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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 
buckling), ii) a steel chimney and iii) a crane supporting structure. Chapter 2 
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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.

Luís 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, 
Qi,Qfat Characteristic fatigue load 
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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 

  ΔT!ε  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 
ψ2,i Combination factor for quasi-permanent loads  
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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 
(in the order of magnitude of one-tenth of a 
millimeter) is produced. 
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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). 

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). 
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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). 

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.

force

longitudinal transverse
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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. 

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. 
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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. 

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 
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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. 

 

Figure 1.1 – Possible location of a fatigue crack in a road bridge (TGC 10, 2006) 
 
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 
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