 Introduction 

This sub-chapter gives useful information on the detail classifications 
given in tables 8.1 to 8.10, including notes on the potential modes of failure, 
important factors influencing the class of each detail type and some guidance 
on selection for design. It is a synthesis of information taken from the 
following sources: BS 7608, NORSOK 004 and draft of the background 
document to EN 1993-1-9, BS 7608 (1993), NORSOK (2004) and Stötzel et 
al (2007). Commentary specific to each detail, that is clarification and advice 
for performing correctly the verification, have been included directly in the 
detail category tables given in annex B of this book. 
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4.2.2 Non-welded details classification (EN 1993-1-9, Table 8.1) 

In unwelded details, fatigue cracks normally initiate either at surface 
irregularities, at corners of the cross sections, or at holes and re-entrant 
corners. In members connected with rivets or bolts loaded in shear, failure 
generally initiates at the edge of the hole and propagates across the net 
section, see Figure 4.5. Fatigue crack may also initiate in the bolt itself. 
However, in double covered joints made with high strength friction grip 
bolts these modes of failure are eliminated by the pre-tensioning (providing 
joint slip is avoided) and failure may initiate on the surface near the 
boundary of the compression ring due to fretting under repeated strain, see 
Figure 4.5. In these details, fatigue crack may also initiate at a geometrical 
change near or at the bolted coverplates ends. 

 
Normal bolt 

ΔσC between 50 and 90 

(ΔσEd on net cross section) 

Pre-tensionned bolt 
ΔσC between 90 and 112 

(ΔσEd on gross cross section) 

 
Area of load transfer 

 
Possible crack location 

Figure 4.5 – Bolted connections in shear, categories, area of load transfer and 
possible location of fatigue crack (from ESDEP courses (ESDEP, 1995)) 
 
In threaded fasteners, loaded in tension (or combination of tension and 

shear, with or without secondary bending), fatigue cracks normally initiate at 
the root of the thread, particularly at the first load carrying thread in the 
joint. Alternatively, failure is sometimes located immediately under the head 
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of the bolt, particularly in bolts with rolled threads and in joints with bolts 
subjected to prying effects (secondary bending). It is important to ensure that 
the specified fit-up of bolted connections is achieved in practice. Otherwise 
the stress ranges applied to the bolts may be much higher than those assumed 
in design and hence lead to premature failure. Figure 4.6 shows the different 
possible fit-up cases and their influence on the fatigue strength of the 
connection. 

 

 
Figure 4.6 – Different possible fit-up cases in bolted connections in tension with (a) 

best, (c) worst, because of prying forces (from ESDEP courses (ESDEP, 1995)) 
 
There is a significant influence of size for bolts and rods in tension. 

This is due to incomplete geometric scaling of the micro-geometry of the 
thread but –the thread or notch radius being scaled up to the thread pitch, 
rather to the diameter for standard (ISO) bolts– the local stress at the notch is 
a function of the diameter to notch radius. The resulting effect is a decrease 
of fatigue strength with increasing diameter, expressed similarly to plate 
thickness influence (see section 4.1.3) as follows: 

, 0
n

C red

C

σ
σ

Δ ∅⎛ ⎞= ⎜ ⎟Δ ∅⎝ ⎠
 (4.5)

where 
n scale effect exponent, function of the stress concentration, taken 

as 0.25 (in reality ranging from 0.1 to 0.33, depending upon 
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different parameters such as the type of threads, cut or rolled, 
the material, etc.) 

∅0   reference diameter of bolt, taken as 30 mm in EN 1993-1-9 
 

4.2.3 Welded plated details classification (general comments) 

In welded construction, fatigue failure will rarely occurs in a region of 
unwelded material since, as can be inferred from the previous section 4.2.2, 
the fatigue strength of the welded joints will usually be much lower because 
of the presence of discontinuities. The fatigue strength, or joint 
classification, is directly linked with stress concentration. The welded details 
with the lowest stress concentration are full penetration transverse butt welds 
(first details in Table 8.3). Particularly high increase in stress concentration, 
hence reduction in fatigue strength, occur where the following features are 
present: 

 the weld ends or toes are on, or near, an unwelded corner of the 
member. This is the reason why an 'edge distance' is specified for 
some of the joints; 

the attachment is 'long' in the direction of the direct stress and, as a 
result, transfer of a part of the load in the member to and from the 
attachment will occur through welds adjacent to its ends, see Figure 4.7. 
Parallel fillet welds have better fatigue strength (along attached plate in case 
b)), followed by long transverse welds (case d) and if full penetration case 
e)), and finally the worst are the short transverse welds (ends of longitudinal 
attachments, case a), end transverse weld in case b), and case c)). 

 

 
Figure 4.7 – Different types of welded details 

 
Furthermore, the welded plated details are classified in the different 

tables according to the following: 

 Welds between plates in the same plane (transverse butt joints)  
 Welds not in the same plane as the plates, that is T-joints or lap joints. 
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 Welded attachments loaded or not. 

The following paragraphs present the regrouping of the details 
contained in the different classification tables, with the numbering from the 
code. 

 

4.2.4 Longitudinal welds, (built-up sections, EN1993-1-9 Table 8.2), 
including longitudinal butt welds 

Regarding the potential modes of failure, away from weld ends, 
fatigue cracks normally initiate at stop-start positions or, if these are not 
present, at weld surface ripples. With the weld reinforcement dressed flush, 
failure tends to be associated with weld flaws. However, in the case of 
discontinuous welds (details 8 and 9, Table 8.2) fatigue cracks will occur at 
the weld ends. 

No edge distance criterion exists for continuous or regularly 
intermittent welds away from the ends of an attachment. However it is 
important to limit the possibility of local stress concentrations occurring at 
unwelded corners as a result of, for example, undercut, weld spatter and 
excessive leg length at stop-start positions or accidental overweave in 
manual welding. 

Although this criterion can be specified only for the 'width' direction 
of a member, it is equally important to avoid undercutting on the unwelded 
corners of, for example, cover plates wider than the flange on which they are 
welded. If it does occur, it should subsequently be ground out to a smooth 
profile.  

 

4.2.5 Transverse butt welds (EN1993-1-9 Table 8.3) 

With the ends of butt welds machined flush to the plate edges (after 
removal of weld run-on and run-off pieces), fatigue cracks normally initiate 
at the weld toe. They then propagate into the parent metal, so that the fatigue 
strength depends largely upon the toe profile of the weld. If the 
reinforcement of a butt weld is dressed flush, failure is more likely to occur 
in the weld material from embedded flaws or from minor weld flaws which 
become exposed on the surface, e.g. surface porosity in the dressing area 
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(typical for details 1 to 3 of Table 8.3). In the case of butt welds made on a 
permanent backing strip, fatigue cracks initiate at the weld metal strip 
junction (weld root) and then propagate into the weld metal (details 14 to 
16). 

The classification, as given explicitly in BS 7608 (1993), may be 
deemed to allow for the effects of any accidental axial or centreline 
misalignment up to the lesser of 0.15 times the thickness of the thinner part 
or 3 mm, provided that the root sides of joints with single-sided preparations 
i.e. single bevel, –J, –U or –V, are back-gouged to a total width at least equal 
to half the thickness of the thinner member. 

However, where such support is not provided, e.g. tension links, and 
where the amount of misalignment exceeds the limits stated above, the 
design stress should include an allowance for the bending effects of any 
intentional misalignment, i.e. the nominal distance between the centres of 
thickness of the two abutting members. For members tapered in thickness, 
the mid-plane of the untapered section should be used. The nominal stress 
should be multiplied by the factor ks, as explained in section 3.7.7 or given 
for detail 17. 

For other cases, including angular misalignment, see sub-chapter 3.4. 
 

4.2.6 Welded attachments and stiffeners (EN 1993-1-9 Table 8.4), and 
load-carrying welded joints (EN 1993-1-9 Table 8.5) 

For fillet welds, it can be seen in the classification that the weld 
direction, parallel to the main stress flow or perpendicular to it, and its length 
in the perpendicular direction influence significantly the detail class.  

For transverse joints, the overall joint width should be minimised as 
much as possible, for example, by using partial penetration welds instead of 
fillet welds when multi-pass welds are needed (refer to Figure 4.8). The 
loaded plate can also be interrupted as also shown in the figure. 
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Figure 4.8 – Total attachment length, L, in transverse attachments 
 
For longitudinal attachments, significant improvement in the fatigue 

strength can be achieved by shaping the ends of the gusset and also by 
grinding properly the weld toe as well. Note that the improvement is for the 
toe only, and for large increase in fatigue strength of the detail, the 
possibility of fatigue cracking from the weld root shall also be addressed (i.e. 
will limit the fatigue strength increase). 

In the case of welded shear connectors, fatigue cracking tends to occur 
either in the weld throat initiating from the root due to shear and associated 
bending transmitted from the slab (detail 10, Table 8.5) or at the weld toe 
and propagating in the flange for highly stressed flanges (detail 9, Table 8.4). 
The combined effects of the two possible fatigue cracking modes is 
accounted for by using the interaction formulas for verification under 
multiaxial stress ranges of welded studs presented in sub-section 5.4.7.4. 

 

Example 4.1: Detail classification and verification, application to chimney 
(socket joint located at +11490 mm) (worked example 2) 

Fatigue strength of the details 

A detailed description of the different fatigue details composing the socket 
joint was made in Chapter 1. The socket joint with fillet welds corresponds 
to detail number 12, Table 8.5, see Figure 4.9 below. This is a detail 
category 40. Thus:  

2 240 N/mm  and CAFL 4 N/mmC D Cσ σ σΔ = :  Δ = 0.7 ⋅ Δ = 29.6  

 

L = attachment length 

t = thickness 
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Figure 4.9 – Chimney socket joint fatigue detail (EN 1993-1-9, Table 8.5) 
 

Bolt in tension corresponds to detail number 14, Table 8.1, see below. This 
is a detail category 50 up to a bolt diameter of 30 mm. Thus: 

20 N/mm  CσΔ = 5  

CAFL for this detail is 24 N/mmD Cσ σΔ = 0.7 ⋅ Δ = 37  

 

Size effect for 
∅ > 30mm: 
ks=(30/∅)0.25 

 

Figure 4.10 – Fatigue detail for bolt in tension in chimney socket joint (EN 1993-1-
9, Table 8.1) 

 
The connection is checked against fatigue in example 5.1. 

 

Example 4.2: Detail classification, application to chimney (bottom socket 
joint located at +350 mm) (worked example 2) 

In this example, it will be shown how to classify the different details 
composing a complex welded connection. The geometry and dimensions of 
the chimney are given in section 1.4.3 and, for the bottom socket joint, in 
sub-section 1.4.3.4. The wind loads are computed in section 3.1.5 (example 
3.1), the number of cycles in example 3.5. The connection is checked against 
fatigue in example 5.2. 
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Figure 4.11 – Chimney bottom socket joint, with possible fatigue crack locations 
 

1) Upper ring welded to shaft. Transverse attachment, classify as detail 
6, Table 8.4, category 80 (  < 50 mm). Note that since longitudinal 
stiffener continues below the upper ring, if there would be no mouse-
hole, this detail would classify better as a longitudinal attachment than 
a transverse one.  

2) Mouse-hole in stiffener in order to properly weld the ring and ground 
plate. Detail 9, Table 8.2, category 71.  

3) Longitudinal fillet weld along stiffener. Detail 7, Table 8.2, category 
100 (this detail is never the critical one). 

4) Welded detail between longitudinal stiffener and ground plate. The 
stress flow being in the stiffener, this detail is a Tee-butt joint with 
fillet welds and = 40+8.5 < 50 mm, detail 3, Table 8.5. 
Corresponding details: 

 root cracking: category 36* and 80 
 toe cracking: category 80. 

5) Anchor bolt in tension with, may be some bending due to prying 
effects. Detail 14, Table 8.1, category 50. 
 

 

Example 4.3: Application to runway beam of crane (worked example 3) 

At this stage, the construction details should be identified having in mind 
that the welding and stress concentrators can reduce considerably the fatigue 
life of the runway steel beam. 
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Figure 4.12 – Geometry of runway beam of crane 
 

Classification of the detail categories 

The fatigue critical details are identified as: 

1. Transverse joint of the rail  
271N/mm  CσΔ = (detail 14 from Table 8.3 EN 1993-1-9) 

2. Continuous longitudinal weld between the rail and the top flange 
2N/mm  CσΔ = 125 (detail 2 from Table 8.2 EN 1993-1-9) 

3. Transverse support of the top flange  
2N/mm  CσΔ = 40 (detail 5 from Table 8.4, EN 1993-1-9) 

4. Runway rolled beam, flange due to bending moment  
2N/mm  CσΔ = 160 (detail 2 from Table 8.1, EN 1993-1-9) 

5. Beam web under local vertical stress σz,local 

2N/mm  CσΔ = 160 (detail 1 from Table 8.10, EN 1993-1-9) 

 
 

2

3

1

4

5

Surge girder 

Column 
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4.2.7 Welded tubular details classification (EN 1993-1-9 Tables 8.6 and 
8.7) 

For welded tubular connections, the very limited geometrical validity 
ranges from Tables 8.6 and 8.7 (in particular tube thicknesses up to 8 mm 
only) limit their practical use to small structures. Furthermore, the nominal 
stress approach does not properly account for the complex stress field 
present in tubular joints, that is the many different stress concentrations and 
stress gradients which are further function of the joint loading conditions. 
Thus, for other applications such as wind towers, bridges, etc. the geometric 
stress (structural stress at the hot spot) approach is more appropriate, see 
sub-chapters 3.5 and 3.9. Since EN 1993-1-9 does not contain in its annex B 
specific information for tubular joints, one shall seek this information in the 
CIDECT recommendations (CIDECT, 2001), IIW recommendations (IIW, 
2000) and other published literature (FOSTA, 2010). 

 

4.2.8 Orthotropic deck details classification (EN 1993-1-9 Tables 8.8 and 
8.9) 

For orthotropic deck connections, Table 8.8 gives the detail categories 
for closed trough and Table 8.9 gives the detail categories for open trough 
(or stringers). Orthotropic decks contain different fatigue details and a 
distinction can be made between cracks that are caused in a load-carrying 
member or in a connection for load transfer, and cracks that are generated by 
imposed deformations. The different possible cracks locations are given in 
EN 1993-2 and summarised in Figure 4.13. For the determination of the 
stresses relevant to the detail under study, one can use a nominal or a 
geometric stress approach, as long as it is coherent with the detail 
classification chosen from EN 1993-1-9. For the application of the geometric 
stress method, the detail category has to be chosen with regard to the 
different possible weld types as explained in section 4.2.11. 

However, since the information contained in EN 1993-1-9 and EN 
1993-2 is difficult to grasp, revised tables have been developed by the 
authors to summarize the information and to guide the engineer, see Annex 
B, Table B.13. They include notes on the potential modes of failure (crack 
location and consequences), important factors influencing the class of each 
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detail type and some guidance on selection for design, including strength 
factor γMf. These tables are a combination and interpretation of the standards 
as well as propositions from different recent studies (Kolstein, 2007) and 
(Leendertz, 2008). 

 

 
Figure 4.13 – Typical orthotropic steel deck crack locations, adapted from 

EN 1993 – 2 (detail numbering corresponds to the one in Table B.13) 
 

4.2.9 Crane girder details (EN 1993-1-9 Table 8.10) 

This table contains the detail categories of the flange to web junction 
of runway beams subjected to vertical compressive stress range due to wheel 
load (local effect). Fatigue cracking is shown to always start from the detail 
weld toe in the figures, but could also start from an internal flaw or non-
welded zone in the case of details with fillet welds. Accordingly, the stress 
range is to be computed either in the web or in the weld throat. The fatigue 
crack propagates horizontally, along or in the weld, and is assumed not to be 
influenced by the beam bending stresses. Fatigue verification is thus 
performed separately from those other fatigue cracking cases, see sub-
section 5.4.7.3. 

 

4.2.10 Tension components details (EN 1993-1-11) 

This is a special case for which there is a specific set of fatigue 
strength curves, different from welded joints. Cables in particular are 
structural elements that can be subjected to two different types of fatigue 
rupture that follow different laws and have to be considered separately 



4. FATIGUE STRENGTH 

 

_____
184

(Cluni et al, 2007): 

 axial fatigue and bending fatigue. Axial fatigue is originated by 
fluctuations in the axial tension.  

 bending fatigue is the consequence of the combination of axial preload 
and cyclic bending occurring near the anchors, where the cables 
behave as clamped; it is investigated by the rotative bending test. 

In both axial and bending fatigue, fatigue phenomenon is seen to 
occur by fretting, thus indicating that the cracks are mainly caused by the 
friction stresses originated by the sliding contact between wires. Another 
aspect that distinguishes cables from welded joints is the fact that the former 
do not present fragile failures since the rupture is preceded by numerous 
wire failures. 

In part 1-11 of Eurocode 3, detail categories are given for different 
tension components, however not all; they are listed in Table 4.3. Figures of 
the tension components can be found in Annex C of part 1-11. A summary 
has been made in the form of a table in Annex B of this manual, Table B.12. 
Even if it does not stand out from the table, strands, made of parallel wires 
(group C), have a better intrinsic fatigue resistance than ropes, made of wires 
in spiral configuration (group B). It is because spiral configuration induces 
relative displacements between wires even under pure tension and thus more 
interwire fretting fatigue. 
 

Table 4.3 – Groups of tension components and corresponding detail categories for 
fatigue strength 

Group Main tension element Component 

Detail category 
[N/mm2] 
for exposure 
class 3 or 4 

A 

Single solid round cross 
section connected to end 
terminations by 
threads 

Tension rod (bar) system *** 

Prestressing bar 105 

B 

Ropes composed of 
wires or stands, in spiral 
and which are anchored 
in sockets or other end 
terminations 

Spiral, circular strand 
rope* 

*** 

Fully locked circular coil 
rope with metal or resin 
socketing** 

150 
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Strands with metal or 
resin socketing 

150 

C 

products composed of 
parallel wires or parallel 
strands needing 
individual or collective 
anchoring and 
appropriate protection  

Parallel wire strand 
(PWS) with epoxy 
socketing 

160 

Bundle of parallel 
strands (seven wire 
prestressing) 

160 

bundle of parallel wires 160 
Multiple bars *** 

* typical diameter range: 5 mm to 160 mm 
** typical diameter range: 20 mm to 180 mm 
*** to be determined by tests. Specific requirements for fatigue testing of wire, strands, 

bars and complete tension components are given in EN 1993-1-11, Annex A. 
 

Fatigue failure of cable systems usually occurs at anchorages, saddles or 
clamps. The basic requirement is that the fatigue resistance of terminations 
and anchorages exceeds that of the components. The effective category of 
detail at these locations should preferably be determined from tests 
representing the actual configuration used and reproducing any flexural 
effect or transverse stresses likely to occur in practice, see also sub-chapter 
4.3. In the absence of tests, the detail categories from, which conform to the 
fatigue strength curve family given in Figure 4.14, may be used. It should be 
emphasized that for elements made of high-strength steel such as wires and 
ropes a discussion on the existence of a fatigue limit is still open. In some 
cases, moreover, such as in the case of fretting corrosion, there is no 
endurance limit, thus highlighting the need for a good protection of the cable 
from corrosion phenomena (Cluni et al, 2007). As a result, the fatigue curves 
for cables do not have any CAFL but are bi-linear even under constant 
amplitude loadings. Conservatively, under variable amplitude loadings, the 
same curves are used. Finally, a cut-off limit may be introduced at 100 
millions in order to allow for a infinite life design approach. 
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Figure 4.14 – Fatigue strength curves for tension components 

 
The categories given in Table 4.3 are only valid when the following 
conditions apply: 

 design of cables, saddles, cables with sockets and clamps comply with 
the requirements in EN 1993-1-11; 

 large aerodynamic oscillations of cables are prevented using adequate 
measures such as modification of cable surface, damping devices, 
stabilizing cables; 

 adequate protection against corrosion is provided, see EN 1993-1-11. 

For, exposure class 5 according to Table 3.7, that is components 
subjected to axial and lateral fatigue actions, additional protective measures 
are required in order to minimize bending stresses. 

 

4.2.11 Geometric stress categories (EN 1993-1-9, Annex B, Table B.1) 

Together with the application of the geometric stress method, different 
possible detail categories exist. The details listed in this table are only to be 
used for verification if the stresses and stress ranges are determined using the 
geometric stress approach, as described in sub-chapters 3.5 and 3.9. The 
category is function of the location of the crack and the geometry of the weld 
only (e.g. the geometry of the connection being already included in the 
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geometric stress). This results in the following different categories for cracks 
initiating at: 

 toes of butt welds, 
 toes of fillet welded attachments, 
 toes of fillet welds in cruciform joints. 

The detail category table from EN 1993-1-9 is reproduced at the end 
of this book, Annex B, Table B.11. Note that these classifications are generic 
and can be used for both plated and tubular joints. However, for tubular 
joints, it is better to use the CIDECT recommendations (CIDECT, 2001). 
The CIDECT recommendations make the geometric stress resistance curves 
dependent upon the tube wall thickness, which is not the case in EN 1993-1-
9. However, depending upon the extrapolation method and the type of joints, 
a geometrical size effect should be taken into account as mentioned in 
section 4.1.3. For hot-spot stress type a, the multiplying factor is identical to 
the one given in formula (4.4). In Annex B, Table B.11, the authors have 
added the most likely thickness correction that should be accounted for, 
based on the IIW recommendations (IIW, 2009). 

The detail categories refer to the as-welded condition, except for detail 
number 1. The overall weld shape should be similar to the drawings since 
only the weld configuration differentiates one detail from another in this 
method, all stress concentrations due to structural imperfections are already 
included in the geometric stress determination. 

In the details given, it is assumed that high tensile residual stresses are 
present. The cracks are always assumed to start from the weld toe. Cases of 
cracking from the weld root and propagating through the throat are not 
covered. Proper detailing and execution must be made to exclude these 
fatigue cracking cases, for example by following the CIDECT guide 
recommendations (CIDECT, 2001). Only the effects of small misalignments, 
up to 5% stress increase (IIW, 2009), are included in the detail categories 
given in EN 1993-1-9 as well as in IIW (same categories). In other words, if 
the value of the stress concentration factor kf is less than or equal to 1.05, 
then it can be neglected. All other effects have to be considered explicitly in 
the determination of the geometric stresses and stress ranges. 
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4.2.12 Particular case of web breathing, plate slenderness limitations 

Another fatigue problem is the design against cyclic out-of-plane 
displacements that can occur in slender webs of plate girders under fatigue 
loads. EN 1993-2 contains a verification formula with a limit on the 
combination of normal and shear stress ranges values. This fatigue 
verification is rather complicated and not recommended by the authors but 
an alternative is proposed. Future traffic load increase, etc. may result in 
fatigue problems and thus design using EN 1993-2 formula is in the end 
uneconomical and reduces durability. The alternative consists in plate 
slenderness limitations in order to avoid any fatigue problems. In order not 
to have to verify web breathing, the criteria given in Equations (4.6) and 
(4.7) for slenderness in length direction of non-stiffened plates are to be met.  

30 4.0b t L≤ + ⋅  and b/t ≤ 300 for road bridges (4.6)

55 3.3b t L≤ + ⋅  and b/t ≤ 250 for railway bridges (4.7)

where 
L bridge span in [m] and L ≥ 20 m, 
b, t plate width and thickness. 

The background for these slenderness limitation formulas comes from 
numerous simulations of damage accumulation made by (Kuhlmann and 
Günther, 2002) on web plates with imperfections from bridge main girders 
under realistic load models. 

4.3 DETERMINATION OF FATIGUE STRENGTH OR LIFE BY 
TESTING 

Test program objective is either to determinate the fatigue strength or 
the fatigue life of a constructional detail. General rules about design assisted 
by testing are given in EN 1990, clause 5.2 and Annex D. However, this 
Annex D gives only general guidance on test planning, derivation of design 
values, statistical analysis with influence of number of tests and is more 
oriented towards static tests. Thus, additional guidance is needed for fatigue 
testing and analysis; for example, for proper statistical analysis of fatigue 
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data in function of the test program and number of specimens, guidance can 
be found in the IIW recommendations (IIW, 2009, ISO 12107, 2003).  

However, for the specific fatigue testing case of tension components, 
guidance on fatigue testing can be found in EN 1993-1-11, Annex A. Indeed, 
the effective detail category of terminations and anchorages should 
preferably be determined from tests. This is because of the many different 
detailing of cable anchorage, etc. 

As a rule, fatigue testing is long and costly, thus different 
experimental program designs can be imagined to reduce those. As a result, 
different statistical analyses must be carried out for experiments with 
multiple fatigue tests of the same specimen with one detail versus 
experiments with one fatigue test on a unique beam with multiple identical 
details, which can be furthermore carried out until failure of all details (with 
some repairs) or stopped after failure of the first, or second, etc. detail. 
Furthermore, in order to have realistic residual stress fields and a lower 
bound for the fatigue strength, it is important to mention that the only proper 
way to carry out fatigue tests is to perform large or full-scale tests, or to 
consider properly the size effects (proportional size effects, thickness effect 
as well as other non-proportional size effects), even if it further increases 
testing time and costs. 

As said before, the first fatigue experimental program purpose is to 
determine the fatigue strength of a detail or a component. Design assisted by 
testing is called for studying specific details, fabrication processes, the 
influence of temperature, loading rate, or their combined effects, etc. In the 
cases of specific details and fabrication processes, constant amplitude fatigue 
tests only are to be carried out. One shall now differentiate between fatigue 
tests to get: 

 S-N curve position, and slope, limited life fatigue tests, usually tests 
are carried out up to 106 cycles, or when failure occurs, 

 CAFL, fatigue limit, usually tests up to 107 cycles, 
 High-cycle behaviour, tests must be carried out over 107 cycles. 

The special case of low-cycle fatigue testing, such as testing to 
validate a structural detail under earthquake type loadings, is not dealt with 
here. 

The scatter in fatigue test results is larger than in static testing. It is 
usual to find differences of 3 to 5 times in fatigue lives for the same stress 
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range. Thus, at least 10 tests are usually needed to define an S-N curve for 
design. In order to reduce scatter, specimen fabrication, testing frame and 
procedures must be well engineered. All the same, an unique failure criteria, 
such as a fatigue crack length, stiffness change or maximum deflection, must 
be defined before testing. Note that the statistical analysis may depend on the 
life domain tested and that proper analysis of fatigue data containing run-
outs (tests without failure) is more demanding (ISO, 2003). 

In the case of studying the influence of temperature, loading rate, or 
their combined effects, etc. one may need to carry out variable amplitude 
tests. All parameters of the stress history may influence the fatigue 
behaviour and careful determination of the actions and actions effects should 
be done before any fatigue testing. 

The second purpose of fatigue testing is to validate the fatigue design 
of a component. Again, one can determine fatigue strength, but can also 
carry out tests to determinate the component fatigue life under realistic 
loading. In these cases, the variable amplitude test history must be simplified 
and accelerated (by increasing testing frequency). 

This could be the case for tension components where sometimes 
components and anchorages are especially made for one application. Thus, 
in EN 1993-1-11, there is only an incomplete table with detail categories and 
fatigue testing of those components is often required (see Table 4.3). During 
fatigue tests, no failure should occur in the anchorage material or in any 
component of the anchorage. Fatigue tests are carried out under tension for 
exposition classes 3 and 4, and under tension and bending for exposition 
class 5 (see Table 3.7). In all tests, the maximum stress shall be taken equal 
to the stress limit given in Table 5.5. A supplementary safety margin is 
introduced by the requirement of testing cables at 1.25 Cσ⋅ Δ  and still insure 
the cable sustains 2 millions cycles (with a number of broken wires less than 
2% of the total). The main size effect which exists is the cable diameter, or 
the number of wires. Fatigue strength has been shown to decrease with 
increasing cable diameter (Takena et al, 1992). To avoid another size effect, 
a statistical one, the test cables need to be long enough, typically a minimum 
of a couple of meters (Castillo et al, 2006) to include a representative 
population of imperfections.  
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Chapter 5 

RELIABILITY AND VERIFICATION 

5.1 GENERALITIES 

The reliability of a structure designed for fatigue decreases with time 
in service because of the ongoing damage of the structures subject to 
variable, repetitive loadings. 

In general there are different strategies that can be adopted to deal 
with fatigue reliability. The recommendations published by the International 
Institute of Welding, for example, propose the following strategies (IIW, 
2009): 

 Infinite life design, based on keeping actions under an assumed fatigue 
strength limit (i.e. a threshold value). Usually the CAFL, with a partial 
factor, is used. Most suited for members that experience very high 
number of cycles, which are preferably close to constant amplitude. A 
good example is a chimney under vortex-induced vibrations, such as 
presented in worked example 2. For the structure in service, no regular 
inspection is theoretically required but may still be specified; 

 Safe life design, based on the design assumption that no fatigue cracks 
will form (i.e. cracks stay in the initiation stage) during the whole 
service life. Used in situations where regular inspection in service is 
not possible or consequence of failure is very high; 

 Fail safe design, based on assumption that the structure can tolerate 
extensive fatigue cracking without failing, possibly because the 
structure is statically undeterminate or adequately redundant. For the 
structure in service, regular inspection is needed to detect a failing 
member before it impairs the structure’s serviceability and safety; 
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 Damage tolerant design based on the assumption that fatigue cracks 
will form but will be readily detectable in service before becoming 
critical. Thus, the critical crack size (i.e. the material toughness) must 
be above the detection threshold of the non-destructive testing method 
applied. Depending upon the structure type, importance, loading, etc. 
suitable inspection time intervals are prescribed. Once a fatigue crack 
is detected, it can either be monitored or repaired in function of its 
criticality. 

In EN 1993-1-9, the following two strategies for the verification of 
fatigue resistance of members, connections and joints subjected to fatigue 
loading are given: 

1) Safe life method, providing an acceptable reliability for the structure’s 
design life without the need for regular inspection nor maintenance. In 
this case, the initially high reliability index level is decreasing with 
time to reach the minimum (target) value at the end of the design 
service life; 

2) Damage tolerant method, ensuring an acceptable reliability that the 
structure will perform satisfactorily during its design life, provided 
that inspection and maintenance measures are implemented 
throughout the life of the structure. In this case, the reliability level – 
initially lower than that of the Safe life method – reaches the minimum 
target value at the end of the design service life, but with periodical 
readjustments (using Baysian theory) according to inspection results 
and possible resulting interventions (repairs). 

Figure 5.1 compares the evolution of the reliability index of the safe 
life and damage tolerant methods over the service life of a structure in a 
schematic way.  
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Figure 5.1 – Schematic of fatigue reliability assuming damage tolerant and safe life 

methods and a failure with high consequence 

5.2 STRATEGIES 

5.2.1 Safe life 

This method is based on the calculation of damage during the 
structure’s design service life using lower bound strength data and an upper 
bound estimate of the cyclic loading (number of occurrence and intensity). 
This will provide a conservative estimate of the fatigue life, i.e. the fatigue 
life will be, with a high level of probability, longer than the design service 
life. 

The safe life method should be used where regular inspections are not 
possible, e.g. because of a poor accessibility of fatigue critical details or 
because the owner does not wish to take the commitment and the resulting 
penalties are acceptable. No regular fatigue inspections need to be specified. 
However, note that due to other requirements (cleaning, corrosion protection 
renewal, etc.), maintenance inspections will be made. Major fatigue 
problems may be detected during maintenance and corrective action taken. 
Thus, one can say that redundancy is always a desirable feature for structures 
subjected to cyclic loading. 

The economical consequences of this strategy is that the initial cost of 
the structure can be a higher one, compared to a damage tolerant strategy, 
but no additional costs are theoretically involved during the design service 

tinsp 
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    β ≅ 3.0 – 3.8 
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life (assuming no change of use, proper maintenance, etc.). 
 

5.2.2 Damage tolerant 

Because of the scatter in fatigue performance and the possibilities that 
the structure will stay in service beyond the required minimum life (design 
service life), the probability that the structure will develop fatigue cracks 
during its total service life is increased. In such cases, the damage tolerant 
method can ensure that when fatigue cracking occurs in service, the 
remaining structure can sustain the maximum working load without collapse 
until the damage is detected. The damage tolerance method is achieved by 
one or more of the following: 

 selecting details, materials and stress levels that in the case of the 
formation of cracks would result in a low rate of crack propagation 
and a long critical crack length; 

 providing multiple load paths; 
 providing crack-arresting details; 
 providing readily inspectable details for easy regular inspections. 

Damage tolerance depends on the level of monitoring the owner is 
ready/willing/able to apply to the structure and is not automatically ensured 
by replaceable members. Inspections must be planned to ensure adequate 
detection and monitoring of damage and to allow for repair or replacement 
of members. The following factors must be considered: 

 location and mode of failure; 
 remaining structural strength; 
 detectability and associated inspection technique (this should be the 

largest flaw not likely to be detected rather than the smallest it is 
possible to find); 

 inspection frequency; 
 expected propagation rate allowing for stress redistribution; 
 critical crack length before repair or replacement is required. 

The economical consequences of this strategy is that the initial cost 
can be a lower one compared to a safe life strategy, but additional costs due 
to regular inspection have to be considered. 
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5.3 PARTIAL FACTORS 

5.3.1 Introduction 

The fatigue verification using the concept of partial factors, as 
recommended in EN 1993-1-9, is represented by the general relationship 
(5.1) below. 

R
Ff E

Mf

σγ σ
γ
Δ⋅ Δ ≤  (5.1)

where 
ΔσE stress range, or equivalent stress range, from the action effects 

corresponding to the total number of applied cycles, Ntot, 
ΔσR fatigue strength of the considered construction detail at Ntot, 
γFf partial factor on action affects, 
γMf partial factor on fatigue strength, strategy and consequence of 

failure. 

In this verification, the partial factors γFf and γMf are taken to cover the 
dispersions on the side of the actions effects and the determination of the 
fatigue strength. When these concern structures subject to fatigue loading in 
particular, the following uncertainties have to be considered: 

 the definition of the operating load, and/or the estimation of the stress 
ranges during the service life, resulting from it; 

 the determination of the cycle peaks; 
 the presence of flaws in the material and in the connections, i.e. the 

quality of the used materials and the welded joints; 
 the evaluation of the notch effect and thus the process of crack growth 

in a design detail; 
 the applicability of the Miner’s rule or of linear damage accumulation 

method (i.e. to get an equivalent constant amplitude stress range). 

The partial factors are directly related to the calculation assumptions 
and the risk assessment of a failure. The vulnerability of people and 
environment must be reduced to an acceptable residual risk. 

The failure due to fatigue is a long-continuous process in which a 
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crack forms in a member, and grows until the remaining cross section can no 
longer resist the applied static load. The assessment of acceptable residual 
risk consists of determining whether such a crack can be detected at an early 
stage, whether the member or the overall structure permits a certain crack, 
and whether any effective measures to stop the crack growth can be taken. 

 

5.3.2 Action effects partial factor 

The EN 1991 assumptions on the action effects result in a 
recommended value for the partial factor on the action effect side, γFf , of 
1.0. This value is further repeated in the different EN 1993, EN 1994 and 
EN 1999 associated Eurocodes as the recommended value. This factor is 
linked to the lifetime and loading assumptions of the structure or type of 
structure considered. Fatigue loading assumptions are further detailed in sub-
chapter 3.1. Regarding lifetimes, below are some indicative design values for 
different types of structures. 

 
Table 5.1 – Indicative design working life according to EN 1990, including 

additional information 

Design working 
life category 

Indicative design 
working life 
(years) 

Type of structure 

1 10 Temporary structures (1) 

2 10 to 25 
Replaceable structural parts (e.g. gantry 
girders, bearings) 

3 15 to 30 Agricultural and similar structures 

4 50 
Building structures and other common 
structures (e.g. canal lock doors, wind 
mills, etc.) 

5 100 Monumental building structures 

5 100 
Road and Railway Bridges (EN 1993-2 
and EN 1994-2) 

- 25 to 50 
Runway beams, crane supporting 
structures (EN 1993-6) 

- 30 
Towers, Masts and Chimneys (EN 1993-
3-1, EN 1993-3-2) 

(1) Structures or parts of structures that can be dismantled and re-used should not 
be considered as temporary. 
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5.3.3 Strength partial factor 

Regarding the partial factor for fatigue strength, compared to the ENV 
version of the code, a new philosophy was introduced in EN 1993-1-9 to 
take into account: 

 the chosen fatigue verification method (i.e. the strategy chosen) and  
 the consequence of failure. 

In fact, the fatigue strength factor does not assume a fixed single 
value, but can be adapted to the characteristics of the structure (e.g. 
redundancy, regular inspections) as well as the reliability in service and the 
damage consequences in case of failure. If the structure or details, for 
instance, exhibit fatigue cracking that can be detected and monitored, with 
predictable crack propagation and limited damage consequences, the data in 
the EN 1993-1-9 tables 8.1 to 8.10 can be used with the partial factor γMf set 
to 1.0. If these conditions are not fulfilled, for example because the detail 
cannot be inspected, the partial factor γMf value must be increased. EN 1993-
1-9 suggests appropriate values for γMf, see Table 5.2. Unfortunately, there is 
currently no link between the proposed table and the guidelines for the 
choice of consequence class for the purpose of reliability differentiation in 
EN 1990, annex B, which were presented in section 1.3.4, Table 1.2. The 
decision criteria in EN 1993-1-9 are not clearly expressed; the values given 
in Table 5.2 should be regarded therefore as a recommendation only. Each 
CEN member state has the right to specify appropriate values and criteria in 
its respective National Annex. The authors propose to add the consequence 
classes within the table to improve the decision criteria; furthermore, 
additional explanations are given below. 

 
Table 5.2 – Recommended values for the partial factor γMf 

Verification method 
Consequence of failure 

CC1 and CC2* CC3* 
Low consequence High consequence 

Damage tolerance 1.00 1.15 
Safe life 1.15 1.35 

* see EN 1990, annex B, Table B1 
 
Regarding the decision criteria for choosing the partial factor γMf, one 
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has to decide whether the structure or substructure concerned with fatigue 
failure is damage tolerant or not (the verification method being thus the safe 
life method for the latter). In order to classify as damage tolerant the 
following minimum conditions must be fulfilled: 

 during fatigue cracking the possibility for the load transfer exists, 
 the critical design details are always accessible and can be inspected 

(the cases and location of cracking being given in the Tables 8.1 to 
8.10 of EN 1993-1-9) and 

 crack growth can be stopped (repaired) or the structural member can 
be replaced. 

It can be assumed that the conditions mentioned above are implicitly 
fulfilled and thus that damage tolerance exists when all the following 
requirements are met together: 

 selection of the steel grade according to EN 1993-1-10 to avoid brittle 
failure, see Chapter 6, 

 fatigue cracking not occurring from a weld root (e.g. a not inspectable 
location), but rather from the surface or a weld toe and 

 regular inspection and control of the structure by suitably trained and 
experienced people. The number of these necessary inspections is at 
least equal to nInsp. = 3 over a 100 year service life, i.e. with a constant 
time interval of 25 years. The inspection interval can also be shorter or 
variable during the lifetime. 

However, there is not yet an holistic approach in the Eurocodes, that is 
the influence of some parameters on the reliability level are not properly 
considered or considered at different level along structural design. For 
fatigue, this is the case for example for fabrication quality and NDT controls, 
whose importance on reliability level is not known but minimal requirements 
are fixed. Another example is the case of fatigue cracking in a welded detail 
under compressive stresses. In this case, fatigue crack propagation rate is 
likely to be constant (not exponential as in the case of a detail under tensile 
stresses) and thus the opportunity of detecting cracks during inspections 
higher before it is considered as having failed. This leads to the criterion 
consequence of failure, for which the following question often arises: when 
can damage consequences be called “low” and when can they be called 
“high”? In the case of fatigue cracking in a welded detail under compressive 
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stresses, can it be considered as a failure with low consequence? The authors 
believe it can, but the general question of estimating the consequence of 
failure is a point that is always highly debated. The consequences of a failure 
depend on several parameters, which is partially solved with the definition of 
the consequence classes from Table 1.2. It remains that things like social 
consequences are difficult to apprehend, one could think about the cultural 
heritage of a structure, public confidence in owner or government, etc.  

In Figure 5.2, the four options for the partial strength factor value γMf 
are illustrated according to EN 1993-1-9 theoretical reliability background 
(Sedlacek, 2003), see also Zhao et al (1994). It shows schematically the 
different evolutions of the reliability index β in function of the design 
strategy option, damage tolerant (with inspections) versus safe life (without 
inspections), the failure consequence and corresponding minimum reliability 
index targets. It can be seen for example the beneficial influence of 
inspections during the service life of a structure on the reliability index. The 
reality is however more complex since the reliability index evolution is a 
function of information on effective loadings, type of inspection, inspection 
results (no detection, crack detected, crack depth measured), etc. 

For a service life of 100 years, as it is typically the case for bridges, a 
minimum reliability index value of βtarget = 3.65 is taken for the category 
"high consequences" and βtarget = 0.95 for the category of "low 
consequences". For the damage tolerant option, it is here assumed that at 
least three general inspections and/or specific inspections for cracks take 
place during the planned working life, which corresponds to an inspection 
time interval of 25 years.  

The differences found between the values presented in Figure 5.2 and 
the recommended values in EN 1990 are due to the fact that Annexes B and 
C consider a design life of 50 years, usual in the case of buildings. Instead, 
for bridges, a design life of 100 years is here considered. The corresponding 
reliability indexes, based on the same annual failure probabilities, have thus 
been recomputed. The guidance in other EN 1993 and EN 1994 associated 
Eurocodes may differ from the generic part 1-9 and contain different partial 
strength factor values (note also that other values may be given in the 
National Annexes): 

 Silos and tanks (EN 1993-4-1, EN 1993-4-2): the recommended value 
for γMf  is 1.1. 
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 Steel and concrete buildings (EN 1994-1-1) and bridges (EN 1994-2): 
for headed studs, the recommended value for γMf,s,  is 1.0. 

In the case of orthotropic steel decks details, the recommended value for γMf 
is 1.0 or 1.15 in function of the detail, see Annex B.13 for more information.

 

Service life (Years) 

Reliability index β  

Inspections 

βtarget = 3,65 (high consequences) 

γMf = 1,15 (Damage tolerant) 

γMf = 1,35 (Safe life) 

γMf = 1,00 (Damage tolerant) 

γMf = 1,15 (Safe life) 
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βtarget = 0,95 (low consequences) 

 
Figure 5.2 – Reliability index, β, as a function of the choice of the verification 

method (strategy) and the consequence of failure 

5.4 VERIFICATION 

5.4.1 Introduction 

EN 1993-1-9 uses the nominal stress concept to assess the fatigue 
safety. This means that the design nominal stress range, ΔσEd or ΔτEd , 
resulting from the fatigue action effects, is compared to the design value of 
the fatigue strength, ΔσRd or ΔτRd. Three formats can be distinguished: 

1. Verification using the fatigue limit 
2. Verification using damage equivalent factors (by convention 

comparison is made at 2 million cycles) 
3. Verification using damage accumulation. 

The three cases are described in detail in the following sections. With 
proper computation of action effects and correct choice of fatigue strength, 
all three different verification formats can also be applied to a design based 
on a modified nominal stress range or a geometric stress approach. 
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The case of fatigue verification under multiaxial stress ranges is then 
presented in section 5.4.7. 

 

5.4.2 Verification using the fatigue limit 

Fatigue tests under variable amplitude stress ranges show, for 
structural steels, that the life of a structural detail tends to be infinite if all 
design values of the stress amplitudes ΔσEd,i remain below the calculated 
value of fatigue strength ΔσD/γMf (see section 1.1.3). This observation can be 
used for the calculation, the general condition  becomes: 

( ),max D
Ed i

Mf

σσ
γ
ΔΔ ≤  (5.2)

where  
max(ΔσEd,i) maximum value of the stress range from the design 

stress range spectrum ΔσEd,i = γFf Δσi, 
ΔσD   fatigue strength taken as the constant amplitude fatigue 

limit of the considered construction details (in: 
ΔσD = 0.74·ΔσC  for m = 3), 

γMf   partial factor for fatigue strength. 

The condition specified in relationship (5.2) is not explicitly given in 
EN 1993-1-9. It arises however as a logical consequence from the 
acceptance of a fatigue limit at 5·106 cycles (total number of cycles from the 
stress histogram). The application of this verification is valid for all kinds of 
details subjected to fatigue actions. This verification is on the safe side 
(conservative) and can be used for instance in the following cases:  

 If only the fatigue limit is known or estimated using design assisted by 
testing (and not the complete fatigue strength curve), see sub-chapter 
4.3, 

 If the service life is not yet known, 
 If the number of cycles during the service life is very high, typically 

over 100 billions,  
 If the shape of the histogram of stress ranges is not known, 
 In the context of a preliminary design. 

The above fatigue verification is not valid for shear stress ranges as 
there is no such thing as the constant amplitude fatigue limits (CAFL). 
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Figure 5.3 – Verification using the fatigue limit 

 
When using verification according to expression (5.2), it should be 

emphasised that the maximum action effect must be well estimated (max 
(ΔσEd,i)) and not underestimated. Also, it should be mentioned that due to a 
later increase of the service loads, there then may be stress ranges above the 
CAFL and thus cracking and crack growth may eventually occur. Only one 
out of ten thousand cycles with a stress range that exceeds CAFL in the 
histogram has been found to trigger fatigue failure (Fisher et al, 1993). This 
means that it is not the number of occurrence of stress ranges above CAFL 
that causes a fatigue crack to start. Rather, it is the fact that this stress range 
is present in the spectrum and may initiate a crack because there is an 
uncertainty in the CAFL value (i.e. the uncertainty in the CAFL value is 
larger than it is in the finite life region). Once fatigue cracking is initiated, it 
will go through the process of lowering the CAFL and thus enduring a larger 
portion of damaging cycles in the spectrum and finally it will lead to failure. 

This point can be well illustrated by looking at one of the tests 
conducted by Fisher et al (1993). One of the beams tested experienced a 
total of 104 billions of cycles of variable amplitude loading. A fatigue crack 
was found at a transverse stiffener at the end of the test. The damage 
computations carried out using a detail category 90 give Dtot = 4.29, see 
Table 5.3. This is way above unity, but it is normal since we are looking at a 
test result and damage is computed using the characteristic S-N curve for the 
detail. When looking at the relative damage according to stress range level, 
one sees that the higher stress ranges, the only one above the CAFL as well 

 

,max( )Ed iσΔ
D Mf/ γσΔ
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as those just below, do account only marginally for the damage sum. It is the 
stress ranges in the middle that account for most of the damage (in this case 
30% to 95%-quantile). Other tests and damage sum computation hypothesis 
(slope coefficients, or only one slope, or not considering a cut-off) do not 
change the conclusions. The highest stress ranges are not the ones doing the 
damage, they usually account for less than 1% in the different tests carried 
out. The higher stress ranges, however, are the ones responsible for initiating 
the fatigue cracks. 

 
Table 5.3 – Damage analysis of a test result from Fisher et al (1993) with only 

0.01% of stress ranges above CAFL 

Δσ (MPa) Fractile Damage 
Relative 
damage 

Cumulative 
Damage 

32.3 1.70% 0.000 0.0% 0.0% 
35.6 13.70% 0.111 2.6% 2.6% 
38.8 30.70% 0.242 5.7% 8.2% 
42.0 49.70% 0.404 9.4% 17.7% 
45.2 65.69% 0.493 11.5% 29.2% 
48.5 78.69% 0.565 13.2% 42.3% 
51.7 86.69% 0.480 11.2% 53.5% 
54.9 92.69% 0.710 16.6% 70.1% 
58.2 95.69% 0.422 9.8% 79.9% 
61.4 97.69% 0.331 7.7% 87.7% 
64.6 98.69% 0.193 4.5% 92.2% 
67.9 99.29% 0.134 3.1% 95.3% 
71.1 99.69% 0.103 2.4% 97.7% 
74.3 99.89% 0.059 1.4% 99.0% 
77.6 99.99% 0.033 0.8% 99.8% 
103.4 100.00% 0.008 0.2% 100.0% 
  Total 4.286   

 

Example 5.1: Detail classification and verification, application to chimney 
(anchor bolt located at +11490 mm) (worked example 2) 

A detailed description of the details and their fatigue strength is given in 
Example 4.1. 
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Partial factors for fatigue loads and strength 

One can consider that such details are damage tolerant: the socket can and 
shall be regularly inspected. Also, since the failure of a bolt does not result 
in the failure of the chimney and the wind direction is changing, the most 
loaded bolt and weld zone is not always the same. Thus, the consequences of 
failure are low. That is: 

 Factor for fatigue strength: 1.0Mfγ =  (damage tolerant, low 
consequence of failure) 

 Factor for fatigue loading: 1.0Ffγ =   

Fatigue verifications 

Verifications are based on nominal stress ranges. 
The applied stress range must not exceed the constant amplitude fatigue limit 
of the respective detail categories. 

D
Ed

Mf

σσ
γ
ΔΔ <  

1.0 20.8 D
E Ff

Mf

σσ γ
γ
Δ 29.6Δ ⋅ = ⋅ < = = 29.6

1.0  

Socket joint: 2 220.8 N/mm N/mmE Mfσ γΔ ⋅ = < 29.6    SATISFIED 

Bolts: 2 222 N/mm N/mmE Ffσ γΔ ⋅ = < 37    SATISFIED 

 

Example 5.2: Detail classification and verification, application to chimney 
(anchor bolt located at +350 mm) (worked example 2) 

A detailed description of the different details composing the bottom 
assembly is given in Example 4.2. 

Loading  

Force range in the anchor bolts (computed according to the moment found in 
example 3.1): 
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42 kΝt
S

MF
n r

ΔΔ = ⋅ = 49.4   

Direct stress range in the anchor bolts M60: 

249400 Ν/mm
2362

t
E

S

F
A

σ ΔΔ = = = 20.9  

Number of cycles during the design life 

Recall that the design value of the number of load cycles (50 years) is 
(example 3.5): 

Nv = 8.6 108 cycles 

Due to the large number of load cycles (> 108), the only possible verification 
to satisfy fatigue design is to do it with the fatigue limit, see section 5.4.2. In 
other words, this means that one will require stress ranges to stay sufficiently 
low to have infinite life for all the chimney details. 

Fatigue strength of the anchor bolt detail 

An anchor bolt in tension corresponds to detail number 14, Table 8.1, see 
Figure 4.10: this detail is category 50, but since it has a diameter 60 mm, a 
size effect reduction shall be applied. Thus: 

( )0.25 20
, 60 50 mm

n

C red Cσ σ∅⎛ ⎞Δ = Δ = 30 ⋅ = 42Ν/⎜ ⎟∅⎝ ⎠
 

CAFL for this detail is  

, , Ν/mmD red C redσ σ 2Δ = 0.74 ⋅ Δ = 31.1  

Partial factors on fatigue loads and strength 

One can consider that such details are damage tolerant since the bottom 
assembly can and shall be regularly inspected. Also, since the failure of an 
anchor bolt does not result in the failure of the chimney and the wind 
direction changing, the most loaded anchor bolt and weld zone is not always 
the same. Thus, the consequences of failure are low. That is: 

 Factor for fatigue strength: 1.0Mfγ =  (damage tolerant, low 
consequence of failure) 
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 Factor for fatigue loading: 1.0Ffγ =  

Fatigue verification 

Verification is based on nominal or modified nominal stress range. 
The applied stress range must not exceed the constant amplitude fatigue limit 
of the respective detail category. 

( ) ,
,max D red

Ed i Ed
Mf

σσ σ γ
ΔΔ = Δ <  

Anchor bolts: 2 2Ν/mm 31.1Ν/mmFf Eγ σΔ = 20.9 < SATISFIED 

 

Example 5.3: Fatigue verification, application to chimney (welded stiffener 
to bottom plate at 350 mm) (worked example 2) 

A detailed description of the different details composing the bottom 
assembly is given in Example 4.2. In this verification, we concentrate on the 
detail welded stiffener to ground plate. 

Fatigue strength of the details 

It is a tee-butt joint with partial penetration welds, which corresponds to 
detail number 4 (see Figure 4.11 and Figure 5.4). Recall that there are two 
potential crack locations for this detail. 
 

Figure 5.4 – Chimney welded stiffener tee-butt joint (Table 8.5) 
 

Case A: For root cracking: 

Under normal stress range, category 36*, and under shear stress range, 
category 80. Since there are no shear stresses, this verification needs not to 
be made. 
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For the normal stress range: 
2mmCσΔ = 36 Ν/  

2and CAFL  mmD Cσ σ: Δ = 0.74 ⋅ Δ = 26.6 Ν/  

However, since it is a detail with a star, one must use the following modified 
value (see section 4.1.2) for the verification using the constant amplitude 
fatigue limit: 

( )at 10 million cyclesDσΔ = ( ) *10 Cσ1 32 ⋅1.12 ⋅ Δ =

( ) 210 36 mm1 3= 2 ⋅1.12 ⋅ = 23.6 Ν/  

Case B: For toe cracking:  

Direct stress range only and category 80. Thus: 
2mmCσΔ = 80 Ν/  

2and CAFL  mmD Cσ σ: Δ = 0.74 ⋅ Δ = 59.2 Ν/  

Partial factors on fatigue loads and strength 

Factor for fatigue strength: 1.0Mfγ =  (damage tolerant, low consequence of 

failure) 

Factor for fatigue loading: 1.0Ffγ =  

See Example 5.2 for more explanations 

Fatigue verification: 

Verifications are based on nominal stress ranges. 
The applied stress range must not exceed the constant amplitude fatigue limit 
of the respective detail categories. 

( ),max D
Ed i Ed

Mf

σσ σ γ
ΔΔ = Δ <  

Case A, root cracking: 16.0 N/mm² < 23.6 N/mm²  SATISFIED 

Case B, toe cracking: 18.7 N/mm² < 59.2 N/mm²  SATISFIED 
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Example 5.4: Application to chimney, fatigue verification of manhole 
details (unreinforced or reinforced) (worked example 2) 

Fatigue strength of the detail 

Unreinforced case: 

The manhole is a cut-out made using machine gas cutting with subsequent 
dressing in order to remove any edge discontinuity. It corresponds to detail 
number 4, Table 8.1; this detail is category 140. Thus: 

2mmCσΔ =140 Ν/  

2and CAFL  0.74 mmD Cσ σ: Δ = ⋅ Δ =103.6 Ν/  

Reinforced case:  

In this case, there is also a longitudinal weld (position 2) as well as the end 
of the stiffeners.  

Position 2) this is a manual fillet weld and thus corresponds to detail 5, Table 
8.2; this detail is category 100. Thus: 

2mmCσΔ =100 Ν/  

2and CAFL  0.74 mmD Cσ σ: Δ = ⋅ Δ = 74 Ν/  

Position 3) this is a longitudinal attachment that terminates with an angle 
α = 40°, which corresponds to detail 2, Table 8.4; this detail is category 71. 
Thus: 

2mmCσΔ = 71 Ν/  

2and CAFL  0.74 mmD Cσ σ: Δ = ⋅ Δ = 52.5 Ν/  

Partial factors on fatigue loads and strength 

Factor for fatigue strength: 1.0Mfγ =  (damage tolerant, low consequence of 

failure) 

Factor for fatigue loading: 1.0Ffγ =  

See Example 5.2 for more explanations 
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Fatigue verifications: 

The verification is based on a nominal or a modified nominal stress range. In 
both cases the design value of the applied stress range must not exceed the 
constant amplitude fatigue limit of the respective detail category. 

,
D

Ed mod
Mf

σσ γ
ΔΔ <  

Unreinforced manhole: 
2 2

, 1, 63.2 N/mm 103.6 N/mmFf E mh modγ σ⋅ Δ = <   SATISFIED 

Reinforced manhole: 

Position 1) at edge: 
2 268.9 N/mm 103.6 N/mmFf E,mh2,modγ σ⋅ Δ = <   SATISFIED 

Position 2) weld along reinforcing stiffener:  
2 243.7 N/mm 74 N/mmFf Eγ σ⋅ Δ = <   SATISFIED 

Position 3) end of stiffener: 
2 226.5N/mm 52.5N/mm<   SATISFIED 

Note: without adding a dynamic damping system to the chimney, in order to 
increase the logarithm decrement of damping δ value, the computations 
would show that it is nearly impossible to satisfy fatigue verifications. Even 
improvements in the strength of the details would not have solved the 
problem. The reduction of the vibrations due to resonance amplification 
effects is the key and thus the system must function properly during the 
whole working life of the structure. It must be periodically inspected (in 
accordance with EN 1993-3-2 Annex B) and maintained properly to avoid 
fatigue problems.  
 

5.4.3 Verification using damage equivalent factors 

The fatigue verification using damage equivalent factors is the 
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standard procedure. The design value of the equivalent constant amplitude 
nominal stress ranges is expressed at 2·106 cycles and written as ΔσE,2 
respectively ΔτE,2. These values should be compared to the corresponding 
detail category design value, as in the following relationship: 

,2
C

Ff E
Mf

σ
γ σ

γ
Δ

⋅ Δ ≤  (5.3)

with 

( ),2Ff E Ff kQγ σ λ σ γ⋅ Δ = ⋅ Δ  (5.4)

where 
λ  damage equivalent factor 
γFf  action effects partial factor for equivalent constant 

amplitude stress ranges ΔσΕ,2 and ΔτE,2, γFf = 1.0 
γMf   partial factor for fatigue strength 
ΔσΕ,2 equivalent constant amplitude stress range related to 2⋅106 

cycles 
ΔσC detail category (reference value for the fatigue strength at 

2⋅106 cycles) 
Δσ(γFf Qk) stress range caused by the fatigue loads specified in the 

EN 1991 parts and associated Eurocodes 

The verification for shear stress ranges is to be carried out in a similar 
way to the direct or normal stress ranges, that is: 

,2
C

Ff E
Mf

τ
γ τ

γ
Δ

⋅ Δ ≤  (5.5)

The damage equivalent factor is, in many cases, a product of various 
partial damage equivalent factors λi, which were presented in detail in sub-
chapter 3.2. 

Even though EN 1993-1-9 does not explicitly give it, a verification 
using the fatigue limit can also be made using the damage equivalent factors 
λmax. The verification condition  is then: 
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( ) C
max Ff k

Mf

Q σλ σ γ
γ
Δ⋅ Δ ≤  (5.6)

Note that the verification is made at 2 million cycles and with the 
detail category, since λmax values are related to this equivalent number of 
cycles. 

In the case of verification based on a modified nominal stress range 
approach or geometric stress approach (only direct stress range cases), the 
verification format is identical to relationship (5.3). It is only the design 
value of the action effects, ,2Ff Eγ σ⋅ Δ

 that needs to be computed 
accordingly, except that for the geometric stress approach, the detail 
categories must be taken from the relevant table (EN 1993-1-9, Annex B). 

 

Example 5.5: Application to steel and concrete composite road bridge, 
verification of a longitudinal attachment detail (worked example 1). 

In this example, the verification of a longitudinal attachment of the steel and 
concrete composite road bridge introduced in section 1.4.2 is carried out. As 
already mentioned in previous examples, the bridge supports a traffic of 2 
million trucks per year in each of its slow lanes (one in each traffic 
direction). The detail to be verified is located on the transverse frame at mid-
span P1-P2, so at a distance x = 90+120/2 = 150 m from abutment C0. In 
order to focus on the fatigue verifications, no detailed calculations are 
provided since it is out of this Design Manual’s scope. The computations of 
the stress range were made according to the procedure described in sections 
3.3.5 and 3.7.6, as well as used in example 3.10. Thus, it is assumed that the 
stress range in the detail is equal to: 

, , PaE E max E minσ σ σΔ = − = 23.2 Μ   

In the case of this longitudinal attachment, the direct horizontal stresses can 
be assumed to be the principal stresses (i.e. the shear component is 
neglected). 

The longitudinal attachment is the end of the lower flange from the top 
crossbeam (part of a transverse frame) welded onto the box girder web as 
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illustrated in Figure 5.5. The corresponding detail from the EN 1993-1-9, 
Table 8.4, detail no.1, is further reproduced in the detail category being 

MPaCσΔ = 56 . 
 

 
Figure 5.5 – 3D views of a) the road bridge box beam and location of longitudinal 

attachment, b) its equivalent in the detail category tables 
 

Determination of partial strength factor: 

After the failure of the detail, a visible crack at the end of the attachment, the 
fatigue crack will continue to progress into the web over its full height and 
then continue into the box flanges. As such, it is a detail of first importance. 
The consequence of failure of the detail can thus be classified as high, see 
section 5.3.3. However, the consequences of failure are mitigated by the fact 
that the detail is located at mid-span and above the neutral axis; as such, it is 
subjected to compressive stresses. Fatigue cracking will occur at a constant 
rate (the crack will not grow exponentially) and will take a long time to 
grow. Furthermore, this type of box is usually inspectable without special 
equipment (pathway inside the box) and this detail can easily be visually 
inspected. These conditions fulfill the damage tolerant concept. Finally, 
using Table 5.2, the value for the partial strength factor can be chosen as 
γMf=1.15. 
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Using the damage equivalent factor already computed in Example 3.2, mid-
span P1-P2, the equivalent stress range at 2 millions cycles is computed as 
follows : 

,2 PaE Eσ λ σΔ = ⋅ Δ = 2.0 ⋅ 23.2 = 46.4 Μ . 

The verification is: 

,2 PaE C Mfσ σ γΔ ≤ Δ = 56 1.15 = 48.7 Μ   SATISFIED 

 

Example 5.6: Application to steel and concrete composite road bridge, 
verification of the shear connection (worked example 1). 

The detail to be checked is a stud welded on the upper flange of the main 
box-girder bridge. See also Example 3.10 for the calculation of the shear 
stress ranges τΔ  in studs along the bridge and Example 3.9 for the 
calculation of the direct stress ranges σΔ  on the upper face of the upper 
flange on which the studs are welded. The stress range σΔ  (respectively τΔ
) should be multiplied by the partial equivalent damage factor λ  
(respectively λ v ). The factor λ  has been determined in Example 3.2. The 
factor vλ  is defined in EN 1994-2, clause 6.8.6.2 and determined in the 
same way as follows: 

,v v i
i

λ λ
4

=1

= ∏  with 

( ),1 1.55 road bridgevλ =  

1
8

,2
0 0

ml obs
v

Q N
Q N

λ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

, 2 millionsobsN =  (as in Example 3.2), 

0 500000N =

1
8 8

0 480kN, ki i
ml

i

n Q
Q Q

n

⎛ ⎞
⎜ ⎟= = = 457.4 Ν
⎜ ⎟
⎝ ⎠

∑
∑

,  so finally 

,2vλ =1.13 ,3vλ =1.0  
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8

2 2
,4

1 1

m
v

m

QN
N Q

ηλ
η

1
8

2

1

⎡ ⎤⎛ ⎞
⎢ ⎥= 1+ =1.09⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 

Finally it gives the constant factor vλ =  1.915 along the bridge. 

The corresponding details from EN 1993-1-9 are: 

- a crack propagating from the stud weld in the upper flange under 
direct stress range: Table 8.4, detail 9, MPaCσΔ = 80  

- a crack propagating in the stud shank under shear stress range: Table 
8.5, detail 10, MPaCτΔ = 90  (with m = 8). 

The corresponding verifications are respectively 2
c

Ff E Ff
Mf

σγ σ γ λ σ
γ
ΔΔ = Δ ≤  

in the upper flange and 2
,

c
Ff E Ff

Mf s

τγ τ γ λ τ
γ
ΔΔ = Δ ≤  in the stud shank (see EN 

1994-2, clause 6.8.7.2). An additional interaction criterion will be verified 
later in this Manual, see Example 5.8. It should also be noticed that the first 
verification under direct stress should only be performed if the steel flange is 
in tension under the ULS fatigue combination of actions which is the sum of 
the basic SLS combination of non-cyclic loads and the FLM3, see also 
Example 3.9. 

The load partial factor Ffγ  is equal to 1.0 (see recommended value in EN 
1994-2, clause 6.8.2). 
After the failure of one of the stud shank, the load will be redistributed 
among the remaining studs and possibly some concrete cracking will occur. 
This detail is highly redundant and the consequence of failure can thus be 
classified as low, see section 5.3.3. This type of detail cannot be inspected 
but still fulfils the damage tolerant concept because of its redundancy as 
there are many studs and extensive slab cracking should indicate stud 
failures before complete connection failure occurs. Thus, using Table 5.2, 
the value for the partial strength factor for stud failure can be chosen as 

, 1.0Mf sγ = (which is the recommended value by EN 1994-2, clause 

2.4.1.2(6)). 

Note that for the upper main flange, the partial strength factor is still equal to 
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1.15Mfγ = , since the same explanations given in Example 5.5 hold true for 

the upper flange. 

Figure 5.6 gives the ratios 2Ff E

c Mf

γ σ
σ γ

Δ
Δ

 (only in the cross sections with a top 

flange in tension) and 2

,

Ff E

c Mf s

γ τ
τ γ

Δ
Δ

 along the steel concrete composite bridge. 

They can be compared to the value 1.0, and since they always stay below 
unity, it can be concluded that the fatigue verifications related to the shear 
connectors are satisfied (except for the interaction criterion, not yet 
checked). 
 

 
Figure 5.6 – Verification of single stress ranges related to the shear connection 

 

5.4.4 Verification using damage accumulation method 

If the service loads are well-known, alternatively, the verification can 
be performed on basis of the damage accumulation as given in EN 1993-1-9, 
Annex A. The verification format is then the following: 

Ei
d i max

Ri

nD D D
N

= = ≤∑ ∑  (5.7)

where 

0.2   

0.3   

0.4   

0.5   

0.6   
shear verification (<1)

direct stress verification (<1)

-

0.1   

0.2   

0.3   

0.4   

0.5   

0.6   

0 100 200 300 400 500

shear verification (<1)

direct stress verification (<1)
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nEi  number of cycles associated with ΔσEd,i for band i in the 
design histogram, 

NRi  endurance (in cycles) obtained for a stress range of ΔσEd,i 
considering the partial factors γFf and γMf, 

Dmax limit value of the damage accumulation 

In this verification procedure, the stress ranges below the fatigue cut-
off limit are generally neglected (ΔσEd,i ≤ ΔσL /γMf). In EN 1993-1-9 the limit 
value for the damage sum is indicated as Dmax = 1.0. It is assumed here that 
the safety is assured on the actions side, i.e. in the fatigue load models. 
Recent experiments have shown, however, that in certain cases, such as post 
weld treated details, the linear damage accumulation verification according 
to Miner’s rule is not always satisfactory (Manteghi and Maddox, 2004). In 
the new draft version of the IIW recommendations (IIW, 2009) a 
conservative value of Dmax = 0.5 is therefore recommended. This value is 
also valid for verifications under both proportional and non-proportional 
multiaxial stress cases. For practical application, the use of damage 
accumulation verification is, however, an exception as, in most cases, the 
load history (or the stress range histogram) is not available. If the load 
history is known, the stress range histogram can be obtained by cycle 
counting, using recommended methods such as the Reservoir or the Rainflow 
methods. The algorithm for the rainflow counting method can be found in 
any reference book on fatigue, as for example Schijve (2001), IIW (2009) 
and TGC10 (2006). For short periods of time and simple load histories, the 
reservoir method is recommended due to its simplicity. However, for long 
periods of time or complex load histories (e.g. measured data) the Rainflow 
method is preferred. Note that the Rainflow method is easier for computer 
programming whereas the Reservoir method is easier to handle with a hand 
calculation. 

 

Example 5.7: Application to steel and concrete composite road bridge, 
damage estimation at end of design service life (worked example 1) 

For the longitudinal attachment detail verified in Example 5.5, an estimate of 
the total damage at the detail at the end of the design service life (100 years) 
is now made. As an hypothesis, for the whole design life of the bridge, the 
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fatigue load model 4 (with Nobs = 2 millions lorries per year) is assumed to 
be representative for the traffic load crossing the bridge. Note that this traffic 
(volume and loads) does not correspond to FLM3 used in Example 5.5 but is 
more representative of a real traffic (see also Example 3.3). Indeed, traffic 
volume is shared between the 5 different lorries in FLM4. This traffic 
volume is assumed to have the "long distance" characteristic as given in 
Table 4.7 from EN 1991-2. Strictly applying this traffic fatigue model, each 
FLM4 lorry crosses the bridge alone. We simplify the cycle counting by 
considering only the maximum stress range induced in the studied detail. 
The results are given in Table 5.4. For some of the lorries, one can see that 
the stress range is below the cut-off limit for a detail category 56. For the 
other lorries, the number of cycles to failure under ,Ed iσΔ  is computed using 
the fatigue strength curve, Equation (4.1). Each of the damage contributions 
Di to the total damage is then computed using Equation (5.7). The computed 
total damage is equal to 0.331, thus below unity. According to EN 1991-2, 
this approach justifies that no fatigue failure occurs in the detail during the 
working life but not that its fatigue life is infinite. 
 

Table 5.4 – Damage sum for FLM4 traffic 
FLM4 
lorry 

Traffic 
share (%) 

ni (per year and 
per slow lane) 

Δ Ed ,iσ  

(MPa) 
Ni Di = ni / Ni 

n°1 
n°2 
n°3 
n°4 
n°5 

20 
5 
50 
15 
10 

400 000 
100 000 
1 000 000 
300 000 
200 000 

9.7 
12.5 
21.2 
18.6 
20.2 

∞ 
∞ 
3 499 000 
∞ 
4 455 000 

0 
0 
0.286 
0 
0.045 

Total 100 % 2 millions   D = 0.331 
 
 

5.4.5 Verification of tension components 

According to EN 1993-1-11, fatigue verification of tension 
components consist of two separate checks: 

1) limitation of maximum stress at serviceability limit states (SLS), with 
the stress limits values given in Table 5.5. The objective of the 
maximum stress limit is to keep the corrosion control measures intact, 
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i.e. no cracking of sheaths, hard fillers, no opening of joints etc., and 
also to cater for uncertainty in the fatigue design. 

2) fatigue verification by comparison of stress ranges, as for other 
details, see EN 1993-1-9, with a special case for infinite fatigue life 
verification, as explained below. 

 
Table 5.5 – Maximum stress limits fSLS for service conditions (from EN 1993-1-11) 

Loading conditions fSLS 
Fatigue design including bending stresses *) 0.50 σuk 

Fatigue design without bending stresses 0.45 σuk 
*) Bending stresses may be reduced by detailing measures 

 
Taking an infinite design life approach and adapting the formula for 

the specific case of cables leads to the following verification relationship: 

 ( )1.65 C
max Ff k

Mf

Q σλ σ γ
γ
Δ⋅ ⋅ Δ ≤  (5.8)

Where the factor is now computed from the S-N curve with a slope 

m = 6 as ( )1 68 610 5 10 1.65CσΔ ⋅ = , neglecting the small difference (slope 6 

instead of 5) between 2 and 5 millions of cycles. The λ factor is used instead 
of λmax (as in equation (5.6)) in this very specific case because the S-N curve 
under constant amplitude loading has two slopes. Finally, note that specific 
lambda factor values should be computed for the S-N curve for cables, but 
the one computed for welded joints may be used as they are not too different.  

 

5.4.6 Verification using damage accumulation in case of two or more 
cranes 

According to EN 1993-6, clause 9.4.2, in the case of two or more 
cranes, the combined effect is taken into account by adding the individual 
damage sums resulting from the cranes acting independently together with 
the damage index resulting from the cranes acting simultaneously, as 
follows: 
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 1.0i dup
i

D D+ ≤∑  (5.9)

where 
Di  is the damage due to a single crane i acting independently and 
Ddup  is the additional damage due to combinations of two or more 

cranes occasionally acting together. 

Each individual damage Di, as well as Ddup, is to be computed by 
combining the effects of direct (normal) and shear stress ranges as explained 
in section 3.7.5. 
 

Example 5.8: Application to runway beam of crane 

In this example, the fatigue verification of the runway beam of the crane is 
performed. The general description, geometry and dimensions are given in 
section 1.4.4, computation of stress ranges in Example 3.4 and detail 
classification in Example 4.3. 
Structures like the one described are submitted to service conditions 
requiring their fatigue verification. This verification should be carried out 
both at the cantilevered supports and their connections with the runway 
beam. A special care should be taken already at the preliminary design stage 
regarding potential fatigue effects.  
Partial factor for fatigue strength: γMf =1.15 (safe life, low consequence of 
failure). Table 5.6 summarizes the fatigue verification for the details. 
 

Table 5.6 – Summary of the detail fatigue verifications. 

Detail ,2EσΔ  CσΔ  

[N/mm2] 

/C Mfσ γΔ   

[N/mm2] 

Verification 

,2

/
E

C Mf

σ
σ γ
Δ

Δ
 < 1 

1 41.2 71 61.7 0.67 OK 
2 35.3 71 61.7 0.57 OK 
3 28.8 45 39.1 0.74 OK 
4 43.5 160 139.1 0.31 OK 

 
Two cranes sharing same runway beams. 
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In the case two cranes were acting together, the effects of the crane working 
isolated and the cranes working together are added according to 
equation (5.9). The verification in terms of damage accumulation is shown in 
Table 5.7. 
 

Table 5.7 – Summary of the detail fatigue verifications for two cranes working 
together 

 
Detail 

 

Damage due to 
a single crane i
acting 
independently 

Additional 
damage due to 
two cranes 
acting 
simultaneously 

Total damage of two 
cranes acting together 

detail 
ΔσC 

[N/mm2] 
ΔσC/γMf 
[N/mm2] 

ΔσE,2 
[N/mm2]

Di 
ΔσE,2dup  Ddup 2Di+Ddup

Verification 
<1? [N/mm2]

1 71 61.7 41 0.30 52 0.59 1.18 Not OK 
2 71 6 .7 35 0.19 44 0.37 0.75 OK! 
3 45 39.1 29 0.40 36 0.80 1.59 Not OK 
4 160 139.1 43 0.03 55 0.06 0.1 OK! 

Note: for the verification of detail 5. see Example 5.10. 
 

5.4.7 Verification under multiaxial stress ranges 

5.4.7.1 Original interaction criteria 

Different authors have proposed stress function failure criteria for 
multiaxial fatigue (Gough et al, 1951; Ros and Eichinger, 1950; McDiarmid, 
1994; Susmel et al, 2001 and Schijve, 2001). For uniaxial normal stress 
range and a shear stress range, the stress function criterion originally 
proposed by Gough et al (1935) remains the most used one. This criterion is 
expressed as an elliptical quadrant as follows: 

2 2

1.0
R R

σ τ
σ τ

⎛ ⎞ ⎛ ⎞Δ Δ+ ≤⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠
 (5.10)

where 
Δσ  Normal applied stress range, 
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Δτ  Shear applied stress range, 
ΔσR Fatigue strength under normal stress range, expressed at 2 

million cycles or at the CAFL level, 
ΔτR Fatigue strength under shear stress range, expressed at 2 million 

cycles or at the CAFL level. 

For biaxial normal stress ranges and a shear stress range, the stress 
function criterion originally proposed by (Ros and Eichinger, 1950) and 
based on maximum distortion energy is still in use today  

2 2 2

, , , ,

1.0x x zz

x R z R x R z R R

σ σ σσ τ
σ σ σ σ τ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞Δ Δ ΔΔ Δ+ ± + ≤⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟Δ Δ Δ Δ Δ⎝ ⎠⎝ ⎠ ⎝ ⎠
 (5.11)

where 
Δσx Normal applied stress range in direction x, 
Δσz Normal applied stress range in direction z, 
Δτ  Shear applied stress range, 
Δσx,R Fatigue strength in direction x under normal stress range, 

expressed at 2 million cycles or at the CAFL level, 
Δσz,R Fatigue strength in direction z under normal stress range, 

expressed at 2 million cycles or at the CAFL level, 
ΔτR Fatigue strength under shear stress range, expressed at 

2 million cycles or at the CAFL level. 

These original stress interaction, or stress function, criteria are strictly 
valid only for proportional cyclic loadings. Also, it should be realised that 
stress function criteria work only well for crack initation. As soon as a crack 
has initiated, the stress conditions become different and the crack can take 
different directions. The prediction of crack growth becomes a more 
complex problem (Schijve, 2001). Anyway, stress function criteria capture 
correctly the fatigue behaviour, are simple to use and can be used for 
verification with proper safety factors. Current standards and 
recommendations for structural design, such as (IIW, 2009) and the EN 1993 
and EN 1994, recommend that S‐N curves for normal stress and shear stress 
be combined with the aid of such stress function interaction criteria. A 
review of the interaction criteria was carried out by (Backström et al, 2004) 
and more recently by (Sonsino, 2009). One important assumption in the 
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standards is that the criteria under constant amplitude loading directly apply 
to variable amplitude loading through the use of equivalent stress ranges 
computed beforehand. 

In the case of proportional loading, the directions of the principal 
stresses are constant, therefore standards recommend using principal stress 
range for fatigue verifications (IIW rule), as presented in section 3.7.5. 
However in the case of non-proportional loadings, or unknown, fatigue 
verification equations are not identical in the different codes. The phase 
angle between the loadings (i.e. stresses) influence significantly the fatigue 
strength. Depending upon the type of multiaxial stresses (only normal, 
normal and shear), the failure criteria changes (Radaj, 2003).  

The rules in the Eurocodes are presented in the next sub-sections. 

5.4.7.2 General interaction criteria in EN 1993 

In EN 1993-1-9, only the case of combining a uniaxial normal and a 
shear stress ranges is treated as it is the most common case. The rules for 
considering combined effects in the fatigue verification, that is when the 
plane in which a crack is supposed to occur is subjected to a combination of 
normal and shear stresses (acting proportionally or not), are as follows: 

 For proportional loadings, one has only to consider the simultaneous 
action when this effect is not already included in the constructional 
detail tables. Effectively, it often occurs that the combination effect is 
included in the detail category because both normal and shear stresses 
were acting simultaneously in the tests used to categorize the detail. 
This is the case, for example, with the details 1 to 9 from Table 8.2, 
where only the normal stress range has to be considered (the shear 
stress range in web and flange close to the weld is implicitly 
included). 

 If the normal and shear stresses are synchron (simplest non-
proportional case, see section 3.7.5 for definition) and occur at the 
same location within the detail, or nearly synchron, the maximum 
principal stress range should be used. This is the case, for example, 
with the detail 7 in Table 8.4. If the direction of the principal stress 
continuously changes, then using the maximum values is conservative. 

 For non-proportional cases, both synchron and asynchron, the 
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influence of the shear stress range can be neglected when it is less 
than 15% of the normal stress range, that is when Δτ ≤ 0.15Δσ. 

 For the generic case of non-proportional loading, with significant 
shear stress ranges, Δτ > 0.15Δσ, normal and shear stresses damages 
are first assessed separately, then combined using the interaction 
formula given below (which expresses a damage sum D).  

3 5

,2 ,2 1.0Ff E Ff E

C Mf C Mf

D
γ σ γ τ

σ γ τ γ
⎛ ⎞ ⎛ ⎞Δ Δ

= + ≤⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠
 (5.12)

where 
ΔσE,2 equivalent constant amplitude normal stress range 

related to 2 million cycles 
ΔτE,2 equivalent constant amplitude shear stress range 

related to 2 million cycles 
γFf, γMf  fatigue action effects, respectively fatigue strength 

safety factors. 

The above stress ranges are caused by the fatigue loads specified in 
the various EN 1991 parts and are given in Equations (5.13) and (5.14). 

( ),2Ff E Ff kQγ σ λ σ γΔ = ⋅ Δ  (5.13)

( ),2Ff E Ff kQγ τ λ τ γΔ = ⋅ Δ  (5.14)

where λ is the damage equivalent factor for direct and, by conservative 
approximation, also for shear stress ranges; Ff kQγ  is the design fatigue load. 

The above verification criterion can also be expressed as a 
straightforward extension of the Miner-rule, that is (allowing for the fact that 
the slope coefficients of the S-N curves are equal to 3, and 5 under direct, 
respectively shear stress ranges): 

, , 1.0d dD Dσ τ+ ≤  (5.15)

where 
,dD σ  is the damage accumulation due to normal stress ranges and 
,dD τ  is the damage accumulation due to shear stress ranges. 

It should be mentioned that today it is however known that criteria 
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considering individually nominal or structural or hot-spot normal and shear 
stress ranges and then by adding their damaging increments together do not 
give a general and sound solution to the multiaxial fatigue behaviour under 
non-proportional loading, even if they give conservative results for given 
cases (Sonsino, 2009). 

5.4.7.3 Special case of biaxial normal stresses and shear stress ranges 

This case is not explicitly treated in EN 1993-1-9. To explain it, let’s 
take a typical crane runway for top running overhead travelling crane as 
shown in Figure 5.7a. At the point of wheel load application, the top region 
of the runway girder (Figure 5.7b) is generally subjected to a stress field 
comprising local stress components induced by the stress concentrated load, 
i.e. local transverse pressure σz,local and the local shear stress τxz,local, in 
addition to the global stress components σz and τxz due to global bending. 
For example, the top region near a support of a continuous crane runway is 
subjected to tensile bending stress σx, related shear τxz, superposed by the 
local stresses due to wheel load application. And all these stress components 
may not reach their maxima simultaneously, depending upon the crane 
runway static system. Furthermore, the stresses σz,local and τxz,local are 
inherently acting out-of-phase, as can be seen on Figure 5.7b. 

 

Figure 5.7 – (a) typical crane runway for top running overhead travelling crane, (b) 
detail of runway under bending and local stresses due to wheel passage  

(Euler and Kuhlmann, 2009) 
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Thus, under bending and shear stress range, the fatigue crack is likely 
to propagate vertically, as under local normal stress range, the fatigue crack 
is likely to propagate horizontally. This case is thus complicated to verify 
and the interaction between these different loadings is not clearly treated in 
EN 1993-1-9. However, a criterion such as given in Equation (5.11) could be 
used. 

Instead, for crane runways, EN 1993-6, section 9.3.1, requires that the 
verification is made by taking into account both local and global effects 
together in Equation (5.12). In the above, the effects of global shear stress 
ranges τxz, do not need to be accounted for as they are a priori considered 
negligible with respect to the other contributions. The appropriate detail 
table and category under bending, shear (Tables 8.1 to 8.5) and local normal 
stress range (Table 8.10) are to be used. Since there are usually two wheels 
per crane side, the number of cycles for the local stresses ranges, and thus 
their damaging effects are to be multiplied by a factor two  This results in the 
following verification: 

3 3

, ,2 , , ,2

, ,
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σ γ σ γ

γ τ
τ γ

⎛ ⎞ ⎛ ⎞Δ Δ
= + ⋅ +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠

⎛ ⎞Δ
+ ⋅ ≤⎜ ⎟⎜ ⎟Δ⎝ ⎠

 (5.16)

where 
Δσx,E,2 equivalent constant amplitude normal stress range from 

bending related to 2 million cycles 
Δσx,E,2 equivalent constant amplitude local normal stress range 

related to 2 million cycles 
Δτxz,local,E,2 equivalent constant amplitude local shear stress range 

related to 2 million cycles 
Δσx,C detail category under direct stresses, with fatigue crack 

propagating vertically 
Δσz,C detail category under local normal stresses, with fatigue 

crack propagating horizontally  
ΔτC detail category under local shear stresses. 
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5.4.7.4 Interaction criteria in EN 1994, welded studs 

In addition, EN 1994-1-1 gives a special fatigue verification formula 
for welded shear studs imbedded in concrete (EN 1994-1-1, clause 6.8.7.2). 
In this specific case, the stresses acting in the detail are: 

 a normal stress range in the steel beam flange, to which the stud 
connectors are welded, 

 a shear stress range in the weld of the stud connectors due to the 
composite action effect between the concrete slab and the steel beam. 

When the maximum stress in the steel flange to which stud connectors 
are welded is tensile under the relevant combination, the interaction at any 
cross section between shear stress range in the weld of stud connectors and 
the normal stress range should be checked using the interaction formulae 
given below: 

,2 ,2

,

1.0 1.0Ff E Ff E

C Mf C Mf s

γ σ γ τ
σ γ τ γ

Δ Δ
≤ ≤

Δ Δ
 (5.17)

,2 ,2

,

1.3Ff E Ff E

C Mf C Mf s

γ σ γ τ
σ γ τ γ

Δ Δ
+ ≤

Δ Δ
 (5.18)

In this particular case, owing to the fact that the fatigue strength curve 
for studs in shear is different from the others curves, the computation of the 
equivalent shear stress range reads:  

( ),2Ff E v Ff kQγ τ λ τ γΔ = ⋅ Δ   (5.19)

where λv is the damage equivalent factor for studs under shear stress range, 
see section 3.2.3 and also EN 1994-2 for bridges. For buildings, since no 
damage equivalent factors are given, EN 1994-1-1 specifies to use the 
damage accumulation verification format, with proper account for the 
different fatigue strength curve slopes.  
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Example 5.9: Application to steel and concrete composite road bridge, 
verification of the shear connection interaction criteria (worked example 1) 

This example concludes Example 5.6 with the third verification for 
interaction according to relationship (5.18). This relationship should only be 
used to check details in the bridge cross sections where the upper flange with 
the welded shear connectors is in tension. 
Figure 5.8 gives this additional check as a complement to Figure 5.6 from 
Example 5.6. In Figure 5.8, the results from the check using relationship 
(5.18) are added. It can be seen that the interaction criterion is also satisfied 
for the composite bridge example of this Design Manual. 
 

 
Figure 5.8 – Verification of the interaction criterion for the shear connection 

 

Example 5.10: Application to crane supporting runway beam, verification 
under multi-axial stress ranges of details 2 and 5 (see Figure 4.12). 

The section with the highest normal stresses is at mid-span, and even tough 
the stress ranges due to bending are compressive, it shall be checked using 
the full stress ranges since it is a welded beam. 

The verifications are carried out according to EN 1993-3-6, that is using 
verification condition (5.16) and the appropriate detail categories: 
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 Computations of the stress ranges: 

The normal stress range from bending has been determined previously, see 
Example 3.4. The shear stress range from bending is considered negligible. 

The local stresses are determined according to EN 1993-6 Chapter 5.7. The 
effective length, leff is computed as: 

1 13* 34618303.25 3.25  mm
8eff

w

Il
t

⎛ ⎞ ⎛ ⎞= ⋅ = ⋅ =126⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

 

The resulting normal local stresses, are: 

,2 ,2 0z,local,E z,local,Eσ σΔ = − =  

3
,2 22 34 10 12.2 N/mm

( 2 ) 2 8 (126 2 24)
E

w eff

Q
t l r

⋅= = =
⋅ + ⋅ ⋅ + ⋅

 

The local shear stress ranges can be computed as follows: 

,2 ,2 ,2 ,2

20.4 12.2 4.9N/mm
xz,local,E xz,local,E max xz,local,E min xz,local,E

z,local,E,2

τ τ τ τ

σ

Δ = − = 2 ⋅ =

= 2 ⋅ 0.2 ⋅ = ⋅ =
 

 Detail categories for detail 2: 

For stress ranges from bending, the KSN is a rolled product which 
corresponds to detail 1 from Table 8.1, that is cat. 160. 
For local normal stress ranges, since it is fillet welds, the appropriate detail 
category from Table 8.10 is cat. 36. 
For the fillet weld shear it corresponds to detail 8 in Table 8.5, that is cat. 80. 

 Detail categories for detail 5: 

For stress ranges from bending, the HEA is a rolled product which 
corresponds to detail 1 from Table 8.1, that is cat. 160. 
For local normal stress ranges, since it is a rolled H-section, the appropriate 
detail category from Table 8.10 is cat. 160. 
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For the web in shear it is conservatively taken as detail 8 in Table 8.5, that is 
cat. 80. 

The verification for detail 2 follows: 

3 3 5
1.0 35.3 1.0 12.2 1.0 4.92 2 0.135 1.0
160 1.15 36 1.15 80 1.15

D
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⋅ ⋅ ⋅= + ⋅ + ⋅ = ≤⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 

The verification for detail 5 follows: 

3 3 5
1.0 28.6 1.0 12.2 1.0 4.92 2 0.01 1.0
160 1.15 160 1.15 80 1.15

D
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⋅ ⋅ ⋅= + ⋅ + ⋅ = ≤⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 

It can be seen that these verifications are largely satisfied. 
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Chapter 6 

BRITTLE FRACTURE  

6.1 INTRODUCTION 

Under specific service conditions, steel structures have shown that 
steel could be sensitive to a fracture type called brittle fracture, especially if 
they contained welds. Several catastrophic cases, such as the tank failure in 
Boston in 1919, the T-2 tankers and Liberty ships during the period 1942-
1952 or the Hasselt Bridge in Belgium in 1938 have been reported (Barsom 
and Rolfe 2000) (Akesson, 2008). In all these cases, the material used in 
these structures had met all existing tensile and ductility requirements and 
the fracture remain mysterious for some time. It is these failures and the 
research done to explain them that led to the development of linear elastic 
fracture mechanics, in particular by Georges R. Irwin (Landes, 2000). 

In order to measure steel resistance against brittle fracture, a test 
called the “Charpy test” has been introduced. This test consists in breaking a 
specimen with a sharp notch under dynamic loading (impact test) at a 
prescribed temperature. One measures with this test the energy absorbed by 
the specimen during its fracture. This test carried out at different 
temperatures allows for the evaluation of impact resistance of a notched 
specimen and its sensitivity to brittle fracture. The conditions to carry out a 
Charpy test are specified in EN 10 045-1 (EN 10 045-1, 1990), which uses a 
standard ISO specimen geometry with a V-notch, see Figure 6.1. The test is 
thus often referred to as the Charpy V-notch test, abbreviation CVN, and it is 
the most commonly used. 
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Figure 6.1 – Standard ISO specimen geometry with a V-notch for the Charpy test 
(TGC 10, 2006) 

 
The CVN test is a cheap and easy to perform mechanical test that 

gives an indication on the amount of energy a material can absorb during 
fracture, AV, expressed in Joules. Figure 6.2 shows examples of CVN impact 
tests results for a steel S355. 

 

 
 

Figure 6.2 – Example of Charpy impact test results at different temperatures and 
transition curve (S355N steel) (Banz and Nussbaumer, 2001) - 1) Brittle behaviour 

(lower shelf); 2) Transition region; 3) Ductile behaviour (upper shelf) 
 
The absorbed energy is a measure of the toughness of a given material 

and acts as a tool to study toughness temperature dependency of materials. 
Steel shows a strong temperature dependency as can be seen in Figure 6.2, 
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with a transition from a ductile to a brittle behaviour with decreasing test 
temperature. In the lower shelf region, absorbed energy values are typically 
lower than 15 J. 

If the tests are carried out at low strain rates (static tests), one can 
observe a shift of the transition curve to the left as shown schematically in 
Figure 6.3, i.e. at the same temperature, the material can absorb more energy 
before fracture. Figure 6.3 shows that toughness of structural steels is a 
function of both temperature and loading rate. 

 

 
Figure 6.3 – Schematic difference between static and impact tests transition curves 

for a structural steel (TGC 10, 2006) 

6.2 STEEL QUALITY 

By measuring the absorbed energy, it is possible to differentiate one 
steel from another and to define its steel quality (e.g. in addition to the steel 
grade). The designation of steel qualities are given in the relevant parts of 
EN 10 025, where the steel quality classes are defined by fixing a minimum 
or guaranteed value obtained from the Charpy V-notch impact tests at a 
specified test temperature. The quality classes are codified by adding letters 
and figures to the steel grade, as given in the Table 6.1 below. 
  

Absorbed energy, AV 
(Joules) 

Low strain rate 
(static tests) 

T (°C)

High strain rate 
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Table 6.1 – Definition of steel quality according to European codes 

Code Notation 
Absorbed energy, 

Joules 
Test temperature, 

°C 

EN 10 025-2 
Non alloy 
structural steels 

J 27  
K 40  
R  + 20 
0  0 
2  - 20 

EN 10 025-3 
Fine grain 
structural steels 

- 40 - 20 

L 27 - 50 

 
For example, a steel quality K2 means a guaranteed value of 40 joules 

at -20°C (test temperature). Increasing steel qualities that are usually chosen 
can be defined according to the following list: JR, J0, J2, K2 for non alloy 
structural steels, N or NL for fine grain structural steels (N for normalised) 
and finally M or ML for thermo-mechanical structural steels. Note also that 
the steel weldability increases from the quality JR to J2. In terms of 
weldability and toughness, the best steels are the thermo-mechanical steels. 
Their lower carbon content allows for a reduction or even omission of 
preheating before welding (SED, 2004). 

It should be here emphasised that the absorbed energy at a given test 
temperature is not a direct indication of the brittle fracture risk in a steel 
structure because the specimen geometry (with its notch) and loading 
conditions (impact) do not correspond to the real conditions. Everything 
considered, the risk of brittle fracture in a structure depends upon the 
following parameters: 

 Service temperature, 
 Loading strain rate, 
 Flaws (type, size, shape), 
 Dimensions of the structural member, also known as thickness or 

constraint effect, 
 Residual stresses, 
 Ratio stress level to yield strength, σ/fy. 

All these parameters are taken into account in the fracture concept in 
EN 1993-1-10, which will be developed in the next sub-chapter. But before, 
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one needs a mean to correlate the different fracture toughness tests results in 
order to be able to predict the real structural behaviour and fracture load. 

6.3 RELATIONSHIP BETWEEN DIFFERENT FRACTURE 
TOUGHNESS TEST RESULTS 

As seen in the previous sub-chapter, the toughness properties vary 
with temperature. This observation is valid for any type of fracture 
toughness test. Figure 6.4 gives a complete overview of the function of the 
toughness-temperature dependency, for which the following regions are 
distinguished: 

 lower shelf region, where the load-deformation characteristic of test 
pieces in tension show brittle behaviour and linear elastic fracture 
mechanics may be used featuring stress intensity factors KIC as 
toughness values, 

 transition region with partial plastic deformations where modified 
linear elastic fracture mechanics may be used and the temperatures Tgy 
signifies the point where general yield in a net-section (e.g. for a plate 
with bolt holes) occurs before fracture,  

 upper shelf region, where the load-deformation characteristic of test 
pieces in tension show full ductile behaviour and non linear elastic 
plastic fracture mechanics applies. 

As mentioned in Figure 6.4 under number 1, the material fracture 
mechanism goes from a brittle to a ductile mode with increasing 
temperature. At low temperature a brittle, cleavage mode, with fracture 
through the material grains and little deformations even at the microscopic 
level is observed. At higher temperatures a ductile tearing, shear mode, with 
extensive plastic deformations and dipples is observed (Broek, 1986) 
(Barsom and Rolfe, 2000).  

Quantitative toughness properties of steel in general are determined by 
standardized fracture mechanics tests, which are significantly more 
expensive than CVN impact tests. The results of these tests give, as written 
in Figure 6.4, number 2, different measures and units for the fracture 
toughness: K in N/mm3/2, CTOD in mm, and J in N. For information on 
CTOD (Crack Tip Opening Displacement) and J (J-integral), see literature as 
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for example (Barsom and Rolfe, 2000). Since correlations between the 
fracture parameters depend upon the region, an index is added to precise the 
region in which the fracture toughness was measured: c for the lower shelf, u 
for the transition region and R or max for the upper shelf. 
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Figure 6.4 – Toughness-temperature curve and related load-deformation curves for 

tension members using various parameters for toughness properties for ferritic steels 
(Sedlacek et al, 2002) 

 
The stress-strain relationships corresponding to each region are shown 

in Figure 6.4, number 3. In structural codes, the design rules for achieving 
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sufficient mechanical resistance and stability of structural members and 
structures are based on continuum mechanics and tests that are carried out in 
laboratories at room temperature. The assumption behind the design rules is 
that upper shelf toughness behaviour and ductile stress-strain-behaviour 
govern the performance of test pieces (Sedlacek et al, 2002). Therefore it is 
necessary to avoid brittle fracture by an appropriate choice of material, i.e. a 
steel with sufficient toughness. 

In this respect, the most important parts of the toughness-temperature 
curve are the lower shelf and beginning of the transition regions, i.e. where 
the transition from brittle to ductile fracture occurs (temperature Tgy, see 
Figure 6.4). Fracture-mechanics-type specimen tests results show the same 
type of transition curve as previously seen with the CVN impact tests 
(Figure 6.2) but the transition does not occur at the same temperature. 

The most interesting correlations are the one between small-scale 
inexpensive fracture-toughness tests (Charpy V-notch impact specimen) and 
the larger, more expensive fracture-mechanics-type specimens (K, CTOD, 
J). Many studies have been made on this topic and numerous empirical 
correlation expressions over the last decades have been proposed. They 
correlate values between different impact tests, between impact and static 
tests, for the transition-temperature region, for the upper shelf region, etc. 
For this problem, that is correlation between CVN and K-values in the 
transition-temperature region, expressions have been proposed, for example, 
by Barsom (Barsom, 1975), Sanz (Sanz, 1980) and more recently Wallin 
(Wallin, 1994). These expressions make the link between dynamic values 
obtained from CVN tests and static K-values. In the cases of Sanz and 
Wallin, the correlations are called two-stage CVN-KId-KIc correlations. It 
means that estimates of the static value of the fracture toughness, KIc, at any 
strain rate can be predicted by using CVN data in conjunction with an impact 
correlation relationship to get dynamic fracture toughness, KId, values and 
then shifting the curve to lower temperature (to account for strain rate 
effects). The reference points for the temperature shift on each curve (i.e. on 
the absorbed energy-temperature curve and on the toughness-temperature 
curve) are usually taken at an absorbed energy value of 27 J and at a fracture 
toughness of 3160 N/mm3/2 (100 MPa.m1/2). These values are conventionally 
located at the beginning of the transition region, see Figure 6.2 and Figure 
6.4 (point with coordinates TK, KK). The correlation expressions may include 
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different material properties such as the yield stress, the elasticity modulus, 
the absorbed energy or the reference point for the temperature, etc. In 
EN 1993-1-10, the correlation expression used is the one proposed by Wallin 
(Wallin, 1994), also called master curve approach, following previous work 
by Sanz (Sanz, 1980); it is given in Equation (6.1) below. 

1 41 4

100 25 120 70exp 10 ln
52 1

K
mat

eff f

T TK
b P

⎛ ⎞⎛ ⎞ ⎛ ⎞⎡ ⎤−⎛ ⎞= + + ⋅ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟−⎝ ⎠⎣ ⎦⎝ ⎠ ⎝ ⎠⎝ ⎠
 (6.1)

where 
Kmat  fracture toughness at temperature T (equivalent to KIc if 

plane strain conditions are respected), 
T   temperature in °C, 
TK100  temperature at which the toughness will not be less than 

100 MPa.m1/2, 
25/beff  thickness and constraint effects along the crack front, beff 

being related to the crack depth and the plate dimensions in 
which it grows, see EN 1993-1-10 background document, 
annex A (JRC, 2008). By simplification, beff can be 
conservatively taken as twice the plate thickness, 

Pf   failure probability. 

In Equation (6.1) above, the temperature shift can be directly included 
with the expression given in Equation (6.2). 

100 27 18K KVT T= −  (6.2)

where 
TKV27  temperature at which a minimum energy AV will not be less 

than 27 J in a CVN impact test. 
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Figure 6.5 – Temperature shift between CVN and toughness tests (JRC, 2008) 

 
The correlation of temperature shift between CVN and toughness tests 

values is given in Figure 6.5. A constant shift of -18°C is found to be valid 
for different structural steels and their weldments. A similar approach with a 
temperature shift can be used to account for other effects such as cold 
working or inhomogeneity of the material properties in the thickness (core 
versus surface). 

As an example, Figure 6.7 shows the predicted static fracture 
toughness, Kmat, obained using the CVN test results for the S355 steels 
presented in Figure 6.2. In this case, applying relationship (6.2) gives: TK100 
= TKV27 – 18 = –67 –18 = – 85°C. The mean curve as well as 5% and 95% 
probability curves are drawn. The upper shelf region is not shown since the 
Wallin correlation is a lower shelf-transition correlation. 
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Figure 6.6 – Predicted static fracture toughness for the S355 N steel from (Banz and 

Nussbaumer, 2001) 

6.4 FRACTURE CONCEPT IN EN 1993-1-10 

6.4.1 Method for toughness verification 

When a steel structure is built, it shall satisfy the requirements for the 
execution of steel structures (from the codes EN 1090, execution and 
ISO 5817, welding) but will however contain flaws that are within the 
required tolerances. Since it is possible that fatigue cracks develop from 
these flaws, or that undetected flaws may be present, brittle failure shall be 
excluded by a proper choice of the material. 

EN 1993-1-10 provides a method for selecting such a material, for the 
different possible applications and service conditions (characterized by a 
minimum reference temperature and stress level). The fracture concept for 
choosing the proper material is to verify that the material has sufficient 
toughness to resist the design loads without fracture. In this verification, 
structural members are assumed to have flaws, which is unavoidable even if 
within fabrication tolerances. In the general delivery conditions, every 
structural steel is required to have a minimum Charpy value at a test 
temperature given by the code (the temperature and value depends upon 
grade and quality). As seen in the previous section, this requirement can be 
used to compute the corresponding toughness of the material at any 
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temperature using equation (6.1). Once the toughness is known, one could 
use fracture mechanics concepts to compute the failure load of the structural 
member as suggested in EN 1993-1-10. However, the code developers did 
not write it with this in mind and thus the code only gives generic principles. 
Instead, the code developers intention were to simplify the practicing 
engineer work. Fracture mechanics computations were carried out once for 
all to provide tables for the choice of material. This work resulted in tables 
where maximum allowable thicknesses for the different steel grades and 
qualities are given in function of the different influencing parameters: type 
of structure and its use, minimum service temperature, and loading 
conditions (maximum load, loading rate and residual stress level), see sub-
chapter 6.5 for more explanations. 

In this book, only the general verification method is explained, leaving 
aside refinements such as the use of the R6 Fracture assessment diagram 
from BS PD 7910 (BS7910, 1999) or the dependency of the material yield 
stress on temperature and thickness. Detailed information on the complete 
verification method can be found in the code background document (JRC, 
2008). The verification method uses fracture mechanics, which is not 
presented here, the reader being referred to the specialised literature, for 
example (Broek, 1986) (ASM, 1996) (Barsom and Rolfe, 2000). Knowledge 
in fracture mechanics is however not needed to understand the verification 
method, which follows the usual verification principle: dd RE ≤ . In this 
case, it is performed by comparing K-values (stress intensity factors) of, on 
one side, design values of fracture mechanical action effects KEd with, on the 
other side, design values of fracture mechanical resistance KRd, see Equation 
(6.3). 

Ed RdK K≤  (6.3) 

The design values are chosen from statistical distributions in such a 
way that the reliability required for ultimate limit state verifications is 
achieved. The verification is based on the following conservative 
assumptions: 

 the temperature Tmin,d of the structural member, which is the leading 
action in this particular ultimate limit state, attains its minimum value,  

 the structural member has a crack-like flaw at the point of maximum 
stress concentration (hot spot) with the size ad (e.g. design value of 



6. BRITTLE FRACTURE 

 

_____
242

crack depth, larger than the flaws that are within the required 
tolerances, see section 6.4.3), 

 the structural member has residual stresses from fabrication and those 
are considered similarly as an external load, see section 6.4.4, 

 the structural member is subjected to permanent and variable loads 
accompanying the leading action Tmin,d, see section 6.4.4. 

The design situation combining all of the assumptions listed above is 
accidental. By using a K-value format for the verification, see Equation 
(6.3), it is possible to take advantage of the correlation between CVN and 
fracture toughness K-values. Thus, since the CVN values specified in the 
delivery standards for steels are used, the steels may be selected without the 
need for expensive toughness data determined for each specific project. 

The resistance side in the verification, KRd, corresponds to the Wallin 
correlation, Equation (6.1), which becomes Equation (6.4) below when 
assuming a low failure probability (typically less than 1%; in this case the 
last part of the Equation (6.1) falls out). 

1/ 4

100 2520 70exp 10
52

min,d K
Rd

eff

T T
K

b
⎛ ⎞⎡ ⎤−⎛ ⎞

= + + ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠⎣ ⎦ ⎝ ⎠
 (6.4) 

where beff is function of the plate thickness t and crack constraints conditions 
and is expressed in mm. Thus, there is a direct link between toughness and 
plate thickness. Note that the safety element in the verification has been 
calibrated accounting for the above and is a temperature shift, see section 
6.4.2. Putting Equation (6.4) into the verification relationship (6.3) and 
rewriting it in function of temperature leads to the following relationship 
(6.5). 
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 (6.5)

EN 1993-1-10 uses equation (6.5) for safety verifications, however it 
is presented in a different manner which is now explained. 



6.4. FRACTURE CONCEPT IN EN 1993-1-10 

 

_____ 
243 

6.4.2 Method for safety verification  

In EN 1993-1-10, the leftmost term of the relationship (6.5) is called 
ΔTσ, that is (Equation (6.6)): 

( )
1/ 4
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25

52ln
70

eff
Ed

b
K

Tσ

⎡ ⎤⎛ ⎞
⎢ ⎥− −⎜ ⎟
⎢ ⎥⎝ ⎠Δ = − ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 (6.6)

It is defined as the temperature shift resulting from: stresses, crack like 
flaws and member shape and dimensions. For safety verification, the 
relationship (6.5) is given in the form of equation (6.7) below. 

Ed RdT T≥  (6.7) 

where TEd is a reference temperature. As mentioned before, other material 
influences can in addition be introduced as temperature shifts. TEd includes 
all input values by taking them into account by temperature shifts as 
expressed by equation (6.8). 

min,Ed d r R plT T T T T T Tσ ε ε⋅= + Δ + Δ + Δ + Δ + Δ (6.8) 

The input values are (see also Figure 6.7): 
 the lowest air temperature Tmin,d with a specified return period, see 

EN 1991-1-5 
 radiation losses ΔTr of the structural member (usually ΔTr = -5º C as 

given in EN 1991-1-5, but can be defined in the National Annexes),  
 the influence of shape and dimensions of the member, imperfection 

from crack, and stress σEd, resulting in ΔTσ. 
 an additive safety element ΔTR, by which Tmin,d is shifted, is introduced 

to achieve sufficient reliability for the verification. 
 the influence of strain rate εTΔ ,  
 the influence from cold forming ΔTεpl , if the cold forming operation is 

applied after ΔTKV27 has been defined (i.e. the CVN tests carried out, 
or the CVN specified value, are based on the material properties 
before cold forming). 
The resistance side contains solely the test temperature value TKV27 and 
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the temperature shift of 18 °C from the toughness correlation. The additional 
safety element ΔTR is obtained from a calibration of the procedure to large 
scale tests database (reliability index β equal to 3.8). The large database used 
contains tests on various steel grades, various welded attachments including 
local residual stresses and also cracks ad produced by artificial initial cracks 
grown by subsequent fatigue loading, see next section and (JRC, 2008). 

 
RdEd KK ≤  Transformation TEd ≥ TRd 

   

 TEd ≥TRd  

Action side  Resistance 
side 

Ed min,d r R plT T T T T T Tσ ε ε⎡ ⎤= +Δ +Δ +Δ +Δ +Δ⎣ ⎦  
• Lowest air temperature in combination with qEd 

 Tmin,d =- -25°C 

• Radiation loss 

 ΔTr =- -5°C 

• Influence of stress, crack imperfection and 
member shape and dimension 
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• Additive safety element 

 ΔTR =- +7°C (with β  = 3.8) 
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of material 
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May be supplemented by the following : 

• Influence of the strain rate 
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• Influence from cold working 

 ΔTεpl =- -3.DCF  [°C] 

With DCF = Degree of Cold Working [%], see(JRC, 2008)

 

Figure 6.7 – Verification scheme based on temperatures, with example values for 
temperature shifts (Sedlacek et al, 2002) 
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6.4.3 Flaw size design value 

For a given detail, the accidental existence of a flaw (modelled as an 
initial crack with size a0), that should normally have been detected and 
repaired during welding inspection, is assumed. The initial crack size is 
assumed to depend on the plate thickness, the initial crack depth is given in 
equations (6.9) and (6.10) and shown in Figure 6.8. 

0
0

ln 1  for 15mmta t
t

⎛ ⎞
= 0.5 ⋅ + <⎜ ⎟

⎝ ⎠
(6.9)

0
0

ln  for 15mmta t
t

⎛ ⎞
= 0.5⋅ ≥⎜ ⎟

⎝ ⎠
 

(6.10)

t0 = 1 mm is the reference thickness. The surface length of the crack is given 
by the crack shape, a0/c0, in function of the detail type: 

 Non-welded details and longitudinal attachments: a0/c0 = 0.40 
 Details with transverse welds : a0/c0 = 0.15 

 

 
Figure 6.8 – Flaw in a plate (non-welded details), modelled as an initial crack with 

dimensions a0 and c0 (JRC, 2008) 
 
Under service conditions, the initial crack may grow due to fatigue 

loading to a size ad until it is detected during an inspection or failure occurs 
before the next inspection, see Figure 6.9. It is this last case that has to be 
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avoided by proper choice of material, with a material tough enough to 
tolerate such a crack, using the safety verification presented in Equation 
(6.3) or Equation (6.7). The other possible failure mode, by yielding of the 
remaining section is obviously less critical but can also be considered using 
the R6 FAD diagram approach (BS7910, 1999).  

 

 
Figure 6.9 – Schematic of the method and main parameters in the fracture mechanics 

safety verification (Schmackpfeffer et al, 2005) 
 
Using again fracture mechanics and making assumptions about fatigue 

loads, computations of the crack growth between two inspections can be 
made to get the design crack size ad. Many computations were made during 
the validation of EN 1993-1-10. A conservative estimate for the design crack 
size ad, in mm, is given in equation (6.11). 

( )
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6 3 4 22 10 6 10 0.134 0.635 C
d

ref

a t t t σ
σ

− − ⎛ ⎞Δ= ⋅ ⋅ + ⋅ ⋅ + ⋅ + ⎜ ⎟⎜ ⎟Δ⎝ ⎠
 (6.11)

where Δσref = 100 N/mm1/2 is the reference stress range and t the plate 
thickness (in which the fatigue crack grows). The crack shape evolves with 
crack depth and the design crack shape ad/cd may be taken as 0.40 for all 
details (i.e. it evolves from 0.15 to 0.40 in the case of details with transverse 
welds). Explanations about the stresses and stress ranges acting on the 

Safety assessment based on fracture mechanics
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structural member are given in the next section. 
 

6.4.4 Design value of the action effect stresses 

The design value of the action effect stresses σEd is expressed as a 
portion of the yield strength. The combination of actions to consider here, a 
frequent load combination, is the accidental one with the low temperature as 
the accidental action, see EN 1990: 

 { }1 ,1 2, ,; ; Q ; Qd k k K i K iE E G T ψ ψ= ⋅ ⋅  (6.12)

where  
Gk   characteristic nominal value of the permanent actions effects,  
QK,1 characteristic value of dominant variable load, usually the 

traffic load, 
QK,i characteristic value of accompanying variable loads, 
ψ1  combination factor for frequent loads,  
ψ2,i combination factor for quasi-permanent loads,  
Tk   characteristic value of the lowest service temperature. 

The action effect stresses σEd from the addition of the following two 
sources: 

1) applied stress resulting from the frequent load combination as 
explained above, and expressed in Equation (6.13). 

( )1 ,1 2, ,app k K i K iG Q Qσ σ ψ ψ= + +∑ ∑  (6.13)

where 
Gk  characteristic nominal value of the permanent actions effects, 
QK,1 characteristic value of dominant variable load, usually the 

traffic load, 
QK,i characteristic value of accompanying variable loads, 
ψ1 combination factor for frequent loads, see EN 1990,  
ψ2,i combination factor for quasi-permanent loads, see EN 1990.  

2) residual stress σS in the structural member resulting from the 
fabrication process, in particular from welding.  
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Regarding residual stresses, the value of local residual stresses, for 
example at the hot spot of a detail, varies a lot through the thickness and thus 
some kind of average has to be taken. Indeed one cannot in this case take a 
conservative value of the residual stress field equal to the yield stress as the 
structural members would not be able to carry any external loads. Thus, local 
residual stresses are implicitly included in the residual stress value in 
EN 1993-1-10. It was found that a value of σS = 100 MPa could be used. 

Regarding crack growth, it can be shown that the evolution of crack 
size and damage sum are affine curves, they both are exponential curves and 
function of stress range to the power m and number of cycles ni. One shall 
first express the damage sum. For a stress range spectrum (Δσi-ni), it can be 
expressed using the S-N curve Equation (1.2) and the damage equation (1.4) 
as given in equation (6.14). 

1
1.0
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ii

m m
i i E

nn
C Cσ σ− −

=
= ≤

Δ Δ
∑∑  (6.14)

The above can also be expressed in function of the detail category and 
the corresponding S-N curve as given in Equation (6.15). The slope 
coefficient is either m = 3 or, for bridges, m = 5 since the majority of the 
stress ranges levels are assumed to be between ΔσD and ΔσL.  
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⋅ Δ
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⋅ ⋅ Δ
∑

 (6.15)

In EN 1993-1-10, to cover all relevant fatigue classes in EN 1993-1-9, 
the worst case is considered and thus it is assumed any structural detail is 
subjected to the maximum possible load range a detail can bear with a 
survival probability of 95%, that is its detail category ΔσC. Assuming further 
that the damage sum reaches unity at the end of the complete working life, 
one can see that, from Equation (6.15), damage sum evolution over the 
working life (e.g. number of cycles ni) can be simplified and represented 
using the detail category as an equivalent fatigue loading, i.e.  

( ) 62 10m m
i i Cn σ σ⋅ Δ = ⋅ ⋅ Δ∑ .

In EN 1993-1-10, the so-called “safe service period” is defined as ¼ 
of the limiting damage value (e.g. value 1.0), which means 3 inspections 
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during the service life, see sub-chapter 5.2 and section 5.3.3. Note here that 
the corresponding reliability index varies in function of the consequence of 
failure. Assuming a linear damage evolution, which is a gross assumption 
but conservative for the start of the damaging process, ¼ of the limiting 
damage value can be assumed to be reached after applying 500 000 cycles at 
a constant stress range equal to ΔσC. 

Regarding crack growth from initial flaws a0 up to their design 
value ad, the same assumptions as for damage sum evolution are made about 
the fatigue loading, i.e. crack growth is computed by applying 
500 000 cycles at a constant stress range ΔσC to initial flaws a0. Many details 
from EN 1993-1-9 were analysed, experimentally and numerically, to check 
with more refined calculations the assumptions on damage sum and crack 
growth evolutions. As a result, the conservative expression for ad given in 
equation (6.11) was proposed. Note that EN 1993-1-10 background (JRC, 
2008) explains that after the “safe service period”, an inspection of the 
structure is carried out. The outcome of it can lead to one of the two 
following situations: 

 if no damages are detected, the presence of undetected initial cracks a0 
(same sizes as after fabrication) may be assumed and a new “safe 
service period” may start, 

 if damages are detected, relevant measures for repair or retrofitting 
should be taken before a new “safe service period” may start. 

6.5 STANDARDISATION OF CHOICE OF MATERIAL: MAXIMUM 
ALLOWABLE THICKNESSES 

The previous section showed the complexity of the computations 
associated with safety verification according to Equation (6.3) or 
Equation (6.7). Thus, a simplified procedure for the choice of material is 
necessary. From the explanations given in the previous sections, one can see 
that the thickness of the material or structural member is an important 
parameter. It can be found in Equation (6.4), which contains the thickness 
expressed as beff and the initial as well as the design crack sizes depend on 
thickness, Equations (6.9) to (6.11). Thus, since the structural member 
thickness influences both fatigue strength and brittle fracture, it was decided 
to develop tables in function of the thickness t of the member to be designed 
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against brittle fracture. 
The verification relationship is the same as given in Equation (6.7), 

with Equation (6.8), but it is simplified since several temperature shifts input 
values are directly included in the tables. The resulting verification is given 
in expression (6.16) below. 

,  rE d m in d p l R dT T T T T Tεε= + + Δ + Δ ≥  (6.16)

The permissible plate thicknesses of structural members with the most 
common structural details are given in function of: 

 the steel grades and their toughness properties, 
 the reference temperatures TEd, which usually is simply the lowest air 

temperature Tmin,d with a specified return period, see EN 1991-1-5, 
 stress levels σEd, three in total, which implicitly include the average 

residual stress level. 

Three stress levels values σEd from “frequent loads” have been fixed 
in the development of the tables in function of the yield stress, fy(t), namely: 

 σEd = 0.25fy(t) This value corresponds to low stressed structural 
members. 

 σEd = 0.50fy(t) This values corresponds to a medium case of loaded 
structural members. 

 σEd = 0.75fy(t) This value corresponds to the maximum possible 
“frequent stress”, where for the ultimate limit state verification 
yielding of the extreme fiber of the elastic cross section has been 
assumed. 

For intermediate σEd values, linear interpolation can be used. The 
yield stress value fy(t) may be determined either from equation (6.17) or 
taken as ReH-values from the relevant steel product standards. 

( )
0

0.25y y
tf t f
t

⎛ ⎞
= − ⋅ ⎜ ⎟

⎝ ⎠
 (6.17)

where t is the thickness of the plate in mm and t0  = 1 mm. 

The stress level considered in this selection is corresponding to 
something similar to an “accidental load combination”, owing to the fact that 
it occurs with the assumption of having simultaneously the lowest 
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temperature, the presence of a crack, the lowest admissible material 
properties and the frequent loads. Once the material is properly selected 
using these tables, it can be assumed that fatigue cracking can occur without 
resulting in a brittle fracture and thus fatigue verification can be undertaken 
using either a damage tolerant approach or a safe life one, see Section 5.2. 

Annex C contains reproductions of the tables from EN 1993-1-10, 
respectively EN 1993-1-12. Table C.1 in Annex C gives the permissible 
plate thicknesses for steels S235 to S690 (according to EN 10025). Table 
C.2 gives the permissible plate thicknesses for S500 to S700 (according to 
EN 10025-6 and EN 10149). Note that these tables are not applicable to 
other steel products, in particular hollow sections according to EN 10210 
and EN 10219. Particular care should be taken with cold-formed sections 
subsequently welded, because significant changes occur in material 
properties, including toughness. An extension of EN 1993-1-10 to these 
products is currently under study (Feldmann et al, 2010). 

 

Example 6.1: Application to steel and concrete composite road bridge, 
validation of the steel quality of the upper flanges. 

The thicker plates are the one used for the upper flanges, see Figure 1.15. 
Their dimensions are comprised between 1500x50 and 1500x100 mm. They 
are made out structural steel grade S355 and chosen in quality NL, see Table 
1.7. 

The quality is determined using the table from EN 1993-1-10. Tables can be 
used since butt welds between flanges details are covered by EN 1993-1-9. 
The reference temperature TEd is thus determined as follows (Equation 
(6.8)): 
Minimum air temperature 20 Cmin,dT = − °  (assuming the bridge is in Paris 
region, the value found in NAD of EN1991-1-5) 
Radiation loss of member, 5 CrTΔ = − °  (according to EN 1991-1-5 for a 
steel and concrete composite bridge) 
The influence of shape and dimensions of the member, imperfection from 
crack, and stress, ΔTσ = 0°C 
The additive safety element, ΔTR = 0°C 
Note that the above influences are already included when using tabulated 
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values. 
Additionnal influences are the influence of strain rate, with assumption from 
project specification that there are no high strain rates effects (ε = 0.0001 
s−1), thus TεΔ  = 0°C 
And finally, the influence from cold forming, irrelevant here (DCF = 0), 
ΔTεpl = 0°C 

The resulting value for the reference temperature is 25 CEdT = − °  

The relevant stress σEd is calculated with the accidental combination of 
actions considering the low temperature as the accidental load case : 

[ ] 1 ,1 2 ,2Ed k k kA T G Q Qψ ψ+ + +∑  

where 1 ,1kQψ  is the frequent value of the traffic loads and 2 ,2kQψ  is the 
quasi-permanent value for the other eventual variable loads. 
Figure 6.10 gives the variation of the direct stresses in the upper flange of 
the box girder for this combination of actions. 

 
Figure 6.10 – Tensile stresses in the upper flange for the determination of the steel 

quality 
 

The maximum design stress σEd is equal to 211.9 N/mm2 on internal support 
P3 where the flange thickness is 100 mm. 
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( ) ( )211.9 0.64
330Ed y yf t f tσ = =  

Note: the yield stress must be determined using equation (6.17). It results in 
a higher value than the one given in the production standard for 100 mm 
thick plates (315 N/mm2). 
The use of table 6.11 (table 2.1 in EN 1993-1-10) requires interpolation. For 
a S555NL steel, the following permissible thickness values are extracted 
from the table: 

( )
( )
( )
( )

30ºC, 0.50 :  t 110mm

30ºC, 0.75 :  t 75mm

20ºC, 0.50 :  t 135mm

20ºC, 0.75 :  t 90mm

Ed Ed y

Ed Ed y

Ed Ed y

Ed Ed y

T f t

T f t

T f t

T f t

σ

σ

σ
σ

= − = ≤

= − = ≤

= − = ≤

= − = ≤  

Thus, for ( )0.64Ed yf tσ =

 

and CEdT = −25° , the permissible thickness is 
100.2 mm. Thus, for tmax =100 mm, the steel quality NL is appropriate. 
Note: it means that the minimum toughness requirement is T CKV27 = −50° . 
 
 

Tables reproduced in Annex C were developed with the assumption 
that the most onerous case of structures susceptible to fatigue must be 
included. That is a case where the design crack, with dimensions ad, 2cd, 
does not only cover crack sizes overlooked in inspections after fabrication 
(denoted as initial cracks with a0, 2c0), but also cracks that have grown in 
service, from fatigue actions from the moment the structure is put into use 
until the moment the cracks that have grown should be detected. Crack 
growth is assumed to depend not only on the size of the initial crack, but also 
on the fatigue class and the fatigue loading. The fatigue resistance and the 
fatigue load applied for crack growth should cover all relevant fatigue 
classes in EN 1993-1-9 and are defined such that they correspond to the 
maximum possible load in fatigue assessments, as explained in paragraphs 
6.4.3 and 6.4.4. Figure 6.11 shows the limiting curve obtained using these 
assumptions,  i.e. design crack size according to equation (6.11) and the case 
of a design stress level 0.75Ed yfσ = , expressed applied stress temperature 
shifts ΔTσ. 



6. BRITTLE FRACTURE 

 

_____
254

In order to validate the procedure and its conservatism, crack growth 
computations were made using boundary elements models (JRC, 2008) for 
various typical details and practical design situations (attachment on the 
flange of a girder, butt-joint, etc.). The results of those computations are 
shown in Figure 6.11. Safe-sided computation results must lie below the 
limiting curve. As can be seen, all crack growth computations fall below the 
limit curve and therefore the assumptions made for building Tables in Annex 
C are safe. 

 

 
Figure 6.11 – Comparison between results from crack growth computations for 

various typical details in steel S355 and ΔTσ limiting curve obtained with 
0.75Ed yfσ =  (JRC, 2008) 

 
In order to get visualise the influence of the different parameters on 

the maximum permissible thickness of an element, the values in the tables 
where used to produce Figure 6.12 and Figure 6.13. Figure 6.12 shows, for 
steel grade S235, the influence of the action effects (stress level Ed) and of 
the subgrade. Finally, Figure 6.13 shows, the influence of the steel grade, for 
medium action effects (stress level 0.50d yE f= ) and only a few selected 
subgrades, on maximum permissible thickness of an element. From these 
figures, for example one can see that a 100 mm thick plate in S235 can be 
used in almost any situation, while it cannot be used at all for a S690 steel 
(max. 95 mm). 
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Figure 6.12 – Maximum permissible thickness of an element, influence of stress 

level and of the subgrade, for steel grade S235 

 

 
Figure 6.13 – Maximum permissible thickness of an element, influence of steel 

grade, from S2365 to S690, for selected subgrades 
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Example 6.2: Application to runway beam of crane, choice of the steel 
quality of the runway beam for dynamic load effects. 

The runway beam is a rolled I-beam HEA 280, with flange thicknesses equal 
to 13 mm. The rail is a KSN 50x30 mm. Both are made out structural steel 
grade S235. The quality has not been yet defined. 

The quality is determined using the table from EN 1993-1-10. Tables can be 
used as the different details of the runway beam are standard and covered by 
EN 1993-1-9. The reference temperature TEd is determined as follows: 

 Minimum air temperature Tmin,d = 5°C (inside) 
 Radiation loss of member, ΔTr = 0°C (stable minimum temperature) 
 Influence of strain rate, with assumption from project specification 

that a maximum strain rate 10.005sε −=  can occur (choc [JRC 2008]) 

( ) 1.5 1.5

0

1440 1440 227 0.005ln ln 17.0 C
550 550 0.0001

yf t
Tε

ε
ε

− ⎛ ⎞ − ⎛ ⎞Δ = − = − = − °⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠  

With yield stress determined using equation (6.17), leading to 
( ) 2227N/mmyf t =  for the maximum thickness, which is 30 mm. 

 No influence from cold forming (DCF = 0), ΔTεpl  = 0°C 

Note that are already included when using tabulated values: 

 The influence of shape and dimensions of the member, imperfection 
from crack, and stress, ΔTσ = 0°C 

 The additive safety element, ΔTR = 0°C 

The resulting value of the reference temperature is then, Equation (6.8): 

, 12.0 CEd min d r R plT T T T T T Tσ ε ε⋅= + Δ + Δ + Δ + Δ + Δ = − °

 The relevant stress σEd is calculated with the accidental load combination and 
ψ2 = 0.7. The total design stress is computed from the ULS design which is 
made in (TGC11, 2006). That is  

( ) ( ) 21.0 2.1 0.7 55.3 53.9 79N/mmEdσ = ⋅ + ⋅ + =  
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( ) ( )79 0.35
227Ed y yf t f tσ = = ⋅  

The interpolation can then be made with EN 1993 – 1-10 table 2.1. to 
determine steel quality for the maximum thickness ( )30mmt = , and vice-

versa the maximum permissible thickness for a steel quality. 

Assuming the choice of subgrade JR, one gets by successive interpolation: 

( ) ( )( )
( ) ( )( )

12º C, 0.25 :  t 65 2 10 65 55 =63mm

12º C, 0.50 :  t 100 2 10 100-85 =97mm
Ed Ed y

Ed Ed y

T f t

T f t

σ
σ

= − = ≤ − −

= − = ≤ −
 

Thus, for ( )0.35Ed yf tσ = ⋅ , the permissible thickness is 83 mm and the steel 

quality JR is appropriate. 
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Annex B  

FATIGUE DETAIL TABLES WITH 
COMMENTARY 

INTRODUCTION 

This section reproduces the fatigue tables from EN 1993-1-9, as well 
as detail categories given in other Eurocode parts (cables, etc.). The tables 
include the corrections and modifications from the corrigendum issued in 
November 2008 (changes are highlighted with a gray background). In 
addition to the code, the tables contain an additional column with 
supplementary explanations and help for the engineer to classify properly 
fatigue details and compute correctly the stress range needed for the 
verification. For some details, suggestion from the authors about the required 
weld quality level (B or C) is given.  

Then, the table for the use of the hot spot stress method (Annex B 
from EN 193-1-9) is reproduced. 

Finally, for orthotropic decks, the authors propose a new detail table 
in a attempt to clarify the EN 193-1-9 tables 8.8 and 8.9. This table 
summarizes the detail information and includes notes on the potential modes 
of failure (crack location and consequences), important factors influencing 
the class of each detail type and some guidance on selection for design, 
including strength factor γMf. This table is a combination and interpretation 
of propositions from different recent studies (Kolstein, 2007 and Leendertz, 
2008). 
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B.1 PLAIN MEMBERS AND MECHANICALLY FASTENED JOINTS 
(EN 1993-1-9, TABLE 8.1) 
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B.2. WELDED BUILT-UP SECTIONS (EN 1993-1-9, TABLE 8.2) 
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B.4. ATTACHMENTS AND STIFFENERS (EN 1993-1-9, TABLE 8.4) 
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B.5. LOAD CARRYING WELDED JOINTS (EN 1993-1-9, TABLE 8.5)
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B.6. HOLLOW SECTIONS (T ≤ 12.5 MM) (EN 1993-1-9, TABLE 8.6) 
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B.7. LATTICE GIRDER NODE JOINTS (EN 1993-1-9, TABLE 8.7) 
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B.8. ORTHOTROPIC DECKS – CLOSED STRINGERS (EN 1993-1-9, 
TABLE 8.8) 
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B.9. ORTHOTROPIC DECKS – OPEN STRINGERS (EN 1993-1-9, 
TABLE 8.9) 
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B.10. TOP FLANGE TO WEB JUNCTION OF RUNWAY BEAMS (EN 
1993-1-9, TABLE 8.10)

C
om

m
en

ts
 

Δσ
ve

rt
 

 Δ
σ z

,lo
ca

l 

D
et

ai
l o

f w
el

d:
 

W
el

di
ng

 
qu

al
ity

 
le

ve
l 

C
 

co
ul

d 
be

 
sp

ec
ifi

ed
. 

In
su

re
 

go
od

 fi
t. 

D
et

ai
l o

f w
el

d:
 

W
el

di
ng

 q
ua

lit
y 

le
ve

l C
 

co
ul

d 
be

 sp
ec

ifi
ed

. .
 In

su
re

 
go

od
 fi

t. 
D

et
ai

l o
f w

el
d:

 

R
eq

ui
re

m
en

ts
 

1)
 

V
er

tic
al

 
co

m
pr

es
si

ve
 

st
re

ss
 ra

ng
e 
Δσ

ve
rt
 in

 w
eb

 d
ue

 
to

 w
he

el
 lo

ad
s 

2)
 

V
er

tic
al

 
co

m
pr

es
si

ve
 

st
re

ss
 ra

ng
e 
Δσ

ve
rt
 in

 w
eb

 d
ue

 
to

 w
he

el
 lo

ad
s 

3)
 S

tre
ss

es
 r

an
ge

 Δ
σ v

er
t 

in
 

w
el

d 
th

ro
at

 d
ue

 t
o 

ve
rti

ca
l 

co
m

pr
es

si
on

 
fr

om
 

w
he

el
 

lo
ad

s 

4)
 S

tre
ss

es
 r

an
ge

 Δ
σ v

er
t 

in
 

w
el

d 
th

ro
at

 d
ue

 t
o 

ve
rti

ca
l 

co
m

pr
es

si
on

 
fr

om
 

w
he

el
 

lo
ad

s 

D
es

cr
ip

tio
n 

1)
 R

ol
le

d 
I-

 o
r H

-s
ec

tio
ns

 

2)
 F

ul
l p

en
et

ra
tio

n 
te

e-
bu

tt 
w

el
d 

3)
 P

ar
tia

l 
pe

ne
tra

tio
n 

te
e-

bu
tt 

w
el

ds
, 

or
 e

ff
ec

tiv
e 

fu
ll 

pe
ne

tra
tio

n 
te

e-
bu

tt 
w

el
d 

co
nf

or
m

in
g 

w
ith

 E
N

 1
99

3-
1-

8 
 4)

 F
ill

et
 w

el
ds

 

C
on

st
ru

ct
io

na
l d

et
ai

l     

D
et

ai
l 

ca
te

go
ry

 

16
0 

71
 

36
* 

36
* 



B.10. TOP FLANGE TO WEB JUNCTION OF RUNWAY BEAMS 

 

_____ 
299 

 

D
et

ai
l o

f w
el

d:
 

 

W
el

di
ng

 
qu

al
ity

 
le

ve
l 

C
 

co
ul

d 
be

 
sp

ec
ifi

ed
. 

In
su

re
 

go
od

 fi
t. 

D
et

ai
l o

f w
el

d:
  

 W
el

di
ng

 
qu

al
ity

 
le

ve
l 

C
 

co
ul

d 
be

 
sp

ec
ifi

ed
. 

In
su

re
 

go
od

 
fit

. 
D

et
ai

l 
of

 
w

el
d:

 
 

5)
 

V
er

tic
al

 
co

m
pr

es
si

ve
 

st
re

ss
 r

an
ge

 Δ
σ v

er
t 

in
 w

eb
 

du
e 

to
 w

he
el

 lo
ad

s 

6)
 S

tre
ss

es
 r

an
ge

 Δ
σ v

er
t 

in
 

w
el

d 
th

ro
at

 d
ue

 t
o 

ve
rti

ca
l 

co
m

pr
es

si
on

 
fr

om
 

w
he

el
 

lo
ad

s  
 7)

 S
tre

ss
es

 r
an

ge
 Δ

σ v
er

t 
in

 
w

el
d 

th
ro

at
 d

ue
 t

o 
ve

rti
ca

l 
co

m
pr

es
si

on
 

fr
om

 
w

he
el

 
lo

ad
s 

5)
 

T-
se

ct
io

n 
fla

ng
e 

w
ith

 
fu

ll 
pe

ne
tra

tio
n 

te
e-

bu
tt 

w
el

d 

6)
 

T-
se

ct
io

n 
fla

ng
e 

w
ith

 
pa

rti
al

 
pe

ne
tra

tio
n 

te
e-

bu
tt 

w
el

d,
 o

r e
ff

ec
tiv

e 
fu

ll 
pe

ne
tra

tio
n 

te
e-

bu
tt 

w
el

d 
co

nf
or

m
in

g 
w

ith
 E

N
 1

99
3-

1-
8 

7)
 T

-s
ec

tio
n 

fla
ng

e 
w

ith
 fi

lle
t w

el
ds

 
 

   

71
 

36
* 

36
* 



B. FATIGUE DETAIL TABLES WITH COMMENTARY  

 

_____
300

B.11. DETAIL CATEGORIES FOR USE WITH GEOMETRIC (HOT 
SPOT) STRESS METHOD (EN 1993-1-9, TABLE B.1) 
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B.12. TENSION COMPONENTS
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Annex C 

MAXIMUM PERMISSIBLE THICKNESSES 
TABLES 

INTRODUCTION 

This section reproduces the tables from EN 1993-1-10 and EN 1993-
1-12. These tables allow for the choice of material grade and subgrade to 
avoid brittle fracture for hot rolled products of structural steels according to 
EN 10025 and EN 10149. 
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C.1 MAXIMUM PERMISSIBLE VALUES OF ELEMENT 
THICKNESS t in mm ( EN 1993-1-10, TABLE 2.1) 

 
 
  



C.2 MAXIMUM PERMISSIBLE VALUES OF ELEMENT THICKNESS T IN MM 
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C.2 MAXIMUM PERMISSIBLE VALUES OF ELEMENT 
THICKNESS t in mm ( EN 1993-1-12, TABLE 4) 
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