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An extraordinary attention is dedicated to the evaluation of fatigue damage and technical life of different technical
systems all over the world because breakdowns caused by a fatigue failure have often a nature of catastrophe.
Material fatigue of parts of technical means in critical infrastructure (particularly oversized systems and technological
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Material fatigue of parts of different technical
systems belongs to the most frequent causes of
boundary states rise and relating operation
breakdowns. The objective of the article is general
formulation of reliability of technical systems
judging, brief characteristic of basic areas to be
taken into account as input into calculated
prediction of technical systems fatigue life and
analysis of risk items by its practical application.
An extraordinary attention is dedicated to the
evaluation of fatigue life of structures parts of
different technical systems and means in objects of
critical infrastructure all over the world because
breakdowns caused by a fatigue failure have often
a nature of catastrophe.

There should be a dominant effort to bring
conditions of calculation or experiment near to the
working conditions in which the investigated
system is exploited. The aim 1is to reduce
unfamiliarity of acting factors of the surroundings
and their interactions with processes in the system
itself. A modern way of calculation of any
technical systems (e.g. large mechanical or civil
structures) therefore demands to respect dynamic
and stochastic nature of all influencing working
factors and related working loads. The main reason
for it is the prevention of their working
breakdowns.

1. THE GENERAL PROCEDURE OF
TECHNICAL SYSTEMS SAFETY AND
RELIABILITY JUDGING

Now presented theory and methods of
reliability evaluation and its partial characteristics
result in principle from two main approaches from
which follow further theoretical starting points and
practical methodise focuses on certain group of
systems.

The first approach is based on the idealization,
strict modelling conditions and use of traditional
calculation of reliability characteristics. We can
talk about so called inserted (a priory) reliability,
determined already during research, development
and partly a phase of production, which is limited
with level of the used calculation, design and
technological procedures. The second approach
rests on real information of stochastic nature
directly connected with concrete working
conditions of the examined system. There is a so-
called working (a posteriory) reliability, which
characterizes measure of structure reliability in
certain working conditions.

Working reliability depends directly not only
on a measure of the inserted reliability but also on
real exploitation conditions, discipline of
production, level of care, quality of operation etc.
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The formulation mathematical-symbolic, which
gives some ideas about selected element reliability
estimation, is the mostly used formulation of
technical systems (TS) reliability judgement [1]. It
expresses reliability in the form of a series
synthesis ' in the form of

F(t) = [TS] = Oy ) = Z(t)
= T(Zc) = R(t)

where F(t), o x(t), Z(t), T(Z c) and R(t) are
general random functions of time with the
following meaning:

F(t) - stochastic working load of technical
system [TS] as a time function,

G (1) - stress in x-location, which is a reaction on
the input process F(t) and characterises implicitly
quality of the tested TS too,

Z(t) - process of fatigue failure which is a
reaction on the process o x(t) and which takes in
account a character of the system [TS] and
fatigue characteristics of used material,

T(Zc) - process of life connected with the
process Z(t), which follows from the course of
fatigue process and when Zc is order value of
failure causing breakdown of the system,

R(t) - function describing probability of non-
failure of the system [TS] during defined working
conditions F(t) and inserted qualities which
generally characterises reliability as probability
of working without failure.

It is obvious that from point of view of complex
structure safety judgement the fatigue life of their
principal parts is the most decisive criterion. It can
be estimated after different theories of fatigue
failure.

The main reason for difference of predicted life
value from the real one reached under real working
conditions are namely difficulties which we meet
during exact determination of acting working load
parameters. These are caused by some of the most
significant factors of working conditions and their
intensities.

' Leitner, B.: Risk Factors in Process of Fatigue Life
and Safety Estimation of Technical Systems. In:
Zbornik radova - Nacionalna konferencija :Upravljanie
vanrednim situacijama”, Univerzitet u Nisu, Fakultet
Zastite Na Radu u Nisu, Nis, Serbia 2007, p. 179-186.
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2. THE AREAS ENTERING TO THE
ALGORITHM OF FATIGUE DAMAGE
AND FATIGUE LIFE PREDICTION

If we limit our meditation about fatigue life
estimation just to strength problems and do not
take in an account related theories such as the
theory of mechanics dynamics of machine units
and further scientific disciplines then generally we
can deal with four principle areas of interest related
with *:

e choice of structure critical points, which is

analysed further,

e determination of stresses in selected critical
points and following elaboration with meth-
ods suitable for fatigue life estimation,

e proposal or judgement of strength and fa-
tigue properties of investigate parts materi-
al based on chosen material characteristics
and

e to choice of method of calculation — hy-
pothesis of fatigue failure cumulating, which
can correlate the information about loads
and material properties of the system parts.
The output is a qualified estimation of an
analysed part fatigue life.

After determining and evaluating of above
mentioned groups of information and after their
suitable application we can get concrete values of
fatigue life estimation of tested parts of the system
which significantly determine reliability of the
structure on the whole and which are the important
information in judgement of risks connected with
its safe working.

2.1. WORKING CONDITIONS — A SOURCE
OF TECHNICAL MEANS WORKING
LOADS

As it can be seen in Fig.1, that working
conditions are the main source of working load
(excitation), which causes stresses of the examined
technical system. Despite of that they are principal
input information for quantified estimation of
reliability of each technical system.

It was not possible to find any universal way of
their complex description until now which could
be used in a practical way at any circumstances.

? Ruzitka, M.: Kritéria a postupy pii posuzovani
inavové pevnosti a Zivotnosti konstrukci, CVUT, Praha
1999. Web: http://mechanika.fs.cvut.cz/sources_old/pzk
/obsah.html).
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Experience from realised analyses of life show
that problem of working conditions influence on
the level of fatigue failure accumulation is still
underestimated. Individual factors of working
conditions can have different physical meaning
although nearly without any exception they are of
stochastic nature. Exploring their influence on

system parts stresses we can go out from analysis
of real working modes. It should be a model of
typical working conditions built on that base so
called load collective representing a collection of
the most important working conditions factors and
frequency of their occurrence.

Experimental <
1 verification o
P
— E2 Material properties :
WORKING WORKING . Hypotheses of fatigue i
CONDITIONS LOADS . failure cumulation o
. Experimental c
verification o
1 Ei : - R
: Material properties R
s
E Hypotheses of fatigue I
failure cumulation 3
Critical points
selection

Fig.1: General procedure of fatigue damage and fatigue life problems

The review of fatigue life is built on a basic
presumption that fatigue failure in always
conditioned by cyclic deformation of material of
which a measurable cause is in any case force
pressure, velocity, acceleration etc. From the point
of view of life analysis purpose there are not
important working load characteristics and their
interactions but just result of their co-operation in
the form of stress or deformation of structure parts.

In real practice there are most often used two
elementary ways in which relevant information is
obtained.

The first one is based on the fact that in most
cases it is possible to measure stresses of the
structure critical points directly on the structure
during its working in real working conditions. If
the measurement is realised in order to get input
values for fatigue life estimation then the structure
cannot be measured at any working condition
(although the most aggressive ones) but in
conditions which are for the structure typical or
relevant. The second way is based on obtaining the
most relevant working factors and on computer
simulation of their influence on mathematical

model of the system (most often FEM) which has
as a result calculation of critical parts stresses °.

2.2 STRENGTH AND FATIGUE
PROPERTIES OF USING MATERIALS

The second relevant area for fatigue life
prediction is determination of necessary (namely
mechanical) properties of used constructional
materials in analysed points of system. Some
characteristics (curves) of used construct materials
are utilized during a practical realisation of
estimation of working fatigue which can
characterise fatigue properties of used material.
The oldest characteristics of material is the Wohler
curve (Fig.2a) showing dependence of the
harmonic cycle amplitude of force F or stress o, on
a number of cycles until failure Ny.

Sometimes it is used just the only value —
fatigue limit o.. It can be expressed in a
mathematical way by equation (1) or taking in

? Leitner, B.: Modelling and Simulation of Transport

Machines Working Conditions by using of
Autoregressive  Models. In: Academic Journal
“Mechanics, Transport, Communications”, Issue

1/2007, Article No. 0079, VTU, Sofia, Bulgaria, 10 pp.
Web : http://mtc-aj.com/php/welcome.php?lang=gb.
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account fatigue limit o, in form (2) or as the case
may be taking in account influence of the mean
value in form (3), where m, A, ¢’s and b are the
material constants (¢'r - is called fatigue strength
coefficient and b is an exponent of fatigue
strength)

o/ .N,=4 (1)
(O-a _Gc)m‘ Nf = A resp.
o, = 0'}.(2.Nf)b Q)

o,=(c,-0,)2.N,)". (3

More modern material characteristics is the
Manson-Coffin curve  (Fig.2b) defining
dependability of the amplitude of a deformation
harmonic cycle €a on a number of cycles until
failure 2.Nf. It is described by equation (4), where
¢’f is coefficient of fatigue ductility (elongation), ¢
is an exponent of fatigue ductility and E is the
Young module [2].

~ 2L N, +E,.2N,)
g, = E( . f) +6‘f.(. f)_ 4)

Cak (a) €al

EO:E'{.(ZNf)C\

Fig.2: The Wohler curve (a), Manson-Coffin curve (b) and Cyclic deformation curve (c)

By exploring correlation between Wohler and
Manson-Coffin curves it was found that the
dependability exists and holds for the relationship
equation which is the so called equation of cyclic
deformation curve (Fig.2 c) which is in form

o, = 0}.(2.Nf)b )

1

)

where K is a coefficient of cyclic strength and n
is a coefficient of cyclic strain-hardness. It is
important that by repeated loads doesn’t hold the
classic Hook’s law in form e=c/E but the decisive
role plays just the second part of equation (5)".

* Melcher, R.: Structural Reliability Analysis and Pre-
diction. Second edition. John Wiley & Sons, 1999.
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2.3 HYPOTHESIS OF FATIGUE DAMAGE
ACCUMULATION

It is natural that different ways of treatment and
description of stochastic working loads have as a
result different methods of fatigue damage
estimation. In the area of fatigue these methods are
called hypothesis’ of fatigue damage cumulation
(HFDC) and their purpose is a quantified
estimation of fatigue damage level estimation
caused by a process of certain length or number of
cycles. Depending on character of evaluated
parameters (the block of harmonic cycles) ° or
statistic characteristics of the process obtained in
the frame of correlation theory ° or values of
autocorrelation function (ACF) or power spectral

> Riizitka, M.: Kritéria a postupy pii posuzovéani inavo-
vé pevnosti a zivotnosti konstruket, CVUT, Praha 1999.
Web: http://mechanika.fs.cvut.cz/sources_old/pzk

6 Papuga, J.: Coverage of multiaxial fatigue criteria in
fatigue limit region. J. Applied and Computational Me-
chanics, 2007, No. 1. ISSN 1802-680X
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density (PSD) from an autoregressive model of
process it is possible to apply a suitable HFDC
based on using some of the mentioned parameters.

A lot of hypotheses based on utilising of the
obtained block or macro-block of harmonic cycles
were proposed and verified. By their application
one goes out mainly from information about the
used construction material and about principal
characteristics of macro-block of harmonic cycles
(e.g. number of block levels, number of cycles,
number of cycles until failure on the same level).

Hypotheses based on the correlation theory
characteristics are less frequent than the former
ones and most of them are too theoretic a
computation demanding for concrete practical
utilisation. Moreover their accuracy has not been
sufficiently proved until now.

3. RISK ITEMS BY ESTIMATE OF
FATIGUE STRENGTH AND DAMAGE
OF TECHNICAL MEANS ELEMENTS

A complicated technical system contains a lot
of different functional units their sub-groups and
single elements which one can divide from the
point of view of their function on primary and
secondary parts. It can be supposed that an
eventual failure of secondary parts does not threat
the safety or the function of the whole device and
therefore they are not usually object of design
calculations and tests.

A failure of a primary part of a technical system
means however either significant limitation or total
failure of system or device functions. Elements
from the point of view of their failures can be
divided in 2 groups:

e FElements which failure does not threat
working safety or lives of people (when this
failure occurs in a mass production it is
solved usually ex-post and all of measures
accepted are focused on searching and re-
moving of failure causes).

e FElements which failure significantly
threaten the safety and usually can cause
even a catastrophic consequence. Therefore
it is necessary to unfold considerable effort
to exclude such of failures during expected
or projected life (the term “excluding” we
can understand as possibility of such failures
with extremely low probability).

Number of elements in single groups,
production magnitude of single structures types
and their technical parameters determine then the
philosophy of project of its single elements. The
terms as safe - life, fail - safe, damage tolerance ’
are used not only in the aircraft industry where
such kinds of dimensioning were developed.

So called Safe-life way of technical systems
dimensioning results from the demand that during
projected life can not rise fatigue failure of not any
part of the system (eventually probability of its rise
during given time interval of technical life is
extremely low). This procedure is used namely by
parts which cannot be regularly checked during
working and by parts which ere not advanced in
any way so that their eventual failure would
threaten working safety.

The fail-safe dimensioning of structure raised
from the demand of utilization of system which
accepts rise of failures however excludes sudden
collapse of the whole system. So understood idea
of projecting is based on condition that in the case
of primary part failure should be secured during
limited amount of time (for example till failure
removing) that remaining parts of structure should
be able to carry actual working loads (for example
a bar structure when during failure of one of bars is
the strength flow carried by other bars not to lode a
loading capacity of the whole structure).

Presented approach was gradually generalized
into philosophy called damage tolerance. Failures
of fatigue macro-cracks fractures of connecting
elements (for example screws threads welds etc.)
are not excluded but there are accepted measures
which must secure their timely identification and
prevent their widening into such measure which
could cause a serious or catastrophic failure.

It deals namely with the realization of periodic
checks system with application of indication
methods for failures disclosure.

This extremely low probability P can be
understood in  machine building industry
probability less than 10° to 10° (in mass
production for example car building industry) or in
aircraft industry which accepts probability of

7 Papuga, J. et al:: PragTic - Software for Fatigue Calcu-
lation Based on FE-Data and What Next with It. In:
Zivotnost materiald a konstrukci. Brno 2006.
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catastrophic failure P=10" in the end of aircraft
working life.

3.1 KEY FACTORS AFFECTING THE
INTENSITY OF FATIGUE DAMAGE
CUMULATION

The four principal factors which influence the
structure design procedure significantly rise in all
presented cases are:

e working loads — usually defined by loading
spectrum,

o material and its properties — especially its
strength, cyclic and fracture properties,

e production and form of the component (de-
tail) — over all different stress concentrators,
production technology and

o acting of the most significant system work-
ing factors in the certain conditions of utili-
zation and their intensity acting mainly on
surface of tested parts.

Working Loads

Life of the structure depends in the large scale
on stresses of its single elements and parts are
determined by loads during its working. Therefore
it is necessary to get as representative record of
working loads and their working spectra to be able
to create a calculation model of a structure or to
make a relevant laboratory tests using structure
models or even the structure.

They are built usually by working records of
different working conditions which should create the
set with the typical composition of working of
examined TS. There are worked out one dimensional
spectra of loads amplitude frequency or so called
rain-flow matrixes (two parametrical matrixes of
frequencies of upper and lower extremes (or means
and amplitudes) usable in procedures of calculations.
Load spectra are usually determined using
examination of system prototypes or their former
generations eventually they can be developed from
similar structure spectra. Some design load spectra
can be standardized ® .

Properties of Structure Materials

It is important besides of principal material
values obtained from pulling rest to determine

8 Kliman, V., Jelemenska, J.: Fatigue reliability evalua-
tion of structure under random loading using safety cri-
terion - Part I. Methodology. Metallic Materials, Nr.39,
SAV Bratislava 2001, p.199-217.
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material properties during cyclic load and fracture
characteristics too.

It is however necessary to understand the
obtaining determination of such material constants
is always connected with the certain object
examined (especially its form, surface quality, heat
treatment and especially its absolute magnitude). It
is important to take into account in the case of
results extrapolation onto different conditions. The
fact is the change in time of the most of material
parameters during working of a structure (for
example a cyclic softening or hardening etc.)
eventually their change due to acting of higher or
lower temperatures comparing to the ones detected
during tests.

Production and form of the Detail

The allocation of stresses inside the examined
element in the elastic state is determined by the
form of the detail, its border conditions (seating),
kind of the load and elastic parameters of material.
It is necessary to realize a detailed state of stress
analysis to be able to perform strength and fatigue
calculations.

Not only classic methods of elasticity and
strength are used but numeric procedures too as
Finite Element Method (FEM), Border Element
Method (BEM) or some others. When is necessary
to perform an analysis of the real local stresses and
deformations it is usually necessary to apply
calculations behind the limit of proportionality in
the elastic-plastic area of material behaviour of to
“adapt” into the notch.

Technology and Working

Exactly the surface layer is the determining
location for the initiation of different defects by the
most of metal building and machine structures
where the surface layer structure does not much
differentiate from the core of detail. Therefore this
initiation depends significantly on the surface
quality and on the stresses in the surface layer
including the residual stresses (coming from the
realisation of former technological operations or
loading histories) °.

? Rizitka, M.: Kritéria a postupy pii posuzovani
inavové pevnosti a zivotnosti konstrukci. CVUT, Praha
1999. http://mechanika.fs.cvut.cz/sources_old/pzk
/obsah.html.
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The working conditions and outside
surroundings factors aggressiveness are also tightly
connected to the changes of surface layer
properties during technical life of a part or detail.

It is possible to talk about the so called
degradation of material during working of a
structure connected with the influence of
surrounding and the change of material
characteristics in time. Its influence is in practice
taken in the account by means of choice
(increasing) of safety coefficients values.

3.2 FATIGUE FAILURES AND SAFETY OF
TECHNICAL SYSTEMS IN CRITICAL
INFRASTRUCTURE

One of areas for application of risk control
methods in design and exploitation of technical
systems is working strength estimation of their
single parts and with it connected fatigue life esti-
mation. Procedure of fatigue life estimation of sin-
gle elements and with it connected risks by predic-
tion of working strength are based on defining of
two principle variables — load (stress, strength)
and loading capacity.

1. Real stress of structure part can be recorded
just on the base of experimental methods applica-
tion during technical life of system which is in
practice namely for usual types of machine struc-
tures just difficult solvable mainly there where the
load are of stochastic nature. One of available pro-
cedures with high grade of reliability approxima-
tion is use of simulation methods based on mathe-
matical model of explored system or its part. This
procedure is naturally marked with error which is
directly connected with defined risk item — work-
ing load!

2. Loading capacity is expressed in form of ma-
terial characteristics which are usually available
just for some material samples. Taking in account
of working parameters means change of curve
form which is called in literature as working life
curve.

Further important risk items by fatigue life pa-
rameters prediction are also the parameters con-
nected with the detail size, type of notch, loading
frequency (Fig.3), state and quality of surface,
working temperature etc. which influence material
properties and by them form of life curve too ',

'  eitner, B: Safety enhancement and fatigue life pre-
diction of the lorry frames carrying elements by using of

We must know which risk items influence
probability of failure of the system parts and
propose to the user some measures for their control
it means their minimisation or total elimination.

For an illustration is on Fig.4 analysed a causal

s, —

Fig.3. Fracture surface of the axle of the rail-
way bogie

dependence of a steel structure of a robust lifting
machine failure its related a risk factors depending
on its industry safety level and Fig.5 contains
photo documentation of the bridge failure caused
by fatigue fracture of the basic beam structures.

CONCLUSIONS

The estimate of structure part life with respect
to its fatigue often distinguishes in fact from the
value obtained in the real working. The main
reasons are mainly problems with exact
determination of outside loads parameters which
have an effect on the structure during its working.

The values of fatigue strength for examined part
of structure are mostly not available. They are
usually available just for the specimen of structure
materials used. They represent just the ideal state
which occurs in the real conditions of applying
very rarely. It is obvious that if the information’s
about acting working conditions factors would not
be sufficient they can raise serious inaccuracy in
the algorithm of fatigue life estimate and the
predicted value would be markedly different from
the real one obtained in the real working.

its real working conditions simulation. In: Diagnostyka.
ISSN 1641-6414. Nr. 2/54, 2010, p.11-16.
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Fig.4. Causal dependence of a steel structure of a lifting machine failure
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